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rt of the solution,
not the problem.

It isn't simply that Whatman AlEC's outper­
form other ion exchange celluloses (they do, of
course) or that they are unique (they are). A key
thing is that they're Whatman AlEC's.

If you are separating and/or purifying
enzymes, proteins, nucleotides and the like",
and the separatio s are at all critical. we suggest
that you can profitably ignore the lesser breeds.

With Whatman AlEC's you can confidently
expect better resolution, higher capacity, par­
ticularly for macromolecules, good to excellent
flow rates, among other virtues. And, far from
least, Whatman product quality: uniformity,
reliability, consistency of performance.

Whatman AlEC's are available in both fibrous
and microgranular form (either anion or cation).
They pack easily and exceptionally well. They
aren't the least expensive-the best rarely is.

Interesting new technical data supporting
these contentions are available on request. We
appreciate your requests.
• e.g.. peptide., nucleoside•. hormone•. vlruso•. poly­
saccharides. lipids. among others.

Whatman Inc.• 9 Bridewell Place, Clifton,
New J\lr6ey 07014. Tel. (201) 777-4825.

. ~: T~IJ~ 133426.
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Briefs

TIme and Spallally Resolved Atomic Absorpllon
Measurements with a Dye lase< Plume Atomizer and
Pulsed Honow Cathode lamps 2066

Pulsed hollow cathode !amps with puls.t"~ ns short as l-IJ~

are used as primary sourC"f'$ for atomil' absurption measure­
ments. Influences of sample chamber preS$Ufe iUr- studiC'd.
R M. Mana~ and Edward H. Piepmcicf.· Dt-partmcnt uf
Chemistry. Oregon State llni\,pn;ity, \of'\'ullis.. OrE'. 9';':tn

Anal. Clll'm .. ,')l 119';91

Inductively-Coupled Argon Plasma as an Excitallon
Source for Flame Atomic Fluorescence Spectrometry

2071

Sensitivity and noise sources of the technique are evulu·
ated. Detection limits for 1-1 ell'ments are ('ompun·d to de­
tection limits obtained b\' other radiation sources and to
those obtained by other atllmic spt"Clromlltric lechni4ues.
M. S. Epstein. S. !"ikdel. N. Omcnctto. R. R('('\,("S. J. Brad­
sha.', and J. D. Winerordner.- Departm~nt (If Chl>mi:-try. l'lIi·
\'ersity of Florida, GainE'5\·illp. Fla. 31611 ArlOl. Ch,·m .. .:;1 t 1~-;~)

lophine Chemiluminescence for Metal Ion

Determinations 2077

Emission intensity is a fum.,tion of analyte reduct ion puten­
tial. Detection limits are OCI-. 1 X 10-6 ~I; Coill 1.8 X
10-71'.1: CrUll I..; X 10-6 1\1: CuillJ. 5 X 10-'; ~1. !lSD, are
in the range of 2-.1«:",
Allan ~'ac:DonaJd.Kenneth W. Chan, and Timothy A. Nir~
man" School of Chpmical SciE'nct-s. llni\"(~rsity uf lIJinui:-. l'rhan".
IU.61801 Aflo/. Chon .. 51 Il!ii91

Enzyme Amplification laser Fluorimetry 2082

Detection limits for glucose-6-phosphate, (I-ketoglutaric
acid. and NADP are 2 n~l. 4 X 10-" mol. and I X ll,-"
mol. respectively. Sensiti\'ity for NADP is 0.1 nM.
T.lma.saka aDd R.. N, Zarc,- Department of Cht-mi... try. Stanf'lrd
Uni\·en.il)'. Stanford. Calif. 94305 :\na/. ('}WnI .• .il (19iY,

Mlcrodetermlnallon of Manganese in Animal TIssues
by Flameless Atomic Absorption Spectrometry 2086

Treatment with HClli~rattsMit frum animal tissues.
RSD for a IO,p:L sample of plasma extract. ('untaining :LO'j
n~ Mn/mL, is :t5c:i:. Matrix and other interferent.'t.'s an~ not
detected.
David I. Paynter, Department uf Anima! Scit'nct' ~nd J'rudU('li"n,
l1ninrsit)' uf Westt-rn Au.<,tralia, l'lodlands. W~tt-rn Au... trulia r,ou9

Anal. elll'm., 5/, U!J7!1)

Determination of Aluminum In Blood, Urine, and Water
by Inductively Coupled Plasma Emission Spectrometry

2089

Optimum working cCJnditiunJoO and interf~r~nccsby metals
and metalloids common in biological samples are studied
using a concentric pneumatic nebulizi:r. Detection limits
are OAIlg/L in water, 1Il~/L in urine, and 4 Il~/L in hl'KKI.
Pierre Allain- and ¥Veti Maura•• I..ut)l,rutflir~ dt: PhllrmUCfJluKit'.
C.H.U., 490:hi An.:t·rs Ced~x, Fran(·t: Ana/. l'JlI'm, , .SI 11Y7!JI

• Corresponding author.

ChemlJumlnescent Determinallon of Clinlcaliy
Important Organic Reductants 2092

Deh'l't ion limits ~il1 mJ.:iL) llrt': ascorhic uric!, 0.1 'i; cn'lll j.
nim', ".f: uril' add, lUi·l: J:llltnlhinm', 1.0: J,:lunlwni,·ut·id.
9.1: lactusl', ;l.:!; J.:hh·O:'l', :!l. TI1l' H~I) of till' dH'l1lihllllilH':'·
('('l1t signal is ll.:l_;-,rj-.

Hob"rt I., \'t'uuy und Timothy A. NiC'mnn,· :-;d)lI"I .. ' t 'hl'IIII1'al
:'l·it'IH'!'s. llniwfsity {II' lIIilllli:., llrhan:l, 11I.lil:-,ol

:\ 'Ill! ('IJ " III . :'1 / ,/ ~ I ; ~ I I

laser Fluorometry 01 Fluorescein and Riboflavin 2096

Th£' dl'tl'ctitlll limil:' lIf lluoft's,>(,in and rihllllavill an' lit-h·r·
mir1l'd to bl' lU)~ und O.tl parts,pN·trillioll, llhtnilwd by ..
nitroJ,:l·Il-I:lsl'r,plImpt·d dyl' Ins,'r lind plll:.t'·glllt't! phlllllll
,·mlnh·r.

I"obuhiko Ishiblilshi.· T"iil'hiro O":ltWlI, Tolurn Imn ...:lkll.1I1H1

:'t1ikio KunilakC". Fnnl11Y Ilf ElIgil1l·t·ring. 1'\'II~hll 1'1l1\I'r"11 \. 1-"11'
kUllk:I~I:! .•lllpan :\,Ioll (·}z.·TIl .;III~I;'~11

Flame Photometric Determinallon 01 Carbon Disulfide
In Air aller Specific Preconcentralion 2100

:\tmo~plll'ric CS~, :':lmpll':' an' anaIYi'l'd hy hl-;ul:.pan· It·l'h·
niqlll' and tbllw phottlrnl"lr~'"fll'r ,'olu·.'nlralioll oil ~1I"illll1

ill.idl· and ht.·Xlllll<'thyl"ht1:,-phurlltriamidt· Irt'att,t! chroma·
tographic slIppt1rl. T"lllpt.'ral lIft··dt'IH'IHIt-nl ('S ~ hydrltl~·:.i:o­

is studil,d for il~ l'fft:('1 011 qualltilali\'(, dt,lt·rminatillll:'.

Jean Godin" J"an~l.ouisClut.'t, and Claudl' Boudi'n,'. 1:\·
SEH~t l· 1:!:!. l..aill,raillirt· dt" T"xi\·"I,,:.:it·. l'EH cll· ... :'1·i,·lll·t·:- I'h.lr·
man·uli4tll·:-. ~':!:!~I (·halt·lla~··\taJ:lllTY,Fr;lllt·(·

A/Ill! j'II"'1l :'''\/!I;':11

Quantitative Electron Spectroscopy lor Chemical
Analyses 01 Bitumen Processing Catalysts 2102

E:-:iCA is USN)lo :Hlal~'ll' ~1jd:\I::( ).1 ll~·drlt(lt·:.t1lfurizal ion
(.·ataly~t~ c(Jntninill~ nit.·kt'l and cobalt a:o- prolllolt·r:,.
G. M.lbncroft and H. P. C;uPla. IJt.partIIlI'lIt "I (·hl·llli .. lrv. t 'Ili
\"t·rsil\" uf \\·(·... I.·rn Olll~lrill. LOlldllll. Ollt:l.i". (·all;"b. ,11111 A. II.
lIard'in- and M. Ternan, Enl·r/.:y I(t':OOI'md, J..lh..rOlI ..rH· ... I )1·paTl·

1llt"llt uf Em·rgy. Mim·... lind Ht·:...lIH'h. t hl:l....-a. ()1l(:Hhl. 1':llIada
AlIlIl f 'h,'111 . :i I I 1~1;~11

Determlnallon of Elemental Concentration Maps Irom
Digital Secondary Ion Images 2107

A nUITll·rical (·orn.-(.·tioll rOlltillt' ilpplil'd in ",wh piXl'lllf dig·
itin·d ion imagl'~nlU bt, pl'rforJm'd al II ral.' of approxi·
rnat(,'ly O.:! ~/pixl'llJn a I'DI'll minil'ollljlllll'r.
Wolfgang Stt-igl'r und Fril·drit-h (;. ltud"lIl1UI'r: :-\( ;:\ E. !.l·
llaU~~I"',"(' HI, A·!Woi:.! Vit·lllla. Au... trill :\llId f 'h"1/1 . :iJ i I!j.~:11

Processing Elemental Microanalytical Data 2112

CNHS ratios ur<' {'aklllah·1i fro III datil Oil Illlwl'il-:llt·d alla·
Iywd ~arnpll':" t1~illg thn·l·lillt'ur ('qllation:.. l'orn,luling billll'
ry alflm;(' ratios of orgllllic "lIII1Pjjllllll~with hillary :-.ignal
mtios .If tfwir flllir ('tlmIJlI~1 illll I-:a~l·~.

B"uno Colombo und (;uido (;iU/.,d. (-IIr1.. Er",\:-;I rUII1I·llla/.illlll·,
1(.,,1111111. Milull. JlIlI~', allli Ermt·" P('lIu: FnrlUilalia ('uri" Erlm.
Hin·rrll.' Sviltl('po ('Ililllinl. Milllli. 1I111~' AmI! t '//I'1Il . :-11 ll!j;~11
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ORION just wrote the book
on specific ion methods. Again.

"

r-------------------
ORION RESEARCH
380 Putnam Avenue. Cambridge, MA 02139, U.s.A.

Gentlemen: Please send my free copy
of the new Analytical Methods Guide.

DAdd my name to your mailing list.
Name _
Department _
Organization _

In addition, the Analytical
Methods Guide is a storehouse
of facts on specific Ion and pH
electrodes, Instrumentation,
accessories and solutions, and
more.

More than 80 species readily
measurable by electrode and
hundreds of applications in
research, industry, and bio·
medicine are listed. You'll also
find detailed information on
sample preparation and the
several direct and Incremental
analytical techniques utilized
in electrode measurements.
Complete references are in·
eluded for each method.

And it's yours
for the asking.

~.,

thods guide
The newly.revlsed ninth edition analytical ~e"""",~ '978

of the Analytical Methods
Guide is now available from
ORION Research. The result of
15 years of leadership in
specific Ion technology, this
unique, comprehensive guide is
an indispenslble tool for the
analyst seeking the simplicity,
time·savings, and precision in·
herent in analysis by electrode.

To obtain your free copy of the
ORION Analytical Methods
Guide mall the coupon today.

Street and No. _
City _
Country Postal Code _



Briefs

5enIllIvIl1es and Interferences In Activation Analy$ls
of 1bIn san..-. by .,... of 2S-MeV to 3O-MeV PnIl_

2116

Activation properties of Na, Mg, Cl, Ca, "ri, Cr, Mn, Fe, Ni.
Cu, Zn, As, Br, Sr, Cd, Sn, Sb, and Pb through bombard­
ment of thin samples by 25·MeV to 3O·MeV protons for
routine analysis are considered. Detection limits are in the
nanogram to miciogram leveIs:
P. Priest. LaboratoirY de Cromie Inorganique et Nud~aire.Uni,o.
enit6 Catboliq... de Lou\'8in 2. Chemin du Cyclotron, B·I348
Louvain·Ia·Neuve. Belgium. and G. DnaedeJeer,' Service de R.·
dioprotection, UDiversi~Catholique de Louvain. 2. Chemin du
Cyclotron, B·t348 Lou>'8in·Ia·Neu\-e. Be1ltium

Anal. Chern .. 5/ (/9791

1hennomelrl<: ~allonsof Polyprotlc Acids 2122

The formulation of n equi\'alent equations for the thermo·
metric titration curve of a polyprotic acid HnA are given.
the pK values of which are comparable.
Mau.rioe A. Benaard and Juo·Louis Burcol.· Laborntoire de
Chimie Minerale B. Groupe de Crist.llographie el Chimie Solide.
LA. 251, Universite de Caen. 1.w32 Caen Cedu. France

.-\na/. Chern .. 51 (/979)

cathodic Slrlpplng Voltammalrlc Determination 01
OrganIc HaUdes In Drug Dissolution Studies 2127

Determination of organic hydrocblorides and bydrobro.
mides at concentration orders or 10-6 M gives accurate and
precise (3.1% and 2.9% coefficients of variation) results by
stripping voltammetf)' following mercurous halide electro·
lyte saturation.
laD E. Davidson.· Wyeth Laboratories. Huntercombe Lane
South, T.plo.... M.idenhead. Berkshire. 8LS OPH. England. and
W. FraDIdiD Smyth, Department of Chemistry, Chelse. College.
Unh-ersity of London, Manreoa Road. London 8\\'3. England

Anal. Chern.,5/ (/979)

Pseudopolarographk: Determination of Metal Complex
Stability Conslanls In DIlute Solution by Rapid Scan
AnodIc StrIppIng Votlammetry 2133

No compleution of lead and cadmium occurs with glycine
at pH 4.68. Lead speciation in g....thermal water is a PbCI+
compleL Arsenic(l1J) structure at 1.0 ng/mL in acid solu·
tioM in As(OH)3.
SieveD D. Browa aDd Bruce R. Kowalski,' Dep.rtmenl of
Chemistry. University of Washington. Se.ttle. Wash. 98t95

Anal. Chern .• 5/ 1/979)

PolaaIum TIlanIum(IV) OXalate .. a Reagenllor
Automated Pulte Polarographic Determination 01 Sa­
romucolds 2139

The system operates at 60 sampleslh with approximately
:1:0.5% precision and lesa than 2% carry-over for determina·
tions in the range 1-30 mg L-I.

P. W. AlesaDder' aDd M. H. Shah, Department of Analytical
Cbemiatry, University of New South WaI.., P.O. 80. I, KellIing.
laG, N.s.W., Auatralia 2033 Anal. Chern .• 5/ (/979)

Amperometrlc Membrane Electrode lor MeaBUrement
01 Ozone In Water 2144

A <urrent sensiti"ity urO.4ll-lI'A (m~n.)-I (cml-' i. oh·
ser"ed at an applied "ulttl~e of +0.6 V (v•. SCE) tit 22 ·C. A
detection limit or621'~1L i. predieled atlwiee the oh·
scf'\"('od rt>Siduol current.
John n. S'.nle)' and J. Donald JOhDIODo• Dfilloriment uf Em"i·
ronmt'ntal Sciem~and Enlo:in('erin~.S<-huolur I'uhlic Ht'ftlth.
Uni\'er.-ity or North \anllinn at ChalK'1 Hill. Chnllt·t Hill. N.C. 2'7:114

Anal. Cllf'm.. .')1 (/979)

Copper Ion-Selective Electrode lor DetermInation 01
Inorganic Copper Species In Fresh Water 2148

Distrihutions of CuOH+. Cu,(OH2)". CuCO,(aql.
Cu(CO,I,2- are deduced metlsurin~Cu'+. OH-. and ("0,2­
concentrations os functiun~ (If .)H in l'untrolled media. Cu­
CO,taq) predominates at nolural pH and alkalinity Ie"cis.
R('oato Stella- and M. T. Gan7.crli·V.Il'ntini,l.alxlrnt'lrit) di
Radiochiminl e Centru di Hmiiodlimil"lll'd Annlisi IK'r Atti\'uzitllH'
del C.N.H...-Istitutu di Chimi('~, (;t'l1l'rnll'<l l'd II111r~nl1i('n. t.'ninrJii·
til di Pavia. Vinlt' Taramt·lli 12, :!,;wu Pavia, hnh'

A,w;. ('h,·m ...il (IY;~1)

Quanlltallve Examination 01 Thin-layer
CIvomatography Plates by Pholoacoustlc Spectroscopy

2152

Twenty n~ of nuor(>!'('("in in 4.5 rut-: of sitka J.:{"I is dt."ll'l'tnblr
with.n HSU or O.OS-O.1.
S. L. C..tleden,' C. M. Elliott. G.•'. KirkbriKht. and D. K M.
Spillaot', Ikparlmt'nt nfCh(·mistry.lmp<'rial (,'1111(·~{'. Londull
SW';'2AY. U.K. Anal ("J'I'm.,.lIln,;m

Mass Spectrometric Tracer Pulse Chromatography
2154

Mass spectrumetrir Irlll't'r pulse (~ISTP) {'hromntllJ.:n1J)hy
measures vapor-liquid ur vapor-solid (>quilihrium duta.
The technique is hast'd on normal tracer pulst> chrumatot-:.
raphy, but utilizes stalJle isotoJ)("s and a mas... SIX·t:ifk dl'·
lectinn system.
J. F. Parcher- and M.1. Selim, Cllt.'mi~tryDt·llUrtnll'nl. The
l1ni\'en;ity uf Missis.o;il,pi. Uni\,('r"ity. Mis.o;. :t&i';'j

.-\lIal. (·/l('m., :il (IYiYJ

Effect 01 Temperature on the Separation 01
Conlormatlonallsomers 01 Cyclic Nltrosamlnes by
Thin-layer Chromatography 2157

Resolution of conformational isomers not separahle at
room temperature is achieved at -77°C. BeUl'C sl'pnrntion
t)ccurs atlnw temperatur~swith impwn·d resolutiun cKTur·
ring with continued de\·(>lupment.
Haleem J.luaq: Mario M. Mangino, George M. Singer.
David J. Wilbur. and NeJ~n II. Hi¥.M'r. Ch"mit"lIl Curt'inll.:t'Ill"
Sifi PrOKram. Fredt.-rick Can('(~r Itl'S('arch C,..nlt·r. Fr(·dl'rick. Md.
21701 A,wl. ('Ilf'm .. /il (/~li~1I

Thin layer Chromatographic Separation 01 Pe.tlclde.,
Decachloroblphenyl, and Nucleoside. with Micellar
Solution. 2180

Aqueous sulutiuns ufsodium dodecyl sulfate with 1)C,lyom·
ide ""por.te6 1'.1". DDT. 1'.1" ·DllD. 1'.1" ·IJDE. lind dcetl·
chlorohiphenyl Ull alumina thin·layer Klu.:etti, Hcverlwd mi·
cellar HOlution separales udenotiine, (,)'tidine, J,::uunosine.
anil uridine.
Daniel W. Arm.tron.· and Robert Q. Terrill. D~pnrtml'nlur
Chemilillry. Rtlwduin ClilleKe.lbunl'wick. Ml', WUII

Allal. t'/Jl'm .• ,Iii (/979)
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BREAK1BE GLASS
Nalgene0
FEP Sep Funnels are as
chemical resistant as gla

Like glass, Nalgen 5ep
Funnels of Teflon' FEP resist any
chemical used 111 an extraction.
But unbke glass, they won' break
or crack. even when dropped, SO
you can reduce replacement
costs. And bolh the screw cap on
lop and the stopcock at the
bottom make these
Nalgene 5ep Funnels
leakproof when they're shaken.

Teflon' FEP oonstruelJon lets
you see clearly the Interlace of
even colorless liquids all the way
down to the stopcock housing.

Nalgene 5ep Funnels are non­
wetting, SO they drain completely.
They're non-stick, SO they're easy
to clean The stopcock housing
can be removed for easier
deaning, too.

Get extraordInary d'lemlCai re­
SIstance and convenience WIth
these economical attematrves to
fragRe glass sep funnels.

Put Nalgene Labware to the
lest, and see why so many lab­
oratones are breaking the glass
habit 5end for our free Nalgene
Labware catalog, featuring over
250 pmducts lor professional
use. Write: Nalge Company.
DiVISion of Sybron Corporation,
Nalgene Labware Depanmenl,
Box 365, Rochester, New York
14602,

And unbreakable
Nalgene Labware
lasts longer.

Nalgene
Labware
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Briefs

N,N'.Bls(~)-a,a'-bI-p-toluldlne as
Stationary Ph.- In a Packed and In a Mlcropacked
Column 2163

Combined \hermaland chnwatographic studies of N.N'­
bis(p_pherl)il>eIlJ3"Iic!e"").<l...·-bi-~-toluidineas ~ packing
material ",,-ea) 1M higlwst separallon of polycychc aromat·
ic ~'drocarbonsoccurs at 2'if>--280 .·C_
F.~a..m~· o.portment. KEMA Laboratories. Utrecht·
_ 3to. Anlhom. "Tho N..ho,lands tlnal. Ch,m.• 5/ 1/9;"9)

InIetIldtft EIIec:tS of Temperature, sa"
COncenIIatioc.. and pH on Head Space Analysis for
lsoIaIIng Volatile Trace Organics In Aqueous
EA.kOl....lltai Samples 2167

Sin"-six-fold enrichment factors are obtained by increas·
ing t6nperature from 30 to 50 ·C and by increasing
N.:S04 solution concentrations from zero to saturation.
~ L FriaDt, Academy of Natoral Science. Philadelphia.
PL 19104. and lnriD H. Sunet.· Department of Chemistry. En\'i­
I'ODJDental Studies Institute. Drexel Uni\"'trsil)". Philadelphia. Pa.
1910-1 tlnal. Chem .. 5/ \19;91

Determination of AIkoxyl Subsl"u1lon In Cellulose
Ethers by Zelsel-Gas Chromatography 2172

Adipic acid catalyzes the hydriodic acid dea"age of substi­
toted alkoxyl groups quantitatively to their corresponding
a\kyliodides. In-situ xylene extraction of alkyliodides al­
lows for determination of alkoxy substitution in cellulosic
ethers.
K. L Docie...• W. E. Kester. D. L Wiederri.... aDd J. A. Gro­
ver, The Dow Chemical Company. Midland. Mich. 48640

tlna/. Ch,m .. 5/ (/9i9)

Reduc:tlon In 5ampIe Foaming In Purge and Trap Gas
ChrornatographylMass Spectrometry Analyses 2176

Silicone surfaetants and beat dispersion are used to reduce
foaming in purge and trap GC/MS analyses of volatile pri­
ority pollutants. Qualitative and quantitative aspects of re­
duction are considered.
M. Eo Rooe ud B. N. Colby," Chemiitry and Chemical Rngin...,·
1"1 Systems, Science and Software. P.O. Bo. 1620. La Jolla. Calil.
92038 tina/. Chern .. 5/ (l9i91

Trace Elvlclvnenl with Hand-Packed CO:PELL ODS
Guard Columns and Sep-Pak ClI Cartridges 2180

The efficiency of removing an organic compound from sea·
water using RP·18 packing depends on the water solubility
or the compound and on the volume of water sampled.
W'J1IIam A. 8aDer: J. RIchard Jadamec:. aDd Richard W.
Sacer. U.s. Coast Guard Research and Development Center.
Avery Point, Groton. Conn. 06340. and Tlmotby J. Killeen. S",·
t.iaticI Department, University of Connecticut, Storrs, Conn. 06368

tlnal. Chem .• 51 (1979)

Survey of Carbon-13 Chemical Shlnlln Aromallc
Hydrocarbons and III Appllcallon to Coal-Derived Ma­
terials 2188

A ''C chemical shift a...ignmolll scheme yields structural
information on the (utyt::en and oli,)halic carbon Kroups in
coal exlracts.
C. W. Snape!' aDd W. R. Ladner: N:stinnal CualBoard. Coal Re­
sean;h F..stablilihment, Stoke Orchard. Cheht'nham. GI08. Gl.52
-&R7.. Io:ngland. and K. D. Bartle,lkparlmenl of Ph)'llical Chemill'
try. Univt'n;ity of Lreds. lA'f'ds LS2 9,)1', EnlCland

tlna/. Ch.'m .. 5/ (19;91

Error Esllmates for Finite Zero-Filling In Fourier
Transform Spectrometry 2186
Four zero-fillinKs fur the absorpt ion mode and three zero·
fillin~s for thr rnoJ::nitude mode .....ilI usually suffil-e to re­
duce Iho peak height error 10 less than zo;;..
Melvin R. Comhoarov.'- and Joe D. Melka. Chemistry l)...'part·
IIwnt, lfniv('r.oitv IIf Hrilil'h Culumhia. \'am'IIU\'N, Hritish ('ulum-
hia, ('u"adu \"(ri'I\\'f! Anal. ('/II'm."SI (1979)

Simulation of Nuclear Magnellc Resonance Spin
Lalllce Relaxation Time Measurements for
ExamInation of Sysfemallc and Random Error E"ects

2203

Systematic and random errors in NMR spin lattice relaxa­
tion time lTd measurements ure in\'esti~aled by simulat·
ing relaxation data usin){ \'arious experimental parameters:
pulse width. reco\'ery delay. waitin){ times, and si~nnl-lo­

noise,
T. Phil Pitner- and Jerr)' F. Whidb)'.- Philip Murris USA Re­
search Cenler. P.O, Box :.1fi.:;sJ. Richmund, \"8. 2:\:161

.~nal. Chern .. 51 (/9791

Detection of Small Quantities of Photochemically
Produced Oxygen by Reaction wllh Alkaline Pyrogallol

2206

A continuous nuw system detects uXYKen quantities of 3.5
X 10-' mol by spectrophotumetric m(Jnit(Jrin~of trap re­
agent alkaline pyrogallol.

J. A. Duncan,- A. Harriman, and G, Porlrr. Do\')' Faraduy He·
search Laboratory ufThe HU)'81 Jm,lilutiun. 21 Alht"marit'Slret>l.
Londun WIX -IRS En~land Anul. ('hl·m .••SI (/9791

Neutron-Capture Prompl 'Y·Ray Acllvatlon Analysis
for Multielement Determlnallon In Complex Samplel

2208

Up Lo 17 elements frum amuJl~ Ihe ..1 H. H. C. N. No, M~.
AI. Si.l'. S. CI. K. Co. 'ri. V. Mn. Fe. Cd. Nd. Sm. and Gd
are measurable in ,;amples uf coul, Oy Mh. nrchurd le8\,("ij,
and hovine liver,
M. P.P.iley. D. L. Ande",on. W.II. Zoller, and G. E. Gordon."
Department nfChemililry. Uni\'l'rxil)' uf Mar)'lund. CullcKe 1·8,11.,
Md. 2074:l, and R. M. Lind.trom, ernler for AnBI)'tiral Chemi.·
try, Notiunal Burt'au ufSlundurd". WWlhinKlun,ll.C, 2U2:14

tlnol. Oll'''., 5/ (19791
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Schleicher& Schuell
Schleicher & SchucH. Inc. ~
Keene. Ncw Hampshirc 03431~
\..;hleh:hcr &. Schull GmbH. D-lJ~~. [)-,h..;,c!. V.~ GC"rln.ln~

SchlelChcr ~\ S-.:hull AG. 871.l. Feldbal.:h ZH. S"Il.lerl.1nJ
ClACU 187 ON REAJ::lER SERllCE CARD

calion, a, ....·cll. e.g.. cold·'iterilization of tiSJuc cui·
lure media whcrc .....e recommend IO..... -cxlraclable
BAH3 I 1O.2"mJ.

To remove the effort. as well as the cell fragmenlJ.
II\C the Anllia pncumalic hand pum~
For complcte information on (he -----6-:
"nllia \ystem and S&.S mem·: ...----1~
brane"i. 3"ik Schleicher & SchucH. r
Inc.. Kecne. New HamP"ihire .G~_p~:::?r-.__
03-01: (~03' 352-3MIO.

TheAntlia hand pumpputspressure
ontheliquid,notonyou.

yl1U· ...C ,cell Ihi .. lillIe dram;1 in your lah; you homogenize
'tlllh: li ... \lh." inlo li4l1id. pur il inll! a \'''Ollard ... yringc. lhen
fry h) \cp;lratc Ihe rLt .. rna fn:m the llchn\ hy running il
thfllUgh ;t IllCmhralll.... Only il lake .. more nltJ\c1c than you
hol\'C to drive down Ihe plunger hi plhh rhe \ohllion through
rhe llchri c1o~~cd mcmhr,lnc .. ;1011 then. to add to ~Ollr

pwhk·rn the ,yringc ,I<irl, 10 1c;lk.

s..\S put, .m end Itl ;111 ,hi, "jlh Ihl.: S&S Arllli;1 ,}"tcm­
hcc;ILI\I..' jh uniYllc h;uHI pump can huild and \u\';lin pre... ­
'Uft."' ;1\ high ;1\ 75 p,j - Lir Illore than can he developed hy
a !'.landarJ ,yringc. II .... dc .. igm:d 10 \CpMalc out rhe ,,\[unlc
(Lll:tillll\ fr~lfll hortlPgcnilcd cciJo:. wilhllut impo...,ihlc elTon.
wilhllllt ka~ing. withollt clogging. And lhal'.;, why. in lhe
field\ (If illll1l1JTHlChcrni'itry iJnU immunology. il'.;, the mo\f·
u\cd device of jl\ kind.

FI\r grC;llL· 1 eIJicicncy in u... ing Ihe Antlla "'~\lCm for Ihi\
;tpplicalion e recollllllcml s...\.:S BAK5 nlcmnr;Jnc t1lter ..
(().4~llflll. The :\nlli;l i\ u ...cJ flH ;IOY numncr of other appli.



Briefs

Frequency Modulated Correlation Chromatography
2222

Ouaternlzed Porous Beads for Exclusion
Chromatography 01 Waler-Soluble Polymer. 2239

By frequency modul8tin~8 signal, signal processini: tech·
niques previously useful only in linear areas of nn isuthl~rm

are made useful in nonlinear areas.
Dan C. ViIl.laoti and M. F. Burke: Anal~1i('alDh'ision. ))e..
partmtnt of Chemi..~lr)'.University ui Arizona. TuCStlO, Ariz.
85';21. and J. B. Phillips. Department ofChemi~try:md HiIH:ht,t1l­
istr,.. Southern IIlinuis Univf'r.;ity, Carbondale. Ill. 62901

Anal. ClII'm.•.'il (19791

lnduc:tiYeIy Coupled Plasma Emission Spectrometric
Detection of SImulated High Performance Liquid
Chromatographic Peaks 2225

Separation and detection of AI. As. B. Ba. Ca. Cd. Co. Cr.
Ca Fe. K. Li. Mg. Mn. Mo, !\a, Ni. P. Pb. Sb. Se. Sr. Ti. Y.
and Zn are ,,·a1uated. Comparisons are made between ICP
and AAS for HPLC peak detection of EDTA and NTA
copper chelates. and to LtV solution absorption fur Cu che­
late detection.
Darid M. FraJr)'. Drenis Yales. aad StaDIt"~· E. Maa.ahan.· De­
pan..ment of Cbenllitry.l'ni\"ersity (If ~Iis.souri.Columbia. ~lo.

65211 Allol. Cht'm .. ,S1 (19;'9)

selective Electrocatalytlc Method for the
Determinallon of Nitrite 2230

A Mo-cataiyst permiLc; nitrite determination in the pres·
ence of nitrate. With 0.01-1 mM 1'10"-, the working cU"'e
slope is 8.18 ± 0.04 nAiM and linear correlation coefficient.
0.9997.
JamH A. Cox· and Anna F. Bra;ter, Department or Chemistry
and Biochemistry, Southern Illinois Uni\'ersilY at Carbondale.
Carbondale. 11I.62901 .-tnol. Chem., 5; U9791

Hydroxyl Anion Chemical Ionization Screening of
liquid Fuels 2232

Mass spectra of screened aromatic components in liquid
fuels using hexane as the soh'ent are characterized by the
absence of measurable signals from aliphatic components.
L Wayue Sieck.· NationaJ Bureau of Standards, National Mta­
surement Laboratory, Washington. D.C. 202:14. and K. R. Jen.
ninel and P. D. Burke, Department uf Chemistry and Muh..cular
Sciences. University of WaJ'\lo'ick, Coventry CV4 7AL. En~land

Anal. Ch('m.,.S1 119i'9)

Interlaboratory Study of the Determination of
Polychlorinated Biphenyls In a Paper Mill Effluent

2235

A method for determining PCBs in paper mill emuent is
satisfactory for emuents having greater lhan 2Ilg/L PCB
content and easily removed interferences.
Joseph J. DelrlDo,' Laboratmy of Hygiene. 465 Henry Mall, Uni·
versity of Wi.Joonsin-Madi&un. Madison. Wis. 53706 and Dwight
B. Euty, The Institute of Paper Chemistry, P.O.Ilo. 1039. Ap·
pleton, Wia. 54912 Anol. Chem .• 51 (/979)

Moh''''ulnr wt'i~ht ('ulihrntioll ~rnph!'(. thl·t1U·tit'ul plnh'
Ill'i~ht plots, lind fOIll'('nlrutiol1 (·rft·(,ts nrC' ohtniJwd for ('llt­

inuit, ptllyt·It'rlrulyl('s chrotnnlu):rnpht·d on quuh·rni1.l'tl po·
rous ):Ia~.;,

c. P. Tull~y and L. M. Bowman: BI':'('lIrch lllUllk'\"I·llIlllllt'nl,
('t11~1l1l t\'f!)uf:ati"Il.l ltl:-t (lffin' U.,x 1:14Ii.I'itl"hm~h,I·1l. 1:"1~;\I.

",1/1/. ('Il,'m.,,fJlII!JiYI

Electrochemical Studies of the Oxidation Pathways 01
Apomorphine 2243

In the abSl'lH.'l' of ~trtllll-: l1udt'ophilt·s, Ult irrt·\'l'rsilllt· l,hl'm·
ical n'lll'tion follows tht· initinl :!I'-/1H+ oxidntioll of up"­
morphine and t'\'l'nlulllly produn's II 11l'\\' n,dux ('ouph·.
II.·Y. Ch('ng, t:. Stropt'o and R. N. Adams,- llt'pllrtnwul "f
l'h('mi:'tr\".l'ni\"l'~it\'ur Kan~I!'o. l.lIwrt·nn·, Kltn. (\oli04:",
.. :\1I01.C'l1l·"I,.iJ tW;'YI

Determination 01 Urinary Ammonia by Osmometry

2247

llrinary ammonia truppt·d in m'id is 111('l1suH:d USI1lUIlll'lri.
cally with pre{'i~iilllof ±l.:! SE Hnd IH:l'unIl"Y of l.;)f[.

~'an S. Oh.· Kenneth H.. Phdps, RUlh L. Lieberman. and
lIuKh J. Carroll.llt'p:lrluwnt uf ~ll·di(·int" Silth' llni\'('n.itv or
Xl'''' Yurk, DII",n~t.ah· ~h·di(;ll ('(·ntN. Bruuklvn. !\'.Y. 11211:1

.-\'~lJf ('hl'IIl •.i1 tlYi91

Ligand Exchange Chromatography 01 Alkyl Phenyl
Sullldes 2248

The cuntrihution uf pular. molt.'('ular w(·i~ht, und stNir (·f­
fects Es to R!'.l \'alues on duomat(J~rnphil'tK'huvior is (·x·
amined usin~ H~:!·. A~·. Cd::". and Ph::" impre~nntt'd sili·
l'a }{el plates.
\'aela'. Horak.. ~'l'rcedt"tO De Vallt· Guzmun, u.nd GeorgI'
Wecks,l)cpartffit-nt ur (·Ilt"flli~lry.(;I'lIr~':lu",n IIJlinr.-ily, Wll~h·
in~ton, D.C. 2005'; --'"u/. ("Jlf'm .•.S1 11~';'~1)

Observation of Electrochemical Concentration Prollles
by Absorption Spectroelectrochemlstry 2253

Optical path lenJ:{th of 0.;) ('01 or ~rt.·aIN increases sln'l·tw·
electrochernit-al sensitivity. Spntinl n:solution uf tht, diffu·
sion layer ~i\'(',.; informatiun abollt muss trunsft'r and mltJi·
tional insiJ:ht into ft.·urliuns .ttTompnnyin~ dlllrJ::l' trunsfl'f.
H.ichurd Pruiluma and Richard I.. !\teen'cry" 1>t'purtJlwnt IIr
ChcmiJo>try, Ohiu Slal(' Uni\"('r~ity. ('ulurnhus, Ohiu -I:,~1t)

""ut. ('ltl'''' .• .:;, l/Y7~O

Rotatlng-Rlng-Disc Analysis 01 Iron Tetra(N­
methylpyrldyl)porphyrln In Eleclrocatalysls of Oxygen

2257

The rate of reactiun uf fcrruu~ porphyrin with O:.! is about 4
X 107 M-I·s-I. The muin pwduct of the cntulytk reduction
is hydwKen peroxide.
Armand Beuc1heim and Theudure Kuwana.· lJepnrtlllcnt ur
Ch('mistry, Th(.· Ohiu StultllJnin'rsity, 1-10 \"'l'HI lKth A\,tll1llt', Cu­
lumhux, Ohiu 4:j~JO AIIUI.C'hl'U1.•.51 (W79)
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Briefs

Radiation-Induced Surface Redox and Shake-Up
Structure In X-Ray Photoelectron Spectra of
Copper(lI) Chelales 2260

X-ray photoelectron ',>ectros('opy of ('opper(ll) complex,
1,8-bis(2'-pyridyl)-3,6-dithiaoctane, in the S 2p and Cu
2p:v·.! regions confirms X.rny-induct>d surfar€' redox resc­
tion of the ('helale. Shake·up satellite peaks are dis('ussed
in terms of known optical absorption data.
Michael Thompson,- Bruc~ R Lenoox, and ~borahJ.
Zemon, Department of Chemilitry. University nf Toronto, 80 Sl.
Geo~eStrf'E'l.Turunto. Ontario. Canada. M5S IAI

Anal. ('ht·m .. .il (/9i9)

Analysis of Metal Alloys by Inductively Coupled Argon
Plasma Optical Emission Spectrometry 2264

Samples are acid·diluted and analyzed by u dir('('l-r('udinJ!
inductively cuupled argon plasma (leAP) spectromelt>r for
elemental concentrations. The spectromNer is pro­
grammed with 8 concentration ratio method.
Arthur F. Ward- and Louis F. Marciello. Jarre-II·Ash ni\"i~iun.

Fisher ScientifiC' Company. 590 1.inC'oln Str{'{"t. Walthnm. ~ta......".
0215-1 Anal. Chi·m ...il t1Y;-YI

Synthesis and Idenlificallon of the 22
Tetrachlorodibenzo-p-dloxln Isomers by High
Performance Uquid Chromatography and Gas Chro-
matography 2273

Applications to determination of tetrachlorodibenzo·p·
dioxins in a variety of samples are discussed.
T. J. Nestrick.· L L. Lamparsld, and R.II. Stehl, AnalytiC'sl
Laboratorv.l)u..... ChemiC'allJ.S.A.. Midland. Mich. -I8f~O

. A1Iol. Chl'm .. 51 (/9791

SUBSTANTlAL
IMPROVEMENTS TO A GAS
CHROMATOGRAPHY SYSTEM
Pure Gases. Use the right gas! Don't usc a welding grade of
gas for a gas chromatograph. It can contain substantial
amounts of water and oxygen. Matheson recollll1JC'nds a spe­
cial purity for thermal conductivity detectors, a "zero gas"
for FlO. a special carrier S-Gas for name photometric detec·
tors, and a special higher purity for cleeton caplure detC<tors.
TI,ese are available from all Matheson plants. Circle No. IJ(,

Usc a R~gulator Which Minimizes Diffusion. We recommend
a two stage regulator with a metal diaphragm, our Model

3104. where the control of gas is ~xccllcnt. It minimizes in­
board leakage of air or water from the atmosphere and does
not outgas impurities into the carrier or fuel gas systeill.
Circle No. 13 7

Purifiers and Filters. Malheson supplies specially purified
gases for GC. but we also recommend the addition of a
filter or purifier to the system. Purifiers and filters remove

Correspondence

Diffusion Control In Unear Sweep Voltammetry 2282

Brian R. Eggins,- School of PhysicaJ Science. Ulsler Pulytt-<'hniC'.
Shore Hoad. Ne~rtuwnabbey. (AI. Antrim. BT:r7 UQH. N. Irl"land.
snd Norman H. Smith, Sc-houl uf Mathematics. Ulster Polytech­
nic. Shore Ruad. Ne....lownabbey. Co. Antrim, BT:fj OQH. K Ire-
land Anal. Chern ...;1 11YiYI

J_ <_ ......
ttwaai;·....~q - r
P\IIFD';':" :::~

MCUl._';':~.
..~~

.f

'---
Direct Sample Insertion Device for Inductively
Coupled Plasma Emission Spectrometry 2284

Eric D. Salin and Gary Horlick,· ))epsrtment (,f Chemistry.
Uni\'enoity of Alberta. fo.:dmontun. AJberta, Canada T6G 2G2

Anal. Chf>m., .1)1 l/9iY,

Effects 01 Swilching Potential and Finite Drop Size on
Cyclic Voltammograms at Spherical Electrodes 2287

J. Everett Spell and Robert H. Philp,Jr.: J)epartmenluf
Chemistry, Uni"'('n;ity uf Suuth Carulinia. Culumhia, S.C. 29208

A"al. (,h('m., ,lil (W7!})

trace water, oil, oxygen, and particulates. In using such de·
vices in our own laboratories. we find we can enhance the
perfomlance of our GC's Circle No. 138

Calibration Standards. Sometimes called reference standards
and span gases, these are the best means of ealibraling a GC.

Matheson has prepared valuable tables and related informa·
tion on Calibration Standards: "Gas Mixtures; Facts and
Fables," and a wall chart entitled "lIow To Succeed At Gas
Chromatography." These arc available fur the asking.
Circle No. 139

For furth~r information, conllct Matheson, 1275 VI1l~y

Brook Av~nu~, P,O, Box E, Lyndhurst, N.J, 07071,
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Chemical analysis by atomic absorption spec:·
troscopy is achieved by converting the sample
into an atomic vapor and measuring its absor·
bance at a selected wavelength. The measured
absorbance is pro~rtional to concentration.
The analysis is made by comparing this absor·
bance with a reference sample of known com·
position under similar conditions.

Atomic absorption lines are so narrow that
the use of a conventional monochromator is
impractical to measure them. Com;nercial in·
struments overcome this by the use of hollow
cathode lamps which emit atomic spectral
lines of the element to be determined.

Elements are measured after they have been put
into solution either aqueous or organic. The so·
lution is then sprayed into a flame. generally.
air·acetylene. Some compounds, like the rare
earths. require a highly reducing flame. This is
done most safely by burning the acetylene in
nitrous oxide which gives more available oxy·
gen than air.

For years Matheson has been servicing scientists
using AA spectroscopy, not only with gases
but with other equipment which makes opera·
tion easier, and more important, safer. These
items are at left. If you're not familiar witA
them \V~ will be delighted to rush literature to
you.

t .• ,' ~~t""."''''.J ,,-,,' ',.',
't.~ ••• _ ""'~'I'~ '.:r-.
1-.·.).1 ·,·" '\J ,'«\",~

..... ' ' "U "", ..".,·I ',
...... , Ill•• ",,,,tltl.lq

I·...,,~ l .....~· ~ .....:~
' .. I·.... ,. 'ru, :· .. ·1

.. ' ," '~:"_" -...... I •

J

., ,

Automatic Regulators
lPA-510 and lL 326

Acetylene 99.6% and
Nitrous Oxide 99.0%
Thine lite pur. l}as.e1 contatnlOg leu
impurituts than commerCIal grad".
We recommend them and specially
pUrity them tor AA instrument use.
The pur"t the gas, the leu jnted,r·
enct! in linal results. Circle 149

If you .r. using AA, ChOOM the COr­
rtet tlgul.tor1. In th. I.bor.tory,
u... regul.tor1 d"igned for the
specific gal. Inform.tion on thew
r.gulator. un be obuin.d. Circle 147

Nitrous Oxide Heater
BecOlu~ nttrous O).lrl~. trcQu~..nlt.,.

uscd as an oludll'·' UJs Ifl AA. IS I,Q'

Ul"lCU 901s. Of a 9-1S OV~f 1l{IUld In a

cyltnde,. It oltcn cools or tCl'S on
CllpanStOn. c"uSlng problt.!lnS t"
automattC (OnlfO!. Tht' hC.Jler \'I;t'

oller IS tllSiallc(1 IJt!lwcen Cy'It"t!t:,

IlfH.J rcgulalOr ilnd eltlTltnalt·s ICIng
illlt! allow') '"H hlghe, 1I0ws. Thermo·
Slutlcally contlolled, the N.,O IS nOt
Ovmheatl'd ilnl! Ihc optl,alOt ,,-an con·
cent'atc on hI' Instrument. Wo,~s

sUlIply "",Ilh 115 VAC. Ctrcle Uti

No. 450 Gas Stream Purifier
The model 450 purifIer With model
454 teploceDble CDttudge " H>eclally
deSIgned fot controlling the !Ketone
VOIlOt 10 occlylcne. The cartrIdge
r:onl;)IOS OCllvalcd char cool. II be·
Ion," In on AA system. Cucle 144

Improved
Operation

~ 0 Of An Atomic
~ ~ Absorption

~C-Y-li-nd-e-r-Sc-a-'e-. -M-o-d-e-I8-5-1-0-I---Se-r-ies-6-1-0-3-F-I-as-h-A-rr-est-o-r~ Spectro-
To judge accuretely when I liQu,- A tlesh arrestor ., Install.d IS • pan
fled gas is nearing empty. M.thnon of the AA .ystem downst,am. ,f·
hOI de-signed and sells a cylinder tt, the 'fOUlltor .nd cyhn$t Some

",.Ie. We ..commend ,hi, '0' ni100U. in"",menu h... • buill·in'''''' photometer
o.ide becaUJe it will let you know. .rrntor. It yOY" does not, two
and ifs the only way ... when the cyl- should be installed. Acetylene is
Inder is empty. Invaluablel Cucle 145 highly flamnllb't. Should tluhbeck

occur. with the K.comp,lnying shock
wwe. this device will insUntly seal
off the Plith to both regulator and
cylinder ... prl'Vtnting an I.plosi,,"
of much greate, magnitude in ,ith,r
,egulltor or cylinder. both of which
cont,in mot. gil. Flash 1""10rs are
recommended for both fuel gas .nd
oxidiur gas lin",. For more infOrTT\A­
tion, circlr 148
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Briefs
Liquid CO2 Extraction

Made Easy
by

J&W Scientific, Inc.

Enhancement 01 Lumlnol Chemiluminescence with
Halide Ions 2288

Danil'l E..laUIt' and lIo\\'ard II. PaUt'fliun,- Ih'llllrlllll'1l1 ul
l'hl'mi!i-try. lIniwn-ily uf Maim', Orlllll1. ~k I).I·U;!I

:\11(11 ('11"/11 ,.lll/!I;!II

Bromlnatlng Solution lor the Preconcentration 01
Mercury Irom Natural Waters 2289

Developed 6 M.n!Jf.etu'ed
by

J&W SCIENTIFIC, INC.

Aids for Analytical Chemists

Ernest S. Gladne)'- and Uanil'1 It. Ptrrin, lJnin·r:-it)· uf ('nlifur·
nia, to,. Alamos Scit'ntiri(' l.ntHlruttlrv.I'.O. Btlx Itioti:i. J.u~ Alllllllt~.

N.M. H'j!')·,!) . AII/J{ C'JlI'n1 ,.)1 flY;YI

Gl"OrJt:(" B. Smith- and C("OrJt:l' V. UO~'ninK, ~h'rd; :-;hnrl' &
Duhnlt' Ht'Sl'llH'h l.llhoruloril·!i-, 1'.0. Bllx :!(MIO, HlIhwa\". K.J. 0';01;;,

A,wl ('}ll"m ..~111~;-~1

Hlgh·Speed Algorithm lor Simplex Optimization Cal·
culatlons 2295

J. C.llaartz.- Pl'tf'r M. Eller. and Richard W. lIornunK. 1'\".
liunn! Inslilulf' fur (kcupaliollnl Saft'ty Llnd Hl'lIlth. -Ili';ti ('ulum·
hin Parkway. Cincinnati, Ohiu -I:.:!:!I' .-\IIU/ ('!I"m ..:;1 I J!I;~'

1. Andre\\' Ndson, J>ir('('lnrnl(' llf &it'ntilit' St'rvin':-, TtulIIH':­
WaiN Authllrity.I,";' Hust'iK'rry ..\vt'nUt·.l.untlulI. E('II( -IT1',
1I.K. :"ud.nll'm.,')1 (/!/;YI

GreKory". Ur~)', Holwrl H. Spencer. and ('hlirlts I.. Wilk­
ins,- J)('partmcnt tlfCht'mi~lry.l'nin·r~ityof 1'\1·hw:oka -I.innlln,
Lincoln, N(·h. r~~ A,wl. Chl'lIl .51 j I!I;-~I

Critical Parameters In the Barium Perchlorate Thorln
Titration 01 SuUate 2293

Phase Solubility Analysis as the Basis 01 a Separation
Method' 2290

Quanlltatlve Analysis 01 Silicates by Instrumental
Epithermal Neutron Activation Using (n,p) Reactions

2297

Readily Oesorbs
Volatiles from Porous
Polymer Traps or
Activated Charcoal
Substrates.

Provides a low
Temperature. Inert
Atmosphere Which
Minimizes Artifact
Formation.

Allows Recovery of
low Boiling
Compounds.

Yields Essentially
Complete Recovery of
Compounds in a
Solvent-Free System.

@O-:'

~~.
.~ ",

Our "High Pressure
Soxhler Extractor"

(Pat. Pending)
Makes It Easy

to Take Advantage
of the Excellent

Solvent Properties
of liQuid CO~

Applications in a
Wide Variety
of Analyses.

Environmental
Research. Food &

Flavor Analysis.
Essence Extraction.

Pheremone
Analysis.

For More Inform.lion W'IUltO: J&W Scientific:, Inc.
P.O. Box 216. OfangeYale. CA 95662
f9161 JSl-oJl7 19161 ]51-(18()()

DEALER INQUIRIES INVITED

Hlgh·Speed Device lor Synchronization 01 Natural·
Drop Experiments with a Dropping Mercury Electrode

2300

r-------------------------------------,
LOOI(! IT'S BOTH NEW AND FREE

A GLASS CAPILLARY USERS NEWS
BULLETIN FROM J&W SCIENTIFIC

A periodic users newsletter dedicated to the advance·
ment of glass capillary techniques and applications.

Please put me on your mailing list:

Paul D. T)'ma,- Michael J. Weil\'l'r,- lind C. G. Enkl',lh'pMI­
mcnt uf eta'mistry, Mi('bi~llllStJJlc lJnin'r"ity, ElI:-1 1.1I1l:-ill!-:.
Mich.4&'1:l4 Alllll. ('JJ"f/l ,51 11~7Y1

Apparatus lor the Dynamic Coating 01 Capillary Columns
2302

E. O. Murgia and J. A.1.ubku","itz,- Illstitutu ·1't·dllllllil~il·1I

V ...ru~wI8nll dt'! I't'lrt·,lt·lI. Apltrtudll ili:'-I:t, (:UrlIt·US lUi'. Vt'Ill'UWlll

AflU/. ('!I,'m.,.lllIYiY)

JcueS. Ard. E8litNII Hl.'~illnll) Ht·t>t·urdl C('nlcr. A.:ril·ulturullh'·
)Ol'arch, Scienc... and I-::du('atiun Adrnini)Olrutiull, fion E. Mt'rllltl.ici
I.nnc,l'hiludellJhiu. I'll. ItlllH Atwl. elII'm., 51 (W7!J)

Surge Control Unit lor Mercury Manometers
NAME _

ADDRESS _

L~~~~:_-_-_-_-_-_-_-_-_-_-__-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-__
CIRCl.E 98 ON READER seRVICE CARD
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Applied Science Division
(formerly eel SCtence Labor I

1nunedL1te ilVillWNUty
SERIES 3ll<lo-3 HI-EFF (3 fl.) columns
are made 01 3 It. x 2 mm 10 x ." 00
glass and are presen1ly av8Ilable WIth
the follow1ng lour packJngs;

~ OV-l0l on GAS CHROM a
1.5'10 OV-17 on GAS CHROM a

3" OV-21 0 on GAS CHROM a
15'lo SILAR-1OConGASCHROM R

Please wnta for more onlormabOO to:

Column conflgUratJons designed to iii a
number 01 Slandard commerdal gas
chromatographs are avallable from
stock.

Configurabons to fit other COlMl8fCI8I
gas chromatographs are avadable on a
custom-made basis WIth 2-week
deivery.

Milton Roy Company Labor.tory Group

16801 Phone 814 238 ~406

s.mpJe;:
1) .ndroneft)M!
2) d\olen...
3) prog4St_one
4) c:holatwol
5) Qmpest_rol
f5)~tonwol

3 •

2

i i
2 • 8

TIME (Mlnutn)

$#piI,.rion 01. mlxru,. of ITN steroids on I

3 ftOV·1l SERIES 3(}()()-3 HI·EFF column.

Analysis time reduced 50 %
SERIES 3000-3 HI-EFF gas
chromatography columns are only 3 It.
long, yet they fully resolve mixtures
normally requiring a 6 ft. column for
separation. Best of all, SERIES 3QOO-3
HI-EFF columns cut the time required for
analysis by one-half.

No modifications requ~red
SERIES 3000-3 HI-EFF (3 11.) columns
can be used In conventional gas
chromatographs without any
modlflcallons - no make-up gas,
special pressure regulators, etc., are
required. A carrier gas 1I0w of 30 mUmin
Is readily obtained with a 60 ps g
pressure regulator or with standard flow
conlrollers.

Twice the efficiency
SERIES 3000-3 HI-EFF (3 ft.) columns
provide 3000-4000 theoretical plates
with a HETP of 0.23·0.30 mm. A
minimum of 1000 plateslfootls obtained
over a carrier ges flow renge 01 6 to 20
mUmln, producing twice the efficiency of
Ordinary packed columns.
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A new and unique pulse
processor grves our SPECTRACE'·
analyzer guaranteed resolution of
150 eV - the best ever achieved
in an energy-dispersive X-ray
fluorescence analyzer This resolu­
tion. coupled with peak shifts no
greater than 3 eV at maximum count
rate. lets you detect light elements
more reliably and Quantify them
more accurately.

The spectrum at left above sho....'S
an actual peak separation USing the
new pulse processor. That at fight.
with overlapping peaks. was made
uSing a conventional processor In
the same analyzer.

SPECTRACE 440 can make auto­
matic unattended analyses of up to

40 samples-solids.IIQUIOS. pm',oers
or depoSits on filter paper Makes
QualitatIVe ano Quantitative anal,ses
of all elements from Na to Pu Han·
dies samples from 1 mm In Olameler
to a foot high Has superb senSitivity
repeatability and long· term stability

Our applications laboratory and
englneeflng group Will work 1'11111

you to help solve yOur analytical
problem That way you know you II
get the results you wanl aller your
SPECTRACE IS delivered

Over 50 SPECTRACE analyzers
are now In use. And VJe II give you
me name of every single user
because we know everyone \'/111

give you a favorable report One
thing they'll report IS the serVice
they get personallnstruCllon. an
applications school. soflware
school-and follow·up vlSllS Just
to make sure you're gettrng tile
most out of your SPECTRACE

Send for our highly Informative
brochure now Contacl United
SCientifiC Corporallon. Analytical
Inslrumenl D,v'Sion. Dept C.
1400 Stlerlrn Road. PO Box 1389.
Mt. View. California 94042
Phone (415) 969·9400

LeUers

Typographical Error

Sir::\ ft'atlt'r ha:, l-all('<1 Ill\' lIttclltion
to un unforlUIIHh.· typogrnjlhknl t'rwr
in m~' April (~j';'V .,\NAISTWAI. AI'

l'l{th\t ,.t arlidt, 1111 tilt' JFK AS:'IIS~iIHl·

tion (pa~l'~ .IS,' A-,m:t AI. 'I'll{' error
UtTUrs in tht, ~t,t'll11d n'!unln of pllg{'
-I!I:! A, ill lint's X-IO, In my Iypt·d mun·
lI~l'ript, tht, wording i~ t'urn·t'!, but n
portiun of til(' part'l1llll,tirnll-.xpn's­
sion \\'ll~ 111:'1 inlhe t~'pt':,ettin~,lt'ud­

in~ lllan t'rronl'OUS ~lul{'l1ll'IH_

\\'hl'feHS till" ptlhli~tlt'd llrlidt, !<olal('~

", . .tq·I';1 being frn).:nH'nt~ n'''CI\'l'fl.d
frulll tWII diffl'n'IH "n'll:' ill 11ll' Dallas
lil11l1l1~il1t'1. _,,'- it "illlllid rt'ud:

, .(Q,L:, hl·ill).: fm~"1t'llb n't'o\'('fed
from Pft·:-.idl'llt l\l'lIlwd\":-. hmin, and
(~:! and Q (-J ht'in~ fmgn~,'nt~ rl'co\'('fed
from tWII (tifft'n'll( art'a:,> in thl' Dulllls
limlHI:-.ilwl,

Vint.'cnt P. Guinn
Ilt'lliIrlllll'nt t,fChc.·lllistry

l ini\'l'r!<oity of ('alifurniu
In'ilH', Culif. U:!717

Any Volunteers for Niobium
Analysis?

Sir: Till' ("aniidillJ1 t'Ntifit,d Ht'fl·r·
('lin.' Mall'rial~ Prlljt'('1 «THMI'I i~

curn·nll .... 1'('(1 iJ\illg a pyrudllllrt: urt-'
from Ok.. , qtlt,hl't',l'1l1'odt-d Ul\A-1.
al ......o.[{; Nit, Thl' u~uill prul'lil'l' tlf tlw
(TH\1P i:o. to H'que:'>1 a minimum of
:!o Iahoralllrit,:-. 10 jJllrlit'ipate Oil U \'01­

lillian' "a~i:-. in II rotmu-robill ('('flifi­
t'alil'.; progralll for tilt.' dW:o.l'lll·!t'·
1I1l.-ntb) ill tilt' t'i1l1diullte Jnlllt'riul.
Tilt, lack Ill' lahurntoric:o. cXI'l'fit'Ill'cd
ill niubiulJI analysi:,. howcvcr, rt:quin's
u !<oi~l1irinlllt c.Jt'parturt.· fwm this pmt'­
t in', lind il is planlll'd to cl'rtify
(II\A· J for niubiulll with thl' pnrtici­
pal iun of t'lIl1sidl'ruhly fewer hut expc­
ril'lln-lllaIJllrutl,rit~s,

Allyulll' inlt'H'sh'd ill JllIrtitil'utillJ.:
ill IhiJoo rutllH!-rohilll'l'rlificulioll
:-.hlltdd 1'lIl1la,,1 tilt' writer fur furthcr
inforlllal iUII,

IrnUNITED .
~SCIENTIFIC
ANALYTICAL INSTRUMENTS DIVISION

CiRCLE 214 ON READER SERVICE CARD
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The Varian Cary 210/219 UV·Vis
Spectrophotometers let you go

from basic to ultrasophisticated•.•

...without ever leaving the medium price range!

Both Models 210 and 219 have been bred for the modestly
funded laboratory thaI's unwilling 10 comproffilse
on high performance and simplicity In operation.

BUI here's the best pan for only a lillie more than the single­
purpose 'budgel' UY,V,s spectrophotometers. you get the
2101219'5 buildlng,block-ilke expandab,llty You can stan out
with lust enough UY-V,S spectropholomeler 10 handle Imme­
dlale needs. Ihen later 'bUild on' InexpenSively to venture into
additional techniques as your analytical requirements grow.

For example, you can add a Rouline Sampling System.
and the touch 01 a button cools or heats 500 microliters 01
sample to achieve one of hve temperalures within 0.1"C In
less than flfleen seconds Or. as a significant operating
convenience. you can add Ihe Wavelenglh Programmer.
which aulomalically provides repelilive scanning al any 01 a
number of chosen wavelengths. The Temperature Readout
expands the 210,219 into thermodynamic or k,nelic studies.

when photometnc measurements are temperature­
dependent. Add the Gel Scanner Accessory f()( automatIC
scanning 01 gel matnces from electropholellC separaliOOS ()(
sheel him. F()( quanlilal"'9 kll1etlC data ()( lor qualllative
anatySls 01 spectral detail. lei the Denvatlve/Log A Accessory
give you hrst- and second-oenvallve speclra. You can add
the microprocessor-based Smart Pnnter I()( a reliable
source 01 neally organIZed hard-copy data-cornplt!1e WIlh
sample or cell number. absorbanCe versus wavelength.
or absorbance versus lime.

The list goes on. You can make etther Varian Cary
Model 210 or 219 as SOphlStlCaled as you WIsh. as versallie
as you Wish-whenever you are ready. And the 210.'219
Will slill be In lhe medium pnce range.

Get alilhe facts by clrchng Reader Service No. 218.
Beller yet. Circle 219to have a Vanan Cary representalive
lell you In person.

FOIlmm~KiI.l. allilianca cOl1tacl 611 Ha"M" Wily. "'loAllo. CA 94Xl3. FIOfh&m ".,.., NJ (2011822-3700. Pw\ AldQtI.ILPtlJm.nn
HOUlton. TX 17131 7&3·1800. los AlloI. CAI"'~l ve&tl141.ln EUlopt. Sta.nI\aUMftlra.... CH-f,JOQ lug. S.ltl'eI~
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For gas chromatography yo

For pricelperfrxmatlC(/. versa/Jlily
and reJi8bl1ity you can1 bellllhe
Vltl11l37oo aeries In addition.
evary 3700 comes with lull aefV/Ce
and applications soppon 10 8SSUflI
)'OUrsuccess



can't beat the Varian 3700 series

@
varian

611~en vq.,. Palo Ana, CA lM303 • Aot'rwn Pw_ NJ
(201) 822·3700 • Pat... Rldoe II (3121~nn •
HouJ,lon TXI7lJl7!3-11OO. l.O&A/tOIl. CAI"'~"""~1

FIgure 4 Coal HydfogenahOl1 ProdUd.ln the analysis
ot very compieA samples SUCh as this coal hydtoge­
oa!IOIl product the 3700'$ capillary system grves
htgn tesoluDOn oJ sampiA components. The capillary
effluent splrtrer ;>erma! detectJOt') 01 the suttur
com~ with the FPO and me orgarvc:.s ...1) FlO.

Proven, powerful automation..
For total automation Model 3700 Gas
Chromatograph combines with the
proven Model 8000 Au1oSampler~and
the powerlul COS·l11 Chromatography
Data System. These components can be
purchased and used separately. or they
can be combined in many different
confogurations to meel individual require­
ments. Resu~. you can choose the
automation you want and you don't have
to buy anything that you don' need.

Let us give you detailed Information
about an unbeatable 3700 system that
will do great gas chromatography lor you.
Circle Reader Servk:e Numbers:
244 3700 Series Gas Chromatographs.
245 COS·111 Chromatography Data
System. 246 Model 8000 AutoSampier.
247 Model 3711 Automatic Gas Chromato­
graphs. 248 Have a representative can.

Figure 3 Vo/atJJe Nllr0S8­
mmes The 3700 eQUIpped
WIth a TSO. whICh 1$ very
selectIve tor flItrogen.
IS eAcehent lot SCt8erwng
'oed and cosmelJCS plod­
uets for nllfosammes

FIgure 2 Halofelms
m DrmJl./ng l\'ater
AnalYSIS of dflnJcmg
water Injected dlfe<::tty
onto a poIOUS polymer
column TrlflalolO/ms
at Ppb levels can be
aetecrecJv.lrtlthis
teChniQue

You can choose the best Injec1lon
technique lor your sample.

The versatile 3700 injector system
permits you to choose: (1) heated or
unheated true on-column injection right
into the column packing. (2) heated.
flash-vaporization with replaceable glass
inserts. (3) two all glass capillary injectors
with a choice of modes. or (4) valve
injection using gas and liquid sampling
valves.

You can use all the speed and
power 01 capillary GC.
There are two high resolution. easy·
to-use capillary systems to choose from.
The new low cost system makes the
power of capillary available to everyone.
In both systems columns can be Installed
in minutes without tedious end
straightening. A new capillary effluent
splitter lets you detect your capillary
separation with any two different
Ionization detectors. see Figure 4. .- .: .

V\()~I'l1!. m~111!fITn,\.n U) 11 II

The Varian 3700 series is a family of
powerlul gas chromatographs that puts
the emphasis on perlormance. On
chromatography. On giving you the
greatest capability to handle your specific
application plus unmatched flexibility
to meet changing needs.

You can choose the right
gas chromatograph.

The 3700 is modular so you can easily
choose a chromatograph that is exactly
right for your laboratory. All components
-injectors. detectors. temperature
programmers. flow controllers and
automation systems-are upgradeable
and interchangeable. You can begin with
a basic dual column unil and add capa­
bility as you need it. Or. you can start
right now with the wortd's most powerlul.
versatile and fully automatic GC
system. And the 3700 continues to grow
so you can always have the newest
and best gas chromatograph.

You have better control
01 the analysis.

The 3700 controls. with ESP monilor and
self-diagnostic display. give you more
clear information about operating param­
eters and better control of injectors.
column oven. detectors and flows. You
don't have to interrogate the system
and wait for a printout. You always
know what is going on so you can take
timely action.

Large dual-column oven makes
It easier to do more.

It gives you more room to install columns
side by side. Greater freedom to use
any columns your application demands:
packed or capillary. single or multiple.
with column switching and valving
inside the oven.

You can use the best detector
lor your application.

TCO. FlO. ECO. FPO, TSO and multi­
detector models are offered. Each of
these new detectors is designed to
provide excellent perlormance for its
range of applications. See Figures 1. 2.
and 3. Universal ionization detector .
bases let you interchange FlO. ECO.
FPO. and TSO detectors yourself
in minutes.





."Varian Model 5000 Liquid Chromatograph

Twenry PTH ammo acids can be sepafatea If! a $Ingle gradrenl run on the Vaflan ModeI5£X)OL.JQuIfj
Ouomalograpn for mote mlOtmatlOfl c"cle 1Ma"', ~lYjce NumbM 235.

1M seoaraton oloraJ contraceptIVeS demonStlales
the use of A,,1.(;)Qe15QX) tor tablet~y and content
UIlJ!crmlly For more ",/ormat"'" Cltcle RtNdet
~;" NumMr' 137.

2,4D AND SlLVEX IN WASTEWAIER
lnotrument: Yorlen _!5000 LC .
COIumn::~::, __
Detector: V.,1chrom ..

~

The methOd usedm ""S seoatatonptoVJOesa last
and teptoo/JCIOJe analySLS 10f morntofll'lg 2."0 and
$lIve.. In wastewarets For mote lflformaton Cltcle
Reader Service NumW' 23fi

I 10 (min) 2 I 12

Analytical chemists choose the new
Varian Model 5000 liquid chromato·
graph lor all manner 01 applications
ranging Irom pestlcldes'o pe'ro·
chemlcals'o pllls'o PTH amino acids.
Here are some of the reasons Why.

The 5000 II e..y to ule. Separations
such as Ihose shown at right are easier
to do on the 5000 than on any other
liquid chromatograph.

The interactive CRT and simple key·
board make program building so easy
anyone can do il. The CRT guides you
and prompts you and it continuously dis·
plays all instrument conditions so you
always know what is happening in your
analysis.

You get outltendlng performence.
Flow rates and gradient proliles are
microcomputer controlled lor accuracy
and reproducibility.

You can depend on It.The 50oo's
proprielary single·piston pump is
designed to provide a new high level 01
LC reliability. Inlet check valve problems
are eliminated by a new Inlet valve
design that opens and closes by positive
mechanical action.

It's modular so you can choose a 5000
configuration that is right lor your
application. For example. the 5000
combines with Varian UV. fluorescence.
refractive index, and variable wave·
length detectors. You can use any LC
column and you can select whatever
injection system you need Irom manual
to lully automatic sampling. For total
automation you can add the CDS·111L
Chromatography Data System.

@
varian

Mate and mcNe chemIsts ate ChOOSlno me new vansn Mode/SOOO liquid Chromatograph beCause "
provides the sKcelient performance they require. Also. the 5CXXJis so easy to use it maJces dIffICult
separations seem simple,

The prfce II right.There are five basic
models in the 5000 Series: from simple
isocratic to completely automatic
gradient systems. Each is designed to
offer unbeatable price/perlormance. to
provide a new level 01 LC capability at
affordable system prices lower than
most LC components.

For lull details on a 5000 that may be
exaclly right lor you. circle Reader'
Service Number 238.

To have a Varian representative contact
you. circle Reader service Number
239.

For Immediate assls'ance contact:
6.1 Hi.nsen'NIy. PlIO Alto. CAfM303. fQf\lWft"'!l. MJ
t20I)822·3700.~ R!dgt.ll(3'2)82!t-nn.
Houslon. TXt71317M-1800 • los NIoL CAt"'SI""'"
InEU10",.:St~.1IUM.Qi.QOOlu;.~



Simultaneous
or Sequential Determination

of the Elements at
All Concentration Levels-

the Renaissance ofan Old Approach
Velmer A. Fassel
Ames Laboratory-U.S. Department

of Energy and
Department of Chemistry
Iowa State University
Ames. Iowa 50011

An award acceptance address pro­
vides the award recipient with 8 time­
ly upportunity to contemplate, to pre·
dict. and to offer personal commen·
tary un the nature and direction of the
!'\cience in which he has been involved.
In the remarks that follow I shall avail

myself of this opportunity. I shall
nlO~tly proceed in a serious manner
hut will occasionally punctuate my fl'­

marks with lighthearted comment11ry
and histurical reminiscences that are
re~ptln:;;i\'e to sC\'eral provocative
questions posed later in this address.

On the ()cca~ionof this award sym­
posium. Jcan boast enthusiastically
ahout the fields uf analytical chemis­
try and spectroscopy. As noted in fr­
cent editorial commentary in this
.JcIlIIlNAI. (I. 2). the stren~thand stat·
ure of these disiplines. both in acade­
mia and in industry, have climbed

~I(':ldil~' durillJ,: the pust decade. Those
of liS who arc nuw U(,tive nnnl\'tical
dwrnisls or SP(·ctroscopist.s should
thl'refon' tuke pride in the cuntrihu·
t iOlls of ('hernical annlvsls in vcnrs
past, hut with the full"rt.'cog:nitiull that
1('adNs in these fields huve often ex­
prt'~"l·d ('oncern, c:r ('hid~d thl'ir cul­
leuJ.:lJ(·s. or were critical uf developing
trcnds. In this context. it is appropri.
ale 10 takt-· a hal:kward journey to 19:t~

whell Ci. E. F. Lundell Jluhlished u
pef('epti\'(~ article that should he reo
quir<·d reuding fur anyone strivinJ.: to
1)(· iuentifi(:d as an analytical dlCmisl.
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Ve/mer Fassel (right) receives the
ACs Award In Analytlcat Chemistry
(Fisher Award) Irom Gardner Stacy,
President 01 the Society, at the ACSI
CsJ Chemical Congress which was
held In Honolulu. HawaII, April 1-6,
1979.

This REPORT is based on Dr. FasseJ's
Award Address

0003·2700179/A351-1290S0 1.00/0
Ie, 1979 American Chemical Society



Thi~ puper entitled "The Chemical
r\l1nly~is of Thinl{s as They Are" (3),
contl1ined u number of classic sen·
tcnces, includinl{ the following: "The
dctcrminutor's salvation lies in the de­
velopment of selective methuds of
anillysis. und his final restin~ place
will ht' u heaven in which he has a
~helf contnininl{ 92 ren~cnts. one for
cHeh ell'ment, where No. 13 is the in­
fllllihie specific for AI, No. 26 the sure
~hot fur Fe. No. :\9 the unfailing relief
for Y.nnd so un to U."

The heavenly hopes expressed by
Lundell huve never been realized.
E\'en ItKiuy. the must optimistic ana­
Iytifal chemist sees little hope of ever
relldling the utopian state of specific
rellg:l'nts for each clement, especially
for those clements thot have nearly
identical (the lanthanides) or \'ery
sirnilur chemical properties. e.g., Hf
und Zr. The thrust of Lundell's state­
ment was to chide some of his analyti­
l'ul chemistry contemporaries for not
~iving: adequate consideration to an
important requirement of an accept­
ahle analytical method. namely, suffi­
cit'nl selectivit\' so that it would be
useful for the '~chemicnl analysis of
thin~s as they are," During I:undell's
professional career-and occasionally
e\'en toda\'-new analvtical methodol­
o~dcs nrc proposed wh~n it is quite oh­
vious that the\' suffer from interfer­
t'm'l's til SUdl ~l d{'~rt'e thnt they nre
not lIseful for the annlysi:o' of"thin~!'
11:-0 tlwy nrc." I.undell uptly corn·
Ilwutcd:

Thl'n' is 110 d('orth uf ml'l/llldi't
tllClt un' (,tltird." scrt isfoct fir." fur
th .. clf'u'rmitlatiutl vf t'iI'mt'/lt ...

/1'1'1'11 thc'" (J('('ur a/ulI('. TIlt'rub
nJnu·... iu 'bt't'uuSt' dt'nu'lits IU'lIt'r

UtTUr alulH'. fur lIotllrt' Gild melll
fnuNllm ('('Iibue.". Alt'thuds IIf
dl'lt'rmiuatiml m"st tluof('fofj' be
jlldJ:('d by thc·ir ·st'/t'dillity.· It i...
in thi... rl'sp('d that must nu,th­
lid,.. Oft' wc'oJ.' ewd imprml('nu'lIfs
mustt'UnIt'.

Durinl{ the 46 years thut ha\'c clapsed
since Lundell's paper was puhlished.
Ihes(.· improvements hovc indeed mo­
lerilllized, lind lhey hove followed
mnny different pathways. The reo
llIainder of my address will be devoted
ttl n histurical walk along une of these
palhways.

Inducllvely Coupled Plasma­
Atomic Emission Spectroscopy

The Early Years. For the past 17
\'cur!' Ill\' as..'iociates and I have devot­
~'d u frn~tinn of our efforts to the de·
\'('Iopment uf the basic scienct'. tht' in­
\'('stit-:ntivc methods and the hardware
for Ull analytil-alapproach that would
t'\"l'ntunlly provide the capability of
dt·tt'rmininJ,:: tht' chemical elements se­
1t,t'lin·I\'. (It nil cuncentration I("v£>ls.
i.t, .. mnjur, minor\ and trace cnnstitu­
(·nls. simultuneouslv if so desired. or
in u rapid sequ£>nti~1 manner, with a
sin~le analytical technique. and with
urntrncy und precision. A nt'\\· analyti.
l'ull1pproach, usually identified as in·
t1udivcly coupled plasma-ntnmic
{'mission speclro.....copy (ICP-AESl has
l·nH.'rg~d from these studies. I use the
t(,(111 "new nnalyticnl approach" advi·
sl'dly, because the AES porlion of this
technique is certainly not new; quanti·
tutivt' determinations hav(' been made

Report

via AES for at least 40 years. The use
uf ICP's as vaporization-atomization.
excitation cells is not new either. The
first analytical studies of ICP's were
launched independently 17 years ago,
by Stanley Greenfield and associates
at Albright and Wilson, Ltd., Oldbury,
England, and by our research group
at the Ames Laboratory. Iowa State
University. The exciting possibilities
offered by ICP's as vaporization·at·
omiut ion -excilation-ionization
(VAEI) cells for analytical atomic
spectroscopy were first communicated
-15 years ago (4, 5), and a decade has
passed since a landmark paper, as de­
scribed by Barnes (6). was published
(7). The anal}~icalcommunity, how·
ever, including academia, almost com­
pletely ignored these and subsequent
papers until approximately five years
ago. The surprising lack of interest in
the ICP·AES approach to elemental
determinations is reminiscent of Sir
Allen Walsh's experience (8) following
the publication of the pioneering pa­
pers in flame atomic absorption spec­
troscopy (AAS). His experience and
ours are. I belie\'e. excellent examples
of how taci t acceptance of methodolo­
gies as they are. and perhaps a liberal
sprinklin~ of mental paralysis. can in­
fluenCE' the timely accep:.ance of new
ideas. Because lCP·AES was original.
ly concei\'ed as an alternative ap­
proach for the determination of minor
and trace constituents, it had to vie
for attention at a time when AAS was
expt'rit'ncin~ its phenomenal growth
and wide acceptance. The fact that
AAS provided a relatively simple.
highly specific way for elemental de·
termination at the minor or usee con­
C't"ntration I('\"el contributed so much
to its popularity thaI the use of alter·
native techniques for performing the
samt' tusks suffered precipitous de­
clines. The technique that experi.
enC't:"d t.he Kreatest decline in usage
\\'as atomic emission spectroscopy.
which during the period from the mid·
1930's to lhe early 1960's was often.
if not usually, the method of choice for
multielement determinations at the
minor or trace concentration level. AI·
though spark·arc excitation AES re­
tained its important role for composi­
tional control in the metals industries.
there i. no doubt that its use as a gen·
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With the new "C solid-state accessory for the XL-200,
you can spin solid or powdered samples at the magic
angle. increase sensitivity uSing closs-polarization, and
achieve efficient line narrowing with slrong dipolar
decoupling. Yet operation is surprisingly simple' You can
introduce and ejeclthe rotor pneumatically without diS­
turbing the probe or the spinning axis adjustment. You
monitor the spin rate on the spectrometer's built-in
tachometer. just as in :iquid·sample experiments. Front
panel controls let you adjust optimal cross-polarization and
decoupling conditions independently and conveniently.

There are other unique aspects to the XL-200 supercon­
ducting FT NMR Spectrometer, such as the data handling
and spectrometer control system: a t3-bit ADC, which
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and programmed in PASCAL, a high-level, structured
language: a built-in interactive 5M·word disk with dual plat­
ters; a large, flicker-free raster scan display.
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printing, etc.) and queuing (automatic sequential execution
of requested tasks) on the same or on dilterent NMR exper­
iments. You can also array parameters (up to three
variables, including temperature) within a given experi·
ment; generate your own convenient macro·commands:

create your own speCIal or general·purpose pulse
sequences," a Simple, English-like code: even do your
own computer programmIng In PASCAL.

Then Ihere's the matter of the XL-200's broadband ac­
cessory which. with only a Single probe for liquid samples,
enables you to observe a host of nuclei (IncludIng "C)
between 20 and 81 MHz. And there's the remarkable low·
loss dewar system. which operates over Ih,ee months
on only 25 liters of liquid helium.

The XL-200 IS in a class by itsell­
with a pflce lag and an opera ling
economy thai belie its advanced
design.

For ImmedtaleuSlstJlnceconlact:6tt Hansen Way. Palo Allo.CA 9-4303 • Florham Parlo.. NJ 12011822·3100. Pallo. RIO"., IL1Jt2182~·1112
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Figure 1. Photograph 01 title and author by-lines 01 several pioneer papers on In­
ductively-coupled plasmas

eraI analytical tool experienced a
,harp decline from the mid· 1960', to
the early 1970'" whereu, AAS was us·
ccndinl-:' its sleep popularity curve.
The interest of analyticul chemit;ls or
spcdroscopists in AES WIIS further
undermined when somc AAS enthus­
insts <lieeded intcllectunl darb, at the
principle of ohserving free ntormo\ in
emission rather than in absorption.
These dart!; consisted of undonlmcnl·
cd, und usually theoreti(:ally unsound,
claims rcgllrding the nllcl-:cd superiori­
ty of ohserving- free atoms in nhsorp.
lion ruther thun in f!rnission. Thus, the
dllim thut AAS should exhihit far su­
perior powers of detection because the
hulk of the free atoms in atomization
cells were in the ground state in COI1­

trust to till' far smnller number densi·
tv in excited slales, did not rest on
s~JlJnd thl'lIretjcal hn~es, Neither did
the claim thut hecuu~e thl' frudion of
ntom~ in exdtNI state~ waR vcry Rmall,
the obsl'n'ntion of free atoms in emis­
sioll was subject to serio liS "cxcitation
illtl'rfl~rl'l1Ces"llriRin~ from collisional
dl'acl ivathtn, prefcn'ntinlexl.'itation,
IIr l'llCrgy lrullsfcr processes in gener­
al. Other assertions stl~g:ested that, in
spite of rl:'corded successes in the past,
spl'l'trulline interferences were so in·
separahle, and tempcrature l'hanges
in tlll' excitation cells SII uncontrolla­
hie, that the ohsN\'ation of free atoms
in l'mission for analytical purposes
was surely destined for failure. These
assl'rtillll~wcre often read in amused
astlll1ishl11ent h\' l11\'self nnd Cit hers,
Unfortunately, 'the~' were repented
ofh'lll'lloligh in the liternture nnd lld­
n'rtisin~ cirt'ulars to lead to their ac­
n'ptance as fact hy many analysts.
The period from 1965 to 1970 saw the
publication of a sufficient numher of
IIH'st, unwise dnims tu fill part of al1

iss Ill' of tIlt' fictional journal Acta Uf'­
tru('(a, Hcgrt.'ltnhly-hut also furtu­
natel~·-that journal has never heC(lI11C

a rpalit\'. Jus£' thr term "fortunHt{'(\,"
hl't'alls~' emanutions from 111~'lJl'n il;
IItlll'r ('ontexts would have hl'en al'­
t'l'lltable cllndidates for puhlkatiol1
in the journal!

TIll' plll,lit'lit ion of the scjplltifit'
misdl'mClHWrl-i rt'ferred to ahove l-iub­
sided mlher ahruptly uftl'r C, Th..1,
Alkl'mudl"s pert'eplin" papN 1'IltitiNJ
"St:it~IH'l' \'s. Firtiull in Aillmit, Ah­
sClq>tiul1 Spl'druscopy" 1I1'IH'url'd in
n.HiH WI. By Ihut tinw tht' fl'lHltlltioll
of AES as u lIsl·flll ~el1l'ml HlIlIlyticul
tool Wll~ sllffidl'ntl\' tarnished thut its
at I ruet i\,em'ss as II 'rl'sl'ardl field iiI
lH'lI(il'mill nnd ns U l'ommert'iul Vl'nture
hy inst rulllenl milkers nmtillllcd 10

dcclilll'. Hut cll·cline in usage ducs nut
implY,totnl stngl1nt iun in sl'ientifit' de·
\,l·ItIIHuent, Although husic rcscur('h
ill nnnl\'tirul AES was confilwd lUll
limited numlll'r of uClldt'mic..', ~(lvcrn­
11ll'lIt,nnd illdustrinlllllll,rntorills, si~-

nifieant advances emerged. In 1974
the revival of AI-:."; as a general analyt­
indlool was presaged in a number uf
ways, for example, hy prtwocati\,e ti­
tips in several scientific ('Ommunica­
tions. Thus, Boumans (/0) used the
tille "Multielement Analysis by Opti­
nIl Emission Spectroscupy-Rise and
Fall (If an Empirl"'!" and I used the
titll' "Optit'al Emission Spectrosl'Opy:
Siagnant or Pre~nant?"(/ /). (I am
indehted to Sir Allen \\'alsh whu first
u:--l'd the descripti\'e "StaJ{nant or
Prt"gnant" phraseology in his paper
l'ntitled "Atomil.' Absurption Spec-
t ftlSl'upy-Stngnant or Pregnant'?"
(81.) The qucstions pused in these ti­
tlt,:-- focused un the future role that
:\ES would play in the elemt'ntal com­
IIC,sitiullnlanalysis uf matNitlls. Buth
BOllllluns and I proje('tl'd that AES
would soon reJ.:nin its appeal and again
ht'~'ome n I11l1instav anal\'tical tech­
Iliqup. And no\\', ri\'e yet;rs later, AI-:.":;
is allmcting the antil.'ipated uttf:ntiun,

What has hrought this ('hnnge'?
Thn'l' fndors huve been primurily re­
=,pollsiblt·, First, analysts art" increus­
illgl~' fnn~d with t hC' necessity of deler­
mining muny l'll'rnents, in mort> und
mort' samplt,s, tit ull cOI1l'entrntion lev­
l,l:.;, and sOJ1H'times on 8 reul-time
husis. 'I'hl' onc-elenll'nt-at-u-time limi­
tation of dnssicull'hcmit'ul ur AAS
pron'dllrt,s, their limited POWNS of de­
Il"dioll for some t·ll"menls, their limit­
l'd dynllmir rnngl', nnd their suscepti­
hilit" tn intNC'lement interferences,
un" l:nusing thest' tel'hniques to luse

some of their attractiveness for man,,·
anal\'tical tasks, I chose to use the ­
wurds "sume uf their attracti"'eness"
because AAS in particular is still. and
probably always will be, a very attrac­
tive way for performing elemental de­
terminations.

The second factor is the increasing
re".'tl~nitionamong analysts that AES
po:';'''es.''es some natural advantages for
the simultam.·ous or rapid sequential
dt"termination uf the elements. This
adaptahility rests on the cumparative­
I.v :.;imply way thl" characteristic line
l·rnis.....ion can be l"xcited and ubser\·ed.

Th. third factor, perhaps the must
imporlant, can be attributed to the
l'mergence of a new "excitation"
soun'E', i.e., the component that is ex­
pt'cted to vaporize the sample. disso­
date the vapor, and excite and/or ion­
ill" lhe frt"e atums that are furmed. For
muny yE'tlr:--, perceptive analytical
:.;pet'tro....l'opislS rei.'Ognized that classi·
n,1 flames. nrc, and spark discharges
WNt' nut performing these tasks as
wdl ns they shuuld. especially for the
c.lt'terminutiun of elemental constitu­
l'nls in liquid samples, 1\'laI1Y of the
11l'gatin' attitudes that analysts had
gt'llt'ratl'd vis-a-vis AES could in fact
ill" t meNt to these deficiencies in clas­
skal ntomizatiun-excitation cells. The
lll'\\' t'xl'itnt ion source referred to
ah()ve is an electrodeless. argon-sup­
porlt'd plasma, operated at 8tmo­
sphl'ric pressure and sustained by in­
dUl,ti\'t' l't)uplinK to hi~h frequency
l'lectrom1\~neticfields, This plasma
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POS!olCI'SC!ol sume unique physical pmp­
l'rtil'S thnt I1lElk(· it n rel11E1rknhle VAEI
('(,11 for dt'l1ll'ntnl nnnlysis,

I\t·fllrt· dl'tlliling Iht: pnllH'rl ies clf
lill'sl' pillsmns, it is nppruprintt· to ret'­
cignizt' t IH' ('till I rihutictI1s til' Stllll(' (If

t Ill' piOIH'l'rill~ in\'('stiJ,:lltors Ill' H'I"s.
A n·t'ital Clf tilt' his'orical dt,\,(,loIHIH'nt
of rep's n·quin·s a jourJH'Y h;u'kwarcls
in tht, ('orriclurs of ,illlt' to 19,1~ wht'll
(;, Hahnl puhlislll'd his first ))lIpt'rs 1111

t Iw propl'rt i(·s Ill' (( 'P's (I:!), Bubat
t'lJl1tilHlt'd his ill\'cstiJ,:lItitllls at tht·
"Sn'tlnnn" plllnt in Ll'niugrlld t:\'('11
whilt, Ihilt dt~' WIIS l'x'H'rit'Il{'ing tht·
~('\·t'rt· bln('klldt· during thl' t'arly ~'t'ms

of \\'urlel "'ur II. BlIhal 's studil's 1'\'C!1­

I uully ('cast·d when I hl' t'nl in' ptl\\'t'r
S\'sh'llI 111'1 Ill' cit \' fllill'd und SOIlll' tlf
I~is ('ollt'agu('s pt:risllt'd during Ihl' hos­
t ilit ii'S (I:lL In spill' of t h('st· adn'rsi,
Ilt':-, Bahat suhmith·d an English mall­
uscript III tht·J.lnsl. f:I.Tlr. f:n~, ill
I~I,I:! tJ·/1. As showll hy lilt, photo­
gral)h til' I Ill' tillt· nnd h~'lim' Ill' tht,
)luhlisllt'd paliN in Figurt, I. four ~'t':HS

t'lap:-l'd ilt'furt, llll' rt'\'isiol1 was n',
n,in,d, 'I'ht, importalH'l' of Bahat 's
p:lJu'r wa:; lhul hl' :Jppart'litly WliS lilt'
lirsl individual til suStuilll·ll·{'twdt,lt'sS
1('II's 111 atlT1uspllt'rir pn'sstlrt', I\p­
prClxilllalt'I~':!Oyl'ars latl'r, T, H. I{(,t,d
dt'srriht·d ISl't' photo of hylim's in Fig­
urt' II Sllnll' l'X('Ppt iOl1nlly ('ff('l'l in'
ways of forming und stahilizing Ar
supporll·d indut'li\'cl~'t'ouplt,d plas­
mils 1/,1, It;). Normalh'l1eilhcr 11lt'.J.
App/. I}hy .... ic .... nor Ihl::,>t.' papers would
attrart til(' attt'ntion of all ilnalvtical
dll'mist. Because I majored in i)hysirs
in t1lldergradua:l' t'oll{'gt" I did 111('11-­
and still do-sl'an tilt' physics jour,
nals. \\'11('11 I rt'ad Ht.'l'Cl"s pap('rs, I rt't'­
ognizl'd I hat Ihl'sC plasllla~ (,fft'rNI
S('\'cral \IIll1s\lally alt ral't in' possihili­
lit,:-- as \'AEI ('clls for analytical i1lomit'
SP('dW~l'(IPY, Thl':--l' atlfill'tin' pllssi·
hiliti(,s Wl'n', first, thl'ir high tl'm'>l'rtI­
tllrl'S, whidl should makl' thl'1It l,fh,t'­
ti\'(., \'AEI ('(,lis; sl't:ond, 1Jt'('iwsl' tht,
pla:--mils lire sllslllilWd by pure' Ar, tht,
frel' atom lifctinws should bl' lungl'r
than ill otlu'r atomization ('{,lis ust,d
for thaI purpust': and finally. bl"t':IUSl'
tlu" disl'ilargl's are l,ll'ctrIJd(,less. thl'rt,
should hl' 110 contaminat illn from t.'1l'c­
Irudl'l11uleriak TIlt' salllt' thought
pwn'sscs must hil\'e gont' t hWlIgh Iht,
mind of Stanll'\' (;rl'('nfielcl al :\1­
hrighl and \\'il~lJll, Ltd" OlcJhury, 1':11­
~lal1d, As hl'sl us Wl' nlllllsn'rlain, \\"('
indt'!H:ndl'lItlv inilillll·(1 Hllill\'tit'al
st.uelies Oil th~':;(' plasmas in l:arly 1~1t;:!
within a fl'w wl,(,ks of l'i1l'h othl'r. It
was 1101 lInl illlllt, 1!U;·llIlId lmrlv 1~Jti:1

thlll \\'t' ht'(,lIlllc awan' Cd'l'uch (;thl'rs'
activities,

Our initial goals wen' to l·~tllblish

Will" her lllt'se plliSlllllS could he sus'
tailH:d 1I1H1l'r tilt, low pOWl'r (:ollditiuns
Ihut \..'ould hc (;omfortnhle for llllUlvli­
("ill chemists, while sllmplc lIIatt:rilli
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Figure 2. Photograph of research notebook entries
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Analyze
arsenic in air.
In triplicate.
From a
1Q-minute
sample.

l<J mutter that perhaps I should con­
sider ahandoning laboratory research!
Subsequently, when this graduate stu·
dent decided to abandon analytical
chemistry (l<J become a physical
chemist instead!), I assigned this
prujectto R. Wendt.

Our initial evaluations of the ana·
Iytical performance of these plasmas
were not encouraging, especially in the
cllntext of the powers of detection that
we measured. Because our measured
detection limits were not competitive
with the values published for AAS,
which was then entering its period of
phenomenal growth and acceptance.
we were not inspired to publish our re­
sults. The inspiration to do so came
just before the end of 1964 when we
became aware of the publication of S.
Greenfield's first paper in the No\'­
ember 1964 issue of the Analyst (4 I.
Greenfield et al did not reporl detec·
tion limits as such but simply concen·
tration levels at which they performed
useful analyses. When we observed
that our measured detection limits
were lowert by as much as an order of
magnitude or two, than those concen·
trations reported by Greenfield, etal,
we cast our results into a brief com·
munication which was submitted to
ANALYTICAL CHt:MtSl'RY in Febru·

in the form of liquid aerosols was in­
jected. Eventually both goals were
achieved, but not without painful inci­
dents. To place that statement in
proper prrspective, FiJ{ure 2 shows 8

photo~raph of two entries from the re·
search notebook of the first graduate
student llssigned to this project. These
(,wo ent ries convey the informal ion
that our ICP investigations started on
March 26. 1962. and that on April 30,
1962. this student acknowledged that
he "succeeded in burning Dr. Fossel
with the RF coil so work was halted
until more adequate grounds were ob·
tained." This incident provided us
with Ull excellent example of the \'8~8'

ries of high frequency fields, if not
properly (Oontllined Of grounded. At
Lhut time we were employing n relo­
lively high-powered generator (15
I{\V) to evaluale the perfurmllnce uf
vnrinus torch configurations. Durin.:
these experiments an optical bench
cllrria~e was located un a laminatea,
maple·wood table, near the induction
cllil, hut totally isolated electrically.
When I reached toward the carriage,
I was "zapped" by 0 miniature light­
nin~ holt, resulting in considerable re­
llex oct ion un my part ond a small cro­
ter in my thumb. As I contemplated
my positiun on the Ooor, 1 was heard
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Figure 3. Photograph 01 title and author by-lines at several papers published by the
author and associates

ary of 1965. In due time we received a
most unusual review of our paper; it
was written in verse! Excerp18 from
this review folluw:

A Review in Verse

Micruwaue suurces arc hard/)'
new

Mavrodineanu and Roiteux cite
(Iui/e a lew

The important qu('."tiun: Ix thix
une n("w?

Yes there are dillerC'nres
but they are r('[aliul'/)' :mlOll

And I UJonder
if Ih.·)' ju.,tify publication 01
all ....

llwpc tllat f:dilur Fassc/' will
O;:TCl'

This manw;cript ha.~ only a little
novelty

HUlthc sad and billcr fact i.,
W(, Jmuw veTy lilt Ie in practice
Of what th(·...e discharges actual·

Iydn
Solid data art.' excel'dingl)' lew
And far bclu'ccn: a dctailed

sludy could
Ileveal a [ui, and it wuuld
Be a (iner addition to the 'itrro­

ture
Than this small note. J{eel sure

(. I wus en-editor uf Speclrorhimiro
Acta at the time.)

In a lighthearted manner, the re­
viewer implied that we were describ­
ing a microwave powered plasma,
which we weren't, and that the plasma
was capacitiveI)' coupled to the coil,
which it wasn·t. We noted these facls
in our response to the Editor and fur­
ther cummented on the large differ­
ence in the physical propertieS' of the

ICP and the other plasmas mentioned
by the reviewer. As shown by Figure 3.
the paper was published in .June 1965
(.5). At the conclusion of our brief
communication, we slated as follows:
"Our observations indicate this com­
hination of plasma and aerosol genera­
tor is a practical and versatile source
fur analytical spectroscopy." Three
years laler this rather con.wrvative
conclusion was questioned by two in­
vestigalan, who concluded thai "ex­
cept for a few refractory elements. the
plasma torch does not appear to he a
suitable replacement for a chemical
name." Another candidate for Acta
Relracta?

Progressh"e advancements at our
and Greenfield's laboratory in reduc­
ing the radio frequency interference
with the recording electronics; im­
proving impedance matching between
the high-frequency generator and Ihe
plasma; improving forward power reg­
ulation; refining techniques for gener­
atin~ aerosols of solutions; and im­
proving the efficiency of injection of
aerosols into properly shaped plasmas
resulted in \'ast improvements in the
analytical performance of these plas­
mas. Many of these improvements
were discussed in the paper {7) whose
publication by-line is shown in Figure
:1. At the end of Ihis paper we again
closed with a rather conservative can­
dusion, as follows: '•.. _the superior
puwers of detection and promising
freedom from chemical interferences
exhibited by the plasma ... suggest
that they offer distinctad"anlages
uver combustion flames for the emis·
sion spectrometric determination of
trace elements in solution." It is per-

haps natlurprism,; tb&t thio conclu­
oion was disputed by the COlIuthon nf
a review publislled three yean later,
who concluded "that the inductive
plasmas are no hetter than atomic ab­
sorption and flame emiuion lpec:­
trometry of mOllt elemenla with a
C,H:JN,o flame." Surely another
entry for Acta He/racta!

Physical and Spectl'OlCOplc
Properties or ICP'L Because the the­
"relical and practical aspec:1a of the
formation, thermal isolation, and sta­
hilization of these plasmaa have been
adequately discussed in recent reviews
(t7), I shall not cover them in this pre­
senlation. Ralher I will focus atten­
li"n on Ihose physical and lpedro­
scupic properties that contribute to
the remarkable performance of u-e
plasmas as VAEI cells for analytical
emission spectroscopy. I shall examine
these properties in terms of the fate of
sample aerosols or gases upon their in­
jection into the plasma. The Various
physical and chemical forms of the
aerusols and gases that have been suc­
cessfully injected and analyzed are
summarized in the diagram in Figure
4. The liquid aqueous. organic or
metal aerosols are generated by pneu­
matic. ultrasonic, or electrical nebuliz·
ers, the various forms of which have
heen discussed in recent reviews (18­
20). As an aside. the diagram in Figure
4 communicates how simply and di­
rectly "irtually all sample types can he
analyzed by ICP-AES.

The highly schematic reprosenla-
I ion of the ICP sketched in Figure 5
shoYw'S the now familiar annular,
"doughnut hole" shape at the base of
the plasma This shape is readily de­
"eloped througb the proper choices of
frequene)' of the current provided by
the generator and of the aerosol-car­
rier now rate that injects the sample
material into the plasma (7,21 I. The
effecli"e puncturm,; of this toroidal
base of the plasma by the aerosol car­
rier flow assures injection and trans·
port of the sample material inla the
heart of the plasma. It is the efficiency
of this ssmple introduction proceas
lhat distinguishes the ICP from other
plasmas that have been used ..VAEl
cells. Upon injection into the plasma
the aerosols or gases are heated indi­
rectly by radiation. convection and
conduction as tbey pass throu&h the
eddy current "tunnel." Because there
is very Iiule interaction of the sample
with the eddy current now that sus­
tains the plasma. changes in sample
composition have an unuauaUyoma1l
or negligible effect on the properties of
the plasma (18. 22, 231, a situation
that does not prevail in mOllt other
VAElcel1s.

Temperatures measured above the
coil and estimated by extrapolation
down into the induction region 8ft
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Figure 4. Modes of sample injection into ICP's

Figure 5. Schematic representation of
a typical ICP useq In analytical spec­
troscopy

sourcC'. If a large range of emisRion in·
tensities can be accommodated linear·
Iy h~' the measurement system, linear
analytical calibration curves covering
five orders of magnitude change in
concentration can he readily achieved.

Simultaneous or Rapid Sequen­
tial Determination of the Elements
at Major, Minor, and Trace Con­
centration Lc\'l'ls \Vithout Chang.
ing Experimental Parameters, The
U1wlytical performance of the5C plus-

shown in Figure 5 (24, 25). By the
time the sample species reach the ob·
servation height of 15 w 20 millime­
ters above the coil, they have had a
residehce time of ....2 milliseconds at
temperatures ranging from ....8000 to
-5500 K. The residence times and
temperatures experienced by the sam·
pie are approximately twice those
found in nitrous oxide-acetylene
flames, the hottest com huslian flames
commo~)y used in AAS. The combina­
tion of high temperature and relative­
ly long interaction time leads to an un·
usually high, if not total, degree of at­
omi7.ation of the analyte species, espe­
cially for the small aerosol particles
resulting from tbe processes shown in
Figure 4. \Vhen atomization is essen·
tiaJJy complete, dissociation equilibria
plsy 8 less· significant role.

Ionization eqI:Jilibria, however, may
play an important role, especially if
the analyte is ionized to a considerable
degree in the absence of other easily
ioni1-8ble elements. Fortunately, under
the plasma COfiditions now generally
employed, ionization interference ef·
fects are surprisingly small. The
search for a satisfying explanation for
these unexpected observations has
eatalyzed extensive experimentation
and discussion (25-30). The consensus
view now is that the suprathermal
eJectron number density in a "pure"
Ar plasma is so high that the total is
not significantly affected by the addi·
tion of easily ionizable elements w the
plasma..

The considerations discussed ahovc
suggest that interelement effccLc; in
the \'aporizntion·atomization-excit.a­
tion and ionization process should be
low or even negligible. There is volu­
minous documentation that a single
analytical calibration cun'e often suf·
fices for the determination of an ana­
lyte in a variety of samples of widely
ranging composition. \Vhen interele­
ment "effects" are observed they msy
usually be traced w the foct that lhe
aerosol formation process is affected
by large changes in the composition of
the sample, or to residual ionization
interferences, or to spectral line inter­
ferences or background shifts that
havc occurred and for which proper
corrections have nut been applied.

The plasma possesses uther unique
advantages. First, after the free atoms
are formed, they flow downstream in a
narrow cylindrical radiating channcl.
TH~ optical aperture or viewing field
of conventional spectrometers can be
readily filled by this norrow radialing
channel. In this way, the radiatiun
emitted by the fre.e atoms or ions is
used effectively. Second, at the normal
height of observation, the central axial
channel containing the relatively high
number density of analytc free atoms
or ions has a rather uniform tempera­
ture profile (24, 25). The number den­
sity of frec atoms in the hot argon
sheath surrounding the axial channel
is far lower. Under these conditions,
the analyte free atoms or ions tend to
behave as an optically thin emitting
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SYSTEM
ELECTRONICS

mas may be greatly affected by the
choice of experimental parameters. If
the assumption is made that the
choice of frequency of the current
nowing in the coil, the torch configu­
ration, and the pattern of gas nows as·
sure effective injection of the sample
into the axial channel of the plasma,
the remaining dominant experimental
parameters are: power input into the
plasma; Ar carrier·gas now.rate; and
observation heighL Although the
nominal power of the generators em­
ployed for analytical purposes has
ranged from 1-15 KW, most investiga­
tors have worked in the 1--5 KW range
and this trend has been renectl><! in
the commercial units. There bas bet-n
repeated documentation (31-33) that
a compromise set of ,'a1ues for the pa­
rameters identifil><! abo,"(' ran usuallv
be idenlifil><! that leads to tht- high .
powers of detection. extendl><! linear
dynamic range. and freMom of inter­
element effects characteristic of these
plasmas. Thus. g;wn the .--ailability

Movable ~..~.Primary
Slit

of8pectrometers with adequate capa·
bilities. major, minor. and trace con~

stituents can be determined simulta­
neouslyor in 8 rapid sequential man·
ner, without changing any experimen­
tal parameters other than lhe wave­
length of observation (34). When the
plasma is mated to a classical poly­
chromalor of the type shown in Figure
6, the chemical elements may be de­
term.ined simultaneously in a single
stt"p. In these instruments, precisely
locall><! exit slits isol8te lhe spectral
lines of interest from the dispersed
speClrUm formed by the diffraclion
J:rating. Each exit channel has its own
photomultiplier detector and electron­
ic' integrator. As man)' as 50 or more
channels are provided in commerclal
in!";truments, allowing the simulta­
neous integration and determination
of up to that many analyte signals.
The technology representl><! by these
polychromators is mature; thousands
of th~e instruments are employed in
the metals industries for composition

ICP SOURCE

control. In one corporation alone, over
13 million quantitative determina·
tions based un direct spark or arc exci­
tation of metal specimens were com·
plell><! in 1977, wilh precision and ac­
curacy comparable or superior to
those obtained by classical chemical
procedures. Yet, as late as lhe 1970'.,
repealed accounL. in lhe publi.hed lil­
erature ha\'e referred to the complexi­
ty of these instruments and to prob-

·.Iems associated with misaliJ;:nment
and drifting of lhe individual exil
slits. 1 believe lhatlhe aUlhors of
these assertions would find a visit to a
modern steel or aluminum control lob·
oratory a re\'ealinf,:: e~llerience. It is
nnt uncommon for these instruments
to be employed fur the simultJlIleous
determination of up to 10 or more
major and minor constituents, per­
forming analyses at prodi~inlls rates
(up 10 600!hnur on 40 lo.'j() samples),
often under alarming environmental
conditions, with relati\'{' standard de­
\'iations of 0.5 to 1.0 for 24 hours per
do\'. The abo\'e remarks ure not meant
to ·imply that the exit slits must not be
aligned with care. They must, hut mis­
~lignment and drift, if they do occur,
tire munilured, nnd appropriate aliKn·
ment adjustments ure conveniently
applied.

HOW IT WORKS
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Presently;polychrornators are em·
ployed in moot ICP-AES systems that
are extensively used (or the routine,
simultaneous determination of the
same set of elements in matrices of
similar composition. However, their
application for the determination of a
broader range of clements in samples
of widely varying composition is re­
stricted by the fixed array of exit slits
employed for isolation of the spectral
lines. In principle. scanning mono­
chromators can be used for the se­
quential determination of most of the
elements in the periodic table, and a
number of lin.. may be measured for·
each element to enhance the reliabili·
ty of the determinations. However. for
multielement determinations. the op­
erations involved in a sequential scan
to the spectral lines of interest and in
measuring the intensities of the lines
relative to the spedral background
usually require constant operator at­
tention and lengthen the analysis time
considerably as compared to the time
required for simultaneous multiele­
ment determinations with a polychro­
mator. As a solution to this problem
we have recently described (35) a pro­
grammable scanning monochromator
system that eliminates the inefficien­
cies mentioned above. This instru­
ment. shown in schematic form in Fi~·

ure 7, possesses the following charac·
teristics and capabilities:

• A compuler·controlled scanning
monochromator with the ability to
slew rapidly and accurately, under
program control, from one successive
analysis wa\'elength to another in a se·
Jected sequence of analytical wave·
lengths;

• Automated line search and peak.
seeking routine for determination of
the peak intensity of selected lines;

• Storage in memory of a selt'cted,
ordered list of the most prominent
spectnd lines for each of thc 70 or so
elements usually determined by leI'­
AES, with prioritization of tbe select­
cd lines in accordance with powers of
detection and freedom from spectral
line interferences;

.' Prcseleetion of one or more of the
stored analyte lines for each element
to be determined;

• Preselection of precise wave·
lengths at which tbe spectral back·
J.::round int.ensity measurement is to he
made for each analysis line:

• Computer software rearrange·
ment of the selected analysis lines and
correspunding backKround wave·
lengths in ascending wavelenKth to fa­
cilitate orderly measurements and to
minimize the analysis time;

• Video terminal for the visualiza·
tion of difficult background situations
and for the display of analytical cali­
oration curve data. The ,·ideo lermi·
uIII also aids the judicious selection of
the most useful lines for a particular
analytical problem;

• Detection limit routine for moni­
toring instrument performance. De­
tection limit measurements that are
hased on signal to noise considerations
provide a convenient and sensitive
performance test of the entire system;

• A signal mensurement range of
10" for exploitation of the wide dy­
namic range that is characteristic of
the ICI'.

Computer·controlled monochroma·
tor systems that possess some of the

features and characteristics discussed
"h,,\'. ha\'e heen descrihed 136-38),
~u~~ested (39), or orc commercially
uvuilahlr, hut none (If the versions
pn·\'iuusly described or mnrketed hu\'e
Ih)~ses."ied nil of the capnuilities sped­
n.d nlxlVe. F"r ICI'-AES,lbese in-
st ruments present attractive possihili.
lil~s. Because it is usuully neither nee­
l~s."llry nor desirnhle to change experi­
mental parameters in the plasma fur
the determination of n broad ran).::e of
c1l'ments at cOllcentrations run~inJ.:"

from major constituents to truce Icv·
cis, it is convenient to program the in­
strument to start at the luw wave·
Il'n~ths and proceed up the scole unat­
(('nded until the end of the annlyticul
(·yell'. Thrse simple operations should
ht' cllntrasted. for example, with the
sequence of steps required for seqm,'n·
tinl multielement determinatiuns hv
conventionol AAS. If n hroad rungc·of
clements at various cuncentrationlev·
els is to he determined via name at­
omization. the analyst is faced with
the prior selection ;If the pruper pri­
mary source, the nature of the name
.1Ild its operating stoichiometry, the
11I.'i~ht of ohservation, and the sample
dilution uppropriate to the cuncentnl·
lion rnn~e for ('ach elt'ment tu be de·
termined. If furnace alomization is
C'mployed. it is usually necessary to
I.·arefully select the oest combinatiun
of dryin~, ('harring-, ashing, and atom­
iUllion temperatures for each clement
to he determined and for each sample
type. Other analytical techniques arc
similarly burdened with the selection
of optimum conditiuns for multiele­
ment determinations. Tu cite just CIne
more example. the sequential determi·

Video
Terminal

Oua~Drlve
Aoppy Dlak

...---~'cl:;~z,_",-----------.

Double
Monochromator

Sample

Figure 7. Schematic diagram of a programmable ICP scanning spectrometer
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Table I. Simultaneous Determination of the Elements
Requirements of an Ideal System

1. Applicable to all elements

2. Simultaneous or rapid sequential multielement determination capablllly at the
major. minor. trace and ultratrace concentration level without dlange of operating
conditions

3. No interelament interference alleets
4. Applicable to the analysis of microliter or microgram sized samples

5. Applicable to the analysis of solids. liquids. and gases with minimal preliminary
sample preparation or manipulation

6. Capable of providing raptd analyses; amenable to process control

7. Acceptable precision and accuracy
8. Nondestructive

9. Portable

10. Convnercialty available 'acilities at acceptable cos1

11. Acceptance by the scientific community

nation of low and high atomic number
elements of X-ray fluorescence spec·
troscopy involves major changes in the
energy distribution of the exciting ra­
diation and in the choice of diffracting
crystals. For ICP-AES. a single set of
operating conditions usually suffices
for determination of all applicable ele­
ments at major constituent or trace
levels_ The value of this capability is
often underestimated by analysts.

A facility that incorporates both a
polychromator and a programmable
scanning spectrometer provides the
analyst with an unusually flexible in­
strumenL The polychromator may
then be used for the determination of
those elements for which routine anal­
yses are required, while the scanning
instrument provides the flexibility of
line choice for the rapid sequential de­
termination of virtually all elements in
the periodic system, at all concentra­
tion levels.

During the past fi ve years there
have been repeated demonstrations
(34) by many analysts that the analyt.
ical approaches represented in Figures
6 and 7 or a combination thereof ful­
fill. to an unusually high degree. the
requirements of an ideal system for
the simultaneous or rapid sequential
determination of the elements at all
concentration levels in a single analyt­
ical operation. Such an analytical sys­
tem must meet many requirements,
most of which are shown in Table I. In
a recent review I assessed the degree
to which ICP-AES simultaneous or
rapid sequential systems complied
with these requirements (18). I shall
not repeat this assessment here. other
than to update the first requirement
listed. Ifan Ar path is provided be­
tween the plasma and spectrometer
and to the detector. Br. Cl. and I are
aIBo determinable (40).

The high degree of compliance of
the ICP-AES technique with the reo
quirements shown in Table I (18) is

leading to a rapidly increasing accep­
tance of this approach hy the scientific
community. This acceptance has been
manifested in a number of ways. First.
the number of active lCP-AES labora­
tories has increased from less than 10
in 1969 to an estimated total exceed­
ing 400 installations in 1979. Second, a
privately published newsletter now
appears monthly «I I) and cover
stories, with colorful cover photo­
graphs, have appeared in ANAI.YTt­
CAL CHEMISTRY, Science, and Amer­
ican Laborato1")'. Third, as a result of
a poll conducted by American Labora­
tory at the 1978 Pittsburgh Confer·
ence, the editorial staff of thai period­
ical concluded that the percentage
projected growth of "plasma spec­
trometers" exceeded all other analyti­
cal instruments (42). Finally. ICP­
AES symposia at recent Pittsburgh
Conferences and meetings of the Fed­
eration of Analytical Chemistry and
Spectroscopy Societies have consis­
tently been among Ihe best attended.

Problem Areas, Lest the impres­
sion be conveyed that ICP-AES is a
panacea for all elemental determina­
tions at all concentration levels, I has­
ten to identify several problem areas.
Spectral line interferences are com­
mon in AES, but there are well-known
approaches for eliminating or drasti­
cally reducing their effects on analyti­
cal results."These line interferences
can frequently be eliminated altogeth­
er by the judicious selection of the
analysis lines. Although this selection
process may lead to some compromise
between optimum detecting power
and Jeast interference from spectral
lines of the concomitants, such com­
promises are generally acceptable.
The most definitive assessment of
possible spectral line interferences is
based on observations of spectra of
pure reference samples free' of the an­
alyte species. The general unavailabil·
ity of such reference samples remains

a problem of ultratrace analysis by
atomic spectroscopy, Weak spectral
line interCerences may not always be
a\'oidable. and under these circum­
stances. correction schemes based on
measurements of the concentrations
of the interfering elements can be
used. The latter approach is particu­
larly appropriate when the concentra­
tions of several elements are deter­
mined simultaneously with a poly.
chromator. When determinations are
mode at trace concentration levels, the
underlyin~spectral background will
normally be a large fraction of the
total measured f1ignal, and precise
background corrections are required
for accurate analyses. Chan~e8 in the
concentrations of concomitants may
produce subtle changes in the hack­
ground level. These background shifts
may be caused by true spectral inter·
ference, 8~ discussed abm·e. by stray
light (43), or by true spectral back­
ground shifts arising from radiative
recombination continuum emission or
Crom line·hroadening processes (44).
The slray light contributions. other
thull the portion arising from far scat­
ter. can usually be reduced by use of
high quality gratings. such as holo­
graphic gratings, and by proper design
of Ihe speclrometer. Hesidual far scat­
ter, which may be considered a form of
stra)" lighl, may often be rejected by
mounting band-pass absorption or re­
jectiun filters immediately in front of
the detector or the entrance slit of the
speclrometer (43, 45).

True background shifts. if nol mea·
sured accurately and subtracted from
the total, may introduce an analytical
bias that may masquerade as an inter·
element or matrix effecl. The various
approaches for accurately measurin~

hackground shifts have been reviewed
recenlly (46-48), and automated mini­
computer controlled, multielement
backf{TOund correction approaches to
ensure precise correction data are now
commercially available.

Another probJem area resides in the
aerosol generation processes; there is
Keneral agreement that the various
aerosol generation techniques summa·
rized in Figure 4 constitute the weak­
est link in ICP-AES system. Although
these techniques have provided 8im­
pie, direct, and adequately precise
means for presenting 8aml'Ie material
to the plasma for analysis, fragmen­
tary experimental evidence and intui­
tive deduction indicate that these pro·
cesses may limit the ultimate preci.
sian and accuracy attainable by the
technique.

The Future. What does the future
hold? Unfortunately. it is not revealed
to us until it becomes the present.
Polychromator-ICP systems should
continue to exert a major impact in
the routine simultaneous multiele-
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Waters' new Radial-PAK'· cartridge is a sizable ad­
vance in LC separation technology. The cartridge is
part of a whole new innovative concepl The Waters
Radial Compression Separation System (RCSS).

~CSS improves LC analyses because separations
occur while the Radial-PAK cartridge is under radial
compression in the RCM-1 00 Module. This ensures
consistent chromatographic resu"s, greater perform­
ance, and eliminates column voiding.

For example, an analgesic asS"ay was reduced from
8 minutes on a high efficiency steel column to only
3 minutes with RCSS, saving over 60% of the analysis
time. The time for an aromatic hydrocarbon separation
was reduced by more than two thirds, from 6.5 minutes
to only 2 minutes, by transferring the work to RCSS.

Plus, it's more economical. In fact, the cartridges are
inexpensive enough to dedicate a separate cartridge
to each application. Radial-PAK cartridges are avail­
able for reverse phase and normal phase chromato­
graphy.

Now it takes very little to reduce the time and cost of
lC analyses. RCSS. Another example of technological
innovation f(om Waters. The people who provide tolal
solutions for solVing chemical analysis and purification
problems, Write or call for further information. Waters
Associates, Inc., 34 Maple Street, Milford, MA 01757.
(617) 478-2000, Ext. 2612.



ment determination field. Although
programmable scanning spectrometer·
ICP systems are still in their infancy,
they are likely to have an even grealer
impact in the general analyticallabo·
ratory. Thus, the way many elemenlal
determinations are made is likely to
undergo a considerahle change in the
future. The assumption should nut be
made. however, that state-of-the-art
ICP.AES..ys"tems represenlthe uhi·
mate solution to simultaneou.,;;, or rapid
multielement determinations at all
concentration levels. Better ways may
emerge-if the challenge of devel·
oping 8 better way is mel.
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Ifyou know pH
you should knowPhilips.

It's not always what you know but
who you know that counts. and
getting to know Philips will help solve
your electrochemistry problems.
Our comprehensive range of
equipment and our wealth of
knowledge and expertise can provide
all your requirements in both
laboratory and industrial pH , pX
and conductivity.

Now established in our Cambridge
laboratories, Philips electrochemists
work side by side with their Pye
Unicam colleagues in other
disciplines in analytical chemistry.

This broad based pool of expertise
is worth getting to know, so why not
find out now what we have to offer
by completing the Reader Reply
Card or contacting your local Philips
Science & Industry office or the
address below.

pH,pX and conductivity meters:
A range of analogue and digital
instruments from simple low cost
general purpose to sophisticated
high accuracy with push button
function control.
Reader Reply No 116.

Ion selective electrodes: Solid state
and plastic membranes covering a
wide range of ions. including the
new ammonia probe.
Reader Reply No 117.

pH electrodes: pH. redox, reference
and combined electrodes for an
extensive range of applications.
Reader Reply No 118.

Conductivity cells: A complete
range from the traditional glass and
platinum to rugged wire wound cells
in pyd.f.
Reader Reply No 119.

Industrial pH and conductivity:
An extensive range of transmitters.
electrodes. cells and housings.
Reader Reply No 120.
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York Street Cambridge CB12PX Englard
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Masters inWvisible,
the new SP8 Series.

The new SP8 Series share the world's most
advanced optical design, incorporating master
holographic gratings for ultra-low stray light
levels, silica-coated optics for durability and
angled mirrors and windows which improve
photometric accuracy.Whatever your UVivisible
scanning requirements, one of the four SP8
models can be tailored to your needs.

The SPB-100 and the new, extended range
SPB-l50 are designed on a modular basis so
that high performance systems can meet.
within a tight budget, the demands of almost
any application.

The SP8-200and the new, double
monochromator SP8-250 offer the highest
standards of precision currently available.
Research performance is combined with the
flexibility of keyboard operation and full
microprocessor control and data handling­
not just abscissa and ordinate control.

Write, 'phone or use the reader reply service
to discover which of the new SPB Series will
benefit your analytical problems.
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.inflection ~int, resulting
in increased accuracy and
the widest r<mge of
quench monitoring.

3. Random Coin­
cidence Monitor.
RCM eliminates errors
in final results by auto­
matically calculating the
%ofchance chemilumi­
nescent events contrib­
uting to the observed
count rate.

measured in its properly
corrected window, thus
ensuring a mudl more
precise and meaninb>ful
final answer.

2.H Number.Tlus
technique of quench
monitoring is based on
instrumental determina­
tion of the Compton
edge ofan e":ternal
ganuna source. The H
Number ted1nique uses
a nUcrop'rocessor-directed
scan to determine the Features like these are

why researchers feel so

B ckm
confident in Beckmane an LS II1struments.

isLS.

To those who
think Beckman means
only Gamma - here's
the other side of the
story: Beckman is also
LS. More than halfof all
researchers purchasing LS
instruments select Beck­
man. A decade of tech­
nical innovation imptov­
ing simplicity of opera­
tion ana data quality is
the main reason. Beck­
man LS instruments
offer:

1. Automatic
Quench Compensa­
oon. DevelopeO by
Beckman,A~ is
designed to ensure
accurate quench correc­
tion ofdUal-labeled sam­
ples by automatic adjust­
ment ofeach sample.
Each isotope is, dierefore,
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To those who final- answer calculations. sign special counting
think Beckman means 2. Gamma 7000. programs while mamtain-
only LS - here's the Microprocessor-control- mg simlJlicityofoperation.
other side of the story: led, this unit offers high 4. Gamma 9000.
Beckman is also perform~ce ~ith push- Built into the 9000 is a
Gamma. Only Beckman button sll11pliaty. Perma- complete computer that
offers a choice of four nently stored counting both controls the opera-
gamma-counters for the programs eliminate tion of the instrument
research and clinical knobs, manual controls and takes your data
laboratory: and switches to make through to final answer -

1. Gamma 4000. operation fast, easy and the uftimate in data-
This high-performance, reliable. handling capability.
bench-top unit has 200- 3. Gamma 8000. These instruments
or 400-sample capacity, Takes microprocessor- make Beckman the state-
and preset and variabfe control one step further, of-the-art choice in
windows. The optional allowing the user to de- Gamma.
D~-5000 cOJ.Tlputerl Beckman
pnnter proVides on- Facts from Beckman
line data reduction _ G For more information,
capability - for IS amma send us the coupon, or
radioimmunoassay _ use the reader-inquiry

numbers indicated:
o Gamma

Inquiry No. 27
o LS Inquiry No. 28
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Address

Beckman Instruments
International S.A.
17 rue des
Pierres-du-Niton
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West Germany, Brazil, U.S.A..
Africa. Far East. Japan, Middle East.





The large sample compartment is
accessible from 3 sides and
is designed for the accomodation
of a wide variety of accessories
(i. e. holder for 10 cm cells).

Refraction index free 8 ~I flow
through cell for applications
in the liquid chromatography
field.
Due to the high optical and
mechanical precision the real­
ignment of the cell is no long~

necessarv
(UVIKON 720 LC)



The new approach to heavy
llletal analysis...

~....
•....
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••

• • • Striptec!
The new, easy and economic way to make precise heavymetal

detenninations even at super-low concentrations
Striptec - the latest development from Tecator­
uses new technology (potentiometric strippin!{
analysis I that gives a very wide measuring range.
with no special preparator~'steps. The
instrument is capable ofsimultaneous
measurement of several metals including
cadmium. lead. copper with high precision also
at ppb-Ievels.

In combination with Tccator's programmable
Digestion Systems for multisample preparation
Striptec allows convenient and reproducible
conditions for the mcasurmcnt of trace metals not
only in liquids and inorganic materials. but also
in all kinds of organic materials.

~lecalor
Box 70. S-263 01 Hiiganiis. Sweden.
CIRCLE 210 ON READER SERVICE CARD

Compared to existing analyzers. Striptec is
more compact and less expensive. It offers great
advantages in being simple to install and operate.
The robust design and unique technology offer
troublefree maintenance and minimize the
service demand.

Step forward with the latest development from
Tecator l

r-----------------~---.
Send for more facts about Striptec.
Mail to Tecator
Box 70. 8-263 01 Hiiganiis, Sweden.

Narne ...
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accessible from 3 sides and
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metal analysis...
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• • • Striptec!
The new, easy and economic way to make precise heavymetal

determinations even at super-low concentrations
Striptec - the latest development from Tecator­
uses new technology (potentiometric stripping
analysis) that gives a very wide measuring range.
with no special preparatory steps. The
instrument is capable of simultaneous
measurement of several metals including
cadmium, lead. copper with high precision also
at ppb-Ievels.

In combination with Tecator's programmable
Digestion Systems for multisample preparation
Striptec allows convenient and reproducible
conditions for the measurment of trace metals not
only in liquids and inorganic materials. but also
in all kinds of organic materials.

~tecator
Box 70, 8-263 01 Hiiganiis, Sweden.
CIRCLE 210 ON READER SERVICE CARD

Compared to existing analyzers, Striptec is
more compact and less expensive. It offers great
advantages in being simple to instaIl and operate.
The robust design and unique technology offer
troublefree maintenance and minimize the
service demand.

Step forward with the latest development from
Tecator!

r-----------------~----
Send for more facts about Striptec.
Mail to Tecator
Box 70. 8-263 01 Hiiganiis, Sweden.
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SolveYour
Materials Problems

6 W 4 Mercury porosimetry

a~s
measures pore

structure (volume. size and
shape) from 35410 0.0035"m

diameter; density. surface area and average particle size.

S
Manual and automatic density determines absolute
volume to ::!:: 0.02cc.

6
Electorophoretic mass-transport analysis to study
flocculation and dispersion: particle-liquid

systems behavior; zeta potential.

We also invite you to use our complete Materials
Analysis Laboratory Services. Let us show you how
to solve your material problems. Call or write
the distributor in your area or contact
Micromeritics Instrument Corporation, 5680 Goshen
Springs Road, Norcross, Georgia 30093. U.S.A.
(404) 448·8282. Telex: 70·7450.

More R&D and OC labs use
Mlcromeritics proven, precision
instruments to measure physical
properties of material than those
of any other manufacturer in the world. These
measurements include:

1 Automatic partieIe size distribution gives rapid
analysis from 100 to 0.1 pm diameter and
500 to 38 I'm diameter.

2 Manual and automatic physical adsorption
for B.E.T. surface area from 0.001 m 2'g up;

adsorption and desorption isotherms; pore
structure (volume, size and shape) from 600 to
20A diameter.

3 Manual and automatic chemisorption measures
active material availability; percent metal

dispersion.
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PHILIPS

Just how important is price?
Of course price is important.

But not price at any price. .
Price not as a result of your

ability to beat the salesman down.
With Philips you won't have to
argue about price.

The Philips price is realistic
Our price is based on the value of
our products.

No more - no less.

The new Philips Liquid Scintillation
and Automatic Gamma Counters.

The new generation for the
eighties.

[n styling and perfomlance.

...the newhonestly ~riced
Li~uid Scintillation an(l Automatic
Gamma Counters from Philips...

...the end to price confusion.
&.

[n our price the availability of
service is included.
For at least 10 years.

In our price the availability of
spare parts is guaranteed.
For at least 10 vears.

Compare Philips with others
in this field.
For price and perfomlance.

, - - - - , , We invite your comparison.
1'1.-.",' "'".1 "". , To find out the facts fill 111 the

, d,·'.ul.-d ",I""".,,,,,,, "" , coupon, or write, telephone or telex,
o 1'1111111:' l.lqtlld ~~1Il1dl.ltHlll Cllll11 ll'r. " bu t \vhatever VOll do, contact us.
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Chemistry and Chemical
Engineering in the People's
Republic ofeMINA
An overview of the current state of the chemical sciences in China as seen
through the eyes of 12 leading American chemists
A Trip Report of the U.S. Delegation in Pure and Applied Chemistry

John D. Baldeschwieler, Editor, California Institute of Technology

Foreword by Glenn T. Seaborg, University of California at Berkeley

Fully illustrated with photographs, charts, and diagrams, this fascinating report offers a current look at the
status of research, development, and teaching programs in chemistry and chemical engineering
observed by the 12-member U.S. Delegation in Pure and Applied Chemistry during their three-and-one­
half week visit to the People's Republic of China in May and June of 1978.

Distinguished chemists and science administrators from the Delegation deftly chronicle the exciting chain
of events: a trip to the U.S. by a delegation of Chinese scientists in April and May 1977...plans for a
reciprocal visit to the PRC by the U.S. Pure and Applied Chemistry Delegation...the precedent-selling
journey to Peking...multi-course banquets punctuated by traditional Chinese toasts, followed by talks by
Delegation members on their areas of expertise...visits to laboratories, educational institutions, and
industrial plants in Peking, Tach'ing, Shanghai, Hangchow, Sian, and Lanchow...and finally, the group's
return home after becoming acquainted with the overall state of the chemical sciences in China
today-providing a base for future exchange of scientific information through joint symposia, visiting
scholars, and joint research programs.

A vital book for those interested in this expanding world and for those who may seek market or research
information in this recently opened area.

266 pages hardback $15.00 ISBN 0-8412-0501-9 LC 79-11217
paperback $ 9.50 ISBN 0-8412-0502-7

CONTENTS
Roots of Chemical Research and Development in China' The Institutional Structure of Chemical Research and
Development in China. Chemistry and Chemical Engineering in the Context of National Science Policy' Chemistry
and Chemical Engineering as Elements of Science Education in China. Basic Research in the Subdisciplines of
Chemistry and in Chemical Engineering. Status of Research in Key Areas of Technology. Organization of Chemical
Research and Development in Broad National Mission Areas' Infrastructure' Discussion' Recommendations'

SIS/American Chemical Society, 115516th St., NW./Wash., D.C. 20036

Please send _ copies of Chemistry & Chemical Engineering in the People's Republic of China.

o hard 515.00 (ACK 0501-9) 0 paper 59.50 (ACK 0502-7)
Postpaid in U.S. and Canada plus 5.75 elsewhere.

Name

Address

o Check enclosed for 5__. 0 Bill me.
California residents add 6% state use tax.

City

1308Q

Stale Zip



NOW-THE FIRST FULL
FLUORESCENCE LINE
WITH MICROPROCESSOR
CONVENIENCE.
You won't find a more complete
line of fluorescence spectro­
photometers anywhere. These
Perkin-Elmer "mulliple choice"
instruments range from research
to routine in performance-with
microprocessor control and a
variety 01 accessories to stretch
their capabilities

MODEL MPF-44B
NOTHING BETTER
FOR RESEARCH

No other research-grade instru­
ment matches it in sophistication.
resolution. and sensitivity. It
incorporatesevery advance gained
through Perkin-Elmer's long
experience. It's shown here with
our DCSU-2 Diflerential Corrected

Spectra Unit. an ordinate micro­
processor. ThiS remarkable
accessory enables you to perform
spectra correction. subtraction,
and polarization. and obtain first
and second derivative curves 01
either corrected or uncorrected
spectra.

MODEL 650·40
CONVENIENCE AND

CAPABIUTY COMBINED
This is the abscissa-microproces­
sor-controlled member of the
highly sensitive Perkin-Elmer 650

series-a medium priced line that
offers many features found only
in high priced units. The 650-40
operates with lunction keys and
a numeric keyboard, includes
automatic gain sening and auto
zero. and gives you adigital display
01 fluorescence, wavelength, and
other parameters The Model 650­
40/60 version has an ordinate
microprocessor for such addi­
tional functions as spectra correc­
tion. CATing, rep scan. subtraction.
and polarization.

MODEL 650·10
MORE SENSlnVlTY
FOR THE DOLLAR

High-efficiency ruled concave
grating monochromators and
horizontal slit arrangements are
combined in a proprietary optical
design that gives this instrument
extremely high sensitivity for a
moderate price. Slit width is con­
tinuously adjustable down to 1.5
nm, another Perkin-Elmer exclu­
sive that attains precision control
01 intensity and resolution you

lIrJ.---:-:- ~---

won't find elsewhere except
in high priced units. As Iinle as
0.6 ml of sample is needed in the
standard cell

MODEL 3000
THEU~UNlT

FOR ROUTINE WORK
Features like pushbunon opera­
tion and abscissa microcomputer
control of scanning monochroma­
tors make the Model 3000 an
exclusive Perkin-Elmer break­
through in its class. You get excita­
tion spectra Quantum corrected
automatically. and digital display
of fluorescence values. The Model
3000 also has three pairs of wave­
length memories (three for excita­
tion and three for emission). A
pulsed xenon source. together with
ratio-recording electronics. pro­
vides excellent stability for long­
term measurement.

Get all the facts on this remarkable
seleclion of fluorescence instru­
ments and accessories. For litera­
ture or a demonstration, phone
(203) 762-6095. Or write Perkin­
Elmer Corporation. MS-12, Main
Avenue. Norwalk, CT 06856.

PERKIN-ELMER
Expanding the world 01 analytical chemistry.

CIRCLE 17.. ON READER SERI/ICE CARD
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The spectral sleuth.

~;SSIf.lE STFIJ:TI.f.it. UIlTS : ,,:E')
~2 HL,)l i:?!)"f - Pl:tSsm.. '( ~THA Sl.IEST!TL~ri

~ ((,'",1 GPlJJl .. PfJSSIa.. '{ ~ITH .: (rt=:(~f) (~ lC";;['~ 1(IJ(:;ll.T P'UlIH..l
211 fl.l'IL ';'~F - M;lbl'i rJt>B>:lf,l (')'f('J,L

1001 RiFMHT!C -nOt£ - 11:Ii[Pk.
1002 ~~IFl1HiI( ~HflL ~~E~l

:~03 .:.LI;;H.=tfj,: f'tFJit - FFlj:H:U ST~~r;ni (:-':'!rl
.:?J.: ~..tp!1=lnC U.fIecWl. (1)f{(JI~ • f~Ett: (tt ES!(P (j:.pa((Ill
H13 M.I?H,;T!( U~B!ArfL ,)itfliArw - (L":S j

?~'.Ii ~W:~ l5.~'~ Ct S';D)~ct to Interttrt!lu'. ':onSIJlt XcJ;IJ~!

enced operator. Its deSCribed fully in
our Iilerature For your copy, write
Perkin-Eimer Corp. Instrument D,VI­
sion_ MS-12, Main Avenue_ Norwalk,
CT 06856

the library, the best malches turn up
being chemically Similar malerlals.
USing thiS list of poSSible matches, you
can compare your unknown spectrum
wIth the known spectra Illustrated In

one of the books of corresponding
spectra Ihal s Incl~ded With the
SEARCH orogram

More capabitity for less cost
You can enler data Into the SEARCH
routine directly from your Perkln­
Elmer spectrophotometer, manually
via the Data Slatior. keyboard. from an
optional dlQllizer accessory_ or from
a microfloppy disk conlalnlng a peak
table generated earlier No Olher
comparable system does so much for
so lillie. Besides ItS lower cost, Ihe
SEARCH aopllcalions program IS a
far· ranging asset to the less expert-

lookS within these for matching band
frequencies

So even If your compound isn'l in

Pinpointing the solution
In matching your unknown spectrum
With those In the library. the SEARCH
prOC"am looks first for samples With
the ~ame structural unils Then It

I£H([ST fIF1E£N SP£(1R>1 fR>)1 LlERH<Y :
9-7 C!t3;6~. ~-,:.(r;t[t{ tSUUi) P217
9-5 PS-:lJT.< I£Trf'l I{PTil .,[J(({
9-3 PSJJa:' I£ilfll t~'ffll ~Tll£

9-3 ,,,09, UII;'!SUTil ~iCI£

~? (r~~3' :i:'~rIITR[l:. :-1}.u) ?~6':

,-! r-:.;J.;i t£i""ll il-PR\P'll t.£i(.fi
9-l FS'~': t'EiH',L 1S<.'I'I!i\. mOlt:
9-1 PS~J2X '<:[i0I!i:
H (ms, 5-[((HI+:I( (SQlII P219
9-, (['333X r£1H'iL ETH'rl ,Ei(I( IS(\.ln F2l5
9-0 P5'03>: t£TIfiL ETlfll ,[1(1£
9-0 i'S';)5X rt:THIL I5<lilJl'il ~Ti.li

H PS~llX (Y(L('·Dill)l[
9-1l FS335X 1'1'<:[1(li ft.(UIl:\.
~-~ ~4!;.'. i'£:rftl ·:'.-.H€
Ak.!~$ o::;t!r:- hard COCl~ spt';lr~ ~tf,:rt .!cc!ptlng ioJtntlflcaticn

Turn to the comprehensive SEARCH
manual. and yo~ get a full explanalion
of each It may be all you need 10
Identify your compound

Second stage; a library search
in seconds

But you can go beyond thiS Inlerpre­
tatlon and have a library search
Perkin-Elmer's SEARCH library holds
some 2300 representative spectra on
a Single microfloppy disk. You can get
additional disks from Perkin-Elmer
and, If deSired. create your own
specifiC library

The SEARCH program compares
about 80 spectra per second with the
unknown spectrum It matches them
band-for-band, including Ihe possible
struclural units. The screen then shows
you a list of the 15 best matches

From its slore ot over 800 structural
unils. the screen shows you a list of
the mosllikely possibilities.

In fact. you need a very large library.
which hopefully contains the Idenlical
spectrum. as well as consislent callbra­
lion 01 your Instrument. Olherwlse. the
best matches on band posilion alone
may be very misleading.
First stage: possible structural units

The Perkin-Elmer SEARCH program
takes an enlirely new approach When
you place Ihe SEARCH d,skelte InfO
the Perkin-Eimer IR Dala SialIon. the
computer almosllmmed,ately delivers
the kind of Information you d get only
from an experienced spectroscopist
The computer does the cross-reler­
encing that takes years to learn.

The Perkin-Elmer IR Dala SIalion
is a desktop computer conslsling of a
processing module, keyboard, and
CRT display. Connect It to a high·
performance Perkin-Eimer Infrared
speclrophotometer and you can do
dozens of unusual. Important things
Siore. retrieve. and manipulate data.
Visually compare as many as three
spectra at once on the CRT Smooth,
average. or accumulale spectra Take
spectral differences

And when you add the SEARCH
applications program, you get Instant
guidance on Interprellng an IR spec­
trum. and a library search as well­
Quickly, eaSily, accurately Pushing
a bullon delivers years ot experlence_

Problem; identify this compound
Ordinarily, you use only a library 01
reference spectra to perform band-for­
band matching with a speclrum Irom
an unknown material

SEARCH software in our
IR Data Station makes
interpreting spectra fast,
easy, and accurate.

PERKIN-ELMER
ResponSive Technology

CIRCLE 115 ON READER SERVICE CARD
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Perkin-Elmer's SIGMA 3B.
Ifyou're raising a GC family,
start with all the advantages.
Our SIGMA 3B Gas Chromato­
graph is a series of instruments
combining many advantages of
more expensive units. Its cost is
modest. Its size is compact. It has
features that already place it at the
head of ils class. And it can be
expanded to suit any application.
So when you need more GC capa­
bility. you don't have to move up
10 a more expensive model. Simply
add an accessory or change a
component.
Unattended automatic sampling

Our AS-IOO Automatic Sampler.
for example. helps the SIGMA 3B
to run round the clock unattended.
Up to 100 samples can be analyZed
Ihree times each. A built-in micro­
processor handles everything with
simple keyboard instructions. and
leads the operator through set-up
and Slorage of up to four sampling
programs. Add a SIGMA lOB Data
Station with BASIC II. and you can
program the AS-IOO 10 make
sampling decisions based on data
obtained during the analysis period.

Microprocessor-controlled
analyses

Single or dual column. the SIGMA
3B is ideal for roulinetemperature­
programmed analyses. Indepen­
dent lemperature setting and
control for injectors and detector
are standard In 1°C Increments
to 449°C. Enter instructions on
a keyboard as simple as a pocket
calculator's. not cumbersome
digital switches Sell-checking.
the microprocessor reiecls "impos­
sible" entries. During operation. it
conlinuously monitors and adjusts
the control systems. Sell-diagnos­
tics provide pinpoint serviceability.

and you can generate a chromato­
gram without an injection in order
to verify operation of detector
amplifiers and integrators or data
reduction systems.

Multi-dimensional
chromatography

The SIGMA 3B is ideally suited for
use in multi-dimensional chro­
matography. It provides a wide
array of customized component
configurations. With our new valve­
less backflush and cut system. you
can simultaneously use dlHerent
columns with dlHerent stationary
phases to perlorm separations
of complex mixtures on a single
injection. Simultaneous detection
With any combination of five avail­
able detector types (FlO. FPD.
NPD. ECD. and HWD) expands the
SIGMA 3B's multi-dimensional
capabilities. The large column
oven permits any combination of
columns - metal or glass. packed
or open tubular. With a parallel
column adapter. it can house two
packed columns without disturb­
ing a capillary column already
installed.

Data handling fleXibility
Using the SIGMA lOB Data Station.
you get hard copy reports and
annotated chromatograms on a
printer/plotter. You can link the
SIGMA lOB to a central computer
Or. as a further opllon. wnte
your own program using standard
BASIC to achieve outstanding
fleXibility In calculations and report
lormatllng.

Proven head space analysis
The exclusive Perkin-Elmer Head
Space Sampler. installed In min­
utes. converts your SIGMA 3B into
a powerlul new type of analyzer.

In head space analysis. only the
volatile components present in the
gas phase above the sample (the
head space) are analyzed. The
non-volatile residue never reaches
the GC injection system to compli- .
cate the analysis. The sample can
be solid. liquid. highly viscous or
a complex matrix. The technique
is ideal for many environmental
analysis problems.

HS-6 Head Space Sampler

The SIGMA series
The SIGMA 3B gives you all this
wllh a pnce tag lower than any
other In Its class. It's also part 01 a
complete line of Perkin-Elmer gas
chromatographs and accessones.
In addition 10 the 3B. the SIGMA
senes includes: lhe low-cost iso­
thermal model SIGMA 4B: the
multi-detector. microprocessor­
controlled SIGMA 2B: and the
most sophisticated system. the
SIGMA 1B. which combines one
or more gas chromatographs with
integral microprocessor control
and multi-channel data handling.

Start raising your GC family
now Send for literature on the
SIGMA 3B and the accessories
that stretch Its analytical output.
Wnle Perkin-Eimer Corp.. Instru­
ment DiVISion. M8-12. Main Ave..
Norwalk. CT 06856.

SIGMA 3B WIth an AS· 100AUlomatlc ~mpler
lower leh and a SIGMA lOB Data Sialion at rear
Background IS data station printout WIth
annotaled chromatogram and calcula/IOns

PERKIN-ELMER
ResponSive Technology
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Keyboard Control
with UV Perfonnance
you can Count On!

220 240 260 280
W.".lenglh(nmt

KM~

jI

C use the f~r Ht'riee CMCI )

Circle 100-10< a Demonstratio".
Circle 101-10< Inloonation on M552I55S
Circle 102·10< inloonation on M32lY.l3O
Circle 103-10< an Applicalion Data

Bulletin describing dertvative
scanning with the Models 552
and 559.

0< write directly to Petitio-Eimer
Corporation, MJS.12, Main Ave.. No<waik
Connecticut 06856, 0< ElodenseewM<
Petkio-Elmer & Co.,GmbH, Postfach
1120. TT70 Ubertlngen, Federal Republic
01 Germany.

or
Den lOIwt1.lkwI

The Model :nils the UV·VIS-NIR _.
sien, extending the wavelength range
to 2600 nm.

Model 320/330
State of the an performance and
features highlight the Model 320, for
those demanding a research level,
completely automatic spec­
trophotometer.
DaubIe MOilOC:hiOi.""'" provides bet·
ter than O.lXXl1% Tstray light at 22Onm.
Keybo8nl Contn>I of ALL operating
parameters (even sllt-width~ You ask­
ed for, and you expect, unsurpassed
ve<satility in an ultr<Hligh perfor·
mance Instrument
Snwt ReconIIr. Just position to a
grid line once and the 320 remembers.
Again, accessories are standard.
1) Wavelenglh Programming
2) Repetitive scanning
3) 1s~ 2nd, 3rd and 4th DerIvative.

SUperior Slray l.Il;1t ll..OOO1 %T

\

1 Hal ' I NaBr

> t-::~ \ O%T '- .J....
I "'-"'-------I"" 0.0001'llor

190 220 wa....~I~~} 21$""""!'

JOo J50
Wa...elengltl(nml

,,..,

Methyl SBlycllate

\)
h~~r8IYSIS In 1N NaOH

10- 120nmlminj 3 min c,cle lime

0.0- ~

The patented FI<:rlfIlChar1 recoro.t mnes repetuive
scanning tast. accurate and preclM.

Stray light

Hal
O"T ...L
""'-..~_ 0_001%T

, ,I
,.. 220

Wavelength jnml

Measured stray light on. typic.aJ High Pet1onnanc:e
559 (shown abo'reJ l.s well wllnln the so«ilalion 01
0.002% Tal 220 n:n and O.<XU % Tal 340 rvn.

Patented Flowchart '" Recorder1 The
"Intelligent recorde'" from Per1IIn­
Elmer automatically aligns chan to
monochromatOf at all times.
Accessor1es Standard! Other Instru­
ment manufacturers make them ex·
pensive options; Per1Iin-Elmer pr0­

vides them as standard.
1) Repetitive scanning
2) Wavelength Programming
3) 1st and 2nd DerIvative
4) Integration

Model 559
The next member of the Per1Iin-EImer
family of UV·VIS Double-Beam Spec­
trophotometelS Is the Model 559. The
Model 559's include keyboard control
and all the features of the M552,
PlUS
Ho!ograph!c Grallng for low stray
light and enhanced photometric
linearity. High performance ve<slon
reduces stray light still further.

, ,
t.,!'. ./,~ \.

i
.c; 0.0-

Corrected

oo~seline '\
200 15l'I 5!lO 750

WilYlllenglh(nmJ

Trace delermll'\oliions 01 aromatic hytl,ocartlons
become routine with the baMUroe compensallon
povtrOf and low noIse level 01 UWl MS52. Benzene In

~~ca':':~I:r:,~I:~edpa~.~:~~~:.•llhe

The scanning Super Sippel'"
with floweell.
1.0·

Expandable Keyboard Operation. For
a few dollars more, you can add Rep
scan, 1st and 2nd Derivative, and
Automatic Concentration Factor.
A high performance version is
available which uses a fOf&­
monochromator and incorporates a
holographic grating to provide stray
light of less than 0.002%T at 220 nm.

Benzene In water
- 0.' PPM In 100rnm cell

0.003-

Model 552
Per1IIn-Elmer UV·VIS ReooIdlng Spec­
trophotometelS begin with the low In
prlee, high on features, Model 552.
Keyboard ControL Makes operating
the Instrument fast, accurate, and
precise.
Automatic Baseline Compensator.
Provides a flat baseline, EMlll when
using our scanning Super Sipper.

Wilh (he Super Sipper you can even aun. Shown
aboWl Is • scan 01 KMnO. In our specially cJeslgnecl
'lOweell. A conecleCI baseline 01 lhe llowcell c0n­
taIning solvent .....181 Is shown benNlh lhe scan.

PERKIN-ELMER
Responsive Technology
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Varian's veteran Mep's
arenowavailable

for commercial applications.

@
varian

CIRCLE 228 ON READER SERVICE CARD

',-----

Send for a free
applications

brochure.
For a free

brochure de­
scribing these
microchannel
plates, holder

assemblies,
and their uses,

or to place
your order now,
contact Varian,

LSE Division, 611
Hansen Way, Palo Alto,

CA 94303. Or, call (415) 493-4000,
EXT. 4100/3308, or any of the Varian

EDG sales offices throughout the world.

\ ~

\
'"40mm

30mm

Four sizes available
with quick delivery.

Varian has a distinguished
history .of supelying volume ,...
quantltles of hIgh _ :--:"'0
perfor- ~;'->-

mance
micro­
channel
plates to
themili­
tary.
This
means in­
dustrial and
scientific
users have
a new, high
quality
source for 18mm

a complete line of
high resolution electron
multipliers.

All Varian MCP's are
available from stock-even
those hard-to-get 30 and 40 mm sizes!

High gain and low dark noise
Whether your instrument is measuring

electrons, positive ions, soft X-rays or
ultra-violet, Varian MCP's provide a source'
of high gain, high speed and self saturating
detectIOn. They feature low dark noise, and
excellent resolution is obtained with
12JLm diameter channels spaced
15JLm apart. Rugged construc­
tion and solid borders result
in easier handling and
mounting.



Demand-Pulland
Science-Push in
Multielement
Analysis
Marvin Margoshes
Technicon Instruments Corporation
Tarrytown. N.Y. 10591

I did not want til pass up the chance
III takt' part in honoring Velmer F8!'sel
Oil thr uccasion of the presentation to
him of the 1979 ACS Award in Analyt­
kul Chemistry. I had a prohlem
IhtHlgh. in that the topic of the sympo·
shun is multielement analysis. and I
hav(.'n'( done any work on this subject
for st'vera) years. On reflection, I real·
izccl that combining my past experi­
l'I1l't> un this ~uhject \\Iith the work I
have been doing for the past several
~'l'lIrS would allow me to bring to the
topic an unusuul point of view. In
It'cms uf th£' general tone uf the sym­
posium. I am laking the part uf the
devil's ndvucuh'.

Since I joined Tc(.'hnicun in 1971,
I huvc entered into one of the fastest­
J.:ruwin~ industries in America-tech­
nology transfer. I look for technology
('merging from research at universities
nnd go\'ernmcntluboratories thut
rnnt<:hes 'I'cchnicun's IlCeds and cspe­
('inlly the needs of our custul1lers.
ro.·1uny other cumpanirs have scientisL~

duing similar work.
Most scientists operate 8S special.

ists, and they have been said to learn
more and more about less and less
until they know everything about
nothinl-:". In technology transfer, I need
to be a generalist, and 1 may be head­
ed toward knowing nothing ubout ev·
erything. It is demanding work. with
many frustrations and many rewards.

To give you sume idea of the size of
the technulugy transfer industry, the

0003-2700/79/A351-1317$0 1.00/0
1/:)1979 American Chemical Society

U.S. Government poblished in 1975
a 200-page Directory of Federal Tech­
1141101::')' Transfer (/). It lists the ad­
dresses and telephone numbers of62
offices in 18 departments. administra­
t ions, and agencies of the federal go\"·
l'rnment whose sole or part-time re·
sponsibilit)' is to assist in the transfer
to industry uf technological de\·elop·
ments that have cumt' from govern·
ment-funded research. Most universi·
ties have sume arrangement t.o patent
and license inventions from their re­
search. Often. the university has an
office of its own to handle these mat·
ters. Others rely on nonprofit agencies
such as the Research Corporation, or
on for-profit urganizations such as
University Patrnts, Inc.

Thuse who have studied the pro­
('{'sst's of innovation have learned that
l11elst new technology can be classified
us fnllin~ into one of two categories,
""lied "demand· poll" and "science­
push" (2, 3). Must industrial R&D is
of the demand-pull type. A need is
identified that can become a market
fur Ihe company, and a project team
is formed to develop a product to fit
the need. In a well-run company, th.
H&D staff duesn't just wait for assign­
ments. They will alert the company
10 new technical developments that
wuld find a market. However. little
or no research may be dune unless it
""n be foreseen that the company will
he ahle to apply the results of the re­
search.
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Do-It-Yourself
HPLC Colun1"s
Un·Packed, or Packed and com­
puter tested, our HPLC columns
provide the same matchless qual­
ity and service that have made us
the leading supplier to Chroma·
tographers the world over.
Send for specifications on these
do-it-yourself columns and we'll
send you a 160 page chromatog­
raphy catalog that could make
your lab life easier.
Call number 312-392-2670 or
write 202 Campus Drive. Arling­
ton Heights, Illinois 60004.

ALLTECH
ASSOCIATES

In science·push, the tendency is to
do the research first and later look for
the application. An unnouering de­
scription of the process is to call it "0

cure looking for a disease," Spin-off
is an intermediat.e case, where the aim
is to find new uses for technolob'Y de­
veloped for onc application. In either
science·push or spin.off, the process
of finding useful applications tends
to he slow and to have a low yield. Ef­
forts have been made to justify the ex­
pense of the moon flights by the spin­
offs to earthly needs. The obvious reo
joinder is that, if the spin-off process
works so well, we might as well tarRet
the effort to the earthly needs and
wait for the moon flight to come by
spin-ofr.

Many studies have shown that the
majority of successful innovations
come from demand-pull rather than
from technology-push or spin-off.
James M. Utterback (4) summarized
the results of eight studies which
showed that three out of four innova:··
tions began with a recognition of B - ­

need and then sought a technology to
meet the need. Other studies have
found that the time lag for adoption
of an innovation is significantly longer
for technology-push than for demand­
pull, usually ahoutl5 to 20 years. (5)
A long lapsc for introduction of an in­
novation does not mean that the need
is not t.here. Quite often, the techno·
logical base for application is incom­
plete and there needs to be more
"gap-filling science" (5) to supply
missing parts.

I don'l intend to imply that all re­
search should be directed toward rec­
ognizcd practical needs_ It is certainly
of great importance that there be ex­
cellent and well-supported ba~..c re­
search that is intended to explore
ElTeaS where we lack knowledge or un­
derstanding, without regard to pre·
dictable uses. However, analytical
chemistry is an applied science. Anal­
yses are almost always done for very
practical reasons, such as Quality con­
trol in industrial production or to pru­
teet individuals from tuxic materials.
Even if an analytical chemist is en­
gaged in analyzing moon rocks, he is
nnt usually doing pure research. He
may be supporting a t.eam that is
doing pure research, however. The
best research in analytical chemistry
is also devoted to practical ends. It
sometimes happens that the research
analytical chemist loses contact with
the practical needs. I believe that
when this happens the research tends
to become sterile.

All of this docs not downgrade ann­
lytical chemistry. If anything, analyti­
cal chemistry is a more demanding
study than most pure sciences. A good
analytical chemist must understand
broad areas of science and technology

that apply to chemical characteriza­
tion; he must understand the science
or the technology involved in thc rea­
son for doing the analysi~; al1d he
must be skilled at matching the ana­
lytical methods to the task at hand.
A good analyt iced chemist nevcr has
the luxury of being a narrow specialist,
learning more and more about le!'s and
less.

\Vith this lengthy intruduction, I re­
turn to the theme of these sessiuns­
fnultielementanalysis. There nrc
needs for multielementallalysis, and
many of them are of scientific or tech­
nolo~ical importance. Emission spec­
troscopy has the inherent capacity to
do multielement analyses. It is hard
to say just when emis~i()n spectrosco­
py was first applied to measure twu
or more clements at once in the same
sample. Perhaps it was when spectrn
were first recorded un n photographic
plate. Before thal. when all measure·
ments were made visually and hAd to
be one at a time, it was n~)t usuAl to
speak of multielement analyses. At
any rate, books and articles of that
early period did not dwell on this
subject. For a long time, until abuut
1920, it was helieved that quantit.ative
analysis by emission spectroscopy was
impossihle. so the field languished.
The rediscovery of the internal st.an­
dard principle by Gerlach in 1925
changed all of that, and multielement
analysis by emission spectroscopy he­
came an accept.ed method. One can
date the emergence of simultaneous
multielement ann lysis tu the develop­
ment uf the photoelectric emissiun
spectrometer in the 1940·s. This in­
st.rument made it possible for the first
time to measure intensities of Illnny
lines at once and to have the results
available within seconds after the end
of the exposure. If we datc research
on multielement analysis from 1925,
we have been doing research on this
subject more than half a century. If
we accept the later date, our period
of research is abuut 35 years.

I can date my own involvement in
this subject to 1954, when I wurked 011

n five-channel flame emission spcc­
trometer designed tu measure sodium,
potassium, calcium, magnesium, and
strontium in biological fluids (6). The
instrument was a tcchnical success-it
worked cxtremely well. I take special
pride in having incorporated into it
an autumatic correction for hack­
ground (7), which is now quite com­
mon hut was cntirely novel thcn.
However, the instrument was 8 com­
mercial failure. The reasun fur the
lack of commercial success was Quitc
simple: Flame photometers arc used
quite often to measure sodium und po­
tassium in serum. Physicians are in­
terested in mcasurinK chloride at the
same time as sodium and potassium,
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In addition to features like these. we're making
electrode replacement easier than ever. Should any
of our electrodes fail to operate properly upon
receipt. just put it back in its own shipping carton.
use our special "return" label and mail. We'lI ship a
replacement within 24 hours. It's just one more way
for us to show that we care about your needs.
We're on your side!

For more information. see your local
GC representative. Or contact Graphic
Controls. Recording Chart Division. Box
1271. Buffalo. NY 14240. 716/853·7500.

This kind of performance is made possible by an
important advance in electrode technology... the
solid state sensing element found in all of our Ultra
Sensitive Electrodes.

All our Ion Selective electrodes provide selectivity
equal to or better than conventional electrodes ... up
to 25 times better. They assure fast. drift·free
response. Bodies are of solvent resistant epoxy
construction. Contacts are solid and located within
the electrode body. so there's no need for filling
solutions.

Graphic Controls makes Ion Selective electrodes
for fast. precise analysis of a wide range of ions.
including electrodes for halides. heavy metals.
cyanide and sulfide. Not only have we broadened the
practical measuring range of analysis·by·eleetrode
applications. but we've also managed major
breakthroughs in performance.

For example. our new Ultra Sensitive Chloride
Electrode responds to chloride in the 10 ppb range.
without compromising selectivity. That's a range 25
times lower than can be measured with conventional
electrodes.

GRAPHIC CONTROLS
Recording Chart Division

We have the
Ion Selective Electrode

capability and performance
you've always wanted.

We're
gnYour

Slde.1§
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but chloride det.ermination is not con­
venient by name photometry. There
is little medical justification fur mea­
suring as a group all of the elements
that can be measured in serum by
name emission, \Ve had not bothered
to llSk if the technolo~ymalched the
need, Even in our own laboratory, the
instrument was used mainlv for sin­
gle-element analyses or for 'research
on new flames. This instrument is an
excellent example of technolugy-push.

The secund instrument thut I
worked un (8) represents a K(>Ud l'ase
of demand-pull. The measurement of
enz\,me activities in serum fur medical
diagnosis was t.hen 8 nc\\' technique,
hut it was t.ying up our spectropho­
tometer that we needed for researdl.
Hather than buying a new spectropho­
tometer, we put together a simple in­
strument for 820 in parts and a few
hours of work. The Macalastcr Scien­
tific Curp. picked it up, and it. was a
reasonably succe!\sful product.

I won't dwell on my later efforts nt
multielement analysfs. Melst of t.hem
never reached a high level uf technical
success, and often the work was never
published. My concept of the televi­
sion spectrometer (91 was turned into
a t.echnical success b~' a group at Hell
Telephune Lahoratories (10), but it
is still unproven that it will be a ('um·
mercial success.

Most uf us who have wurked un
multielement methods in emissiun
spectroscopy, atumic absorptiun, and
atomic fluorescence have had similar
records. In fact, there isn't. much
ahout our current commercinl emis·
sion spectrometers that is different
from the designs of 30 years agu. One
major design change was incorporat­
ing the computer, which is II c;~ar case
of demand-pull. The initial efforts to
use on-line cumputers around 1960
were plagued bv t.he limitations of
computer tech~ulogyuf thnt periud. In
this case, the technology wasn't fully
ready until several years later. I have
already mentioned hackground ('urrec­
tion. The only uther major change that
comes to mind is the introduction uf
vacuum spectrometry, which is also
not recent.

One reason that we are honuring
Vel mer Fasseltoday is for his perse·
verance in introducing the inductiun.
coupled plasma suurce fur multiele­
ment emission spectrumetry. In fact,
we would not be using the plasma to
any extent today if he had not persev­
ered. His first publicatiun on this
suhject was in 1965 (J I J, and there
have been at least 16 more from his
laboratory on this suhject. The IeI'
may turn out to be one of the rare im­
purtant innovations in multielement
spectroscopy.

Despite the dismal record that must
of us have established in achieving
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practical results from research on
multielement analysis, we point to the
few successes and usc them tojustify
continuing' to do what we knuw best.
I think we shuuld look for needs that
me Ul1l11et or nrc poorly met, where we
('au apply our skills, I direct your at­
tentiun particularly to t.he needs for
~imliitanenlis determination of ~e\'cral

compounds, which cnn be met. in many
Cllses by molecular spectroscopy, If
you want to find useful nppliclltions,
'you need only to reud the literature
on chromatography, Gas chromntugfU'
phy was n rupidly ~rowing area of ann·
Iyticnl chemistry It few yenrs ago, and
now liquid chromatography is growin~
in importance each yem. Both meth­
ods (>nnble the nnalvtical chemist to
determine severnl c'ompounds in a
snmple. Huwever, cbromatogrnphy is
slow hy our standards. A typical chro·
matographic run tukes ahuut a quarter
of an hour. There nrc some as short liS

one minutp, hut that is a rare excep­
tillll. Many require an hour or more.
Emission spectroscopists are accus·
tomed tu determining tip to twu dozen
elements in n sample in less than 8

minute. Could we not apply thut men­
suring skill to the determination of
compounds?

In fact, t here is ample historical
h:)('king for this idea. Sturling in the
19·IO's and cont inuing for several
years, then' was important use of in­
frared and Raman spectrometry for
mult icomponent analyses, e~pecially
uf hydrocarhon mixtures. Mixlures
with up to to componenL" were ann­
Iyzcd U2-1,j),

Why did thE> use of moleculnr spec­
trometry fur multicompnnent :mulyses
die oUl? I think there arc twu reasons.
First of all, chromatogrnphy evolved
as a better way to analyze complex
mixtures of hydrocarbons, which \\IllS

t.he main applicat.ion for the infrured
and Haman methods. Secondly, the
instrumentation (If that time for the
spectrometric methods \\'8sn't ade­
quate. Haman spectrometry was very
slnw and required fairly large samples.
Infrared spectrometers had poor sig­
nul-to-nuise ratios, Thc cUlllputuliol1s
had to he done on analog computers
since digital cum pulers were scarce
and expensivc. All uf these technical
limitations have since been overcome.
HowevCf, I am IlOt. aware of recent
studies on analysis of complex rnolec­
ular mixtures by infrnrcd and Haman,
except for work ill t.he near infrared.

Karl Norris at the Department of
Agriculture in BelL<;ville, Md., wurked
fur several years on the ncar-infrared
analysis of foud materials (/6). Ana­
lytical chemists have st ill not hecume
much aware of this work, but (he tech·
nique is alrendy having a major impact
in some important parts of agricul­
ture, In what is su far the must impor-



Introducing HItaChi's Computerii8d~seam.
Ratio Recording. UV-V1s1ble SpectrophotometeF
The ModeI1Q0.80 Is not just a WVislbIe apeclJophoIomet but
a~ system. Many operating IeaIure8whk;h 818
standard equipment on the Model SO have been prevIoosly available
only as expansive hardware acc:essorIes. The highly advanced and
unique software design provides methods and technlquas 01 acquiring;
processing and presenting photometric data never before available
In a spectrophotometer.

Check These Standard Features
Wavelength Scanning. Repetitive SeamIng • Rm & Second
Derivatives • Auto/Manual Printing • wavelength Programrring •
Time Scan Recording. Auto Zefo • Autamalic BaseIlne ComlctIon •
5 Point Curve Correction. Temperature Readout Self 'iIsling •
Integration plus a wide variety of useful hardware 8cceSllolies and
extended sofIw818 programs.
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tant application I a sample of J{rain,
such as wheat, cum, or soyheans. is
ground to a powder and pocked into
a cup. The sample cup is placed in a
filter renectance spectrophulometer.
and the instrument measures reflec­
tance at six w8\'elenJ{ths in the ncar
infrared. The instrument then 50lves
three simultaneous equatit)Os to com­
pute percentages of protein, uil, and
moisture in the grain. The whole flru­
cedure takes about one minute.

\\'hen I h<-ard of Norris' work in
197:\ and saw what it ('oulet cio. I prp­
dictpd that in" few vcars thr instru­
ments would be lIse~1 to nnalyzt' grain'
when the farmer hrings it fur sail' to
the grain elc\·310r. That pwrcdure has
now heen pcow'n. nrut is h('('uming:
cnmnwnp)are. On n ruutine hasis,
these near-infrared instrumr'nts 3r(>
measuring one nHnpound (watN) and
two groups of rompound5 (pcoh'in and
oill in comlll ... x nHlIricos. Furth... rmon.·.
the precision of analysis is provill~ to
b£> at least as l{oud as the pft'cisioll of
the refert'nn' melhods. evell wh('n till'
near-infrared instruments are 0IH'r­
.!lted hy persons who h,1\'(' flo pre\'ious
expl'ricnn' in chemical analysis.

h·ly initial douht ahout Norris'
methud has proved to be thf' common
reaction of unalvtical chemisL<;. Furtu­
nately, Karl No~ris didn't helit'vc that

il was imJJO~sible to do analyses this
wny. Also. nobody (old him that it is
impossihle to determine individuul
lIminu acids bv n£>sr infrared r£>flc(:­
tml<'c. Norris ~nd a Canadian col­
Il'a~ue. Phil Williams. have tackled
that problem. They have ntlt yet puh­
lished their results, hut they claim to
have made rea~nnablvnccurnte deler·
miuatinns of the totai nmino acid ron­
tenl (If (::rains from th" nenr·infrared
renrctUlU'e analysis of powders (1 j).

Thl's(, recenl successes should en­
t'uuragt' us to look again .Ill (he nerds
and oppurtunities for the' annlysis of
('("Hplex mixtures of organi<' com­
pounds hy speclroJJl£>lry. There huve
ht,pn drnnllllil' improvcJJlents in mo­
Il't.·ular spet.·lrume(£>r design and in
eOI11JHlll'rs, lh{' essential hardwart'
l'ornpont'nts. \\'hat is ltu·kinJ.: is nppli­
t.·al ions resenfC'h and perhaps an ade­
qUille undcrslunding of parts of tht'
th('ory. I think that spectroscopists
with expl'rit'nt:t> in multielement anal­
ysis can hring' n great dt'al uf Iheir
knowll'd/.:f' to Ihis important ficld.
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• SMI MICRO/PETTOR precision plungers forcibly expel
fluids with :!:1% precision or better.

• SMI MICRO/PETTORs dispense non-aqueous as well
as aqueous solutions with :!:1% CV's or better.

• Positive displacement means reproducibility.

Call or write for more information.

5m~·;cientific
.manuf'!ct'!ring
industries mc.

800 University Ave., Berkeley, CA 94710
CaJlloIIlrae (800) 22Hl650, (In CaJ"ornia) call (800) n2-3937 or (415) 548·8000.
8M1 holds Patllf1ll~. 3115710 and .-oM125.
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lor thousands of high purity reagents
MCB Reagents is the source for the finest

in high purity, technologically advanced chemicals
for use in analytical research, and industrial and
clinical science. .

To locate the reagents you need, consult
the new 1979 MCB Buying Guide. It contains 600
pages of easy-to-find and easy-to-read product
listings.

Included are special sections on EM
Chromatography products, featuring the world
famous LiChrosorbe sorbent line and Hiba'--II
HPLC Columns; MCB Schuchardt Organics for

Synthesis; specialized products, including
Suprapu'- Density Gradient Chemicals; and a full
line of dyes and stains, acids, organics, and in­
organics from reagent to high purity grade, Also in
this edition, MCB is proud to introduce OmniSolv'w,
our brand new high purity, glass-distilled, multi­
purpose solvent line.

Reserve your free copy of the 1979 MCB
Buying Guide by writing to us on your letterhead,
or by circling the inquiry number below.

It's your link to the source of the highest
quality chemicals available, from MCB Reagents.

Mea Reagenl., Alsoclale 01 E. Merck. Ollmltadl. Germany, 2909 Highland A~nlJe, Clncinnall. Ohio 45212
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Lanierintroduces
the No ProbletriM typewriter
for yourtechnical typing.
Want to get your typing back faster
than ever before? NO PROBLEM

Want 10 type Greek and math
symbols right on the screen?
NO PROBLEM

Want 10 type and edit multi-level
equations with typewriter
simplici'y? NO PROBLEM

Wanl to add line drdwings and
charts to the page? '0 PROBLEM

Mosllypewriters -even many of the
latest electronic models-are limited to
basic typing.

But the Lanier No Problem
Electronic Typewriter is multi-use.
with extraordinary powers for
technical and scientific typing.

r-;o Problem typing­
.1 ~Ilcr \\'3)'10 t)"pc.

The No Problem concept
To begin "'ilh. 'he No Problem

typewriter speeds up the typing of your
proposals, manuals. and reports like no
ordinary typewriter can.

h eliminates typing rough drafls on
paper. Pages arc prepared on a TV-like
screen instead.

Changes and corrections arc made
right on the screen. So no whilCOlils.
No retyping. No false starts. Whole
paragraphs can be moved with the
{Ouch of a few keys.

Letter quality printing is done al up
to 540 words per minute.
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The No Problem
ElectronicTypewriter

®

from L4IIIIEIl

The No Problem Shared System'· adds
new capabililies to the already
versatile No Problem concept.

One typewriter or a shared system
Thc No Problcm Sharcd Systcm~

offers you even greater typing
capabilities.

The No Problem demonstration
Your Lanier representative won't

waste your time with a memorized
sales pitch.

We would rather show you how No
Problem typing can solve your
problems.

Send us this coupon and we'll call
immediately to set up an appointment.
Or call toll free(800) 241-1706.

Advanced editing automatically
positions footnotes on the proper page.

And Ihe printing of the No Problem
Shared System approaches typeset
quality and flexibility. Proportional and
bold printing, to fit any fonnat or width,
is easily done. Even in two typestyles
and two colors on the same page at the
same time.

Most of all, the No Problem Sh~d
System can improve your cosll
perfonnance ratio dramatically with its
Increased workpower.

Exccpt in Alaska or Hawaii. In GCOl'Jia. call
collcct (404) )21·1244.

EkstTimcToCaJl _

Phonc _

Modular design protects your
investment

You can add Shared System
typewriter stations, slandalone No
Problem typewriters, printers and
Sman Discs to your office at will.

So your investment will continue to
be a money·making problem solver as
long as you own the equipment.

r-----------------,
I Wanllo see Lanier No Problem typine in
I action? NO PROBLEM.
I Send us the infonnation below and a
I Lani~r representative will call for an
I appolnlment.
I Namc Titlc _

Advanced features
Consider the old method of

incorporating complex mathematical
equations into your copy: leave the
spacc blank, then hand leller them in
after the page was typed. Or, you could
run to the photocopier. then "cut and
paste."

With Ihe No Problem Shared
System. you can incorporate and edit
vinually any equation you may
encounter-r;,f:ht on the screen. It will
display 256 different characlers,
including Greek and math symbols.

The heart of the system is the Central
Memory Unit. It can store up to 30,000
pages. giving you lower storage costs
per page, and eliminating the need for
typists to handle numerous discs.

You can start with one or two
typewriter stations connected to the
Central Memory Unit, and add
typewriter stations or printers as your
needs increase.

There is also an attractive economic
factor in sharing printers and other
equipment.

Line drawings can be constructed on
the No Problem screen,too.

The No Problem Shared System
automatically selects left, right or
center page position for numbers, and
chapter names on even and odd pages.
Repagination automatically updates
section numbers to accommodate your
additions and deletions.

Pnnler

([
"~"-"l (nlrotl

Mcm"" Un" 1'-'
T
~

With the No Problem typewriter,
one typist can now do work as fast as 3
or 4 people using ordinary electric
typewriters.

Plus, the basic intelligence for the
No Problem typewriter is contained on
No Problem Sman Discs~So future
functions and improvements can be
added with new Sman Discs as they
are developed.

