


I<.e\eK:XRFDesenesaCloserLook.

There are a lot ofways
toperfonn quantitatire
eJemental analysis,and
~reprobablyWnlliar
with most oftbem.
AIomic absorption,wet
cbemistry, arc and spark
emission are aU standard
ana1ytial resources.
A more recent deYelop­
ment, IeP, is another
alternative.

I!nerBY-Dispenive
x",RayFlucxeIceo&1e

Kevexwould.like you
to t2ke a closer look at one more

llity: c:nergy-dispers
x-raytluorescencc.Because
while aU these mdhodsperfonn
similar aoaIytiai functions, XRF
has some outstandingadvantages.

targets,you can optimize detec­
tion limits fur serera.I elements
at once,when aitial results are
sought. And analyses typical1y
last onlya few minutes.

AB~Dyuamic Range
Because XRF isn't vulnerable

to manyofthe interferences
that plague AA and IeP, you can
use it to detennine elemental
concentnltions from a few parts

per million (or even parts per
billion in organic matrices)

to one hundred percent.
XRF looks at inner­

shell atomic structure,
so the state ofthe sam­

ple is not important.
That means virtually

no sample preparation
is necessary. Samples

can include solids,
liquids,powders,aero­

sols and smal1 particles.
And all analyses are

nondestructive.

So give Kevex a closer look.
We've already installed close to

200 systems in laboratories
worldwide, analyzing samples
as diverse as metals, ores and

petroleum products, industrial
chemicals and waste,aerosols,

ceramics, forensic samples,
food,phannaceuticals and semi­

conductor wafers. Kevex XRF
may be the right alternative for
you, too. Contact Kevex today
fur literature and applications

information.

KEVEX CORPORATION
1101 0Jcss DriYc!Foslcr Oty, ('''',;94404

In CalIfornia: 415/57~ . 'Jbll ; 7227-0277

) 7711185
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GILSON
INTERNATlONAL

72 rue Gamberta.
s.~ No. 45.95400
Villiet's·~·8ei. FRANCE
Tel 131 '/90.54.41
T<te<: 696682

8oJl. 2Z 3000 W. ~lJne
Mlddle'ton. WI 53562
IWIll836·1551
~,1.:26S478

Multi-level Interfacing is a concept delleloped by
Gilson to make the 212 uquid Handler product specific
for your liquid handling application As shown in the
diagrams. the 212 may be used as a stand-alone device
or in a variety of other confogurations through the
extensive input-output capabilities accessible through
the 212.

Here are some of the benefItS you·II realize by using
the 212:

- High throughput-large liquid handling capa­
bility combined with the potential for 24 hour
operation

- Unattend~ operation increases productivity
by freeing personnel for other work.

- Meaningful data assured by eliminating tech­
nician error on routine repetitive techniques.

- Simple operation using prompt/respond
format.

- Easy to read vacuum fluorescent display

- Economically priced; reduces labor-
intensive tasks.

- Durable construction assures long operating
lile for continued value.

For more information. call our 212 product
specialist collect at (608) 836-1551.

Hadyour fill of
sample handling
by hand?

Use the Gilson 212 liquid Handler
with Multi-level blterfaclng-

Circle 1148 tor literature. Clrc~ *"9 have yO\W rOPfesentaUve call on us.

1l,lJllJ.25.?7
11 f)~~:~ r'~~tr l1fJ1n·lth1~·l.:~·:
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REPORT

Chemical sensors
based on liber optics
are similar in use to
electrodes but are very
different in operating
principles. Their
applications.
advantages. theory. and
instrumentation are
described by Rudolf
Seitz of the University
of New Hampshire

16 A

INSTRUMENTATION

Mlcrosensors and
microInstrumentation
are making it possible
to analyze small­
volume samples and to
improve analysis speed
and instrument
portability while
keeping costs down.
according to Hank
Wohltjen of the Naval
Research Laboratory

87 A

FOCUS

Three Mile Island.
Analysts are taking a
closer look at the
damaged TMI reactor
core. ~ Center for
Process Analytical
Chemistry receives
starter grant.
~ Academic-Industrial
cooperation.
~ Three-dimensional
elemental analysis

35 A
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NEWS

Advisory Board
members. ANALYTICAL
CHEMISTRY announces
the appointment of six
new members to its
Advisory Board. They
are William Heineman,
Harry Hertz, Atsushi
Mizuike. Melvin
,Gedmond, Jr.. Martin
.lUdat. and Charles
Wilkins

43 A

A/C INTERFACE

The laboratory son et
tum/ere is coming of
age as lab computers
are endowed with
enhanced capabilities,
such as voice inputl
output, graphics. and
image processing and
analysis Ray Dessy
reports on the
increasing ease of
interaction between
scientist and instrument

68 A

BOOKS

Critical reviews. A
book on HPLC trace
analysis and an audio
course on GC column
selection are reviewed
by S. A. Wise and
H. L. Gearhart

83 A

EDITORS' COLUMN

EAS 1983. Anendance
at the 1983 Eastern
Anatytical Symposium
established a new
record. Two FT-IRs. by
Perl<in-Elmer and
Janos. and a Hewlen­
Packard GC were
among new products
on the exhibition f1()()(

14 A

EDITORIAL

Authors, review....
and editors are all
human and therefore
subject to human
frailties. but It is not in
the author's best
interest to mount hi\tlly
emotional attacks
Questioning the
competence of
reviewers or editors
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Introducing the
Perkin-Elmer
Model 1800 FT-IR.

Perkin-Elmer technology creates
a landmark laboratory instrument.
Until the Model 1800, the advantages
of FHR have never been fully realized.
Now they have.

I! took Perkin-Elmer's combina­
tion of expertise in optical systems,
analytical instrumentation and
computer technology to create a
unique system which delivers double
beam optical performance at Fourier
translorm speed.

The world's leader in infrared
presents the
world's most
advanced FT-IR.



Fast. accurate. detailed
spectral generation.
• Excellent signal to noise ratIO.
The Model 1800's unprecedented
signal· to-noise ratio. approaching the
theoretical limits of FT·IR. allows
smaller. more diffICult samples to be
run at faster speeds.
• Double beam. The double beam
oplicaJ design yields convenient,
real·time compensation for instrument
background and envirormentaJ effects.
• Superior ordinate linearity.
The Model 1800 allows new, higher
levels of accuracy, plus extended flexi·
bility in sample concentration.

• Array processor speed.
Data transfer, graphic presentation
and Fourier transform algorithms

are performed at array processor
speeds by means of elegant
optimized software, fiber optICS
and IEEE communications.

Computer power to spara.
The Model 1800 has three

linked mICroprocessor systems.
The system control processor is a
powerful 16·bit Perkin·Elmer 7500
Professional Computer With enough
growth potential to let you interface
with other instruments and computers
throughout your lab and company.
And, to make even more use of this
computing power, Perkin·Elmer oHers
the world's largestlechnical library of
applications software. It includes the
internationally respected QUANT.
SEARCH and CDS programs.

The Perkin-Elmer 7500 can also
be used for independent lab comput·
Ing with such high level languages
as BASIC and FORTRAN·77.

