


II optimizes lhe best fealures of
EDXRF with precision x-ray optics

and close-coupled geometry. The re­
sult is unsurpassed analytical power
and sensitivity from ppm 10 100%
concentration-whether you're

analyzing micro-samples or bulk
specimens.

Every 0700 is equipped with push-bullon se­
lection of secondary targets, transmission filters.

collimators and sample position. So you can tailor
analysis strategies to the broadest possible range of

applications and still get complete coverage of every cle­
ment in the periodic table from sodium to uranium.

And the 0700 comes standard with a DEC LSI-II" series
minicomputer with Winchester and/or floppy disk based
software to handle all phases of data colleclion, graphics,
storage and automatic operation.

",'t'd like to teU )'OU more ...

If you're analyzing inorganics in organics. and you're /Jol
using a Kevex 0700, gel in touch with us.

We'll send you a copy of our new applicalions bulletin,
£DXRF Allalysis ofIllorgallic £lel1lc1II.I' ill Orgallic Male­
rials. A,id we'll give you the details about the 0700 and its
capabj'i!i"".

Then y(,u'il be abie to determine for yourself how the
Kevex 0700 can magnify your analytical power.

K~P:CORPOM"TION •
1101 ChessUr:.v,,' ~ ~

Fo&u:r City, CA 94404
Phone (415) 573-5866

IDXRF is the best method for a bunch of
applications,

Energy dispersive x-ray fluorescence (EDXRF)
spectrometry is the best general purpose method
for quantitative. nondestructive, anaJysis of
inorganic elements in organic materials.

It docsn'l mailer if your samples are carbohy­
drates, hydrocarbons, flora, or fauna. EDXRF
sees right through the organic matrix and ana­
lyzes every elemeot heavier than fluorine (Z = 9)
simultaneously.

That kind of analysis capability makes EDXRF ideal
for rapid. multielement analysis of metals in petrochemi­
cals, natural and synthetic polymers, rubber, resins, phar­
maceuticaJs, organometallic complexes and other organic
and low-Z materials.

Speed without sweat or sacrifice.

EDXRF is fast. It gives you precise. eomplele results in
minutes-or even seconds.

It's totally nondestructive. There's no wet chemistry-no
digesting. no dissolving, no extracting-no sweat.

And during analysis, your samples and standards aren't
arced, sparked, consumed or altered in any way. So you
can do repetitive tesling and still preserve your materials
intact. You don't have to sacrifice your standards or
unknowns.

We're telling you all this for a reason,

We manufacture the world's leading EDXRF. sys!em­
the Kevex 0700.

Ifyou're analyzing inorganics
inorganics••••~hyaren't you
looking intoEDXRF?
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Lasers: practical
detectors for
chromatography?
Laser-based detectors
are often more
soosltlve and selective
than c:onvootional
delec1ors, but expense
and performance
problems have delayed
their acceptance.
Robert Green of the
University of Arkansas
reports

20 A

Pholoacoustlc
spectroscopy can be
used to oblaln UV,
visible, and IR spectra,
often with Ilt1le or no
sample preparation. It
also eliminates
difficulties In collection
and detection of optical
radiation, common to
reflection and
transmission
spectroscopies

89A

Analytical lab
managers met In
Medlson. Wis.• to
discuss the
Instrumentation
obsolescence problem
and Instrumentation
funding, according to
Thomas Lyttle 01 Iowa
State University
~ MS/MS. Kenneth
Busch and R. G. Cooks
discuss developments
at a recent MS/MS
workshop

37 A

Advisory Board
members. ANALYTlCAL
CHEMISTRY appoints
live new members to
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beginning this month.
~ John Knox will
receive Dal Nogare
Award at 1983
PlttsblJ'gh Conference
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The only HPLC
for repetitive

NevI. Waters QA-1 '"QualityAnalyzer:

Just load the samples.

The new Waters QA-1 '" Quality
Analyzer creates a totally new concept in
liquid chromatography-the first com­
pletely automated HPLC system for the
special needs of repetitive analysis. This
new analyzer reduces an isocratic analy­
sis to two simple steps, and delivers

Push one button and
walkawf1.j.
superior reliability with the reproducibility
you need for your analyses.
The Waters QA-1 ,. Quality Analyzer is
totally different.

You don't need special HPLC training
to get successful results. We'll prove it.
Call now for a demonstration of this new
compact analyzer, or write for bulletin BH
for the latest performance documentation
and details.





Briefs

5epar8tlon or Sulllte. Sultale, and 11l1owltale by Ion
Clwamalography wllh Gradlenl ElulIon 2
Sulfite, sulfate, and thiosulfate ere separated in less than
15 min in 8 single run. The separation requires a step
gradi.nt with 4.8 mM NeHC0s/4.7 mM Na,c03 IS start
eluent and 6.9 mM NaHCOo/8.6 mM Na,C03 IS final
.lu.nL
Tho...SuDclhD·. Mau1JD.dcren, and ADders Cedel"lftn.
Department nl Analytical Chemially, University of Umei, S·901
87 Umei, Sweden, and Darryl D. Siemer, Ex.on Nuclear Idaho
Company, Inc.. P.O. Bo. 28OO,ldabn Falls, Idaho 83401

Anal. Ch<rn., 55 (1963)

Detennlnallon or Cyanlde. Sulfide, JocIIcIe, and
BromIde by Ion Clwamalography wllh Electrochemical
Detection 4

Detection limits for cyanide, sulfide, iodid., and bromide
ere 2. 30,10, and 10 ppb. respectiv.ly. Cyanid. and sulfid.
can be d.termined simultaneously.
Boy D. Jloe1dia' aDd Edward L "ohuon, Dione. Corp., 1228
Titan Way. Sunnyvale. Calif. 94086 AnaL Chern., 55 (/963)

Dual EJeclrode Uqulcl Chromalography Delector for
11lIoIs and DlIuIfIdes 8
Thio" separated from disulfid.. by liquid chromalography
ere d.tected only at the downstream electrode. Disulfides
ere redured at the upstream .Iectrod. and ere d.termined
downstream as the .lectrog.nerated thio!'
L...... A. AlliaoD and llGaald E. Shoap', BioanaJyticai Sysleml
1nc.,1lesearcb Laboral<>ri... I205 Kent Avenue, West Lafayette.
Ind. 47906 Anal. Chern., 55 (/963)

AddIIIon or Complexlng Agents In Ion Chromalography
for Separallon or Po/J'Yalenl Metallons 12
M.te1 cations ere separated nn a cation ••cheng. column of
low capacity with an eluent containing
.thylenediammnnium tartrate and are d.tected with a
conductivity d.tector.

Gncory ". Seveaicll' and " ..... G. Pritz, Ames Laboratory
and DepartmentnlCbemially, loweS..te Univeraity.Ames, lowe
50011 Anal. Chern.• 55 (/963)

PhenJl-Modlfled KeI-F as a Column Packing for Uquld
ChromatographJ 17

Th. ph.nyl K.l·P column has 8800 plates/m, a redured
plate height of 5.7, and a sample capacity of 100 "gig
packing. Th. r.tention mechanism is solvophobic in
nature.
Bleb"' W. Sierclel and Neil D. DanJe....D·. DepartmeDt of
Cbemixlly. Miami Uaiversity. Oxford. Obio 45056

Anal. Chern., 55 (1963)

• Correeponding author
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liquid ChromatographylProlon Nudear Magnetic
Resonance SpeclromelrJ Average CompoI1tIon
Ana'" or Fuels 22
A method. is described (or obtaining average composition
data for alkane. monocyclic aromatic. and dicyclic aromatic
fractions of fu.... Av.rag. molecular weights for
monocyclic and dicyclic aromatic fractions are determined
with an accuracy of ,1,4 dalton•.
Jamel F.Baw. T. E.Glua.ud H.C. OorD·. Department or
Chemistry, Virginia Polytechnic In,titute and State Univcraity,
Blacksburg, Va. 24061 Anol. Chern.• 55 (1963)

Determination of Vasodllalora ancl11le1r Metabolite. In
Plaama by Uquld Clvomatography with a Nltroay'-
Specific Delector 29

Detection limit is 0.1 ng for glycerol trinitrate (GTN) and
penta.rythritol tetranitrate (PETN), and 0.2 ng fnr
isooorbide dinitrate (ISDN). At the 5.ng l.v.I, RSDs are
H.I%, ,1,2.2%, and ±7.3% for GTN. PETN. and ISDN.
respectiv.ly.
Wine C. Yu· and E. Ulku Goff. Thermo Electron Corporation,
AnaI)"tica1lmtrumenu,IOI First Avenue, Waltham, Mua. 022S4

Anal. Chern.• 55 (1963)

Delermlnatlon Of Phencyclld1ne and Phenobarbital In
Complex Mixtures by Fourier-Tranaformed In/rared
PholoaCOUllllc Speclroacopy 32

Controlled substances are determined in substrates such as
lactose and parsl.y. Accuracy to within 1% is
d.monstrated, although saturation .ffects may be
.xhibited in som. of the spectra.
M. G. Rockl.y·. M. Woodard, H. H. Blebardaoa, D. M. Davia,
N. Purdie, and ". M. Bowen, Department nl Cbemiatry,
Oklahoma State Univeraity. Stillwater. Okla. 74078

Anal. Chern.• 55 (1983)

Sequenllal Determlnallon Of L-Laclate and Lactate
Dehydrogenaae wllh immobilized EnzJme EJectrocIe

35
Determinations are complete within - 7 min. The precision
is 1.4% and 2.6% for L-lactste and lactate d.hydrog.n....
respectiv.ly. Th••Iectrod. can be used for more then 2
weeks and 140 sequ.ntial determinations.
FWDio Mizutani·• Kaaji Suaki. aad Yuldo 8bimun. Research
lnatitute (or Polymers and Textiles. 1·1-. Yatabe-Higuhi,
Taultubs.lbaraki 305, Japan Anal. Chern., 55 (1963)

Determination of Molecular Weight Dlalrlbullon of
Aromatic Componenta In Petroleum Proclucla by
Chemlcallonlzallon Ma.. Speclromelf)' with
Chlorobenz_ aa Reagent Ga. 38
Th. mechanism involves selectiv. charg•••chang.
reactions between chlorobenzen. and the substituted
benzenes and naphtheJ.nes in the sampl•. Turnaround
time is 3 min for screening of successive samples.
L Wayne Bieck, ChemicaJ ThermodynamiCi Divilion. Center ror
Chemical PhYlica. National Bureau or Standarda. Wuhington.
D.C. 20234 Anal. Chern., 55 (/983)



'I'IIE PIIGIP­
Low yields of gold-plated
lead frames. The manufac·
turer was dissatisfied with
the efficiency of his gold­
plating bath and suspected
that the ratio of Au' to
Au· J in the bath was
incorrect.

'I'IIE IOLIJ'I'IIII
Analysis of the bath by a
o.onex Ion Chromato­
graph' Results were
obtained in 12 min­
utes, following asim·
pie dilution These
showed that the con­
centration of Au(CN);
was too high The c0n­
centration was
lowered and Ion
Chromatography
was used from that
point on to monitor
and optimize the eff..
ciency of the bath. The
manufacturer now also

CoICN),>

j~r~~UI~
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I I

4 • 12
MlnutM

SEPARATION OF
GOLD COMPLEXES

The problem­
solving capability of
IonChmmato­
graphy is
becoming increas·
ingly valuable to the

'~JI~.,j r-::::'" plating industry­
to every industl)l in
lad.where analysis

of complex chemical solu­
tions composed of both
inorganic and organic c0n­
stituents is needed. Dionex
Ion Chromatography solves
problems involving inorganic
anions. amines. organic
acids. amino acids. transition
and heavy metals, alkali
metals and alkaline earths.
Ion Chromatography is

.....-
also useful for QAscreening
01 incomit1s maleriaIsi deIecl·
ir@ ionic contaminants ina
wide variety of manufaclur·
ir@processes.adjustingCXll>
centralion ratios, ~naJyzing
competitors' formulations
and monItoring waste
materials.

Sophisticated rolumn
and detector technologies
give Dionex Ion Chromato­
graphs' the capability to
solve your toughest ion analy­
sis problem. regardless of
the complexity of the matrix.
'lbu get solutions rapidly
(often in less than one min­
ute per ionl, with high

-costs.
Dionex users are offered

free Ir.liring courses and
receive regular informaoon
onnewapp(ocations. 'lbu also
have the a<.5urance of the
Dionex 5eMce commnment­
bacIIed by acomplete v.Qf1d­
wid S8Mce network. And a
,teCIriCaI~ff is
avaiabIe to ptMde indio
viduaIized'assistInoe in
solvingaI~ ion ana/ysis
pn&ns.

Learn how DioOex Ion
Chromatography can
provide the sOOJlion to your
problems by contacting
Dr Art Frtchett at
(4ffi) 737{)700,
Telex. 348347

DIONEX CORPORATlON
l228Titan Way
Sunnyvale, CA94al6
USA

SERIES 2ODOl

DIONEX,
ION CHROMATOGRAPHS'

CiRClE eo ON RfAOEJI SERVICE CAAO



Characterization oIlhe Microstructure and
Mecrostructure 01 eoal-Derlved Asphaltenes by
Nucle... Magnetic Resonance Spectrometry and X-ray
DIffraction 42

Average molecular properties are calculated by NMR.
functional group analysis, and elemental and molecular
weigbt methoda. Size of the average aromat.ic suuctural
unit and the number of such units per molecule are
..t.imated by a combined NMR-X-ray procedure.
I. Schwacer. P. A. F........w., J. T. K...... V. A. WeiDberc,
aDd T. F. YeD-.SchooI oCEngineeri.ng, University of Southem
Califo.rnia. Univemty Park. Lo& Angeles. Calif. 90007

Ana/. Chern., 55 (1983)

IIoIlIr AbsorptIvllles of Ultraviolet end VIsible Bends 01
Ozone In Aqueous Solullons 46

The absorpt.ivit.ies of the ultraviolet and visible opt.ical
absorpt.ion bands of aqueous ozone are: '2llO = 3292 ± 70
M-I em-I and '''' = 5.1 ± 0.1 M-' em-I at the band
maxima. The oxidat.ion of Fe" by 0 3 takes place with a
stoichiometric ratio of Fe"103 equal Ul 1.996 ± 0.036.
Edwin J. Han-, Hahn·Me.itner-Institl1t fUr Kemforschung Berlin
GmbH, Bereich Slnb1enchemie, 0-1000 Berlm 39. Germany, and
K. Schooled and J. Holeman, Acxeluator Departmen~Ris9
National Labotatory, OK~ Rookilde. Denmark

Anal. Chern., 55 (1983)

Cross-Correlation Analysis 01 Molecular Fluorescence
Spectra 49
Spectra are obtained with conventional instrumentation
and are then transformed to relat.ive time-space by fast
Fourier transform procedures. Tbe method is tested on
library spectra of polycyclic aromatic hydrocarbons.
Marilyn A. Stadalius aDd Harvey S. Gold-. Department of
Chemistry. University or Dela"'are, Newark, DeL 19711

Anal. Chern., 55 (1983)

DelennlnelJon of Salicylic Acid In Aspirin Powder by
Second Derfyatlve Ultravlolel Spectrometry 54

The amount of salicylic acid in a commercial aspirin
powder. determined from the heigbt of the second
derivative satellite peak, is 0.0361 ± 0.0005% at the 95%
confidence limit.
KelsUe Kltamlll'8' and Kyo Majima. Kyoto College of
Pharmacy,5 Nakauchi-d>o, Miaasagi, Yamaahina·ku, Kyoto 607,
Japan Anal. Chern., 55 (1983)

SpaUal Dlscrlmlnallon In Spark Emission
Spectrochemical Analysis 57

An adjustable waveform spark source and argon flow iet
~e used to produce a pooit.ionally stable spark train. SIN is
Improved and spectra are simplified by opt.ically masking
the center core of the spark train.
Job P. Walten' and WilJJa.m S. Ea...... Departmenl of
Chemistry, University of Wisconsin. Madison, Wit. 53706

Anal. Chern., 55 (1983)
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Analysis of Phennllceutlcals by Fluorlne-18 Nuclear
Magnetic Resonance Spectrometry 01
Penlalluoroproplonlc Anhydride Derivative. 84

Bulk p~armaceutical materials and drug dosage forms
contammg hydroxyl and amino groups are analyzed. Most
derivatiutlions are complete in 10 min.
Gary E. Zuber·, David B. Stalter, RJchard J. W.rren, Smith
Kline & Frrnch Laboratorit!S. P.O. Bo. 7929, Philadelphia. I'a.
19101 Allot Chcm., 55 11983)

Standards lor Nanosecond Fluorescence Decay Time
Measurements 68
Literature fluorescence decay parameters for stundard
compounds are evaluated. and new standards orc proposed.
Synchronously pumped dye laser excitation ond time­
correlated single-photon counting detection are used.
Racer A. Lampert, Leslie A. CheWier, and DAvid Phillips·.
Davy Faraday Research Laboralory, Th~ Royal Institution, 21
Albemarle Street, London WIX 4BS, United Kingdom, and
Desmoad V. O'CoDDor,lnstitutt for Molecular Sci~nces,

Myodaiji, Okazaki 444, J8pan, and Anthoa)' J. Roberla, Unil~\'er

Research Laboratories., Port Sunlight. Merw)'side, United
Kingdom, and Sltpbea R. M~h. ~partment of Chemittl')',
Wayne State Uni\"ersity, Detroit. Mich. 48202

Anal. Chrrn., 55 fl983)

Solvent Extraction 01 OIl·Sand Components lor
Determination 01 Trace Elements by Neutron
ActlvaUon Analysis 74

Geochemically important and organically associated trace
elements in bitumen are determined by subtracting the
mineral contributions from the total measured
concentrations.
F. S. Jacoblaad R. H. Jo~i1by·. Nuclear Radiation Center and
Department ofChemisu)'. Wuhingwn State Uni\'enity. Pullman,
Wash. 99164-1300 Anal. Ch~m.• 55 (/983)

Recovery Factor lor Extraction Irom a Solid,
Extractant-Retaining Matrix 78

Theory and calculation of the recovery factor are
presented. The factor consists of two multiplicative factors.
one for extraction efficiency and one for extract retention
by the sample.
David Emlyn Huebe-. Analytical Chf'mistl')' Division. Norwich
Eaton Pharmaceuticals. Inc., Box 191, Norwich, N.Y. 13815

Anal. Ch('m",')5 (1983)

Interpretation 01 Sets 01 Pyrolysis Mass Spectra by
Discriminant Analysis and Graphical RotaUon 81

CompJex mixture spectra are interpreted in terms of
chemicaJ components without knowledge of exact reference
spectra. The technique is based on factor analysis,
discriminant analysis, and graphical rotation.
Willem Wladic'. Centraalbureau \'oor Schimmelcultures,
Ooetentraatl. Bearn, The Nttherlands. and FOM·lmtitute for
Atomic and Molecular Ph)'lica. Kruislaan 407.1098 SJ
AlDlterdam, The NetheriandJ, and Johan Haverkamp aDd Piet
G. KiJtemaker·, FOM·INtitute for Atomic and Molecular
Physics. Kruislaan 407,1098 SJ Amtt.erdam, The Netherlands

Anal. Chern., 55 (/983)



Whatman Membranes.
Performance. Reliability.

Perform~nce: Improved handling characteristics,
consistency of results through narrow pore size dis­
tribution and minimal batch-to-batch variation, easy
aUlociaving due to higher temperature stability, re­
duction of adverse effects from extraclables, and
elimination of excessive shrinking problems.
High performance membranes - Whatman membranes.

Reliability: Assured reproducibility through rigor­
ous quality control for uniformity between lots,
physical testing for thickness, wetting time and
weighl; performance assured by bubble poinJ test­
ing and biological or particle challenges; testing for
bacterial retention, optimum recovery and grid line
inhibition, and pyrogenicity.
High reliability membranes - Whatman membranes.

Whatman membranes: Cellulose nitrate and PTFE in
a full range of pore sizes and diameters. White, black,
green. Plain and gridded. Sterile membranes. Auto­
clave packs. Filter holders ... everything you need.

In performance, reliability and in every quality as­
pect we think you'll find Whatman membrane filters
clearly superior to the membranes you may be using
now.

Wh~tmanmembranes: Readily available from a na­
tional network of laboratory supply dealers. Just call
yo.ur local dealer for ordering information. For tech­
ni41 details contact Whatman Laboratory Products
Inc., Whatman Paper Division, 9 Bridewell Place,
Clifton, New Jersey 07014. Tel: (201) 773-5800.

--TT
~Whatman

CIRClf 236 ON READER SERva CARD
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Briefs

Ionization Spectra 01 Neodymium and Samarium by
Resonance lonlzallon Mass Spectrometry 88

!oni7.8lion spectra of neodymium and samarium are
obtained o"er the wavelength range of 423 I<> 463 nm. The
observed wavelengths 8re correlated where possible with
allowed transitions between known electronic energy le\'els.
J. P. Young· and D. L Donohue. Analytical Chemistry Division.
Oak Ridge National Loboratory, Oak Ridge, Tenn. 3'j830

Anal. Ch~m .. 55 (1983)

Determlnallon 01 Organic-Bound Chlorine and
Bromine In Human Body Fluids by Neutron Actlvallon
Analysis 91

DeaaJted milk and serum fractions are irradiated with
neutrons in a nuclear reactor and the resulting 'Y·rays of
""CI and BOBr are measured. Del<!ction limits are 50 and 5
ppb for organic-bound chlorine and bromine, respectively.
James D. McKinney·. Nationallnstilute of Environmental
Health Sciences, Research Triangle Palk, N.C. 27709, and Adel
Abuumra and John B. Reed, Science Applications, Inc., 4030
Sorrento Valley Blvd., San Diego, Calif. 92121

Arnll. Chern., 55 (1983)

Mathemallcal Model lor Concentric Nebulizer
Systems 94

A model is developed for calculation of the cuwff diameter
of the nebulizer system. the normal distribution
parameters of the aerosol generated by the nebulizer. the
efficiency of the nebulizer system. and the aerosol
concentration.
ADden G...la...... Department of Analytical Chemistry, The
Royal Institu'" of Technology. Fack. S·IOO« Stockholm, Sweden

Anol. Chern.• 55 (1983)

Characterlzallon 01 Two Modified Carbon Rod
Atomizers lor Atomic Absorption Spectrometry 99

Unconventional Utop_clamped" cup and Utube-cup" carbon
rod awmizers give high effective gas-phase temperatures
for volatile analyte metals and reduce the observed matrix
interferences.
Darryl D. Siemer- aad Leroy C. Lewis. Enon Nuclear Idaho
Co.• Inc., Box 2800, Idaho Falls, Idaho 83402

AMI. Chern.• 55 (1983)

Synthesis 0I1he 38 Tetrachlorodlbenzoluran Isomers
and Identification by Capillary Column Gas
Chromatography/Mass Spectrometry 104
The positional isomers are synthesized by pyrolysis of
specific polychlorinated biphenyl congeners, ultraviolet
photolysis of pentachlorodibenwfurans. and chlorination
of trichlorodibenwfurnns by aromatic substitution.
Thomas Mazer-, Fred D. Hileman, Roy W. Noble, and Joseph
J. Brooks. Monsanto Research Corporation. Dayton Laboratory,
1515 Nicholas Road, Dayton, Ohio 45418 Anol. Chern., 55 (1983)
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Selecllve Concentration 01 Aromatic Ba..slrom
Water wllh a Raaln Adsorbent 111

Concentration factors and selectivities depend on the ratio
of the neutral to ionic form capacity facwrs and on the
hydrophobicity of the adsorbenL
Harold A. Stuber aDd Jerry A. LeeDh..,r', U.S. GeolOCical
Survey. P.O. Box 25Q.16, Mail Stop 407, Denver Federal Center,
Denver, Colo. 80225 Anal. Chern.• 55 (1983)

Comparison 01 Prlorlly Pollutant RelpOllIe Facto.. lor
Triple and Single Quadrupole Ma.. Spectromete..

118

Sevent)'-four percent of the electron impact GC/MS
response factors determined on 8 triple quadrupole mass
spectrometer for 53 extractable priority poUutanta are
within ±15% of values determined in an independent
interlaborawry single quadrupole GC/MS study.
A. D. Sauler- and L D. BeloWlkl. U.s. Environmental
Protection Agency. En\ironmental Monitoring Syat.emJ
Laboratory, .... Vegas, Nev. 89114. and J. M. Ballard. Lockheed
Engineering and Management Sen'ices Company, Inc.• P.O. Box
15027, Las Vegas. Nev. 89114 AMI. Chern., 55 (1983)

Extenslon 01 Potenllometrlc Stripping Analysis to
Electroposilive Elements by Solvent Opllmlzallon 120
The sum of sodium and potassium ions is determined in
samples such as blood serum and seawater after addition of
dimethyl sulfoxide. Some resolution of sodium from
potassium occurs in t-methyl-2-pyrrolidinone and certain
other solvents.
J. F. Coetue- and Abul Huuam, Department of Chemistry,
University of Pituburgh. PitUburgh. Po. 15200, and T. R.
Petrick, Department of ChemistrY, California State College,
California, Po. 15419 AMI. Chern., 55 (1983)

Determlnallon 01 Petroleum Sterane Distributions by
Mass Spectrometry wllh Selective Metastable Ion
Monllorlng 123
The sterane metastable parent ion transitions are
separately observed during a single GC/MS run by using a
programmable power supply to vary the accelerati~g

voltage wbile holding the magnetic and electrostatIc fields
at appropriate constant values.
Geoff A. Warburton, Krat.os Limited. Barton Dock Road.
Unnston, Manchester M312LD, United Kingdom, and John E.
Zumberce-, Cities Service Res.earch, Box 3908. Tulaa. Okla. 74.02

Anol. Chern., 55 (/983)

Theoretical and Experimental Determination 01 Band
Broadening In Liquid Chromatography 127
The axial diffusion term and the mass transfer terms of the
band broadening equation are derived from the random
walk model. The now dispersion term is determined
experimentally.
Jeog·Chyh Chen and Stephen G. Weber-, Department of
Chemistry, University of PitLaburgh. PiltJIburgh. Pa. 15260

Anal. Cllern., 55 (1983)



Geta $100 rebate now
and dependable performance for years tocome

Introducing Thennolyne's new lob ovens. Sure. they
give you a lot at hot air - years and years of it - ovenly
distributed at accurate temperatures. But these
compact ovens are also loaded with great features.
They'd cost up to 5200 additional from anyOne but us.

You get reliable electronic control. timer. and
over·temp alarm. We've also included half·sheMng
and a reversible left· or right·hand door with a
convenient "bump to open" handle. Three chamber
sizes. each available with mechanical Of convecfion
circulation. do the job for almost every lab applicafion.

With extras like these. our new ovens may be the
best value on the market. And our special $100 rebate
makes It even better. Just send In the
attached coupon and we'll send you a

Thermolyne
made to last

certificate good for $100 off the purchase price of your
new Thermolyne oven. Thors a lot more than just hot oi~
(Ofter ends June 3D, 1983.)

send in the coupon or see your lob supply dealer
now. Thermolyne Corporolion. 2555 Kerper Boulevard,
Dubuque, Iowa 52001. 1 319556-2241.
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AIds for Analytical Chemists

I~....--------

CIlemllumlnesc:ent Detection of Reduced SuUur
Compouncla with Ozone 135

Tho.... ". Kelly, "elfny S. Gaffney', Mary F. Pbllllpt, and
Rocer L TanDer. Environmental Cbemiatry Division.
Department of Energy and Environment., Brookha\'en National
Laboratory, Upton, N.Y. 11973 Anol. Chrm., 55 (/983)

klentlflcatlon of Trtaromatlc Azaarane. In Crude 011.
by High-Resolution Spactrolluortrnatry In Shpol'akll
Matrtce. 138
Philippe Garrilues. RAcine De Vue.lhes, Marc Ewald· I and
Jacques Jouuot-DubleD. Laboratoire de Chimie Pbyaique A,
Universith de Bordeaux 1.33405 Talenca ~el, France, and
Je&D·Marie Schmitter and Georcea Guiochon. LaboralOire de
Cbimie Aaalytiqur Physique. Ecole Polytecbniqur, 91120
Palaiseau. France Anol. Chrm.• 55 (I983)

Carbon a. a Sample Substrata In secondary Ion Ma.
Spectrometry 150

Mark M. Rou and Rlcbard ". Collon', Cheml.try DiYislon,
Naval Rueareh Laboratory, Wuhlnglon, D.C. 20375

Anal. Chern .. 55 (I983)

Quantitative Analysis of Coal-Derived Uqulda by Thln­
Layer Chromatography with Flame Ionization
Detection 141
MIlan L SeJucky, Coal Ruearcb Departmenl. AJborta R...arch
Council, Edmonton. AJborta T6G 2C2. Canada

Anol. Chrm., 55 (I983)

l-Methyl-4-acetylpyrldlnyl Free Radical as an
Electron Spin Resonance Spectral Probe of Solvent
Polarity 143
Orland W. KoUiaI, Cbrmistry Department, Southwe:stem
College, Winfirld, Ken. 67156 Anol. Chern., 55 (I983)

Cadmium Telluride 'Y-Ray LIquid Chromatography
Detector for Radiopharmaceutical. 148
Rlehud E. Needham· and Michael F. Delaney. Winchetter
Enginerring and Analytical Cea"'r, U.s. Food and Drug
Administration, WincheaLer, Mau. 01890, and Department of
Chemistry, Bolton Univenity, Bolton, M..... 02215

Anol. Chrm., 55 (/983)

Fiber Optic Probe for Remote Raman Spectrometry
146

QuantItative Analysis of Mixed Benzalkonium
Ch10rkIaa by Laser Maaa Spectrometry 145
Kesaa:apUW Bal.ua.D.mugam aDd David M. Hercules·.
DepartmrnL of Chemistry, Unh'enity of PilL.burgh, Pit.lIhurgh,
P.. 15260 Anol. Chrm., 55 (/983)

Richard L McCreery·, Department of Chemistry, The Ohio
Stale Univusit.y, ColumbUl, Obio 43210, and Martin
F1e.isehm.ann and Patrick Dendra, Department of CbemiJlt)',
UnivusityofSout.hampton. Southampton S09 5NH, England

Anal. Chrm.. 55 (I983)

FROM:
eBOlI~ Primary Standard

MiDureLabs

TO:
AD QaaHtY Gas Mmure Users

SUBJECT:
MaDmumoError

A recent caIc:uIation of the maximum error
P-ible in the preparation of a double dilu·
tioII Primary Standard Calibration Mixture,
namel,y 50 JIPID Carbon MoDoxide in Nitro­
.... incIicues tbat our stated aa:uracy of
±1 percenHf the component value is on the
CODllll'Vlltive aide. All t'-reticaI eJTOlS were
biued in one direction to III!JXimize the error
probability aDd were bued on preparation in
a cy1incler oC 29.5 liter water volume at 2000
paia. CoIicunentIy, an uhaustive round
robin teSt among eleven Iaboratoriee indio
cated that deviatioDi distributed themaelves
raDdomly around the IItated amcentrationo
oCtile ftrioua components in our Primary
StaDdanI Calibration Mixtureo using gsa
c:Ifromatocraph techniques. Major contri·
buton to error in partia1 pre88UJ'e mixtures
are lemJ!ieraWre and~ variations and
compraaibi1ity fadois oC the sa- involved.
Becauae _ meuuremenf is indejlenclent of
.-e factors theee variab1ell are elimiiiAted.

The aa:uracy attainable is a function
of the weight of the gaaee being introduced,
into the cy1incler and the lICCUJ"lII'Y oftbe
analytical ba1anI:e.

Mathema Primary standards are pre­
pared down to one part per million on our
high 108d (25 kg to 100 kg capacities) !/jgb
IleDaitivity analytical ba1aDceo ltralegicalJy
1ocated.."... the U.s., Canada and Europe.
The Primary StaDdanIa J>re,P8l'ecI on theee
baJaDce. reouJt in gsa c:alibr&tion ItaDdards
with aceuraciea exceeding the capability of
gaa chromalGgrapby and,ptber analytical
iDltrwDeDta.

For further information contact your local
Matheeon branch ac circle J,be reader service
number below. .
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RESEARCH
HYDRICIRIIIS

Our Label Tells It All

Methane
3-Methylbutene-•
Propane
Propylene

Your work is important. Matheson recog­
nizes this and has taken steps to help you get
the most out of the Research Purity Hydro­
carbons you buy.

Now, all Research Purity Hydrocarbons
supplied by Matheson carry a detailed lot
analysis right on the label. Not just a few
major impurities, but important components
such as sulfur, water and oxygen, in addition
to other hydrocarbons. With Matheson, you
know what you are using. We give you more
than just a purity spec.

But, definitive lot analysis is not all we
offer you. You will find that the purities of
our materials are consistently higher than
hydrocarbons available from other sources.
Most lot purities exceed 99.95%.

And, we make available a long list of
materials that include:
n-Butane Ethane
1,3-Butadiene Ethylene
I-Butene lsobutane
2,2-Dimethyl· Isobutylene

propane
Ask for our TechlBrief 192

listing the current lot anaJysis~",.,..P"l~
of our complete Research
Purity Hydrocarbon
product line.
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High
Performance
in Biopolymer
Separation

Briefs

Stallstlcal Evaluallon 01 Callbrallon Curve
Nonlinearity In Isotope Dilution Gas Chromatographyl
Mass Spectrometry 153
Jozer A. JODckheere and Andre P. De Leenheer·.
Laboratorium \'oor Medische Biochemie en Klinische Anol)"R.
Farmaceutisch Inslituut, 9000 Gent. Belgium, and Herman 1.
Steyaerl, Seminarie \'oor WBarschijnlijkhridarekeninJ: en
Mathematischt' Statistiek. Rijksuni\'eraiteit Cent. 9000 Gent.
Belgium Anal. Ch('m., s.S (1983)

When Pharmacia first considered the limitations of
traditional HPLC for biopolymers, it was clear that
although the speed and resolution could be improved,
the major problems concemed the recovery of bio·
activity. The discovery of unique, new chromatographic
media paved the way for an instrument system
designed specifically for biological molecules. This
system, The Pharmacia FPLC System, combines high
resolution, high recovery of biomolecules, high
speed, and enables you to do high performance
chromatographic separations of biomolecules as
well as traditional chromatography.

For complete information on Fast Protein/Peptide/
Polynucleotide Liquid Chromatography, send
for the brochure "The Pharmacia FPLC System" today.
~ prrx;I&ts rillIIIMtfspIq at ...~ ConJtnnce­
_#3Q'~ 30'5& 3O"1IrJ....ASM~/'029.10304 103'.

Desorption 01 Radon Irom Ac:llvated Carbon Into a
Liquid ScIntillator 155
Ho.....ard M. Prichard- and Kocur.ad Marien, The Uni\"~niity

of Te-XllS School of Public Health. P.O. Box 2OtS6. Houston. Tex.
ii025 Anal. C/lt·m .• 55 (1983)

Screening Method lor Aroclor 1254 In Whole Blood
157

Shan~ S. Qu~ Hce-, Jerry A. Ward. M. Wilson Tabor, and
Raymond R. Suskind. Th~ Kettering Laborawry, University of
Cincinnati Medical Center. 322.1 Eden Ave-nuc. Cincinnati. Ohio
4526i Anal. Chern .• 55 (l98J)

Instrument lor Alternallng Current Impedance
Measurements 161
Sheng·MiD Cai, T.deusz, Malinski, Xiang.Qin Lin, JiaD-Quan
Ding, and Karl M. Kadish-, Department of Chemistry,
University of Houston. Houswn. Tex. 77004

Anal. Chern., 55 (l9B3)

..Pharmacla
U Fine Chemicals

Correction. 1982 "A"·Page Inde. 170

Manuscript Requirement. 171

175

174

Impedance Measurements lor Evaluallng the Stability
Of Aqueous Saturated Calomel Relerence Electrodes
In Nonaqueous Solvents 163

Karl M. Kadish-, Shenc·Min Cai. Tadeuu M.UD.lki. Jian·
Qua» DiDI. and Xianc·Qin Lin. Department of Chemistry.
Uni"'eniity of Houston. Houston, Tex. 77004

Anal. Chern., 55 (1!klJ)

Copyright Trana1er Form

5pec1rometry Nomenclature 173

51 Un".

Analyllls, ldentulcallon, Determination, and AlSay 172

GuIde lor Uae 01 Term. In Reporting Data In
ANALYTICAL CHEMISTRY 173

Back-Extrac:llon with Three Aqueous Stripping
Systems lor 16 Elements Irom Organometallic-Halide
Extracts 166
J. Robert Clark- and John G. Vietl. U.S. Geological Survey,
Denver, Colo. 80225 Anal. Chern .• 5.5 (J98:J)

PHARMACIA FINE CHEMICALS
Division 0' Pharmacla,lnc.
Piscataway, NJ 08854
Orders Only: (NJ) 20'·457·8'50

800·526·3593
Information: 20'·457·8000
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Because the greater the selection
the greater the selectiviqr.

The new line of HPLC col­
umns from Analytid1em provides
selectivity unequalled by anyone.
The reason is simple. Analytid1em
offers a wider selection of phases
than anyone:' Now you can
choose the phase that is precisely
suited to your particular applica­
tion. These new columns, packed
with our unique Sepralyte* SIill1

spherical media. set an unprece­
dented srandard of d1romato­
graphic efficiency... regardless of
the phase you select.

The perfom1ance ofead1 new
Ana\ytid1em column is fully
guaranteed and backed by
the indusoy's strongest customer
service and teronical support
teams. Our teronical advisors
have the training and hands-on

e.xperience to assist you in solving
virtually any separation problem.
Ne.xt time you're considering
HPLC columns. be selective. Call
Analytid1em. You1l find the
columns you need and the service
you deserve.

l
AMI~ InltmatioMl
24201 Frampton Ave.. HaItlof CIty.
CA90no,USA. (1lOO)421-2825.M. 'nca""""", (213)539-6490

• TElEX 664832 ANACHEM HABO

·CI8. ca, C2, Phenyl. Cyano, Amino, Diol. Silicu. Quaternary Amine. Carboxylic Acid. Sulfonic Acid.
ClRCU 3 ON READER SERVICE CARD



Eclitors'CoIumn

EAS: SOUp to Nuts

More than 3400 participants at the
21st Eastern Analytical Symposium
(EAS) in New York City, Nov. 17-19,
made this symposium the largest since
the EAS group staged a comeback in
1979 with annual full-fledged meet­
ings comhining papers and an exhihi­
tion. This symposium is organized hy
three separate organiz.ations: the ana­
lytical groups of the New York and
New Jersey sections of the American
Chemical Society; the Delaware Val­
ley, New England, and New York sec­
tions of the Society for Applied Spec­
troscopy; and the American Micro­
chemical Society_

The technical program with 34 in­
vited sessions and two sessions with
suhmitted papers ran the gamut from
precious metal analysis to genetic en­
gineering. Most presentations were 30
minutes to an hour long so speakers
were ahle to discuss their topics in
depth. The exhihition included about
100 different companies.

There was an undercurrent of con­
cern among participants at this meet­
ing. Many attendees came from indus­
trial locations in New Jersey, New
York, PenDSylvania, or Connecticut

where chemists have lost jobs. Check­
ing with the employment service office
operating at EAS elicited the informa­
tion that there were about 100 candi­
dates and about 28 employers. Some
of the latter had more than one posi­
tion open. Nevertheless. the economy
has affected employment opportuni­
ties for chemists and as a corollary has
instilled fear in some working chem­
ists, especially those in their forties or
fifties.

Some Highlights ollhe Technical
Program

Nobel Prize winner Rosalyn S.
Yalow discussed radioimmunoassay
methods, in particular how these
methods have heen applied to certain
diabetic patients. The case history ap­
proach of Dr_ Yalow's talk, which de­
scribed failures and successes with in­
di'-idual patients, held everyone's in­
teresL Yalow predicted that for many
applications radioimmunoassay meth­
ods would in large part be replaned hy
other methods, such as ELISA and
fluorescence detection methods. How-

ever. she maintained that for certain
studies. radioimmunoassay will con­
tinue to be the method of choice be­
cause of its specificity and sensitivity.

In a session chaired hy R.P.W. Scott
of Perkin-Elmer, John Knox from the
United Kingdom described in detail
the efforts that have been made to
find an ideal nonpolar reversed-phase
material. He discussed the character­
istics of an ideal carbon for chroma­
tography and the steps taken to pre­
pare porous glassy carbon. Professor
Knox claims that carbon is still
"promising" as a nonpolar re\'ersed­
phase material. Chromatography ses­
sions at EAS attracted large numbers
of attendees as might be expected
given the large numbers of people
working in separation aress.

Velmer Fasselled off a session on
"Inductively Coupled Plasma Spec­
troscopy: Quality Assurance" hy re­
minding the audience that it was the
20th anniversary of the first experi­
mentation with ICP. Professor Fassel
focused on hyphenated ICP methods,
giving examples of interfaces with
mass spectrometry and the use of ICP
as a detector in gas or liquid chroma-

Linda Cline Leve, Seton Hall Univer­
lity, congratulates C.K.N. Patel, Bell
Laboratorie., aller presenting him
with the New 'lark Section Award of
the Society for Applied Spectroscopy

Jane Perkins, Merck, presents the A.A.
Benedetti-Pichler Award to Peter F, Loll.
Uniuersity of Missouri-Kansas City.
The award i... sf:0mwred by the Ameri(.·an
Microchemica Society
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Automated Atomic Absorption?
Elementary...

configuration that will give you the most cost­
effective answers to your metals analysis problems.
Varian's AA professionals are ready to help you
select the system that will offer you beller answers­
and more of them. Guaranteed.

For more information, circle Reader Service
Number 450. To have a representative contact
you, circle Reader Service Number 451.
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Intelligent automation...
from Varian

G TA· 95 furnace and samoJet"

For tmmedlClte aSSIstance contact
Florham Park NJ (201) 822·3700
Park Rodge IL (312) 825·7772
Sugar Land TX (713) 491-7330
Los Altos CA (415) 968·814 I
Georgetown. Ontano (416) 452·4130

Or wole 611 Hansen Way
Palo Allo CA 94303
In Europe
Stetnhauserstrasse
CH·6300 lug. SWItzerland

Now, automatic atomic absorption is easy and
precise. Our microprocessor-controlled acces­
sories give you a Quantum jump toward error­
free results. And you can choose from twenty­
nine Varian AA spectrophotometers - each can
make you the master of the elements.

Just look at our features:
• Turrets for 1, 2, 4 or 12 lamps
• Automatic flame setup to optimized conditions
• Disc storage of operating conditions for all

methods
• Programmable samplers - operators are freed

for meaningful tasks
• Unallended sample and standard preparation­

saves high-priced work hours and avoids
errors

• Video graphics for methods development
• Report generation integrated into the system
• Unmatched flame and furnace pertormimce@
Among our automation accessories and
our 29 spectrophotometers, there's one

varian



Calculate the value of
sensitivity in

energy dispersive spectrometr~

Check into Philips.
Not only does the Philips PV9500/80 automated

energy dispersive system provide more precision and
sensitivity for a maJonty of applications, it also offers a
range of capabilities previously found in only the highest
priced spectrometers.

Dollar for feature, the value of this system is virtually
unparalleled. It utilizes an advanced automatic changer
mechanism giving the user the ability to perform fully
automated secuential analysis of up to 15 samples
without operator assistance.

A powerful computer·based analyzer carefully
controls the assistance-free capabilities. This analyzer
can easily guide the user through a series of analytical
conditions, whereby simply pushing a button conducts
a sophisticated, predefined analysis automatically.

Furthermore, the PV9500/80 employs newly
advanced levels of energy dispersive x·ray
spectrometry (EDS) and provides simultaneous multi·
element analysis of samples in solid, pcwdered or
liquid form. All elements, from sodium to uranium,
can be identified and quantdred at major constituent
levels and down to a few parts per million.

Software packages offer increased flexibility by
providing results as a quantitative percent
concentration with or without reference standards, or
simply as a matenal classification for go/no-go
operation. Special compcund computations and film
thickness measurements can also be provided through
various applications.

By maintaining acute senSitivity to the marketplace,
we are able to respcnd to our customers' needs with
innovative product developments like the PV9500/80
automated energy dispersive system. To learn more about
this superior analytical value and the nearly incalculable .
advantages it can offer you, check with Philips today.
Write or call: N.V. Philips Analytical X·ray, 7602 EA Almelo,
The Netherlands. Tel. (31)5490-18291. Telex 36591.
(In U.S.A.) Philips Electronic Instruments, Inc..
Analytical X·ray Group, 85 McKee Drive,
Mahwah, NJ 07430. Telephone (201) 529·3800.

Scientific &
Analytical Equipment
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Full
Open

Open
Open

$575
$575

$575
$5004 days

5 days

5 days
5 days

by Pfof. K. Grob, et al 'EW.GlSw'"......,

1983 Capillary
GC Courses

4. April (Arizona)

2. March 21·25 (Cinn.)
1. March 14·18(Cinn.)

3. March 28·April 1 (Cinn.)

Co-sponsored by EPA and the University of
Cincinnati, Erba Instruments organizes
again a series of practical HRGC courses:

Strong emphasis will be placed on injectors,
columns, detector design and applications. Please
bring your most "difficult" sample for analysis.
For more details or registration write now or

call (617) 535·5986
~

-~ .,.
~I

...... Erba Instruments. Inc.

.. 4 Daulton Place
Peabody, MA 011160
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tography and as a source for otomic
fluorescence. He predicted ita impact
would transcend conventional atomic
emission spectroscopy because it per­
forms sample transformations with
cxceptionol efficiency and low degrees
of interelement interactions. The ses­
sions dealing with ICP were organized
by Ramon Barnes.

Sessions on mass spectrometry fo­
cused on the analysis of nonvolatile or
high molecular weight substances. In
une session, chaired by Michael Gross,
a. G. Cooks, Frank Field, M. Gross,
and F.W. McLafferty presented talks
dealing with the lawst work in
MS/MS and fi88ion fragment ioniza·
tion mass spectrometry. Fast atom
bombardment was the subject of four
papers in another session. A final
paper "Fast Atom Bombardmenl,­
Where Are We Now?" by Catherine
Fensclau summed up the topic.

Award winners at EAS included C.
Kumar N. Patel of Bell Laboratories,
who won the Society for Applied Spec·
troscopy New York Section Award. In
his award addr... Dr. Patel traced the
history of the development of modern
optoacoustic spectroscopy all the way
back to work by Alexander Graham CIlCl.E 68 ON REAOER SER\IlCl'; CARD

Bell in 1880. Major developments over f----------------------------­
the past 15 years have been made pos-
sible by the availability of a variety of
tunable lasers. Patel reviewed the de·
velopment of techniques that permit
the measurement of ultrasmaU ab­
sorption coefficients in gaseous sam­
ples at a level of _10- 10 cm- I• In liq.
uids and solids, the ability extends
down to -10-7 cm- t. According to
Patel there are mnny applications of
these capabilities to scientific prob­
lems including pollution measure­
ments both in the atmosphere and the
stratosphere.

The Benedetti·Pichler Award,
sponsored by the American Micro­
chemical Society, was presented to
Peter F. Lott of the University of Mis·
souri-Kansas City. His award ad­
dress, "Serendipity in Analytical
Chemistry," dealt with the accidental
nature of much analytical problem
solving. Dr. Lottsuggested that Mur­
phys' law as applied to analytical
chemistry says that the problem can
be solved if wa have just one more in­
strument or perhaps if we have the in­
strumentthat will be developed next
year. We liked his stalementthat"the
supreme excellency in analysis is SIM­
PLICITY." Lott's award address will
appear in an early 1983 issue of the
JOUI\NAL.

The 22nd Easlern Analytical Sym­
posium will be held Nov. 16-18, 1983,
althe Statler HOlel, New York City.

Josephine M. Petruzzi

EdItors'Co!umn
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Report

Lasers:
Practical Detectors for Chromatography?

When will lasers be integrated into
routine laboratory practice? This is 8

reasonable question, since over 20
years have elapsed since the laser's in­
vention. The development of laser­
hased dete<:tors for chromatography is
one example of a new technology's
progression from esoteric laboratory
experiments to routine application.

In many cases, spectroscopic moni·
taring of chromatographic eluents
using laser-based detectors offers bet­
ter sensitivity and selectivity than
conventional detectors. But the supe­
rior properties of laser-based dete<:tors
are often outweighed by the need for
expensive and complex instrumenta­
tion. This. along with their reputation
for unreliable performance, bas de­
layed the acceplJlnce of laser-based
chromatographic dete<:tors in the lab­
oratory.

Just as the acronym "laser" is a gen­
eric tenn that includes many different
devices, laser-based detectors are also
characterized by great diversity. This
REPORT will survey some of the
most promising approaches Cor cou­
pling laser spectrometry with the sep­
aration process. First. the laser prop­
erties relevant for chromatographic
detection will be brieny reviewed.

Relevant Laser Properties

The laser doe> not simply replace an
incoherent light source in a conven·
tional spectrometric dete<:tor. Almost
without exception, the chromato·
graphic delA!ctors that have been de­
vised using lasers have exploited their
unique properties.

The most obvious difference be­
tween conventional light sources and
lasers is the high photon nux provided
by the latter. Higher powers provide

minimal benefits for absorption spec­
trometry. On the other hand. signal­
to-noise (SIN) fatios are usually can·
siderably improved for laser-excited
fluorometry. The direct proportionali­
ty of fluorescence and source intensity
is well-known. Unfortunatel",. scat­
tered light from optical comPonents
and "blank" luminescence often limits
the sensitivity of laser-excited fluores­
cence measurements (I). High inci­
dent powers may also result in ther­
mal distortions (2). In some cases, this
problem may be mitigated with pulsed
lasers where the average power is low.
The high power provided by the laser
greatly enhances nonlinear phenome­
na. In fact. without the laser, two-pho·
ton processes would be of little inter­
est to the analytical chemist.

The monochromaticity of the laser
provides obvious advantages in terms
of selectivity. This feature is valuable
for the dete<:tion of eluents in the gas
phase. In general, molecular absorp­
tion in solution is broad and feature~

less, and the benefits of a monochro­
matic source are not as apparent.
Spectral rejection of background is
improved for normal Raman (NRS)
and resonance Raman spectrometry
(RRS) when a monochromatic source
is used (3). Both resonance Raman
and coherent anti-Stokes Raman
spectrometry (CARS) require the tun­
ability of dye lasers for wide applica­
bility, and benefit from a relatively
narrow band of excitation frequencies.
Lasers are capable of much higher res­
olution than is generally required for
liquid chromatographic (LC) detec­
tion, even in cases where monochro­
maticity is desirable.

The excellent spatial coherence of
laser radiation permits accurate and

precise positioning of the laser beam.
Laser beams that are already highly
collimated may be focused to a dif­
fraction-limited spot. In most cases.
the detector volume is limited. by solu~

tion flow characteristics, and not by
the laser source (3). The ahility to
focus the laser beam is also useful for
efficiently generating nonlinear pro­
cesses.

The temporal coherence of the laser
emission permits the generation of
short~durationpulses. Depending on
the type of laser, pulse widths are
available from microseconds to pico~

seconds (4). Time resolution may pro­
vide additional useful information
about a sample or allow discrimina­
tion against unwanted signals.

Finally, the output of most lasers is
polarized due to the optical cavity ele­
ments. It is possible to take advantage
of this property when detecting
Raman scattering, discriminating
against Rayleigh scattering, or probing
molecular energy levels via two~pho~

ton processes.

Laser-Based Detectors lor LC

The results of a compilation of litera~

ture citations for laser~b8Sed detectors
for LC are illustrated in Figure I. The
citations have been grouped into gen­
eral categories according to the prap~

erty measured, (A complete bibliogra­
phy may be obtained from the au­
thor.) The large number of citations
found for LC compared with a similar
compilation for gas chromatography
(eC) is undoubtedly a response to the
need for more sensitive nnd selective
detectors to compensate far the Jower
resolution provided by LC.

La..,. Light ScatlA!.ing. In terms
af acceptance for routine applications,
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the dt.'tection of laser-induced Ray­
lei):h sC8lterin~ from eluent molecules
is the most mature of the laser-based
techniques. Huyleif.(h scatterinf.( occurs
at the same wavelength as the source
when the scattering centers are ap­
pruximately 10% smaller than the ex­
citation wavelength. Almost all of the
detection techniques using r{ayleigh
scattering employ 0 low-angle laser
li~ht scatterin~ (LALLS) photometer
(5) coupled to a ){el permeation thro­
matograph (GPC). Gel permeation
chromato~rRphy,more generally
known as exclusion chromatography.
separates molecules based on their
size in solution. with larger molecules
eloting first. When a GPC is equipped
wilh a concentralion-sensitive detec­
lor. 0 moleculs.r weight distribution
may be obtained from the interpreta­
tion of the chromatogram through the
use of a calibration curve relating mo­
lecular weight and elution \'olume (6L
Unfortunately, this calibration tech­
nique does not always yield the correct
molecular weight distribution because
the molecular size of a dissoh'ed poly­
mer depends not only on its molecular
weight but also on chemical composi­
tion, molecular structure, and experi­
mental parameters such as soh'ent,
temperature, and pressure,

Light-scattering detectors provide
the neceSSLlry information for molecu­
lar weight determination and, in addi­
tion, respond rapidly with the high
sensitivity needed for small sample
volumes in a flowing system. Lasers
arc preferred sources for several rea­
sons, Figure 2 shows 8 simplified opti­
cal diagram for a LALLS photometer
(7). Any la..r with a Gaussian beam
profile (TEM..,l i. usable. A low­
power helium-neon (H....Ne) laser is

generally ch06en because inelpensi..-e.
long·life He-Ne lasers are readily
available. Although scattering intensi­
ty varies inversely with the fourth
power of the wavelength, sample ab­
sorption and fluorescence are largely
eliminated by using the 633-nm line. A
SIN ratio of better than 100 has been
reported for pure water, the weakest
scattering liquid, using a 3-m\\'
He-Nelaser (7).

In the L~LLS photometer shown in
Figure 2, the laser beam is focused on
the sample, which resides between two
relatively thick quaru windo'iRl'S sepa­
rated by a black TeOon spacer. The
beckground is reduced by these win·
do'ft1i and se\'Cral apertures. The Ray·
leigh factor. which is related to the
weight average molecular weight of
the scattering molecule, is calculated
from the following expression: R~ :::
P,llP•• /). where P, and p. are the ra·
diant powers of the scattered and inci­
dent beams, respectively; a is the solid
angle of the detected scattered beam.
and I is the length of the scattering
volume. m~asured parallel to the ind·
dent beam. P, and p. are measured in
sequence by replacing the annulus.
H3, which defines the scattering angle.
with an aperture. Attenuaton; (A1­
A3) are necessary in the optical path
of the laser beam because the incident
laser beam power is 109 times greater
than the scattered light.

Accurate molecular weight determi·
nation requires extrapolation of the
results of light-scattering measure­
ments to zero angle and zero concen­
tration.lncoherentlight-SCftllering
photometers have minimum scatter­
ing angles of 20-30°. which contrib­
utes to large extrapolation errors.
especially when particles contaminate
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the sample. Scattering from foreign
particles often makes tedious. time­
consuming preseparation necessary
when coO\'entionallight sources are
used. The LALLS photometer permits
measurements to 2°. Although parti­
cle light scattering increases as the
scattering angle decreases. this prob­
lem is minimized because the focused
laser beam reduces the scattering vol­
ume tremendously. The probability of
foreign particles crOtlSing the beam
path is extremely smalL A GPC com­
bined \\ith a differential refractometer
and a Lo\LLS photometer in series, in­
terfaced to a computer. will yield reaI-

Figon 1. NI.mber 01 IIteratln cltatlons
lor Iaser-based detect<n lor liquid
chromat~y as a lunctlon at y_
and property n-.tnId
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Figure 2. Diagram of low-angle laser light scanerlng photometer
A l-A". anenU3lors; H2. Teflon spaC8( separal1l'l9 the sample cell windows: H3. amulus: Hl and H-t.
apefllSes: Lt, L2. lenses t 7)

Figure 3. Transitions in (a) one-photon and (b) two-photon excited fluorescence
Solid arrows poInted upward jnd~t8 aDsorptIOn. Dashed arrows lI"ld~te relaJtatoo. J, IS lIuor~
",tensity; g and u are syr1YT'le1ry fype$. The hOHZontal dashed line V'I (b) is a vlf1:uaJ stalo

cal collection \'olume exists so that
light roys entering the fiber Elt nORles
less thon it will not be transmitted
(see Figure 4('). Lif.:ht roys ori~innting

ncar the center of the drtt~{:tor fluw
cell generally hove lor~cr vRlues for ir
so that spe-culaJ 8cattNing from the
cell walls is rejected. This detector cell
does not depend on droplet shope; nor
do bubbles interfere wilh LlF detec­
tion. because the\' flow nround the
outside of the opiic.1 fiber. A free-fail­
ing jet stream produced by It smull­
oore capillary conneclM to the exit of
an HPLC incorporales some of the
properties of other LIF' de-tector ({'lis
in a simpler design (13). ScatlNin):'
bock&TOUnd is effectively suppressed
by positioning the fluorescence co!lt·c·
lion optics at a aoo angle with the Clip'
illar)' rathrr than the typical 90°. The
exciting laser beam remains perpen­
dicular to tht> jN stream. Althou~hnil
of the LlF det~tors ha\-e produced pi­
cogram or femt~ram detection limits.
the optical fiber cell (121 and the iet
strt>arn cell (13) are more amenable to
general applications because they arc
independent of the solvent nnd its
properties. Both detectors are com­
patible with gradient elution; the jet
stream design is more suited to rnicro­
column HPLC becaU!~e of its much
smaller cell volume.

In addition to Rayleigh scattering,
Raman scattering from the solvent
and fluorescence from contaminants
and optics reduce the sensitivity of
LIF detection. Rayleigh and most
Raman scattering can be rejected by
filterin~. but often a solvent Raman
band overlaps the fluorescent ana­
IYle's emission. In general. Raman
scattering may be the ultimate limit to
LIF sensitivity. Fluorescence from
sample contaminants may be mini·
mized by prepurification of solvents.
Even hi~h-puritycommercial solvents
may contain contaminants that will
contribute to the fluorescence back­
ground under high-intensity laser ex·
citation. In addition. columns may be­
come saturated with contaminants
after prnlonged use.

The ability to focus the laser beam
has contributed to high specific sensi·
tivities for LIF detectors and haa per­
mitted miniaturization. Various gas
lasers (e.g., Ar+), which provide many
different emission lines, are excellent
excitation sources for LIF detection of
HPLC eluent.s. These lasers are com·
patible with routine operation because
of their relative simplicity and low
maintenance requirements_

A two-photon transition results
from the simultaneous absorption of
two phoWns W populate a discrete
molecular energy level (see Figure 3b)
(14). Two·phoWn excited fluorescence
(TPEF) detection may be applied W
most fluorescent molecules because

(b)

ing a 4'I'L "windowless" cell (see Fig­
ure 4a). The laser beam and the collee·
tion optics are positioned at 90° to the
flowing stream, and the fluorescence is
detected by a photomultiplier, which
is sampled by a lock-in amplifier.
Scattering of the source radiation is
largely avoided using this approach.
Bubbles in the irradiated v'olume are
minimized by notching the capillary
tube.

A suhmicroliter flow·throUKh cu·
vette has been demonstrated for LIF
monitoring of HPLC effluent.s (11).
The HPLC effluent containing the
sample is injected into the solvent
stream (sheath) and confined by lami·
nar flow conditions (see Figure 4b).
The refractive index difference be·
tween the sample and the solvent is
much lower thaofor the quartz Rnd
solvent or air interface. The place­
ment of the cuvette's optical windows
5 mm from the sample stream mini·
mizes the amount of scattered light
that is imaged by microscope optics,
which are orthogonal with the laser
beam and the sample stream.

An LIF detecWr has been developed
in which 8 capillary tube cell is cou­
pled to an optical fiber (12). Optical
fibers conduct light hy total internal
reflectance along their length. A criti·
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time on-line molecular weight distri­
butions without reference to external
standards (8). GPCILALLS is becom·
ing the method of choice for polymer
charecterization. Although a GPC/
LALLS photometer is not being of·
fered as a single unit, 8 single detector
design now manufactured hy Chroma·
tix, Inc. has been used almost exclu·
sively in recent work. A GPC interface
for the LALLS photometer is offered
as an option by the manufacturer.

Laser-Induced Fluorescence,
Laser-induced fluorescence (LIF) de­
tection is attractive for high-perfor­
mance liquid chromatography
(HPLC) because of the remarkable
sensitivities that have been reported
for laser-excited fluorescence mea­
surement.s (see Figure 3a). Tbe fore­
most problem with LIF detection has
been Rayleigh scattering from eluent.s
and optical component.s (9). This ac·
counts for the preoccupation with ele­
tecwr cells for LIF.

Several different types of LIF de·
tecWr cells have beer developed for
HPLC. The HPLC separation and
LIF detection of several aIlatoxins
have been accomplished using a "flow­
ing droplet" cell (10). The eluent is
suspended between the exit of the
HPLC column and a solid rod, provid·
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Figure 4. Diagram 01 L1F detector cells lor tf'lC
1.)Flowinl>O"_c:oIIIO);(bI c:oIl'l);lcl_c:oI('2)

Figure 5. Slmplillcatlon 01 chromatogram from two-photon excited lluoromelrlc de­
tector (a) compared to a W absorption detector (b)
5on1>Io """.... •PPO. PeO. ondB80. pb pIlonoI.~_.ond_
'*'OIl.!)

two-photon transitions are as numer­
ous as one-photon transitions. One­
photon and two-photon transitions are
complementary since they access dif·
ferent excited levels. In spite of their
inefficiency, processes involving the
absorption of two photons are very 8t~

tractive for HPLC detection because
the availability of high·powered lase",
and the absence of background experi·
enced with one-photon excitation per·
mits the detection of analytically use·
ful signals. TPEF usually OCCUJ'lIat
shorter wavelengths than the excita·
tion wavelength. simplifying the rejec·
tion of Rayleigh or Raman scattering
with an appropriate nIter and making
readily available visible lase", useful
excitation sources for most solutes.

Laser TPEF detection for HPLC of
several oxadiazoles has been 8ccom­
plished using 5l4.5·nm radiation from
an argon ion laser (I5). Chromato·
grams of these oxadi..ol.. in the pres·
ence of several polyaromatic hydrocar·
bons (PAHs) using incoherent ultravi·
olet (UV) and TPEF detection are
easy to distinguish because of the
more restrictive selection rules for
TPEF (see Figure 5). Detection limits.
linearity of response, and precision are
comparable for UV and TPEF detec·
tion of the oxadiazoles.

Since the fluorescence signal gener·
ated by a two·photon process depends
inversely on the laser beam's cr088­
sectional area, reduction in absorption
path length may be compensated for
by decreasing the focal length of the
focusing lena (16). As a result, two­
photon processes may find their moet
important application in low·volume
det.ecto", for microecaJe HPLC.

La.er-Induced Abaorptlon. Ab·
.orption spectrometry is more general

than fluorescence measurement. Un­
fortunately. me.uurementl hued on
transmitted light are limited at trace
anaJyte concentrationa because it is
difficult to meosure the difference in
two large signala. The senaitivity of
absorption measuremenu may be im·
proved by detecting associated pro­
cesses. Laser·induced absorption de­
tection methods owe their divenity to
the variety of approaches available for
senaing molecular absorption.

Laser·induced photoacoustic (PA)

detection baa t-n demonatnted for
HPLC (17). A PA detec:tor ....... the
pressure fluctuations in a medium doe
to absorption of radiation. Figwe 6
ahowa the PA flow cell deaicn. The PA
wave is sensed by a piezoelectric
transducer (PZT) which is
poeitioned behind the foil-covered alit
in the 2O-,.L abaorption celL The 0ut­
put tenninal of the PZT is crounded
through the foil and the cell body. The
other terminal is connected to a BNC
connector. The argon ion luer IIOUJU
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Figure 6. Diagram of laser-induced ph<>­
toacoustic detector ( 17)

Figure 7. Diagram of thermal lensing spectrometer
l,. Hms. focal~ 40 rm1; l2. focaJ~ 125 mm; ~ and~. local length 100 tm'l; F. fitter, Coming
3-69 (20)

(488 nm) is acousto-optically modu­
lated, and the detector signal is syn­
chronously detected "ith a lock-in
amplifier. Interferences from pressure
fluctuations arising from the HPLC
solvent pump are avoided hy a judi­
cious choice of the laser modulation
frequency. In test separations of iso­
mers of chJoro-4-(dimethylamino)azo­
benzene (CI-DAAB), the PA detector
and a conventional UV detector (254
nm) produced comparahle chromato­
grams. Detection limits for CI-DAAB
using the PA detector were deter­
mined to be a 25-fold improvement
over the conventional UV detector.

A prototype flow ceU design for LC
that may be used for laser-induced
PA, fluorescence, and photoionization
(single- and two-photon) has heen de­
scribed recently (18,19). The design is
similar to the flowing droplet ceU (10).
The eluent stream is suspended be­
tween the column exit and a stainless
steel pedestaL A quartz insulator
transmits the laser-induced acoustic
waves that originate in the eluent to a
PZT via the pedestal. BNC connectors
are incorporated into the upper end of
the ceU for the hias voltage and the
lower end for the photocurrent and
PA signal A variety of polycyclic aro­
matic hydrocarbons (PAHa) and drugs
have heen examined using the three
detection methods with u1trsviolet ni­
trogen or excimer laser excitation. As
would be expected, the lowest detec·
tion limits were produced when fluo­
rescence was detected from species
with high quantum efficiencies. Back·
ground signals from solvent contami·
nants were negligible in the photoion­
ization mode, making detection possi­
ble even for molecules that gave low
photoionization signals. The most at-

tractive feature of this detector design
is that the three major processes for
deactivation of the excited state can
be monitored simultaneously_

The laser-induced thermal lens ef­
fect has heen investigsted for HPLC
detection using a "pump" and "probe"
configuration (20). The thermal lens is
produced hy the excess heat absorbed
at the center of a chopped, argon ion
laser beam with a Gaussian beam pro­
file (see Figure 7). The optical path at
the beam center is reduced, because of
the lowered refractive index of the so­
lution, forming a diverging "lens,"
The light intensity at the beam center
of the collinear He-Ne probe laser is
detected with a photodiode whose
field of view is restricted hy an optical
fiber. To minimize noise due to hreak­
up of the thermal lens by the solvent
flow, the argon ion laser beam is mod·
ulated at 125 Hz. The SIN ratio is
maintained although the time-depen­
dent signal is reduced at the higher
chopping frequencies. As in previous
work (21). mechanical vihrations, sol­
vent flow rate fluctuations, and turbu­
lence in the flow ceU are the major
sources of noise. The overall system
perfonnance is similar to phowacous­
tic detectors for HPLC.

LaBer-Induced Raman Scatter­
ing. HPLC is superior to GC for the
analysis of thermaUy lahile, nonvola­
tile substances, hut no qualitative de­
tector has heen developed for HPLC
that is comparable to a GC/mass spec..
trometet. Infrared absorption spec­
trometry provides excellent qualita·
tive information (or molecules, hut
quantitation is limited by low molar
absorptivities. Raman spectrometry
also yields information-rich vibration-

al spectra (see Figure Ba), hut Raman
scattering is directly related to source
intensity. Therefore, visihle or UV la­
sers produce strong Raman signals,
making quantitation simple and ana­
lytically useful. Sample handling is
uncomplicated because quartz or glass
cells can be used.

Se\'eral new embodiments of the
Raman effect retain the advantages of
normal (spontaneous) Raman spec­
trometry while providing the im­
proved sensitivity necessary for useful
chromatographic detectors. Reso­
nance enhancement of the Raman ef­
fect occurs when the laser wavelength

Figure 6. Dlagrem of Raman scanerlng
processes
(a) Normal RMIan; (b) rHOnanCe Ramen; (e) c0­

herent antJ..Stok.. Raman. whet. A - WI - w:r Ia
• Ramln-ectJve rno'ecular vlbr.Uonal frequency, 8
• SICkel, A - antJ..Stokea. Dulled lInN rept'MClI'It
vtr1uIJ level,
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The FTflR with the
most features for the money
just added three more.

The Perkin·Elmer Model 1500
FT/IR already goes beyond any·
thing else in the midprice range.
With a Fourier transform time at
only 0.2 seconds. it's an order of
magnitude faster than other
systems.

Full spectra (as well as inter·
ferograms) can be monitored con·
tinuously on the screen while scan·
ning. Data handling software is
superior. What's more. continual
updating with new features keeps
the system expandable to fit
your needs.

New MCT detector and diffuse
reflectance accessory.

For example. you can now in·
crease sensitivity up to ten times
simply by adding our new mercury
cadmium telluride (MCT) detector.

Combine it with the new diffuse
reflectance accessory. and such
difficult samples as coal powders.
paint pigments. pharmaceuticals.

polymer foams. and inorganic
solids can be run with an ease
and sensitivity not previously
considered possible.

New PP-1 thermal prlnter­
plotter.

The new optional PP·1 thermal
printer-plotter does the work of a
recorder and a printer in a single
unit. In less than a minute. it pro­
vides a high-quality plot of the
spectrum in any format you select.
At the same time. it annotates the
axes and lists the scan conditions.
II can also print out SEARCH and
QUANT reports on the same chart
along with the spectra inVOlved.

Data Station, software,
graphics.

§
A major advantage=- of the Model 1500 is

Chomiatry the Model 3600 IR Data
Station - an intelligent

microcomputer. It·s compatible
with the most powerful applications

software anywhere: Perkin-Eimers
CDS. for processing spectra with
more than 32 routines; SEARCH.
for interpreting unknowns and
matching with a library of nearly
3000 spectra; QUANT. for quanti­
tating single and multiple compo­
nent mixtures.

Read, then Invest.
With all this. plus the use of c:ool

detectors and the potential for
even more expansion. the Model
1500 becomes your best invest­
ment in fA. For full details. call toll·
free 1-800-762-4000. Or contact
your Perkin-Elmer representative or
one of the offices below.
Per1<Jn-Elmer Corp.. AnalytiCal InstrumentS.
MainA"" (M5-'2). Norwalk. CT068S6
USA Tel (203) 762·' 000 Telex 965-954
Bodenseewerk Perkin-Elmer & Co., GmbH.
Postlacn "20. 7770 ueberhngen. Federal
Re!'<Jbhc 01 Germany Tel' (07551) 811
Perkln·Elmer Ltd . Post Othce Lane.
Beaconsheld. Bucks HP9 lOA. England.
Tel Beaconslreld (049 46) 616'

PERKIN-ELMER

Circle 170 For Llteroture. Circle 171 For 0 Solos Coli.
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Figure 9. Experimental arrangement lor the optical activity detector
lot, nW'rcn; p. Glatt prisms; FA., F.aday rotator, Ct.. flow cett: A. epertlIe; F. finer: PUT. photorn.ltipier
tli:Ie; OR. «tver: OC. powa-~ WT. wave generator: U. kx:*.-tn ~ftier. Re. rec:cwder, flU. pl.MTll:
V.__; eM. eeum; L. collimation Jens (281

M

corresponds to the excitation of 8 vi·
bronic level within an excited elee·
tronic state (22). RRS bands may have
intensities I()2-10" times greater than
NRS intensities (where only one pho·
ton may be scattered for every lOS in­
cident photons). Because of the near­
resonance excitation. the success of
fluorescence discrimination may de­
termine limits of detection (see Figure
Bb). Several DAAB derivatives have
been detected after HPLC using RRS
excited by the 488-nm line of an argon
ion laser (23). Monitoring the Raman
emission continuously at 8 single
wavelength, a 2-I'g/mL limit of detec­
tion has been determined for 2'-Cl­
DAAB. Stopped-now RRS permitted

(a)

discrimination among the indi\'idual
DAAB derivsth'es. which are not reo
solved by conventional UV-VIS detec­
tion.

Ironically, the first use of Raman
spectrometry for HPLC detection in­
volved one of the newer Raman tech­
niques, CARS (24). The generation of
a CARS signal requires two lasers (WI

and w,). One of these lasers must be
tunable; maximum flexibility is avail­
able when both are tunable. The
CARS process is illustrated in Figure
Be. Wben the two laser beams cross in
the sample at the phase-matching
angle 0, CARS emission is generated
at W3 = 2w} - W2 via 8 third-order
nonlinear polarization (25). The

(b)

CARS technique provides much great·
er efficiencies than NRS (up to I pho­
ton scattered per 100 incident pho·
tons). A detection limit of 1 I'g/mL
has been determined for tran.·fJ·caro­
lene using CARS (24). Fluorescence
can be rejected by detecting the "las­
erlike" CARS beam at a" angle re­
moved from other emission. Back~
ground emission resulting from the
nonresonant. third·order 8usceptibili~

ty of the solvent has IimitM the sensi­
tivity of CARS in solution. Two tech·
niques. resonance enhancement and
polarization, have been used to sup·
press the background with some suc­
cess, but CARS remains marginally
useful for most trace analysis. A com­
puter-controlled system has been de­
veloped that measures the UV-VIS
and fluorescence spectra of HPLC el·
uenlS, in addition to the CARS spec'
trum (26). Computer control is very
important for the routine use of CARS
because the laser frequenc)' (w,) must
be controlled, and mirrors must be ad­
justed to obtain the proper crossing
angle after the optimum Raman exci­
tation wavelength has been calculated
from a UV-VIS spectrum. In this in­
strument, the UV-VIS spectrum is ac­
quired on-line with 8 \'idicon multi­
channel detector. Fluorescence detec­
tion with 8 xenon lamp source is incor­
porated to extend the capability of the
instrument to trace analysis. Recently,
HPLC-CARS has been used for the
identification of environmental pollu­
tanlS in water (27).

Other Laser-Baaed Detectors. A
laser-based micropolarimeter has been
interfaced to an HPLC (28). Using se­
lected Gian prisms, selected ceil-win­
dow material, and air-based Faraday
rotators, extinction ratios have heen
obtained that are four orde.. of mag-

>J4 FP

Fillure 10. Laser-based refractive Index detectors
(a) Retraettve 6nde. detector: He-Ne. slngl&-frequency laser; P, poJarlzer; ),.,., quarter wave plate; FP, Intert.omeler; PMT. photo-multlpller 1000; REC, chart
recorder; (b) Absorbance detector: P1, P2, polarizers; AO, Blagg cell; L.lens (29)
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Laser Beam

He-Ne Laser

figure 11. Diagram of doubJe.beam He-Ne laser Inlracavily absorption detector
85. bewn spllt1er. SCR. S1rip c:hIrt """""'" (32)

datected after HPLC separation,
One of the most sensitive ways to

measure amall differences in refrsctive
indexes is interferometry, A single·fre·
quency laser haa been used to measure
the change in refractive index for s
substance contained within a Fabry­
Perot interferometer (29). A photo·
multiplier detecte the transmitted
light when the Fabry-Perot is &C8Dned
(see Figure lOa). The position of the
maximum constructive interference is
determined by a computer and con­
verted to an analog signal thet repre·
sente the change in refractive index.
The additional finesse and the in·
creased monochromaticity of the
He-Ne laser provide an order·of.mag·
nitude improvement in detection lim·
its compared to commercial refractive
index detectors. By modifying the de·
tector cell to include a second path for
an argon ion laser beam, sample ab·
sorption has been indirectly moni·
tored as 8 change in refractive index
due to heating of the medium (see Fig·
ure lOb). The difference in interfero­
metric peak position before and after
irradiation is plotted as an absorption
chromatogram. This approach has
produced limits of detection two or·
ders of magnitude better than stan·
dard absorption detectors for HPLC.

Laser-Based Detectors lor
Chromatography

Laser·based detectors for GC have
received relatively little attention be·
cause of the high resolving power of
-GC, which reduces the need for selec·
tive detectors, and the availability of
sensitive and selective conventional
detectors. Only four laser·based detec­
tors for GC have been reported to date
(30-34). Two of these will be die·
cussed because they represent the ex·
tremes of complexity and expense.
They also demonstrate the additional
selectivity and sensitivity that can be
provided by laser·hased GC detectors.

A He-Ne laser operating simulta·
neously at 3.39 I'm (infrared) and 0.63
/,m (visible) has been used as a selec·
tive detector for hydrocarbons in the
effluent of a GC (32). The infrared
and visible laser transitions originate
at the same energy level and are com·
petitive. When a hydrocarbon enters
the laser's resonant cavity, the 3.39·
I'm energy is absorbed due to the C·H
stretching vibration, and the visible
emission is enhanced. The visible laser
emi88ion is monitored with a photo­
diode as a quantitative measure of the
concentration of the absorbing mole·
cule (see Figure II). The minimum
detectable concentration for propane
using the double beam configuration
is 20 pg/mL (33), which is 25 times
lower than the best value reported for
a thermal conductivity detector. In
practice, the detector's selectivity for

To Reference
PhoIO Tube

HPLC separstion of fructose and raf·
finose based on optical activity has
been demonstrated with a 0.5·/,g de·
tection limit in a 200,/,L detection
volume. The optically active compo­
nents of human urine also have been

Figwe 12. Diagram of the RCUF/GC apparatus
The portion encJoIed by the dotted line forms 8 ample ClC. Temper8tll8 v.t4Uon along the coUm la
_1111110 ..... (34)

Septum

I

'~b"---- J
L......----__

nitude better than standard polarime·
teB (see Figure 9). Most chromato·
graphic eluents are not optically active
80 that this detector is very selective,
with particular applicability to envi·
ronmental and clinical systems. The
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hydrocarbons is modified by various
substituen18. The dete<:tor responds to
aliphatic and aromatic hydrocarbons
witb aliphatic side chains, except for
those substituted with halogens. The
He-Ne laser inuaC8vity absorption
detector may be used without. prior
separation in some cases (e.g., meth·
ane in coal mines). This detector oper­
ates \\ith nitrogen carrier gas without
sacrificing sensitivity and should be
useful for monitoring organic pollu­
tants since it does.not respond to
water or carbon dioxide. Also. it
should be possible to manufacture this
detector at competitive prices.

The last method to be discussed
uses the GC for quantitati"e sample
introduction rather than separation. A
GC has been coupled with a superson­
ic jet to resolve mixtures by rotation­
ally cooled laser-induced fluorescence
(RCLlF) (34). When a monoatomic
gas seeded with molecules is allowed
to expand through 8 supersonic jet. 8

molecular beam is produced in 8 near­
ly collision-free environment. The ex·
tremely low temperature of the molec­
ular beam permits the acquisition of
highly resolved laser-excited fluores­
cence spectra. Figure 12 shows the ap­
paratus for RCLlF/GC. Otherwise un­
resolved mixtures of two isomers of
methylnaphthalene have been sepa­
rately detected by using the appropri­
ate excitation wavelength from 8

Nd,YAG pumped-dye laser. Dete<:tion
limits in the picogram range have been
reported. Other excitation schemes
such as photoionization may be used
as well_ Although the laser system re­
quired for this application is complex
and expensive, exceUent selectivity
and sensitivity are possible. The intro·
duction of the GC simplifies the
RCLIF experiment 80 that it may be
useful for routine laboratory applica­
tions.

Conclusions

The evolution of laser-based detec­
tors for chromatography continues to
be a dynamic process. Some of the de­
tectors discussed here seem to be on
the verge of acceptance while others
require further experimental valida·
tion. The most attractive detectors for
commercialization use gas lasers that
are reliable, easy to use, and relatively
inexpensive. Normal Raman spec·
trometry bas become a routine labora­
tory technique using this type of laser.

The success of GCIMS suggests that
there may be a market for more com·
plex and expensive laser-based detec­
tors. Since there is a growing number
of multiuser laser facilities, another
approach might involve the marketing
of detector/interfaces for use with the
customer's laser.

The need for laser-based detectors
for HPLC is unquestionable with the

trend toward improving column ef­
ficiencies via microscale instrumenta·
tion. Unparalleled growth of laser­
based detectors for GC seems I... like­
ly, although gains in selectivity and
sensitivity may be made here as wcll.
Future developments in t.his area will
probsbly involve the use of the GC for
simple, Quant.itath'e sample introduc­
tion rather than high-resolution sepa­
ration. The present state of the art
suggests that laser-based detectors
provide the sensitivity and selectivity
necessary to augment advances in sep·
aration science.
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Focus

Third Annual
Analytical Lab Managers' Association Conference

The erosion of the scientific
instrumentation base is making it difficult for the

U.S. to maintain its technological edge
Obsolescence of instrumentation is

n growing nationaJ problem. That was
a common theme at the Third Annual
Conference of the Analytical Labora·
tory Manage",' Association (ALMA).
held in late October 1982. in Madison.
Wis.. and hosted by Thomas Farrar.
chairman of ALMA. ALMA is the new
acronym replacing ULMA (Unive",ity
Laboratory Manage",' Association).
renecting participation by industrial
and government lab managers.

Analytical lab manage... mostly
from academic institutions but also
from industrial and government labs,
met with representatives from federal
and private funding agenci.. at the
two-da}' conference to discuss the
scope and extent of the obsolescence
problem and possible solutions.

Concern was expressed that it is be·
coming increasingly difficult for the
U.S. to maintain its overall scientific
technologicaJ lead in the world be·
cause the scientific instrumentation
base has been seriously eroded by a
lack of modern equipment in universi·
ty. government. and industrial labs.

Instrumentation costs have sky­
rocketed over the past decade. This
has been due to innation and to the
increased adaptation of compute.. to
instruments. which h.. greatly im­
proved the capabiliti.. of the equip­
ment. While the increased sophistica·
tion of the instrumentation h.. al·
lowed much greater efficiency. the
costs of RCQuiring and maintaining the
S)'!ltems have in many cases precluded
their purchase.

A conservative ..timate of the coot
of operating and maintaining scientif·
ic instrumentation is that it is at least
2(}"30% of the equipment replacemant
price per year. Thi. figure includes
salaries and other direct operating
coots. but does not include equipment
depreciation or facility overhead and
utilities. It was generally agreed
among conference attend_ that the
optimum useful life span of m~or reo
search in.truments is .ix to eight
yean, but as Farrar pointed out. a
great deal of equipmentlaats up to
twice that long.

Representatives from lOme of the
federal funding agencieslJ. Talmage
and F. Findeis, National Science
Foundation (NSF); S. Stimler, Na­
tional Institutes of Health (NIH); and
J. Suttle. Department of Defense
(DOO)I were well aware of and con­
cerned about the problem. Each ex­
plained what his particular agency is
doing to combat the obsolescence
problem. Talmage emphasized that it
is a national problem and it will take
initiatives at allievels.-state, local.
and federal-to find innovative solu­
tions to the key problem: lack of suffi­
cient funding.

In r..ponse. ALMA. at its business
session, voted to ..tablish an ad hoc
working group made up of people from
instrument manufacturing companies.
universities. industry. and the Scien­
tific Apperatus Malt... Association
(SAMA). The following people "'ere
cbosen to work at developing ways to
generate additional funds for purchas­
ing maior research equipment: T. Far­
rar. Unive",il)' of Wisconsin; O. Grant.
University of Utah; P. Llewellyn. Var­
ian; C. Lucchesi, North..·..tem Uni­
\'e..it}~ E. Olson. Upjohn Company; J.
Schaeffer, Research Corporation; and
O. Upton. SAMA.

Il was also agreed that ALMA and
SAMA should work toeether to devel·
op closer ties so that SAMA. which is a
trade association representing scien·
tific instrument manufacturers. can
inform both the federal government
and its own members about isaues of
concern to ALMA.

While NSF and NIH have managed
to maintain, and in some instances in·
cre.... their instrumentation funding
levelB, the brightest star on the near·
term horizon as far as federal funding
i. concerned appean to bp the new
DOD initiative. Suttle explained that
the SI50 million five·year program is
strictly limited to research equipment.
Thirty million doUara per year (S10
million each from the Army, Navy.
and Air Force) will help to purchase
pieces of equipment cooting a mini·
mum of $SO 000 to a maximum of SI
million. The awardee is encour",ed to

share cools whenever pouible but DO

strict coot-.haring formula is pre­
scribed.

Even with this welcome procram
the obsolescence problem will remain
acute. By DOD'. own estimates it
would take SI.51o S2 billion to fuIJ)'
upgrade the the nation·.laboratori....

A panel representing the instru­
ment manufacturers offered for con-,
.ideration a list of itemslhat may belp
to minimize obsolescence in the fu­
ture. High on that list ..... the modu·
lar approach to instrument purchases.
The compani.. feellhat modularity
will allow a user to stan small and add
capability as funds become available.

Other suggestions were:
• Tax credits to companies to encour·
age new equipment donations;
• Computer netVt'Orking to allow
greater access to instrument data
through off-line terminaJs;
• Lease/purchase _menls (1IOIDe
unh--ersities ha\"'e used "creati~ fi­
nancing" arrangements); and
• Debt rlD8Dcing. as hospitals have
done in the p8Stto purchase large
equipment items.

Ob\;ous!y there is no magic single
solution to the problem. A .yslematk
collective approach including some or
all of these ._tions plus others,
combined with increased government
(federal and .tate) and private-sector
funding. will help to alleviate the
problem.

This year'. ALMA confere.nce will
be held Oct. 20 and 21 at Purdue Uni­
versity. Bill Baitinger, chainnan~
of ALMA, and Jon Amy of Purdue will
be hooting the confem>ce.

The conference probably will focus
on the increasing problem of rmdinc
and keeping qualified technical and
scientific laboratory penonnel. Topics
relating to computer uaistance in the
management of instrumentation 1abI
also will be included.

TholllU Lyttle
Resean:b Instrument SeMceo Group

Department ofCbemiatry
Iowa State University

Am... Iowa 50011
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Focus

Taking Stock of Mass Spectrometry/Mass
Spectrometry: Report of a Recent Workshop

Current MS/M8 studies involve sector,
quadrupole, hybrid, and Fourier transform

instrument configurations

A workshop entitled "Mass Spec·
trometrylMass Spectrometry: Instru·
mentation and Applications" was held
in Cbicago on OcL 18. 1982. under the
auspices of the American Society for
Mass Spectrometry. Tbe meeting. or­
ganized by Michael L. Gross of the
University of Nebraska. drew SO par­
ticipants to a day of lectures and panel
discussion. Different forms of MSIMS
spectra as applied to a range of anaIy~­
icaJ problems were discussed. Several
new instruments designed for MS/MS
were introduced.

MSIMS techniques employ sequen­
tial mass analyzers to characterize
ions. The fltSt analyzer acts as a sepa­
rator in selecting ions by mass/charge
ratios. These parent ions are forced to
undergo a change in mass or charge
(normally by collision with a neutral
target gas) to form d<Jughter ions,
which are analyzed in a second stage.
The analogy between gas chromatog­
raphy/mass spectrometry (GCIMS)
and MSIMS in the analysis of mix­
tures is O\;dent. A generic MSIMS
spectrometer is comprised of at least
two analyzers (A) and a reaction reo
gion (.) sandwiched between the
wurce (S) and detector (D), arranged,
for example, as SA·AD. Analyzers can
be electric sectors (E), magnetic sec·
tors (B), or quadrupole filters (Q). In
Fourier transform mass spectrometry
(ITMS), the analyzers are temporally
ratber than physically separate. The
workshop was organized according to
instrument conftgUrations: sector,
quadrupole, hyhrid (a comhination of
sectors and quadrupoles), and Fourier
transform instruments.

Sector IllIItrumenu. Presentations
on sector instruments were introduced
hy Fred W. McLafferty of Cornell
University. The original MSIMS spec·
trometers were reversed geometry or
BE instruments, with applications in
direct mixture analysis that date hack
to the mid-seventies. In the conven­
tional geometrY or EB arrangement,
covariant scanning of the accelerating
voltage and magnetic and electric
fields (linked scans) estahlishes the re-

Figure 1. MS/MS spectra

An 60n a1 tWz 260 from hexachlotobutane It selected as the pWent Ion In IN, ....Iet 01 MS/MS expel',,"
mentI:. wmic:h IiowI the Increued retDkAkln of daughter Ions obtained when the collltk>n cell '" • M0­
tor Ina1n.rnent '- heid 81 •~ voILIge to rewd the iorl beam. IFigl.re c:ounesy 01 Ctwlet SmIth of VO
Mlaomoss)
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Figure 2. MS/MS analysis of serum and Ll'lne extracts for lrlchloropllenol (Tep)
The anaJysll utllizes selected reacUon monltotlng of the parent Ion 198- undetgolng coltl,lon-lnduc::ed
diuoclatlon to 160-. The standards end lP*ed MrllmIurlne aaroplel (A-l),MPe 'rom 0-100 ppb: tho
upper level corresponds to 100 fg of TCP per nt.. of Ntnple. Note • total .....ty.l. time of 3e nUn tor 19
samples (three reP'lcatO$ oac:h). (Figu'e ceutely of Dean Fetterotr and Rlck Yosl 01 the Untvor1hy of
Florida)

Focus

Iationship between pareot and daugh.
ur ions. The primary advantage of
sector instruments is 8 large mass
range (to more than 10000) for both
parent and daughter iuns. A second
advantage is the ability to acquire
MS/MS spectra on a parent ion speci·
fied to high resolution. To achie"e
equivalent resolution of both parents
and daughters. four·sector instru·
ments have been assembled. An
EBEB instrument bas been in place at
Cornell for several years, and at this
meeting. VG Micromass announced
plans to build a BEEB instrument. To
dau, howe"er, high resolution for both
parent and daughur ions has not been
achieved.

McLafferty presented MS/MS spec·
tra generated from parent ions of mass
1000-2000, including peptides and v;.
tamins, and also reported m\'estiga·
tions of the collisionally activated de·
composition of even higher mass
(Csn+,I.)+ clusur ions. Syd Evans of
Kratos Instruments discussed man·
agement of signal intensity in experi·
ments with an EBE instrument. Both
high·resolution MS and MS/MS are
expensive in terms of signal depletion,
but permit increased selectivity. En·
hanced signal·to·noise ratios in
MSIMS arise because of a preferential
discrimination against chemical noise
(signals due to mixture components
other than the analyu). Charles Smith
of VG Micromass discussed that firm's
BEB instrument and presenud data
that demonstraud the effects on
daughter ion resolution of ion beam
retardation (Figure I).

Quadrupole Instruments. The
urm "triple quadrupole" describes an
MS/MS instrument with two quadru·
poles as mass analyzers and an rf-only
quadrupole as an inurmediate colli­
sion region. Chris G. Enke of Michi­
gan State University introduced this
section of the program. While current·
Iy Jimiud to a mass range of about
2000 at unit mass resolution, this
specification applies to both parent
and daugbur ions, a capability not yet
demonstraud with sector instru­
ments, The most attractive feature of
the aJI-quadrupole system for MSIMS
has been tbe advanced data system,
more than ever a necessary part of so­
phisticaud MS/MS experiments. In
work by Richard Yost at the Universi­
ty of Florida using negative ion
MSIMS, trichlorophenol was identi­
fied in serum and urine extracts (a
aingle extraction with I mL hexane,
with JilL analyzed) at levels as low as
0.25 ppb, arui at sample analysis raus
of up to 901h (Figure 2). Describing
aimiJAr experiments, William R. Da­
vidson ofSciex detailed resulta in

which a foodstuff contaminant. \'omi­
toxin in wheat. was identified at the
25·pg le"elat a rste of6 sampleslb.
This compares ,,;th 1samplelb for a
selected ion monitoring GC/MS ex·
periment, and "";th the same rate for
GC with electrochemical detection. All
three methods gave similar quantita­
tive results, but sample workup was
minimal prior to MS/MS.

Multiple quadrupole instruments
have reached their second generation.
Candice Bartmann of Extranuclear
Laboratories explained the data and
instrument control system matched to
their new QQQ mass specuometer. A
mass range to 2000 and fast scanning
capabilities were described. Both
Sciex (Da,;dson) and Finnigan/MAT
(Mark Johnston and Gordon Foss)
provided details about new software
that controls experiments "ia subrou­
tines that change scan parameters
during the experiment. MS/MS spec­
Ua are obtained at rates of up 10 lis
for parent ions selected after comput­
er evaluation of the mass spectrum.
Data is reconstructed using GC/MS
algorithms extended to handle the dif­
ferent types of MS/MS scans.

Hybrid Instruments. MS/MS
spectrometers that combine sectors
and quadrupoles are termed "hybrid"
instruments. As pointed out by R,
Graham Cooks of Purdue Uni"ersity,
these instruments are designed to pro-

"ide the best features of both the sec­
tor and the quadrupole instruments.
In their commercial forms (VG Micro·
mass. Kratos Instruments. and Finni­
gan/MAT), they pro"ide the usual
capabilities of high·resolution MS in
addition to features of multiple qua·
drupole instruments. Since these in·
struments have only recently been as·
sembled, their full range of capabili­
ties has not yet been explored. One
noteworthy capability is the ability to
examine collision·induced products of
both high· and low-energy collisions to
more completely characterize ions
(especially negati,'e ions that yield
positive fragments in high-energy col.
lisions,)

Se"eral new h"brid IIISIMS instru·
ments were announced at the meeting.
Evans described the Kratos EBQQ ob­
tained by adding two quadrupoles to
their MSSO. The instrument is de­
signed to prm-ide high resolution of
the parent ion using the double·focus·
ing EB section. an efficient collision­
induced dissociation process in the rf·
only quadrupole, and fast MS/MS
scanning with unit resolution of
daughter ions to mass 2000 in the final
quadrupole. Peter Dobberstein of Fin­
niganlMAT described 8n instrument
of BEQQ geometry based on the 8200
and 8500 series of high-resolution
double-focusing instruments with sim·
ilar capabilities. Data from the
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High sensiUvity - down to 0.001 AUFS
separates the new Spectroflow 713
from the noise 01 the rest.
The new Kratos Spectroflow 773 sets new
standards of performance for UVNIS
variable wavelength absorbance detectors. It
routinely delivers the highest sensltMty.
lowest noise. and best overall performance
that state of the art technology will allow.
Kratos engineers combined the latest In
modern technology with a thoroughly
Innovative design to reduce noise and drift to
unprecedented levels. Now, operation at
0.001 AUFS Is routine. and new levels of
performance even in trace analysis. high
speed LC. and mlcrobore column
applications are pracllcalln any laboratory.

Red trace showl
SpeCI,ollow n3 nols.
under actual flow
conditions .10.001 AUFS
(220 nm) compared 10 a
typical variable wavelength
detector.

The success of the Spectroflow 773 doesn't
rest solely on its specifications; it also sets
new standards for convenience and ease of
operation: auto-zero to automatically reset
the baseline at the touch of a button; front
panel bulkhead flow connectors to minimize
f10wcell handling and simplify system
plumbing; a multi-mode digital readout with
self-dlagnostic capabilities; adjustable time
constant down to 0.045 sec.; and high speed
wavelength scanning (optional) with memory
correction.
call or write to find out how the Spectroflow
773 can give you better results with any LC
Instrument. any LC method. Kratos Analylical
Instruments. 170 Williams Drive, Ramsey.
NJ 07446. (201) 934-9000. Offices in
Manchester. UK. and Karlsruhe. West
Germany.

IKRRDBI~tsl
New Standards in HPLC detection.

If HPLC
sens~tivity

is
important...

go with
the proven

leader.
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7070QQ from VG Micromass, config­
ured EBQQ, was given by Smith. Par­
ent ion resolution of several thousand
was used to separate ions for MS/MS
analysis.

Fourier Transform Mus Spec­
trometry. The fourth type of MS/MS
instrument described was the Fourie.r
transform mass spectrometer. This
section was introduced by Groes, who
detailed the separation of parent ions
from daughter ions in time rather
than space. Since the MS/MS experi­
ment is executed by software, no hard·
ware changes are required. [n contrast
to hybrid instruments, high resolution
is available on the daughter ions, but
not on the parent ions selected for dis­
sociation. High efficiency of fragmen­
tation and the ability to examine ions
in a reaction sequence (MS/MS/MSI
MS...) were demonstrated by Sabba
Gbaderi of Nicolet Instruments. As in
hybrids and multiquadrupole instru­
ments, the collision energy ranges up
to several hundred volts. The ability
of FTMS to scan all masses simulta­
neously makes it compatible with
pulsed ionization methods, and makes
it possible to follow the time profiles
of collision·induced reaction products.

ColliBionally Activated Decom­
position. The physical basis of col·
lisionalJy activated decompoeition, the
process central to the MS/MS experi­
ment, was described by Jean Futrell of
the University of Utah. Using a
crossed-beam instrument, results were
obtained for polyatomic ions scattered
on low-energy collision. Investigating
the full range of forward and back
scattering, Futrell found that many
ions are scattered through large an­
gles. Although such factors as internal
energy effects, competition between
various reaction channels, and the dif­
ferences in energy transfer between
low- and high-energy collisions bave
not been worked out, the process can
be modeled as a vibronic excitation
leading to fragmentation described by
the quasi·equilibrium theory.

Breakdown curves represent mass
spectra explicitly as a function of the
internal energy ofthe fragmenting ion
and are the key to understanding the
decompoeition process. Two methods
bave been developed to access this in­
formation. First, angle-resolved mass
spectrometry investigates cbanges in
the distribution of fragment ions with
scattering angle in high-energy colli­
sions. Using an electrostatic method of
angular resolution, Dobberstein dis­
played results comparable to those ob­
tained by photodissociation. Second,
in low-energy dissociations, the kinet­
ic energy of the parent ion controls the
energy transferred to it upon collision,

CIRCt.f 212 OH READER SERvICE CARD
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as described by Davidson. The analyt·
ical implications of the angle and en·
ergy phenomena are twofold. First,
these variables must be controlled to
maximize reproducibility and quanti.
tative accuracy. Second, these data
may differentiate isomeric ions not
otherwise distinguished.

The workshop ended with a discus·
sion in which questions were fielded
by a panel of the speakers. Topics in­
cluded quantitation by MS/MS,
trade-offs between mass range and
resolution, and the merits of MS/MS
as compared to other analytical tech­
niques. [t was agreed that MS/MS is
useful in the analyses of mixtures for
targeted components; data at the
parts per trillion level from the combi·
nation of capillary column gas chro­
matography with single reaction moni·
toring MS/MS were given for the de­
termination of 2,3,7,8-tetrachlorodi­
benzodioxin in fish extracts. Examples
of the MS/MS identification of new
compounds in mixtures were gi\'en.
There was discussion of the use of
MS/MS for high mass ions generated
by desorption ionization methods such
as secondary ion mass spectrometry
and fast atom bombardment. Several
participants noted that high mass ions
seem less easily dissociated upon colli­
sionalactivation. Others showed spec­
tra in which high mass ions gave
MS/MS spectra interpretable in terms
of the parent ion structure.

The transmission fall·off of quadru­
poles for high mass ions provoked dis·
cussion. Some argued that sector in­
struments were absolutely necessary
for transmission and resolution of
higher mass ions in the MS/MS exper­
iment; others pointed to the extended
mass ranges of new quadrupole rods
and the efficiency ofthe rf-only qua­
drupole collision region. Examples
were given of the analysis of mixtures
for particular functional groups using
neutral 1088 MS/MS scans, taken by
simultaneously varying the m888es of
both parent and daughter ions. New
types of MS/MS scans were discussed
in which associations rather than dis­
sociations are examined. Finally, the
concept of the totaJ-I088 MS/MS spec·
trum was introduced by Johnston.
Such spectra, with a distinctive 100%
fragmentation efficiency, yield no ob·
servable fragment ions, but can be ob·
tained for infinitely high masses at in·
finite resolution, and should thus
prove popular, if not at times unavoid·
able.

Kenneth L. Butch
R. Graham Cooo

Department of Chemistry
Purdue University

West Lafayetta, Ind. 47907



Breakthehabit

Get rid of broken glass, spilled chemicals and high energy bills.
Do your "Kjeldahl" on a desktop.

We offer true Kjeldahl nitrogen analysis.
as approved by AOAC. neatly per­
fomled in compact cabinets.
• Sturdy equipment. with push-button

and dib~tal display convenience. that
will perform 50. 150 or 2·10 analyses
per day.

• Small units. that \\iIl free all of your
fume hoods and all but 6 square feet
of your present Kjeldahl space_ \\"tth
our new efficient chemical scrubber•
it is all a desktop job.

Our salesmen are trained experts and
will demonstrate the Kjeldahl equip­
ment in your laboratof):

5,000 other labs have made the obvious choice.
Contact us today for your personal demonstration.

Call collect (703) 435·3300.

[-if;;l
l ~ tecator

I~O. Box 405. Herndon. VA 220iO. (703) 435-3300
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News

ANALYnCAL CHEMISTRY Appoints
New Advisory Doatd Members

Five new members of the Advisory
Board of ANALYTICAL CHEMISTRY
have been selected to serve three-year
terms beginning this month. Each
year the membership of the board is
rotated. with the new appointees re­
placing those members whose terms
on the board have e:lpired.

The new members joining the board
this year are: Dennis H. Evans, Uni·
versity of Wisconsin-Madison; Jack
W. Frazer, Keithley Instruments, Inc.;
Roland F. Hirsch, Seton Hall Univer­
sity; Herbert L. Retcofsky, Pittsburgh
Energy Technology Center; and Wil­
helm Simon, Swiss Federal Institute
of Technology.

The members leaving the board are:

Deoou H. Eva... received his BS
degree from Ottawa University, Otta­
wa, Kan., in 1960 and his MA and
PhD degrees from Harvard University
in 1961 and 1964, respectively. He re­
mained at Harvard as instructor of
chemistry until 1966 and then joined
the faculty of the University of Wis­
consin-Madison where he is now pro­
fessor of chemistry. From 1977 to
1980, he was chairman of the depart­
ment of chemistry, and beginning this
year he will be asaociate dean of the
College of Latters and Science. Ev­
ans's research in the areas of elec­
troanalytical chemistry and organic

Donald D. Bly, E.I. du Pont de Ne­
mours & Company; Georges Guio­
chon, Ecole Polytechnique; Bruce R.
Kowalski, University of Washington;
Robert A_ Libby, Procter & Gamble
Company; and Richard S. Nicholson,
National Science Foundation.

The following 11 members will con­
tinue to serve on the board: Joel A_
Carter, Oak Ridge National Laborato­
ry; Richard S. Danchik, Aluminum
Company of America; Richard Durst,
National Bureau of Standards; Helen
M. Free, Miles Laboratories; Shizuo
Fujiwara, Chiba University; Caaba
Horvath, Yale University; Wilbur
Kaye, Beckman Instruments, Inc.;
Thomas C. O'Haver, University of

electrochemistry has been described
in approximately 70 publications. He
is a member of the Subcommittee on
Analytical Cbemistry of the ACS Ex­
aminations Committee and served as
secretary-treasurer of the ACS Wis­
consin Section. From 1978 to 1981, he
W/lS a member of the NSF Chemistry
Division Advisory Committee, and he
is currently serving on the Chemistry
Research-Evaluation Panel, Air Force
Office of Scientific Research. Evans
has taught the ACS short course on
electroanalytical chemistry and has
lectured at 8 number of other courses
given around the country.

Maryland; Janet Oateryoung, State
University of New York at Buffalo;
Robert E. Sievers. University of Colo­
rado; and Rudolph H. Stehl, Dow
Chemical Company.

The Advisory Board was estab­
lished in the 1940a to advise the edi­
tors of the JOURNAL. It meets formal­
ly once a year at the JOURNAL's edito­
rial offices in Washington, D.C. The
board also provides guidance and ad­
vice throughout the year with regard
to editorial policy and the peer review
system. Board memben are an invalu­
able link between the editors and the
analytical community.

Brief biographical aketches of the
new members follow.

Jack W. Frazer is chief executive
officer of Keithley lnatruments, Inc.,
Cleveland. Ohio. After receiving his
BS degree from Hardin-SimmODll
University in 1948, be joined the.tarr
of Loa Alamoa Scientific Laboratory.
In 1953 be mo\-ed to Lawrence Liver­
more National Laboratory, wbere be
remained untilasauming his present
position at Keithley lnatruments in
February 1982. Frazer's reaearcb in­
terests include modeling of nonlinear
physical and chetnical procesaea, de­
velopment of graphic techniques to
aid in the evaluation of large data seta
and to support modeling, automatic
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characterization of multi\'ariant non·
linear (complex) chemical systems, de·
velopment of self-adaptive control
8trategies to support experimentation,
and the use of artifici3.1 intelligence for
the solution of heuristic-type prob­
lems. From 1968 to 1971, Frazer
served on the Instrumentation Advi­
sory Panel of ANALYTICAL CHEMIS·
TRY. He served as editorial advisor for
Analytico Chimica Acla (Computer
Techniques and Optimization) from
1977 to 1981, and as chairman of the
ASTM E·31 Commillee. Computer­
ized Laboratory Systems. from 1970 to
1975. Frazer is recipient of the 1973
American Chemical Society Award for
Chemical Instrumentation and the
1975 ASTM Award of Merit.

RolaDd F. Hinch received his BA
degree from Oberlin College in 1961
and his PhD degree from the Univer­
sity of Michigan in 1965. Since 1965,
he has been on the faculty of Seton
Hall University, where he is now asso­
ciate professor of chemistry and asso·
ciate dean of the College of Arts and
Sciences. In 1975-76 he was a senior
visitor at the Inorganic Chemistry
Laboratory at Oxford University. His
research interests lie in the areas of
applied statistics, the use of metal ions
for enhancement of selectivity in gas
and liquid chromatography, and the
sensing of organic ions by ion-sensi­
tive electrodes. He has edited a book
on data analysis and has published pa·
pers on a large variety of topics, He is
currently serving as secretary of the
American Chemical Society Division
of Analytical Chemistry.

Herbert L. RetcoC,ky is chief of
the Analytical Chemistry Branch at
the Pit18burgh Energy Technology
Center. He earned his BS degree in
1957 at California State College and
his MS degree in 1965 at the Universi­
ty of Pit18burgh. After a year of teach·
ing he joined the staff at the Pitts·
burgh Energy Technology Center, one
of the U.S. Department of Energy',
five energy technology centers. The
standardization of methods for the
routine analysis of coal-derived liquids
is one of the major long-term goals of
his laboratory. His principal research
interest is in the application of spec­
tral techniques, particularly infrared
and magnetic resonance spectrome­
tries, in coal research. R<!tcof,ky has
held all elective offices of the Spec·
troscopy Society of Pit18burgh and
a1Bo served as president of the 1979
Pittsburgh Conference on Analytical
Chemistry and Applied Spectroscopy.
In 1981, he became the first U.S. 8350·

date editor of Fuel. He is recipient of
the 1982 Henry H. Storch Award, pre·

sented annually by the American
Chemical Society's Fuel Division for
significant contributions to funda·
mental or engineering research on
coal.

'Wilhelm Simon received his PhD
degree in 1956 from the Swiss Fedpral
Institute of Technolob'Y (}"'THZl,
where he is now teaching analytical
chemistry and the application of spec­
troscopic techniques in organic chem­
istry. He became Privatdozent in 1961
and Assistt>nz·Professor in 1965. and
since 19j"0 has been a full professor of
chemistry. In the past. Simon's reo
search interests included the study of
acid-base equilibria using glass elec­
trodes, aut{)mation of elemf'ntalanal·
ysis, vapor pressure osmometry, pyrol­
ysis gas chromatography. pyrolysis
mass spectrometry, and other spectro­
scopic techniques for structural eluci·
dation. At present, his research is fo­
cused largely on ion selectivity of or­
ganic compounds and biological sys­
tems, ion-selective sensors. and high­
resolution separation techniques.
Simon has written approximately 300
articles and two books. He is recipient
of the Swiss Chemical Society Award
and is an honorary member of the
Hungarian Academy of Sciences and
the Institut Grand·Ducal in Lux­
emburg.

Knox to Receive
DaJ Nogare Award

John H. Knox will receive the 1983
Dal Nogare Award at the Pittsburgh
Conference on Analytical Chemistry
and Applied Spectroscopy to be held
March 7-11 in Atlantic City, N.J. The
award, sponsored by the Chromatog·
raphy Forum of the Delaware Valley,
is given annually in recognition of sig­
nificant contributions to chromato­
graphic theory, instrumentation, and
applications.

Knox received his BS degree from
the University of Edinburgh and his
PhD degree from Cambridge Universi·
ty. In 1963, he earned a D.Sc. degree
from the University of Edinburgh,
where he is currentJy personal chair in
physical chemistry and director of the
Wolfson liquid chromatography unit.

Knox's early work involved the liq­
uid chromatographic separation of key
aldehyde intermediates and the appli.
cation of gas chromatography to chlo·
rination and combustion reactions,
His interest was then drawn to the de­
velopment of spherical silica gel and
several bonded derivatives (or liquid
chromatography. Knox's current work
at the Wolfson unit involves the pro­
duction of novel forms of silica gel and

porous glassy carbon: his pure re­
search int.erests concern electrophore.
sis and endosmotically generated
chromatography.

Competition for Biochemical
Analysis Prize

The German Society for Clinical
Chemistry is inviting qualified re­
searchers to compete for the 1984 Bio·
chemical Analysis Prize. The prize is
awarded e\'ery two years at the
Biochemische Analytik Conference in
Munich for outstanding and nO\'el
work in biochemical analysis or bio­
chemical instrumentation, or for sig.
nificant contributions t<> the odvonce­
ment of experimental biology especial.
ly related to clinical biochemistry. The
prize consists o( DM 10,000 and is
sponsored by Boehringer Mannheim
GmbH.

Competitors for the 1984 prize
should submit papers on une theme,
either published or accepted for publi.
cation between Oct. 1,1981, and Sept.
30, 1983, to: L Trautschnld, Medizin·
ische Hochschule Hannover, Kon·
Slanty·Gutsehow. SlraIJe 8, 3000 Han·
nover 61. FRG. Papers must be re­
ceived before Nov. 15, 19&3.

Nominations Sought for
Environmental Science Award

The Central Wisconsin Section of
the American Chemical Society in
conjunction with Zimpro, Inc., a sub­
sidiary of Sterling Drug, Inc., is seek­
ing nominations for the F. J. Zimmer­
mann Award in Environmental
Science. The award, consisting of
$1000 and a plaque, is given annually
to an individual whose restarch has
had a significant impact on environ­
mental protection,
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The award announcement and pre­
sentation will be made at the 17th
Great Lak.. Regional Meeting w be
held June 1-3, 1983, in St. Paul, Minn.
The award recipient will be invited 10
present an overview of the lCientific
contribution. upon which the award is
based.

Any scientist residing in the U.S. is
eligible for the award. Nomination
forma are available from L.A. Ochry­
mowycz, Department of Chemistry,
University of Wiscomin-Eau Claire,
Eau Claire, Wis. 54701. Nomination
(orms and supporting documents must
be received no later than Feb. 16,
1983.

Hewlett-Packard to Contribute
Analytical Instrumentation

Hewlett·Packard Company has an·
nounced that it will contribute more
than S1.3 million worth of analytical
instrumentation to 75 colleges and
universities across the country.

Schools were chosen on the basis of
the quality of their research and re­
search-training programs, with special
consideration given to schools that ac·
tively recruit minorities for their
chemistry programs. The names of the
schools selected were not disclosed.

The instrumenta, HP 5880A gas
chromatographs manufactured by the
company's Analytical Group, will be
equipped with capillary-column inlet
systems and single·name detectors.
According to the group's general man·
ager. Lewis E. PiaU, Hewlett·Packard
is trying to "help solve the ongoing
problem schools have with equipment
obsolescence and 10 help them SlaY
current with instrumentation found in
industry." The equipment contribu·
tion is part of Hewlett·Packard's cor·
porate philanthropy program, which
in 1982 included more than SI1.5 mil­
lion in equipment grants to institu·
tions of higher education.

New NSF Program
Established

A new program, Instrumentation
for Materials Research (IMR), has
been established within the National
Science Foundation's Division of Ma·
terials Research (DMR). Proposals to
be considered in the new program are
those for the purchase of major inatru­
ments needed for materiala research
and for the development of new in·
struments that extend current mea·
surement capabilities.

Proposals are encouraged from
groups of re..archera intAmding 10
share major items of specialized in·

strumentation, where the individual
l1.Ien represent diverse areas of re­
search covered within DMR or be·
tween DMR and other NSF divisions.
Proposals for individual researche..
representing a lingle area or research
will continue 10 be asaigned 10 the ap­
propriate research program within
DMR unl... the cost of such an award
would significantly upset the balance
of support within that program. In­
strument development propou1a with
direct relevance to research areas rep­
reaented within DMR are also encour­
aged. Such proposals may involve in·
dividual reaearchen or groups.

Inquiries regarding the Instrumen·
lation for Materials Research program
should be directed 10 the Program Di·
rector. Division of Materials Research,
National Science Foundation, 1800 G
St.. N.W., Washington, D.C. 20550.
202-357-7570.

Call for Papers

25th Rocky Mountain Conlerence
Den"er. Colo. Aug. 14-19. General pa­
pers and poster sessions in all areas or
chemistry are planned along with the
following specific symposia: atomic
spectroscopy. chromatography. com·
puter applications. electrochemistry,
environmental. EPR, FTIR, ion chro­
matography. mass spectrometry,
NMR, Raman and IR spectroscopy.
and surface analysis. Abstracts of not
more than 200 words must be submit·
ted on a Rocky Mountain Conference
or standard ACS abstract form before
March 23. To obtain the abstract
forms and for additional information
contact Edward Bro"sky, Rockwell In­
ternational. P.O. Box 464, Golden.
Colo. 80401; 303·497-4972.

10th Annual Meeting of the Feder­
a tion of Analytical Chemistry and
Spectroscopy Societies
Philadelphia, Pa. SepL 25--30. The
scope of the meeting will encompass
all ph..es of analytical chemistry, ap­
plied spectroscopy, chromatographic
methods. and allied techniques of in·
strumental analysis. Prospective au·
thon must submit the title of their
presentation, current address. and
telephone number by April 8 to:
FACSS X Program Chairman, John
O. Lephardt, Philip Morris USA, Re­
search Center, P.O. Box 26583, Rich·
mond, Va. 23261; 804·274-3821. After
receipt of the title, authors will be
asked 10 submit a 250·word abstract
by June 10.

News

20th Interuational8y".poeiwn on
Advances In ChromaloCrapby
Amsterdam, The Netherlanda. 0cL
~. The symposium will focua on all
aspecta of chromatograpby, with spe­
cial emphasis on GC, LC, and high.
performance TLC. Prospective au­
tho.. must submit 2O().word abotracta
by April!. Addr... all correapondenco
10 Albert Z1atkis, Department of
Chemistry. Univenity of Houston,
Houslon, Tez. 77004; 713-749-2623.
Authors of accepted papers will be reo
quired to submit completed manu­
scripts on Oct. 3 at the meeting.

Meetings

• l%th Annual National Measore­
ment Science Conference aDd Ex­
hibition. Jan. 20-2!. Palo AlIo, Calif.
Contact: &b Weber, Lockheed Mis·
.ile & Spoce Corp., Sunnyvale, Calif.,
94046; 408-742·2957
• Gordon Researeh Conlerence on
Electrochemistry. Jan. 24-28. Santa
Barbara, Calif. Conlact: Alnander M.
Cruicluhonk. Gordon Re.earch Con­
ferences, University of Rhode Island,
King.ton. R.l. 02881; 4Q1-783-401 lor
3372
• 13th Annnal Conference of the
Western Spectroscopy Auociation.
Jan. 26-28. Pacific Grove, Calif. Con·
lact: Mel Kronick, Applied HiMys­
te11l$,8S0 Lincoln Centre Dr.• Foster
Cily, Calif. 94404
• 8th Conference of the A...tra­
!ian and Ne.. Zealand Society for
M... Spectrometry. Feb. 7-11. Mel­
bourne. Australia. Contact: The Sec­
retary, ANZSMS Conference, Chem­
istry Dept., Monash University,
Clayton, Victoria, Austrolia
• Second Carnecie-MeUoD Un!­
venity Conlerence on Bio1ocical
Spectroocopy. Feb. &-11. San Jose,
Calif. Contact: William Derrig, IBM
Instrumenls, Inc., Orchard Park, P.O.
&x 332, Donbury, Conn. 068/0
• Pill.b....h Conference on Ana­
lytical Chemiatry and Applied
Spectroscopy. March 7-12. Atlantic
City, N.J. Contacl: Linda Brigg., Pro­
grom Secretary, Piltsburgh Confer­
ence, 437 Donald Rd. Depl. J.OO5,
Pittsburgh, Po. 15235. Augusl,
p. 1046 A
• l85th ACS National Meetinc.
March 20-25. Seattle, Wash. Contact:
A. T. Winslead, American Chemical
Society,ll5516lh SI",et, N.W.,
Washi1l8lon, D.C. 2OOJli; 202-872·
4397
• InteruationalSym~wnon
Electroanalyab ill Biomeclical, En­
vironmental, and IDd...lriaI ScI-
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eJlceL April 5-8. UWIST, Cardiff,
Wales. Cornoct: Short Coors.. Sec­
tion, Electroonalyticol Conference,
UWIST, Cardiff CF1 3NU, Wales
• 17th ACS Middle Atlantic He­
cloD&! MeetiDg. April 6-8. White
Haven, Pa. Contact: N. D. Heindel,
Chemistry Dept., Mudd Bldg. No.6,
Lehigh University, Bethlehem, Po.
18015; 215-861·3470
• InternatioD&! Symposium on Ion
Excha.nge Membran.... April 12-13.
Runcorn, Cheshire, U.K. Contact:
Conference Secretariat. Society of
Chemical Industry, 14115 Belgrave
Square, London SW1X 8PS, U.K.
• 8th Annual AOAC Spring Work·
ahop and Exposition. April 19-21.
Indianapolis, Ind. Contact: Lowrence
SuI/ilIOn, Indiana State Boord of
Health, 1330 W. Michigan St.,lndio­
napolis,lnd. 46206; 317-633-0224, or
Kathleen FOnUruJya, Association of
OfficitJl Analytical Chemists, 1111 N.
19th St., Suite 210, Arlington, Va.
22209; 703-522-3032
• Advanced AD&1ytlcal Concepta
(or the Clinical Laboratory. April
21-22. GaUinbwg, Tenn. Contact:
Carl Burtis, Chemical Technology Di­
visitJn, Oak Ridge Notional Loborato­
ry, P.O. Bos X, Oak Ridge, Tenn.
3783(); 615-576-2917. November,
p.l385 A
• 5th lnternatioD&! Symposium on
CapllJary Chromatography. April
26-28. Riva del Garda, Italy. Contact:
P. Sondra, Loboratory of Organic
Chemistry, University of Ghern,
KrijgsUlon 281 (S4), B-9000 Ghent,
Belgium. October, p. 1266 A
• 7th lnternatioD&! Symposium on
Column Liquid Chromatography.
May 2-0. Baden-Baden, West Germa­
ny. Contact: J. Wendenburg, cia
Gesellschoft Deutscher Chemiker,
Va"entrapp,traue 40·42, D..{;()()()
Frankfurt, West Germany, AuglUlt,
p.1046A
• Recent Advaneea in the Mea·
aurement o( Pollutanta (rom Ambi·
ent Air and Stationary SOurc....
May 3-7. Raleigh, N.C. Contact: Sey­
mour Hochhe;'er, MD 75, EPA Envi­
ronmental Monitoring Sy.teTnl Lab,
Re.earch Triangle Pork, N.C. 27711
• 31at Annual ConCerence on Mau
Spectrometry and AllIed Topica.
May 6-13. Boston, Masa. Contact: Ju­
dith A. Wat.on, ASMS, P.O. Bos
1508, Ea.t LoOling, Mich. 48823;
517-337-2548
• 1983lnternatioD&! Symposium
on LeEe and Voltammetry. May
11>-17. Indianapolia,lnd. Contact:
Krilti Klippel, 1983 LCEC Sympo­
.ium, P.O. Bos 2206, Well Lofayette,
Ind. 47906. Tel: (317) 463-2505,
Teles: 276141. December, p. 1484 A

• 13th Annual Symposium on the
AD&1ytical Chemiatry of Pollutant&.
May 16-18. Jekyll Island, Ga. Can·
tact: Elaine McGarity, U.S. Environ·
mental Protection Agency, Environ­
mental Research Lob, Athens, Go.
30613
• 5th AWltrallan Schaab/ConCer­
ence on X.ray Analyala. May 16-20.
Melbourne, Victoria, Australia. Con­
tact: Australian X-ray Analytical As­
sociation. P.O. Box 90. Parkville. Vic­
toria 3052. Australia. September,
p.l150A
• InlernatioD&! Union of Air Pol·
lution Prevention Associations
(IUAPPA) 6th World Congress on
Air Quality. May 16-20. Paris,
France. Contact: Public Relations
Dept., Air Pollution Control Associa­
tion, P.O. Bos 2861, Pittsburgh, Po.
15230; 412-621-1090
• CLEO '83-ConCerence on La­
.en and Electro-Optics. May 17-20.
Baltimore, Md. Contact: Optical Soci­
ety of America. 1816 Jefferson Pl.,
N. W., Washington, D.C. 20036
• Applicalioll5 and Techniquea of
Modern Spectrochemistry (AlolD5­
83). May 19-20. Los Alamoo, N.M.
Contact: L. J. Radziemski,'Los Ala­
mos National Laboratory, Group
AP-4. MS J567, Los Alamos, N.M.
87545
• ACS Central RegioD&! MeetiDg.
May 22-24. Oxford, Ohio. Contact:
J. R. Gunwell, Dept. of Chemistry,
Miami University, Oxford, Ohio
45056; 513-529-2813
• International Conference on
Chromatographic Detecton. May
~une 3. Melbourne, Victoria, Aus­
tralia. Contact: The Secretory, 1nter­
national Conference on Chromato·
graphic Detectors, U of Melbourne,
Parkville, Victoria 3052, Australia
• Budapeot Chromatography Con·
ference. June 1-3. Budapesl, Hunga­
ry. Contact: Holeem J.lssaq, NCI­
Frederick Cancer Research Facility,
P.O. Bas B, Frederick, Md. 21701, or
Tibor Devenyi,/OItitute of Enzymol­
ogy. Hungarian Academy of Sciences.
Budapest, Hungary, October,
p.I266A
• 17tb ACS Great Lakea RegioD&!
MeetiDg. June 1-3. SL Paul, Minn.
Contact: M. H. Boker, ChemlServ
Inc., 207 N.W. Sisth Street, Minne·
opal;', Minn. 55413
• 29th International Congreas of
Pure and Applied Chemiatry. June
4-12. Cologne, West Germany. Con­
tact: W. Fritsche, General Secretariat
of the 29th IUPAC Congress, cIa
G..ellschoft Deutscher Chemiker,
P.O. Box 90 04 40, D-6000 Fronkfurtl
Mainz 90, We,t Germany
• 66th Canadian Chemical Confer·

ence and Exhibition. June 5-8. Cal­
gary, Alberta, Canada. Contact: Arui
Rouk, M.C.I.C., Deportment of
Chemistry, University of Calgary,
Coillary, Alberto T2N, IN4, Canada
or The Chemicallnstitut(, 0/ Canada,
151 Slater St., Suite 906, Ottowa, On­
tario KIP5N3. Canada. October,
p. 1266 A
• Inlernational Symposium on
Drug Analyaia-From Pharmaceu­
tical Preparation to Drug Monitor..
ing. June 7-10. Brussels, Belgium.
Contact: C, Von Kerchove, Soci~tt
Beige des Scienr.es PharmQceutique&.
Belgish Genootschap voor Pharma­
ccutische Wetenschappcn, rue Archi­
medesstraot II, B·I040 B=sels, Bel­
gium
• Symposium on Amnity Chroma­
lography and Biological Recogni­
lion. June 13-17. Annapolis, Md.
Contact: Symposium Secretariat,
9650 Rockville Pike, Bethesda, Md.
20814
• Symposium on Chromatography
and M... Spectrometry in Nutri..
tion Science and Food Safety. June
20-22. Monlreux, Switzerland, Can·
tact: Symposium Secretariat, Via Er­
itrea, 62-20157 Milan, Italy; Tel: (02)
35.54.546, Telex: 331268 Negri 1
• Symposium on Compute" in
Chemical AD&1Ylia. June 22. Kansas
City, Mo. Contact: Kathy Greene,
ASTM Publications Division, Ameri·
can Society for Testing and Afateri·
als, 1916 Race St., Philadelphia, Po.
19103. November, p. 1385 A

• 13th ACS Northeast Regional
Meeting, June 26-29. West Hartford,
Conn. Contact: J. Burlew, P.O. Bos
418, Glastonbury, Conn. 06033; 203­
633-4133
• 23rd Colloquium Spectroacopi­
cum Internationale and lhe 10th
International Conference on Atom·
ic Speclroacopy. June 26-July I.
Amlwrdam, The Netherlands. Can·
tact: The Secretariat 23 CSI, Organ.
isatie Bureau Amsterdam BV, Euro·
paplein, 1078 GZ Amsterdam, The
Netherlands, May,p. 712 A
• 3rd Symposium on Separation
Science and Technology for Energy
Applications. June 27-July I. Gatlin­
burg, Tt:nn. Contact: A. P. MaUnaus·
kOl, Oak Ridge Notional Loboratory,
P.O. Box X, Oak Ridge, Tenn. 3783().
July, p. 929 A
• 5th European Congreas of Clini·
cal Chemiatry. July 3-8. Budapest,
Hungary. Contact: MOTESZ Can·
grell Bureau, Budape.t POB 32
HI361,Hungory
• Seventh InternationalSympo·
Ilum on Nuclear Quadrupole Reao·
nance. July 11-14. Kingston, Ontario,
Canada, Contact: R. J. C. Brown,
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Chemi.try Deportment, Queen', Uni·
ver,;ty. Kingdon, Ontario, Canada
K7L3N6
• SAC 83-Jaternatianal Coafer­
eace aad E.hlbltioa oa AnaJytlcal
Cbemlltry. July 17-23. Edinburgh,
U.K. Contact: P.E. Hutchinlon, Sec·
retory, Analytical Divi.ion, The
Royal Society of Chemi.try, Burling.
ton HOUle, London IVIVOBN, U.K.
May,p.713A
• 2nd Inlernational Conlerence OD

the Cllaical Chemistry aad Chemi­
cal Ta.lcolagy of Melab. July 19­
22. Montreal, Canada. Contact: Secre­
tariat COMTOX BJ (TIVCO). 340
MacLaren St., Ottawa, Ontario, Con­
ado K2POM6
• 35th National Meetiag of the
Americaa Auoclatiaa for Clialcal
Chemiltry. July 24-29. New York,
N.Y. Contact: AACC. 1725 K St.,
N. IV., W""hington. D.C. 20006; 202·
857·0717. December. p. 1484 A
• 3rd International Conference OD

the Jaotrumealal Analyois of Foods
aad Beverageo-Receat Develop­
meaUl. July 27-30. Corfu. Greece.
Contact: C. J. MUlsinan, IFF R&D.
1515 Highway 36, Union Beach. N.J.
07735.201·264·4500
• 7th Australian Symposium on
Aaalytical Chemistry. Aug. 21-23.
Adelaide, Australia. Contact: D. Pot·
terson, AMDEL. Flemington Rd.,
Frewville, South Au.'ftralia 506J
• l86th ACS Natiaaal Meeting.
Aug. 28-SepL 2. Washington, D.C.
Contact: A. T. Winstead, American
Chemical Society, 1155 16th St.,
N.W., Washington, D.C. 20036; 202·
872·4397
• 9th Jaternatlanal Sympooium aa
Microchemical Techaiqu... Aug.
28-Sept. 2. Amsterdam, The Nether·
lands. Contact: Symposium Secretari­
at, c/o Municipal Congress Bureau,
Oudezijds Achterburgwal, 199, 1012
DK Amsterdam, The Netherlands
• 4th Daaube Sympolium aa
Chromatography aad 7th Jaterna­
tiaaal Sympoolum aa Advaac.. aad
Appllcatiaal of Chromatography ia
Jadultry. Aug. 29-SepL 2. Bratislava,
Czechoslovakia. Contact: Jan Remen.
The Analytical Section of the Czecho·
slovak Scientific and Technical Soci·
ety, Slovnaft. 82300 Bratislava,
Czechoslovakia
• 1983 JateraaUoaal Caafereace
oa Fourier Traaoform Spectroaco­
py. Sept. 5-9. Durham, U.K. Contact.·
G. W. Chantry. Divi.ion of Electrical
Science, Notional Physical Laborato­
ry, Teddington, Middl.,ez TWll
OLW, U.K.
• 29th JUPAC JaterDRtlollal Sym­
poolum oa Maeromalecul... Sept.
5-9. Buchar..t, Romania. Contact:

The Ohaus· Dial-o-Gram! with the Model 310. There isn't il
Model 310 balance gives you.. faster, more sensitNe balance for
high accuracy and high-speed the money. Contact Ohaus or your
weighings at the lowest cost preferred Ohaus dealer.
aroond-$129.5O SlJll&eSted Ohaus Scale Corporation.
list. Ideally suiled for both lab 29 HaOlllleC Road, Florham Park,
and classroom jobs, this rugged NJ 07932. 1201J 377-9000.
American·made balance offers DHAU5
1:31,000 resolution, a full 310 g
capacity and readability of 0.01 g. DIAL-o-GIAII

Increase your reading speed IlECllAllICAL IAlIIICI
o I98201'1.M1sSc.*Ccrp:ntcln.OtIaus.-.cl~

If't~of~SQaI~ f'rnr;:es1lld1C*Jl1Cllbl:lnl .. sutltIdllOcNnIt..,......
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With the new
S&S Microfilter, samples
make a fast 95% recovery.

The new S&S
Microfilter is ideal
for smaU sample
filtration. from 20 Il1

to 2 mi. where sample loss must be minimized.
Sample recovery is routinely up to 95%. Use
this reu5<lble, leak-proof microfilter in a centri­
fuge for the prep<1ration of samples for HPLC.
particulate removal. clarification or for sterile
filtration. The S&S Microfilter (Cal. #SS009)
accommodates the fuU range of S&S membrane
filters. Contact us for more information. And
slart getting fast. 95% sample recovery.

Schleicher&Schuell_In~__
Keene, N.H. 03431 (603)352·3810
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State-ol-the-art solid
state c:in:uitry llCCOUI1ts for the

miabiIity """ outstanding
tem~ntrol

charac:teristIc ol Tech"" dr­
cuImors and baths. The

Tempunit l • with ",O.Ol"C
control """ the Tempellel ( '" O.02"C control) are now

lIVaiIabIe lit new low prices. Both units have easy-to­
adjust ternpenltUre-selIing dilIIs (Tempunit also has a

temperllture 'memo<y-~An efficient circulating pump
keeps temperllture uniform throughout the bath. All

units are sold through national dealers """ are covered
by a new two-year warranty.
For full details, clllJ or write

Techne IncorporatedTec::hne
3700 Brunswick Pike. Princeton. NJ 08540 ' (609) 452·9275.
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Low cost relief from
high purity gas pains

say good-bye to high purity gas pains.
Johnson Mat1hey hydrogen purifiers quickly turn
commercial grade hydrogen Into the highest purity
gas possible. And you save up to 70'lllln the process.

The secret Is a palladium alloy diffusion mem­
brane that blocks oUI all other gases and permits
only ultra-pure hydrogen to pass through. The ex­
change is efficient. consistent and economical.

Johnson Mallhey hydrogen purifiers. Available
in capacities Irom 2 to 400 SCFH. No other product
produces such high purity so economically. For
additional information write: Johnson Matthey

Inc.. Catalytic=iiii"!11 Systems Division.
III 436 Devon Park

Drive. Wayne. PA
19087. Or call
215-048-8500.

.'
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A STANDARD REFERENCE IN THE
FIELD OF ANALYTICAL CHEMISTRY. ..

FUNDAMENTAL
REVIEWS

Chances are you've heard a lot about
this special volume. And iI's no
wonderl For here, in some 400 pages,
are authoritative, up-to-date surveys of
the most recent literature, with the
outs1anding work cited and digested.

Below are just a lew 01 the areas
covered in the 1982 Fundamental
Reviews issue: Analytical

electrochemistry. Chromatography: gas. paper. thin·
layer. liquid. Chemometrics • Kinetics. Surface
analysis • Spectrometry: NMR, ESR. atomic, emission, IR,
mass, X·ray • Nucleonics. Microscopy. Tittations

It's a portable library! And an enormous time-saver lor any
professional Use the coupon below to order your copy
today.

."



lUPAC MACRO '83, Calea Plevnei
R-77131 Buchare'I, Romania
II 2nd International ConfereDce On
CarboDacoouo Partlcl" ID tho At·
motlphorc. Sopt. 11-14. Linz, AllOtria.
CanlocI: H. Puxbaum,/mtitule for
Analytical Chemi,try. Technical
Uniuer,ityof Vienna, Getreidemarkt
9, A·J06O Wien, AUdria
• IDterDatioDal MootlDg aD Chem­
ical SeDson. Sept. 19-22. Fukuaka,
Japan. Contact: Noburu Yamazoe,
Dept. of Material6 Science and 7'ech·
noloRY, Graduate School of Engineer­
ing Sciences, Kyu.shu University, Ka­
sURa. Kasuga-shi, Fukuoka 816.
Japan
• 12th ADDual North AmericaD
Thermal Aoalyail Society MootiDg.
Sept. 2:>-29. Williamsburg, Va. Con­
tact: Robert Johnson, Du Pont Cen·
tral Research and Development
Dept., Experimental Slation, Bldg.
228, Wilminglon, Del. 19898:302­
772-2198
• 30th CaDadiaD Spectroscapy
Conference. Oct. 6-8. Vancouver,
British Columbia, Canada. Contact:
Wesley Johnson, Mineral Energy,
Mines, & Petroleum Re$ources. Par-

liament Bui/dirl/l" Victoria, Brituh
Columbia, Canada; 6()4·387·6249
• Capillary Chromatoeraphy­
2Dd IDternatlonalSympwium. Oct.
10-12. Tarrytown, N.Y. Contacl: A.
Zlatki" Univer,ity of HotUton,
Chemi,try Department, Howton,
Tez.77004
• 26th ORNL CoDrereDce OD Ana·
Iytical Chemutry iD EDergy Tech­
Dology. Oct. 11-13. GatliDburg, Tenn.
Contacl: A. L. Harrod, Analytical
Chemi,try Divi,ion, Oak Ridge Na­
tional Lobaralory, P.O. Box X, Oak
Ridge, Tenn. 37830
• Optical Society or America An­
Dual Mooting. Oct. 17-21. New Or­
leans. La. Conlael: Oplical Sociely of
America, IBI6 Jefferlon Place, N. w.,
Washinglon, D.C. 20036: 202-223­
BI30
• 18th ACS Midwest Regional
Meeting. Nov. 3-4. Lawrence. Kan.
Contact: R. Gil.'em, Department of
Chemutry, Univer,ity of Kamas,
Lowrence. Kan. 66045; 913·864-3846,
or W. Grinchtaff, Southwe,t /tfwouri
State Univer,ity, Springfield, Mo.
65802
• ACS Southeutero Regional

News

Meetlq. Nov. 9-11. Charlotte, N.C.
Conlacl: J. M. Fredericksen, P.O. 80%
111, Davidson, N.C. 28036; 704-892­
7331
• 9th International Coocreoa and
ExhibitioD ror loatrumeDtatioD and
AutomatioD. Nov. 10-16. Dusseldorf.
FaG. Conlacl: 1NTERKAMA 83,
Diiueldorfer Me..egueluchafl mbH,
NOWEA, Poolfach 32 0203, D-4000
Du..eldorf 30, FRG
• 39th ACS Southwest Recional
Mootioc. Dec. 7-9. Tulsa, Okla. Con­
locI: E. B. Buller, Tuua Surchem.
4332 Soulh Conlon, Tu4a, Okla.
74135; 9IB·663-IBn

Short Courses

ACS coune,. The,e new cour,es will
be listed only once. For information
on other ACS coune" see bock iuuu
and contact: Department of Educa­
tional Activitie,. American Chemical
Society. 1155 161h SI.. N. w.. W",h·
inglon, D.C. 20036: 202-872-4508.

Gas Chromatography, Theory "
Practice

CIRClE 20 ON R£AllER SERVICE CARD
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BJacbburJ, Va. Marclll-4. Harold
McNair. 1645, ACS members; $715,
DOnmembers

Microproceuo.. .l Minicomputers:
IIlterlac1D& and Applicatiolll
BJacbburg, Va. March 13-18. Ray·
mond Dessy. $665, ACS members;
$735, nonmembers

The folk>Uling courses are being of·
lered in conjunction with the ACS
Notio",,1 Meeting in Seallle, Wash.