It does more'thanjust type..
CIRClE 126 ON READER SERVICE CARD

Finn Namc _

Addrcss 'County _

City Statc__Zip__ I
What kind oflyping or word processing I
system are you using now? I

-------,-----1
Lanier BUll... Pruducts, Inc. I
1700 CbanlUly Dr. NE, Atlanta, GA 30314 I

~~~.::~I~~~:,~:._~r.:..5:.9_J
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CARBON
IN

ORCANICS AND INORCANICS

LECO~ CR-12 Carbon Determinator
Range: 0.05 to 100% Sample size: 0.15 to 1.0 gram

Graphite Coal Hydrocarbons
Carbonates and organic compounds

• Infrared detection
• Two minute analysis
• Integral balance & printer

CONTACT LECO· TODAY!

LEeo CORPORATION 3000 L.kevlew Ave. 51. Jouph, MI 49085. U.S.A. Phone: (616) 983--5531
OIltM eollJOfNO(11.) 151-8211. 'uos(71J) OO.PlftSO\,IlgtI(4112j116·4891סס·131 • CoNOG(41e) 170-6610. WtueoOI'y('O$j6511.1871
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Focus

56 after the exposure. The researchers
concluded: "These results clearly indi­
cate that the central' nervous system
(eNS) is must susceptible to the toxic
effects of trace Hg vapor exposure."

The review chapter, UToxicity of
Mercury," by Rao and Hefferren, will
appear in the book, "Biocompatibility
of Dental Materials," Volume [V of
the Uniscience Series on j'Biocompati­
hility," CRC Press, [nc., West Palm
Beach, Fla. (in press, 1980). Rao and
Hefferren report that Hg's vapor pres­
sure is 2 X 10-:1 mm at 25°C., and
that the equilibrium vapor concentra­
tion of Hg in a room at 25°C. is calcu­
lated to be 20 mg/ma Its vapur pres­
sure increases rapidly as temperature
rises: There is about an eight-fold in·
crease when the temperature rises
from 20 to 50 ·C.

Rao and Hefferren puint out that
Hg spilled on the floor is the major
cause of Hg contamination in the den­
tal office environment. The spilled Hg
disperses into small droplets which in­
creases its surface area and thus its
vapurization. Hg droplets can collect
in carpets and floor cracks making
them inaccessible during routine of­
fice cleaning. Prompt cleanup after a
spill and covering up any inaccessible
spillage with powdered sulfur, calcium
polysulfide, or activated alumina is
recummended. Scrap Hg should be

, lo ~
John J. Hefferren, Dennis J. Merdian, Chakwan Siew, and G. Subba Rao (left
to right) in the Pharmacology-Toxicology Laboratory of the Dioision of
Biochemistry at the American Dental A.'isociation Health Foundation
Research Institute in Chicago. Hefferren is Director of the Institute, Merdian
is a Research Assistant, Siew is Head of the Toxicology Laboratory, and Rao
is Director of the Dioision of Biochemistry and Head of the Pharmacology
Laboratory. The Hg toxicity studies are supported by research grants to Rao
from the American Fund for Dental Health

rificed them over a period of almost
two months to determine time-depen­
dent Hg concentration iJ:l blood, brain,
heart, kidney, liver, lung, and testis.

On day zero after the seven day ex­
posure period, the highest amount of
Hg was found in kidney (92.15Ilg/g),
fulluwed by brain (41.85Ilg/g). Hg lev·
el!'!, in the remaining tissues and blood
were relatively low. Hg levels in all
tissues except brain rapidly disap­
peared, and by day 56 after exposure
no Hg could be detected. [n contrast,
brain Hg levels remained relatively
steady up to 28 days after exposure
and nearly 26% of the original Hg
taken up by brain was retained on day

Mercury
Toxicity

Polarographers and other analytical
chemists in contact with elemental
mercury will be interested in the re­
sult." of research on mercury toxicit.y
reported on at the American Chemical
Society Great Lakes Regional Meeting
in Rockford, Ill., June 4, 1979, by a
J{WUP of researchers from the Ameri·
can Dental Association Health Foun­
dation Hesearch Institute in Chicago,
III. Two of the researchers have also
prepared an extensive review chapter
on Hg toxicity for a book to he pub­
lished next year.

The American Dental Association
Health Foundation group consists of
D. J. Merdian, R. C. A. Chen, C. Siew,
G. S. Rao and J. J. Hefferren. The
first four researchers presented the
Great Lakes paper, while Rao and
Hefferren wrote the review chapter.
The group's interest in Hg toxicity
stems from the wide use of Hg based
alloys in the restoration of teeth in
current dental practice. Recent sur·
veys suggest that one of 10 dental of­
fices in the U.S. may be in technical
violation of the Hg exposure limit as
recommended by the Nationallnsti­
tute for Occupational Safety and
Health (N[OSH) at 0.05 mg Hg/cubic
meter of air determined as a time­
weighted average for an 8-hour work
day.

At the Great Lakes Meeting, Mer·
dian, Chen, Siew, and Rao reported
that the most common signs of chronic
exposure to high concentration Hg
vapor are tremor, kidney and gastroin­
testinaJ disturbances, metallic taste,
insomnia, and erethism, among others.
Erethism is a peculiar form of emo·
tional instability specific for Hg intox­
ication. The researchers exposed mice
to Hg vapor (0.2 mg/m3, 24 hours/day,
continuously for seven days), and sac-
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Thl' /(uc)U'{d/('r lfniuusity 0" Ma"hatlan 's Ea... t Side as seen {rum the air

Self-Testing of Blood

Glucose Helps Diabetics

stored under water or hacteriostatic
solution. The ract that Hg vapor has
been detected within :-W minutefi after
covering amalgam scrap with wa~r
emphasi,... the need ror tightly sealed
containers for storage.

Employers are le~aJly responsihle
under the Occupational Safety and
Health Act or 1970 ror maintaining Hg
vapc')r concentration at 8 safe level.
The Occupational Sarety and Health
Administration (OSHA) enforces a
standard of 0.1 mg Hg/cuhic meter uf
air in the workplace. Booklets on H~

health hazards and wnrkers' rights
may he obtained hy writing to OSHA
Puhlicntions, Room N342:l, Occupa·
tional Safety & Health Administra­
ti,m, Washington, D.C. 20210. Single
copieR or "Mercury" (OSHA 22~4) and
"Worker. Hights Under OSHA"
(OSHA 220:1) are rree.

Rao and Hefferren pnint (Jut thot
thtrc currently exiHls no fiimplc c1ini·
cal dinKnostic test which can be cnrre·
lated v.-ith HK exposure hU7.ards. Since
the majur concern is chronic exposure
to elemental HK vapor, nny resuhinK
odverHc effects moy not he manifcflt.cd
in readily measurahle clinical si){nJol
und symptums untiln threshold limit
is reached nfter mnny yenrR" These
thrCflhuld limits may vary amonK indio
viduals dcpendinK un their hud)' CII'

paeity to handle the Hg. While the
CNS is cunsidered the most likely t.lIf·
Kct ur,:nn to he affected hy chronic
tmce HK inhalation expusures, these
effects arc the least quantifiahle usinK
current. uhjective clinical Ill('nsure­
mentK, Han and Hcrferren conclude
tllllt morc re~lCnrch iR needed in this
imporllll1t orc'o to develop sensitive,
rei in hie and prnctic:lll mNhods of me/l­
Huring nlly Auch .e[(echo! of HK expo­
sure.

MlInilorinK fur I-It-::, on the other
hund, iii nuw rather Ntrnightforwurd,
thonks to the commcrciulnvnilnhility
of personnl monilorint-:: hudl-:cs nnd do­
simeters, as well os portnble detectors.
Thc hodges and dosimeters cuntnin
gold, to which Hg adsorhs quuntitn­
tively. Qunntitation is bused un a
change in conductivity t.hut con he
measured ns the HJ{-All nmnlgnm
forml:l. The hudKes and dosimet.ers nrc
wurn hy individual workers, and suh­
sequent analysis provides informut ion
on timc-weiKhted 8verngc (T\VA) con­
centrationR, usuolly on 0 doily basis.

Jerome Environmental Monitoring
Service (P.O. Box 455, Concord, N.H.
03301) manuraclures a gold coil do·
simeter to be utilized with 0 low-flow
pump. Gold film monitoring bodl:"cS
are available from :JM Company's Oc­
cupational Health & Surety Products
Division (3M Cenler, Suint Paul,
Minn. 55101). Badges ond dosimeters
moy be returned to the com ponies
after exposure, whereupon individual
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Hg vapor elposures and T\VA concen­
trations will be determined. This ser­
vice is quite cost-effective for shurt­
term or une-shot HI{ V8J>flr c(mcentra­
tion studie&..Jerome also markets a
complete analytical system fur muni­
uJring workplace enviwnmcnLc.; and
personriel exposure. which includ~s

personal dosimeters and n porta hie
detector for quanLitatieJn.

A..J. Sipin Company, Inc., 4~5 Park
Avenue South, NY, N.Y. 10016. also
provide'S personal Hg dfJSimeter ser­
vicE:'. The Sipin badgf:s contain a spe­
cially treated snrbent capahle of ab­
sorbin~ Hg vapor. which i.s subse­
qu£:ntly analyzed by nameless atomic
ahs(Jrption spectrometry.

A variety of portahle Hg vapor dc­
t.ectors and analyzers nrc current.ly

In nctnt te~LS at a major New York
res~arch ctnttr, diahetic patients were
encouraged to do n little analytical
hil1Chemistry-nn themselves. The re­
~e(lrch. conducted at the Hockefeller
llnivcrJolity hy Charles M. Peterson
Dlld hi~ t"lIl1eaKUes IDiabetes Care, 2,
:t~~-:l:). 19791. has demonstrnted the
fca~ihility eof improved blood glucose
(,(lI1trol with lolelf·analysis.

Traditionally. patients have moni­
tored their hl(K}d sug:ar levels with Inh­
orlJlory hlood tests and urinalyses.
The former nrc slow and expensive,
lind urinlllysi!-i will only indicate a hv·
perglycemic condition when hlood .
sOKnr il'i!-ill hig:h it has exceeded the
kidneys' nhility to filter it out. Dr. Pc·

marketed by the major instrument
companies and cumpanies specializing
in the analysis of environmental pollu­
tants. A copy uf the list (If cnmpanies
that market Hg vapor nnalyzers and
provide personal H~ monitor (badge)
service may he ohtained fmm Dr. G. S.
Ruo, ADAHF Research Institute, 211
E. Chicago Avenue, ChiceJKo, Ill.
60611. A combinatiun of personal Hg
monitoring bad~e and Hg vapor ana­
lyzer is appropriate for extended stud­
ies on potential Hg vapor exposure in
the lat:mratory or workplace.

NIOSH recommends a warning sign
be posted in any work area where
there is pot.ential exposure to Hg:
"WARNING! MEHCUHY. High Concen­
trations are Hazardous to Health.
Maint'lin Adequate Ventilation."

terslIn points out that trying to main­
tain 8 proper blood sugar level with
urinalysis is a littlc like trying: to drive
a car at a speed of 30 mph when thc
speedometer only works at 70 mph or
greater.

The self-administered test for blood
Klucose is a product of enzyme re·
lolearch, and has led to an improvement
in the ability of patienL" to routinely
correct for ahnormalities in their
hlood glucose levels with an accuracy
that was nut formerly possible. Doc­
tors hope that such self-analysis will
greatly facilitute regulation of diabetes
and increase the likelihood of the at·
tainmcnt of a degree of control ap­
proximating euglycemia, 8 normal
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SEND FOR DESCRIPTIVE
COLOR BROCHURE NOWI

ICRANEJCHEMPUMP

blood sugar level. Many physicians be­
lieve an improved ability to prevent
swings in blood sugar may prevent the
usual complications of diabetes, in­
cluding heart disease, blindness, cata­
racts, blood vessel damage, nerVe dis­
orders, and kidney damage.

Such improvement in control is af­
forded by the use of reagent strips
produced by a number of manufactur­
ers. In one type of reagent strip, 8

drup of blood is placed on a semi-per-
, meable membrane. Blood cells do not

pass through the membrane. but
blood filtrate is exposed to the reagent
system underneath. Glucose oxidase
in the reactive area dissolves in the fit·
trate, converting any glucose present
to gluconic aeid. Hydrogen, removed
from the glucose in the glucose oxi­
dase reactiun, combines with atmo­
spheric oxygc'n to form hydrogen per­
oxide. In the presence of peroxidase,
the hydrogen peroxide oxidizes chro­
mogen indicator, producing gray to
blue-purple colors. The color may be
visually compared to a color chart or
aOlilyzed in a reflectance colorimeter.

In the Rockefeller University study,
patients were taught to monitor their
own blood glucose with the reagent
strips and were encouraged to main­
tain their hlood glucose level between
70 and 140 mg/dL. They were also
taught to calibrate exercise, food, and
insulin in terms of their effects on
bluod glucose levels. ~'or example, a
given type of candy wuuld be found
tu increase a patient's blood sugar by
about 20 mg/dL. The patient could
then use three of these candies to cor­
rect a hypoglycemic episode. Patients
were encouraged to perform similar
experiments with various types of
foods. And blood glucose response to
exercise and to particular doses of in­
sulin was tested in a similar fashion
by each patient. They were encour·
aged to perform blood tests before and
one hour after each meal and to adjust
t heir glucose levels when necessary
with the variables at their command.

At the end of the study, Peterson
concluded that improved control of
blood glucose through the program of
patient.monitored blood sugar had
hcen demonstrated and that systolic
blood pressure, alkaline phosphatase
concentration, and nerve conduction
abnormalities had been ameliorated.
Peterson also suggested that the pro·
gram was cost effective through the
avoidance of diabetes-related hospi­
talizations that would occur in the ab­
sence of the close control made possi.
ble by the patient self-munitoring.

As Peterson puts it, "It gives people
a chance to du something about their
condition. That's what makes people
with chronic diseases depressed-the
sense of helplessness and hopelessness
that comes with any chronic disease."

The liHle Chem/Meter:
big on accurac)(

Take a look at all the outstanding features
In our Series 20 Chern/Meter hydraulic
diaphragrn metering pump:

Metering accuracy within:, 1%.
Steady. continuous feeding of clear
fluids.
Capacities of 14.7 MUmin.
Pressures to 1500 psi.
Zero to 100% capacity adjustment
whilcopcrating.
Totally enclosed. leakproof design.
wetted parts made of corrosive
resistant stainless steel with sapphire
bail-seals and teflon diaphragms.
Measures only IO!?..." x 5" x 3 1

/,.

The Series 20 Chern/Meter is Ideal tor
machinery that requires the injection of
precisely measured liquids. These include
plastics. pharmaceuticals. chemical
process. foods. beverages and fertilizers..

For larger measuring requirements from.
23 to 3024 MLlmin we have the Series
200 Chern/Meter. You can get all the de­
tails on the reliable Chern/Meter line by
calling or writing Crane Co.. Chempump
DiVISion. Warrington. Pa. 18976.

'JISC,OSITY
rJ,

Automated Measuring Saves Lab nme.
"you measure viscosity with the capillary method. there's a SCHOTT AVS
System for you. If you don't, maybe you should.
The fully automated AVSIPA will test up 1030 dillerent samples without operator
supervision. Select the program and Ie' It gol Variable program capabilities
Include: number of rinses, number of repeat measurements, test temperature,
sample tempereture condilloning period, suction rates and more.
Standard-temperatures up to 150'C; High Temperature·up to 220'C. Measuring
accuracy 0.1 % with a range up to 500 c ST
seml·Automaled models also available. BUilding block concept allows expansion
from basic unit to fully automated unit.

CSCHOTT
..;:;:<J.AS AMERICA
11 EAST 26TH STREET, NEW YORK, N.Y. 100101 (212) 679-8535
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Nowwhen
youthink
powerfullR
analysis. think
compaec
Presenting the Beckman
Microlab™ 620 MX Computing
Infrared Spectrophotometer.
An incredibly powerful and
versatile analytical instrument
designed in a uniquely compact
and easy­
to-operate
configura­
tion.

There
is nothing
else like it.
Packed into
its three­
foot frame
is the ana­
lytical horsepower of a
mainframe external computer,

floppy
disk data
storage
center, and
totally'preprogram­
med and interfaced
software systems.

Besides drastically re­
ducing space requirements, the
Microlab 620 also slashes cost,
lab work time and training
requirements.

The more you use the
Microlab, the more powerful it
becomes. It can analyze, code
and store a virtually unlimited

number of spectra
for qualitative
comparison. It
does sample identi­
fication without
the need for sep­
aration. Plus, the
Microlab memo­
rizes and recalls at
the push ofa
button a virtually

unlimited number of Quanti­
tative protocols.
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No
matter

what your
area of anal­

ysis or range of
applications, the

Microlab's spectral
library can be personal­

ized to meet your lab's
needs.

The Microlab also features
multiple data output, fully
automatic operation, repetitive
scan and a whole lot more.

So if you think unlimited
analytical capability requires
unlimited space, money and
time, think again. Then call your
local Beckman representative
for the full story on the
Microlab 620 MX. Or write:
Scientific Instruments Division,
Beckman Instruments, Inc.,
P.O. Box C-I9600, Irvine, CA
92713.

Innovation in msince 1940

BECKMAN



and
MOLECULES

A Sound aenk of Science
from the
Amerlcen Chemlce' Society

MAN end MOLECULES Cassetles:

An easy way to keep up with what's
happening In science
Outstanding scientists are
interviewed in language that
everyone can understand. Each
cassetle has two 15·minute
programs.

111l,1. c na $1.15
Aty El' IIII••• Clillnel $5.t5!mser.e
AftJ 20 or mort Clu,n,. S4.00:c.lS~.t!1e

10% lI'"oualll paym.nt Heomplnln otd,r
tlUlorlllt rl.ld,nll .1It11S,. Stll' Uu Til.

NAME

ADDRESS

SCIENCE AND SOCIETY

o Wo~' ElIIrgy Dr. G.T. _g
TN Re"cI.locl"" Or GT seaborg

o kl.lC••lNIIlU FvlIre Or. L Pauling
SociiI)' Ind lbI F...." Or. L Pauling

o Conlumer Icl,ncI 0'. C. Synoer
T1llnllll.lrt, Mr. J Odom

o Urtl,. TIChnoiogy Or. H. Schutl
S.I.... I" Uo. HlIllII..ppo' Of. 0 HadaJy

HEALTH AND MEDICINE

o Cboilltlral 1M H.." DIIUII Or. B, Brewer
H••II 0111111 .nd IIDOd Aow Dr. D. Scnneck

~ Tdce MllIls ••dAging Dr. G, Eichhorn
Ollb.ll1: ne R.captor Prolll.m Dt J, ROIh

:::: Glaucoma Dr. C. Kupler
Vilion Ind Vltlmln AOr, G Chader

o H.ltlng Empltyl."" Dr. J Powers
Pulmon.ry Abrolls Dr R. Crystal

o ne Stopped Helrt: AlI,,,lng CPR Or. M, Wetsleldl'
Sicki. CIII CtI.mlllly DIS. W. Ealon and J, Holndler

o Improrin, Sptcllllnlint Clre Or. M. Simmons
8ulldiDII Ben.r Bon.1 Or. l. Hench

::J Hllrlnll Ind Holli Pollution Dr R. Boston
Wlndowl to Iti. Brtln 01, T. BaI1II1

C Drug DtItYlry M.d. Mod.m Or. M Goodman
Impravlng80lty Impllntl 01, E. HOloWliz

o En,lnllrl ... Food AddlllVlI Or N. Weinsnenker
Vlllmlnlind Hllltll 01, M, BM

o H•• Ughl on MYlllhinl. Gravll Dr D. Dlachman
Honnonll Ind Aging 01, GRoth

n Olyt.n Ind 1M Unborn Child Or B Burns
Sulcld. Enzym. IIlICllVIlors Dr R. Abeles

~; Monllorlnll Muttlpl. SCI.ralll Or, G, McKhann
Prallrlliin Cystic Abra.11 Dr. R TaI.YnO

~:; &atlract The Cloud.d EJI Or A Speaor
Nuclllr M.dlcln. Or W. Wall

c HulIltion Ind Ihi Brlln Or. J. Fernstrom
Ch.mlctl Look II Mtnll1 IIInell Or S Kely

c: Ollb.ln Ind lbe Forgotlln HonnOA' Dr H Tager
Ollb.llI: AProll.1I R.port Dr. 0 Slelnel

THE NATURAL WORLD

o Th. D.'.nal" Wortd Dr InslCll Or. T. Eisner
Mold In till GrIIln Or. W, Niehaus

o Tilo UosIlIlIy au. Or. J.M. Miltt<ll
CUmldc HllIory On Ice Or. B. Parkl!r

o PllfIb: CII.mal nlilure Ch'11 01. l. lalkow
Tilo AOWI~nlllys1.ry Or. C. Cleland

o life AI High T.mperature Part lOr. 1 Brock
LU. AI High T,mPlrature Part II Dr. T. Brock

. 0 Sllrch: VeIllUl. RtlQurc, 01. W. Doane
Gre,n Faetorlll Or R Boct1anan

~ Ch,uPlak. Bay Of. MG. Gless
VolunDe. Of. R. FiSke

=: Cllmale and Food Dr, W. Decker
Pllnll.nd T.mpertiurl Dr. J. Sl John

C Foodl for Ibe Future Or. R. Wiley
Unco!Wenliontl ProteIn Dr. J. lilchlleld

SCIENCE AND SPACE

:: Hucl,ar Help for Archa,ology Dr. G Harootlle
Leslona From Pottery Dr. G. HaroolHe

:J Human L,llO•• From Blcterll Or 0 Koshland
Th. Modlilible Bl'Iln 01. D. COhen

u Tlklng Etrth'l Temperllure From SpICe Dr. J. Pflce
Probing Ille Etrth's Mlgnllo.phe" Or. E. Schrr.erlinc

!J Smokllnd Fire Or. M Birky
Cloll LoOk II Home Flrll Mr. R. land

o TOlKh Ind Telture Dr. E. CLlssler
~heml •.!'!..!.n Ih. CUllom. Lab Mr. M. Lerner

o The Laler Spllc!om.l.r Or. B. Ware
Tracing Breezllind 80mbl Dr R Dietz

:: Synlhellc Metall Or, A, MacOlolrmid
_ CII.lysll: Co.1 10 Chemlcall Dr. M,A. Vannice

:J Til. Cheml,,1 Flngerprlnt File Dr. F. McLaUelt)'
One-Alom Chlmiliry Dr GS Hurst

=8Iodegrad.bl. Polym.rs 0" W, Bailey
Inorg.nlc Polymers Or. H. Allcock

~ How Time HII Chlnged Sil G Porter
An.lyz1no with U~~~ Nalt1an __

C Unlv.rse 01 aueilloni Dr. J Wheeler
Resoun:1I From SPice Dr J Arnold

"AnnUli CIII,n, SUbscriptions Also Available

select your choices and mail to

Dept. M&M
Amerlcen Chemlcel Society
1155 16th St., N.W.
Weehlngton, D.C. 20036

CITY STATE liP o lb. 8rllA'i Own MorplllA. Of. S Snyt!e:
HlreollCI Ind UI. Brain 01 A Goldsleln

~ Clne.r Drugl From P1lnb Drs, J DOLlIOS and M, Sulfness
ClDe.r Ind ImmuAoUterapy Or. A B.1rker

C Elfty caRetr D.lletlon Drs. J Morrison aM E Bucovaz
EnglnllrlAg Clnc,r DNgl Or M Col~1Il

ENVIRONMENT

G Urtlln Impcl on Wiler QUllily Or J Kama<!
MIUCNlII Strum Qulilly Upd.l. Dr, J. PlCkerirYJ

o W,I.r'W.1d1 Or. 0 Marlin
Tht RId ndt Dr, O. Marlin

o Acid Rlln Dr. J Galloway
ClrRa Dluldt .Id CUm.l. Mr, D, Slade

o Pollllion H..nb Elltcb Drs. J. G,allam alllj l. Relief
nl Emlral""nl Bant 01. G GoIOstem

o Drlnkl.g W.I.r Wont.. Dr J O'Conner
W.... C".~..U.. Prolll.... 0, w G,~Ia1e~ _

o Tht $twill SJudg. DIl.mlnl u, R Bastlolll
PaUuU" hom Ut. Strllb: Mr. S Plettn

Dim...... 1'111 Coellol Or R M~call

Cblmlcal.1I UtI Elwtroma'''1 01. R Metcall

o ...~.. 1I1e..... oIllI 011 PoII,Uo. Or R eolwe"
Road Silt - Prolll,ma aid A1l1mtllvtJ Mr. H MaSielS

l; Splc,lnduslry Mr. J. ~Or1 Putlkamer
Mission 10 VlnUS Or R. Murptly . _

C The Exptndlng Unlvelle Dr V Viola
InlerlleUII Molecules Or, E HerDst

U Sol.r Neulrlno MYllery Or. R DaVIS. Jr
AM.ner 01 Anllm.ner DI K Lande

ENERGY
-------------
C Sollr Thennl' Energy Mr. JD Wallor]

Co.1 FumIClI: Think Smlll Dr A SQuires

o Sunllghl + Wiler =En.rgy Dr M. Wrighlen
Oce.n En.rgy MI,.:-Ee-'r""nc",i=-' _

8 fusion: n. Englnllrlng CIt.II.ng, Or J CLart.e
BlD.rlll lor Energy Slorag. 01. G. Peldirtz

o En.rgy-Efflcllnl AulDl Dr G Mannella
Fu.1 Cells - Probleml .nc! Progress Of. J Belding

c Mltlon" Coil Resource Survey Or, C Masters
Und.rground Coil Gasilicalion Dr C, BlanoenDurg

o R.cycllDg Wlat. 011 Mr 0 Becker
Enhlncad 011 R.cov.ry Or L. Duda

;] Gre,n namb £Mrgy Or 0 Klass
Tipping UII Dcelna Of. 0 RoeIS

o fusion: An Upd... Dr R Parkel
GIGth.rmal: Fir. In lb. Etrtb MI. P. Wj~on
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The ACS Bestseller-

understanding
Chemical Patents

A GUIDE FOR THE I!'.'VENTOR

"Dr. John T. Maynard, with over a
dozen patents to his credit,

masterfully and systematically
explains simply and accurately in
non-technical language. many of

the key points 01 patent law.
reading the text in its entirety at one

sitting [is l a pleasure. if not a
compulsion . .. designed for

chemists and chemical engineers,
and not for lawyers . .. a gem. which

no library or research laboratory
should be without. "

JOURNAL OF THE PATENT OFFICE SOCIETY
February 1979

"Written for practicing chemists and
chemical engineers interested in

obtaining a patent on a new
process or tool. Explains special

jargon used in patents to facilitate
dealings with patent attorneys.
agents. and technical liaison

personnel."

JOURNAL OF PETROLEUM TECHNOLOGY
January 1979

By John T. Maynard--=.

"This compact book . .. includes
practical tips. examples . .. plus

examples of frequently encountered
documents and lorms ... should be

equally helpful in understanding
mechanical and electrical patents."

INVENTION MANAGEMENT
June 1979

"John Maynard has put into simple
understandable language the basic
philosophy on which patent systems

are based:

THE CHEMIST
July 1978

"While this book is written for
chemists and chemical engineers.
much of the information should be

useful to people in other fields.

RESEARCH MANAGEMENT
October 1978

"This book is short, concise. and
tells how to read, understand and

use patents as a source of
information. How to recognize an

invention. work with lawyers in
seeking patent protection for an

invention. We heartily recommend
this book. Reading it wiff teach you

how to get the most use out of
patents:

YOUR CONSULTANT
July 1978

In clear. down-to-earth style. this practical book shows how to read and
understand patents. use them as a source of information. and to recognize that

an invention has been made. It also discusses how to work with attorneys or
agents in seeking patent protection for inventions. and includes a glossary of

defining patent terms and abbreviations. Hardbound. 146 pages ... $12.50

CALL TOLL-FREE: 8lJO-42Hi747
or use the coupon below to .peed your order

Amerlaln Chomlal' Society
1155 SI_nlh StrMl, N.W.
W....,nglon. D.C. 20036

Yes! Please send me __copies 01 Understandmg Chem­
,Cal Parents @$12.5Oeach.

CONTENTS
1. Introduction: the purposes of patents
2. How 10 read a patent
3. Patents as an information source
4. Deciding whether to fite a patent applicatIon·
5. Obtaining patent protection: the independent inventor
6. Preparation of the patent application; determination of invenlorship
7. Prosecuting the patent application
B. Inter1erences: the importance of records
9. Patent infringement; understanding patent claims

10. Making use of patents: enforcement and licensing
11. The employed inventor; assignments and employment agreements
12. Copyrights, trademarks, and trade secrets: design and plant patents
13. Trends in patent law
PLUS bibliography. location of organizations listed. glossary and abbreviations.

r-----------------------------------,,
I
I
I
I,,,
I

: Name
I: Address _

: C'y. Slate. Zip _

I Call1omia ResidenlS please add 6' saJes tax.

~-----------------------------------
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Wrth any carrier. liquid or dry. the new HIAC PA-720 delivers the most
comprehensive particle size analysis a single system can give 'PU,

Multiple Data Outputs. Both printed
and plotted size distribution data is
provided. Replicate runs are
automatically averaged and key
Inlormation summarized. Included are
panicle diameters, background­
corrected counts, standard deviation,
and statistical profile by number and
volume (weight). X-Y plots are
presented in any 01 six modes. And you
can pre-set values lor produclion
conlrol, and be alened
when tolerances are ':C A
exceeded. ~~J1.iI..._"
No other systam tells you'--
so much about so broad

HIAC's new PA-720 Particle Size
Analysis System counts, sizes,
analyzes, summarizes, II computes,
prints and plots, II gives you
expanded·scale close-ups, lis
powerlut microprocessor provides
insighl inlo panicle population and
volume (weight) distribution in any
carrier. Immediately.
In applications across tha board­
research, materials control, production
conlrol-the HIAC PA-720 overcomes
long-standing restriclions. Your
powder sample can be analy-18d in
water, alcohol. air, inen gases,
solvents-even viscous oils. No
electrolyte is needed. State-ol-the'an
light-blockage sensors size and count
panicles one et a time Irom 11'm to
25001'ffi with 24-channel character­
izalion. And calibration is assured by
traceability to NBS and ISO.

!i!aoFlc
SCIEnTIFIC ®

a range 01 samples in so wide a
choice 01 carriers. And no other
system works so precisely, so quickly,
so easily.
Ask us to show you. Write or call lor
literature and a Iree demonstration on
your material, in your lab. See how
simple panicle size analysis has just
become.

HIBC T~NSTRUMENTSDIVISION

PO. Box 3007. 4119 Wes' Brooks Street, Monlclair, CA 91763: Phone: (714) 621-3965
PaClllC Soentlhc Inc., Hauplsuasse 132. PO. 80. 69. CH·.... SO SiSS8ch. Switzerland: Phone: 061·98'''05

CtRCLf 169 ON READER SERVCE CARD



Pittsburgh Conference
Atlantic City, N.J.

March 10-14,1980

"New Look in Analytical Chemistry
and Applied Spectroscopy" is the
theme of the 31st Pittsburgh Confer­
ence on Analytical Chemistry and Ap­
plied Spectroscopy, which will he held
in the Atlantic City Convention Cen­
ter, Allantic City, N_J., on March 10­
14, 1980. The 90 technical sessions
scheduled include 16 planned sympo­
sia and a tolal of 800 papers. The Ex­
position of Modern Lahoratory Equip­
ment will feature more than 400 ex­
hibitors in over 1000 booths showing
the newest analytical instrumentation
and related chemicals. This year the
exhibits and technical sessions will
continue simultaneously from Mon­
day morning until Friday noon.

The following symposia have been
arranged and will be presented as part
of the technical program:
Advances and Applications of High

Resolution Chromatography, ar­
ranged by Curt White, U.S. Depart­
ment of Energy, and William Suits,
Varian Instrument Division

Therapeutic Drug Monitoring, ar-

ranged by Rila Windisch, Mercy
Hospital

Practical Solutions to Quantitative
Capillary Gas Chromatography,
arranged by John Q. Walker,
McDonnell Douglas Research Labo­
ratories, and \Villiam Suits, Varian
Instrument Division

Analytical Support (or Bioassay
Involving Mutagenicity and Car­
cinogenicity, arranged by Rohert
W. Freedman, U.S. Bureau of Mines

Safe Drinking Water, Legislation,
and Related Chemical Analysis,
arranged by Rohert W. Freedman,
U.S. Bureau of Mines

Preparative Liquid Chromatogra-
• phy-New Support (or the Ana­

lyst, Synthesist, and Spectrosco­
pist, arranged by Peter C. Talarico,
Waters Scientific Limited

ASTM E-42 Advances in Quantita­
tive Sur(aee Analysis o( Materi­
als, arranged by Yale E. Strausser,
Hewlett-Packard

Ion Beams and Synchrotron Radia­
tion (or Surface Analysis, ar-

ranged by David M. Hercules, Uni­
versity of Pittsburgh

Analytical Instrumentation-Evo­
lution in the Last 40 Years, ar­
ranged by Joseph Feldman, Du·
Quesne University and L. Ettre,
Perkin·Elmer Corporation

Innovations in Mass Spectrometry,
arranged by Frank W. Plankey,
University of Pittsburgh, and Ben
Freiser, Purdue University

The Current State o( Analytical
Voltammetry. arranged by Howard
Siegerman, EG&G Princeton Ap­
plied Research

Licensing, Accreditation, & Regu­
lation: The Impact o( Govern­
ment on Analytical Chemistry,
arranged by Gerst Gibbon, U.S. De­
partment of Energy, and Harold
Sweeney, Koppers Company, Inc.

Quality Assurance in Trace Organ­
ic Environmental Measurements,
arranged by David H. Freeman,
University of Maryland, and WiI­
liaJ.ll Suits, Varian Instrument Divi­
sion

ANALYTICAL CHEMISTRY, VOL 51. NO. 13, NOVEMBER 1979 • 1337 A



News

Herberl A. I,aitinen will rect'iue SAC/,
spe<:ial award for his s;Rni/ic:unt c!m­
tributiuns to tile lield 01 analyl"'al
chemistry

Computer Software Cor Scientists,
arran~ed hy Fronk W. Plankey,
UniverHity of PittMhuTf.{h

Dol Nogarc Award Symposium. ar­
ranged hy Mary E. Kuiser, E. I. Du
Pont

Coblentz Award Symposium,ur·
rung~d by Ira Levin, Noli(lnnlln~ti·

tutes of Health
The Society for Analytical Chemists

of Pittshurgh (SACP) will present a
special award to Herbert A. Laitinen,
Editor of ANALYTICAL CHF.MISTIlY
and Graduate Research Professor ot
the University of Florida in Goines·
ville, for his outstanding contributions
to the field uf analytical chemistry, his
excellence in teaching, his editorial
contrihutions to ANAL\"I'ICAL CHEM·
ISTIlY, and for the example he has set
for the younger generation of analyti­
cal chemists. Dr. Laitinen's research
interests include electroanalytical
chemistry, with emphasis on surface
chemistry, molten salt chemistry, and
environmental chemistry.

The Spectroscopy Society of Pitts·
burgh will present its 1980 Spectroscn·
py Award to Harold J. Bernstein, whu
recently retired from the Notional Re·
search Council of Canada. Dr. Bern·
stein had a distinguished 32·year co·
reer in infrared and Ramon spectros­
copy and nuclear magnetic resonance.
He will be cited for his contributions
in these fields and on a vluiety of
other subjects, including vibrational
spectra and assignments, Ramon tech·
niques and spectra, the resonance
Ramon effect, internal rotation and
the energy of differences between roo
tamers, NMR spectroscopy, and bond
properties and physical properties of
molecules,

Other awards ta be presented duro

iog the Cunference will be lisled i!l the
Conference preliminary program 111

Decemher. The sucinl proJ:::ram and
technical tuurs will also he listed in
the preliminary program.

Advum'l'c/ ff'J.:i ...tratitm is urJ.:ed.
Hegistratioll forms mailed before Feh­
ruary, 1980, will he processed so that i1

badge, vuuchers for the final progrnrn.
abstracts, and sOllvenir arc mailed tu
the conferees. RCJ.:istration fees arc
$10 for advanced registration, $~O for
rCKislralioll at the Cunference, and
S:lJK) fur studl-nls. A pocket admission
tuh for the exposition only will be
nvuilllhir free of clwrgc. Hrgistration
forms mnv he ohtained from the pre­
liminary i)ro~rall1 or hy writin~ to Dr.
Frunk \V. Plankey, Depnrtment of
Chemistry. University of Pittshurgh.
Pitt"hurg:~h, Pa. J:)2()(). Ilcturn the
completed re~jstration form und the
$10 fcc to Dr. Plunkcy.

Huul'oing: forms may he uhtuilled
frum the preliminary pro~ramor hy
wrjlin~ to Mr. Hull'h Iluyhcck. ,1:1';6
Frank St., Pittshurg:h. Pu. 1[):!~7.

An employml'nt hurellu will he
uVl!i1uhle loull regiHtrHllts withuut
chllrg:e.•Joh clllldidntc und l'mployer
forms nrc llVllillible from Mrs. rVlllril\'n
V. St>nne\\'LlV, 40;) Carmel Drin'. Ali:
quippll, ])n.·lflOOI.

The Spouses Program will he listrd
in the preliminary program. Addition­
al informlltion con he uhtuincd from
Mrs, Louise A, Manka, I H)!) l.iHlcasfN
A \'c., Pit tslHlrgh, Pn, 1:121 B,

Conference preliminllry programs
will he mailed to the l'ol1ferN's who at­
tended t.he Pit t.suurgh Ctll1fPfl'llce
during the past thrcC' years. Prospcc­
tive cOllferees should write to Mrs,
Lindn Hriggs. Pru~rnl1l SN'retary, 4:n
Dnnuld Ild" Pittsburgh, Pa. Ifl2afl, for
a copy of the prog'rnm.

Further information till the meeting:
can he outained from DUll P, Manko,
Puhlic.:it\' Chnirmnn, 1109l.nncl,sler
Ave., Piitshur~h, Pa. 1:l~18.

Helen Free Wins Garvan
Medal

Helen Free, called "a pioneer in the
field uf diagnostic chl'mistry" and "an
outstanding scientist, author, and
teal'her"uy hPr colleagues, is the win­
ner of the 1980 Gur\'"n Medal spun­
sored by \\'. It Grac(' & Cumpany.
The Medal is given tu re('()g:nizc dis·
tinguished servin' to chemistry h~'

womcn chemists, and consists of
$2000, nn inscribed gold medal, and a
bronze replica of the medal.

Free has been employed at Miles
Laboratories and at their Ames Com-

Hclf'lI Frf'(,

pany divisiun cuntinuously for the last
:!;I yearl". During' that. time her work in
f('~cnf(:h and development of cunve­
nil'nt test systems invulving chemical
rea:-::(~l1tsand cu:companyin:.: instru·
IIll'ntation hilS led to a gn'at number
tIl' IHlhlications and patents.

Hrr \\lork \NI to the expansion of
llll'l'ollvcnicllt taulet tests for urinaly­
~is b(~gun in the early 19-10's by Or..
\Vahl'r Compton, and to the introduc­
lion and l'xpansion of dip-and·read
ICl"ts for various urinarv constituents,
!lOW used as st.and;jrtlt~stprocedures
ill c1inic'allahorntories thwug'hout the
,,,·orld.

Aner a sun:essfullwo·decCtde c.'areer
in the Illhoraturv, Free has mure re­
('l'llt Iv dlllin'cJ New Product Manage·
1llf'1lt.' Committees at AJllc~ which,
under her supervision, have int.ro·
dUl'l'd ovcr ,W new products and prod­
u(:1 improvements. These have includ­
ed du:mical rt:agents, microhiology re­
a~ents, an'd instrumentation for blood
chemistry, histulogy, ancJ cylology, as
well as urine stud\'.

Frpc has tnll~hi hiochemistry and a
('ours\.' on bock lluids for mcdit'al
tcchnologists ~t (;oshen College, and a
l'untinuinJ.,:: rducat.ioll course un man·
agelllt:nt at Indiana University in
South Hend, t\lost imporl.l.lIlt.ly, she
has defil1l·d new tel.u·hinJ.( techniques
fur tenl·hers III' clinical (:hemistrv,
lHedicnl, and medical technnlng').· stu·
dents, and hm; conducted creative
workshops in clinical studies in the
U.S.. India. Pakistan. and Mnla\'sio,
Helcn and Alfrcd Free Hr£" coauthurs
IIf"Urinalysis in Clinical Lahoratory
Practice" (1975), considered a classic
in its fi{,ld,

"By her own example," states a col­
league, "she has championed the cause
fur wumen in science and serves as an
pxc.'cllcnt role model fur uthers to
folluw."

1338A • ANAlYTICAl Ci'£MISTRY, VOl. 51, NO. 13, NOVEMBER 1979



ARTHURH.

THOMAS
COMPANY

with photographs or sketches
and, occasionally, a diagram to
give you a better understanding
of the item.

When you need laboratory
apparatus, our catalog will provide
the information you require to
shop more intelligently. For your
free copy, write us on your company
letterhead. Arthur H. Thomas
Company, Vine Street at Third,
Philadelphia, PA 19106.

Serving labs the wOrld over since 1900

CIRCLE 208 ON READER SERVICE CARD

This 1980 edition lists 19,192
apparatus items-3,344 new since
the last catalog printing-and
2,868 reagents. There's a total of
1,512 pages of valuable purchasing
information about products from
many manufacturers, including
our own brands.

The Thomas catalog format is
similar to an encyclopedia's.
Items are listed alphabetically and
assigned numbers. The lowest
number is the first item listed and
the highest is the last item. Number,
product name and price are on
a single line.

In addition, the catalog has
clear, detailed product descriptions

The plot of this book is very
interesting but it's no mystery. It's
clearly to make lab apparatus
shopping easier for you.

Once you pick up the newThomas catalog,
you won't want to put
ttdown.



... This photo of the new PC4400 balance demonslr8les
one of the great benefits of DellaRange. Here's a
big-capaclty balanee-4000 g-welghlng a drop of
fluid with .01 g readability, although the balance
already has nearly 1000 g tared into it

It is weighing the drop on the 400 g DeltaRange. If you
press the control bar. the full 400 g fine range will be
available again. And again. And again. Items that weigh
more than 400 g will get a result with .1 g readability.

You can really appreciate DeltaRange if you've ever
run out of range when weighing formulas. And you'll
appreciate it if you're tired of going from one balance
to another to weigh heavy and light items. This one
balance can do all your weighing.

Because PC Series balances are availablewltlt a
plug-in microprocessor-based AppllC8lll!!l1n
they can save time when you fl~ ':l!
parts, measure moisture Iosa In

comparison weighing. r1I
andflnalres

weight
p



Correction: In the lR spectrum
shown in Figure 6 in THE ANALYTI­
CAL APPROACH. September. page
1129 A, the curve itself was inadver­
tently rotated by 180 degrees in the
plane of the paper.

Call for Papers

Meetings

• Recent Advances in Mass Spec­
trometry in Analytical Chemis­
try. Feb. 6,1980. London. Contoct:
The Secrelory, Analytical Diui­
sian, Chemical Socit!ty, Burlington
House, London WIVOBN, En­
glond

• Research and Development Top­
ics in Analytical Chemistry.

News

April 1-2, 1980. Kent University,
Canterbury, England. Contact: The
Secretory, Anolyticol Diuision,
Chemicol Sociely, Burlington
House, London WI V DBN, En·
gland

• Modern Techniques for Surface
Characterization. April 9-11,
1980. University of Durham, Dur­
ham, England. Con locI: The Secre­
tory, Analyticol Diuision, Chemi·
cal Society, Burlington House,
London WI V OBN, England

12th Annual Symposium on Ad­
vanced Analytical Concepts for
the Clinical Laboratory

Oak Ridge, Tenn. April 24-25, 1980.
Papers on new ideas or new technolo·
gy relating to the clinical laboratory
are invited, and those describin~ com·
ponents or systems that can be used in
advanced technology may he consid­
ered. A )''i0-200 word ahstract should
be submilled hy,lan. 15, 1980 to:
Charles D. Scott, Oak Ridge National
Laboratory, P.O. Box X, Oak Ridge,
Tenn. 37830. Accepted papers must be
available in a form suitable for publi­
cation at the time of presentation. The
papers will be subjected to normal edi­
turial review hefore belnJ:{ published in
Clinical Chemistry.

Symposium on the Legal 1mpJica­
tions of Environmental ASTM
Standards for Forensic Purposes

Milwaukee, Wis. June 13-14, 1980.
Papers are solicited to describe previ­
ously unpublished material on topics
including claims and litigations. per­
mit problems, and legal questioning uf
an3lytical results. A special technical
publication on the symposium pro­
ceedings is anticipated by ASTM.
Prospective authors are a..kcd to sub·
mit an ahstractand ASTM offer form
by Dec. I, 1979 tu Dr. Alan P. Bentz,
U.W. Cuast Guard Hesearch and De­
velopment Ctr., Avery Point, Groton,
Conn. 07340. Manuscripts for the pro­
gram are due May 1, 1980.

7th International Symposium on
Mass Spectrometry in Biochem­
istry, Medicine and Environmen­
tal Research

Milan,ltaly. June 16-18, 1980. All the
latest aspects of mass spectrometry
and their areas of applicatiun are
within the scope of the symposium.
Those authors wishing to present a
communication are requested to sub·
mit the title and an abstract of up to
200 words before Jan. 25, 1980 to: Dr.
Alberto Frigerio, Istitulo di Ricerche
Farmacologiche Mario Negri, Via Eri·
trea, 62-20157 Milan, Italy. The Pro­
ceedings will be published by Elsevier.

Machlett's
NewDual·Target
Spedroscopy Tubes

Improved cirect replacement for
CE/DIANO EA·75
• DTS - 75A lor A1r-Hellum Spectrometer
• DTS - 75V lor Vacuum Spectrometer

Increased cooling has been designed into the anode structure 01 these
beryllium window x-ray tubes that are rated lor operation up to 75 kVp.

Tungsten and chromium targets are standard. Other combinations can
be provided on special order.

The standard 0.010" (0.25 mm) Be window can be replaced with 0.005"
(0.125 mm) lor long wavelength radiation on special order.

For data sheets. prices and deliveries contact:

Product Manager, Industrial X-ray
The Machle" Laboratories. Inc.
1063 Hope Street
Stamtord, Conn. 06907
Tel: 203-348-7511 TWX: 710-474-1744

~(HL@ The Machlett Laboratories, Incorporated
(A_"-)
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Get meaningful si;nal analysis through
complete annotation of accurate data.

Introducing the Gould ES 1000.
The new Gould ES 1000 electrostatic analog recorder

automatically makes the exact chart notations you require
for deternlining the nature of your signals. Chart speeds,
amplifier sensitivity settings, units of measurement. real
~me, and test identification are all printt'd exactly accord·
mg to your preprogrammed instructions. Even when you
make additional, immediate notations through the auxiliary
keyboard, there's no need to touch tbe chart (lr stop the
rerorder.

You'l also find the rugged, dependable Gould ES
)(JOO is a versatile performer whatever your application.
Plug·in signal omditinners provide accurate monitoring of
a wide range of input functions. There's even an optional
plug·in digilill oJllverter. You get a peak Gtpture Gtpability of

40 milTuseOJnds and flat frequency response from DC to
at least lO kHz alToss all 16 channels.

1'('1' ao:uracy, the fixed electrostatic linear aJrdY of the
ES WOO generates its own grid pattern at the same time it
is pn~lucing the high resolution !OO dots per inch trace.
TrJces overlap allowing all channels to reaml full scale across
the Ill" wide writing area. The unique WOO electrode head
eliminates pens, ink, and other moving path that might have
the ,,,tential for trouhle.

Find out more about huw meaningful your signal
analysis Gill be with the new Gould ES 1000. Write Gould
'.nc. Instnnnents Ilivison, ::\,.
:l6:11Perkins Ave.. -.r GO ULO
Cleveland. Ohio 44114.



• 1st International Workshop on
Trace Element Analytical
Chemistry in Medicine and Biol­
ogy. April 27-29, 1980. Neuher­
berg, Fed. Hep. of Germany. COIl­

tuet: P. Sehrame/, Gesell,chaft
fua Strahlen· und Umwl'lt·
fnrs('hung Physihalis{:h- '['ech­
nische Abteilun#. In}folstadter
I.alldstra,,, I, 0-80·12 Neuher­
berll, F.R. Germany. Palle 1198 A,
Oet.

• 4th Symposium on Ion Ex­
change. May 27-:10.1980. Balaton
Lake. Hungary. Cuntocl: J. Incze­
ely, O';':lfnizing Committee, 4th
Symposium un lOll Exchange,
VO.B.28, \'(',';zprem, HunRary H·
8201

• 10th Northeast Hegional ACS
Meeting. ,June ~O-.July:l, 1980.
Clarkson College, Potsdam, N. Y.
COlltact: Tom AicKin/e\'. Clark..;on
Collelle, Putsdam, N. \'.-13676

• 6th International Conference on
Thermal Analysis (ICTA '80).
,July 6-12, 1980. Bayreuth, Fed.
Rep. of Germany. Cuntact: 6th
ICTA '80, Pastfach 112U, 0-8672
Sclb, Fed. Rep. of GermallY

• ~8th Annual Electron Micro­
scope Society of America Meet­
ing and 15th Annual Mierobeam
Analysis Society Meeting. Aug.
4-8,1980. San Francisco. Contact:
Dauid C. Juy, Bell Tdeplwllc I.ab­
uratories, iHurray Hill, N.J. 0797tJ

• 7th Annual Meeting of the Fed­
cration"oC Ana~tical Chemistry
and Spectroscopy Societies
(FACSS). Sept. 7-12,1980. Phila­
delphia. CUlltact: J. A. Williamsoll,
Du Pont Co., Instrument Pruducts
Diu., Wilmmlliall, Del. 19801

• Trace and Vltratrace Analysis.
Sept. 23-25, 1980. Cardiff, En­
gland. Cuntact: The Secret.ary. An­
alytical J)iL'ision, Chemical Soci­
ety, Burlington House, Lundon
W I V OHN, Elllllalld

Short Courses

University of Houston Courses. Cun­
tact: S. Demillg, Depar/mellt of
Chemistr)', University of Huuston,
Huuston, Tex. 77004. 713-749-48U9

Fundamentals of Experimental De­
sign

V. of Houston. Dec. 3-4. S. Deming
and S. Morgan. $300

Sequential Simplex Optimization
V. of Houston. Dec. 5--6. S. Deming
and S. Morgan. $300

An Experimentalist's Approach to
Liquid Chromatography

V. uf Houston. Dec. 10-11. H. Henry
and B. Bidlingmeyer. $300

Liquid Chromatography: Separa-
tion plus Spectroscopy

Cincinnati. Dec. 10-14. y.,r. Shumaker.
$625. COlltact: Ann Woolley, Finnigan
1n,titute, 11750 Che'lerdale Rd.,
Bldg. 5, Cincinnati, Ohio 45246.513­
772-5500

The Center for Pru{essiUTIOI Advance­
I1wnl Courses. Cuntact: Afary Subin,
Dept. NR, Thr Center fur Pmfessiun­
al AdvlUJcpnH'nt, P.U. Box H, East
Hrullswich, N.J. U8816. 201-2·/9-1400

Fine Particle Measurement
E. Hrun,wick, N.J ..Jan. 7-11. T. Allen.
$770 (5 days), $650 (4 days)

Thermoanalytical Methods
E. Brunswick, N.J. Jan. 14-16. Miller.
$490

Electroanalytieal Chemistry
E. Hrunswiek, N.J. Jan. 14-17. G.
Ewing and M. Miller. $620

Microprocessors and Microcompu-
ters

Atlanta. Jan. 15-18. E. H. Garen and
S. Smith, $695. CUlltact: les Enroll­
ment Office, Integrated Computer
Systems, Inc., 300 N. Washington St..
Sui Ie 103, Alexandria, Va. 22314.
70:1-548-1333

For Your Information

Highlights of Q report containin~an
nnalysis of the 1980 budget for Feder­
al research and development fund­
ing have been released by the Nation­
ill Science Foundation (NSF). Copies
of ..'·h..ief1t'p Resources Studies High­
lillhts, "Total Federal R&D Growth
Slight ill 1980 hut Varies by Budget
Function," can be obtained from the
Division of Science Resources Studies,
National Science Foundation, \\'ash­
ington, D.C. 20550. Copies of the spe­
cial report on which Hi,;hlights was
based, Federal R&D Fundinll by Bud­
J.:t'l Function: Piscal Y('ars 1979-80,
can also he obtained from the Division
1)1' Science Resources Studies, NSF.

A paper entitled " Priority Pollutant
Analysis: Comparing Cost Effec­
tiveness of GC/l\IS and GC" is avail-

News

able upon request on your company
letterhead from Finnigan Instru­
ments. 845 W. Maude Avenue, Sunny­
vale, Calif. 94086.

A report from t,he International Union
of Pure and Applied Chemi,try
(IUPAC) Commission on Microchemi­
cal Techniques and Trace Analysis,
written by Ewald Jackwerth, on
multi-element prcconcentration
from pure lead, has been published
io the May 1979 issue of Pure alld Ap­
plied Ch"mistry (Vol. 51, No. 0, pp
I H9-59). The report discusses pre­
concentration of trace elements from
pure Icad by precipitating the matrix
as PhCI" Pb(NO,,), or PbSO.\. A less
technical article based on the report
has heen published in the IVPAC IIl­
furmatio/l Hulletill (1979), No.2, p8.

Core Laboratories, Inc., Dallas­
hased international petroleum engi­
nccring company, has agreed in prin­
dple to acquire all the oUllitanding
stock in Chromaspec Labs, Inc. of
Houston. Tex., for an undisclosed
Ilurnhcr of shares of Core Lab common
stock. Chromaspec, which provides
analYlicallahoratory and pilot plant
services to the petrochemical, refining
and chemical industries, is expected to
operate a wholly-owned subsidiary of
Core Labs.

The Natio"al Commitee for Clinical
Lahoralory Standards (NCCLS) has
published standard I'SC-12, "Defini­
tion or Quantities and Conventions
Helated to Blood pH & Gas Analy­
sis." PSC-12 aids in answering the
nced for uniformity and for a handy
lahocutory reference. Copies of PSC­
12 are available at 89.00 each, plus
$1.00 additional per copy for out:of­
U.S. orders. Check or money order is
requested in advance. NCCLS, 771 E.
I.ancaster Ave" Villanova, Pa. 19085,
215-525·~435.

"Safety in Academic Chemistry
Labaratories," Third Edition (Au·
gust 1979) is now available. The man­
ual was prepared by the ACS Commit­
tee nn Chemical Safety, and provides
a henchmark as to what constitutes
safety in lahoratories and elsewhere.
The Iirst pages af text relate to philos­
ophy, facilities, practices, and policies.
The remainder of the manual is di­
rected to the student. Send $l.oo/copy
to Committee on Chemical Safety,
American Chemical Saciety, 1155 Six·
teenth Street, N.W., Washington, D.C.
2()():l6.
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The Jarrell-Ash
shopping guide 10plasma

specrromelers.
[Where else do you get such a selection!]

Only Jarrell-Ash makes it this easy for
you to bring your laboratory into the
Plasma Age. With five basic plasma
emission spectrometers to choose
from - plus an almost endless variety

of options. Virtually a custom
model for every budget, every need.
Plasma AtomComp™ from Jarrell-Ash.
It's the comprehensive line.
Send for data today.

I Ideal for industrial and
I commercial lab appUcatlons.
I PDP·SA computer. Maximum
I 48 enalytlcal channels. Dual

lIoppy disks. Options: mercury
I profile monitor; basic
I storage-&-retrieval; statistics.

$$$$$

-------------1
1 Model- I
I 1
I 1
1 1
1 I
I Exlntmely COlII..ffoc:tlvo tool 1- - -
1 for llll8IIor tllCilltlea. PDP-8A I
I cornpuIor. MaxJmwn30
I onaIyilcol clwvlolI. 0pli0nS: I

var\eb!O-Wavelonglh clIannol; I
I .autonlatic bal:kground 1
1 COII8Cllo!l.
I' '. I
I $\~' I
1'_._::'::: _. ...!

- -.- - - - - - - - - - - 1

;.MadlI:1140 I
I A~plaama I
I ayaIem lhafa M8Y"lO-ute. 1
"UlJWOIdIy upandabIe, Ihanka 1
l·toloday'a~mInlcomput...,
I

th8 PDP.l1104)Nlth 1
. "SXllM:buedoporaling 1- - -
I 1Y*l!\.Maxlml.m81 analytical 1
I 'c:llannaIs. Options: high-level
~ lor IOllwate I
L~d;' I
I"~.

:r~~.);.· . " . :
I.~·~~ , 1
I·~_____ f _

-------------1

:Model. I
I 1
1 I
1 I

I
1- --

1

I
1

1

J

:$$ :
1 ----

-------------,
Model 1188 I
A veritable plasma I
powerhouse for sophisticated I
research. Muhi-user,
multi·tasking, reaHlme system I
produces, manages data I
efficiently, fast. PDp·11134 I - - ­
computar with RSX 11M·based
operating system. Maximum 61 I
analytical clIannels. Options; I
additional memory; I
multiple-point automelle I
background correction.

I
I
1

-------------1

:Model 970 I

I I
I 1
1 I

I
I Versatile performer for a 1 - - -
1 remarkable variety of naeds. I
I POP-8E computer. Maximum

48 analytical channels. I
I Opllons: sampla-Inlro 1
I accessories; muhiple sources; I
I data-management functions.

. r

:$$$ :
1 ----

~f Leaders in
~ Plasma Spectrometery

Jarrell-Ash Division
Fisher Scientific Company

590 Lincoln Streel
Waltham, Massachusens 02154
Phone (617) 890-4300
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Robert G. Smerko
Department of Public Affairs
American Chemical Society
"55 '6th Street. NW.
Washington. D.C: 20036

Regulations

The American Chemical Society
and Regulatory Affairs

Figure 1.

l\·ty remarks will cover four related
points:
• the current Administration's efforts
at rCJ;{ulatory reform aimed at social
regulations;
• the need to tuke into consideration
the analytical chemistry component of
regulations in this reform effort;
• the role of thc Division of Analytical
Chemistry in regulatory matters;
• ACS participation in regulatory
matters.over the past three years.

My first point is regulatory reform.
Hoth presidential candidates in the
1976 election campaign promised that
an effort would be made at some type
of regulatory reform. Subsequent to
being elected. President Carter has
made some efforts in this direction.
This past June, in a speech delivered
at a meeting of the American Associa·
lion for the Advancement of Science,
Frank Press for the first time ad­
dressed the scientific community on
the Carter Administration's regulato­
ry reform policy. He is the President's
Science Adviser and the Director of
the Office of Science and Technology

Policy in the Executive Office of the
President. According to Dr. Press, we
have a regulatory structure which is
highly segmented, very aggressive and
aimosttotally uncoordinated. To im­
prove that structure is 8 major con­
cern of the Administration, the Con­
gress, and the whole nation. Dr. Press
told the audience that, without al­
tering his strong commitment to the
environment, health, safety and other
social goals, President Carter has un­
dertaken a number of initiatives to
improve the federal go\'ernment's reg·
ulatoryapparatus.

These initiatives are aimed at two
objectives: first, to ensure that the reg­
ulators and the public are informed

. about the economics, the costs and
benefits of regulations; and second, to
bring as much coordination, consisten­
cy, and quality into the total regulato­
ry system as possible. The basic com·
ponent of the Carter Administration
reform effort is interagency organiza­
tion and cooperation (Figure I).

The Regulatory Council is a recent
initiative, and it is to ensure that regu-

lations achieve their statutory goals in
the most economical manner. It is to
continually identify government-wide
programs, resources, and policies that
are needed to improve the regulatory
process. President Carter announced
the formation of the Council, headed
by Douglas Costie, Administrator of
the Environmental Protection Agency
(EPA), on Oct. 31, 1978.

Another interagency activity is the
IRLG, the Interagency Regulatory Li­
aison Group, which is composed of
EPA, the Food ana Drug Administra­
tion (FDA), the Occupational Safety
and Health Administration, the Con­
sumer Product Safety Commission,
and the Food Safety and Quality Ser­
vice Agency of the Department of Ag­
riculture. This group is to coordinate
the various agenCies' regulatory activi­
ties and the research programs sup·
porting their missions. The IRLG was
founded in August of 1977.

A third effort is the establishment
of the National Toxicology Program
which involves the FDA, the National
Cancer Institute and the environmen­
tal health and occupational health and
safety research agencies of HEW. This
program is to set priorities for the
testing and evaluation of toxic chemi·
cals. This operation was established in
November of 1978.

And the last effort I will mention is
the Toxic Substances Strategy Com·
mittee (TSCA) that was established
by President Carter in 1977. This in·
teragency group, through coordination
by the Council on Environmental
Quality, is to develop a program that
will serve to implement the Presi­
dent's policy of prevention of hazards
as the primary basis for controlling
loxic substances. The program also is
aimed at coordinating efforts in data
collection, research, and regulatory ac­
tion. Eighteen agencies or depart­
ments of the federal government are
involved. Their recent draft report is
being heavily criticized by industry.
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The two sweetest words
you can hearwhen

your lab needs furniture.

"IN !i I ()(:I(~'
Fisher offers you the lab world's
finest steel fumiture AND the lab
world's promptest delivery.
Reason: our giant Contempra
Fumiture Division, designer and
producer of state-of-the-art
modular units. distributed
coast-to-coast via today's most
advanced order-handling system.

Contempra™. Standard of
excellence in the industry, The
most value for your fumiture dollar.

And IN STOCK for immediate
delivery. Over 100 different units.
From fume hoods to space-saving

comer cupboards to versatile
mobile carts. In handsome colors.
With choice of eight different
worktops, including
stainless-steel and unique
super-tough full-color Epoxyn™.

To order, call 800-245-6897
today. Ask for Daniel Burgwin.
In Pennsylvania and Alaska call
412-349-3322 collect.
A Contempra specialist will be at
your service.

Fisher Scientific Company
Contempra Furniture Division
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Figure 2.

Dr. Press has made 8 strong case for
more involvement in the regulatory
process by professional societies as
well as individual scientists and engi­
neers. Their contributions are needed
for two reasons: to provide the soun­
desl scienlific knowledge upon which
regulalory policies can be based; and
to enhance the public confidence that
is necessary for the implementation of
those policies. I assess this situation 8S

an opportunity for a new level of in­
volvement that will allow the scientific
and technical communities, including
analytical chemists, to become an ef­
fective force in regulatory affairs.

Is lhere a need for regulatory reo
form, that is, improved quality in the
analytical chemical measurement as­
pects of regulation? Let's consider the
IHLG and ils activities (Figure 2). The
Department of Public Affairs has at·
tempted to determine what activities
are underway in the IRLG involving
analytical chemical measurements.
but we have not been able to identify
any major effort in this regard.

There is 8 need for an interagency
group that would deal with questions
of policy involving analytical chemical
measurements and strive for coopera­
tion among agencies, consistency, and
favorable cosl/benefil relalionships in
regulations. A good example of where
an interagency effort on analytical
chemistry should be active righl now
is in the wriling of good laboratory
praclices (GLP's) for the health ef·
fecls section of TSCA. Later there will
be GLP's for lhe environmental ef·
fecls under TSCA as well. By EPA's
own admission, its GLP's are more
stringent than FDA's. Are these dif·
ferences essential? These GLP's have
many analytical chemical aspects, in­
cluding lhe type of testing data to be
generated. that should be worked out
carefully and agreed upon by the en·

tire analytical chemical community so
that the best regulations are written.

Should the IRLG be the group to
address analytical chemical measure­
ment issues? I believe the answer is
"yes." The IRLG is a combination of
five agencies that deal wilh 25 laws.
many of which turn or pivot on analyt­
ical chemical data. This also is the
group which has received the charge to
eliminate waste, duplication and in­
consistencies in regulations; to devel­
op compatible testing guidelines and a
common approach to risk assessment;
and to coordinate research as well as
public information activities. The in­
corporation of analytical chemical
measurements is compatible with
these charges, and should not prove to
be a formidable task for the IRLG.

Thus, it seems reasonable that the
IRLG could establish a specific work·
ing group, or whatever is appropriate.
to deal with the policy aspects con·
cerning the use of analytical chemical
measurements in the regulatory pro­
cess. Also. this group could coordinate
analytical chemistry research efforts,
and the use of analytical data in com·
pliance and enforcement.

How can the scientific and techno­
)ogical communities, including analyt­
ical chemists, get more involved in
regulatory matters? The answer to
this question brings me lo my third
point in these remarks. the role of the
Division of Analytical Chemistry in
regulatory matters.

In my opinion, the an9.lytical chem­
istry community, through the ACS
and this Division, should call for the
establishment of an interagency group
to deal with all malters involving ana·
Iytical chemical measurements, and
call for the establishment of specific
advisory groups in analytical chemis·
try for all the regulatory agencies that
are members of the interagency group.

The IRLG could serve as the parent
organization.

One mechaniam the ACS can con·
sider to develop interest in the eatab­
lishment of an interagency group on
analytical chemical measurements is
to seek cosponsorship of a forum with
the Office of Science and Technology
Policy and the IRLG to further define
the problem and develop goals, objec­
tives and definitive action plans.

In addition to calling for the estab·
lishment of an interagency group on
analytical chemical measurements, I
also think thal the analylical chemis·
try community should become much
more involved in the specific regulato­
ry activities of the various agencies.
You can do this as individuals, as a Di­
vision. or as the National ACS.

Over the past year your Division's
ad hoc Committee on Regulations and
the Department of Public Affairs have
made some progress. The REGULA·
TIONS column in ANALYTICAL
CH~:MISTl{Y has been established as
an important vehicle through which
the analytical community can com­
municate to its own members 8S well
as the govemIllenL It must be main·
tained at its current level of high
quality.

The Departmenl of Public Affairs
has provided staff support in ad·
dressing the analytical chemical as·
pecls of EPA's proposed pesticide
testing guidelines, and is assisting the
Committee on Environmental 1m­
provement in its efforts to write a set
of principles for environmental analy­
sis. The Department of Public Affairs,
as a matter of standard operating pro·
cedure, alerts your Committee on Reg·
ulations to proposed regulatory activi­
ties. Very recently I parlicipaled in a
project of the Office of Science and
Technology Policy whicb was to draw
up a research agenda concerning the
analytical chemical measurements
connected with hazardous waste. This
level of effort. in my opinion. is not
enough. Clearly. more needs to be
done.

I would like to make some sugges­
tions that. if followed, should bring
the Division and the National ACS
into a good working partnership to
deal with federal regulations:
• Give your Committee on Regula­
tions permanent standing in the Divi·
sion.
• Give lhe Committee a charter that
allows il to develop policy for the Di·
vision in regulatory matters and to
formulate this policy for consideration
as Society policy. The charter should
also spell out that the Committee will
take the responsibility of reviewing
proposed regulations. In order to
make the regulatory program work,
lhe Department of Public Affairs staff
needs input as to what the issues and
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Measure solid concentrations, density, or specific
gravity of your process liquids and gases with the
Paar DMA55 density meter to assure consistent
product quality. Small 0.7 ml samples from the
process are injected, pumped, vacuum-suctioned
or continuously flowed into the sample tube. In less
than a second, the instrument calculates and dis­
plays a 5-place digital result on the readout. This
can be automatically transferred to other instru­
ments. The method is fast, simple and accurate. No
need for separate temperature, weight or volume
measurements. No pycnometer filling. Circle the
number for full details. Mettler Instrument Cor­
poration, Box 71, Hightstown, NJ 08520.

~
Electronic balances and weighing systems

Thermal analysis Instruments
Titration Instruments

Automated laboratory systems
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problems 8r~ in proposed reg:uiations.
This holds true for any IITea of chemis­
try as well as analytical chemistry.
• The Committee needs to he en­
larged. so we have all tlte hases co\'­
ered and therehy reduce the probabili­
ty of ha\'ing s()mct.hin~ fall through
the cracks.
• 'lOll neeel. and we need, 8 roster list­
ing: people and their areas uf expertise
so t hat we ('an call upon them when
nCt'ded.
• At each national meeting: the Divi·
sion should have a forum tl1nt deals
with regulations so thut you (:ao hove
an informal exchange on your prob­
lems, conccrns, ideas, anrl needs, and
hear a report ~iven hy the Committ£>e,
The forum setting: could he sirnpl~' an
0P~1l mectinJ! ufthe Commillee on
Hcgulntions.

Finally. I want to briefly address m~'

In!'>t point. ACS's participation in reg:­
ulatory affairs over the plJst sc\"C'ral
ycars. Heforl' 1977 find the crcation of
ihe Suhcommitt£'c Oil Hcglllalory
Practice:; of till' Committt'l' on Chem­
istr\" and Puhlic AITnir:-\ (CePA), Illl'
SlIl:iely's involvement in til(' regulato.
ry area was very limited, During the
period from 1972 t.o April 1977 only
five of Ill(' flU policy stat.ements isslled
h\" Ow ACS were din'cled at t 11(' exl'c.:·
uti\'c hranch or it.s indeprndent agen­
cies,

The CCPA Subcommittee's first in·
volvement in the n.'J!ulatory area, via
its Task Force 011 Priority Testing,
was ill April 1977 whc.'n it (.'ommentNI
uJlon EPA's draft document, "ASSl'SS­

ment and Control ofClwllli<'al Proh·
lems." SillCl' this time, a total of :~9

statel1ll'nt~hv t 11(' ACS has heen re­
ICHsed wit h 18 of them involving regu­
laton' isslIes, Ofthrse lti, J:! were de·
\'l'loJ;ed hy this cePA Subl'ommi1tee.
The u\'l'rwhl'lming: majorit~' of stale·
ments in the rt>~t1lat.lr~'area have
hccn clirN:ted at EPA alld the imple­
Ilwntatiol1 of TSCA. 'I'he' lIther grllups
within ACS lhat worked Oil the' re­
maining: stutrmenls were t he Commit­
tel:' on Chemitul SafN\', the Commit·
t('e 011 Chemi~tr\" lllld 'Public.' Affnirs.
thl' ~()mmittee;1I1Etwironmentnl Im­
pW\'l'ment, an ad h(l(' g:rotlp of pesti.
cides expert!". nnrl Ihe Committee un
Annl~·ticall1.eagents.

As ~'ou can see.th£' At'S is gC'tting:
more innll\'ed with pusition-takil1~ Oil

reg:ulutor~' issu('s, Our increased in­
\'olvcmrnt in this arrn has pro\'ided a
rhant(' for a hettcr rapport between
the Snciet\' and thl' ex('('uti\,c hrfllll'h
of 1he go\'~rnment.

There is much to he done, and we
are capable uf th(' task. All we need is
your help.

~:J;~Ii:~~1tl~;~:;i~II~~iS~a~~~1~~~;~~~~IH:~~l~::~'ht,
tll'"": J\ ~ur\'t'\," ul Iht' Al'S KatiunBI !\tf'f'tin)! in
Wa;;hinJ:llln, rx', SPilt. II. 19'j~.



HPLCNews:

A variable UV detector
with outstanding performance

LABORATORY DATA CONTROL
Division of Millon Roy

P.O. Box 10235,
Riviera Beach, FL 33404
305/844-5241 telex 513479
CIRCLE 159 ON READER SERVICE CARD

Price: $3890.

Write for
brochure with
complete technical
data.

Easy inspection,
with the cell and
liquid connections
easily removed
from
the
front
for
inspection and
servlcmg.

1 BARBITAl
2 PHENOBARBITAL
3 BUTOBARBITAl
.. HEPTABARBITAl
5 SECOBAABITAt

Column:
LOC Excalibar
0055.

Wavelength:
235 om

Sensitivity:
0.2 AUFS

Actual SpectroMonitor III
chromatogram demonstrates
low noise and
exceptional stability.

LDCliquid
chromatography

ItAlfOClA.U..... ,
l .2 .1 Clll OJ

Wavelength
range 190 to 350

nm

LDC's new
SpecrroMonitor III
is all you have
been asking for.
Advanced optics
give true dual
beam operation
for exceptional
stability and low
noise (1.5% peak
to peak at 195 nm)

Sensitivity
to 0.005 AUFS



TAKING
THE WRAPS OFF

A NEW SERIES
OF GILFORD
RESEARCH

INSTRUMENTATION PACKAGES.
For you who were waiting, NOW Is that "better time."

In a day when everything except the dollar is going up,
you have the opportunity to acquire a complete Gilford
system at yesterday's prices. Eight Gilford Research
Instrumentation Packages with dozens of applications
and a performance·to·price ratio that translates to real
value in today's economy.

An example? Our Wavelength Scanning/Kinetic
System, at a price that was good last year. and which is
even a better bargain today. The ideal instrumentation
package for the researcher who recognizes the value of
high sensitivity and a 3A range in enzyme kinetics. and
who also requires high·resolution wavelength scanning.

You get the same performance/value in all the new
Gilford Research Instrumentation Packages. There are
two systems for wavelength scanning, others for kinetic
assays. Yet another for automatic sample processing with
an aspirating cuvette. And a system for scanning 20cm
gels. as well as one which uses precise thermoelectric
heating and cooling for DNA thermal denaturation.
renaturation assays of exceptional quality.

Find out how these systems can benefit your research.
Our instrumentation packages make it convenient. And
accurate. And reliable. Our prices make it a pleasure.

Gilford Research Spectrophotometers:
Every job easier, every result more accurate.

-IfmIObeolln. Oh'oc:;::.E 78 ON READER SERVICE CARD

or (216J n4-1041 Telex: 9f.0456
Porls (Evry 9t). france
DUsseldOf1. W. GermanygJ INSTRUM'NT Teddlng1On. M_.• 'nglend



jCancer-The
!Outlaw Cell

• M __ .... _ .. ... .. _ •• ... • ._.. •• _"••• _:;._ ... _._ ....~

NO POSTAGE
NECESSARY'
If ""'LED

INnE
UNIlEO STATES

prepared from Spe:c HiPure chemicals
assayed volumetri<:aUy Of gravlmetrteaUy

certified as to metal conc~trattOn
67 elements In 9 matrices and custonllzed stand¥ds

for atomiC absorpbon. x-ray flUOf'"escence.

and Induell.ely COUple<! Plasma spectroscopy

Permil 127346

....x has the SOLUTIONS
for your problems ...

CIRClE 188 ON READER SERvtee CARD

111111

analyl~,
P.O. BOX #7826
PHILADELPHIA, PA 19101

BUSINESS REPLY CARD
FIRST ClASS

POSTAGE WlLl BE PAlO BY ADDRESSEE

~[ ; ~~:::-£]II INOUIIRIIS.INC • BOX 198. METUCNEN. N J 08840 . T 201 549 1144

iRichard E. laFond. Editor,
I,

':c=~r;,~3:a,~~~~S8v:,~~7
"»vory four will develop some form 01 this
:cread dis,.s8 within thei, lifetime.

'Statistics such as these show the need for
abook that will explain our current Slate of
the art in cancer research using simple,

=~~~;;'~'O:;~~~~iy
fulfills this need by making the Ialest ad­
vances in cancer research available to the
general public in 8 dear. non-technical

:style thaI can be read and understood by
both the professional scientiSI and non­
\scientist.

.Written by leading experts althe forefront
'of their specialties and profusely iIIus­
ilralad in color. this coIlec1ion of articles
.covers the great strides that have been
'",ade in understanding the causes of
,~r. how this disease is spread.

~~:~I =smo~u:r::m. and

ONTENTS
)nCe( - AnOwNww. tHNy c- Prtol. Tumor Q.rooloM
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.A6chMJ HoIMtd end JohtI 8. Slorw • Cancef and
Vwuses.AmoIdJ. UIIfM. RNA Tumor VltUMS. RoOen
D. c.m" • Herpnv.",..1 - A L.it* Il'l CN eanc.t
ChaIn. AMJ C.~ and WIhm A. KnIIus •
Cancet and The ItTVYU'Ie Rnponae, John L F~ •
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NNon tuJd Philp RubIJ • Owmothetapy ol c..nc:..
Jouph H. BurchenM and~ R. Burch«lal
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SISIAmerlC8ll ClMlmlcal Society
·115516th St.. N.WJWash.. D.C. 20036
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NOVEMBER 1979 VALl) TH\OUGH 10 VALIDATE THIS CARD, PLEASE CHECK

MARCH 1(l80 ONE ENTRY FOR EACH CATEGORY BELOW:

ADVERTiSED PRODUCTS: 1 2 3 4 5 6 Intensity of product need: Primary area of employment:
7 8 9 10 11 12 13 14 15 16 17 o 1. Have salesman call INDUSTRIAL

18 19 20 21 22 23 ,. 25 26 27 28 o 2. Need within 6 mos. o A. Researchl Development29 30 31 32 33 34 35 36 37 38 39
40 41 42 43 44 45 46 47 48 49 50 o 3. Future project o B. Qualityl PrOCtss Control

, 51 52 53 .. 55 56 57 58 59 60 61 MEDICAL/HOSPITAL
62 63 64 65 66 67 68 69 70 71 7> o C. Research} OCvelopment
73 74 75 76 77 78 79 80 81 82 83 Primary held 01 work: o D. Clinical:Oiaenoslic
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GOVERNMENT
95 96 97 98 99 100 101 102 103 104 105 08. Environmental o E. Researchl Development106 107 108 109 110 111 112 113 114 115 116 DC. Medicall Biological
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205 206 207 208 209 210 211 212 213 214 215 OK. Electrical/ Electtonic
216 217 218 219 220 221 222 223 224 225 226
227 228 229 230 231 232 233 234 235 236 237 OL. Instrument Dev./Des ThiS copy of Analyllcal 1$;

238 239 240 241 242 2'3 244 245 246 247 248 OM. Plastic/Polymer/ Rub o 1. Personally addressed
249 250 251 252 253 2.. 255 256 257 258 259 ON. Agricullurall Food to me In my name.

DO, Inorcanic Chemicals IJ 2. Addressed to other

NEW PRODUCTS: 401 402 403 404 405 406 407
o p, Organic Chemicals person Of to my fum

408 409 410 411 412 413 414 41S 416 417 418
41i 420 421 422 423 424 425 426 427 428 429

NAME:430 431 432 433 434 435 436 437 438 439 440
441 442 443 444 445 446 447 448 449 450 451

TITLE:452 453 4" 455 456 457 458 459 460 461 462 ---,----- -----_._-----
463 464 465 466 467 468 469 470 471 472 473

FIRM:474 475 476 477 478 479 480 481 482 483 484
485 486 487 488 489 49C 491 492 493 494 495

STREET: ---_.
READER SURVEY: 301 302 303 304 305 306 307 CITY; ----
:lOll 309 310 311 312 313 314 315 ~16 317 318

STATE: _ ZIP;319 320 321 322 323 324 325 326 327 328 329
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Successful
chemists

keep up with
chemistry

-~<e
e
~ .

(
~ ~ -

(~,
ACSAUDI<J
COURSES

keep up with
successful chemists

The best way to keep pace with chemistry's
rapid progress Is 10 learn from the chemists
who help make It happen

More Ihan 35 ACS Audio Courses are
available-all prepared and recorded by
leading chemists teaching their own spe­
cialties. All courses Include audlompe cas­
settes and comprehensive manuals wllh
information, diagrams and other visual"
material. many with exercises so you can
combine the ease oj listening with the chol- .
lenge oj doing os you learn.

The courses cover all levels and inter­
ests; Introductory and refresher topics:
specialized subjects and techniques: non·
technical courses to aid your personal
development.

Best of <'lll, 0/1 ACS Audio Courses are
offered on a money· back guarantee basis

so you con', lose.
Send coupon below for more Information

~------------------------_.
Deputment of EducetioDaI ActlvlU••
American Chemical Society
1155 Sixteenth Street. N.W.
W••hlntton, D. C. 200S6

P\eaw send lnforRl4lion on ACS Audio Courws.

N.,me_~ ~ _

Oryontzatlon _

Address _

Clly _

Stale ZJp --'



REAGENT­
GRADE

SOLVENTS

Valco Low Dead Volume Filters
Lower COlt

You 11 be pleased With the puce 01 V.lco
Low Dead Volume FillefS -only $2500
Su~rjO' QUB/,ty at ~Imos' hall /hr ,,,,c~

vou've ~en P41YJn9'0I f,fters
W,lh benel.l! like Ihese. YOu shOuld be

gelling you' Low Oe.d Volume F.llers hom
Ihe 2elo Dead Volume FllImg Comoany
Valco InsllumenlS Co

•• An 0 ".1 I,H~ IS nOI ntKe""atl' ....1h 'I/;al,o .n~

loon h.$ su". IM~ ;a•• ~"tonN 10 m,n ..",:!"
"".,, Ho"·e ..~ l.ll.IS.' ~Ai1'~ ..r>CI c.' "f" ."pu'
1",.." mlly ttf'p.O..... ;a ..... h't'

Users of Corea enromalographlC. elec­
troniC and specrrophornetnc reagent·
grade solvenls know (ney can count on
COiCO lor h,ghest qual,ly Rel'abl'ty And
delivery. In p,nIS. gallons. live-gaIJons. Oi

drums
At Corco......e\·e been speclallsls In

reagent·grade solvents s'nce 1953­
and have bUIll our reputation on meeting
the requlremeniS and Speclftcatlons 01
our cuslomers. ACS and ASTM

Corco can also prOVIde reagent·
grade aCids. bases. and spec'alty chem­
Icals.

Wrlle or call regarding your speCilic
solvent requirements and our cc:xnplete
solvent IIsllOg In Bulletin 10. Or Ctrc~ Ihe
number

CORCO CHEMICAL CORPORATIOI
AI_oIR_&E __

lyWn RoIcI & Cedar lint • _ .... Pa. ,_

121SI~

CIRClE 39 ON READER SERVICE CAAO

FII .11 Injection val"••
Valco Low Dead Volume FIllers le'lure

removable 2 micron screens Ihal ellecllv8
I)' lilier parllcles trom chromillOQraphlC
components such as piston type HPLC
pumps uSing commerclill Quality seals and
non·Valco manulactUfed mlecllon valves'
lower pr...ur. drop

Valco's easy'lo-repiace hllers prOVide
lower pressure drop Since sel&ens are
o 125" m dl.mele' and have a coned ,olel
and oullet lor un,lo'm Itow
Ide.1 for high temper.tur.

OP::I~~~,~,e".wllh.II ...,"'ess Sl.el CO" VALCD Inlt",mentl co., Inc.
51ructlon and no polymer seals. ale Ideal PO Boa ~56OJ TWX: ilo.te1-MlX1
101 hIgh lemperah,lle as well as 10"" Houllon l ••u 170M T....: 1t-OlJ3,3
temperature appl,cations (11J) 8M.i).I:l

CIRCLE 226 ON READER SERVICE CARD
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New Products

The 70·70H high resolution mass spectrometer has a resolution of 25 000 and a mass range
of 2 to 700 at4kV. The 7().7OH is capable ot scan rates of up to 0.3 sec.ldecade. The scan cycle
time over the mat)s range 500 to 25 Is 0.8 sec., so the 70-70H Is suitable for high resolution
capillary GC/MS. A data system which includes extensive control facilities can be supplied.
VG-Micromass 402

Combination pH-Temperature
Meter

Model PA-21 performs pH. temperature
in °c or ballery vollage tests with push
button switch actuation. Accuracies are
0.01 pH over the range of pH 0-14 and
0.1 °c from 0-100 °c. Response time
is 10-12 s. A nonrefillable plastic-en­
cased pH probe with gold plated con­
nectors is standard. This poCket-sized
instrument has 3/10 inch digital LED's.
Presto-Tek Corp. 420

Bandpass Filter

Model 751A-02 Brickwall Filter is a 1
Hz to 100 kHz programmable high­
passllow-pass signal-processing filter.
The design employs a 7th-order Elliptic
filter with design values of 0.3 dB peak­
to-peak passband ripple. and 85 dB
stopband allenuation above 1.7 X cut·
off frequency (low pass) and below 0.6
X cutoff frequency (high pass). The roll­
off rate is beller than 115 dB per oc­
tave on both sides of the passband.
Both center frequency and bandwidth
can be set anywhere in the 100 kHz
band. The buill-in IEEE STD 488/1978
Instrumentation Bus Interface provides
the following functions: acceptor hand­
shake. basic listener wllh listen only,
and device trigger. Rockland Systems
Corp. 421

.Jl

LSD·l00 light scattering detector is a low angle laser light scattering photometer designed
for gel permeation ctvomatography. The instrument fealures absolute molecular weight de·
terminations and molecular weighl distribl.1ion determinations 01 synthetic or biopolymers. It
incorporates a He.Ne laser SOU"ce. fixed angle annulus. dual.t>eam optical design. high preSStxe
GPC flow cell and dloice of output signals for auxiliary recorder. Gain and output signal selection
of Po. PoX 10. and Po as well as LED indicators of gain and laser source status are included.
Ctvomatix 401

Chart Recorder

Modei 156 is a single channel recorder
with 22 selectable speeds. The 125
mm recorder has controls which can be
set to record a wide range of input Yolt­
ages and signal responses. A crystal
oscillator times the low-power CMOS
chart drive system. Linear Instruments
Corp. 427

pH MonitorIRecorder

The portable pH monitor/recorder sys­
tem contains a pH electrode. a pH stan­
dard. and an intermediate solution to
protect the pH standard from the pro­
cess solution. The pH electrode. the
standard electrode and the diflerential
electronics comprise a differential pH
system. The standard electrodes do" not
require filling solutions or crystals and
will not contaminate a process since
there is no flow out of the electrode.
The signal can be sent over 3000 feet.
The rugged portable electronics pack­
age can be used indoors or out. It con·
tains its own batteries and recharger. A
5 inch meter and 2V2 inch strip chart
recorder provide the displays. Ocean-
ography International 412

Quantitative Photodensitometer

Model RFT photodensitometer leatures
three monochromatic lighting modes­
reflectance. fluorescence. and trans­
mission. The modified Czarny-Turner
monochromator has a range extending
from 190 nm to 740 nm, narrowly defin­
ing either the tungsten or deuterium
lamp to a specified wavelength by
means of a 50 X 50 mm replica grat­
ing. The instrument offers over 100 dif·
ferent slit configurations, six scanning
speeds. automatic zeroing. and auto­
matic baseline adjustment. The com­
puting integrator computes up to 64
fractions in area. percent. and percent
mulliplied by a three digit keyboard-en­
tered normalization factor. V-tech Corp.

413

1354 A • ANALYTICAL CHEMISTRY. VOL 51. NO. 13, NOVEMBER 1979



Linear
APRECISE SENSE OF'ollWJE.
CIRClE 128 ON READER SER\llCE

satile as most recorders twice
the size.

WE DIDN'T CUT ON
THE GUARANTEE.

We pack a lot ofquality
and pride into our 156, and
back it up with an airtight one
year parts and labor guarantee.
To find out how the Linear 156
"cuts it;' write for a free bro­
chure to Linear InslJUments.
17282 Eastman J!oJe.., lrvine.

CA92714.

DESIGNED FOR FUll.
PERFORMANCE.

The tighter your testing
standards are, the more reason
to consider a Linear 156. AD
156 recorders are sprocket
driven to deliver full-sized
accuracy, with a ± 1%overall
limit of error. And with 5 input
ranges (l mY-10 V>, 22 chart
speeds, and 100% full scale
suppression ...we're as ver-

Your Recording~
Here's how to cut your

recording budget down to size
...with the Linear 156. It offers
an outstanding array ofstan­
dard feaiures, many only
optional on other recorders,
at a lower than standard price.

A PERFECT WAY TO
CUT CORNERS.

When it comes to saving
critical lab space, the 156 cuts
down on valuable shelfspace.
Our recorder is only
9" wide ... half the
bench space occupied
by most standard
recorders.



PW 1800/10 Is a mlcroprocessor..controlled simultaneous X-fsy fluorescence spectrometer.
It provides fixed channel simultaneous measurement of up 10 28 elements, while scanning
channels anow the kientiflcatlon and measlKemenl 0' nonroutlne elements. It can be used either
as 8 stand-alone system or as an integrated element in an automatic process control analysis
line. A universal Interlace allows tor connection 10 any type 'ot mlnl- or mainframe computer.
Philips 403

AN IDEA
WHOSETIME

HASCOME.

Very simply Ihe idea is 10 Slop buying
pounds 01 lab chemicals when pinches
will do. There are significant advan­
lages in lerms 01 safely. economy
and convenience. Things like smaller
chemical lots. Smaller reactions.
Smaller spills. Lower Cosls Less
problem wilh disposal.

Once you've accepled Ihe idea. call
on Chem Service. We slock over 8000
high-purily chemicals. All packaged
in gram-sized units. You can order
a single chemical or a MstockroomM

kil 01 a thousand or more-Io have
righl in your lab at your fingertips.
Think small. Ask for a Iree copy
of our Ialesl calalog

Chem
Service

.Box 194. Weal Chealer. PA 19380

215-692·3026

New Products

Light Detector
Model 403B Pholodiode fealures a rise­
lime of under 50 ps and FWHM delta
lunction response of less than 80 ps.
The speclral response of tha deleclor
ranges from 340 nm to 1100 nm. Signal
levels 01 up to 500 mV (in to 50 ohms)
can easily be obtained Irom inputs of
less than 5 mW. The damage ttveshold
is grealer than 100 mW. The output sig­
nal has a peak ringing/overshool of
less than 25 % of lhe main pulse ampli.
tude. Applicalions include the monitor­
ing of mode-locked ion lasers. pulsed
ruby lasers and mode-Iocked Nd-Yag Ia·
sers. Spectra-Physlcs 411

Potentiometric Blood Analysis
Method
The analysis of eleclfOlytes In serum
takes about three minutes with a poten­
tiometric slide. This sell-contained. sin­
gle-use slide is essentially a small dis­
posable ballery-Iike cell. II has a silver/
silver chloride electrode which accepts
a palienl sample and a second idenlical
electrode for deposition of a reference
lIuid of known electrolyte concentra­
lion. When 10 III drops of Ihe two fluids
are placed on identical small strips of
the flat eleclrodes. a liquid junction is
formed by capillary 1I0w Ihrough a
small bridge. The small electrical cur­
rent which is generated, when mea·
sured with an electrometer, gives a pre­
cise measure of the amount of the
electrolyte in the sample. Eastman
Kodak Co. 414

On-Line Chemical Analyzers

New analyzers for specilic purpose
monilorlng and conlrol applications are
available. Alkallnily analyzers provide a
direct measurement 01 caustic carbon­
ate (model 3218). hydroxide (model
3214). hardness-in-brine (model 3216)
and 2p·M alkalinity (model 3212). On·
line analyses are made. using micro­
processor-controlled digital sampling.
reagenl and diluent techniques. Com·
bined with spln·celilechnology. this
permits measuremenls of equilibrium
reactions initiated by a digilal delivery
syslem. Model 3441 ammonia analyzer
operates free from bound ammonia in­
terference. The dlgilally-conlrolled.
mulliple reagenl dispensing system and
lhe design provide the user with the
choice of eilher standard addition. stan­
dard deplelion. or direct selective Ion
analysis technique. lonics. Inc. 419

Spectrofluorometer Accessories

The Digital Autoranging Pholomeler of­
fers digital readout, an autoranging fea·
ture which automatically selecls lhe
proper photometer range and positions
the decimal poinl. and bolh BCD and
analog oulput. II will upgrade Ihe com­
pany's SPF·125 and Aminco-Bowman
speclrofluorometers and lhe filter flue­
rometric analyzers. A calculator acces­
sory consisling of a Hewlett-Packard
desk-top computer and graphics ploller
is programmed for use with the compa­
ny's SPF-500 Speclrolluoromelers. II
performs 19 dilferent functions. and
stores up 10 40 speclra on a single
tape. American Instrumenl Co. 418

CIRCl£ 35 ON READER SERVICf CARD
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AADouble fealure!

IL presents a unique, two-channel
AA. Beginners can use It easily.
Spectroscopists can use it
brilliantly.

Irs the new IL951 Video II. first AA
spectrophotometer combining two
double-beam channels with a video
screen and a microcomputer.

Easy enough for entry-level
personnel.
Any technician can learn to run the
IL951. Instructions on the video
screen-in English, not compu­
terese-9uide the operator step by
step. Even the analytical "Cookbook"

is displayed. The microcomputer is
controlled by ju .. : twelve functions
keys (see below). Complete methods,
including calibration, can b: stored for
10 pairs of elements and re-entered at
the touch of three keys.

- _u 1<1 IIIj" ..: :
--- - -

Versatile enough for the most
demanding spectroscopist.
The fL951 can perform wonders in the
hands of an inventive scientist. You
can determine two elements simulta­
neously, with flame or furnace
atomizer. You can use an internal
standard to improve accuracy. remove
the ellecl of dilution errors, or even
avoid weighing the sample. Ratios
between two elements can be read
directly. The instrument can be used
as a dual-wavelength, UV·Vis. spec­
trophotometer. Flame emission can be
done with excellent resolution.

CIRCU: 1:J~ ON nEAOfR SERVICE CARD

Explicit graphics add protection
from errors.
With its graphics option, ILs new AA
shows you the shapes of working
curves. and details of absorbance
peaks. Background absorbance is
shown simultaneously. And there's
much. much more.

see It now! Phone toll-free for a
demonstration in any of our 6 U.S.
labs: 800-225-4040 (Ask for "A.I.D.
Customer service:')

Instrumentation Laboratory Inc.
Analytical Instrument Division

Wilmington, MA 01887

~
Instrumentation LaboratDl"1l
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Moles's
applications

Sponsored by :
o Laboratoire de Spectrochimie IR et Raman du C.N.R.S.
o Societe de Chimie·Physique
o GAM.S.
o Instruments SA. Jobin·Yvon Division.

Presided over
by Professor M. Delhaye

These two days will be dedicated to lectures and
Provisional program discussions on the Raman Microprobe Mole.

'lfffUJUfiDlIUPlumUlJlllfmmnllJUHUUUJl/~~

13th december 11 :00 Introduction
G. Poyon . General Manager of Instruments SA

11: 15 Inaugural Lecture
Professor M. Delhaye . Director of the IR and Raman
Spectroscopy Laboratory CNRS

12:00 Lectures

13:00 Lunch

14:30 Lectures

18:00 Closer

'(fDUDIl/IffUUIUJ/UIUURHU.fDIUI/IUUJ/UIUU/Hll/UJUDU/l/l.lIIDDff/U.!U]/ld/lfIffJ!L~I!UiIiI/.!f.!1. ~.

14th december 9:00 Lectures

12:00 Posters Cessions

13:00 Lunch

14:30 Lectures

16:00 Discussion

17:00 Closing Lecture
J.Ch. Lefebvre· General Marketing Manager of Jobln·Yva:l

18:00 Cocktail.
.>



Drkshop
il and 14th december 1979
~.R.S. -Thiais -France

~pplication Fields
Micropoleontology • Geology. Cements.

Medicine • Biology. Minerology •
Pollution ond Industriol Moterials Control. Polymers.

Shuttle service orgonized between
porte de Versailles
ond C.N.R.S. Thiais.

I would like to participate in the Mole's Application Workshop and

I send you 150 FF for registration fee. (included lunches and

shuttle service).

· Extension .

. .... Christian Name.

... ....Laboratary ..

Name ..

FirlT) .

Address ..

Phone.

mJDBIN ,--, ...
"'V"''''N ., 'N'''RU'''E.!~D5~, ,I

16·18, rue du Canal
91160 lonl;lIumeau

Tel. III 909.34. 031 Reply coupon to be sent to Instruments SA Jobin·
Tl)tex J08VVON 692882 F Yvon

I
1

I
_I



The award. .
winning
electronic
balance
You can count on it...
and automatically perform a wide
range of complex weighing and data
conversions too.
That's why Wescon gave the Scientech 3300 Series
top-loading electronic balance its Award of Merit forthe best commercial~
application of a microprocessor for process and quality control.

It's the new generation of balances from Scientech, a pioneer in the development
of intelligent weighing systems for laboratory and industry. The 3300 Series
offers analytical laboratory precision, easy to use data input keyboard, bright
digital readout. ruggedized construction and electronic digitallare ... all at a
"Made in USA" price.

Find out more about the capabilities of Scientech's new generation of electronic
balances. Cal! or writefo((~escriptiveliterature on theaward winners from Scientech.

~"O~!t::!ltr~@[}={]o O!t::!l@.
';T;649 Arapahoe Avenue • Boulder, Colorado 80303 • (303) 444-1361
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JMC PRODUCT5 FOR THE l'INl'ILY5T

I:! ',.;... '.;,

, 1" h" '1'.'.,.,.
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THE ORIGINl'IL5...

*5pecpure' material!> of defined analy!>i!>

*5pectroflux' analytical fluxe!>

*5pectromel' !>tandard powder mixture!>

*JMC 5ilver electrode!>

fIP:AP.:! .John5on Matthey Chemicab Limited
~~ Orch<:lId ROUG. noy~;ton. HUf\10IClsllllc 5GB 5HE

Tdepllone: Iloy,lon 1076:11 ~,I 161 Telex 6173!JI

Houston Atlas. ~peclhc specialists In H.S and Total
Sullur measuremellls. has the tried and !rue "can-do

H

laboratory performer thaI IS Just ugh! lor you.

Such as the versahle Total Sullur Analyzer. With an
aJmosllmmechale response thaI IS accurate 10 ..:.2.\!,

~I~:~~ Se~~~~lr ~ne'r ~~g, n~:ra~~g~~71~r;I";
generales staooard samples as needed. Without com·

~~~~~~rl~:. wlih ~~e~~~l}~~~f t~t~o:I1~~~~~;f:~~
aCCJrale injection/retraction. And .. there's more'

All this. without using technlcal personnel!

::r:..~ IN! Ap~~orU:~:iffo::,r~~
/\ opm "'llJUl.~131462~116 .. or ..rile 1I>us""

,

...... AlIu,"-DoIllA-l,9441 Boythom.Il1ve.Hous1Dn, TX_. 11041.

.' HDUSTDII ATLAS. IND.
4O:rnt~:-:~-A _

HOUSTON
ATLAS
LABORATORY
PERFORMERS
make your \llUgh
applications

EAS\ER\

...and
TOTAL SULFUR
ANALYSIS

made~ with these Laboratory Performers!

GASES • LIQUIDS • SOLIDS
Interference-free PPB. PPM. or %.
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New Products

MultlAlc Is a mlcroprocess.or-controUed
fraction coUeclor suitable for use even with
organic solvents and radioacttve Uqukls. Col­
lection can be made according to time. aop.
or precise volLWTlB. Vokme size can be V81'ied
from 10 J,lL to 3500 ml. Trays accept both
funnels and sprino-loaded racks which ae·
commodate a variety at vessels from 12 nvn
diameter test tubes to 28 mm diameter scin­
tillation viSls. Data show on a red LEO display.
$2995. LKB Instruments. Inc.' 404

Filler

The Acrodisc CR. a disposable chemi­
cally resistant filler. is used to filler
small volumes of solutions which are
difficullto handle. Used on the tip of a
syringe or teamed with an in·line filter
system. the filter removes all particles
larger than 0.45 I'm. It is autoclavable
or may be ETO sterilized. The filler is
25 mm in diameter. has an effective fiI·
tralion area of 2.77 cm2 and withstands
pressures up to 4.2 kg/cm2. $75/OOx 01
50, nonsterile. Gelman Sciences. Inc.

429

Reporting Integrator

The HP 3388A dual channel integrator
is a microprocessor-based integrator
for chromatographs. The two indepen­
dent channels allow the user who has
the optional second printer/plolter to
execute two runs simultaneously with
resulls appearing on individual printer/
plolters. BASIC programming enables
the terminal to operate as a live calCU­
lator keyboard and provides for off-line
programming. For post-run calCUla­
tions. BASIC controls the integrator, auto
samplers. external events and all report
Information. The Integrator also fea­
tures keystroke programming and lon~

term data storage. Hewlelt-Packar,d Co.
410

For more Information on lIated Itema,
circle the appropriate numbers on one
01 our Readers' service Cerda

Valeo
Zero Dead
Volume
Chromatography
Fittings
WIde urlety 01 metal. and dnlgn.

V,kx" sopII"K:atad macl'inong locMIq_
make possible marufaeturing 01 special hning
<*igre in wtuaJly all materials.

No " ...aglng" Of "bitlng"
Vak:o httinos dO rot swage 01 btle i,.o the CLOe.
There IS ro reltaree en Ctunpll'lQ Of nedtlng at the
bore.

Oper.tlng prealures eaee.d '0.000 pli
Valco fittangs are deisJgned fa cJoee tolerance
heavy wall tube ard can operate at~es in

excess 01 10.000 p~. ~eYer. thEUt ur"lIqU8
design abo makes them 03BJ tor vacuum ~
phcabcns.

CompetlU•• prices
Call VaJco fOl you- dYanalography lining ..­
- )'OJ'II be pleased with tre pnces. setechc:n
lnldehye.y.

VALCO
instruments co .• inc.
po 80.~ Houston. nr "1OM

1113168&-930&5
TWJ: 910-&81-~ h'le. 7'9O)JJ
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Build atitration system that fits you.
Mettler's modular approach to titration lets you
create a system that meets your requirements
exactly.

You can choose a very basic system that
includes a Mettler DV11 Burette Drive, a DK11
Rate and End Point Control, a DK14 Electrode
Potential Amplifier and a DV103 Command
Module.

Perhaps photometric end
point indication is what
you need. In that case, the
Mettler DK18 and DK19
titration instruments are ideal.
And, for "smart" keyboard

control of operating parameters, there's the
DK25 microprocessor system, the very latest
concept for wet chemical analysis.

Or you can get even more sophisticated and
choose'a Mettler SR10 system in which most of
of the titration can be carried out automatically.

The point is, Meltler can put together the right
combination of any type of titration instruments.

II's your kind of system.
For complete information

on titration. contact Mettler
Instrument Corporation.
P. O. Box 71. Hightstown.
NJ 08520.

.< •

---'ILLICLLl...-
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New Products

Horlba PIR·2000 is a system lor measlXing lotal organic catbon using gJass ampules and wet
oxidallon technique. Up to 10 mL of sample are placed into a borosilicate arnpu'e w~ an ox..
dizing agent and phosphatic actd. IflO(ganics are PlXged. and the ampule is sea~ and then
autocla\lod 10 convert the organics to CO2, The CO2 is measlled with an infrated ana~zer.

Sensitivity is 100 ppb. Precision is ±5% of actual value at 1 ppm. and approximatety 2% of
actual value at 5 ppm and above. Oceanography International .05

, • ~~, .... , .. I

Dual Bed Gas Purifier

The DBP-25 dual bed hydrogen purilier
combines the function of an oxygenl
hydrogen recombiner and a molecular
sieve dryer in a single chamber. At
flows below 25 SCFH. the unit will re­
duce 1% oxygen in hydrogen to less
than 1 ppm. Water vapor is removed to
below 1 ppm by a bed of molecular
sieve below the catalyst. Under normal
circumstances. a fresh D8P purifier will
treat 12 to 25 200 SCF hydrogen tanks
containing 100 ppm total oxygen and
water before it requires regeneration or
replacement. Resourco Systems, Inc.

428

Sample Introduction in Flame AA

Automated multiple 1I0w injection anal­
ysis (AMFIA) entails insertion 01 dis­
crete micro volumes of liquid sample
into a constantly flowing solvent stream
which Is pumped directly into the .nebu­
Iizer of a lIame atomic absorption spec­
Irometer. This allows analysis 01 dis­
crete micro volume samples and a
speed 01 120 to 180 samples per hour.
The modular-type units 01 the AMFIA
MARK CHEM. FAAS can be adapled to
your present AA. Mark Instrument Co.

422

UV-VIS Spectrophotometer

The microcomputer controls all func­
tions 01 the Model 559 UV-VIS spectro­
photometer. Repetitive scan, wave­
length programming and 1st and 2nd
derivative are standard. The built-in
1I0wchart reco<def automatically pos~

tions to the paper grid line and allows
for accurate serial and overlay presen­
lation. A holographic grating is utilized
by both the high perfo<mance version
and the standard version. which have
stray light 01 less that 0.002 % T and
less than 0.05% T, respectively. at 220
nm. Perkin-Elmer Corp. 408

Microelectrode

The pulsed microelectrode features in­
terchangeable solid gold. platinum. and
glass carbon lips to permit polaro­
graphic analysis of materlals with dif­
fering overpotenHals. The piston action
electrode also allows modeling 01 elec­
trochemical processes. including elec·
tro-organlc synthesis. The microelec­
trode. which Iits any vessel with a
14/20 joint. Is pulsed 'I. inch InlO the
test solution af rates 01 0.1 to 6 pulsesl
s with variable intensity control. A
pulse controller Is available optionally.
Pulsed microelectrode. $521; pulse
generato<, S521. ECO. Inc. 417

WlllllIIe UnQIey·Ford Instruments _ [)c·64
aRl DC- 128 toirelotors. "«*y tIllS .........ble
teclnque to resurch "llllIlC.1bons such as:
• pIloton c""elobon speclJOSCopy
• Laser ~ometry
• """" aRl Vllnbon aNIysIs
• sttmuhJS response st1.des
• pUst ecllo ror9no
• SIQflal averaQl"'l
• iIll poIlut>cn """"tonno
• combusbon anoIysIs

LR c""el.1tors oner tealu'es such as:
• 64 or I 28'CNnneI correlobon C4l'Ol>uty
·50 msec to 100 osee ~pIe tune
• easy interfac""l WIlli computerS meebno

IEEE488 specs
• Hit c""elaton
• encoc1ino 01 all control ..n,nos ,nto QU1put

record
• precornpulaton lleIay

LFI c""elotors /\ave earned a reputabon tor ease
01 use. reliability andlJoullIe·!r<e """,,,bon ,n
industrial and ....versrty lalloratones _1Cle.
And to buttress lIIIS /1llUIabon. LFI correlotors
are sold aRl seMtecl by EG&G Pnnceton """'oed
Researth Corporabon•...- intema\lQllally
lor tt1e distribu1lon ot sopIisticated sognaI'
recovery rneastnment deviCes.
For IuIllletails on tt1e LA _ [)c·54 and
[)c·128. WIlle or call:
Langley'Ford InstnrnenlS. 85 Nortl1 Whitney S1..
Amllerst. MA 01002
4131256·8147

[BlANGlEY
FORD
INSTRUMENTS
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High Vacuum System

Model BAE 080 T laboratory high vacu­
um system Is a portable syslem de­
signed for biological and nonblologlcal
specimen p<eparallon in electron mi·
croscopy and for general vacuum in­
vestigations. The unit comes with stan­
dard lurbomolecular pumping. It offers
conventional resistance heating or
electron beam evaporation. and is
available with T· or cross-shaped vacu­
um chambers. Balzers Corp. 415

Vacuum Recording Balance

Model 1000 Eleclrobalance Is a fully
electronic vacuum recording balance
with a capacity of 100 g. a sensilivity of
0.5 I'g. a precision of ± 10-' of lotal
load. and a maximum welghl change of
10 g. The instrumenl is designed 10
measure mass and force changes
under ambient conditions as well as in
htgh vacuum and other controlled envi­
ronments. The electronic control unit is
compatible with any 1. 10 or 100 mV
strip chart recorder. digital vollmeter or
other device for monitoring weight
changes. The unit feahxes electrical
larlng and up 10 10 g of weighl suppres­
sion. The instrument has an automatic

range expander and a "percent of sam­
ple" feature. A wide variety of ac­
cessories Is available. S11 600. CaIv1
Instrumenl Co. 424

Recorder

The Gila 1-8 channel Flat-8ed Record­
er has module lechnic. The different
modules Increase the nurrber of possi­
ble applications. The recorder has 1-6
channels for 250 mm chart width. It of·
fers 18 selectable sensilivttles from
0.05 mv 10 40 V. and 20 swilchable
chart speeds from 600 mmlmin. to 3
mm/h. A wide range of function m0d­
ules Is available. NeIZS<:h Brothers. Inc.

426

Chemicals

Gel Filtration and
Chromatography Media

Five new addihons to the company's
line of media are available. HA-Ultrogel
is an "alloy" 01 hydroxyapatite micro­
crystals in egarose. crosslinked with

New Products

epichlorohydrln. lor IldoorpIion~
lography. n can concentraIe __

stances from v«y dIIule aolulIons. end
is resistant 10 denaturing lIQ8I1lS end 10
extremes 01 pH and ...............e.lA1n>­
gel AcA·202 Is anagar~
amide type. v«y high in polyaCl ylemlde
and with a linear fractionalion range 01
1000 10 15000 and an excl\.eion Ilmil
for globular p<otelns of about 22 000.
Grades A-6. A-4 and A·2 81e slrailtd
agarose type Ultrogels for gel f11lrBtlon
and affinity clYomalOgraphy. Lw­
fractionation ranges for the Ih-ee types
are. respectively. 25 000 10 2 400 000;
55 000 10 9 000 000: and 120 000 10
25000 000. Globular p<0Iein exclusion
Iimils 81e 4 000 000; 20 000 000 end
50 000 000. All l.JIlrogel lrades 81e pro>­
swollen. U<B Instnmenls. Inc. 432

FIUOfescent Reagent

Many fluorogenic S<bslrates can be
p<epa<ed using 7-amIno-methy1cournar­
in. a highly lIuorescent reagent. S<b­
s!rates p<epared using this chemical
are specit ic and sensitive. The high
degree of fluorescence permiIs detec­
tion of microgram quanIJ1ies of chym0­
trypsin. trypsin. elastase and urokinase.
Chemical Dynamics Corp. 433
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Hewlett-Packardintroducesa
flexible fused

AN IMPORTANT BREAKTHROUGH IN CAPILLARY COLUMN

Four important advantages to enhance your chromatographic capabilities

A BREAKTHROUGH IN FLEXIBILITY ... re­
duced breakage and easier installation. The col­
umns are inherently straight permitting direct col­
umn connections for maximum performance. Note
in the photographs how easily they can be twisted
and configured to almost any shape required.

A BREAKTHROUGH IN INERTNESS . .. there
are virtually no metal oxides to cause sample ad­
sorption and column deterioration. thus enabling
you to perform what might previously have been
difficult or impossible analyses.

EXCELLENT THERMAL STABILITY ... the
upper temperature limit for the methyl silicone fluid
(SP-2100) column is 280°C. and 220°C for the Car­
bowa)('l' 20M.

HIGH EFFICIENCY . .. greater than 4000 theoreti­
cal plates per meter at k=5 (1.0.=0.20-0.21 mm) for
methyl silicone column.

'Chemically idenUcal 10 quartz but nOI crystallino.
~ Registered Trademark of Union Carbide Corp.



revo utlOmrrynew
silica'capillarycolumn

TECHNOLOGY WITH DRAMATIC CHROMATOGRAPHIC PERFORMANCE

I~I

POLARITY MIXTURE FREE FATTY AClIla••ATD

Above are a few of the GC analyses performed using HP fused silica capillary columns

ORDERING INFORMATION ...
PART NO. lfHGTH COLUMN TYPE

19091·60010 12 Meter Methyl SlhconeColumn
19091-60110 12 Meier Carbowax' Column
19091-60210 12 Meier Volatile Fatty ACid COlumn
19091·60025 25 Meter Melhyl SIlicone Column
19091·60125 25 Meier Carbowallo Column
19091·60225 25 Meier Volatile Falty ACid Column
19091-60050 50 Meter Methyl Slhcone Column
19091·60150 50 Meier Carbowax' Column
19091·60250 50 Melor Volatile fatly Acid Column
19091·20050 50 Meter Fused Slhca Capillary TUbIng

For larger quanlllics of fused SIlica capillary tUbmg
contaci 'aclt'ry tor price and avaIlability.

"U.S. price only. Subjecl to change without notice.

PRICE"

5100
100
100
175
175
175
275
275
275
155

CONTACT YOUR LOCAL SALES REPRESENTATIVE
FOR MORE TECHNICAL INFORMATION

~~:il~~: ~6~e~t~~~ki~d~:~bl~O~~I~~~~ :~~t~=
number 800-523-7133 (8 A.M.• 5 P.M. EST)

f'A residents call collect-215·268·20n

HEWLETT~PACKARD
1501 PaQjt Mil' Ro.a PiIo Aao. CaMorr 94Jl)I

FO<u~.c.. tI'-.t<I>~Qftoc.-..tyo..l Xl.1Y-~

'l\..~nZll."'1lll~31Z~1iIOO
Soo.c,..,.,404~·\!l/Xlc.....- ..1...:.MJO......................... '-CIRClE 90 ON RfADeR SERVICE CARD



DuPont's new1090 Thermal Analyzer
collects, processes, stores, and reports
the data you want, the way you want it.

The DuPont 1090 Thermal
Analyzer / Data System com­
bines speed and versatility
with expanded data manipula­
tion capabilities in a sophisti­
cated instrument for research
and product development.

Microcomputer
Data Analysis

The 1090 System micro·
computers free personnel from
time·consuming data computa·
tions and provide more complete
reports than ever before. Minor
transitions can be expanded and
specific portions of the thermo·
gram can be selected for data
analysis. You can even analyze
data from one scan while a see­
ond run is in progress.

Multiple Reporting
System

In addition to the thermo·
gram, the 1090 System can pro·
vide a printout of test conditions
and analytical results. A bright
alphanumeric display contino
uously indicates sample temper·
ature and system status. Other
program parameters are
instantly displayed on com·
mand. All experimental data is
stored on disks for recall at any
time. You decide what to save or
discard.

Expanded and
Simplified Programming

Two·way conversationdl
interaction between operator and

instrument via the display makes
programming easy. Increased
versatility provides 12 linkable
methods, heating rate selection
in 0.1°( increments, and tem·
perature scale expansion capa·
bility to 0.2°(/cm. Internal
computer diagnostics inform
you of errors in programming or
circuitry.

Get Our
New Uterature

The 1090 system is compat·
ible with all current DuPont mod·
ules. For details on the 1090 and
other DuPont Thermal Analysis
Systems, phone(302)772·5388
or write to DuPont Thennal Ana·
Iyzers, Room .11\',<), Wilming·
ton. DE 19898

Thermal Analyzers
Scientific [, PIOCesS Instruments Division
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Sampler. Discusses the design features
and performance 01 the HP 7675A
purge and trap sampler and usa of the
sampler In the analysis 01 trlhalomell>­
ane. a slightly soluble volatile organic
compound. 4 pp. Hewlett·Packard Co.

441

Salety Manual. Covers OSHA require­
menls. a laboratory safety program. ac­
cident prevention, first aid. fires and fire­
lighting, handling 01 toxic fumes.
working with gases and acids, and dis­
posal techniques. Catalogs a wide
range ollaboralory safety products. 80
pp. Fisher Scientillc Co. 442

Hazardou. Compounds. WaU chart lists
aU of the OSHA concentrations lor
gases and vapors and notes analytical
methods lor the measurement of these
320 compounds. t I" X 20' Analytical
Instrumenl Development, Inc. 444

Ga. Detector. Describes the principle
of operation and specilications 01 a
portable hazardous gas detector. Model
t05. which uses photolonizatlon to d&­
tect the presence 01 arsine and ph0s.­
phine. 4 pp. Airco Industrial Gases 445

Va,lan Ins/rument AppIbl-' Vol.
13. No. 2 leatures articles on aulo­
mated HPlC. measurement 01 acryloni­
trile in industrial air by GC. useril8fl8l'­
ated pulsed NMR experiments. and f1uo­
rometric determination of Vitamin E
compounds by HPLC. 15 pp. Varian As­
sociales. Inc. 446

The Uquld Chrornat.aphe,. No. 2
(Aug. 79) contains articles on an organ­
ic acids analysis HPLC colurm. HPlC
columns for carbohydrate analysis.
guard column ~ystems. and reverse
phase columns. 8 pp. Bio-Rad labora-
tories 447

Manufacturers'
Uterature

ChIotnM.1IPh1 "....,..,. Vol. 7.
No. 2 (Aug. '79) leatwes 8rtIcIes on:
determination 01 vaJproic acid UIlng r.
versed phase lC; LC delermInatIon of
phenytoin and p/>enoblw1lilaJ; open 1l>­
buIar coluoms wilh 1hick~
lilms lor low boiling compounds; lC
separation 01 tricyclic lIfIIidepressanl
G'ugs; and polymer characterization by
GPC using on-line data processing. 40
pp. Perl<in-Elmer Corp. 440

Chatt Recordera. Details two Rus1rak 4
inch chart trend recorder lines. !he s..
ries 7000 galvanometric re<:ortlon and
!he Series 6400 potentiometric rec:ord­
ers. 2 pp. Gulton Industries. Inc. 443

~ DelermNtion. Dem­
onstrates that lon e::tYornatograj is !he
method 01 choice lor!he_of
dibutylphosphoric acid in nuclear tuel
reprocessing streams. 2 pp. Oionex Corp.

450

From Martek~ • • • the Model SeT

Le. Martek monitor your soil conduclivit)· and temperature for accurate soil salinity calculations. With tile
Model scr Monitoring System, you can determine changes in salinity caused by -..lIIe, irrialllioa. or
o.her ex.ernal influences. t'or )'our connnience, conductivity is corrected to 1S°C. eUminatiD& tile Deed
for conversion.

Rugged in design and simple to operate, lhe Model scr can be used in soli or water ~eats.
A vertical sensor is furnished "i.h each s)'stem; optional sensors can be ordered for spedaIIad app!iaIt1oas~

.'or further informalion. contac':

• •
~~ MARTEK INSTRUMENTS,INC.

mOl DAlI1IU 51. - P.II. IOl 15411 -IIIYIM£, CA tuU - _ (1141 S4t44J5 -IUD QZ m
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Teknivent GC/MS
Data Systems offer
innovative features
and outstanding
performance.

• Three models-upward compatible
• Muhi·instrument operotlon
• Simultaneous acquisition/reductIon of dOlO

• Unique interactive graphICs with zoom
scale expansion

• Moving head disk/floppy moss storage
• 12 ion moss frogmentogrophy
• Stereospeetrometryi.'o\-simu\(oneous

acquisition of [I/O or pas/neg Ion CI data
• Interactive iibrary search and specmJm

generation
• Versatec or incremental planer hardcopy
• Reconstructed ion profiles
• Teknlvent DASIC for easy user programing

Call or write for details

-1-TEKNIVENT

.. 10774 Trenton Ave.
5(. Louis. Mo. 63132
(314) 429·7272
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Manufacturers' Literature

Leed In Blood. Describes a method for
too determlnallan of lead In blood by
means 01 an AA spectrophotometer. a
turnace atomizer, and an autosampler.
Ninety-five samples can be analyzed in
90 minutes. 4 pp. Instrumentation labo­
ratory 448

pH Meters. Describes, Illustrates. and
provides comparative specifications for
the company's pH and specific ion me­
ters. Gives concentration ranges for 23
electrodes. 5 pp. Orion Research 449

Catalogs

Liquid Chromatography. Conlains LC
and HPLC columns. pumps. detectors.
gradient elution apparatus, linings and
valves. 60 pp. Glenco Scientific, Inc.

453

Chemicals. Alphabetically lists inorganic
and organic products. biochemicals. and
biological stains which are available in
quantities generally in the range of
0.01-20 g. 124 pp. Chem Service, Inc.

454

NMR Products. Features sections on
sample preparation, sample handling,
sample tubes, microcell assemblies.
EPR-ESR, special tubes and accessories.
12 pp. KanIes 455

Research Chemicals. Too 1979/1980
edition contains over 30 000 listings of
organic and inorganic cOOmicals. 353 pp.
Pfallz & Bauer. Inc. 456

Fluid Control. Information on the line of
valves and filters includes applications
and technical operating data. 16 pp. Hoke
Inc. 457

Oscillographic Recorders. Fixed range
and plug-in 'signal conditioner chart re­
corders are described and illustrated. 6
pp. Gullon Industries. Inc. 458

Biochemicals. The 1979-80 edition de­
scribes 980 products including immuno­
cOOmicals. blood proteins. electropho­
resis apparatus and reagents. and nucleic
acids. 150 pp. Miles laboratories, Inc.

459

Pesticides. Includes defoliants, fumigants.
insecticides, repellants. fungicides. her­
bicides and many others. 80 pp. Chem
Service. Inc. 460

For more Inlormatlon on listed lIems,
circle the appropriate numbers on one
01 our Readers' Service Cards
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Autaradiagraml, 'LG plat..,ellctrapbaregra-.
With one E-G DlDIitomltar, do uyor all!

[T~lm-! illjI[r::~~
--j

+.
. i····

Scan and I"tegr.tlon 01
DNA lequence auloradlogram.

The EC 910 Transmission Densitometer oilers the most
versatility at the lowest cost of any densitometer scan­
ning in the visible light range. Only $1695' complete with
electronic integrator. dielectric filter. and the support
medium template of your choice.

With it you can scan and integrate mtact gel slabs and
cotumns. X-ray film. cellulose acetate and chromato­
graphy strips. and other patterns on selected support
media. Scanning area 18cm X 25cm eliminates need for
cutting.

Interchangeabte light slits and optical fillers enable
precise quanlitalion regardless of stain characteristics.

Compatible with all millivoll recorders. the EC 910
Densilomeler is lightweight. compact. and takes little
bench space. Reliability assured by solid state electronics.

Like more information? Call E-C Technical Service
collect aI813-344-1644 or write:

E-C Apparatus Corporation

3831 Tyrone Blvd. N.'IBI
St. Petersburg. Florida

33709
° RecoldC!l I(ldll,onil but CllotHllld.,II\
O"n,.lomelel " o,del~O /III 1I''ll' '.1m. 11m.
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Books

Statistics in Analytical Chemistry

Evaluallon and Opllmlzallon 01 Labo­
ratory Melhodl and Analylleal Proce­
durel: A Survey 01 Slallllieal and
Mathemalleal Teehnlquel. D. L. Mas­
sarto A. Dijkslra. and L. Kaufman, xvi
+ 596 pages. Elsevier North-Holland.
Inc.• 52 Vande,bill Ave., New York.
N.Y. 10017. 1978. S57.75

Rcuil'ln'd by Horn' J•. fJardw', f)(I.
par/ml'"t ui ('},,·n;istry. Purdut' Uni­
vasil.\', W. f,afaydll', Ind. ·li~K}i

This hook is r£.'(;lImrn('nd~d to m\,
c()II(>n~Ul's in anillyticni and dinica")
chemi!'lr\' with full ('tmfidenfc that it
will he u~efullo alll'nepl those who
are already ('XpNl in statistical meth·
uds and optimizntion pwcedures. The
principill slrt.·n~lh of the text is in the
hrt.>udth of ('O\'cra~c: (0 the })('st of this
reviewer's krHl\\.'I('d~l·, there is no other
single volume that includes nil the
topics in this tl'Xl.

The hlHlk is presented in five parts.
narnf'ly: evaluation (If the performan('c
of annlytil'al prtK'('(lur~;(·xperimental
optimization; comhinatorial problems;
requirements for analytical proce­
dun's; find systems approach in ana·
lytit-ul cht'mistry. There are 10 chap·
ters in Part I. five chupters in Part II,
nine chapters in Part Ill, three chap­
ters in Part IV, and three chapters in
Part V. 1\1ust of the ri~orous material
is in the first four sections; the last
S('rtioll is somewhat philusophical in
content. Some specific topit-s induded
in the text are cutc~oriesof errurs, frc·
quency distributions, paranwlric und
nonparumetric stntistil'ul h'sts. the
method of It'ust ,squnres, unlllysis of
vnrian(."(~. nnis{' und drift, uptimizntioll
methods, fal'torinl d{'sig:ns. tht, sim­
plex method. stet'pest USl'('llt nn'thods,
multivuriute stutistil"al nH'thods, dus­
tering prot·edurt·s, fUl'lor nnd principul
component nnulysis, tlpNationnl re­
st'Ufeh, the dill~l1ostil'vHlue of n \(.'sl,
rost-henefit ('tHlsidNUtiuIlS. prun'ss
monitoring, pru~:css funtnll. unulytiL'ul
dll'mistrv und s\'stCI11S tlll'UfV. the un·
ulyticull;f(lCcdu'rc, nnd tilt' u;lulyticnl
laborntory. This is n sl'lel'l('(.I, incllm·
pletc listing intended to C0I1\'l'y in
minimal spuce tht· hn'ndth of cm'rrugl'
in the text: many impurtnnt topics
contuined in tht, text un' not included
in the listing,

Anuther nttrnclivc feat un' of the
book is the manner in whieh thc mure
4uuntitutivc tllpk-s ure presented,

Thl"~e topi<.'S are introduced wilh sun·
st.:,nti\,{' ~eneral discussions that are
followed hy more rig:ofOus mathemati·
t'ultreatmcnL<i. This furmat aids in the
prescntatiun of some rather furmi·
dahle mat trial.

The prin('ipal weukn~to;of the text
is that in some cases extent and depth
uf cuverag:e have hccn sacrificed for
brradlh. Although the text includes
some examples. this reviewer dt)(-S not
consider it a "how·to-do·thing:s" text
hc('ause manv delails are left to the
rl'adcc's inte;pretalion. However. this
potential shortcltmin~ is largely offset
hv th(·lih<·ral U5e of carefullv selected
r~f('r(,J1c(-s that pco\·ide deta"ils not in·
duded in th£- t£-xL

This surv£-v of statistical and math·
cmatical techniques used in analytical
chemistrv is a valunhl£- addition tu the
analytir~lliterature.

lon-Molecule Reactions. Part 1: Kinet­
Ics and Dynamics. J. L. Franklin. Ed.
xiv + 399 pages. Academic Press. 111
Fiflh Ave.. New York. N. Y. 10003.
1979. S38

Ilt'l'iclC(=(/ hy R. G. COIII.:.<;, DI'partmt'fJ(
flf Cht'mistry. PurdLH' l 'niL't·r... ity, \\'.
I.alayl'ttt', Ind. ·l'i9tJi

Se\'t'ral arcus of sciel1l'c are bein~

treated 10 volumes uf"bE"nchmark pa·
pers" in which a prominent specialist
sl'!efls and cnmments upon key pa·
pers in nn nrea of re$('urdl. Th(> cun·
('ept is g:lH.~. t'spt'riully fur Ull estub·
lished iJ1vestig:ator ent('ring: a new
fi(·ld: :\ h('jll'hheud intu tht> area is
pco\·idt'u. in tltt' form of a sillJ:::I(' vol­
\IIUt' t.'lllltaining: muterial t:ullt'd from
it Yllril'ty of ori~iI1l.,1 ~ourcesm'£>f U pe­
riod of timr, Thi:, i:, a \'rry nlll~ider­

nhle rnnvenirnrr. us is th~ orplIIiza­
tion by suhjl'ct malll'r and thr Iinkint::
Ilf lupin. hy nwnns of explanatory
l'tUlllllcnts pW\'i<h'd by the ('dilor,
Best of nIl. thl' original ill\'esti~lltors

nrr Id't to SIll'uk for Iht'IUSl,ln's in this
forlllUl.

J. L. Franklin hilS ('(Hted a twu-vul­
ume Sl't of bt'lll'hlllnrk PUp£'1'S un iun­
llloll'fUlc rl'8t:tiuns, In this. lhl' li~l
vtllUlIll'. ht' l'twers thl' fundnl1ll'utals
(If tltl' suhjel·t. tradn~ its 1K'~il1nings.

tr£'utillK th£"ory nnd dynnmks through
In", dealing with th(' rff('cts of enrc­
~y on rnt('s. and covering sunll' ther­
mOt:hemirul determinatiuns. His srl{'{'·

tiull3 have produced an exciting set of
papers. E.ditorial comments are quite
hrief lIess than 20 pages tOlal) and
serve as a set uf /(uideposts. rather
than a.....<Oayin~ any critical interpreta.
tion. Particularly impressi\'e is the co­
hen'nt develupment of the subject
thcou~h the \·olume, Some multiau·
thored texts don't flnw as smoothly,

The secund \'olume will include ion
c\"dotron resunance and chemical ion·
i~'tilJn and may. therefore, be more
immediately relevant to analytical
chemists, ='\evertheles.s. the material
c(,vered here underlies such applica­
tiuns, and this book provides a suc·
ccssful approach (or acquaintin~ read·
er!' with ion-mol€'Cule reactions.

ESCA and AUGER Spectroscopy. D.
M. Hercules. 6 audiotape cassettes (5.9
hours) + 152 page manual. Dept. of Ed­
ucational Activities. American Chemi­
cal Society. 1155 16th St., N.W.. Wash­
inglon. D.C. 20036. 1979. S165

Rt'l'it'u'('d b\" G. E. ,\tcCuire, Ana/vti·
cal Cht'mi... trY Laboratory. Tt?ktr~ni~
IlIc., Rt'al'('rt~n, Ore. 9iO'ii

The rapid proliferation of surface
analyticnl techniques such as Auger
and photl.~lectronspectroscopy in ac­
ademic nnd industrial laboratories
justifies the effort put forth in creat:
in~ an audiucoursf' and related manual
pcuviding the- background and devel~

opment of these- technique'S. The audi·
em'e for which this audiorourse was
intended is tht> ad\'anced undergrad·
unle or Kradw1te- len·1 sdentist but not
lhe e'pt'rl in this field. In addition the
('ou~e would be useful for anyone just
t>lltering the field or for anyone who
wants to knuw about analytical appli.
catiuns of thf' tel:hniques. Very little
prior knuwledgf' about the techniques
i:, rl'Quirrd. The material in the course
is snmewhat dated (none later than
1974) and is slanted more toward pho­
tocle,·tron spt'Ctroscopy (ESCA) than
.-\ugrr spt'l'trnscopy (AES). The basic
pril1t:ipl('s \)f thrse techniques are well
pr(,:'E'lllM rvell thuu~h the author ob·
viousl\' is not as familiar with AES.
Th~ amlin portioll uf the C'Ourse is

dear and prft·L~. It proh'Tes..'~es at a
pan' which is f'asily followM yet which
r('quirE'S the alert attention of the au­
dience b,'cause it L< heavily loaded
with technie-al information. The man·
ual follows very dosely the audio por-
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othcr arca that is not thoroughly cx­
plained is the analyzer desiJ(n for AK";.
Most Auger spectrometers were de­
signed for hi~h transmission and low
resolution since many AES peaklo' were
broader than the correspondinK E.SCA
peaks, and historically the chemicnl
shifts in Auger spectra were nut wide·
ly recognized.

The ~econd sumewhnt related uren
of discussion that I disugree with is
that of C cont.amination. The uut.hor
implies that C appears on every sam·
pie in an unavoidahle fashion. At least
in the scmiconductor industrv, where
sources uf cuntaminution cun- bt." criti­
cal, there are mnny sumplt."s that ap­
pear C free. An inert ur unrearth'e
surface will not readily pick up C from
the air if handled properly. Historical­
ly, AUKer spectrometers have had
much bettcr vacuum svstems than
photoelectron spectror"neters and have
been used in a manner mU('h more
ronducive to clean surface conditions.

These surface tcchniquef' and many
others have opened new frontiers in
materials science and have rnpidly
~ained in popularit.y. This uudiocourse
docs n good job of identifying some of
those orcas and is a valuahle source
for an introduction into this field.

Like most books of its genre, this
HPLC application hook contains 8

section on HPLC theory, equipment,
and practice in addition to an applica­
tions section. Although the theory and
equipment chapters are well-written
and relatively free of errors, they offer
little ncw information except to Ilovice
chromatographcrs. The remaining
chaplers in this section on the practice
of HPLC and mudps of chromatogra­
phy contain some informative com·
ments of interest to prncticin~duo­
mato~raphers.This section contains
adequate literaturc coverage with 2:1:1
references. Huwever, topic.,; nrc not
treated in any significant depth, and
many are just glussed over.

Only one serious error was found in
this section. In discussing culumn
pockin~materials, t.he authors state
that it is desirahle for particles to huve
fairly wide pores because "otherwise
solute molecules can hecome trapped
in the small pores therehy giving rise
to tailed peaks." If this were true, gel

Applications 01 High Performance Liq­
uid Chromatography. A. Pryde and M.
T. Gilbert. xii + 255 page~. John Wiley
& Sons, Inc.. 605 Third Ave., New York,
N.Y. 10016. 1979, $29.95

Reviewed bv Hwrard G. Harth. Ana­
lytical Dil'i~i(}n. Ha('ul('s !lesear<'11
Center. Her(·ult·s Inc, U'ilminl:ton.
/Jel. 19899

Books

tion of the course and will make an ex­
cellent reference for the student to usc
at a later date.

The course has a good balance be­
tween the fundamentals of the tech­
nique, the instrumentation that is re­
Quired, the common practices of the
techniques, and analYlicalapplica·
lions of ESCA and AES to a wide vari­
ety of syst.ems. There is not a major
area that is not discussed. The field
is growing at such 8 rapid rate it would
he hard to go into greater detail than
the author has in 8 reasonable amount
of time. Minor areas that could have
recei\'ed greater attention are UPS as
a complement to XPS for looking at
the valence band structure of solids
and the use of X-ray analysis as a
means of analysis to complement
AES. Electron excited X-ray analysis
is mentioned in passing at one point,
and later one is left with the impres­
sion that the sensitivity of the tech­
nique is no beUN than 5%. Actually
both AES and X-ray could be done si·
multaneouslv with about the same
sensitivity f~r many elements.

The author has referenced his mate­
rial well so that further study in spe­
cific areas is easily achieved. There are
a number of good texts listed in the
general bihliography that may be used
as recent resource material. Most of
the other references refer to literature
published before 1975. The author has
chosen some of the most appropriate
references from that time period but
perhaps overlooks the major applica­
tions and directions this field is taking
today,

The figures used for illustration are
clean and the majority are easy to fol­
low. The author has made a judicious
selection of material to illustrate his
comments. This does nut mean there
could not be some improvement. How­
ever, since the author has presented
most of the material just as it ap­
peared in the literature, he has gener­
ally selected the hest material avail­
ahle.

There are only two areas that this
reviewer finds disconcerting. First, I
find the author has slanted the mate­
rial more toward ESCA than AES as
would be expected due to his own ex­
perience and background. However, in
doing so, one gets the impression he is
not thoroughly familiar with AES and
may misrepresent some aspects of the
technique. For example, the mode of
presenting AES data has historically
been in derivative form. There is no
physical barrier to prevent one from
plotting the data directly in the N(E)
mode, and recently thiB has become
more widely accepted hecause the
N(E) mode is more quantitative. An-

&
AHEODYNE

THE LC CONNECT ION CQr.IPANY
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Rheodyne
simplifies
LCsample
injec;fion
again.
We made the best injector
even beller.

Rheodyne's Model 7120 Syringe
Loading Sample Injector has carved out
an outstanding reputation in the LC
field. Last year sales more than doubled.
People seem to think it's the best
around - and we modestly agree. Now
we've made it even better~with
new features that make sample injection
simpler and more reliable than
ever before.

Ftushing now unnecessary. With
the improved valve. Model 7125. the
entire contents of the microsyringe
is injected into the sample loop and flows
to the column. No sample is left behind
in the valve. Consequently. you don't have
to flush the valve between injections
unless y"u're doing trace analysis.

Longer valve life. Less wear.
Both rotor and stator are made from new
materials to minimize wear as they slide
over one another. This extends valve
life considerably.

Our new Model 7125 replaces the
popular 7120 in all applications. Does all
the 7120 does and more. Has the same
mounting dimensions. Price is S540.

New automatic model. Our automatic
Model 7126 combines the new 7125
with pneumatic actuators and time-of­
injection switch so you can use it in
automatic LC systems. Ccmpact. Sturdy.
Reliable. May be used in the manual
injection mode anytime you wish. Price
is S780.

Get the details now. Ccntact
Rheodyne Inc.. 2809Tenth St.. Berkeley,
Calif.. 94710. Phone (415) 548-5374.



SIEMENS

Some X-ray diffractometers cost more
than others because, quite simply,
some are better than others.

Siemens has effectively
used its many years of diffrac­
tometer development and manu­
facturing experience to create
the D 500-a diffractometer
of superior construction. Its out­
standing design means greater
accuracy during all phases of
material examination: such
as Qualitative analysis of
compounds or phases.
Quantitative measure­
ment of mixtures. study
of lattice constants and
line profile effects and
evaluation of orientation
or stress.

Siemens D 500 has
been designed to permit
flexible operation in
three modes-fully auto­
mated. semi-automated
or manual. In the fully
automated mode the soft­
ware utilizes BASIC lan­
guage which is easier to
use than the FORTRAN
language in other systems.

Simplicity and ease of operation
mean you can concentrate on
analytical problems instead of

.eQuipment operational problems.
The D 500 can operate in

either a horizontal or vertical
position and because the X-ray

tube is integrally mounted to the
diffractometer. the position may
be changed while maintaining
the alignment of the instrument.

The D 500 is available with
1. 40 or 80 specimen magazines.
each with sample rotation capa­
bilities ... perfec1 for the routine
analysis of a large number of
samples. A specimen holder for
sample sizes of up to 50 mm
by 50 mm by 8 mm is standard
equipment for the D 500. And the
8. 28 motors operate at a high
speed of 400 degrees/minute as
well as a variety of independ­
ently selected scan speeds.

For complete details on
Siemens D 500 X-ray Diffracto­
meter. from both an analytical
and investment point of view.
write or call Mr. P. Arredondo:

Siemens
Corporation
Measurement
Systems
Division
2 Pin Oak Lane
Cherry Hill.
New Jersey
08034
Telephone:
(609) 424-9210

Invest in a Siemens Diffractometer.
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Books
---------------------------- ---

Todd-Sanford-Davldsohn Clinical Olag­
nosls and Management by Laboratory
Methods, 16th ed., Vol. I. J. B. Henry.
Ed. xxiv + 1170 pages. W. B. Saunders
Co.. W. Washington Square. Philadel­
phia. Pa. 19105. 1979. $49

The 16th edit ion is dividC'Ci into six
part!'\, with three parts in each 01" t\\'o
volumes. The first part (lfi chuplt.·r!'\)
covers chcrnil'ul pathulogy and c1init'l1l
ehcmistry. Among the topil'S incllldt~d

arc sourccs of variation in Inhurnt"rv
me/lsurements, rcfNl'm:e "nilles, th~o.
ry and pract icc of lahorutory h>ch·
niquc, and thcrnpeutic dru,", mhnitor­
in", and toxicology. The chopter on
principles (If inslflllHcntlllion covers
spcctrophlltomelric and phcltomelric

tlHlll~h mo~t of till' ti:t\ rcfl'n'IH'(,~ in
thi~ ~{'rtion nrc prt'-IB77 (;)~ nrc fwm
197iL

For l'ueh l·tlIllPOlliHI t hcrt~ is It I hor·
ollgh dil"l'ussion of HPI.('mcthociolo­
).:it>:' lind. Ul" slnll'd in til(' prf'fnrc.
tht'n' tlfl' sllffi"it'nt cll·tails of chrumn­
to).:ruphit· condit ions to l'onvl'~' un idt'u
of tilt' 1l11'lhod's pott.'l1tilll. InlhC' drill-:
chaptN. ul1ulysis of drugs ill hody
nuids n~ wcllns in phnrmncl'lltil'al for·
11l1lintiulls is pf('~l'ntl'd. Illllddition.
till' lIt'gradation lind nWlllhtlli,' prod·
t1ct~ of Illany ('OIllIH11lIlds nr£' fl,\·it,\\·pd.
Tlw hook rtllltnins a l'lllnplluncl index
liS w(·III.IS a suhjcct indt,x.

Of thl' nine nppendi);es in this hook.
four an' tnhles of "ommen'iallv aVllil·
aule HPLf: packing mat('fials~ al·
though !'\cvcrul y£'tIrs old they t1rf' still
useful. However. till' listing of(;P['
prll'king materials i~ pflictinilly lISl'!t'S!'\
!wcliuse it is iIH'ompll'll' lind dnes 1101

include pore-sizc range!'\ til' cm;h sup·
port. I s('{' no reason why un uppendix
describing tht' \Vilke-C'hang cqualiun
for l'alculating diffusion l:moffkients is
included in an llppli('ations hook_ Sim·
ill1r1~', the appendix 011 ('[lIculating sur·
face cm-enlge of honded phases is out
of plan' in this hook. The appendix
concerning the use of rcn'rSl' phase
HPLC to lneasure partition l'o('ffi­
cien:s and to JlH·diet hiological activi·
ty could have been expanded into a
full chapter.

A!'\ a pract ically-oriented t('xt on
HPLC applications this Iwok has the
limitatiolls l'ited: how('\'('r, the dHlp,
ters dC'aling with drugs and hiudlemi­
Gjls are parlicularly useful. Thu!'\. it
is recommended to pharmuceulil'al
chemists and biorhemi!'\ts who would
like a ('ompn'hensive survey of most
of the early literaturl'.

New Books

Acetic Acid
Acetone
Acetonitrile
Benzene
Carbon Tetrachloride
Chlorofonn
o-Oichlorobenzene
Ether, Anhydrous
Ethyl Acetate
Heptene
Hexanes (85%)
n-Hexane (97%)
Isobutyl Alcohol
Methanol
Methylene Chloride
Methyl Ethyl Ketone
Pentane
2-Propanol
Tetrahydrofuran
Toluene
2,2,4-Trimelhylpentane

(iso·octane)
Water

Ammonium Acetate
Ammonium Carbonate
Ammonium Phosphate

(Monobasic)
Sodium Acetate

Trlhydrate
Sodium Bicarbonate

Buffer Salls

3-9017

11111:1 111111 1111" 111111 Ulln..., ..- .- .-.. UIl .., •.111

..., a.- •• ••
'<OMS <UI5 <•• <OMS

I.

tricarhox\'lic acid (,\Tle nlinpolll1ds.
carbnhyd'ratcs. hiogenic urnilws,
amino acids. proteins. lHu'!ct)sidr.s, nu­
cleotide!'. l1udC'ic acid hnses. pnrph~'·

rins, hile pigments. vitumins), cnvi­
ronmentally impurtnnt C(lIlllHlUllds

(pesticides. cnrl'il1tl~ens. industrial
pollutnnts), planl and fuocl product.!'.
organometallic and inorganir com·
plexes. und separation of opticlllly I1l'­

live cumpounds. These rhnpter~ art"
luridly writlt.'n and informativc. al-

~'~¥;-:::;.~;-;/:;~-

._.r -.. ...-, ..._., _..._ ---
~:~:'.:'
,,,_ .' H __.._ 0: >I". ,,',

permeation chromatography would be
in serious trouble! \\'hal happens. of
course, is that the solute will be ex­
cluded from the smallest pores which
will result in a lower capacity factor.

The application section covers
pharmaceuticals (antibiotics, antibac­
terials, antidepressanL,;. eNS depres·
saots, amdgcsics, anti-inflammatory
drugs, diuretics, drugs of abuse. alka­
loids. miscellaneous drugs). biochemi­
cals (lipids, steroids, prostaglandins.
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Selection guide to

&~~~~~QUICK-COrirlEOS
... the easy way to add versatility to your gas and fluid systems
• Reliable. leak· free service with vacuum or pressure
• Fast operatlon-no twisting
• Combinations of body and stem assemblies

to suit your sy5lem requirements
.360· swivel action

lUBE
CONNECTION A.1IfJ~:3'"

• Pressure ratings to 10,000 psi
• Brass and 31655 In sizes from 1/16" to I"

tubing or pipe connections
• Available from local distributor stocks

CRAWFORD FiniNG COMPANY
29500 SolO" Road. $0101"1. Oh,o .u 13')
Cr.Jwford f'llonl~ {C~n.Jd.. l. Ltd. Ontano
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Books

. measurements, flame phot.ometry, AA
spectrophotometry, and eight other
types of approaches. Radioimmunoas·
say and related techniques are the
topic of another chapter.

The Chemistry 01 Silica: Solubility,
Polymerlzallon, Colloid and Surface
Properties, and Biochemistry. R. K.
lIer. xxiv + 866 pages. John Wiley &
Sons, Inc., 605 Third Ave., New York,
N.Y. 10016. 1979. $65

Chapter 5 covers silica gels and
powders in 159 pages. Among the top­
ics included are sources of silica gel,
factors controlling gel characteristics.
forming and shaping of gel particles,
and special gel structures. Short sec·
tionsllre devoted to silica gels with
jon-exchange surfaces, commercial sil­
ica gels, and chromatographic column
packings. There are over 600 refer­
ences, some as recent as 1977.

Physicochemical Measuremenl by Gas
Chromatography. J. R. Conder and C.
L. Young. xix + 632 pages. John Wiley
& Sons, Inc.. 605 Third Ave., New York,
N.Y. 10016. 1979. $75

This text was written for those
wishing to use GC in physicochemical

investigations. However, four of the l~J

chapters would be useful for those
concerned with chemical analysis by
GC. Principles, ad\'antage~, precision
and accurac\, of the GC method are
co\'ered in the first chapter. The chap·
ter on basic theon' and method fur in·
finite dilution inciudes retention pa­
rameters, nonlinearity and concentra­
tion-dependent effects. and operating
conditions for good measurements.
Apparatus and experimental proce­
dures, including finite concentration
techniques and medium pressure
GLC, are dew.i1ed in chapter 3. The
supported liquid and its interfaces are
the topic of chapter 11.

Continuing Series

GlC and HPlC Delermlnatlon 01 Ther­
apeutic Agents, Vol. 9, Part 3. Kiyoshi
Tsuji, Ed. xiv + 528 pages. Marcel Dek­
ker, Inc., 270 Madison Ave.. New York,
N.Y. 10016. 1979. $45

This \'olume is the last of three
parts of Vol. 9, and Part 3 continues

the full-scale expJoration of Part 2
into the major dru~ classes. h containN
detailed method()logy and ulso pro­
vides a critical re\'iew of the Iiternture.
The 16 chapters are divided into t.wo
parts: metabolic disease and endocrine
function agents, cont.inued from Port
2, (11 chapters) and nutritiunlll agents
and othNs (5 chapters). Mony chnp­
ters contain summary tables (If drugs
with details on chromotogrnphic con­
ditions.

U.S. Government Publications

Order copi('s 01 tll(, lulllJu'i,,~ PilE­
PAID at the pric,' "huU'1I by SD Cat.
No.lrum Superillte"dent (l//Jucu­
mellts. U.S. GtW('rllme/lt Prilltill/! UI·
{ice, \Va.';lIi"J.:trm, D.C. 20·102. Forei/!/I
remittallces must be in U.S. ex{'hallge
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A Relerence Method lor the Determi­
nation of Potassium In Serum. R. A.
Velapoldi, R. C. Paule, Robert Schaller,



John Mandel, L. A. Machlan, and J. W.
Gramlich. 104 pages, 1979. $3.75. SO
Cal. No. 003-003-20069-1

A rcfcrcncl: method for the determi­
nation of !'lcrum potassium hosed on
name lliomic emission Kpeclroscopy is
descrihed. Hcslllt.~ frum 12 Inhoruto­
rit·s show that the standard error for 8

single lahoratory's performance of the
pmet-ducc rnn~ed from 0.049 to 0.06:1
mnwl/L with n mnximurn hias of 0.00;)
mJnul/L over the runge in concentra­
tions from I.:U9 to 7.a26 I11mol/l...

Rate Coefficients tor Ion·Molecule Re­
acllons. L. W. Sieck. 27 pages. 1979.
$1.30. SO Cal. No. 003-003-02027-3

A compilation is pn..'scntcd of [III ex­
perimentally determined hinmulcculnr
and tcrnw)(·culliT rute coefficients for
till' rcuetions of nrl-:nnic ions (other
than thosf' containing: only C and H)
with neutral molecules in the vapor
phust.'. The literature covered is from
1960 to the present. nnd both positive
and negative iuns nre cunsidered.

A Guide to Undergraduate Science
Course and Laboratory Improvements.
National Science Foundation. Science

Educallon Directorate. 1979. Free.
Order No. SE 79-40 from Forms and
Publications, National Science Founda­
tion, Washington, D.C. 20550

This book reports activities carried
out ot colleS'€.-"S and universities from
197li-1l0 with support frum the Na·
tillnnl Science Fuundation's L,venl
Coun;c Improvement nnd Instruction­
III Scientific Equipment Programs.
Tilt.' complete project roster of961
uwards is nrran~ed first by state and
tht'f) hy institutiun. The subjE'ct index
with 11 27:~ entries contains project
descriptions and titles. key subject
terms. nnd equipment names for 8O-a
pn,jt'(:ts.

ASTM Publications

Tilt> folluu·ing are available from the
Aml'rican So(:iety for Testing and
Materials, 1916 Race St .. Philadel·
phia, 1'0. 19103 (U.SA.. Canado. and
A·fcric(!. add :J(; shippinJ: charges.
Other ('owJlril'.... add 5(·~ ).

Parl 31 ot the Annual ASTM Stan­
dards. 1304 pages. 1979. $38

Books

Part 31 (Unwins all of the ASTM
standards un water analysis (8 total uf
1,!)2). including many new additions.
Among the contents are sampling and
now measurement. inorganic and or­
",anic constituents, radioactivity, and
water-formed deposiL". New standards
include tests fur: antimony in water;
volatile alcohols in water bv direct
aqueous injection GC; and ~barium in
hrsl"kish water. seawater. and brines.

Parl 42 of Annual ASTM Standards.
618 pages. 1979. $21

Part 42 contains 78 standards on
emissiun. molecular. and mass spec·
troscopy; chr()mat~raphy; resinogra­
phy: microscupy; cumputerized sys­
tems; and surface analvsL<;. New stan­
dards ns well as stand~rdswhich have
been revised or changed in status are
included. New swndards include: AA
analysis. definitions relating to surface
analysis. LC terms and relationships.
appruximate determination of the cur­
rent density of large-diameter ion
heams for depth prufiling of solid sur·
faces. and tC5ting fixed wavelength
photometric detectors for use in Le.
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FACSS Meets In Philadelphia

Editors' Column

The 6th MeetinK of the Federation
of Analytical Chemistry and Spectros­
copy Societies (FACSS), held in Phila­
delphia, Sept. 16-21, 1979, wu well
attended, despite the fact that the fall
American Chemical Society National
Meeting hod heen held in Wuhing­
ton, D. C. the preceding week_ Ap­
proximately 1400 people participated
in this meeting where there were eight
competing sessions at anyone time!
Sessions devoted to the latest tech­
niques, such as inductively coupled
pla."mas. photoacouslic speclroscopy,
and field now fractionation, competed
with more applied sessions dealing
with forensic science. clinical chemis­
try, and steel analysis. Plenary lec­
tures and award addresses lent bal­
ance to the technical program.

Looking to the future, C. Th. J. Alk­
emade of the Netherlands gave a ple­
nary lecture "To Catch a Single
Atom" in which he reviewed the latest
work in detection of 8 single or 8 few
at.oms. He discussed both resonance
and nonresunance optical methods
and optical/electrical methods such
as opto-galvanic. photoionization. and
field ionization. E. Bright Wilson of
Harvard University, in his award ad·
dress as Lippincott Medal Winner,
painted 8 rosy future for infrared
spectroscol>y hased primarily on the
development of tunable infrared la­
sers. In fact, Dr. Wilson predicted that
we are on the edge of 8 revolution in
infrared spectroscopy and that in­
frared will follow nuclear magnetic
resonance in its development. These
predictions are based on the availabil­
ity of high power and coherence in
sources which will produce very rich
spectra. As the information provided
will be much more complicated. more
theoretical information is needed, and
the computer will he absolutely essen­
tial to deal with the large amounts of
data produced.

In his Anachem Award address, J,
J. Kirkland of Du Pont, described his
work with sedimentation field now
fractionation (SFFF) which turns out
to be a useful separation method for
macromolecules and for use in particle
size determinations. SFFF, a retention
chromatographic technique based on
differential migration fates, uses a
continuous mobile phase and yields
a "fractogram." Dr. Kirkland showed
through his work that the method also
hos potential for use as a preparative
technique and can be used for bio­
polymer separations such as virus aep­
arations.

On a more practical level Joseph L.
Peterson of the Dept_ of Criminal Jus·
tice, at the University of Illinois sum­
marized the status and problems of fo­
renlic science. This field is primarily a
service and therefore mUit demon·
strate its usefulness and ita cost effec­
tiveness. Currently it is ua.ed mainly
by the prosecution, and the field is
challenged to take the offensive in ...
curing data which may he of value to
either the prosecution or the defense_

Similar problems exist in clinical
chemistry and in drug monitoring.
That is, the techniques and instru­
mentation used must be shown to he
of henefit to patients and to physi­
ciaDS treating patients. Before any
regular drug monitoring program is
instituted, it must he demonstrated
that the level of drug(s) in the blood
correlates in some way with the pa­
tient's condition. Arthur Karmen of
the Alhert Einstein College of Medi­
cine described some of his work in fol­
lowing the concentration of therapeu­
tic drugs in patient serum through
drug therapy of epileptics. Any suc­
cessful program such as this must he
able to provide answers, for instance.
while clinical patients are still in the
clinic. Does it help a physician to
know drug levels in serum of patients?
When does he (she) need to know
this? The.. are the questions faced in
possible drug monitoring.

There were general application
poster sessions on Wednesday in the
exhibition hail. There were also two
tutorial audiovisual sessions on Tues­
day, morning and afternoon. put on
by H. Sloane of SAVANT, Inc., Ful­
lerton, Calif. The morning program
dealt with atomic absorption and the
afternoon program with high perfor­
mance liquid chromatograpby. Tbese
well-done education aids attracted
sizeable numhers of people_ Each pro­
gram consists of four 45-minute slide
presentations with audio explanations.
Information is carefully and clearly
presented. Programs such u these
should help in training people-the
lack of well·trained chemists familiar
with the principles of modern instru­
mentation is 8 constant complaint
heard from those concerned with ana­
lytical problem-solving,

FACSS will meet egain in Philadel·
phia in 1980 and '81. For next year's
meeting, Sept. 28'-Oct. 3, Sidney
Flemming of Du Pont is Arrange­
ments Chairman and Ted Raina of
NBS is Program Chairman, .

, Josephine M. Petruzzi
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Insbumentation

Nonlinear
Parameter

Estimation
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Thomal A. Brubaker
DePl"1J'*l1 0' Elec1rlcaJ Engl.-log
Color8do Stale University
FOfl Collins. Colo. 80523

Kelly R. O'Keefe
~t 01 ChemIstry
Color8do Stale Un'-slty
FOfl Collins. Colo. 80523

This is 8 second paper in 8 two-part
sequence on the application of param­
eter estimation in analytical chemis­
try. Linear parameter estimation was
treated in the first paper (I). and this
will serve as background for the
present discussion. In this paper non­
linear parameter estimation is de·
scribed with emphasis given to gradi­
ent methods for the actual estimation
process. Two examples. one from spec·
troscopy and one from kinetics. are
used to demonstrate how nonlinear
parameter estimation can be applied.

As mentioned previously. the para­
mount problem in successfully using
parameter estimation in chemistry is
the development of a parametric ana·
Iytical model or a valid experimental
data model for the chemistry being
studied. For the linear case, the model
is linear in the parameters and for
scaler measurements the model out­
putas a function of the independent
variables, possibly past dependent
variables, and the parameters is given
as

WIXk,PI = MlxklP. (I)

In (I) Xk is the kth vector of indepen·
dent and dependent variables and P is
the parameter vector. 'f.he term
w[xkPI is the model output for a spe­
cific vector xk which implies known or
measured values for the independent
and dependent variables. The term
M[xk) is a one row matrix whose ele·
ments are the independent and depen·
dent variables or are functions of
these variables. Carefully nota that we

0003-27001781 A351.1385S01.oo/0
C 1878 American Chemical Society

can also consider vector measure·
ments where each measurement vector
consists of two or more individual
measurements taken at the same time.

For the nonlinear case. the model
becomes a function of the peiameters
and this is denoted as the scaler quan·
tity

In both (I) and (2) Ihe veclor notation
is simply a shorthand way of saying
the model is a function of a set of in·
dependent and dependP.nt variables
and a set of parameters.. An example is
an output that is the sum of two expo­
nential decays. such as might be ob­
served for the phosphorescence of a
binary mixture. where the model is
given by

w[k"-I..BI = p",,-d,Ut + P,.-"'k~t

(3)

where ~t is the increment of obsen·a·
tiontime.

For both the linear and nonlinear
models, the most common error crite·
rion describing how well the model fits
the data is least squares where the
summed square error is given as

s = f: !Y[%k) - w[xk..BII'. (4)
k-'

In (4). y(xkl is the measurement for
the known or measured values of the
kth vector of independent and d.pen­
dent variables. In vector form the
summed square error is Kiven by

S = (y - ".It(y - w) (5)

where )' is a vector of all m measure·
ments and w is a vector of all model
outputs. As shown in the previous
paper, for the linear case

w= HP (6)

where H is a matrix of all of the M's
given in (I). The resulting optimal es­
timate found by minimizing (5) is

13· (H'H)-IHI)'. (7)

Note that for the linear model, (5) is
quadratic in the parameter _ P
and if S is plotted versus m parame­
ters, S has the shape of an m-dimen·
sional bowl with single minimum.

For the nonlinear model, S is not
quadratic in the parameters and the
shape of S in parameter space is gen­
erally unknown. Here local minima
and maxima can occur, and as a result
the procedure to fmd the set of pa­
ram.ters that minimizes S must be
approached with caution. Probably
the most viable tool in this work is in·
teractive computer graphics that allow
the chemist to interact with the esti­
mation process as the computation
proceeds. By experience we have
found that the knowledge of the
chemist coupled with the computer
implementation of the algorithm to
find the best P eliminates many of the
problems associated with applying
nonlinear parameter estimation to
chemical problems.

Giv.n the model for the chemistry,
Ih. probl.m is 10 find th. values for
the- parame-ters that minimize the
5ummed ~U8re e-rror S. The most ob­
vious sulution is to simply search the
parameter space; howeve-r. this meLh·
od is very time ronsuming f\'en for
only a few parameters. Another alter·
native is to use a simplex approach
which is a we-ll·kno'A'1l algorithmic
prucedure for reaching a minimum. In
the chemi$try Hterature. simplex has
been dp.scribed by Deming and Mor­
ROil (21. Given the summed square
.rror surf.ce. a broad class of algo­
rithms g.n.rally classified as gradient
mNhods attempts to iterati\'ely oper·
atl" on the ~raditnlof the error surface
tu forre the summed square error rap·
idly tllward a minimum. Well-known
procedures are Newton's method. the
Marquardl algorithm and FI.tcher­
PlIw.1l variabl. metric method. A
more expended list of gradi.nt meth·
ods is given by Bard (3).

Whil. no method for nonlinear pa.
ram.t.r estimation has been shown to



where Vi is a vector in the direction of
the proposed ith step and Pi is a s(:aler
selected such that Si+1 < Sj. In cs­
sence, then, Vi determines the direc­
tion of the new step and Pi determines
its size so as to reduce the summed
square error. An important theorem
states that Vi is an acceptable direc­
tion if and only jf there exisL'i a posi­
tive definite matrix Hi such that

where qi is the gradient vector. This
now means the iterative exprc:-:.sion
given hy (8) is following the gradient
down toward a minimum value fur the
summed square S, This minimum can
be a local minimum. The gradient
methods \'ary in terms of the selection
of a method for choosing Ri, q i and Pi
and with methods for calculating their
values.

An approach to understanding the
hehavior of the algorithms is based on
expanding the summed square error
given by (5) using the model given by
(2) in a Taylor series about a point (1i

be best, the gradient methods often
are good choices in that convergence is
proven and the rate of convergence is
reasonably fast. However, rom.\. of the
gradient algorithms. as well as many
other methods, were designed for the
solut.ion of sets of nonlinear equations
and not for parameter estimation
where the measuremenL<; arc corrllpt~

cd by noise. As 8 result. the impact of
the noise will usually lead to biased es·
timates, and the noise may have an ef­
fect on the convergence.

Because of space. emphasis in t.his
paper wiJI be placed on t.he gradfent
approach. Given the summed square
error as defined bv (5), the basis of
these methods is t-o set up nn iterativE'
scheme of the form

~;TI = i3; + Pili; (8)

(12)

(171A, =,1,'.1;

H, = IA; + A,II-I (llil

w}1l'f{' Ai is th£' Hessiun or nn npproxi­
mat ion und Xi is 11 ('onstant dlO!"t'n so
thnt Hi is nlways positivl' dc·finill·. Thl'
LC\'l'nherg·Mnrqllllrdt lllg:orithrn is u
slig:ht 1l1Odificution wlwf{' Ai i!" ('hOSl'll

to Ill'

,(UTI = e -k!>T (1~)
T

where T is the time const.ant of the ob­
served signal and ~T is the sampling
interval. Such signals cOllullonly OlTur
in time-n:solvl'd lluOfcscencc and
phosphorescence spectros('op~'and the
task is to estimate T when thl' duta are
corrupted h~' noise. Using this model
with the collect cd data Y, at intervuls
~T. the summed s4uar~ error is

space t.here is no ~lIarantee that Hi iM
positive dl'finite so the nlJ.:orithm
often i!'o not viable,

f\·lost other g:rudit~n(, I1wlhc>dR deal
with ways to fon'(' Hi in (H) to ht· ptlsi­
tiv(' definite. A well-known 1I1gorithm
is n Mnrqllnrdt-type lligorilhm whl'f{'
Hi is dlOsen to hl'

whNe ,Ii is n mlltrix of first dl'rivutivl's
with ell'ments

I· _~il IIH)
'lOkI - orl-k-'

This sel('l,tion of Ai is u!"(,flll fur dll'llI­
il'ul parameter l':-:.timatiun bel'allsl' it is
relatiH'I~'l'nsy to l'UIllJllltl' Oil an iterll­
tive hasis, In addition. if till' llHldl·1
chosen is ('orn'l'l, .Ijl.l i is proportional
to the Hes!"ian,as the Nrur llpproadll's
the minimum, thus, in this region the
algorithm hehaH's in a thcOf(·til'
manner.
Examples. In the first example, we
will dt'nlOnstrate nonlinear parameter
estimation using the simple sampled
pro(,l'SS

(II)ilS
Ot>i = (Ii

and Hj is the Hessian matrix of sl'cond
partial dreivath'l's whose £>Il'ments are

il'SHij =--
il.d;illi,

where i and j range ovre tIl(' m parum­
et£>r values. (~iven (1m, suppose w('
truncate the sNies and let

in parameter space,
Doin~ this yields

(
ilS)'S = S(Pi) + il~; (P - Pi)

+! I(p - P;I'H;(P -li;)1 +... (10)
2

In (10) the term ilS/ilPi is the gradient
n~{'tor now denoted by

Q; = S(d,) + (q;)'(P -Ii;)

I
+ ~ l/i - d;)'H;(ii - ;i;!. (I:ll

Since Qi is quadratic in rl nhuut the
point pji, Qi is howl-shaped and has a
single minimum. Since Stili) is a con­
stant. t~lking the derivative ofQj with
respect to fJ and setting: the result to
zcro will give the howl minimum,
Doing this yields

ilQ; H i iilji =q;+ ;(/ -I;) =0. (I~)

Assumi!lg: ~i is the ith estimate and
letting rJii 1= Ij = ith plus one esti­
mate (14) now gives

ij;+i = 13, - (H,)-Iq ,. (15)

Equation (It)) is known as the Newton
or Newton·Haphson method. This
method of gradient selection is effet·
tive as long as Hi is positive definite so
that we know the algorithm is pointing'
toward a minimum, This i.s generally
true jf one is close to the minimum.
However, over the total parameter

(9)V; = -I{iqi

Figure 2. Convergence of estimates for time constants of
single exponential decay

1.0:

i~tfff.i~:

Itlt[;;;i,1i;('¥c"":"', ·
Figure 1. Ideal single exponential decay
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THE QUALIN REVERSE
PHASE HPLC COLUMN

GUARANTEED!
Bio-SiI"005-IO-theperfCCtcom·
binadon ofquality and price. look
at the pricc lag. Hard to believe only
$195'(", a 250 x 4 mm revel$e phase
column! A5 f, r quality,,, guarantee
top performance:

, 20.000 plates/metcr minimum
•Asymmctry less than 1.5 at 10%
peak height

•Low back pressure

Every Bio-Sil 005-10 column comes
with a rCSt chromatogram and a test
solurion samplc 50 ),OU can verify
perf. rmancc \'OUrSClf. This grear
combination is availablc from rock.

·u.s domuticpnccon!.r

ror a complete deocriptlon c£ all
Bio-Rad HPLC columns, n:quest

Bullerin 1056.

Conract:

2200 Wrighl Avonu<
Richmond. CA~
I'l1cnr (415) 234-4130
Tdex 335 358

Abo in Austtia. England. Gmnonr.
The ether\ands, IWyand ..'itxrlancL
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Figure 3. Actual and simulated photometric titration curves
with ~inetic complications

Figure 4. Global error surface for estimate of kinetic
parameters

s = f: (y(i~T) - e-;>T/1)'. (20)
i-l

For the case of T = 2 seconds, the ideal
data is given in Figure 1. The paramc·
ter estimate is 2.015 seconds with ad­
ditive noise with zero mean and vari­
ance 0.1. This corresponds to a signal
to noise ratio of about 3. The conver­
gence of the Marquardt Algorithm for
an initial guess of 1.0 second~ is shown
in Figure 2. Note that the convergence
is dependent on the initial guess and
the amount of noise power, but tbat in
this case, convergence to a final esti­
mate occurs in less than 9 iterations.

The second example involves the es­
timation of kinetic parameters from a
photometric titration curve. If a ti­
trand, A, is titrated at a constant rate
with titrant T to produce a product, P,
it is the sole absorbing species at the
measurement wavelength, and in ad­
dition the titration reaction is

k,
A+T.=P. (21)

k,

The differential equation that de­
scribes the rate of reaction at any time
in the titration is

dIAl = -kdA]lrC,tN - C.V;lV + (All
dt

+ k,IC.VJV - [AII- r1A]N (22)

where r is the rate of titrant addition
in Lsec-t, V; is the initial volume of
the titrand in L, C, and C. are the ti­
trant and titrand concentrations, re­
spectively, in mol L-I, V is the volume
at time t, and d[A)ldt is the rate of ap­
pearance of species A. If all of these
parameters in a titration are known,
digital or analog techniques may be
used to simulate the titration curve,
Le., produce an absorbance versus
time plot. If, on the other hand, the ki·
netic parameters are unknown, our

task is to estimate kl and k2 so as to
obtain good agreement between simu·
lated titration curves and thuse exper­
imentally measured.

When ~.70 X 10-' mol I.-I creati·
nine was titrated with L19 X 10-2 mol
I.-I picrate, both in 0.200 mol L-I
NaOH, lhe dala labeled actual in Fig­
ure 3 were obtained. Pairs of initial
guesses for kl in the range of 0 to:1O L
mo)-l ~ec-I and for k:! in the range 0 to
3 sec-I were supplied to the simplex
parameter estimation algorithm; the
differential equation was simulated
for the guesses; and summed square
errors were calculated using equation
4. Upon convergence, values of k l and
k, were obtained that yield the titra­
tion curve labeled simulated in Figure
3. Repeated tit ration/estimation gave
estimates of 4.6i ± 0.11 L mol-I sec- 1

for k, and 0.00172 ± 0.00012se.-' for
k,.

Thoma.~ A. Rrubaher received lIi,o;
Ph.D. in Eledr;{'al En;.:ill(,,-',inJ: in
1963 {rum the Uniuer.ity o{ Arizona.
Since that time he ha, taught at the
University of Mis.'wuri, Cu/umbia,
and is presenLly a profes.'ior 0/ electri­
eal engineering'at Colorado State
Univendty. Hi-I; re.It('arch interests are
digital s)'stems, digital signal process­
ing, and their application.Ii to imitru­
mentation area.'i such as chemistry.

Figure 4 shows the summed square
error surface for pairs of k) and k:.! in
the parameter space. The complex na·
ture of this surface results from the
nonlinearity of the model and estima­
t.ion structure.
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Just elf the press trom Hewletl-Paclcard,
is a user's handbook that provides

methodology for
application of automated
HPlC to a wide range of
pharmaceutical analyses.
Here is a 157-page "digest" size l>coc""mllllpilallallilRlm•.liI
of information. so thorough and weI-clrp..
ized, that it makes one at the most valuable
reference tools available to pha(maceulIceI
industry chemists today.

A WEALTH OF INFORMATION
AT YOUR FINGERTIPS
The information on the analyses in­
cludes chromatographic conditions.
representative UV-Visible Spectra,
chromatograms and complete reports.
Major areas of HPLC applications
such as isolation of natural com­
pounds, pharmacokinetics and drug
metabolism are described with text,
sample chromatograms and illustra·
tive figures.

Sections on methodology explain
sample preparation procedures,
HPLC separation system, detectors
and quantitative analysis.

HERE ARE A FEW EXAMPLES
OF THE ANALYSES:
• 13 digitalis glycosides by reverse

phase HPLC
• Microbiological processes during

penicillin production

4111'0

• Decomposition study on ben­
zodiazopine capsules

• Morphine alkaloids in raw opium
• Water soluble vitamins in phar­

maceutical preparations
• Tablet formulation reproducibility

study
• Theophilline assay by HPLC

AN INCLUSIVE BIBUOGRAPHY
INDEXED BY COMPQUND NAME
The bibliography references the
pharmaceutical HPLC literature from
1974·19n covering information useful
in pharmaceutical seperations.

USEFUL IN SOLVING SEPARATION
PROBLEMS DURING ANALYSES
Each reference lists the column,
mobile phase, detector and comments
regarding the separation.

REUABLE ANSWERS FOR
CHEMISTS IN LESS TIME
The descriptions of improved separa­

CIIQ.E 82 ON IlEADER SERVICE CAAD

lions, automated methods deveIap­
ment and automatic sampling
techniques can save the chemist
valuable time.

HOW TO ORDER YOUR COPY
Send your check or rnor:!8Y order to:

Hewlett-Packard Co.
Attn: D. Banks
RI. 41, Avondale, Pi\. 19311

'($7.00 plus olher eppllcaIlIe __ -­
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The Essence of Modem·Analytical
Chemistry

Every chemist would agree that modem-day analytical chemistry
differs radically from that of fifty years ago, and most would no doubt
point to the introduction of a variety of instrumental measurements as
the major difference. As striking as this difference is, it fails to get to the
essence of what makes the modern approach different from the clas­
sical.

Fifty years ago, the only question analysts sought to answer was the
composition of matter, expressed as percentages of elements or com­
pounds in a sample. Even today, one occasionally encounters such a
narrow perception as to the goals of analysis, especially among those
remote from the modem-day science. The fact is that as the capabilities
of analytical science have improved, the demands placed upon it have
correspondingly increased. The first change was toward increasingly
demanding limits of detection and estimation of elements and com~

pounds. But when the newer methods also proved capable of yielding
information about oxidation state, crystal structure, coordination state,
etc., this further depth of information soon became a requirement in
special cases. When methods of high spatial resolution became availab\il,
the demands for such information grew. When methods of detecting
transient, unstable, or unstable species in dynamic systems became
available, the need for 6uch information at once emerged. Analysis of
living systems, including complex organisms, is at a research frontier
today, but no doubt will be a routine demand some day. Thus instru~

mental approaches are merely the means to an end, namely for more
detailed information in more complex systems, rather than being the
heart of the analytical process.

What, then, marks the essential change from the relatively simple past
of years ago? Analysis can now be more accurately described as being
applied to a problem, rather than to a sample. To be sure, sampling is
an important and often neglected part of the analytical process, britwe
really are interested in the problem the sample represents rather than
the sample itself. To achieve these new goals of information, analytical
chemists need increasingly detailed understanding of the system under
observation as well as the measurement devices. The esaence of.the
modern approach is a quest for fundamental understanding ofa problem
rather than an empirical determination of composition.

ANAlYTICAL CI-£MISTRY, VOL. 51, NO. 13. NOVEMBER 1879 ....
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Time and Spatially Resolved Atomic Absorption Measurements
with a Dye Laser Plume Atomizer and Pulsed Hollow Cathode
Lamps

R. M. Manabe' and Edward H. Plepmeler'

Department o( Chemlslfy, Oregon Stat. University, Corv.llls, Oregotl 9733 t

TIme and ",aUaly resol.ed atomic absMp\lOn meuurements
wer. mad. ....ng a 1'/,1 dye la.., beam to atomlza solid
aamplea Of Cu. AI. and Pb alloyl, at.... and graphite. Pulled
hoIow cathode lampe wtth pulaea .. Ihort al 1 1'1 were uaed
al primary IOlIrC" lor the atomic abaorptlon meaaurements,
The InIIuenceI 01 aampIe chamberpr_ were atudled. The
tJrne-lniegrated. ablOrptlon apec1ra' line p,ollle 01 Cu In the
plume wal ob..r.ed during the Ilrat 80 /'1 01 the plume.

Intense focused lase' beams have been used as atomizers
for atomic absorption spectroscopic analysis of solid samples
by several investigators (1-7). Mossotti et al. (1) and
Piepmeier (2) used Q·switched lasers to atomize the sample,
and nash lamps as the primary light source. Karyakin and
Kaigorodov (3) took advantage of the intense radiation emitted
from the laser plume itself as the primary source and used
the widths of self·reversed lines produced on film as an
analytical signal. Osten and Piepmeier (4) and Vul'fson et
aI. (5) used pulsed hollow cathode lamps as primary sources.
HoUow cathode lamps operated in the de mode have been used
as primary light sources by Matousek and Orr (6), who used
a graphite furnace to aid atomization by a CO, TEA laser, and
by Iahizuka et aI. (7). who swept the atomized sample into an
auxiliary observation chamber by a rapid now of argon gas.
The graphite furnace (6) and the auxiliary observation
chamber (7) were designed to mask emission signals from the
plume, which interfere with the observation of the absorption
signal. The masking effectively reduced the plume emission
signals relative to the de hollow primary source signals, but
did not entirely eliminate sample emission in all cases.

Piepmeier and Osten (8) predicted from theoretical con­
siderations that the intense continuum emission from the
plume could be reduced by using a long laser pulse [of the
same energy], and by using a laser with a shorter wavelength
to reduce inverse Bremsstrahlung absorption of the laser
energy in the plume, which tends to result in intense plasma
emission. This study reports the results of using such a laser
to atomize solid samples, and using long and short·pulse
bollow cathode lamps as primary sources. The innuence of
the pressure of the gas in the sample chamber is studied.

EXPERIMENTAL
Laaer Microprobe. The laser used in these experiments was

a Chromabeam 1070 dye laser (Synergetic!! Research, Inc.). The
lasing dye solution (I X 10'" M Rhodamine 68 in 95% ethanol)
waa circulated through the l-em bore of a coaxial flash lamp. The
maximum energy for the 1-,," laser pulse was 0.1 J. The maximum
repetition rate was 3 pulses per min.

The original laser trigger used an electromechanical relay in
the primary circuit of a high voltage pulse transformer, similar
to that used in a conventional automobile ignition system. The
secondsry circuit of the transformer was connected to the trigger

I Pr.entadd""'" Rockwell Hanford Operation, Richland, Wash.
99352.

(third) electrode of a spark gap which discharged a O.3-~F capacitor
through tbe lamp. The jitter time of this trigger circuit was 5
ms, much too long for these expenmenlJl. The relay in the primary
of the high voltage pulse transformer was replaced by a sili·
con-controlled recitifier (GE C20D) which switched a 1.6·~F

capacitor charged to 350 V through the primary of the transformer.
This reduced the jitter time to 10/,s. During later experiments
it was found that a continuous flow of nitrogen through the spark
gop reduced the delay time before firing to 10 JlS, with a jitter
time of Ips.

The rectsngular sample chamber had inside dimensions of 1.5
x 1.5 x 4 in. Quartz windows were mounted on five sides. The
sample chamber was mounted on an XV micrometer adjustment
stege similar to the one used by Piepmeier and Osten (8) so that
the laser plume could be easily moved in the plane perpendicular
to the optical axis of the atomic absorption detection system for
spatial mapping. Additional micrometer translation stages were
positioned to aUow the sample chamber to be moved with respect
to the laser beam so that any part of the sample surface could
be sampled (9).

Detection System. The emission studies used an fill, l-m
over-and-under research ezeroy Turner spectrograph-spec­
trometer described by Osten (10). The rllSt-order reciprocal linear
dispersion was 0.83 nm/mm. At the focal plane, either photo­
graphic or photoelectric readout modules were fitted. A 4 X 5-in.
sheet-film Polaroid photographic module was used for these
studies. The photoelectric module consisted of two lP28 pho­
tomultiplier tubes to aUow dual channel readout for simultaneous
monitoring of an analyte line and nearby background. This
spectrometer was also used for atomic absorption measurements.
Side-by-side 25-cm focal length parabolic mirrors were used to
focus the light from the plume into the speclrograph-apeclrometer.
The mirrors were positioned to compensate for the astigmatism
of the spectrograph so that a point source at the plume was
correctly focused as a point at the focal plane of the spectrograph
(11). A 200-~m horizontal slit was positioned 6 mm behind the
entrance slit for spatially resolved studies. This arrangement
produced maximum light transfer (12) and provided the spatial
resolution vital to these experiments. Two l·m focal length
spherical mirrors in an over-and·under configuration were used
to direct the hollow cathode radiation through the laser plume
and spectrometer entrance optics.

The monochromator used in the atomic absorption spectral
line profile studies was a Heath Model EU-700 equipped with
a EU·701 photomultiplier tube module. This monochromator
was employed as a variable band·pass ruter to eliminate interfering
lines from the interferometer. The interferometer (Tropel Model
242) system was essentially the same one used by DeJong and
Piepmeier (13) with a O.5-mm scanning aperture. The plates had
a nominal renectivity of 97.5% between 300 and 330 nm.

A He-Ne laser was used to aid in the initial alignment of the
UV interferometer plates. A pin hole aperture was placed at the
exit of the He-Ne laser to cause the laser to diverge and fill the
working aperture of the interferometer. Four reflection spots were
observed, due to the surfaces of the two interferometer plates.
One of the four possible ways of superimposing two spots upon
each other was arbitrarily chosen, and the plates were adjusted
until a series of fringes was observed in the region of the 8U·

perimposed renection. The adjustments were fine tuned until
the fringe spacing was a maximum. A low-pressure Hg lamp was
then placed on the axis of the interferometer. Coming Glass 3-72
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Figure 1. Electronic clrcun used to pulse the hollow cathode lamp.
L. Rl = 100!!; R2 = 0.7!!; R3 = 500 k!!; Q = SK-3111

and 4·68 filters were placed in front of the Hg lamp to allow the
green line of Hg (546.0 nm) to p.... Although the .urface. were
not highly reflective at this wavelength, when the proper two
surfaces of the plates were chosen, a series of concentric fringes
w.. visible to the naked eye when the eye w.. focused at infinity.
The alignment achieved by this technique w...ufflcient to observe
the profile of the Cu(l) 324.8-nm line with the interferometer,
and only fmal tuning with the piezoelectric drives w.. necessary
to obtain maximum fmesse. The interferometer was enclosed in
a box with a 0.25·m thickness of .tyrofoam pellets .urrounding
it for thermal insulation. Alignment .tability was greatly improved
by leaving the power to the tuning piezoelectric drives on con­
tinuou.ly. The gro•• alignment of the interferometer w...table
over a 2·month period. during which time only fine adjustments
of the piezoelectric drives were required. to maintain maximum
finesse.

The finesse of the interferometer w.. determined to be better
than 18 from observations of a monoisotopic 198Hg electrodeless
di.charge lamp. The 312.6-nm Hg(l) line w.. used because of
its proximity to the 324.8-nm Cu(l) line.

The integrator for the electronic charge from the photomul·
tiplier anode w.. built by using the circuit designed by Piepmeier
(14). Because of the long integration time., R2 and C2 in this
circuit (14) were not necessary, and slower operational amplifiers
(MP 1039, McKee Pedersen, Inc.) were used. The diodes D1 and
D2 were reversed to accept the negative signals from the pho­
tomultiplier.

The hollow cathode puising circuit, Figure I, used a 1000-V
transistor (SK-311l) .. a .witch in .eries with the hollow cathode
lamp and a lOO-!! current limiting resistor. The emitter of the
npn SK-3111 tran.i.tor w.. connected to common (ground)
through a 0.7-0 resistor. A SOO-kO resistor was connected in
parallel with the transi.tor (between the collector and emitter)
.0 that a I-rnA background current continually flowed through
the hollow cathode lamp. Thi. background current prevented
the hollow cathode from electrically floating when the transistor
.witch w.. off and thereby provided more reproducible pulsing
characteri.tics for the lamp. A de power .upply of 800 V w..
needed to produce the fast re.pome times for the lamp. Lower
voltage. produced .lower re.ponse times for the lamp. Pulses
...hort as 0.5 ~. were observed.

The base of the transistor w.. driven directly by the output
of a Tektronix Model 114 pulse generator. The magnitude of the
current puises was controlled by the 100-!!.eries re.i.tor when
the transistor was saturated (completely turned on). When the
transistor was not saturated, the transistor acted as a current
amplifier; the pulse current w.. controlled by the transistor, whose
current w.. in turn controlled hy the output current of the pulse
generator. The current from the pulse ienerator w.. determined
by the output voltage of the generator, the 50-!! internal output
re.istance of the generator, and the input characteri.tics of the
transistor circuit.

When the transistor is saturated, the output voltage of the pulse
generator also influences the duration of the pulse, by increasing
the duration of the hollow cathode pulse hy up to 25 ,.. longer
than the input pulse to the transistor haae. Tharefore, a 1-,.. pulse­
into the haae must have an amplitude small enough not to saturate
the tran.istor if the hollow cathode pulse is to he .. short as 1
/l8. An input pulse of larger amplitude that causes the transistor
to turn completely on (identified by a collector-emittar voltage
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of only a few tenths of a volt) will saturate the haae region of the
transistor with electrical charge. The excess charge will remain
for a .hort time (up to 25 ,..) after the input pulse had ceased,
allowing current to continue to flow from collector to emitter and
therefore through the hollow cathode lamp for this additional
.torage time. This .torage time can be controlled from zero to
25 ~. by the input pulse amplitude and by the input pulse du­
ration. Since both the amplitude and duration of the input pulse
can affect the .torage time. the amount of charge injected into
the base is an important factor in determining the .torage tima.

RESULTS AND DISCUSSION
Emission. Figure 2 .hows the dependence of crater di­

ameter upon laser energy of the flash lamp pumped dye 1aser
for a copper target at atmospheric preasure in air and at 0.1
Torr (13 Pal. Figure 3 shows a similar variation in crater
diameter with laser energy at atmospheric preasure for a steel
sample (NBS 461 steel). For both presaurea, the crater di­
ameter for the copper sample increases with increasing laser
energy, and presaure makea little difference in the shape of
the curve. However, over the same range of laser energies,
Piepmeier and Osten (8) found for a Q-switched Nd 1aser that
the crater diameters increased for a pressure of 1.0 Torr, but
remained constant with increasing energy at atmospheric
pressure.

Time integrated photographs, taken with the samespec­
trograph, showed a heavy .pectraI continuum emission in the
central region of the plume at atmospheric preasure for the
Q·switched Nd laser (8), and relatively little continuum
emission when the dye laser was used. There was negligible
conLinuum in the plume (except at the surface spot) for both
la.ers at low pressure.

The differences in the crater and spectral results may be
due to the decreased irradiance caused by the f1aah lamp
pumped dye laser compared with the irradiance caused by the
Q-.witched Nd laser, and also to the shorter wavelength of
the dye laser. The maximum energy flux at the focal point
was 2 x 10" W / em' for the 6O-ns Q-switched laser and 2 X
10" W/ern' for the 600-ns dye laser (using the minimum crater
area observed as the focal.pot area). The results of Piepmeier
and Osten (8) indicate that a minimum irradiance of 5 X 10'
W /ern' is needed in order to form a radiation supported shock
wave or atmospberic plasma that absorbs a IJUIior fraction of
the energy in the 1aser pulse, preventing aU of thelaaer eDerIY
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Figure 5. Oscilloscope tracings of Ume resolved atomic absorpUon
for the Mn(l) 403.1-nm line at various pressures. Observation height
= 2 mm. Sleel sample: NBS 461
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cathode lamp. Co metal was used as the sample. Figure 4
shows the time resolved neutral atom and ion absorption
signals at a low pressure (0.2 Torr) of the sample chamber and
at atmospheric pressure. Observations were made at a height
of 2 mm above the aample surface. In Figure 4, the lamp pulse
began 0.4 ms prior to firing the laser. At 0.4 ms the laser fires
and an emission pulse from the plume sends the signal off the
top of the scale. As the emission subsides, and absorption
becomes significant, the signal comes back on scale and drops
below 100% T. At 0.2 Torr, the absorption of the neutral atom
extends beyond the hollow cathode pulse, while the ion line
absorption becomes negligible 0.25 ms after the beginning of
the plume. At atmospheric pressure, the neutral atom ab­
sorption lasted for 0.25 ms, while the ion line absorption lasted
for only 0.2 ms. The depth of the absorption peak for the ion
line is distorted by the relatively long 15-1'S RC time constant
(chosen to reduce shot noise) of the coaxial cable and load
resistor connected to the anode of the photomultiplier tube.

It appears from these results that the recombination rate
for Co ions is rapid compared with the time required for
depletion of the free atom population, and that the recom­
bination rate is slower at lower pressures as would be expected
due to lower collisional rates caused by lower densities.

The innuence of sample chamber pressure upon the sen­
sitivity and character of the atomic absorption signal was
studied by using a minor constituent, (0.3% w/w), Mn in a
NBS 461 reference steel aample. The steel sample was chosen
because it is certified to be homogeneous on the I-~m level,
and Mn was chosen because the peak absorption signals did
not approach too close to 0% T.

Figure 5 shows oscilloscope photographs of representative
pressures. Each photograph shows three traces. The traces
are displaced in time from one another because of the jitter
time of the spark gap of the laser triggering mechanism for
these runs. The magnitude of the peak absorbance reached
a maximum value at 50 Torr. Increases in sample chamber
pressure result in decreases in the time duration of the ab­
sorption signal. Figure 6 shows how the width of the ab­
sorption peak at first becomes narrower as the pressure in­
creases and then tends to level off above 100 Torr.

Three factors could conceivably contribute to the observed
changes in absorption peak amplitude and peak width: the
relationship of the spectral prome of the hollow cathode lamp
to the absorption spectral profile of the atoms in the plume;
the RC time constant of the coaxial cable and load resistor
connected to the anode of the photomultiplier tube; and the
spatial expanse of the plume.