There Is much more.
Learn how the Perkin·Elmer

Model 1800 will solve problems and
Improve performance in your lab.
The delails are wa~ing for your
analysis. Call 1·800-762·4000, toll·
free. Or write for more informaoon.
PerNn·Eimer COlO, M",n Ave. (MS·I2),
NQlw...... CT06856 USA T,; (203) 762·1000,
Telex 965,954

Bode""""''''k P",Iun·Eimer /I, Co , GmbH,

~~~R~~~O~=~·(0755,)8".
Perkin·Elmer lid.. Post Office Lane.
Beaconsheld, Bucks HP9 lOA. England
Tel Beaconsheld (049 46) 6161

FlERKIN-ELMER
C"clo '172 'Of a demonstration. Circle ,173 for a sa~ repr6SOf'ltailve 10 call.



Briefs

Laser Desofpllon Mass Spectrometry with
Thennospray Sample Deposltlon lor Determination 01
Nonvolatile Biomolecules 2

Samples are sprayed on-line onto 8 moving stainless steel
bell under partial vacuum v.;th a thermospray vaporizer.
The samples are transported through a differentially
pumped vacuum Jock and ionized in the mass spectrometer
source with 45-05, 10"-W/cm2 1aser pulses from a
Q-switclled Nd:YAG laser.
E. D. HardiD, T. P. Fan, C. R. Blakley', and M. L. Veslal',
Department of Chemistry, University of Houston. Houston. Tn.
71004 Anal. Chem .. 56 (J!lS4)

Analysis 01 Anionic Surfactants by Mass
Spectrometry/Mass Spectrometry with Fast Atom
Bombardment 8

A survey of anionic surfactant types by posith'e and
negative FAB MS yields molecular weights; MS/MS is used
to confllm structures. Identification of homologues and
ethylene oxide-containing polymer.; is illustrated.
Philip A. Lyon" and William L. Subbing., 3M Company,
Central Research Laboratories. 51.. Paul. Minn. 55144. and Frank
W. Crow, KeD..Deth B. Tomet', Dixie L Lippstreu, and Michael
L Grou, Midwest Center for Mass Spectrometry. Depanment of
Chemistry. University of Nebraska-Lincoln. Lincoln. Neb. 68588

Anal. Chem" 56 (J!lS4)

liquid Ionization Mass Spectrometry 01 Nonvolalile
Organic Compounds 14

Metastable argon atoms are used to ionize compounds at
atmospheric pressure. Mass spectra obtained by this
method show ions characteristic of the molecular weight
and the structure of the compounds.
Muahiko Tluchba·, Department of Industrial Chemistry,
Faculty of Engineering. The Uni\'ersity of Tokyu, Hongu, BunkyQ­
XU. Tokyo 113. Japan. and Hirofumi Ku,,"'abara, Department of
Industrial Chemistry, Suzuka College of Technology. Shiroko·cho.
Suzuka, Mie 510-02, Japan .~naI.Chem.. 56 (J984)

Photothermal Deflection Densitometer lor thin-Layer
Chromatography 19

The syslem is applied to the separation of
l,2·naphthoquinone. phenanthrenequinone. and a-ionone.
Detection limits for the compounds range from 30 ng to
7.5 pg, depending on how strongly absorbing the compound
is.
Tauey lD& Chen and Michael D. Morn.·. Department of
Chemi.5try, University of Michigan. Ann Arbor, Mich. 48109

Anal. Chem., 56 (1984)

• Corresponding author
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Comparison 01 Suppressed and Nonsuppressed Ion
Chromatography lor Determlnallon 01 Chloride In
Boric Acid 21

Determination of chloride ion in boric acid solutions by
supressed ion chromat.ography (Ie) is complicated by on
unidentified matrix effect. \\'ith nOl\supressed Ie and a
concentrator column. chloride is determined at
concentrations as low as 2 ppb,
H. H. Streckl'rt· and U. D. Epstein. t;A TechnuluJr::il~.lllc..
P.O. Box 8..')f,QS, Ssn Ui('~u. Calif. 921:Uol Arlal. Chl·m ...56 (1984)

On-Line Extraction, Evaporation, and Injection lor
Liquid Chromatographic Determlnallon 01 Serum
Corticosteroids 24

A switching-system model incorporating quantitati\'e
solvent extraction. evaporation. and sample injection is
developed for the liquid chromatographic determination of
serum corticosteroids such as hydrocortisone and
prednisolone.
Kilaro Oks. Kazuo Minagawa. and Shoji na,.·. Tokyo College
of Pharmacy. Horinouchi. Hachioji, Tokyo 192·03. Japan, and
Makoto Noguchi. Yasuo Matsuoka. Michinori Kono, and
Shoichiro Irimajiri. Kawasaki City Hospital. Kawasaki 210.
,Japan Anal. Chern .• 56 (1984)

Preconcentratlon with Dlthlocarbamate Extraction lor
Determination 01 Molybdenum In Seawater by Neutron
Activation Analysis 27

Extraction of molybdenum from seawater with
pyrrolodonedithiocarbamate and dicthyldithiocarbamate
at pH 1.4 into chloroform is quantitative and eliminates
the interferences of uranium and other matrix species for
neutron activation analysis.
W. M. Mok and C. W. Woj·. Departml'llt of Chemistry.
University of Idaho. Moscuw.ldahu 8:~B.I:1

Anal. Cllt'm .• S6 (/984)

Spectrophotometric Determlnallon 01 Total Gossypol
In Cottonseeds and Cottonseed Meals 30
The method is based on the reaction of gossypol with
3-amino·1·propanol and its subsequent reaction with
Fe(lll). The Fe(I1I)-bis(arninopropanol)-gossypol complex
has a characteristic absorption maximum at 620 nm.
Atnafseged Adm.a.su, Ethiopian Nutrition Institute. P.O. Bol.
5654. Addis Ababa. Ethiopia. and B. S. Chandravantbi·.
Deportment of Chemistry. Addis Ab.!lba Uni\·ersity. P.O. 801. 1176.
Addis Ababa. Ethiopia Anal. Chern .. 56 (1984)





Briefs

Elemental Analysis 01 Estuarine Sediments by Lithium
Metaborate Fusion and Direct Current Plasma
emission $peclrometry 33

The method is inexpensive and fast but vulnerable to
systematic errors. Coefficients of variation of replicate
analyses for mtljor and trace elements are generally in the
2-10% range.
A.. Y. Cantillo·, S. A. Sines. and G. R. Helz. Department of
Chemistry, Uni\"ersity of Maryland. College Park. Md. 20742

Anal. Chern., 56 (1984)

Generalized Internal Relerence Method lor
Simunaneous Munlchannel Analysis 37

The internal reference method is expanded to 8 generalized
internal reference method. The generalized method can
detect variations in instrumental parameters and
compensate for them.
Avraham Lorber and Zvi G~ldbart·. Nuclear Research
Centre-Nege..·• P.O. Box 9001. Beer-Shev8 84190.lsrael

Anal. Chern., 56 (1984)

Correction lor Drm by Internal Relerence Methods In
Inductively Coupled Plasma Simultaneous
Mutuelement Analysis 43

A generalized internal reference method is applied to data
obtained from a simultaneous multielement fep system.
The method reduces the noise of spectral lines to the level
of electronic shot noise of the detection system.
Avraham Lorber, Zvi Goldbart·, and Michael Eldan, Nuclear
Research Centre-Negev, P.O. Box 9001, Beer·Sheva 84190, Israel

Anal. Chern., 56 (1984)

Optimization 01 Electrochemical Atomization
Parameters lor Simunaneous Munlelement Atomic
Absorption Spectrometry 48

Conditions for simultaneous electrothermal atomization of
Co, Cr, Cu, Fe, Mn, Mo, Ni, V, and Zn are examined using
unpyrolyzed and pyrolyzed tubes and a pyrolytic platform.
James M.lIarDJy- and Jean S. Kane, Beltsville Human
Nutrition Research Center. Nutrient Composition Laboratory,
U.S. Department of Agriculture, Beltsville, Md. 2Q705

Anal. Chern., 56 (1984)

5ensltiv"y Factors lor Surface Analysis by Ion
SCallerlng Spectroscopy 55

Procedures to determine relative sensitivity factors used in