Electronl.. for Laboratory lutru­
mentation
M8IclI18-19. Howard Malmatadt,
Chris Enke, Stanley Crouch. $525,
ACS members; $595, nonmembers

Statlsti.. for Experimental Dealgn
M8IclI19-20. Stanley Deming, Ste·
phen Morgan. $395, ACS members;
$465. nonmembers

Hlch-P..-ure Liquid Chromatoc­
raphy Workahop

March 1~20. David Freeman. $395,
ACS members; ~65, nonmembers

ColulDD Selection In GC
March 1~20. Harold McNair. $395,
ACS members; ~65, nonmembers

Laboralory Automation: Micro-,
Mlnl-, or Midi-Compute..
March 20-21. Raymond Deasy. $395,
ACS members; $-465, nonmembers

We make our GC!
filters to get dirty.

Filters are made to get lhe junk oul •• oxygen
hidden in the carner gas or Itnes, organic
compounds 'rapped in compressec air or
hydrogen Even the best filters absorb all the
junk lhey can and need 10 be changed. With
conventional gas fitters. that means shutting
down your instrumenl and disconnecting the
gas lines, just to change the litters.

Not so with Chrornpack's Gas·CIearr- finer
system! The Gas-Ctean syslem has a
specially conslrucled base plale wIlich is
connected 10 your gas line and to your
clVomalograph. And stays thaI way. The tiner
is anached w.h hand·pressure 10 bleak the
seal and a simple bushing 10 secure the tiner. A
process of secondS. No need 10 shut down
your instrument and ~t the column cool. No
need 10 disconnect and flush gas l,nes and
then reconnec1. No da"9"! of oxygen or dUSl
contaminalion. lhanks to specially con·
structed valves and dUSl prOlec1ors

Finers are supposed 10 get dirty. so gel the
finers thaI are easy 10 change. ChrompaCk'S
Gas-Dean system. call or write today for more
information.

Ochrornpack
Chrompack. Inc.
P.O. Bo. 6795
Bridgewater. N.J. 08807
IlOO-52&-3687
In NJ call:
(201)722-ll9JO
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For Your Information

Sybron Corporation has announced
the formation of a new operating divi·
sion to develop and expand ita posi­
tion in analytical instrumentation.
The Analytical Producta Divlaion
encompasses the analytical instru­
ment business formerly pari of Sy·
bron's Taylor Instrument Company,
and an organic carbon analyzer for­
merly offered by Sybron's Barnstead
Company. The address for the divi·
sian headquarters, as well as head·
quarters for U.S. operations, is Ana­
lytical Producta Division, Sybron Cor·
poration, 221 Rivermoor St., Boston,
M.... 02132; 617·469·3300.

A Worbbop on Analytical Chemla­
try Related to Canada's Nuclear
lndualry will be held Oct. 24-26 on
Hecla Island, Manitoba, Canada. II is
open to anyone interested in either
the routine or innovative analytical
aspects of the uranium industry. II
will emphasiu small, informal discus·
sion groups organized around a central
theme. The Bubject matter Bhould lil
into one of the following categories:
present problems, present work, or fu­
lure piau and projecta. Participanta
will be requested to forward their af·
filiations. areas of interest. and a brief
abstract of the subject they wish to
discuas by June I. For further detaila,
contacl P. Campbell, Whiteshell Nu·
clear Research Eatablishment, Pina·
wa, Manitoba, Canada ROE 11..0.

The dates and application deadline
for the NATO Advanced Siudy
lutltute on Chemomelrlc. which
were announced in the November
NEWS ""ction (Anal. Chern. 1982,54,
1384 A) have been changed. The
Study InBtitute will now ba held Sapt.
12-23 and the deadline for receipt of
applications has been e.tended to
March 31. Further information can be
obtained from Bruce Kowalski, De·
partment of Chamistry, UniverBity of
Washington, Seattla, Wash. 98195.



COMPUTER
POWER.

SUPERIOR
OPTICS.

6fi AlL THE (0MI'I/TBl YOU NEED.
Our competitors are proud to offer a
computer. The PIasma-200'· ICP from
Instrumentation Laboratory offers
something better: achoice. In addition
to the integral microcomputer that
makes this instrument the most auto-

mated plasma available, IL's ICP has
two different data station options to
speed and simplify workflow in your
lab. Our PDS-l ~ data station offers all
the computer power most labs need,
at a price you'll appreciate. And the
PDS-l00(r data station is built around
the Pixell00lAP'" supermicro, the
most powerful. flexible microcomputer
in the world.

NO-Ca.rIOMISE OPTICS.
An ICP is only as good as its optics. A
truly superior plasma optical system
would Indude adouble m0nochroma­
tor to minimize stray light. automati­
cally variable torch height for maxi­
mum emission intensity, amercury
lamp reference to continuously adjust
wavelength calibration, two-channel
capability to speed analysis. and aded~
cated vacuum monochromator for
uncompromising performance in VIN
analysis. For laboratories who are

unwilling to compromise the quality
of their analyses, there is only one ICP
which offers those features:
the IL PIasma-200 !CP.
If you're looking at plasma emission
spectrometers for your lab, compare
the IL PIasma-200 !CP. You can't buy
Il'lOle in an !CP.
For information call toll-free:
~

Instrumentation laboratory Inc.
Ana/vtical instrLrnent Division
One Burtt Road, AndoYer. MA01810
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YOU CAN'T BUY
MORE IN AN ICR
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Regulations Thomas Calma
~tol_nn and Human Servk:••
Food and Drug AdmInistration
Office ot the Executive Director tor Regk>nal Operations
1521 West Pico Boulovord
Los Angelos. CallI. 900' 5

w. Michael Rogers
~t 01 _nn and Human Servk:.s
Food end Drug Administration
5600 FIsho<o Lane_m., Md. 20857

Acceptable
Analytical Data
for Trace
Analysis

In several important ways. the re­
cent sympClSium "ImprO\'in~ the Ana­
lytical ChcmislrylRegutotory Inter­
face," held at the National Bureau of
Standards, Oct. 19-21. 1982, was a
major milestone in the effort to come
to grips with an intriguing scientific
challenge and a public policy issue of
profound importance. This paper was
presented at the symposium to stimu­
late the analytical community to can·
sider 8 standard protocol for quanti18­
live trace analysis when no official
methods exist.

Since the publication of Rachel Car­
son's "Silent Spring" in 1962,8 verita­
ble plethora of environmentalls\\'S
have been passed by the U.S. Congress
(Tables I and 1/). This intensi"e leg;"·
lative activity has culminated in 8 dra­
matic increase in the role of analytical
chemistry in the protection of the
public health. Trace analysis has
quickly become a buzzword of the dis·
cipline. Analytical chemistry has been
elevated by the various laws to being a
fate-determining element in the for­
mulation and execution of public
health initiatives. The position of ana·
Iytical chemistry in the decision tree
of public health protection (Figure 1)
must be considered unique from sev­
eral vantage pointo (1). Clearly the
emphasis placed on trace analysis
mandates technological advancements
at 8 faster pace. Perhaps the most dis­
turbing pressures applied by this deci·
sion lree, however, are those inadver­
tently applied by toxicological studies
and risk assessment. Both these disci·
pJines frequently usc extrapolation
methodologies. The resultant "safo"
levols are often below the curront levol
of detection and, hence, not quantifi-
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All the titration capability
you need. The Mettler
DL40RC MemoTitrator.
The MemoTitrator just got new
remote control capability, improved
software, a second titration head,
an automatic sample transport
module, and a new model desig­
nation: DL40RC. This single,
improved instrument can handle
all types of titrations. It stores up
to 19 methods, performs endpoint,
equilibrium and incremental titra­
tions -links them-and prints out
results in required units.
II's an all-purpose automatic
t1trator.
Plug in the Mettler RT40 Sample
Transport peripheral and you can
do a series of up to 16 samples.
The RT40 can accept and store

up to 50 sample weights from a
connected balance.
It's a Karl Fischer t1trator.
The DL40RC has improved soft­
ware to handle the new two­
component titrants. Dual titration
heads allow you to work more
efficiently by switching from one
head to the other.
nIianitrogenandptOleInanalyzer.
You can comecta Kjeldahl/Nilrogen
Analyzer to the DL40RC to quickly
determine percent nitrogen ex protein.

The new model DL40RC Memo·
Titrator is all the titration capability
you need. For a demonstration or
more information, complete the
coupo" and send it to us.
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Mettler Instrument Corporation,
Box 71, Hightstown, NJ 08520-9944,
Phone (609) 448-3000

oSend me complete information on
the new DL40RC MemoTrtrator.

o I'd like a demonstration

Name
Company

Address

Cily

Stale Zip

Phone
(ArNCOOII I~I



Figure 1. Role of analytical chemistry in public health protection

able. Additionally, legislative pro·
cesses place a considerable burden on
analytical chemistry by continual ref·
erence to "no residue" and "appropri.
ate methods of examination." Such
pressures have forced innovative tech-

t nological ad\'ancements. but at in­
creased costs. Use of advanced tech­
nology, such as gas cMoma!AlgTaphyl
mass spectrometry (GeIMS) with var­
ious modes of ionization, has proved
highly successful. Trace analysis bas
thus involved higher levels of analyti­
cal expertise and higher instrumental
cosls (Table ill).

No mention of accuracy and preci­
sion has yet been made. Perhaps the
main reason for avoiding 8 critical dis­
cussion of these two important criteria
is that ad hoc methoda developed w
deal effectively with emergency situs-

Lions cannot be validated by interlab·
oratory testing. Apart from the delay
in gaining official method status, the
cost of conducting such 8 collaborative
study can be prohibitive. However. the
prevailing attitude that trace analyses
are more expensive (2) due to the ad­
ditional analytical testing needed to
genera~ reliability data must be bal­
anced by a coun~r argument. More
sophisticated instrumentation is usu·
aUy net.."essary to implement trace
analysis, but the high degree of speci­
ficity provided by such instrumenta·
tion should be sufficient to maintain
an acceptable degree of reliability.
Moreover, the apparent decrease in
accuracy and precision at the ppm,
ppb, and pptlevels should be tolerat­
cd by viewing tht: aCQuired data with a
different set of guidelines from that

presently employed for validated
methods.

Proposal. lor Acceptable
Analytical Da.a

The situation most frequently en·
countered in the real world is renected
in mansJ:ement's expectations that
the analytical chtmist can respond to
an immediate need by developing
methodology to quantitate t.race can·
taminants of interest.. Usually no offi·
cial met.hods exist or, if they do, the
limit of detection is frequently insuffi·
cient. In the formulotion of this set of
proposed criteria, attention was paid
to the main elements leadinK to f{encr·
alacceptance of data generated by 0

method:
• specificity,

stability and recovery dat.a,
linearity of technique,
variability,
blanks,
limit of detection.
limit of quantitation.
interferences.

• the analyst factor, and
• the laboratory environment.

The following guidelines ore offered
as a proposal in on attempt to provide
n uniform acceptable approach in the
design of nonofficial methods for trace
analysis.
• Analytical techniques employed
should be well established in the labo­
ratory performing the trace analysis.
• A calibration curve should address
at least three different concentrations
about the measurement range with at
least three measurements at each con­
centration Lo provide a coefficient of
correlation nf) less than O.9·t (As a
general principle. it is preferable to
perform more measurements ot the
lower levels and fewer at the higher
concentrations.) The concentration
range covered must include one order
of magnitude above the expected trace
level and one order of magnitude
below the trace level or at the limit of
quantitation, whichever is greater.
• Stability and recovery experiments
should be conducted in the matrix in·
volved with a minimum of two dupli.
cote spikes, i.e., at the level found and
one-tenth of the level found or at the
limit of quantitation, whichever is
greater.
• Determination of the limit of detec·
tion of the method should be per­
formed (signal-to-noise (SIN) no less
than 3:1),
• Determination of the limit of quan·
titatian of the method in the matrix
used should be performed (SIN no le.s
than 10:1),
• A blank in the matrix under study
should be performed at the level
found and at the noisc level. If p08si.
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SC'Ief'lt.teGl&SSE~ICI'l,

'"Pur.....-sl...... FMm
Jr.L~~Jr.I""1Jt..A,

lito' 109061 S6MU

Oetman 1."Dj ....... Ottkel
~,lcGla.ssE~~

F.rnc.nweg 15.
o-6108w..Iftf"S~ 1
Tel 1061501 40662

U.S.A. ....... Of6ce:
s.......lfcGtusE~n;:
ZOOT l'V_l_~ 100
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Tel 1512,831·1190

"-ad otftce:
Soenf"c Col,t,uE~ Ply llC
1~Pl.ace~

\octon.LJ1J.a~\a

Tel 103187.&·6333

STRENGTH The GLT Column IS
protected by a sleeve of stainless
steel which allows the boroSIlicate
glass lining to stand up to the
toughest laboratory conditiOns.
DURABILITY The GLT eHec·
tlvely eliminates the problem 01 col­
umn lragillty WIthout sacnflcmg
Inertness.
REPRODUCIBILITY Through
the use of consistent column pack­
Ing techniques and ngorous Quality
control procedures. a high degree
of column to column reproducibility
IS msured.
INERTNESS The GLT exhlbtts
eXlremely h.gh levels of mertness
from batch to batch ... at a level
which IS equal to the best all glass
column.

For the complete GLT story con­
tact your nearest SGE sales oHlce.

For Strength,
Durability,

Inertness and
Reproducibility

Use the New
GLT Packed Column

From SGE

Yhe New GLY"
Packed Column Has It All

The views expressed at!' those of
the authors Dnd do not necessarily re­
neel the policy of the U.S. Food and
Drug Administration.

bl., lh. malri~ .hould be free of lbe
analyle being determined.
• Specificity of identification (confir·
malion) of the measured anaJyt.e
.hould be provided by an alternate de·
terminative step where pouible, e.g.,
NMR, JR, or GCrMS. GCrMS pro­
vides the leOAl ambiguous confirma­
tion.

Such 8 sel of guidelines would en­
sure 8 priori acceptance by the analyt­
ical community for only those cases
where time was of the essence in reo
sponding to 8 contamination problem.
Often it is a disparity between govern­
ment, state. and industriallaborato­
ries that C8U5eS major hurdles in
reaching a comensus. While these pro­
posed guidelines would nol directly
answer questions regarding absolute
reliability. a quality assurance pro·
gram conducted at the data·gathering
laboratory site !houJd help give credi·
bilily 10 Ihe developed melhod. partie·
ularly if certified standards from NBS
are employed. The role of NBS as an
interested first party rather than the
repeatedly referred to "disinterested
third party" in the determination of
trace organics in various matrices
would be a step in the right direction.

The emphasis of Ihis proposal een·
ters on "occeptability" rather than
method "validation" (3). Relaxing the
strict standards imposed by a round­
robin situation is essential to under­
standing the role analytical chemistry
must play in trace analysis for public
purposes. For the record. it is dearh'
understood that other consideratio~
beyond the scientific data are some­
times included in the decision-making
process. and these guidelines should
not be construed so as to interfl'te
with legal. economic. and political as­
pects of contamination cases under
scrutiny. Howe\'er, the savings in time
and laboratory personnel to be gained
by adoption of sound yel flexible ac­
ceptance guidelines would instill
greater confidence in the analvtical
community and prevent protracted
discussions leading to misunderstand­
ing, confusion. and delayed consumer
prote<'tion.

(1) Cairns, T. "The Incrt'asro Rol~ of
~hemi5try in Toxirology," in "The Pesti·
('Ide Chemist and Modern Tnxirol~''';

ACS Symposium 160, 1981; p. 35S.
(2) Horwitz., W. "1-:\'aluation of Analytical

Methods (or Rel:ulation o( Foods and
Dr~I:' Atlol. Cht'm. 1982.,'\4.67 A.

(3) Crummett. W. B. "Guideline& (or Data
AC9,uisition and Data Qualit)' Evaluation
in Elwironmcnw.1 Chemistry," Anol.
Chem. 1980.52,2243.
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for aFREE demonstration on

Bausch If Lomb Spectrophotometers.
Spectrophotometers of proctlcal excellence

Select from fhree superior inslruments. SPECTRONIC' 70 and 88
spectrophotometers provide wavelength ranges from 325-925nm
and 8nm spectral sli!widths. SPECTRONIC 710 has 200·1 ooonm
wavelength range. 2nm spectral slitwtdth. All accept fest tubes.
multiple rectangular cuvettes. long-path cells. Accessory lIow-lhru

710

0011 fits 88.710. 70, b'll mete<. only I'M) oporoI!ng con!TOls- 88.~ reo<l·
OU! Iinoor In 'o>T. C. ond 2 ranges or A. 710. digllOl reo<louI. sllnp!ecohblO·
hon con!TOls. fACTOR 5fT bu1Ion lO Check roogeot qualily and inSlnmenI
"'!UP. GAIN SWIth lor seIec10ble sensrtMly.

8870

SPECTRONIC 21-the value line of spectrophotometers
- ..

~ .

..:.-.,.,MV_-----_ OV_----_r
Choose the best model for you and your bUdget. • Model MV-meter
reoetout visible range. Model DV-<ligilol readout viSIble range.
ModellJVO--c2igilol readout, UV·vtSlble range. VIsible range models
cover 340 to l000nm.. UVD covers 200 to lOOOnm. All provIde
norrow 1Onm spectral slitwidth. MV displays linear %1 nonlmear A.

olgllol models offer direct readout In %1. A. anC! C-plus feature 10
clleck reogent qualIty and instrument electrOniC cahbrallOn Acces­
sory sample comparlment permits multiple cuvelte and long-palll
tesflng

SPECTRONIC 20 L1QUICELL" Sampling
Accessory

SPECTRONIC 2000 UV·yls
double-beam scanning
spectrophotometer

Fe< a froo dOmOOstrOfion. coli 800-828-6967. or in New york 51010. coli
(716) 338-6423. Or wrtlo 8ausch &0 Lomb.lnSlnments &0 S>,osloms QIvI.
51on, P.O. 8ax 3807, Racheste<, New York 14810.

klneflcs. Punts test parame1ers after each fUn. Printer/recoraer
combination enables operator to easily. accurately interpret scans
and duplicate previous test conditions. Prinled messages and
audible signals advise operalor 01 Invalid commands or error
condillons. Digital display lets the operator see data as ills enlered.
Accessory p-c board conlains kinolics, repeat scan, mUlllple wove­
length-onolysis programs. RS-232-C-compatlble computer Inlerface
accessory permits 2-way digital communication/control with exter­
nal devices.

SPECTRONIC 20, Ihe warld'S mosl widely used speclraphalameler.
Over 100,000 scld. Simple, easy·t<HJse. 34D-960nm range. 20nm
speclral Slitwidfh.
UQUICEU" Sompllng AccellOty analyzes infensety colored sam·
pies without dilutian.1I0UICELL replaces standard SPECTRONIC 21
sample compartment. Consists of short-path fIowcell and dia­
phragm pump.
SPECTRONIC 2000 UV..,II double-beom ICannlng sptclrapho,
'orner" reeds in 1. A. C. 1s1 and 2nd derivative. Microprocessor
performs routine tasks under control ot operator. Built·in programs
are easily modified by aperafar 10 cusfamlze festing. LEO displays,
buill·in prlnfer and twa types of chan recorders provide full variely of
information. WKte selection 01 sample-handling occessartes avail­
able, Including micraprocosscr-confralled thermoelecfric lIowcell for

BAUSCH & LOMB (i)

CIRCl£ 27 ON REAllER SERVO; CARD

II A • ANALYTICAl CtBoISTRY, VOL 55, NO, 1, JANUARY 1983



JANUARY 1983 YMIJ_ 'l£l~~~&~~MAY'M3
ADVEJmIED PNlOUCTI: • 2 , . , . I.....".", .. 1t"e'1tCt _HI:, • • .0 .. " " .. .. It " Pfi..." .,...........,.....,.'
It It 20 21 2> 23 " 25 .. 27 " o I. HII ...e s.-"sman (.,Ill INDUSTRIAL.. 30 " 32 )3 ,.

" " 37 " " o 2. N..d Wltt'"n 6 mot. o A. AeMalchlo.v.SopmenI.0 " "
., .. " " " " .. 50 o ]. Fut",r. prOr«c:t ~B Qualr1"P,OU'•• ConUIt-

" " " .. .. " " sa " 10 II MEDICAL/HOSPITAL "., 13 .. " 10 " 10 II '0 " 72

" " " " " " " 10 II ., 13 ",omal')' ',eld 01 •• rk; LJC Run'et'llo.v.lopmenl ;.. " 10 " II 00 10 II ., 13 .. o A, Ener&1 GO CIII'''car, O'.I~ttC., 10 " II 00 '00 '0' '0' '0' '0< 'OS o 8. [nvlronmental GO"[AfiM[NT
'00 '0' ,oa ,oo ..0 m '" '" ... m ... C; E ReM.rch oe....toomenl,,, ... '" '20 '" 122 123 ". '" ... '"

o C. UedtCAl/Cllrwcal [J • R.cul.t., I"v••"""". ". '30 '" '" 132 ,,.
'" .,. '"

,,. 00 [)full TOdetne" COLLEGE, UNIVERSITY". ,.. .., .., .., ... .., ." '" ." ... o E. ForenSIC/NMCOhC
"0 .., .., '" ... m 'SO '" ... ". '10 0'· a.otechnology C G RU....rch'De...eloomeftl

'" '" '13 ... It, '10 '" '14 ". "0 '" CG ""e1.ls C H, reaCh'''1

'" '" '" '" '"~ 177 ", '" '10 "' It, C·H. Pulp PilperrWOOd INO[P[NO[NT,CQNSUlTING :

Space II' ,.. It' '10 '" '10 It' 110 '01 ,., ,., C' Ae"..rcl'l Dt"elopmettC

"' '" '10 '" II. '00 200 20' 20' 20' ,0< 0' Soap" .. Cle.ne'" ::; ) AnaI1"" Te1ollOl'0' '00 '0' ,oa ,OO 210 m '" '" ,.. '" 0) Pa,nIICo.l,nl' lnll

'" '" '"
,,.

'20 '" '" m '" '" 2>. o K. Elecl',(.~1 EI~Cfron.c

'" m '" '30 '" 232 23J ,,.
'" '" 237 o L In~I'um~nl Dev De1. c.c:u: J'" Pal,,.

'" 24O ... '"
,., ,.. '" '" '" ,..,.. '50 '51 m m ,.. '" '50 m 25' m C M. PI~!>IIC PolJ'm~"Rub~

IS '10 .., .., '13 ... '" ... .., ... ...27O o N A&rlcullu'~1 fOO(l ..-to
271 '" '" '" '" '" '" '" '" '10 '" C o. )norl~n.c C"~mlc~l~ ......meAL

'" 213 ,.. '" '" 207 '10 ... 200 :7tl '" ~: P. O,&~n,c C"~mlc,l1. .....",y

'" ... ,.. ... .., 211 ... JOO 30' 50' 303
30' 30' 301 30' 301 301 "0 '" '12 '" ,.. NAME

---~----,

Money JlEW PROOuCTS .., .., .., ... ... ... .., TITLE - -- --- ----
'0• ... "0 .11 '"

.., ". ." '" ." '" fiRM -- ------ -.,. ... 421 m ." ... ... ... '" ... ...
'30 ." m ." ... m ." ." .,. .,. "0 STRf[T.., .., .., ... .., ... .., ... ..~ '50 '"

- -- ----..,
'" ... ... ... '" ... ... coo .., ..,

CITv
~--- - - -- -- ~----.., ... ... ... .., ... ... 07' 07' '" m... '" '" '" '"

.,. coo ", .., .., ... STAT[ _______ liP
'IS ... '" ... ... '10 ." ... .., ... ...

PHONE l_ --,
~--------------------------------

This
publication
is available

in
Microform.

NEED MORE INFORMATION?

CIRCLE a key .....mber...

SEND IN the postage paid

reply carel. ••

AND GET free data on any product

advertised In this Issue..•

-~---------------------------------------------------------------~

111111

BUSINESS REPLY CARD

---NOPoSTAGE I::
NECESSARY ..

IF MAILED '
IN Tt£

. UNITED S!ATES J

FIRST ClASS Perml,273o&6 PtloIa<lolphoa. Pa

Call1bll Free
800424-6747

" ': J II", \ .. '~ ~(J I' IfI :.( I 1~ !~~, \I :

;\' 1)1 : ,I • H 1 ( ! If '111~, , ,I \. \ "r"
III Jt I111 ,!:~ '! 1\ III 1m I( Ifl,'!! ,1I;"J

111:(I(llllrl'·

AmerlUln ChemlUl' Society
11 1

/, I()tfl~lrt't'l. N\V.

W,T.,tlllllj[(JfI.{)C !(),),()

POSTAGE Will BE PAlO BY ADDRESSEE

anal'fJk:a1
chemistry

P.O. BOX #7826
PHILADELPHIA, PA 19101



Reagent
Chemicals

Sixth Edition
Now Avallablel

American Chemical Society
Specifications

AnalytJea\ chemists - update
your ,elerence shell by ordering
this Indlspenseble hendbook 01
the letest ACS specifications.

ThiS new 6th Edition has been 1m·
PIOyed and expanded. Eight new
items appear for the first lime in lhis
valuable book - among them are
three solvents especIally controlled
for use in the analysis of pesticides.
Other important new features in­
cluded in this new edilion are assay
limits and tests which have been es·
tablished to dellne most of the hy­
drates for which monographs cur­
rently exist. The section on Defini­
tions. Procedures. and Siandards
has also been extens;vely expanded
to include many of the general pro­
cedures used in monograph tests.

Fulure supplements will be sent free
to purchasers of (his book.
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SEND FORTIllS FREE
BOOKLET WHEN YOU DON'T HAVE

TIMEmEXPERIMENT.
If you're going to

perform chromatog­
raphy, we may be
able to save you time,
It's probably already
been done with Florisil.

Just send for this free
8O-page chromatography'
bibliography from Floridin,
Find out how Florisil has
been used to solve tough
separation in column or
thin layer chromatography,

The new bibliography
includes Florisil's chemical
composition, physical prop­
erties and adsorptivity, along
with a lengthy list of chro­
matograpny procedures
performed With Florisil , , .

ClRCl£ as ON READER SERVICE CARD

on everything from Alka­
loids to Thiosteroids,

For chromatography.
consider Florisil. and
send for this free biblio­
graphy. They both can
save you time and money.

Write Floridin Company;
Department A-1; Three
Penn Center; Pittsburgh,
PA 15235.
Or call: (412) 243-7500.
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New PIoducts

-.'
-.aHPI.~_w.... SJIl_ provides organJc$-free, type Ir_t~ wat... on d&­
mend. Based on~ _ c:twomIlIol18l> at boIh 254- end 214-fwnW_
nIs consistently _ in organics 1han even bottled tRe.v- water. Designed aspecially
for critical tRC, nIs also IdoaI for ion chrornat~,gaphna oven AA spectrometry, and
01har critical trace anaIytIcaIlns1nJmentalion. Mlllipore 403

Electrofocusing

Immoblllne System replaces conven­
tional carrier ampholytes with Immobil­
Ized pH gradients when bulfering
group. are covalently bound to the
backbone of a polyacrylamide gel.
Eleetrolocusing can be performed
In ultranarrow gradients down to as little
as 0.01 pH units/em. Low power re­
quirements allow gets 4-5 mm thick to
be run lor preparation 01 samples up to
loomg.LKB 411

Mlcro-Centrlfuge

Model 235A Micro-Centrlfuge's angled
aluminum head accepts up to 16
l,5-ml sample tubes directly, A unlyer-

with a simple isocratlc elution, and no
sample preparation Is required. Blo-Rad

408

Rotary Evaporator

Rotavapor Model R-151 is a bench-top
rotary evaporator with standard 10-l
evaporating and receiving llasks for
evaporating volumes ot 10, 20, 30, or
more mars. Features Include electroni­
cally controlled water bath with over­
temperature safety device, variable
speed (10-140 rpm) sparkless induc­
tion motor, and high solvent t1voughput.
Brinkmann Instruments Co. 410

Organic Base Analysis Column

HPlC collmn. packed with a hig>-par­
formance anion exchange resin In the
sulfate form, quantitates such 18fTn8n­
tation by-products as drugs, aromatic
amInes, and alkyl arnlnes. nis used

RIA System

NEl620 RIA CowltinglC<lnl>utalion
System conslsts 01 a llkletaetor multi­
well 00UIIler. 48K RAM programmable
~.1Ioppydisc. video dis­
play. and last bldirectlonaIline printer.
At l-m1n C<UIllng lima, the system is
capable 01 processing nearly 1000
~ InltiaI software package in­
_ provision lor more than 10 dll-
larent RIA data treatments, CU"Ve plot­
ting and~. statistical quality
control. and 16 different statistical data
treatments. INIUS Service Corp. 424

IR Training Program

The training program IR-l0l, "PrIncI­
ples of III Ouantltative Analysis," is
avaJlable in either slide-tape or vide0­
tape format. ndescribes a systematic
approach to performing quantitative
analysis in solution and diseusses mea­
...._ 8fTors and theit' effects on
preclsion and aCCllllCY. Municomp<>­
nant determinations are illustrated with
the analysis of a five-component mix-
hre. Savant 408

llIPVoOADS NO__-.. cotrbl_. modem microscope photomatar MPV:
COrnpacl wI1h. ~eooIuIion,color"9"'Phics computar with 64K RAM plus 48K color RAM,
_Itopplea, matrix printer. full ASCI 1 kayboatd, and 30 fl.WlCllon keys. scanning data are
acquired. atorad, and cIlsplayad In raallirne; the ~esoIutJon '"- in els1U colora and the
hIatc9'arn are diapIayad aImJItanaouaIy, E. leitz, inc. 401
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Improved PAH Column VIt.mln OS
Alpha and
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New Products

1400 _lNfVISSpecV~combine hlgl throug,put and doublo-beam optlco
wtIh an operator~. Tho opUcal systems of the aeries have hoI<vaphlcally ruIod gratings
and~ity phoIomuIlIpIlors thel produce a apoctraJ rango from 195-900 nm. A digital
intar1ace gIvoa the mlctoproceoaor oontrol OVfK the optlca. allautomalod f..I..... and displays.
IBM 404

Muttlprobe 600 combines seaming e'ectron and scanning Auger microanalysis capabilities
In an optinun COOf9X'ation. The heart of the Instnment is 8 vertk:aUy~ed electron optical
cok.nWl that indudes a Iarge-diameter cytinli"ic:aI-tTWTc:w" electron energy analyzer and lntegaJ.
coaxlal ektctron gul. The gU'l incorporates 8 higl brtg'ltnoss LaB em.Iner and electromagnetic
focusing. Accewating voltage is variable from 1 to 25 kV. PeridrK::lmer ~05

dard. An Xl0 horizontal-sweep magni­
fier increases the maximum sweep rate
of 20 ns per division. Sollee Corp. 41i

UV Source

Enhanced UV source consists of a solar
simulator with a dictvoic mirror that se­
lectively reflects the UV radiation and
transmits most of the unwanted visible
and IR radiation. Ills available In 30G­
and 100G-W versions along with output
beam sizes of 2. 4, 6. and 8 In. square.
Oriel Corp. 420

Variable Wavelength Detector

Model LC-85B UV/VIS Detecto< fo< LC
provides reduced LC bandwidth made
possible by a new flow ceil design. The
LC bandwidth with an optional 1.4 ilL
flow call Is typically only 5 ilL. An 8 ilL
flow callis standard. Par1<In-Elmer 422

GPC/SEC Columns

to permit air delivery to remote loca­
tions up to 10 It without k>ss 01 eHicien­
cy. FTS Syslems Inc. 417

Packed with cross-linked styrene/divj­
nylbenzene gels in both 5- and lG-llm
gel sizes. a line of GPC/SEC COhJtTVlS is
available thai covers a broad molecular
weight range. These columns are used
extensively to characterize oils. resins.
polymers. rubbers, and polyethylenes
and for quality control of p<oduC1s c0n­
taining these substances. IBM 418

Dual Trace Oscilloscope

Model 530 Oscilloscope has an acce~

eration potential of 6 kV for bright
traces and a jlnerless circuit for a clear
signal. A 6-in.-square CRT with internal
graticule and scale illumination Is stan-

Computer Interface pH Meters

Models 501 and 517 pH meters, which
also measure mV, have parallel BCD
and serial RS232 ports and a large digi­
tal lED panel display. The addressable
serial port can interface up to lOme--­
ters. A software package is offered for
use with the HP Model 86 Microcompt>­
tar to implement sampling a series of
meters. Eco Instruments 414

sal ac motor drives the head directly.
with acceleration to 13750 rpm in lass
than 6 s. The screwdriver speed adjust.
ment permits in-lab calibnltion (using
an a<X:eSSOfy tachomeler) to meel fed­
eral requirements. Fisher Scientific Co.

412

Gamma Counter

Auto-Gamma 5780 pipeltor-<:ompatible
system holds up to 66 tip-proof. cantri­
fugeable cassettes and 8 maximum of
792 test tubes in sizes from 10 to 16.7
mrn diameter and 50 to 100 mrn tall.
Feaued are the PrioSTAT manual
sample loader and program selectors
attached to cassettes to automatically
call multiuser protocols from the micro­
computer memory when desired. Uniled
Technologies Packard 413

Bioluminescence

Model 2055 toxicity analyzer system.
Microtox. is a screening tool to deter­
mine the presence of toxic materials in
a variety of samples that range from
rinse water to hazardous spills. Instru­
ment operation is based on mea.slI'ing
the influence of toxicants on the light
output of a special strain of lumines-
cant baC1eria. Beckman 415

Water Analysis System

SMies 952-AO Aqua Analyzer 2 Sys­
tem permits more than 65 of the most
Important water tests to be performed
even by untrained personnel. All tests
are based on officially approved proce­
dures. Only smali volumes of reagents
are required. and many tests take tess
than one minuta. Hellige, Inc. 416

Temperature Controller for
Crystal Structure Analysis

Air-Stream System offers a directed air
stream of 1 SCFM controllable over the
range of -85°C to +100 °C. It Is. use­
ful for routine crystal struC1ure analysis
slnca ft can be used for specimen tem­
perature control for Investigations in
X....ay diffraC1ion, NMR, ESR, optical mi­
croscopy. and IR dlffraC1ion. It has a
mechanically refrigerated delivery line
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Mead CompuChem~
the nation's largest, most
experienced gas chromatogra­
phy/mass spectrometry
(GCIMS) laboratory offers you
trace level analysis for:

• Hazardous Waste
• Priority Pollutants
• Toxicology
• Organics In Air
• Quality Control
• Product Evaluation

Two laboratories in Research
Triangle Park, N.C. and Cary.
Illinois (Chicago) provide you
with rapid data turnaround
and lower cost because of high
capacity and specialization.

Organic and inorganic
analyses are performed on a
variety of matrices and a strict
Quality Assurance Program

• ensures the highest quality
data available.

For more information on
how we can meet your specific
analytical requirements. please
call our toll-free number:
\-800-334-8525.

CIRClE , •• ON READER SERVICE CARD
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For full details on the versatile
# 1899 or any 01 our specific 10
kits, contact Donna at Koslow
Scientific Company. 75 Gorge
Road. Edgewater, NJ 07020
(201) 941-4484

IDENTIFY 98%
OF THE
MOST

COMMONLY
USED ME'mLS

Identify virtually any alloy
commonly used by man - steels.
nickel alloys. bronzes. aluminum
alloys. plated metal coatings­
with the Koslow 81899 Alloy 10
Kit. You obtain resulls ..
ON SITE. This 10·lb. lab·in·a·
suitcase can be carried to the
mill. stockroom. warehouse.
machine shop. QA lab, construc·
tion site. scrap heap. Anywhere
metals are used. You no longer
have 10 take your sample to the
lab. It's now easier to carry Ihe
lab to your work.
QUICKLY. Identification by
chemical spot testing can be
done in less than a minute per
element. On raw stock. Finished
parts. On scrap headed for
recycling. And the results are
positive ahd unaffected by the
shape, size or physical condi·
tion of the metal.
EASILY. Comprehensive, step·by·
step instructIons are easy to
follow, Kit materials are clearly
identified. Even a non·technical
beginner can learn to use the
81899 Kit In Just a lew hours.
INEXPENSIVELY. The #1899 con·
tains sufficient maferials for
literally hundreds of tests at just
pennies per les\. It is the most
cost/elfective metal alloy iden·
tification kit available anywhere.

For more Information on listed lIems,
cltcle the appropriate numbera on one
01 our Reader,' service Cards

Soft Agarose

SeaPrep ultralowij8l1ing/remelt-temp­
erature agarose has been formulated
for cloning murine hybridoma cells,
general celt culture/celt electrophore­
sis, sol electrophoresis/centrifugation,
and embedding medium for single celts
in electron microscopy. Solutions re­
main liquid 3t room temperature, but
gef when cooled to =" 15°C (concentra­
tion dependent). FMC Corp. 427

7000 s.n.. On-Uno N• .,~R Equlpmont
provides precise nondestructive measu-emeot
of such constituents as moisture. protein, oil,
and fiber in intermittent or continuous Pf"oduct
streams. The sensor is positioned on-line and
connected 10 a control module that can be
located up to 2000 h away. Hi{flliquids. htgh
oils, and true liquids can be analyZed in true
transmisskln with NlR. Pacific Scientific 402

Chemicals

IOOine-125

Sodium iodide- 1251 is ideal for use in
protein iodination proceoses. The radio­
purity of this product is >99.9%. and it
contains less than 0.05% 12ti1. Specific
activity is approximately 17 Cilmg io­
dine with no carrier added. Research
Products International Corp. 425

New Proctucts

Nitrogen Analyzer

System i07C Chemiluminescent Ana­
lyzer will determine total nitrogen in
solids. liquids. and gases containing
50 ppb to 5% nitrogen. Analysis time is
1 min for liquids and gases and up to
10 min for solids. Antek Instruments,
Inc. 421

Your liquid chromatography
system deserves the detector
that will do justice to your
separation. The Coulochem
dual electrode electro­
chemical detector will
provide high selectivity,
greater sensitivity, and
improved stability for your
biological and pharmaceutical
separations. Consider:

• Greater sensitivity through
unique coulometric design
which allows the detector
to react with virtually
100% of the sample.

• High selectivity achieved
through the use of dual
electrodes which eliminate
mobile phase contamin­
ants to pennit interfer­
ence-free measurement of
the compound of interest

• Improved stability with uni­
que patented cell design
which pennits rapid equal­
ibration, fast set up, low
malntenance, and superior
reproducibility.

Get all the facts today. Gall
(617-275-0100) or write for our
new Coulochem brochure
and application notes
describing separations of
interest to you.

~ 45 Wiggins Avenue
Bedford, Mass. 01730

With the Coulochem™
Electrochemical Detector

Detect
Picogram
Levels

~~--~
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Manufacturers'
Literature

Analyst. June 1982 issue featIXes ar1~

cles on X~y tubes. software. lab XRF.
microanalysis. and industrial systems.
15 pp. Kevex Corp. 430

AutOSlllllP*. Booklet describes the
ISIS Aut~ler. which automates
sample introduction for AA or flame
photometers. ISIS can collect fractions
prior to sample transfer and can control
accessory equipmen~ such as pump.
diluter/dispenser. or valve. for simpie
processing of samples. nholds up to
114 samples in less than "I. sq It of
bench space. 7 pp. Isco, Inc. 431

LC Detector. Booklet desaibes the 0p­
tical and electronic design featll'es of
the V· variable-wavelength LC defector.
which extend the deuterium lamp life
over 10 times its factory rating. Front
pane! controls select deuterium ort~
sten4<rypton lamp. 7 pp. Isco. Inc. 432

Lab Automation System. Publication
5953-1623 describes the computer
system capabifities and peripherals
available with the IF 3350 series lab
automation systems. FeatIXes such as
expanded memory capability and sys­
tem sect.l'ity are discussed. The system
is operational with HP's new computer
languages. FORTRAN 77......CRO/l000.
and GRAPHICS/l00011. 12 pp. Hewlen-
Packard 433

Remole-Control Refrigerated Clrcula­
tora. Bulletin PB-3228 describes MoG­
els KTC-2 and KTC-4. which consist of
a solid-state remote-control module
coupled to a modified Lauds K-2/R or
K-4/R refrigerated circulator. 4 pp.
Brinkmann InslrlXnents Co. 434

NaIK Analyzer. BrochlXe desalbes the
Model 1020 Na/K Analyzer. Revised
specifications are shown. as well as
new displays. The line- and banery-op­
erated Instrument measIXes sodium and
potasslLl1l In a lDO-lll sample of whole
blood. senm, or plasma In 50 s. and In
a 40D-l'l diluted sample of IXlne In
65 s. 6 pp. Orion 435

ludman Parallelism Interferometar.
BrochlXe describes the Model LPI­
220P. which can interferometrically de­
termine the parallelism and flatness 01
two polished slXfaces. such as silicon
wafers, germanium windows. and laser
scan mirrors. by a real-time noncontact
method. 4 pp. Space Optics Research
Labs 436

BIo-RIKI~tlons.September 1982 issue
feables articles on protein assay 10f'
collagen. HPLC fatty acids analysis, a
DNA electro-blot membrane, ion ex­
change sample preparation. and HPLC
theophylline monitoring. 8 pp. Bio-Red
Labs 438

OI>-Sfta 011~ MonItoring. Ap­
plication note desaibes the Model 10
field fluorometer for use on small boats
near shore and on larger vessels In­
volved in offshore wor1<. The 12-V de
fluorometer Is filled with 011 detection
accessories. 11 pp. TlXneT Designs

439

~ws & Not.. frN 1M AlWyA. October
1982 issue contains solutions to lab
analysis problems, update of EPA reg...
lations. applications, new product inlor­
mation, time- and money-saving tips,
and featIXes an article concerning 2.2'­
bicinchoninlc acid, a compound used in
the determination of trace amounts of
copper in ores. metals. and other sub-
stances. 24 pp. Hach Co. «0

NMR. BrochlXe diso.JSSes a researcl>­
grade FT-Nt.4l System and associated
software from an applications stand­
point. FeatIXes such as the operator
console. magnet and probe assembly,
and data system are desalbed. 12 pp.
Nicolet 441

Muftlmelara. BrochlXe desalbes the
Series 7000 Digital Multimeters line.
Hancf1e1d models with 3- 'I,.<Ilgit resol,,"
tlon, 4- 'I,.<Iig~ bench InsfrLl1lents, 5­
'I,.<Iiglt ATE units, and accessories are
presented with specifications. 20 pp.
Weston Instruments 442

Catalogs

High-PurIty Materlal.. Catalog lists
over 2300 products and Is divided into
four sections: compounds, pIXe ele­
ments. technical and miscellaneous.
and formula index. 320 pp. Aesar 445

Chromatography. Catalog featIXes
polar fuseG-silica capillaries, bonded
FSOTs. FSOT columns, tuned FSOTs.
and capillary connections and ferrules.
11 pp. Alltech Associates 446

Chromatography. Catalog includes col­
lrnIlS, phases. and accessories for cap­
Illary gas clYornatogrephy and lC.
« pp. Clvompack 448

Gsa Standarcla. Gases and gas mix­
tIXes are offered in disposable cylin­
ders, glass flasks. and rental cylinders.
Tables provloa dimensions and ordering
information. 16 pp. Cryogenic Rare Gas
Labs 449

SCIntillation Product•• The range of
products described Includss liquid scln­
tillatOfS. premixed concentrates, scr
lutes and preblended solutes. solvents.
Incorporation aids. speclany scintillator
products. vials. and standards for count­
ers. 24 pp. Koch-llght Labs 450

lC. Catalog offers descriptions of lC
supplies. Including lsocratic and gradi­
ent HPLC systems, columns. precol­
"","s, pacl<lngs. high- and low-pres­
slIe components. solvents, filters, sy­
ringes. pipets. pumps, detectors, re­
corders. column heaters, and accesso­
ries. 168 pp. Ralnln Instrument Co. 454

For mora 1nI000maiion on tilted ltama,
eltelathe approprlata numbsr. on ana
of our Ra_.' llervlu Carda
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Howto
switchHPLC
columns
using valves.

Different analyses sometimes
use different columns. But even
when the same column can
handle more Ihan one kind of
sample. many chemists dedicate
a column 10 each analysIs This
prolongs column tile. reduces
Interferences. and eliminates
eqUilibration delays.

Rheodyne's Technical Notes 4
tells how to use SWJlchlng valves
to connect as many as frve columns
to a chromatograph. Any column
can be selected. while the off·line
columns remain sealed at each
end. The effect on resolution is
shown to be negligible In
most cases.

send forTeeh Note #4
For the well· illustrated tech note.

contact Rheodyne. Inc.. PO. Box
996. Cotati. California 94928.
U.S.A. Phone (707) 664·9050.

5SR
AHEOD!lNE

THE LC CONNECTION COMPANY
CIICl£ ,aa ON READER SERVICE CARD
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1983 International
Symposium on
LCEC and VoltarnrnetIy
May 15·17. 1983
Indianapolis
'Nith emphasis 00 trllC'e detCf'TT"linlllio in
e",;~laI and induslriaJ sompIes.
p/lormoceuticll rroecharustic ele<:troch<misl1y.
and new tedlnology.

Liquid Chromatography/Electrochemist
Cyc6c VoIlammelJy and ASV
LCEC Derivatizalion Techniques
Multiple Electrode Detectors
New Electrode Materials
Chemically Modified EJectrodes
Priority Pollutants
Pesticides
Forensic Analysis
Phannaceuticals
Enzyme Activity Assays
Food Additives

for more infOfTMOOn me or caD:
1983 LCEC S)mposium
P.O. Bo>< 2206
west Lafayette. IN 47906 (USA)
(317) 463-2505
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ANALYTlCAL CHEMISTRY. VOL 55. NO.1. ,JAH.JA1lY 1883 •••



Ale Interface
Edited by Raymond E. Dessy

Laboratory Information Management Systems:
Part I

It ail starts with a datum point de­
rived from 8 microprocessor*con·
trolled smart instrument. It is joined
by other data from automated GC,
Le, mass spectrometer. and infrared
instruments to form 8 small data
stream. This merges with related data
streams created by ICP and AA facili­
ties, as well as manual test methods.
Emerging from the laboratory is a tor·
rent of data that threatens to engulf
the laboratory technician and man·
ager.

The previous paiT of articles in the
NC INTERFACE series (Anal. Chern.
1982,54, 1167-84 A and 1295-1306 A)
dealt witb local area networks (LANs),
the conduits by which instruments.
computers, and terminals can syner­
gistically interact w channel data
flow. Intimately related w tbis hard­
ware technology is the software-domi·
nated area of laboratory information
management systems (LIMS). To­
gether they are providing the tools w
barness these data more effectively.

L1MS are the subject of the present
pair of articles. This article is 8 tutor·
iaI dealing witb the nature of L1MS,
·wby they are needed, and bow they
are implemented. The second article
wiu feature capsule reports from sev­
eral different types of analyticallabo­
catories, each presenting 8 different
solution w the L1MS problem.

Information management systems
involve some of the most complex
software in existence. However, there
is no excuse for the poor communica­
tion that exists between the end users
of these systems, tbe programmers
wbo create such systems, and the ven­
dors who sell the developed products.
The typicallaborat.ory manager, al­
ready inundated by a flood of data

and frustrated by legal and profit im­
peratives, is being smothered by jar­
gon like a torpedoed sailor under a
blanket of oil. In an attempt to under­
stand what system should be imple­
mented in the lab. the user chokes on
a stream of acronyms such as ISAM or
PSAM. He or she cannot see through
the films of schema definitions and
cannot hear because of competitive
system \'endors shouting "B-tree:'
"plex," "hierarcby," and "relational."

An information management sys­
tem is logical and highly structured.
One suspects tbe obfuscation may be
deliberate. nata General couches its
business-oriented package (CEO) in
terms of swring data electronically in
"folders," "drawers," and "cabinets."
Deletion of data is described in terms
of "waste baskets" (material thrown in
them can be recovered) and "shred­
ders" (terminal destruction). The
Xerox STAR video terminal actually
displays replicas of documents, file
folders, nod drawers on the users'
"electronic desk wp." It should thus
be possible w describe LIMS concepts
in t.!rms familiar w the analytical
chemisL However, before exploring
that realm, let us become convinced
that we need the technology.

What Does a UMS Do?

It is possible w list the activities for
which machine a.ssistance would be
useful from the time of sample entry
into the analytical laborawry w the
time of sample release.

Log-in procedures bind the sample's
identity and analysis requirements
with a number that will aid in retriev­
ing information about the sample
(Figure 1). These sample numbers can

be printed automatically on labels
that also provide more human-orient­
ed data about the sample and that aid
in distribution of the sample through­
out the laboratory (Figure 2). Since al­
iquoting is common, multiple copies of
the label can be produced by a
printer/plotter attached to the com­
puter. Bar-coded labels can be printed
and affixed, or preprinted bar-code la­
bels can be purchased. Figure 3 shows
how the vertical bars encode numbers.
Labeling and bar-code identification
techniques are often among the most
beneficial aspects of an information
management system since identifica­
tion errors are drastically reduced,

As each day's samples are logged in,
it is possible for a LlMS to prepare re­
ceipts for the submitter, indicating
due date and estimated cost, and work
lists (Figure 4), indicating 8 reason­
able sample load and sample sequence
for a given instrument. Nominal anal­
ysis times ensur.e that operators and
instruments will not be overloaded.
Even sample delivery lists can be gen­
erated. The work lists can then indi­
cate sample location (cold room, test­
ing rack, etc.) to expedite access. Real­
istic systems permit establishment of
sample priorities to accommodate
items that must be expedited.

The data from each analysis. as it is
performt:d, can be captured electroni­
cally or entered manually from 0 video
t.!rminal. Computer-generated printed
forms may be provided, each analyst
filling them in and passing them w
terminal operators for entry. Or video
terminals can be made available to an­
alysts for their personal entry of data.
With such manual data entry it is im­
portant that the keystrokes required
be minimal ond user-cordial. Video-
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Figure 1. Analysis request form for a LIMS Figure 2. ~er-generated .......,Ie label (adapted from Radian·s SAM)

displayed forms with hi~hli~hted

areus for dnt.u rnlry Io<'atiuns are one
vioble approach (~';ig:ure 5). A menu or
list tu prompt the operator is another.
Baf·code readers associated with the
intelligent instrument or terminal may
be used to identify thr sample. The
ul1ulyst Dnd the analysis hr or she is
performin~ cun be recorded the same
.....ay. imprmoinf,: the ergonomics.

Hange information on normullimils
permits the operator to b€' alerted if
results nre nbnormnl. The alert can be
overridden if the 0l>cralur suspects nn
unusual sample. Or the procedurr may
be rerun if an !Utalyt ical error is sus­
pected. These editing steps un,' essrn·
tinl to keep erroneous data out of the
data ba.e. Once there, it will be almost
impossible to expunge it from the
system.

Along with the data. the analyst
may enter free-form comments that
moy be useful to the requester. Privi·
leged comments may be added that
will appear only on internal laboratory
reportti.

The laboratory manager can request
uperatiuns information about a sam·
pll" at ony point while it is bein~ test­
pd. Submission dates and completion
dat('s are available'. This sample track·
ing includes statistirnl information on
all samplE'S submitted. in-test and
completed. as well as backlog profiles
(Figure 6). Such operational informa­
tion can be brokt:'n down into instru­
ment. analysis type, sample type. op­
erator. or any othf'r cntt-gory that is
menningful in running the facility.

Although cad, analysis ('srrif'S with
it the nume of the analyst llerforming
the test and the instrument used to
('arry out the work, it is important to
hove one J>('rson authorize- the release
of the total dow, st't associated with a
sinl-:"Ie sample. It may be ad\'isable to
resubmit samples when normal ran~es
hove 0ei.>11 eXC'f'edt>d or results from
different analytical methods suggest
further work, it has become (,.'Ommon
to include audit troil features in labo·
rotory data manogement systems that
keep track of what alterations have

been made, when. and b,· whom. This
pt>rmits legitimate changes to be
made. but makes it possible to retrace
the alteration steps if legal or scientif·
ic mandates O("('Ul.

Many firms ha"e- found it inappro­
priate to release fragmented analytical
data (sometimes e"en to the request­
e-r). It is too easy to jump to improper
conclusions from incomplete a.na..Iyses
or to bias future work. Thus the access
control to the "arious levels of infor­
mation needs to be carefull\' consid­
ered. IVlao has aecess to u·laat data or
information u'hen'? Pa."5words or locks
on data structures can easily define 110

access. or read. Crt'olt·. or modify sta­
tus for individual users.

A well-designed system will back up
(record an entire ropy of its data) at
appropriate points. so the system can
be restored if failures occur. These
copies should be kept in safe plact!S
alA'ay from the computer area. The
most careful installations have backup
copies stored at a different geographi­
cal site.
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Flgwe 3. Bar-<:ode
A bIr-«de is. set of Ulin bin lhal represent binary ones. end spaces that represent blirlI')' zeros. A
series of Ihese Is used to encode.~~.Each ruT'tler is ......essed as seven~ and/or
spaces. There are a1x digits expressed to the r~ ot • center guard speoe end sO. to the left 01 the
guIWd apace. DigIts to the len 01 center begin with a binary zero"'" end with. one. To the r~ 01 cen­
ter they begin wiIh. one end end with. zero. The tNw<Ode aequenc::es used to express the same c:tw.
aeter tor~ end len of the center guard are the c:ornpIoment of each other. An OPllca! wand may read
from ehhef direction. the anac:tlod~ determining the di'ection 01 the rrovement trom 1he
sc:amod pettem. The bits.-e then intefpreted as .... Arabic: fU'rt)er. The 'as! diQit to 1he riglt is. c:heck
am 10 confirm !hit the OCher 11 ciglts have been reed CCltTec;:Uy. tf 1he cak:ulated value ard the read
value for O'a digiI cisIO'"ee..... error is ItW'lCU'lCed at tho reader

o

Archh';ng refe", to the 10ng-lA!rm,
off-line storage of data and is a sepa­
rate function. It may be desirable to
store onJy condensed information
(peak area) rather than raw data in an
on-line disk to conserve space. How­
ever, the raw data can be 'archived for
subsequent retrieval by storing it on
magnetic tape. Alternatively, once a
report has been generated. only sam­
ple number and identity information
might be maintained on-line. all
chemical information being archived.
In some systems, once a report is gen·
erated, the entire data set associated
with a sample is archived. Each labo­
ratory has ita own use pattern for
data.

The most important aspect of a
LIMS is the report generation facili­
ties it provides (Figure 7). Without a
combined LANILIMS the analyst is
doomed to become an error-prone, ex­
pensive secretary I copying data from
one place to another. A well-designed
LIMS provides a report program gen­
erator to allow the user to prepare
programs that generate properly for­
matted data and text. Page headings.
column headings, and columnar data
formatting should be possible with a
short leaming curve to master the lan­
guage elementa involved. Word pro­
cessing (text preparation) and list pro­
cessing (sort, merge, and select) capa­
bilities are built in. A math package
allows the user to calculate intermedi­
ate and fmal values from stored raw
data.

Some laba, and all quality assurance
programs, require the presence of a
higher levelstatistico and graphics

package. This permits the quality as·
surance ma.IUiger to use data from
spiked samples and standards placed
in the analysis stream to e\'aluate
trends due to instruments, reagents,
or penonnel. With this as a base, de­
veloping trends in raw materials, in­
termediates, or producta can be ascer­
tained and the statistical results pre­
sented in various graphic styles. Sim­
ple modeling programs aid this goal,
allowing data to be fit to mathemati­
cal models.

What Operations Should Your UMS
Perform?

All of the above is possihle with ex­
isting software packages. Some are in­
expensive and can be used hy the in­
terested analytical chemist with mini­
mal training. Othe", require extensive
hardware, expensive software, and
data management penonnel to coordi­
nate activities. The proper choice re­
quires a clear unde",tanding of the
problema. This is where most labora­
tories faU. Some binary-type questions
may help clarify the point:
• Do you need an operations informa­
tion and/or chemical data manage­
ment system? Operations information
deals with sample input, output, and
backlog. It is the information needed
to control the day-to-day operation of
the laboratory_ There is no need to
carry analytical data along. This
simplifies the data set involved and
makes searching f..ter. Since updat­
ing operations management systems is
much faster than adding to chemical
data management systema some LIMS
choose to update the latter by creating

transaction files during the day and
updating overnight, This presumes
that instantaneous access to com·
pleted data is not ne<:essary. Other
laboratories demand concurrent
updates.
• Do you require storage of analytical
results or data? Some laboratories reo
quire ra\\', or nearly raw, data to be
available I:lt. all times. Others require
only condensed information derivoble
from the data. The latter reduces stor­
age requirements ond search times for
the system. The complexity and cost
of the dat.a management system are
lowered.
• Do you need to store prOCEdures or
analyses? Many production facilities
and quality conlrol1aboratories need
to store and update the procedures
and tolerances they use for accep- .
tance/release of material. As limits on
incoming or outgoing chemicals or
goods change because of supplier nuc·
tuations. changes in regulations, or in­
ternal conditions, it is \'ital to keep
track of these and associate the
changes with alot number.
• Are you involved with production,
quality control. or research and devel­
opment? The production environment
is quite different from the R&D labo­
ratory. In production, preset series of
analyses are performed on hatches of
samples. Often the testa must be con­
ducted repeatedly over long time peri­
ods. Sample entry into the system
may need to be menu driven to match
personnel capabilities. Automatic
prompting is mandatory in time·
scheduled reanalysis. Often the obser­
vations made on samples should be
entered using menu selections to
match the limited spectrum of allowed
entries. The associated retrieval, ala·
tistics, and security elemen18 must be
well developed to meet the demands
that will be made on the system for
f1SC8l or legal reasons.
• Is detection or prevention of quality
faHure important? In some instances
it is enough to detect that a product
has failed. In othe", it is important to
prevent 8 failure. Predictive capabili·
ties are much more difficult to build
into a system. They are a goal that will
become more common as managers
unde",tand the use of compute", and
have access to proper modeling pro'
grams.
o Is it anticipated that changes will
occur in how the data is acceased?
Some data management systems per­
mit only questions of the data that
were envissged as the data base was
created. Othe", permit changes. There
are important price/speed tradeoffs as
the nexibility of a system increases.
o Is user cordiality (ease of use) or
system capahility important? Unfor­
tunately these features are oftan in­
versely related.
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How To Uncover
The Hidden Costs

Of Chrommograph¥

Do you realize how much lower-purity HPLC
solvenls mighl be costing you? Consider
the frequenl consequences.

Avoid the hidden costs.
Swilch 10 B8cJ Brand
High Purity Solvents.

IIii" IBURDICK&JACKSON
• lABORA1ORIES,INC.

Sure, less pure solvents might be cheaper.
But why jeopardize your chromatography
results when you use them? In the long
run. lower purity solvents can cost you
more because of their inconsistent quality.
Compare for yourself. If you're currently
using lower purity HPlC solvents, try the
highest purity solvents - B&J Brand.
You'lI notice the difference right away.
Then do this. Figure out your cost-benefit
equation for HPlC chromatography. The
answer will be pure and simple. For lower
costs and better results, it's B&J Brand
High Purity HPlC Solvents.
Write or call today for a free technical
bulletin about B&J Brand High Purity HPlC
Solvents. We'lI also send you our distributor
listing so you can conveniently order B&J
Brand Solvents from a distributor near you.

1tS35cu1h~SIrMt.~~~~~

CIlCl.£ 22 ON R£ADER SERVICE CARD

• The cost to repeat separation proce­
dures because of solvent artifacts - this
wastes analytical labor and valuable
instrument time.
• The cost to regenerate a water deacti­
vated column - this causes instrument
"down-time" which requires additional
chromatographs to perform the same
amount of work.
• The cost to wash off a residue-laden
column - the residue decreases column
efficiency.
• The cost of replacing columns, filters
and check valves clogged with particles ­
this can increase cost from $200-800.
• The cost of isolating residue from pre­
parative peaks - this may cause additional
intermediary separations to remove
unwanted contaminants.
• The cost of maintaining an additional
inventory of several "grades" of purity
(HPlC, GC, Spectro, etc.) - the quality of
high purity solvents deteriorates while
on a shelf.
• The cost to frequently evaluate the less
uniform solvents - this diverts attention
away from productive analytical time.
Avoid these "hidden costs" and time­
consuming effects from using lower purity
solvents. Switch to B&J Brand High Purity
Solvents. Because, when it comes to cost
and performance. there's no comparison.
B&J Brand is your best value.
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figure 4. Instrument Wllfk list

figure 6. Typical operations report menus (adapted from Per­
kin-Elmer's L1M5-2000)

figure 5. Vldeo-<lisplayed lorm with hiljllighted area lor data
entry

..........REI'OfIl"FaM

3tloa ~ wqu..EJeEAG
~ PROJECT' 5010
PETERSEN PHONE IIZl ORE. 1a282

......"IST-

Figure 7. Chemical data report

• Is update of the data structure im·
portant, or is speed of retrieval vital?
Unfortunately these features are al­
ways inversely related.

, How Do L1MS Store Data?

Faced with these questions and the
need for a viable system the laboraw­
ry manager is confronted with two
massive structures: the vendors of
hardware and software and his or her
own corporate computing center. The
best defense is a working vocabulary.

The concepts in data swrage resem­
ble methods traditionally used on the

printed page to store and retrieve in­
formation. Samples are submitted
along with 8 form similar to that
shown in Figure J. The individual
tests requested produce data with a
structure specific to each method.
Classical data storage involving work
sheets in drawers or cabinets and se·
quenced by analytical method. sample
number, date, or project number is
being replaced by electronic swrage
on disk (Figure 8).

How can 8uch data be stored and re­
trieved? Separate records could be
kept for each analysis type. This ap·

prosch is represented by the video dis·
play screens in Figure 9. The bench
chemist sees data in this format. To
prepare a (('porl of data specHicnlly
related to sample 317-5 the separate
records can be pulled and results
merged. Alternatively, u single file 011

n sample could be kept; printing- 11 rc·
port would entail pulling only that
sample's file. That seems simpler. But
suppose product.ion asked if data were
available on trends in heavy metal
content, using Jell, for nil tiumplcs us­
sociated with a certain project. Or
suppose complaints were received
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Figure e. Classical dew storage In cabinets Is being repla<:ed by electronic storage on disks

Figure II. Dew storage by enalysl, type

about the turnaround time (or all sam­
pi.. submitted by a certain analyst.
Appropriate structuring o( the data is
necessary to answer such questions
and avoid long search times.

When data are stored in simple tao

bles both status information and ana·
lytical data can be associated with
each sample (Figure 10). Such tables
are human-oriented and represent the
classical paper approach. In(ormation
can be acce..ed in very different ways

depending on one', (unction as ana­
lyst, lab manager, or lab director. This
approach pooed problems in the (or·
mative years of data management be·
cause the tabl.. often were not flat.
Instead o( each intersection being a
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THESAURUS

INFORMATION

COMPUTER DATA

KNOWLEDGE 474.1

ENUGHTENMENT 555

MANAGEMENT

OPERATION

HANDLING

USE

GUARDIANSHIP

SYSTEM

ORDER 59.1

PLAN 652.1

WAY 655.1

such relational data baaeo ia currenUy
an area of intense activity. We will reo
tum w them later, Fi..t., what are the
alternatives commonly U5ed?

Sequential Aeceu. A common way
to store data in an ordered manner is
in a dictionary. This consists of the
key words ordered alphabetically.
When you want the date associated
with a key word, you thumb inw the
dictionary w the appropriate letter
and scan the list sequentially. The
"Oxford English Dictionary" provides
convenient thumb tabs wexpedite
entry inw the proper &rea. Some dic·
tionaries might have a small index to
indicate the pages where r...t and sec·
ond letters change. These lire parti·
tioned sequential access methods
(PSAM) and indexed sequential ac·
cess methods USAM) (Figure 11).
They allow you w lise sample number
or date to locate the disk area where
pertinent data are stored sequentially.
You go w that location and read se·
quentially until the desired sample is
recovered. lC 8 word needs to be in­
serted or deleted it is necessary to
move all of the dictionary entries be·
yond that location point.

Ordered Index Access. A better
solution involves structuring the data
base in 8 more complex way at the
oulset. Indexes can be kept in which
the submitters' names are alphabet·
ized. Nell to each name can be an or·
dered list of sample numbe.. submit·
ted by him/ber, and the location of
that data on the disk. This ordered

3-26OEACTIVME

simple number or phrase, a complex
relationship existed. Beginning in
1970, methods were developed w con·
vert such files inw flat., two-dimen·
siona! charts involving simple rela·
tionships. Swrage of information in

BA 24
BC30

Indexed Saquential
Access Method (ISAM)

DifBClO<y

AA 1

"C 10

AF 12

AA1 20
AX Zl

Partitioned Saquential
Access Method (PSAM)

figure 10. Data stored in tables can be either status infonnalion or analytical data

FIgure 11. Partitioned sequential ac­
cess methods (PSAM) and indexed se­
quential access methods (ISAM)

Figure 12. Ordered index and Inverted list
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(a) A Troo

(b) APlex

Projacl ,

Figure 13. A tree and a plex

index Rccess method involves rewrit·
il1~ only the index us changes are
mnde (Fi~ure 12). The main dala files
need nol be altered. A ~ood nnalogy is
o lhrcc·rin~ notebook to which pages
of information are added 8S required.
Appropriate additions are made to an
index. The main file is unordered.
Only the index is ordered.

Inverted List. Multiple indexes
might be involved. These might in·
dude lists uf submitters, their associ­
ated sample numbe",. and location of
related data; project numbers and
their associated Hample numbers; ana·
lysis' "ames and the ..mpleathey

have fUll. \\'e ho\"e moved 8way from
storing data in 8 way that used 8 key
word (sample number) to access 8 file
containing information on project
number. analyst, and f(>SUItS. to 8

met hod that has separate files for each
of these attributes. These separatE'
files for submitters. project numbers.
and analysts OfC associated with lists
of sample numbers and disk location
where analytical results may be found.
A thesaurus is an example of such an
approach (Figure 12). Each word has
associated with ita list of rel.ted
words and the location where informa·
tion on them can be found. This meth-

od makes it easy to respond quickly to
questions like: What analyses have
been run by analyst A on project
SOlO? What samples have been run for
subminer B on project SOlO?

This method is called an inverted
list or im'erted file approach. since it
reve.... the normal procedures. These
systems retrieve information very rap·
idly. but update slowly. As informa·
tion is added 10 the data system. each
inverted file must be updated appro­
priately.

1'1'..... The Linnean classification is
a hierarchical approach to c1assifica·
tion. Each level becomes more specific
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Figure 14. TlYeaded list

AA Se<vice ICPSe<vice AdmmlStratrve SeMce

. FeZn Co P B Cd
Pnljocll __

Sf Sf Sf

P<CoFe)! lp<Co· Cd) t~·
Co Cd ~

Sf Sf Sf (For. GNan ProjacC)

Figure 15. A relational dala base

Join

Threaded-List nata Storage. An
encyclopedia is a threaded set of data.
Embeddpd in each entry on a subject
are pointers to other volumes and
subjects that have related data (Fi.:ure
14). To find all of the data associated
with 8 gi\'en subject requires bc..:in­
ning at one end and followin}:: the
thread. Threads update quickly bu.
retrieve slowl\'. Some threads run in
multiple dimensions. forward and
backward, so searches can be in either
direction.

RelatioDal Data Bases. The data
st.ructures described up to t.his point
allow the user to ask only those ques­
tions of it that were conceived at de­
sign time when the data base was
structured. Relational data bases are
not so const.rained. Techniques of re·
lationalalgebra and calculus ha\'e
been developed that make it possible
to create and use such dota bases.
These permit the user to imagine the
data to be comprised of nat lables.
and then lo join. project. and other­
wise manipulate the t.ables to produce
the correlations or comparisons need­
ed (Figure 15). These new relations.
often called \'11-:\\'5. did not ori.:inally
exist; however. they were present as
virtual entities. Once obstract.ed they
can be manipulated or stored 8S real
entities. This encourages .......·hat·ir? ..
type questions. The current imple·
mentations are for large machines or
for usc on personal computers. The
former speaks to the interest the pro­
fessional community has in the con·
cept. the latter to the fact thot it could
be done on laboratory·sized machines
with proper pressure from the scien­
tific community. Growth in the labo·
ratory area can be expected. It is pos.
sible to lake many of the storage
methods previously described and
make them appear ·'relational·like" Lo
the user. With such approaches pro­
spective users should investigate the
nexibility of the final syslem. How reo
lational is a relational-like data base?

Haahing. As the amount of data
grows, another data management
problem develops-managing the in·
dexes w the data. Indexes to data.
often called directories, can oppcar
like our telephone directories, i.e., or·
dcred HsUl partitioned for sequential
search (Figure 16). Indexes can also
appear as tree·shaped directories. An·
other approach is like the Chinese
telephone directories. Family names
are made up of a series of brush
strokes. This collection is called an
ideogram. The names in the Chinese

, directory are arranged by the number
of brush strokes in the ideogram (Fig­
ure 16). It is possible w convert key
words like submitter, project, etc. to
numbers. This iH done by a process
called hashing. All alphanumeric ex­
prcRSions that "hash" to the same

What Is the Dtstnbution
of Sample Subm;ssions for
Project *50101

vorce/remarriage occurs makes the
simple tree more complex. The rela­
tionship is called a plex (Figure 13b).
A laboratory information management
system that stores data in 8 hierarchi·
cal approch. i.e., project number, sub­
mitter, and sample number, can actu­
ally be a plex since each submitter can
have many projects as 8 parent. Han­
dling plex structures requires storing
the data in quite a different form,
often invoking 8 complex set of inter­
nal pointers to thread the data.

What Samples Have
Been Analyzed by ICP
for Cd and by AA
for Co?

Projection

What Sample Analyzed
by AA Showed Co
and Fe Imputities7

about the nature of the organism
being identified (Figure 13a). Consid­
er also a geneologicaltree where only
the male side is presented. Lahorawry
data can be handled in tree form
where there is a parent/offspring rela­
tionship between classification ele­
men.... It is easy w add things. Search
times do tend w become long as the
number of levels in the tree grow.

PIex. A genealogical tree in which
both mother and father are consid­
ered. and in which intermarriage/di-
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Figura 18. An ordered directory and a
hashed directory
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number are stored in 8 separate area
along with the location on the disk
containing the relevant information.
Hashing is commonly used to speed
up access to information.

Who Supplies L1MS?

A variety of commercial LIMS
packages are available from main­
frame vendors and systems houses.
The view of LIMS presented at the
beginning of this article is actually 8

synthesis of various products current·
ly in use in many analyticallaborato­
ries: LIMS-2000 (Perkin-Elmer). Sys­
tem-2000 (lntell. CALSILBMGR and
LBDMS (Computer Inquiries Sys­
tems). IMAGE (Hewlett-Packard).
Datatrieve and MUMPS (Digital
Equipment Corp.). SAM (Radian
Corp.). M/I with ROE and Sample
Tracking Options (Bolt. Beranek and
Newman). ROM (Interactive Tech­
nologiesi. and LABMAN (Spectro­
gram). They variously use simple
trees, inverted files in conjunction
with multiple threaded lists. a tree­
structured ISAM approach. and a
hashed access to a multikeyed tree
structure. Installation costs of these
systems range from $50 000 to
$500 000, but pay-back periods of 18
months are often encountered.

What Should You Expect and
Avoid In a L1MS?

With the fundamentals in place,
what are reasonable expectations for 8

LIMS?
• Some prime rules: No more than a
month ahould be required to become a
skilled programmer of the system; no
more than a day should be required to

Figura 17. Distributed data management

learn to use the system; response to
moderately complex queries should be
8 few mihutes; response to simple
form and status requests should be a
few seconds.
• Elaborate. multilayered lagoOn pro­
cedur.. should not be required.
• Repetitive entry of name, analysis
type. and sample ID should not be re­
quired. The manufacturing industry
now uses bar-codes routinely in pro­
duction; so should the laboratory.
• Long queue lines for data entry at a
few terminals must be avoided.
• Manual data entry should have
good HELP functions available on the
video screens so that recourse to an
operating manual is not necessary.
Some systems provide multiple-level
HELP commands to provide the no\'­
ice with detailed examples and experi­
enced users with brief reminders.
• For experienced analysts, alternate
data entry pathwll)'S should be avail­
able to a\'oid repetitive wait.ing for
menus to be searched for and printed.
• Data should be capable of being se­
lected/deselected for use in statistics
or reporla. Entire records should be
capable of being activated/deactivat­
ed. This does not throw data away; it
does allow the scientist to use only ap­
propriate data.
• With a L1MS users should be able
to bock oul of situations they may
have created that are incorrect. The
system should bock itself off from
contentions that have locked the sys­
tem, and bockup (copying) should be
periodic and ritual. Required archiv-

ing must be automatic. Many of the
current LIMS fail in these vital areas.
• Since most users will not know what
they want to do ..;th a data system
until they begin to use it. the ability to
implement change quickly and en­
quently is a oecessity. Nonprocedural.
user-cordial languages are available to
permit this feature. Currently we face
a conservatism and a hesitation to ac­
cept tbis change among computing
center personnel and laboratory in­
strument designers. The language
Nomad (National CSSS), running on
large machines. has demonstrated the
ability to create user-driven software
in environments where applications
development has been largely without
programmers. The classical approach
invol\;ng a long, detailed specifica­
tions study. with early signoCf by the
prospecti\1! user and subsequent im­
plementation by isolated computing
center personnel, must be replaced by
a more flexible pilot de\oeJopmentl
change approach. Resistance to th_
new languages can be overcome with
the simple realization that main~
nance cosla of a pi..,., of software rise
with time, as does rewriting the appli­
cation in a more easi\y maintained
language. The slope of the latter is
lower_ At the point where the costs of
the systems cross, it is better to switch
rather than fight.
• As LANs develop and it becomes
possible to support distributed data
bases, even greater changes in our use
of the virtual file cabinet will be _.n
(Figure t7)_ Distributed data bases in
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the bUsiness sector already exist, e.g.,
Datatrieve. In such networked dsta
bases it is possible to concatenate rela­
tional requests made on data in the
local computer with other relational
requests that involve data on crIDOle
machines.. Only relevant material is
transmitted along the net to the re­
questing uniL Many managers find
the combination of the "what-if"!"'
capabilities of relational data bases
and the local security of distributed
data management compelling. Intel
has announced an iDIS hardware/soft­
ware system that supports multiple
users enjoying full-function relational
access to Sys1em-2000 operating on 8
larger computer. 1\\'0 time-share venA
dors of production·oriented data man·
agement systems already support
small microcomputers at the individu­
al user sites (General Electric, Com­
share). If true distributed data man­
agement develops in this sector. small­
er labs may find this approach attrac­
tive.

How Do You Implement a UMS?

With a working vocahulary in hand
how does an analytical chemist go
about implementing a LIMS?
• In-house analysis 01 the problem
and user preeducation. Time spent
analyzing the informational and psy­
chological needs of users should focus
on the normal flow of laboratory infor­
mation. Laboratory managers' \iews
of detailed laboratory operation may
be oversimplified or erroneous. The
technicians and section managers
should be heavily consulted_ The time
to co-opt user support is at this point,
making the user part of the decision­
making process, or at least aware of
the factors involved. This intimate
contact with the user should continue
during the entire development phase.
Ego-less decisions and solutions that
do not utilize the ability of LrMS to be
centers of power structures are facets
of successful implementations.
• Turnkey VS. customized. UnJess you
are very lucky, or you have a very sim­
ple operations information system in
mind, some customizatioD of an exist­
ing system will be necessary.
• In-house or system& hOlUe? Pack­
ages are available that provide in­
house programmers with 8 set of pow­
erful tools that allow development of
applications programs in a reasonable
time frame. It is possible to employ a
systems house to customize software

. for you, developing it in-house or de­
livering and installing the system after
generation elsewhere. Finally, com­
puter vendors wiIJ often customize
IOftware for you. In any case, it is es­
sential that some of yoer personnel
develop expertise in any installed sys­
tem 80 that your organization is caps·
ble of extending and supporting the

system. AJJ part of any purchase agree­
ment insist on source code for sections
of the system that you have any
thought of altering. Sign nondisclo­
sure agreements if necessary. \Vhere
work is performed by outside person­
nel. it should be made clear initially
what freedom l,he vendor has to use
the developed software elsewhere.
• Choosing hardware. Although the
ideal installation invol\'es software
that would run on any reasonable ma­
chine, most L1MS will run on only one
type of computer. Datatrie\'e.
MUMPS, RS/l (RDElSTOl, RDM,
and LABMAN run on Digital Equip­
ment Corporation hardware. L1MS­
2000 runs on Perkin-Elmer Interdat8
equipment. IMAGE. CALSILBMGR,
and LBDMS on Hewlett-Packard sys·
tems, and SAM on Data General com­
puters. Documented assurances that
new generations of hardware will not
engender expensive software relicens­
ing costs are essential. As the data
base grows. it may be necessary to in­
stall not only more disks but different
types of disks. terminals. printers. or
other peripherals. The better informa­
tion management systems are hard­
ware-independent at this level. Anoth­
er important feature to evaluate is
field service support.
• Compatibility. L1MS that run
under standard operating systems
provide many software development
tools that are essential if additions
and modifications 8re implemented.
Data files created can be accessed by
programs written in other languages.
and the files can be exchanged be­
tween computers relati\'ely easily, For
example, LABMAN and RDM run
under DEC's RT·ll or RSX-llM op­
erating systems. Some systems houses
provide software front ends or hand­
shakes between traditional data man­
agement systems from computer ven­
dors and their own LIMS. For exam­
ple, Bolt, Baranek and Newman is de­
veloping access methods to Dat8trieve
for RS/L Where users will be respon­
sible for application.. software devel­
opment the drop-off between the pow­
erful data management command lan­
guage and the next level of program­
ming language should be small. Thus,
although RS/I is written in C to take
advantage of the full power of the
DEC VAX computer, the user sees ei­
ther the high·level command language
or a cordial RPL (research program­
ming language). Many scientists
would find a direct, precipitous drop
to languages like FORTRAN, C, or APL
shattering.
• Networking. Networking software
should support communication from
the LIMS host to larger computers.
The LIMS should also support satel­
lite computers for real·time data col­
lection or as anci1lary data entry

points. Terminal. at any level should
have transparent access to computa­
tional facilities above them.
• System benchmarking. Comparison
shopping is essential. Actually work­
ing with a syatem already installed at
another location or, less satisfactory,
interacting with a demonstration sys­
tem at a vendor sales center is essen­
tial. Benchmarking is difficult at best.
Try to compare systems with similar
CPU capabilities, disk size, data base
size, and number of active users.
• Cost/benefit anolysis and plonning.
In preparing costlbenefit analyses it is
seldom advisable to use arguments
based on reducing staff. Sample
throughput, the quality of data pro­
duced, and the sbility to abstract in­
formation pre\'iously lost in manual
manipulations are cogent arguments.
More efficient use of instruments and
analysts is achievable. Realistic PERT
charts prevent prospective users and
management from losing their faith in
the project.
• Start-up. Credibility is most easily
lost during the start-up phase. Good
documentation and training of initial
users characterize successful installa­
tions. These implementations have
been done in stAges so the problems
that develop are localized, small, and
Quickly fixed. Manual entry services
usually precede the more difficult
real-time data capture services. Paral­
lel manual backup is suggested during
any initial phase. Eugene Schneider of
Ralston Purina. a pioneer in the area,
suggests '"the project team must be
highly visible and responsive to the re­
quests and needs of the lab personnel
during this time... then _.. be pre­
pared for requests for new and in­
creased functions for the LIMS.... It
is a natural outgrowth of the accep­
tance of the system by its users_ '"

The area is just maturing. Vendor
interest is high_ The informed chemist
has an opportunity and a responsibili­
ty to affect the market place byarticu­
late input to prospective vendors. This
tutorial was intended to give the ana­
lytical chemist a vocabulary and phi­
losophy. The next AlC INTEnFACE will
contain a series of capsule reports de·
scribing how various chemists have
successfully implemented a laboratory
information management system.
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AField unto Itsen
o.n.rel HMdbook of On-LIne Pr_
Analy..... D. J. Huskins. 239 pp. John
Wiley & Sons Inc.. 605 Third Ave., New
Yorl<, N.Y. 10016. 1982.584.95
Reviewed by Martin Front, Foxboro
Analytical. Burlington Center, 78
Blanchard Rd., P.O. Box 435, Bur·
lington, Mall. 018()3

The field of on· line analyze", is
quite literally a field unto ilaelf. Moot
analytical chemista (and, on occasion,
some laboratory instrument manuCac·
ture",) have assumed that to put a
laboratory analytical instrument on·
line requires only a large bo. into
which the instrument is placed; they
have not recognized that this is an en·
tirely different technical area. It is one
in which moot of the instrumenta are

Most analytical chemists have
assumed that to put a laboratory
analytical instrument on-line
requires only a large box
into which the instrument is
placed ....

based on principles similar to those
used in the laboratories. but the de·
sign. construction. operation, and user
expectations are all very differenL In
the foreword, R. S. Medlock quotes
the author of the book as saying that
"there are many good specialist books
on the various analytical techniques
and methods, but only a few which
have been written to deacribe process
analyzers." This certainly has been
true. and this book provid.. an inter·
esting glimpsa into that world.

The author has undertaken a manu·
mental teak in attemptillllto write a
complete handbook of on·line proc:eaa
analyzen-if I may use the term-ein·
gle·handedly. He has divided it into
five smaller volumea: the cunent vol·
ume. a general handbook providing
background information; a volume on
quality-meaaurillll inatrumanta (con·
sielancy. viacoaity, vapor p....ure.
flaah point, diaaolved oxygen, etc.);
optical methods (emiaion, ultraviolet,

infrared, colorimetry. X·ray diffrac·
tion, etc.); electrical and magnetic
methods (dielectric constant, ion-se­
lactive electrodes, flame ionization an·
alyzen. mass spectrographs. NMR,
etc.); and a separate volume devoted
to on·line gas chromatographs. Clear·
Iy, thie is a very large field to cover.

The rationale for the choice of ma­
terial for the separate volumes is not
too clear. The groupings selected are
convenient as a way of c1uaifying ana·
Iyzen. but sometimes lead to
awkwardn... as well. Thus. flame and
photoionization analyzers are consid­
ered in one volume (electrical). while
flame and photoionization detecton
are in another (gas chromatography).
On the other hand. electron capture
detectors are in the electrical volume,
not the gas chromatography one. For
readers who want a quick reference to
find out the operatillll principles or
the availability of a particular type of
instrument, the organization matters
very little. particularly if they have
bought all of the volumes as they ap­
pear. Jr, as is suggested in the fIrSt ''01­
ume, the book is aimed at the plant in·
strument ellllineer, then an organiza­
tion based on type of sample (aqueous
liquids. g..... solids dissolved in liq­
uids, etc.) might have been more help­
ful, since most planta ha,.. one type of
problem or another. The problem of
analyzer selection to solve a particular
problem has been recognized by a
cross·index in the fi",t volume. but
the index only references chapters and
does not provide much comparative
guidance. Perhaps, more extensive ta­
bl.. could be provided in a subeequent
volume.

The finit volume, however, can
stand by ilaelf and will be quite useful
to someone startillll out in this field.
or to laboratory analysta who want a
better appreciation of the state of pro­
ceea analyzer art and the complexity.
precautions, and deciaions it requires.
The individual chapters are relatively
concise (Huskins covers sample han­
dlillll and conditioning in 80-0dd
pages; for a complete book on the
same topic, see: "Sampling Syatama
for Procesa Analyzen"; Cornish, p. C.;
Jepann, G.; Smurthwaite, M. J.; But-

Books

tersworth: London. 1981; 453 pp.). but
they are nooethel... very informative
and helpful The chapten are filled
with tables. equations, nomograpbs,
and typical examples that are practi­
cal and useful Amollll the topics aN­

ered in the fIrSt volumes are moot of
the general ones-.ymbols and graph­
ics, calculation of concentratio.... er­
rors. calibration. sample handling. en­
c1oeures, maintenance and availabili·
ty, and a variety of analyzer case
histories to show how analyzen are
placed and used in different processes.

In summary. the author clearly
writes from fIrSthand experience. and
this volume sbould be of .'ll!ue to ev·
eryone working in this field. I look for­
ward to seeing the others.

OrIgIns of CInIcaI a..-y-1be E...
olutIon of Proteln AnIiIy*- louis R0s­
enfeld. xviii + 356 pp. Academic Press
Inc.. 111 Fifth Ave.. New Yorl<. N.Y.
10003. 1982. $38

RevielL'Od by Nathan Goclun4n. Bedc­
nUJn 11lIIrumenta.l/U.• Clinical Sys­
le11ll Diu;'ion, P.O. Box 428.200
South Kraemer Blvd.• Brea. Calif.
92621

We tend to think of clinical chemis­
try as a relati...ly modern fle1d, with
its "origins" datillll back to the intro­
duction of automated analytical
equipment in the 195Oa. However, as
Louis Rosenfeld quickly mak.. \IS re­
alize, the historical development of
clinical chemistry could easily be said
to begin with the study of urine in the
17th century. The relatioDahip bo­
twoon variations in chemical conatitu­
ent concentrations of body fluida and
human health is clearly a centuriee­
old endeavor. Roseofeld'_ book. u the
subtitle implies, is especially directed
toward protein analysia but coven a
wide spectrum of related topics. Chap­
ten are included on: colloidal_tate,
origina of organic chemistry.1ijeldahl
method. protein fractionation, calor­
imetry, ultracentrifuge.~
Bia, immunochemiatry, proteina in
urine and c:erebroepinal fluid. fibrino­
len. and radioimmllllOUUY.
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How to get
aheadstart

on new
projects.

There's a lot of information
scattered around the \\orld that
can help IOU, if only you can
find it. That's the job for
Lockheed's Dialog, the \\orld's
leading online information
retrieval system.

This computerized sleuth puts
you in instant touch with more
than 130 databases and provides
abstracts of journal ankles, con­
ference papers, research repons,
patents and news stories-and
all of this information goes back
15 years.

Dialog covers vinually every
field, from alkaloids to polymers
to zinc.

All IOU need to use Dialog is a
standard computer terminal and
a telephone. Your library probably
subscribes to Dialog.

Involved in some phase of a
new project? Better get involved
first with Dialog, It can save IOU
time, money and effon-and
lots of each.

For more information. contact
Dialog Information Services.
Dept. 25. 3460 Hillview Ave..
Palo Alto. CA 94304. Call toll-free
(BOO) 227-1927, In California,
call (BOO) 982-5838.

~Lockheed Dialog
CIRCI.£ 127 ON READER SERVICE CARD

Tbe book is liberally sprinkled with
pbotographs of pioneer investigators,
bistorical vignettes, and iIIuslrltinns
of apparatus-both aneientand mod·
ern. There are eJ.tensive references to
the original literature wbere addition·
aI details on particular subjects may
be obtained. The author writes in a
scholarly, but nevertheless enter­
taining manner that makes reading his
book a deligbtful and informative ex·
perience.

I wOI~d ""rlainly recommend this
book to practitioners of clinical chem­
istr)', other chemists interested in pro·
tein analysis, and to undergraduate,
graduate, and medical students inter­
ested in the background of this mod­
ern health discipline.

Books Received

ChnlmaIogrllPhlc Separation and Ex­tr_ with FOM*I PIaaIk:s and

Rubbed. G. J. Moody, J. D. R. Thomas,
vi + 139 pp. Marcel Dekker Inc., 270
Madison Ave., New York. N.Y. 10016.
1982. $29.75

AnaJytlcaI __ 01 Drug Subatanc:ea.

Vol. 11. Klaus Florey. Ed.• + 685 pp.
Academic Pr8ss. 111 FI/Ih Ave.• New
York. N.Y. 10003. 1982. $39

0r;anIc AcIdIln Man. R. A. Chalmers.
A. M.lawson. xii + 523 pp._
Inc.. 733 Third Ave.. New York, N.Y.
10017. 1982. $59.95

a-.try 01 Heleroqcllc CompouncIa
In F1awora and At-. G. Vemln, Ed.
375 pp. John Wiley & Sons Inc., 605
Third Ave.. New York, N.Y. 10016.
1982. $89.95

Cluaterlng 01 Large Data sets. JII'e
Zupan. xviII + 122 pp. Research Stud­
Ies Press, John Wiley & Sons, Inc.. 605
ThIrd Ave., New York, N.Y. 10158.
1982. $31.35

Coal and Coal ProcIucts: AnaIyIlc:aI
CharaetertzaUon TecIlnlques. E. L. Ful­
ler, Ed. 326 pp. American ChemIcal S0­
ciety, 1155 16th St., N.W., Washington,
D.C. 20036. 1982. $42.95

ApplIed Electron SpeetroeeopJ IOf
ChemIc:IlI AnaIJ" Hassan Wlndawl,
Floyd F.oL Ho, Ells. Ix + 213 pp. John
Wiley & Sons, Inc., 605 Third Ave.,
New York. N.Y. 10016. 1982. $45

WrlIJng a SlIcc:eeIIuI Grant App1Ica­
tion. Uane Relf-l..ehrer. vII + 100 pp.
SClence Booka InlernatJonal, Inc., 51
Sleeper 51., Boston, Masa. 02210.
1982. $9.50 (paper), S16 (cloth)

Chemistry
and the
Food System

IA Study Report by the ACS
I Committee on Chemistry and
I Public Affairs

I Vital ...,adlng lor everyone con·
corned with this Important publkI policy !soue.

, This report describes how a range of
I chemical substances - Includln9 fer-

I
tilizers. pesticides, plan. 910wth reg­
ulators. drugs to control animal dis·
eases, and nutritional supplements ­
have dearly provided benefits In the

I

production. storage. and processing of
foods from both plants and animaL•.

Attendant benefits. disadvantages.
problems. and risks are aU fully dIs-

, cussed with the aim of providing pub­
I lie policy makers with the necessary

I
information and recommendations
needed in their formulation of public
policy
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Multkllmenalonll HPLC.

1.... lIC8la..
2 E IUOCineIB
3. O.
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PuSh tile limi Of your
chromatOgraphy

rther than ever before wi
aWaters HPLC t

¥WIly rel.cllIDn lime IIId ordIr.
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rel9nlion times of l:OmISPOnding s1endards wtIhln !he
sample matrix. T!lis.new, luJlvaLJlOmllI8d IIIChnique Is
basad on the aU1llmBtic addition 01 s1endards inlo !he
sample matrix prior to analysis. Ask lor BuIelIn '105.

systems offer
HPLC capability:





Instrumentation

J. F. McClelland
""-sl..ll>ondo<y-usDOE
Iowa Slme l.WYtnlIy
""-s. Iowa 500 11

PhOfOQCoustic Spectroscopy

The use of photoacouslicCl spectros·
copy to obtain optical absorption
spectra of solid and nuid substances
has attracted considerable interest in
the analytical community since the
mid-1970s. The method has a number
of appealing characteristics. In princi­
ple. UV. visible. and IR spectra can be
measured-often with little or no
sample preparation-over substantial
analyle concentration ranges. This can
be done without experiencing difficul­
ties with collection and detection of
optical radiation often common to ce-

• The l.rm optMocoustic father than pbo­
tlWlcowtic it fa\"O«d by tarot' autho" to de.critw
euenliall)' the ume pbtnomrnon.

flection and transmission spectros­
copies because the photoaC0U5tic sig­
nal is generaIM by the sample and no
photodeteetor is employed. A sche­
matic of a typical experimental setup
is shown in Figure I.

Photoacoustic measurements pro­
viding these advantages are based on a
single generation sequence in"'olving
optical absorption in the sample under
study. followed by conversion of the
absorbed energy into heaL The subse­
quent heat-induced thermal expan­
sion in the sample and adjacent media
produces a phowacoustic signal when
the incident beam intensity is modu­
laIM at a frequency in the acoustic
range. The photoacoustic signa1 mag-

nitude is linearly dependent on the
sample's optically absorhing anaI}'le
concentrations over substantial
ranges, provided that proper measure­
ment conditions and data analysis
metbo<h are used. as explained later
in tbe article.

1'10-0 types of photoaC0U5tic mea­
surements will be discussed be.. that
are applicable to important sample
classes in chemical analysis. The fll'St
deals with light-scattering solid or
semisolid samples and the second with
weakly absorbing nuida. These mea­
surements do not encompass the full
range of methods and applications
currently being explored in pho­
toacoustic spectro6COpy. but they ha,..

Flgur. 1. Schematic of a photoacoustlc spectrometer
The actual compononta UHd depend on the sample typo and spectral range 01 the lTINSU'ernetlt

0003-2700/82/0351-Q89ASO1.50/0
C 1982 American ChemIcoI Society
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Flgun 2. Schematic of the one-<limensionaJ photoacoustic signal generation
model
The opCic:aI pOWer ;.m inside the~ su1aCe and at • depIh ... Is gMln by PI - (1 - R)Po ard P, •
(1 - R)P.,e--. resped:NeIy. The initiaf Ihetmatwave~.6 T,.~ .... tayet dx is~.
tionaII 10(1 - R)P.ae-··. An. ptOpIlQlkrion lOb hwmaf transfer Mrlac:e Ihe~ 6 r,ls pro­
portionaJ 10 (1 - R\P.et.;.-1'---

RadtallOn PenetratIOn Depth (em)

figure 3. Plots of power absorbed per
..,Itlength vs. radiation penetration
deplh IOf a values Irom two to 2 X 10'
em-I
A penetratkln depth 01 10-· an can be consJd­
.ed euenUaJty to ccnespond wI1h tho tharmaJ
....,... 1&Iface of the~ ahown In Flgu'e 2

received the most attention for analyt­
ical determinations and ha\"e reached
8 level of development where they are
becoming useful analytical tools for
chemists.

In both cases the sample is sealed in
8 small-volume cell with windows for
optical transmission and a sensiti\'e
transducer for signal detection. Fluid
samples fill the entire cell volume
while solids are placed in a transpar·
ent gas atmosphere that fills the reo
maining volume. Signal generation
from fluid samples is due to the ex·
pansion and pressurization of the fluid
following absorption of radiation. The
acoustic signal produced is sensed via
direct contact of the fluid with the
transducer. In the.,... of solids, ex­
pansion of the sample usually plays a
minor role relative to expansion pro­
duced by heat flowing from the sam·
pie into the gas atmosphere of the cell
where the signal is detected.

The range of photoacoustic signal
linearity as 8 function of the sample's
absorption coefficient, a, is deter­
mined in these measurements at low
values of a by the measuremenl's
background signal interference, which
is primarily due to spurious phD­
toacouslic signal generation by radio-

tion absorbed in C<lll windoWi and
walls. Specific methods for controlling
this problem are dicteted by tha type
of cell involved.

Phot08coustic characteriz.ations of
fluid absorption do not usually im'oh'e
measuring samples with high enough
values of Cl to expericnce nonlincarity
at the upper end of the absorption
range measured. This is because SlUtl·

pies of interest ore weakly absorbing
substances due to an inherentadvan­
tage of phot08coustic over transmis­
sion sl>ectroscopy for such samples
(I). This ad"antage is gained because
the photoocoustic signal scales linear­
ly with" for weakly absorbing sam·
pies and ovoids the problem encoun­
tered in transmission spectroscopy of
having to accurately determine a very
small difference between two large sig­
nals in order to calculate n.

In contrast to the situotion with
fluids, signol nonlinearity or satura­
tion with more strongly absorbing
solid samples can be a serious problem
in photoocoustic measurements. The
physical basis for loss of signal sensi­
tivity to increases in a can be under­
stood by studying lhe signal genera­
tion process with a one-dimensional
model (2) illustrated in Figure 2. The
schematic shows a monochromatic ra­
dialion beam of power, Pu , incident on
a sample contained in 8 photoacoustic
cell. The sample's surface reflectivity,
R, reduces the power just inside the
surface of the sample to a value of
(I - RlP•. Absorption of radiation
causes an additional reduction at a
depth x in the sample to a value of
(I - RlP.e-·'.

The power that can be converted
into heat in layer d.r is proportional to
(J - R)Pooe-az , resulting in an initial
thermal wave of amplitude t.T 1, due
to absorption of light in the layer pro·
portional to (I - RlPo"e-"'. Ther­
mal waves (3) play an important role
in photoaroustic signal generation be­
cause they transport photon·induced
heat oscillations from their origin
within the sample to the sample sur­
fact and hence into the cell gas. where
the acoustic signal is generated and
detected. The amplilude of thether­
mal wave decays as it propagates to
the thermal transfer surface with a
coefficient, a,. This results in a value
at the surface, t:1T2, proportional to
(l - R)Pooe-(u+a.)x. The actual tem­
perature oscillation produced in the
gas is due to thermal waves launched
by all of the light-absorbing layers of
the sample within approximately a
thermal diffusion length (given by
1/0,) of the thermal transfer 8urface.
Thermal waves generated in this re­
gion make the primary heat contribu­
tion to the gas relative to those gener­
ated deeper in the sample due to the
decay phenomenon.
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Networking comes to chromatography.

Nelson Analytical, with another software
innovation, introduces the SHARESMAN
resource manager, and brings
the bounty of networking to the analy·
tical laboratory. Up to eight
local chromatography data
systems, with as many as 10 chromato·
graphs in each system, can now share each others
results, along with methods, programs and
raw data, producing maximum productiv·
ity among systems.

SHARESMAN links any of Nelson Analytical's
data systems

based on the HP Series 200 computers,
the Model 16, the Model 26 or the Model

36. It gives you the cost savings of
using large discs (up to 64 MB) rather

that individual smaller Winchesters
on each system. And the network

accommodates an X·Y plotter as well.

Best of all, the entry cost for all this enhanced capa·
bility is small. essentially the cost of a single

chromatography data system, which can later
be added to without obsolescence. Write to

10061 Bubb Road, Cupertino, CA 95014 or call
(408) 725·1107

_AnAlYTICAll

CIRClE 'S5 ON READER &AVICE CARD see SHARESMAN at PITCON, Booth .063.



Absorpoon Coettoent tem ')

Flgwe 4. f'hotoacouslic and transmis­
sion siglals
The sJg\ab Ne p6cCad as a f\n::tion of~
absorption coefficien1. Q. few \'W1ous c:oncitions
01 _ Ihid<ness ond mocUallon ~..,uoncy

Figure 5. f'hotoacoustic cells
CeO (a). tor CCll"densed~ was deslg'lecI and constnJcted al the Ames Laboratory.
CeU (bl is~ by EG&G Pmceton AppUed Resewch, Princeton. N.J.

Figure 3 is useful in explaining the
impol1Jlnt details of the photoacoustic
signal's dependence on a. It shows
plots of power absorbed per unit
length in the sample as a function of
radiation penetration depth for 8

range of a values increasing from 2
em-I to 2 X 10' cm-'. The figure
shows that the absorbed power distri­
bution shifts more into the thermally
active region defined by the thermal
diffusion length as a increases from 2
em-I to 20 em-'. The resulting linear
change in photoaeoustic signal is
shown in ron'es la 02O-Hz modula­
tion frequency) and Ib (1200 Hz) of
Figure 4. An additional increase in a
Crom 20 em-I to 200 em-I causes a
similar shift shown in Figure 3 and
signal increases for curves la and Ih.
]t is evident, however, that nonlineari­
ty is beginning to appear, especially in
curve 18, and this can be qualiLatively
explained by noting tha t the a = 200
em-' curve in Figure 3 has decayed
significantly at the 12O-Hz diffusion
length. This decay reduces the effec­
tiveness of the shift effect in signal
generation. This reduction of effec­
tiveness for redistribution of the ab·
sorbed power becomes more signifi­
cant in going from a = 200 cm-1 to
2000 and 20 000 cm- I with fullsatura·
tion having occurred for both 120- and
1200·Hz signals at the higher a value.

Close examination of Figure 3 in
terms of the interaction between the
thermal diffusion lengths and power
absorption curves as a increases pro-

vides 8 quaJitati\'e understanding of
the delay in saturation observed in
Figure 4 for curve I b relative to la.
Figures 3 and 4 also illustrate the ra·
tionale for using the thermal diffusion
length as the estimate of sampling
depth in pbotoacoustic measurements.
This consideration is the basis for
photoaeoustic depth profiling of mate·
rials having absorption properties that
vary with distance into the sample.
For instance, if the subsurface layer
between the 120- and 1200-Hz diffu­
sion length lines in Figure 4 has an ab­
sorption spectrum different from that
of the material closer to the surface,
the spectrum of the subsurface layer
can be determined by subtracting nor·
malized spectra taken at the 120- and
1200·Hz modulation frequencies.

The one·dimensional model of pho·
toacoustic signal generation discussed
above can be put into quantitative
terms by solving the appropriate dif­
ferential equation (4,5). The signal
expression obtained is valid for an ide·
alized parallel·faced sample such as
shown schematically in Figure 2 and
has proven very useful in setting ex­
perimentaJ conditions and interpret­
ing results. Important assumptions
used in the calculation include non·
radiative decay of optically excited
sLates on a time scale that is fast rela·
tive to the modulation period and an
absence of multiple reflections and
Iight·scattering effects.

The expression obLained for the
photoacoustic signal magnitude and
phase (relative to the incident beam
waveform) haa a rather complicated
form (5) that can be simplified for

special cases (6-9). The most common
case for "as received samples" is when
the sample thickness is considerably
larger than the thermal diffusion
length, IIo,. and optical dccay length.
lIn. In this case signal magnitude,
q,(A), and phase, .,I-,(A) , are given hy:

q,(A) = k(l - R)(P.(A)
. a(A)/o, )(2/(a(A)/o, + I)'

+ I),n (I)

and

.,I-,(A) = Lan-' (I + 20,/a(A)) (2)

where>" denotes the wavelength of in­
cident radiation and k is a constant

Figure 6. f'hotoacoustlc cell for gas
analysis from BUflelgh Instruments,
Inc., Fishers, N. Y.
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As an integrator, the Shimadzu chromatopac
C·R2A(X)is designed with functions, features
and capability to make it the tdeal instrument
for advanced chromatography-both GC and
LC.
As a computer using Basic language program­
ming, it is designed to put a host of I:8pabil~
ties at your fingertips-including complex
calculations, the smooth handling of program
data and control of your Shimadzu GC-9A or
LC-4A system.
As one of the world's most advanced data
processors, its performance capability is out-

_User-e!efined Bask: language programming can
be used to establish a fully automated GC or LC
system in which all parameters. data time pr0­
grams and operational sequences can be pre-.
determined.

.With the opttonaJ INP-R2A 2-Channel Interface.
ycu can simultaneousJy process and record out­
put signals from two detectors.

• Max. 20K byte memory can handle up to 5CX)()
peaks (Chromatopac C·R2AXI and the lhe<mal
printer~plotter can record graphic as weU as
alphanumeric data.

• Write today for more Information on these and other Shlmadzu Instruments.
SHIMADZU SCIENTIFIC INSTRUMENTS. INC,
91.UReodBnI'Ct'l~CoIumbia.Mo 1lO45 USA. Phone tX)11NM227f... {3Oll730-1m
SHIMADZU (EUROPA) GMBH
Ac~1Ilf SlIasM HI .aoo~I. F R (,_man., Pnone 1000Hltri5J71 T.... 0I:5Ia.1t
SHIMADZU CORPORATION INTERNATIONAL MARKETING DIV.
Sh.nrv~..,.ll.lJtsul&ni()l;ftQ 1·1 Nrsrustu"!ut.u?-c1'lOml S/'lI~u-"\A. T~yoUIO.JaI»n....._dm ..!.. ~__..:....:._J..l Phone T~yo03-348'5fWl T.....~I SMMot J
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figure 7. Photoacoustic spectrometer picllred with a Commodore PET computer
floppy disc drive. and printer .

The~teris manutaau-ed by EDT ResearCh. 14 Trading Estate Rd. Greal Western Tr.......... E.s
..... r •• Royal. L..-. NWl0 7LV. England • -~ -

depending on thermal and dimension­
al properties of the sample ceB and
gas, as well as the microphone sensi­
tivity. Equation I was used to calcu­
late curves la (I b) "ith o. = 200 em-I
(630 cm- I) and R = O.

The dotted-line linear extensions of
these curves are obtained by combin­
ing Equations I and 2 (9) to give:

qU(A) = q,(A) «cot'(Il-I(A)
- 45°) + 1)/2)1/2 (3)

which substantially extends the lin­
earity range of the measuremenL The
limitation on linearity extension using
Equation 3 is imposed by how accu­
rately the Pbase,Il-I(A), can be deter­
mined. Accuracies of several tenths of
a degree are specified for state-of-the­
a;t Jock·in analyzers, making exten­
sIOns as shown in Figure 4 realistic. It
is.of interest to make 8 comparison
WIth the transmission signal, given hy
TeA) = (I - R (A))' e-oll)/o" that
would be obtained IOith a sample
thICkness equal to the pholOacoustic
sampling depth as defined by the
thermal diffusion length, I/o, = 1/200
em-I = 0.5 X 10-3 cm. The transmis­
sion sipaJ is given by curve 38, again
assumIng that R = O. Comparison of
curves la and 3a sbows that a spectro­
photometer would have to be able to
measure an optical density (OD) of
approximately five to provide trans­
mission data equivalent to the pho­
toacousllc data of curve Ia. This result
demonstrates the capability of pho­
toacoustic measurements to determine
optical densiti"" beyond the range of
most spectrophotometers and to do so
IOithout the need to prepare thin-sec­
tion samples, which is often imprac­
tical_

Ligbt-scattering effects common to
manr ~mples can be accounted for by
modlfYlDg Equations I and 2 (9) using
Ku.belka·~ theory (or the optical prop­
ertIes of IIght·scatterlng materials
(IO)_ Tbe modification is required be­
cause ligbt scattering causes a higher

intensity and subsequent power ab­
sorption neaT the illuminated surface
of the sample than is predicted by the
Poe-"~ expression used in the model
discussed above. When the modifica­
tion is made. Equations 1and 2 con­
tain additional reflectance and scat.
tering coefficients (9). Burggraf and
Leyden ha\'e demonstrated that the
resuJting equations for the pho­
toacoustic signaJ magnitude and phase
can be used to obtain a linear signaJ
dependence on a(>.) that is corrected
for nonlinearity and light-scattering
effects (9).

A second important sample type to
be discussed is the case of samples
that are thin. rather than thick as dis­
cussed above. relative to the optical
and thermal decay lengths. In this
case photoacoustic measurements
have significant advantages over
transmission and reflection spectros­
copy because they have the potential
of providing, in most cases, a signaJ
proportional to a(A) without depen­
~ence?nany other optical property,
JDcludJDg scattering coefficients (IJ).
ID contrast, transmission determina­
tions of a(A) based on the expression
T; (I - R)'e'" (/ is the sample thick­
ness) are often confounded by scatter­
IDg effec18 or by spectraJ structure in
the sample's reflectivity, R, which is
usually not known. Analysis of specu.
lar or diffuse reflectance data to ob­
tain alA) is also subject to difficulties
due to the complicawd equations in­
volved and to theoretical and experi.
mental difficulties in dealing with real
samples.

Examples of this type of thin sam­
ple include thin layers of fine particles
or nonspecuJar films that may origi­
nally exist in this state or that can be
prepared to fit these conditions. For
these samples, the photoacoustic sig­
nal magnitude, q,(A). and pbase,Il-,.
are given, respectiveJy, by:

q,(A) = kPu(A)a(A)1
. (2b' + 2bo./ + 0,,/)-1/, (4)
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and

"', • tan-I (I - (01 +b)/b) (5)

where I i. the sample thickness and b
is 8 constant dependent on thermal
prol",rties of the sample and cell Kas.
F..qu81ions 4 and 5 arc derived assum·
ing that the sample i. self-.upporting
or support.ed on It low thermnl mass
substrate backed by cell Ka. and that
e-al • 1 - n/.

Curve 28 in Figure 4 is plotted from
Equation 4 with I· 10-< cm, 120-Hz
modulat.ion frequenc)', and 0, • 200
cm- I as in the carlier calculation for a
thick sample <Curve la). The siKnal
magnitude is ncarly equal to that
shown with curve 10 below 0' 1:1 100
em-I and becomes considerably hil:h­
er abo\'e this value due to more efti­
ci~nt tr~nsfer of heat into the l:ll8 ill
thiS region. The linearity range of
curve 2a can be seen to compare favor­
ably with the linear extension of curve
Ia obtained using Equation 3.

Equations 4 and 5 cannot be used in
a manner analogous to the combina­
tion of Equations 1and 2 to extend
t~e range of linearity. However. exten­
sion of linearity to higher values of a
can be accomplished by reducing1he
sample thickness, I. for instance, by
grinding finer powders. Curve 2b is
plotted to illustrate how the signal
~evel changes for 8 thin sample when it
IS supported by a thick rather than
thin transparent substrate. The ad­
vantages of a low thermal mBSS sub­
strate are evident by comparing curves
2a and 2b. Curve 3b shows the trans­
mission signal behavior for a sample of
the same thickness as that used to cal­
culate curves 2a and 2b. No advantage
IS gained by the photoacoustic method
in terms of measuring high optical
densities, but insensitivity to renee­
tionand scattering effects is highly
slgDlficant for determining a(A) val_
ues accurately and for maximum spec­
traJ contrast since SC8tlering effects
degrade spectra by lowering absorp­
tIOn peaks and raising valleys (J J).
. In some cases the physical proper­

ties of the sample or instrumental Jim­
itations make it impossible to avoid
signal saturation using the methods
discussed above. It is still possible in
the signal saturation regime with thick
samples to obtain spectral information
of potential analytical value. This in­
formation is similar to that of specular
reflectance spectroscopy due to the
photoacoustic signal's sensitivity in
that case to the reflected beam frac­
tion,//(A). This is because the fraction
?f the incident beam in 8 photoacousL­
JC measurement that enters the sam.
pIe and contributes to the signal is
proportional to a factor given by
(I - RJ. as discussed earlier. This fac­
tor weights the signal under all condi­
tions with thick samples but assumes



II you do a 101 of LC work. you may wanl 10 reduce solvent consump­
tion. or perhaps oblain a higher number of lheoretical plates.
It so. you ought 10 consider the advantages 01 SHIMADZU's new Lc-6A
Microbore Column Liquid Chromalograph.
For Instance:
.Pump capacity can be varied from '~9900l'tlmlnut8. white the total system

dead volume ts only 2 t.
• With the 1 mm dlamete, mlcrobore column you can do the same wont as 8

convenUonal LC w;th 5~ the solvent.
.The greater efficiency or the microbore column lets you reach theoretK:al ptate

numbers as high 8' 3OQ.(XX).
• Standard and reverse phase model columns are available In 25. 50 and l00c::m

lengths. and can be combined up 10 l000cm without reducing efficiency.

• Write IlxMy tor more lntorrMlion on theae end other Shlmadzu Il1lItrumenla.
SHIMADZU SCIENTIAC INSTIlUMENT1i. INC.
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W.......-rtlOt(cm-·)

(b)

Rnd cont.rollinJ,t tht' fnlc of rAdlRtion
"nCr it has interacted with the "nm·
pie. It is imporlnnt thntthiM rndintiull
ho\'e minimnl sN'ondnry intt'rnl,titm
with lilt' chnmbrr \\'nlh~ or tht, Mmph'
becuusr l'ipuriuus Hi~lHtls willi", prll'
duc('d thol nr(' difficult tu intt'rprcl.
These effect... ha\'e bl'('11 rfft'ctin·l\'
dealt with by u!'ing trnnspnrrnt Il~"tr.
rinls and appropriate chnml)('r ~('unH~·

tries (U).
Other imj)nrlnnt nil cunsid,'rntiHlul

includ4.' nwuns 10 l'lIlltrolllw dUlIuht'r
~1I!' typr und purity us wt'll us til(' tlJI'
t'rntin~ templ'lulUrc und prt·~..urc.
Whl'n Hr ~11~ is ust'(l in tlw ('(,11. rntlH'r
thun nir. tht, sij.":lIul mU~llitudl' is in­
nrnst-d by npproxill1llh'ly n fnetor IIf
twu, in most ,'Me!" dUl' to hdh'r thrr­
mnl ('tlupliTl~ properties. (;"s purity in
the smnp!,' dlUmh('r is H plIlliculnrly
important and oftt'n difficult cundi·
tion to uchie\'c fur IH ml'usun'mcnts
lM-cauS(' signal grnernlinll hy rodiatiun

l
~ ,"". ."....'"'ftJ-Jh~~"'0<-""""rv- ..............._---_ov-....."'--lIJ

signal amplitude (the siJ:nal is in\'efS('­
Iy proportiollal to chamber \'olumr), A
srnsiti\'(' (typically 50 mVIPa) micro·
phonr dete('tur is mounted directly in
front o[ a low-noise (Jreamplif!cr Dnd
coupll'<l to th(' chamber in a manner
that pro\'ides a nonresollant acoustic
rt>sponse i,wrr tht> modulation (rf'quE'n­
cy rnoj.":e of interest. Si):nal E'nhall(.'{'­
mE'nt \'ia a resonant cell. although ini­
tinily thought atlracti\'E'. is generally
impractical for quantitative meosurr·
ments because chamber rCSOllanc('
characteristics depend on propertil's
of tho sample and cell gas. An addi·
tional problem .....ith resonant cells has
been the distortion of signal phase in·
formation that complicatt>s signal pro­
cessing.

Optical desil:n considerations of
particuhu significanc(' in quantitati\'l'
measuremt>nts include having dimen­
sions of tht> incident beam [ocal spot
consistent .....ith minimal e'eU volume

Figure e. Source spectra
Spec:trun (a) l:s duo to the opUcaI c:hIraeterl:stlel of the FTJl apoctromet.er IOlIce Ifld opOca. 11 w.. ae­
~ed wtth. CMbon btac:k~ by .....agang 128 acena ot the Interfllfometef 81 8 em-I retOklllon
and plotted wIlIlouI opec1ralllTlOOlhlng. SpecWn (b) Is "'" ,""" of ,atJolng two opec1ra of"'" typo
shown WI Ie) to determine the nolle -.vel of the FTf\-pho1oecousUC cell Iyltem (no """Ie correapondl
10 e ItreIg11I1ne). The peak.lO-peak noile ahown here I, well below 1% In the 2000 em-I regk>n

Practical photoacoustic measure·
ments have historically depended and
continue to depend to a considerable
degree on instrumental capabilities.
The rather demanding requirements
placed on instrumentation are due to
inherent characteristics of both the
signal generation process and t.he dif·
ficult·w-handJe samples often chosen
for photoacoustic analysis. Measure­
ments on condensed substances en·
counter signal·w-noise (SIN) limits­
tions primarily due to impedence mis·
matches at steps in the signal genera·
tion sequence. such as the transfer of
heat at the sample-gas interface. In
the case of fluids, the low absorption
usually involved in measuring dilute
concentrations of interest leads again
to a small fraction of incident power
being converted inw signal. For this
reason high·power optical radiation
sources are needed to obtain accept­
able SIN levels. The noise contribu·
tions w the signal must also be care·
fully cont.rolled w best ut.iliu the pho­
toacoustic method. These contribu­
tions are due primarily w light source
instsbility, acoustic pickup through
the atmosphere and support structure,
and electrical interference.

The three principal instrument
components of a photoacoustic spec·
trometer include the light source and
intensity modulawr; the sample cell;
and the signal processing and analysis
system, These components have bene­
fit.ed great.ly in the last 10 years by in·
corporating new developments such as
low {-number monochromators, Fouri·
er transform spectrometers, lasers.
high-sensitivity microphones.lock·in
analyzen;, and other computer· based
signal processing systems. The main
area of instrumentation development
specific to phOtoaCOUSlic measure­
ments has been concerned with sam­
ple cells and their associat.ed acoustic
det.ect.on;.

Cells optimiz.ed for measurements
on condensed samples have small-vol·
urne chamben; for the BlImple, typical.
Iy well under I em', w enhance the

a special significance in the full signal
saluration regime with opaque sam·
pies because then there is no other ex­
plicit optical property term in the
photoacoustic signal expression to ac­
count for si~n81 changes (12). In this
r~gime. phot.oacoustic methods can
supply information directly comple­
mentary to that of reflec-tance (l3)
that can also be used to eliminate the
often unwanted signal dependence on
t.he (I - Rl factor in Equation 1. How·
ever. this will not always be permitted
due to limitations imposed by instru­
mental capabilities and sample prop­
erties.

Instrumentatlon
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At Shimadzu it's a cardinal belief that all GC
instruments. whether used for R&D or routine
control lests. should be of high technical
quality. As 8 reslllt, Shimadzu's GC-8A Series
is designed 10 be the best posSlble basic GC
equipmenl with ready~to~gowhen you need
them features that include.

_GroAI economy In cosl. maintenance and SIlO

• Digital dial temperature set ling. and dIgital tem­
perature programming (GC-aAP Sonos)

_An on-column, on-deleclor system. and cylmdri­
cal collector type FlO (FlO models)

_Constant current type TCO (TCO mode's)

_Convenient mainlenance check system

When you want the best. basic GC perform­
ance. Ihink SHIMADZU.

• Write tOlley for more Informellon on these end other Shlmedzu Instruments.
SHIMAOZU SCIENTIFIC INSTRUMENTS. INC.
IlI.uRed8ran(tI~CoiolTlboll.M<l7~ USA Pt-on.lJ()'I~1-l111f•• OOII7»12llO
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Figure 9. Photoacoustic spectra of nitrile plastic samples with different surface
morphologies
Repmled Iron Reference 19. with permission

absorbed in water vapor or COz is very
efficient, and trace amounL" can cause
serious interferences. In some cases,
spectral subtraction rather than elimi­
nation of residual gases is a practical
solution to this problem.

Laboratory and commercially buiJt
cells 91tith some of the features dis­
cussed above are shown in Figure 5.
These cells are designed to have the
beam incident from above to allow
samples such as powders to be held hy
gravity. The cells have vibration isola­
tors to reduce structure-borne noise.
which is an especially important con­
sideration in ITIR measurements be­
cause synchronous amplification is not
used. The cell in Figure 5a is designed
to operate in an evacuated FTIR spec­
trometer and may be baked out under
vacuum preparai.ory to loading sur­
face-sensitive samples under glove box
conditions.

PhotoacoUSlic cells for nuids (J5,
16) are designed for low.absorption
gas or liquid samples Ihal fillihe sam·
pie chamber volume. The most sensi­
tive measurements on liquids have
been reported in work by Patel and
Tam (15) al Bell Laboratories. They
use pulsed·laser excitation directed

along a cylindrical cell axis. Their lab­
oratory-constructed cell has a cham­
ber of polished stainless steel to re­
duce background absorption and is
closed by quartz windows. The cell
volume flJr liquids can be considerably
larg~r (several cm:J) than would be ap­
propriate for condensed samples be­
cause the signal depends, due to an in­
ertial confinement effect common to
pulr.ed excitation. un the laser beam
diameter and detector distance fwm
the beam axis rather than on cell vol·
ume (15). The detector used in these
measurements is a miniature hydro­
phone located in the chamber wall
with a time response capable of resolv­
ing the excitation response pulse. This
allows spurious photoacoustic back­
ground signals originating fwm win·
dow and wall absorption to be gated
out by the amplifier. Measurements of
very low absorbance, in the lO-6_lO-7
range, have been possible with signal
discrimination. Cells for these mea­
surements are not to the author'~

knowledge currently commercially
available but the key compCJnent, a
miniature hydrophone. cun he pur­
chased from several firms (15).

A commercial nonresonant pho-

toaCOUlltic cell ror g_ hu recently
become available (or Itcneral use with
modulated CW laser excilalion. The
cell, pictured in I"il:ure 6, iA OIAO of
stainless steel construction and is
evacuated prior to fillin~. It is not de­
signed to be uscd in n flow-UlCoul:h
configuration such ns mil:ht be desir­
able in ga.s chromato~rnphy detcction,
but laser intracavity ol)crlltion hAS
been demonstrated. This resulted in a
signal enhancement by a foclor of to
due 10 the odditionnllnser power
available relative to extrllcovity opera­
tion. Intrncavity upcrnlion iN an im­
portnnt considcrlltiol1 in terms of gen·
cr8til1~ signallcvels nhllve thc noise
background when vcry low absorption
samples are mem.ured (17). Unfortu·
nately. it is usually impractical to use
high-power pub;,rd lasers with l:8SCS
because of problems with sil:naltrllO!"­
mission and microphone reslxJOSC at
hil:h frequencies.

Currently. photoactl\lslic spectrom­
eters are usuallv assemhled frum II va·
riety of c(lmmC~Cillland luLK1ratnry­
built components with sample cells as
discuSSNi above h('in~ the main item
unique to photoacoustic instrumenta­
tion. The one exception known to the
author is the commercial UV-VIS­
near IR spectrometer and cumputer
system pictured in FiJ:ure 7. This
xenon lamp-monochnunattlr-bused
unit has a sin~le-beam SOUfl'e-CUm­
pensated optical system with six se·
lectable modulation frequencies in 0

ran~e from 10 to 2-10 Hz. The instru­
ment is desiJ:ncd with RS232 and
IEEE--I88 computer interface options.
Software has been developed by the
manufacturer for instrument control
and data analysis tasks.

Applications

The potential uses of photoacoustic
spectroscopy in chemical annlysis en­
compass a wide range of sample types
that might be associnted .....ith the
food, pharmaceutical, coni, semicon­
ductor, and coatings industries, or
with biomedical, environmentol, or
energy research. Most (If the activity
in these and other areali fulls essentiul­
Iy into two categories-differentiated
by whether or not the application is in
the user or research stage. The first
applications area to be discussed,
FTIR measurements, iti from the first
category and has a numher of nonspe­
cialist users, cHpeciaJly in qualitative
analysis, while the second oreu, chro­
matography applications, is currently
primarily 8 research area, hut h8.'l fu­
ture general-user potentiul.

Photoacoustic mid-Ill spectra of
condensed suhstances are best ob­
tained using an FTIR im~trumentwith
8 photoacoustic cell accessory becaUl\c
the low power available from disper­
sive instrumenl8 makes it difficult to
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streams. 5. Pressure relief valve. Model 7ft3T
protects equiprnentlrom overpressure 6.Column
Inlet filter. The 7302 keeps particles from damaging
columns. 7. Columna. Guard. presaturalOf and
analytical columns 8. Fittings.

As lor good advice. you'lldo bener HPLC d you
ask us lor free COpIeS of TechnICal Notes I, 2, 3
and 4 They contain practICal how-to-do-.t.nIorma­
tion lor both the beginner and the expenenced
chromatograp!her

For Tech Notes and prodUCI bterature please
address Rheodyne, Inc 1'0 Box 996. Colat
California 94928, USA Phone (707) 664-9050

eLCCOnn...........
Injectors.VaIves.Filters.Columns.Good advice.

When you use HPLC, make the important cormec­
lion, Rheodyne. Our components both SImplify your
work and extend the capabilities 01 your system.

Just check our connections.
1. Sample Injector•• The Model 7125 Injects either
a fUlly-loaded or partially-loaded sample loop. Other
injectors InclUde the pneumatically-actuated 7126,
the 7410 lor mlcrosamples and the 7010 for full-loop
loading only. 2. Column MIectlon valve. Model
7066 selects one 01 up 10 five columns. 3. Switching
valvel. Type 70 Valves switch tlow for backflushing,
sample enrichment, sample cleanup, etc. 4. Solvent
IwItchel. Low-COSI Tellon valves switch low-pressure



achieve an acceptable SIN ratio. Pho­
toecoustic cells are available from
ITIR instrument manufacturen and
other companies mentioned in this af­
ticle. The quality of FTIR result. is
most dependent on the sample cell
performance. The FTJR instrument is
usually a secondary factor, prO\'ided
that it has (as most do) an incident
beam power in the ranKe of tens uf
milliwalts and mirror velocities as low
8S approximately 5 X 10-2 em/s. The
latter implies acceptable opticnl mod·
ulation frequencies between 50 and
aoo Hz in the 400 to 4000 cm- I wovc­
number range_ Under these conditions
• well-designed cell should gj,'e a
source power spectrum and noise per­
formance comparable to that shown in
Figure 8 and allow spectrum acquisi­
tion in several minutes_

Signal saturl:t1 ion is usually less of a
problem in the IR region than in UV
and \·isiblt., spectroscopy due to chor­
acteristically weaker absorption mech­
anisms. This consideration and ad\'an­
tages in certain instances o\·er KBr
pellet, diffuse reOectance, and otten­
usted total renectance (ATR) meth·
oos have been the basis of interest in
photoacoustic FTIR spectroscopy.
The use of the photOilcoustic method
rother thon the pellet approach often
prevents problems with ungrindable
samples. grinding artifacts, the Chris·
tiansen effect (16), and light scaller·
ing. Spectra reported by Vidrine of
Nicolet Instnlments provide one of
the best examples of the insensitivity
of the pholo8couotic method to the
morphology of the sample in qualita­
ti"e analysis (19). Figure 9, which
shows results of Vidrine's work, is con­
vincing evidence of how easily IR ab­
sorption spectra can be obtained by
the photoacoustic method without the
sample preparation required for pellet
spectroscopy. Additional advantagcs
also can be realized relative to renee·
lance spectroscopies. especially when
samplcs have 8 low diffuse renectance
component or properties incompatible
for good contact with ATR sampling
surfaces. Figure lOa shows KBr pellet,
photoacoustie, and diffuse reneetance
spectra of Pittsburgh sesm coal mea­
sured by Solomon's group at Ad·
vanced Fuel Research (20). A pho·
toacoustic spectrum of improved qual·
ity taken at Advanced Fuel Research
with a cell developed at the Ames
Laboratory i. shown in Figure lOb.

The combination of pholoacoustic
spectroscopy and chromatography is
attractive because problema with poor
selectivity often inherent in absorp­
tion spectroscopy are reduced by sepa­
ration of conatituenla. Photoacoustic
quantification of constituenta can be
more senaitive or leu involved than
conventional chromatographic detec­
tion methods, The first use of pho-
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pure gases tor his experiments
on diffUSIon must not have been
easy for Thomas Graham. Far
better for him to have opened the
SCOlt SpeCialty Gases BUYll1g
GUide'

Today's chemist IS more for­
tunate. He need only look in the
latesll'dilion ollhe Scott BUying
GUIde to fmd an exceptionally
valuable source of mformatlon
on hydrogen, nitrogen. oxygen.
argon. helium. methane. air and
other gases for use as carners
and fuels in gas chromatography.

(b)

Figure 10. Photoacoustic spectra
(a) CompaIison 01 FTIl spectla 01 a Pittsbu'~ seam coal obtained by d1ttu:se reflectance. pho!oaoousl­
Ie. and KBf pellal methods, reprinted from AelMence 20 with permission. (bl Photoacoustlc spectnm
01 tM same coallaken with a pholoocoustlc cell devek)pod al the NneS laboralory

toocoustic fipcctroscopy in chrot1lnto·
KfOphic detection involved gos chro­
matography (21), hut more recent ac·
tivity hos involved hi~h·performnnce

liquid (HPLC) and thin·l"yer l"I'LC)
chromutoKfuphy.

Snwndn's i:roup nt ttl{' University {If
Tokyo has develuped n phololiColist il:
cell fur measurements on HPLC ef·
fluents and compared its pcrfnrmnncc
to a UV absorption detector for truce
analysis (22). Their cylindrical cell i.
similar to Patel and Tam's cell in thut
it hm u stainless Ktcel chamber closed
by qunrlz windowti hut differs 8i~nifi­

cooLly in volumo, f1o'N.thro\l~h dl'8i~n.
and excitation mode. The chumber
volume hm. been reduced to 20 JolL for
the chromatogrul>hic application !lnd
has inlet and outlet ports for the ef·
fluent flow. It is excitod hy a 500·mW
CW argon ion luser heum at 488 nm

modulated at approximately 4 kHz.
This frequency provides the hest SIN
ratio in the presence of ncoustk noise
from the HPLe pump. The si~n81 is
detected uy n piezoelectric transducer
disk ('ouplt'{l to the sid(' of tll(' Ct.'11 by
un acoustic window sealed with pia.
tinum fnil.
. In tests nn a group of isomers of
chlorn·4·(dimethvlnmino)azobenzene
(CI·DAAB). phut~)8l'OusticdetP<'tion
sensitivity showed n t5·fold improve·
ment over the UV detector without
comprumisin): chromntu~ramband·
width or reproducibility. Snwadn has
sllg~ested that udditionul sensitivity
improvements muy be possible usinK
the pulsed excitation uppronch of
PRtel und Tum.

PhotoReolistic I\nalysis of thin· layer
chromutogrnms \\'1\5 initially demon·
strntcd as u clllUlitntivc method (23)

Far more than a mere IIst:ng of
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the new application gUide section
prOVides recommendations for
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gases. SpeCifiC mstruments and
applicatIons are covered In del811.
The Scott GC Specially Gases
BUyIng Guide is an indISpensable
document for every worker in
GC. Request your new edition
now.

New edillon 01 Scott Specialty
Gases Buying Guide lusl pub­
lished - gel your copy lodeyl

•Scotl Specialty Gases
• d'~"lon 01 SCon [n..-llon"...,..I.1

lec:tu\Ology Inc

P$unu..advll•• PA .215.: 7".....'
San BerNfdk\o, CA • 714: 117.2571

Hou.ton. TX ·713: 5374512
Troy. MI • 313: 58~2t50
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·nd more recently (or quantitative de­
terminotlolll (9. 24. 25). The method'.
cap.bility for spectroocopic .nalysis of
nonapeculor surfaces and aurface sen.
sitivity (due to higher efficiency of
heal tranarer (rom the sample's 8ur.
f.ce v•. i16 bulk) are exploited in thi.
• pplication. Work to d.te h.. demon­
strated that measurementl can be
m.de directly on TLC pl..... or on
m.teri.1 removed from the pl.te (24).

Addition.1 relinemen16 of the meth­
od to ~impliryor, in some C8.8C8, ini.
tiate quantitative TLC analysis seem
pr.ctical. Fishm.n .nd Bard at the
University oCTexaa recently devel.
oped a photoocoustic cell that can be
pl.ced directly on • TLC pl.te (26).
The cell is excited via 8 fiber-optic.
linked source with a spectral range
covering the visible and ports of the
UV .nd near IR.

Conclusion

PhOlO8coustic .pectroocopy has de­
veloped to the stage where it is practi­
cal (or general analytical users as 8

qu.litative mid-IR technique applic.­
ble to diflicult samples th.t .re in·
compatible with conventionallR
methods. In the context of pho­
toacoustic research, quantitative po­
tential has been demonstrated in some
IR measuremenlJi and in other appli·
cations such as chromatography de­
tection. Additional developments in
the areas of instrumentation, sample
preparation/calibration methodology,
and data acquisition and analysis are
necessary to realize the full potential
of the method. Current research in
photoacoustics and related areas is ad·
dressing these needs. For instance,
new theoretical progress on the com·
plex but important problem of pho.
toacoustic signal generation in light­
scattering samples such as powders
will serve as a foundation for im­
proved sample preparation and data
interpretation (9. 11). In the future.
photoacoustic measurements can be
expected to be pr.ctical for additional
applications due to the widening spec·
tral range of lasers and the increasing
capability of data analysis routines to
extract more information from spectra
(27).
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Software and Analytical
Instrumentation

Recently. a matler of serious concern associated with the software used
in analytical instrumentation was brought to our atlention by a reader.
Following a recent ASTM symposium that highlighted the lack of
openness on the part of vendors who provide such software, this corre­
spondent was given the task of alerting editors of scientific journals to
this developing problem.

Our inquiry into the matler confirms the serious nature of the situa­
tion. Many instrument vendors will not share software with purchasers.
Some will not even share the algorithm that describes what lhe software
does. Vendors seem sensitive to users and competitors sharing software
with each other in an unregulated manner. The problem involves doc·
umentation. the eleclronically readable form of software. human­
readable forms of the same material, and the algorithm.

Raymond DessY. our runtributing editor for NC II>TffiFACE. does not
belie'-e that user pirating is a problem for software in PROM (pro­
~rammed by the vendor prior to sale> or for software distributed on
ma~neticmedia. Too much specific ancillary hardware is involved. which
is inlimately associated with the software, to make user duplication
worth the efforl. Furthermore, duplication can be made difficult to
impossible by using encrypling techniques. or by writing special enabling
data in the intersector ~apsofdisks. Licensing agreements and nondis­
c1usure u~reements signed hy the user provide a final legal barrier.

Under the laller cunditions, cuntroller and interface vendors will share
printed circuit schematics with purchasers. It seems reasonable then to
eXI>ect instrument vendurs to share algorithms with users who want to
be sure that the invisible data treatment being applied is appropriate
to their requirements. Even source codes should be shared where specific
needs warrunt il. After all, <omputer vendors do pro"ide source codes
for many aspects uf uperating systems when users wish to modify them
for special purposes.

With respecl to lhe cummercial cumpetitor. certainly retroengineering
is lllwllYS p".;sihle. However. the lime and expense i8\'olved are t',msid­
.ruble. The distrihutors of husiness. personal, and hobby software pro­
lect themsel""s by lhe mel hods mentioned, and then maintain their
C'Ompetitive ed~e by developin~ new generations of products. rather than
cmnpulsively wurrying llhout protecting the last release.

With the increllsing cumputer sophisticlltion of anlllytical chemists,
decidin~which instrument to buy may well hinge on the quality of the
software provided by the manufacturer. This important problem will
he explored mure fully in a furthcoming pair of articles in Ale INTER·
t·;\CE.
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Separation of Sulfite, Sulfate, and Thiosulfate by Ion
Chromatography with Gradient Elution

Thomas Sundin,' Mats Lindgren, and Anders Cedergren

Department 01 Anslyllcal ChemlslTy. UnNtNs11y 01 vmea. 5-90'87 vmea. Sweden

Darryl D. Siemer

Exxon Nuclsar Idaho Company. Inc.. P.O. Box 2800. Idaho Fans. Idaho 83401

A IIlmple gradient apparatus, conslstlng 01 a perlstaHlc pump
In addHlon to a standard high-pressure pump, Is described.
The devlca Is used to make a slngNHun Ion chromatographic
separation 01 au""a, auUate, and thloauUate In lass than 15
min. ThIs separation requlrad a step gradient wHh 4.8 mM
NaHCO,/4.7 mM Na,CO, as starl aluent and 6.9 mM NaH­
CO,/6.6 mM Na,CO, asllnal eluent when two (4 X 50) mm
Dlonex anion precoJumnl In aeries were used as separator.
The eluent compoaHlons wera slmplex optimized.

Ion chromatography (lC) (l) has been shown to be a sWIBbie
analytical technique for determination of sulfur anions such
os sulfite, sulfate, and thiosulfate. One of the major problems
concerned with these analyses is that the retention time for
thiosulfate is unacceptably long when determined under the
same ion chromatography (lC) conditions os for sulfite/sulfate.

Holcombe et aI. (2) have reported IC determinations of
these sulfoxy ions, but two separate Ie runs with different
eluents for sulfite/sulfate and thiosulfate, respectively, were
required. Trujillo et aI. (3) reported on the use of a very short
column with high eluent flow rate to elute thiosulfate in about
4 min. However, this short retention time for ~Ol- caused
the other anions present, such as F"", Cl-, N02-, N03-, PO,,3-,
and 80,,2- to elute as a single peak. As a consequence, two
separate IC runs are required for the sulfite, sulCate, and
thiosulfate analyses. Gjerde et aI. (4,5) have shown chro­
matogrlUIlll with thiosulfate and sulfate well separated, with
a retention time for thiosulfate of about 12 min. However,
their tabulated retention times for sulfite and Bulfate indicate
poor separation of these ions.

The purpose of this paper wos w investigate the possibility
of separating sulfite, sulfate, and thiosulfate in an accepIBble
time in 8 single Ie run.

EXPERIMENTAL SECTION

Inlitrumentation. A diagram of the complete ion chroma·
tograph is presented in Figure 1. The system consisted of the
following parts; (I) a ConslBmetric JII Pump (Laboratory OaIB
Control) which delivers the eluent at a constant flow rate through
the sample loo!>. the analytical column, the suppressor column
and the conductivity cell; (2) a stepper motor dri\'en peristaltic
pump P-I (Pharmacia Fine Chemicals) used w generaw gradients
in eluent strength, the pump speed was controlled by a homemade
variable frequency sweep generator (F.s.G.); (3) a sample injection
valve (Rheodyne 70-10) with 50-, 100-, or 200-"L sample loops;
(4) two plastic (4 x SO) mm anion precolumns (Dionex Corp.,
catalog no. 030825) were coupled in series to serve both as pre­
column and analy<.ical column; (5) alsboratory made (5.7 x 300)
mm glass column packed with Aroberlite AG, 100-200 mesh (Serv.
AG), in the hydrogen form serves as suppressor column. the
suppressor was regenerated with 0.5 M H:zSO.; (6) a Conducto
Cell with Conducw Monitor (LOC) w serve as tbe detecwr; (7)

a Vitatron l\1,'o·channel recorder to trace the chromatograms.
Chemicals. All solutions were prepared in doubly deionized

water using reagent grade chemicals. The sulfite standard so·
lutions wer~ prepared from HOCH~03Na (980/c Aldrich) in order
to avoid oxidation to sulfate (6).