The spectra profiles of the 403.I-nm Mn(1) line have been
observed in a hollow cathode lamp and a name (I5). Even
though the temperatures and pressures of these sources were
quite different from each other, the width of the spectral
profiles differed from each other by only 30% because of the
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Flgur. 4. TIme resolved atomic absorption at a height 2 mm above
the sample surface lor the Ca{lI) 393.3-nm line al (a) 0.2 Torr and
(b) 760 Torr: and lOt' the Ca(I) 422.7-nm line al (c) 0.2 Torr and (d)
760 Torr

from reaching the sample surface. The presence of a radiation
supported shock wave at atmospheric pressure could explain
the essentially constant crater diameter for the Q-switched
laser results and the intense spectral continuum. At the lower
pressure, the shock wave does not form, or is relatively in­
significant because of the greatly reduced concentration of
the atmosphere. The irradiance caused by the dye laser is
too low to form a shock wave at either pressure. and the crater
diameters are therefore the same for both high and low
pressures.

The absorption coefficient of a radiation supported shock
wave is directly proportional to tho wavelength of the laser
radiation being absorbed (8). The shorter wavelength of the
dye laser. 590 nm compared with 1060 nm for the Nd laser,
should further reduce the likelihood of forming a radiation
supported shock wave.

Time integrated photographic spectra of the dye laser plume
were observed for copper, sluminum. and Mg-doped (10%
w/w) graphite samples. The spectral band-pass of the
spectrograph was 0.04 nm. The 327.4- and 324.B-nm Cu(l),
the 309.3- and 30B.2·nm AI(I), and the 285.2-nm Mg(l) lines
were completely self-reversed at atmospheric pressure. The
Cu and Al lines extended 2 mm above the surface of the
sample. The Mg line and ita self·reveraa1 extended 5 mm
above the surface, indicating that relatively unexcited Mg
atoms are widely distributed in the outer regions of the plume
even to a height of 5 mm.

The width of the darkened centers of the lines varied
smoothly from 0.4 nm at the surface to 0.1 nm at a height of
2 mm. The wider emitting wings of these lines varied in a
similar manner going from the surface to a height of 2 mm.

At low pressure (0.1 Torr), the lines were as narrow as the
imago of the entrance slit of the spectrograph, except within
0.5 mm of the surface of the sample. Emission line widths
of 0.3 om were observed within 0.5 mm of the aample surface,
le88 than the corresponding broadening observed at atmos­
pheric pre88ure. No self-reversal was observed.

At both high and low chamber pressures the broadening
near the surface may be caused by relatively high Doppler and
collisional broadening due to the initial high pre88ure of the
plume before significant expansion has taken place. The
increase broadening throughout the plume at high chamber
pre88ure could be caused by increased collisional broadening
with the atmospheric species and by increased collisional
broadening within the plume caused by atmospheric con­
fmement of the plume.

Atomic Absorption. The presence of self-reversed
emi88ion lines indicated that atomic absorption would be a
better way to observe the analyte than atomic emission for
this laaer microprobe. A Ca-pulsed hollow cathode lamp was
used as the primary source to observe absorption of the
422.7-om Ca(ll line and the 393.3-nm Ca(Il) ion line. Co was
chooen because there was a strong ion line in the pulsed hollow
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complex hyperfme structure of the lines. The individual peaks
of the hyperfine components, though relatively narrow
themselves at the low hollow cathode pressure, heavily overlap
each other to form a relatively wide overall emission peak, not
much narrower than the absorption peak in the atmospheric
pressure flame. Therefore, the relatively small changes in
spectral profiles caused by the pressure differences in the
plume experiments (similar to the pressure differences be­
tween a hollow cathode lamp and an atmospheric flame) would
account for only a small fraction of the large changes in peak
absorption observed with changes in sample chamber pressure.
This leaves two other considerations.

The absorption peaks in Figure 5 for low pressures reach
their peak values well after the response-time delay caused
by the RC time constant. The response time is only delayed
on the rising or leading side of the absorption peak where the
light is rapidly decreasing. On the falling or trailing side of
the absorption peak, the light signal is rapidly increasing and
the low-output-impedance photomultiplier is rapidly charging
the capacitance of the coaxial cable, causing negligible dis­
tortion of the shape of that part of the peak. Evaluations of
the photographs show that the RC time constant delays in
the leading edges of the pulses could cause the observed widths
to be shorter than the true width by 0.02-Q.06 ms depending
upon the magnitude of the initial emission spike which shoots
the trace off scale prior to the absorption peak. Therefore,
this time constant distortion could account for only a small
portion of the change in pulse width with pressure, especially
at the lower pressures. The time constant distortion could
account for a large part of the decrease in absorption peak
amplitude at pressures higher than 50 Torr, but does not
distort the peak amplitude at lower pressures where the peak
occurs well after any significant time constant delays.
Therefore, the decrease in peak width and the increase in
absorption peak amplitude with increased pressure at low
pressure must have other causes. One such cause (the third
factor considered) might he the influence that the chamber
pressure has upon the size of the plume (8).

Therefore, atomic absorption measurements were made
with 0.2-mm square cross section resolution up to heights 6
mm above the surface and out to 3 mm to the side of the
plume, the phyaicallimits imposed by the sample chamber.
At 0.2 Torr, the peak absorhances at heights between 1 mm
and 2 mm were constant from the center of the plume out to
a radial distance 3 mm away from the center. However, at
atmospheric pressure, absorption decreased with radial
distance and was detectable only to a distance of 2 mm from
the center. At low pressure, absorption was detected up to
6 mm above the surface, but at high pressure, absorption was
not detected at or above 4 mm. For Cu and in a Cu sample,
absorption was not detected beyond 1.3 mm radial distance
at atmospheric pressure.
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These observations show that the presence of the atmo­
sphere has a confining effect upon the size of the plume; that
is, upon the distances that free neutral atoms are allowed to
reach after they are ejected from the surface of the sample.
Two mechanisms may be at work. First, the atmosphere may
act as a sort of outer shell which only slowly enlarges and
actively confmes most of the atoms ejected from the sample.
The confming effect would cause an increase in concentration
within the confmed region, which would result in an increase
in the peak absorption amplitude as the sample chamber
pressure increased, as is observed for pressures up to 50 Torr.
Secondly, the increased collision rate caused by the presence
of the atmosphere may cool down the translational energy of
the sample atoms and cause them to more quickly condense
or chemically combine among themselves or with the air
species, shortening the life of the absorption peak, as observed
throughout the pressure region studied.

Precision. The relative precision of the atomic absorption
measurements varied between 10 and 20% as the sampling
site waS moved to a fresh part of the surface for each laser
shoL In order to try to improve the precision of the Mn atomic
absorption measurement, the same spot on the NBS 461 steel
sample was repetitively sampled. A height of 2 mm \vas chosen
to allow the plume to expand and become more homogeneous
before the atomic absorption peak occurred. A pressure of
0.2 Torr was chosen hecause of the observed increase in
residence time of the atoms in the observation region. The
peak absorhances of the fU'St three shots were 0.49, 0.25, and
0.21, respectively. The next 16 shots produced a relatively
constant absorhance of 0.18 with a relative standard deviation
of 6%. Calculations indicated that this was the relative
standard deviation expected due to shot noise. Therefore,
better analytical measurements would be expected if a tunable,
narrow-band laser were used instead of a pulsed hollow
cathode lamp to eliminate shot noise.

The change in absorbance during the first few laser shots,
and the improvement in precision of the measurements when
the sample is not moved between successive laser shots, in­
dicates the importance of reproducible surface preparation
in obtaining reproducible analytical measurements. One cause
of this initial change in absorbance during the fU'St few laser
shots may be adosrbed gases on the sample surface (6).

Short-Pulse Observations. Oscilloscope readout of
absorption peaks is inconvenient for routine analytical work.
Electronically time integrated readout of the emission signal
from a short-pulse hollow cathode lamp would he easier to
work with, and a short enough pulse would improve time
resolution. A shorter hollow cathode pulse that was on only
during the measurement time could be made more intense
and thereby reduce shot noise. A copper hollow cathode lamp
was used because spectral line profiles were available for this
lamp (13). A l-I'S, I-A pulse was used because it should Wribit
even less self-absorption than the 1O-1'S pulses published by
Piepmeier and de Galan (16). A l-I'S pulse also provides much
better time resolution for both diagnostic and analytical
studies.

The relative standard deviation for the time integrated l-I'S
atomic absorption measurements for Cu in Pb foil at 1 Torr
and a height of 2 mm was 5%. The hollow cathode pulse was
triggered off of the laser pulse to avoid time jitter inherent
in the laser spark gap trigger. The shortest time between the
laser pulse and the hollow cathode pulse was 2 I'S, due to
delays inherent in the hollow cathode circuitry aild the delay
time after initiating the pulae in the lamp before the lamp
emitted radiation.

At 2 ~s after the laser pulse, the absorbance was 0.4. The
absorbance rapidly decreased to 0.2 at 5 I'S, and remained at
0.2 until 100 I'S. From 100 I'S the absorbance gradually
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fig... 7. Emlaslon epectrel prolile 01 the Cu(J) 324.lI-nm Una for a
hollow cathode lamp opereleclln the de mode (e), and In the pulsed
mode (b). (c) Shows the epectral prolile of the laser pulse for Cu In
Pb lotet 1 Torr. (d) ShoWI the spectral profile obtained from c by
amoothlng end converting to aboorbance

decreased to 0.16 at 1000 )'s, The constant absorbance be­
tween 5 and 100 )'s would tend to correlate with the pho­
tographic observations of Scott and Strasheim (J 7) who
obeerve similar laser plumes to "hang as a nebula" for 1-100
1'8 after their initiation.

The poeaibility that nonspecific absorption could be causing
tha initially high absorbances was checked by using a 6-1'8 flsah
lamp continuum in place of the hollow cathode lamp. No
absorption was detected above a noise level of 10%. Con­
sequently, the initially high ab80rbance at 2)'s must be due
to Cu atoma. These results show that the I·!'s pulsed hollow
cathode lamp is a better light source for Cu in Pb than the
long·pulae hollow cathode lamp that could not accurately
respond to absorbances at 21'8 (because of the 1&-1'8 RC time
constant needed to reduce shot noise),

Spectral Profilel. The absorption spectral profile of Cu
in the plume from a Pb foil sample was observed by using a
Fabry-Perot interferometer and a pulsed hollow cathode lamp
as the light source. The lamp emiasion pulse was time in­
tegrated, A lamp pulse current of 500 rnA was used for
maximum instantaneous intensity. The spectral profiles of
the lamp were observed for several pulse durations. The
spectral profile for a pulse duration of 60 1'8 represented the
best compromise between a non-self·reversed emission spectral
prome, consistent with sufficient signaI.to-noiae ratio. Longer
pulse durations exhibited self·reversal and did not increase
the integrated intensity signal to significantly reduce shot
noisa. Shorter pulses increased shot noise to unacceptable
levels,

Figure 7 shows the data from a typical run. Figure 7a shows
the emission profile for the 324.8-cm Cu(1) line from a Cu
hollow cathode lamp operated in the de mode. The two peake
are due to the hyperfme structure of the line (18). Figure 7b
shows the emission profile of the lamp operating in the pulsed
mode. Each vertical line represents one pulse, Figure 7c shows
the promes obtained when the laser rued with every other

pulse of the lamp for a sample chamber pressure of I Torr,
This a1ternsting mode of operation allowed the. 100% T curve
to be obtained during the same run as the absorption profile
of the plume. This prome represents the time integrated Cu
absorption profile in the plume during the r1f8t 60 1'8 following
the firing of the laser.

Figure 7d shows the absorbance profile that was calculated
after manually passing smooth lines through the 100% T and
absorption peaks in Figure 7c. The odd shape may be due
to uncertainties in the data points and smoothing routine, or
to actual changes in the absorption and emission spectral
profiles during the 6O')'s pulse (16, 19, 20). The relatively
narrow shape of the profiles compared with those of the de
hollow cathode profiles indicates that the plume has cooled
to a Doppler temperature of less than 1000 K during the 60-1'8
pulse, which occurs before the absorption signal at that
pressure begins to decrease. Absorption profiles for sample
chamber pressures of 50 Torr and above produced poorer
results because the central regions of the profiles were totally
absorbed.

To summarize the results of this study, the flash lamp
pumped dye laser microprobe craters are independent of
sample chamber pressure, indicating that very little of the laser
energy is absorbed in the atmosphere, in contrast to the results
obtained by using a Q-switched laser microprobe of similar
energy. Lower pressures produce narrower emission spectral
line widths. Low pressures aIeo eliminate self·reversal of the
very broad lines still present at the sample surface. The
atmosphere shortens the lifetime of atoms and ions in the
plume, which tends to decrease ab80rption. The atmosphere
also has a conrming effect upon the size of the plume which
tends to increase absorption. The net result is a maximum
absorption signal that occurs at a sample chamber preBSure
near 50 Torr. At I Torr, ab80rption spectral profiles indicate
that a translational temperature of less than 1000 K is reached
during the first 60 1'8 of the plume.
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Inductively-Coupled Argon Plasma as an Excitation Source for
Flame Atomic Fluorescence Spectrometry

M. S. Epsteln,' S. Nlkdel. N. Omenelto.2 R. Reeves.' J. Bradshaw. and J. D. Wlnefordnero

Department of Cham/stry. University of Florida. Gainesville. Florida 32611

An Inductively-coupled argon plasma (lCAP) Is used as a
narrow line radiation source for the excitation of atomic
fluorescence In several analytically useful flames (nitrogen­
separated air/acetylene and nitro,," oxide/acetylene). De­
tection Itmlts lor 14 elements are compared to atomic
fluorescence detection ImlIs using other radlatlon sources and
to those of other atomic spectrometrtc techniques. Dominant
noise sources which limit measurement precision at low and
high concentrations and the slgnltlcance of and correction for
the scalfer problem are discussed. The reduction of spectral
Interference observed In ICAP emission Is demonstrated for
the determination 01 zinc In unalloyed copper (NBS SRM-394
and -396). The technique Is also applied to the determination
01 zinc In fly ash (NBS SRM-1633), cadmium and zinc In
simulated Iresh water (NBS SRM-1643), and copper and zinc
In orange )ulce.

The inductively-coupled argon plasma (ICAP) has been
demonstrated (1) to be an excellent source for emission
spectrometry. However, the spectral characteristics of the
emission from this source, such as high intensity, excellent
short and long term stability, narrow linewidth, and freedom
from self-reversal, make it an ideal radiation source for the
excitation of atomic fluorescence in flames.

The first reported use of 8 radio-frequency, induction­
coupled plasma (36 MHz, 2 kW, Model SC15, Radyne Ltd.,
U.K.) as an excitation source for flame atomic fluorescence
spectrometry (AFS) by Hussein and Nickless (2) resulted in
relatively poor detection limits (3) (Table I) which probably
contributed to the absence of further development of the ICAP
as a source for AFS. However, the tremendous growth in the
use of the ICAP for emission in the last decade has resulted
in significant improvement in sample introduction and plasma
stability (4), which now makes the ICAP an excellent source
for AFS (5).

The advantage of the ICAP compared to other AFS sources
is its flexibility with respect to the aoailability of intensc
atomic and ionic line radiation for many elements. Changing
from one element to another is simply a matter of aspirating
a different solution into the plasma, taking less than one
minute. The availability of many intense nonresonance and
ionic lines allows scatter correction to be easily performed
using the two-line technique (6).

ICAP-excited AFS can also offer an alternative to ICAP
emission when spectral interferences which are observed with
monocbromators of medium resolution (>O.OI-nm spectral
bandpass) significantly limit emission analysis. Interferences
in emission due to changes in the plasma background radiation
(which require a background correction procedure) are not
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observed using AFS. Line spectral interferences which cannot
be resolved may also be reduced or eliminated because of the
spectral selectivity of flame AFS. This selectivity results from:
(a) differenc~s in atomization, excitation, and ionization
properties of the flame and plasma; (b) differences in quantum
efficiencies between analyte and interferent lines; and (c) the
property of the flame as a resonance detector with an effective
spectral bandwidth equivalent to the width of the absorption
transition.

We have investigated the application of the ICAP as an
excitation source for atomic fluorescence using a simple optical
setup, low resolution monochromator, and nitrogen-separated
airfacetylene and nitrous oxide/acetylene flames. Detection
limits obtained for 14 elements are compared to AFS detection
limits using other excitation sources and to detection limits
of other atomic spectrometric techniques, such as flame atomic
absorption and ICAP emission. The noise sources limiting
precision at low and high concentrations are delineated and
the effect of various instrumental parameters such as spectral
bandpass and ICAP nebuIizer pressure on signal·to-noise ratios
is described. The scatter problem is evaluated and the two-line
method is applied for scatter correction. ICAP emission and
ICAP-excited AFS are applied to the analysis of zinc in
unalloyed copper (NBS SRM-394 and -396) and the AFS
technique is employed to correct for a zinc-copper apectral
interference at the 213.9 nm line in ICAP emission.
ICAP-excited AFS is also employed for the analysis of copper
and zinc in orange juice, zinc in fly ash (NBS SRM-I633), and
cadmium and zinc in simutsted fresh water (NBS SRM-I643).

EXPERIMENTAL

IDstrumentatioD. The instrumentation used in this study
is described in Table II and a diagram of the arrangement of
experimental components is shown in Figure 1. Radiation from
aqueous solutions of the analyte element aspirated into the ICAP
is modulated at 600 Hz and focused by spherical quartz lenses
on the separated flame. A reflector is placed behind the flame
to prO\;de a double-pass system. The fluorescence monochromator
is placed 4 cm from the flame center and the viewing area is
centered 2 cm above the burner head. A light trap is placed
opposite the flame from the monochromator to reduce stray light
and scatter effects. Once optical alignment is attained, the only
ICAP parameters that must be optimized for different elementa
are the argon pressure to the nebulizer and the concentration of
the solution nebulized. Torch position is not critical, since the
entire emission area above the coils is focused on the area of the
flame viewed by the fluorescence monochromator.

Emission measurements from the leAP were performed as
described previously (7).

Excitation Source (ICAP) Solutions. The solutions used
for excitation of analyte emission from the leAP contained 10
to 20 mg/mL of the analyte. Whenever possible, these
"excitation" solutions were prepared by acid dissolution of the
high purity metal or metal oxide, although other compounds
(nitrates, chlorides, etc.) were employed when the former were
not available. The selectivity of the fluorescence technique UlIing
line source excitation (Le., its ability to discriminate against
spectral interferences) depends on the spectral purity of the line
source and, if significant interferent contamination exists in the
excitation solution, interferent emission will be excited in the ICAP

0003-2700/79/0351-2071$01.00/0 ~ 1979 American Chemical SOCiety



2072. ANALYTICAL CHEMISTRY, VOL. 51. NO. 13. NOVEMBER 1979

Tabl.t Limits of D.tection (ng/mL)

ICAP-excited AFS'·d ICAP emission

this same
commercial' AFS linch AAS'element A, nrno nameb work ref. lincc bestg

Al 308.2 5-NOA 1000 23 15 120 30
309.3

As 235.0 5-AA 5000 142 25 25 70 100
Ca 422.6 S-AA 4 100 10 41 0.0005 0.3 1
Cd 228.8 S-AA 0.8 80 2.7 1 0.3 0.2 1
Co 240.7 S-AA 11 >23 2 0.4 1.5 10

241.1
241.4
242.5

Cr 357.8 5-AA 23 0.3
359_3
360.5

Cu 324.7 S-AA 50 5.4 0.3 0.3
327.4

Fe 248.3 S-AA >20 0.2 0.6 10
248_8
249.0

Mg 285.2 S-AA(fr) 0.09 5 1.6 2<Y 0.01 0.09 0.1
Mn 279.5 5-AA 2 100 12 0.5 0.06 0.5 2

279.8
280.1

Mo 313.3 S-NOA 400 >37 0.5 750 30
315.8

Pb 283.3 S·AA 800 142 20 10 10 20
V 318.5 S-NOA 400 >17 2 0.2 88 60

318.4
318.3

Zn 213.9 S-AA 0.5 80 1.8 0.3 0.2

a Wavelengths of major fluorescence line(s) contributing to the fluorescence spectral intensity. Since the spectral band­
pass of the monochromator is 16 om, other lines may contribute some intensity (3). b Flame type: S-AA::; nitrogen-sepa­
rated air/acetylene; (fr)::; fucl-rich; S·NOA::; nitrogc!1·scparatcd nitrous oxide/acetylene. C Detection limits from this work
correspond to an analytc nuorescence signal equal to 3 times the standard deviation of the base line (SNR = 3) calculated
from either sixteen l·s inte~rationsor from J/~ the peak-to-peak noise on the base line using a 3-s time constant. d From
ref. 2, 3 (SNR;:; 2). c Predicted ICAP·emission limits of detection (12) for the same Hne(s) used to excite AFS. r Commer­
dol multielement limits of detection (26) based on SNR = 2 for ICAP emission. 1/ State-of-the-art limits of detection for
ICAP emission using p~cumatic nebulization (SNR = 2) (25). 11 Line source ~tomic fluorescence detection limits in a similar
flame (SNR = 2) (3). I Atomic absorption detection limits (SNR = 2) (24). J Limit of detection based on the normal ana·
Iyticolline, not the most sensitive line (26).

FIgure 1. Diagram 01 experimental layout of components for mea­
surement 01 ICAP..,xclted AFS and ICAP emission

which may degrade the selectivity. The effect of such con·
tamination is discussed more fully for the analysis of zinc in
unalloyed (high-purity) copp.r.

The use of solutions of such high concentrations does not
significantly degrade the lCAP performance by clogging the
sample orifice of the torch or the nebulizer during an 8-h working
day. However, to prevent such degradation on prolonged use,
which would result in source intensity drift. the torch is cleaned
after a day's use in a solution of 1:3 v:v HNO,/HCI.

Fluorescence Standards. Standards for AFS measurements
were prepared from the same solutions used for excitation in the
ICAP using serial dilution with d.ionized water and sub-boiling
distilled acids pr.pared in this laboratory (8).

Sample Preparation. The samples analyred by ICAP..xcited
AFS and leAP emission were prepared as follows:

(I) Orange juice-dry asbing procedure is described by McHard
et al. (7).

(2) Fly ash (NBS SRM-1633)-wet ashing procedure is de­
scribed by Epstein et al. (9).

(3) Unalloyed copper (NBS SRM-394 snd -396)-dissolution
of 1 g of copper is carried out in 10 mL of sub-boiling distilled
HCl with dropwise addition of sub-boiling distilled HNO, until
complete, reduction in volume after dissolution by evaporation
to 2 mL, and finally the solution is diluted to a volume of 100
mL.

(4) Simulated Fresh Water (NBS SRM-I843)-direct analysis
is performed.

RESULTS AND DISCUSSION
Limits of D.t.ction. As shown in Table I, limits of d.­

wetion for many of the .Iements .xamin.d using ICAP-.xcited
AFS approach, equal. or .v.n .xceed in on. case (Mo) the best
conventiona1atomic fluorescence detection limits (i.e., nonlaser
source) .ver obtained in similar flames (i.•.• nitrog.n-separated
air/ac.tylen. or nitrogen-s.parated nitrous oxide/acetylene)
using a relatively conservative time constant (3 s) or inte­
gration time (I s) and a rigorous (SNR = 3) definition of
detection limit. While the fluoresc.nce detection system for
ICAP-excited AFS is well optimized for a background
shot-noise limited. dispersive system. using double-pass optics.
light traps. and a v.ry low r.solution (sp.ctral bandpaas =
16 nm) monochromator. the optical transf.r of the leAP
emission to the flam. can be improued by at least an order
of magnitude by the use of an ellipsoidal reflector (10, 11)
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Table n. lnatrumentatlon and Operating Parametem

component

ICAP

nebulizer

emission
monochromator

nuorescence
monochromator

emission
photomultiplier

fluorescence
photomultiplier

current-to-voltaae
converter

lock-in amplifier
recorder
chopper

nebulizer and mixing
chamber for flame

burner heads

lenses
mirror

description

PT·1500 torch ....mbly and HFP·1500D RF
generator (Plasma Therm Inc., Kreason N.J.)

concentric'ring gl... neublizer T·220·A2 (J. E.
Meinhard Assoc., Santa Anna, Calir.)

EU·700 monochromator (Heath Company,
Benton Harbor, Mich.), 0.35·m rocallength,
fl6.8 aperture, 1180 grovea/mm, grating
blazed ror 250 nm, adjustable slits, 2 nm/mm
reciprocal linear dispersion

H·I0 monochromator (UV-V) (JY Instruments,
Metuchen, N.J.) O.I·m focal length,
f/3.5 aperture, 8 om/rom reciprocal linear
dispersion, holographic grating with 1200
groves/mm, with 0.05-, 0.5', I·, 2'mm slits
providing spectral banrlpasses or 0.4, 4, 8,
and 16 om, respectively

R'928, (Hamamtasu TV Corp Ltd., Middlesex, N.J.)

IP28, (RCA Copr., Harrison N.J.)

Keithley 427 (Keithley Instrument
Company, Cleveland, Ohio)

Keithley 840 Autoloc amplifier, wideband
Texas Instruments, Houston, Tex.
Model 125, (Princeton Applied Research

Corp.• Princeton, N.J.)
Perkin-Elmer adjustable nebulizer and mixing

chamber with flow spoiler (Perkin-Elmer
Corp, Norwalk, Conn.)

circular stainless steel capillary burner head
with auxiliary sheath

Spectrosil. 5-cm diameter, 9"'Cm Cocallength
5·cm aluminum-coated spherical with 5-cm

focal length (Klinger Scientific
Corp., Jamaica, N,Y.)

operating parameten

1.5·kW power, 15 mL/min argon
coolant flow rate

nebulizer pressure optimized
for individual elementr-from 15
to 35 psi i solution now rates
= 0.75 to 1.75 mL/min; argon
flow rate" 0.5 L/min

l'mm slit height, 25·~m alit
width (effective 0.05·nm
spectral bandp...)

2-mm slit width except where
noted in text; l'cm slit height

1000 V

600 to 900 V, depending on
background emission Crom flame

1- or 3-s time constant

600 Hz

5·8 mL/min aspiration Tate

pu.ced o//-azis or behind the plasma to collect a much larger
solid ollgle 0/ emission. This should improve detection limits
by the increase in the light gathering power, assuming scatter
does not become a significant noise source. We are presently
collecting only about 2'1'0 of the source radiation using 5·cm
spherical lenses with a focal length of 9 em. Detection limits
can also be improved by increasing the integration time or
time constant and the concentration of analyte in the ICAP.
The former will result, of course, in an increase in sample
consumption and the latter can be used only for short periods
of time to prevent clogging of the nebulizer or plasma torch
sample orifice, but an order of magnitude improvement may
be obtained in some cases by increasing both concentration
in the ICAP and the integration time by a factor of 10.

The ICAP'excited AFS detection limits are a function of
the atomic emission intensity from the ICAP and the flame
background emission intensity, Shot·noise induced by the
flame background emission is the limiting noise source at the
detection limit using the 16 nm apectral bandpass with both
separated air· and nitrous oxide/acetylene flames. The effect
of spectral bandpass on the signal·to-noise ratio (SNR), and
thus on the detection limit, is shown in Figure 2 for cadmium
in an air/acetylene and vanadium in II nitrous oxide/acetylene
flame. In the former flame, the SNR shows a slight decrease
upon changing from a 16-nm apectral handpass (2·mm alita)
to a 4-nm spectral bandpass (O,5-mm alits), which is consistant
with the changes in solid angle observed using the H·I0
monochromator without focusing optics. Geometrical con·
siderations show that over 2 em of flame height are observed
by the collimator although the vignetted region (Le., the region
in which the fluorescence radiation does not fill the collimator
completely) is considerably extended, owing to the amall
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FIgure 2. ENecl 0' apec1raJ bandpasa on the ICAP-<sxclted AFS
slgnal-to-nolae ratio /rom (II) ..dmkm k1 a~ted aItr/
acetylene flame and l*l venalll.m k1 a~ted nIIrouI
oxide/acetylene name (20 ng/nt. Cd; 100 I'glnt. V)

effective aperture (2.86 em) of the collimator. In all cases,
the alit width is such that the overall width of the flame is
viewed by the collimator. The considerable decrease in SNR
upon a further lo-fold decrease in Bpectral bandpasa is due
to a change of the dominant noise from flame background­
induced abot-noise to photomultiplier dark-cunent Bbot-noise
and/or electronic noise. In the case of vanadium in the nitrous
oxide/acetylene flame. the more Bignificant decrease in SNR
for the decrease in spectral bandpaaa from 16 to 4 nm is \ikeIy
due to the exclusion of fluorescing lines from the bandpaaa
which decreases the signal more than the case of cadmium,
which involves one fluorescing line. The 1888 significant
decrease in SNR obeerved in the change from 4 nm to 0.4 nm
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Scatter. The problem of scattered radiation is perhaps the
most significant interference in AFS when resonance tran­
sitions are employed. Scatter can occur from environmental
sources, such as reflections off mirrors and burner heads, but
this type of scatter is significant only when it becomes a
dominant noise source due to either source-induced. shot-noise
or flicker. The latter is a problem with some pulsed dye lasers
(17), where pulse to pulse variations may be 10% at a
minimum. In lCAP·excited AFS, we observed environmental
scatter to be significant only for those elements with detection
limits less than about 5 ng/mL. and even in the case of
magnesium. with a detection limit of 0.09 ng/mL, the scatter
signal was not 8 significant noise source.

The other type of scattered radiation is that due to un·
dissociated matrix particulates in the analytical flame. This
scatter has been catagorized as primarily being of the Mie
variety (i.e., due to particulates much larger than the
wavelength of scattered radiation) (6, 18) and does not have
an easily defmed relationship to wavelength as Rayleigh scatter
does (l « ),-'). A loss in accuracy will result from this type
of scatter, since it may be mistaken for atomic fluorescence.
The scatter interference is much more severe using continuum.
excitation sources than line sources, because of the greater
spectral width of the former.

The primary method for correction using line excitation
sources, the two-line technique (6, 19), is based on the narrow
linewidth of the atomic fluorescence and the assumption that
the scatter signal does not change appreciably in the wave·
length vicinity of the atomic fluorescence line. Another line
from the source, which does not excite significant analyte or
matrix fluorescence, is found near to the analyte line and the
scatler signal is measured at that line, corrected for the relative
intensities of the two lines, and subtracted from the signal
excited by the analyte source line.

The lCAP is the ideal source for scatter correction using
the two-line technique because of the great number of intense
ion lines excited by the plasma. The ionic population of
air/acetylene and electron·buffered {I mg/mL K as KCn
nitrous oxide/acetylene flames is insignificant for most el·
ements and thus these ion lines are available for scatter
correction along with many other nonresonance transitions.
These lines are equally as useful for the correction for broad
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is also due to the exclusion of fluorescing lines and geometrical
considerations, since the flsme background·induced sho\'-noise
is still limiting at the smaller bandpass.

For some elements, the lCAP·excited AFS detection limits
are within an order of msgnitude of the best reported
ICAP·emission detection limits (Zn, Cr, Cd, Mg, Cu) listed
in Table 1. Furthermore, the lCAP·excited AFS detection
limits are better than or equsl to the detection limits ob·
tainable on a commerciallCAP spectrometer for these same
elements. These detection limits are representative of what
we can obtain using our medium resolution monochromator
(O.04·nm spectral bandpass) for leAP emission.

Of further interest is a comparison of detection limits for
lCAP·excited AFS and lCAP emission using the same line.
A recent publication by Winge et al. (I2) estimated detection
limit capabilities for the prominent lines of 70 elements
emitted in an ICAP excitation source. Their estimsted de·
tection limits using the lines with the best signsl·to-bsck·
ground ratio are very close to the experimentally determined
detection limits for a cornmerciallCAP instrument which were
presented in Table I. The predicted lCAP·emission detection
limits for the atomic resonance lines which we used to excite
fluorescence (I2) are also presented in Table I. It is interesting
to note that for every element (except Pb and As) determined
in a nitrogen·separated air/acetylene flame, the lCAP·excited
AFS detection limits are from two to twenty times better than
the predicted lCAP·emission detection limits for the same
lines.

When detection limits are determined at the same line, the
factors which must be considered are the solid angle of the
lCAP emission focused on the flame vs. the solid angle viewed
by the emission monochromator, the emission intensity of the
excitation solution (10 mg/mL) in the ICAP vs. the emission
intensity of the solution used to determine the ICAP·emission
detection limit, the noise sources limiting detection for each
technique, and the efficiency of emission and fluorescence
excitation, collection, and detection. Although the signal in
lCAP'excited AFS will suffer with respect to factors such as
the fluorescence quantum efficiency (typically 0.01-0.05 in
an air/acetylene flame) (I3.) and monochromator collection
efficiency (since only a small percentage of fluorescence ra·
diation is collected), lCAP·excited AFS will gain based on the
solid angle of collection of lCAP emission and relative
background emission intensities of the ICAP and the ni·
trogen·separated air/acetylene flame. The qualitative sig·
nificance of these factors is illustrated by the improvement
of the "same line" lCAP·emission detection limits using
lCAP·excited AFS as a detection system, as shown in Table
1.

Preelaion and Linearity. In Figure 3A, a typical
ICAP·excited AFS analytical growth curve is shown, in this
case for zinc, which is linear over slightly less than 4 orders
of magnitude. In Figure 3B, a precision plot is shown for this
same element, based on sixteen l·s integrations at each data
point and repeated twice. The analytical precision at high
concentrations is on the order of 1 10 2% and is primarily
limited by the source (lCAP) stability. This is in agreement
with other researchers (4, 14), who have reported the lCAP
precision to be limited primarily by fluctuations in the
nebulization and sample transport system to about 1%.

The long term stability of the lCAP emission is excellent
(I4), on the order of a few percent over long time periods, and
thus ita use to excite fluorescence represents a considerable
advantage over many previous sources used for AFS such as
eleetrodeleas discharge lamps, which must be carefully
thermostated (15) under certain conditions, and the Eimac
short-arc xenon lamp (16), which has a much lower intensity
in the ultraviolet.
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unalloyed copper (SRM-394)
unalloyed copper (SRM-396)
fresh water (SRM-1643)
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Table III. Sample Analysis Using lCAP-Excited AFS and lCAP Emlaalon

analyzed value•• ~g/gb

element certified value, ~g/g" lCAP-excited AFS lCAP emission

Zn 375138 37613 325125
Zn 4.710.3 4.810.1 c
Zn 0.065 1 0.003 0.0656 • 0.0008 d
Cd 0.008 • 0.001 0.0079 d
Zn 210.20 21914 d
Cu e 0.57 0.60
Zn e OA5 0.46

~ Office of S~andard Reference Materials, National Bureau of Standards, Washington D.C. 20234. b 1 one standard devi­
allan of analytical results where multiple samples were analyzed. C Cannot be analyzed by leAP emission with our experi­
mental setup. ~ Analysis capability of leAP emission for this element in this matrix already established. e Not a standard
reference material.

band molecular fluorescence interferences although such
interferences would be expected to be more severe with a
continuum source than a line source.

The magnitude of the matrix-scatter interference in
lCAP-excited AFS was investigated for the zinc 213.9-nm line
using a 5% high-purity lanthanum solution. The scatter signal
was equivalent to a concentration of 60 ng/mL Zn and could
be currected for completely using the Cd II line at 214.4 nm
generated by 10 mg/mL Cd in the lCAP. It should be noted
that any solutions used for production of "scatter-correction"
radiation in the ICAP must be significantly free of analyte
or an overcorrection may result. Comparison of analyte
emission line intensity and scatter correction emission line
intensity from the ICAP is made experimentaJly using a 5%
high-purity lanthanum solution (6, 20). The presence of
analyte contamination in the scatter correction solution as­
pirated into the lCAP can be evaluated by observing if any
signal is generated by an analyte standard in the flame. In
general, care must be taken that the "scatter correction"
solution does not emit spectral components capable of exciting
fluorescence within the spectral bandpass of the mono­
chromator.

Another possible method for scatter correction using the
lCAP is based on the shape of the "excitation" curve of growth
(5). The technique is similar to the method described by
Haarsma et al. (21), which takes advantage of the self-ab­
sorption of the source at high concentrations. In the con­
centration range on the plateau region of the excitation curve
of growth, the fluorescence intensity will not appreciably
increase while the emission intensity and thus the scatter wiU
increase. Aspirating two different high concentrations of the
element being determined into the plasma and knowing the
effect of the two different concentrations on the fluorescence
and the emission signals. one can calculate the scatter signal
and subtract it out.

Applications. Zinc in Unalloyed Copper (NBS SRM-394
and -396). The determination of trace zinc in high purity
copper is a difficult analytical problem using either atomic
absorption or ICAP emission. The major zinc resonance line
at 213.856 nm is subject to a direct spectral interference by
the copper 213.853-nm nonresonance transition (I1203-57 949
cm-I ). This interference has been reported (6) for flame atomic
absorption analysis and requires an electrodeposition of the
copper from solution (22) or a high-resolution atomic ab­
sorption technique employing wavelength modulation and
line-nulling (23) before accurate analysis can be performed.
The problem using lCAP emission is illustrated in Figure 4
by a scan of the wavelength region of the zinc 213.856-nm line
for the unalloyed copper SRM 396. While the majority of the
copper lines are easily resolved. the 213.853-nm line cannot
be with the resolution available in spectrometers typically used
for lCAP emission. Even witb an echeUe spectrometer
(spectral bandpass = 0.003 nm), this line pair has been shown

(AI

WAVELENGTH (nm)

(e)

a~;:;~~
;;j;;j;;;;;;;;j;;;
"II ~ r:1 I::l r:1
~~~~.;~

f9n 4. Waveleoglh scans 01 (A) 20 ~glrrt. me: and (8) 10000 Illl!rrt.
copper as SAM 396 (unalloyed copper) ilustrating the spectral i>­
terlerences observed In ICAP emlsslon for zJnc analysls In copper

to exhibit an overlap (23). The emission from this line at a
concentration of 10 mg/mL copper is equivalent to the
emission from approximately 20 ~g/mL of zinc, making
analysis impossible without the use of zinc-free copper for
matrix-matching. The Zn II line at 206.2 nm can be used for
the determination of zinc by lCAP emission without line
spectral interference from copper, although background
correction by scanning over the wavelength region of the line
is still required to correct for a change in the backpound level
caused by either stray light due to copper emission or changes
in the plasma background. The zinc detection limit for this
line was found to be approximately 4X worse than at the
213.9-nm line, in agreement with the results of Winge et aI.
(12). While SRM 394 was analyzed (375 p.g/g certified value),
SRM 396 (4.7 ~g/g certified value) could not be analyzed
because of its low zinc concentration, the poorer detection
limit, and the continuum background in the vicinity of the
206.2-nm Zn II line generated by the copper matrix. The
background was equivalent to approximately I p.g/mL zinc
at this wavelength. The analysis values for SRM 394 were
approximately 10% less than the certified value, indicating
a slight interference by ICAP emission.

The determination of zinc in both SRM 394 and 396 by
ICAP-excited AFS is summarized in Table ill along with the
ICAP-emission results. The AFS results agree weU with the
certified values. There is no significant fluorescence excited
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at the 2l3.853-nm copper line in the flame, owing to a
combination of the relatively low thermal population in the
air/acetylene flame of the 11203 cm- l energy level and low
quantum efficiency of the fluorescence process. This com­
bination effectively minimizes copper spectral interference
in lCAP-excited AFS by more than a factor of 10' compared
to the ICAP-emission case. The effect of the flame as a
resonance monochromator is not significant in this example.
since even 10 mg/mL Cu in the ICAP did not excite any
fluorescence from the Cu 213.853-nm line.

When the 16-nm spectral bandpass is used on the
fluorescence monochromator, several resonance copper lines
at 216.5, 217.8, and 218.2 nm are included. Although no
spectral interference is observed when a pure zinc solution
(20 mg/mL) is used for excitation in the ICAP, we found that
our supposedly 99.99+ zinc standard contained about 5 .,g/mL
copper, indicating a purity of less than 99.98. This was enough
copper to excite fluorescence at the resonance copper lines
and, although no interference was observed for the analysis
of SRM 394 in the part-per-million concentration range, a
slightly higher value (approximately 20% greater) than the
certified value for SRM 396 was obtained using the l6-nm
spectral bandpass. The enhancement due to the copper
fluorescence from the resonance lines, equivalent to ap­
proximately 10 ng/mL zinc, was completely eliminated by
using the O.4-nm spectral bandpass. A scatter signal of ap­
proximately 4% for SRM 396, equivalent to 2 ng/mL zinc,
was observed and corrected for using the Cd II 211.4-nm line.

Fly Ash (NBS SRM-1633) and Trace Elements in Water
(NBS SRM-1643). Zinc was determined in fly ash and
cadmium and zinc in simulated fresh water by ICAP-excited
AFS. No chemical interferences were observed in either case,
and the results are presented in Table III. Excellent
agreement with the certified values was obtained.

Orange Juice. The determination of copper and zinc in
Florida orange juice was performed using both ICAP-excited
AFS and ICAP emission. The optical arrangement for the
former was 8S described in reference 5. Agreement of results
between the two techniques was good, as illustrated in Table
III. Matched-matrix standards were employed so that
background correction by wavelength scanning was not re­
quired.

In the analysis of orange juice for zinc by ICAP emission,
a series of wavelength scans through the vicinity of the
213.9-nm zinc line showed not only the gradually increasing
continuum background from the argon plasma but also su­
perimposed on this background were bands of the "y system
of NO (A,~+ - X'n) degraded to shorter wavelengths, re­
sulting from the entrainment of the ambient air (27), with
bandheads at 214.91 and 215.49 nm. Furthermore, the
phosphate present in the matrix blanks and in the orange juice
produced a strong emission at 213.620 nm. However, the
monochromator resolution was sufficient to eliminate the
effect of these spectral interferences.

For the copper analysis by ICAP emission, the wavelength
scans from 323 to 326 nm showed several lines of argon (323.45,
323.681,324.369, and 325.76 nm) and strong OH bands (323.5
and 325.7 nm) with some less intense OH peaks at other
wavelengths (323.7, 324.1, 324.4, and 324.7 nm). Under our
experimental conditions, the argon lines and OH bands caused
no problems in the copper analysis at the 324.7-nm line.

CONCLUSION

Several conclusions can be derived from our experimental
evaluation of the characterization of the ICAP as an excitation
source in atomic fluorescence spectrometry.

(i) The ICAP has been confirmed to be an extremely
versatile and intense excitation source for the atomic
fluorescence determination of all the elements investigated.

(ii) The ICAP combines the versatility of a continuum
source with the high spectral irradiance of a line source.

(iii) The excellent multielement excitation capability of the
ICAP simplifies the application of the 2-line method of
correcting for scattering problems using resonance transitions
because of the many neutral as well as ionic lines available.

(iv) The spectral selectivity of the atomic fluorescence
technique is shown to be advantageous in certain analytical
applications where the emission technique is plagued with
spectral interferences.

In addition to this, several promising areas of application
for this source can be envisaged.

(i) Because of the high excitation power and freedom from
interelement interferences, the leAP emission of several
elements aspirated simultaneously in it will result in little,
if any, degradation of the detection limits obtained in atomic
fluorescence, provided that no spectral interferences will result.
Therefore, the use of a programmable slew-scan monochro­
mator would permit the sequential determination of several
elements in one sample.

(ii) The shape of the "excitation" curve of growth (5) should
allow the possibility of scatter correction by taking advantage
of the differences in the source emission intensity and ex­
cited-fluorescence intensity dependence on concentration due
to self-absorption in the source.

(iii) Relatively high concentrations of the element inves­
tigated in a given matrix can be analyzed directly by aspirating
the sample in the ICAP rather than in the flame, and using
the flame as a resonance detector by monitoring the
fluorescence from a high concentration of ana1yte in the flame.
The flame fluorescence excited by the analyte in the ICAP
will exhibit the linearity at high concentrations characteristic
of an emission source with negligible self-absorption. This
avoids the necessary dilution of the sample solution, should
the analysis be performed in the conventional manner by AFS.

(iv) The system may also prove useful for electrothermal
atomization techniques or hydride generation techniques,
where the low background emission levels of these atomization
cells may further improve detection limits.

(v) Although, in principle, the ICAP could also be ad­
vantageously used as a primary source in atomic absorption
analysis, especially for elements which exhibit low hollow
cathode lamp intensity, this application does not seem to offer
any advantage as compared to the emission technique, not
even for specific applications as in the case of atomic
fluorescence.

In conclusion, it is our opinion that the ICAP-excited AFS
technique is an ideal adjunct to an ICAP·emission spec·
trometer, copable 0/ solving mony specific analyticol
problems. An increase in: (a) the collection efficiency of the
ICAP emission focused on the flame; (b) the concentration
of analyte solution aspirated into the ICAP; (c) the time
constant or integration time; and (d) the power applied to the
ICAP, should considerably improve the already impressive
detection limits. Investigations into this and several other
above-mentioned possibilities are presently underway in this
laboratory.
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Lophine Chemiluminescence for Metal Ion Determinations

Allan MacDonald, Kenneth W. Chan,' and TImothy A. Nieman'

School 01 Chemical Scl8nces. University ollOinois. Urbana. INinols 6180 I

The chemllumk1escent reacUon of Iophlne wtth H,O, In aIkaine
solution has been investIgated lor use In cIelerminallon 01 Irace
concentratIons 01 metal Ions and other Inorganic 8p8Cles. The
observed emlaalon Intenstty Is lound to be a lunction 01 the
reduC1lon potential 01 the analyte. By varying reagent c0n­

centrations, It Is possible to make dramatic changes In the
relative senaltlvlty lor a given analyte. Detection limits were
lound to be: OCI-, 1 X 10~ M; Co(II), 8 X 10-7 M; Cr(IIl),
5 X 10~ M; Cu(II), 5 X 10~ M. Relative standard deviations
are In the range 01 2-5 %. The Intenalty 01 the observed
emIsalon lor a mIxture 01 analytes Is "as than the sum 01 the
aIgnaIs lor the separate analytea, and Is generaly suppressed
below the algnal lor either analy1e alone.

Solution chemiluminescence (CL) methods are very sen·
sitive for a variety of organic and inorganic analyu.s. CL
determinations of trace concentrations of metal ions have
received moot attention, and have been perfonned using either
luminol (I, 2) or lucigenin (3, 4). A major weakness of metal
ion detenninations via CL has been a lack of selectivity. There
are, for example, at least 30 different species that cause
enhanced light emission with the luminolsystem and at least
20 with the lucigenin system (5).

We have been interesWd in this selectivity problem in CL
analysis, and have used two approaches. The first approach
is to investigaw alternaw CL reactions to determine if they
are useful for different seta of metal ion anaIyWs. The second
approach is to manipulaw the experimental conditions for a
given CL reaction to selectively enhaDce ita sensitivity toward
certain analyWs. Logical CL reactions to investigate for metal
ion dewrminations are those which occur under conditions
similar to the well known luminol and lucigenin
syswma-reaction with H,O, in strongly basic solution. Two
such reactions that we have studied have been gallic acid (5,
6) and lophine (7-9).

1Present addreoa, Department of Chemistry, Univenlity of Ariwna,
Tucaon, Ariz. 85721.

The CL oxidation of lophine (2,4,5-triphenylimidll2Ole) was
first reported by Radziszewski (IO). The mechanism is
thougbt to involve attack by H,O, to form a hydzoperoxide,
conversion to 8 rlioxetane intermediate, and cleavage of the
peroxide bond resulting in light emission (1l-13). Similar
peroxide decomposition steps have been proposed for the
luminol and lucigenin reactions (I4).

This paper presents the results of our work to investigaw
the analytical utility of the lophine reaction, and particularly
to examine the possiblity of selectivity control via vmation
in reagent concentrations.

EXPERIMENTAL
Instrumentation. All measurements were made in an ine~

modular flow cell (15) with a stopped flow reagent delivery and
mixing system (6) as previously described.

Reagents. All reagents were commercially available, and used
without further purification: lophine (Aldrich); potassium hy·
droxide from standard volumetric solutions (Anachema); un­
stabilized 30% H,O, (Mallinckrodt); reagent grade sodium hy,
pochlorite (Baker); AR or ACS certified metal aalts (generally
chlorides or nitrates). Lophine has limited solubility in water;
aIIlophine solutions were prepared in ethanol All other solutiona
were prepared with water that was deionized (house supply) and
then distilled in glass. The cleaning procedure for volumetric
glassware included soaking in dilute nitric acid.

Procedure. The four syringes of the stopped flow device are
fiUed with the four solutions (1.5 mL each) required for tbe
reaction: lopine, KOH, H20" and analyu.. All concentrstions
reporWd are for the solutions in the syringes. When the solutions
are delivered to the eell, the data acquisition system is triggered.
The signal is recorded as the maximum observed light emiaaion
intensity following initiation of the reaction and is termed the
"peak height". A blank signal is determined by using water in
place of the analyu.. The analytical aignal is taken aa the dif,
ferenee in observed peak heighta for the analyu. and the blank.
All signals are reporWd as photomultiplier current in nanoemperea.
Periodically the entire system is cleaned by rinsing with HNO,
followed by water. All meaaurements were made at room
temperature.

RESULTS AND DISCUSSION
Survey oC Enhancing Species. Preliminary work (7)

involving a simplex optimization using Fa(CN).>- aa the

0003-2700/79/0351·2077$01.0010 Ii.' 1979 Amaran ChanicaI SocIaty
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Figure 1. Correlation of the CL signal and the reductIon potential of
the analyte. The line Is the leaM-squai8s fit to the solid data points

Table I. Lophinc Chemiluminescence Relative Response
to Various Aqueous Ions at lO-J Ma

rela-
tive

relati\'e inlen- relative
species intensity species sity species intensity

AuCI; 1992.7 AI(IIl) 0 Mg(lI) 0
OCI- 686.2 As(V) 0 Mn(lI) 0
MnO; 80.4 Ba(II) 0 Mo(VI) 0
Fe(CN).'- 57.1 Cd(lI) 0 Ni(lI) 0
Cr(lll) 35.0 erO.'· 0 Pr(lIl) 0
Ag(l) 14.8 Fe(lI) 0 PI(IV) 0
Co(ll) 12.8 Fe(lII) 0 Sb(lII) 0
YO"~ 10.3 1; 0 Se(VI) 0
Cu(lI) 4.0 In(lIl) 0 Sr(lI) 0
Mo(VI) 2.0 Ir(lII) 0 Sn(lV) 0
Pb(lI) 0.6 Ca(lII) 0 TI(III) 0

H~(lI) 0 2n(lI) 0
Sn(lI) quenches

II Conditions: lophinC' --' 3.25 x 10-· M, H:O, =
0.020 M, KOH ~ 0.20 M. Relative intensities arc given as
signal above background (in nA).

analyte (or enhancing species) had indicated appropriate
concentrations for lophine, H,O" and KOH. Table I gives
the observed enhancement for 36 iuns tested 8S potential
analytes. Zero enhancement corresponds to the same response
as the blank (within twice the relative standard deviation
(RSD) of repetitive trials). All species were tested at 10-3 M.
Repeating the experiment at lower analyte concentrations
gives lower intensity signals. but the same relative ranking
(with the exception of AuCI.). The signal due to AuCI.- drops
very sharply with decreasing concentration.

Only 1I species show enhancement; thus lophine has greater
selectivity than luminol or lucigenin, but less selectivity than
gallic acid. The behavior of Sn(1I) was quite interesting. In
the presence of Sn(II), the observed signal was less than the
blank; at the concentration tested, there was no signal ob­
served above the dark current. Sn(II) does not suppress the
blank emission in the luminol, lucigenin, or gallic acid systems
(5); however, Sn(1I) does cause significant suppression of the
analytie&l signal due to Co(ll) with gallic acid (6). The species
which cause enhancement in the lophine system are generally
species which cause enhancement in the luminol or lucigenin
systems. However, several species for which these systems
are particularly sensitive (Fe(ll), Fe(III), Mn(II), and Ni(II))

Cr(1I1), OCI-,
1 x 1 X

10-' M 10-' M

100 100
;3 8t
57 15
5·1 1H

8 14

relative CL signal

analyte =.:

pH

12.82
12.;6
12.86
12.86
12.90

conco
M

0.2
0.2
0.2
0.2
0.001

buffer

none (KOH)
phosphate
salicylate
borate
Ca(OH),

a Conditions: lophinc = 3.25 X 10·· M, H10 1 := 0.18
M.

Table 11. Effect of Buffer Systems-

cause no light emission in the lophine system.
Several of the ions that cause the most intense light

emission from lophine are fairly strong oxidents. Figure 1 gives
a plot of the log of the CL signal vs. the standard reduction
potential of the analyte (16). With the exception of Co(lI),
Cr(lll), and Ag(I), the log of the CL signal is proportional to
the reduction potential. The high degree of correlation is
rather surprising (r = 0.9958). This type of behavior has been
observed by Schuster (J 7) for CL reactions of organic per­
oxides in the presence of various aromatic hydrocarbons by
a mechanism described as chemically initiated electron ex­
change luminescence. The least-squares fit to the lophine data
gives a value of 3.13 decades change in CL signal for a change
uf 1 V in reduction potential. The class of reaction that has
been examined by Schuster gives nearly 5 orders of magnitude
change for a 1-V change. The strong correlation between CL
intensity and analyte reduction potential suggests that the
rate limiting step in the mechanism involves the analyte (M)
acting as an oxidant. Two possibilities are

HOi~ Oi' + H+ (1)

lophine~ lophine+' (2)

A step similar to Equation 2 has been proposed for the luminol
reaction with cobalt (18). As will be discussed later, relative
sensitivities can be influenced by reagent concentrations.
However, the relative sensitivities for AuCI.-, OCI-, MnO.-,
Fe(CN)s'-, VO'+, and Pb2+ (and therefore the observed
correlation with reduction potential) show only slight variation
with reagent concentrations.

Matrix Effects, We wanted to determine if it would be
possible to replace the KOH reagent solution by a buffer
solution of appropriate pH w reduce the sensitivity to the pH
of the analyte solution. Buffer solutions were prepared from
phosphate, salicylate, borate, and Ca(OH),. All of these
solutiuns were in the pH range of 12.78 to 12.90. Each buffer
was at a total concentration of 0.2 M (as was the unbuffered
KOHl except for Ca(OH),; owing to solubility considerations
the Ca(OH), concentration was limited w 10-3 M. Tbe ex­
periments were run with a metal (Cr(III)) and a nonmetal
lOCn analyte. Table II summarizes the results. It can be
seen that in every case, the CL signal is suppressed in the
presence of a buffer. In addition, the magnitude of sup­
pression is different for the two analytes. If buffering is
necessary, these studies indicate phosphate buffer w be the
best choice. All work reported in this paper. however, was
done in unbuffered KOH 80lutions.

In a real sample, the analyte of interest will be in the
presence of other species. These other species, although they
themselves have no apparent effect on the CL reaction of
lophine, may suppress or enhance the signal due to the analyte.
We examined the effect of several ions and complexing agents
on the 10phine-Cr(III) and lophine-OCI- systems. These
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Table Ill. Specie. Tested for Matrix Effects on the
Lophine SystemQ

a Conditions: lophinc = 3.25 X 10- 4 M, H
2
0

1
= 0.18

M, KOH = 0.20 M.

0.1
0

. 1(,-'

ICOH ConcenlfoliQrl (Ill)

_ '0

!

~ I

!
d

10-2 10·'

HfJ2. eo-.c""OllOn 1M}

Figure 2. VarlalJon of CL signal with H,O, concentralJon. L.ophIne =
3.25 X 10" M; KOH = 0.20 M. ocr (e), Co(ll) (0). C«1lI) <-l. Co(1I)
(D), vo'" (X)

Figure 3. VarlalJon of a. slgnal wilh KOH concentralJon. Lophine'
3.2 X 10" M; HjO, = 1.0 X 10" M. ocr (e). Cu(U) (0), C«1If) <-:
Co(I1) (D), VO' (X)

IOi Ccnc:.IntrUlilln(Nl

FIgure 4. VarlaUOn 01 a. signal with KOH concen1raUOn. L.ophIne =
3.25 X 10" M; H,O, = 1.0 X 10-1 M. ocr (e). Cu(U) (0). C«lll) ~.
Co(I1) (D), VO.. (X)

Co(lI) and Cr(III) give higher response than Culm). In
general, the signal decreases as the KOH concentration de­
creases below 10-1 M. regardless of the analyte or the HtO.
concentration. The only exception is the peak in the Co(lI)

31
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100
99

104
101

1
99
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43

relative CL signal

100
16
43
20

138
98

116
95

238

analyle - analyle =
Cr(lll), OCI-,

1 X 10-' MIx 10-' M

none
NH,
CO,2.
CW
1-
EDTA
Se(VI)
A.(V)
OCl­
Cr(lll)
Cu(lI)

interfering
species,

1 X 10-' M

experiments used the same conditions as the buffer experi­
ments, except that the analyte solutions were made 10-< M
in the enhancing species and 10-< M in the interfering species.
The analyle solutions were allowed to stand for 12 h to allow
any complexation reactions to go to completion. (AU solutions
were pH 7-8 except for NH3, CN-, COa'-, and OCI- at pH
9-10.) Table III summarizes the results for the species ex­
amined. With CrOll) as the analyte, the species NH" COa'-,
and CN- cause significant suppression; the suppression with
NH3 or CN- is expected in terms of their complexation
properties. Similar results are seen with the gallic acid--{;o(II)
system (6). EDTA does not suppress the signal, but the
Cr(III)-EDTA complex is known to be slow to form. Ii caused
increased CL even though it does not cause CL by itself with
lophine. The most dramatic effect on the signal due to OCI­
came with addition of EDTA. A redox reaction between
EDTA and OCI- is unlikely because in such a strongly basic
solution, OCI- is not a strong enough oxidant to oxidize EDTA
(16, 19). However, it is likely that a dialkyl chloramine is
formed (20).

It is particularly interesting to note the results involving
mixtures of OCI-, Cr(lll), and Cu(II) since each of these alone
causes CL with lophine. As a result, one might expect the
signal for a mixture of two of these species to be equal to the
sum of the signals for the species alone. That is observed not
to be the case. A mixture of Cu(II) and Cr(III) gives a signal
less than that observed with Cr(llI) alone. A mixture of Cr(ITn
and OCI- gives a signal intermediate between those observed
for Cr(lll) and OCI- alone. This behavior will be examined
in more detail later.

Optimization of Reagent Concentrations. We wanted
to locate the optimum conditions for determination of the
potential analytes indicated in Table I; OCI-, Cr(III), Co(II),
VO", and Cu(1I) were selected for this procedure. The
experiment was planned to give a picture of the CL response
surface for each analyte (as a function of lophine, base, and
H,O, concentrations). The procedure was to develop the
surface in slices by holding two of the reagent concentrations
constant, and measuring the CL signal as a function of the
concentration of the third reagent (at a constant analyte
concentration of 10-< M).

Figure 2 shows the CL signal as a function of H,O, con­
centration. It is notable that no two of the analytes give the
same curve. Each of the analytes has a range of H,O, con­
centrations that maximize sensitivity, but those ranges are
different for each anaJyte. Figures 3 and 4 show the CL signal
as a function of KOH concentration. Figure 3 gives the results
with 10-3 M peroxide (where Cu(1I) shows maximum sensi­
tivity). Figure 4 gives the results with 10-1 M peroxide (where
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Table IV. Optimum Reaeent Concennationt'

analyle H,O" M KOH, M

OCI- 1.0 X 10-' 1.0 X 10-'
Co(lI) 1.0 X 10-' 1.0 X 10-'
Cr(lll) 1.0 X 10-' 1.0 X 10-'
Cu(lI) 1.0 X 10-' 1.0 X 10-'
VO" 1.0 X 10-' 1.0 X 10-'

a Lophine conc~ntralion is 3.25 X 10·· M in all cases.

signa! at 10-' M KOH (Figure 4). Similar curves were prepared
for the CL signal 88 a function of lophine concentration; the
CL 8ignal increases monotoniCally with increasing lophine
concentration (up to the solubility limit).

The results of this study indicate that distinctly optimum
reagent concentrations exist for each of these analytes, and
that these optima are separated from each other on the CL
response surface. Table IV gives the reagent concentrations
selected for each analyte. A few minor compromises were
made in order to limit the total number of solutions required.
The indicated reagent concentrations were used for the re­
mainder of this work. The H,O, concentration is the most
critical, and the OH- and lophine concentrations provide "fine
tuning". Quite a degree of variation in the relative sensitivities
is possible. The Cr(III)-Cu(1I) silustion is typical. At the
Cu(1I) optimum, the Cu(1I) signal is 200 times lhe Cr(llI)
signal; at lhe Cr(lll) optimum, the Cr(llI) signal is II times
the Cu(II) signal. So going from the Cu(1I) optimum to lhe
Cr(lll) optimum, the :atio of relalive sensitivities changes by
over 2000'.'-

Working Curves and Detection Limits. Working curves
w.~e prepared for esch analyte (using the conditions in Table
IV) from 10-3M down to near the detection limit. The curves
for OCI- snd Cu(1I) are typical and are shown in Figure 5.
The curve for Co(1I) is similar to the Cu(Il) curve and the
curve for Cr(lll) is similar to the OCI- curve (with only slight
curvature at high and low analyte concentrations). The sharp
change in slope (at about 10-' M) in the Cu(1I) and Co(ll)
curves is quite interesting. The lophine concentration is only
3.25 X 10-< and could be the limiting factor in the rate of
reaction at higher analyte concentrations. (However no such
sharp break occurs in the Cr(lll) and OCl- curves). Aller­
natively, one could postulate a lophine-metal complex is
formed, with stoichiometry indicated by the concentrations
at the break in the curve, although the formation constants
for Cu(ll)-imid820le (log hI ; 3.76,log h, ; 3.39, log h3 ; 3.03,
log h, ; 2.66) and Co(II)-imidazole (log hI ; 2.42, log h, ;
1.95, log h3 ; 1.58, log h, ; 1.2) complexes are small (21, 22).
Similar evidence for formation of luminol-metal complexes
has been reported (23).

Table V summarizes the results from the working curves
for all the analytes. Detection limits are given as the con­
centration for which the analytical signal is twice the standard
deviation of the blank. The relative standard deviation of the
CL signal is in the range of 2-5% for each analyte over the
linear range of the working curves. Similar detection limits
for Cr(lll) and Cu(IIJ) have been reported using lucigenin CL
(4). Lower detection limits for Co(1I) and OCl- have been
reported with luminol CL (2, 24). Atomic absorption detection
limits for Co(II), Cr(lll), and Cu(lI) are generally somewhat

Table V. Worldna Curve. and Detection Limita

100

~

1 10

u;

d

IO-~ 10-4

Concentration (M)

Figura 5. Wor1<lng curve. for OCI- (e) and Cu(Il) (0). Reagent
concentrations given In Tabkt IV

lower than those observed with lophine CL.
Multicomponent Determinations. Because the reagent

concentrations have such a marked influence on the relative
sensitivities for the different analytes, we were interested in
investigating the use of such sensitivity control for deter­
mination of the concentrations of two (or more) analytes in
a mixture without prior separation. The CL emission intensity
from the analyte mixture would be measured at the reagent
optima for esch of the components. To determine the
concentrations of the components, one needs to know (I) the
working curves for each anaIyte at each reagent optimum used
and (2) the relationship between the total CL signal (for the
analyte mixture) and the CL signal due to each analyte
separately.

The simplest case is when the total signal is the sum of the
separate signals. The approach could then be similar to using
UV-visible absorbance, and Beer's law, at n wavelengths for
a mixture of n components. (Because the slopes of the log-log
working curves are not unity, concentration terms in the
simultaneous equations will have nonunity exponents) The
absence of additive behavior does not necessarily preclude the
de'termination, however.

Several binary mixtures of Co(ll), Cr(!lI), and Cu(II) were
prepared and testOO. In each case the observed CL signal W88

not the linear sum of the CL signals for the separate com­
ponents. As noted earlier (Table III), the response for the
mixture was usually intermediate between the separate re~

sponses, To further characterize the situation, we again
studied the CL response surface; this time binary mixtures
of analytes were used. Figure 6 shows 'the CL signal 88 a
function of H,O, concentration for the three binary mixtures
of Co(II), Cr(lll), and Cu(lI) with each component at 10-< M.
For comparison, the response curves for the separate com·
ponents (also at 10-< M) are included (from Figure 2). The
results are totally intriguing. The response curves for the
mixtures don't at all resemble the sum of the curves for the
separate components. In fact, the response curves are all much
lower than the curves for either of tbe separate species.

linear range, M, standard error correlation detection
analyte log-log graph slope to estimate coefficient limit,M

OCI- 2 X 10-'-5 X 10-' 1.095 , 0.014 0.0244 0.9996 1 X 10-'
Co(ll) 8 X 10-'-7 X 10-' 1.108 1 0.049 0.0501 0.9990 8 X 10- 1

Cr(II1) I X 10"-5 X 10-' 1.499 1 0.042 0.0426 0.9992 5 X 10··
Cu(JI) 5 X 10-'-7 X 10-' 2.101 , 0.063 0.0661 0.9982 5 X 10-·



(6)

IOOrr-----,------y------,---_.."

d

10.2 10-1

H
2
0, Concenlrotion 1M)

Figure 6. Variation of CL stgnal for equlmolar anatyte mixt....es with
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Figure 7. Suppression of the analytical CL signal as a function of the
raUo ot the concentrations at the Interfering species and the analyte.
All analytes are at 10...... M. The reagent concentrations are chosen
from Table IV fo< the analyte. Culll) analyte. Cr(III) Interference (0);
CrjIlI) analyte. Cu(1I) in18ff...ence (e); Cu(1I) analyte. Co(II) in18ff...ence
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To quantitate this signal suppression. we examined the CL
signal for a constant concentration (10-4 M) of analyte (at the
optimum reagent conditions for that analyte) as a function
of the concentration of a second analyte (or "interfering
species").

Figure 7 gives the results for binary mixtures of Co(\l),
Cr(llI), and Cu(ll). As the concentration of the second analyte
increases, the observed signal monotonically decreases. For
example, with a constant amount of Cu(U) present. as Cr(lll)
is added, the observed signal continually decreases, provided
the reaelion is run with the reagent conditions optimized for
Cu(II). If the same experiment (constant Cu(U) concentration
and increasing Cr(I1I) concentration) is run with the reagent
conditions optimized for Cr(\Il), the observed signal will
increase with increasing Cr(\1l) concentration.

This second experiment amounts to construction of a
calibration plot for one analyte in the presence of a given
concentration of a second analyte. In the cases we have
examined, the slope of the log working curve for a given
analyte is not changed in the presence of a fixed concentration
of a second analyte; the entire curve is shifted to lower in­
tensities. Therefore, with knowledge of the working curves,
and the mutual suppression data (Figure 7) it is possible to
perform the multicomponent determination. However, be­
cause the relationship between the total signal and the signals
for the analytes separate is one of suppression rather than
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addition, the experimental procedure and calculation (best
handled by iteration) is more complex. As a result, actual
determinations of mixtures were not undertaken in this in­
vestigation. In similar studies involving gallic acid (5, 25) and
lucigenin (26), we have found the total signal for mixtures to
be given by the sum of the signals for the separate components.
It is not clear at this point why these very similar systems
should behave 80 differently in this respect.

The interpretation of the suppression data yields insight
into the selectivity changes with reagent concentration. In
the presence of two analytes (A, and A,) the lophine CL
reaction could be considered to proceed as in Equations 3 and
4;

'.lophine + Al - po - P + hv (3)

lophine + A,~ po - P ·+hv (4)

where hi and h, are pseudo-constantS containing the reagent
concentrations and efficiencies of CL excitation and fluor­
escent emission. However, from the studies on selectivity
control and on mixtures it seems important to also consider
steps such as Equations 5 and 6 that proceed directly to
ground state product without light emission.

lophine + A,~ P (5)

lophine + A2~.p

kl' and k2
1 8re again pseudo-con~~nts. Operating under

reagent conditions optimized for AI will give a low signal for
A" which means that h, is small. However the overall rate
of reaction between lophine and A, need not be small if h,
is not decreased. In fact, for this particular reaction, a possible
explanation for our experimental results is that with reagent
conditions optimized for a particular analyte, the maximum
fraction of the reaction is proceeding through tno "light" path
(via h); at reagent conditions that are far from optimum, a
large portion of the reaction proceeds through the "dark" path
(via h?

In general, the intensity changes that we observe could be
due to a change in the reaction rate, a change in the CL
excitation efficiency, a change in the flUOreReDCe efficiency
of the emitter, or 80me combination of these fBctors. Further
study is needed to explain the role of metal ions in this reo
action.
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Enzyme Amplification Laser Fluorimetry

T. Ima8aka' and R. N. ZaT.'

Department 0/ Chemistry, Stanford University. Stenford. C8ll1ornla 94305

L....r nuortmelry hal been applied to the detection of enzyme
reaction producta at ultra-klw ~ellon8 using tha 325-nm

One 01 a H...cd laser el an excltallon .....ca and liquid IUlara
to Isolate the Iluorescence. In ona direct enzyme reaction,
~te II convened to 8i>hOIP/lOgluconolactona
al NADP II reduced to NADPH, Mealurament or the
Iluorescence Irom NADPH permltl quantltellon or glucose­
8~ate with a detection limit 01 2 nM. In another direct
anzyrtlO reaction, a-l<atoglulartc acid II convened to lljlutamk:
acld al NADPH Is oxidized to NADP. Fluorescence Irom the
alkaU...treated NADP II uaad to quantitate the a-l<atoglutartc
acid with a detection limit 01 4 X 10-12 mol. By combining
tha.. two enzyme reactlona, an enzyme cycle raaullllin which
both enzyme reacllon productl Increale In concentrallon.
Alter a nxed period 01 time, the enzyme cycle Is stopped end
the initial coneenltatlon 01 NADP Is determined by measuring
the Ilnal concentration 01 8-phoaphogluconolactona, using yet
another direct enzyme reacllon, Thll enzyme amplllicallon
method allows datennlnallon 0' 1 X 10-14 mol 01 NADP, which
II about 30 tlmel more ..naltlve than previously reported
reaultl.

Most enzyme reactions are monitored by measuring the
coenzyme concentration of reduced nicotinamide adenine
dinucleotide, NADH, or reduced nicotinamide adenine di­
nucleotide phosphate, NADPH (1-3). The low oxidation­
reduction potential of these compounds (0.32 V) allows the
enzyme reaction to proceed under moderate conditions. The
most interesting property of NADPH or NADH might be its
amplification capacity through enzyme cycles, as shown in
Figure I. In the presence of enzymes I and 2, NADP is
reduced to NADPH and then oxidized to NADP repeatedly
(cycle) as substrates I and 2 are transformed to products I
and 2 (Figure la). Nter some fIXed period of time, the enzyme
cycle is stopped by destroying the enzymes. Then the con­
centration of product I or product 2 is measured by another
enzyme reaction (Figure Ib) which converts NADP to
NADPH. III our experiment, product I or 2 is quantitated
by measuring the fluorescence from NADPH. Each enzyme
cycle transforms olle substrate molecule into a product

1Present addresa: Department of Applied Chemist.ry. Faculty of
Engineering, Kyushu University, Hakozaki. Fukuoka, 812 Japan.

molecule. By letting many cycles occur, the original NADP
concentration is amplified.

Absorption measurements at 340 nm (, = 6270) provide the
most common means for determining the concentration of
NADPH or NADH (2,3). However, fluorescence measure­
ments may be used to advantage especially for low concen­
tration samples where more than a hundred-fold improvement
in detection sensitivity is realized (4, 5). Since NADPH or
NADH does not fluoresce strongly, use of a conventional
fluorescence spectrophotometer suffers from low sensitivity
at reasonable spectral resolution. At the lowest concentrations
it is recommended that the fluorescence spectrophotometer
should be replaced by a tungsten lamp and fIlters. In this case,
the detection limit is determined by the background signal,
which is composed of the scattered light from the excitation
source, slight fluorescence from the filters and impurities in
the sample, and the Raman signal from water (2, 3).

The technique of laser fluorimetry can provide high sen­
sitivity in the analysis of trace species (6-9). The detection
of 0.02 parts-per-trillion of fluorescein dye is readily dem­
onstrated using dye laser excitation and pulse-gated photon
counting (10). Laser fluorimetry is so sensitive that the
detectable concentration is limited by the background signals
from the Raman spectrum of water and contaminant
fluorescence in the solvent, even under good spectral reso·
lution. For the detection of still lower concentrations. some
"amplification procedure" becomes attractive, in which the
concentration of the trace species is amplified without
changing the background level (11). An example is the de­
tection of I X 10-18 mol of ornithine a-aminotransferase by
enzyme amplification (12).

Our strategy for the measurement of NADP (NADPH) is
the use of a He-<:d laser (325-nm line) to induce fluorescence,
nonfluorescent inorganic liquid filters to reduce the back­
ground signal, and enzyme amplification to increase the signal
intensity from the sample under study. We show here that
laser fluorimetry is able to detect NADP (NADPH) at lower
concentrations than previously reported, and that this
technique may be applied to the sensitive detection of glu­
cose-6-phosphate and a-ketoglutaric acid. Through the use
of an enzyme cycle, the concentration of NADP (NADPH)
is measured at levels of I x 10-10 M.

EXPERIMENTAL
Fluorescence Detection System. Figure 2 presents a

schematic drawing of the experimental apparatus. The 325--nm
output of a helium-cadmium laser (Liconix model 405 UV) passes

0003-2700/7910351-2082$01.00/0 e 1979 American CI10mlcaJ Society
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Figure 2. Laser fluorimeter
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where ns and nN are signal and background intenaities, Us and
UN are their standard deviations. The detection limit is defmed
as SIN = 2 in this study.

RESULTS

Background Signal. The performance of the present
instrument was determined by measuring the fluorescence
from NADPH solutions at different concentrations (Figure
4). The high sensitivity of the instrument and the excellent
rejection of the Raman bands from water and unwanted
fluorescence and scattered ligbt in this lAaer fluorescence
system allow the detection of NADPH at concentrations in

ns- nN
S/N=---

vui+~

of the detoction fllters used in this study. and the excitation and
fluorescence spectra of NADPH. Note that the nonfluorescent
liquid filter combination completely blocks the scattered ligbt
of the laser and the Raman signal from water. Moreover. this
fllter system bas high transmission at the fluorescence maximum
ofNADPH.

Reagents. The enzymes (glu<:0se-6-ph08phate dehydrogenase,
glutamate dehydrogenase, and 6-ph08phogluoonate debydrogen­
ase), coenzymes (NADP and NADPH), and substrates (glu·
cose-6-phospbate and a-ketoglutaric acid) are obtained from
Boehringer and are used without further purification. The
imidazole is nonfluorescent grade (Sigma). Doubly-distilled water
and 6 M sodium hydroxide are used after exposure to sunlight
(I day). This photobleaching procedure reduces the background
fluorescence significantly (by a factor of about five).

Procedure. The experimental procedures described in ref.
2 and 3 are followed closely. Because the coenzyme and the buffer
solution have fluorescent contaminants. care is taken to use as
little of either as is needed. The sample volume is adjusted to
1 mL for comparison with conventional fluorescence measure­
ments. Because of photobleaching effects caused by the 320-nm
output of the He-Cd laser, the fluorescence intensity from the
sample is recorded only for several seconds. The sample rec:oven
in the dark after about 30 s. TYPically the fluorescence intensity
is measured twice.

The detection limit is calculated from the results of several
(usually four) measurements of samples having identical oon­
centrations. The signal-to-noise ratio. SIN, is calculated from
the expression:

I
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f9n 3. Transmission .,..."..: (a) to( a conventlonaIlIuori'net8r: and
(b) to( the laser fluorimeter. The excitation and fluorescence spectra
of NADPH are shown i> (b). The Raman signal fCJ( each setup Is also
presented
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Figure 1. Enzyme amplification. In (8) enzymes 1 and 2 convert
substrates 1 and 2 Into products 1 and 2 while the coenzyme NAOP
is repeatedly reduced and reoxidized. After a set incubation time.
enzymes 1 and 2 are destroyed stopping the reaction cycle. Then
enzyme 3 Is added which converts product 1 0( 2 into product 3 while
NADP Is reduced to NADPH. After completion of reaction (b) the
fluorescence from NADPH is measured

through a diaphragm and a CoSO, (300 giL, l.(}.cm path length)
liquid fLIter before entering a quartz cell (l cm2 in cross section)
that contains the sample under study. The diaphragm and liquid
filter combination reduces to 8 negligible level the visible
background light from the laser discharge tube, particularly the
442-nm Cd emission line. Fluorescence from the sample is
collected by an optical system that focuses an image of the
fluorescent line onto the face of a photomuliplier (Centronic model
Q4249 BA). The optical train consists of an III lens, a NaNO,
filter (133 giL, l.(}.cm path length). a CuSO, filter (saturated
solution, Ukm path length), and an f131ens. The NaNO, fllter
removes the scattered light from the He-Cd laser and the Raman
bands of water; the CUSO, fllter reduces contaminant fluorescence
at wavelengths longer than 530 nm. The filter combination is
quite effective in isolating the NADPH fluorescence since the
latter has a 7800 cm-I Stokes sbift. The output power (4 mW)
of the He-Cd laser is well regulated (-0.5'1'0 rms noise). The
experiment is limited by the background signal from the sample
wben no NADPH is present. The dark current from the ph.,.
tomultiplier is less than 1'1'0 of this signal. The dc output of the
photomultiplier is displayed on a stripchart recorder using a 1-s
time constanL

Figure 3a illustrates the transmiBaion curves of the excitation
filter (Corning 5840) and the fluorescence filter (Corning 4303
and 3387) typically used in conventional detection systems for
NADPH. Also shown in this fIgUre is the spectral profile of the
Raman bands of water excited by light passing througb the
broadband excitation fllter. There are three major problems with
this excitation-detection system: (I) the Raman signal is only
poorly suppressed; (2) the maximum transmission of the emisaion
fllter does not ooincide with the fluorescence maximum of NADPH
(460 nm); and (3) the Corning 3387 filter is fluorescent when
irradiated by light passing through the excitation fllter. Figure
3b illustrates the location of the laser line, the transmission curve
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Figura 4. Analytical clria lor the quantltalloo 01 NADPH

the nanomolar range. Most of the background signal comes
from diBtilled water. The background Bignal, corresponding
to 2 nM of NADPH. Blightly varies from day to day and
dependB on the water container and the extent of photo­
bleaching. This fact Bhows that the contribution from Raman
bandB of the water is much lesB important than that from
impurities in the distilled waters. The low background Bignal
of the laser fluorimeter implies that laser fluorescence analysIS
may be quite promising for the measurement of enzyme
reactions at low concentrations.

Glucose·6-phosphate. The concentration of glucose·6­
phoBphate iB determined uBing the enzyme reaction

glucose - 6- phosphate 6 -phosptlooluCOl'loloctone

~
glucose -6-phosphate dehydrogenase

~
NADP NADPH (1)

the fluorescence intensity from NADPH is used to quantitate
the glucose·6-phOBphate. The analytical curve is linear over
the range (}-80 nM. The detection limit is 2 nM. corre­
Bponding to 2 X 10-12 mol of glucose-6-phosphate in the I-mL
Bample volume. The detection limit iB Bet by fluctuations in
the background Bignal from distilled water and NADP.
ReactionB are quite reproducible; the scatter in the data is
about 5%.

Alkaline Development of NADP. The NADP iB itself
nonfluoreBcent, but it may be converted to a Btrongly
fluorescent molecule by adding concentrated alkaline solution
(2,3,5). The Bpectral properties of alkaline-treated NADP
are similar to NADPH, and the same detection system is used
in conventional fluorimetry. The analytical curve uaing our
detection syBtem is linear over the range (}-25 nM with a
detection limit of 4 nM, corresponding to 4 X 10-12 mol. The
long incubation time (10 min) at elevated temperature (80 ·C)
with concentrated alkaline solution (6 M NaOH) damaged the
quartz cell through repeated uae. Consequently, disposable
Pyrex lest tubes were used instead for incubation. However,
the background f1uoreacence from contaminants then could
not be Bubtracted for the individual samples. The background
signal correaponda to 1 X 10-11 mol of NADP. Although
alkaline-treated NADP can be detected with high Bensitivity
by this method, the detection limit is not so low as expected.
The reason appears to be that maximum in the excitation
spectrum shifts from 350 nm for NADPH to 375 nm for
alkalinE>-lreated NADP. Consequently, the 325-nm line of the
He-Cd laser is more than ten timea leas effective in exciting
fluoreacence.

. . _ . ---.J
10 20 30 40 :"0

NADP (NIIU?H) (femlomolcs J

Figura 5. Analytical curve for the quantltatlon of NADP (NADPH) by
enzyme amplification laser fluorimetry. The cycling volume Is 100 ilL.
The defection Umlt Is 10 fmol (0.1 nM)

a·Ketoglutaric Acid. The application of the alkaline
development of NADP is demonBtrated by the quantitation
of a-ketogluLaric acid using the enzyme reaction

o-ketoglutaric acid L-Qlutamic acid

~
otutomote dehydrOQenose

~
NADPH NADP (2)

After the enzyme reaction proceeds at room temperature for
20 min, 0.3 M HCI is added to decompose the fluoreBcent
NADPH that remains. Following alkaline development, a
linear analytical curve is obtained over the range (}-20 X 10-12

mol with a detection limit of 4 X 10-12 mol. One third of the
background signal originates from the distilled water, while
the rest comes from the alkaline development.

Detection of NADP by Enzyme Amplification. By
combining reactions 1 and 2, an enzyme cycle is obtained (see
Figure la, where Bubstrate 1 = glucose-6-phosphate, enzyme
1 = glucose-6-phoBphate dehydrogenase, product 1 = 6­
phosphogluconolactone, Bub.trate 2 = a-ketoglutaric acid,
enzyme 2 = glutamate dehydrogenase, and product 2 = L­

glutamic acid). The Bample is incubated for 2 h at 38 ·C.
During this period Beveralthouaand cycles are expected to
occur if the enzymea have full activity (2, 3). The sample is
then heated to 85-90 ·C for 3 min to destroy the enzymeB.
Next 6-phosphogluconate dehydrogenase is added which
reduces NADP to NADPH at the same time that 6­
phosphogluconolactone is converted to ribul08e-S-phosphate
(Bee Figure Ib).

In this enzyme amplification procedure, the concentration
of NADP and NADPH is determined urlSpecificaUy, and thua
both are measured to the same senBitivity. If it iB deaired to
measure only one of them, then the other muat be decomposed
before measurement by the addition of acid or alkaline s0­

lution (2, 3). Figure 5 Bhows the analytical curve for the
detection of NADP (NADPH) by enzyme amplification laser
fluorimetry. The detection limit of 1 X 10-14 mol is set by the
fluctuations in the enzyme reaction rates occurring in the
individual incubation tubes. This fluctuation is found to be
very Bensitive to the cleanliness of the glassware.

DISCUSSION
The use of enzyme reactions combined with laser f1uorim·

etry offers many advantages for trace analysis of biomedical
speciea. Table I summarizes the detection limits obtained in
this study and compares them to previoua literature values.



The background signal of our laser fluorimeter corresponds
to a 2 nM concentration of NADPH. This value is 50 times
lower than that obtained using a conventional fluorescence
detection system (2, 3). Thus the laser excitation source and
nonfluorescent filter system provides a very effective means
of reducing the background signal. The present excita­
tion-detection system allows the quantitation of glucose-50
phosphate by a direct enzyme reaction to concentrations of
2 nM. This detection limit is 100 times better than that
measured by the usual fluorescence detection system. It is
noteworthy that the sensitivity of the direct measurement of
NADPH in this study almost equals that of the enzyme
amplification technique in a conventional system (l oM). The
present method using direct enzyme reaction is quite simple
and requires only 10 min incubation time while the use of
enzyme amplification is not so straightforward and requires
long incubation times. However, when enzyme amplification
is combined with laser fluorimetry, it is possible to measure
as little as 10 femtomoles of NADP. This amount is 30 times
smaller than previously reported results.

Only a small improvement is obtained by using the alkaline
treatment of NADP for the quantitation of the latter. The
detection limit in the present study is equal to or slightly
better than the literature values. The use of the 364-nm line
of the argon ion laser, for example, might enhance the
fluorescence intensity of the alkaline-treated NADP by more
than an order of magnitude compared to that of the 325-nm
line of the helium-eadmium laser, since the 364-nm line nearly
coincides with the absorption maximum of the alkaline-treated
NADP.

The present detection system is versatile because it may
be applied not only to the quantitation of NADPH but also
to NADH, since the spectral properties of NADH are almost
identical to those of NADPH. The detection of NADPH and
NADH is quite general for monitoring enzyme reactions. Even
if the enzyme reaction is not a redox reaction, the reaction
products may undergo a subsequent redox reaction 80 that
NADPH or NADH can be used (13). The quantitation of
NADPH (NADH) may also be used in the analysis for in­
organic substances, such as for phosphate (2, 3) or nitrate (14)
by using appropriate enzyme reaction systems.

In this study the sample volume is adjusted to 1 mL 80 that
the results can be readily compared to other studies. However,
because laser light can be focused easily to a small spot size
without loss of intensity, microanalysis may be possible. This
would permit the measurement of microliter samples, for
example, without the need for dilution. Care should be taken
to avoid or minimize photodecomposition of the sample. With
the use of a quartz cell, this problem can become severe.
However, it may be possible to use flow injection and im­
mobi1ized enzymes, in which the sanlple is continuously passed
over the enzymes which are bound to some solid support
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structure (15). For the detection part, the use of a flowing
droplet might provide high sensitivity since cell wall
fluorescence is avoided (16).

When fluorescence from contaminants in the sample be­
comes too strong, some separation procedure may be nec..
essary, such as centrifugation or chromatography. High.
pressure liquid chromatography (HPLC) is increasingly being
used in biomedical applications. For example, a revellle phase
!,Bondapak CIS column separates NADH from contaminants
on the basis of polarity (17, 18). The application of laser
fluorimetry as a detection system for HPLC (19) may offer
advantage in this case. However, while alkaline development
is useful for conventional fluorescence analysis, in HPLC this
procedure may not be practical because the proper pH level
is difficult to maintain. For example, the fluorescence from
alkaline treated NADP decreases to 50% of its value at pH
9.6 and falls to zero at pH 6 (5, 20).

An alternative for overcoming the fluorescence interference
from contaminants is to use enzyme amplification .ince the
latter technique has the potential for dramatically increasing
the signal-to-noise because typically several thousand enzyme
cycles occur per hour_ Recently many researchers beve re­
ported the use of enzyme-linked immunoassay as a re­
placement for radioimmunoassay in biomedical studies (21,
22). In enzyme-linked immunoassay, each enzyme produces
typically several thousand NADPH (NADH) coenzyme
molecules. The concentration of NADPH (NADH) can then
be amplified by use of an enzyme cycle, as described in this
study. Thus by using enzyme-linked immunoassay together
with enzyme amplification laser fluorimetry, it may be possible
to detect and quantitate hormones at very low concentrations.
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2
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200 oM
20 pmol
10M
300 fmol

20M
4 pmol
0.1 oM
10 fmol

present worksubstance
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literature
value

g1uco...6-phosphate
a-ketoglutaric acid
NADP
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Microdetermination of Manganese in Animal Tissues by
Flameless Atomic Absorption Spectrometry

David I. Paynter1

Department 01 Animal Science snd ProductIon, UnIversity 01 Was/em Australis, _lids, Westem Australis 6009

A melhod Ia cIeKrIbed for Ih. mlo;rodelermlnaUon of man­
11- In anlmal aofI ua-a. P1uma and homogenat.. Of
ua-a w.... ac:IcIfIed whh HCI, followed b)' heating at 80 ·C
and o;enIrlfugallon. Thla Ir.atm.nt .nac:ll••1y liberal•• Ih.
manganese Into Ih••upernalant frao;Uon whet. he o;onun­
Itallon was det.rmlned using namele.. atomic: abaorpUon
apec:lrom.1rk: methods. OptImal lnatrument operating pa­
r-'.ra are dlac:usaecf for bolh Ihe Varian mod.1 83 and
model liD o;arbon rod alomlzera. MaIm lnIar1...enu. w....
nOf d.Iect.d, and Ih. use of bao;kllround o;orraetlon and
manganeaa a1andard adclliona was found 10 be _ry.
u.g a IlUINIar 01 ..... ...,..., good .-nent was oblaIned
between Ihe propoead nametau method and resuha oblalned
"*'II complal. w.I dIgeatIon foUowed b)' o;on••nUonal name
alomlc aba«pUon anal)'.... R.laU•• standard devlallon for
a sampl. 01 plaama .xtract. containing 2.07 ng MnlmL. was
3.5%.

Manganese is an essential trace element in animals. In
tissues, it is involved in a number of enzyme reactions as an
activator, and in a limited number of .nzymes as an inUgral
bound metal ion (I. 2). Th. low conc.ntrations of manganese
pr.s.nt in plasma and most soft tisauea have in the past
presented problems in analysis. Neutron activation methods.
while off.ring the required sensitivity (3). are not generally
applicabJa to routine use. Other methods previously used
including colorimetric (4) and conventional Oame atomic
absorption spectromatry (5), although r.lativ.ly free from
interference. lack tha sensitivity requir.d for many tissues,
and entail relatively time-consuming sample preparation. The
dev.lopm.nt of Oamel.ss (furnac.) atomic absorption
spectrom.try has considerably low.red d.tection limits for
mangan.... and m.thods have now be.n reported for the
determination of this el.m.nt in biological material such as
..rum (6, 7) cer.brospinal Ouid (6). and tissue fractions (8.
9).

Matril interf.renc.s have be.n found to occur in the
flamel... d.termination of manganese (10). In methods
involving biological sampl.s. these interf.r.nces have be.n
at least partially compensated for by using standard additions
of manganese and/or background corr.ction (6-9).

The small final sampl. size actually us.d in the d.termi·
nation in flamel... methods. and the r.lativ. h.terog.neity
of some tisaues, necesaitates some form of tisau. digestion or
bomog.nization. In the pres.nt study, a m.thod involving
tisau. homog.nization, followed by acid treatment, permitted
the d.termination of manganese in a vari.ty of animal tisaues
by flamel... atomic absorption spectrom.try. Matrix in­
terferences w.re not .ncountered in the present m.thod and
neither standard additions or background corr.ction w.r.
necessary.

I~t addreso: Attwood Veterinary Research Laboratories.
Mic:kleham Road. WeotmeadoWl, Victoria. Australia 3047.

EXPERIMENTAL

Apparatus. An AA·375 double beam stomic absorption
spectrophotometer with simultaneous deuterium arc background
correction facilities, equipped with either a CRA·63 or CRA·90
carbon rod atomizer, an ASD-53 aulosamplel'. chart recorder. end
digital printout recorder (all Varian Techtron products) was used
for these studies. The msnganese hollow·cathode lamp was
operated at 5 rnA. with the AA·375 set at 279.8 nm. using CRA
slit and peak height modes. For 1O·~L sample sizes. internally
threaded graphite rods were used; for smaller sample sizes (2 and
5 ~L). the normal nonthresded rods were used. All rods were
pyrolytically coated. and during usc were purged with nitrogen
at a flow rate of 6 L/min. The work head was .quipped with a
single beam mask with a 3-mm aperture.

Sample Preparation. Plasma was obtained from fat hep­
arinized whole blood. Tissues from the same animals were washed
in cold 0.9'70 (w/v) NaCI after removal, then stored at 4 ·C or
-20°C prior to analysis. Tissues were homogenized with an
aqueous 0.2'70 (v/v) Triton X-loo solution, using alI·glass tissue
homogeniz.rs (Konles). Homogenates of 100/. (w/v) were pre·
pared. using 0.5 or 1.0 g (weI weight) samples of tissue. To a1iquolB
of th... homogenates (in 3-mL snap cap tubes) HClappropriately
diluted with water was added. to give the required fmal can·
centration of mangan.... in 2 M HCI. The acid tr.ated samples
were then heated at 60°C for 1 h in 8 water bath, cooled, and
then centrifuged. The cleaf supernatants, without further
treatment, were used for injection into the carbon rod atomizer.
With plasma, HCI was added directly to the sample, followed by
heating and centrifugation as described for tissue homogenates.
All samples were diluted with HCl 8uch that total manganese in
the 2·~L sample (or 10 ~L in the case of plasma) applied to the
carbon rod atomizer was in the range of 5-60 pg.

For ntyne atomic absorption spectrophotometric analysis of
livers, l.Q-g 8amples were wet ashed with 10 mL of a 9:1 milture
(by volume) of nitric and perchloric acids until the digestion had
been at white fumes for 30 min. Digest volumes were then
sdjusted to 10 mL with water and analyzed for menganese using
an oxidizing air-acetylene name.

Cbemicals. A manganese standard solution. containing 1000
~g Mn/mL (as the chloride) was obtsined from BDH. Dilutions
in wster or HCI from a IQ-~g Mn/mL slock to working con·
centrations were prepared on the day of use. Nitric acid was
distilled before use; all oth.r chemicals were of analytical reagent
grade.

RESULTS AND DISCUSSION
Pr.liminary Experiments. Attempts to d.termin.

manganese in untreated tissue homogenates by the flam.l...
atomization method were unsuccesafu!. A consid.rabl.
proportion of manganese in these samples was associated with
the particulate fraction, and settling of the fraction occurred
with standing of samples in the autosampl.r. This and the
small sampl. size applied to the rod (2 1'1-) contributed to the
poor reproducibility encountered. Difficulties w.r. also found
with untreated plasma samples. While a pr.vious report has
indicated the 8ucc...ful determination of mangan.s. in
untr.ated s.rum samples using a flam.I... atomization
method (6), we encountered difficulties with spluttering and
foaming of plasma samples during the drying stage, ev.n with
a 2·"L sample siz•. Addition of Triton X·loo (0.1 to 1.0'70
(vIv) fmal concentration) all.viated this problem. but crested
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F)gure 1. Effect of acid treatments on recov8rtes of manganese from
heart homogenates. Standards n H,O only, 0: standards n homogenate
with final ecid concentrations of 10 % (vlv), e; 25 % (vlv), A; 50%
(v/v) •

others. Creepage on the rod occurred, with the degree of
creepage being related to the previous history of the rod being
used. Standard additions were required to obtain accurate
results. To overcome these matrix effects and to ensure
homogenous samples, further sample treatment was desirable.

Proposed Method. Several acids, including trichloroacetic,
hydrochloric, nitric, perchloric, and sulfuric, and one alkali
(KOH) were added at several concentrations to samples of
tissue homogenates, along with standard additions. After
heating at 60 °C for 1 h, the samples were centrifuged, then
assayed for manganese. The curves for homogenate with
standard additions were then compared to curves of standards
in water only. The results for three of these acids (HCI, HN03,

and HCLO,) are shown in Figure 1. Only HCl trestment gave
samples free of matrix interferences, as indicated by the
similar slopes for standard additions of manganese to water
only and to tissue homogenates treated with HC!. Similar
resulta were obtained for both liver and heart homogenates.
Other treatments led to either excessive manganese con­
tamination (e.g" trichloroacetic acid, KOH) and/or matrix
interferences, as occurred with nitric and perchloric acids.

In a previous study, significant matrix interferences by the
nitrates and chlorides of both calcium and magnesium have
been reported in the determination of manganese by nameless
methods (10). In the present study, interferences due to
chlorides of these elements, have not been observed with either
tissue homogenates or plasma samples when the acid used is
HC!. Significant suppression of the manganese signal was
found to occur when HCl was replaced by HN03 for sample
acid treatment. The differences in matrix effects observed
between these studies relate to a number of factors, including
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Figure 2. Effect 01 He! concentration on recover1es of manganese
from heart homoganate. RecovllfY from homoganates wtthoot
maneanesa standard addltlons, e; and with standard additions•••
Values for the 5 M HCI treatment va10a were used as the 100%
recovery value

the types of carbon rod used, the sample sizes applied to these
rods, and the relative concentrations of calcium and mag­
nesium in the final sample.

As additions of HCl to homogenates and plasma did not
completely digest these samples, the effect of HCl concen­
tration on solubilizing the manganese fraction was investi­
gated. At each of several acid concentrations (0 to 5 M HCl),
recoveries of manganese in heart homogenate supernatants
was determined after manganese standard additions to these
samples of 0 and 13.5 ng Mn/mL, followed by heating (60 °C
for 1 h) and centrifugation. The results are shown in Figure
2. Without acid treatment, only 37% of the manganese
inherent in the sample, and 63% of the added manganese, was
recovered in the supernatant fraction following centrifugation.
In contrast, addition of HCl at concentrations of 0.1 M and
greater gave near 100% recoveries in this fraction. The low
concentration required to liberate manganese from the
homogenate particulate fraction, suggests that manganese is
released from this fraction by a pH rather than hydrolysis-type
action.

Effect of Furnace Conditions on ResultL In drying the
sampie on the rod, no problems were encountered with
creepage or spluttering of the sample. In general the drying
phase was very similar to that of aqueous standards, pre­
sumably owing to the removal of much of the matrix from
these samples by treatment with HCl. For most samples a
2-~L sample size was used to minimize the drying time re­
quired, and avoid unnecessary sample dilution. For plaama,
however, a 2-,.L sample gave insufficient sensitivity. This was
overcome by the use of internally threaded graphite tubes,
on which the sensitivity was increased by using a 10-,.L sample
size. Drying parameters for both these sample sizes are shown
in Table I.

In the ash cycle following drying, liver, heart, and kidney
samples gave a single sharp ash peak which volatilized at <600
·C. Above this temperature no other background peaks were
apparent and ash temperatures of up to 1500 °C for 10 a could
be used before Mn volatilization became apparent (Figure 3),
giving a relatively large range of satisfactory aahing tem­
peratures for which background correction was unneceaaary.
For plasma derived samples, a second non-atomic ash frllction
was present volatilizing at approximately 1100 ·C. Failure
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T.... I. 0p0atiDf rar-tGs for &be DdeJmiDatioa of Manpnae. Uam,lhe Yulan Corbon Rod Atomizen. and
HCITnated S-plea

carbon rod atomizer
furnace type

Ample volume (j.L)
dry
uh pluma

homopnates

plain

2
100 ·C. 25 s

gOO ·C. 10.

CRA·90
threaded

10
105 ·C. 60 s

1300 ·C. 10 s

plain

2
5.75.25.

6.5, 15 •

CRA·63

threaded

10
5.60 s
6.75,20s

atomize

·".
ramp rate 700 'C/s
final temp. 2500 • C

hold at final temp. 0.5 s

7.2 s
(step mode)

·""
C ""

C '00

• ''0

FIgur. 3. EflflC1 01 aal*lg temperalu'es on !he manganese signal
_ In !he ._ phase 'rom HCl lrealed plasma and heart
hclmogo<1ala aampIes. Heart homogenale wl1houl backgOU>d CtY­

rac1lOn. e; PlaIma wIII1 beckgound correclJon.•, and wilhout
beckgound corraetJon••

to remove thia peak resulted in considerable signal interference
unl... background correction was used (Figure 3).

The ash paramete", listed in Table I are for measurement
of plasma samples without the use of background rorrection.
In practic., w. have observed slightly better precision when
thia non·atomic peak in plasma is remov.d prior to atomi­
zation, rath.r than r.lying on background correction for i\.6
removal.

In the atomize phase, increasing the ramp rate (OC rise in
temperature/.) ronsid.rably increased the peak height values
for homopnate and plasma extracl8 without affecting the peak
area (Figure 4). Atomize settings shown in Tabl. I .nable
maximum peak heigh1.8 and lensitivities to be obtained. The
hi,h ramp rate uaed with the CRA·90, is similar to that
obtained Olin, step-mod. atomization available with the
CRA-63 (approximately 800 °C/.); both atomize", gave .imilar
fmat reaul1.8 at the letting••hown in Table I. Only one peak
(correaponding to the element peak) occu", in the etomize
phase, Olin, the ash paramaters shown in Tabl. I. At these
atomize lettln,s, rod life OIuaUy exceeds 100 firings.

Accuracy aDd Procl.loD. Accuracy of the m.thod was
inveati,ated by comparing resul1.8 obteined by the proposed
flameleas mathod and bX conventional name atomic ab­
sorption .pectrometry. In the latter, wet digestion of samples
was performed in duplicate (eee Experimental section). In
the former method, a singl. homogenate and acid extract was
prepared for each aample, with duplicate firinss on the carbon
rod. A Iotal of 27 live"" obtained from ra1.8 fed di.1.8 con·
tainins 0.2 10 30 II' Mn/, diet, were .......yed. Manganese
content of these Iivera was distributed throUSh the ran,. of
0.25 10 2.6 II' Mn/, wet w.i,hl No attempt was made 10
re-8888Y any &ample, and the individual reaul1.8 are shown in
Figure 6. The Mn content of these livers, d.termined by the
flame method (x) and the proposed nameless method (y) were

21lu tOC flOC 800

RlJT.p R",t. I'Cluti

Rgur. e. EHec1 01 temperal.... ramp rat. In atomiz. phase. on peak
he9lI and peak 8Iea of HCllreated samples. Peak heiglt mode wIII1
plasma (1~,.L sample siz.)••; Peak height mode. e; and peak area
mode••: 'or heart (2'jlL sample size)

-; 20

;:

I·'

~ '0

~ o. .!-.,
O. 10 .. 2·0 ,.

Flornt t ,IIQ/'iI)

FIgure 5. Comparison of ivar manganese concenlralions delenrined
by the proposed flameIess _ and by !he conventionaIlIame method

related according to the equation y = J.03x - 0.004 jlg/g wet
weight. with a coefficient of determination of 0.96, showing
good agr.ement betwe.n the two methods.

Relativ. standard deviations for 10 replicate determinations
of manganese in liver and plasma extracts were 0.5% and
3.5%, respectiv.ly. For the liver extract, the finel concen­
tration of manganese after acid treatment was 26 ng/mL and
2 jlL samples were applied 10 the rod. The plasma extract
contained 2.07 ng Mn/mL final concentration and lO-jlL
samples were applied.
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Determination of Aluminum in Blood, Urine, and Water by
Inductively Coupled Plasma Emission Spectrometry

Pierre Allain' and Yves Maura.

LabonJtolrB de F'tIannacolollle. C.H.U.• 49036 Angers C-x. France

A melhod Is desc:rlbed lor Ihe detennlnatJon 01 elwnlnum In
weter, urine, and blood by inductively coupled p!aama uslng
a concenlIIc pnewnaUc nebulzer. 0plInun workklg condIlIonll
are cIelermlned. Inlerler_ are systemallcaly atueIed UIIng
cIllerent metals and melaIokII and Mp8ClaIy u-e commonly
lound In biological samples. Some metaJa, parUcWrly Ca, U,
Sr, Na, Fe 1ncre8lle background 1n18n1fty and al<aI metals and
alkaline earth metals Increase the net signal intensity 01 AL
The ImIls of cIelectJon are: 0.4 I'lI!l. n water, 1 "gil In urine,
and 4 "gil In blood.~ prep.atIon lor blood and urns
Is reduced to a simple dilution with demineralized water.
Aluminum 888ays on 14 healthy SubJects gave tha tollowlng
results: blood 12.5 % 4 (aid dev) "gIL, urtne 4.7 % 2.5 (aid
dev) "giL

Aluminum assays in body fluids and water have taken on
considerable importance over the past few years, ever since
the metal was first suspected of being involved in cases of
encephalopathy in patients with renal insufficiency under
dialysis.

Recent reports (I - 11) show aluminum is commonly de·
termined by graphite furnace atomic absorption spectrometry.
Our experience with this technique often produced manifestly
erratic results so that reliable assays could be obtsined only
by frequently repeated measurements. These difficulties have
led us to carry out aluminum assays by inductively coupled
plasma emission spectrometry as described below.

EXPERIMENTAL
Apparatul. Plasma emission spectrometry was carried out

using a Jobin Yvon Elemental Analyzer JY 38 P, consisting of
a Plasmatherm source inductively coupled to a high frequency
(27.12 MHz) magnetic field operating at 1.5 kW, a thermo­
regulated monochromator H·R 1000, and an electronic readout
console. The monochromator in Czerny-Turner configuration
includes a holographic grating with 2400 grooves/rom. The focal
length is 1 m, wavelength range 190-700 om, dispersion 0.4
om/rom. The glIB used lIB coolant and carrier WllB argon and the
samples were introduced into the plasma by means of a concentric
pneumatic nebulizer.

Atomic absorption spectrometry was carried out using a
Perkin·Elmer HGA 2100 graphite furnace mounted on an In­
etruroentation Laboratory 1L lSI spectrophotometer with cor·
rection for nonspecific absorption.

1leaIenta. The calibration (or aluminum and the evaluation
of spectral interference were baaed on standard Merck Titrisol
metal ~Iutionsof 1 gIL. All solutions were prepared in plastic

laboratory ware with water demineralized after reverse O8IIlooia.
Working Conditions. The influen... of wawiencth. excitatioo

level, nebulization, and height above loed coil on the sicnaI in­
tensity and the background intensity W8ll studied using a I mg/L
solution of aluminum in water, in order to determine optimum
working conditions for the beat signal/background ratio.

Evaluation of Intenerenee. Spectral interference..studied
by nebulizing 1 gIL solutions of different metals and recording
the spectra for wavelength sweeps about 394.40 and 396.15 DID.

The effect on the signal intensity and on the background
intensity WlIB studied hy adding increasing concentrations of
different metals to a I mg/L solution o( aluminum aad ..-.rinI
the signal strength at the wavelength of aluminum, 396.15 nm,
and the background level at a lower value, 396.09 DID.

The effect of anions WllB studied by comparing the reaults
obtained with I mg/L solutions of aluminum in sodium chloride,
nitrate, sulfate, phosphate, and EDTA solutions at appropriata
con...ntrations so that each sample contained 0.5 gIL of sodium.

Procedure. Water, urine, and blood aluminum aaaaya were
carried out at 396.15 om. Urine samples were diluted to '/.. blood
samples to '/10 while water samples were examined pure or diluted
in the Cllll8 of concentrated solutions such 88 used in dialyaia. Tbe
calibration WllB carried out using an additive technique: each
sample WllB succeasiveJy added to using standard solutions in
appropriate con...ntrations so lIB to obtain standard additions of
31.25, 125, and 500 ,.g/L. Mter ...nlrifugation, each tube wu
measured by taking five readings of 5 s each. The background
intensity, measured after a wavelength displacement of 0.06 nm,
WllB subtracted from each measuremenL The standard addition
lines were calculated hy the method of least squares, aad the
con...ntration of the samples WlIB determined by utrapolation.

RESULTS

Optimum Workinl Conditions. Among the VarioUl
known lines of aluminum, only two, 394.40 and 396.15 nm,
produce a signal strong enough to allow aluminum deter­
minations at concentrations of leas than 1 mg/L. For each
of these lines, the beat working conditions were obtainad at
1 kW, at a height of 25 mm above the load coil, with nebu­
lization at a pressure of 30 psi and argon flow at 1 L/min
corresponding to a nebulization speed of ahout 6 mL/min.
The coolant gas (argon) flow was adjusted to 13 L/min. Under
these conditions, a 1 mg/L solution of aluminum gave an
overall signal-background ratio of 40 at 396.15 om and 20 at
394.40 nm.

Interference. Interference WllB evaluated using different
metals and metalloids, especially thoee commonly found in
biological samples. The interaction of the maw elements
on aluminum determination can be claasified under three
headings: 8pectral interference, modification of background
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Figure 2. Spectra obtained tor wave'ength sweeps from 395.90 to
396.35 om with p... water (1), p... water containing 250 ~glL AI (2),
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Figure 3. Actton of different metals on 1 mg/L AI signal intensity

Modification of Signal Strength. Figure 3 shows signal
counts, with background intensity subtracted. plotted against
concentrations of added metals, with 100 counts as the base
level for. 1 mgjL aluminum solution in demineralized water.
It can be seen that the aluminum line intensity at 396.15 nm
is modified by the presence of other metals in solution.

Alkali metals and alkaline earth metals increase the signal
strength by 20-30% at a concentration of 0.01 gjL and by
almost 100% at 1 giL. Copper is the only element tested
which reduced the signal intensity. When several metal ions
are present, the increase in signal strength is roughly equal
to that of the element producing the highest increase on its
own.

The anions, chloride. sulfate, nitrate, phosphate, and EDTA,
showed no action on signal strength.

Similar results were obtained for aluminum determination
at 394.40 nm.

Blood, Urine. and Water Aluminum Determinations.
The calibration graphs for aluminum in blood. urine. and
water are remarkably linear. Over a wide range of coneen·

INTERFERING METALS giL

FIgure 1. AcUon at different metals on the background measured at
the peak bas. 01 aluminum line: 396.09 om

level. and modification of signal strength.
Spectro//nterference. No spectral interference was ob·

served with Na, K. Mg, Sr, Li, and Tl. With Ca, Fe. Pb, Zn,
Hg, Cu, Bi, La, and Rb, signals of identical relative intensity
obtained at exactly the wavelength of aluminum 394.40 and
396.15 nm, were attributed to aluminum impurities in con·
centrations less than 20 ~gjL.

The only element which gave several peaks around 394.40
and 396.15 nm was boron at 1 gjL and may therefore possibly
introduce errors in aluminum determination. However, these
peaks disappeor at boron concentrations of less than 1 mgjL.

Calcium produced an emission at 396.8 nm. but this could
easily be separated from the aluminum line by the high
resolution of the monochromator.

Modification of Background LelH!/. Some metals in solution
can increase the background level of demineralized water. In
Figure 1, signal counts ore plotted against concentrations of
interfering metals. with 100 counts os the base value of de­
mineralized water for background correction at 396.09 nm
under the working conditions described.

Among the metals, Co, Li, Sr. Na, Fe, K, Cu, and Mg.
calcium provoked the greatest modification of background
level. a fourfold increase at a concentration of 1 gjL. Figure
2 shows that, as mentioned above, the interference is not due
to the presence of a calcium line but to an increase in
background around 396 om. At biologicol concentrations. and
taking into account the dilutions necessary for blood and urine
aasays, No, K, Co, and Fe are the only metals likely to lead
to increase in background. When several of these metsls ore
involved, the increase in background is roughly equal to the
sum of the component increases.

The metals, Pb, Bi, Zn, and Rb, and the anions, chloride.
sulfate, nitrate, phosphate, and EDTA. showed no action on
background intensity.

Similar results were obtained for aluminum determination
at 394.40 nm.
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Table I. Reproducibility of 20 Day-to-Day
Replicate Determinations

mean x standard coefficient
~g/L deviation of variation

water 12.6 L1 8.7
374 16.3 4.4

urine 21 1.5 7.1
394 12.4 3.1

blood 40 2.7 6.8
483 23.5 4.9

trations (0-2000 pg/L) linear regression coefficients are 0.9999
in blood, 0.9999 in urine, and 0.9998 in water. The detection
li~it was calculated as the concentration corresponding to
tWice the standard deviation of background noise (12 13).
With ~he dilutions used, we find 0.4 pg/L for water, 1 ~g/L
for urine, and 4 pg/L for blood.

Table I indicates the reproducibility of the method used.
The same measurements were repeated each day for 20 days.
The coefficient of variation is 6--9% at low concentrations and
3-5% at high concentrations.

Aluminum assays on 14 healthy subjects of both sexes gave
the following results: blood, 12.5 ± 4.0 (sld dev) pg/L; urine,
4.7 ± 2.5 (sld dev) pg/L.

Aluminum assays on some patients under dialysis some­
times indicate concentrations as high as 500 pg/L or even
higher.

Ordinary tap water from our town supply contains less than
30 pg/L of aluminum.

The results of 16 blood samples routinely assayed using
plasma spectrometry and graphite furnace atomic absOrPtion
techniques show a good correlation between the two methods
(r = 0.991).

DISCUSSION
The study of spectral interference showed that only the

presence of boron at concentrations higher than I mglL could
introduce an error in aluminum assays. Boron, at such
concentrations, is very rare in biological samples and could
be easily dealt with by identification at 249.6 nm, a wavelength
at which there is no interference with aluminum. The signal
count at 396.15 nm could then be corrected for the concen·
tration of boron in the sample.

Aluminum assays could also be carried out at 394.40 nm,
but this wavelength has the disadvantage of lower sensitivity
although the interference and the interaction due to other
metals in the matrix remain unchanged. Besides, it should
be noted that the interaction on the background and on the
signal intensity vary with working conditions: height above
load coil, nebulization and plasma torch characteristics. Thus
the values indicated in Figures I and 3 are mean values
obtained under the defined conditions.

The matrix of the individual samples, especially in the case
of urine and water, is unknown and may vary considerably
causing changes in signal intensity and in background level.
This is why it is better to calibrate for each sample by using
the additive technique and measuring the background at peak
base by wavelength shifts. For blood samples, however, we
observed almost no differences in background intensity, which
may be explained by their relatively constant viscosity and
their similar Na, K, Ca, and Fe content.

During the nebulization of blood, the main problem en­
countered was due to the presence of high concentrations of
organic compounds which burn in the neighborhood of the
induction coils and clog the central orifice of the plasma torch.
Increasing the dilution of the samples to IllS or 1/20 pro­
duced only slight improvement while the sensibility fell
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sharPly. To overcome this difficulty, we had new torches
constructed, with a larger diameter for the upper orifice of
the central tube, which allow several hundreds of blood
samples. diluted to 1/10, to be assayed for aluminum without
clogging and without loss of sensitivity compared to standard
equipment.

The nebulization of undiluted urine raised no special
problems, although it was found preferable to dilute the
samples so as to dissolve minerals precipitated during storage
at 4 DC as well as to decrease background level.

One of the main advantages of the plasma torch is to allow
blood and urine aluminum assays without modification of
samples, thus decreasing the risk of loss or contamination
which easily occurs with techniques based on mineralization
precipitation, or extraction. Centrifugation after dilution'
destined to prevent clogging of the nebulizer, does not alte;
the SIgnal strength.

The only disadvantage of the present technique is that it
requires fairly large test samples of at least 2 mL but we have
not yet bad any experiences with the ultrasonic nebulizer. We
are currently experimenting with the introduction of mi·
crosamples using a graphite furnace.

The sensitivity of aluminum assays in water samples
corresponds to that indicated by Boumans and Barnes (14).
The linearity of the calibration grapba extends to very high
aluminum concentrations so that practically all blood and
urine samples can be directly assayed. For the same reason
~n routine assays on large numbers of biological samples, it
IS possible to use a single addition for calibration. Our
aluminum assays on healthy subjects are in good agreement
with those obtained by other autllOrs (I, 11, 15) using atomic
ahsorption spectrometry. However. the reproducibility of
results is far more satisfactory with the plasma torch method.
Our experience with graphite furnace absorPtion spectrometry
in routine aluminum assays showed the appearance of frequent
erratic peaks in spite of all the modifications we attempted
in the graphite tube as well as in the techniques of sample
preparation. The poor consistency of the method sometimes
obliged us to inject each sample, three or even five times over
as did Crapper (16). Having encountered no difficulties of
this kind during hundreds of blood, urine, and water assays
with the plasma torch, we bave finally decided to drop graphite
furnace atomic absorPtion spectrometry in favor of inductively
coupled plasma spectrometry for aluminum determination.
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Chemiluminescent Determination of Clinically Important Organic
Reductants

Robert L. Veazey and Timothy A. Nieman'

Schoo/ 01 Chemical Sciences. University 01 Illino/s. Urbane. /IIinois 61801

The cIlemIurI'*1esc (Cl) reaction oIluc1genln wKh reducing
agenta In alkaline solullon haa been Inveallgated for deter­
mination of certain clinically Important organic species.
Detection lIm/la (In mg/l) were round to be: ascorbic acid,
0,17; crea_, 4.7; uric acid, 0.64; glutathione, 1.0; gkJctwonic
acid, 9.1; lactose, 5.2; glucose, 21. The relative atandard
deviation of the Cl algnalla In the range of 0.5-5 %. Certain
metal lona (Fe(JIJ), Mn(II), Cu(lI)) Inlerfere w/lh the de­
termlnallon. The observed emJsalon intensity for a mlldure of
analyles Is equal to Ihe sum of \he emission IntensllJes for the
aeparale analytea.

The chemiluminescent (CL) reaction of lucigenin (Luc)
(N,N-dimethyl-9,9'-biacridinium dinitrate) with hydrogen
peroxide was first reported in 1935 by Gleu and Petsch (I).
Since that time the reaction has received considerable
mechanistic study (2-4). This reaction has been shown to be
useful for determination of 8 variety of metal ions bosed on
their enhancing or inhibiting effect on the CL emission (5-7).
Despite the attention paid to the Luc CL reaction. the details
of the reactions remain subject to debate. It is probable that
the mechanism involves both oxidation and reduction steps
(8, 9). Totter found that the reductants ascorbate, hy­
droxylamine. creatinine, and fructose were effect.ive in pro·
ducing CL from alkaline solutions of Luc in the absence of
hydrogen peroxide (9). These results suggested the possibility
of using the Luc reaction to develop CL methods of analysis
for organic reducing agents of clinical significance-those
commonly analyzed for in blood and urine.

CL determination of organic compounds has unfortunately
received much less attention than has determination of metal
ions. The only published determinations by direct reaction
have been for hydralazine using Ru(bipy)," (10) and for
fluorescent compounds with the peroxyoxalotc reaction via
energy transfer (11). Indirect determinations for glucose
(12-15), NADH (16), amino acids (17), and glycerides (18)
involve enzymatic conversion of the annlytc into a species
(typically H,O,) which can be determined via CL reaction.
A limited number of organics can be determined via their
enhancement of emission in reactions of HzOz with CL
reagents. The most sensitive analyses are possible with
compounds containing a metal; examples are heme compounds
(containing Fe(lIJ» (8, 19) and vitamin B" (containing Cu(I1I»
(20). Formaldehyde can be determined by enhancement of
CL emission in the gallic acid-H,O, system (2]). Surveys of
many organic compounds for enhancement of CL emission
in the luminol-H,O, system (22-25) have not resulted in any
analytical applications. Organic complexants such as EDTA
(26), 8-hydroxyquinoline (27), and amino acids (28) have been
determined by their inhibition of CL from metal-enhanced
systems.

We have investigated the CL reaction of Luc with the
organic reducing agents found at significant levels in blood
and urine. Table I indicates the species of interest and their
normal concentration ranges (29). Because these components

Table I. Reductants Found in Biological Fluids

hlood,95% urine, 95%
reductant range, mg/L range, mg/24 h

ascorbic acid 2-14 10-100
creatine 1.6-7.9 11-270
creatinine 5-18 1000-2;;00
~Iucuronicacid 20-44 193-591
glutathione 270-·115
sugars

glucose 600-1200 16-132
galactose 3-28 3-25
lactose 0-91

uric acid 16-76 80-976

arc seen to be present in a large range of concentrations, the
low detection limits and wide workinK ranges routinely offered
by CL analytical methods could be advantageously applied
to determinations involving these reductants.

EXPERIMENTAL

Reagents. Lucigenin (Aldrich Chemical Company) was used
as obtained with no further purification to prepare 1 X 10-3 M
stock solutions. One molar potassium hydroxide stock was
prepared from Acculute solution (Anachemia Chemicals, Ltd.).
Unstable reducin~ solutions were prepared within two hours of
usc. Uric acid stock was prepared by adding 1 M potassium
hydroxide dropwise until dissolved, yielding a final pH of ap­
proximately 8. All solutions were prepared using deionized, glass
distilled water.

Apparatus and Procedure. All measurements were made
on a house-built inert stopped now instrument dcscribed by Stieg
and Nieman (30). Basically the instrument consists of three
glass-barrelled syringes driven by an air piston. The syringes
deliver solution through inert Teflon tubing and Kel-F and
sapphire check valves into 8 four-way manifold mixer and then
to thc measurement cell The measurcment flow cell used (Figure
1) is a modification of the one used by Stieg and Nieman (31).
Several improvements have been made to make the cell simpler,
easier to machine, and to provide a ~mAlIer volume. The cell itself
is machined inw the back Tefloll plate in the threaded cell holder
(thus climinating the original variable depth flow spacer), and
is scaled by the presser screw to a glass window which serves as
the entire front of the cell Thc volume of the cell is kept to about
100 lotI.. while still exposing a large surface area to the adjacent
photomultiplier. The cell is mounted inside a GCA/McPherson
modular sample compartment, which is then mounted on an
oplical rail with GCA/McPherson PMT module. This ar­
rangement gi,·es a very short cell-!<rPMT distance, while retaining
the advantages of modularity.

Figure 2 is a block diagram of the apparatus, illustrating the
dOffi collector/controller interface. A house-built microcomputer
system based on the Intel 8080 microprocessor is interfaced to
th~ stopped flow to allow software control of sampling and data
collcction.

Upon beginning a measurement cycle, (see Figure 3) the
microcomputer controller causes the three stopped flow syringes
to fill with solutions of Luc, base, and nnalyte, respectively, and
to delh'er solution a total of four times in order to rinse the cell
thoroughly. After the last delivery is completed, a microswitch
on the syringe drh'er triggers the beginning of data collection.
The light output from the reaction in the flow cell is detected

0003-2700179/0351-2092$01.0010 © 1979 American Chemk:al SocIety
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Figure 2. Block diagram of apparatus

Figure 1. Flow cell: top flgure Is side view; bonom f'gure Is front view
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ascorbic acid
creatinine
uric acid
fructose
glutathione
glucuronic acid
lactose
glucose
galactose
creatine
sucrose

Table II. Relative Intenaitiea"

\Vhen the chosen number of data points have been summed,
the sum and peak height information are strobed to the mi~

crocomputer which prints them out on ,the teletype. The mi­
crocomputer then opens an auxiliary valve to the flow cell and
turns on B perstaltic pump to deliver concentrated nitric acid.
After each measurement approximately 4 mL of nitric acid are
flushed through the mixer and cell in a period of 30 s. This acid
rinse is necessary to remove reaction products 8uch as N·
methylacridone which 8re insoluble in the alkaline reaction
mixture. The measurement routine is then repeated three times
for a total of four measurements with each sample. After the
fourth sample, the microcomputer signals through the teletype
for the operator to change the analyte solution. Normal procedure
was to alternate sample solutions with blank solutions. The
analytical signal was the average of the four sample measurements
minus the average of eight blank measurements. four previous
to and four after the true sample measurement.

RESULTS AND DISCUSSION
The reaction conditions were not optimized for each re­

ductant in the normal sense; instead, a set of four conditions
of Luc and base concentrations (combinations of 10-3 M and
10-1 M Luc with 0.5 M and 1.0 M base) were used with each
reductant to determine which of these conditions gave the
highest signal·t<>-noise ratio (SNR). The concentrations used
were determined from early experiments with glucose to be
good starting points for optimization, yielding a reasonable
signal without undue background reaction. At higher Luc
and/or base concentrations, the background reaction yielded
a high emission signal without a corresponding SNR increase,
and these conditions caused heavy precipitation of reaction
products in the cell, making rinsing difficult.

Figure 3 shows the typical peak shapes obtained for glucoae
and for ascorbic acid, superimposed on each other, showing
the measurement time period and illustrating the need for
a reproducible sample mixing and data timing sequence, which
is achieved through using a microcomputer for timing and
controlling the experiment.

Relative Respon.."., Table II lists the responses obtained
from the reducing agents (plus sucrose as a comparison of a
nonreductant) all measured under the same Luc and blllle
concentrations of 10-3 and 0.5 M, respectively, and at the same
reductant concentration of 0.6 mM. This concentration is
within the ranges for real clinical sample concentrations and
was chosen to obtain an easily measured response from each
reaclant. The results are normalized to an ascorbic acid
response of 10000. As would be expected, there is a different
relative response for each reducing agent, and thus the de­
tection limits for each will be different. There is no obvious
correlation between the relative response and the reduction
potential for a given analyte; such a relationship has been
noted in certain metal-ion CL analyses (33). With the ex­
ception of ascorbic acid (for which this method is very sen­
sitive) and creatine (which produces significant response only
at much higher concentrations), the range of relative respolllll!ll

a Conditions: Luc == 10-] M, KOH =0.5 M, reduclants
= 0.60 mM.

h.

!---I m......'r-.,
Figure 3. Typical data and measurement cycle
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with alP28 photomultiplier tube. A GCA/MePherson EU·7()()'32
controUer is used w amplify and signal average the PMT output
and wdigitize the encoded information. The digital output from
the controller is fed into a hardwired data handler (32) which
coUects a preselected number of data points from the EU·7()()'32,
and performs the tasks of summing the data points and of Int<:hing
the maximum value obtained during 8 given measurement. This
aUowa two methodn of evaluating data; one on the basis of a signal
integrated over an entire peak and one based on the peak height
of the emission signal; or, in the case of a measurement being
stopped before a slowly changing sign~1 peaks, the data are the
sum of the emission intensities from the beginning of the
measurement period (the end of reactant delivery) up to 8 set
time after mixing, and the maximum intensity obtained during
that same period.

A PMT voltage of 900 V was used in all cases except for very
concentrated ascorbic acid solutions, in which case the results
obtained at a reduced voltage were normalized to a PMT voltage
of 900 V. The EU·7()()'32 controller was adjusted to signaJ average
500 DlJl for each datum digitized and sent to the peak max/sum
handler. A total of 150 signal averaged points constituted one
measUrement.
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Table 111. Working Curvea (Loglntenaity va. Log Concentration)

..oorbic acid" 1.413 t 0.046 1.690 t 0.024 0.06899
creatinineb 1.091 t 0.023 0.2301 0.044 0.04081
uric acide 0.796 1 0.012 1.158 t 0.023 0.02179
glutathioneb 0.18710.027 1.821 1 0.054 0.02395
glucuronic acidb 1.0280 t 0.024 -0.23010.053 0.02124
lactoseb 0.73810.054 0.11010.105 0.05093
glucosee 0.9051 0.019 -0.9071 0.049 0.03224

" KOH • 1 M, Luc =10" M; b KOH. 0.5 M. Luc = 10-' M; e KOH elM, Luc = 10" M.

reductant slope 1. a intercept:!: a
standard error

of estimate
correlation
coefficient

0.99587
0.99896
0.99888
0.96023
0.99915
0.96950
0.99769

limit of
detection,

mg/L,
SNR = 2

0.17
4.7
0.64
1
9.1
5.2

21

Table V. Effect of Metals on Glucose CL.-:J

Table IV. Expected Levels of Certain Metals in Serum

a Conditions: Luc = 10-3 M, KOH = 1M, glucose = 1.4
X 10-) M,EDTA=2x 10-) M,metalsatmaximumclin·
ical concentrations (Table 1V).

% of glucose signal

161
106
100

97
96
27

-224
301

-181

species added

Fc(lII)
Zn(lI)
Sn(IV)
AI(lII)
Pb(lI)
Mn(lI)
Gu(II)
all metals
all metals + EDTA

metal mean, mg/~ 95% range, mg/L

Fe 1.90 0.50-3.30
Cu 1.10 0.50-1.41
Zn 1.09 0.69-1.49
AI 0.17 0.16-0.19
Mn 0.04 up Lo 0.10
Pb 0.03 up Lo 0.04
Sn 0.02 up Lo 0.03

down to a measurable region. Further optimization of reaction
conditions for each reductant may be possible in order to make
this dilution unnecessary.

Metal Ion Interference. Chemiluminescent reactions in
solution are characteristically sensitive to the presence of
certain metals which can inhibit or enhance the chemilu­
minescence process, or act in synergy with another impurity
or analyte to affect the qUantity measured. Table IV lists most
of those metals normally found in body fluids, and their range
of concentrations in serum (29). To determine if these metals
would interfere with the CL determination of reducing agents,
the reaction with glucose was evaluated under the presence
of different metals at the maximum concentrations found in
blood serum. Although the effect of the metals may be
different in conjunction with one of the other reductants, this
study does yield information as to the amount of interference
to be expected from these low levels of contaminants.

The metals were added to the glucose solutions and the data
was taken within 3 h of mixing. Table V shows the results
of this study, as percent response compared to that of 250
mg/L glucose. A value of 100% would indicate no cbange in
the glucose signal; a value of 0% would indicate the back·
ground CL level. It can be seen from the table that under
the experimental conditions employed, Zn, Sn, AI, and Pb
should not pose a problem in the analysis since the results
obtained for glucose solutions containing these ions do not
deviate significantly from that of glucose alone. Copper(lI)
might be expected to reduce the signal since in alkaline Cu(lI)

10'

10'

~
i
.f

i 10'

10' _I
10'10

Contenl,ohOl Im;tLl

Figure 4. Composite of worKing curves. Bars on each line Indicate
the upper and lower IImhs 01 the normal clinical concentration range.
(a) Asoortlc acid. (b) u1c acid. (c) aeatnle. (d) p1hlone. (e) gkJarOOc
ecld. (f) glucose. (g) lactose

for these analytes is fairly narrow.
Note by comparison to Table I that the response rank of

a given compound is not the same 89 the concentration rank
for that compound-thus the reaction will be more easily
amenable to measuring some compounds in preference to
others: a compound such as ascorbic acid, although present
in small quantities, should be easily detectable owing to its
large relative response. Additionally, there may be different
optimum reaction conditions for the various analytes (33, 34).

Analytical Heautta. Working curves of response vs.
concentration were prepared for each of the reductants listed
in Table III, which gives the chosen reaction conditions,
least-squares parameters of the working curves, and calculated
detection limits. All working curves were plotted on a log-log
basis.

Figure 4 is a plot of all of the working curves on the same
graph, illustrating the great differences in responses and
concentration ranges for the various reductants. Bars indicate
the clinical working range for each compound. Note that the
ascorbic acid curve has a region in which there is a definite
cbange in slope. This is possibly due to achieving an ascorbic
acid concentration where the reaction kinetics are no longer
limited by the reducing agent, but by one of the chemilu­
minescent reagents. Note also the small slope of the glu·
tathione curve, which will cause small uncertainties in the
determination of the chemiluminescent response to grossly
affect the glutathione concentration as determined from the
working curve. For most of the reductants, the detection limit
is clearly aufficiently small to be able to measure the clinical
samples. The RSD of the CL signal is in the range of 0.5-5%
for each anaIyte over the range of the working curves. The
extent of the working range is sufficient in most cases,.and
in those in which it is not, simple dilution will bring the sample



Table VI. Mixture Analysis

ascorbic glucose. predicted measured
acid, mg/L mg/L intensityO intensity

1.0 400 262 255
2.0 250 358 322
2.5 100 385 368
3.0 600 668 678

a Predicted values from:
1;:: 98.97 (CAscotblc acld)l.~ll + 0.7117 <C(;luCOsr:)O,'KI1.,
Conditions: Luc = 10" M, KOH = 0.5 M.

solutions, glucose is oxidized to 8 mixture of its sugar acids.
The measured response for the glucose-Cu(ll) solution is much
less than the glucose signal alone, and the presence of Cu(U)
causes almost complete inhibition of the background signal
(no glucose) itself. Mn(Il) also inhibits the reaction, to the
extent of removing the glucose enhancement completely. If
the reaction mechanism for the background reaction is dif·
ferent from the mechanism for the glucose enhancement
reaction, it is of course possible that the Mn(U) could block
the enhancement but not the background reaction. Fe(lI!)
is apparently an enhancer of the reaction, its contribution to
the total signal approximately equalling the observed signal
due to glucose.

A mixture of all of the metals plus glucose significantly
enhances the signal to a level approximately 3 times that of
glucose alone. There is apparently a synergistic effect of.
certain of the metals in the mixture: the degree of en­
hancement from the metal mixture would not be predicted
from the results for the individual species.

The analytical CL signal for glucose was not altered by the
presence of EDTA, so addition of EDTA was attempted as
a solution to the metal ion interference. EDTA was added
in lO·fold excess to a solution containing glucose plus the
mixture of metal ions. The result was to decrease the CL
signal to well below the glucose background level Apparently,
certain of the metal-EDTA complexes are inhibitors of the
reaction. (It has been previously shown that certain met·
al-EDTA complexes enhance light emis.ion in the luminol
CL system (35).) This result leads us to believe that it would
be necessary to physically separate the analytes from any
metal ion interferences prior to CL determination.

Mixtures of Analytes. An important point in the
characterization of a CL reaction for analysis is the rela·
tionship between the total CL signal (for a sample containing
several analytes) and the CL signals due to each analyte
separately. In some CL systems this relationship is extremely
nonlinear (33).

We studied this relationship in the Luc-reductant system
using binary mixtures of ascorbic acid and glucose. The
mixtures contained between 1.0 to 3.0 mgjL of ascorbic acid
and 100 to 600 mgjL glucose. The observed CL intensity for
each analyte mixture is equal to the sum of the observed CL
intensities for ascorbic acid and glucose alone, at the same
concentration as in the mixture. The observed intensity is
then given by Equation I

1= l AA + Ie = a[AA]b + a1G]b' (I)

where AA stands for ascorbic acid;' G stands for glucose; a,
b, a', and b'are the least squares parameters from the working
curves. Table VI gives a comparison, for four mixtures, of the
measured signal and the predicted signal. The average de­
viation of the measured signal from the predicted signal is
4.6%. Figure 5 is a plot of measured intensity vs. predicted
intensity for 4 binary mixtures, 3 glucose samples, and 4
ascorbic acid samples. The prediction accuracy for mixtures
is seen to be comparable to the prediction accuracy for single
components.
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Flgwe 5. Measured vs. predicted errissIon Intensities for glucose and
ascort>lc acid (0). glucose (X), mixtu"es of ascorbic acid and glucose
(e). Table VI gives the composition of the mixt..-es and the equation
used to generate the predicted Intensities

CONCLUSION
The lucigenin-base-reducing agent CL system has been

shown to be applicable to certain compounds of clinical in­
terest. Detection limits and working ranges are satisfactory
for the analysis of real samples. For a real application,
however, possible interferences in a sample must be removed
prior to the CL analytical reaction. In addition, since the
reaction does not differentiate reductants, the analysis would
be most direct if the analytes were separated from each other.
Thus, a major strength of this CL reaction could lie in its
application as a detector for HPLC. Preliminary work in this
direction has been promising, and will be reported at a later
date. An additional application planned for investigation is
the determination of certain polysaccharid.s by conversion
to the reductants which can be determined with this CL
reaction.
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Laser Fluorometry of Fluorescein and Riboflavin

Nobuhlko Ishibashi,· Tellchlro Ogawa, Tolaro Imasaka, and Mlklo Kunltake

Faculty 01 Engineering, Kyushu Unlvarslty, Fukuoka 812. Japan

Since the S/N ratio depends on the number of photoelectrons

The backgTound signal consists of the scattered light of the
source radiation, source-induced background, and source·
independent background. In the present study the source­
independent backgrounds such as dark counts of the pho­
tomultiplier and electrical noise from the nitrogen laser were
negligible.

Then the SIN ratio is expressed as (7)

ANALYSIS

The proper selection of excitation and emission wavelengths
is important for ultrasensitive fluorometry. Calculation and
visualization of the dependences of the S / N ratio and of the
detection limit on wavelength will be useful for this purpose.

In the presence of a background signal, nb (n, number of
photoelectrons), the actual fluorescence, n" can be obtained
by subtracting I1b from the signal of the sample. n,.

(1)

(2)SIN = nr/yn, + nb

condition for the fluorometry is discussed in terms of the
analysis of the S / N ratio.

EXPERIMENTAL

The spectroscopic apparatus consists of 8 dye laser and 8

pulse·gated photon counter, and has been described in detail
elsewhere (6). The fluorescence cell is cylindrical, 6 cm in height
and 4 em in diameter. Fluorescence was observed with a double
monochromator (JASCO CT-<lOD) equipped with an HTV R928
photomultiplier. The photoelectron signal was gated and counted.
The gatewidth was adjusted to 0-200 ns. The integration time
of the photoelectron signal was 50 s for each point in the spectrum,
and four runs measured under identical conditions were aceu·
mulated. In the measurement of an analytical curve, the intensity
of the fluorescence signal of the sample and thal of the Raman
signal of water were measured 10 times (50 8 X 10), respectively,
and the ratio of fluorescence signal to the Raman signal was
plotted. This catioing is useful to improve reproducibility when
the sample cell is exchanged. The drift of signal is negligibly small
during ratioing (6).

The fluorescein (Wako, chemically pure grade), and riboflavin
(Tokyo Kasei, guaranteed grade) were recrystallized from water.
The water was deionized, passed through activated charcoal, and
filtered (MF-MiUipore, GS). Further distiUation did not reduce
the background signal in the solution blank. The glassware was
thoroughly washed with soap, NaOH, and a chromic acid mixture
by using an ultrasonic cleaner and then rinsed with copious
amounts of water. The pH of the sample solution of fluorescein
was adjusted to 13 with N.OH, and thet of riboflavin to &-7 with
acetic acid and sodium acetate.

The detection 1mb oIl1uoresceln and rIloftavin are determined
10 be 0.02 and 0,6 par1&-per-trlllon, respectively, wnh the use
01 a very lenslllve f1uorometrlc lyl1em (a nnregen-Ialer­
pumped dye laHr and a pulse-gated photon counter), The
dependencel 01 the SIN ratio and the detecllon limn 01 the
excltallon and emission wavelenVlhl are calculated and
exprelled In the Ilgurel lor convenient determination 01 the
optmaJ condition lor ullratrace anelylll, The results show that
the Siokel IhIIl 01 Ihe lample molecule as well as the
molecule's ablorpllvlly, lIuoreacence quantum yield, and
Iluoreacence bendwldlh Inlluence the detection limn slgnUl­
canlly. The preHnt syl1em Incorporatel an emlilion
monochromator, and thll II eapeclally uaelullor the analysls
01 a molecule w/lh a amall Stokel shlfl.

Ultratrace analysis of fluorescing molecules has made b'reat
progress by the use of laser sources for excitation. The unique
properties of the nitrogen-laser-pumped dye laser can give rise
to substantial gains in improving detection limits (1,2). The
previously reported detection limits of fluorescein with a laser
source and a monochromator (3-5) were in the order of 30-100
ppt (ppt = 10-12) and are approximately identical to that of
8 conventional fluorescence spectrophotometer. Recently,
however, the fluorescein detection limit, as determined by laser
fluorometry, has been reported to be 2 ppt (1).

The detection limit of a very sensitive fluorometric system
is not always determined by the sensitivity of the instrument.
The detection of fluorescein at the concentration of 1 x 10'1>
M would be possible with an instrument which is capable of
detecting the molecular fluorescence at A<,6 =5 X 10'" (A,
absorbance; <,6, quantum yield) (6). However, residual
fluorescence from the solvent impurities. which cannot be
removed by any practical purification methods, interferes with
the determination of such weak molecular fluorescence.

The signal-to-noise (S/N) ratio is defined as the ratio of
the fluorescence intensity of the sample molecule to the
fluctuation of the backgTound signal. The excitation wave­
length has a great influence on the fluorescence intensity and
the prome of the background signal. However, the excitation
wavelength has no influence on the profile of the fluorescence
band. It is useful to know the effect of the excitation and
emission wavelengthe on the minimum detectable concen­
tration and to choose the optimal wavelengths for detection
with the highest S/N ratio.

In this paper an application of the very sensitive laser
fluorometric system (6) for the u1tratrace analysis of fluor­
escein and riboflavin is described. The optimal experimental
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where n,(DL) is the number of photoelectrons of the actual
fluorescence at the detection limit. Thus, the concentration
at the detection limit, c(DL), is expressed as follows;

...." (8)
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Figwe 2. Fluoresconce spectrum of riboflavin (pH 6-7). 1 X 10'" M)
(A) and background spectrum of solvent water (B). The F1amen band
of water Is located et 431 nm (not shown). Excitation so\J'co: PBD
dye laser (x.. ; 377 om. AA.. ; 0.4 om)
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Figwe 3. SlNretio ot fluorescein (pH 13.5 X 10-n M). Excitation
SO\J'CO: (A) escWn dye laser (480 om), (B) 4-MU dye laser (450 om),
(C) AI-Calceln Blue chelate laser (420 nm)

maxima are 19000 em-I (260 nm). 7500 em-I (149 nm), and
3500 cm-I (81 nm), respectively, and the last one coincides
with the Raman shift of water. The bandwidth of the
fluorescence is 85 om.

Wavelength Dependences of S I NRatio and Detection
Limit. The SIN ratios of fiuorescein excited at 420, 450, and
480 nm were calculated from Equation 2 and are shown in
Figure 3. It can be seen that excitation at 480 run gives the
highest S / N ratio. The most preferable analytical condition
thus exists when the excitation is at this wavelength and the
observation of the emission is at 510 run. The decrease ofthe
SIN ratio at 570 nm is due to the presence of the Raman hand
of water. In the longer wavelength region, the fiuorescence
is weak. and the SIN ratio decreases. When the excitation
wavelength was adjusted to 420 nm, tbe background signal
of the impurity and of the Raman band of water decreased.
However, the larger decrease of the fiuorescence intensity of
fluorescein reduced the SIN ratio.

The detection limit of fluorescein calculated from Equation
4 (Figure 4) shows that the most preferable observation
wavelength for tbe ultratrace analysis is in the 51(}-530 nm

20

(3)

(4)

950

n«DL) ; 2(1 +~)

500 5!iO SlO
WaveIenglh (rm)

F~ur. 1. Fluorescence spectrum of fluorescein (pH 13, 5 X 10.11 M)
(1) and background spectrum of solvent water (2). Excitation SOU"CO:
esculin dye laser (A.. = 480 nm, j.>.... = 0.3 nm)

2(1+~)

c(DL) ; k [.,P...).q,(A.m)

where, is the absorptivity, '" the quantum yield, [ the intensity
of the exciting laser, and k a proportionality constant.

The SIN ratio and the detection limit can be plotted as
a function of the fluorescence wavelength at a specified ex­
citation wavelength, and this figure is useful for the selection
of the optimal experimental condition for fluorometry.

coming from the sample fiuorescence and the background
photoemission, the SIN ratio varies as a function of the
excitation and fluorescence wavelengths.

The detection limit (OL) of the fluorometry is defined with
respect to the concentration at which SIN ; 2. From
Equation 2,

RESULTS

Fluorescence Spectrum. The fluorescence spectrum of
fluorescein (5 X 10-11 M, pH 13) excited by an esculin dye laser
is shown in Figure I, together with the background spectrum
from the solution blank; these spectra have been improved
in comparison with the previous result (I) by using the double
monochromator and the pulse-gated photon counter. The
fluorescence band of fluorescein appears at514 urn; the Raman
bands of water appear at 521 and 570 nm. The fiuorescence
peak height of the 5 X 10-11 M sample is nearly equal to that
of the Raman band of water. The absorption maximum of
fiuorescein is located at 491 nm, and its Stokes shift is about
910 cm-I (23 nm), wbich is considerably smaller than typical
organic molecules. The fiuorescence bandwidth is 35 nm.

The fluorescence spectrum of riboflavin and the background
spectrum excited at 377 urn are shown in Figure 2. Riboflavin
has maxima at 266, 377, and 445 nm, in the absorption and
excitation spectra (8) and has a fluorescence maximum at 526
nm. The separations of the absorption and fiuorescence
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is straight. The observed detection limits of fluorescein and
riboflavin are 5 X 10-1< M (0.02 ppt) and 1.5 X 10-12 M (0.6
ppt), respectively.

figure 8. Detectlon IimiI of _flavin (pH 8-7). excitation SOU'cs: PBO
dye laser (377 nm)
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DISCUSSION

Factors Affecting the DetectioD Limit. In ultratrace
analysis, spectroscopic parameters such as the absorptivity,
the fluorescence quantum yield, and the half-width of the
fluorescence band have a great influence on the detection limit.
Furthermore, the analysis of the SIN ratio indicstes that the
Stokes shift of the fluorescing molecule can profoundly in­
fluence the detection limit, since it depends on the overlapping
between the fluorescence of the sample and the Raman band
of the solvent (see Figures 4 and 6).

Fluorescent molecules can be cstegorized into three groups
according to the relative magnitude of the Stokes shift (As)
of the molecule and the Raman shift (AR) of the water.

(a) As < AR (e.g., Fluorescein). The excitation and emission
wavelengths should be carefully adjusted, since the highest
SIN ratio, hence, the lowest detection limit, can be ohtained
in the limited wavelength region (Figures 3 and 4). In this
case the double monochromator is especially useful to reduce
the scattered light of the laser.

(b) As "" As (e.g., 450-nm Excitation of Riboflauin). The
handwidth of the fluorescence of many organic molecules in
the condensed phase is larger than that of the Raman band
of water, and there two peaks appear in the SIN ratio as
shown in Figure 5.

(c) As> AR (e.g., 377-nm Excitation of Riboflauin). A wide
spectral region is available for utlratrace analysis (Figures 5
and 6), since the fluorescence maximum is located at longer
wavelength than the Raman band of water, and since the
hackground signal decreases with increasing separation of the
excitation and ohserving wavelengths.

Since it is important to select the optimal condition for
ultratrace analysis, the illustrations of the SIN ratio and the
detection limit as shown before will be very useful, especially
for cases a and b.

Comparison of aD Emission Monochromator with a
Filter. As shown above, the monochromator is very useful
for ultratrace analysis in esse 0, since the emission wavelength
csn be adjusted to the most preferable position. An optical
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FIgure 8. SIN ratio or rIloftavln (pH 8-7, 1 X 10-' '-4). Excitation
source: (A) PBO dye laser (377 nm), (B) 4-MU dye laser (450 nm)

region, and the minima of the detection limit appears on both
sides of the weak Raman band of water. The steep increase
at 570 nm is due to the strongest Raman band of water, and
the increase at above 620 nm is due to the weak fluorescence.

The excitation of riboflavin at 377 nm gives s higher SIN
ratio than that at 450 nm, as shown in Figure 5. This is due
to the smaller background signal when excited at the shorter
wavelength. Furthermore, the overlapping of the fluorescence
and the Raman bands reduced the SIN ratio when excitation
occurred at 450 nm.

The detection limit of riboflavin is shown in Figure 6. The
minimum detectable concentration can be measured with
emiaaion at 526 nm. A wide region (500-600 nm) is open for
ultratrace analysis, since there is a concomitant decrease of
the background signal with the decrease of the fluorescence
intensity in this region.

Analytical Curve and DetectiOD Limits. The depeD­
dence of the fluorescence intensity of fluorescein on con­
centration is measured. The analytical curve of fluorescein

O~-=500~~~~5~50:-;;-"'~-'--'-;600~'--'-'

Wavelenglh (nm)

FIgura 4. Del8C1lon limit of ftuoresceln (pH 13). Excitation sourc..
eaculin dye laser (480 nm)



Table I. Detection Llmlta of Fluorescein
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exciting source

dye laser
dye laser
Xelamp
dyelaaer
dye laser
N2 1aser
dye laser

a Present work.

detection apparatul

pulse-gated photon counter
averager
de amplifier
boxcar integrator
boxcar integrator
boxcar integrator
charge-la-count data converter

hex. run .6.).ez' nm

480 0.3
470 10
470 10
480 0.4
470 0.1
337 <0.1
469 0

detection
A~m,nm lLA.m, run limit. ppt ·ref.

510 0.5 0.02 •514 1.6 2 (1)
514 1.6 70 (1)
614 100 (3)
614 40 (4)
514 30 (4)
522 4 70 (5)

Table II. Detection Limita of RiboOavin

detection limit. ppt

exciting mono-
source detection apparatus Aelt1ntn AAex• ron Aem10m lLAem• nm chromator filter ref.

dye laser pulse-gated photon counter 377 0.4 526 0.6 •Xe lamp de amplifier 100 (12)
Hg lamp photon counter 365 <0.1 filter 40 (11)
dye laser boxcar integrator 375 540 8 38 (13)
dye laser boxcar integrator 375 filter 0.47 (13)

a Present work.

filter can be more useful for the measurement of weak
photoemission in case c. Notably, the sub-parts·per-trillion
detections of rhodamine B (2) and rbodamine 6G (9) were
carried out with filters. Another advantage of a mono­
chromator is that the Raman band of water can be used as
an internal standard of the analytical curve. This procedure
improves reproducibility of the data.

Detection Limit. The detection limits of fluorescein
determined by various exciting sources thus far reported are
shown in Table I. The detection limit in the present sYBtem
is two orders of magnitude lower than that previously reported.
In the previous study (1), the major sources of noise at the
detection limit were the dark current of tbe photomultiplier
and tbe background signals caused by impurities in tbe
solvent. In the present study, the reduction of the dark
current by the gated electronics, repeated purifications of the
solvent, careful adjustment of the experimental conditions
with the aid of the S / N ratio and detection limit analyses
allowed the ultratrace analYBis of fluorescein.

The detection limit of riboflavin is shown in Table U along
with previous results. The low absorptivity (. = 1.06 X 10'
(10)) and the low quantum yield (4) = 0.26 (7) of riboflavin
restricted the detection limit to 0.6 ppt, althougb this value
is much smaller than the previous value in a similar
(monochromator) detection sYBtem. Tbe excitation spectrum
of riboflavin has three maxima. Excitation at 450 nm has
difficulty in resolving fluorescence from the Raman line.
Excitation at 377 nm has been aatisfactory for the ultratrace
anaIYBis. If second harmonic generation is possible, excitation
at 266 nm may be more preferable because of tbe higber
absorptivity and the lower background signal at 526 nm.
Riboflavin has a large Stokes abift and has a wide bandwidth.
so that the ruter detection would be useful; Richardson et aI.
detected 0.47 ppt with filters (13)..

CONCLUSION
The ststisticaJ variation of the number of the photoelectron

pulses from the solution blank places a limitation on the
minimum detectable concentration. Thus. the use of a Btill
higher·output-power dye laser will not provide a large re­
duction of the detection limits. Sti\l, there are two promising
methods for the detection of even lower levela. One is the
further purification of the aolvent. The other is to make use
of temporal discrimination to reject unwanted Bignals.

ACKNOWLEDGMENT
Tbe authors thank S. D. LidofBky of Stanford University

for his critical reading of the manuscript.

LITERATURE CITED
(1) lmuaka. T.; Kadono, H.; Ogawa, T.; IahI>uhI. N.MoI. awm. lB77,

49. &e7-11.
(2) RIchanlson. J. H.; George. S. M. Mol. awm. 1171. 50. Bl~20.
(3) -. B. W.; PIonkoy. F. W.; on-lo. N.; Holt. L P.;_.J.

D. SpectrocNm. A<:Ia. POI1 A lin, 30, 1458-83.
(4) GeoI. T. F. V.; Wlnel_. J. D. Mol. awm. 1178, 48,335-8.
(5) HontngIon, D. C.; Mamsladl. H. v. Mol. awm. 117B. 47, 271....
(B) Imaseka, T.; Ogawa, T.; _, N. Mol. awm. lB78. 51.8024.
(7) T_. M. C. J. Opt. Soc. Am. 1188, 58. 1057-111.
(B) "'naaoon. R. E.; DMIIhI. Y. AppI. Opt. t17B. 14, 2921-28.
(I) BnIdoy, .... B.; zare. R. N. J. Am. awm. soc. 1178. 118.820-21.

(10) WNlDy. L G. -.. J. 11$3, 54, 43742.
(11) "'-' R.; 1r1yamo. K.; AlaI, H. AppI. Opt. lin. 12, 2746-50.
(12) Aaron, J. J.; Wlnel_. J. D. T_ 1172. 19.21-29.
(13) _J.H.; W-.B. W.;'-"D. C.; _L W. AMI.

ChIm. AcI<Il17B. 88.283-7.

RECEIVED for review February 28, 1979. Accepted July '1:1.
1979. This research was BUpported by Grant&-in·Aids for
Special Project Research (Grant No. 112004, 211204. and
310503), for Scientific Research (Grant No. 347054), and for
Environmental Science (Grant No. 303046) from the Ministry
of Education of Japan.



2100 • ANALmeAL CI£MISTRY, VOl. 51, NO. 13, NOVEMBER 1979

Flame Photometric Determination of Carbon Disulfide in Air
after Specific Preconcentration

Jean Godin,' Jean-Louis Cluet, and Claude Soudine

INSERM U 122, Lsboratoire de Toxlcologla, UER des Sclancas Pharmaceutlquas. 92290 Chatanay-Malabry, Franca

A new technique for determining carbon disulfide In air has
been developed. lila baaed on conc:entraUng this eorUn*'anI
on a chromatographic support treated with eodlum azide and
hexamelhylphoaphorolrlarnlde (HMPT) and then applying a
heaelapeee technique followed by lIame photometry. Thl.
method Ia alrnple, eeeurate and allows analy.ls 01 a large
number of sample.. Among the dHferent factors a"ectlng
quanlllallve determlnallon of CS. In air which were atudled,
temperalure-dependenl partial hydroly. 01 cs. leaclng to the
formation of H,5 and COS Is the moat Imporlant,

The Wle of large quantities of carbon disulfide by the
chemical indWltry necessitates monitoring of this compound
both in indWltrial and ambient atmospheres. It is therefore
of interest to develop simple and rapid methods for sampling
and determination of this pollutant. Colorimetry based on
copper diethyldithiocarbamate formation has been extensively
used for many years but is not very suitable for field mea·
surement (J, 2). Methods involving the trapping of CS, on
solid phases, like active charcoal sampling (3) and subsequent
analysis with the name photometric detector (FPD) are in­
creasingly used because of their greater sensitivity and fea·
8ibility (4). The ambient air concentration of CS, has also
been determined by cryogenic trapping at -196 ·C (5).

The aim of thi8 work i8 to describe a new method for CS,
sampling and determination, both in industrial areas and in
ambient air. Thi8 method is 8ufficiently easy and quick and
requires only commercially available material, i.e., a Tracar
HM 270 analyzer fitted with a septum injector, and re8gent.s.

Carbon di8ulfide i8 first 8pecifically retained on a treated
8upport of high efficiency. The 8upport is then placed in a
headspace nask and the gas phase thus released is used for
CS, measurement by a name photometry detector.

EXPERIMENTAL
Reagent•. The absorbing reagent was prepared as follows: 10

mL of HMPT (Prolabo, France), 10 mL of distilled water, 2 g of
NaN, (Prolabo), and 50 mL of ethanol (96% vIv) were successively
placed in a 200·mL flask.

The flaak waa gently stirred until the sodium azide had
completely dissolved. Ten grams of acid-washed Chromosorb W
(60-80 mesh) were then added. Ethanol and a large quantity of
water were eliminated under vacuum in 8 rotary evaporator. The
mixture can be stored without deterioration for long periods in
tighUy-<:apped vesaela.

Apparatu•. Absorption cartridges were prepared by placing
80 to 100 mg (about I em) of treated 8Upport in glass tubes 4 em
long (cd., 0.4 em). The 8Upport was maintained by two glass wool
plugs. For storage, cartridges must be capped at both ends by
glass stoppers and small pieces of PTFE tubing.

For release of cs" 40-mL headspace flaaks were used (Pierce
Chemical Co., Rockford, Dl). They can be replaced by inexpensive
6O-mL fiaaks fitted with Bakelite screw caps (Sovirel, France).
The cap was lined with a PTFE disk 0.2 mm thick. A silicone
rubber 8pacer W88 placed between the PTFE disk and the Bakelite
cap. Both cap and 8pacer had a syringe bore of 5-mm diameter.

Cs, determinations were performed with a Tracor HM 270
analyzer fitted with two chromatography columna, the first for

total sulfur estimation and the second (poly(phenyl ether), H'pOJ
for separation of sulfur compounds (6). For H,s and COS
separation, the second column was replaced by a special silica
gel column (Tracor) (7).

To assess the efficiency of CS, trapping by different absorbent
mixtures, an automatically controlled injection device (lntersmat,
France) was connected to the gaa valve of the analyzer, allowing
injection of a fresh gas sample every 3 min.

For headspace determinations, a septum injector was placed
in front of the column; the temperatW"e was maintained at 60 °C.

Gas syringes of 0.1- to I-mL volume (type A2, Precision
Ssmpling Corp., USA) were used throughout the study.

Atmospheres contaminated with known amounts of CS2 were
prepared with 8 permeation tube maintained in a thermostated
chsmber (Tracor 412) as described previously (8). In this ex­
periment, the mean CS2 permeation flow was 7.75 Ilg/h.

Proced...... Sampling. All contaminated with cs, was drawn
through the absorbent cartridge at a flow rste of 150 mLImin.
Flow fate, sampling time, and absorbent weight can all be
modified.

Analysis. The content of one cartridge was poured into 8

headspace nask containing 2 mL of 58% AR hydriodic acid
(Prolabo). The fiaak waa promptly capped and placed in a wster
bath st 40 ·C. Two hours later an aliquot of the gaa (usually 0.1
to I mL) waa injected into the analyzer.

Calibration. Calibration curves were constructed by nmning
cartridges containing known amounts of cs, in exactly the same
way as the samples. Daily standardization of the analyzer was
simple and consisted of treated standard solutions of sodium
dielhyldithiocarbamate AR (Carlo Erba, Italy) which, under these
conditions, produce known quantities of CS2•

RESULTS AND DISCUSSION
In the first part of this work, we tested the CS, trapping

efficiency of several mixtures. Air 8amples containing small
amounts of CS, were drawn through cartridges and injected
into the analyzer every 3 min by means of an automatic gas
valve. The time interval was meaaured between CS, entry
at the inlet of the cartridge and it.s exit at the outlet. The
best result.s were obtained with a mixture containing either
sodium azide or a secondary amine (e.g., piperazine) and
HMPT on Chromosorb W. HMPT greatly improved the
capacity of the absorbent. Sodium azide was chosen because
of it.s instability and beesuse of the lability of the azide-carbon
disulfide addition product.

The efficiency of thi8 trapping mixture was very high. As
an example, cs, at a concentration of 1741Jf,/L air, was drawn
through 100 mg of treated Chromosorb at a now rate of 4.5
Llh for 6 h, 45 min before any trace of CSt could be detected
at the outlet of the cartridge.

In the second part of this work, we attempted to determine
CS, in the form of N3CS,-. Spectrophotometric determi­
nations was not used becaWle of insufficient sensitivity (9).
Further, exlrection of the addition product by organic solvents
prior to chromatographic analysis is not satisfactory beesuse
of the presence of sodium azide and HMPT and also beesuse
these solvent.s WluaIly prolong chromatography and require
a back·nush system to avoid detector flame eninction.

For all these reasons, we chose a technique involving the
destruction of the azide-CS, addition product in acid medium
and the volatilization of cs,. Among the different compounds
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Figure 1. CS2 generation from N3CS2- in a headspace flask

Table I. Precision StudyQ
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decreased, forming a second peak. Judging by the retention
times on the poly(pbenyl ether)-H3PO. column, the second
peak might correspond to carbonyl sulfide andlor hydrogen
sulfide. These compounds were readily identified on a silica
gel column.

COS and H,s formation may result from partial hydrolysis
of the a2ide-carbon disulfide addition product in accordance
witb following scheme:

N,-{;~S + HOH ---+ [N'-{;~~:] ---+ ~N, + COS + H,S
S· S-

Thus, according to this scheme, measurement of the amount
of COS and H,s formed by CS, hydrolysis should permit
determination of the amount of CS, initially present in the
cartridges before its conversion. However, we observed that
only the COS chromatogram peak was usable, since the re­
sponse to H,S varied considerably for the same sample,
probably because of the losses in H,s from the flask, and
during its gas phase transfer by syringe.

We also noted that for a given quantity of Cs" the response
was much greater when Cs, was not converted into COS. This
can certainly be explained by the different number of S atoms
in these two molecules. We therefore found that Il'g Cs,
converted into COS produced a response equal to about 0.5
l'g CS,.

Tubes stoppered at both ends can be stored for more than
a month at room temperature witbout loss of COS. Nev­
ertheless, the variability of the results obtained under these
conditions is greater than the results for CS,. After total
transformation of Cs, into COS, a calibration curve has been
obtained according to tbe relation:

log ng CS, = 0.493 log R + 1.635

COS and H,s retention times in cartridges were very brief.
Thus when a COS-H,s-air mixture was passed through the
cartridges, followed by a CS,-air mixture of similar con­
centration (O.86l'!6/L, 9 L/h), only a small fraction of the COS
and H,s was retained for a few minutes, whereas CS, was
bound to the absorbent for many hours.

Since, COS and H,s were not retained on the absorbent
in the presence of an air current, we feared that during
prolonged sampling, the COS and H,s produced by CS,
hydrolysis might be eliminated from the sampling tube.
Therefore, in order to create the most unfavorable conditions
for sampling CS, in air, tubes containing 1.94 l'g Cs, were
subjected to a 150 mL/min air current at ambient temperature
for different periods. The resulting measurementa were
compared to determinations made from freshly taken samples.
Lo.... of CS, were then 5% after 30 min, 10% after 1 h, and
38% after 4 h. At the last time, the COS remaining in the
cartridge was approximatively 1% of the cs, initially present.
Cooling the cartridges to 0 DC almost completely prevented
losses after 4 h, and kept them below 10% after 24 h.

Stability of cartridges after sampling was excellent at -20
°C for over one month. At ambient temperature, however,
degradation occurred after several bours and, at 50 DC, was
complete in less than 2 h.

Cartridge absorption capacity was satisfactory when
sampling tubes were used in ambient air with normal hu­
midity. Thus, for 50 to 60% relative humidity, 100 mg of
support remained effective for more than 6 h with a Cs,
current in air of 800 l'g/h. On the other hand, for the same
amount of support, the same CS, flow rate, and the relative
humidity of 90 to 100%, the absorbent was effective for only
a few minutes. Nevertheless, with maximum humidity and
the same air flow rate, the cartridges retained cs, for several
hours when the amounts of CS, were much smaller. When
the water and CS, content of air are high, humidity can be

within a set of
samples drawn
from different
cartridges on

different days

3.833 ± 0.125
(16)

1.291 ± 0.065
(14)

1.563 , 0.193
(18)

5.342 ± 0.131
(20)

0.6451 0.016
(22)

within a set of
samples drawn

from same
cartridge

determination of
CS, without
conversion into
COS and H,S

determination of
CS 2 after complete
conversion into
COS and H,S

a Mean and standard deviation (number of determina­
tions), results expressed in Ilg.

lested hydriodic acid completely released CS, within 2 h at
40 DC (Figure 1) whereas acetic acid, iodine + acetic acid,
o-phosphoric acid and hydrochloric acid released only small
amounts of CS, during the same period. At higher tem­
perature (80 DC), regeneration of CS, was completed in less
than 30 min, but under these conditions. condensations in
syringes increased the variability of the results. This is why
all incubations were performed at 40 DC. The volume of
hydriodic acid had little effect on the results in the 2- to 6-mL
range.

Table I shows the results of reproducibility experiments
with fresh samples. The detection limit may be improved by
using smaller headspace flasks or increasing injected sample
volume to several milliliters. Using 40-mL headspace flasks
and 1-mL gas pbase injections, the CS, detection limit per
cartridge was 1.2 ng or twice the background noise. However,
since the reagents in the flasks contained CS" it was not
possible to attain this limit (mean of eight experimental
determinations: 1.97 ng, S = 0.434). Great care was taken
to avoid contamination of flasks or syringes.

A standard curve can be made by injecting 0.1 mL of gas
phase coming from the headspace flasks. So, the Cs, quantity
in cartridges is determined by the relation:

log ng CS, = 0.495 log R + 1.339

where R = height of the peak (mm) X FPD attenuation (range:
10-').

Large variations in experimental conditions such as
sampling time, air flow rate, flask volume, size of the sample
injected, and the detector attenuation enabled determination
of a wide range of CS, concentrations in air. Another ad­
vantage of the method used is the possibility of making re­
peated determinations in a short time (less than 2 min per
chromatographic measurement).

A single peak appeared on chromatograms when cartridges
were treated immediately after sampling; however, when they
were kept at room temperature for several hours, this peak
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eliminated by using a prefilter containing magnesium per­
chlorate, which does not retain CS,; but in most cases, such
elimination is unnecessary.
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Quantitative Electron Spectroscopy for Chemical Analyses of
Bitumen Processing Catalysts

G, M, Bancroft and R. P. Gupta'
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X-ray photoelectron spectroscopy (XPS or ESCA) has been
used to analyze a large number 01 MolAI,O, hydrodesulfur­
Izatlon catalY8ts containing nickel and cobalt as promoters.
Result8 were obtained Irom conventional 3.2-nm diameter
pressed or extruded pellets, Resulls were also obtained from
four extruded catalysts which were ground and repressed In
an Infrared sample press. We thus obtain external pellet
surface and pellet Interior (or "bUlk") ESCA analyses, re­
apectlvely, from the above two sample types, Oxldallon slates
01 the metals have been assigned from the chemical shifts,
while the computed areas of the deconvoluted ESCA bands
have enabled quantitative determinations. The ESCA extemal
pelet surface and ESCA Interior "bulk" analyses are generally
In good agreement with each _, and wtIh the bulk chemical
composliions. One convnerclal Ketlen catalyst, however,
yielded an apparent exterior surface Mo concentrallon which
Is aImosI five times that of the chemJcal bulk and ESCA "bulk"
compoaltlons. The catalyst preparation method has a 8trong
effect on the surface chemical composition. The surface8 01
the gel Impregnated melal oxide catalyst8 are more or less
the 8ame as their bulk, but this Is not true lor catalysts
prepared by Impregnation of calcined ,.-AI,O"

X-ray photoelectron spectroscopy (XPS) or ESCA (electron
spectroscopy for chemical analysis) recently has been used
widely to study molybdenum compounds (1,2) and MolA1,O,
hydrodesulfurization catalysts (3-9), usually containing Co
as a promoter. The Mo 3d binding energies have been very
useful in assigning the oxidation state and coordination
environment of Mo in the oxidized and'sulfided catalysts.
However, the interpretation of the Co binding energies is less
clear cut (8, 9). ESCA studies of such catalysts with Ni
promoters have not yet been reported.

In the past few years it has become clear that ESCA in­
tensit.ies can be used, with certain assumptions, to obtain

quantitative analyses of surfaces (10, 11). For example, Adams
et al. (11) have concluded that atom ratios for the principal
constituents of homogeneous inorganic compounds and
minerals can be obtained with an accuracy, on average, of 5%.
The most important factors affecting quantitative XPS
determinations of homogeneous samples have been discussed,
for example, by Wagner (12). However, in previous ESCA
studies of heterogeneous catalysts, there has been no report
of a fully satisfactory attempt to obtain quantitative elemental
analyses of the catalyst surfaces. The problems of photo­
electron attenuation by surface segregated andIor sintered
metal particles have been discussed in detail for NilA1,O, (13),
Rh/C (14) and M/SiO, (IS) catalysts, for example. In these
cases the segregated, reduced metal particles, having thick­
nesses which are significant fractions of the photoelectron
mean-free paths, directly attenuate the transmission of
photoelectrons from both the metal and other, anterior atoms.
The intensities of selected photoelectrons from the active,
reduced metal and the support are thus incorrect, the degree
of attenuation being a function of the low degree of metal
dispersion and particle size.

Neglecting the effects of mass transfer limitations, it is
evident that the catalytic activity will depend on the average
composition of the total surface area (external and interior
of pellets) rather than the average macroscopic bulk chemical
composition. It is not dear that the concentrations of Mo,
Ni, and Co on the particle surfaces in the pellet interiors of
these catalysts are directly equivalent to, or 'Ven related to,
their true bulk or macroscopic concentrations.

The prior quantitative ESCA studies on the external
surfaces of reduced metal catalysts (13-15) have shown that
considerable caution must be used in interpreting those ESCA
results because of the metal atom segregation. However, for
impregnated and unreduced metal-oxide catalysts it is ac­
cepted (16, 17) that segregation of the catalyst from the
support does not occur in the same way. Nor is it evident that
external surface ESCA compositions need necessarily vary
froOl the chemical, bulk compositions.

We have undertaken a detailed ESCA study of over 30
Mol Al,O, catalysts in the oxide and sulfide states to de­
termine the oxidation states of the metals, the concentrations
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232.0. 0.5
228.5. 0.2
73.8, 0.2

531.2 • 0.2
167.7.0.2
161.4. 0.2
786.8.0.6
786.8. 0.5
856.4. 0.4

binding energy, eVb

of binding energies for the most intense peak of each element
were obtained (Table I). Tbe oxided samples gave simple
spectra with Mo 3d"2 binding energies characteristic of MoOs
(I, 2), and AI 2p binding energies characteristic of AI,Os (23).
The Co and Ni binding energies, and sbakeup aatellite
positions and intensities point to Co" (8, 24) and Nj1+ (23,
25) in oxide environments. The sulfided samples give two Mo
doublets (Figure 2), mainly due to MaS, and MoO, (1). The
sulfur 2p spectra contain both S" and SVI (presumably SOlo)
(23). Figure 2 shows line widths, separations, and bend sbapea
obtained for the peak area determinations by deconvolution.
As well, error bars show the statistical uncertainty for the

Figure 2. ESCA spectrum 0' !he Mo 3d region In stJffided ca1alyst
number 236. Peaks 1 and l' are assigned to MoO,. peaks 2 and 2'
fo MoS" and peak 3 to !he S 2s peak

Figure 1. Wldescan ESCA spectrum of !he unused ca1alyst number
317 (Kel)en). The major primary peaks are noted

"'.

Table I. Binding Energies (or the Major Species in
Catalyst Samples"

pesk

MaV! 3dSfI
MolV 3dS/!

A12Pm
Ola
SVI 2Pm
Sl- 2PJIZ
Coli 2PJ/2

satellite
NiH 2Pm

a All binding enere:ies are determined with C Is at
284.5 eVasa reference. b The range of binding energiel
for all samples is given.

of the metals on the surfaces, and on pellet interior, "bulk",
surfaces. We report representative spectra which show that
ESCA can be a very powerful, routine technique for such
analyses. Detailed results are contained in a Departmental
Contract report (I8).

EXPERIMENTAL
T~e catalysts ~ere prepared by a gel impregnation technique

ss dIscussed preVIOusly (I9) and were examined in both oxided
and H,s presulfided forms (20). Average macroscopic chemical
compositions were determined by atomic absorption. Surface
aress were messured by a conventional N, BET method. Surface
morphologies, particle types and sizes were examined by
transmission electron microscopy, energy dispersive X-ray analysis
and X-ray diffraction. '

The ESCA analyses of both oxided and sulfided catalysts were
obtsined on extruded peUets of I-em length and 3-mm diameter.
In four cases, the peUets were ground an" reformed into O.5-mm
thick disks in an infrared sample press. The analyses of these
pelle~ interior surfaces should better approl.imate the average
macroscopic compositions and we label these four ESCA analyses
"bulk" in this psper.

Spectra were obtained using a McPherson ESCA 36 spec­
trometer with a Mg or AI anode. The angle between the incident
photons and analyzed electrons wss 90°. Eight samples were
mounted on the sample carrousel. A number of extruded peUets
were aligned in parallel across a sampling plate to give the
maximum sensitivity. As a result of the relatively high con­
centration of physisorbed matter, sample degassing was quite
considersble. The samples were not dehydrated prior to mounting
in the ESCA chamber to avoid contamination by carbonaceous
impurities. Consequently the chamber was pumped down oy·
ernight for each losded set of saroples.

Broad scans for all samples were obtained from 1000 to 0 eV
binding energies with a channel width of 1 eV. Narrow scans
(10-30 eV) for aU the peaks of importance (AI 2p, C Is, Mo 3d,
o Is, Ni 2p, and Co 2p) were obtained to high statistics where
practicable.

The irregularity of the extruded pellet (essentially noncon­
ducting) surfaces resulted in considerable charging (3 eV) and
substantial differential charging which incresse<! line widths to
close to 3 eV. The line widths in the two, infrared style, pressed
disks were considerably smaller because of the smoother, flatter
surfaces of these disks. Binding energies were calibrated relative
to the C Is contaminant peak at 284.5 eV. This peak value wss
set at the value for graphitic C Is obtained on the McPherson
36 spectrometer. However, since the C 18 binding energy shifts
for different carbon chemical species, there is some potential
uncertainty in the determinations of changing corrections.
Confidence in the method used can be derived from the fsct that,
relative to C Is, the corrected binding energies of both 0 Is (531.1
eV) and AI 2P3" (73.8 eV) are constant to within ,1,0.1 eVover
the whole series of samples. This suggests that our charging error
correction method does not introduce errors of more than :i:0.2
eV. However, both the 0 Is and Al 2p values are 0.4 eV lower
than typical literature values (0 Is 531.6 eV and AI 2p 74.3 eV
(avg. of 7) relative to C Is at 284.6 eV)(2I).

The oomplex bands were deoonvoluted using a program written
by L. L. C08tswOrth (22), and modified by one of us (RP.G.) 80

that the splittings and aress of spin-orbit doublets could be
constrained to their observed and/or theoretical values. Each
spectrum wss fitted with an analytical function consisting of
Gauss-Lorentz functions and a linear base-line correction. The
Co and Ni 2p peaks have substantial shske-up intensities ss­
sociated with them, and we have included this shake-up intensity
in the Co and Ni aress. .

RESULTS
Qualitative Analyses. The familiar, typical br08dscan

is shown in Figure I, and the major primary peaks are
identified. It was important and pleasing that the C Is
contamination peak in this and other spectra was small. The
spectrum clearly demonstrates that the attenuating effects
of contaminant carbon on all photoelectrons of interest in this
work should be minimal. From the narrow scans, the ranges



",.

Po. nOIl'C""IC"(II'(.LI

"1·4.0>0.'DlO
1 2 "~UJC(D

h1"OIl,C""lC"O"C.ll

00
......~··.C(I(V..../ot.......

L·
500 : 2-)

tl,O ...~ '"

.' e~LJ':':~;;::'~""''''''':'

.- 70
\l

i3 00'i 0 °
<; tlO •• • •

o
~.O

o 1 2 3 4
tl,O \,~ '1.

.0' ,.lC

.',-,:';I.DI<I."0'1
~ ',';~~Illl D

",.IOIl'C"IC"[II,C.ll
0;' ~. ,~

r. 0 '.'.~ '"

LJ
'"~:::~':'::':"'"''

O,,"J,,,

·h I!:.. ~ !.

JO : ~ oJ <1

r Iv
~C6

~ ~ ~
i 0·:

0)

olt--;~~,;--...--i

flO '10'\0'0

Figure 5. Variation of surface (ESCA) atomic percent In oxlded and
sulfkjed samples as a function ot NiO wt %

Figur. 4. Variation 01 bulk (chemical analyses) and surface (ESCA)
atomic percent for AI. 0, Ni. and Mo as a function of NIO wt % in the
six Ni/MoIAI20 3 test catalysts. The Ni at. % Is also shown on the top
scala

244: 0,62.8 (62.6); AI, 32.1 (32.8); and Mo, 4.88 (4.65). The
results in Figures 3 and 4 show that ior both the Mo and
Ni/Mo oxide test catalyst series, the ESCA external pellet
surface and macroscopic overage chemical compositions are
remarkably close-in nearly all cases within 50/0. Another
indication of the close agreement comes from plots (18) of
external surface ESCA VS. macroscopic chemical analysis
values for AI, 0, and Mo. As a result of the layering of surface
MoO, for loadings of less than 13 wt 0/0, the four catalysts
having 3, 6, 9, and 12 wt % MoO, are expected to give the
best behavior. Linear least-squares correlations of data for
these four samples yield correlation coefficients (R) of 0.992,
0.997, and 0.975, respectively. These R values indicate that
the pellet external surfaoe compositions determined by ESCA
have relatively small uncertainties.

Despite our simplifying assumptions, we believe that the
differences between the ESCA external pellet surface and
chemical analyses, Figure 3, are not due to systematic errors.
The results in Figure 3 show that these ESCA external pellet
surface results are within 5% of the average macroscopic
values and have considerably more precision than that.

The atomic absorption chemical analyses of the nonsulfided
catalysts reported in this paper are given in Table II. In spite
of the fact that the chemical compositions varied from 0 to
30 wt % MoO" the BET N, surface areas do not differ re­
markably, Table II. We would nonnally expect the measured
areas to have a precision of ±50/0. For four catalysts we
measured the areas 2 or 3 times. The variation in areas is

(2)
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FIgure 3. VariaUon of bulk (chemical analyses) and surface (ESCA)
atomw: percent fOf O. Mo. and AI as a function of MoO, wt % for the
six tkJlAl20, test catalysts. The Mo at. % Is shown on the top scale

electron counts for each channel analyzed. For any given
catalyst there was no noticeable change in the CO 2PJ/2 or Ni
2PJ/2 binding energies on sulfiding. There are, however,
noticeable binding energy trends as 8 function of catalyst
concentration within a series of catalysts, but discussion of
these trends will be reserved for another paper.

Quantitative Analysis. A number of workers have used
ESCA band areas to obtain quantitative analyses of surfaces,
and Wagner's recent article summarizes this important use
of ESCA (10). In our treatment, we neglect the attenuating
effect of the small C contamination layer, Figure I, and the
{3 asymmetry values (10, 11,26). We can then write for a peak
area, A ... , determined by this spectrometer:

A, " n,u,(KE.),J.7 (I)

n, u, (KE.)/' A,
-----

0, u, (KE.),J.7 A).

From Scofield's cross sections (27) and the measured peak
areas and kinetic energies, we can determine in the usual way,
first, the ratio of n's for all elements on the surfaoe (excluding
carbon) and, finally, the elemental compositions in atomic per
cent,

We then can compare the ESCA results with the chemical
compositions, Figures 3-5 and Table II. To obtain the
chemical composition in atom per cent for this comparison
we use the practical nominal weight per cent values from
preparation, Table II (right column). If we use actual atomic
absorption values, very similar atomic per cents are obtained.
For example, the following atomic per oents are obtained from
the preparative (and atomic absorption) values for catalyst

where n... is the number of x atoms, 0 ... is the probability of
exciting a photoelectron-the so-called cross section (27), and
KE. is the kinetic energy of the outgoing photoelectron.

The transmission of the analyzer is linear with the kinetic
energy, and Wagner (10) has shown that the mean free path
or escape depth is proportional to (KE.)" for 0.68 < b < 0.82.
We take the escape depth dependence to be proportional to
KE.··', and combine the transmission and escape depth
functions to obtain (KE.)'·' in Equation I.

The exact proportionality function in Equation 1 depends
on such experimental parameters as the X-ray 80urce power
and X-ray source/sample/slit geometry, and is not known.
However, the proportionality factor is constant for given
instrumental settings, and thus, the ratio of two n's can be
written as:
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Table 11. Chemical Analy.e. of the Catalyat.

atomic absorption analysis, wt % ! 5%
nominal wt % N, Bet

catalyst wt % of total from preparation
area

no. AI,O, MoO) NiO (CoO) totaJD MoO, NiO(CoO) MoO, NiO (COO) M~ ,,-I
164 78.34 4.32 3.00 85.66 5.04 3.50 5.4 3.5 226, 5%
165 77.86 4.32 1.82 84.00 5.14 2.17 5.4 2.1 178, 5%
166 78.78 4.28 1.25 84.31 5.08 1.48 5.4 1.4 213,5%
167 77.88 4.19 0.73 82.80 5.06 0.88 5.4 0.84 216, 5%
185 81.16 4.55 0.01 85.72 5.31 0.01 5.4 nil 179, 5%
188 77.99 4.41 0.92 83.32 5.29 1.10 5.4 1.05
233 91.48 2.90 94.38 3.07 3 193,6%
234 89.59 5.30 94.89 5.59 6 189,7%
235 85.55 8.60 94.15 9.13 9 215, 4%
236 84.55 10.90 95.45 11.42 12 215, 2%
244 67.45 25.40 92.85 27.36 30 198, 5%
245 80.18 16.70 96.88 17.24 18 183,5%

314 74.18 10.52 (4.70) 89.40 11.76 (5.26) 12 (4)
315 72.45 11.22 (4.20) 87.87 12.77 (4.78) 12 (4)
316 74.52 10.61 (3.89) 89.02 11.92 (4.37) 12 (4)
317 70.93 14.45 2.51 87.89 16.44 2.85 15 3
318 71.46 13.56 (5.17) 90.19 15.03 (5.73) 16 (5)

Q It is assumed that the balance is H10.

somewhat better than ±5%, Table n. The similarities of areas
indicates that the average microparticle size does not vary
greatly from catalyst to catalyst. However, since MoO, ex­
ternal to the support is present in monolayer form (16, 17),
we expect little of the surface areas to be derived from this
MoO,.

Conventional powder X-ray diffraction patterns of the two
series of test catalysts indicated that the support phase is
1'-AI,O, having very small particle sizes or a high degree of
microcryslallinity. Transmission eleclron microscopy did not
indicate the formation of large cryslalliws of MoO, in the most
heavily loaded calalyst. However, energy dispersive X-ray
analysis of particles from the calalyst with 30 wt % MoO,
indicated that the Mo/ Al ratio varied from 1:2 to 2:1 de­
pending on the individual particle studied. A more careful
X-ray diffraction study of the 30 wt % MoO, catalyst, using
a Guinier camera. identified a clear MoO, phase. However,
no distinct AI,O, pattern was found, as before. This might
be due to the formation of an amorphous solid of Al,O, in­
corporating part of the MoO, in the bulk. Subsequent particle
size determinations gave a mean MoO, particle size of 4.0 nm
for the 30 wt % MoO, sample.

From these characterizations and the previous work (16,
17), we conclude that the catalysts having less than 10-15 wt
% oxide loadings, yield surface MoO, in highly dispersed,
monolayer form. Only at very high loading is there evidence
for MoO, cryslallite formation. This is in slark contrast to
the observed formation of aggregated metal particles in
supported, reduced melal calalysts (13-15).

ESCA results for gel impregnated, mixed metal-oxide
calalysts are in contrast to the ESCA results for supported,
reduced metal catalysts (13-15). In the latter cases aggregation
of the reduced metal atoms into melal particles leads to low
degrees of dispersions (relative to a monolayer). The con­
sequent anomalies in the ESCA determinations have been
discussed in delail (13-15).

For Co-Mo-Al,O, catalysts, however, it is generally ac­
cepted (16, 17) that MoO, occurring near the support surfaces
is highly dispersed, most probably as partial monolayers on
the Al,O, spherulites. (For catalysts of about 200 m' g", a
full monolayer corresponds to about 13 wt %.) Above about
10-15 wt % molybdenum oxide, particles are believed to form,
in addition to the monolayer, giving an increasing ratio of
particulate and monolayered molybdenum oxides. At loadings
below 13 wt % MoO., segregated monolayers are generally

expected to exist (16, 17).
Photoelectrons scattered from such melal-oxide catalysts

would not be attenuated in the same ways as for particulate,
reduced metal catalysts. Within the error of the method,
forward scattered pbotoelectrons from AI and °in anterior
layers, as well as photoelectrons from Mo and°in the superior
layers should aU escape subject only to relatively normal depth
attenuations. Thus the atom ratios determined by Equation
2 should be valid for gel impregnated, mixed metal-oxide
calalysts. However, such ratios for calalyst made by im­
pregnation of precalcined aluminss migbt be expected to yield
less satisfactory results, especially at high coverages.

Figure 4 shows as well that for the Ni(Co)Mo series the
external surface ESCA and macroscopic chemical values are
very similar-even for Ni which is present in small amounts
in these samples. However, the Mo ESCA values are sys­
tematically higher than the macroscopic chemical values by
about 0.15 at. %. At the same time AI and 0 are, respectively,
too high and too low compared to the chemical values. Since
the differences extend to zero nickel content they could not
be considered Ni induced. These trends are entirely consistent
with the behavior of the MoO,/AI,O, series of catalysts, Figure
3.

The important quantilative ESCA results to be drawn from
Figure 4 is that for conslant MoO, content one can analyze
for Ni, 0, and Al with some confidence. Preparation of
suitable slandards within a family of catalysts is thus feasible.

For sulfided Co-Mo-AI,O. catalysts, monolayer distri­
butions of MoS, similar to those of MoO, are bolieved to
predominate (17). However, the monolayer domains are
expected to shrink upon reduction (16) from oxide to sulfide.
The effect of sulfiding on the external surface ESCA com­
position is shown in Figure 5 for the Ni/Mo series of test
catalysts. The differences between oxided and su1fided
catalysts were usually small for AI and 0 (3-4% aOO.).
However, the sulfided calalysts usually had systematically
lower AI, Mo, and Ni values (up to 50%, relative, for Mo). At
the same time the determined oxygen content in the sulfided
catalysts was systematically higher than in the oxides!

These systematic shifts can be explained on the basis of
relative atomic populations in transforming from MoO,/AI,O.
to MoS,/AI,O, to zMoS,/yMoSO,/AI,O. during sulfiding and
partial ro-oxidation.

Quantitative ESCA and average macroscopic chemical
analysis results for the series of five commercial catalysts are
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E given in Table Ill. Some of these catalysts were observed

~ in the ground/reformed, pellet interior, or "bulk", form. With

«~ 0 <D '" the exception of catalyst 317, the (i) chemical, (ii) external
~u:;; oocnt"olO " pellet surface ESCA, and (iii) interior pellet "bulk" ESCA

"''t: aiC'iLri~ .~ results are in reasonable agreement. Thus, for catalyst 316,~iil co <D

2J the ESCA "bulk" and external surface ESCA results are within
~ ~

0.3% of each other. However, the ESCA results are not in'" Cl
01

0> 0 as good agreement with the macroscopic chemical values 88.!O
CO""'~LQE ~c4""';'; ~

they were for the previous two series of test catalysts. For
~

'" <D example, the indicated E.,<;CA Mo contents average about 25%..c::
U :;;

higher than the chemical value. At the same time one sees~;;. that the indicated ESCA Co(Ni) contents average 33% higher

'" 1;;
and the AI contents average 13% lower than the bulk chemical~ -g.5 analyses, Table Ill. This type of discrepancy between<f E ~ quantitative ESCA analyses and chemical composition hasu~ 2J

"''' u .5 been observed before (13-15). These differences in the
~f

~~~~ :3 commercial catalysts may well be caused by real differences
..,.~C')o '" between the average cbemical composition and the surface'" <D" "'§ structure.