quantitative surface analysis of substitutional alloys by
ion-scattering spectroscopy are discussed. A novel
procedure involving the physisorption of xenon on
elemental substrates is independent of surface roughness.
Denni..t G. Swartzfager, E. I. du Pont de Nemours & Company,
CentraJ Research & Development Department. Experimental
Station, Wilmington. Del. 19898 Anal. Chern .• 56 (J984)
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Determination 01 Trace Constituents 01 Hlgh-Purny
Gallium Arsenide 58

Acceptors are identified by selectively populating
acceptor-exciton complexes and observing the subsequent
ground and excited final-state relaxations. Interband
interferences are reduced, and clement-specific splittings
are obtained.
P. W. Bobn-, R. Bbat, and T. D.llarris, Bell Laboratories,
Murray Hill. N.J. 07974 Anal ChrnJ.,56 (1984)

Fiber-Optic Probe lor In Vivo Measurement 01 Oxygen
Partial Pressure 62

A fiber·optic P02 probe based on fluorescence quenching is
described. Physiological Po" is measured over the range of
1-150 torr.
John I. Peterson- and Raphael V. FiUCerald, Hiomt'dicai
En~ineering and Instrumentation Branch. Division of Research
ServiC't's. Buildin~ 13. Room 3W13, National Institutes of Health.
Bethesda. Md. 20205. and Delwin K. Buckhold, Section on
Laboratory Medicine and Surgery. National Heart. Lunl(. and
Blood Institute. National Institutes of Health. Bethesda.
~,td. 20205 Anal. Chem .• 56 (1984)

Rules lor Computerized Interpretation 01 Vapor-Phase
Infrared Spectra 67

Rules for the interpretation of IR vapor·phase spectra are
presented and incorporated into existing computerized IR
interpretation systems.
Sterling A. Tomellini-, James M. Stevenson, and Hua:h B.
Woodruff, Merck Sharp & Dohme Research Laboratories. P.O.
Box 2000, Rah\lo·o)'. N.J. 07065 Anal. Chem.. 56 (1984)

lodometrlc Method lor Determination 01 Trace
Chlorate Ion 71

A modified iodometric method is reported for chlorate ion
determination at sub-mg/L levels using hexane as a
shielding agent to prevent air oxidation of the iodide ion.
Yasuhisa Ikeda. Tsung-fei Tang, and Gilbert Gordon-, Miami
University, Department of Chemistry, Oxford, Ohio 45056

ArlOl. Chem .. 56 (/984)

Polnt-by-Polnt Matrix Eftect Calibration lor the
Ouantltatlve Analysis 01 Superlallices by Secondary
Ion Mass Spectrometry 74

Using the linear dependence of secondary ion yields and
sputtering yields on m'atrix composition, a point-by-point
matrix effect calibration is applied to AI.I: Ga 1-.1: As
multilayer-multimatrix samples.
A. A. Galutika and G. H. Morrison', Department of Chemistry,
Corntll Univtrsity, Ithaca, N,Y. 14853 Anal, Chern .• 56 (1984)



The first devices for direct sampling and IWItchlng
of fused silica columns are now mllable from Yalco
and leading International dealers.
Qla.E 220 ON READER SERVICE CARD

AND

NEW FOR HPLC



Briefs

Eslimalion 01 Deteclion Limits In X-ray Fluorescence
Spectrometry 77
Experimental X-ray !1WaSUf('l1ll'nl:.:. dl'l1lull:.:.tratr the
"aHdit" of thr :.:.tati:,tiral niteric.1I11l:'l·d to (it·fine the
minirn~lm det('(,tiull limit.
John \'. (;i1fric,.'h· und L.~. Birks. :'\a\:lIIh-:"l';H('h L:II~ITllltlry.

\\"a:-hin;':IOlIl. IU' :!\I:r;:. A,m! ('h,'"l.. ;it; I J!l., {I

Inlrared Photoacouslic Spectroscopy of Liquids with
an F-Center Laser 80

Infrared phUWllClJUstir Spt'elm of liquids art" uutained
using a tunahle IH In~cr tlJ excite low-mdpf radial ocoulOti('
resunance mndes uf tht' samplt> cell. :\ SIN = 1 for an
absorbance of 1 X 10-:' using a ;t;')-mW lasN is llchie\'t'd.
Pao·YUHn Chen and Jamf."S S. Shirk-. Dl'partnwnt uf
Chemistry. IlIinlJi~ In:-titutt· ufTechnulol-:Y. rhi("n~u. III. ti{)tilti

Anal. (·ht"m ...-ltitl~"·/1

Phase Plane Method lor Deconvolulion of
Luminescence Decay Data with a Scaltered-Llght
Component 82

The phase plant.> method of df'Con\'oluting luminescence
lifetimes in the presence of scatter£>d light is accurate and
precise o\'er a wide range of decay parameters, nuise lt~\'eI5.

and deg-rees of scatter.
J. C. Lon' and J. N. Demas-, Department of Cht>rnistry.
UniversilY of Virginia, Charlultl':-\·illt. "11, :!~tUl

Anal, ('}/I'm.,.56 (]!J.."i./J

Optimization 01 Anion Separation by Nonsuppressed
Jon Chromatography 85

\Vindow diagrams are used to optimize separation of CI-.
Br-, N03-. 50,'-. and 5,0,'- and to predict the elution
sequence in nonsuppressed ion chromatography.
Dennis R_ Jcnke and Gordon I\. Pagcnkopf-, Department uf
ChemistI')" Montana State Uni\'ersity. Bozt'man, ~,tunt. 59;1';

Anal. Chf'm .. ,;6 {/9d./J

Models for Prediction of Retention In Nonsuppressed
Ion Chromatography 88

The agreement between observed and predicted retention
times using three models-multiplt-species eluent, single­
species eluent, and single-interactiun sites-is discussed.
Dennis R. Jenke and Gordon K. Pagenkopf-, Departmf:llt of
Chemistry, tt'tonLana State University, Buzeman. Munt. ;;!IiI7

04'10/. Cht'n1., ,56 (]!JH./J

Computer Simulation of Light Transmission through
Scatlerlng and Absorbing Chromatographic Media g1

A computer model simulates the Kubelka-Munk
differential equations and allows a variable number of
iterations. Results from this model are compared with
soJutions of the same eq'Jations obtained by conventional
methods of inwgration.
I. E. BUlb- and H. P. Greeley. Research Ser\'ic~, Vettrans
Administration Medical and Regional Office Center, White Hinr
Junction, Vt. 0500J Anal, Chern .. •56 11!j8·1)
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Linear and Helical Flow In a Perfluorosulfonate
Membrane 01 Annular Geometry as a Continuous
Cation Exchanger 96

Mns... transf£'T dficiencv is studil'd ftlr linrllT lind heliml
now in Nafiol1 mrl1lhn;nr-bll!,l'(1 (·l1tiolll'XchllTlj.:{'rS of
nnnular ):l.'Ol11l'1ry.
Purn('ndu 1\. Dasfltupla, D('Jlllrllll('nt uf ct1l'lIli:-lry. Tt'xns T('dl
llniwrsit\', Bux ,J:!l3{I, Luhhod-:. T.,x. ";'U.aU9

. Anal. Chl'lIl., ,;6 il~.J)

Annular Helical Suppressor lor Ion Chromatography
103

Small dead-vulume und low·dispersion fhnmcteristics of
nnnular helical now arc expluited in the use uf II filament­
fillrd he-lix as an Ie suppressor.
Purnt'ndu K. DuSto:Uplu,I)('PlirlIlWfIl "f CIIl'llIi:otry. T('xn" 'I't'('h
l·niwr.-ity. BIIX -1::1,0, I.uhlkl('k, Tt·x. 7~'-Il~1

AflUI (·lwtII,.it;I/!""i/1

Ion Chromatographic Determination 01 Morphollne and
Cyclohexylamlne In Aqueous Solutions Containing
Ammonia and Hydrazlne 106

Column le'ng-th. e1l1l'nt !low raIL', and <,hH'1l1 iOllic' str('ng:th
aTe lIJ1timizl'd for sltisfactory rt'!ouluti"n of t' ,H H1t\O t ,

(',;H l INH.1•• i\H~', and ~.!H:," t1IHltr lhr('(' 'lIlah-lieul
lIlodc":", lJe·ttctionlimits IIrc' U.1 ppm for hoth nlOrpholilll'
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The only genuine CARBOWAX- PEG 20M
bondedcapillary column.

Developed jointly by Supelco and Union Carbide.
Hotter than CARBOWAX PEG 20M.

The higher thermal stability (2BO'CI of NEW
SUPELCOWAX 10 columns will shorten your analysis
lime and enable you 10 analyze higher molecular