The sodium hydrogen carbonate and disodium carbonate so­
lutions, of equal molarity (e.g" 5 mM), for the gradient elution
experiments were prepared in the following manner: (1) 1000 mL
of 5 mM NaHC03 was made by using the dried salt (Merck p.a.).
(2) This solution was divided in two equal parts. One was set
aside and the other was converted to carbonate by replacing 500
JolL of the solution with a 500-pL aliquot of 5.00 M NaOH,

The Gradient System. There arc two ways of effecting
gradient elution in liquid chromatography, viz., (i) high-pressure
mixing and (ij) low pressure mixing. The former, conventional
approach requires two high-pressure pumps and a solvent pro·
grammer. An alternate, less expensive, approach requires only
one high-pressure pump.

To create the gradient, this system uses a peristaltic pump in
addition to the high·pressure liquid chromatography (HPLC)
pump. This peristaltic pump (P-l) is connected to the suction
side of the HPLC pump, When P·l is off, only eluent I\. (see
Figure l) is pumped through the chromatograph. But when P·l
is on, it will force eluent B into a mixing "tee" at the suction side
of the HPLC pump, Therefore, the rate of the two elucnts (A/H)
reaching the column will vary depending on the pumping rate
of p.l. Since P-l is driven by a stepper motor its speed depends
only of the driving frequency of the motor.

The frequency sweep generator makes it possible to increase
and decrease the motor speed as a function of time,

The frequency sweep generator consists of two main parts, a
ramp generator and a voltag~to-frequency converter. The ramp
generator produces a voltage ramp .....ith adjustable, positive and
negative, slopes. There is also a possibility to hold the output
(and thus the output frequency) at any desired value between
osnd +5 V de.

The circuit diagram of the frequency sweep generawr is shown
in Figure 2,

RESULTS AND DISCUSSION
The Gradient System. The initial aim of this work was

to make a gradient elution with no base line shift. This is
achieved by starting the gradient with hydrogen carbonate
and finishing it with carbonate of the same moJar concen­
tration. By this procedure the carbonic acid concentration
in the detector should be constant during the whole gradient
run. Figure 3 shows a gradient, with 5 mM NaHC03 os eluent
A (see Figure I) and 5 mM Na,C03 os eluent B, as it appears
on top of the separator column. The line below is the detector
base line. The disturbances in the base line, which originate
from the separator column, are positive and negative carbonate
peaks (humps). These peaks arise Crom the variations in the
ionic strength..for example, when the eluent is changed from
5 mM hydrogen carbonate to 5 mM carbonate. The double
negatively charged carbonate ion causes a temporary increase
in the carbonic acid concentration in the detector when two
hydrogen carbonate ions are replaced by one carbonate ion

0003-2700/83/03Ss..ooo2$01,50/0 e 1982 American Chemical Sodety
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figure 1. SchematIc diagram of the Ion ctvomatograph.

,","'---" .."--'.
'or. l41

Figur. 2. Clrcuh diagram of the frequency sweep generator: VlF,
Dale'VFQ-l.

Flgwe 4. 50.'- eluted wt1I1 (a) 5 mM NaHCO, and (b) 5 mM Na,co,:
flow. 1.4 mL mln": colunns. (4 X 50) + (4 X 250) mm Dionex anion
separators (catalog no. 030825 end 030827) and (5.7 X 300) mm
Amber1tte AG suppressor.

• 11001lscm'

figure 5. CtYomatogram of 503
2+, 50/-, and 5 20 3

2- with step ga­
dlent and the best eluent composItlon found by simplex optimiUltlon:
eluent A, 4.8 mM NaHC03/4.7 mM Na2C03; eluent B, 7.2 mM Na~

C03/9.1 mM Na2C03.

Table I. Simplex Optimization Facts

variables

suppressor column

sample loop
sample

[NaHCO,JA. [Na,CO,JA, [NaHCO,IB,
[Na,CO,IB

3.4 mL min-I
3.0 mL min-I
2 Dionex precolumns (4 x 50) mm in

series
(5.7 x 300) mm Amberlite AG,

100-200 mesh
200.L
50 ppm 80,2-,25 ppm 80.1

-,

100 ppm S10,1-

o Peristaltic pump was turned on 3 min after injection.

lolal eluent now
eluent B How O

separalor column

CWl apparently was necessary, to shorten the time between
the elution of sulfate and thiosulfate.

Studies showed that steep gradienta were required to fulfill
the above mentioned requirements, and in practice, 8 limiting
step gradient, controlled only by the mixing of the two eluenta,
was employed. However, to find the beat conditions for this
eluent change, a simplex optimization of the eluent compo­
sition was done. \\Tben we switch on the peristaltic pump at
a certain time after the injection, an eluent change will occur
after approximately 2 min of delay as shown as a bose line
shift on the recorder.

Simple" Optimization. A function minimization with four
variables was done with the simplex method (7). The variables
were NaHCO, and Na,CO, concentrations in eluent A and
eluent B, respectively. The function to be minimized was the
sum of three terms, namely, the thiosulfate retention time,
an estimate of the separation between sulfite and sulfate, taken
as the distance from the bose line to the valIey between the
peaks, and an estimate of the separation of the aulfate peak
from the bose line shift due to eluent change.

The chromatographic specifications are given in Table I.
The best result obtained with this formulated function is
shown in Figure 5.

Figure 3. (a) Typical gradient as h appears on top of the separator
column end (b) detector response dlrtlg the gradient: eluent A. 5 mM
NaHC03; eluent B, 5 mM Na2C03.

at the amino groups in the separator resin. In order to min·
imize bose line shift, due to amall differences in HCO,'ICO,"
concentrations, special care in making the eluents was nec­
essary. The recommended procedure is described in the
Experimental Section.

The higher eluting strength of carbonate compared with
hydrogen carbonate gives rise to a decrease in retention time
of about 25% for, e.g., sulfate (Figure 4). This difference in
retention times might be sufficient for certain applications,
but the effect is not adequate in the case of strongly retarded
anions such as thiosulfate.

The increase in pH when going from hydrogen carbonate
to carbonate makes it poaaible to control the charge of, e.g.,
phosphate and thus ita retention time. If, for example, nitrate
and phosphate coelute with an eluent of a pH where HPO."
exista, you are able to change the pH of the eluent so PO."
elutes with a longer retention time than nitrate. This is simply
and quickly done with the equipment and the type of eluenta
described berein. Tbe fact that these eluenta give the same
carbonic acid concentration in the detector causes no base line
shift when changing eluent pH. Moreover, the poaaibility of
altering the pH without long waiting times is useful in method
development work.

In order to re80Ive aulfite, sulfate, and thiosulfate in a
reaaonsble time, we had to abandon this initial approach. A
much greater change in eluent ionic strength during the IC
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Although the retention time for thiosulfate is 10 min, the
total time for a full cycle, including restabilization of the base
line with eluent A, is about 15 min. This is mainly due to the
tailing of the thiosulfate peak and to a lesser extent depending
on the restabiliz.a.tion of the base line, which requires ap­
proximately 1 min.

In order to decrease the severe tailing of the thiosulfate
peak, experiments were performed with B40l- in both eluents
as 8 modifier. However, the extent of tailing was not reduced
and the sulfite/sulfate separation deteriorated. It is possible
that the severe tailing of this peak not only is due to adsorption
effects in the separator column but also is caused by decom­
position of thiosulfate when it is acidified in the suppressor
column. This, however, is not confirmed.

The use of eluenta with concentrations high enough to elute
thiosulfate in about 1()-12 min shortens the lifetime of the
suppressor column. To cope with this problem, it is possible
to use two suppressors in parallel, alternatively using one while
regenerating the other. Another possibility is the use of the
hollow fiber suppressor, with continuous regeneration, recently
described by Stevens et al. (8).

Note: Eluent suppression ion chromatography is covered

by patents in several countries.
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Determination of Cyanide, Sulfide, Iodide, and Bromide by Ion
Chromatography with Electrochemical Detection

Roy D. Rocklin" and Edward L. Johnson

Dionex Corp., 1228 man Way, Sunnyvale, CaUlomla 94086

Cyanide, ouIfld., lodd., and bromld. ar. separated and de­
tected by uM>g Ion chromatography (IC) and electroc:hemlcal
detectlon via a liver wortdng electrode. The detectlon IIm/ta
... 2 ppb, 30 ppb, 10 ppb, and 10 ppb, reopectlvely. Cyanide
and __ can be det_ slmuKaneousIy, as w.' as wtth
_ anions commonly det_ by IC. Cyanide conl_
In Cd and zn complex•• 10 quanlKatlv.ly d.t.rmlned a. total
..,r.... cyanld., whll. cyanld. contained In HI and Cu com­
pl•••• I. only partially d.t.rmlned a...,r.... cyanld.. Th.
lIrongly bound cyanld. In Au, F., or Co compl•••• I. not
del.cled.

Although ion exchange techniques can easily separate
cyanide or sulfide from a host of common anions, their de­
tection via oommon methods such as conductivity is very poor.
During an IC analysis, the weakly acidic species HCN ood H,s
are formed in the anion suppressor column, Unlike the
halogen acids, they are not detected by the conductivity de­
tector due to their low dissociation and, therefore, low con­
ductivity. Thi. inability to detect cyanide and sulfide has
prevented the exploitation of the separating power of ion
chromatography (I) for the determination of these ions.

In all the analytical methods so far developed for cyanide
and sulfide, removing interferences is a necessary first step
when analyzing moot samples. In addition to interfering with
each other, other species interfering with cyanide ood sulfide
determination include the halogens, thiocyanate, and thio­
aulfate. The traditional wet chemical analytical method for
cyanide, including the removal of interferences, involves
precipitating sulfide with cadmium ion, filtering, acidifying,

and distilling the sample (2). The cyanide is trapped in a
sodium hydroxide solution, which is usually assayed by ar­
gentometric titration, by spectrophotometry, or by an ion
selective electrode. The entire process takes approximately
2 h. Samples which can be analyzed directly without distil·
lation are those which arc known not to contain significant
quantities of interfering species. Sulfide is usually determined
by precipitating sulfide with zinc ion, filtering, and then
acidifying the precipitate. This solution can be assayed by
iodometric titration, spectrophotometry (methylene blue
method) or by an ion selective electrode. This procedure takes
approximatley 1/2 h per sample.

Electrochemical methods for cyanide determination include
amperometry (3-5) and polarography (6). Sulfide can be
determined by cathodic stripping voltammetry (7). The po­
larographic method (6) can determine cyanide or sulfide when
in the presence of the otheri however, iodide and thiosulfate
interfere.

Recently Piblar and Kosta (8, 9) developed an electro­
chemical method for cyanide analysis by using flow injection
analysis (FIA). The method is based on the ability of a silver
working electrode in an amperometric electrochemical flow­
through cell to produce a current. The reaction for cyanide
is

Ag + 2CN- - Ag(CN),- + e-

The main conclusions from the work of Philar and Kosta are
as follows:

(1) Current is directly proportional to cyanide ion concen­
tration.

(2) The electrode maintains the same sensitivity over long
periods of time; Le., it is not poisoned.

~2100/83/0355-()()O.($01,50/0 e 1982 American Olemlcal SocIety
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figure 2. Dependence 01 CUTent response on E-elCI lor 1 ppm cyanide
(dots). 500 ppb sulfide (triangles). and 5 ppm iodide (squares).
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Figure 1. Diagram of amperometrlc now-through cell.

(3) Sulfide interference is still a problem.
Similar reactions occur for sulfide and the halogens; how­

ever, the products are precipitates rather than a soluble
complex.

NS

CN

2Ag + S' - Ag,S + 2e­

Ag + X- - AgX + e-

In this paper, the results of placing an ion exchange column
in front of the electrochemical detector are presented. Cyanide
and sulfide are separated and thus are determined simulta­
neously. Although bromide and iodide can be determined by
Ie with conductivit.y detection, the use of electrochemical
detection results in greater selectivity as well as increased
sensitivity.

EXPERIMENTAL SECTION
All chromatography was performed on a Diann System 2010

(PIN 35201) ion chromatograph. Unless otherwise specified, the
sample loop size was 50 ilL and the eluent flow rate was 2.5
mL/min. Cyanide and sulfide were separated on an HPIC-AS4
(PIN 35311) anion exchange column using an eluent consisting
of 14.7 mM ethylenediamine, 10 mM NaH2BO, (prepared from
H,BO, and NaOH), and 1.0 mM Na,CO,. The eluent pH is 11.0.
Chromatography of iodide was performed by using an HPIC-AS1
(PIN 30827) column with an eluent consisting of 20 mM NaNO,.
Chromatography of bromide was performed using an HPIC-AS3
(PIN 30985) column with an eluent consisting of 2 mM Na,CO,.

Electrochemical detection was performed with an Ion­
ChromlAmperometric Detector (PIN 35221). The cell (Figure
1) consists of a silver rod working electrode 1.3 cm long X 0.178
cm in diameter, an Ag/AgCI reference electrode separated from
the flowing stream by a Nafion cation exchange membrane, and
platinum counterelectrode. (Nafion is a registered trademark of
E. I. du Pont de Nemours & Co.) The cell geometry is based on
one previously reported in the literature (10). The working
electrode was occasionally cleaned by mechanical polishing. The
applied potential was 0 V for cyanide and sulfide, 0.20 V for iodide,
and 0.30 V for bromide.

Cyanide standard solutions were prepared from a lOOO ppm
NaCN (Mallinlrrodt, Paris, KY) stock solution, standardized by
argentometric titration. Sulfide standards were prepared by
diluting 21 % (NHJ,8 (J. T. Baker, PbillipsbUlg, NJ). K,Fe(CNl..
K,Co(CN)s, and CuCN were purchased from Alfa Products
(Danve.., MA). K,zo(CN). and KAu(CN), were purchased from
Pfaltz and Bauer (Stamford, CT). Ni(CNJ." was prepared from
NaCN and Ni(CH,CO,), (Matheson, Norwood, OH). Cd(CNJ."
was prepared from 1000 ppm solutions ofedCl, (Alfa) and NaCN.
Copper cyanide solutions were prepared by adding stoichiometric
quantities of NaCN to a 1.0 X 10; M eueN solution.

RESULTS AND DISCUSSION
Applied Potential. Figure 2 shows the dependence of

current response on applied potential (E•.,,>. As the potential
is increased from negative to positive, the peak height increases
as the diffusion controlled plateau is reached. Beyond this

o .. 8 12 16-FJgure 3. Slmuhaneous analysis by u:sVlg electrochemical and con­
ductlvity detectiori. Concentrations are 300 ppb sulfide. 500 ppb
cyanide. 1 ppm fluoride.' ppm chIorida. 10 ppm nitrite. 10 ppm
bron>de. 25 ppm nitta'a, 30 ppm sUfita. 25 ppm sUtate. and 50 ppm
phosphate.

potential, peak height decreases as other reactions compete
with the one of interest, probably oxidation of silver to form
an oxide or hydroxide, thus poisoning the electrode surface
(II).

Simultaneous Multianion Analysis. Electrochemical
detection can be used in conjunction with conductivity de­
tection to determine, in a simultaneous analysis, ions de­
tectable by either method. This is accomplishad hy placing
the electrochemical detector between the separator and sup­
pressor columns of the ion chromatograph. The electro­
chemical detector must be placed before the suppressor
column, as the suppressor's purpose is to lower the conduc­
t.ivity by decreasing the concentrat.ion of the supporting
electrolyte. The separation of a 10 anion standard is shown
in Figure 3. Sulfida, cyanide, bromide, and sulfite are detected
at the silver electrode, while nitrite, nitrate, phosphate, and
sulfate produce no response. Due to the low dissociation of
H,8 and HCN following protonation by the suppressor col­
umn, they are not detected by the conductivity detector.

The major advantage of chromatography over other ana·
lytical methods is ita ability 1<> separate interferences. With
one exception, the determination of one of the four ions is not
affected by the presence of the others. For example, a solution
containing 2500 times as much chloride as bromide has little
effect on the datermination of bromide (Table I), even though
chloride elutes fuaL Since E" for the oxidation of Ag 1<> Agel
is positive of E" for the oxidation of Ag 1<> AgBr, at a potential
just on the diffusion controlled plateau for bromide, the
current response for bromide will be much greater than that
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Table I. Determination of 1 ppm Cyanide in the
Presence of Sulfide

Table II. Determination of 400 ppb Bromide in the
Presence of Chloride

amt of added
8 1 -, ppm

o
0.10
1.00

10.0

recovery of
CN·,%,12%

100
109
112
104

50ppb Br

F1glA'o •. Det_lIon 01 50 ppb bromide In 1000 ppm _ from
reagent grade NaCt (Baker). A 10o.,.,L samp5e bop was used.

a The 1000 ppm chloride solution contains 50 ppb
bromide, accountinJ' for 12.5% of the 15% excess.

1000ppm Ct·

/

100 1,000 10,000 100,000

PPB

F1glA'e 5. log (anenl) vs. log (concentration) to( cyanide (dots), sutlidB
(triangles), and iodide (squares).

percent lower than the subsequent injections. This effect is
most pronounced for sulfide. which produces 8n initial peak
as much a..q 10% lower than the subsequent peaks. In actual­
use, erfors in concentration measurements can be reduced or
eliminated by making two or three injections until the peak
height is reproducible.

Extremely small quantities of sulfide «20 ppb) olso pro­
duce irreproducible peaks, often disappearing entirely. As
this problem is independent of the applied potential and is
not noticed in FIA experiments, it is thought to be caused by
chemical reactions occurring in the column.

[t is interesting that the deposition of a loyer of AgzS or
AgX on the working electrode surface does not poison the
electrode, since we have seen no evidence of a decrease in peak
height caused hya build up of silver sulfide or halide. Shimizu,
Aoki, and Osteryoung (I2) have noted that the rate of oxi·
dation of 8 rotated silver disk electrode in the presence of
sulfide is limited by the diffusion of sulfide ions to the elec­
trode, as long as less than 0.08 C cm-2 of charge has passed.
This charge, equivalent to about 700 monolayers, is consid­
erably in excess of the integrated current from a 1 ppm sulfide
peak, about 10-<> C cm-'. Cyanide forms a soluhle product and
cannot form 8 layer (13).

Linearity and Sensitivity. Calibration curves for cyanide,
sulfide. and iodide ore shown in Figure 5. In general, plots
of the log of peak height 88 8 function of the log of concen­
tration are linear at low concentration. At high concentrations,
an increase in concentration produces a smaller increase in
current 88 shown by the plateau for each ion. This plateau
(also observed in FIA studies) is caused by uncompensated
resistance in the cell. The upper limit of linearity can he
extended by increasing the applied potential or by decreasing
the size of the injection loop. With a loo-J.l.L injection loop,
the detection limit for cyanide is 2 ppb, for sulfide 30 ppb,
for iodide 10 ppb, and for bromide, 10 ppb. The detection
limits reported here are approximately 2 orders of magnitude
lower than those reported with the use of gold or mercury
working electrodes (5).

Analyais of Metal Cyanide Complexes. The cysnide in
inorganic cyanides can be present as both complexed and free
cyanide. In order to study the chromatography of meta)
cyanides, we prepared and assayed. solutions of cadmium, zinc,
copper, nickel, gold, iron, and cobalt cyanides. Table IlIlista
the percentage of total cyanide detected.

The results suggest that the complex cyanides can he
grouped into three categories depending on the cumulative
formation constant and stability of the complex. Category
1 includes the weakly complexed and lobile (I4) cyanides
Cd(CN).'- (log 13. = 18.78) (IS) and Zn(CN).'- (log 13. = 16.7).
These complexes completely dissociate under the chromato­
graphic conditions used; the cyanide being indistinguishable
from free cyanide.

100
104
100
115 Q

recovery of
Br-,%,12%

amt of added
CI', ppm

o
10

100
1000

T
5nA

-.L

for chloride. This can be exploited in order to detennine small
quantities of bromide in a large excess of chloride; a difficult
process using other methods of analysis due to the similar
chemical properties of the two halides. The determination
of 50 ppb bromide present in 1000 ppm of reagent grade
chloride is shown in Figure 4. The large negative dip following
the chloride peak is caused by the reduction of the AgCI
deposited on the electrode. Since there is no longer chloride
in the solution next to the electrode (as it has all eluted), and
since the applied potential is below the diffusion controlled
plateau, AgCI reduction is favored in order to satisfy the
Nemst equation. A small dip following the hromide peak can
also be seen.

The determination of cyanide is affected by the presence
of sulfide in the sample, as shown in Table II. Since sulfide
elutes before cyanide (Figure 3), cyanide does not interfere
with the analysis of sulfide. The addition of 0.1 ppm sulfide
enhances the cyanide peak by 9"lo. This effect can be min·
imized or eliminated by using the standard addition method
or by matching the cyanide standards as closely as possible
to the sample. For example, if the sample is known to contain
approximately 100 ppb sulfide, then this amount should be
added to the standards.

Reproducibility, The reproducibility of peak beighta for
repeated injections of the four ions is generally 1%, however
the first injection of 8 series usually produces 8 peak a few
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a Formation constants from ref 15. b From rel 16.

T
30nA

1

Table Ill. Percentage of Total Cyanide in Metal
Complexes Determined u" Free" Cyanide

metal complex log a,a %

lr 5"":
Mlnut••

Figure 8. Chromatogram of 1.0 X 10-5 M Cu(CN),2-.

Category 2 includes the moderately strong cyanide com·
plcxes Ni(CN}/- (log fl. = 31.3) and Cu(CN}/- (log fl. = 30.3).
Although the complexes 8re labile, they are retained on the
column and slowly dissociate during the chromatography.
This slow dissociation produces tailing which lasts for several
minutes as the free cyanide elutes and is detected. The
chromatography of Cu(CN),'- is shown in Figure 6 and can
be compared to the cyanide peak in Figure 3. AJJ the results
presented in Table III demonstrate. the tailing and the non­
quantitative recovery of cyanide preclude the use of direct
injection to determine total cyanide in samples containing
copper or nickel. These samples may be analyzed after acid
distiUation and caustic trapping. The cyanide in the caustic
solution can then be determined by ion chromatography with
electrochemical detection.

Category 3 includes those cyanides which are inert and
therefore toWly undissociated, such as Au(CNj,- (log fl, =
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38.3), Fe(CN)," (log fl, = 42), and Co(CNl," (log flo = 64) (16).
No free cyanide was detected for these complexes. Although
these complexes do not elute under the chromatographic
conditions used, they can be eluted and determined by using
different chromatographic conditions and conductivity de­
tection (I 7).

Samples containing both free cyanide (or weakly complexed
cyanide) and strongly complexed cyanide can be analyzed for
free cyanide by direct injection. The determination of total
cyanide (both free and strongly complexed) requires distil­
lation of the sample with caustic trapping.

102
102

81
52
42
38
o
o
o

18.8
16.7
31.3
30.3
28.6
24.0
38.3
42
64 b

Cd(CN),"
Zn(CN),"
Ni(CN).'­
Cu(CN).'­
Cu(CN},'­
Cu(CN);
Au(CN};
Fe(CN).'­
Co(CN).'-
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Dual Electrode liquid Chromatography Detector for Thiols and
Disulfides

Laura A. Allison and Ronald E. Shoup·

BJoanalytlcal Systems Inc.• ReS88rch uboratories. 1205 Kent Avenue. West Lafayette, Indiana 47906

~ and__ were det_ anlJleneouoly by using

liquid chromatography/elec1rochemls1ry (LCEC) wnh thin­
layer dual mercury amalgam electrode. In the .erle. mode.
Aller liquid chromatographic .eparatlon 0' all specie., dl­
..-. were tlrsl converted to the corresponding thlolll at an
upstream electrode at -1.0 V v•• Ag/AgCI. Both thlol. and
_. were then detec1ed as thlolll downstream at +0.15
V via theft catalyllc oxidation 0' the mercury surface. Only
the downstream electrode current need be monnored. The
high selec1l-"y 0' the mercury surface-apecllic detector re­
action ensur.. a low probabll"y ot Interference.. Cysteine,
glutathione, penlclDamlne, and the pure dllulllde. were used
a. teat .olute.. The dual eleelrode deteelot haa been ap­
plicable to the determination 0' oxidized and reduced gluta­
ttlione In human blood and cltru. lea' homogenate.

There continues to be wide interest in the fate of thiola in
various biological and chemicalsYB"'ms. For elUllllple, in plant
and animal sys"'ms the tripeptide glutathione (-y·glutamyl­
cysteinylglycine) is found principally as the reduced form
(GSH). although both disulfid.. (GSSG or GSSR) and protein
adducta (GSSP) are also important. Due to ita ubiquitous
occurrence in nature, physiologists have expended much effort
in studying the funclion of GSH and ita metabolites in cell
biochemistry. Also, sulfhydryl-containing pharmaceuticals
such as captopril and penicilliunine are partially metabolized
to disulfides.

While numerous methods for the determination of thiols
have been reported, few have described procedurc& for the
simultaneous determination of both oxidized and reduced
thiols. One approach (I, 2) is to perform wet chemical steps
in which the thiol and disulfide are separated into fractions,
the disulfide is chemically reduced, and then the thiol content
of each fraction determined colorimetrically via a coupling
reagent such .. Ellman's reagent, 3,3'-diWobisl6-nitrobenwic
acid]. The bench chemistry is tedious but reasonably sensitive,
Recently liquid chromatography coupled to posteolumn
mixing has been employed to detect Wols in this manner (3),
and both thiols and disulfides have been detected by using
a two-stage solid·phase poetcolumn reactor employing similar
chemistry (4).

Liquid chromatography coupled to amperometric detection
was first proposed for thiols by Rabenstein and Saetre (5),
who used a mercury pool electrode. The detector reaction is
indirect and based on the oxidation of mercury in the presence
of certain species such as thiols, chelons, and halide ions

2RSH + Hg - Hg(SR), + 2H+ + 2e-

The detector may be poised at very low potential, typically
+0.1 V VB. Ag/AgCI, in contr..t to the +0.9 to 1.0 V potentials
required for direct oxidation of thiol to the disulfide on a
carbon surface. BergHtrom et al. (6) refmed this approach for
the therapeutic agent penicillamine by employing a mercury
111m on gold aurface (eventually creating an amalgam). They

demonstrated sample detection limits of approximately lO- j

M.
To determine both thiols and disulfides, Rabenstein and

Sactre performed off-line bulk electrolyses of plasma samples
over mercury pool electrodes to convelt penicillamine disulfide
to penicillamine (7). Injections were made before and after
electrolysis, and the increase in the penicillamine peak height
was attributed to the disulfide. Eggli and Asper (8) further
elaborated on this theme by inserting an on-line column
electrode of amalgamated silver particles between the column
and detector to quantitatively reduce disulfides to thiols prior
to entering a mercury pool electrode of Rabenstein's design.

Our experience with Hg/Au detector electrodes for liquid
chromatography (9) and more recently with multiple electrode
LCEC (10, 1I) prompted us to investigate the use of a dual
electrode thin-layer cell for the simultaneous determination
of thiols and disulfides. While similar in philosophy to that
of Eggli and Asper, the propoeed cell has very low dead volume
and is ideally suited to high-speed LC separations. Two
mercury film electrodes are utilized, in a series arrangement,
analogous to the scheme devised by MacCrehan und Durst
(12). After the LC separation, the eluate passes over the
upstream electrode, held at - 1.0 V vs. Ag/AgCI, to reductively
cleave disulfid.. to Wofs. AU Wols, whether present naturelly
or as upstream conversion products, are detected conven·
tionally downstream at +0.15 V vs. Ag/AgCI. The upstream
electrode serves as a unique postcolumn reactor of negligible
dead·volume. since the conversion takes place in the thin layer,
on the electrode surface.

In this report, we evaluate the suitability of this detector
configuration for thiols and disulfides. Its application to the
measurement of these compounds in plant tissue and human
blood will be demonstrated,

EXPERIMENTAL SECTION

Apparatus. A Bioanalytica1 Systems LC-l54 liquid chroma·
tograph with tandem LC-4B amperometric controllers was
modified to exclude oxygen from the system. All Teflon tubing
was replaced by stainless steel. The mobile phase was heated to
50 °C for 30 min in a reflux condenser and continuously bubbled
with nitrogen to maintain an oxygen·free atmosphere (13). The
reflux apparatus served as the mobile phase reservoir and re·
mained. under positive N2 pressure to exclude oxygen at all times.

Both single and dual mercury-gold detectors were used. The
single electrode detector was of the conventional thin· layer am­
perometric design (14), with a single circular gold electrode. The
dual electrode detector cell consisted of two circular gold elec­
trodes, each 3.2 rom in diameter. The electrodes were positioned.
in series in the thin·layer flow channel, separated by a distance
of approxima"'ly 0.6 mm. The mercury/gold surfsce was prepared
by placing mercury onto the highly polished gold surface. After
waiting 2-3 min, the excess mercury was removed with the edge
of a card and the surface firmly wiped with a laboratory tissue.
A properly prepared surface should have a duH sheen. Excess
mercury is indicated by reflective region(s) and should be removed
by further smoothing. The auxiliary electrode was directly acr068
from the working electrode!s), snd two TG·5M g..keta (BAS)
defined the thin·layer channel, which was 254 ~m thick. The
AgiAgCI reference electrode was positioned. downstream in the

000:)..27oo/83/0355-000SS01.5010 C 1982 American ChemcaJ Soc:Jety
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Table J. Reproducibility of N·A<:etylcysleine
Peak Heigbts

av peak
height, % rei

mobile phase ng/inj. N nA dcv

40% CH,CN:60% 200 42 205.2 0.6
0.1 M monochloro-
acetate, pH 3.0

5% CH,OH:95% 100 18 89.5 1.5
0.1 M monochloro-
acetate, pH 3.0

·~r.

2oono ir~e<:lion, of IhiosohcyriC ocld
Potential" OIV 'IS Ag/AgCI E .. Ag/AgCI

Figure 1. Hg/Au electrode response dlXing equilibration of the
amalgam.

conventional manner. The dual LC-4B controUeni provided the
equivalent of a four-electrode potentiostat.

For the separations, the mobile phase was generally 8 com­
bination of 0.10 M monochloroacetate (pH 3.0) and an organic
solvent. usually CH,OH (Mallinckrodt) or CH,CN (Baker,
Resi-Analyzed grade). Specific mixtures will be noted in the text
and captions. A Biophase ODS 5~ column (250 X 4.6 mm. BAS)
with a 5 101m diameter spherical particle size provided the sepa­
fations. The flow rate was 1.5 mL/min.

Sample extracts were filtered prior to injection with centrifugal
MicrofLItcI'9 (BAS) and He·58 regenerated cellulose membranes
(0.20 ~m).

Bulk electrolyses were carried out over 8 mercury pool electrode
in 8 conventional dual side-arm electrolysis cell. A Bioanalytical
Systems DeV-5 potentiostat provided potential control and
current output, which was integrated for n values with a prototype
BAS LC·26 inwgr&wr. Cyclic voltammetry was carried out with
a CV-lB unit (BAS) and a HglAu voltammetry electrode (pIn
MF20l4. BAS) prepared as described above. All potentials are
VB. an AglAgCI/3 M NaCI reference electrode (pIn MF202O.
BAS).

Reagents. Standards of various thiols and disulfides were
dissolved in 0.1 % (w/v) Na,EDTA solution and refrigerated. For
the glutathione (GSH) in blood ....y. 20 mg of GSH was dissolved
in 100 mL of Na2EDTA solution (final concentration, 0.67 mM).

Sample Preparation. The assay in blood was as follows: 0.8
mL of 0.1 % Na2EDTA solution and 20 IJL of fresh blood were
combined in a 5-mL centrifuge tube, causing the erythrocytes to
lyse. At least one sample was spiked with 20,.L of the 0.67 mM
GSH standard solution. Two hundred microliters of 0.2 M HCIO.
was Loon added, and the tube was vortexed briefly. Afu>r standing
10 min to precipitate proteins, the sample was centrifuged for
10 min at 1600g, and the supernatant was decanted. into a Mi­
crofilter and centrifuged again prior to injection.

For plant sample preparation, 5 g of fresh citrus leaf tissue was
chopped and homogenized in 75 mL of methanol. The homo­
genate was filtered and extracted with petroleum ether to remove
chlorophyll. Residual petroleum ether was removed by vacuum
aspiration. For liquid chromatographic experiments, the homo­
genate was then evaporated to dryness under nitrogen and re­
constituted in an equal volume of mobile phase.

RESULTS AND DISCUSSION

Single Electrode Evaluation. Before dual electrode ex­
perimenta were attempted, the reliability of a single electrode
thiol determination was establiahed. ThiosaJicylic acid and
N-acetylcysteine were used as test solutes. The gold electrode
substrate was polished in stages to a mirrorlike finish with
a O.5-~m alumina slurry. Following the application of the
mercury, there ia a period of equilibration, during which time
the electrode response ia rspidly changing and the electrode
is unsuitable for use (Figure 1)_ This stabilization occurs

.2·

+--,-,,---..c;:.~,,.a,--..:..6,-----"._,,.2,--..:.0;---=::_.,;.4~

independently of the environment of the electrode and no
potential need be applied to achieve it, causing speculation
that a purely physical amalgamation process ia responsible.

Once equilibrated, the reproducibility of the HglAu elec­
trode was evaluated by using N-acetylcysteine as test solute
in two different mobile phases at +0.1 V (Table I). This
experiment was designed to determine if a high percentage
of organic solvent was required to "wash" mercury-thiol
complexes from the electrode surface. From Table I. the
results indicate that the electrode was reproducible by using
either high or low solvent concentrations. Average lifetimes
of Au/Hg surfaces were from 2 to 3 weeks. When resurfacing
became necessary, a gradual decrease in response was observed
and the electrode, upon inspection. had a gold tinL Although
additional mercury could be applied direcUy to the old
amalgam as directed above, the maximum sensitivity was
obtained by freshly polishing the used electrode to expose a
Dew gold "mirror" prior to amalgamation.

Rigorous deoxygenation of the mobile phase was required
for two reasons: (1) dissolved oxygen oxidizes thiols on-col­
umn, leading to poor reproducibility, and (2) reduction of
dissolved oxygen causes a high negative residual currenL After
deoxygenation. the residual current at +0.1 V was about-l0
nA or less. Sample deoxygenation was not attempted or
necessary for single electrode studies.

Although carbon surfaces may be used to oxidize thiols
direcUy (15). the elimination of several interferences could
be accomplisbed by operating at much lower potential on
mercury (Figure 2). Substances such as uric acid. plant
phenolics, and ascorbste are not detected by using Hg instead
of glassy carbon.

Voltammetry nf RSSR. To utilize the detection of thiols
on a mercury amalgam electrode as an indirect means of
measuring diaulfides, we investigated the electrochemistry of
glutathione disulfide. In the dual electrode thin-1ayer detector,
it was essential to demonstrate that free GSH could be re-

",''''
Z RSH-t Hq-HolRS,1"ZH'.,.Z.

10i

Figure 2.~ voIlarm1ogams of N ...cetylcystalne on both
glassy carbon and Hg/Au eloc1rodes: mobile phase, 95% 0.' M
rnonodlloroacetate, pH 3.0/5% methanol. t/> Is !he ratio of !he peak
current to the imiting current. For glassy ca.r1:>on. a dittusIon-imite
responge was not obtained, and <p was cak:ulated as the ratio 01 the
peak current to the current response at +1.25 V.
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Flgwe 5. Response of downstream electrode (+0.15 V) to a standard
solution containing GSH and GSSG and (AI upstream electrode OFF
and (8) upstream electrode ON (-1.0 V): mobile phase, 99% 0.1 M
monochloroacetate. pH 3.0/1 % methanol.

Figure 4. (A) Peak helg,t responses at downstream electrode (+0.15
V) as a function of applied potential at upstream ektctrode. Each point
represents the mean of two In}actions. 200 ng 01 GSSG. ¢ is defined
as in FlgJe 2. (8) ResdJaI CISren1 at upstream merctsy/gold electrode
as a funct)on of applied potential.

formation in a single output for both thiols and disulfides.
Deoxygenation of mobile phase was found to be of even

greater significance with the dual electrode detector. It was
also necessary to deoxygenate samples when lower analyte
concentrations required high gain detection. Evidently, the
extremely high negative potential of the upstream electrode
causes the entire detector to become more sensitive to dis­
solved oxygen effects. Mercury surface& in the dual mode
demonstrated a usable lifetime dependent on the applied
potential. The upstream electrode, which operated at -1.0
V, usually required resurfacing after about 10 days of oper·
ation. The downstream electrode behaved as the single
electrode, with resurfacing after approximately 3 weeks. It
should be noted that the upstream electrode can be
"rejuvenated" by appling mercury to the old amalgam surface
without repolishing. This is possible due to the fact that the
upstream electrode is strictly used as a generator of detectable
species. Resurfacing of the downstream electrode in this
manner is not recommended, as noise levels may be increased.

Linearity of the dual mercury/gold detector was demon·
sLrsted for GSH over the range of J(H!OO pmol injected (slope,
108 pA/pmol; y intercept, -2.0 pA; correlation coefficient,
0.9994). GSSG also showed a linear response from 10 to 800
pmol (slope, 38 pA/pmol; j' intercept, -0.45 pA; correlation
coefficient, 0.9990). Minimum detectable quantities (8/N of
3) were 3.5 pmol for GSH and 5.7 pmol for GSSG. A single
injection is sufficient to individually measure both thiols and

B. W,OIIA W, orr

0--.-.

'.
figure 3. Cycic YOIIanYnogam ot GSSG .. 0.1 M rnooochloroacetate.
pH 3.0, uslng an Hg/Au electrode: lnltlaJ potential. 0.0 V; scan rale,
20 mV s·'; vertical axis. 2 pA/divlslon.

leased at the upstream electrode for subsequent detection
downstream at +0.15 V 88 shown above.

The reduction of oxidized glutathione on mercury was re­
cently studied by Sekane ot al. (16); similar studies were
reported earlier (17, 18). A cyclic voltammogram of GSSG
initiated at 0.0 V in the negative direction shows three distinct
reduction peaks (Figure 3). Peaks I and II resemble ad­
sorption waves, whiJe peak III is diffusion-controlled. These
results arc identical with those of Sakane et aI .• who suggested
that the first peak represented the reduction of adsorbed
GSSG to free GSH, while the third peak derived from the
reduction of free GSSG to GSH. It is interesting to note that
the second peak at -420 mV eventually disappears upon
subsequent cycles, with 0 corresponding increase in peak I.

Bulk electrolysis of a 1.6 X 10" M GSSG solution in the
pH 3.0 buffer at -1.1 V was carried out to identify reaction
products. To detect GSSG as GSH in the dual electrode
scheme, it was necessary to prove that GSH was indeed re·
leased in the process occurring at peak 3. After a 2·h ex·
haustive electrolysis, the GSSG standard was injected into
the LC; only one peak, corresponding to GSH, was detected,
indicating the formation of free thiol. Integration gave an n
value of 2.09 at -1.1 V, for the process GSSG + 2e- + 2H+
- 2GSH. Lowering the electrolysis potential to -0.9 V was
inadequate.

Dual Hg Amalgam Detectar. The mercury/gold detector
was extended from single to dual electrode for measurement
of disulfides, using GSSG as a model compound. GSSG
standards were injected onto the LCEC system to determine
the optimum operating tJOtential for the upstream electrode.
The downstream electrode potential was fixed at +0.15 V and
the potential of the upstream electrode was changed with each
injection (Figure 4A). It was neceB8ary to set the upstream
electrode potential at -1.0 V or greater. in order to achieve
a maximal level of upstream reduction to the sulfhydryl.
These results are consistent with those of the bulk electrolysis
experimenL The high negative potential required for this
reduction makes direct detection of GSSG inLrsctable for trace
determinations, :IS the residual current becomes concomitantly
very high (Figure 4B). Reliable measurements could not be
obtained even for high nanomole amounts of GSSG injected.
Alternatively, at a polential of +0.15 V, the downstream
electrode has a negative residual current of only 0 to 10 nA,
and measurements are easily made. The primary advantage
of the series dual electrode approach is this ability to employ
the upstream eloctrode as a ·generator· electrode, essentially
ignoring the unwieldy background current and other problems
associated with the high potential. The downstream electrode
is then the "detector" electrode, providing quantitative in·
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Figure 6. Downstream electrode ctvomatograms of citrus h3.a1~
ogenate with (A) upstream electrode OfF and (8) upstream electrode
ON (-1.0 V). Mobile phase was as given in Figure 5.

disulfidcs in 8 given sample, provided that they are chroma·
tographically separated (Figure 5B). Each compound is
detected as free thiol at the downstream electrode, but they
are presented to this electrode resolved in time and are thus
detected separately.

In the course of experiments with the dual detector, it was
observed that the precision of detector response for disulfides
was consistently greater than that for thiols. This phenom.
enon was determined to be n result of adsorption of thiois onto
the upstream mercury surface and was effectively eliminated
by inclusion of 8 nonretained thiol within each injection. This
thiol "conditions" the upstream mercury surface prior to the
peaks of interest, resulting in reproducible detector response.

A certain amount of qualitative information is available by
using this detector arrangement. The downstream Mereu·
ry/gold electrode at a potential of +0.15 V is extremely
specific, detecting only 8ulfhydryls, halide and similar ions,
and chelating agents. In addition to this inherent specificity,
the dual detector system provides the option of selecting for
or against disulfide detection. This is illustrated by Figure
5, which shows chromatograms of a standard solution con­
taining GSH and GSSG. When the upstream electrode is on,
both compounds arc detected (Figure 5B); only GSH is ob·
served with the upstream electrode off (Figure 5A). Such an
ability can be advantageous when analyzing a complex sample
containing several thiols and disulfides. It represents a rapid
and simple method of qualitatively isolating disulfides from
thiols, further confirming peak assignments and integrity.
Also, the detection of unsymmetrical, or mixed, disulfides
should be feasible with the dual detector. Although standards
were not available for verification, an unknown disulfide peak
was observed to appear over time in standard solutions con·
taining both cysteine and glutathione. This disulfide peak
had a retention time different from those of the symmetrical
disulfides of cysteine and glutathione and was probably the
mixed disulfide.

Applications or the Dual Detector. In plants, studies
on the role of GSH and GSSG in temperature hardiness re­
quire measurement of their levels in various tissues. Present
methodology for these determinations requires a considerable
analysis time and effort (19). The filtered citrus leaf homo­
genate is passed through an ion·exchange column to retain
glutathione (both oxidized and reduced forms) and cysteine.
The eluent from this column is divided and separate analyses
are performed for each analyte of interest. Total thiollevels
can be determined colorimetrically with derivatization while
specific GSH and GSSG levels must be measured by using
time-consuming enzymatic methods.
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FIgure 7. Oownstream electrode clTomatogam 01 _ blood Illrate.
with upstream electrode ON (-1.0 V). MoblJe phase was as gillen In
Figure 5.

The dual detector is well-suited to this application; recon·
stituted homogenates can be directly injected, Figure 6. GSH
and GSSG in the homogenate were calculated at 6.5 ~M and
1.8 JJ.M, respectively. There is evidence in the sample chro­
matogram of at least one disulfide in addition to GSSG, since
the peak eluting prior to GSH is not observed with the up.
stream electrode turned off. The quality of analytical data
provided by this approach is much higher than that obtained
with the more lengthy procedures. Chromatographic reumtion
times provide added confidence in peak integrity, and de­
tection limits in preliminary work suggest an improvement
of several orders of tr.agnitude.

GSH and GSSG concentration in human blood can be
readily delA!rmined by use of the detector. The chromatogram
shown (Figure 7) represents a blood sample containing 1.1 mM
GSH and 1.8 ~M GSSG. The sample was diluted approxi­
mately 5Q.fold prior to injection, as GSH levels were known
to be quite high. For determinations of GSSG, it would be
preferable to decrease the dilution volume, producing a more
concentrated sample. The base line disturbance at 4.7 min
occurs in every blood sample; its retention time may be rna·
nipulated by mobile phase variations.

CONCLUSIONS

The series dual mercury/gold detector for liquid chroma­
tography represents a significant improvement in analytical
methodology for the delA!rmination of disulfides and thiols.
The simplicity of design and low dead volume make it readily
applicable to existing liquid chromatographic methods.
Sample cleanup can be extremely simple because of the high
degree of specificity inherent in the detector.

Some caution should be exercised in generalizing this de­
tection scheme to all disulfides. Successful detection of a
disulfide at trace levels requires the molecule to undergo a
facile reduction at the upstream electrode. Factors which may
influence this upstream reaction include diffusion coefficient,
reduction potential, and steric shielding of the disulfide
functionality.

Experimentation is now progressing toward developing
improved chromatographic separations for mixtures of thiols
and disulfides, as well as investigating the detection of dif­
ferent disulfide·containing compounds.
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Addition of Complexing Agents in Ion Chromatography for
Separation of Polyvalent Metal Ions

Gregory J. Sevenlch· and Jame. S. Frllz

Ames L.8boratOtY and Department 01 Chemistry. Iowa State University, Ames. Iowa 50011

The scope of Ion chromalography wllh a conductivity delaetor
ha. been expanded 10 Include several add"lonal dlvalenl
melallona and the lrlvalentlanthanlde callona. A complexlng
anion II Incorporaled In lhe eluenl which Increase. Ihe num­
ber 01 melal Ions Ihal can be .eparaled and Improve. Ihe
alwpne.. of the eluted peak.. Further ....ctJvIly II obtained
by adding a camplexlng reagenl 10 lhe .ample and Ihen
eIuIIng w"h an eluenl conlalnlng elhylenedlanvnonllm lar·
Irale. Thl. lechnlque provide. a rapid and highly selective
melhod lor aeparallng and delermlng magne.'Im, calcium,
and atronllum In various .ample••

Chromatographic methods for the separation of inorganic
cations have tended to be rather time-consuming and often
have not employed automatic del«tion of eluted peaks. In
1975 Small, Stevens. and Bauman (1) invented a clever
dual-column method for the separation of inorganic cations
that uses a conductivity detector. This system is excellent
for separation of the alkali metal ions and the alkaline earth
cations, but its scope is limited because the hydroxide-form
suppressor column would precipitate most polyvalent metal
cations. Fritz, Gjerde. and Becker (2) developed a single·
column method for cation chromatography that uses a con­
ductivity detector and permits the separation of additional
inorganic cations. They established the principle that a de·
crease in conductance, as well as an increase in conductance,
can be used for deU!ction and quantitative estimation of eluted
ions. Other modern methods of inorganic ion-exchange
chromatography have been reviewed in a recent book (3).

Complexing eluents have been used in many published
methods to achieve more selective chromatographic separa­
tions of metal ions, but the presence of a complexing agent
often makes detection of the metal ions difficult. However,
Elchuk and C888idy have obtained elc:eUent chromatographic
separation of the lanthanides with a·hydrolyisobutyric acid
using pootcolumn derivatizalion and spectrophotometric de­
U!ction (4). Conductivity detectors have been improved greatly

in recent years and have the advantage of providing sensitive
and "universal" detection of ions in solution. However, the
conductivity detector has not been previously used in ion
chromatography in conjunction with a complexing eluent.

In the present work eluents containing the ethylcnedi·
ammonium cation and either tartrate or hydroxyisobutyrnte
as the complexing anion have been used for separation of
polyvalent metal cations. The use of a complexing agent in
the eluent improves the sharpness of separations and broadens
the scope of cation chromatography with a conductivity de­
tector. The eluted metal ions are only partly complexed and
are mostly in solution as cations. As in our previous work (2),
the eluted ions have a lower equivalent conductance than the
eluent cation and thus appear as peaks of lower conductance.
In some cases an additional complexing reagent, such as
EDTA, is added to the sample (bul not to Ihe eluent) 10
increase the selectivity of the chromatographic separations.

EXPERIMENTAL SECTION
Apparatus. The instrument used was described pre....iously

(2) and consists of a ModeJ 396 Milton Roy minipump, Hheodyne
Model 7010 sample injection valve equipped with a I()()..IJL sample
loop, a low-capacity cation-exchange column, a Model 213 con­
ductivity detector from Wescan Instruments (Sanls Clara, CAl,
and a strip chart recorder. All fittings in contact with the eluent
were either Teflon, Kel-F, or stainless steel. The colwnn, detector,
and eluent were each located in a styrofoam-lined cabinet to
minimize temperature effects. All chromatograms were obtained
at room temperature. Flow rates were 0.85 mL/min, flow rates
much higher than this gave pressures approaching t.he limits of
the fittings.

Cation Exchange Column. The column is of thick-walled
glass and measured 350 mm in length with a 2 mm i.d. The
column was packed with a gel~type resin with a particle size of
20 ~m. The resin was lightly sulfonated to give a low cation­
exchange capacity. This material was obtained by special order
from Benson Co. (Reno, NE) and was packed hy use of a balanced
density slurry method.

Elucnts~ Reagent grade ethylenediamine was used after re­
distillation. Reagent grade tartaric acid and a-hydroxyisobutyric
acid were used a8 received. All eluents were prepared in dis­
tiUed-deionized water and mtered through a O.45--lJm membrane

0003-2100/83/0355-0012$01.50/0 C 1982 American Chemk;al Society
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metal
tartrate concentration, M X 10J

ion 0.0 1.0 2.0 3.0 4.0 5.0

Mg2' 2.8 2.9 2.8 2.8 2.9 2.8
Zn 2 + 3.2 2.6 2.0 1.6 1.5 1.4
Ni 2 + 3.4 3.0 2.4 2.0 1.8 1.6
Mol. 4.3 4.0 3.8 3.7 3.6 3.5
Cd" 5.2 5.0 4.5 4.0 4.0 3.7
Srl + 11.2 11.0 10.3 9.7 9.6 9.1
Pb l • 41.2 12.7 7.8 5.7 4.9 4.1

K E _ [E2+R,)YIMY+!,
M - [E2+}y[MY+Ry!'

At low loading of sample ion, the resin capacityj2 is ap-

tartrate is present but elutes much more rapidly when tartrate
i. added to the eluent.

Separations with Ethylenediammonium Tartrate. By
use of conditions .uggested by these preliminary experiments,
several nice separations of metal ion mixtmes were obtained
with eluenta containing ethylenediarnmonium tartrate. Figure
1 shows the separation of several divalent cations in less t.hap
15 min. The rather difficult separation of cadmium(II) ani! .
manganese(ll) is demonstrated in Figure 2. It is even JXl6'lible
to separate several of the individual rare earth cations. as
demonstrated in Figure 3.

Theoretical CODsideratioDs. The effect of elution pa­
rameters can be shown more precisely than was done in the
earlier experiments. The cation·exchange equilibrium is
represented by

2MY+Ry + yE2+ =yE2+R, + 2MY+ (1)

where EO. represenla the eluent cation (ethylenediarnmonium),
MY+ represents the sample metal ion, and the subscript on
R represenlJl the number of exchange sites on the resin used
by the ion. The selectivity coefficient, KMB, for this reaction
i.

Fig... 1. Separation 01 Zn(Il) (10.3 ppm), Co(Il) (9.1 ppm), Mn(Il)
(16.0 ppm), Cd(Il)(16.1 ppm), Ca(Il)(17.1 ppm)(16.0 ppm~ and Sr1Il)
(20.3 ppm): eluent. 1.5 X 10'" Methylenedlammlne, 2.0 X 10'" M
tartrate, pH 4.0.

Table 1. AdjUlted Retention Times (t,') (in Minutes) of
Metal [ona for Constant Ethylenediamine Concentration
(2.0 X 10-' M), Constant pH (4.50), and Varied
Tartrate Concentration

RESULTS AND DISCUSSION

The system used was similar to that previously described
(2) for the separation of divalent metal cations on a low-ca­
pacity cation-exchange resin with an ethylenediammonium
salt as the eluent, except that a complexing anion was in­
corporated in the eluent to modify the elution behavior of
sample ions. Of several complexing reagents tried, tartrate
was the most successful, although a-hydroxyisobutyrate
(HlBA) was also useful for some separations. With complexing
cluents it was found that better results were obtained with
a resin of somewhat higher exchange capacity (0.059 me­
quivjg) than that used in the earlier work (0.017 mequivjg).

\Yith eluents containing approximately equal molar con·
centrations of ethylenediammonium cation and tartrate anion,
well-formed peaka were obtained for each of the following
metal cations: Ba(II), Ca(ll), Cd(Il), Ce(IIIl, Co(lI) , Dy(III),
Er(III), Eu(III), Fe(ll), Gd(III), Ho(II1), La(III), Lu(III),
Mg(II), Mn(ll), Nd(III), Ni(U), Pb(II), PrUm, Sm(II1), Sr(II),
Tb(lll), Tm(III), Yb(III), and Zn(II). The retention time.
varied sufficiently to suggest that good. separation of mixtures
would be possible. The retention times decreased with in­
creasing pH owing to the greater complexing ability of tartrate
at higher pH. A practical upper limit of approximately pH
5 was established because the protonation of ethylenediamine
is incomplete at higher pH values. The lower end of the
practical pH range was found to be approximately pH 3. At
more acidic pH values much of the complexing ability of
tartrate is lost and the detection sensitivity for metal cations
i. aignificantly lower because of the higher background con­
ductance.

Eluents containing ammonium tartrate and no ethylene­
diammonium salt were ineffective for elution of the metal
cations studied. It appears that the elution mechanism is a
combination of the mas. action "pushing" effect of the
etbylenediammonium cation and the weakly complexing or
"pulling" effect of the tartrate anion.

The effect of various ratios of tartrate to ethylenedi·
ammonium ion molar concentration was studied. The re­
tention times, shown in Table I decrease as more tartrate is
used in the eluent. The most dramatic changes are in the
elution of lead(II), which is very atrongly retained when no

filter before use. The pH of each eluent was adjusted with either
perchloric acid or sodium hydroxide, depending on the pH desired.

Sample Solution•. AU samples were prepared from reagent
grade oaIlJl and diaaolved in distilled-deionized water. Solutions
for quantitative work were standardized by EDTA titration.

Lanthanide samples were obtained courtesy of J. E. Powell.
Ames Laboratory. All lanthanides were received as the oxides
and were at least 99.95% pure.

Samples Masked with EDTA. Samples were prepared by
mixing appropriate amounlJl of Mg(II), Ca(ll), Sr(ll), and in­
terfering-ion solutions. Enough EDTA was added to completely
mask the excess metal ions. The pH of each solution was mon­
itored and adjusted to be about 3.6 while adding the EDTA. The
usable pH range was about 3.&-4.0. At higher pH values Mg(II),
Ca(ll), and Sr(ll) are aignificantly camplexed with complete 1088
of the peaks at a pH around 5. At lower pH values the EDTA
precipitates. The solution can be made basic to redissolve the
precipitated EDTA and then reacidified without affecting the
results.

In samples containing Fe(U1), hydrolysis occurred at pH values
above 2.0. However the large formation constant of the iron­
(III)-EDTA complex permitted a pH of 1.7 without any precip­
itation.

The solutions were diluted to give fmal concentrations of Mgfm.
Calli), and Srlll) of 1.0 X 10-<. The EDTA concentration was
0.01 M.

Interfering mctal ion. teated included AI(III), Cu(I\), Fe(III),
Ni(I\), Pb(I\), and Zn(II). Amounts in 1-, 10-, and l00-fold molar
excess were examined. At I-fold excess no real interference existed
in most cases so this concentration was not examined.
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figure 2. 5eporation 01 20 ppm Mn(1I) and 20 ppm Cd(1I). CondItions
are the same as those given In FIglK8 1.

l6

figura 3. 5aparatlon 01 Lu(lll), Tm(lll), Ho(llll, Gd(lll), Nd(lll),
Pr(lll), Ce(lll), and La(lll). AU concentrations are 20 ppm except
Pr(lll) (30 ppm): eluent, 2 X 10'" Methylanadlammlne, 2 X 10'" M
tar1rate, pH 4.5.

proximately given by [E2+R,]. The capacity facwr, k, is equal
w the ratio IMY+R,.J/[MY+). Thus the equation can be written

K "_ [cap/2)Y
'" - IE2+jYk2 (3)

Tbe adjuated retention time for an eluted peak (I? is equal
w lri<. wbere 10 is the retention time of a nonsorbed substance.
Substituting 1'110 for k and taking the log of eacb te:m gives

l~ :~=(~p ) + log 10 _ ~ log IE2+] _ 1/2 log K"," (4)

In eluents containing a complexing anion such as tartrate,
some of the metal cation will be in solution as a neutral or
anionic complex. Tbe effect of tbis complexing on tbe ex­
change equilibrium can be calculated by methods worked out
primarily by Ringbom (5). We substitute [M']aM for [MY+]

Figure 4. PSot 01 the logarithm of the adjusted retention time YS. the
logarithm of the eluent concentraUon for several representative lan­
thanJdos. Both the pH and the tartrate concentration are held constant.

,..
."" ,"

2C- ..../;/
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f9a'a 5. Plot of the IogarIlIvn of the adjusted retention time 10< sev«al
representative BnthanIdes YS. the IogarIlIvn of the traction of thai same
metal 8S free metal cations. Both the ethykmediamrnonium km con·
centratlon and the pH are held constant.

in eq 2, where (M'l is the sum of free and complexed metal
in solution and aM is the fraction of the metal in solution that
exists as the free cation. The capacity factor, k, is now the
retio of [MY+R,.) w [M'). Continuing the derivation as before.
we obtain an equation that is identical with eq 4, but with
an additional term containing aM'

Y Y (cap)log I' = 2 log OM + 2 log ""2 + log l o -

y
2 log [E2+J - 1/2 log K M" (5)

The validity of eq 4 was tested by measuring tbe adjusted
retention times of a number of cations at constant tartrate
and pH but at varying concentrations of ethylenediammonium
cation in the eluent. As shown in Figure 4, linear plots were
obtained. Tbe theoretical slope for a 3+ cation is -1.5, but
the experimental values for the rare earth ions in the figure
were slightly below -1.0. However, the experimental slopes
for divalent metal ions such as cadmium, magnesium, calcium,
manganese, strontium, and zinc averaged about -{}.9 or sligbtly
lower. Tbis is in fairly good agreement with tbe tbeoretical
slope of -1.0.

Linear plots were also obtained in every case when the
concentration of tartrate in the eluent was varied and the log
of adjusted retention time was plotted against log OM (see eq
5 and Figure 5). The slopes of the rare earth cations varied
sligbtly but most were around 1.2 compared with e theoretical
slope of 1.5. From the values of OM in Figure 5, it can be seen
that about 90% or more of tbe lanthanide sample ions are
complexed. However, 50% or less of divalent sample ions ere



ANALYTICAL CHEMISTRY. VOL. 55. NO.1. JANUARY 1983 • 15

L.

T'

Tm

20
TIME,"'"'"
l,

, '0
TlM(, IT\In.

Flgwe 7. Rapid separation of Mg(1I~ C8(1I), and Sr(1I) for successive
InjeeUons of the same sokltion. Each metalls 5.0 x 10.... M. Eluent
Is 4.0 x 10" M ethylenediamine and 3.0 X 10" M tBrtrale, pH 4.5.

at pH 4 but it does complex many metal cations that form
more stable EDTA complexes. Therefore, experiments were
performed in which EDTA is added to the metal ion sample
and the oolumn was eluted with ethylenediammonium tartrate
as before. The amount of EDTA used was more than enough
to complex the metal ions present, but an unduly high con­
centration of EDTA W88 avoided. The resulta obtained show
that conditions can easily be established whereby magnesium
and the alkaline earth cation peaks ars hardly affected but
metal ions that form stable EDTA complexes at about pH 4

FIgw.8. Injection 01 Mg(1I), Ca(ll), and Sr(1l) (1.0 X 10" M each)
In 100X excess of Fe(lII). A sufficient amount of EDTA (0.01 M) was
added to complex the Fe(lII) pr....t. Chromatographic ooncWons
2.0 X 10" M ethylenedlamlna and 2.0 X 10" M tartrate, pH 4.5;
sample pH Is 1.7. The Fe paak pr....t Is an Fe(ll) Impurity.
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complexed in the mobile phase. These complexing conditions
are mild compared to older methods, but complexing is 8uf­
ficient to sharpen most of the peaks considerably.

Eluents Containing a·Hydroxyisobutyrate. Success
with tartrate as a complexing eluent anion suggested the use
of a-hydroxyisobutyrate, especially for separation of the rare
earths. The use of such eluents showed no particular ad­
vantage over tartrate for chromatography of divalent metal
ions, but separation of several individual rare earth cations
was successful. Figure 6 shows a separation of the seven
heaviest rare earths using an eluent of ethylenediammonium.
",-hydroxyisobulyrate. The tailing of the later peaks suggesta
that the complexing-decomplexing equilibrium probahly is
slow.

Quantitative Measurements and Detection Limits.
Plota of either peak height or peak are. with ethylenedi­
ammonium tartrate eluents gave linear calibration curves for
magnesium(lI) over 8 concentration range of 1.0-15.0 ppm,
for calcium(l!) over a range of 2.(}-30.0 ppm, and for zinc(II)
over a range of 2.(}-l4.0 ppm. Other metal cations behave
simiJarly with hoth tartrate and ",-hydroxyisobulyrate eluenta.
Figure 7 shows the excellent reproducibility ohtained for a
rapid separation of magnesium, calcium, and strontium.

Quantitative measurements are not limited to the concen­
tration ranges mentioned above. The detector sensitivity can
be adjusted to work in different concentration ranges. The
practical detection limit of this system is 49 ppb of magnesium
and 80 ppb of calcium, which representa only 200 pmol of each
metal ion.

Use or Masking Reagenta. In work with eluenta con­
taining a complexing anion it became apparent that the
complexed metal moves rapidly through the column under
conditions where strong compleJ:ing occurs. If 8 selective
complexing reagent could be employed, it should be pooaible
to elute the strongly complexed metal ions quite rapidly and
then to separate the remaining cations with the ethylenedi­
ammonium tartrate eluent described ahove. A further re­
quirement would be that the auxiliary oomplexing agent must
work in the 3 to 6 pH range needed for the eluent.

Simple calculations showed that EDTA does not complex
metal ions significanUy auch as magneoium(m and calciumOn

Flgur. 8. Separation of the seven heaviest IanthankSes using a-hy·
droxyfsobutyrate eluent. All metal k>n concentrations are 10 ppm.
Eluent ls ".0 X 10-3 M ethy1enediammine and 3.0 x 10-.3 M a-hy­
droxyisobutyrate. pH ".5.
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FIg... 8. Determination of Mg(II) end Co(II) (2.0 X 10" M each) In
a 5G-fold excesa of Fo(lII), Cu(1I1, and A~III), Each sample had
EDTA added to moak tho iltertor1ng metal. 5an1>Io pH was as folows:
Fo(lII), 1.7; Cu(lIj, 3.7; A~lII), 3.7. Eluent wa. 2.0 X 10" M
ethylenediamine and 2.0 X 10" M tartrate, pH 4.5.

Table II. Chromatographic Separation of 20 IJmol of
Mih

• C.h I and 5rh from a Large Execss ot Foreign Metal
Ion V.inll EDTA M..king

foreign molnr
recovery, %

metal ion excess MgJt Cu" Sr)'

AI" lOX 102.5 101.7 99.5
100X 107.-1 108.1 102.0

Co" lOX 100.1 99.0 97.7
100x 107.3 97.9 95.8

Cu" lOx 99.4 98.2 96.4
100x 104.0 103.1 92.3

Fe l
' lOX 99.8 96.7 96.0

100x 107.0 96.5 96.6
NP' lOX 102.5 102.8 102.1

100X 106.2 104.2 98.8
Pb H lOX 99.6 98.3 97.3

100X 107.8 104.9 97.6
ZOl' lOX 100.9 98.1 96.4

100X 106.0 104.9 102.3

are rapidly eluted. the EDTA, being edded only to the semple
and not to the eluent, also moves repidly through the column
and appears as part of the initial peak, or pseudopeak.

Samples containing a large ex""",, of iron(U1) give extremely
wide "pseudopew", when the ethylenediammonium tartrate

is used. This excess of iron(lli) in 8 sample of magnesium,
calcium, and strontium will totally obscure the magnesium
peak while calcium and strontium appear on the tail of the
"pseudopeak". Figure 8 shows a chromatogram of the same
semple in which EDTA is added to complex the iron(IIl). The
additional peak is from an iron(11) impurity in the iron(11)
solution used. Work thus far indicated that any metal ion
that has an EDTA formation constant of about 10" or higher
should be masked effectively by adding EDTA to the semple.
Figure 9 shows 8 nice separation of magnesium and calcium
in samples containing a large excess of aluminumUII}, cop­
per(lI), or iron(III).

Quantitative data are presented in Table II for recovery of
magnesium, calcium, and strontium from a much larger
concentration of selected metal ions using masking with
EDTA. Although a 100-fold mnlar excess causes slightly high
results in several cases, the results ore definitely good enough
to show that this is a very useful and selective method for
quantitative determination of magnesium, calcium, and
strontium.
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Phenyl Kel-F II prepared by reacting Kel-F 8081 (100%
poIy(chlorolrlfluoroelhy'-ll and phenyIII\hkm In TllF .­
helium. From IR and elamenlalanalyolo data, _ullon of
the chlorine In the polymer lor phenyl group... the primary
reaction occurring. Electron rnIcroocopy of the phenyl Kel-F
showa a dellnlle Increa.. In lUffaco porOllty. Va_ chro­
matographic paramete.. ouch a' the reduced plate height,
sample capacity, column porOllty, and permeability _ate
phenyl Kel-F II palIcuiar In naturo. On the _ of oeIecthtty
data, the retention mechanism II tound to be IOlvophob!c In
nature. The rel_ order of v_ .......-ed benzenee
II identical with that tound tor Co18 1l11ca. AppIlcalJon. of
phenyl Kel-F lor the ..paratlon ot rnIxtur" contalnlng chlo­
rophenolo, N -alkyl anlllna., and aromatic hydrocarbona are
demonatrated.

In the reversed-phase mode of high-performance liquid
chromatography (HPLC), the solid support used most often
is silica chemically modified with 8 hydrocarbon moiety,
Reversed-phase packings have been shown to be highly ef­
ficient and versatile for a large variety of separations. How­
ever, routine use of silica-based HPLC packings with either
low or high pH mobile phases is difficult. At pH values less
than 2, hydrolysis of siloxane bonds can occur, while above
pH 7, dissolution of the silica is possible. A nonpolar rigid
support possessing reasonable surface area and chemical
stability would widen the pH range of aqueous solutions
available for reversed-phase separations.

A variety of materials have been investigated as alternative
packing materials to silated silica. The XAD resins have been
studied extensively for use as reversed·phase HPLC packings
(1-3). In addition, various carbonaceous packings bave been
prepared and characterized for HPLC. Guiochon and co­
workers (4,5) have found that carbon black, after graphiti­
zatiun and PYTolytic deposition of various hydrocarbons, was
then useful as an HPLC packing. Porous carbon packinga
prepared by high temperature heat treatment of active carbon
or coke were found to have good stability, high surface area,
and a bydrophobic surface (6). The fluorocarbon polymers
Teflon and Kel-F, after reduction to carbon using lithium
amalgam, have also been utilized as HPLC packing materials
(7, 8). The presence of oxygenated reactive sites such as
hydroxyla lessened the nonpolar character of these materials
(8, 9). However, after chlorination of the surface foUowed by
functionalization of the carbon particles using a Grignard
reaction, improved reversed·phase properties of reduced Kel-F
carbon were demonstrated (8). Recently, it has been reported
that carbon prepared from the reduction of Teflon can be
heat· treated in an inert atmosphere to reduce the oxygen
content (10). AU of these carbon packings require lengthy and
involved reaction conditions and/or extensive heat treatments.

Recent work in this laboratory has indicated that Kel-F
(poly(chlorotrifiuoroethylenell particles can be derivatized
with either organolitbium or organomagneaium reagents under
relatively mild conditions (11). The organic functional groupe

replaced chlorine atoms and formed a carbon-carbon bond
with the polymer. The potential of n-butyl Kel-F as an HPLC
packing has been previously demonstrated (12). However, a
detailed chromatographic study of functionalized Kel-F has
not been carried out. The present paper describes the
preparation of phenyl-modified Kel-F particles by using
phenyllithium as the organic modifier. Fundamental chro-­
matographic properties of this packing such as reduced plate
height and sample capacity were investigated. The depen­
dence of solute retention with type and composition of mixed
solvents was also investigated. Utility of phenyl Kel-F for the
separation of various aromatic hydrocarbon mixtures is also
presented.

EXPERIMENTAL SECTION

Preparation or Column Packing.. Kel-F 6061 000%
poly(chlorotrinuoroethylene)), a white powder of 80-100 mesh,
was obtained from A. M. Plastics (Rockaway, NJ) and jet ground
(Alnon Inc., Camden, NJ) to obtain particles less than 325 mesh.
Elutriation (3) in 2~propanol was used to obtain a size distribution
of 15-35 #lm as determined by light microscopy for 90% of the
particles. These particles were filtered and dried before deriv­
atization. Seven grsms of Kel-F in 100 mL of dry THF (gold label,
Aldrich Chemical Co.) was heated to 50 'C and purged with
helium for 30 min. Thirty milliliters of 1.95 M phenyllithium
(Aldrich Chemical Co.) was added dropwise and the mixture was
refluxed for 3 h with constant stirring. For termination of the
reaction, 3-5 mL of water was carefully added dropwise. The
product wss flItered and wsshed with hexane, acetone, 2-propano~
water, and methanol. The dry product was brown.

BN·X35. 8 neutral poly(styrene-divinylbenzene) resin with
particles <30 jUn, wss obtained from AtItech Associstes. Particle
size was checked by sieving through a 325 mesh screen and rmes
were removed by sedimentation in methanol.

Elemental analyses (C, H, and CI) were performed by Atlantic
MicroJab Inc. (Atlanta, GA). The fluorine determination was
provided by Galbraith (KnoxviUe, TN). Photomicrographs were
taken with 8 Coates and Welter Model 100 scanning electron
microscope. Surface area measurements were calculated from
the BET adsorption isotherm of nitrogen.

Chromatographic Procedures. Fines in the phenyl Kel·F
were removed by repetitive sedimentation iD methanol. With a
slurry of the desired packing in methanol, stainless steel columns
150 x 4.1 rom i.d. were packed at a pressure of 60 MFa (6.9 MFa
= 1000 psi) using a ModellQ.600-30 pneumatic amplifier pump
(SC Hydraulic Engineering Corp., Los Angeles, CAl and a high.
pressure slurry packer (Alltech, Deerfield, IL). Most of the
chromatographic measurements were made with two Altex Model
1l0A pumps (8erkely, CAl equipped with an Altex Model 420
gradient programmer and Model 153 photometric detector (254
om). Sample injections of 20 #lL were made with a Rbeodyne
Model 7120 loop injector. An IBM 9533 liquid chromatograph
(Hartford, CT) was used to generate the data in Figures 5 and
6. Peaks were recorded on an Omniscribe Model 8-5000 recorder
(Houston Instruments, Austin, TX). AU solvents u.'Od as mobile
phases were degassed by purging with helium. Methanol and
acetonitrile were "Diatilled-in-Glass" quality (Burdick and
Jackson). A PRP-I column (Hamilton Co. Reno, NV) sod IBM
C-18 and phenyl columns were used to generate the data in Table
III. Column efficiency data were reported as plate height, H, or
as reduced plate height, h, where H =LIN, h • H/d., and N·
5.54(IR/W'f,j'. Retention data were reported as capacity factalS,

0003-2700/83/0355-0017$01.50/0 C 1882 Amorican ChomlcaJ Sodoty



11. ANALYTICAL C1£MISTRY, VOL. 55, NO.1, JANUARY 1983

Table I. Addition of Phenyl Group. to Kel·F Baaed on
C. H, and C1 ElemenW Analyail

g Due to the change in molecular weight of the polymer
upon dcrivatization, the amount of phenyl coverage wns
determined by first calculating the percent dcrivatization.
Using 100 units (or convenience: %elemental analysis­
[(wt element in 100 monomer units)/(totaJ wt 100 mono­
mer units)] X 100. In 100 monomer units: wt F·
300(.tomic wt F); wt CI- (100- X)(atomic wt CI); wt C
- (200 + 6X)(atomic wt C); wt H • 5X(atomic wt H);
where X - % derivatization. The lotal weight of 100
monomer units is the sum of these fOUf terms. b The
amount of phenyl coverage was calculated by u.sing an
average formula weight of the dcrivalized Kel·F: mol of
phenyl/g of packing' X/IX(formula wt of Phenyl Kel·F
monomer) + (100 - XXrormula wt or Kel·F monomer)].

element

C
H
CI

% deriva­
tization tl

29.4
30.7
32.9

mmolof
phenyl/g of

packing b

2.3
2.4
2.5

h', where h' c (tR - tol/tf}o The reduced \'elocity was calculated
by using the method described by Snyder (13) where. ~ (1.8 x
1()6}C·Ldp/to where C· =0.635 (or biphenyL The abbreviations
L. dp, tR, to. and WI/2 correspond to the column length, particle
diameter, retention time, retention time of nitrate, and the peak
width at half height, respectively. The column permeability, t/J,
and the total porosity, .... were calculaUld AI indicaUld by Bristow
and Kno. (14).

RESULTS AND DISCUSSION
Characterization of Phenyl Kel·F. Phenyl-modified

Kel·F w.. qualitatively identified by infrared spectrometry.
Absorption banda at 3059 em-I and 3028 em-I and overUmes
in the 2000-1660·cm-1 range clearly indicated the presence
of substituted aromatic groups. Two characteristic bands at
758 cm-I and 697 cm-1 confirmed the presence of monosub­
atituted benzene. Quantitative information about the amount
of phenyl derivatization w.. obtained from elemental analyBia.
Unreacted Kel·F w.. 21.3% C, 0% H, 30.6% CI, and 48.1 %
F (by difference) in composition. Elemental analyses of 35.1
± 1.2% C, 1.2 ± 0.1 H, and 18.3 ± 1.4% CI were indicated
for three batches of the polymer product. Table I lista the
changes in C, H. and CI content produced by the reaction
assuming a 1:1 substitution of chlorine for phenyl. The av­
erage extent of derivatization and the amount of phenyl groupe
attached to Kel·F were 31.0 ± 1.8% and 2,4 ± 0.1 mmol/g,
respectively. The close agreement of phenyl coveraged in­
dicated by the individual elementa is strong evidence that
phenyl substitution was the primary reaction occurring.

CI CE,H~

I I
-ICF2CF'J... - + CE,H:.l. - -ICFlCFI... - + LICl

The reaction between phenyllithium and Kel·F w.. believed
to proceed by a one·electron exchange mechanism. A more
detailed discusaion of the reaction mechaniam will be pub­
lished elsewhere (I1).

Derivatization of the polymer particles was accompanied
by an increase in surface area from 1.5 to 10.5 m2/g. The
reason for this aurface area increase w.. revealed by both Iigbt
and elactron microscopy. Light microscopy of the phenyl
Kel·F packing indicaUld a particle range from 5 to 361"0. For
the 83 particles measured, the average particle diameter w..
20 ± 7 1"0. It appears that the organolithium reaction does
increase the number of small particles which could contribute
to a higher surface area. An electron micrograph of underi­
vatized Kel-F ia abown in Figure 1. Essentially the polymer
particles appear smooth and nonporous. However a marked

F~W'. 1. SCannlng electron micrograph 01 Ke~ 6061. 1 em = 3.9
X 10"m.

Flgwo 2. scanning electron micrograph 01 pheoyt Ke~, 1 cm = 3.9
X 10" m. The cubic crystals are believed to be LiF.

increase in porosity was noted for the phenyl Kel-F particles
(Figure 2). This type of etching h.. also been reported for
the reaction of aodium with poly(tetrafluoroethylene) (I5).
This process can cause loss in nuorine and indeed crystals of
LiF on the phenyl Kel-F were confirmed by powder X-ray
diffraction. However, organic nuorides are considered to be
leas reactive than organic chlorides (16) and displacement of
fluorine was not likely to be substantial. This conclusion was
confllIl1ed by an elemental analysis value for fluorine of 41.2 %.

Derivatization of Kel-F with phenyl groups as found for
n-butyl Kel·F cannot be strictly a surface phenomenon be­
cause of the high millimoles of phenyl/gram of packing ..
compared to the surface area. Swelling of Kel·F by the solvent
THF during the course of the reaction may be the primary
factor. Hydrocarbon solvents 8uch as ethers and various
chlorinated solventa have been shown to swell Kel·F particles
particularly at elevated temperatures. In addition, chemical
permeability of Kel-F films by diethyl ether w.. found to be
substantially higher than other hydrocarbon aolventa (I 7).

Chromatographic Propertiea of Phenyl Kel-F. Figure
3 ilIustratea the influence of phenyl modification on the
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Figta'.3. CtYomatograms of a ml:xture containing p-nttroanlline (0.3
mglmL), 10kJene (0.3 mg/mL), and phenanthrene (1.0 mg/mL) on 15
an X 4.1 mm I.d. cok.mns of ..-tvatJzad Kal-F (A), pheny1 KaI-F (6),
and BN-X35 pofy(styrene-dMnylbenzene) resIn (C): mobUe phase,
85:15 (vlv) methanol-H20 lor (A) and (6); mobile phasa, 75:25 (vlv)
methanol-H20 for (C); flow rate, 1.0 mL/min.

S .... PLt I,.OAO. gIg IX 10')

figure 4. Effect of sampie size on retention of toUtne: mobile phase.
85:15 (v/v) methanot:water; Mow rate, 0.8 mL.lmin.

PfRCENT OROANIC COl,olPONtNT ( .. /W)

f9u'85. log k'vs. the percent organic modife In an aqueous mobIe
phase for methanol and acetonitrile. Solutes are benzyl alcohol (e)
and phenylcthanol (0).

<1>. and the total porosity. '101' were calculated to be 547 and
0.41, respectively. Spherical pellicular packings have typical
flow resistance factors of 250-350. The slightly higher value
obtained for phenyl Kel-F may be due to the irregular shape
of the particles (19). Pellicular particles have been reported
previously to have porosity values of about 0.4 (14). It appears
in general that phenyl Kel-F has similar properties to pellicular
packings.

The dependence of solute retention with type and com·
position of mixed solvents was investigated with phenyl Kel-F.
Plots of log k' for benzyl alcohol and phenylethanol as a
function of organic volume fraction for methanol in water and
acetonitrile in water are shown in Figure 5. Both log k' plots
were similar to those found previously using n-alcohols and
C-18 deri"atized silica (20). For methanol-water, the plots
were linear with corresponding k' values ranging from about
570 for 10'70 methanol to 2 for 70% methanoL At 100% water,
essentially irreversible adsorption of the solutes was noted.
Above 70'70 methanol, a very slight flattening of the curve
occurred for both solutes. The following relationship could
be useful for the prediction of log k' of the mixed solvent.

log k'ml. = VH,o(log k'H,o) + V",tlw>oI(log k'.........J

z
o

z.
"o

'.

chrom8lngraphic properties of Kel-F. Unmodified Kel-F was
unable to separate a test mixture of p-nitroaniline, toluene,
and phenanthrene. Under identical conditions a phenyl Kel-F
column easily separated the three components. Peak 8S}'Ill.

metry (measured at 10% peak height) was found to be ac­
ceptable. with values of 1.20 for toluene and 1.26 for phen­
anthrene. A third chromatogram of the text mixture is shown
with a column packed with BN·X35. The water content of
the mobile phase was increased slightly to adjust the retention
of phenanthrene to that found with the phenyl Kel-F column.
Although phenanthrene was still separated, p-nitroaniline and
toluene remeined unresolved. The better separation capability
of phenyl Kel-F as compared to BN-X35 may be due to the
more hydrophobic nature of the fluorocarbon polymer.

Column efficiency was studied using biphenyl as the solute
(k' = 11.8) and a plot of log h vs. log. was generated. A
minimum H value of 0.11 rom corresponding to 8800 plates/m
was calculated. The corresponding reduced plate height of
5.7 occurred at a reduced velocity of 19.7 (0.3 mL/min).
However, the flow rate could be varied in the range from 0.3
to 0.6 mL/min with only a 25% loss in plates, This reduced
plate height was higher than what is theoretically predicted
by the Knox equation for "good" pellicular columns (h = 4.9
at • = 100), but it is comparable to reduced plate heights
reported for carbon absorbants (6, 7, 10). The phenyl Kel-F
column also produced a plate count somewhat higher than
that found by Roos (IS) for columns packed with an ether
modified pellicular packing. The plate number was ....ntially
independent of temperature from 25 to 55 °C. However, a
linear decrease of k'for biphenyl from 2.9 to 1.9 was observed
as the temperature of the column was increased from 25 to
55 ·C.

Sample capacity was determined with toluene as the solute.
Figure 4 illustrates the decrease in capacity factor with in­
creasing sample size. The maximum linear sample capacity,
80... is defined at the point where k' had decreased 10% (I4)
llnd was determined to be about 100 #g/g of packing. This
value is low compared to pellicular silica; however, it is im­
pressive considering the moderate surface area of the particles.
Corasil II, a representative pellicular packing, has a sample
capacity of 400 p.g/g of packing and a surface area of 25 m'/g.

The mecbanicalstability of phenyl Kel-F was quite good.
Column packing was performed at high pressures (60 MPa).
A back-pressure of 3.4 MPa developed using a I % acetic
acid-water mobile phase at a flow rate of 5.7 mL/min,
Prolonged use of highly viscous (greater than 1.4 cP) mobile
phases occasionally caused the column bed to compact with
II corresponding increase in back-pressure. The permeability,
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where V is the volume fraction of each solvent in the mobile
phase. In contrast, for acetonitrile/water, the plota were
curved with corresponding h' values ranging from about 40
for 5% acetonitrile to 3 for 80% acetonitrile. Above 65%
acetonitrile, the k' value remained relatively constant. The
rapid decrease of log k' to 8 plateau value with increasing
acetonitrile content in the mobile phase can be attributed to
the greater enrichment of the stationary pheBe by acetonitrile
as compared to methanol. Yonkers et al. (21) bave noted the
increase in percent acetonitrila adsorbed by a C-18 stationary
phase was about twice as great as the increase in percent
methanol when the composition of the mobile pheBe changed
from 100% water to 80/20% water/organic. Increasing the
organic solvent composition in the mobile phase further re­
sulted in a linear increase in the percent methanol in the
stationary pheBe while the percent acetonitrile remained fairly
conatanL The phenomenon of hydrophobic expulsion of the
organic BOlvent from the mobile pbaoe is weII·known for n·alkyl
booded silica and is undoubtedly o",.'umng with phenyl Kel·F
as well (22).

The effect of the methylene group selectivity, a, as a
function of percent methanol and acetonitrile composition in
the mobile phase is shown in Figure 6. Extrapolation of both
CWVOlI to 100% water indicated ay intercept of 3.7. This value
agreed well with the methylene increment of 4.0 reported for
n·alcohols taken on a C·18 column. Previouoly it has been
noted that the value of the methylene group selectivity was
quite conatant regardless of the dasa of compound (20). At
the 100% organic content, the magnitude of a for both ace­
tonitrile and methanol converged to a value of about l.l. This
number was similar to 1.5 which bad been found previouoly
by UBing a C·18 column (21). The curveo in Figure 6 strongly
resembled surface tension va. percent organic composition
plots (23). A direct relationship between log a and the surface
tension of the mobile phase has been substantiated by Riley
et al. (24) for a variety of group selectivities uoing both
methanol and acetonitrile. A plot of log a VB. the surface
tension of methanol/water was linear to about 70% water
before slightly leveling off toward the surface tension of 100%
water. The plot of log a VB. the surface tension of aceto­
nitrile/water was linear throughout the solvent composition
range. Extrapolation of the line to 100% water indicated a
log a of 0.52 corresponding to an a value of 3.3. These results
&how that the reversed·phase mechanism for phenyl Kel·F

Table 11. Copacity ractor (k') ond Hydrophobic
Selectivity (aX) Data for VariOUI Functionalized Benzenea

compound functional
no. group k' aU

I -CONH, 0.30 0.01
2 -CH,OH 1.12 0.06
3 -(CH,),OH 1.61 0.06
4 -OH 1.81 0.07
6 -NH, 2.33 0.09
6 -CH,NH, 8.16 0.33
7 -CHO 8.19 0.33
8 -CN 11.6 0.47
9 -NO, 20.3 0.82

10 -OCH, 23.8 0.96
11 -H 24.8 1.0

a Clx c h' of functionalized benzene/h' of benzene.
Mobile phase, 30:70 ncetonitrile:water; pH 3.4.

follows the BOlvophobic theory generally accepted for n·alkyl.
derivatized silica packings.

Further characterization of the hydrophobic selectivity, «',
for phenyl Kel-F was carried out with a variety of function­
sHzed benzenes. Capacity factors and a.z data for 11 com­
pounds are shown in Table II. Similar data have been re­
ported previouoly by Tanaka et aI. (25) using the same mobile
phase on a C-I8 column. Three significant pointa can be msde
when comparing the phenyl Kel·F and the C·18 data. First,
the retention order of these compounds on phenyl Kel·F and
C·18 columns was identical. This result provides additional
evidence to the fact that the retention mechanism on phenyl
Kel·F and C-I8 were similar in nature. Second, for compounds
7-11, the h'values obtained with phenyl Kel·F were about
3 to 4 times larger than the corresponding C·18 capacity
factors. Higher k'values are typical of other carbonaceous
stationary ph.... such as pyrocarbon modified carbon black
(26). The high h' values were evidence that the polymer
bsckbone did contribute to retention. Since the phenyl groupo
are slightly more polar than the C·18 groups, the relative
retention would be expected to be less on a phenyl column
if the polymer backbone did not contribute to retention.
Finally, when the £iI values were compared. another significant
difference between columns was seen. The solutes which were
retained the longeot on both columns (compounds 8-10) have
very similar £iI values. However, the cr values for solutes BUch

as 1-4 were about 3 times greater on the C·IB column than
on the phenyl column. This increased relative retention was
moot probably due to hydrogen bonding between the silanol
groups on the silica and the functional groups of the solutes.
In general, it appeara that phenyl Kel·F shows good selectivity
in separating nonpolar BOlutes. However, C-18 silica can retain
moderately polar solutes better than phenyl Kel·F.

Additional evidence supporting the role of reoidualsilanols
in the retention of solutes is provided by the data in Table
m. The capacity factors of toluene and a,a,a-tritluorotoluene
were measured on phenyl Kel·F, PRP.I, C·18 silica, and
phenylsilica columns. Toluene was retained longer than a,­

a,a·tri1!uorotoluene on both polymeric packing materials while
the retention order was reversed on the silica-based packincs.
Apparently the presence of residual silanols on the silica
allowed sufficient hydrogen bonding to occur with the fluorineo
of trifiuorotoluene causing the longer retention of this com­
pound.

Finally several applicationa showing the potential of phenyl
Kel·F as a HPLC column packing have been carried ouL
Figure 7 demonatrates the selectivity of phenyl Kel·F for
variouo aromatic and polyaromatic BOlutes. At mobile pheBe
compositions greater than 60% water, ineversible retention
of the solutes took place. The separation of variouo alkyl·
substituted anilineo is shown in Figure 8. The use of a high
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Table III. Capacity Factor (k') for Toluene and
Q,CI.o·Trifluorotoluene u. Function of Column Packing III

k'

column type toluene
a,a,a-

trinuorotoluene 0.5 AUFS

phenyl Kel-Fc 7.3 6.7
PRP-l d 8.8 6.9
C·18 silien e 6.7 8.2
phenylsilic.' 1.4 (4.6)" 1.6 (8.5)"

(I Mobile phase, 50:50 acctonitrile:water. b Mobile
phase, 20:80 acetonitrile:watcr. C Column 4.1 X 150
mm packed with 2o-~m phenyl Kel·F. d Column 4.1 X
150 mm packed with 1o-Ilrn poly(styrene-divinylbcnzcne)
resin. e Column 4.5 X 250 mm packed with 5·llrn C-lS
silica. f Column 4.5 X 250 mm packed with 5·",rn
phcnylsilica. L

TIME (min)

.04 AUFS.
~

N

I I
10 15
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TIME (min)

atives of phenyl Kel-F for use in ion exchange chromatography
should be straightforward.
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Figwa 8. C1Yoma.ogram 01 p-chlo<ophanol. 2.4-<llchIorophanol.
2.4.8-trlchlorophenol. and 2.3.4.8-tatrachlofophanol: mobIa phasa.
88:12 (v/v) 0.05 M borata buff.... pH 10.4/3 mM tetrabutylarnmonUn
hycrogen sul1at&-8cetonltrle: now rate, 0.7 rTUmin. Each solute
concentration was 100 ~g/ni...
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FigI.we 8. CIYomatogram 01 anIna. N...IhytaJ6le. N.N4'n8IhytaJ6le.
and N.N-dall1ylanlllne: mob.. phasa. 55:45 (v'v) acotonltrlla:O.Ol M
borate buff.... pH 10; now rate. 0.7 rrLJrm. Each sOOta concan1JllUOn
was 80 Ilg/ml.

pH mobile phase well ahove the pK. values of the solutes
helped provide eJ:celient resolution for the four amines.
Separation of various chIorophenols is shown in Figure 9. In
this case. use of a high pH mobile phase was desirable to
enhance the UV absorbance of the compound class (27).
Future ·work planned is to take advantage of the capability
of group functionalization posaible with phenyl Kel-F.
Preparation of aulfonated and quaternary ammonium deriv-

Figl.we 7. C1Yomatogram 01 benzene (120 ~g/rrL). toluene. biphenyl.
naphthalene. and phenanlhrane (al 80 ~g'rrL): moblIa phasa. 65:35
(v/v) methanol:water; flow rate. 0.8 rnJmIn.
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liqUid ChromatographyIProton Nuclear Magnetic Resonance
Spectrometry Average Composition Analysis of Fuels

James F. Haw,' T. E. Glasa, and H. C. Dorn'

D6partment of Chemistry, VlrglnJs Polytechnic Institute and State University. Blacksburg, Virginia 24061

The use 0' a NMR spectrometer aa a continuous flow liquid
chrom.togr.phlc detector (LC/'H NMR) veneral.s • proton
spectrum 01 each hydrocarbon cl... present In the sample.
A det.11ed aet 01 equ.tlons Is presented which permit. LC/'H
NMR Intevr.tlon d.t. Irom petroleum luel. to be Interpreted
.. en .v-eve compoaltIon for each c:l1romelogrephlc Irectlon.
Qu.nt_ calculated lor e.ch erom.tJc fr.ctlon Include: the
number aYerage molecular weJght, average degree 0' sub­
IlHution on .rom.tlc ring., the abaolule number 01 mole. of
eech Ilructur.1 type 01 c.rbon, an .ve'eve .tructure (devoid
01 .tereol.omer Inform.tlon), the tol.1 number 01 mole. 01
carbon In each ctvom.togrephlc frlcllon, end numerous other
properlle. olinterellin ruel char.cteriz.tlon. The method Ia
demonatr.ted for lItIlIcallu'" 01 known compoaItJon, lor two
experimental aviation fuels, and 'or a fuel blending stock
aample which h.d been IuIy clIarlcl.rlzed .t .n Independent
I.bor.tory by V., chromatogr.phy .nd GC/MS. The LC/'H
NMR aver.ve cornpo.Hlon method I. abown to be very ac­
....t. lor the monocycllc aromatic (eubotltuled benzenes end
t.treln).nd d1cyclc .rom.tJc (-.ned nephtha_ and
.cen.phthene.) Ir.ctlona of petroleum fuela. Aver.ve mo­
_ w~ lor theee frecllona can be routinely deI_
.t en accur.cy 01 ±4 d.Hona. The other qu.ntHIe••re also
determined .t • high dev,ee 01 .ccuracy. The appllc.blllty
01 the LC/'H NMR method to the .Uph.tlc fr.ctlon of fuel
..mple. I. rellrlcted by dHflcuHIe. In .ccountlng lor quater­
n.ry c.rbona .nd cyclo.lk.ne••

Often in fuel analysis it is unnecessary (even undesirable)
to identify and quantify every component. In these cases,
certain average compositional data (vide infra) may be related
to desirable or undesirable properties of the sample. A familiar
average compositional datum is aromaticity which is easily
measured via 13(: NMR. Identification and quantitation of
every compound also permit aromaticity w be calculated. This
also provides 8 great deal of additional information, often
obtained at great expense. This paper delineates systematic
methodology for determining average compositional data for
the aromatic fractions of low boiling fuels. Inherent in the
determination of average compositional data are the following
questions. How much information can be extracted reliably
from a spectrum with as little a priori knowledge as possible?

To what extent can the method be made independent of crude
correlations derived from a limited set of test samples? Can
a method be developed that is reliant on only one measuring
device rather than on 8 collection of different instruments'!

In considering which instrumental method is most appro­
priate for petroleum fuel analysis, the following considerations
apply. The resulting information must unambiguously cor­
relate with structure. In other words, a peak in a certain
position must indicate a speciric structural unit and no olher.
Furthermore. the intensity (or area) of each peak must be
directly proportional to the relative population of that
structural unit in the sample. The proportionality should be
linear to avoid the need for calibration curves. In addition,
the proportionality should be independent of the remainder
of the structure. For this reason infrared absorption data are
unsuitable.

All of the above requirements are readily met by proton
NMR spectrometry. \Vith careful attention to experimental
parameters, IJC NMR is also a suitable candidate. Other
techniques (e.g., mass spectrometry) have greater sensitivity
for trace constituents, but since average composition is desired
here, the sensitivity of modern NMR spectrometers is entirely
adequau.. The scheme presented here is based totally on the
use of 'H NMR analysis of several easily obtained liquid
chromatographic fractions. The option of using one piece of
I3C NMR data (aromaticity of the bulk ,ample) to derive
additional information is also discussed.

NMR has been of interest to fuel chemists ever since early
high-resolution instroments became available. Since this time,
several "average structure" schemes using NMR in association
with oilier techniques have been developed. For the most part,
these techniques have been proposed ior total aromatic cuLe;
(obtained by open column liquid chromatography on silica
gel). These methods will not be reviewed in detail since this
has been done by Clutter et al. (I). Each method does have
limitations which deserve mentioning. In 1958, \ViJliams (2)
reported a method for determining an average structure for
fuel cuts. Quantitative IH NMR, elemental analysis, molecular
weight data, other mass spectral data, and semiempirical
correlations based on a poorly defined quantity (branchiness
index) were used as input data for calculations that gave the
average numbers of each carbon type in a hypothetical average
molecule. \Villiams was severely limited by existing instru­
mentation, but his work was very impressi\'e for its time.
Proceeding in a similar vein, Brown and Ladner (3, 4) were
able to inu.rpretate IH NMR spectra of soluble coal-derived
samples in terms of an average structure framework. Knight.
(5) employed "IC NMR, 'H NMR, average molecular weight
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data (from mass spectrometry or VPO), and elemental analysis
to arrive at an average structure. This method has some nice
features since the carbon backbone is examined directly. But
like many of these methods, it requires 8 rather large and
diverse quantity of data to be acquired. Clutter et a1. (1)
developed a method b..ed solely on IH NMR spectrometry.
In order to calculate average parameters for monocyclic and
dicyclic aromatics, certain assumptions are made which are
of questionable validity. For example, monocyclic and dicyclic
aromatic ring protons are detennined from one spectrum, with
a dividing line at 7.05 ppm. Our fuel B8IIlples rarely show any
hint of 8 valley at or near this dividing line, even at 200 MHz.
They further assumed that the average number of alkyl
substituents on benzene rings was identical with the average
number of substituents on naphthalene rings. This assump.
tion is necessary to solve their equations. The fraction of
monocyclic aromatics is then calculated by an iterative process
based on these assumptions. This method may give good.
results (or at least show trends) for certain sets of samples.
But for experimental fuels (which may be doped with additives
to alter performance) the calculated values may be in con·
siderable error. The above methods suffer because they were
developed for the analysis of fractions containing the total
aromatic content of the fuel. The need to somehow estimate
the relative proportion of compounds of different classes (e.g.,
substituted benzenes and substituted naphthalenes) com·
plicates the calculative process.

Modern normal-ph..e liquid chromatography is readily able
to separate low boiling fuels into distinct hydrocarbon c1......
Aliphatics, monocyclic aromatics, dicyclic aromatics, and
tricyclic aromatics readily may be collected as separate
fractions with the total separation requiring between 5 and
30 min (depending on choice of column, solvent, and flow rate).
A suitable solvent is 1,1,2·trichlorotrifluoroetbane which is
less expensive than most chromatographic solvents and yields
no proton signals. Chloroform-d may be used as a polar
additive at little additional cost. This permits fractions
collected from the chromatographic column to be submitted
directly for lH NMR analysis without the manipulation dif­
ficulties and potential sample loss problems associated with
LC solvent removal and subsequent uptake in a deuterated
solvent. The high sample load capacity of semipreparative
HPLC columns and the high sensitivity of modern spec­
trometers permit the total analysis to he done with a single
injection of 100 ~L or less. Much smaller injections can be
made at the cost of lower signal to noise or increased spectral
acquistion time.

EXPERIMENTAL SECTION

A series of seven model mixtures, designed to resemble typical
fuel samples, were prepared from reagent grade chemicals. One
of these (n standard model mixture used frequently in this lab,
designated "model CM) was prepared by mixing 13.29 g of n-bu·
tylbenzene, 18.47 g of n·pentane, 10.16 g of m-xylene, 13.07 g of
tetralin, 95.70 g of n-nonane, 56.20 g of hexadecane, 200.40 g of
isooctane, 43.65 g of n-hexane, 85.67 g of dodecane, and 12.80 g
of naphthalene. The remaining six model mixtures were prepared
by adding known quantities of an additional compound t.Q model
C. Two National Aeronautic and Space Administration exper­
imental fuel samples were supplied by the Air Force Aero Pro­
pulsion Laboratory (Wright·Patterson Air Force Base, OH) for
analysis. The two NASA fuels were designated NASA-Lewis 3S
and NASA-Lewis 3B. In addition, one Naval Research Laboratory
(NRL) BBmple (81·3, a blending stock of alIcylbenzenes) is reported.
All samples were subjected to on·line LC/tH NMR analysis
without pretreatment.

A Whatman Magnum-9 silica gel-PAC column (500 mm X 9
rom i.d.) W8B used for all separations. The packing in this column
is silica gel derivatized to introduce amino and cyano function·
alities to the surface_ Retention of aromatic hydrocarbons on this
column is generally superior to silica gel coJumns. A special
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activation sequence was used to remove polar compounds (e.g.,
methanol) from the column. Th... polar compounds slowly bleed
off with nonpolar solvents and create large background signals
in the proton spectra. The following sequence completely removes
this background: 50 mL of 10% acetonitrile·d, (99'1o-d, Aldrich)
in chloroform-d (99.8%-d, Aldrich) was followed by 80 mL of
chloroform·d. The chromatographic solvent, 97.5% l,l,l·tri·
chlorotrifluoroethane (Miller·StephanBon Chemical Co.) and 2.5%
chloroform·d, was then pumped through the column. Column
equilibration was generally achieved aftP.r60 mL. A second sowce
of background is particular to semipreparalive LC columns. Large
internal diameter columns do not completely nush the alkane
fraction due to partially stagnant regions near the inlet, outlet,
and wall. In terms of LC/tH NMR this effect can result in a very
small amount of aliphatic material being present in the spectra
of the aromatic fractions. For fuels of low aromaticity, the signal
is intense enough to make the measurement of CH2 and CH3 IH

integrals for alkyl aromatics erroneously high. A correction for
our column was determined by injecting a very low aromaticity
fuel and measwing the relative aliphatic signal intensities in each
file. This tailing problem is apparently not present in analytical
scale columns which have smaller internal diameters.

The chromatographic solvent contained 0.05% (v/v) hexa­
methyldisiloxane (HMDS, Merck) as a chemical shift and
quantitiation reference. The solvent was not degassed since
dissolved oxygen reduces proton spin-lattice relaxation time values
to several seconds. A Waters M·45 pump equipped with a needle
valve to create a 1000 psi back-presswe was used. The M-45 pump
requires back-pressure to activate its pulse dampener. A Valco
injector equipped with a l()()'~L sample loop was used. A l·mL
rinse of solvent followed by 1 mL of saJr.ple was used to ensure
that the Sllmple loop waa thoroughly flushed. All samples were
injected neat. A guard column was used as 8 matter of course.

A Jeol FX·200 nuclear magnetic resonance spectrometer
equipped with an Oxford 4.7·T superconducting solenoid magnet
(54 mm bore) was used to obtain lH spectra at 199.50 MHz. A
noppy di.!lok system was used for data storage and each diskette
had sufficient storage for 58 (1024 point) LC/lH NMR spectra.
A flow cell designed for quantitative work was used for all analyses.
This cell is described in detail in ref 10. Further details on flow
probe design may be found in ref 8. The average composition
equations were incorporated in a BASIC program which was run
on a Hewlett·Packard Hp·85. A copy of this program is available
upon request.

Aromaticity was measured from 13C spectra obtained at 50
MHz. Tris(aretylacetonato)crnomium(lil), Cr(acac)~ was added
to each sample to reduce t'C spin-lattice relaxation times for
aromaticity measurements. Gated decoupling was used for NOE
suppression. Long pulse delays were also used to further ensure
quantitative I3C spectra. All 13C spectra were run under con·
ventional (spinning) conditions in lo-mm sample tubes.

RESULTS AND DISCUSSION
Our laboratory is currently interested in several applications

of NMR of flowing systems, principally the use of NMR ..
an on-line, continuous flow HPLC detector (6-9). The
equations in our average composition method are applicable
to both fraction collection (off·line) and directly coupled
systems (on-line LC/lH NMR). Most laboratories will prefer
to use the off·line approach, at least until a commercial flow
probe becomes available. Whichever approach is used, the
effort spent in the preliminary separation step is a small price
for the resulting more explict and reliable calculations (vide
infra).

For the purposes of this paper, the average composition of
a low boiling fuel B8Dlple is defined in the following manner.
For each hydrocarbon c1aBB, the absolute moles of each distinct
carbon type (with associated hydrogens) in a specified aliquot
is determined. An example of a distinct carbon type is an
unsubstituted aromatic ring carbon (which hBB one associated
hydrogen). Substituted aromatic ring carbons (having no
..sociated hydrogen) clearly constitute a separate type of
carbon. Having determined the number of moles of eacb
carbon type in a fuel aliquot, it may ba poBBible to normalize
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Flgln 1. Repr_1Ne carbon types to< tho monocyclc and clcycJc
aromatic fractions.

I
PPM 2.5 2.0 1.5 1.0 0.5

figura 2. A20~Hz LC/'H Nt.fI apaetrum of the allphalk: fractlon
of NASA-l.ewla 38. IntagralJon regions aro oymbolzod.

these data to a hypothetical avorage molecular structure.
Although tho average structures have no real significance
themselves (since they are hypothetical constructa of the
normalized compositional data), quantities derived from the
average structure (e.g.• average molecular weight) can he
valuable. Table I dermes 80me of the major average compo­
sitional quantitiee diocuued in this paper. Symbols based on
the letter C refer to carbon types. Compounds with three
aromatic rings are neglected in this preeent treotment hecause
of their uniform low levels in the fuels we have examined to
dste. However. extension of this method to include tricyclic
aromatics is certainly feasible. Many monocyclic aromatic
carbon types have counterparta in the dicyclic aromatic
fraction. Redundant definitions. eymbols, and equations wiD
he minimized by ueing the right superscript x (x a m or d)
which deoignatee monocyclic aromatics or dicyclic aromatics.
An asterisk (0) in the left supencript position of symbols baaed
on C indicate that a normalized carbon type is indicated. A
eubecript (e.g., aCH,) is ueed to epacify the carbon type. The
varioue carbon types are ilIuetrated for eeveral molecular
structures pr....nted in Figure I.

Figures 2-4 show the on-line LC/'H NMR spectra for the
alkane, monocyclic, and dicyclic aromatic fractions of a jet
fuel In addition, theee figuree indicate the varioue 'H NMR
integration regions for the varioue bydrogen types (e.g., H"'""
etc.). We have previouely sbown that these fractions are
clearly eeparated with haee line reaolution hetween each
fraction, conrtrmed via a refractive index detector on-line
hetween the HPLC column and the NMR now prohe. The
varioua chemical shift regions which are integrated to produce
input parameten are indicated. Superscripta a, m, and d

.... s
F5gure 3. A 200-MHz Le/lH NMR spectrum of the monocydlc aro­
matic fraction of NASA-Lewls 36.

Figure 4. A 20O-MHz LC/'H NMR spectrum of the dlcycllc aromaUc
frsction of NASA-l.ewls 38. The broad signal at -3.5 ppm Is back­
grOtJ1d from the probe which has since been eUminated.

(alkane, monocyclic aromatic, and dicyclic aromatic) indicate
thet separate but analogoue terms exist for the three fractions.

In a separate paper (9), we have demonstrated quantitation
via on-line LC/'H NMR. A result from that study (which is
entirely valid for both on-line and off-line fraction coDection)
relatee the integrated ares of the reference peak to the known
number of moles of equivalent. reference protons in each
fraction (eq 1). In this equation, nr is the number of

K(V")=n,M,V"/H,' x=a,m,ord (1)

equivalent protons in the reference; for Me4Si nr = 12 and for
HMDS n r = 18. M r is the molar concentration of reference.
In our laboratory, the reference (ueuaUy hexamethyldisiloxane
(HMOS) hecauee of ita low volatility relative to Me,Sil is
added directly to the chromatographic solvent. We most
commonly use a HMOS concentration of 0.500 gIL. H'. refe..
to the integreted area of the reference peak in the appropriate
fraction: aliphatic, monocyclic aromatic, or dicyclic aromatic.
The K(V") terms are designated as reference response facto...

In the following discussion, monocyclic aromatics include
a1kylhenzenes plue tetralins and indans. Dicyclic aromatics
are taken to be alkylnaphthalenes and acenaphthene deriv­
atives which are analogous to indana in the monocyclic frac­
tion. The inclueion of biphenyl derivatives in the dicyclic
fraction is discueeed later.

Having shown how measurements of hydrogen types may
he made via LC/'H NMR data and the reference response
factor formalism, it is now possible to develop 8 series of
equations relating hydrogen type composition to carbon type
composition. In ref 7, we preeented equations for the fraction
of substituted sitee (FSS') and average degree of substitution
(ADS'). Theee equations are not repeated here. In the fol­
lowing discuesion. the equations for the monocyclic and di­
cyclic fractions are preeented together. The superscript x is
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Table I. Definition. of Reprewntative Symbol.a

fa'

HX>Q

HXorinJ:

CX
un

CX
sub

CXaCllj

g:oC~~
onng

CX
CI1 2>a

CXCHj>n

Cd
SH

C X
lotal

ADS'

MW'

f.

IH NMR integrated area for Ole reference peak (HMDS) of the aliphatic monocyclic aromatic or dicyclic
aromatic fractions (x - a. m, or d (aliphatic, monocyclic aromatic, or dicyclic fraction»

IH NMR integrated area for methine groups (RIC-H) in the alkane fraction
'H NMR integrated area for methylene groups (R-CH,-R) in the alkane fraction
'H NMR integrated area for methyl groups (R-CH.) in the alkane fraction
I H NMR integrated area for aromatic hydrogens in the monocyclic aromatic or dicyclic aromatic frac­

tion (x ... m or d)
I H NMR integrated area for aliphatic ring hydrogen Q to aromatic rings (e.g., oomethylene hydrogen in

tctralin) in the monocyclic or dicyclic aromatic !ractions (x - m or d)
IH NMR integrated area for aliphatic methylene hydrogen a to aromatic rings (e.g., methylene group in

ethylbcnzene) for the monocyclic or dicyclic aromatic fractions (x. m or d)
IH NMR integrated area for aliphatic methyl hydrogen a to aromatic rings (e.g., methyl groups for

toluene and/or tJ-methylnaphthaJene) for the monocyclic or dicyclic aromatic fractions (x - m or d)
I H NMR integrated area for aliphatic hydrogen groups not adjacent to aromatic rings (Le., greater than

cr) lor the monocyclic or dicyc1ic aromatic fractions (x D m or d)
moles of unsubstituted aromatic carbon for the monocyc1ic or dicycJic aromatic fractions (x. m or d)b
moles of substituted aromatic carbon for the monocyclic or dicyclic aromatic fractions (x • m or d)
moles of methyl carbon a to aromatic rings (x "" m or d)
moles of methylene carbon cr to aromatic rings (x D m or d)
moles of aliphatic ring carbon a to monocyc1ic aromatic rings (e.g., a-methylene carbons in tetralin)
moles of aliphatic methylene carbon not bonded to aromatic rings (Le., greater than a)
moles of terminal chain methyl carbon not bonded to aromatic rings (i.e., greater than a)
moles of bridgehead carbon for the dieyclic aromatic fraction (i.e., -C d

BH • 2.0)

the total carbon in a given fraction (LE:., alkane, monocyclic. or dicyclic fraction)
the average degree of aromatic liubstitution for the monocyclic or dicyclic fractions
the number average molecular weight for the monocyclic or dicyclic fraction
the carbon aromaticity for the total sample (Le., the total nromatic carbon (CAr(loLal) divided by toW

carbon (CIOIa '))

the partial carbon aromaticity contribution for the monocycHc aromatic or dicyclic aromatic fractions
(Le.. f,., • fa

m + fad)
F X the fraction of total carbon in each chromatographic fraction (Le., FatoLaI + Fm tota1 + Fdtota1 • 1)

a See Figure 1 for further clarification of symbols and Fi"rures 2-4 for defined IH NMR integration regions. b If the car­
bon types indicated below have a superscript asterisk (e.g., -C mun), this denotes the number of each carbon type in the
hypothetical average molecule.

For the dicyclic fraction (here 8B8umed to be naphthalenes
and acenaphthenes). the normalization constant is given by
the following equation.

The normalized dicyclic fraction carbon types are obtained
by analogy to eq 6. Naphtbalene molecules also contain two
bridgehead carbons.

1
C'BH = 4[C'= + C'wtJ (8)

'C'BH = C'BH/K(Vd)Nd = 2 (9)

For the monocyclic fraction, normalization is obtained via the
following equation. The number of carbons of each type in
the "average structure" of the monocyclic aromatic fraction
is obtained by dividing the absolute number of moles of each
carbon type by the appropriate normalization constant and
reference response factor. This is illustrated by eq 6 for·C'~.

The asterisk denotes the number of each carbon type ('C'..J
in the hypothetical average molecule instead of the absolute
number of molea of carbon (C'",,) in the injected sample.

used to indicate that separate, but analogous, terma exist for
the two fractions (i.e., x = m or d). For some quantities (e.g.,
average molecular weight) this is not possible and separate
equations are presented.

Two common problems with previous average composition
method!l have been relating proton int.egrals to carbon content
and normalizing the data to an average molecule. In the
LC/'H NMR method. the number of aromatic ring carbons
is known for both of the aromatic cuts. The existence of an
aromatic ring proton implies the existence of an unsubstituted
aromatic ring carbon. Likewise, the existence of three aCH3

protons implies the existence of an a carbon and a substituted
aromatic ring carbon. These absolute mole values are obtained
via the product of the reference response factor with the
appropriate proton integration value weighted for proton/
carbon ratio (e.g.• for an aCH, group, 2 mol of protons in the
aCH, region implies the exislAmce of 1 mol of a carbons).

Unsubstituted aromatic ring carbons are given by eq 2.

CX= = K(V')If'", x = m or d (2)

Substituted aromatic ring carbons are given by eq 3.

(
If'aCH. If'aCH. If'."", )

C'wb = K(V') -3- + -2- + -2- + If'aCH

(3)

N'" = [C''''''(101al)1I6

'C"'= = C"'=/N"'K(V"')

Nd = (C'= + C',.J/8

(5)

(6)

(7)

At 200 MHz and above, the various a proton types are Buf·
ficiently apectralJy resolved that quantities BUch 8B CX.cH, may
be separately dermed (Table I and eq 4). In a similar manner,
equations for CXaCH" CX....., and CXaCH can be easily written
except with denominators of 2, 2, and I, respectively.

CXaCH. = K(V')1f'aCH./3 (4)

The region of the proton spectra of the monocyclic and
dicyclic fractions upfield of 2 ppm contains aU alkyl chain
protons at poaitions p, 'Y, 6, and higher with respect to the
aromatic ring. Division of this region into distinct subregions
(e.g., /lCH,) is impractical for most fuel samples. The region
If'>. is inatead integrated 8B a whole and equations for
·C'CH,>. and ·CXCH,>. have been derived.
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CIDLoa] ::: cmAt(l.o~1J + CUl"CH3 + CUl"CH1 + CUl"CH + cm<ui~

(IS)

The total number of moles of aromatic carbon in the monO'­
cyclic aromatic fraction and the total number of moles of
carbon (alkyl plus aromatic) in this fraction are calculated via
eq 14 and JS, respectivcly.

(21)

(22)

(23)

The fraction of total carbon in each chromatographic peak
(relative to the entire sample) moy no..... he culculatcd. Thc
values for the monocyclic and dicyclic fractions arc outnined
explicitly. The value for the aliphatic fraction is obtained by
difference and will be in error if there are appreciable amowlts
of lauer eluting materials (e.g., phenanthrencs) or nonelutcd
polan; (e.g., phenols).

(
C'",,,, )

F\uLaI C = (/.1) -C-.-­
Ar(wlall

And for the aliphatic peak

f'81utal C = I - f"'Tl tot• 1 C - ~tot.1.1 C

In the nbove discussion, it has been assumed that the di­
cyclic fraction is composed exclusively of alkylnaphthnlenes
and acenaphthene. Coal·derived fuel samples can contain
some biphenyl derivatives, usually us minor constituenL<; of
the dicyclic fraction. Compounds of these types have elution
characterist ics similar to alkylnaphthalenes (8). Acennphth­
enes will not introduce error. The HCH z proton signal of
acenapht-hene has a unique chemical shift so an explicit
treatment analoguus to that for tetralins (vin ('d,rtis~) is possible.
Hiphenyls can introduce error, but only for normalized com­
positional data. For naphthalene, eight protons imply the
existence uf ten carbons. For biphenyl, ten protons imply the
existence of twelve carbons. If a dicyclic fmction is 100%
biphenyl, eq 2 ..... iII give the correct value for Cdun' Equation
8 will gi\'e a value for CdSH that will be 25% too high. The
error in ('dAr total will only be 4%. The fraction ofsuhstitut.ed
sites for dimethylbiphenyl (0.2) will be correctly calculated
but the calculated ADSd will be 20% low. The normalil'.B.tion
equation for dicyclics (eq 7) should have a denominator of ten
for biphenyls rather than eight which was derived for naph·
thalenes. Computations of normalized average composition
(e.g., ADSd and M\Vd) data via the above equations are typ­
ically -20% low for purc biphenyl fractions. Biphenyls are
typically <IS% of the dicyclic fraction of aviation fuel samples
so the actual error is quite small In addition, it may be
possible to chromatographically resolve substituwd biphenyls
from the substituted naphthalenes, which represents the moot
straightforward solution to this problem.

One may at this point wonder if any direct information rnay
be deduced from the aliphatic fraction. Referring to Figure
2, it can be noted that a reasonable demarcation exists between
methyl, methylene, and methine protons. It is easy to proceed
in a manner similar to that for the aromatic fractions and
arrive at average compositional data. Two serious precautions
must be mentioned. Cycloalkane protons produce signals
inconsistent with the CH:l' CH2, and CH IH spectral regions
c1utracwristic of nonnal and branched alkanes. If cycloalkanes
are present in substantial quantities, considerable error will
result in the following analysis. Reference spectra of cyclo·
alkanes suggest that the three integration windows will typ·
ically -see~ a large amount of "CH:z" with roughly equal
amounts of 'CH" and ·CH;. Thus. if cycloalkanes arc at low
levels. the resulting analysis will have little error.

The second problem concerns quaternary carbons. In this
scheme, the existence of a certain proton resonance is used
to imply the existence of a certain carbon type. A quaternary
carbon has no directly attached protons and is, therefore.
"invisible" to IH NMR. Substituted aromatic ring carbons
have no directly attached protons. But the existence of a
clearly resolved proton resonance on the (I carbon implies the

(12)

(13)

(14)

e1
CH» .. ;:: *ClcIlJ>.,A'IK(V')

C·CIl:)o{J ::: ·CICfl1>..NIK(\f1)

The average molecular weight of this fraction now follows as
before.

MWd = 13*Cd
un + 12*Cd,ub + 12*CduH + lS*('d"CH

J
+

14*Cd"cH, + 13*Cd"cB + 14*('d"ring + 14*CdCH1>n +
IS·C"CH,>. (19)

For fuel samples, one of the most commonly measured
average compositional properties is the carbon aromaticity
(f.). It is defined as the numerical ratio of aromatic ring
carbons to total carbons in the sample. It is conveniently (and
most directly) measured by 13C NMR. The conditions nee·
essary for obtaining quantitative 13(; spectra are now .....ell
understood (10. J n. If the sromaticity is known for the
sample. the partial aromaticities for the monocyclic and di·
cyclic fractions may be calculated assuming the absence of
tricyclic aromatics. The partial aromaticities are defined such
that their sum is equal to the total aromaticity.

f. ; f.m + f.d (20)

*CXCH,>ft = ADSI - *CI"CH, - ·CI...,ina: (lO)

• HI>.. 3
C·CII,>.; 2N' - 2'·C'clI.>.1 (II)

These equations assumr. that no branching exists lJeyond the
a position. Experience in our laboratory indicates thot this
is a reasonable assumption for aviation fuels. Alkyl substi·
tution on aromatics tends to take the form of n·alkyl and
tetralin. Similarly, we frequently ignore the {'reB region. Even
if branching is present beyond the a position, the accuracy
of the average properties calculated below (e.g., average mo­
lecular weight) will be unaffected. The absolute number of
moles of alkyl carbon in positions greater than (l' (e.g., C'CH~ ..
and C"CH:>.,) can be calculated directly from *C·CH3><1 and
·e·CH:>.. , respectively.

The average molecular wcight of the compounds in this
fraction may also be calculnted.

M\V rn ::: J3·CUl
un + 12·cm.uh + lS·.cm

"CII3 + 14·Cm
nCH,

+ 13·C"\.cII + 14·CID..tin" +14·Cm
cH.,>n + lS·Cm

C1h>n

(16)

This follows in a straightforward manner. Since the number
of carbons of each typc in the "ovcrage molecule" is deter·
mined, the weight in daltons of e\'ery carbon (and o.ssociated
hydr~ens) can be summed. The result is the number average
molecular weight rather than the less useful weight average
(I). Total absoluw mules of dicyclic aromatic ring carbon and
totnl absolute moles of all carbon in the dicyclic aromatic
chromatographic fraction can now be calculated.

Cd"'''''.11 ; C""" + Cd"b + C"nH (17)

CdLola! ::: CdAr(toall + Cd"Cit, + CduCH, + Cd"CH + Cd"tina:

(18)
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Table II. Comparison of Known and Measured" Average Degree of Substitution (ADS), Average Molecular Weight nata and
Total Carbon Ratio for Models as Determined by Le/'H NMRG '

monocyclic dicyclic
aromatic fraction aromatic fraction

model ADsm ~l\vm ADS" MWd Cmtot.al/Cdtotal

model C 1.76 (1.66) 124.9 (124.4) 0.12 (0) 130.6 (128.2) 2.83 (2.75)
model C(27.47 g) + 1.84 (1.86) 113.4 (113.9) 0.01 (0) 131.5 (128.2) 6.19 (5.94)

m-xylene (0.02 m)
model C (27.47 g) + 1.29 (1.28) 132.2 (130.1) 0.04 (0) 131.8 (128.2) 7.60 (7.60)

n·bulylbenzene (0.02 m)
model C (27.47 g),. tetralin (0.02 m) 2.05 (1.86) 130.3 (128.9) 0.04 (0) 128.4 (128.2) 7.06 (6.74)
model C (27.47 g),. cumene (0.04 m) 1.13 (1.18) 119.6 (121.2) 0.03 (0) 128.3 (128.2) 9.91 (9.95)
model C (27.47 g),. decalin (0.02 m) 1.57 (1.66) 124.2 (124.4) 0.05 (0) 129.2 (128.2) 3.16 (2.75)
model C(27.47 g) + 1.64 (1.66) 118.6 (124.4) 1.04 (1.06) 142.4 (142.8) 1.29 (1.30)

2,3·dimethylnaphthalene (0.0056 m)

a The values determined by Lel l H NMR without parentheses arc directly compared with the known values obtained from
composition data (in parentheses).

Table III. Naval Research Laboratory Data

Monocyclic Aromatic Fraction of Fuel 81-3
GC/MS Identification

GC Quantitation

This could be partially solved by determining background
corrections. The hackground problem is most apparent in the
chromatogrephically broad dicyclic peek which has the lowest
concentration. Some of the background arises from a certain
arbitrariness in measuring integrals for cases of very low signal
to noise. The average molecular weight data (MWd) matches
the known values very closely. The measured ratio of total
carbon in the monocyclic aromatic peak to total carbon in the
dicyclic peek (C"'...,/C"....iJ is compared with the known ratio.
The agreement is surprisingly close since this measurement
is based on every integration from the two fractions and 80

includes all cumulative errors. Since the dicyclic fraction is
much smaller than the monocyclic fraction. a small absolute
error in determining the dicyclic carbons will produce a large
error in the ratio.

A very strong verification of the LC/'H NMR average
composition method was provided by the Naval Research
Laboratory (12). Unknown to our laboratory, GC/MS bad
been used by the NRL to identify every aromatic compound
in sample 81-3. Each component in this sample was also
quantitated by GC. The results of this analysis are presented
in Table II. This analysis was possible since blending stock
81·3 ia considerably Ie.. complex than typical fuel samples.
Knowing the exact composition. the average compositional
data were readily calculated for the monocyclic aromatics.
Table III shows the comparison between the NRL GC/
GC/MS results and our laboratories LC/'H NMR results.
The agreement is excellent. It is clear that the flow NMR
measurements are very accurate. These data suggest that the
LC/'H NMR average composition equations are correct and
fully applicable to the monocyc1ic aromatic content of these
fuels. Tbere is some overlap between the Ii'"oCH, and Ii"'......

existence of 8 substituted ring carbon. If tert·butylbenzene
is 8 prominent constituent of fuel samples, not only will the
determination of a carbons be in error but the normalization
for monocyclic aromatics will also be in error since the ring
carbons would be miscounted. We have not observed tertiary
alkyl substitution on aromatic rings, 80 this is not a problem.
Highly branched alkanes generally improve fuel performance
data (e.g., high octane number). Quaternary carbon containing
molecules are more likely to be present in the alkane fraction
of fuels. In eq 24, a term has been included for quaternary
carbon (expressed as a fraction of methyl carbon). This term
is included for completeness since some workers may have a
priori information on the nature of the alkane fraction. This
is particularly true if a compound such as isooctane has been
added to improve fuel performance.

The normalization factor is first determined

(24)

The last term in the above equation is the correction for
quaternary carbons, which is (in general) not known. Absolute
moles of each carbon type are now calculated (e.g., eq 25).
Similar equations hold for the CICHs and CICH terms with
denominators of 2 and I, respectively. An average molecule

C'CH,; H'CH,K(V')/3 (2S)

may now be constructed by normalization as before_ The
average molecular weight is then calculated.

MW';
1S*C'CH, + I4*C'cH, + I3*CcH + 12F'~I(*CCH,) (26)

BeclUlSC of pitfalls outlined above in obtaining average com­
positional data for the alkane fraction, eq 24-26 should be used
with caution. In principle, an aromaticity value could be
calculated (independent of I3C NMR) at this point. In
practice, it is much safer to directly measure aromaticity (via
'3(; NMR) since this will keep errors in the aliphatic fraction
determination from affecting the much more rigorous treat­
ment of the aromatic fractions.

In Table II we report average degree of substitution (ADsm),
average molecular weight (Mwm), and ratios of total carbon
(C"'lol<I/C"lotol) for seven model mixtures. Theae valuea are
compared with the known values calculated from the known
compositions. The comparison is excellent. The other average
composition values are also in very close agreement with the
known values. The measured ADS' for samples containing
no dicyclic compound other than naphthalene has an average
of O.OS, This illuatrates the problem of spectral background
creating smaII integrals in regions where no sample is present.

component

ethylbenzene
p- and m-xylene
Q-xylene
isopropylbenzene
n-propylbcnzenc
methylethylbenzcne (isomer unknown)
l,3,5-trimethylbenzene
I-methyl-2-cthylbenzene
l,2,4-trimethylbenzcne
l,2.3-trimethylbenzene

total

wt%of
fraction

0.7, 0.08
9.0, 0.5

16.6 , 1.0
0.9, 0.07
3.1 , 0.2

20.6' 1.2
9.4, 0.7
4.7, 0.3

29.9' 2.1
5.0, 0.4

99.0, 1.0
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Table IV. CompanIOn of LeINMR and GC/MS for
Monocyclic Fraction of Fuel 81·3

regions at 200 MHz. This overlap accounts for the shift in
-CmaCH VB.·C="rine' This error is propagated into -Cm

CH,>"
V8• • cm~HI>a. since -emarina: is used to determine the number
of alkyl chains not wrminated by methyl groups. The overlap
between Hm.doc and~.eH, should be reduced at 360 MHz.
The reliability of these measurements wili, therefore, be im·
proved by using a higher field spectromewr.

The spectra in Figures 2, 3, and 4 are from the three
fractions of NASA-Lewis 3B. Data acquisition was initiated
at the onset of the aliphatic peak, as monitored by the RI
deWctor. Data on the aliphatic fraction were collected for 5.8

. min (5.6 mL). During this time, the aliphatic peak passed the
now cell. The monocyclic and dicyc1ic files each represent
9.7 min (9.3 mL). The experimental conditions were identical
for all samples. The spectra of the other fuel show obvious
differences from NASA·Lewis 3B.

The average compositional data for the monocycli.:: fraction
of the two fuels are shown in Table V. Sample 3S has the
lower average molecular weight (MWm = 113.3) and average
degree of substitution (ADSm = 2.15). It should also be noted
that 5% of the benzene rings in this sample are wtralins or
indans. Most of the substitution is in the form of methyl
groupe (aC"'.eM, = 1.71). The relative proportion of long chain
alkyl groups is low (aC'".eH,>. = 0.043, -C'".eH,>. = 0.33),

Fuel 3B is very different with respect to the monocyclic
aromatic fraction. It has the higher average molecular weight
(MWm= 153.9) and a higher average degree of substitution
(ADSm = 2.81). A total of 21 '10 of the molecules in this fraction
are tetralins or indans. Although methyl substitution is still
prominent (aC'".eM, = 1.57), longer alkyl chains are also quiw
prominent (aC"'eH,>. =1.82, -C"'eH". =0.811). The average
compositional data for the dicyclic (naphthalene) fractions
of these fuels are very similar.

property

MWm

I.m

*Cm
un

*CmQCII
J

·C m
oClI

2

·cmoCH

·C rn
caing

·C m
CH2 >n

·CmCHJ>o
ADsm

NRLGC/MS

116.3
0.677
3.60
2.12
0.291
0.009
0.00
0.031
0.309
2.39

VPI LC/NMR

116.5
0.682
3.64
2.07
0.278
0.0007
0.013
0.108
0.279
2.36

The total moles of carbon in each fraction (C·tot...,h ('mtouh
and 0'...,) are presented for each sample. Also presented are:
aromaticities V.), partialaromaticities v.m, I.d), total moles
of aromatic ring carbon (emMtoeaJh CdAritot&IJ), and fraction of
total carbon in each LC peak (Plolo" P"10"'" plio"")' These
data also illustrate the stark contrast between 3S and 3B.
Sample 3S has a higher level of both monocyclic and dicyclic
aromatics (P"..., = 0.573, pl..., = 0.217). In contrast, sample
3B has the lowest levels of both monocyclic and dicyclic
aromatics (P"I0"" = 0.192, pl = 0.136). Sample 3S contains
a large quantity of relatively simple monocyclic aromatics (e.g.,
xylenes), and sample 38 contains a small quantity of more
complex monocyclic aromatic compounds (e.g., tetralins, po­
lysubstitution, longer chain alkyl groups). It is particularly
interesting that the fraction of total carbon in the naphthalene
fraction differs significantly in these two samples. It should
also be noted that sample 3S was also subjected to GCjMS
analysis. Biphenyls and acenaphthenes were not detected in
these samples at levels above 5% (vide supra).

Substituted phenanthrenes were not included in the ana­
lytical scheme for the fuels discussed above; however, they
are occasionally present in our samples at detectable levels.
The same LC/IH NMR average compositional formalism is
applicable given adequate signal to noise. In principle, mix­
tures of many types could be characterized by a formalism
analogous to the one developed here for fuel samples.

Although the results of only two actual fuels are reported
in this paper, it should be mentioned that we have analyzed
-75 other fuels by this approach.

CONCLUSIONS

The LCj'H NMR average composition formalism demon­
strates that a considerable amount of information can be
extracted from lH NMR spectra of mixtures. A key re­
quirement is that some infonnation must be known about the
class of compounds composing each midure. In this for­
malism, hydrocarbon classes separated by normal phase liquid
chromatography constitute the mixtures. The knowledge of
compound class (e.g., monocyclic aromatic hydrocarbons)
permits the spectral data to be interpreted explicitly as sverage
compositions for each class.

The LCj'H NMR method allows carbon framework dsta
to be obtained indirectly via the proton spectra and elution
volumes. Direct observation of the carbon framework (via I3C
NMR) should also remain a fruitful area of fuel characwri­
zetion research. Spectral editing pulse sequences (13-15), with
or without prior chromatographic fraction collection, are
potential avenues of research. In the LCj'H NMR average
composition treatment of the alkane fraction, a critical
problem is the determination of quaternary carbons. Spectral

Table V. Average Structural Parameters for NASA Fuels 3S and 38

Monocyclic Aromatic Fraction

sample *C m
un *C n1&1b *C m

aeUj *cmOClll *C m
oCll *cmarin& ·C m

CH1 >O ·C m
CH1 >O ADSm MWm

3S 3.85 2.15 1.71 0.320 0.008 0.106 0.043 0.328 2.15 113.3
38 3.19 2.81 1.57 0.777 0.034 0.423 1.82 0.811 2.81 153.9

Dicyclic Aromatic Fraction
sample ·C d

un *Cd
sub *Cd

OH *Cd
oCU, *CdoCHl *Cd

CH1 >Q *CdCH,>o ADSd MWd

3S 5.98 2.02 2.00 1.90 0.117 0.001 0.117 2.02 158.1
38 6.27 1.73 2.00 1.61 0.11 7 0.079 0.117 1.73 155.2

Absolute Number of Moles and Fractional Aromaticity Data
alkane. alkyl aromatics naphthalenes

sample Caw'aI Fat.otal CmAr(t.otal) cmt.o\al I.m FmtoLal Cd
A <{101al) CdtoLal I.d FdtotaJ I.

3S 0.00262 0.210 0.00314 0.00446 0.403 0.573 0.00139 0.00169 0.179 0.217 0.582
38 0.00483 0.672 0.00063 0.00120 0.101 0.192 0.000714 0.00085 0.114 0.136 0.215
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editing sequences could permit direct measurement of this
quantity.
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Determination of Vasodilators and Their Metabolites in Plasma
by Liquid Chromatography with a Nitrosyl-Specific Detector

Wing C. Yu' and E. Ulku Goff

Thermo Electron Corporstlon. Ana/yUes/lnstruments. 101 First Avenue. Waltham. Massachus8tts 02254

A specHlc and ••nsltlv. m.thod tor the d.t.rmlnatlon 01 th.
nHrat....... 01 glyc.rol, Iooaorbkle, and penla.ryllvHoI haa
been dev,loped. 'lb. lnalrumenlaUon Involv.. hlgh-perform­
anc. liquid chromatography (HPLC) Int.rfaced to a nllrol
nHroeyl-apaclflc detector (TEA analyzer). 'Ibe lower Ilmll of
detection 01 the method 10 0.1 ng lor eech 01 glycerollrtnllrat.
(GTN) and pen!aerylhrHoIt.lranHrat. (PETN) and 0.2 ng 1o,
_. dlnlt'a'. (ISDN). At th. 5 ng l.v.I, th. ,e1atlv.
"anda,d d.vlatlons are ±4.1%, ±2.2%, and ±7.3% 1o,
GTN, PETN, and ISDN, reapecllvely. 'Ibe Ioocrallc concIIUons
dev.loped by uaIng HPLCITEA provld. a useful tool to, the
routine analy. 01 plasma or blood aampl.. In bloavaHabilly
"udl'l.

Organic nitrate esters such as glycerol trinitrate (GTN),
isosorbide dinitrate (ISDN), and pentaerythritol tetranitrate
(PETN) have been widely used as vasodilators in the treat·
ment of angina pectoris. Despite many publications. the
pharmacokinetics of these drugs and their metabolites in
humans are not well established, posing questions as to the
efficacy and efficiency of the formulated drug. The prohlem
is due, in part, to the limitation of available analytical in­
strumentation for detecting low levels of the drugs and their
metabolites in circulating blood.

A survey of analytical techniques that have been used in
the determination of these compounds include spectropho­
tometry (I), polarography (2), carbon-14 radioactivity labeling
(3-5), thin· layer chromatography (6, 7), gas chromatography
(8-12), liquid chromatography (13-16), and digital plethys­
mography (17). Of these techniques, gas chromatography
coupled with electron copture detection is most commonly
used. Electron capture, though sensitive, suffers from lack
of reproducibility, detector contamination, and excessive re­
tention times for the separation of some metabolites. Also,
special techniques must be employed to maintain linearity
of the detector response.

Recent advances in high-performance liquid chromatogra·
phy (HPLC) offer another approach in the determination of
these thermally unstable compounds. The use of the UV
detector in conjunction with normal- or reversed·phase HPLC
is 8 logical choice.

However. in a matrix as complex as blood or plasma where
the levels of therapeutic drug and metabolites are present at
the low parts per billion range, the UV detector cannot
properly fulfill the need because of its relative lack of spe­
cificity and limited sensitivity.

For enhanced sensitivity and selectivity, specific detectors
have to be used. Lafleur (18) et al. recently used a nitro­
syl·specific detector, the TEA analyzer, in the identificotion
of explosives at trace levels by interfacing it with high-per­
formance liquid chromatography (HPLC/TEA). Spanggord
(19) et al. also reported on the applicotion of HPLC/TEA in
the determination of nitroglycerin and its metsbolites in hlood.
Both methods utilized solvent programming techniques. In
this report we describe an analytical method for the selective
and &ensitive detennination of glycerol trinitrate. isosorbide
dinitrate, pentaerythritol tetranitrate, and their metabolites,
in plasma by HPLC/TEA using isocratic conditions.

EXPERIMENTAL SECTION

Equipment. The high-performance liquid chromatograph was
constructed hy combining a solvent pump (A1tex, ModeIUO) with
an injector (Waters Associates, Model U6K). The columns used
were 10 ~m U1trssil NH" 25 cm long hy 4.6 mm i.d. (A1tex), and
10 ~m ~Bondspak CN, 30 cm long by 3.9 mm i.d. (Waters As·
sociates).

The detector was a TEA Model 502 analyzer (Thermo Elec­
tron). Data aquisition was achieved with System 1 computing
integrator (Spectra-Physics).

Chemical•. The HPLC solvents, methylene chloride, chl<>­
roform, methanol. ethyl acetate, and isooctane, were distilled in
glass (Burdick and Jackson). Sep-PAl< C18 cartridges (W.ters
Associates) and O.5-~m MiIlex·SR filters (Millipore) were used.

HPLC ProcedUl'8. 1socrstic conditions wen! employed for the
analysis of the vasodilators and their metabolites. The Ultnulil
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Table I. HPLC Retention Data for Nitrate Eatera on NH, Column

retention no. of no. of
time, 6 compound chemical identity N0 2 groups OH groups

169 ISDN 1,4 :3.6·dianhydro-o-glucitol dinitratc 2 0
197 GTN glycerol trinitrate 3 0
205 PETN 2,Z-bis( nitroxymethyl )l,S-propanediol 4 0

] ,3-dinitrate
217 2·ISI<1N isosorbide 2'mononilrale 1
229 1.2·DNG glycerol l,2-dinitrate 2
293 1.3·DNG glycerol l,3-dinitrate 2
293 PETRIN 2·(hydro.ymethyl)·2-(nitroxymethyl)· 3

l,3'propanediol dinitrate
295 5·ISMN isosorbide 5·mononilrate 1
467 2·MNG glycerol 2-mononilrate 2
510 PEDN 2.2·bis(hydroxymethyl )-l,3-propanedio) 2

l,3-dinitrate
533 I·MNG J,:lycerol }-mononilrate 2

NH2 column waa used for the separation of each vasodilator from
ita metabolites. The mobile phase was isooctane/methylene
chloride/methanol in the fatio of 80:13:7. Solvent flow rate was
maintained at 2.0 mL/min. The ,.Bondapak CN column was used
(or the separation of isoeorbide dinitrate, glycerol trinitrate, and
pentaerythritol tetlaniuate from each other, with a mobile phase
of iaooctane/chloroform/methanol in the ratio of 76:20:5 ond a
flow rate of 1.5 mL/min.