~
.E HoweverJ one should also examine them on the basis of

Z ~ inhomogeneities in surface atom distribution, aggregation of'" «~ '"u:;; r- '" " metal atoms, and growth of particle size as a function of
"'~

coc.oolt:l " sintering. Each of these situations leads to a preferential
~~ .o:;C\ieJo ..

~~ r- " escape of near surface photoelectrons over the attenuation of:;;
" sub-surface photoelectrons. As well, in cases where catalysts
.~

were reduced to yield segregated metal particles, the ratios
~ ~ 0>

,.,
of photoelectron mean-free-paths to particle sizes determines·s c.oM~CO

.Q

uo5c4"';o
~

the degree of overall and self-attenuation by the atoms (13-15).u

'" <D

-ii "fi
'"

The ESCA results given in Table III are more consistent,., .8 5 with such inhomogeneities, i.e., aggregation of Mo and Co(Ni)
'i E <f

x oxide particles distinct from the AI20, support. (There is no
~ " 0> <D u

ESCA peak consistent with the formation of molybdenum" u~ ~~cnLQ ~

~ ..!i "''' "';cN~"'; :; metal.) In such a case, one would expect high Mo and Co(Ni)
Co ~f '" <D

E." E ESCA values with lowered, attenuated Al content apparent.
~ 0
E ~ ~ An extreme example of this effect was detected for commercial
E

«~ '" catalyst 317, Table Ill. The ESCA analyses of the exterior8 '" 0 U
<D U U """1'c,oc.o " pellet surface gave Mo contents (12.67%) about 5 times that~

~et "';C\i~"'; '§
1 '" '" <D of both the pellet interior "bulk" ESCA results (2.72%) asiil Ji well as the average macroscopic chemical analysis (2.51 %).
" 0::> .. These results were verified several times on several portions
u u '" r- of MB 317.:: ·s ~COCO.-4

~
~

cD"';o"'; C To determine if Ni in catalyst 317 (as contrasted to Co in
oil ..c:: '" <D :3 all other samples in the 314-318 series) was related to theU« Eo excessive exterior surface Mo concentration, we scanned twou

~'" other catalysts, MB 132 and 143. The former contsined 1 at.Col <f 0> 0>
.0

" % Co, and the latter contained 1 at. % Ni. The ESCA ex-'" u~ t'-CI')CI')l.Q U; f3,E "';~oqO"'; ·s ternal pellet surface Mo concentrations (1.3 at. %) were very'" <D

! S similar in both samples, and in good agreement with the'" ",.,
~ ,., chemical compositions.

] '" "il .0 The successful analyses of the six Mo03/ AI20 3 and six« U '" r- "·s ~OOOO.-1 0 NiO/Mo03/ AI20, test catalysts, compared to the less sat-
] to..-io...i ':l

~

'" <D .~ isfactory analyses of the five commercial catalysts, can be..c::
E u

Co attributed to the two different methods of preparation. Our
~ E .
0 <f

o ~ test catalysts were prepared by dispersion of the catalyst and
... ~ co U fi promoter precursors in AlOOH gels followed by dehydration,

u~ tOOO.-1'\t' U =
.Q

"';"';u:i"'; .- 't: decomposition, and calcining to 500 ·C. On the other hand
ti- "''' Co"rs:Jf '" <D o ~ the five commercial catalysts (Ketjencats, Akzo Chimie) giveU ~Ol·S '" ESCA results entirely consistent with the impregnation~ ~ E
0 '" ~

uJi preparation described by Mone and Moscow (28, 29) of Akzo< U '" r- Ex Chimie. They describe catalysts similar to 314-318 that have;; 's ~OOOO.-1 U ~
tci"';o"'; .. ~ very similar bulk chemical compositions. The commercial~ ~ '" <D f!Ji

" ..c::
~ " extrudates of '1'-alumina were doubly impregnated with, first,

~
U >'"

" 2 ammonium molybdate and, second, cobalt or nickel nitrate
"'~8 c ~ x solutions. In those cases, diffusion of Co(Ni) into the bulk" ~~ z '§] is known to be very dependent on calcining temperature (29).E

<~o8~ $ .... Based on the ESCA results, and corroborated by the X-ray- "il

~
,n diffraction results described above, the two series of

a ~
Mo03/ Al20, and Co/Mo/Al20 3 test catalysts analyzed in this
work are apparently relatively (ESCA) homogeneous.
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Determination of Elemental Concentration Maps from Digital
Secondary Ion Images

Wolfgang Steiger and Friedrich G. Riidenauer'

SGAE, LBnaugassB 10, A-1082 Vienna, Austria

Contrast In secondary Ion micrographs Irom topographically
structured surfacea may Include artifacts, I.e" Intensify var­
Iations not related to proportional variations 01 local elemental
concentration. Removal 01 artifact contrast Is allempled by
applying a ",metical conectlon routine In each plc\II'e element
of the dlglllzed Ion micrograph. Thus, elemental concentration
maps may be obtained Irom Ion micrographs 01 all elements
present In the sample, In addilion the mlcrodlstrlbutlon 01
concentration lor at least one Intsmal standard element hal
to be known. At present, Image cooectlon can be performed
at a rate 01 apprOXimately 0.2 s/plxel on a PDP " mini"
computer.

Space resolved secondary ion mass spectrometry is 8

powerful technique for the compositional analysis of solids
on a microscale. Instrumentation d.veloped for this purpose,
e.g., the scanning ion microprobe (1) and the ion microscope
(2, 3) offer lateral resolution in the micron and submicron
range and depth resolution of the order of 100 A for the mass
resolved secondary ion signal. It mllst however be realized
that extreme care has to be taken when interpreting the
secondary ion micrograph of a particular element as being
representative for the quantitative distribution of that element
across the sample surface (4-9). It has been demonstrated
that "artifact contrast" in secondary ion micrographs, i.e.,
contrast not related to local variations of elemental con­
centrations can be created owing to phenomena inherent to
the physical processes involved in secondary ion emission and
detection. The most important of these contrast effects have

been identified in previous papers (6, 9). On nat surfaces,
artifacts may be produced by:

(8) Matrix contrast, i.e., local variations in absolute and
relative ion yield due to local variations in matrix composition
or locally variable presence of adsorbed reactive gas species
(e.g., oxygen).

(b) CrystaUographic contrast, i.e., variations in ion yield due
to locally variable orientation of microcrystallit.es with respect
to the sample surface (10, 11).

On rough surfaces additional artifacts may be introduced
by;

(c) Topographic contrast, i.e., local variations in secondary
ion collection efficiency due to topographic microstructure (6,
9).

(d) Chromatic contrast, i.e., element-dependent ion col·
lection efficiency due to element-dependent ion emission
energies (6,8).

In addition to the sample-related effects (a-d) tbe ion
detector itself may cause distortions of tbe contrast in sec·
ondary ion images. Detector-related discrimination appears
to be particularly important in instruments of the ion mi"
croscope type. Fassett et al. (5) have taken into account
nonhomogeneous detector response and detector nonlinearity
due to the blackening of photographic film, when the ion
micrograph is recorded by direct film exposure in the converter
section of the ion microscope and digitized in a scanning
microdensitometer.

Further attempts to remove artifact contrast from secondary
ion micrographs include the application of a relative sensitivity
factor correction (7), simplified 2·parameter LTE correction
of every pixel of the digitized elemental ion images (8) and
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fast analog referencing of the mass-selected to the total
emitted ion current (total current monitoring (4)). With
exception of the LTE approach, these procedures can only
correct for a proportional variation of the signal level in all
elemental images and therefore should be mainly useful for
removal of topographic contrast. The 2-parameter LTE
approach described in (6, 9) generatly provides for nonlinear
local variations of relative secondary ion yields which have
to be expected when matrix and chromatic contrast are
present. It is, however, a computationally not very fast ai­
goriUun. Owing to the great amount of multidimensional data
representing corresponding digitized secondary ion micro­
graphs of a number of different elements, computational speed
is of utmost importance when one considenl removal of artifact
contrast by digital methods. We have therefore developed
a fast correction algorithm which is based on a I·parameter
LTE procedure similar to tbat developed by Morgan and
Werner (12).

Quantitative Cerractien of Secondary Ion Micro­
graph•. Quantitative correction of a set of corresponding ion
micrographs ia equivalent to performing a complete quan­
titative elemental point analyais in each pixel (= picture
element) of a digitized "scene" of a selected sample area. Here
the term "scene" is used to designate the set of locally reg­
istered ion micrographs of all elements present in a certain
sample area. Quantitative elemental point analysis by means
of simplified 2- or I-parameter LTE (local thermal equilib­
rium) (12-14) requires monatomic elemental ion currents of
all elements present in the analytical sample point as well as
absolute atomic concentration values for one or more internal
standard elements as input data. Extending this to LTE
analysis of a 2·dimensional sample area, the following input
data are needed (see Figure I):

(a) Registered ion micrographs of all elements present in
the imaged sample area ("input scene"). These should be
already available in digitized form, i.e., a digitized ion current
(ion count) value per element in each of the N(x)·N(y) pixels
and should be corrected for detector distortion;

(b) Absolute concentration values for one or more internal
standard elements in each pixel; these values may be thought
of being arranged in 2-dimensional "internal standard maps".
These maps should already be registered with respect to the
ion micrographs.

Now, in each of the N(x)·N(j') pixels corresponding ion
currents and concentration values from the set of input
micrographs and internal standard maps are sent through a
LTE correction routine, yielding absolute concentration values
for all elements for which ion micrographs are avai1able. Thus,

computed elemental "concentration maps" are obtained
showing the "true" 2-dimensional distribution of elements
across the imaged sample arcs. .

Two problem areas, however, warrant further discussion:
the question of how to obtain internal standards and the
capability of LTE to compensate for the local contrast effects
described in the previous section. Obviously correction of
secondary ion micrographs generally requires "local standards"
on a microscale as compared to the "global standards" used
in conventional LTE analysis of nat, compositionally ho­
mogeneous samples. There, internal standard concentrations
may be derived from a bulk analysis of the sample by other
standardized analytical techniques. Such an approach may
be taken in image correction only if it can be assumed that
the element selected as global internal standard i. homo­
geneously distributed within the imaged sample area so that
contrast in the ion micrograph of that standard element is
"artifact contrast" in the sense discussed above. In all the
other cases, local standard. have to be defined in each pixel.
New techniques obviously have to be envisaged for this
purpose, e.g., application of multiple space resolved analytical
techniques on the same sample (electron microprobe, Auger
microprobe, etc.).

A more basic question, however, is the applicability of LTE
to quantitative correction of secondary ion micrographs of
topographically structured surfaces. At present it is ac­
knowledged that LTE gives useful semiquantitative analytical
results on nat samples although there is considerable dis­
agreement concerning the existence of 8 plasma in local
thermal equilibrium (LTE) at the ion·bombarded sample
surface (12-15).

In this paper the acronym "LTE" simply is used to desig­
nate a mathematical correction algorithm (which incidentally
can be derived from hypothetical equilibrium assumptions).
Considering specifically 2-parameter LTE (where two fitting
p'arameters T and ~. are used), it has been shown that An­
dersen's original computer code CAllISMA (15) can be consid­
erably simplified (13) without noticeably affecting analytical
accuracy (16). The I-parameter LTE approach recently de­
veloped by Morgan and Werner (12) (using only one fitting
parameter 1') has also been shown to yield satisfactory ana­
lytical accuracy although considerably less experimental data
are available. Accepting the viability of 2- or I-parameter LTE
for analysis of nat surfaces immediately leads to the conse­
quence that these models should also be capable of correcting
for topographic and matrix contrast on rough surfaces. Pure
topographic contrast is a geometrical effect and leads to pro­
portional variations of secondary ion sigoals for all detected
elements. Since ion current ratios only enter into LTE, a
common factor of proportionality does not innuence analytical
results. Matrix contrast elimination of course is also an in­
herent feature of LTE, due to the freedom in fitting the model
parametenl T, ~" or T alone to known (local) mternal standard
concentrations. Chromatic contrast compensation is not im­
mediately obvious. It has been pointed out in (6) and (9) thst
the electrostatic microfields in front of local surface structures
affect an energy preselection of secondary ions before they
enter the mass analyzer. It has been demonstrated for I-pa­
rameter LTE that very similar analytical results can be ob­
tained irrespective of the energy bandpass setting of the mass
analyzer (12). However, consistently higher values for the
fitting parameter T ("temperature") were obtained for higher
transmitted initial ion energies. No satisfactory theoretical
explanation can yet be offered for this finding. Accepting
however the experimentally verified phenomenon, it appeanl
very likely that chromatic contrast conpensation should be
within the capabilities of I-parameter LTE since it should not
matter whether ion energy selection is performed by surface
microstructure or the ESA setting.



ANALYTICAl Ct£I,1ISTRY, VOL 51, NO. 13, NOVEMBER 1979 • 2101

RESULTS AND DISCUSSION

Table I. Computation Times tor VlIrioua LTE Im..e
Correction Procedures, Implemented on a PDP
11 Minicomputer

The results of the image correction procedures described
above are shown in Figures 2 and 3. In Figure 2, a--e, un­
corrected ion micrographs are shown in the top rows, the
corresponding LTE-corrected elemental concentration maps
in the botUlm rows of intensity modulated split-screen storage
scope displays. Also shown in Figure 2c are the distribution
of the fitting parameter (1') and the error of fit (ERRFAC)
across the analyzed sample area. In these figures. the input
scene of 23 X 23 pixels has been interpolated to aize 64 x 64
for better display appearance before being LTE-corrected.
The images are displayed using brightness levels equally
spaced between zero and maximum image intensity, Figure
2d illustrates some of the image handling features which can
be easily software-implemented when a digitally stored image
is available. All four subimages show a zoomed subsection
of the corrected concentration map of silicon; different contrast
functions are used in the flISt three subimages (clockwise from
lower left), isoconcentration lines are shown in the fourth
subimage. Note that the length scale displayed haa been
adjusted to give the correct spatial dimensions of the zoomed
image section. The zooming and contrast modification feature
of course can also be implemented in the iscrintensity line
display mode as shown in Figure 3, a and b.

2ms" Ss"

0.15. 10 min

time/image.
time/pixel 64 X 64

20 s 23 h
10. 11 h

algorithm/configuration

CARISMA (20)
simplified 2·parameter

LTE(14)
fast I·parameter LTEI

no floating point pro­
cessor (this work)

fast I-parameter LTE/
Ooat. point proc.

fast I-parameter LTEI
array processor

a Estimated values

(3) Quantitative correction may be performed on tbe full input
scene or on an arbitrary subscene (defined by first and last pu.el
and pixel jump for both axes).

(4) Elements, for which a corrected concentration map is stored.
may be individuaHy specified; this feature serves to conserve
storage space.

(5) A factor representing the spatial dimensions of the scanned
sample area (in IJm) may be specified; this "scale factor" is
automatically adapted when a subimage is corrected or displayed.

(6) For display purposes, low resolution single images or full
scenes may be 2-dimensionally interpolated to a fIner image raster.

(7) Square images may be interpolated from a small number
of horizontal high resolution linescans which are taken at
equidistant vertical line spacings and cover a square image field.

(8) Display of ion micrographs, concentration maps, and
standard maps is possible using lines of equal concentration (or
equal intensity) or intensity·modulated display on the screen of
a storage osciUoscope (in the latter case point density modulation
techniques are used).

(9) In the intensity modulation mode, contrast stretch or
contrast modification may be performed.

(10) Zooming or subimage display is possible.
(II) Full screen or split screen (quadrant) display of multiple

images may be selected;
The programs are implemented on a PDP 11/34 minicomputer

with 48-k words of core memory and two 1,2·Mword magnetic
disks, operating under RSX II-M control. No hardware floating
point processor is installed. ATektronix 613 storage scope, driven
by a DEC LPSII interface, is used as an image display.

Very little is known about the physics of crystallographic
contrast, particularly as far as variations of relative secondary
ion intensities with crystal orientation are concerned; con­
sequently, no conclusions may be drawn with respect to
contrast compensation by LTE correction.

EXPERIMENTAL

We have applied the I-parameter LTE image correction method
to ion micrographs obtained from a fracture surface of 8 5·
component glass sample. Such a surface is topographically
strongly structured and exhibits ridges and crevices of up to 2O-"m
heighL Consequently, artifact contrast may be expected. Positive
ion micrographs of the main isotopes of the constituent elements
were taken on a UHV Scanning Ion Microprobe described
elsewhere (In in 8 frame-interlaced father than in an ele­
ment-interlaced mode (Le., a complete frame for one element was
recorded, after which the spectrometer was set to the next element
and the next frame was recorded), Detector ion currents were
digitized in 8 23 X 23 square raster and stored on magnetic disk.
The scanned target area was 1 x 1 mm2, spot resolution was of
the order of 10 IJm and resolution in the digitized image 40 IJm
(due to the large sampling interval).

Since in this particular sample no isotopic or molecular overlap
was detected for the main isotopes, these five isotopic ion mi­
crographs were sufficient to define the input scene in the sense
of Figure 1. The evaluation of this particular scene using a
2·parameler LTE correction routine has been described pre\-;ously
(9). This computer routine had a running time of about 10 s/pixel
so that a full scene correction needed almost 2 h of computer time
on a PDP 11/34 minicomputer. In this paper we want to report
on the results of a fast l·parameter LTE routine allowing cor·
rection of the same scene in less than 2 min.

Basically, Morgan and Werner's approach, described in detail
in (12), was taken with two modifications which are essential to
increase computation speed and avoid divergences of the algorithm
in single image points. Their approach consists of an iterative
fit of the parameter T to the mass spectral input data and the
internal standard concentration(s) until successive l' steps differ
in amounts less than an arbitrary value (1 %). We arc using a
starting "temperature" for the iteration which is identical to the
optimum fit temperature of the neighboring pixel, thus con­
siderably reducing the number of iterations needed. The overall
fit of all elements contained in a sample to the exponential
"Saba-Eggert line" (12) is influenced very little by a large misfit
of a single trace element (such as As). Therefore, the convergence
condition of a constant l' fraction is changed to a more stringent
constant T difference (il.T = 30 K) since a detailed analysis of
the convergence behavior of the algorithm has shown that the
fit of a trace element to the Saha-Eggert line is considerably
improved when the coO\'ergence value of T is approached as clooely
as possible.

This modified algorithm now is sequentially applied to each
pixel of the input scene in a row oriented sequence. The resulting
concentration maps (see Figure l) are stored on magnetic disk.
In addition, distribution maps for the parameter T and the error
of fit (of calculated concentration values to observed ion currents)
are included in the output file. In the calculations described here,
oxygen was used as a "global" internal standard with the bulk
value for the oxygen concentration. From other information
available, good elemental homogeneity of the bulk sample may
be expected (18). In addition elemental inhomogeneities which
might be present near the surface or near inner voids (bubbles)
should be much less pronounced for the matrix oxygen than for
the oxide cations.

The computer program package was developed to perform
image correction, image handling, and display functions. The
programs are written in FORTRAN IV and have the following
capabilities:

(1) The input scene may consist of an arbitrary number of lines
and number of columns; nonsquare images may also be accepted.

(2) The input scene may contain up to 10 elemental micro­
graphs, up to 4 molecular ion maps (not used in the image
correction routine), and up to 3 internal standard maps. In
addition, up to 10 global standards may be specified.
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c

b

d
Figure 2. Ion mlcrog-aphs and LTE-corrected concentration maps from a glass fraetll6 surface; j! not stated otherwise. linear equidistant Intenstty
levels between 0 and maximum ion count 1".. and maximum concentration emu' respectively. (a) 0 ... l ma• = 1988 PIXel, emu. :;: 58.34
ATPCT; Na ... 1_ = 6659 PIXCT. c_ = 39.86 ATPCT. (b) 51 ... 1_ = 32793 PIXCT. c_ = 12.33 ATPCT; Ca ... 1_. = 4964 PIXCT,
c_ = 10.55 ATPCT. (c) As ... 1_ = 2626 PIXCT, c_ = 4.61 ATPCT; T . .. linear equidistant levels. 11000-14272 K, ERRFAC ... linear
equidistant levels between 1.000-1.003. (d) Zoomed Image. concentration map of Si; equidistant levels 1.08-12.33 ATPCT (upper Ieh); Iogartthmlc
equktistant levels (upper right); h)g:h range expanded 2.0, 7.0, 11.0, 12.0, 13.0 ATPCT (lower lett); logarithmIc equidistant isoconcentratlon lines
as In upper right (lower right)

The analytical accuracy of the corrected elemental maps
displayed in Figures 2 and 3 primarily of course depends on
the correctness of the assumption of a homogeneous oxygen
concentration. As has been stated in the previous section this
assumption appears to be reasonably justified. Furthermore,
average concentration values 8S determined from the LTE­
corrected concentration maps are in good agreement \\,th bulk
analyses of the same glass sample (18); the range of con­
centrations in the corrected map for As agrees within a factor
of about 1.5 with maximum and minimum As concentrations

obtained in selective analyses of As-enriched and Wldisturbed
bulk zones respectively (19); and the contrast range in the
concentration maps shown in Fi~ure 2 is generally decreased
compared to the corresponding ion micrographs. Such a
bcha\ior may be expected when artifact contrast is dominating
in the ion micrographs. The use of the I-parameter LTE
approach does not appear to introduce additional analylical
error when compared to the more frequently used 2-parameter
approach. This is demonstrated in Figure 4 where for a single
line of the Ca+ image the corrected concentration data are
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a b
Figure 3. Iso-concentration line display of LTE-corrected As map; (a) lui scene, equidistant Wlear concentration levels. (b) subscene. expanded
concentraUon levels
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CONCLUSION
Quantitative correction of secondary ion micrographs from

a topographically structured fracture surface of a glass sample
has been attempted, using a fast I-parameter LTE routine.
Strong indications are offered for the capability of this method
to remove artifact contrast from uncorrected ion images.
Much work however still needs to be done in the definition
and evaluation of local internal standards and in a basic
investigation of contrast mechanisms in secondary ion mi­
crographs before quantitative image correction can be thought
of as a standard analytical technique. When these problems
can be satisfactorily solved. state of the art computer hardware
would allow one to obtain corrected elemental concentration
maps quasi on-line to ion microprobe analysis of a solid
sample.
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Figure 4. Line scan data for calcium. corrected by different LTE
aJgorittms; (-) l61COf1'ected data for "'ca+; ce) 1-paramet.... ;,Iemal
standard 0; (0) l-parameter. internal standards O. Ca; (.A) 2-pa­
fameter. internal standards O. Ca

shown for two different versions of the i-parameter and the
simplified 2-parameter approach (14). It can be seen that
relative contrast for the two correction methods is very similar
but that the average computed concentration levels differ by
about 40%. This however is the same order as the generally
accepted accuracy level of the LTE algorithm (12-14. 16).

Because of the inherent properties of the LTE algorithm.
the relative correction factors which have to be applied to the
elemental ion currents to obtain absolutel:onccntration flgUtes
depend exponentially on the fit parameter T. The observed
variation of T across the scanned area (Figure 2c) shows that
in this sample the correction factors exhibit strong local
variations. Therefore, neither the total ion current rSlioing
method (4) nor the relative sensitivity factor method (with
RSFs constant across the sample (7) would yield correct
results on this particular sample. because none of these
methods provides for locally varying correction factors. Since.
from the contrast effects previously described, only topo­
graphic contrast can be eliminated by normalization to the
total secondary ion current, the observed local variation in
T also shows that the contrast in the ion micrographs of Figure
2 cannot be caused by topography alone,

Compared to the original CARISMA version of LTE. the
computation time has been considerably reduced in our
version of the model (see Table I). It can be seen that an
order of magnitude saving in computation time may be ex·
pected when using state of the art commercially available array
processors.
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Processing Elemental Microanalytical Data

Bruno Colombo and Guido Glazzl

Carlo Etbs SlTlIlTlflntazlone, Rodano, MllBn, Italy

Erme. Pella o

FermitsllB Carlo Erbe, Rlcerca e Svlluppo Chlmlco, MilBn, Italy

A m.thod 01 .Imullan.ou. CHNS mlcrod.t.rmlnatlon, based
on combustion and ga. chromatography, Is used wllh an aim
at ••tabllshlng the mutual atomic ratio 01 the lour .I.m.nt.
wllhout having to w.lgh the sampl••, Thu. Ilr.tly the re­
producibility ot the lour Integrat.d TC .Ignal. In the sampl.
weight range 01 0,2-1.5 mg I. checked by comparing Integral
binary ratios; th.n the r.latlon.hlp b.tw••n Integral binary
ratio. and atomic binary ratios Is .xp.rlm.ntally d.t.rmlned
and lound IIn.ar. AIt.r having worked out the three r.l.vant
linear equations, since they are permanently vald lor the same
analytical m.thod and the sam. type 01 analyz.r, th.y can
b. Introduced Into the CPU memory 01 a data proc.sslng unll,
which proc..... the data Irom the unw.lgh.d analyz.d
.amples and calculat•• the corr••pondlng CHNS ratio. with
no n.ed lor r.'.r.nc•• substanc... Mor.ov.r, wh.n the
sampl. w.lght I. known, the data proc...lng unit I. abl. to
carry out the probabilistic analysl. 01 th. perc.ntag. re­
malnd.r, providing Information on the compon.nt. 01 the
mol.cul. oth.r than CHNS.

Over the past few years some papers (1-4) have appeared
concerning the possihility of elemental analysis of organic
substances without weighing the sample, obtaining the
analytical results in the form of atomic ratios. Clearly, the
more elemental indications that are obtained from the same
sample during one analytical process, the more valid this
approach will be. Since a multielement determination method
which simultaneously determines C-H-N-S has been set up
recently by US (5), we tried to develop a new calculation
method to relate digital data obtained from integration of
thermal-conductimetric signals with the elemental compceition
of the sample, without knowing the amount of substance
analyzed.

Moreover, when the sample weight was known, we tried to
obtain analytical indications not only on the elements analyzed
directly but also on unknown constituents which make up the
rest of the molecule.

The analyzer was coupled to a data processing unit which
integrated and processed the data, made the necessary cal­
culations, and printed out the results as atomic ratios, or as
percentages of the analyzed elements, with the percentage
remainder expressed as atomic mass units.

Principle of the Method for Calculating Atomic
Ratio•• In usual microanalytical practice, it is customary to
express the concentrations of several elements as percentage
values, but this means the weight of the sample must always
be known in advance.

For relative analysis methods such as combustion-GC,
besides t.he weight of the sample, one must also know a
calibration factor, obtained by combusting a known amount
of reference compound. Mathematical calculation of the
percentages is then done using Equation 1 to determine the
calibration factor K, then Equation 2:

(1)

I,K
%X = W, (2)

where X is the element determined, W its weight and I the
peak area integral of the relevant combustion gas.

From the percentage values, one can then mathematically
work out ihe ratio of the atoms detected, and-provided all
the elements of the molecule have been detected-the em­
pirical formula.

On the basis of this method of calculating atomic ratios,
Haberli (2) set up a mathematical procedure to obtain the
atomic ratio of the elements detected without needing to know
the weight of the sample. His method requires only the
integration values of the CO" N" and H,O peaks produced
by combusting unknown amounts of the sample and reference
substance. Haberli's method has been applied by others (3,
4) and also modified (3).

We maintain, however, that a method aimed at obtaining
atomic ratios without weighing the sample must rely simply
on the assumption that for an unknown compound the ratio
between its atoms can be estahlished directly on the basis of
the resulting combustion gases, and therefore from mea­
surements of their thermoconductivity in a helium stream.
Obviously there must be a linear relation between TC
measurements and combustion gases, which was already
demonstrated by us (5, 6), In the GC-combustion method
descrihed (5), therefore, for an unknown, unweighed sample,
four integration values are obtained for N" CO" H,O, and
SO,. Singly these values mean nothing, but taken as binary
ratios they can provide a decipherable analytical response.

We considered only the following three of the various binary
integral ratios: Ico,II"" Ico,IIH,o, and Ico,//so,.

Integration values are taken in relation to leo, since carbon
is always present and is usuaUy detectable with the greatest
accuracy.

The constancy of the binary ratios for a given sample in
the method described has been checked by analyses with
variable amounts of a reference sample containing CHNS
(Table I).

The binary integral ratios remained constant despite weight
differences. Prerequisites for obtaining good values are an
accurate blank determination and high purity of the tin
containers and the analytical reagents. The upper limit of
weighing can be reasonably established at 1.5 mg whereas some
variations can be seen for weighings smaller than 0.2 mg.

The binary integral ratios clearly start to change whenever
the elemental composition differs. Nevertheless the integral
ratios can be seen to be linearly related to the corresponding
atomic ratios when the former are plotted against the latter
in a diagram. Such a graph can be drawn exactly only after
several analytical measurements have been made with test
substances showing different but known elemental comp<>­
sition, aimed at establishing the greatest possible number of
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Table 1. Binary Integral Ratios for Cystine

weight. leo,IIN, leo,l~H,o leo,llso,
mg ratio ratio ratio

points where the coordinates meet. The line drawn appears
to fulll a straight-line relationship wh050 equation is obtained
by the least squares method.

An example of the study of the linear function for atomic
ratios C/N against binary ratios Ico,/ IN, is shown in Table
II.

The line obtained is straight and the linear relationship is
represented by the following equation:

This procedure was applied in other cases too. The atomic
ratio CIS being known, we experimentally worked out the
Ico,/Iso, ratios. Again, a straight line was obtained, passing
next to the zero point, and giving the following equation:

y' = 0.0005 + 1.13 r' (4)

The equation for C/H ratios against Ico,/IH,o was similarly
established. taking care of reducing to a minimum the blank
of water when the greatest Ico,/IH,o values are worked out.
The corresponding equation is:

y" = 0.0095 + 0.2608r" (5)

We could alao supply the values for the other linear
functions referring to the N/H and N/S ratios. but we
consider these equations of no use for our calculation method.

When Equations 3. 4, and 5 are known. any unknown
substance can be analyzed using the GC-combustion method
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described. without the sample needing to be weighed. Four
integration values will be obtained. giving three integral ratioe
from whicb three binary atomic ratios can be obtained, and
hence the partial empirical formula. The C/H ratio is the
most difficult to establish. since C/H can have manyalightly
differing values; however the y" value from Equation 5 is
reliable and can be used by itself.

An example of atomic ratio calculation without sample
weighing is as follows:

IN, = 29563
Integration values after blank leo, • 211968
subtraction from IN) and IH,o: 11-10 = 113960

Is~, =82476

Integral binary ratios: leo /IN = 211968 z 7.17
, , 29563

211968
leo,lIH,o =113960 =1.86

211968
leo,flso, = 82476 = 2.57

deduced
atomic
ratios:

Partial empirical formula: (C)H.N S)n

The straight-line relationships achieved by us with one
instrument are clearly obtainable with sll instruments based
on TC measurements and a similarly efficient combustion
principle. What is more. the relationships remain constant
regardless of the type of sample analyzed and of differences
in analysis conditions (reactor and GC-oven temperature.
carrier gas flow rate). They are affected only by incomplete
combustion and adsorption phenomena.

The amount of calculstion required starting from the four
original integration values in order to determine the partial
empirical formula ca1Is for time and effort if done manually.
If possible, it should be done by a data processing unit which
can integrate peak areas. acquire. compare. and process data,
and display the final value. The method of coupling the
analytical instrument to a data processing unit is described
below.

EXPERIMENTAL
Figure 1 shows the scheme of the elemental analyzer coupled

to a data processing uniL Tbis coupling, working now as a
prototype, will be commercially produced in the near future. The
samples, in tin capsules. are loaded into a multiplace sample
holder. then dropped sequentislly into the reactor at 1050 ·C to
coincide with oxygen enrichment of the belium carrier gas. A
combustion mixture forms which, after going through suitable
oxidative and reductive catslytic layers, enters the GC column.
The individual components are separated. eluted in the sequence
N,-CO,-H,O-SO" and measured by the TC detector.

The electrical signals arrive at the control unit which in turn
feeds a potentiometric recorder and the data processing unit. The
control unit seta and monitors the snslytics1 program; the recorder
gives a chromatogram for visual check of the combustion procaa,
as shown in Figure 2.

The data processing unit compris<e an snslog/digital converter,
an I/O interface. three unita, ROM. CPU, and RAM, and the
calculstion unit. At the outlet there is a keyboard and a display
panel for exhibiting and printing the data.

The data processing unit can be fed either by the TC Iigna\s
from the detector or the signals referring to ssmple weight coming
from ba1sncs through the relevant interface.

From Equation 3: y = 0.415 x
7.17 = 2.98

From Equation 4: y' c 1.13 x
2.57 =2.90

From Equation 5: y" =0.01 + 0.261 X
1.86 ~ 0.496

(3)

2.74
2.65
2.67
2.61
2.60
2.55
2.63
2.57
2.56
2.57
2.57
2.56
2.54
2.56
2.53
2.54
2.56
2.53

1.96
1.92
1.89
1.88
1.84
1.90
1.85
1.85
1.87
1.84
1.84
1.86
1.83
1.84
1.87
1.84
1.80
1.78

7.11
7.12
7.20
7.28
7.21
7.17
7.23
7.25
7.21
7.24
7.15
7.21
7.18
7.19
7.17
7.24
7.16
7.10

y = -{).0006 + 0.415r

0.1230
0.1695
0.1750
0.2920
0.3024
0.4981
0.5807
0.6091
0.7274
0.7966
0.8546
0.9018
1.0005
1.0721
1.1468
1.2603
1.4152
1.6112

Table 11. Establishment of the Linear Relationahip C/N
against leo/IN,

atomic integral
reference substance ratio ratidl slope

urea 0.5 1.197 0.418
adenine 1 2.400 0.417
picric acid 2 4.850 0.412
2·thiouracile 2 4.820 0.415
cystine 3 7.190 0.417
nicotinamide 3 7.214 0.416
sulfapyridine 11/3 8.810 0.416
S·benzylthiouronium 4 9.612 0.416

chloride
diphenylguanidine 13/3 10.45 0.415
sulfanilic acid 6 14.50 0.414
acetanilide 8 19.28 0.415
C: OHIIN 1O) 10 24.15 0.414
benzanilide 13 31.44 0.414
atropine 17 40.82 0.416

a Average values.
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II
II
II
II
II
II
II

F1gur. 1. Schematic 01 coupling elemenlalenalyzer-dala processing unit. (1) Flow controller. (2) oxygen injection valve. (3) sample holder. (4)
reeelor. (5) h.mace. (8) OC column. (7) tI1emloslatic oven. and (8) recorder

•

CYSTIIII

lie 1.05)9
CYSTIHB

lie 0.628]

t ,

F1gure 2. AnaIyals clvomelogams

The data processing unit's rust step is to integrate the signals
for the peab for the four g8llell on the basis of certain parameters
such 88 blank level. retention time window, and slope 88D8itivity.

A. blank can, if necessary, be determined automatically,
oui>lzadinB it from the integral value obtained for each combustion
g88 eluted.

t-r 1-'1--,.,...-,----

When the data proceosing unit has integrated the above signals,
it slartB mathematics1 treatment of the data, cs1culating the binary
ratios for the integration values to determine the atomic rati08
when the sample bas not been weighed. or cs1culating-by means
of the cs1ibration factor-the elemental percentag.. and then.
following a preset program, the percentage remainder. The



Table III. Probabilistic Determination of ~ Remainder

% remainder infer- % remainder infer-
in amu ences in amu encea

16 0 66.42 PCI
19 F 67 O,F
23 Na 67.45 O,CI
30.97 P 70 FtOt
32 0, 70.90 CI,
35 OF 71 O,Na
35.45 CI 76 F,
38 F, 77.94 P,O
39 ONa 78 O,Na f
46.97 PO 78.97 PO,
48 0, 79.91 Br
51 O,F 83 O,F
51.45 OCI 83.45 O,CI
54 OF, 86 O,Ft
54.45 CIF 86.91 OCI,
55 °tNa 87 O.. Na
57 F, 89.90 FCI,
58.45 NaCI 93.90 CI,N.
62.97 PO, 93.94 PtOt
64 0, 94.97 PO,

straight-line relationship between atomic ratios and binary integral
ratios. established experimentally as described before, is intr~

duced into the CPU memory, which theresfter processes the data
each time, calculating the atomic ratio desired on the basis of the
specific linear function.

To determine atomic ratios, the amount of substance sampled
should not exceed the oxidation capacity of the system; on the
other hand, it muat not be so small (sample weight not <0.2 mg)
that analysis is affected by adsorption phenomena.

The application of this GC calibration response method is eas~y

checked by carrying out analysis without weighing tbe sample,
using reference test substances whose empirical fonnuls is known.

Probabilistic Analyaia of tbe Percentage Remainder. The
multielement determination method described gives atomic ratios
without sample weighing, or percentage values for four con­
stituents of the molecule when the sample is weighed, but it cannot
give information on the other elements in a molecule's compo­
sition. A simple mathematical procedure. however, can be carried
out by the data processing unit coupled to the analyzer, to provide
general indications on the part of the molecule that bas not been
directly analyaed.

Naturally, in this case it is necessary to know the sample weight
in order to express the percentage remainder (%R) in atomic mass
units.

The procedure consists of calculating the precentages of the
four elements, from which it is easy to work out the %R, which
is 100 - 2:%C)I,><.8' Then the partial empirical formula is cal·
culated. from which it is possible to add the atomic weights (AWl
for the four elements in the molecule, thAt is 2:AWCH.N.8'

At this point, the following simple equation can be solved:

%R:100 = x:(2:AWC.H.N.8 + x)

as follows:

'l'.R:(lOO - %R) = x:2:AWC•H•N.s

and x can be obtained.
This mathematical development is followed by the data

proceasing unit and the remainder. which is MW - 2:AWC)l.N.8.

is given in atomic mass units.
This figure has then to be interpreted in terms of elemental

composition uaing Table III which shows the simple. moot frequent
combinations of organic elements other than C. H, N, and S. For
simplicity's aake, only binary, not multiple, couplings of common
elements are considered here.

The amalIer the value of x but not <8, the more reliable is the
information obtained from this method. which is valid only for
pure ouhotancea. High x values are difficult to interpret and often
indicate an inorganic residue in the sample. In any event, the
analyst mWlt critically ....... the indications obtained from
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Table IV. Eumpl.. of Atomic Ratio Calculation

area
integrals,

I C0
3

,

IH,o, found theoretical

INf' atomic empirical
sample name Iso, ratio Cannula

sulfanilamide 469059 C.H.N,S, C,H,N,SO,
166591

65324
87051

thiobarbi- 272740 C..H..NtS I C..H..N,S02
turic acid 71892

56736
77574

research 258153 C1H,N1S 1 C.Hl.N,S,CI,Ni
compound 203640

106563
289122

research 921634 C1 .Hl1N tSI CU H JJ N 1SO,C.J

compound 290745
42603
58882

thiourea 73145 C1H.. N,SI CH,N,S
76902
60862
83672

methionine 512048 C.HIIN1S 1 C5H lI NSO,
303933

42487
116208

research 605540 C19HU N t S, C19HlINSO,
compound 175350

13290
363060

research 774860 CUHIJSI CUH.1SO,
compound 153091

66
55713

dibenzyldi· 455091 C,H7S1 C1..HHS,
sulfide 119233

60
73856

research 1314370 CI7H2~ISI C"H"NSO
compound 546706

32085
87230

probabilistic analysis of the percentage remainder.
An elAlllple of percentage remainder calculations is as follows:

Probabilistic determination of #'foR in sulfanilic acid

Found '10 C • 41.58
Found '10 H· 4.05
Found '10 N· 8.10
Found '10 S • 18.45

'10 I: ·72.18

Percentage remainder: 100 - 72.18 • 27.82
27.82:100· x:(I:AWC,H,N.5 + x)
27.82:(100 - 27.82)·

x:I:AWC,H,N.5

Partial empirical formula, calculated according to the
usual method is C.H,NS, Crom which l:AWC,II.N,s :c

125.197.
Then. 27.82:(100 - 27.82). x:125.197 and x· 4B.2
MW - I: AWC.H.N,S = 48 amu

RESULTS AND DISCUSSION
Table IV shows aome examples of atomic ratio calculation

for referenca test substances and unknown compounda. A
calculation program with the aim of obtaining only whole
numbers was used.

Calculated atomic ratios appear to be affected neither by
instrumental parameters such as carrier flow rate, column
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temperature, and detector current nor by analytical variables
such as type of catalyst, composition, type, and weight of
samples.

Clearly an oxidstive method has to be used in which the
original elements are quantitatively converted to their
combustion gases with physical and chemical sdsorption
pbenomena (the latter due to alkaline impurities in catalysts)
kept to a minimum.

When conversely we calculated the O/N ratio directly from
area measurements of CO and N, peaks by oxygen deter·
mination (7), the results were WlS8tisfactory in the case of high
O/N ratios because of partial nitrogen adsorption.

Precise integration of signals from the detector is another
prerequisite to keep the straight-line relationships between
atomic and binary integral ratios constant; slight variations
are noted in Equations 3, 4, and 5 when the integration system
is changed.

This method of operation and of presenting the data (patent
pending) offers undeniable advantages over the traditional
procedure. Apart from the most obvious advantage of
eliminating the need for weighing, it also cancels out errors
deriving from weighing, especially in the case of liquids or
hygroscopic substances. The analytical response is valid even
in presence of inorganic residue in the sample, data handling
is entirely avoided, and finally by this procedure an elemental
analyzer can be calibrated once and for all, with no need to
use reference substances thereafter.

The GC response calibration method described does not
correspond to any of the three main methods used in gas

chromatography, Le., normalization, internal standardization,
and external standardization, but can be considered an ab­
solute normalization method. It uses binary area ratios
without either internal or external standards; the measured
ratio of peak areas makes it possible then from a prees­
tablished calibration curve, to find the corresponding atomic
ratio and, thus, the partial empirical formula.

Incidentally, binary atomic ratios are often used in the
petrochemical and agricultural industries. Moreover, the
comparison between preestablished slopes (Equations 3, 4,
and 5) and slopes experimentally determined by means of
unweighed reference samples offers a criterion to check the
correct working of the analyzer.

When it is preferable to have the analytical response in
percentage values rather than the atomic ratio, the proba­
bilistic determination of the percentage remainder can supply
useful information on the remaining part of the molecule, not
directly analyzed.
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Sensitivities and Interferences in Activation Analysis of Thin
Samples by means of 25-MeV to 30-MeV Protons
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Activation properlIea of Na, Mg, CI, Ca, n, Cr, Mn, Fe, HI, Cu,
Zn, .u, Sr, Sr, Cd, Sn, Sb, and Pb through bombardment 01"*'~ by 25-MeV to~V prolona for routine anaIy*
are c:onaldered. In the investigation 01 airborne partlculata
matter, Interferencea between c:ompetItlve reaellona can be
IOlvecl. Under nonnal nonIImltaUve irradiation and counting
c:oncIlIona, .... of delec:tIon .. In the lI8IlOll"am to mIc:rogram
levela according to the etem.nt c:onaldered.

Analysis of 8ample8 of very complex or poorly defined
matrix thtough destructive methode may be subject to errors
due to contamination and losses of volatile compounds and
trace elements by coprecipitation on insoluble residues or
container waIls. Therefore nondestructive atomic or nuclear
methode Mve been 8ucceaafully applied to the determination
of many elementa in various matrice8. Among atomic
methode, X-ray fluorescence is the most popular; quantitative
determinations require, however, cautious corrections for the
self-absorptions of X-raY8. Among nuclear methods, in·

strumental neutron activation analysis (INAA) is the most
widely used because of the availability of nuclear reactors and
the wide range of elements investigated. However, INAA is
not capable of analysis for all elements; for those apparently
beyond the scope of INAA, alternative methods are needed.
Fast·neutron and photo activation provide alternatives;
however their sensitivities are generally less adequate and
experimental facilities are rare. Charged·particle activation
analysis has not been extensively used in the past, in part
because of the scarcity of sources of energetic particles. The
proliferation of more and more cyclotrons for medical pur­
poses, however, now makes readily available these new sources
for routine analysis by charged-particle activation.

In the past, charged-particle activation with protons,
deuterons, helium-3, and beliurn-4 have been used mostly for
the determination of light elements and trace impuritie8 in
refractory metels (/-4). Most of these works were performed
with thick targets, requiring each sample to be irradiated
individually and being so far rather irradiation time-con­
surning. Instead, the method proposed here is aimed toward
routine analysis of thin samples. The incident particles
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selected for this purp03e are protons, because of their high
penetrability; 50 MeV pruton activation has already been used
for the determination of lead in aerosols (5).

Samples and standards are stacked together in a pile and
irradiated simultaneously. Corrections have to be made for
variations in activity induced in the samples with proton
energy. The scope of this work is to determine the ability of
proton activation as 8 multielement method. for routine
analysis of thin samples. The composition of the matrix
determines and affects the identification and quantitative
analysis of the samples. Our main goal being toward the
characterization of the elemental composition of aerosols, we
developed this work considering 8 matrix of airborne par.
ticulates supported on a filter paper.

EXPERIMENTAL
Sample Preparation. Inhomogeneous and homogeneous

standards may be used. Inhomogeneous standards are made
through punctual spot impregnation of Whatman 41 ceUulooe mter
paper. Sartorius membrane filters (SM 11302), or Nuclepore
polycarbonate filtel'll (No. 40 CPR02500) with a 1.0-3.0 "L
calibrated standard solution. Thicknesses of the filter support
are 4.0, 1.0, and 0.3 mg/cm', respectively. Elemental content of
standards ranges from 10 ng to 10 j.lg according to the element
considered. Homogeneous standards are prepared by uniform
impregnation of the filt~r paper with standard solution. Filters
are, in the latter case, analytically determined by classical methods
for retention efficiency.

Irradiations. Irradiations are carried out with the external
beam of the isochronous c)'clotron of Louvain-Ia-Neuve. Fifteen
to twenty thin samples are stacked in a pile and mounted in a
target holder, each sample being sandwiched between aluminum
foils of 15-J.Im thickness. The target holder is fixed in a carrier
for pneumatic transfer into the irradiation position. The target
holder is water-cooled, and heat dissipation is aided by diffusion
of helium gas along the targets. The surface irradiated ranges
from a few mm2 to a couple of cm2 with the aid of appropriate
coUimating systems. The irradiations are performed with JO.MeV
incident protons and under beam intensities of 200-300 nA for
15 to 150 min. Integrated currents BJ'e measured in a Faraday
cup coupled to an integrator, and are typically in the range of
I to 3 mC for elemental analysis.

Counting. Radionuclides are identified by "( spectrometry
using a Phillips APY40AlN Ge(Li) detecwr with a useful volume
of 80 cm3, 16CJc relative efficiency, and a resolution of 2.09 keY
at 1333.0 keV. The detector signal is fed into a Northern Econ
II multichannel analyzer through a Canberra 2011 amplifier. The
samples are counted after at least 4 h cooling time to allow
sufficient decay of the short-lived f!' emitters induced in the filter
paper. Counting intervals range from 400 s for short-lived ra·
dionuclides to 4000 6 for longer-lived ones. Aluminum foils are
removed before counting. Recoil of radionuclides from the sample
to the aluminum foils or from impuritie!i of the aluminum foil
into the sample BJ'C not significant.

RESULTS
The present investigation was aimed toward the charac­

terization of airborne particulate matter. Therefore, only
selected elements, major constituents of aerosols, were taken
into consideration. Among these, Na, Mg, CI, Ca, Ti, Cr, Mn,
Fe, Ni, Cu, Zn, As, Br, Sr, Cd, Sn, Sb, and Pb are elements
also having appropriate proton activation properties. Other
elements, e.g., SC, V, and Se have also been considered, but
owing to their low abundance in aerosols or their poor ac­
tivation characteristics, such elements are not analytically
determined and are considered only on an interference basis.

Production Rates oC Radionuclides. Pertinent infor­
mation on the production and properties of radionuclides
produced by irradiation ofthe selected elements with 3o-MeV
protons are reported in Table 1. Available compilations and
tables were used to select Q-values (6), excitation functions
(7), isotopic abundances in natural elements (8) and spec­
trometric data (9). Only analytically favorable and interfering
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reactions leading to adequate 'Y emittel'll are listed.
The analytical radionuclides together with their 'Y peaks

and the measured activities for three decay intervals are
reported in Table II. These are expressed as counts under
the most appropriate 'Y peak, accumulated in a lQOO.s counting
interval, after irradiation of 1.0 ,.g of natural element with
an integrated beam charge of 1.0 mC. Activities for a zero
decay time are calculated by extrapolation of the measured
area The reproducibility of the measured activities is better
than 20"lo for different irradiations.

For light elements, proton sctivation leads to radionuclides
induced througb (p,pn) reactions, e.g., CI and Sc. For heavier
elements, (p,3n) reactions are more favored, e.g., As, Cd, Sn,
and Pb, wbereas intermediate elements activate moot Ca­
vorably througb (p.2n) reactions, e.g., Fe, Cu, Zn, and Sr.

Activation Curves Cor the Production oC Radionu­
elides, A second important factor we bave to consider, Cor
routine analysis of a large number of samples, is the variation
of activity induced as a function of the energy of the incoming
proton. In order to make proton activation analysis as suitable
as, for example, neutron activation. one has to be able to
irradiate simultaneously a rather large number of samples and
standards; however, with the difference that going througb
t.he pile of samples the energy of the proton varies and so does
the cross section. If in the literature excitation functions for
quite a variety of reactions occurring on various elements are
reported or can be evaluated by extrapolation, the present
study requires for the elements under investigation (a) that
we know the excitation functions of production of radionu­
clides, rather than for specific reactions, and (b) that we test
the linearity of the excitation function in the energy range
considered, such linearity allowing easy interpolation between
activities induced in the pile of samples.

Activation curves for the various elements under investi­
gation are presented in Figure I. The activity induced in the
pile of samples is normalized to the activity in the first sample
(30 MeV). Losses of energy in each of the samples are typically
of the order of 0.1-{).3 MeV, which corresponds to a loss of
approximately 5 MeV in the total pile of samples. An energy
range of 25 to 30 MeV was investigated and compared with
additional data at 21 MeV. Neglecting the croes-section value
at 21 MeV, one could characterize the elements into two
different groups, one presenting a slight or zero slope in the
excitation function, e.g., Na, Cr, Mn, Mg, Ni, Cd, and Pb, and
the other with much larger variations, e.g., As and Br. Linear
and nonlinear fits of the data of tbe activation curvea have
been performed, and using the proposed fit, the reproducibility
is better than :15%.

Element-to-Element Discussion. Interferencea en­
countered in cbarged-particle activation analysis are of two
kinds: (a) one associated with different reactions occurring
on contiguous elements and leading to the production of the
same radionuclide, and (b) the otber associated witb over­
lapping of peaks in the 'Y spectra. Botb interferences are
independent on an evaluation basis; however, sine.! they occur
simultaneously, it is more appropriate to examine them at the
same time. Of course, the possibility of these interferences
is strongly related to the composition of the matrix and the
sample support; in the present case, the samplea are airborne
particulates collected on mter paper. The present diacusaion
is limited to elements where interferences can be apparent,

Sodium. Activity of 22Na due to the activation of Mg is not
appreciable 88 compared to activation of Na. Determination
of Na is unambiguous 88 long as the Mg concentrations are
of the sarne order of magnitude 88 Na concentrations_

Chlorine. The only interference may arise from aulfur,
through the "'S(p,n)""'CI reaction. However, the data ofTable
II imply that sulCur concentrations a bundred-fold times the
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Table). Data on Production and Properties of Radionuclidel Observed after 30-MeV Proton Irradiation of Standards

element isotopic
10 b. abundance, Q-vaJue,

~';;Vb ';;b't '
major.., rays,

determined major reacLion.sO % MeV FWHM· half-life koV intensity (%)

uNa _ HNa(p,pn)UNa 100 -12.4 28 41 122 2.6 yr 1274(90)

uMg 14Mg{p,2pn)lJNa 79.0 -24.1 47.5 65 2.6 yr 1274(90)

- "Mg(p,2p)"Na 10.0 -12.1 29.1 52 15.0 h 1368 (100) 2754 (99)

..S >4S(p,n»)4mCI 4.2 -6.3 14.4 10.4 62 32 min 146 (36) 2128(48)

I,Cl _ UCI(p,pn)"mCI 75.~ -12.6 28' 23' 170' 32 min 146 (36) 2128 (48)

"Ca - ~Ca(p,2p)"K 2.1 -12.2 30' 14' 40' 22 h 372 (b2) 616(65)
- ~Ca(p,n)~Sc 2.1 -4.4 13' 10' 400' 3.92 h 1157 (~9)

~Ca(p,2n)"Sc 2.1 -14.1 28- 14 ' 200' 3.89 h 372 (22)
~Ca(p,2n)~Sc 0.19 -8.7 23' 14' 600' 3.42 d 159(70)

"Sc 4SSc(p.pn) ....Sc 100 -11.3 22.0 23.0 600 3.92 h 1157 (99)
'USc(p,p2nt1Sc 100 -21.0 39' 23- 300' 3.89 h 372(22)

uTi Wri(p,2pn)~Sc 7.93 -21.7 3.92 h 1157 (99)
·'Ti(p,Q )"Se' 7.28 -2.3 13' 10' 70' 3.92 h 1157 (99)

- .... Ti(p.on) ...Sc 73.9 -13.9 30' 15' 70' 3.92 h 1157 (~~)

~~p,2p)~Sc 73.9 -11.4 2~' 15' 50' 3.42 d 159(70)
"Ti(p,2pn)"Sc 5.51 -19.6 3.42 d 159 (70)
KTi(p,Q )nsc 5.34 -2.2 13- 10- 50' 3.42 d 159 (70)

- ....Ti(p.n)~V 73.9 -4.8 12- 10' 350' 16.0 d 983 (100) 1312 (98)
lofer WCr(p,2pn)"V 4.3 -21.1 16.0 d 983(100) 1312 (98)

_ SlCr(p,pn)S'Cr 83.8 -12.0 27- 20' 1000' 27.7 d 320 (10)
SJCr(p,n)UMn ~3.8 -5.5 12.3 10' 485 5.7 d 744 (85) 936 (93)

1434 (100)

uCr(p,2n) S1 Mn 9.5 -13.4 26' 14 ' 600' 5.7 d 744 (85) 936 (93)

u Mn __ SlMn(p,pn)54Mn 100.0 -10.2 26' 20' 550' 312.5 d 835(100)

"Fo --. ~"Fe(PI2pn)HMn 5.8 -20.9 5.7 d 744 (85) 936 (93)
"Fe(p,2pn)"Mn 91.7 -20.4 312.5 d 835 (100)

'- !I>Fe(p,2n)UCo 91.7 -15.5 29' 11' 150' 17.9 h 477 (16) 931 (n)

n Ni -" "Ni(p,pn)51 Ni 67.8 -12.2 28.5 17.8 220 36.0 h 127 (15) 1378 (85)

l'CU _ UCu(p,p2n) 6I Cu 69.1 -19.7 37.5 16.6 330 3.3 h 283 (13) 656 (10)
_ UCu(p,2n)"JZn 69.1 -13.3 26' 14' 180' 9.3 h 548 (14) 597 (23)

",Zn '''Zn{p,p2n)61Zn 48.9 -21.0 9.3 h 548 (14) 597 (23)
- "Zn(p,2n)~Ga 4.1 -13.0 27' 14 ' 900' 9.3 h 1039 (37)
_ MZn(p,3n)~Ga 18.6 -23.2 38' 17' 200' 9.3 h 1039 (37)
- "Zn(p,2n)"Ga 18.6 -12.0 26' 14 ' 500' 78.1 h 93 (38) 185 (20)

"As _ n As(p,3n)"Se 100 --21. 7 37 ' 16' 350' 7.2 h 361 (99)

"So "Se(p,pn) llSe 0.9 -12.1 28' 20' 250' 7.2 h 361 (99)
"So(p,n)"Br 9.0 -5.9 14' 9' 600' 15.9 h 559 (66) 657 (13)
nSe(p,2n)"Br 7.5 -13.3 26' 12' 900' 15.9 h 559 (66) 657 (13)
11Se(p,n)"Br 7.5 -2.1 10' 10' 850 56.0 h 239 (26) 521 (24)
"Sc(p,2n)HBr 23.5 -12.6 26' 13' 550' 56.0 h 239 (26) 521 (24)

uBr - 19Br(p,p2n)l1Br 50.7 -19.0 39' 19' 350' 56.0 h 239 (26) 521 (24)
IIBr(p,pn)·omBr 49.3 -10.2 30.3 22' 230 4.4 h 617 (7)

~Sr "Sr(p,3n)"Y 82.6 -25.6 39 15.8 500 14.7 h 620 (33) 1077 (~2)

_ "Sr(p,2n)I7Y 82.6 -13.8 25.5 12.0 1200 80.3 h 388 (80) 485 (96)
_ "Sr(p,2n)'1my 82.6 -13.8 14.0 h 381 (74)

~Cd _ II°Cd(p.2n)I~In 12.4 -12.7 25' 12' 900' 4.2 h 204(68)
- IIIC<.I(P.3n) lot ln 12.8 -19.7 35' 15' 700 4.2 h 204 (68)

"OCd(p,n)"Omln 12.4 -4.7 13.0 8' 870 4.9 h 658 (~9) 885(~5)

IIICd(p,2n)llomIn 12.8 -11.7 24 ' 12' 900' 4.9 h 658 (99) 885(95)
1IJCd(p.3n)lIomIn 24.0 -21.1 31.7 15- 780 4.9 h 658 (99) 885(95)

- IIICd(p.n)llIln 12.8 -1.6 13.0 8' 530 2.83d 171 (~1) 245 (94)
-+ IUCd(p.2n)"lln 24.0 -11.0 21.0 12.5 1000 2.83 d 171 (91) 245 (94)
- IUCd(p,3n)llIln 12.3 -17.5 33' 15' 900' 2.83 d 171 (91) 245 (94)

wSn - IUSn{p,2n)II1Sb 24.1 -11.9 25' 12' 900' 2.8 h 158(88)
_ Il·Sn(p,3n)II1Sb 8.6 -18.3 33' 14 ' 900' 2.8 h 158 (88)
- "'Sn(p,2n),umSb 8.6 -11.0 24' 12' ~OO' 5.1 h 254 (8) 1229 (10)
_ llOSn(p,3n)llImSb 32.8 -20.1 35' 14' 700' 5.1 h 254 (8) 1229 (10)

flSb _ UlSb(p,3n)..,mTe 57.3 -19.3 34' 15' 900' 4.68 d 153 (62) 1213(67)
.1 Pb _ :o'Pb(p.3n):O'Bi 24.1 -20.6 34' 12' 1000' 11.3 h 375 (75) 899 (99)

_ lOlPb(p.2n)>>'Bi 22.1 -11.2 20.4 9.4 910 6.24 d 803 (100) 881 (67)
_ 10lPb(p,3n)>>'Bi 52.4 -18.5 30.8 12.4 990 6.24 d 803 (100) 881 (67)

o -+ Most appropriate nuclear reactions. • , Data obtained by extrapolation (7).

chlorine concentrations are needed to lead to a significant multaneously and interferences have to be considered cau-
contribution to ....CI. tiously.

Among these elements we have been looking at, chlorine To avoid these interferences, Ti can be determined from
ia the only one with a half-life shorter than 2 h, leading .sv (Cr interferes and its contribution must be subtracted)
eventually to some problems in the routine analysis of a larger and Ca is determined unambiguously from "K; Sc is finally
number of samples. evaluated from "Sc, after the deduction of the contribution

Calcium, Scandium, and Titanium. Proton activation of of Ti and Ca to this radionuclide.
theae three elements leads mainly to the production of This procedure is, however, unappropriate in the analysis
scandium radionuclides; therefore they are considered si- of airborne particulate matter, because the 'Y peaks of"K are
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Table II. Analytical Radioisotope. and Induced Activities

element "Y·ray
to be radioisotope selected, activity measured, counts X jJg-1 X mC- 1

determined (half·life)" keY I. ~ 0 4 h 15 h
Na "Na(2.6 yr)' 1274 4.0 4.0 4.0
Mg "Na( 15.0 h)' 1368 230.0 191· b 115Cl MmCl(32.0 min)' 146 80000 440'
Ca "K(22 h)' 372 14 12 10'

616 7.2 6.35 4.49'
"Se( 3.89 h)' 372 100 49.0' 6.91
~Sc(3.92 h) 1157 37 18.2' 2.61
"Sc(3.42 d) 159 11 10.6 9.69'

Sc "Sc(3.89 h) 372 1300 640' 89.8
~Sc(3.92 h) 1157 28000 13805.' 1975

Ti ~Sc(3.92 h)' 1157 3500 1725· 2·17
"Sc(3,42 d) 159 570 551 502·
~V(16.0 d)' 983 32 32 31

Cr "V(16.0 d) 983 44 H 43
"Cr(27.7 d)' 320 150 150 150
"Mn(5.7 d) 744 29 28 27·

Mn "Mn(312.5 d)' 835 35 35 35
Fe "Mn(312.5 d) 835 7 .5 7.5 7.5

"Mn(5.7 d)' 744 85 83 79·
"Co(17.9 h)' 931 ,100 343 224'

Ni "Ni(36.0 h)' 127 1000 926 750'
1378 600 555 450'

Cu ·'Cu(3.3 h)' 283 3200 1380' 137
"Zn(9.3 h)' 597 320 237 105'

Zn "'Zn(9.3 h) 597 300 223 98'
"Ga(9.3 h)' 1039 350 260 115'
"Ga(7S.1 h)' 93 250 241 219·

As "Se(7.2 h)' 361 20000 13610' 4720'
Se "Se(7.2 h) 361 300 200' 71'

"Br(15.9 h) 559 750 630 390'
~Br(56.0 h) 239 250 238 208'

Br nBr(56.0 h)' 239 240 228 199'
MmBr(4,4 h) 617 170 90' 16

Sr "Y(80.3 h)' 388 1700 1640 1490'
"mY(l4.0 h)' 381 7700 6320 3665'

Cd '~ln( 4.2 h)' 204 16000 8270' 1350
IIllmln(4.9 h) 658 3700 2100' 443
"'In(2.83 d)' 171 1700 1630 1450'

245 1400 1345 1200'
Sn "'Sb(2.8 h)' 158 37000 13750' 905

",mSb(5.1 h)' 25·1 8500 4940' 1110
Sb ".mTe(4.68 d)' 153 2300 2245 2100'
Pb "'Bi(11.3 h)' 375 3700 2895 1475·

899 1800 1410 717-
"'Bi(6.24 d)' 803 300 295 280'

x (1000 5)-'

10 d

4.0'

1.45'

75.1'
16'
29'

117'
8.6'

34'
7.3'

25'

10
6

30'

13
12

214'

145
120

525'

100'

a • Most appropriate analytical radionuclidc. b * Most appropriate decay interval.

rarely observed in a routine determination, and because ",sV
is not a sensitive radionuclide for titanium.

Scandium radionuclides must then be used: an aid to
resolve the inherent interferences is tu consider the ratios
Ca/Ti/Sc which are usually 1000/100/1 in an aerosol. Ca is
now determined from "'Sc, since the contribution of Sc to this
radionuclide is negligible; the i' peak at 372 keY is close to
the 374-keV i' peak of ""Bi, and this contribution must be
subtracted.

Another problem arises from "K, which also has a i' peak
at 372 keY.

Ti is determined from "St. since the l'Ontribution of calciwn
and scandium to this radionuclide is low in an aerosol sample.
Finally. hecause of its low abundance in airborne particulate
matter, Sc cannot he evaluated.

Chromium. "Cr is the most pertinent radionuclide for the
determination of Cr; the contribution to Mer from vanadium,
through the "V(p.n)"Cr reaction is negligible.

Manganese can be determined from "Mn; this radionuclide
is also produced from Fe, but with lower yield. Correction
factors for the contribution of iron may be evaluated, and Mn
can be determined in a matrix with a Fe/Mn ratio of up to
10.

Iron is best determined via the 931-keV i' ray of "'Co; this
element can also be evaluated via '-"Mn (which is also produced
from Cr) in a matrix with a low Cr/Fe ratio.

Copper is best determined via the 61CU radionuclide; the
contribution to 61CU from Ni, through the 6'Ni(p,2n)6'Cu
reaction is very small. Copper can also be evaluated from 62zn,
hut Zn interferes through the "Zn(p,p2n)62Zn reaction. This
interference is rather important at 30 MeV, but very low at
25 MeV (see Figure 1).

Arsenic, Selenium, and Bromine. These three elements
interfere with each other and, according to the matrix and
sample composition, their determination will be more or less
accurate and possible. Se can be determined unambiguously
via 76Br. Contribution of nBc from the activation of selenium
can be evaluated, and the subsequent determination of Br
through the "'Br(p,p2n)"Br reaction can be carried out. Since
acth·ities of "Br induced on Se and Br are of the same order
of magnitude, the corrections are valid as long as Se con­
centrations are lower or equal to the Be concentrations.
Arsenic can be determined via "'Se through the "As(p,3n)13Se
reaction. However, since 73Se is also produced from Se, but
with a much lower yield, determinations of As are unam­
biguous only as long as Se concentrations are not higher than
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Table ill. Sensitivities of Instrumental Proton (IPAA)
and Neutron (INAA) Activation Analysia

limit or limit of
detection, ng detection, ng

element IPAA INAA clement IPAA INAA

Na 1600 200 Cu 190 50
Mg 340 3000 Zn 190 100
CI 470 500 As 50 40
Ca 130 1000 Se 260 10
Sc 3 3 Br 430 20
Ti 270 200 Sr 15
Cr 60 20 Cd 25
Mn 180 3 Sn 30
Fe 160 1500 Sb 54 30
Ni 60 1500 Pb 20

As concentration by an order of magnitude.

CONCLUSION
Analytical Considerations. Our limitations to Na, Mg,

CI, Ca, Se, Ti, Cr, Mn, Fe, Ni, Cu, Zn, As, Br, Sr, Cd, Sn, Sb,
and Pb are due (a) to the composition of the matrix con­
sidered: airborne particulates collected on filter paper, and
(b) to adequate activation properties of these elements.
Extension to other elements is feasible considering the ex­
tension to other incident particles and energies. For routine
analysis of thin samples, the proton is the most appropriate
particle, because of its high penetrability; 30-MeV activation
is a middle choice between high and low energies. Higher
energies of incident particle3 create more exotic reactions, and
subsequently more elements could potentially be determined.
However, in complex matrices more interfering reactions
would occur simultaneously and the complexity of the 'Y

spectra would make analytical determinations rather difficult.
Therefore, and also because of the availability of sources of
low-energy particles, activation with lower-energy particles
is more common. Activities induced with 2D-MeV and 3D-MeV
protons are comparable for most elements within a factor of
2 (Figure I); 3D-MeV proton activtion being more appropriate
for the determination of As, Br, and Sb. However for lower
proton energies, the larger loss of energy through the pile of
samples makes it less adequate for routine analysis.

In Table III, limits of detection are reported. Calculations
are based upon background levels encountered after irradi­
ation with 30-MeV protons of a 4 mg cm" filter support and
a 200 ~g cm" airborne particulate-matter sample with an
integrated beam current of 1 mC. Limits of detectability are
calculated from N = 4.65 X BI/', where B is the number of
counts in the background and N is the minimum number of
counts under the l' peak (11).

Subsequent evaluation of minimum detectable amounts is
done through Table II and is reported in Table III. In the
same table, and for comparison purposes, sensitivities obtained
for routine analysis of aerosols by neutron activation are
reported (12) (flux of neutrons: 2 X 10" n/cm'.s during 5 min
for short-lived radionuclides or 1013 n/cm'·s during 5 h for
long-lived radionuclides). In both cases, the counting times
are comparable, i.e., from 400 to 4000 s, according to the
half-life of the radionuclides. Sensitivities for IPAA as defined
in Table IV could be improved, one of the limiting factors
being the thermal resistance of the samples. Indeed, most
of the energy loss by the incident particle while penetrating
the pile of samples is dissipated in heat. In the present case,
since a large number of nonthermal-conducting materials are
piled up, we have a stringent restriction on beam intensities.
According to the thermal resistance of the samples, beam
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Table IV. Analytical Determinatlona on Airborne Partlc:u1ates in Be1Pum Performed by Neutron (INAA) and Praton
(IPAA) ActivationC

Ghent Ghent
Dourbes Mechelen Bru_1s residential induatrial Charleroi Liege

IP~/INAA,
INAA IPAA INAA IPAA INAA IPAA INAA IPAA INAA IPAA INAA IPAA INAA IPAA. % :t 0"

Na 1270 1320 920 1070 950 1490 1520 1620 1130 1320 2340 2420 1930 1900 1.14. 0.20
Mg-· 680 940 490 550 330 900 800 960 500 670 610 1960 830 930 (1.73. 0.86)
Ca·" 3700 1900 1700 1000 3200 3300 3500 1900 3200 1100 6000 6600 12700 7800 (0.68 • 0.28)
Ti 110 120 100 140 100 150 240 220 110 110 410 360 260 260 1.11 • 0.24
Cr 20 12 15 14 12 13 10 9 38 35 61 56 0.97.0.16
Mn 120 130 60 90 90 120 300 220 90 90 200 240 340 340 1.12. 0.25
Fe 2600 2300 2100 2700 2600 2800 2600 2800 1800 1600 6200 5400 7300 7400 1.01. 0.15
Ni- 32 11 42 24 <70 22 35 44 25 14 <70 18 85 55 (0.68 • 0.34)
Cu· 52 110 101 90 53 150 54 70 40 50 83 108 270 280 (1.53. 0.69)
Zn 750 720 500 500 830 920 420 390 330 300 3270 3070 5260 5100 0.97.0.07
~ 14 14 22 35 27 34 15 24 17 18 25 24 21 22 1.22. 0.28
Br 85 110 200 240 200 350 150 250 125 150 210 330 380 650 1.48.0.25
Sr 11 8 14 10 10 22 33
Cd- 16 18 17 7 10 15 10 13 <7 9 13 25 270 280 (1.22. 0.50)
Sn 5 23 1 9 10 28 35
Sb 8 11 250 44 49 19 16 15 13 25 13 15 1.30. 0.38
Pb 250 390 560 330 240 550 870

• • Errors associated with IPAA (see text). • - Errors associated with INAA (See text). C Units expressed in ~/m'.

intensities up to several "A could be used, and consequent
improvements in sensitivities achieved.

Applicability to Elemental Analysis of Aerosols.
Aerosols collected at various locations in Belgium are routinely
analYzed for their elemental compositions. In Table IV we
present a comparison of results of determinations performed
by instrumental neutron (lNAA) and proton (lPAA) activation
analysis. Airborne particulates were collected by filtration
of approximately 200 m' of air on a 66 em' Whatman 41 filter
paper. The mter paper is folded, and a 2 em' aliquot is taken
for analysis by IPAA, of which approximately I em' was
bombarded in the irradiation chamber. Analyses by INAA
were performed at the University of Ghent.

It is not our purpose here to give an interpretation of the
data, but rather to point out the analytical aspects. The
concordance between the two methods is usually good: within
±20% for Na, Ti, Cr, Mn, Fe, Zn, As, Br, and Sb. For Mg,
Ni, and Cd, uncertainties associated with the INAA values
are much larger, but within these limits agreement is good.
The IPAA determination of Ca is a little more ambiguous, due
to the correction associated with the activation of Ti and Sc.
The same problem arises with Cu, due to the activation of Zn.
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Thermometric Titrations of Polyprotic Acids

Maurice A. Bernard and Jean-Louis Burgot· '
lJJbcxatoh dB ChimJe MinBnJIe 8, G'o<.pe de Cristallographle _I ChimJe Solids. L.A. 251. Univ_,sff_ de ca_n. 14032 caan cede•. F,anc_

The author. Iormulate n aqulvalent aquatlone lor the ther­
momelI1c: lllratlon ane 01 a poIyprolIc acid H.A. the pK vaa­
of which are comparable, neutralzed by a wong base. The
main term of the pth equallon correaponda to a Una segment
wHh aIope proportional to the enthalpy of neutralzatlon 1iHp

of the pth acldlly. Terma which are .....-Icaly smaJ justify
the rounclofl aectIona connecting _ aegmenta to the base
IInetI and to each other. The.. aquatlona have been ex­
perimentally checked wHh a d1ac1d, glutaric acid, and w"h a
trIacld, c"rIc acid. In the ca.. of a dJacld, the devlallon
between the experlmental curve and the theoretical Unes, at
the point correapondlng to ..ml-neutrallzatlon, I. evaluated
a. a lunctlon of the acld"y conatant. and enthalple. 01
neutrBlzallon. A rapid graphic method Is used to estnate the
rallo 01 the Iwo acld"y conatant.,

In most monographs devoted to thermometric titrations
(1-7), the authorB stress two basic differences between these
titrations and those followed by potentiometry.

FirBt, while potentiometric titrations take advantage of the
Gibbs free energy variation tJ.G (or the equilibrium constant
K) involved in the titration, thermometric titrations use the
corresponding enthalpy variation AH, which can, in some
cases, provide a significant advantage as in the often-quoted
titration of orthoboric acid by a sodium hydroxide solution
(1,8,9).

Second, thermometric methods produce linear titration
curves, whereas potentiometric methods lead to logarithmic
curves. As a rule, a thermogram representing the heat-q(t)
developed in the reaction vessel, as a function of time consists
of a number of line segments, These segments are connected
to each other by curves of variable size, renecting, among other
phenomena, the reverBibility of the reactions involved. The
parameters on which the roundoff due to this reversibility
depend have been identified by various authorB (1-10), es­
pecially Tyrrel (10), who investigated the reactions represented
by the equilibrium:

A+B=C

This rounding off, which may hinder the detection of the
equivalent point, is, however, valuable for more or less accurate
determinations of the equilibrium constant K and thus of
variations in the entropy and Gibbs free energy functions
(II-I5).

In the case of a polyprotic acid, or more generally of a
polyfunctional compound, the titration curve is, as a rule,
formed by the linking of the successive titration curves of the
various functions of the compound analyzed.

In point of fact, this can only be achieved for a poten·
tiometric titration if the successive dissociation constants of
the test compound have sufficiently different orders of
magnitude. For example, it is generally acknowledged that
potentiometric identification of the two successive acidities
of a diacid H,A is only possible if tJ.pK = pK, - pK, 2: 4,
corresponding to a maximum distribution coefficient for HA­
approaching one (16).

The application of thermometric titration to exploit the

1Present addre88: Laboratoire de Chimie Analytique, V.E.R. du
Medicament, 2, avenue du ProCesseur Uon Bernard, 35043 Rennes
Cede., France.

enthalpy variation tJ.H (and not the Gibbs free energy variation
:>G, hence of the equilibrium constant K) and the linearization
of the corresponding curves, provides hope for a lowering of
the detection limits of the functions for the successive stages
of thermometric titration of a polyfunctional compound.

Using thermometric titration in aqueous solution with a
sodium hydroxide solution, Harries (17) showed that phthalic
acid (!1pK = 2.47) (18), oxalic acid (:>pK = 2.96) (19,20),
malonic acid (:>pK = 2.86) (21,22), and succinic acid (:>pK
= 1.45) (23, 24) produce thermograms which exhibit two
breaks for the successive neutralization of the two acid groups,
even though for these acids, the maximum coefficient for HA
is much less than one. On the other hand, he observed no
slope change for the neutralization of the following diacids:
glutaric (tJ.pK = 1.08) (21), adipic (!1pK = 0,99) (21), maleic
(!1pK = 4.42) (25), fumaric (:>pK = 1.51) (25), and tartaric
(tJ.pK = 1.27) (18).

Using equipment described elsewhere (26, 27), with suf­
ficient sensitivity and suitable recording speed, we clearly
identified the slape changes corresponding to the successive
neutralizations of these diacids. We also, contrary to the
results in the literature (28), obtained three obviously distinct
line segments with slightly different slopes in the case of a
triacid (citric acid). These results prompted us to develop a
theoretical framework in order to justify and discuss these
experimental data.

This study has been conducted for a polyprotic acid HnA
with, as experimental support, application to the particular
instances of glutaric and citric acids.

EXPERIMENTAL

Reagents. The sodium hydroxide solutions are prepared by
extemporaneous dilution of standard solutions with distilled water.
The glutaric acid solution is prepared from the Fluka commercial
product, the purity of which is cheeked by testing its melling point,
95-96 °C. The citric acid solution is prepared Crom the Fluka
commercial product, labeled "puriss".

Apparatus. The thermometric titration apparatus is described
elsewhere (27). Characteristics: at maximum sensitivity, a change
of 10-2 °C corresponds to 1 cm on the recorder chart ordinate or
0.25 'C per full scale deneetion. Variatioo of 0.1 em corresponds
to 0.6 J. The chart ordinate can be read with an accuracy of ±O.05
cm corresponding to :1::5.10-4 °C or :1::0.3 J. Accordingly, the
minimum temperature difference which can be estimated with
relative accuracy (within 1%) is 0.05 °C; the minimum heat
variation with the same relative accuracy is 30 J.

For potentiometric titrations, we used a Tncussel measurement
and titration unit of the "titrimaC' type, and a Tacussel digital
reading pH-meter of the "Minisis" type, both equipped with a
glass electrode and a calomel reference electrode.

Process of Thermometric Titrations. An accurately
measured volume Vo = 10-1 L of the acid solution of fixed
concentration CA (CA = 115 X 10-4 mol L-l Cor the glutaric acid
solution and 7.20 X 10-3 mol L-I for the citric acid solution) is
introduced into the reaction vessel. The agitawr, the Wheatstone
bridge in which the thermistors are incorporated, and the recorder
are connected. The bridge is balanced. After 5 to 10 min, the
bridge is rebalanced and the automatic buret started. The ti­
tration curve is recorded. The invariability in the flow rate of
the buret v = 2 X 1O~3 L min~' is checked by systematically
determining the volume discharged within a given interval, before
and after each series of measurements. The concentration of the
sodium hydroxide solution is Ca = 1.91 mol L-l. The recorder
paper speed is fast: 30 cm min-I. All the titrations 8re carried

ooo3-2700I7S/0351-2122$01.oo/0 © 1979 American CIlemIcaI Society
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C , ~ C. - C I

C ~n

We also consider:

(3)

By introducing the electroneutrality and mass conservation
Equations 2 and 3

• Cavt
L Ci = (W) - (HO') +-- (2)
i-I Vo + vI

CAVO

Co ~ Vo + vI

and considering that, at time t, among the concentrations of
the (n + 1) species in solution (H.Al, (H._IA-), etc...., two
are numerically greater than the others, i.e.,

H'_(p-I)AIp-Il- and H._pAP-, with:

Hn_Ip_IlAIp-Il- + HO' - H._pAP- + H,O !:ilip

we arrive st Equation 4 (detailed calculations are available
on request from the authors).

-q = Ca vt !:ilip + (H+)o Vo (!:ilio -!:ili ,) +

Formation of compounds H._,A'- ... H._pA"', ... A" or:

(H."A'-)(Vo + vl)(!:ilil + !:iliiJ
+ (H._pA"')(Vo + vl)(!:ili, + !:ili, + ... !:ilip)

+ (An,)(Vo + vl)(!:ili, + !:ili, + '" !:ilip + ... !:ili.)

Hence, after fmding a common factor for the :ufp terms and
after using the above notation:

-q = (H+)oVo (!:ilio - !:ili,) - (H+)(Vo + vt) tlHo +

.
L Ci(!:ilii - !:ilip)(Vo + vt)

i=p+l

These corrective terms may be considered as numerically
small, except at the ends of the segment in question, where
they may justify connection curves with neighboring segments.

Remark: an equation similar to 4, but slightly more
complex, can he derived for the case of a polyacid H.A, the
i first acidities of which are sufficiently strong to he dissociated
in the initial solution (Detailed calculations are available on
request).

p

- L Ci(!:ilii - !:ilip)(Vo + vt) +,.,

.
CA Vo L (Mii - jJ{p)

j.q

- (W)(Vo + vt) !:ilio + (W) - (HO-)J (VO +
vI) jJ{p

.
(Vo + vt) L !:iliiCi (1)

i-I

.
L Ci(jJ{i - jJ{p)(Vo + vt)

j-p+l

(4)

In this equation, owing to the hypotheses made, the first three
terms are the only ones which are numerically great in relative
value. In coordinates -q ~ [(I) or -q ~ [(vt), the equation is
thus that of a tine with the slope CavjJ{p or CaMip and with
the intercept: (H+)oVo(:ufo- Mil) + CA VOLi.t (:ufi - :ufp)

independent of time. with a series of corrective terms. This
line is the support of the segment relative to the pth neu­
tralization of the polyacid.

The corrective terms are of two types:
(a) terms directly dependent on the solution pH

(H+) (!:ilip - !:iliol (VO + vt) - (HO')llHp(Vo + vt)

(h) terms dependent on the concentrations
p

.L Ci (!:ilii - !:ilip) (V. + vI) +
,-I

:uf,: -51556 J mol-' (I8)

:uf2: -53313 J mol-' (I8)

:ufJ: -59087 J mol-' (I8)

HJA + HO- - H2A- + H20

H2A- + HO- - HA2- + H20

HA2- + HO- - AJ- + H20

out at ambient temperature (23 ± 2 ·C).
Process of Potentiometric Titrations. In this case, the same

volume V. ~ 10-' L of a.cid solution is determined using the same
sodium hydroXIde solutIOn as above. The pH values as a fWlction
of the volume of sodium hydroxide added are read directly from
the recorded curve and confirmed by the digital-reading pH meter.
The m.t,al pH values are 3.11 for the glutaric acid solution and
2.80 for the citric solution.

Constants Employed.
Enthalpy of ionization of water:

H+ + HO- - H20 :uf.: -55740 J mol-I (29,30)

Enthalpies of neutralization of glutaric acid:

H2A + HO-- HA- + H20 :uf,: -56246J mol-I (I8)

HA- + HO- - A2- + H20 "H2: -58169 J mol-I (I8)

Enthalpies of neutraJization of citric acid:

C ~p

}; (Hn'iA")
I=P

C p ~ Co - Cp ~ Co

THEORETICAL
Polyprotic Acid B.A, We assume that only the first

acidity of H.A is sufficiently great, so that, before the be­
ginning of addition, the aqueous solution contains only the
H+ of concentration (H+)., HnA and H._IA- entities. The
dilution is taken into account in the calculation but the
concentrations are not explicitly corrected for the activity
coefficients.

The following notations are used for the successive en­
thalpies of neutralization of the n acids H+, H.A ... HAI·,n-.

H+ + HO' - H,O !:ili.

HnA + HO- - H'_lA' + H,O !:ili,
---------------

Hn-lp'I)AIp-I)' + HO- - H._pAP- + H,O !:ilip
---------------
HAI'-ll' + HO- - A" + H,O !:ili.

Fur the remainder of the calculations, it is useful to in­
troduce an auxiliary notation for the concentrations of the
various species which may be present in solution 6 time t.

Co ~ (HnA) + (Hn- , A-) + (An')
C, ~ (Hn_IK) + ., (An')

C n ~ Co - Cn

This notation can he easily condensed using the matrix form
(details are availahle on request).

In these conditions the calorimetric balance (assuming heat
losses and heat of dilution to be negligible: the thermogram
becoming with this assumption, an enthalpogram (l0») ex­
presses at time I, the heat corresponding to:

Neutralization of the H+ ion (the strongest acid in solution)
or [(H+)oV. - (W)(Vo + vI)] Mi.

Effective formation of the compound H._lA' by reaction
with sodium hydroxide, or: [(H._IA-)(Vo+ vt) - (W)o \'.I:uf,
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MODOprotic Acid., For a mononcid (p =n =I), Equation
4 giving the calorimetric balance becomes, for tbe overall
reaction:

HA + HO- - A- + H20 till

-q = CB vt till + (H+)o Vo (tillo - lUi)
+ [(W) - (HO-)] (VO + vt) till -

(H+) tillo (VO +vt)

The recorded thermogram -q = f(vt) is a line with the slope
CBtJi and with the intercept (H+)o Vo(tJio- All) if the terms
involving variable concentrations can be ignored. This
equation reproduces the conditions advanced by Tyrell (10)
in the case of a reaction of the form A + B = C.

Symmetrical Diprotic Acid•. (a) General EqU4tions. If
p = 1 (first neutralization) and n = 2, Equation 4 becomes:

-q = CBvttill, + (H+)o Vo (tillo - till,)
+
[(W) - (HO-)] (VO + vt) till, - (W) tillo (VO + vt)

+ (A2-Htill2 - till,HVo + vt)
(5)

and for p = 2 (second neutralization) and n = 2:

-q = CBvttill2 + (H+)oVo(tillo - till,) +
CAVo(till, - till,)

+
[(W) - (HO-») (Vo + vt) till2 - (W) tillo (VO + vt)

- (H2AHtill, - till,) (Yo + vt)
(6)

(b) Simplified Equations. Equntions 5 and 6 both represent
the heat bnlnnce during the entire titration. If all terms which
include a concentration (H+)o are ignored, Equations 4 and
5 can each be considered as the equation of a line experi­
mentally representing the two successive neutralization stages
of H2A. The justification of this simplification will be given
subsequently.

During the first part of the neutralization of the diacid H,A
whose balance is expressed by:

H2A + HO- - HA- + H20

,-r-_r_-----;'::----------,,-'-:-:--­
.:

Flgure 1. Typical enthalpogram obtained during neutralization of a
go.rtartc acid solution (C. = 11510--' mol L- l , Vo = 10" L) by a sodium
hydroxide solullon (C. = 1.91 mol L- l

)

Equation 5. The only corrective terms are, therefore, the
terms:

and

o = (H+) (VO + vt) (till, - tillol

00 and a only act, as a rule, at the very beginning of the
reaction and justify an initial rounding off, which is, in fact,
only slight.

At the end of the neutralization reaction of the first acidity,
if (H+) and (HO-) are negligible, (A2-) is not, in spite of its
weakness. For the portion corresponding to the second
neutralization, the corrective terms are:

and
Equation 5 can thus be written:

-q = CButtill, - (H+)o Vo(till, - tillo) (5')

(H2A) (VO + vtHtill2 - till,)

equal to

corresponding to the equation of a line segment with slope
CButJi, in a system of (-q, t) coordinates or of slope CBtJi,
in a system of (-q, vt) coordinates corresponding to the re­
corded thermogram, and with the q intercept

-(H+)o Vo (till, - tillol

Similarly, during the second part of the neutralization of
the same diacid, taken as a whole:

HA- + HO- - H20 + A2­

Equation 6 becomes:

-q = CB vt till2 + CA Vo (till, - till,) +
(W)o Vo (tillo - till,) (6')

corresponding to a line equation with slope CBtJi2 and a q
intercept

CAVo (till, - till,) + (H+)o Vo (tillo -till,)

(c) Di&cussion. Qualitatively, for the portion corresponding
to the fUllt neutrn1ization, one can, at the start of the addition,
ignore the (HO-) and (A2-) concentrations appearing in

at the junction of the two line segments represented by
Equations 5' and 6'. It is, moreover, easy to check that the
junction corresponds to the semi-neutralization of the diacid.

According to the foregoing qualitative discussion, the ex­
perimental curve corresponding to the titration period
properly speaking must successively exhibit a curve portion,
a line segment, a new curve, followed by another line segment
and possibly a fmal curve connecting it to the base line. This
is confirmed by the experiment (Figure 1). It may be observed
that the curve obtained can be "fitted" on two lines. These
two lines have the following equations:

-q = Ca vt till,

and

-q = Ca vt till2 + CA Vo (till, - till,)

The experimental data at the atart and the known values of
neutrn1ization enthnlpies (cf. Experimental) make it possible
to calculate tbe differents corrective terma of expressions 5
and 6 in relation to the respective values CButtJi, and
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Covtt>.H, + CAv.(t>.H, - All,). The term (H+).V.(t>.H. - t>.H,)
equal to 0.039 J is always negligible. Up to the semi.neu.
tralization point, all the corrective terms of expression 5 are
negligible. (These terms were computed with the results of
a parallel potentiometric experiment with the 88me experi·
mental conditions according to classical calculations (31)). The
only exception is the term (A'-)(V. + vt) (t>.H, - t>.H,) which
at the first neutralization point has a value of 0.42 J, a value
lying within the measurement limits of our spparatus. This
also applies to the corrective terms of expression 6 except at
the semi·neutralization point where the term is (H,A) (V. +
vt) (t>.H, - t>.H,) is also equal to 0.42 J, and near the complete
neutralization point (1.20 X 10-3 L sodium hydroxide added)
for which the term in (HO') (V. + vt)t>.H, takes the vslue of
0.6 J. At the end of the first neutralization, we experimentally
ascertained for glutaric acid in the experimental conditions
used, a small "hump" (Figure I) which can be explained by
the corrective terms (A")(V. + vt)(t>.H, - t>.H,) and (H,A)(V.
+ vt)(t>.H, - t>.H,). This equation is explored further in the
following paragraphs.

At the end of the first neutralization, we have (31):

C
(H,A) = (A2') = A

2 + yK,/K,

since vt « V•. Thus:

~ = (! _2)2
K, 6

In the same line, the relstive deviation 0' from the theorical
line due to the same corrective term as above amounts to:

K. and K, being the first and second scidity constants of the
diacid. Hence, at this point, the ratio 6 of the deviation from
the theoretical line -q = Covtt>.H" due to the corrective term
(A")(t>.H2 - t>.H,)(V. + vt), to the intercept CAvo(t>.H, - t>.H,)
of the support line of the second segment is equal to:

d (A2-)(Illi, - 1lli,)(V. + vt) I
6 = - = =--'===

b CAV.(Illi, -Illi,) 2 + YK,/K2

a (A2-)(Illi, - 1lli,)(V. + vt)
6' = - = -'---'---:::--~'--"---'-

c Covtllli,
(A'-)(Illi, - Illi,) .

.H~(~:T':(:;'~:)
These relations reveal the extent to which the parameters t>.H"
t>.H2• K" and K, act at the end of the first neutralization.

With glutaric acid the computed values are: 0 '" 0.18 and
6' '" 0.006. These values are approximately the same as thODe
obtained from the diagram (Figure I). Unfortunately, the
deviation ("hump") is very small and is at the borderline of
the resolution power of our apparatus, so that we obtain with
this graphic method only an order of magnitude of the ratio
K,/K,.

Triprotic Acid•. In this case (n = 3), the equations giving
the calorimetric balances of the successive reactions:

Table I. Errors Committed in Compiling the Calorimetric
Balance by U.ing Only Equations 10, 11, and 12"

-0.31
-0.20
o
o
o

+3.32

deviation
from line,
J, Eq 12

-0.10
o

-0.10
-0.61
-0.90

deviation
from line,
J, Eq. 11

deviation
from line,
J, Eq 10

+0.57
+0.48
+0.17
-0.11
-0.21

vt X
10" L

0.04
0.08
0.20
0.36
0.40
0.44
0.60
0.76
0.80
0.84
1.00
1.12
1.16
1.20

-q = Covtllli, + (H+). V. (Illi. -Illi,) +
CAV. (Illi. -Illi,)

- (H+)Illi.(V. + vt) +
[(H') - (HO-)) (V. + vt)llli.

- (H3A)(1lli1 - 1lli,)(V. + vt)
+ (A3-)(1lli3 - 1lli.)(Vo + vt) (8)

-q = Covtllli, + (H+). V. (Illio -Illi,)
- (H+)Illi. (V. + vt) +

[(H') - (HO-)J(V. + vt)llli,
+ (HA'-)(1lli2 - 1lli,)(V. + vt) +

(A3-)(1lli3 + Illi, - 21lli,)(V. + vt)
(7)

• Note. The values calculated from Equations 7 and 8
on the one hand, and Equations 8 and 9 on the other. do
not coincide perfectly. In our opinion, this must be con­
sidered as a result of the relative uncertainty concerning
calculated concentration values and the enthalpy values
employed.

fig... 2. TyplcaIlhetrnogam 00_ <Utng neutralzallon 01 • cIlrIc
scid soluIIon (C. = 7.20 X 10" mol L''. V, = 10" L) by a""'"
hydroxide solullon (Ca = 1.91 mol L"l

(p = 1)

(p = 2)

(P = 3)

H3A + HO' - H,A- + H,O

H,A- + HO' - HA'- + H,O

HA" + HO' - A3- + H,O

are written:
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-q = CnvlllH3 + (H+)o Vo (llHo - llH,) +
CA Vo(uH, + llH, - 2llH3)

- (H+)llHo(Vo + vI) +
trW) - (HO-))(Vo + vI)llH3

- (H3A)(llH, + llH, - 2llH:J(Vo + vi) -
(H,A -)(llH, - llH,)(Vo + vi)

(9)

The recorded thermogram -q = {(vi) must be based on three
line segments, the respective equations of which are:

-q = CnvluH, + (H+)o Vo (uHo - llH,) (10)

-q = CBVluH, + (H+)oVo (llHo - llH,) +
CA Vo (uH1 - llH,) (11)

-q = CnvltlH, + (H+)o Vo(llHo - llH,) +
CA Vo (uH, + llH, - 2llH3) (12)

The deviations from linearity are justified by nonnegligible
values of one or mure terms which we have not taken into
account in writing these line equations.

The experimental thermogram of citric acid (Figure 2)
shows that one can effectively plot three line sections which
intersect each other for added volumes of sodium hydroxide
corresponding to the successive neutralization of the three
acidities.

Table I shows, for successh.rc volumes vt of sodium hy­
droxide added, the differences between the heat calculated
from the complete Equations 7, 8, and 9 and the heat cal­
culated from Equations 10, 11, and 12 of the corresponding
line sections. (Here again the heat was computed with the
results of a parallel potentiometric experiment with same
experimental conditions using classical calculations (31)).

It cnn be seen that, within the range of accuracy of our
equipment (cf. Experimental), the only glaring deviations from
the lines are located:

At the start of the titration, where the term in (H+)( Vo +
vt)(tlH, - tlHo) in Equation 7 is not negligible;

On both sides of the point equivalent to the neutralization
of the second acidity for which the term in (A'-)(llH, ­
llH,)( Vo + vI) is not negligible in Equation 8 and for which

the term in -(H,A-)(llH, - llH,)(Vo+ vI) is not negligible in
Equation 9;

At the very end of the determination, where the term in
-(HO-) (Vo + vl)llH, becomes great.

These results coincide perfectly with the thermogram
obtained (Figure 2).
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Cathodic Stripping Voltammetric Determination of Organic
Halides in Drug Dissolution Studies

Ian E. Davidson"

Wyeth Laboratories, Huntercombe Lane South. Taplow. Maidenhead, Berkshire, SL6 OPH, England

W. Franklin Smyth

Depar1menl of Chemistry, Chelsaa College, University of London, Manresa Road. London SW3, England

A method has been developed to analyzether~ aetfye
organic hydtochJorldes and hydtobromJcles In drug dIsaoIutJon
studies by cathodic stripping voltammetry. R__ on tablets
are accurate at concentrations 01 10-0 and 5 X 10~ M lor
hydrochlortcles and hydtobromlcles with coelIIcIents 01 variallon
013.1 and 2.9%, respectively. Problema associated with
halide monolayer lormatlon on hanging mercury drop elec:­
Irodes are discussed, and by presaturatlng the supporting
electrolyte with mercurous halide limits 01 detection 01 10~

and 2 X 10-7 M lor chloride and bromide. respectively. are
oblalned In 0.05 M nltrlc ackllpotasslum nitrate. Tha ettects
01 17 common pharmaceutical exclplents are studied and the
method Is shown to be an oreler 01 magnitude more sensitive
than UV spectrophotometry lor drugs with molar extinction
coellicients 01 2000 m' M-'. AppUcaUons 01 de polarography,
cyclic voltammetry, and a mercury-coated glassy carbon
electrode are also dlscussad.

An important aspect in the development of a new drug
formulation is the determination of its bioavailability. In
addition to determination of drug and metabolite levels in
body fluids such as blood and urine, the testing of in vitro
formulation dissolution is of importance. This method de·
termines the dissolution profile of a drug from tablets.
capsules. suppositories. etc. The general nature of dissolution
testing is well documented (1-4), normally involving mea­
surement of drug levels released into a dissolution medium,
usually water. at set time intervals. Measurement is commonly
carried out by sampling an aliquot of the solution and de­
termining the drug content by UV spectrophotometry. Either
discrete sampling or automated flow analysis can be used. UV
spectrophotometric analysis does depend however on a rel­
atively high extinction coefficient for the compound since
concentrations are usually of the order of 1-10 pg mL-1 (about
10-<1 M for many drugs). Problems are encountered when
compounds involved in dissolution studies either (a) are
present in low concentrations or (b) possess low extinction
coefficients. Other more sensitive but time-consuming
techniques, sucb as solvent extraction/ concentration. gas
chromatography. high pressure liquid chromatography.
fluorescence. etc.• need to be considered in these situations.

Many drugs are formulated as halide salts of weak organic
bases (3,5). At present. of the FDA-approved commercially
marketed salts. 43% are hydrochlorides, 4% are chlorides, 2%
are hydrobromides, 5% are bromides, and 2% are iodides, i.e.•
a total of 56% are possible candidates for halide analysis.

Many methods exist for the determination of chloride ion
in a variety of media. Most are applicable satisfactorily at
levels of 10-'--10-3 M. These are well-documented and include
titration with silver or mercury salts with visual (6. 7) or
potentiometric (8) end-point detection. A wide range of
methods for the chloride ion in biological fluids has been

summarized (9) including electrochemical methods such as
polarography. coulometry, and conductimetry. The coulo­
metric method is widely used (10) and ion selective electrodes
have also been used (11). Bromide analysis is less well
documented although most of the above techniques can be
used for its determination. It has been determined in clinical
situations by complexation with ferric thiocyanate (12).

A seldom exploited though sensitive analytical technique
for halide measurement is cathodic stripping voltammetry
(CSV). Several workers have applied CSV to the determi­
nation of halides in a variety of media. Work to date has been
summarized in two recent monographs (13, 14) and has been
limited mainly to inorganic analysis. The determination of
halide ions in aqueous solution in the range 2 X 10-8-10-3 M
(15) and the determination of bromide and chloride in airborne
particulate matter have been described (16). Exchange re­
actions involving electrogenerated mercurous halide films have
been studied by CSV, as has the simultaneous determination
of bromide and chloride (17, 18). Using this method. sen­
sitivities of 10-8• 10.... and 10-1 M for CI-, Br-, and 1-, re­
spectively. hsve previously been claimed by other workers (19).
This paper attempts to show that the technique is particularly
applicable to samples at about the 10'" M level and to organic
halide salts with low extinction coefficients. Organic hy­
drochlorides and hydrobromides are considered in this paper
and the two model compounds used to display the application
of CSV are compounds I and II. i.e.• H-cis-2-(a-dimethyl­
amino-m-hydroxybenzyl)cyclohexanol hydrochloride and
(-)-1311-amino-5.6,7,8,9.1O,II.12-octahydro-5a-methyl-5.11­
methanobenzocyclodecen-3-01 hydrobromide. respectively.

" "\/

C~~"·/~
" H CH3

EXPERIMENTAL
ApparatWl, All experiments were performed using a Princeton

Applied Research Model 174A polarograph with a Metrohm E410
hanging mercury drop electrode (HMOE). Voltsmmograms were
recorded on an Advance Instruments X-V plotter type LCIOO.
The three-electrode system was utilized with a platinum wire
auxiliary electrode and a saturated calomel reference electrode
separated from the sample cell vis a fritted glass salt hridge tube
containing saturated potsssium nitrate solution. Sample solutions
were stirred using a I·em bar magnet rotating at 120 rpm.

Accurate additions of standards to samples were made using
a l00-pL syringe micropipet.

DiBBOlution equipment used was similar to thst described in
"United States Pharmacopoeia XIX", 1975; P 651, using distilled
water as the dissolution medium,

A Beckman DB spectrophotometer was used for UV spec­
trophotometric analysis.

0003-2700/79/0351-2127$01.00/0 II:> 1979 Amor1can ChomiCaI5oclaty
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Reagenta. Compounds I and n, named above, were prepared
in Wyeth Laboratories, and purities were checked by thin-layer
chromatography. Both had purities above 99'lo.

Doubly distilled wawr was obtained by fractionally distilling
water containing 1 g of silver nitrate and 20 mL of concentrated
nitric acid per liwr. The purified wawr was stored in glass
containers.

Supporting ele<:trolyte soluws were an Analar grade.
Mercurous bromide was supplied by Pfall1. and Bauer.

Stamford, Conn., and mercurous chloride by British Drug Houses
Ltd., Poole, England.

Triply distilled mercury was used in the HMDE.
Pharmaceutical excipients were of pharmacopoeial monograph

grade where 8uch 8 specification exiSted for the substance.
Procedure. Mercurous chloride (or mercurous bromide)

saturaWd supporting electrolyte, 2.5 mL, containing 0.1 M p<>­
tasaiurn nitraw and 0.1 M nitric acid (prepared as described below)
was added to a 2.5-mL sample (containing up to 2 X 10-' M
chloride or 5 X 10" M bromide) in the sample cell. The solution
was degassed by bubbling oxygen-free nitrogen through the
solution for 5 min after which 8 flow of nitrogen was maintained
over the solution. A five-division mercury drop was dialed on the
working electrode and maintained at a powntial of -0.70 V for
5 min. This negative potential preconditioning allowed adsorbed
impurities to be reIDO\'ed from the mercury surface. The powntial
was then scanned in a positive direction to +0.35 V for chloride
(or +0.30 V for bromide) and electrolysis performed for 2 min
with stirring folJo..'ed by a 15-s quiescent period. A powntial scan
at 5 mV 8-1 towards negative potentials was then employed to
obtain the stripping \'oltammogrBm. A reverse scan to the
electrolysis polential was then employed and the electrolysis/
stripping process repeaWd.

At the end of the second scan, the polential was held at-o.70
V, 0.05 mL of standard solution added (concentrations up to 2
X 10" M chloride or 5 X 10-< M bromide, depending on sample
concentration) and a reverse scan back to the electrolysis powntial
performed with stirring, and the electrolysiG/stripping process
repeated in duplicate. Sample concentrations were calculated
as described lawr in the text.

Blank scans were run on mercurous halide saturated electrolyte
diluWd X2 with distilled wawr with subsequent standard addition
to dewrmine any blank correction to be made to the dewrmination
of the concentration.

The polarograph was normally operaWd using the 5-,.A current
range, and all experiments were performed at ambient room
wroperature (22 DC).

RESULTS AND DISCUSSION
Dc Polarographic Behavior of Compound. I and II.

Anodic waves corresponding to the formation of insoluble
mercury salta auch as halides have previously been studied
polarographically (20). Theoretically, the shape of the po­
larographic wave should commence diacontinuously and the
half-wave potential is given by the Nerost equation,

E = E'. _ RT In (A-)

'" F 2
where the symbols have their usual meaning and (A-) is the
molar concentration of halide in solution. However, in
practice, departurea from this ideal behavior are seen for
halidea with the appearance of a small adsorption prewave
prior to the main wave, due to monolayer salt formation.
Figurea I, a and b. show the anodic wavea obtained for
compounds I and II (5 X 10-< M in 0.1 M HN03/KN0sl where
Hg,Cl, and Hg,Br" respectively, are the producta of elec­
trochemical oxidation. In each curve, process 1 repreaenta
the adsorption prewave and 2 the main wave. shifted to more
positive potentiala by virtue of the extra resiatance to oxidation
imposed by the adsorbed monolayer. The importance of thia
monolayer formation and ita effect on the application to
8tripping analysia ia considered below.

For compound I, E,/,'s for the prewave and main wave are
reapectively +0.24 and +0.27 V, while the reapective value8

• 0

POT E NTIAl,V.••. s.C.E.

FIgUf. 1. Dc polarography of 5 X 10" M solutions of (aj compound
I and (b) compound Illn 0.1 M KNO,lHNO,. 1 represents adsorption
prewave: 2 is the maIn wave; 3 Is the resktual current due to the
electrolyte akme

z
,----;~..:;.:..:c~==;,,~~

u

Figwo 2. Cydic voItammeby of 5 X 10" M solutions of (a) compound
I and (b) compound Il in 0.1 M KNO,/HNO,. See text fO( details

for compound II are +0.10 and +0.13 V in 0.1 M HN03/

KN03•

The above work was performed using a conventional
dropping mercury electrode.

Cyclic Voltammetry of Compound8 I and II. The
anodic oxidation processes with subsequent reversed stripping
are best demonstrawd by cyclic voltammetry at the hanging
mercury drop electrode. Figures 2, a and b, show the volt­
ammograms for compounds I and II; processes I, 2, and 3
correspond respectively to monolayer formation, bulk de­
position of mercurous halide, and cathodic stripping, while
process 4 shows the oxidation and reduction of the mercury
contained in the hanging mercury drop electrode. Experi­
menta were performed in quiescent solution with a scan rate
of 50 mV S'I. For compound I, powntials were (I) +0.24 V,
(2) +0.27 V, (3) +0.17 V while for compound II, potentials
were (I) +0.12 V, (2) +0.13 V, and (3) +0.04 V. Concentrations
of 5 X 10-< M in 0.1 M HN03/KN03 were used.

The area under the reduction peak is greawr than that for
the 8um of the oxidation peaks, i.e., apparently Qstripping
is greater than Q deposition where Q represents the quantity
of electricity involved in the process. However the reason for
this ia that after processes 1 and 2 the plating process con-



tinues through the remainder of the positive going scan back
through the negative going scan to the point at which stripping
commences, leading to a concentration of mercurous halide
throughout the sequence 1 - 2 - 4 - 3. This confirms data
presented by other workers (I5). Figure 20, scan 5, shows an
immediate direct scan of 5 x 10-< M compound I under similar
conditions, from +0.40 V. The peak is due to the stripping
of Hg,Cl, plated in scanning from +0.40 V to commencement
of stripping. The phenomenon is even more marked for
compound II, where a longer time period elapses between
initial anodic reaction and subsequent cathodic stripping. The
importance of accurate and reproducible timing of electrolysis
and stripping is therefore evident.

This preliminary study indicated the possibility of cathodic
stripping voltammetric analysis using electrolytic plating for
chloride and bromide at potentials more positive than +0.30
and +0.20 V, respectively.

Cathodia Stripping Voltammetry of Compounds I and
II. Choice of Indicator Electrode for Cathodic Stripping
Voltammetry. Two types of electrode were considered for the
CSV studies, viz., (a) a hanging mercury drop electrode as
described above, and (b) a mercury-coated glassy carbon
electrode (MCGCE). The latter was a Princeton Applied
Research epoxy-sealed electrode supplied with planar im­
pervious "glass" carbon surface (approximate surface area 28
mm') polished to a mirror finish and subjected to electrolysis
with a 10-' M solution of Hg(N03),·H,O at-Q.55 V vs. the
saturated calomel electrode.

Stirring was carried out for the 30-min duration of the
electrolysis. Several alternative mercury plating techniques
have been reported previously (21-24). Figures 3, • and b,
show the peak shapes obtained for approximately 10-' M
solutions of compounds I and 11 for each type of electrode.
Although higher sensitivities could be achieved using a plated
electrode, peak shape was better and total analysis time
shorter using the HMDE, so this eiectrode was used in all
subsequent work.

Efficiency of Electrolysis/Stripping Process. Previous
workers (I 7) have reported that in 1.8 M sulfuric acid at a scan
speed of 50 mV/s and Cl- concentration of 3.3 x 1~ M several
scans were required for the complete removal of the plated
compound. Under the conditions of our experiments, we have
not observed such an effect. Repeat scans after identical
plating conditions have given reproducible stripping peaks,
with complete removal of the platcd mercurous halide.
However, a much slower scan speed (5 mVIs) is used in the
present work. The effect of scan speed on peak height and
shape is discussed below.

Effect of Scan Rate on Stripping Current and Peak Shape.
Scanning at rates of 2, 5, 10, and 20 mV sol gave stripping peak
heights in the ratio 14:32:58:75 (10 units" 0.5 /lA) at a
concentration of 2.5 x 10-' M compound I in 0.1 M HN03/

KN03 after 1.5-min stirred, 15-5 quiescent electrolysis at +0.35
V. Approximate linearity is therefore obtained between scan
rate and peak height up to 10 mV sol. Recovery of plated
material was shown to be complete at each of these scan rates
by perfonning replicate electrolyses. Peak shape was improved
the lower the scan rate with 5 mV S-I providing the optimum
compromise between speed of analysis and sensitivity.

Choice of Supporting ElectrolyU. Small amounts of
impurities and surfactants in distilled water have a distinctly
adverse effect on chloride CSV, but affect bromide analysis
to a much lesser extent. For CSV studies it is recommended
that the purification process referred to above, i.e., refluxing
with silver nitrate and nitric acid before final distillation, is
adopted.

A supporting electrolyte of 0.05 M potassium nitrate/nitric
acid (pH 1.5) was chosen after a brief investigation of other
possible combinations, i.e., (a) 0.1 M KN03/HN03, (b) 0.1 M
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Figur. 3. Comparison 01 perlarmances 01 (1) hanging mercury drop
electrode and (2) mercury-<:oated glassy carbon electrode lar (a)
compound I and (b) compaood 11. CancantralJons ara (la) 3 x lcr'
M: (2a) 6 x 10-' M: (lb) 2 x 10-' M: (2b) 10" M In 0.05 M
KN03/HN03. ClSTent ranges 8S shown

HNO" (c) 0.1 M KNO,/HNO, in 50% ethanol. Minimum
background current was exhibited by 0.05 M HNO,/KNO,.
This electrolyte contained HNO, to avoid the possible for­
mation of mercury oxides/hydroxide at neutral or alkaline
pH.

Although greater sensitivity can be achieved by lowering
the temperature and using an electrolyte containing alcohol
(the solubility of the plated product is lowered), this advantage
is outweighed by l06Ses due to evaporation on degassing and
maintaining an accurate temperature. The use of room
temperature with an aqueous supporting electrolyte was found
to be more practical.

Presaturation or Supporting Electrolyte with Mer­
auraus Halide. Electrolytic plating can be achieved only if
(a) the solubility product of the mercurous halide in the
electrolyte is exceeded and (b) the minimum concentration
for salt nucleation and growth is achieved. Below a certain
concentration plating cannot be achieved and this concen­
tration is temperature dependent. Figure 4 shows the de­
pendence of the peak current/sample concentration graphs
on temperature for the stripping of Hg,C!, produced from
compound I. Limits of detection using a supporting electrolyte
not saturated with mercurous chloride at 0, 19, and 40 ·C were
about 5 x 10-<, 10-', and 3 x 10-' M, respectively.

In order to overcome the problem of minimum threshold
sample concentration for plating, the supporting electrolyte
was presaturated with the relevant mercurous halide and
samples were added to this electrolyte. The effect is shown
for Hg,Cl, in Figure 5. Prior to saturation, a nonlinear
relationship between stripping peak height and concentration
was obtained. After .aturation at 70 ·C, with subsequent
coaling, additions of chloride ion to this electrolyte led to a
linear graph passing through the origin. For accurate work
near the limit of detection this presaturation procesa is
considered essential.

The behavior of bromide is similar although the concen­
tration threshold is lower. Presaturation ensures that all
sample concentration is used in plating and none in over­
coming the solubility product and salt growth threshold
problems.

Greater sensitivity is possible in the case of bromide since
the solubility products of Hg,Cl, and Hg,Br, are respectively
1.1 X 1O-1S and 1.3 x 10-21 at roam temperature (25). Using
mercurous saturated supporting electrolyte, limits of detection
of samples at 22 ·C of 10-< M chloride and 2 X 10-7 M bromide
could be achieved, approximately an order of magnitude lower
than without presaturation.
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Figure 8. cathodic stripping 01 compound I: effeel 01 stirring on peak
shapa. (a) Unstirred solUtion: lQ.m1n electrolysis at +0.35 V. (b) Smed
solution: 2-min stirred. 15-5 quiescent electrolysis al +0.35 V.
Concentrations are: (a) 0.0, (b) 0.99, (c) 1.96, (d) 2.91, (e) 3.84, (I)
4.75, (g) 5.64, (h) 6.54, (1)7.41, m8.26 X 10" MIn 0.05 MKNO,/HNO,

+0.10 V while in stirred solution; only a single peak is pro­
duced at +0.20 V, showing that the less positive monolayer
peak has been eliminated and only a peak due to bulk de­
position is in evidence. A similar though less marked effect
occurs for bromide, where two peaks with maxima +0.15 and
+0.07 V are seen in unstirred solution and a single peak at
+0.10 V in stirred solution, at the 10 • M concentration level
(electrolyte 0.05 M KNOa/HNO, for both chloride and
bromide).

For practical analysis, the sample solution must be stirred.
Figures 7. 8 and h, show the peak current vs. concentration
relationships for chloride in unstirred (less positive peak
measured) and stirred solutions. Linearity is achieved for the
stirred solution, not for the quiescent. Graphs do not pass
through the origin since a nonsaturated supporting electrolyte
was used with the most dilute solutions being below the
threshold level of Hg,CI, at which plating occurs. Stirring at
120 rpm using a small bar magnet was found to be adequate
for practical purposes.

During electrolysis, a minimum quiescent period is required
after stirring, sufficient only to allow the sample solution to
settle; otherwise distorted type monolayer/bulk stripping
peaks result. Stirring for 2 min followed by a 15-s quiescent
period was found to be ideal.

Effcct of Plating Potential. The half-wave potentials for
the anodic waves of chloride and bromide arc +0.31 and +0.19
V, respectively, at the 10-' M level, in 0.05 M KNO,/HNO,.
Optimum potentials for electrolysis were shown to be +0.35
and +0.30 V, respectively. An important factor is that for a
particular concentration, electrolysis is carried out on the
plateau of the de curve since £1/ 2varies with concentration.
At points on the rising portion. alterations in concentration
would alter the efficiency of electrolysis.

A study of the electrocapillary curve in the chosen elec­
trolyte for both chloride and bromide was undertaken after
problems of easy dislodgment of the hanging mercury drop
occurred at potentials more positive than +0.36 V and more
negative than -1.5 V. Using a normal dropping mercury
capillary, the drop rate was measured against potential, with
the results shown in Figure 8 for supporting electrolyte alone
(0.05 M KNO,/HNO,) and containing 10-' M compounds I
and II. Drop time is proportional to surface tension (28) and
with a HMDE the drop is most stable at the electrocapillary
maximum (about -0.5 V). Surface tension falls suddenly
between +0.25 and +0.40 V, explaining the tendency for easy
drop dislodgement above +0.36 V.

Effect of Common Pharmaceutical Excipient•. Various

f
';'
1

1 2 J .. $

CONCENTRATION 1010 I ..)
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CONCUITAATION lIO'M

Figur. 5. cathodic stripping 01 compound 1with electrolyte (0.05 M
KNO,IHNO,) presallrated with """curous chlofide. Electrolyte (a) with
no mereu-ous chloride; (b) presatU'8ted cokj with merclI'ous chloride;
(c) presatufBted at 70°C with mercurous chloride

Figw. 4, Varlallon 01 stripping currant with temparall..e IOf compoLl1d
lin the concentration range (1-5) X 10" MIn 0.05 MKNO,/HNO,:
(a) 0 'C, (b) 19 'C, (e) 40 'c
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The procedure used to obtain accurate concentrations of
halide in the electrolyte was to presaturate 0.1 M HNO,/
KNO, with the relevant halide by heating at 70 'C with excess
mercurous halide for I h with stirring, cooling, and testing by
CSV. Generally, supersaturation led w a small stripping peak
being obtained. This supersaturated solution was diluted with
0.1 M HNO,/KNO, until the peak almost disappeared on
plating/stripping. This diluted solution was then taken as
the supporting electrolyte for subsequent determination of
organic halides, and any slight peak obtained subtracted from
added samples and standards in calculations. Linearity of
sample concentration VB. peak height was obtained using this
presaturated supporting electrolyte technique over the range
10-' M w at least 4 x 10-' M for chloride and 2 X 10-7 M to
at least 5 X 10-' M for bromide.

In the above work, plating was performed under stirred
conditions with a minimum quiescent period prior to stripping,
as explained below.

Electrode Monolayer lo'ormation and Effect of Stirring
during Electrolysis Step, Under quiescent conditions of
electrolysis the subsequent stripping peak occurs in two
processes, corresponding to the removal of bulk mercurous
halide followed by a more strongly held monolayer. The
phenomenon of monolayer formation has previously been
studied for mercury salts at mercury electrodes by a number
of workers (20,26, 27). Figures 6, a and b, show the difference
between quiescent and stirred electrolysis of compound I. At
approximately a concentration of 5 X 10-' M in quiescent
solution two peaks are produced with maxima at +0.20 and
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Table J. .Effect of the Addition of (a) 500 pg and (b) 1 mg of Excipienta on the Stripping Currenta and PotentiaJa of a 5.
mL Solution of Compound I at a Concentration of 3 X 10-' M in 0.05 M KNQ,/HNO, (9 "g/mL)

before excipient addition after excipient addition

peak current, peak current, IJ A
excipient "A Ep • Va b Ep , V"

lactose USP 2.23 +0.20 2.10 2.00 +0.20talc USP 2.15 +0.20 2.18 2.18 +0.20povidone USP 2.08 +0.20 1.50 1.65 +0.19maize starch BP 2.18 +0.20 2.13 2.58 +0.20
Avicel 2.28 +0.20 2.33 2.05 +0.20
Solka Floc 3.28 +0.20 2.88 3.75 +0.21
Amijel 2.15 +0.20 3.00 2.68 +0.11
Cciacol20M 3.00 +0.20 3.28 4.00 +0.16
Ambcrlite IRP 88 2.45 +0.20 2.75 1.35 +0.20
mabl'J1csium stearate USP 2.35 +0.20 2.58 2.55 +0.20
dibnsic calcium phosphate 2.10 +0.20 2.10 2.18 +0.20
sodium starch glycolate 2.55 +0.20 »5.0 »5.0 +0.20
sodium laurylsulfate BP 3.45 +0.20 complete signal removal
soft gelatin mix 1 1.80 +0.20 1.43 1.43 +0.15
soft gelatin mix 2 2.75 +0.20 2.55 2.80 +0.14
soft gelatin mix 3 1.13 +0.20 1.98 2.00 +0.15
hard gelatin mix 2.10 +0.20 1.93 1.95 +0.15

o Vs. SCE.

Table II. Effect of the Addition of (a) 500 pg and (b) 1 mg of Excipients on the Stripping Currents and Potentials of a 5.
mL Solution of Compound 11 at a Concentration of 3 X 10" Min 0.05 M KNO,/HNO, (10 pg/mL)

before excipient addition after excipient addition

peak current,
peak current, p.A

excipient pA Ep • VO b Ep • ya

lactose USP 2.18 +0.08 2.40 2.35 +0.08
talc USP 1.67 +0.08 1.68 1.13 +0.08
povidone USP 2.15 +0.08 2.15 2.58 +0.08
maize starch BP 2.35 +0.08 2.68 2.73 +0.08
Avicel 2.63 +0.08 2.88 2.95 +0.08
Solka Floc 4.30 +0.08 3.15 3.68 +0.08
Amijel 3.10 +0.08 3.15 3.93 +0.05
Ceiacol20M 3.25 +0.08 4.25 3.70 +0.08
Amberlitc lRP 88 2.35 +0.08 2.93 3.08 +0.01
magnesium stearate USP 3.35 +0.08 3.23 2.95 +0.08
dibasic calcium phosphate 3.05 +0.08 3.13 2.88 +0.08
sodium starch glycolate 2.68 +0.08 »5.0 »5.0 +0.20
sodium lauryl sulfate BP 2.65 +0.08 complete signal removal
soft gelatin mix 1 3.38 +0.08 3.95 4.18 +0.03
soft gelatin mix 2 3.23 +0.08 4.35 4.63 +0.03
sort gelatin mix 3 2.68 +0.08 2.85 3.63 +0.03
hard gelatin mix 2.60 +0.08 2.15 3.63 +0.03

o Vs. SCE.

excipients including fillers, binders, lubricants, and capsule
shells were tested at levels in excess of those likely to be
present compared with drugs and shown to have the effects
shown in Tables I and II for compound I and compound II
at the 3 X 10-6 M concentration level. In general, peak shapea
were less affected in the case of bromide than chloride, as
expected from previous literature notes on problems with
cWoride analysis (13), but no real practical analytical problems
were encountered for either moiety except in the cases of
sodium lauryl sulfate, a strong surfactant which completely
removed stripping peaks from both halides and sodium starch
glycolate which contains chloride as a high level impurity and
completely masks both halide peaks. Slight peak shifts,
usually about -0.01 to -0.05 V were observed for certain
excipients. as detailed in Tables I and II. Overall, excipients
had little effect on the practical application of the metliod
to tablet and capsule analysis. The procedure was as given
in the Experimental section above.

Comparison of Results by Measuring Both Peak
Current and Quantity of Electricity. Results have been

calculated by two methods: (a) measurements of peak current,
/ p' (i.e., height of peak from starting current to peak top), and
(b) measurement of area beneath the stripping curve by
graphical triangulation (giving a measure of Q stripping, the
quantity of electricity involved in the process). Since peaks
are very symmetrical, after stirred electrolysis, no advantage
appears to be gained by measuring Q rather than /.. Results
of the two methods of calculation are given in Table III.
However, in any experimental situation where quiescent
deposition was required resulting in peaks containing mono­
layer distortions, it is considered that electronic means of
measuring quantity of electricity (integration, coulometry)
would need to be used to obtain concentration dependent
linearity.

Application of CSV to Dissolution Studies and
Comparison with UV Spectrophotometry. Tablets
containing 200 mg of maize starch, 200 mg of Avicel, 200 mg
of Amijel, 4 mg of magnesium stearate, and respectively
nominally 20 mg of compound I (19.6 mg actual) and 16 mg
of compound II (16.4 mg actual) were prepared and dispersed
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Figure 7. Cathodic stripping of compound I: effect of stirring on
callbraUon curve. (a) Unstrred sotutlon: 10-mlo electrolysis at +0.35
V. (b) SliTed _: 2-m1'l.liTed, 15-. qlOescent electrolysis at +0.35
V
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Figure 8. Electrocapillary curves for compounds J and II In 0.05 M
KNO,/HNO,: (a) electrolyte along: (b) electrolyte + 9.9 X 10-' M
compound I; and (e) electrolyte + 9.4 X 10-5 M compound II

in the dissolution apparatus described above (containing 1 L
of water at 37 'el for 30 min. Samples were then withdrawn
for analysis. In the case of compound I no dilution was re­
quired prior to CSV analysis. while sample II was diluted X2
to obtain the optimum concentration, Results for CSV
analysis are shown in Table III and compared with UV
spectrophotometric analysis. For dissolution testing using
spectrophotometry it was required to use 2 tablets of com­
pound I and 5 tablets of compound II per liter to obtain a
concentration sufficient for accurate analysis. Relative
concentration levels of measured solutions are given in Table
Ill. Cathodic stripping voltammetry therefore provides
equally accurate results to UV spectrophotometry at a
concentration of an order of magnitude lower. with little loss
in precision.

Detection Limits of Other Polarographic Methods.
Using 0.1 M KNO,/HNO, as supporting electrolyte. limits
of detection of about 5 X 10-' and 10" M for de and 5 X 10-'
and 10-' M for differential pulse polarography were obtained
for compounds I and II, respectively. Sensitivity is limited
by the difficulty of accurate wave height and peak mea­
surement due to the proximity of the half-wave potentials to
the electrolyte cut-off potential. Stripping voltammetry
therefore offers 8 great improvement in sensitivity over these
polarographic modes. The anodic oxidation of compounds
I and II at the glassy carbon electrode has recently been used
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for the determination of the compounds in tablets (29).
Sensitivities of about 10-<; M were obtained; however the
method was not applicable to diBBOlution studies since a 98%
ethanolic electrolyte was required for the process.
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Pseudopolarographic Determination of Metal Complex Stability
Constants in Dilute Solution by Rapid Scan Anodic Stripping
Voltammetry

Steven D. Brown
'

and Bruce R. Kowalski"

Department 01 Chemistry. University 01 Weshington. Sesttle. Washington 98195

The theory 01 anocIc ttrtpplng voltanvnelry ttates that at any
deposition potential, the deposllion current wID either be the
limiting current or a Iractlon 01 the IlmIUng current, depending
on the deposllIon potenllal wtlh respect 10 the metal depotIUon
polenllal. By using a computer controlled anodlc ttrlpplng
voltammeler with aulomallc background COrrection, pse...
dopolarograms can be obtained by pIoltlng the peak area va.
the deposlllon potential lor a series 01 ttrtpplng voltemmetrtc
runs. With ASV as a method 01 ampllllcatlon, the ligand
number and stability constants are determined lor metal
complexes at concentration ranges expected 01 natural weter
.yttem.. Resull. lor lead and cadmium with chloride and
carbonate are In excellent agreement with those 01 less
sensitive methods used at higher concentrallons. No com­
plexallon 01 lead and cadmium wa. lound with glycine at pH
4.66. The ttructure 01 arsenlc(ltI) at 1.0 ng/mL In acidic
tolullons wa. determined to be As(OH), using a gold 111m
electrode. FlnaIy. the tpe<:lallon 01 lead n a geothermal water
was examined by pseudopolarography and a thlft conslslent
with a PbCI+ complex was observad,

The evaluation of the complexing properties of metals in
solution has long been of interest to analytical chemists, who

1Present addre88: Department of Chemistry, University of Cal·
ifornia. Berkeley. Calif. 94720.

have developed a variety of techniques suited to the as­
signment of metal complexation in solution. These U!Chniques,
which include visible absorption spectrometry, isotopic ex­
change methods, and, in a few cases, vibrational (Raman)
spectroscopy as well as more exotic methods, have been used
by B variety of groups to Btudy the kinetics of ligand exchange.

For diiute solutions, in the millimolar range, however, these
techniques lsck the sensitivity needed to evaluate metal
complexation. Polarographic techniques based on the Bhift
of the half-wave potential (E,,J with ligand con<entmtion were
first used by Heyrovsky (1) and Lingane (2,3) to investigate
metal complexation in dilute solution; these and similar
determinations via ion-selective electrodes (4,5) do not extend
to metal concentration ranges below about 10~ M. Thus,
neither technique is direcUy applicable to evaluations of metal
complexation at concentrationB approximating those Cound
in dilute natural waters, typically 10"-10-10 M.

To extend the sensitivity of polarography, a number of
techniques hsve been employed, including differential pulse
(6, 7) and square wave polarography (8, 9). various alternating
current polarography-based techniques (1(}-12). and Btripping
voltammetry (13-18), but these technqiues have not seen
extensive use in studies of metal complexation in dilute natural
waters.

Most recent work has been aimed at the classification of
metal complexation in natural waters. A number of schemes
(13-15) based on anodic stripping voltammetry have been
developed to c1aasify metal complexeB as "Cree" or "bound".
Florence (16-18) has devised a system which classifies metal
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(2)

Using the method of DeFord and Hume (30), which presumes
only M"+ is reducible, all Dox = D, excess L, and all activity

kl/lOX ( I 1)Q = D
ox

(Ql.IM - Qhox - kbb 2t + 3D
RED

Q'Y, (5)

(8)

(9)

(7)

(6)

(13)

(12)

MLl'o!> + L -= Mq:

M"+ + L -= ML"+

ML"+ + L -= ML,"+

Q= i'i(t)dl

kbb {nF }- = exp -(Ed - EO)
lin, RT

, i'nFAC °
QLlM =i iL1Mdt = ~ Doxdt

o 0 UQX

where

Rearrangement of Equation 5, and substitution of

ken = kfh0 e(-anFjRT)Ed

and

gives

Equation 11 is similar to that obtained by Zirino and
Kounaves (29), but differs from their result as we use the exact
expression for C, and integrate.

For complexes, we consider the equilibria:

where a(Ed ) is the transfer coefficient for the reduction and
k,o is the heterogeneous rate constant for reduction at EO.

Equation 10 is the general equation for the pseudopo­
larographic reduction and stripping of a free model ion under
quasi-reversible conditions. Various techniques including ASV
(27) and stripping chronoamperometry (28) can be used to
strip the metal ions out of the film and monitor the charge,
so this and subsequent equations are left in terms of charge,
rather than peak stripping current.

When k,o - 00, the reaction at the electrode surface is
reversible and Equation 10 reduces to:

E _ EO = RT In (QLlM -Q) +
d nF Q

RT 1(oox'Yox) RT 1(1 t ) (11)
nF n DOX'YRED - nF n 3DRED + 2I

where complex formation is presumed rapid and reversible,
and the stability constant {3j is defined as:

[MLt] 'YMLj

(3j = [M"+][LJj . 'YM'YLi

where Coxo is the bulk concentration of analyte ion, Cox(O,t)
is the surface concentration of analyte ion at time I, 0 is the
thickness of the diffusion layer, and the other symbols have
their usual meaning.

De Vries and Van Dalen (24-26) have shown for thin
mercury film electrodes the surface activity of the amalgam
as a function of plating time is:

itt) (t 1)
CRED(O,t) = nFA 1+ 3D

RED
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complexes as (1) free ions, (2) ASV labile complexes, (3)
dissociable complexes, (4) nondissociable complexes. These
systema have been called "coarse" speciation (19).

Direct identification of the metal complex in dilute solution
via determination of the ligand number and complex stahility
constant has only been attempted quite recently, and most
studies have used relatively large metal concentrations
compared to levels found in dilute natural systems. This
"fine" speciation (19) has not involved ASV, because many
runs are needed to establish peak shifts, and ASV peak
positions are known to be sensitive to factors such as ionic
strength and scan rate (20). .

Because metal reduction has been demonstrated to be
sensitive to metal complexation through changes in the
amount of metal deposited as a function of deposition po­
tential (21), coupling reproducible plating at various potentials
with a sensitive ASV technique will allnw measurements of
deposited metal charge (or, here, as peak currents derived from
the ASV stripping peak) as a function of deposition potential.
Two recent pape... use linear scan ASV in this fashion (22,
23) to obtain stshility constants in dilute solutions. We report
here the application of this technique to thin, glassy car­
bon-supported mercury and gold films using rotating disk
electrodes and minicomputer-controlled background-sub­
tracted anodic stripping voltammetry. The system is capable
of generating automated Q vs. Ed plots, called pseudopo­
larograms, with either linear scan or staircase stripping ASV.
We also describe the theoretical basis of the technique.

nFADox
i(t) = ~[CoXO - Cox(O,t)] (I)

THEORY

At any deposition potential Ed, the deposition current i(/)
is given by either the limiting current of the deposition process
at the rotating disk electrode, or some fraction thereof. For
constant plating time, the material deposited also will vary
with Ed, and the individual stripping steps will merely analyze
the material preconcentrated in the electrode.

For a rotating disk electrode, the instantaneous current itt)
is given by:

Here I is the plating time and I is film thickness; this equation
is suitable for I ~ 208.

For an electrode process

i(t) = nFAlkn,Cox(O,tho - kbbCRED(O,t)'YRI (3)

where kth and kbh are the forward and backward hetrogeneous
rate constants for the metal reduction. Combining Equations
1-3 yields:

i(t) = nFAkn,'Yox(Coxo _ i(t)oox )_
nFADox

kbb'Y,;(t) (i + 3D~EJ (4)

Since we desire charge, we integrate Equation 4 with respect
to time to get:



constanta do not vary with distance from the electrode,
Equation 14 is obtained for a quasi-reversible system:

Ed = EO + ~~ In [ ( QU~-Q) +

D N (/ljILh.i;) ]-- L --- e(MF/RnE4 -
kO~ox j=O 'YMl.J

RT In ['Y,D(.!- + _I)]
nF box 21 3DRED -

RT [N (/ljILh\)]-In L -- (14)
nF j-O )'ML

J

For reversible cases, this is reduced to:

E - E RT I (Qt.IM - Q) RT 'Y,D ( td- 0+- n --- --In- -+
nF Q nF oox 21

I ) RT [N (/lj(L)i-yji)]
-- --In L -- (15)
3DRED nF j=O 'YMt.i

from which:

RT 'Y,D (t I)E·,/" comp = Eo- -In - - + -- -
nF oox 21 3DHW

RT N (/ljILh/)
-In L -- (16)
nF j-O 'YML;

results. For constant values of I, Cox, "Yr. and t:

/lE.,/, = (E·,/" free -E·,/" comp) =

RT (D ) RT [N (/l;lLh/)]--In --''YM +-In L ---
nF Dox nF j-O 'YM'.,

(17)

Of, for 8 single complex with "YM ;::;: 1'MI.1 D ::::: Dox
RT .RT

/lE.,/, '" nF In /lj + J nF In at. (18)

where at. is the ligand activity.
Equation 17 is exactly analogous to that obtained by

DeFord and Hume for polarographic reduction of metal
complexes where many complexes are possible, and Equation
18 is analogous to the Lingane equation (3), suited for analysis
of single complex systems. Thus, plots of t>E*'/' vs. At. provide
metal complexation information through analyses similar to
those used in classical polarographic studies.

Here, because stripping peak heights are directly pro­
portional to total charge (26), we use ASV peak heights in our
evaluations of E·1/,.

Davison has examined (31) the limitations on conventional
polarographic and voltammetric schemes used to monitor
speciation, and finds for conventional ASV that, for a kinetic
current equal to 10% of the limiting current:

Q =/l3/'[LI (1 + /lILl;'/'=~ (19)
k,ll' D'/'

where k, is the second-order rate constant for the rate of
substitution of the active form of the metal, here MO'. For
D = 10~ em' s-', Q values of 10'--10" result for 0 between 10-4
and 10-' cm. For ligand concentrations in the 10-3 M range,
and for h, = 10" L mol-' s-',limiting /l values of about 10' are
obtained.
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The same argument can be applied to the pseudopolaro­
graphic determination of stability constanta, since tbe
technique relies on the measurement of charge passed during
the plating period. There are some differences, however.
Because plating times should be kept short, to avoid altering
the composition of the solution, normal ASV with long plating
times cannot be used, as serious metal depletion results. With
the ASV method using background subtraction, sensitivities
are such that a 5-min plating period allows detection of pg/mL
levels of metals (27); this alloWll the observation of small
kinetic currents, approximately I % of the diffusion current
in the absence of complexer. The 13 values easily observable
would then extend to about 10-< for ligand concentrations in
the 10" M range. The precision of the determination suffers
slightly here, though, with kinetic currents on the order of 1%

. of the diffusion currents, because the entire pseudo-polaro­
gram is simply reduced in height proportionally, making the
error in determining the half-wave potential somewhat larger.
The possibility of decreasing the rotation rate, thus increasing
0, also exists.

EXPERIMENTAL
Equipment and Apparatus. The rapid-scan, background­

subtracted ASV apparatus described in ref. 'J:I was used for these
studies. Modifications were made to the software to allow a
sequence of scans to be performed automatically, with each run
differing by a fixed value in the plating potential, but otherwise
having identical parameters. Runs were stored sequentially on
the disk to allow easy processing.

Measurements of pH were made with a Beckman 4500 digital
pH meter, calibrated with pH 4.008 solution.

Electrodes and Cell. Both mercury and gold mm electrodes
were used in this study, the gold electrode being used for studies
of arsenic speciation. Preparation of the electrodes has been
discussed (27). A saturated KNO, bridge was used between the
SCE reference electrode and test solution to avoid contamination
of the solution with trace amounts of complexer. Tbe cell (27)
was cleaned thoroughly with 5 N citric acid between runs to avoid
any transfer of complexer. This is particularly necessary in the
case of arsenic, as arsenic species strongly absorb on the cell. and
later interfere.

Reagents. The standards used in the work reported in ref.
27 were also used as standards for this work. Arsenic standards
were prepared by dissolving ultrapure As,O, (Alpba) in ultrapure
NaHCO, (Baker) and adjusting the pH with Ultrex HCL

Dilute perchloric acid (0.1 N) was made by diluting the reagent
grade acid (Mallinckrodt) with distilled water. Dilute sodium
hydroxide (0.3 N) was made from reagent grade pellets (Mal·
Iinckrodt) and distilled water.

The ionic strength of all solutions was adjusted with KNO.
solutions.

Trace metal content of solutions was adjusted by addition of
100 mL of 1-2 ~g/mL standards. The transfer was performed
with Eppendorf pipets.

Procedure. Data Acquisition. A series of solutions of ligand
was prepared from the stock solution of the ligand. These s0­
lutions were spiked to obtain a final trace metal content of 1-5
ng/mL, the ionic strength was adjusted with KNO, and the pH
with eitber HClO, or NaOH.

A portion (75 mL) of each solution was suhjected to analysis
by the pseudopolarographic process. This consisted of a 5-min
deseration of the solution, with rotation of the preplated electrode,
after which a series of ASV experiments was performed on the
solution, each at a different plating potential. The ASV run
consisted of plating for a specified time, usually ISO s, at the
deposition potential The potential is switched to the rest potential
when 2 5 remain of plating time. Stirring at a specified late was
performed until 15 s of plating time remained, after which the
solution was allowed to become quiescent before the scan. A single
scan, using either the linear ramp or staircase waveform, was then
performed, using multiple point averaging (typically 16 points).
Stirring at the cleaning potential was then performed for 20 ..,
after which a J()·s quiescent perod was provided. With 2 • re­
maining, the potential was again switched to the rest potantial,
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Table II. Shift of EO,,, with Chloride
Concentration for Leado

£*1/3 [CI-] log [Cn E*l/l ICI-] log [CI-]

-745 t 5 0.0050 -2.3 -480 t 5 0.005 -2.3
-758 t 5 0.010 -2.0 -485 t 5 0.01 -2.0
-775 t 5 0.050 -1.3 -495 t 5 0.05 -1.3
-789. 5 0.10 -1.0 -499 t 5 0.1 -1.0
-725 t 5 0 -475 t 5 0

·1- 0.10, pH 5.00. a 1 ~ 0.10, pH·5.oo.

Table III. Comparison of Results for Cadmium and
Lead Chloride Species

metal P log~ ref.

Cd 1.0 1.7-2.2 54
Cd 0.1 3.2 this work
Pb 0.1 1.0-1.5 54
Pb 0.1 1.4 this work

least-squares fit gives a ligand number p of 1.1 ± 0.1 and an
equilibrium constant of log 13 = 3.2 ± 0.2.

For lead, shifts were much smaller, as shown in Table II.
From the table, a least-squares fit gives a ligand number of
0.7 ± 0.2 and a stability constant of log 13 = 1.4 ± 0.3. Values
for the lead-chloride system are much less precise because
of the small shifts, combined with the error in locating E',/"
More ASV runs would better define the curve, and better
locate E*1/2 values here, resulting in less error.

Results here agree reaaonably well with previous literature
values, as shown in Table III.

Cadmium and Lead Complexation by Carbonate. A
series of Na,C03 solutions at pH 7.87 were prepared with fixed
ionic strength (0.1 M) by addition of KN03• Metal con­
centration was nominally 2 ngjmL for both Cd and Pb. An
experiment, identical to the one used for the chloride studies,
was performed. Neither the Cd, nor the Pb polarogram was
totally reversible, slopes being greater than -38 mV,

Table IV lists the shifts in the half-wave potential for lead.
Using these values, a ligand number of 0.9 ± 0.1 and a stability
constant of log 13 = 6,1 ± 0.1 may be calculated,

It should be noted that a plot of E',/, VB. log [HCOi] also
gives a linear relation, with a slope indicating a ligand number
of 0.9 as well. Stumm (34) has shown, however, that all
reported bicarbonate complexes may be better interpreted as
carbonate complexea. Thus, the data reported here are re­
garded as indicative of carbonate, rather than bicarbonate
species.

Results for lead agree quite well with puhlished values, as
shown in Table V.

Results for cadmium are listed in Tahle VI. The observed
shifts are quite small, within even the error attributed to the
assignment of EO,/, At this pH, cadmium is apparently not
aignficantly complexed by carbonate. Similar results were
obtained by differential pulse polarography and ASV of more
concentrated Cd-eO,'- systems (35). CdC03 was observed
at higher pH values, however (34).

Cadmium and Lead Complexation by Glycine. A series
of solutions of glycine, adjusted to pH 4.68, was made up, again

Table IV. Shift of E',/, with Carbonate
Concentration for Leada

lCO,~]

0.095
0.047
0.0095
0.0047

log [CO,~]

-1.02
-1.3
-2.0
-2.3

[HCO;]

5.2 X 10- 3

2.6 x 10-'
5.2 x 10-'
2.6 X 10-·
o

£*,1"'2

-623 t 5
-595 t 5
-551 t 5
-545 t 5
-501 t 5

·1= 0.1, pH 7.87.

RESULTS AND DISCUSSION
Cadmium and Lead Complexation by Chloride. A series

of KCI solutions of fixed 0.10 M ionic strength and pH 5.00
were examined with the pseudopolarographic technique. A
ataircase acan with T = 10.0 ms was used in the ASV l'WlS, with
150-s plating timea used for deposition. Twenty ASV ex­
periments, differing in plating potential by 40 mV, were run.
The reat potential was -1200 mV (SCE) and the plating
potentials ranged from -1000 to -200 mV (SCE). Both the
Pb and Cd pseudopolarograms were observed to behave
reversibly, with alopes from -30 to -33 mV (theoretical -29.8
mV). Table I lists the E',/. values obtained for cadmium as
a function of chloride concentration. From the table, a

and another scan, eX8cUy like the first, was used to monitor the
background. Current measurements were subtracted, point by
point, and the result was plotted on the Tektronix 4012 screen,
and stored on disk. The deposition potential was redefined, and
another run was automatically performed, exactly like the first,
but at 8 different deposition potential. This process was con­
tinued, until 8 specified number of runs was performed. The
resultant file of ASV runs could be used to generate a pseudo­
polarogram for each peak present in the voltammogram. A
psaudopolarogram run, like that described above, was performed
for each solution. The electrode film was maintained between
solutions to ensure that uniform conditions applied within a saries
of runs; it was washed with distilled water between analyses of
different solutions to prevent carryover of ligand.

Data Reduction, The ASV peak heights were measured with
an interactive graphics routine. The potentials and peak heights
were plotted for each solution, resulting in a series of pseudo­
polarograms for each metal.

Because for ASV the peak current is directly proportional to
charge stripped, the pseudopolarograms were examined for re­
versibility by plotting the deposition potential Ed vs. log [(iL ­
il/iJ, where the limiting current, iL• was estimated from the top
of the s.tep-shaped wave. and i was the peak current monitored
for the metal of interest on the ASV run where the deposition
potential Ed was used. Astraight line, with slope of approximately
59.Ijn mV resulted for a reversible system; nonlinear relationships,
or slopes drastically different from the 59.ljn value expected,
were treated BB irreversible systems.

For reversible systems, the least squares best estimate was used
to calculate £",/. from log [(iL - ilji] = O. The error in this value
is estimated at 1% relative. For irreversible systems, estimates
were made of £""',/. by extrapolating the foot of the wave upward,
estimating the limiting current, and evaluating the potential for
a current value equal to one-half the limiting current. The error
in this value is somewhat larger, about 3-5% relative.

Values for Eo,/. (or EO''',/,) were then plotted vs. the log of
ligand concentration, and the slopes of the resultant linear re­
lationships were evaluated via linear regression analysis.

Intercepts were also calculated. The errors in E*I/2 were used
to obtain an estimate of the errors in the ligand number, P, and
the stability constant, log 13, calculated from the slope and in­
tercept, respectively. The more exact method of DeFord and
Hume (30) as modified by Varga and others (32, 33) was not used
here, as the scope of such a study (which would require at least
10-20 psaudopolarograms) was beyond this work, whose intent
is to demonstrate the feasibility of the technique. Instead, the
simpler method of Lingane (2, 3) was used. Future experi­
mentation, involving sufficient runs to use the DeFord and Hume
procedure, is planned.



Tabl. V. Comparison of Results for Lead
Carbonate Species
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method Pb' pH logp ref.
ASV 0.1 200 7.3-10.3 6.4 34
DPP 0.1 200-50 5.0- 9.1 6.1 34
polarography 1.7 20000 10.9 8.2b 55DPASV 0.1 500 6.3 56
cyclic

vottnmmctry 0.7 10 7.2 6.21 57
pseudo- 0.1 2 7.87 6.1 this

polarography work
(.I In ng/mL. b Value is log (1:.

Table VI. Shift of £·1/1 with Carbonate
Concentration for Cadmiumo

'-_._.-.-.-.-.,.".
'.

._1__

\
\

\
"

"----.-.

Table VII. Shift of E* 1/: with Glycine Concentration
for Cadmium and Leado

[CO,~J

5.2 X 10-'
2.5 X 10"
5.2 X 10-'
2.6 X 10-'
a

£*1/:

-728 • 5
-722. 5
-725.5
-725 • 5
-720,5

'I = 0.1, pI! 7.87.

E',/, (Cd)

-720, 5
-715.5
-715.5
·-715, 5
··715,5

, 1= 0.1, pH 4.68.

E'", (Pb)

- 537 , 5
- 539, 5
-539 • 5
-545, 5
.. 537 ± 5

[glycine)

0.005
0.01
0.05
0.1
a

Figure 1. P$6udopolarogram for arsenic on gok1

with a total ionic strength of 0.1 M. Pseudopolarographic
analysis was performed as described previously, using the same
conditions as hefore. Tahle VII shows the shifts in E"/2 for
Pb and Cd as a function of the glycine concentration. Again,
shifts are within the error of the experiment, and no com­
plexation has resulted for either the Pb or the Cd. The
interaction of glycine with Pb and Cd has been studied hy
ASV and DPr analysis of more concentrated solutions, where
no complexation of Cd or Pb was observed (35), although
glycine complexes of Cd have been claimed (36), but this work
is in question (37).

Structure of Arsenic(I1I) in Aqueous Solution. Arsenic
has received a considerable amount of attention in the past,
primarily owing to the analytical difficulties associated with
ils relative insolubility in mercury (38, 39). A variety of
electrochemical techniques have heen applied in efforts to
improve the detection limit values for arsenic analyses (40-46).
No concerted effort has heen applied to studies of As spec­
iation in dilute solution using electrochemical methods,
however. Recent advances in Ihe field, brought about by the
use of gold wire (43) or gold film (47) electrodes comhined with
ASV, suggested that an attempt was feasible.

A solution of As(II1) in 0.1 M KNOJ was prepared. The
pH was adjusted to a series of values with dilute HCIO, and
dilute NaOH. The nominal As concentration was 1.0 ngjmL.
The effects of pH on the E"/2 value for the As stripping peak
on an Au film electrode were briefly investigated by obtaining
pseudopolarograms for As at several pH values.

The pseudopolarograms were obtained using 300-s plating
time, foUowed hy background subtracted staircase ASV, with
a step height of 3.66 mV and a delay time of 16.7 ms. Total
scan time was 5 s. It was observed here that linear scan ASV
gave much poorer peaks as weU as less effective removal of

Flgur. 2. Sequence of runs used to genorate pseudopolarogram

y
I

.'. I

\1
\/

Flgur. 3. Dependeoce of arseolc peak on pOH

background, while for other pseudopolarograms, little dif­
ference (other than sensitivity) was observed. The same flim
was used for aU runs. Plating potentials varied between -200
ms and +300 mV vs. the SCE, with a rest potential of -200
mV (SCE). Solution volumes were 75 mL.

A typical pseudopolarogram obtained at pH 2.85 and 1.0
ng/mL As(II1) is shown in Figure 1. The sequence of ASV
runs generating this pseudopolarogram is depicted in Figure
2, where the decay in peak height shows along the y aria. The
peak potential for the As peak remains constant. A loga­
rithmic analysis of the pseudopoJarograms give slopes near
th05e expected for a reversible system (theoretical-19.8 mY);
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Table VIII. Shift of EO\/, with Hydroxide
Concentration for Arsemca

the values observed were -20, -18, -19, and -18 mV for the
four pseudopolarograms.

The peak heights for As on Au films drastically decrease
with decreasing pOH, as shown in Figure 3. The runs
performed in basic solution gave broad, distorted peaks in­
dicating that the As is converted into a higWy irreversible form
in basic solution. An analysis of runs in acidic solution with
data given in Table VIII, gives a ligand number of 3.0 ± 0.1
and an intercept of -548.3 mV. The intercept cannot be
converted, as wa.. done before, to a log /3 value as (1) no
EOI/UNO value could be obtained for As(III), and (2) values
of D10 are certainly not comparable to DIo(OH)" owing to the
large collection of water molecules expected for the "free"
As(lII) ion (48). Thus, no cOllvenient route to a stability
constant for the complex predicted, As(OH)" exists. Support
for such a complex is found in the Raman spectra of dilute
solutions of As,O,; in acid solutions, the only detectable species
is As(OH),. As(OH),O-, As(OH)O,'- and AsO,'- also appear
in basic solutions (49). Such a result is consistent with the
ligand number of 3 in acidic solution, and with the degradation
of the As peak in basic solution, as the amount of As(OH),
decreases.

Estimation or Lead Species in Geothermal Water, A
sample of air-exposed geothermal water obtained from the
Lawrence Livermore Laboratory (Department of Energy)
project in the Imperial Valley, CaliC., was filtered under air
through a 0.45-~m filter.. The pH was 1.99. The pH was
adjusted to 5.00, and the filtrate. was diluted by a factor of
40 to obtain an approximate ionic strength, mostly as NaCI,
of 0.1 M. Nominal concentration of minor elements were Pb
(7 ~/mL), Cu (25 ng/mL), Fe (6 ~g/mL), and Sn (1 ~g/mL).

A pseudopoJarographic scan at low sensitivity was performed,
and is plotted for Pb in Figure 4. The half-wave potential,
of -501 mV, is consistent with the shift observed above for
PbCI+ in 0,1 M KCl at pH 5.00. It is reasonable to assume
that the Pb exists primarily as PbCI+ in this solution. An
attempt was made to examine data for cadmium, but the much
larger Pb wave obscured the Cd wave. In view of the high
Pb concentration, simple ligands present, and convenient ionic
strength, this solution must be regarded as only a model
system, and many more ligands and systems must be studied
to ascertain direct speciation like that approximated above,
but it certainly seems feasible. Work is underway to dem­
onstrate this feasibility in natural systems with metal con­
centrations in the low ppb range. Thus direct assessment of
chemical models (e.g., 50) seems feasible. This is particularly
useful in view of the drastically different effects of different
complexes in natural systems, especially as regards bio­
availability and toxicology (5/-53).

CONCLUSIONS
Pseudopolarography has been shown to provide a rapid,

sensitive means of performing measurements in very dilute
solution (ng/mL or less). Because the theoretical treatment
is so closely related to classical polarography, the coI18iderable
literature on the polarographic analysis of solutioI18 may be
applied to the problem of analysis of pseudopolarographic
waves. Resulta identical to those obtained by other, less
sensitive, means were obtained for the Cd-CI, Ph-CI, and

FJgW8 4. Pseudopolarogram of lead species in geothermal water

Ph-Co, systems. Cd-eO" Cd-glycine, and Ph-glycine were
found not to interact in the pH ranges studied.

The speciation of As(III) in acid solution was examined
using the new technique. The complex As(OH), was identified
as the dominant electrochemically-active species, consistent
with Raman results.

The speciation of Pb in a geothermal water was examined
by pseudopolarography. A shift consistent with a PbCl+
complex was observed.

The new technique of pseudopolarography, performed with
rapid·scan ASV instrumentation, appears to be a major
advance in the area of chemical speciation.
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Potassium Titanium(lV) Oxalate as a Reagent for Automated
Pulse Polarographic Determination of Seromucoids

p, W. Alexander' and M, H. Shah

Department 01 Analytical Chemistry. University 01 New South Wales. P.O. Box I. Kensington. N.S. W.. Australia 2033

A new reagent, potasslum IRanlum(lV) oxalate, Is reported
'or quantitative polarographic delennlnaUon olthe seromueokl
fraction 0' human senm. The reagent Is shown to be sensltIve
to ..romucolds without slgnllicant Interference 'rom the al­
bumin or globuln content ol serum, and Is used 'or automated
determination 01 seromucolds In a conllnuous-tlow polaro­
graphic system In the dIIlerenllal pulse operational mode, The
system Is shown to operate at 60 samples/h with approxI­
mately ±0,5 % precision and leas than 2 % carry-o.er 'or
determinations In the range 1-30 mg L-', Interferencea'rom
amino acids, .ltamlns, and antlblollcs are shown to occur but
at 'olerance Ilmlta below the le.ell In normal serum.

The role of glycoproteins in medical diagnostic applications
has been reviewed by severalauthorn (1-3) and it is clear that
the serum level of this particular class of proteins is as yet
of undecided yalue. The serwn levels vary considerably with
different types of pathological conditions, but also may depend
greatly on the analytical method chosen for the determination.

The important analytical methods for determination of
serum glycoproteins have been reviewed by Winzler (1), Toro
et aI. (2), and Searcy (3). The acid soluble seromucoid fraction
of serum is commonly determined in serum filtrates after
precipitation of the major protein components with perchlaric
acid. Mter nItration of the protein preCipitate, the seromucoid
content of the filtrate is precipitated by addition of phos­
photungstic acid and determined either by turbidimetry (4)
or by treatment of the precipitate with various reagents for
colorimetric determination (2). An alternative approach is
to determine the carbohydrate content of the seromucoid
fraction with orcinol reagent (2).

Polarographic methods for determination of glycoprateins
have also been reported. Brdicka's hexammine cobalt(II1)
chloride reagent is sensitive to glycoproteins, but other serum

proteins interfere and separation of interfering proteins by
acid precipitation is required. Polarographic behavior of
proteins and analytical applications of Brdicka's method have
been reviewed (5-7). Recently in addition, an automated
method for Brdicka's determination of proteins by differential
pulse polarography has been reported (8), and a new type of
reagent, a Rh(III) substituted ethylenediamine complex, has
been used for highly sensitive detennination of serum proteins
including glycoproteins (9), and applied for accurate deter­
mination of total serum proteins (10). This reagent again
cannot be applied for glycoprotein determinations without
separation steps because of interference from other proteins.

To date, therefore, a simple automated method for de­
termination of glycoproteins does not appear to have been
reported because of the separation steps required for the
various methods. We describe a new sensitive and automated
procedure for this purpose. The reagent, potassium titani·
um(lV) oxalate, is highly sensitive to glycoproteins in the
presence of albumin and ,,·globulins, and detection limits and
quantitation by automated differential pulse polarography
are described. Interferences from other components of normal
serum are inyestigated in detail and the method is then
applied to the determination of the range and standard
deviation of glycoproteins in serum from 120 normal samples.
Results are then compared to the data of de La Huerga et aI.
(4) obtained by the turbidimetric method.

EXPERIMENTAL

Reagents and Solutions. Astock solution of 0.1 M potassium
titanium(1V) oxalate (BDH Analar) was made up in distilled water
after dissolving in warm water. Working solution concentration
5 X 10" M was then prepared by dilution in 0.1 M oxalic acid
(BDH). To study the pH effect in the range pH 1-4, the con­
centration of oxalic acid was varied while the concentration of
potassium titanium(1V) oxalate was maintained constant in the
solution. Human glycoproteins (Cohn Fraction VI), human
I-globulins (Fraction 11), human albumin (Fraction V), all from

0003-2700179/0351-2139$01.00/0 © 1979 Ame<1can Chemical SOCIety
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RESULTS

Studies of the polarographic behavior of the reagent, po­
tassium titanium(IV) oxalate, indicated significant shifts in
half-wave potential on addition of glycoprotein 10 the reagent
solution.

Figures 2 and 3 show the results of the differential pulse
scan for the reagent at a concentration of 5.0 X 10-' M and
indicate a shift in potential of the second TiO'+ peak at ~.51
V, with increasing glycoprotein concentration. The peak
shifted from -{).51 V w -{).BI Von increasing the glycoprotein
concentration from 5 w 1000 mg L-I, logether with a marked
increase in peak height.

For fixed potential determination of glycoprotein, the
voltage was set at -{).55 V, where the most sensitive response
w glycoprotein was observed. If the potential was set at the
higher value of -{).BI V, positive response w glycoprotein was
not observed for low concentrations of glycoprotein below 500
mg L-l.

Other proteins tested were albumin and -y-globulin. Shifts
in the TiO'+ peak potential were not observed with these
proteins since it was found that both albumin and -y-globulin
precipitated in the flow-system on mixing with the acidified
reagent stream. Precipitation of these proteins apparently
prevented any reaction with the reagent.

Effect of pH and Reagent Concentration. The sensi·
tivity of the TiO" reagent to glycoprotein was measured as
a function of pH, and reagent concentration, aU of which were
interdependent. The effect of pH was studied by varying the
oxalic acid concentration at fixed reagent and glycoprotein
concentrations, as shown in Figure 4. Maximum sensitivity
was found 10 be independent of glycoprotein concentration
and occurred at pH 1.67.

aspirated into the system, followed by a water wash after each
sample. The sample to wash ratio was kept constant at 1:1
throughout with 30-s sampling and 30-s wash times being ac­
curately controlled with a stop watch. Current response to vanou..,
protein sample solutions was continuously recorded in the 0.2-mA
current range with 100-mV amplitude in the differential pulse
mode and a 1~5 controlled drop time. A calibration curve for
glycoprotein was constructed in the concentration range of 5-100
mg L-l at a sampling rate of 60 per hour and a flow rate of 7.4
mLmin- l .

-0-6 -0"' -1-0
E(V04ts)~SCE

Figure 2. Continuous-flow differential pulse scans of the reagent,
potassium titanium oxalate (5.0 X 10-2 M) with varying glycoprotein
concentrations. (A) 0, (B) 20, (e) 100, (0) 300 mg L- 1

•.~Inin-t

.-_--< "-.'---_ i

'- +'---..,::...__Nitrogen

_.

.---,r-.l---~--<l_--~ ..
W.."

Figur. 1, Schamatlc diagram of tha polarographic flow systam. (al
Flow-through caU; (b) PI auxiliary alectrode; (c) SeE; (d) wasta
alectrolyta solution; (a) PAR model 174; (f) raco<der; (g) dabubbler;
(h) mixing coli; (I) proportioning pump; Ul potassium tllanlum oxalate
raagent (5.0 X 10-' M) In 4.0 X 10-' M oxalic acid at pH 1.67

Miles Laboratories Inc., were used in this work. Stock solutions
of 1 mg mL-1 were prepared in distilled water, and appropriate
dilutions were freshly made when required to obtain concen­
trations in the range of 5-100 mg L-I,

Instrumentation, A Princelon Applied Research Model 174
polarographic analyzer equipped with a drop timer (Model 174j70)
and a Maca Laboralory recorder (FBQ 100) was used for po­
larographic anaIYllis with differential pulse operation. The controls
were set as follows. Current range 200 J,lA, modulation amplitude
100 mY, drop time I s, flIed potential ~.55 V, potential scan rate
5 mV S-I (when required), charl speed 250 mm hoI. Polarographic
waves were measured with 8 three·electrode system consisting
of Pt·metal, a saturated calomel reference eleelrode (SCE), and
8 dropping mercury electrode, DME, 88 the indicator electrode.
Electrode characteristics were m ::;:: 1.2 mg S-I, t = 5 s at a mercury
column height of 56.8 cm measured in 5 X 10-' M potassium
titanium oxalate at -0.55 V. All measurements were made at room
temperature.

The DME was inserted in an air tight flow· through glass cell
(8). The cell contained a Ptauxillary electrode situated upstream
from the DME, and allowed operation in the differential pulse
mode with a 3-electrode system and with accurately controlled
droptimes. The reference electrode (SCE) was situated down­
stream from the cell in the waste solution as shown in the
schematic diagram, Figure 1. For automated pumping of the
reagents through the flow cell, a Desaga multichannel peristaltic
pump, typa No. 131900, was used. The required flow rate was
obtained by use of a speed controller and pump tuhes varying
from 1.0--3.0 mm in internal diameter.

Procedure. With the flow system shown in Figure 1, the
reagent and wash solutions were pumped initially through the
flow cell and scanned in the differential pulse mode from +0.2
V 10 -1.8 V. A constant flow rate of 7.4 mL min-I was maintained
by use of the Desaga pump. The reagent solution consisted of
potassium titanium(lV) oxalate, at a concentration of 5 X 10-'
M, prepared in 0.1 M oxalic acid 10 obtain a pH value of 1.67,
with distilled water as the wash solution. The reagent and wash
solutions were continuously deaerated with nitrogen gas, which
was also used for segmentation in the flow system. Individual
protein solutions were then aspirated continuously for 3-4 min
in place of the wash solution and the range from +0.2 V 10 -1.8
V was r~ned to search for changes in peak voltages.

After choosing an appropriate fixed potential, the reagents and
wash solutions were pumped through the cell continuously at a
flow rate of 7.4 mL min-' 10 establish a base line and suitable
current range at which the noise level in the base line was low.
At the chosen flIed potential, protein solutions were then manually

_.
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figure 5. Glycoprotein _tIons at pH 1.87 il the DPP mode at 80
Sh" with varying 00>+ ,..gent concentrations: IAI 2.0 x 10-', (B)
3.0 x 10-'. (C) 4.0 X 10-'. (0) 5.0 X 10". (E) 6.0 X 10"' M

-0-1 -"1 -t.. -1.1

ElV....j ..sa
figure 3. Effect 01 high glycoprotein concentretlon on the contrn>­
ous-flow differential puJse scan of polassh.m titenilltl oxalate '..gent
solution. (A) R..gent alone (5.0 X 10" Ml; (B) ' ..gent With added
g1ycop,oteln (1000 mg L")

iM

'0

2
PH

FIgu,e 4. Effect of pH on the continuous-flow peek heights for g1y.
coproteln at fixed TIO>+ and oxalic acid concentrations. 00· (5.0 X
10" M). oxalic acid (4.0 x 10" M) with glycoprotein concentrations
of: (A) 10. (B) 20: and (C) 70 mg L"

The sensitivity for glycoprotein determination was also
markedly dependent on the TiO'· reagent concentration.
Figure 5 shows the effect of the reagent concentration on
glycoprotein response. Optimum sensitivity was achieved
between 5.0 X 10-2 M and 6.0 X 10-' M TiO'· with pH kept
constant at 1.67 by varying the oXalic acid concentration.
Response to glycoprotein was not detectable below 2.0 X 10-'
M concentration. AU subsequent measurements were made
with these optimum pH and reagent concentrations while
keeping the owc acid concentration constant at 4.0 X 10-'
M.

Calibrations. Using the optimum fixed voltage of -0.55
V, glycoprotein calibration plots were measured in the
continuous flow sY&tem with the dpp operational mode at
various pH values, as abown in Figure 6. The calibration plots

18 • • • •

G1J_e-..no c'
figure 8. G1y~ calbratlons at various pH _ In lhe DPP
mode at 80 S h- With 00>+ ,..gent concontrlltlons at 5.0 X 10-' at
(A) pH 3.48. (B) 2.25, (C) 1.99. (0) 1.83. (E) 1.73. (F) 1.67

were not linear, but calibration plot F. constrncted at optimum
conditions of pH and reagent concentration, was used 88 a
working curve.

Figure 7 shows a typicsl automated readout for.protein peak
measurements. In automated anaIyaia, canyover contributea
significantly toward accuracy and precision of the system. As
the carryover (i.e., the % interaction between minimum and
maximum calibration concentrations) increases, accuracy is
expected to decrease. The impact of carryover on accuracy
can be evaluated by running random sampling. Table I ehowa
date on the accuracy of the sy&tem determined by random
sampling. An error of up to 4% is expected in the resulta for
calibration in the range 1-30 mg L-I.

The detection limit for glycoprotein was calculated to be
0.6 mg L-t based on the def'mition of twice the atandard
deviation of a peak near the blank readinc.
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Table II, Interference Effecta of Proteins on
GlycoproteinG Continuous-Flow Detenninations

glycoprotein concn glycoprotein
peak of peak

height, ~-globulin height,
I'A mg L-' I'A

..
a For glycoprotein in concentration of 10 mg L-I.

Table III. Interference Effects on the Glycoprotein"
Continuous-Flow Peak Height

type of interference
conen, mg/L

peak height, I' A

0.5 1.0 2.0

tyrosine 44 44 44
arginine 44 44 48• histidine 46 49 60
tryptophan 48 50 70
vitamin B1 59 66 96
vitamin B~ 44 52 66
ascorbic acid 44 42 42
glutamine 44 44 44
glutamic acid 44 44 44
bicillin 44 46 54
penicillin G 44 42 38

a Concentration of glycoprotein is 10 mg/L.
A a c 0

FIgIn 7. Contiluous recordi1g of glycoprotein saf11lle peaks at a fixed
potential of -0.55 V. (A) Ca~bration for the coocentrallon range 5-100
mg L-'. (B) Carryover between sequential samples of 5, 100, end 5
mg L-' glycoprotein. (C) Replicates for 100 mg L-1 glycoprotein: (0)
steady·stete reading at 100 mg L-'

Table I. Relative Errors in Random Glycoprotein
Determinations under Continuous-Flow Conditions

calcd conen
glycoprotein from

conen, current, calibration, %
me L- J "A mg L- ' error

30 96 29 3.3
70 140 76 8.5
20 78 20 0
50 116 48 4
10 44 10 0

At a sampling rate of 60 per hour, the % of steady state
obtained was 96% with a prechlion of 0.5% RSD for replicate
samples at a total solution flow rate of 7.4 mL min-'. Carry­
over was 1.7%. Precision is quite independent of accuracy
in a continuous·flow system. Excellent precision as obtained
here (:1:0.5%) can be obtained while accuracy may be very poor
owing to carryover and interference problems.

Determination og Glycoproteins in Serum. The rt!8gent
pota88ium titanium(lV) oxalate has a dual function. On the
one hand, it acta as a precipitating agent for albumin and
,,·globulins, while on the other hand, it is sensitive to gly·
coproteins. Because of these characteristics of the reagent,
it is po68ible to measure glycoprotein levels in serum samples
without interference from albumin and ,,-globulins on gly­
coproteins. Table II shows the effect of albumin and ".
globulins on glycoproteins. Albumin affecta the glycoprotein
peak at a concentration of 500 mg L-I, whereas ,,-globulin up
to 500 mg V' concentration does not have any effect on
glycoproteins. Precipitation of albumin and ,,·globulin oc­
curred in the flow system but did not affect the DME or the
sensitivity of the system. A voltage scan with diluted normal
serum from +0.2 to -1.80 was also carried out before analysis

of the samples at the fixed potential of ..0.55 V. An increase
in peak height along with a shift from ..0.51 V to ..0.55 V was
observed, similar to the response by the standard glycoprotein,
Cohn Fraction VI.

Studies have been made on the determination of glyco­
protein by analyzing 120 serum samples from nonnal subjects
obtained from the N.S.W. State Blood Bank. The serum
samples were diluted by a factor of 1:40 and the diluted
samples were fed through the flow system at the rate of 60
per hour. The seromucoid concentrations were calct""ted from
the calibration curve obtained above in Figure 6 with Cohn
Fraction VI glycoprotein as the standard.

The resulta gave a mean value of 740 ± 160 mg L-' and a
range of 400-1200 mg L-I. The range for 95% of the samples
was 420-1080 mg L-l. These results compare favorably with
those of de La Huerga et a1. (4) who found a value of 812 ±
180 mg L-I for normal adulta by analysis of perchloric acid
filtrates and turbidimetric measurement after precipitation
with phosphotungstic acid.

Interference Effects. Table III shows the effect of a range
of possible interferences on the peak height of glycoprotein
Fraction VI at a concentration of 10 mg L-I. Most of the
molecules tested interfered at or above a concentration of 1
mg V'.

Of the amino acids tested, histidine and tryptophan in·
terfered most seriously at concentrations as low as 0.5 mg L-I,
but simpler amino acids such as glycine, alanine, and valine
had no effect. Vitamins B, and Bs also increased the gly·
coprotein peak height and of the antibiotics tested bicillin and
penicillin G had opposite effects. The former increased but
the laU"r decreased the peak height. It seems likely that
competitive complexing of TiO" by these interfering mol­
ecules must play some part in the mechanism of these in­
terference effecta, as discussed in the following section.

DISCUSSION
Previous polarographic methods with the Brdicka's Co(lm

reagent (8) or the Rh(III)-sdmen (9) complex reagent lack
specificity for glycoproteins, require a separation step and have



not as yet been completely automated. The use of the Ti(lV)
oxalate reagent proposed here overcomes these problems to
a large extent. Acid precipitation of albumin and globulins
occurred in the flow system and little interference was ob.
served from these proteins when in large excess of glycoprotein
as in normal serum since the electrode did not respond to
precipitated solids. Hence a separation step was not required
and the function of the DME was not affected.

It was therefore possible to directly automate the method
without treatment of the serum samples except for dilution.
Samples were analyzed in the continuous·flow system at the
rate of 60 per hour with acceptable pr""ision and little carry.
over The method is therefore rapid and useful for screening
of large numbers of serum samples for clinical studies.

The electrochemical reduction of tetravalent titanium has
been studied by Lingane and Kennedy (11), and Habashy (12).
Reduction of the tetravalent titanium ion was found to occur
in acidic solution in the form of TiO" according to the reo
action:

TiO'+ + 2H+ + e - Ti'+ + H 20

which is accompanied by high overvoltage. The polarography
of tetravalent titanium in oxalate supporting media has been
investigated by Vandenbosch, (13), as a function of pH.
Tetravalent titanium under these conditions behaves reo
versibly at the DME over certain pH ranges. The half·wave
potential of the tetravalent titanium ion, as recorded by us,
was -0.51 V.

The electrode reaction of TiO" in the presence of glyco·
protein and other interfering molecules is uncertain. It
appears that differences in the degree of complex formation
affect the reduction of TiO'+, resulting in a shift of voltage.
In the case of albumin and 'Y·globulin, becsuse of precipitation
in the acid reagent, complexing does not occur and no shift
in the voltage of the TiO" peak is observed. It is likely that
the differences in values of the isoelectric point (14) of these
classes of proteins is responsible for this difference in reo
activity, and hence glycoprotein can be selectively determined
in the presence of other proteins. Smaller molecules which
do not precipitate in acid medium may, however, complex
Ti02+ and cause interference.

The effects of pH and reagent concentration have been
studied to optimize sensitivity of the method, and are clearly
interdependent. The pH was varied by changing the oxalic
acid concentration with the TiO'+ reagent concentration held
constant, and hence the ionic strength also changed. Because
of this large number of interdependent variables, the optimum
pH of 1.67 obtained in Figure 2 is somewhat arbitrary due to
our choice of experimental conditions, but represents the
optimum we were able to fmd in our studies of reagent effecta

Despite this problem of complex formation of smaller
molecules with the TiO" reagent, the method has been
applied to the determination of serum samples from blood
bank donors. The normal range for glycoprotein concentration
in serum was arbitrarily defined (14) as the range of values
that would encompass 95% of a population of clinically nonnal
persons and a mean value and standard deviation were
calculat~d. From our results, for glycoprotein in serum, the
normal range was found to be similljI to the value obtained
by de La Huerga et al. (4) by the turbidimetric method.
Possible interferences to our method have been shown to be
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negligible in normal serum in our interference studies.
However, we have not attempted a direct correIation study

of the two methods for two reasons. First, the standards used
in the original method, either mucoprotein fraction MP-1 or
albumin as a secondary standard, were different from gly­
coprotein Fraction VI used in this study. Secondly, the
seromucoid values obtained are known (1) to depend greatly
on the particular type of analytical method used, because each
method may yield an estimate of only certain fractions of the
total glycoprotein concentration in serum. Our method has
been shown to be a rapid procedure for quantitative deter­
mination of the serum glycoprotein fraction which is capable
of reacting with the TiO" reagent.