weight compounds.

The polarity is like nonbonded CARBOWAX PEG
20M and will expand your analytical range. allowing
you to perform analyses you couldn't perform before
with any bonded or nonbonded CARBOWAX column.
Even accepts water injections.

Now you can have a bonded CARBOWAX PEG
lused silica column that will last many times
longer than a nonbonded CARBOWAX PEG 20M
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brochure describing in detail the unique
advantages 01 SUPELCOWAX 10
bonded capillary colum....
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CIRCLE 192 ON READER SERVICE CARD

12 A • ANALYTICAL CHEMISTRY, VOL. 56, NO.1, JANUARY 1984

Manuscript ReqUirements

Analysis, Idenlnlcatlon, Determination, and AlSay

Guide lor Use 01 Terms In Reporting Data In
ANALYTlCAL CHEMISTRY

Spectrometry Nomenclature

51 Units

Copyright Transfer Form

123

124

125

125

126

127



position of leadership: superior
products, outstlnding service,
comprehensive gas data, and a
commitment to innovative specialty
gases, gas mixtures. and gas handIiog
equipment

Try today's Matbesoo,
today.

The name Matheson has always been
a symbol ofquality. Our cylinders
supply the world "'ith moce than 100
gases-from specialty, to mixtures,
to instrumentatioo-in a wide variety
ofpurities and sizes.

And our over 2,000 gas handIiog
equipment items-induding
regulator.;, IIow meters. gaspurifiers,
detectors. and monitors-pemit
safe, accurate use of those gases.

So whether you're ina research
or industrial control lab. apilot plant; Ir
aconunerciaI processing plant. today's
Matheson is the "new"ccmpany for
yourgases and equipment ClIle
knows how to serve you better.

For a free Matheson catalog,
caD: (20ll867-41oo. Orcontaet)'OUr
Matheson representative.

CaD today, and find out how
Matheson provides the right mixture
ofquality, experience, and service
for your needs.

Leading from
new strengths.

alheson
Gas Products

VIIol'td Leader In SpeclaItyau- & Equipment

CflClE1U

Matheson announces
the DlOst intP!lmmt

gas mixture in 56 years.

Small changes.
Big traditions.

Irs today's MaJheson, now in
partnership with AmeriCas, one of
NOr/lIAmerica'sfastest-growing
compressedgases suppliers, and
Nippon Sanso, Japan's leading
supplierofspecialtygases and
equipment.

llis new alliance means even greater
strength for Matheson, world leader in
specialty gases and equipment since
1927.

Greater strength in technology,
through a sharing ofexpertise.

And greater strength in
distnbution through our partners'
worldwide network.

You'U see a slight change in our
name. In the U.S. we'D be known as
Matheson Gas Products, Inc. In
Canada, we'D be Matheson Gas
Products Canada, Inc.

And wherever you are, you'D
know Matheson as the leader.

What will /lot change are the
things that have led Matheson to our



Editors'Column

Eastern Analytical Symposium
Convenes in New York City

Attendance at the 22nd Eastern An­
al)~ical Symposium (EAS). held No".
16-J8 in New York City. surpassed
('ven the hopeful expec181ions of !'ym­
posium officers. The number of con­
ferees and exhibitors registered at this
year's meeting was 4509. fuBy 34~
above the 1982 attendance figure.

EAS officials were pleased with the
news of well-attended technical ses­
sions, some with standing room only.
Over 200 scientific papers were pre­
sented.

Award winners at the meeting in­
cluded Abraham Ssvitzky, senior sci­
entist in the spectroscop}r di\"ision of
the Perkin-Elmer Corporation, who
received the New York Society for Ap·
plied Spectroscopy (SAS) Medal fur
his contributions in IR spectrometry.
data processing, and computerized
analysis. In addition, Louis Meites of
Clarkson College of Technology.
Potsdam, N.Y., received the Ben­
edetti-Pichler Memorial Award of the
American Microchemical Society,
honoring his contributions in the field
of electrochemistry. Meites has 2().j

John D. Johnson of SAS (left)
presenls Ihe 1983 SAS New l'ork
seclion award 10 Abraham Savitzky

publications in the field to his credit.
includin~ 14 books.

Instruments making their world dr­
buts at EAS included two FouriPr
transform infrared spectrometers
(IT-IRs) and a new J:as chromuto­
graph.

Perkin·Elmer's new Model 1800 is
the industrv's first IT-IR with dou­
ble-beam c~pabilit)'.a feature that
makes it possible for the analyst to do
real-time background corrections. Ac­
cording to the company. the precision
and aCcuracy of the instrument are su­
perior to higher priced single-beam
IT-IR systems.

Janos Technologies Model
1000 IT-IR contains a rotating opti­
cal element. a component that makes
it possible for the interferometer to be
much smaller than conventional ~..1i­
chelson interferometers. According to
Janos, the instrument is also quite in·
sensitive to shock. The moderate-reso·
lution (5 cm- I ) instrument can be
used for process control and product
quality monitoring in industrial set­
tings or in situations where a trans­
portable analyzer is needed.

Hewlett·Packard's new HP 5890A
gas chromatograph represents a more
efficient manufacturing concept that
has enabled the company to uffer the
instrument at a price it claims is 259i:
lower than comparable models from
other manufacturers. Hewlett-Pack­
ard is also offering an optional service
contract guaranteeing the user 9~"
uptime on the instrument.

The EAS committee is looking for·
ward to an expanded meeting in a
completely renovated facility in 1984.
The New York Penta Hotel (formerly
the New York Statler), where the
meeting has been held since 1980. was
recently acquired by new owners. The
Penta management is conducting a
major hotel renovation, including
redecoration of guest rooms and pub­
lic areas, an exterior face-lift, and a
completely new lobby. That all this
will be substantially complete by next
November is hard to believe, but that,
in fact, is what Penta has promised
EASuflicers.

According to EAS gen~ral chairper­
son Concetta Paralusz of PermaceII
Avery International, the meeting will

Hercu/t·s Felder (left>. chairman uf
the American Aficruc}zcmical Soch,t)'.
presents til£' 198J Rcnedetti-P;chh'r
cu'ard to Luuis Meitc:J

be extended tu four days next ycar to
satisfy u ..:rowing dema'nd for c'xhibit
space caused. at least in part, by the
departure of the Pittsbur~hCunfer­
ence frum the New York-Nt"· Jersey
area. The lar~est analytical chemistry
meeting in the U.S.. the Pittsburgh
Conference has been held in Atlantic
City, N.J., for the past few years. but
will move to New Orleans in 1985. The
longer EAS meeting format will free II

ballroum fOIIJwrly uSNI for technical
symposia. The number of technkul
sympusiu ut tho 1984 EAS will remuin
about the same as this year. hut the
ex.tra day will make it possible to
spread them uut so there nrc fewer si­
multaneous sessions.

Paralusz said she thought thut this
year's EAS wus the best ever-until
next year. \\'ith registration figures
and the number of ex.hibit booths in­
creasing at a healthy clip, Puralusz's