The TEA analyzer waa operated at a pyrolyzer temperature
of 500 °C. The carrier gas was nitrogen at a flow rate of 20
mL/min. Ozone was generated by passing oxygen to the ozonator,
at 6 mL/min. The reaction chamber was operated at 0.6 torr.
The cryogenic traps were maintained at -78°C with an etba­
nol-solid carbon dioxide slush bath. Attenuation was set at X16.

Sample Preparation. Fresh frozen plasma was thawed in
lukewarm water. AJiquotB of 5 mL of plasma were pipetted into
saew-capped culture tubes. 1'he tubes were fortified with various
levels of glycerol trinitrate, i8060rbide dinitrate, and penta·
erythritol tetranitrate. Eight millilite.. of ethyla""tate was added
to the plasma and the mixture was vortexed for I min. sonicated
for 5 min, and centrifuged at 2000 rpm for 10 min. The clear
supernatant was transferred into another culture tube and. the
nuaction was repeated twice, firat with 8 mL of ethyl acetate
and then with 6 mL of ethyla""tate. The combined supernatant
W88 clarified through a Sop-PAl< C.s cartridge and MilI.x-SR filter
connected in series. The filtrate was concentrated by 8 gentle
stream of nitrogen of 35°C to approximately 0.2 mL. Aliquot8
of 25 pL were inje<:ted for HPLC/TEA analysis.

RESULTS AND DISCUSSION

Figure 1 shOWB the isocratic separation of each of the nitrate
eatera from their metabolites. using an NH, column. Although
the separation of nitrate estera of pentaerythritol has been
reported previously using a solvent programming technique
(I8), the present chromatographic conditi01l8 represent a more
realistic approach to routine analysis of 8 large number of
samples. With this new method. the chromatographic analysis
can be completed in approximately 10 min.

Table I shows the HPLC retention data for nitrate ..tera
of glycerol. isoaorbide. and pentaerythritoJ. The retentivity
of these compounds on the NH, column vari.. widely with
the number of nitro groupa and the number of hydroxyl groupa
on the mole<:ule. with the hydroxyl group exhibiting the
predominant effect. The relative retention times of these
compounda provide a useful guide for sele<:ting an internal
standard which would not interfere with the separation of the
compounds of intereaL AIl an example, we seleeted glycerol
2·mononitrate 88 an internal standard for 8 study involving
isosorbide dinitrate and mononitrates.

The three parent compounds, isosorbide dinitrate, glycerol
trinitrate. and pentaerytbritol tetranitrate have similar re­
tention times on the NH2 column, since the nitro groups
exhibit little polarizing effeets on the moleeulea. For better

.separation of these compounds, a pBondapak CN column was

"1

i,
,,1 11

1

"~~~~,,
F1gIn 1. tRCITEA analysis of: (A) nllra'e asters 01 glycerol. (1) GTN
(2.5 ng). (2) 1.3-ONCl (3.7 ng). (3) 1.2-ONG (0.7 ng), (4) 2-MNG (2.2 ng).
(5) l-MNG (4.4 ng): (8) nitrate esters 01 Isosorblde. (1) ISDN (4 ng).
(2) 2·ISMN (10 ng). (3) 5-ISMN (10 ng): (C) nitrate es'ars 01 penta­
arythrnol, (1) PETN (5 ng). (2) PETRIN (4.6 ng). (3) PEON (14 09).
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FJslura 2. HPlCITEA analysls 01 (1) Isosorblde dlnItrala. 10 ng. (2)
glycerol trInItrala, 5 ag. and (3) panlearytlYttol tatranltrate, 10 ag.

used with a mobile phase of iaooctane/chloroform/methanol
(75:20:5). Figure 2 shoWB a chromatogram of 10 ng of isn-
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Fig... 3. HPlCtTEA analysis of plasma sample fortified with glycerol
ITlnltrat. al 3 ppb Iev.l: (AI glycerol mitral•. 2 119: (81 spked plasma.
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oX"" mean value for five determinations, arbitrary units.
b Standard deviation. C Relative standard deviation
expressed as a percent.
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FIgwe 4. HPlCITEA analysis of plasma sample fortlfied wtth Isosorbklo
_ala at 5 ppb level: (A) Isosorblda dinltrate. 5 119; (BI blank plasma;
(CI spiled plasma.

Table III. Precision of HPLC·TEA

com· amt in· rcs2,.0nsc sld %
pound jected, ng X O dev b RSDe

GTN 1.0 5.28 x lOS 0.12 2.3
5.0 2.77 x 10' 0.11 4.1

20.0 1.16 x 10' 0.04 3.5
50.0 2.65 x 10' 0.09 3.4

ISDN 1.0 1.41 x 10' 0.12 8.6
5.0 8.25 X 10' 0.61 7.3

20.0 3.25 X 10' 0.21 6.5
50.0 1.62 X 10' 0.12 7.4

PETN 1.0 4.41 X 10' 0.25 5.9
5.0 2.04 X 10' 0.04 2.2

20.0 7.85 X 10' 0.34 4.3
50.0 2.08 X 10' 0.05 2.4

to its ability to simultaneously extract the more polar lower
nitrate:;, is also believed to have a quenching effect on the
enzyme which may otherwise degrade the nitrate ester drug,
eliciting erroneous results.

Table 1II summarizes the precision data for GTN, PETN,
and ISDN at I-ng, 5-ng, 20-ng, and 5O-ng injection levels,
expressed as relative standard deviations (RSD). At the 5-ng
injection level, the relative standard deviations are :1:4.1 %,
±2.2%, and ±7.3% for GTN, PETN and ISDN, respectively.

During the sample workup procedure, the extract was
further clarified by the use of Sep-PAK Cts cartridge to re­
move many of the proteins, glucuronides, and lipids. This is
particularly useful in working with blood samples where the
interfering compounds and pigments are retained, resulting
in prolonged HPLC column life, and ultimately lower oper­
ating cost per sample.
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0.99810.9929

mean
(n" 24)

0.9997

Table II. Recovery of Vasodilators Added to Plasma

ppb
mean recovery. % (!. std dcv, n ~ 4)

added GTN ISDN PETN

I 54.0, 4.0 75.5,6.4 67.0, 3.8
5 64.5, 6.6 62.0' 4.0 62.8, 3.7

10 77.4 , 5.6 80.3, 5.0 67.0, 2.2
20 74.3, 6.7 69.0, 5.0 71.0, 1.2
·10 82.0, 8.8 80.0, 1.8 63.3 ± 1.4
80 80.8, 5.1 64.7,5.3 72.0,3.7

oVNall 72.0 , 11.8 71.2, 8.1 67.2, 4.6

~

U:r~

sorbidc dinitrate, 5 ng of glycerol trinitrate, and 10 ng of
pentaerythritol tetranitrate.

The TEA analyzer has been shown 00 be a nitrosyl-specific
detector, with a linear and dynamic range greater than 6 orders
of magnitude (20). For complex matrices such as blood,
plasma, or urine, the detector screens out compounds that do
not contain nitrosyl groups, thus simplifying the chroma­
rography and data interpretation. Furthennore, for the nitrate
esters, the detector response has been shown to vary linearly
with the number of nitrosyl-oontaining functional groups (18).
This feature provides an added advantage over other detectors
when quantitating 8 nitrate ester and its metabolites with a
known number of nitrosyl groups, even in the absence of
authentic standards. The current method has a lower limit
of detectability of 0.1 ng for both glycerol trinitrate and
pentaerythriool tetranitrate, and 0.2 ng for isosorbide dinitrate
at a signal to noise ratio of 3 to 1. This level of sensitivity
should be adequate for drug bioavailability studies where less
than I ppb sensitivity is required. New technologies in HPLC
with 3-~m column packing materials resulting in over 120000
theoretical plateslm should furtber enhance the sensitivity
of the method.

To demonstrate the feasibility of the HPLC/TEA method
for the determination of nitrate esters, plasma samples were
fortified at various levels with glycerol trinitrate. isosorbide
dinitrate, and pentaerythriool tetranitrate. Figures 3 and 4
show the typical chromal<>grama obtained from spiked plasma.
The recovery of these nitrate esters from 1 ppb to 80 ppb is
summarized in Table II. Although bigher recoveries bave
been reported with other solvents such as petroleum spirit
(21), hexane (I3), or benzene (22), thooe extraction procedures
were limited 00 the parent nitrate ester and involved tedious
repetitive extractions. The use of ethyl acetate, in addition
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Determination of Phencyclidine and Phenobarbital in Complex
Mixtures by Fourier-Transformed Infrared Photoacoustic
Spectroscopy

M. G. Rockley," M. Woodard, H. H. Richardson, D. M. Davis, N. Purdie, and J. M. Bowan

Dttpal1menl of Chemistry. O/<lshoma StaIB unlvsrslty, StlllwstlN. Oklahoma 74078

Fourier-iranllormed Infrared p/lOloacouallc epectr...copy has
been UI8d 10 quantitate the amounto 01 conlroled _ancao
(phencyclidine and phanobsrbHaJ) In oubotral.. ouch II lac­
loaa and pa.....y. Quantllallon \0 1% accuracy Ia damon­
lIraled, although ..lwatlon aII_ mIghI be ._ed In _

0\ the _elra.

Every conceivable analytical technique haa been applied
to the difficult problem of drug analysis (1). Because drugs
are minor constituents in rather complex mixtures, a primary
requirement in almost every analysis is to first effectively
separate the mixture and, in so doing, concentrate the drug
so that it has a concentration which exceeds the limits of
detection of the method w be used. Qualitative identification
is readily accomplished by the many chromawgraphic pro­
~ures either alone or in tandem with mass spectrometry or,
In some cases, by spot tests. Quantitation is less readily
accomplished and frequently requires compound derivatiza­
tion and repeated instrument calibration.

Innovative techniques which can simplify the analytical
protocol either by requiring less stringent separation needs
or by eliminating subsequent sample prepreparation stepe are
valuable in that time, a precious commodity in clinical and
criminalistic laboratories, is saved, A recent innovation, for
example, is the application of circular dichroism spectropo­
larimetry (2) w the direct analysis of drugs.

A rapidly emerging technique which haa the potential w
...pedite analysis is pholoacoustic spectroscopy (PAS) (3,4).
Ita use in the ultraviolet spectral range waa described in the
early literature and, more recently, reporta have appeared for
the application of PAS in the mid-infrared range by both
dispersive (5-9) and Fourier·transformed methods (ITIR·

PAS) (10-13). The advantages ofITlR-PAS over dispersive
methods are well delineated in these articles. They include
speed of analysis, high incident power (useful for PAS studies),
and frequency multiplexing. The disadvantages of ITIR-PAS
are that the sampling depth varies with frequency. there is
some difficulty in knowing exactly what to use as a power
correcting reference spectrum, and the thermal and optical
properties of the samples control the frequency dependence
of the PAS signal strength. These difficulties have been
discu86ed in some detail by Krishnan (14) and by Royce et
01. (15). These advantages notwithstanding, it was reltthat
for routine quantitative and qualitative analysis the currently
used methods of ITIR-PAS analysis would prove to be a
significantly useful tool in the modern forensic analysis lab­
oratory by virtue of the speed of analysis, use of commercially
available components, and other features described below.

In this paper we describe the direct quantitative deter­
mination of phenobarbital and phencyclidine (PCP) using
ITIR-PAS. Sample mixtures, in powdered solid form, were
all in-house preparations and were tested for both the qual­
itative and quantitative capabilities of the method.

EXPERIMENTAL SECTION
The samples were prepared gravimetriclly and made somewhat

homogeneous in comJXl8ition by shaking for 5 min in a Wiggle-bug.
Reference FTIR-PAS spectra of the pure components of the
various mixtures were stored OD disk for subsequent subtraction
aa will be explained below.

PCP waa phencyclidine hydrochloride obtained from NIDA
via Research Triangle Institute. Parsley was from a local grocery
swre. This mixture was coground. Pbenobarbital was from Sigma.
Lactose ·waa from Aldrich.

The procedure for analysis of the ITIR-PAS spectra has been
described elsewhere. There were essentially no new features with
the exception of some minor modifications to th cell design. The
cell used for these experiments incorporated a Bruel and Kjaer
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Figure 1. Top spectrum is that of ca. 10 mg of p....e phenobarbital
with 2000 scans at 8 em-I resolution, corrected by reference to a
carbon-black spectrum. Bottom spectrum is the resldual spectrum
from 2000 scans at 8 em-1 resoluUon of 12.1 % by we~t phe~

bartlIlaIln lactose after S<t>lraeting the speclrB of the p"e components
In a 0.12 to 0.88 ratio of phenobarbltal to lactose.

4175 O.5-in. foil electret microphone with a 2642 preamplifier and
82610 battery operated power supply, all of these compnnents
being available off the shelf from Bruel and Kjaer. The pream­
plifier was sealed with rubber cement to prevent acoustic noise
pickup from the room. The spectra were all rstioed against a
carbon black standard. Since this work was completed, it has
emerged in studies by others (16) that carbon black is not such
8 good reference for FTIR-PAS spectral measurements because
it has several spectral features which are not intense but nev­
ertheless present. Because the cell constructed here indicated
the presence of no acoustic resonances over the range of audio
modulation frequencies present in the FTIR beam, the spectra
would just as easily have been corrected for source power variations
with wavelength by ratioing to the standard DTGS detector
response. An excellent description of the problems associated
with spectral correction of ITIR-PAS spectra has been recently
published by Royce et al. (15). Therefore, besides band intensity
problems 8850Ciated with specular reflectance and saturation, the
pure component spectra reported here have some band intensity
errors which may be as much as 5% of the total band intensity.
However, while this means that the spectra reported here cannot
be used for study of absolute band intensities, they can be used
for quantitative purposes because the same reference carbon-black
spectrum was used to correct all spectra measured. As a result,
the relative errors in using the spectral subtraction methods
outlined below prove to be negligible and have not been oonsidered
further for the purposes of this work.

Two-component mixtures were made with the compositions
of these mixtures being made known to the individual running
the Fi'lR-PAS spectra. In this way a so-called calibration line
was inferred. The calibration line was prepared by subtracting
the spectra of the individual pure components from the spectra
of the mixture and repeating the process until the flattest posaible
base line was obtained, as shown by Figure 1 for the case of 12.1%
by weight phenobarbital in lactose.

Following the experimental derivation of a calibration line or
curve (for all cases studied here the set of points was well cor­
related with a straight line) a few samples ("blinds") were analyzed
in which the concentration was known to the preparer but nol
to the analyst. Those points are represented by a "U" prefix in
Tables I aed II.

RESULTS AND DISCUSSION
An illustration of some typicl spectra is given in Figure 1

for the caae of a 12% by weigbt phenobarbital in lactoee

AtlALYTICAL CHEMISTRY, VOL. 55, NO. I, JANUARY 1983."

Table I. Analyail of Phenobarbital G

sample % calcd % given

1 8.4 7.5
2 19.2 19.8
3 26.7 27.1
4 40.8 40.7
5 36.8 37.1

VI 12.0 12.3
V2 10.8 9.9
V2 10.0 9.9
V3 11.3 12.3
V3 12.8 12.3
V4 12.2 10.7
V5 36.8 39.9

a Calculated (by FT1R·PAS) and given weight percent­
ages of phenobarbital in lactose. Dl-U5 are "unknowns"
with typical precisions of independent measurements of
the same sample as indicated.

Table II. Analysis of Phencyclidine (I

sample %caled % given

1 4.0 4.1
2 9.6 9.7
3 7.2 7.1
5 3.4 3.3
6 12.2 12.2

VI 13.8 14.9
V2 8.8 6.0
V3 14.5 17.9
V4 5.8 3.5
V5 14.3 13.1

a Calculated (by FTIR-PAS) and given weight percent­
ages of PCP on parsley. 1'ypical sample weights were
about 10'mg.

system. The top spectrum is that of 10 mg of pure phenc>­
barbital. The bottom spectrum is that which remains after
0.12 x the pure lactose spectrum aed 0.88 x the pure pbe­
nobarbital spectrum are subtracted from the spectrum of the
12.1% by weight phenobarbital in lactoee mixture. It can be
seen that the base line is essentially flat with the notable
exception of the baed at ca. 1700 cm- I . Tbe flatness of this
base line was estimated by eye and was not further analyzed
by any computer algorithm, althougb with the purchase of
suitable ""ftware this could also have been done. After several
trials it was determined that the band at 1700 cm-I which
remains outstanding after spectral subtraction of the com·
ponent spectra is not quantitatively related to the amount of
phenobarbital in the mixture. While the exact cause of this
outstanding feature has not been determined here, it is hy­
pothesized that it could be due to a number of different
phenomena. It could be that the pure component spectrum
of phenobarbital was measured with a sample whicb had a
slightly different grain size distribution than that present in
the mixtures. In such a case, tbe amount of reflected light
might be different at that particular band. That is, the
phenomenon would correspond to some sensitivity of the
pholoacoustic spectrum to the amount of reflected ligbt, es·
pecially for the case of intense transitions where the amount
of scattered or reflected ligbt will be greatest. Another possible
cause for this pbenomenon which also could be explained on
the basis of variations in the distribution of grain sizes is the
occurrence of saturation (14, 16). Since the presence of sat·
uration in the generation of the pholoacoustic signal is de­
pendent on the ratio of the thermal to the optical thickness
of the sample, the appearance of this anomaly in band in­
tensity could be aaaociated with differing amoun18 of signal
saturation present in the pure and mixed samples for ab­
sorption into this particular ban,!. AB to wbether or not either
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of these two reasons is correct requires the analysis of 8 series
of samples in which the grain Bize diBtribution of the pure and
mi;Ied samples are tightly specified. Even then it is not clear
that the relative surface areas for the two samples would be
the same. Neverthel.... it might be that the amplitude of thL,
anomalous feature would decrease with decreasing grain size
in which case at least one of these two proposed origins might
apply. A third reason may be associated with photometric
nonlinearity for intenst! bands. Finally, it is possible that
Kubelka-Munk correctionR, which are necessary to correct
band intensities for reflectivity variations. might prove useful
in distinguishing saluration [rom reflection problems.

Despite these difficulties, the relative compositions of the
various mixtures were obtained by spectral subtraction pro­
cedures. Adequate subtraction was inferred by assessing the
flatness of the subtracted spectral bose line in regions outside
of those containing intense features. Table I contains the
....u1ts obtained for the annl)'llis of phenobarbital and lactose.
In all cases for the phenobarbital and lactose system the
measured weight percentages are accurate to within J% and
have a precision of better than 1% as shown by multiple but
independent analyses of the same unknowns. For the two
measurements of the some unknown, two independent samples
were obtained from the container of sample provided.

The PCP on parsley system was analyzed in similar fashion
and the data are described in Table II. The accuracy of the
measured results here is not quite as good as for the case of
phenobarbitnl and lactose. That is to be expected, however,
since the samples of PCP on parsley cannot be mnde nearly
LlS homogeneous as the phenobarbital and lactose system.

As 8 result, sampling errors become more significant. The
presence of two strong bands centered at 1600 cm-1 and 1100
cm-1 in the spectrum of parsley could not be substracted
totally from the spectra of the mixtures, indicating the
presence of the saturation and reflectivity problems also ap­
parent in the phenobarbital-lacLose system. The parsley was
also incompletely dried. This resulted in the introduction of
significant quantities of woler vapor into the PAS cell, despite
the presence of molecular sieves in the sample compartment.
it is clear that the quantitative determination and qualitative
analysis of these intractaule drug mixtures are feasible by
FTIR-PAS over the range of concentrations studied here.
However, it is also apparent that, because of saturation and
reflectance effects, t.echnical improvements in the methodology

(an example might be careful spectral reflectance corrections)
must be introduced before ver)' complex multicomponent solid
samples can be analyzed with ease. These phenomena man·
ifest themselves in the difficulty associated with quantitation
but will be less important in qualitation.

In conclusion, the data presented here demonstrate the
feasibility of rapid quantitative analysis of difficult samples
(e.g., PCP on parsley) commonly encountered in the forensic
laboratory. It is to bc stressed that the samples are not
adulterated in any way. It is therefore clear that this technique
has qualitative and quantitative analytical capabilities. In
addition Lo finding use in the forensic laboraLory, it may find
use whercvcr quantitation of solid mixtures is required such
as in the analysis of food additives or pharmaceuticals and
pesticides on grains.
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Sequential Determination of L-Lactate and Lactate
Dehydrogenase with Immobilized Enzyme Electrode
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An l-laclate ..lecIlve electrode collllallng of an lnvnobWzed
laclate oxlda.. layer and a Clark oxygen alactrode Is UHd
lor the ..quenllal datermlnallon oll-laclata and lactate de­
hydrogen_ (LDH) In the _ sample. l-Lactate (5 X 10"
to 5 X '0" M In the lInal concentration) Is determined Irom
the deere_ In the electrode current after the adclllon 01 the
lample to a buffer solution. LDH (1-300 lUlL In the Iinal
actJvny) Is then determined Irom tha decreallng rata 01 the
current which Is Inducad by the anzymallc l-laclata produc­
tion alter the addnlon of pyruvata and NADH 10 the I8mple­
containing solution. The lequentlal determination Is corn­
pleted wllhln ca. 7 mire The pr_ are '.4% lor l-lectala
and 2.8 % lor LDH. The electrode can be used lor more than
2 weakl and 140 sequential determlnallonl. 110 application
lor human ..ra II alao described.

Lactate dehydrogenase (E.C. 1.1.1.27, L-lactate:NAD+ ox­
idoreductase, abbreviated LDH) catalyzes the L-lactate pr<>­
clueing reaction

pyruvate + NADH + H+~ L·lactate + NAD+ (1)

Total LDH activity in serum is of clinical importance in
differentiating disorders, such as acute myocardial infarction,
congestive heart disease, pernicious anemia, and hepatitis.
Although some spectrophotometric methods (1-5) hsve been
proposed for the routine assay of LDH, electrochemical
monitoring of the enzyme has the advantage of providing
simple and rapid assays. Smith and Olson (6) have described
an electrochemical method which is based on the ampero­
metric detection of an NADH-coupled reaction, but the me­
thod requires an electrode system with a particular and
complex structure.

An enzyme electrode is considered convenient because of
its simple structure and also because of its substrate specifity
(7,8). Recently. Karube et al. (9) have reported an amper­
ometric lolactate sensing electrode consisting of a Clark oxygen
electrode and an immobilized layer of lactate oxidase (L-lac­
tate:oxygen oxidoreductase) which catalyzes the reaction

L-lactate + O
2

Ia"..te o1id... pyruvate + H 20, (2)

The electrode is expected to be appliciable to the determi­
nation of LDH by monitoring the catalytic production rate
of L-laetate, i.e., based on the procedure of "amperometric rate
assay' (lO, 11). Further, application of the electrode provides
the method for sequential determination of lolactate and LDH
in a sample; before the determination of LDH in a sample­
containing solution, L-Iactate in the same solution can be
measured by the same electrode. The determination of L­
lactate in serum is also clinically important, e.g., abnormally
high levels of lolactate pr<>duced by slight exertion are indic­
ative of anoxia which includes congestive heart disease. cor·
onary artery disease, and pneumonia. Therefore, sequential
determination is very useful for clinicallaboratoriea. In this

paper, 8uch a new application of the enzyme electrode is
described.

EXPERIMENTAL SECTION
Materials. The enzymes used were lactate oxidase (from

PediococclJ8 sp., 171U/mg, Toyo Jozo), LDH (E.C. 1.1.1.27, from
hog muscle, 550 IU/mg, Bohringer Manheim), and glutamate
pyruvate transaminase (E.C. 2.6.1.2, from pig heart, 80 IU/mg,
Bohringer Manheim). Commerically available lyophilized human
sera were used (Bohringer Manheim or Ortho Diagnostics).
Pyruvate (as Bodium lllI!t), lolactate (as lithium lllI!t), NADH, and
NAD+ were obtained from Sigma Chemical Co. and were used
without further purification. KH2PO.. and K2HPO.. were reagent
grade and were used as received. Deionized and twice-distilled
water was used for all experiments.

Assembly or the Enzyme Electrode System. An enzyme
solution (200 ilL, containing 40 IU of lactate oxidase in 0.1 M
phosphate buffer, pH 7.0) was dropped onto a porous filter
membrane (Millipore, Type GS, 25-mm diameter) which was
placed on the Teflon membrane of a Clark oxygen electrode
(I,hikawa Manufacturing, battery type with a platinum cathode
of 12-mm diameter). The nIter membrane was covered with a
dialysis membrane (Visking, 40 mm diameter) and then the three
membrane8 were fastened with rubber rings 80 that the enzyme
was trapped in the filter membrane which waa sandwiched be­
tween two other membranes. The enzyme electrode thus prepared
was immersed in 0.1 M phosphate buffer solution (10 mL, pH
5.&-7.7) in a cylindrical cell (volume ca. 30 mL). The solution
was saturated with air by blowing it onto the surface at 8 flow
rate of ca. 100 mL/min while stirring magnetically. Temperature
of the solution was kept at 25.0 ± 0.1 °C. The current from the
enzyme electrode was recorded on a recorder (Yokogawa Electric
Works, Model 3066) through a 2-kll resistance. The enzyme
electrode was ,tored in 0.1 M ph08phste buffer solution (pH 7.0)
at 5 °C when not in use.

Procedureo. For the determination of L-lactate in the sample,
the decrease in the electrode current as the result of the decrease
in dissolved oxygen associated with the addition of the sample
to the buffer solution (eq 2) was measured. For the (sequential)
determination of LDH, pyruvate and NADH were added to the
sarnple·containing buffer solution after the electrode current
reached a steady-state value, and the decrease in the current
caused by their addition was recorded. NADH should not be
added to the buffer solution before the addition of the sampla
when it contains L-lactate in addition to LDH, since an excessive
decrease in the electrode current against the concentration of
L·lactate in the sample is brought about by the circulating en·
zymatic reactions between L-Iactate and pyruvate: pyruvate is
produced via the oxidation of vlactate with the immobilized
lactate oxidase (eq 2), and the pyruvate thus produced is rereduced
to L-lactate with LDH in the sample in the presence of NADH
(eq 1). Therefore, the LDH reaction was initiated by the fmal
addition of NADH in the present electrode system.

Allayo or L-Lactate and LDB. L-Lactate and LDH were
respectively assayed by the method of Noll (I2) and of Henry et
al (2). A Hitachi Model 323 spectrophotometer was used for these
assays.

RESULTS AND DISCUSSION
Responae Cor loLactate. Figure 1 shows response curves

of the enzyme electrode at different L-lactate concentrationa
at pH 7.4. The current began to decrease severaJ seconds after
the addition of lolactate and restored a steady-state value
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FIgln 1. Typical reaponoe curves 01 !he onzymo~ at pH 7.4
to (A) 0.1 mM. (B) 0.2 mM. (C) 0.4 mM. (0) 0.6 mM. and (E) 0.6 mM
l-lactate.

10.---------~

Figure 2. RelatlonllUpa between the ClIrent decrease and the COil-­
cenuatlon or l..&aetate al pH 7.... The times after the addition 01
l-lactato oro (A) 10 a. (B) 20 a. (C) 40 a. ond (0) 2 min (at..dy atate).

within ca. 1.5 min. Figure 2 shows the relationships between
the current decrease (the difference between the currents
before and afler the addition of the sample) and L·lactate
concentration at intervals of 10 8, 20 8, 40 8, and 2 min (in
sleady stale) afler addition of the substrale. Linear rela·
tionships were obtained (or all intervals up to the concen­
tration being 0.8 mM. Therefore. the current decre.... !ii (in
I'A), can be expreaaed as

!ii = 23.7cl1 - 1(l1I (3)

where c is tha collcentration of L·lactale (in mM) and I(t) is
a {concentration·independent) function which monotonously
decreases with time from unity at t -= 0 to zero at t 2: 1.5 min.
The result from digital simulation concerning an amperometric
enzyme electrode hOB indicaled that a linear relationship
between !ii and c is given at any inlerval as in eq 3 when the
activity of the immobilized enzyme is very high (J3).

The minimum concentration of L·lactate which could be
delermined was ca. 5 I'M (signal in sleady·stale to noise. 5;
pH 7.4). The relative standard deviation WOB 1.4% for 10
successive measurements of the current decrease in ateady·
stale on 0.2 mM L·lactatAl at pH 7.4.

The current deere... for L·lactale was a1m08t independent
of pH between 6.0 and 7.5. Hence. further experiments were
carried out at pH 7.4. i.e .• LDH's optimum pH for the pro­
duction of vlactale (2.14). Karube et oJ. (9) have also reported
that the optimum pH of the electrode was around 7.

Re.ponle for LDH. Addition of NADH to th. buCCer
solution containing LDH and pyruvale caused a decreaae in
the curreat 88 ohown in Figure 3; the curreat decreaaed linearly
with time at least from 1.5 to 4 min afler the addition of
NAnH. The rale of current decr.... in tbe linear region is
...peeled to be proportional to the activity of LDH as in the
C8Ie8 deacribed previoualy (10. JJ). Since the rale of current
decrease depended on the concentrations of both pyruvale
ODd NAnH in addition to the activity of LDH. tbe effect of
their conamtzationa on the rotAl W88 fllBtly examined to obtain
the optimal condition for the enzyme ....y. Figure 4 ohows

"=-~-;-,~--;---"':'-!.' 0

I,.... ,

Flgwo 3. Typical response cu-ves 01 the enzyme oIoctr_ anor !he
a_ 01 0.6 mM NADH to !he buffor _ (pH 7.4) contaillng 1.0
mM pyruvato and lOH. lOH octMtlos oro (A) 14 lUll. (B) 26 lUll,
(C) 56 lUll. and (0) 64 lUll.

,0'~Oo.
!
"..:04
~

'0;---:-'--t'-~J:---!-'
Py.u... t .. (0<x""'1'<I1'on. mM

Figur. 4. Relationships between the rate at CUTent decrease and
pyruvate concentration at pH 7.4 and NAOH concentration 0.8 mM.
LDH actlvltJo. aro (A) 14 lUlL and (BI 28 lUlL.

°O}----~,-~,:--;-J----7-'
NADH u:ncf'ntt.ahon. m'"

Figur. 5. Relationships between the rate or cWTenl decrease and
NAOH concentration at pH 7.4 and pyruvate concentration 1.0 mM.
lOH actlvltJo. ora (A) 14 lUll .nd (B) 28 lUll.

the change in the rate of current decrease against the change
in the concentration of pyruvate at 8 fixed NADH concen­
tration of 0.8 mM for LDH·containing solutions with the
activities of 14 ODd 28 lUlL. For botb LDH activities.
maximum rates are given in the range of pyruvate concen­
tration from 0.6 to 1.5 roM. Figure 5 sbows tbe effect of the
concentration of NADH on the rate of current decrease at 8

fIXed pyruvatAl concentration of 1.0 mM for tbe same LDH·
containing solutions as given in Figure 4. The NAnH con·
centrations between 0.5 and 1.5 mM give maximum rates.
Tberefore, tbe concentrations of pyruvale ODd NAnH were
adjualed to 1.0 ODd 0.8 roM. reepeetively. The optimal con·
amtrations of both subetances in tbe present system are fairly
higber than tbose for a conventional metbod. i.e., the method
which involves spectropbotometric monitoring of the de­
creasing role of NAnH (J. 2. 14); Bergmeyer ODd Bernt (14)
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Flgw. e. Typal response curve ot the enzyme electrode tor 8

sample containing both l-loctate (0.2 mM In the final concentration)
and LOH (28 lUlL In the llnal actlvlly): (A) tlme when the sample Is
added to the buffa' _ (pH 7.4). (B) time when pyruvate (1.0 mM)
and NADH (0.8 mM) are successively added to the sample-conta!nlng
butter solution.

Table I. CompariJon of a.lulla Obtained for L·Lactate
and LDH in Serum

conen of L·lactale acli ...ity of LDH
in serum, ml\'1 in serum, lUlL

spectro· spectro-
photo- phoLo-
metric metric

serum prescnt method prescnt method
no. method (12) method (3)

1 1.37 1.41 138 137
2 3.33 3.15 349 340
3 1.57 1.48 240 248
4 2.10 2.27 414 407
5 I. 73 1.67 315 334
6 1.37 1.34 199 193

1.52 1.44 166 170

Ai = L-'IG(s).LIIO-30tll = 0.0237011 - s.'!(t) dtl (6)

G(s) = L(23.7ell - !(1)1I1Lleu(I») = 23.711 - L(f(I)!I
(5)

where LI) denotes the Laplace tr8J15iorm and s is a paramo
eter. The activity of 0 lU/L LDH is the value which causes
a lrlactate-producing rate of 0 uM/min at 25 ·C under optimal
conditions (/4). Thus the bulk concentration of L·lactate
(input) produced with LDH at I min after the enzymatic
reaction being initiated is expressed as lO-30t mM. The
current decrease (output), Aj,,,A, corresponding to the above
input is given as

have described that the optimal concentration ranges of py­
ruvate and NADH are 0.3 to 0.6 mM and 0.05 to 0.5 mM,
respectively, for the method. However, the reason for the
inconsistency between the optimal condition for the present
method and that for the spectrophotometric one (/, 2, 14) has
not yet been known.

The rate of current decrease in the linear region,lii/ l1t (in
"A/min), was proportional to the activity of LDH, 0 (in IV/L),
up to 300 IU/L

trode, where a sample containing both L-lactate (0.2 mM in
the final concentration) and LDH (28 lU/L in the finalac·
tivity) was added to the buffer solution and. after 3 min, 1.0
mM pyruvate and 0.8 mM NADH were succe88ively added
to the sample-containing buffer solution. The current decrease
before the addition of NADH and the rate of current decrease
1.5 to 4 min after the addition are considered to correspond
to the concentration of L-lactate and the activity of LDH,
respectively. The current decrease for L-lactate at a fixed
concentration of 0.2 roM did not change in the presence of
LDH within its activity range of 0 to 300 lU/L. The rate of
current decrease for LDH at a ru:ed activity of 28 IU/L was
not affected appreciably by the coexisting L·lactate within the
concentration range of 0 to 0.5 mM; the LDH rate measure-­
ment gave the exact activity of the enzyme when the electrode
current is more than 10 IlA before the measurement. A dis·
cernible lowering of the rate against the LDH activity (more
than ca. 5% in relative response) is brought about when the
L·lactate concentration is more than 0.5 mM. The sequential
determination of L·lactate and LDH can be, therefore, carried
out with adequate precision when the concentration of L­
lactate is smaller than 0.5 mM.

Application and Stability of the Enzyme Electrode.
Tbe present sequential determination method was applied for
human serum. and the obtained L·lactate concentration and
LDH activity were oompared \\ith the results obtained by the
method of Noll (!2) and of Henry et aI. (2) each to each. In
the present method, 0.5 mL of serum was added to 9.5 mL
of the buffer solution. The obtained results, summarized in
Table I, agreed satisfactorily for both L·lactate and LDH; tha
correlation coefficients between the present method and the
conventional methods (2, 12) were 0.988 for lrlactate and 0.995
for LDH concerning the seven samples given in Table I.

When the enzyme electrode once used for the sequential
determination of L-Iactate and LDH in serum was rinsed in
water and then dipped in the buffer solution without serum,
the current returned to its initial level within 2 min.
Therefore, the total cycle time per sequential determination
of serum was less than 10 min.

The long·term stability of the enzyme electrode was ezam·
ined; the sequential determination of lrlactate (0.2 mM) acd
LDH (28IU/L) in a solution was carried out 10 times a day,
every day for 3 weeks. Average values of both the current
decrease (in steady state) for lrlactate and the rate of current
decrease for LDH in 10 successive measurements did not
reduce even after 2 weeks as shown in Figure 7. The reduced
responses after more than 2 weeks are oonsidered attributable
to slow denaturation of the immobilized enzyme. Some
contamination of the enzyme by bacteria or fungi might also
be responsible for the reduced responaea, although their
growth was not obviously detected.

(4)l;jI At = 0.02320

A very similar relationship between tU/ l1t Bnd a to eq 4 can
be derived from eq 3 by introducing the transfer function of
the electrode system. Namely, the electrode response for LDH
is predictable from that for L-Iactate as follows. The current
decrease against L·lactate (eq 3) is the output from the
electrode system corresponding to the input of the L-lactate
concentration which is expressed as cult) (u(/) is the function)
in the bulk of the solution. Hence, the tr8J15fer function, G(s),
is given as

where L-II) is the inverse Laplace transform. Since IV(t)
dt becomes constant for t ~ 1.5 min, l1i vs. t curve becomes
linear with its slope being 0.02370 "A/min. This value is very
close to the slope of 0.02320 uA/min written in eq 4. It is
indicated from the above result. oonceming the determination
of LDH. that only a calibration curve for lrlactate is required
and that the calibration for LDH itself can be omitted. This
is practically useful, especially for carrying out the sequential
determination of L·lactate and LDH. which is described in
the fallowing sectiona.

The minimum activity of LDH which oould be determined
Wll8 ca. llU/L (signal at 4 min after the addition of NADH
to noise, 5). The relative standard deviation was 2.6% in 10
successive measurements of the rate of current decrease on
a conatant activity of LDH (28 lU/L).

Sequential Determination of lrLactate and LDH.
Figure 6 shows a typical reapol188 curve of the enzyme elec-
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Agon 7.~ .tabll1y 01 tho enzyme elec1rode. Tho CUTen'
...... ('1~te) lor l-lactate (0.2 mM) end tho rate 01 ",",ant
_ lor LOH (28 J.U.lL) In a aolutJon ara sequendally mea.urad
as shown n F1gl.n 6. Each average value for 10 auccosstve mea­
........ par day Is pIollad agaJnat days an... tho praparation 01 tho
enzyma_.

ACKNOWLEDGMENT
The authora are grateful to Toyo Jozo Co. for supplying

lactate o.id....
lIetfI.try No. LDH. 9001-60-9; L-Iactate. 79-33-4; lactate 0'­

id.... 9028-72-2.

LITERATURE CITED

(') _ ..... F.; La Due. J. S.""'. Soc. Up. BId. "'-d. 1111. PO.
210-213.

(2) HetYy. R. J.; ChIamort. N.; Golub. O. J.; Berkman, S. Am. J. 061.
Patho/. 1110.34, 381-3eS.

(3) Cabaud. P. G.: WrOblewski. F. .Am. J. an. Patho/. 1Isa. 3D,
234-236.

(4)~ S.: Rot, R.; K.....,. G.; KJen. B. Anal. BJochMn. 1m.
13.149-161.

(51 Zirn'nemlan. R. l.. ".; 0ub1At G. Q. Aryl. awn. Acg 1872, 58.
75-81.

(8) Strith. M. D.; Olson. C. l. AMI. a.m. 117., 46. 15....-1547.
(7) Qulbllit. G. O. "Handbook or Etu:~UcMethods of AnlIys!sM: Marcel

Dekker. New Yen. 1978; pp 460-510.
(8) Carr. P. W.; BrOW81'S. L D. "Irnrnobaled Enzyme In AnalytiCal and

CIlnicaI Chemistry": WIey: New Yc:rl;, 1980: pp 197-310.
(9) Kanbe. I.: Ma~QIl. T.: l ••aka. N.: Suz1.Al.1. S. ANI. awn. Acta

'110. "9. 271-275.
(101 Mizutanl, F.; TIUdIi. K.; Karube. I.; Suzuki. S.; Matsunoto, K. Anal.

a.m. Aa. '860, "8, 65-71.
(11) 1oIlutanl. F.: Tsuda, K. A.MI. awn. Acre '''2,139,359-362.
(12) NoI. F. Biocitem. Z. '''',346,41-49.
(13) ...... O. L.: Maloy, J. T. Anal. 0Jem. '875, 47, 299-307.
(14) 8er'gmeyer. H. U.; Bernt. E. In MMethod of Enzymatic AnalysJs", 4th

ec1; 8efgmeyer, H. U., Ed.; Venag Chemle--Academk: Pras.s: New
yon. &rd london. 1974; Vol. 2, pp 574-579.

REcEIVED for n,,;ew July 21.1982. Accepted October 4. 1982.

Determination of Molecular Weight Distribution of Aromatic
Components in Petroleum Products by Chemical Ionization
Mass Spectrometry with Chlorobenzene as Reagent Gas

L w.,.. SIedt
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In apite of \be viIuoua groonh in \be application of cbemical
iooixalion (CI) masa specuometry for analytical purpooes (I),
lD<lOt of \be auenlion bas focuoed 00 \be utilizatioo of GC/MS
techniques. With respect to the specific problem of oil and
petroproduct analysis by CI, Itudies which involve the in­
troduction of unfractionaud bulk aamples directly into the
..... spectrometer (other than GC/MS) have been restricted
to \be OW SCfteIling of aromatics (2) and the screening of
CIIpDO auIfur alIIIpClUDC!a using lripIe quadrupole MS (3)_ The
preaeatlltudy .... undertaken to develop rapid CI methods,
requiriDg DO prioc aample treatment, which could provide
qamtiIa1ive information mooeming aromatic components in
liquid fueIo and petroproduc:tL The b""ic method utiJixes an

appropriate solvent!s) for the untreated sample as the source
of the reagent ions for the measurement.

EXPERIMENTAL SECTION
All measurements \\"ere carried out \\ith the NBS high·pressure

pbotoionization mass spectrometer, which was modified for this
study by incorporating a ~5-kV electron gun to provide electron
impact ionization under typical anahtical CI conditions. Unless
otberRise indicated, all spectra were recorded by using this
1uxiJiar)' gun at source temperstwes of 15(}-200'C (423-173 K) .
Samples for stud)' ...ere syringe-injected and vaporized into a 3-L
e.....cwlted Pyrex resen'oir (450 K) which was interfaced to the
mass spectrometer via a micrometering ....ah-e. The other essentillJ
features of the system have been described previously (4).

RESULTS AND DISCUSSION
Solvent Selection. The selection of solvents for use as

sources of reagent ions was based on the satisfaction of the
following criteria:

(I) It must be a reasonably volatile liquid in which the
important components of the sample are soluble.

(2) It must not fragment extensively following electron
impact ionization under CI conditions.

(3) Tbe ion(s) produced initially from the solvent either
must be unreactive toward the solvent vapor or must react
in a well-specificed manner giving a relath'ely simple, well­
cbaracterized, and reproducible reagent ion spectrum_

(4) The solvents must be relatively free of thooe impurities
which are likely to be significant components in the samples

___ ... NljIcO III U.S.~ _ 1842 by ... ........-.a--_
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to be screened and be readily available and in a condition to
be used easentially 88 supplied (no elaborate purification re­
quired).

(5) The products of the CI interactions must be wueactive
toward the bulk solvent vapor.

(6) The reagent ions must reael with each sample compo­
nent to give, ideally, product ions which are characteristic of
that particular component and are eaaily related to the neu­
trals from which they were derived. In order to simplify lbe
interpretation, we decided to restrict lbe solvent(s) to those
which give reagent ions which react to yield the corresponding
molecular ion (M"') of the component via a charge transfer
mechanism:

S+ (from solvent) + M - M+ + S (1)

Figure 1 displays the ionization energies or ionization per
tentials (IP's) of several cl..... of organic molecules as a
function of lbeir molecular weight. Some specific molecules
are identified for reference. The important feature of Figure
1 is lbe gap which exists between the IP's (5) of aliphatic and
aromatic hydrocarbons. With lbe exception of benzene (IP
= 9.24 eV), lbe IP's of aromatic bydrocarbons are all S8.82
eV (toluene). On the other hand, lbe lowest reliable IP which
has been determined for a saturated bydrocarbon is that of
trons-decalin, 9.14 eV. Therefore a careful search W88 made
for solvents which have IP's S 9.1-9.2 eV, since, to a first
approximation, lbe relulting molecular ions should react only
with the aromatic components in liquid fuels.

Benzene, a1lbough it baa been successfully used as a reagent
gas in GC/MS applications (6, 7), as well as toluene and lbe
xylenes (IP's 8.48-8.58 eV) were all found to be unsuitable
due to relatively high impurity levels (>1 part in 10') of higher
molecular weight a1kyl-substituted benzenes, rendering lbem
usel... for lbe screening of lighter fuels. Heterocyclics, such
as substituted pyridines, which have appropriate IP's and are
relatively steble toward ionic fragmentation following electron
impect ionization, undergo protonation and cannot participate
in reaction 1. Some olerms, such 88 cyclobexene (IP = 8.95
eV) were also investigated but were found to fragment ex­
cessively and produce condensation ions which were tola1ly
unreactive.

The primary IOlvent eventually choeen W88 reseent grade
chlorobenzene. It baa an appropriate IP (9.04 eV), is free from
impurities which would maak M+ ions from aromatica, and
is an excellent solvent for fuels and petroproducla. At CI
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pressures in excess of 3HO mtorr of pure chlorobenzene at
150-200 ·C, lbe following maas speclrurn is obtained (nor­
maIixed to m/z 112, CsH."'C1+ = 1(0): m/z 112, 100; m/z 113,
11.1; m/z 114, CsH."'Cl+, 32.5; m/z 115,5.0; m/z 128, C,oHs+,
6.0; m/z 152, C12Hs+, 4.1; m/z 153, C12H:, 11.6; and m/z 154,
C12H,o+,5.6. The higher maas peaks result from the following
reactions involving fragment ions:

C,H,+ + C.H,Cl- C,oHs+ + Cl (2)

C.H: + C.H.Cl- C12Hs+ + HCl (3)

C.H,+ + C.H.Cl - C12H: + HCl (4)

C.H: + CsH.Cl - C12H,: + Cl (5)

With the exception of the primary product ions at m/z 128
(same 88 naphlbalene) and m/z 154 (same as ethano­
nsphlbalenes), there are no peaks in lbe reagent ion spectrum
which would mask signals from major aromatic components
in petroproducts. Approximately 85% of the total ionization
is in the molecular ion, C.H.Cl+ (m/z 112-115).

Senlitivity MeaoureJDellu. The utility of CsH.Cl+ (CB+)
as a reagent ion depends critically upon its reactivity toward
various classes of organic compounds. Therefore an extensive
evaluation of the process

CsH,CI+ + M - M+ + C.H,Cl (6)

was carried out to defIne the relative sensitivities for different
types of M (lbe relative sensitivity for molecules M; and Mj
is defIned 88 the ratio of lbe intensities or peak heights of tha
corresponding molecular ions, M/ and M/. obtained in
equimolar mixtures of M; and Mj in chlorobenzene) under CI
conditions. These measurements were completed. as follows:

(1) mixtures of known composition of lbree or four com­
pounds (minimum stated purity, 96%) having different mo­
lecular weights were prepared and diluted to approximately
1 part in JO<-IO' of CB.

(2) A lOO-,.L portion of this mixture W88 then injected into
the sample reservoir and lbe leak rate adjusted to maintain
a total pressure of 0.1 torr in lbe CI chamber.

(3) The composite spectrum W88 lben recorded (usually
three or four 8C8D8) and inspected to verify thatlbe expected
M+ ions were lbe only products of lbe CI reaction. The
chamber pressure w88lben decreased hy a factor of 2 (three
more acans) and lben increaaed by a factor of 4 (three more
acans), and lbe relative M+ peak heights compared to ensure
that no secondary reactions were occurring in the ion source.

(4) The inlet reservoir was lben evacuated, followed by the
injection of a different m.ixture containing one component in
common wilb lbe prior sample. The acanning sequence was
repeated, and a network of relative sensitivies aasemhled hy
cross·comparison of many such mixtures containing different
additives.

Conditions were always adjusted to provide a composite
mass speclrurn in which the sum of lbe intensities of lbe M+
ions W88 SIO% of lbe intensity of CB+ at lbe time of lbe
determinatiolL This was also lbe case during lbe screening
of fuel and petroproduct samples. Higher conveniOll8 (>10%)
to M+ ions sometimes gave a distorted speclrurn due to con­
secutive charge exchange reactions involving M+ ions and
M-type neutrals present in lbe mixtures.

The CB CI sensitivities for a variety of substituted benzenes
and naphlbalenes. 88 well 88 lOme substituted indans and
tetralins, plotted 88 a function of lbe mnlecular weight of M,
are shown in Figure 2 (_legend for c1aas identification). All
values are norma1ized to ml: 142 from I-melbylnaphlhalene
= 1.00. The pseudnmonotonic deaease in apparent sensitivity
va. molecular weight, which is clearly evidant in lbe alkyl­
benzene data, is ascribed to detector response cbaracteriatica .
ralbar than an actual reduced reactivity of CB+ towanllbe'
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The other important feature of Figure 2 is the fact that no
signals were detected at any m/z values from any acyclic
alkane or aubstituted cyclohexane investigated. These in·
cluded linear and branched alkanes up to heptadecone, and
a1kylcyclohexones up to bicyclohexyl. Again, this was antic­
ipated since the!P of chlorobenzene (9.04 eV) is expected to

higher molecular weight members of given families of hy~

drocarbons. This is assumed to be true since the electron
multiplier, which is of the Cu-Be dynode·type, exhibits a
response which is approximately proportional to the inverse
of the square root of the mass of the impacting ion for hy.
droca.rbon ions.

There are two very important features of Figure 2. Firstly,
it would appear that different families of substituted aromatics
do not show significantly different relative sensitivities as a
function of molecular weight when CB· is uoed as the reagent
ion. This implies that charge exchange to give M+ is taking
place at every encounter, and since the relative collision
coefficients between any given ion and any neutral can be
predicted (8) to within a few percent (assuming a prior
knowledge of the polarizability and dipole moment of the
neutral), it would appear that the relative sensitivity for any
given fuel component could be colculoted directly without any
experimentaJ information. However, this assumes that the
only product of the reaction is M+ derived from the neutral
M. When the charge transfer reaction becomes highly exo­
thermic, it is possible that the resuiting ion will retain suf­
ficient internal energy to undergo dissociation (M+· - A+ +
B), causing a reduced sensitivity at the m/z value associated
with M+ and a more complex CI spectrum. Although diBllO­
ciative charge transfer was not observed under CI conditions
for any of the molecules investigated, it may be manifested
in the more exothermic reactions involving higher molecular
weight substituted aromatics, whicb are expected to hove still
lower IP's. In this context it is appropriate to mention that
clustering reactions im"olving ionized product ions (M+) and
the solvent (S), to yield MS+·type ions, were undetectable.
This was to be expected since (i) we use relatively low partial
pressures of S (the conversion to MS+ involves third·order
kinetics) and (ii) it is well·established (9) that the three-body
rate coefficients for production of association ions involving
two molecular species of significantly different IP's are gen·
erally orders of magnitude lower than the corrJSponding
resonance case

Figure 3. (A) Charge exchange CI spectrum of a no. 4 fuel 011 using
chlorobenzene. Substituted benzenes are indicated by broken lines.
(B) Charge exchange CI spectrum of the same no. 4 fuel oil using
cyckrC6H,~+ as the reagent Ion. See text for meaning of composite
peaks. (C) Charge exchange CI spectrum of the same no. 4 fuel 011
using (1,2,4-lrlmethylbenzene)+ as the reagent k>n. See text for
meaning of enlarged portions of spectra 3A and 3C.

be below that of the majority of the ssturated hydrocarbons
expected to be present in liquid fuels.

Sample Screening. The major features in the CI spectra
of a no. 4 fuel oil using different solvents are given in Figure
3. Figure 3A gives the net pattern (ions from CB have been
subtracted) obtained with CB. The measurement conditions
were 0.5% (v/v) of the oil in CB, 100 ~L of the mixture
injected into the inlet reservoir, CI chamber pressure of 50
mtorr, and 150 °C. Peaks having the appropriate masses for
substituted benzenes and naphthalenes are indicated by
broken and solid lines, respectively. The spectrum of this some
oil using cyclo-CoH12· as the reagent ion is given in Figure 3B.
This measurement was made by photoionization (4), instead
of electron impact, and is presented here only for comparison.
The IP of cyclo-C.H 12 is 9.88 eV, which lies above those ex·
pected for higher molecular weight aliphatics (see Figure 1).
Therefore, the cyc1o-CeH12+ CI spectrum contains composite
peaks including contributions from substituted naphtholenes
and aliphatics (indicated by bracketa in Figure 3B) having
the same nominal mlz values. Note that those lower mo­
lecular weight aliphatic components with molecular weights
between 100 and -160 arnu's, although also having IP's <
9.88 eV, do not contribute measurably to the composite
spectrum. This due to the fact (10) that rate coefficients for
charge exchange decrease when the exothermicity of the
overolJ reaction i$low (difference in !P's). Reference to Figure
1 indicates that this is the case for lower molecular weight
aliphatics, resulting in a drastically reduced sensitivity for
these molecules.

To a first approximation, the chlorobenzene CI spectrum
may be token as the actual molecular weight profile of the
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major aromatic components in the particular fuel (after
correcting for relative sensitivities). This is certainly true for
the substituted benzenes. HDwever, as mentioned earlier, the
!P's of the great majority of aliphatic hydrocarbons have not
been measured, and essentially no information is available
concerning dicyclic molecules, including spiro compounds and
terpenes. Even when !p's have been reported, we have found
in some cases that rearrangement ions are produced in the
CB CI of bridged hydrocarbons even though the overall re­
action is highly endothermic as written. For example, the
reported IP of norbornane (C,H,zl is 9.80 eV, indicating that
electron exchange involving CB+ would be endothermic by
at least 0.7 eV. However, we have found (I1) that the reaction

C,H,CI+ + C,Hdnorbornane) - C,H 12+ + C,H,Cl (7)

is relatively efficient This is due to the fact that isomerization
of C,H 12 occurs in the ion-molecule collision complex to yield
one or more diolefinic ions having !P's much less than the IP
of CB, 9.04 eV. Consequently, the reaction goos to completion
in spite of the apparent endothennicity. Obviously, one cannot
rule out similar rearrangement processes in higher molecular
weight cyclics, including cyclohexanes, particularly ot the
elevated temperatures associated with the screening of heavier
fuels. Taken together, these reactions would generate ions
in the CI spectrum having the same nominal mlz values as
alkano- and alkenonaphthalenes. Furthermore, although
processed fuels derived from petroleum are usually low in
alefins, this class of compounds, having IP's in the range of
8.5-9.0 eV, would also appear at these same nominal mlz
values and distort the composite spectra associated with
bridged naphthalenes. In order to assess such contributions,
we have utilized an addition solvent, l,2,4-trimethylbenzene
(1,2,4-TMB), which has an IP of 8.27 eV, placing it far below
those anticipated for any olefin irrespective of the degree of
unsaturation. This value also places it above all naphthalenes
(see Figure 1). Figure 3C gives the CI spectrum of the same
no. 4 fuel oil using 1,2,4-TMB+ as the reagent ion. This
measurement was made by taking the original solution of the
fuel oil in chlorobenzene, adding 5% (vjv) of 1,2,4-TMB, and
scanning the spectrum under the same conditions 85 those
given for Figure 3A. The addition of 1,2,4-TMB serves a 2-fold
purpose. The molecular ion, l,2,4-TMB+, assumes the role
of major reagent ion via interception of CB+

C,H,Cl' + 1,2,4-TMB - 1,2,4-TMB+ +C,H,CI (8)

and the neutral 1,2,4-TMB present in the mixture reacts with
any ions having IP's >8.27 eV which might have been gen­
erated initially by the interactions of CB+ with fuel compo­
nents. Comparison of Figure 3A and Figure 3C reveals a
complete elimination of all signals from lower molecular weight
benzenes using 1,2,4-TMB, which is consistent with the IP
data of Figure 1. The relative intensities of the higher mo­
lecular weight benzene derivatives are also somewhat reduced.
Although the general profiles of the naphthalene manifolds
are similar (solid lines), close inspection of the relative in­
tensities of "naphthalenic" peaks having the same carbon
number reveals a significant reduction in the signals at those
mlz values which might include contributions from rear­
rangement (olefinic) ions. For example, one of the groupings,
indicated by the arrows and enlargements on 3A and 3C,
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includes mjz 178, 180, 182, and the base peak, 184, which is
uniquely associated with butyl-, methylpropyl-, etc., naph­
thalenes having the empirical formula C"H16 in both spectra.
The pure naphthalene profile within this manifold (3C) has
the following distribution for mjz 178, 180, 182, and 184
(taking 184 = 1.(0); 0.05, 0.08, 0.84, and 1.00. The corre­
sponding distribution in 3A is 0.11, 0.33, 0.82, and 1.00.
Consequently rearrangement andlor olefinic ions increase the
relative signals at those mlz values associated with bridged
naphthalenes by more than 60% in this particular manifold.
In view of this, we suggest that two separate CI spectra of the
same sample are required to define a molecular weight profile
for aromatic components in fuels and petroproducts (both CB
and 1,2,4·TMB). For qualitative screening, as in forensic
applications, CB CI is sufficient. We should mention that
spectra 8uch as 3A and 3C are routinely recorded here with
a 3-min turn-around time between injection of successive
samples. Assuming that the mass spectrometer is preset to
scan the mlz range of interest several times within approx­
imately 1 min, the limiting factor is only the time required
to evacuate the inlet reservoir and inject a new sample diluted
in the proper solvent(s).

We have also found that perdeuterionaphthalene, CloDs.
can be used as an internal standard to define the actual
concentrations of classes of aromatic components in petro­
products. The molecular ion, CuP., occur.; at mjt 136, which
is clean in the pure solvent spectra. Therefore, a solution of
CloDs in CB of known concentration (usually one part in 1()4)
can be used as the medium for preparing samples for analysis
in which the volume dilution of the unknown is accurately
controlled. The resulting signal at mjz 136, which is negligible
in neat fuels, can be compared with any other features asso­
ciated with substituted benzenes or naphthalenes which ap·
pear in the resultant spectrum. Following any corrections for
relative response (Figure 2) and assuming that the entire mass
range has been scanned, one can directly calculate the totel
aromatic content of the unknown.

Registry No. CB', 55450-32·3; PhCl, 108-90-7; C,H,,+,
34473-67-1; C,H", 110-82-7; 1,2,4-Me,C,H" 95-63-6; 1,2,4­
Me,C,H,., 65018-34-0; C,oD" 1146-65-2.
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Characterization of the Microstructure and Macrostructure of
Coal-Derived Asphaltenes by Nuclear Magnetic Resonance
Spectrometry and X-ray Diffraction

I. SChwager,' P. A. Farmanlan.' J. T. Kwan,' V. A. Weinberg, and T. F. Yen'
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structural charact...lzation 11_ have been carried out on
co_rtved uphall_ !rom ftv. maJor dtlfTlOnStratlon pro­
ca.... In th. United St.l.o: PAMCO SRC, Catalytic Inc.
SRC, HR I H-Coal, SynthoU, and FMC-COED. Elem.ntal,
molecular weight, proton nuclear magnetic resonance, and
h.ftc:tIonal group analy... have been ulad to calculat••ver-
age molecular propertlas 01 the aophanan... Th. macr....
_. end crystallt. paramat.... 01 _ aaphan.nal W .

lIud1ad by X...ay cIIlractlon __ A comblned NMR-X ay
procaclur. wea ulad to 8II1mal. the aloe 0' the av.rag.
aromallc llructural unn and the number 01 ouch aromatic
llructural unIta par moI.cul•.

The three direct general processes for converting coals to
liquid fuels which have received the most attention in the
United States are catalyzed hydrogenation, solvent refining,
and staged pyrolysis (J. 2). All of these processes result in
coal liquids which contain 8 fraction known as asphaltene in
addition to coal oils. Asphaltenes are defined operationally
as the benzene soluble and pentane insoluble part of coal
liquid. This fraction consists of highly functionalized, highly
aromatic, high molecular weight molecules of the coal-lique­
faction products.

The purpose of this work is to characterize coal-derived
asphaltenes obtained from 8 wide range of coal liquefaction
processes in terms of micro- and macrostructures by use of
nuclear magnetic resonance, X.ray diffraction, and other
analytical techniques. The study of the composition and
structural character of the nitrogen· and oxygen·containing
asphaltene compounds present in the liquida is important in
understanding problems 8880Ciated with coo liquid use such
as air pollution, health hazards, refining conditions and cat·
alysts, and precursors of useful chemicals.

EXPERIMENTAL SECTION
Coal·derived asphalte.nes were separated by solvent fraction­

ation from coal liquids produced in five major demonstration
liquefaction processes: Synthoil, HRJ H-C08I, FMC-COED,
Catalytic Inc. SRC, and PAMCO SRC (3). Elemental analys..
were carried out with standard procedures by the ELEK Mi­
croanalytical Laboratories, Torrance, CA, and Huffman Labo­
ratories, Wheatridge, CO. Molecular weights were determined
in our laboratory with a Mechrolab Model 301A vapor pressure
osmometer. In normal runs, six to eight concentrations, over the
range 4-39 (giL) were employed in the solvents benzene and
tetrahydrofuran for extrapolation to inrmite dilution (4).

The amount of phenolic oxygen in the asphaltenes was de-­
termined by a silylation procedure. Trimethylailyl ethers of
88phaltenes were syntheeized by refluxing the asphaltene with

I P~nt addreu: FUtral Corporation Technical Center, 3250 E.

W~;=~~~~~~~I~el::: ~~rso~~., 100 W. Walnut St.•
Paaadena, CA 91124.

'Present addreu: Union Oil Co. of California Research Center,
376 S. Valsncia Ave., Brea, CA 92621.

excess 1,I,I,3,3.3-hexamethyldisilazane (HMOS) and catalytic
amounts of trimethylchlorosilane and pyridine in benzene (5).
After removal of liquids by rotary evaporation, the silyl derivatives
were freeze-dried from benzene and dried under vacuum to
constant weight. The number of trimethylsilyl groups introduced
was determined by proton NMR analysis (6) after the silyl de­
rivative was checked by infrared spectrometry in dilute solution
to ensure complete removal of hydroxyl groups.

The fraction of pyrrole-type nitrogen was determined by a
combined gravimetric-infrared method. Separation of nonbasic,
pyrrole-type, nitrogen-containing asphaltenes was carried out by
solvent elution chromatography on silica gel with benzene followed
by further treatment with methyl iodide to remove any residual
basic compounds. The methylations were carried out in benzene
with a large excess (35:1) of methyl iodide. The reaction solutions
were refluxed for 1 week, and any benzene-insoluble product was
removed by filtration. The benzene-soluble products were re­
covered by freeze drying the concentrated benzene solutions.
These asphaltenes, wbich contain essentially no basic (pyri­
dine-like) nitrogen, were then used to establish an infrared cor­
relation between the absorptivity of the N-H stretch and the
weight percent pyrrolic nitrogen (7).

Proton NMR spectra were run on a Varian T·60 spectrometer.
Chloroform·d (99.87,,) with or without 1% Me3Si was used as
solvent. X-ray diffraction measurements were made on finely
ground powders with 8 General Electric XRD·6 X-ray diffrac­
tometer with a Cu Ket radiation source. The X·ray techniques
used to obtain the reduced intensity were those described pre­
viously (8).

RESULTS AND DISCUSSION
NMR Analysis. High-resolution proton nuclear magnetic

resonance spectrometry was first used by Brown and Ladner
(9) for structural characterization of coal pyrolysis products.
Other workers have extended this type of analysis to coal
extracts (10) and coal hydrogenation products (11-17). A
recently published comparison between f. valu.. determined
from "c NMR spectra and those estimated from 'H NMR
data demonstrated that the use of the 'H NMR method is
reasonably reliable for coal-derived materials (18). The proton
NMR spectrum of a typical coalasphaltene is shown in Figure
1. The centers of absorption for different types of protons
are marked with arrows: 0 = 7.25, Hat;::: aromatic protons;
[, ;::: 2.40, H.. ;::: protons a to aromatic rings; 0 ;::: 1.58, HN ;:::

naphthenic protons; 6 =1.25, HR =methylenic protons; 6 =
0.9, HsM• = saturated methyl protons. Brown-Ladner analysis
requires that the three areas of absorption centered at 6 = 7.3,
2.4, and 1.2 ppm be asaigned to aromatic ring hydrogens (Hu ),

aliphatic hydrogens adjacent to aromatic rings (H.), and al­
iphatic hydrogens not adjacent to aromatic rings (H.). The
separation point between the Ha and Ho protons was chosen
at 6 = 1.73 ppm. Because hydrogen bonded phenolic OH
resonances are also believed to be shifted under the aromatic
envelope (19, 20), it is necessary to take into consideration
the OH concentration in order to correct the H., value. The
modified Brown-Ladner equations are used for calculations
(21) in this paper.

The average molar properties of the asphaltene micros·
tructures, obtained from elemental analyses, molecular weight

0003-2700183/035s-0042$01.61110 C 1882 American Chotric:oI _
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Table I. Average Molar PropertIes of Aaphaltene. CJ

Synthoil HRI H·C"a1 FMC-COED PAMCOSRC Cal. Inc. SRC
mol formula C..o.,Hu.,No.70· Cu .• HlI.•No.u · Cu.,Hu.. No.u· C16 ...Hu .. No. u · CU.• HU.2No.u·

mol wt b 0 .. 16S0.0' 0 .. 52 80 • 10 O).20S0.1J 0 1•• ,80 ,10 °1.,,80 . 01
561 492 382 502 486

H*arc 30.5 43 32 39 44.3
H'~ 42 36 40 38 36
H· o 25 18 21 20 16r. 0.71 0.78 0.72 0.76 0.79
Huu/C", 0.67 0.69 0.79 0.68 0.67
a 0.45 0.35 0.48 0.38 0.34
RS 8.8 6.7 7.0 7.2 6.5
/I 1.6 1.5 1.5 1.5 1.4
CA 29.2 27.8 18.7 27.7 28.3
RA 5.9 5.3 3.0 5.4 5.7
OH/Olotal 0.64 0.56 0.78 0.60 0.75
NH/Nlotal 0.53 0.55 0.28 0.74 0.58

a Brown-Ladner method x :::,)' ::. 2. b E:drapolaled infinile dilution values measured in THF. C H* ar = H* uCobsd)­
°OH/H'

FIgure 2. X-<ay d1Hractioo pattern of catalytic Inc. SAC asphaltooe.

(4)

(3)

(2)d", = >./(2 sin 8)

M = (Lc/d",) + 1

where B II, is the width of the band at haJ[ maximum expresaed
in terms of (sin 8)I >.. The number of aromatic eheets asso­
ciated in a stacked cluster, M, may be calculated from the
values of Lc and d",

The repeat distance representing the spacing between satu~

rated structures, d..,. was calculated similarly from the max·
irnum of the l' band. The average size of the aromatic clusters
perpendicular tn the plane of the sheet, L~ was calculated from
the width of the (002) band at half maximum by use of the
Scherrer crystallite size formula (35)

The average layer diameter of the sheeta, L., was evaluated
by a procedure developed by Ven and co-workers (8) which
makes use of Diamond's computed intensities of X-rays dif·

encompass both the l' and the (002) bands. The (002) band
is generally accepted as representing the spacing between the
layers of a condensed aromatic system, whereas the "'Y band
is believed to represent the packing distance of saturated
structures such as aliphatic chains or condensed saturated
rings. The peaks in the high angle region at (sin 8)/>' = 0.25
and 0.425 can be indexed as the (10) reflection and the (11)
reflection, respectively. These bands correspond tn the first
and second nearest neighbors in ringed compounds, and the
shapes of the bands have been studied theoretically (21, 34).

An X·ray diffraction method, previously used tn investigate
the structure of petroleum asphaltenes (6) was employed tn
determine the crystallite parameters of these coal·derived
asphaltenes. The repeat distance, representing the spacing
between aromatic sheets, dm• was calculated from the maxi­
mum of the (002) band by the Bragg relation

figure 1. 'H N~ spectrum of PAMCO SAC asphattene.

determination, and NMR are presented in Table I. Hydroxyl
oxygen and pyrrolic nitrogen values obtained as described
earlier are also included. Nonhydroxylic ether oxygen, and
basic pyridine·like nitrogen may be calculated by difference
from tntal oxygen and nitrogen except for the FMC·COED
asphaltene where IR absorption bands were observed at 3400
cm- l and 1650 em-I, which may be assigned tn the NH and
C=O stretches of amide groups. The average coal·derived
asphaltenes generally have number-average molecular weights
in the 400--550 range and are highly aromatic species having
from 71 % to 79% of their carbon as aromatic carbon. The
average aromatic ring systema, deduced from Haru/Car values,
range from about 2 to 4. These molecules are moderately
substituted with 34% tn 48% of the available aromatic edge
carbons being substituted. Saturated substituents are small;
the average number of carbons atoms per saturated substit­
uent is between 1.4 and 1.6. The frsction of 0 as OH ranges
from 0.56 tn 0.78 and the fraction of N as pyrrolic NH from
0.28 tn 0.74. These OH/OIDUI values are more reliable than
those reported previously (15, 16) due tn the more rigorous
silylation procedure used and the use of protnn NMR analysis
(6) instead of the direct silicon analysis method (5).

X-ray Diffraction Analysis. X-ray diffraction methods
develnped by Warren (22), Franklin (23, 24) and Diamond (21,
25) have been used by many workers tn study the structure
of coal (26-28), carbon black structures (29), amall aromatic
systems in noncrystalline polymers (30), petroleum asphaltenes
(8), pitch fractions (31, 32) and oil shale kerogen (33). X-ray
analysis was done for the aaphaltenes. A typical corrected
asphaltene X-ray diffraction curve, plotted on the basis of
reduced intensities, is shown in Figure 2. The overlapping
peaks in the low angle region, i.e.

(sin 8)/>. = 0.O5-<l.20 (1)
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Table II. Aaphaltene X·ray CYltallite Parameters

aaphallene Laa L b d m
C d d MC

C >
Synthoil 10.3 12.2 3.7 5.4 4.3
HRI H·Coal 8.2 13.6 3.6 4.4 4.8
FMC·COED 8.0 10.6 3.6 4.9 3.9
PAMCOSRC 10.0 12.1 3.6 5.1 4.3
Cat. Inc. SRC 9.4 10.6 3.6 5.2 3.9

a L• ... diameter of aromatic sheet + 0 carbons of side
chains, from Diamond's curve (11) band, A. b L c • diam­
eler of the aromatic clusters perpendicular to the plane of
the sheets, A. C dm .. intcraromatic layer distance, A.
d d.., c intcrchain or intcrnaphthcnc layer distance, A·
eM - average number of aromatic sheets associated in a
stacked cluster.

Table III. Asphaltene Structural Parametera
Calculated from X·ray and NMR Data

asphaltenes Laa L .0 CAuc N d
a

Synthoil 10.3 7.9 14.9 2.0
HRI H·Coal 8.2 6.6 12.7 2.2
FMC·COED 8.0 5.8 11.5 1.6
PAMCOSRC 10.0 7.9 14.9 1.9
Cal. Inc. SRC 9.4 7.6 14.4 2.0

a La "" X-ray diameter of the aromat.ic sheet + Q carbons
of side chains, A. from Diamond's curve (11) band. b La.
'" La[CA/(CA + Rs»). C CAu "" aromatic carbons per
structural unit = (La + 1.23)/0.615. d N = number of
aromatic structural units per molecule c: CA/CAu '

x."'~

Figure 3. CrOS&-sectional view 01 asphaltene model: (-) represents
the zigzag conllg....atlon 0' 8 sat....aled carbon chain or naphthenlc
ring(1); (-) reproseots the edge of flat sheets of condensed aromatic
rlng(I).

(6)

CH~ •

by the factor CA/<CA+ Rs) which may be obtained from the
preceding NMR analysis. The structural parameter CAu may
be divided into the total number of aromatic carbons per
molecule, CA, to obtain the number of aromatic structural unita
per molecule, N.

Figure 4. Hypothetical average structures of ackt/neutral and am­
photeric Synthoil asphahene molecules.

ACID I NEUTRAL

The results of such calculations are presented in Table III.
For asphaltenes the results agree with those previously de­
duced from NMR alone. The CAu values are generally close
to 14 except for FMC·COED which is 11.5. These values are
close to the number of aromatic carbons present in a three-ring
kata system such as anthracene or phenanthrene. The number
of structural units per molecule is close to two for all the
asphaltenes except the FMC·COED asphaltene which has an
N value of 1.6.

The N values of a variety of coal·derived liquid products
were detennined and found to have N values close to 2. These
include not only the asphaltenes but the carbenes and carboids
as well (36). Recently Charlesworth (39) proposed a number
of structures for coal-derived asphaltenes from Australia. His
proposed structures also have N values of approximately 2.
These data indicate that these coal derived molecules are ratio
condensed systems.

Hypothetical Average Structures, By combining the
structural information obtained by NMR and functional group
analyses (Table I) with that obtained by the X·ray method
(Table. III), it is possible to derive hypothetical average
structures for asphaltene molecules. Examples of such
molecules, for Synthoilasphaltene, are shown in Figure 4. A
comparison of the hypothetical structures shown in Figure
4 is presented in Table IV. The resulta are seen to agree
reasonably well in most cases.

(5)CA. = (L. + 1.23)/0,615

fracted from randomly oriented perfect aromatic molecules
of varying sizes using the Debye radial distribution function
(36). Ven and co-workers leBted their procedure on both the
(10) and (11) bands with a model blend and found that the
(II) band afforded better agreement. Therefore, we have
calculated L. values from the correlation curve between the
width of half maximum of the (11) band and Diamond's data.

The resulting X·ray crystallite parameters, presented in
Table II, may be used to derive hypothetical cross·sectional
model Itructures for coal·derived asphaltenes (Figure 3).
Condensed aromatic aheeta are postulated to be stacked on
top of each other with the sheeta parallel and with aliphatic
chaina or naphthenic rings protruding from the edges. The
resulta indicate that the average interlayer distance, dm• ranges
from 3.6 to 3.7 A, the average interchain distance, d" is be·
tween 4.4 and 5.4 A, and the average stack height of the
aromatic clusters perpendicular to the plane of the sheeta, L"
ranges between 10.6 and 13.6 A. The average effective number
of aromatic sheets associated in a stacked cluster is between
3.9 and 4.8. The average layer diameter of the sheeta generally
falls between 8.0 and 10.3 Awhen the (11) band is used in
conjunction with Diamond's curve.

Combined X·ray-NMR Analysis. The average layer
diameter of the sheets, L., is one of the most important
structural parameters. Although L. is generally considered
to be the diameter of the aromatic sheet, this is only strictly
correct for wholly aromatic molecules. For such systems,
which are kata·condensed, L. is related to the number of
carbons per aromatic structural unit, CAY' by the following
equation (37);

However, the aromatic syatems in coal liquid fractiona contain
some heteroatoms in place of carbons and contain some rings
which may be partially or completely saturated. Therefore,
the dimensions of the sheet may be considered to include
heteroatoms and a carbons of side chains which are aIao r..
atrieted to the plane of the abeet. In order to correct the above
equation for the latter effect, it il necessary to multiply L.
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G Determined from"C NMR analysis. b From X-ray­
NMR analysis-considerin.:: aromatic ring nitrogen as
carbon.
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C."H))No., - CUHHN,O,SO
0 ....8 0 • 01

561 549
0.31 0.29
0.42 0.40
0.25 0.29
0.71 0.69
0.67 0.71
0.45 0.47
8.8 9
1.6 1.5
29.1 28
5.9 6
1.16 1.11
1.93 2
1.31 I
14.9 14
2.0 2

mol
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molwt

~:az
H·~
fa
l/oxu/Cu

"/Is
"CA
RA
C/H
cr·CH,Q
>p-CH,Q

~1u·

Table IV. Compariaon of Average Molecular
Parameten for Synthoil Aaphaltene

from hypothetical
average structures
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CONCLUSION

One of the useful conclusions is that the higher-molecular
weight functions of coal liquid products always appear to have
their aromatic portions divided into 2 parts (N = 2). This
will automatically cause their aromatic portion to be kata
rather than peri in nature.

By using these analytical methods and correlations, it is
possible to obtain average macro- and microstructural pa­
rameters for complex mixtures such as coal liquid asphaltenes.
These parameters allow construction of an hypothetical av­
erage molecule for the mixture. However, it must be em­
phasized that values obtained are only average values_ It is
unlikely that anyone molecule in the mixture wiU actually
have the hypothetical structure. But knowledge of the kinds
of molecules found in these complex mixtures will aid in the
understanding of the physical and chemical behavior of the
coal liquefaction product.
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Molar Absorptivities of Ultraviolet and Visible Bands of Ozone
in Aqueous Solutions

Edwin J. Hart·,

Hahn-M6/tner-InstltUt fir KtJmforschung Berlin GmbH. Bereich Strshleneh6mJe. 0-1000 Berlin 39. Germany

K. Sehe8ted and J. Holeman

AccsJerstor Department, Ris 0 Natlonsl Laboratory, OK 4000 RosklJde. Denmark

The molar abaorptlvltl•• of aqueous ozone solutlonl ar. ce·
ported lor the wavalangth range. 190-300 nm and 350-900
1m. Atlhe maxlma 0I1heae banda, ,,..(0,) = 3292 ± 70 M-'
em-I and ,...(0,) = 5.1 ± 0.1 M-' em-'. The analy... lor
ozone were carried out by absorbance m88llWementa of the
9aa at 253.7 om and by oxidation oIlerrouo aulIata In .....urfc
acid solution 'ollowed by back-tHratlon 01 exce.. le"ou. Ion
with polaoalum permanganate. Spec1ropholometrlc analysl.
0' ferric Ion WII allo used at low ozone concentratlona. A
.tolchlometrlc rallo. FeJ+/O,. 01 1.996 ± 0.036 was lound.
The visible spectrum 01 aqueous 0, Is compared wHh that 01
ozone gas.

A reliable determination of the molar absorptivity ,(0,) of
the 26o-nm band of aqueous ozone solutions is difficult to
make because of the volatility. instability, and the lack of an
acceptable analytical method for aqueous 0, solutions. Recent
published valuea vary from 2600 (1) to 3600 M-I cm-I (2) with
two intermediate valuea at 2900 M-I em-I (3,4). Two sources
of error exist, namely, the measurements of ozone concen­
tration and optical density of an unstable solution. In view
of the importance of ozone in environmental chemistry, in
chemical research, and in industrial applications 6uch as the
treatment of wastewater (5) and the purification of drinking
water (4), a more precise analy1ical metbod for the analysis
of ozone in aqueous solutions is needed. Optical density
measurement.8 at the strong 26G-nm band provide a suitable
and simple physical method for the estimation of ozone. A
new value for f:26Q(03) is reported.

Two general chemical methods have been used for tbe
measurement of ozone concentration in aqueous solutions.
Theae are (a) the liberation of I, from KI solution followed
by titration with sodium thiosulfate (6) or by the measurement
of 1,- absorbance at 350 nm (7) and (b) the oxidation of Fe2+
in excess FeSO. in acidic solution {oHowed by back-titration
with KMnO, (1). Tbeae authors also report that the iodide
method is pH dependent but at pH 9.0 agreement between
the 1- and Fe2+ methods was obtained. By use of syringea (8,
9) for the containment oC the ozone solution and thereby
avoiding ozone losses from the solutions through contact with
air, the reproducibility of the determinations may be appre­
ciably improved. Result.'l are reported for the analysis of ozone
by measurement of Fe2+ consumption in sulfuric acid solu­
tions. A preliminary test of the 1- method proved it to be leas
reliable than the Fe2+ method 80 we report only our Fe2+

results. We also determined the stoichiometric ratio, Fe3+
formed per ozone molecule consumed, by shaking a known
amount of 0, gas with FeSO, solution. The amount of 0, gas

1 PreaeDt addresa: 2115 Hart Road, Port Angeles, \VA 98362.

was measured by its absorbance Ilt 253.7 nm. A technique
is described Cor obtaining up to 0.015 M 0 3 solutions. The
spectrum of 0 3 in the 35O--900-nm range is also given.

EXPERIMENTAL SECTION
(1) Materials. Deionized, Millipore.filtered .....aler (llH:zO > 18

Mm, found to be the equivalent of triply distilled water, and/or
triply distilled water .....ere used in the preparation of all solutions.
The chemicaL'! potassium iodide, potassium pcrmanganate, ferrous
sulfate, sodium oxalate, potassium acid phthalate, and acetic ond
sulfuric acids were each of reagent grade and used without further
purification. These chemicals were used in the analytical pro­
cedures described below.

The 0 3 was prepared from Linde cylinder 0z, first dried by
passing through 35--70 mesh silica gel (Merck), and then through
an Ozonisator Modell V (Erwin Sander). The rate of Oz flow was
adjusted to about 500 cm3/rnin. The 0 3 Rcnerated was adsorbed
on the silica gel in a 16 X 4.5 em diameter tube maintn.incd at
-78°C with a CO2-acetone mixture (l()-12). Relatively high
concentrations of 0 3 in aqueous solutions were then obtained by
the slow elution of the adsorbed 0 3 with He or COz at atmospheric
pressure. The eluted 0 3 was passed through nylon tubing into
ice-cooled lOO-mL syringes containing 20 mL of 0.001 to 0.01 M
acetic acid. With CO2 elution, 0.01-0.015 M 0 3 solutions rna)'
be obtained. These solutions were then diluted up to loo·fold
in calibrated syringes, and the 0 3 concentration waN measured
by the FeSO. methods described below. Because of the inherent
instability of aqueous 0 3 (4), these stock solutions were stored
in lOO-mL syringes in ice water. CAUTION: Ozone gas at
atrn06pheric pressure is extremely dangerous but explosions may
be avoided by diluting the gas with He, Ar, °2, NzO, or CO2,

Elution of 0 3 from our trap with He, Ar, or O2 poses no hazard
since typical 0 3 concentrations are in the range of 0.oeXn-o.OOO5
M indicating dilution factors of about 20. However elution with
N20 or CO2 provides a gas composition in the range of 50 to 10070
pure 03' Passage of 0 3 gas at theat!: concentrations into ice-cooled
syringes by the above technique has resulted in no explosions
although a violent explosion did occur .....hen this mixture of ga..
.....as passed into a dry syringe.

(2) Analytical Procedures. The oxidation of FeSO. by 0:\
in sulfuric acid solution provides a satisfactory chemical method
for 0 3 analysis (1). For low 0 3 concentrations, the 0 3 was slo.....ly
injected into magnetically stirred O.CXll M FeSO. in 0.8 N H,sO._
The resulting Fe3+ concentration was deLermined spe<:trophoto­
metrically at the 304 nm Fe:!+ absorption maximum (13). At
higher 0 3 concentrations, the 0 3 solution was added to stirred
0.01 M FeSO. and excess Fe2+ back·titrated with standardized
0.005 N KMn040 (1). All 0 3 solution transfers were made with
calibrated syringes provided with an attached S.cm capillary lube.
The overall reaction is

OJ + 2Fe2+ + 2H+ = O2 + 2Fe3• + H20 (l)

Although the oxidation of Fe'h by 0 3 according to reaction 1
is reported to be quantitative (1), the exact stoichiometry becomes
an important factor in the measurement of the absorptivity of
0 3 in aqueous solutions. In order to determine the suitability of
this reaction for the analysis of °3, we have reacted a known
quantity of gaseous 0 3 with FeSO. in order to determine the

0003-2700/83/035s.oo.6$01.50/0 C 1982 American 0IemicaJ Society
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Table I. Determination of FeH 10) Stoichiometry

"'01, mL

A(O,)!cm Fe1
' 0,

[Fe") X [0, I X
A(Fe")!cm 10' M 10' M Fel"Ol

Series A
1.108 51 300.8 a 754.0 375.3 2.010
1.084 51 300.8 a 736.6 367.2 2.007
1.407 50 300.8 a 932.7 476.6 1.958
1.866 50 300.8 a 1333.3 633.1 1.957
2.060 50 300.8 a 1400.5 697.8 2.008
0.611 50 300.8 a 407.6 207.0 1.9iO
0.617 50 300.8 a 407.1 209.0 1.949
1.218 50 300.8 a 828.9 412.6 2.010
1.552 50 300.8 a 1055.9 525.6 2.010

Series B
0.065 31 37 0.114 51.8 22.02 1.973
0.122 21 51 0.437 199.0 41.33 1.984
0.1335 21 45 0.425 193.5 45.22 1.998
0.152 19 H 0.532 242.2 51.49 2.032
0.160 30 40 0.316 143.8 54.20 1.991
0.120 21 44 0.375 170.7 40.72 2.002
0.132 30 35 0.237 108.0 44.58 2.078
0.1595 25 54 0.519 236.2 54.03 2.025
0.0477 30 50 0.1205 54.8 16.16 2.036
0.1510 31 28 0.1953 88.9 51.15 1.926

a Absorbllnc~ of Fe)' was not measured.

Fe3+/Oa ratio. The methods used are described below.
The absolute amount of gaseous 0 3 may be calculated from

its absorbance at 253.7 om since its absorptivity, 2954 M-l em-I,
is accurately known (14) at this wavelength. This value has
recently been verified (15). Earlier reported values range from
2984 to 3026 M-I em-I (16-20). A value recently used for the lYZOne
absorptivity at 254.0 om is 3003 M-l cm-1 (21),03 generated by
the ozonizalOr was passed successively through a 2·L flask, a
calibrated reaction flask (series A), and fmally s l.()().cm absorption
cell. The absorbance was continuously monitored at 253.7 nm
and after steady-state conditions prevailed, the 0 3 in the flask
was scaled off and a calibrated volume of 0.01 M FeSO~ added
from a 5O-mL syringe. The sealed flask was shaken for 60 s and
the solution drawn back into the syringe. Once again the 0 3
treated FeSO~ was added to the flask, swirled around to ensure
uniformity and fmally withdrawn for analysis. An aliquot portion
of the solution was analyzed with standard 0.0100 N KMnO~. ]n
Beries A, column 5 of Table], the total Fe3+ formed from the 0 3
used is reported. The ratio, Fe3+/°3• averages 1.987 ± 0.027 for
this series.

]n series B of Table I, the test of the stoichiometry was carried
out at 0 3 concentrations a factor of 10 less than those in series
A; consequently, the tcchnique was modified. ]n this series the
0 3 was passed through a lO.OO-cm optical cell until a steady
absorbance reading at 253.7 nm was obtained. At this point 6

mcasured volume of gaseous 0 3 was run into a 100-mL syringe
and a measured volume of 0.001 M FeSO, in 0.8 N H,sO, added.
This mixture was shaken for 60 s and the Fe3+ determined
spectrophotometricallyas described above. The ratio, Fe3+/°3,

averages 2.0045 ± 0.0413 for this series.
We conclude, from the results of Table I that 2.00 Fe3+ form

for every 0 3 molecule reacted thereby confinning the stoichiometry
of reaction 1. The overall average of our data of Table I is 1.996
± 0.036. And if the two extreme values, 2.077 and 1.925, of series
B are deleted, this overall average narrows down to 1.995 ± 0.026.

(3) Absorption Spectra. The absorbance measurements and
the spectrum of 0 3 were obtained on a Varian SuperScan 3 re­
cording spectrophotometer. The absorbance at 260 nm was taken
on identical samples of each of the standardized 0 3 solutions given
in Table II. These absorbance measurements were made in 2,
10, or 50 mm cuvettes at a spectrometer cavity temperature of
20 °C. Because of the instability of neutral 0 3 solutions, the most
reliable measurements were made with acetic acid stabilized
solutions. Little or no decay took place during the time of the
measurement in 0 3 solutions stabilized by 1 to 10 mM acetic acid.
At these concentrations acetic acid was shown to have no effect
on f260(03) or on the visible spectrum in the 36G-700·nm wave-

length range. [0 the absence of stabilizer, either acetic or sulfuric
acids, decay of 0 3 was too rapid to obtain satisfactory readings.

RESULTS AND DISCUSSION

Since 0 3 is a volatile, thermally unstable and reactive gas,
its analysis, especially in aqueous solution, is difficult as has
been pointed out by a number of authors (1.3.6, 7). Ozone
in neutral solution has a half-life of 50 min and a decay rate
that is between zero and first order in 0 3 concentration (4).
Furthermore its decomposition is catalyzed by glass surfaces
and impurities in the water. Because of these two factors,
considerable variation in the value of .(0,) at 260 run has been
reported. Without careful attention to details, variations of
50% or more in f2£()(03) may be found.

The resulta obtained by spectrophotometry of the Fe'· ion
and by the back-titration of excess Fe:!+ are presented in Table
II. The average value of .(0,) and ita standard deviation for
each series of runs is given. The KMnO~ back-titration of
excess Fe2+ is quantitative and a reliable method for t.he
determination of Fe2+. The spectrophotometry of the Fe3+

ions depends on its molar absorptivity, a property that is
temperature dependent. The absorptivity used for calculating
the Fe3+ data of Tables I and II is 2197 M-I em-I for the Fe'·
ion at 304 nm (13). Therefore for the determination of .(0,),
we consider the first two groups of measurements less reliable
than the remaining KMnO~ back·titration groups.

Fifty eight analyses of 0, by back-titration are given in
Table II. Overall, ,,,,,,(0,) averages 3312 ± 125 M-I em-I. Our
technique of carrying out the determinations improved with
time as is illustrated by the lower four groups which show an
average value of 3292 ± 70 M-I em-I. And our last group gives
an average of 3292 :I: 23 M-l cm-1 based on our experimental
result that 2.00 Fe2+ are oxidized per 0 3 decomposed. We
conclude that an acceptable ,,,,,,(0,) is 3300 M-I em-I. This
value is practically midway between the valuea of 2900 (3, 4)
and 3600 M-I em-I (2) already reported.

While the stoichiometry of the Fe" reaction with 0, is well
established, its detailed mechanism is uncertain. However,
it is known that 0 3 reacts with organic molecules by two
different mechanisms (4). In acidic media the pathway leeds
to selective ozonization whereas in alkaline solutions OH
radicals become the dominant oxidizing species. In the present
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And because of the weU-established (23) equilibrium reactions

Table II. Summary of Ozone Molar Aboorptivity
Meaaurementa at 260 om

reactioDs it ia likely that the primary etep ia one of electron
transfer from Fe2+ to 0 3 8S has been proposed in the case of
the 1- reaction (7). These authors explain the stoichiometry
of the 1- reaction (21-/°3) with 0 3 by thia mechanism. And
by postulating the intermediate formation of H03, they ac­
count for the enhanced yield of I, in acid solutions. Thus it
is important to utilize conditions favorable for the quantitative
oxidation of the Fe" and 1- ions by 03'

Recent work (22) has confirmed the earlier conclusion (4)
that OH radicals form in alkaline 0 3 solutions. Furthermore
it is highly likely that OH radicals form whenever an electron
is transferred from either Fe2+ or 1- to 0 3 by the reactions

Table m. Effect of Wavelength on the Molar
Absorptlvitl.. of the Ozone Band. Centered st
260 and 588 nm

ultraviolet band visible band

wave· wave-
length, «0,), length, «0,),

nm M- ' em-I nm M-I em-I

300 287 900 0.00
290 764 800 0.143
280 1695 700 0.932
270 2738 650 2.37
260 3300 600 4.81
259 3300 590 5.11
250 2961 588 5.12
240 2067 580 5.06
230 1292 550 4.30
220 842 500 1.79
210 689 450 0.38
200 685 400 0.047
190 931 380 0.036'

350 0.61

Flgur. 1. Absorption spectra of the visible bands of aqueous and
gaseous ozone: (sol6d Une) 0, In 0.01 M acetic acid; (dotted line)
qualitative spectrum of 0 3 gas.

6.0,--~~~~-~-~---,

5.0

"';- f.,O
E

_u 3.0
'>:

2.0

1.0
O"'-'""''--:c~_~_~--'='_.......J

400 900(2)

(3)1- + 0 3 = I + 0 3'

Fe'+ + 0 3 = Fe3+ + 0,-

no. of
sys- sam-

method tem pies «0,)

8pectrophotometric Fe h 8 3340, 146
spectrophotometric Fe h 5 3211 , 40
KmnO .. back-titration Fe 2 • 6 3183' 115
KMnO .. back-titration Fc h 12 3329, 205
KMnO .. back-titration Felt 7 3421 , 84
KMnO. back-titration Fe h 5 3308, 46
KMnO.. back-titration Felt 6 3319, 140
KMnO.. back-titration Felt 5 3330, 50
KMnO.. back-titration Felt 11 3316, 44
Kl.1nO. back-titration Fc 2 • 6 3292, 23

the OH radical may be an intermediate species in reaction
1. If this is the case, it is important to adjust the solution
parameters so that they are favorable for its reaction with Fe2+
and not with the substrate. For example, under our titration
conditions for the FeSO. determination, the acetic acid present
intercepts I... than 1'Yo of the OH radicals formed by reactions
4 and 5 (24).

The 0 3 solution must be rapidly mixed with the Fe" so­
lution in order to avoid 0, decompoeition by OH radicals. In
this instance, reaction of OH with 0 3 is favored by a factor
of 10 because k(OH + 0,) (25) Is 10-fold greater than k(OH
+ Fe2+) (24). Consequently it ia important to maintain a factor
of about 100 in relative Fe2+/03 concentrations during the
titration in order to ensure reaction of OH with Fe2+ and not
with 0 3,

The effect of wavelength on '(03) is given in Table III.
Thaae ,(0,) values are based on a relative absorbance ratio
of 646 for the 2W- and 590-nm banda. Our ,,..(0,) of 5.1 M-l
cm" agrees exactly with an earlier value published by Taube
(2).

The spectrum of the aqueous 0 3 band centered at 588 nm
ia shown in Figure J. A qualitative tracing of the gaseous 0 3
band run in 0 Io-cm cell is also given for comparison. The
spectrum and absorptioD coefficients of the Hartley (260 nm)
and Cbappius (600 nm) banda of gaseous 0 3 have already been
reported (14). It ia intaresting to note that the aqueous 260-nm
band ia shifted to the red; the aqueous 590-nm band ia shifted
to the blue relative to that of 0, gas.

0,=0-+0,

0- + H,O = OH + OR'

(4)

(5)
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Cross-Correlation Analysis of Molecular Fluorescence Spectra

Marilyn A. Stadallu. and Harvey S. Gold·

Department of Chttmlstry, University of DelawBre, Nswarl<. Delaware 19111

A n.w compulatlonal m.lhod lor Ih. Id.nlllicalion 01
f1uor.sc.nc. opactra hal bean daveloped utilizing crou­
corr.lallon analy" 01 molecular fluorescence spectra. The
opactra are oblalned wllh conv.ntIonal Instrumenlatlon and
lhen lra""ormed 10 r.IaU.. Ilrna-apac. by uolng laol Fowler
Iranolorm procedur... ThIa m.lhod Is appllcabl. 10 a wid.
varlaly 01 """"" with ov.rlappIng lIuor.scanca opactra. The
proc.dur. hal b.an I.oled upon a r.pr...ntaUv•••rI•• 01
polycyclic aromallc hydrocarbono and hat prov.n 10 be ouc­
c....ullor lhe k1anllllcatlon 01 bolh IsoIalad and ov.rlapped
multlcomponent mixture••

Polycyclic aromatic hydrocarbons (PAH) bave been es­
tablished to be a serious health threat due to their carcinogenic
and mutagenic properties. They are found primarily in the
residue of various combustion products (soot, coal tar, and
some smoke condensates) and materials derived from petro­
leum and coal The composition of these mixtures may include
100 to 200 unique PAH species. The separation and iden­
tification of such mixtures have been carried out by using
rcversed~ph8se high-performance liquid chromatography
(HPLC) in conjunction with direct insertion probe mass
spectrometry (1).

Molecular fluorescence is well-suited to the identification
of the components of a mixture of PAH's due to its selectivity
and high sensitivity. The major impediment to this approach
is the inherent broad·band nature of conventional ambient
temperature fluorescence spectroscopy, which results in
nonoptimal differentiation among similar compounds and
frequently to severe overlap in multicomponent systems.
Several techniques have been proposed as solutions to this
prohlem. The Shpol'skii effect utilizes an n-a1kane matrix
at temperatures below 80 K in order to reduce the spectral
linewidth to that of the vihrationallevela in the ground state
(2). O'Haver and co-workers have employed derivative
spectroscopy to enhance minor spectral features in the
emission spectrum (3).

Christian and co-workers (4) bave published extensively on
the use of videonuorimeters to identify nuorescence spectra.
Despite the high information density of the resulting excite­
tion-emission spectra, unique identification of mixture com~

ponents using principal component and factor analysis remains
elusive when high interspecies correlation is present. Faulkner
and co-workers (5) bave relied upon analysis of conventional

fluorescence spectra to compare selected. features of an un­
known spectrum against the nrst 1000 fluorescence spectra
in the Sadtler collection. Identification was based upon an
index of similarity, incorporating parameters such as peak
locations, intensities, and excitation maximum. Anothe.r ap­
proach subjected a digitized spectrum to a fast Fourier
transform algorithm (6) and utilized a dissimilarity index
which renected differences in the real and imaginary parte
of the Fourier component of the excitation and emission
spectra of both an unknown and a reference spectrum. Gold
and co-workers explored the use of decomposition analysis
to identify electronic spectra, particularly of PAH (7). While
overcoming the necessity to use specialized equipment, d~
composition analysis has difficulty differentiating among
highly correlated spectra; this was recently contrasted with
several principal component analysis procedures (8).

While each of these approaches can be made to work in
particular cases, none of them has achieved a level of uni·
versaiity. The ideal electronic spectral characterization pro­
cedure would produce a compact and unique set of numerical
parameters for each species. Further, the characterization
procedure would not be affected hy overlapped spectra when
mixtures were considered.

Computer file-searching algorithms generally suhject an
unknown digitized spectrum to an encoding process and di­
rectly compare the resulting parameters to a collection of
known compounds stored in an encoded lihrary file. Statis­
tically significant matches are reported, hut loss of spectral
information during the encoding process is a common lim.i·
tation.

An IR search system utilizing direct comparison of inter·
ferograms of an unknown chromatographic peak produced by
a GC/ITIR against a lihrary of known compounds was re­
ported hy Isenhour (9). Powell and Hieftje (10) developed
an IR search system bued upon cross-correlation in which
the complete cross-correlation was calculated between each
unknown and every member of the lihrary file.

In the present study, a computer fil~search procedure is
introduced which identifies the digitized nuorescence spectrum
of an unknown species (or of a mixture) with the aid of the
Cooley,Tukey fast Fourier transform (FIT) algorithm (11).
The program performs a preliminary search which isolates
reference spectra which posseas a high degree of similarity to
the unknown species. Final identification utilizes cross~cor·

relation of the unknown with those reference compounds
isolated in the initial test. The details of this procedure and
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ita application to 8 library of some 200 fluorescence spectra
are discussed below,

EXPERIMENTAL SECTION
A Hitachi MPF-44B fluorescence spectrometer was used to

obtain excitation and emission spectra. Spectral quality cycJo­
hexane (MCB) w.. used .. the solvent for all of the polycyclic
aromatic hydrocarbon species (all reagent grade or better) that
were studied.

Computational Procedure. The cross-correlation of two
functions A(f) and B(f) may be represenLed as A(j)·B(j) and is
defined mathematically by the integral (12)

C••(v) = A(f)+B(f) = lim ...!..FI+' A(f)B(f ± v) df (I)
F-_ 2 -F

where" represents the relative displacement bet",-een the two wave
forms being compared. Implementation as 8 computer algorithm
has been described previously (13).

For convenience, the Cooley-Tokey FIT algorithm was used
to compute the discrete IT of the digitized spectrum. The fTI'RC
and FFTCC subroutines of the International Mathematical and
Statistical Library (lMSL) were employed to perform forward
and inverse IT operations in this study. Details of the general
cross-correlation procedure are discussed by Horlick and Hieftje
(12) and graphically depicted by Isenhour and co-workers (14).

This procedure is incorporated in a FORTRAN program en­
titled SIPS (spectral identification program system), which is used
to determine the extent to which an unknown and 8 reference
spectrum are correlated. The unknown and reference spectra are
properly termed "J)O'o\'er spectra" since they encode data as optical
power per unit bandwidth (15). The power spectrum (or spectral
density) 1.(",) is defined .. (16)

I I+'1.(",) " -2 dt e-'-'(A+(O)A(t)).. -,
Fourier inversion of (2) leads to an expression for the so-called
time·correlation function in terms of the power spectrum (16)

I +'(A+(O)A(t» = _, d", e+'-'I.(",)

The time-correlation function is the first-order electric-field au­
tocorrelation function and may properly be referred to as an
interferogram. Popular usage is to refer to the time-correlation
function as the "time-domain spectrum" and to its Fourier pair.
the power spectrum. as the "frequency-domain spectrum" (14).

Examination of eq 1 shows that if two spectra are identical.
the largest value of A(f)+H(f) will be obtained when v = 0, that
is, when every point is multiplied by itself. This is a special case
of cross-correlation and is termed autocorrelation. If A(j) and
Ben are not identical, the maximum correlation value may be
shifted some distance (in v units) from v = O. The criterion of
a match is therefore the absolute magnitude of A(j)·B(f) at v =
O.

SIPS normalizes the value at v = 0 to the largest point in the
crD68-correlation function. A value of 1.000 is obtained if perfect
correlation exists between the unknown and a particular reference
spectrum. Compounds that fluoresce in the same wavelength
region will often exhibit a high degree of correlation when judged
utilizing this criterion. A second criterion employs the absolute
value of the function at v = 0 for further discrimination. The input
reference spectrum is first nonnalized and the intensity at each
point is squared. The sum of these squares (SUMSQ), computed
ove!' the interval from 12800 to 38500 cm- l • for each spectrum
is stored in the library as an additional parameter. Whenever
an unknown spectrum contains a component that matches a
reference spectrum. the absolute value at v c 0 divided by the
number of discrete digitized points, N, will be equal to SUMSQ.
Perfect correlation will result in this (viz. C..(O)/Nl dividend being
equal to 1.000.

The calculation of a complete CI'08S-COrrelation of the unknown
against each reference spectrum in the library would require a
large amount of computer time. Therefore, a partial cross-cor­
relation (pee) is initially used to determine the degree of sim­
ilarity prior to calculating the complete cro..-correlation (CCC).
The data for the PCC calculation are contained in the complex
array that results from implementing the simple product

A(T)·B·(T) where the bars indicate Fourier trllJUiformation. If tho
IT of the unknown spectrum is multiplied by the complex con­
jugate of itself, the real components of the resulting oomplex army
contain only positively signed components. As the reference
spectrum becomes increasingly unlike the unknown spectrum,
the negative component increases in magnitude. The presence
of negative components at this point is caused by spectral dis­
similarities between the unknown and 8 particular reference
species. A rejection factor empirically based upon the magnitude
of this negative component limits the computational time required
for the analysis since the ece is carried out only for those ref­
erence spectra which give PCC values more positive than this
rejection factor.

Search Implementation. The 200 PAH reference spectra
were originally collected at the Argonne National Laboratory,
stored on magnetic tape, and subsequently published by BerlmaJl
(17). A magnetic tape copy of the library, containing excitation
and emission spectra, was obtained from Berlam for use. Due
to systematic errors in the tape records, some data reconstruction
was required. The emission spectra were separated from the
excitation spectra and the two halves stored in two library files.
SIPS presently utilizes the emisson library exclusively.

Both library files contain aromatic compounds that vary in
complexity. Each spectrum was digitized at a constant lOO-cm-1

interval. When required, spectra in wavelength units were con­
verted to cm-I (an energy unit) with SPECSOLV, a FORTRAN
program previously described (18). Distinct library spectra were
coadded to generate pseudounknown bicomponent mixtures for
use in this study. In each instance, the resulting spectrum was
adjusted to fill a sampling window from 12800 to 38350 cm- I .

Regions having zero intensity were assigned a base line value of
1.000 X 101 . Spectra acquired in this laboratory were processed
in an identical manner.

When a discrete ecc is performed on the unknown and one
of the reference spectra, both of equal length, an artificial period
is imposed upon each. This period is constant since it depends
upon the length of the data record. The correlation function can
be distorted hy "end effects" which arise from the improper
overlap of one period with another when one spectrum is shifted
with respect to the other.

Bendat and Piersol have shown that end effect.... do not sig­
nificantly influence the correlation values near zero displaccment
(v = 0), provided that the correlation function decays rapidly (19).
Powell and Hieftje (JO) ignored the use of zero filling, without
affecting the reliability or a search system used to identify infrared
spectra using cec values near zero displacement. SIPS relies
primarily upon ecc values ncar v = 0, so zero filling hllB not been
employed, although partial zero filling has been used so that each
spectrum spans the same wavenumber region and is represented
by 265 data points. A two-point linear interpolation doubles the
point density prior to transfonnation to the complementary time
domain. The sequential steps of SIPS are illustrated in Figure 1.

UESULTS AND DISCUSSION
Fluorescence spectra of three common PAH's (anthracene,

naphthalene, and 3,4-benwphenanthrene) are shown in Figure
2. The partial cross-correlation (PCC) of anthracene with
itself is shown in Figure 3A. A key feature of Figure 3A is
the absence of any negative components. In contrast, Figure
3B shows the characteristic negative component that results
from the PCC of anthraeene with naphthalene. The mag­
nitude of the negative component in this PCC is a reflection
of the differences that exist in the anthracene and naphthalene
spectra. This conclusion is easily reached by looking spe­
cifically at the input spectra of these species. If the spectrum
oi anthracene is compared with a spectrum that fluoresces
in the same wavelength region and has similar spectral features
(that is, a more highly correlated spectrum), the result is a
decrease in the magnitude of the negative componenL This
"magnitude" refers to the negative values of a PCC which are
summed and eventually compared to a rejection factor es­
tablished in SIPS. As the unknown is compared sequentially
with the reference spectra stored in the library file, SIPS wiU
calculate the complete cross-correlation only if the magnitude



ANALYTICAL Cl-£MISTRY. VOl.. 55, NO.1, JANUARY 1983 • 51

v••
Refine Paramelers

No
Stop

A

PCC =AEAL(AoAO)

.,
o.,

0"
0;0

o
d

o
Wave1engtn. em

~ B
pee =REAL(A"N")

o
,;

FIgIn 1. Block <ia\Tam of tho opemtion of SIPS (spectral klontIIIcation
program system).

o.oo+--~-,L-----,;'-"---,~~-~
10.0 20.0 30.0 40.0

W.venumb., (cm- 1) .,0-3

9.94')( 10-3 3.68'X,1O-:>
wavelength, em

o

FIgure 3. Results of tho partial cr~elation (PCC) of (A) an­
""oeene wIlh an""aeene end (B) an""oeene with naphlhalene. The
left portion of tho absclssa to tho mklpOOt (Wlcluslva) axtends from 0
to L_ _ a L_ = I(N- lV(2(E_ - E...JII. The riglt portion of
tho absclssa extends !Tom (L _ - aX) to ax _a ax = IIN­
IV(NIE_ - E...JJI. E_ and E_ have <d.s of energy .. tho cootext
of this study.

correlation parameter

'fable I. muatration of the R••u1t of Complete
Ctoa.s-Correlation (CCC) of a Paeudounknown with a
Small Set of Library Spectra. the Unknown
Was Anthracene

"

",

~
£ 0,10

figure 2. Input fIuorascence spectra: anthracene 1-), naphlhalene
(---j. and 3,4-benzophenanthrane (•••) a«er dlgnlzetlon at constant
wavenumber Interval.

of the negative component is smaller than the rejection factor.
The illustration in Figure 4 graphically depicta complete
cross-correlation.

Figure 4A shows anthracene cross-correlated with naph­
thalene. Note that the curve is asymmetric and that the
maximum is shifted away from l' :;:: O. This asymmetry and
the displacement from v = 0 clearly demonstrate that these
two spectra are not identicel. If anthracene is cross-correlated
with itaelf. as shown in Figure 48. the curve is symmetric with
a maximum at 11 ;; O. Using 8 species that fluoresces in the
same wavelength region as anthracene results in the maximwn
approaching y = O. but the asymmetry of the curve is still
apparent. SIPS does not currently utilize the symmetry in·
formation contained in these plots since this feature is am·
biguous when studying multicomponent systems whose com­
ponent spectral features overlap.

The second criterion relies upon the fact that the value at
y = 0 divided by N should equal SUMSQ. Table I presenta

library species CR1 CR2

anthracene 1.0000 1.0000
3,4-benzophen- 0.9987 0.6084

anthrcne
naphthalene 0.0274 0.0197

data for the correlation of anthracene with itaelf, with 3,4­
benzophenanthrene, and with naphthalene. The value ob­
tained at II = 0 relative to the maximum in the complete
cross-correlation function is reported as criterion 1 (CRl).
while the comparison based on the value at II = 0 is referred
to as criterion 2 (CR2). With these three spectra as a small
lihrary file. anthracene is clearly the correct match.

When anthracene is compared to a library me containing
200 reference spectra. the number of potential matches in·
creases. Tahle lllista the most probable spectral mstches in
the order tbat they were found. When one looks at the cor­
relation values CR1 and CR2, anthracene is the best choice
for a match. Deuterated anthracene has very similar spectral
features and emission wavelength region, 80 that the relatively
high correlation values which were obtained are not unex­
pected.
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Table II. RelullB 01 a Complete Library SelU'ch (200
Species) for the Identity of an Unknown Compound
(Anthracene), the Most Probable Matches Are
llited Below

reported correlation
parameters

library species

anthracene
deuterated anthracene
3,4·bcnzophenanthrene
benzidine
sodium nJicylate
tetramet.hyl·p·

octaphenyl
tetramethylphenylene­

diamine

CRI

1.0000
0.9918
0.9987
0.9995
0.9832
0.9811

0.9557

CR2

1.0000
1.0000
0.6084
0.5971
0.5369
0.5455

0.5640

The identification of a bicomponent mixture is easily carried
out if the spectrum has minimal or, of course, zero overlap.
This is the case for anthracenejperylene and rubrene/pyrene,
respectively. The input spectra for these mixtures are shown
in Figure 5. Note that the fluorescence intensities of the
components in each mixture are not identical.

Table III contains the output correlation values for both
mixtures. Each component of the mixture is identified in­
dividuolly and sequentiolly. although the initial analysis may
reveal the identity of each component. The CRI and CR2
values are used to select a particular reference spectrum as
the "best" match. This reference spectrum is then subtrocted
from the input spectrum and the resultant spectrum is
reevaluated as a unique unknown. The identity of the second
component is confirmed by this process.

Table Ill. Re.ulta ot a Library Search tor the Identity of Components of Binary Mixtures of Fluorescent Species"

first search second s('arch

correlation
parameter

correlation
par2.meter

0.9785
0.9820
0.5934
0.8713

CR2

1.001
0.8829

1.000
0.9924
0.9963
0.9525

CRI

1.000
0.9983

library species found

rubrene
rubicene

CR2

1.011
0.6619
0.8818
1.0000
1.022
1.026
0.6946

CRI

1.000
0.9783
0.9549
0.9984
0.9715
0.9598
0.9526

library species found

pyrene b

3,4-benzophenanthrene
deuterated anthracene
perylene b

anthracene
deuterated anthracene
2-aminoanthraeene

unknown mixture

pyrene/rubrcne

anthracene/perylene anthracene
deuterated anthracene
3.4·benzophenanthrene
pyrene

(l The most probable identities of the unknowns arc shown initially and after mathematical removal of one species (second
search). b Library species selected as match following firat search. This species was mathematically subtracted prior to
ieCond search.
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Table IV. Result. of • Library Search for the Identity of the Components of a Binuy Mixture of Fluol'elCent SpeciesG

first search second search

correlation
parameter

correlation
parameter

CR2

0.6477
0.9411
0.8007

CRl

1.000
0.9910
0.9588

library species found

3,4·benzophenanUuenc
pyrene
g·methylanthracene

CR2

1.141
1.009
0.7733
0.6185

CRl

0.9978
0.9934
0.9943
0.9904

unknown mixture library species found

pyrene/chrysene chryscne b
pyrene
2·phcnylphenanlhrene
4,4·di(n·butoxy)·l,l·

binaphthyl
l,4·diphenylnaphthalene 0.9706 0.5950

a The most probable identities of the unknowns are shown initially and after mathematical removal of one species (second
scarch). This table illustrates the caSe of severe overlap. b Library species selected as match following rust search. This
species was mathematically subtracted prior to second search.

In the caae of the rubrene/pyrene mixture, pyrene ia clearly
the best match. Pyrene is also the major fluorescent com­
ponent of the mixture. The second search easily identifies
ruhrene. In the anthracene/perylene mixture, perylene is
identified as the best match, but anthracene aIao appeare ..
a potential component. After subtraction of perylene, an·
thracene is confirmed 85 the other component in the second
search. Deviations of the CRl and CR2 values from unity
result from the slight overlap between the two individual
spectra, but this does not prohibit successful identification.

A bioomponent mixture whose superimposed spectra have
a high degree of overlap is considered next. AB shown in Figure
6, chrysene and pyrene fluoresce in essentially the same region.
With increasing overlap, the number of potential matches
increases and the correlation values CRl and CR2 deviate
from unity. This arises since the relative intensities of the
component peaks in the unknown spectrum are alte/ed, as
a result of overlapping spectral bands, with respect to the
individual species in the reference library. In addition, the
unknown bicomponent spectrum may have aggregate features
similar to unique single component reference spectra stored
in the library.

SIPS lists the reference spectra which have CRl values
greater than 0.9500 and then relies upon tbe uaer to aaaist in
the evaluation of the data. On utilization of the chrysene/
pyrene mixture as a representative unknown, the reference
spectrum that had the largest CRl value w.. cMysene
(0.9978). The correlation values for 2-phenylphenantbrene,
pyrene, and 4,4-di(n-butyl)-l,l-binsphthyl were 0.9943, 0.9934,
and 0.9904, respectively. These values indicate that the
spectral features of the unknown have the largeat degree of
similarity when compared with the reference spectrum of
cbrysene. The unknown might indeed be thought wcontain
pyrene, 2-phenylphenantbrene, or 4,4-di(n-butyl)·l,l·bi­
naphthyl aince the CRl values for these compounds are high.
Reliance upon the CR2 parameter in thia caae muat be done
carefully since the large degree of spectral overlap for thia
mixture causes the peaks to merge and to change intensity,
thereby cauaing the absolute magnitude at • = 0 to incro..e.
Consequently in the case of highly overlapped spectra, the
ratio between the value at • = 0 and variable SUMSQ, cor­
responding to a reference spectrum that is a component of
the unknown mixture, will be greater than unity.

Chryaene and pyrene both have CR2 values greater than
unity, while 2-phenylpbenantbrene and 4,4-di·n·butyl.I,l.
binaphthyl do not. Thia evidence strongly suggesta that both
cbrysone and pyrene are present in the unknown mixture. If
chrysene ia chosen .. a match, a second search which subtracts
the chryaene apectrum and reanalyzes the resultant spectrum
sa a unique unknown ia carried out. The CRl and CR2 values
tabulated in Table IV confirm the presence of pyrene in the
sample. Although 3,4-benzopbenantbrene baa an exceptionally

'"Io
'; 0.20..
';0.15

C.
~ 0,10

.oo.j.....-......-~-~-"--.-~~~
10.0 15.0 20.0 n.o )0.0 )1,.0

W.venumber [cm-1) ..10-3

FIgure 8. Input fluorescence spectrum of 8 mixtu'"e of pyrene and
chrysen8.

good CRI value of 1.000, the CR2 value of 0.6477 ia mucb
smaller than 1.00 and therefore allows thia species to be
eliminated from consideration.

Spectra acquired in tbia laboratory were satiafactorily
identified by uae of SIPS when the unknown and reference
spectra were well-behaved in the sense of not exhibiting
concentration quenching. Mixtures were also identified
properly when all species were individually well·behaved.
Under these conditions, identification of real mixtures resulted
in aearch patterns essentially unchanged from those shown
for the synthetic mixtures of Tables ill and IV. In 80me cases
(substituted naphthalenes for instance), the resulta uaing
emission spectra are unsatisfactoryj work is ongoing to in·
corporate excitation spectra into the search scheme in an
attempt to reduce the number of spurious identifications.

Identification of conventional molecular fluorescence apectra
via croea-correlation benefita from an encoding process wbich
allows for full data retention. Previoua work (6) has shown
that the higher frequency harmonica present in the trana· .
formed spectra can be removed without any subetantive 1088
of apectral information, and ongoing work in thia laboratory
seeks to incorporate such data compression.

File searching of fluorescence spectra ia plagued by the
irreproducibility of fluorescence spectra from one instrument
to another. Data obtained in varioua laboratories (17,20)
indicate that spectra cannot be adequately corrected by re­
liance upon a series of standard spectra. Vim and Faulkner
(6, 21) have shown that point by point division of an unknown
spectrum by the spectrum of a standard matarial can be .
beneficial.

The lack of comparability among spectra collected on
different instrumenta baa bindered the development of
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fluorescence me searching routin... Conversely. this absence
has diminished the need to develop standard protocols for
fluorescence instrumentation. This interface between the
requirements of the collection and identification of Ouores·
cenee spectra promises to he 8 challenging area for future
investigation.

The FORTRAN code for SIPS compiles and runs under the
TOPS-IO operating system on the University of Delaware
Computation Center DEC-lO system. Source listings are
available from the author. Portability is restricted by the
IMSL subroutine calls and by use of DELPLOT for hard-copy
graphics output.
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Determination of Salicylic Acid in Aspirin Powder by Second
Derivative Ultraviolet Spectrometry

Kelsuke Kitamura· and Ryo MaJlma

Kyoto CvIJ8(JB of Pharmacy, 5 Nakauchl-cho. MlsassgJ, Yamashlna-ku, Kyoto 607, Japan

The second dert.atl.e _ctrum of .allcyllc acid .howed a
trough at 292 om and a oatelne peak at 316 om. When large
amounto 01 aoplrtn coexloled, the trough disappeared but the
height of the .atelllle peak (Dd wa. not altered e.en a' an
alplrln concentration 20000 time. that of .allcyllc acid
(corresponding to .allcyllc acid content of 0_005%). A plot
01 25 set. of D L .alue. and salicylic acid concenlratlon.
(1.00-10.02 Ilg/mL) ga.e a olralght line (correletlon coeffl·
clent = 0_9998) and relatl.e olandard de.latlon (sli) for a
oIope 01 1.2% _ A typical .....y reoult for commercial aoplrln
powder wa. that the content of salicylic aold wao 0.0361 ±
0.0005% (at the 95% conlldencelmn) wllh ./i of 1.2% for
'Ive measurement•.

It has been shown that the application of derivative tech­
niques to spectrophotometry is very useful when there exists
signal overlapping or interferences (1-3). Moreover, the ex­
perimental procedure is simple and tim....ving. Despite these
advantages, however, few applications of derivative spectro­
photometry have been published (4-7).

This paper describes an application of second derivative
UV spectrometry to permit a simple and rapid llSS8y of ..I-

icylic acid in aspirin powder. As salicylic acid, the major
decomposition product of aspirin, irritates the digestive sys­
tem, the limit of salicylic acid content in aspirin powder is
prescrihed to he 0.1 % by the Pharmecopess (8.9). Rutthe
assay for aspirin powder described in them is qualitative.
There have been some reports on the assay for salicylic acid
of 0.1 % conlent level in aspirin by gas-liquid chromatography
(GLC) (10). liquid chromatography (1 I). and high-performance
liquid chromatography (12). Although the retention times
of salicylic acid were within 10 min in everyone of these
chromatographic methods (10--12), time-consuming chroma­
tographic conditioning was essential for all of them and
chemical derivatization was necessary for the GLC method
(10).

EXPERIMENTAL SECTION
Solvent and Chemicals. A J% chloroacetic acid-ethanol

solution was used as 80IvcnL Salicylic acid was twice recrystallized
from hexane, and standard salicylic acid solutions of various
concentrations were prepared by dilution of 8 stock solution with
the soh·ent. Salicylic acid free aspirin was obtained by twic~

recrystallization of aspirin from acetone.
Preparation of Assay SolutioDs.' Assay solutions were

prepared immediately before mClUIurcment. A 150-mg sample
of aspirin powder was dissolved in the solvent to bring the mixture
to 25.0 mL.

0003-2100/83/0355-0054$01.50/0 C 1982 American ChenW::a1 SocIety



Figure 1. second derivative spectrum of a didymium fllter.

Figure 2. Absorption (zero order) and second derivative spectra of
salcy1lc acid (3.0 ~gJmL) and aspm (12.1 ~gJmL) (a) and tho spectra
01 their mixture In the concentration raUO of 1:2000 (b).

Second Derivative UV Spectrometry. A differentiator was
constructed with electronic derivative circuits (1, 13). Three
circuits having varied differential time constants (2.7, 8.2, and
22.08) were incorporated and anyone of them could be selected
by switching. The differentiator was connected to a double-beam
scanning spectrophotometer, Shimazu UV-210A. The derivative
spectra were obtained at 8 slit width of 10m. 8 scanning speed
of 120 om/min, and a time constant of 22.0 8.

RESULTS AND DISCUSSION
Second Derivative Spectrum of a Didymium Filter.

Figure 1 shows a second derivative spectrum of a didymium
f1Jter measured under the same derivative conditions employed
for the assay of salicylic acid (see Experimental Section). The
positions of troughs in the second derivative spectrum were
shifted along the scanning direction (toward short wavelength)
by about 10 nm relative to corresponding peaks in nonderi­
vative absorption spectrum. The spectrum may serve as a
certain index when the derivative conditions are referred to
other derivative devices or methods.

Absorption (Zero Order) and Second Derivative
Spectra of Salicylic Acid, Aspirin, and Their Mixture
(1:2000). The absorption spectra of salicylic acid (3.0 ~g/mL)

and aspirin (12.1 /'g/mL) are depicted at the bottom of Figure
2a. Since the concentration of aspirin was not much higher
than that of salicylic acid, the zero-order spectrum of aspirin
showed no absorption at the A~ of salicylic acid (302 nm).
Thus the concentration of Mlicylic acid in a mixture with a
comparable amount of aspirin could be deurmined from the
absorbance at 302 nm without any interference of aspirin
signal. However, since the content of salicylic acid in aspirin
powder is prescribed not to exceed 0.1 % (8,9), the concen­
tration of aspirin would be considerably higher than 1000 times
that of salicylic acid in practical cases. The zero-order
spectrum of a mixture of salicylic acid and a great Quantity
of aspirin (about 2000 times of salicylic acid) ia illustrated in
the lower part of Figure 2b. The salicylic acid signal was
severely inurfered with hy a large aspirin band, so that the
determination of salicylic acid by conventional absorption
spectrometry would not be feasible.

The upper spectra in Figure 2a ilIustraud the second de­
rivative spectra of salicylic acid and aspirin, respectively. The

ANALYTICAL ClEMISTRY, VOL 55, NO.1. JANUARY 1983 .55

spectrum of salicylic acid showed a trough at 292 nm and a
saulliu peak at 316 om, and the spectrum of aspirin showed
a trough at 264 nm and a saulliu peak at 264 nm. It was
apparent from comparing the zero order and second derivative
spectra in Figure 2a that the detection power for both salicylic
acid and aspirin was enhanced by differentiation. The limit
of detection for salicylic acid in the second derivative spectrum
was about 0.12 /'g/mL, since the height of trough-to-peak was
almost equilvalent to twice of peak-to-peak noise at this
concentration.

The second derivative spectrum for the mixture of sa!ic.:ylic
acid and aspirin (1:2000) is shown in the upper part of Figure
2b. On account of the large satelliu peak of aspirin, the trough
of salicylic acid at 292 om disappeared but the saullite peak
of salicylic acid at 316 nm seemed to be reproduced. If the
height of the satellite peak measured with respect to the
derivative zero, denoted by D L in Figure 2, would not be
affected by coexisting aspirin, it could be used for the quan­
titative determination of salicylic acid in aspirin powder.

Eflect of Coexisting Aspirin on D L Values. The in·
fluence of aspirin signal on DL values could be known by
comparing the DL values of a solution of salicylic acid alone
with that of a solution having the same salicylic acid con­
centration but containing large amounts of aspirin. For this
purpose salicylic acid free aspirin was needed, since if aspirin
added to a salicylic acid solution contained salicylic acid or­
iginally, the amount of salicylic acid in the solution would be
increased and the results could not be reliable. Salicylic acid
in aspirin was removed by recrystallization. When the second
derivative spectrum of highly concentrated aspirin solution
(6 mg/mL) did not show any signal at 316 nm (DL = 0), the
aspirin was considered salicylic acid free. Among the several
recrystallization solvents (benzene, chloroform, dioxane, is0­
propyl alcohol), only acetone could give salicylic acid free
aspirin.

One more problem which would make results uncertain was
the hydrolysis of aspirin to salicylic acid in the sample solution
during the experiment. When a second derivative spectrum
of salicylic acid free aspirin in ethanol (6 mg/mL) was mea·
sured repeatedly at intervals of a few minutes, the recorded
line at 316 nm gradually raised from the base line due to the
formation of salicylic acid by the hydrolysis of aspirin. In order
to suppress the hydrolysis of aspirin, acid-containing ethanol
could be used as solvent (14). Three kinds of acid, phosphoric
acid (85%), acetic acid, and chloroacetic acid were tested. A
6O-mg sample of salicylic acid free aspirin was dissolved in
10 mL of ethanol which contained one of these acids with 1%
concentration and the second derivative spectrum was taken
repeatedly for I h with some time inurvals. The plot of the
obtained DL values against the time «(H;() min) yielded a
straight line for each acid. The comparison of the suppression
effect of each acid was carried out by using slopes of the lines.
The results summarized in Table I showed that the hydrolysis
of aspirin was most effectively suppressed in 1% chJoroacetic
acid-ethanolsolvent, since the slope of this solvent was about
one-seventh that of ethanol. Though the hydrolysis of aspirin
could be suppressed to some extent by using this solvent, it
was still recommended for higher accuracy that the experi­
mental procedure, from dissolution of aspirin to measurement
of spectrum, was to be accomplished within 15 min. Since
the time necessary for one scanning was about 1.5 min,
measurement of spectrum for a sample could be repeated five
times in 15 min.

The influence of aspirin signa1 on DL value was investigated
at three different salicylic acid concentrations of 5.0, 1.0, and
0.3 ~g/mL and the amount of aspirin incorporated wasH
mg/mL. The measurement of spectrum was repeated five
times for each samples and the mean value of five DL values
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Tabl. I. Suppreslon Efrecll of Acid. on Aspirin
Hydrolyailln Ethanol Solution

Table III. Accuracy in Second Derivative UV
Spectrometric Det.ermination of Salicylic Acid

a Prepared value. b Mean value of five x's calculated
from DL values using eq 1.

salicylic acid concn, Ilg/mL
;0 x b

conen in
eUtanol. .lope,a

acid added % mm/h

none 15.1
phoaphorie acid (85%) 10.0
acetic acid 5.2
chlaroacelie acid 2.1

a The slope was obtained (rom the plot of D L values
against time. Derivative conditions are given in the
Experimental Section.

1.002
2.003
3.005
5.008

10.015

1.004
2.004
2.994
5.024

10.031

% accuracy
100(i - x)/x

0.20
0.05

-0.37
0.32
0.16

Table 11. Effect of Aoplrln Concentration on the Height
of Second Derivative Satellite Peak of Salicylic Acid (DL )

amto!
salicylic aspirin fraction of

acid conen, added. salicylic
~g/mL mg/mL acid, % DL,a mm

5.014 0.0 100.0 40.41
6.01 0.0834 40.07

1.003 0.0 100.0 8.28
6.14 0.0163 8.29

0.301 0.0 100.0 2.42
6.15 0.0049 2.46

a Mean value of the five duplicate measurements.

was taken. The results are shown in Table 11. At every
salicylic acid concentration. there could not be seen any effect
of the coexisting aspirin on DL values, even where the amount
of aspirin incorporated was more than 20000 times that of
salicylic acid (corresponding to salicylic acid fraction of
0.0049%).

Calibration Curve (or Salicylic Acid. To obtain a
calibration curve for salicylic acid, the second derivative
spectra of standard salicylic acid solutions were taken for five
varied concentrations (1.002-10.015 ~g/mL). The spectrum
was measured five times for each concentration, 80 that 25
sets ofDL values (y) and salicylic acid concentrations (%) were
obtained. The correlation coefficient between y and % was
calculated to be 0.9999 and a plot of y against % yielded a good
straight line which intercepted the origin. The slope was 8.01
mm/CH,/mL) with a relative standard deviation (s/X) of 1.2%.
These corresponded to the confidence limits of 8.01 ± 0.04
mm/(~g/mL) at the 95% level. The salicylic acid concen·
tration % ~g/mL could be calculated from I/slope X Dc. that
is

% = 0.125 X DL (1)

Accuracy of the second derivative method for salicylic acid
was calculated by eq 2. using the data of the calibration curve

% accuracy = (f - xl/X X 100 ("10) (2)

where i is the prepared concentration of salicylic acid in a
standard solution and X is the mean value of the salicylic acid
concentrations calculated by eq 1 for each five DL values. As
the results in Table mshow. good accuracy was proved for
the second derivative method at every salicylic acid concen·
tration.

Allay o( Commercial Aapirin Powden. Three kinds
of commercially obtained aspirin powders A, B, and C were
8S88yed and the results are listed in Table IV. The salicylic
acid content of the aspirin powders tested feU weU within
0.1 %. The statistical calculations of the 8S88y results showed
satisfactory precision of the derivative method.

In conclusion, it was demonstrated that the second deriv·
ative UV spectromelly could permit a simple and tim..saving
assay of salicylic acid in aspirin powder which had sufficiently

Table IV. Aoaay Resulta of Salicylic Acid in
Commercial Aspirin Powders

salicylic acid

aspirin concn,
sam-concn, ~gl content,
pie mg/mL mL %

A 6.060 2.16 0.0356 mean 0.0361 :t 0.0005 0

5.976 2.15 0.0360
6.092 2.18 0.0358
5.924 2.15 0.0363 slx b = 1.2%
6.040 2.22 0.0367

B 6.248 2.38 0.0381 mean 0.0376 , 0.0006"
5.928 2.24 0.0378
6.032 2.26 0.0375
6.100 2.30 0.0377 slx b = 1.2%
5.968 2.20 0.0369

C 5.980 1.56 0.0261 mean 0.0269, 0.0007"
5.992 1.64 0.0274
5.996 1.59 0.0265
6.084 1.65 0.0271 six· = 2.1 %
6.154 1.68 0.0273

a Confidence limits at 95% level. b Relative standard
deviation.

good accuracy and precision. The method could have a
poasibility of applicstion to the similar problem of determining
very small amounts of impurity in pure chemicals.
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An adjuslable wava I",", spark IOUrC8 and argon flow lei ars
usad to produce a pooItIonally Itable spark train. The Image
of the spark Is relayad to an Intennadlate local plane con­
taining rnaaka 01 varying _..... Back~ptaama, and
ionized electrode em_ are _ad by poaItIoning the

maak In Iront 01 the central core 01 the dlacharge, leaving
Ilmpler apectra wnh Ie.. nolae to enter the apectrometer.
Thre.. to ten-Iold Improvementl In algnaVnolae are reportad
lor common ImpurUlel In commercial aluminum alloyl, 11 II
Mown that loll algnal due to maaklng can be reeoverad by
rotating the dlak aample and Increaalng the repetition rate 01
the BOurce.

The signal and background levels in a positionally stabilized
spark discharge can be decoupled. The discharge displays
radial structure, with many of the common analytical lines
emitting in its radial wings (1). Much of the background and
its noise is, however, confined more to the central core, along
and coaxial with the interelectrode axis. U the light observed
from the discharge is restricted to that originating in the outer
radial regions, the spectra are Rimpter. the lines narrower, and
the signal to noise ratios higher than observed if all of the
radiation is detected.

There is additional information in the time domain (2, 3).
The analytical signals tend to maximize when the time de­
rivative of the discharge current is negative, while background
and plasma ion noise signals tend to maximize when it is
positive. Example spectroscopic data showing these charac·
teristics of a positionally stable spark have been published,
along with evidence and ideas on their physical causes (4).

When either spatial or temporal discrimination is used in
observing the radiation emitted from a positionally stable
spark train, some usable signal is lost. This occurs mainly
because the separation in time or space between signal and
noise is not abrupt. but rather continuously melds from region
to region (5). This need not be a fatal naw to the discrimi­
nation technique if the losses can be compensated by a real
increase in the amount of useful signal generated by the spark.
We have shown this to occur when the repetition rate of the
spark source is increased (6) and the early times in the burn
monitored (7). Thus, by combination of higher repetition rates
with techniques that use more of the electrode surface to give
the equivalent of observation early during a burn, spatial or
temporal discrimination will show real improvements as
mentioned, without significant analytical system losses.

To illustrate the discrimination technique, experiments were
conducted with conservative equipment and straightforward
procedures. These methods obviously would not be used in
a production situation. For example, for exploration of all
effects of parameter changes knowledgeably, data were re­
corded photographically, with darkroom procedures suffi-

I Present address: Department of Chemistry, 81. Olaf College,
Northfield, MN 55057.

tpresent addreu: Rockwelllnternational, P.O. Box 27930, Den·
ver, CO 80227.

ciently standardized to allow day-to-day reproducibility on
the order of 5% or less. To produce the discharge train and
cover a wide range of repetition rates, we modified an air·
interrupter spark source (8) to produce a pulsating, unidi­
rectional current wave form. To stabilize the discharge
positionally, we directed argon coaxially with the intere1ectrode
axis, from anode to cathode, using a simple nozzle (9-1 J).

To capitalize on the increased sampling efficiency that
occurs during the first portions of a burn with a positionally
stable spark discharge (7), without actually time-resolving the
photographically·detected spectra, we rotated the aluminum
cathode at -4 rpm during the exposure. This provided a
continually refreshed electrode surface, giving the same
performance spectroscopically as is observed during the fust
few seconds of a burn to a stationary electrode attacked by
a positionally stable spark. This also allowed a primitive
averaging of the radial inhomogenieties in the electrode
(12-14). Then a modest adjustment in the repetition rate was
done to accent the electrode signal over the background, again
due to enhancements in the sampling efficiency (6, 7).

Spectral lines for analysis were selected from temporally
and radially resolved spectra, obtained from instrumentation
that allowed high·fidelity acquisition of such multidimensional
spectra (IS). All analytical data were acquired in a time-in­
tegrated mode. To verify that the line intensities detected
in this mode were responsive to the spark source parameters
(16), we measured the time integral of the current wave form
as a function of changes in the source inductance. Then, the
line intensities for selected test lines from the cathodic elec­
trode were also measured as a function of increasing source
inductance. Correlation between these data was used to signal
proper correspondence between the spark source and electrode
sampling. In all, the spark source, while conservative in
comparison to present computer-controlled electronic units
(17), was well behaved.

In this paper, the above introductory remarks will be am­
plified with experimental parameters. Then data taken with
aluminum electrodes sparked in argon will be presented to
illustrate the points made. We will also show spectra and
microscope data that address the issue of increased current
efficiency relative to electrode sampling. Following this, we
will show the improvement in spectral simplification and in
signal to noise ratios that result from optically masking the
central core of the discharge.

EXPERIMENTAL SECTION
The apparatus consisted of a modified (8) air·interrupter spark

source, a conventional arc-spark stand containing an eleeuode
rotator assembly, a quartz transfer lens, a concave grating eagle
spectrograph, conventional darkroom equipment, a recording
densitometer, and an assortment of conventional electronics and
electrode preparation devices. A complete set of experimental
parameters for the above is given in Table I.

Electrodes were prepared by machining disks of aluminum to
the proper circular shape and then drilling and tapping a small
hole in their center. One aurface was then turned. to a smooth
finish. The disk was then mounted on a rotating arbor in the spark
Btand as shown in Figure I. The disk was cathodic with respect
to the tungsten pin counterelectrode. The countere1ectrode was

0003-2700183/0355-0057101.50/0 C 1882 _ Cho<rkoI SocIoty
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Figure 2. Current wave forms produced from the source described
In ref 8 under the followIng parameters. L1 = 56 IlH & l2 as per: (A)
residual, (8) O. 1 ~H. ICI 2.2 ~H. (0) 6.0 ~H. (E) 10 ~H. (F) 88 ~H.

'2
~ 2,0

~
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Figure 3. Coulombs per spark for current wave forms varying from
fully oscIIlalory (leh of line A-A) 10 fully unldreetJonal (right of line A-A).
For the oscillatory discharges the coulombs apply only to hatf cycles
where the aluminum electrode In Figure 1 was cathodic.

centered in the jet with three screws at 1200 separations, such
that it could be replaced periodically. With this configuration
and the air-interrupter spark source, the discharge was sufficiently
stable to produce a burn between 2 and 3 mm in diameter at
electrode separations between 2 and 4 mm. The gas flow was
adjusted about a nominal value of 0.5 L min-I to produce optimwn
stability.