Possible interference problems we have found are from
certain vitamins, antibiotics, and amino acids including
tyrosine, tryptophan, phenylaniline, arginine, histidine, and
methionine. However, the free concentration of these amino
acids in normal serum is in the range 8--33 mg L-I and is
therefore too low in our diluted serum sample (SO 1'1. in 2.0
mL water) to interfere seriously despite the high sensitivity
of the TiO" reagent to these molecules. After dilution of the
sample in our method, the tryptophan content for example
is expected to be in the range from 0.4-0.6 mg L-I. We have
shown the tryptophan tolerance limit to be approximately 1
mg L-I before interference begins for 10 mg L-I glycoprotein.
The levels of other molecules shown in Table III and present
in normal serum are too low to cause interference to glyccr
protein determinations.

The automated Ti method therefore has been shown to be
useful for rapid screening of total acid·soluble glycoproteins
in serum with few interference problems. This is of particu1ar
interest concerning the role of glycoproteins in various
pathological conditions as reviewed by Searcy (3). But further
work may also be of interest in this method for determination
of amino acids and other molecules which may complex TiQ'+
and cause shifts in peak pou.1tials.
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Amperometric Membrane Electrode for Measurement of Ozone
in Water

John H. Slanley and J. Donald Johnson·

DepaI1ment ofEn_I ScIences and EngitlBerlng, 5chooI of Public Health, University of North CaroJina at ChapaJ HI/I, Chapel HI/I,

North Csn>fna 27514

An amperometrlc membr_ eleclrOde haa been developed
for the MlectJye nl of molecular ozone In waler.

11Ie membr_ electrode .,.tern COMlata of a gold calhode,
a double JunelIon reference electrode (10 % KNO,lSCE), a
poIaAIum "'al. eIec:troIyte (0.5 M, pH 3.7), and a Teflon
membr_ (3.3 X 10-' ern thIckMa). A current MnaIllvlty
of 0.484 IlA1mgIL)-":(ernt' was obMrved al an applied
voltage of +0.8 V (¥Ii seE) el 22 ·C. A delec:tJon IImlt of
82 IllI!L Ia predicted .. Iwlce the obMrved residual currenl.
L_ than 2% Inl"'erence was obMrved from bromine,
h~ actd, chloride dIoJdde, hydrogen peroxide, Itl­
chIoramlne, and hypochlorous acid.

A drawback to the use of ozone as a chemical disinfectent
and/or oxidant for water treatment is the lack of a selective
and reproducible analytical technique for monitoring residual
ozone concentrations. Present methods are influenced by the
chemical instability of the ozone molecule in water and are
subject to interferences from oxidizing agents tbat may be
present.

Amperometric membrane electrodes have been used sue·
cessfully for dissolved oxygen and halogen analysis (1, 2).
More recently, the use of these electrode systems for the
measurement of molecular ozone dissolved in aqueous solution
has been demonstrated (3-5). This work indicates that
membrane electrodes possess the required detection sensitivity
and potentially the selectivity for the measurement of mo·
lecular ozone. Also, membrane electrodes may be particularly
suitable for ozone analysis since in situ measurements are
possible.

A new amperometric membrane electrode design bas been
developed for the measurement of ozone in water. This design
has evolved from the original amperometric ozone electrode
propoeed earlier by Duno and Johnson (3) and voltemmetric
studies of the ozone reduction process to optimize the elec·
trolytic media and applied voltage. A homogeneous Teflon
membrane was chosen in place of the microporous film from
the earlier design because the diffusion transport properties
of the former aid in the selective measurement of gaseous
molecules like ozone. Operational characteristics of the
membrane electrode and potential interferences in water
treatment bave alao been examined.

EXPERIMENTAL
Appantus. A Delte Scientific (now National Sonics Cor·

poration) model no. 8324 HOCI amperometric electrode has been
modifUld using an Orion model No. 09-02 double junction reference
electrode and a Teflon membrane (Delte Scientific No. 824110)
of 3.3 x 10'" em thickn... (See Figure 1). A O.38-cm' gold button
serves as the working cathode. The electrochemical circuit is
completed using a 0.5 M potassium sulfate supporting electrolyte
(pH 3.7, 0.1 M NaOAc/HAc buffer system).

The membrane is applied over the gold surface and a cspillary
film ofelectrolyte. The membrane is beld in position using Teflon
tape and a plastic ring collar. The electrolyte layer between the
cathode and the membrane is replenished througb wicks located
around the electrode tip leading to an eIectro1yte .......voir in which

the reference anode is immersed. When the membrane is mounted
over the cathode, a primary concern is the avoidance of tears or
creases in the membrane wbich affect diffusion processes and the
reproducibility of the current response.

Voltemmetric studies were conducted using a three-electrode
arrangement consisting of a gold·plated E. H. Sargent model no.
S·30421 platinum hook workin~ e1ectrode. an identical platinum
hook auxiliary electrode, and a saturated calomel reference
electrode. The rotating gold electrode was mounted in an E. H.
Sargent model no. S·76985 synchronous rotetor (600 rpm).

Voltages were impressed and current was monitored using a
McKee-Pedersen Instruments MP·I502 ElectroanaJyzer equipped
with an MFE model 715 X·Y Recorder. The electrode potential
was monitored using a Fisher Scientific model no. 420 pH/ion
meter.

Owne was produced from oxygen using a W. R. Grace model
LG-2·LI Corona generator. The generator output was varied from
oto 1.5% by wt in 0, by controlling tbe applied voltage across
the electrical discharge tube and the oxygen gas flow rate.

Amperometric titrations were conducted using the above
equipment with the Sargent roteting platinum book electrode,
synchronous rotator, and a saturated calomel reference electrode.
Avoltage of +0.2 V (va. SCE) was applied to the working electrode.

Procedures. All reagents and test solutions were prepared
using distilled and deionized water. Chemical reagents were
prepared according to standard procedurea (6) with Fisher ACS
Certified. MeIinckrodt, or Baker Analyzed chemicel reagents. Two
buffers were used, pH 6.0 (0.1 M KH,PO•• Na,HPO.), and pH
3.7 (0.1 M HAc, NaOAc).

Current·potential relatiol1llbips were developed at 5 ·C at an
electronic sweep rate of 25 mV (min)-' in the anodic tben the
cathodic direction. Ozone concentration measurements were made
at 300- to 500-mV intervals to normalize the current measure-­
ments, expressed as ,J. (mg/L)", for ozone losses during the
experiment. Voltainmograms were also developed in oxygen
saturated electrolyte solutions to eatablish the base-line current
response.

Amperometric measurementa were made with the membrane
electrode positioned in a cYlindrical Plexiglas contector (13 em
x 6 em). Ozone was oontected in the test solution with a circular
glass fritted diffuser inserted through the top plate of the Plexiglas
reactor. The contaetor was placed on a magnetic stirrer to ac­
complish stirring at the electrode tip. After ozonation and
oomplete mixing was accomplished. a steady-state current reeponse
was achieved. After observing this current for approximately 30
s, the current response was recorded as a sample was collected
for analysis. Water column and electrode temperature were
controlled using an external Plexiglas jacket. Temperature
equilibrium was attained after approximstely an hour.

Current potential relationships were also developed using the
Delta Scientific electrode in a two-electrode system in the Plexiglas
contactor. These voltammograma were developed in a manner
similar to tbe three-electrode studiea except the stirring rate was
1000 rpm. The deaired electrolyte was ozonated directly in the
contactor and samplea were again periodicslly analyzed to acoouot
for ozone loss.

The iodometric procedure (6, 7) was chosen as the reference
technique for ozone analysis in the absence of interferences.
End·point detection for direct and back titration procedures using
either sodium thioeulfate or phenyIarsine oxide was accomplished
amperometricslly.

Oxidants col1llidered poesible interferences were prepared by
known procedures (8, 9) and analyzed by standard methods (6).
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observed up to an applied voltage of +1.05 V (va. SCE) in
sulfuric acid. In the potassium chloride media, reduction
currents were observed at potentials at or below +0.65 V (va.
SCE) only. A Bimilar result was observed in perchioric acid.
In addition, the increased stahility of the O. molecule in the
acidic media resulted in a greater reduction current response
and a more electrochemically reversihle process. The residual
current was also much I... Bignificant in the sulfate media
even at the more anodic voltages. A low and reproducible
residual current is essential for maximizing the current de­
tection sensitivity of the system.

The effect of the pH of the supporting electrolyte on the
reduction current was examined more closely using sulfate
and chloride media. In Figure 3, an oxidation current is again
observed in the more acidic chloride media. Figure 4 shows
improved electrochemical reversihility and an increase in the
magnitude of the reduction current of ozone in sulfate media
at lower pH values.

Based on these results, potassium sulfate (0.5 M, pH 3.7)
was selected as the supporting electrolyte. The affect of
chloride on the reduction current response also required the
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Flgwe 3. Cwrent-voItage relationship at the rotating gold _
In 1.6 M KCI (pH 6.0) and 0.5 M KG! (pH 3.7). Sold Ines are lor ozone
reduction current and dashed lines are residual current
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Flgur. 1. Schematlc view 01 the membrane electrode system

The membrane electrode was lowered into a concentrated solution
of the particular oxidant and the current response was noted.
Identical measurements were made with the membrane applied
over tbe cathode and with the membrane removed.

RESULTS AND DISCUSSION

A principal concern was improving the selectivity of the
membrane electrode for molecular ozone in the presence of
other oxidants. Along with the selectivity, a linear and reo
producible current response with a detection sensitivity
comparable to or exceeding that observed with other designs
(3-5) was desired. Several design factors were examined in
an effort to optimize both the current sensitivity and se­
lectivity of the system.

Design Features. Dunn (3) used a potassium chloride (1.6
M, pH 6.0) supporting electrolyte and measured reduction
currents at an applied voltage of +0.35 V (va. Ag/AgCI).
Voltammograms developed in this electrolyte illustrate that
the application of more anodic voltages is limited to the
potential range less positive than +0.4 to 0.5 V (vs. Ag/AgCl)
hecause the observed current is affected hy a competing
oxidation reaction at more positive voltages. This results in
a reduced current response from ozone and a more significant
residual current signal. Caur and Schmid (10) first observed
this oxidation current in the presence of chlorine, which they
report results from the anodic dissolution of the gold cathode
due to the formation of a gold chloride complex. Voltam·
mograms developed in studies with other electrolytes (4, 11,
12) are limited by oxygen evolution at much more positive
voltages. The use of one of these electrolytes would allow for
the application of more anodic voltagea. Since the use of a
more positive voltage at the gold cathode restricts electron
flow, selectivity is improved because reduction reactions occur
only for the most powerful oxidizing agents like ozone. The
choice of a supporting electrolyte thus directly affects the
selectivity of the system for ozone.

This was confrnned by studying the reduction of ozone in
several electrolytic media: potassium chloride (1.6 M, pH 6.0),
sulfuric acid (0.05 M, pH 1.3), and perchloric acid (0.1 M, pH
1.2). As is illustrated in Figure 2, the use ofchloride electrolyte
restricts the acreasihle anodic potential range at which the
ozone reduction processes can occur when compared with the
use of sulfate electrolyte. Reduction currents for ozone were
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Figure 6. Response time to step change from 0 to 1 mg/L ozone at
stirring rate of 1000 rpm
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current of 15 nA. The high correlation and low residual
current shO\\'s the current response is linear and reproducible.

The current response is only slightly affected by stirring.
A 98% current response is observed at a stirring rate of 600
rpm with a 2.5-cm stirring bar locaued 1.4 to 1.6 em helow the
electrode tip. Since the effect is highly dependent on
membrane structure and thickness, the use of this Teflon
membrane is advantageous since only minimal stirring is
required to achieve the maximum current response.

Response Time. The response time of the membrane
electrode to a step change in the dissolved ozone concentration
is illustrated in Figure 6. A 95% response was observed in
18 s when the electrode was transferred from air saturated
water to a sample containing approximately 1 mgjL of ozone.
The response time is dependent on the membrane permea­
bility fOl ozone and the thickness of the electrolyte film. The
initial lag in the response has been observed before (13) but
no explanation is given for this experimental peculiarity.

Temperature Effects. The current response of the sysuem
is highly dependent on temperature as illustrated in Figure
7. Current sensitivities (,p) range from 0.316 to 0.992 ~A

(mgjL)-' (cm)-' at 13 and 32 ·C with an average variation at
normal temperatures of 5.8% per °e. Since the current
response of a given membrane at steady-state conditions is
solely dependent on the raue of transport from the test solution
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Figure 4. Current-voltage relationship at the rotating gold electrode
In 0.05 MH,SO. (pH 1.3), 0.5 MK,SO. (pH 3.7). and 0.5 MK,SO. (pH
6.0). Solid lines are for ozone reduction current and dashed lines are
residual current

use of a double junction reference electrode.
For amperometric or steady-state measurements with the

new modified Delta electrode system, an applied voltage of
+0.6 V (vs. SCE) was selected based on the voltammogram
developed with this two-electrode system in Figure 5. The
current response observed with this stationary electrode was
less ideal than the voltammetric relationship obtained with
the rotating gold electrode. But the current response is a more
realistic appraisal of the steady-state membrane eler.trode
performance. The selection of an applied voltage of +0.6 V
(vs. SCE) represents a compromise between additional se­
lectivity (by the application of more anodic voltages) and a
concomitant loss of current range and sensitivity. Application
of the membrane over the cathode to complete the design
further reduces the current sensitivity of the system but
defines the steady-state current and greatly improves se­
lectivity.

Current Sensitivity. A typical current response of the
membrane electrode system at +0.6 V (vs. SCE) is 0.484 with
a standard deviation of ±0.OO7 ~A (mgjLt' (cmt' and an r
value of 0,995 at 22 ·C in an ozone test solution at pH 4.9.
Residual currents at this voltage range from -2 to -15 nA. A
detection limit of 62 I'gj L is predicted at twice the residual
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wastewaters were excluded from the study based on their
observed lack of polarographic behavior (8, 15). Trichlor­
amine, hypobromous acid, bromine, hypochlorous acid. hy­
drogen peroxide, and chlorine dioxide exhibited less tban a
2% interference in the measurement of ozone. With the
membrane removed, the response to all the compounds except
hydrogen peroxide increased. Presumably, the membrane
selectivity prevents the transfer of polar species such as
hypochlorous acid in favor of gaseous molecules like chlorine
dioxide. However, only those compounds which are powerful
oxidants are capable of being reduced at the cathode surface
even though diffusion through the membrane is possible.
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to the cathode, the high temperature coefficient is mainly
attributable to the permeability characteristics of the
membrane. If the permeability coefficient is directly pro­
portional to the current sensitivity, cP should also exhibit a
similar temperature dependence. In Figure 8. the temperature
dependence of the experimental current sensitivities and
membrane permeabilities to ozone is demonstrated to be in
adherence with the classical laws governing an activated
diffusion process as first suggested by Maney (14).

Interferences. The current response of the membrane
electrode to several oxidants considered to be possible in­
terferences was examined as shown in Table I. Other oxi­
dizing and reducing agents commonly found in water and
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Copper lon-Selective Electrode for Determination of Inorganic
Copper Species in Fresh Waters

Renato Stella and M. T. Ganzerll-Valentlnl
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A method I. d.scrlbed lor d.t.rmlnatlon 01 soluble copper
Inorganic .pecles In Iresh wate... Assuming that OW and
CO,2- are the moat Important ligands, the pr...nc. and the
distribution 01 CuOH+, Cu'<OHI.2+, CuCO,(aq), Cu(CO,1.2' are
deduced by measuring Cu'+ concentration as a lunctlon 01 pH
In controlled media. The cuprtc Ion-apeclllc electrode Is used.
The procedure devised lor copper speciation In natural wat...
raq.... that, beslcle free cupric Ion concenltatlon [Cu'+1 only
total carbonat. carbon c,. and pH be known. Some.x~
01 application to actual .ampl•• are glv.n.

Copper toxicity toward aquatic life is dependent on
chemical forms and hence the knowledge of chemical species
distribution is of primary interest (1) in the studies concerning
copper transport and biological interaction in natural waters.

The copper ion-selective electrode has commonly been
applied to distinguish between free and bound copper ion (2,
3). In the present work this technique was exploited to study
copper behavior in weakly basic and hydrocarbonate solutions,
following the line traced by Stiff (4). The investigated
concentration range simulated natural systems. This research
was part of an interdisciplinary investigation on the ecooystema
of the Po and Ticino rivers in Northern Italy. To minimize
any possible interference or change in chemical equilibria, the
standard addition method was discarded and the direct use
of the electrode was extended down to 10-10 M Cu'+. As the
hydrogen ion, H,O+, is competitive with copper toward the
ligands OH' and CO,", accurate pH measurements were
simultaneously made with Cu" activity determination, thus
allowing a more precise identification of all complexation and
precipitation equilibria involved.

EXPERIMENTAL

Electrode Calibration. Before examining simulated Cu­
(!I)/OH- and Cu(II)/HCO,--CO,'- systems, the Orion 94-20 A
copper ion·selective electrode was carefully calibrated (5-7). The
following Bet of operational conditions was selected:

(I) Ionic strength. In all tested solutions, this was fIXed at 0.05
M by adding KNO,.

(2) Dissolved oxygen interference. Before running any
measurement, formaldehyde up to 10'" M was added to prevent
the CuS membrane oxidation. Bubbling a N, gaseous stream
through the solution was avoided as CO, also was carried off, thus
altering carbonate-hydrocarbonate equilibria.

(3) Stirring speed and electrode distance. These were both kept
constant through all the measurements.

(4) Operational details. A total volume of 100 cm' was uBed
for all solutions undergoing copper measurement, all the
equipment being screened from incident light.

(5) TPX plastic containers were always used as this plastic
showed little or no adsorption and release of trace metals. GIas&­
or polytheneware were prevented from coming in contact with
diluted copper solutions.

A 9.95 X 10-' M copper solution was prepared by dissolving
the appropriate "Suprapure" Cu(CIO,),.6H,O amount in tri­
distilled water and the titer was made by EDTA complexometric

titration, both visual and potentiometric. From this solution more
diluted ones, up to lO~6 M, were prepared by stepwise dilution.
Still more diluted ones were prepared according to Hansen (8)
as copper ion buffers with nitrilotriacetic acid (NTA) at buffered
pHs. Calibration graphs resulted as straight lines down to 10-12

M Cu2+.
The cupric ion-selective electrOde response was measured with

a high impedance electrometer using a single junction Orion 90-01
reference electrode. A tenfold change in activity yielded an
electrode response change of about 29.5 =0.5 mV as expected.
Concentration instead of activity was plotted va. the mV electrode
response as the concentration is directly known.

Procedure. The effect of copper complexation by the OH­
ligand (or cupric ion hydrolysis) was studied as a function of ligand
concentration in a selected pH range (pH 6 to 9).

Measured amounts of copper standard solution and
"Suprapure" 40% carbonate free NaOH, properly diluted, were
added to a stock solution containing formaldehyde and KNO"
10-' M and 5 X 10-' M, respectively. To avoid CO, absorption
8 N2 atmosphere was constantly kept over the solution up to the
end of the experiment. "Suprapure" diluted HClO, was added
stepwise to lower pH from initial 9.7 to 6 and electrode responses
were correspondingly recorded. After each addition at least 10
min was required to reach constancy of the electrode response.

Interactions between copper and CO,'- anions were also studied
using a copper solution at a total concentration lower than 4.97
X 10-< M to which a NaHCO, or Ca(HCO,j, solution was added.
Concentrations of the ligands, CO,'- and OH-, are obviously
related to the pH of the system. Therefore pH was continuously
changed from 9 to 6 by stepwise addition of "Suprapure" HClO,
and the electrode responses were correspondingly recorded.

In the first case, a 0.105 M Na,CO, solution in known aliquots
was added to the copper solution containing formaldehyde and
KNO,. In the second case, a standard Ca(HCO,), solution was
prepared by bubbling a CO, stream through a CaCO, suspension
in water for 1 h. Mter the excess CaCO, was filtered off, pH was
measured and the filtrate potentiometrically titrated to evaluate
the alkalinity which corresponds to [HCO,-] at pHs"" 8.

The total carbonate, CT, was deduced from the [HCO,-] using
the diagram reported by Stumm (9) or the following formula:

[
[H+]' + [H+]K, + K,K,] _

CT = [H']K, X [HCO,]

The value of Cr determined this way was 1.63 X 10-' M, which
was only 5% higher than [HCO,-].

RESULTS AND DISCUSSION

Cu(II)/OB- System. Results are shown in Figure 1 where
a -2 slope of the log [Cu2+] va. pH curve indicates the presence
of the Cu(OH), precipitate. Over the straight portion (up to
the lowest pH value allowing precipitation) log °Kw for the
following equilibrium may be calculated:

Cu(OH),(s) + 2H+ '" Cu'+ + 2H,O (1)

A value of log *Kw = 9.58 =0.12 (I = 0.05) is obtained, which
is very close to the 9.60 value that is calculated, for both CuO
and Cu(OH)" from Schindler's formula (10) when the in­
fluence of the molar surface, and hence the precipitate particle
size as a function of pH, is taken into account. At lower pH

OOCla-2700/79/0351-2148$01.00/0 e 1979 Ame<1can ChemIcal SocIoIy
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F9>'e 2. Cl4J'1C Ion c:oncentratlon (log) as a pH hn:1Ion n !he~
of NaHCO,. (1) CUr; 2.49 X 10"' M. C, ; 2.63 X 10-' M; (2) Cur
; 1.94 X 10" M. C, ; 2.63 X 10" M; (3) CUr ; 3.88 X 10" M.
C, ; 5.25 X 10" M; (4) CUr ; 3.88 X 10" M. C, ; 2.60 X 10-'
M; (5) CUr ; 3.88 X 10-4 M, C, ; 1.10 X 10" M; (8) CUr ; 4.98
X 10" M. C, ; 2.80 X 10" M

.•~
~
o
o
-'

I

3

Part of the total inorganic carbon is subtracted by the
formation of the following calcium species (1);

log Koq
Ca'· + CO,'· 0= CaC03(aq) 3.2 (4)

Ca'· + H· + CO," 0= CaHCO? 11.6 (5)

The amounts of CaCO.(aq) and CaHCO.· thus formed may
be calculated; they were not higher than 1% of the total

-7 8 Ii lO Pll

f9a'e 3. Cl4J'1C Ion c:oncentratlon (log) as a pH hn:1Ion n !he~
of Ca(HCO,),. (1) C~ ; 2.62 X 10-4 M; (2) Cur ; 4.98 X 10" M;
(3) CUr ; 1.94 X 10' M; (4) CUr ; 4.98 X 10" M. C,; 1.23 X
10" M n a. samples

(2)

The influence of the latter equilibrium is strongly evidenced
at the lowest total copper concentrations. Figure 1 also shows
that the higher the total copper concentration, the lower the
pH at which the precipitate disappears.

A complete description of the Cu(II)/OH' system should
include also the second hydrolysis product Cu(OH),(aq), but
a lack of convincing data on the '13, constant of the following
equilibrium;

log 'K,; -7.52 (l; 0.05) (9)

\
>- \
6 'I 8 9 -10"P"H

figure 1. Cupric ion concentration (Jog) as a pH function (carbonate
free solutions). (1) C~ ; 1.55 X 10" M; (2) CUr; 3.88 X 10" M;
(3) CUr ; 9.95 X 10 M

8

values, where no precipitate is formed, the curves fit the
predicted Cu2+ concentrations relative to the following
acid-base (or hydrolysis) equilibrium;

makes the problem still open.
In a recent paper Vuceta and Morgan (I1) suggested, on

the basis of potentiometric titrations, a value oflog "13,; -13.7
in agreement with those previously reported by Quintin (12)
and by Spivakovskii and Makovskaya (I3) and discarded the
hypothesis suggested by Mesmer and Baes (I4) of log "13, ;
-17.3. The measured ICu2+] as a function of pH suggests a
log '13, value of about -16. This may easily be derived from
the displacement of the reported curves in a position in·
termediate between those theoretically calculated by Vuceta
and Morgan (I 1). A more recent work by W. G. Sunda and
P. J. Hanson (I5) suggests a value very close to -16. As the
problem of "p, value is not solved, the second hydrolysis
product Cu(OH),(aq) was not taken into an account. Anyway
it seems to add a contribution much lower than could be
predicted on the basis of Vuceta and Morgan results.

Cu(II)/C03", BCO,- System. The variation of -log
ICu2+] vs. pH is reported in Figures 2 and 3; they show that
no relevant difference exists when calcium instead of sodium
hydrocarbonate is used.
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absorbed materials being, respectively, cupric oxide and
un-ionized carbonic acid.

To calculate the distribution of the most probable copper
species in fresh watera at carbonate-hydrocarbonate natural
levels, the following equilibria. besides equilibria 2 and 7, were
considered:

2Cu'+ + 2H,O ;=! Cu,(OHl,'+ + 2H+
log ,K,. (l = 0.05) (9, 10, 16)

- 10,54 (9)

Cu" + 2CO," '" Cu(CO,j," 9,28 (10)

To check the reliability of the assumed set of equilibria, the

8
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I
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Figure 8, Copper carbonate and hydroxo complex dlslributlon as a
pH function. Cu, = 3.88 X 10" 1.4; C, = 2.82 X 10" 1.4 (NaHCO,);
L = OW or Co,'-; x = 1 or 2; Y = 1 or 2

~C",,,",;.

6 7 8 9 pH
Figure 5. Copper carbonale and hydroxo complex dlslrlbutlon as a
pH luncllon. CUr = 2.50 X 10-" 1.4; C, = 2.62 X 10" 1.4 (NaHCO,);
L=OWorCO,'-;x= lor2;y= 10r2

....,...'-7-...L..-~....-.--~....~.---...~ c~­

Flgwe 4. Cupric Ion concentration as a function 01 lotal added _
concenlrallon-malacMa p<aclpltallon. (1) C, = 2,65 X 10" M. pH
7,88; (2) C, = 2,49 X 10" M. pH 7.70

calcium and for this reason both equilibria were neglected in
this work.

The upper curves, for which CUT ~ 1.94 X 10-6 M in Figure
2 and CUT = 4.98 X 10-' M in Figure 3, show, for the straight
portion, a -1.5 slope which may be related to the presence of
precipitated malachite Cu,(OH),C03 undergoing the following
reaction:

'/,Cu,(OH),C03 + 3/, H+ ;=! Cu" + '/,HC03' + H,O
(6)

log 'K~ = 3.54 (l = 0.05) (16)

For lower total-copper concentration, the curve slope is close
to -I, thus indicating that the ion pair CuCO,(aq) is the
predominant species; COl~ concentration shows in fact 8

similar pH dependence in the range between the two pK
values of the carbonic acid, 6.3 and 10.25. The following
equilibrium takes place:

Cu" + CO," ;=! CuC03(aq) (7)

log K, = 6.04 (l = 0,05) (9)

Equilibrium 7 obviously does not prevent the simultaneous
occurrence of equilibrium 2 but the former is certainly
predominant owing to the higher equilibriwn constant value,
not considering any effect due to a favorable ligand con­
centration; this view is supported by the fact that curve
bending is displaced toward lower pH values. For the ma­
lachite precipitation equilibriwn

CuOH(C03h/2 ;=! Cu'+ + OH+ 1/2 CO," (8)

the calculated -log K.. = 14.42 ± 0.09 (l = 0.05) is surprisingly
lower than 15.94, the corresponding value obtained from
Schindler's data (10). The measured value was confirmed by
checking ICu'+) and pH on the same malachite saturated
solution for 7 days; ageing did not result in any change. The
[Cu'"l measurements were repeated in a modified precipi­
tation experiment where copper was added and all other
parametera were kept constant: results reported in Figure 4
were consistent with pK.. = 14.42. Such a remarkable dis­
crepancy cannot be ascribed to a lack of precision in the
experimental data, but it may be due to a particle size effect
similar to the one already reported for Cu(OH), or CuO.
According to Hepburn (I7) the formation of basic cupric
carbonate (malachite) is due to an absorption process; to an
extent which is a continuous function of both particle size and
concentration of CO, in solution, the absorbent and the
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Table I. Copper Hydroxide and Carbonate Speciel DistnDution in Natural Wlters"
natural