enthusiasm docs not seem unfounded.

St uart A. Hurman
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Report

w. Rudolf Seitz
Department of Chemistry
University ot New Hampshire
Dlrnam. N.H. 03824

The devices considered in this
REPORT invulve a reagent phast' un
the end of 8 fiber uptic. In operation.
interaction with analytc leads to a
change in optical properties ofthr r('­

agent phase. which is probed and d£'­
tected through the fiber optic. De­
pending on the particular d£'\'icc. the
optical property measured can be ab­
sorbance. reflectance,luminescence,
or something else. An example of such
a device would be a pH sensor ba..o;ed
on an immobilized dye whose color or
fluorescence properties vary with pH.

The term optrode is used to de­
scribe these devices 11 l. This term.
formed by combining "optica!" and
"electrode," emphasizes that in USC'

optical sensors are very similar to elec­
trodes. However, in operating princi­
ples they are quite different, offering
new possibilities relative to electrodes
while at the same time being subject
to limitations and problems that are
not observed with electrodes.

Attractive features of optical sen­
sors relative to electrodes include the
following:

• Because the signal is optical, it is
not subject to electrical interference.

• No "reference electrode" is re­
quired.

• Because the reagent phase does
not have to physically contact the
fiber optic, it is a simple matter to
ebange reagent pbase. In fact, it is
possible that in some contexts it will
be practical to use reagent phase on a
disposable basis. Also, the reagent
phase can be in a different environ­
ment from the liber optic. For exam·

pit>, the> rellgc'!H phase ctJuld be in a
high-pre:,~ure reartor and he prubed
through H winduw in the reactor.

• Oplinll scnsor~ can offer signifi·
cant l'ost ad\'anta~es o\'er electrodes.
particularly if a singll;' spectrometer is
ust'd with ~e\'Cral sensurs.

• The mllst exciting possibility of­
fered by optical sensurs is the use of
multiwa\'elen~thand temporal infur­
mation. For example, one can en\'isiun
sensors that respond simultaneously
to two or mure analytes distinguished
by measurements at two or more
probe-detection wa\'elength combina­
tions. If the optical sensor in\'lJI\'es lu­
minescence, then time resolution also
can be used, In addition, multiwa\'c­
length measurements may be used to
monitor reagent phase stability or to
relate analyte concentrations to inten­
sity ratios at two wavelengths,

• Optical sensors can be de\'eloped
to respond to analytes for which elec­
trodes are not available.

Optical sensors also are subject to
se\'crallimitations relath'e to elec­
trodes:

• Amhient light will interfere with
optical sensors> They must either be
used in a dark environment, or the op­
tical signal must be encoded (e.~ .• by
modulation) so that it can be resolved
from ambient back~round.

• Long-term stability i. likely lo be
8 problem for reagent systems used in
optical sensors, although to some ex­
tent this can be compensat.ed for by
multiple-wavelength detection and by
the case of changini-: reagent. phases.

• Because the reagent and the ana-

Iyte are in different pha~es.

,thert' is nect'ssHrily [I mu~s transfer
step before cunstant response is
real'hed, This, in turn, limits response
timt's of optkal sensors.

• For sen·ral typt'S of uplicalmea·
surl'ments. obsernd intensities are
proportional to the amount of f{'ag:cnt
phast·, If the amount of reag:ent phase
is small. detected intensities can he in­
l'rtast'd hy using: more intense probt>
radiation. Howevcr. this will an'eler·
ale any f{'ag:t.>nt photodt·g:radation pro·
l'f:SSI:S. As a ('onsequence, optkul sen­
sors in\'ol\'c a threc·way trudl:off lJe­
(wcen amount of reage;lI phase. inten­
sity of proht.· radiation. and slahility.

• In general. optical sensors will
hu\'c jimited dynamic rang:es wm­
pared to ele(·trodes, for reasons thut
will be considered beluw.

Optical sensurs may be classified as
rC\'t'rsible or nonreversible. A sensor is
reversible if the reu/-:ent phusl;' is got
consumed bv its interaction with BnB­

lyle. If tht· r~a/-:ent phase is consumed.
then the sensur is Ilonreversible. Fur
such a dcvife tu be useful for sensin~,

the relalive cunsumptiun of reagent
phase must be small or there musl be
provisions for renewinl-: the reug:ent.
These two cBtc~uries of devices will he
considered separalely, This HEJ>OHT
will not consider systems in which a
rea~ent phase is used on u one-time
basis.

Instrumentallon

The instrument.atiun for fiber­
optic-based chemical sensurs can be
simple or cumplex dependin~ on Ihe
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Increase OPC
resolution and

speed with new
MicroPak TSK
HXLColumns

Varian announces a new family of high·resolution GPC
columns, manufactured by Toyo Soda. the leader in
microparticulate gel technology. Featuring new 5-JLITl
spherical particles, these HXl Gels provide outstanding
performance characteristics for GPC analysis,

• Unexcelled performance for GPC polymer
characterization-Excellent column stability
provides highly reproducible calibration for precision
of molecular weight distribution calculations.

• Extremely high resolving power for GPC separa­
tion of po/ymer addltMs and ott.r smaJf
moIecules~umn effICiency specifICation of
50.000 plateslmeter provide twice the effICiency of
conventional GPC columns.

• Increased separetlon speed-Higher separation
efficiency means equivalent resolving power can be
obtained with half the column length of conventional
GPC columns. Note the equivalency in separation
efficiency with only half the length of the HXl
columns as shown in the separation.
Result: Faster 5eparations.

r
Varian MicroPak T5K HXL Columns are in stock and a~ailable now

MICROPAK TSK TYPE HXL COLUMNS FOR GPC

Exclusion Umlt
Description (MW of PS) Order Numbel'

MicroPak T5K 1000HXl . . . 1 x 10' ()(}997149-74
MicroPak T5K 2000HXl . . . 1 x iO'.........•....... ()(}997150-74
MicroPak T5K 2500HXl . . . 2 x 10' ()(}997151·74
MicroPak T5K 3000HXl 6 x 10' ()(}997152·74
MicroPak T5K 4000HXl 4 x 10' ()(}997153-74
MicroPak T5K SOOOHXl . . . 4 x 10'.......•......... ()(}997154·74
MicroPak T5K 6000HXl . . . . .. 4 x 10'.' ......•......... ()(}997155-74
MicroPak T5K 7000HXl . . .. 4 x 10'.' ......•......... ()(}997156-74
MicroPak T5K GMHXl". . . . . 4 x 10'.' .....•.......... ()(}997157·74

• Estimated
., GMHXl =mixed bed packing.
Columns are available packed in ODCS for use in high tl!fT'4)8rature GPC.

To order call: 800-538-1735 or in California 800-672- @
1405 or write: Varian Instrument Group, 220 Humboldt Intelligent chromatography
Court, Sunnyvale, CA 94089-ATTN: Order Desk. For , , , from Varian
further information circle the Reader Service Number. •

vanan
ror ..... : . Ao<__,NJI2011ll22.J700· _I<dge,IL(312)825-77n· Sllgat LM1d.TX (7131 <.'-1:l3O

In EuroPe. Stein"\luMfIUUM. Qi.63OO Zug. Switzeriand.
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(a)