The spark source parameters were fixed, except for the
wave.shaping inductance L2 (18). This was adjusted to produce
the wave forms shown in Figure 2. The current was measured
with a Pearson Electronics Model 110 current transformer into
a Tektronix type 547/lAl oscilloscope/plug-in combination.
These wave forms were selected as working standards to be used
for all measurements. They allow the range of charge shown in
Figure 3 to be delivered to the aluminum electrode. The alu­
minum and selected impurity lines that were chosen to monitor
signal '" background changes with respect '" spatial discrimination
are indicated in Figure 4. It is evident that they are all responsive
to the changes in current wave form in reasonable proportion to
the changes in the number of coulombs delivered to the electrode
(I!}-2l).

Optical discrimination is accomplished by placing one or an­
other of a series of copper wires at Sirks focus in front of and
parallel to the spectrograph slit and then focusing an image of
the positionally stable spark channel on the wire using a 20-cm
focal length biconvex quartz lens. Corrections for chromatic
aberration were Dot made (22). The experiment as executed is
shown schematically in inset A of Figure 5.

A wire having a preselected diameter between 0.5 and 2.5 mm
is placed between the spectrograph entrance slit and the spark
gap. in line with the spark and to one side of the optical aris. The
electrode is started rotating and the spark started. After five to

ABC

•••D E F

•••

ARGON
__ INPUT

1- O.~ L.lI'llN.)

ROTATING
ALUMINUM

-"so<
(CATHODE I

BELT DRIVEN
-- (- .. RPM)

'",
.,,

densitomctcr

Table 1. Experimental Parameters

source: National Spectrographic Laboratories, KE·1234.
modified as per ref 8
capacitance O.012JjF
spark power 10
resistance 0 added
inductance, Ll 56 JJ H
inductance, L2 variable, 5-40 j.lH
oscilloscope Tektronix 547/1 Al
current monitor Pearson, Type] 10, current

transformer into 1 Mn
spark sland: Spcx Industries, Inc.. No. 9010 arc/spark

stand
electrode gap
cathode electrode
anode electrode

3 mm typ
aluminum Oat (sec Figure 1)
3% thoriatcd tungsten

(sec Figufe)
gas argon
now ratc 0.6 L/min
cnU\odc rotation 4 rev/min

spectrograph: Baird-Atomic RORS Mod. 6X-l, 3.0 m
Engle Mount
slit width 0.050 mm
spectra/plate 28, with 2.5 mm plate aperture
grating angle 3°
grating mask 1.8 cm height
wavelength range 2400-5] 00 A
dispersion 5.5 A/mm, first order

emulsion: Kodak, type SA-l, 4 X 10 glass plates
development Kodak, 0-)9, 4 min
slop Kodak stop, 30 s
fix Koduk fix, ] 0 min
wash deionized water, 30 min
processor Jarrell-Ash Model 34-301
calibration Baird-Atomic seven-step sector,

3-A OC iron nrc
Baird-Atomic, recording, Modcl

nC·2, operatcd as per
slit hcight 1 mm
slit width 0.007 mm
scan rute 0.0055 mm/s

f9n 1. 6ec1rode oonliglntlon and nomilaI experimental parameters
tOf ll"odocIng stable spar!< discharges.

mounted to a jet assembly, through which argon was delivered
coaxially with the tungstAln pin. The pin was held in a collet and
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Flgwe 4. Relative Intensities of selected spectral lines In response to
the same changes in source Inductance L2 as reported In FIg1X8 3.
Matrix and sample Impurtty lines In insets A. B. and 0 respond to the
couiombs <leive,ed to tile akJrninun ele<:tr_, backgrcxro. AI 111. and
Ar III lines do not (insets B and C).

Figure 5. illustration of the masking experiment (inset A) and the
changes In detected spectra that resuh from different mask poslUons.
Spectral simplification rOt two mask positions is shown In lnset B.
BackgrOln1 recU:tlon 'Of" ttY.. mask posl1ions Is shown n _t C. The
current wave form is 0 In FIgLre 2.

six full revolutions, the emission from the spark has stabilized
(see Figwe 6). The shutter to the spectrograph is then opened
and an exposwe taken. The spectrograph camera is then racked
to a new position, and the identical run repeated with a new
electrode mounted in the stand.

After each pair of exposures, the mask is shifted in position
by at least one diameter closer to the optical axis, and the same
complete exposure routine is repeated. A set of exposwes usually
is taken, corresponding to moving the mask completely through
coincidence with the optical axis. Spectra similar to those in
Figure 5 result., where each two positions on the plate correspond
to duplicate runs at one mask position. A few lines are identified
in Figure 5 to illustrate the more obvious spectral simplification
that results when the mask has been moved to a position directly
coincident with the spark channel.

Proper darkroom and densitometer procedwes are essential,
since each masking experiment may require as many as a separate
set of plates per parameter change. A Jarrell·Ash 34·300 pho­
wpr0ce880r was used w develop the plates according w tbe pa-

CALIBRATION
Two parts of the experiment were calibrated before spatial

discrimination work was begun. The first part was to verify
for the matrix lines of aluminum that there was a corre­
spondence between the total amount of charge delivered to
the electrode and the integrated line intensities, both in terms
of the number of coulombs per spark (Le., the area of the
current wave form) and in terms of the number of sparks per
second per expollure (i.e., the repetition rate). This is necessary
to allow normalization of spectra that have different degrees
of spatial discrimination, so that when a particular signal to
noise ratio is observed, it also is known what fraction of the
wt.a! intensity changes that bave occurred can be compensated
via spark source adjustment.

The spark source was calibrated by photographing the
current wave forms of interest, graphically measuring their
area, and then plotting that area against the relative value
of the inductance L2 that was used to produce the different
wave forms. When the discharge was osciIJawry. only the area
of the half cycles when the aluminum electrode was cathodic
was measured. Then the same changes in inductor L2 were
used w prepare a series of time integrated spectra. Lines we...
identified in these spectra tbat were expected to be useful in
the discrimination studies as indexes of the amount of "signal"
present, i.e., the analytical signal of choice due w the electrode
material as opposed to the plasma lines and continuous
background. The intensities of these lines we... measured and
plotted as a function of the same relative value of the inductor
L2.

The source data are shown in Figure 3. The abscissa is not
linear. and should be interpreted only in terms of the data
shown in Figure 4, where relative line intensities over back­
ground are plotted against the same set of source inductanceS.
Data w the left of the vertical dotted lines in both figures
correspond to an oeciJJawry discharge, while data w the right
correspond to 8 pulsating unidirectional current wave form..
Correlation plots were not made of the line intensities directly
against number of coulombs because the discontinuity that
occurs when the wave form. changes from oscillatory to uni·
directional changes the physical nature of the discharge as
well as the current wave form (18).

The data in Figure 4 for the unidirectional current wave
forms indicaw that most AI I line inwnsities respond to in-

Figure 8. Nonmasked spectra observed 85 the alum6num cathode
shown in FlgJre , rotated under tile posItlonaIy stable spar1<. Mask01g
experiments are begun after the third or fourth rotation. See ref 7•

ramet.ers in Table I. After being washed, each plate ';\lIS carefully
wiped with photographic sponges dipped in Kodak PhowFlo 200
wetting solution, and dried under gentle heat to a spot-free
condition. For quantitation. a conventional seven-step sector
method of emulsion calibration (23) was used to convert T to
relative intensity. Each development was done on two plates at
the same time, and each pair of plates was calibrated before
quantitation.
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f1gl.n 7. MIcroooopIc~ of _ auninIn1 calhode Maca
erosion by the spark Clnent wave forms shown when the electrode
is rotated dLling an exposl.W8 and held sUI. See also ref 7.
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Figur. 8. Effect of spark source repeUtlon rate on se'eeted plasma
and alumlnum cathode electrode lines fOf' a nonrotaUng electrode.
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creases in the area of the current wave form (e.g., inset A),
as do selected Al II, Ti II, and Cu 1 lines (inseIB B and D),
Background does not, at least to the same degree as the above
lines, nor do the selected .et oC AI and Ar III line••hown in
inset C. We conclude Crom th... data that any .ignallost in
8 discrimination experiment could at least be partially re­
covered by increasing the number of coulombs delivered to
the sample electrode via adjustments in the source wave­
.haping inductor L2.

Because there were cases when it was not desirable to
change the current wave fonn, 8 second calibration experiment
was done on the spark source to determine how time inte­
grated line intensities could be increased by adjustment in
spark source repetition rate. Because the literature precedent
is against this as an effective parameter for 8uch adjustments
(24,25), we report here oW' flJ'8t investigations on microscopic
electrode eroflion patterns produced by different current wave
forms. The data in Figure 7 show differences in electrode
erosion that result on an aluminum cathode held stationary
under a po.itionally .table .park compared to one that is
rotated at approximately 4 rpm Cor three different wave Corms.
The "puddled" appearance oC the .tationary electrode ill clear,
as ill iIB traceability to a lack oC electrode rotation, rather than
a unique current wave form (26).

We have .hown that when an electrode has thill "puddled"
appearance (7), the emitted light ill both noillier and oC lower
intensity than when the electrode surface erosion has 8 more
granular appearance. Further. we have ohown (6) that under
the conditions that produce the granular erosion, the spark
source repetition rate is effective as a parameter that affects
time integrated line intensities. These independent obser­
vations are verified here by comparing the eCCect oC repetition
rate on the intensities of selected lines for stationary and
rotating electrode.,

The data in Figure 8 .how the eCCect oC .ource repetition
rate on line intensities over background for a stationary
electrode. It ill evident that the main eCCect oC increasing the
repetition rate in this case is to increase the intensity of the
.pectzaI noise, i.e.• the Ar III, Ar n. and background radiation.
The matrix and analytical impurity lines respond only .lug­
gishly if at all to the increased repetition rate. However, as
shown in Figure 9, the situation is much different when the
electrode ill rotated. In that case, the analytical line intensiti..
over background increase with increases in source repetition
rate at least as much as the plasma and background ratiation,
and in lOme C8808 to a greater degree. Thi. represenIB a real
increase in available aignal. From these data, and our previous
work, we conclude that there has been a real increase in the
sampling efficiency.

-,:: : :::.: -f . :~',: :r:::':: /.
~i /~'l>~ :: j/
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:I~f'
Flgur. 9. Effect of spark s<X.rce repetition rate on the lines shown
In F~ure 8 fOf' a rotating electrode.

From these two calibration experiments, it is reasonable
to expect total light losses from spatial discrimination to be
recoverable, at least in part, via adjustment oC either the spark
current wave form or the spark source repetition fate, both
oC which are quite .impl. to accomplish in recent all electronic
(17), computer-controlled units (27), It remains then to il­
lustrate the gains to be made by such discrimination.

SPATIAL DISCRIMINATION
The results to be expected from a spatial discrimination

erperiment can he anticipated by observing the time and space
resolved emission spectra from the positionally stable dis·
charge. Such .pectra, produced by a discharge train with the
current wave form shown in Figure II, are shown in Figure
10. The instrumentation used to photograph the spectra has
been preoented (IS). The optical window through which the
spatial discrimination was obtained was placed at two dis­
tances up Crom the aluminum cathode .urCace (0.5 and 1.2
mm). These are the "axial slices" Crom within which the
emission is radially resolved. This resolution gives structure
along the length oC the .pectral line.. Each .pectrum is
.trohoscopically photographed at a particular time aCter
discharge ignition and, thus, at BOrne particular instantaneous
current value.

It ill evident by inspection that much oC the noise radiation
in Figure 10 i. at a maximum in the central radial regions oC
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Table II. Line Identification for Figure 10

line no. species wavelength, A

1 Aim 3612.4
2 AI 111 3601.6
3 ArII 3588.4
4 AlII 3587 mix
5 A< 11 3582.4
6 A< 11 3576.6
7 A< 11 3561.0

3562.2
8 ArII 3559.5
9 A< 11 3545.6

10 All 3092.8
Ar11 3093.0

11 All 3082.2

Table III. Line Identification for Figure 12

F'gure 10. rune and space resotved spectra lor two axial displace­
ments Irom the aluminum cathode surface taken with the Instrumen­
tation described in rei 15. Marked lines are ldenttfled in Table II. The
vertk;al spark Interelectrode axis lollows the horizontal (wavelength)
axis 01 each spectrum. The rtg'lt-hand scale shows the radial extent
of the emission. Numbers to the riglt of each spectrum are the time
to miaoseconds alter CUTent onset, r~tive to the current wave lorm
In F~ure 11.

200~~ I~O

E 100
o

50

o
01234~6789

fL sec.

Flgure 11. Discharge current wave lorm used to produce the spectra
shown in Flglle 10. Spat1t SOU"C8 and parameters used arede~
in ref 18 (mostty) and 15.

line no.

3
4
5
6
7
8

9
10
11
12
13
14
15
16
17
18

species

M~II

Mg 11
MgII
Mg11
AlII
A< 11
A<U
A< 11

ArII
Crt
Fe!
ArII
Al 11
ArII
Cr1
Aim
Crl
Aim

wavelength, A

2790.8
2795.5
2798.1
2802.7
2816.2
3545.6
3559.5
3561.0
3562.2
3576.6
3578.7
3581.2
3582.4
3587 mix
3588.4
3593.5
3601.6
3605.3
3612.4

II I II 1111111 II
3 7 911Be 17

2 4 6 8 1OL2 '" 16 tB
FIgure 12. Spectral eHects 01 maskklg the central core 01 the dis­
charge with a 2.2 mm diameter mask. NlITlbered lines are identifl8d
in Table III. Insets A and C are two-step rltlered s.pectra with the
mask at poslUon 1 In FIg....e 5. Insets 8 and 0 are with the mask at
posnlon 3.

Figure 13. Even for masks as small as 0.6 mm, the plasma
radiation is reduced by more than a factor of 2 relative to the
background when the center core is optically blocked. On the
basis of just these dsta, it would be best to use the smallest
mask practical, since this would reduce the total amount of
usable signal available to a lesser degree. There is however
another advantage to using the larger mask.

The relative amount of radiation in the analytical lines
compared to that in the plasma lines does maximize with mask
size, as shown in Figure 14 for the aluminum matrix lines, in

the spark gap, at times when the current is peaking. This
includes background as well as the Al III and A< II radiation.
Analytically useful signals, such as the no. 10 and 11 All lines,
emit into the discharge wings and at times when the current
is minimizing. Thus, by visual inspection alone, we expect
that optically masking the core regions of the discharge should
diminish the amount of plasma and background radiation
entering the spectrometer, and the amount of internally
scattered light as well, while still retaining a significant amount
of that emitted in the low-energy analytical lines. Less ob­
vious, but still to be expected, would be narrower line widths
for the analytical lines. Inspection of Figure 10 suggests a
major portion of the large line widths associated with spark
spectra compared to other discharges (28) arises from
broadening in the spark channel. By masking this region, we
expect the wing radiation, when time integrated, to produce
a narrower line.

The best visual verification of the above points is obtained
by masking with a very large mask. Effects are then accen·
tuated more dramatically than with smaller, perhaps more
optimal, sizes. Such masking is shown in Figure 12. In
comparing inset A and B, note that the lines indicated by
arrows are of about equal intensity in inset A, while they are
not in inset B. Both lines are from the same stage of ionization
but from different elements. In insets C and D, the difference
in background intensity is clear, as is that for the Ar II lines.
The Mg II lines in inset D are preserved under masking, since
they have far radial emission (29), but some of the other
analytical lines are not, sucb as no. 2, 3, 7, and 9 in inset B.
There clearly is an optimum mask diameter.

For reduction in the plasma emission relative to the
background emission, there is no advantage to a mask diam·
eter greater than (approxmimately) 1.6 mm, 88 indicated in

A.

IiiII
B

•

c.

0.
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Figwe 13. Relative intensity raOOs 01 plasma emtssMJn 85 Indexed by
Ar IJI lines 10 backgOU1d for various tiameter masks. The mask was
moved across the discharge Intere~ctrodeaxis in 11 steps 8S illus­
trated In FlgIse 5. Refer to the "00 mask" poshion lor normallzaUon.
EmJsion types and 8xpclSl.rO tines per spectrum are 8S folows: SA-l
and 50 s for Insets A-C. SA·l and 90 5 for inset D, SA~ and 90 6

fo< Inset E. and SA-3 and 185 s '0< Inset F.
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Flgwo 14. RoIattvelntonslty ratios of noub"akltom eloctrodo inos to
plasma amIsslon for various diameter masks. emuslon and exposure
parameters 8S per F~W'e 13.

Figure 15 for a lead impurity in the aluminum, and in Figure
16 for a copper impurity. There is greater advantage obtained
with a larger mask for copper, primarily because the radial
excursion of the copper line investigated is greater than for
the lead or aluminum Hnes. This then is compared to the
enhancement in signal w background rati08 for the same linea
in Figurea 17-19. ImprovementB as high as a factor of 5 are
again seen for the larger masks.

Since the study was done phowgraphically, we cannot
comment on how the precision varies with mask diameter.
There were no noticeable changea in the linearity of test
working curves for the lines shown here (see, for example,
Figure 20), but this must be viewed only as a preliminary
obaervation. Far more needs w be done to comment with
authority on the long term reliability of working curve linearity
and preciaion uaing an optically masked syatem. However,

D~c(MENr FRCJol CENTRAL AX~ (mml

Figure 15. Relative Intensity ratios of a noutral-atom lead impurity line
In ah•.mlnum to plasma ernbslon for various dlameter masks, emulsion
and exposure parameters as per FIgure 13.

e.. , 32140/A•• 32e~<J

:I :.__ 1:..._ 1 c
I

I~ ~ 1~ I
~ :~:'''Q~''='::C

Lr, ~~o~~-~ .::.~_..~:o~c~.
I 1g -I ~._- ..,-- 1: :--11

J II

I I
-1 \:

L~ ~'~. :r,~t~:,,-. . .eJ'-=-:L ·.~:~L
.. _N .... _ •••

F5gute 18. RelaUve intensity ratios 01 a neutral-atom copper i'Tlp...tty
line In aluminum to plasma emission for various diameter masks,
emulsk>n and exposLre parameters as per Figure 13.

the reduction in background is evident, and the spectra in
Figure 5 show how this can be used to great advantage in
pulling an iron line (Fe I 3581.2 A> out of a region of the
spectrum rendered virtually useless by the argon plasma
emission.

CONCLUSIONS

Even a modest amount of practical experience in emission
spectrometry using spark excitation will caution against
making a single technique or device the central focus of a
spa:k-based analytical method. Certainly, this is the case for
spatial discrimination by optical masking. In fact, there are
cogent arguments against using it in an analytical method at
all, such as the degree of discharge stabilization it could require
to achieve some prescribed precision in a working method.
However, we feel that there will be overriding values to the
approach that will juatify such efforta as are needed for itB
practical implementation. Those valuea will likely arise from
ita combined uae with other techniques w produce a better
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FIgure 17. Reiatlve Intensky ratios of neutral-atom electrode Ines to
background for various diameter masks, emulskln and exposure pa­
rameters as per FJgIX8 13.
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figure la. Relative Intansity ratios of a neutraHitom coppeo- impurity
line In ak.lrTWlum to background for various clametar masks, emulsk::ln
and expoSU'8 parameters as per Figu"e 13.

O.l+--,---,--,-..,--rnrrr----,-,-rrTTTn

Flgwe 20. ExatTl>Ie WO<1dng Cl.<Vll for a lItanUn impurity In at.mrun
using spatial _tion. The Internal standan:J Ina was AI I 3082.2
A. The cwrent wave form is shown in F9-'e 2, i1set O.

gather most of the useful signal (31). This will reduce the
exposure time and, if the time at which the peak occurs is
monitored, give good diagnostic information about the matrix
condition of the analytical sample. Using the area under this
transient peak as the analytical signal will reduce the total
exposure time needed to register a spectrum (32). To take
hest advantage of this, we recommend that the number of
burns per sample he increased up to 50 or so (instead of two
or three) so that the fmal answer reported reflects that sta·
tistical composition of the alloy (12). Then, the increased
signaJ to noise that comes from msaking can be combined with
the hetter statistics and increased matrix knowledge to also
give better accuracy. By proper analysis of the multiple burn
pattern, better precision can also result (33). An on-line
microcomputer can be used to move the electrode under tha
stable spark to produce such a grid of burns over the surface,
as well as to handle the increased amount of information
produced and processing needed.

Where the electrode is difftcult to attack, we again recom­
mand adjusting the power delivered to the sample, through
both the repetition rate and the instantaneous current within
a single discharge. If, to cause good sampling, tha instanta-
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figure 18. Relativelntenslty ratios of a neu1raHitom lead impurity ina
il alumlOlnl to background for various diameter masks. emulsion and
exposIX8 parameters as per FiglXe 13.

overall analytical result. These other techniques have heen
developed hut have heen reported separately, and with some
fragmentation. This paper is well concluded by mentioning
how they all could work together to give much hetter total
system performance than we have come to expect from the
spark.

When the discharge channel is masked, as shown here, we
expect hetter signal to noise in the method, along with the
narrower lines and simpler spectra. But, we also expect lower
total flUl<, and thus longer exposures. To compensate for this,
we suggest that the repetition rate of the spark source he
increased. This can now he done with electronic ease (30),
since the technology is availahle by using microcomputers to
ftre the soun:e and with ftber optic links and simpler electronic
spark source circuitry to just about eliminate the last of the
real problems with radiofrequency interference.

As the repetition rate of the spark source is increased, the
ftrst emission from the train of sparks making up a single
expoeure will peak earlier, requiring only a second or so to
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neous current within a single spark becomes so high that the
signal to noise benefits gained through spatial dscrimination
are defeated (34), we recommend synchronously time gating
the detector integrator circuit during the valleys of the currrent
wave form (35). The same microcomputer that is used to fire
the spark and move the electrode can also do this, even though
the situation today is economically such that it is quite sensible
to design for several machines being active at once (36). The
signal to noise can then be increased again, further compen·
sating for the higher background that would come from using
higher power on more difficulty sampled alloys.

The net picture here then is one of substantial enhance­
ments in overall analytical performance, all based on prior
experiments! research and all possible at expected modest cost
due to the simpler electronic. computer-controlled spark
sources presently possible. We look forward to reporting the
first results of such combined techniques in the near future.
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Analysis of Pharmaceuticals by Fluorine-19 Nuclear Magnetic
Resonance Spectrometry of Pentafluoropropionic Anhydride
Derivatives

Gary E. Zuber,' David B. Slalger, and Richard J. Warren

5mIth Kline & F,,,,,ch I.JJboralorlBs. P.O. Box 7929. PhIladelphia. Pennsylvania 19101

A quanl"allva melhod lor lhe Iluorlne-19 NMR analy. 01
pentalluoroproplonlc anhydrlda dartvallzed pharmaceutlcal8
18 pr_nl8d. The procBdure 18 b..... upon c:Ivomalogrephlc
derlvallzatlon me_ Reactions were canted out In deu­
larat8d chloroform UIIng apprClxmalely 50 mg 01.......... The
aample. analy>8d wera bulk pharmaceutical malertal8 and
~ cloe8ge lonna c:onl8Ir*lg hydroxyl and ""*'" groupo. In
_ c_ the calalyst pyrtdlne al a reactIon temperalura
01 55 ·C wu ..... to Ihorten lIle ..action _ and to __
complete dertvllllzallon. ThIe ftuorlne dertv_ lechnIque
r....... 1n fluortne..19 NMR opectra or pharmaceutlcall which
are lINalIy IImpIIIIed In compartoon to their more complex
proton opectra. The maJor advanlage 01 the method 18 lhe
epeed wlIh which the an8/y818 can be canted out llnee moot
dertv8llz8llonl a.. complel8d In 10 min. The broad appllca­
lion oIlhIB technlqua to pharmaceutical analy. 18 report8d
along w"h accuracy and precl8lon data.

The quantitative analysis of pharmaceuticals as commonly
done by gas chromatography is often a time-consuming and

difficult procedure (1). The use of proton nuclear magnetic
resonance (NMR) for drug determinations is sometimes lim·
ited due to the complex NMR spectrum of some molecules,
Consequently. we decided to develop an analytical procedure
using fluorine derivatization of drugs containing active hy·
drogens and subsequent analysis of their fluorine-19 NMR
spectra.

Fluorinated derivatives are extensively used in analyses by
gas chromatography (GCl and mass spectrometry (MS) (2-5).
but their application in Quantitative nuorine~19 NMR spec~

trometry, especially for pharmaceutical analyses, has been
somewhat limited. A great deal of work has been done with
hexafluoroacetone (HFA) and fluorine NMR to quantitate and
characterize active hydrogen compounds (6-9). Since this
initial work, wme recent applications in the areas of food and
coal product analysis have been made (10, 1I). The disad­
vantsge associated with these HFA methods is that they re­
quire the use and storage of a reagent gas which is a potential
toxicity hazard. In addition, fluorine-19 NMR analysis of
trifluoroacetyl derivatives has been used to determine organic
compounds and also some biologically related materials
(12-17). Trifluoroacetyl derivatives can be formed by using

0003-2700/63/0355·00641')1.60/0 C> 1962 Amoric:an ChomIcaJ Socloty
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FIgura 1. FkJome-19 I'.M\ spectnrn 01 darivalizad choIasteroi n CDCI,
(sweep widIh = 100 ppm).

RESULTS AND DISCUSSION

An example of 8 typical reaction between the drug chole­
sterol and PFAA appears below.

(2)

-50

CF, ReQior1

.. HO-CCf,cr... ICfoCr,o.-o, .
o 0

u_
PFAA

-JO

PPM From TnlluorOXltanil;oe

The numbers in parentheses represent the chemical shifts
in parts per million upfield from the reference trifluoro­
acetanilide.

Figure I shows a I()().ppm fluorine-I9 NMR spectrum of
derivatized cholesterol. This spectrum is fust order with
quantitation possible either in the CF, region (-6.8 to -7.4
ppm) or in the CF, region (-45.6 to -46.4 ppm). Figure 2 is
a Io-ppm expansion of the reference and both the CF3 and
CF2 signal regions of the cholesterol derivative. Signal a at
-7.2 ppm represents the CF3 group of the cholesterol derivative
and signal bat -46.0 ppm the CF,. Each of these signals was
integrated five times VB. the reference standard trifluoro­
acetanilide. The results were then analY2ed by means of the
following basic equation.

integration (sample) X wt (std) X

integration (std) wt (sample)
equiv wt (sample)

equiv wt (std) X 100"/0 ; % determined (3)

In cases where both the CF, and CF, signals of the derivative

pyridine in deuteriochlorofonn was added immediately following
the addition of PFAA.

In cases which required both pyridine and heat. an excess
amount of 1.0 M pyridine was added to the NMR tube containing
the sample, reference, and PFAA. This tube was then placed in
a water bath kept at about 55°C for the proper reaction period
(usually 10 min) and then analyzed hy fluorine-19 NMR.

After the initial Ouorine-19 NMR analyses were made. each
sample was washed with a saturated sodium bicarbonate solution
to eliminate any excess PFAA and pentaOuoropropionic acid
presenL Each sample was then reanalyzed under the same NMR
conditions previously described.

a variety of different derivatization reagents, the mOBt popular
ones being trifluoroacetyl chloride and trifluoroacetic anhy­
dride. Use of trifluoroacetyl chloride still requires the poIl8ibly
undesirable storage of this reagent gas, and the use of volatile
trifiuoroacetic anhydride also requires careful reagent storage.

The method presented here was based upon information
and techniques found within these previous NMR, GC, and
MS studies. We adapted the fluorinated anhydride deriva­
tization methods used in GC/MS for use in a suitable fluo­
rine-19 NMR method. The derivatization reagent chosen for
use was pentafluoropropionic anhydride. This reagent is
readily available and is less volatile than trifluoroacetic an·
hydride, thus allowing for easier storage. The formation of
pentafluoropropionyl derivatives also has another advantage
in that in most cases each derivatization reaction results in
a derivatized drug which yields a fluorine NMR where
quantitation is possible in both the CF3 and CF, regions of
the spectra. Consequently, an internal check of integralac­
curacy is present. This is not the case when trifluoroacetyl
derivatives are formed. This technique was designed to avoid
any preliminary preparation steps so that accurate and precise
results could be quickly obtained. In addition, it was felt that
quantitative analyses of anhydride derivatives by fluorine-19
NMR spectrometry should be poIl8ible even for complex drug
mixtures provided that the components of the derivatized
mixture yield well-separated adduct signals.

analyzed by fluorine-19 NMR at sweep widths of}()() and 10 ppm.
The results were then analyzed, and additional reaction time was
allowed if necessary.

In cases (e.g., phenols and some amines) where a simple catalyst
was required, an excess amount of either 1.0 M triethylamine or

EXPERIMENTAL SECTION

0 0
II II 0R1-OH CF,CF,\ RIOCCF zCF 3

HO~CF ,CF,J' + (1)

R, .........NH CF ,CF,~ R,,-

R/
"........NCCFzCF3,

0 R, II
0

drug PFAA derivative

Apparatus. The instrument used was a Perkin·Elmer R32
equipped with a Ouorine-19 accessory. The instrument operates
at a magnet field strength of 21.1 kG with resonance frequencies
for Ouorine-19 at 84.6 MHz and proton at 90 MHz. All spectra
were obtained at a lOO-PI)m sweep width initially and also a
lo-ppm sweep width for quantitation. A lBo-s sweep rate was
used for the integrations. Samples were each run at varioWl spin
rates in order to eliminate any chance of interference from
spinning side hands.

Reagents. Pentafluoropropionic anhydride (PFAA) was ob­
tained from Pierce Chemicals, Rockford, II. The free acid conlalt
of these anhydrides is reported as being I % or I.... The anhydride
reagent was kept under nitrogen and in a refrigerator between
use to prevent any decomposition. The solvent used for all
analyses was deuteriochlorororm (minimum isotopic purity 99.6
atom % D) which was obtained from Merck and Co., Rahway,
NJ. The internal standard used was trifluoroacetanilide (purity
= 99.9% by GC) which was obtained from BDH Chemicals, Poole,
England. All of the pharmaceuticals analyzed were of the highest
purity. All other chemicals were high-grade commercial products
and were used without further purification.

Procedure. In cases not requiring catalysis, approximately
50 mg of the sample and 30 m~ of the internal standard were
weighed into a 5-mL vial. This mixture was then dissolved with
0.5 mL of deuteriochloroform and transferred to a 5-mm NMR
tube. An excess amount of the derivalization reagent (PFAA)
was then introduced, and the reaction was allowed to proceed for
10 min at room temperature. Equation 1 illustrates the basic
reaction. After this reaction period, the resultant mixture was
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f9n 2. A 1().ppm expanded 1\Jor'ro&-191oM\ spectrun of derivatlzed
cho$esterolln CDCI] (Integral sweep rate;::: 80 s).

Table I. Quantitative Results for Alcohols

% rei
deter- std reaction

pharmaceutical mined dcv time catalyst

cholesterol (-OH) 99.8 1.8 10 min none
norethindrone (2-0H) 94.3 1.4 1 day none
meslranol (·OH) 96.5 2.3 1 day none
menthol (-OH) 97.2 2.5 10 min none
oxycodone (-OH) 99.8 1.7 10 min none
bulbocapnine (PhOH) 97.5 1.9 lOmin pyridine

Crut,;l Nolme Slrur;lur. Pu\ PO~lhDn ,PPM,

~ CF.

, ChDI'~II'DI
,~'L... -, 20 -460

_0;)

,
M~$ll ..nol ~ -690 -"JS 7._.BY

.. exP -692 -456

, Ho,elhonctronf

I
£:: -705 .ol56

.M,nthol 0:- -710 .0158

-,

.~5. a.yeodon. -637

,,<

• BulbOColipnonl' -"&i? -7.10

-50·20 -30 -40
PPM FlClInTrlllouroM:et.n1llclot

-10

f9n 3. FI.Jo<1n&.19 IoM\ spectrun of derivatlzed choIes,...oIln COCI,
after a sodium bicarbonate wash (sweep wktth ;::: 100 ppm).

are observed, both are individually quantitated vs. the ref·
erence and the results averaged. The relative standard de·
viation for each analysis was calculated by means of the
following:

Btd dev. X 100% : rei std dev (4)
av mtegrataon

Figure 2 also illustrates the CF, and CF, signals for the un­
reacted PFAA reagent present with chemical shifts of -6.8
ppm and -45.6 ppm, respectively. The signals at -7.4 and
-46.4 ppm represent the respective CF, and CF, groups of
pentatluoropropionic acid which is a byproduct of the anhy­
dride reaction.

Signal assignments were made on the basis of reference
spectra of pentafluoropropionic acid, pentafluoropropionic
anhydride, and a derivatized cholesterol sample which had
been washed with saturated sodium bicarbonate. Figure 3
shows a 1()().ppm nuorine-19 NMR spectrum of derivatized
cholesterol which has been subjected to a bicarbonate wash
to eliminate the excess PFAA and pentafluoropropionic acid
interfering signals. The sodium bicarbonate wash resulted
in 8 more simplified spectrum which was much easier to an­
alyze. 1:l Figure 3, the two derivative signals which remain
have chemical shifts of -7.2 ppm and -46.0 ppm and represent
the respective CF, and CF, groupo of the cholesterol derivative.

Alcohol•• Table I illustrates the quantitative resultB ob·
tained for ail pharmaceuticals containing OH groups. The
steroid cholesterol, alkaloid olycodone, and menthol all un·
dergo complete derivatization within 10 min. The alkaloid
bulbocapnine which posseases a phenolic OH function requires
the presence of the catalyst pyridine for a rapid and complete
derivatization reaction. The presence of 8 base such as
pyridine enhances reactivity by serving 88 an acid acceptor
in the derivatization reaction (I8). The steroid mestranol

possesses 8 cyclic OH group at the C·l? position which is
stericalJy hindered by the close proximity of an alkyne group.
Consequently, the reaction of this compound at this site takes
24 h to near completion. It was also found that 2.0 M pyridine
and heat did not catalyze this reaction to any significant
extenL The steroid norenthidrone possesses two reaction sites
which undergo derivatization at different rates. As in mes­
tranol, 8 slow reacting sterically hindered OH group which
requires 24 h for derivatization is present at the C-17 position.
In addition, an active hydrogen site is present at the C-3
position in norenthidrone. Keto-enol tautomerization of this
C·3 carbonyl as seen below resultB in the formation of a fast
reacting OH group.

\ Reaclion Site

The resultant active hydrogen found here reacts almost im­
mediately with the anhydride reagent.

Table 11 illustrates that the chemical shifts for the CF,
groups of these alcohol derivatives all are within ihe range
of ~.90 to -7.20 ppm with the exception of oxycodone (-6.37
ppm). The CF2 group derivative signals were unobservable
for mestranol, norenthindrone, oxycod.one, and bulbocapnine
prior to washing with sodium bicarbonate and were believed
to be overlapped by either the excess PFAA signal or the
pentafluoropropionic acid signal. After bicarbonate washing,
the mestranol and norethindrone signals did become ob­
servable, but the nuorine-19 NMR spectra obtained for the
derivatized alkaloids, oxycodone and bulbocapnine, indicated
that these compounds decomposed in the presence of sodium
bicarbonate. Sodium bicarbonate washing of cholesterol and



milligrams of
menthol

Table III. Quantitative Results for Aminea

% % reaction
deter- preci· lime,

phurmac('utical mined sian min catalyst

propylhcxcdrinc 98.3 2.1 10 pyridine +
(·NH,) "phcntcrminc 98.3 0.9 10 pyridine +
(·NH,) "benzocaine 98.9 1.6 10 none
(·NH,)

PU1t.PO.IIIOflCPPMI

~ SIfUChU,
~ ~

, P'opyl~"(\<ln. CH, -6.20 -38.9

OCHJ~H-NH-CHI

CH.0-CH1-f--NHI -5.82 -40.8

CH,

, a'Noclinl CH'CH1-O-~0NH' ·U.S -46.2

0

menthol did eliminate the interfering signals without causing
derivative decomposition.

Amines. Table III illustrates the quantitative results ob­
tained for three pharmaceuticals containing NH, groups. The
aromatic amine benzocaine was found to react rapidly with
no catalysis required. The aliphatic amine propylbexed.rine
was found to react to the 80% level after 8 reaction time of
24 h both without a catalyst and with the catalyst triethyl·
amine pres~nt. With 1.0 M pyridine added to the reaction
mixture, a near complete (95%) reaction was achieved after
24 h. Finally, it was found that the addition of both pyridine
and heat (55 ·C) drove the reaction to completion within 10
min. On the basis of this information, the aliphatic amine
phentermine was completely derivatized within 10 min by
using the same established reaction conditions.

Table IV illustrates that all of the chemicnl shifts for the
CF3 groups of these derivatized amines are within the broad
range of -5.82 to -£.85 ppm. The CF, signals which Were nil
observable are within a range of -38.9 to -46.2 ppm. All of
these derivatized amine compounds underwent apparent
decomposition when washed with saturated sodium bi­
carbonate.

Drug Mixture. Table V illustrates the results obtained
for a derivatized drug mixture of propylhexedrine and men­
thol. Menthol was found to undergo rapid and complete
derivatization under all reaction conditions. Propylhexedrine,
however, requires the presence of 1.0 M pyridine and a re­
action temperature of 55 ·C to be completely derivatized.
Once the proper catalyzed reaction conditions are established,
quantitation of both dnJgs is po8llible in both the CF3 and CF,
signal regions. Accurate and precise results are possible be­
cause of the large chemical shift differences between the
derivative signala of propylhexedrine and menthol. The CF3

Bignals for propylhexedrine and menthol Were at -£.20 and
-7.10 ppm, respectively, and the CF, signnla at -38.9 and -15.8
ppm, respectively. Whenever this type of derivative signal
separation is encountered, this technique can be used to

ANALYTICAL CHEMISTRY. VOL. 55. NO.1. JANUARY 1983 • 87

Table V. ifF NMR AnalYlis of a Standard DeriviUzed
Mixture of Propylhexedrine and Menthol

milligrams of
propyl­

hexedrine

NMR NMR
method method

reaction (%deter· (% deter·
conditions actual mined) actual mined)

2'1 h with 1.0 M 51.0 50.3 53.0 53.1
pyridine present (98.6) (100.2)

10 min with 51.4 50.8 50.6 60.9
1.0 M pyridine (98.8) (100.6)
present and heat

readBy analyze drug mixtures.

CONCLUSIONS

The above results demonstrate that a variety of different
pharmaceutical types can be rapidly quantitated bY Ouorine-19
NMR analysis of their pentafluoropropionic anhydride de­
rivatives. This method was shown to be applicable to simple
alcohols and amines as well as complex drugs such as steroids
and alkaloids. Steroids and nlknIoids which normnlly give
highly complex proton NMR spectra can be derivatized
quickly under the proper reaction conditions and their sim·
plified fiuorine·19 NMR spectra used for accurste quantita·
tions.

This method of annlyzing pure drugs and drug mixtures
offers many advantages over previous analytical techniques.
The annlysis offers the advantages of speed, specificity, and
accuracy (a relntive standard deviation nlways 1... than 2.6%).

Registry No. PFAA, 356-42·3; cholesterol, 67-88-5; mestrano~
72-33-3; norethindrone. 68-22-4; menthol, 14~04-6; oxycodone.
76·42·6; bulbocapnine, 298-45·3; propylhexedrine, 101·4().6;
phentermine, 122-09·8; benzocaine, 94-09-7.
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WHh a .ynchronously pumped dye " ..r a. excKation lOurce
for tluor8lC8l1C8 decay time me....ements with llngIe-pholon
countlng detection, a critical r••valuatlon o' literature
IIuorescence decay parameter. for "lIandard" compoundo II
made and new lIandarda are propooed for llIetlme mealUr.
ment.. The.. are 2.5-dlphenyloxazole (PPO), 1-cyano­
naphthalene, 1-methyllndole, 3-methyllndole, 1,2-dlmethyl­
Indole, and N,N-dlmethyI-1-naphthylamlne, In cyclohexane,
hex_, or elhanollolutlon, covertng an ernIIIIon wavelength
range of 330 to 440 nm and decay time range of 1.28 to
18,23 no. Anthracene In loIutlon may alIO be uoed a. a
lIandard II care Is taken wKh pu,"lcatlon and the concen­
tration I. known, Oulnlne bllUllate .hould not be u..d a. a
decay time lIandard, 1-Cyanonaphthalene provide. a con­
venlant lIandard for gao-pha.. experiment•.

Fluorescence decay times represent an additional, relatively
easily measured parameter with which to characterize mo­
lecular fluorescence.

Perhaps the most widely used source of single'exponential
lifetime data is Birk's -Photophysics of Aromatic Molecules­
(I), published in 1970, Without wishing to detract from the
reputation of this monumental work, we believe that many
of the lifetimes listed therein, although undoubtedly the most
accurate available at the time of publication, have since been
shown to be seriously in error, The fsct is that relatively crude
techniques for lifetime measurements were still in operation
at the time the book was written and the author's declared
intention was merely to classify the reported data. Similarly
many worke", standardize the performance of SPC equipment
against lifetime data given in Berlman's "Handbook of
Fluorescence Spectra of Aromatic Molecules" (2). Since these
lifetimel' were measured many years ago with a relatively old
fashioned pulse sampling osciBoscope techllique, it is not
surprising that many of them are inaccurate.

Any compound with 8 single exponential decay will serve
as a lifetime standard. However, for the sake of convenience
the compound should also be easily puriliable and have a
known single exponential decay time. independent of exci­
tation and emission wavelength, in an easily purifiable solvenL
Among the most commonly used standards are p·bis(2·
pbenylozazolyllbenzene (POPOPl, 2,5-diphenyloxazole (PPO),
anthrscene, and quinine bisulfste, Quoted lifetimes for PO·
POP in cyclohexane do not show much variation (3, 4) but

for the other three compounds the literature values for the
decay times contain some serious discrepancies, as shown in
Table I (5-27), Thus quinine sulfate in I Nor 0,1 N H,sO,
is commonly regarded as having a single exponential decay
time of about 19 ns. Recently we have shown that. it has, in
fact, a double exponential decay that is strongly dependent
on temperature and emission wavelength (28).

\Ve believe there is a case for a critical new evaluation of
decay time data, and in this report we describe a single·photon
counting instrument of high sensitivity and time resolution,
list a number of parametenl, some of them very seldom applied
to this technique, by which least-squares fitting procedures
can be judged, and finally propose a set of standard com·
pounds with single-exponential decay times which can serve
8S calibrants for standard nanosecond measurements.

\Vhile the decay times of many compounds show only very
slight, if any, dependence on excitation and emission wave­
length and arc relatively insensitive to change in temperature,
we believe that the precise conditions under which 8 decay
time is measured should always be specified, as is now common
for quantum yield determinations. Moreover it is advisable
always to remove oxygen from organic solvents since the
possibility of reversible charge transfer complex formation in
the excited state cannot be ruled out.

EXPERIMENTAL SECTION

The Instrument. A diagram of the time-resolved fluorescence
spectrometer employed for the measurements reported in this
paper is shown in Figure 1. Sample excitation in the wavelength
range 290-315 run was achieved with a frequency doubled, cavity
dumped, mode-locked synchronously pumped dye laser system.
In this a 15·\V argon-ion laser (Spectra·Physics Model 171) was
mode locked using an scoustooptic device (Spectra·Physics Model
342) providing pulses of around 100 ps fwhm (full width at half
maximum intensity), at a repetition rate of 82 MHz, and with
an average power of 420 mW. These pulses were used to excite
Rhodamine 6G dye in ethylene glycol in a jet stream dye laser
(Spectra·Physics Model 375) the normal end mirror of which had
been removed and the cavity length extended to match that of
the ion last:r. Under these conditions the laser was fOWld to mode
lock, producing pulses at a repetition rate of 82 MHz. For most
photophysicaJ systems, this pulse rate was too fast to allow total
system relaxation between excitation events and, consequently,
an acoustooptic cavity dumper (Spectra·Physics Model 344) was
used to output pulses at a lower rate (single shot-4 MHz). A
limited tWlBbility, 57<H340 nm, was available by using a multilayer
broad hand tuning wedge (Spectra.Physics Model 570) incorpo­
rated in the dye laser cavity. For wavelengths outside this region

OOO~2700/83/03S5-0068S01.50/O e 1982 American Chemical Socfety
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Table I. Some Single Exponential Decay Times Measured Since 1970

A, nm

excita· method of data
compound solvent conen, M tion emission T,'C TF. os analysis ref

quinine sulfate 0.1 N H,BO, 10-' room 19.4 moments 5
0.1 N H,BO, room 20 osciUoscope 6
0.1 N H,BO, 10-· room 19.4 moments 7
0.1 N H,BO, room 18.8 log plot 8
1 N H,BO, 257 470 room 19.3 Courier transform 9
1 N H,SO, 10- 2 room a least squares 10

anthracene cyclohexane 10-' 365 >400 20 6.80 ± 0.07 least squares 11
(degassed) 257 440 room 4.79 ± 0.05 least squares 12

10·" 365 >400 20 6.01 ± 0.06 least squares 11
4 X 10. 5 365 400 20 5.20 least squares 11
2 X 10- 5 365 25 5.2 least squares 11

340 >405' room 5.28 least squares 3
355 415 room 5.03, 0.07 least squares 4

2.7 X10-' 340 405' 25 5.22 ± 0.04 least squares 14
2 x 10- 5 340 405' room 5.16 least squares 15
2 X10-' 340 405' room 5.14 least squares 16
9.52 X10-' 365 >400 20 5.42:!:. 0.04 least squares 11

10- 6 365 >400 20 5.15' 0.05 least squares 11
cyclohexanc 5x 10-' room 3.97 least squares 17

(undcgassed)
cyclohexanc 308 410 room 4.1 least squares 18

(undegassed)
cyclohexanc 355 415 room 3.99 ± 0.03 least squares

(undegassed)
ethanol 2 X10-' 365 405' 25 5.0 least squares 13

(der::asscd)
ethanol 355 415 room 5.06' 0.05 least squares 4

(degassed)
ethanol 257 400 room 5.67 Fourier 9

(degassed)
benzene 25 3.6 least squares 19

(degassed)
benzene 8 X 10-) room 4.00 ± 0.05 moments

(degassed)
9-cyanoanthracene cyclohexane 257 440 room 12.8, 0.1 least squares 12

(degassed)
cyclohexane 355 415 room 12.8,0.2 least squares 4

(degassed)
POPOP cyclohexane 340 405> room 1.13 least squares 3

(undegassed)
cyclohexane 355 415 room 1.10 ± 0.02 least squares

(degassed)
PPO cyclohexane b room 1.27 least squares 20

cyclohexane 10. 5 310 370 room 1.36 c 21
(degassed)

rose bengal methanol 568 room 0.54 least squarea 22
(undegassed)

methanol room 0.60 least squares 23
(undegassed)

rhodamine B ethanol 10·' 580 room 2.85 moments 24
(undegassed)

ethanol 10-' 580 room 2.88' 0.05 moments 25
(undegassed)

l-cyanonaphthalene hexane 2 X10-' 280 325 25 18.26 least squares 26
(degassed)

hexane 2 X 10-' 25 19.8 least squares 27
(degassed)

a Single exponential lifetime not found. b Not specified whether solvent is degassed. C Not specified but probably
moments.

alternative laser dyes could be employed. With careful alignment doubled light was removed with a Coming 7·54 mter. For atability
average powers in excess of 50 roW could be obtained with a pu.lse the laser system was mounted on a mechanically isolated. optical
repetition rate of 4 MHz. The pulses were found to have an table (Newport Research Corp.) and operated in a tempera-
autocorrelation width of ca_ 6 pa measured using a scanning ture-controlled environment (20 :I:: 1°C).
autocorrelator (Spectra·Phy.iea Model (09). Pulae. were also The sample was contained in a l-cm2 quartz cuvette.
monitored by uaing fast photodiodes (Hewlett-Packard 4220 in Fluorescence was monitored at right angles to the excitation path
a home-built mount, Spectra·Phyaics ModeI403B). Frequency through a Hilger-Walta 0.33-m D330 monochromator by a fast
daubling into the 290-315-nm range was achieved by uaing tem- photomultiplier (Philipa XP202OQ) mounted in a homemade
perature and angle tuned ADP crystal. (J. K. Lasers) mounted voltage divider. The fluorescence resolution was typically 1-2
at a beam waist formed between two lo-cm focal length lenses. nm. In order to totally exclude scattered excitation light.. it was
The relatively low pulae peak intensities resulted in a small second found necessary to incorporate a Schott WG345 cutoff ruter before
harmonic generation efficiency and consequently residual un- the monochromator.



70 •'ANALYTICAl CHEMISTRY, VOl.. 55, NO.1, JANUARY 1983

When I(t) and 1'(1) are known G(t) may be determined by a variety
o( techniques (7). The most commonly met errors are as foUows:

(i) The excitation (unction, P(t), is really a convolution of the
true pumping function, E(I), with the photomultiplier response,
H(t), and the response of the electronics, K(t)

If long-term drift causeo P(I) to vary between the two exper­
iments (a) and (b), E(I) will not be the same in eq 3 and 4 with
resulting errors in deconvolution.

(il) H(t), the reeponse of the photomultiplier, is dependent on
the area of the photocathode illuminated. Therefore if this area

f9n 1. T1me-<esoIYed tUlresoence opedromoler: "'- modo locker;
CO, cavity dumper; 88, beam spIllter; 0, p/lo'-; SIiG, frequency
doIt>Ing crystal; F" Com01g 7-54 filler; F~ Schott WG 345 tiler; MONO,
rnonoc:twlxnator; PMT. photomlAtlplier tube; CFD. constant fracUon
_1Dr; TAC, IIm&-to-puise height converter; MeA mlltlchannel
analyzer.

(5)s,...1(1) = 0 Plt?G(t +6 - I? dt'

I: w;1 Y(t,) - I(t;)I'
x2 = i_Ill (7)

, "2 -"1 + 1 - P

where Wh the weighting factor, is the reciprocal of the number
of counta Y(IJ in channel i, n, and "" are the filllt and last channels
of the section of the decay to be analyzed, and p is the number

is different in experiments (a) and (b), H(t) in eq 3 and 4 is
different.

(iii) H(t) may also depend on the wavelength of the incident
photons (31). Ifexperimenta (a) and (b) are perfonned at different
wavelengths H(t) in (3) and (4) may be different, i.e., HI>"t) "
H()o.E,t) (A. = excitation wavelength, "E = emission observation
wavelength). If this problem is solved by performing experiments
(a) and (b) at the same wavelength, E(t) in eq 3 and 4 may be
different i.e., E(>"t) " E(~E,I).

(lv) Poor adjustment of electronic components may cause errors.
In particular 8 maladjusted voltage divider in the fluorescence
photomultiplier, a high discriminator level on the single photon
pulses, and pulse pile-up can all distort the measured decay curves,
sometimes in a very subtle way. For instance, occasions may arise
when successful deconvolution Il8 indicated by some simple cri­
terion (e.g., the reduced x 2 in least-squares fitting) has been
achieved but when the rewvered lifetime is in error. Excessive
discrimination of the PM pulses, with consequent bias toward
multiphoton pulses, may have this effect.

(v) Fluorescenoo from impurities may contribute to the observed
decay. In the present experiments (v) was removed by careful
purifica.tion of materials, (iv) was avoided by very careful tuning
of the detection system, and (i), (ii), and (iii) were dealt with by
the method of data analysis outlined below.

Data Analysis. Decay curves were first assumed to follow the
equation

in which h is taken to represent a shift in the zero time between
excitation function and decay curve. This shift may result from
drift in the pump pulse profile or, as is usually assumed, from
a variation in the average transit-time spread of electrons in the
photomultip~ertube with wavelength (9, 31). It is usually of little
practical importance which of these two causes gives rise to ob­
served shifts, although it should be realized that in instruments
where the excitation function is measured at the emission
wavelength, the need for a shift requires rather more justification
than is usually given. What is of the utmost importance, however,
is the correlation of the shift with a short lifetime that may be
present in the decay (32). We believe that this correlation gives
serious trouble only when the second lifetime is 8ubnanosecond
and ita preexponential factor is negative (28). Methods for de­
convolving such decays have been described for measurements
where the shift is due to the photomultiplier response (4,21) and
to exciting light drift (17). If it is known that the excitation source
is very stable, eq 5 may be used with a value of 0 determined from
the wavelength characteristics of the photomultiplier reS(lOnSe
(33). Unfortunately complete exciting light stability is not always
present and we have not yet, therefore, adopted as routine the
use of a constant value of 0 determined by the difference between
excitation and observatior. wavelengths.

Deconvolution of fluorescence decay Cllrves has been discussed
in detail in two fairly recent publicutions (3,34). Both discussions
recommended least-squares iterative reconvolution and this
method was adopted for the present resuh.a. Wlth this technique
the data point8 with the highest number of counts are more heavily
weighted; moreover any section of the decay curve may be ex­
cluded from the analysis, a feature especially usefullf distortions
are present in the data. If the sample decay is a single exponential,
G(t) is given by

G(t) = 0, exp(-t/o,l (6)

and in order to linearize the fitting function (35), eq 5 is expanded
to first order in a Taylor's expansion as a function of the pa­
rameters 01 and 02' A linear least-squares search is then carried
out to find values of the parameter increments 00 1 and 002 that
minimize the reduced x2, glven by

(I)

(2)

(3)

(4)

1(1) = PIt) @ G(I)

/(I) = s" P(t? G(t - I? dt'

PIt) = E(t) @ H(t) @ K(I)

Similarly eq 2 can be written

I(t) = E(I) @ G(I) @ H(t) @ K(t)

or

Conventional single photon counting detection methods were
employed (or decay time measurements (29). The "time zero"
reference signal, corresponding to the laser pulse. was provided
either from a fast photodiode monitoring 8 fraction of the eI.­
citation beam or from 8 TTL logic pulse generated from the cavity
dumper and synchronized with the pulse train. Both methods
were found to be adequate and, in general, the latter was used
for convenience. In order to utilize the full potential of the 4 MHz
excitation rate, the time-to-pulse-height converter (Ortee Model
457) was operated in an inverted configuration, the voltage ramp
being initiated by 8 signal from the photomultiplier and termi­
nated by the laser pulse (30). Pulse pile·up effects were avoided
by ensuring that the ratio of laser pulses to detected fluorescence
was greater than 200:1. Ortec Model 934 constant fraction dis­
criminators were used in order to (a) provide suitable voltage
signals (or the time.to--pulse height converter and (b) eliminate
background count8 from the photomultiplier. Data from the
time--to--amplitude converter were stored in a Canberra series 30
multichannel analyzer using 512 channels for each data set. Data
were output from this to a Perkin-Elmer 7-32 computer for
analysis.

It is worthwhile listing the possible sources of error in a sin­
gle-photon counting experiment. When a true fluorescence decay
profUe is to be determined by means of the timo--correJated single
photon counting technique, two experimental time profiles are
measured: (a) that of the scattered excitation function distorted
by the measuring system and (b) that uf the sample fluorescence,
also distoned by the measuring system. If certain conditions are
satisfied the observed fluorescence decay.l(t), is a convolution
of the lrue dealY, G(I), and the measured excitstion function, 1'(1),
i.e.
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Table II. Lifetimes of Standard Compounds Measured in the Present Study

PPO cyclohexanc (degassed)
PPO cyclohexane (undcgassed)
anthracene cyclohexane (degassed)
anthracene cyclohexane (undegassed)
1-cyanonaphthalene hexane (degassed)
l-cyanonaphthalenc gas phasc Q

I-methylindole cyclohexane (degassed)
3-mcthylindole cyclohexanc (degassed)
3-methylindolc ethanol (degassed)
l,2-dimethylindole ethanol (degassed)
DMNA CH,C1,

Q Vibrationally relaxed with Intm cyclohexane vapor at188 °C.

compound solvent
"-{emission),

nm TF.nm xv' DW

440 1.42 1.10 1.8
440 1.28 1.17 1.8
405 5.23 1.11 1.8
405 4.10 1.09 2.0
345 18.23 1.10 1.9
345 24.1 1.27 1.8
330 6.24 1.09 1.9
330 4.36 1.01 1.9
330 8.17 1.30 1.6
330 5.71 0.97 1.8
375 2.40 1.1 2.0

Acceptable values for DW have been tabulated for up to 100
data points and five fitting parameleni. Extrapolation of the tabl...
to more data points is quite straightforward. On the basis of our

It is generally less difficult to detect small deviations of the
fitted. from the observed curve in a plot of rj vs. channel number
rather than in the more traditional visual inspection of the two
curves Y(tj) and [(tjL An even more sensitive plot is that of the
autocorrelation function of the weighted residuals. The correlation
of the residual in channel i with the residual in channel i + i is
summed over a number of channels, m, and normalized, i.e.

(12)

(JJ)SK =

and a kurtosis factor, K, given by

"3E (rj - r)·
K= '·"1..,

IL(r, - r)','

In these equations r is the mean of the weighted residuals. For
normally distributed residuals SK has a mean of zero and a
standard deviation of (6/n~1/'2,while K has a mean of 3 and, for
large n,. a standard deviation of (24/n,)'/'. Although we calculate
these parameters routinely they are difficult to interpret and
therefore we find them less useful than the Durbin-Watson pa­
rameter.

A very useful test, particularly when there is doubt about the
suitability of a chosen fitting function is variation of the fitting
range. Variation in the recovered parameters when channels
representing earlier times are included in the fit is indicative of
an incorrect fitting function. Usually. but not always, instrumental
distortions affecting the early time data points lead to nonnormally
distributed residuals but the same values for the recovered pa­
rameters irrespective of the fitting range.

Materials. In general we follow standard procedures for pu·
rification of chemicals. Purity of fluorescing compounds is tested
for lifetime measurements using the exponentiality and constancy
of measured decay as a tesL Solvents are judged to be pure when
they show no fluorescence at any wavelength when excited with
any of the available laser lines. In this section we briefly indicate
the purification techniques adopted.

I-Methylindole was vacuum distilled. 1,2·Dimethylindole was
vacuum sublimed. 3·Methylindole was recrystallized three times
from cyc1ohexane. PPO was purchased from Fluka Chemicals
and was used without further purification. N,N·Dimethyl-l­
naphthy1amine (DMNA) was ,..cuum distilled. Quinine bisulfate
was recrystallized three times from water. l-Cyanonaphthalene
purchased. with a stated purity of99%. as red crystals from Fluka
Chemicals was vacuum sublimed three times, after which the
substance was white. However, fluorescing impurities were still
present but were noticeable only in the gas-phase decay curve.
They were removed by recrystallization from hexane followed by
further vacuum sublimation. We are extremely grateful to J. O.
Williams, University College of Wales, Aberystwyth, for the do­
nation of a sample of ultrahigh purity, multiply zone refined
anthracene.

Cyc10hexane was passed down 8 column containing equal
amounts of basic alumina and silica gel. Hexane, purchased as
spectrograde hexanes from Aldrich, was fractionally distilled.

experience ....'C conclude that single exponential fits yielding values
of DW greater than 1.65 are generally succes....ful. The corre­
sponding values for double and triple exponential fits are 1.75
and 1.8, respectively. In addition we ca1culare a skewness factor,
SK, given by

(9)

(8)

(10)

i: (r, - r,_,)'
DW = _'°"",'-+1 _..,

Lrj'2

r, = .y;;(y(t,) - /(t,»)

In this expression "3 = "2 -"I + 1, the total number of channels
in the section of the decay used in the fit. An upper limit, usually
";j/,J. (lO), is put on i so that the number of terms, m = "3 - i,
summed in the numerator is sufficient to give proper averaging.
According to eq 9 Cro = 1. In a successful fit Cr - for j ~ 0 is
randomly scattered about zero although. because of ihe finite value
of m, some high-frequency low-amplitude fluctuations are gen­
erally observed. These are clearly distinguishable from the type
of correlation indicative of an incorrect fitting function or of
distorted data (32).

Judgements based on inspection of the aforementioned plots
are subject to the inevitable bias 8B8OCiated with subjective tests.
Consequently we calculate the Durbin-Watson parameter (37,
38), OW. which is, in our opinion, more sensitive than x'2" to small
nonrandom oscillations in the residuals. DW is calculated ac­
cording to the equation

of fitting parameters (two for a single exponential fit). The search
for the minimum in x'2" is performed according to Marquardt's
technique (36).

When the minimum in x'2" has been reached it is vitally im­
portant to have reliable criteria by which the fit can be judged.
The actual value of x'2" is initially a gOCKl diagnostic in many cases.
This value should be close to 1; values of x2" much less than 1
are symptomatic of poor statistics whereas values much in excess
of 1 indicate a poor fit. If all distorted data are to be rejected
we would accept results for which x\ is less than 1.2, whereas if
some level of distortion must be tolerated, fits with values of x'2"
less than 1.4 may be acceptable if they are justified by some other
criteria. Since acceptable values of x'2" are sometimes obtained
for poor fits, it is usual to inspect a plot of the weighted residuals
for nonrandom fluctuations. The weighted residual in channel
i is given by
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lhe compound OMNA in dichloromethane indicate that this
shift is not constant. There are two likely causes for the
observed zero-time shifts between excitation function and
decay curve, One is a slight instability in the laser pulse and
the other is a variation of the response function of the pho-
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Ethanol \\'85 puriliHi by the method described by Weissberger
and Proskauer (39). \Vater W88 triply distilled. Sulfuric acid was
BDH -Aristar- grade. Dichloromethane was fraclionally distiUed.

Solutions were outga.~ with 8 freeze-pump-thaw technique
capable of evacuation to better than 10-6 torr. Gns·phss€' samples
of l·cyanonaphthalene were prepared by introduction of 8 BOlution
of knO\\'Il concentration to 8 closed) ·em quartz cuvelte, thorough
outgassing, and heating in 8 modified Oxford Instruments DN704
oven (40).

RESULTS AND DISCUSSION
In Table II arc recorded single exponential decay times

measured on the instrument described above. For these
measurements the excitation wavelenb1.h was 300 om and the
temperature, unless otherwise stated, was 20°C.

Concentrations in all solutions were less than 10-6 M. The
values of x2• and of D\V given nrc for fitting over the whole
curve using a variable shift. In all cases the lifetime value did
not depend on the section of the curve chosen for analysis.

Quinine bisulfate, a very popular lifetime standard, is not
included in the table. \\1e hove heen unable to measure single
exponential decay kinetics from this compound in 1 Nor 0.1
N sulfuric acid (28). In fact the decay is strongly dependent
on observation wa\'elength and temperature and these facts
render the compound unsuitable as a standard.

PPO in undegassed cyclohexane would appear to be a
suitable standard when lifetimes in the region of 1 or 2 ns are
to be measured. Our value for its lifetime, 1.27 na, ia inde­
pendent cf emission wavelength and agrees quite well with
the measurement of Birch and Imhof, Table I (20). A1J already
staW<! we recommend that organic solvents should be degassed
for lifetime measurements. Our value for the decay time of
PPO in degassed cyclohexane is 1.42 ns compared tn 1.36 ns
measured by Wahl .l al. (21) Table I. The discrepancy, al·
though not great, is perhaps slighlly outside the experiment.al
error associated with present day instruments and may be due
1.0 different analysis wehniques. A distinctly pleasing attribute
of commercially available PPO is that it requires no further
purification.

Anthracene. on the other hand, is difficult 1.0 purify, a fact
thal may explain the variations in the measured lifetimes lisW<!
in Table I, although reabsorption effects also render the
measured decay time very sensitive to concentration of an­
thracene used (I 1). The T,. value given in Table II, 5,23 ns,
is in good agreement with four of the previous measurements
in Table I and is probably accurate 1.0 within 50 ps. We use
the decay curve of this compound 1.0 illustrate the quality of
the fitting we achieve with our SPC instrument. In Figure
2A are shown the excitation function, anthracene decay curve,
and the decay calculated by convolution of the pump pulse
with parameters recovered from 8 fit over the decaying portion
of the experiment.al curve. The lifetime calculaW<! from this
fit was 5,22 ns with x'. =1.04 and OW =1.84. Plots of the
weighted residuals and autocorrelation function of the
weighted Tesiduals for this fit are shown in Figure 28. While
the residuals are distributed randomly, the autocorreiation
function shows the low amplitude oscillations characteristic
of a good fit. In Figure 2C are plotted the same excitation
functicn and decay curve with, this time, a convolved curve,
derived from a fit over all the experimental data. The zero
times of the excitation function and decay curve have been
shifted by 0.115 ns 1.0 obtain this fit, for which the lifetime
ia 5,23 ns, x'. = 1.10 and OW = 1.79. The plots of weighted
residuals and autocorrelation function of weighted residuals,
shown in Figure 2D, are also indicative of a good fit.

Erniasion from anthracene was observed at 405 nm, 105 om
1.0 the ned of excitation. In accordance with the rule of thumb
of Robbina et aI. (33) we expecla shift of about 1 ps/nm for
the XP2020Q phOl.omultiplier. We obtained, in fact, a shift
of 115 ps for 105 om, However, the results in Table III for



Table 111. Lifetime Data for the Fluorescence of
N,N·Dimethyl·1·naphthylamlne (DMNA) in
Dichloromethane Solution Measured at Different
Wavelengths (Excitation Wavelength, 300 om)

,
(observn), shift, 'F,

nm region of fit ps ns xV' DW
375 decay 2.40 1.1 2.1

whole curve -8 2.40 1.1 2.1
425 decay 2.39 1.1 1.9

whole curve +8 2.38 1.2 1.8
475 decay 2.42 1.1 1.9

whole curve +41 2.42 1.1 1.9

tomultiplier with wavelength. Luckily the simple linear shift
in the data analysis routine completely corrects for both effects
but, since the amount of instability in the pump pulse may
vary, we are not justified in choosing a fixed value of the shift
depending on the wavelength difference between excitation
and observation. In the use of anthracene as a standard, care
must be taken with concentration and viscosity of solution,
since these affect the measured decay time (11).

1-Cyanonaphthalene has proved a good acceptor molecule
in exciplex studies (40). We have given the lifetime of this
compound in the relaxed vapor as 8 standard for gas-phase
measurements in which distortions such as scattered light may
be significant. An atmosphere of cyclohexane was used as a
vibrational relaxer and the cyanonaphthalene was present at
a concentration of 10-<> mol dm-'. It is generally acknowledged
that purity requirements are more severe in gas phase than
in solution phase measurements. Our experience with cya­
nonaphthalene bears out this belief. When the compound was
sublimed three times under vacuum, a dilute hexane solution
had a fluorescence decay that could be fit by a single expo·
nential function. The only possible indication of residual
impurities was a slight wavelength dependence in the lifetime
with a longer value obtained at longer wavelengths. In the
gas phase, however, the decay had a small contribution of
fluorescence from a short-lived (around 2 ns) species and could
not be fit by a single exponential. Further purification, as
outlined above, eliminated the short-lived species and led to
single component decay kinetics with the lifetime at 188 °C
given in Table II.

Indoles have long been of interest as potential probes in
biological studies. The fluorescence of the substituted indoles
listed in Table II is only slightly displaced energertically from
absorption. They have reasonably short single exponential
decay times and their decay curves should be analyzahle
without having recourse to a shift.

DMNA has been used to test the hypothesis that the
wavelength dependence of the response of the photomultiplier
gives rise to a simple shift between instrument response
function and decay curve. We show the results of this test
in Table III. It will be seen that a negative shift is needed
to fit the whole curve collected at 375 nm. As the observation
wavelength is increased the expected positive shift is found
with good. x,2. and D\V values for fitting over the whole curve.
We conclude, therefore, that for single exponential decays the
wavelength dependence of the photomultiplier response can
indeed by corrected for using a simple linear shift even when
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some small pump pulse instabilities are present.
It is to be hoped that the full outline of the experimental

and data handling techniques given in this paper, and the
results quoted in Table II, will be of use to users of single­
photon counting techniques for fluorescence decay.

Registry No. 2,5-Diph£'nyloxazole, 92·71-7; l·cyano­
nsphthalene, 86-53-3; l·methylindole, 603-76-9; 3-rnethylindole,
83-34·1; 1,2-dimethylindole, 875·79-6; N,N-dimethyl-I­
naphthylamine, 86-56-6; quinine bisulfate, 549-56-4; anthracene,
120-12-7.
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Solvent Extraction of Oil-Sand Components for Determination
of Trace Elements by Neutron Activation Analysis

F. S. Jacoba and R. H. Filby'
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InolnmenlaI _ eclIvatton analyllo was used to measure
the c:oncenlr_ 01 30 _ In Alhabaoca 01 _ and

_ con'pOIl"'ta. The 01 lancla were Hparated Into lOUd
.-,-.and _ by Soxhle! extraction wtlh toluene.
IIIturT-. extr_ contained llneIy d1vk1ed minerai matler that
w. only partially removed by centrllugatlon of the toluene­
bll...- extract. The minerai content or the extractad bhu­
lIMn w. dependent on the traatment of the oll land prior to
extraction. The geochemlcally mportant and organically as­
aoctated Irace element content. of the bhumen (and as­phelI_., were determined by IUbtractlng the minerai con­
lrlbullons from the tot.1 mealUred concentraUona. The me­
Ihocl allow. analy'" or the bhumen whhoul the nece,,"y or
..,acentrllugatlon ... membf_ lIlratlon, which might remove
geochemlcaUy Important component. or the bhumen. The
melhocl perml" clall4hlcaUon or trace element. Into organic
and inorganic combination•.

The abundances of certain trace elements. particularly Ni
and V, in crude oils are geochemical1y significant and provide
information on the origin, migration, and maturation, of pe~

troleum (1-3). Knowledge of trace element contenta is also
important for the processing of crudes and in designing
demetalation processes to remove metals that act as catalyst
poisons (4, 5). Oil sands (or tar sands) are sandstone deposita
whose interstices contain viscous to solid bitumen which
cannot be recovered by conventional primary oil-well pro­
duction methods (6). Oil-sand bitumens are chemically similar
to heavy crude oils and normally contain higher concentrations
of metals than conventional crudes. The high concentrations
of Ni, V, and other metals are of concern in the upgrading
of oil·sand bitumen to synthetic crudes and products (7).

Determination of trace elements in oil·ssnd bitumen in­
volves sampHng problems other than those encountered in
conventional crude oil analysis, because the bitumen must be
extracted from the rock matrix which consists predominantly
of coarse-grained quartz (SiO,j and fmer·grained clay minerals
(illite and kaolinite) together with minor amounta of other
minerals (6). Soxhlet extraction with benzene or toluene is
normally used (7) for laboratory extraction of oil-sand bitumen
because of the solubility of the bitumen in these solventa.
Recent work (8), however, has shown that complete extraction
is observed only for oil sands containing greater than 7 wt %
bitumen and low fines contents. Oil sands with high con­
centrations of finely divided mineral matter (e.g.• clay min­
erals) and less than 7% bitumen show incomplete recovery
by Saxhlet extraction due to adsorption of polar bitumen
components on fme--grained minerals. Other solvent extraction
methods (9) and hot-water extraction methods have been
reported (10) but are not suitable for trace element analysis.

Instrumental neutron activation analysis (INAA) has been
used to detennine trace elementa in crude oils (11-13) because
of its high sensitivity, freedom from matrix effects, and sim­
plicity of sample preparation prior w analysis. The method
cannot be applied directly, however, to the analysis of oil-sand

bitumen which must be extracted from the impregnated rock.
Solvent extraction, however, may result in the coextraction
of fmely divided mineral matter, mostly clay minerals, which
will bias the measurad trace element content. Only the trace
element component that is complexed to, or inherently part
of, the bitumen matrix is geochemically meaningful and it is
necessary either to remove, or correct for, entrained mineral
matter. Also, the use of large solvent/sample volume ratios
may require correction of measured trace element cor-tents
for solvent blank values (14). Particulate matter in extracted
bitumen can be partly removed by centrifuging the bitumen
extract, but some particulates remain in suspension. This
suspension (or colloid) may be stabilized by interaction with
polar bitumen components, e.g., porphyrins, naphthenic acids,
etc., and organic matter adsorbed on the fines hl1S been re­
ported by Majid et al. (8). High speed centrifugation or
ultracentrifugation cannot be used because the higher mo·
lecular weight components of asphaltenes, which contain a
significant fraction of some trace metals (15), and adsorbed
polar components may be removed. Filtration by inert
membranes with pore sizes small enough to remove clay
minerals «1 ~m) results in rapid clogging of the membrane
and cannot be used for routine bitumen demineralization.

The distribution of trace elements among petroleum com­
ponents, i.e., maltenes (oils + resins) and asphaltenes, is also
of geochemical significance (7). For conventional crude oils,
asphaltenes are separated from maltenes by precipitation with
a large excess of n-pentane (16) or n-heptane (17). Selucky
et al. (18) have described a procedure for the sequential solvent
extraction of rnaltenes and asphaltenes of oil-sand bitumens
that has been modified for trace element analysis by Jacobs
(7). Similar problems with coextraction of mineral matter in
this separation scheme were observed (7).

This paper describes a solvent extraction procedure for
extraction of oil-sand bitumen, maltenes, and asphaltenes for
trace element determination by INAA. Corrections are made
for extraction blanks and for residual particulate material to
give inherent trace element contents of the bitumen and its
components.

EXPERIMENTAL SECTION
Sample Preparation, The Athabasca oil sand, obtained as

a grab sample, was visually heterogeneous with distinct nodules
and intercalating lenses of shaly material in the bulk bituminous
sand. One sample (designated Athabasca I) was ground in a Spax
tungsten carbide ball mill for 30 min in order to homogenize the
sample and another sample (Athabasca II) was sampled without
homogenization. Fifty-gram aJiquots of oil sand were placed in
cellulose extraction thimbles (Whatman, 33 mm X 94 mm) and
extracted with 200 mL or toluene (Baker reagent) for 12 h until
the liquid siphoning to the flask was clear. The sand was dried
at 100 °e. The toluene extract was centrifuged at 3000 rpm for
30 min to remove particulate material (particle size <2 jJ.m). The
fines were washed twice wit.h 50 mL of tetrahydroruran (THF)
and the washings combined with the toluene extract. A total of
1798 g of Athabasca II oil sand was extracted with the 200 mL
solvenL The corresponding weight for Athabasca It oil sand was
226 g. The fines were oven-dried at 110 °e ror 2 h. The maltenes
component of the bitumen was extracted with n~pentane (Baker

OOQ3..2700/83/0355-0074S01.50tO C 1982 American ChemIcal Society
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Table I. Primary Standards Used for Instrumental
Neutron Activation Analysis

and for differences in integrated neutron exposure between
samples and standards. Details of the ")'-ray spectrometry and
data reduction procedures have been presented elsewhere (22),
with minor changes and modifications as indicated here. The
elemental concentrations determined for bitumen. maltenes, and
asphaltenes were corrected for contributions from the extracting
solvent (blank), using the method described by Jacobs et aI. (14).

RESULTS AND DISCUSSION
The concentrations of 30 elements in Athabasca I and II

oil sand components are shown in Table III. These concen·
trations reported have been corrected for extraction solvent
blanks which were negligible for all elements (14). Except for
Ni and V. there are large differences in trace element contents
between bitumens 1 and ll. The fact that both bitumens
contain similar concentrations of Ni and V which are known
to be present either as Ni'+ and va'· metaUoporphyrins (1)
or as nonporphyrin complexes in asphaltene moieties (6)
suggests that the bitumens have similar trace element con·
tents. The large differences in trace element contents between
the two bitumens therefore appear to be due to the presence
of entrained mineral matter and thus the measured trace
element concentrations do not represent the inherent con­
centrations in the oil-sand bitumen. The weight percentages
of bitumen in the Athabasca 1 and II samples are similar
(10.80/0 and 11.0%, respectively) but the coextracted fines
content in Athabasca 1 is much larger than in Athabasca U
(2.2% and 0.2%, respectively). Thus the homogenization of
Athabasca I oil sand prior to extraction of bitumen resulted
in a much larger amount of fine-grained mineral matter being
coextracted with the bitumen. Also, the higher concentrations
of sucb elements as Al and K, which are important clay
mineral constituents, in Athabasca I bitumen compared to
Athabasca llsuggest that the former retains a greal<!r amount
of entrained mineral mal<!rial. The fines from both Athabasca
samples have similar compositions with the mean major ele­
ment concentrations being 12.3% AI. 2.7% Fe, 1.7% K, and
0.8% Ti. The data are consistent with a mixture of silica plus
kaolinite, nominally Al,Si,OlO(OH), (AI = 210/0), and ilIil<!,
nominally K..,AI,(Sio-oAlo-,)O",(OH), (Al = 15-20%, K =
0-90/0), which are the major clay mineralll in the Athabasca
oil 'and (7) and which were identified by X-ray diffraction
as the major mineral species in the extracted fines. Finely
divided mineral matter entrained in the bitumen is probably
colloidal illite and kaolinite with minor amounts of Si02•

Because K forms no geochemically important organic
complexes in petroleum it is assumed that all the K in the
bitumen is present as mineral matter. Any K contained in
the water fUm surrounding the sand grains would be present
as KCl which would be distributed among the solid compo­
nents when the water evaporated during Soxhlet extraction.
Negligible amounts of KCl would dissolve in toluene during
the extraction and appear as bitumen-soluble K species_
Assuming the mineral matter in the fines to have the same
elemental composition 85 that retained in the bitumen, except
perhaps for Si, the computed concentrations of retained
particulates in Athabasca bitumens 1 and II are 3.54 wt %
and 0.25 wt %, respectively. The inherent concentration of
an element in the bitumen [XIMF may be calculated thus

materials used as
primary standard

USGS Standard Rock aSp.1 b

NBS Fly Ash SRM 1633"

NBS Coal SRM 1632"

NBS Orchard Leaves SRM 1571 a

clements

1"\, V, Cl, 80,
Ea, Sm, Br, Ga,
Th, Se, Na, La,
Mn, Ce

AI, Mg, Mo, Sr,
Ni, Se, Rb, Co

Cu, As, Sb, K,
Hg, C" Zn

Hr, Z" Rb, Fe,
Ta, Eu

a U.S, National Bureau of Standards Standard Refer·
ence Materials. b U.S. Geological Survey Standard Rock.

reagent) for 30 h at 30°C in a Soxhlet extractor. After extraction
of the maltenes, the asphaltenes were extracted in a similar
manner with toluene for 12 h at 110°C. The toluene extract was
centrifuged at 2400 rpm for 2 h and decanted; the residue was
washed twice with THF and the washings were combined with
the 8Sphaltenes solution. The bitumen, maltenes, and asphaltenes
were recovered by solvent evaporation in a rotary evaporator at
40 ·C.

Determination or Trace Elements by INAA. Aliquots
weighing 200--400 mg for raw oil sand, 100-200 mg for oil sand
solids, 50-150 mg for asphaltenes and fmes, and 500-900 mg for
bitumen and maltenes were placed in 0.4-dram polyethylene vials.
The vials were heat-sealed and sealed in 2-drarn polyethylene vials
for irradiation. Trace element standards were prepared in the
snme manner. Standards used include U.S. National Bureau of
Standard, (NBS) Standard Reference Materialll (SRM's) Coal
(SRM 1632), Fly Ash (SRM 1633), and Orchard Leave, (SRM
1571) and the U.S. Geological Survey rock standards GSP-l
(grandodiorite), BCR·l (basalt), PCC·1 (peridotite), and DTS·1
(dunite). The reference ,tandards SRM 1632, 1633, and 1571 and
peC-t and DTS-l were used as primary standards for some
elements, and as checks on the analyical data for others. The
elements for which these materials were used as primary standards
are shown in Table I. All containers with which the analyzed
or separated samples came into contact were previously soaked
in THF (reagent grade) for 24 h and then in 35% HNO, for the
Mme length of time before washing with double-distilled water
and acetone.

Samples and standards were irradiated in the Washington Slate
University TRIGA Ill-fueled research reactor in an average
thermal neutron flux of6 X 101.2 neutrons cm-2 S-l. Two irradiation
times were used depending on the half-life of the induced ra­
dionuclide as shown in Table 11. Special care was taken to ensure
that the irradiation geometry was the same for the small volume
solid samples and standards and the larger volume bitumens and
maltenes. 'Y-ray spectrometry using Ge(Li) detectors interfaced
to an ND 6620 spectrometer (Nuclear Data) was used for ra­
dionuclide measurement. Postirradiation decay times and ap­
proximate counting times are shown in Table II. Reduction of
"Y-r8y spectra to "Y-ray peak areas and elemental concentrations
was carried out by using the SPANAL program (19) or the io'OUlUER

program (20) in the Washington State University Amdahl 470
computer. Appropriate corrections were made for decay during
counting by using the method of Hoffman and Van Camerik (21),
overlapping -y-ray peak corrections (e.g.• 1hgej200Hg, &4Cuj24Na),

Table II. Irradiation, Decay, and Counting Times for Instrumental Neutron Activation Analysis

nuclide measured and half-life range irradiation time decay lime counting lime

:IlAI, PMg, Sl'fi, nv (t 1f2 = 2.3-8.8 min)
HCI, S&Mn (t

1/2
r 35-160 min)

11>& aJBr UCu HGa 42K H10La

v9Mo_99mTc, i4Na, ;SlS~ (till ~ 10-70 h)
U'& 141Ce ""Co SlCr IS1Eu S"'Fe 1Il11H JlJJlig
SI~ (for Ni) '~Rb l'uSb 4'SC 1;Se asSr I1J1:a
l'OTb, JUPa ('for Th), HZ.'l, uZ~ (tIll' > 4 days) ,

3-5 min
3-5 min
8h

8h

1 min
30 min
36 h

21 days

150-180s
1000 s
4000 s

80000 s
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Table 111. Meuured Trace Element Concentrations (in "g g") in Alhabaaca On·Sand Componenll, [Xl A' and
Mlneral·Free Concentrations, [XlMF

Alh.bascal Alhabascall

eIe- bilumen (10.75%)" Cines (2.23%)" mineral·free bitumen bilumen (10.98%)" Cines (0.21%)"
ment [X1 A [XIF [Xl MF [XIA [Xl.'

AI 3190.300· 113000. 7100· <1000 274 • 16· 133000.9200·
Aa 0.56. 0.06 6.3 • 0.4 0.341 • 0.061 0.146. 0.014 15.4 • 0.05
Be 8.4. 2.7 472. 2 <6 2.9. 1.2 464 • 76
Ce 2.50. 0.34 91.8 • 2.0 <0.9 0.22. 0.03 102. 12
CI 23.3. 3.1 109. 3 19.4.3.2 13.8. 2.9 <20
Co 4.39. 0.20 34000. 280 3.19.0.22 0.24 • 0.03 22.9.3.1
Cr 4.60. 0.37 93.1 • 1.3 1.31 • 0.45 0.85. 0.07 117. 18
Cs 0.23.0.02 5.9.0.1 <0.05 0.02. 0.001 5.9.0.8
Eu 0.04 • 0.005 1.4.0.05 <0.02 0.007. 0.001 1.4 • 0.2
Fe 1030. 70 26600. 180 <200 242.17 27500.4100
G. 1.30. 0.2 20.1 • 0.5 0.58.0.18 0.360. 0.051 28.7. 1.9
He 0.39.0.02 7.72.0.02 0.12. 0.03 0.046. 0.007 8.8. 1.2
K 594 • 45 16800. 30 0 <44.3. 2.9 17200 • 64
La 1.64.0.12 49.2. 1.2 <0.4 0.17.0.02 62.3. 0.8
Mn 18.4 • 1.6 520. 74 <7 4.76.0.21 733.19'
Mo NMd NMd 7.2. 1.8 <20
Na 149.10 2750. 7 52. 12 21.2. 3.0 2110. 13
Ni 68.1.8.0 52.0.7.7 66.3. 8.0 71 • 16 69, 17
Rb 5.7. 1.1 57 , 14 3.71.1.2 1.72.0.13 65. 22
Sb 0.05. 0.009 0.58. 0.05 0.03. 0.01 0.025. 0.002 1.0,0.3
Be 0.48. 0.02 12.7.0.2 <0.1 0.19. 0.01 H.l • 0.2
Be 0.61 • 0.06 27.1.0.3 0.51 • 0.06 0.34 • 0.03 3.1 • 0.7
Sm 0.20. 0.03 5.82. 0.09 <0.07 0.03 • 0.006 8.4 • 0.5
Sr 5.0,0.5 160. 19 <3 3.0.0.2 183. 3
Ta 0.22. 0.01 15.6.0.3 <0.04 0.004 • 0.001 1.5!. 0.2
Tb 0.023 • 0.008 0.71.0.12 <0.02 0.007 • 0.001 0.68. 0.5
Th 0.56. 0.04 12.7.0.2 <0.1 0.11 • 0.01 14.0. 2
Ti 183. 37 6830. 580 <100 <80 9690. 2200
V 144. 19 142. 16 139.19 170. 5 194 • 24
Zr 9.80 • 3.4 219.9 <7 2.81.0.78 254 • 83

replicates naG n<2 n<6 n' 2

Alhabasca II

mineral-free bitumen maltenes asphaltcnes

element [X1M>'c % [Xl M>' [XlMFC % [XIMF [XlMFC % [XI.,F

AI <80 2 <2
As 0.11 • 0.01 73 0.09. 0.01 99 0.357. 0.035 67
Ba <3 <0.01 8. 2 62
Ce <0.1 <0.005 <0.5
C1 13.8. 2.9 100 NM d NMd
Co 0.18.0.03 75 0.056 • 0.002 98 1.02 • 0.08 80
Cr 0.55. 0.09 65 0.17 • 0.03 97 3.0. 0.5 70
Cs <0.01 <0.001 <0.03
Eu <0.004 0.002. 0.0004 96 0.020. 0.002 55
Fe 171 • 21 71 139. 4 99 720. 60 70
Ga 0.296. 0.05 80 <0.04 1.11 • 0.1 77
He 0.02. 0.01 51 <0.001 0.12.0.02 54
K 0 0 0
La <0.04 0.008 • 0.001 100 <0.2
Mn 2.87. 0.25 60 2.71 ! 0.06 99 10.4 i 0.4 56
Mo 7.2. 1.8 100 0.20 i 0.05 100 22.3 100
Na 15.8. 3.0 74 2.3. 0.8 96 37 i 13 61
Ni 70.3. 6 100 22 i 1 100 192 i 5 100
Rb 1.55. 0.14 90 <0.003 6.5. 2.2 90
Sb 0.022. 0.002 89 <0.001 0.08. 0.01 87
Be 0.16.0.01 81 0.19 i 0.001 100 0.87 i 0.05 85
Be 0.33. 0.03 98 0.297 i 0.006 100 0.94 i 0.06 96
Sm <0.01 0.0034 • 0.0006 90 0.04 i 0.01 29
Sr 2.5.0.2 83 <1
Ta <0.004 <0.04 <0.02
Tb 0.004 • 0.001 73 0.004 • 0.001 99 0.04 • 0.01 83
Th 0.07.0.01 67 0.046. 0.002 99 0.32 i 0.03 67
Ti NM d NMd NMd
V 170 is 100 53.8 i 1.8 100 630 i 49 100
Zr <2 <0.01 <10

CI Weight percent. of component relative to oil sand in parentheses. b Mean 1: standard deviation. C Mean :t. standard
deviation. The less than sign represents the upper limit of two standard deviations. d Not measured.



where [X1MF is the computed mineral-free concentration of
X and [Xl. is the measured concentration of X in extracted
component. The data in Table III show that the msltenes
have much lower trace element contents than do the as­
phaltenes, as is the case for conventional crude oila (13, 20).
The fines are a negligible contribution to all concentrations
in the maltenes, which is consistent with the fact that n­
pentane is a solvent of low polarity. Thus low-polarity
maltenes components show little tendency to adsorb on or
associate with fmely divided mineral matter. The mineral-free
trace element concentrations of asphaltenes and whole bitu­
men show a similar pattern, as might be expected, except that
Ba, Eu, and Sm have statistically significant concentrations
in the asphaltenes but not in the bitumen. It should be
observed that the % [XI MF values are very similar for as·
phaltenes and bitumen. Elements with % [XI"F values greater
than 60 can be classified as being predominantly organically

where IXJMF is the concentration of element X in mineral-free
bitumen, [XIA is the analytical concentration of element X
measured in bitumen, [X1F is the measured concentration of
element X in fines, [K)A is the measured concentration of K
in the bitumen, and [K]F is the measured concentration of
K in the fines. The computed trace element concentrations
in mineral-free Athabasca I and II bitumens are shown in
columns 3 and 6 in Table III. Concentrations listed as
less-than values are not significantly different from 0 (positive
or negative) at 95% confidence limits. The less·than values
were arbitrarily taken as two standard deviations for such
elements.

The concentration data for the mineral-free bitumens in­
dicate that of the 30 elements only AB, Cl, Co, Cr, Fe, Ga, Hf,
Mn, Na, Ni, Rb, Se, Th, V, Mo, and Th are measurable in the
mineral-free bitumen. The elements AI, Bat ee, CS, Eu, La,
Sm, Sr. Ta, Ti, and Zr appear to be present entirely in the
inorganic particulate phase of the extracted bitumen. The
trace element compositions of mineral-free Athabasca I and
II bitumens are not significantly different at the 95% con·
fidence limits (t test), with the exception of Co. The method
therefore gives the inherent trace element data for the oil-sand
bitumen that can be related to other geochemical parameters,
e.g., degree of maturation, degree of microbial degradation,
etc. For the determination of trace elements in oil sand
bitumens, it is important that the raw oil sand not he hom­
ogenized by grinding and that other steps be taken to minimize
dispersion of the fines during sample preparation.

Because the contribution of fines to the bitumen was smaller
for Athabasca II than for Athabasce I, the former was selected
for geochemical study (7) and the bitumen was separated into
maltenes and asphaltenes. Similar calculations were made
to compute the mineral-free trace element composition of the
maltenes and asphaltenes and the data are also shown in Table
III. The percentage, % [XIMF, of each element present in the
mineral-free components relative to the measured concen­
tration was calculated by

and

[XIMF = [XIA - [XlM

[XIMF
%[XIMF = [X1

A
X 100

(I)

(2)

(3)
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Table IV. Geochemical Clauification of Element. in
Athahasca II Bitumen and Alphaltenel

% geochemical element in element in
IXIMF classification asphaltenes bitumen

0-40 predominantly AI, Ce, Cs, Al, Ba, Ce,
inorganic K,Mn, Sm, Cs, Eu, K,

Sr, Ta, Zr Sm, Sr, Ta,
Zr

60-100 predominantly As, Ba, Co, As, Co, Cr,
organic Fe, Ga, Mo, Fe, Ga, Mn.

Na, Ni, Rb, Mo,Na, Ni,
Sb, Sc, Se, Rb, Sb, Sc,
Tb, Th, V Se, Rb, Th,

V

combined in the bitumen and 8Sphaltenes and therefore can
be used in geochemical interpretations. Elements which are
associated primarily with the mineral component of the bi­
tumen should thus not be used in geochemical studies of oil
sands. The elements determined in the bitumen and as­
phaltenes are classified in Table IV. Nickel and vanadium
are shown to be 100% organically combined in all components
of the Athabasca bitumen, which is consistent with results
from previous studies (1,6,20).
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Recovery Factor for Extraction from a Solid,
Extractant-Retaining Matrix

David Emlyn Hughes

Analytical Chemistry Division. Norwich Eaton Pharmaceuticals. Inc.• Box 19 t. Norwich. New York 13815

The theory and calculation of the recovery factor for an ex-
tr.ctlon Irom • solid .xtr.ct.nt t.lnlng sampl. are pr••-
.nt.d. Th. recov.ry l.ctor Is n to consist 01 two multl-
pllcallv. lactors, one '.ctor lor .xtr.ctIon efficiency and on.
lor .xlr.ct r.t.ntlon by th••ampl.. Sev.ral .xample. are
presented.

Although liquid-liquid extraction has attracted a great deal
of theoretical modeling, solvent extraction from 8 solid me­
dium has drawn less attention. Liquid-solid extraction has
been used for centuries for the recovery of metals, sugars, salts,
and medicinals (J). Recently. much of the interest in the field
has been in empirical considerations in solvent/metal-con­
taining compounds and refinements of Soxhlet extraction.
Although liquid-liquid extraction is well undersWod. liquid­
solid extraction theory is absent from the chemica1liternture.
'rhe theoretical considerations presented here do not concern
themselves with why a particular extract-matrix partitioning
has occurred. The theoretical problem is deriving an analy1ical
expression for the recovery factor for a liquid extraction from
a solid, solvent-retaining sample. The results differ sub­
stantially from liquid-liquid systems, since liquid-solid ex­
traction systems frequently retain extract.

When the volume of extractant is comparable to the volume
of the solid matrix or when a "reverse" extraction is perfonned
on another liquid (extraction of an organic layer with an
aqueous solution), some of the extract is often physically
trapped in the medium. Both solid and liquid media are
therefore able to retain extract. Multiple extraction often
removes sufficient analyte such that the extracts may be
combined and successfully assayed.

A somewhat less defined situation exists when extraction
yields insufficient extract to produce an acceptable recovery.
If extract is associated with the medium in a fixed proportion,
the association is reasonably constant from sample to sample.
The concentration of the analyte may then be calculated.

In what at flrstappears to be the most analy1ically complex
situation, some indeterminate amount of the analyte is
physically trapped in the matrix. The precise volume of
extract in the matrix prior to assay is dependent on the prior
sample handling and may vary significantly from determi­
nation to determination. A familiar and consistent physical
model is aqueous extraction from vegetable oil. Upon ex­
traction, apparently intact droplets of extract (or extractant)
appear within the vegetable oil layer. If extract is retained
within vegetable oil, some unspecified amount of the analyte
is still within the vegetable oil pha.. and i8 not available for
888ay. A mathematical model will now be presented for an
extraction from a solid which retains a variable amount of
extract.

After the initial extraction, the extract trapped in the
sample: (1) mayor may not have the same concentration as
the extractant; (2) mayor may not be able to be extracted
further. The following discussion is consistent with IUPAC
recommended nomenclature and terminology (2).

THEORY

If the sample contains nj mol of analytc in a volume Vm and
a volume \'0 of a thermodynamical ideal extractant is added,
the available volume of the extract is (Vo + Vm - V), where
V is the volume occupied by the extract within the sample.
If the solution is given sufficient time to equilibrate, the
concentration OnJ V may be such that

OnJV < Melt (1)

OnJV> M ut (2)

On;/V = M", (3)

where Mut is the molarity of the solution external to the
matrix. The molarity of the extract concentration within the
sample may therefore be less than, greater than, or equal to
that of the surrounding extract.

In eq 3, the extract concentration is the same internally and
externally to the sample. The internal and external extracts
in this case have the same concentration and if the system
is assumed w be isothermal, the expression (.1) for the molal
distribution constant (KulA of the analyte A is

where 'Yinl =: molal activity coefficient within the sample ex­
tract, 'Yest =: molal activity coefficient of the surrounding ex·
tract. ¢onl =: partial molal free energy of the extract, and ¢o int

=: partial molal free energy of the retained extract. Therefore

and

(6)

where minI =: molality of the matrix extract and mut =: molality
of the extract.

Henceforth, the less cumbtmwme Ko will be used in place
of (KO)A since only one substance is being considered.

The conclusion is that the physically obvious Kn =: 1 (since
mut =: mint and Ko ;;;;: mut/mint) is not an approximation but
is rather thermodynamically exact (4, 5). Kn =: 1 allows the
derivation of analytical expressions for the recovery of the
analyte using two extraction models. It is clear that the Ku
::;: 1 assumption is simply a mathematical convenience and
not a requirement of the present model. If an apparent
(nonunity) value of Ko is assumed, then the derivation is
unchanged and the model may be extended to cases (I) and
(2) above. The mathematical model is then completed by
calculation of the recovery factor for the procedure.

In the first extraction model procedure, sufficient extractant
is supplied to perform a single, simple extraction such that
the liquid recovered has a volume Vf'

The molarity of the resulting solution is

0003-2700/83/0355-0078$01.5010 @ 1982 American Chemical SocNity
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(7)

(9)

(10)

where "I = moles of solute originally in the matrix, 0 = mole
(decimal) fraction of n, trapped in matrix after one extraction
assuming mint = m...~, and Vf = final volume of extract, in
milliliters.

In the second extraction procedure, V( mL of extractant
is added to the matrix. The molaliti.. of the internal (sample)
and external extracts are again equal by assumption

min' =m", =IO"n;/ VrP (8)

where P =density of the extractant (g/mL). Converting to
molarity

l03paolm....t

M, = 10' + M.,m"t

and substituting in m.n from (8)

l()3paolni

M, = VrP + Mnn;

Note that although the total volume of the sample and extract
system is indeterminate, the volume of extract is V"~

If an aliquot of each resulting solution is now assayed by
a hypothetically perfect method (since we are interested in
errors inherent in the extraction, not in the subsequent assay)
the recovery factor

1 2
Numb.r of 1.'raUlon., n

Flgur. 1. Extract'on from an exlraetanl-retalning sampkt wtth K0 =
4: curve 1, On/V < M ed; ClWVes 2-5. On/V;:: M ext and ImIting R A
::: 0.80. 0.90. 0.95. and 1.0.

ion. and Setchenow (11. 12»). and generalized distribution
coefficients (13-15).

EXAMPLES
Examination of eq 16 reveals that the recovery factor

consists of two multiplicative terms

M, M, IO"n,(1 - 8)
RA = M M = V,

l()3peoln i

V,P + M.,n;
(II)

where

(17)

and

A slightly more general form would allow n extractions with
volumes VI. V,. V,• ...• such that

(18)(
VrP~1 )

R", = V,P + M.,n;

Ru ' = 1- vnn( VK 1 V) (19)
I-I i 0 +

and

Rret is the recovery factor due to the retention of extract by
the sample and R...t is the recovery factor for the extraction
process.

Example I. In Figure I, curve I. the sample extract is more
dilute than the surrounding extract, as in eq 1. Further ex­
traction allows more analyte to be retained by the 88IDple and
the recovery factor drops asymptotically until 6n.l V = M....
Equations 2 and 3 have similar shapes and are represented
by curves 3, 4, and 5. with respective limiting Rret values of
0.90. 0.95. and 1.0. Curve 2 represents that special case for
eq 3 only when V,Kn » V and the extract is fully retained
after the ftrllt extraction with an R... = R ::: 0.80. The 88IDpies
in Figure I would not show significantly higber recovery factor
values with more elaborate (and numerous) extraction
schemes.

Example 2. When the analyte is retained in a solid 88IDple.
at least two mechanisms may be involved. The intact extract
may be trapped in the sample and the analyte may be irre­
versibly bound to the solid 88IDple. The extent of these
mechanisms may be determined by performing the following
analyses: (a) single extraction on identical 88IDpl.. using NV.
mL of extractant for N = 1. 2. 3, and 6; (b) a multiple ex­
traction (n = 3) using V, mL for each extraction; (c) assay of
the seven samples.

For the analysis of the single extraction data. recall eq 17 '
and notice that Rut may be rearranged to

I/R... = 1 + (VIKD)(IIV,) (20)

(12)

(13)

(16)

(14)

(15)

8 = (Kov,:n) + V)"
providing the volume of extractant is divided by n and n
extractions are performed. The recovery factor becomes

where M = IO"n;/V,. that is

(1 - 8)V,p~,

RA = V'P + Mwn;

for a single ex.traction step in the fust extraction procedure.
If the retained extract is availahle for further extraction (7)

Although the recovery equation is somewhat involved,
further mathematical complications result if the system is not
assumed to be isothermal. It is clear that although the
physical model presented here lent direction to the mathe­
matical model derivation. eq 16 could have been derived solely
from conservation equations. The derivation could easily be
extended to allow association and dissociation reactions (8,
9). mutual dissolution of. the matrix and extracting solvent,
side reactions (10), salt effects (salling-in, salling-out, common
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Table I. Palameten for ExtlactantoRetaininK Systerm

1/1l (at V.)O slope/V. intercept

I 0 1.00
l.l 0.104 0.996
1.2 0.218 0.982
1.3 0.340 0.960
l.4 0.466 0.934
1.5 0.600 0.900
1.6 0.738 0.862
1.7 0.882 0.818
1.8 1.03 0.772
1.9 1.18 0.720
2.0 1.22 0.660

o Calculated from eq 22 for (Vr - V, )IV• .. 1, 2, and 3.

For eq 18, if the decimal fraction of analyte (I - R;n) is
irreversibly bound and if the concentration of trapped ex·
tractant is linearly dependent on Vh then

simple systems. Single extraction recovery data could be
plotted as in Figure 2 and evidence for a significant intercept
evaluated. If the multiple extraction appeared promising,
plotting the data would indicate the presence or absence of
a positive intercept and therefore irreversibly bound soJute.
If the multiple extraction does not greatly improve the re­
covery, plotting the data might reveal a ststistically significant
negative intercept and hence extractant retention.

It may become apparent from the above examples that
solid-liquid extraction systems become increasingly similar
to classical liquid-liquid systems as the extractant Ul matrix
ratio increases. For these near-classical systems, an unsat­
isfactorily low recovery factor may be improved by multiple
extraction, providing an extractant with a suitable KD is
chosen. For a solid-liquid extraction, multiple extraction may
only slightly increase (or actually decrease) the recovery factor.
These nonclassical cases are a strong indication that the solid
sample is retaining some of analytc and that improved re­
covery may be a function of the initial extraction variables,
principally, the mass of the analyte and the volume of the
initial extraction. If adjustment of the initial extraction
variables does not improve recovery, the analyte may be ir·
reversibJy bound to the matrix (either before or upon ex­
traction) and a different separatory system must be employed.

GLOSSARY
g number of grams of analyte
"Ylnt molal activity coefficient of extract retained within

the sample
"Yut molal activity coefficient of extract external to the

sample
(KD)A or molal distribution constant for species A

KD
mUI molality of the extract external to the sample
mini molality of the extract retained within the sample
M the molarity of an R = I extract, i.e., 10'n;/ Vr
M 1 molarity of the extract in model 1
M-z molarity of the extract in modeJ 2
Mut general term for molarity of the extract externaJ

to the sample
M. molecular weight of the analyte
n the number of extractions
nj the number of moles of analyte
N multiple of VI for single extraction
o decimal fraction of moles of analyte retained within

the sample
(/)0nl standard partial molal free energy of the extract

external to the sample
4>0.., standard partial molal free energy of the extract

retained within the sample
p density of the extractant
P.. density of the extract
RA recovery factor for species A
Rut extraction recovery factor
Rrel extract retention recovery factor
Rift irreversibJy bound analyte recovery factor

(22)

(21)

0.'

(
1- RI )

R ret = RifT 1 - 2(Vr V.l/ VI

1 2(Vr VI 1/ Vl

Rret R
irr

(2(Vr V,)/v\ + R1 - 1)

or

00'

}tv
f

figure 2. [)epor-.ce ol1he recove<y la_ on 1he extraction voUne
'Of a single extraction.

which approximates a straight line (±O.4'70, I/R :s 1.7) if I/R....
is plotted vs. I/V,and (V,- V,)/V,:s 3.

Hence both R.., and R... are linear if I/R is plotted VB. I/V,
for experimental extraction data V,:s 3V,. In Figure 2,1/R
data (R = ..say value/accepted value) vs. 1/ V, data are
plotted for V, = 10 mL. By simply relabeling the axis, any
V" 2VI , and 3V, scheme may be used.

If the multiple extraction scheme improved the recovery
factor oignificantly, the data for the single extraction scheme
will fall on lines similsr to (a) and (b) on Figure I. If the points
fall on line a, then the solid is being extracted as if it were
a cl886icalliquid. If the 1/R intercept is statistically larger
than zero, some (I - R at I/V, = 0) is being irreversibly
retained. For line b, I/R = 1.2 (R = 0.833) or about 17'70 of
the anaIyte is irreversibly retained, If an aasay with a higher
accuracy is required, the extractant system is to be abandoned.

If the multiple extraction scheme is ineffective in improving
the recovery factor, the experimental points for the single
extraction will lie on 8 line similar to c in Figure 2. If ex­
tractant is retained in accordance with eq 3 and eq 22, then
the slope and inten:ept of the line may be obtained from Table
I and R.. = ....y value (N = 6)/accepted value within ±<I '70.
In the nonequiliberated cases defined by eq 1 and eq 2, the
data will be consistent with lines d and e. The line defining
0",/ V > M... (eq 2) may have an apparently anomalously high
I/R at I/V, = '/,V, due to curvature of the deCmingequation.
Increasing V, for lines ("""') efficiently increases the recovery
factor when compared to classical line a. When an extrac­
tant-retaining system is encountered, failure of a multiple
extraction scheme implie! that a single (large VI) extraction
may significantly improve the recovery. Although lines c, d,
and e in Figure 2 have intercepts corresponding to recovery
factors in excess of I, the sctual function defined in eq 22 is
nonlinear and converges to R = 1 after N = 4.

In summary, the procedure outlined here need not be done
in detail; an examination of the effect of multiple extraction
and single extraction in general terma would be sufficient for
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R gas constant. 8.314 J/(deg mol)
T Kelvin temperature
V volume of extract within the sample
V, final volume of extract
Vi volume of extractant of the ith extraction
Vo total volume of extractant
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Interpretation of Sets of Pyrolysis Mass Spectra by
Discriminant Analysis and Graphical Rotation
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Pyrolysis mass opectra 01 complex bIologIc:aI ......... can be
mtarpreted 10< parUaI c:homIcaI cornpoellIon, even _ exact

,elerence spectra 0I1he compon..... Involved are no! avail­
able. The melhod Is baMcI on a lacto< analy'" method:
~ componenI anaIyIIo loIowed by -...." anaIyIIo
and graphical rolaUon. AppIIcalJons 01 the procedure are
_ 10< varloua _ 01 &amfII-, vtz..1ungI (taxonomyI.
bacteria (cletectlon 01 capsular poIyaaccharldeI. and human
bile (eIIIerenUallon 01c_ and cholecy_ pau.m.
and normalsl.

Pyrolysis mass spectrometry (Py-MS) is a fast method for
fingerprinting complex biological materials like macromole­
cules, cells, and microorganisms (1). However, chemical in·
terpretation of pyrolysis mass spectra of complex samples is
hampered as: the spectra seldom exhibit single masses specific
for a particular compound (s<>-called 'pure masses" (2)), ac·
curate reference spectra of pure components are usually not
available or even not obtainable, intermolecular reactions
during pyrolysis can occur so that the pyrolysis spectra are
not additive. Consequently automated mixture analysis
techniques like library search procedures are not easily ap­
plicable to pyrolysis mass spectra.

In Py-MS studies the main analytical goal is often to de­
termine the nature and extent of differences within a set of
related samples. Factor analysis of spectral data offers a
powerful method to describe the differences efficiently. It baa
been shown in varioua applications on spectral data seto that
by an adequate transformation of the factors, mixture com·

I Present addre8l: Biomateriala Profiling Centre, 391 South
Chipota Way. ~arch Park. Salt Lake City, UT fUl08.

ponents can be identified and quantified (2-41. In particular
target rotation methods. as developed by Malinowski. have
been applied successfully (4). However such an evaluation
relies on a number of assumptions with regard to the structure
of the dataset, i.e., additivity of spectra, availability of accurate
reference spectra, and sometimes the presence of "pure
masses". As outlined before these conditions are not fuUlilled
in Py-MS data seto and, consequenUy, other-less elegant­
factor transformation procedures have to be applied.

RecenUy we described a combination of factor analysis and
graphical rotation procedures, for chemical evaluation of small
sets of Py-MS spectra (5-7). The graphical rotation method
consists of a systematic-stepwise-rotation of principal factoro.
Visual examination of a series of transformed factors can lead
to recognition of mixture components. It will be clear that
this method does not provide the speed and rigidneoo of au­
tomated procedures and that the results depend on the ex·
perience of the operator. Nevertheless, in practice the
graphical rotation procedure has been proven to work out
satisfactory with respect to both the time afforded and quality
of the results. One advantage of this procedure over other
methods is that during examination of a series of transformed
factors the experienced operator can be stimulated to make
reasonable gu..... about the nature of a mixture component;
this by the associative ability of the human mind. In this way
components can be identified of which no accurate reference
spectra were available at that time.

Although the factor analysis and graphical rotation method
were successful for interpretation of small data seto. the
technique did not work out satisfactory for larger data seto
including multiple replicated spectra. The problems were
2-fold, the large number of factors obtained complicated the
rotation procedure and the single factors did not discriminate
well between the groupo of replicated spectra. This was due
to the fact that factor analysis does not describe optimally
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the differences between the groups with respect to the dif­
ferences within the groups. An edditional step in the date
handling was necessary, to determine well discriminating
factors. For this purpose, a transformation of the factors hy
discriminant analysis was applied. Graphical rotetion of the
discriminant functions could then be performed to interpret
the differences in tenus of chemical components. This method
will be demcnstrated on some sets of spectra of bioorganic
samples, i.e., yeast strains, bacterial strains, and human bile
samples. Furtbennore, some criteria concerning the reliability
of the discriminant functions derived for small groups will be
discu....ed.

MATERIAL AND METHODS
Yealts. The following strains were examined (CBS numbers

refer to strains deposited in the Culture ColJection of the Cen·
traalbureau voor Schimmelcultures, Baarn, The Netherlands):
(a) Rhod08poridium tarolaides (Banno), strains CBS 14,349,5490,
6681; (b) Rhodosponodium in/irmo-miniatum (FeU et al.), strains
CBS 323, 2427, 6352; (c) Filabasidium capsuligenum (Fell et a1.)
Rodr.Miranda, strains CBS 1906,4736,6122-1,6122-2; (d) Fila­
basidium uniguttilatum (Kwan Chung), strail1ll CBS 1730, 1727,
2770; (e) Sporobolomyce& TOSeus (KJuyver and Van Niel). strains
CBS 486, 2646, 493, 993; (0 Sparabalamyces alba-rubescens
(Derx); strain CBS 5331; (g) Sparabolamyces paroraseus (Olsan
and Hammer), strains CBS 484, 491, 4217. Further details an
the strains are given by De Hoog (8).

Cultures were grown on YPG agar (0.5% yeast extract, 17"
peptone and 1% glucose) on Petri dishes for 7 days at 22 "C.
Micrograms samples of yeast were taken in duplicate directly from
two replicate cultures. resulting in fOUl samples for each strain.

Bacteria. Escherichia co[£ strains of different serotypes were
cultured at the Natianal Institute far Public Health (RIV),
BiJthoven, The Netherlands, on blood agar dishes. All strains
were cultured in duplicate under standard conditions. Bacteria
were sampled with a platinum loop and directly brought on the
Curie point pyrolysis sample wire.

Bile. Samples of human bile were collected from five chole­
lithiasis patients (a-e), two chalecystitis patients (f and g), and
two healthy individuals (h and i). Except far sample i all samples
were directly taken by needle aspiration during surgical proce­
dures. Sample i was taken by duodenal aspiration during 8

gasU08COpy procedure. Five--microliter drops of the sample were
applied directly to the Curie point wire. Every sample was an·
alyzed in triplicate.

ReCerence Material.. The foUowing biopolymers were used
for reference purposes: bovine serum albumin (Merck AG,
Dannstadt, G.F.R.); glycagen (Fluka AG, Buchs, Switzerland);
chitin (B.D.H. Cbemicals Ltd., Poole, U.K.); araban (isolated from
apple, Agricultural Univecsity, Wageningen, The Netberlands);
fucoidin (Koch-Light Laboratories Ltd., Coinbrook Bucka Eng­
land); poly«a2-9)-N-acetylneuraminic acid) (isolated fram
Neisseria meningitidis, National Institute for Public Health,
Bilthoven, The Netherlands). From all reference materials 1
mg/mL suspensions in methanol were made. Aliquots of 5 ~L
were applied to the Curie point wires.

PyroJYll. Mall Spectrometry. The pyrolysis JD1l88 spec·
trometric system used consists of an automatic sample changing
system, a Curie point pyrolysis reactor, and a quadrupole mass
spectrometer with ion counting detector. An extensive description
of the Iystem is given in ref 9-11. Pyrolysis and instrumental
conditions were as follaws: equilibrium temperature, 510 °C; total
heating time, 0.91; temperature rise time, 0.1 a; inlet temperature,
160°C; 8C8n rate, 0.1 s/scan; total scan accumulation time, 15 s.
Eech spectnun is normalized far COl1lltant total intel1llity, in order
to correct for sample size.

Computer Program. far Date Handling. Factor analysis,
applied to standardized masses, and discriminant analysis, applied
to standardixed factor scores, were perfarmed with the Ststistical
Packqe far the Social Sciencea (SPSS) (12). Additianal programs
to display the factors and discriminant functions in the form of
spectra and programs to rotate the factors and discriminant
functions have been developed in our laboratory.

Because the SPSS package can handle 100 variables at most,
the 100 most intense masses, out of the about 150 present, were

figure 1. Representation space of the correlation matrix obtained by
factor anatysis of a set of mixture spectra. BaTs Indicate the masses
within classes of 10°. ThIs system Is described by the two orthonormal
axes Fl and F2.

selected for factor analysis. Those factors with eigenvalues greater
than one were used for discriminant analysis. The number of
discriminant functions was limited by a level of significancy of
0.00005 (12). The percentage af the total variance described by
the factors and discriminant functions is calculated for stand­
ardized m885es. This means that every mass equally contributes
to the variance calculation.

DATA HANDLING
Both factor analysis and graphical rotetion have been de·

scribed previously from a geometrical point of view (5, 6). In
this section these techniques will be summarized and extended
to discriminant analysis. Furthermore, a brief mathematical
description to document the various transformation and
scaling procedures involved is given in the Appendix.

Correlation Analysis. Changes in concentration of
chemical components in a set of mixtures analyzed by Py-MS
will cause correlated intenslty changes in a series of mass
peaks. The identity of chemical components can in principle
be deduced from these correlations and the relative intensity
changes. An appropriate way to study the correlations in a
set of spectra is to examine the space spanned by the oblique
mass axes coordinate system, with the cosine of the angles
between the axes equal to the correlation coefficients of the
mll8SOB. The length of each mass axis is given by its stendard
deviation. As will be shown in this paper, the relevant com­
ponent axes can be retrieved in this space.

Example. A data set, consisting of 10 "mixtures" of the
biopolymers albumin, glycogen, and peptidoglycan as de­
scribed in ref 5, is used to illustrate the method. The mixture
spectra are exact linear combinations of the spectra of the
three components and, consequently, the set of normalized
spectra contains only two-dimensional information. The
oblique mass axes system of this data set can thus be drawn
in a plane (Figure I). From this figure it becomes evident
that various series of m... peaks are positively correlated (axis
angles within 100

), noncorrelated (angles about 900
) and

negatively correlated (angl.. 1800
). Tentatively, highly cor­

related m..... like mlz 34, 41, 47, 48, 54, 92, 94, 104, and 108
might be attributed to one particular component. Negative
correlations between masses result from the fuct that spectra
have heen normalized to constent total intensity. This means
that every change in a set of mass peak intensities must be
accompanied by an opposite change in another set of mass
peak intensities. The two-dimensional representation space
can be described also by only two axes, which can be chosen
arbitrarily. In the present exampl.. the axes are determined
by factor analysis. The two axes drawn in Figure 1 are the
first and second factors (FI and F2).

Factors. Factor analysis is generally performed on a
stendardized date set, i.e., the ma"s intensities are scaled to
have a zero mean and unit stendard deviation. For these date



sets the oblique IJUlll8 axes have unit length and factor analysis
calculates a set of orthogonal axes:

Fj = aljmt + a2jm 2 + ... a"jm" (1)

j = 1, 2, ...• p; p S n equal to the number of masses

The loading Qij is the correlation coefficient of the factor Fj
and mass axis mj and is equal to the projection of the mass
axis on the factor. The variance described by factor Fj is equal
to the sum of squares of the projections of mj or Fj • Factors
can be presented 85 factor spectra with intensities Qij at mass
mi' For standardized data sets the intensities Qij have to be
multipJied with the standard deviation O'j of the masses to
obtain factor spectra comparable to pyrolysis mass spectra.
A measure for the relative abundance of such a factor 8pec~

trum in an individual spectrum is called the factor acore and
can be calculated by substituting the respective m888 inten­
sities at mj in formula 1.

Component Axes. The differences between the spectra
in the data set and thus the structure of the representation
space is determined by the variations in the concentration of
chemical components. For this reason it is also possible to
span the space by axes representing the chemical components
involved. This becomes evident in Figure I; in the quadrant
enclosed by the positive parts of Fl and F2 (Fl + and F2+),
a number of highly correlated albumin masses are present,
e.g., m/z 17,34,48,92,94,108,117,119,120, and 131 (see
also Figure 30). Presumably the protein axis is located in this
quadrant and, consequently, a protein subpattern is projected
on F1+ and F2+.

Graphical Rotation. Rotation of the factor axes system
can lead to an orientation where Fl+ coincides with the
presumed protein axis. In this orientation the factor spectrum
of Fl+ has to resemble a protein pyrolysis mass spectrum.
Simultaneously, any protein subspectrum should be absent
in the orthogonal factor spectra of F2+ and F2-. The scores
of the various mixture spectra on the rotated F1 describe the
relative intensity of the albumin component in the mixtures.
In practice the rotation is performed in steps of 100

• Coin­
cidence of a factor with a component axis can be judged
visually by the presence of the component pattern on the
factor spectrum and the abaence of this pattern on the or­
thogonal factor spectrum. This visually aasisted prace.. is
called graphical rotation. For very complex data sets the
number of factors will be large and a component axis can be
projected on more than two factors. After graphical rotation
to locate the optimum orientation within the subspace or the
first set of two factors, further rotation is carried out in the
space spanned by the rotated factor and the third factor
involved, etc.

Discriminant Analysis. in the exarople discussed above
only one spectrum for each mixture was involved. in pyrolysis
m888 spectrometric studies samples are generally analyzed in
duplicate or quadruplicate in order to test the reproducibility
of sample preparation and analysis conditions. A subset of
spectra. in principle from identical sample material, is called
a group. In many pyrolysis mass spectrometric studies one
is mainly interested in the chemical components which cause
the differences between the groups. For this approach the
differences between the groups has to be related to the dif­
ferences within the groups as is done in discriminant analysis
(13, 14). in this technique a series of independent linear
combinationa of masses is conatructed which discriminate the
groups and are arranged in descending order of discriminating
power. in the sarne way as with factors, discriminant functiona
can be plotted in the form of discriminant spectra. The
quantitative measure of the discriminant spectrum in the
individual spectra is called the discriminant acore. in general
nonorthogonal discriminant functiona are obtained which
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complicates the graphical rotation procedure. in the Appendix
it will be explained that by using standardized factor acores
as input for discriminant analysis, orthononnal discriminant
functiona can be obtained.

Besides the use of discriminant functiona for the chemical
interpretation of pyrolysis mass spectra, discriminant scores
can be used for numerical classification of the spectrs. in this
classification procedure it is assumed that a statistical eval­
uation of the data is allowed. Because of the very limited
number of spectra which conatitute a group, the discriminant
analysis results have to be treated with care. Therefore. we
have used several criteria to test the reliability of the dis­
criminant functiona derived from data sets with amall groups,
in addition to the level of significance (12). The criteria used
are as follows: (i) percentage of spectra classified correctly
with discriminant functiona determined for the total data set
(complete groups); (ii) percentage of spectra classified correctly
with discriminant functiona determined for a partial data set
(incomplete groups (15)); (iii) percentage of spectra classified
identically with discriminant functions derived from a partiaJ
data set and the total set. The latter criterion is called the
stability of the c1888ification.

RESULTS AND DISCUSSiON

The applicability of this data analysis metbod is demon­
strated from the results obtained for a series or yeast spectra
as compared. to chemical analysis data, a series of spectra of
bacterialstraina, and a series of spectra of human bile. Apart
from the chemical interpretstion of the results of discriminant
analysis, the classification results are tested on their re1iability.

y ....t.. The data set consisted of the quadruplicate spectra
of 22 yeast strains (22 groups). Factor analysis resulted in
15 factors with eigenvalues greater than one. describing 88%
of the total variance in the data set. Discriminant analysis
on the factor scores gave seven significant discriminant
functions. It appeared that the flrBt and fourth discriminant
function (Dl and 04), responaible for 20 and 6% of the total
variance respectively. described the main quantitative changes
in five recognizable components. The spectral differences
described by the otber discriminant functiona could not be
recognized clearly in terms of other chemical components;
possibly physicochemical differences between the sampl... (pH,
58lt concentration, etc.) may play 8 part here.

In order to find component axes in the subspace spanned
by discriminant functions Dl and D4, we applied grapbical
rotation (Figure 2).

For the evaluation of spectra of the component axes one
has to keep in mind that reference spectra cannot be identical
with discriminant spectra. due to the applied normalization_
Furthermore. appropriate reference spectra are generally not
available and comparison can be made only with spectra of
the component analyzed under other physicochemical con­
ditions, or with spectra of structurally related materials. Thus,
the reference spectra (Figure 3) should only be used to obtain
a general impression of the typical fragment series for the
various component groups. Another complication can occur,
when the changes in several components are positively cor·
related; then the discriminant spectra will show superpositiona
of these components.

The five componenta found in the space described by D1
and D4 are the following:

Pentose Axi•• Tbis component axis (Figure 2a) is posi­
tioned along D1+ and shows a fragment pattern clearly COD­

taining a set of peaks characteriatic of pentooe polymers. For
comparison the pyrolysis m888 spectrum of an araban is given
(Figure 3a). The spectrum of the component axis has many
peaks in common with this typical pentose reference spectrum,
e.g., m/z 31. 32. 60. 72. 74. 85. 86, 96. 98.112, and 114. For
the minimization of the pentooe pattern on the orthogonal
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FIgure 2. Plot of the ,,,,,,esentatlon space descriled by 01 snd 04 (central part), obtained by dIscmtlnant analysis of the pyrolysis mass spectra
of the series of yeast strains. SpectraJ poi'lts of one goup (snil) are connected. The orientation of the component axes Is Incicated by arrows.
The posttJve parts of clscrlnWlant spectra of component axes are shown. together with discrlmlnant spectra 01 the orthogonal axes (positive and
negatlve parts separatad and p<esaotad In the approp<tata d1raetJons). Peak sarles characteristic for par1lctJla, components ora Indicated by mass
nLl'nb«a. Mass peaks that play an knportaot part In the component mlnlmlzaUOn proced168 (see Methods) are Indicated by arrows.

""is (Figure 2c,g) we focused on m/z 72 and 114.
Besooe Ald•. The discriminant spectrum of D4+ (Figure

2c) appears to represent a hexose pattern. This component
axis shows a seri.. of peaks, e.g., at m/z 31, 32, 43, 60, 72, 74,
82, 85, 86, 96, 98, 102, 110, 112, and 124, which are also
prominent in spectra of hexose polymers. For comparison the
typical pyrolysis IIl8llllspectrum of glycogen, a glucose polymer,
is shown (Figure 3b). The absence of m/z 126, also charac­
teristic of hexoses, in the discriminant spectrum, ia probably
due to chemical or physicochemical interference which changes
the correlations within the hesose peaks. The pceition of this
hexose axis was mainly determined on the basia of the relative
intensities at m/z 110 and 112. On the orthogonal axis (Figure
2a,e) the minimization of m/z 102 and 110 plays an important
parL

6-DeoxyheIoae Axi.. In the orientation presented in
Figure 2d a subset of peaks which points to the presence of
&-deoxyhexose residues is at its optimum. For comparison
the pyrolysia IIl8llll spectrum of fucoidin ia given in Figure 3c,
containing typical masaes, e.g., at m/z 58, 60, 69, 71, 82, 84,
99, 102, 110, 126, 128, 136, and 138. The position of this
component axis was determined by minimization on the or·
thogonal axis (Figure 2b,o of m/z 99, 110, and 128. The high
intensity of m/z 59 is probably due to a positive correlation
of the changes described by thia component ""ia with those
of the N-acetyl amino sugar nis.

N-Acetyl Amino Sugar Alda. Thia component ia rather
difficult to recognize because of high correlation with the
protein axis. The component axis (Figure 20) was determined
on the basia of minimization ofthe m..... 59, 109, Ill, and

125 on the orthogonal axia (Figure 2c,g). This peak set is, to
our experience, characteristic of N-acetylhexosamine poJymers.
As a reference spectrum, that of chitin is given (Figure 3d).

Protein Ald•. This component axis (Figure 2f) was marked
on the basis ofthe peak set at m/z 34, 48, 56, 69, 83, 92, 94,
97, 108, 117, and 131, generally present in proteins. As a
typical example of a pyrolysia mass spectrum of a protein that
of albumin is given in Figure 3e. For minimization on the
orthogonal axis (Figure 2d,h) IIUl.!l8eS 34, 48, 56, 92, 94, 97, 108,
117, and 131 play an important parL The relatively high
intensity of m/z 59 in this component axis is due to a positive
correlation with the N-acetyJ amino sugar axis. The presence
of the m..... 126 and 144, originating from hexose, and m/z
99 and 128, originating from deoxyhexoses, probably indicates
an interaction of these sugars with protein.

Comparison of the Result. with Other Chemical Data.
Analysis of cell wall monosaccharides by GLC after hydrolysia
and trimethylsilylation (16) revealed that strains of the genus
Filobosidium have a relatively high sylose content. This is
in accordance with the relatively high score of these strains
on the pentose ""ia (see central part Figure 2). Also Rh.
infirmominiatum turned out to have a high xylose content
(7, 16). The presence of the 6-deoxyhexose fucose in the
genera Sporobolomyces and Rhodosporidium is establiahed,
in Filobasidium capsuligenum fucose is shown to be absent
(7, 16). As yet no data are present for F. uniguttilatum. A
relatively high score on the N·acetyl amino sugar axia of the
genera Rhodosporidium and Sporobolomyces correlates with
the N-acetylglucosamine content as determined by GLC. This
is indicative of chitin in the cell wall of these yeasts (16).



ANALYTICAL aEMISTRY. VOL. 55. NO.1. JANUARY 1983 • 15. ..
~I)l 1 u ~ '0

0,

~
~ I·

:ILIL-'lliJUIIJ!I.WIIll:liJl!.lllillWJl!L1J..lIIllL''lJ>ll.L,,.~u· _~J_
I"

,
"1['

.,
,

..

figure 3. Reference spectra of (a) araban. (b) glycogen. (c) fucoldin. (d) chItJn. (e) aibOOlin. and (f) poIy(N-acetylnot>'emlnlc acid).

figure 4. ~nt axis of the capsUar poIysacchartde K1 and the
appropriate discriminant score. obtained from the _ of E. col
samples.

(Figure 4) show clearly differentiation between KI and non-KI
strains (18).

Human Bile. A set of nine human bile samples was ana­
lyzed by Py-MS. From each bils sample three analyses were
taken. The aim of this 8tudy was'to discriminate different
choleric diseases (20). Factor analysi8 of this set of spectra
yielded 10 factors with eigenvalues greater than one, which
together described 97'1'0 of the total variance. The first two
discriminant functions, describing 34% and 18% of the total
variance, respectively, showed. a clinically relevant discrimi­
nation between the cholelithiasis and cholecystitia samples.
(Ths residual variance will not be evaluated bere.) After

Comparison of the Rhodosporidium data eet with the Py­
MS results of a same set of cultures analyzed before (7) showed
reasonable correlations of the scores for components which
are located mainly in the cell wall, i.e., pentose (correlation
coefficient 0.96) 6-deoxyhexose (0.81), and N-acetyl amino
sugar (0.85). The scores of components more uniformly
present in cell wall and cell plasma (17), i.e., hexose8 and
proteins, were much less reproducible (correlation coefficients
0.42 and 0.45, re8pectively).

Bacteria. A 8et of 18 E. coli 8trains was analyzed by
Py-MS, from each strain quadruplicate analyses were taken.
The aim of this 8tudy was the discrimination between strains
encapsulated by the 8o-cal1ed KI antigen (an N-acetylneur­
aminic acid polymer) and 8trains lacking thi8 antigen (18).
Factor analY8i8 applied to thi8 data 8et gave 15 factors with
eigenvalues greater than one. These factors described 90%
of the total variance in the data set. Discriminant analysis
applied to these factors gave two KI-relsted discriminant
functions describing 9 and 8'1'0, respectively, of the total
variance. The discriminant spectra of the first and second
discriminant function 8howed a pattern related to the Py-MS
spectrum of N-acetylneuraminic acid polymer (19). The
orientation of the N-acetylneuraminic acid axis (Figure 4) was
determined on comparison to the pyrolysis mass 8pectrum of
an N-acetylneunsminic acid polymer (Figure 30, e.g., mlz 67,
94, 109, 117, 123, 133, 135, and 151. The absence of the
prominent mlz 59 in the discriminant 8pectrum is due to the
presence of other components in this series with a dominant
contribution on this mass value or to physicochemical inter·
actions. The scores of the spectra 00 this component axis

~ 2-
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FIgon 5.~ axis of prote01 and the """"",""Ie_nt
ocor.. obtained from the apectra ot the bie aamplas.

FIglft e. The ctassnlcation results ot _nt analysis as a
function ot the nunber ot_nt tu>ctIons, tor the yeast data sat.

rotation within the 01, D2 subspace a protein axis was located.
Tbe component spectrum togetber with the discriminant
scores are presented in Figure 5. The scores show a relatively
higb protein content for the cbolecyetitis samples. One of the
normal controa bad a high protein content which can be
explained by contamination with duodenal fluid during sam­
pling.

Telt of DllcrlmlDant FUDctloDS OD tbe Balis of
ClaolincatiOD HeIUItI, Because of the limited number of
epectra per group one can question tbe rigidness of the dis­
criminant function solutions. Therefore we investigated the
classification results of the yeast spectra as a function of the
number of spectra and variables involved. In Figure 6 the
percentages of correctly classified spectra are shown for dis­
criminant functions derived from the total data set (complete
groupa) and a partial data set (incomplete groups). Fifteen
factor scores of the factors with an eigenvalue exceeding unity
were used to characterize the spectra. From this ftgUre it can
be seen that the classification resulta are optimal for seven
discriminant functions. Tbe level of significance of the set
of seven discriminant functions was 0.00005 (12). The stability
of the classification is good indicating that the results are not
seriously influenced by the smalJ number of spectra per group.
The classification resulta could be improved to 100% cor­
rectness by using 26 factors derived from the total data seL
However simultaneously only 88% of the spectra were cIas­
eified correctly with the discriminant function calculated from
the partial data seL This indicalee that the factors 15-26,
with eigenvalues less than unity, introduced nonsignificant
between-group variance into the discriminant functions_ On
the other band, as can be expected, it was noticed that sig­
nificant between-group variance was lost when only a few

with

where

factors with high eigenvalues were used to characterize the
spectra. These results led to the general selection rule of
factors with eigenvalues larger than unity and a set of dis­
criminant functions with level of significance of 0.000 05 in
the analysis of pyrolysis mass spectra.

ACKNOWLEDGMENT
The authors thank G. C. Lindeyer for development of ad­

ditional computer programs, A. Tom, B. Brandt, and Y. A.
Vlug for technical assistance, P. A. M. Guinee (National In­
stitute for Public Health, Bilthoven, The Netherlands> and
J. R. Cardinal and J. H. Bowers (Department of Internal
Medicine, L.D.S. Hospital, Salt Lake City, UT) for providing
us with samples of E. coli strains and bile samples, respec­
tively, and R. Hoogerbrugge for helpful discussions.

APPENDIX
Extensive mathematical treatment of factor analysis and

discriminant analysis can be found in textbooks (4, Ii), 14,21).
In this Appendix the mathematics, with the specific purpose
to derive chemical component spectra from mixture spectra
via factor and discriminant analysis, will be documented. Also
the scaling procedures will be described.

The underlying model in the analysis is that the major part
of a pyrolysis mixture spectrum can be considered as a linear
combination of spectra of pure chemical components

Sl(,xm) = Cl(,xn~llnxm.) + AS(,xm)

where SI is the data matrix. C1 contains the relative contri­
butions of the components. and L1 contains the pure com­
ponent spectra. ]n the various matrices the spectra are rep­
resented by rows. ~ represents noninterpretable parts in
the spectra, e.g., the influence of intermolecular reactions. The
number of spectra is 8, the number of masses is m. and the
number of components is n. The above mentioned expression
can be rewritten in

L llnxm) + dLl(nxm) = CI-1(nx,)S1(,xm) (lA)

rT(lxp)r(p)(t) :; 1

where the row vector (T approximates a pure component

dLl(nxm) = C'"
l
Unx,)a8(1xm)

It bas to be noted that C-
'
, does not necessarily exist, however,

in this case the pseudoinverse of C, can be used.
From eq lA it follows that in principle the chemical com­

ponents involved can be approximated by linear combinations
of spectra in 8,. The procedure to determine the appropriate
combinations from eq IA can be laborious; however. the
number of spectra to combine can be limited by developing
8, on an orthogonal set of basis spectra, symbolically repre­
sented by the rows of pr

8 1l•xmj = 8F<.xpjpr(pxm) P S s (2A)

where SF is the score matrix containing the partial contri­
butions of the spectra in pr to the spectra in 8,.

Combination of eq lA and 2A gives

Ll(nXm) + ~l(n)(m) = [C'"I1(nXtISF(,Xp)]PT(pXm)

In our applications generally only two or three basis spectra
out of pr were sufficient to reproduce the component spectra.
Selection of these rows of pr was based on the resemblance
with know reference spectra.

In matrix notation the linear combination is described by

(I'(lXm) = rT(lxpP(pxm)
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spectrum and is a row of L + dL. The row vector rT has only
a few elements unequal to zero. The contribution of the
component spectrum rr to the spectra in 51 is given by

c(.xl) = SF(,)(p)r(p)(l)

Because of the contributions of dL to L many times a limited
resemblance of rr and reference spectra can be expected.
Therefore the appropriate linear combination is not only
determined by the presence of the charscteristic psttern for
the component in rr but also by the sbsence of this pattern
on the orthogonal linear combinations. In prsctice this is done
by investigation of 8 series of stepwise rotations (orthononnal
combinations).

The choice of the set of orthogonal basis spectra pr is
dependent on the problems under investigation. In many
cases one is interested in the overall differences in 8 data set
or in differences between certain groups of spectra, rather than
in the absolute composition. For mathematical analysis of
differences in 8 data set, it is convenient first to standardize
the data set

5 1,XrrI) = (51(,xm) - Ul(,xm»l1 1(mxm) (3A)

where 8 is the standardized data set, VI the grand mean
matrix, with on the rows the averaged spectra of the whole
data set, and 8 a diagonal matrix with the standard deviations
of the masses. For analysis of the overall differences an ap­
propriate set of basis spectra, pr can be derived from the
eigenvectors of the variance-covariance matrix D

D(mxm) ;:; (l/s)sr(mx.,S(.xml

It has to be noted that for standardized dsta sets the vari·
ance-covariance matrix equals the correlation matrix. A
property of the eigenvectors E of D is

E(mxm,A(mxm.er(mxm) ;:; D(mxm)

E is the orthonormal eigenvector matrix and A is the diagonal
matrix with the eigenvalues of the eigenvectors. The eigen­
vectors are ranked according to their eigenvalue, which is a
measure of the variance described by that eigenvector. The
set of basis spectrs is defined by

F'"(pxm) = A1/'(pxm)E""(mxml (4A)

where p < m because rows with only zero values in AT are
deleted. The rows of F'" are the fsctors or principal compo­
nents. The row elements of F'" are the so·called losdings or
correlation coefficients of the factors and the masses. As a
consequence of this definition of factors the score~ SF are
standardized, as can be deduced from eq 2A and 4A

srF(PX4)S(.Xp) ;:; sl(pxp)

where I is the identity matrix. Furthermore, the variance­
covariance matrix can be reconstructed by

F(mxp.,FT(pxm) = D(mxm)

For a geometrical interpretation, the columns ofF'" describe
an oblique mass axes system, where the angles between mass
axes, factors and component axes are determined by their
correlation coefficients. This system was introduced in the
paper. The rows of pr are used as orthogonal basis spectra
for the standardized dsta. For comparison with the original
spectrs, they haye to be scaled by 8 (Bee eq 3A)

S(P)(m) = PI'(P)(m)O(mxm)

where S contains the factor spectra.
For the interpretation of differences between groupB of

spectra, another set of basis spectra has to be chosen. It can
be shown that such s set can be deriyed from the eigenvectors
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of the matrix W'B (13, 14), where B and Ware defined by

B(m)(ml = (G - U)T(mx.)(G - U)'.Xm)

where B is the between group variance matrix and G is the
group mean matri.J:, with on every row the averaged spectrum
of the particular group.