samples pH CT CUT" ICu"] [CuDH'j [Cu,(DH),"] [CuCD,]

~~~: ~:~~ ~:~~ ~ ~g:: g~ ~ ~g:: ~:bg ~ ~g::: ~:~~ ~ ~g::: ~:~~ ~ ~g::: ~:~~ ~ ~g::,
Po F1 7.86 2.74 X 10-' 1.39 X 10-' 3.23 X 10-" 5.62 X 10-" 9.95 X 10'" 5.95 X 10-'
Ticino 2 7.62 2.08 X 10-' 4.25 X 10-' 1.80 X 10-' 1.80 X 10-' 1.02 X 10'" 1.40 X 10-'

a All concentrations in moles per liter. b By atomic absorption including organically bound copper.

[Cu(CD,J,'-]

2.53 X 10'>1
6.46 X 10'"
1.73 X 10-"
1.72 X 10-'

9'

10

6 7 8 9 pH •

Figure 7. Copper carbonate and hydroxo complex distribution 85 8

pH function. CU1 =2.62 10-' M; CT =2.47 X 10"" MICa(HCO,!.];
L = OR' or CO, -; x = 1 or 2; y = 1 or 2

sum of all calculated concentrations is also reported in Figures
5, 6, and 7 for a comparison with the amount directly obtained
as CUT - [Cu'+] at different pH values. In Figure 6 this
comparison is limited to pH 7.2 as malachite precipitation
occurs beyond this point. The close similarity of the two
curves means that the whole system is sufficiently described
by the proposed equilibria. In Figure 5 the discrepancy
observed for pH values higher than 7.8 may be due to the fact
that the Cu(OH),(aq) reaches the highest concentration in this
region; even if its contribution could be exactly calculated,
this should make available a reliable value for its equilihrium
constant *tJ2•

Application to River Samples. Water samples of the
Ticino and Po Rivers were collected and immediately filtered
through a Millipore HA ruter (O,45-jilll pore size). The filtered
water still contains all colloids holding trace metals and may
be fractionated using the ultrafIltration technique. The soluble
copper distribution among the most probable hydroxy and

carbonate species may however be calculated. It is sufficient
to measure the natural pH value, the corresponding free cupric
ion concentration, and to calculate the total carbonate carbon
concentration CT from the measured alkalinity. Several
examples of these calculations are reported in Table I.

CONCLUSIONS
Though natural surface waters are very complicated systems

which cannot be easily simulated, the simplified speciation
model described here allows one to obtain useful informations
at least for the most commonly soluble inorganic copper
species.

Other inorganic ligands such as phosphate and chloride
may, in fact, interfere, as suggested by Stiff (4), but because
of the low formation constants of the complexes and the
relative low concentration of the ligands their contribution
may be neglected.
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Quantitative Examination of Thin-Layer Chromatography Plates
by Photoacoustic Spectroscopy

S. L. Castleden.· C. M. Elliott. G. F. Klrkbrlght, and D. E. M. Spillane

Department 01 Chemistry, Imperial CoIJBge, London SW7 2A Y, U.K.

A technique II described for the nOndestructJve quantitative
detllll1lklatlon ot mat8ltall on lhlJHayer chromatography plates
utilizing photoacoullic spectroscopy wllh minimal sample
prepal'lllJon and wllhout the need for aoIvent extrac:tlon. Unear
calbrallon II obtained for the determination of fluorescein In
the range 0.2-2 I'g following development of separated
fluorescein spots on slUea gel subllrates. supported on alu­
minum and glass plat... A Ibnll of detection of 20 ng of
fluorescein In 4.5 rng 01 sIIca gel Is reported; reiaUve standard
devlatlons on the measurements made were In the range
0.08-0.1.

A number of techniques exist for the quantitative deter­
mination of analy1e species separated on thin-layer chro­
matograms (I. 2). These methods may be divided into two
distinct types, those which involve measurements being made
in situ and techniques by which the material is removed from
the TLC plate and then determined by, for example, gas
chromatography. UV-visible spectrophotometry, gravimetry.
or titrimetry. Difficulties are commonly encountered when
either type of technique is used. Deviant spots and the
stringent control of conditions required to produce reference
standards make in situ densitometric determinations exacting
(3). Nonquantitative recovery of eluted fractions and the
pre-treatment required before measurements can be made
complicate further any determinations carried out upon
material removed from TLC plates (1).

One of the reasons for the current interest in photoacoustic
spectrometry (PAS) is the usefulness of the technique for
samples. such as opaque or light-scattering solids and turbid
liquids. which are difficult to determine satisfactorily using
conventional spectrophotometric techniques (4. 5). The
light-scattering nature of TLC substrates suggests that PAS
might have advantages over other techniques for qualitative
and quantitative determinations. Rosencwaig and Hall (6)
have shown that absorption spectra may be obtained from
thin-layer chromatograms and qualitative identification
achieved using PAS. This paper reports the application of
PAS in the quantitative determination of analy1e species on
TLC plates with the minimum of sample pre-treatment,
excepting that necessary to remove the sample from the plate
and place it in the PAS cell.

EXPERIMENTAL

Instrumentation. The double-beam photoacoustic spec­
trometer used in this study has been described in detail elsewhere
(7). A pyro-electric detector (E1tec type 404CM, Rofin Ltd.•
Egham. U.K.) was used in the reference channel of the spec­
trometar to correct for the variation of the output power of the
source with wavelength. The source used was a 300-W compact
xenon arc lamp (Varian-Eimac, type V1X-300). The signals from
the microphone (BrOel and Kjaer. type 4166). fitted with a type
4169 p....amplifier. and from the pyro-eJectric detector were taken
to lock-in amplifien (Model 124A, Princeton Applied Research
Corporation; and Model 9502, Brookdeal Electronics Ltd.•
Bracknell. U.K.. respectively). The two outputs from the lock-in

amplifiers were taken to a ratiometer (Brookdeal, Model 5047)
and the normalized output was displayed on a digital voltmeter
or chart recorder.

An aluminum insert was made to fit the sample cell described
in earlier work (7). The insert was polished and contained a central
depression (diameter 10 mm, depth 1 mm), which was used to
contain the small samples (ca. 10 mg) scraped from TLC plates.
The use of the insert achieved the two objectives of reducing the
dead volum~of the cell and positioning the sample reproducibly
when the sample material available was insufficient to cover the
whole of the base of the cell.

chronUitography. Studies were carried out using glass-backed
and aluminum foil-hacked thin-layer chromatography plates. The
aluminum-backed plates (20 cm X 20 cm Silica gel 00 F"', TLC
aluminum sheets, Merck type 5554, BDH Chemicals Ltd., Pool,
u.K.) were used by cutting out a 2(}.mm diameter disk containing
the analyte spot at its center. The disk was then placed directly
into the PAS cell.

The glass-backed plates (20 cm X 20 cm Silica gel 00, Merck
type 5721) were used by removing the analyte spot from the
developed plate. A circle (diameter 9.5 mm) was marked out
containing the analy1e spot and the material within this area
removed using 8 vacuum collection device of the type described
by Mulhern (B). This consisted of a glass probe, containing a
sintered disk, attached to a vacuum line. The sample from the
TLC plate was collected on the sintered disk and then transferred
to the PAS cell. The average weight of sample removed from the
plate by this method was 9 mg.

Procedure. Aluminum-backed and glass-backed TLC plates
were cleaned by development with ether followed by activation
by heating for 2 h in an oven at 120 ·C. Solutions of fluorescein
were spotted onto the TLC plates using a microsyringe.

Development of the chromatograms was carried out using 8

solvent mixture containing ethyl acetate (33% v/v) in acetone.
After development the chromatograms were allowed to dry in a
desiccator.

RESULTS
Figure 1 shows the PAS spectrum obtained for 1 pg of

fluorescein developed under the conditions described above
on a silica gel TLC plate and the corresponding spectrum for
the silica gel substrate. The maximum PAS signal is observed
at 447 nm for fluorescein; the signal at 600 nm is the same
for both fluorescein and the silica gel blank and the difference
in the signal amplitudes at 600 and 447 om may be employed
to determine the mass of fluorescein present in the samples.

A calibration graph for the mass of fluorescein present on
disks cut from aluminum-backed TLC plates was prepared
by placing on the plate I-pL aliquots of a series of standard
solutions containing fluorescein in the concentration range
0.2I'1lpL-I to 2pg pL-I. The calibration graph was found to
be linear over the weight range studied and reproducibility
studies yielded a relative standard deviation on each point
of 0.1. On cutting an aluminum-backed plate into a series of
strips and placing a I-pL aliquot of one of a series of the
standard fluorescein solutions upon each strip. it was found
to be p088ible to obtain a linear calibration graph by de­
veloping each strip separately without any precise control of
the development time.

A calibration graph for the weight of fluorescein present
in scrapings obtained from silica coated glaas-backed TLC

OOO~2700179/0351-2152$O1.O0/0 C 1979 Amer1can ChemcaJ Socioty
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Ftgur. 1. Spectrum of fluorescein on a silica gel-coated alwninum.
backed TLC plat.

plates was obtained by spotting a I-ilL aliquot of each of a
series of standard fluorescein solutions, having concentrations
in the range 0.2~ ilL-I to 1.21lg ilL-I. Under these conditions
the area of the spot obtained on the TLC plate was maintained
approximately constant as the mass of fluorescein present was
varied. This technique resulted in a linear calibration graph
being obtained for weights of fluorescein in the range 0.2 to
1.2 Ilg. The reproducibility of the results obtained using
material removed from glass-backed TLC plates was inves­
tigated and the relative standard deviation was found to be
0.08. A limit of detection of 20 ng of fluorescein in a sample
of silica gel weighing 4.5 mg was obtained. This result cor­
responds to a fluorescein concentration in silica gel of 4.4 Ilg
g-I.
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It has been shown that the square root of the area of the
sample spot, after development, is a linear function of the
logarithm of the weight of the material it contains (9). Al­
though this implies that the area of the eluted spot is only
a very weak function of the weight of silica present, never­
theless this function was not found to affect the linearity of
calibration graphs over the range of weights of fluorescein
studied.

The amount of silica gel containing the analyte apot was
found to be an important parameter. lmportance is, therefore,
attsched to the thickness of the silica gel coating being uniform
over the whole of the plate. An increase in the amount of silica
gel transferred with the anaJyte spot has a dilution effect upon
the sample and consequently reduces the magnitude of the
PAS signal obtained. All the points on the calibration graphs
presented in this paper were obtained from a single TLC plate.

CONCLUSIONS
The technique employed with the glasa-backed TLC plates

is superior to the use of disks cut from aluminum-backed
plates. With a chromatogram containing several different
spots, it is unlikely that adjacent analyte spots would be
sufficiently well separated to allow a disk to be cut containing
only one spot at its center.

The current wavelength range of the PAS system employed
is from the UV (250 om) to the near-IR (2.5 I'ffi). The method
described in this paper for the quantitative and nondestructive
determination of substrates on thin-layer chromatograms is
potentially applicable to the determination of a wide range
of analyte species with absorption bands in this range.

The plate-to-plate reproducibility for quantitative mea­
surements is no less than for any densitometric technique and
may be overcome simply by adequate standardization. The
immunity to interference effects caused by light-scattering
solids, such as silica gel, and the capability of the technique
for the examination of opaque substrates makes the quan­
titative study of thin-layer chromatograms a particularly
promising application for PAS.
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DISCUSSION
The relative standard deviations of measurements made

in the determination of fluorescein using both glass-backed
,md aluminum-backed TLC plates have been found to be in
the range 0.08-0.1. The majority of the errors incurred in the
results appear to be caused by problems in transporting the
sample from the TLC plate to the PAS cell. It was found to
be difficult to remove a 20-mm diameter disk from alumi­
num-backed plates without some silica gel becoming detached
from the perimeter of the disk. Any exposed aluminum
produced in this way was found to have a considerable en­
hancement effect upon the magnitude of the PAS signa'
observed.

As a result of some spatial variation in the intensity of the
radiation illuminating the sample holder in the PAS cell, the
location of the analyte spot on the disk cut from a TLC plate
was found to require careful identification and reproducible
sample positioning in the cell.

In the case of sample spots being removed from glass-backed
TLC plates, difficulty was experienced initially in preventing
loss of analyte material during the transfer process involved.
This problem became less severe as the experience of the
operator increased.
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Mass Spectrometric Tracer Pulse Chromatography

J. F. Parcher' and M. I. Sellm

ChBmlstry DepartTT16nt, The University 01 Mississippi, University, Mississippi 38677

Ma.. spectrometric tracer pulse (MSTP) chromalography
me..ure. vapor-llquld or vapor-solid equilibrium dala. The
technique Ie baaed on normal tracer pulee chromalography.
but utilize. atable Iaotope. and a ma" apecKlc delectlon
ayatem. The procedure wa. uaed to me..ure part"1on lao­
therma of propane and carbon dJoxkle In n-hexadecene over
the range of 25 to 50 ·C and 400 to 1200 Torr. The agr""""
01 the MSTP dala with the I"erature dala Ie axcallenllor the
CO,lClIH...yatem al all three lemperalure.. There ,. a
dlacrepancy In the meral..e lor the c,H,IC"H.. ayatern. The
MSTP data are In excellent agreement w"h one data eel and
3-10% lower than Iwo other compllallona.

There is a tremendous need for a fast, accurate technique
to measure vapor-liquid or vapoNKllid equilibrium data over
a wide range of temperature and pressure. The usual vapor
pressure or equilibrium still methodology is accurate, but time
consuming; and there are few data available at temperatures
and pressures other than 25 °C and 1 atmosphere.

The potential applications of gas-liquid and gas-ilolid
chromatography in this area have been recognized for many
years, but never fully exploited. Normal elution chroma­
tography, with the solute at infmite dilution, has been used
successfully for these measurements, and there are many
advantages to this technique. The method, however, is limited
to systems which obey Henry's law and to solutes which are
significantly retained by the stationary phase. The uncertainty
in the determination of the dead time or void volume of the
column limits the accuracy of elution data for systems in which
the solubility is low, i.e., systems with a Henry's law constant
greater than 10'.

Several methods have been suggested for measuring
equilibrium systems chromatographically at finite concen­
trations, and these methods have been thoroughly reviewed
and evaluated (1-3). Presently. none of these techniques have
been used extensively for several reasons. The theory of mass
transport through a fixed bed reactor or column is very
complex. The differential equations describing a normal
chromaWgraphic column carmot be solved analytically (4), and
numerical solutions require extensive computer time and
facilities. Simplifying assumptions have been used to reduce
the mathematical complexity of the problem to reach an
analytical solution. These assumptions are often unrealistic,
such as zero pressure drop, constant flow rate. or constant gas
phase viscosity. This limits the accuracy and applicability
of the simpler frontal techniques.

There is yet another chromatographic technique for ob­
taining finite concentration equilibrium data. This method
is tracer pulse chromaWgraphy (5-8) and is probably the most
commonly used type of frontal chromatography (9-18). In
this technique, the solute vapor is introduced into a packed
column as the carrier gas or as a component of the carrier gas
at a known partial pressure. The column is saturated with
the carrier gas so that a vapor-liquid or vapor-ilolid equi­
librium is established. Asmall elution sample of a radioactive
isotope of the solute vapor can be used as a probe to determine
the amount of solute vapor which is absorbed or adsorbed on
the liquid or solid stationary phase. The number of moles

of solute, ni. condensed on or in the stationary phase is directly
proportional to the corrected retention time, tR;'. of the tagged
solute. i (8).

(1)

M is the mass flow rate (moles/min) of the solute vapor in
the column. This result is obtained with no assumptions
concerning the shape of the isotherm, effect of diffusion.
constancy of the void volume. or heat of sorption. The one
necessary assumption in normal tracer pulse theory is that
there is no isotope effect on the equilibrium properties of the
system.

Tracer "pulse chromatography docs not require special
chromatographic instrumentation and the method is simple
and elegant. The major disadvantage of the method is the
necessary detection and handling of radioactive isotopes in
the gas phase. The solutes usually contain 'H or 14C isotopes
which must be trapped out of the gas stream. The sample
size of the eluted isotopes must be small to avoid perturbation
of the equilibrium and these small samples are hard to detect
with ionization detectors.

Tracer pulse chromatography docs not inherently require
the usc of radioactive isotopes. Any distinguishable isotope.
such as "c or 'H, would be satisfactory with the proper
detection system. This paper describes the use of stable
isotopes and a mass spectrometric detector to extend and
improve the capabilities of tracer pulse chromatography.

EXPERIMENTAL
The GC/MS system used for this investigation was a Hew­

lett-Packard Model 5985A. This is a quadrapole instnunent with
8 high pumping capacity and real· time selected ion monitoring
capabilities. The gas chromatograph was modified for variable
outlet pressure operation by the addition of a microneed.1e valve
(Scientific Glass Engineering Pty. Ltd. Model MNVU-lOOl at the
outlet. Subatmospheric pressures were obtained by venting the
outlet of the valve to vacuum.

The flow sensor on the gas chromatograph was calibrated for
each carrier gas over 8 range of flow fates. The molar flow rate
for each experiment was obtained from the sensor output and
the calibration factors.

The inert gases were all Linde Research grade and the carrier
gases were Linde Instrument grade. The specified minimum
purities were 99.99% for carbon dioxide and 99.5% for propane.
The stable isotope solutes, 2,2-d, propane (980/0 D) and "C labeled
carbon dioxide (90% "C) were obtained from Merck and Co.

The n-hexadecane (A1tech Associates) was used as the sta­
tionary liquid phase. This was coated on 60/80 mesh Chro­
m08Orb-P which had been deactivated with dimethyldichlorosilane
(Johns-ManviUel. The columns were made ofO.25-in. o.d. copper
tubing of various lengths from 200 to 350 cm. The liquid loading
for the three columns used in this investigation ranged from
24-32%.

The accurate measurement or calculation of the retention time,
to. of 8 truely unretained solute is a critica.l factor in tracer pulse
chromatography. The standard use of an air peak or a single inert
gas peak is totally inadequate because all of these gases are soluble
in hexadecane to some extent at the temperatures and pressures
used in this investigation.

Severa! methods have been proposed for the accuraw deter­
mination of to- All of these methods are based on some form of
linearization scheme for an equation of the form

In (tR' - to) = " + IN, (2)

~2700/79/0351·2'5'SOl.00/0 C> 1979 American ChomIcaI Soclely
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0.016
62.5

Lenoir
et aI. (32)

0.135
7.41

0.0896

0.109

0.0138

0.0121
0.0113

0.114·

0.0123·
0.0113

0.142

0.095·

0.104

0.0123
0.0114

0.0142

0.087

0.128

this work

40
50

35

25

25

45

vapor

Solubility (Mole Fraction) of Propane and Carbon Dioxide in n·Hexadecane at One Atmoopbere

King and Chappe!owand Hayduk et
AI·Najjar (30) Prawmitz (29) al. (28,31)

0.139" 0.124" 0.137
8.05
0.104·
9.96
0.087·

11.46
carbon dioxide

propane

Table!.

• Interpolated from measured values at other temperatures.
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FIgw. 1. Par1ltlon Isotherms for propane it n-hexadecane at 25, 35,
and 45 ·C. literature data at 760 Torr. (0) Hayduk .t aI. (28, 311.
(t.) King and AJ..Najjar (30). (0) Chappelow and Prausnnz (29)

The MSTP data for carbon dioxide agree well with the
literature values except for the data of Lenoir et aI. (32). Thia
measurement was carried out by elution chromatography at
the limit of P = 0 and the extrapolation to atmospheric
pressure may be questionable, although our data over a range
of pressure indicate that the Henry's law constant is inde­
pendent of pressure up to 1200 Torr.

The propane measurements agree with thoee of Chappelow
and Prausnitz (29) within 2% but are 3-10% lower than the
other literature values (25, 3(}-32).

The data reported here were all measured at a constant
molar flow rate with variable inlet and outlet pressures and
volume flow rate. Extensive measurements were also carried
out with a constant outlet pressure and variable flow ratea
and inlet preB8ure. There was no measurable difference in
data obtained under these two sets of conditions. The liquid
mole fraction of propane was a function of the mean pressure
of propane in the column and the temperature, and was
independent of flow rate, inlet and outlet pressures, and the
amount of hexadecane in the column.

MSTP chromatography can be used to measure solubility
data with accuracy comparable to established methods and

a and fJ are constants and ~i represents some extrapolation
parameter for solute i.

A flame ionization detector will not respond to an air sample,
so chromatographers have developed a method for determining
to based on tbe use of tbe carbon number of a series of n-alkanes
(19-,21) or other bomologs (22) for of,. This is a popular method,
but IS not acceptable for solutes with smalllRi - to values because
Equation 2 is often not valid for the lower members of a ho-­
moJogous series when carbon number is used for the ~i parameter.
If higher members of a series are used, the procedure involves
a long extrapolation and a small uncertainty in the lRi values causes
a large uncertainty in to (21).

Other workers have used the inert gas series of solutes and
various physical parameters for of;. Heats of adsorption (23)
polarizability (13, 16), the square root of the Lennard-Jone~
potential (14), and the Kirkwood-Muller potential parameter (17)
have all been used for of,. We found the Kirkwood-Muller po­
tential function (17) to give the best straight line fit with nonlinear
least squares regression of Equation 2. This technique was used
throughout the investigation to determine to based on the retention
of neon, argon, krypton, and xenon.

The mass spectrometric detection system has the advantage
over ionization chambers or conventional detectors that the
chromatograph can be operated at low pressures (24) with no
deleterious effects on the sensitivity of the detection system. The
effect of reduced pressure on the efficiency of the chromatographic
column is less certain. Sbellier and Guiochon (25) concluded that
vacuum outlet operation had little or no effect on the plate heighL
Hatch and Parrish (24) showed that under other conditions there
is a large effect on the efficiency. In general, atmospheric pressure
operation yielded a lower plate height, but the optimum now rate
was always larger for the vacuum conditions.

The effect of column presaure on the solute plate height was
not systematically investigat.ed; however, there was no significant
loss of efficiency observed at subatmospheric pressures.

The use of a mass specific detection system obviates the as~

sumption that there is no isowpe effect on the equilibrium
measurements. In our studies, we found that there was no
measurable difference in the solubilities of CO, and "CO, in
heudecane. On the other hand, there is a significant difference
between the solubility of nntural propane and dideuterated
propane in hexadecane. The heavier isotope is less soluble by
1-2%. This type and magnitude of an isotope effect has been
observed previously (26, 27) and must be taken into sccount for
accurate measurements by tracer pulse chromatography.

The relative retention times of eluted samples of natural and
isotopic solutes were used as correction factors to determine the
retention time of a natural solute from the observed retention
time of 8 isotopic solute.

RESULTS AND DISCUSSION
The experimental isotherms for propane and carbon dioxide

in n·hexadecane are shown in Figures I and 2. Comparison
of the experimental data with previous nonchromatographic
studies at a single pressure (I atm) are given in Table I, where
the data marked with • are interpolated from measured values
at other temperatures. In some cases, the experimental results
were presented as Henry's law constants and these values are
given in the second row.
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Pre••ure (torr)

Figure 2. Partttion Isotherms lor carbon dioxide In n-haxsdecana at
25, 40, and 50 ·C. Lttaralura data at 780 Torr Is U,., sa"", as Figure
1

has all the advantages of normal chromatographic rechniques,
auch as speed, simplicity, and wide temperature and pressure
ranges.

The use of a mass specific detection system allows the use
of nonradioactive isotopes. subatmospheric pressures, and
quantitative evaluation of any possible isotope effects.

One of the significant disadvantages of the 8tatiC volumetric
or gravimetric techniques is the excessively long times required
to ensure complete equilibration in the system. A commonly
quoted figure i8 2-4 h (28, 29) and the procedure8 require
exten8ive degassing of the solvent. III a chromatographic
column the 80lvent is present as a very thin film spread over
a large 8urface area and all of the solvent i8 continuously in
contact with th8 solute vapor, 80 the equilibration time is
essentially the time required for the 80lute front to pas8
through the column. In one experiment, the retention time
of a tagged 8ample of propane was measured at intervaiB of
10-15 min for the 8ystem of propane/hexadecane at 45 ·C.
The retention time was con8tant within 2% for the time
interval from 5 to no min. The required equilibration time
varied with flow rate and pre88ure but was alwaY8 less than
10 min after the vapor front reached the outlet of the column.

The major disadvantage of the prooedure is the requirement
of a mass spectrometer as a mass specific detector. Thi8 i8
complex and expensive instrumentation; however, the simplest
form of quadrapole mass 8pectrometer i8 adequate for thi8
procedure. The experiment does not require modification of
the mass spectrometer and can be used on any GC/MS
system.

As with any chromatographic technique, the 80lvents are
limitad to those with low vapor pressure at the operating

18

10

14
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temperatures. This is a restriction; however, the technique
is applicable to high molecuiBr weight solvents and polymers,
and the8e are precisely the types of system8 which are not
amenable to other techniques.

The tracer puiBe method require8 large amounts of vapor
for the carrier gas. This can be introduced as the carrier alone
or as 8 component of 8 mixture of gases. The solute can be
used alone as the carrier if the vapor pressure i8 8ufficient at
room temperature. The solute vapor can also be introduced
by bubbling an inert gas through a saturator containing liquid
solute, or the solute can be pumped into the 8ystem as a liquid
and vaporized ahead of the column.

The equilibrium data obtained by thi8 procedure or any
chromatographic method, must be an average value. The inlet
of a column must be at a higher pressure than the outlet and
the solubility can only be given at the mean column pressure.

Probably the most significant potential for the technique
is in the 8tudy of muiticomponent 8YStems. The mass 8pecific
detection sy8tem can differentiate components of a mixture
even if the chromatographic resolution is inadequate for a
8eparation.. Vapor-liquid equilibrium data for multicom·
ponent systems cannot be obtained readily by any other
nonchromatographic technique.
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Effect of Temperature on the Separation of Conformational
Isomers of Cyclic Nitrosamines by Thin-Layer Chromatography

Haleem J. Issaq,' Marlo M. Mangino, George M. Singer, David J. Wilbur, and Nelson H. Risser

Chemical carcinogenesis Progrem. FrBdBrlck Cancer Research canter, FrBdBrlck, Maryland 2170 I

The separation 01 conIormatlonallsome", 01 cycle nIlrosamnes
which did not separate at room temperature was possible
when the thln-layer chromatography (TlC) plate was de­
veloped at -77 ·C. Effects of temperature and continuous
development on the separation and r"solutlon were studied.
The results show better separation at lower temperatures and
Improved resolution with continuous development. NMR
spectra 01 the separated compounds support the TlC data
which Indicated that the separated compounds are confor­
mational Isomers.

Separations by thin-layer chromatography (TLC) are
normally carried out at room temperature. However. in certain
cases it may be necessary to develop the plate at lower or
higher temperatures than room temperature in order to
achieve a separation.

It has been shown that lower temperatures affect the
separation of compounds by TLC. Abbott et at. (I) studied
the effect of temperature (+40 DC to -20 DC) on development
times and RI values of 12 chlorinated pesticides. They found
that the migration rates of all compounds studied were
temperature dependent. Compounds with RI values above
0040 at room temperature showed the greatest variation;
compounds with R, values of less than 0.20 showed almost no
variation at higher temperatures although their R, values
dropped at -20 DC. Separation was least effective at -20 DC.

Abbott et al. (I) and Stahl (2) observed that development
of the plates at low temperatures was not only faster but also
that more compact spots were obtained, which resulted in
better resolution. Stahl (3) was able to separate a mixture
of geranyl acetate, asarone, carotol, and hydroxycaryophyllene
at -10 DC. which is otherwise difficult. Henderson and Clayton
(4) used ultra cold chromatography to separate saturated
phosphoglycerides.

Lieberek et al. (5) used TLC at 0-2 DC to separate E and
Z isomers of N-nitroso-N-alkyl-amino acids. They also re­
ported that TLC at 0-2 DC offers a more sensitive method of
checking the conformational purity of isomers than does NMR
spectroscopy, since small contamination of one by the other
can be detected more easily by TLC than by NMR spec­
troscopy.

In our work it was necessary to develop a method for the
separation of conformational isomers of heterocyclic nitro·
samines which are in equilibrium at room temperature owing
to rotation about the N-N bond of the nitrosamine function.
It seemed likely that if the rate of rotation could be slowed
by reducing the temperature, then the difference in polarities
of the conformers might allow separation by TLC. This paper
describes a cryogenic apparatus used for the separation of
conformational isomers at -77 DC. NMR and TLC data show
that the separated compounds are conformational isomers.
To our knowledge, this is the first instance of a separation
of nitrosamine conformers in which the equilibrium is free
from the influences of hydrogen bonding (5, 6) or steric effects
(7).

EXPERIMENTAL
Appsrstus. Standard gl.... tanks were used for plate de­

velopment at room temperature and -5°C. The cryogenic ap­
paratus (Figure 1) was used for plate development at-77 DC. A
viewing cabinet with long (366 nm) and sbort (254 nm) ultraviolet
(UV) lamps (Brinkmann. Westbury, N.Y.) was used to locate the
spots on the plate. A Varian XL-IOO NMR Spectrometer with
a Nicolet TT-IOO Fourier transform unit was used for the NMR
spectra Streaks on the plate were made using a De 80ga Autoliner
(Brinkmann, Westbury, N.Y.).

Reagents. All solvents used were glass-distilled (Burdick and
Jackson, Muskegon, Mich.). Deuterated solvents were obtained
from Merck & Co., Inc. (Rahway. N.J.). Nitrosamines were
synthesized at the Frederick Cancer Research Center. Drummond
micropipets were used for spotting the sample solutions on silica
gel plates, EM silica gel60F-254 (Brinkmann. Westbury. N.Y.).

Procedure. Solutions of tbe nitrosamines (5 mg/mL) were
made in ethyl acetate. Plates were spotted (streaked) at room
temperature after which they were cooled to the development
temperature before they were developed for approximately 12 em
in a saturated tank or cryogenic apparatus (Figure 1) which had
been equilibrated at the required temperature. The solvent
systems used were diethyl ether or beune/tetrahydrofuran (3:1).

After development, the plate was taken out and covered with
a clear gl.... plate to shield the sample from UV light. A I-em
channel at the edge of the plate was left uncovered. The plate
was then viewed under short UV and the bands were marked with
a pencil. While still wet, the bands were scraped off the plate.
one at a time. as fast as possible to avoid plate warmup and
transferred to a cold flask which was kept at -77 DC in an
acetone-<lry ice bath. The flask was capped to prevent acetone
contamination. The separated conformen were extracted from
the silica gel by adding cold methylene chloride and the flask was
sbaken for 5 min. After settling for a few minutes, the methylene
chloride extract was transferred to test tubes whicb were kept
at -77 DC. The test tubes were evacuated under reduced pressure
(O.1-{).OO5 mm Hg) until the solvents were removed. The residue
was tben dissolved in cold deuterated chloroform and an NMR
spectrum was obtained at -20°C or -40 °C.

RESULTS AND DISCUSSION

TLC of 1,4-dinitrosopiperazine (DNPZ) and its ei.-2,6­
dimethyl-(2,6-DMDNPZ), trans-2,5-dimethyl-(2,5-DMDNPZ},
and 2-methyl (2·MDNPZ) derivatives yielded one spot each
at room temperature and at -5 DC when spotted on silica gel
plates and developed in either diethyl ether or hexane/tet­
rahydrofuran (3:1). Published NMR data indicate the
presence of two isomers for DNPZ (8) and 2,6-DMDNPZ (8),
three isomers for 2,5-DMDNPZ (8), and four isomers for
2-MDNPZ (9). No separation of the isomers occurred even
at -20 DC, so the plates were then continuously developed at
-77 DC, obtained by using a dry ice--1lcetone bath in a cryogenic
apparatus developed in our laboratory (Figure 1). The
cryogenic apparatus is a closed unit to prevent water from the
atmosphere from condensing on the plate, which would make
evaporation of the solvent from the plate difficult, and thus
interfere with the separation. Initially, tbe separation of
2.6·DMDNPZ and 2·MDNPZ at -77 DC under continuous
development in tetrahydrofuran-hexane (1:3) gave two spots
for 2,6-DMDNPZ and three spots for 2-MDNPZ after 2 h. In
another experiment, the four compounds 2-MDNPZ, 2,6-
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Fig... 2. Comparison of the s.paratlon of n~rosamlnas: (1) ONPZ.
(2) 2-M>NPZ, (3) 2,5-0"-DNPZ, (4) 2,6-0MONPZ, (5) NMEPO, .nd (6)
3,5-0MN4P at (A) room tamparat...., (B) -5 ·C, and (C) -77 ·C
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DMDNPZ, 2,5-DMDNPZ, and DNPZ were each spotted on
three plates and the plates were developed once in diethyl
ether at room temperature, -5 ·C, and -77 ·C. Separation
of the isomers was achieved only at -77 ·C (Figure 2).
Continuous development at -77 ·C for 2 h improved the
resolution. It is apparent, therefore, that continuous de­
velopment at low temperatures significantly improved the
separation of these compounds.

In certain cases it may not be necessary to use low tern·
peratures. For example, N-nitroso-3-methyl-4-piperidone
(NMEPO) was separated into two spots (R/ x 100 = 38 and
SO) when chromatographed on silica gel plates and developed
in petroleum ether-ethyl acetate (3:2) at -5 ·C. Two ex­
periments were carried out to establish that the two resolved
apots are conformational isomers. First, a solution of NMEPO
was apotted onto a cold (-5 ·C) TLC plate and developed as
described above to give two spots (lower temperatures were
found to give a better separation). The plate was then left
at room temperature for 10 min after which it was cooled in
the refrigerator, planed in the cold tank, and developed at 90·
to the first development. After development, each spot was
resolved into two spots which had the same relative R, values
as initially found. Thia suggested that the individual con·
formers re-equilibrated at room temperature to the two
conformational isomers. When the solution was spotted and
developed in both directions at a cold temperature, only two
spots were observed. Proton NMR spectra at -20 ·C of the
two isolated compounds, eluted off the plate at low tem·
perature (Figure 3), indicated that each spot contained a single
iaomer of NMEPO and not decomposition products.

Relative intensities of the methyl doublets at 0 = 1.14 and
1.22 (Figure 3) clearly show that each sample is 8(}-90%
conformatiooallY pure. Figure 3D indicates that the isomers
Ie-equilibrate at room temperature with a half-life of 20 to

PPM

FIgIJ'a 3. loo-M-1z 'H NMl spectra Of N-nitroso-3 methyl-4-jllper1d
at -20 ·C In CDCl,. (A) Equmbrium mixture of two Isomers. (B) Low
R, Isomer Isolated by cryogenic TlC. (C) High R, isomer Isolated by
cryogenic TlC. (0) same sampl. as C, aft.r warming to 22 ·C for
20 min. lmPlJ'tly peaks at 0 = 1.8. 2.1, and 5.3 are wat.r, acetone,
and methylen. chloride, r.spactlvely

30 min. Each of the samples whose spectra are shown in
Figure 3B and 3C gave spectra indistinguishable from Figure
3A when allowed to equilibrate to room temperature for
several hours.

The spectrum in Figure 3C indicated that this is the
anti-3-equatorial-methyl isomer in a fairly normal chair
conformation. The resonances of the " protons can be
separated into four distinct multiplets, centered at 0 = 3.4,
3.9, 4.8, and 5.1. On the basis of the relative chemical shifts
of" protons in other cyclic nitrosamines (10), we assigned the
multiplet at 0 = 4 to an axial proton, anti to the nitroso. This
proton is clearly coupled to only two o~her protons, with
coupling constants of 13.3 and 10.6 Hz, which are typical
values for germinal and axial-axial coupling constants, re­
spectively (11). This proton must, therefore, be adjacent to
the proton bearing the methyl group, and the methyl must



·..y
".

I

• I Ii

__ j¥~;J'j.'),ij.l-"" ..lJ!JJ~-J'JIJ U'll~
5 1

PPM

F1guro 4. l00.MHz 'H N'-'l spectra of<initroso-2,~.
(AI Equllbritm rnIxlu'e at 25° C. (8) High R, Isomer at -40 DC. Isolated
by cryogenic TLC. Impurtty peaks are acetone at 0 = 2.1. water 0
=1.8, and dlethyl ether (developing solvent) at 0 =3.4 and 1.2. (C)
Low R, Isomer et -40°C, Isolated by cryogenic TLC. ImpLrity peaks
are acetone at 0 =2.1 and water at 0 =1.8

be equatorial. The spectrum, Figure 3B, is not so readily
analyzed, but we believe that the nitroso group is anti to the
nitroso with the ring in a flexible twist conformation. A full
discussion of the spectra and factors causing the increased
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barriers to ring inversion as well as nitroeo group rotation will
be published separately.

For the four piperazinea, DNPZ, 2-MDNPZ, 2,5-DMDNPZ,
and 2,6-DMDNPZ which were separated at -77 ·c, TLC
indicated that the component conformers re-equilibrated at
room temperature. When the plate was turned 90° and
developed again, each spot aeparated into the same number
of spots as obtained in the fmt development. Figure 4 ahowa
the proton NMR spectra of the two isomers of 2,6-DMDNPZ
along with a spectrum of the equilibrium mixture. The four
methyl doublets in the region 0 = 1.(}-1.6 show that good
separation of the isomers was achieved at -77°C, although
some diethyl ether, used as developing solvent, remained in
one of the samples (Figure 4B). The chemical shifta of the
methyl signals indicated that the isomer with high R, (Figure
4B) has the two nitr080 groups cis to each other (10), while
the bottom spot (Figure 4C) has the two nitr060 groups trans
to each other (8).

When the separated isomers were warmed up to -16°C for
20 min, the proton NMR spectrum showed that the isomers
had nearly equilibrated.

It is apparent from the above results that cryogenic TLC
is a practical way to separate cyclic nitr060 conformational
isomers. Better resolution is achieved when cryogenic/
continuous development is used. Combination of cryogenic
TLC and NMR spectroscopy would make poeaible kinetic
studies of nitroso group rotations in cyclic nitrosamines.
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Thin Layer Chromatographic Separation of Pesticides,
Decachlorobiphenyl, and Nucleosides with Micellar Solutions

Denlel W. Armstrong" and Robert Q. TerriO

Depaitment of Chemistry. Bowdoin CoItIQe. 8nJnswlck. MaiM 040"

1M 11M 01 micellar eoIuIIons .. IllClblM phaMa In lhln layer
chromatogrephy (nC) II deIcrIbed 'Ill" the IIrIl time. The
pORlbIe eclvlllllagel 01 mIceIIr IOIulIOnI overtreclllonel Pll"e
and mIxacllOlvant I)'IIllIIlI ere delcrlbacl. p,p'-DDT; P.­
p'-DDD; p,p'DOE and clecachloroblphenyl were chromato­
graphacl UIIng aq_ loIutlonI 01 lOdJum docIec)'l aullata
(80S) wlth polyamide and alumina thtn Iayar........ A ra­
venacI~ eotutton wMlhown to aeparata the~
acIenoItne, cytIcIlne, guanoaIne, and wtcIna UIIng a raveraacl
pha.. nc theel. POIIlble rnechanllrnl to account 'or the
o....rvacl chromatographic behavior ara dllcuaaed.

In liquid chromatography. one attempts to choose a solid
or liquid stationary phase and a liquid mobile phase that will
produce the optimum separation of the substances being
analyzed. If a chromatographic separation is not satisfactory
(even after adjusting physical parameters). one must either
change the stationary phase or utilize a solvent system (for
the mobile phase) that has a more sppropriate polarity. In
this paper we introduce a new type of mobile phase. that of
solutions of surfactant aggregates or micelles. The highly
selective partitioning of many solutes to micelles cannot be
duplicated by any pure or mixed solvent system (1-4). The
fact that aqueous micellar systems can mimic certain
properties of organic solvents (i.e.• solubilizing nonpolar
solutes) could. in some cases. eliminate the need to use p0­
tentially harmful or toxic solvents (benzene for example). In
addition. micellar solutions are very inexpensive. To change
the "apparent polarity" of a micellar mobile phase. one simply
alters the concentration of surfactant in solution.

This f...t in a series of studies reports the use of surfactant
solutions in thin layer chromatography. The pesticides 1.1­
bis(p·chlorophenyl)-2.2.2-trichloroethane (P.p'·DDT), 2.2­
bis(p-chlorophenyl).I.I-dichloroethane (p,p'·DDD). 2.2-bisCp­
chlorophenyl)-I.I-dichloroethylene (P.p'·DDE), and the pol·
lutant decachlorobiphenyl CDCB) were separated on silica gel,
alumina. and polyamide thin layer' sheets. The effects of
different surfactants and surfactant concentration on the
separations are analyzed. Reversed micelles (surfactant ago
gregates in nonpolar organic solvents) were used in a reuerse
pluJ8e chromatographic separation of the nucleoeides: aden...
sine, guanosine. cytidine, and uridine. We have previously
reported a transfer RNA purification using aqueous micellar
solutions and gel filtration chromstography (5).

To understand some of the advantages of using surfactant
solutions as the mobile phase in liquid chromatography. it is
necessary to understand some of the pertinent physical and
chemical properties of micelles. Micelles are spherical or
poesibly al1ipaoidal association colloids that form when the
critical micelle concentration (CMC) of any given surfactant
is exceeded. Micelles are not static apeei... The monomers
which compose the micelle (about 25-160 monomers/mioeUe)
are in dynamic equilibrium with a smaller number of "free"
monomers in solution. A solute can partition to an aqueous
micelle generally in one of three ways. (a) Via'Electrostatic

Interactions: Micelles composed of ionic surfactants have a
fraction of charge on their surface (i.e.• Stern Layer). Thus
micelles composed of anionic surfactants have a negative
frsction of charge and tend to attract positively charged
substences to its surface. Conversely, micelles composed of
cationic surfactants would tend to attract negatively charged
substances. (b) Hydrophobic Jnteractions: Nonpolar sub­
stances that often have low or negligible solubility in water
easily pftrtition to the hydrophobic core of the aqueous micelle.
(c) Via Electrostatic and Hydrophobic Interactions: Am·
phiphilic substances such as amino acids or other surfactants
would Partition to the micelle so that the polar portion of the
substance is in proximity to the hydrophylic surface and the
hydrophobic portion of the solute is directed toward the core
of the micelle.

Surfactant aggregates in nonpolar organic solvents are often
referred to as reversed micelles. It should be understood,
however, that the aggregational behavior and thermodynamics
of formation of reversed micelles are not analogous to those
of aqueous micelles (6). In reversed micelles. the hydrophilic
head groups are located in the core of the aggregate and the
hydrophobic tails are directed outward in contact with the
organic solvent (1. 6). One can solubilize appreciable
quantities of water in the core of a reversed mioeUe. In general.
the greater the amount of water present. the larger the reo
versed micelle. Hydrophilic substances would tend to pftrtition
to the aqueous core of a reversed micelle. Thus solutions of
reversed micelles can be used to great advantage in reverse
phase chromatography. As will be demonstrated. varying the
water content of a reversed micelle can alter the partitioning
of a substance to it.

If desired. partition coefficients of substances to micelles
can be measured in a variety of ways (J. 3, 4). It should be
noted that the use of micelles in chromatographic separations
is only one of a number of uses of micelles in analytical
chemistry. Many innovative investigators are now using the
unique properties of micelles in a wide variety of techniques
(7-10).

EXPERIMENTAL

Materiall. Gold label 99+% pure p.p'-DDT: p.p'-DDD;
p.p'-DDE and decachlorobiphenyl were obtained from Aldrich
Chemical Co., as was sodium dioctylsulfosuccinate and cetyl­
trimethy1ammonium bromide (CTAB). These reagents were used
without further purification. Adenosine, cytidine, guanosine.
uridine. and sodium dodecylsulfale (SDS) were obtained from
Sigms Chemical Co. and analyzed for impurities as previously
described (3). !geps! Co-7l0 (a nonionic surfactant) was obtained
from GAF Corporation and used as received. Silica gel 60 F....
aluminum oxide F... and silanized silica gel 60 F2M thin layer
sheet. were obtained from VWR Scientific Co. Polyamid~ UV...
thin layer sheets were obtained from Brinkmann Instruments.
Inc. Distilled water and/or spectral grsde cyclohexane were used
to make the stock surfactant solutions.

Methods. The following solutions of surfactant were made
and utilized as the mobile phase in the appropriate TLC: 1.0 X
10-'. 2.0 X 10-'. 3.0 X 10-'. and 4.0 x 10-1 M aqueous solutions
of SDS were used for TLC on silica gel. alumina. and polyamide
sheets: 5.0 x 10-'.6.0 x 10-'.7.0 x ur'.8.0 x Ilr'. 9.0 x 10". and
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Figur. 1. Tracing of daveloped chromatograms. ClYomatogram A
consists of a polyamide statlonary phase developed with a 4.0 X 10-'
M50S., solution. Chromatogram B shews the separatlon of urkllne
(U), guanosine (G), cytidine (C), and adenosine (A) using reverse phase
TLC. The mobile phase consis1ed of 1.5 M sodium dloctylsUlosucclnate
and 4.44 M H,O In cyciohexane

1 X 10-' M aqueous solutions of CTAB were used for TLC on silica
gel, alumina, and polyamide sheets; 0.68. 2.00, 5.00, 10.00, and
20.00% aqueous solutions of Igepal co·no were used for TLC
on silica gel, alumina, and polyamide sheets. For reverse phase
chromatography (on silanized silica gel sheets), various amounts
of water were solubilized in cyc10hexane containing 1.5 M sodium
dioctylsulfosuccinate. Solutions were made containing 0.0, 0.11,
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0.56,1.11,2.22,3.33,4.44,5.56, and 11.11 M H,o. AIl ....nding
TLC were run in air tight containe... The size of all TLC abeets
was 8 X 20 em. All reported R, values are an average of four
identical runs. Development times were 2 to 3 h when using
aqueous micellar solutions. All spots were detected by illumiDating
the chromatograms with a 254_ nm mineral light. The spots
were carefully outlined and shaded. Typical chromatograms are
shown in Figure 1. It should be noted that sodium dodecyI su1fate
from different companies can give solutions that produce different
R, values. For example, solutions of SDS from Bin-Had Labo­
ratories gave higher R, values for the pesticides than did anaIogOUll
solutions of SDS obtained from the Sigma Chemical Co. Con­
sequently, one must be careful to indicate the source of ones
surfactant and/or indicate in detail the purification procedure,
many of which have been published (I).

RESULTS AND DISCUSSION
Aqueous solutions of SOS and CTAB proved to be effective

mobile phases when chromatographing the hydrophohic
pesticides on polyamide and alumina thin layer sheete. These
compounds moved as distinct spots and their R, values were
dependent on the concentration of surfactant used. Generally
speaking, the greater the concentration of surfactant, the
greater the R, value. Aqueous solutiona of the nonionic
surfactant were ineffective in TLC regardless of the type of
stationary phase used. This was because all species tanded
to smear along the length of the chromatogram rather than
move as discrete spots. Silica gel stationary phases were also
of little use in micellar chromatography as they tended to hind
the pesticides too strongly.

Figure 2, a-d, illustrates how a change in surfactant con­
centration affects the R, of various chlorinated hydrocarbon
pollutants. In all cases the change in R, is a linear function
of surfactant concentration. Using these plots, one can de­
termine the optimum surfactant concentration to achieve
separation. As will be shown in a separate paper, one can also
determine the partition coefficient of solutes to micelles using
analogous plots. Optimum separation generally, hut not
always, occurs at higher surfactant concentration. There is
an upper limit to the concentration of surfactant one can use.
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fig.... 2. Plots of R,value vs. surlactant concentration lor DOE (0), DDT (El), DOD (""'l, and DCB (+). In A, the stationary phase Is poIyemIde
and the surlaCUlnl Is 50S. In B, the statlonary phase Is alumina and the surlaCUlnt Is SDS. In C, the stationary phase Is poIyemIde and 1hlt
surlactant Is CTAB. In 0, the statlonary phase Is alumina and the slrlactant Is CTAB



CONCLUSIONS

For normal phase TLC (using aqueous micellar solutionsl,
it was found that SDS was the best surfactant as solutions
of nonionic surfactant produced smears rather than spots.
CTAB. while satisfactory. appeared to bind somewhat to the
stationary phases. Polyamide stationary phases produced the
best separations when using aqueous micellar mobile phases.
Silica gel was virtually useless as a stationary phase while
alumina was somewhat less satisfactory than polyamide.

In reverse phase TLC (using a reversed micellar solution
as mobile phase). the optimum separations were achieved
when 2.0 to 4.0 M water was solubilized in the hydrophilic
core of the aggregate. Partitioning of substances to the re­
versed micelle involved both electrostatic interactions with
the polar bead groups of the surfactant and solubilization by

indicates that the ability to become solubilized in the "water
pool" is a more important factor for cytidine. guanosine. and
uridine. The leveling off of the R, values at higher water
concentrations is very interesting. Although the exact reason
for this behavior is not known. we offer one possible expla·
nation. As one gradually adds water to the reversed micellar
mobile phase, a point will eventually be reached where the
concentration of water is very large compared to the con­
centration of the solute one is chromatographing. At this point
the solute will move along the chromatogram as if the mobile
phase were pure water. In other words. if it were possible to
run the reverse phase chromatography with water as the
mobile phase (which cannot be done since >20% H20 destroys
the chromatograms), one would obtain R, values close to those
indicated by the horizontal lines in Figures 1b. c. and d. Since
the R, values of cytidine. guanosine. and uridine have reached
this maximum value by the time the water concentration is
- 2.0 M. increasing tbe concentration of water still further
would not be expected to produce any significant change. At
very high water concentration (>6.0 M) the R, values of the
nucleosides will begin to decrease. This is probably due to
physical factors such as very high solution viscosity and/or
possible microemulsion formation. Except at very low water
concentrations where some smearing occurs. the nucleosides
moved as distinct spots using the reversed micellar mobile
phase.
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Flgwe 3. A plot of R,vaJue VS. concentralion of watet (In the sodium dioctytsulfosuccinate revetsed micelle) fOf I6idine (Al. cytidine (G). guanosine
(0), and adenoslno (t)

Above 0.6 M SDS and 0.2 M CTAB. the surfactant solutions
are too viscous to be used for TLC. It is interesting to note
that the order of R, values (using polyamide as the stationary
phase) of the pesticides is different depending on which
surfactant is used. For CTAB solutions, relative Ris are:
p.p··DDE> p,p'·DDD > p,p'-DDT; while for SDS solutions;
p,p'-DDE> p,p'·DDT > p,p'·DDD. This indicates that there
are electrostatic interactions that must be taken into con­
sideration, in addition to the hydrophobic interactions. be­
tween the pesticides and the micelle. In all cases the DCB
did not move from the origin; thus it is easily separated from
the chlorinated pesticides.

Reversed micellar solutions (of sodium dioctylsulfo­
succinate) effectively separate nueleosides using reve"", phase
chromatography. In this technique the substances being
chromatographed partition to the hydrophilic core of the
reversed micelle. By altering the amount of water in the
hydrophilic core of the micelle one can alter the nature of the
mobile phase and thereby the R, of a substance. Figure 3
illustrates this behavior for three of the four nucleosides.
Adenosine, oddly enough. is not affected by the amount of
water in the core of the reversed micelle. The R, of the other
nucleosides tends to increase with increasing water concen­
tration up to a point after which there is no further change
in R,. It should be noted that the nucleosides showed ab­
solutely no movement when neat cyclohexane was used as the
mobile phase. Thus the reversed micelle (and the water
therein) is solely responsible for the movement of these
substances.

The fact that the adenosine R, value is independent of the
water content of the reversed micelle indicates that parti·
tioning may largely be due to an electrostatic interaction
between the charged head groups of the surfactant and the
nucleoside. Electrostatic interactions of this type have
previoualy been shown to occur through the nucleoside base
(3). The behavior of cytidine, guanosine, and uridine was
somewhat analogous. The fact that these nucleosides move
at zero oonoentration of water in the reversed micelle. indicates
that the.re is an electrostatic interaction between the polar
bead groups of the reversed micelle and these nucleosides
(similar to that of adenosine). However, the increasing R,
values.with increasing water content of the reversed micelle



the "water pool" in the hydrophylic core.
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N, N'-Bis(p -phenylbenzylidene)-a,a'-bi-p -toluidine as Stationary
Phase in a Packed and in a Micropacked Column

F. Janssen

Chemistry Department, KEMA Laboratories, Utrechtseweg 310. Amhem. The Netherlands

The chromatographIc behavior ot a synthetic mixture 01 p0­

lycyclic aromatic hydrocarbons (PAH) was studied on two
columns: a packed column (1.80 m, 2-mm I.d., 8-mm o.d.,
glas8) and a m1cropacked column (3.00 m, 0.6-mm Lei., 2-mm
o.d., glass). The columns were packed with 2.8% (w/w)
N,N'-bls(p-phenylbenzylldene)-a,a'-bl-p-toluldlne (BPhBT)
on Chromosorb WHP 80-100 mesh. BPhBT was chosen In
this study as stationary pha88 because 01 Il& low bleed level,
high e"lclency, and lis excellent properties In the resolution
01 PAH. The measurements were carried out wllh a Ge-MS
system 01 Varian Mat. Scanning electron microscopy and
thermal analy88s (OSC and TG) were applied to study the
behavior 01 BPhBT during thermal treatment and belore and
after the use In the gas chromatograph. The~ separation
power lor the BPhBT as stationary phase was achieved at a
column temperature 01 275-280 ·C.

In environmental studies, there is a growing interest in the
determination of polycyclic aromatic hydrocarbons (pAH).
These compounds, a number of which have mutagenic and
carcinogenic activities (1-19), occur in dusts from highways
and urban centers, light fuel oils, in the emissions from
paraffin domestic heaters and flue gases, tobacco smoke,
smoke-dried food, etc.

Their formation can be ascribed to the combustion of fossil
fuels such as oil and coal. Because of the dangers they present,
it is necessary to analyze environmental aamples qualitatively
and quantitatively. Many investigations of environmental and
artificial blends of PAH have been carried out on gas chro­
matographs equipped with a flame-ionization detector (2~,
8-17). The moat suitable feature for this analytical purpose,
however, is the combination of gas chromatograph/mass
spectrometer (7, 9, 16-18, 20-27).

The interface of the gas chromatogrsph mass spectrometer
is the jet separator (21, 24), but also the direct coupling is
employed in the case of capillary columns (17, 26, 27). In
addition to the GC-MS measurements used, high-resolution
low-voltage mass spectrometry has been applied (19, 20).
Various workers have investigated the separation of the PAH
isomers on packed (2-16) and capillary columns (16-27). As

liquid phase OV·101 (2,4,8,16,24), OV-17 (5), OV-7 (14,21),
OV-1 (26), SE-52 (5, 13, 17,22,25), SE-30 (18), BBBT (3, 4,
10), BPhBt and BHxBT (9, 12), BMBT (11), and Dexsil300
(5, 20, 23, 27) are used. With a number of these phases, it
is possible to separate extremely complex environmental
mixtures. Nevertheless, with the apolar phases, base-line
separation of PAH with the same molecular weight cannot
be achieved. If there is any separation at all, for instance on
the polysiloxanes, than the sequence of eluation in case of the
C,.H12 molecules is 1,2-benzopyrene, 3,4-benzoperylene, and
perylene. In case of capillary columns, this sequence changes
in, on, i.e., the phase SE-52, 3,4-benzopyrene, 1,2-benzopyrene,
and perylene. The shape and the size of a molecule is probably
a decisive factor.

Investigation of nematic liquid crystals as stationary polar
phases in packed, columns, fully explained by Janini and other
workers (3,4, 9-12), showed the sequence of 3,4-benzopyrene,
perylene, and 1,2-benzopyrene. The cause of this effect is
probably the influence of the size of the molecules whereby
the role of the support in case of packed columns is not
unimportant. Also other aspects contribute to it like the
symmetry, the charge distribution and deformation of the
...·systems of the polycyclic aromatic hydrocarbon molecules,
and interaction between the different compounds during the
separation of mixtures.

This paper describes the gas chromatographic behavior of
polycyclic aromatic compounds on two columns; one packed
and one micropacked (28, 29). The micropacked column
combines to a certain extent the advantages of packed and
open tubular columns. The micropacked column is compatible
with the GC-MS combination, because it yields high efficiency,
high column capacity, and high column loading. It functions
with low flow rates and poasesses low bleeding characteristics
in comparison with packed columns.

EXPERIMENTAL
Material•• The liquid crystal BPhBT was prepared as de­

scribed by Janini et al (9) with a 90% yield and was recrystallized
five times from boiling ethanol. The starting reagents: a,a'­
bi·p·toluidioe (Eastman Kodak) and p-phenylbenzaldehyde
(Aldrich) were purified by recrystallization from a wateHltbanol
solution. The reagents as well as the end product were submitted
in our laboratories to infrared spectroscopy (Perkin-Elmer model
183) and solid probe mass spectrometry (Varian Mat 112) to cbeck
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Agwe 1. OSC scan 01 BPhBT. scan rate 10 °C/trin, helil.m now rate
50 mLImln
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Figure 2. OSC scans 01 BPhBT on Ctv"omosorb WHP 01 one sampk!

FIgure 3. Scanning eiectron micrographs of: (AI Chromosorb WHP
aD-l00 mesh (1000X), (B) N.N'-BIs(p-phenylbenzylidene)-a.o'-b1­
p-toluidine (1500XI. (C) BPhBT on Chromosorb (1000X) before use
in the column, (0) BPhBT on Chromosorb (2000X) after use In the
column

DISCUSSION AND RESULTS

Thermal Analyais. Phase transition temperatures of pure
BPhBT, BPhBT as stationary phase befnre and after use in
the column, were measured with differential scanning calo­
rimetry. The pure BPhBT shows five transitions on the DSC
scan (Figure I): An exotherm doublet at 200-210 'c and three
endotherm peaks at 162, 265 and 415 'C. Janini et aJ. (9)
measured for the solid-nematic transitions and for the ne­
matic-isotropic transition a temperature of 257 'C and 415
·C, respectively. After the coating procedure of the BPhBT
on the Chromosorb, a new peak appears at 245 'c and the
doublet at 200-210 'c disappears (Figure 2).

The intensity of this new peak as well as the peak at 265
'c decreases after use in the column.

Electron-microscope photographs (Figure 3C) show the
existence of BPhBT crystals between the skeletons of the
Chromosorb. After use in the gas chromatograph the peak
at 245 'c is no longer present and no free and pure crystals

the purity and structure of the compounds.
Standard polycyclic aromatic hydrocarbons, purchased from

Fluka, ICN, and Merck, were used without further purification
and were dissolved in glass distiUed benzene. The sample bottles
were wrapped up in aluminum foil, to prevent photolysis. The
compound 3,4-benzopyrene contained 11,12-benzofluoranthene
and 1,2-benzopyrene.

Columns. Two types of glass columns were employed in this
study; a packed column (LBO m, 2-mm i.d., B-mm o.d.) snd a
higb-performance micropacked column (3 m, O.B-mm i.d., 2-mm
0.<1-). The packing 2.3'70 BPbBT BO-l00 mesh Chrom06Orb WHP
was prepared from a solution of BPhBT in benzene (solubility
0.15 g per 100 mL. boiling benzene). This solution was contacted
with Chromosorb WHP (conditioned st 500 'c for 5 h) into a
rotary evaporator and the solvent slowly evaporated. The amount
of stationary phase was measured by thermogravimetry before
and after the use in the column.

The pscking was resieved to 80-100 mesh and placed in the
column. The columns were previnusly silanized by HMDS
(bexamethyldisilazane) in benzene (10'70 solution) followed by
drying with high-purity nitrogen. A 1-2 em plug of 5% S&30
on Chromosorb WHP was packed on both sides of tbe column
to retard deterioration and to protect the column during storage.
The coating efficiency of the phase was checked by thermo­
gravimelly (DuPont) before and after the measurements in the
gas chromatograpb. Tbe phase transitions and thermostability
were measured by differential scanning calorimetry (DuPont).

Scanning electron microscopy (Jeol JSM 35) was applied to
study the coating of the liquid crystal BPbBT on the solid support
Chromosorb WHP.

The packed column was installed via Vespel ferrules and tbe
micropacked. column via low dead volume connections with
graphite ferrules.

The columns were conditioned overnight, 10 °C above the
operating temperature.

Apparatul. The measurements were performed on 8 Varian
1440 gas chromatograph coupled via a slit separator (Brunee) and
giaas-Iined tubing witb a Varian Mat 112 mass-spectrometer
equipped with two turbo molecular pumps (200 Lis).

The temperature settings of tbe injector, slit separator, the
tubing and tbe ion source were 250, 300, 350, and 300 'c, re­
spectivelY; the temperatures were those on tbe instrument dials.
Ultra-higb purity belium was used as carrier gas. The flow was
regulated by a calibrated constant flow controller (Porter,
Hatfield).

The m.icr~packedcolumn was used in the spliUes8 injection
mode. Injections were made witb tbe aid of an all-glass solid
injector (moving needle).

All the glass-ware, used in this investigation, such lUI columns,
1()',.L syringes, and sample boWes were silanized by a 10'70 HMDS
solution in benzene.
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figure 5. ResokltIon 01 PAH on a packed coUm. CoUm concItIons:
6 It, 1.8-mm I.d.. helium flow 20 mlImkI

In this region the resolution for the pairs 1l.12-benzo­
tluoranthene/1.2-benzopyrene and perylene/3.4-benzopyrene
is very low and becomes zero, while the retention time
drastically decreases. In region 3. where the BPhBT is in the
solid state. the retention times increase again.

In Figure 4 there are two striking temperatures at 278 and
265 °C. determined by graphical extrapolation. The tem·

Figure 4. log. t'R - liT plots. (A) 11.12-benzoftuoranthene. (6)
1.2-benzopyrene. (C) pe<ylene. (0) 3.4-benzopyrene. Column: 61l,
2-mm I.d.• helium flow 20 mllmln

-69.0 -8.40 0.99
-69.3 -8.43 0.99
-73.5 -8.90 0.99
-74.1 -8.90 0.99

a Column: 6 n. 2.0·mm i.d.• glass; packing: 2.8%(w/w)
BPhBT on Chromosorb WHP 80-100 mesh; now rale 20
roL/mm. i column temperature, 280-300°C. b Calculated
from loge il' - lIT plot. C Last term of equation
~e~~~I~i-;'~110~.-(MiIRT) + C. d r' ~ coerficicnt of

Table I. Heat of Solution on BPhBTa

",Hb
compound kJ'm~I-' CC

(Figure 3B) are found with the electron microscope. Instead
there are crystals enclosed among Chromosorb particles
(Figure 3D). The surface tension and the polarity of the
nematic liquid is probably high enough to effect the formation
of small drops on the support. The growing droplets effect
a decrease of the specific surface of the physically adsorbed
BPhBT·phase. Consequently both resolution and selectivity
of the column decrease.

The phenomenon of the disappearance of the peak at 245
·C could be imitated by using DSC.

The sample was put in a hermetically closed pan. which was
in a helium atmosphere. The pan was placed in the DSC and
the programmed heating started (10 ·C/min). After the
heating (300 ·C). the sample was cooled down to 25 ·C and
the heating restarted (Figure 2B). The same process was
repeated (Figure 2C). Hereby the intensity of the peak
decreased at 245 ·C and a peak appears on the left side of
the peak.

The peak at 245 ·C is probably a recrystallization of
physically adsorbed BPhBT.

Hence it foUows that the stationary phase BPhBT is rather
a dynamic phase. During the use of the column. such pro­
cesses take place as recrystallization, evaporation and con­
densation. and deterioration of the BPhBT.

Gas Chromatography. The plot of log, (t,-Iol VB. I/T in
the temperature range of 300-280 ·C for each of the com­
pounds 1,2-benzopyrene is linear and the slope is proportional
to the heat of solution (within a accuracy of 5%).

The calculations of the approximate Ml.. for four members
of the C,.,H12 molecule are summarized in Table I. The
separation factors (Table II) slightly increase with increasing
temperature while the resolution and the net retention time
decrease.

The plots of log,(t,-t,) vs. l/T in Figure 4 can be divided
into three regions: the graphical representation of log,(t,-t,)
VB. liT in region 1 (T> 551 K) is in accordance with the
equation in Ref. 5.

In region 2 (553 < T < 551 K) the transition solid-nematic
takes place; the plots are not linear anymore.

Table II. Separation Factors Q on BPhBTb in the Nematic RelioD

separation racton
oolumn

11.l2·benzD- 3.4·benzo-temperature,
·C Ouoranthene l,2·benzopyrene perylene pyrene min. Re

270 0.541 0.541 0.859 9.2 1.00
275 0.513 0.565 0.792 13.2 1.00
280 0.508 0.567 0.766 15.5 1.03
285 0.512 0.567 0.768 13.2 1.03
290 0.516 0.568 0.777 11.3 1.00
300 0.522 0.577 0.788 8.8 0.95

a Separation factor::; t'r.compound!t'r.3.4-beruoPyreDeo b Column conditiona as in Table I. C Resolution for perylene and
3,4-benzopyrene.
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Q Resolution and separation factor Cor peryleoc and
3,4-benzopyrene.

FIgure 8. R.soIutlon of PAH on • mlcropacked column. Column:
m, 0.6-mm I.d., flow r.t. 2 nVmln, t.mporat..... 280 ·C

Table Ill. Difference between 8 Packed and a
Micropacked Column

~NO~----
[~300~
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F'Gure 7. Retention time Y5. rTl()k, fraction peryfene In a mixture or
3,4-benzopyr.ne and perylene. Mole fraction 0.2 means 0.2 x 500
= 100 ng pe<y1ene and 400 ng 3,4-banzopyrene per I'l benzene. The
doned r.ne Is the ret.ntion behavior of 3,4-benzopyrene
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3.00 m
O.6mm
2.0rnm

2700
1.1mm
2.9
1.3

micropacked

0.005
0.010
0.020
0.046
0.088
0.257
0.386
0.798
1.000

1519.

packed

1.80rn
2.0rnrn
6.0mm

1100
1.6rnrn
1.0
1.1

0.018
0.022
0.033
0.059
0.106
0.272
0.435
0.767
1.000

1246.

column length
inside diameter
au tside diameter
p)ate~number

plate-height
resolutionG

separation factof"l
relative retention time
anthracene
2-methylanthracenc
9-methylanthracene
pyreoe
3.4·benzophenanthrene
chrysene
1.2-benzoanthraccne
perylene
3,4-benzopyrene
ret. time 3,4·benzopyrene

perature 265 ·C corresponds with the phase transition sol­
id-nematic as measured by DSC (Figure I). Janini (9) found
with differential acanning calorimetry 257 ·C and with gas
chromatography 270 ·C.

The discrepancy between the measurements with GC and
with DSC can be ascribed to the dynamic character of the DSC
method. Figures 5 and 6 and Table III illustrate the difference
between a packed and a micropacked column.

There is aIao a relationship between the composition of a
mixture and the retention time of the respective compoundB
(Figure 7). This figure Bhows the plots of the net retention
time VB. the composition of a mixture of 3,4-benzopyrene and
perylene. During each measurement the total concentration
of 3,4·benwpyrene and perylene was 500 ng per ~L benzene
(injection volume 1 ~L). When the mole fraction of perylene
increaseB, the retention time of both perylene and 3,4­
benzopyrene will decrease. There is a tendency that the
decrease of the retention times becomes more obvious as the
column temperature is lowered.

Many more inveBtigations are necessary to study this
important effect of the influence exerted by the concentration
on the retention time of PAH.

Hence, identification of peaks of PAH mixtures by retention
time measurements alone is doubtful. The identification
Bhould always be accompanied by GC·MS measurements.
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Interactive Effects of Temperature, Salt Concentration, and pH
on Head Space Analysis for Isolating Volatile Trace Organics
in Aqueous Environmental Samples

Stephen L. Friant

Academy of Natural Science. Philadelphia. Pennsylvania 19104

Irwin H. SUflet"

Department of Chemistry. Environmental Studies Instffute, Drexel University, I't!lladelphla, Pennsylvania 19104

A systematic approach Is presented for the isolation and
quantification 01 volatile trace organics !rom aqueous solutions
by head space analysis. Fundamental Information Is obtained
on \he partition process for a multiple solute system conslsllng
of model compounds under varying aqueous matrix conditions,
I.e., pH, temperature, and san addnlon. Interactive ellects
between parameters are quantnatlvely shown by the use of
the thermodynamic equllbrlum partltlon coelflclenL A general
optimum head space isolation methodology Is obtained from
statistical evaluation of the ellect 01 parameter variation on
the parlnlon coelllclent. The optimum head space analysis
sampIng condUons 01 pH 7.1, 50 ·C and 3.35 M socIlm date
were determined from a statIstIcal design. At the optimum
condlUons of this design, enrIc:hment factors 0I1he vapor phase
of up to 66 times were achieved as compared to a reference
state of pH 7.1, 30 ·C, without electrolyte addnlon. Under
optimum head &pace analysis condnlons, river and drinking
water can be routinely profiled for volatile trace organics.

Two different analytical approaches are utilized to de­
termine organic compounds in water (1). The first consists
of quantitative analysis of one pollutsnt such as bis(2­
chloroethyl) ether (2), a group of chemically related pollutsnts
such as the trihalomethanes (3), or a pollutsnt and its related
breakdown products such as an organophosphorus pesticide.
fenthion, and its oxons, sulfoxides, and sulfones (4).

The second approach is a general "screening" procedure
for organic oompounds. This consists of a qualitstive analysis
with semiquantitative evaluation of the constituents found.
An example of a general screening procedure would be the
analysis of volatile organics responsible for taste and odor
incidence in drinking water (5).

The isolation method used to collect trace organic com­
pounds from water is the primary basis of any analysis as it
defines the type of oompounds to be analysed, the maximum
recovery of a compound, the precision and accuracy of the
method, and possible co-extractives that may interfere with
a subsequent quantitative analytical step. Each isolation
technique has a selective efficiency for specific compounds
as reviewed by Suffet and Radziul (1). Thus the analytical
problem is to define the parameters involved in an isolation
method to enable optimization for a specific purpose.

Vapor phase isolation of trace organics present in aqueous
samples can be divided into two areas: dynamic volatile
organic analysis and equilibrium head space analysis as
discussed by Weurman (6). Two commonly used dynamic
organic analyses are the gas stripping (purge and trap)
procedure of Bellar and Lichtenberg (3) and the closed looped
stripping procedure of Grob and Zurcher (7). The purge and
trap method is Used primarily for analysis of volatile organics
of less than 2% solubility and boiling points below 150 ·C (3).

Head space analysis (head gas analysis) is the static
sampling of the vapor phase in thermodynamic equilihrium
with the aqueous phase. The initial liquid phase concentration
is determined from the measurement of the equilibrated vapor
phase ooncentration and the equilibrium partition coefficient.
Trace organics which favor the vapor phase are easily de­
termined at the microgram per liter conCentration level hy
head space analysis. Examples of these trace organics are
hydrocarbons and chlorinated hydrocarbons (8). McAuliffe
(8) found that vapor phase partitioning for the following
chemical classes followed the order: alkanes > olefins >
cycloslkanes > aromatics. It was also shown that within each
chemical class an increased vapor partition was observed as
the molecular weight increased. Head space analysis can
selectively separate nonpolar volatiles from more water soluhle
alcohols and acids whereas purge and trap analysis can remove
more of these polar compounds (7).

Enhancement of vapor phase partitioning has been achieved
by both the addition of an electrolyte and increased tem­
peratures (9, 10). Quantification of the interactive effects of
temperature and salt addition on the vapor phase partitioning
process is of interest for both types of vapor phase trace
organic isolation methods.

This study was undertaken to investigate the quantitative
effects of salt addition, temperature, and pH on the vapor
phase partitioning of selected compounds utilizing an ANOVA
analysis of an experimental design. The ultimate goal was
to understand how to increase the vapor concentration of
organics. Model compounds of high polarity and solubility
were studied to investigate the limits of the ability of head
space analysis to partition these materials into the vapor
phase.

Model Compound Selection for Characterization of the
Air:Water Partitioning Process. Criteria for the selection
of the four model compounds (Table I) were based on several
factors. These included (1) ability for simultaneous GC
analysis, (2) aqueous solubility, and (3) volatility. In addition,
the compounds should represent industrial process chemicala
and should be representative of several DU\ior chemical classes.
The choice of model oompounds that represent IDl\ior chemical
classes was determined uaing the ooncept of the soluhility
parameter (o-r). The solubility parameter is a measure of a
compound's polarity in a pure state; the square root of the
cohesive energy density (11). It was felt that the selection of
compounds based on this ooncept would yield results that
could be generalized since the solubility parameter is not solely
dependent on functional groups hut is a measure of the
compound's total polarity.

The major applications of the solubility parameter theory
have been in chromatography. reverse osmosis memhrane
rejection predictions, and polymer chemistry (11). Th.
solubility parameter approach applied to the chromaUltlraphic
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General Experimental Conditions

Table II. Statisticll! Desilln (3 x 3 x 2) for the
Investigation of Satt, pH, and Temperature Effect. on
the Partitioning Proc...

run salt temperature,
no. conen M pH °C code

1 0.00 4.5 30 111
2 0.00 7.1 30 121
3 0.00 9.1 30 131
4 0.00 4.5 50 112
5 0.00 7.1 50 122
6 0.00 9.1 50 132
7 1.41 4.5 30 211
8 1.41 7.1 30 221
9 1.41 9.1 30 231

10 1.41 4.5 50 212
11 1.41 7.1 50 222
12 1.41 9.1 50 232
13 3.35 4.5 30 311
14 3.35 7.1 30 321
15 3.35 9'.1 30 331
16 3.35 4.5 50 312
17 : 3.35 7.1 50 322
18 3.35 9.1 50 332

20.90

40.49

93.30

5h
1100-1200 mL
1000-1040 mL
5.0mL
7.1
0.00-3.35 M
0.00-10.02
0.20M

equilibration time
vapor volume
liquid volume
volume of vapor samples
pH
sodium sulfate concentration
ionic strength
orthophosphate buffer (15)

polarity (II) 6 T (14) compound

dipole 9.5 methyl ethyl ketone
orientation

dipole 11.0 nitroethane
orientation

proton 12.0 n·butanol
donor

proton 10.1 p·dioxane
acceptor

Table 1. Model Compou lIda and Experimentll! Conditions

initial
aqueous

phase
concn.
milL

5.64

temperature,OC
:-----,3=-=0--- ---5::-:0---'--

Table Ill. Three-Dimensional Presentation of the
Experimental Results for the Analyais of Variance of
Methyl Ethyl Ketone. K x 10-'

All experiments were run isothermally in a constant tem­
perature air bsth controlled to %0.5 ·C. All samples were stirred
on a magnetic stirrer.

Reagents and Chemicals. All chemicals used were reagent
grade or better. Solvents were pesticidal quality.

Procedures. Table I shows the group of four model com­
pounds studied, aqueous phase concentrations, and experimental
conditions. The ionic strength ond pH of all experiments were
adjusted first to 0.2 M with orthophosphate buffers (16). Ionic
strength was subsequently adjusted with Na,sO. as desired. All
sample and standard solutions were prepared based on the density
of the pure solute. Sample solutions were prepared by individually
pipeting with a microsyringe a known volume of solute into a I·L
volumetric flask filled with the appropriate buffer solution.
Standarda were prepared (by density) in carbon disulfide. The
vapor phase concentration of the solutes was determined by
comparison of the area of the vapor phase injections to standard
curve areas of the solutes in carbon disulfide.

Experiments requiring the addition of an electrolyte were
completed 'by placing the salt (anhydrous sodium sulfate) in a
clean sample bottle at the required experimental temperature 16
h prior to the study period to reduce the time required to dissolve
the salt. Samples and standard solutions were prepared daily.
A saturated solution of Na,sO. was used that contains 475 gIL
(3.35 M) when dissolved in 0.2 M orthophosphate buffer. A
solution of Na,SO. containing 200 gIL (1.4 M) when dissolved
in 0.2 M orthophosphate burfer was also used.

A maximum sampling temperature of 50 °C was chosen to
minimize water vapor condensation in the syringe during
pressurization and enable ease of sample handling. A minimum
temperature of 30°C was chosen to maintain the temperature
of equilibration of the head space bottle above ambient room
temperature. .

Vapor samples were withdrawn through the sidearm sampling
port of the sample bottle with a gas syringe. The syringe W88
flushed with the vapor phase prior to withdrawing the sample.
After sampling the vapor, the syringe valve was closed and the

saIL concentration, M

3.35

234
260
229

1.41

39.8
37.6
35.0

0.00

21.3
20.0
18.7

3.35

118
109
105

1.41

21.3
20.0
18.7

0.00

4.19
3.90
4.56

pH

4.5
7.1
9.1

partitioning process is described by functional probes (methyl
ethyl ketone, n-butanol. nitroethane, and dioxane) (J 1-14).
The polarity probes are representative of ketones, alcohols.
nitro groups. and ethers. These functional groups are rep­
resentative of the intramolecular forces of dispersion. dipole
orientation. and proton donor and acceptor capabilities (J Il.
Keller (12) emphasized that nitromethane is an excellent probe
for classical polarity (dipole orientation) with little acid-base
function. The same appears to hold true for nitroethane (e,.
= 11.0) except at alkaline pH where an aci-nitrogen effect
becomes important. Methyl ethyl ketone (hor = 9.5) was
considered to be more of a combined polarity by Hartkopf
et aI. (I3) than of specifically dipole orientation as originally
described. Dioxane (hor = 10.1) and butanol (hor = 12.0) have
predominant proton acceptor and donor forces, respectively.
The total solubility parameter values of these compounds
ranged from 9.4 to 11.6 on a scale of 6 for nonpolar alkanes
to 23.5 for very polar water (J4).

EXPERIMENTAL

Apparatus. All chromatography was conducted on a Tracor
MT·550 gas chromatograph equipped with dual name ionization
detectors. The chromatographic column was 8 feet x 1/Sinch
Ld. stainless steel packed with 20% S&30 on 80/100 mesh Gas
Chrom Q. The column temperature was maintained isothermally
at 130 ·C. Inlet, ouUet, and detector temperatures were 180,200.
and 200 ·C. respectively.

Glassware in contact with both water and vapor phases was
ailanized to minimize surface absorption. First. the glasaware was
washed with detergen~ This was followed by rinsing with distilled
water and air drying. The dry surface was treated with Glas-treet
(Alltech Associates) and rinsed witb anhydrous methanol.

The sampling bottle used for laboratory test conditions was
a modified 2-L Pyrex reagent bottle. The neck W88 reformed by
using #30 glasa O-ring joints and the top was rounded and sealed.
The two joints were sealed by a Buna rubber' O-ring and a
compression clamp. To allow syringe sampling of the vapor tW9
(1/,-inch diameter) gIasa sidearms were attached. A stainless ateel
(1/, to 1/a inch) Swagelok reducing union was attached' to the glasa
sidearma by thinch rubber O·rings and a Swage10k nut. The
sampling port W88 sealed by a chromat08raphic silicon septum
(J5). The gas syringe was a Precision Scientific (Baton Rouge.
La) presaurizable Series A·2 10.o.mL gas syrmge equipped with
~ideport needle and stop/go valve. The valve permitted the
sampling of larger vapor volumes by allowing compression of the
sample prior to injection, thereby reducing peak broadening. The
syringe also permits easier injections since the pressure in the
syringe can be equal to the GLC column head pressure.
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C. pH

1.0.073397
2.0.075717
3.0.069228

1. 0.011533
2.0.031092
3.0.17572

MS FCALC PROBOFF

0.0248535 249.0214 1.0000 1
0.0965102 966.9896 1.0000 2
0.0135810 136.0759 1.0000 3
0.0001297 1.2997 0.7029 4
0.0000908 0.9096 0.5770 5
0.0000864 0.8659 0.4953 6
0.0001244 1.2462 0.6729 7
0.0000998

1. 0.046506
2.0.0990560.072781

0.19069

GRAND MEAN IS

CORRECTION FACTOR

Table IV. ANOVA Table for Methyl Ethyl Ketone

SOURCE SS DF

A 0.0248535 1.0000000
B 0.1930203 2.0000000
AB 0.0271621 2.0000000
C 0.0002594 2.0000000
AC 0.0001816 2.0000000
BC 0.0003457 4.0000000
ABC 0.0004975 4.0000000
ERROR 0.0017965 18.0000000
TOTAL 0.2481166 35.0000000

GROUP MEANS A. Temperature B. Salt Concentration

Table V. Two-Faclor Interaction of Significancea for Methyl Ethyl Ketone·

K

salt concentration (A)

temperature. <;Ie
C. (30 ·C)
C, (50 ·C)
mean

A, (0.00 M)

0.421 X 10"
2.00 X 10"
1.21 X 10"

A, (1.41 M)

2.47 X 10"
3.75 X 10"
3.11 x 10"

A, (3.35 M)

11.1 x 10"
24.6 x 10"
17.9 x 10"

mean

4.66 x 10"
10.1 x 10"

7.39 x 10"

o Notes: Means of partition coefficients at levels specified are averaged over pH 4.5, 7.1, and ~.l. The 90% confidence
interval for A,C z is: 23.8-25.4 X 10- 2

• Conclusions: Statistically significant maximum yield two-factor interaction
occurs for A)C) (3.35 M salt concentration at 50 °C).

(1)

(2)

volume reduced to '/10 sample volume followed by direct injection
into the chromatographic column.

Calculations. The basis for the evaluation of the magnitude
of parameter effects was the partition coefficient (K):

K = (AI. as ~ ~ I
[AI. r.

where [Al, and [Al. are the equilibrium vapor and water phase
concentrations of 8 solute A, respectively. The terms "Y., and 'Y.
are the corresponding activity coefficients. At equilibrium the
activity terms are equal and in dilute solutions they approach
unity. Equation 1 can then be rewritten in terms of solute
equilibrium weights and volumes:

K = W,/V, = W, x ~
W./V. w. V.

where W~ W.and V~ V.are the equilibrium weights and volumea
for the solute in the vapor and water phase, reapectively. If WT
is the weight of the total solute in the system, W. = WT - Wr
Substituting for W. in Equation 2 and defining the equilibrium
volume ratio V"jV. 8S a yields:

W, (3)
K = a(WT - W,)

In a head gas experiment, if the initial volume of water and vapor
are changed owing to the addition of an electrolyte, the initial

. a value must also be changed as the water volume increased the
vapor volume deere..... The correction factor (CF) can be used:

CF = V,/V..

where V is the initial vapor volume. Therefore the initial a is
multipti;d by CF to obtain the new experimental a value. If no
electrolyte is added, the CF term is unity while the addition of
salt decreases CF to I... than I.

Sampling Parametera. From praliminary work, the pa'
rameters shown to influence the partitioninK process moet 8ig~
nilicanUy were pH, temperature, and the addition of an electrolyte
(I6). A quantitative inveatigation of th... parameters f?r .the
Vapor-water partitioning process was completed by a atatistlcal
deaign uaing an analysis of variance (ANOVA) to evaluate in­
teractive....wla. The experimental deaign investigated the effects

of parameter variation on the partitioning process by a 3 x 3 X
2 analysis of variance, Table n. The 18 experiments and replicates
were completed using a random order (17). Reaults of the deaign
were reported as the equilibrium partition coefficient, K, and were
used as input dsta to an IBM 370/168 computer using available
APL statistical package ANOYA (18).

RESULTS AND DISCUSSION

Statistical Design. Table III is a three-dimensional
presentation of the results obtained from the 3 X 3 X 2
statistical experiments. Methyl ethyl ketone data are shown
as an example. The computer results of the analysis of
variance summarizing main effects are shown in Table IV
where A, B, and C represent temperature, salt concentration,
and pH, respectively. AB indicated in Table IV by the large
probability of F, a significant two-factor interaction exiats
between salt concentration and temperature. Table V shows
a two-factor interaction of significance existed at both 1.41
and 3.35 M aodium sulfate and 50 ·C.

The reaolts drawn from the atatistical design are:
(a) pH had no effect on methyl ethyl ketone, butanol, and

dioxane. The optimum pH for nitroethane was either 4.5 or
7.1; both were found to be equivalent.

(b) The optimum salt concentration for all compounds was
3.35 M sodium sulfate.

(c) The optimum sampling temperature for all compounds
was 50 ·C.

(d) For all two-factor interactions, the maximum K occurred
for either pH 4.5, or 7.1, 50 'C and 3.35 M sodium aulfate.

From the above statistical approach the general head Spaal

analysis conditions for the optimum isolation of volatile trace
organics was pH 7.1, 50 ·C, and 3.35 M sodium sulfate.

The partition coefficients are shown in Table VI for all
compounds investigated at the optimum and reference Btate
conditions. The order of increasing partition coefficients at
all experimental conditions is dioxane < butanol < nitroetbane
< methyl ethyl ketone. A plot of the partition coefficients
is shown in Figure 1 for methyl ethyl ketone under the various
conditions of salt and temperature.
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Table VI. Partition Coefficient of Model Compounds
at the Optimum and Reference States

a 0.2 M orthophosphate buffer.

optimum rcfcr<.'l1cC
conditions, condition,

pH 7.1.50"C pH 7.1. 30 "C.
3.35 Ma no saltacompound

methyl ethyl
ketone

nitroethane
butanol
dioxane

260

72.5
44.3
13.7

3.90

2.~9

0.746
0.278

30'

Analysis of the Effects of Salt and Tcmperaturc on
the Partitioning Process. An advantage of employing the
statistical design approach for the selection of optimum head
space analysis conditions is that interactions or main effects
of interest can be factored from the design to enable a more
comprehensive data evaluation. Salt and temperature effects
expressed as enrichment factors are shown in Table VII for
all compounds. Enrichment factors are defined as the ratios
of the partition coefficients at the condition of interest to the
reference conditions of pH 7.1. :10 DC. without the addition
of salt. From Table VII the dominant force responsible for
the partitioning process is salt addition at the 3.35 M level.
ranging from 2.7 to 5.2 times larger than the temperatore
effect. The effect of salt addition at the 1.41 M level yielded
enrichment factors approximately equal to the effect of
temperature although the salt-temperature interactions were
significantly greater.

The total enrichment factors shown represent the inter­
aclive effects of salt (3.35 M) and temperature (50°C) over
the reference conditions. Total enrichment factors ranged
from 25 to 67 for the model compounds. The order of in­
creased total enrichment factors is nitroethane < dioxane <
butanol < methyl ethyl ketone. It is worth noting that the
magnitude of enrichment is not the same for all compounds.
This is in agreement with the work of Kepner et 01. (19) and
Nawar and Fagerson (20). They found that enrichment
increased the vapor phase concentration but the relative
proportion of each compound recovered was considerably
altered. Table Vll shows that the increased partition coef­
ficients and enrichment factors are not in agreement. The
order of increased partition coefficients also does not agree
with the vapor pressure-temperature relationships of the pure
solute (15). This qualitative discrepancy between pure vapor
pressure trends and enrichment factors supports Dravnieks
and O'Donnell (21) who indicated that vapor phase parti­
tioning of anything but the pure solute is not only a function
of vapor pressure but also of activity coefficients, presence
of salt, complexing ability of the solute, and pH.

Analysis of the Effect of pH on the Partitioning
Process. The results of the analyses of variance showed that
methyl ethyl ketone, dioxane, and butanol were not affected
by pH. They apparently do not exhibit significant acid or base
intramolecular bonding forces in the aqueous environment.
Nitroethane showed maximum and equivalent vapor phase
concentration at pH 4.5 and 7.1. This was expected since nitro
substituted compounds in aqueous solution can form aci­
nitrogen complexes; hence. solute-solvent interaction would
be at a minimum in acid or neutral solutions. The pH effect
exhibited by nitroethane is discussed by Gould (22). An
addition of base to an aliphatic nitro compounds-e.g.,
nitroethane-consumed an equimolar quantity of base. This
indicates a neutralization reaction. The reaction of the nitro
group and base is due to the ionization of the C-H bond and

SAl T CONCENTRATION M

Figure 1. Partition coefficients for methyl ethyl ketone vs. salt con­
centration for varying temperatures
causes a delocalization of the negative charge in the resulting
anion.

Henry's Law of Dilute Solution. The effect of varying
the initial solute concentration on the partition coefficient was
determined for the model compounds. The water phase
concentrations were simultaneously varied over lOO-fold from
low concentrations of methyl ethyl ketone (0.051 mg/L),
nitroethane (0.187 mg/L). ,,-butanol (0.363 mg/Ll. and di­
oxane (0.834 mg/L). The study was completed at the op­
timum analysis conditions of pH 7.1.50 DC. and 3.35 M sodium
sulfate.

The partition coefficients were found to be independent
within experimental error of initial water phase concentrations
over a lOO-fold change of the initial concentration. This was
found to hold for all compounds except nitroethane where a
large variance was noted at the lowest concentration inves­
tigated while at the two higher concentrations excellent
agreement was obtained. This adherence to Henry's law for
a multiple solute system implies that all compounds were
sufficiently dilute to minimize intra-solute--solute interaction.

According to Henry's law. the initial water phase solute
concentration can be determined for a constant volume system
from a knowledge of the equilibrium partition coefficient and
an experimental determination of the equilibrium vapor phase
concentration (Equation 3). This is particularly useful for the
isolation and quantification of a specific solute.

Dctcction Limits of Head Space Analysis. The cal­
culated theoretical detection limits for the four model
compounds are shown p:otted against the reciprocal of the
partition coefficient (l / K) in Figure 2. The theoretical limits
were determined by assuming a nominal name ionization
detector limit of 50 ng absolute amount injected and cal­
culating the initial water phase concentration by Equation
:J. For head space analysis this is the amount in 5.0 mL of
injected vapor. The detection limits ranged from 50 ~g/L for
methyl ethyl ketone to 740 ~g/L for dioxane. The smaller
1/K is, the lower the detection limit. Figure 2 can be used
to determine the theoretical detection limits for any solute
from the measured partition coefficient under comparable
conditions.

The head space analysis detection limits can be further
enhanced by decreasing the equilibrium vapor to liquid volume
ratio. Equations 3 and 4 can be used to determine the effect
of varying the vapor to liquid volume ratio, ('1:, on the percent
solute concentration in the vapor ((A),)/(A)J. Figure 3 shows
the curves obtained by solving Equation 3 for W, and varying
the 0 ratios and partition coefficients. The total solute weight
(WT ) is held constant and at a concentration of 100 ~g/L for
varying partition coefficients of 0.2 to 1.0 and varyil1l{ (1 ratios
of 0.19,0.65, and 1.00. The total volume of the system, VT ,
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Table VII. Individual and Total Effect. of Salt Concentration and Temperature on the Partition Coefficient

enrichment factofs-rstio of K values

A B total

compound
salt, temperature.

A/B 0.00 to 3.35 1\1
0.00 to 3.35 1\1 30 to 50"C plus 30 to 50 "C

methyl ethyl ketone 28.0 5.1 5.2 66.7nitroethane 10.8 4.0 2.7 25.1butanol 18.4 5.4 5.4 56.1dioxane 19.3 4.7 4.1 49.3

300 ~oo 500

DETECTION LIMIT ( ....g/l)

Figure 2. Theoretical detectkm limits for model compounds p60tted V5.
the reciprocal of the partition coefficients. The nominal FlO detecUon
lim" is 50 n9 and the amount in 5.0 mL of Injected vapor is calculated

was 2.0 L. In all cases, for a decreasing a ratio the solute
percent concentration in the vapor phase increased. This is
equivalent to an increase in sensitivity of head space analysis
by injecting into the GC a larger percentage of the solute. The
change in percent solute concentration in the vapor is greatest
for larger partition coefficients. An" ratio change from 1.00
to 0.19 will increase solute concentration by 2.7-fold for a
partition coefficient of 1.00. For a partition coefficient of 0.2,
the increase is l.8-fold. The effect of a on the vapor phase
enhancement of compounds with partition coefficients less
the 0.2 is minimal. This analysis assumes that the total vapor
volume is sufficiently large to maintain the head gas equi­
librium upon sampling.

Comparison of Experimental Partition Coefficients to
Literature Values. Table VIII compares the partition
coefficients obtained in this study vs. literature values. The
literature values for n-butanol and dioxane were found to be
within the 95% confidence limits of the experimental values
found in this study. Other experimental values were greater
than literature values. This could be due to the fact that
experimental values were run under a constant ionic strength,
pH, and temperature of 30°C. Literature values were
completed under a constant temperature of 25 °C while pH
and ionic strength were not controlled. The second value
shown for butanol was in a saturated solution of sodium sulfate
(475 giL) at 30°C, while the partition coefficients obtained
by Nelson and Hoff (9) were 600 giL sodium sulfate solution
at 28 °C. The excellent agreement between partition coef­
ficients, although salt concentrations differ significantly, was
probably due to the fact that once the salt saturation con­
centration was exceeded no further salting out effect would
be observed.

An underlying assumption of this work is that each solute
molecule in a mixture acts independently of all other solute
present in dilute aqueous solution (Henry's law). This as­
sumption is demonstrated when one compares partition
coefficients obtained by this research to the available literature
values. All literature values were obtained with only one solute
in solution. In this study, all partition coefficients were

~-RATIO

FIg..e 3. Calculated percent concentration ratio vs. the vapor to liquid
volume ratio (a) for theoretical partition coefficients. The In"lal aqueous
phase concentration in the system Is set to 100 IJg/L and the total
volume of the head gas container is 2.0 L

obtained in a multisolute solution. If solute-solute interaction
was present, it would be expected that the partition coefficient
would decrease as a function of the most volatile solute
present. This is not the case, as all values obtained are
comparable literature values obtained in a single solute so­
lution.

Applications of Head Space Analysis. The head space
approach to quantitatively determine organic compounds has
been demonstrated in this paper. Specific conditions can be
set for the specific analytical purpose. The standard deviations
of the partition coefficients that were determined are reported
in Table VIII. Analysis can be improved by the addition of
an internal standard (J9). To calculate the initial water
concentrations of volatile solutes, all that is needed is the
solute K and a measure of the equilibrium vapor concen­
tration. This work suggests that salt addition is more effective
in increasing vapor phase partitioning of moderately polar
compounds than just temperature although the interactive
effects are far superior to salt addition and temperature
individually. This also applies to purge and trap analysis
which can utilize the same approach to increase the efficiency
of analysis.

The general "screening" procedure for qualitative analysis
with semiquantitative evaluation has been utilized for taste
and odor profiling in the food industry. In this case the head
gas composition is much more meaningful that purge and trap
analysis as has been clearly described in a recent ACS
symposium book, "Analysis of Food and Beverages, Headspace
Technique" (25). A primary reason for the investigation of
head space analysis was to subsequently develop a method
that would isolate volatile organics causing taste and odor in
drinking water. Isolation of possible taste and odor organics
under the enhanced conditions allows determination of the
initial water phase concentrations. These concentrations can
then be used to determine the vapor phase concentrations of
the organic compounds presented to the consumer of drinking
water. All that is needed is the partition coefficients of the
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Table VIII. Comparison of Experimental and Literature Partition Coefficients

compound K experimentatG K literatureb ref.

methyl ethyl ketone

nitroethane
butanol
butanoiC

(sodium sulfate saturation)
dioxaned

3.90 t 0.01 X 10"

2.~9 t 0.13 X 10"
7.46 t 0.57 X 10"

13.7 t 0.1 X 10"

2.78 t 0.54->< 10"

2.13 X 10"
3.57 t 0.03 X 10"
N.FJ
3.6 t 0.4 X 10"

13.3 X 1O.'d,c

(23)
(24)

(23)
(9)

(23)

a Experimental conditions: pH 7.1,0.00 M salt concentration at 30 C1C. b Experimental condi~ions: not reported other
than temperature of 25°C. C Experimental condition this study: pH 7.1, 3.35 M salt concentration at 30 C1C.
d Experimental condition this study: 4.23 M salt concentr~tionat 28 Cle. pH not reported. t: Literature values within 95%
confidence limits of experimental data. The remaining values do not fall within the 95% confidence limits. f N.F. = No
value found.

organic compound at the enhanced and drinking water
conditions. respectively.

Application of the method of head space analysis as de·
scribed was utilized for GC/MS of a drinking water sample
in Philadelphia. The results of mass spectral identification
of the compounds found in the drinking water showed the
presence of toluene, two C·2 benzene isomers, CHCI3,

CHCIBr,. CHCl,Br, and 1.l,2,2·tetrachloroethane. The
quantitative effect of salt and temperature was also studied.
The optimized head space conditions of 50 ·C with a saturated
salt solution was compared w 24 ·C without salt addition. An
increase in peak response was observed of 8- and 22·fold for
chloroform and bromodichloromethane. respectively. The
analysis was completed in a 125·mL bottle containing 100 mL
of tap water. A 50'IlL gas sample was injected onw the GC
using a "Ni electron capture detecwr. Thus the methodology
should be capable for analysis of microgram/liter quantities
of organics in drinking water.
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Determination of Alkoxyl Substitution in Cellulose Ethers by
Zeisel-Gas Chromatography

K. L. Hodges,' W. E. Kester, D. l. Wlederrlch. and J. A. Grover

1M Dow Chemical Company, Midland, Michigan 48640

An ln1lroved Zeltel gas clvomatographlc technique has been
developed lor the determination 01 molar substtlullon In
ceUulose ether derivatives. The method ulllize. edlplc acid
to cetalyze the hydrlodlc acid cleavage 01 the subsltluted
alkoxyl groups quantItalIveIy to thH COlTesponcIng alkyIoclIdes.
An lrHltu xylene extraction 01 \he alkyllodkles In a sealed vial
allows lor the determination 01 methoxyl, ethoxyl, hydroxy­
ethoxy, or hydroxypropoxy subsltlullon In mixed or homo­
geneous cellulosic eth.....

Cellulose ethers are used extensively as thickeners. binders, .
lubricanla, emulsifiers, and film fonners. Their capability w
perform this large variety of tasks depends on the number of

moles of ether (alkoxyl) substituted per anhydroglucose unit.
molar substitution; and on the number of hydroxy groups
8ubstituted, degree of substitution. The ability to quanti·
tatively determine the molar substitution is therefore im­
portant in adjusting the solubility, thermal gelation point,
viscosity, and other physical properties associated with so­
lutions of these cellulose ethers.

A wide variety of analytical methods have been developed
over the years for the determin8tion of molar substitution,
largely owing w the variety of ethers being marketed.

The classical Zeisel distillation method (1) has been
combined with gas chromawgraphy (2-10) w obtain the
selectivity needed for the analysis of mixed cellulose ethers.
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CALIBRATION
Two calibration standards were prepared using the following

procedure and the average component response factor determined
to calibrate the integrator. Four milliliters of hydriodic acid were
pipetted into a 3-dram vial containing 120-140 mg of adipic acid.
Two 2.Q-mL a1iquots of the internal standard stock solution were
added with the same pipet used for the preparation of the samples
and the vial was capped tightly with a Mininerl valve cap using
Teflon tape as a sealant for tbe vial threads. Based on the percent
alkoxyl substitution anticipated in the prepared samples, the
quantity of each respective alkyliodide needed for calibration was
determined according to the graph in Figure 1.

Each alkyliodide was introduced to the tared vial through the
Mininert valve top with a 100-IJL syringe and the vial weighed
to the nearest 0.1 mg after each addition. The equivalent weight
of alkoxyl added in mg was determined according to the following
equations:

(
mOl wt OCH, X 1000)

mg OCH, = g CH,l mol wt CH,I

(
mol wt OC,H, X 1000)

mg OC,H, = g C,H,I mol wt C,H,I

(
mol wt OC,H,O X 10(0)

mg OC,H,O = g C,H,I mol \\1 C,H,I

mg alkoxyl in std toluene peak area
response factor = alkyliodide peak area X mg toluene in std

A variance of greater than 5% relative between two component
factors was considered unacceptable and a third standard was
prepared to resolve the difference. The integrator was pro-

Two microliters of the upper (xylene) layer of each prepared
standard was injected into the gas chromatograph <Figure 2) and
the component response factor was determined by programming
the integrator. The following equations can be used if a data
aCQuisition device is not available.

insulated gloves were worn to prevent exposure to hydriodic acid
in case any accidental release of reaction contents occurred.

After 1 h the vial was removed from the block, cooled for
approximately 45 min and reweighed to determine any loss due
to leakage.

Figure 1. Alkyl iodide - alkoxyl equivalency

EXPERIMENTAL
Apparatus, A Hewlett-Packard Model 5700 gas chromato­

graph equipped with 8 thermal conductivity detector was used.
The column was 10 ft x 1/8 in. stainless steel packed with 10%
UCW 98, mcthyl silicone on 100/120 mesh Chromosorb WHP,
available from Applied Science Laboratories State College, Pa.
16801. The oven temperature was 100 °C; injection port and
detector temperatures, 200 °e. The carrier gas was helium at 8

flow rate of 20 rnL/min. The detector current was 170 rnA.
A Hewlett-Packard 3380 reporting integrator was used to

facilitate data handling and improve method precision.
ReactiviaJs.5 mL, capped with Mininerl valves available from

Pierce Chemical Co., Rockford, III. 61 lOS, were used to contain
the Zeisel cleavage reaction and a Reactitherm heating module
was used to control the reaction temperature. Three-dram, 80ft
glass vials. lQ-mL capacity, capped with smaller Mininert valves
were used for preparation and storage of the standards.

Reagents_ Hydriodic acid, specific gravity 1.7, containing 57%
HI (Matheson Coleman and Bell) and adipic acid, mp 151-153
·C (Matheson Coleman and Bell) were used. The a-xylene and
toluene were ACS reagent grade. Iodomethane (99% min), io­
deethane (97% min), and 2-iodopropane (97% min), available
from Aldrich Chemical Company, were assayed under the stated
chromatographic conditions and appropriate corrections were
made in the preparation of the calibration standard.

An internal standard stock solution containing 25 mg tolu­
ene/mL a-xylene was prepared by weighing 2.50 ± 0.01 g into a
lOO-mL volumetric flask and diluting to volume with o-xylene.

Procedure. A 60--70 ± 0.1 mg sample-of dried cellulose ether
was weighed into a 5.Q-mL Reactivial. An amount of apidic acid
equal to or as much as twice the sample weight was added. Two
milliliters of the internal standard stock solution was pipeted to
the Reactivial and 2 mL of hydriodic acid added. The vial was
immediately tightly capped with the Mininert valve top and
weighed before insertion into the hot heating block. Samples were
reacted for 1 h at 150 ·C with agitation by shaking after 5 and
30 min. Since the glass vials were under pressure during the
reaction, the manual agitation was cond~cted with caution behind
a safety shield in a fume hood. Chemical workers goggles and
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These techniques work well for either homogeneous or mixed
O-methyl or O-ethyl substituted cellulose. However, the
formation of ethylene and propylene (9), in the cleavage of
hydroxyethyl ~d hydroxypropyl ethers, respectively, leads
to low substitution values, which severely limits their utili­
zation.

Other methods have been described which provide selec­
tivity through a different approach. These include a chromic
acid oxidation and distillation (11) which has also been
combined with gas chromatography (12), a spectrophotometric
method based on the ninhydrin colorimetric technique (13),
and the formation of the alditol acetates of methyl and ethyl
cellulose which are suited for gas chromatography (14). The
increased selectivity shown by these techniques, however, has
caused losses in precision and reproducibility.

Proton NMR (15, 16) provides perhaps the most detailed
information concerning degree of substitution as well as molar
substitution; however. the precision and accuracy is critically
dependent on the measurement of the intensity of a group
of bands which are fairly weak relative to other bands in the
spectrum. As a result, signal-to-noise enhancement through
multiple scanning with computer data acquisition makes the
technique undesirable as a routine quality control test.

The described method uses a catalyst, adipic acid, which
allows the Zeisel cleavage reaction to proceed quantitatively
for the four types of cellulose 'ethers described without the
formation of ethylene or propylene. An in-situ extraction of
the resulting a1kyliodides with a-xylene allows for the gas
chromatographic determination of substitution in either
homogeneous or mixed difunctional substituted cellulose
ethers in a single I.5-h analysis without elaborate distillation
equipment or complicated apparatus.
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,.. Table I. Adipic Acid a. Catalyst for Determination of
Methoxy and Hydroxy Propyl Substitution

Propylene Glycol Monomethyl Ether
(Thcor. 34.4% OCH" 65.6% OC,H,)

method % OCH, % OC,H,

Zeisel-GC 33.8,33.6 29.2,28.9
Zeisel-GC with 33.9,33.9 63.9,63.7

adipic acid

'16 Propylene Glycol
(Thear. 76.4% OC,H,)

method

44.5,44.6
75.0,74.8

Zeisel-GC
Zeiscl-GC with

adipic acid

from acid catalyzed reactions showed appreciable lower
propylene levels than nonacid catalyzed reactions. If adipic
acid was catalyzing the addition of hydriodic acid to propylene,
there would also be a significant reduction in the propylene
content in 'the reactor off gas. This was not found to be true
since the.addition of a measured quantity of propylene to
hydriodic acid with and without adipic acid at a constant rate
yielded the same quantity of 2-iodopropane.

According to Morgan (/8), the fate of propylene thus formed
should be similar as long as the reaction takes place in a sealed
tube and propylene is kept in constant contact with hydriodic
acid. It has been reported (19--25), however, that the addition
of hydriodic acid to ethylene in the gas phase is kinetically
faster than the addition to propylene. This then could explain
why the propylene generated from the Zeisel reaction of
propylene glycol and propylene glycol monomethyl ether does
not react quantitatively as does ethylene in ethylene glycol
monomethyl ether.

The presence of xylene during the course of a reaction is
an important factor in obtaining quantitative 2-iodopropane
values due to the elimination of the reported dispropor­
tionation reaction (24). This reaction occurs when the iodide
is not extracted from the hydroiodic acid thus:

2C3H71 - C3Hs + C3H. + 12

CJH~1
CH,,.

0'so
CJH/I

J
X3

, ,
" "Rllrn:,on T,..,. In "'l,nul"

RESULTS AND DISCUSSION
The success of the new Zeisel gas chromatographic method

depends on the quantitative conversion of the substituted
alkoxyl unit to the corresponding iodide by reaction with
hydriodic acid. This conversion proceeds througb a postulated
vicinal 1,2-diiodo intermediate (I).

ROC H2CHCH3 + HI - RI + [CH2.CHCH3J
I i I
OH I I

I

Support for this disproportionation step was obtained by
heating 2-iodopropane in the presence of hydroiodic acid with
and without a-xylene being present. Without xylene, both
propane and propylene were present in the reaction headspace
and a loss of 2-iodopropane was noted.

With a-xylene no propane was observed and essentially
100'10 of the 2-iodopropane was recovered.

CH,CHCH, Earlier studies by Men (24) on the hydriodic acid cleavage
I of polypropylene oxide oligomers indicated the formation of
[ significant quantities of propionaldehyde. In the current

Its existence is presumed to be transitory since it has never method, there is no evidence for the formation of propion-
been isolated or prepared synthetically. aldehyde. Samples of the xylene and hydroiodic acid layers

The intermediate proceeds through two routes to the of reactions performed with and without adipic acid were
desired a1kyliodide. The fU'St route (A) is the direct conversion analyzed by proton NMR. No evidence for components other
to 2-propyl iodide through a biomolecular iodine elimination than 2-iodopropane, which was larger in the adipic catalyzed
reaction. This reaction is acid catalyzed (I 7) and quantitative reactions, was observed.
conversion is achieved by using organic acids such as adipic, Quantitative conversion was somewhat dependent on
succinic, formic, acetic, citric, or valeric. structure. Model compounds containing ethoximer or pro-

In the absence of an acid catalyst, the reaction with hy- poximer content greater than 2 such as tetraethylene glycol
driodic acid proceeds through an alternative route (B) resulting or tetrapropylene glycol required higher temperatures, more
in the quantitative conversion of a1koxyl unit to propylene catalyst, and longer reaction times to obtain quantitative
and isopropyl iodide. Reactions performed at temperaturea recovery. A1koxyl groups substituted on aromatic rings also
between 130 and 170°C in the absence of adipic acid yielded required more severe conditions.
low, reproducible, hydroxy propoxy values but quantitative Most substitutions evaluated, however, would react
methoxyl values (Table I). quantitatively at temperatures between 130-1SO °C. Some

Support for this mechanism was obtained when the off gas hydroxypropoxy determinations would be accompanied by the

alkyliodide peak area X average component response factor X mg toluene in sample
% alkoxyl = X 100 (I)

toluene peak area X mg sample

Flgwe 2. ClYomatogram of akyiodides. Column l().ft UC W98 melhyt
silicone; helium 20 mLlmln. Temperature 100 °C: 170 rnA
gramme<! wreport weight percent alkoxyl by entering the internal
standard and sample weights.

Two microliters of the upper (xylene) layer of the sample was
injected and the weight percent alkoxyl substitution was deter­
mined. See Equation 1.
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Table II. Validation and Precision

ASTM D·2363·72
Zeisel-GC

method

ASTM D·2363·72
Zeisel-GC

method

ASTM D·2363·72
Zeisel-GC

ASTM D·2363·72
Zeisel-GC

ASTM D·2363·72
Zeisel-GC

ASTM D·2363·72
Zcisel-GC

%OCH)

29.45
30.17

27.45
27.28

21.27
21.32

30.09
30.06

Hydroxypropyl Methylcellulose
Sample A

%rcl2o (# runs) %OC,H,OIi % rei 20 (" runs)

1.4 (8) 7.71 8.0 (10)
1.7 (10) 8.17 4.3 (10)

Sample B

1.1 (7) 4.59 21.2 (8)
1.2 (8) 4.37 0.8 (8)

Sample C

1.04 (8) 12.69 6.4 (10)
1.8 (11) 13.52 2.7 (11)

Methyl Cellulose
Sample D

0.72 (5)
0.80 (7) 0.39 10.2 (7)

Ethyl Cellulose
Sample E

%OC,H. % rei 20 (;; runs)

46.20 0.96 (5)
46.35 0.54 (12)

Ethyl Cellulose
Sample F

49.01 1.61 (8)
48.79 0.42 (14)

Table ilL Different Cellulos<> Ethero by Zeisel·G.. Chromatography Using Adipic Acid catalyst

ASTM
D·2363·72
%OCH,

26.7
26.9
31.8

0.8
1.0
5.3

37.4

26.3
26.7
31.8
<0.1

0.2
5.2

36.8

equiv.
,",OCIi,%OC,H.

Zeisel-GC

cellulose typeGsample

Henkel MC 25.9 0.6 0.4
Brit. Cellanese MC 26.7 <0.1 <0.1
Shin Etsu HPMC 28.0 <0.1 9.0
Natl. Starch no sub. <0.1 <0.1 <0.1
Stein Hall no sub. 0.1 <0.1 0.1
Stein Hall HP <0.1 <0.1 12.7
Hercules HP 0.2 <0.1 67.3
Stein Hall CMHP <0.1 <0.1 14.6 (14.5)
Dow HEHPMC 10.4 (10.4) 24.1 (24.1) 14.4 (14.1)
Dow HEMC 0.6 (0.5) 31.1 (31.0) <0.1 «0.1)
Hoechst HEMC 24.6 (25.1) (1.8) (1.8) <0.1 «0.1)
ICI MCET 3.9 (4.1) 14.1 (14.9) <0.1 «0.1)

• MC =methoxyl, ET =ethoxyl, CM =carboxymethyl, HE =hydroxyethyl, HP = hydroxypropyl, (-) =duplicate deter·
minations.

formation of n·propyliodide when the reaction temperatures
were outside these limits. In general its appearance served
as an innate indicator that the reaction had not gone to
completion.

The standards were prepared over hydriodic acid and adipic
acid to negate the partition coefficient of the alkyl iodides in
the acid layer. While the ethyl and propyl iodides partition
less than 1% relative, methyl iodide losses can be as large as
3% relative. Standards prepared in this fashion had a shelf
life of 2-3 months, when stored at 0 ~C.

VALIDATION, PRECISION
The results of analyzing four samples of hydroxypropyl·

methyl cellulose containing significantly different amounts
of methoxyl and hydroxypropyl substitution by the new
Zeisel-GC technique, standard Zeisel distillation, and chromic
acid oxidation distillation (26) are shown in Table II.

The relative precision at the 95% confidence level for the
GC metbod was found to range from :1:0.8 to :1:1.8% for
methoxyl substitution and 1.8 to 4.3% for hydroxypropyl.

Similar methoxy values in terms of both precision and
quantity were found using the two techniques but considerably
worse precision. ±20% relative, was experienced for the
chromic acid oxidation. Comparative ethoxyl values obtained
on samples of Q·ethyl cellulose show similarly good agreement.

The ability of the method to analyze a wide variety of
substituted cellulose ethers is shown in Table III.

The absence of a blank and the selectivity of the Zeisel gas
chromatographic technique provide a more precise definitive
analysis than can be accomplisbed with the two distillation
techniques, especially when low levels of one type of alkoxyl
substitution is present in another type of substituted cellulosic
ether.

Because of its speed and versatility, this procedure should
provide useful information in the characterization of butoxy
or even phenoxy substituted ethers as well as acrylate and
maleate esters.
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Reduction in Sample Foaming in Purge and Trap Gas
Chromatography/Mass Spectrometry Analyses

M. E. Rose and B. N. Colby'

Chemistry and Chemical Engineering, Syst8ms. Science and SoItware, P.O. Box 1620. Ul Jolla, California 92038

In the c1atermlnaUon of volaWe organic compounds In industrial
ellIuenl wat8f1l and process etreams by pwge and trap GC/MS,
loaming oIlhe sample has been a serious problem. The loam
tendlto entar the transfar Ine Ieadng to the sortlent trap and
may actuaRy reach the trap 1118". TIIII hae several negative
eIIects on the CUTent and Ulsequenl clat8n1lNlIons, Ineludlng
deactivation 01 the trap and Introduction 01 thermal decom­
position products Irom labile, nonvolatile materials. Two
methods to reduce loamlng are evaluated, one employing a
Imcons surfactant and a eecond Involvtng heat dispersion 01
the loam. The quaillative and quantitative aspects 01 these
two 108l1H'8duction methods are described lor volatle priority
poIlutantl In spiked pure water and soap solutions.

As a result of the "Consent Decree", the United States
Environmental Protection Agency (EPA) has undertaken a
major sampling and analysis effort to determine a group of
materials, called priority pollutants, in industrial waste waters.
In order to achieve their goals, a screening protocol (1) was
established for laboratories to use as a guide in carrying out
the investigations. With this protocol, the volatile organic
priority pollutants are determined using a Purge and Trap
(PAT) sample preparation procedure and combined gas
chromatographic/mass spectrometric (GC/MS) analysis. The
PAT methodology was developed by EPA personnel (2, 3) and
has proved extremely effective for the analysis of drinking
water (4-6). With the PAT technique, volatile, slightly soluble
mole<:ules in the water sample are entrained by a stream of
pure inert gas as it is purged through the sample. The purge
gas is then passed through a sorbent trap where the entrained
molecules are retained. Once this purge and trap process is
complete, the trap is backflushed and the contents are
thermally desorbed into a GC/MS for analysis. For most
samples, this process is straightforward and determinations
proceed with little difficulty. Occasionally, however, a series
of samples will be encountered which foam excessively when
purged. If foam is allowed to traverse the gas transfer lines

and enter the sorbent trap, several negative effects on the
current and subsequent analyses can be expected if the trap
is not replaced and the transfer line thoroughly cleaned. These
negative effects include deactivation of the trap and intro­
duction of thermal decomposition products from nonvolatile
labile materials. For samples which do not form a highly
persistent foam, it is possible to reduce foaming by reducing
the purge gas flow rate slightly and/or by inserting a me·
chanical barrier to the foam, such as a bundle of capillary
tubes, just past the purge tube. For other samples, these steps
are insufficient and alternative means are required. One
alternative is the addition of surfactants such as silicone
antifoaming agents and a second is to apply heat to dissipate
the foam. The purpose of the studies presented here was to
qualitatively and quantitatively evaluate these two approaches
to foam reduction for the determination of volatile priority
pollutants.

EXPERIMENTAL
Apparatus. A Tekmar Model LSC-I purge and trap unit,

incorporating the manufacturer's recommended modifications,
was used throughout the study. The desorbed sample gases were
transferred through an 0.028-i.d. stainless steel line directly onto
the head of the GC column in a DuPont Model 321 GC/MS. The
8 ft long X 2 mm i.d. glass column was packed with Carbopak
C (60/80 mesh) coated with 0.2% Carbowax 1500. The column
oven was programmed from 50 to 185°C at 8 °C per min after
8 4·min hold. The mass spectrometer was scanned from 45 to
300 amu at 4 8 per scan; emission current was 500 JJ,A and electron
energy was 73 eV. Data acquisition and processing was done
automatically by a Finnigan/INCOS data system.

Reagents. Two series of standard solutions were prepared from
unchlorinated distilled water (Arrowhead, Los Angeles, CaliL)
which had been purged until analysis indicated it to be free of
volatile organic compounds. Both series of solutions were
identically prepared elcept that the second series of solutions
contained approximately 0.5% (v/v) of dishwashing detergent
(Purex Balsom Trend). Aliquots of commercially prepared
(Supelco, Bellefonte, Pa.) priority pollutant standards were added
to the pure water using 8 Hamilton microsyringe. The resulting
solutions contained priority pollutants at concentration levels of
1,3, 10,30,100,300, and 1000 "g/L. The samples were analyzed
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Table I. Quantitation M .

quantita·
tion internal

compound name mass standard

benzene 78 BCMo
carbon tetr.chloride 117 BCM
chlorobenzene 112 DCBb
l,2-<1iehloroethane 98 BCM
1;I ,l·trichloroethane 97 BCM
1,l-<1iehloroethane 63 BCM
1,1,2·trichloroethane 97 DCB
chloroform 83 BCM
l,l-<1ichlorocthylene 96 BCM
1,2·trans·dichloroethylene 96 BCM
1,2·dichloropropane 112 BCM
ethylbenzene 106 DCB
methylene chloride 84 BCM
bromoform 173 DCB
dichlorobromomethane 127 BCM
trichloronuoromethane 101 BCM
chlorodibromometh.ne 127 DCB
tetrachloroethylene 164 DCB
toluene 92 DCB
trichloroethylene 130 BCM

o Bromochloromethane (BCM). quantitation mass =
128. b 1,4·Diehlorobutane (DCB), quantitation m... =
55.

in order of concentration, starting at 1 IJg/L.
For those soap solutions analyzed using the silioone antifoaming

agent, 11'1. of the agent (Dow, Antifoam A) was added to the purge
tube immediately following the f>.mL sample. The surfactant was
used as supplied; no attempts at purification were made.

Proceduno. Five-milliliter sample aliquota were purged with
pure nitrogen at alm em' per min. After a 12-min purge interval,
a 180 ·C desorb cycle was activated for 3 min with a belium carrier
gas now rate of 20 mL per min.

Witb the heat dispersion method, the purge tube was placed
in a small water bath at ambient temperature (Figure I). When
purging was initiated, foam would rise in the tube and, as it neared
the top of the tube, a hair dryer-style gun was used to direct a
stream of hot air at the top of the sample tube. The beat causes
the foam to bruk down before it can enter the transfer line leading
to the trap. A 6-in. section of a 2-mm i.d. glass tube was plaoed
just above the purge tube to act as a oondenser for water vapor
generated during the heating proce88. When dropleta could be
detected visually in this oondenser, it was replaoed. The oondenser
helped to reduce the quantity of water vapor entering the sorbent
trap.

An automatic GCIMS data reduction procedure was employed
throughout the study to identify priority pollutanta and to de­
termine relative response values used for quantitation. Relative
response values were calculated by dividing ma88 chmmatogram
areas for tha quantitation masses of the priority pollutanta by
those of tha intemalstandarda (Table n. Calibration curves were
prepared by carrying out logarithmically weighted linear reo
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­.<40 ,...
FIgur. 2. Reconstructed gas chromalOl11llT18 to< (al 100 I'GIl pwe
standard mixture and (b) 100 j4glL standard mbctInl contaInk1g 80IIp
when foam was aUowed to enter the BO<bent tnlp

greasions o~ relative response VB. concentration.

RESULTS AND DISCUSSION
The significance of keeping foam from entering the sorbent

trap is illustrated in Figure 2 for two 100 ,.gIL samples; one
a pure standard solution and the second a soap solution. A
small amount of foam from the soap solution sampla was
allowed to enter the trap. Several of the early eluting
components detected in the pure standard solution are not
readily detected when foam has entered the trep. It is be1ieved
that this is due to a modification of sorbent surfaee.J which
makes it I... effective as a 8Orbent. However, it could also
be due to an alteration in thermal desorption characterist.ica.
Second, note that severalspuriOUB peake are present in Figure
2b which are not present in Figure 2ft. These are believed to
be decomposition products of thermally labile nonvolatile
materiala present in the foam. However, it is poasible that
they could be due to volatile, water-soluble compounda which
are not effectively entrained by the purge gas under normal
operating conditions. Irrespective of the reasons, when foam
enters the trap, both qualitative and quantitative anal,ysea for
priority pollutanta are severely interferad with.

A qualitative comparison of chmmatograma obtained using
the two foam reduction methods ia given in Figure 3 for 10
,.gIL samples. Note that the ailicone antifoaming agent,
although it eliminatea the foaming problem, resulta in tha
addition of spurloll8 peake to the chromatogram. The severity
of these interferences increasea with each additional aDa1yais
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Table n. Correlation Coefficienta of Calibration Curve.

correlation
coefficients

Table III. Error Factors for Data Compared to the
Regrcaaion Line throuah That Set of Data

error factor

silicone heat
anti- dis-

foaming persed
agent foam

silicone
pure anti- heat

stand- foaming dispersed
ned agent foamcompound name

benzene
carbon tetrachloride
chJorobenzcnC!
1,2-dichloroethane
l.l,l-trichloroethane
1,1-dichloroethane
1,1,2·trichloroethane
chloroform
l,l-dichloroethylene
1.2-trans-dichloroethylene
1.2-dichloropropnne
ethylbenzene
methylene chloride
bromoform
dichlorobromomethane
trichloronuoromelhanc
chlorodibromomelhane
tetrachloroethylene
toluene
trichloroethylene

pure
stand­

ard

0.994
0.991
0.994
0.993
0.996
0.993
0.994
0.919
0.981
0.992
0.992
0.995
0.999
0.991
0.990
0.992
0.994
0.995
0.999
0.993

mean 0.989

0.994
0.986
0.999
0.994
0.996
0.994
0.995
0.930
0.956
0.998
0.987
0.990
0.994
0.998
0.989
0.995
0.998
0.998
0.999
0.993

0.989

0.992
0.995
0.995
0.991
0.998
0.997
0.998
0.936
0.994
0.997
0.994
0.995
0.997
0.990
0.983
0.997
0.999
0.995
0.999
0.995

0.992

compound name

benzene
carhon tetrachloride
chlofobenzene
1.2-dichloroethane
1,1 ,I-trichloroethane
1,l-dichloroethane
1,I,2·trichloroethane
chloroform
l,l-dichloroethylene
1.2·trons~

dichloroethylcne
1.2-dichloropropanc
ethylbcnzene
methylene chloride
bromoform
dichlorohromomclhane
trichlordOuoromethanc
chlorodibromomcthanc
tetrachloroethylene
toluene
trichloroethylene

mean

1.24
1.24
1.25
1.21
1.17
1.23
1.24
2.16
1.45
1.27

1.27
1.23
1.06
1.24
1.24
1.25
1.17
1.22
1.09
1.26

1.27

1.23
1.36
1.05
1.19
1.19
1.22
1.21
1.84
1.77
1.12

1.29
1.25
1.13
1.11
1.25
1.18
1.10
1.08
1.08
1.22

1.24

1.24
1.16
1.23
1.22
1.13
1.13
1.13
1.79
1.25
1.14

1.20
1.24
1.17
1.34
1.21
1.15
1.09
1.20
1.10
1.17

1.22

employing the silicone antifoaming agent, and it ultimately
became necessary to dismantle the PAT system, replace the
sorbent trap, and bake clean trBrulfer lines and flow directing
valve. This cleaning process was necessary after approximately
every tenth run using the antifoaming agent if all priority
pollutants were to remain identifIable at concentrations down
to 10 pg/L. It is possible that by using less of the antifoaming
agent, contamination would be reduced. However, all attempts
to fInd a suitable solvent in which to dilute it were unsuc­
cessful; I ~L was the minimum volume which could be
handled.

Contamination did not result when using the heat dis­
persion method; the chromatograms remained qualitatively
identical to those of nonfoaming samples for indefInite periods.
In excess of 60 foaming samples were analyzed using the heat
foam dispersion method with no noticeable change in detection
limits and zero incidence of interferences. It is possible,
however, that the use of elevated temperatures could lead to
sample degradation in some instances. Although this did not
appear to be the case with priority pollutants in soap solutioD!!,
it should be considered a possibility with other compounds
and with other matrices.

Both approaches to foam reduction had some effect on
relative peak areas and, as a consequence, the accuracy of the
determinations. This can be seen in the chromatograms shown
in Figure 3. In order to evaluate the precision and accuracy
provided by the two foam reduction methods, data obtained
for the three sets of standard solutioD!! were compared. Table
D shows that the correlation coeffIcients for the priority
pollutant calibration curves obtained from pure standard
solutioD!! and soap solutioD!!, using either of the foam reduction
methods, are essentially equivalent. The correlation coefficient
for chloroform was the only one found to be uniformly less
than 0.99. The problem with the chloroform data is the result
of nonlinear response; the relative response drops off more
rapidly at low concentration than at high concentration. In
other plJrKl' and trap experiments performed in this laboratory,
nonlinearity for the relative response of chloroform has not
been obvious and no reason for the phenomenon is known.
Ifchloroform values below 10 pg/L are rejected, the correIation
coefficients for chloroform in all three sets of data are greater

than 0.995. However, because the statistical evaluations
performed in this study were for the sole purpose of evaluating
the data rather than rejecting potential outliers, the lower
values for correlation coeffIcients were included in Table II.

In screening industrial waste waters and process streams
for priority pollutants using the EPA protocol, the intent has
been to provide data with accuracy suffIcient to place each
data point, x, within a window dermed by -50% and +100%.
That is:

~x<x<2x2 - -

or

x ~ 23::1 x

That is; the data should be "within a factor of two". Because
of the geometrical nature of this goal, it is convenient to
consider errors in terms of the factor by which a data point
deviates from the calibration curve or regression line. For the
purpose of this presentation, error is defined as:

f ( known concentration )±l
error actor = calculated concentration ~ I

Thus, a + 100% deviation from the calibration curve is nu­
merically equivalent to a -50% deviation.

When the error factors for each of the priority pollutants
in each of the three sets of data are determined using the
regression line through that set of data as a reference or
calibration curve, the values shown in Table III are produced.
The similarity in the mean values is cOD!!istent with the
correlation coefficients already mentioned. Of the priority
pollutants investigated, only chloroform failed to meet the
"factor of two" criteria; all others fell well within the window.
It should be pointed out that this approach to evaluating
accuracy involves an implicit correction for matrix effects
which might alter purging and/or trapping efficiencies.
Consequently, the error factors in Table III ahould be con­
sidered as best case values.

If the pure standard data are used as the calibration or
working curves, and the soap solution data treated as if it were
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soapand with soap using (e) a silicone antlfoemlng egent and (II) heat dispersion to reduce foaming

Table IV. Error Facio'" Using Pure Standard Solution
Data as a Calibration Curve

unknown, the error factors shown in Table IV are obtained.
Even though these are within the factor-of-two window on the
average, there are several compounds which fall outside that
window. This is believed to be the result of matrix effects
which alter the relative purging efficiencies of priority pol·
lutants and internal standards. These relative differences
could be due to solubility changes or perhaps alterations in
purge gas bubble size which might aifed entrainment. Figure
4 illustrates examples of these matrix effects for toluene and
l,I,I·trichloroethane. Note that the relative response values
for toluene obtained using the silicone antifoaming agent,
correspond fairly well with those of the pure standard while
those acquired using the heat dispersion method do not. It
seems that soap solution lowers the purging efficiency of
toluene relative to the internal standard, whereas soap solution
plus silicone antifoaming agent results in approximately
equivalent purging efficiencies for the two. In fact, all the
priority pollutants referenced to the second internal standard
and determined using heat dispersion, gave low relative re­
sponse values compared to those of pure standards. If only
those priority pollutants determined using the first internal
standard were used to calculate the mean error factor for the

compound name

benzene
carbon tetrachloride
chlorobenzene
1,2-dichloroethane
1,I,I-trichloroethane
l,l-dichloroelhane
l,I,2-trichloroethane
chloroform
l,l-dichloroethylenc
l,2-trans-dichlorocthylene
l,2·dichloropropane
ethylbenzcnc
methylene chloride
bromoform
dichlorobromomethane
trichJorofluoromethanc
chlorodibromomethane
tetrachloroethylene
toluene
trichloroethylene

mean

error factors

silicone
anti- heat

foaming dis­
agent persian

1.22 1.51
1.49 1.20
1.41 2.59
1.29 1.32
1.99 1.15
1.29 1.85
1.71 1.89
1.96 2.40
2.00 1.75
1.36 1.44
2.21 1.59
1.34 2.34
1.15 3.16
2.08 2.25
1.45 1.39
1.42 1.17
1.84 2.69
1.34 4.04
1.38 2.71
1.22 1.47

1.56 2.00

heat dispersion method, a value of 1.61 is produced. This is
comparable, on the average, with that of the silicone anti­
foaming agent approach. Essentially, the opposite situation
to toluene is encountered with 1,I,l·trichloroethane, which
exhibits an increased relative response with soap solution
treated with silicone antifoamant and essentially no change
with heat dispersion. Although matrix effects are believed
to be the major reason for apparent differences in relative
purging efficiencies, it is possible that thermal effecta could
have some influence on the data acquired, using the heat
dispersion method. Thermally induced enhancement of
purging efficiency has been reported for several ketones from
an aqueous salt solution at 50 ·C compared to 23 ·C (6). In
the studies reported here, however, the ~orityof the sample
volume was at ambient temperature surrounded by the water
bath.

It is interesting to note that there is no clear relationship
between the relative magnitude of matrix effect, i.e., error
factor in Table IV, and structural similarities of the priority
pollutants. This is clearly illustrated for di· and trichloro­
ethanes. 1,1· and I,2·dichloroethane have fairly small error
factors with the silicone antifoaming agent and soap, while
1,1,1· and l,I,2-trichloroethane have larger error factors.
However, with heat dispersion, it is the 1,2·di· and 1,1,1·
trichloroethanes which have small error factolll. Apparently,
compounds which behave similarly in one instance, may not
in the next. This tends to suggest that a universally good
internal standard for any given compound may not exiat.
Because of this, it seems likely that standard additiollll, rather
than the working curve approach to quantitation, wou1d reouIt
in more accurate result& Standard additions accuracy should
approach that represented by the error factors given in Table
III or about 15 to 25%.

In comparing the two foam reduction procedures, the heat
dispersion method is superior qualitatively becauae it does
not introduce interfering substances into the anal)'MS. It is
also better in a practical sense because it does not neceaaitate
dismantling and cleaning of the purge and !zap apperatul after
several successive runs. The silicone antifoaming agent
provides more accurate quantitation when the aoap solution
was referenced to pure standards; however, both approaches
to foam reduction exhibited matrix effacta. Because of these
matrix effects, standard additions or some other matrix
compensation approach should be employed for accurate
quantitation. AI;ernative approaches are cunently being
investigated and will be reported on in the future.
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Trace Enrichment with Hand-Packed CO:PELL ODS Guard
Columns and Sep-Pak C18 Cartridges

WIlliam A. Saner.' J. Richard Jadamec. and Richard W. Sager

u.s. Coast Guard Research and Development Center. AveI)' Point. Groton. Connecticut 06340

Timothy J. Killeen

Statistics Department. University 01 Connecticut. Storrs. Connecticut 06368

CO:PELL ODSilacked guard columns were used lor !he trace
enrichment (TE) 01 seawatar-soluble Iractlons 01 a bunker-C
011. Extracted compounds showed predominantly nonlinear
llCClII1lUIaUon retes with respect to sample vokme. In acklllon,
Sep-Pak C" cartridges were also used lor trace enrichment
and displayed decreases In extraction elliciency wllh in­
creasing sample volumes lor live model compounds In sea­
water. An equation dellnlng the decrease In extraction el­
ftclency 01 benzene with sample volume was used to predict
Ihe sampling volume at which the amount 01 benzene present
on the Sep-pak cartridge would be maximal.

Various adsorbents have been demonstrated as effective
matrices for the removal of organic compounds from water.
Many of these adsorbents are polymero and/or copolymers
of styrene/divinylbenzene and include XAD-2 (I. 2), XAD-4
(3. 4), JRA-93 (5). and Porapak Q (6). In addition, the slightly
less hydrophobic acrylic ester polymers such as XAD-7 (7),
and XAD-8 (8) have been used to adsorb more polar com­
pounds from water. Both XAD-4 and XAD-8 (50:50) were
used in the same column to extract organics of varying pa­
larities from drinking water (9). Spheron-SE has also been
used to analyze trace amount of impurities in water (IO); it
represents both the acrylic ester and the styrene-type ad­
sorbents since it is a copolymer of styrene and ethylene di­
methacrylate. In addition. polyurethane, (amide ester
polymer) (11), and Tenax-GC (phenylene oxide polymer) (I2)
have also been shown capable of adsorption of trace levels of
organics from water.

More recently (after 1975), reverse-phase ODS liquid
chromatographic packing has also been used to extract and
concentrate trace levels of organics from water. Kirkland fll'St
proposed the possibility of preconcentration on the head of
~ ODS packed column from large volume aqueous injections
m 1974 (I3). Creed (14) and Chisler et al., (I5) were among
the flret to demonstrate the potential of ODS as a means of
trace enrichment (TE) of aqueous samples (the extraction and
concentration of organics from large injection volumes onto
ODS packing). Other workers have utilized the trace en·
richment technique for the adsorption of organics from various

aqueous samples including distilled water (I6). drinking water
(I7, 18), urine (I9). chlorinated water (20), natural water (21),
wastewater (22), and seawater (23).

The technique of trace enrichment affords a means of
concentration and collection of sample in the same step.
Because of its intrinsic simplicity. it would seem to allow easy
on-site collection of samples. However, since recovery of
compounds from water increases as an inverse function of their
solubility in water (I5). then accurate quantification can be
carried out for an organic compound in water only by first
measuring extraction efficiency for that model compound to
correct for compound-to-compound recovery ("extraction")
differences. For those specialized applications where only one
or a very limited number of compounds are sought, lise of this
model compound approach is feasible. However, when one
is dealing only with unknowns, accurate quantification, for
determining extent of spillage after accidental discharge
dictates some other approach. Thurman et al. (8) used water
solubility to predict k '. and consequently calculated extraction
efficiency (breakthrough volume) for 20 test solutes on XAD-8
resin. Alternatively. k'values could be used to predict water
solubilities and, as a result, extraction efficiencies for unknown
solutes trace enriched on ODS.

The problem of variable extraction efficiency from solute
to solute was recognized. Any dependence of extraction on
sampling volumes or on the presence of other solutes, either
already adsorbed on the ODS prior to extraction, or coex·
tracted as multiple solutes present in the same water sample.
would be necessary in order to use the technique of trace
enrichment quantitatively. Further, if the mechanism of
decreased extraction efficiency for the more polar solutes could
be determined. then perhaps the effect of inefficient extraction
could be counterbalanced. Finally. the accurate mapping of
a toxic, unknown hazardous spill using trace enrichment
on-scene for sample collection, necessitates that the pre­
concentration technique maintains constant extraction ef­
ficiency over many orders of magnitude in solute concen­
tration. These aspects are addressed in the present study.

EXPERIMENTAL
Both pellicular and porous reverse·phase ODS packings were

used, but not for the purpose of comparison. CO:PELL ODS
(pellicular, -3().~m particle) was dry packed by hand into small

0003-2700179/0361-2190$01.0010 e 1979 Ame<lcan ChoIricaJ SocIety



guard columns. Bondapak C18 (porous -7o-pm particle) was
factory pocked into sman disposable cartridges under the trade
nome Sep-Pal<. The study began using the CO,PELL ODS
material, but later, after Sep-Pak cartridges became available
they were used exclusively. The Sep-Pak cartridges obviated
hand-pocking of the nondisposable guard columns, and thus
reduced. any accidental contarmnation and packing variations due
to this procedure. More importantly, the Sep-Pak cartridges
allowed the use of a hand-held syringe instead of electrical pumps
to a~ply the ~ater ~mples for extraction by the ODS pocking,
considerably Improvmg portability for on-scene sampling.

Instrumentation. Both a Perkin-Elmer Series 3 and 8 Waters
liquid chromatograph were used. Detection was by UV aboorption
employing a Waters 440 Absorbance Detector at 254 nm. Data
recording was done on Perkin-Elmer Model 56 recorders. A
Waters U6-K injector was used with both chromatographs.

Reagents. Milli-Q system water and spectroquality methanol
(MCB), filtered through 0.5-pm pore Fluoropore filters (FH
P04700) were used in the chromatographs. The same methanol
(unfiltered) and spectroquality acetonitrile (MCB) were used to
pre-rinse the Se!>'Pak cartridges (with Ulp woter rinses sandwiChed
in between). Isopropanol and acetone (spectroquolity MCB) were
used in some applications as final rinses (in place of methanol)
of Sep·Paks prior to trace enrichment. m-Cresol and aceto­
phenone standards were obtained from Fluka Chemical; the
acetone, benzene, and toluene standards were spectroquality MCB
solvents.

TE UsingCO:PELL ODS Guard Columns. TE Procedures.
CO,PELL ODS stationary phase was dry pocked into Whatman
column·survival kit pre·columns (0.21 X 7 em). This provided
a surface arca of ....... 2 m2/pre-column.

The water-soluble fraction from 8 petroleum oil was obtained
by carefully layering a bunker-C oil onto the surface of seawater
contained in a 3-L glass jug. (The seawater was collected from
on idle dock on Fisher's Island Sound off Avery Point, Groton,
Conn., into 8 clean 3-L brown solvent jug.) The water was not
filtered. and was maintained at room temperature for the duration
of the oil/water contact time from I to 35 days. A gloss tube
extended through the oil layer to the bottom of the jog into which
a Teflon line was inserted for removal of "clean" water samples
from under the oil layer. A Waters 6000A pump was used to apply
the water samples to the guard columns. Each guard column was
used only once for TE, then cleaned out, detergent washed, and
repacked.

HPLC Separation of Adsorbates. After loading, the guard
columns were first rinsed with 15 mL of Milli-Q System water
to remove inorganic salts prior to chromatographic analysis. The
outlet of the rinsed guard column was then connected to the head
of the analytical column (ES Industries Chromegabond C18, 0.46
X 15 em) for desorption and chromatographic separation. A
tW<rsegment, linear gradient from 0% to 50% methanol in water
in 20 min followed by 50% to 100% methanol in 50 min was used
for separation of the water-soluble oil components at a now fate
of 1 roLlmin at room temperature. The same bunker·C oil
extracted into seawater was also extracted into acidified methanol
(24). and this methanolic extract was chromatographed using a
linear gradient from 50% methanol/water to 100'10 methanol (50
min).

TE Using Sep-Pal< Cartridges. TE Procedure. The Se!>'Pak
cartridges were used as supplied directly from the manufacturer.
(Since each cartridge contains -0.35 g of pocking and the
Bondapak CIS material presents 400 m'/g of surface area, there
are 140 m2 of surface area per cartridge.)

The Sep-Pak cartridges were rinsed prior to use by means of
a hand-beld gloss (lo-mLl syringe. (The Sep-Paks are mode
specifically with an entrance port to fit aluer-lock tipped syringe
for manual introduction of solutions and solvents.) Ten-milliliter
rinses. each of methanol foUowed in sequence by tap water, then
acetonitrile then a second tap waler, and, finally, a second
methanol ri;'" served to both desorb any organic impurities and
also to wet the'packing prior to trace enrichment. M~thanol in
the void volume of the cartridge was removed by plungmg 10 mL
of room air through the packing using the syringe. The cartridge
was then connected to an all gloss (lOO-mL) syringe arranged
vertically in a ring stand. Solutions of known concentrations of
standard compounds in seawater were plunged through the
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cartridges at a rate of flow (-100 mL/min) resulting in a very
fast drip, but not a steady stream, of seawater from the cartridge
outlet. Standard compounds were added either os concentrated
solutions in methanol or as the undiluted liquid directly to the
seawater contained within the banel of the syringe or into a beaker
(for sampling volumes greater than the lOO-mL syringe capacity).
After one or two exchanges of the charged seawater 8OIutiona
between syringe and beaker to ensure thorough miIing, the
solutions were plunged through the cartridge as described..
Residual seawater was removed from the cartridge by paaaing
-100 mL of room air through it prior to desorbing adsorbed
components with 2 mL of methanol.

HPLC Separation of Adsorbates. Adsorbates were removed
from the Se!>'Pak cartridges after TE with 2 mL of methanol
which was then filtered by means of a Millipore Sample Clari­
fication Kit to remove inorganic salt precipitates. (A distilled
water rinse would have removed these salts also, and obviated
the need for fUtering; however, some 1068 of adsorbate, particularly
those with low k'values, Le., benzene, was experienced using thls
approach).

A ....'batman guard column (0.21 X 7 em) packed with CQ-.PELL
ODS was used with a Dupont Zorbox ODS analytical column for
chromatographing the methanol rinses from the cartridges. All
separations, except those where acetone was used, were carried
out isocratically using methanol at 1 mL/min flow rate. at room
temperature. The acetone injections were done isocratically at
90% methanol in water in order to retain the acetone peak long
enough as to separate it from a large, quickly eluting, unidentified
compound which was extracted in all instances from the seawater
by the Sep-Pak cartridges.

Calculation of Recooery Efficienc)'. Undiluted standard (or
a concentrated solution of the standard) was added to seawater
and extracted using a Sep·Pak cartridge. The same volume of
standard was then diluted with 2 mL of methanol for comparison
(desorption of Sep-Pak-retained components was with 2 mL of
methanol, hence the dilution). Since injection volumes were beld
constant, the recovery (extraction) efficiency was simply de­
termined by the peak-height ratios from chromatograms of these
two injections.

RESULTS
TE of Water-Soluble Oil Components Using CO:PELL

ODS Guard Columns. Packing Wettability. Some pre­
liminary experiments were carried out to determine the need
for pre-wetting the packing and/or the need to add an organic
solvent modifier to the seawater samples. This would ensure
that the ODS material became and remained wetted during
the trace enrichment process. For these experiments, a
bunker-C oil was allowed to contact 3 L of seawater for 22 days
without agitation, as previously described. One-hundred­
miIliIiter volumes of the seawater were loaded at the same flow
rate (9.9 mL/min) across both a dry and a methanol (l5-mL)
pre-rinsed guard column. Pre-wetting had virtually no effect
as both chromatograms were nearly identical.

The effect of different methanol concentrations in the
seawater samples on the efficiency of extraction was alao
investigated. TE from a 5% methanol in seawater solution
resulted in a chromatogram nearly identical in overall prome
as that obtained from 100% seawater, although a general
decrease in UV absorbance for the chromatogram of the 5%
methanol/seawater sample was noted. An increase to 10%
methanol for the trace enrichment produced a chromatogram
showing further reduction in UV absorption intensities for
late eluting peaks, and nearly a complete loss of early eluting
peaks. A 50% methanol in seawater solution resulted in no
retention by the guard column whatever. It appeared,
therefore, that the CO,PELL ODS.material wao wetted by
100% aeawater, and the addition of the methanol modifier
served only to lower extraction efficiency, particularly affecting
adversely those compounds with low k' values.

Although uoe of a methanol pre-rinse had no effect on the
TE efficiency (primarily because the packing io apparenU)­
wetted by 100% seawater), it could serve to desorb any
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Table I. Ab80rbancea" for Ten Peak. from Trace
Enrichment of Bunkel'C Oil·Contamln.ted Seawater at
Loadlng Ratea of 5 mL/mln and 10 mL/min

omL/min, 10 roL/min,
peak 325 mL 300 mL

1 0.014 0.014
2 0.007 0.006
3 0.006 0.007
4 0.006 0.01l
5 0.006 0.009
6 0.016 0.016
7 0.006 0.008
8 0.007 0.007
9 0.020 0.019

10 0.003 0.002

a Standardized to 325 roL loading volume.

.---~
10 30

FIgure 1, CorTll'If1son of Iq<id c:IYOmalogaptic system blari< and trace
ervichment chromatogram of 250 mL of uncontaminated seawater

impurities prior to the extraction process. No presence of
impurities, however, was evident. For these reasons, the guard
columns were not pre-wet, nor was any organic modifier added
to the seawater samples prior to extraction.

Loading Rate. Two flow rates, i.e., 5.0 and 9.9 mL/min,
were investigated to determine any effects of these loading
rates on extraction efficiency. Slower loading rates were not
considered since it was felt that any improvements in ex­
traction efficiency at low loading rates would be more than
offset by increases in loading times, which could compromise
synoptic coverage of an aqueous spiu site. Further, the faster
flow rates would allow greater sampling volumes in the same
unit time which could provide more representative samples.

Table I lists the absorbances for ten peaks eluting between
24 and 42 min from the gradient elution chromatograms of
two trace enrichments at loadings of 5 mL/min (325 mL) and
9.9 mL/min (300 mL) of bunker-C ail-eontaminated seawater.
Absorbances for the 300-mL sample were standardized to 325
mL, and the seawater/oil contact time was 14 days. Because
the absorbance intensities show minimal differences, the
efficiencies of removing these organic compounds from
seawater are very similar at these loading rates. Apparently,
the efficiency of extraction va. loading rate curve is flat over
this pumping range. Consequently, twice as much material
can be trace-enriched and recovered at the faster flow rate
without having to compromise on the loading time.

Effect of Sampling Volume on Extraction Efficiency.
Figure 1 sbows both a chromatographic system blank (no
intentional trace enrichment) and a sample blank consisting
of 250 mL of seawater trace-enriched at 9.9 mL/min loading
rate. A trace enrichment chromatogram of 250 mL of
bunker-C oil·contaminated seawater, after a 24 hail/water

Figure 2. Trace enrichment chromatogram (upper) of 250 mL of
Bunker-C oIk:ontaminaled seawater (24-11 oIl/waler contact time) and
dYomatogram of a 4-JJ.L intection of a methanone extract of the same
Bunker-C oil

contact time, is shown in Figure 2 along with one of a 4-I'L
injection of a methanolic extract of the same bunker-C oil.
Two-segment, linear gradient elution was used for all
trace-enriched samples, as previously described; only the
second segment of the linear gradient was used for the
separation of the injected methanol extract, Very minor
contribution of contamination is evidenced by the system
blank chromatogram. Similarly, only minor UV absorption
from naturally occurring compounds in seawater sampled in
February is apparent in the sample blank chromatogram, with
the presence of only one peak necessitating attenuation (Figure
1). Of particular interest in the trace enrichment chroma­
togram of oil contaminated seawater is the 26 to 42 min elution
range where the relative peak-to-peak variations in height are
basically the same as those in the methanol injection chro­
matogram. This indicates a similar solubilization (extraction)
of these compounds directly into methanol on the one hand
and into seawater (thence onto C" reverse-phase) on the other.
The quickly eluting polar compounds show an increase in the
trace·enriched chromatogram whereas the very large organic
compounds of very limited water solubility are drastically
reduced.

An additional trace enrichment of the same oil contami­
nated seawater is shown in Figure 3; however, the loading
volume was reduced to 25 mL while the oil/water contact time
increased to 22 days. Some differences between this and the
same trace enrichment after 24 h (Figure 2) are evident, and
could be partially attributable to microbial action, increased
solubilization of certain components, and/or extraction
differences induced by sampling size differences (250 vs. 25
mL).

Various volumes of the same seawater, in contact with the
bunker-C oil for four weeks were extracted (9.9 mL/min
loading rate). Extraction volumes ranged from 10 to 100 mL.
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Figure 3. Trace enrichment chromatogram of 25 mL of Bunker-C
oil-contamlnated seawater (three-week oil/water contact time)

Table II. Peak Height Ratios for Ten Peaks Trace
Enriched from 10, 20,40 and 100 mL of
Oil-Contaminated Seawater (4 weeks oil/water
contact time)

sampling volume ratios

peak 10:20 20:40 40:100 10:40 20:100 10:100
1 1.58 2.26 0.97 3.57 2.19 3.45
2 1.76 2.22 1.10 3.90 2.43 4.29
3 1.88 2.00 1.25 3.75 2.50 4.71
4 1.60 2.25 2.07 3.72 4.67 7.72
5 2.03 2.28 2.43 4.61 5.40 10.95
6 2.00 2.31 2.31 4.61 5.33 10.67
7 2.16 1.92 2.35 4.14 4.50 9.73
8 2.32 2.16 2.65 4.96 4.47 10.38
9 2.34 2.20 4.30 5.15 9.45 22.13

10 2.50 2.56 3.41 6.32 8.54 21.36

x 2.02 2.21 2.28 4.48 4.95 10.54
expected 2.00 2.00 2.50 4.00 5.00 10.00

ratio

Table II lists (in order of elution) peak height ratios for ten
selected peaks eluting between 24 and 42 min for the various
extraction volumes. The peaks are designated by number on
the chromatogram in Figure 3. Although the expected linear
increases in peak heights with sampling volumes are ap­
proached quite closely in the averages, a general trend from
much below the expected value progressing, with increasing
peak number (Le., elution time) to ratios much above the
expected, is obvious in examining any colwnn. The expected
ratios are encountered only through the middle of the 24 to
42 min elution range, namely from peaks 5 to 7; prior eluting
peaks show a depressed rate of growth with increasing
sampling volume slower than expected (for a linear increase
with sampling size). while late eluting peaks (8 to 10) show
an enhanced growth faster than expected.

The rate of change in UV absorption with increasing
sampling volumes (growth curves) for each of these ten peaks
is plotted against volumes of seawater trace-enriched in Figure
4. Curves of peaks 1 through 6 generally display decreasing
convexity with.volume, indicating a tendency to increase in
peak height linearly with volume. Growth curves of peaks 1
and 2 indicate that growth is minimal, and perhaps even
negative, after a certain volume of water is sampled. Peaks
7 and 8 show linear increases in peak heights with volume over
the sampling volume range. Unlike convex peaks 1 and 2,
peaks 9 and 10 are concave, and their inordinate growth
increases with sampling volume could be due, at least partially,
to mutual zone solubility effects. Sucb an effect can occur
when a component has substantially different solubility in or
affinity for an adsorbed component than it has with respect
to the original stationary phase. As a compound becomes
adsorbed onto the column, the packing material becomes
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Figure 4. Rates of change In UV absorption for ten cIYomatOl18ph1c
peaks (See Flgure 3 for peak locations) trace enriched from various
volumes of Bunker-C oIk:ontaminated seawater (fOU" weeks ai/water
contact time)

chemically altered. The alteration can offset the adsorption
of other components in a negative or positive manner. de­
pending on their attraction to the "new" packing material.
The inordinate increase in adsorption of late eluting peaks
(9 and 10) could represent a stationary phase change which
renders it more attractive to, and therefore more efficient at,
removing these compounds with relatively large k's. On the
other hand, the same stationary phase changes causing this
enhancement of extraction, could conversely produce a less
attractive medium for extracting the more polar components,
resulting in decreased extractability of these components
(peaks 1 and 2 in particular).

In addition to mutual zone solubility, these growth curves
can also be due, in part, to an effect discussed in a following
section on the optimization of sampling volume for recovery
of adsorbate. This effect is actually the result of a shift in
the adsorptionfdesorption equilibrium favoring increased
desorption from the packing causing a net loss of adsorbate
from the C.s packing with increased sampling volumes,
particularly for small k' value compounds.

Trace Enrichment of Model Compounds Using Sep­
Pak C.s Cartridges. Reproducibility of Cartridge Ex­
traction. In order to determine the reproducibility of ex­
traction efficiency of the Sep-Pak cartridges, independent of
the variations caused by hand measurement of peak heights
and the injection process itself, repeated injections of
standards and samples were made. Table ill lists the standard
deviations and percents relative standard deviation (in peak
height em.) for repeated injections of a toluene standard and
of benzene and toluene samples which were repeatedly trace
enriched from l00·mL volumes of seawater.
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Table m. Reproducibility of Peak Height (em) for
Standard Injeetiona and Sep·Pak C" Cartridge
Extractiona from lOO·mL Seawater Volumes of
Benzene and Toluene @ 25 ppm

standard extracted extracted
(toluene) toluene benzene

12.78 11.10 3.62
12.50 10.90 3.78
12.90 10.~8 3.80
12.90 10.80 3.65
12.80 11.80 3.90
12.60 9.60 3.40
12.40

x 12.70 10.85 3.70
a 0.20 0.66 0.176

a' 0.04 0.436 0.031
rei 0 1.6% 6.1% 4.6%

corrected 0 0.64 0.164
corrected rei 0 5.9% 4.43%

BV extraction efficiency 84.9% 22.0%

Results showed a 1.6% relative standard deviation due to
injection and hand measurement of peak height, and 4.6%
and 6.1 % relative standard deviations for benzene and toluene
trace enrichment samples. The reproducibility of cartridge
extraction is independent of the efficiency of extraction since
the extraction efficiencies for benzene and toluene (22% and
85%, respectively) are distinct while the percents relative
standard deviation are about the same. The lack of repro­
ducibility of the toluene and benzene trace enrichment
samples is due, in small part, to the injection and peak height
measurement process, but is mostly due to cartridge-to­
cartridge variations, and variations in their use (application
of the water samples and desorption of the absorbed com­
ponents). [Note 1: Extraction efficiency (%) based on a
one-injection standard will not be as reproducible as that based
on an average from multiple injections of the standard.
Furthermore, all reproducibility data are for the same lot of
Sep-Paks. A different lot provided significantly different
extraction efficiencies for the same compound (probably
attributable to silanization differences), in addition to pro­
ducing different cartridge-to-cartridge (intra-lot) reproduc­
ibility.] [Note 2: Since the standards are independent of the
cartridge extraction samples, then the contribution to noise
from hand measurements of peak height and injection can be
corrected for. But since the magnitude of the standard
deviation is peak-height proportional, differences in peak
heights, i.e., X's, must be considered prior to subtracting out
this noise contribution. This was done by taking the ratio of
the average sample peak height to the average standard peak
height and multiplying this times the standard injection
standard deviation, i.e., from Table 11, the ratio of X. for
toluene (10.85) to X. for the standard (12.70) provides the
proportional contribution (0.85) from hand injection and
peak-height measurement noise. The corrected standard
deviations thus represent the noise contributions caused by
variations in the cartridges themselves and in their usage.
Negligible contribution from hand injection and peak height
measurement is evident comparing corrected and uncorrected
a values listed in Table III.]

Recently, Scott and Kucera (25) examined the solute­
solvent-stationary phase interaction for a number of reverse
phases. They .howed that for solutes with a k' of 10 or less,
under conditions where the stationary phase is wetted, solute
molecules interact with the adsorbed solvent layer, and not
directly with the C's hydrocarbon moiety itself. In light of
this, it was felt that some selectivity differences for the ex­
traction of toluene from seawater might be demonstrable by
Sep-Pak C's cartridges simply by substituting different

Table IV. Effect of Various Solvent Final Rinses of
Sep·Pak Ctl Cartridges on Extraction of 25 ppm Toluene
from 100 mL Seawater Volumes (peak height, em)

isopropanol acetonitrile acetone

10.45 10.1 11.00
10.70 9.~ 10.90
10.83 10.2 10.77
10.50 ~.8 11.90
11.00 9.6 9.90

10.95

Xsmpl. 10.70 9.7 10.92
a 0.23 0.5G 0.64

rei 0 2.1% 5.7% 5.9%

xstd 12.4~ 11.9 12.73
extraction 87.5% 81.5% 85.8%

efficiency
(Xspmll
xstd)

water-miscible organic solvents for methanol as the final
cartridge.rinse prior to trace enrichmenl In this way, different
adsorbed solvent layers could be substituted on the C"
packing for interacting with toluene during the extraction from
seawater. Table IV lists extraction efficiencies and peak
heights for repeated extractions of toluene by the Sep-Paks
after preparing the cartridges by substituting the final
methanol rinse with isopropanol, acetonitrile. and acetone.
Taking the uncorrected % relative standard deviation of 6.1 %
for toluene (Table un, then 95% of all individual observations
will be within 12 %. From Table IV, the average extraction
efficiencies for the isopropanol, acetonitrile, and acetone rinsed
cartridges are 85.7%, 81.5% and 85.8%, respectively. Since
these values are not significantly different from the meth­
anol-washed cartridge efficiency of 84.9%, any real effects
these solvents may have on the extraction of toluene from
seawater are not directly measurable owing to the system
noise. On the other hand, there is a definite effect resulting
in enhancement of extraction of benzene from seawater by
pre-loading the cartridge with toluene; the reverse is true, i.e.,
lessened toluene extraction efficiency, when the cartridge is
pre-loaded with benzene. This mutual zone solubility effect
arises from a stationary phase alteration caused by an ad­
sorbed layer on the C's packing which alters packing selec­
tivity.

Mutual Zone Solubility on Sep-Pak Cartridges. From
Table Ill, the average efficiency of extraction of toluene (@
25 ppm) from a loo-mL seawater sample is 84.9%, while that
for a 25 ppm benzene solution is only 22.0%. However, a 36%
increase in benzene extraction efficiency can be realized by
first loading a Sep-Pak cartridge with toluene (i.e., 84.9% of
a total of 2.5 ilL of toluene extracted from 100 mL of seawater)
followed by 100 mL of a 25 ppm benzene solution in seawater.
This results in a 30% extraction efficiency for benzene, and
a simultaneous decrease in toluene recovery, from 84.9% to
35%. This is not an active displacement of toluene by benzene
on the CIS packing, since a nearly identical loss in toluene
recovery (to 37%) is also caused by a loo-mL seawater rinse
of the cartridge after the initial toluene loading. This loss
apparently arises from a chemical/physical interaction be­
tween an adsorbed component and the water stream forced
through the cartridge causing a desorption of adsorbate both
during the extraction process itself and particularly during
any follow-up rinses of previously loaded cartridges. This
phenomenon is addressed in more detail in a folloy,ing section
on the loss of adsorbate from Sep-Pak cartridges to seawater.

Extraction of Model Compounds from Various Volumes
of Seawater by Sep-Pak C's Cartridges. The extraction from
various volumes of seawater of five model compounds. i.e.,
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a From Coast Guard Chemical Hazard Response Informa­
tion System (Commandant Instruction M 16465.12,
Oelober 1978).

Table V. Comparilon of h', Water SolubiUty," and
Extraction Efficiency Uaing Sep-Pak Coo Cartridge. for
Five Model Compound.

correcting extraction efficiency for calculation of concentration
is highly suspect. For this reason, the actual compound should
be used for experimentally determining extraction efficiency
for those spill situations which are known, and where model
compounds can be attained,

Loss of Adsorbate from Sep-Pah Cartridges to Seawater.
In order to determine if the drop in extraction efficiency with
increasing sampling volumes was, in fact, representative of
a loss in extraction capability due to displacement (and loss)
of the solvent layer (methanol) from the cartridge packing
(methanol was used as the final solvent rinea prior to trace
enrichment), 8 series of seawater rinses of various volumes
from 10 to 300 mL was applied to the cartridges before
trace-enriching toluene (@ 250 ppm) from l(}.mL seawater
samples.

The extraction efficiency remained constant, independent
of pre-loading (pre-extraction) rinse volumes applied to the
cartridges, as evidenced in Figure 5 by the vertical plot. These
data suggest that the pre-rinses cause no physical/chemical
changes to the packing material since ita extraction char·
acteristics do not change with pre-rinses.

On the other hand, when the cartridges are fIrst loaded by
traee-enriching 10 mL of 250 ppm toluene in seawater (-90%
efficiency under these conditions), and subsequently (poet­
loading) rinsed with various seawater volumes, a significant
loss of adsorbed toluene occurs which is proportional to the
square root of the post-loading rinse volume. This loss is
reflected in depressed efficiency of extraction from 90% (no
loss) with no rinse to 3% efficiency with a 3O(}.mL rinse. This
loss in efficiency actually reflects an inability of the cartridgee
to retain adsorbed toluene during the rinse. The 1easWquaree
plot of the poet-loading rinse curve is also shown in Figure
6.

The third curve included in Figure 6 is that of tha efficien<:y .
of toluene extraction from various sampling volumes (no
seawater rinses). These data are the same as thoee shown
previously, in Figure 5, and are included in the present Figure
in order to show that they lie between the curve of pre-loading
rinses (no loss in efficiency) and the curve of poet-loading
rinses (maximum loss in efficiency).

[Note 3: The no-rinse data are plotted in Figure 6 as the
least-squares curve, disregarding the l(}.mL loading point,
which is plotted on the least-squares poet-loading rinse curve
at zero rinea volume. Since this point could have been .lI1idly
plotted on either curve, it was plotted only for the one as
described above since there is apparently no 1088 of adsorbed
toluene from a l(}.mL loading volume, while all other data
points (lO(}.mL and larger loading volumes) for the no-rinse
(variable volume loading) curve have appreciable 10118 of
adsorbed toluene (during the loading proceas). This is evi·
denced by the nearly identical slopes of -0.187 and -o.19Q.)

Both adsorption and desorption procesaee are related to the
extraction volume as a square function. The y intarcept of
16.94 indicalA!e that a poet-loading rinse of 287 mL of_ter

extraction
efficiency,
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Flgwe 5. Change In eX1racIioo atflclency wltt1 58mpllng volume dl.r1ng
the trace enrichment of five model compounds from seawater. (0)
Acetone. (0) benzene. (.0.) m-<:resol. (0) acetophenone, (X) toluene

acetone, benzene, m-cresol, acetophenone, and toluene was
studied. Since the extraction efficiencies were expected to
be invernely proportional with respect to the water solubilities,
these five standards were chosen on the basis of their wide
range in solubilities, from completely miscible to less than

·0,05% (by weight) soluble, Furthermore, although such
compounds as halogenated pesticides could have been selected
as representative of a low solubility compound, problems with
adsorption on the walls of the container during extraction
would have made choice of such a compound questionable.
Furthermore, in order to ensure solubility in seawater at all
concentrations utilized (as was provided for), then the use of
such minimally soluble compounds would have necessitated
using prohibitively large sampling volumes in order to provide
sufficient adsorbate to permit good detectability.

Figure 5 shows the change in extraction efficiency against
sampling volume for the five model compounds. In all cases,
2.5 ilL of the model compound was added to volumes of
seawater ranging from 10 to 300 mL. Consequently, con­
centrations varied from 250 ppm for the l(}.mL sample volume
to 8.3 ppm for the 30(}.mL sample volume. Adsorption onto
the glass walls of the syringe during extraction was not a
problem since the seawater solutions were immediately ex­
tracted and all model compounds were completely soluble in
seawater over the concentration range utilized.

All compounds show a loss in extraction efficiency with
increasing sampling volumes. This loss could be dependent
on either decreasing concentrations of the model compounds
in seawater or dependent directly on sampling volume. The
water solubilities of the compounds are a rough approximation
to their relative extraction efficiencies regardless of any effect
due to sample volume increase or concentration decrease,
Table V lists water solubilities, extraction efficiencies from
loo-mL seawater volumes, and h'values for the five model
compounds. (Sep-Pal< C's material was dry packed into a 0.21
X 7 em column for determination of h's.) The water solubility
is not perfectly inversely correlated to h' since the h' value
for benzene (18.3) is less than the expected (Le., between 30.3
and 66.5). In addition, the expected direct proportionality
between h' and extraction efficiency is alao not perfectly
followed since the extraction of benzene (22%) is much lower
than expected (i.e., between 77.5 and 84.9%). The occurrence
of this exception, encountered within such a limited model
compound set, makes the occurrence of other exceptions highly
probable such that the use of the h'value of an unknown for
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Flgure 8, AdsorptIon and retention 01 toUine from seawater by Sep-Pak
C" cartridges as a function of pra- (.I» and posl·sampllng rlnsas (0)
(constant lD-mL sal1'4llng volume) and variable sal11ling volumes (0),
(no rinses)

is sufficient to totally remove any pre-absorbed toluene from
the Sep·Pak cartridges. Similarly, the y intercept of the
equation for the no-rinse curve of 25.5 indicates that a volume
of 625 mL of seawater (containing 2.5 I'L of toluene) would
result in no retention of toluene on the cartridge. (These y
intercepts are useful only for comparison purposes since both
curves, in reality, are asymtotic to the y axis.) The different
y. intercepts (for the linear portions of the curves shown in
Figure 6) arise, on the one hand, from loading the toluene all
at once, followed by toluene-free seawater for the post-loading
rinse data and, on the other hand, from loading the toluene
in various seawater volumes for the no-rinse curve. For the
latter case, loss of adsorbed toluene is less severe than for the
former. Although no post·loading rinses were applied to the
cartridges for the no-rinse data points, portions of the loading
volumes themselves act as rinses for already adsorbed toluene,
but these rinses are: (1) actually toluene solutioDll and (2) this
loading solution/ (rinse) can affect losses upon only that
proportion of total toluene in the system which is in an
adsorbed condition.

In addition, Figure 7 plots the post·loading rinse and
no-rinse least-squares curves for benzene adsorption and loss
to/from seawater by Sep·Paks. Although the slopes are very
small, they are significantly different from zero (t·test on
smaller slope, Le., -0.0449, P < 0.01). The adsorption/de·
sorption processes are related to the extraction volume as the
log,. of the volume.

Extraction Efficiency of Acetophenone as a Function of
Concentration Using Sep·Pak CIS Cartridges. Acetophenone
was used to study linearity of extraction from various con·
centrations in seawater since its high molar absorptivity
allowed detectability (254-nm absorption) at low concen·
trations. Since the extraction efficiencies for both benzene
and toluene are highly dependent on the volume of seawater
extracted, this was held constant at 100 mL, although three
extraction volumes of 10 mL were also utilized for comparison
purposes. The acetophenone concentration was varied from
1 ppt. to 1 ppb. Although the acetophenone from a 1 ppb,
100.mL seawater sample was detectable (-15 pg injected into
the chromatograph), accurate quantification was not possible
owing to co-elution of natural interferences from the·extracted
seawater. Table VI lists the extraction efficiencies for ace­
tophenone va. its concentration in seawater. All concen.
tratiOD8, except for 1000 ppm, produced comparable extraction
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Figure 7. Adsorption of benzene from seawater by Sep-pak C'8
cartridges 8S a function of post-sampling rinses. 0 (constant 1Q-mL
sampling volume) and variable sampling volumes, B (no rinses)

Table VI. Extraction Efficiency of Acetophenone at
Various Concentrations in Seawater by Sep-Pak Cu
Cartridges (100'mL sampling volume)

volume efficiency
concn, acetophenone of extraction,
ppm added, lolL %

1000 100 27.1
1000· 10 85.1

250 25 73.1
250· 2.5 72.8
100 10 71.5

52· 0.52 72.8
50 5.0 74.~

10 1.0 76.8
1.0 0.1 79.6
0.1 0.01 77.1
0.01 0.001 75.0

a lO-mL sampling volume.

efficiencies indicating that the adsorption efficiency of ace·
tophenone is constant for variations over six orders of
magnitude in concentration. Since the acetophenone was
completely soluble in seawater at all experimental concen·
trations. except at 1000 ppm, the drop in extraction efficiency
to 27.1 % for the 1oo·mL, 1000 ppm sample, could be due to
partial loss of acetophenone via adsorption onto the inner walls
of the glass syringe, so that a portion of acetophenone was
never exposed to the cartridge.

INote 4: A defInite adsorption problem onto container walls
was particularly accentuated by the lower solubilities of some
larger molecular weight aromatic standards investigated. For
example, while the average extraction efficiency (n = 4) for
l,3-dimethylnaphthalene was only 54.4%, the average (n =
2) for l-methyl nephthalene was 65.6%. Even if steric
hindrance prevents effective interaction between a methyl
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Fig... 8. Adsorption of benzene from 50 (0....). 100 (6---). 150 ppm
e----) seawater solutions by Sep.Pak Cia cartridges as a function
of sampling volume

group on the dimethylnaphthalene and the Sep-Pak Cl8
material, the extraction efficiencies should have at least been
comparable for these naphthalenes (if adsorption on container
walls were also comparable for each).]

The drop in extraction efficiency for the 1000 ppm solution
to 27.1 %, however, could also be partly due to saturation of
the Sep-Pak cartridge. A second 1000 ppm solution, but in
a total volume of 10 mL, provided 85.1 % efficiency; however,
this 1000 ppm solution contained a total of 10 I'L of aceto­
phenone, while the previous 1000 ppm solution in 100 mL
contained 100 I'L of acetophenone. (All other determinations
contained 25 I'L or less of acetophenone.)

Optimization of Sampling Volume for Recovery of Ad­
sorbate. The detectability of an adsorbed compound can be
improved, in 80me cases, particularly for poorly extracted
(significantly water-soluble) compounds, by sampling a volume
of 8eawater maximized for recovery of that compound, which
does not necessarily mean extracting the maximum available
or practicable volume of contaminated water.

The equations defining the loss in extraction efficiency of
benzene and toluene from seawater with increasing sampling
volumes (Figures 6 and 7) are applicable only for variable
concentration sampling volumes and do not indicate the
relationship between extraction efficiency and sampling
volumes at constant concentration. Furthermore, the actual
amounts of adsorbate extracted showed a constant decrease
with increasing sampling volume for benzene and toluene (the
actual amounts are proportional to the percent extraction
efficiency since a constant 2.5 I'L of benzene or toluene ~as

added for all determinations). For any constant samphng
concentration, however, the actual amounts of compound
present in different extraction volumes are variable such that
the extraction efficiencies will not be directly proportional to
actual extracted amounts. Although the extraction efficiencies
would be expected to decrease with increasing sampling
volumes, inefficient adsorption could be offs.t by sampling
very large volumes. However, if either for the situation where

Table VII. Effed of Sampling Volume on Total
Adsorbed Benzene and Efficiency of Benzene Extraction
from a 100 ppm Seawater Solution Ulling
Sep-Pak Coo Cartridge.

(2)

(1)

adsorbed benzene, JtL

volume, efficiency, two-point
mL N % running X

10 2 5M.7 0.59 lO.7220 4 42.2 0.M4 0.9830 3 37.2 1.12 1.1740 4 30.2 1.21 1.3050 3 27.7 1.39 1.5060 4 26.9 1.61 1.5370 5 20.6 1.44 1.5380 3 20.1 1.61 1.6590 4 18.7 1.6M 1.72100 3 17.6 1.76 1.61150 4 9.7 1.46 1.58200 3 M.7 1.70 1.45250 3 4.8 1.20 1.32300 3 4.M 1.44

[
log y - b ]
-m-'Y = [(xHy)]

For maximum [(x)·(Y)}, set [d(xy)lf(d(y)} = 0,

log y - b + (liin 10)
d(xy) = m = 0

Solving for Y.... (volume y at maximum [(x)(y)]) gives

log (Ymu) = b - In\0 = b - 0.434 (3)

The slopes of the regression lines have no effect on this (y mu)

the rate of adsorption from seawster reaches equilibrium with
the desorption rate or for the situation where the rate of 1088
can exceed the rate of adsorption, then there will emt an
optimum sampling volume for which larger sampling volumes
will not increase the net amount of adsorbate (former case)
or will actually decrease the amount of adsorbate (latter case).

Various sampling volumes of 50, 100, and 150 ppm solutions
of benzene in seawater were applied to Se.,.Pak C18 cartridges.
Figure 8 plots the least-squares curves defining the decreases
in efficiency of extraction with increasing sampling volumes
for these three concentrations.

It can be seen that the effect of decreasing extraction ef­
ficiency with volume can be accentuated by lower concen­
trations of benzene in seawater, Le.. as the concentration of
benzene decreased in order from 150 to 100 to 50 ppm, the
negativity of the slopes increased for the least-squares eurves
Hl.025 to -{).027 to -{).040). Lower concentrations apparently
accelerate this loss in extraction efficiency since the lowest
(50 ppm) concentration effected a large change in slope relative
to the minor slope change effected by a concentration re­
duction from 150 to 100 ppm. It is interesting to note, that
the y intercepts are the same for all three curves, regardless
of benzene concentration in the seawater. Although the rates
of loss in efficiency are concentration·dependent, the volume
at which extraction efficiency becomes zero is concentra­
tion-independent.

Table vn lists the sampling volumes, extraction efficiencies,
and amounts (PL) of adsorbed benzene for the 100 ppm curve
in Figure 8.

For the equations of the regression lines in Figure 7,
(x)'(yHconcentration)} defines the amount of cartridge­
extracted benzene and [(x)·(y)) dermes relative amounts of
extracted benzene at anv constant concentration.

Solving the least-sq~es equations in Figure 8 for (x)·(y))
gives:

lOG 10 1'o-0.02'l

,,, ,
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calculation; only the y intercepts affect it. Solving (Ymu) for
the least-squares curves in Figure 8 gives:

y @ 150 ppm = 99 mL

y @ 100 ppm = 111 mL

y @ 50 ppm =106 mL

These volumes are not significantly different. They agree well
with the experimental Ymu of -100 mL from the moving
two-point average in Table VII for the 100 ppm benzene
solution. Although the extraction efficiency decreases with
sampling volume, and does so at a faster rate for the lower
concentrations, the volume at which the amount of adsorbed
benzene is maximal is independent of concentration. Gen­
erally, as the water solubility of a compound decreases (as k'
on CIS increases), not only would extraction efficiency for any
given sampling volume be expected to increase, but so also
will the y.... value.

CONCLUSION
CO:PELL ODS liquid chromatographic packing can be used

in guard columns to extract .seawater·soluble fractions of
petroleum oils by trace enrichment of large sample volumes.
Extracted compounds show predominantly nonlinear accu·
mulation rates with volume. This is partially due to mutual
zone solubility, particularly for compounds with large k'values
(resulting in faster than expected accumulation) and also due
to desorption of adsorbed compounds, particularly those with
small k' values (resulting in actual loss or diminished net
accumulation rates).

Sep·Pak C's cartridges offer significant improvements in
portability and simplicity of use in addition to the convenience
of being disposable, over dry·packing of nondispossble guard
columns by hand. The efficiency of extraction of five model
compounds is roughly proportional to their respective k' values
on RP·18 and invel1lOly proportional to their water solubilities.

Increasing the sampling volume caused decreases in the
extraction efficiencies for all five compounds, regardless of
whether the conceQtration of compound in seawater was
variable or held constant, i.e., regardless of whether the
amount of model compound was held constant for variahle
volumes (concentration variahle) or wbether the concentration
was held constant (total amount of compound varied with
sampling volume).

The extraction efficiency for acetophenone remained
constant for constant sampling volume (100 mL), while its
concentration ranged from 1000 ppm through 0.01 ppm in
seawater.

Equations defining the loss in extraction efficiency as a
function of sampling volume for benzene at three different
concentrations in seawater were used to predict the sampling
volume, Ymu' at which a maximum amount of benzene would
be present on the Sop-Pak C's cartridge. This volume (-100
mL) is independent of the sample concentration over the range
used (50 to 150 ppm); however, the lower concentrations
caused faster extraction efficiency losses with increasing
sampling volumes. These y.... values are compound specific;
consequently, for the recovery of maximum adsorhate, variable
sampling volumes should be employed.

Since.extraction efficiency is dependent on both sampling
volumes and· water solubilities (and/or k' values) of com­
pounds to be trace enriched, these factors must be considered

when doing quantitative extraction from water. Further,
cartridge lot·w-lot variability must also be accounted for.
(Extraction efficiencies for toluene and benzene averaged 85%
and 22%, respectively, for sampling l00-mL volumes, using
one lot, while a second cartridge lot provided respective ef·
ficiencies of only 57CY, and 17%.) Consequently, the cartridges
have limited potential when used for quantitative trace-en·
richment applications, particularly when used to extract water
samples of unknown composition where the mutual·zone
solubility effect could alter extraction efficiency. Further, in
those situations where two or more components are present
and each must be analyzed, multiple discrete sampling vol·
urnes may have to be extracted if maximum recovery of each
is desired or necessary.

The Sop-Pak cartridges should prove useful when a specific
contaminant is being sought since efficiencies at various
volumes and concentrations can be experimentally derived.
This would permit much improved accuracy in the quanti­
tative mapping of aqueous spill sites. The simplicity of use
of the cartridges makes them particularly appropriate for
performing extractions in the field and allows fast turn·around
time for following the movement and dilution of some of the
more toxic organic pollutants. Nevertheless, additional ex­
traction procedures will still be necessary, such as those using
methylene chloride as an extracting solvent (26, 27). Such
a liquid/liquid extraction step cannot be circumvented since
it can minimally provide a more effective extraction of the
more polar (water·soluble) compounds for which the Sep-Paks
provide poor extraction efficiency and very limited concen·
trating capability.
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Survey of Carbon-13 Chemical Shifts in Aromatic
Hydrocarbons and Its Application to Coal-Derived Materials
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A survey 01 "c chemical shifts 01 aromatic hydrocarbons Is
used to derive an assignment scheme which should be ap­
plicable to the majority 01 coal-derlved materials and also to
other hydrocarbons such as crude oils and aromatic resins.
This acheme Is used to derive structural InlormaUon on tour
extracts prepared Irom low-rank BrUlsh coals.

I'C nuclear magnetic resonance (NMR) spectrometry is
playing an increasingly valuable role in the characterization
of products from coal liquefaction processes (see for example
references 1 and 2). It enables direct structural information
to be obtained about the carbon groups present, especially
those not containing hydrogen such as internal aromatic
carbon. carbonyl, and aromatic ether and which thus cannot
be observed by IH NMR. For coal-derived materials, the
major separation in 13C NMR spectra is between aromatic and
aliphatic carbon; this separation enables the fraction of
aromatic carbon or aromaticity (3) to be determined directly
and important structural information, particularly about the
aliphatic carbon groups present, can be derived (4.5).

As early as 1966, the potential of I'C NMR to give a direct
estimate of the aromaticity was recognized by Friedel and
Retcofsky. who recorded the rapid passsge, dispersion mode
spectra of neutral oils from high-temperature carbonization
products (6). However, because of proton coupling, the al­
iphatic carbon band was not resolved and the aromatic carbon
signal appeared as a doublet due to the large aromatic ''C-'H
coupling constants. Knight obtained ''C spectra of aromatic
petroleum fractions (7) which showed similar features to those
observed by Friedel and Retcofsky in the neutral oils from
coal. Later, Retcofsky and co-workers (8) recorded the 13C
proton coupled spectra of a variety of coal-derived materials
and compared the aromaticity values with those obtained
indirectly from 'H NMR by the Brown-Ladner method (9).

The advent of pulsed Fourier transform NMR (10) and
proton decoupling (11) has made it possible to obtain well·
resolved bands in both the aromatic and aliphatic regions of
the spectra of coal·derived materials. The improved resolution
on proton decoupling has led to important structural in­
formation being obtained; for example, the presence of long
alkyl side chains as major aliphatic substituents in extracts
of sub-bituminous coals (4, 12). However, variable nuclear
Overhauser enhancements and long thermal relaxation times
(TI) can make quantitative measurements unreliable. and can
also result in some carbon atoms wiih a long T.. such as
bridgehead aromatic carbon, not being observed unless special
precautions are taken (13, 14).

The detailed assignment of ''C chemical shifts in the spectra
of coal·derived materials has been hampered until recently
by the lack of data on suitable model structures. This paper
proposes a scheme for the assignment of I3C chemical shifts
which is based on published data and which should be ap­
plicable to the majority of coal-derived materials: consid·
eration is given to the chemical shifts in a variety of structures

including alkyl aromatics, hydroaromatics, and heterocyclics.
The assignment scheme is used to derive structural infor­
mation on coal extracts for which reliable quantitative results
have been obtained.

SURVEY OF CHEMICAL SHIFTS
The data on the chemical shifts of aromatic and aliphatic

structures relevant to coal-derived materials has been obtained
from references (3, 1(}-12,14. and 15-21). The data relate to
tetramethylsilane as internal standard and. where possible.
to chloroform-d as solvent. but it must be remembered that
the chemical shifts can alter by up to :0.5 ppm with solvent,
concentration, and paramagnetic effects (1 I).

Aromatic Structures. The chemical shifts of a variety
of mono-. di-. and polyaromatics are given in Tables IA and
IB; those for aromatic carbon joined to groups other than
hydrogen in Table IA (123-160 ppm) and those for aromatic
carbon joined to hydrogen in Table IB (11(}-140 ppm). The
tables show that the chemical shift range for alternant hy­
drocarbons. which are the major structural units in coal­
derived materials, is approximately 120 to 150 ppm. For
mono- and diaromatics not containing heteroatoms. there is
a fairly marked separation (shown hatched in Tables IA and
B) at 129.5 ppm between CAa-H and CAR-C groups. The
exceptions indicated in Table ill are for CAR-H in o-xylene
and 1-8-octahydroanthracene where the ortho chemical shift
effects from the alkyl and hydroaromatic ring substituents
are greater than 1 ppm from benzene (6, = 128.7 ppm). Table
IA shows that the a shifts for substituted mono- and di­
aromatics are between +5 and +20 ppm from benzene so that
all the CAR-C values occur within the range 129.5-150 ppm.

The introduction of heteroatoms into mono- and diaromatic
species widens the aromatic range to approximately 110 to
160 ppm and also results in exceptions to the separation at
129.5 ppm between CAR-H and CAR-C groulJ6. Table IA shows
that alkyl groups ortho to CAR-QH groups give CAR-C res­
onances at higher field than 129.5 ppm as do internal aromatic
carbons in nitrogen·containing rings, while Table IB shows
that aromatic carbon para to basic nitrogen (pyridine and
quinoline) and meta to CAR-QH groups resonatee at lower field
than 129.5 ppm. The increased chemical shift range of phenols
in relation to alkyl benzenes results from CAR-QH resonancea
between 153 and 156 ppm and CAR-H resonances ortho to
CAR-QH, between 115 and 118 ppm. Similarly. for bases,
neutral nitrogen compounds and aromatic ethers. the in­
creased chemical shift range in relation to altemant hydro­
carbons is due to CAR-Q and CAR-N resonances between 147
and 160 ppm and CAR-H resonances a or {J to CAR-N groups
between 100 and 118 ppm.

The chemical shift range for polyaromatic species
(phenanthrenes, anthracenes, benzanthracenes, f1uoranthenes,
and pyrenes) is no larger than that for mono- and diaromatic
species. but Table IB indicates that there are some CAR-C
resonances at higher field than 129.5 ppm. e.g. C1.... in pyrone
and C12 in 2 methyl phenanthrene. while there are virtually
no CAR-H resonances at lower field than 129.5 ppm.
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Aliphatic Structures. The aliphatic chemicalshiCts for
8 variety ofalkyl, hydroaromatic, and naphthenic substituents
are given in Tables ITA and fiB. Where literature values were

not available, the shifts have been predicted as follows.
(a) Alkyl aromatics, by an extension of the Grant and Paul

(20) additivity rule for alkanes where a phenyl ring results
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in an a shift of +23 ppm, a (J shift of +9,5 ppm, and a 'Y shift
of-2 ppm.

(h) Hydroaromatic rings (tetralin and indan type struc·
tures), from the literature values of tetrahydrophenanthrene,

tetralin, and indan and from the a and (J equatorial ehifta for
alkyl subetituents derived from literature values for methyl
indll1l8 (3) and alkyl tetralina (16).

(c) 1-4,4a,9,10,lOa.Octahydrophenanthrene and 1.4!4a,-
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9,9a,I0-0ctahydroanthracene, from consideration of the effect
ofa phenyl ring on the chemical shifts of cis· and trans-dekalin
(22) by the differences in chemical shift between tetra1in and
cycloheune. Saturates have not been included in Tables lIA
and B because in virtually all characterization work on
products from coal liquefaction processes these are removed
by column chromatography.

The chemical shifts of aliphatic groupo are governed mainly
by wbetlle' they, and their adjacent aliphatic groups, are
methyl, methylene, or methine. Methyl groups have a

cllemical shift range of 12 to 32 ppm, methylene groups of 22.5
to 44 ppm (for one adjacent methine group), and methine
groups of 27 to 57 ppm for no adjacent methine groups.
Quaternary aliphatic carbons, which are not considered by
the authors to be major groups in coal extracts, have not been
included in Tables lIA and B, but their chemical shifts are
expected to overlap to a large extent with those of methine
groups. Some workers, such as Farcasiu (22), consider that
quaternary aliphatic carbons are major constituents in their
liquefaction products.
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Methyl. The majority of methyl groups likely to be present
in coal-derived materials have chemical shifts at higher field
than 24 ppm. Methyl groups with chemical shifts between
24 and 32 ppm are generally sterically hindered, such as in
1.8.dimethylnaphtbalene and 2.2·dimetbyltetralin. and are
less likely to be present. From the evidence presented in Table
I1A. the chemical shift range 12-24 ppm can be subdivided
as follows: (a) 22.5-24 ppm. attributed to methyl in some
naphthenic and hydroaromatic rings; (b) 20.5-22.5 ppm,
attributed to methyl a to an aromatic ring not shielded by
any adjacent groups or rings (e.g., 2-methylnaphthalene) plus
some on naphthenic and hydroaromatic rings; (c) 18-20.5 ppm,
attributed to methyl a to an aromatic ring shielded by 1
adjacent group or ring (e.g., 1·methylnaphthalene) plus some
CH3 on naphthenic rings; (d) 15-18 ppm attributed to methyl
in ethyl groups and in cis-1.2·disubstituted five· and six­
membered rings. and (e) 12-15 ppm. attributed to terminal
methyl in alkyl chains ~ C. and to CH3 a to an aromatic r~
shielded by 2 adjacent groups or rings (e.g., 9-methyl­
anthracene).

Methylene. Table IIA shows that for methylene groups
the range of chemical shifts possible for most of the envi-

ronments considered is significantly 1""" than the overall
chemical shift range of 22.5 to 44 ppm. For example, ring·
joining methylene groupo have chemical shifts between 34 and
42 PPpl. with the values moving toward higher field as the
shielding from adjacent rings and groups increasea. There
is a division at 37 ppm between ring.joining methylene groupe
shielded by one or no adjacent ring or group and those ahielded
by more than one adjacent ring or group. Ring-joining
ethylene resonances can occur between 28 and 37 ppm; those
shielded by more than one adjacent ring or group occurring
mainly between 28 and 32 ppm.

For methylene in alkyl groups a or Il to an aromatic ring,
Table IIA suggests that there is a reasonable separation at
approximately 37 ppm between methylene adjacent and not
adjacent to methine. An .exception is the a methylene in '
propyl benzene at 38.5 ppm. Methylene in hydroaromatic
rings a to an aromatic ring has a chemical ahift range of 25
to 37.5 ppm, with a separation at 33 ppm between the pre­
dicted values for methylene adjacent to CH, and tha ohserved
values for methylene in unaubetituted hydroaromatic rinp.
This range is larger than the 23-33 ppm range uaed by
Seshadri et aI. (23) to calculate hydroaromatic carbon in
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FIgw. 1. 13C spectrum of asphahenes Irom a hydrogen donor solvent extract (extract a)

•
~- -fig... 2. ''c spectrum 01 asphaltenes Irom a ,uporahical gas extract (extract b)

hydrogenated Wlthracene oil and will include a-CH, adjacent
to methine groups. It is interesting to note that the hy­
droaromatic methylene groups a to an aromatic ring with
resonances between 25 Wld 27.5 ppm, such as C, in 1-4­
tetrahydrophenanthrene, are in positions shielded by Wl
adjacent aromatic ring. A comparison of the chemical shifts
of C, in 1-8-octahydroanthracene and 1-8-octahydro­
phenanthrene at 29.9 and 29.7 ppm. respectively. with that
of C, in 1-8-octahydrophenanthrene (26.1 ppm), which is
shielded by Wl adjacent ring, shows that the additional
shielding in 1-8-octahydrophenWlthren. produces Wl upfield
shift of nearly 4 ppm. Therefore from the chemical shift of
29.1 ppm for ethylbenzene. it is likely that methylene in ethyl
groups at positions which are shielded by Wl adjacent ring,
such as C, in phenWlthrene and fluorene, will have chemical
shifts between 25 Wld 26 ppm. /l-CH, groups in unsubstituted
6-membered hydroaromatic rings. e.g., tetrahydrophen­
Wlthrene Wld tetralin, give resonWlces between 22.5 Wld 24
ppm, and those in substituted hydroaromatic rings give
resonWlces between 27 Wld 35 ppm.

Methylene groups -y or further from Wl aromatic ring in
n-alkyl groups, as for n-a\kanes. have resoOWlce8 at 29.6-29.8,
31.8-32.4, Wld 22.5-23 ppm for positions respectively 6, '. or
further, -y Wld {J from the terminal methyl group.

Methine. Table liB indicates that methine re80nWlces in
alkyl groups, ring-joining groups, Wld many naphthenic Wld
hydroaromatic rings occur at lower field thWl 37 ppm.
Methine resaOWlces occurring at higher field thW1 37 ppm are
isopropyl, isobutyl, Wld other is<>-a1kyl groups Wld a-CH-eH,
Wld {J-CH-R (R 2: methyl) in tetralin, {J Wld some a-CH-eH,
in indan, Cillo in ci8-1-4.4a,9,IO,IOa-octahydrophenWlthrene
and c.. in ci8-1-4.4a,9,9a,lQ-octahydroWlthrene. These res<>-

nances include a substantial number of hydroaromatic meth­
ioe groups.

APPLlCATION TO COAL EXTRACTS

Coal Extracts. The extracts chosen were: (a) the as­
phaltenes from Wl extract of s 10w-rWlk coal (National Coal
Board, Coal Rank Code 702) prepared at 400 ·C with a
hydrogen donor solvent; (b) the asphaltenes from a super­
critical gas (SCG) extract of a 10w-rWlk coal (NCB, CRC 902)
prepared at 400 ·C (5); (c) the aromatic fraction of the n­
pentane 80lubles from a SCG extract of a low-rank coal (NCB,
CRC 802) prepared at 400 ·C in the presence of hydrogen Wld
catalyst (5); and (d) the residue of a product oil from hy­
drogenation of a SCG extract.

13C NMR Spectra. The 13C spectra of the extracts were
recorded on a Bruker WH 180 WB instrument using 3 g of
sample for the asphaltenes, 0.7 g for the n-pentane soluble
SCB extract and 2.2 g (or the hydrogenated SCG extract
residue, each in 15 mL of chloroform-d. To obtain reliable
qUWltitative results (14), 200 mg of chromium acetylacetonate
was added to the asphaltenes Wld hydrogenated SCG extract
residue Wld 100 mg was added to the n-pentane soluble SCG
extract. A delay period of 4 s after each 35· pulse (lO-"s
duration) Wld a 0.335-s data acquisition period was used in
the gated decoupling sequence. Reference 14 demonstrates
that these conditions have given accurate aromaticity values
for a mixture of model compounds and extract (c).

The 13C NMR spectra of the four extracts investigated are
shown in Figures 1-4 Wld the data obtained from these spectra
are given in Table IlIA together with the aliphatic H/C ratios
derived from IH and 13C NMR Wld ultimate Wlalysis. The
analytical results for 'H NMR, ultimate analysis, phenolic



ANALYTICAL Ct-EMISTRY. VOL. 51, NO. 13. NOVEMBER 1979.2185

~..

ctwllk~ IIhttI ...

Flgure 3. ''c spectrum of aromatic fraC1Jon of the n-pantane solubles from a supercrltJcal gas extract prepared In the presence of hy:lrogen
end catalyst (extrect c)
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FIgure 4. ''c spectrum of residue from a product 011 of hydrogenated supercr1tJca1 gas extrect (extract d)

-OH and molecular weight, of the extracts are summarized
in Table I1IE.

Aromatic Carbon-Qxygen Groups. Carbonyl resonances
(l7(}-210 ppm) were not observed in any of the spectra, aI·
though two extracts (a and b) contain 5.1 and 8.6% oxygen.
The absence of carbonyl groups in these extracts appears at
first sight somewhat surprising since some of the oxygen in
coals is believed to be present as carbonyl. However, the
carbonyl groups in the asphaltenes of the extract prepared
using a hydrogen donor solvent (extract a) may have been
reduced by the solvent in a similar way to that found by
Benjamin et aI. (24) using tetralin. Their absence in the SCG
extract b may be associated with the nature of supercritical
gas extraction in that the coal could have been separated into
a carbonyl lean edract and an insoluble carbonyl-rich solid
residue.

The chemical shift range 148--168 ppm mainly contains
resonances from aromatic carbon joined to hydroxyl and ether
oxygen, while the range 10(}-115 ppm contains tbose CAR-H
ortho to these groups. Extracts a and b show resonances in
both these regions (see Figures 1 and 2 and Table IlIA), with
the bulk of resonances between 148 and 159 ppm. This
supports the analytical evidence in Table IIIB which indicates
that there are many more phenolic hydroxyl than aromatic
ether groups: the resonances of the latter are more likely to

be spread between 148 and 168 ppm. There is good agreement
in Table lIlA between the oxygen by ultimate analysis and
by ''C NMR (CAR-D). As expected extracts c and d which
have low oxygen contents, do not show any resonanc:es in these
regions, and none of the extracts displayed resonances in the
region between 60 and 75 ppm 888igned to aryl alkyl ethers.

Aromatic Carbon-Hydrogen and Other Aromatic
Carbon Groups. As has already been mentioned, there
should be a reasonable separation at 129.5 ppm between
CAR-H groups and other aromatic carbon groups when the
numbers of aromatic ring systems containing more than 2 rings
and heterocyclic groups are small. This, in fact, appears to
be the case for edracts b and c because Table lIlA shows that
reasonable agreement is obtained between the percentage of
carbon in CAR-H groups calculated from 'SC NMR and from
'H NMR plus the H/C ratio.

These edracts are known to have open aromatic structures
consisting largely of aromatic aystema with 1 or 2 rings (5).
Further, the heter08tom content (see Table IIIB) of extract
c is low and, although extract b contains a significant number
of heteroatoma, this does not appear to have a significant effect
on the separation at 129.5 ppm.

The situation is somewhat different for extracts a and d
where the agreement between the CAR-H groups by 'SC and
'H NMR and H/C ratio is poor. However, these extracts are
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believed to contain much larger peri- and cala· condensed
systems (5) which will result in some CAR--{; resonances at
higher field than 129.5 so that the percentage of CAR-H groupe
by I3C NMR is overestimated.

Aliphatic Groups. The aliphatic H/C ratios of the ex·
tracts are listed in Table lIlA. The value of 2.5 for extracta
band c is significantly larger than those of 2.0 and 2.1 for
extracts a and d, respectively. Figures 1-4 show that this can
be attributed to the latter two extracts containing more CH.
and CH resonances (22.5~ ppm) and fewer methyl reso­
nances (11-22.5 ppm). For e"""ple, extract a has 79.4% of
the aliphatic carbon resonances between 22.5 and 60 ppm
compared to 70% for extract b.

All four extracts may contain naphthenic structures (37~
ppm). This region contains resonances from bridgehead and
other CH naphthenic carbons, some methylene bridge carbon
(between sites with a total of one or no adjacent ring or group),
alkyl CH other than in iso-alkyl groups and alkyl CH. adjacent
to alkyl CH. IT it is assumed that the numbers of the last two
groups are small, because the fraction of hydrogen a to an
aromatic ring from IH NMR (Table IlIB) indicates that the
average size of alkyl and naphthenic groups is approximately
2 carbon atoms, then subtraction of the percentage of carbon
in methylene bridges (derived from I H NMR), gives a rough
estimate of the number of bridgehead and other CH naph·
thenic carbon. In this way it can be estimated that the extracts
contain between 3~% bridgehead and other CH naphthenic
carbon. The percentage of carbon in methylene bridges
derived from IH NMR is probably an overestimate for that
in the 37~0 ppm range because Table lIlA shows that the
region between 33 and 37 ppm contains methylene bridge
carbon between sites with a total of two or more adjacent rings
or groups.

The region between 27.5 and 37 ppm contains the reso­
nances of methylene groups in several different environments
and also of methine groups in hydroaromatic rings. The most
prominent signal in this region is a sharp peak at 29.5-29.7
ppm which is attributed to methylene, or further from the
end of the chain, and l' or further from an aromatic ring in
alkyl chains at least 8 carbon atoms long. Except for extract
d, the area under this peak is relatively small. A column
chromatographic separation on silica gel showed extract d to
contain some long chain alkyl aromatics. The peak between
31.7 and 32 ppm is attributed to methylene in the l' position
from the end of an alkyl side chain.

The band between 24 and 27.5 ppm accounts for about 8%
of the aliphatic carbon in the extracts: the main contributors
are thought to be a-CH, groups shielded by adjacent rings
or groups, some naphthenic CH,,/I·CH, in propyl and indan
groups and /I-CH, in isopropyl groups. It is likely that these
groups are present in different proportions in extracta b and
d to extracts a and c because in Figures 2 and 4 peaks at 26.5
ppm are observed while in Figures 1 and 3 there are no
distinctive peaks between 24 and 27.5 ppm.

The signals between 22.5 and 24 ppm are leas pronounced
in extract b (Figure 2) than in the other extracts, which
together with the fact that there is no distinctive IH band
between 1.5 and 2.0 ppm (see Table lIlB), indicates that
hydroaromatic substituents are not major structural types in
this extract. Apart from /I·CH, in UD8ubstituted 6-membered
hydroaromatic rings, CH, /Ito the terminal methyl group in
long alkyl side chains (~C.) is thought to be the other major
contributor to the 22.5-24 ppm band. Table IIlA shows that
this band accounts for more aliphatic carbon in extract d than
in the other extracts, probably because it contains the m06t
long alkyl side chain resonances as well as a considerable
number from hydroaromatic groups. Methyl groups in hy·
droaromatic and naphthenic rings are also likely to contribula
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to the 22.5-24 ppm band as well as the 18-22.5 band.
The 18-20.5 and 20.5-22.5 ppm bands. attributed re­

spectively to methyl a to an aromatic ring adjacent to one (e.g.•
1-methylnaphthalene) or no ring or group (e.g.• 2-methyl­
naphthalene) are of similar intensity for all the extracts. This
fact should be taken into account when average structures are
constructed to represent the large number of individual
compounds in these complex materials (5).

The band between 15 and 18 ppm has been assigned to
/l-CH. in ethyl groups, although methyl groups. for example,
in disubstituted hydroaromatic and nsphthenic rings may also
contribute. The intensity of this band accounts for less than
50% of that of the 18-22.5 ppm bimd for all the extracts and
therefore it is likely that there are at least twice as many
methyl as ethyl groups.

The band between 11 and 15 ppm has been assigned to
methyl a to an aromatic ring shielded by 2 adjacent groups
or rings (e.g., 9-methylanthracene) and to terminal methyl in
alkyl side chains (~C3)' The intensity of this band for extract
d is far larger than that of tbe 15-18 ppm ethyl band. and it
is thought that the major contributor is terminal methyl be­
cause this extract probably contains the most long alkyl chain
aromatics. For the other extracts, the intensity of the 11-15
ppm band is similar to that of the 15-18 band and it is thought
that in these the 11-15 ppm band contains similar amounts
of shielded methyl and terminal methyl.

CONCLUSIONS
A detailed consideration of the 13e chemical shifts in model

compounds has been made which has enabled a "Ie chemical
shift assignment scheme to be developed for proton decoupled
spectra of coal-derived materials. This scheme has yielded
valuable structural information on the oxygen groups and on
the distribution of aliphatic substituents in extracts from
low-rank British coals.

ACKNOWLEDGMENT
The authors thank I. Stenhouse of the PCMU. Harwell, for

the ,'(; spectra and T. G. Martin and W. F. Wyss for providing
the extracts.

LITERATURE CITED

(1) I. Schwager, P. A. Farmanlon, and T. F. Van. Prepr.. ON. Pel. Chem ..
Am. Chem. Soc .. 22(2), 677 (1977).

(2) K. O. _, T. G. _. and D. F. w.lams. Chem. Ind. (Loodon). 313.
(1975).

(3) H. L. Ratcolaky and R. A. _ "Spec1romatry 01 Fuels", Plem.m. New
VOfI<. 1970. Chaplor 8.

(4) R. J. Pugmire. D. M. Q-ant, K. W. ZOm, L. L. Andoraon. A. G. Oblad. and
R. E. Wood, Fuel. 58. 295 (1977).

(5) K. D. _, W. R. Lednor. C. E. Snape. T. G. MerlIn. and D. F. Wmlams.
Fuel. 58, 413 (1979).

(6) R. A. Fr1edeIand H. L. Relcolsky, Chern. Ind. (Loodon). 455 (1966).
(7) S. A. Knight, Chern. Ind. (Loodon). 1923 (1967).
(6) H. L. Relcofsky. F. K. Schweighardt, and M. Hough, Anal. Chem.. 48.

585 (1977).
(9) J. K. 8<own and W. R. Ladner. Fuel. 38. 67 (1960).

flO) J. K. Slathers, "'3C NMR Spectroscopy", Academic Press, New Yor1l:.
1972. Chaptor 3.

(11) E. 8<_. and W. VoelI.... "''C NMR Spec1I'08COPY". Verlag ChemIe,
WelnhelmlBergsl. Germany, 1974.

(12) K. D. _. A. CaJmI, D. W. Jones. R. S. Metthewa. A. Oleay. H._
and T. Tugrul. Fuel. 58, 423 (1979).

(13) J. N. ShooIory and W. L. Budde. Anal. Chem.. 48. 2146 (1976).
(14) W. R. 'UKlner and C. E. Snape. Fuel. 57. 656 (1976).
(15) K. S. Sewdrl. R. G. Ruberto. D. M. Jewal, and H. P. Melone, Fuel. 57.

111.(1978).
(16) D. K:·Dalllng. K. H. Ladner. D. M. Grant. and W. R. Woollanden. J. Am.

Chem. Soc .. 88. 7142 (1977).
(17) R. S. Ozubko and G. W. Buchanan. Can. J. Chem .. 52. 2493 (1974).
(16) J. B. Slothers. C. T. Tan. and N. K. Wilson. Drp. Magn. Reson., 8. 406

(1977).
(19) D. M. Granl and E. G. Paul, J. Am. Chem. Soc.. 88, 2984 (1964).
(20) D. K. Calling and D. M. Granl. J. Am. Chem. Soc .. 88. 6612(1967).
(21) D. K. Callng and D. M. Granl. J. Am. Chem. Soc .. 85. 3716 (1973).
(22) M. Farcasiu. Fuel. 58. 9 (1977).
(23) K. S. Sashadrl. R. G. Ruberto. D. M. Jewal. and H. P. Melone. Fuel. 57.

549 (1978).
(24) B. M. Banjamln. V. F. Roaan. P. H. Meupln. L L. 8<own. and C. J. ee.ns.

Fuel. 57. 269 (1976).

RECEIVED for review March 8, 1979. Accepted July 11, 1979.
Permission to publish this work is given by the National Coal
Board, United Kingdom, and the views expressed are those
of the authors and not necessarily those of the Board.

Error Estimates for Finite Zero-Filling in Fourier Transform
Spectrometry
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A systemallc procedure 18 developed for e8tlmallng the
maDnwn peak helght error and the maUnum frequency error
which results from Fourier tran8formallon of a zero-filled,
truncated, exponentially damped a1nll8Old. The errOrs are
functions of the number of zero-fllUngs and the ratio of the
acqulaltJon period to the relaxation time of the a1nll8Old. The
error estJmates are given In both analytk:al form and graphical
form for both absorption mode and magnitude mode Fourter
transform speelra. It Is concluded that four zero-fillings for
the absorption mode and Uv.. zaro-ftllngs for the magnitude
mode will usually SUffice to reduce the peak height error to
I... than 2 %. Applications to Fourler transform nuclear
magnetic resonance spectrometry and Fourier transform Ion
cyclotron resonance spectrometry ate briefly dJ8CU88ed.

Within the past 15 years. a new method called the Fourier
transform (FT) method has been developed for obtaining

spectral data (1). In the FT method as applied to nuclear
magnetic resonance (NMR) spectrometry (2-5), microwave
spectrometry (6), and ion cyclotron resonance (lCR) spec­
trometry (7-16), the motion of the entire sample is excited
at once and a time domain signal which is a composite signal
from all of the excited motion is sampled and stored. In this
manner the FT method can produce a time domain transient
signal. which is characteristic of the entire spectrum. in the
amount of time which a conventional 6canning spectrometer
would require to observe just a 6ingle peak in the spectrum
(1,17). The experiment may be repeated several times to
produce a time domain 6ignal of increased signal to noise ratio
(1). The conventional frequency spectrum is derived from
the transient time domain signal by the mathematical process
cl\lIed Fourier transformation (17-21). Since for any linear
system the Fourier transform of the time domain response
is identical with the frequency spectrum (20), the above
procedure provides 8 powerful technique for either producing
spectra very quickly or for producing spectra of high sig-
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Figur. 1. Continuous and dlscreta abSOfJltlon mode spectral peaks.
C......es A and B ara continoous spectral peaks 01 Idaotical Bne shape
and Intensity which were calculated from Equation 7 with 8 value of
TIT = 1.0. The maximum 01 curve A faUs exactly on one of the
frequencies of the discrete frequency spectrum Labeled n :::;: O. The
maximum of ClXVe B falls exactly ha" way between two points of the
discrete frequency spectrum labeled n ::: O. Curves A' and 8' are
dsaete frequency spectral hi shapes formed by S1raJg1t hi comec1lon
01 the poInls In the discrete spectrum labeled n = O. The discrete
frequency spectrum labeled n = 1 has twice the resolution of the n
:::;: 0 discrete spectrum. The open circles are the values 01 curve A
In the n ::: 1 discrete spectrum

nal-to-noise ratio (1). In actual experimental practice,
however, the continuous time domain response is not ana­
lytically transformed to produce a continuous frequency
spectrum. Rather, the continuous time domain response is
sampled at a finite number of particular instants of time to
yield a discrete time domain response. The discrete time
domain response is then numerically transformed to produce
a discrete frequency spectrum. This discrete frequency
spectrum is defined at M specific frequencies, f, given by

f = miT Hz, m = 0, I, 2 ... M - 1 (1)

where T is the acquisition period of the time domain signal.
Now unless the signal frequency to be determined happens
to be exactly one of the particular discrete frequencies given
by Equation I, the intensities in the discrete frequency
spectrum will not correspond to the peak maxima in the
continuous frequency spectrum. This situation is illustrated
in Figure 1. Figure 1 shows two continuous line shapes, A
and B, where the maximum of A is exactly on one of the
discrete frequencies of a discrete frequency spectrum and the
maximum of B is half way between two discrete frequencies.
Straight line connnection of the amplitudes in the discrete
frequency spectrum leads to the discrete line shapes A' and
B'. It is obvious that A' provides an exact estimate of the
amplitude and the frequency of A. A' also provides a rea­
sonable approximation to the line width of A. However, the
peak height, frequency, and line shape of B are poorly es­
timated by B'.

With experience, the distorted line shapes and incorrect
amplitudes occurring in IT spectrometry can be recognized.
However, the occurrence of this distortion can be obscured
by the manner in which the data system indicates peak
maxima and locations. The peak heights and the peak lo­
cations in IT spectrometry are usually determined with a
"peak peaking" algorithm run under computer control. If this
algorithm examines only the values of the discrete spectrum,
the output intensities and frequencies 'from the algorithm will
usually not correspond to the (true) maxima and frequencies
in the continuous spectrum. Furthermore, the discrete
graphical spectra produced by straight line connection of the
points in the discrete frequency spectrum will usually not give
an accurate description of the continuous line shape (cf. Figure
1).

The problem illustrated by Figure 1 has been well recog­
nized in the literature. One solution (4, 18,21-28) is to exlend
the time domain data table by adding zeros to the end of the
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sampled transient signal prior to Fourier transformation.
Usually zeros are added until the data table length has been
extended by a factor of 2", where n = I, 2, 3 ..., but the
procedure is valid for any positive value of n. Since the
effective "zero-filled acquisition time", Tit is now longer,

T, = (1')2n (2)

the spacing in the discrete frequency spectrum is now reduced
to liT, from liT. In the limit, n - =, the numerical Fourier
transform becomes identical with the analytical Fourier
transform and the discrete frequency spectrum becomes
identical to the continuous frequency spectrum. A further
advantage of this particular interpolation method is that the
first set of added zeros increases the signal-to-noise ratio of
the final absorption spectrum (24). Further zero-fillings,
however, will only interpolate to the continuous line shape.

Another solution to the problem illustrated by Figure 1 is
to use an interpolating procedure which fits three or more
points from a discrete line shape to an assumed analytic line
shape. For cases in which the continuous line shape is known
in advance and is analytically simple (i.e., Gaussian, Lor­
entzian, etc.), this procedure has the advantage of shorter
computation time when compared with extended zero-filling.
These curve fitting procedures will give the peak height and
the peak maximum and addition will provide the complete
continuous line shape if desired. For cases where the line
shape is more complicated, the ·discrete line shape can be fitted
to a simpler analytical form. For example, the experimental
line shapes in high resolution IT-NMR spectrometry, whose
analytical form is given by Equation 7 of this work, may be
fitted to a parabolic equation_ Fitting the discrete points from
a complex line shape to a simple analytical function yields
interpolated peak maxima and peak frequencies, which, while
closer to the true maxima, are still in error because of the
mismatch between the (complex) continuous line shape and
the (simple) fitting function. A significant advantage of the
extended zero-filling method of interpolation is that the
method will always produce the true continuous line shape
whatever that line shape may be.

While the effect of zero-filling has been known for some
time, we are unaware of any quantiative criteria for deter­
mining the number of zero-fillings which are required to
achieve a particular accuracy. These criteria are required
because the computation time for the fast Fourier transform
(FIT) rapidly increases with increasing leng1h of the data
table being transformed (21). It is thus advantageous to
zero-fill only until the desired accuracy is achieved. More
extended zero-ftlling merely increases the computation time.

The error resulting from finite zero-filling of Fourier
transform faradaic admittance data and quantitative criteria
for reducing this error have recently been studied by Smith
(29). Closely related to the objective of the present work is
the study of Horlick (27) which examined the error in peak
maximum measurement as a function of the number of pointa
above the half-maximum for a number of different line shapes.
The residual error for finite zero-filling of a Lorentzian line
shape (as is found in pressure-broadened Fourier transform
infrared (IT-IR) spectrometry) can be readily derived from
the tables in ref 27.

In the following section, the maximum frequency error
resulting from finite zero-filling is given. The continuous
frequency spectrum of a truncated exponentially damped
sinusoid is given in two forms: the absorption spectrum (the
cosine transform of the time domain signal) and the magnitude
spectrum (the square root of the sum of the squares of the
cosine transform and the sine transform). A systematic
procedure is developed for estimating the maximum error in
peak height which resulta after a specific number of zero­
fillings. The procedure is applied to both absorption mode



n = 0, I, 2 ... (5)

(12)

(13)

x = T/T

Y = 21r/2"

and

where

and

ClAw) = 1'[1 + (Y/ X)2J-1/2[1 - 2e-xcos (Y) + e-2Xp/2
(11)

n'OI f'. I
n; 11 ttl f ttl I It, Itt Itt

Figure 2. ConUnuous and discrete magnitude mode spectral peaks.
Curves Aand B are conUnuous spectral peaks of IdenUcal fine shape
and Intensity which were calculated from EquaUon 8 with a value 01
TIT = 1.0. The maximum 01 curve A lalls exacUy on one of the
frequencies 01 the discrete frequency spectrum labeled n = O. The
maximum 01 ctO'Ve B falls exacUy ha" way between two points 01 the
discrete frequency spectrum labeled n = O. Curves A' and B' are
discreta frequency spectral line shapes formed by straiglt Iile connection
of the points In the discrete spectrum labeled n = O. The discrete
frequency spectrum labeled n = 1 has twice the resaluUon 01 the n
= 0 discrete spectrum. The open circles are the values of curve A
In the n = , discrete spectrum

spectrun.i are given by Equation 3 if no zero-filling is done prior
to Fourier transformation, and Equation 4 if the time domain
signal is zero-filled n times prior to Fourier transformation.
For a continuous spectral peak which happens to fall exactly
on one of the discrete frequencies of the discrete frequency
spectrum, as, for example, curve A in Figure 1, the intensity
of the line shape will be defmed only at the discrete frequency
values given by

Aw = ~p P = 0, :1:1, :1:2 . . . (9)
2"T

where n is the number ofzere>-fillings. For a value of P = +1,
the intensity of the peak at the first discrete frequency above
the peak maximum will be obtained. Substituting Equation
9 with a value of P = +1 into Equation 7 and Equation 8, gives

A(Aw) + 1'( I + ~t(1+ e- Y
[ ~ sin (Y) - cos (Y) ])

(10)

Equation 10 gives the discrete intensity value for the first
discrete frequency above the peak maximum (Le., P = I), for
an absorption mode line shape as a function of 1', the relaxation
time of the time domain signal, X, the ratio of the acquisition
period T to the relaxation time 1', and n, the number of
zero-fillings. Equation 11 is the corresponding equation for
a discrete magnitude mode line shape.

Examination of Figure 1 or 2 leads to a systematic procedure
for determining the maximum amplitude error due to the
fmite frequency resolution of a discrete frequency spectrum.
Curve A in Figure 1 (Figure 2) is a continuous absorption mode
(magnitude mode) line shape calculated from Equation 7
(I::quation 8) for TIT = 1.0. Curve B in Figure I or 2 is a
continuous line shape which is identical with Curve A but is
located at a different frequency. Now if the spectral peak A
were obtained by sampling a time domain signal (Equation
6) and Fourier transformation, and if the maximum of curve

(6)O<t < T

if no zere>-filling is done prior to Fourier transformation, and

!if = .!.. = -..!...- Hz; n = 0, 1, 2 . . . (4)
T, 2"T

if the time domain signaI is zero-filled n times prior to Fourier
transformation. The maximum error in frequency deter­
mination will occur when the maximum for the continuous
line shspe falls exactly /wlf way between two adjacent points
in the discrete spectrum. Since the spacing in the discrete
spectrum is halved for every power of 2 of zero-filling
(Equation 4), the maximum error in frequency determination
as a function of the number zere>-fillings may be stated by
Equation 5.

max frequency error in Hz after n zero fillings =
:1:1

T2n+1

Equation 5 gives the maximum error in determination of the
frequency of a peak maximum as a function of acquisition
period T, and n, the number of zere>-fillings. The error may
be positive or negative.

(b) Intensity Errors. Consider a continuous time domain
signal of the form

F(t) = exp(-t/T) C08 wt
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spectra and magnitude mode spectra for different values of
TIT, where T is the acquisition period end l' is the relaxation
:~ime of the time domain signal. The error estimates are
presented in both analytical and graphical form. Use of the
error equations and the error graphs as well as applications
to FT-NMR spectrometry end FT-ICR spectrometry are
discusaed.

ERROR ESTIMATES FOR ZERO-FILLED FT
SPECTRA

(a) Frequency Errors. It follows from Equations 1 and
2 that the only allowed values, /if, for the distance between
the pointa in the discrete frequency spectrum are given by

/if = .!. Hz (3)
T

The continuous absorption mode frequency spectrum (Le.,
the analytical Fourier transform) of Equation 6 is (29)

A(Aw) = l' 2,.2(1 +
1 + (Aw)

exp[-T/T]{Awh sin «Aw)T) - cos «Aw)T) (7)

The continuous magnitude mode frequency spectrum of
Equation 6 is

(
,.2 )1/2

ClAw) = 1 + (Aw)2T2 (1-

2 exp[-T/1'] cos «Aw)T) + exp[-2T/1'])1 /2 (8)

In Equations 6-8, l' is the relaxation time of the oscillation
in seconds, Aw is the frequency distance from the peak
maximum in radians/second, and T is the time period in
seconds over which the damped oscillation (Equation 6) was
observed. Equations 6-8 are very general equations char­
acteristic of any damped oscillation. They are applicable to
many forms of spectrometry and in particular NMR spec­
trometry and ICR spectrometry. The line shape described
by Equation 7 is sometimes called a "convolved sinc ftmction",
but the phrase "Lorentzian convolved with a sinc" is probably
more apt. Now when Equation 6 is sampled at a series of
discrete times, the discrete frequency spectrum resulting from
Fourier transformation will only exist at the particular fre­
quencies given by Equation 1. The only allowed values for
the distance between the points in the discrete frequency
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Figure 4. Relative error due to nonInflnne zero-filing for a mal1litUde
mode line shape. Each Ct.OVe gives the ms~1mumpercentage error
for a partIcWr ratio of TIT as a lunction of the nurmer of zero.~_
The value of the tJme domain signal (Equation 6) at the end of the
acquisition period Is indicated on each graph. The errors at int9lJ'lll
vakJes of nare Ihe most~ but the arves are veld fa~
values of n also. The C\.fV9S _e caJcaated from E_tIon 17. Note
that the error scale Is different than that of Flg\.<e 3

zero-fillings, and X, the ratio of the acquisition period to the
relaxation time of the time domain signal, which wben Fourier
transforroed, gives the absorption mode line shape. Equation
17 is the corresponding equation for the magnitude mode line
shape. Equations 16 and 17 like Equations 14 and 15 depend
upon the ratio X but, unlike Equations 10 and 11, are in­
dependent of the absolute magnitudes of T and T.

The residual error calculated from Equations 16 and 17 for
various values of n are graphically displayed in Figures 3 and
4. Figure 3 shows the percentage amplitude error resulting
from fmite zero-filling for the absorption mode line shape. As
expected, extended zero-ftlling prior to Fourier transformation
rapidly reduces the error. As the time domain signal is relaxed
during the acquisition period (increasing TIT), the error for
fixed n also becomes less. Figure 4 shows the same infor­
mation as Figure 3 but for the magnitude mode line shape.
The general dependence of the error is the same as for the
absorption mode but the error is less for any given values of
n and TIT. This lower error for the magnitude mode arisea
because of the broader line shape of the magnitude mode (3,
12, 29); cf. Figures 1 and 2.

~
0123450123.(50123':5012345

rllurrber rJ zerofllhngs

Figure 3. Relative error due to nonInfin~e zero-~ for an absorption
mode line shape. Each curve gives the maximum percentage error
for a partIcWr ratio of TIT as a lunction of the nurmer of ....o-~.
The value of the tJme domain function (Equation 6) af the end of the
acquisition period Is Indicated on each graph. The errors at Integral
vakJes of narelhe most~ but Ihe arves are veld fa~
vslues of nalso. The ClXV9S were caJcaated from E_tIon 16. Note
that the error scale is different than that 01 Ftglw8 ..

% error,----,
40 T/"3

FlTI·.~fIOI

(

max fractional error)
obtained after no
zero-filling ( )Equation 11 (n = 1)

= 1.0 - Equation 11 (n = ro)

(15)

Equation 14 gives the maximum fractional error for a discrete
absorption mode line shape which was obtained after no
zero-filling as a function of the ratio X (Equation 12).
Equation 15 is the corresponding equation for the magnitude
mode line shape. Note that Equations 14 and 15 are de­
pendent upon the ratio X but, unlike Equations 10 and 11,
are independent of the absolute values of the acquisition
period, T, and the relaxation time, T. The preceding ideas
may be generalized to

(

max fractional error)
obtained after
n zero-fillings

_ ( Equation 10 (n = n + 1»)
- 1.0 - Equation 10 (n = ro)

(16)

A was exactly on one of the points in the discrete frequency
spectrum, the discrete magnitude mode line shape obtained
by connecting the points in the discrete frequency spectrum
w~uld be curve A'. If the sampling conditions were appro­
priate for curve A, then the maximum of curve B will be
incorre~tly .indicated by the discrete magnitude line shape,
curve B. Smce the maximum for the continuous peak B falls
exactly half way between two of the discrete frequencies of
the nonzero-filled (n = 0) discrete frequency spectrum,
measurement of spectral peak B' will lead to the worst possible
estimate for the frequency and amplitude of curve B. If peak
B were less than half way between two frequencies of the n
= 0 discrete spectrum, B' would have an amplitude closer to
that of peak B.

If the sampled transient which leads to curve A' were
zero-filled once (n = I) prior to Fourier transformation, the
points indicated as open circles in Figure I or 2 would be
obtained for spectral peak A. Comparison of curve B' with