Figure 1. Fiber optic sensors
P =probe radiation. D = del~ed racbalion. A =reagent phase. ja) Sensor based on bifllcated fiber
optic in which separate fibers eatry probe and detected radiation. (b) Single optic with a beam spllner
to separate ptobe and detected radIation. (e) Single optic sensor in whiCh the reagent phase is coated
on the optic

P~_~_~D
R

i!!>mobilized phase are equivalent for
Rand AR and thus cancel.

AR and Rvary with analyte concen­
tration as follows:

AR K.IAI C (3)
= I + K.IAJ Il

- I
R = 1 + K.IA) CIl (4)

where CR is the sum of free and com­
bined reagent molecules.

Figure 2a sho....'S response vs. ana­
Iyte concentration for the case in
which the measured optical parameter
is proportional to AR. At low concen­
trations (IAj « 11K.), response is pro·
portional to IA). As concentrations in­
crease, response is curved, reaching a
limiting value when IAJ » 11K,. This
corresponds to saturation of the re-
agent with analyte. .

Figure 2b shows the case in which
the optical measurement is propor­
tional to R. In this case. increasing an·
alyte concentration leads to a decrease
in the measured parameter. Rather
than working with a curve as shown in
Figure 2b, it is possible to rearrange
Equation 4 to

~ = I + K.IAJ (5)

A plOI of c,JR vS. IA! will be linear
with an intercept of one.

The preferred situation in practice
is likely to be the case where the ratio
of AR to R is measured. From Equa­
tions 3 and 4

~= K IAJ (6)H '
The ratio is directly proportional to
analyt.e concentration as well as being
independent of CIl and thus insensi­
tive to slow loss of reagent. Ratio mea­
surementa frequently have the addi­
tional advantage of being less sensitive
to instrumental fluctuations as well.
The limitation of the ratio approach is
that both AR and R must be present
in sufficient amounts to be measured
with adequate precision. As a conse·
quence, dynamic range is limited.

It is assumed above that the amount
of analyte combining with reagent is
small relative to the amount of analyte
in the sampJe, a condition thtit can be
achieved by keeping the amount of re­
agent small. If this condition is not
achieved, the analyte will be depleted
in the sample. The response function
has to be revised to account for this,
and the device is not 8 true sensor
since it is perturbing the sample.

The above discussion emphasizes
the importance of the equilibrium
constant in determining senKOr re­
sponse. The equilibrium constant is
involved in the response function
whether one measures R, AR, or the
ARtR ratio. In each case, the equilib·

R

where A is analyte, R is reagent, and
AR is the combined anaJyte-reagent.
The equilibrium constant, Ke• may be
represented

AR
K. = RIAl (2)

where IAI is analyte concentration
and Rand AR are the number of free
and combined reagent molecules in
the immobilized phase, respectively. It
is assumed that activity effects in the

cated devices, separate optics transmit
probe and detected radiation. These
devices observe only the zones of re­
agent phase that fall within both the
cone of emitted probe radiation and
the cone of accepted detected radia­
tion.

The diameter of the fiber optic can
be on the order of the wavelength of
transmitted light. In practice, sensors
in the submillimeter size range have
already been developed.

Reversible Sensors

Theory of direct sensors. Most re­
versible sensors involve an equilibri­
um between analyte and immobilized
reagent. If the stoichiometry of this
reaction is 1:1 then the reaction may
be represented

A+R""AR (I)

(b) o

'~'-----_------J.
(c)

particular application. Laser exc'ita­
tion may be used for long-distance
transmission of excitation radiation or
to get a useful signal from a small
amount of reagent. However. it is also
possible to construct devices with in·
candescent sources that use flIters for
wavelength selection and phototubes
to measure light.

The characteristics of the fiber
optic itself are critical in determining
the device capabilities. The material
of the fiber optic determines the us­
able range of wavelengths. Fused-sili­
ca optics pennit measurements in the
ultraviolet down to 220 om, but are
relatively expensive. Glass is less ex­
pensive and is suitable for measure­
menta in the visible. Plastic fibers are
I.... expensive still, but are restricted
to wavelengths above 450 nm.

Devices may involve either bifurcat­
ed or single fiber optic bundles as il­
lustrated in Figure J. A single fiber
optic or fiber optic bundle, as shown
in Figure 1b, requires that the detect·
ed radiation be distinguished from
probe radiation either temporally or
by wavelength to avoid serious back­
ground problems due to scattered
probe radiation. Alternatively, the reo
agent phase can be coated on the out­
side of a single fiber to modify ita
transmission charact.eristics. In bifur-
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The New Mettler AE100. Just the
capacity I needat what I can afford. "-E :404tlCes ",,:.rice lIntTl com""'ttofS~ EEE -.&88.

;:Qm.4CU'Tt!'''IIo:lOo.RS1'3..''COI'SCO·Pl.T1IeI~

Now there's a Mettler electronic analyti­
cal balance for weighing 100 grams or
less. The new AE100 joins the higher
capacity AE163 and AEI60 analyticals
introduced last year. It has the same
big features of the other Mettler AE·s.
And at a smaller price. just $1995.

GfflIIterproductivity wlth/ess effort.
The AE's loolproof single control bar
design makes it easy to operate. A sim­
ple touch on the bar does most 01 the
work for you. From locking in tare to cal­
itxation. Ard the exclusive De~aDispiay

automatically adjusts itself to your

pouring speed until the target weight
IS reached.

Because II'S so easy to use. Weighing
on an AE goes three or four times laster
than on a mechanical balance. And
with much more accuracy. It even
adjusts Itself to environmental changes
that would throw all other balances.

Data processing. Another
big advantage_
The AE has another great advantage
over mechanicals The ability to inter­
lace with computers and other peri­
pherals. Just snap on a Mettler data

CIRCLE 145 ON READER SERVlCE CARD

output option and your AE is ready to
transfer informallon.

Scaled down price.
Like other AE balances. the AE100 is
designed with a simplicity of circuitry
that keeps the price down. About as
allordable as a mechanical. For more
information write to Mettler Instrument
Corporation. Box 71. Hightstown. NJ
08520. Phone (609) 448·3000.
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Flgwe 2. Theoretical response CtxVes for reversible sensors
Analy1e concenlraloo is ellpl'esscd in ICUllS 01 1(". la) Case where AR is moasu'ed. (b) Case whefe A is mcasued

rium constant defines the fang:e of an­
alyte concentrations that can be mea·
sured with 8 given reagent phase.

The conditions for optical sensin~
thus differ from the common analyti·
cal situation where large equilibrium
constants and reagent excesses are de­
sired to drive an analytical rcaction to