W(mxm) = (8 - G)T(mx.oI(8 - G)(.xm)

W is the within group variance matrix. These matrices are
relsted by

B(m)(m) + W(m)(m) = TlmXm)

where T is the total variance matrix

T(mXm) = sr(m)(.)8(1xm)

In our applications we performed discriminant analysis on
the factor scores of the spectra instead of on the mass in­
tensities for two reasons: (a) For our data, generally m > s,
in which case WI does not exist. (b) When standardized
factor scores are used, the eigenvectors of W-IB are ortho­
normal, which is convenient for the graphical rotation pro­
cedure. This can be shown as follows: For standardized
independent data T lvXuI .::: 81(vXv) V is the number of variables.
In this case W-1(vx"tBlvxv) reduces to

SW-l(U)(tI) - Ilt/)(u)

This matrix is symmetric and. consequently. has orthogonal
eigenvectors.

Discriminant analysis as performed by the SPSS package
scales the discriminating eigenvectors to have a unit within­
group variance. For our purposes orthonormal discriminant
functions are preferred and therefore the SPSS-discriminant
functions were scaled to unit length. These discriminant
coefficients form an orthonormal matrix, which transforms
the discriminant functions to linear combinations of masses.
Grsphical rotation of the discriminant spectra can be applied
in order to fInd component axes. The advantage of the applied
scaling is that the loadings &gain give the correlation coeffi­
cients of the masses, the discriminant functions, and the
component axes.

Registry No. Glycogen, 9<J05.79-2; fucoidin, 9072·19-9; chitin,
1398-61·4; poly(N-scetylneuraminic scid), 83248-83·3.
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Ionization Spectra of Neodymium and Samarium by
Resonance Ionization Mass Spectrometry

J. P. Young· and D. L Donohue

AtIIJIyt1caI ChemIstry DIvIsJon. OBk Ridge National Laboratory. OBk Ridge. T6nfl6SS86 37830

loniullon opec:U. of tile _ ~ .nd aamartum
h••• _ obtaln.d o••r th. w.,.'e""'h r.nge of 423-483
nrn by UIIng Ihe lechnlque 01 rHOn.nc. 10nlz.llon m...
epeclromalry (RIMS). Th... IIl1dl•• h••e _ performed
10 determine tile wavelanglhl II which IonIzallon OCCUI'I un­
der RIMS c:oncIIlIonL The obHrved w••-.gthl ha.e _
_.Ied where pouIbIe wRh .nowed tr._ belw....
known eleclronlc enargy ....... RIMS hal prevloully bean
.pplled 10 Ihe m....remenl 01 IIol0pe r.llo. 01 Ih... r.ra
e.rth alementI UIIng • ling" w.....""'h of excR.llon lor
e.c:lI eIemenL The lacl lhal there .,. • runber of eIIacll.e
w bIe Ihould be 0I1nI 10 other worf<e,.
In lhe RIMS IIakI.

Rasonance ionizetion spectrometry (RIS) is a pbotoioni·
zetion pra<eaB in whicb atoms in a gas pbase are ionized by
the absorption of photons that energetically match transitions
between quantum states of these atoms (1). General appli·
cation of RIS to various analytical problems has alao been
diacusaed (2). There are several RIS schemee that bave been
developed (I, 2) by uaing two or more photons of one or aeverel
oolors. A1thougb RIS is normally UBOd to detect atoms either
by the electron or the ion generated in the photoionization
pra<eaB, the detection of either of tbese speci.. ean also be
used to study the absorption spectra of amenable atoms.
Worden et al. (3) bave used a several-oolor reaonant pho­
toionization prOCeaB to identify upper Rydberg states and
determine ionization potentials of lantbanidee and actinidee.
Their study made use of an atomic beam; one or two lasers
were tuned to generate a particular excited state, and with
a tunable 1aaer, the autoionizing and ionizing energies of the
speci.. could be identified.

Recently, we bave applied a one-color RIS scheme to the
selective photoionization of either Sm or Nd for mass analysis
in a maoa spectrometer (4). By means of this combination
technique, reaonance ionization mass spectrometrY (RIMS),
the removal of the isobaric interference of either element on
the other baa been demonstrated. By obeerving the presence
and intenaity of a particular maoa signal for either of th...
rare ea.-tb ions 88 the wavelength of the lasing is changed, one
ean obtain a spectrum of each element. Knowledge of sucb
a apectrum is useful not only to identify analytically useful
RIMS wavelengtba but alao to evaluate particular subeets of
atomic transitions that in normal emission spectral studi..

are combined with many other subsets of possible atomic
transitions.

The present study was initiated in order to find suitable
wavelengths {or the isotopic analysis of neodymium and sa­
marium by RIMS. In the analysis of a mixture of elements,
it is necessary to know which wavelength (transition) to use
to avoid overlap with interfering species. It was also found
in preliminary studies that many more transitions were ob­
served than originally expected. This complexity is a mixed
blessing in that the probability of overlap with adjecent ele­
mentB is increased for a particular transition but a larger choice
of transitions is available for choosing a suitable RIMS
wavelength.

A systematic study was therefore performed to catalog the
observed wavelengths at which ionization occurs for the two
elements neodymium and samarium. Due to the limitations
imposed by the dye laser system, the spectra were limited to
a certain range of wavelengtha which is smaller than the range
over which ionization occurs. However, useful transitions have
been predicted to lie within the wsvelength range reported
here. Future work will seek to extend the wavelength range
for the elements Nd and Sm. as well as to report results for
other rare-earth elements.

EXPERIMENTAL SECTION
Luer SYltem. The laser system and optical components used

for this investigation are the 88IIle 88 used in the previous RIMS
study (4) except that the tuning micrometer of the NRG 0.03 dye
laser module (National Rasearch Group, Inc., Madison, WI) was
equipped with a stepping molor ao thst the wavelength range of
a particular dye could be scanned under computer control. The
details of this scanning are in a later part of the Experimental
Section. Three different dyes, S-420. C-440, and C-460 (svailsble
from Exciton Chemical Co.• Dayton, OH). were used to oover the
wavelength range of 423 to 463 om that was used in this study.
The relative intensity of these dyes as a function or wavelength
is given in Figure 1. Under oW' experimental conditions, the dye
S-42O at a wavelength of 425.8 om yielded an energy of approx·
imately 300 JW. Although the relative energy correlation from
dye 10 dye cannot be considered to be highly precise. a qua1itBtive
asseeament of dye intenaity VB. wavelength can be made from the
dsts in Figure I. The tunable laser beBm was brought to a fOCUB
(4) just in front of and in the vertical center of the fint slit of
the ion source of the mass spectrometer. described below. The
spot size of the beBm at the focal plane was approximately 1 mm,
but any ions generated by RIS were accepted over the entire length
of the fint slit, 2 em.

It was necessary to calibrate the wavelengths of the respective
dyes VB. micrometer dial reading of the dye laser module. This
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Table I. RIMS Spectrum of Neodynium

obsd peak

sIt.-'Ms 6
sl,_'L, 4
51,-'M, 5

initial error
transition cm- I

innm in em-I
(air) (vac) intens

423.2 23623 M
424.3 23561 S
424.8 23533 S
425.9 23473 S
426.4 23445 IV
426.8 23423 S
427.2 23401 IV
428.1 23352 M
428.7 23320 M
429.3 23287 IV
430.5 23222 IV
430.8 23206 S
431.1 23190 M
431.7 23158 IV
433.0 23088 M
433.8 23045 M
434.4 23016 S
437.1 22871 IV
437.4 22856 IV
438.2 22814 M
439.7 22736 M
440.1 22715 IV
440.9 22674 IV
441.8 22618 IV
442.3 22603 M
442.7 22582 IV
443.6 22536 IV
444.3 22501 S
444.7 22481 IV
445.3 22450 IV
446.8 22375 S
447.8 22325 S
449.7 22233 M
451.0 22166 IV
451.6 22137 IV
452.7 22083 IV
454.0 22020 IV
455.3 21957 S
455.8 21933 S
456.1 21919 IV
456.5 21899 IV
461.8 21648 IV
463.1 21587 IV

horiwntal axis consista of 430 channels each representing th,
sum of 10 laser pulses. Amplitude information is only ap
proximate due to the variations in RIMS signal for each 1ase:
pulse. Reproducibility of peak heighta in replicate Spectll
was estimated to be ±30'll•.

A summary of the Nd RIMS spectrum shown in Figure:
is given in Table J. As noted in the table, both the wavelengtJ
in air and the wavenumber under vacuum of the peaks ali

... :'l~
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Figure 1. Dye laser output spectra for dye 1 = 8-420; dya 2 = C-440;
dye 3 = C-460.

was done by recording the wavelength of five or more settings
of the micrometer dial of the laser by means of 8 1/2·m mono­
chromator. The wavelength accuracy of the monochromator was
verified by the Hg emission line at 435.8 om. From this series
of wavelength VB. laser dial readings, 8 calibration factor was
computed which converted a given dial reading to wavelength.

Mass Spectrometer. The mass spectrometer has been pre­
viously described. (4) and consisted of a single 90° magnetic sector
of 30 em radius. Ion detection was by means of a 14-stBge electron
multiplier (RCA Corp. type 6810A. Lancaster. PAl operated at
4000 V. Laser-generated ions, upon striking this detector, pro­
duced 8 signal which was processed and digitized by 8 13-bit
analog-to-digital converter (ADC). These digital data were ac­
cepted by a PDP-ll/34 computer (Digital Equipment Corp.•
Maynard, MAl and stored in an array of 256 channels. Each scan
of the spectrum covered 512 steps of the stepping motor driving
the micrometer dial of the dye laser. The wavelength range
covered was 20.8 nm. Therefore, each channel of the final data
array represented a resolution element of 0.08 nm composed of
the average of signals from 10 laser pulses. The estimated number
of ions detected per laser pulse was 5 to 20.

Samples of Nd and 8m were prepared from the pure oxides
in 1 N HN03solution to give a concentration of 100 Ilg/ ilL. One
microliter of solution was loaded onto a He fLlament, and a drop
of colloidal graphite suspension (Aquadag) was added to enhance
the production of neutral Nd or 8m atoms in the ion source in
preference to oxide species. Isotopes chosen for study (U2Nd,
t66Nd, 1..7Sm) were free from isobaric overlap with other elements
present. A check of this fact was made by comparing spectra of
two Nd isotopes; there were no significant differences due to an
interfering species.

The samples were maintained at a temperature of approxi­
mately 1500 °C for this study. The individual scans of a given
wavelength range took about 8.5 min to complete. For these
studies sufficient sample was loaded on the fLlament that the Nd
RIMS signals degraded only slowly with time, approximately 10%
reduction in ion intensity per hour.

RESULTS AND DISCUSSION
Nd Spectrum. Figure 2 shows the composite spectrum

obtained for Nd over the wavelength range 423--463 run. The

..,
W;iV[I.ENG1H In",)

91-'~~,--- 1 ,-

,L

."

h 'OIilZ~TlON
l.1",l

j
T44 8 1:1

FIgure 2. Rosonance ionization spectrum of neodymium obtained by monitoring '''Net.
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of both. As was the case with Nd, many Sm peaks are ob­
served at energies less than half the ionization potential of
Sm, 22760 cm-'. In the data shown in Table II, it i. obvious
that transitions from the 8m ground state, 7Fo. account for
few, if any, of the RIMS peaks. On the basis of the transition
assignments of the Sm spectrum, it appears that the 'F, and
7F3 levels are the most populated states. From emission
spectral results (8), it has been reporU!d that 'F, and 'F, states
are most populated at 1270 K. The wmperature of our sam­
ples was not continually monitored, but the sample temper­
ature was the order of 1750 K. Now the asaignment of the
441.1-nm and 441.9-nm peaks as arising from a 'F, and a 'F,
level, respectively. As a check of this assignment, the relative
inwnsitiea of these peaks were observed at three wmperaturea,
1773,2073, and 2273 K. With increasing wmperature, the
population of the higher energy ground staw increased relative
to the lower ataw as expected from Maxwell-Boltzmann
considerations.

in em-' iniUal error
(vac) intcns transition cm- 1

23579 M 'F,-'H.. -3
23434 M 'F:-'H, -2
23336 S 'F1-'H, 1

'F,-'H, 3
23249 M 'Fo-'G. -5

'F.-'G: 4
23179 M 'F,-'H 1 -5

'F,,-70s 1
23142 IV 'F,-"'D" 3
23088 S 'F,-'G, 0
23040 M 'F.-~H, -5

7F~_7G: 0
22950 S 'F.-'G. 0
22903 M 'F,-'H) -5

'FCl-'G I JJ
22824 IV 'F)-'H" -2
22736 M 'F,-'G 1 -2
22664 IV 'F)-7H) -3
22623 M 'Fl-'G, -2
22572 S 'F,-'G, -3
22546 IV 7F.-'I , 5
22506 S 'F ,- 7 G) -1

'FJ-'H" 1
22 <115 S 'F,-'lj 4
22360 S 'F)-'G l 3

'F"-'D,, 1
22221 M 'F,_9H, -1
22098 IV 'F,-'G. 4

'FJ-'D. 7
22054 M 'F)_'G: 2

'F,,-'D$ -4
21871 IV 'F,,-'H J 7

430.0

431.3

432.0
433.0
433.9

435.6
436.5

438.0
439.7
441.1
441.9
442.9
443.4
444.2

449.9
452.4

453.3

457.1

4·16.0
447.1

F)gur. 3. Resonance Ionlzatlon spectrum of samarium obtained by monitoring U1Sm.

given. The accuracy of the wavelength assignments was based "'Ta-:-b"-Ie-c1,,-I.-=-RI=-M'"'S-'S-pe-c-tr-a-oC,-SO,--m-ar-iu-m------
on the repeatability of five separate scans which were summed
and on the accuracy of calibration of the dye laser micrometer obsd peak
dial. The main peaks in Figure 2 nrc Jabeled and listed in in nm
Table I with their wavelength of maximum intensity to an (air)
accuracy of :1::0.1 om. The intensities of the various peaks are 424.0
given only as strong (S), medium (M), and weak (W) because 426.6
of the semiquantitative nature of the data gathering process 428.4
as discussed in the Experimental Section. On the basis of
assignments of energy levels for Nd (5), aome of the initial
transitions involved in the RIS process can be identified. It
is apparent from the table that ionization is possible with
photoenergies of less than half of the ionization potential.
22280 cm-'. An RIS scheme (1) (J, 2) requires that twice the
energy of the exciting photon is equal to or greater than the
ionizing potential of the atom; this, of course, assumes that
the atom is in its atomic ground staw. The fact that RIMS
spectral peaks were observed at energies Jess than this limit
implies that the Nd atoms generated from the thennal source
were not all at the lowest lying ground state, 614, As seen in
the table, several of the lower energy peaks can be assigned
to transitions from higher states. Of the 43 peaks given in
Table 1, 23 have been wntatively correlawd to particular
transitions; the errors in these assignments are given in the
last column. The assignments were made from published
apectral data (5-7). It is apparent that no assignments seem
possible for almoat 50% of the RIMS peaka observed. Since
the sample taken for these studies was Nd and the mass
detecwd was 142, it ia probable that the.. peaka arise from
Nd and that the photoionization proceeded by some, un­
identified, allowed process. This points up a unique feature
of RIMS spectral data. Such data can be useful in identifying
various subsets of spectral transitions that originate from low
lying levels that might be difficult to recognize in a complex
emission spectrum.

8m Spectrum. Figure 3 shows the ionization spectrum
obtained for Sm, covering the same wavelength range as in
Figure 2. Measurement conditions were kept as similar 85

possible so that the precision of peak heights (areas) and the
accuracy of wavelength assignments are the same as those in
Figure 2. The relative inwnsitiea of peaka in Figure 2 are not
directly comparable to those in Figure 3, because there was
no convenient means of normalizing the RIMS signals ob­
tained for each element.

A summary of the Sm RIMS spectrum ahown in Figure 3
is given in Table II. The presentation of these data is similar
to that in Table 1 in that wavelength, wavenumber, intensity,
transition, and error of tentative assignments are given.
Contrary to the case of Nd in Table I, all peaka Hated can be
identified with known transitions in the Sm apectrum. In fact.,
several assignments are possible for some of the peaks, and
it may well be that the peak is made up from contributions
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It is interesting to note that there is no correlation between
published data for relative oscillator 8trengths of Sm lines (9)
and the relative inten8itie8 of the Sm RIMS peaks. Because
of the power levcl of our laser 8Y81<>m and the optical ar­
rangement necessary to transmit the laser beam into the mass
spectrometer, optical saturation of the ionization waa not
realized. and one might 888ume that the RIMS 8ignals would
be some function of oscillator strength of the respective
transitions involved. There are certain deficiencieR in our
intensity monitoring procedure. With time, the concentration
of the thermal sample changes. Our evaluation of laser dye
intensity over the three dye ranges is only qualitative. Even
within a given dye range there is, perhaps, 30% variation
possible in signal strength measurement caused mainly by
statistical variation in the small number of RIMS ions gen~

erated. As a result of the above reasons, or because of
presently undefined reasons, there is little if any correlation
of relative oscillator strength and RIMS 8ignal. Compare. for
elt8lDple the 8trong intensity of a RIMS peak at 435.6 nm and
a weak RIMS peak at 438.0 nm with reported relative oscil·
lator 8trengths of 28.8 and 330. respectively (9). This ob­
servation is interesting, but until more precise control of the

experimental parameters is possible, no real conclusions can
be drawn.
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Determination of Organic-Bound Chlorine and Bromine in
Human Body Fluids by Neutron Activation Analysis
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The le.el. 01 organlc-bound chlorine and bromine In human
..,. and sen.m are determined by neutron actlYatlon anaIy"
Deaalted ..,. and _lractlona are Irraclaled wtth _

In a nuclear reector and the reaulUng ')'..ay. 01 "<:1 and toar
are mealUred. The deaeltlng procedwe. achle.ed by uaIng
Bio-Gel molecular ale.... virtually remo... all ionic c:hIorIcIe
and bromide. Irom milk and aerum. Radloactl.e tracer
atucle. with polychlorinated biphenyl-"c IncIcate a reco.ery
01 gO % tlvough the Illo-Gel column. The total orgenlc chJo.
rlne In 2.2-(4-chlorophenyl)-1.1-<1lchloroethene spiked milk
end heptachlor spiked milk. determined alter being desalted
and IRadlated eccordlng to thIa procedure. aubatantlate. a
good reco.ery 01 the added spike. The lower limit. 01 de­
tecIJon 01 organlc-bound chlorine and bromine In milk or se­
rum are 50 and 5 parla per bIWon (ppb). reapecIJ.ely.

The level of organic-bound chlorine (TOCl) and bromine
(TOBr) compounds has been rising in the environment due
to the growing commercial use of large quantities of halo­
genated hydrocarbon8 and the previou81y unregulated
dumping of organic waste. Halogenated hydrocarbon reaidu...
in breast milk or serum are normally measured by a combi­
nation of 80lvent extraction and gao chromatography with
electron capture detection (GC/EC) (1). Identification and
measurement of the full .pectrum of halogenated organic

compounds become a difficult task. A value for TOCI and
TOBr can be produced by using neutron activation analysis
on desalted milk and 8erum fractions. This information is
valuable in answering questions regarding the total amount
of such compounds present in human milk or serum.

For determination of TOCI and TOBr in milk or serum.
ionic 8pecies 8uch as aodium chloride (NaCl) and sodium
bromide (NaBr) must be removed completely by a desalting
process before neutron activation is performed. Neal and
FIorini used Sephadex G-25 as a molecular sieve to remove
NaCI from serum. utilizing batch extraction with a centrifuge
(2). Uziel and Coben used gel flltration for desalting certain
nucleotides (3). Ludkowitz and Heurtebise determined pro­
tein-bound iodine in serum. through neutron activation. after
desalting with ion exchange resins (4). Fritz and Robert.oon
determined protein-bound trace metals in 8erum by using
neutron activation after gel filtration with Bio-Gel P-6 (5).

The nuclear activation process does not differentiate be­
tween inorganic chlorides and chlorine bound to organic
molecules. Also neutron capture can recoil organically bound
chlorine into free atoms through the Szilard-ehalmero reaction
(6). Preinadistion separations of ionic chlorid and bromid...
from organic-bound chloride and bromine 8peci are therefore
necessary.

The separation of inorganic sodium chloride and other ionic
8pecie8 in milk and serum from the organic-bound halogens
associated with the protein and lipid fractions can be accom·

OQ03.2700/83/0355-OQi1$Ol.50/O C 19S2 American ChomIcal Socloly
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pliahed with BiD-Gel rutration cbromalAJgraphy. BiD-Gel P-2,
a product of the BiD-Rad Corp., Richmond, CA, is neutral,
hydrophilic, porous, poly(acrylamidel bead material with the
property of retarding the movement of small ionic species
relative to the movement of large globular protein macro­
molecul... In effect, the larger molecul.. are eluted first and
isolated from the ionic fractions, such as Na+ and Cl·. The
separation is virtually complete as verified by tracer experi­
ments.

EXPERIMENTAL SECTION
Apparatul. The chromatography column consists of 8 1.1 X

2S em glass column with 8 Teflon stopcock. A glass-wool plug
is placed at the bottom of the column to prevent Bio-Gel (rom
slipping through. Bi<rGel p.2, hydrated for 4 h in a 0.1 N NH.NO,
solution, is slurried into the glass column to fill 8 height of 15
em. Columns are eluted with 100 mL of O. I N NH,NO, prior to
loading the sample.

Prior to being desalted, human milk is emulsified with a 'hin.
titanium probe of an ultrasonic generator unit operated at 100
W. The Model 1510 ultrasonic unit used is produced by
BraunBonic Corp., San Francisco, CA. The probe of the unit is
washed with acetone and distilled water after each operation.

Nuclear Reactor. The nuclear reactor of the University of
Missouri at Columbia, with a neutron nux of 5 x 1013 (n/cm3)/s
was used for neutron activation analysis (NAA). At the reactor,
the radiochemistry laboratories are equipped with a pneumatic
tube system which permits the irradiation of samples for a preset
length of time and then returns them to the laboratory for further
analysis. The ")'-ray spectrometer consists of a 45-cm3 Ge(Li)
det..ecWr used with a 4096-channel pulse height analyzer for
counting and measuring the radioactivity.

ReageDI.. BiD-Gel P-2 (size 100-200) mesh was used
throughout the work. Reagent·grade ammonium nitrate was
obtained from Malinkrodt Chemicals, St. Louis, MO bovine serum
albumin (BSA) Cohn fraction V from Sigma Chemicals, Inc., SL
Louis, MO and ultrapure water from Arrowhead Water Co., Los
Angeles, CA. The water was distilled, deionized, treated by reverse
osmosis, and bottled in 5-gallon clean polyethylene bottles.
Polyethylene irradiation vials of 6 mL capacity were obtained from
Olympic Plastica Inc., Los Angeles, CA.

CleaniDg or Gla.....are aDd VIal•. Glass beakers and col·
umns were cleaned with 6 N HN03, high-purity water, reagent.
grade acetone, and high-purity water and then dried under 8

laminar flow hood. Trsceo of chlorides and bromides were cleaned
from the polyethylene irradiation vials by placing them on a
mechanical shaker inside a polyethylene bottle and washing once
with 6 N HNO! for 6 h, three times with high.purity water for
3 h, once with reagent·grade acetone for 6 h, and three times with
high-purity water for 3 h. Washed vials were placed in a clean
glass tray inside a drying oven set at 70°C for 6 h to dry. Dry
vials were stored inside closed polyethylene bags until time of
use and were handled with clean tongs.

GeDeral Procedure. One and twD-tenthe mi1liliter of human
milk was transferred to a clean IG-mL glass beaker and 100 ~L
of 2O'll. bovine serum albumin (BSA) and 30 ~L of 3 N NH.OH
were added. The mix1ure was emulsified for 10 s with the titanium
probe. One milliliter of the emulsified mixture was passed through
a I.1 x 15 em BiD-Gel P-2 column, with 0.1 N NH.NO, as eluanL

The eluted milky fraction (2.5 mL) was coUected and sealed
in a precleaned polyvial and irradiated for 4 min at a neutron flux
of 5 x 10" (n/em2)/s. After irradiation, tbe outside of the vial
was washed with a 7 M HNO! solution and rinsed with water.
A needle syringe containing a 2 mL solution of I'll. NaOH, NaCl,
and KBr was injected into the vial containing the irradisted milk.
The added NaCl and KBr act as carriers for any recoiled Cl and
Br atoms while NaOH reacts chemically with any chlorine or
bromine in the free state. The total content was transferred to
a counting vial and counted for 3 min. Tbe 1642-keV 'Y·ray of
"Gland the 617-keV 'Y'ray of8OJlr are measured and compared
to a stsndard solution containing 5 ~g of Cl' and 0.54 ,.g of Br',
irradiated, and counted under similar conditions.

Milk subotitutes such as Similac and Enfamil were treated the
same as milk. However, BSA was not added to human serum,
and it was not emulsified with an ultrasonic unit before desalting.

BSA, added to milk, acts as a binder to water·soluble herbicides
of chlorine-bound organic structure. The process of eluting milk
or serum through Bio-Gel P-2 columns takes 15 min; three milk
or serum samples can be desalted simultaneously.

Tracer Experiment. with Polychlorinated Hlphenyl· 14C,
2,4,5-Trichlorophcnoxyacetic-14C Acid, and Sodium Chlo­
ride·38Cl. Fifty milliliters of milk was placed inside a too-roL
beaker and was emulsified with the probe for 3 min. A 1.25-I-ICi
portion of polychlorinated biphenyls (PCB·"C, 31 mCi/mmol)
dissolved in 170 pL of dimethyl sulfoxide was added. The milk
was mixed and emulsified again for 3 min more. The spiked milk
containing 25 nCi/mL was desalted on Bio-Cel P-2 as described
in the procedure. The eluted milk fraction was collected in a liquid
scintillotion vial containing Riafluor liquid scintillation cocktail
and was tJ counted. By comparison of the results to reference
standards, 92% of the originai spike was found to be recovered.
Similar tracer experiments were performed with 8 spike of
2,4,5-trichlorophenol.yacetic· 14C acid (2,4,5-T-I4C). Carbon-14
lracer experiments, carried out in quadruplicate, were extended
to serum and Enfamil. It was found in preliminary experiments
that the addition of 100 ilL of 20% BSA to human milk prior to
desalting is necessary to aid the binding of 2,4,5·T.

One millicurie of Na3&Cl in 2 mg of NaCl was mixed with 1.2
mL of human milk and desalted according to the procedure
previously outlined. The desalted milk fractions were "Y-counted
for 38CJ content and were compared to the 38(;1 values of the
original spike.

Recovery of 2,2-(4-Chlorophenyl)-l,I-Dichloroethcne
(p,p'·DDE) and Heptacblor (rom Spiked Milk. Milk was also
spiked with p,p'DDE. The spiked m~k was measured with NAA
to contain 33 pg p,p'-DDE/mL. Aliquots of spiked milk were
diluted with unspiked milk in duplicate to contain p,p'·DOE
equivalent to I/'D 1/3' 1/6, lito. lIlt,. 1/'b 1/300 and 1/40 of the original
spike per milliliter of milk. Each ot' these spiked milk samples
were desalted on Bio-Gel P-2 columns and analyzed with neutron
activation for total organic-bound chlorine content.

For quality assurance, external (blind) heptachlor spiked milk
samples containing the equivalent of nominally 0.5, 1.0, 1.5, 2,
and 3 pg of TOCI were introduced as a part of total samples
supplied for analysis. Five samples of each spike level and 25
nonspiked controls were analyzed for TOCI content.

"Y-ray Spectral Analysis. The computer program GRPAfIo1.. was
employed to process the magnetic tapes containing the "Y·ray
spectraJ data (7). GRPANL is a general purpose peak-fitting pro­
gram that validates the "Y·ray energy and calculates the intensities
for the "Y-ray lines of interest. In addition, GRI'ANL estimates the
errors associated with the calculated intensities. An iterative
least~l:iquares procedure is used in the fitting process since the
peak position and peak-shape parameters enter nonlinearly into
the peak fitting algorithm.

The "Y·ray intensities were then corrected for the various ex­
perimental parameters such as: chemical yield of the preiera·
diation procedure, m888 of irradiated sample, duration of the
neutron irradiation, delay between irradiation and sample
counting, count time, analysis "dead time", and blank (vials and
reagents) contributions.

The corrected intensities were then compared to intensities
of "Y·ray lines from standard solutions of chlorine and bromine
irridiated along with the unknown sample.

RESULTS AND DISCUSSION
Because of the low levels of TOeI and TOBr being analyzed,

extreme care must be exercised to keep blank values low.
Irradiation vials and pipet tips were handled with clean
metallic tongs; clean surgical gloves were worm during labo­
ratory operations. Table I indicates the range of chlorine and
bromine in nanograms contributed from polyethylene irra­
diation vials, ammonium nitrate buffer solution, and (20%)
BSA added to each graro of milk sample analyzed. Blank
values were used to correct the results from each analysis.

Internal laboratory quality controls and external quality
assurance saroples were analyzed as part of laboratory prD­
cedures to check accuracy and consistency of results, With
each 350 samples of milk or serum, five quality control rep·
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Table I. Chlorine and Bromine Levels in
Blanks and Reagents

pooled serum
amt of TOCl, ppm

5.26
4.92
4.84
5.52
4.40
5.0. 0.42av

Table 111. TOCI Level in Heptachlor
8piked Milk and Serum

pooled milk
amt of TOCI, ppm

6.45
6.39
6.82
6.53
6.56
6.55. 0.16

Br

3-5
4-7
2-4
56

amt, ng

CI

12-15
15-30
10-22
61

blanks

H,O
0.1 N NH.NO,
irradiation vials
B8A (20%) .olution

Table II. TOCI Level in Pooled Human Milk and 8erum

licates of each of the following were analyzed: pooled human
milk, pooled human serum, heptachlor-spiked pooled human
milk, heptachlor-spiked pooled human serum, sample du­
plicates of human milk, sample duplicates of human serum,
bovine serum albumin, 20% solution, clean, empty poly­
ethylene irradiation vials, ammonium nitrate eluting buffer
solution, and ultrapure water, Tables II and III show repli­
cation of results of some of the quality controls cited above.

Tracer experiments witb PCB-"C and 2,4,5,-T-"C were
performed to measure the percent recovery of organic-bound
chlorine compounds through the desalting process on Bio-Gel
P-2. A PCB-'CC mixture containing approximately 54% by
weight chlorine to simulate Aroclor 1254 was used to spike
pooled human milk. A recovery of greater than 90% was
demonstrated for both PCB and 2,4,f>-T in human milk and
milk substitutes carried through the desalting procedure. The
recovery date for p,p'-DDE ShOWD in Table IV also demon­
strates the reproducibility of the recovery over a wide con­
centration range.

The experiments with Na"Cl demonstrated the ahility of
the Bio-Gel P-2 column to separate inorganic chloride ions
in milk from the TOCI fractions. The eluted milk fraction

conteined only 0.001 % of the original Na"Cl spike, In ad­
dition, the fmt eluted millilitera that followed the desalted
milk fraction also contained 1... than 0.001'" of the original

de&a1'ed milk
lst mL followed desalted milk
2nd mL followed desalted milk
3rd mL followed desalted milk

desalted milk
lst mL followed desalted milk

de&a1ted Enfamil
lst mL followed de...lted Enfamil
2nd mL followed desalted Enfamil

desalted serum
1st mL followed desalted serum
2nd mL followed desalted serum

1.0
1.13
1.0
1.19
1.06
1.10
1.0
1.02
0.94
1.05 1 0.08

ratio of TOCI
meud to ealed

14.70
7.35
4.90
2.45
1.47
0.98
0.73
0.49
0.36

eluted fraction

14.70
8.35
4.92
2.93
1.56
1.08
0.73
0.50
0.34

Recovery of P.P· -DOE from 8piked Milk

~g of CI
due to P.P' ·DDE

mensd calcd

Separation Faeton of Cl' from Deoalted F1ulda

fractionaf
"Clspike

1 X 10-'
1 X 10-'
1.6 X 10-'
2.1 X 10-'
3.3 X 10-'
1 X 10-'
2 X 10"
3x 10-'
5 X 10-'
6 X 10-'
7 X 10-'
5 X 10-'

8
8/2
8/3
8/6
8/10
8/15
8/20
8/30
8/40

cows
milk

Enfamil

Table IV.

human
serum

sample

human
milk

Table V.

amt of amtof
TOCI, TOBr,
ppm ppm

0.92 0.063
0.93 0.061
0.79 0.062
0.86 0.056
0.97 0.063
0.89 • 0.07 0.062. 0.03

pooled human serum

amt of amt of
TOCI, TOBr,
ppm ppm

0.64 0.12
0.66 0.15
0.76 0.15
0.56 0.15
0.61 0.13

av 0.65. 0.07 0.14. 0.014

pooled human milk



Na""Cl spike. With NAA, human milk has been found ex·
perimentally to oontain an average of 0.43 mg of CI-/g; bence,
I... than 5 ng of CI' can be expected to carry over to the
desalted milk fraction. This amount is considered within the
blank values of the operating procedures. This experiment
was run in duplicate on human milk, oows milk, Enfamil, and
human serum. Results are summarized in Table V.

When human milk was desalted acoording to the described
procedure. the results shown in Table VI are typical. The
frections of interest oontained 0.294 mg/mL chlorine and were
preceded by a low chlorine fraction (0.03 ~g) and followed by
another low chlorine fraction (0.066 ~g). Eluted fractions

Chlorine Lovela In Eluted Milk Fr.ctions

amI of CI, ~g/mL

CONCLUSIONS
This work describes a method which can be aUlomated to

a large extent and applied to large numbers of human body
fluids for TOCt and TOBr analysis. These levels should be
useful in continuing epidemological studies of the exposure
of human populations to halogenated hydrocarbons in the
environmenL The method might also be useful as an ancillary
method for determining fluid concentrations of halogenated
hydrocarbons in toxicological studies with laboratory animals.
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oontaining NaClappear later in fractions 10 and 11. A second
oolumn separation does not substantially improve the desired
result further supporting the efficiency of the BierGel column
techniques. Figure 1 exhibits a 'Y·ray spectra of neutron·ir­
radiated human milk after desalting on Bio·Gel P·2.

The heptachlor·spiked milk samples were submitted to the
analyzing Iaboretory in a blind study to truly test the accuracy
and reproducibility of the method. The method showed good
reprcxlucibility and accuracy as shown by the results gives in
Table VII. TOeI from oonuol milk (0.28 ± 0.045 ,.g) was used
to correct the resu)ts.
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A methemeUcel model lor concentric: nebullz... ayalema Ia
developed. The model Ia ...- for \he c.lculallon 01 \he
cutoII dIerneIer of \he nebuIzer~..... \he -.nal oIaIrIbuIIon
perMWI_ of \he __ (\he dropleI~) gener8led
b, \he nebuIz.... \he 8IIIclency of the nebulize, ayal..... end
\he __ concentration. T1le model elao allow. the optl-

mlzallon 01 nebutlz....,at...... T1le methemeUcel model Ia
ahown-by experme,,1a to be In agrHm8nl with pracllce.

There are very few articles of earlier date that describe
theoretical work on nebulizers. But during the past ysars thare
has 00en an increaaad interest in nebulizers. nebulizar systems,
and theory descrihing the way in which a nebulizer works.

This increased interest has resuJted in an increased number
of papers during later years. Scientists working in spectros­
copy have in the last years accepted the fact that it is im·
poaaible to investigata excitation sources (e.g.• plasmas. names)
without a thorough knowledge of the nebulizer system. U this
knowledge is missing it is not possible to take into consid·
eration the influence of the nebulizer system on the measured
properties of the excitation source. Thus. it will not be poesible
to separate the properties of the nebulizer system from the
properties of the excitation source.

Work on the measurement of aerosol dispereions has been
published hy Browner. Cresser. and Novak (1-4) and by
Mohamed, Fry. and Wetzel (5). A paper on the effect of
aample tempereture in analytical name spectroecopy has also
been publiahed by Browner and Cr....r (6). where they have
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Table I. A ComparillOn between Original and
Recalculated dO' Median, and Mean Valuee

EXPERIMENTAL SECTION

The equipment used for this study is listed in ref 13, but the
spray chamber listed in Table I is not from Plasma-Therm but
rather from Wiklunds. The spray chamber made by Wikluods
has a larger cutoff diameter than that of Plasma-Therm.

MealuremeDt Procedure. The measurement procedure for
the liquid nowa will be described in detail in a forthcoming paper
but will be more closely described bere than in ref 13 because that
teJ.t has been misunderstood. Before performing any
measurements-at 8 specified pressure drop-the system has been
equilibrated. That is, the system has been running for such 8

long time that 8 stable temperature and liquid flow pattern in
the spray chamber have been ohtained. Then-with the system
running the entire time-the uptake and waste were measured
by weighing. From the weights obtained the volume uptake and
volume efficiency were calculated. The volume basis is chosen
to facilitate the comparison wben nebulizing liquids of different
density (e.g., Figurea 4 and 5 in ref 13) and from the fact that
the mass of analyte can be calculated directly from volumea if
no analyte redistribution 8Jld/or &evere evaporation occurs from
the hulk of liquid in the spray chamber. The evaporation from
the bulk of water will be of little consequence due to the rapid
evaporation of small droplets in the aerOiol uturating the gas
stream.

The measurement procedure is indirect as compared to the
direct method employed by Smith and Browner (14). Tbere
are-in thia case-five reasons for using an indirect method: (1)

applied the results of Nukiyama and Tan....wa (7, 8) to ex­
plain the small influence of the sample temperature on the
signal. The inveatigation of the interference effecta of aerosol
ionic redistribution in analytical spectrometry (9) is important­
A continued investigation of this phenomenon will probably
explain some of the problems met when using nebulizer
systems. From a theoretical point of view the cited form of
the Nukiyama and Tanasawa equation (eq 8) in recent ana­
Iyticalliterature deviates from tbe form used in this paper.
The equation given in this paper is, however, in agreement
with the form presented in the original paper (7). The de­
viations are related to the denominators of the equation, e.g.,
a missing p in the first term (1) and an improper square root
in the second term (1()-12). The main objective of this and
earlier (13) work was to describe the combined process of
aerosol generation, redistribution of the aerosol due to evap-­
oration, and the separation of larger droplets in the spray
chamber when nebulizing pure water. In ref 14 Smith and
Browner have used another approach. They study the analyte
transport efficiency but by doing this they have also included
phenomena other than pure nebulization in their measuring
object. There will be a need for more theoretical considera­
tions to develop a model for analyte transport efficiency, which
is tbe object of forthcoming work.

The objectives of this work were as follows: (1) to sum up
the contents of the Nukiyama and Tanasawa equation and
to give a short survey of the work of Nukiyaroa and Tanaoawa
that relatea to nebulizers; (2) to develop a mathematical model
for nebulizer systems employing concentric nebulizers; (3) to
compare the model with actual measurements on the real
system presented in ref 13.

recalcd median
values, exp(J.l*),

I-lm IJm

sdldo ~ 11* (5)

If two distributiona have equal coefficients of variation they
also have equal valuea of the parameter 11* and conversaiy.
A characteristic property of log-normal distributions is that
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There is DO aoaIyte to be reoovered due to the usage of pure water.
(2) The time per measurement is amall. (3) There will be DO

problems with water vapor in the ambient air. (4) Using a direct
method would give aevere problema with water evaporation.. (5)
The &evere precision problem due to variability in the washout
and in the atomic absorption measurement for indirect methoda
(14) is avoided because there is no analyte present.

THEORY
A nebulizer system consists of two parts, the spray chamber

and the nebulizer. The nebulizers dealt with throughout the
remainder of this paper will be of the concentric type. The
nebulizer characteristics used were dermed earlier, in ref 13,
but for the convenience of the reader they will be redermed
here.

Uptake: The volume of liquid (mL) aspirated by the
nebulizer per minute. The input liquid head is at -5 to-7
cm.

Gas flow: Flow of the nehulizing gas (Ljmin).
Efficiency (~): The part of the uptake nebulized (percent

by volume), The nebulized part is measured as tho difference
between the uptake and the quantity of liquid waste, i.e.,
including the water evaporated from the droplets.

Aerosol concentration: Concentration of the aerosol
measured as the volume of nehulized liquid <.L) per liter of
nehu1iziog gas.

Pressure drop: Drop of pressure across the nebulizer (bar).
Before continuing with the theory it should be observed that

the dermition of, as well as the symbol for, the efficiency differs
from that in ref 14 because of the different approachea chosen.
The basic theory of nebulizer systems will be dealt with in
three separate sections; namely, properties of log-normal
distributions, theory of nebulizer, and theory of the nebuIizer
plus spray chamber. The reason for separating the last two
theoretica! items into two sections is to emphasize the char­
acteristic propertiea of the nebulizer and the spray chamber
separately.

General Properties of log-Normal Distributions and
the Validity of Using the Two-Parameter Model for
Aerosols. When treating data-wbich are assumed to be
distributed log-normally-we can use modela with a number
of parameters (I5). The models most commonly used bave
two, three, or four parameters. Here the two-parameter model
will be described, because a good fit to the valuea presented
by Nukiyarna and Tanaoawa was obtained by using this model

If the distribution of a (positive) variate z is such that the
distribution of the transformed variate y = 10 % is (exactly)
normal (Gaussian), with mean jl. and standard deviation 11*,
N<.·,o·), then the distribution of % is said to be log-normal.
General properties of log-normal distributions are given in
ref 15. In particular log-normal distributions possess moments
of any order; the jth moment is denoted by Aj , and

Xj = eXPUjl· + P(u·)2/2) (1)

from the propertiea of the moment-generating function of the
normal distribution. The mean do and variance si for the
log-normal distribution are given by

do = expl!<· + (11*)2/2) (2)

sl =exp(2jl· + (u·)2)(exp«I1*)2) - Ii =do''''!' (3)

l' = sdldo = ..;exp«u·)2) - I (4)

is the coefficient of variation. For small valuea of 11* we
obviously have
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15.6
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15.6
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where Q. and Q, are the volume flows and A. and A, are the
smallest areas at the nozzle face for the gas and the liquid flow,
respectively. As seen from eq 6 and 7 there is no correction
for stream contraction or velocity reduction. These corrections
and tbe fluid dynamics of nebulizers will be dealt with in a
future paper.

The basic idea of Nukiyama and Tanasawa was tD describe
the (population) mean droplet diameter (dol of the droplets
in the aerosol 88 a function of the different velocities, flows,
and constants of tbe gas and the liquid. It should be em­
phasized that Nukiyama and Tanaaawa treated the aerosol
distributions as distributions by number and not by mass as
in recent works (I-4)_ As can be seen from the statistical
treatment in the previous section, from the theoretical
treatment of small particle distributions in ref IS, from Figure
12 in report no. 1 (8), and from all of the figures in ref 16 that
relate tD droplet distributions, an aerosol distribution is of
the logarithmic-normal (log-normal) type, i.e., by plotting the
diameter on a logarithmic scale-in the distribution plot-we
will get a normal distribution. Instead of treating the dis­
tributions as log-normal distributions Nukiyama and Tans­
sawa treated them as skew distributions only_ The six dif­
ferent measures for do proposed by Nukiyama and Tanasawa
gave different values of do due tD this fact. Of the six measures
Nukiyarna and Tanasawa chooe the area-volume measure as
being the one giving large droplets a high weigbt in the de-

when converting 1hem from number tD mass dia1ributions they
will retain the log-normal behavior (ref IS, page 100). Hence,
we can convert Nukiyama and Tanasaws's number distribu­
tions intD the corresponding mass distributions without looing
the log-normal properties of the distribution. Another
characteristic property of log-normal distributions (I5) gen­
erated under equal circumstances, i.e., aerosols generated by
the same nebulizer with different flows of gas and liquid, is
the nearly constant value of the coefficient of variation sd/d..
where Sd denotes the standard deviation of the log-normal
distribution.

As pointed out in ref IS, the log-normal distribution is well
established in the domain of small-particle statistics. Dis­
tributions of small particles 8uch as are found 88 the result
of natural and mechanical processes are often very skew. The
following test has been applied tD check that the intuitively
reasonable assumption of 8 log-normal distribution is valid
for droplet diameters in an aerosol produced by concentric
nebulizers. In ref 8 (report no. I) six different measures of
do were proposed for aerosol distributions. A numerical ex·
ample of these measures for 8 particular aerosol is given in
column 1 Table I (taken from report no. I, Figure 12). The
values in column 2 have the same moment as the corre­
sponding values in column 1 but they have been recalculated
by using mean values of Sl· and u· determined from the or­
iginal values in column 1 using eq 1. The recalculated median
and mean values of the distribution are shown in Table I,
columna 3 and 4. The ~o and ". values for this recalculation
have been obtained from the values taken as pairs from
column 1 (the last value having been paired with the fIrst one).
The similarity within the two columns three and four, reo
spectively, and the similarity in pairs between the columns
one and two shows that the two-parameter log-normal model
satiafactDrily describes the distribution of droplet diameters
in an aerosol.

Theory of the Nebulizer, Tbe theory presented in this
section will be based on the work of Nukiyama and Tanasawa
(7,8). The velocities of the gas (v.) and the liquid (v,) at the
nozzle face are calculated from the following expressions:

v. = Q./A.

v, = QIIA,

(6)

(7)

q ~

Diameter. pm

FIgIn 1. The typlcaJ -"""" 01 a Iog-oormoI d1s_ 01 aoplel
diameters In an aerosol.

termination of do. For Nukiyama and Tanasawa this was a
good choice since they were studying carburetor theory, but
for nebulizer theory better choices can be made:

The continued work of Nukiyama and Tanasawa showed
that do did not depend on the shape or size of the liquid and
the gas nozzles or on their relative axial positions (ref 7, report
no. 2). Three different types of air nozzles were tried, a
convergent, a straight-bored, and a knife-edge nozzle. If Q.
was increased, do decreased but only tD the limit where Q./Q,
= 5000. Nukiyama and Tanasawa concluded that do was a
function of the velocity difference (v. - v,) and Q,jQ•.

Tbe fmal equation presented by Nukiyama and Tanaaawa
for do ~m) was

do = 585 v~ + 597 (~r"( I~Q'r (8)

Here, p is the density (g/em'), u is the surface tension
(dyn/cm), ~ is the coefficient of viscosity «dyn s)/cm'), and
v is the velocity difference v. - v, (m/s). The experimental
ranges for the constants were 0.8 < p > 1.2, 30 < u < 73 and
0.01 < ~ < 0.3. p, u, and ~ are of course related tD the liquid.

The Nukiyama and Tanasawa equation is strictly valid unly
when using air as the gas, but using another gas having nearly
the sarne velocity of sound (e.g., argon) will give rise tD a
negligible error only. Equation 8 is in agreement with Nu­
kiyaroa and Tanaaawa's experimental fIndings, but it should
be observed that the two members of the equation are not
dimensionally equal. This does not matter when the equation
is used within its limitations but it is not attractive from a
scientific point of view. Before treating the nebulizer and the
spray chamber 88 one unit, one should pay attention to the
fact that the nebulizer is a device producing a log-normal
droplet distribution (an aerosol) of mean diameter d..

Tbeory of the Nebulizer Plus Spray Chamber, The
aerosol is forced tD pass through a spray chamber. We can
look upon this process as if the aerosol were passing through
a theoretical ruter having a cutoff diameter (dJ. Droplets with
a diameter :Sd, will pass on unaffected and droplets larger than
d, will be retained (the waste). A picture of the selection
proceaa is given in Figure 1. The shaded area represents the
droplets passing through the spray cbamber. Tbe selection
proceaa illustrated is of course a simplifIed representation of
what actually occurs because the fmal aeroool will have dro­
plets larger than do- This is due tD the nontheoretical behavior
of the fIlter (spray chamber).

The effIciency of the nebulizer system, i.e_, the probability
(proportion) of droplets having diameters :Sd" can be calcu­
lated from the expression

4>«(ln d, - In do) / U O) (9)

where 4> denotes the standardized normal distribution function
and ". denotes the standard deviation of the normal distr;·
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F1gln 2. The estiTlation of q. and de using a normal probability paper.
The horizontal line (_. -) denotes the 16% level.

bulion corresponding to the log-normal distribution.
To sum up this section, the efficiency of a nebulizer system

can be calculated if do, d(, and Sd or (J. are known or if do is
estimated with eq 8 and d( and sd/do or 11· are determined
in some other way (the relation between sd/doand 0". is given
in a previous section). The theory of the spray chamber is
of course also valid for aerosols produced by other types of
nebulizers.

RESULTS AND DISCUSSION
The theory presented will be used to elucidate three dif·

ferent problems: (I) lhe determination of d, and u'; (2) the
calculation of the efficiency and the aerosol concentration for
n particular nebulizer system; (3) optimization of nebulizer
systems. Experimental conditions and data for this theoretical
treatment are taken from ref 13.

The determination of d( is direct and closely related to
determining ft· (the determination of de according to ref 1-4
and 17 is an alternative procedure). The nebulizer charac­
teristics for a number of pressure drops are measur~d for a
particular nebulizer system. The efficiencies are calculated
from these nebulizer characteristics and the corresponding
do values from the nebulizer characteristiOi and the Nukiyama
and Tanasawa equation. The efficiencies and their carre·
spending do values are plotted on a normal probability paper,
and the points should fit to 8 straight line, A, as exemplified
in Figure 2. Next, the line A is extended until it intersects
the 50% level, which occurs at In (d(). u· is obtained as the
distance B at the 16% level. These percentage levels are clear
from ref 15 and the properties of normal probability papers.
The d, value for this particular nebulizer system (13) is ~ 4.5
JJrn, which is in accordance with published work on aerosol
measurements (ref I, Figure 6) using a similar spray chamber.
It could be somewhat surprising that the present result is in
accordance with ref I, as Nukiyama and Tanasawa used
number distributions, while the other authors used mass
distributions as a base for the calculations. However, Nu­
kiyarna and Tanasawa used a measure of do which emphasized
the large droplets. Conversion of the number distributions
given in ref 8 to mass distributions will yield mass distributions
having 0 mean droplet diameter close to do.

The calculation of the efficiency and the aerosol concen­
tration for 8 particular nebulizer system starts with the de­
termination of the d( value and u· as described in the previous
paragraph. Next, the do value is calculated for a particular
pressure drop by means of the nebulizer characteristics and
the Nukiyama and Tanasawa equation. This do and the
previously determined d( and (J. values give with expression
9 a value for the efficiency. The aerosol concentration is
calculated with this 'fJ value and the nebulizer characteristics
for the pressure drop in question.

In Figure 3 there is a comparison between the mea­
sured/calculated efficiency and aerosol concentration for the
nebulizer system described in ref 13. The calculations were
carried out as outlined in the previous paragraph. The
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F~ure 3. Comparison between the measured (-)/calculated (---)
elfidency and aerosol concentration.

agreement between the measured and the calculated curves
is acceptable because the difference is of the same magnitude
as the experimental error. Both curves showing the variation
of the efficiency with the pressure drop have minima, as
reported carlier (13). These minima could not be explained
at the time. But the present theoretical treatment permits
the conclusion to be drawn that the minimum is an inherent
property of the nebulizer system studied. It is of course
possible t.o obtain a minima for the efficiency and not for the
aerosol concentration or vice versa, depending on the flows
(Q!, QI) and the geometrical construction of the nebulizer
system. The present theoretical treatment does not give an
explanation for the bimodal distributions obtained by Novak
and Browner (1), because this theory is intended for calcu­
lation of nebulizer characteristics and not for modification
processes in aerosols.

The mathematical model is also useful for optimization of
nebulizer systems. During the past years there has been a
debate whether it is better to optimize a nebulizer system
against the efficiency or against the upUlke. It has been shown
that these variables are most unsuitable for the purpose (13)
and that the aerosol concentration should be used instead.

The aerosol concentration is the only variable which is
directly proportional t.o the net intensity of the analytical
signal (13). This is of course valid only if evaporation of water
from the bulk of liquid in the spray chamber as well as aerosol
ionic redistribution effects both are negligible and the analyte
atoms are completely converted into light emitting plasma.
It is clearly seen from ref 13, Figures 8 and 9, that this can
be the case. \Vhen optimizing: an analytical instrument that
contains a nebulizer system the optimization variable should
of course be the signal to noise ratio of the whole instrument.

The following variables should be included in the optimi­
zation: the flows (Q" Q,), the areas (A" A,), and d~ The flows
can easily be changed whereas the areas and de are hard to
change. Apart from this, a change in the areas or d( would
probably change (J., thus complicating the optimization. The
examples below showing changes in area or de are only in­
cluded to facilitate the comparison and to indicate in what
direction one should change the variables in order to improve
nebulizer systems. When optimizing a particular nebulizer
system, one should use the floy.'S as variables because we then
study a fixed mechanical system. In the development of a
new nebulizer system the areas and d, should also be included
as variables.

\Vhen an optimization is performed, a suitable reference
level must be chosen. The calculated values in Tables 1J and
III were obtained using the 15 psi level for the concentric
nebulizer (13) as reference when nebulizing pure water. The
optimization star~ with the determination of d( and (J"*. By
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gain

Table II. Summuy of the Chan... for Optimization and
tb. R..ultlnl Gaina In th. Efficiency and tb.
Aeroool Concentration

G A value in the column indicates the factor used when
changing the variable in question in relation to the ref·
erence level. Lack of value indicates no change of the
variable.

Table 111. The Variation of the Efficiency with
the Cutoff Diameter

because Table II gives only the trends.
A very interesting fact is seen in Table II, namely, the

self-stabilizing property of nebulizer systems when generating
the aerosol concentration. Because the flows (Qb Q,) have a
counteractive effect upon the aerosol concentration. For a
high aerosol concentration a high efficiency should be used.
According to eq 8 a higher ~ value is reached by using a higher
Q, and a lower Q, value. On the other hand, increasing the
Q, and decreasing the QI value will make the aerosol le88
concentrated. Getting a low aerosol concentration, we have
the opposite relations.

CONCLUSIONS
When a nebulizer system is optimized the variable used for

comparison should be the aerosol concentration and not the
uptake or the efficiency. It is impossible to investigate an
excitation source experimentally without including the neb-­
ulizer system in the study. The only possibility to determine
the net properties of the source is by investigating the neb­
ulizer system separately and taking its properties into con­
sideration in the study. The theory presented above should
be considered as a first attempt of getting a more unified
theory for nebulizer systems.
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2
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use of Nukiyama and Tanasawa equation 8 new do can be
calculated from the assumed gas and liquid flows. The ef­
ficiency is calculated from do in the usual manner. The gain
in the efficiency is obtained as a quotient between the new
~ value and the one at the reference level. To obtain the gain
in aeroool concentration a correction for the change in Q. and
Q. must be made. Table II is an epitome of the gain in ef­
ficiency and the aerosol concentration for different changes
in Q" Qb and AI' The table shows how unfortunate it would
be to choooe the efficiency as response variable instead of the
aeroool concentration. Table ill shows the calculated variation
of the efficiency with d" where it is assumed thet the effect
on a" by changing d, (the geometrical construction of the spray
chamber) is negligible.

It is seen in Table II that when making a new nebulizer
system using the present system as reference level one should
concentrate on making A, smaller and d, larger. The exci­
tation source will of course put an upper limit to the d, value.
When optimizing this particular nebulizer system, one should
increase tho Q, value and slightly alter the Q, value. Table
n sbows thst making the cbanges in the opposite direction
would result in an inferior nebulizer system. A, is not con­
sidered in Table II because it is easy to change Q, by use of
a variable pump, and "I is so amall-leas than 0.5 mls for the
system studied-thet the influence on " is negligible. For a
thorough optimization of nebulizer systems an optimization
procedure should be used (e.g., the SIMPLEX method (18»
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Characterization of Two Modified Carbon Rod Atomizers for
Atomic Absorption Spectrometry

Darryl D. Siemer· and Leroy C. Lewis

Exxon NucJea, Idaho Co.. Inc" Box 2800. Idaho Falls, Idaho 83402

A number of novel carbon rod atomizer configurations were
constructed and tested wKh the goel 01 Increaolng the effec­
tive gas-phase temperatures experienced by volaWe analylemet.... Both a "lop-cIamped" cup and a "tuI>4Kup" atomizer
permIIIed Increases In the gas phaaa atomization temperat..e
lOf lead and cadmium 01 more than a thousand <legr.... over
those achievable wKh the two conventional eRA atomizer
configurations. AddKlonally, Irom 2 to 3 ordera 01 magnKude
more concorn"an' transition metal chloride sa" can be ac­
convnodated wKh the Improved atomizer dealgna belore ma­
trix effact. are observed.

The determination of lead and cadmium by graphite fur­
nace aOOmic absorption spectrometry (GFAAS) is complicated
by a host of "matrix effects" not usuaHy seen in flame AAS
because their volatilization temperatures overlap those of
many of the compounds forming the bulk of many common
sample matrices (e.g., transition or alkaline earth metal
chloride salts). At the relative low gas-phase temperatures
actually present within furnaces of conventional construction
during the time that the analyte vapor is present, compound
formation between covolatilized concomitants and the analyte
is favored (I). Furnaces inoo which the sample is introduced
after the optical path has been preheated 00 a relatively high
temperature (e.g., the L'vov or \Voodriff furnaces) are far less
sensitive to matrix problems (2-4). The use of a "L'vov
platform" in furnaces based on the Massmann design (e.g.,
the Perkin-Elmer HGA 2200, Varian Techtron GTA95, or the
1L455J555J655 series) has been shown 00 retard evaporation
of the analyte until the tube wall is several hundred degrees
higher than would otherwise be the Case and, consequently,
significantly reduces matrix problems (5, 6).

However, owners of the Varian Techtron carbon rod
aOOmizer (CRA) cannot use "platforms" because the aOOmize,s
tube diameter is U>o .mall (3 mm) 00 accommodate them. Two
approaches to increasing the effective gas-phase temperatures
in these furnaces have previously been investigated. The fll'St
involves heating a longer-then·standard aOOmizstion tube from
the ends, not at the center, either with a pair of "Y"-shaped
rods (7) or with four separate rods (8). The second approach,
recently investigated in this laboratory, involves heating the
"cup" configuration eRA atomizer with rods clamped across
its oop, not across the botOOm as is usually the case (9). Al­
though these approaches raised the gas-phase temperatures
a few hundred degrees and significantly reduced the matrix
problems in lead determinations, this writer felt that better
results could be achieved with the basic CRA furnace design
if the system were redesigned with the achievement of high
gas-phase temperatures as a primary goal. Accordingly, this
paper describes some of the experimentation done and
characterizes both "cup" and "tube-cup" designs featuring gas
phase temperatures for lead and cadmium approximately 1000
degrees higher then are usually observed in thermally pulsed
GFAAS furnaces.

EXPERIMENTAL SECTION
The modifications made t<> the Vurian Model AA6 spectrometer

and 00 the Model 63 CRA furnace power supply have been dis-

cussed in previous papers (10, I I). The important differences
between them and the standard equipment include considerably
"faster" analog electronics in the signal processing circuitry and
the addition of an optional temperature feedback controller to
the furnace power supply. A Thermooot optical pyrometer in­
terfaced. with the same Hewlett·Packard computer system used.
to collect the atomic absorption transient signal data permitted
simultaneous recording of the temperatures of a selected point
on the atomizer's surface (IO).

Modifications to the Model 90 eRA workhead were kept to
a practical minimum in order to minimi.ze duplication costs. First,
the stack of alternating flat and corrugated stainless steel plates
which are normally used. to provide a laminar flow of inert gas
to protect the hot graphite was replaced; instead a 4 mm thick
aluminum plate pierced with 48 evenly spaced, 1.4 m.m diameter
(no. 54 drill) holes was used. This was done to give clearance to
atomizer cups when they were lowered with respect to the center
line of the rods. Second, a shield was fabricated from 2 mm thick
aluminum sheet metal to lOO6ely enclose the hot graphite working
parts of the atomizer (Figure 1). This shield is very effective
in retarding the back flow of air which invariably bums away the
uppermost surface of both the atomizer and the rods in the
standard, open-configuration workhead. Holes were drilled in
the shield to accommodate the light beam and to provide access
to the atomizer by the micropipet used to deposit the sample
o.liquots.

Finally, the HEP 312 pbototransistor used to provide the
temperature feedback signal to the CRA power supply was
mounted in 8 small aluminum block; this block was in tum
screwed onto the rear electrode block of the workhead. A 2&-mm
long piece of ceramic tubing of the type usually used to shield
thermocouple wires was used. as a light pipe--coUimator and heat
shield for the transistor. The upper end of the ceramic tubing
was inserted into 8 short piece of opaque, black, plastic tubing
and the phototransistor was glued into the other end. The rest
of the temperature feedback controller was the same as described
previously (II).

To conserve argon, a homemade gas control box featuring an
electronic timer and a solenoid gas valve was put in series with
the inert gas line from the standard Model 63 gas controls)'stem.
It is triggered "ON" at the initiatioo of the "ASH" cycle by a signal
from the CRA power supply. An argon now rate of 8 L/min was
used. A low-pressure propane line 'i\"8S connected to the inlet side
of the automatic gas solenoid of the standard gas control system.
(The wlenoid valve was originally designed t<> permit the addition
of hydrogen 00 the inert gasllow duriog the "ATOMIZE" cycle.)
The occasional addition of propane (at a flow rate of 0.5 L/min)
during an atomization cycle renews the swface of the hot graphite
working parts of the atomizer with a layer of pyrolytic graphite
and (in combination with the aluminum shield) extends their
useful life to at least several weeks of continual use.

All of the data presented in this paper were obtained with
atomizer componenUi coated "in situ" with pyrolytic graphite
before the experiments were performed.. The swdard pyrolytic
graphite Varian Techtron cups were subjected to the same pre­
treatment for the sake of consistency of temperature measure­
ments made with the optical pyrometer. The appearance of the
commercial graphite coating is different than that observed with
the "in situ" coating process and, presumably, the emissivities
of the two surfaces are differenL

An inexpensive optical feedback control module compatible
with Varian M 63 power supplies is commercially available (L.
L. Elektronik, Department of Analytical Chemistry, University
of UmeA, S-901 87, UmeA, Sweden). Ita sensitive phoWtransdU<er
permits accurate control of"ASHING" as well as "ATOMIZE"

0003-2700/83/0355-0099101.50/0 C> ,9a2 American Clw>n'kaI Soclety
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Flguta 1. Dnlwlng of the modified eRA 90 wOl1<head depicting the_1m gas &hlold and the """"ling for the temperat"a transducer.

temperatures. The same supplier can also provide 8 gas control
box similar to the homemade version outlined above.

In most of this work, standard 4.6 mm diameter Varian
Techtron eRA rods were used. All nonstandard graphite com·
ponents were machined (rom a dense, nonporous 6.2-mm diameter
spectrographic quality graphite rod (FX91 from POCO Graphite
Inc., Decatur, TX). This material is quite strong without being
brittle and can be readily machined to very close tolerances.

RESULTS AND DISCUSSION

The mean effective gas phase temperature within the
atomizer while a typical volatile analyte metal is present was
conveniently measured by comparing the relative integrated
atomic absorbance signals observed at two prominent lead
nonresonance lines. The first line, 368.3 nm (gf = 0.64).
originates from a state 7819 em-I ahove ground; the second
at 280.2 nm (gf = 5.1) originates from an energy level 10650
em-I above ground. The spectr0800pic constants for these lines
are taken from ref 12. These lines are a good choice for these
measurements because the relative magnitudes of the two gf
values implies that at the temperatures of interest (1200-2800
K) to this study an identical aliquot of the same lead standard
solution will give mesaurable signal peaks at both wavelengths.
However, in this study sequantial signa1 mesaurements at each
wavelength were used fer the spectroscopic temperature
calculation.

The 261.4 nm (nonresonance) and 283.3 nm (resonance) line
pair tbat Ide et al. (I3) used for a similar purpose is le88
satisfactory not only because the tremendous difference in
sensitivity between those two lines requires two standard
solutions but alao because the 261.4-nm "line" is actually a
doublet which renders its absorbance signal VII. masa of analyte
response curve nonlinear when measurements are made with
normal AAS equipment.

The optical system used measured light p888ing through
a round 2.4-mm hole in a baffle situated as closely as po88ible
to the optical access hole through the atomizer on the side
facing the monochromator. This optical beam is only slightly
amaller than the access hole itself so all of the absorbance
meuurements (as well as any spectroscopic temperatures
derived from them) reflect mean values across the acoess hole's
diameter. No attempt was made to spatially resolve these
values either acrou the acoess hole or along the length of the
atomization zone.

The following equation was used to calculate the spectro­
scopic temperatures in the furnace:

T = -4077
(In O.217)(A280.2IA.....J

where 4077 and 0.217 are constants which combine the relative
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Flgur. 3. Absorbance S9"a1 ttans'ents seen wtth the standard. bot­
tom-clamped, cup atomller configuration.

wavelengths. gf values, and lower state energies of the two
lines. A"", is the absorbance signa1jg oflead at 280.2 nm. andA_, is the absorbance signaljg of lead at 368.3 nm.

Similar equations may be derived for other line pairs (e.g.,
the 283.3·nm resonance line and 368.3·nm nonresonance line
pair) but their use is somewhat less convenient because dif­
ferent solutions must be pipetted for the two atomic ab­
sorption response measurements.

The approximately 5% coefficient of variation of integrated
atomic absorbance signals measured at the nonresonance lead
lines results in an imprecision in the calculated spectroscopic
temperatures of from 30 to 100 K over the range of temper­
atures observed. Of course. the accuracy of the measurements
is determined by the accuracy of the gf values used in the
calculation. For the purpose of comparing atomizers getting
exact temperatures is not 88 important as is consistency of
approach.

In the course of this project approximately 20 different
atomizer designs were built and tested. Length. diameter
(inside and out). total mass, wall thickn.... etc. were all varied.
Figure 2 depicts a few of the various atomizers examined
drawn to a common scale. In this figure the arrows point to
where the center line of the rods were clamped with respect
to the tube. In order to save space, only those experiments
that definitely led to a clearer understanding of how these
atomizers should be designed will be described in the rest of
this paper.

First, a complete description of the experiments done to
characterize these atomizers will be presented using the
standard cup-configuration eRA atomizer as an example
(Figure 3). The rods were clamped acr088 the bottom of the
cup as is recommended in the manufacturer's literature. In
this ftgUfe. the atomic absorbance signala seen at the two



nonresonance lines (368.3 nm larger peak and 280.2 nm smaller
peak) when 2000 ng of lead was atomized are depicted with
solid lines. The dashed line is the signal seen from 2.5 ng of
lead observed at the 283.3-nm resonance line. All of the figures
(numbers :H;) depicting sctuaJ instrument responses seen with
the various atomizer configurations use the same format to
portray the atomic absorption signals Been at the three lines.
The temperature of the inner lip of the cup (recorded at the
same level as the optical acceBB hole) as measured hy the
optical pyrometer is also shown. A constant emissivity value
of 0.7 was assumed. for all measurements 80 recorded
throughout the entire study. This value may not be accurate
hut since the ohject of the project was to compare different
atomizers, the relative temperatures observed satisfy the in­
tended purpose.

In this experiment, the power supply was used in the
standard mode (i.e., no temperature feedhack control) at its
maximum heating rate (i.e., "10" on the front panel dial) for
1.5 s. This very short heating period was used for two reasons.
First, all of the lead has left the atomizer within that time and,
second, hy the time that 2 s has elapsed, the bottom of the
cup reaches a tempersture sufficiently high to rapidly destroy
the cup (hy sublimation of the graphite). Also the use of the
maximum po88ihle heating rate ensures that the spectroscopic
temperature measured represents the highest achievahle with
that atomizer and power supply combination.

Several important conclusions can be drawn from an ex­
amination of Figure 3. First, the temporal overlap of the three
atomic absorption transients (i.e., the shapes of the peaks)
while not identical with one another is quite similar. This
means that temperature measurements based on the relative
size of the two nonresonance line transients are valid to use
in describing the temperatures experienced by the ground­
stste atoms of interest in conventional GFAAS analytical work.
This is not unexpected because the shapes of these transient
signals should be largely determined hy the supply function
h or the rate at which the lead is volatilized) and not by the
residence time (T2) of individual atoms within the cup in
atomizers of this design (14). In Massmann furnaces pos­
seBBing large and varying (with respect to time) thermal
gradients along the optical axis, the noMesonance line signals
tend to be skewed to the right (i.e., to higher temperatures)
with respect to the resonance line responses (15).

Next, the apparent spectroscopic temperature calculated
as explained previously is 1445 K-a couple of hundred de­
grees higher than is the temperature of the graphite at the
same distance from the bottom of the cup at the time that
the maximum signals appear. The reason for this is that the
cr066 section of the cup is so large that the rapidly expanding
gas does not achieve thermal equilihrium with the walla of
the cup across the entire diameter of the cup. Since, in this
case, the bottom of the cup is at a higher temperature than
is the top, the gas passing upward within the cup is at a
somewhat higher average temperature than are the walls of
the cup at the same level. This has practical relevance in the
design of the cup-type atomizers because it indicates that in
order to achieve the highest po88ible gas-phase temperatures
within a given region along a tube (i.e., at the optical aceess
hole), the power should be applied at a point along the tube
that the gas must first p... to reach the critical region.

Figure 4 gives the results of a similar experiment performed
with the same cup-rod comhination hut with the rods now
clamped acroas the top, not the bottom, of the cup. The ends
of the rods were machined to a radius of 2.8 mm inatead of
the usual 2.5 mm in order to accurately fit the larger upper
diameter of the cup. Tha homemade temperature controller
was used with the light collimator of the transducer directed
at the upper lip of the cup. The power supply heated the top
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of the cup at the maximum po88ihle rate until that part of
the cup reached approximately 2400 K and then held that
temperature constanL Only 250 ng of lead was needed in this
case to get the two nOMesonance lead signal transients (de­
picted with solid lines-the peak at 368.3 nm being the larger)
hut the same 2.5 ng of lead was used for the resonance line
signal (dashed line).

Note that in this case, the sizes of the signals per gram of
lead seen at the two nOMesonance lines are much larger than
they were in the last figure and also that the ratio of the size
of the peak seen at the 28O.2-nm line to that at the 368.3-nm
line has increased. This, of course, reflects the much higher
mean gas phase temperature experienced hy the lead within
the optical peth-2145 K as oompared to the 1445 K observed
with the standard atomizer configuration.

However, the magnitude (area) of the resonance line signal
is only about 90% as large as that observed with the standard
atomizer configuration. This reflects the higher diffusion
coefficients that lead atoms posse88 at the greater gas tem­
perature present with the second cup-rod conflgutation.
However, the signal is not attenuated as much as might be
expected hy a consideration of the difference in the atomic
diffusion coefficients alone; this indicates that the convective
expulsion of volatile anaIyte atoms hy the rapidly expanding
argon gas strongly affects atomic residence times (T,) in (at
least) the first set of experimental conditions.

Experiments performed with cup 0 in Figure 2 (quite long
with uniform cr066 sections both inaide and out) involving
changing of the position of the rods with respect to the optical
access hole, indicated that the highest posaible uaeful gaa-I'b­
temperatures are achieved with rods clamped so that their
center line was approximately I mm below the center of the
hole.

The position of the rods determines the temperature dif­
ferential between the top and the bottom of the cup, both
during the initial rapid heating which occurs when the power
is first applied and after the entire cup reach.. thermal
equilibrium (after a few seconds). With a sufficiently long
cup clamped at the top, it is possible to achieve a steble
gas-phase tempersture in the light path of 3000 ·C before the
lead at the bottom starts to volati1iza. However, a practical
cup atomizer must be capable of being heated at the bottom
to a sufficiently high temperature to prevent tha aocumulalioo
of the less volatile common matrix concomitants aa the cup
is used for repeated analyses of real samples. For the purpooe
of this project, one of the desired design criteria for the
atomizer was an eventual temperature at the point upon which
the sample is initially placed of 2000 K. This temperatule
was chosen because it is at least a couple of hundred degrees
higher than the "appearance temperatures" of moat of the
elements (e.g., Na, K, Fe, Mg, Cu, Sn, Co, etc.) that make up
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the bulk of the common sample matrices in which lead is apt
to be determined (2).

There seems to be little to be gained by designing atomizer
cups with two different diameters-inside or out. At first
thought, a cup featuring a small diameter, low "dead gas
volume" sample well at the bottom should give better ana­
lytical sensitivity (cup C, Figure 2). The reason for this is that
the convective effect of the expanding argon gas carrying the
volatilized analyte out of the light path should be lessened.
However, the actual sensitivity experimentally achieved was
not appreciably better than with a cup of uniform C1'068 section
(e.g., cup B, Figure 2). The reason for this is probably a greater
1088 of analyte vapor through the walls of the cup due to a
higher incidence of wall impacts. A serious disadvantage of
cups featuring small sample wells is that only tiny sample
aliquots can be dried without forceful ejection of the droplet
by the steam generated ("bumping").

CuI'" of extremely small internal diameters 0... than 2 mm)
offer slightly greater absolute sensitivities (8S8uming equal
wall thickne.... and lengths) than do those close to the
standard (3 mm) size. However, the improvement is very
slight and sample capacity drops rapidly as the diameter of
the cups is reduced. The standard internal dimension is a
good compromise.

An external cup diameter of 5 mm (0.20 in.) is convenient
because standard CRA rods fit cups of that size without
modification. Experiments performed with homemade rods
with ends 6.2 mm in diameter (the size of standard spectro­
graphic quality graphite rod stock) did not indicate that bigger
rods are worth the additional trouble tbat it takes to machine
and install them. Somewhat more current is drawn from the
power supply because the cu]rrod contact resistance is lower
with the larger rods. However, the additional heating power
is largely loat through increased thermal conduction down the
rods themselves.

The optical access hole can advantageously be made
somewhat larger than the 2.4 mm diameter hole used in the
standard Varian Techtron CRA cups. A variation in these
hole sizes from 2,0 to 2.8 mm in diameter in a single cup (cup
B, Figure 2) caused no significant change either in gas-phase
temperatures or in the anaJyticalsensitivity achieved with the
atomizer. The larger hole sizes, however, cause less trouble
with vignetting of the light beam by the edge of the hole when
the atomizer expands upon heating--a practical advantage.

The length of the cup should be sufficient to give an ade­
quate temperature differential between the top and the
bottom at the time that the analyte starts to volatilize-but
not longer. Excess length reduces the final temperature
achieved at the bottom of the cup (causing matrix buildup)
and increases the dead volume of the atomizer causing dilution
of the volatilized analyte and therefore reduced analytical
sensitivity.

Typical results obtainable with a good overall compromise
cup atomizer design are depicted in Figure 5. The cup used
(cup D, Figure 2) has the following dimensions; 11,0 mm
overall length; 5.02 mm outside diameter; 3,1 mm internal
dilWleter (no. 31 drill); 9.91 mm depth; 2.64 mm diameter
optical access hole (no. 37 drill) centered 2.34 mm below the
rim of the cup. A narrow ridge 5.3 mm in diameter and 0.80
mm wide was left at the top of the cup to give a reproducible
rod-cup geometry when the cup is preased down into place.

The signal resPOll888 depicted are those from 100 ng of lead
for the nonresonance lines (solid traces), 2.5 ng for the reso­
nance line (dashed trace), and 5 x 10-11 g of cadmium (dotted
line). Note that the signaJs for both lead and cadmium appear
ofter the top of the cup has reached the temperature setpoint
of the power supply (in this instance 2400 K). The spectro­
scopic temperature based on the relative size of the nome-
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F~ur. 5. Absorbance signal transients observed with an optimized
eRA cup atomizer.

sonance line lead signals was 2339 K. The temperature of the
inside bottom of the cup as measured by the optical pyrometer
(lower temperature trace) reached the desired 2000 K in ap­
proximately 4 8. In this one measurement the emissivity
setting used with the pyrometer was 1.0 because the geometry
approximated that of a "black body" radiator (which fact
makes the nature of the graphite surface less important in
determining its radiative properties).

The cup atomizer used to generate the signals depicted in
Figure 5 achieved the main goals of this project, i.e., effective
gas·phase temperatures for volatile metals similar to those
observed in an air-acetylene flame while simultaneously
preventing matrix accumulation in the cup. However, the
absolute sensitivity of the atomizer (based on the relative sizes
of the integrated atomic absorbance signals per gram of an­
alyte) is approximately five times worse than can be achieved
with the standard tube atomizer (using matrix-free standards).
In order to combine the relatively high gas-ph88e temperatures
achievable with the optimized cup design with· the superior
sensitivity of the tube-type atomizer, the "tube-cup" atomizer
depicted as E in Figure 2 was constructed. Its design phi­
losophy was such that when the analyte volatilized from the
cup it would have to pass through a preheated optical path
(the tube) far longer than the internal diameter of the cup
itself in order to escape from the light beam. Of course, this
raises the total fraction of analyte atoms within the light path
at anyone time and consequently increases the analytical
response.

Its physical dimensions were as follows; tube length, 13.6
mm; outer tube diameter, 5.08 mm; tube inner diameter, 2.81
mm (no. 34 drill); sample acce.. hole, 1.40 mm (no. 54 drill);
hole for the cup opposite the pipet access hole, 3.66 mm (no.
27 drill); cup length, 7.4 mm; cup inner diameter, 2.81 mm
(no. 34 drill); cup depth, 7.0 mm; outer diameter of cup, 3.66
mm (an interference fit into the hole drilled into the tube).

After the tube-cup atomizer was constructed, it was clamped
into the workhead exactly as a standard CRA tube atomizer
would be. It was heated to 2400 K in a 16;1 argon/propane
sheath gas atmosphere for 6 s. This was repeated a total of
five times. The resulting layer of pyrolytic graphite coated
the entire surface of the atomizer and effectively sealed the
cup to the tube.

Figure 6 shows the results obtained when the same series
of experiments performed with the cup in Figure 5 was re·
peated with the tube-cup atomizer using an identical power
supply setting. The tracings on this figure indicate the same
experiments as in Figure 5 except that the resonance line
signal for lead (dashed line) represents that seen with 1 ng
(not 2.5 ng) of lead. The overall effect of the change in design
is a 5-fold incr.... in analytical sensitivity while retaining a
high effective gas-phase temperature (2436 K in this case).
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In order to assess the practical value of these new atomizer
designs in ameliorating gas phase related matrix problems,
we prepared a series of Cu(lI) chloride solutions containing,
0.1, I, 10, and 100 ~g of the ..1t per 5-~L aliquoL This salt
was chosen for illustrative purposes because its severe de­
pressive effect on lead GFAAS signals is known to he caused
by gas phase reactions between the lead and the chlorine
released when the readily dissociated copper salt is covola­
tilized with the lead (1). Figure 7 shows the integrated signals
per nanogram of lead obtained with four different atomizer
configurations as a function of the amount of copper(Il)
chloride added. No -Ashing" heating stage was used and the
lead standard solution used contained no added acid (which
would have acted as a "Matrix Modifier" during the drying
step). Curve A is that obtained with the standard CRA cup
configuration (rods across the bottom) atomizer with power
supply settings of -S" for 3 s (no temperature feedback con­
trol). The second curve (-B") was generated with a standard
tube configuration eRA used with a power supply setting of
-7" for 4 s. Curve -C" represents the signals obtained with
the top-clamped homemade cup used as described in the
discussion of Figure 5. The last curve (D) shows the results
seen with the "tube-cup" atomizer previously described.

Both the tube--cup atomizer and the bomemade cup evince
little matrix effect until the amount of copper chloride co­
volatilized with the lead exceeds 40 ~g-approximately 3
orders of magnitude more than can be accommodated by the
popular standard tube configuration CRA atomizer (1). Even
at the lOO-~g concomitant level enough of the lead signal
remains (6(}-80%) that analyses by the standard addition
technique are still possible. Similar experiments revealed that
neither iron(llJ) nor magnesium chloride salts gave a serious
signal perturbation until the amount covolatilized exc...ded
4(}-100 ~g.

A study was performed of the effect of magnesium chloride
on thallium signals; this study was similar to that done by
Manning et al. (16) in their evaluation of a Massman-type
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furnace modified 60 that samples were introduced on a
tungsten wire after the tube itself had achieved thermal
equilibrium. The chlorine-metal bond is considersbly stronger
between thallium and chlorine than between chlorine and lead.
This, of course, implies that even higher effective gas-phase
temperatures are needed to eliminate the matrix effecL The
"tube-cup" atomizer described above gave results similar to
those achieved by Manning et al., Le., a 50% suppression of
analytical response occurring at a MgCI7 concentration of
approximately 0.02%.

To further increase the effective gas-phase temperature
obtainable with the "tube-cup" atomizer, we shortened the
tube portion of the atomizer to 9.5 mm (from 13.6 mm) and
tapered the outer 2 rom of each end to a diameter just sligbtly
larger than that of the hole itself. These modifications reduced
the mass of tbe atomizer to 0.225 g (from 0.360 g) and con­
sequently increased the rate of heating achieved with the
power supply used. With this atomizer a stable gas-phase
temperature of 2700 K is readily achieved during the entire
time that thallium is in the optical path. The magnesium
chloride concentration necessary to reduce thallium signals
by 50% was greater than 4% with this atomizer. This con­
centration is much greater than that which the furnace used
by Manning et al. could accommodate even when it was used
at a nominal temperature of 2700·C (16). The reason for this
"tube-cup" atomizer's superior performance is probably that
it does not have relatively cool tube ends tbrough which the
analyte and co....olatilized matrix must pass in order to escape
from the optical path.

Of course in actual analytical practice. an analyst using
either of tllese atomizers should take advantage of the benefits
to be gained by using any convenient "matrix modification"
and/or "Ashing" sample pretreatment steps known to be
beneficial prior to performing the actual atomization step.
However, what the improved atomizer designs accomplish is
to make those sample preparation steps far less critical.
Therefore, these atomizers reduce the difficulty in getting
reliable analytical values with samples of unknown or
"difficult" composition. An additional power supply modi­
fication incorporating a second temperature sensing transducer
directed at the bottom of the atomizer cup in order to permit
positive control of the temperature during the ..Ashing"
heating stage would be very useful for practical analytical
work.

Experiments with all of the atomizer configurations used
indicated that use of the fastest possible heating rate is es­
sential if the desired large temperature differential between
the optical path and tbe semple deposition point is to be
achieved. This implies that some form of feedback control
of the maximum temperature should be employed to prevent
over-heating of the graphite surrounding the point at which
the rods are clamped. The potential heating rate achievable
with the standard CRA M90 power supply is considerably
greater than that of the CRA 63 used for this project (because
the main power transformer has a rating of 3 kW as opposed
to only 1.5 kW); however, the actual maximum beating rate
(with standard CRA tubes) achieved with tbe MOO system is
only about half as great as that gotlen with the earlier model.
The MOO power supply can be adjusted to permit more rapid
heating ramp rates (see the CRA MOO service manual. adjust
RV 104, to accomplish this). However. in any case, the
-temperature" meter on the front of the power supply will give
only a rough approximation of the actual graphite temperature
because the resistances of the unconventional atomizers are
not tbe ..me 88 those of tbe standard components.

The modified atomizers described in this paper were de­
signed, first, to minimize the serious gas-phase matrix effects
encountered in the GFAAS determination of volatile analyte
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metals and, Ilecond, to be compatible with commercially
available CRA workheads and power supplies with a minimum
of hardware cbanges. The maximum volatilization wmper­
aturea achievable with them are too low for the dewrmination
of refractory anaIyU!B so the standard atomizer conflgUl'ations
must be used for metals le88 volatile than coPPo'.

The principle followed in the design of these CRA atomizers
is similar to that used by Littlejohn and Ottaway in their paper
describing 8 Massmann tube furnace optimized for atomic
emission analyses (17). Presumably then their furnace would
evince lessened gas-phase matrix effects when used for ab·
Borbance measurements and, conversely, the modified eRA
atomizers should be superior to the standard components for
the atomic emission analysis of relatively volatile metals.
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Synthesis of the 38 Tetrachlorodibenzofuran Isomers and
Identification by Capillary Column Gas Chromatography/Mass
Spectrometry

Thomas Mazer,' Fred D. Hileman, Roy W. Noble, end Joseph J. Brooks

Monsanto Research Corporation. Dayton LaboralOty. 1515 Nlcholss Rosd. Dayton. Ohio 45418

TIle 38 polllional IIomers 0' tetrachlor_nzoluran have
been lynthe8lzed by pyrolylla 0' apecIIlc poIychlortnated bI­
phenyl congeners, uhravlole' photoly'" 0' pentachlorodl­
benzo'ura.... and chlorination 0' trlchlorodlbenzoluranl by
lIomaUc aubathutlon. The apecHlclly 01 the.. reacllona In
combination whh capllary column gal chromatography w"h
maaa apeclrometrlc detection hal allowad each 0' the..
Jaomera to be Ident.led ba..d on their relative elution order.

In recent years the polychlorinated dibenzofurans [PCDFs)
have been the 8ubject of an intense research effort owing to
their structural similarity to the polychlorinated dibenzo-p­
dioxins [PCDDs) (1). Particular atwntion has been given to
the wtrachlorodibenzofurans [TCDFs) for which there are 38
positional isomers, yet no analytical scheme allowing iden­
tification of specific TCDF isomers has yet been reporWd. In
this paper we report on the synthesis of the 38 TCDF isomers
by oxidative pyrolysis, under carefully controlled reaction
conditions, of specific PCB congeners (2,3), ultraviolet [UVj
photolysis of pentachlorodibenzofurans [PenCDFJ, and
chlorination by electrophitic aromatic substitution of specific
trichlorodibenzofuran [TrCDF) isomers. Characwrization of
the TCDF isomers was accomplished by high-resolution gas
chromatography/m888 spectrometry and UV photolysis (4).
The final result has been the development of an analytical
scheme allowing for the analysis of 2378-TCDF (notation for
symbols excludes the commas nece888ry in full names).

EXPERIMENTAL SECTION
Caution. Persons attempting to synthesize these compounds

should fltBt familiarize themselves with their we handling and
disposal.

PCB Congeners. All the PCB congeners used in this study
were obtained from Ultra Scientific, Inc., Hope, RI, with the
exception of 2,2',3,4'· and 2,3,3',4'·tetrachlorobiphenyl,
2,2',3,3',6·pentachlorobiphenyl, and 2,2',3,3',4,6'- and
2,2',3,3',5,6'·he18chlorobiphenyl which were received from C. A.
\Vachtmeister, Stockholms Universitet, Wallenberglaboratoriet
S-I0691 Stockholm, 2,3,4,4'-tetrschlorobiphenylllIld 2,3,3',4.5­
pentachlorobiphenyl which were received from .J. Pyle, Miami
University, Oxford, OH, llIld 2,2',3,4',5,6-hexachlorobiphenyl which
was received from M. D. Mullins. EPA, Grosse lie, MI.

The purity of the PCB congeners was generally greater than
97lfo assuming an equivalent Fill response for all PC&. In those
cases where 8 given PCB congener was contaminated with another
PCB congener, pyrolysis often yielded small amounts of PCDF
isomers other than thoee expected. In all cases these were readily
discernible from the desired PCDF isomer.

PCB Pyrolysis. Miniglass ampules 5-6 cm in length were
prepared by sealing the lorge end of disposable borosilicate glass
pasteur pipets (Model 13·67ll-2OC, Fisher Scientific Co., Cincin­
nati, OH). Ten microliters of a solution of the PCB in hexane
110 /olgjmL) was placed in the ampule and the solvent allowed
to evaporate. The tip of the ampule was then name sealed and
the ampule placed in a large vial along with a cold junction
referenced chromel-alumel thermocouple which was connected
to a digital voltmeter to aUaw accurate temperature measurements.
The ampule and thermocouple were placed into a muffle furnace
[Type 1500, Thermolyne Corp., Dubuque, !A) operated st 600
°C. \Vhen the temperature of the ampule reached 550 OCt py­
rolysis was allowed to continue for an additiona15 s. The ampule
was removed from the furnace and allowed to cool to ambient
temperature at which time it was opened and the contents
thoroughly rinsed out with 1 mL of hexane.

In some cases unreacted PCBs were removed by subjecting the
pyrolysate to chromatographic separation on a minicolumn of
Woelm Basic Alumina (lCN Pharmsceuticals, Cleveland, OH)
by eluting the PCBs with 10 mL of 2% methylene chloride in
hexane, llIld then eluting the retained PCDFs with 15 mL of 50%

OOQ3.2700/83/0355-0104$Q1.50/0 C 1982 American Chen'kaI Sodoty
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238, 128

PCDF confirmed
chlorinated by photolysis

123
238,123,128 yes
123
124
12,1
124, 128 yes b
124

Table I. Synthesis Routes for the 38 TCDFs

primary PCB secondary PCB
TCDF congener congener

1234 23456," 2345" 22'346
1236 22'346
1237 23411' (J 22'344'6
1238
1239 22' 346
12·16 22'33'6 22'356
1247 22' 3,1'56"
12'18 22'355'6",d
1249 22'356
1267 233'4' 22'33'46'
1268 22'33'56'
1269 22' 3' 5" 22'33'6,22'33'66'
1278 233'4'
1279 22'34' (J,e 22'34' <
1289 22'33' 22'33'6,22'33'66'
13·16 22'346
1347 22'3401'6 22'44'6
1348 22'455' 22' 45'6
1349 22' 466' 22'346
1367 23'44' 22'4 11'6,23'4'1'6
1368 23'·15'6" 22'45'6
1369 22'4'56 22'466',22'45'6
1378 22'·i4'5'Gc 23'44',23'44'6
1379 22'4.1' (.I 22',14'6
].167 23'4'5 22'33'46'
1468 23' 55'" 22'33'56'
].169 22'55'(1 22'33'66'
1-178 23'·1'5' 22'455'
23,16 22'33' 45 233'·15
23,17 22' 34·1' 5 a

23,18 22'3455' " 22' 455', 233' 45
2349 22'3.156' "
2367 33'.J.l'
2368 22'455'
2378 22'.J.l'55' " 33'4·1'
2467 d
2468 d
3467 22'33' 44' a 33'44'

PCDF
dechlorinated

12367
12367
12348

12367
12468

23469

13·167
13467

13·167, 12367

13467,23·169
23469

23469

12367
23468

23468
23468
13467

238

238 yes b

yes
yes b

yes b

a Represents those cases in which a single TCDF isomer was formed Crom the pyrolyses. b These TCDFs werc also
received from D. Fin'stant' and checked against our own syntheses. (' These are identical PCB congeners from different
sOllrces. Pyrolyses of both gave identical products. d The relative retention limes of these isomers were identical with the
same isomer synthesized by the palladium acetate cyclization of the appropriate diphenyl ethers (6,7).

methylene chloride in hexane. In many instances PCDF isomers
were separated from one another by using the HPLC techniques
de8cribed below.

Reversed-Phase High-Performance Liquid Chromatog·
raphy (RP·HPLC). Separation of isomers was carried out with
a 25 cm x 4.6 mm pBondapak CI8 column (Waters Associates,
Inc., Milford, MA) with 75% acetonitrile/25% water as the eluent
at a now rate of 0.75 mL/min. AI",x Model 110 pumps (Beckman
Instruments, Inc., Fullerton, CA) were used with a Valco Model
CV-s.UHPA-N60 injector (Valoo Instnunenta Co., Houston, TX).
Fractions were collected on a Gilson FC-SO fraction collector
(Gilson Medical Electronics, Middleton, WI) with sample detection
being carried out with a Beckman Model 100-10 UV spectro­
photometer operated at 235 om.

Normal·Phase (NH2) High-Performance Liquid Chro­
matography (NH,-HPLC), The normal-phase HPLC system
used was the same as that described for reverse-phase HPLC with
the e.l.ception that a 25 em x 4.6 mm Zorb8..1. NH2 column {Du
Pont, Analytical Instnunent Division, Wilmington, DEI was used
with he.l.ane as the eluent at a flow rate of 1.5 mL/min.

Gaa Chromatography/Maaa Spectrometry (GC/MS)
AnalYles. GC/MS analyses were performed with a Hewlett­
Packard 5985B quadrupole GC/MS aystem operated in the
electron impact ionization mode. capillary columns that were used
included. 60 m X 0,25 mm Ld, glass coated with SP-2330 (Supeloo,
Bellefonte, PAl and a 30 m X 0,25 mm Ld. fused silica coated with
SE-54 (J & W Scientific, Rancho Cordova, CAl, The capillary
columns were directly coupled to the ion source via a 45 cm x
0,20 mm i,d, length of fused silica coated with SE-30, Column
conditions for the SP-2330 column were as follows: 200 °C, 1 min

isothermal, 8°C/min to 250 °C, isothermal at 250°C for the
duration of the run time; hydrogen carrier gas at 15 psi yielding
a linear flow velocity of 40 cm/s. For the SE-54 column the
conditions were as follows: 200 °C, 1 min isothermal, 10 °C/min
to 275°C, isothermal at 275 °C for the duration of the run time;
helium carrier gas at 7 psi yielding a linear flow velocity of 38.5
cm/s. All samples were introduced via splitless injection with
the injector at 275°C using tetradecane as the solvent.

Mass fragmentograms were obtained by monitoring ions
characteristic of each class of peDF possible in a synthesis ex­
periment This included the molecular ions for the dichlof& and
trichlorodibenzofurans, the molecular ions as well as the highly
characteristic CaClloss for the tetra· and pentachlorinated di­
benzofurans. In addition, ions characteristic of polychlorinated
diphenyl ethers were also monitored to ensure that these com­
pounds did not interfere in the analyses. An internal standard,
I"Ct.J237S-'!'CDF (KOR Isotopes, Cambridge, MAl was ooinjected
with each sample, requiring that m/. 312 also be monitored during
each run.

Spectral Sample holation. In certain cases it was necessary
to obtain significant amounts of PCDFs (10-50 pg) for further
chlorination or photolysis studies. These PCDFs were obtained
by the RP-HPLC separation of a mixture of PCDFs formed by
the extensive chlorination of dibenzofuran (5). In many instances
the RP·HPLC fractions were further processed by NH,-HPLC
to isolate a single PCDF isomer. The identity of this isomer was
then determined by its GC characteristics on the two capillary
columns used in these analyses.

Chlorination, Chlorination of the PCDFs was accomplished
by placing a solution of 200 ~L of CCt. containing the PCDF to
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Table 11 Croaa Conelation Chart of PCB Congenen and TCDF Isomera Generated

PCB Con ener

I

~I:
~

::"
:. ~ ~ ~

I
~

~ ~ ~

~~ ~ ~

N N N
N ::: N

N

TCDr N N N N N N N

I . · . I I1234

1236 I •
1237 • I I .1
1238 I I I I I

1239 . • I I
12.:6 I I .. I I I
1247

I I I .. I
!1.!L_ I I I I I i

I· I ,
1249 I . I I T r
1267 I . I ., I I ! ;. i

1268 I I . !
1269 . • I I I .: , II

1278 • I I 1 I I I I I I I , I I

! I I ; I I I ; ,
i 1 I

I
1279 . I , ,
~2e9 . .. I I I ., I I I I

lJH '. i I , , I , I I I
130 I I · I I I I I· I I I I ,
IH8 I I .i- I I ,
IH9 --; i '. ., I I I : I 1

1367
--; • • • i I 1

,
I 1 1

1368 ! . • I i I I
1369 . • . I

1378 . . I .• ! 1

1379 . I • I I I I ..,
la7 . I : !. I ; I I I

H&8 • I • 1 I
~. • I I .:
i.5.2~ • • i I I

2346 • • ! : I
;!)47 i • 1 1
~)4B • . .1 I 1
?349 1.1 I

2367 • i I I

• I I I I~368 I

2378 • I •
2467 I
2468 i I
3467 · • I

be chlorinated (usually 100SO ~g) in a 4-mL vial equipped with
a Tenon-lined cap (I dram, Fisher Scientific Co., Cincinnati, OH),
adding 5-8 drop. of antimony pentachloride, SbCl, (Matha.on,
Coleman & BeU, Cincinnati, OH), and allowing this mixture to
stand for 5 min with occasional swirling. An additional 750 ,l.lL
of CC~ was added to the vial and ahaken for 30. and the reaction
Lben quenched by Lbe addition of 2 mL of 0.1 N HC!. Upon
separation of the layers, the acid layer was removed and the
remaining organic phase washed twice with 2·mL portions of
water. The organic layer was Lben dried by adding 2 g of Na,SO.
and aha.king Lboroughly. The dried organic layer was tranaCerred
to a clean vial and the remaining Na,80. rinsed with 2 mL of
methylene chloride in I-mL portions. The solvent was allowed
to evaporate and the product was taken up in a solvent suitable
tor the desired analysis.

Dechlorination. Ultraviolet (UV) photolytic dechlorination
was carried out by placing a solution of Lbe PCDF isomer (about
SO I'ltl in hexane into a quartz cuvette having a 100mm paLb length
and irradiating wiLb a 253.7-nm UV light source (Gelman In-

strument Co., Model 51438, Ann Arbor, Ml) at a distance of 2.0
em. Typical irradiation times were 3-4 h for dechlorination of
PenCDF. and 1-2 h for dechlorination of TCDF•.

RESULTS AND DISCUSSION
PCB Pyrolya.s and Confirmation. Table I presents a

list of the 38 TCDFs and their routes of synthesis. For each
TCDF, Table I lists the primary PCB congener used in the
pyrolyais to fonn Lbe TCDF. As more than one product could
be formed in these pyrolyaes, see Figure 1, we have also py'
rolyzed oLber PCB congenera (secondary PCB congenera) to
confirm the structure assignment based on the primary py­
rolyais. A footnote (0) indicates those PCB congenera which
when pyrolyzed, yielded only a aingle TCDF as dermed by the
mechanisma outlined by Buaer and Rappe (2) (see Figure 1).

A pyrolyaia was considered to be valid only if all expected
products were identified (including all p05Sible PCDFs). In
many cases pyrolyais of a PCB congener yielded a mixture
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Table III. CrOll Correlation Chart of TrCDF Isomera VI. TCDF [somers

T CDFr
~, q '" ~ a> '" q '" ~ a> '" '" ~ a> '" q '" ~

~ ~ '" ~ a> '" '" ~ a> '"N N N N N N M M M M q q q q M M M q q q q q q q q
TCDF ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ N N N N N N N N N M M M

1234 • • • •
1236 • • • •
1237 • • • •
1238 • • • •
1239 • • • •
1246 • • • •
1247 • • • •
1248 • • • •
1249 I • • • •
2346 • • • •
2347 • • • •
2:>48 • • • •
2349 I • • • •
1340 I ! I • • • • II

1347 • • • •
1348 • • • I .!

1349 • .! • •
12~7 , • • I I '" •
12C8 i· • • • I
1269 • • • • !

1270 • • • • I I

1279 j. • • • -
1289 I • • I
1367 I • • I • ,.

I

1368 • .; • • ! I

1369 I • ,. • • ; I
1378 • • • • I

lJ79 • ,. I
1467 • • • : •
1468 • • • •
1469 • • I
1478 • • • •
2367 • • • •
2368 • • • •
2378 • •
2467 • • • •
2468 • •
3467 • •

ofTCDFs. In order w identify a given TCDF, it was neoessary
to perform a pyrolysis of another PCB congener that would
yield the desired TCDF among others. An assignment of the
particular TCDF was made based on the match of the chro­
matographic retention characteristics of the various pyroly.
sates (as shown in Figure 2). As an example of this process,
consider the pyrolysis of 3,3',4,4'·tetrachlorobiphenyl yielding
3467-,2378-, and 2367-TCDF. By examination of Table Jand
Figure 2 it is seen that 2378-TCDF is the only TCDF formed
from the pyrolysis of 2,2',4,4',S,S'·hexachlorobiphenyl and
3467·TCDF is the only TCDF formed from the pyrolysis of

2,2',3,3',4,4'-hexachlorobiphenyl. Therefore the remaining
TCDF must be 2367-TCDF. This identification was subse­
quently confirmed by the dechlorination of 12367-PenCDF
w form 2367-TCDF in a mixture with I23&-, 1237·, 1267-, and
l367-TCDF.

It was found w be convenient w prepare a croes correlation
chart (Table II) which lists the PCB congeners on one axis
and the possible TCDF isomers formed by pyrolysis of theae
PCB congeners on the other axis. This chart shows the
possible PCB congeners used in this study which may be
pyrolyzed w yield a given TCDF or, conversely, which TCDF



101 • ANALYTICAL Cl£MISTRY, VOL. 55, NO.1, JANUARY 1983

Table IV Croa Correlation Chart of PenCDF lsomers \'8 TCDF Isomen

PenCDF

'" ... '" ao ... '" ao '" ao ... '" ao '" ao ao ao ... .. ao '" ao ao ... '" ao .. ao '"~ ~ ~ ~ '" '" '" ... ... :!: '" '" ... ...
~ '" '" '" '" ... ... '" '" '" '" ... ... ...

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ '"N N N N N N N N N N N N N N N N ~ ~ ~ ~ ~ ~ ~ ~
.., .., .., N'rCDF ----- - --------- -N N N N N -

1234 • • • •
1236 • • • •
1237 • • • •
1239 • • • •
1239 • • • • •
1246 • • • •
1247 • • • •
1248 • • • I •
1249 • • ,. •
2346 • • • •
2347 • • • •
2348 • • • •
2349 • • • •
1346 • I I· • •
1347 • I ,. • •
1348 • • • •
1349 • • • •
1267 • • • •
1268 I • • • •
1269 • • • • I

1278 ., • • •
1279 ,. • • •
1289 • •
1367 • j- • •
1368 • • I • •
1369 • • I • •
1378 • • • •
l1.2L_ • •
1467 • • • •
1468 • • • •
1469 • •
1478 • • • •
2367 • • • •
2368 • • • •
2378 • •
2467 • • • •
2468 • •
3467 ;. I •

(or TCDF mixtures) would be formed from the pyrolysis of
a given PCB congener.

Unless the primary PCB pyrolysis yielded a single TCDF
isomer, it weB necessary to prepare a oonflnDing TCDF isomer.
IC the PCB congener required for a second pyrolysis was not
available, either chlorination of an appropriate TrCDF or
photolytic dechlorination of an appropriate PenCDF was used
to give the needed TCDF. Cross correlation charts were
prepared illustrating the TCDFs which may be formed from
chlorinating a given TrCDF (Table Ill) and also a cross chart

showing the TCDFs which may be formed from dechlorinating
a given PenCDF (Table IV). In Table 1lI all the TrCDFs
are listed on one axis and all the TCDFs are listed on the other
axis. This chart may be used both for determining all the
TCDFs that may result from the chlorination of a given
TrCDF isomer and conversely for determining all the possible
TrCDFs that may form by the UV photolysis of a given TCDF.
The same principle is applicable for Table IV which gives
TCDF. vs. PenCDFs. Ohviously the tri- and pentachloro­
dibenzofucans used in the chlorination and dechlorination
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Table VI. Syntheaia Routea for the PenCDF Iaomera
Used in Thia Study

PenCDF primary PCB secondary PCB
isomer congener congener

U Represents those cases in which a single PenCDF
isomer was formed from the pyrolysis.

12367
12348
23469
13467
23468
23467

22'33'44'"
22'3455'6"
22'3456'
22'3455'
22'3455'
233'44'5

22'344'6; 22'33'44'6
233'45; 22'3455'
22'3455'
22'344'5'

22'344'5

~
'HI~dl _

Cl.t-I
Cl i c~ ell C\

H H 0

lcuol~'HZ

FIgure 1. The four reaction routes from which PCOFs are produced
from tho pyrolysis of PCB congeners.
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F1g<n 2, The GC/MS analysis 01 tho TCDFs fom1ed from tho pyrolysis
0' various PCB congeners (SP-2330 capUlary column).

Table V. Synthesis Routes for the TrCDF laomers
Used in Thia Study

primary secondary
TrCDF PCB PCB
isomer congener congener dechlorination

123 234" 22'346
124 2356" 22'356
128 223'5 1278
128 22'455' 23'4'5

a Represents those cases in which a single TrCDF
isomer was formed from the pyrolysis.

reactions, respectively, alao had to be of confirmed validity,
Table V lisla the TrCDFs which were chlorinated in this study
and their routes of synthesis and confirmation, Again thoee
PCB congeners which when pyrolyzed gave a single TrCDF
isomer are footnoted, The 128-TrCDF was confirmed by the
photolytic dechlorination of 1278-TCDF, Table VI gives the

Table VII. Relative Retention Tim.. (RRT) for the 38
TCDFs Listed in Order of Increasing RRT on Both
SP,2330 and 8E'54 Capil1ary Columna

RRTo RRTo
TCDF (SP'2330) TCDF (SE'54)

1368 0.550 1368 0.846
1378 0.620 1468 0.870
1379 0.620 2468 0.882
1347 0,630 1347 0.895
1468 0.640 1247 0.897
1247 0.647 1367 0.900
1367 0.652 1378 0.900
1348 0.666 1346 0.902
1346 0.687 1246 0.903
1248 0.690 1348 0.909
1246 0.707 1379 0.909

m~ ---gy-;---gi~~----,g~:.;;~~~~
1478 0.717 1478 0.929
1369 0.720 1467 0.935
2349 0.754 1237 0.943
1234 0.758 1369 0.944
2468 0.763 2368 0.947
1238 0,763 2467 0.961
1467 0.769 1238 0.962
1236 0.772 1469 0.96"
1349 0.800 2349 0.966
1278 0.807 1234 0.968
1267 0.847 1278 0.979
1279 0.850 1267 0.991
1469 0.861 1349 0.991
1249 0.867 1249 1.000
1268 0.867 2366 1.000
:<467 0.919 127~ 1.00~
2347 0.963 2346 1.004
1239 0.965 2347 1.004
1269 0.998 2348 1.004
2378 1.000 2367 1.026
2348 1.011 3467 1.037
2346 1.035 1269 1.038
2367 1.050 1239 1.051
3467 1.135 1236 1.051
1289 1.210 1289 1.103

" All RRT based on ("CI.J2378·TCDF which by
definition = 1.000.

same information for the PenCDFs used in the synthesis of
TCDFs. It should be reemphasized that wben chlorination
or dechlorination was performed as a synthetic route, it was
necessary to isolate the starting PCDF from any other PCDFs.
Upon chlorination for example, TrCDFs and TCDFs can be
formed from dichlorodibenzofurans created during the py.
rolysis of the original PCB congener, thus complicating the
analysis. Isolation of the PCDF in these casea was effacted
by HPLC fraction collection as discussed earlier with the
purity of the collected fraction being confirmed by GC/MS
analysis.

GC Characteristics, The GC retention characteristics are
listed for both the Sp-2330 and the SE-54 columns in Table
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VII. These are relative retention times calculated relative
to ["Ct.J237S-TCDF which is assigned a value of 1.000. Of
the two columns, the SP-2330 is clearly superior for the res·
olution of these isomers; however, both columns &erve as very
useful tools and, when used together, provide the primary
means of performing 237S-TCDF isomer specific analyses.
There are one or more TCDF isomers coeluting with 2378­
TCDF on both columns; however, due to the differences in
the respective liquid phases, the coeluting isomers are re­
solvable on the alternate column. On SE-54, 2378-TCDF
coelutes with seven other isomers using 8 retention time
window of 1.000 * om. On SP-2330 only 1269-TCDF elutes
with 2378-TCDF. TCDF analyses were normally conducted
on the SE-64 column first due to its ease of handling and
higher temperature limit allowing a hroader range of PCDFs
to be analyzed. If a TCDF was found within the retention
time window of ms-TCDF, then any peaks eluting at relstive
retention time = 1.035 *0.01 were also quantitated since this
window contains the 2367-, 3467-, and 1269-TCDFs. The
analysis was repeated on SP-2330 and the peaks eluting in
the 237S-TCDF window are quantitated. The now completely
resolved 2367- and 3467·TCDFs were quantitated, and that
sum was subtracted from the sum of 2367-,3467-, and 1269­
TCDFs on SE-64. This difference is the amount of 1269­
TCDF present in the sample. This in tum is subtracted from
the quantified peak in the 237S-TCDF window of SP-2330,
the difference being the amount of 237S-TCDF present in the
sample. AIl a further confirmatory step, a TCDF whose
identity is in question may be isolsted and subjected to UV
photolysis as discussed elsewhere (4). The correct TrCDFs
should then be formed as shown in Table IV and thus this
technique serves 89 8 valuable tool in TCDF isomer identi­
fication.
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Registry No. 1234-TeDF, 24478-72-6; 1238-TCDF, 83704-21-6;
1237-TeDF, 83704·22·7; 1238-TeDF, 62615·08-1; 1239·TCDF,
83704-23·8; 1246-TeDF, 71998-73·7; 1247·TCDF, 83719·4(}.8;
1248-TCDF, 64126-87-0; 1249·TeDF, 83704·24-9; 1267-TCDF,
83704-25-0; 12GB-TeDF, 8371(}.07·0; 1269·TeDF, 70648-1S-9;
1278-TeDF, 58802·2(}.3; 1279·TeDF, 83704·26·1; 1289·TCDF,
7064S-22·5; 1346-TeDF, 83704·27-2; 1347·TeDF, 70648-16-7;
1348-TeDF, 64126-87·0; 1349-TeDF, 83704·28-3; 1367·TCDF,
57II7-36-9; 13GB-TeDF, 71998-72-6; 1369·TeDF, 8369(}.98-6;
1378-TeDF, 57117·35-8; 1379-TeDF, 6456(}.17·4; 1467-TeDF,
66794·59·0; 14GB-TCDF, 829II-58-8; 1469-TeDF, 7064S-19-0;
1478-TCDF, 83704-29·4; 2346-TeDF, 83704·3(}.7; 2347-TCDF,
83704-31-8; 2348-TCDF, 83704·32·9; 2349·TeDF, &1704·33·0;
2367-TeDF, 57II7·39·2; 23GB-TeDF, 57117·37-0; 2378-TeDF,
51207-31·9; 2467.TCDF, 57II7-38-1; 24GB-TeDF, 58802-19·0;
3467·TeDF, 57II7-4(}.5; 123·TrCDF, 83636-47·9; 124.TrCDF,
24478-73-7; 128-TrCDF, 83704·34·1; 238-TrCDF, 57II7-32-5;
12367·PenCDF, 57117·42-7; 12348-PenCDF, 67517-48-0; 23469­
PonCOF, 83704-35-2; 13467·PenCDF, 83704-36-3; 234GB-PenCDF,

67481-22-5; 23467·PenCDF, 57117-43-8; 126-TrCDF, 64560-15-2;
127-TrCDF, 83704-37-4; 129-TrCDF, 83704-38-5; 134·TrCDF,
829II-61·3; 136-TrCDF, 83704·39·6; 137-TrCDF, 6456(}.16·3;
138-TrCDF, 76621·12·0; 139·TrCDF, 83704-4(}'9; 146-TrCDF,
829II-6(}.2; 147-TrCDF, 83704-41·0; I48-TrCDF, 64560·14·1;
149·TrCDF, 70648-13-4; 234·TrCDF, 57117-34·7; 236-TrCDF,
57II7-33-6; 237-TrCDF, 58802-17-8; 239-TrCDF, 58802-18-9;
246-TrCDF, 58802-14-5; 247·TrCDF, 83704-42-1; 248-TrCDF,
54589·71-8; 249-TrCDF, 82911·59-9; 346-TrCDF, 83704-43-2;
347-TrCDF, 83704-44-3; 348-TrCDF, 83704-45·4; 349-TrCDF,
83704·46·5; 12346-PenCDF, 83704·47·6; 12347-PenCDF, 83704­
48-7; 12349-PenCDF, 83704-49-8; 12467-PenCDF, 83704-5(}'1;
12468-PenCDF, 69698-57·3; 12469-PenCDF, 70648-24-7; 12478­
PenCDF, 58802·15-6; 12479-PenCDF, 71998-74-8; 123GB-PenCDF,
83704-51·2; 12369-PenCDF, &1704-52-3; 12378-PenCDF, 571 17­
41-6; 12379-PenCDF, 83704-53-4; 12389-PcnCDF, 83704-54-5;
I2489-PenCDF, 70648-23-6; 134GB-PenCDF, 83704-55-6; 13469­
PenCDF, 70648-15-6; 13478-PenCDF, 58802-16-7; 13479·PenCDF,
70648-20-3; 13489-PenCDF, 70872-82-1; 23478-PenCDF, 571 17­
31-4; 23479-PenCDF, 70648-21-4; 12678-PenCDF, 69433·00-7;
2,2',3,3'-tetrachlorobiphenyl, 38444-93-8; 2,2',3,4'-tetrachlorobi­
phenyl, 36559·22-5; 2,2',3',5·1otrachlorobiphenyl, 41464-39·5;
2,2',4,4'-tetrachlorobiphenyl, 2437-79-8; 2,2',4',5-tetrachlorcbi­
phenyl, 41464-4(}'8; 2,2',5,5'-1otrachlorobiphenyl, 35693-99·3;
2,3,4,4'-1otrachlorobiphenyl, 33025-41-1; 2,3,3',4'·tetrachlorobi­
phenyl, 41464-43-1; 2,3,4,5.1otrachlorobiphenyl, 33284·53·6;
2,3',4,4'-tetrachlorobiphenyl, 32598-10·0; 2,3',4',5-tetrachlorobi­
phenyl, 32598-11-1; 2,3',5,5'-tetrachlorobiphenyl, 41464-42-0;
3,3',4,4'-1otrachlornbiphenyl, 32598-13-3; 2,2',3,3',6-pentachloro­
biphenyl, 52663-6(}.2; 2,2',3,5,6-pentachlorobiphenyl, 73575·56·1;
2,2',3,4,6·pentachlorobiphenyl, 55215· I7-3; 2,2',4,4',6-penta­
chlorobiphenyl, 39485-83-1; 2,2',4,5,5'-pentachlorobiphenyl,
37680-73-2; 2,2',4,5' ,6-pentschlorobiphenyl, 60145-21-3;
2,2',4,6,6'-pentschlorohiphenyl, 56558·16-8; 2,3,4,5,6-pcnta­
chlorobiphenyl, 18259-05-7; 2,3,3',4,5·pcntachlorobiphcnyl,
70424-69·0; 2,3',4,4',6-pentachlornbiphcnyl, 56558-17-9;
2,3',4,5',6-pentachlorobiphenyl, 56558-18-0; 2,2',3,3' ,4,4'· he.a­
chlorobiphenyl, 3838(}'07-3; 2,2',3,3',4,5-he.achlorobiphenyl,
55215-18-4; 2,2',3,3',4,6'-he.achlorohiphenyl, 38380-05-1;
2,2',3,3',5,6'-henchlorobiphenyl, 52744-13-5; 2,2',3,3',6,6'-hen­
chlorobiphenyl, 384II-22-2; 2,2',3,4,4',5·he.achlnrnhiphcnyl,
35694-06-5; 2,2',3,4,4',6-h..schlorobiphenyl, 56030-56-9;
2,2',3,4,5,5'-henchlorobiphenyl, 52712-04-6; 2,2',3,4,5,6'-he.a­
chlorobiphenyl, 68194·15·0; 2,2',3,4',5,6·he.achlorobiphenyl,
68194-13-8; 2,2',3,5,5',6-he.achlorobiphenyl, 52663-63-5;
2,2',4,4',5,5'-he.achlorobiphenyl, 35065·27·1; 2,2',4,4',5',6·he.s­
chlorobiphenyl, 60145-22-4; 2,2',4,4',6,6'-he.achlorobiphenyl,
33979-03·2; 2,2' ,3,4,5,5',6·heptachlorobiphenyl, 52712·05·7;
2,2',3,3',4,4',6-heptachlorodiphenyl, 52663-71-5; 2,2',3,4,4',5'­
henchlorobiphenyl, 35065-28-2; 2,3,3',4,4',5·hc.achlorobiphenyl,
38380-08-4; 2,3,4-trichlorobiphenyl, 55702·46-0; 2,3,5,6-1otra­
chlorobiphenyl,33284-54-7.
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Selective Concentration of Aromatic Bases from Water with a
Resin Adsorbent

Harold A. Stuber and Jerry A. Leenheer·

u.s. Geological Survey. P.O. Box 25046. Mall Stop 407. Denver Foo.rel Center. Denver. CoIexedo 80225

Aromatic ba... are concentrated from water on columns of
a resin adsorbent and recovered by aqueous-acid .Iutlon.
Th. degree of concentration attainable d.pends on the ratio
oIth. capacity factor (k) 01 the neutral form of the amln. to
that 0' the Ionlz.d form. Capac"y 'actor. of Ionic forma of
amln•• on XAD-8 r.sln (a m.thylacryUc .at.r polymer) are
gr.at.r than z.ro, ranging from 20 to 250 tim•• low.r than
tho•• of their n.utral form.; they Incr.a•• w"h Incr.aslng
hydrophoblcHy of the amln.. Thue, d••orptlon by acid Is an
• Iutlon (k during d.eorptlon >0) rath.r than a dlaplacem.nt
(k during d.eorptlon = 0) proc.... Th. degree of conc.n­
tratlon attalnabl. on XAD-8 r.sln varl•• w"h the hydropho­
blc"y of the amln., b.lng IImH.d for hydrophilic eolut•• (tor
• xampl., pyrldln.) by email n.utral-form k'., r.achlng a
maximum for amln•• of Interm.dlat. hydrophoblc"y (for .x­
ampl., quinoline), and decr.a.lng tor more hydrophobic ea­
lut•• (for .xampl., ecrIdlna) because of their large IonIc-Iorm
k'•.

Two challenges in the analysis of organic solutes in natural
waters and wastewaters are (1) the need to concentrate organic
species without losses and (2) the need to separate complex
mixtures into homogenous fractions. The use of column-ad­
sorption methods to concentrate organic solutes from water
has increased, because these methods are adaptable for pro­
cessing large volumes of water and because they can eliminate
the need for an evaporation step. To fractionate the con­
centrated organic solutes into homogenous groups, it usually
is necessary to perform an additional chromatographic sep­
aration or an acid/base/neutral solvent extraction. New,
column-based approaches that directly yield concentrated,
homogenous fractions of organic-compound classes in a single
operation would be valuable for both analytical and bioassay
studies. This paper presents the results of a study of an
approach to the "selective concentration" from water of one
important class of organic compounds, the aromatic bases.

Aromatic bases, many of which are mutagens (1), occur in
coal liquids (2), shale oil (3), and recent lake (4) and marine
(5) sediments. Base fractions of both municipal (6) and
synthetic fuels (7) wastewaters have been shown to contain
the largest proportion of mutagens in these waters. w~ have
studied the selective concentration of organic bases from water
by adsorption on columns of hydrophobic adsorbents, followed
by elution with aqueous acid; this concentration results in both
enrichment and isolation from neutral and acidic organic
solutes and salts. The technique has been used 00 isolare pure,
aromatic-amine fractions from oil-..hale wastewate.. (8). while
the analogous approach for organic acids (desorption with
aqueous base) has been used for isolation of humic and fulvic
acids from natural surface wate.. (9) and seawarer (10) and
for concentration of fatty acids (11). Leenheer (12) has de­
veloped methods, based on resin·adsorbent columns and
aqueous reagents, to fractionate organic solutes in water into
hydrophilic and hydrophobic acids, bases. and neutrals.

For the optimum degree of concentration with chromat<r
graphic columns, the adsorptive capacity of the sorbent needs
to be maximum during the collection phase and minimum
during desorption. Displacement desorption (where the ca·
pacity factor, k, of the solute in the eluting solvent is zero)
produces the greatest degree of concentration (13). The
concentration factor attainable for a solute by liquid chr~

maOOgraphy (LC) will be equal 00 the ratio of the solute's
capacity factor during adsorption (h.l, to its capacity factor
during desorption (kd). in the absence of band spreading (14).
Therefore, to optimize the selective concentration of aromatic
bases using a resin-adsorbent column, conditions need to
maximize the k of the neutral species and minimize the h of
the ionic form .

This study was performed to develop a compound-class
fractionation sequence using aqueous eluting reagents such
that organic carbon determinations can be used to monitor
the fractionation. The use of organic solvents in fractionation
sequences generally obviates or limits the use of organic carbon
determinations. The fractionation procedures developed in
this report have been applied 00 the analyses of organic solutes
in oil shale retort water (15). The various advantages, dis­
advantages, and selectivities of a resin-adsorption, aqueous­
elution organic-solute fractionation scheme va. organic-solvent
extraction or solvent elution fractionation schemes are dis­
cusaed in a number of previous studies (8, 12, 15). The specific
purposes of this study were (I) 00 assess the potential and
limitations of the aqueous-elution, selective-concentration
approach for isolating aromatic bases from water and (2) to
identify the factors that control the concentration process,
and. therefore. that are important in designing and optimizing
selective concentrations on adsorbent resins.

EXPERIMENTAL SECTION

Variation of Capacity Factors of Aromatic Amines with
pH. Preparation of Solutions: Solutions of pyridine, 2­
methylpyridine, Quinoline, 2.methylquinoline, isoquinoline,
2,4,6-trimethylpyridine, and acridine were prepared by directly
dissolving weighed quantities of the &mines in water to obtain
10.0 mg/L of the ftrst six amines listed and 1.0 mg/L of acridine.
K,PO. (Baker, Reagent) was added (from a 1.0 M stock solution)
so the ftnal solution would be 0.010 M in K,PO•. This solution
was titrated with 1.0 N HCI 00 etlain the desired pH. The volume
of HCI added was recorded and the concentration of Cl- in the
2·1. solution was calculated. Solid NaCI was then added 00 yield
a 0.050 M solution with respect to Cl.

Preparation of Resin: Amberlite XAD-8 resin was obtained
as 20-50 mesh beads from Rohm and Haas and cleaned for 24
h with four successive washes of 0.1 N NaOH, which removes a
large volume of base·soluble organic carbon. The resin was se­
quentially Soxhlet-extracted with acetonitrile, diethyl ether, and
methanol. The resin was ground in a mortar and pestle and
wet-seived with distilled water and stainless-steel seives to obtain
particles in the 250-500-~m range. The beads obtained this way
were packed in a glass column and rinsed with 50 bed volumes
of distilled water to remove methanol. Clean resin was stored
in water.

Columns and Conditions: Glenco 3500 glass columns, 0.6 X
15.0 em. were packed by pouring an aqueous slurry of 250-500
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"",XAD-8l1Dd rinsed with 100 mL of 0.1 N NaOH, distilled water,
100 mL 0.1 N HCI, and, rlDally, 100 mL of distilled water.

SolutioDl were pumped inl<> the columna at a flow rate of 1.0
mL/min uaing a Fluid Metering Inc., Model RP·SY pump and
all Tenon connecting tubing, and fraction collection was done
automatically. These experiments were conducted at room tem­
perature, 20-22 ·C. Veid volumes were determined by measuring
the breakthrough of 0.10 N NaCI uaing a Wescan Model 212
conductivity detector attached directly to the bOltom fitting of
the column.

Analysu of Fractiom: Amines wefe determined by HPLC
(high.performance liquid chromal<lgrapby). A 25 em X 4 mm i.d.
Alte. Ultrasphere Octyl (S.~m) column was uaed with a mobile
phase of70% CH,OH, 30% 0.05 N sodium phoephate buffer, pH
7. A flow rate of 1.0 mL/min was uaed and detection was by UV
abaorption at 250 nm, 0.1 AUFS (absorbance units full·scale).
Quantitation of the amines was by peak height comparison with
standards.

Sorption IlIOtherml of Aromatic BaH Cation•. Stock so­
lutions of acridine and 5,6-benzoquinoline were prepared by
diaaolving the solid reagent in 0.1 N HCI, followed by filtration
througb Gelman type AE glass·fiber filters and dilution with 0.1
N HCI to yield solutiollll with concentratiollll of 1000 mg/L. These
wers diluted with 0.1 N HCI to yield solutions with concentrations
ranging from 1.0 to 800 mg/L. Aliquots (20.0 mL) of each of these
solutions were added to pairs of 5O·mL flasks, so that each flask
contained the initial concentration of each amine. ApproJimately
3 g of suction-filtered, moist XAD-8 resin was weighed into each
of the flasks; then they were stoppered and mechanically shaken
for 72 h at 21 ·C.

After 72 h, the solution in each flask was decanted, and the
beads were transferred to Al weighing dishes. The beads were
dried overnight at 80 °C and weighed. The UV absorption of
acridine solutions was measured at 255.5 nm using a Cary 114
UV spectrophotometer.

The UV absorption of 5.6-benzoquinoline solutions was mea­
sured at 227 nm. Equilibrium concentration of acridine and
5,6-benzoquinoline were determined from calibration curves ob­
tained for each solute in 0.1 N Hel. The initial concentration
of the solute (C,), the final coocentration of the solute (Coo), and
the m888 of the beads were used to calculate the distribution
coefficient (D).

Capacity Facton OD Other Adaorbentl. Capacity factors
at pH 10.5 and 1.7 were mea:l\lf8d exactly as on XAD-8 resin, that
is, 0.6 X 15 em columna, flow rate of 1.0 mL/min, and 10.0 mg/L
concentrations (e.cept acridine, 1.0 mg/L). Amberlite XAD·2
resin was obtained from Mallinckrodt,Inc., as 2~50·meshma·
croporous beads. that were sequentially Soxhlet extracted with
acetonitrile, diethylether, and methanol The beads were ground
and sieved to obtain particles in the 250-500-llm bead range.
Carbopack B is a graphitized carbon adsorbeot sold for gas
chromatography by Supelco, Inc., and was obteined as 250-330-"",
particles. Enzacryl K·l gel (coarse) was obteined from Aldrich
Chemical Co. Bin-Gel P·2, a copolymer of acryllUllide and N,'
N'·methylenebis(acrylamide), was obteined as 50-100 mesh beads
(l50-:JOO."", wet diameter) from Bin-Red Laboratories. CeI1uloee
N-1. a nonionic cellulose gel, also was obtained from Bio-Had
Laboratories. Duolite A·7 resin was obtained from Diamond
Shamrock, Inc., and ground and sieved to 250-500 ~m to obtein
beads in the 250-500-llm (wet diameter) range. The resin was
Soxhlet·extracted in methanol.

Selective Concentration of Aromatic Ba8CI on XAD·8
He.In. One-liter aaroples with concentrations of 10.0 mg/L were
pumped through 0.6 X 15 em columns of 100-250-"", XAD-8 resin
at a flow rate of 1.0 mL/min (except acridine and I-amino­
anthracene, 1.0 mg/L). The columns were then reverse-eluted
with 0,1 N HCl at a flow rate of 0.4 mL/min. Fractions of 1.0
mL were coI1ectAld (10 mL for acridine and for I·aminoanthracene)
and analyzed by HPLC. Desorption curves were constructed; the
maximum concentration factor was determined as the ratio of
the concentration in the most enriched fraction to the initial
concentration.

RESULTS AND DISCUSSION

Reaulta of this study are presented in the following order.
Finlt, the effect of pH on the adsorpt.ionof aromatic basea
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F\gla'o 1, Capacity factors (k) 01 quinolnes and 2.4.6-b'ime~yridine

on XA[)..8 resin 8S function of pH.

on a resin adsorbent (XAD·8) is discussed, the variation of
k with pH being fundamental to the concentration process.
Second, 8 variety of adsorbents are evalu&ted for their suit­
ability for the concentration of aromatic bases. Third. the
concentrations of a series of bases are determined on XAD-8
resin using conditions chosen on the basis of the preceding
results. The variation in the attainable degree of concentration
with the hydrophobicity of the amine is described, as are the
origins of the limitations l<> this approach for very hydrophilic
and very hydrophobic solutes. Finally, an approsch is pres·
ented that yields improved degrees of concentration for very
hydrophobic solutes by uaing a chargeable adsorbent.

Variation or Capacity Factors or Aromatic Bases on
a Reain Adsorbent with pH. It ia known that hydrophobic
effects are responsible for the adsorptioo of uncharged organic
solutes from water onto hydrophobic adsorbents (I6-18). In
accordance with this known fact, the capacity factors of or­
ganic solutes on XAD-8 resin and other resin adsorbent.8 have
been closely correlated with their aqueous solubilities (18).
It should be expected that the adsorptive capacity of XAD·8
resin for the uncharged forms of aromatic &mines will increase
with increasing hydrophobicity of the amine.

Aqueous, frontal·chromatographic·breakthrough curves of
six aromatic bases on XAD-8 resin at six pH values from 1.7
to 10.5 were used to determine capacity factors, using the
volume of half break·through of each base. The observed
variations in k with pH are illustrated in Figure I. For the
remainder of this discuaaion, neutral·form capacity factors will
be defined as ko and ionic·form capacity factors as k l •

It is apparent from the data in Figure 1 that ionization
greatly decreases the capacity factors of aminea on XAD·8
resin: therefore, it should be possible to concentrate these bases
on XAD·8 reain by adsorption at pH 8-10 and elution at pH
1-4. The most important result is that capacity factors do
not become zero at low pH but have values that increase with
increasing hydrophobicity of the amine. It is notable that k l
of the amines increases in exactly the same order as koof the



Table I. Capacity Facton of Acridine at
Acid pH on XAD·8 Resin

capacity
solution pH faclor (k)

0.001 N HCI 3.0 166
buffero 2.5 100
0.01 N HCI 2.0 75
buffero 1.7 66
0.10 N HCI 1.0 21
1.0 N HCI 0 17

° Buffer described in "Experimental Section".

amines, indicating that hydrophohic effecta also control ad·
sorption of the ionic species. The finite hi'S mean that de-­
sorption of amines from XAD-8 resin using aqueous acid will
not be a displacement process (hI = 0) but rather an elution
process (hi> 0). This is an important consideration in de­
signing and optimizing a selective concentration procedure.
The large hI of the more hydrophobic b.... (for example,
acridine, hi = 17; 5,6-benzoquinoline, hi = 37) means that a
large volume of aqueous acid may be required to effectively
recover very hydrophobic solutes from a resin column, and
this will limit the efficiency of the concentration.

It is advantageous to create conditions that minimize hi
during desorption in a column-concentration process to the
most minimal value. Equations predicting the variation of
h with pH for ionizable .olute. on hydropbobic ad.orbents
have been presented by Horvath (19) and Pietrzyk (20). These
equation. predict h at any .elected pH, using h values for the
fully charged and uncharged form. of the molecule and the
molecules' pK•. The observed variation of h with pH for .ix
amines on XAD-8 re.in (Figure 1) agrees with the predictions
of the equations of Horvath and Pietrzyk. except at pH values
Ie•• than 2.6. At pH values les. than 2.6, hI values decrease
much more rapidly than the equations can predict. The
discrepancy is large and its cause is not certain, but one ex­
planation might be that the resin itself becomes prolonated
at low pH, repelling amine cations in a type of charge exclu­
sion. Although it was not expected, a substantial decrease
in hi for amines is observed when pH is decreased from 2.0
10 1.0. The decrease in hI for acridine from pH 3.0 to pH 0
i. shown in Table I. These results were used to select 0.1 N
Hel as a suitable eluting reagent for further work on resin
adsorbents in this .tudy. HCI concentrations greater than 0.1
N did not produce large decreases in capacity factors.

A suitable pH for ad.orption of most un.ubstituted N·
heterocycles and primary aromatic amines can be as low as
8.0, with little furtber gain achieved, after the pH is 2 units
more than the pK. of the base.

An important que.tion about the validity of the .elective­
concentration approach concerns the nature of organic-ion
adsorption on hydrophobic sorbents: If the capacity factor
(and distribution coefficient) of an organic ion is significantly
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concentration dependent. increasing greatly with decreasing
concentration, and perhaps approaching ho at minimal con­
centrations, the selective-concentration approach would not
be valid for samples containing trace concentrations of con­
stituents. If mutual charge repulsion were an important factor
in the small hi values for amine cations on XAD-8 resin at
10.0 mg/L, then hI at 200 ~g/L might be much larger, and
the degree of concentration attainable much less. Adsorption
isotherms of acridine and 5,6-benzoquinoline (on XAD-8 resin
in 0.1 N HC!) were found to be nearly linear at concentrations
ranging from 200 ~g/L to 10 mg/L, indicating nearly constant
distribution coefficients over this concentration range. These
results are evidence that the selective-concentration approach
will be valid for samples containing trace concentrations of
constituents, with acceptance of some risk of extrapolation
and the need to verify individual procedures. Previously
published sorption isotherms of organic cations on resin ad­
.orbents (21, 22) were obtained at very large equilihrium
concentrations, and their nonlinearity at larger concentrations
may be the result of mutual charge repulsion at the resin
surfaces.

A Survey of Adsorbents for Selective Concentration
of Aromatic Amines. Six. adsorbents were evaluated for their
potential for selective concentration of aromatic bases by
measuring ho and hi of amines on these adsorbents under
identical conditions. Results are .hown in Table II. Of the
adsorbents evaluated here, only the XAD-8 and XAD-2 resins
show large enough ratios of ho and hi to have potential for
selective concentration of lower molecular weight N-hetero-­
cydes. For the quinolines and 2,4,6-trimethylpyridine, the
ratios of ko to hi under these conditions are in the range of
50:1 to 75:1 on both XAD-8 and XAD-2 resins. The other
pyridines have larger ratios of ho to hi on XAD-2 resin than
on XAD-8 resin, and under identical conditions, the XAD--2
resin yields greater concentration factors for pyridine than
the XAD-8 resin (8). The greater h, of acridine and more
hydrophobic solutes on XAD-2 resin result in less selective
concentration of very hydrophobic solutes than on the XAD-8
resin (B). A surprising result is the very small ratio of ho to
hI on Carbopack B. a graphitized carbon adsorbent. These
small ratios are not because of anomalous h.... that are aimiIar
on a per unit .urface area basis to those on XAD-2 and XAD-8
resins; these ratios are small because of the anomalously large
hl's of protonated amiD... The ratios of ko to hI on Carbopack
B range from 2.1:1 to 5.6:1 in contrast to a typical value of
60:1 on XAD-8 and XAD-2 resins. The graphitized carbon
is, therefore, not an effective adsorbent for selective concen­
tration of aromatic amiD... A possible explanstion of the large
k values of protonated aromatic amines is that a charge-­
transfer interaction occurs between the electron-poor heter­
ocyclic cation and the electron-rich graphite surface. A parallel
orientation of the rings would allow good r-orbital overlap.
Although XAD-2 resin also h... aromatic rings. they are is0­
lated and do not form an extended r .ystem. so XAD-2 resin

Table II. Capacity Factors of Aromatic Amine. on Six Ad.orbents at pH 1.7 and 10.5

Enzacryl Biogel Cellulose
XAD-2 resin Carhopack- B XAD-8 K·1 P-2 N-1

pH pH pH pH pH pH pH pH pH pH pH pH
aromatic amine 1.7 10.5 1.7 10.5 1.7 10.5 1.7 10.5 1.7 10.5 1.7 10.5

pyridine 0.7 87 5.3 30 0.9 15 0.0 1 0 1 0 1
2-methylpyridine 1.0 103 20 103 1.2 36 0.0 1 0 1 0 1
Quinoline 13.2 615 163 335 4.7 305 0.2 2.3 0 2.4 0 1.3
2-methylquinoline 13.6 645 163 345 5.1 335 0_2 2.6 0 2.5 0 1.3
isoquinoline 18.2 1390 340 810 7.2 495 0.2 3.0 0 2.5 0 1.3
2,4,6-trimelhyl- 8.2 500 84 200 2.4 170 0.2 1 0 0

pyridine
acridine 275 >3000 340 >1000 66 >900 0_5 16 0 7.0 0 3.7
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Flgw-e 3. Maximum concentration factors obtained for aromatic bases
on 250-500-~m XA0-8 resin (l» and 100-250-~m XAO-9 resin (el,
under identical condJtlons. Solutions of 1.0 L with concentrations of
10.0 mg/L were concentrated at 0.6 x 15 em columns.

15 cm columns, after which the columns were reverse-eluted
with 0.1 N HC!. Recovery of the amines was followed by
collecting and analyzing fractions of the 0.1 N HCI effluent,
yielding a desorption curve. Desorption bands were observed
to be narrow for solutes with small ionic k's nnd broad for
solutes with large ionic k's. Therefore, the volume of con­
centrate that needs to be collected varies with the hydro­
phobicity of the amine. This is a problem for experimental
design and for choosing a standard procedure for measuring
the final concentration obtained for an amine. One approach
would be to pool frsctions that contained, for example, 90%
of the recovered solute and measure the final concentration
in this volume. A more convenient measure of the degree of
concentration is the concentration factor obtained at the peak
of the desorption curve. This approach was used to obtain
the data in Figure 3.

The data in Figure 3 show the maximum concentration
factor obtained for seven amines on columns of XAD-B resin.
The concentration factors are small for the most hydrophilic
solutes (pyridine and 2-methylpyridine), increase to a max­
imum for compounds of intermediate hydrophobicity (quin­
olines), and then decrease for the most hydrophilic solutes
(acridine and l-aminoanthracene). The greater concentration
factors achieved. using smaller resin beads are a predictable
resull of increased column efficiency. The attainable degree
of concentration varies in a reguJar manner with the nature
of the amine. The limitation of the method for the most
hydrophilic solutes results from their limited sorptive tendency
as neutral species. Only a fraction of the pyridine in the l.D-L
..mples was retained on the resin; although this was recovered
in a small volume, a small concentration factor results. The
limitation for the most hydrophilic solutes results from their
large ionic-capacity factors. Thus, l-aminoanthracene was
entirely retained on the resin but desorbed in a very broad
band; only a 4-fold concentration is achieved on the 250­
5OO-p.rn particle-size resin.