the open circles of curve A leads to the following conclusion:
The minimum amplitude for a discrete peak which falls
between two points of a non-zero-filled spectrum will be equal
to the amplitude of the first (i.e., P = I) point away from the
maximum of the "zero-filled once" (n = I) spectrum of a peak
whose maximum falls exoctly on one of the frequencies of the
non-zero-filled (n = 0) spectrum. The fractional error after
no zero-filling is given by 1.0 less the peak maximum in the
discrete, n = 0 spectrum divided by the maximum in the
continuous spectrum. Since the (true) continuous spectrum
maximum is obtained after an infinite number of zero-fillings,
the maximum fractional error after no zero-filling is given by
the formulas

(

max fractional error)
obtained after no
zero-filling

(
Equation 10 (n = I) )

= 10-
. Equation 10 (n = ro)

(14)

and

(

max fractional error)
obtained after
n zero-fillings

(
Equation 11 (n = n + 1»)

= 1.0 - Equation 11 (n = ro)

(17)

Equation 16 gives the maximum fractional error for an ab­
sorption mode line shape as a function of n, the number of
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where N is the number of words of available computer
memory. For example, for a transient signal which contained
frequency components from dc to 1 kHz, the sampling rate
must exceed 2 kHz. With a computer data memory of 16384
words, the memory will be filled up in 8 s (Equation 18). If
the relaxation time T w.... for example. 1 s, Lbe ratio Tf T would
be 8 and only two zere>-fillings would be required to reduce
the error to less than 2%. On Lbe other hand, if the transient
signal contairied components up to 20 kHz, a computer
memory of 16384 words would be filled up in only 0.41 s. For
the same value of T ... Lbe above example the ratio Tf T is 0.41
and four zero-fillings are required to achieve an error of less
than 2%. In general then. as the band width incresaes and
as t~e relaxati~n time increases, more zero·filling will be
reqUired to achieve any particular error minimization.

The data table length to be trBrlSforrned is of course limited
by Lb~ size of Lbe total memory (semiconductor plus magnetic
disk) In the data system. The access time of disk memory is
such that Lbe maximum rate at which data can be written onto
the disk is about 20 kHz and the band width for a "direct to
di~k data acquisition" is therefore limited by the Nyquist
cntenoD to less than 10 kHz. The access time of semicon­
ductor memory is much shorter and acquisition rates to
semiconductor memory can be ... high ... 100 MHz. For wide
spectral band widths then, the acquisition time T will be
limited by the size of the available semiconductor memory
as described in the previous paragraph. but the number of
zero-fillings will be limited by the size of the total (semi­
conductor plus disk) memory.

In NMR spectrometry it is most common to present fre­
quency data in the absorption mode (3). This is true for both
scanning and Fourier transform NMR spectrometry. The
most common FT-NMR procedure is to zere>-fill the sampled
transIent once (n = 1) to obtain the maximum possible ab­
sorption. mode sensitivity ... originally recommended by
Berthodl and Ernst (24). However, it follows from Figure 3
that, for cases where the transient signal hsa not decayed
significantly during Lbe acquisition time, significant amplitude
errors will be still present unless the data are further treated
by. for example, curve fitting. For example, it is not until Lbe
transient hsa been sampled for greater than four relaxation
times <Figure 3) thst the finite resolution of the n = 1 discrete
frequency spectrum is great enough to reduce the amplitude
error to less than 5%.

In FT-ICR spectrometry, the most common spectral
presentation is the magnitude mode (12, 13). The spectral
band width is large and the Nyquist criterion requires high
sampling rates (14). For example, a band width of 1 MHz
(corresponding to a m...s range of 30 to w at a magnetic field
of 20 kG) requires a sampling rate of at lesat 2 MHz, and a
computer memory of 16384 words will be filled in only 8 ma.
Since FT-ICR trBrlSient signals often last for several tens of
milliseconds (12), wide mass range FT-1CR signals are
characterized by values of TIT which are less than 1.0. For
these cases several zero·fillings are necessary to reduce the
frequency and amplitude errors accruing from the finite
resolution of the FT-ICR spectrum.
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The peak maximum in the discrete frequency spectrum is
always less than the peak maximum in the continuous
spectrum. The amplitude errors described by Equations 16
and 17 and Figures 3 and 4 are therefore always negative. On
the other hand, the frequency error resulting from mea·
surement of the peak frequency in a discrete spectrum may
be positive or negative (Equation 5).

DISCUSSION

The treatment of the previous section shows that the
maximum error in the determination of boLb the location and
amplitude of a spectral peak described by a discrete frequency
spectrum occurs when the maximum of continuous peak falls
exactly half way between two adjacent points in the discrete
frequency spectrum. This simple statement for Lbe occurrence
of worst case allows the derivation of the simple analytical
expressions, Equations 16 and 17, for the maximum amplitude
error. The derivation of the error expressions, Equations 16
and 17, shows that Lbe amplitude error in a discrete frequency
spectrum depends upon the Tf T but not the absolute values
of Tor T. As a consequence, Lbe errors described by Equations
16 and 17 and displayed in Figures 3 and 4 can be presented
... functions of only two independent variables: n, Lbe number
of zero-fillings and the ratio TIT. This is very convenient
because the relatively few graphs in Figures 3 and 4 can be
applied to a very wide range of experimental values of T and
T.

Usually, provision is made in tbe FT experiment for display
of the (accumulated) time domain signal prior to Fourier
transformation and the ratio TIT can be visually obtained
from this signal by noting the initial and final values, F(O)
and F(T), of the time domain signal. The final value, F(T)
... a function of the initial value, F(O), is indicated on the
appropriate graphs of Figure 3 and 4. Once the ratio TfT is
known and the desired error limit is chosen, the required
number of zero-fillings can be determined quickly from the
appropriate graph in Figure 3 or 4. One conclusion which
follows directly Figures 3 and 4 is that four zero-fillings for
Lbe absorptIOn mode and three zere>-fiUings for the magnitude
mode are sufficient to reduce Lbe peak height error to less than
2%.

In. most experimental practice, the time domain signal will
COnsISt of a sum of components of Lbe form, Equation 6. These
spectral components could have differing relaxation times and
diffe~ingerrors associated with their spectral peaks. De­
termmatlOn of an overall TIT ratio for the composite signal
WIll not necessarily give Lbe correct TIT ratio for any particular
spectral component. However, it follows from Figures 3 and
4 that, after three or four zere>-fillings, the error is essentially
mdependent of the ratio, TIT. Thus even for cases where the
rela~ation time differs from peak to peak, Figures 3 and 4
prOVIde a useful guide to the required number of zere>-fiUings.
Of course Lbe occurrence of differing relaxation times is readily
apparent m zere>-fiIled spectra from the differing line widths
of the varIOus spectral components. For cases where one Hne
is much .narrower than others it is probably best to repeat the
zero:fiIh~g procedure with more zero fillings to ensure that
no Significant errors remain.

As noted above, th~ error resulting from finite zere>-filling
depends upon the ratIO TIT. This ratio is often under control
?f Lbe experimentalist and deserves some comment. In general
It IS deSIrable to make the acquisition time T ... long ...
pOSSible sa thiS maxImIZes the mherent resolution of the FT
experiment. In practice, however, this is not always possible
because of limitations in the size of the available memory.
Accordmg to Lbe Nyquist criterion, the trBrlSient signal must
?" sampled sa a rate whichexceeds twice Lbe highest frequency
m the Signal. For a samplIng rate of S, Lbe acquisition period
will be given by

T=N/S (18)
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Simulation of Nuclear Magnetic Resonance Spin Lattice
Relaxation Time Measurements for Examination of Systematic
and Random Error Effects
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(3)

where liT, is the slope and. the intercept;
Two·parameter exponential fit

A, = B (J - 2 e~/T,)

the extent of relaxation with an observing pulse. The peak
intensity A. after waiting time, is given for steady-state
conditions by

1 - [1 - cos a (1 - e-O/ T,)] e~/TI

A. = A. sin 13 (1)
1 - [cos a cos 13 e-DITI ] e-'IT,

(2. 14. 18) where A. is the equilibrium intensity; a, the
perturbing pulse flip-angle; 13. the observing pulse flip-angle;
and D. the recovery delay between the observing pulse and
the next perturbing pulse. For the standard inversion-re­
covery experiment a = 1S00 and 13 = 90° (I. 2). Equation 1
assumes rf homogeneity. no offset effects (Le.• (pulse width)
« (spectral width)'l). and no refocusing effects. These
complications will be mentioned later. Equation 1 is used to
simulate relaxation data for a hypothetical T t of 100 8 and
for various values of a. fJ. and D. The additional variable of
signal-to-noise ratio (SIN) is introduced by adding to each
A, a random number between -{l.S Nand 0.5 N (the SIN
reported is the raw signal to noise. A. divided by peak·l&peak
noise).

With commercial spectrometers, the experimentalist can
easily control four instrumental variables which affect the
systematic and random errors in T1 measurements: the
nip-angles a and 13. the recovery delay (D). the number of
scans, and the waiting times (,). In addition, the method used
to fit the experimental data to a relaxation time can introduce
appreciabie systematic error if unsuitable experimental pa­
rameters are chosen for the measurement. Because of the
intimate relationship between experimental method and data
analysis method. we examine the effect of altering each of the
experimental parameters on T,'s determined with the fitting
methods (18. 20. 21) used most commonly:

Linear least squares fit

In (A. - A,) = • - 'IT, (2)

When faced with measuring spin lattice relaxation times
(T,). the NMR spectroscopist is confronted by a myriad of
confusing opinions, almost amounting to myth and folklore,
as to the proper choice of measurement method, experimental
parameters. and data analysis method. Several studies have
appeared in the literature, aimed at delineating and clarifying
this problem (1-19). The need in this laboratory for accurate
and reproducible T, measurements led us to investigate some
of the various methods by simulating experimental relaxation
data and subjecting these data to several analyses to determine
how well the calculated T, 's compare with T,'s used in
generating the data. We hope the results presented in this
paper wiU aid and give insight to experimentalists who desire
to have a reasonable degree of confidence in the TI's they
measure.

Systematic and random errors In NMR spin lattice relaxation
time (T,) measurements are Invesllgated by simulating re­
laxation daIs using various experimental parameter8: pulse
width, recovery delay. waiting times. and s1gnal-to-nol8e. T,'s
are calculated from Ihe hypothetical dala by linear lesst
squares, two-parameter exponential. Ihree-parameler expo­
nenlisi. and four-parsmeter exponential snaly6es 10 explore
the suilablilly of these anslyses. The computed T1's and
standard deviations are discussed In lerms of rsndom and
systemaUc errors. Experimental data ...e presented 10 _ate
the applicability of the calculations.

EXPERIMENTAL
'H (I2.29 MHz) NMR spectra were obtained with a Bruker

WP-80 spectrometer at ambient probe temperature. T1'5 were
measured for the 2H resonance of 8 5% solution of D20 (Merck
& Co.) in H,O doped with a trace of copper sulfate.

RESULTS AND DISCUSSION
The most common method of measuring T,'s involves

applying a perturbing rf pulse to the nuclear spins. waiting
for a range of times T to allow the 8pins to relax, and sampling

0003-2700/79/0351-2203$01.00/0 <l:> 1979 A_lean ChemIcal SOCiety
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a T , ;; 100 8j SIN;;:. ODj 5 T, recovery delay; T = 0, 7.28,
15.14,23.66,32.98,43.26,54.72,67.66,82.53,500 s.

where B, C, and T, are optimized.
For completeness we also present the four-parameter ex­

ponential fit

Table I. Calculated T,.s Reflecting Systematic Errors
Resulting from Missett Pulses"

T, (SD)

Table II. Calculated T,'s Reflecting Systematic Errors
Reaulting from Short Recovery Delay"

T, (SD)

important experimental parameters accompany each of the
tables.

Table 1illustrates the errors obtained for misset pulses. The
two-parameter fit calculates T,'s which deviate'unacceptably
from 100 s for pulses misset by only 10%, since the pre­
exponential factor is not equal to 2 as assumed in Equation
3 when ex ;" 0 (compare Equations 1 and 3). Although the
linear fit exhibits little error attributable to misset pulses, an
appreciable systematic error is observed since the magneti­
zation has not fully recovered to A. in 5 T,. The three­
parameter fit is acceptable even for severely misset pulses,
although some systematic error is observed due to the in­
creasing importance of E. The four-parameter fit is, of course,
exact. The magnitudes of the systematic errors depend on
the range of delay times (T); however, the errors in Table I
could not be improved significantly for a wide variety of delay
ranges tried, and in many cases worse errors were encountered.
Note that the standard deviations obtained with the two­
parameter fit are deceptively low and do not reflect the severe
systematic error obtained for misset pulses.

The influence of recovery time (D) on fitted T,'s is shown
in Table II. The systematic error in the linear fit reflects
errors iit A. for short values of D. The two-parameter fit, as
before;'suggests deviation of the parameter C from 2. The
three-parameter fit is exact since E =0 for cos {j =O.

Table III illustrates the effect of 31N on T,'s determined
by the four methods. Average results of 100 simulations are
shown in the table. Each simulation results in a T, ± SD, and
the averages of 100 T,'s and 100 SD's yield T, (± sdT,) and
SD (± sdSD)' Even though the linear fit is a two-parameter
fit, the systematic errors which result from errors in A. pro­
duce a sdT , value twice that obta.ined for the two-parameter
exponential fit. The 3D's obtained for the linear and two­
parameter exponential fits are essentially identical. The
three-parameter and four-parameter fits exhibit correspond­
ingly greater SD's reflecting the requirement of multiparame­
ter fits for higher 31N data. In fact, the four-parameter fit
will not converge consistently for S / N :S 10.

Choice of delay times (T) is complicated by the interre­
lationships among the range of delay times (DR), the dis­
tribution of T values within this range, the recovery time (D),
and the standard deviation of the calculated T,. Tables IV
and V are assembled with the hope that general trends can
be illustrated in a finite number of simulations. Unless
otherwise indicated, the 10 delay times are spaced expo­
nentially within the delay range. When specified, the last T

(LTj is replaced by the time indicated. The SIN is adjusted
for each simulation to represent the same total experimental
time; thus, if the sum of all delays and all recovery times is
equal to TT then, SIN = (const X TTj-'/'. To avoid clutter,
the tables show only the three-parameter fit 3D's of 100

(5)

3·parameter
fit

100.1 (0.01)
100.1 (0.01)
100.1 (0.00)

100.0 (0.00)

99.9 (0.00)
99.9 (0.01)

56.1 (6.81)
79.8 (4.01)
94.5 (1.26)

99.4 (0.13)

94.5 (1.22)
79.8 (3.96)

2-parameter
fitlinear fit

99.1 (0.05)
99.1 (0.05)
99.0 (0.05)

99.0 (0.05)

98.9 (0.04)
98.9 (0.04)

flip'angles

120,60
140,70
160,80

180,90

200,100
220,110

where the constants Band T, are optimized in an iterative
manner;

Three-parameter exponential fit

A, = B(l - C e-,/T,) (4)

recovery 2·pammeter 3-parameter
delay linear fit fit fit

5 T, 99.0 (0.05) 99.4 (0.13) 100.0 (0.00)
4 T, 97.2 (0.12) 98.5 (0.32) 100.0 (0.00)
3 T, 92.4 (0.34) 95.8 (0.71) 100.0 (0.00)
2 T, 79.0 (0.93) 88.5 (1.23) 100.0 (0.00)
1 T, 39.1 (2.67) 68.2 (1.32) 100.0 (0.00)

aT, = 100s;SIN= OO;Q = 180·;p =90·;T = 0, 7.28,
15.14,23.66,32.98,43.26,54.72,67.66,82.53 s. Last
r = recovery delay_

A = B (l - C e,,/T,)

(l - E e-,/T,)

where B, C, E, and T, are optimized.
Since Equation 5 is of the same form as Equation I,

B = A. sin {j

C = (1 - cos ex (1 - e-D/ T,))

E = cos ex cos {j e-D/ T,

the four-parameter fit should be exact for high SIN. The

Table III. Calculated T, 's.a Effect of Signal-to·Noise Ratio on Standard Deviation

T, (sdr )
SD(sds';)

98.85 (0.78) 99.45 (0.43) 99.89 (0.74) 99.87 (5.79)
0.53 (0.11) 0.42 (0.08) 0.74 (0.15) 5.59 (1.37)

98.70 (1.89) 9940 (0.97) 99.77 (1.84) 101.34 (14.96)
1.28 (0.30) 0.99 (0.20) 1.79 (0.31) 14.38 (6.14)

99.48 (4.13) 99.75 (2.29) 100.44 (3.84) ••••
2.66 (0.58) 2.08 (0.38) 3.78 (0.74) ••••

98.98 (8.08) 98.56 (3.78) 99.72 (7.68) ••••
5.02 (1.29) 3.95 (0.79) 7.18 (1.74) ••••

96.61 (20.08) ~9.24 (10.97) 98.50 (21.74) ••••
11.72 (4.57) 10.30 (2.84) 18.92 (7.67) ••••

Q = 180·; p = 90·. T = 0, 7.28, 15.14, 23.66, 32.98, 43.26,54.72,67.66,82.53,500 s. Recovery delay =

SIN

50

20

10

5

2

aT, = 100 s.
6T,.

linear fit 2·parameter 3-parameter 4-parameter



ANALmeAl ClEMISTRY, VOl. 51, NO. 13, NOVEMBER 1979 • Z205

Table VB. Effect of Miuet PuJaes on
Experimentally Meuured T ,'.

T,/T,,., X 100 (SDIT'Nf X 100)"

a Recovery delay; 2.3560, SIN> 300/1, r ; 0.0,
0.034,0.071,0.111,0.155, 0.203, 0.257,0.318,0.388,
2.356 o. T, .." 0.4738 (0.0005) S, was measured for the
same solution with 20 T values over the same delay ranee.

2'parameler a-parameter
linear tit Cit fit

Table IV. Averaa:e Standard Deviation. of
Calculated T 1',°

delay recovery time
range 1 T, 2T, 3 T, 4 T, 5 T, 6 T, 7 T,

0-0.5 T, 9.3 5.2 4.4 4.4 4.8 4.9 5.5
0-1 T, 10.2 4.6 3.7 3.6 3.6 3.8 4.2
0-2 T, 6.5 5.0 3.7 3.6 3.6 3.9 4.2
0-3 T, 4.9 4.8 3.9 3.8 3.8 4.0 4.1
0-5 T, 4.2 4.5 4.0 3.7 3.7 4.0 4.2
0-7 T, 4.2 4.3 3.9 3.8 3.8 4.1 4.2

a a ;;: 180~; fJ ;;: 90"; recovery time = last Tj three-
parameter fit.

Table V. Average Standard Deviations of
Calculated T, 's"

flip-angles

120,60
140,70
160,80
180,90
200,100
200,110

99.4 (0.7)
98.5 (0.6)
99.2 (0.5)
99.4 (0.2)
99.3 (0.2)
98.1 (0.5)

58.3 (6.7)
81.3 (3.7)
92.5 (1.7)
95.4 (1.2)
89.9 (2.2)
77.6 (4.2)

100.4 (0.8)
99.6 (0.8)

100.2 (0.5)
100.4 (0.2)
100.3 (0.3)
99.0 (0.7)

100.4 (0.2)
101.1 (0.1)
99.5 (0.6)

101.0 (0.4)
106.3 (1.9)

95.4 (1.2)
96.6 (1.0)
90.6 (1.5)
83.6 (1.9)
64.7 (1.9)

99.4 (0.2)
98.3 (0.2)
92.4 (0.5)
81.0 (0.9)
48.6 (3.0)

recovery
delay

5 T, (2.356 0)
4 T, (1.8930)
3 T, (1.420 s)
2 T, (0.9460)
1 T, (0.473 oj

Table VIII. Effect of Short Recovery Delay on
Experimentally Measured T, '.

T,/T, .., X 100 (SD/T,,.,, X 100)"

2·parameler 3-parameler
linear fit fit fit

delay last T

range 3 T, 4 T, 5T, 6 T, 7 T,
0-0.5 T, 3.2 3.1 3.0 3.1 3.2
0-1 T, 2.8 2.6 2.5 2.5 2.6
0-2 T, 3.6 3.4 2.9 2.8 2.9
0-3 T, 4.0 3.7 3.4 3.4 3.3

o Q ;;: 180~; (1 = 90"; recovery time;::. delay range; three­
parameter fit.

Table VI. Average Standard Deviation of Calculated T 's
for 90° -r-90" SequenceD I

0-0.5 T, 3.5 3.3 3.3 3.3 3.6
0-1 T, 2.9 2.8 2.8 2.8 3.0
0-21', 3.5' 3.1 3.1 3.1 3.3

a Q = 180"; (J = 90"; recovery delay = 2 s (acquisition
time); three-parameter fit.

simulatiollB for each set of conditions.
Tables IV and V illustrate the interplay between two

mutually exclusive factors which determine the final standard
deviation: the increase in kinetic dynamic range due to longer
D and/or longer LT, and the increase in spectral sensitivity
resulting from a larger number of scans. The upper left-hand
corner of each table illustrates the errors encountered for
limited kinetic dynamic range; the low values of D limit the
intensity of early data points, whereas the low values of LT
limit the intellBity of the last data poinl The lower right-hand
corner of each table illustrates errors resulting from loss in
sensitivity due to fewer scans within the allotted time. Note
in Table IV that for D, LT '?: 3 TI , the SD's in a given column
are very similar for DR '?: I T,; therefore, for these parameters
and a fixed total experimental time, the errors in calculated
T,'s are affected only marginally by the range of delay times.
Also, we have found that spacing the values linearly in time
rather than exponentially has little effect for the same delay
range, unless, of course, very large delay ranges are chosen.
The lowest SD was obtained (Table V) for D,DR - I T, and
LT - 1Hl T,. We tried a collBiderably wider variety of D,DR,
and LT, than shown in Tables IV and V and did not obtain
significantly lower SD values.

For comparison, Table VI presents simulations with the
widely used 900-r-90° sequence (9). The SD's are slightly
higher than those in Table V. The increase in spectral
sensitivity due to more scans in the 900-r-900 sequence is
more than offset by the increase in kinetic dynamic range
resulting from a 1 T, recovery time in the 180°-...-90° se­
quence. It is important to emphasize that the three-parameter
fit must be used when the recovery time is short compared
to T, as in the optimal cases in Tahles V and VI; otherwise

delay
range

last T /] Experimental parameters are the same as those in
Table VII except Q = 180". tl = 90°, last T = recovery
delay.

systemstic errors as in Table II will occur.
Although the simulations in this paper have assumed rf

homogeneity, very short pulses and no refocusing effects,
Equation 1 can be modified to include these effects. However,
if a homospoil (I, 3) pulse is applied immediately before and
after the perturbing pulse, leaving magnetization only along
the field direction, or if pulse phase alternation (11, 15)
technqiues are used, then these effects become equivalent to
misset pulses, and errors of the type shown in Table I will
result. Although the same fractional error in perturbing and
observing pulses was assumed in Table I, this would not be
true for peaks offset significantly from the carrier frequenC)'.
It would also not necessarily be true for spectrometers on
which the perturbing pulse is automatically set to a value twice
that of the observing pulse. In these cases the magnitude of
the errors obtained for the two-parameter fit vary somewhat
from those in Table I; however, the same qualitative trenda
are observed, with minimal errors in the linear and three­
parameter fits.

Tables VII and VIII present 'H20 relaxation data to
demollBtrate experimentally the results of Tablea I and II and
simultaneously to provide verification for the simulation model
used here. For convenience in comparing the tabl.., we have
presented the 2H T, (SD)'s in terms of percentage of a raf­
erence T, (T,,) determined under more emeting conditions
for the same sample. The finite SIN is reflected in SD values
for the three-parameter fit, and will also contribute to the SD's
for the other two fits. In addition, the systematic error in tha
two-parameter fit, even for long recovery delay and pulaea
supposedly set to 180° and 90°, as well as the error .in the
three-parameter fit (Table VIII) for recovery delay = 1 T..
both suggeat that the settability of the pulsea is not as accurate
as might be desired. So that, if errors of the types in Tahlea
I and II are made simultaneously, the systematic enors in
linear and two-parameter fits may be magnified, Even 50, the
three-parameter fit results in a systematic error of only ""6%
for the extreme case of 1 T, recovery delay. It has recently
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been pointed out (22) that systematic errors resulting from
misset puIBes with short recovery delay can be canceUed by
using a constant total cycle time (T + D = constant) and the
three-parameter fit (this makes the denominator of Equation
1 a constant). Although this option is not available on most
spectrometers in current use, it is desirable and should not
be difficult to implement. However, using this approach places
an upper limit on the last T value, so that the optimum trade
off between kinetic dynamic range and spectral sensitivity
(Table V) cannot be achieved, an important consideration for
low SIN samples.

Before using the T, calculation routine in the computer
programs supplied by NMR spectrometer manufacturers, the
spectroscopist should determine whether or not this routine
employs a three-parameter fit. As long as the spectroscopist
uses a three-parameter fit, he can be confident that he wiU
obtain similar standard deviations for a wide range of ex­
perimental parameters. However, if be has a good estimate
of the T

"
he can choose the optimal conditions (Table V) and

decrease the standard deviation by a significant factor, or
decrease the experimental time by an even greater factor.
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Detection of Small Quantities of Photochemically Produced
Oxygen by Reaction with Alkaline Pyrogallol

I. A, Duncan,' A. Harriman, and G, Porter

Davy Faraday Research Labonltory 01 The Royal Instftutlon. 21 Albemarle Slr..t, London WIX 485 England

A procedure Is described lor quantitative estimation 01 &mall
amounts 01 oxygen produced by photochemical reac1lon. The
procedure Involves contlnu0U8 removal 01 evolved oxygen In
a &lream 01 carrier gas to avoid Inhibitory aide reactions and
subsequent chemical trapping 01 the oxygen with alkaline
pyrogallol, The concentration 01 oxygen can be measured
Indirectly by ab_ptlon spectrometry 01 the highly colored
oxidation product 01 pyrogallol, The reagent &oluUon 1& stable
over the experimental time scale and the change In ab_­
banee at 450 rvn gives a good measure 01 the concentration
01 oxygen present In the solu1lon, Under the experimental
conditions, the minimum amount 01 oxygen that can be de­
tected Is 3.5 X 10-7 mol which corresponds to a minimum
quantum yield lor oxygen production 01 1 X 10",

The photodissociation of water into hydrogen and oxygen
i8 a subject of great interest since it can provide a means of
collection and 8torage of solar energy (1). The most commonly
used method8 for detection of gaseous products from such
reactions are mass spectrometry (2), electrochemistry (3-5),
and gas chromatography (6). These techniques provide simple
but sensitive analytical methods, especially for hydrogen.
However, oxygen is a notorious inhibitor of photochemical
reaction8 (7) and must be removed immediately upon its

evolution. This means that, at any given time, the concen­
tration of oxygen is often too low for accurate detection by
the above techniques. In the present method, a flow system
is described in which oxygen is removed from an aqueous
solution and quantitatively trapped by reaction with alkaline
pyrogallol (8). The concentration of evolved oxygen is then
measured indirectly hy spectrophotometry since the oxidation
product is highly colored.

EXPERIMENTAL
The carrier gas was oxygen-free nitrogen (British Oxygen

Company) further purified by passing over hydrogen reduced
copper powder (British Orug Houses) (BOH) at 350°C and
through two consecutive solutions of alkaline pyrogallol (9). These
scrubbing solutions contained pyrogallol (BOH, AR grade, 2 g)
in aqueous potassium hydroxide (BOH, 60 mL, 9 M) and were
renewed each day. The detection solulion comprised pyrogallol
(4 g) in potassium hydroxide (100 mL, 9 M) and was freshly
prepared in situ in the apparatus after outgassing with the carrier
gas. For the photolysis experiments, potassium permanganate
(Iv) (BOH, General Purpose grade) was used 8S received. Oxygen
saturated water (1.3 X 10-3 M) was prepared by bubbling pure
oxygen (BOC) through distilled water (20 'C) for 45 min.

Apparatus. The flow system was constructed entirely from
glass and all joints (ground glass) were smeared with vacuum
grease, held together by clips and, where necessary, liberally coated
with poly(vinyl alcohol) to seal further against atmospheric oxygen.
The photolysis cetl was made of cylindrical quartz with two optical
window8 giving a path length of 5 em. The total volume of the
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Figur. 1. Schematic representation of the apparatus. (1) Copper
powder lurnace to remove oxygen. (2) and (3) alkaline pyrogalol gas
scrubbers. (4) irradiation call, (5) cold finger. (6) detection cell in
spectrometer. (7) silicone 01 gas bubbler to stop sUck-back, (7a) gas
flow meter. (8) blackened sLqlOrt board. (9) lens, (10) flners, (11) water
coaled flher. (12) xenon-arc lamp, 250 W

cell was 150 mL and the contents were stirred by a well dispersed
flow of carrier gas. A septum seal at the top of the cell facilitated
removal of photolysate for analysis and aHowed injection of
oxygen-saturated water for calibration purpcees. For the 254-om
irradiation experiments, 8 slightly modified photolysis cell was
employed. The low-pressure mercury-arc lamp in a quartz en­
velope was immersed in the solution to be photolyzed in order
to give a good incident photon density. The total volume of the
cell was 125 mL.

The detection cell was of square cross-section, total volume 100
mL, with optical windows giving a path length of 3 em. Solid
pyrogallol was contained in a side arm while the potassium
hydroxide solution was outgassed by purging with carrier gas for
about 1 h. After mixing, the absorbance of the so)ution was
allowed to stabilize. The contents of the cell were stirred
throughout the experiment with a small magnetic stirrer. The
cell was mounted in the beam of a Perkin-Elmer 114 spectrometer,
set to display absorbance changes at 450 nm on a pen recorder.
The whole system was mounted onto a solid support (Figure 1).

The light source was a 250-W xenon nrc lamp for visible ir­
radiation or a low pressure mercury arc for the 254-nm photolysis
studies. The xenon-arc light beam was passed through 2 em of
cold, running tap water and then through glass filters to isolate
the wavelength region required, before being focused so as to pass
tbrough the optical windows of the photolysis cell. The low
pressure mercury-arc light was filtered through a i-cm jacket of
cold, running tap water.

The light intensity was calibrated for each wavelength region
by ferrioxalate actinometry (J I). Typical light intensities were
in the range 3.5-6 X 10" photons/min for the xenon-arc lamp
and 1.6 X 10" for the low-pressure mercury-arc lamp. The system
was calibrated by injection of known volumes of oxygen saturated
water (20 ·C, 1 aim of pure gas) into the photolysis cell. Changes
in absorbance at 450 nm, caused by the absorption of oxygen by
the detection solution, were continuously displayed on a chart
recorder.

Throughout the experiment the carrier gas flow rate was
maintained at 14 ± 2 mL/min. A cold finger between the
photolysis and detection cells ensured that no volatile substances
were transported by the carrier gas.

The photochemical decomposition of potassium permanganate
in aqueous solution was studied with the above system. The
photolysis solution (1-2.5 mM), adjusted to pH 9 with dilute
sodium hydroxide solution, was thoroughly purged with carrier
gas for 2 h before irradiation. Irradiation was intennittent so that
oxygen was evolved in a series of steps. Sufficient time was allowed
between each step for the carrier gas to transport completely the
oxygen produced in the photolysis cell to the detection cell. Blank
experiments were carried out to ensure that the system was stable
toward stray heat and over long periods of time.

RESULTS AND DISCUSSION
The oxidation of pyrogallol in alkaline solution provides

a simple but aenaitive method for quantitative detection of
oxygen (B). The reaction involves formation of a highly colored
product from a colorless reagent so that the extent of reaction
can be followed easily by absorption spectrometry. However,
the mechanism for aerial oxidation of pyrogallol in alkaline
aqueous aolution is quite complex and involves a number of
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Flgur. 3. Typical record of oxygen production from irradiation 01
permanganate showng the response tine. The response tine _
oxygen evolutJon and absorbence change Is about 10 min

intermediates·(12). These intermediates, although not well
characterized, have different absorption profiles while their
stability and reaction with oxygen depend upon the exper­
imental conditiona. Therefore the use of pyrogallol as a
quantitative determinant for oxygen concentrations requires
careful cboice of experimental conditions to avoid such
problems.

Fortunately, by running a series of absorption apectra at
different O2 concentrations, it was found that at anyone
concentration the absorbance at 450 ± 20 nm rernainl! stable
over at least 5 h and the absorbance at this wavelength was
a1mostly linearly sensitive to oxygen. Therefore despite
possible interconversion of the intermediates, this wavelength
is suitable for monitoring oxygen concentrations, provided that
the measurement is made within this period.

At 450 nm, a calibration graph (Figure 2) shows an aIm08t
linear relationship between absorbance and concentration of
oxygen. The aensitivity of the reactant solution at this
wavelength is auch that injection of 1 mL of oxygen-saturated
water, i.e., 1.3 X 10" mol oxygen gives an absorbance change
of 0,014 ± 0.002 corresponding to a pen response of 14 ± 2
mm. Repeating the calibration experiment several times over
a number of weeks gave a reproducibility of about 10% for
the calibration graph. Over 4 h the stability of the pen re­
corded base line is generally better than ±2 rom. Thus, during
an experiment, a pen deflection of 4 mm can be detected,
corresponding to the minimum concentration of oxygen that
can be measured by the experimental arrangement of about
3.5 X 10-7 mol. The time required for the carrier gas to
completely transport small quantities of oxygen from the
reaction cell to the detection cell is about 50 min. A typical
oxygen detection trace is sbown in Figure 3.

The concentration of hydroxide used for the detection
solution ia unimportant provided it is in exc... of about 2 M
(13). At very higb hydroxide concentrations the solution is
viscous and there are problems with achieving a suitable rate
of mixing. We have found that a 9 M solution gives satis­
factory resulta as regards speed of oxidation, ease of mixing,
stability of abaorbance at 450 nm over prolonged standing,
high extinction coefficient of products, and reproducibility
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~~~io~uantum Yield, or Oxygen Crom Permanganate

of calibration curve. However, the concentration of pyrogallol
is quite important with a 4% solution giving the best results
(8).

The above system has been developed to determine the
amount of oxygen produced during photochemical reactions.
Zimmerman (10) has shown that the photodecomposition of
potassium permanganate in aqueous solution gives rise to the
production of oxygen. The quantum yield of oxygen formation
is wavelength dependent, slightly dependent upon temper­
ature at longer wavelengths, independent of pH (in the range
7-13) and concentration. Thus, this reaction provides a useful
calibration source of oxygen, in low amounts, as would be
expected for subsequent studies of the photodissociation of
water.

For a typicall-h irradiation, the photon density was about
5 X 1018 photon/min SO that the minimum quantum yield for
oxygen formation which can be measured by this pyrogallol
method is 1 X 10-'. This level of sensitivity is sufficient for
most photochemical processes, especially systems aimed at
the practical photodissociation of water, and in fact the
method provides a suitable detection system for the photo­
decomposition of permanganate ions. As shown in Table I,
the quantum yield for oxygen formation can be estimated
when it exceeds 10-'. The <1>0, values obtained in this work
are in reasonable agreement with those determined by
Zimmerman using the much more elaborate technique, de­
veloped by Pringsheim et aI. (14), of phosphorescence

Airradiation, nm

254
330-400
365
405
420-480
436
546

<1>0,

0.026
0.002
0.0024

<0.0002

<1>0, Zimmerman (10)

0.055

0.0023
0.0011

0.00016
<10-'

quenching of the dye acriflavine by oxygen. Zimmerman's
technique is highly sensitive to oxygen and hence can be used
only for irradiations of short duration or of low light intensity;
otherwise the phosphor becomes insensitive. However, 8

problem with the present system is that the extent of pho­
todecomposition needs to be quite high (-I %) in order to
produce a sufficient concentration of oxygen for accurate
estimation. This gives rise to an inner filter effect, due to
precipitated MnO" a reaction product. Since the MnO,
absorbs throughout the wavelength region, it will affect all
wavelengths.. However, it is only at 254 nm that the effect
is clearly seen since, at this wavelength, the <1>0, value is an
order of magnitude higher than for other wavelengths. Thus
the measured <1>0, values at 254 nm are dependent upon ir­
radiation time, since photodecomposition is high (>3%),
whereas the values determined by Zimmerman for low extents
of decomposition «0.1 %) are independent of irradiation time.
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Neu!ron-Capture Prompt 'Y-Ray Activation Analysis for
Multielement Determination in Complex Samples

M. P. Falley,' D. L. Anderson, W. H. Zoller, and G. E. Gordon'
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Gamma-ray spectra were taken up to 11 MeV Irom a wide
range ot samples and elemental standards white under newon
Irradiation to determine Ihe elements whose prompt 'Y rays
are observable and can be .-ct lor analytical measurements.
Up to 17 elements trom among the set H, B, C, N, Na, Mg,
AI, 51, P, 5, C~ K, Ca, n, V, Mn, Fe, Cd, Nd, Sm, and Gd are
measurable In samples 01 coal, Ily ash, orchard leaYes, and
bovine lIyer by neutron-eapture prompt 'Y.,ay actlYatlon
analysts (PGAA). The combination ot PGAA and Instn.mental
neutron actJyallon analysts (which uses the same equipment)
can be uaed to meallW'e concentrations ot 40 10 50 elements
In IncIvIduaI samples ot many types ot materIaL ConcenIrallons
are reported lor the elements measurable by PGAA In NaUonaI
Bureau 01 Standards Standard Relerence Materials: coals
(SRMs 1632, 1632a, 1635),1Iy ashes (1633, 1633a), orchard
leayes (1571), and boylne lIyer (1577).

There is continuing need for improved methods for non·
destructive multielement analyses of complex samples en­
c~untered in the study of environmental, geochemical, and
bIOmedical problems. Instrumental nuclear methods of
~a1ysis have been very useful in these applications, especially
mstrumental neutron and photon activation analysis (INAA
and IPAA, respectively) (I-3). For these techniques, both the
nuclear projectiles and the emitted 'Y rays have such long
ranges in materials that there are rarely significant problems
of self-shielding or -absorption by samples. As the methods
are instrumental, there is no need for chemical manipulation
of the samples, which could allow coprecipitation of trace
elements on insoluble residues or container walls, or con­
tamination of samples by impurities in the reagents. Ca­
pabilities of INAA and IPAA were demonstrated in a four·
laboratory analysis of National Bureau of Standards (NBS)
Standard Reference Materials (SRMs) coal and fly ash (4).
Concentrations of about 40 elements were determined in the
SRMs, with results in better agreement between laboratories
and with NBS certified values than achieved by laboratories
using other methods in a blind, round-robin analysis of the
standards.

Despite the strengths of INAA and IPAA in the analysis
of complex samples, further improvements are needed. Finlt,
measurements of some key elements (e.g., B, Cd, S) are
impossible or marginal in many samples. Second, electron
accelerato", needed for IPAA are not widely available. Third,
INAA studies of biological and marine samples are not as
successful as for more "crustal" samples (coal, fly ash, rocks)
because of interference from high levels of Na, K, and CL The
interference can be partly overcome by chemical removal of
these elements, but this eliminates many advantages of nuclear
methods. Fourth, some samples have restrictions that make

IPreoent sddress: Babcock and Wilcox, Lyochburc, Va.

it impossible to insert them into reactors, e.g., they might
deco~pose ~r ~xplode, they are physically too large, or the
heatmg, radIation damage, and residual activity are unde­
sirable. Fifth, both INAA and IPAA have two-week or greater
turn-around times for complete analyses.

To overcome some of these problems, yet take advantage
of the beneficial aspects of instrumental nuclear methods we
investigated the use of neutron·capture prompt 'Y-ray ~cti­
vat!on anal!"is (PGAA). In PGAA, one observes .., rays
emItted whJ1e the sample is being irradiated with neutrons.
Nuclei formed in capture have excitation energies equal to
the binding energy of the added neutron, from 5 to 11 MeV.
The excitation energy is relessed by emission of one or several
"prompt" 'Y rays over times <10-14 s. Thus, nearly every
neutron capture yields 'Y rays that are potentially usable for
analysis for the capturing element.

By contrast, neutron capture does not necessarily form a
radioactive species that can be used in INAA. The resulting
product may be stable, have a very short or long half-life, or
emit no intense 'Y radiation. For example, Cd has an enormous
neutron-capture cross section, but moat of the cross section
is for the "'Cd(n,'Y) reaction, which forms stable "'Cd which
is of no help in INAA. [Cadmium can sometimes be observed
by the reaction "'Cd(n,'Y), which produces 2.3-day 1l'"'Cd.)
But in PGAA, one may observe prompt 'Y rays from capture
by"'Cd.

Several pape", on PGAA appeared over the past decade
(5-10). These studies demonstrated the potential of PGAA
by calculations or by analyses for one or two elements in
several samples. The only multielement applications to
complex samples are recent reports of concentrations of nina
elements in several NBS and U.s. Geological Survey standalda
(l1) and of three elements in several standards (12). In order
fully to exploit PGAA, one must identify the species re­
sponsible for each of the hundreds of lines in prompt 'Y-ray
spectra (l3-15) and irradiate pure standards of each ob­
servable element to determine inter-element interferences of
'Y-ray lines in the spectra.

We have constructed a facility at the NBS Reactor to ir­
radiate samples in an external thermal neutron beam and
observe prompt 'Y rays with a high resolution 'Y·ray detection
system. This setup was used to identify species observable
by PGAA of various types of samples, to determine tha beat
lines of e8ch element, and to identify significant interferences
between lines of similar energies of different elomenta.
Applications of the method have been demonstrated by
analysis of several classes of NBS Standard Reference Ma­
terials.

EXPERIMENTAL

Irradiation Facility. One can eithar place aamplM inside tba
reactor, where the flux is large, and observe the 'Y rays outside
of the reactor, or bring a neutron beam outside to a aampla
mounted close to the detector. The former bas 8 bich neutron
flux, but poor counting geometry and the latter is just the oppooIte.
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Gladney et aI. (9) chose the former and we bave chosen the latter.
Flux and geometry factors balance out to about the same overall
efficieney, but the external setup baa several advantages: (I)
samples are subjected to no heating,little radiation damage, and
have very little reaidualactivity; (2) one can use samples that are
too large or fragile to be inserted into a reactor; (3) one can put
filters in the neutron beam to remove the 'Y'ray Oux from the beam
or neutrons of certain eDergy ranges; and (4) ODe has greater
flexibility in the sample and detector setup, e.g.. one can do
coincidence counting with two or more detectors.

A vertical beam port w.. installed on top of the NBS research
i-eactor, a I(l.MW D,<k:001ed and -moderated reactor with internal
fluxes up to 10" n/cm'-s. The internal beam tube extends 5.8
m into the reactor. It is made of AI in the lower portion and steel
near the top and contains neutron and "Y~ray collimators of
decre8lling diameter up the tube. The external beam tube, which
provides ahielding around the beam between the top of the resctor
vessel and a beam stop, is designed to be purged with helium if
deainld to prevent neutron scattering by air molecules and neutron
capture in N, near the target. Boron carbide (B,C) in paraffIn
and natural Li,CO, in paraffm are used to thermalize and absorb
scattered neutrons to reduce the background in the detectors. A
Plexigl.. sample box, 1.1 m above the floor, is surrounded by
plates of B,C in polystyrene to absorb neutrons scattered by the
sample. A beam stop, consisting of 'Li,CO, in polystyrene
surrounded by natural Li,CO, in polystyrene with Pb shielding
surrounding the latter, is mounted at the top of tbe beam tube.

The maaa of material placed near the sample must be kept amalI
to minimize neutron and '"(-ray scattering into the detector and
must bave amalI capture cross sections to keep the capture 'Y-ray
background low. We seal most samples in 0.0025-cm Teflon fUm
which is suspended in the beam with nylon f18h line. The carbon
and nuorine of Teflon have low capture cross sections.

At the sample position, the beam baa a 4.5·cm diameter, with
a flux constant to about 3'7. over the central 3 em. The thermal
neutron flux is about 2 x 10' n/cm'-s, with an integrated Oux
over the entire beam of 3 x 10' n/s and a gold-cadmium ratio
of thernaa1/f..t neutrons of about 55 (I6). Additional details on
the beam tubes are given elsewhere (I6, 17).

Detection System. The detection system must span energies
from 100 keY to nearly 11 MeV with good resolution, especially
up to about 2 MeV, .. the spectra bave a high density of lines
below that point. The detector is a true coaxial Ge(Li) detector
of24% emcieney (relative to a 7.6 x 7.6 em NaI crystal) yielding
a peak with full-width at half-maximum of 1.9 keY at 1332 keY.
The Ge(Li) detector is mounted inside a large Nsl crystal that
will be used for Compton suppreaaion and pair spectra.

The detection system must be wen shielded from 'Y rays and
neutrons, the latter to reduce the prompt 'Y·ray background from
capture in the detector during experiments and to prevent
long-term activation and radiation degradation of the detector.
The detection system is surrounded by 5 to 10 em of Pb, and a
2.5-cm thick layer of B,C in polystyrene, all sealed in an AI shell.
A Pb collimator, 15-cm long with a 2.5-cm i.d. is placed between
the sample position and the Ge(Li) detector. A 1.3<m thick, fused
'Li,Co, plug ill placed in front of the oollimator to absorb neutrons.
These meaaurea bave not entirely removed backgrounds, but bave
reduced them to acceptable levels (see below).

To take full advantage of the resolution of the Ge(Li) detector,
events must be 80rted into a large number of channels. The
data·handling system is a Tennecomp TP-5000 analyzer whose
central component ill a Digital Equipment Corporation PDP-11/34
computer with a 128K·word memory. The system baa inputs from
ail: 8192-channe1 analog-t<HIigital oonverters (ADCa). For spectra
reported here, we used two ADCa, one covering the (l. to 4·MeV
range and the seoond, with input from a biased amplirter, covering
the region from 3.2 to 11 MeV.

Irradiation Procedures. For most samples and standards,
we uae about 1 g of material, formed into a 1.3-em diameter pellet
in a press, sealed in O.oo25-cm Teflon fIlm and suspended in the
central, uniform portion of the beam, oriented at 45° to the beam.
For elementa with very high cr088 sections (B, Cd, Sm, and Gd),
calculstiODl and experiments show that much smaller standards
mUit be used to avoid self·shielding ofthe neutron beam. For
Gd, for example, surface densities of <ISO I'f,/cm' must be used
to keep ae!f·ahie1ding to <1 %. Standards of strongly absorbing

materials are made by pipetting dilute solutions, drop by drop,
over a large area of a Whatman 541 mUlr paper and forming the
mter into a pellet.

During these exploratory experiments, most complex samples
were left in the beam for 12 to 24 b to build up good statistics
for weak lines. Most standards were run for 1 to 2 h. A Cr
standard was frequently run to check on flux variations and
geometry. The flux is constant to <1 % over many-hour periods
when the reactor has been running for more than several hours
at oonstant power,,, it normally does for six-week periods between
scheduled shutdowns. When shutdowns occur, the external beam
tube and detection system must be moved to provide access to
the top of the reactor. When the system is repositioned and
aligned. efficiency changes of up to 5% can occur because of
alignment of the detectors, collimators, etc. Use of the Cr standard
allows us accurately to correct runs from one fuel cycle to another.

Several elements with products of short half-lives can be
measured more sensitively from 'Y rays emitted in decay of the
products than by observing prompt 'Y rays. For species of a few
minutes half-life (2.3·min 28Al and 3.8-min "V), the samples are
irradiated for several half lives to ensure saturation before starting
the oount. For species with longer half lives (2.6-h "Mn and 15-h
24Na), irJadiation time is accurately monitored and the data
corrected by the integral of the aaturation factor, (I-e-"). This
procedure was checked by running known amounts of these
elements for 24 h and storing spectra at intermediate times.

'Data Handling. During each experiment, 8192-channel
spectra are accumulated in the computer memory and stored on
magnetic disk and tape. During another experiment, data from
tapes or disks lire read into the memory for analysis. Several
programs were developed for use with the system. One program
selects peaks of elements of interest, analyzes them using an
established energy calibration curve, and displays the results on
a CRT. The user can accept the result or use a light pen to
indicate a different background for subtraction from the peak.
Another program inUlgrates areas under all peaks in the spectrum
and can be used for preliminary scanning of new samples. A
Decwriter prints all observed peaks with the assigned energies,
peak areas, and associated errors.

One is greatly aided in the identification of peaks by using the
excellent resolutioo of the Ge(Li) detector to determine the
energies corresponding to the peak centroids as accurately as
possible, to within ±0.5 keY. The energy scale can be calibrated
to an accuracy of about ±(J.I keY up to 3.5 MeV with radioactive
sources. From 3.5 to 10.8 MeV, we calibrated the energy scale
mainly with the use of accurately measured Jines from neutron
capture in nitrogen (18).

Prompt 'Y-Ray Spectra. Portions of the prompt 'Y-ray
spectrum produced by irradiation of NBS standard Oy ash (SRM
1633a) are shown in Figures I to 4. The region from 70 to 520
keY in Figure I has a rather low density of lines, but a large
continuous background at low energy from scattered 'Y radiation
from the beam and Compton events. It will be possible to reduce
this background about fourfold by Compton suppression (i.e.,
operating the surrounding Na] crystal in antj·coincidence with
the Ge(Li) detector) and further by absorbing 'Y rays from the
neutron beam with a single crystal of Bi in the beam shutter. The
peak from B at 477 keY is Doppler-broadened as it is emitted
from 1Li, which is moving with random direction with respect to
the detector following the IOB(n,a)'Li reaction.

The region between 500 and 900 keY baa a great density of lin..
.. shown in Figure 2. Much of the complexity is caused by Sm
and Gd, which have enormous capture cr088 sections (5900 and
39100 b, respectively) and complex prompt spectra. The high
density of lines continues up to sbout 2 MeV.

At high energy (Figures 3 and 4), the spectrum ill I... complex
than at low energies. In this region, each 'Y ray produces three
peaks: the full energy peak and two additional peaks displaced
downward by 511 and 1022 keY, corresponding to the loss of one
and two 511-keV annihilation photons fonowing pair production
by the high energy 'Y rays in the detector, the so-called single­
and double-escape peaks, respectively. Because of the relative
simplicity of the high energy region, it is desirable to use high
energy lines for analy..s if possible.

Portions of the spectrum of NBS Bovine Liver (SRM 1577)
are shown in Figures 5 to 7. The low energy portion is much
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,impler than for Fly Ash. in part because oflower concentrations
of elements thet produce many line, in the Fly Ash ,pectrum,
notably Sm and Gd. In facl, Sm lines are eo weak in the Bovine
Liver spectrum that its concentration could not be meaaured
reliably. Some Gd lines are barely observeble, but too weak for
analysis. The BINa retio is smaller in Bovine Liver than in Fly

Ash, so the 472·keV line of Ne is distinct in the B 477·keV
Doppler·broadened peek in the Bovine Liver ,pectrum. The
region near the 558-keV Cd peak is lees cluttered in the Bovina
Liver ,pectrum.

High energy portions of the spectra are eJso quite different.
Whereaa the Fly Ash ,pectrum is dominated by lin... from IJUIior
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and minor crustal elements such as Fe, Si, Ti, and AI, the Bovine
Liver spectrum is domin.ted by lines from CI, N, S, and K. A
JIllIior problem in the .pplication of INAA to biologicsl and marine
samples is the enormous .ctivities of "N., "K, and '"CI produoed

th.t m.ke it difficult to observe other elements with products
of half-lives less than. few d.ys. In PGAA, interference by N.
and K is rather small, but the Cl prompt spectrum contains many
strong lines spread over the entire energy spectrum.
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RESULTS

The PGAA method was tested by analyzing severaltypea
of NBS SlmJdarda: Coals (SRM 1632, 1632a, and 1635), Fly
Ashes (SRM 1633 and 1633a), and biological samples, Orchard
Leaves (SRM 1571) and Bovine Liver (SRM 1577). Con­
centrations observed in five irradiations of each slmJdard are
given in Tables III, IV, end V, along with NBS values and

Figure 7. Prompt ')'-ray spaClrum of NBS Bovine Liver (SRM 1577) In the region of 3440 to 3870 keV. See caption of Figure 6

Identification of Prompt ")'-Ray Lines. Energies of sig· by the lines listed in Table I, after subtraction of significant
nificant peaks were determined to ::1:0.5 keY accuracy. Preliminary interferences.
identifications were made using compilations of prompt -y-roy Table II lists count rates for significant peaks in the background.
spectra of individual elements (13-15). Identifications were Two types of backgrounds are shown: one with the upper beam
checked by irradiating a slmJdard of the pure element or simple tube purged with helium and scaled and the other, with air left
compounds. Confirmation of identities of lines was essential in the tube. Although the latter background is higher for some
because of deficiencies in compilations; some listed "y-rny energies peaks (especially 4.1Ar and N), it is more constant with time than
are wrong by up to 5 keV. Tabulations for many elements ronUlin those obtained with He flushing. Thus, it is preferable to run
lines belonging to other clements, probably arising from trace without flushing except when analyzing low-nitrogen samples to
impurities in the elemental standards, especially Cd, Sm, and Cd, obtain accurate N values. The major background lines are from
which have such large cross sections that trace quantities can capture in H. B. N. C. Fe, and Pb. Capture in H and C occurs
produce sizeable peaks. In one compilation, the ~·ray lists for in the Plexiglas beam tubes and that in B occurs in the B.C around
38 elementa ronUlin a line near 558 keV (13). Many nfthese seem the sample box. Capture lines of Pb and Fe and the decay line
to result from Cd contamination of the elemental standard. of 28AI are from construction and shielding materials. Capture

We also obsp.rve contaminant lines in spectra of the highest in N occurs in the air beyond the sample box and, when not
purity 88lDples obtainable. \Ve have identified and removed He-flushed. in air in the beam tube. Argon-41 is always present
contaminant lines from internal compilations by running standard in the air near a reactor.
materials of each element obtained from two or more quite Before computing net areas of the peaks, one must subtract
different sources, in some cases the pure element and a simple contributions of interfering lines. Those contributions are de-
compound of il Ratios of intensities of lines associated with the termined from clean lines of the interfering species with the use
element are constant. but lines from the contaminant are absent of the spectrum of the species. For example, the strongest line
from one of the spedra or, if present, the relative intensities are of Cd, at 558 keY, oontains interferences from several species that
different from that of lines belonging to the element. As we know must be removed to obtain relieble Cd analyses. The Sm in-
the entire spectra of most contaminant species. we can note their terference is determined from the intensities of 8m lines at 333,
presence on the basis of several lines in a familiar intensity pattern 439, 505, and 736 keV, using the ratio of the intensity of the
and use prominent linea, along with the known spectrum of the 558-keV peak to those lines in the spectrum of Sm,03' For the
contaminant, to subtract its contributions. ny ash spectrum of Figure 2, about 15% of the 558-keV peak is

We have identified most lines in the spectra whose intensities due to 8m interference. If the peak is not resolved from one at
are great enough for possible use in quantitative measurements. 556 keY, interferences from K, F, and Ni must be removed if those
We selected the best lin.. for quantitative determinations based elements are present at percent levels. Although the removal of
on their intensities and freedom from interference. Recommended interferences sounds rather cumbersome, it can be done easily
lines for each element, along with interferences, are listed in Table and accurately with a library of reliable spectra of interfering
I. For each species, we have taken the absolute intensity of one species.
major line from the literature and used relative intensities of the
other lines from our own work. The latter were determined with
a photopeak efficiency curve eatablished up to 10.8 MeV from
capture apectra of elementa that yield a wide range of photopeaks
in known intensity ratios (J 7).

Quantitative Determinations. Elemental concentrations
were measured by irradiating approximately l-g samples as
described above. Concentrations relative to standards were
determined from the ratios of areas under the peaks produced
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other reported values, The data under "Other Values" are
not exhaustive compilations as have been summarized in Ref.
28 for Coal, Ref. 29 for Coal and Fly Ash, and Ref. 33 for the
biological samples,

Concentrations of about 16 elements are measurable in a
range of typical coals (see Table III), In most cases for wbich
PGAA values can be checked against other data, the
agreement is quite good, A possible exception is our Ti value
in SRM 1632a, which may be slightly too low, For both SRM
1632 and Fly Ash (Table IV), our values for B are consistently
lower than those measured by PGAA at Los Alamos (9), We
believe our values are correct, as they agree better with some
other values reported, especially the charged·particle'track
measurements by Carpenter in Fly Ash (31), There is good
agreement with the Los Alamos group for B in Orchard
Leaves. Within the quoted limits of error, there is agreement
between this work and that of Los Alamos on the Cd values
for SRMs 1632 and 1633.

Although not in disagreement outside of quoted limits of
error (except for Orchard leaves), the Los Alamos values (IO)
for S are usually somewhat larger than ours. As sulfur is very
important for environmental measurements, we show ex­
panded plots of the spectra from several types of samples in
Figure 8 around the 841·keV line ofS used in the Los Alamos
analyses, The 843·keV line of K appears as a shoulder on the
841·keV S line and must be subtracted to obtain accurate S
values, When this is done, we obtain good agreement with
the S determinations based on the higher energy lines (see
Table I and Figure 6), Although the bigher energy lines are
more free of interference, the 841·keV peak gives better
statistics. In addition, there is a well·separated peak from
decay of 116Mn at 847 keY, which is not shown in the Los
Alamos spectrum. We use the line for Mn determinations,
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but the Los Alamos count may have been 80 short that lIMn
had not grown in appreciably. Their spectrum shows a Iarpr
843/841 peak area ratio than ours and they may not have
subtracted enough 843 from the 841·keV peak. As noted
recently by Curtis et at. (34), there is a possible interferenCe
of Cr with the 841·keV S peak in samples with !alge CrlS
rati"", e.g" meteorites. The Cr peak at 835 keY would be
cleanly separated from the 841·keV peak unless the fonner
were enormous.

For Si in SRM 1633, there are two sets of values: 21-22%
from our group and 17-18% for the Los Alamos values (II
2?l. There are no independent values that might resolve~
d'."crepancy. The PGAA values for Mg are not in agreement
WIth those from lNAA, as our value is too low and the LASL
value, too high. Instrumental neutron activation analysis is
probably more accurate than PGAA for Mg (as well as V) in
fly ash. Our values for Na, Ca, and Fe agree well with resulta
from other methods, hut the Los Alamos values (II) for Na
and Fe are somewhat too high and for Ca, too low.

With our present system, P can be determined most
sensitively via the 637·keV line. The P concentration in Fly
Ash 1633 is below our detection limit for that line (see Table
VI below). Gladney et at. (11) report a value for P of 0.3%,
as compared 00 a value of 0.088% from another group at Los
Alamos (27). The PGAA value is based on a line at 2154 keY
(II). We observe a doublet in the P standard consisting of
2152· and 2157·keV lines of comparable intensity, but have
not used them because of possible interferences by '( rays of
CI (2156 keY) and K (2154 keY).

For the remaining elements in SRM 1633 Fly Ash in Table
IV, there is good agreement between the PGAA values and
those ohtained by other techniques. The Certificate of
Analysis was recently i88ued for SRM 1633a. Except for Ca,
for which our value is slightly too high, there is agreement
within Iimita of error for all certified values. There appears
also to be good agreement with the information values except,
possibly, for V.

The PGAA technique is much more sensitive 00 analysis
for major elementa than INAA, which is mainly a trace el·
ement method. In the Fly Ashes of Table IV, note that PGAA
measures nearly all major elementa that are traditionally
measured by geochemista in rocks, the main exceptiona being
Na and Mg, wbich are marginal by PGAA, but eaaily measured
by INAA. In fact, if one uses the traditional geochemical
method and SUlDll the weighta of common ondes of the el­
ementa (e.g., Na,O, Al,O" CaO, etc.) and puts in values for
Na, Mg, and P where neceBBary, the SUlDll obtained for SRM
1633 and 1633a are 102% and 95%, respectively. This
suggesta that, if one had measured oxygen values, one could
account for essentially the entire mass of the fly ash. Applying
tbis approach to the coals, with the inclusion of C, H, and N.
one accounta for 90% and 97% of the maBB of SRM 1632 and
1632&, respectively, but only 68% of that of SRM 1835. The
reason for the larger discrepancy in the latter C8Ile ia probably
that the oxygen content of the coal is related 00 the degree
of alteration between cellulose and anthracite. 'The 1635 Coa1,
a western coal, would be expected 00 have a higher oxygan
content than the other standards, wbich are eastern coals.

Because of the lower concentrationa of most elementa from
Tables III and IV in the biological samples. we are able 00
measure far fewer elementa in Orchard Leaves and Bovine
Liver (see Table V). For the elementa reported, there is
generally good agreement with other values if lrnown, the
major exception being Na. Both Na and Mn are barely
measurable by PGAA in these types of samples. 80 tha un·
certainties are !alge for both elementa.

Limits or Detectablllty. In Table VI are liated the
sensitivities and limita of deteclability for one or more~
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Table I. Recommended Lines for Elemental Determinations by Neutron-Capture Prompt ~-Ray Activation Analysis

cross section Cor th.-neutron I C

element cap.,o barns E~,b kcV ~ raysit00 cap. interferencesd

H 0.33 1201.2 DE 4.4 Cl, Mg
1712.2 SE 6.9 Cl
2223.2" 1001

B 760 477.6" 94h Na, P, Cl, Gd, Sm, Fe

C 0.0034 1261.9' 26 Gd, Sm, Si, Fe
3683.8' 32 P, S, Si, Fe
3923.4 DE 24 P, CI, S, Si
4434.4 SE 39 CI, AI, S, Si
4945.4' 67i P, CI, F, S, Si

N 0.075 1884.8" 18 Fe, Sm
3677.7" 14 Ca
5269.1 " 31 ' Gd
5297.8" 30
9807.1 DE 14

10318.1 SE 23
10829.1" 13

F 0.0096 655.9"' 13
665 10 Sm

"F, 100%, 0.0096b, ll·s '" F 1633.7 D' 100' Na, Ti, Sm, V
Na 0.53 472.3' 69h B,P,Gd

869.1' 23
1 Sm,Gd874.4' 15

"Na, 100%, 0.53b, 15·h "Na 1368.5 D 100h Gd
Mg 0.064 585.1' 26 F, Sm, Fe

1808.7"' 23 P,CI, Sm
2829"' 31 Fe, CI
3917 41i C, Si

AI 1'AJ, 100%, O.23b, 2.24~min HAl 1778.8 Dh 100' N,C
0.23 6701.9 DE 21 Sm

7212.9 SE 30 Sm
7723.9" 26"

Si 0.165 1273.3' 12 Sm
2093 16 Fe, CI
3539 63 Fe, P, C, S
4422.2 SE 40 C, CI, AI, Si, Sm
4933.2' 71i C,Cl
5869.0 SE 11 Fe
6380.0' 12 Fe

P 0.18 636 11 Sm, Gd, CI
1071 12 CI, Si
3523 14 8m
3900 18'

8 0.51 840.4' 35 Gd, K
2380 29 Fe, Cl
2933.7"' 12 Fe
3219.9"' 18 Fe
4910 SE 29 P,AI,8m
5421 4i 8i, AI

CI 33.1 516.7"' 9.5
786.3"' 5.11 AI, Gd
788.1' 7.5

1164.7' 16
1950.9" 13
1959.1" 8.5
2863.9" 4.5 P
5089.0 DE 6.7
5600.0 SE 15 8i
6111.0" 19.8" Si

K 2.1 770.5' 31i 8m, Gd, S
1159.0"' 6.2 Gd,8m
1618.9"' 4.7 Al
2073 6.2 Fe, CI
4360 7.2 P

Ca 0.43 519.01' 4.5 8m
1942.6' 52.5' Fe, P, AI, F
2001.2' 10 Fe, CI
2009.8' 6.3 CI

Ti 6.1 341.9' 14 Fe, Cl, 8m, Gd
1381.4' 65.5' Sm, AI
5397 DE 14 Ca
5730 DE 23 Fe, CI
5908 SE 23 Ca
62518E 39 Fe, Cl
6417 24 Ca
6762 39 Fe, CI



element
V

Table I. (Continued)

cross section for th.-neutron
cap. to barns

5.0
"V. 99.75%. 4.9b, 3.75-min "V

Mn ssMo, 100%, 13.3b, 2.6-h s6Mn
Fe 2.6

Cd 2420

Nd 49

Sm 5900

Gd 39100
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E~,b keY
[..,.c

interferencesd
~ rays/100 csp.

645.71 121
1434.3 IJl 100'
6517 19'
7163 14 i

846.8 d 99' Gd
352.3' 6.1 S, Gd
692.3' 3.9 Si

1725.0" 7.8 Cl,Sm
7120.1 SE 30
7134.5 SE 27
7631.1" 28m

7645.5" 23
558.3' 80' F,Sm
651.0' 16 Fe
725.0' 5.2 Fe, Cl
805.9' 6.4 Fe

6180' 22.9
6965; 62.1 Gd

333.9' 8a1 Gd
439.4' 55 CI
505.5h 11 Si, Gd
737.5' 13 Gd

1170.6' 5.8 Gd, CI, "Co bkgd
181.9° 14.9'
944.1° 9.4 Cl,Sm,AI
962.1° 6.4 Cl
977.1 ° 4.5

1107.6° 5.6 Fe, Sm
1184.0° I 13.31187.1° Fe, Al

a Unless otherwise noted, data are from Ref. 19. Cross sections are for the natural isotopic mixture except for lines ob­
served from short-lived decay products, in which case, the target isotope, its isotope abundp,nce, and cross section and the
half live of the product nuclide are given. b Energies based on this work unless otherwise noted. SE and DE indicate single
and double escape peaks and D indicates a 'Y ray emitted by radioactive decay. t;nergies are accurate to bettcr than:!: 0.2
keY if energy listed to 0.1 keY; otherwise to ±0.5 keY. C Absolute "Y·ray intensities in terms of 'Y rays per 100 neulron cap­
tures. Absolute intensities of one or more lines for each species were obtained from indicated references and the remainder
are based on observed relative intensities of this work. Note that relative intensities of SE and DE peaks are valid only for
our detection system. d From 0 to 4 MeV, interferences are listed if the interfering line is within ~3 keY of the line in ques­
tion snd, from 4 to 11 MeV, if within ± 10 keY. C Ref. 20. f Ref. 15. g Doppler brosdened (to about 15 keY) by motion
of 'Li following "B (n, 0) resetion. "Ref. 21. ; Ref. 19. 1 Ref. 13. k Ref. 18. 'Ref. 22. m Ref. 23. n Ref. 24.
° Ref. 25.

Tsble II. Compsrison of Intensities of Baekground P.sks witb Those of Same Pesks in the Spectrum of Standsrd Coal
(SRM 1632s) snd Bovine Liver (SRM 1577)

peak area count rate (cIs)

He-flushed not flusbed

background

E~,keV

477
511

1173
1294
1333
1779
1885
2223
4945
5269
5533
5562
6322
7299
7368
7632
7646

10830

source element

B
tr annihilation
60Co decay
uAr decay
60Co decay
HAl decay
N
H
C
N
N
N
N
N
Pb
Fe
Fe
N

SRM 1632a Cosl,
He-flushed

51.0 ± 0.2
6.78' 0.05

0.034 , 0.009
0.050 ± 0.009
0.056' 0.010
1.34' 0.02
0.17' 0.01
64.8' 0.1

0.192' 0.004
0.085 ± 0.004
0.058 ± 0.003
0.028 ± 0.003
0.046 ± 0.003
0.011 ± 0.002

0.105 ± 0.002
0.087 ± 0.002

0.0117 ± 0.0005

SRM 1577
Bovine Liver,

He-flusbed

2.35 ± 0.02
3.84 ± 0.01

0.025 , 0.008
0.037 ± 0.009
0.059 ± 0.009
0.053 ± 0.011

0.31 ± 0.01
60.2 ± 0.1

0.129, 0.003
0.178 ± 0.003
0.099 ± 0.003
0.054 ± 0.003
0.081 ± 0.002
0.025 ± 0.002

0.0056 ± 0.0013
0.0052 ± 0.0014
0.0238 ± 0.0006

0.22 ± 0.01
1.96 ± 0.05

0.070 ± 0.004"
0.017 ± 0.004
0.091 ± 0.004"
0.006 ± 0.003
0.079 ± 0.003

2.5 ± 0.1
0.006 ± 0.001
0.047 ± 0.002
0.027 ± 0.002
0.015 ± 0.001
0.020 ± 0.001
0.005 ± 0.001

0.0032 ± 0.0006
0.0051 ± 0.0006
0.0042 ± 0.0015
0.0055 ± 0.0004

0.41 ± 0.01
2.93, 0.05

0.043 ± 0.002
0.043 ± 0.002
0.051 , 0.002
0.012 , 0.003
0.115' 0.004

3.1' 0.1
0.008 ± 0.001
0.066 ± 0.001
0.041 , 0.001
0.023 ± 0.001
0.035 ± 0.001
0.011 ± 0.001

0.0020 ± 0.0005
0.0058 ± 0.0006
0.0049 ± 0.0005
0.0089 ± 0.0004

a Increase due to improperly shielded ,oeo in vicinity.

lines of species observable in vsrious types of samples. Here
we have used definitions by Jaklevic and Walter (35) based
on work by Currie (36). Tho sensitivity S is the net count rate

under the pesk of interest (counts/s) per unit mass of the
element in question (mg) after subtraction of general back­
ground. The sensitivity for a given element for the particular
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1.88 ± 0.06
1.11 , 0.01

(0.8)
(300)
(190)
9.40. 0.10
1.0. 0.15

0.17' 0.01
0.455' 0.010

(14)
22.8.0.8

SRM 1633a

this work" NBS.

39.2' 0.7
0.21 , 0.06

other values

434 , 9,c 493 , 14,d 500 , 29'
0.32 ± 0.04.,.' 0.283 , 0.014,6 0.36h
1.8' 0.4, 1.78. 0.20,6 2.4h

12.7 ± 0.5/12.35' 0.25,612.3h

21. 2/17.7,"17'
0.3," 0.088"
0.44 ± 0.071

1.61 , 0.15/1.80, 0.13,' 1.69," 1.75'
4.7 , 0.6, 4.69 ± 0.14,6 3.8h

0.74. 0.03/0.70 ± 0.03,6 0.696h

235' 13/237 ± 20'
496 ± 19/488 ± 14'
6.2. 0.3/6.7h

1.6 ± 0.2d

57.8 • 1.6,' 811
12.4 • 0.9/11.4 ± 1.6'

NBS·

(1.72)

214 , 8
493, 7

1.45 , 0.06

this walko

433, 4
0.30, 0.02
1.5, 0.2

12.6, 0.2
21.8 , 0.3

0.39' 0.04
I.76 , 0.05
4.75' 0.08
0.72, 0.02
190, 50
480, 25
6.1 ± 0.1

1.50 ± 0.07
62.1 , 2.4
12.1' 0.4
11.4,0.2

B
Na(%)
Mg (%)
Al(%)
Si (%)
P(%)
S(%)
K(%)
Ca (%)
Ti (%)
V
Mn
Fe(%)
Cd
Nd
Sm
Gd

element

Table IV. Coneentrations of E1ementa in Standard Fly Ash.. (Pglg unleaa % indicated)

SRM 1633

14.0 ± 0.2
22.2' 0.4

-0.2
0.27' 0.02
1.97, 0.04
1.29, 0.11
0.84 ± 0.01
360 ± 40
190' 15
9.7 • 0.2

1.07 • 0.05
65.6. 5.4
16.0. 0.2
15.3. 0.2

(I Based on fiv~ 6eparat~ irradiations. b NBS Office of Standard Reference Materials Certificate of AnalYSlS. Values in
i't:.e~t~~s;s3~~ information values, not certified. C Ref. 31. d Ref. 9. (' Ref. 27. f Ref. 4. ' Ref. 29. h Ref. 11. i Rer.

Table V. Coneentrations of Elements in Standard Orchard Leaves and Bovine Liver ("gig unJe.. % indicated)

SRM 1571 Orchard Leaves SRM 1577 Bovine Liver

element this warko NBSb other values this warko NBSb other values

H(%) 5.54 , 0.08 6.1 ± O.JC 6.8' 0.3 7.0.0.1c
B 33.2,0.1 33, 3 33, 2,d 23.7-38' 3.2 ± 0.2
C(%) 46' 2 47 ± 5,< 45.8 ± 1.3' 52 ± 2 51 • 2,<

N(%)
49.6 , 1.5'

2.70 , 0.09 2.76' 0.05 2.5-2.86: 2.7 • 0.4,< 2.76' 10.35 , 0.30 10.6 ± 0.6 N6~' 0.8,<
Na 82.6 71-90" 3100, 600 2430. 130 2000-2670"
Mg(%) 0.63, 0.07 0.62, 0.02 0.40-0.71" 0.060-0.061'
S(%) 0.17. 0.02 (0.19) 0.23. 0.02' 0.72.0.02 0.72, 0.04d
Cl 730. 30 (700) 790' 3000. 100 (2600) 2542 ± 300"
K(%) 1.49. 0.04 1.47 , 0.03 1.11-1.62' 1.00. 0.03 0.97 , 0.06 0.756-0.99'
Ca(%) 2.13 ± 0.11 2.09' 0.03 2.052-2.125' 0.0117-0.0125'
Mn 98' 20 91 • 4 52-144c 13, 6 10.3 ± 1.0 9.1-28'
Cd 0.11 , 0.02 <0.1-0.45' 0.27. 0.06 0.27' 0.04 <0.1-0.35'
Sm 0.11 ± 0.03

a Based on five separate irradiations. b NBS Office of Standard Reference Materials Certificate of Analysis. Values in
parentheses are information values, not certified. C Ref. 12. d Ref. 9. It Ranges covered by literature values from many
groups as compiled by Becker et aI. (32). 'Ref. 27.• Ref. 10. h Ref. 33.

flux and geometry of the facility is independent of the sample.
The minimum detection limit, G(md!), is given by:

G(md!) = 3.29 (Rb/t)'/'/S

where Rb is the background counting rate (counts/B) under
the peak area and t is the duration of the count (B). We have
calculated the G(mdJ) values for two samples, SRM 16320 Coal
and SRM 1577 Bovine Liver, based on the assumption of a
20-h irradiation of 1 g of sample. Values are similar for tbe
two sampleB, but tbere are Borne differences because of dif­
ferent background rates in the spectra. In general, we can
measure elements whose concentrations exceed the limits of
Table VI. However, in a few caseB, we could not measure
elements present at levels above the calculated detection limit,
e.g., Na and Mg in COalB SRM 1632 and 1632a, because of
inter-element line interferences not included in the equation
for C(md!).

It is not necessary to observe lines of an element in tbe
Bpectrum in order to calculate a G(md!) in that material. It
is necessary only to obtain senBitivities for various lines of the
element from a Btandard and the background ralea in the
appropriate regionB of the sample Bpectrum. Tbus, we bave
liated limits of delectability for several elements that are not

measurable in these Bamples, but which could be measured
in comparable sampleB having higher levels of tbe elementa
in question (e.g., atmoopheric particulate material). We have
observed most of the elements of Table VI in one or more
other types of samples not discussed bere (e.g., Cu ores, rocka,
atmospheric particles).

As Bhown in Table VI, low energy lines for many elements
give tbe highest 8CnBitivities, but the limit of delectability is
often lower for a higber energy line (e.g., N, Si) because of the
generally lower backgrounds at higber energies. Thus, to
achieve optimum limits of detectability, one ebould have a
counting ByBtem that can handle both low and higb energy
'Y raYB. If possible, we use three or more 'Y raye, preferably
in different energy regionB for determination of an element.
Unfortunately, some elements (e.g., Cd) have no intense 'Y rays
at high energy, BO we must use low energy lines.

From the above equation, we Bee that C(md!) varies as
l/t l/'. In checking the capabilitieB of PGAA, we have used
very long counting times for complex samples and the C(mdJ)s
in Table VI are based on 2o-h irradiationB. To handle large
numbers of samples routinely, we will use aborter counting
timeB, 80 there will be an increase of the C(mdJ) values,
eliminating the possibility of measuring some marginally
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Table VI. Sensitivity and Limila of Detectability of PGAA for Various Elements in Coal and Bovine Liver

minimum detection limit, mg/gG

sensitivity, Coal Bovine Liver
element E'Y,keV counts/mg/s (SRM 1632a) (SRM 1577)

H 2223 0.86 0.012 0.033
B 477 530 4.9 x 10-' 6.7 x 10"
C 1261 4.0 x 10-' 27 37

4945 2.4 x 10" 16 24
N 1885 0.0030 3.4 6.5

5269 0.0017 2.0 3.5
10829 2.5 x \0-' 0.92 1.9

Na 472 0.15 0.28 0.13
13680 0.036 0.27 0.27

F 1633 0.0016 6.1 7.9
Mg 585 0.0085 1.2 1.9
AJ 17790 0.024 0.45 0.53

7724 0.0013 0.86 1.4
Si 1273 0.0036 2.4 3.2

3539 0.0066 0.61 0.83
4934 0.0042 1.1 1.9

P 637 0.0062 1.3 2.6
S 841 0.054 0.18 0.28

2380 0.015 0.28 0.33
3221 0.0067 0.59 0.64
5421 0.0090 0.34 0.44

CI 516 1.5 0.0072 0.012
785 + 788 1.2 0.0093 0.015

1164 1.0 0.0096 0.016
K 770 0.13 0.069 0.12
Ca 1942 0.022 0.49 0.98
Ti 342 0.38 0.037 0.041

1382 0.39 0.027 0.027
V 14330 0.33 0.025 0.035
Mn 212 0.53 0.049 0.053

8470 1.05 0.0086 0.010
Fe 352 0.046 0.34 0.35

7120+7135 0.Q15 0.41 0.59
7631 + 7645 0.013 0.16 0.18

Cu 278 0.12 0.17 0.18
Zn 1077 0.Q19 0.44 0.58
As 165 (+ 163) 0.17 0.23 0.24
Se 239 0.31 0.083 0.084
Br 244 0.18 0.12 0.19

315 0.036 0.44 0.59
Mo 778 0.11 0.088 0.094
Cd 558 174 6.1 x 10-' 9.3 x 10-'
In 162 2.9 0.014 0.014

186 2.6 0.013 0.014
273 2.7 0.0081 0.0079

Nd 697 1.3 0.0074 0.0082
Sm 334 639 2.7 x 10-' 3.1 x 10-'
Gd 182 688 4.7 x 10-' 5.3 x \0-'

1185 108 8.6 x 10-' 1.5 X \0-'
Pb 7368 3.9 X \0" 5.1 5.6

• Calculated for 20-h count.

observable species. However, we can increase the geometry
of the counting system about 10-fold for "singles" counting,
which was used for these experiments. The Ge(Li) detector
ia located inside of the large Nal(TI) Compton-suppression
shield. As a consequence, the Ge(Li) detector is about four
times as far from the samples as it would need to be if used
alone and the 'l'-ray beam is strongly collimated, so we don't
take advantage of the full size of the detector. By moving the
detector closer and relaxing the collimation, an approximately
lo-fold increase in count rates should be possible.

SUMMARY AND CONCLUSIONS

The PGAA method can be used to analyze for an interesting
mixture of elements. Unlike INAA, the new method observes
many matrix elements, e.g., most elements traditionally
measured in rocks by geochemists and, for organic matrices,
the IIIl\ior elements C, H, N, and S. On the other hand, PGAA
is also quite sensitive for four trace elements with large capture

cross sections: B, Cd, Sm, and Gd.
At present, PGAA can measure concentrations of about 15

elements in many types of samples. This is fewer than the
30 or so that can usually be measured by INAA. However,
one should view PGAA as a complement to INAA, as any
laboratory equipped to do PGAA has the reactor and detection
system needed for INAA. Since PGAA leaves almost neg­
ligible residual activity in the samples, the same samples can
be re-irradiated in the reactor for INAA measurements. The
combination of methods allows one to measure about 45
elements in "crustal" samples such as rocks, soil, coal, fly ash,
and probably 30 elements in biological samples. The former
is illustrated in Figure 9, which shows the elements usually
measurable in coals by the two methods.

The PGAA method has several advantages relative to
off-line methods such as INAA and IPAA. First, if samples
are placed outside of the reactor, samples are subjected to no
heating and to such a small neutron flux that there is virtually



Elements QlservotAe By INAA or<! PGAA
in NBS Cool

F

Figure 9. Periodic chart showing elements me.s....ble by PGAA and
INAA In coal

no radi.tion damage or residual activity left in the samples.
Thus, one can analyze samples that are too fragile, dangerous,
or irreplaceable to be subjected to intense nuxes of neutrons
or photons. Second, the turn-around time is much shorter
for PGAA, as the data are ready for analysis at the end of the
irradiation, whereas one must wait two weeks or so before
observing long-lived products in INAA and IPAA. Third, the
reproducibility and accuracy of PGAA determinations of many
elements seem to be better than for the off-line methods, in
part because of the several peaks that can be used for de­
termination of most elements. Also, PGAA eliminates errors
of timing encountered in INAA for few-minute activities (e.g.,
corrections for decay during counts, change of dead-time
fraction during count). On the other hand, the absence of
decay for most elements in PGAA means that one cannot take
advantage of decay to identify species, observe contaminants,
or avoid interferences. Another advantage of PGAA is that
the prompt "( rays are emitted before the product has any
chance to migrate out of the sample. This avoids any pos­
sibility of losses of volatile species as a result of Szilard­
Chalmers processes following prompt 'Y·ray emission that
Bometimes cause losses of elements Buch as Hg or Br prior to
off·line counting.

Although PGAA iB quite uBeful as presently developed,
many improvements are possible. Additional elements may
become measurable, or detection limits lower for presently
observable elements, when backgrounds (Comptons, single­
and double·escape peaks) are reduced by the use of the NaI
shield detector. Further improvements may be made by
removing ,,(·ray and fast-neutron components of the beam,
such as by placing a single crystal of Bi in the beam (37) or
by bending the thermal neutron beam away from the other
components with a neutron beam guide (7).
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<:roes c:orreIatlon chromatography elljl8lWnenls ... til now have
aBIUIlled a linear .yllem. However. Ihe use of multiple In­
JeclIons needed for lhe.. types of experlmant. often drive.
the system Into nor6Iesrfly. By trequency~ a signal,
the change In the amount of solute on the column at any lime
can be rallrlcled 10 a small range. Thus each InJection
experlancas a nearty Idenllcal envlronmenl. ThIs enables one
10 work In nonlinear area. of an lsolherm and stili lake ad­
vantage of signal procelSlng lechnlqu... such as correlallon
and deconvolution.

In a benchmark article by Reilley et aI. (I), the response
of a chromatographic column to any sample input profile was
discussed. The use of input promes other than the usual step
and spike functions, and their output responses were predicted
for analytical work and for studying fundamental properties
of chromatographic systems. To date, multiple injection
profiles appear the most promising.

Correlation chromatograpby has been proposed as a method
for continuous monitoring of process streams (2) and as a
means of increasing signal-to-noise ratios for lower detection
limits (3-5). Annino (6) proposed the use ofa pseudo-random
binary sequence (PRBS) as the input function for correlation
chromatograpby. This function was chosen because it was
simple to generate, its code length was easily varied, and most
importantly, it contributed no correlation noise when one
entire code length sequence was used. A deconvolution
approacb to eliminating correlation noise by Phillips and
Burke (7) allowed other input regimes to be used since
correlation noise was removed in data reduction.

!'I0wever, in each of these cases an inherent problem, first
pomted out by Annino (2) exists. Since correlation assumes
a linear system, extreme base-line irregularities are created
when the sample concentration is high enough to reach into
the nonlinear regions of the isotherm. For that reason,
successful correlation experiments required dilute streams to
keep the partition coefficient constant, or working in a
comparison mode in which the two streams are of similar
concentration. The latter solution seems impractical since
concentration is the parameter that we propose to measure.

Frequency modulated correlation chromatography is a novel
?,ultipl.e injection technique which involves modulating an
mput s,gnal a small amount around some fIXed carrier fre­
quency. This method is similar to standard FM radio
broadcaating. A frequency modulated signal resulting from
the convolution of the input signal with the impulse response
~unction (transfer function) of the chromatographic system
IS then recorded at the detector output. The input signal is
~en deconvolved from the output signal to compute the
Impulse response of the chromstographic system. This im­
pulse ~ponse is .equivalent to a normal chromatogram.
Alternatively, the mput and output signals may be demod­
ulated and cross-correlated to give the same chromatogram.
. The main advantage of the frequency modulated approach
18 that the amount of solute on the column at any time is
almost constant, this being set by the carrier frequency. The
input signal is impressed on the system by making small

changes around the carrier frequency. By maintaining the
solute concentration at an almost constant value, partition
coefficients also remain constant even when working in a
nonlinear region of an isotherm (see Figure 1).

THEORY
A frequency modulated signal can be input to a chroma­

tographic column by slightly modifying a constant frequency
multiple injection signal. Before each injection, a random
number isgenerated to determine the magnitude and sign of
the deviation from the carrier frequency for the next injection
time. The next injection may come a little earlier or later than
the time dictated by the carrier frequency.

The amount of deviation allowed from the carrier frequency
(i.e., degree of modulation) is a theoretically important pa­
rameter. As it is increased, the bandwidth and information
carrying capacity of the signal also increase. However, as the
degree of modulation is decreased. the deviations from lin­
earity inherent in a chromatographic system become less
important because each cycle of the carrier experiences a more
similar environment. A very large degree of modulation causes
correlation noise in the computed chromatogram while a small
modulation reduces the information content of the signal to
the point where all but the carrier frequency is lost in the
noise. Thus, there is some optimum degree of modulation
which gives the best SIN ratio for a particular chromato­
graphic system. The previously employed pseudo-random
input signals have high degrees of modulation and therefore
suffered from correlation noise unless sample sizes were small
to minimize nonlinearity.

The carrier frequency should be high enough to cause severe
peak overlap. A low frequency carrier offers no advantages
and can slow the experiment by limiting the frequency of the
modulating pseudo-random signal. A high frequency carrier
is desirable because it gives a more uniform sample distri­
bution minimizing nonlinearity. Beyond some frequencies,
however, the remaining nonlinearity is caused by the degree
of modulation and changing the carrier will have no effect.

The impulae response or transfer function (ll) can be
derived directly from a deconvolution procedure or can be
approximated by computing the cross-correlation. The
correlation method is described first with the deconvolution
procedure following.

The output signal is demodulated by subtracting it from
itself with a delay of one cycle of the carrier signal

Y'(T) = yeT + Y. F) - yeT - Yo F) (1)

where Y(T + '/. F) is the output signal at a time T plus one
half a carrier cycle and Y(T - '/. F) is the output signal one
cycle earlier.

Similarly, the input signal, X, is demodulated by:

X'(T) =X(T + Y2 F) - X(T - Yo F) (2)

where X'(T) is the demodulated input signal and X(T + '/.
F) and X(T - 1/ 2 F) are the input signals separated by one
carrier cycle.

The top portion of Figure 2 shows a frequency modulated
FID signal followed by pure carrier frequency. This carrier
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FigIn 1. An exalTllie 01 a noninear dstrbution isottwm app<oxi'natng
a inear syslem by restricting the change In concentration by frequency
modulation

or overall:

H(T) = IIT(FT[Y(T)l!FT[X(T)j) (8)

where: X = input, Y = output, H = transfer function,@=

~. 3. Flowchart cial18"' SU'm18r1zIng the basic steps of afr~
modulated (FM) correlation type experiment

correlation,(i)-I ;;:; inverse correlation, T;;:; time doml;lin, F
= frequencydomain, IT = Fourier Transform, and lIT =
Inverse Fourier Transform.

Thus the entire demodulation and cross·correlation pro­
cedure is reduced to a mere division operation in the frequency
domain. With a sufficiently high carrier frequency and a
limited modulation bandwidth, the input signal can be limited
to a small region of the isotherm of a nonlinear system which
will then hehave as if it were linear.

EXPERIMENTAL
A Varian model 1700 gas chromatograph with a FlD detector

and a Linear model 261 recorder were used throughout these
experiments. The column was 8 30 em by 1/8 in. copper tube,
packed with 80/100 mesh Porapak P. The carrier gas was filtered
dry nitrogen. The solutes were hexane and acetone. Sampling
was done via a sample loop type, Seiscor model VIII sampling
valve with variable resistance (Nupro model SG fine metering
valve) to match sample loop and column head pressures. Total
switching time was specified to be 10 ms by the manufacturer.
The sample loop was shortened from 24 to 2.4 in. to reduce the
sample volume approximately 50 ~L. This m.... imized the fre­
quency response of the valve by shortening the sweep and refill
times of the sample loop. These times. at 8 carrier flow of 30
cm'/min, are approximately 100 ms. Although other sampling
methods have been proposed (/n, the Seiscor valve provided the
speed. accuracy. and reliability needed for these experiments.

Data acquisition and experimental control were under the reign
of a dedicated Hewlett-Peckard 2115A computer, with an in·
tegrating digital vollmewr (HP 2401C), and a digital voltage source
(HP 6131B). Programming for the experimental side of the
computer network was written in Fortran and HP assembly
language. User selected experimental paramewrs included: data
acquisition rate, pseudo-random binary sequency (PRBS), code
length, carrier frequency, end modulation bandwidth.

Briefly, the experiment begins by the user inputting the desired
operating parameters to the computer. When fmished, the
oomputer then starts generating injections at the carrier frequency.
This brings the concentration up to a stable level and maintains
it there. Afwr a specified time period, the program jumps to the
PRBS subroutine which returns with e 0 or a I. With this number
the computer will begin frequency modulating the input signal
to the chromatograph. This was eccomplished by sending out
a pulse via the digital voltage source to an EXACT model 128
function generator with a variahle pulse width, which then fired
a Clippard Minimatic model EOV·3 nitrogen powered solenoid
connected to the Seiscor sampling valve. Table I shows this
procedure for a PRBS code length of 7, carrier frequency of 0.400
Hz, and 25% modulation. Figure 4 is a graphical representation
of this procedure.

Every 64 data points, input and output data were sent to a
larger disk-operating system over a high-speed communications
network. When the entire PRBS code was cycled, the carrier
frequency reappears for a short time and the experiment is
terminated (see Figure 5).

RESULTS AND DISCUSSION
The first correlation chromatograms using the frequency

modulated scheme were essentially pure noise. The reasons

(7)

(6)Y(f) I X(f)
1FT 1FT
I I

Y(T)@'X(T)

I 1'1'1
\l~~• e 1\1111\1111l~'15 • n~ ~ II i Ii I

~ II '[ II 11'1 ~ ~ I

P!"','.'i':'rliilil\li I,',.JIIIIII,I/~rll""~"",
~J~lL _._-- ~

'" 112~ I~OO

Figure 2. Detector output and demodulated signal of hexane on
D<.<apak-N-<lClane at 60°C. PABS code length = 31. Data acquisition
rate = 10Hz. Carrier Irequency = 0.400 Hz. Flow rate = 40 em'/min.
Column head pressure 18 psi. Modulation bandwidth = 0.416-0.384
Hz. or ±4.0%

wave is the result of overlapped peaks. The demodulated
signal. calculated from Equation I, appears on the lower
portion from ebout 75-850 and the demodulated carrier is
essentially reduced to zero from 850-1500 on the abscissa.

The demodulated input and output signals are then
cross·correlated in the usual way to approximated the transfer
function or impulse response of the system

n

¢,y(T) = liT 1:. X'(T)*Y'(T - r) (3)

where T is the delay time and T is a data point. Figure 3
summarizes the important steps in a frequency modulated
correlation type experiment.

The transfer function H can also be solved by the Fourier
transform deconvolution method (8-/0). This not only saves
computation time but also simplifies boundary problems
encountered when using Equation 3.

Y(P = X(r) Q H(P (4)

IT FT FT

Y(}, = Xd) * H(P> (5)

Solving for H(F):

li(f> =
lIT
I

lifT) =
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Table I. Genenltion of an FM Signal for Multiple
InjeCtion Chromatography Using a
P8eudo·Random BInary Sequence

I SECONDS I

Figure 6. Example of correlaUon noise due to PRBS cycle length.
Column was a 5~m long, 2·mm I.d. copper tUbing packed w"h
1001120 mesh Porapak P. Solute = acetone at 120 ·C. k' = 2.5.
Other parameters were the seme as In Figure 2. except for ±20%
modulation

current fre­
quency.

Hz

0.400
0.400
0.320
0.320
0.320
0.533
0.320
0.533
0.533
0.400
0.400

2.500
2.500
3.125
3.125
3.125
1.875
3.125
1.875
1.875
2.500
2.500

6Tbe·
tween
injec­

tions, S

output
from devi-

N PRBS ation

N·i' 0
N. 0
N+l·. 1 +
N+2 1 +
N+3 1 +
N+4 0
N+fi,. 1 +
Ni>-6 0
N+7. 0
end 'Of cycle 0

0

'''CoUENeT

1Il0DULATt:D

STAIlT

J

L.......l-..l-.~."1ill
20

TlM[ I SECONol I

Figure 4. Input profile of a simple frequency modulated experiment.
PRBS code length = 7. Carrier frequency = 0.400 Hz. Modulation
bandwidth = 0.320-0.533 Hz or ±25.0%

Figure 7. same correlaUon ctYomatogrem as In figure 6, except thet
carrier frequency was reduced to 0.303 Hz. CorrelaUon noise Is geally
reduced because one complete PASS code Is used

FIgure 5. Entire detector output for an FM experiment (carrier> FM
> carrier). same conditions as FIg...e 2

for this were numerous and a systematic evaluation of the
signal processing at every step of the experiment was un·
dertaken.

Initial experiments used a PRBS code length of 31 and a
O.400-Hz carrier frequency. With a data acquisition rate of
10 Hz, the total number of data points in one cycle of the
PRBS was 31/0.400 Hz times 10 Hz or 775 data points.
Because of memory limitations on the computer, we were
forced to use an even power of two in the Fourier routines.
However. by using 29 or 1024 points, about one and one-third
PRBS code lengths were covered. These results are seen in

Figure 6. Although the major correlation peak at 1O.5·s delay
corresponds to the correct retention time, spurious peaks and
a jagged base line result because of the code length not
matching the Fourier matrix dimensions. Although the PRBS
code was not used to inject samples directly, it was used to
modulate the carrier frequency and therefore complete cycles
must be used to avoid correlation noise. By slightly reducing
the carrier frequency to 0.303 Hz or 33 points per PRBS call,
31/0.303 Hz times 10 Hz of 1023 data points were collected.
This was very close to the 1024 points which the fast Fourier
transform routine must use. Figure 7 shows a well defined
base line with a much better signal·to-noise ratio than Figure
6. These improvements are the result of using one entire
PRBS code length sequence. Another solution to this problem
would be to zero fill the Fourier matrix (12) in the above case
from data point 776 to 1024, although this solution is wasteful
of computer time and memory.

The second source of noise in these first experiments with
FM chromatography involved the input scheme mentioned
earlier. That was applying a carrier frequency, then mod­
ulating a cycle, and then returning to the carrier, (i.e., carrier
> FM > carrier). This scheme wasted some of the data points
in the beginning, until the breakthrough time of the first
injection. and at the end; that is. all data after the last injection
were lost. These boundary prohlems are not peculiar to FM
type experiments, hut also exist for other correlation ex·
periments.

The solution to this problem was to run through two cycles
of the PRBS, i.e., (FM > FM), and then grab only the output
during the last cycle. The time that was wasted until the
breakthrough was now filled with the data that were missed
after the last injection. Thus the entire output for one
complete cycle of the PRBS was collected.

r
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One other pitfall thet was encoWltered occasionally involved
~he use of Equation 6, the division of the output by the input
In the frequency domain. This was done sequentially starting
at de and moving to the higher frequencies. The problem
occurred when the input contained only very small amoWlts
of those higher frequencies. The division then caused an
overflow in the program. This was corrected by dividing only
the lower frequencies, with no sacrifice in accuracy because
all of the chromatographic information was concentrated in
this area of the frequency domain. Once the above problems
had been solved, frequency modulated experiments could be
run in a routine manner.

The concept of information encoding and subsequent
decoding, which allows frequency modulated experiments is
summarized in Equation 8. It is impressive in ita simplicity
and conciseness. From this equation any input to a chro­
matograph can be used to solve for the transfer function of
the column, i.e., the spike elution response. Frequency
modulation has been shown to expand the scope of potential
applications of multiple injection chromatographic experi­
ments by allowing finite concentration systems. Other en­
coding techniques such as pulse and phase modulation (13)
appear to have similar advantages. Work in these areas is
currently being investigated.
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Inductively Coupled Plasma Emission Spectrometric Detection
of Simulated High Performance Liquid Chromatographic Peaks

David M. Fraley, Dennis Yates, 1 and Stanley E. Manahan"

Department 01 Chemistry. University 01 Missouri. CoIumbie. Missouri 65211

Because of Hs multielement capabllly, eIement-epeclllclty, and
low detection limits, Inductively coupled plasma optical
emission spectrometry (lCP) Is a very promising technique
for the detection 01 spec"lc elemental species separated by
high parfonnance liquid chromatography (HPLC). ThIs paper
eVUlates ICP as a detector for HPLC peaks CClI'IlP*1g specIlk:
elements. Detecllon ImIts tor a n""'" of elements have been
evaluated In tenns 01 the mlnlmLlll detectable concentration
01 the element at the chromatographic peak maximum. The
elements studied were AI, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe,
K, U, Mg, Mn, Mo, Ha, HI, P, Pb, Sb, Sa, Sr, n, V, and zn. In
addition, ICP was compared with atomic absorption spec­
trometry lor the detection of HPLC peaks composed 01 EDTA
and NTA chelates 01 copper. FLIthermore, ICP was ~ared
to UV solution absorption lor the detection 01 copper chelates.

One of the major challenges remaining in the area of trace
element analysis is the measurement of trace element-con·
Laining species (J). In addition, matrix effects and instru"
mental interferences still cause problems in the analysis of

I Spectroocopy Groop Leader. UniVClllily of Missouri Environmental
Trace Substances Center.

elements in some samples by techniques such as neutron
activation analysis and furnace atomic absorption. Separation
of IllIIDple species by high performance liquid chromatography'
(HPLC) and detection with an element·specific detector can
enable analysis of species and help eliminate interferences in
elemenLal analysis.

Conventional flame atomic absorption spectrometry (AAS)
was one of the first element-specific techniques applied to
HPLC (2,3) and was used to detect copper chelatea separated
by HPLC. Chromium organometallies separated by use of
an organic mobile phase were subsequently detected by AAS
(4). In these investigations the f-/PLC column outlet was
interfaced directly to the AAS nebulizer inlet. lon-exchange
HPLC with AAS detection has been employed for the anaIysia
of Cr(lll) and Cr(VI) complexes (5), Mn(m and Mn(VlI) (6),
and mixtures of Cu(gly), Cu(EDTA), and Cu(trien) species
(7). Gel permeation chromatography has been employed for
the analysis of condensed phosphate complexes of Mn(U) (8)
and zinc compoWlds in plant extracts (9). Afflnity HPLC has
been employed for the analY6is of alkyl and aryl zinc or"
ganometallies in lubricating oils (10), meLa1S boWld by amino
acids (11), and alkyllead compounds in gasoline (12). A
number of other applications are cited in a review article
dealing with the 6ubject (13).

Inductively coupled plasma optical emission spectrometry
(lCP) is developing as an excellent tool for the analysis of a
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Table I. Experimentol Condition. for AAS and ICP
Detectors Employed to Monitor Copper Chelate Peab

parameter AAS ICP Cu (NTA). 100 ng Cu

Figure 1. HPLC separation of cappel che!ated by NTA (100 09 Cu)
and EDTA (50 ng Co) Injected as a 1()'~L sample in a 0.05 M (NH,l,SO.
aqueous mobIle phase on an Aminex A-14 anloo-exchange resin. For
lCP detection of Cu(IIITA). peak height/noise. 39; fwnm. 0.50 cm; peak
area, 11.8 em'; detection limit. 5.1 ng. For ICP detection of Cu(EOTA).
peak helg1t1noise, 7.2; Iwhm. 0.89 cm; peak area. 5.6 cm'; detection
limit, 15 ng. For AAS detecllon of Co(NTA). peak heighl/noise. 27;
fwhm, 0.45 em; peak area, 5.4 cm~; detection limit. 7.5 ng. For AAS
detection of Cu(EDTA), peak height/noise. 6.8; fwhm. 0.84 cm; peak
area 2.6 cm2; detectlon limit 15 09

instrument also had II single-chunnel capability throu~h II O.fl·m
Ebert Monochromator. Ultraviolet Absorpti(m detRction data were
Laken with sLab DaLa Control Duo Monitor HPLC detector
system operating at 254 om.

The HPLC column outlet wes connected to the ICP neholizer
by means of 8 3·cm length of 1/ 16-in. D.d. narrow-bore Tenon
flexible capillary tubing (Lab Data Control) fa,tened to the column
exit by 8 6/ Il,in. stainless steel Swagelok fitting. This interfRce
is crucial in that it must provide a Oexible connection with
minimum dead volume.

The EDTA and NTA chelates of copper(ll) were prepared hy
precipitating excess copper(fI) 8S the hydroxide from solutions
of the chelating agent (3). Solutions of elements examined in the
detection limit study were prepared by diluting certilied atomic
absorption reference solutions (Fisher Scientific) of each element
in I F acetic acid. Aqueous 0.05 M (NH,),SO, was employed ..
a mobile phase in the separation of the EDTA and NTA chelate.
of copper(lI) on the Aminex A·14 column. The mobile phase used
in the multielement detection limit ~tudie:; consisted of 1 F BCCtiC
acid titrated to pH 3.0 with 0.1 N NeOH.

Samples of the elements for which detection limits were de­
termined were introduced into the dummy column in lO-~L

quantities through the constant volume injector system. The
resulting chromntographic peaks for each plement were monitored
by the ICP and displayed on the strip chart recorder. In addition,
solutions of each element were introduced at a steady rate under
continuous nebulization conditions to give experimental values
of detection limilq under nonchromatographic conditions. Both
the chromatographic peak and cont.inuously aspirated samples
were introduced to the ICP nehulizer by a pump at a constant
flow rate of 1.0 mL/min. Less than approximately 5'70 of the
sample introduced into the nebulizer ultimately reaches the
plasma; the remainder is lost as drainage from the nebulizer
chamber.

instrument Perkin·Elmer 403 Jarrell·Ash 975
source Cu hollow cathode plasma

lamp
wavelength 3247 A 3247 A
spectraJ bandpass 7A 1.7 A
flame acetylene/air 4in. argon plasma

singlc*slot burner
sample introduction 2.0 mLlmin 2.0mL/min

rate
incident power (rr 1.2kW

signal)
reflected power <5W
viewing height above 14 mm

coil
sample gas flow 0.50 Llmin
plasma gas now 0.75 Llmin
coolant gas flow 25 Llmin
air now rate 21 Llmin
acetylene flow rale 6 Llmin

number of elements, and is particularly attractive for its
simultaneous multielement analysis capability (14). Because
of this capability, element'specificity, and low detection limits,
ICP is a very promising mode of detection for elemenLaI
species separated by HPLC using an aqueous mobile phase.
Furthermore, the analyte atoms in the hot argon plasma tend
to hehave a' an optically thin emitting source (15). This
phenomenon fortunately provides R linear emission signal for
each analyzahle element over several orders of magnitude
concentration, 8 virtually necessary characteristic for chro­
matographic detectors.

This investigation was conducted to detennine the operating
parameters of the ICP a. a detection device for HPLC
separation of elemenLaI species. The major objectives of the
study were (J) to determine the optimum hardware and
operating parameters for the ICP-HPLC interface, (2) to
evaluate the ICP a< a detector for HPLC and to compare the
ICP to AAS in that application, and (3) to evaluate the
sensitivities and detection limits for the ICP as a detector for
HPLC. Because of the importance of the last objective in this
application, it was emphasized in this study.

EXPERIMENTAL
The HPLC system consisted of a Water.; Model6000A constant

flow rate pump. 8 Valca constant volume injector equipped with
a I()'~L sampling loop (Alltech), and associated columns. Most
studies were conducted employing a "dummy" column that did
not retain any analyte species and which yielded a uniform
Gaussian peak for all species injected. Peak spreading in this
column was due to diffusion and nol retention of the species by
the column material. The column packing consisted of 230-320
mesh glo&l spheres deactivoted by silanization to eliminate
nucleophilic hydroxyl surface groups. Silanization was effected
by refluxing a 5% solution of dichloromethylsilane (Aldrich
Chemical Co.) in toluene with dried glass beads for 4 h (16). The
treated beads were packed into a 15 cm x 3.2 mm o.d. x 2.1 mm
i.d. sLainless steel column (Alltech and Assoc.). Separation of
copper chelates was accomplished on a column of 10 em X 3.2
mm a.d. X 2.1 mm Ld. dimensions packed with Aminex A·14
anion-exchange resin (Bio--Rad Laboratories).

The ICP instrument used in this study WllS a Jarrell·Ash 975
Atom·Comp direct·reading spectrophotometer equipped with a
Plasma·therm HFD·2000D 27·MHz RF generator power supply
capable of delivering 2.0 kW forward power. The spectrometer
employed was a Rowland circle type, which had the capability
to monitor 32 selected elementa both separately and simulLa·
neously. An integrated PDP18 computer acted to store and
implement operational parameters, as well as storing, processing,
and reporting output daLa from the detector system. DaLa were
displayed on a teletype, Decwriter II terminal (Digital Equipment
Corp.) or Perkin·Elmer Model 56 strip·chart recorder. The

ICP-OES Detector

Cu (~TA) •
lOa ng Cu

1\1\5 Detector
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ICP
2.0
6.42
0.12
0.770
3.85 X
0.14
6.9

Comparison of Detection of Copper-Containing Speciel by ICP and UV Aboorption at 254 nm

Cu" Cu (NTAt Cu (EOTA)"

UV UV
10.0 10.0

3.50 2.70
0.097 0.095
0.340 0.256
3.40 x 10-' 2.56 X 10-'
0.030 0.030

18 24

mode of detection
Cu concentration, ppm
peak height, mV
peak half-width, mL
peak area, m V"mL
dc~ector sensitivity. (mV-mL)/ng
nOIse, mV
detection limit, ng of Cu

Table II.

o ,
Volu=.c. 1111

Cu (EOTAI (lOa "9
Cui by UV absorp­
tlon At 254 NIl

o ,
Volume, Inl

CuINTA) (l00"9
Cul by UV .lllsorp­
tion at 254 N:l

o
c

~2

J
o ,

Volu::lC, 1:11

Cu h
(20 nq Cui

by ICP-OE5

Figure 3. ICP response to 20 ng Cu" and UV absorption response
to 100 ng Cu chelated to NTA and EDTA In a 1o-~ SBJ11l1e nun throU!tl
the dummy HPLC col,.m. For ICP. peak helghVnoIse, 23; fwIvn 0.12
mL; detectablllty, 6.9 ng/mL. For UV detectJon 01 Cu(NTA) peak
height/noise, 58; fwhm, 0.095 mL; detectabillty, 18 ng/mL. For UV
detection 01 EDTA, peak hellt>tInoise. 45; Iwtvli. 0.095 mI.; del8Clabllty,
24 ng/mL

o 2
Volume. ml

IC? detector

o 2
Volume, ml

lV\S detector

~5 ~ 5
0 0

E4 E4

~ 3
~ )

0 ]
g2 ~ 2

Figure 2. AAS and ICP detector response to 100 n9 Cu chelated to
NTA In a 1o-~L salTllle nun throUltl the dunrny HPLC column. For MS,
peak height/noise, 26.6; fwhm. 0.40 em; peak area, 5.3 cm2; noise,
0.50 em. For !CP. peak heigltInoise. 23.1; fwIvn 0.55 em; peak area,
10.6 cm2; noise. 0.85 em

RESULTS AND DISCUSSION
Comparison of Detection of Copper Cbelates by ICP

and AAS. Nitrilotriacetate (NTA) and EDTA cbelates of
copper(II) were separated on an Aminex A-14 column ac­
cording to a procedure previously published (3). Copper was
monitored in tbese peaks with both AAS and ICP under
conditions given in Table I. The peaks obtained are ShOWD
in Figure I. The first peak in each chromatogram is due to
the NTA chelate of copper(1I) and the second peak is due to
the EDTA chelate. It is seen that the two modes of detection
are comparable.

Figure 2 is a comparison of ICP and AAS detectors for
identical Cu(NTA) chelate peaks generated on the dummy
column. It is seen that generally similar peaks are obtained
by the two modes of detection.

Comparison of ICP and UV Detection. A comparison
was made between ICP and ultraviolet solution absorption
for the detection of HPLC peaks of copper species in an
attempt to determine peak broadening in the nebulizer. The
peaks were derived from the dummy column as described in
the Experimental section. A solution of copper(II) acetate
was monitored by ICP, and solutions of copper(II)-NTA
chelate and copper(ll)-EDTA chelate were monitored by UV
absorption of the organic chelating agent at 254 nm. In all
three cases, well dermed sharp peaks were obtained as ShOWD
.tn Figure 3. Pertinent parameters for these peaks are given
in Table II. A somewhat greater half-width of the ICP peak
is due to mixing effects in the ICP nebulizer manifested as
apparent peak spreading. Significantly, however, the detection
limit for Cu is considerably better with the ICP than with the
UV detector (at 254 nm). This illustrates that the ICP is
competitive with one of the more commonly used HPLC
detection techniques in sensitivity for at least one significant

Volume

AgUJe 4. ICP slgnallrom an element Introduced (A) contlnuously at
a steady rate and (B) as e c1Yornatographlc peak at concentrations
near the detection limit

species. Of course, ultraviolet solution spectrometry docs not
provide the element-specificity possible with atomic spec­
trometry. Furthermore, atomic spectrometric methods enable
quantization of elements, which may be desirable in some
cases.

Detection Limits. A commonly used definition of d..
tection limit is, that quantity or concentration of anolyte that
will.yield a scale deflection on the recording device equal in
amplitude to twice the height of the random base·line noise.
For ICP detection of HPLC peaks, this defmition stipi1lates
that the concentration at the detection limit is equal to the
maximum concentration of the anaIyte in the peak at the point
of peak maximum. This concept is illustrated in Figure 4.
Figure 4A shows the ICP signal from an element introduced
into the instrument at 8 continuous steady rate at a con·
centration near the detection limit. Figure 4B shows in·
troduction of the same analyte in the form of a chromato­
graphic peak. Although the detection limits might be expected
to be almost the same in both cases, in practice introduction
of the analyte as a chromatographic peak requires a higher
concentration for detection.

The determination of detection limit is crucial in the
evaluation of ICP as a detector for HPLC. Detection limits
were determined for 25 elements for which the direct reader
was designed on the basis of general analytical interest,
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MDC as a
MDC at continuous chromatogra~hic

aspiration, IJ.g/Lo penk, J,Jg/L

2.2 X 10' 1.2 X 10'
(did not give meaningful results)

39 64
1 1.5
2.1 9.2

46 89
17 21
19 20

3.3 6.8
15 28

7.5 X 10' 6.3 X 10'
4.2 6.4

15 1.8 X 10'
1 1.3

26 62
5.7 82

34 43
1.6 X 10' 2.9 X 10'
2.1 2.3 X 10'
1.3 X 10' 4.1 X 10'
4.3 X 10' 2.8 X 10'
1 7.2
0.7 2.1

10 11
14 19

Al
As
B
Ba
Ca
Cd
Co
Cr
Cu
Fe
K
Li
Mg
Mn
Mo
Na
.Ni
P
Pb
Sb
Sc
Sr
Ti
V
Zn

element

100 n9 D

a See Figure 4A. b Sce Figure 4B. Concentrations in
this column arc concentrations at the peak maximum of
the smallest deLectable peak for that element, i.e., a peak
with an amplitude equal to 2 N.

Table IV. Minimum Detectable Concentration (MDC)
Values for the ICP under Time-Resolved Continuous
Aspiration Conditions and for Sample Introduction as a
ChromatoiJ'1lphic Peak

766.5
292.4

all

193.6
249.7
267.7
214.9 (11)
196.0

309.2
493.4
259.9
670.7
202.0
589.0
231.6 (11)
217.5
421.5
334.9

317.9
228.8

(ll)b
228.6
324.7
383.2
257.6
220.3
213.8

2D

10.0
10.0

10.0
10.0
10.0
10.0
10.0
10.0

3C

40.0
1.0
4.0
4.0

10.0
10.0
15.0
50.0

1.0
5.0

4C

50.0
10.0
10.0

100
50

5C

200
10.0

2.0
2.0
0.20"
0.50

15.0
1.0

3B

20.0
0.50
2.0
2.0
5.0
5.0
8.0

30.0"
0.50
2.0

4B

30.0"
5.0
5.0

50
30

5B

50
5.0

10.0
2.0
1.0
1.0
2.5
2.0
4.0

15.0°
0.25
1.0

4A

5A

25
2.0

15.0°
2.0
2.0

30
15

1A
blank

0.50" 1.0
0.50 1.0
0.05" 0.10"
0.10 0.20
4.0 7.5
0.20" 0.50

3A

2A 2B 2C

1.0 2.0 5.0
0.20" 0.50" 1.0

clement

1 F acetic
acid solvent

Ca
Cd

Co
Cu
Mg
Mn
Pb
Zn

AI
Ba
Fe
Li
Mo
Na
Ni
Sb
Sr
'fi

K
V

As
B
Cr
p
Se

Table III. Concentrations and Wavelengths of Linea
Monitored for Elements in Standard Solutions Employed
for Continuous Aspiration and Chromatographic
Detection Limit Studies

designation and elemental
concentrations (rog/L) of so· wave­

lutions used to determine detce- length,
tion limits in Table IV om

a Concentration too low to give a meaningful response.
b (ll) denotes detection at second-order loci.

environmental importance. and uniquity of analYBis by lCP.
These elements were contained at different concentrationB
in five different solutionB as shown in Table Ill.

Under conditions of continuous nnalyte nebulization, as in
Figure 4A. the detection limit is improved by displaying the
emission intensity 8S 8 composite signal that has been
measured and integrated by computer over a 4-50 8 time Bpan.
For detection of the transient signal from a chromatographic
peak. however, a time constant of only about I Bis desired.
Therefore, to compare detection limits from a chromato­
graphic peak with those from continuous aspiration, it was
necessary to determine the detection limits at an RC constant
of 1 s under continuous aspiration.

As noted in the Experimental sect.ion. samples of elements
for which chromatographic detection limits were determined
were introduced into the injector system in lO·~L aliquots.
from which they passed through the dummy column to the
lCP for measurement of the emission of the element in
question. Passage of the solution through the dummy column
results in the formation of an idealized Gaussian chroma­
tographic peak because of diffusion processes in the column.
Some additional peak spreading occurs in the lCP nebulizer.
The concentration of analyte at the peak maximum WaS
calculated for each peak. Linear extrapolation of this con­
centration vs. tbe signal intensity at the peak maximum

50 ng B

20 n9 B

M
Volu.1ll!

FIgure 5. ICP detaetion 01 boron peaks at _ <iffarem concentrations
(two peaks for each concentration)
enabled calculation of the detection limit, denoted as min­
imum detectable concentration (MDC), given in Table IV.
Duplicate peaks for each of three different concentrations of
boron are given in Figure 5.

In order for the results to be independent of peak width,
the chromatographic detectability of each element of interest
was expressed as the concentration of analyte at peak
maximum. This is necessitated by the fact that in prectice.
the width of chromatographic peaks, i.e .• the mobile phase
volume over which the peaks are integrated. may vary sub­
stantially. The calculation of absolute detection limits,
however, is dependent upon peak areas. This requires in·
corporation of the mobile phase volume encompassed by each



where MOC is the minimum detectable concentration, or
"detection limit". Substitution of Equations 5 and 6 into
Equation 4 gives the equation,
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is the ability of a measuring and recording aystem to convert
sample concentration or quantity to an electrical signal. In
the case of chromatographic detectors sensitivity is commonly
expressed in millivolts (mV) of recorder response divided by
concentration (C) in IlgjL. Thus, C is given by the equation,

C = E/S (4)

where E is the potential recorded by the recorder and S is the
sensitivity. At the detection limit,

expressing detection limit in terms of noise and sensitivity.
Examination of Equation 7 shows that the detection limit

is increased (i.e., is less favorable) with increased Nand/or
decreased S. In the cases of each element studied in tbiB
investigation, tbe value of N was found to be the same under
conditions of continuous aspiration and under chroma~
graphic conditions. Therefore, differences in MDC for these
two conditions were due to differences in S. It should be kept
in mind that under some circumstances, however, noise can
be introduced from chromatographic pumps, contributing to
a less favorable detection limit.

In conclusion, the utility of inductively coupled plasma
optical emission spectrometry as an element-selective detector
for high performance liquid chromatography has been in­
vestigated. The investigation has been concerned with the
direet applicability of the ICP detector for the detection of
copper chelates separated by HPLC, as well as the potential
for extending the technique to the detection of species of other
elements of interest, including some not analyzed well by
atomic absorption spectrometry. Tbe metbod is readily
applicable to those chromatographic techniques which employ
essentially aqueous phases. These techniques include ion
exchange higb performance ion-pair chromatograpby, and
reverse phase liquid chromatography. Tbe uses of organic
eluting agents and gradient solvent systems are suggested for
future investigations.
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MDC = 2N/S

E=2N

where N is the noise level in mV, and

C= MDC

(3)

At·
~

vw

f90'0 8. Approxmation of a c1Tomatogapl'ic peak as a b1angIo _.

C... Is the peak height. lis the peak half-width. and V.1s ~ base
width. For IJ<.'l>OS8S 01 "'''''tion. the peak width shown Is exagge<Bted
relallve to height In comparison to the peaks actually obtained

~eak, as detailed below. Therefore, the absolute detection
hmlt would be unique to the particular separations to wbich
the technique might be applied.
. The calculati.on of analyte concentration at peak maximum
IS performed WIth knowledge of analyte concentration in the
ID-IlL aliquotin~ and of the peak size and shape recorded
from ~h~ ICP sIgnal. The analysis of the chromatographic
peak IS Illustrated m FIgure 6. The peaks obtained in this
study may be approximated rather accurately as triangles as
shown in Fi~ure 6: Treating the peak as a triangle, C_ is
the peak heIght, / IS the peak half-width and V is the base
v:idth obtained byextrapolating the line;tangen~to the peak
SIdes to the base Ime. From purely geometric considerations
the area of the peak, A, is given by the following two equations:

1
A = 2C~V. (I)

A = Cmu! (2)

It is readily seen that in terms of the physical quantities
actually involved in formation of the peak, V. is the volume
of eluent over which the peak is eluted, C_ is the maximum
concentration of analyte, and A is the total quantity of analyte.
If V is used to designate the volume of eluent at any point
since the peak first began to elute and C is the concentratio!!
of analyte at that particu1ar volume, the following relationship
holds:

The treatment described above enables the concentration
ofanalyte at the peak maximum, C..." to be evaluated readily.
The total amount of analyte in the peak, A, is known from
the concentration of analyte in the ID-IlL aliquot injected into
the system, and V. is evaluated from the time recorded on
the recorder chart and the known flow rate of mobile phase.
Where N is the signal strength corresponding to the noise level,
extrapolation of C_ down to a value of 2 N yields the de­
tection limit designated as MOC in Table IV.

For the peaks actually observed in the detection limit
studies, the values of V. fell within a range of 250-333 ilL,
compared to a volume of 10 ilL for the analyte sample injected.
This means that for a peak with V. equal to 250 ilL, C_ is
only 8% of the original concentration. Such a dilution effect
of course occurs with any chromatographic detection system.

Several elements listed in Table IV are worthy of special
mention. Arsenic gave a very poor performance because of
the extremely high background arising from carbon emission
(from C in the acetate medium) at 193.6 nm, a wavelength
which is very close to the vacuum ultraviolet range. High
background levels were also observed on the aluminum,
selenium, and antimony channels. The MOC obtained for
magnesium with this system was anomalously high because
the optimum wavelength was not programmed on the system
used. That is because magnesium is normally present at
relatively high levels in the samples analyzed with the ICP
syatem available.

A less favorable detection limit can be due to either in­
creased noise or decreased sensitivity. In general, sensitivity
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Selective Electrocatalytic Method for the Determination of
Nitrite

James A. Cox· and Anna F. Braller

Departf1l8nt of Chemistry Bnd BiochBmlstry, SouthBm Wnols University Bt Garbondale, Garbondale, illinois 62907

The reduc:llon 01 MolVI) at ~.48 V"va. SCE In a pH 2.1 soIutlon
01 0.1 mM Na,MoO., 0.1 M KCI results In a daposll on mercwy
and graphite elec:1rodes which selectlvaly calalyzes nitrite
reduction. With linear potantlal scan vo/tammetry, a peak Is
developed at ~.88 V In direct proportion 10 nitrite concen­
Iratlon over the range 0.01-1 mM. Nitrate does nollnterfere
..... It reaches about a 10Q-lold excess at whk:h point It c..­
an Increase In the analy1k:al current. Helther chloride nor
aullale Interfere. Dissolved oxygen causes a correctable
Increase In lhe base-llne current. The eleclroacllve species
was shown 10 be HHO.. Under lhe reconvnended conditions,
chemical decomposition W88 Insignificant lor alle881 30 min,
but 8parglng the pH 2.1 solution with H, 10 remove dissolved
oxygen must not exceed 10 min to prevent Blgnlflcant volallllly
lou.

Nitrite is known to be electroactive under a wide variety
of conditions, but few are suitable for quantitative deter­
minations, particularly in the presence of nitrate. Many of
the electrocatalytic methods for nitrate (I) are also responsive
to nitrite, but only the total concentration of these ions can
be determined. Nitrite can be electrochemically reduced in
strong acid solutions, but the volatility of HNO, and its
chemical instability in such solutions complicates obtaining
precise analytical data (2,3). At a cadmium electrode, nitrite
and nitrate are also simultaneously reduced (J, 4).

A method for the polarographic determination of nitrite in
citrate buffer has been reported (5). The applicability is
hampered by a narrow concentration range, HHlO I'M NO,',
over which the current is directly proportional to concentration
(5).

A quantitative method for determining nitrite using
controlled potential coulometry with oxidation at a Pt
electrode has been reported (6). The process is strongly
influenced by the extent of oxidation of the electrode surface
(6) but is otherwise uncomplicated.

Recently reported potentiometric methods which involve
enzyme-catalyzed reactions permit the selective determination
of nitrite in the range 5 X 10-'-10-' M (7,8). These methods
have the drawback of pH sensing (9).

The present study was undertaken to develop a selective
method for the determination of nitrite in the presence of
nitrate. Compatibility to our voltammetric ion selective
electrode design (10) was also a consideration. The approach
reported herein involves reduction at a mercury electrode
which has been modified by deposition of a Mo-catalyst.

EXPERIMENTAL
Linear scan (LSV) and cyclic voltammetry (CV) experiments

were performed with a conventional three-electrode potentiostat.
Wavetek Model 114 function generator, and Hewlett-Packard
7004B x-y recorder. A Metrohm microburet hanging mercury drop
assembly and vitreous graphite (Atomergic Chemicals Corp.)
which was sealed into a glass tube with Torrseal epoxy (Varian
AasociateB, Vacuum Division) served 88 indicator electrodes. The
Hg and graphite electrode areas were 0.0185 and 0.12 cm', re-

spectively. The graphite electrode was polished in several steps
ending with diamond P88te and a water-Gamal (Fisher Scientific
Co.) suspension of O.l-J.lm mesh.

All chemicals used were ACS Reagent Grade. The solutions
were prepared with doubly deionized water with Cole-Parmer
research grade cartridges used in the final stage. All potentials
are reported va. SCE.

Unless otherwise stated, the analytical experiments were
performed by first adjusting 8 nitrite·containing solution of 10'"
M Na,MoO" 0.1 M KCl to pH 2.1 with dilute HCI or KOH and
then sparging with H,O-saturated N, for ~ IO min. The indicator
electrod~ was insarted and equilibrated for 0.5-5 min at 0.0 V.
A negative potential scan of 70 mV'S-l was applied; this value was
found to yield the highest signal-ta-background ratio without
causing the nitrite reduction peak to be shifted too close to the
potential at which the discharge of the supporting electrolyte
occurs. The peak current at -0.88 V was measured from a base
line obtained by extrapolation of the current decay of the -0.48
V molybdate reduction peak out to -0.88 V. The peak current
linearly correlated to the nitrite concentration as discussed below.

RESULTS AND DISCUSSION

As illustrated in Figure 1, the product of the reduction of
MoO;- in pH 2.1 solution at a mercury electrode can catalyze
the reduction of nitrite. Comparison of the LSV data in Figure
1 permits assignment of the peaks at -0.17 and -0.48 V to the
reduction of Mo species and the peak at -0.88 V to nitrite
reduction. The development of a separate nitrite reduction
peak, as opposed to the presence of that ion merely enbancing
the other peaks, is indicative that the present analytical
method is not based upon a catalytic regeneration reaction
in which nitrite is chemically reduced. Methods based upon
the latter mechanism (3) often have a narrow linear working
range and an inherently low signal-to-background ratio.

Under the conditions of Figure 1, the peak current, ip , at
-0.88 V is directly proportional to nitrite concentration in the
range 0.01-1 mM. A linear least squares fit with a forced zero
intercept of 10 points over that range has a slope of 8.18 ±
0.04 oA/I'M and a 0.9997 correlation coefficient. At 5 X 10'"
M nitrite, 5 replicate experiments have a standard deviation
of 1.6% in the peak current. Above 1 mM nitrite, the working
curve has a negative deviation from linearity; however, if the
MoO," concentration is increased to 1 roM, the linear response
range becomes 1-7 mM nitrite (slope, 2.4 ± 0.1 I'A/mM;
correlation coefficient, 0.998; 5 data points).

In order to obtain precise analytical results, some control
of the contact of the Hg electrode to the molybdate-containing
solution prior to initiation of the LSV experiment must be
exercised. For example, with a 0.0 V initial potential and a
aolution which consists of 10-' M MoO;- and 0.1 M KCI at
pH 2.1, a 70 mV·s-l scan results in a 0.95 I'A peak at -0.48
V if the LSV experiment is initiated immediately upon ex­
truding the Hg electrode drop. If the drop is contacted to the
solution for 0.5 min at 0.0 V prior to scanning the potential,
the peak current increases to 1.80 I'A; lengthening the contact
time to 10 min yield. no further change in the -0.48 V peak.
As shown in Figure 2, equilibration of the electrode also
affects the height of the nitrite reduction peak and its res­
olution from the discharge of the supporting electrolyte.
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(i~/[NO;'J)I
~A \LM-') X 10'

0.084
0.086
0.086
0.092
0.158
0.093
0.085
0.084

ip/~A

0.42
0.43
0.43
0.46
0.79
0.93
1.70
2.53

o
5

50
200
500
500
500
500

5
5
5
5
5

10
20
30

Table I. EfCect of Nitrate on the Nitrite Peak Current

NO;I NO;I
M X 10' M x 10'

-0.2 -0.6 -1.0
EIV

Figure 3. Cyclic vollanvnelry of nitrite at a Hg eleclr_ mocIfled by
prior Mo-catalyst deposItlon. EIectr_ mocIfIcation by electrolysis et
-0.5 V il 0.1 mM MoO.'-. 0.1 MKCI at pH 2.1. Reported CV obtained
with the mocIfIed eIeetr_ il 0.3 mM NO,-. 0.1 MKCI at pH 2.1. Scan
rate, 70 mVos-1

0.75025

o

E/V

Figure 1. Li.near potential scan voltammeby of nitrite at Hg in the
catalytic medilJ:T1. <a) 0.' MKCI; pH 2.1 (presence or absence of nitrite).
(b) 0.1 mM MoO.'-; 0.1 MKCI; pH 2.1. (c) 0.3 mM NO,-'n b. (C\.<Ves
band c SUpeRnpose In region not shown. Scan rata. 70 mV·s-'. The
pH was adjusted with dUute Hel

Figure 2. Effect of electrode-solution contact time on the generation
of the catalyst. <al 0.5 min of Hg-solutlon contact at 0.0 V prior to
LSV. (b) LSV scan ntlated iTmeliately elf,", contact of the Hg electrode
to the solution. All other cond~lons the same as In Figure lc

Hence, in all analytical experiments and other subsequent
work, at least 0.5 min was allowed for equilibration.

The above results are consistent with previous reports of
Mo(V!) adsorption at Hg (II, 12). In 0.5 min under our
conditions, the maximum surface coverage at 0.0 V is ap·
parentlyattained. This subsequently yields a limiting quantity
of the caLalytic species.

The sensitivity of the method is dependent upon pH.
Variation over the pH range 1.5-2.6 yielded a maximum
sensitivity at pH 2.1. At higher values, log i p is inversely
proportional to pH which attests to HNO, rather than NO,­
being the actual electroactive species, which is in accordance
with other reports (l3, 14). Below pH 2.1, i p is not only
diminished but is also quite erratic. Apparently these ob­
servations are a result of solution instability. Both the
volatility of HNO, and the chemical decomposition of H,NO,.,
which may form at low pHs, have been reported to affect
analytical results (5, 6, 13).

At the recommended value of pH 2.1, the primary source
of instability is the volatility of HNO,. For example, when
a deaerated Mo(V!), KCI, HCI solution is made 0.3 mM in
KNO" repeated LSV experiments yield ip = 2.6 ± 0.1 ~ for
up to 30 min. If, however, a freshly prepared solution which
contains the nitrite is continuously.sparged with N" except
for interruptions for performing the LSV experiments, after
15 min an ip decrease which is significant relative to the
standard deviation is observed.

An important characteristic of the present method is that
over a wide concentration range nitrate does not interfere. As
shown in Table I, ip for nitrite reduction is independent of
nitrate concentration up to about a 100-fold excess of the latter
ion. At that point nitrate causes an increase in ip• It should
be noted that experiments in the absence of nitrite show no

-0.25 EIV
peak in the region -{l.5 to -1.0 V even when 10 mM NO.- is
present; hence, the interference is due to neither NO.- re­
duction nor an impurity in the KNO. reagent. If a large
nitrate excess is suspected, standard additions of nitrite can
be made; a linear i. response will establish the veracity of the
determination (see Tahle I).

Other common anionic interferences in voltammetric
methods for nitrite are sulfate and chloride. With the present
procedure. sulfate up to at least 10-' M did not affect i p, and
chloride certainly does not interfere as it was the supporting
electrolyte anion. Dissolved oxygen increases the background
current and should be removed for optimum measurements.
Reducible meLals would likewise interfere and may also in­
fluence the catalysis; they were not investigated as the former
problem alone would require preliminary separation from BUCh
cations.

A factor in detennining whether the Mo-caLalyzed nitrite
reduction can be used with voltammetric methods other than
LSV is the physical nature of the catalytic species. Based upon
previous reports it was anticipated that the caLalyst was a
surface film of either MoO.·2H.O (15, 16) or a HMo(VI)
species (17). A medium transfer experiment verified that the
reduction at -{l.4B V yields a caLalytic f1Im. In this case a
mercury electrode was fmt put into a pH 2.1 solution of 0.1
mM Na,MoO., 0.1 M KCl After 1 min at -{l.5 V, the electrode
was removed and rinsed. Upon insertion into a pH 2.1 solution
of 0.3 mM KNO.. 0.1 M KCI, the CVs shown in Figure 3 were
obtained.

The presence of the symmetrical peaks at about -{l.5 V.
which are sustained even after 5 min of continuous cycling,
demonstrates that both the oxidized and reduced forms of Mo
exist as surface species under the present conditions.

Beyond 5 min a significant loss of the caLalyst OCCUJ1l. For
example, the area under the cathodic peak at -{l.48 V im­
mediately after medium transfer is 3.50 X 1~ C; after 15 min
and 1 h the areas are 1.21 X 10~ C and 3.26 X 10-1 C. re­
spectively. A commensurate decrease in the nitrite peak
occurs. That the deposit is stable for at least enoUllh time
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b

Presently other forms of graphite are being tested to alleviate
this problem.

a
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Rgln 4. l..Mar~ scan voIlarnrneVy of rltrfte el vitreous~e
In the cataJytlc medium. CondltIons the same as in Fig...e lb end lc
tor a and b, respeettvely. Curves a and b superimpose In regton not
shown

to make a LSV measurement is important in that it may be
possible to construct a nitrite probe based upon this system.
In addition, the catalytic deposit is suitable for inclusion in
a voltammetric ion seJective electrode similar to our recent
design for nitrate (10).

For either of the above proposed applications, a solid in·
dicator substrate would be superior to Hg. Preliminary results
obtained by LSV at a vitreous graphite electrode are depicted
in Figure 4. The overall results are similar to those obtained
at Hg (Figure I); however, the onset of the supporting
electrolyte discharge partially obscures the analytical peak.

Hydroxyl Anion Chemical Ionization Screening of Liquid Fuels

L. Wayne Sleek

National Buresu 01 Standards. National M6asurement Laboretcry, Division 543, Weshington, D.C. 20234

K. R. Jennings and P. D. Burke

Department 01 Chemistry and Molecular Sciences, University 01 Warwick, Coventry CV4 7AL, England

(M = aromatic with acidic sites). The hydroxyl anion, OW,
can be conveniently generated (5) in N 20jhydrocarbon
mixtures by the sequential reactions

by the fact that OH- is known to be unreactive toward sat­
urated hydrocarbons (2), but to react efflciently by proton
abstraction (2-4) with molecules having strongly acidic hy·
drogen atoms, such as alkyl substituted aromatics;

The u" 01 OW 81 a reagent Ion lor chemical ionization
_eenlng 01 the arom.tlc component. In Uquld luel. I. cIJa­
cwaacL The hydroxyl aNona ware ganar.tacl by the reac:Uona
01 0-, from NP, wtIh hax_. which aIIo MfYacI as the aoIvanI
lor the Iuel sample.. The re.unlng m... spectr. were
char.ctarlzacl by the .bsence 01 me.sur.bIe slgn.1s Irom
.Uph.1Ic component.. The method require. no prior Ir.e­
Ilon.tlon or sep.r.tlon, •• well ••• 2-3 minute turn-.round
lima between aucceulve .n.Iy.... Soma preliminary d.t.
partInanI to determln.tlons of .ctu.1 molecular weight dis­
trlbutlona by IhIa technique .re .Iao pre..n1ac1.

OH- + M ~ (M - H)" + H 20

e- + N20 ~ 0- + N2

0" + RH ~ OH- + R

(1)

(2)

(3)

RecenUy (1) it was shown that cyclohexane could be used
as a source of cationic reagent ions in chemical ionization (Cn
ID888 spectrometry for purposes of screening and fingerprinting
fossil fuels. Cyclohexane also acted as the solvent for the fuel
samples, and no prior fractionations or separations were
required to achieve discriminatory CI charge exchange speCtra
of the aromatic components. As an extension of these studies,
we wish to report our fmdings concerning the possible use of
aliphatic solvents as a source of anionic reagent ions for aimilar
screening of petroleum products. This effort was prompted

where RH denotes a paraffin serving as the solvent. In this
article we discuss the negative ion spectra observed in
N20jhexanejliquid fuel mixtures, and give some preliminary
results relating to possible future quantitation of aromatic
components by this technique.

EXPERIMENTAL
AU measurements were tsken with a KRATOS MS 1073 mass

spectrometer modified for negative ion operation. (Manufacturera'
names are used only to derme the nature of the technique. Their
usage does not imply endorsement of their products by the Na·
tional Bureau of Standards.) The 1073 is s fast acanning, dou·

0003-2700179/0351·2232$01.0010 C 1979 American Chomlcal Socloty
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conditions as Figure lA. The major ions observed are as­
sociated exclusively with the aromatic components, and result
from proton abstraction;

OH" + M - (M - Ht + H 20 (1)

where M, in this case, is an alkyl-substituted benzene. The
signals at mje 91, 105, 119, 133, and 147 can be ascribed to
toluene (mol wt = 92), xylenes and ethylbenzene (mol wt =
106), trimethyl-, methylethyl-, and propyl-benzenes (mol wt
= 120), etc. Minor peaks are also indicated at mje 117, 131,
and 145. Noteworthy is the absence of measurable signals
from heptanes, octanes, and nonanes, and their unsatUlated
analogues, even though these compounds comprise more than
85'10 of the total hydrocarbon content of typical premium
gasolines (the minor peak at mje 109 could be due to reaction
of OH" with an octadiene or empirically equivalent ring
compound, but the fractional intensity is <1 % of the total
signal due to aromatics). Comparison of Figures lA and 1B
also indicates that ions such as C,H", CN", and NO" react
extremely slowly, if at all, with the components present in this
particular sample. Variations in the sample dilution factor
in hexane from 0,1% to 5,0%, or in the total pressure of the
hexane solutions from -0,01 to -0.1 Torr, had no discernible
effect on the resulting spectra except for substantially in­
fluencing the total signal level It is appropriate at this alage
to point out that other laboratories (2, 6) have reported
condensation and elimination reactions involving certain
organic anions and N,O which could give a distorted or
complicated overall CI spectrum. A major channel observed
for aromatic derivatives is condensation followed by 1088 of
H,O to give an (M + 25)" anion; Le.,

CsH.CH,- (from toluene, M = 92) + N20 ~
CsH.CN,- (mle 117) + H 20 (5)

As mentioned above, the gasoline spectrum given in Figure
IB exhibits peaks at mje 117, 131, and 145 which, in the
absence of further information, could be assigned to secondary
reactions of this general type involving C,H,", CaHi, and
CoH,,", In order to clarify this aspect of the measurements,
a number of alkyl benzenes, thiophenes, and naphthalenes
were diluted with hexane (-1000:1 vjv) and introduced
separately into the CI chamber under the same conditions as
the diluted fuel samples. Although the overall response or
sensitivity varied somewhat among structural isomers (see last
portion of Results), no peaks amounting to > 1% of the (M
- 1)" base peaks were detected at higher or lower mje values
for any of the molecules choeen. The absence of significant
secondary reaction can be attributed to the fact that we
initially (and arbitrarily) choee to use the lowest possible N,D
pressures consistent with an acceptable overall instrumental
sensitivity (estimated to be in the range O,02~,03 Torr),
Indeed, other measurements with synthetic mixtures taken
at elevated N,O pressures (>0.0lHl.08 Torr) sometimes yielded
substantial (M + 25)" peaks, particularly for the xylenes,
ethylbenzene, and dimethylcumene, However, all of the
spectra discussed here were recorded under conditions where
secondary condensation reactions were negligible; therefore
the mje 117, 131, and 145 peaks shown in Figure 1B can be
ascribed to substituted benzenes having olefrnic side chains,
or indan and tetralin (fused ring) derivatives present in the
gasoline,

Figure 2 reproduces the OH" CI spectrum derived from a
No, 4 Fuel Oil (l "10 dilution in hexane). The rather complex
composite spectrum can be resolved into the individual
patterns from two series; subetituted benzenes and substituted
naphthalenes. These separated spectra are given in Figure
3, where the integer indicated on the mass scale denotes the
total number of carbon atoms on the aide chains; i.e., toluene
is designated as 1, xylenea plus ethylbenzene as 2, eu.

~O·il-t"Jxal'1Q·2·I.

Pr0'n:um Ga~II'1QJ

ble-focusing instrument with a resolving power of approximately
1000. The combined EljCI chamber and the associated sample
introduction systems were maintained at 175 ·C, and all spectra
were recorded using analog data acquisition. Repellers were
maintained at nominally zero volts with respect to the chamber,
and the ionizing electron energy was adjusted to give maximum
signals (usually 5(}--100 eY). Fuel samples, as well as calibration
standards, were derived from a variety of sources and used without
further treatroent. The procedure used to generated OH- spectra
was as follows. A steady-state flow of N,o corresponding to static
pressures of 0.02 to 0.05 Torr in the CI chamber was first estab­
lished. The composite mass spectrum obtained under these
conditions typically contained 5lHlO% 0-,40-50% NO- (from
the reaction 0- + N,o - NO- + NO), as well as minor peaks (less
than 5% total) at mje 26 (CN-), 32 (0,"), 42 (NCO-). Ten-~L

liquid samples containing 0.1 to 5% by volume of the fuels dis·
solved in hexane (obtained from FOOns, Ltd., and labeled "Hexane
Fraction from Petroleum") were then syringe-injected into a
sample reservoir inlet and the leak rate adjusted to provide total
pressures of 0.08 to 0.1 Torr (N,O + hexane + fuel) in the CI
chamber. The instrument was then scanned magnetically from
mje 400 to mje 16 at the range of 10 sjdecade, and the resulting
spectrum recorded as an oscillographic tracing. The reservoir
volume was then evacuated, followed by another syringe injection.
Turn-around times between successive samples were typically less
than 3 min when only 3-4 CI spectra of a given mixture were
recorded by repetitive scanning.

RESULTS AND DISCUSSION

Figure lA gives the negative ion spectrum obtained from
a N,O-hexane mixture without any additives (-0.02 Torr
N,O, -0.08 Torr hexane). As anticipated, the major peak is
OH" produced via the reaction

0" + CSH I4 ~ OH" + CSH'3 (4)

Minor peaks are also evident at mje 25 (C,H"), 26 (CN"), 30
(NO"), 39 (C3H.-), and so forth. No background of any
significance is evident above mje 83.(CaH,,""?) except for a
succession of low level periodic multiplets apparently resulting
from e" attachment to high molecular weight free radical
species produced by pyrolytic reactions on the filament. Since
the major components in the fuel samples of interest have
molecular weights ~90 amu, it would therefore appear that
hexane provides a suitably clean source of reagent ions for
screening purposes.

Figure IB gives the OH" CI spectrum of a 2% solution of
a premium leaded gasoline in hexane reoorded under the same

figure 1. 0Ii spectrum 01 hexane (A) and a 2% _ ola gasoine
In hexane (B)
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QH' Spectnro

at mle 133 (C,oH13' from alkylbenzenes having the empirical
formula C,oHl4)' The spectra designated A and B are of the
same No.4 fuel oil, with the exception that sample B had been
deliberately contaminated with a lubricating oil. Signals
corresponding to alkylnaphthalenes. which increase only
slightly in relative intensity after contamination, are indicated
in the mass scale by open circles (lubricating oils are typically
~80"10 parafrmic). Spectrum C is from a neat No.4 Fuel Oil
derived from a different manufacturer than A, and the dis­
tribution obtained from a light Kuwait crude is also included
for comparison. Note the higher concentrations of nsphtheno­
or olefinic benzenes in oil C relative to A (indicated on C by
darkened circles) and the fact that the unrermed crude is very
ricb in low molecular weight aromatics, as would be expected
for a virgin sample.

Although the patterns shown in Figures 1-4 are discrim­
inatory in the sense that one could, for example. presumably
distinguish between fuel samples from different sources, there
are two factors which must be considered before any attempt
can be made to interpret rigorously the mass distributions in
terms of actual molecular weight profiles. We have already
shown that the anions produced by the reaction of OH- with
the aromatic components do not react further with N,O or
hexane under our low pressure conditions to give ions of higher
mle. Accepting that the negative ion spectrum is "clean",
an equally important consideration for determinations of
molecular weight profiles is the fact that little, if anything,
is known concerning the relative reactivity of OH' toward the
various structural isomers which are certainly present in these
complex fuel samples. Prepared mixtures of known com­
position were used to investigate qualitatively this aspect of
the screening technique. Table I gives the relative (M - 1)'
signal levels observed for equimolar concentrations of several
low molecular weight aromatics normalized to mle 119 from
mesitylene (l,3,4·trimethylbenzene, M = 120) = 1.0. These
measurements were taken from mixtures of two or more of
the components at various relative concentrations to develop
an overall pattern. In agreement with Smit and Field (2), no
product ions were obtained from benzene, naphthalene, or
tert-butylbenzene, confirming the inertness of aromatics
lacking acidic hydrogens toward OH-. Although the values
quoted have a precision of - 20"10, it would appear that the
reactivity reflects somewhat both the number of acidic hy,

Fig... 4. OW spectrum 01 a Ught Kuwah C<u:le. as uncontaminated
(A) and·contamlnated (B) sample of a NO.4 Fuel Oil. and an uncon­
taminated NO.4 Fuel Oil from a different manufacturer (C). See text
for meaning 01 the open and darkened circles

250

6 7

150" 200
j j I

• _It \ I I' II I"+tJ,,

SUb~lltutrzd

Naphthalrzn<i!~

1°/0 f\b.4 Fuel 0.1
In Hexane

m;e

figure 2. 0Ii spectrum 0' a No. 4 Fuel Oil In hexane

m;e

figure 3. Resolved substituted benzene and naphlhelene profiles 'or
1he No. 4 Fuel 01 spectrum given In Agu-e 2. see text 'or des~tlon
of resldual spectrum

Calculated isotope peaks (multiple "c excluded) are also
included, as well as tbose associated witb molecules having
unsaturated side cbains. Wben these family patterns are
subtracted from the composite spectrum given in Figure 2 only
the 10w·1evelsignals given as Figure 3C, remain, moot of whicb
are due to tbe background pattern observed in pure N,o­
bexane mixtures (compare with Figure lA, especially below
mle 140). Some of tbe residual peaks may also arise from
other uace aromatic derivatives. For example, thoee indicated
by arrows in Figure 3C occur at mle values appropriate for
napbthalenes with ui-olermic or napbthenic (fused ring) side
chains, or alkylated antbracenes and pbenantbrenes.
However, these assignments are purely speculative. In any
event, the substituted benzene and naphtbalene series given
in Figures 3A and 3B account for 91"10 of the integrated mass
spectrum of this fuel oil between mle 130 and mle 250. As
before, nonaromatic components appear to be virtually absent
in the OH' spectrum, and the mass spectrum was again in,
sensitive to the dilution factor in hexane over the range of
concentrations studied (0.1 to 5.0% by volume).

The OH- spectra of four other oils (2"10 by volume in
bexane) are reproduced in Figure 4. The distributions
correspond to the 35 moot intense peaks occurring within the
mass range 80 to 240 amu. For purposes of comparison, the
!Xlmpoaite spectra have been normalized to give equal signals



Table L Relative (M - 1)- Peak Heighta Obtained from
the Reaction of OR- with Equlmolar Mixtures of
Aromatic Compounda".b

molecule peak peak
ht. molecule ht.

toluene 0.4 ethylbenzene 0.5
m-xylene 0:8 isopropylbenzene 0.2
mesitylene 1.0 lI·propylbenzene 0.8
2·methyltbiophene 0.4 sec·butylbenzene 0.5
2,6·dimethylthiophene 0.6 n-butylbenzene 0.9
thionaphthene 0.2 3.4·dimethylcumene 0.9

• All values. 20%. b Normalized to mle 119 from mesi­
tylene =1.0.

d;ogens ~or any homologoua series and the leogth of the alkyl
sIde chain, at least for the fIrllt few family members. For
~xample, compare the series toluene!m.xylene!mesitylene,
Isopropyl- and sec-butylbenzene with n-propyl- and n-bu­
tylbenzene, the series ethyl, n-propyl-. n-butylbenzene, etc.
It muat be emphasized that the MS 1073 is not designed for
competitive kinetic studies. so that these preliminary data can
be considered only qualitative at best. However, they do
indicate that the relative sensitivities for low-boiling aromatics
essentially do not differ by more than a factor of two or three.
and there is some evidence that the response may flatten out
as the molecular weigbt increases, probably reflecting a
collision efficiency for proton abstraction approaching unity.
A comprehensive study of the rates and mechanisms of OH­
reactions with heavy aromatic derivatives is being undertaken
at NBS uaing ion cyclotron resonance mass spectrometry, and
hopefully these future results will provide definitive infor­
mation concerning possible quantitation of fuel samples by
the OH- CI technique.
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CONCLUSION
The use of N2o-hexane mixtures to generate OH- reagent

ions provides a very useful and rapid method for screening
and characterizing the aromatic compounds in fuel samples.
When measurements are taken at low partial preesures of NO<>,
the resulting spectra are undistorted by secondary reactiona,
and the patterns eppear to afford the same type of information
provided by low voltage electron impact with the exception
that benzene and naphthalene are not detected. An advantage
of the technique is the fact that the fuel samples can pre­
sumably be dissolved directly in any aliphatic solvent, without
any lOBS of low-boiling components, and Immediately analyzed
withoutany pre-separation of the saturate fraction. Extension
of the method to compound classification will require a more
thorough examination of the relative rates of reaction of OH­
with substituted aromatics and heterocyclics.
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Interlaboratory Study of the Determination of Polychlorinated
Biphenyls in a Paper Mill Effluent

Joseph J. Delfino·

LsborstO/)' of Hyglell8. 465 Henry Mall. University of WIsconsin-Madison. Madison. W1sconsk> 53706

Dwight B. Easty

The Institute of Paper Chemistry. P.O. Box 1039. Appleton. Wisconsin 54912

Six laboratorlea collaboratlvely studled a method lor deler­
mlning poIychlorlnaled bIphenylI (PCIlI) In paper mil 8lIkIent.
In preliminary studle.. the recovery and reiaUve standard
deviation (RSD) lor Ihe PCB Aroclot 1242 added 10 and
extracted Irom dlIIUIed waler were 95.8% and 14.7%. re­
spectively. Beea... lhe RSD 01 data from direct inJeclion 01
Aroclor 1242 lOIutJona Into the gal chromalograph wal 01
IImUar magnllude, 15.8%, gal cIvomalographlc analy.
appeared to provlde the prlnclpal_ce 01 varlaUon In the
overal cletennlnallon. ParlJclpaUng Iabotalorlel achieved 811

average 83.7% recovery 01 Aroclor 1242 added 10 a paper
mil ernuent; their data had a RSD 01 18.0%. Tbe reeulll
incIcale thai the melhocI II l8t11factory lor 1M wIlh paper mil
ernuenll having PCB concenltalloM above 2 Il9!L and It
compar.. favorably with llndlngllrom atudI8I in other en­
vlronmental malric... Grealer variation might be expected
from elftll8nta containing IIgnlllcant Interferenc...

Polychlorinated biphenyls (PCBs) were fonnerly uaad in
carbonless copy papers, but this practice was terminated in
1971 (1. 2). Small amounts of PCBs, particularly the Aroclor
1242 mixture, are still entering paper mills which recyc1e U88d
paper fibers as part of their manufacturing proceas. It baa
not been logistically nor economically feasible to completely
separate carbonless copy paper from the other waste papers
that are being recycled (1). Thua, until all of the PCB­
containing papers still in cireulation ceaae to appear in recycled
fiber, small quantities of PCBs will continue to be discharged
in the milia' aqueoua effiuents. The amounll of PCBa dis­
charged can be lowered by reducing the suspanded BOlide in
the effluent from the mill (3).

A procedure for determining PCBa in induatrial efIluenta
has been issued by the Environmental Protection Apncy
(EPA) (4). In our collaborative investigatiOn, we modiliad'tba
EPA method to apply 8pecifically to paper mill efIluenta and
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aimed to document the precision of the modified method when
UBed in several laboratories. However, the modified method
described here has not been submitted to the EPA for
approval-an action that would be necessary if the data were
to be included in an EPA-required monitoring program.
Participants in the study included industry, universities,
independent laboratories, and government agencies.

The promulgated EPA method for determinbg PCBs in
industrial effluents involves liquid-liquid extraction, Florisil
cleanup (Florisil is a registered Trade Mark of the Floridin
Company, Pittsburgh, Pa. 15235), and electron capture gas
chromatography. Previous work has revealed deficiencies
when this procedure is used. on in-mill process streams
containing large amounts of cellulose fibers (2). Complete
removal of the PCBs from cellulose fiber suspensions required
alcoholic KOH rellux of the isolated fibers subsequent to
liquid-liquid extraction. Samples of paper mill effluent for
PCB monitoring are typically taken following waste treatment.
Because a large percentage of the suspended fibers is removed
in the treatment system, these samples should not require
PCB isolation procedures beyond those specified in the EPA
method (4). Therefore, the proeedure used in this investi­
gation retained many features of the EPA method (4) and was
judged suitable by the collaborators for the purposes of this
study. As described below, some modifications were incor­
parated to make the method easier to use on effluenUl in which
organochlorine pesticides were not expected or generally
observed in previous analyses.

EXPERIMENTAL

The interlaboratory study was performed in two parts. Phase
I was designed to determine the comparability of PCB metho·
dologies in use in each laboratory and to assess the ahility of the
participating analysts to perform the basic operations employed
in PCB determinations. Phase 2 consisted of application of the
modified method to determination of Aroelor 1242 in a paper mill
effluent.

Phase 1. Each participating analyst was provided with
septa·seaIed vials containing acetone solutions of Aroelor mixtures.
Each laboratory was asked to analyze the PCB mixture by (a)
direct injection into 8 gas chromatograph (Ge) employing an
electron capture detector, and (b) addition of I mL of the unknown
to 1000 mL of distilled water followed by solvent extraction,
concentration, and then injection into the CC. Procedures for
these operations were left to the discretion of the analysts.

Phase 2. Validation of Sample Preparation Procedure. Prior
to collection of paper mill effluent samples to be used for the PCB
determinations, 8 separate study was performed to evaluate the
study coordinator's ability to provide equivalent effluent samples
to each participant. Because PCBs tend to sorb onto suspended
solids, samples for collaborative study must contain equivalent
suspended solids contenls. A large volume of paper mill effluent
was placed in 8 metal container and was mechanically stirred.
Aliquots (250 mL) were removed and sequentially added to each
of ten separate 2.5-L glass containers. (Bottles were rinsed with
hexane several limes to remove possible contaminants before being
used for psper mill effluent samples. The hexane was drained
and the bottles air dried prior to use. Aluroinuro foil was used
to line the bOttle caps.) The process was repeated ten times until
each 2.5-L container was filled. Suspended solids were determined
on the contents of each container.

Instructions to Anal)'sts. Each analyst received two 2.5-L paper
mill effluent samples and three sealed glass ampules containing
Aroclor 1242. Two of the three ampules contained Aroelor 1242
in isooctane; one ampule was designated a "known" and contained
13.6 pgf10 mL; the second ampule was an "unknown" and
contained 35.2 "!l/IO mL ParticipanUl were asked to analyze each
aolution by airect injection into the GC. The third ampule
contained an unknown concentration of Aroelor 1242 in methanol
and was to be added directly to ooe of the two paper mill effluent
sample bottles. The ampule was designed to deliver 6.8 pg of
Aroelor 1242 directly into the paper mill effluent sample bottle.

The study plan called for each participant to divide the contents

of one of the paper mill effluent samples into two equal portions.
Then, each portion was to be extracted and the Aroclor 1242
concentration of each portion determined by GC. Each analyst
was also instructed to add the ampule containing the 6.8 Jlg of
Aroe/or 1242 to the second 2.5-L sample container, break the
ampule inside the container, mix well, and let this "spiked" sample
stand for 24 h before beginning extraction and analysis by GC.
As before, this "spiked" effluent sample was also to be analyzed
in duplicate by dividing the 2.5-L sample into two equal portions
with each one being analyzed separately.

Determination of PCBs in Paper Mill E/fluent. 1n the
promulgated method for PCBs in industrial effluents (4), PCBs
and organochlorine pesticides are coextracted from the sample
by liquid-liquid extraction. A silica gel microcolumn procedure
and standard Florisil column eleanup are prescribed for separating
PCBs from pesticides and for dividing the pesticides into sub­
groups. Because pesticides are unlikely constituents of paper mill
effluents and were not of concern here, the EPA method (4) was
modified for use in this study by removing from the procedure
those steps necessary for extraction, separation, and determination
of pesticides. The features of the EPA method (4) which were
modified for application to paper mill effluent in this investigation
arc:

(I) Hexane";d petroleum ether (30-60 ·C) were independently
shown by the collaborators to be suitable alternates to 15'70
methylene chloride in hexane for separatory funnel ext:'action
of effluent. Hexane extraction has been shown to recover PCBs
almost quantitatively from effluents with low fiber contents (2).
Soh'ents of higher polarity, such as methylen~chloride in hexane,
extract excessive amounts of non·PCB materials without im­
proving PCB recovery.

(2) To assure consistent performance of the electron capture
detector and to minimize down time for detector cleaning, all
extracts were subjected to Florisil column cleanup prior to gas
chromatographic analysis.

(3) In addition to the specificatiuns for Florisil columns (4),
other column sizes and amounts of Florisil and eluting solvent
were acceptable for PCB determination provided that (a) all PCBs
were completely eluted, and (b) chromatogram quality signified
that samples had been adequately cleaned up. Elution of PCBs
from the Florisil column with hexane or petroleum ether as well
as with 6% ethyl ether in petroleum ether was permitted. Use
of petroleum ether alone for elution is standard practice in
determining PCBs in paper and paperboard (5).

(4) The silica gel microeoluron procedure for separat~,g PCBs
from pesticides was deleted from the method.

(5) Gas chromatographic column liquid phases specified in the
EPA method (4) include SE-30 or OV·I, and OV-17/QF-1. Other
silicone liquid phases used successfully for determining PCBs in
Phase I of this study included OV·17, OV·210, DC-200, OV-IOI,
OV-225, and equivalent SP phases. An earlier collaborative study
has indicated that several column materials are useful for PCB
determinations (6). Therefore, the phases listed above were
considered acceptable for this study. Also accepted were stainless
steel as well as glass columns.

(6) Unknown Aroelors were identified by matching retention
times and relative peak heights with peaks in reference Aroclors.
To ensure valid quantitation, amounts were injected such that
the size of the peaks from the sample and the standard were within
±25%. When quantitation was based upon peak heights, at least
four peaks were used.

RESULTS AND DISCUSSION

Phase I. The results of the GC analyses of Aroclor 1242
in acetone are presented in Table J. The average PCB
concentration (as Aroelor 1242) based on direct injection into
the GC was 1.47 ng/pL, representing an average recovery of
98% of the 1.5 ng/pL present in the acetone solution.
Therefore, on the average, the resuils indicated that the eight
participants in Phase 1 had good GC technique and could
quantify PCBs.

While the results of the direct injection experiment were
good, some variation among the analysts was evident as shown
by the standard deviation (0.23 ng/pL), relative standard
deviation (RSD) (15.6%) and range (1.05-1.76 ng/pL). While



Table I. Determination of PCBs as Aroclor 1242 in
Acetone Solution by Direct Injection and Extraction
from Diltilled Water (Phase 1)

a Conccntration of Aroclor 1242 = 1.50 ng/~L.

b Represents average finding by direction injection = 98%.
C Treated as outlier as analyst was unable to quantitate
recovery except as reported. d Data from analyst no. 4
excluded in statistical calculations.

this indicated more variation than might be desired in an
interlaboratory study, it is shown later that a RSD of 15.6%
is typical for PCB determinations involving environmental
matrices.

The eltradion of Aroclor 1242 added to distilled water
resulted in an average recovery of 95.6%. This was satis·
factory, although the variation was again relatively high as
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indicated by the RSD (14.7%) and the range (70-114%).
Because this sample was free from interferences, the precision
representa that which is attainable under unusually favorable
analytical conditions.

The RSDs obtained in the direct injection experiment and
in determination of Aroclor 1242 added to distilled water were
of similar magnitude, This suggesta that GC analysis provided
the major sources of between-laboratory variation in the
overall analytical scheme. Likely contributors to this variation
included: (a) use of different Aroclor 1242 standards with
slightly different PCB isomeride composition, and (b) use of
different quantitation methods, including measurement of
peak heighta, peak areas, or weight percentages of individual
peaks (7-9), The contribution of different GC columns and
conditions is difficult to asse88, although it was p088ibly
advantageous for the analysta to use their own columns which
produced familiar Aroclor chromatograms.

Phase 2. This phase of the study again involved deter­
mination of Aroclor 1242 by direct injection of solvent s0­

lutions into the GC and, of greater importance, also included
determination of Aroclor 1242 in a paper mill eflluent. The
eflluent was studied as collected and after addition of a known
amount of an Aroclor 1242 standard.

The ability of the proposed sample collection procedure to
supply equivalent mill eflluent samples for collaborators was
tested by determining if the procedure could provide samples
of equivalent suspended solids content. Resulta are given in
Table II. One analyst removed a1iquota from each of ten
different 2.5-L sample bottles, filled as described earlier, and
performed the standard suspended solids measurement (10).
The data indicate that representative suspended solids
distribution could be achieved by the sampling technique,
since the RSD elperienced was 3.3%. The published RSD
for suspended solids determinationa ranges from 0.76 to 33%
depending on the actual suspended solids concentration
present in the sample (10).

Known and unknown Aroclor 1242 concentrations were
determined by direct GC injection from glass ampules. The
resulta are shown in Table 1II. The known solution allowed
participating anaIysta to check their in-house standards with
one prepared by the coordinating laboratory and also provided
a reference standard to be used for the spiking, extraction,
and recovery experiment involving the paper mill eflluent
sample.

The determination of the known and unknown PCB
concentrations by direct injection into the GC yielded es­
sentially the same average calculated recovery data, i.e., 98%
and 97%, respectively (Table III). However, the variation
among seven reporting anaIysta was somewhat greater for the
unknown standard solution (RSD = 12.6%) than for the
known standard solution (RSD = 7.5%), There is no im-

PCB
extraction

from distilled
water, %

90.0
99.3
89.6

>100'
114
106

70.1
100

95.6%d
70.1-114%
14.1%
14.7%

PCB by direct
ir.jection, ngh.lLo

1.52
1.41
1.46
1.70
1.59
1.26
1.76
1.05

1.47 ng/~Lb

1.05-1.76 ng/~L

0.23 ng/~L

15.6%

1
2
3
4
5
6
7
8
9

10

average
range
std. deviation
reI. std. dey.

analyst

1
2
3
4
5
6
7
8

Table n. Test for Determining Suspended Solid.
Concentrations in Representative Samples

suspended solids,
mg/L

73.2
80.8
74.8
74.M
75.6
73.6
77.6
77.6
74.4
72.4

75.5 mg/L
72.4-80.8 mg/L

2.53 mg/L
3.3%

average
range
standard deviation
reI. std. deviation

Table III. Determination of PCBs as Aroclor 1242 in Isooetane Solution by Direct Injection (Phase 2)

PCB concentration 8S Aroclor 1242

known (13.6 ~g/10 mL) unknown (35.2 ~g/10 mL)

conen reported, calOO recovery I concn reported. calcd recovery.

analyst ~g/10 mL % ~g110 mL %

1 14.2 104 37.0 105

2 13.6 100 34.0 97

3 12.5 92 36.0 102

5 12.5 92 27.3 78

6 12.8 94 31.0 88

7 15.0 110 40.7 116

8 12.5 92 33.4 95

average 13.3 ~g/10 mL 98% 34.2 ~g/10 mL 97%

range 12.5-15 ~g/10 mL 92-110% 27 .3-40.7 ~g/10 mL 78-116%

std. dev. 1.0 ~g/10 mL 7.2% 4.3 ~g/10 mL 12.2%

reI. std. dey. 7.5% 12.6%
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Table IV. Determination of PCBa .. Aroclor 1242 in a
Paper MIll Effiuent (Phase 2)

average PCB
conen reported

replicate, "giL by each analyst,
analyst no. 1 no. 2 "giL

1 2.70 2.09 2.40
2 3.48 3.118 3.36
3 2.45 2.89 2.67
6 2.26 2.32 2.36"
7 2.33 2.73 2.53"
l! 2.98 2.84 2.95"

average (n = 12) 2:74 "giL 2.71 "g/Lb
range 2.09-3.118 "giL 2.36-3.36 "giL
std. dev. 0.52 "giL 0.39 "giL
reI. std. dev. 19.0% 14.4%

" Includes amall additional amount of PCB obtained by
rilllil1lample bottle with solvent after removal of sample.
b Statistics developed by considering only the average
PCB concentration reported by each analyst.

mediate explanation for this except that the unknown solution
was ca. 2.5 times more ooncentrated than the known solution.
Thia resulted in an additional dilution step to keep the
unknown Aroclor on scale. This could have introduced ad­
ditional error and the slightly higher RSD.

The PCB concentration in the paper mill effluent was
determined in duplicate by six analysts according to the
modified analytical procedure. The results are given in Table
IV. The paper mill effluent was also analyzed in duplicate
following addition of a methanol-based Aroclor 1242 standard.
These data appear in Table V. Relative standard deviations
of the PCB determinations performed on the effluent as
collected and following addition of Aroclor 1242 were 19.0%
and 16.0%, respectively.

The variations in the results for the determination of
Aroclor 1242 in the paper mill effluent among the six analysts
who completed Phase 2 were not very different from the
variations noted for the direct GC injection of Aroclor 1242
solutions (Tables I and III). This suggests, as did the Phase
I findings, that only small additional errors were introduced
by the sample extraction and Florisil cleanup stepa.

As indicated in Table V, the average recovery of the added
Aroclor 1242 was 93.7%. This average is slightly misleading
since three results clustered near 100% and the remainder
ranged from 84 to 88%.

Following Florisil cleanup of the paper mill effluent used
in this study, all oollaborators obtained characteristic Aroclor
1242 chromatograms. Some other paper mill effluents oontain
interfering materials that cannot be removed on Florisil and

Table VI. Some Examples of Interlaboratory Variation
Baaed on Collaborative Studies Involving PCBs

reI. std. no. of.
sample matrix dev.• % analysts rcf.

paperboard 15-22 11 (6)
milk 18-31" 10 (9)
chicken Cat 6-16" 10 (9)
marine wildlife 21 14 (12)
shark liver ~omogcnatc 27 6 (13)
marine sediments 22 10 (14)
fish 27-37 7-13 (15)
paper mill ernuent 15-19 6 this study

o RSD varied with method used for GC quantitation.

which produce badly distorted chromatograms (I 1). Be·
tween-laboratory variation in PCB determinations conducted
on effluents containing intractable interferences would un­
doubtedly be greater than that experienced in the current
investigation. .

Other observations reported by the collaborators in Phase
2 includ~ '(a) fonnation of emulsions during solvent extraction
of the effluent, and (b) small differences in peak ratios between
the i.n.~ividuallaboratory·sAroclor 1242 standards and the
standard provided by the coordinating laboratory. Emulsions
were broken by centrifugation or addition of Na,SO•. The
'problem of variations in PCB standards could be obviated by
providing Arodor standards from a common source to all
laboratories conducting PCB determinations.

Considering the nature of the paper mill effluent matrix,
the results of this interlabortory study were good. This can
be substantiated by comparison of the RSDs reported in this
study with those reported for PCB collaborative studies
involving other complex environmental matrices (Table VI).
It is clear, however, that analysts desiring to compare their
results for the determination of PCBs in environmental
samples must anticipate variations within the range of 1&-20%
expressed as the RSD.

CONCLUSIONS
Based on this interlaboratory study, the method described

herein for PCBs in paper mill effluents appeared satisfactory.
However, the statistics developed in this work were derived
from determination of Aroclor 1242 mixtures in the con­
centration range of 2-£ /lg/L and on an effluent from which
interferences were readily removed. Different precision and
accuracy findings could occur when the method is applied to
paper mill effluents having different contents of PCBs and
of materials which interfere in the determination. Gas
chromatographic standards and techniques appear to have
been the principal sources of variation in this study. It is

TavIe V. Determination of PCBs u Aroclor 1242 in a Paper Mill Effluent to Which a Standard Solution of
Arodor 1242 Wu Added

replicate, "giL average PCB conen
reported by each analyst, calcd recovery

analyst no. 1 00.2 /lg/L of std. pCB,b %

1 4.30 4.90 4.60 8B
2 6.26 5.95 6.10 100
3 6.56 4.50 5.53 103
6 4.32 4.15 4.32" 84"
7 5.80 4.96 5.42" 101"
8 4.64 5.17 4.96" 116"

average (n = 12) 5.13 "giL 5.16/lg/L" 93.7%<
range 4.15-6.56 "giL 4.32-6.10 "giL 114-103%
std. dev. 0.1I2/lg/L 0.63/lg/L 11.53%
reI. std. dev. 16.0% 12.2% 9.1%

• Includ.. amall additional amount of PCB obtained by rinsing sample bottle with solvent after removal of sample.
b Baaed on average PCB concentration reported by analysts in Table IV. C Statistics developed by considering only the
average PCB concentration reported by each analyst.



important that regulatory officials seeking to establish effluent
standards for PCBs in discharge media such as paper mill
effluent take the findings of this and other related studies into
~~ideration.so t~at the standards may be enforced rationally
In lIght of analytical variability.
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Quaternized Porous Beads for Exclusion Chromatography of
Water-Soluble Polymers

C. P. Talley and L. M. Bowman"

Research aod Development. Caigon Corporation, Post Office Box 1346, Piltsburgh. Pennsylvania 15230

The novel approach of using lon-exchange chromatographic
supports lor size exclusion chromatography 01 neutral and
cationic water-soluble polymers Is presented. A quaternary
anvnonJum group. a strong anion exchanger. has been bonded
to the surface of porous Bllea glaSl In the pore size range from
40 to 25000 A. Chromatograms are shown 01 poly(2-vlnyl­
pyridine) and dextran molecules using acidic sa" solutions as
eluents. Molecular weight callbraUon graphs, theoretical plate
height plots. and conc_atlan ellecls are discussed In detail.

ammonium ion is an excellent choice since it creates a pos­
itively-charged surface to repel the positively"charged
polyelectrolyte. The support was prepared by reacting 3­
aminopropyltriethoxysilane with the glass followed by reaction
of the terminal NH, group with 3-chloro-2-hydroxytri"
methylammonium chloride. The procedure was similar to
those described in the literature for the silanization of glasses
(2. 8. 9) and is illustrated in the equations below:
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Gel permeation chromatography (GPC). originated in 1965
by J. Moore (I). has primarily focused on nonaqueous ap­
plications and many advances have been achieved. However.
progress in the area of aqueous exclusion has not been as rapid
owing to the many experimental difficulties encountered (2).
Aqueous GPC has been confined to neutral and anionic
polymers since commercially available supports work favorably
for a number of these materials (3). Cationic polymers have
not been chromatographed because porous silica glasses and
cross-linked copolymer resins tend to be anionic in nature
leading to solute-support interactions. G. B. Butler (4), in
1976, chromatographed cationic polyelectrolytes on quater­
nized styrenefdivinylbenzene supports with limited success.
Some of the disadvantages observed were: (l) the swelling
of the resin which was a function of ionic strenJ(th; (2) the
support compression as the flow rate increased; (3) the limited
porosity of these supports. The porous silica glass supports
were felt to serve as the ideal substrate if adsorption could
he eliminated. They have a fixed P9re and particle size and
can be used at the high flow rates needed for microparticulate
high resolution chromatography. Attempts to deactivate the
surface by silanization (3) and by the addition of cationic
surfactants to the eluent (5. 6) have been unsuccessful. In
this paper, we are introducing the concept of using ion-ex­
change supporta on glass to reduce solute-glass interactions
(7).

The ion-exchange support chooen to chromatograph cationic
polymeTS must be a strong anion exchanger. The quaternary

0003-2700179/0351.2239$01.0010 © 1979 Amorlcon Chemica! Socloly



Table II. Molecular Weights of Poly(2-vinylpyridine)

sample Mw X 10' M" X 10' Mw/M"
PVP·2 3.1 2.9 1.07
PVP-3 9.2 8.9 1.04
PVP-4 46.0 44.0 1.05
PVP-5 23.0 20.0 1.15
PVP-6 2.2 2.0 1.10
PVP-7 60.0 5.2 1.15

characterized in our laboratory. A Brice Phoenix Model 3200
Light Scattering Photometer was used to determine weight
average molecular weights at 546 nm. The weight average
molecular weights were determined in benzene at 25°C from
a Zimm plot using the angular dep.ndence from 35° to 135°.
The dn/dc value, measured with a Brice Phoenix Model 5000
refractometer at546 nm, was found to be 0.075 mL/g. The
number average molecular weights were determined in
benzene at 25°C with a Hewlett-Packard Model 502 mem­
brane osmometer equipped with a nonaqueous membrane
(18527A) and a nonaqueous capillary (I8551A). AIl molecular
weight data are listed in Table II.

RESULTS AND DISCUSSION

Quaternized supports were prepared from each of the
porous substrates described in the Experimental section. The
coating procedure appeared to work equally well for all of the
supports as based on initial theoretical plate counts using
N,N-dimethylpiperidinium chloride in the aqueous 0.1 N
HNO, + 0.1 N NaNO, eluent. Examples of initial column
plate counts are shown in Table III.

The different values of plate counts listed in Table III can
be attributed to the different particle sizes (10). In all samples
chromatographed on these columns, no peaks were noted after
total penetration with the exception of an anion-exchange peak
resulting from the polymer counterion. In the first 3 months
of usage. all columns showed a decreased plate count followed
by a leveling off value. For example, a column packed with
quaternized CPG-75 and run at a flow rate of 1.08 mL/min
exhibited plate counts/meter of 1680 initially, 790 after 3
months, and 780 after 9 months. The reason(s) for this
decrease is currently under investigation.

The aqueous eluent chosen for use in this system was 0.1
N HNO, + 0,1 N NaN03. The acid was necessary to protonate
the secondary amine functionality resulting from Reaction 3
and/or the residual primary amine group remaining due to
any failure of Reaction 3 to go to completion. The highly
acidic medium also tended to suppress the ionization of free
silicon hydroxyl groups on the support surface which may have
escaped silanization. A salt concentration of the order of 0.1
N or greater was necessary to reduce the polyelectrolyte effects
(12, 14) exhibited by the highly·charged cationic polymers
chromatographed on this system. The salt concentration was
held at. a minimum to prevent salting out of the polymeric
solute (15) during chromatography.

Figures I, 2, and 3 are chromatograms of a poly(2-vinyl­
pyridine), a dextran, and a quaternized poly(4-vinylpyridine),
showing some polymers which can be chromatographed on
these supports. To determine whether these quaternized
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Table I, Quatemize<! Supports

nominal particle
sample pore size, A size, ~m

40 porous silica 40 39-75
CPG-75 75 39-75
CPG-170 170 39-75
CPG-350 350 39-75
CPG-1400 t 400 39-75
BIO-2500 2500 39-75
EM-GEL 5,000 5000 79-125
EM-GEL 10,000 10000 79-125
EM-GEL 25,000 25000 79-125
CPG-1500 . I 500 5-10

Supports were prepared with Electro-Nucleonics Porous
Silica Glass of pore size 40 A, Corning Controlled Pore Glass
(CPG) of pore size 75 Ato 3000 A. Bio-Rad Bio-Glas of pore
size 2500 A, and E. Merck EM-Gel of pore size 5000 to 25000
A. The actual pore sizes of the quaternized supports are
dependent on the percentage of the surface covered and the
charge repulsion between polymer and surface. Furthermore.
these effects should be more pronounced in the smaller pores
than in the larger ones.

EXPERIMENTAL
Apparatus. The gel permeation chromatograph consisted of

a Waters Model 301 Refractive Index Detector. a Laboratory Data
Control Constametric I liquid pump, and a DuPont Model 834
Automatic Liquid Sampler. All columns were made using 91·cm
lengths of 0.952-cm o.d. stainless steel tubing. All connecting
fittings were 0.952 em to 0.158 cm low dead volume Swageloks
with 5-~ni porous frits. The aqueous GPC eluent was 0.1 N in
HNO, and 0.1 N in NaNO,. Elution volumes were measured with
a Waters Liquid Volume Indicator whose count volume was 3.6
mL. A Hewlett-Packard 3354A Lab Data System was used in
data aCQuisition and reduction. All sampleS were made up at 0.2
wt % based on active polymer, and the injection volume was varied
from 0.25 to 2.0 mL.

MaterlaIs. The Na'pO., K,PO., NaNO" HCl, and HNO, were
ACS grade purchased from Fisher Scientific Company; the 3­
aminopropyltriethoxysilane from PCR, Inc.; and the 3-chloro­
2-hydroxytrimethylammonium chloride from Story Chemical
Company. AIl porous silica glasses described were purchased fiom
either Electro-Nucleonics or Sigma Chemical Company and the
EM-Gel supports from Scientific Products Company. All support
data are listed in Table I. Dextran standards were purchased
from Pharmacia and poly(4-vinylpyridine) from Polysciences, Inc.
The poly(2-vinylpyridine) standards were synthesized by Pressure
Chemical Company. Poly(N,N-diallyldimethylammonium
chloride) is a standard product of Calgon Corporation. The
quateinized poly(4-vinyJpyridine) and N,N-dimethylpiperidinium
chloride were prepared at the Calgon Research Laboratories.

Procedure. The bare glass supports were activated at room
temperature for 24 h in 6.0 N HCI, washed with deionized water,
rlltered, and dried (9). To 125 em' of activated support was added
150 cm' of a 10% aqueous solution of 3-aminopropyltrieth­
oxysilane. The solution was evacuated until the cessation of
bubbling and placed in an oven at 75°C for 2 h. After cooling,
the silanized support was washed exhaustively with water on 8

Buchner funnel and dried in an oven for 12 h at 100 °C. The dried
support was added to 400 em' of a 5 wt % solution of 3­
chloro·2-hydroxytrimethyJarnmoIiium chloride and buffered at
pH 7.4 by a standard phosphate buffer. This solution was held
at 85 °C for 12 h and the quatemized support was rlltered, washed
with H20, and dried. The columns were prepared by standard
dry pac.king techniques (8). Characterization o( the glass after
Step Iof the reaction by elemental anB.1ysis showed that 95% of
the surface had been covered. Upon com'pletion of Step 111, a
quaternary ammonium titration indiCated that 80% of the surface
had been quaternized.

POLYMER CHARACTERIZATION
The anionically polymerized, isotactic poly(2·vinylpyridine)

aamples synthesized by Pressure Chemical Company were

Table III. Plate Counts

column

700 A CPG
5000 A EM-GEL
1500 A CPG

particle
size,lim

39-75
75-125

5-10

now
rate,

mL/min

1.12
1.04
l.10

initial
count,
platesl
meter

1900
1150
5180
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Figwe 4. CaliJralion a.wves for poIy(2-~) and dextran n 0.1
N HNO, + 0.1 N NaNO, on a l~column set of quaternlzed suppof1S
varying In porosity from 40 to 25000 A. Flow rate = 2 mLI,,*,
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Figure 1. Chromatogam of a 460000 mol wi poly(2-vlnylpyridina) In
0.1 N~ + 0.1 N NaNa, on an 8-<:oUnn sel of qualemlzed sl.WO'1S
varying In porosity from 75 to 25000 A. Flow rala = 2 mL/min
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Figure 2. Chromalogam of a 250000 mol wi dextran In 0.1 N HNO,
+ 0.1 N NaNO, on an 8-c0lurnn sal of qualamized supports varying
In porosity from 170 10 25000 A. Flow rala = 2 mLlmln
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Fleure 3. Chromalogam of a quaternlzed po!y(4-vlnylpyridlna) In 0.1
N HNO, + 0.1 N NaNO, on a lQ.<:olumn set of qualarnized supports
varying In porosity from 40 10 25000 A. Flow rata = 2 mLlmin

supports were operating by the exclusion mechanism, the
series of narrow molecular weight distribution poly(2­
vinylpyridine) samples and a series of dextran standards from
Pharmacia (16) were chromatographed. Figure 4 is the plot
of log (weight average molecular weight) vs. retention volume
for these polymers. Both series gave a linear relationship with
retention volume which was an indication that separation by
size was occurring. As expected, the two calibration curves
are parallel rather than superpositioned. Poly(2·vinylpyridine)
is charged, leading to a more extended structure (J1, 17-19)
in solution, whereas dextran would conform to a more compact
structure. In other words, a particular molecular weight
poly(2-vinylpyridine) eluted before the same molecular weight
dextran.

Furthermore, a plot of the log (hydrodynamic volume) vs.
retention volume for poly(2-vinylpyridine) and dextran does
not superimpose 88 shown in Figure 5. If the universal

l~~,,---7,ll:;-'-',;;;18:-C::,,:-,-:'~"';-::"~'-'::":-::"~J;-;;',,"::--:J:!:,,:-::,,~,-7.lJ:-' --:',..
RETENTION VOLUME (mil

Figure 5. Log (hydrodynamic volume) vs. ratentlon volume for poly­
(2-vlnylpyrldlne) and dextran In 0.1 N HNO, + 0.1 N NaNO, on a
11l-<:olumn set 01 qualernized supports varying In porosity from 40 to
25 000 A. Flow rala = 2 mLlmin

calibration (20) is to hold for these polymers in this chr0­
matographic system, the two lines should coincide. Since the
lines are parallel, it can be concluded that the universal
calibration does not hold for comparison of neutral to charged
polymers. However, the validity of the concept has not been
established when comparing polyelectrolyte to polyelectrolyte
or neutral polymer to neutral polymer in this system.

The effectiveness of the coating procedure was determined
by measuring theoretical plate height as a function of eluant
velocity for a cationic polymer, poly(N,N-diallyldimethyl­
ammonium chloride), and monomer, N,N-dimathylpiperi­
dinium chloride. Figure 6 is a plot of plate height vs. velocity
for these species. In both cases, the plate height decreased
with velocity obeying a typical plate height vs. velocity plot
for polymer and monomer (21). Furtharmora, the elution
volumes of tbe polymar and monomar did not vary with
velocity.
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Figur. 7. Relative area vs. concentration for poly(N,N-<lIaIIyId~

methylanvnonlum chioflde) In 0.1 N HNO, + 0.1 N NaNO, on a 10­
coUm set of quetemized supports varying In porosity from 40 to 25000
A. Flow rale = 2 mL/mln

mentioned that although a broad range of pore 8izes was used
here, other author8 (22) have 8hown this. not to be the op­
timum case.
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CONCULSIONS
In this paper, we have found that silica-based ion-exchange

supporUl can be used for the 8ize exclusion chromatography
of cationic polyelectrolytes. After initial equilibration, these
supporUl appear to be stable for several months in an acidic
medium. For poly(2-vinylpyridine) and dextran molecules,
the log molecular weight VB. retention volume relation appears
to hold. This novel approach should be applicable to anionic
polymers using a suitable cation-exchange support 8uch as a
sulfonic acid.

RECEIVED for review February 5, 1979. Accepted August 15,
1979.

retention volume,
mL

270
272
271
270
271

0.1
0.2
0.3
0.4
0.5

Conen., wt %

The effect of polymer concentration on chromatographic
behavior was determined by measuring the elution volumes
and relative areas of a poly(N,N-diallyldimethylammonium
chloride) sample over a range of concentrations. Figure 7 is
a plot of relative area as a function of concentration and Table
IV lisUl retention volume as a function of concentration. These
data indicate that retention volume is independent of con­
centration up to 0.5 wt %. In addition, the detector response
is linear with concentration up to -0.3 wt %. Therefore, in
a normal operating range, the chromatographic system is
essentially independent of concentration. The reproducibility
of tbe system was assessed by injecting a sample of poly­
(N,N-diallyldimethylammonium chloride) 5 times at 0.25 wt
%. The total area and retention volume varied ±6% at the
95% confidence level.

The initial data obtained with these quatemized supporta
indicate that a variety of cationic and neutral polymers can
be chromatographed on silica glass deactivated by converting
it to an ion-exchange support. The size exclusion mechanism
appears to work with minimal solute-substrate interaction.
A number of authors (I1-13) have stated that, since polye­
lectrolyte 8ize i8 dependent upon salt concentration, the true
molecular weight and molecular weight distribution must be
carefully evaluated ifdetermined from aqueous 8ize exclusion
chromatography. The ionic quaternary ammonium groUp8
lining the pore 8urface may serve to significantly increase the
ionic 8trength of the environment felt by a 80lute molecule
as it enters a pore, particularly if it can come into intimate
contact with the pore 8urface. The effect becomes more
pronounced as the pore 8ize decrease8. The effect of ionic
atrength on elution, the chromatography of other cationic
polyelectrolytes, and the range of application of the universal
calihration need further investigation. It 8hould also be

FIgure 8. Plate helgrt YO. veIoclty for poIy(N,N-dlalyldimethylanrnonUn
chloride) and N,N-<limethylplperldlnlum chIorlde In 0.1 NHNO, + 0.1
NNaNO, on a 1C-<x>Um set of quatemlzed~ varyi1g In poroslty
from 40 to 25000 A

Table IV. ConCentration VB. Retention Volume
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Electrochemical Studies of the Oxidation Pathways of
Apomorphine

H.-Y. Cheng, E. Strope, and R. N. Adams'

Departtnflnt of Chemistry, University of Kanses, Lawrence, Kanses 66045

The oxldaUve reaction mechanisms 01 apomorphkle In ~eous
buller are reported, based on electr0chemlcai data and product
ana/y81s. In the absence 01 strong nucleophIes, an Ineverallle
chemical reaction 'ollows the Initial 2e-/2H+ oxidation o.
apomorphine and eventually produces a new redox couple.
ThIs new redox couple adsorbs Ineverslbly on the Nujok:arbon
paste electrode surlace and exhibits properties o. electro­
catalysis on the oxldallon o. ascorbic acid. In the presence
o. excess glutathione, a strong nucleophlle, other reactions
predominate.

Apomorphine (1) was synthesized from naturally occurring
morphine over a century ago and was soon recognized for its
powerful emetic effect in animals and humans (I, 2).

I,APM

Recently a number of research developments, mainly the
work on dopamine which led to the introduction of treatment
for Parkinson's disease, have caused a great deal of interest
in this compound (3). The dopamine backbone may be traced
in the structure (heavier lines, structure I), and it is thought
to derive its pharmacological activity from this sub-structure.

Aqueous solutions of apomorphine rapidly undergo
spontaneous oxidative decomposition and turn green. This
process is accelerated by oxygen and high pH, but little is
known of its mechanism. There have been conflicting reports
on the qualitative and quantitative changes of pharmacological
activity by the development of color in old solutions (4,5).
The chemical identity of the oxidation products has been
studied by several workers (6-8). The oxidation of aqueous
solutions of apomorphine with 0, or Hgel, at about neutral
pH all resulted in a similar product. Structure II was pos­
tulated, based on spectroscopic data of UV-vis, IR, NMR, and
mass spectrometry. These workers also found that at higher
pH (I(}-14), various other products were formed.

®r'1
o ":

~ I .0
N

I
CH,

lI,oxo-APM

No work has been reported on the electrochemistry of
apomorphine. This study investigates the redox behavior of
apomorphine in aqueous solutions of near physiological pH

with an underlying intention of better understanding ita
biological interactions in brain. Major efforts are on the
elucidation of the reaction mechanism, the identification of
products, and the probing of interactions between a reactive
intermediate and glutathione. Preliminary results on the
electrochemistry of an irreversibly adsorbed product on the
Nujol-carbon paste electrode are also included.

EXPERIMENTAL
Instrumentation. Cyclic voltammograms of moderate scan

rate were obtained using the Princeton Applied Research (PAR)
model 174 polarographic analyzer and a Houston Omnigraphic
X-Y recorder. Coulometry and bulk electrolysis were performed
utilizing the PAR model 173 polarographic analyzer equipped with
a model 179 digital coulometer. A home-built potentiostat in­
terfaced to the Hewlett-Packard 2100A minicomputer was em­
ployed for fast electrochemical experiments and thin-layer
coulometry.

A Cary 14 spectrophotometer was used to obtain UY-visible
spectra.

Electrodes and Cells. Cyclic voltammetry was run on the
conventional Nujol-graphite (30/70 w/w) paste electrode with
8 surface area of -2 mm2• Unless otherwise specified. the
electrode was freshly packed for each cyclic voltammetric run to
minimize the undesirable electrochemical signals which arise from
surface-adsorbed species. Bulk electrolysis utilized either the
platinum gauze or carbon cloth electrode. The hanging mercury
drop electrode (HMDE) was used in the fast cyclic voltammetric
experiment to estimate the rate of the follow-up reaction. The
reference electrode was a SCE and the auxiliary electrode was
a piece of platinum wire.

Thin-layer coulometric experiments were done in a cell
fashioned from a IQ.mL beaker and two 1 x I x 11.0 inch quartz
plates. A 11/, x '/ .. inch length of Au grid (100 lines/inch),
positioned between the quartz slides, serves as the working
electrode. This cell is basically tbe same design as Heineman's
thin-layer electrode; detailed procedures for cell construction are
available (9). The volume of solution around the Au grid was
calibrated with standard solutions of 4-methylcatechol in pH 6.0
buffer and with solutions of hydroquinone in 0.1 N H,sO,.

Chemicats. Apomorphine was obtained from Mallinckrodt
as the hydrochloride (USP) and was used without further pu­
rification. Glutathione, in reduced form, was purchased from
Sigma. All other chemicals were reagent grade and were used
as received.

Oxidation Product. Several bulk electrolysis experiments
of apomorphine in pH 6.0 or 7.4 MacDvaine buffer were done to
obtain enough electrochemical oxidation product. The potantial
was set at 0.6 Y VB. SCE and the electrolysis was interrupted
several times to allow the h1ue-green product covering the PI gauze
electrode to be washed off with CHCI,. The crude extract was
washed with 0.5 M HCl and mtered to remove tracee of H,o, then
evaporated down on a rotary evaporator. The yields of crude
oxidation product from these electrolyses varied from 24% to 55%,
with pH 6.0 solutions giving higher yielda. The crude electrolysis
product was recrystallized from hot benzene. Thin-layer chr0­
matography was used to check for purity. Elemental analysis waa
performed by Micro-Tech Laboratories.

RESULTS AND DISCUSSION
Reaction Mechanism. Figure 1 is a cyclic voltammogram

of apomorphine in phosphate buffer at pH 7.4. Two anodic

0003-2700179/0351-2243501.00/0 Cl 1979 Amortcan Chefrical SocIety
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Figure 1. CycUc vohammetry of apomorphine In pH 7.4 phosphate
buffer. Scan rate. 3 Vlmln; [APM) ~ 10" M. AppUed potential vs.
see

"

0,

"

0,

"

0,

figure 2. Fast scan cyclic vchammetry of -10" M apomorphine In
pH 6.0 buffer. Scan rates. from top to bottom: 5 VImIn, 100 VImln.
1000 VI""n

waves (0,,0,) appear at +0.15 and +0.82 V vs. SCE, reo
apectively, on the first scan in the positive direction. Upon
scan reversal, only one corresponding reduction peak (Ro) is
visible, while a new redox couple (O..R,) appears at -Q.2 V
on subsequent scans. The ratios of RoIO, and R,jO, depend
greatly on scan rates, as shown in Figure 2, indicating a
rate-limiting chemical reaction following the initial oxidation.
The formation of the follow·up product, Rio which appears
at leas positive potential than its parent compound, can be
eliminated by scanning at 1000 Vlmin in a pH 6 solution. The
rate of this follow-up reaction is alao pH·dependent, as ev­
idenced by the gradual disappearance of R,jO, in more acidic
solutions. In acid solution (see, for example, Figure 3a, run
in 1.2 M HC!), there is no sign of follow-up reactions.

The voltammetric peak 0, (see Figure 1) starts to merge
into background as the scan rate increases to greater than 6
Vlmin or at pH below 6, making electrochemical investigation
difficulL However, within the limited window of available
experimental manipulation, one can correlate the magnitude

~=~
~.~ (oj

0,

volts

Figur. 3. Fate of oxJdlzed apomorphine at pH 4.5. Cyclic voham­
mogams were taken: (a) Before elec1roIysIs, 4.37 mg ap<lITlll<JlhneHCl
In 10 rrL 1.2 M 00. (b) After 2 e- electrolysis. oxidized apomorphine
In 1.2 M HCI. (c) Immediately after adequate amount of buffer was
added to allow the pH to reach 4.5. 1:1 ratio of apomorphlne:oxo­
apomorphine

of 0, with the production of the peaks O,/R" particularly in
the presence of external nucleophiles. This will be discussed
in detail later.

The redox potential of apomorphine shifts toward more
positive direction as the solution becomes more acidic. Both
anodic and cathodic peak potentials show Ep VB. pH variations
with linear slopes of -75 mV/pH and -61 mV/pH, respec­
tively, in the pH range 2-6. In spite of the serious distortion
of the voltammetric peak due to absorption occurring at the
carbon paste electrode, one can safely assume a 2-electron­
2-proton process for the initial oxidation of apomorphine. The
peak separation between 0, and O2 is approximately 300 mV
and remains constant at this pH region.

Coulometric experinJents utilizing a precalibrated thin-layer
cell were run on solutions of apomorphine in 0.1 N H2SO"
and 2.07 ± 3% electrons/molecule was obtained for the initial
oxidation process. The resulting solution was yellowish brown.

The electrolysis of apomorphine in 1.2 M HCI was stopped
after 2 electrons per molecule had passed into the solution.
An adequate amount of buffer was then added to the re­
maining yellowish brown solution to allow the pH to reach
about 4.5. The solution very quickly turned bluish green,
resembling the color developed in old solutions of apo·
morphine. Figure 3 shows the cyclic voltammograms taken
before the electrolysis, after the electrolysis, and after the
buffer was added. Notice that the initial potentials and scan
directions are different in Figure 3a, b. and C. It is concluded
that at higher pH 1 mol of the oxidized apomorphine (Figure
3b) will rapidly product' / 2 mol of the reduced APM and '/2
mol of the final product. (In Figure 3c, O2 corresponds to the
oxidation of the reduced APM and R, corresponds to the
reduction of the fmal producL) The drawn·out voltammetric
peaks and slightly larger than 1:1 ratio of 0 ,:02 are the
consequence of strong adaorption of the final product on the
electrode.

Identification of this electrochemical oxidation product in
neutral pH solution was carried out as follows: apomorphine
(11-16 mM) was electrolyzed in pH 6 or 7.4 buffer using a Pt
gauze electrode. The blue-green oxidation product, adsorbed
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Figure 4. InterBcUDn of oxidized apomorphine wtth glutsthlone.
Apomorphine - 1 X 10'3 M In pH 7.4 phosphate buller, scan rate 3
V/min. Glutathione concantraUDns: (a) 1.0 X 10" M; (b) 5.0 X 10-'
M

(ill)

~ (2)

~
(IV) ;=

.. (II)
-+ 21-1° +-2_ (3)

(III) • (IV)
~ (I) + (II) (4)

on the electrode surface, was washed off with CHCl and
recrystallized from hot benzene. This product exhibited the
same voltammetric behavior and adsorption pattern as the
redox couple.OIlJ.'l,' T?e UV-visible spectrum in isoamyl
acetate was IdentIcal WIth that of the chemical oxidation
product (II), oxo-APM (6). Elemental analysis of this dark
purple electrochemical oxidation product yieldoo the following
data: Calculated: C, 77.53; H, 4.98; N, 5.32; 0, 12.16. Found:
C, 77.66; H, 4.77; N, 5.23; 0, 12.33. Calculation based on
molecular formula (C17H13N02).

A plausible mechanism can thus be concluded based on the
positive identification on oxo-APM as the final product. An

-65) ~
(I) i

initial 2e'/2H+ oxidation of apomorphine (I) W o-quinone (III)
(reaction 1) is followed by a rate-limiting chemical reaction
2. The product IV, which is easier woxidize than I, can either
oxidize directly at the electrode (reaction 3) or react with III
to form the final product II, oxo-apomorphine. The redox
potential of oxo-APM is about 300 mV more negative than
that of APM, therefore one would expect reaction 4 to favor
the direction of products. Owing wcomplications arising from
the electrode adsorption process, electrochemical kinetic data
are not sufficient to determine the nature of reaction 2.
However, a rough estimation of the half·life of III was done
by fast scan cyclic voltammetry utilizing a hanging mercury
drop electrode. Assuming an irreversible first-order reaction,
a rate constant of 1.6 s,' for reaction 2 was obtained in pH
7.4 phosphate buffer of 0.5 mM apomorphine solution. The
measurements were made at two different scan rates (30 and
10 V/min).

Interaction with Glutathione. Voltammetric peaks 0,
and 0IlR, can be eliminated by adding excess nucleophiles
s\lch as glutathione (GSH) to the solutions. As shown in
Fij;ure 4, in the presence of 1 mM GSH there is no appreciable
change from that of Figure 1, while 5 mM GSH wiped out all
peaks except 02' No reducible species can be detected in the
time scale of medium scan rate cyclic voltsmmetry (60 Vlmin).
The unusually sharp peaks and the shifting of the peak
positions are believed to result from adsorption of products
and extensive filming on the electrode surface. Evidently,
GSH reacts with the initial oxidation product III irreversibly,
and this reaction competes with reaction 2 W form products
which are not reducible or oxidizable at this potential range.
The identities of these products are yet w be determined.

Glutathione was used previously as a model nucleophile w
illustrate potentially neurotoxic actionS of the important drug
6·hydroxydopamine. It was shown that when 6·hydroxy­
dopamine was injected into brain tissue, an appreciable
percentage was quickly oxidized to the 6-hydroxydopamine
quinone (6-Q) and the latter underwent rapid nucleophilic
interaction with brain constituents (10, 11). The second·order
rate constant for the reaction between 6-Q and GSH was 22.5
M-I s''.at pH 7.4 and in the presence of 5 mM GSH, the
pseudo first·order rate constant would be O.U s·, (12). Note

that in Figure 4b the reaction of GSH with oxidized APM ia
faster than the rearrangement of reaction 2; thb reaction has
an estimated rate constant of 1.6 S". Under these experi,
mental conditions, interaction between GSH and oxidized
APM is much faster than that between GSH and 6-Q.

Since APM is a widely used pharntacological agent in small
animal studies, we were concerned that it also might act as
a neurotoxin via the above rapid nucleophilic interaction of
its oxidized form with thiol constituents of brain tissue.
Fortunately, however, APM is sufficiently more difficult to
oxidize at pH 7.4 (E"' - +0.2 V vs. SCE) in comparison to
6-hydroxydopamine (+0.08 V vs. SCE) that little or no ox­
idized APM is formed in the brain redox environment and
hence neurotoxic actions similar to those of 6-hydroxydop­
amine are quite unlikely.

Adsorption on Electrode Surfaces. The new redox
couple (RIIO,), structures II and IV, formed during the cyclic
voltsmmetry potential sweep ofapomorphine solution, adsorbs
irreversibly and tenaciously on the Nujol/carbon paste
electrode. The fllmed electrode has interesting characteristics
as a "chemically modified" surface as depicted in Figure 5.
A cyclic voltammogram of apomorphine is shown in Figure
5a. If the positive scan does not go over +0.8 V, the adsorption
peaks at ~.2 V grow as the follow-up reaction proceeds, while
the oxidation peak of apomorphine remains epproximately
the same for subsequent scans. The electrode can now be
taken out of the solution, washed with distilled water, and put
into fresh buffer containing no apomorphine; the new redox
couple is still evident, while the initial redox couple (R,/0zl
is absent (Figure 5b). This surface-modified electrode can now
be inserted in solutions of other redox components to see if
their redox reactions are affected by the surface modification.
Figure 5d demonstretes a case of electrocatalysia of ascorbic
acid by this "chemically modified" electrode. The peak
potential of ascorhate oxidation shifted about 350 mV more
negative than that at a bare carbon paste electrode (Figure
5c), while the redox couple corresponding to the adsorbed
species was virtually unchanged. The surface-modified
electrode can partially differentiate dopamine from ascorbate
in linear sweep voltammetry in vitro. Interestingly enough,
the oxo-apomorphine-adsorbed electrode did not alter volt.-
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Flgure 5, Oxo-apornorphlne-modifled carbon paste electrode. Buffer.
pH 6.6 phosphate; scan rate. 3 V/rrin. (a) Fresh carbon paste electrode
alter lsI and 5th scans. Immersad in 1 X 10" M apomorphine; (b)
"chemicaIy mocIfled" electrode inrner.led i1 buff... only; (c) fresh carbon
paste electrode Immersed i11 X 10'" M ascorbic ackl; (d) "chernlcaly
modified" electrode, as In (b). Immersad In 1 X 10'" M ascorbic acid

volts volts

~~
ammetric characteristics of species such as dopamine and
NADH at pH 7.

Anson and co-workers have recently reported the elec­
trochemiBtry of the surface-adsorbed 9,1o-phenanthroquinone
electrode (13, 14); their surface-modified electrode is intended
for electrocatalysis of solution species. The oxidation peak
potential of9,lo-dihydro'YPhenanthrene at pH 6.9 phosphate
buffer is -0.20 V, very close to that of (01), Closer examination
of the structure of oxo-APM (structure II) revealed that the
3,4-phenanthroquinone substructure of II could be responsible
for the adsorption process. Desorption occurred at +0.83 V
vs. SCE in pH 7,4 solution and yielded a well-defined peak.
This voltammetric peak was assigned as 03 in Figure 1. The
nature of the desorption process is not clear; however, 0 3 can
probably be correlated with further oxidation of oxo-APM.

Kuwana et al. have demonstrated that quinones chemically
attached to graphite surfaces can catalyze oxidation of asoorbic
acid and NADH in solutions (I5, 16), and have suggested a
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surface E-C catalytic mechanism. The thermodynamic re­
quirement for such a mechanism is that the reversible redox
potential of either asoorbic acid or NADH be less positive than
that of the surface attached species. Current findings of the
"oxo-apomorphine-adsorbed" electrode catalyses do not fit
this picture, since oxo-APM oxidizes at less positive potential
than ascorbic acid.

Continuing investigation of the electrochemistry of sur­
face-adsorbed oxo-apomorphine can be very beneficial for
studies involving chemically modified electrodes. First, the
amount to be adsorbed on the electrode surface can be well
controlled by manipulating the rate of the follow-up reaction
and electrolysis time. Second, the comparisons of electro­
chemical behavior of different surface-adsorbed species with
various arrangements of quinoidal functions may reveal
structure-ronformation dependence of electrocatalysis. Third,
this chemically modified electrode can partially differentiate
dopamine and ascorbate electrochemically. Lane and
Hubbard have reported an iodine-treated Pt electrode for in
vivo detection of ascorbic acid and dopamine in rat brain (17,
18). Their electrode suffered from instability which did not
allow quantitative information to be obtained. The oxo­
apomorphine-adsorbed carbon paste electrode is quite stable
in solutions and may have important applications for in vivo
electrochemistry.
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Determination of Urinary Ammonia by Osmometry
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Osmometry replaces Ihe cumbersome IltralJon lechnlque In
this new, acc..ale. and llImpie melhod lor measuring urinary
ammonia. Anvnonla llberaled Irom urine by addition 01
saluraled K.CO. Is trapped as (NH.>.SO. In 0.3 N HoS0.
through an _atIon train. One~. 01 0.4 N NaOH Is added
10 1 mL 01 Ihe trapping solution and \he osmolality 01 the
rnIxIure Is meaawecl. SuIIIclent NaOH Is~ In the l11IxIwe
10 I/Irale completely H,so. and (NH.),so. 10 Na,so. and NH..
Since NH. remains In solution unleaa It Is agltaled vigorOUlly.
lhe osmolality 01 this aoIuIlon Is grealer, by lhe quantity 01
ammonia Irapped. Ihan Ihe oamotauty 01 a blank conslatlng
01 a mixture 01 the HoS0. and NaOH.

The technique of osmometry lends itself to the measure­
ment of the concentration of any chemical substance which
can be caused to alter the osmolality of a given solution. We
have previously described a simple and accurate method for
the measurement of total CO, concentration in biological
fluids. In that system CO, is trapped in a solution of NaOH,
the osmolality of which is lowered in proportiof> to the
quantity of CO, trapped (1). Among the methods cO{llmonly
used for measurement of urinary NH, (2-6) are titration
technics, wbich require alkalinization of the sample, trapping
of NH, in acid either by aeration (2) or by microdiffusion (3).
and finally back-titration of the trapping solution. The
principle of the technique described here is that NH, trapped
by an acid solution as NH,+ and converted back to NH, by
addition of strong alkali, remains in solution and is readily
measured as an osmotically active substance.

EXPERIMENTAL
An aeration train driven by vacuum draws air in series through

a solution of 1.0 N H,sO,. the urine sample. and the trapping
solution of 0.3 N H,sO,. Multiple sets of sample tubes and tubes
containing trapping solution can be placed in series between the
vacuum line and the first trapping solution (Figure 1). The 1.0
N H,sO, traps NH, contained in atmospberic air before the air
passes through the urine sample. A drop of antifoam is added
to the urine sample before the sample tube is closed with its rubber
stopper. Saturated K,CO, is then added to the urine sample
through a needle piercing the stopper. and the vacuum line is
opened. The NH, formed in the alkalinized urine is driven off
by vigorous aeration and is carried into the tube containing 0.3
N H,sO•• H,sO,. where it is trapped as (NH,),sO,. Wh~n
liberation and trapping of ammonia are campletAl. afWr 1(}-15 mm
of vigorous airflow. 1 mL of trapping solution is withdrawn and
mixed with 1 mL of 0.4 N NaOH in an osmometer tube (a). In
a separate osmomatAlr tube (b). 1 mL of the same NaOH solution
is mixed with 1 mL of the blank trapping solution (0.3 N H,sOJ.
The osmolalities of tubes a and b are determined.

The reaction in tube a is:

H,sO. + (NH.),sO, + excess NaOH -
Na,sO, + NaOH + NH,

The reaction in tube b is:

H,sO. + excess NaOH - Na,sO. + NaOH

The excess NaOH is sufliciant for complate titration of NH: to

Table I. Recovery of NH, from Urine Samples

sample expected, recovery,
no. mmol/L mmol/L

1 58.3 57.3
2 60.7 57.6
3 85.5 85.9
4 12~5 12~0

5 70.8 70.3
6 70.8 73.1
7 70.0 74.6
8 70.0 73.1
9 70.0 73.6

101.5 mean
1.2 SEM

NH3• and unless the tube is vigorously agitated. the loss of NH,
between mixing of the solution and measurement of osmolality
is negligible. The difference in osmolality between tubes a and
b is equal to the concentration of NH, in tube.. Since osmolality
of the tube b is relatively COJ18tant over a few dsys, one value can
be used for the measurement of NH, in multiple urine samples.
With time, however. exposure of the stock NaOH solution to the
atmosphere leads to trapping of CO, as Na,CO, and lowering of
the osmolality. so that tube b should be prepared and its osmolality
determined every few days.

The concentration of NH, in the original sample of urine is
calculated as:

V,
NH3(mmoIjL) = V; x 2 X t>Osm (mOsm/L)

where VI and V, are the volumes of the urine sample and the
trapping solution, and t>Osm is the difference in osmolality
between tubes a and b. The factor 2 reflects dilution of NH,
concentration upon mixing of H,so, trapping solution with NHa
solution.

The technique was applied to the measurement of standard
solutiOJ18 made from dried (NHJ,sO•• and also to measurement
of recovery of standard solutiOJ18 from different urine samples.
To determine the specificity of the technique, the results by
osmometric measurement of NHa concentration of a known
standard and 5 urine samples were compared to those measured
by titration. In the latter method. H,sO, solution containing
trapped NH,+ was titrated, using a pH meter, with a standard
solution of NaOH to an end point of pH 6.5. NH, concentration
then was calculated from the normality of the H,sO. solution
before the trapping of NH, and the quantity of NaOH required
to titrate H,sO, after trapping NH,.

Osmolality was measured with an Advanced Osmometer
(Advanced Instrument, Inc.. Newton Highlands, Matie. 02161) and
titration was carried out with a Beclanan Expandomatic SS-2 pH
meter (Beckman Instruments. Inc.• Fullerton, Calif. 92634).

RESULTS
The measured concentration of NH3 in atandard solutions

agreed well with predicted values, with a conelation coeflicient
of 0.99.

The average recovery of NH3 from 9 urine samples was 101.5
:l: 1.2 (Table I). Results of oemometric determinations and
of titrationa were in close agreement (Table m. This indicates·
that negligible loss of NH, occuned between the mixing of
NaOH solutions with trapping solutions and the maasunlllllint
of oemolality. It also appearll thet NHa was the onJy aubatance.

0003-2700/79/0351.2247$01.00/0 e 1979 American QlerricoI Soc:Ioty
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1.0 N H2S04 Urine lampl. Trapping solution
(0) 10.3 N H2 SO4 I

Ibj

f9n 1. SChem811c ciagam ollhe aeration train. The syrilge attached
to !he sample tube contains salurated K,co" which Is to be Injected
Into !he sample

Table II. Compariaon of Titration Technique to
o.mometric Technique

osmometric titration
sample technique, technique,

oo.G mmollL mmollL

1 57.6 58.5
2 29.5 27.9
3 36.8 35.9
4 8.0 6.0
5 23.7 23.9
6 35.5 33.0

o No.1 is an ammonia standard at 57.5 mmol/L. Nos.
2 to 6 are samples of urine.

extracted from urine and trapped in H,sO. in significant
quantities.

DISCUSSION

NH3 formed by the al.kalinization of the trapping solution
is not readily released into the environment, presumably
because of ita extraordinarily high solubility coefficient; 10
to 15 min of vigorous aeration are required to drive NH, from
alkalinized urine. The agreement between the osmometric
method and the titration method (Table II) proves that NH,
loss prior to the measurement of osmolality is negligible.

The concentration of H,sO, and NaOH need not be exact,
provided that NaOH is present in excess when the two so­
lutions are mixed; NH,+ is completely converted to NH, when
the solution pH is 12 or greater. The quantity of ammonia

that can be trapped is limited by the concentration of H,sO,;
for a solution of 0.3 N H,sO, the maximal concentration of
NH, in the solution will be 300 mmol/L. For urine containing
higher concentrations of NH3, smaller volumes of urine or
larger volumes of trapping solution can be used. It is also
possible to use trapping solutions with a greater acid con·
centration and proportionally greater concentrations of NaOH,
provided that the final osmolality of the mixture of the
trapping solution and NaOH is within the range of the os­
mometer. If the concentration of NH3 in the urine is very low,
the use of a hirger volume of urine will enhance the accuracy
of the technique. Vigorous aeration is very important in
ensuring complete recovery of NH3 within a given time period;
incomplete recovery of NH3 resulta from insufficient release
of NH3 from the alkalinized sample rather than from in­
complete trapping in the H,sO, solution. However, overly
vigorous aeration may cause the H2SO, solution to coat the
sides of the tube, and a spuriously high NH3 concentration
may be obtained. This difficulty may be obviated by the use
of tubes of larger diameter for trapping and also by inversion
of the tu~e at the end of trapping to allow complete mixing
of the H,sO, solution. By using test tubes of 2.3-cm diameter,
complete release and trapping of NH, was possible in 10-15
min or-aeration, whereas 20-30 min of aeration were needed
with tubes of 1.5-cm diameter.

Cunarro et al. concluded that the ammonia electrode
provides the most accurate and rapid determination of urinary
ammonia concentration (6). However, potential disadvantages
of the ammonia electrode include its expense and short life
span (average, 3 months). These disadvantages make the
electrode method primarily suitable for laboratories doing
large numbers of determinations. Ifan osmometer is available,
ordinary laboratory supplies can be utilized to complete the
aeration for the method described herein. The method is
technically simple and rapid. The ease with which ammonia
can be extracted and trapped and the precision of osmometry
provide for accurate results.
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Ligand Exchange Chromatography of Alkyl Phenyl Sulfides

VaclaY Horak,' Mercedes De Valle Guzman, and George Weeks

DopaJtmenI of Chemlslry. GtJo<pelown UnIversity. Washington. D.C. 20057

Chromlllograp/llc behavior of elghl alkyl phenyllUlfldes (R­
s-Ph; R :; Me, EI, Pr, I-Pr, Bu, ..c-Su, I-Bu, and '-SuI we.
eUlrined U8Ing Hg'"t, Ag+, Cdz+, and Pbz+ knpregnsled &Ilea
gel plat... Very eftlclenl separation w.. achieved with Hg'+
and All+ Ion8 In 80Iventa of medkm poIsrIIy (c:hlorofonn, ethyl
_18leI. The contrlbutlon of poIsr (,,' I, molecular welghl
(MW), and sterle effect. E, 10 R.. values w.. delennlned,
For Hg2+ and Ag+ Impregnaled p1ales, respectlvaly, the 101­
Iowlng equsllon8 were csk:ul&led:

RMIH,") = -1.933,,· - 0.0061 MW + 0.077 Es + 0.679

RMIAr' j = -2.397,,· - 0.0077 MW + 0.156 Es + 1.152

Recently, numerous selective separation6 have been
achieved with compounds carrying either ... or n-electrons
using ligand exchange chromatography. Chromatographic
separations of organic sulfides on stationary phases with
anchored HgD (J, 2), ZoO (3), and CuD (4) have been reported
in the literature. For some of the chromatographic systems
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Table I. Physical Constants of Alkyl Phenyl Sulfides

R-S-Ph, R = bp/50 mm, °C liD"

(1) methyl" 1.5852
(2) ethyl 100 1.5660
(3) II-propyl 120 1.5563
(4) isopropyl 108-114 1.5488
(5) II-butyl 155 1.5472
(6) tert-butyl 117 1.5293
(7) see·butyl 136·137 1.5440
(8) isobutyl 141 1.5483

a f!1ethyl ph~nyl sulfide (thioanisole) was supplied by
Aldrich ChemIcal Co. (99% purity alld bp 188 °C).

the retention of sulfides was so strong that sulfides were
recovered (2, 4) by backwashing. Earlier, one of us reported
on studies of nonchromatographic partition of sulfides between
a saturated mercuric acetate solution in aqueous acetic acid
and n-heptane (5). Whereas all of the reported methods
offered some practical applications, the last reference included
structure vs. partition coefficient relationship study as well.

The study reported in this paper is a continuation of our
investigations of properties and separation of organic sulfides
such as the study mentioned above and similar investigations
(6, 7) (reviewed in (8». The present ligand exchange chro­
matographic study involves eight alkyl phenyl sulfides serving
as electron donors (Ph-S-R: 1, R = Me; 2, R = Et; 3, R =
Pr; 4, R = i-Pr; 5, R = Bu; 6, R = t-Bu; 7, R = sec-Bu; 8, R
= i-Bu) and four cations Hg", Agl, Cd", and Pb" serving as
electron acceptors. The selected ions represent both strong
and weak acceptors with respect to the sulfide ligand allowing
searching for selective chromatographic system. The sulfide
series allows for examination of structural effects controlling
the ligand strength and, thus, the chromatographic process
as well.

EXPERIMENTAL
Apparatus. Refractive indexes were determined with a Bausch

& Lomb Abbe type refractometer and the values were corrected
to 20°C (0.OOO45/,C). Ultraviolet spectra were recorded with
a Cary 15 spectrophotometer using hexane as the solvent.

Chemicals. The following chemicals were used: thiophenol
(97%, Aldrich Chemical Co.); bromoethane (98%, Aldrich
Chemical Co.); I-bromopropane (Matheson, Coleman and Bel\);
2-bromopropane (Aldrich Chemical Co.): I-bromobutane (97%,
Aldrich Chemical Co.); 2-bromobutane (98%, Aldricb Chemical
Co.); l-bromo-2-methylpropane (Aldrich Chemical Co.); iso­
butylene (certified purity, Matheson Gas Products); silica gel 7GF
(Baker TLC reagent, J. T. Baker Chemical Co.); mercury acetate
(98.8%, Fisher Scientific Co.); cadmium acetate dihydrate (Baker
analyzed reagent, J. T. Baker Chemical Co.); silver nitrate (99.9%,
J. T. Baker Chemical Co.); lead acetate trihydrate (100.0%, Fisher
Scientific Co.); disodium ethylencdinitrilotetracetate (EDTA,
100%, J. T. Baker Chemical Co.); Eriochrome Black T (indicator
grade, Aldrich Chemical Co.); chloroform (0.75% ethanol as
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preservative, meets ACS specifications, J. T. Baker Chemical Co.)j
ethyl acetate (certified ACS, Fisher Scientific Co.); hexane (meets
ACS specifications, J. T. Baker Chemical Co.); and ferric am­
monium sulfate 12-hydrate (99-100%, J. T. Baker Chemical Co.).

Synthesis of Alkyl Phenyl Sulfides. Alkyl phenyl sulfides
were prepared according to the general method from thiophenol
and alkylhalide in 95% ethanol in the presence of potassium
hydroxide (9), with the exception of tert-butyl phenyl sulfide which
was prepared from thiophenol and isobutylene in 75% sulfuric
acid (9). For final purification all sulfides were distilled under
reduced pressure (50 mm Hg) using a short distiBation column.
Physical constanta of phenyl sulfides are found in Table I.

Tbin-Layer Chromatography. Preporation of Plates. The
Stahl's applicator "Model S 11" was used for the preparation of
0.2-mm thin layers on standard glass plates (20 x 20 em). A slurry
was made by thoroughly mixing 30 g of silica gel 7GF (Baker TLC
reagent) and 80 mL of the aqueous solution of the particular metal
salt in a 250-mL Erlenmeyer flask (shaken strongly for about 40
s). The following solutions of salts were used for preparing TLC
plates: (i) 25% mercury acetate, (ii) 5% silver nitrate, (ill) 25%
lead acetate, and (iv) 5% and 25% cadmium acetate, respectively.
For the preparation of control silica gel plates, the slurry was
prepared with 80 mL of water. The plates were air dried for about
1 h and activated plates were stored for a short period of time
in a well-closed TLC carrying case under anhydrous caSO...
However, the plates were reactivaLed at 100-110 °c for 1 h if they
were not used for several days.

Spottillg of the Samples. The samples were spotted as 0.5"10
solution in chloroform (about 50 ~Lf 10 mL of chloroform) by
menns of a 2-J.lL microcap (Drummond Scientific Co.). The
starting line was drawn about 2.5 em from the bottom. A distance
of 1.5 cm between each spot was maintained by using a Spotting
Guide (Arthur H. Thomas Co.) leaving a 2-cm margin on each
side. The spots were about 2 mm in diameter. Once spotted, the
plates were left to air-dry for 5 min.

Developing Procedure. Plates were developed by the ascending
technique at room temperature (23 ± 2°C) to a distance of 15-18
em. The chromatographic chamber was lined with filter paper
and allowed to equilibrate for a period of at least I h prior to use.
The developed plates were air dried for 5 min before being sprayed
for detection. In one experiment a plate was developed at 7°C.
For this purpose the chamber was placed in a refrigerator.

Detection. For detection the plates were sprayed with p0­
tassium permanganate reagent (JO) (1:1 solution of 0.1 M KMnO.
and 2 M CH,COOH). The sulfides visualized as yellow spots on
dark violet background were marked immediately. The limit of
detection is approximately I ~g. UV light was used for detection
on cadmium-impregnated plates. Rt values are reported in Tables
II to VII.

Determination of the Metal Content. The metal content
of impregnated plate which was already used in the experiment
was determined using standeu d analytical procedures after
scraping off the silica gel (0.1-;).3 g) md extracting the metal with
acidic solution (dil. HNO,). Mercury and silver were titrated with
ammonium thiocyanate solution using Fe(111) as the indicator
(J 1). Cadmium and lead were titrated with EDTA using Erio­
chrome Black T as the indicator (J2). The determined metal
contents lire given in each Table of R, values.

Table 11. R f Values on Mercury Acetate-Impregnated LnyersQ and Chloroformb as Mobile Phase

R,

R-S-Ph, R =

(1) methyl
(2) ethyl
(3) II-propyl
(4) isopropyl
(5) II-butyl
(6) tert-butyl
(7) sec·butyl
(8) isobutyl
(9) benzyl sui ride

0.480
0.400
0.443'
0.348
0.486
0.300
0.414
0.491

0.585
0.511
0.565
0.460
0.582
0.395
0.511
0.602

0.557
0.494
0.546
0.554
0.552
0.420
0.506
0.575
0.300

d

0.560
0.491
0.520
0.474
0.586
0.454
0.537
0.600
0.306

0.529
0.454
0.517
0.420
0.546
0.385
0.506
0.575
0.286

0.494
0.426
0.471
0.414
0.520
0.388
0.474
0.540
0.274

1/,
0.535 , 0.041
0.463 , 0.044
0.501 , 0.060
0.445, 0.069
0.545 , 0.038
0.390 t 0.051
0.491 t 0.043
0.562 , 0.047
0.292 t 0.014

a Mercury content 20%. b Commercial chloroform containing 0.75% ethanol was used. Pure chloroform yielded elongat­
ed spots.
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Table III. R, Values on Mezcury Acelate·lmpregnated
Layers and Chloroform· all Mobile Phase at Two
Different Temperatures

Determination of Ad80rption Isotherm (13) for D·Butyl
Phenyl Sulfide in Mercury Acetate Impregnated Silica Gel.
Five milliliters of a solution of lI·butyl phenyl sulfide in hexane
(concentration S) and 0.2 g of exactly weighed adsorbent con·
taining 20% Hg were added to a stoppered vial. The vial was
shaken for 10 min to establish equilibrium and centrifuged for
5 min to separate the phases. In the top layer the concentration
of organic sulfides was determined from reading of the AJ:tIU in
lbe range 250-260 mm and using a calibration graph. Table VlIl
shows concentration of lbe free sulfide Sf and calculated amount
of the adsorbed sulfide SA (per I mL of the solution) for four
original concentrations of lI·butyl phenyl8ulfide (S). Plot of log
SF vs. log SA is a straight line with a correlation coefficient r =
0.994.

DISCUSSION
In order to obtain maximum reproducibility, lbe plates were

prepared from silica gel and solution of the respectivc metal
salt using lbe same quantities, concentrations, and procedures.
Fluctuation in R, values resulted primarily from fluctuations
in temperature since the plates were developed without
temperature control. Only in an experiment in which tem­
perature dependence of R( values was examined (Table Ill)
the chromatographic chamber was kept at a constant tem­
perature. However, by using benzyl sulfide as a standard using
Rs or Rf{~' (for definition see Table IX) such fluctuation is
substantially reduced; e.g., in the Hg2+-chloroform system,
the standard deviation of R( values is about :10%, for R/(~)
about :2.5%. However, this method does not increase the
accuracy for the Ag+-ethyl acetate sufficiently for meaningful
correlation. Here, the use of Dean and Oixon's method (14)
increases the accuracy to abuut 2.5%.

The strength of the respective metal to complex the sulfide
ligand is mea..ured by the increased sulfide retention compared
to the retention on untreated (plain) silica gel. This effect
expressed as R'I""""J!R,(pWn) gives for butyl phenyl sulfide the
following values: AgN03(EtAOc) 0.51, Hg(OAc),(chloroform)
0.85, Pb(OAc),(chloroform) 0.9, Cd(OAc),(5%, chloroform)
0.99, Cd(OAc),(25%, chloroform) 1.08. Whereas the first three
meLals increase the retention of the butyl phenyl sulfide, low

R-8-Ph. R =
(1) methyl
(2) ethyl
(3) lI·propyl
(4) isopropyl
(6) /I·butyl
(6) lerl·butyl
(7) sec·butyl
(8) isobutyl

• Sce Table 11.

R,
0.583
0.576
0.623
0.400
0.606
0.363
0.486
0.636

7'C

R M

-0.146
-0.133
-0.040

0.176
-0.187

0.24'4
0.024

-0.242

26 'C

R, R M

0.461 0.086
0.389 0.196
0.461 0.086
0.323 0.321
0.411 0.166
0.251 0.476
0.343 0.282
0.460 0.087

content of cadmium has no effect and large content decre....
the activity of the atationary phase indicating no interaction
of the sulfides with this metal. However, this ratio differs from
sulfide to sulfide.

The strong dependence of the equilibrium constant on the
polarity of the solvent is evident from the comparison of R,
= 0.0 value for butyl phenyl sulfide in lbe Hg'+{hexane system
and El, = 0.545 in the Hg'+{chloroform system.

The range of R, values which reflects the susceptibility of
the chromatographic medium to structural differences of the
sulfide molecules varies quite markedly for systems under
examination. Whereas silica gel as well as Pb'" and Cd" ions
are unable to differentiate among individual molecules I-VIII,
Hg2+ and, particularly, Ag+ ions show remarkable discrimi­
nating power and, thus, suggest practical applications.

The effect of temperature on chromatographic data in­
volving the Hg2+-ehloroform system was tested in correlation
of RMt7' 1data (calculated from R( at 7 'C) and RMI, ••) data
(calculated from R, at 26°C). The plot is a straight line
(correlation coefficient 0.883 for II = 8, significant at 1%
probability level) with parameters: intercept = 0.238, slope
= 0.707.' From this resulting dRM(U = RMU'c,/RMU+l'CI =
0.0372.

In order to characterize the ligand exchange chromato­
graphic processes, the metal-sulfide interactions were ex­
amined quantitatively in a nonchromatogrophic experiment.
For this purpose four different concentrations of butyl phenyl
sulfide were distributed between Hg7+-impregnated silica gel
(same quantities, scraped from a TLC plate) and hexane, and
the concentration of the free sulfide was determined by UV.
The linear log[sulfidelr,.. vs. log[sulfidel""oo. plot suggests a
Freundlich isotherm controlled adsorption process.

The effect of the molecular structure on the chromato­
graphic mobility of sulfide 1-VIII was examined in some detail
for data obtained in both the Hgu-ehloroform system and the
Ag+-ethyl acetate system. For this purpose, averaged lis,
lin..", and 1/MI~1data were calculated from lbe experimental
R( values using the following relationships:

1/s = !. L: Rsn j }

I RIlR-S-Ph,j
=-L:~:"":::"":':::""

n J R/H)en:yuulfidf)j

- I
R{lcort) = ;; ;: RsjR/{lJeMylllulfide-.t.andardl

11"11<0'" = log (1/ /I,tro,,' - I)

The "correction" of R( values (R(lro,,') makes it possible to
substantially reduce effects of those facturs (e.g., temperature,
plate activity, etc.) which are responsible for R( differences
observed in different experimenta. The benzylsulfide standard
is chosen arbitrarily (in Table II represented data was R( value
from column c).

Table IV. R, Values on Silver Nitrate-Impregnated Layer" and Ethyl Acetate as Mobile Phase

R,

R-S-Ph, R • b d TI,
(1) melhyl 0.395 0.392 0.438" 0.407 0.412 0.4U9, 0.018
(2) ethyl 0.260" 0.313 0.301 0.311 0.333" U.304 t 0.027
(3) /I'propyl 0.395 0.392 0.411 0.412 0.440" 0.410 t 0.019
(4) isopropyl 0.310 0.326 0.384" 0.316 0.322 0.332,0.030
(5) lI·butyl 0.407" 0.369" 0.446 0.430 0.443 0.419, U.032
(6) ler(·butyl 0.319 0.307 0.390" 0.316 0.327 0.332 t 0.033
(7) sec·butyl 0.344" 0.375 0.459" 0.373 0.390 0.388 I 0.043
(8) isobutyl 0.500 0.466 0.641" 0.480 0.603 0.498 t 0.028
(9) benzyl.ulride 0.243 0.250 0.308 0.288 0.282 0.274,0.027

o Silver content 2.49"0. b Values which were rejected (using method 17) in calculation. Nf ' values in Table Xl.
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o Cadmium content 14%. b 0.7% ethanol.

Table V. R, Values on Cadmium Acelate-Impregnated
Layers" and Chloroformb as Mobile Ph...

layers prePared with
solution containing

5% Cd(AcO), 25% Cd(AcO),.

b d

0.494 0.463 0.600 0.600
0.534 0.477 0.600 0.600
0.557 0.503 0.600 0.600
0.545 0.497 0.603 0.600
0.537 0.503 0.600 0.600
0.545 0.520 0.603 0.603
0.545 0.508 0.603 0.603
0.537 0.497 0.600 0.600
0.437 0.404 0.594
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Figure 1. PSot of R"-CCIl'I'I from Hg2'+/chlorofOf'"m system vs. Taft ct­
constants 10< alkyl R In Ph-S-R (I-VIIl)

0.710
0.710
0.719
0.727
0.756
0.744
0.744
0.744
0.764

e d

R!(chJorofonn)

0.716
0.727
0.739
0.722
0.753
0.730
0.737
0.737
0.767

0.682
0.680
0.697
0.691
0.691
0.691
0.691
0.691
0.691

0.669
0.693
0.705
0.687
0.687
0.687
0.693
0.687
0.687

R-S-Ph. R =
(1) mcthyl
(2) ethyl
(3) n-propyl
(4) isopropyl
(5) n-butyl
(6) Icrl-butyl
(7) sec-butyl
(8) isobutyl
(9) benzyl

sulfide

R-S-Ph. R =

(1) methyl
(2) ethyl
(3) n-propyl
(4) isopropyl
(5) n-butyl
(6) lerl-butyl
(7) sec-butyl
(8) isobutyl
(9) benzyl

sulfide

a Lead content 19%.

Table VI. R, Values on Lead
Acetate-Impregnated LayersO

R!<hennc)

In order to determine the effect of electron donation by the
sulfur atom on chromatographic behavior of individual alkyl
phenyl sulfides the R.IC~" for Hg2+-chloroform data were
plotted against Taft U- substituent constants (Figure 1). The
negative slope of the straight line R"loon. C,H,SPh' = -1.400 u·
-0.320. (r =0.994) provides an evidence of an increase in ligand
strength of the sulfur atom with an increase in electron
donation from alkyl groups in the series of four isomeric butyl
phenyl sulfides. Another line is separated by an increment
.:lRMlrorr) which corresponds to the contribution of one carbon
atom to the migration of individual compounds within each
homologous series of alkyl phenyl sulfides (e.g., n-alkyl-,
sec-alkyl-, etc.). Thus. R"loonJ values of sulfides I-VIII are
functions particularly of the polar and molecular weight.
effects. The minor role of steric effect compared to these two
effects appears to be evident from the "normal" behavior of
tert-butyl phenyl sulfide. Figure 2 visualizes the molecular

-0.2000~-7--;;----'3~~4---:C::-n(R)

Figure 2. Plot of Rl.ll;t'O"I'l from Hg2+IctOOrolorm system VS. number of
carbon atoms in akyl R in Ph-S-R (I-V, VII)

weight effect on RM'ronJ values. The straight line plotted
through ethyl. propyl, and butyl phenyl sulfide points.
R"ICH.'CH~.SPbJ = -0.0777 n + 0.111, Ir = 0.999, n = 1,2.3).
suggests linearity for compounds from one and the same
structural class, n-alkyl phenyl sulfides. Points for isopropyl
phenyl sulfide and sec-butyl phenyl sulfide lie on a line
comprising another structurally related class of compounda.
sec-alkyl phenyl aulfides. In this diagram. the MIMI"",)

separating two isomeric sulfides reflects the difference in
electron donation effect of an alkyl group attached through
the primary and secondary carbon atom. respectively. These
results are comparable with those obtained by one of us in
a study mentioned earlier involving Hi".....ulfide complexation

Table VII. R, Values on Nonimpregnated Silica Gel Layers

hexane

R-S-Ph, R =

(1) methyl
(2) ethyl
(3) n-propyl
(4) isopropyl
(5) n-butyl
(6) tert·butyl
(7) sec-butyl
(8) isobutyl
(9) benzyl sulfide

• See Table II.

Q.~17

0.211
0.221
0.206
0.223
0.194
0.211
0.253
0.080

0.249
0.243
0.254
0.237
0.271
0.220
0.260
0.288
0.090

ethyl acetate chloroformo

d

0.706 0.696 0.665 0.726
0.734 0.702 0.676 0.727
0.751 0.713 0.686 0.727
0.718 0.696 0.665 0.716
0.728 0.713 0.665 0.727
0.712 0.685 0.665 0.716
0.700 0.690 0.665 0.716
0.720 0.708 0.665 0.716
0.734 0.713 0.670 0.727
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SAIlg/mU

1.34
1.27
1.01
0.77

LloUiGI+ LlbMWi!+LlcEsil
iii

Table Xl. Calculated R,' and HM' Value&" for Silver
Nitrate/Ethyl Acetate Syalem

GRI vslues were derived by rejectillll (usingOmethod 14)
questIonable values (marked,!!ith b in Table IV). HM'
values were calculated Crom R" values.

HM '

0.1725
0.3516
0.1725
0.3314
0.1059
0.3334
0.2071
0.0226

Iii
0.402 • 0.010
0.308 • 0.006
0.402. 0.010
0.318 t 0.007
0.439. 0.008
0.317 • 0.008
0.379 • 0.009
0.487 t 0.017

R-S-Ph, R·

(1) methyl
(2) ethyl
(3) II-propyl
(4) isopropyl
(5) II-butyl
(6) lert-butyl
(7) sec-butyl
(8) isobutyl

the Ryl""", for the Hg'+-chloroform system and RM' for the
Ag+..."thylacetete system, respectively, is correlated producing
the following information: .

HgH-chloroCorm Ag"-ethyl acetate

• -1.933 t 0.132 -2.397 • 0.254
b .-0.00611 • 0.00059 -0.0077 t 0.00114
c +0.0774 • 0.0231 +0.1559. 0.0445
d·· +0.6792 t 0.0816 +1.1518. 0.1575
r(~ _ s) = 0'0993 TCn. S) = 0.983

Interestingly, the RMdate from one set of date on non­