compJet.ion. If that were the case with
a sensor, essentially withe analyte
would be extracted into the reagent
until the point where the reagent
phase were saturated. The device
would not function as 8 reversible
sensor.

Because the response depends on
the equilibrium constant, optical sen­
sors will measure only the concentra·
tion of anaJyte in 8 form available to
interact with reagenL For example, an
optical metal ion sensor based on im­
mobilized ligand will measure free
metal rather than total metal (just like
a potentiometric electrode).

Theory of competilive-biDdiDg
Benson. A competitive-binding-based
sensor includes an immobilized reo
agent, R, that specifically binds the
analyte, A. The reagent phase also in­
cludes a ligand, L, which competes
with A for binding sites on R. The re­
actions and associated equilibria are

the reagent phase, CL and CM respec­
tively, are given by

CI. = IL] + ILRJ (9)

CM = ILR] + IARI + IR] (10)

Eliminating IR] from Equations 7 and
8 and solving for IAI yields

IAI = IAR] KdL] (II)
KAILR)

If the equilibrium constants KA and
KL are large enough, then
IRI « (LRJand IAR], and can be
dropped from Equation 10. Substitut·
ing for tAR) in Equation 11 yields

IAI = (CR -ILR)) ILl X K,. (12)
ILR] K.

Using Equation 9to substitute for
either ILl or ILR] yields an expression
with a single variable. The KIlKA
term reflects the fact that response
depends on the relative affinity of L
and A for reagent R.

Competitive-binding-based sensors
make it possible to use analytical reac­
tions that don't directly produce an
optical change. The use of antibodies

as the specific reagent would allow
many possihle sensors. However: since
more processrs and large molecules
are involved, response times rna)' be
relatively slow. Only one such sensor
has been developed to date.

Absorbance·based scnsors. The
first reversible optical sensor de­
scribed in the literature is a pH sensor
hased on the absorbance of phenol red
covalently bound to polyacrylamide
microspheres (2). Figure 3 shows how
the probe is constructed. Two 0.15·
mm·diameter plastic fiber optics are
inserted into a cellulose hollow fiber
that contains the polyacrylamide mi·
crospheres plus additional polystyrene
microspheres included to scatter light.
Radiation from a tungsten Bource is
directed onto the reagent through one
fiber optic. Radiation scattered back
is detected through the other optic
using a filter for wavelength selection.
The plug at the end of the fiber keeps
incident radiatiun from interacting:
with the sample. The wavelength was
chosen to meUfiure the basic form of
the "henol red.

In the usual ahsorhance measure­
ment, the reference intenl'ity is mea·

assuming both It and L are in solution.
This can be achieved if Land Rare
larger molecules than A such that R
and L can be confined by a dialysis
membrane that allows anwyte A to
lranafer freely between phases. An es·
sential feature of L is that ita optical
properties change in a measurable way
upon binding to R. The detected pa­
rameter is hased on L, either ILl or
[LR).

From m888 balance cunsiderations
the total concentrations of Land R in

o

."p

Figure 3. pH sensor based on absorbance
p "" p'obe rad£ation. F • opticailibers. R • reagont phase Invnoollized on polyacrylamide Spherel,
M = cellulose nl8l'T'b'ane, and 0 • deteCted redlallon. The reagent phase InCludel polystyrene aphefOI
lo r~ect Incident ptobo radiation. A filter wheelis used 10 sequentially determine transmlued l~t.1

two wavelenglha, one whore the base form of reagont abtorbs and the othef where no absorption oc­
a .... The cap. C. II«V'8Ito coniine the reagent and p'event incident radlaUon from entering the ump'o.
Tho same arrangement is also used for an oxygen aenaor baled on fluorescenco quenching

(7)

(8)

_ IARI
KA-IRIIA]

_ ILR]
KI. -IRIIL!

A+R",AR
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Exact density measurement. No
wmtnoe"orandnopycnomete~

TN! ....n.-/P_ 0tr.U..J61$ U'Ie ort', lOIa1'y CCIUCie.
~~OO"l:$:!ltnttI!!'I'

Mell/er/PDarDlgllalDemltyMeters
All the procedures you're accustomed
to, all the time spent on measuring
density, specific gravity or concen­
tration, can now be things of the past,

With Melller/Paar digital density
meters, you can obtain identification,
characterization and purity measure­
ments in seconds. There's nopymometer
filling, waiting to achieve temperafure
equilibrium, or weighing procedures.
Think how much more quickly you
can lighfen manufacturing proce­
dures' lower production costs and
improve product quality.

Unlimited application
Menler/Paar density meters are used
everywhere, In pharmaceutical and
cosmetic labs, in the petrochemical,

food and beverage Indust"es. In Uni­

versities, hospitals and c"me labs.
For research, quality assurance and
process control. And there is one to
til your specitic requirements.

The DMA46. tor example, has a
bUill-In microprocessor that calcu­
lates and displays density, specific
gravity, concentration or other denSlly­
related values. lis data can be easily
transferred to a CO~lputer or p"nter
for evaluatIOn or storage. And for work
oulside the lab. lake the portable
DMA35 anywhere you need on-the­
spot measurements.

Separat~models are available to read
density, specific gravity or ccncentra­
fion with a precision from lO-'g/cm' to
lO-'g/cm', They are well-suited for
quality control or R&D applications,

CIRCLE '46 ON READER SERVICE CARD

tor checking formulation accuracy,
and for several ASTM. AOAC and
brewing industry methods. Resulls
can be obtained In percent alcohol,
S"x or API values.

DMA's meet your needs
Each of our denSity meters can meet
your own special requirements, by
itself or With optional accesso"es.
P"ces range from under $1,400 to
less than $13,000. For more informa­
tion. or a demonstration of any DMA
Instrument, 'Wile Melller Instrument
Corporation, Sox 71, Hightstown, NJ
08520. Or call: (609) 448-3000.



Figure 4. Spectral characteristics 01 8-h)·droxypyrene-1.3.6-trisulfonate (HOPSA)
immobilized on anion exchange membrane
A anc: B are a~sorp!lon spec:ra lOt acid and base lorms 01 HQPSA, reS;:>CChvel)' C,~ the IIUOfescence
spectrum 01 the o.ase form Bec.1\Jse HOPSA undergoes rapid e_c.:eo-state CSCPfotonat,on at pH > 1. the
fluorescence 01 the base 'S o:;,ser\'f'C even ~hCn tne groun<:l Slale ~s In :he aCId torm

sured at the same wa\'elength ss the
intensity transmitted by the sample.
However. in the sensor, it is necessary
to measure 8 reference intensitv at 8

different w8\"elength where neither
the acid nor the base form of the indi­
cator absorb. This intensity is propor­
tional to the reference intensit\' at thE.'
absorption wavelength. The pc'opor.
tionaJit\' constant must be accounted
for in the calibration procedure.

The resultin~probe is small enou~h
to be used for in \'j,'o measure-ments.
The responst> time is 0.7 min for 63'C
of maximum response. As is grnerally
true for optical sensors. response timr
islimite-d. by diffusion of allah1£'. H"'.