The maximum concentration factor for a solute on an
XAD·8 resin is correlated with the solute's ratio of ko to k..
measured independently. This relationship is true for pyri­
dines and quinolinesj however, the ratio of ko to hi could not
be calculated for acridine and l-aminoanthracene, because
most of their concentrations are retained at pH 10.5 for a
practical measurement of koby frontal chromatography. A
maximum ratio of ho to hi at intermediate hydrophobicities
probably corresponds to the maximum in the observed con-

\IO.UME. IN WIUIW£TUS

FIgon 2. Cofr4>arison of front- and back...1utJon of acridine on 211-50
mesh XAD-8 resin (30 X 0.9 em columns) using 0.1 N He!. Acrldina
concentrated on identical columns from 1.o-L sampN!s with acr6dlne
concentrations of 1.0 mg/L.

might have 8 much lesser charge-transfer forming capacity.
The more hydrophilic adsorbents (Enzacryl K-I, Biagel P-2,

and Cellulose N·I) were evaluated in the anticipation that they
would be useful for selective concentrations of very hydro-­
phobic amines. Their adsorptive capacities for amines at pH
10.5 are too minimal, even for acridine, to be considered useful,
although 8 maximum concentration factor of 28:1 was ob­
tainable on 8 1.0 mg/L acridine solution using 8 column of
Enzacryl K-1.

Because bonded·silica HPLC packings are not very stable
to alkaline and acid, and because the chromatographic re­
sponse of amines on these adsorbentB at acid pH shows that
significant, direct interactions with underivatized silica occurs,
these packings were not evaluated for selective concentration.

Reverse Elution To Decrease Band Spreading. The
advantage of reverse elution in the selective concentration of
acridine on a column that produces extensive band spreading
is shown in Figure 2. Two I.G-L samples were passed through
identical columns of 20-50 mesh XAD·8 re.in. One column
was eluted with 0.1 N HCI in the forward direction; the other
column was reverse eluted with the same reagent.

A significantly retained solute will accumulate in a narrow
band at the top of the column during the collection process.
If the column is then eluted in the ..me (forward) direction,
the solute must pass through the entire column to be re­
covered. Thi. can result in significant band spreading (de­
creasing the concentration factor), especially when kd is large.
However, if the column is eluted in the oposite (reverse) di­
rection, the solute is recovered directly from the ..turated part
of the column, with little decrease in concentration because
of band spreading. Reverse elution is important for solutes
that aaturated a large part of the column length during ad­
sorption. In all of the following work, reverse elution was used
to obtain the optimum degree of concentration.

Concentration Factors Attainable as a Function of
Amine Hydrophobicity. To evaluate the degree of con­
centrations attainable on XAD-B resin, solutions of arnines
(at concentrations of 10.0 mgjL) were passed through 0.6 X



Table III. Capacity Facton of Aromatic Amin.. on a
Weak-Baae, Anion-Excbange Resin (DuoUte A-7)

Duolite A-7

centration factors, but additional data are needed to verify
this hypothesis.

Results of the concentration of amines on XAD-2 resin and
a 100~m styrene-divinylbenzene adsorbent have shown that
an optimum in the concentration factor occurs at solutes of
lesser hydrophobicity than on XAD-8 resin. The amine hy­
drophobicity that yields the greatest degree of concentration
is different for different adsorbents; the more hydrophilic the
adsorbent, the more hydrophobic the amine will be that is
optimally concentrated.

Concentration of Very Hydrophobic AmiDea with a
Chargeable AdsorbeDt. For an effective concentration of
an amine that is as hydrophobic as acridine, Duolite A-7
weak-base, anion-exchange resin was evaluted. The concept
involved is that the charge the resin acquires at low pH can
repel the amine cations, resulting in small hI'8 and large
concentration factors for larger amine!. Table III shows ko
and k i values of amines on Duolite A-7 resin, a secondary­
amine functional group, phenolformaldehyde polymer. Be­
cause ko values are exceedingly ama1I, this resin should be quite
effective for higher molecular-weight amines. In fact, when
identical 2.0-L samples of South Platte River water .piked
with 10 Jlg/L of acridine were l;oncentrated on columns of
XAD-8 resin and Duolite A-7 res tn, the maximum concen·
tration factor for acridine was 80 on XAD-8 resin but 540 on
Duolite A-7 (8). The Duolite A-7 resin appearo far more
effective for acridine than XAD-8 resin, although XAD-8 resin
was clearly more effective for pyridines and quinolinea. Our
experience with this approach has been that, whereas Duolite
A-7 resin is more effective than XAD-B resin for concentrating

aromatic amine

pyridine
2-methylpyridine
quinoline
2-methylquinoline
isoquinolinc
2,4,6-trimethylpyridinc
acridine

k o hi
(pH 10.5) (pH 1.7)

3.5 >1
8.1 >1

63 >1
63 >1
99 >1
19.5 >1

>550 -1
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hydrophobic species, it is not .. selective .. XAD-8 reain. Fn<
example, the concentrate obtained from the .piked river water
uaing Duolite A-7 reain contained much colored ·humic·
material, while the concentrate obtained uaing XAD-8 resin
contained only acridine by HPLC analysis. Selectivity is
minimal with a weak-base, anion-exchange resin, because the
capacity factora of many solutes change when the resin be­
comes charged by an acid, while on XAD-8 resin, only basic
solutes are deaorhed by acid elution. The use of a cbargeable
adsorbent to repel ione of like charge should be applicable to
selective concentration of species too hydrophobic for COD­

centration on neutral adsorbents.
Regiatry No. Amberlite XAD-8, 11104-40-8; pyridine, 1I(}.86.1;

2-methylpyridine, 109-0tHl; quinoline, 91-22-5; 2-methylquinoline,
91-63-4; 2,4,6-trimethylpyridine, 108-75-8; acridine, 260-94-6;
isoquinoline, 119-65-3; H20. 7732-18-5.
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Comparison of Priority Pollutant Response Factors for Triple
and Single Quadrupole Mass Spectrometers
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U.S. Envt-onmtlntal ProttJctJon Agency, Envronmenta/ Monitoring Systems Laboratory, Las Vegas. Nevada 89 t 14

J. M. Ballard

Lockh8tK1 Engineering and Management Services Company, Inc.• P.O. Box 15027, Las Vegas. Nevada 89114

Sevenly-lour percent 01 the electron mpael GCIMS responll8
recto", (RF) determine<! on e triple quadrupole rna" epec­
trometer lor 53 extraelable prlortly pollutant, were lound to
be wlthJn ±15% 0' value, determine<! In an Independent In­
terlaboratory lingle quadrupole GC/MS ,tudy. Furthermore.
lIIe RF valuea were thown to be Independent 01 whether
quaQoupoIe 01 or~ 03 waa acanned. The precIaIon0' RF determination, lor 53 extraelable priority pollutant,
(mean relallve alandard deviation 11.9 %) wa' round to be
almllar to that prevloualy publlthed lor routine GC/MS mul­
lIanalyle RF determlnallona.

Response factors are constants utilized in the internal
standard quantitative analysis of organic compounds by
electron impact GC/MS in environmental analysis (1). For
comparable injected weighta, the response factor of an analyte
is simply a rotio of the ion current "area" of analyte and
internal standard at their respective quantitation m/z values.
A series of multiannlyte, multilevel response factor precision
determinations can be considered as a measure of the relative
sensitivity and stability of a given instrument and, hence, its
quantitative capabilities. Additionally, response factor de·
terminations encode the entire laboratory standardization
procedure from standard preparation to data transcription.
Therefore, response factor monitoring is an important
mechanism in establishing and maintaining control of mul­
tilaboratory programs which routinely employ GC/MS for the
qualitative and quantitative analysis of organic compounds.

In an attempt to standardize the GC/MS determination
of priority pollutanta. the "Quality Control Protocol for the
Fused Silica Capillary Column GC/MS Dewrmination of
Semivolatile Priority Pollutanta" was writwn (2). Observance
of this protocol has been shown to yield similar response
factors for extractable priority pollutanta on aingle quadrupole
mass spectrometers in a recent interlaboratory study (3). An
intralaboratory study which compared response factors on
single quadrupole mass spectrometers of different design has
shown that in many cases response factors were instrument
independent (4). Response factor monitoring has been
adopted as a quality control procedure in national U.S. EPA
programs that utilize GC/MS for routine priority pollutant
analysis (5).

A model to predict response factors has recently been
proposed (5). Predicted and observed respon.., factors were
in general agreement even without consideration of ion
abundance tune differences. For 41 of the extractable priority
pollutanta (excluding all nitrogen-containing analytes) a mean
predicted/observed response factor ratio of 1.02 ± 0.27 was
reported (5) when tested using the interlaboratory data cited
previously (3). Wbile the discussion of the proposed model
is beyond the scope of this paper, the establishment of a..,t
of true response factors is of interest for at least two reasons.

Firstly, the ability to predict response factors would effectively
establish accuracy criteria in programs that utilize GC/MS.
Secondly, a scheme to predict response factors would be useful
in providing a formal procedure to give quantit8.tive results
for organic compounds identified in complex mixtures by
GC/MS for which standards are not readily available.

Concurrently, analytical applications of triple quadrupole
mass spectrometry (TQMS) are becoming commonplace. The
potential of TQMS for the direct analysis of mixtures with
minimal sample preparation and without chromatographic
separations has been shown (6). Others have indicated that
TQMS mixture analysis can often benefit from prior chro­
matographic separations (7). Obviously. direct mixture
analysis by TQMS affords significant logistical advantages
over TQMS methods which employ chromatographic sepa­
rations and is therefore preferred. Nevertheless. we anticipate
that chromatographic TQMS configurations will be useful in
minimizing sample matrix effects and in providing ancillary
quantitative data to confirm assignments made by TQMS
mixture screening schemes.

Because of our interest in standardizing and predicting
GC/MS response factors, and as we are also evaluating the
potential of TQMS for characterizing hazardous materials,
it was of interest to compare response factors acquired on a
TQMS system with response factors previously determined
in an interlaboratory GC/MS study.

EXPERIMENTAL SECTION
Standards. The analytical standards of extractable priority

pollutanta were prepared by Radian Corp. under u.S. EPA
Contract No. 68-03-2765 and have been described elsewhere (8).
For this work a standard was prepared consisting of acid,
base/neutral, and pesticide priority pollutants in methylene
chloride at a nominal concentration of ISO ng ~L-l per analyte.
This standard was diluted to give two additional standards
containing 100 and 25 ng "L-' per analyte. The internal standards.
phenol-2,4,6-d3• naphthalene·ds• phenanthrene·d1o• chrysene~12'
and benzola]p)'rene-d12 were added to each standard prior to
dilution to give nominal concentrations/internal standard of 20,
20, 26, 40, and 40 ng/~L, respectively, in each of the three com·
posite standards. The ion abundance calibrant (decaOuorotri­
phenyl)phosphine (DFTPP) was purchased from P.C.R. Inc.,
Gainesville, FL.

Instrumentation. The GC/TQMS data were acquired on a
Finnigan triple stage quadrupole mass spectrometer (TSQ)
equipped with 4500 series ion source and a continuous dynode
elecuon multiplier with the conversion dynode maintained at -3.0
kV. Gas chromatography was performed on a fused silica capiUary
column (30 m x 0.24 mm Ld., 0.25 #m thick SE-54 phase; J. and
W. Scientific Inc., Rancho Cordova, CAl coupled directly to the
iop source. A Finnigan 9610 gas chromatograph with Grolrtype
split/splitless injector under data system control was used to
provide splitless injections. After 30 8 the split and sweep valves
were opened. The carrier gas was helium at a column head
pressure of 26 psig. The split and septum sweep flow rates were
35 and 10 mL min·1, respectively, and carrier gas linear velocity
was 60 cm S-1 at 30°C. Initial column temperature W88 held at
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Table I. Mean Response Factor Comparison of GC/TQMS to Interlaboratory GC/MS Values

GCI GCI GCI GCI
IS" TQMS· MSc IS" TQMSb MSc

N-nitrosodimcthylamine d3 0.43 0.42 acenaphlhene dl0 0.94 0.81
bis( 2-chloroethyl) ether d3 0.87 1.01 2,4-dinitrophcnol dl0 0.11 0.07
2-chlorophcnol d3 0.72 0.79 2,4-dinitrotoluene dl0 0.30 0.23
phenol d3 1.02 1.10 4-nitrophenol dl0 0.17 0.10
lt3-dichlorobenzene d3 0.64 0.72 Ouorene dl0 1.15 0.96
l,4-dichlorobenzcne d3 0.77 0.90 4-chlorophenyl phenyl ether dl0 0.53 0.47
1,2-dichlorobenzcnc d3 0.62 0.75 dielhyl ph thalatc dl0 0.85 0.91
bis( 2-chloroisopropyl) eLiler d3 0.19 0.22 4.G·d in itro-o-cresol dl0 0.13 0.10
hexachloroethane d3 0.37 0.35 N-nitrosodiphcnylaminc dl0 0.65 0.58
N-nitrosodi-n-propylaminc d8 0.08 0.05 4-bromophenyl phenyl ether dl0 0.25 0.24
nitrobenzene d8 0.18 0.19 hcxachlorobcnzene dl0 0.27 0.24
isophorone d8 0.76 0.84 pent..1.chlorophcnol dl0 0.14 0.13
2-nitrophenol d8 0.21 0.22 phcnnnLhrene dl0 1.32 1.16
2.4-dimelhylphenol d8 0.35 0.32 anthracene dl0 1.21 1.15
bis( 2·chlorocthoxy )mcthanc d8 0.44 0.51 dibutyl phthalate dl0 1.29 1.28
2,4·clichlorophcnol d8 0.29 0.30 Ouoranthcnc dl0 1.05 1.07
1,2,4 -lrichlorobenzene d8 0.30 0.32 pyrene dl0 1.13 1.08
naphthalene d8 1.13 1.08 benzidine d12 0.81 0.24
hcxachlorobuladiene d8 0.13 0.13 butyl benzyl phthalate d12 0.70 0.84
4·chloro·m-crcsol d8 0.28 0.26 bcnzla ]::l.I1thracenc d12 1.17 1.11
hexachlorocyclopentadiene d8 0.15 0.15 chrysene d12 1.03 1.02
2,4,6-trichlorophcnol d8 0.19 0.19 3,3' ·dichlorobenzidine d12 0.40 0.28
2-chloronaphthalcnc d8 0.65 0.63 bis( 2·ethylhexyJ) phthalate d12 0.73 0.88
acennphlhylcne d8 0.42 0.72 di-n-octyl phtl131ate d12 1.00 1.34
dimethyl phthalate d8 0.59 0.62 benzo[a )pyrene d12B 1.06 1.00
2,6-dinitrololuene d8 0.15 0.15 dibenz[o,h )anthracene dl2B 0.56 0.58

benzo{g,!I.i ]pcrylene d12B 0.59 0.64

U The internal standards employed for response factor calculation were phcnol-2.4,6-d, (d3), naphthaJene-d, (dB),
phenanthrene-dlo (dIO), chrysene-d,~ (d12), and benzo[a lpyrene-d, 2 (d12B). b RF values determined in triplicate at 25,
100, and 150 ng/,uL using TQMS (Q3 scanned). C RF values determined in interlaboratory GC/MS study using single
quadrupole MS device.

30°C for 4 min and then raised at 10 °C min- t and maintained
at 270°C until all components had eluted. Total GC run time
was ca. 38 min.

The conditions for electron impact ionization mass spectromeuy
were as follows: electron energy, 70 eV; emission current, 0.40
rnA; source temperature, 90 °C. For the RF determinations, two
adjacent quadrupoJes (QI and Q2; Q2 and Q3) were operated in
the all-pass (radio-frequency·only) mode while the third quad·
rupoJe (Q3 or Ql. respectively) repetitively scanned the range m/z
40-475 in 0.95 s. The instrument was tuned to meet DFTPP ion
abundance criteria (9).

Data System. Data acqllli.ition was performed under control
of Finnigan MAT TSQ Rev. B software with a Data General
NOVA·4 minicomputer and a Control Data Corp. cartridge
module disk drive. Computer generated areas were used for
quantitation of analytes and internal standards. Subsequent
calculations for RF, mean RF, and relative standard deviation
were performed via calculators.

Qualitative identification of analytes was accomplished by
reference to published relative retention times and library
(EPA/NIH Mass Spectral Data Base) matches via resident
software together with manual interpretation and verification.

RESULTS AND DISCUSSION

In early work with triple quadrupole mass spectrometers,
it was reported that large ion signal losses can occur in systems
with aperture separated, independently driven rod systems
(10). The highest ion transmission was reported for closely
spaced rod systems where the radio frequency component of
each rod set was synchronized in frequency and phase. It has
recently been reported that theoretical and experimental data
indicate that 'properly designed" instruments provide high
ion transmission (I1). However, the same study has indicated
that for instruments where ions leave and reenter the quad·
rupole field through restrictive apertures, ion transmission
can be reduced.

Relative ion transmission is encoded in multianalyte,
multilevel response factors. Response factor precision de-

.::~ rl1l
]j ....,7.' dUb 9"......

F~ur. 1. Distribution of response factor ratios. TOMS (Q.3 scan)!
Interlaboratory GC/MS. does not Include benzidine (3.38).

terminations provide information about instrument stability
and performance. However, as these factors are relative
measures, fundamental ion transmission characteristics are
largely obscured. Nevertheless, response factor determinations
acquired under rapid source introduction and scanning modes
provide useful experimental insight into the quantitative
properties of TQMS.

Table I shows the response factors for 53 acid and basel
neutral extractable priority pollutants determined by GC/
TQMS (Q3 scanned) and RF values previously determined
in an interlaboratory GC/MS study (3). Figure 1 shows the
distribution of TQMS/GCMS response factor ratios. Sev­
enty-four percent of the RF values determined on the TQMS
were within *15% of the mean RF values determined in the
interlaboratory single quadrupole GC/MS study. The RF
value for benzidine differed greatly from the interlaboratory
GC/MS value. AB this analyte had the second highest in­
terlaboratory GC/MS RF RSD (47.0%), the RF value for this
compound was imprecisely determined in the GC/MS work.
\Ve were not surprised at this discrepancy because we have
previously encountered and discussed GC/MS analysis
problems with this analyte (1, 3). Also, because other analyte,
internal standard pairs had similar RF values for comparable
mass ranges, the difference in GC/MS and GC/TQMS RF
values for benzidine was thought to be of nonspectroscopic
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Table 11. Response Factor. Relative Standard Deviation Values Determined on Q8 Scanned TQMSu

%RSD % RSD

8.2
44.0

9.8
12.0

9.9
8.9
8.3

19.9
11.6
13.3
10.1
11.2

4.5
7.6
7.7

15.0
9.8.

10.5
4.7
5.3
8.5
4.0

19.7
24.8

8.9
11.2
10.0

19.5
9.7

12.5
9.2
6.2

11.4
9.1
9.0

13.0
8.5

17.5
11.7
10.6
16.1
10.7

6.9
11.1
13.2
12.6

5,4
11.7

8.9
15.8
13.3
18.0
19.0

N-nitrosodimethyJamine
bis(2-ehloroethyl) ether
2-chloropheno)
phenol
l,3-dichlorobenzene
l,4-dichlorobenzene
1,2·dichlorobcnzcnc
bis(Z-chloroisopropyl) ether
hexachloroethane
N-nitrosodi-n-propylamine
nitrobenzene
isophorone
2·nitrophcnol
2,4·dimethyJ phenol
bis( 2-chloroeUlOxy )methane
2,4 ·dichlorophenol
1,2,4-trichlorobenzene
naphthalene
hexachlorobutadicne
4·chloro-m-crcsol
hcxachlorocyc1openladiene
2,4,6·trichlorophcnoJ
2-chloronaphthalcnc
acenaphthylenc
dimethyl phthalate
2,S-dinitrotolucne

ncenaphthcnc
2,4-dinilrophcnol
2,4-dinitrotoluene
4-nitrophcmol
nuorene
4·ehlorophenyl phenyl ether
diethyl phthalate
4,6·dinitro·o·cresol
N'nitrosodiphenylamine
4·bromophenyl phenyl ether
hexachlorobenzene
pentachlorophenol
phenanthrene
anthracene
dibutyl phthalate
nuoranthene
pyrene
benzidine
butyl benzyl phthalate
benz[a Janthracene
chrysene
3.3' -dichlorobenzidine
bis( 2-ethylhexyl) phthalate
di-ll-octyl phthalate
benzo [0 ]pyrene
dibenz[a,1J Janthracene
benzo(g./U Jperylene

uN'" 9, triplicate determinations at 25. 100, and 150 ng over a 3·day acquisition period.

origin. Despite this anomaly these data indicate that RF
values acquired within the criteria of the QC protocol are not
greatly affected by the additional ion optics of the TQMS.
Interlaboratory and intralaboratory c'Omparisons of this type
are complicated by the higher average variance of the former
data set. For analytes of equal variance, instrumental sen­
sitivity differences can cause RF values to be formally non­
equivalent. For example, the RF values determined for bis­
(2-chloroethyl) ether by GC/MS and GC/TQMS were 1.01
± 0.10 and 0.87 ± 0.08, respectively. At the 95% confidence
level these mean values are statistically nonequivalent, and
an argument could be made that chromatographic andlor
spectroscopic sensitivity differences were observed. The fact
tbat the mean RF values for this compound are not greatly
different indicates that the relative sensitivity differences were
not large. The observation that the difference in mean values
is often not large can be seen by inspection of Table I. It
should be noted that these RF values were calculated with
reference internal standards which had been selected to
minimize the relative retention time and the quantitation mass
difference between analyte and internal standard. Tberefore,
many of the compounds with small quantitation mass dif­
ferences would quite likely be poor indicators of relative
sensitivity differences between aingle and triple quadrupole
mass spectrometers. However, reviewing selected analytes
from Table I with relatively wide differences in quantitation
mass between analyte and internal standard, e.g., the di­
chlorobenzenes (mlz 146 vs. phenol-2,4,6-d" mlz 97), hexa­
chlorobutadiene (mlz 225 VB. naphthalene-ds, mlz 136), and
hexachlorobenzene (m/z 284 VB. phenanthrene-d,,,, mlz 188),
it can be seen that no major relative sensitivity differences
were ohserved which could not be accounted for by ion
abundance tune differences. Also, because the TQMS-gen­
erated RF values were acquired in triplicate at 25, 100, and
150 ng "L-' per analyte and the RF determinations for these
anaIyles at multiple levels were precise (i,e., 6,2, 11.4,9.1, 12.6,
and 10.1 percent relative standard deviation), significant
sensitivity differences were not observed over the mass and
injected weight range of these experiments. In fact, the in­
tegrated ion currents for these analytes were of similar

magnitude to those obtained in routine GC/MS analysis using
similar detection apparatus. This observation suggested that
significantly lower quantities of these analytes could have been
readily detected and quantified. Because the objective was
to compare the TQMS data to data acquired in 8 previous
interlaboratory Gel MS study, lower anstyle concentrations
were not examined.

The fractional ion abundance (the ratio of the quantitation
m/z "area" to the total ion "area") of the quantitation m/z
value is an indicator of mass dependent relative sensitivity
differences. The fractional ion abundance of the quantitation
mass of hexachlorobenzene (mlz 284) WllS det.ermined for each
acquisition of the GC/MS data (three acquisitions in each of
four laboratories) and found to be 14.6 ± 1.3%. For the nine
RF acquisitions with the TQMS (Q3 scanned), the fractional
ion abundance of m/z 284 of hex8chlorobenzene was found
to be similar, i.e., 13.4 ± 1.1 %; the fragmentation pattern did
not show any mass cependent spectral skewing. TQMS­
generated electron impact mass spectra were found to be
similar to spectra acquired on a single quadrupole mass
spectrometer when both were tuned to meet DFTPP ion
abundance criteria.

GCITQMS Precision. To examine the stability of the
TQMS, we calculated the relative standard devialion of the
response factors in the nine Q3-scanned acquisitions taken
over a 3-day period. These data are presented in Table II for
53 extractable priority pollutants. The average relative
standard deviation, 11.9%, is similar to the multiday RF
determination precision (mean RSD 11.4%) previously pub­
lished for similar GC/MS determinations (1). This precision
level approaches the short-term consecutive injection precision,
RSD 7.0%, considered acceptable in GC/MS instrument
evaluation tests (12). It is noteworthy that the combination
of rapid (1.0 s, 4H75 amu) scanning and sample introduction
(vill FSCC) and the additional ion optics of the TQMS do not
appear to affect the RF values. Furthermore, as the relative
standard deviation for many of the analyles studied WllS low,
the stability of the TQMS in practice was found to be ex­
cellent. On the bllSis of these results, the utilization of the
TQMS for routine multianalyte quantitative and qUalitativ~



FIgon 2. DistrIxJtlon of response factor rallos, TaMS (Q3.ocan)ITaMS
(Ol-scan), does not Include d1benz[a.h ]anllvacene (2.07).

FSCC GCjMS determinations of organic compounds, if re­
quired, is viable.

QI-Scanned GCjTQMS Response Factors. In those
instruments with interquadrupole lenses the ion beam leaves
and reenters the quadrupole field and is therefore susceptible
to fringe field effects (10, 11). Hunt et aI. (13) have reported
decreased negative ion sensitivity at mjz 614 when Ql rather
than Q3 was scanned on an instrument of this type and at·
tributed this result to fringe field effects. Dawson has also
indicated that the highest absolute sensitivity of a triple
quadrupole mass spectrometer is obtained wben Q3 is scanned,
with Ql and Q2 in the radio-frequency-only mode (14). To
determine if RF values were dependent on whicb quadrupole
was scanned, we acquired the RF values for priority pollutants
as before except that Ql was scanned with Q2 and Q3 in the
all-pass radio-frequency-only mode. Many values determined
in this acquisition mode were in close agreement with Q3
values. For 48 of the extractable priority pollutants (excluding
4-nitrophenol, 2A-dinitrophenol, 4,6-dinitro-o-cresol, benzi·
dine, and 3,3'-dichlorobenzidine, analytes with high interla­
boratory GCjMS RF relative standard deviations) the Q3jQl
mean RF ratio was 1.02 with a relative standard deviation of
17.2% (Figure 2). Within the mass and injected weight ranges
and ion abundance tune of this study, the relative sensitivities
of analyte and internal standard are independent of which
quadrupole (Ql or Q3) is scanned. These observations are
thought to arise because the multiple internal standards tend
to minimize spectroscopic and chromatographic sensitivity
differences between analyte and internal standard. While
fundamental ion transmission characteristics are obscured by
this approacb, the practical observation that TQMS response
factors and response factor precision are similar to routine
GCjMS determinations is valuable. These data indicate that
multianalyte, multilevel quantitative TQMS determinations
in mixture analysis should be comparable to quantitative
GCjMS data.

Since the RF values determined with the TQMS are shown
to be in general agreement with values determined with single
quadrupole instruments, it is apparent that the predictive
response factor scheme (5) is applicable to the TQMS.
Therefore, for analytes which can be introduced via FSCC,
the ability to provide quantitative estimates for analytes whose
structure has been determined via collision activated disso­
ciation techniques is anticipated. Such results are of con·
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siderable potential in the qualitative and quantitative de­
convolution of complex mixtures by triple quadrupole mallS

spectrometry. We further expect that with a LC/TQMS QC
protocol of similar design, the predictive scheme should be
applicable to organic analytes which are not amenable to
analysis by gas chromatography.

Registry No. N-Nitrosodimethylamine. 62-75-9; bis(2­
chloroethyl) ether, 111·44-4; 2-chlorophenol, 95-57-8; phenol.
108-95-2; 1,3-dichlorobenzene, 541-73-1; 1,4-dichlorobenzene,
106-46-7; 1,2-dichlorobenzene. 95-50-1; bis(2-ch1oroisopropyl) ether,
39638-32·9; hexachloroethane, 67-72-1; N.nitrosodi-n-propy!amine,
621-64-7; nitrobenzene, 98-95-3; isophorone, 78-59-1; 2-nitropheno~
88-75-5; 2,4-dimethylpheno~ lOiHl7-9; bis(2-ch1oroethoxy)methane,
111·91-1; 2.4-dichlorophenol, 120-83-2; 1,2,4-trichlorobenzene,
120-82-1; nsphthalene, 91-20-3; hexachlorobutadiene, 87-68-3;
4-chloro-m-cresol, 59-50-7; hexachlomcyclopentadiene, 77-47-4;
2,4,6-trichlorophenol, 88-06-2; 2-chloronaphthalene. 91-58-7;
acenaphthylene. 208-96-8; dimethyl phthalate, 131-11-3; 2,6-di­
nitrotoluene, 606-20-2; acensphthene. 83-32-9; 2,4-dinitropheno~
51-28-5; 2,4-dinitrotoluene. 121-14-2; 4-nitrophenol, 1()().Q2-7j
nuorene, 88-73-7; 4-chlorophenyl phenyl ether, 7005-72-3; diethyl
phthalate, 84-66-2; 4,6-dinitro-o-cresol. 534-52-1; N-nitrosodi­
phenylamine. 88-30-6; 4-bromophenyl phenyl ether. 101-55-3;
hexachlorobenzene, 118-74-1; pentachlorophenol, 87-88-5; phen­
anthrene.ll5-01-8; anthracene, 120-12-7; dibutyl phthalate, 84-74-2;
nuoranthene, 206-44-0; pyrene, 129-00-0; benzidine, 92-87-5; butyl
benzyl phthalat<>, 85-88-7; benz(a]anthrscene, 56-55-3; chrysene,
218-01-9; 3,3'-dichlorohenzidine, 91-94-1; bis(2-ethylhexyl)
phthalat<>, 117-81-7; di-n-octyl phthalat<>,117·ll4-&, benzo[a]pyrene,
50-32-8; dibenz[a,blanthracene, 53-70-3; benzo(g.h~Jperylene,

191-24-2.
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Extension of Potentiometric Stripping Analysis to Electropositive
Elements by Solvent Optimization
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The ex1enslon o' potentiometric 8IrIpplng analy'" to the Ions
or .uch alaclropo..Uve elemenl. a8 the alkali and alkaline
earih metal. wa. Inveltlgaled by ualng Ihln film mercury
electrode. In a wide rang8 o. organic solvent. and Ihelr
mIx1.... wtIh waler. The al<aI matallonl can be detarmlned
In certain organic solvents even when several mole percent
01 water II preaant. As expacted, the most affective aoIvanta
are aprotlc; however, an equally Important 'aclor Is Ihallhe
solvent should be a good hydrogen bond acceptor, thereby
dacr....ng the reacllvtly 01 water toward Ihe amalgam. The
sum 01 sodkm and potalllum Ions can be dalennlnad In ouch
sampl•• as blood serum and seawater ane, addition of dl­
malhyl suIIoxlde. Some re.oIullon o. lOdlum 'rom polalllum
occurs In 1~lhy~2i'l'"'oUdlnona and certain other oolvenl••

Potentiometric stripping analysis (PSA). which was recently
introduced by Jagner (I). is similar to conventional (vollam­
metric) stripping analysis (VSA) in that the analyle is pre­
concentrated by electrodeposition in a mercury electrode, but
it differs from VSA in the method used to generate a signal
by the preconcentrated analyte. Whereas in VSA the most
sensitive and commonly used method is differential pulse
voltammetry which produces 8 signal of differentia! current
vs. potential. in PSA the plating potential is interrupted and
the amalgam is allowed to react with an excess of a suitable
oxidant, such as mercury(lI) ion

M(Hg). + (n/2)Hg2+ - Mn+ + (x + n/2)HgO (I)

Consequently, the redox couple Mn+jM(Hg). deterroines the
potential of the mercury electrode until all amalgam has been
oxidized, when an abrupt change in the signal of potential VB.

time occurs.
Both PSA and VSA are restricted for all practical purposes

to relatively noble metals when carried out in aqueous solution.
However, metals forming more reactive amalgams can be
determined in nonaqueous media or, more usefully, in mix­
tures of certain nonaqueous solvents and water. PSA offers
significant advantages over VSA in media of that kind because
such factors as high solution resistivity and irreversible redox
couples present fewer problems. \Ve have therefore investi­
gated the possibility of achieving useful extensions of stripping
analysis methodology by applying PSA to the determination
of electropositive metals in optimized solvent mixtures.
Preliminary results have been reported befnre (2); we now
present more detailed information.

Historically. "chemical" stripping analysis (3) was a fore·
runner of PSA; such oxidants as Ce(lV), Fe(lll), and MnO,­
were determined by allowing their solutions to react with
known amounts of silver metal on a platinum electrode while
monitoring potential as a function of lime. Chronopoten­
tiometric stripping analysis (CPSA) also has features (4) in

common with PSA; some of these have been compared by
Buftle (5). There are nevertheless certain differences between
the principles of PSA and CPSA which will be discussed
elsewhere (6); we presE'nt here only our main conclusions.
Under conditions of forced convection and of sufficiently long
deposition time (td) and a sufficiently thin mercury film
(thickness l) so that td » [/3D., where D. is the diffusion
coefficient of the metal in mercury, eq 2-4 represent the
limiting stripping time or transition time (d, the transient
potential at time t (E,), and the transient potential at a time
equal to half the limiting stripping time (E.,,).

Here, D, 0, and C are the diffusion coefficient, the diffusion
layer thickness, and the bulk concentration of Mn+ or Hg2+,
as indicated, and E.o is the standard (reduction) potential of
the amalgam; if the convection rate is the same during de­
position and stripping, then the two diffusion layer thicknesses
are equal. It follows that Er/ 2 is more negative than the
polarographic half-wave potential by the second and third
terms of eq 4 and that T is directly proportioi1al to the bulk
concentration of Mn+ and inversely proportional to the bulk
concentration of Hg2+. Equations 2-4 therefore illustrate the
potential analytical utility of PSA.

EXPERIMENTAL SECTION
Chemicals. Acetonitrile, propylene carbonate, dimethyl

sulfoxide, ethanol, 2-propanol, and water were purified 8S de­
scribed before (i). Other solvents tested were reagent quality and
were used without further purification. Tetraethylammonium
perchlorate (TEAP) and tetrabutylammonium perchlorate
(TBAP) were prepared as described elsewhere (8); these salts
contained 1.5 and 2.7 ppm sodium ion, respectively. Mercury(II)
chloride (Boker analyzed reagent) contained 0.1 ppm sodium ion.
Lyophillized human blood serum (General Diagnostics, Versatol
acid-base normal) had the following composition: Na+ I 143.0;
K+, 4.7; Ca2+, 2.5; and Mg2+, 3.0 mM. Synthetic serum was
prepared by dissolving NaCI and KCl in water at concentrations

0003-2700/83/03SSo0120S01.S0/0 C 1982 American ChemIcal Society
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Table I. Features of Typical Calibration Plots for
Potentiometric Stripping Analysis of Alkali Metal Ions
(M +) in Various Solvents

a Conditions: ca. 10·' to 10-~ M Mel + 10-) M
HgCI, + 10-' M TEAP; Ed' -2.99 V vs. Ag'/Ag; td' 60 S.
b Units: s mM -I; represents the sensitivity of PSA.
C Correlation coefficient.

solvent Ma slope b T'

Me,SO Na 21.8 0.9999
K 23.3 0.9997
Rb 23.0 0.9962
Cs 21.4 0.9998

AN Na 11.0 0.9972
K 12.3 0.9939

EtOH Na 17.5 0.9983

0.120.080.04o

the same. The marked. differences in the reactivity of .....ater
in Me,sO and AN toward sodium amalgam are illustrated in
Figure I. In Me,sO, the limiting stripping time (T) decreases
little until ca. 8 mol % of wawr has been added, while in AN
T is smaller and actually increases until ca. 5 mol % of water
has been added lafter which T decreases rapidly). This curious
behavior in AN may be caused by the fact that AN itself ia
polymerized by sodium amalgam; such polymerization may
block deposition of sodium more effectively than the formation
of sodium hydroxide does. Under certain conditions, signif­
icant amounts of sodium hydroxide undoubtedly form in
Me:zSO as well, even at low water concentrations, because T

docR not remain directly proportional to td for large values
of t d andlor eN," We lherefore recommend that t d be op­
timized empirically for a given metal ion concentration and
water content; reasonable values of td for "pure" Me~O are
120 s for 10-< M Na' and 30 s for 10-3 M Na·. Nevertheless,
reproducibility of the limiting stripping time in a given
Me,sO-water mixture remains salisfactory (a - 0.08 s) up
to ca. 20 mol '70 water for Na', and 14, 12, and 4 mol % wawr
for K+, Rb+, and Cs+.

Typical results obtained for the alka1i metal ions in MezSO,
AN, and EtOH are listed in Table I.

We have devoted less attention to lhe PSA of lithium ion.
Stripping signals were obtained in a few solvents, including
EtOH, 2-PrOH, and DMF, but Dot in Me,sO. Stripping
signals .....ere more drawn out and had poorer sensitivity than
those obtained with the other alkali metal ions.

Resolution of stripping signals of mixtures of alkali metal
ions is generally modest; this is in agreement with the poor
resolution previously observed in polarographic half-wave
powntials (11). Nevertheless, sodium and potasaium iODs at
comparable CODceDtratiOns can be resolved in GBL and NMP;

Mole Fraclian of Waler
Figure 1. Tolerance 01 dimethyl sulloxkSe and acetonitrile to water In

~J)(:':·~~~o~tr~: ~~~~~";E~.9~1yt.::
Ag+/Ag; 'd' 120 s. Dashed 6nes show where hydrogen evotution
becomes visible to the unakied eye.

of 143.0 mM Na+ and 4.7 mM K+. Synthetic seawater was
prepared w contain (in units of mM) 478.6 NaCI, 10.7 KCl, 10.7
CaClr 2H,O, 54.7 MgClr6H,O, 1.9 X 10" CuSO.·5H,O, 3.2 X 10"
CdCI" 6.3 X 10" PbCl" and 6.3 X 10-' ZnCI,.

Instrumentation. PSA was performed with an IS8-820 ion
scanning unit (Radiometer, Copenhagen) interfaced with a
1.A-80 titration assembly. An electronic circuit similar to that
described by Jagner (9) was built for derivative PSA. The
three-electrode cell contained a planar glassy carbon electrode
(Radiometer Model F 35(0) with a geometric area of 0.05 cm2 as
working electrode, a 1·cm2 platinum foil as counterelectrode, and
an Ag/IO.Ol M AgClO, + 0.1 M TEAP in acewnitrile) reference
electrode (hereafter designated as Ag'1Ag) coupled w the ana1yte
solution through a 0.1 M TEAP salt bridge solution in the same
solvent as the 8nalyte; the two junctions were asbestos fibers.

Procedure. The glassy carbon working electrode was cleaned
before each set of experiments with a polishing grade of alumina
(0.3 pm particle size) and was then washed successively with 1
M nitric acid, water, and acetone. Analyte and plating solutions
were deaerated with ultrapure nitrogen presaturated with the
solvent in question. Deaeration was carried out in the absence
of the working electrode to avoid the deposition of gas bubbles
on the electrode surface. The working electrode was then inserted
and (lypically) mercury was plated from 10-3 M HgCI, + 10-1 M
TEAP for 4 min, after which the analyte solution was introduced
with a microsyringe and three to five deposition-stripping cycles
were carried out. Background corrections for the presence of
sodium ion in the supporting and stripping electrolytes were
applied.

RESULTS AND DISCUSSION
Potentiometric Stripping Analysis or Alkali Metal

Ions. We investigated the PSA of sodium ion in a wide range
of solvents, including methanol, ethanol (EIOH), 2-propanol
(2-PrOH), ethylene glycol, 1,2-dimethoxyethane (DME),
ethylenediamine, pyridine, acetone, acetonitrile (AN), ben­
zonitrile, dimethyl sulfoxide (Me,SO), dimethylformamide
(DMF), sulfolane, dimethyl carbonat<:, propylene carbonate
(PC), propylene oxide, -y-bulyrolacwne (GBL), dioxane, 1,3­
dioxolane IDL), and l-methyl-2-pyrrolidinone (NMP). This
Jist contains mostly aprotic soivents, several of which have
found commercial application in lithium batteries, bUI selected
protic solvents were also included for comparison. Best results
were obtained in DME, Me,sO, DMF, PC, GBL, DL, NMP,
and, surprisingly, EtOH and 2-PrOH. The remaining alkali
metal ions as well 8S the alkaline earth metal ions were also
tested in those solvents in which sodium ion gave good re­
sponse. Several stripping agents were tested; none of these
(oxygen, hydrogen peroxide, iodine, permanganate ion) had
an advantage over mercury(ll) ion.

The question of how much water can be tolerated in dif·
ferent solvents is of crucial importance. As would be expected,
the reactivity of residual water toward amalgams is lowest in
those solvents lhat are good hydrogen bond acceplors. We
have reported elsewhere (10) equilibrium constants for the
formation of the hydrogen bonded complexes HOH,,·S and
S···HOH..·S between solvents S and low concentrations of
(monomeric) water. Typical formation constants [(mole
fraction)" at 30 ·CI for the 1:1 complexes vary from 4.1 for
AN to 14.2 for DME, 43.4 for DMF, and 59.4 for Me,sO.
Stepwise formation constants for the 1:2 complexes vary less
with the solvent and typically fall belween 0.2 and 0.9 (mol
fraction(l. Distribution fractions calculated from these
formation constants show that, in such solvents as DMF or
MezS0 containing up to a few centimolar wawr (lypicallevels
in these solventa when they are purified by other than the m06t
rigorous procedures), little free water is preseDt and S,,·HO­
H·"S is the predominant wawr species. On the other hand,
in such solvents as AN, HOH,,·S is the predominant species
while considerable free wawr is also present. At higher wawr
concentrations the systems become more complex owing to
progressive polymerization of water, but the trends remain
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f9n 2. SIJ'WIng aIgIaIs 01 tunan blood senm n dmetl1yl sUfoxkle.
CondlUons: Successive njec1lon 01 lCl-IlL ellquots of serum into 20
ml. 0110'" M HgCl, + 10-' M lEAP; E,. -2.99 V YS. Ag+/Ag; I,. 80
a.
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~ -2.79
<[

:I
>! -2..39
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j;;

14.0

10.0
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'"'"
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Sltlpplng Time (sec)

o Human Blood Serum

o Synlhetic Serum

." Sodium Ion Only

However, signals were less sensitive. more drawn out, and less
reproducible than those observed with the alkali metal ions;
it is likely that these problems 82e caused by precipitation of
the hydroxides on the electrode surface. In Me,sO, the
stripping signal of Ca'+ is so much 1... sensitive than that of
Na+ or K+ that low concentrations of Ca2+ do not significantly
interfere in the PSA of alkali metal ions in 8uch samples as
blood serum (see below); this is, of course, a blessing in dis­
guise.

Potentiometric Stripping Analysis of Sodium Plus
Potassium Ions in Blood Serum and Synthetic Seawater.
In Figure 2, stripping signals are shown for different con­
centrations of human blood serum in Me,sO while, in Figure
3, limiting stripping times are compared for different con·
centrations of human blood serum, of synthetic serum con­
taining only sodium and potassium ions, and of sodium ion
only. Figure 3 shows that calcium and magnesium and other
metal ions, as well as proteins, in human blood serum do not
significantly interfere in the PSA of sodium and potassium
ions. (It is also evident that the sensitivity for the sodium­
potassium mixture is higher than that for sodium ion only at
the same concentration.) Analogous results were obtained with
synthetic seawater; stripping signals were essentially those
produced by sodium and potassium ions, with no measurable
interference from calcium and magnesium ions or from the
more noble metals which are present in much lower concen­
trations.

In conclusion, the fact that stripping analysis, whether PSA
or VSA, is a valuable complementary technique to spectro­
scopic methods for the determination of the more noble metals
has been well established (12). We have shown in this paper
that the scope of stripping analysis can be extended to some
of the more electropositive metals in a simple, practical
manner. We are investigating further the determination of
lithium and calcium ions and the resolution of sodium ion from
potassium ion.

Concenlration ImM)
f9n 3. Concentration dapel-.:e oIlm111ng aIJ'WIng _ of tunan
blood senm in dimethyl SlJIfoxkle: (0) human blood serum. C.... +
C.. = 147.7 mM; (0) aynthetlc serum. C .... + C.. = 147.7 mM;
(l» sodium ion only. C!l'. = 143.0 mM. CondItions: samples added
to 10'" M HgCI, + 10- M lEAP; E.. -2.99 V vs. Ag+/Ag; I,. 60 a.
ComllatJon coeltlclenta lor al IIvee llnas are equal to 0.9998.

wa 82e investigating the possibility of optimizing solvent
mixtures for this purpoee.

Potentiometric Stripping Analysis oC Alkaline Earth
Metallona. The PSA of the alkaline 882th metal ions is 1...
satisfactory than that of the alkali metal ions and was studied
in 1... deLsil. Nevertheless, stripping signals were obtained
Cor Ca'+, S"+' and Ba'+ ions, 88 well 88 Mg'+ ion, in EtOH,
and Cor Ca'+ ion also in Me,sO, DMF, GBL, and NMP.
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Flgur. 1. (a) Storane distributions In a crude 011 from Ihe WlIIston
Basin. Montana. using _e metastable Ion monItomg (SMIM); pert
b represents the C27H.... steranes whBe parts c and d show the C28Hoo
and Cn Hs2 steranes, respecttvety.

In order to increase the specificity of petroleum sterane
determinations, we used selective metastable ion monitoring
(SMlM) in the GCjMS analyses of e number of crude oil
aliphatic hydrocarbon fractions. MonitDring the spontaneous
(unimolecular) fragmentation of sterane parent ions occurring
in the first field-free region of a double focusing mass spec­
trometer (in which the electroetatic field precedes the magnetic
sectDr) allows for the discrimination of steran.. with disparate
molecular weights. The moot common steran.. (both regular
and rearranged) in petroleum have molecular weights of 372
amu (C"H..,), 386 amu (C,.H..,), and 400 amu (C.,H.,). The

Conventional GC/MS analylll 01 crude 0111 and sedimentary
rock extreeta for lIeral18l, In which the m/z 217 Iragrnenllon
is monnored, otten reveals a complex and Incompletely re­
solved structural and stereoisomeric mixture of e27, C21• and
C2t sleranes. Increased specificity can be achieved by
monitoring the lponteneoUi (unlmolecutar) fragmentation of
lIerane parent lonl occurring In the lIrll lIeld-lree region of
a double focusing rna... spectrometer. The sterane me'a­
liable parenllon tranoltlono, corresponding to 372+ - 217+,
386+ - 217+, and 400+ - 217+, can be separately ob­
6erved dwlng a lingle GC/MS run by ullng a programmable
power 6upply to vary the accelerating voltage while holding
the magnetic and eleelrollatlc fields at approprtate conllant
values.

Steroidal hydrocarbons are common constituents of crude
oils and ancient sedimentary rocks. Sterane distributions can
be used as indicators of petroleum source rock depositional
environments because the carbon atom skeleton of steranes
is a remnant of the biochemical precursor steroidal structure
(I). For example, e reletively greater abundance of C,.
steranes (e.g., stereoisomers of 24-ethylcholestane) over Cn
sternnes could suggest that the precursor organic matter
contained more land~derived biochemical compounds rather
than those derived from marine organisms since sterol dis­
tributions dominated by C29 components are characteristic
ofvescular land plants (I). Steranes are also useful parameters
in petroleum exploration as correlation and thermal maturity
indicat",. (2-4). With increasing tempereture, the biologieelly
derived 20R isomer of 5a(H),14a(H),17a(H)-steranes is isom·
erized tD the 20S configuration, which is not found in biological
systems (3-5). Oils and sedimentary rocks which heve ex­
perienced different degrees of thermal maturation can,
therefore, have correspondingly different 208 j20R sterane
ratios. In oil-oil and oil-source rock correlation studies,
sterane distributions are used to identify oils which share a
common source and thermal history (4).

Routine capillary gas chromatographic/mass spectrometric
(GCjMS) analysis of aliphatic hydrocarbon fractions of crude
oils or sedimentary rock extracts allows the monitoring of the
electron impact (El) mjl 217 fragment ion which is the base
peak in 14a(H)-sterene El mass spectra (6). Tbe resulting
mass fragmenlograms frequently reveal complex and incom­
pletely resolved structural and stereoisomeric mixtures of C",
C28 , and C29 steranes. Most problematic is the coelution of
rearranged C,. steranes (also known es diesteranes) with C,.
and C" normel steranes (3, 4). Thus, chrometDgraphic coe­
lution of sterane homologu.. places constraints on the accurate
measurement of geochemieelly signi!ieantsterane components.
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FIgIn 2. St"",nes In a sadlmant sampla (Coopllnly) extract lTom the
Paris Basin (3).

sterane metastable parent ion transitions (372+ - 217+. 386+
- 217+, and 400+ - 217+) are known to occur readily in the
fmt field-free region (7). Gallegoo (7) used metaatable ion
methods to measure the abundances of C." C28• and C,.
ateranes in a Green River shale extract. although only direct
insertion mass spectrometry (not GC/MS) wao used. Sepa­
ration of isomers was therefore not achieved. More recently,
Gaokell and Millington (8) and Finlay and Gaokell (9) used
selected metastable peak monitoring in quantitative GC/MS
to detect and meaoure dibydrotestosterone and testosterone
in buman blood plasma. In the present study, we have com­
bined the features of an abundant metastable sterane fragment
ion with high-resolution capillary gao chromatography to
greatly increase the specificity of petroleum sterane deter­

·minationa. In addition. the three different sterane parent ion
metastable transitions were monitored in a single GC/MS run
by using a programmable power supply to vary the acceler­
ating voltage, all under data system control.

EXPERIMENTAL SECTION

Aliphatic hydrocarbon fractions were obtained from pen·
tane-deaapbalted crude oil samples (subeequent to light end
evaporation) which were subjected to combined alumina/silica
column liquid chromatograpby. Also. a cyclic/branched aliphatic
hydrocarbon (raction from a sediment extract of a 88D1ple
(Coupvray) from the Paris Basin (3) was examined. The aliphatic
bydrocarbon fractions were then analyzed with a Kratoo
MS25/DS55 GC/MS system equipped with metastable ion
monitoring faeiliti... The GC was a Carlo Erba 4160 fitted with

SUM Of ~'LTASrAllU: TKA...-smos!;

.172'-U"
3llIl'-_217
400'-21·

FIgIn 3. A compar1son of st...ana dlstrlbutIons derlved Irom saleeted
Ion mooltoring (SIM) of the mlz 217 Ion at 3000 resolution and SMIM
from another crude oi from the WIWston Basin.

a Groh type split/splitleos injector (at 270 'C) and a 200m fused
silica capUiary column coated with OV-l (methylsilicone).
Analyses were performed in the split mode (25:1). The GC column
oven temperature program was the following: 60 °C to 100 °C
at 35 °C/min and then to 230°C at 10 °C/min, subsequently
ramping to 280 °C at 2 °C/min. The He flow rate through the
GC column was about 1 mL/min made up to 30 mLJmin prior
to entering the GC/MS interface which consisted of a jet ..parstor
held at 250 °C. Mass spectrometer parameters used were the
following: source temperature = 220°C; electron beam current
=100 .A; and electron voltage =60 eV.

The three metastable parent ion transitions monitored were
372.3756+ - 217.1956+, 386.3913+ - 217.1956+. and 400.4069+
- 217.1956+ which correspond to C"H", C28H... and c,.H"
sterane isomers, respectively. By use of an authentic cholestane
standard in the direct insertion probe, the m/z 217 ion waslocsted
by adjusting the magnet setting. The electrostatic voltage (El
and acceleration voltage (V) supplies were unlinked, and the E
reference voltage was supplied by the internal reference of the
mass spectrometer. The V reference was supplied by 8 binary
programmable power supply driven by DS55 software. lncreaoing
the accelerating voltage from 2 kV to 3.429 kV allowed the
transition 372+ - 217+ occurring in the first field· free region to
be locsted at the collector (10). SiroiJarly, increaoing V to 3.558
kV and 3.687 kV allowed the transitions 386+ - 217+ and 400+
- 217+ to be locsted. respectively. The data system. DS55. was
programmed to switch to each of these ,"oltages repetitively during
the GC/MS run and record the signal obtained. The dwell time
on each transition was 150 rna; 8 sweep of::l::5O ppm was applied
to the V reference supply to eIlBUle collection of peak top data.
Data from the MS25 were acquired through a 2OQ-kHz prepro­
cessor interface operating at a samplinlt rate of 100 .... The MS25
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FIgln 4. S1eranes na nondogaded CoIorrilIan auda 01 uUlg SMIM. FIgln S. Starane distributions In a biodelJ'adod Coicln.-n auda 01
using SMIM.

resolution was set to 600 (10% valley) for the SMIM experiments.
Conventional single ion monitoring (SIM) experiments were also
performed on the hydrocarbon fractions at 3000 resolution using
standard DS55 SIM software in order to compare the resulting
sterane distributions to those obtained. during SMIM experiments.
The m/z 2l7.1956 ion was monitored along with two other masses
in order to simulate the same conditions as in SMIM.

RESULTS AND DISCUSSION

Figure 1 shows the metastable ion sterane distributions in
a crude oil aliphatic hydrocarbon fraction from the Williston
Basin in Montana. In this figure, b represents the 372+ ­
217+ (Cn steranes) transit.ion while c and d show the 386+ ­
217+ (C,. steranes) and 400+ - 217+ (C,. steranes) transit.ions,
respectively. The top portion of each figure, a, is simply the
computer summation of b, c, and d normalized to the most
ahundant component. Prior to 8M1M, only the c,. steranes
(i.e., the stereoisomers of 24-ethy1cholestane) could be used
for thermal maturation determinations (e.g., 205/20R) with
any degree of confidence because the en and C,. stereoisomers
usually ooelute with C,. diasteranes (3, 4). Also, in a number
of samples an unknown component, which is not a regular C29
sterane, coelutes on OV-1 with the 205 isomer of 24-ethyl­
cholestane (11). Hence, using 8MIM, both en and c,. sterane
ratios can be more precisely determined, as well as C29 ratios.
In addition, the Cn isomers can be quantitatively compared
to the c,. and c,. homologues by separately summing the total
ion currents in b, c, and d, respectively. In this manner, the
relative abundance of Bterane homologues can be used for
determining source rock depositional environments.

Figure 2 illustrates the 8MIM sterane distributions from
a hydrocarbon extract of a sediment. sample (Coupvray) at
2100 m from the Paris Basin. The nominal mlz 217 mass
fragrnentograrn and resulting sterane distribution of this same
extract sample have been elucidated by Mackenzie et al. (3).
Comparison with the sum of the metastable parent ion
transitions shown in Figure 2a and the Mackenzie et al_ (3)
81M distribution indicate a close correlation suggesting that
8MIM is comparable to 81M in respect to relative abundances
of various sterane components. However, in the SMIM
technique the individual sterane homologue distributions are
much more clearly defmed (Figure 2b-d). Figure 3 is a com­
parison between medium resolution 81M of the mlz 217 ion
and 8MIM of another crude oil from the Williston Basin.
Again, the two traces are very similar.

The two oils shown in Figures 4 and 5 are from Colombia,
South America. Both have the same origin (12), except that
one oil (Figure 5) was subsequently severely biodegraded by
bacteria in the reservoir (after generation and perhaps mi­
gration) while the other oil (Figure 4) has not been significantly
altered. It has been reported (13) that the diasteranes are
relatively more resistant to severe biodegradation than the
regular steranes. On comparison of Figures 4 and 5, it can
be seen that the Colombia oil diasteranes have survived bio­
degradation more effectively than the regular steranes.
(Diasteranes elute prior to regular steranes of the same mo­
lecular weight as indicated in Figures 4 and 5.) Also, the
distributions of specific sterane homologues (Le., aither en,
C28. or C29), whether regular or rearranged steranes, are 8P-
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parent from b, c, and d in these figures.
Figure 6 is a comparison oftbe conventional S1M mlz 217

trace (3000 nlSOlutiOD) witb the metaatable iOD transitiOD 372+
- 217+ trace of 100 pg of a cholestane standard (60 pg of
5{3(H). and 60 pg of 5a(H)·cholestane). It is clear ihat SMIM
is more sensitive to sterane detection than medium resolution
SIM.
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The 8xlal dlftualon term and the mass transfer terma of the
band broadening equation tor IIquJd chromatography are de­
rlyed from the random wal< model. The reaullll, whDe simple
to derlYe, are very slmIIar to the more complex m.... balance
model, and In certain term. glye greater Inalght Into the
phyalcal proc8888. under consideration. The flow dlsperalon
term Is experimentally determined. Equation. In the torm 01
the yan Deemter equation and the Knox equation are ,"ted
to the experlmental data aller the ellec1 01 extracolumn band
broadening Is removed. Wllh known theoretical term. tor
axial dlffu.lon and ma.. tranB1er, the solute diffusion coelll­
clent In the pore I. obtained under the a88Ul11ptlon of fast
kinetics. It I. tound that an equation In the form of the van
Deemter equation glye. more phy.lcally meaningful reaull.
than an equation In the torm ot the Knox equation. For the
&maD solutes studied, the diffusion coefficient. within the po­
roUB .tatlonary phase Increase with Increaalng molecular
weight.

When chromatographic conditions are controlled so that
the solute distribution isotherm is linear, there are five pro­
cesses which tend to separate a migrating solute molecule from
its neighbors to cause band broadening: (1) axial molecular
diffusion. (2) flow dispersion in the packed bed, (3) mass
transfer between mobile zone and stationary zone, (4) mass
transfer between mobile phase and stationary phase (or ki·
netics), (5) e.tracolumn band broadening.

Before one can properly discuss all the dynamic processes
of chromatography, it is necessary to discuss the environment
of the packing. The environment, as illustrated in Figure 1,
includes stationary phase, support phase, and mobile phase.
The mobile phase can be further divided into 5tagnant mobile
phase which is in the interstices of the column packing.
Flowing mobile phase i5 the mobile zone. The 5Upport phase,
the stationary phase, and the stagnant mobile phase compose
the stationary zone.

During the advances in band spreading theories, several
theoretical models of band 5preading have been used to derive
the plate height equation (1). They are the plate model, the
random walk model, nonequilibrium theory, and the mass
balance model. According to Giddings the plate model has
been "entirely inadequate for the current burdens of theo­
retical use" (2). The other three models have remained very
useful in understanding the processe5 of band 5preading in
chromatography. Among these three models, the random walk
model provides an approach which gives little mathematical
difficulty as well a5 pre5enting an easily understood, micro­
sopic picture of chromatographic processes.

Figure 2 illustrates the microacopic point of view of the band
broadening processes in the column. Figure 2a ilIusuates the
dispersion due to axial diffusion. Two neighboring solute
molecules are separated from each other because of diffusion.
The diffusion can occur outside the pores as well .. inaide the

stagnant mobile phase

F5gur. 1. The envlronment of the packing in the ooumn.

pores. Figure 2b illustrates the dispersion due to flow dis­
persion. Two neighboring solute molecules are separated by
the tortuous nature of the flow coupled with diffusion. Figure
2c illustrates the dispersion due to the mass uansfer between
mobile and stationary zones. The neighboring solute molecules
are separated because the one which transfers into the sta­
tionary zone tends to stay in the 5tagnant mobile phase and
stationary phase while the other solute molecule in the mobila
zone moves ahead. Figure 2d illustrates the dispersion due
mass transfer between mobile phase and stationary phase.
Two neighboring solute molecules in the pore are separated
be<'ause one transfers into the 5tatiOnary phase while the other
molecule diffuse5 out of the pore and moves ahead. Each of
these processes is random in nature and independent of the
others. The random walk model may be used to calculate the
variance of each of these independent. random processes. In
the random walk model one must compute the average length
of a step in the process. For any of the processes illustrated
in Figure 2 this is the average of the separation distance
between the two solute molecules under scrutiny. The number
of 5teps the molecules take is determined by knowing the time
a solute molecule takes to traverse a certain distance. The
specific details are left to the next 5ection. Finally, knowing
the number of 5tepS, n, and the length of each 5tep, I, one can
immediately determine the variance of the process, since q2
~ rn. Since the processes are stochastically independent their
variances add directly to obtain an overall peak variance, from
which the height equivalent to a theoretical plate (H) may
be obtained, 5ince H is just the variance (in units of length')
divided by the column length. In this paper, the random walk
model will be u5ed to discuss band broadening processes of
diffusion and mass uansfer in liquid chromatography. Due
to the exuemely complicated processes of flow dispersion and
the resulting differences in the various theoretical derivations
of band spreading due to this process, experiments were
performed to clarify this term. The fmal plate height equation
will be compared to the re5ults of Horvath and Lin (3) and
Knox (4).

THEORY

Wben the 50lute flOW5 through the column, it wm 5pend

0003-2700/83/0355--0127$01.50/0 e 1982 AmMican ChemIcal Society
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axial diffusion flow dispersion

kineticsmass transler
between

mobile and stationary zone

Figure 2. Mk:foscoplc view of band broadening processes: (a) axial diffusion. (b) flow dispersion, (c) dispersion due to mass transfer between
mobUe zone and stationary zone. (d) dlspers50n due to kinetics. In each case intualty adjacent solute molecules are separated by a distance due
to their taklng different "steps".

where D,df is the effective diffusion coefficient of the solute
in the stetionary phase, D~off is the effective diffusion coef­
ficient of the solute in the stegnant mobile phase. and D'm'"
is the effective diffusion coefficient of the solute in the in­
terstitial flowing mobile phase.

Since stagnant mobile zone and flowing mobile zone are
actu&1ly the same phase, the ratio t~/t'm must be equal to
the ratio of the volume in the pores to the volume outside the
particles

some of the time in the flowing mobile phase, some of the time
in the stagnant mobile phase and some of the time in or on
the stationary phase. Thus, the total retention time tR is
expressed as 8 sum of times

tR = t, + t,m + t'm (I)

where t. is the time the solute stays in the stationary phase,
t~ is the time the solute steys in the stagnant mobile phase.
and lfa> is the time the solute steys in the flowing mobile phase.
For unretained solutes the retention time to is

(7)

(6)

<,; V,IV,

where fop is the pore porosity, f:r. is the interpartical porosity,
and

where II is reduced velocity which is defined as

" = J.l.d.1Dm (10)

where L is the column length and d. is the particle diameter.

D,merr Ep Dtmerr D,etf t.
2--n:-4 + n:: + D:::t;:

h(uial ditfution) = (9)

where Vp is the toial volume in the pores, V:r. is th~ total
volume outside the particles, and Vii: is the total volume of
the empty column.

The reduced plate height h is defined by

h ; ut'ldpL (8)

and Iol, is the interstitial linear velocity

J.l. = Litem (11)

where Dm is the diffusion coefficient of the sclute in the bulk
solvent.

Mass Transfer between Mobile Zone and Stationary
Zone. The mass transfer term of the plate height equation
has been derived by Lbe random walk model. nonequilibrium
theory. and the mass balance model (1). It will be shown that
our derivation of this term by using the random walk model
not only provides the simplest calculation but also gives
considerable insight concerning Lbe band broadening by this
effect.

The phase capacity factor k' is the ratio of Lbe tim.. a solute
steys in the stetionary phase and the mobile phase

(2)

(5)

Axial Molecular Diffusion. The variance of Lbe con­
centration distribution due to axial molecular diffusion can
be obtained directly from the Einstein equation

Ut' (axial diffusion) = W'''t (3)

where [)'" is the effective diffusion coefficient of the solute
within the column and t is the time of solute residence in the
column. The total axial diffusion has contributions from the
axial diffusion in the stetionary phase. the axial diffusion in
the stegnant mobile phase, and Lbe axial diffusion in Lbe
flowing mobile phase. Therefore

ut'(axial diffusion) = 2(D,'''t, + Dom'''t,m + D'm'''t",,)
(4)
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(23)

(22)
t,,=!!..= __t_,_
• m L/Pet rm"

Equations 2, 5, 11, and 22 yield

I," = k(Z+ 1}Im" = k( 1 + ~}~"(13)

(12)
h' = tn - to = __1_,_

to t fm + t.m

The zone capacity factor k", however, is the ratio of the times
a solute stays in the stationary zone and the mobile zone.

h" = t R - t fm = t. + t.m

t fm tim

\Vhen a solute molecule stays in the stationary zone, it
spends some of its time in the stationary phase and some of
its time in the stagnant mobile phase. Therefore

where 1/{1 + h'? is the fraction of solu~ in the mobile zone.
Then the variance due tQ mass transfer between zones, u21..mu
can be expressed by

k'll kIf
u2 = Pn = 2L ---p t "= 2L ---IJ t "

L,m" (1+ k'1' ,1m (1+ k'1' 'u

(16)

(28)
2L

n=-:-----
IJ/t."f'l/(fp + fJ

and the distance that the zone spreads relative to its center
in each step is

k"=~+k'+~k' (26)
(1 (1I:

Mass Transfer between Mobile Phase and Stationary
Phase. The dispersion from mass transfer between mobile
phase and stationary phase arises because solutes adsorbed
onto the stationary phase at any instant fall behind their
neighbors which diffuse out of the pore and move ahead. Since
this term is determined by the adsorption and desorption rate
between stationary pbase and mobile phase, it is also called
the kinetics term.

Let t." be the average residence time of a solute molecule
in the mobile phase in one step of a random walk and let tl'
be the average residence time of a solute molecule in the
stationary phase in one step of 8 random walk. The solute
in the mobile phase will spend some of its time in the stagnant
mobile phase and some of its time in the flowing mobile phase.
As discussed before, the ratio of the residence times for a solute
in flowing mobile phase to stagnant mobile phase will depend
on the ratio of the volwne outside the particles tQ the volume
within the pores. Therefore, ihe average residence time of
a solute in the flowing mobile phase will be t." <,f(,. + oJ.
Again, the number of adsorptions should be equal to the
number of desorptions, Then the total number of random
walk steps, n, becomes

From eq 12 and 13 one can find h" in terms of h'

I = P t "-'-'- - _1_",Po t ,,-"- (29)
e I f p + (1 1 + k •• Ep + fs

where 1/(1 + k? is the fraction of the solute molecules in the
mobile phase. Then the variance due to mass transfer between
phases, u1L.mlP' is

q' = I'n =2L-_
k_"-1t t "-'-'- (30).....1. (1 + k l' •• 'p + "

Since

Then eq 26 becomes

1 (',f ,.)k ", Dm

h m" = 30 (1 + k'1' D,m'''v (27)

From eq 21 and 24 one obtains

2k" It,d. 1 Dm ( ( "))h =-------- l+k 1+-
m" (1 + k'1' Dm 302D~.rr '.

(25)

Therefore

2k" It,( 1 do' ( ") )h = ---- --- + k 1 + - t "
m" (1 + k'1'd. 302D~'" '. ~

(24)

(21)

(18)

(20)

(17)

(15)

(14)

d'
t,m" , p=q wlmeff

For spherical particles (5), q' = 1/30

1 do'
t "=--­

30 w.meff

The time the solute stays in the stationary phase in one step
is

Where tfm" is the average time which a solute stays in the
mobile zone within one step of the random walk and tu." is
the average time that the solute stays in the stationary zone
within one random walk step. Then the total number of
adsorption steps (and the total number of desorption steps)
is L/pet fm" so the total number of random walk steps is
2L/p,lton". The distance that the zone spreads relative to its
center for each step is

By the random walk model, each step which transfers the
solute from the mobile zone to the stationary zone must be
followed by a step which transfers the solute from the sta­
tionary zone back to the mobile zone. Then the total number
of adsorption steps, m, must equal the total number of de­
sorption steps. Hence

k" = (in - tfm)/m = t.z"
tfm/m t fm"

where t,m" is the average time a solute stays in the stagnant
mobile phase within one random walk step and t," is the
average lime a solute stays in the stationary phase. Since tam"
is the average time for the solute molecule to escape from the
stagnant mobile phase, one can use the Einstein equation

t~" = iPfW,m'll (19)

where at is the mean square distance which a molecule must
diffuse in order to emerge from a particle of packing. For
particles of a given geometrical type, az will be proportional
to d.', thus

Thus, the reduced plate height is equal to

2k" lJe

hmu = (l + k '~2 J;,tu"
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Table I. Retention Time and Reduced Plate Height for Column 1

methyl ethyl propyl
p·hydroxybenzoate p-hydroxybcnzoate p·hydroxybenzoate

Flow Ralo 0.0485 mL/s
fa" 132.77 , 1.45 182.20, 2.67 277.15,1.07
h"" " 18.62,0.14' 16.37,0.17 14.59, 0.18

Flow Rate 0.0333 mL/s
fa 196.6' 1.1 273.8, 2.35 427.2, 5.7
II tot 14.13, 1.07 13.45, 0.74 12.04 , 0.48

Flow Rate 0.0252 mL/s
fa 255.9, 1.2 352.6, 1.5 545.4 , 2.2
hwt 13.72, 0.22' 12.66,0,017 11.351 0.42

Flow Rate 0.0168 mL/s
fa 392.2 1 0.7 549.11 1.6 862.9, 3.5
II tot 10.221 0.01 9.261 0.16 8.21 , 0.23

Flow Rate 0.0119 mL/s
fa 552.7,4.0 772.7,6.1 1211, 13.5
h"" 8.91 , 0.06' 7.68, 0.09' 6.89, 0.30

Flow Rate 0.00491 mL/s
fa 1315, 1 1842.6, 5 2905.4 1 9
h"" 6.45, 0.02' 5.71 ,0.12 5.20, 0.08'

n·butyJ
p-hydroxybenzoate

733.1 , 7.8
10.55,0.02

917.3 , 5.5
9.98, 1.04

1479.7,6,0
7,90, 0.73

2075, 28.4
6.37,0.18

4966, 28.8
4.76 , 0.67

o X ~ o. x is the average value of three measuremenls, except where indicated (*) which is the average value of two runs.
a is the standard deviation. The units of tR arc seconds.

Table II. Intercept of Peak Variance V8. Retention
Volume (or Column 1

Ox 1 o. a is the standard deviation of linear fit for
intercept.

EXPERIMENTAL SECTION

Groh and Halasz point out (9) all the more sophisticated
attempts to describe flow dispersion resemble the coupling
term of Giddings. Giddings himself has written: "The cou­
pling expression is simply an approximation to a very complex
interaction between diffusion and convection. The process
has been formulated rigorously, but the boundary conditions
for real granular beds 8rc so complex, that meaningful solu­
tions have not yet been obtained" (lO). There are two com­
monly used equations to fit the experimental plate height data.
One is the van Deemter equation (11, 12) in which the flow
dispersion term is a constant A. The other is the Knox
equation (13, 14) in which the flow dispersion term is A.,o·33.
The Knox equation has been accepted by many workers,
however, recently Reese and Scott (11) found that their ex­
perimental data fit the van Deemter equation extremely well
when extracolumn dispersion was well controlled. They
speculated that the previous work on HETP curves which
required expressions which used power or exponential func­
tions of linear velocity for some terms are due to the extra­
column dispersion effects. They point out the data they
obtained were probably for the first time "under the condition
where extracolumn dispersion was measured and was known
to have been made insignificant". Furthermore, very recently
Groh and Halasz (9) measured the band broadening in size
exclusion chromatography. From measuring the band
broadening in the intenltitiaJ volume, they found the exponent
n of Av" lies between 0.09 and 0.15 and is therefore more than
a factor of 2 less than the value 0.33 proposed by Knox.

It was felt that the most satisfactory course would be to
determine the flow dependence of the flow dispersion term
experimentally.

Apparatul. A Waters Associatee (Milford, MA) M-45 solvent
delivery system was used with a Valco sample valve and a IQ-,.L
sample loop. The chromatograms were monitored by a Gilson
<Middleton. wn Model HM variable wavelength UV deloctcr with
an S-I'L dead volume detector cell. The Spberisorb 1O-I'M ODS
column with 25 em X 5.0 mm i.d. dimension was obtained from
HPLC Technology (Lomita, CAl. Two columns were employed.
called column 1 and column 2. For column 1 data were obtained
at six flow rates for four compounds in triplicate. For column
2, data were obtained for the same (our compounds at 17 flow

(31)

(32)

1.000
0.9995
0.9995
1.000
1.000
0.9999

linear
corr eocrrO\tot intercept, 52

3.367 1 0.097"
9.95, 2,54

15.71,3.91
16.58, 1.44
35.3 , 3.81

152.9, 26.9

now rate,
mL/s

0.0485
0.0333
0.0252
0.0168
0,0119
0.00491

I. 1./(n/2) Il'
k'=-=---=-

10 10/(n/2) I."

then the reduced plate height become.

h = GL

2

= ~-'-'-~t"
mlo d"L (1+ k?"o + .,do •

The average time a solute stays in the stationary phase is the
mean desorption time of the absorbed molecule. Therefore

Ii' = l/k. (33)

where kd is desorption rate constant. From eq 32 and 33

h = 2k'Dm '. v (34)
mlp (l + k?2d.'k. ('0 + <,)

Flow Dispersion. Flow dispersion is an extremely com­
plicated process, Giddings' coupling theory (5) was the first
attempt to describe this process. According to that theory,
/low dispersion is the result of the coupling of the /low and
diffusion in packed beds. According to Klinkenberg (6) the
form of the flow dispersion term depends upon many struc­
tural parameters of the column and packing. Huber et aJ. (7)
introduced a term to consider the coupling of convective and

• diffusional mixing in the mobile phase. Recently, Horvath
and Lin (8) modified the classical eddy diffusion concept,t....uming that there is a stagnant/luid space in the interstices

~ of the column packing, to derive the /low dispersion term. AIl
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Table Ill. Reduced Plate Height of Extracolumn Band Broadening for Column 1

hext

now rate,
roLls

0.0485
0.0333
0.0252
0.0168
0.0119
0.00491

methyl
p-hydroxybenzoate

4.8,0.1 "
5.79, 1.48
5.81 , 1.50
2.70, 0.23
2.92, 0.32
2.21 , 0.39

elhyl
p-hydroxybenzoatc

2.54 , 0.07
4.32, 1.1 0
3.05' 0.79
1.38,0.12
1.49, 0.16
1.13,0.20

propyl
p-hydro"ybenzoate

1.07 , 0.03
1.37, 0.35
1.28, 0.33
0.559 , 0.068
0.620, 0.065
0.453, 0.080

n-bulyl
p·hydroxybenzoate

0.46,0.12
0.45,0.12
0.190, 0.017
0.205, 0.022
0.154,0.027

U Same as Table I, footnote a.

Table IV. Reduced Plate Heigllt of Column Band Broadening for Column 1

heal

flow rate, methyl elhyl propyl n-butyl
roLls p-hydroxybenzoatc p-hydroxybenzoate p-hydroxybenzoate p-hydroxybenzoate

0.0485 13.8,0.17" 13.83,0.18 13.52,0.18
0.0333 8.34 , 1.83 10.13, 1.33 10.68, 0.59 10.09, 0.12
0.0252 7.91' 1.52 9.61 , 0.92 10.07, 0.53 9.53, 1.05
0.0168 7.52,0.23 7.88, 0.20 7.65, 0.23 7.71 , 0.73
0.0119 5.99, 0.33 6.18,0.18 6.28, 0.31 6.17,0.18
0.00·191 4.24 , 0.39 4.58, 0.23 4.75, 0.11 4.60, 0.67

a Same as Table I, footnote a.

the method described by Kutner et al. (16). The variance of
the peaks a\"1a1 and the square of the retention volume YR'
are input into a linear least-squares fit program. The intercept
(a\..... at YR' = 0) of .., ..... and linear correlation coefficient
at different flow rates are shown in Table II. As presented
in Table II, the linearity of the data at each flow rate is
extremely good. The variance of the extracolumn hand
broadening, ........ is the intercept of .., ..... Then the reduced
plate height of extracolumn band broadening can be calculated
by the equation

h... = (....,,/tR·)(L/d.l (35)

After h." was subtracted from h..... the reduced plate height
of column band broadening, hool• can be obtained. h.., and
hrol are presented in Table III and Table IV. Although we
tried to minimize the volume of connecting tubes and used
an 8-IlL volume detector cell. as shown from Table III and
Table IV, hut cannot be neglected compared with h"". It is
especially true for short retention time compounds like methyl
p-hydroxybenzoate. We also observed that the trend of"­
was decreasing with increasing retention time (Table n.
However, after removing the extracolumn band broadening,
there is less variation in hc:ol among the various compounds
at the same flow rate (Table IV).

Before the equations are fit to h"". both equations are
rewritten in the form of reduced plate height as a function
of linear velocity. The reason for rewriting both equations
in terms of It, is that one can avoid using the inaccurate
estimation of the diffusion coefficient Dm in order to calculate
the reduced velocity v.

The forms used for the equations are expressed as follows

van Deemter form

rates in duplicate. The two columns had consecutive serial
numbers.

Reagents. The methanol was supplied by MCS Manufacturing
Chemists Inc. (Cincinnati, OH), tartrazine, methyl p-hydroxy­
benwate, ethyl p-hydroxybenwate, and propyl p-hydroxybenwate
were from Aldrich Chemical Co., Inc. (Milwaukee, WI), n-butyl
p-hydroxybenwate was from Sigma Chemical Co. (St Louis, MO).
Potassium nilIate was from J. T. Baker Chemical Co. (Pittsbwgh.
PAl. Poly(styrenesulfonate) was from Scientific Polymer Prod­
ucts. Inc. (Ontario. NY).

Data Acquisition System. The chromatographic data were
converted into digital form and stored in an LSI· 11 microoomputer
and then transferred to a DEC·lO. The data corresponding to
each peak were fit by the Cram-ehesler eight-parameter equation
(I5). Then this equation was numerically integrated by using
Gauss-Legendre polynomials to obtain the retention time and
variance of the peaks.

Chromatographic Conditions. The solvent was a mixture
of 550/0 methanol and 45% water (volume ratio). The flow rate
was calibrated by buret and stopwatch. The temperature was
22°C. The solutes were detected by absorbance at 254 nm.

RESULTS AND DISCUSSION

The A Term. For detennination of whether the empirical
flow dispersion tenn is near constant. A. as proposed by Scott
and Halasz or is AP as proposed by Knox. the total reduced
plate height. hw.. was determined at different linear velocities
and the plate height of extracolumn band broadening. hut,
was detennined by the method recently described by Kutner
et al. (16). After h... was subtracted from hlOt ' the reduced
plate height of the column hool• was fitted to equations of the
Knox form and of the van Deemter form. In order to de­
termine which fit was better. we compared the C (maas
transfer) values of both fits with the theoretical term.

The retention time and the reduced plate height of methyl
p·hydroxybenzoate, ethyl p-hydroxyhenzoate. propyl p­
hydroxybenzoate. and n-butyl p-hydroxybenzoate at different
flow rates are presented in Table I. The average relative
standard deviation of the retention time is less than 1% and
the average relative standard deviation of the reduced plate
height is about 3.3%.

The extracolumn band broadening was evaluated by using

Knox form

B'
H = - + A'+ C'Il.

Il,

h = ~ + Avo.33 + Cv
v

(36)

(37)
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Table V. A" and C' Co< Equatloo 38 and Equation 39
Fit Co< Column 1

A"g C .. -

methyl eq 39 7.59, 2.70 9.83,4.19
p-hydroxy- eq 38 3.20, 0.85 15.4 t 2.37
benzoale

ethyl eq 39 8.96, 0.99 9.32 , 1.84
p-hydroxy· eq 38 3.69, 0.44 16.16 t 1.23
benzoate

propyl eq 39 9.50, 0.81 8.60, 1.50
p-hydroxy- eq 38 3.89, 0.44 15.92, 1.22
benzoate

n·butyl eq 39 9.66, 1.06 6.98, 2.37
p-hydroxy- eq 38 3.62, 0.58 16.04 , 2.10
benzoate

a The units of A" for eq 39 arc (cm/s)-o.u and for ('q 38
it is unitless. b '1 he units of C" are (cm/s)-'.

The B value is about 1.6 to 2.0 for porous materials (J 7).
D. can be calculated from the Wilke-Chang equation. From
the estimation of B, Dml and d we set the value of B" to be
0.01. It is noteworthy that under our chromatographic con­
ditions the B"/I'. term only contributes about 4% of the
reduced plate height of the column even at the slowest now
rate. We used B = 2.088 an estimate. This value may be

h == ~ + A"lle°.33 + C'$Je (39)
1'.

where

8' Dm
(40)B"= - =B-

dp dp

C"= ~ =C
dp

(41)
dp Dm

A"= A'foreq 38 (42)

(d y~A" =A D: for eq 39 (43)

Both equations can be rewritten in the following way:

van Deemter form

h=~+A"+C"I'.
1'.

Knox form

(38)

FIgon 3. Tho fit 01 oq 38 for h", vs. Ilo for n-llutyt p-llyO-oxybonzoote.
We empk)y ll. rather than reduced veJocfty SO that the potenU8.lty
inacante estilnation ot Om (from WiIk&-Chang) does not enter into
the calculalJons.

wrong by up w 50% of that value. thus the error in h due w
an incorrect estimate of B may be as high as 2% of h.
Therefore. any inaccuracy in the estimation of B will not have
s significant effect on our results.

The A" and e" obtained from fitting hcol from column 1
inw eq 38 and fitting h"" into eq 39 are presented in Table
V. Figure 3 illustrates the h VB. 1'. dependence for column
2. It is shown that both equations do not fit very well for
methyl p-hydroxybenzoate. The reason for this is that the
band broadening of methyl p-hydroxybenzoate is most sig­
nificantly affected by extracolumn band broadening. Thus,
the least accurate hcol were obtained for this compound. It
is also shown in Table IV that the relative standard deviation
of h"" for methyl p-hydroxybenzoate is up w 20% at some
flow rates. For the other three compounds. both equations
explain the data well. However, the values of e" obtained
(rom the two equations are significantly differenL

In order w determine which equation gives more meaningful
results, one can compare the experimental C"with the the-.
oretical prediction of that term. In the work presented here

C"=

(
I (••/.,,)k'~ Dm 2k'Dm ..) dp

30 (I + k'?' D_off + (I + k?'d;kd ('p +.J Dm

(44)

From the conclusions drawn from temperature studies in
reversed-phase HPLC by Colin et al. (I8), the contribution
of mass transfer between mobile phase and stationary phase
to the reduced plate height is probably much smaller than the
contribution of mass transfer between mobile zone and ala·

Table VI. O i>iffuJion Coefficient Comparilon for Columna 1 and 2

lO'Dml lO·Drm
dt , cm 2 /s DmIDm>ettc

emlls Knox form van Deemter form Knox form van Deemter form
(Wilke-

Chsng)- colI col 2 call col 2 call col 2 coli col 2

ethyl 5.12, 0.51 4.1,0.9 4.3. 0.6 2.4, 0.3 2.6,0.3 1.2,0.3 1.2,0.2 2.1 , 0.3 2.0, 0.3
p-hydroxy-
benzoate

propyl 4.79, 0.48 5.2, 1.0 5.4 , 0.6 2.8, 0.4 3.0, 0.3 0.92, 0.20 0.89. 0.13 1.7,0_3 1.6 t 0.2
p-hydroxy-
benzoate

n-butyl- 4_50, 0.45 7.3,2.6 6.0, 0.8 3.1.0.5 3.6,0.4 0.61 , 0.22 0.75,0.12 1.5 , 0.3 1.3 t 0.2
p·hydroxy-
benzoate

o 'I1le standard deviation of d p is 10%. b The standard deviation of Dm calculated by the Wilke-Chang equation is 10%.
':'Ibe indicated errol'1l take into account the error (rom d p and Dm (each 10%).
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(46)

(45)

D .~ = ~ (,,/,.)k'" :2
om 30 (I + k'?' e"

k" can be calculaW<! from eq 13. I'm is determined by
measuring the retention time of poly(styrenesulfonate) (Mr
6 x 106). (l/(P can be calculated from eq 6 where tim = to ­
t'm' to is obtained from the retention time ofpotasaium nitrate
in the phosphate buffer (19).

The D_~ values obLained from eq 46 are preeented in Table
VI for columns 1 and 2. The calculations for methyl p­
benzoate were neglected because good fits for either equation
were not obtained. As shown in Table VI. the D_~ values
are compared with Dm calculaW<! by Wilke--Chang. The ex·
pecW<! value for DmlD_~ is about 2.0-2.5. It is seen that
the Dimtrr values from eq 38 fall in the expected region. The
DIm·n values from eq 39 are too large compared to Dra. It is
important to check the assumption of rapid kinetics. Suppose
the second term in eq 44 is not negligible. This will make D_~
become a larger value than we have calculated. Then the D_~
from eq 40 would be even farther away from the reasonable
values. So in either case it can be concluded that the data
ohteined from eq 38 give more meaningful results.

Note that D_~ values from both equations decrease with
decreasing molecular sire. This might be due to the tendency
of small sized molecules to become "trapped" in amall radius
pores; threfore, DlZAetr for small sized molecules is decreased.
Confirming e\idence comes from Table II in which the linear
correlation coefficients are all above 0.999 for our solutes. This
linearity indicates that the average diffusion coefficient for
these soluu.s in the column are all the same. Thus, one might
expecl that in the interstitial space small molecules diffuse
faster than large molecules and in the pore it is the opposite.
Therefore. the average diffusion coefficients for these solutes
in the column are about the same. The average diffusion
coefficient is calculaW<! by D~ = [',/('. + 'JlDfm~+ ['./('.
+ 'JID_~ from our date. The average diffusion coefficients
for ethyl p-hydroxybenzoate, propyl p-hydroxybenzoate, and
n-butyl p-hydroxybenzoate are all 2.8 X 10~ cm'/s. This
result matches with our observation. The phenomenon of the
same average diffusion coefficients for a column is also shown
in the date of Horvath and Lin (3). They obtained a linear
relation (which depends on equal D values for its lineariiy)
of t1 vs. k' for their solutes in which the diffusion coefficient
in the hulk ranged from 2.62 X 10-<' em'l. to 3.49 X 10-<' em'l..
We believe that this observation does not contradict the ob­
servation of Knox and McLenan (20) in their size exclusion
chromatographyexperin2ent. For their polystyrene polymers
they observed that D_~ decreased with inC2ealling molecular
sire for high (>4000) molecular weight polystyrene. However,
for the smaller solutes, molecular weight 2000 and 4000, the
trend was reversed. It is probable that, as with our small
solutes. when the solute .ire falls into the region at the amall
end of the pore sire distribution curve, the effect of the porous
structure on the motion of solutes is enhanced.

Comparison or Band Broadening Esp.....lona. During
the advances of liquid chromatography, several plate height
equations for liquid chromatography have been developed.
The moot recent developments of the plate height equation
in the literature have been reported by Knox (4) and by
Horvath and Lin (3). We shall discuss our equationand~'
Tbe three equations are expreased in Table VII.

tiollary zone. Therefore. we first assume the second term of
cq -t4 is negligible. Then C" can be reduced to the form

I (,,/,.)k'" d.
C"= - ---- ---

30 (I + k'?' D""o~

Thus

+
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+
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For the axial diffusion term, our equation gives a more
physically meaningful exprOSllion, In order to e.timate the
plate height contribution ofaxia1 diffusion from our equation,
one has to estimate Dfm·tr/ D~. DimIffIDm• {pi (t. and D"rrt,/
D..t,.., The ratio of the Dr..offID.. i. called the interparticle
obstructive factor. The interparticle obstructive factor has
been interpreted in terms of the tortuosity and the constriction
of diffusion paths by Knox. The theoretical value and ex·
perimental value of the interparticle obstructive factor are
about 0.6 (21). The ratio of D...·rrI Dr..·rr is called the intra·
particle obstructive factor. The values of intraparticle ob­
structive factor for low·molecular weight Bolutes have been
propooed from the work of Giddings and Mallik (22) and van
Krefeld and van den Hoed (23) to be about '/3' Thus
D_orrID.. ~ 0.4. The value of (pi" can be altered by different
packing materiala and packing prooedures. The average value
for porous packing material, however, is about 0.6-1.0 (3, 9)
and for pellicular packing material is near zero. The value
of D.'"ID.. would depend on the nature of the stationary
phase. We are unaware of data which demonstrate 8 strong
dependence of the B term on k', 8 necessary result if D,·rr is
significant. If we neglect the contribution from D., our
equation predicts a B value for porous material of I.7 < B <
2.0, and for pellicular material B ~ 1.2. These estimates agree
very well with experimental results (J7) supporting the as·
8umption of a minor contribution from D.·ft. Preliminary
results in this laboratory indicate that D.eJr is at most but a
few percent of D .. (24).

For the flow dispersion term, since this process is extremely
complicated, we express it as an empirical term, A. The
theoretical term of Horvath and Lin parallels the empirical
expression of Knox. They predict that the exponent of ve·
locity in the now dispersion term is about 0.33. As discussed
in the previous section, our experimental results parallel the
observation of Reese and Scott (J1) and Groh and Halasz (9);
the now dispersion term does not strongly depend on the now
rate. The fact that statistically both the Knox and van
Deemter equations fit the data well should not be overlooked.
There are, after all, only small differences in the format of
the equations, and clearly adjustment of A", B", and C" can
account for changes in n in the term A "p..n. Fortunately we
can rely on physical arguments to decide between the two fits.

Our mass transfer between mobile phase and stationary
phase term is exactly the 88me as that derived by Horvath
and Lin. The term for mass transfer between mobile zone
and stationary zone is aJao similar to the derivation of Horvath
and Lin. The only difference is that they use the tortuosity
factor 8 and we use the ratio of D..ID...•rr. The value of the
tortuosity factor is believed to be about 2 (3). However,
D..ID_otr may depend on size of solute, pore distribution, and
pore volume (13). In fact, for k ' = 0, our mass transfer term
can be reduced to (1/30) (D..ID...·") [k"/(I + k'?'l. which

is exactly the same as the mass transfer term of Knox.
Furthermore, Knox has used this term to calculate DmlD...·rr
for size exclusion chromatography. He obtained the value uf
D..ID_otr for polystyrene polymers from 6.0 to 16.0 dependinK
on the size of the solute.

From the discuasion above, it will be appreciated that the
agreement of the C term derivation from the moss balancc
model by Horvath and Lin and our derivation from thc ron·
dom walk model is surprisingly good. The advantaKe of the
random walk model is that it not only provides the simplcst
calculation but also from its microscopic point of view it givcs
considerablc insight concerning the band broadening by each
effect.
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CORRESPONDENCE

Chemiluminescent Detection of Reduced Sulfur Compounds with
Ozone

135

Sir: Gaseous reduced sulfur compounds are of potential
imporlance in the global atmospheric sulfur budget. The
major source of this reduced Bulfur is thought to be bacterial
production, the most prevalent biogenic sulfur gas being hy­
drogen sulfide (H,s), with dimethyl sulfide (OMS), carbonyl
sulfide (COS), carbon disulfide (CS,), mercaptans, and di­
8ulfides commonly being present in amaBer amounts (J. 2).
These 8ulfides are subsequently oxidized in the troposphere
to SO, and sulfate, thus contributing to the naturally occurring
background of the lotter compounds. \Vith the recognition
of acidic precipitation as 8 global atmospheric problem, there
is 8 continuing need for highly sensitive and selective detection
methods for these important reduced sulfur gases.

A number of analytical methods have been used to measure
vapor phase organic sulfides (3-11). However, all of these
methods Buffer from interferences, analysis complexities,
and/or lack of sufficient sensitivity to monitor reduced sulfur
gases at the sub-part·per-billion levels expected in ambient
air (i2, 13). A method for real-time measurement of H,S,
based on the chemiluminescent reaction ofH~ with chlorine
dioxide (CIO,) has recently been reported (i4). A detection
limit of 3 ppb is achieved by using photon counting techniques
with a cooled photomultiplier. A major drawback to this
method is that the CIOz reagent is not easily prepared or
stored. Also. formation of elemental sulfur can occur in the
chemiluminescent reaction chamber, coating the cell window
and reducing sensitivity during continuous operation.

With the aim of developing a simple, sensitive, selective
real-lime method for measurement of reduced sulfur gases,
we have investigated the chemiluminescent detection of H~.
OMS, and other reduced sulfur compounds by their oxidation
with ozone. The observation of chemiluminescence in the 300
to 400 nm wavelength region resulting from the gas-phase
reaction of 0 3 with H,s, OMS, and methyl mercaptan (C­
H3SH) has been previously reported (i5, 16) and the emitting
species bas been identified as electronically excited SO, (i6,
17). The homogeneous gas-phase reaction of ozone with hy·
drogen sulfide has been reporWd to be slow in studies at low
pressures (i8-21), and the oxidation mechanism is apparently
complex. A reaction order for H,s from 0.5 (i8) to 2 (21) has
been observed, and a heterogeneous reaction pathway has been
proposed as a poosible explanation of the data (22). Reported
here are results of a preliminary investigation of the ozone·
reduced sulfur chemiluminescence, which also imply a complex
reaction mechanism (possibly both homogeneous and heter­
ogeneous) but indicate that ozone chemiluminescence may
be an extremely useful tool for tbe detection of H,s, OMS,
and other reduced sulfur species in the ambient atmosphere
and in industrial applications (23).

EXPERIMENTAL SECTION
Figure 1 shows the experimental arrangement used in this

investigation. A Monitor Labs Model 8410 ozone monitor W8!l
modified for use 8!1 a detector of the ozone--1lulfide chemilu­
minescence. An electrical discharge ozone source, of the typo used
in Thermo-Electron oxides of nitrogen detectors, W8!I connected
to the formar ethylene now line of the 8410. A Metal BelloW1l
Corp. Model 41 air pump was substituted for the rubber dia­
phragm pump in the 8410, since the robber diaphragm wouJd have

been destroyed by the excess ozone in the reaction mixture. A
UV-transmitting, visible absorbing glass filter (Coming CS-7-60)
was installed in front of the photomultiplier lube (Hamamaltiu
R·268) to restrict light detection to the 300-400 nm range. This
filler has a peak transmittance of approximately 70% at 355 nIn.

No change was made in the detector electronics or in the
stainless steel reaction chamber. The reaction chamber was used
at room temperature and W8!l not thermostated. The chamber
and all connecting tubing were sealed against outside light.
Exhaust gases from the pump were scrubbed by a large activated
charcoal trap before ....enting into the air to dcstroy excess reagent
ozone and to trap any toxic reaction products.

G8!I mixtures were prepared with a Dasibi Model lOO5-C2 Gas
Calibrator. Permeation tubes for H,s, OMS, CH,5H, thiophene,
benzene, acetaldehyde, and propane were obtained from AlD, Inc.
Pressurized cylinders of ethylene and benzene in nitrogen, at
approximately 1 ppm and 20 ppm, respectively, were prepared
by successive dilutions starting from the pure compounds.
Mixtures of 208 ppm NO in nitrogen and 99 ppm N02 in nitrogen
were used, both in aluminum cylinders from Scott Specialty Gases.

Optimization tell18 were ron with H,s and OMS, which showed
that the maximum chemiluminescent emission from both com­
pounds occurred at sample air and ozonizer flow rates of 100
cm3/min each and a reaction chamber pressure of just under 1
atm. These conditions were used for all sensitivity and inter·
ference tests discussed below. No separate optimization study
W8!l done for methyl mercaptan or thiophene.

RESULTS AND DISCUSSION
As was observed in an earlier study (i6) the cbemilu­

minescence intensity decre8!led in the order CH;tSH > CH3­

SCH3 > H,s. Thiopbene cbemiluminescence was still I...
intense than that from H,s. Initially, tank oxygen was used
to supply the discharge ozonizer in order to maximize the
ozone concentration in the reaction chamber. Comparative
tests were conducted, however, with botb dry air and tank
oxygen supplied to the ozonizer. Surprisingly, when air was
used in the discharge ozonizer, the signal observed from OMS
increased by a factor of 3 over that found when oxygen passed
through the ozone source. This large enhancement of aignal
when air is used in the ozonizer is reproducible for DMS, but
~ensltivity for thiophene shows only small improvement and
that for H,s and CH,SH decreases sligbtly, relative to the
sensitivity obtained by using oxygen. Sensitivities for CH,sH,
OMS, H,s, and thiophene are in the ratio 80:30:3:1 wben dry
air is used in the ozonizer.

The improvement in sensitivity to DMS is not caused by
trace species present in ambient air, since identical results are
found witb ultrapure air, ambient air that has been purified
by means of charcoal scrubbers, or unpuriCied ambient air.
Tests indicate that oxygen quencbes tbe ozone/sulfide
chemiluminescence more efficiently than nitrogen does,
possibly by scavenging the radicals produced in the sulfide
oxidation. However, this effect is not large enough to account
for the 3-fold increase in chemiluminescence from OMS wben
air rather than oxygen is used in the ozonizer. Tbe optimum
sample and ozonizer gas now rates have been found to be the
same using air or oxygen for ozone generation.

Studiea have disclosed that the enhancement of cbemilu­
minescence from DMS which occurs from reactions with
ozonized air is caused by the preaence of oxides nf nitrogan
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figure 1. 8k>ck diag-sm of apparatus used In the Investigation of ozone/sulfide chemiluminescence.

(NO,) produced from N, and 0, in the electrical discharge
(24). Air passed through the ozonirer discharge was analyzed
with a Therm<>-Electron Model 14-B NO, detector and found
to contain approximately 50 ppm of NO,. When a similar NO,
concentration was produced by addition of standard mixtures
of NO or N02 in nitrogen to ozonized oxygen downstream of
the ozonizer, the sensitivity to DMS increased by more than
a factor of 2, relative to that when only nitrogen was added.
Improvement of the DMS signal could be achieved by the
addition of NO or N02 to the ozone flow even when air was
used in the ozonizer, provided the added NOI' concentration
was of similar magnitude to that of the NO, produced in the
ozonirer. Addition of NO or NO, in nitrogen to the owne flow
produced no improvement in sensitivity to H~. relative to
that when only nitrogen was added. No signal was observed
from mixtures of sulfides and NO or N02 in the absence of
ozone.

In a second study, the composition of the gas passing
through the discharge ozone source was varied by prem.ix.ing
oxygen and nitrogen. The chemiluminescent intensity from
a constant concentration (165 ppb) of H,s was found to be
nearly invariant with ozonizer gas composition, from pure
oxygen to 10% 0,/90'10 N,. In contrast, the signal from 44
ppb OMS was increased over its value with ozonized oxygen
with mixtures varying from 95% 0, to 10'10 0,. The maxi­
mum signal from OMS occurred at an ozonizer gas compo-­
sition of 75'10 0,/25'10 N" being 3.5 times as great as the signal
observed using pure oxygen. However, the maximum is broad
and signal enhancement at an ozonirer gas oomp<l8ition of 20%
0,/80'10 N, (i.e., air) was only 10'10 lower. In all cases the
chemiluminescent emission dropped sharply to zero at ozon­
izer gas mixtures approaching 100% N z.

If the 0 3 chemiluminescent method is to be useful for am­
bient sulfide detection, it is important to determine the effect
of NOs in the sample air on the measurement of sulfide
compounds in that air_ Mixtures of NO and NO, with both
DMS and H,s have been prepared by adding standard mix­
tures of NO or NO, in nitrogen to the diluent air downstream
of the calibrator. No change in signal from H,s was found
with the addition of NO or NO" as expected from the dis­
cusaion above. Enhancement of the signal from DMS was
obsarved at parts per million levels of added NO" when ox­
ygen was used in the ozonizer, but a decrease in signal with
added NOs was observed when air was used in the ozonizer.
For the present report the key finding is that NO or NO,
concentrations of 100 ppb or less in the sample air have

negligible effects on the intensity of DMS chemiluminescence,
regardless of the composition of the ozonizer gas; hence it is
clear that no interference in ambient DMS detection will result
from the presence of ambient NOx.

Although the detailed mechanism of enhancement of DMS
chemiluminescence by NOxis still unknown, a few comments
can be made. Hales et 81. (IS) discuss reports of NOx inter­
actions with HzS but support a photolytic pathway for oxi­
dation by H2S by NOx. Photolytic reactions are ruled out in
the present study by the construction of the reaction cell and
plumbing system. In the study by Becker et aI. (19), under
reaction conditions \\idely different from those in the present
work, NOz was found to quench the chemiluminescence from
H,s, but not from CH,sH or DMS, probably by reaction with
chain-propagating HS radicals formed in H,s oxidation. Such
an effect was not observed in this study. The final steps in
the mechanism of ozone/sulfide chemiluminescence are

SO + 0 3 - SO,· + 0, (I)

SO,· - SO, + hv (2)

Although NO, is known to react with SO more than 100
times faster than ozone docs, it is clear that enhancement of
OMS chemiluminescence caused by NO. does not involve an
increased rate of SO oxidation, since in that case similar effects
would be expected for all the sulfides studied. In the ozone
stream any nitric oxide (NO) produced in the discharge would
be rspidly converted to higher oxides, including N03, which
has been shown to be a strong oxidizing agent for reactive
hydrocarbons (25, 26). It may be that the effects of NO, on
the chemiluminescent oxidation of DMS are caused by the
presence of N03• in equilibrium with N20 5, in the ozonized
air. Whereas the oxidation of H,s or CH,SH by ozone is
thought to be initiated by the breaking of a hydrogen-sulfur
bond (19,20), e.g.

H,S + 0 3 - HSO + HO, (3)

this cannot ocour with dimethyl sulfide. We propose that the
enhanced chemiluminescence from OMS in the presence of
NO, is caused by some species, probably NO" which attacks
the sulfur-carbon bond more effectively than ozone does.
Further studies using other organic sulfides will be performed
to investigate this hypothesis.

Calibration curves have been obtained for H,s and DMS,
using air in the ozone source, since this gives optimum sen~

sitivity for DMS and nearly optimum sensitivity for H,s.
These calibration curves are shown in Figure 2. As stated
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Table I. Compounda Tetted for Interference in the
Detection of Guoouo Sulfid.. by
Ozone Chemiluminescence

(J n.d. indicates no signal detected.

:~ 101 ~9j ('I
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~60

~ 50~ 50-

~:~.:1
iii 20" 2 .

': ' .~ , BO ',20' 160'200'240 'O'.......+~16c'-:2~."''',..,...,.0
HlS. ppbv OMS, ppbv

compound

ethylene
benzene
propane
nitric ox.ide
nitrogen dioxide
acetaldehyde
sulfur dioxide

conen
tested,
ppmv

1.1
20
0.24
0.14
0.14
0.32
0.38

signal
(OMS equiv).

ppbv

1.7
D.d.a

n.d.
n.d.
n.d.
n.d.
n.d.

FIgure 2. calbrallon curves tor H,s and OMS: (a) H,S. 911181 (e),
12122181 (0); (b) OMS, 12116181 (e). single points on 1114182 ("').
and 219182 (D). In both (a) and (b). curves are drawn t1vough the
earliest calJb<atJon points only.

previously. the sensitivity for DMS is about an order of
magnitude higher than that for H,s. At low sulfide concen­
trations (e.g.• <100 ppb H,s) the emission inwnsity is fint
order with respect to sulfide. and the calibntion plot is linear.
At higher sulfide conc.;entcations the reaction order decreases
e.g., an apparent reaction order for sulfide of 0.5 is observed
with H,S at 500 ppb. The enhancement of DMS chemilu­
minescence caused by ozonation of air rather than oxygen does
not cbange the apparent reaction order with respect to DMS.
The cause of the nonlinearity in the calibration plots is not
certain but may result from a heterogeneous process in the
sulfide oxidation. as suggested by Cadle and Ledford (22).
Although the hewrogeneous formation of nitric acid from N,O,
present in the ozone stream and water vapor in the sample
air would be expected to occur, we find only modest depen­
dence of signal from eitber H,s or DMS on the humidity of
the sampled air. At 20 °c. the signal from air of 0.03% relative
humidity containing 9 ppb DMS was 25% greawr than from
saturated air having the same DMS concentration. Similar
results were found for H,s.

Figure 2 also illustraw! the stability of the dewctor cali­
bration; for both H,S and DMS, calibration points taken
months apart are shown. Observed response variations are
less than 20% for H,s over 3 months and less than 10% for
DMS over 2 months. Drift in zero air signal bas been I... than
3% of full scale over a period of 6 months. The current syswm
has dewetion limits for H,s. DMS, CH,SH. and thiopbene
of about 4. 0.3, 0.1, and 12 ppb. respectively. based on a
signal/root mean square noise latio of 2, and a 60 6 time
constant.

Table I lists several compounds which have been U!sU!d for
inwrference in the O,/sulfide chemiluminescence. and the
concentration at which the test was made. The interference
values are given as the DMS concentration required to produce
equivalent signal. No signal is produced by benzene and
propane, as expected based on previous work on the chemi·
luminescent oxidation of hydrocarbons by owne (27). Nitric
oxide and nitrogen dioxide give no inwrference. althougb
parts-per-million levels of NO. enbance the emission from
DMS, as discussed above. Acetaldehyde gives no signal in our
syswm; therefore, it is unlikely that other aldebydes would
inwrfere. since only acetaldehyde was found to chemilumi­
nesce with owne at room temperature in the study by Fin­
layson et al. (28). Etbylene is the only compound wsU!d as
an interferent which gives significant signal. The selectivity
for DMS with respect to ethylene is 65O:!.

Recent reports have discussed the cbemiluminescence re­
sulting from the gas-phase reaction of ozone with aroine (AaH,)
and other metal hydrides (29. 30). The UV portion of this

chemiluminescent emission is a potential interference in the
detection of gaseous reduced sulfur compounds by ozone
chemiluminescence. although these metal hydride compounds
are not likely to be present in ambient air.

The present detector is a relatively simple modification of
an existing instrument, yet shows good sensitivity and se­
lectivity for reduced sulfur compounds. The instrument bas
performed well as a sulfur-specific GC dewetor in laboratory
testa (31). Present sensitivity is sufficient for measurements
of reduced sulfur compounds in source areas or industrial
envrronments and shows promise for use in field studies of
naturaloources of sulfur compounds (2). where the real-time
measurement capability and ease of operation are valuable
attribuU!s. When sampling a mixture of reduced sulfur com­
pounds, as in ambient air measurements, the differing re­
sponse of the dewctor to different sulfur compounds migbt
require a separation or derivatization step to assure unam·
biguous measurement. The ethyl iodide derivatization used
by Braman and Ammons (I1) is one possibility under in­
vestigation in this area. Substantial improvement in sensi­
tivity may be possible through improved reaction cell design,
Increased ozone production, or the use of photon counting
U!chniques. The intensity of owne/su1fide chemiluminescence
increases with increasing reaction chamber temperature, 80

that improvement in sensitivity is achievable by beating the
rt8ctor. For example, DMS chemiluminescence intensity is
approximawly doubled by raising the reactor wmperature
from 20 ·C to 100 ·C. Preconcentration of reduced sulfur
gases prior to analysis is a possible means of further improving
the detector sensitivity. Work is currently under way in·
vestigating these possibilities. studying the response of the
dewetor to other sulfur compounds, such as COS and Cg"
and further elucidating the mechanism of owne/sulfide re­
action and chemiluminescence.
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Identification of Triaromatic Azaarenes in Crude Oils by
High-Resolution Spectrofluorimetry in Shpol'skii Matrices

Sir: Many methods used in the investigation of nitrogen­
oontaining poJyaromatic compounds (azaarenes) in crude oils
have benefited from continuous progress in analytical meth·
odologies of neutral polycyclic aromatic hydrocarbons (pAH):
high-performance liquid chromatography (1-3), UV spec­
trometry (4), and capillary column gas chromatography and
combined gas chromatography/mass spectrometry (GC/MS)
(5-11). Fluorescence analysis also appeared very early 8S 8

convenient and powerful method for PAH and azaarene
analysis (12-14), due to both the exceptional fluorescence
properties of these compounds and the great sensitivity of
emission detection.

However, at room temperature, fluorescence analysis does
not permit the differentiation of isomeric compounds in
complex mixtures because of considerable band broadening.
Of much greater potentiality in this case is certainly the ap­
plication of the Shpol"skii effect which is a specific charac­
teristic of aromatic molecules (15). When incorporated at low
temperature (T « 77 K) in n-a1kane matrices, aromatic
compounds exhibit well-resolved emission fluorescence spectra
(bandwidths: 1-5 cm- I ), which allow the detection of indi­
vidual molecules in complex mixtures. Whereas several recent
papers have been devoted to the identification of neutral PAH
by Shpol"skii spectrometry (16-18), little analytical work to
our knowledge has been reported on aZ8arenes using this
technique (19).

We report the identification by high-resolution spectra­
fluorimetry of various a1kylated benzo[h)quinolines extracted
from crude oils. Results are in accordance with a previous
work in which structure determinations were obtained by
GC/MS (20). In the analysis of polyaromatic molecules,
however, whether PAH's, azaarenes, or others, the GC/MS
combination caunot overcome the basic weaknesses of the
individuallAlc/miques: chromatography is not selective enough
to separate all geometrical isomers and mass spectrometry

lacks structure indicating fragments in this case. Thus,
confirmation of the identification by a complementary tech­
nique was sought. The complexity of petroleum basic fractions
and the Wl8vailability of enough sample material after suitahle
purification and extraction excluded the use of NMR, but
high-resolution fluorimetry, which does not suffer from these
drawbacks and exhihits both extreme sensitivity and tunable
selectivity, was clearly the method of choice.

EXPERIMENTAL SECTION
Reagents and Solvents. All80lvents were of analytical grade

(Merck or Carlo Erba) and glass distilled before used. For
spectroOuorimetric studies, n·hexane (spectroscopy grade from
Fluka) was dried and kept on molecular sieves (3 and 10 A).
Traces of polar molecules should be absent from Shpol'skii sol­
vents to avoid association with azaarene molecules (19).
Fluorescence transparency of the solvent was verified by room
temperature spectroOuorimetry (MPF-44 Perkin-Elmer spec­
trofluorimeter, Norwalk, CT).

Authentic aZ8arenes have been preparated by synthesis (21)
and their structure checked by NMR spectrometry.

Preparation of Basic Fraction. The general scheme of
isolation of petroleum nitrogen bases was previously published
(5). Result.'l are presented here for one crude oil (Likouala, Congo),
a sample in which benzoquinolines are major compounds and show
a distribution typical for most crude oils (5-18, 20). Micropre·
parative fractionations by means of reversed.phase liquid chr<r
matography were 88 previously described (20).

Capillary Column Gas Chromatography, Glass capillary
columns coated with nonpolar (OV-73), medium polar (OV-60,
and polar (SP-2340) stationary phases (lO, 11) were used for
identifications by means of coinjections with synthetic reference
compounds. The gas chromatograph was a Perkin-Elmer Model
Sigma 3 (Norwalk, CT).

Low Temperature Fluorescence Spectrometry. Low-tem­
perature luminescence measurements were performed with a
homemade spectrofluorimeter previously described (22). Exci·
tation was provided by 8 xenon lamp (XBO Osram 450 W), the
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Figure 1. Fluorescence speetn.rn of benzoih ]qulnollle In n-hexane
frozen solution at 15 K: c = 10-8 M. excitation at 266 nm.

light of which was dispersed through a Jobin Yvon (H 20)
monochromator (excitation bandwidth about 2.5 nm). The
fluorescence emission was observed at 900 through a high·reso­
lution monochromator (Jobin Yvon HR 1000. dispersion, 0.8
nm/mm). Photoelectric detection consisted of photomultiplier
(EMI QB 9789).

The analyzed solutions were contained in fused silica tubes
which fit into a copper hlock. This sample holder (maximum load
of five lubes) was attached to the cold head of a closed cycle
refrigerator (Model 21 SC Cryodyne CTI) operating at 15 K. The
best observation of the Shpol'skii effect requires fast freezing of
the solutions, otherwise aromatic aggregate formation can occur
(23). This fast freezing was achieved by first immersing the sample
holder into liquid nitrogen. The cool down procedure from 77
to 15 K was then completed in about half an hour.

,>0'""0
WAVELENGTH Irlml

excitation wavelength, each available isomer of DM-BhQ can
be easily identified in the natural sample by comparison of
its fluorescence and phosphorescence spectra with those of
a synthetic mixture (Figure 4). The two TM-BhQ exhibit
one strong phosphorescence quasi· line at exactly the same
emission wavelength (cr. Figure 3) and cannot be differentiated
in this way. The comparison of the relative fluorescence
intensity of BhQ peaks in the equimolar mixture and in the
crude oil fraction indicates that 2,4-DM-BhQ and 2,4,6-TM­
BhQ dominate over the other respective isomer.

The four BhQ have been identified in the LikouaJa basie
fraction by means of coinjection on three different glass ca·

WAVELENGTH Irlml

Flgur.3. Phosphorescence spectra of synthetic benzo(h ]qulnolino
derivatives in n -hexane frozen at 15 K. ExperimentaJ concttions and
attributed spectra are as given In Fig\.l'e 2.

~~2~ ~~=~:~fa~Y1n5~.~ ~~~[~~~ea~
compound. Ont)' the multiplet structure of the first strong emission
transltlon is shown. (A) 2.3<lmell1yllenzo(h ]qo.inolOle. A.., = 280 rvn;
(6) 2,4-<llmethylbenzo(h )qu;no6ne. A.~ = 279 nm; (C) 2.3.4-tri­
methylbenzo[h )qulnoUne. A.~ = 280 nm; (0) 2.4.&-trimethy1benzo­
[h ]quinoline. X.~ = 279 nm.

3651rvnl3~5 360
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RESULTS AND DISCUSSION
The Shpol'skii spectrum of an aromatic molecule exhibits

n characteristic multiplet structure (Figure 1) due to the ex·
istence of several different orientations of the molecule in the
n-alkane crystalline solution (24, 25). In the case of au­
phenanthrenes (i.e., benzoquinolines and alkyl derivatives),
fluorescence emission in nonpolar solvents is due to r-Ir.

transitions whose energies are quite close to those of phen·
anthrene (26). Fluorescence quantum yields appear to be in
the same range for alkylphenanthrenes and alkylbenzo(h)­
quinolines (27) but are very dependent on the nature of the
solvent for nitrogen compounds (28).

Previous spectroscopic works have been made on quinolines,
benzoquinoiines, or phenanthroiines trapped in n·paraffins
at 77 K (19, 29, 30), which exhibit quasi-linear luminescence
spectra in nonpolar solvents. Normal hexane appears to be
suitable solvent for azaphenanthrenes, just as it has been
demonstrated for neutral triaromatics (28). Solutions of
reference compounds and of crude oil basic fractions were
adjusted to an optimum concentration of about 10-6 M in
n·hexane. In this concentration range, the problems which
may occur in Shpol'skii mRtrices (nonreproductibility in the
relative fluorescence intensity of peaks, intermolecular in­
teractions, formation of aggregates) are minimized (J 7).

Fluorescence and phosphorescence quasi· linear sp(>ctra of
the four methylated reference benzo(h)quinolines are pres­
ented in Figures 2 and 3, respectively. All the compounds
exhibit simple fluorescence spectra composed of only a few
quasi· lines in the emission transition where the fluorescence
intensity is localized.

A bathochromic shift of the position of fluorescence bands
can be observed between dimethylbenzo[h)quinolines (DM­
BhQ) and trimethylbenzo(h)quinolines (TM-BhQ).

We have examined a crude oil basic fraction where C2 and
C, alkylbenzoquinolines have been shown to be the major
components by LC/UV analysis. By judicious use of the
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the basic fractions by room temperature measurements, and
identification of individual compounds by high-resolution
analysis at 15 K.
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pillary columns. Relative distributions between isomers were
found in good agreement with low-temperature f1uorimetric
analysis.

The.. analytical e.periments are a good eumple of the
application of GC, GC/MS analysis, and high-resolution
spectrofluorimetry. This last technique, widely applied to the
detection of neutral PAH's, demonstrates here its e.tensive
possibilities to the characterization of N-heteroatomic tricyclic
compounds. This work will be continued by the characteri­
zation of higher molecular weight azaarenes e.tracted from
crude oila, using fluorescence analysis at two levels: deter­
mination of the ring arrangement of compounda occurring in

FIgIn 4. EmIsoion spectra of 2.a- _ 2,4-dme~0[h)q_
In a synthetic mIxt....a (each Isomar at 2.5 X 10 M) and In a <II- and
trIaromatic base concentrate from Ukouala crude oW, frozen in poty­
0')'SlaIQl n-llaxana al 15 K. Excllallon was al 330 nm. Each Isomar
Is ldanl/fled by several amlssion peaks, by fluo<ascanca and phos­
phorascanca.

figure 5. Fluorascence spectra of 2.3,4- and 2,4,8-lrlmelhylbanzo­
[hl~ In a synthetic rnixtu'a (each Isomer at 2.5 X 10" M) and
In a <II- and trlaromatlc basic concentrata from l.I<ouala crude oU.
Irozen at 15 K In po!ycrystallna n-llaxana. Excllatlon was at 332.5
nm. Each Isomar Is ldenl/fled by at least one charactaristlc amlsslon
peak. Peaks (.) In the tIuorascence spectrL<n ara attributed to 2,4­
DMBhQ. Peak (u) Is attributed to an unknown compound.
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Quantitative Analysis of Coal-Derived Liquids by Thin-Layer
Chromatography with Flame Ionization Detection

141

Sir: Gravity column chromatographic separation of coal­
derived liquids precludes the analysis of a larger number of
samples due to the cumbersome solvent removal step involved
in any such procedure (I). On the other hand HPLC does
not offer detectors suitable for quantitative work and pro­
cedure calihration is difficult (2). Again solvents are the main
obstacle to fast analysis. In addition to that, column chro­
matographic procedures as applied to coal liquid or bitumen
analyses Bre burdened by incomplete sample recoveries,
characteristically between 85 and 95%, depending on sample
type (3). Most of the disadvantages of column chromatog­
raphy procedures can be eliminated, if thin-layer chroma­
tography is employed. in combination with a flame ionization
detector (4, 5). At least one company offers a TLC/FID
instrument using sorbent coated rods. Solvent systems used
in traditional column separations of fossil fuels need only little
modification to be directly applicable to TLC, as shown in
Figure 1. Stepwise development of the chromatogram is fast,
solvent removal can be effected in a matter of minutes, and
all sample components are accessible to the detector; as for
the actual measurements, the rod is pulled through the de­
tector flame at a constant rate. The rods can be placed in a
frame, and their scanning is automated. Thus, up to 10
samples or sample replicas can be analyzed simultaneously.
During the passage of the rod through the detector flame, the
separated sample components are burned and the sorbent­
coated rod is reactivated at the same time, so that a set of rods
can be used for up to 50 times without appreciably changing
their properties.

This contrihution shows typical application ofTLC/FLD
for the analysis of process oils from coal liquefaction and actual
toluene extracts from coal liquefaction experiments.

EXPERIMENTAL SECTION

TLC/FID. The samples were dissolved, typically in methylene
chloride, and filtered through a narrow pore filter to remove any
particulate matter and about 40 IJg of sample was applied 1 cm
from the bottom of th~ silica gel or alumina coated rod. Several
solvent systems were applied to find reasonable separation of
saturates, aromatics, mobile (polar 1), nnd immobile (polar 2)
components. Silica gel rods (15 cm long, 0.1 cm diameter, useful
bed length 10 cm) were developed to 9 cm length with n-hexane,
dried, and redeveloped with the same solvent, followed by 80%
benzene in n-hexane over 4-5 cm of bed length. The final de­
velopment was done with THF or 40% methanol in methylene
chloride. Alumina rods were developed with n-hexane (9 cm),
benzene or methylene chloride (5 cm), and methanol/methylene
chloride (40:60) (2.5 cm). The rods were dried in a laboratory
oven under nitrogen for 4-5 min and scanned in the FID at a rate
of 0.31 cm/s. The instrument used was a combination of
TLC/FID chromatograph,lATROSCAN TH-IO, manufactured
by Iatron Laboratories Inc., Tokyo, and a Hewlett-Packard Model
3390A integrator. Detected gases were set at flow rates of just
above 2 L/min for air and 160 mL/min for hydrogen.

SARA Analysis. A log sample was dissolved in 2 mL of
methylene chloride, 80 mL of n-pentane was slowly added under
stirring, and the precipitated asphaltenes were collected on a ruter
after several hours, dried under nitrogen to constant weight, and
weighed. The filtrate was reduced to dryness, redissolved in a
few milliliters of n-pentane, and applied on a 30 X 1 cm column
packed with Fuller's earth activated at 1I5·C for 2 h. The "oils"
were eluted with n-pentane and the "resins" with THF. The
eluted fractions were evaporated to constant weight and weighed.
(See ref 6 for further description of procedure.)

Preparative TLC, Plates (20 x 20 em) coated with alumina
or silica without a binder (Merck) were activated at 150 °C and

Table 1. Comparison of TLC and SARA Analyses
of Anthracene Oil

wt%

hydrocarbons polar I polar II

TLC/FlD
alumina 87.9 10.0 1.6

66.0 9.6 1.9
silica 88.1 6.6 2.2

SARA 82.2 H.2 3.6
(resins) (asphaltenes)

200 °C, respectively. The sample solution was applied as a thin
line nearly across the whole width of the plate. The same solvent
systems and developing conditions were used as for rod TLC.
After final drying, the respective zones were ..'isunIizcd with a UV
lamp and scraped orf the plate and the separated material wa.q
extracted with pentane and MeOH/methylene chloride in a
Soxhlet miniextractor.

Infrarcd. spectra were obtained from methylene chloride r.asts,
using a Perkin-Elmer Model 283 infrared spectrometer.

RESULTS AND DISCUSSION
As pointed out above, TLC can overcome a number of

problems encountered in gravity column and HPLC separa­
tions. It is fast, multiple analyses can be performed simul­
taneously, and aU sample components are amenable to mea­
surement. Easy solvent removal and FID detection of the
"peaks" can be complemented by using an electronic inte­
grator.

Since the separation mechanism is the same as in step
elution methods of gravity column chromatography, it was
important to ascertain the differences in fraction composition
between the oil and resin fractions from SARA analysis,
normally done on clays (6), and fractions obtained from the
separation of the sample on silica gel or alumina (7,8). Thus
fractions of oils and resins from SARA separation have been
individually examined through the course of development of
the TL chromatogram (Figure 1) for a sample of anthracene
oil. With 80/20 Bz/nC6 solvent only little material from the
oil fraction from Fuller's earth appeared in the "resin" fraction,
while "resins" supplied about 15% material to the oil fraction.
Thus, the results for oils should he somewhat higher in TLC
than in SARA. This is conflmled by Table I, making a com­
parison of SARA and TLC results.

However, either the anthracene oil contained very little
asphaItenic material or the material was removed prior to
analysis by TLC. A comparison of SARA and TLC results
for toluene extracts of liquefaction products on the other hand
showed a larger discrepancy (Table II), suggesting that part
of the material precipitated as asphaltenes migrated in the
"resin" and even in the "hydrocarbon" fractions. That this
is the case indeed could be confirmed by dissolving the pre­
cipitated asphaltenes from the toluene extract in methylene
chloride and subjecting them to TLC (Table Ill). The results
were in accordance with our previous experience with sorbent
chromatography of the resin and asphaltene fractions from
oil sands bitumen (7-9). IR spectra of the same fractions
obtained from preparative TLC on plates show clearly that
some material, characterized by phenolic absorptions and also
by an absorption at about 1740 cm-1 was appearing together
at the Rf value for the hydrocarbon peak (Figure 2). This
"asphaltene" migration explains the results of Table II sat­
isfactorily.

0003-2700J83J03Ss.Q141$01.50JO C 1982 American ChemIcal Sodoty
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figure 1. Progresslve development of n. clvomatograms of oils and
rosins separated by SARA method.

Table II. Comparison of TLC and SARA Analyses of
Toluene Extracta from a Coal Liquefsction Experiment

wt% "'"

Table III. Separation of Asphaltcnes from Toluene
Extract by TLC on Alumina

o Asphaltcnes separated by"precipitation, resins and oils
separated on Fuller's earth. On alumina. Solvents:
nC6 100%, methylene chloride 50%, MeOH/methylenc
chloride 25%. Asphaltenes nol separated prior to analy­
sis. Average values from five measurements.

SARA "aromatics" "resins" "usphaltcncs" a

Rl 28.5 10.7 52.3
R14 30.4 2.4 64.8
R15 31.9 2.3 57.5
R24 64.5 9.4 22.1
R29 77.6 5.2 7.1
R18R 39.0 5.8 41.5

wt%

TLC· HC polar 1 polar 2

Rl 66.3 26 7.6
R14 63.9 24.6 11.·1
R15 63.6 27.4 9.0
R24 87.5 11.2 1.3
R29 90.3 9.1 0.6
R18R 70.2 21.3 8.4

RT ~ 0.50 RT~ 0.68 RT" 0.77
rod min min min

1 88.347 10.128 1.524
2 89.306 9.005 1.689
3 84.544 12.498 2.958
4 88.781 9.812 1.407
5 90.742 8.038 1.220
6 89.111 9.231 1.658
7 88.237 10.01! 1.752
8 89.226 9.449 1.326
9 89.728 8.306 1.966
10 86.542 9.988 3.470

i 88.456 9.647 1.897
sld dey 1.755 1.231 0.737

Table IV. Precision of TLC Separation of Anthracene Oil

wl%

Flgur. 3. Regression analysis of TlC results for anthracene oil.

~tINTRATlONI"""1

Agu-o 2. IR spactra of benzane and methylana _ fractions from
TLC of asphattenes on alumina.

polar 2

10.2
17.0

polar 1

62.7
60.3

wt%

HC

27.1
22.6

wt % recalculated for 64.8%
asphallencs obtained in SARA

He resins asphaltcncs

sample

R14 (A)
(B)

Another important question for quantitative analysis was
the concentration/response dependence for the various seJr
arated peaks. Injecting progressively increasing quantities
of a sample of anthracene oil and regression analysis of re­
sponse/concentration dependence based on integrator counts
furnished linear regression for each of the three peake (Figure
3) with higb correlation coefficients. Thus, the response was
linear over the concentration range examined (5.5 X 10'" g/mL
to 8.8 X 10'" g/mL) while the actual amount of sampla applied
was determined to be at an optimum for 40-50 Ilg sample.

It was expected that the response factors (counts/mass unit)
for "oils", "polar I", and "polar 2" would progressively depart
from one due to the increasing contents of heteroelements in
the respective fractions. This in fact was tbe case. However,
once the response is linear with concentration-which was a
questioned point-...ince unlike in GC which deals with volatile
samples only, the sample must be completely burned off

R14 (B)
(A)

45
47.6

41.4
43 9.4

during the relatively fast passage of the rod through the de­
tector flame-calibration can be easily done by accumulating
sufficient material from a TLC plate and doing the re­
sponse/concentration measurement sequence. Asphaltene­
containing samples gave residual signal upon second passage
of the rod through the name. This effect could be eliminated
by rotating the rods by 180 °C around their circumference,
so that direct contact of the flame and the sample was ac­
complished. On the other hand, particulate material had to
be removed from the sample prior to TLC as the hot zone
temperature is not sufficient to burn it completely.

Thus, we have been able to establish that TLC/FID is
suitable for quantitative analysis of coal-derived liquids efter
removal of particulate material and asphaltenes, with rea­
sonably good precision (Table IV) and in short time, typically
1.5 h, while the precision of the determination can be improved
considerably by running five or more (up to ten) sample
repliC85 in parallel and averaging the results.

In addition to that, only minute sample quantities are re­
quired for the analysis (typically about 50 Ilg) so that the
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method is also well suited for the analysis of samples from
miniautoclave experiments, minipyrolyzers. etc. For showing
distributional trends, the asphaltcnes do not have to be re­
moved and comparative analyses can still be done, for exam­
ple, hy choosing a solvent (typically n-hexane with 1%
methanol) in which the asphaltenes are substantialJy insoluhle,
but aU other components are soluble, or the system can be
converted into a solvent extraction from open bed, as done
previously from a column hy Burke et al. (10).
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1-Methyl-4-acetylpyridinyl Free Radical as an Electron Spin Resonance
Spectral Probe of Solvent Polarity

Sir: Several organonitrogen free radicals have been rec­
ommended as cybotactic probes of solvent polarity because
the influence of the solvent at the molecular level is observed
as a systematic spectral shift in the values of the ESR hy­
perfine splitting constants for key basic atoms or functional
groups within the indicator radicals. The most extensive and
precise experimental datJ.l on such solvent effects were re­
ported hy Knauer and Napier (1), and their data base has been
incorporated and reinterpreted in more recent theoretical­
empirical studies on solvent polarity and hydrogen bonding
by Taft, Ahboud, and Kamlet (2) and by Abe, Kubota, and
Ikegami (3). Because these investigations have been largely
restricted to the AN-ESR data for nitroxides, the present
analytical study was undertaken in order to expand the data
base for testing the reliahility of the Kamlet-Taft solvent
polarity scale hy examining the solvent effects upon the hy­
perfine splitting constants for a different radical type. The
specific probe selected for this purpose was I-methyl-4­
acetylpyridinyl (MAP) radical.

A detectahle solvent influence upon the ESR spectrum of
MAP was first identified and briefly discussed by Grossi,
Minisci, and Pedulli (4). For this probe, the hyperf,"e splitting
constant (All) for the ncetyl group is far more sensitive to
changes in the solvent environment than is AN for the basic
nitrogen atom (5). The analysis of the observed net solvent
effect upon AIl(acetyl) as summarized herein is made with the
most recent form of the multiparameter model of Taft, Ab­
boud, and Kamlet (2), using the linear free energy function
in eq 1. Here, the observable is P and its reference state Po,

P = Po + s( ,,0 + do) (l)

1r* is the solvent dipolarity parameter, and the do term is a
polarizability correction having a nonzero value for aromatic
and polyhalogenated solvents (2). Equation 1 was applied to
AIl(acetyl) values for MAP in nonpolar and polar aprotic
solvents, and additional independent statistical tests concerned
with the consistency of the data set of hyperfine splitting
constants for MAP were made as well,

EXPERIMENTAL SECTION
The pyridinium iodide of the name compound was the initial

reactant used to prepare l-methyl-4-acetylpyridinyl radical: and
the synthetic methods of Grossi, Minisci, and Pedulli (4) and

Table 1. Hyperfinc Splitting Constants for
I-Methyl-4-acetylpyridinyl Radical in Aprotic and
Hydrogen Bonding Solvents (at 25°C)

Alt·
solvent n oa Qa (CaCH,)"

acetone 0.73 0 2.26
acetonitrile 0.71 0.29 2.52
acetophenone 0.90 0 2.29"
benzene 0.59 0 1.96
bromobenzene 0.79 0 2.15'
chlorobenzene 0.71 0 2.10'
diethyl ether 0.27 0 1.74
dimelhoxyethane 0.56 0 2.06
dimethylformamide 0.88 0 2.42
dimethyl sulfoxide 1.00 0 2.61
ethanol 0.54 0.85 3.25'
hexamcthylphos· 0.87 0 2.44 c

phoric triamide
tI·hexane -0.08 0 lAIC
methanol 0.60 0.99 4.10
melhyltetrahydro- 0.48' 0 1.92

furan
i'pentane -0.03' 0 1.44
pyridine 0.87 0 2.39'
sulfolane 0.98 0 2.54 '
tetrahydrofuran 0.58 0 1.98
toluene 0.54 0 1.88'
wuter 1.09 1.02 5.41
o·xylene 0.51 0 1.90'

a Kamlet-Abboud-Taft parameters (in cm·) X 101 )

from literature sources (2, 8. II). b Values for the
hypcrfine splitting constants (in G) reported by Kubota
and lkegami (5). ,. New experimental data.

Kubota and Ikegami (5) using zinc and sodium amalgam as the
reducing agents were employed without modification.

Reagent grade solvents were dried by standard methods (6)
and all aprotic solvents were passed through an alumina column
for final drying just prior to degassing and solution preparation.
In general solute concentrations did not exceed 1O-L.1O-6 M.

Spectral measurements were made at room conditions with a
Varian E-4 EPR spectrometer having lOO-kHz field modulation
and a 4·min scan time. The overall uncertainty in the hyperfme
splitting constants was %0.03 G (standard deviation), b&sed upon
ten new results and fiye recorded scans for 1o.iAP in each solvent.

0003-2700/83/03~143$01.5010 C 1982 American Chemical Society
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FIgIn 1. CofT1>arlson of the hyperflne splltli1g constants. A~COCH,},
for the MAP radical wl1h the Kamlet-Tah salvant dlpolartty numbers,
.... PoInts des9lated ara (e) aprotle. (0) hydrogen bond donor. and
(X) aromallc solvants as listed In Table l.

RESULTS AND DISCUSSION

The final set of hyperfine splitting constants as AH(acetyl)
for MAP are summariu!d in Table I, including both new data
and those from published sources. In this instance the es­
sential solute-solvent interaction appears to be localized on
the carbonyl group and its polar oxygen as the principal de­
terminant of the spin density distribution for the adjacent
protons (3, 5).

Because of the seemingly high reliability of the data for the
AN values of the niuoxides in correlations with semiempirical
solvent parameters (2), the initial teat applied to the results
for MAP was to compare graphically the various hyperfine
splitting constants (AH) for the probe species with AN values
for di-tert-butyl nitroxide radical (I) in a common set of both
aprotic and hydrogen bond donor solvents. The AH values
from the literature (5) for the 2--£ and 3-5 ring positions were
used for this purpose as well as the data from Table I: and
it should be noted tbet only nonlinear trends with moderate
scatter were observed between AN and AHfor the ring protons
of MAP. On the other hand, an excellent linear correlation
exists between AN(di-tert-butyl nitroxide) and AH(acetyl­
MAP) for all solvent types and including water. The corre­
sponding linear regression in eq 2 has a correlation coefficient
of 0.99 for 17 solvents and the uncertainty in the calculated
AH(acetyl) is =0.02 G (standard deviation).

AH(COCH,j (in G) = 1.94(AN - 14.37) (2)

In the Kamlet-Taft analysis of solvent influences upon an
observable (P) the net solvent effect is resolved into three
independent parameters: ... as noted in eq I: the hydrogen
bond acceptor basicity Ii; and the hydrogen bond donor acidity
a. Because these parameters are r.lated through a linear free
energy function, any grsph of P VB.... (the moot fundamental
variable characterizing all solvents) will be linear for nonhy­
drogen bonding and simple aprotic solvents; however, data
points for hydrogen bond donors will be displaoed from that
linear function in a common direction (7). Similarly, aromatics
~d halogenated alphatic solvents will exhibit a slight group
dISplacement from the P vs.... linear trend (8). Thus as a
critical teat of the conformity of the AH(acetyl) values ~ the
expectations of the Kamlet-Taft treatment, the ESR data
from Table I were used to construct Figure I. It is clear from
this plot that the AH(acetyl) data follow the general pattern
anticipated from the KamJet-Taft theory of solvent effects.

With this justification the general linear regression for the
Taft-Abboud-Kamlet function (eq I) was epplied to the
AH(acetyl) data for MAP in all of the aprotic solvents listed
~n Table I. In eq 3 the derived uncertainties are: slope and
mtarcept, =0.01: AH(calcd), =0.04 (standard deviation)' cor­
relation coefficient, 0.99; and for the computation of ... v~ues,
=<1.05 (standard deviation). The uncertainty in the latter is

AR(acety) (in G) = 1.09(..• - 0.146) + 1.46 (3)

Table 11. Solvent Influence on Transient Electronic
Absorption (1I. mu ) for p-Aminobenzenethiyl
Radical (at 23 "C)

Xmax •.
solvent nm ..b 6 b

anisole 575 0.73 I
benzene 570 0.59 I
benzonitrile 580 0.90 I
carbon tetrachloride 550 0.29 0
chloroform 570 0.38 0
cyclohexane 545 0.00 0
o-dichlorobenzene 578 0.80 1
l,2-dichloroethane 577 0.81 1
dichloromethane 577 0.80 1
dimethyl sulfoxide 610 1.00 0
p-dioxane 577 0.54 0
ethylacetatc 578 0.55 0
flu orobenzene 570 0.62 1
mesitylene 570 0.41 I
pyridine 600 0.87 0
tetrahydrofuran 580 0.58 0
toluene 570 0.54 1

a Values for selected agrotic solvents from the data of
Ito and Matsuda (l0). Kamlet-Abboud-Taft para-
meters from literature sources (2, 8).

comparable to the overall variation in 'K'". numbers calculated
from aromatic carbon-13 NMR shifts (9). It should be noted
that the value of coefficient d in eq 3 is close to the one
obtained for the regression with di-tert-butyl nitroxide radical
and, as is usually the case, d is negative in sign (2). For all
aromatic solvents included in this study, the convergence in
the do-quantity necessitates an assumed 0 value of unity.