impregnated plates and hexane 8B solvent analyud using the
same linear relationship reveal similar character with regard
to the participation of polar, steric, and molecular weight
effects 8B those from Hg2+ and Ag+ impregnated plates: a =
-0.833 =0.137, b =-0.00372 =0.00061, c =+0.0203 =0.0240,
d = + 0.935 =0.085, Tlo_.1 = 0.969.

The lazge values of standard deviations in the various slopes
are accounted for by both the experimental errors and the fact
that the various factors (u', MW, and Es) are not mathe­
matically independent; just coincidentelly correlating VB. each
other with a correlation coefficient r = 0.87.

B8Bed on the above data average percent contribution of
individual structural factors is calculated 8B follows: (for
average'" contribution)

100 L!OUiGI
i

T1lb1e VDI. Determination of Adlorptlon IlOth...m for
Butyl Phenyl SuI6de Uaina M...cury Aeetate-Imprernated
SUI.,.. Gel and BeUDe

S,Ilg/mLG Sy,Ilg/mLb

5.92 4.58
5.03 3.78
3.55 2.54
2.37 1.60

CI S = original sulfide concentration. b SF c equilibrium
sulfide concentration. C SA = amount of sulfide ad&Orb~

ed.

Table IX. Caleulated Rs, H'(COl%)' and HM(con) Valuea
for Mercury Acetate/Chloroform Syalem

R-8-Ph, R • Rs• Ii'(cor<)b RM(COr<)

(1) methyl 1.835 t 0.024 0.550 t 0.007 -0.0872
(2) ethyl 1.598 t 0.038 0.479 t 0.012 0.0365
(3) lI'propyl 1.762 t 0.060 0.529;; 0.018 -0.0504
(4) isopropyl 1.510 t 0.034 0.459 t 0.016 0.0714
(5) II-butyl 1.891 t 0.035 0.568 t 0.010 -0.1189
(6) lert-butyl 1.412 t 0.056 0.424 t 0.017 0.1330
(7) see-butyl 1.738 t 0.029 0.521 t 0.011 -0.0365
(8) isobutyl 1.964 t 0.038 0.590! 0.011 -0.1563

III Average Rs values calculated using data in columns
c-f in Table II. b Average l<'\COl%) values calculated using
R«COJr) values from data in co umns d-f and R, value for
benzylsulfide from column c as a standard value from
Table II.

Table X. Calculated Rs, R«corr), and RM Values G for
Silver Nitrate/Ethyl Acetate Syalem

R-S-Pb, R • R s R«cor<) RM(cor<)

(1) methyl 1.500 t 0.094 0.364 t 0.023 0.242
(2) ethyl 1.112 t 0.106 0.270 t 0.026 0.432
(3) II-propyl 1.504 t 0.118 0.366 t 0.029 0.239
(4) isopropyl 1.241 t 0.088 0.296 t 0.020 0.376
(5) n-butyl 1.532 t 0.092 0.373 t 0.022 0.226
(6) lert-butyl 1.213 t 0.085 0.295 t 0.021 0.378
(7) sec-butyl 1.417 t 0.084 0.340 t 0.017 0.288
(8) ilObutyl 1.839 t 0.173 0.444 t 0.036 0.122

th:~Sr:~'T~I:nI~~M(cott)have meaning_similar to

unim·
pregnated

17%
81%

2%

Ag'-ethyl
acetate

21%
73%

6%

o'
MW
Es

(similar formulations were used for MW and Eg) producing
the following information:

Hgh-ehlo­
roform

22%
74%

4%

As a result of the above presented analysis of chromato­
graphic behavior of alkyl phenylsulfides on Hg2+- and Ag+­
impregnated silica gel plates b8Bed on the contribution of
individual structural factors shows, the molecular weight is
far more influential than polar and steric effects. However,
the steric effect, the contribution of which to the R.. is
generally the smallest, is a factor by which the behavior of
the methyl derivative is explained. Finally, where8B the
retention of sulfides with Ag+ is much stronger than with Hg2+
the contribution of polar, molecular weight and steric factors
to the Ry is identical.

Since the V8Bt inCre&Be of retention on impregnated plates
is evidently due to the interaction of the particular metal ion
with the electron donating Bite of the sulfide mo1ecule, it seems
that plain silica gel interaclB with the same site, probably the
sulfur atom. However, in the latter case the energy of the

(5). In the quoted paper, sulfides from a similar series were
partitioned between a polar ligand phase (AcOH/H.O)
saturated with Hg(OAc). and heptane and logarithms of the
partition coefficient was plotted VB. /I number ofcarbon atoms
of the R substituent in the formulae R-S-Bu. The plot
showed separation into classes: one in which R W8B /I-alkyl
and another in which R W8B sec-alkyl. Separation into
structural classes h8B been observed in g8B chromatography
in log rV VB. II plots (rV is relative elution volume and II is
number ofcarbon atoms) involving different homologous series
of hydrocarbons (e.g., II-paraffins, 2-methyl paraffins, 2,2­
dimethyl parafflD8, etc.) (15). The structural effeclB on elution
parameters are here 8BBOCiated with the differences in boiling
points which exiat for isomeric hydrocarbons.

"Anomalous" behavior of the methyl derivative (I), R..I""",
of which does not fit on the line of regression comprising
,.-alkyl phenyl sulfides (Figure I), is similar to that observed
for a methyl derivative in studies of the partition processes
involving Hg2+-sulfide complexation quoted above (5) 8B well
8B to other known examples (16). This apparent inconsistency
is, however. clarified by applying linear equation in which R..
is upreased in terms of polar (uG), molecular weight (MW),
and sterlc (17) (Ea> effeclB. Using a computer program by M.
Charton (18) and the equation R.. = a'" + bMW + cEs + d,



interaction is rather small resulting in much smaller retention
and poor resolution.

:rhe results presented in this paper demonstrate the ef­
ficIency of the ligand eXchange chromaUlgraphy for separation
o.f alkyl phenyl sulfides using Hg2+ and Ag+ ion-loaded sta­
tionary phase and suggest analytical applications. Fur­
thermore, the method .may be appplicable le other types of
sulfid~as well. Resultmg from our preliminary experiments,
leachmg of the metal salts from the stationary phase is a
problem which should be solved le allow successful application
of the method discussed in this paper in HPLC.
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Observation of Electrochemical Concentration Profiles by
Absorption Spectroelectrochemistry

Richard Prulksma and Richard L. McCreery·

Department 0/ Chemistry, Ohio State University, Columbus, OhIo 432/0

A laser beam passing paraUelto a working electrode surface
was uaed to monnor an electrogenerated chromophore em­
ploying absorption apectrophotometry. By placing a 10-1'/11
am parallel to the electrode and Intercepllng \he beam aller
paasage by \he eleclrode, a portion 01 \he cIIIIuIIon layer was
sampled. Movement 01 \he .. relaUve to \he .-etrocIe slowed
monitoring 01 concentration as a IWlcIIon 01 dlalance from \he
electrode surface. The reaullJng concentratlon profIea agree
well with theory lor boIh aIngIe- and dolbIe-sIepe~
lor cIatances 01 50-200 1'/11 from \he lUrface. IlecauIe 01 long
opllcal path length (0.5 em or greater), the pr,aent method
Is much more aent/lJve than prevtoua apectroeleclrochemlcal
methods. In addnlon, spaUsl resolutlon oItha clllualon layer
provlclea boIh lundamentallnlonnaUon about mass Iranller and
eddnlonallnalghtlnlo reacllona accompanylng charge Iranller.

The use of spectroscopic probes le moniler electrochemical
events has become widespread and spectroelectrochemistry
has been used for a variety of purposes (1-3). The majority
of applications of spectroelectrochemistry involves light
absorption, with the beam transmitted through the electrode
or reflected off its surface, For the techniques used le examine
solution species it> the vicinity of the electrode, two mllior
objectives have been realized, spectral characterization of
eleclrogenerated materials and kinetic monitoring of reactive
species. The most common techniques use optically trans·
parent electrodes, with the spectropholemetric beam being
perpendicular le the electrode plane. This approach yields
an integrated absorbance throughout the entire diffusion layer,
and the time course of this absorbance has been used le
diagnose reaction mechanisms for electrogenerated species and
le spectrally characterize reactive intermediates, Internal
reflection spectr06COPY (IRS) has been used for the same
purposes, with the region of the diffusion layer within one
wavelength of the electrode surface being sampled by the
evanescent wave (4).

These previous spectroelectrochemical methods based on
absorption suffer from two major drawbacks when applied le
the monilering of transient electrogenerated species. Fint,
the optical path length is very short, being limited le the
thickness of the diffusion layer or the length of the evanescent
wave. Thus these techniques have been applied primarily le
strong chromophores or species with relatively long lifetimes,
allowing measurement of absorbance value VB. time transients
with acceptable signal-to-noise ratios, Second, these tech­
niques cannot supply information about the concentrations
of electroactive species (or their reaction products) as a
function of distance from the electrode surface, lRS.can
provide surface concentrations, and a transmiasioD or re­
flection experiment can provide letal concentration in the
diffusion layer, but neither allows spatial resolution of the
diffusion layer. Reflection spectroscopy at a glancing incidence
angle (5) can greatly extend the optical patblengtb but still
does not resolve the concentration gradients of eleclroactive
species. Despite the fundamental importance of concentration
vs. distance proflles le electrochemistry, they have not been
observed using absorption techniques.

Several experiments have been reported which make use
of the refractive index gradient of a diffusion layer le coll8truct
a concentration VB. distance profile (6-10), While these in­
terferometric techniques have succeeded in some cases, they
lack both sensitivity and selectivity because they are based
on refractive index changes accompanying electrochemical
events. It is very difficult to moniler more than one solution
component using changes in refractive index, and. fairly large
refractive index gradients are required le be measured in­
terferometrically, Hence refractive index techniques have
allowed observation of diffusion profiles only for fairly
concentrated solutions (ca. 0.1 M) of single components (e.g.,
CuSO.l. Application of such techniques le reactive systams
at millimolar levels would be extremely difficult.

The objective of the present work is le construct con­
centration VB. distance profllea for an eleclrogeneratad species
using absorption spectropholemetry. The light beam is or-
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VIEW AlONG OPTICAL AXIS

FIgure 1. SchematJc ofaxperimental apparatus. Laser Is a O.5-mW
_ (Spectra Physlcs, Mounts;, Vlew, Calf.~ PMT Is a lP28. Baam
was dncted Into L, by a beam steering device (Newport Rasearch,
Fountain Valey, Cain.). The long axis 01 the sin was oriented per­
pendicular to the plana of the llgure, immediately to the laft of the
electrode. Ina«t shows details of call, viewed along the optical axis.
;,the dlrectlon of Iiglt propegatJon

iented parallel to the electrode plane. and portions of the beam
are sampled by a slit with a dimension of 10 )lm along the
dimension perpendicular to the electrode plane. Absorbance
VB. time curves are constructed using light passing through
the slit, during generation and diffusion of an absorbing
solution component. The use of absorption rather than re­
fraction greatly improves sensitivity and selectivity. and the
path length is limited only by the physical dimension of the
electrode, not the diffusion layer thickness. Most importantly,
movement of the slit along the dimension perpendicular to
the electrode surface aUowa concentration VB. time curves to
be obtained at various distances from the electrode, and
therefore concentration vs. distance profiles may be con·
structed as a function of time.

EXPERIMENTAL

The experimental apparatus is shown in Figure 1; all com­
ponents were mounted on a 4 ft X 6 ft optical tsble (Newport
Research Corp., Fountain VaUey, Calif.). The lenses and circular
apertures (L" 1". A" A.J were used to spatially filter the laser
beam (0.5 mW, 632.8 nm) and produce a collimated, gaussian
beam lacking plasma diacharge, etc. A, occluded light diffracted
by the pinhole. The beam then passed througb tbe fmt wau of
tbe cell, and past a gold electrode with a dimension of 0.45 em
along the optical axis. The electrode was constructed from an
optical flat (flat to A/4) coated with Hanovia Liquid Brigbt Gold
61 BB (Englehard Industries, East Newark, N.J.), for adbesion
purposes. This was foUowed by vapor deposition of gold to give
a pure gold surface. Tbe slit, whicb consisted of a ruor·blade
scratch on a front surface optical mirror coated with a clear acrylic
spray to insulate the mirror electricaUy from the gold electrode,
was placed immediately after the electrode, in the solution. It
is important to place the slit as close as possible to the electrode,
to minimize the intensity of scattered ligbt passing througb tbe
slit. Clearly the idealsitustion occurs wben only collimated ligbt
which passes paralJeJ to the electrode enters the slit. The electrode
plane was oriented horizontally in the solution to minimize
convection caused by density gradients.

The alignment of the beam with respect to the electrode is of
critical importance. and was aocomplisbed as shown in Figure 2.
After the pentaPrism PI deflected the beam by 90°, the beam was
reflected off the electrode by two cornercube reflectors (P, and
Pal. the ceU and solution being temporarily removed. Tbe
electrode was then positioned with a multi·axis manipulator
(David Kopf Instruments, Tujunga. Calif.) until the incoming
beam WIl8 reflected back onto itself. Provided the dietance (D)
is long enough (130 em in this case). this procedure will accurately
align the electrode paraUel to tbe beam. Tbe beam covered a
significant fraction of the electrode (ea. 50%), and no observable
beam divergence was observed after reflection, indicating that

Fig,.. 2. Method for allgni1g electrode pJane parallel to flnered laser
beam. P" pentaprlsm; p,. P" comercube reflectors; D = 1.3 m

tbe electrode flatness was not disturbed by the gold coating
process. After removal of P, tbe laser beam will pass parallel to
the electrode plane.

Tbe cell was constructed from 1.6·mm quartz plate and had
dimensions of 60 x 40 x 30 mm with the 3()..mm dimension being
along tbe 6ptical axis. To ensure tbat its presence did not ad·
versely affect the alignment of electrode and beam, it was
positio.n.ed so that the reflection of lbe beam off ita face was
directed'back onto the incoming beam. This process sligned tbe
cell face perpendicular to the beam and assured tbat the cell and
solution did not deflect tbe beam. The 10')lm slit was moved
verticaUy (along a dimension perpendicular to the electrode) with
a high resolution micrometer (Lansing Research, Ithaca, N.Y.)
baving resolution and readability of 0.13 )lm. Tbe ligbt leaving
the slit was collected by a smaU lens (focallengtb = 50 mm) and
directed onto tbe active surface of e IP28 pbotomultiplier tube.
As much of tbe ligbt transmitted by the slit as possible was used
for absorbance measurements. Diffraction by the slit and any
scattering by the cell wall on the exit side are unimportant, since
the ligbt bas already passed the electrode and tbe slit bas already
selected a particular region of the diffusion layer.

A commercial potentiostat (Princeton Applied Research Model
173) driven by a laborstory computer (Hewlett·Peckard 1000)
controlled the potential using s Pt suxiliary electrode and SCE
reference electrode. No particular care was taken witb auxiliary
and reference electrode placement, except to avoid the laser beam.
Tbe computer monitored tbe PMT output before and during a
single or double potential step, and calculated the absorbance VB.

time transients. Since the initialligbt intensity varied witb slit
movement, tbe PMT higb voltage supply was edjusted to bring
tbe PMT output voltage into the optimum range of the ana­
log·to·digital converter.

The test system used for this work was the oxidation of N,­
N,N',N'-tetramethylparapbenylenediarnine (TMPDl to its cation
radical (Wurster's blue). Tbe one·electron cbaracter of this
oxidation is well established (I1), but additional experiments were
carried out to verify its suitability for the present work. At pH
7, TMPD exhibits a reversible voltammetric wave centered at
+0.04 V VB. SCE. Potential step experiments from -0.2 to +0.2
V at a grapbite paste electrode produced current transients which
were linear witb t·'/. for st least 15 s. Tbe diffusion coefficient
determined from cbronoamperometry at pH 7 is 8.3 X 10" em'/s.
Using reflectance spectroelectrocbemistry witb a normal incident
angle (5), absorbance was linear witb t'/2 for a period from 0.2
to 15 s indicating a stable chromophore for this period. The radical
was not sufficiently stable (Le. a half·life of minutes) to determine
its molar absorptivity by nonnal means, so tbe absorptivity was
calcu1eted from the reflection dsta to be 4200 M'I em" at 632.8
om. 1t was assumed that the diffusion coefficienta for the reduced
and radical forms are equal. Tbus for the time frame of tbe
present work, TMPD is an appropriate test system, exhibiting
an uncomplicated oxidation to a blue cbromopbore. Tbe sen·
sitivity of TMPD to air oxidation was controlled by careful
degassing witb argon wbich bad been passed through a Cr'·
solution.

Theoretical concentration vs. time curves at various distances
from the electrode were determined from standard digital
simulation techniques (12). Tbe effect of the l()..)lm slit was
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incorporated by averaging the simulation "boxes" corresponding
to this dimension.

Figwe 4. Fractional concentratlon as a function of distance for various
times after a single-potential step. Solid lines are theoretical curves
(listocl from top) for 10, 8, 6, 4, 2, and 1 s. Points oro oxperimental
rosu~s: (e) 10 5, ~) 8 5, (a) 6 s. (0) 4 5, (0) 2 5, (;» 1 s

61 ,..rn

""'"a
i
~ 3

i
.2 101,.m

.1

~
.4

~ .3
§ .2 121 ,.m
~ .1

A

2 152 ).'m

.1

were converted to concentration vs. distance plota, shown in
Figures 6 and 7. Figure 6 includes five profiles before the
potantial switch while Figure 7 shows five promes after the
switch.

Figure 8 compares theoretical and observed concentration
vs. time promes at a distance very close to the electrode (13
)lm). Not only is the correspondence poor, but the experi­
mental results are quantitatively irreproducible.

DISCUSSION
While the quantitative agreement between theory and

experiment for the single step shown in Figure 3 is not
outstanding, the important qualitative features are apparent.
As the distance increases, the concentration risea more alowly,
as expected for electrogenerated material diffusing away from
the electrode. In fact at 260 )lm, more than 5 s elapse before
any radical is observable. The concentration prom.. of Figure
4 have the expected shape, and quantitative agreement again
is good, although not outstanding. In both Figures 3 and 4,
it is apparent that the quantitative disagreement is pooreat
at short «50 )lm) or long (~200 )lm) distances. and at long
electrolysis times. Although significant improvament in

FIgIn 8. Concentration vs. cIstance for live times <Ung forward s1ep
of doubie-potentlal step experiment. Theoretical c"",eo from the top:
5, 4, 3, 2, 1 s. Experimental points: (;» 5 s, (0) 4 s, (0) 3 s, (al 2
s, Ie) 1 s
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F5gur. 5. fractJonal concentration vs. time at various distances for
a double-potontlal Slop expetlment. Numl>e<s IncIcato distances from
electrodo. Solid Ones are theorotlcal, points are experimental. Step
from -0.20 to +0.20 Vvs. see at 1= 0.0 s. Step from +0.20 to -0.20
Vvs. SCE at I = 5.0 s
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Figur. 3. Fraction of but< concentraUon vs. time at various distances
from the electrode for a slngle·step experiment. Soltd lines are
theorotlcal c"",os (listocl from top) at 25, 38, 70, 102, 133, 197, and
260 ,urn from the electrode. Points are experimental results: (e) 25
r~'i:J ~~m, (a) 70 )lm, (0) 102)lm, (0) 133 )lm, (0) 197 )lm,
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RESULTS
Experimental absorbance VB. time curves were converted

to concentration vs. time curves using the molar absorptivity
for the radical cation and the geometric pathlength of the
electrode (0.45 em). Because of the long pathlength, ab­
sorbance values were large, ranging from 0.05 to 2.0 units.
Concentrations were then divided by the bulk concentration
of TMPD (1.0 mM) to obtain fractional concentration of
radical vs. time. Theoretical curves of fractional concentration
vs. time as a function of distance were determined from the
simulated results and the values of the diffusion coefficient
for TMPD. Experimental and theoretical plots of fractional
concentration vs. time are shown in Figure 3, for a single step
experiment to a potential on the diffusion timit for production
of radical (0.2 V vs. SCE). As expected, the curves rise sharply
at distances close to the electrode, since electrogenerated
material reaches these distances rapidly.

The concentration vs. time plots at various distance may
easily be converted to concentration vs. distance plots at
various times, commonly referred to as diffusion profiles.
These profiles for various times are shown in Figure 4. The
solid lines represent theoretical diffusion profiles, and the
points represent the experimental results.

Fractional concentration vs. time profiles for double-step
experiments are shown in Figure 5, After 5 s of generation
of radical at the diffusion controlled rate, the potential was
returned to a value required for diffusion controlled reduction
back to TMPD Hl.2 V vs. SCE). Note that the peak in the
electrogenerated radical concentration occurs later at greater
distances from the electrode. The concentration vs. time plots
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F1guN 7. FracUonaJ concentration vs. distance lor reverse step of
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FIgur. e. Fraction of but< concentration vs. time for 13 ~m from
electrode _ace. Double-step experiment. Solid line, theoretical;
dashed Ine, experimental.

quantitation is anticipated with further development, it is
possible that convection is a cause of error at long times and
large distances. Solution convection will be greateat at large
distances, and its effects will increase with time.

The concentration VB. time curves for the double-step
experiment shown in Figure 5 agree very well with theory, at
least at diltances greater than about 60 ~m. The diffusion
profJles before the ltep (Figure 6) are similar to th080 in Figure
4, although at shorter times. Mter the potential reversal
(Figure 7), the observed concentrations follow the expected
behavior, again agreeing quite well with theory.

The results of Figures 3-7 clearly demonstrate that ab­
sorption spectroelectrochemistry can be used to observe
electrochemical concentration gradients. Obviously variation
in the wavelength will allow selection of different solution
species, allowing selectivity which is not p<l68ible with methods
based on refractive index. In addition, the long optical
pathlength (0.45 em in this case) allows high sensitivity, with
absorbances of ca. 1.0 unit for conditions where a stendard
transmission spectroelectrochemical experiment would yield
values two or three orders of magnitude lower.

The sourcee of error, particularly at short distancee, remain
to be elucidated, but can be classified into two categories.
First, physical phenomena such as diffraction from the
electrode lurface or bending of the beam in the refractive
index gradient will cause variations in ligbt reaching the slit.
Both these effects will be dependent on the presence of the
diffusion layer (therefore will be time dependent) and both
will be moet pronounced near the surface, where the con­
centration gradient is largest. Calculations indicate that
refractive index effects should be very small for the con­
centrations used here, but further work is necessary to de­
tarmine their importance. The second category of potential
errors stalDS from the technical aspects of the apparatus,
particularly the alighment of beam, electrode, and slit. If

elecl,ode-

FIg... 8. Simulated diffusion profiles for ECE and ECC mechanisms.
The cross reaction for !he ECC case Is assumed to be fast, and "but<
concen.trsUoo" reters to the starting material, A

either the beam or the slit is not parallel to the electrode plane,
the resulting error will be largest near the electrode, where
the gradient is steepest. A poorly aligned slit or beam will
sample a range of distances, resulting in an absorbance which
does not represent a particular distance, and is not repro­
ducible from experiment to experiment. The behavior shown
in Figure 8 may be due in part to this problem. Finally, any
scattered light which passed through the slit but did not
traverse the sampled region of the diffusion layer will be a
source of error. The agreement with theory at the large
absorbance values observed in this work (up to 2.0 units)
indicates this problem is small, but should nevertheless be
considered.

Even with the quantitative errors mentioned above, the
technique in its present form has significant applications. The
ability to monitor concentrations at various distances has
important advantages. By using different wavelengths, it is
possible to construct concentration profiles for different
species involved in homogeneous reactions of electrogenerated
msterials. The shapes of these profiles are very semitive to
reaction mechanism, 8S shown in Figure 9, comparing the ECE
and EeC mechanisms. While these two mechanisms differ
only slightly in their faradaic responses lea. 1(}-20"1o) (13), the
differences in profiles (particularly for "C") are large. A
conventionalspectroelectrochemical experiment with the beam
perpendicular to the electrode can supply only the total
concentration of each species through the diffusion layer, thus
not permitting the spatial resolution of the present method.
Thus concentration VB. distance information is an additional
probe of solution reactions, of potentially more value than the
surface concentrations reflected in current measurements or
the overall concentration obtained from conventional spec­
troelectrochemistry.

The aberrations of the technique in its present form at short
distances would seem to limit the method to chromophores
having lifetimes of several seconds. However, even if the
minimum distance cannot be improved, which is unlikely, it
should be possible to observe relatively short-lived inter­
mediates because of the long optical pathlength. For example,
an electrogenerated species with a diffusion coefficient of 10""
cm'/s will reach 1"10 of the bulk precursor concentration at
a distance of 50 ~m in 0.66 s. With a pathlength of several
centimeters, this concentration would easily be detectable even
for moderate chromophorea.



· Futur~ efforts involving the technique presented here will
mvolve Im~rove.ment of resolution using a smaller slit, im­
provement m alignment between slit and electrode and the
use. of diffracted light to examine events close to the ~lectrode.
In ,ts present form, the technique allows direct observation
of concentrations of electroactive materials 8S 8 function of
both time and distance with unprecedented sensitivity and
selectivity. The long pathlength, selectivity gained from
wavelength selection, and spatial resolution will allow much
greater definition of the solution adjacent to an electrode
surface. In .addition to ohserving fundamental aspects of
electrochemICal mass transport, the technique will allow
improved characterization of homogeneous reactions ac­
companying charge transfer.
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Rotating-Ring-Disc Analysis of Iron
Tetra(N-methylpyridyl)Porphyrin in Electrocatalysis of Oxygen

Armand Be"elhelm and Theodore Kuwana'

Department of Chemistry, The Ohio StBte University, 140 West 18th Avenue. CohJmbus, Ohio 43210

When cyclic voltammetry and the rolatlng rlng-dlsc electrode
(RRDE) were used, the water soluble Iron tetra(N-methyl"
pyrldyl)porphyrln (FeTMPyP) was found to calalyze 0,
electroreductlon by ca. 400 mV and produce H,O.. at a yield
of 95 %, as the Inllial product. Using the RRDE method, the
rate of removal of Fe(II)TMPyP by 0, was estimated to be
In the 107-10' M-'-s-' region. A mechanlam Involving an
"lron(III)-superoxide Ion" kltermedlale seems to be consistent
wllh the above experimental results and wllh other data
reported In the literature.

In a previous publication (I), it was proposed that the
electrocatalytic reduction of 0, occurred through an ec
catalytic regeneration mechanism;

Fe(III)TMPyP + e- = Fe(II)TMPyP (1)

Fe(II)TMPyP + '/,0, + W = Fe(III)TMPyP +
'I,H,O, (2)

where the water soluble Fe(III) tetra(N-methylpyridyl)"
porphyrin cation (abbreviated as Fe(II1)TMPyP) was reduced
at the electrode to Fe(II)TMPyP and reacted rapidly in a
homogeneous reaction with dissolved oxygen. The stoi­
chiometry of the reaction as deduced from the analysis of the
cyclic voltammetric waves indicated hydrogen peroxide as the
major producl In this paper, the rotating-ring·disc electrode
was employed to assess the production of hydrogen peroxide
as indicated by reactions 1 and 2, and to evaluate, if possible,
the rate parameters for reaction 2. Also, additional cyclic
voltammetric results on the 0, concentration dependence and
the effect of added catalase are presented to further char­
acterize the iron porphyrin catalytic reduction of 0,.

EXPERIMENTAL
Iron 111 tetra(N·methylpyridyl)porphyrin as the sulfate salt

(henceforth abbreviated as Fe(III)TMPyP") was prepared in our

laboratory (2). All other chemicals were analytical grade. So­
lutions were prepared with doubly distilled water. The con­
centration of the iron-porphyrin complexes in the solutions was
determined by measuring the optical adsorption at the Soret hand
(at pH 1: X_ = 398 nm, '39ll = 1 x 10' M-' em") (3) using a Cary
15 spectrophotometer Nitrogen 99.9'!'. pure was used for
deaeration of all solutions. Solutions were saturated. with oxygen
and with mixtures of oxygen and nitrogen using Matheson's
analyzed gases. The stock solutions were stored refrigerated (5
·C) and in the dark.

Glassy carbon electrodes were obtained from Tokai Ltd.
(Japan), Sigma (Germany), and Atomergic Chemetals (France).
The electrodes were polished to a bright surface using alumina
powder (final polish using 0.05-l'm particle size, Buehler). The
electrodes were then washed with 0.1 N H,sO, and distilled water
to remove any alumina. Elemental aluminum was found to be
absent from the surface within limits of Auger and ESCA ana1ysis.

The rotsting-ring-disc electrode (RRDE, Pine lnstrument Co.)
consisted of a glaasy carbon disc surrounded by a platinum ring.
The area of the disc was 0.48 cm'. The collection coefficient was
determined to be 0.131 using the ferrocyanide-ferricyanide redox
couple. Potenticetatic experiments were performed with a double
potentiostat (RDE-3, Pine Instrument Co.). The RRDE was
pretreated mechanically and electrochemically. The electrode
was polished with alumina powder by rotsting it on fine polishing
cloth which was mounted on a glaas disc. It was then washad with
0.1 N H,sO, and doubly distilled water and introduced in a 0.1
N KCI nitrogen saturated solution. The potentials of the disc
and the ring electrodes were then cycled in the range -(J.6 to +0.2
V, and 0 to +1.0 V, respectively, until a minimum residual current
density was obtained (",(l.5 I'A·cm-').

Cyclic voltammetry was performed using a conventional
three-electrode potentiostal

All reported potentiala are with respect to a Ag/AgCl (sat'r.)
reference electrode. Experiments were conducted at room
temperature (20 * 1 ·C).

RESULTS AND DISCUSSION
Cyclic VoItammetry. As previously reported (1), the

presence of the water soluble porphyrin, Fe(ill)TMPyP,
greatly enhanced the rate of 0, reduction at a highly polished
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.u .... ~ .·-.,;I·u·... ·...',-
FIgur. 1, Cycle voItammograms at a scan rat. 01 50 mV so, using
glassy carbon as the waking electrode (A = 0.66 cm') for: (a) a N,
salual8d 0.1 NN,SO,_; (b) an .... satlnlted 0.1 NH,SO._:
(c) a nitrogen satu'ated 0.1 NH,sO, solution containing 2.7 x to'"
M F.TMPyP; (d) same solution as for c...... c but ai' satllated

400

Cl
- 200

"! 20

_fIl.

40

'0,
FIg... 2. The cathodic peak curr.nt (A = 0.13 em') as function of
oxygen concentration for: (a) 10'" M F.TMPyP In phosphat. buffar
at pH 6.8, (b) the same solution (volume: 20 IT'L) In the pr.sanc. of
2 mg of catalasa

glassy carbon electrode. (Similar results can be obtained at
PI, Au, or doped tin oxide electrodes.) Figure I shows typical
current-potential (i-E) curves as obtained by cyclic vol­
tammetry (CV) at gl83SY carbon: (1) Trace a is an electrode
in 0.1 N H,sO, aqueous solution after thoroughly purging and
saturating with N,; (2) Trace b is for air-saturated solution
where 0, concentration is ca. 2 x 10'" M; (3) Trace c is for
2.7 x 10'" M Fe(Ill)TMPyP in absence of 0,; and (4) Trace
d is the same as conditions for trace c except after air-sat­
uration (20 ·C).

As may be seen from comparison of curves b, c, and d, the
current is markedly enhanced and the overpotential is reduced
by ca. 400 mV wben 0, is reduced in the presence of the iron
porphyrin. Consistent with the ec mechanism, reactions 1 and
2, the potential of the catalytic 0, reduction is determined
by the redox potential of the FeUlIfIl)TMPyP couple (see
traces c and d of Figure I). (Analysis of the potential va. pH
of the reaction will be discussed in a separate publication.)
The peak current, ip, was linearly proportional to the square
root of the scan-rate, V'I', for both FeTMPyP and 0, in the
presence of FeTMPyP. The analysis of the ip vs. yt/' was in
agreement with previous results whlch were consistent with
0, being reduced by a two-electron overall process to hydrogen
peroxide. The i p was found to be linearly dependent on the
oxygen concentration as shown in Figure 2, trace a, for a 10'"
M FeTMPyP solution in phosphate buffer at pH 6.8. The
choice of pH was dictated by our desires to test the effect of
the catalase, a peroxide decomposing catalyst, on the height
of the i.- The ip does increase slightly when catalase is present
(trace b, Figure 2) consistent with a mechanism whereby more
0, becomes available due to the increased rate of H,O,
dismutation:

H,O,~ 'f ,0, + H,O (3)

Rotating-Ring-Disc Electrode. To further assess the
propooed reactions I and 2, rotating·ring-disc electrode ex­
periments were conducted. In Figure 3, curves a, b, and c,
are the disc currents, io, at diCferent rotation speeds for
air-saturated solutions of 10'" M FeTMPyP at pH 9.0 (0.1 M
KCI).

60'--- -'

FIgure 3. Polarization cuves for the <isc (a-c) and~ (a'-c') electrodes
for an a~ saturated solution of 0.1 MKCI and 10 MFeTMPyP (pH
9) at diff.rant rotation speeds: 225, 750. and 1225 rpm for curvas
a, b. and c, respectively. E. = +1.0 V

,..
e/",..

,., I..
E.
_0

..'

Fig... 4. LimitIng cll'T.nls of the disc .lectrode as lunctlon of square
root of rotation speed for a nitrogen. ai', and oxygen satllated solution
(curv.s a. b, and c, r.sp.ctiv.ly) of 0.1 MKCI and 10" M F.TMPyP
(pH 9)

A single reduction wave with a E'l' "" -{).25 V is observed
for the FeTMPyP-Q, reduction at the disc. When the ratio
of O,:FeTMPyP becomes large so that the ec mechanism
becomes pseudo-first-order in FeTMPyP. a second wave at
more negative potentials may be observed due to the "excess"
0, being reduced directly on the glassy carbon electrode.
However, in the concentration range where only a single wave
is found, the io depends linearly on the 0, concentration and
the square root of the rotation speed (see Figure 4).

The number of electrons, n value, involved in the reduction
of 0, was calculated to be 2 ± 0.1 using the limiting disc
current, (io)e, equation (ref. 4):

(io)e = O.62nFAD'/3 V-liS W' I' Cb (4)

where V is the kinematic viscosity, (cm'fs), w is the rotation
speed (radfs), Cb is the bulk 0, concentration (mol/em3), D



~o
.,.....~rad...··r'"

Agure 5. The ratio of disc and ring Ct.ITents as loocHon 01 w- 1I2 for
an a~ sal\l"ated soIutJon of 0.1 M KCI and 10" M FeTMPyP (pH 9).•
ED = -0.3 V. C ED = -0.6 V

is the diffusion coefficient for 0, (2.6 X 10~ cm'/s), and the
other variables have their usual meaning. The n value is
consistent with hydrogen peroxide as the product of reactions
1 and 2.

Curves a', b', and c' in Figure 3 correspond to the ring
current, i R, at a set potential of +1.0 Vasa function of the
time the disc is being scanned from 0 to --{J.6 V. The ring
potential is set to monitor only H,O, as it is formed at the
disc. A diagnostic plot which permits a distinction between
reaction intermediates and the products in a parallel reaction
path is obtained from the equation (ref. 5):

iD n, + Xn, n, + n, + Xn, k'
- = --- + - {3w"I' (5)
iR Nr/l3 Nr/l3 D

where No is the collection coefficient, {3 = 0.643 V'I. V'13 and
n,-n, stands for the number of electrons in various possible
reactions on the disc and the ring electrodes, namely, the
scheme:

Ring: H20,~ 0, (8)

A plot of io/iR V8. ",'II' is shown in Figure 5. A line parallel
to the ",'112 axis was obtained for the potential range used.
From the intercept, the H,O, yield was calculated to be 95%.
Furthermore, the slope being zero indicates that k' = 0, i.e.,
that no further reduction of H,O, to H,O is taking place on
the disc. However, thin cell coulometric experiments on the
time scale of 5 min or more gave a n value of 4 for the
FeTMPyP-O, reduction (6). This result was obtained in a
cell using a Au minigrid as well as a glassy carbon working
electrode. It can be concluded that H,O, is the primary
product of O2 reduction and then it undergoes a slow chemical
decomposition to water (probably dismutation to O2 and H20,
possibly catsIyzed by FeTMPyP). The fate of H20, in various
electrolyte solutions in the absence and presence of various
metsI porpbyzins is presently being evaluated.

The RRDE was also used to estimate the kinetic rate for
the removal 0/ Fc(ll)TMPyP by 0,. The disc electrode
generates the Fe(II)TMPyP and tbe ring current monitors
the amount of the Fe(II)TMPyP that survives the passage
from the disc to the ring. This was achieved by adjusting the
potential of the ring at a value at wbich only Fe(II)TMPyP
(but not H20,) was oxidized. ER was set at +0.3 V.

Using the equation (ref. 7):
I,(HJ = H,) = {3nF>:H!Dw312v"12k'lol»d (9)

(Where HJ is the radical coordinate Of tbe reactio~ front at
the electrode surface, H2 is the inner radius of the rmg, J,(RJ

= H2) is the kinetic ring current, ko.... is the pseudo·sec·
ond-order rate constant of the homogeneous reaction, and Ii
is a constant determined experimentsIly to be 210 when J, is
measured in M.). The rate of the Fe(II)TMPyP removal by
0, was calculated to be 4(±5) X 10' M" s". 'I'be measured
ring currents were only slightly larger than background (<<0.5
M) which precluded bigb precision and accuracy of the

Disc {

n, OJ

0, - H,O'I7 H20

02~H20

(6)

(7)
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calculated rate. Further evaluation of tbe rate parameter is
presently underway U6ing spectroelectrocbemical methods
with optically transparent electrodes and will be reported in
a future paper.

CONCLUSION
The results confIrm the previous observation that the major

product of the catsIyzed oxygen reduction by tbe electro­
generated, water soluble Fe(II)TMPyP species is bydrogen
peroxide. The rate of the Fe(II)TMPyP removal of 0, is
between 10' and 10" M" s". With such a fast rate of reaction,
the cyclic voltammetric i. appears essentially diffusion­
controlled in 0,. It is interesting to note that the oxygen
reduction is occurring at a potential closely related to the redox
potential of the iron porphyzin couple. Tbe i-E curves of this
couple, as examined by cyclic voltammetry and supported by
chronocoulometry data (6) in the absence of°2, exhibited no
evidence of adsorption onto the electrode surface of either the
iron(Ill) or iron(lI) porpbyrin species. Thus, the water·soluble
Fe(Ill/II)TMPyP cation allows clear delineation of the general
overall mechanism wbere all of the data are consistent with
the earlier proposed ec catsIytic regeneration mechanism.

If superoxide ion, 0i" is the initial species of the oxygen
reduction by Fe(II)TMPyP, its concentration must be lowered
to less than 10.12 to 10'14 M during the reduction since the
EO is --{J.33 V (vs. NHE, ref. 18) for the reaction:

0, + e" = Oi' (10)

Pasternack and Halliwell (9) have recently examined the
thermodynamically favored reaction of superoxide ion and
Fe(III)TMPyP and found the rate of 0i' removal to be 3 X
10' M·I S·I. The mechanism postulated was:

Fe(lII)TMPyP + O2 • - Fe(Il)TMPyP+ 0, (11)

Fe(lI)TMPyP + Oi' + 2W - Fe(lII)TMPyP + H,O,
(12)

If superaxide is to be implicated in the ec mechanism (reaction
2), it is the reverse of reaction 11. Furthermore, the forward
and reverse rates of the reaction to be nearly identical is
inconsistent with the thermodynamic considerations of re­
action 1L There may be a common intermediate which can
be formed by either Fe(Ill)TMPyP and Oi' or Fe(ll)TMPyP
+ O2, This intermediate would covalently bond at the axial
position of the iron:

where the oxygen would have a partial n.gative charge (10).
To call this intermediate an "iron(III) and superoxide ion"
would be a formalism convenient for electron/charge balance
purposes. Rapid protonation followed by another electron
from either the electrode or another Fe(lI)TMPyP would
produce hydrogen peroxide. The redox potential of this
intermediate is predicted to be a few bundred millivolts more
positive than the FeTMPyP couple. At present, tbere is no
experimentsI evidence to implicate an iron(lV) species. Such
a species might be produced if the intermediate· is protonated
to yield a species resembling HO, which is considered a strong
oxidant. (EO =+ 1.42 V vs. NHE, ref. 8).
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Radiation-Induced Surface Redox and Shake-Up Structure in
X-Ray Photoelectron Spectra of Copper(lI) Chelates

Michael Thompson,' R. Bruce Lennox, and Deborah J. Zemon

Depsrtmenl of Chemistry. University of Toronto. 80 51. George Streel. ToronlO, Ontario, CallBda, M5S 1,<\ I

X-ray photoelectron apectroscopy otthe copper(lI) complex
01 1,~2' -pyrtdyl)-3,lkII\hIeoctane .. \he S 2p and CU ~,
regions hal conIlrmed thaI \he ehalate exhlbHI an X-ray­
Induc:ed U'face redox reaction. 0xklatI0n 01 the ...... moiety
to the level 01 a sun_ Is possible through a reaction wHh
"lP8C\rOlrl8ler" oxygen-contallWlg Ifl8CIes. The beam-lnduc:ed
reaction ha. also been demollllrated In a variety 01 other
CU(II) chelatal. Shake-up lateMe peakl are discussed In
tetml 01 known optk:al absorption data.

The potential of X-ray photoelectron spectroscopy (XPS)
as an analytical technique for the investigation of the nature
of metal coordination in metalloproteins has attracted con­
siderable interest in recent years (1). Much of this work has
been directed toward the chemical shift effect with respect
to core levels in both the metal and coordinating groupe. Gray
and co-workers (2,3) have reported on sulfur-copper coor­
dination in the blue electron-carrying protein, plastocyanin.
and in oxyhemocyanin. Although the plastocyanin study
suggested that a 4-5 eV shift in the S 2p peak occurs on
su1fur-ropper coordination. one group proposed that the shift
could be attributed to an oxidized sulfur impurity (4). In the
view of Baker, Brisk, and Liotta (5) such an impurity could
result from radiation damage. Using a model complex
Thompson et aI. (6) were able to reproduce the higher binding
energy peak and indicated that it could be caused by a ra·
diation-induced copper-catalyzed oxidation of ligated sulfur.
A similar opinion has been offered by Walton and co-workers
(7). Finally, the possibility that the peak is not associated
with a shift effect but is caused by a shake-up transition has
been raised by Larason (8).

The shake-up satellite structure observed on the low kinetic
energy side of the main peak or photoline in many XP spectra
has been the subject of much recent study (9, 10). In the case
of transition metal complexes and certain other systems. the
charge transfer transition has been implicated 88 the mode
of electron promotion that occurs with the photoionization
proceas (11). Others have argued that neither satellite energies
nor satellite intensities are well predicted by the charge
transfer model (12). The information yielded by interpretation
of shake-up structure has great promise in the elucidation of
the nature of metal-ligand bonding, such as coordination
geometry and bond covalency (13). With regard to copper(II)
complexes, an earlier suggestion that shake-up structure is
related to 3d - 4s, 4p transitions (14) has apparently been

re-interpreted in terms of charge transfer processes (15).
The_present paper includes a report on further studies of

the radiation-induced surface effect in a series of copper(II)
complexes which encompasses biological analogues involving
N. S. and 0 coordination. In addition. shake-up structure is
discussed in terms of optical absorption data obtained from
the literature.

EXPERIMENTAL
The copper(lI) complexes of imidazole-Cu(imi),CI, (system

VI). ethylenediamine-[Cu(en),]SO, (VII) and [Cu(en),ISO, (VIU),
.-phenanthroline-(Cu(phenan),(OAcl,) (IX), 2,2'·biquinolyl.
[Cu(biq)CI,1 (X). 8-hydroxyquinoline-Cu(quinolato), (Xl). pyri.
dine-[Cu{pyrl,CI,1 (Xli) and [Cu(pyr),{NO,),] (XIII). thiosemi·
carbazide-[Cu(tscl,CI,1 (XIV). and diethylthiocarbamate­
Cu(detc),80, (XV) were synthesized according to standard pro­
cedures given in the literature. The comptexes of 1.8-bis(2'.
pyridyI)-3.6-dithiaoctane-[Cu(C16H,.N,S,J(CIO,l, (I). I.S-di­
amino-3,6-dithiaoctane and I-methylimidazole­
[Cu(C,H"N,S,)(C,H.N,)J(ClO,lz (11), 1.9-diamino-3.7·
dithianonane-(Cu(C,H,.N,8,)J(CIO,), (III), 1.ll-diamino-3.6,9·
trithiadecane-[Cu(C.HzoN,8,)J(CIO,l, (IV) and N,N'-ethylene­
bis(.·hydroxybenzylamine)-[Cu{C,oH.N,O,)1 (V) were available
in this laboratory. Schemstic representations of the systems (I
to XV) are depicted in Figure 1.

X-ray photoelectron measurements were made on the samples
pressed into graphite with a McPherson ESCA36 spectrometer
using Mg K" radiation. Spectra were recorded uoder conventional
conditions and calibrated in the usual manner.

RESULTS AND DISCUSSION

The time-dependent Cu 2P3/' and S 2p spectra of system
I are shown in Figure 2, and representative Cu 2p3/' spectra
of remaining compounds containing Cu-S bonds and those
with metal to Nand/or 0 bonds are given in Figures 3 and
4, respectively. The peaks in each of the metal-core spectra
can be divided into two categories. The first group consista
of either a pair of peaks within 3 eV of each other or a single
peak at approximately the expected position of the Cu 2P3f'
photoline. Where twin peaks are observed. the ratio of high
binding energy peak to low binding energy component differs
considerably among the various systems. The second group,
often of weak intensity and containing more than one
component, lies between 6 to 10 eV to the high binding energy
side of the photoline(s). These peaks clearly relate to ahake-up
processes but the provenance of the first group is not im­
mediately obvious.

Possible sources of low kinetic energy satellites close to the
main photoline are the shake-up transition or multiplet
splitting effecta. Alternatively the twin-peak structure may
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figure 2. Sulfur 2p and Cu 2p." XP spectra of the Cu(II) complex
of 1,8-b1s(2'-pyrldyl)-3,6-dIthlaoctane. (A) 2o-m1n X-ray expo....e, (6)
12~ expooue to X-ray beam, and (C) IlHle_e to It}.j'A argorHon
beam

relate to the valence condition or the chemical environment
of the ligated copper atom. Such a result could only be
ezplained by the presence of a sample impurity. The con­
sensus of opinion among electron apectroscopists is that
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multiplet splitting is not a significant source of satellite
structure on transition metal 2p peaks, but it does appear to
generate photoline broadening (16). In the case of Cu 2J>s/2
the broadening effect baa been set at approximately 1.3 eV.
Clearly, the twin-peak structure obtained in this work is not
compatible with the "n(}ope"''' nature of multiplet splitting.
It seems unlikely that the origin of the peaks lies in a shake-up
process in the light of the variability in the ratio of peak
intensities. Hence, the question of sample contamination has
to be considered as the moat likely explanation.

We have shown previously that the S 2p spectra of system
I are time-dependent with respect to exposure to tha soUJ<:e
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Table I. XP Cu 2p", Data and Optical Charge TrlUUfer Assignments for Copper(lI) Chelat..

XPS Cu 2Pm
approx. optical charge transfer

Cu(II)/Cu(l)
compound Cu(II), eV Cu(I),eV ratio l:i.E,o eV band, em-I (eV) assignment

I 935.2 933.5 0.5 9.1 28000 (3.5) "01-'"]II 935.2 933.9 0.6 8.0 31 000 (3.8) 5(0) - Cu
38000 (4.7) N(o)- Cu

111 936.7 935.3 0.3 9.4 31000 (3.8) 5(0) - Cu (dx '_.')
40000 (5.0) N{o) - Cu

IV 936.5 935.2 0.2 9.6 29000 (3.6) S{o) - Cu
40000 (5.0) N(o) - Cu

V 935.1 >4 9.3 25500 (3.2) Cu - phen(.O)
30500 (3.8) Cu - phen(.')

VI 936.9 934.7 3 7.0 32400 (4.0) N(o) - Cu and
9.2 Cu - imi(1f*)

VII 938.0 936.0 6.0 -40000 (4.7) N(o) - Cu
9.2

VIlJ 937.4 b 3 9.0 -40000 (4.7) N(o) - Cu
IX 936.2 934.2 0.8 8.4
X 935.8 933.4 0.8 7.4 > 20 000 (2.5) Cu .'. biq{.')

9.4
XI 936.0 b 3 9.2 23000 (2.9) Cu - phen(.')

.. 28000 (3.5) Cu - phen(.')
XII 937.8 935.6 7.5 .-30000 (3.7) Cl{.)- Cu

9.5
XIII 938.0 b >4 7.0

9.1
XIV b 934.8 <0.2 -9.0 23000 (2.9) CI{.) - Cu

29000 (3.7) Cu - tse{.')
XV 935.4 <0.2 -7.6 23000 (2.9) Cu - dele(.')

-9.6

(J Energy difference between Cu(II) photoline and satellite(s). b Shoulder not sufficiently resolved to assign a binding
energy.

beam (6). The corresponding Cu 2p3/2 spectra are shown in
Figure 2 for both source exposure of various periods of time
and for short exposure to an argon·ion beam. The con­
comilant reduction in intensity of the high binding energy
component of the pair of metal core-level peaks with exposure,
and removal of this line by severe treatment can be ration­
alized in terms of the valence state of copper at the "surface"
of the particulate sample. Convincing evidence has been
presented in the literature to the effect that a shift of ap­
proximately 2 eV is expected between Cu(l) and Cu(lI) 2 P3/2
peaks, with the higher binding energy line associated with the
latter (17). The relatively low intensity of the high binding
energy peak for S 2p compared to that for the low binding
energy component of CU 2P3/2 strongly implies that a Cu­
(l)/Cu{lI) condition occurs at the "surface" ofthe sample of
system I, since the escape depth of the metal 2p photoelectrons
(-320 eV) would be expected to be significantly lower than
that for photoelectrons originating from the sulfur 2p level
(-I086 eV).

These results confirm that a "surface" reduction of copper
has occurred in system I. Although damage by natural light
cannot be excluded as a contributing factor, it certainly
appears that the effect is exacerbated by X-ray exposure. The
photochemical reaction exhibited in system I is not surprising
in the light of the large amount of data on photoreduction of
copper{II) in the literature (18). It is interesting to note that
with copper{lI) systems in solution, visible light irradiation
does not appear to cause a reaction but radiation corre­
sponding to Iigand-to-metal charge transfer bands induces
reduction (19). Furthermore, it is apparent that the ligand
radical produced in this type of reaction may undergo sec·
ondary reactions with the solvent or other species in solution.
In view of this evidence, we postulate that the oxidized sulfur
moiety in system I reacts with adsorbed oxygen·containing
compounda producing a surface species of sulfur at the ox­
idation level of a sulfone. In this regard, it is interesting to

note that Burness and co-workers (20) also suggested that
X-ray promoted chemical change of an imine linkage occurs
via "spectrometer" water.

With regard to the other systems described here the Cu­
(Il/Cu{II) system binding energies are given in Table I.
Where a single peak is observed, the binding energy is assigned
on the basis of peak width at half height (Le. eu(II) 2P'/2
exhibits multiplet splitting). Since the metal-rore spectra were
recorded under similar conditions, the relative severity of the
beam-induced damage of the compounds requires comment,
although it is clearly dangerous to arrive at specific dam­
age-structure correlation.. All the chelates containing Cu-S
bonds (I to IV, XIV, XV) exhibit significantly greater pho­
toreduction than those with Nand/or 0 bonds to metal.
Additionally, it appears that systelnB containing pyridine and
imidawle rings are more resi.tant to the effect than those with
conjugated rings such as biquinolyl. These results are entirely
consistent with the accepted behavior of the appropriate donor
species with respect to polarizability and relative electro­
negativity.

We now turn to the shake-up structure observed in the Cu
2p,/, spectra. If the charge transfer model of the shake-up
process is correct, it would seem reasonable to elpect at least
an empirical relationship to elist between charge transfer data
obtained from optical spectroscopy and photoline-shake-up
energy differences. In summary, the shake-up procesa is
governed by monopole selection rules, viz. IW =aL =as =
6.mj = 6.m, = 0, whereas allowed transitions in optical
speelroscopy are controlled by dipole rules (al = ±1, as =
0). Using optical charge transfer. terminology Kim (II)
suggested that allowed shake-up "channels" involve L - M
or M - L electron transfers. This model has been employed
to provide an argument for the preferential presence of
satellite structure on the metal or ligand photolines depending
on the contribution of the metal or ligand orbitals to the
orbitals involved in the transition (I3).



Optical charge transfer data gleaned from the literature and
XPS shake-up data for compounds I-XV are summarized in
Tabl~ 1. Before attempting to delineate a correlation, several
cautIOnary factors must be specified. First, solid-state
broadening. tends to merge shake-up structure. Second, much
of t~e optl~ data .have been obtained from experiments
earned out In solutIOn. In a sense, it is more desirable to
compare shake-up structure (solid-phase) with reflectance
spectra. A good case in point is system XIV, where the 23000
cm- l band due to a CI - Cu transition is missing in solution
spectra. Third, no detailed MO energy level picture exists
for these compounds and therefore the optical assignments
are often somewhat arbitrary. Fourth, since the compounds
studied in this work are partially converted to species involving
Cu(l), the intensity of the shake-up structure will be altered.

The optical charge transfer data of compounds I to XV is
dominated by bands in the 30Q00-40000 cm- l range (3.7-5.0
eV). In certain cases, more than one transition has been
postulated; for example, convincing evidence has been
presented for N(u) - Cu d".Y' (40000 cm- l ) and Stu) - Cu
d".Y' (30000 cm- l

) assignments in the spectra of compounds
I to IV, used as models for plastocyanin (21). Although
equivalent shake-up processes should occur, because of
broadening effects one would not expect to be able to dis­
tinguish the corresponding peaks in XP spectra. Shake-up
structure in nearly all the chelate spectra is centered for the
most part at 8 eV from the main photoline (Cu(II) 2P3j,)' The
apparent split of the structure into two peaks in some spectra
is similar to observations made for other Cu(II) compounds
(22). The central question in assigning the structure is whether
the XP shake-up transition involves virtual orbitals which
reflect the same levels given above for the corresponding
optical transitions. If this is indeed the case, then the shake-up
energies appear to be too high with the discrepancy being
about 3-4 eV.

In order to assign the shake-up peaks, molecular relaxation
effects that occur on photoionization must be considered. The
creation of a positive hole will result in significant stsbilization
of a number of valence and virtual orbitals. Both contraction
and molecular flow are expected to contribute to the relaxation
process. To account for the high shake-up energies obtained
in comparison to those predicted for a charge transfer process,
increased separation of e.-like bonding and e.-like crystal-field
orbitals must be considered. However, calculations have
indicated that such energy differences are actually smaller in
the core-ion state than in the ground-state (12). Such a model
would necessitate assignment of the shake-up peaks to
crystal-field orbital-to-conduction band transitions, although
these are formally forbidden based on the monopole selection
rules. On the other hand it is possible that the relaxation
process does in fact widen the "gap" between orbitals par­
ticipating in the shake-up promotion of electrons as is implied
in calculations of relaxation effects with regard to molecular
Auger spectra (23, 24).

In the light of the propositions expressed above, the nature
of shake-up transitions in Cu(II) compounds relative to those
exhibited by Cu(I) species deserves comment. It has been
suggested that interpretation of shake-up structure in terms
of the charge transfer model rules out the possibility of such
a process with Cu(I) compounds o~ing to its (t,,)'(e,)' con­
figuration (12). However, peaks of weak intensity have in fact
been observed in the spectra of Cu(l) B8IIlples, but they have
been assigned to energy-loss processes. It is apparent that
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these peaks may indeed be due to genuine shake-up tran­
sitions. Since shake-up intensity is known to be related to
the magnitude of charge redistribution in the core-ion state,
it is possible that this would be minimal with Cull) species
resulting in peaks of weak intensity.

CONCLUSIONS
The results presented in this work reveal the occurrence

of photoinduced redox reactions at the "surface" of solid
Cu(II) chelates. The poesibility exists that such an effect has
not been confirmed previously because the resulting
Cu(l)-Cu(II) peak split has not been resolved sufficiently to
allow appropriate spectral interpretation. It is clear that great
care should be exercised in future in the assignment of shifts
of coordinating group binding energy to metal ligation.
Interestingly, the occurrence of a ligand group shift may imply
ipso facto that the ligand is bonded to a metal.

In view of the uncertainty of assignment of shake-up peaks
in the spectra of Cu(II) compounds, it appears that the pa­
tential of such transitions for the elucidation of the nature
of metal-coordination sites in solid samples is limited until
further defmitive experimental and theoretical work is carried
out. This is especially true for the analytical chemist who may
be interested in structures of metal1oproteins where the
concentration of metal is inherently low.
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Analysis of Metal Alloys by Inductively Coupled Argon Plasma
Optical, Emission Spectrometry

Arthur F. Ward' and Louis F. MarcleUo

JarrsfJ.Ash Div;sion. Fisher ScJsntific Company. 590 Lincoln Street. Waltham. Massachusetts 02154

EXPERIMENTAL

If the relationship is not linear, however, this freedom from
solution concentration and the concentration ratio technique are
not valid. For example, if the analytical equation is second order,
Equation 3 is modified w Equation 5, where p;, q;, and r; are the

(3)

(I)

(4)

(2)

Co = BiC"

Ri = P, + qiB,

LC, + Lei + C" = 100
, I

where all concentrations are in percent.ages. This equation then
may be arranged to the form:

LC lOll - LCI

I +~ = I + LIJ = 1_

CM 'C"

pie matrices also have been reported in the literature (6-}o).
However, none of these reports has covered the simultaneous
multielement analysis of the metal alloy sample in a truly
comprehensive fashion.

In this paper, we describe the analysis uf iron-based. cop­
per-based, and aluminum-based alloys in which the majority
of the alloying components iR determined and the concentra­
tion ratio method of analysis employed. The concentration
ratio method offer> a potential analytical advantage; only
relative solution concentrations rather than absolute solution
concentrations are required for analysis. Consequently, there
is no need to weigh the initial sample or measure the final
volume accurately, provided that the solution concentrations
of both analyte and matrix are within the instrument's cali­
bration range. The elimination of the need for accurate sample
wei~hin~ not only speeds up sample preparation but also
prevent~ any potential errors that may be caused by mis­
reading or mistakes in arithmetic or transcription.

Given this, the concentration ratio technique should ~ive equiv­
alent data regardless of the absolute solution concentrations and
hence be independent of the weight of solid used or the final
dilution volume.

Once the concentration ratios and any residual concentration
(ei ) have been determined, then Equation 2 may be solved to
detennine the matrix element concentration (CM). From this value
and the determined concentration ratio (Rj ), the absolute con­
centration of the ith element in the original sample is calculated
from Equation 4:

Theory. Because the concentration ratio method of analysis
i~ described fully elsewhere (I n, only a brief discussion will he
presented here.

If the concentration of the jth analyzed element in the original
sample is Ci , the concentration of the jth unanalyzed element is
Cj and the matrix element concentration is. C~, then

where Bi is the concentration ratio of the jth element to the matrix
element.

When the analytical technique exhibits a linear relationship
between signal and concentration, then the ratio of the nd line
intensity of the jth element to the matrix element, Ri , may be
described by Equation 3, where Pi and qj are calibration constants:

A lechnlque lor analyzing melal alloys using a d1rect-readlng
Inductively coupled argon plasma (ICAP) spectromeler Is
descrIled ~ which~ are ackI-dIssolved before analysis.
Because a concenlratlon ratio method Is used lor analysis,
dilution errors 01 up 10 ±40 % can be tolerated wll~out slg.
nlflcant loss 01 accuracy. The ICAP technique Is used 10
delermlne 17 elemenls In Irons and sleels, 14 elements In
copper-based aloys, and 12 elements In aluminum aloys. The
analy1lcal accwacy ollhese determinations Is verified by the
analysis 01 standard reference malertals lor each sample ma­
Irlx.

Routine analyses of metal alloys in quality controllabora­
tories are perfonned most commonly by spark emission spec­
trometry or X-ray fluorescence beeause of rapid sample turn­
around and ease of operation. The problem with both of these
techniques is that the analytical signal i. highly dependent
on matrix composition. Precise matching of sample and
standard'matrices is required if accurate results are to be
obtained. However, certified standards for calibration that
match the samples to be analyzed often'are difficult w find.
Other alternatives, e.g., wet chemistry procedures. are unaf·
fected by the certified standards problem because synthetic
standards can be prepared readily, but such methods are
time4 consuming. Also, analytical determinations must be
made sequ,mtially, compounding the time factor. Atomic
absorption apectrometry is a faster analytical technique than
wet chemistry but, again, determinations are made sequen­
tially. Th~ inductively coupled argon plasma (ICAP) spec­
trometry technique has positive characteristics for application
to metal alloy analysis, i.e., its simultaneous, multielement
determination capability and its use of synthetic standards.

Fassel and Dickinson (I) described a method of analyzing
arsenic and lin in solders that involved melting the sample,
forming an aerosol by ultrasonic nebulization, and analyzing
the aerosol by ICAP. Hoare and Mostyn (2) described a high
frequency plasma method for determining boron and zirconi­
um in nickel-based alloys following sample dissolution. 80­
uilliart and Robin (3) described a method for determining
hafnium in zirconium by ICAP. Kirkb~ight and Ward (4)
comp~red the ICAP with flame emission using a separated
nitrous oxide-acetylene flame for the determination of copper,
zinc, iron, titanium, manganese, and magnesium in aluminum
alloys and concluded that the ICAP gave better precision and
offered simultaneous multicbannel analytical Capability.

Butler et aI. (5) described a procedure 'for the determination
of aluminum, chromium, copper, manganese, and nickel in
ateel samples using an ICAP spectrometer that had been
calibrated with synthetic standards prepared in the presence
of iron only. With this minimal matrix matching, these
worke", were able to analyze low alloy, high alloy, and stainless
ateels with the same calibration curve.

Other applications of the ICAP to metal alloy analyses in
which several elements have been determined in various sam-

0OO3-?700/79/0351-22S4S01.00/0 ~ 1979 American Chemical Society
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Table I. Elements and Analytical Wavelengths (run> Employed

copper iron aluminum
element line bk~da line bkgdQ line bkgdQ

Ag 328.068 328.102 • • •bAI 308.215 308.249 308.215As 193.696 308.249 308.215<
B • • •b

193.730 193.696 193.730 • ••b

Cd 226.502
249.773 249.807 • • •b

226.536 b • ••bCo • ••1I 228.616 228.650 • . •bCr • ••1I

Cu 213.598<·d
267.716 267.750 267.716 267.750

Fe 259.940
324.754 324.788 324.754 324.788

Mg • •• 1.1
259.974 238.863< 259.940 259.974

• _.b 383.231 d
Mn 257.610 257.644 257.610 257.644 257.610 257.644Mo • • •b 202.030 202.064 • • •b
Nb b

313.079 313.113 • • •b
Ni 231.604 231.62\ 231.604 231.621 231.604 231.621P 253.565 253.599 214.9\4 214.931 • • . b
Pb 220.353 220.387 b 220.353 220.387Sb 217.581 217.6\5 b 217.581 217.615Si 288.158 288.192 288.\58 288.192 • • •b
Sn 189.989 190.023 ..b 189.989 190.023Ta • _ .b 240.063d •• •b
Ti • • •b 33,1. 9·\1 334.978 334.941 334.978V _ • •b

292.·\02 292.436 •• •b
IV • ••to 207.911 207.945 _ • •b
Zn 206.200 20G.2li __ .b

213.856 213.890Zr · • •b 3:J9.198 339.222 • • •b

a Background me~surcmcnt wavel~n~th. b Si~nifi('s clement not determined. C Signifies used as internal standard, no
background correctIOn employed. Lme selected on external monochromator.

Table II. Operating Conditions

ICAP
Plasma torch

Argon gas nows

Peristaltic pump
Solution uptake rale

(pumped)
Forward RF power
Reverse RF power
Induction coil

Optics
Focusing element

Magnification
Height of observntion

plasma
Entrance slit aperture

Direct reader
Entrance slit
Exit slits
Grating
Blaze

Quartz type, I-mm nozzle
diameter

Coolant-IS L/min
Auxiliary-O.S L/min
Sample-O. j L/min
Gilson Minipuls II
0.95 mL/min

1.2kW
<5 IV
Three-turn water-cooled

copper tubing

Separate off-axis front­
surfaced concave mirrors
for direct reader and
monochromator

x 3.6 nominal
IH mm above coil

3mm

25,.,rn
50 ~m
2360 grImm ruled concave
270 nm

Direct reader
Dispersion

Monochromator
Entrance slit
Exit slit
Grating
Blaze
Dispersion

Electronics
PMT

Voltage
Read out

Integration period

CPU terminal

CPU mass storage

0.53 nm/mm first order

10IJrn
20IJm
1180 grimm rnlcd plain
270 nm
1.6 nm/mm first order

Hamamatsu type R427­
185-200 om direct reader,
R30()-250·500 run direct
reader, R456-185·800
nm monochromator

600·950 V
Central processing unit

(PDP-8A, DEC, Maynard,
Mass.), controlled indi­
vidual op-amp analog
integrators with multi­
plexed AID converters

14 s-line
7 s-background

LA·36 DECwritcr (DEC,
Maynard, M.... )

RXOI Dual Floppy Disks
(DEC, Maynard, Mass.>

calibration constants and C~ is the solution concentration of the
ith element:

Since Equation 5 has two unknowns, HI and e'" it is impossihle
to use the concentration ratio method from a single measurement.
Reasonable approximations can be made if either, or preferably
both, the terms rj and e'j are small, and the matrix element
constitutes over 90% of the sample and remains fairly constant.
If the matrix element is subject to large variations in concentration
and constitutes only 50-70% of the sample, e.g., iron in stainless
or high aUoy steels, or copper in brass, then the likelihood for

R, = p; + q,B, + r,'H,C', (5)

substantial error exists. especially for the major alloying elements.
Spectral Line Interference Corrections. In any emission

spectroscopic technique, the possibility always exists of spectral
line interferences from a concomitant species upon the analyte
line. The ICAP technique is nu exception to this condition. The
high precision of the ICAP coupled with the ease with which
synthetic standards can be prepared makes the correction of
spectral interferences a much simpler task when compared with
other emission techniques.

In the apectrometer data proceasing unit, corrections for apectra1
line overlap are made on the ith element from the kth element
using Equation 6, where Bj is the corrected concentration ratiot
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Table ill. Linear Calibration Verification Standard.

Copper

mg/L %wa/wm
standard ;; element solution in solid

Cu 5000 100
Cu 5000 100
Zn 2500 50

3 Cu 5000 100
Ag 5 0.1
Pb 250 5.0
Sn 50 1.0

4 Cu 5000 100
Al 250 5.0
Fe 10 0.2
Mn 5 0.1
Ni 5 0.1

0,0.05,0.1,0.2 0,2.5,5
0, 0.05, 0.1, 0.2, 0.5 0, 2.5, 5, 10, 25

mg/L % wa/wm
standard # element solution in solid

5 Cu 5000 100
As 5 0.1
Cd 5 0.1
P 5 0.1
Sb 5 0.1
Si 5 0.1

Iron based alloys

Fe 5000 100
Fe 5000 100
Cr 1000 20
Cu 100 2.0
Mn 100 2.0
Ni 1000 20

3 Fe 5000 100
AI 100 2.0
Co 100 2.0
Mo 100 2.0
Ti 100 2.0

4 Fe 5000 100
Nb 10 0.2
Ta 10 0.2
V 10 0.2
W 10 0.2
Zr 10 0.2
Fe 5000 100
As 10 0.2
B 10 0.2
P 10 0.2
Si 10 0.2

Aluminum based alloys

1 AI 1000 100
2 Al 1000 100

Cu 100 10
Si 100 10

3 AI 1000 100
Zn 100 10

4 Al 1000 100
Mg 100 10
Ni 100 10

5 Al 1000 100
Cr 10 1
Fe 10 1
Mn 10 1
Pb 10 1
Sb 10 1
Sn 10 1
Ti 10 1
Zr 10 1

Cu (added
to all
standards)

elements

Ag, As, Cd,
Mn,Ni,P,
Sb, Si

Fe, Sn
AI, Pb
Zn

As, B, P, Zr
Co, Cu, Nb,

Ta, V, W
AI,Mn,Si
Ma,Ti
Cr,Ni
Fe (added

to all
standards)

Cr, P, Sb, Sn
Fe, Pb
Mn,Ni
CU,Zn
Mg
AI (added

to all
standards)

mg/L in solution

0,2.5,5,10

Iron

0,10,25,50,100
0,25,50,100,250
0,50,250,500,1000,

2500
5000

Aluminum

0,5,25,50,100
0,25,50,100, 250
0, 50, 250, 500, 1000
5000

0,0.05,0.1,0.2

Multielement Standards

Copper based alloys

0, 0.2, 0.5, 1.0, 2.0
0,0.5,1.0,2.0,5.0
0,1,5,10,20,50

100

0,0.2,0.5, 1.0, 2.0
0, 0.5, 1.0, 2.0, 5.0
0, I, 5, 10,20
100

0, 0.05, 0.1 0, 0.5, 1
0,0.05,0.1,0.2,0.5 0,0.5, I, 2, 5
0,0.2,0.5, 1.0, 2.0 0,2,5, 10,20
0, I, 2, 5, 10 0,10,20,50,100
0,2,5,10,25 0,20,50, 100, 250
100 1000

Q Weight of annlyte elements/weight of matrix elements.

Bi is the uncorrected concentration ratio, B" is the concentration
ratio of the interfering element and Kilo is the empirically deter­
mined interference factor.

(6)

These empirical interference factors are determined subsequent
to the calibration routine and are applied automatically by the
central processor prior to the output of the determined concen­
tration ratios.

Interference corrections from the matrix element do not have
to be determined empirically since the instrument is standardized
by Equation 3, which automatically relates the concentration of
the matrix element to the intensity ratio.

Instrumentation, A Model 96-986 (Jarrell-Ash Division,
Fisher Scientific Company, Waltham, Mass. 02154) ICAP Atom·
Camp Direct Reading Spectrometer programmed for the elements

listed in Table I was used for this study. Auwmatic background
correction provided by a Model 90-555 Spectrum Shifter attach·
ment (Jarrell-Ash) was used for the lines designated in Table I.
Lines not programmed into the unit were measured with a Model
96-978 N+ 1 Channel, a 0.5-m Ebert scanning monochromator
(Jarrell-Ash). The operating conditions for the ICAP and spec­
trometers are shown in Table II.

ReageDts. Stock calibration standards containing 1~ wjv of
the analyte were prepared from spectroscopically pure chemicals
(Specpure grade, Johnson Matthey Co. Ltd., England) dissolved
in high purity acids (Hipure grade, Fisher Scientific Co., Fair
Lawn, N.J.). The same high purity acids were used to dissolve
the samples.

Method. Copper-Based Alloys. About 250 mg of sample
(usually chips or turnings) was transferred to a 2-oz plastic bottle.
One milliliter of concentrated nitric acid was added. After the
reaction subsided, 15 mL of concentrated hydrochloric acid was
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Table IV. Correction Factors (Ki~) for Spectral Interferences

ele- inter- ele· inter·ment ferent factor ment Cerent factor
copper alloys As Al 0.00467

Fe 0.00044 Nb Ni -0.00010
P Fe 0.87841

Cr -0.00015
Pb Al -0.00100

Ti 0.06745
Sb Mn 0.00074

V 0.00801
Ni Co -0.00146AI 0.00199 P Mo 0.00585Pb 0.00417 Ni 0.00025Fe 0.00112 Cr -0.00258Zn 0.00016 Cu 0.07717Sn Zn 0.00200 Si Cr -0.00856

iron alloys Al Mn 0.00086 Ta Ti 0.00158
Mo 0.00731 W 0.01358
Co -0.00640 Co 0.01357
V 0.00579 Ti Cr 0.00020

As Mo 0.00091 V Mo -0.01069
Ni 0.00085 Cr 0.00010
Cr 0.00088 Ti 0.00049
Al 0.00467 W Mo 0.00053
W -0.04979 Cr 0.00007
V 0.00142 Cu -0.01002

Co Mo -0.00258 V -0.00167

Ni 0.00004 Zr Mo 0.00050

Cr 0.00021 Ni -0.00007

Ti 0.00164 aluminum alloys Sb Mg 0.00013
Cr Ti 0.00018 Ni 0.00635

W 0.00102 Cu 0.00226
V -0.00019 Zn Ni 0.00307

Cu Mo 0.00038 Sn Zr 0.00200
Mn Ni 0.00001

Table V. Detection Limits (% w/w) for Alloying Elements

matrix matrix
element copper iron aluminum element copper iron aluminum

Ag 0.0005 _a Ni 0.0002 0.0004 0.0009
Al 0.0005 0.0003 _b P 0.003 0.002
As 0.0004 0.0006 Pb 0.0009 0.004
B _a 0.001 Sb 0.0008 0.004
Cd 0.0001 Si 0.0003 0.0003
Co 0.0002 Sn 0.0008 0.009
Cr 0.0002 0.0004 Ta 0.005
Cu _b 0.0001 0.0003 Ti 0.0001 0.0002
Fe 0.0006 _b 0.0005 V 0.0004
Mg 0.016 W 0.0005
Mn 0.0001 0.0001 0.0001 Zn 0.003 0.0003
Mo 0.0006 Zr 0.0003 0.0003
Nb 0.0004

a Element not determined. b Matrix element.

Table VI. Effect of Weight of Sample upon Measured Concentration Ratios for NBS SRM 1100a

element
ratio 50 100 150 200 250b 300 350 400 500

Ag/Cu 0.992 0.989 0.993 0.997 1.000 0.999 1.006 1.008 1.004
0.010 0.023 0.008 0.009 0.010 0.005 0.009 0.008 0.006

As/Cu 0.777 0.963 0.989 0.981 1.000 1.008 0.998 1.019 1.023
0.085 0.047 0.024 0.025 0.013 0.032 0.018 0.027 0.021

Cd/Cu 1.016 1.005 1.002 1.002 1.000 0.997 0.991 0.992 0.997
0.015 0.028 0.011 0.013 0.013 0.012 0.012 0.014 0.009

Fe/Cu 1.022 0.996 0.995 0.998 1.000 0.996 0.991 1.001 1.005
0.015 0.018 0.007 0.013 0.012 0.013 0.011 0.018 0.013

Mn/Cu 1.046 0.99& 0.997 0.994 1.000 0.998 0.991 0.995 1.003
0.013 0.017 0.007 0.012 0.013 0.013 0.012 0.018 0.010

Ni/Cu 0.989 0.982 0.999 0.995 1.000 0.998 0.990 0.994 0.994
0.010 0.020 0.007 0.013 0.015 0.012 0.013 0.013 0.009

Pb/Cu 1.01 1.06 1.03 1.04 1.00 0.95 0.95 1.02 0.97
0.06 0.09 0.06 0.04 0.06 0.08 0.05 0.04 0.05

Sn/Cu 0.85 0.97 0.98 1.01 1.00 0.97 0.98 1.02 1.01
0.07 0.03 0.09 0.06 0.05 0.08 0.07 0.03 0.02

Zn/Cu 1.060 1.008 1.004 0.996 1.000 1.002 0.985 0.998 0.990
0.010 0.044 0.012 0.014 0.010 0.012 0.008 0.012 0.010

a Weight (mg) in 50'mL solution. b Normalization value.
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Table VII. Copper Baled Alloys (Values in 'J{, w/w)

SRM no. type Ag AI As Cd Cu ~'e Mn

1100 cartridge NBS 0.019 0.008 0.019 0.013 67.43 0.072 0.003
brass ICAP 0.018 0.010 0.019 0.0136 67.3 0.068 0.0031

limits 0.001 0.002 0.001 0.0004 0.4 0.004 0.0003
1101 cartridge NBS 0.003 0.0006 0.009 0.0055 69.50 0.037 0.0055

brass ICAP 0.0026 0.004 0.008 0.0060 69.2 0.036 0.0057
limits 0.0008 0.002 0.001 0.0003 0.3 0.002 0.0002

1104 free cutting NBS 63.33 0.088
brass ICAP <0.0005 0.003 0.0006 <0.0001 61.5 0.088 <0.0001

limits 0.002 0.0004 0.2 0.002
1105 free cutting NBS 63.7 0.044

brass ICAP. <0.0005 0.006 0.0010 0.0006 63.7 0.042 0.0001
limits 0.001 0.0005 0.0001 0.1 0.002 0.0001

1106 naval brass NBS 59.08 0.004 0.005
ICAP <0.0005 0.012 <0.0004 0.0011 59.3 0.006 0.0046
limits 0.002 0.0001 0.3 0.002 0.0004

1108 naval brass NBS 64.95 0.050 0.025
ICAP <0.0005 0.046 <0.0004 <0.0001 65.0 0.049 0.025
limits 0.003 0.1 0.002 0.001

1110 red brass NBS 84.59 0.033
ICAP 0.0011 0.0007 <0.0004 0.0003 84.6 0.032 0.0001
limits 0.0006 0.0005 : 0.0001 0.1 0.002 0.0001

1114 gilding metal NBS 96.45 0.017
ICAP 0.0009 <0.0005 <0.0004 '·<0.0001 96.46 0.017 0.0001
limits 0.0005 0.05 0.002 0.0001

1115 commercial NBS 87.96 0.13
brass ICAP 0.0018 0.0008 <0.0004 <0.0001 88.0 0.130 <0.0001

limits 0.0006 0.0005 0.1 0.001
1118 aluminum NBS 2.80 0.007 75.1 0.065

bronze ICAP <0.0005 2.78 0.0065 0.0001 75.3 0.064 0.0001
limits 0.02 0.0007 0.0001 0.2 0.004 0.0001

SRM no. type Ni P Pb Sb Si Sn Zn

1100 cartridge NBS 0.052 0.010 0.106 0.018 (0.010) 0.055 32.20
brass ICAP 0.0524 0.012 0.103 0.017 0.0087 0.053 32.4

limits 0.0008 0.003 0.003 0.001 0.0005 0.002 0.4
1101 carlridge NBS 0.013 0.002 0.050 0.012 (0.005) 0.016 30.30

brass ICAP 0.0131 <0.003 0.050 0.012 0.0047 0.017 30.6
limits 0.0005 0.002 0.001 0.0002 0.001 0.3

1104 flee cutting NBS 0.070 0.005 2.77 0.43 35.3
brass ICAP 0.070 0.008 2.72 <0.0008 0.0008 0.430 35.3

limits 0.003 0.004 0.05 0.0003 0.006 0.2
1105 free cutting NBS 0.043 0.003 2.0 0.21 34.0

brass ICAP 0.044 0.003 1.96 <0.0008 0.0012 0.211 34.1
limits 0.001 0.003 0.03 0.0004 0.006 0.1

1106 naval brass NBS 0.025 0.032 0.74 40.08
ICAP 0.0250 <0.003 0.032 <0.0008 0.0010 0.743 39.9
limits 0.0007 0.002 0.0004 0.009 0.2

1108 naval brass NBS 0.033 0.063 0.39 34.42
ICAP 0.031 <0.003 0.066 <0.0008 0.0004 0.394 34.40
limits 0.001 0.002 0.003 0.008 0.08

1110 red brass NBS 0.053 0.033 0.051 15.20
ICAP 0.052 <0.003 0.033 <0.0008 <0.0003 0.050 15.2
limits 0.002 0.001 0.002 0.2

1114 gilding metal NBS 0.021 0.009 0.012 0.027 3.47
ICAP 0.0208 0.009 0.008 <0.0008 <0.0003 0.028 3.47
limits 0.0007 0.003 0.002 0.001 0.05

1115 commercial NBS 0.074 0.005 0.013 0.10 11.73
brass ICAP 0.074 0.005 0.014 <0.0008 <0.0003 0.103 11.6

limits 0.002 0.003 0.001 0.002 0.2
1118 aluminum NBS 0.13 0.025 0.010 0.0021 21.9

bronze ICAP 0.0005 0.129 0.019 0.008 0.0020 <0.0008 21.8
limits 0.0003 0.009 0.006 0.002 0.0007 0.1

Statistical Analysis of Data

Cu Fe Ni P Pb Zn

n 10 10 9 6 10 10
m 0.9990 1.001 0.999 0.996 9.994 1.0003
b 0.1119 -0.0004 -0.0001 0.0008 0.0003 -0.0119
r 1.0000 0.9997 0.9992 0.9982 0.9994 1.0000
X' 0.78 0.85 1.28 0.17 2.47 1.12
P <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
I 0.41 - 1.55 0.75 1.40 -1.13 0.36
p <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
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TableVIU. Iron and Steel (Valuea in % w/w)
SRMno. type AI Ali B Co Cr Cu

ili plain NBS
0.009 0.016carbon ICAP <0.0003 <0.0006 <0.001 <0.0002 0.0072 0.0136limits 0.0006 0.0006199 plain NBS 0.031 0.012 0.374 0.093carbon ICAP 0.030 <0.0006 <0.001 0,0109 0.377 0.093limits 0.004 0.0006 0.009 0.00261b plain NBS 0.465 0.071carbon ICAP 0.010 <0.0006 <0.001 <0.0002 0.465 0.072limits 0.001 0.008 0.00265d plain NBS 0.059 0.049 0.051carbon ICAP 0.058 <0.0006 <0.001 0.0054 0.049 0.050limits 0.003 0.0003 0.001 0.001160a stainless NBS 0.071 18.74 0.174steel ICAP <0.0003 <0.0006 <0.001 0.067 18.6 0.176limits 0.002 0.2 0.002344 high NBS 1.16 14.95 0.106alloy ICAP 1.16 <0.0006 <0.001 0.0691 15.04 0.105limits 0.01 0.0004 0.04 0.002348 high NBS 0.23 0.0031 14.64 0.22alloy ICAP 0.226 <0.0006 0.003 0.127 14.54 0.219limits 0.004 0.001 0.001 0.05 0.0021261 low NBS 0.021 0.017 0.0005 0.030 0.69 0.042alloy ICAP 0.022 0.017 <0.001 0.0302 0.690 0.042

limits 0.002 0.002 0.0007 0.006 0.0021262 low NBS 0.095 0.092 0.0025 0.30 0.30 0.60alloy ICAP 0.093 0.091 0.003 0.311 0.305 0.499
limits 0.005 0.006 0.001 0.006 0.005 0.0061263 low NBS 0.24 0.010 0.00091 0.048 1.31 0.098alloy ICAP 0.242 0.010 <0.001 0.046 1.31 0.098
limits 0.008 0.002 0.001 0.01 0.002

1264 low NBS (0.008) 0.052 0.011 0.15 0.065 0.249
alloy ICAP 0.008 0.050 0.011 0.154 0.065 0.249

limits 0.002 0.003 0.002 0.004 0.003 0.004
1266 electrolytic NBS (0.0007) (0.0002) 0.00013 0.0070 0.0072 0.0068

iron ICAP 0.0005 <0.0006 <0.001 0.0068 0.0072 0.0058
limits 0.0004 0.0004 0.0008 0.0007

SRM no. type Fe Mn Mo Nb Ni P
8i plain NBS 0.511 0.003 0.009 0.080

carbon ICAP 99.18 0.515 0.004 <0.0004 0.010 0.081
limits 0.01 0.006 0.001 0.001 0.009

199 plain NBS 0.554 0,013 0.026 0.066 0.046
carbon ICAP 98.29 0.555 0.012 0.0280 0.067 0.048

limits 0.02 0.004 0.001 0.0008 0.003 0.008
61b plain NBS 0.573 0.014 0.063 0.013

carbon ICAP 97.32 0.574 0.014 <0.0004 0.054 0.014
limits 0.02 0.006 0.001 0.002 0.004

66d plain NBS 0.073 0.025 0.060 0.015
carbon ICAP 98.35 0.071 0.025 <0.0004 0.060 0.017

limits 0.02 0.006 0.002 0.001 0.004
160a stainless NBS 1.62 2.83 14.13 0.027

steel ICAP 61.7 1.62 2.84 0.010 14.18 0.031
Bmils 0.2 0.01 0.04 0.001 0.09 0.004

344 high NBS 0.57 2.40 7.28 0.018
alloy ICAP 72.76 0.567 2.41 0.004 7.31 0.014

limits 0.03 0.006 0.03 0.001 0.02 0.004
348 high NBS 63.3 1.48 1.3 26.8 0.016

alloy ICAP 53.28 1.481 1.30 0.020 25.73 0.014
limits 0.09 0.007 0.01 0.002 0.08 0.004

1261 low NBS (95.6) 0.66 0.19 0.022 1.99 0.016
alloy ICAP 95.54 0.662 0.189 0.021 1.99 0.015

limits 0.02 0.005 0.004 0.001 0.02 0.003
1262 low NBS (95.3) 1.04 0.068 0.29 0.59 0.042

alloy ICAP 95.74 1.05 0.069 0.078 0.59 0.044
limits 0.02 0.01 0.005 0.008 0.01 0.009

1263 low NBS ~94.4) 1.50 0.030 0.049 0.32 0.029
alloy ICAP 94.48 1.51 0.030 0.048 0.324 0.028

limits 0.02 0,01 0.002 0.002 0.005 0.006
1264 low NBS (96.7) 0.255 0.49 0.157 0.142 0.018

alloy ICAP 96.75 0.255 0.49 0.157 0.142 0.018
limits 0.02 0.005 0,01 0.008 0.002 0.003

1265 electrolytic NBS (99.9) 0.0057 0.0050 <0.00001 0.041 0.0025
iron ICAP 99.90 0.0058 0.0051 <0.0004 0.043 0.0039

limita 0.01 0.0004 0.0008 0.002 0.0038
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Table VIn. (Continued)

SRMno. type Si Tn Ti" V W Zr

8i plain NBS 0.020 0.012
carbon lCAP 0.021 <0.005 <0.0011 0.Q13 <0.0005 <0.0003

limits 0.001 0.002
199 plain NBS 0.186 0.027 0.012

carbon ICAP 0.186 <0.005 0.0266 0.013 <0.0005 <0.0003
limits 0.004 0.0008 0.001

51b plain NBS 0.246 0.002
carbon ICAP 0.245 <0.005 0.0002 ~,O.0019 <0.0005 <0.0003

limits 0.007 0.0001 0.0006
65d plain NBS 0.370 0.092

carbon ICAP 0.366 <0.005 0.0012 0.0021 0.0008 <0.0003
limits 0.077 0.0003 0.0008 0.0005

160a stainless NBS 0.605 0.051
steel ICAP 0.605 <0.005 0.0026 0.043 0.036 <0.0003

limits 0.008 0.0003 0.002 0.002
344 high NBS 0.395 0.002 0.076 0.040

alloy ICAP 0.396 <0.005 0.076 0.0429 0.0010 <0.0003
limits 0.005 0.003 0.0009 0.0005

348 high NBS 0.54 2.24 0.25
alloy ICAP 0.541 <0.005 2.24 0.245 0.029 <0.0003

limits 0.007 0.01 0.005 0.002
1261 low NBS 0.223 0.020 0.020 0.011 0.Q15 0.009

alloy ICAP 0.224 0.022 0.0199'" 0.013 0.Q18 0.0087
limits 0.005 0.006 0.0006' 0.001 0.001 0.0005

1262 low NBS 0.39 0.20 0.084 0.041 0.21 0.19
alloy ICAP 0.38 0.023 0.038 0.041 0.217 0.194

limits 0.Q1 0.004 0.002 0.008 0.008
1263 low NBS 0.74 (0.053) 0.050 0.31 0.045 0.049

alloy ICAP 0.726 0.047 0.049 0.312 0.047 0.048
limits 0.005 0.005 0.002 0.009 0.002 0.001

1264 low NBS 0.067 0.11 0.24 0.105 0.10 0.068
alloy ICAP 0.068 0.091 0.244 0.107 0.101 0.068

limits 0.002 0.009 0.009 0.002 0.004 0.002
1265 electrolytic NBS 0.0080 -«0.00005) 0.0006 0.0006 (-0.00004) - «0.00001)

iron ICAP 0.0079 <0.005 0.0001 0.0007 <0.0005 <0.0003
limits 0.0008 0.0001 0.0005

Statistical Analysis of Data

n m b x' p P

AI 7 0.999 0.0001 1.0000 0.14 <0.02 -1.076 <0.02
Co 7 1.005 -0.0007 0.9992 2.90 <0.02 0.219 <0.02
Cr 12 1.0035 -0.0011 1.0000 2.35 <0.02 0.007 <0.02
Cu 12 1.006 -0.0011 0.9999 1.65 <0.02 -0.666 <0.02
Mn 12 1.0019 0.0001 1.0000 0.45 <0.02 1.978 <0.02
Mo 12 1.001 0.0000 1.0000 0.55 <0.02 1.502 <0.02
Ni 12 1.0006 0.0006 1.0000 1.28 <0.02 -0.110 <0.02
P 12 1.026 -0.0002 0.9894 0.61 <0.02 0.891 <0.02
Si 12 0.994 0.0006 0.9999 1.42 <0.02 -0.673 <0.02
Ti" 6 1.001 -0.0005 1.0000 0.27 <0.02 -1.334 <0.02
V 12 1.008 0.0004 0.9982 7.53 <0.02 0.111 <0.02

o Sample 1262 not used in statistical analysis Cor this element.

added. The solution was allowed to stand in a water hath at 40 (relative to the weight of matrix element) in the presence of a
°C for about 5 min until dissolution was complete. Deionized constant concentration of the matrix element. The calibration
water then was added to bring the final solution volume to about range for each element in each matrix is shown in Table m. After
50 mL, and the solution analyzed using the ICAP. the linearity of every analylicalline investigated was established

Iron-Based Alloys. About 250 mg of sample (usually chips or to be over the range shown in Table JIl, the instrument was
turnings) was transferred to a 5O-mL Teflon beaker. Twenty standardized using the low atandard and the high standard. In
millilitera of aqua regia was added and, after the reaction subsided, order to reduce the number of standard solutions required to
the solution was boiled for 20 min. The cooled solution then was calibrate the unit for routine operation, the multielemental
diluted to about 50 mL with water and analyzed by the ICAP after standards listed in Table III were used.
undissolved carbon particles were allowed to settle from solution. Following instrument standardization, the empirical interfer-

Aluminum-Ba8ed Alloys. About 100 mg of sample (usually ence correction factora (K~) were determined. This was achieved
chips or turnings) was transferred to a 250-mL glass beaker. Ten by introducing the high, single element calibration standard into
miUilitera of 6 M hydrochloric acid was added and the solution the ICAP and observing the apparent concentration of the affected
heated until no further dissolution occurred (about 15-20 min). analy1ea. The factora found to be significant at the analy1e and
At this point, black specka of ailicon metal are visible in the interferent levels in the originalsarnples are shown in Table IV.
solution. The solution then was cooled and diluted to about 100 These factors were stored in the data processing unit and used
mL with water, and allowed to stand so that undissolved silicon to modify the apparent concentration ratios determined from the
particles saWed from solution before analysis by the ICAP. calibration curve into the "real" concentration ratioe. using

CalibratiDn Stondards. The instrument was calibrated by using Equation 6.
synthetically prepared standarda. These were made up to rep- Concentrotion Colculations. Because the elements left unde-
resent original alloys that contained up to 50% of the analy1e termined in the copper alloys constituted I... than 0.01 % of the
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Table IX. Aluminum Allnys (Values in % w/w)

BCS no. type Cr Cu Fe Mg Mn Ni
181/2 copper BCS (0.008) 3.96 0.42aluminum ICAP

1.56 0.20 1.90
0.0079 3.96 0.42 1.57 0.201 1.89

182/2
slloy limits 0.0008 0.03 0.01 0.02 0.006 0.03silicon BCS
aluminum

0.045 0.47 0.075 0.21 0.055
ICAP <0.0005 0.042 0.45 0.075 0.207 0.055

216/2
alloy limits 0.001 0.01 0.02 0.006 0.002duralumin BCS
alloy ICAP

4.56 0.28 0.75 0.71 0.17
0.0008 4.44 0.28 0.73 0.71 0.166

262/2
limits 0.0005 0.06 0.01 0.02 0.02 0.004magnesium BCS (0.002) 0.039 0.20 10.74 0.084 0.071aluminum ICAP 0.0019 0.040 0.20 10.68 0.083 0.073

263/2
alloy limits 0.0006 0.001 0.02 0.09 0.002 0.002magnesium BCS 0.074 0.019 0.26 4.67 0.36aluminum ICAP 0.075 0.019 0.263 4.69 0.354 0.0015alloy limits 0.002 0.002 0.008 0.06 0.007 0.0009268 silicon BCS 1.34 0.39 0.56 0.22 0.12aluminum ICAP <0.0005 1.35 0.397 0.57 0.217 0.122alloy limits 0.02 0.009 0.02 0.006 0.004300/1 zinc BCS 0.13 1.27 0.24 2.74 0.33
aluminum !CAP 0.133 1.26 0.241 2.72 0.329 0.0012alloy limits 0.003 0.03 0.006 0.Q7 0.008 0.0008380 aluminum BCS 0.90 1.15 0.18 0.018 0.91
alloy ICAP <0.0005 0.91 1.16 0.19 0.020 0.911

limits O.ot 0.03 0.02 0.002 0.008
BCS no. type Pb Sb Sn Ti Zn Zr

181/2 copper BCS 0.040 0.028 0.019 0.074
aluminum ICAP 0.040 <0.004 0.027 0.0186 0.0739 <0.0003
alloy limits 0.004 0.009 0.0004 0.0009

18212 silicon BCS 0.050 0.025 0.11 0.100
aluminum ICAP 0.052 <0.004 0.028 0.109 0.095 <0.0003
alloy limits 0.004 0.009 0.001 0.003

216/2 duralumin BCS 0.038 0.029 0.048 0.037 0.20
alloy ICAP 0.036 0.030 0.048 0.037 0.203 <0.0003

limits 0.006 0.005 0.009 0.003 0.003
262/2 magnesium BCS (0.054) (0.042) 0.005 0.084

aluminum ICAP 0.049 <0.004 0.035 0.0043 0.086 <0.0003
alloy limits 0.006 0.009 0.0004 0.007

263/2 magnesium BCS 0.022 0.056
aluminum ICAP <0.004 <0.004 <0.005 0.0225 0.056 <0.0003
alloy limits 0.0009 0.001

268 silicon BCS 0.035 0.03 <0.02 0.05
aluminum ICAP 0.035 <0.004 0.033 0.0157 0.052 <0.0003
alloy limits 0.005 0.006 0.0005 0.003

300/1 zinc BCS 0.09 5.87 0.18
aluminum ICAP 0.012 <0.004 <0.005 0.09 5.88 0.181
alloy limits 0.005 0.001 0.09 0.004

380 aluminum BCS 0.22 0.011
alloy ICAP <0.004 <0.004 <0.005 0.222 0.0108 <0.0003

limits 0.02 0.0008
Statistical Analysis of Data

Cu Fe Mg Mn Ni Ti Zn

n 8 8 8 8 6 7 8
m 0.998 0.992 0.997 0.982 0.997 1.006 0.998
b -0.0008 0.0019 0.0026 0.0022 0.0010 -0.0005 -0.0000
r 0.9998 0.9982 0.9999 0.9998 1.0000 0.9999 0.9999
x' 3.42 1.30 0.58 0.60 0.16 0.75 0.69
p <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
t -0.855 0.000 -0.699 -0.693 -0.690 -0.926 0.553
p <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02

alloy, the fmal concentration calculations were performed on·line Brass were weighed on a milligram balance over the l'IIIlge 50-500
by the central processing unit. and direct concentration values mg into Teflon beakers. Each sample then was treated with I
were printed out. For the iron· and a1uminum·based alloys, the mL of concentrated nitric acid and, after the reaction subsided,
concentration ratios only were printed. Final concentration cal- 15 mL of concentrated hydrochloric acid was added. After dis-
culations were performed off-line after concentrations of elements solution, the solutions were transferred to 5O-mL Teflon volu~

not determined above 0.02% (ej values) had been merged with metric flasks, diluted to volume with water, and analyzed by the
the ICAP data. In this study, values for carbon, sulfur, and leAP.
nitrogen in iron-based alloys. and silicon in aluminum alloys were
taken from the certificates of analysis supplied by NBS and BAS. RESULTS AND DISCUSSION
respectively.

Detection Limit.. The experimentally-detennined detec-Effect of Sample Weight. In order to determine the effect of
different sample weights, samples of NBS SRM 1100 Cartridge tion limits for the copper. iron, and aluminum matrices ana·
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lyzed are listed in Table V. The detAlction limits are defined
as the concentration of anaIyte required to produce a signal
equivalent to the 95% confidence limit (2.131 standard devi·
ation) of the background variation as detAlrmined on a set of
16 measurements performed on the matrix blank intAl"'persed
randomly among the samples analyzed. Although the varia­
tion of detection limits with sample weight was not studied
here, the confidence limits measured for the analysis of sample
1265, a high purity iron, are close to the detAlction limits
measured on the blank iron standard.

Effect of Sample Weight Analyzed. The effect of sample
weight on the detAlrmined concentration ratios of several ele·
ments in NBS SRM llOO Cartridge Br... is shown in Table
VI. The results normalized against the 250-mg sample in
50-mL value, are expressed as the mean snd the 95% confi­
dence level on a set of eight replicatAls st each solutAl concen·
tration. Clearly, there is no significant difference in the de­
tAlrmined concentration ratio for weights in the 150-500 mg
range which represents the equivalent of a 40% weighing error.
In practice, we decided to limit the weighing error to about
*20% by using a milligram balance to ensure a minimum
sample size of 200 mg and a maximum sample size of 300 mg.

The volume error was kept to about :i:1O% by use of grad­
uatAld glass beakers. When plastic containers were used, a
simple batch calibration was performed by dispensing 50 mL
of watAlr from a grsduatAl and marking a line on the outside
of the container.

Copper-BIllled Alloys. Analytical data obtained from the
analysis of NBS reference copper·based alloys including
brasses, bronzes, and gilding metals are listAld in Table VII.
The ICAP values are expressed as the mean of a set of 16
replicate analyses for each element plus or minus the 95%
confidence limit. In addition, for each element certified to
be present in at least six alloys, the correlation coefficient,
slope and intAlrcept of the linear regression line of the form
of Equation 7 between the NBS certified values and the ex­
perimentally detAlrmined ICAP values, weightA!d with respect
to the 95% confidence limit for the detAlrmination, are shown:

(ICAP) = m(NBS) + b (7)

Both the chi-square value for the regression line and the
Students' "t" value for the paired data points are consistAlnt
with the 98% confidence limit, indicating a lack of bias be­
tween the ICAP and the certified values.

lron-BIllled Alloys, Analytical data obtained from 12 NBS
reference iron and stecl samples detAlrmined by the ICAP are
IistAld in Table VlII. These data are expressed as the mean
of the number of at least 16 replicatAl analyses for each sample
together with the 95% confidence limit for each elemental
detAlrmination. Analyses for carbon, nitrogen, and sulfur in
these samples were taken from the NBS certificatAl prior to
calculation of the final concentration for each element.

The statistical data tabulated for the iron·based alloy sam­
ples are detAlrrnined in the same manner as were those for the
copper-based alloys. The ICAP data were found to show no
significant deviation (p < 0.02) from the referee data with the
exception of sample 1262. It is believed that the low ICAP
values from these samples are caused by the presence of nio­
bium and titanium in the sample as carbides which are in·
soluble by this tAlchnique. The residue from the dissolution
of sample 1262 analyzed by a dc arc in conjunction with a
Mark IV 3.4-m Ebert Spectrograph (Jarrell-Ash) showed that
high levels of niobium and titanium were present. Further­
more, calibration curves obtained for samples 1261-1265 using
an electronically-controlled waveform spark source coupled
to a Model 90-750 AtomComp Direct Reading SpectrometAlr

(Jarrell·Ash) indicatAld that these elements were present in
the sample at the certified values.

Aluminum·Based Alloys, Analytical data obtained from
the detAlrmination of eight BCS aluminum alloys using the
ICAP technique are shown in Table IX. Prior to calculation
of the elemental concentration Ci from the detAlrmined con·
centration ratios, the silicon concentrations (Cj ) listed on the
certification of analysis sheet were used to solve Equation 2
for the aluminum concentration (CM).

The statistical analyses presentAld in Table IX show that
there is no significant difference (p < 0.02) between the ICAP
data and the certified values.

CONCLUSIONS
The direct reading ICAP spectrometAlr coupled with the

concentration ratio method of analysis has been demonstrated
to produce analytically accuratAl data for the determination
of alloying elements in metals. This is true over a concen­
tration range exceeding four decades with a typical precision
of bettAlr than 10% for trace and 1% for minor and major
alloying components. The relative freedom from chemical
intAlrferenc.. e1iminatA!s the matching of standards to samples
that is required in other analytical tAlchniques. Indeed, the
only matrix matching required is the addition of the matrix
element and acids to the calibration standards. With such
minimal matching, it is possible to analyze ssmples in which
the major matrix element extAlnds over a wide range. The use
of the concentration ratio procedure also permits significant
dilution errors from the target dilution factor without any
resultant loss of analytical accuracy. This permits very rapid
sample preparation that requires a minimum of operator skill.
Indeed, the tolerance of the procedure to dilution errors sug­
gests that the automating of the entire sample preparation
procedure might be practically and economically feasible.

The limitations of the concentration ratio method are that
all elements present in significant concentrations (total non­
analyzed elements should not exceed 0.1 %) must be detAlr­
mined and that insoluble matAlrials could produce a significant
error. Furthermore, any error caused by insoluble matAlrial
is compounded over all elements. However, only one among
the 30 samples analyzed in this study exhibited this problem.
In this case, the only significant erro", observed were on those
elements that had been incompletAlly dissolved.
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Synthesis and Identification of the 22
Tetrachlorodibenzo-p-dioxin Isomers by High Performance
Liquid Chromatography and Gas Chromatography

T. J. Nestrlck,' L. L. Lamparsld, and R. H. SIehl

Analytical Laborstory. Dow Chemical U.S.A., Midland, MIch/gBn 48640

EXPERIMENTAL

Caution. The procedures described berein permit the synthesis
of all 22 TCDD isomers, including 2378-TCDD. In addition to
etpected products many pyrolyzates were found to contain
2378-TCDD; either as all expected byproduct wben 245-TCP was
present or as an unexpected byproduct. PersollB attempting to
prepare these substances should be experienced in the handling
procedures for extremely toxic materials. Appropriate precautions
should be taken 50 as to minimize the chances of either personal
or environmental exposure to TCDDS. AU waste materiala, to
include equipment washing solvenl8, should be carefully packaged
and isolated until destroyed by appropriate incineration tech­
niques.
. Reagent•. Chlorophenols were obtained from Aldrich (Mil·

waukee, Wis.) in the best available purity and we,e used 88 re­
ceived except as noted: 2,4-dichlorophenol (24-DCP, 99%), 25­
DCp (98'1'ol, 26-DCP (99%), 2,3,4-trichlorophenol (234-TCP, mp
77-79 ·Cl, 235-TCP (mp 57-59 ·C), 236-TCP (99'1'0), 245-TCP
(mp63-65 ·C), 246-TCP (98%), 2,3,4,5-tetrachlorophenol (2345­
reCP, 98%), 2356-TeCP (mp 114-116 ·C), 2346·TeCP (recrys­
tallized, unknown purity). Aq~ solutions wille prepued using
deionized water. Purge gas for the pyrolysis reactor was pre-pu­
rified nitrogen (Matheson, 99.995%), further purified by passage

lent degree of specificity.
Recent publications have described the identification of a

large variety of chlorinated dioxin isomers in environmental
particulate samples associated with combustion processes (lB,
20-22). Since these findings include both qualitative and
quantitative information regarding the presence of several
TCDDs, and were accomplished using analytical procedures
whose ability to separate all 22 possible isomers has not been
proved, then it must be concluded that such analyses are not
unequivocal. One approach to improving the reliability of
TCDD analyses is to prepare i50merically-pure standards of
each individual TCDD. In this paper, we report the prepa·
ration of 22 TCDD isomers via pyrolytic condensation of their
potassium chlorophenate precursors. Because such pyrolytic
syntheses are well known (23C25) and generally do not produce
isomerically pure products, critical to the synthesis of 22
TCDDs is our development of a combined chromatographic
system which permits the isolation and identification of 22
discrete isomers. This system begins with a high performance
liquid chromatography (HPLCl reverse-phase (RP) separation
and collection of the neutral pyroI}'28te products, followed by
an HPLC normal-phase adsorption (silica) separation. The
silica·HPLC TCDD fractions were examined by packed-col­
umn'gas chromatography-low resolution mass spectrometry
(GC-LRMS). Via multiple ion detection, TCDDs were iden­
tified by nominal mass (resolution 400), chlorine isotope pat­
tern, and GC retention time (relative to l3C-2378-TCDD). The
combination of these three sets of retention time data con­
firmed the existence of 22 discrete TCDD isomers. The end
result has been the isolaiion of 10-2000 ng quantities of each
TCDD isomer, essentially free of other isomeric TCDD im­
purities.

Recently considerable attention has been directed toward
understanding the formation, distribution, and transport
properties of chlorinated aromatic compounds in the envi­
ronment. Polychlorinated dibenzo-p-dioxins (CDDs) are one
class of such compounds that have been identified at trace
concentrations in both commercial products and noncom­
mercial materials (1-3). There are 75 possible CDD isomers
ranging from mon()- to ocUichlorinated species. Toxicological
investigations have demonstrated a wide range of biological
activity for CDDs, and also that this activity is highly de­
pendent upon the number and ring position of chlorines
present in the molecule (4-10). The chemical abstract num­
bering system for CDDs is shown in Figure 1.

Evidence to date concerning relative biological activity of
CDDs indicates that peak toxicity is observed for 2,3,7,8­
tetrachlorodibenzo-p-dioxin (2378-TCDD) (1 ]-]3). The con­
sequences of toxicity, and large variations in biol!Jgical activity
between closely related CDD isomers,'make the analytical wk
of isomer-specific identifica.tion and quantiUition of 2378­
TCDD iii biological, environmental, and product matrices both
important and formidable.

Problems involving quantiUition of 2378-TCDD are largely
related to the necessity of detecting very low concentrations,
often in the range of 1-10 parts per trillion (ppt, 10-12 gig)·
The development of a variety of sample clean-up technologies,
which permit CDD isolation and concentration (-100 to
4OOOx), coupled with high-sensitivity mass spectrom~trlc~e­
tectors can provide adequate detection and CDD Identification
capability (14-17). .

The completely specific identificatIOn of 2378-TCDD has
not been reported to date. Largely this can be attributed to
the lack of availability of isomerically-pure TCDD standards.
The technique involving high-resolution gas chromatography
(Ge), using wall coated open-tubular glass capIllary col~ns,
has been reported by Buser and· Rappe for the separ.atl?n of
at least 12 different TCDD isomers. These authors mdlcate
that capillary column efficiencies of 140000 theoretical plates
would still be far too low to accomplish the separation of all
22 TCDD isomers directly (18, 19). Although future wor.k ~y
result in the improved column efficiency ~nd practl~all~y
required to use this technique, the sequentl~l use of hq.U1d
and gas chromatographic separations can achIeve an eqUlva-

M/l3.271lO/79/0351.2273S01.IlO/O C lS79~ Cllen'koJ Sodoly

By controlled lIow pyrolysls condRlona, various combinations
01 dl-, Irl-, and telrachlorophenols were reacted to lorm tet­
rachlorodIbenze>-p-dloxJns (TCDOs). These reaction products
were separated by high perlormance liquid chromatography
(HPLC) and were c:ha'ac:terized by gas c:hfOmatography-mass
spectrometry (GC-MS). ThIs combInallon 01 HPLC and GC-MS
allowed assignment 01 Identity 10 all 22 Isomers 01 TCDD.
AppIIcatlons 01 this selective analysis to del_lion 01 TCDD
In a variety 01 samples are also discussed,
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4: 0 isomerc ; 1 total

1234

Q 2:2 = two chlorine atoms in each carbon ring. b 3:1 =
three chlorine atoms in one carbon ring and one chlorine
atom in the other ring. C 4:0 = four chlorine atoms in one
carbon ring.

temPerature. TeDDs. adsorbed on the silica support matrix, were
selectively removed by inverting the reactor tube (entrance port
up) and eluting the system as a chromatographic column with
50 mL of methylene chloride. When drained to bed level, a second
portion Qf 25 mL of methylene chloride was passed through the
column._The combined effluents were collected in a lOG-mL bottle.
As a preliminary check on formation of TCDDs, a 4-~L aliquot
of this effluent was injected into the gas chromatograph-low
resolution mass spectrometer (GC-LRMS, conditions described
in GC-LRMS section) operating in the multiple ion detection
mode. Final processing prior to TCDD isomer separation involved
evaporation of the methylene chloride under a stream of specially
purified nitrogen. Approximately 1(}-15 mL of 1 M aqueous
sodium hydroxide was added to the residue which was then ex­
tracted three times with hexane (10 mL, 5 mL, 5 mL); the com­
bined hexane extracts were again evaporated to dryness under
a stream of nitrogen. For each pyrolysis reaction (Table II) a
white, crystalline residue was obtained at this point. These
residues were protected from light and stored dry until further
processed.

3:1 TCDD Isomer Syntheses (See Tables I and !D. A diagram
of the apparatus to be described is shown in Figure 3. Mixed
potassium chlorophenate solutions were prepared by combining
15 mg DCP (0.092 mmo!) and 21 mg TeCP (0.091 mmol) in a
10-mL vial to which was added 0.8 mL of 0.5 M methanolic
potassium hydroxide (0.4 mmol). The mixture was gently swirled
to produce a clear solution. It was then transferred to a 1.5-2.0
em glass wool plug in the reactor tube, 200 em'/min nitrogen purge
was established, and the treated glass wool plug slid into the tube
furnace (adjusted to 120 ·C) for a period of 15 min. During this
operation the methanol and trace water present were vented to
a fume hood, and when complete white-crystalline potassium
chlorophenate salts were visible on the walls of the reactor tube
and throughout the glass wool (K-phenate) plug. Mter cooling
the reactor tube, a 3-g silica bed was inserted between glass wool
bed supports at the exit end of the tube. The silica adsorbent
bed was positioned such that it would be outside of the tube
furnace when the K-phenate plug was inside the furnace. The
glass tube support rod and exit port fitting were installed, the
nitrogen purge was reestablished at 40 cm'/min, and the system
placed in the tube furnace such that the K-phenate plug was
outside the heated zone. The furnace was then quickly heated

2: 2 isomers" = 13 total

Table I. TCDD Isomer Groups by
Ollorine Substitution Pattern

1246
1247
1248
1249

1236
1237
1238
1239

3: 1 isomersb =
8 total

23781469
1478

1368
1369
1378
1379

1267
1268
1269
1278
1279
1289

:6:)6:
4 6

FIgIn 1, Dbenzo.p-doxkl s1nJC1>.nl an:! 0>8rrica1 Abstmcts Nlni>ertlg
System lor subslnuents

through a General Electric "Go-Getter" before use. Silica, as
loo/200-mesh Bio-Sil A (BioRad Laboratories, Richmond, Calif.),
was used as supporting matrix in the pyrolysis reactor. Before
use, the silica was exhaustively extracted with constant boiling
hydrochloric acid for a period of approximately 48 h in a Sorolet
extraction apparatus. It was then elutriated with deionized water
for a period of approximately 6 h at a flow rate sufficient to remove
bulk fines and residual acid. The silica was then rinsed with
methanol followed by methylene chloride (Burdick & Jackson,
distilled-in-glass quality) and air dried. Final cleanup of the silica
was accomplished by charging this material into a glass tube, and
placing it in a temperature-controlled clam-shell tube furnace,
heated to 180 ·C for 1 h under nitrogen flow. Mter being cooled
to ambient temperature, the tube was inverted and approximately
three bed volumes each of methanol followed"by methylene
chloride were forced through using 10 psi nitrogen pressure. The
silica was then returned to the tube furnace and step-programmed
from 50 to 180 ·C in 15 min, and held at 180 ·C for a period of
1 h. The cooled silica was transferred to a clean glass bottle,
equipped with a Poly-Seal top, and stored in a desiccator over
phosphorus pentoxide until used. Silica treated in this manner
is reasonably free of trace metal salts which could influence
chlorophenate condensation reactions, and demonstrates 8 very
low degree of trace organic contamination.

2:2 TCDD Isomer Synthesis (See Tables I and II). A dia­
gram of the apparatus to be described is shown in Figure 2. A
bed support of Pyrex glass wool was inserted into a glass reactor
tube (1.3 cm i.d. X 70 cm, 24/40 end fittings). In a 30-mL vial,
3 g of silica followed by 1 g of 1 M potassium hydroxide were
combined and manually shaken for several minutes to produce
a uniform free-flowing powder (caustic-silica). This inaterial was
charged into the reactor tube and heated to 180 ·C for approxi­
mately 20 min under 200 em'/min nitrogen flow to remove water.
A potassium chlorophenate solution was prepared in a IG-mL vial
by combining 30 mg (0.15 mmo!) total TCP (15 mg each TCP
for mixed reactions) and 1.5 mL of 1 M aqueous potassium hy­
droxide. The solution was extracted once with 8 mL of hexane
(hexane extract discarded) and the potassium chlorophenate
solution combined with 4 g of silica in a 40-mL vial. Several
minutes of manual shaking produced a uniform free-flowing
powder (K-phenate silica). Mter drying of the caustic-silica, the
reactor tube was removed from the furnace and allowed to cool
to ambient temperature. The K-phenate silica was then charged
into the reactor tube, 2oo cm'/min nitrogen flow reestablished,
and the system returned to the tube furnace (adjusted to a tem­
perature of 130 ·C) for 25 min. When dry (no condensate visible
at the exit port), the nitrogen purge was reduced to 10 em'/min.
The furnace temperature was then increased to 180 ·C for ap­
proximately 10 min to remove the last traces of residual water,
and then increased to 280 ·C where it was maintained for 30 min.
Upon completion of the pyrolysis reaction, the reactor tube was
removed from the tube furnace and allowed to cool to ambient

Exit Port

Caustic ,mea (3g1

K·phenate silica (4g)

figure 2. Pyrolysis reactor apparatus lor 2:2 TCDD Isomer syntheses
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Table II. Pot_um ChIorophenate Py I . R .
Smile. Rearrangement ro ylll eacllolU and Generalized TeDD Producla by Direct Addition and
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a TCP:::; trichlorophenol; b Smiles Rearrangement product same as direct addition; C TeCP =tetrachlorophenol; d DCP:::;
dichlorophenoli e authentic standard available, obtained as byproduct from other pyrolyaesi' PCP:::; pentachlorophenol;
6 MCP :::; monochlorophenol; h authentic standard available, pyrolysis reaction not conducted.

to 280 ·C, and the reactor tube wa., slid into the furnace to poaition
the K-phenate plug in the heated zone and a cool air now was
directed on the silica adsorbent bed for approximately 1 min to
speed cooling to room temperature. After 15 min reaction time,
the system was removed from the tube furnace and allowed to
cool to ambient temperature. TCDDs, present in the reactor tube,
were selectively removed via the chromatographic procedure
described for the 2;2 TCDD isomer synthesea. The workup and
preliminary analysis procedures were also the same. This proce-

dure can be used to prepare 1234-TCDD (4;0 TCDD isomer);
however this material is commercially available from Analaba
(North Haven, Conn.) at a purity exceeding 99%.

PrelimiDary Gas ChromatoP'BPhy-Low ReaolutioD Maaa
Spectrometry (GC·LRMB). Each crude pyrolyzate, diaaolved
in approximately 75 mL of methylene chloride, was qualitatively
ana\y7.ed for TCDDa using a Hewlett·Packard Mode15992A GC­
ILRMS operating in the multiple ion detection (MID) mode
monitoring mle-; 320, 322, 324, and 332, at unit reaolution.
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temperature controlled tube furnace

~

.Exit Port

l!:::============!Jsilica sorbem

FIgure 3. Pyrotysis reactor apparatus for 3: 1 reDO isomer syntheses, reactor tube show~ in pyrotysis position

11267-TCOOj-

h-~
~~

CI CI

CI'6:~
CI Cl

--

--

Figur. 4. Reaction pathways lor condensation of 236-TCP

Approximau.ly I ng of 13C-2378-TeDD was coinjected with each
sample to provide a TeDD retention index, this species was
moni"'red at m/e- 332. GC-LRMS operating cooditions were as
foUews: column, 2 mm id X 210 cm silylated glass; packing, 0.60'70
OV-17 silicone + 0.40'70 Poly S-179 on a specially deactivau.d
high-temperature SO/IOG-mesb support (a recent development
of the Dow Chemical Company which has been licensed '" HNU
Sysu.ms, Inc.); column u.mperature, programmed from 210 '" 250
·C at 10 ·C/min and held at maximum; injection port tempera­
ture, 280 °C; carrier gas, helium at 14 cm3/min; separator, sin·
gte-stage glass jet operating at column temperature; electron
energy, 70 eV.

G•• Chromatography with Electron-Capture Detection
(CC-EC). Caustic extracted pyrolyzates were analyzed qualita­
tively for the presence of chlorinated species other than TCDDs,
and semiquantitatively for a rough approximation of ",tal TeDDs
present, using a Varian Model 3700 gas chromatograph equipped
with a 63Ni pulaed electron capture detec"'r (ECD). An average
responas fac"'r for TCDDs was obtained by calibration of the
instrument with a standard containing: 1368-TeDD. 1379-TeDD,
1378-TeDD, at 200 ng/mL each. A h,L injection of each aarnple,
appropriately diluted in hexane, was made under the following
instrumental conditions: column, 2 mm i.d. X 210 cm sHylated
glaas; packing, O.SO% Poly 8-179 on a specially deactivated high·
temperature SO/lOG-mesh support; column temperature, 210 to
300 ·C at 6 ·C/minute and held at mu:imum; injection port

_C1~0~
~O-CI~
~c,

CI~:~ CI~:J6rC'CI "­
1'269-TCDD I l

¢:0:J6rCI
cr

temperature, 250 °C; carrier gas, nitrogen at 20 cmJjmin; atten­
uation, 2560X.

Reverse Phase High PerCormance Liquid Chromatogra­
phy (RP-HPLC). The first stage of TCDD isomers separation
involved RP-HPLC using a Perkin-Elmer Model LC·65T liquid
chromatographic column oven and variable wavelength UV de­
tector. The instrumental operating parameters were: column,
two 6.2 X 250 mm Zorbu:-ODS (Dupont Instruments Division,
Wilmington, Del.) columns in series; isocratic eluent, methanol
at 2.0 mL/min; pump, Alt.. ModeIIIOA; column temperature,
50 ·C; UV detector, 0.32 aufs at 235 run; injec"'r, Rheodyne Model
7120 with 50-flL sample injection loop. The caustic extracted
pyrolyzates were dissolved in chloroform such that 5 ~L injected
would contain approximau.ly 2-4 ~g "'tal TCDDS. An authentic
standard of 2378-TCDD demonstrated a retention time of 14.2
min under these conditions. During the course of each sample
separation, fractions corresponding to each peak observed eluting
between 10 and 18 min retention time were collected in 15·mL
vials equipped with Poly-Seal caps. TCDDs were recovered from
each fraction by addition of approximately 8 mL of 2% (w/v)
aqueous sodium bicarbonate followed by two extractions with 2
mL of hexane. The combined extracts were evaporated to dryness
under a stream of specially purified nitrogen in 4-mL vials (RP­
HPLC fraction).

Normal Phase Adsorption (Silica) High Performance
Liquid Chromatography (Silica·HPLC). Each RP-HPLC



fr~~on waa ~issolved in 500 j<L of hexane. A 2'j<L aliquot waa
colOJected With approximately I ng I3C·2378-TCDD into th
GC-LRMS, operating aa previously described, with the exceptio~
tha.t the colunm temperature was maintained at 246 ·c isothermal
Thl8l?rocedure was used to determine which RP·HPLC fractions
contained TCDDs. Selected RP-HPLC fractions were then
evapo~ate.d to d~...,. rediBSOlved in 80 j<L of hexane, and
quantitatively IOJected IOto the following silica·HPLC system:
Laboratory Data Control Model 1204 variable wavelength UV
detector, 0.5 aurs at 235 om; colunm, two 6.2 X 250 mm Zorbax.Sil
(D?p0!1t In9~ruments Division, Wilmington, Del.) columns in
aeries; IllOCfIltlC eluent, hexane at 2.0 mL/min; pump, Alto. Model
IIOA; c;olumn temperature, amhient; injector, Rheodyne Model
7120 WIth 1()().j<L 88IDple injection loop. Again during the course
of each sample separation. fractions corresponding to each ob­
served peak were collected in 4·mL vials and the hexane solvent
W.8S evapora~ to dryness under a stream of specially purified
mtrogen. It 18 Important to note the Zorbax·Sil HPLC columns
must be activated (residual water removed) before they can be
used to separate TeDD iSOmers. These columns were activated.
in ac.cordance with the procedure of Bredeweg et al. (26): sp.
prox.tmately 250 mL of methylene chloride at 2.5 mL/min were
pumped through the new columns as received from the manu.
fact,;,,"er, fo!lowed by 60 mL of 2'1'0 2,2·dimethoxypropane + 2'1'0
acetic aCid 10 methylene chloride (v/v) at 2.5 mL/min. followed
by 375 mL of methylene chloride at 2.5 mL/min, and finally the
dried columns were reequilibrated by pumping approximately
350 mL of hexane through at 2.5 mL/min. Burdick & Jackson
non·spectro hexane (distilled·in·glaas quality) is normally used
in this system and it typically contains between 0.003 and 0.009'1',
water. Without any precautions to further dry the eluent, TCDD
retention times demonstrate a very slow drift toward shorter
retention times as the columns adsorb trace water from the eluent.
The separation of TCDD isomers has been demonstrated to b.
adequate when an aut.hentic standard of 2378·TCDD haa an
absolute retention time between 12.5 and 17.0 min. When the
retention time becomes less than 12.5 min, the columns are rc­
dried. Normally:;"7 L of eluent can be pasaed through the system
between dryings. Because of the described slow decrease in TCDD
isomer retention times, relative retention times were computed

l

for each TCDD fraction baaed upon the absolute retention time
for an authentic 2378-TCDD standard. (During the course of this
work, the 2378-TCDD retention time decreased from 15.35 to 14.30
min.)

Final GC-LRMS. The silica·HPLC frections were redissolved
in 500 j<L of hexane and a 2.Q-j<L aliquot was coinjected into the
GC·LRMS along with I ng I3C·2378-TCDD. The instrument
parameters were as previously described; however the column
temperature was maintained at 246 'C isothermal TCDD isomers
were identified by their characteristic 4-chlorine isotope pattern
monitored at m/e': 320,322, and 324. Their gas chromatographic
relative retention times were computed from the absolute retention
time of coinjected 13C·2378-TCDD which was assigned a value
of 1.000.

TCDD Standards. The authentic standard of 2378-TCDD
used for calibration purposes in this work was prepared by W.
W. Muelder of the Dow Chemical Company (27). The structure
of this material was determined by single crystal X·ray diffraction
techniques, and its purity as determined by maas spectrometry
waa 98%. The ''C·2378-TCDD was prepared by A. S. Kende of
the University of Rochester (Rochester, N.Y.) and by maas spec'
trometry waa shown to be B6 at. % ''C. The 1368-TCDD, 1379·
TCDD, and 1378-TCDD standards used for calibration of the gas
chromatograph (ECD) were of the best quality available; however,
their struciures have not been thoroughly authenticated. The
1378-TCDD waa prepared hy A. S. Kende, and the 1368-TCDD
and 1379-TCDD was prepared by T. Brady of the Dow Chemical
Company.

RESULTS AND DISCUSSION

Since 1968 a large amount of research effort has been di·
rected toward the synthesis of CODs, in particular the more
toxic homologues (11,12,28,29). In general the goal has been
to produce isomerically pure compounds for toxicological
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f9n 5. T""ll8'lllu"e-progamned~ e:tTomatogam for caustic
extracted 2.3,6-TCP pyrolyzale. conditions In text.

Table III. Chromatograpbic Retention lndiceslor
236·TCP TCDDs

RP·HPLC, silica- GC·packed
expected sba. RT,

r~~L
column,

TCDDs minG reI. R'J'C

11.6-13.0 1.497 0.912

11.6-13.0 1.623 1.090

11.6-13.0 1.702 0.998

11.6-13.0 1.801 1.203

a Abs. RT = absolute retention time. b ReI. RT =
relative retention time as computed from absolute reten­
Lion time for 2378·TCDD; 1.000. C ReI. RT; relative
retention time as computed Crom absolute retention time
for coinjected "C-2378·TCDD; 1.000.

evaluation and for use as reference standards for analytical
purposes. There are two basic approaches to this problem.
The fIrSt involves regiospecific syntheses which are "designed"
to yield isomerically pure CDO products. This procedure
trades a difficult synthesis problem (Le., requires preparation
of regiospecific precursors (28, 29) and may surfer multiple
product formation via Smiles rearrangement) for a simplified
product aeparation and recovery. The second approach, d..
scribed herein, employs very simple pyrolysis reactions based
upon easily available atarting materials (potassium chloro­
phenates) to produce limited mixtures of COO isomers. In
this case the simplified syntheses are exchanged for a highly
sophisticated isomer·specific aeparation and recovery techni·
que. Any, or all, of the 22 TCDD isomers can be isolated by
this single procedure.

Application to 2.3.6·Trichlorophenate. In accordance
with the current literature, pyrolytic condensation of chloro­
phenate salts is believed to proceed via the reaction pathways
shown in Figure 4 for 236·TCP (29). Four possible TCOO
isomers can be formed, and this particular reaction will be
used to illustrate our technique.

The pyrolysis equipment shown in Figures 2 and 3 was
deaigned to minimize the possibility of accidental exposure
to COO products. The incorporation of a allica aupport matrix
permitted preliminary separation of CODs, using the reactor
tube as a liquid chromatography column; hence direct han­
dling of the crude products (tars) was eliminated. The des­
ignation of different reactors for the 2:2 TCOO and 3:1 TCDD
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ITCDDsl

Fracti'on 1:1

16 18 20 22 24 26
(minUTcs)

Figure 6. RP-HPLC chromatogram for caustic extracted 2.3,6-rep pyrolyzate. condttions In text

Rp·HPLC, silica- GC·packed
TCDD abs. RT, HPLC, column,

isomers mina reI. RTb reI. RTc

1267/1289 12,2-12.9 1.623 1.081
12,2-12.9 1.795 1.200

1268/1279 13.3-13,9 1.238 0.956
13.3-13.9 1.291 1.065

1269 11.6-13,0 1.702 0,998
1278 14.0-14.7 1.288 0.893
1368 15.9-16.8 0.977 0.729
1369/1478 13.3-13.9 1.220 0,802

13.3-13.9 1.340 0,907
1378 14.9-15,7 1.000 0.858
1379 14,9-15.9 0.940 0.771
1469 11.6-13,0 1.497 0,912
2378 13,8-14,5 1.000 1.006"
1236/1239 13,8-14.4 1.356 1.037

14.4-15.2 1.350 0,969
1237/1238 14.0-15.0 1.100 0.97~

14.0-15,0 1.128 0.990
1246/1249 13.7-14.5 1.328 0.896

13.7-14.5 1.441 0.898
1247/1248 14,2-15,1 1.154 0.854

14.2-15.1 1.199 0.857
1234 15,8-16,8 1.248 0.960

a Abs. RT = absolute retention time (iO.1 min). bRei
RT = relative retention time as computed from absolute
retention time of 2376·TCDD ~ 1.000 (1.000 ! 0.010).
C ReI. RT = relative retention time as computed from
absolute retention time of "C·2378·TCDD ~ 1.000
(1.000 ± 0.005). d Native 2378·TCDD elutes slightly
later than "C·2376·TCDD.

Table IV. TenD Isomer Retention Indices

isomer groups is not intended to be necessary from a synthesis
point of view, Our initial efforts centered on the preparation
of the 13 2:2 TCDD isomers and were conducted according
to the described procedure, Attempted preparation of the 3:1
TCDD isomers using this same procedure gave poor TCDD
yields. The problem appeared to be related to dichlorophenate
stability during the preliminary drying stages. Apparent
hydrolysis of the dichlorophenate salt to free phenols led to
severe losses due to their volatility at 180 °C. The 3:1 TCDD
isomer reactor design eliminates this problem and provides

;'3C 2378·rCDD

mfc - 332
FS co 11

m/e'" 324
FS " 31

m/e ., 320
FS ~ 52

rn/e" 322
FS ~ 67

>

j i--'===:::::__"':'~==.

Minutes

Flgwe 7. Packed column GC-lRMS mass ctYOITBtogams for RP-H'lC
TCOOs fraction #2, conditions in text. FS Is full scale faclOr applied
to each Ion
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~
a
>
::>

2378·TCDD
Retcotion Time

-----------~---____l
Fraction #

Minute-.

Figure 8. Sillca-HPLC chromatogram for RP-HPLC TCDOs fraction #2. conditions in text

SllICA·HPlC FAACTIONS:

ml,
332

FS 0<.12

"
~

0

FS" 13

ml,
320

10 12

=2

14 16

Minutes

18 20

=3

22 24

FS" 13

26

.4

28 30

Flgu,e 9. ColTl>osite mass chromalO!Tams fo, silica-HPLC TCOO fractions #1 through #4. conditions In text. [on mle- = 33215 ''c-2.3,7,8-TCOO
retention time marker

improved yields, We anticipate that this reactor would also
be suitable for 2:2 TCDD isomers. However, use of the de­
scribed 2:2 TCDD isomer reactor appears to favor only 2:2
TCDDs; hence the undesirable formation of 3:1 TCDDs re­
sulting from impurities in the chlorophenol precursors may
be significantly reduced.

When the separation technique described in the Experi­
mental section (RP-HPLC fractionation, silica-HPLC frac­
tionation, GC separation, and LRMS detection and identifi­
cation) is applied to the pyrolysis products of 236-TCP, each
of the four expected TCDD isomers (Figure 4) are isolated.
The temperature-programmed GC-EC chromatogram of the
caustic extracted product is shown in Figure 5. These par­
ticular TCDD isomers are well separated on the GC column.
Figure 6 illustrates the RP-HPLC fractionation step. Three
fractions were collected and each was analyzed by GC-LRMS
to determine the presence of TCDDs. The major product
TCDDs, observed by GC-LRMS analysis of the crude pyrol­
yzate, were found to be present in'RP-HPLC fraction :2
(Figure 7). This material was then subjected to silica-HPLC
fractionation, with the resulling chromatogram shown in
Figure 8. Four fractions were collected and GC-LRMS
analY6es indicated the presence of a TCDD isomer in each
one. Figure 9 is a composite of these mass chromatograms.
The resultant chromatographic retention indices for 236-TeP
products are listed in Table III. It is important to note that
these data clearly indicate the presence of four distinct TCDD

isomers; however. from these data alone, their identities cannot
be determined.

Isomer Identification. In the same manner as described
for 236-TCP, each of the pyrolysis reactions listed in Table
II was conducted and the products were examined. Chroma­
tographic retention time data were compiled for each major
TCDD product observed, along with a list of expected TeDD
isomers. F.xamination of all retention indices data demon·
strated the existence of exactly 22 distinct sets. With the
complete assemblage of these data, it became possible to
characterize the retention indices observed with either single
TCDD isomers, or pairs of isomers related via the Smiles
rearrangements. The basic process involved compilation of
recurring retention indices for TCDD isomers that could be
formed by more than one set of chIorophenate precursors. The
only exception to this case was 2378-TCDD which by virtue
of its symmetry can be isolated, essentially as a pure isomer,
from the pyrolysis of 245-TCP. In all oth~r cases, either two
TCDD isomers can be formed from the TeP precursor, or a
mixed TePs reaction is required which results in the formation
of the desired mixed TCDD product plus those TeDDs ass0­

ciated with each individual TCP. The final results for TeDD
isomer identification by this procedure are shown in Table
IV. Figures 10 and 11 illustrate isomer elution 8equence for
RP-HPLC and silica-HPLC separations. Those cases where
two TCDD isomers are listed represent situation8 where
multiple TeP pyrolyses cannot provide sufficient information
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TCDD ISOMERS by REVERSE PHASE HPLC

,,>I

~xOf9~~:?·
!¢r:Q J6r:x6J J6r:~

*36 *»«:©r

t6t::q J6r::©-
6:i& m. xci:iJ

J6r)¢J :IOC:©C«lbr ~5~
t6t::Q6»

figure 10. TCDO Isomer elulion sequence for RP-HPlC

TCDD ISOMERS by NORMAL PHASE [Silica) HPLC
7378

JfJ(:~ ~:~

~:~ J¢!:1OJ ;6(::6
J6r:o ©::JO

~'~ ci~ ¢C:~

,,..

,... ,,..

FIgln 11. TCDO Isomer eIutIcn sequence for slIIca-HPlC. epproxlmate 2,3,7,8-TCDO absolute retentlcn tlme Is 14.70 min and Is defined as 1.000;
refer \0 text for descrlptlcn

to differentiate between isomers related via the Smiles rear· we cannot currently identify which set of retention indices
rangement. Although these isomers can easily be separated. go with what isomer. This problem could be solved by iso-



lating a quantity of one TCDD isomer from each pair sufficient
to permit structural identification by other instrumental
means.

CONCLUSIONS

CDOs represent a class of molecules whose parent structure
is a relatively small fused aromatic ring. SI'bstitutionai pos.
itions are occupied by chlorine and hydrogen. The combina­
tion of small parent structure, and multiplicity of substitu­
tional patterns by reasonably nonpolar functional groups, has
severely taxed the limits of all single·approach forms of
chromatographic isomer separation. Relative to CDDs in
general, the separation problem appears to have peak intensity
for the TCDD group, where there are a maximum number of
possible isomers.

The application of three different forms of chromatography,
whose mechanisms for achieving separation involve signifi­
cantly different molecular parameters, has permitted the flrBt
documented separation of all 22 TCDD isomers. Although
HPLC fractionations dictate limitations upon the total amount
of material which can be processed at one time, the incorpo­
ration of automated injection and collection devices could
permit the isolation of milligram quantities of individual iso­
mers. Because of the variety of activity tests availahle, these
amounts should be adequate for biological testing.

Perhaps the most valuable asset of HPLC fractionation of
TCDDs is its amenahility to a wide variety of sample matrices.
This concept of multiple chromatographies allows CDDs to
he fractionated into groups according to degree of chlorination,
allows isomers within a group to be separated, and simulta­
neously permits separation of 8 wide variety of other envi­
ronmentally important species (i.e., polychlorinated dibenzo­
furans, polychlorinated biphenyls, polychlorinated terphenyls,
polybrominated biphenyls, DOTs, and phthalate esters). We
nre currently investigating such applications for biological,
environmental, and product aualyses as a means for trace
contaminnnt monitoring and will report our findings in the
near ruture.
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CORRESPONDENCE

Diffusion Control in Linear Sweep Voltammetry

(1)

where

Gin,burg giv.es calculated values for A and B for both
reversible and irreversible charge transfer. However the basis
for his calculations is not clear, especially as he expresses
surprise that constant

A -- (RnFT)I/' (reversible)

We have compared the theoretical values for the current linear
sweep voltammetry with the diffusion controlled current-time
values. !I;-order to do this we needed to calculate additional
values of ".I/':«at) well into the region of pure diffusion
control. We have done this for the simple reversible electron
transfer process following Nicholson and Shain's procedure
(6) with a slight modification.

From Equation 33 in ref. 6 normalized current function

x(at) = I + ..!... I (6)
"...,r,;t (l + ..,,6) 4".

(irreversible)A = (RT )1 /'
anF

or

1= i a

, d(lonO _ z )
~ cosh' --2--

Let z = at sin' <1>. then dz/d<l> = 2 at sin <I> cos <1>, so
1=

i 'I' 2 at sin <I> cos I/> d I/>

o (lOg ..,,0 - at sin' I/>
Vat(1 - sin' 1/» cosh' 2

i 'I' sin I/>
= 2..,r,;t dl/>

o (lOg ..,,6 - at sin' I/>
cosh' 2

This integral was evaluated by Simpson's rule to six significant
figures with log ..,,8 = 6.5 (ref. 6.) using a computer program.
The data from these calculations. using "X(al) for normalized
dimensionless current at potentials given as (E - Ell') (as in
ref. 6), was fitted by a linear least squares analysis computer
program to Equation 4, where i = .. '/'x(at). Values of (E­
E'l') were taken from -0.2 to -1.0 V.

The regression analysis was repeated using more cathodic
initial potentials and then some more sets with cathodic
potentials between -1.0 and -2.0 V. Over this whole range
the correlation coefficient was between 0.99999 and .ooסס1.0

Standard deviations in G' were always better than ±O.I % and
in Eo better than ±2'70. The values of G' slowly increased
toward the theoretical value as the initial value of E was
shifted cathodically. However from the practical point of view
tbe lowest value of G' was only 0.7% less than theory.

At the same time the value of Eo shifted from +25 mV
toward zero, i.e., the point at which Eo = Ell" Some data are
shown in Table I. It will be noted that the values of G' and

. nFSCD'/' I
l=~·tl/2

where i = current; n is the number of eJectrons involved in
the process; F, the Faraday; S. the electrode area; C, the
concentration of electroactive material; and D, its diffusion
coefficient. In a potentiostatic experiment the initial time is
obvious-it is the time at which the E I to E, pulse is applied
(where E I « E. and E,» E. + (0.16/n) V). It is indicated
experimentally by a sharp rise in current as in the solid curve
in Figure Ia. However, the corresponding time (tol in a linear
sweep experiment, such that the diffusion part of the curve
past the pesk matches the equivalent potentiostatic cur­
rent· time curve, is not known a priori. and therefore needs
to be included in the equation. Thus we can write

. nFSCD'/' 1 K,=---.---=--- (2)
"II' (t - to)I/' (t - to)I/'

Equation 2 becomes identical to Equstion I if one puts to =
O. In linear sweep voltammetry t = E/v and therefore

. G (
, = (E _ EO)I/' 3)

where E =vt; Eo =vtoand G =v'I'K. (This is the form used
by Ginzburg (4) with G = A and Eo = B).

Re-arranging Equation 3 gives

E Eo
i' = G' - G' (4)

A plot of I/'~ va. E should give a straight line for pure diffusion
control with slope = I/G' and intercept at -Eo/G'. Hence
Eo = -intercept/slope.

Of major interest is G' from which n'D may be obtained
and hence values of n and D if a rough value of D is known
and n is small and integral. We have used this empirical
approach in the study of the electrochemical reduction of
carbon dioxide under various conditions (5).

to is a virtual zero time and can be more usefully expressed
as a potential Eo with respect to the half-wave potential (E'l,)
or the peak potential (E.).

Ginzburg's (4) form of Equation 3 is

i= __A_ (5)
(E - 8)

'
/'

Sir: In many linear sweep voltammetry experiments, even
if the charge tr&nsfer is irreversible or there are coupled
chemical reactions, the current will become purely diffusion
controlled at a potential sufficiently past the peak (1). Then
the current-voltage curve obeys effectively a simple Cottrell
equation: current-time curve (2) with E = vt, where E =
potential. v =sweep rate, and t = time. In SOme cases a
further electrode process will interrupt the diffusion control
(3) but in many situations one can use this part of the curve
to obtain chronoamperometric (i-I) data. obviating the ne­
cessity for separate potential step experiments. The Cottrell
equation is (2)

B, the "zero time" potential is expressed with respect to E.
and the current is normalized so; = i/i•.

0003-2700179/0351-2292$01.00/0 © 1979 American Chemlcal50clety
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Note Ginzburg's value for A' = RT/nF = 0.02568, as he bas
omitted the r'/' term from the Cottrell equation (4). Apart
from that, his data are clearly accurate to :1:1% as indicated
in the condition for diffusion control that i. >0.991.

The dimension1ess current ratio iJi. used by Ginzburg does
not however give the result he quotes, despite the r /'.
i. = i, (mlll<) =

nFSCD'/' all' r l/' x(at) max (ref. 6.)

(
nFu)'I'= nFSCDI/' RT 0.4463 at E =

E. (ref. 6.)

therefore

" nFSCD'/' ( RT )1/' 1
It/I. = r'/' (t - toll/' nFo nFSCDI/'o().4463

therefore

E

E,

Table I. The Shift of Eo Values from
+25 mV toward 0

E,t:::===-- _
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i'= RT • __1_
nFr(O.4463)' (E - Eol

Thus A' should be = RT/(nF.,(O.4463)2). Ginzburg gives one
value for B = +0.0445 V (ref. 4).

This is with respect to EO' AJ; Ell' is 0.0285 anodic of E.
this value is equivalent to Eo = +O.OIG-which is within the
range of values we obtained. Polcyn and Shain (3) give an
empirical factor fJ (= 0.96 - 0.99) to adjust the theoretical G2
factors to the computed values for some arbitrary ranges of
potential given the calculated values of their equivalent ofEo.
which is EI - EO which again fall within the range of values
we obtained.

However a more systematic approach is needed extending
farther out into the diffusion controlled region. The latter
authors (3) confine themselves within the range 50 to 830 mV
(rev) and 36 to 845 mV (irrev.)

Cyclic voltsmmetry of benzoquinone in acetonitrile yields
two reversible one-electron waves (7). Analysis of tails of the
fIrSt cathodic peaks for four scans at different scan rates and
concentrations of quinone gave dsta from which values of the
diffusion coefficient of benzoquinone were calculated using
Equation 4. The mean value was 2.9 :I: 0.3 em' S-I which is
comparable with the value of 2.4 em' s-· obtain in ref. 7 using
the Randles-Sevcik equation and with the value of 2.9 em'
s-, obtained by potential step chronoamperometry (8).

LITERATURE CITED
(1) AdaJN.Ra.\lhN. "8ocWcIloniIlrOl__";_DeIiIcr.

New Yorl<. 1969; p 125.
(2) Ref. 1. P 50.
(3) Polcyn. DaJOol S.; ShaIn, Irmg AruJ. Q>em. 1_. 36. 37~.
(4) Gilubu'g, Gregory. AruJ. Q>em. 1171. 50. 375-l1.
(5) Egglns. BrIan R.: _._.~ r_. 11171.
(8) NlchoIson, RIchard S.: ShUl. Irmg. AruJ. Q>em. 1114, 36. 706-23.
(7) EggIns, BrIan R. Q>em. Commul. 1_. 12ll7-a.
(S) Eggils. BrIan R.: a.nar.. _ Q. J. E1tIdrodI«n. Soc. 1170, 1fT;

186-92.

(9)

(8)

(7)

(10)

nFSCDI/'
i =

I rl/' (t - toll/'

i, = nFSCD'/' a'/' r'/'x (at)

nFo
a=-

RT

computed
% error

range of E/mV OJ X 10 l Eo/mV inEu

-200 10 -1000 8.1135 25.0 1.6
-300 10 -1000 8.1323 19.6 0.9
-400 10 -1000 8.1418 16.7 0.6
-600 10 -1000 8.1519 13.5 0.2
-800 10 -1000 8.1570 11.7 0.09
-920 10 -1000 8.1609 10.3 0.03
-1000 10 - 2000 8.1676 2.3
-1940 to - 2000 8.1710 1.6
Iheory 8.1740 0.0

Eo differ from Ginzburg's values of Aand B (4).
Tbe theoretical value of G" can be found from the point at

which the linear sweep voltsmmetric current (i,) becomes
equal to the potential step chronoamperometric current (iJ.
Now

and

When it. = i v

(
RT )'/' 1

V;x(at) = 1tnF 'o(t - toll/'

Now o(t - to) can be replaced by E - Eo and therefore

(
RT )'/' 1

V; x(at) = rnF (E _ Eol'/'

Comparing Equations 3 and 10

G' = RT = 0.008174 at 298 K
1tnF

I. I

FIgure 1. Comparison 01 polentlostatlc /II clIVe with Unear sweep
vol1ammeb1c /IE cuve. (a) Potenlloslatlc 1ftcuve (-) COfTllilred with- s_ voIlammetric /lEcuve (---) such thaI E= vt. (b) Potential
slep determining the Inlllation of the /I I ClIVe
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Direct Sample Insertion Device for Inductively Coupled Plasma
Emission Spectrometry

Sir: The inductively coupled plasma (lCP) is currently the
most effective source for simultaneous trace multi~lcment

analysis of solution samples by atomic emission spectrometry
(1-5). However, more efficient solution sample introduction
systems are required for the ICP and, as well, the analytical
capability of the ICP would be greatly extended if other
sample forms such as powders and solids could be directly
introduced into the plasma and effectively analyzed. Although
several workers have developed and investigated various
approaches for introduction of such sample forms into the ICP
(3, 6-12). no one system has yet been widely accepted or
utilized. In this correspondence, a sample introduction system
for the ICP is described that allows the direct insertion of
small amounts of sample (powders, solids, or desolvated li­
quids) into the central core of the ICP. The sample container
is a conventional undercut cup graphite electrode such as those
used in dc arc emission spectrometry. The conventional ICP
torch has been modified so that the electrode is held in a
simple mechanical insertion system that replaces the normal
central aerosol tube of the torch. Solid and powder samples
ranging from 20 mg to less than I mg and liquid samples as
small as 5 I'L can be analyzed with this system.

A schematic drawing of the direct sample insertion system
is shown in Figure 1. A torch essentially identical to the
conventional design has been utilized except that it is con­
structed without the central aerosol tube and is mounted in
a Teflon block. The graphite electrode sits on top of a solid
quartz rod that is placed inside a central quartz tube. The
rod extends completely through the Teflon block to a sliding
platform. Several types of electrodes have been used including
Ultra Carbon #781, Spex 4033, and Spex 4004 undercut
graphite cup electrodes.

When igniting the plasma, the top of the electrode is set
at a height that is identical to that of the top of a conventional
aerosol injector tube. After the plasma is lit and the desired
flow rates and power level are set, the electrode containing
the sample is inserted into the plasma simply by raising the
lower platform by hand. The electrode is inserted to a poeition
just above the top of the load coil and the whole process takes
less than 1 s. No problems have been encountered in
maintaining the plasma either during electrode insertion or
while the electrode is in the plasma. Little if any adjustment
of the automatic matching network occurs when the electrode
is inserted. The electrode appears to be almost white hot in
about 2 s after insertion. Essentially no consumption of the
electrode occurs, a consequence of the inert Ar atmosphere
of the plasma.

Solid and powder samples, once placed in the electrode, can
be inserted into the plasma with no further treatment;
however, it is necessary to desolvate liquid (aqueous) samples
before insertion. Liquid samples were placed in the cup using
a 5-I'L Eppendorf pipet. Desolvation was accomplished by
inductively heating the electrode before igniting the plasma.
The electrode containing the 5-I'L aqueous sample is inserted
to the center of the coil region and very low forward power
is applied (-50 W). With a little practice, the sample can
be quickly and effectively desolvated in about 1 min in this
manner. Although not tested, inductive heating may also be
useful for ashing samples directly in the cup. If the normal
ignition level of forward power is applied to the system while
the electrode is inserted in the coil region, it is quickly heated
to a bright orange color and in 2 to 3 s the plasma will ignite.
In fact, it was by inserting a graphite rod, that Reid ignited

his plasma systems back in the early 60's. The normal
procedure is, however, to lower the electrode containing the
desolvated sample back to the starting poeition before starting
the plasma and then insert the electrode as described pre-
viously. .

A commercially available radiofrequency inductively
coupled plasma source was used in this investigation (Plas­
ma-Therm Inc., Kresson, N.J.). The source consisted of a
Model HFP-2500D 2.5-kW RF generator (27.12 MHz), a
Model ADC5-3 automatic power control, a Model AMN-2500E
automatic matching network, and a Model PT-2500 plasma
torch assembly. The source was operated at a forward power
of 2 kW and a plasma gas (coolant) flow rate of 17 L/min.
No auxiliary or central ("aerosol") gas flows were used. Several
measurement systems were used including a computer-coupled
photodiode array spectrometer (13), a single channel scannin~
monochromator (Heath EU-700)-photomultiplier tube system
and a Bausch & Lomb 2-meter dual grating spectrograph.

The spectrum resulting from a &-I'L aqueous sample (l pptr
Zn and Cd) as measured with the photodiode array spec·
trometer is shown in Figure 2. The sample was inductivel}
desolvated before insertion and the spectral signal was in·
tegrated for 12.5 s after electrode insertion. The ICP spectra:
background was not subtracted for this spectrum; as a result
the cadmium and zinc lines are seen superimposed on the NC
bands and continuum that occur in this spectral region (14)
The total spectral coverage of the photodiode array spec·
trometer is about 50 nm.

The 12.5-s integration of the spectral signal was achievec
by the summation of 5 consecutive 2.&-s integration time cycle
of the photodiode array measurement system. It was clew
while observing the successive spectra on the photodiode arra}
oscilloscope readout that Zn and Cd were not vaporizing al
the same time. To determine the emission time behavior 0:

these two species, the photodiode array integration time w,"
set at 0.16 s and the intensities of Cd(II) 226.5 nm and Zn(1I
202.5 nm were monitored for 18 consecutive integration cycle
(2.88 s) after electrode insertion. Plots of the intensities 0

these lines as a function of time are shown in Figure 3. Fron
these results, it is clear that this sampling system wiU requirf
extensive characterization in the time domain.

An analytical curve was measured for Zn concentration,
from 1 to 100 ppm. The sample was added as a solution (1
I'L) and inductively desolvated before electrode insertion. Thl
curve was linear with a correlation coefficient of 0.98. Thl
relative standard deviation for samples of the same con
centration was 15%. The most likely sources of imprecisiOl
include reproducibly introducing a 5-I'L sample to thl
electrode cup and manual control of the desolvation anI
electrode insertion steps.

The spectrum of a powder sample is shown in Figure 4
The sample was a commercial powder standard available frOD
Spex Industries and normally used in dc arc analysis. Thi
sample was one of the G-7 series standards and containe<
0.0001 % of 49 elements in a graphite matrix along with 0.19­
indium for use as an internal standard where required. Abou
5 mg of this standard were added to the cup of the electrodE
The spectrum was obtained about 1 s after insertion of th
electrode and the spectral signal was integrated for 0.64 ,

The photodiode array spectrometer was set for the Zn-c'
region. At the particular point in time at which this spectrun
was acquired, most of the Cd had already vaporized, althougl
the Zn lines are still quite prominent. With a 5-mg samplE
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is 0.99. The detection limit (SIN = 2) is estimated to be about
0.1 ng. Finally it should be noted that this analytical curve
was obtained without the use of an internal standard.

Because of the nature of the sample cup and the capability
of analyzing powders directly, comparison of this system to
a dc arc is inevitable. Thus a direct semiquantitative com­
parison was carried out using a Bausch & Lomb 2-meter dual
grating spectrograph. The Spex G standards containing 49
elements but without the In internal standard (0.1,0.01,0.001,
and 0.0001 %) were run on this system using both a dc arc
source and the direct sample insertion device (DSID)-ICP
source. In both cases the samples were run in 781 Ultra
Carbon electrodes. SA-1 plates were used and only the
wavelength region from 240 to 340 nm was recorded. The
results are summarized in Table I. Essentially equivalent
detection limits were obtained for Ag, Be, Cd, Cr, Fe, Mg, Mn,
Sb, and Sn. The DSID-ICP was better for AB. Bi, Cu, Os, In,
Na, Pb, Tl, and Zn while the dc arc was better for B, Ca, Ga,
Mo, Ti, and V. Certain elements were seen by only one or
the other system. Co. Nb, Ni, and W were seen only with the
dc arc and Hg, P, and Sr only with the DSID-ICP.

This brief study is by no means meant to be a defmitive
comparison, but was simply carried out to obtain a feeling for
the capsbility of these two systems under I'Il8lIOD8bly identical
conditions. In addition, it should be kept in mind that only
the wavelength range from 240 to 340 nm was obcerved. For
both techniques, more sensitive lines for several elements occur
outside this region, particularly for the ICP (15). The main
conclusion to be drawn both from the results shown in TabIe
I and Figure 5 is not which technique is beat but the fact that
the ICP when coupled to the direct sample insartion ayatam
can be utilized directly for quantitative, semiquantitative, and
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only about 5 ng of each element is present in this sample.
To test the quantitative capability of this sample intro­

duction aystem for powdered samples, a set of 5 powdered
samples containing Ag, Pb, B, and .Zn were prepared in a
graphite powder matrix. The samples were run in Spex #4004
electrodes complete with boiler caps. The use of boiler cap
electrodes provided more reproducible time behavior. The
sample ai2e was about 15 mg and was weighed in all cases. The
single channel monochromator measurement system was used
and Zn was determined at the 213.8:nm line. The amount
of Zn in the samples ranged from 1.8 ng to 12~. As can be
seen in Figure 5, the analytical curve is linear up to about 1.3
~. The slope of the line is 0.98 and the correlation coefficient
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Table I. Semiquantitative Compamon of de Arc and
DSlIHCP Using the Spex G Standards (240-340) om)

de arc DSID·ICP

element % conen. line % concn. line

Ag 0.0001 328.1 0.0001 328.1
As 0.1 278.0 0.01 278.0
B 0.001 249.7 0.01 249.7
Be 0.0001 249.5 0.0001 313.0
Bi 0.1 293.8 0.01 306.8
Ca 0.001 315.9 0.01 315.9
Cd 0.1 326.1 0.1 326.1
Co 0.1 245.0 NS·
Cr 0.001 283.6 0.001 283.6
Cu 0.01 327.4 0.001 324.8
Fe 0.001 239.6 0.001 239.6
Ga 0.01 294.4 0.001 294.4
Ge 0.001 365.1 0.01 365.1
Hg NS 0.01 253.7
In 0.01 325.6 0.001 325.6
Mg 0.0001 285.2 0.0001 285.2
Mn 0.0001 257.6 0.0001 257.6
Mo 0.001 284.8 0.1 284.8
N. 0.1 330.2 0.01 330.2
Nb 0.01 309.4 NS
Ni 0.1 253.2 NS
P NS 0.1 255.3
Pb 0.1 283.3 0.01 283.3
Sb 0.01 326.8 0.01 287.8
Sn 0.01 303.4 0.01 326.2
Sr NS 0.01 338.1
Ti 0.01 334.9 0.1 336.1
Tl 0.1 276.8 0.01 276.8
V 0.0001 310.2 0.01 310.2
W 0.1 263.5 NS
Zn 0.1 330.3 0.01 328.2

°NS = Not seen at any concentration level.

Table II. Qualitative Analysis of NBS (SRM 1632) Coal
(230-340 om)

observed not observed

best
e)e~ conen., line, eIe- conen., line,

ment ppm nm ment ppm nm

Cu 18 324.8 As 6 193.7
Fe 8700 239.5 Cr 20 205.6
Mn 40 259.3 Ni 15 221.6
V 35 309.3 Pb 30 220.3

Zn 37 213.9

qualitative analysis of powder samples with a capability at
least equal to the de arc.

Finally, some recent experiments indicate that it is possible
to direcUy insert samples that have a predominantly organic
matrix and carry out at least a qualitative analysis. Both NBS
Coal and NBS Orchard Leaves can be packed into the cup
and (without ashing) be inserted directly into the plasma. The
elements and lines that have been spectrographically observed
in the resulting emission from the plasma are summarized in
Tables II and III along with those elements listed by NBS for
these Samples and not detected. In most of the undetected
cases, the most sensitive line of the element was outside the
observed wavelength range «240 nm) in a region difficult to
reach with the SA· I emulsion.

Clearly this sample introduction system has thc potential
of significantly expanding the overall analytical capability of
the inductively coupled plasma. Sample types and small
solution volumes previously difficult to introduce into the ICP
can now readily be studied. This direct sample insertion

Table III. Direct Qualitative Analyaisof NBS (SRM 1571)
Orchard Leaves (230-340 nm)

observed not observed

best
cJc- line, ele- coneo. line,

ment conen om ment ppm nm

Be 0.03 ppm 313.1 As 10 193.7
Ca 2% 315.8 B 33 249.8
Cr 2.6 ppm 284.3 Cd 0.11 2.4.4
Cu 12 ppm 324.7 Hg 0.15 194.2
Fe 300 ppm 239.4 Ni 1.3 221.6
K 1.5% 404.4 Mo 0.3 202.0
Mg 0.6% 285.2 Pb 45 220.3
Mn 91 ppm 259.4 Ru 12 240.3
Na 82 ppm 330.2 Sb 2.9 206.8
P 0.2% 255.3 Se 0.08 196.0
Zn 25 ppm 334.5 U 0.03 386.0

technique could supplement existing ICP sample introduction
methods much as electrothermal atomizers have enhanced
atomic absorption measurements. Just as clear is the need
to carefully assess the analytical characteristics of each sample
type, particularly in the time domain. The time behavior
observed is similar to that which is observed with dc arc
sources (16) and electrothermal atomizers. However, while
analogies to the capabilities and characteristics of the dc arc
and electrothermal atomizers are unavoidable, important
differences exist. It is felt, for example, that selective vol·
atilization and thermochemical reactions which may take place
as the sample is vaporized from the electrode can be more
reproducibly controlled in the ICP discharge, which is con·
siderably more stable than the dc arc. In addition, the relative
insensitivity of ICP emission characteristics to a variety of
classic matrix effects is well documented. Further charac·
terization of this ICP sample introduction system is con·
tinuing. In particular, plasma gas environment, sample matrix,
electrode geometry, and plasma power are all being inves·
tigated as to their effects on analyte emission characteristics.
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Effects of SWitching Potential and Finite Drop Size on Cyclic
Voltammograms at Spherical Electrodes

Table I. Cathodic and Anodic Peak Potentials and Peak
Current Ratio as Functions of Switching Potential and f/I

r_E 3
• \olt~

Figure 1. Current functions for different values of tP: (A) 0.00726.
(6) 0.0229, (C) 0.0725. (0) 0.227

[",EO . \'olt~

Figure 2. Peak ClXTent ratio as a function of oj> (logarithmic scale) and
sw~chlng polentlal

E" _EO, mV

¢ -75 -164 -253 -342

0.227 -57" -57 -57 -57
16b 10 7 6

1.84< 2.70 3.54 4.35
0.0725 -37 -37 -37 -37

28 24 23 22
1.27 1.47 1.66 1.84

0.0229 -31 -31 -31 -31
32 28 28 27

1.09 1.14 1.18 1.22
0.00726 -29 -29 -29 -29

33 30 29 28
1.03 1.04 1.06 1.07

0.00229 -29 -29 -29 -29
33 30 29 29

1.01 1.01 1.02 1.02

c ~.b. Cathodic and anodic peak potentials, E - EO. mV.
la/'r:'

j

Unlike the planar system where the ratio of anodic to
cathodic peak current is independent of switching potential
(assuming the potential scan is reversed no closer than 35ln
mV to the cathodic peak (8)), the switching potential affects

-voltammograms in the system under consideration. Resulta

. . { [D'od(E?, - E,) ]I/'}
-Ianod = lcathod 1 + 3.2 VT

o
2

The purpose of this study was to adapt the digital simula­
tion technique to the calculation of cyclic voltammograms at
spherical electrodes with amalgam formation and to generate
sufficient data to allow one to establish the extent to which
the useful diagnostic criteria (peak position, peak separation
and peak current ratio) are affected by spherical diffusion
andlor finite electrode volume. Calculations were made for
a simple reversible system and all diffusion coefficients were
assumed to be equal.

The usual calculation of linear sweep voltammograms at
planar electrodes by either the solution of integral equations
or by simulation results in a single current function ,,1/'x(at)
which is independent of scan rate. For spherical electrodes
the interaction of scan rate. diffusion coefficient, and electrode
radium is most conveniently expressed in terms of the di­
mensionless parameter </l = DI/'lal/'ro where a = nFv/RT.
As v and '0 are increased for a given chemical system, the
conditions of linear diffusion are approached.

In developing the simulation, the volume element equations
suggested by Feldberg (I) were employed. Fixed model values
of n = I, D = 0.45, v =0.25 mVItime increment, and tJ.t =
1 were employed. The value of </l was varied by varying the
model radius. The model can be related to a real system
through </l and the switching potential. For a typical experi­
ment (ro = 0.05 clQ., D = 6 X 10-' cm'ls, v = 0.1 VIs), the
number of volume increments in the drop will be about 300.
The effect of finite electrode volume falls naturally out of the
use of this model. Single scan currents calculated by the
simulation show excellent agreement with those calculated
using the empirical correction parameters of Beyerlein and
Nicholson (4). Anodic peak currents were measured from
extensions of the cathodic scans.

Current functions generated by varying </l over a wide range
at constant switching potential are shown in Figure 1. The
transition from the usual cyclic voltammogram to that more
resembling a stripping experiment is evident.

Sir: The past two decades have seen cyclic voltammetry
develop from a technique employed only by the specialist to
one used by ~any non-electrochemists in the characterization
of a ~de variety of chemical systems. Great impetus was given
to thiS development by the application of digital simulation
(1) (explicit finite difference methods) to the differential
equatIOns describing diffusion. and subsequently these meth­
ods h~ve found wide use, particularly in studies of electro­
chemIcal systems coupled with homogeneous reactions.
. Even before the development of cyclic voltammetry, the
Importance of accurately describing current-potential curves
a~ spherical electr~es in linear scan experiments was recog­
nIZed and appropnate solutions were obtained by Frankenthal
and Shain (2) and by Reinmuth (3). Other workers heve
treated the spherical diffusion problem including its extension
to the consideration of amalgam formation ("inner" as well
as "outer" diffusion) (4). The related problem of finite elec­
trode volume has been addressed by workers studying anodic
stripping (5, 6). Guminski and Galus (7) have published an
empirical equation which relates the ratio of anodic to cathodic
peak current in cyclic voltammetry to diffusion coefficient (d),
switching potential (E,), .can rate (v), and electrode radius
(ro):
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Table II. Comparison of Peak Current Ratios from
Digital Simulation and (rom the Equation pC
Guminski and Galus

<I> EX - EO, mV ialie• sim. ia./ie• calcd

0.027 -342 4.35 3.42
0.119 -298 2.43 2.20
0.0725 -253 1.66 1.67
0.0229 -164 1.14 1.17
0.00726 -75 1.03 1.03

of changes in both.p and switching potential on peak potentials
and peak current ratios are given in Table I. Though peak
potentials are seen to vary. the separation is little affected.
The peak current ratio, the most common diagnostic criterion.
undergoes large changes 8S expected.

These results are most easiiy seen by the usc of the pseu­
do-three-dimensional map shown in Figure 2. Use of this
diagram allows one to easily estimate the peak current ratio
for 8 given set of experimental conditions.

Finally, measured Peak current ratios taken from the simu-

lations were compared to those calculated by the equation of
Guminski and Galus. This comparison. shown in Table B.
indicates that the equation is a good predictor under typical
experimental conditions.
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Enhancement of Luminal Chemiluminescence with Halide Ions

periments (5) we have repeated at pH 12.5. and indeed no
change in the CL peak int.ensity was observed.

Preliminary results indicate these anionic enhancements
arc not unique u) Cr(lll). Tests with Co(ll), Fe(II), and Ni(1l)
as catalysts yielded responses wit.h 2-4- times the intensity
ohserved with no CI- or Br- present. The chemiluminescence
system of MnO, -Iuminol (no H,O, present) also gave in­
creased signals in the presence of chloride or bromide ion.
Bromide ion appears to be unique for the Cr(lll) system. but
peak enhancement was the same for chloride and bromide
addition in the metal catalysts used above. It should be
stressed that experimental conditions were not optimized for
the metals other than chromium, and the final CL enhance­
ment~ may he greater than those indicated.

The mechanism of this hromide effect is thought to be an
ion-pairing phenomenon. The formation of a chromium­
bromide-peroxide complex is postulated. The bromide, os­
sociated with the complex. facilitates the transfer of electrons
in the reaction with luminol. A similar mechanism was pro­
posed by Seitz for Com) catalysis (6). Work is now in progress
in our laboratory to elucidate the mechanism of bromide
interaction.

Analyses for this work were ohtained using a now system,
which incorporates two 20-mL plastic syringes driven by a
Sage Model 351 syringe pump. One syringe contains the
chromium(lIl) sample to he analyzed, while the second syringe
has a solution of luminol and hydrogen peroxide at pH 11.2.
The solutions are mixed immediately before entering a quartz
now cell contained in a Perkin-Elmer MPF-44A Fluorescence

a Concentration round in se'.l\vatcr.

anion (0.56 M)

CI­
SO/-
SO, ,- (0.028 M)a
F-

% light
emission
(Cr only
= 100%)

800
o

100

anion
(0.56 M)

Br-
PO >
NO',;

Table l. Effect of Anions on Ute
Chemiluminescence of Cr(lII)

% light
emission
(Cr only
= 100%)

145
1·16
100
140

Sir: Chemiluminescence (CL) analysis of trace Cr(lll) has
been reported previously (I). The technique is based upon
the Cr(IIl)-catalyzeq oxidation of luminol by hydrogen per­
oxide in basic aqueous solution. The intensity of light emission
is proportional to the "free" Cr(lB) concentration, if luminol
and hydrogen peroxide are present in excess. The detection
limit has been reported to be 5 X /0-10 M (0.025 ppb) (1,2).

\Ve have been concerned with the speciat.ion of chromium
in marine and freshwater environments. PreviOl.LS stu'dies have
used only CI analysis for the determination of Cr(lll) in
freshwater systems (1-3). While attempting to extend this
technique to seawater analysis, we have determined that con­
centrated inorganic salt solutions can cause an enhancement
of the CI intensity. Table I indicates the ions which Viere
tested for interferences. The concentration of 0.061\1 is ha,ed
upon the chloride concentration in natural seawater (4). The
anions CI-. F-, SO/- have the same effect upon the light
emission. The bromide ion is unique with its eightfold increase
in luminescence intensity. Some ions, which are not listed
in Table I W, SCN-, S,OI-), reacted with the hydrogen per­
oxide. For iodide and thiocyanate, a chemilumin~scent reac­
tion occurred in the absence of Cr(lll).

Upon further investigation of the bromide enhancement.
it was discovered that the CL signal remained proportional
to the Cr(lll) concentration. Furthermore, as indicated in
Table II, light emission is not a linear function of the bromide
concentration. Below /0-3 M Br-, no signal enhancement is
observed. A bromide concentration of 0.5 M was chosen for
future CL analysis and in all cases background solutions, of
0.56 M NaBr and /0-' M EDTA. were measured for a chemi­
luminescence signa1. This is important because commercial
KBr and KCI have impurities of heavy melals.

These anionic enhancements were not observed in earlier
reports. One paper (I) used anionic concentrations of 1 x 10 '
M, which are below the minimum concentration needed to
observe the enhancement. Another group reported no effect
on the CL signal when high l'Oneentrations of NaCI were added
(5). Their work used chemiluminescence as a detection system
for the chromatographic separation of metals. They chose
a cell pH of 12.5 as oplimum for their purpose, while the usual
cell pH for Cr(lll) is approximately 10.5. The chloride ex-
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Table 11. Chemiluminescence .. a Function of
Bromide Concentratiol'1

Spectrophotometer. Ligbl emission is monitored at 430 nm.
Samples have~ analyzed as outlined previously (I, 2) using
slandard addItIOn methods and heating the samples in the
presence of EDTA to determine the background signal. The
signal responses have been corrected for the blank response
in the absence of Cr(lll).

In summary, the addition of chloride or bromide ions has
been found to increase the sensitivity of the chemilumines­
cence analysis of trace metals. The detection limit for Cr(lll)
has been lowered to 1.3 X 10-10 M (ca. 7 parts·per-trillion) for
freshwater systems, when 0.5 M Br- is present. These results
may be compared to the 50 parts-per·trillion detection limit
we found for the reference (1) method using our MPF-44A
spectrafluorimeter. Further, we have eltended the chemilu-

[Br-], M

0.003
0.005
0.007
0.01

% light
emission
(Cr only
-100%)

100
106
120
150

[Br-], M

0.1
0.3
0.5
1.0
2.0

% light
emission
(Cr only
-100%)

470
620
780
850
940
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minescence technique to the detemUnation of chromium in
seawater. Chemiluminescence intensity enhancemente, with
chloride or bromide ions, have also been observed for Co(II),
Fe(lI), and NHU) ions.

LITERATURE CITED
(I) w. R. Seitz, W. W. Suydom,IIld D. M. ........ Anal. Chem.". 857

(1872).
(2) S. D. Hoy! and J. D. lngIo• .If.• AnoJ. aim. Acta. '7. 183 (1171~
(3) J. L !lo'dlg, J. A. Doon, G. Gotlo1oOl, end J. M.DoIo. Anal. aim. AcIa.

71, 47 (1175~

(4) D. R. K........ 01., UtmoI. Oceoncv.. 12. 171 (1817).
(5) R. DoIl.myea and A. V. Honkopl, AnoJ. Chem.. 41, 1402 (1171).
(8) T. G. Ellrdo and W. R. Seltz. _,. Chem.. 47. 1831 (1175~

Daniel E, Baule
Howard H. Pattenono

Department of Chemistry
University of Maine
Orono, Maine 04469

RECEIVED for review May 4, 1979. Accepted July 16, 1979.
The work upon which this publication is based was supported
in part by funds provided by the Office of Water Reaearch
and Technology (No. B-OI6-ME), U.S. Department of the
Interior, Washington, D.C., as authorized by the Water Re­
search and Devlopment Act of 1978.

diluting to 1 L. Purging 850 mL of the sample and added
Slannous chloride for 10 min with argon gas at a flow of 2
Llmin, we found that 10 mL of the solution acted 88 an
effective trap for mercury vapor. This is in spite of the fact
that part of the bromine volatiJizes from the solution during
the passage of gas. With 2 such traps connected in eerieato
a 25 ng/L mercury slandard, <4 % of the mercury collected
in the first trap was detected in the second. lmmediately
following preconcentration, l-mL aliquots of the reagent are
injected into an Atomic Fluorescence detection unit aroording
to the method of Thompson and Godden (6). The system is
calibrated between every 5 sample analyses by adding mercury
slandards to previously reduced and stripped Il8JIlplea. The
detection limit of the system depends on the blank value and
is about 0.5 nglL. The relative slandard deviation 011 a eeriea
of 10 slandarda of 10 nglL is 8% and on 7 river water aamplea
of 9 nglL from a bulk sample, 16%, after correction for the
reagent blank. We use this method for the determination of
mercury in natural waters with mercury 1eveIs below 100 DilL
and the technique is linear in this range.

Seawater sampled from the outer Thames Eatuary on three
ocaJ6ions was analyzed for mercury using the above tecImique.

Brominating Solution for the Preconcentration of Mercury from Natural
Waters

Sir: 10 recent papers, workers have reported the application
of a brominating solution (I, 2) and bromine vapor (3) for the
pretreatment of water samples prior to mercury determination
by the cold vapor technique. The reagent makes available
the Hg2· ion from organomercury associations in the sample.
The use of a brominating solution as a preservative for water
samples prior to analysis for mercury has also been suggested
(2). As a consequence, it might be inferred that the bromi·
nating reagent has a high affinity for the inorganic mercury
ion. This has prompted us to use it in a preconcentration
technique for mercury determination.

A well documented general procedure (3-5) for preconcen­
trating mercury from natural waters prior to measurement
by the cold vapor technique involves purging the sample after
treatment with a powerful reducing agent and collection of
the volatilized mercury vapor on a suitable absorbing medium.
We have elperimented with an acid-bromate-bromide solu·
tion (0.7% wlv HCI, 0.011 % wlv KBr03, 0.04% wlv KBr)
88 an absorbing medium in the apparatus shown in Figure 1.

The solution is prepared by adding 40 mL of 1% wlv p0.­

tassium bromidlHl.28% wIv potassium bromate reagent and
20 mL of hydrochloric acid (36% w/v) to distilled water and

=~-'-~.:':_~;1r::~1b:10-'

.50.... DRYING "*
IAMPI.£· .,Cl2 ."..-­110'_
~IT_

..... 1. Mercwy prec:onc:en1ratJon apparatus
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Unftltered samples, .I L, were coIlected in glass bottles, 10 mL
of concentrated nitric acid were added, and the samples were
analyzed up to 24 h after coIlection. The results are displayed

Table J. Hi in Outer Thames Estuary Water

date

Aug. 1978

Dec. 1978

Apr. 1979

1976

position

North Daze Buoy
NE Mouse Buoy
Mid Barrow Buoy
Barrow No.7 Buoy
North Daze Buoy
NE Mouse Buoy
Mid Barrow Buoy
Barrow No.7 Buoy
North Daze Buoy
NE Mouse Buoy
Mid Barrow Buoy
Barrow No.7 Buoy

sam­
ples
col·
lect-
ed Hi, ng/L

2 13
2 12
2 2.5
2 5
1 31
1 27
1· 25
1 12
1 24
1 13
1 11
1 11
2 18 alld 12

ref.

this work

(7)

in Table I. It may be seen that these show good agreement
with the values obtained by Baker (7) in water coIlected from
the same area.
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Phase Solubility Analysis as the Basis of a Separation Method

George B. Sm"h" and George V. Downing

Merck Sharp & Dohme Research Leboratorles, P.O. Box 2000, Rehway, New Jarsey 07065

Phase solubility analysis (1) is known as a tedious and
exacting purity method and is used routinely in only a few
laboratories. Different amounts of a crystalline sample are
equilibrated with a fixed amount of a solvent of choice. Then
the solution compositions are measured, usually by mass, in
order to determine the purity of the sample. An extensive
discussion of the technique is given by Mader (2).

A successful solubility analysis is a separation process. Both
a pure solid phase and an impure solution phase, whose solute
is richer in the impurities than the original sample, result from
the clean separation that ideally occurs during the equili­
bration. The purpose of this paper is to call attention to the
usefulness of the general technique of phase solubility analysis
for separations. We emphasize that the experience and careful
laboratory manipulation needed to obtain meaningful phase
purity results are usually not required for the separations.

Effecting a phase equilibration based on solubility analysis
(to separate impurities and/or to prepare a pure solid) is called
"swishing" in our laboratories. The resulting solution or solid
phases are characterized by whatever analy1ical methods are
appropriate and convenient, often thin-layer chromatography
(TLC), liquid chromatography (LC), or nuclear magnetic
resonance (NMR). TLC has been used most frequently, and
the method is called "swish TLC:'

The applications of swishing, either to purify the sample
or to concentrate impurities, are diverse. Swish purification
of several grams or several hundred grams of material is
accomplished by overnight equilibration in a suitable solvent,
with magnetic stirring on a small scale or with mechanical
agitation in a Morton flask for larger quantities. Swish
concentration enhances observation or identification of im·
purities and improves the detection limit. Swish TLC is a
forensic method by which impurity pattern8 can he
"fingerprinted" in order to indicate the particular process used
to manufacture the sample. Solid solutions are detected by
comparison of the impurity concentrate and the original
sample.

THEORETICAL

Phase solubility analysis for purity involves measurement
of the solution concentration at several system compositions
after equilibration at constant temperature. (System com­
position is the amount of solid sample per unit weight of
solvent.) In general, the measured solution concentrations,
plotted va. the corresponding system compositions, derme two
straight lines as shown in Figure J. The solution is unsat­
urated at system compositions less than X" and such points
fall on the 45° line OA through the origin. The system he-
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Fleur. 3. Enrichment of TLC impurities: Ish. original semple; righl,
swish solution residue

Figure 2. SWIshlng moottorad by TLC: (a) origlnaJ sample, (b) swish
solution residua, (c) Plriiad sold from log swish. (d) pt.riIIad sold from
100-g swish

1.00.5

R,
0.0

,". ,.~,.:
, .-. '. . (_., -

i

were swished at 50 mg/g system composition; the expected
enrichment factor was 50114 or about 3.6.

TLC comparison of the original sample and the swish
solution residue at equal loads showed the expected en·
richment of the impurities at R, 0.27 and 0.62. The solution
residue was 1.5% impure by solubility analysis, or about 3.6
times 0.4 '70. Traces of the TLC impurities remained in the
purified solids. which were measurably pure by solubility
analysis.

Enhancing Detection of Impurities. Impurities in a
crystalline solid can be enriched by an order of magnitude or
more by swishing. The purpose of swishing may be to
concentrate a particular impurity for better determination by
a particular method or to gain a more detailed view of the
impurity composition. e.g., by TLC.

TLC results are shown in Figure 3 for a study in which swish
TLC helped to establish both TLC and phase 8o1ubility

I -i--
t

! ·,:::::·::i----------------I-~--
: : ~
I I

45- I I
O)'-'----~XI--------L-.t-J

X,

SY15lem Composition

Fl9ur. 1. Solubility analysis diagram

comes sat~ated with respect to the main component at system
composItion X I> and .pomts at system compositions greater
tha~ X I fall on the lme AB. The positive slope of the line
AS IS due to soluble impurities. The solution concentration
YGo found by extrap~lation of the line AS to the y axis. is the
so~ublhtyof the maIO component. A solubility measured in
this way IS termed an extrapolated solubility and is unaffected
by the presence of impurities in the sample.
. Swishing i?orde~ to bri.ng about a phase separation usually
l~volves eqUlhbratlOn at Just one system composition, X 2 in
FIgure 1. Temperature control is optional and serves mainly
to control the solution concentration of the main component.
The enrichment of impurities in the solution phase can be
calculated as follows with the assumption that the solid phase
at equilibrium contains only the main component.

m,=t;Y/X2 (1)

m,=.:lY/(Yo+.:ly) (2)

where m, represents the fraction of impurity present in the
original sample. and m, represents the fraction of impurity
in the solute of the equilibrated solution. The ratio m,jm,
is the impurity enrichment factor, Le., the impurity content
of the solute is m,jm, times that of the original sample.

m,/m, = Xz/(Yo + .:ly) (3)

The enrichment factor for minor impurities is approximately
equal to the ratio of system composition to extrapolated
solubility. X 2/ Yo. The same factor applies to each minor
impurity in the sample.

APPLICATIONS
In phase solubility analysis for purity. thorough agitation

is usually required in order to approach equilibrium satis­
factorily. Equilibration of the solid phase, i.e.• the main
component. is often rate-determining. On the contrary,
reaching equilibrium in phase separation applications is
desirable but is not necessary. Most of the impurities may
dissolve and hence separate before the main component is
equilibrated.

Observation of phase separation by a chromatographic
method such as TLC is a powerful and necessary complement.
Phase separation involves removal of the impurities as a group
from the main component. Chromatography provides detailed
qualitative information about the impurity composition.

Examples are given below to illustrate the varied appli­
cations of phase separations.

Purification. The results of a swish purification, as
observed by TLC detected by scanning densitometry. are
shown in Figure 2. This phase separation was confirmed by
solubility analyses of the separated phases.

Solubility analysis of the original sample showed 0.4 %
impurity with an extrapolated solubility of the main com­
ponent of 14 mg/g of solvent. One·gram and l00·g samples
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figura 4. "Fingerprint" Tl.C Impurity patterns

analysis as reliable methods. The first analyzed sample of
a new compound showed 1.5% impurity by solubility analysis,
but the sample was essentially single spot by TLC. An ex­
planation for the absence of TLC impurities was required.

TLC comparison, at equal loads, of the sample and its swish
solution residue (system composition 30 mg/g; extrapolated
solubility 4 mg/g; enrichment factor 7.5) revealed several
impurities at levels in the sample just below the detection
limits. (A streaked main spot resulted at higher loading.)

Isolation and Identification of Impurities. Concen­
tration of the impurities of a crystalline solid by swishing is
a good initial step toward isolation and identification. High
enrichment factors can be achieved by successive swishes.

For example, 10 g of sample with solubility of 5 mglg of
solvent, equilibrated in 100 g of solvent, would yield about
500 mg of solution residue (system composition 100 mg/g;
enrichment factor 20). Subsequent swishing of the residue
at the same system composition, 500 mg in 5 g of solvent,
would yield about 25 mg of twice-enriched impurity con­
centrate. This would be ample material for TLC or LC
separation followed by spectroscopic studies, e.g., MS or NMR,
to identify impurities.

Trace impurities would be enriched as the square of the
enrichment factor, or 4OQ.fold, unless they became saturated.
This means that impurities present in the original sample at
0.001 to 0.01% would appear in the impurity concentrate at
quite tractable levels. Saturation would be a deterrent only
if impurities were essentially insoluble.

"Fingerprinting". A manufacturer has legal protection,
which varies in different parts of the world, concerning the
production and sale of his product. The impurity composition
of a given product may uniquely identify the process by which
it was made, and this information can be important in patent
infringements.

TLC is a convenient, rapid tool for separating and viewing
impurities in the industrial laboratory. But today the quality
of many products, e.g., pharmaceuticals, is such that TLC
impurities are invisible. The trend in recent years toward
higher and higher purity is well known. Impurities of quality
products can be enriched by swishing in order to make them
visible by TLC.

The swish TLC "rJ.Dgerprints" of five samples of the same
product are shown in Figure 4. Before swishing, these samples
were easentia1ly single spot by TLC. Reading from left to right

Flgwe 5. -Qelectlon of solid solution: leN, original sample; rig'll. swish
solution residue

the swish TLC results reveal one process used to make the
sample in channell, another process in channels 2 and 4, and
a third process in channels 3 and 5.

Detection of Solid Solution. Phase separation may be
incomplete in swishing or in solubility analysis purity de­
terminations. Slow equilibration may be overcome by in­
creasing the equilibration time, by increasing the equilibration
temperature, by improving the agitation, or by grinding the
sample. IT complete phase separation cannot be achieved by
varying the equilibration conditions, solid solution is indicated.
An impurity or impurities is distributed in both the solid and
solution phases at equilibrium. (This assumes that the
possibility of insoluble impurities has been ruled out.)

TLC results illustrating detection of solid solution are shown
in Figure 5. TLC comparison, at equal loads, of a sample
and its swish solution residue (system composition 50 mglg;
extrapolated solubility 5 mg/g; enrichment factor 10) revealed
two impurities behind the main spot. The more mobile
impurity, distrihuted entirely in the solution phase, was
enriched about 10-foid in the solution residue. The less mobile
impurity formed a solid solution with the main component
and was enriched by a much smaller factor.

Solid solution may be avoided if the crystal form can be
changed. The key is to find a solvent that forms a stable
solvate with the main component or one that forms a com­
pound such as a salt (3, 4).

CONCLUSION

Thus the process of equilibrating a crystalline solid with
a solvent, where the solid is present in considerable excess over
its solubility in the solvent, is seen to be a powerful method
of separation of the pure main component and of simulta­
neously providing a solution enriched in the impurities. This
simple, rapid method effects the separation under mild
conditions and is capable of handling appreciable amounts
of material.

With the increasing emphasis on the amount and nature
of impurities, the method is excellent for obtaining impurities
in amounts sufficient for characterization or for demonstrating
their absence or presence at a negligible level. In addition
to the examples given here, the method can be useful for
examination of process-change samples, stability samples, or



whenever the great excess of the main component interferes
with other separation methods.
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Critical Parameters In the Barium PerchloratelThorin Titration of Sulfate
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The analysis for sulfur-containing species such as sulfur
dioxide, sulfur trioxide, and sulfates in the atmosphere - both
ambient and workplace - is an area of continuing and intense
interest The titrimetric detennination of sulfate using barilUD
perchlorate and the indicator Thorin (J, 2) has been rec­
ommended for the detennination of sulfur dioxide (3-6), sulfur
trioxide (6), and sulfuric acid (7). The original description
of the method (2) recommends an apparent pH in the range
of 2.5 to 4.0 and a nonaqueous solvent (alcohol) concentration
of between 70 and 90% (vIv) for the titration, but little
attention has been directed to the critical nature of these
parameters in the analytical methods subsequently derived
from this procedure (3-7). Indeed, one of the methods (6)
does not even specify solution pH, although the titration has
been reported to be sensitive to this factor (J, 2, 8). We report
herein the results of an investigation of these parameters and
the fact that careful control of both pH and solvent con­
centration is necessary for the accurate determination of the
above mentioned sulfur species in the small samples en­
countered in industrial hygiene analyses. There is, however,
a range of values for these parameters over which acceptable
recoveries are obtained.

EXPERIMENTAL
For these experiments, a pH meter (Ionalyzer ModelBOI, Orion

Research), with a standard glass pH electrode (Fisher Scientific
Co., #13-629-1) and calomel reference electrode (Fisher Scienlific
Co., #13-639-52), were used to determine the apparent pH of the
solutions titrated. "Apparent pH" is used (2) to denote the fact
that the pH values for the alcohol solution are read directly from
the meter, although the meter is standardized using aqueous pH
standard solutions. The alcohol used in this study was that
recommended in the industrial hygiene methods (3-7), 2-propanol
(PrOH) (Fisher Scientific Company, ACS reagent grade). The
pH was adjusted using 0.2 N HClO. (J. T. Baker Chemical
Company, Analyzed Reagent); the volume used was:>1 mL for
these studies and did not alter the total volume significantly.

Titrations were performed according to standard procedures
(4, 7) using a 2-mL microburet for the 0.005 M Ba(CIO.),. The
titrant was standardized by titrating to a visual end point 5.0 mL
of 0.00403 N H,sO. to which had been added 40.0 mL of PrOH
and 3 dropa of the indicator Thorin. Aliquots of standard sulfate
solution (60 Ilg/mL, prepared from analytical reagent grade
Na,sO., J. T. Baker Chemical Company) were titrated .fter
adjustment of solution pH and % PrOH to the desired values
with a flDai vollUDe of 50 mL. Two preliminary sets of titrations
were run, using parameters based on the ranges suggested in the
NIOSH Criteria DoclUDent (4). In the first set, the pH was held
at 3.5 and the PrOH concentrations were varied from 60% to
100%. In the second set, the PrOH concentration was held
constant at 85% vlvand the solution pH was varied over the range
2:0 to 8.0. For the data to be used for determination of the
response surface, titrations were performed using 21 combinations
of experimental factors covering the ranges of pH 2.0 to 4.6 and

PrOH BO'7o to 95"1•. For each pH-% PrOH combination, the
volumes of titrant used for sample and blank were recorded and
a suhjective evaluation was made of the visual end-point sharpness
(I =very diffuse, 2 =diffuse, etc., to 5 = very sharp). Duplicate
tit rations were run at eight combinations of the experimental
faclors which covered all of the end-point sharpness ratings. The
magnitude of the RSD was inversely proportional to the sharpness
ratings, and ranged from 0 to 5"10 with a mean value of 2.3%.

RESULTS AND DISCUSSION
In the preliminary titrations at pH 3.5, end points tended

to be obscure and delayed at low «80%) PrOH concen­
trations. At concentrations above 90"10 PrOH, the observed
end points were grossly premature (Figure 1). The net effect
is that low recoveries are obtained for solvent compositions
below 70"1. PrOH and above 90"10 PrOH at pH 3.5. The
problems with end-point determination were also evident in
the substantially higher "blank" values obtained when ti­
trations were run at pH :>3.0 (Figure 2) or at PrOH con­
centrations :>80% (Figure 1). These increases in "blank"
values contribute to a decreased precision for analyaes and
effectively raise the lower concentration limit for the pr<>­
cedure. At low pH (e.g., pH -3.0 al85% PrOH or pH -2.5
at 80% PrOH), titrant vollUDes tend to increase for both
samples and blanks. Below pH 2.0 (at 85% PrOH), no end
points were reached even with very large vollUDes of titrant
(Figure 2). It has been shown previously that the titration
is subject to interferences from "foreign" ions, including
various cations (J, 2, 8) as well as anions (I, 2). This in­
terference leads to a positive or negative bias which is related
both to the species and relative concentration thereof.
However, at low concentrations (8), a 2O-fold exceoa of NaNOs
produces only a small «1 %) error in the end point. The
2-fold excess of Na+ at a concentration of 10" M used in this
study should therefore have at most a very small effect.
Accordingly, ion exchange was not used to remove the Na+
prior to the titrations. Obviously, ion-<!xchange pretreatment
should be considered in applications of the technique to field
samples which might contain significant quantities of con­
comitant ions.

The data obtained in the last set of titrations were used for
a response surface analysis, the object of which was to de­
termine the range of combinations of pH and "lo PrOH which
yielded acceptable (-100"10) recoveries of sulfate ion. This
analysis was carried out by using a weighted regression
technique to determine the best mathematical model which
fits an appropriate function of the independent variables, pH
and % PrOH, to the dependent variable, fraction of sulfate
recovered. The subjective evaluation of end-point sbarpneaa
was used as a statistical weight for the experimental obser­
vations because the observed recovery values were not equally
reliable. Therefore, the more reliable values (values aubject

this srticla not subject to u.s. Copyright. Published 1979 by tho Amer1can Cllemlcal Soclaly
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maining term had an associawd p-value of 0.15 or less. The
final model selecwd was:

Y = -126.355 + 683.065 X, + 30.324 X 1X,-
1.3603 XI' - 1496.49 X,' +

1.500 X,'X, - 53.726 X,X,' + 1469.85 X,3-
528.635 X,' + 22.325 X,X,'

where Y= fraction of sulfaw recovered, X, = pH, and X, =
fraction PrOH. From this model, a contour plot was drawn
to provide a "map" of the sulfate recovered as a function of
the various combinations of pH and % PrOH (Figure 3). The
contours shown correspond to predicted fractional recoveries
of 0.6,0.7,0.8,0.9, and 1.0. Anticipawd recoveries would be
optimal in the areas included within the 1.0 contours.

Shown superimposed on Figure 3 is a crosshatched area in
which the end points were visually sharpest lend-point
sharpness = 5). This information, used in conjunction with
the results of the surface response analysis, indicates that
optimum percent recovery and low variance would be obtained
only in the region where the optima overlap. Thus, the
experimental 'conditions recommended for titrations would
include an apparent pH between 3.5 and 4.5 and a corre­
sponding nonaqueous solvent concentration of 82-87% PrOH.
These inwrvals constituw the largest rectangle fitting entirely
within both the crosshatched area and the contour of predicwd
fractional recovery of 1.0. Other combinations of pH and
PrOH concentration will also lead to acceptable recovery
values but cannot be included if fixed, continuous intervals
for these parameters are to be recommended. A broader pH
range can be tolerated if the PrOH concentration range is
limited; conversely, careful adjustment of pH allows more
latitude in the PrOH concentration range. In the imple­
mentation of these titrations, the effects of dilution by the
addition of the titrant and the aqueous acid solution used to
adjust the pH must be taken into account to maintain the
PrOH concentration in the optimum range. Also, the apparent
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Fig... 2. Volume of litrant (0.0053 M BaICIO.),) requlrad for sulfate
(200 pg)sa~ and blank solutions as a function of pH at 85 % PrOH

to less variance) which were associawd with high values of
end-point sharpness were given more weight in the analysis
than those subject to greater variability. The end result is
that the surface is forced to fit more closely to the more
reliable values than to those more subject to error.

A fourth degree polynomial model was fitted to the data.
Terms were removed in 8 stepwise manner, until every re·

100
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FigIn 3. Fraction of S<JIfate recovtlfed as a fulction of pH and % PrOH. Expermen1a.Iy determined points are indicated bye, wiltllhe corresponding
fractional recovery. Cross-hatching indicates region a. sharpest end points.



pH of t?e ~Iution to be titrated must be carefully adjusted
to be WIthin the recommended range using a pH meter (not
pH paper) for me....urement.
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High-Speed Algorhhm for Simplex Optimization Calculations

Gregory F. Brissey, Robert B. Spencer.1 and Charles L. WilkIns"

Department 01 Chemistry. University 01 Nebraska - Lincoln, Lincoln. Nebraska 68588

In recent years the importance of optimization of exper­
imental procedures and parameters affecting any given
chemical analysis has been recognized. As a result, a number
of workers have investigated the application of the sequential
simplex method of Spendley and co·workers (J), .... well as
the later modifications by Neider and Mead (2) to problems
of chemical interest (3-7). Denton and co-workers derived
the most recent modification of the simplex procedure for
chemical applications and demonstrated ita efficacy in op­
timization of the operation of a computer·controlled flame
spectrophotometer (8). A number of studies of the application
of simplex optimization methods to the development of weight
vectors for chemical pattern recognition studies, primarily
spectral data interpretation. have also been reported (9-13).
In these latter studies, one of the major disadvantages of the
technique h.... been the large amount of computer time re­
quired when high-dimensional problems are involved. For
experiment optimization applications. computation time is
often a secondary consideration, since problems frequently
involve adjustment of only two or three operating parameters
and their actual adjustment times may significantly exceed
the computer time required to determine what the new
settings should be. However, with the increasing advent of
instruments capable of making rapid computer-controlled
adjustment of a larger number of electronically controlled
parameters, the need for more rapid simplex computation
procedures may soon be felt even in experiment optimization
applications. In the context of the previously-mentioned
pattern recognition studies, the need for optimizing .... many
as 60 or more parameters, which are subsequently used in an
automatic discriminant function for spectral analysis, makes
the speed of the simplex algorithm employed a dominant
factor in that application. Accordingly, a search for an even
faster algorithm than those previously reported was initiated.
We report here the successful outcome of that search.

DESCRIPTION OF THE HIGH·SPEED SIMPLEX
ALGORITHM

Both the Modified Simplex method (2, 4) and the Super
Modified Simplex procedure (8, 9) have been described in
detail elsewhere as has their application to the problem of
weight vector development for pattern recognition purposes
(9-13). Therefore, only a brief summary of the fundamentals
of the techniques will be given here to facilitate discussion

I Present address: Nioolet Instrument Corp., Madison, Wia. 5371 I.

of the improved algorithm. As originally defmed (I), a simplex
consists of a figure with d + 1 vertices located in a d di,
mensional space. Thus, in a two-dimensional space a simplex
is a triangle, and in three-dimensional space, a tetrahedron.
The coordinates of each vertex represent values of the d
control variables. and the simplex algorithm provides a
systematic procedure for exploring the experimental response
obtained .... a result of modifications in the control variables.
By this means, if the simplex search is suceessfu1, an optimized
response is ultimately obtained.

For pattern recognition, the .implex method w.... applied
to the determination of the appropriate set of weigh18 in a
linear discriminant function which would produce an optimum
response (defined as the maximum recognition of members
of a training set of patterns which are classified with respect
to some property of interestl (9). In order that the space
searched be continuous, an additional response criterion
(minimization of the perceptron (14) value) was combined with
the recognition criterion. Subsequently, other response
functions have been examined for that particular type of
application (13).

Whatever protocol is used, the simplex optimization
procedure involves searching for an optimum in response space
by successively replacing the worst vertex of the simplex with
better vertices. This is accomplished by reflecting the worst
vertex through the centroid of the remaining vertices (CR).
Therefore. the new vertex (wrr') is simply a linear combi,
nation of the worst vertex and CR. As originally implemented
for pattern recognition applications (9), the reflection pro­
cedure required complete recalculation of the value of CR on
each iteration. using Equation 1.

n

CR; =(I/(n - 1» L Wi. (1)
hI.•

For the d dimensional space, n is equal to d + I, the number
of vertices of the simplex and the remaining vertices, i, are
summed, excluding k. the vertex (weight vector) being re­
placed. Thus, each of the i coordinates of the centroid are
calculated. This is unnecessary. since a running ouerall
centroid (C) may be computed on each iteration by considering
only the changed vertex (for pattern recognition, this is a
weight vector). Equation 2 summarizes these relationship&.

cr = Cfd + (I/n)(Wfr- - Wfld) (2)

However, because the new summation, W;:", chang. from
the old one only .... a result of the changes in the vertex

0003-2700/79/0351.2295501.00/0 Ii:> 1979 Amortc:an ChomIcaI Sodoly



2288. ANALmCAL Cl£MISTRY, VOl. 51, NO. 13, NOVEMBER 1979

Table I. Chemical Categories of the Compoundo Whose
Mus Spectra Comprise the Training Set Pool

category number

phenyls 7245
aldehydes and ketones 887
ether 362
aliphatic alcohols 463
phenols 1618
carboxylic acids 294
thiol/thiocthers 138
esters 1657
amines 370
amides 459
nitrites 121

replaced, the full aummation need only be done for the initial
vertex, with the subsequent centroids being computed by
modifying the sum. If a weight vector (vertex) k is excluded,
the values of CR, follow directly from the discussion above
as expressed in Equation 3 which uses the excluded vertex
to compute CR.

CR i = (I/(n - 1»)(nCi - W~ld) (3)

In any of the simplex methods mentioned above, new
vertices in hyperspace are chosen by placing them on a line
dermed by the worst vertex and the centroid of the remaining
vertices. The methods differ only in the algorithm used to
determine where on that line to place the new vertex. For
pattern recognition, a new trial weight vector results at each
iteration. Therefore, the algorithms used may be viewed as
corresponding to linear combinations of the centroid and the
worst vertex with a proportionality constant, a, dictated by
the method used. Equation 4 summarizes this relationship.

wrrw = CR i + a(CRi - wrld) (4)

The equation represents the linear combination of the cen­
troid, CRi, with the vector difference of the centroid and the
old weight vector. Using the relation expressed by Equation
3, it follows that w:i can be computed directly from the
overall centroid, C, the old vertex, wt'. and the proportion­
ality constant. a.

wrT'" = (I + a)(n/n - l)C i - (I + (na)/n - l)W~ld (5)

Thus, wherever the centroid of the remaining vertices was
previously used. the overall centroid. C. can be used instead.
The centroid of the unreflected vertices need never be calcu­
lated. For pattern recognition applications. the response of
a vertex is obtained by forming the dot products of that vertex
with each member of the training set, in turn, and tabulating
the recognition performance. A major increase in speed can
be realized by recognizing the fact that the dot product of the
new vertex with any particular member of the training set,
X., is also a linear combination with the dot product of the
member with both the overall centroid, Ci, and the worst
vertex, wt', having the same coefficients as those in Equation

5. The expression for directly computing the dot products
of the new vertex with the members of the training set is given
by Equation 6.

wrr"',X/i = (I + a)(n/n - l)X/iCi -

(I + (na)/N - I)W~ldx. (6)

Because the dot products on the right-hand side of Equation
6 are calculated directly only once (taking 60 multiplications
per training set member in our example) and subsequently
these and updated values are used (requiring 4 multiplications
per training set member), the speed improvement is ca. N /4,
where N is the dimension of training set members. Thus, for
the present 60-dimension example, a speed improvement of
a factor of 15 is expected.

Note that the various modifications of the simplex tech­
nique basically differ in how the coefficient a, which defines
the weighting of the linear combination, is determined. For
example. in the Super-Modified Simplex method described
by Denton and co-workers (8), the responses of the worst
vertex, the centroid of the remaining vertices, and the reflected
point of the worst vertex through the centroid are calculated
and fitted to a second-order polynomial curve. The position
of the ma.ximum of this curve defines a, and a new vertex is
calculated. If this vertex has a better response than the
reflected point it is kept, otherwise the reflected point is kept.

As the dot product of a particular pattern with the overall
centroid is changed, it too can be updated in an analogous
fashion (Equation 7).

(C,X/i)o.", = (C,X.)Old + (I/n) (wrr"'X/i - wy,IdX/i) (7)

Furthermore, the weight vector that bisects the means of
the two classes of spectra in the training set (Wd+l) is used
as the initial vertex in the construction of the simplex. The
remaining initial d vertices (weight vectors) are obtained by
adding a constant called the "Spanning Constant" (SC) to only
one of the d elements in the initial weight vector for each new
weight vector created, with no two having the constant added
to the same d element. This initial step can be avoided by
recognizing that the dot products of the d starting weight
vectors may be obtained directly from the dot products of the
initial weight vector and the spanning constant (Equation 8).

(8)

As a result, for the initial, expanded, or contracted simplex,
only the dot products for an initial weight vector and centroid
of the simplex need to be calculated from the training set
spectra.

Another speed improvement which can be realized is
achieved by the simple expedient of ranking the responses
of vertices initially and as they are generated. using a binary
search method to locate the ranking of new responses. In this
way, a running pointer to the worst current vertex is easily
maintained.

Table II. Comparison oC Optimum Weight Yector Development Time and PerCormance Cor the SMS and ISMS Methods°,b

% correct
total CPU time (s) iteration/second total iterations recognition

category SMS ISMS SMS ISMS SMS ISMS SMS ISMS

phenyl 392.8 44.0 0.87 12.09 342 532 92 90
carboxylic acid 1309.2 68.7 1.01 13.48 1321 926 90 94
thiol/thioether 2014.6 144.4 1.06 15.88 2131 2294 99 100
ester 1798.2 80.8 1.05 13.52 1883 1092 88 91
amide 737.6 51.4 0.93 13.30 686 653 83 84
average 1250.5 77.9 0.98 13.65 1273 1099 90 92

o Calculations done using an IBM 360/65 computer. b Prediction performances of the weight vectors produced were
comparable. In the absence of round-off error, identical weight vectors would be expected.



EXPERIMENTAL

I?~ta. In order to test the efficacy of the new algorithms. a
training set pool of 13614 low resolution mass spectra of mo­
nofunctional compounds were drawn from the NIHjEPAjMSDC
mass spectral data base of 25560 spectra, leased from the Office
of Standard Reference Data, Nstional Bureau of Standards For
each of 5 categories of compounds (selected from those lis~ in
Table I), training sets of 200 spectra were chosen. The training
seta were constructed 80 as to contain equal numbers of class and
nonclass spectra. For example, the training set for recognition
of the ether function was comprised of the spectra of 100 etbers
and 100 a~dit!on81 .spectra were chosen from among the other
10 categories hsted U1 Table I. For training with each category.
the 60 most frequent m/e peak positions were chosen as the
features to be used.
Compu~tions. Super·modified Simplex (SMS) and Improved

Super-modified SUIlplex (ISMS) programs were written in Forllan
IV and all computations were done using an IBM 360j65
computer. Spanning constants used were the same for both SMS
and ISMS calculations. The extrspolation factor used was 50%
of the distance between the worst vertex and its reOection about
the centroid of remaining vertices and the safety factor was 5%
of the same distance.

RESULTS AND DISCUSSION
Table" summarizes the data relevant for comparison of

the SMS and ISMS simplex pattern recognition speed and
performance in development of weight vectors for recognition
of each of the 5 categories chosen for testing. When total
computation times are compared. it is seen that the improved
algorithm described here was. on the average, 14 times faster
in locating an optimal weight vector. Recognition performance
of the vector thus produced was generally as good as, or better
than, those ohtained using the SMS method. Closer ex·
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amination of the tabulated data ahowa that this Bpeed im­
provement derives primarily (as expected) from the ability
of the ISMS technique to complete many more iterations in
a given amount of time. The total number of iterations carried
out with each of the methods was approximately the same.
Because the dot producta of the vertices must be Btored when
the ISMS method is used, memory requirements are somewhat
greater than with the SMS teclmique. In t/le present instance,
the program size increased from ISO Kbytes to 200 Kbytes
when the ISMS technique was implemented. However, this
modest memory increase is more tlian compensated by the
additional computational speed obtain~d.

LITERA:rURE crrED

g: ~:~;~~~~~·~i~/~1"2.4.4-41.
(3) Emsl, R. R. Rs•. ScI. Ins...." .• 1888. 39. 99B.·
(4) De"*>g. S. N; _gan. S. L Ana1. a-..m. 1173. 45. 278A.
(5) Long. D. E. Anal. ChIm. Acta 11BI. 4•. 113.
IS} DemIng. S. N; _980. S.l. Anal. Chern. 1174. 46. '170.
(7) Johnson. E. R.; MoM. C. K; VId<.... T. J. AppJ. 5p«trosc. 187B, :KJ.

415.
(B) Roo1tl..... W. S........ P. A; Denton. .... B. Ana1. Chem. 1177. 49. 1422.
(9) _. G.l; lowoy. S. R; Wti'ls. C.l; 1_.T. L Ana1. Chem. 1175,

41. 1951.
(10) Brumo<. T. R; Wlklns. C.l; lam. T. F; SOlUberg.l. J; Kabertlne. S. L

Anal. Chern. 'en, 48. ,,4e.
(11) lam. T. F; _s. C. l; Bn...,or. T. R; SOlUberg, l. J; Koborlno, S. L

Anal. Chern. 1871, 48. 1768.
112} Koborllno. S. l; Wilkm. C. l. Anal. ChIm. At", 1171. 103.417.
(13) Ritt"'. G. l; lowry, S. R; 1_. T. L; Wlklno. C. L.. submItlod for

publication In J. Chern. Inf. Comput. Sci.
1'4} Duda, R. 0; Hart, P. E. "Po'om ClasslflCotJon and Scone Analysis".

WUey-lntersclence: New York. 1973; P 141.

RECEIVED for review June 25, 1979. Accepted August 10, 1979.
The support of the National Science Foundation under grant
CHE-76-2I295 is gratefully acknowledged.

Quantitative Analysis of Silicates by Instrumental Epithermal Neutron Activation Using
(n,p) Reactions

Ernest S. Gladney' and Daniel R. Perrin

University of Cshfomla. Los Alamos ScientifIC laboratory. P.O. Bcx 1663, Los Alamos. New Mexico 87545

Instrumental epithermal neutron activation (lENA) in·
volves the use of a neutron filter to screen out the thermal
portion of the reactor neutron energy spectrum. Both Cd and
B are efficient neutron filters. The former is essentially
opaque to neutrons with kinetic energies of less than 0.4 eV,
while the absorption cross section of the latter follows a ljv
relationship and reaches a small value at approximately 280
eV (I). The advantages of epithermal over conventional
thermal neutron activation for elemental analysis of geological
materials have been well summarized by Steinnes (2). The
principal advantage is that the most common rock forming
elements, which aetivate strongly with thermal neutrons (e.g.,
Na, AI, P, K, Fe, and Sc), have their activities suppressed,
relative to elements which have cross-sectional resonances in
the epithermal energy region.

The reduction in activity from cQmmon (n;1') products
permits the observation of activation products from the lower
cross section (n,p) reactions. Elements with potentially useful
(n,p) reaction products are shown in Table I. Cross·sectional
data are taken from Steinnes (2) and Erdtmann (3) and are
presumably for Cd filtered epithermal fluxes. The energy
threshold values are from Howerton et al. (4). Only "'Mn and
"'Co are commonly observed in spectra of thermal neutron
activated geological samples. The remainder are usually
obscured by the background caused by those species that are

produced in greater abundance by thermal neutron capture.
The threshold energies for (n,p) events are also shown in the
table. For most of the reactions, neutrons with 0.5 MeV
kinetic energy or more are required. When the thermal
component of the flux is absorbed, neutrons of this energy
become a much more prominent part of the remaining
spectrum.

Steinnes has carefully explored the (n,p) reaction for Ni
determination in silicate rocks (5), and Ni measurementa in
geological materials using this reaction have been reported
by other investigators (6-9). The determination of Si through
the '"AI reaction has been reported in bulk iron ore samples
(IO) and in lymph node samples (J 1). The quantitative study
of the apptication of (n,p) reactions to the analysis of geological
materials is the subject of this paper.

EXPERIMENTAL
One-gram samples of various silicate standard reference

materials were encapsulated in polyethylene vials and irradiated
in the Los Alamos Omega West Reactor epithermal facility. The
epithermal neutron flux is boron fUtered and is described in detail
elsewhere (12). The flux is approximately 5 X 1010 njcm2/e.
Samples may be pneumatically transferred in a few seconds from
the reactor to the counting room. Each irradiation is.monitored
by use of a known amount of an Au solution pipetted onto t"Jllar
paper disks lodged in the rabbit caps. These monitors' may be
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Table I. Epithermal Neutron (n,p) Reactio,,"

isotopic energy epithermal
sbun- activa- (n,p) cro.. thresh· cross sections

target dance, tion section, old, prominent ,.·rays, interfering reactions of interfering
nuclide % product mb MeV(3) half·life keY and.., rays, keV reactions, rob

"F 100 "0 1.35 EO 27 s 193 "O(n,.y)"O 0.070
12Ne(n,a)1'O 0.056

]2Na 100 2:JNe 1.5 3.76 38 s 439 26Mg(n,a )UNe 0.027
J4Mg 79 uNa 1.53 4.93 15 h 1368,2754 22Na(n;r lUNa 290
"AI 100 "Mg 4.0 1.90 9.4 m 844, 1013 '. "Mg(n,.y )"Mg 13

20Si(n.Q )27Mg 0.155
847·keV"Mn

"Si 92.2 "AI 6.4 3.99 2.2 m 1779 "AI(n,l)"AI 180
,UP(n,Q)211Al 0.118

uSi 4.7 :a'A) 560 3.00 6.5 m 1273 1268·keV"AI
single escape

"p 100 ]lSi 36 0.72 2.6 h 1266 3
OSi(n.,,) 31 Si 47

'·S(n,a)l'Si 22
1268·keV"AI
single escape

C6Ti 8.0 "Sc 10.5 1.62 84 d 889, 1021 45Sc (n,-y )'USc 10,700
"Ti 7.5 "Sc 16.3 E 3.4 d 160 SOV(n,Q )'USc 1.5

46Ga(n,,,,! )41Ca(,O. )41Se 320
"Ti 73.7 "Sc 0.27 3.27 43.7 h 983, 1037, 1312 SlV(n,a )'ISC 0.022
uFe 5.8 uMn 82.5 E 312 d 835 834 keV"Ga

SSMn(n,2n)S4Mn 0.258
uNi 68.3 saCo 113 E 71d 811 "Co(n,2n)"Co 0.72

I] Exolhermic.

Table II. Concentrations in Various Standard Reference Materials

Ti, ppm Fe, '1'0 Si , %

lENA lENA lENA
material (n,p) AV (ref.)" R b (n,p) AV (ref.) R (n,p) AV (ref.) R

USGS AGV·l 5500 6190 (14) 0.89 4.21 4.73 (14) 0.89 31.2 28.0 (14) 1.11
BCR·l 12600 12750 0.99 8.77 9.37 0.94 23.2 25.5 0.91
G·2 2900 2780 1.04 1.93 1.85 1.04 33.6 32.3 1.04
GSp·l 3900 3990 0.98 3.41 3.03 1.13 30.4 31.5 0.97
PCC·l 90 90 1.00 5.71 5.84 0.98 19.6 19.6 1.00
GXR·l 650 <200 (17) 24.4 23.7 (16) 1.03 23.0 23.0 (16) 1.00
GXR·2 2800 3000 0.93 1.86 1.88 0.99 23.0 21.6 1.06
GXR·3 1000 1200 0.83 18.2 18.1 1.01 6.2 6.4 0.97
GXR·4 2600 2600 1.00 2.86 3.03 0.94 31.2 31.0 1.01
GXR·5 2100 2600 0.81 3.02 3.42 0.88 19.1 19.1 1.00
GXR·6 5000 5100 0.98 5.45 5.59 0.97 22.3 22.4 1.00

NBSSRM 91 <350 114 (15) 0.06 0.057 (15) 1.05 32.2 31.5 (15) 1.02
120 780 900 0.87 0.77 0.77 1.00 2.12 2.18 0.97
633 1700 1400 1.21 2.78 2.94 0.95 11.2 10.3 1.09
635 2600 1900 1.37 2.04 1.86 1.10 9.8 8.7 1.13

X t a 0.99 t 0.15 X t a 0.99 t 0.07 X t a 1.02 1 0.06

" AV = Accepted or Certified Value. b R = Ratio IENA/AV.

counted simultaneously with the aample or removed and cOWlted
later if the 411·keV transition from the 19sAu interferea. Flux
variations of about 10"10 are encoWltered during the normal work
day.

National Bureau of Standards (NBS) Standard Reference
Material (SRM) #79a (nuorspar) was used to atandardize the F
and Ca determinations. NBS SRM ;194 (ammonium dibydrogen
phosphate) was employed as the P standard. Oxides or carbonates
of Na, Mg, AI, Si, and Ti were used as standards for theae ele·
ments. Elemental Fe and Ni were dissolved and known amoWlts
of the concentrated stock solutions were pipetted onto filter paper.
The filter paper was air dried and folded to the aame geometry
as the aamplea.

The wide range of half· lives of the (n,p) activation producta
in Table I precludes the use of a single irradiation. Fluorine and
Na were determined using a 2().s epithermal irradiation and three
l().s coWlts. A I·min irradiation and three I·min counts were uaed
for "'Si. At the conclusion of these COWlts, one 5-min coUDt was
taken for the meaaurement of Al and "Si. A third irradiation
of 1 h was employed for the remainder of the elements examined.

Magnesium and P were coWlted for 30 min after I·h decay. Mter
24·h decay, Ti was measured through both "Sc and "'Sc reaelion
products with 15-30 min counts. Titanium (via "Sc), Ni, and
Fe were eventually attempted after an additional 2-3 weeks' decay
by 500·min counts.

Special decay corrections for rapidly decaying sources (13) were
not employed in the determination of the elements with short·lived
(n,p) products. Rather, the initial analyzer dead·times were kept
to Wlder 10% and multiple short counts taken. These data were
later plotted and force fit to the appropriate half·life for a graphical
determination of the initial activity. Initial activities of long­
er·Jived species were determined by single counts and mathe­
matical extrapolation.

Samples and monitors were counted on large (60-80 em') Ge(Li)
detectors connected to 4096 channel pulse·height analyzera. The
reaolution of tbe detectors was typically 2.0 keY (full·width at
half maximum) at the 1332·keV "'Co line. Spectra were stored
on magnetic tape for off·line processing by computer. The ,.·raya
used for each iaotope are shown in Table I, along with potential
interferences.
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Table III. Concentrations in Various Standard Reference Materials

Na, % F, %
lENA lENA

material (n,p) AV(ref.)" Rb (n,p) AV (ref.)
USGS AGV·l 3.20 3.16 (14) 1.01 <0.5 0.043 (14)

BCR·l 2.14 2.08 1.03 <0.5 0.047
G·2 3.11 3.01 1.03 <0.5 0.13
GSP·l 2.18 2.17 1.00 <0.5 0.32
PCC·l <0.6 0.53 <0.5 0.0015

NBS SRM·91 6.23 6.29 (15) 0.99 5.16 5.72(15)
120 <0.5 0.35 3.82 3.84
633 <0.6 0.50 <0.5 0.08
635 <0.6 0.52 <0.5 0.03

R

0.90
1.00

lENA
(n,p)

14
10

2.9
7.8

2400

0.79
12
14
34

Ni,ppm

AV (reL)

13 (5)
10

2.3
7.0

2430

none (15)
none (15)
none (15)
none (15)

R

1.08
1.00
1.26
1.11
0.99

X t q 1.01 , 0.02 X =0.95

a AV = Accepted or Certified Value. b R = Ratio IENA/AV.

Table IV. Evaluation of Severity of Interferences from Competing Nuclear Reactions

X t q 1.09 t 0.10

radioactive production ratio average crustal activity ratio in
abundance ratio average crustal

product reactions ratio (Mason) material
I9F (n,p)/(n,')') 9600 (0.01 at DL) 9619F (n,p)/(n,a) 260 [Ne not in rocks]
"Na (n,p)/(n,a) 500 1.35 680HMg (n,p)/(n,')') 0.004 0.74 0.003

(n,p)/(n,a) 1.68 0.26 0.44nAt (n,p)/(n,')') 2.8 3.9 11
(n,p)/(n,a) 810 0.29 230uSi (n,p)/(n,')') 0.03 3.4 0.10
(n,p)/(n,a) 49 264 13000

aSi no interfering reactions
"p (n,p)/(n,')') 25 0.004 0.10

(n,p)/(n,a) 390 4.0 1600HTi (n,p)/(n,')') 0.000079 200 0.016
'''Ti (n,p)/(n,')') 130 0.12 16

(n,p)/(n,a) 330 32 11000"n (n,p)/(n,a) 10 32 320
uFe (n,p)/(n,2n) 18 53 950
SlNi (n,p)/(n,2n) 110 3 330

RESULTS AND DISCUSSION
Only six elements (F, Si, Na, Fe, Ni, and Til were suc·

cessfully determined in geological matrices via (n,p) reactions.
The data in Tables n and ill represent means of three or more
determinations on each material for each element. The single
standard deviations among the measurements were less than
10% in all cases. Data from the certifying agencies and other
investigators are shown for comparison. A ratio of elemental
determinations by lENA to an accepted value for each element
in each matrix is calculated. The ratios for a given element
are then summarized as a mean ± one standard deviation. A
ratio greater than one indicates 8 positive bias in our data,
relative to the accepted value, while a ratio of less than one
indicates a negative bias. With the exception of F and Ni,
these summarized mean ratios are all within 2% of agreement
with the accepted or certified values. This agreement
demonstrates that (n,p) reactions are an excellent means for
quantitative analysis in geological material3. The mean ratios
of F and Ni are within 10% of the accepted or certified values.
The following detection limits (3u above background) have
been achieved: F and Na = 0.5%, Si =' 2%, Ti and Fe = 100
ppm, and Ni = 1 ppm.

Several problems contributed to the failure to report
quantitative data from the remaining (n,p) products in Table
I. Insufficient sensitivity for crustal abundance levels of P
prevented its measurement. Competing (n,y) and (n,a) reo
actions degraded the accuracy of data from (n,p) products of
"'Si, <&ri, and "Mg. Competition from (n,y) reactions, while
reduced in epithermal flux, is not entirely eliminated. The
contribution of interfering reactions to the product of interest

may be calculated using the induced activity equation (3).
Since the radioactive product from each pair of reactions
compared is the same, the equation simplifies to the product
of the cross section, isotopic abundance, and elemental
abundance. The latter is estimated for average crustal
material using Mason's data (18), the cross sections are given
in Table I and the isotopic abundances extracted from
Erdtmann (3). The exception is F, which is not sufficiently
abundant to be observed in average crustal materials. For
the purpose of the calculation the 0.5% detection limit value
has been substituted for Mason's data. The change in neutron
fIlter material from Cd to B will have little impact on the (n,p)
and (n,a) cross sections in Table I. The (n,y) cross sections
will be somewhat reduced and the interference from this
source will be somewhat overestimated.

The production ratio of (n,p) to (n;y) and (n,p) to (n,a)
interfering reactions from Table I are given in Table IV, for
silicate materials having Mason's average crustal abundance
of elements. A ratio of 1.0, 9.0,19, and 99 indicates that 50%,
10%,5%, and 1% of the product is derived from the in·
terfering reaction, respectively. For the data reported in
Tables II and lII, the interferences with F, Na, Si, Fe, and
Ni determination by (n,p) produce 1% or less of the observed
activity and have been neglected. The ssme is true for Ti
determinations utilizing 48Ti(n,p)"'Sc, but the situation is
complicated if "Sc is employed. The degree of interference
from "'Ca(n;y)"Ca(B+)"Sc depends upon the decay time after
irradistion. In the worst case, if all the "Ca has decayed to
"Sc, the interference accounts for 6% of the total "Sc in the
sample. Counting after only 24·h decay reduces this COD-
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tribution to less than 2%, at which point it is neglected.
The use of "No, "AI, "Si, and <esc for tbe determination

of Mg, Si, P and Ti, respectively, is shown to be strongly
influenced by one or more interfering reactions (production
ratios <1). In order to use tbese four (n,p) resctions, one must
have prior knowledge of tbe concentration of AI, Na, Si, and
Sc to properly correct for tbe (n,'r) contribution. The "'AI­
(n,p)27Mg reaction could be used for AI determination witb
minimal (n,y) correction; however, the precision achieved is
not comparable to that using tbermal neutrons and con­
ventional (n,'y) acti\'8lion for AI. Even tbough analytical data
on tbese four elements can be resolved from among tbe
competing reactions witb a sacrifice cif precision, Si, AI, and
Ti can be more easily measured by other (n,p) or (n,'y) re­
actions. Neitber (n,'r) nor (n,p) methods are particularly
sensitive for Mg determination and nonnuclear techniques
are preferred.

Epitbermal activation via (n,p) reactions provides an al­
ternative, altbough lees sensitive, method for tbe determi­
nation of Fe, AI, No, Ni, and F. The preferred techniques are
probably tbermal neutron activation for the first three ele­
ments, atomic absorption for Ni, and ion selective electrode
for F. Titanium and Si can be measured much more sen­
sitively using the (n,p) reaction than by tbermal neutron
activation.
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High-Speed Device for Synchronization of Natural-Drop Experiments with a Dropping
Mercury Electrode

Paul D. lyma,· Michael J. Weaver,· and C. G. Enke
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There are many types of experiments performed with
dropping mercury electrodes (DME) in which measurements
must be made at times tbat are well defined relative to tbe
birth of tbe drop. The simplest method for measurement
synchronization is to dislodge tbe drop forcibly and simul­
taneously trigger a timing circuit. However, mechanical drop
dislodgment may cause significant disturbance of polaro­
graphic diffusion proflies in tbe growing drop, particularly at
subsecond current sampling times (1). An alternative ap­
proach is to detect tbe birth of a new drop following natural
gravitational drop fall. Such drop-fall detectors also enable
natural drop times to be determined, providing a simple route
to tbe interfacial tension (2).

We have been investigating dc polarographic current-time
curves at short times (O.Ol-ls) following drop birth to evaluate
rat.d dc polarography (I, 3) as a metbod for monitoring the
kinetics of electrode resctions (4, 5). For this purpose, as well
as otber applications wbere accurate knowledge of tbe drop
time and/or electrode area is required, it is desirable to detect
the time of consecutive natural drop fall witb millisecond
accuracy and in a manner which is compatible witb po­
tentiostatic circuitry and automated data acquisition by a
laboratory microcomputer.

Altbough a sizable number of detection techniques have
been reported (for example, see citations in ref.. 6 and 7), few
fuIfi1 the above criteria. Nearly all use eitber a superimposed
ac voltage or light 88 probes, altbough an FM transmitter and
receiver have been employed to exploit the behavior of a DME
88 an antenna (8). While tbe optical detectors (7) offer tbe

advantage of requiring no electrical connection with the cell,
they are subject to serious errors of up to 100 ms (4). A
number of the ac devices described either are not compatible
with conventional potentiostat-based instrumentation (e,g.,
ref. 9), have response times on the order of tens of milliseconds
(10), or continuously impose an undesirable ac perturbation
on tbe cell and require remote activation and disabling because
of a limited noise immunity (6). A recently reported technique
(11) for making drop time measurements averaged over
successive drops is simple in concept but requires adjustment
as the cell current is changed, and in the vicinity of the
potential of zero charge (pzc) it relies on stray impurity
currents. Since these limitations render the previously de­
scribed detectors inadequate for our purposes, we have de­
veloped a faster, more sensitive and versatile device which is
described here.

PRINCIPLES OF OPERATION

Operation of tbe detector can be understood witb reference
to the block diagram (Figure 1) and schematic (Figure 2).
Late in tbe drop life, tbe monostable which produces tbe delay
for measurement of the dc current (0) returns to its stable
state and closes the analog switch. An ac perturbation of 10
mV peak·to-peak at 100 kHz is imposed on the cell, and the
resulting ac component of the cell current is detected by a
tuned amplifier (A). When tbe electrode area is large enough
80 that tbe magnitude of tbe ac current exceeds tbe threshold
selected by tbe potentiometer, the logic-level output of tbe
level detector (B) will cbange states at tbe frequency of tbe
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ae IlOIlJCll and activate the miaaiDg.puIae det.llct« altar a deIa,y
to allow for switching transients. The precipitousd_
in electrode area concomitant with chop fall C81J8e11 the tuned
amplifier output to remain below the threahold throughout
several ae cycles, long enough for detection of the miaaing
transitions in the level-detector output. Within 100 to 200
jt8 of the fall of the drop, the ae 80urce is disconnected from
the potenti08tat 80 that de measurements can be made. The
missing·pulse detector input is inhibited by the gate (e) to
prevent noise transients from retriggering the detector, and
a signal is sent to the current-88Dlp1ing circuitry.

The time interval between the fall of the chop and its
detection is due to three C8usea. First, at potentials away from
the pzc, the potenti08tst must supply c\wging current to the
nascent drop. The resultant current spike (typically 50 jt8)
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.pmtaina frequency components which can be detected by the
tuned amplifier and which may keep the amplifier output
above the level-detector threshold for a brief time after the
drop has fallen. Second, the tuned amplifier must respond
to the sudden change at its input with a deliberately con­
strained frequency response. Several periods of oscillation
at the center frequency are required to accomplisb this. Third,
a full period (15 to 20 Il8) of the missing-pulse detection
monostable must elapse between the last output transition
of the level detector and the production of the trigger signal
for the current-sampling circuitry. Finally, noise in the
current-to-voltage converter whose power spectrum overlaps
the frequency range of the tuned amplifier can delay detection
of drop-fall a few additional ac cycles.

The drop-fall detector operates reliably even in noisy
environments provided the potentiostst employed has suf­
ficient response at the frequency of the ac perturbation.
Although we have chosen a frequency of 100 kHz, the detector
is suitable for slower potentioststa providing that a lower
frequency is selected, albeit with some lengthening in
drop-detection time. This modification needs to be performed
only once and is accomplished by varying the passive com­
ponenta in the twin-T networks around amplifiers Al and A4
(12) and the timing capacitor on MSl. A single selection of
the suitable gain (two are available) for the tuned amplifier
and of a threshold level appropriate to the current-to-voltage
converter setting, to the electrode capacitance, and to the cell
resistance generally suffices over a wide potential range (2 V
or more) for a given set of cell conditions. Since no further
adjustmenta are required, this circuit is very useful as a trigger
device for automated instrumenta, especially those under the
control of a laboratory computer. The circuit's independent
nature allows the computer to perform lower priority tasks
between measurements, instead of requiring that the processor
continually monitor portions of the detection circuitry in order
to discern drop fall (6).

PERFORMANCE SUMMARY
The features of the detector include the temporary dis­

connection of the self-contained oscillator from the poten­
tiostat by means of an analog switch as soon as drop fall has
been detected which eliminates the need for ftItering. A single
adjustment generally suffices for a wide range of potentials,
sod the operation of the detector is unaffected by the presence
of the pzc within that range. The response time. between 100
and 200 Il8, is dictated by electrochemical cell characteristics,
the frequency of the ac perturbation, and the time window
of the missing-pulse detector. Unfavorable cell conditions are
those in which large faradaic and nonfaradaic componenta are

present so that the output of the tuned amplifier remains
substantial even after the drop has fallen. Such circumstances
are encountered, for example. with a solution of 1 mM Cr"+
in 1 M NaCIO. (pH 3) at an electrode potential of -1100 mY.
VB. SCE where the diffusion-controlled reduction of Cr"+
occurs, and the excess electrode charge density is large and
negative (ca. -13 "C cm-') (13). The response time was as­
sessed by observing the current-to-voltage converter output
on a Biomation Model 820 transient recorder in the pretrigger
mode. Detection.was considered to have occurred when si­
nusoidal variatioiis at 100 kHz could no longer be distin­
guished in the cell current. Thirty determinations yielded an
average detection time of 1851's with a standard deviation
of 36 "s. Measurementa at the growing mercury drop are
essentially unaffected by the ac perturbation since it is au­
tomatically disconnected within this time scale. Either in­
dividual or successive natural drop times can be conveniently
determined to this accuracy, so that current-time curves may
be monitored even at subsecond sampling times with high
accuracy. In addition to ita use as a synchronization device
for rapid dc polarography (see ref. 4 for details) and deter­
minations of the excess electrode-charge density from
charge-time. curves (I4), we have also found it to be highly
suitable for obtaining precise surface-tension data from
drop-time measurementa (11).
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Apparatus for the Dynamic Coating of Capillary Columns
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The use of glass capillary columns is expanding rapidly in
the ana\ysis of the complex substances by gas chromatography.
The glass column is still costly and it is sometimes convenient
for the user to control length, nature of liquid phase, and
thickness of stationary phase of the columns to be used.

Recently several workers (I-3) have reviewed the numerous
recipes available for the preparation of columns. Thus many
of the myths have disappeared. The manufacture of a column
requires the carefu1 attention of the pretreatment of the glaas
surface. the deactivation of ita Lewis acidity. and finally the
coeting of the stationary phase. One of the Diost reproducible
methods of coating the column is a variation of the dynamic

method developed by Schomburg and which has been called
the mercury plug technique (4). The method consista of
introducing a short mercury plug immediately after the liquid
phase has entered the column. This technique aims at
achieving a thin film from a highly viscous solution which can
resist drainage and non-uniformity of the coating during the
evaporation stage. This method is relatively fast and has the
potential that the same equipment can be used for other steps
luch as coating with a deactivating agent or rinsing the
column,

A simple apparatus has been developed which is designed
to coet the columns sod is capable of introducing a short plug
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FJgure 1. SchematIc dlagram of the coating apparatus

of mercury, Furthermore, the liquid phase and the mercury
are contained in separated sections. The apparatus is simple
to construct and operate.

EXPERIMENTAL
Apparatus Construction. The ossembled apparatus is shown

in Figure 1. It consists of a replacement column tube (Altex
Scientific, Berkeley, Calif., catalogue no. 252-00(001) and a
glass-jacketed column built around this tube. Two pieces of
microbore column of 2-mm i.d. (Alwx, catalogue no. 251-00) were
joined to the main body. Thus, all four ports use the liquid
chromatography Tenon fittings which can be hand·tightened. The
two lower exit ports are connected to the three-way valves
(Rheodyne. Berkeley. Calif., model no. 50-31). A now controller
(Brooks, 4480, Brooks Instrument, Hatfield, Pa.) and a 2-m long.

1.59-mm o.d. stainless-swel capillary tubing are used in order to
carefully control the now 50 that the liquid now througb the
column is adjustable from 0.2-2 m/s.

The outer jacket contains about 3 mL of mercury which is
introduced via the left port. The inner glass tube is capable of
holding 4 mL of liquid. The connections between valves and the
glass container are made with Tenon tubing (1.15-mm o.d.).

Operation, After introducing the liquid phase though the
upper port, the needle valve is adjuswd to give the desired now
rate through the column and its dummy. The valves VI and V,
should be in the coating sequence as shown in Figure 1. 1m·
mediawly afwr the liquid coating phase is in the column, usually
15% of total column volume, the valves are switched to the
mercury plug position as shown in Figure I. Valve V, is kept in
this position for a short time, usually 2-3 s, since this time
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'delemlines the l£ogth of the mercury plug. The valves are then
awitclled to the gas nushing oequence wbereby the inert gas
flllilb.. the coating and dri.. the column.

RESULTS AND DISCUSSION
The system designed has been tested repeatedly and offers

several·advantages over other reported apparatus. It depends
on valves rather than on using a moving capi1Jary to introduce
the mercury plug. The coating pbase is physically separated
from the mercury and, thus, tbe mercury supply remains
essentially noncontaminated. Tbe mercury is isolated from
the liquid phase container. Only the delivery Tenon pathway
toward the column presents a contact of liquid and mercury.
The apparat118 handl.. mercury sarely making it difficult to
spill mercury during such operations as loading, cleaning, and
pressurizing the assembly.

The same apparat118 can be used to rinse the column or for
the paaaage of deactivating solutions. It is possible to expand
the unit by attaching an additional glass cylinder to the unused
porta of one valve. Tbus the second glass container can be

Surge Control Un" for Mercury Manometers

Jesse S, Ard

used exclusively for washing or deactivation treatments. This
would reduce further the possibilities of contamination. The
additional cylinder can be made of plastic and used for etching
the columns witb liquid solutions (5) or by attaching a gas
generator. Finally, the assembled unit as shown in Figure I
has components which are found in most separation labo·
ratories and has a cost of less than $150.

We bave repeatedly used this system in coating columns
obtaining theoretical plates number of 2000-3000 for k =
14-20 (C·14) and internal column diameters of 0.25 mm.
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The reading of a mercury meniscus can be critical to ob­
taining correct pressure and volume measurements. Some­
times corrections bave to be applied for local gravity, tem­
perature, capillary depreasion, the height of a cylinder
equivalent to the volume of a curved section, glass refraction,
static electricity, and dryness of the gas exposed (I, 2). These
factors can produce errors, but these can be reduced or
eliminated by the use of wide-diameter glass tubing where the
meniscus is read, Such tubing is also desirable for obtaining
large displacement volumes for McCleod gauges, hydrogen­
ation apparatus, Toepler pumps, and otber gas handling
systems,

However, glass walls of large chambers cannot weU survive
the liquid hammering action of large masses of surging
mercury, which often occurs through careleas handling of
valves or other aocidents. The usual provision for surge control
has been a constriction in the lower connections, but this, if
small enougb, may retard normal now and may result in long
delays in reading the meniscus.

A simple glaas unit (Figure 1) that provides division and
reunion of a liquid stream has been designed to overcome these
difficulties, Diameters of the channels can be chosen to fit
particular circumstances. Normally, the unit would be placed
in the lower part of a glaas structure. Connecting units in
tandem may be used to enbance the dampening effect.

Glaas tubing may be bent to form a unit. A somewhat leas
efficient unit may be made more easily by blowing a bulb,
flattening it, and pUAhing in eacb side with carbon to form
an island-like structure encircled by channels, The glass units
should be annealed weU to overcome local streasea that are
likely to occur if one branch contracts more than the otber.

The unit does not trap bubbles, avoids the need for narrow
constrictions, and offers resistance to now that is an increasing
function of the mercury velocity. Thus, aurging is prevented
without appreciable effect on normal flow rates. Resistance
to mercury motion approaches :zero as the velocity approaches
zero, and the meniacus settles to tbe correct level with
negligible hysteresis. Surges upward and downward are
dampened alike. For example, on upward now, collision of
the mercury streams produces a resistance to now at the top

f9n 1. Glass lI1It tor mara-)' SU'ge control by divergenl-<:onv..-gent
actloos
juncture. At the same time, the velocity is attenuated st the
bottom juncture because of the division of the mercury into
two streams. This attenuation not only minimizes the forces
from tbe moving mercury but also nearly balances the lateral
forces through opposing symmetry. In actual operation, no
tendency for the unit to jump could be observed, and the small
glass structure withstood the internal forces well.

These units have served for manometers, hydrogenation
apparatus, and large fixed McCleod gauges. For example, a
surge control unit measuring 40 mm acroas the squared part
and containing channels 2.7 mm in diameter for the divided
stream proved satisfactory in controUing mercury hammer in
a 2OQ-mL volume bulb and overshoot in the comparison
column of a McCleod gauge.
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