A final aspect of the relationship of free radical probes to
the ... scale was examined. Although it has heen shown that
the ESR data for selected free radical probes correlate well
in empirical regressions like eq 1, the normalized 1r* numbers
themselves were initially derived from the solvent influence
at the molecular level upon the p - 'K'"* or 11'" - 'Jr. UV-visible
spectral transitions of uncharged solvatochromic indicators
(2, 9). Thus, it is appropriate to teat whether or not solvent
induced electronic spectral shifts for an uncharged free radical
probe correspond to the usual solvatochromic behavior in the
polarity variable (... + do). The recently published data of
Ito and Matsuda (10) for the transient electronic absorption
of p-aminobenzenethiyl radical (p-NH,C.,H,S·) were used for
this test. For the 17 nonpolar and polar aprotic solvents in
Table II, the specific linear regression function in eq 4 is valid.

ET(kcal/mol) = 52.46 - 5.5(..• - 0.23b) (4)

Here, E-r is the transition energy corresponding to h of the
radical; the correlation coefficient is 0.97; and the un~ties
are as follows: d (=<1.03); int<o.rcept (=<1.01); s (=<1.02); Er<calcd)
=0.22 (standard deviation). The greater uncertainties in the
parameters reflect the lower precision in the APlU values for
transient spectra of the radical than for the nitroaniline in­
dicators; however, eq 4 is sufficiently reliable to demonstrate
the (... + db) response of this thiyl radical in nonhydrogen
bonding media.

Therefore. at the molecular level the measured solvent
influence upon both the hyperfine splitting constants and the
electronic spectra for the uncharged free radical probes ap·
pears to be a composite response to the two types of inter­
actions in aprotic media: dipolar 6olu~permanentdipolar
solvent interactions; and dipolar solute-induced dipolar
solvent interactions. In this respect the free radical probes
resemble the ... indicators in conforming to the Brady-Carr
modification of the reaction field theory which requires both
the dipolar orientation and electronic polarization interactive
contributions to be resolved as separate ternlS (12). For the
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solute, one structuraJ parallel seems to dominate the responses
of the acetyl and nitroxide radicals as the key functional
groups in the two types of probe species. In both instances
as the dipolar character of the solvent molecule increases there
is a corresponding increase in the hyperfme splitting constant
for the major functional group; and this condition accompanies
the decrease in the spin density on the oxygen atom of the
acetyl or nitroxide group with an increase in the net strength
of the radical 8olute-solvent interaction.

Registry No. I-Methyl-4-acetylpyridinyl radical, 64365-85-1.
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Quantitative Analysis of Mixed Benzalkonium Chlorides by Laser Mass
Spectrometry

Sir: Laser mass spectrometry (LMS) has proved to be
extremely useful for performing rapid qualitative analysis for
a variety of nonvolatile and thermally labile compounds (I).
Recently successful results have been obtained for qualitative
analysis of a mixture of organic compounds (2). Though
absolute quantification is difficult by LMS, Ihe technique
offers great potential for relative quantitative measurements.
Experiments using an epoxy resin doped with organometallic
complexes of metal ions indicated that LMS has high potential
with regard to both reproducibility and detection limits for
metal ions (3). Promising results have been obtained for
quantitative LMS analysis of metals in biological specimens
(4, 5). Here we report for the first time, the quantitative
analysis of a mixture of organic compounds. Two quaternary
ammonium salts (I, If) have been analyzed by LMS and
compared with results for the same mixture from high-per­
formed liquid chromatography (HPLC). The aalts were
prescnt as chlorides.

II

EXPERIMENTAL SECTION
The HPLC system consisted of a WatersGOOOA pump. a Varian

Varichrom detector, and a Rheodyne injection loop. The sepa­
ration was carried out on a Zorbax CN column (250 X 4.6 rom,
5 ~m) and a UV detector was used with 263 nm as the monitoring
wavelength. The solvent ~ystem was acetonitrile-O.l M acetate
buffer solution (pH 5.0) (60/40 v/v) with a now rate of 2.0
mL/min.

The positive ion laser mass spectra were obtained with a
LAMMA·500 instrument which has been described elsewhere (3).
The output of a frequency quadrupled Q-switched Nd·YAG laser
(265 nm, 15 nm pulse width) is focused onto sample using one
of three microscopic objectives: lOX. 32x, looX. In this case the

32X objective was used. Changes in laser spot size and power had
little effect on the mass spectra. Pulse power was varied with
a set of fllters and was adjusted to give the optimum pav,er density
needed to obtain a mass spectrum (-lOS W/cm2).

The absolute concentration ratio of components 11:1 was found
to be 3:0 from HPLC. For LMS analysis, the sample was dissolved
in methanol and evaporated on a formvar fUmed grid to give a
uniform thin layer.

The sample was scanned by the microprobe and 12 spectra were
stored and averaged using a Hewlett-Packard lOOOE-series data
system. The reproducibility of this experiment is ±10% relative
standard deviation. Except for small inlensity variations, there
were no significant differences between the spectra that were
averaged.

RESULTS AND DISCUSSION

Figure I shows the HPLC separation of the benzalkonium
chloride mixture (1, 11). Because the components comprising
the mixture are chemically similar and detection depends on
the UV absorption of the be1l2Y1 moiety, no externa1standards
were used for quantitation. Integration of the peak areas was
done by height times width·at-half-height. This technique
yielded a ratio, 11;1, of 3.0. No significant amounts of the C IO
and C'6 derivatives similar to II and 1 could be detected by
HPLC. Thus the sample was assumed to be a two-component
mixture.

Figure 2 shows the positive ion laser desorption mass spectra
(averaged over 12 spectra) of the benzalkonium chloride
mixture. Intact cations appear at mil = 304 (II) and mil
= 332 (I). Loss of toluene from both cations is consistent with
the foHowing fragment ions:

mil = 240 derived from I

mil = 212 derived from II.

0003-2700/83/0355-ll'45S0'.50/O <0 '982 AmorIcan ChemIcaJ 5ode....
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Flgwo 2. La.... desorption mass spectrum 01 benzal<oniLm cI1lor1de
mIxt.... (I, II).

The base peak at mlz = 91 is the familiar benzyl (tropy­
Iium) ion, as would be expected.

We have used the intensities of the intact cation peaks for
quantitative calculation. The ratio measured by LMS for the
benzalkonium chlorides is 11:1 = 2.9 ± 0.3. This is within
experimental error of the value of 3.0 derived from HPLC
data. This is a clear demonstration that laser desorption mass

spectrometry can be spplied to analysis of mixtures of organic
compounds using quasi-molecular ions. It is interesting to
note that if one attempts mixture analysis from the fragment
ions at mlz 240 and 212 a ratio of 11:1 = 4.0 results. This
clearly differs from the HPLC ratio, indicating that one may
have to exercise caution when using peaks other than those
for Quasi-molecular ions for quantitation.

One might argue that the intensity of the mlz 304 intact
cation may have a contribution from the other (mlz = 332),
as 8 result of a neutral loss of 28 mass units. Such a Joss can
be excluded, because fragmentation through a four-membered
transition statet which is usually expected for quaternary
ammonium salts, would not lead to los5 of neutral fragment
of 28 mass units. Even if it did occur, one would expect the
same type of fragmentation from II which is chemically similar
and of higher intensity than compound I. Such is not ob·
served.

The analysis of the benzalkonium chloride mixture by LMS
is in excellent agreement with the HPLC result, within the
limit of experimental error (::1:10%). This first attempt of
quantitative analysis of organic compounds shows that LMS
using the LAMMA 500 has potential for quantitative analysis
of organic mixtures. LMS has several advantages over other
techniques for quantitation. First. it requires only a small
amount of sample (micrograms or less). Second, no special
sample preparations are required. Third, analyses are fast.
Fourth, the microprobe capabilites of the LAMMA-500 have
the potential for quantitative analysis of organic inclusions
in 8n organic matrix.
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Fiber Optic Probe for Remote Raman Spectrometry

Sir: When combined with UV-Vis spectrophotometry,
optical fibers are useful waveguides for directing radiation of
the sample and returning the partially absorbed light for
detection. A recent report discussed the application of fibers
for remote fluorescence, where the sample may be located a
great distance from the spectrometer (1). However, the poor
transmission characteristics of silica fibers in the infrared
region prevent their use in IR absorption spectrometry. We
raport h.re a probe for Raman spectrometry, where the ad­
vantages of fiber optics are combined with the structural

information inherent in Raman spectra. Fiber optics have
been used previously for collection of Raman scattering (2)
and for holding samples for Raman spectrometry (3, 4). In
the present work, both the excitation beam and scattered light
are carried by fibers, so the sample may be located far away
from the spectrometer, in a hostile environment if necessary.
In addition the probe itself is very simple and rugged and may
be used for routine analysis.

The apparatus is shown in Figure 1 and is based on 200 pm
diameter multimode fibers of common use in communications.

OC03-2700/a3/03Ss.o146$01.50/O C 1982 AmotIoon CIlomIcaI Sodoly
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FIgwa 2. (A) Raman speetn.m of neal acef_ usi'lg the _ 01­
probe described In F~16e 1. laser power incident on the input fiber
was 1.8 W (5145 A) of which about 800 mW enlefed the sample.
Spectral slit width was 5 em-I. (B) Specbun 01 neat acetonitrile
obtained with conventional 900 collection geometry. S8mpJe was
cootaned In a 2O-<Tt. vtaI, sit Image was oriented along focused beam.
All other condIUons were as gven in A, except input laser power was
0.8 W.

capsulation of the sampling end of the fibers will permit a very
rugged and corrosion resistant probe to be constructed, prer
vided the encapsulation material has a refractive index less
than that of the fiber (n < 1.49).

Several advantages of the fiber optic probe exist for many
areas of application of Raman spectrometry. First, the sample
may be distant from the spectrometer, since losses in the fibers
are very small (ca. 1%1m). Second, no special sample posi­
tioning is necessary once the fibers have been coupled to the
laser and spectrometer. The probe is simply inserted in the
sample, by an unskilled operator if necessary, with no align­
ment required. Third, the probe can be very small, consisting
of encapsulated fibers with a total diameter of less than 1 mm.
Applications to samples with limited accessibility are possible,
in areas such as medicine, chemical processing, and the pe­
troleum industry. Fourth, the probe may be positioned in
hostile environments not amenable to conventional Raman,
such as polymer melta, high-temperature reactors, et<:. Only
silica and an encapsulation material (e.g., TeIlon) need be in
contact with the sample and the probe could be mounted in
the wall of a reactor or pipe. Fifth, the sensitivity may exceed
that of conventional sampling techniques, resulting in hroader
applicability. Finally, it is possihle to have several probes
multiplexed to the same spectrometer, so several locations in
a plant or research facility could make use of a single spec­
trometer.

","'hile UV-Vis absorption and fluorescence spectJ'ometry
permit sensitive monitoring of known components, Raman
spectrometry allows the fingerprinting of species present and
is therefore structurally specific. In addition, the inherently
high resolution of Raman spectra often permits the analysis
of several components in a mixture simultaneously. The
simplicity and versatility of the fiber optic probe described
here should broaden the applicability of Raman spectrometry
to a variety of analytical problems, especially as there is no
need for sampling or sample preparation.

Flgwa 1. SCIlematlc of tiber probe. La..... outp<Jt is focused on Input
fiber and 8Xtts Into sohJtk>n as a cone. shown in the Inseft (a = 27°).
Ad}acent to the Input fiber Is the collection liber wNch accepts Ught
from a slmiIar cone. Tha other end of the coIlectlon 1_ Is pos/lloned
at the sUt image 01 the spectrometer such that Its output Is locused
on the Input slit Both fi>e<'S ware 2 m long and the cladding was Intact
except lor 2 em removed at the sample end. SIca core clameter was
200 ~m.

The 200-~m silica core is coated with a 100 ~m thick sheath
of silicone rubber and then a lOO·,um protective coating of
nylon. The laser beam (5145 A) was focused into the input
fiber with a 45-mm lens, with about one-third of the input
light being transmitted by the fiber. Two centimeters of
cladding was removed from the sample end of both input and
collection fibers, and the exposed ends were placed adjacect
to each other with the axes of the fibers approximately parallel
The other end of the collection fiber was positioned at the
slit image of the spectrometer (5). With the monochromator
tuned to a Raman line of the sample, the laser end of the input
fiber and output end of the collection fiber were adjusted to
maximize the signal. During the adjustmenta and during use
of the probe, tbe position of the fibers in the sample was
unimportant.

Tbe laser light exita the input fiber into the sample as a
cone whose size is determined by the numerical aperture of
the fiber. In this case the cone had an angle at ita apex of
54° (a = 27°), so that ita base was about 1 cm wide after
traveling 1 cm in the sample. The collection fiher gathered
scattened light from a similar cone, and the scattered light was
analyzed as usual by the spectrometer. A Raman spectrum
for acetonitrile using the fiber optic probe is shown in Figure
2A and is compared with n conventional spectrum obtained
with the usual 90° sampling geometry. All parameters were
identical for the two spectra except for laser power, which was
0.8 W for Figure 28 and 1.8 W (incident on the input fiber)
for Figure 2A. After an adjustment was made for this power
difference, the spectrum obtained with fibers is 13% as intense
at that obtained conventionally. The small feature at about
1100 cm-1 in Figure 2A was caused by a mercury line in the
room lights which was collected by the fiber. Spectra were
also obtained with a single fiber acting both as input and
collection fiber, but a large silica background was observed
in the region 200-700 em-' and peaks in the G-H stretch region
were observed which originated from the silicone cladding.

Several improvements in this initial design are apparent,
which will augment the value of the probe_ An array of six
collection fibera oriented around the input fiber will increase
the sensitivity over that of a conventional sampling ar­
rangement. The six collection fibers could be oriented as a
row at the spectrometer, to match the slit image. This im·
provement in collection optics, combined with more efficient
coupling of the laser to the input fiber should allow the sen­
sitivity to exceed that of conventional collection optica. En-
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Note: Just at the time of submission of this manuscript,
a oommercial device was announced ("Optrode", Oriel, Stam­
ford, CT) which is similar to that described here, but intended
for fluorescence spectrometry. The advantage of using the
device for Raman is that the fibers conduct well in the
wavelength region used for Raman, whereas they conduct the
UV light usually necell5llrY for fluorescence much less effi­
ciently. In addition, a review of optical waveguides applied
to spectroscopy has appeared (6).
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Cadmium Telluride -y-Ray Liquid Chromatography Detector for Radlopharmaceutlcals

Richard E. Needham"' and Michael F. Delaney
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The separation of 'Y-emitting radiochemical species has been
an important aspect of radiopharmaceutical research and
quality control. Recently, high-performance liquid chroma­
tography (HPLC) has found promising application in this area
(I, 2). Typical radiopharmaceuticals contain a low-energy
'Y·emitling radioactive label (100-200 keY) which is chelated
or covalently bonded to a carrier molecule of intereat. Fre­
quently encountered isotopes include technetium·99m (140
keY) and iodine-123 (159 keY). Detection of radiochemical
species separated hy HPLC has been accomplished by
placement of a flow cell or coil in the central depression of
a sodium iodide [Nal(T1)] well·type scintillation detector, so
that 'Y-rays emitted from species in the flow cell are detected
by the surrounding detector. A Nal(Tl) well-type scintillation
detector is not ideal for this application since (1) it is relatively
large, typically a 3 in. (7.5 em) diameter by 3 in. (7.5 cm) thick
cryatal with a 1 in. (2.5 cm) diameter well, (2) it requires a
large and inconvenient photomultiplier tube (PMT), which
restricts its placement relative to a flow cell, and (3) it is
generally necell5llrY to surround the crystal with extensive
shielding to reduce background count rates.

A more satisfactory approach to the detection of 'Y·rays after
HPLC separation would be to have a amall volume, compact
'Y detector which could view an HPLC flow cell externally and
with high detection efficiency. Cadmium telluride (CdTe)
detectors are a relatively recent development which have found
application as nuclear radiation d08imeters and probes (3,4).
CdTe detectors are suitable for the present application for
a number of reasons: (1) the CdTe detector is a semioonductor
detector, in which an electrical charge is produced directly
from a 'Y·ray interaction. The need for a PMT is therefore
eliminated; (2) the active volume of the detector itself is quite
small (5-10 mm3) with correspondingly compact external

1Author to whom correspondence should be addressed a1 Win·
cbeeter Engineering and Analytical Center.

packaging, permitting convenient placement of the detector
in confined areas; (3) the small active volume results in rel­
atively low background count rates and maximizes detection
sensitivity for small source volumes, such as HPLC flow cells;
(4) the 'Y peak resolution is comparable to that of a Nal(TI)
detector; this gives energy resolution sufficient to discriminate
against background and scattered radiation; (5) the detection
efficiency of CdTe, because of its higher effective atomic
number (Z.ff = 50), is higher than that of Nal(TI) (Z.ff = 38)
on an equal volume basis.

This report presents our experience with a CdTe detector
which we have mounted in a commercially available refractive
index (RI) HPLC detector, allowing simultaneous monitoring
of the bulk properties and 'Y radiation of eluting radiochemical
species.

EXPERIMENTAL SECTION

A 2.6 x 2.6 x 2.0 mm "cubic" edTe detector housed in a 5 mm
diameter X 12 mm cylindrical aluminum housing with a 20 cm
long miniature coaxial cable lead and BNC connector (Radiation
Monitoring Devices, Inc., Watertown, MA) was used. An alu­
minum detector holder was constructed in-house to mount the
detector to the heat exchanger coil of a Micromeritics Model 771
refractive index detector (Micromeritics, Norcross, GA). The
detector lead was brought outside the Dewar flask housing of the
HI detector to a Radiation Monitoring Devices Model PSP~1

preamplifier/bias supply. The preamplifier signal was routed
sequentially by coaxiaJ cable to an Orlee Model 572 spectroscopy
amplifier (EG+G Ortec, Osk Ridge, TN), an Ortec Model 551
single channel analyzer, and an Orlee Model 441 rate meter. The
recorder output from the ratemeter was used to drive one side
of a Varian Model A-25 dual channel reoorder (Varian Aerograph,
Walnut Creek, CAl, while the second side was driven by the RI
detector.

The edTe detector was collimated by wrapping a 1.5 mm thick
layer of lead foil around the cylindrical housing, in order to
attenuate any extraneous radiation up to 150 keY by greater than
95%.

_ anIcIo not .....joeI to U.S.~ POOkhed 19S2 by the American CIlomlcaI SocIoty



Flgur.1. Exploded view ot the Cdre deloctor. es edapled 10 the heal
exchanger coU of the RI detector.

The detector was evaluated for background counl fate, pho­
topeak energy resolution, and photopeak counting efficiency by
using spectra accumulated with a Nuclear Data 4420 multichannel
analyzer system (Nuclear Data. Inc., Schaumburg, IL). Radio­
active sources included point source activity standards of U1Am,
'''&. "Co, and ""Jig (Ame..ham International, Ltd., Ame..ham,
U.K.) and aqueous solutions of""'Tc, "Ga, and ''8< calibrated
on a Capintec CRe-2N ionization chamber (Capintec, Inc., Mount
Vernon, NY). A lJ9mTc point source was also prepared by
equilibration of 8 99mTc sodium pertechnetate solution with 8

Dowex-2X-g anion exchange bead using the technique of Hahn
and Shleien (5). The in situ response of the detector was evaluated
by using "'"'Tc sodium pertechnetate solutions injected into a pH
7.0 phosphate buffer stream, with flow maintained by an Altex
Model 100 HPLC pump (Altex Scientific, Inc., Berkeley, CAl.
For comparison, the sensitivity and background count fate were
determined for a 3 in. (7.5 em) by 3 in. (7.5 em) Nalm) well crystal
with a I in. (2.5 cm) diameter by 2 in. (5.0 cm) deep we!! (crystal
bousing =0.020 in. copper) (Bicron Corp. Newbury, OH) and a
2.5 in. (6.3 cm) thick lead shield (Bicron).

RESULTS AND DISCUSSION
The CdTe detector wes positioned within the RI detector

in order to achieve maximum count rate response to solutions
nowing through the RI detector. Optimum response was not
attained by placing the edTe detector against the now cell
through which the RI meesurement is made bec.suse of the
attenuation of ,.·rays by the steel wall (5 mm thick) of the
cell. The detector was therefore positioned against a heat
exchanger coil on the inlet side of the now cell (Figure I). The
heat exchanger coil consista of 12 turns of 0.10 mID (i.d.) steel
tubing wound about a 1.5 cm diameter by 1.0 cm cylindrical
spool. In this configuration, the face of the detector ....mbly
is brought to one tubing wall tbickneas (approximately 0.30
rom) from the radioactive solution. From consideration of the
source-detector geometry, it is c.s1culated that the detector
views 15 SlL of radioactive solution.

Linearity, The count rate linearity of the dete<:tor and
associated electronics was assessed by counta of aerial dilutions
of a ''8< liquid source placed I cm from the mounted detector.
A linear least·squares fit of source activity vs. count rate
(between 100 and 140 keY) for count rates from 18 to 4000
counta/s resulted in a correlation coefficient of 0.9998.

,. Resolution. ,. photopeak resolutions from 60 keY to 279
keY were measured as the full width at half-maximum (fwhm)
and full width at tenth-muimum (fwtm), expreased as a
percentage of the,. photopeak energy (Table I). Figure 2
shows 8 spectrum obtained with 8 99mTc solution as it was
pumped through the RI detector and with the edTe detector
positioned as in Figure I. The photopeak energy resolution
is sufficient to distinguish photopeaka from scattered radiation
and from fluorescence X-rays originating from the lead col­
limator surrounding the detector. For most measurements
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Table 1. 1'·Photopeak Resolution of tbe edTe Detector

energy. keY fwhm,a % fwtm,a %

60 32 47
81 25 37

122 23 30
140 23 31
279 14 17

a Full width at half-maximum and ruu width at tenth­
maximum, expressed as a percentage of the photopcak
energy.

Table II. Background Count Rates of tbe
CdTe DetectorO

energy countsl
range, keV min b uncertainty b

41-60 3.03 0.08
61-80 3.64 0.07
81-100 2.70 0.07
101-120 1.61 0.08
121-140 0.95 0.08
141-160 0.60 0.02
161-180 0.39 0.01
181-200 0.26 0.02
201-220 0.16 0.01
221-240 0.12 0.02
241-260 0.07 0.01
261-280 0.04 0.01
281-300 0.02 0.01

a 1.5 mm lead shielding along side housing of detector.
b Mean ~ one standard deviation, five determinations,
60 000 s counts.

4000

1
1\

:] I" ('·r'>, " \l.....;.....~

~
\e

I
\1000

1 I

o~-~--~-'--~........_~-~_-~
o 100 150 zoo

!::\ERCY (Kev)

Figur. 2. Energy spectn.m of ""'Tc obtained with the Cdre detoctor.
The pholopeak Is al 140 keV, while counts al 60-80 keV ",e from
Co<r4>lon scattamg and lead lUl<escence X...ys from the coIImator.
The large nt.mber of counts below 50 keV or1gi>ate from prll8fT1llller
noise. Single channel analyzer settings between wllIch counts are
taken to< chromatogam peak Inlegratlon are shown es ver1IcaI bens.

of count rate, the single channel analyzer window was set at
the fwtm energy limits of the photopeak of interest (Figure
2).

Background. Background count rates were determined
for l()'keV energy increments (Table m. Because of the small
volume of the edTe detector, background count ra"'" are quite
low and extensive background shielding is not needed. This
aids greatly in keeping the detector system compacL The
small amount of shielding used (vide suprai is intended for
collimation of the field of view of the detector rather than for
reduction of background count rates.

Detection Efficiency. A point-source photopeak efficiency
curve for the detector was determined by using 241Am. 133Ba,
"Co, ""'Tc, and ""Hg ,.·rays in the 60-356 keY energy range.
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Table Ill. SeDiitivity of edTe and Nal(Tl)
Detecton {or "mTco

detector dpm nCi dpm nCi

CdTe 9.40 x 4.30 X 1.60 X 7.22 X

10' 10- 1 10' 10'
Nal(T1) 6.39 X 2.88 X 4.83 X 2.18 X

10' 10- 1 10' 10'

a Sensitivites were calculated with a calculated cell vol­
ume of 15 JJL and a measured peak width of 36 s at a
now rale of 0.51 mL/min. b Defined by Reeve and
Crozier (6) as the amount of activity in the cell, over a
period equal to the transit time, necessary to ensure a
95% probability of a 2:1 signal:noise ratio. C Defined by
Reeve and Crozier (6) as the minimum activity which
must be injected to obtain an average of 100 counts per
transit period.

(Figure 3). Detection efficiency is at a maximum at 75-80
keY and becomes quite low at energies higher than about 250
keY. Detection efficiencies for calihrated solutions of-Tc
and "Ga citrate, pumped through the system with the CdTe
detector positioned as in Figure 1, were determined and
compared with the point-source efficiency. This comparison
aIIowa an ll88essment of the degree to which the detector
efficiency in the actual case compares with the theoretical
maximum represented by the point-source efficiency curve.

(1) Pinkerton. T. C.; HeIneman. W. R.; Deutsch. E. AMI. Chern. 1880.
52.1106-1110.

(2) Zodda. J. P.; Heineman. W. R.; GiI>ert. T. W.• Deutsch. E. J. Ctroma-
togr. 1882. 227. 249-255.

(3) Slffert. P. MJcJ. InstnJm. MethOds 1878. 150,22-35.
(4) Entne. G. IEEE Trans. NucJ. SCi. 1878. 552-558.
(5) Hahn. P. B.; SchIeIen. B. Anal. Chsm. li70. 42. 1608-1612.
(6) Reeve. D. A.; Crozier. A. J. Chromatogr. 1877. 137.271-282.

The steady-state flow detection efficiency for the 14G-keV peak
of -rc was found to he 2.41 X 10-2 countsh, or 41 % of the
theoretical point-source efficiency. For 67Ga y-rays, flow
detection efficiencies were found to be 1.04 x 10-1 counts/y
(93 keV), 1.87 X 10-2 countsh (185 keV), and 1.25 X 10-'
countsh (300 keY), all of which fall below the point-source
curve (Figure 3). A closer approach to the point·source ef­
ficiency curve could certainly be achieved with an optimized
flow cell design but was not attempted during the present
work.

Sensitivity. The steady·state flow detection efficiency,
background count rates, and transit times derived from rep·
licate 2O-,.L injections of -rc sodium pertechnetate solutions
into a pH 7.0 phosphate huffer stream at a flow rate of 0.50
mL/min were used to calculate absolute and quantitative
detection limits for 99mTc using equations derived by Reeve
and Crozier (6) (Tahle ill). A comparison was also made with
a Nal(TI) well-type scintillation detector hy determining
background count rales and the detection efficiency for 2G-~L
volumes of -Tc at the bottom of the well (Table III). AI·
though the NaI(Tl) detector gives a higher overall sensitivity
because of an optimized source-detector geometry, the sen­
sitivity is lower than would be predicted solely by a consid­
eration of counting efficiencies of the two systems. This is
because of the approximately IG-fold higher background count
rate of the NaI(TI) detector compared to the CdTe detector.
From Table I!I, the quantitative sensitivity of the CdTe de­
tector under realistic conditions is about 100 nCi (2.22 X 10'
dpm) of -Tc; this appears to be more than adequate for
HPLC separations of radiopharmaceuticals, where radioactive
concentrations of greater than 1 mCi/mL (2.22 X 10' dpm/
mL) are routinely used. A 1O-~L injection of a I mCi/mL
solution of-rc would give 10 ~Ci (2.22 X 10' dpm) or about
100 times the quantitative limit for 99mTc.

Registry No. CdTe. 1306·25·8; -Tc. 14133-76·7.
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keY) end "Ga (93. 185.300 keV) solutions pesslng tI1rough the heal
exchanger coil with the CdTe detector positioned as In FIglX8 1.

Carbon as a Sample Substrate In Secondary Ion Mass Spectrometry

Mark M. Ross and Richard J. Colton·

a..mIstTy DIvIsion. Naval Ressarch Laboratexy. Washington. D.C. 20375

Activated carboDi or charcoals have long heen used as ad­
80rbents for airborne or aqueous pollutants (J, 2). In addition,
carbonaceous particulate matter, or 800t, produced by com­
bustion of bydrocarbon fuels is known to contain a multitude
of adsorbed compounda (3). Analysis of such adsorbed species
on carbona usually involves first the extraction of the species
by an appropriate solvent followed by chromatographic
fractionation, and fInally the separation and identification of

the components of the extract usually with a chromato­
graphic/mass spectrometric technique. Although this ana­
lytical scheme often yielda a large amount of information about
the adsorbed compounds, the experimental procedure is quite
tedious and time-consuming.

One objective of this research is to develop new analytical
techniques for the direct and rapid identification of organic
compounda adsorbed on carbon. Specifically, we plan to use
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Table I. SIMS Results Cor the Substituted Benzenes
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ion beam mass spectrometric methods, e.g., secondary ion mass
spectrometry (SIMS) and thermal desorption gas chroma­
tography/mass spectrometry (TD-GC/MS), to analyze the
organic adsoruates. GC/MS techniques have been used
previously to analyze volatile compounds on activated carbons
used for water treatment (4) and to identify polycyclic aro­
matic compounds (PACs) found on carbon black (5). SIMS
has been used recently to characterize certain organic com­
pounds deposited onto graphite as a sample substrate (6).
However, since such SIMS studies have been limited and,
consequently, the fundamental mechanisms for ion emission
of organics from carbon surfaces are not known, another ob­
jective of this research is to investigate the secondary ion
formation and emission mechanisms of organic molecules on
carbon.

Current SIMS analyses of organic compounds employ
various sample preparation techniques such as depositing the
organic on metal surfaces by solution deposition or burnishing
(7, 8) and incorporating the organic into liquid or solid ma­
trices, e.g., glycerol (9) and sodium or ammonium chloride (10).
We report here the analysis of volatile and nonvolatile organic
compounds adsorbed on an activated charcoal and the ad­
vantages of using a carbon sample matrix in SIMS 89 com­
pared with organic SIMS results from metal surfaces.

EXPERIMENTAL SECTION
The organic compounds studied are divided into two groups

according to tileir volatility and molecular weighL The fIrSt group
consists of the volatile compounds benzene, toluene, xyJenes, and
mesitylene. The second group consists of the PACs naphthalene,
acenaphthylene, acenaphthene, fiuorenone, phenanthrene, an­
thracene, nuoranthene, and pyrene. The carbon is an activated
coconut charcoal of approximately 1000 m2/g surface area and
is referred to as carbon throughout tile text and as C in the tables.
Before adsorbing the organic compounds the carbon is ground
with a mortar and pestle.

The organic compounds are adeorbed on 8ilver by depositing
1 or 2 pL of a 10-3 M solution of the organic in chloroform, or

of the neat organic liquid, onto a piece of acid (HNO~·etehed

silver foil. The organics are adsorbed on the carbon by placing
50-200 mg of carbon into 1 mL of a solution of the organic
compounds in chloroform. Once the solvent has evaporated (15-24
h), approximately 0.1 mg of the carbon is then burnished onto
a piece of acid-etched silver foil. By variation of the concentration
of the chloroform solution, the total quantity of the organic on
carbon on silver is in the range of 10 pg to 2 ng.

Seconda.ry ion mass spectra are obtained with a double-focusing
instrument which has been described in detail (I I). The primary
ion beam consisted of 4.4 keY Ar+ ions with 8 current density
in the range of (4 to 8) x 10-< A/cm'.

RESULTS AND DISCUSSION

Results for the first group of compounds are presented in
Table I. The adsorption energies reported are those measured
for these compounds on graphitized carbon black (12). These
compounds are normally difficult to analyze without cryo­
genically cooling the sample due to their volatility and the
ultrahigh vacuum conditions (10" torr) of the SIMS sample
chamber. Consequently, no secondary ior.s characteristic of
the organics are detected when silver alone served as the
sample substrate. Adsorption of toluene, xylenes, and mes­
itylene on the carbon burnished on silver permitted detection
of the lAg + M)' ion from each of these compounds. Since
toluene, but not benzene, is detected, the minimum adsorption
energy necessary to permit deU!ction is taken to be in the range
of 10 to 11 kcal/mol. This energy is close to the desorption
energy of 15 kcal/mol, reported by Hobson (13), below which
a physically adsorbed gas is readily pumped from the wall of
a high-vacuum chamber. Since the heats of adsorption of
organic compounds on carbon are relatively high, the adsor·
bate is held in place long enough to be detected in a SIMS
experimenL When the carbon matrix is saturated with toluene
or mesitylene, the ion emission lasts for 1/2 to 1 h.

SIMS results obtained with the PACs are presented in
Tables II and III. We found these compounds to be vary
dirlicult to analyze with SIMS (when directly deposited from
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Table II, SIMS Reaulta for PAC. Naphthalene, Acenaphthylene, Acenaphthene, and 9,Fluorenone
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solution on silver) due to their nonpolar nature and low ad·
sorption energies on metal surfaces. Ion emission from these
compounds on silver proved to be unpredictable and irre­
producible. When these organics are adsorbed on carbon,
however, M+, and lAg + MJ+ molecular ions are readily and
reproducibly detected for long periods of time, (For example,
lAg + MJ+ ions are observed for over I h from a carbon
charged with approximately 2 ~g of an organic compound,)
One possible explanation for this long·lived ion emission is
that the high surface area and porooity of the carbon subetrate,
with aample molecules diatributed throughout the three-di-

mensional structure, allow the primary ion beam to encounter
fresh areas as layers of the carbon are sputtered away, Under
these sputtering conditions, we have measured a detection
limit of approximately 2 ng for phenanthrene on carbon.

In conclusion, the carbon matrix offers several distinct
advantages for SIMS analyses of organic compounds, They
are (1) the steady·state emission of molecular ions over a long
period of time even while using dynamic ion beam conditions,
(2) a detection limit of -2 ng, (3) the analysis of nonvolatile
nonpolar compounds such as the PAC., and (4) the analysis
of some volatile compounds such as the substituted benzenes
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without having to freeze the matrix. (The first three of the
fOUf advantages of carbon given above are also given by salt
matrices in SIMS (7,8, 14), A direct comparison between the
carbon and 80lt matrices has not been made at this time.)
These results show that (I) carbon can be used as 8 sample
substrate for the SIMS analysis of organic compounds and
(2) SIMS has potential as a rapid, simple, and direct analytical
technique for the characterization of carbons with adsorbed
compounds..

These preliminary resullllsuggest, in addition, future SIMS
analyses of real-world carbons for major adsorbed components.
Already an industrial carbon has been successfully analyzed
in our laboratory with the detection of the protonat.ed mo­
lecular ion, [M + HI+, arising from the impregnated amine.
Other fundamental studies will include the analysis of different
adsorbed compound types, such as PACs with heteroatoms
and polar side groups.
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Statistical Evaluation of Calibration Curve Nonlinedrlty in Isotope Dilution Gas
Chromatography/Mass Spectrometry

Jozel A, Jonckheere and Andre P. De Leenheer·

Laboratorium VOOf Medische BJochemie en Klinische Anary-se. FSrmBceUfisch Instituut, 9000 Gent. B8IgJum

Herman L, Steyaert

SeminariB voor WssrschijnJijkheidsrekening en Mathematische Statistiek. Rijksuniversiteh Gent. 9000 Gent. Belgium

During the past 2 decades isotope dilution mass spectrom­
etry (IDMS) has gained a very particular place as an analytical
tool. This stems mainly from the fact that 8n isotopically
enriched analogue of the annlyte is used as an internal
standard. Since physicochemical properties of both analyte
and internal standard ore virtually identical, an optimal
compensation is at work for losses of analyte in all analytical
steps. As both products are simultaneously present in the
mass spectrometer, specific determination of the analyte/in­
temalstandard mole ratio is po65ible by measuring the isotope
ratio, Quantitntion is performed by comparing the degree of
perturbation of the isotopic composition of unknowns with
the isotope ratios of mixtures with known concentrations of
analyte and internal standard.

Although these principles are well documented (I), still
some confusion is apparent in many IDMS calibration pro­
cedures. Specific problems arise from the presenc"! of unla·
beled material in the internal standard and the naturally
occurring isotopes of the analyte. As Pickup and McPherson
explained (1), the isotope ratio (R m ) in a mixture of natural
and labeled product can be expressed as

(x/E)p; + (Y/Flq;
Rm m 7(x-/:-::E::-)p-j-+-(Y""""'/Fl=-qj

where x and y are the masses of analyte and labeled material
and E and F their respective mean molecular masses. The

abundance of the main isotopic form of the analyte is rep­
resented by Pi whereas qj stands for the abundance of the main
isotopic form of the internal standard; Pj is then abundance
of naturally occurring isotopes in the analyte and qj the
abundance of unlabeled material present in the internal
standard,

Depending on the actual values of Pj and qi in a given
analytical situation, the mathematical relationship varies from
linear (Pj negligible) to a nonlinear relationship (nonzero values
for Pi or Pj and qj)' The linear situation when Pj and qi are
negligible is, however, unrealistic in rDMS,

It is obvious that the use of linear least-squares procedures
to describe the relationship between isotope ratios and mole
ratios is only valid in the special case where Pj is negligible
(i.e., highly labeled compounds). Assuming a linear rela­
tionship in all other cases will introduce gross errors, The use
of inverse ratios or weighted linear regression (2) or log-log
regression (3) only masks the effect of nonlinearity of caH­
bration curves,

To circumvent these problems of nonlinearity, many au·
thors proposed the use of the hasic IDMS equation (eq I),
similar equations, or approximations of this formula, to obtain
correct.ed isotope rati06 to construct linear calibration curves
(4,5) and nonlinear curves (6) or to extrapolate the unknown
concentration (7,8),

Although these "theoretical" methods have been used
widely, one should realize that the accuracy of the standard
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Table I. Calculation of Polynomial Regression Linea
and Model Testing

Third Order
Rm given x cal cd std dev

0.06308 16.74829 0.0028
0.09608 33.50148 0.0025
0.16155 67.00141 0.0026
0.29045 133.99845 0.0029
0.54040 268.00041 0.0033
LOll 00 535.98812 0.0036

11m 0 3.928 X 10-' + (1.826 X 10")x r 0 0.99978
~rl = 2.943 X 10··
So 7.357 X 10-'

R m = 3.011 X 10-' + (1.979 X 10-')x - (2.780 X 10-' lx'
~r3 = 5.450 X 10- 1

S=1.817 X 10-'
11 m ' 2.992 X 10-' + (1.985 X 10-')x­

(3.123 X 10-')x' + (4.332 X 10-1I)x'
~rJ = 3.676 X 10. 11

S' 1.838 X 10- 11

R m = 2.991 X 10-' + (1.986 X 10-')x":
(3.181 X 10·')x' + (6.476 X 10- II )x'­
(2.290 X 10-" )x'

~r3 =3.854 X 10·\2
S= 3.854 X 10-1>

F test of 1 and 2 order
p = 1.00000 significant
F lest of 2 and 3 order
jJ = 0.99966 significant
F Lest uf 3 and 4 order
p = 0.79011 nonsiJ:nificant

Given the evidence on 8 theoretical example, the program has
been applied to the experiments! data of another puhlished IDMS
study (4). It should be mentioned that in this study no replicate
measurements were given, so that a nonweighted rCKrcssion
analysis had to be performed. As is cvident however from sta­
tisticalliterature (10), the accuracy of the calibration curve is
almost invariably increased when weighting factors arc incorpo-.
rated, taking into account the experimentally dewnnined variances
at each measurement point. The given isotope ratios were
reentered in the chosen model and, for the purpose of compa.rison,
also in the linear equation. The difference between the caleuJ.6.ted
mole ratios and the given mole ratios is graphically represented
for both Ule higher order equation and the linear equation (Figure
2). Clearly the higher order equation was statistically more
appropriate to describe the IDMS calibration curve. Also the
correlation coefficient has been calculated and indicated. As has
been stressed recently (J I), the use of this correlation coefficient,
as a means of evaluating goodness of fit of linear regression, should
clearly be discouraged. Ita statistical significance indicates only
that there exists "a" relationship between x and y values, without
evaluating linearity. This is clearly seen in Figure 2 where despite
a very high correlation coefficient the higher order model is more
appropriate as proved by the F test for significance.

RESULTS AND DISCUSSION
This study proves that the eventual curvature of IDMS

calibration curves can be described very accurately by means
of higher order polynomials. The ability to check different
models allows one to adapt the same calculation procedure
regardless the actual analytical situation, i.e., regardless the
degree of labeling of the internal standard of the interference
from naturally occurring isotopes of the analyte. This is
especially important in those cases were, due to low efficiency
of the synthesis, a large amount of unlabeled, or uncompletely

0.0
0.0
0.0
0.0
0.0
0.0

std devRm

0.0631
0.0961
0.1616
0.2905
0.5404
1.0ll0

X

16.75
33.50
67.00

134.00
268.00
536.00

1
2
3
4
fi
6

no.

FIgure 1. Flow scheme fOf the model testing by means of an F test
for significance.

curve is completely dependent on the validity of the proposed
correction fonnula Approximations by assuming the presence
of only two isotopic forms (4, 7), or assuming equality of Pi
and qj (5. 6, 8) all increase the inaccuracy of the quantitation.
Also the detennination of the Pi and q, values is of paramount
importance to the sccuracy of these standard curves. As these
values are determined by measuring the isotope ratio or
running 8 rnnss spectrum on pure analyte and "pure" labeled
product and the Pj and qj values are very small in comparison
with Pi and qj. the respective fatios p';Pj and qi/qj will be
subjected to relatively large errors.

EXPERIMENTAL SECTION
Instead of artificially transforming the data to 8 linear model,

we tried to describe the relation between isotope ratios and mole
fatios by means of polynominal regression, since the basic IDMS
equation (eq 1),8 fational function, can be seen as

R= = ao + a,(x/y) + a,(x/y)' + ... a"(x/y)" (2)

the degree (n) depending on the actual values of Pj and qj"
For 8 gi\'en data set. we therefore calculate different polynomial

functions starting from 8 first degree (linear equation) up to a
fourth degree. The use of higher order polynomials is not ad­
visable, to avoid oscillating of the curve through the measuring
points. The residuals around the different models, i.e., the ab­
solute differences between given mole ratios and the values
calculated by the polynomial, are then used for 8 statistical
evaluation for goodness of fit. This is done by testing the dif·
(ereoce between the residuals of two consecutive models against
the residuals of the highest degree model by means of an F tesl
for significance (p = 0.95). The now scheme of the model testing
is given in Figure 1. Each model is tested against a higher order
model and the best one is then tested again with the following
higher order model. This test indicates that, if the lower order
model is true, there is only 5% chance to choose the wrong model.
Also the use of weighted regression has been included to com·
pensate far the nonconstant variance of the analytical data points.

The calculation procedure, as described, was tested by spplying
it to synthetic data generated with eq I, for the analytical situation
of 8 previous IDMS study carried out in our laboratory (9). In
this assay Bromhexine, 8 mucolytic drug (CIfH:zoN2Brz) was
Quantitated with its trideuternted analogue of the following iso­
topic purity: do, 0.80%; d" 3.69%; d" 3.84%; d" 91.67%. The
test has not been developed for the fragment ions used in this
study since differences in fragmentation efficiency due to isotope
effects make the theoretical development more difficult By means
of a computer-program based on the probahility theory of Pickup
and McPherson (I), the different parameters of eq 1 were cal­
culated for the molecular ions. These values were entered in eq
1 to obtain the isotope ratios covering the range 1.67-53.6 ng of
Bromhexine/53.6 ng of labeled analogue. The data points ob­
tained were then used in the regression analysis program, to give
the four polynomials and the subsequent model test The function
thus produced was further used to recalculate the mole ratios
which are listed against the theoretical data points (Tahle I). It
is seen that the model appropriately described the curvature of
the calibration curve.
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Ftgure 2. Difference between calculated and given mole ratios for 8
linear and potynomlal regession line. consb'ucted from the data In ref
4. describIng an JDMS assay for -y-aminobutyric acid (GABA) with
!2,2.2H2!GABA as Internal standard.

labeled, product is present. Also the setup of analyses with
internal standards with low mass increment is facilitated.

In contrast with the calibration methods based on ex­
pressions or approximations of the basic IDMS equation, no
initial estimates of the amount of unlabeled product and/or
influence of naturally occurring isotopes are necessary. Re­
gardless the validity of the "theoretical" model used, this step
greatly reduces the accuracy of such calibration procedures,
because of the experimental error involved in determining
these small abundances. Also, proper statistical handling of

o y l. J9 • 5.]' 10. 1 X

• Y 2.]8 10- 1 • !.02 X

-1. 89 10. 7 X2

2.33 7. a
XIV theoret led 1

o

0.994

23.3

the data is not alway!! possible due to transformation of the
experimental data.

Our proposed method is even more valuable in cases where
some chromatographic separation of analyte and internal
standard (using highly labeled compounds or high resolution
capillary columns) occurs. This effect destroys the validity
of the basic IDMS equation and subsequent calculation
procedures based on this formula. Indeed the ion overlap is
only partial, and no estimation of the interferences can be
obtained by measuring pure product and/or internal standard
separately.

It is obvious that the presented polynomial regression
analysis with model·testing requires a reasonable computa·
tional facility (12). Modern mass spectrometers, however, all
incorporate powerful computer systems which can handle this
problem very easily.

The above summarized regression analysis by multiple
polynomials is worked out in a computer program, RAMP,

which is available on request in FORTRAN IV or HPL­
BASIC.
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Desorption of Radon from Activated Carbon Into a Liquid Scintillator

Howard M. Prichard' and Koenraad Marlen

The University of Texas School of Public Health. P.O. Box 20186. Houston. Texas 77025

Activated carbon has long been noted for its ability to
adsorb radon from the surrounding air and has often been
exploited in measurement techniques requiring radon con­
centration, Radon entrained on the carbon can be measured
directly by "( spectrometry or can be removed from heated
carbon for counting in an n scintillation cell. The latter
approach (1) is far more sensitive than "( counting but does
involve a considerable amount of sample manipulation. As
part of an effort to develop a passive integrating radon sampler
based on activated carbon adsorption. we sought a counting
method that would have a level of sensitivity approaching that
of the a scintillation cell while involving minimal sample
treatment. If radon could be reproducibly removed from
activated carbon by simple desorption in a solvent such as
toluene, then liquid scintillation counting would be a promising

analytical method for large-scale applications such as personal
dosimetry in uranium mines. Other potential applications
include the analysis of activated carbon radon flux detectors
or radon entrained on low temperature activated carbon traps.
From theoretical considerations, it is reasonable to expect that
the general approach might be applicable to the analysis of
other radioactive noble gases, such as I3JXe and &SKI.

EXPERIMENTAL SECTION
Initial desorption experiments were performed with sufficiently

high radon concentrations to permit analysis by conventional l'
spectrometry. Ten·gram lots of a large greined. low density
activated carbon (Nuchar WVL 8X30 Mesh) were rinsed in methyl
alcohol to remm'c fines and then dried at 110°C for 24 h, The
prepared carbon was exposed to radon gas. sealed in 22·mL glass
liquid scintillation vials, and held for at lea.~t 3 h to allow for
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Table II. Desorption of Radon from 2·" Carbon SamplesTable I. OblOrved and Expected Radon Counts
following Toluene DelOrption

sample obsd expecled DIE

1 3970. 70" 40401 50 0.981 0.02
2 38201 60 45001 50 0.851 0.02
3 35701 60 3410150 1.051 0.02
4 28301 60 2900. 40 0.981 0.02
5 2980,60 3190140 0.94 1 0.02
6 2060, 50 1940130 1.07 1 0.03
7 1620. 40 1650, 30 0.991 0.03
8 2040, 50 2030, 30 1.001 0.03

4
3
3
3
3
3
3
4

mean
(cpm)"

444
498
217
532
515
391
281
158

std
dev

13
4

12
18
27

6
3
8

cocffic"ient
of variation

2.97
0.72
5.54
3.33
5.18
1.64
1.14
5.32

011 One standard deviation. a Standard deviations due to counting errors alone are
<2 cpm.

a For a 60 min count with the combined probability of
type 1 and type II errors = 0.05.

constant"L .. is the coefficient for the partition of radon be­
tween equal volumes of air and toluene (4). With L = 13 and
Va = 50 mL, the expected count rate reduces to

Table lII. Background.. Counting Efficiencea, and Lower
Limits of Detection for Several Counting Windows

back·
ground, efficiency, MDTA,a

window cpm cpm/pCi pCi

where V and V' are in millilitera. The actual ~ counts observed
in the recovered toluene fractions are consistent with this
simple model. The average ratio of observed to expected
counts is seen to be 0.984 ± 0.065 for the eight runs in Tahle
I. If the low value in entry 2 can be ascribed to experimental
error, this becomes 0.999 ± 0.044.

Table II shows the results of the tests made under leas
restricted conditions. Counting was performed with 2 g of
carbon residing on the bottom of the vial. It is seen that if
there are losses of radon before the vial is capped and lo..eo
of pulses due to the presence of the carbon, they are at least
consistent.

(2)C' = CV'/(V + 3.8)

open 58.4 10.60 0.365
up preset 19.2 8.73 0.254
'H/uP preset 15.6 8.72 0.229
I·C/UP preset 12.4 7.06 0.252
optimum 12.9 8.52 0.213

SENSITIVITY
Once radon is dissolved in a liquid scintiUator. the a and

fJ emissions of the radon serieR can be counted with almost
complete efficiency. For every picocurie of radon-222 present,
three a and two hard Pare emitted at equilihrium, providing
an expected count rate of 11.1 counts min-I pCi-l. Some
counts are missed due to energy losses in the vial walls and
actual count rates of 10.5 to 10.6 counta min-I pCi-1 are ob·
served in an open counting window. As the upper and lower
discriminators are varied to narrow the window, both the
background count rate and the counting efficiency are reduoed.
An optimum setting is one that minimizes the lower limit of
detection, here taken to be the minimum detectable true
activity (MDTA) as defmed by Altshuler and Pasternack (5).
Table ill ahows background count rates, counting efficiencies,
and MDTA'a for a number of window settings on a commerical
liquid scintillation counter. It is to be noted thet the preset
window for "P in the presence of 'H produced an MDTA
nearly as low as the experimentally determined optimum
window. Backgrounds and counting efficiencies will vary
somewhat from machine to machine, and the efficiencies of
the preset windows will vary somewhat with the degree of
quench in the scintillation solution.

daughter ingrowth. Each vial waa then placed in a styrofoam jig
and the O.295-MeV and 0.352·MeV ~ lines of '''Ph were counted
with a Ge(Li) detector and a 4096 channel analyzer. The carbon
was then transferred to an 8()..mL separawry funnel connected
to a 6O-mL flask containing a known volume of reagent grade
toluene. When the stopcock waa opened, the toluene flowed down
onto the carbon, producing an exothermic outgassing reaction.
The evolved gaa p....d upward through the toluene, affording
an opportunity for any radon in the gas to be transferred to the
liquid (2). after a few seconds of genUe ahaking the toluene paaaed
entirely into the funnel and the stopcock was closed. The gas
in the flaak waa sampled with a syringe to verify that a negligihle
fraction of radon bad escaped to the flaak. Suheequent analysis
wiOl an a scintillation cell showed that this Craction was less than
0.5%. After a wait of at leaat 2 h for desorption, the funnel waa
shaken and inverted, a syringe attached below the stopcock, and
the free liquid portion removed. The toluene was transferred to
a 22·mL glaas liquid scintillation vial for ~ counting after a 3·h
delay for the ingrowth of fadon daughters. Care was taken to
repeat the counting geometry used with the original carbon
sample, and the ....ulting net counta at 0.295 and 0.352 MeV were
decay corrected to the counting time of the sample before de­
sorption. (If the toluene is to be counted by liquid scintillation,
I or 2 mL of concentrated fluor solution must be added to the
vial.)

The repeatahility of the desorption procedure waa teated under
relaxed conditions to teat the degree of care actually required for
effective counting. Two gram samples of carbon were placed in
glaaa scintillation viala sealed with thick rubber septa into which
glaas diffusion tubes (3) I em long with an internal diameter of
0.265 em had been placed. Seta of three or four such viala were
capped and placed in an atm06phere of 50-200 pCi/L of radon·
222. The viala were simultaneously uncapped, exposed for a
predetermined number of hOUlll, and then simultaneously capped.
It waa aasumed that the sampling rate of the diffusion tubes had
been selecled so that after an expoeure of 24 h, the 'volume" of
air sampled diffusively would be much I... than the effective'
capacity of the carbon. At a convenient later time, the vials were
uncapped, the stoppers removed, and 20 mL of toluene liquid
scintillator was smoothly poured into the vial. The vials were
quic1dy capped, held for 6 h or more for chemical and radiological
equilibrium, and then counted with a commerical liquid scin­
tillation counter. The observed variahility within batch.. rep·
resenu the combined effects of variations in adSorption, de­
sorption, handling 1088, and counting error.

RESULTS AND DISCUSSION
The outcomes of eigbt desorptiona of l~g carbon samples

are shown in Table I. The expected counta were computed
on the aaaumption of total desorption of radon from the carbon
to the toluene, followed by the establiahment of full solution
equilibrium between the air and toluene in the closed veaael.
The expected count rate is

C'= CLV' (1)
LV+ V.

Where C is the count rate before desorption, C' is the count
rate in the recovered toluene fraclion, V is the volume of the
toluene injected, V'is the volume of the recovered toluene
fraction, and V. is the residual air volume in the veaael The
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Registry No. Carbon, 744()'44-0; radon, 10043·92·2; toluene,
10/Hlll·3.
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Screening Method for Aroclor 1254 In Whole Blood

Shane S. Que Hee,' Jerry A. Ward, M. Wilson Tabor, and Raymond R. Susklnd

The Kettering Laboratory, University of Cincinnati Medical Center, 3223 Eden Avenue. Cincinnati, Ohio 45267

Polychlorinated hiphenyls (PCBs) have been utilized as
nonflammable and heat resistant oils in such articles as
electrical transformers, condensers, and paint since 1930 (1).
They are uhiquitous in the biosphere (2, 3). They have
achieved some notoriety in the "Yusho" episode in Japan in
1968 (3) and more recently in Taiwan in 1979 (4,5). As of
November 1, 1979, use of PCBs in new heat transfer systems
in U.S. factories manufacturing or processing food, drugs, and
cosmetics was no longer authorized. Use in electromagnets.
transformers, and heat transfer and hydraulic systems is
permitted until July I, 1984 (6). Defective fluorescent light
hallasts also emit PCBs contributing to office air pollution
(7). Thus, occupational and environmental exposures to PCBs
will still occur into the future, and determination of PCBs in
workers' blood (8,9) will continue to be a valuable measure
of PCB exposure.

The methods for separation and quantification of poly­
chlorinated hiphenyls in serum or whole hlood usually involve
alkaline hydrolysis, hexane extraction, and silica gel column
chromatography of the concentrate of the hexane extraction
(4,9, 10). These methods are generally time-consuming and
tedious: the extractions are usually multiple; the many con­
centrative steps may lead to losses by volatilization and ad·
sorption; any impurities in the solvents also are concentrated,
timiting sensitivity or confounding GC/MS identification. In
addition, incomplete documentation of the gel type may lead
to irreproducible separations from investigator to investigator.

There is a need for 8 semiquantitative quick-screening
method to estimate PCBs in blood or serum. Such a method
would be valuable to assess if further chromatography is
necessary for quantification or GC/MS analysis. Aroclor 1254
was the PCB chosen for this study since it is probably the most
ubiquitous PCB (9).

EXPERIMENTAL SECTION
Optimized Procedure. All glassware including syringes and

tubes to be utilized in collecting blood was soaked in chromic acid
overnight and rinsed (five times) in order: Type I distilled water
as deflned by the U.S. EPA (In, acetone (Fisher Pesticide Grade
A·40), Type I distilled water, hexane (Fisher Pesticide Grade
H·3OO).

Blood was drawn through a polyethylene butterfly valve. The
first 70 mL was discarded to minimize contamination in the event
of later GC/MS. Blood (approximately 10 mL) was collected in
preweighed 5().mL Kimax 14·930 lOA tubes fitted with Teflon·
lined screw caps and containing 200 USP units of heparin in 0.2
m.L of aqueous isotonic saline. The heparin-eontaining tubes were
shaken gently as the blood was collected to prevent clotting.

The samples were then placed in a polystyrene refrigerated box
(4-5 ·C) in which the samples were transported to the laboratory,
where they were stored at 4-5 °C until analysis.

Each blood sample was allowed to equilibrate to room tern·
perature. The total weight was then rerorded. A known weight

(ca. 5.0 ± 0.1 g) of potassium hydroxide pellets (Fisher P'250)
was added. Absolute ethanol (2.5 mLl was added by a prerinse<!
pipet. The caps were screwed on tightly and the tubes shaken
until all the potassium hydroxide was dissolved. The solution
will become hot but should not foam. The solution was digested
at 90 DC for 1 h in a water bath. With the capless tubes still in
the bath, the ethanol was evaporated by blowing nitrogen over
the surface of the solution for 10 min using a Pasteur pipet
connected by Teflon tubing to a cylinder of compressed nitrogen.

The solution was removed from the bath and allowed to cool.
Pesticide Grade hexane (10 mLl was added (pipet), the caps were
screwed on tightly, and the tubes were vigorously shaken for at
least 15 separate shakes. The layers were allowed to separate for
at least 10 min. or until no opacity was evident. An aliquot (IO
JlL) was then injected into the gas chromatograph to complete
the screening phase.

The column used for gas chromatographic analyses was a 1.87
m X 6 mm o.d. X 2 mm i.d. Pyrex column packed with 3% OV·IOI
on 100/120 mesh Chromosorb W·HP. A "Ni electron capture
(EC) detect'" was utilized in a Hewlett·Packard 573().A gas
chromatograph. The temperatures were 250 °C (injector), 203
·C (column), and 250 ·C (detector). The flow of 95% argon/
methane was 25.0 ± 1.5 mL/min. After 16 min the column
temperature was raised to 250 °C for 30 min to allow elution of
other blood compounds.

A Hewlett·Packard Reporting Inlegra"'r (HP·3390A) was
utilized to visualize and quantitate the peak areas.

Preliminary examination of many blood samples revealed that
the ArocIor 1254 pattern at low concentrations «1 ppb) was not
discernible (Figure 1) but was at higher concentrations. Even
at the low concentration two peaks of the Aroclor 1254 formulation
could be consistently utilized for quantification purposes without
resorting '" column chromatographic cleanup. These are depicted
as peaks A and B in Figure 1. All other peaks were interfered
",ith consistently by compounds in the blood, some more 60 than
others.

Hexane PCB standards were utilized to obtain the injected mass
of Aroclor 1254. A standard concentrate was prepared by direct
weighing of the PCB and then quantitative transfer of the Aroclor
1254 with warm (35 DC) hexane to 8 volumetric flask to minimize
adsorptive losses. Differential dilution with hexane was then
utilized '" obtain the desired standard concentrations. Separate
calibration curves were then obtained for the peaks marked A
and B in Figure 1.

The response of the EC/GC was linear up to 10 ng of injected
PCB. The limit of sensitivity was approximately 2 pg of Aroclor
1254 per injection.

The PCB levels were deemed trustworthy when the parts per
billion (ng of PCB/g of blood) conlent based on the two inde­
pendent estimations from the two peaks A and B agreed closely
(± 10% relative). The levels found bY this procedure are maximal
because it is assumed that only PCB is being quantitated.
However, if the PCB level is below high levels. e.g., 5 ppb, then
further analysis is unnece888lY. The appearance of the chr0­
matogram and the disagreement of PCB content as calculated
aeparately from peaks A and B, would indicate that further •

0003-2100/83/035$.0157$01.50/0 C 1982 American Olelrical SocIety



151. ANAlYTICAL Cl£MISTRY, VOL. 55, NO.1, JANUARY 1983

Blood 3lPCB "Doud)

BlOOd I c:onl ........ 0

t'ppb.OdIClA,ocIO/I:!!).

~1'llPO""O<;Jo<l'l!l""'H~...n ..

L.

FIgwe 1. EJoctron captU'a gas ctTomatog:ams 01 blood samples lTom
people axposed to Aroclor 1254 (blood samples 2 and 3) and to no
known a_a (blood S8fl1lIe 1). Tho dTomatogram 01 blood S8J11l1e
1 conta5nlng 1.1 ppb ArocJor 1254 ls compared with 1.1 ppb Arock>r
1254 In hexane (the numbers denote the number 01 chk>rines) and
hexane alone.

cleanup is necessary if tho levels are high, e.g., 100 ppb, to obtain
better precision.

It is recommended that each day of analysis begin with the
following quality control procedure in this order:

Hexane alone (base line must be steady and no peaks in the
areas of interest observed before proceeding), then Aroclor 1254
in be:<ane (10.0 ppb), then hexane extract of a bydrolyzed reference
blood bank sample (10 g), and then a hexane extract of 10 g of
a hydrolyzed reference blood bank sample spiked with 100 ng of
Aroclor PCB. The reference blood utilized in this study contained
citrate phosphate anticoagulant and was comprised of 450 mL
of blood and 63 mL of USP water containing 1.66 g of trisodium
citrate, 0.206 K of citric acid. 0.140 g of monobasic sodium
phosphate, 2.01 g of dextrose, and 0.017 g of adenine. Ita shelf
life was 35 days at 4 ·C.

Two separate syringes should be utilized: one for samples,
another for standards. If one syringe alone was used, memory
effects from concentrated PCB standards caused problems. Such
effects for standards were negated by copious rinsing of the syringe
until injections elicited no Aroclor 1254 pattern. Syringes should
be always washed in the order, hexane, acetone, and hexane.
Ten-microliter injections should always be performed.

Further cleanup may be necessary if disagreement of the levels
of Aroelor 1254 calculatad from the two designated peaks A and
B occurs or if Aroclors of less chlorine content than Aroclor 1254
are present in low concentrations. In this case, the upper layer
should be drawn ofT q\Wltitatively into a measuring cylinder with
a Pasteur pipeL The volumes recovered by this technique should
be 9.7-9.8 mL. The volume was then noted. This hexane extract
(note the volwne) was then transferred to a thimble flask for rotaly
vacuum evaporation. The extract container was washed with
hexane (I mL X 3) after transfer uf the total extract, the washings
were placed also in tbe thimble flask, and the aroalgaroate was
evaporated to about 1 mL.

For column chromatography, the silica gel (Davison Chemical,
100/200 mesh, Grade 923) was cleaned by Soxhlet extraction for
12 b in bexane and dried for 12 b at 200 ·C. After the gel was
oooled, it was kept in a screw-eapped bottle. Silica gel (4.5 g) was
poured slowly into 25 mL of bexane contained in a Pyrex chro­
matographic column (2.35 em i.d. X 45 em) equipped with Teflon
stopcoc.b and a coarse glass sinter. A layer of glaas wool was
placed over the sinter. When packed, the silica gel W88 topped
with a 6 mm layer of Ottawa sand, previously washad with bexane.
After 140 m.L of hexane was collected, the hexane layer was
allowed to approach the top of the Ottawa sand layer. A collecting

beaker W8S placed under the spout. The 1 mL concentrate was
transferred to the column by Pasteur pipet and the level of hexane
dropped to allow the top of the Ottawa sand to be exposed. The
container and the pipet were washed three times with small
aliquots (0.5 mL) of hexane and placed on the column in the 88IIle
manner as above. Hexane was then poured in gently. The first
140 mL was retained to collect all the peaks of the Aroelor. The
eluate and the hexane blank were each concentrated to ca. 1 mL
by rotary evaporation in a thimble round·bottom flask and the
concentrates each transferred with a Pasteur pipet to individual
volumetric l()..mL flasks. The thimble flask and the pipet were
washed with hexane, and the washes were added to the flasks.
The contents were shaken prior to analysis. Ten-microliter al­
iquota were then injected into the gas chromatograph.

Method Validation. a. Recoveries of Aroclor 1254 for the
Optimized Method. Reference blood samples (10 g) were spiked
in triplicate with 10,/Jg, 1 ,/Jgt 100 ng, 10 ng, and 0 ng of Amdor
1254 concentrate contained in 50 :%: 1 ,/JL of hexane. A sheam
of nitrogen was directed to the top of the samples to evaporate
the small amount of added hexane. The samples wer.e hydrolyzed
and analyzed by EC/GC in the manner given for the optimized
method. The recoveries were computed based on peak areas
expected for complete recovery (injected mass of PCB in same
final volume of hexane), corrected for any peaks present in the
blsnks.

b. Determination 01 Critical Collection Volume lor Silica-Gel
Cleanup. Aroclor 1254 (100 ,/Jg) in hexane was diluted to 1 mL
with hexane. The procedure reported in the column chromato­
graphic cleanup step above was then applied. EC/GC analysis
of successive lo-mL amounts of eluates allowed the elution profLIe
to be found. The procedure was also repeated with the 1 mL
concentrate of 9.80 mL of hexane extract from 10 g of blood bank
blood spiked with 100"g of Aroelor 1254, which bad been hy.
drolyzed, extracted, and analyzed by the optimized procedure.
After 140 mL of eluate had been collected, the column was eluted
with dichloromethane (20 roLl. The 140 mL of eluate was con­
centrated to 10 mL. The methylene dichloride was evaporated
just to dryness by a stream of nitrogen. The residue was
transferred by repetitive washings of hexane to a l~mL volumetric
flask. All concentrstes were subjected to EC/GC.

c. Determination of the Optimal Volumes of Hexane and
Ethanol. The procedure of Chen et a1. (4) was taken as the
starting point of the optimization. Thus, ethanol (20 mL) was
utilized in the hydrolysis step, in addition to 5 g of potassium
hydroxide in JO g of blood bank blood spiked with JO,.g of Aroclor
1254. Hexane (three 20-mL portions) was used to extract the
Aroclor 1254. The extraction volumes utilized were 5, 10, and
15 mL. All extractions were done three times. Individual extracts
were analyzed by EC/GC. The above procedure was repeated
by using 0, 1.0, 2.0, 2.5, 3.0, 5.0, and JO mL of ethanol. The
procedures were also performed with and without the nitrogen
evaporative step.

Some experiments consisted of adding the KOH first before
the hydrolysis and then the ethanol.

d. Elfects 01 Heparin and Citrote Phosphate. The optimized
procedure was also applied to the original heparin and citrate
phosphate anticoagulants at levels present in the actual blood
samples.

e. Jo.liscellaneous: The KOH dissolved in 10 mL of deionized
distilled water was subjected to the optimized technique to assess
the extent of any interferences. A representative blood sampling
syringe was tested for contamination by rinsing it with 10 mL
of deionized distilled water, transferring the water to the 50 mL
tube, and subjecting the solution to the optimized analytical
technique. The 5O-mL tube was rinsed with 10 mL of hexane
to assess the extent of any contamination. Deionized distilled
water (10 mLl in the 50 mL tube was also analyzed. Hexane (60
and 140 roL) was concentrated to 10 mL to determine if any gas
chromatographic peaks of the concentrate interfered with the
analysis.

RESULTS AND DISCUSSION
The recoveries of Aroclor 1254 from blood over the con­

centration range 1.09 to 1092 ppb using the optimized tech·
nique are presented in Tabla J. The average recovery in the
range 1.09 to 109 ppb is (100 ± 4)%. At 1092 ppb, the average



extraction
recovcry,C %

79.3, 1.8
96.7, 5.5

100.3 , 5.8
105, 14

Table I. Reco\'cry of Parta per Billion Quantities of
Arodor 1254 from Blood Utilizing the Two
Chromatographic Peaks Designated in Figure 1 0

concn in 10 g of
blood b (ng of
Aroclor 1254/g

of blood)

1092· 15
109, 2
10.9, 0.2

1.09, 0.02

o Data are in the form of arithmetic mean.: standard
deviation. b Triplicate sample. C Number of estimates
was six.

recovery is lower but is stili usable since recovery is around
80% and is still precise. The reason for the lower recovery
is unknown. The relative standard deviation (RSD) at 1.09
ppb is approximately 13% compared with 6% at 10.9 and 109
ppb. The larger relative error is to be expected as the de­
tection limit is approached (ca. 0.2 ppb for a lQ-g blood sam­
ple). The recoveries of PCB were also not affected by the
presence of heparin and citric phosphate used at anticoagulant
levels. The anticoagulants, water, KOH, syringes, and
glassware were negligible sources of EC/GC interferences. All
glassware must be cleaned in chromic acid to avoid contaIn·
ination.

If further cleanup is necessary by column chromatography,
the recovery of ArOOor 1254 is also quantitative. Mass balance
was achieved and no PCB was eluted in the final worked-up
methylene dichloride eluate. However, contrary to Chen et
aI. (4), the first 20 mL cannot be discarded since this resulted
in a loss of (31 ± 2)% of Aroelor 1254. Thus, if further column
chromatographic cleanup is necessary, the fLrSt 140 mL of the
eluent should be retained. If an unknown Aroclor can be
identified from the screening step, it is advisable to ascertain
what volume will be necessary to collect it quantitatively from
the column as set forth in Method Validation b.

Preliminary work revealed that the washing and drying
steps for the hexane extract in Chen et al. (4) and in the
NIOSH method (10) were unnecessary if the extract showed
no opacity. In general, extracts were clear in 10-15 min after
extraction by the optimized method.

As the starting point of the optimization, a modified Chen
et al. (4) method was attempted (3 X 20 mL hexane extracts;
20 mL of ethanol in the hydrolysis; no evaporation of ethanol;
no drying agent added; no washes). Three extracts were
necessary to recover 20% of 1.09 ppm of spiked Aroelor 1254
in 10 g of blood. The first, second, and third extracts removed
46%, 42%, and 12% of the recovered 20%, respectively.
When the extracting volume was varied, no significant dif­
ferences in extraction efficiencies for 15-mL and 10-mL
volwnes were found for the first extraction (pooled mean was
(46 ± 4)% of the 20% Aroelor recovered or for the first two
extracts combined (pooled mean was (86 ± 7)%). However,
at an extracting volume of 5 mL, the first extract removed
only 29% of the recovered Arodor, the second 39%, and the
third 17 %. for an overall recovery for the three extracts of
85% relative to the 10- to 20-mL extractions. Thus, 10 mL
of hexane was as efficient a volume as 20 roL, but 5 mL was
not.

When 60 mL of the amalgamated extracts was concentrated
to 10 roL, recoveries appeared to be greater than expected.
Solvent peaks in the Aroclor region were found when tiO mL
of hexane alone was concentrated. These increased when 140
mL of hexane (the volume collected from column chroma­
tography) was similarly concentrated. These peaks were not
evident in unconcentrated solvent. Thus, either the hexane
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should be cleaned up or no or few concentrative steps should
be allowed in the procedure. Many different brand name
hexanes were evaluated for their suitability in the course of
this investigation. Distillation improved but often did not
totally remove the peaks from the regions of interest after
concentration. All unconcentrated varieties contained peaks
at the retention times of the very light Aroelor 1254 compo­
nents, limiting parts per billion quantitation of these com­
ponents. The Pesticide Grade hexane utiliud in the optimized
proeedure appeared to be the best of the hexanes evaluated
in the region of the diagnostic Aroclor peaks. Its quality varied
from lot to lot. The suitability of the hexane should be as­
sessed initially before any concentrative steps or extractions
are attempted with blood samples. Therefore, to circumvent
difficulties, elimination of aU concentrative steps in the
screening step and minimization of the degree of concentration
in the steps where concentration was necessary were soughL
Thus, one extraction using an optimal volume of heune after·
the alkaline hydrolysis was the most desirable solution to the
solvent contamination problem as long as the efficiency of
extraction was high and the sensitivity was adequate.

Optimization of the amount of ethanol used in the hy­
drolysis step was investigated as the solution to the problem
of low PCB extraction efficiencies. The ethanol probably
affects the partitioning behavior since Arocior 1254 has ap­
preciable solubility in ethanol (-100 mg/mL at 27 ·C (12)).
The partitioning coefficient for PCB in hexane/KOH solution
should be greater than that for hexane/a1cobolic KOH.

The sample foamed in the absence of ethanol, and una­
voidable losses of material occurred on any attempt at paI­
titioning. The screw caps also tended to become loose during
the hydrolysis in the absence of ethanol unless they were very
tighL The minimum amount of ethanol required to prevent
foaming was found experimentally to be 2 mL. Hydrolyzed
solutions to which 2 mL of ethanol had been added yielded
only 7% recovery of Aroclor 1254 even with three hexane
extractions. It appeared that the alcohol was therefore also
important in the hydrolysis process.

Thus. when 0, 2.5, 3.0, 5.0, 10, and 20 mL volumes of ethanol
were added at the hydrolysis step with no evaporation of the
ethanol prior to extraction, the absolute extraction efficiencies
for 1.08 ppm Aroelor 1254 in 10 g of blood into 10 mL of
hexane were 3, 70, 73, 36, 21, and 21 %, respectively. This
behavior indicated that ethanol definitely affected PCB
partitioning into hexane. Thus, 2.5 mL was selected as the
optimum volume of ethanol. The ethanol was removed after
the hydrolysis to assess if partitioning was improved. This
was accomplished by a stream of nitrogen while the tube was
still in the water bath. Without ethanol evaporation, 1.08 ppm
Aroelor 1254 in 10 g of blood was recovered to the extent of
(70 ± 2) % into 10 mL of hexane; upon evaporation of the
ethanol, the efficiency was 86 ± 4%. However, 1.08 ppb of
ArOOor 1254 in the same sample of blood was 90% recovered;
without ethanol evaporation, the recovery was only 19%.
Thus, evaporation of the ethanol before extraction was es­
sential to attain quantitative partitioning into one 10-mL
hexane extract. A careful concentration study utilizing 1.09,
10.9, 109, and 1,092 ppb of Aroclor 1254 was then initiated,
yielding the results shown in Table I.

The screening method. has several advantages over existing
methods; it is efficient, relatively fast for many samples since
they can be processed simultaneously, and avoids the use of
concentrative steps and hence the interferences of solvent
contaminants. The hydrolytic and extraction processes are
carried out in the same tube used for collecting and storing
the blood, and the hexane extract does not need to be removed ,
for analysis. This eliminates losses, contamination through
transfer, and the need for providing volumetric glassware. The
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ethanol evaporative step utilizing nitrogen also preserves the
self·containment of the sample. The capping of the tuhe
during the hydrolysis avoids external contamination. The
PCB levels ohtained with this method are semiquantitative
hut the maximum possihle values of Atoclor 1254 are found
in a timely manner. allowing further GC/MS analysis or
cleanup depending on the sample or the concentration of PCB.
This is an important consideration when many samples are
to be processed in a short time.

The NIOSH procedure (10) involves many transfers. many
concentrative steps, and 8 column chromatographic step. In
addition. it advocates integrating under all the peaks of in­
te"",t (or adding the heights of the peaks of interest). Three
to five peaks are generally utilized. This assumes that the
peaks found in hlood bear the same quantitative relationship
to each other as in the standard. This has been shown not
to he true for PCBs found in the hlood of people exposed to
PCBs at some time in the past (I. 4), reflecting differential
rates of metabolism of the different isomers. Since the electron
capture detector does not also respond equally to all PCBs,
even of those of the same molecular weight and number of
chlorines (I), adding the areas or heighta of EC/GC peaks
representing PCBs is not valid if the peaks in the hlood hear
little relationship to the peaks in the original PCB source.
This problem has plagued PCB analysis from the very be­
ginning. The height ratio of peak A U> peak B is 1.6. and since
both peaks arise from the hexachloro isomers (Figure 1)
differential rates of metabolism will affect this ratio less than
for peaks with a different number of chlorines. Thus, the
factors likely to cause errors in quantitation have been min­
imized in the screening method, although the relationship
between peaks A and B in the standard is still relied upon.
Other PCBs show peaks at the retention times for peaks A
and B. The AlB ratio for Atoclor 1260, however, is 1:2, so
permitting differentiation. Atoclor 1221 shows a ratio of 1:1,
but A and B are very minor peaks. Clearly, the analyst must
inspect diagnostic areas of the chromatograms to decide if
other Atoclors are present. U the quantities calculated from
the two peaks do not agree or if the AlB ratio is not 1.6, the
liquid chromatographic cleanup step will be essential for
quantitation depending on the actual maximum levels found
in the screening step. Clearly, if the screening step indicates
levels of 1 and 5 ppb, then proceeding further will be time
wasted unless accurate levels are required..

Perchlarinotion (13) has been advocated as the best tech­
nique U> fmd the U>tal PCB content to minimize the problem
of nonstandard peaks mentioned above. We did not use this
technique since not all PCBs are equally toxic (3, 14), and
3,4,5,3',4',5'·hexachlorobiphenyl and the 3,4,5,3',4'· and
2,3,4,3',4'-pentachlorobiphenyls being regarded as the most
toxic. The quantitation of total PCB content is therefore not
necessarily a measure of toxic effect, and identification and
quantitation of specific isomers may be more important to
assess if health effects are likely. Isomer specific PCB analysis
has been done hy Ugawa et aL (15) and Chen et aL (4) utilizing
capillary GC/MS. However, the capillary GC/MS technique
is relatively costly, especially with regard to the standards
required. The above fast-screening method will allow the
analyst to decide if a more detailed investigation is warranted

in a minimum of time with minimal cleanup of commercially
available solvents and with minimal glassware and its asso­
ciated cleaning.

This method has been successfully applied without recourse
to suhsequent liquid chromatography U> over 200 blood and
10 plasma samples from people known to be recently exposed
U> Aroclor 1254. The results of these extensive analyses will
appear elsewhere. The technique is probably applicable to
the analyses of other PCBs. Such PCBs as Atoclor 1016 will
probably require the column chromatographic cleanup step
since solvent peaks are present in the same regions as the
peaks from this PCB, or alternatively the hexane solvent may
have U> be purified further, or both. Large quantities of PCBs
(>30 ppb) are quite evident in spite of the presence of solvent
or blood peaks,lIIId Aroclors 1016, 1242, and 1248 have also
been identified successfully by us without column chroma­
u>graphy by their characteristic EC/GC patterns (16). This
initial identification is necessary for subsequent quantification
purposes when the type of PCB is unknown,' and so the
screening technique will allow a quick decision to be made
for unknown serious overexposure cases.
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It has long been recognized that ac impedance measure­
ments can provide much information on electrode processes
and double layer structure (1-3). Although the theory of ac
impedance measurements is well developed (1), this technique
has not found the popularity of other electrochemical tech­
niques. The ac bridge method is classic and precise (4,5), but
father inconvenient and t.ime-consuming. Some good. non­
bridge instruments have been developed, but they are mostly
complicated and expensive (6-10).

The general characteristics desired in an impedance mea­
surement system are good accuracy, precision, lack of difficulty
in changing frequency, the use of small ae perturbation signals,
and n way to internally check for the occurrence of erroneous
measurements. In this paper we report the construction of
such lln instrument made from common available commercial
components. Most available ac impedance instrumentation
uses an ac perturbation signal of about 5 mY. In these cases
a 1000-0 electrode impedance will produce a 5-pA ac per­
turbation signal. In the system described here we are able
to decrease the ac perturbation signal by 10 or more times
from that of other instruments so that the perturbation signal
is less than 0.5 pA. A smal1 ac perturbation is necessary for
cases where a large current may cause large deviations from
equilihrium during the mellSurement process.

CIRCUIT

A preliminary description of this circuit has been reported
(11) where currents were limited to a lower value of --5 pA.
In this paper changes have been effected such that currents
as low as 0.fMl.05 ~A or less could be routinely obtained. The
circuit utilized is shown in Figure 1. An EG&G Princeton
Applied Research potentiostat (PAR 173) and a signal gen­
erator together with a saturated calomel reference electrode
(RE) and a dc counterelectrode (DCE) were used to control
the dc potential of the mercury test electrode (TE) which was
either a dropping mercury electrode (DME) or hanging
mercury drop electrode (HMDE).

Both ac and de circuitry are found in Figure 1. The ac
current circuit consists of 8 voltage controlled frequency os­
cWawr (VCFO, Exact Electronics 502SL), four 34O-kll resiswrs
in series (R,-R,;), and two ~OO-,.F condensers (C I and G,j. The
resistors are used in order to keep the amplitude of the ac
current constant during the measurement and the condensers
(C1 and C2) to prevent any de current from entering the ac
current path. The resistors R1 and ~ form a voltage divider
in order to decrease the voltage output of the VCFO when
an ac current perturbation smaller than 0.5 jJA is desired. R,
and R2 may be changed as needed in order to obtain the
desired low current signal. Typical values utilized were R,
= 1000 11 and R, = 100 11 or R, = 1000 11 and R, = 1011 for
reduction of the 0.5 ~A current by a factor of 10 and 100,
respectively. Disconnecting the lower terminal of ~ from
ground will return the ac current to the output value of the
VCFO (typically 0.5 ~A). A 12 H choke (L) and a 45-kll
resistor (R;) isolate the dc circuit from the ac current circuit
in Figure 1.

In order to prevent interference between the dc and ac
circuits and influencing noise from the potentiostat two

IOn leave from Chemistry Department, Peking University, Bei­
jing, People's Republic of China.

counterelectrodE::s were used. In addition to the dc counter·
electrode a 2_cm2 Pt mesh served as an independent ac
counterelectrode (ACE). The use of a two counterelectrode
system has been discussed in ref 6 but in this case the con­
figuration is quite different than that reported in this paper.
Ordinary impedance measurement systems using constant ac
voltage perturbation prevent the use of two counterelectrcxles
because the currents from dc circuit and from the ac circuit
are mixed together in the potentiostat. In the presented
system the dc current and ac current are well separated by
the condensors Ct and C2 so we can utilize two counterelec­
trodes.

A PAR Model 5204 lock-in analyzer was used to measure
the impedance of the TE. This instrument contains in-phase
and quadrature metP.r reading (12). Since the output voltage
of the VCFO is used as the reference signal of the lock-in
amplifier, the ac current is in phase with the lock-in amplifier
output voltage (because the circuit is resistive in character).
The in-phase meter reading of the lock-in analyzer shows the
r~sistive component, ZR, of the impedance value, while the
quadrature meter reading shows the negative value of the
capacitive component, Zc. In the electrochemical cell
equivalent circuit (Figure 2a), the ZR and Zc components are
connected in series (12, 13) and can be recorded simultane­
ously as output from the lock-in amplifier using a storage
oscilloscope, an X·Y recorder, or a digital voltmeter as a re­
cording instrument. Alternatively, they may be read directly
from the meter.

The two floating inputs of the lock·in analyzer are con­
nected to both the ACE (input A) and the TE (input B). and
the TE is not grounded. The ac signal flows from the -live"
terminal of the VCFO output (labeled OUT 1) via resistors
R, to R,; and the condensers C, and C, to the ACE. An ac
path to ground from the test electrode must be provided
because one terminal of the VCFO output is grounded (labeled
OUT 2 in Figure I). The test electrode cannot be directly
grounded because the design of most potentiostats prevent
this. However, the working electrode terminal of the PAR
Model 173 potentiostat is connected to ground via internal
resistors in the potentiostat and this provides the path to
ground for the ac current. These internal resistors vary be­
tween 1 11 and 10 kll depending on the current sensitivity of
the poteotiostat. For the specific cunents utilized the range
is between 1 0 and 1000 n. Since these resistors are small
compared to the sum of R" R" R" and R,; (1360 kll) they do
not influence the amplitude of the ac current.

A 2o-kll resiswr (R,) and a 1-~F capacitor (C,j form a filter
preventing the ac signal from entering the potentiostat which
would cause self-oscillation. The time constant of R,G, is large
enough to reject the ac signal but not so large as to influence
the dc voltage which is scanned linearly. For this voltage scan
an extemal signal generator must be used in conjunction with
the Model 173 potentiostat. Other potentiostats such as the
IBM Model EC 225 have a built-in signal generator and an
external triangular function is not needed.

The main problem of making the system an automatic
frequency scanning one is the necessity to adjust the phase
shift of the lock-in amplifier w make the resistive component
measurement exactly in phase with the ac current flowing i.r:l
the circuit. One solution to this problem is w keep the atray
capacitance of resistors R, to~ in the ac current circuit as
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Table I. Frequency Dependence of Current, Resistance,
and Capacitance at Fixed Phase Shift with a Dummy Cella

dc current, IJA

without with
BC 8C

frequency, pertur' pertur-
Hz C, ~F R,n bation bation

5 1.00 103 10.0 10.0
50 1.00 100 10.0 10.0
500 1.00 101 10.0 10.0
5000 1.00 100 10.0 10.0
50000 0.95 99 10.0 10.0

"The following conditions were set for the experiment:
II = 100 nand C = 1.00 IJF in series connection; phase
shift = + 0.30

; ac current E 0.5 IJA.
Flg... 1. Alternating current Impedance circuit diagram: voltage
control frequency oscllator (VFCO); Iock~n analyzer (LOCK-IN); test
electrode (TE): reference electrode (RFE); atternatlng cooent coun­
lere}ectrode (ACE); dJrect current counterekJctrode (DCE); reference
electrode. woric;ing eJeetrode, and countorelectrode Inputs of the poo­
tonlloslato (RE, WE, CE); floatlng Inputs of lock-In (A, B); roforonco
slg..1Input 01 Iock-ln (S); In-phaso output of Iock-ln (I); quadroturo
phase output of Iock-ln (0); output torml..Js of VCFO (OUT " OUT,);
resistors (R 1-R,); capacitors (C 1-C3); reslstors of 1 O. 10 O. 100 n.
and 1000 n for CUT8flt range 1 A. 0.1 A, 0.01 A. and 0.001 A which
are bulb Into the polenoostat (R,. AIO' An. and R'21·

Figure 3. Complex plane spectrum (Impedance diagram 01 Zn(Hg)
(10-3 M)/ZnH (10-3 M), 1 M KCI system at -1.00 V (vs. SeE); ac
current 0.5 jJAI. Numbers by poInts are frequencies In kilohertz.

The output voltage of the VCFO should be slightly adjusted
in order to make io exactly equal to the ac current expected
(such as 0.05 ~A. 0.005 ~A. etc.). This calibration is standerd
procedure before measurements of impedance vs. potential,
and phase shifts of less than ±2° ere satisfactory. Calculotion
of resistance and capacitance can be done by using the fol­
lowing equations:

(2)

(3)

(4)

(I)V; = ioR.",

Zc = 1/2 "Ie

(R,td) is used in place of the test electrode and connected to
the ACE. The phase shift of the lock-in amplifier is set so
that the quadrature meter reading (V.) L, zero and ot the same
time the reading of the in~phase meter (Vi) reaches a maxi­
mum. Manual phase shift adjustment also serves as a useful
criterion to prove the instrument is functioning correctly. The
frequency dependence of current, resistance, and capacitance
at fixed phase shift is shown in Tobie I. Since the reading
of in-phase meter Vi is known, one can calibrate the ac current
by using eq 1.

where f is the frequency. An equivalent circuit of the elec­
trochemical cell is shown on Figure 2b.

The electrolyte resistance, Re, charge transfer resistance,
R", double layer capaciLonce. Cd, Werburg resisLonce, Rw• and
\Varburg capacitance, Cw, can be calculated from the impe­
dance measurements under different experimental conditions
(1). For outomatic measuring ZR and Zc are simultaneously
recorded on an x~Y recorder.

In order to test the performance of the instrumentation,
we made impedance measurements of an organic and an in­
organic system. In addition the response of the instrumen­
tation was examined under conditions of both changing fre-

z.. Zc
----=---lf---

low as possible. This is best accomplished by connecting
several smaller resistors in series rather than utilizing one large
resistor. In Figure 1 four 340-kO resistors are utilized to
produce a toLol 1360-kll resisLonce. These small resistors ere
seperoted 5 em from each other and aligned in a straight line
and the whole chain of resistors is at least 10 cm from any
circuit.

Finally, in order to shield the electronics from external
electrical interference in the laboratory, all resistors, con­
densers, and filters and the electrolytic cell were put into a
grounded 40 x 40 x 60 em meLollic box constructed from 0.5
mm sheet meLol. This is shown by the dashed line in Figure
1.

A square wave is usually utilized as the reference signal of
lock-in amplifiers (I3). In this case manual odjustment of the
phase is required because 0 5° or more shift of the phase with
frequency is observed, making an automaticaUy obtained
complex plane spectrum (impedance diagram) almost im­
possible. On the other hand, when a sin£> wave of approxi­
mately 3 Vp-p is used as the reference signal, one can obtain
a complex plane spectrum between 5 and 50 kHz automatically
with less than a 2° phase shift over the total ronge of fre­
quency. Better precision moy be obtained by manual ad­
justment.

Calibration, Operation, Bnd Performance. For high
precision measurements manual adjustment of the lock-in
amplifier phase shift may be made prior to each experiment
at a specified frequency in order to offset the phase change
in the exterior circuit. For calibration, a standard resistor

Figur. 2. Interconversion 01 (a) series and (b) parallel equivalent
circuits: ~. resistive component of the Impedance: Zc. capaettve
component of the Impedance; 1\. electroty\e resistance; Rct' charge
transfer resistance: Cd' doubkt layer capacitance; Rw• diffusion re­
sistance (Warb....g resistance); Cw. diffusion capacitance (Warbll'g
capacitance).
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TobIe II. Kinetic Parameters of the (Hg)Zn
(l0-' Ml/Zn" (l0-' 1'.1) Couple.t an HMDE in 1.0
Molar Supporting Elcctrolyte a

JlO. em/s io't A /em '
supporting this this
electrolyte work lit. work lit.

KNO, 2.3 X 3.5 X ,1.5 X 6.3 X
10·) 10" b 10-' 10-. c

KCl 2.6 X 4.0 X 5.0 X
10" ] 0'3 b 10-'

U Measured at 50 Hz and at -1.00 V (vs. SeE). b Refer­
ence 14. c Reference 16.

:~
~:~--=

-o).? -0.: ·O.? -0.8 -1.0 -1.2 -1.'-:' -I G

r:";i=rn I~L.\ ~·S SC:'

figure 4. Potential dependence of the capacity COI1"\XII1<>nt of adenne
in 8 borate butfer pH 9 at a OtJE. Adenine concentratk>n was 8S (A)
0.0; (B) 0.031 mM; (C) 0.063 mM; (D) 0.125 mM; (E) 0.25 mM; (F)
0.5 mM; (G) 1.0 mM; (H) 2.0 mM; (I) 4.0 mM; (J) 5.0 mM; (K) 8.0
mM. ClXVes were taken at 100 Hz; ae current was 0.5 JlA and scan
rate was 5 mV/s.

quency and changing potential.
The first system selected was that of the Zn(Il)/Zn(Hg)

re.ction in aqueous KNO, or KCl media (Figure 3). This
reaction has been investigated hy using ac impedance methods.
Results from the literature and our expermental data under
the same solution condition are listed in Table II. Both io'
and kO were calculated according to literature procedures (1,
14). Given the uncertainties in solution purification and the
usual systematic errors from laboratory to laboratory, the
values obtained by our instrumentation appear to be ac·
ceptable. More importantly, however, is the fact that a typical
impedance diagram used for the calculation of io' (or kO) can
be made in 5 min as compared to 1 h or more needed for
manual determination.

In Figure 4 a plot of the impedance of double layer capacity
c vs. potential is shown for adenine at different concentrations.
Measurements were done at a DME in borate buffer solution
(ionic strength 0.5 M) using sampled measurements. The
adsorption of adenine on Hg has been studied before using
a quadrature component of ac sinusoidal polarography (15).

The data obtained in the present work suggest that using
impedance measurements one can obtain a Zc-V curve in
.pproxim.tely the same period of time as in ac polarography
but with better accuracy. The accuracy of measurement of
Zc by the described ac impedance metbod is about 0.5% in
comparison to the 1-2% accuracy in quadrature ac polarog­
raphy.

In conclusion the instrument described in this paper offers
advantages not only in C05t but in a substantial savings of time.
If the frequency is changed automaticalJy, numerous complex
plane spectra may be rapidly obtained in the time that is
usually needed for the obtaining of a single measurement set
using the classical ac bridge technique. In addition, through
the use of smalL amplitude ac currents one is not faced with
the problem of deviations from equilibria which may occur
with large currents. Finally, this method, using the described
instrumentation, leads to higher accuracy than that obtained
by sinusoidal ac polarography.
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Impedance Measurements for Evaluating the Stability of Aqueous Saturated Calomel
Reference Electrodes In Nonaqueous Solvents

Karl M, Kadish.· Shang-Min Cal,' Tadausz Malinski, Jlan-Quan Ding, and Xlang-Qln LIn
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The increased use of nonaqueous solvents for electrochem­
ical studies has led to the utilization of numerous novel ref­
erence electrodes suitable for these solvents. These electrodes

IOn leave from the Chemistry Department, Peking University,
Beijing, People's Republic of China.

and their specific advantages and disadvantages are dis<.-ussed
in several comprehensive monographs (1-4). In almost all
cases the authors recommend against the use of an aqueous
saturated calomel electrode (SCE) in nonaqueous media.
However, despite these warnings, the most often utilized
electrode in nonaqueous media remains as the saturated

0003-2700/83/0355-0163$01.5010 lO 1982 American Chemical Society
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Table I. Types of Saturated Calomel
Electrodes Inveltigated

electrode
no. model type frit

calomel electrode. A survey of the literature in Inorganic
Chemistry from 1979 to 1982 showed that over 75% of the
50 plus studies concerning BOrne aspect of nonaqueous elec­
trochemistry were carried out with an aqueous SeE.

For measurements in nonaqueous media the SeE is usually
connected by means of a nonaqueous salt bridge (e.g., nona­
queous solution of tetraalkylammonium salt) to the electrolyte
under study. This kind of double junction bridge separates
the investigated nonaqueous solution from contact with the
aqueous KCI solution in the SCE. However, the choice of this
particular bridge arrangement in conjunction with an SeE
is not perfect because potassium chloride has a limited solu·
bility in many nonaqueous solventa (4). In addition the
junction can be readily clogged, which leads to erratic junction
potentials due to nonaqueous contamination in the frit. In
these cases there is also the possibility that traces of nona·
queous solvent cannot be easily removed because of adsorp·
tion, even if the SeE is stored in aqueous saturated KCI for
a long time after use. Special problems are also encountered
in dichloromethane. This low dielectric constant solvent is
not miscible with water and tends to promote clogging at the
capillary tip. This leads to both erroneous potentials and high
cell resistances which will produce distorted current voltage
curves (due to iR loss).

Because of these above problems the stability of an SCE
after use in nonaqueous solvents must be checked frequently
by comparison with standard reference electrodes which have
not been subjected to use in nonaqueous media. This most
often involves a check of the potential difference between the
two electrodes which should not exceed 1-2 mY.

For a number of years our laboratory has used the aalurated
calomel electrode as a reference electrode in nonaqueous media
(5-7). For these studies we have utilized a bridge to separate
the aqueous and the nonaqueous solvent systems. This bridge
was filled with the nonaqueous solvent containing 0.1 M
tetrabutylammoniurn perchlorate. Aa required, we have pe­
riodically checked the potential against a freah electrode and,
in addition, have reported potentials VB. a Fc· IFc (ferroe­
ene/ferroeenium) internal standard. While this method
seemed to work well and helped us to identify faulty reference
electrodes in mOBt cases, it was evident that the measurement
of potential alone was not sufficient to identify an electrode
which was not operating "correctly". For this reason we have
devilled a technique utilizing the ac impedance method which
will give us the value of resistance and capacitance of an
elect.rode after use in a nonaqueous solvenL

In this paper we report the resulta of a typical measurement
of reference electrode polA!ntial and resistance before and after
use in nonaqueous solvents. Measurements Were made in
dimethyl sulfoxide (Me,sO), acetonitrile (CH,CN). and
methylene chloride (CH,CI,), although resulta are only re­
ported in this latter solvent, which is the worst case. The eight
commercially available electrodes and one homemade elec­
trode liated in Table I were investigated. All of the electrodes
were used extensively in CH,Cl, although three of these had

Flgur. 1. Schematic diagram of Instrument for ac Impedance mea·
surements: VCFO. voltage controlktd frequency oscillator; lock,",n.
Iock-ln analyzer; C. cell; AS. reference signal Input; TE. test electrode;
CEo ac counterelectrode.

(1)

(2)

R = VR/i

C = i/2r/Vc

EXPERIMENTAL SECTION

Reagents and Solutions. Three different nonaqueous. aprotic
soh'ents were used throughout this study. CH2CI2 W8.'\ obtained
from Fisher Scientific as technical grade and was distilled from
P20S and stored in the dark over activated 4-A molecular sieves
prior w use. Me,80 (Eastman Chemicals) and CH,CN (Coleman)
were received as reagent grade from the manufacturer and were
dried over 4-A molecular sieves prior to use. KCI (Fisher Sci·
entific) analytical grade was U5ed as received.

Instrumentation and Measurements. Impedance mca­
surements were made with a home built instrument whose design
has been described in the literature (8, 9). The block diagram
of this instrument is shown in Figure 1. A large (2 cm2) platinum
mesh electrode was used as an alternating current counlerelectrode
(CE). A Hewlett-Packard Model 3310 generawr (VCFO) which
generated a sinusoidal wave with a frequency of 1000 Hz was
connected to the CE via a 2()(X).kO resistor and a 200-I-lF capacitor.
The amplitude and phase of the signal voltage between the test
electrode (TE), which in this case was the SeE, and the COWl­

terelectrode were measured with a PAR Model 5204 lock-in an·
alyzer. For measurements of potential a digital voltammeter
(Ballantine-STD) with high input resistance was used. AU re­
ported potentials are referred to an IBM Model 43 standard
reference electrode which is listed as electrode number 1 in Table
I.

been discarded due to some previously undermed malfunction.
Of the nine electrodes, three contained porous vycor frits, five
contained asbestos fiber frits, and one contained' a cellulose
pulp frit.

Our aim in the study was to report the potential, resistance,
and capacitance (the last two were calculated from impedance
measurements) of these electrodes at a given point in time
and to then select three of these electrodes for measurements
after long-term storage in CH,CI, (which might simulate an
experiment). At the end of this time the electrodes would be
placed in saturated KCI and the time to reach reequilibrium
measured.

Because a resistance of 2000 klJ was inserted into the circuit
(see Figure I) the ac current passing through the SCE is very
small (less than 0.051lA). Use of a small current is necesaary
in order to prevent polarization of the electrode during the

RESULTS AND DISCUSSION

Using a lock-in analyzer one can simultaneously measure
the resistive component (ac voltage component Vn) and ca·
pacitive component (ac voltage component Vel of an elec·
trochemical cell. The resistive component is in-phase with
the ac current, i, and the capacitive component is 7'/2 out·
of-phase with the current. A total resistance, R, can be cal­
culated from eq I and the total capacitance, C, from eq 2 where
I is the frequency of the alternating current.

porous "'year
porous vyear
porous vycor
asbestos fiber
asbestos fiber
asbestos fiber
asbestos fiber
asbcsws fiber
cellulose pulp

IBM Model 43
IBM Model 43
"home made"
Metrohm EA402
Metrohm EA402
Mctrohm EA404
Fisher Dri·Pak
Fisher Dri·Pak
Radiometer K

1
2
3
4
5
6
7
8
9
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400
250
380
850

1000
760

1500
1660

280

Table II. Properties ot Saturated Calomel Electrodes

poten­
tial

difrer- capaci·
ence, D tance, resistance,

t'lcctrodc frit mV IJ F n

1 porous vycor 40.0
2 porous vycor b -0.1 40.0
3 porous vycor 0.0 9.6
4 asbestos fiber -0.3 11.0
5 asbestos fiber ~O.3 14.0
6 asbestos fiber b -1.2 9.2
7 asbestos fiber -0.4 4.0
8 asbestos fiber b 0.1 3.0
9 cellulose pulp -0.9 1.9

a Defined as potential difference between ~iven

reference electrode and electrode number 1. b Due to
some undefined problems these electrodes had not been
used in experiments for periods of 6 months or longer.
The values presented are after treatment of the electrode
as defined in the text. The original values arc given in
Table Ill.

measurement process. [n this study potentials were found
to vary by less than 0.1 mV when 0.05 "A current was passed
through the SCE for a period of up to 24 h.

For purposes of our measurements the calomel reference
electrode can be represented by the equivalent circuit shown
in Figure 2. Because of the small current passing through
the circuit, and the small solubility of Hg2Clz, the reaction
Hi: '" Hg,'+ can be considered as negligible. Under these
conditions the Warburg impedance (Rw + Cw) reaches a high
value. Thus, the faradaic impedance contributions from Ret,
R., and C. are negligible as a fust approximation. In this case
the calculated impedance values of Rand C are approximawly
equal to Re and Cd' where Re represents the sum of solution
resistance in the bridge and the SCE. (There is also a small

FIgure 2. Equivalent circuit of the eJectrochemicaJ impedance lor
relerence electrode: R., electrolyte resistance; RCl' dlarge transler
reslslance; C.. _ layer capadly; R w. dftuslon resislance (Watlug
resistance); Cwo ~ffusion capacity (Wart>urg cepaclty).

resistance of the connecting wires which is considered neg­
ligible.) The measured capacitance. Cd. is dependent on the
capacitance of the double layer between the calomel. KC~ and
mercury of the SCE. and gives important information about
the contact area between the calomel paste and the mercury.

Table [ lists the nine electrodes which were investigated
in this study. These electrodes were from five different sources
(four were commercially available and one was home made)
and contained three different types of ffits (porous vycor.
asbestos fiber. and cellulose pulp). All of the electrodes had
been used extensively in a variety of nonaqueous solvents.

Table II lists the powntia! differences. capacitances, and
resistances of the nine different electrodes listed in Table L
Six of these electrodes were in regular use before the mea­
surement had been carried out and had been properly stored
in saturated KCI. Three of the electrodes (no. 2. 6, and 8)
had been neglected due to some undefined problem which
involved either unstable potential or abnormally high re­
sistance. As might be expected. the three electrodes that had
been discarded showed large deviations in potential, caps·
citance, or resistance. [n these cases the values presented in
Table II are after appropriate treatment of the electrode.
Electrode 2 had a dirty frit and was nnt saturated with KCI;
electrode 6 had 8 poor connection between the mercury and

Table Ill. Properties of "Bad" Calomel Electrodes Before and After Treatment

potential
difference,b capacitance, resistance,

electrode problem frit lrcatment O mV IJF n

porous vycor before -14.4 13.0 400
after -0.1 40.0' 250

6 d asbestos fiber before -36.6 0.3 8600
after -1.2 9.2' 760

8 asbestos fiber before -1.5 2.5 3000
after 0.1 3.0' 1660

a According to the procedure described in the text. lJ Potential differences measured vs. SCE labeled as number 1 (see
Table I). C Dirty frit; KCl solution was not saturated. d Poor connection between mercury and calomel paste. e Frit was
dirty and clogged. f After improving the contact between mercury and calomel.

Table IV. Change of Potential and Resistance of Electrodes After Storage in CH~Cl~ and Reequilibrium After
Saturated KCI Storage

time,
electrode 2 electrode 4 electrode 9

solvent min ~E.b mV n. n .o.R,c n AE. mV n,n "n. n ~E, mV R.n "R. n
CH,Cl, 0 0.0 380 0 0.0 850 0 0.0 280 0

120 0.0 0.0 0.0
480 0.0 -0.2 0.2
720 0.1 -0.2 0.3

1440 0.3 400 20 -0.4 900 50 0.5 320 40
saturated KCI D 1 0.3 400 20 -0.4 900 50 0.5 320 40

2 0.2 -0.3 0.4
3 0.1 -0.3 0.3
4 0.0 -0.2 0.2

10 0.0 -0.1 0.1
30 0.0 380 0 0.0 850 0 0.0 280 0

a Time measured after 24 h of storage in CH,CI J• b Change in potential as a function of time. C Change of resistance as
a function of time.
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the calomel paste; and electrode 8 had a frit which was clogged
and dirty.

The properties of these three electrodes before and after
treatment are listed in Table III. As part of the treatment
every frit was washed and cleaned, the connection between
the mercury and the calomel paste was fixed, and the elec·
trodes were filled with freshly prepared saturated KCI. These
electrodes were then stored for 48 h in saturated KCI and
measurements repeated. In every case the resistance was lower
and the capacitance was higher. In addition, the potential
of all three electrodes was much closer to the potential of our
standard reference SCE labeled as number 1.

The data in Table" show that all of the electrodes have
similar correct potentials. Thus, this might be one criterion
for stating all of the electrodes are good for use as standard
reference electrodes. On the other hand, the electrodes differ
substantially in terms of their capacitance and resistance and
can be grouped according to both the model of the electrode
and the type of frit. The lowest resistances are found for
electrodes with porous vycor and the cellulose pulp frits
(250-400 n) while the highest are for the electrodes with
asbestos fiber frits (760-1660 11). In this grouping the lower
values are found for the three Metrohm electrodes while the
highest are for the two Fisher electrodes.

As seen in Table 11 the values of capacitance vary between
a low of 1.9 and 40 IiF. These values rellect the contact
between the mercury and the calomel which is an important
factor in the stability of the electrode potential. The higher
the value of capacitance, the larger the contact area, and the
more stable will be the electrode potential. All of the elec·
trodes from 8 given manufacturer had similar values of ca·
pacityas might be expected. The ffiM electrodes (l and 2)
had identical values of 40 IiF and were larger than the three
Metrohm electrodes (4, 5, and 6) which ranged from 9.2 to
14.0 IiF. The home made electrode (electrode 3) had a capacity
of 9.6IiF. This electrode had a relatively small dispersion of
mercury in the calomel paste and also had a shorter KCI bridge
than did electrode 1 and 2. Finally, both the Fisher and the
Radiometer electrodes had a low capacity of 1.9-4.0 IiF.

Data collected in Table IV represent the influence of CH,CI,
on the potential and resistance of three representative elec­
trodes. Electrode 2 contains a porous vycor frit, electrode 4
an asbestos fiber frit, and electrode 9 a cellulose pulp frit.
Table IV also includes data on reequilibrium of the electrodes
in KCI after storage in CH,Cl, for periods of 2-24 h.

After each interval of time the electrodes were transferred
to an aqueous saturated Kel solution and impedance mea­
surements were made. Although only 30 min was required
for reequilibriurn in KCI (see following sections) the electrodes
were stored in KCI for a minimum of 3 h between measure­
ments in CH,CI,.

After 2 h of storage in CH,CI" no change in potential was
observed, as seen in Table IV. In fact, very little change was
observed even after 24 h. In the very worst case only a 0.5
mV difference in potential and a 50 n increase in resistance
were obtained. Similar small changes were observed in Me,sO
and CH3CN. More surprisingly immersion of the electrodes
in saturated KCI for 4-30 min after being in CH,CI, for 24
h produces identical potentials and resistances as in the or­
iginal measurement.

In conclusion, one can see that potentials alone are not
sufficient to characterize a properly operating reference
electrode. Furthennore. the influence of nonaqueous solvents
on an aqueous calomel refer~nce electrode seems to be far less
than had been expected, as any observed differences in po­
tential and resistance caused by storing the electrodes in
nonaqueous solvent for up to 24 h appear to be transient. This
should not be construed as a recommendation for use of an
aqueous SCE in nonaqueous solvents but should only be used
as a guide in determining when an electrode might be faulty.
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Back-Extraction with Three Aqueous Stripping Systems for 16 Elements from
Organometallic-Halide Extracts

J. Robert Clark· and John G. Vlels

U.S. GeologIcal Survey, Den""" CcIorado 80225

Detailed stripping curves have been determined for Cu, Ag,
Au, Zn, Cd, Hg. Ga, In, TI, Sn, Pb, As, Sb, Bi, Se, and Te,
which are extracted by the Methyl isobutyl ketone-Amine
synerGistic Iodine Complex (MAGIC) extraction system (1).
Stripping was accomplished with a HNO,-H,O, system, a
CH,COOH-H,O, system, and a H,sO,-H,O, system (2). The
mechanisms by which stripping is accomplished include
poisoning of amine ion exchange agents with anions that are

incompatible with the extraction system, and oxidation of
halide (mostly iodide) complexing ions. Most of these 16
elements can be separated (rom many other eJements in the
organic extracts by sequentially stripping the organic phase
with various combinations of these three systems.

The MAGIC extraction system (1) makes it possible to
concentrate and separate 18 trace elements (Pt and Pd, in
addition to the list above) from analytically interfering rock

1hI& ar1lclo not """)ect to u.s.~. PubIshod 1982 by ... Amoricon Cho.....1So<lety
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PERCENT CONCENTRATED HNOJ IN THE AQUEOUS STRIPPING PHASE

FIgw-e 1. Nitric acid stripping CISVOS: (1) HN03 only; (2) concentrate<tHN03:H,Oz = 10:1; (3) concentrated HN03:H10 2 = 5:1; (4) concentrated
HN02:H,O, = 2:1; (5) concentrated HN03:H,O, = 1:2; (6) concentrated HN03:H,02 = 5:1. and percent concentrated CH,COOH = percent
concentrated HN03: (7) concentrated HN03:~02 = 2:1, and percent concentrated CH3COOH = percent concentrated tiN03; (8) concentrated
HN03 :H,02 = 1:2. and percent concentrated CH3COOH = percent concentrated HN03 _

matrices in one operation. Aliquat·336. alamine-336, methyl
isobutyl ketone, and hexane, combined in an organic phase.
are used to extract these 18 elements. predominantly as iodide
complexes, from an aqueous phase. An analytical geochemist
can then treat the organic extract with these stripping systA!ms
(2) prior to performing nameless atomic absorption deter­
minations, thereby eliminating organic and interelement in·
terferences. Metallurgists and chemical engineers have ex­
pressed interest in utilizing both the extraction and stripping
systems for concentrating and then separating various by­
product metals in mineral processing and in recovering metals
from spent catalysts or recycled wastes.

Details of the MAGIC extraction systA!m and these stripping
procedures have been published (J, 2). The previous de­
scription of the stripping systems contained only distribution
diagrams. All of the stripping curves are being presented in
this paper.

It was observed earlier that small amounts of the nitrate
ion hod 8 poisoning effect on the extraction of some of the
elementa in the MAGIC systA!m (3). DilutA! nitric acid solutions
have been used previously for stripping zinc (4), cadmium (5),
and uranium (6), from Aliquat-336. The acetatA! ion has also
been found to produce adverse effecls on the extraction of
some elements. Hydrogen peroxide in an acid solution will
oxidize the iodide ion to iodatA! and, thereby, destroy the
organometallic iodide complexes in the extract. In the

HN03-H20 2 system, the poisoning effect of the nitrate ion
is combined with the oxidizing effects of H,O, and HNO,. The
CH,COOH-H,O, systA!m comhines the poisoning effect of the
acetatA! ion and the oxidizing effect of H,O,. Sulfuric acid has
no affect on any of the extraction mechanisms in the MAGIC
systA!m. When H,sO, is combined with H,O" the only effect
is the progressive decrease of the activity of iodide with in·
creasing H20 2 and acid concentrations.

EXPERIMENTAL SECTION
All stripping determinations were made by atomic absorption

spectrometry, as described previously (2). Reagent grade chern·
icals were used, except as detailed earlier, and a stock organic
extract was prepared, as outlined previously. Stock stripping
solutions were prepart:d at specific ratios of concentrated acid
to total H20 2 content. Table I outlines the mixtures in the stock
stripping solutions. Most of these stripping solutions were diluted
in test tubes to provided acid strengths from 0 to 10% concen·
trated acid in 1% incrementa. A few of the solutions were tested
only over a narrow range of acidities and for only a few elements.
An equal volume of stock organic extract was added to each test
tube, and the conu.nta were periodically.haken over a 48-h period
of time. Aqueous to organic ratios were always 1:1, since different
ratios produce different stripping curves.

RESULTS AND DISCUSSION

Platinum and palladium were dropped from this atudy for
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Tabl. L Stock Stripplna Solutio...

vol %
coned

vol % of approx. acid:
vol % of coned overall overall
coned (30 wt %) wt/vol % wt/vol % figure curve

acid acid [acid]. M ",0, ",0, H,O, no. no.

nitric acid. UNO, 20 3.2 0 0 1
nitric acid. UNO, 20 3.2 6.7 2 10:1 2
nitric acid. HNO, 20 3.2 13.3 4 5:1 3
nitric acid. HNO, 20 3.2 33.3 10 2:1 4
nitric acid, UNO, 10 1.6 66.7 20 1 :2 5
nitric acid, HNO,. plus 20/20 3.2/3.5 13.3 4 5:1 6

acetic acid. CH,COOH
nitric acid, UNO). plus 20/20 3.2/3.5 33.3 10 2:1

acetic acid. CH,COOH
nitric acid, HNOs) plus 10/10 1.6/1.75 66.7 20 1:2 8

acetic acid. CH,COOH
acetic acid. CH,COOH 20 3.5 0 0 2 1
acetic acid. CH,COOH 20 3.5 6.7 2 10:1 2 2
acetic acid, CH,COOH 20 3.5 13.3 4 5:1 2 3
_tic acid. CH,COOH 20 3.5 33.3 10 2:1 2 4
acetic acid, CH,COOH 20 3.5 66.7 20 1 :1 2 5
acetic acid. CH,COOH 10 1.75 66.7 20 1:2 2 6
sulfuric acid, H,SO. 20 3.6 0 0 3 1
sulfuric acid. H,SO. 20 3.6 6.7 2 10:1 3 2
sulfuric acid. H,SO•• plus 20 3.6 13.3 4 5:1 3 3

acetic acid, CH,COOH 20/10 3.6/1.75 0 0 3 4

In
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PERCENT CONCENTRATED CH,COOH IN THE AQUEOUS STRIPPING PHASE

f1Ion 2. AcetIc acid atr1ppIng curve.: (1) CH,COOH only: (2) concentrated CH,COOH:H,O, = 10:1: (3) concentrated CH,COOH:H,O, = 5:1:
(4) _ted CH,COOH:H,O, • 2:1: (5) concentrated CH,COOH:H,O, = 1:1: (6) concentrated CH,COOH:H,O, = 1:2.
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PERCENT CONCENTRATEO H,SO. IN THE AOUEOUS STRIPPING PHA5.E

figure 3. &.Ihrt: acid s1Jl>I*1g aoves: (1) H,SO. My; (2) """""""'llld H,SO.:H,O, = 10:1; (3) """""""'llld H,SO.:H,O, = 5:1; (4)"'-­
CH,COOH = 'I, concentrallld H,SO., and no H,O, presen1.

reasons previously described (2). All detailed stripping curves
are presented in Figures 1-3. Those elements which are
extracted by only one mechanism (Zn), or the emaction of
which are, in part, dependent upon a high acid concentration
(As) can be removed from the extract hy simply hackwashing
the extract with a dilute acid oolution. Most of the 16 elements
are strongly bound in the extract 8B iodides, and they are
stripped 8B the iodide activity is progressively reduced to zero.
The oxidation·stripping reaction then attacks the lesser
amounts of bromide and chloride in the extract, in that s..
quence. Elements, such as Au, Hg, and Bi, tend to remain
in the emact until the total halide ion activity is reduced to
a point that they begin to partition into the aqueous pheBe
or form a precipitate (Au). There are valence changes and
periodic trends, which have been described earlier (2), that
also bear upon the resulting stripping sequences.
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MANUSCRIPT REQU IREMENTS

The folJowlng gulds Is published by the Editors of AJw..YTtCAL Cte.lISTRv to aid authors

in writing. and 8ditors and reviewers In expediting review and pubJJcstJon of man~ts.

SCOPE. The journal is devoted to the dissemination of
knowledge concerning all branches of analytical chemistry.
Articles either are entirely theoretical with regard w analysis
or are reports of laboratory experiments that. support, argue,
refute, or extend established theory. Articles may contribute
w any of the phases of analytical operations, such as sampling,
preliminary chemical reactions, separations, instrumentation,
measurements, and data processing. They need not refer to
existing or even potential analytical methods in themselves,
but may be confined w the principles and methodology un­
derlying such methods.

In addition to regular research papers, Correspondence and
Aids are published. Correspondence may be brief disclosures
of new analytical concepts of unusual significance. They may
also represent important comments on the work of others, in
which case the authors of the work being discussed will, or·
dinarily, be allowed w reply. Aids for Analytical Chemists
should be brief descriptions of novel apparatus or techniques,
requiring real ingenuity on the author's part, which offer
definite advantages over similar ones already available.

Papers involving extensive use of computers will be judged
by the usual criteria of originality, technical content, and value
w lhe field. They should include a statement of the objectives
and the procedural steps to the objective, and the results.
However, details of procedural steps. including programs,
should be omitted. Availability of the latter through com­
mercial collections or by writing w the author should be clearly
indicated in the text. Computational techniques for calcu­
lations of well-known analytical methods cannot be considered.

Papers involving experimental data should offer a new or
modified approach to analysis in 8 particular field, not just
extend the existing library of data.
SUBMISSION OF MANUSCRIPTS_ Four complele
copies of the manuscript are required. All copy must be typed
double- or triple-spaced on 22 X 28 em (8' /, X 11 in.) or A4
paper, with text, tables, and illustrations of 8 size that can
be mailed to reviewers under one cover.

Reviewers suggested by authors may be used at the dis­
cretion of the editors.

Send all copies of the manuscript with covering letter to
ANALYTICAL CHEMISTRY, 1155 Sixteenth St.. N.W.• Wash­
ington, DC 20036.
TITLE. Use specific and informative titles with a high
keyword content. Avoid unnecessary phrases ("on the~, "a
study or) and articles (a, an, the), as well as words that are
either obvious (new, novel, useful, improved) or relative
(versatile, rapid, simple, inexpensive). Indicate, where ap­
plicable, compound or element determined, method, and
special reagents-e.g., "Spectrophotometric Determir..ation of
Thallium in Zinc and Cadmium with Rhodamine B". Do not
use symbols, abbreviations, or series designations. Use one
complete title rather than a title and subtitle. Be informative
but brief. Careful attention should be paid w the choice of
words-e.g., trace or micro, determiruJtion or analysis, etc.-to
reflect correct usage.
AUTHORSHIP. Give authors' names in as complete a form
as possible. Firat names, initials, and surnames should be
included. Omit professional and official titles. Give complete
mailing address for place where work was done and include
telephone number of the corresponding author. Add current

address of each author, if different, on the title page of the
manuscript with a numerical superscript and footnote.
Corresponding author is indicated by an asterisk.
ABSTRACT. Abstracts are required for all manuscripts, but
will not be published with Correspondence and Aid&. (Put
on separate page for these categories.) The abstract is w be
self-explanawry and suitable for reproduction by abstracting
services without rewriting. It indicates what is new, different,
and significant. State the objectives of the study. the limits
of detection, the degree of accuracy and precision, and the
major unique reagents, times, and temperatures, but avoid
the lengthy stepwise recipe. The length of the abstract should
renect the content and length of the manuscript, but should
not exceed 150 words. .
TEXT. Consult the publication for general slyle. Write for
the specialist. Do not include information and details or
techniques that should be common knowledge w the specialist.

General Organization. Indicate the breakdown among
and within sections with center heads and side beads. Results
and Discussion follow Experimental Section. Keep all in­
formation pertinent to a particular section within that
section-e.g., do not present results in the Experimental
Section. Avoid repetition. Do not use footnotes for descriptive
or explanatory information; include the information at an
appropriate place in the text.

INTRODUCTION
Discuss the relationship of your work w previously pub­

lished work, but do not repeat published information. If a
recent article has summarized work on the subject, cite this
article rather than repeating individual citations.

EXPERIMENTAL SECTION
Use complete sentences-Le., do not use outline form. Be

consistent in voice and tense.
ApPARATUS. List only devices of specialized nature. Do not

include equipment that is standard in an analyticallabaratory
and used in the normal way.

REAGENTS. List and describe preparation of special reagents
only. Do not list reagents normally found in the Iabarawry
and preparations described in standard handbooks and texts.

PROCEDURE. Omit details of procedures that are common
knowledge w those in the field. Describe pertinent and critical
factors involved in reactions so that the method can be re­
produced, but avoid excessive description. Brief highlights
of published procedures may be included; detaila should be
left to references.

Caution: Describe any procedures that are hazardOUB and
list any reagents that are toxic.

RESULTS AND DISCUSSION
Be complete and relevant but concise. Omit calculations

that are well-known to the specialist.
CONCLUSIONS

Use Conclusions only when necessary for interpretation and
not to summarize information already given in the text or
abstract.

ACKNOWLEDGMENT
Acknowledge professional technical assistance and source

of special materials only. Do not use professional titles.
LITERATURE CITED. References that are considered part
of the permanent literature are to be numbered in one con·
secutive series by order of mention in the teJ:L However. the
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compleoo list of literature citations is placed on a separaoo page
at the end of the manuscript. Reference numbers in the ooxt
are in parentheses and on line. Repetition is avoided by using
the number corresponding to the original reference. De­
scriptive or explanatory (footnote) material is not given 8

reference number or included in the literature cited. This
maoorial must be included in the body of the text.

Use Chemical Abstracts Semice Source Index abbreviations
for journal names and include publication year, volume, and
page number (inclusive pagination is recommended). Include
Chemical Abstracts reference for foreign publications that
are not readily available. List submitUld articles as "in press"
only if formally accepUld for publication, and give the volume
number and year if known. Otherwise use "unpublished work"
with place where work was done and date. Include name,
affiliation, and date for "personal communications",

Please usc the format given in the following examples.
(I) KoBe, Roes C.; Johnson, Dennis C. Anal. Chern. 1979,51,

741-744.
(2) Willard, Hobart H.; Merritt, Lynne L., Jr.; Dean, John A.;

Settle, Frank A., Jr. "Instrumental Methods of Analysis",
6th ed.; Van Nostrand: New York, 1981; Chapter 2.

CREDIT. On a separaoo page, give credit for financial sup­
port, meeting presentation information, and auspices under
which work was done, including permission to publish. In the
JOURNAL this information will immediately follow the received
and aocepUld dates, and is not a part of the AcknowledgmenL
FIGURES AND TABLES. Do not use figures or tables that
duplicate each other or material already in the text. Omit
straight line graphs; give information in a table, or in a
sentence or two in the texL Do not include tables or figures
found elsewhere in the literature.

Tables. Prepare tables in a consistent form, furnish each
with an appropriate title, and number consecutively with
Roman numerals in the order of reference in the text. Type
each table on a separaoo page, and collate at end of manuscripL

Figurea. Submit original drawings (or sharp glossy prints)
of graphs and diagrams prepared on tracing cloth or plain
white paper. If structures are given in the text, original
drawings are to be provided. All lines, lettering, and num­
bering should be sharp and unbroken. If coordinate paper
is used, use nonphotographic blue cross-hstch lines. Use black
India ink and a letooring set for all letters, numbers, and
symbols. Do not use R typewriter to letter illustrations.

Design illustrations to fit the width of one journal column
(8.3 cm). The width of original drawings should be twice the
publication size. Letters and symbols should be about 4 mm
high on the original (2 rom in reduced journal version). Lines
should be drawn with a light (;1 Leroy for graph grids),
medium (#2 Leroy for graph borders or reference lines). or
heavy (#5 Leroy for graph curves or emphasis) thickness on
the original. Lettering on copy should be in proportion. Label
ordinates and abscissas of graphs along the axes and outside
the graph proper.

Supply glossy prints of photographs. Sharp contrasts are
essential. Label each fIgUre on the back with the name of the
corresponding author and the figure number.

Number all figures consecutively with Arabic numerals in
the order of reference in the text.

If drawings are mailed under separate cover, identify by
name of author and title of manuscript.

Figure Captions. Include, on one page, a list of a1I captions
and legends for illustrations. Make the legend a part of the
caption rather than inserting it within the figure. Keep
captions as brief as possible and include detailed information
in the texL
BRIEF. On a separate page, soooo in 30 words or less the
significant results obtained, emphasizing precision and ac­
curacy data when possible. Do not repeat the title. No Briefs
are necessary for Correspondence or Aids.
NOMENCLATURE. Nomenclature conforms with rules
established by the International Union of Pure.and Applied
Chemistry, the Nomenclature Committee of the American
Chemical Society, and the Chemical Abstracts Service.
Consult Kurt Loening, P.O. Box 3012, Chemical Abstracts
Service, Columbus, OH 43210, for advice.

Avoid trivial names. \Vell-known symbols and formulas
may be used (write out in title and abstract) if no ambiguity
is likely. Define trade names and abbreviations at point of
first use. First letter of trade names is capitalized.

Use Sl units of measurement (with acceptable exceptions)
and give dimensions for aU terms. If nomenclature is spe­
cialized, as in mathematical and engineering reports, include
8 Nomenclature section at end of paper, giving definitions nod
dimensions for aU terms. \Vrite out names of Greek letters
and other special symbols in margin of manuscript at point
of first use.

Type all equations and formulas clearly and number all
equations in consecutive order. Place superscripts and sub·
scripts accurately, indicate capital letters, and distinguish
between characters which are alike on the keyboard-e.g., one
and the letter "el", zero and the letOOr "oh". Avoid superscripts
that may be confused with exponents.

For numbers less than one, a zero precedes the decimal
point.

For specialized nomenclature used by this JOURNAL, see
"Guide for Use of Terms in Reporting Data in ANALYTICAL
CHEMISTRY", "Spectrometry Nomenclature", and "SI Units",
which appear annually, with the "Manuscript Requirements",
at the end of the technical section in the January issue. From
time to time, ANALYTICAL CHEMISTRY publishes special no­
menclature guides promulgated by various organizations.

General information about American Chemical Society
publications, including preparation of manuscripts, is given
in the "Handbook for Authors of Papers in American Chemical
Society Publications", available from Distribution Office,
American Chemical Society, 1155 16th SL, NW., Washington,
DC 20036.

Analysis, Identification, Determination, and Assay

Wh8e most chemlsts probabty realize the difference between the terms Bnalyze. Identify. and determine. they are frequently carekJss when
uslng them. Most frequently the tann analysis Is used when dB/armina/ion Is meant.

A study of the nomenclature probktm Indicates that only samp5es are analyzed; elements. Ions, and compounds are IdBnt/fIBd or dBterminBd.
The d1fflcutty occurs when the sample is nominally an element or compound (of unknown purity). "Analysis of -" {an element or compound}
must be UI"ldefstood to mean the IdenUfk:aUon or determination of Impurities. When the Intent Is to determine how much of such a sample Is
the ma1eriallndlcatad by the name, assay Is the proper word.
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Guide for Use of Terms in Reporting Data in

ANALYTICAL CHEMISTRY

It Is /n¥>OttIJnt to know the moaning 01 the t8nnS an author uses. For publcatlons In ANALYTICAL OEMISTRY. the l-.w.gdo_ are appIcabIa
and It Is ..-stood that they ara us«! wf1IJ a _ 01 normaly dlstriburad rsplcata rasuIts wf1IJ no prior Inlormatlon on bias 01 the method. They
ara andorsad by members 01 the Advisory Board. Tha GuIdo Is necessarily IncompIeta. and It should ba us«! only wf1IJ an ..-slBtdlg 01 Its
limitations; one Is that a ...kJe obtalnad lor a term Is usualy basad on a ralatlvaly sma.1IUI'It>6r 01 obsarvatlons, and It Is _alora to ba ragarr1ad
as sn estimate of the parameter. For appropriate bBck"ound. the r8tlder should consult a reput&b16 text on the subject o( data eva1latlon.

.
X = (XI + X, + ... Xi + ... X.)/n = 'E.Xiln

i-I

MEDIAN is tbe middle result of an odd number of results,
or the average of the central pair for an even number, when
they are arranged in order of magnitude. The median is less
affected by extreme values than is the mean.
Measures of Precision within a Set. STANDARD DEVIATION
is the square root of the quantity (sum of squares of deviations
of individual results from the mean. divided by one less than
the number of results in the set). The standard deviation,
S, is given by

Set refers to a number n of independent replicate measure­
ments of some property. Authors are encouraged to report
this number n.
Precision relates to the reproducibility of measurements
within a set, that is. to the scatter or dispersion of a set ahout
its central value.
Accuracy normally refers to the difference (error or bias)
between the mean, X. of the set of results and the value X.
which is accepted as the true or correct value for the quantity
measured. It is also used as the difference between an in­
dividual value Xi and X. The absolute accuracy of th~ mean
is given by X - X and of an individual value by Xi - X. The
relative accuracy of the mean is given by (X - X){X. and the
percentage accuracy lOO(X - X){X.
Measures of tbe Central Value of a Set. MEAN (or Average
or Arithmetic Mean) is the sum L7-1 X j of the values of
individual results divided by the number, n, of results in the
set. The mean is given by

S = f.(X; - X)'/(n-1)
i-I

Standard deviation has the same units as the measurement.
It becomes a more reliable expression of precision 88 n becomes
large. Wben the measurements are independent and normally
distributed, the most useful statistics are the mean for the
central value and the standard deviation for the dispersion.

VARIANCE, S2, is the square of the standard deviation.
RELATIVE STANDARD DIMATION is the standard deviation

expressed as a fraction of the mean, sfX. It is sometimes
multiplied by 100 and expressed sa a percentage. Relative
standard deviation is preferred over "ooefficient of variation'.

MEAN (or A\'EIlAGE) DEVIATION is the mean of the devia­
tions of the individual measurements from the mean of the
set without regard to sign. It is given by 'E.i-IIX; - XI{n. The
mean deviation is not recommended as a measure of precision
except when the set consists of only a few measurements.

RANGE is the difference in magnitude between the largest
and smallest results in a set. The range is not recommended
as a measure of precision except when the set consists of only
a few measurements. If range is used, the number of mea·
surements in the set must be indicated.
Measure of Precision or a Mean. CoNFIDENCE LIMITS (or
Interval) are the limits around the measured mean within
which the mean value for an infinite number of measurements
can be expected to be found with the stated level of proba­
bility. Confidence limits for independent normally distributed
measurements are given by

confidence limits = X ± IS/V;;

where s is the standard deviation and I is the I-table value
at the stated confidence level. Tbe use of standard error,
s{n l/', to express precision of a mean is acceptable only if the
autbors clearly make the distinction from standard deviation.

Spectrometry Nomenclature
We heva complad the loIIowlng list 01 tarms. their dellnltlo:,.. and ebbrevilltlons. _ occur most lraquently In pepers on spectrometry. Tha
Nst Indicates 0(1 prsferrtKJ usagBS in an attempt to obtain some consistency in a !iBId where much discrepancy exists.

Absorbance, A (not optical density, absorbancy, or extinc­
tion). Logarithm to the base 10 of the reciprocal of the
transmittance A = log,o (l{T),
Absorptivity, a (not k). (Not absorbancy index. specific
extinction, or extinction coefficient.) Absorbance divided by
the product of tbe concentration of the substance and the
sample path length,

A
a= -

be
Absorptivity, Molar,. (not molar absorbancy index, molar
extinction coefficient, or molar absorption coefficient).
Product of the absorptivity, a. and the molecular weight of
the substance.
Angstrom, A. Unit of lengtb equal to 1{6438.4696 of
wavelength of red line of Cd. For practical purposes, it i.
considered equal to 10" cm.

Beer's Law (representing Beer-Lambert law). Absorptivity
of a substance is a constant with respect to changes in con·
centration.
Concentration, c. Quantity of the substance contained in
a unit quantity of sample. (In absorption spectrometry it is
usually expressed in grams per liter.)
Frequency. Number of cycles per unit time.
Infrared. The region of the electromagnetic spectrum ex­
tending from approximately 0.78 to 300 I'm.
Micrometer, I'm. Unit of length equal to 10" m. (Do not
use micron.)
Nanometer, nm. Unit of length equal to 10-8 m. (Do not
use millimicron.)
Sample Path Length, b (not I or d). Internal cell or sample
length, usually given in centimeters.
Spectrograph. Instrument with an entrance alit and dis-
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persing device that uses photography to obtain a record of
spectral range. The radiant power paasing through the optical
system is integrated over time, and the quantity recorded is
8 function of radiant energy.
Spectrometer, Optical. Instrument wit.h an (ntrance slit,
8 dispersing device, and with one or more exit slits. with which
measurements are made at selected wavelengths within the
spectral range, or by scanning over the range. The quantity
detected is 8 function of radiant power.
Spectrometry. Branch of physical science treating the
measurement of spectra.
Spectrophotometer. Spectrometer with associated equip­
ment, 80 that it furnishes the ratio, or a function of the catio,
of the radiant power of two beams as a function of spectral
wavelength. These two beams may be separated in time,
space, or both.

Transmittance. T (not transmittancy or transmission). The
ratio of the radiant power transmitted by a sample to the
radiant power incident on the sample.
Ultraviolet. The region of the electromagnetic spectrum from
approximately 10 to 380 nm. The term without further
qualification usually refers to the region from 200 to 380 nm.
Visible. Pertaininn to radiant energy in the electromagnetic
spectral range visible to the human eye (approximately 380
to 780 nm).
Wavelength (one word). The distance, measured along the
line of propagation, between two points that are in phase on
adjacent waves-units A. ""m. and nm.
Wavenumber (one word). Number of waves per unit length.
The usual unit of wavenumber is the reciprocal centimeter,
cm- I

• In terms of this unit, the wavenumber is the reciprocal
of the wavelength when the latter is in centimeters in vacuo.

Sf Units
The move toward the usage of the International System 01 Untts (51) has been agreed to by AC5 edilors as general AC5 policy. Although. In
princlp~. the change 10 strict 51 usage Is desIrable. necessary adjustments dictated by practical reality musl be considered. This guide gives
authors an Idea 01 what exceptions are acceptabkt In articles pUblished In ANAlYTICAl Ct-£MISTRY. Also Included are the 51 base units. dorlved
untts. and prefixes. Units that are not ~Ilb~ wt1h 51 or lhe acceptable exceptions. but which must be used In 8 manuscript. should be followed
by the 51 equIvalent In parentheses. e.g .• 1-ln. (2.5 cm) tubIng or 1-1n. (2.54 em) tubIng. The number in the 51 equivalent should Include only
as many digits as are s~nificant tor any particular use.

(supplenwnlary units)

radian
stl.·r;ulian

SI BaSI' Units

~nbrth

Mass
Time
Electric current
'Jbermodynamic temperature
Amount of substance
Luminous intensity

Plane anele
Solid D.ngll'

nwll'r
kilo~rnrn

sN:und
l\mIH'rl'
kelvin
moho
can(It·I;\

01

k~

i\
K
mol
cd

rad
Sf

lU"
10"
10"
10'
la'
10·'
IU'
10'
10 '
10'
10·'
10 •
10'
10"
1U I!

10- 1"

Sl Pn·(ixl·S

l'xa
pl'ta
ll'r;,
giga
nll'ga
kilo
lwcto
(h~kil

dC'ei
('I'uti
milli
micro
nallO
pieo
femto
attu

J::
/'
T
(;

"I
k
h
dn
Ii
c
III

"n

Capacitancc farad F
Conductance siemens S
Electric chargc, coulomb C

quantity or clcctricity
Electric potential, vaIL V

potential difference,
electromotive rorce

Encq,ry, work, joule
quantity or heat

Force newton N
Frequency hertz 1·1,
D1uminancc lux Ix
Inductance henry H
Luminous How lumen 1m
Magnetic nux .....eber II'h
Magnetic flux density t('sllt T
Power wall IV
Pressure pascal Pa
Radioactive activity becquercl Ilq
Resistance ohm "

Arca
Conccntration
Density

Velocity
Volume
Wavel1um~r

81 Dcrin'd l;nils

squan' m('f('f

moll' JJI.·f cubic mC'tN
kilob1fam per cubic

melC'r
mc·ter pef spcon d
cubic IlwtN
1 per nt·ter

(with speci;ll naows)

m:
mol/m l

k~/ml

mfs
01'
111- 1

Area
Cunct'ntratioll

CoO(luc~\Il(,(,

Ucnsity
Ent.>rgy
~n~lh

Plall(' ;.lIl~It!

Pressur('
Hadioaclivityof

radionuclidt·s
&'cond-order rale

constants
T('mp('rnturl'
Tinw
Volumt.'

Wavenumber

Acccpt;lbll' Exceptions

barn
mulal "" mol.- pl'r kilu~ralll (m "" moi

kg ')
molar"" mull' per Jilt'r (!\1 _ mul L 1);

"of fOl'mnl Of normal
mho(u I)

~ram pt'r cubic c£'ntiml'll'r (~fcm))

c1('ctrOIl\'olt (t·V); also keV, :\I('V
;mest rom (A )
dc.:rL'l' (0), minute ('). Sl'COlHI ('.)
atmosphC'rC' (atm). har, torr
disintrgr41tions p('r st'C'ond (dps)

1 per lmolt- per lit!'r) pcrS('COIH! (:\1"
S·l )

det..rrec Ct.lsius (OC)
minutl' (min), hour {hI, day (dl, elc.
litN (L). milliliter (mL), microlilC'r

("L)
1 per centiml..'tl'r (em I)
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