into the rea~ent pha.o;:e. -

Fluorescence sensors. Fluore::-­
cenc{' is particularly well suited for op­
tical sensing. It is compatible with a
sing-Ie optic mrasurrrnent bffausr thr
drlecled radiation can bt> distin­
guished from probe radiation by wa\"r­
Irngth. In addition. fluorescence is an
inherently sensiti\'e trchnique capablr
of measuring low analyte concentra­
tions. At low fluorophor lr\"rls. re·
sponse to anal~1e is linear. Howe\"rr.
in sensors it may often pro\"e more
practical to work at reagent le\"els
where probe radiation is absorbed to a
significant extent in thr reagent
phase. If the absorbance changes with
analyte concentration. the rrsponse
rna\' be affected b\' the inner filter ef·
feci. The geometr;' of a fluorescencr­
based sensor corresponds to front-sur­
face detection. a well·characterized
situation.

The simplest type of fluorescence
sensor im'ol\"es measuring fluores·
cence at a single wa\"elength" An ex·
ample of this is a pH sensor based on
fluoresceinamine co\"alently coupled
to cellulose (3). In this sensor. pH is
related to an increase in in:ensit\" as
the acid form of immobilized d\'; is
con\"erted to base. This particu'lar de·
vice also illustrates one of the difficul­
ties that can be encountered in pn::·
paring fluorescence sensors. Concen­
tration quenching occurs because the
immobilized reagent molecules are too
close together. causing the intensity
from the immobilized reagent to be
relati\"ely weak.

Nonfluorescent ligands that form
fluorescent complexes with metal ions
have been used to prepare sensors that
respond to metal ions. Covalently im­
mobilized morin (3.5.7.2',4'-pentahy­
droxyfla\,one) is only weakly fluo­
rescent b,· itself but forms fluorescent
complex~swith AI-3 and Be". and
may be used to sense these ions (.t. 5"

Another metal·ion·sensing system is
based on the sodium salt of 8-hydrox­
yquinoIine·.j-sulfonic acid immobil­
ized b\' electrostatic attraction on an
anion exchanger (6). This form of im­
mobilization is not only convenient

but nls.o allo\\'~ fur eas\" control of th{'
ro\"('ra~e uf immobiliz~d r('a~ent on
the reagrnt phasr. Leaching uf ligand
from the anion exchanger. doe:- not
occur at an obsen"nble rate e'"en at
hig-h ionic strength when the anion ('X­

changer is undersaturated with re­
sped to ligand. The immobilized salt
of 8·hydruxYlluinuline"5·:mlfonic acid
lluoresc(>s ooh' \'en' \\'eakl\" but form:­
strongly t1uur~'s('['~t compiexes with
~lglll). Zn(lli. Cdlll). and A1(1 II I.

In general. metal ions that can be
determined fluurimetricall\" in ~olu­

tion can potentially be sensed optical­
ly pro\'iding that the appropriate fluo­
rigenic reagfnt can be immobilized
witholil ad\"ersely affectin~ its fluure!'t­
cence properties and that the equilib·
rium constant for complex formation
is suitable for sf>J1sing I i.e.. not too
large). The· selecti\'ilY of sensors based
on immobiliZfd fluorigenic ligands will
be similar to the selecti\"it\' of the Ii­
~and in solutior.. While fl~orimetric
methods for metals in solution are not
widely used at present. adapting them
to thf' two-phase measurement of a
sensor may make them the preferred
approach to certain problems.

Two·wavelenglh nuoresccncc
measuremenlS. A more recent pH
sensor based on fluorescence illus­
trates two·wa\'elength measurements
(iJ. The system in\'oh'es the trisodium
salt of 8·hydroxypyrene·l.3.6-trisul­
fonic acid (HOPS.-\) immobilized e1ec·
trostatically on an anion exchange
membrane. The absorption spectra for
acid and base forms of HOPSA-as
well as fluorescence emission of the
base form-are shown in Figure -4. As
shown below, electronically excited
HOPSA undergoes rapid excited-state
deprolonation so that OPSA - fluores-

r('nc(' i~ oh:O;£'f\,pd betw('('11 pH 1 and 0;­

e\"('l1tlwuj.:h HOPS:\ i:, thc' dominant
grnund :-tatf' :o;prcic·:,.

HOPSA' ------ OPSA-'

1J
HOPSA~ H'. OPSA-

Th(' Ilu:asurl'd paral11eter in this Sl·n·
~or is thr ratio of !luorescellce intc·J1~i·

ty emitll'd <It :"',10 tll11 and excited at
47011111 \:'{l('cifir for basl' I to intrl1sit\'
excited at ·w.~ 11m Ist·lecti\"(' for arid I".
The ratio me3~urem{'nt i:; ins('nsiti\"e
tu sourl"C tluctumiotl!'. drift. trmpc'ra­
ture. (JlI(·I1('hin~. iunit· :;trength. and
slow loss of u'uj.:ent. all of which ("an
cffel"t the !'in~I(· intt·nsity mt'a:o;ure­
mcnl.:\!' a nUlsrquence, this tyr,e of
meaSUf('m('nt is likth- to be more
pract ical. .

Other appru3chl':'! to ratiu ml'usure­
ments arlo lIsc·d in pH stnSurs hased on
fluore~n.. nre from immobiliZl'd
3-methylumhclliferom- ({'il. One ap­
proach i~ to excite at an i~oiObbtit·

p{Jint in the !luoresnnCl' t'xcitation
sptctrum to measure thl' total amount
of indicator prt"stnt. independent of
its form. A stcond txcitation wa\"e­
length permits the specifk measure­
ment of th€.· base form of the indicator.
The ratio of tht" inttnsities excited at
lhese two .....avelengths is directly pro­
portional to the fraction of p-methyl­
umbelliferone in the base form. which
is related to pH and independent of
the total amount of indicator.

Tht ~l'ctJnd upprofll'h is to measure
thl' rati" of 1l1lortSnncl' intensitie~ at
tWlJ wa\"tlengths. one where the acid
form flunrescts und thl' othtr where
the hase form l1uortsCt:s. This is possi·
bIt with fluorescent indicators that do
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forevery fluorometric application.
=-------=-=-- --
-------- -------

For over two decades, American Instrument Company
has pioneered advances in fluorometry, making
instruments which have helped make history.

Today, we make instruments for virtually every
fluorescence application. And this experience is part of
every instrument we offer.

Consider the SPF-SOO ~ Series Spectrofluorometers,
for example; state-of-the-art analytical tools which offer
greater sensitivity and reSOlution, Incorporating such
features as digital readouts, automatic range selection, and
decimal placement for unparalleled operating ease.

And, SPF-SOO's are versatile. Even without optional
accessories, each model Includes application capabilities
that are simply not available on competitive instruments.
These capabilities are further enhanced with our data
processing accessory.

For more Information about the SPF-SOO, or any 01 our
other fluorescence Instruments, mall this coupon to
American Instrument Company, 810 West Anthony Drive,
Urbana, IL 61801, U.S.A. or call 800-637-7689 toil-free.
TELEX 20-6079.
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o Send more information on American Instrument's
fluorescence instrumentation. FREE
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not undt>rgo t>xcitt>d-statt> proton
trnnsfPr like HOPSA. Howevf."r. it is
$ubiect to {'nor if £'ither the add form
or the base form uf thl:' indicmor j:; se,
Ie-ct i\'E'·ly quenched.

The pH sensor based on immubil­
iud p-meth~'lumbelliferoneis formu­
lated as a thin layer on 8 quartz win­
dow, The layrr is separated from sam­
pJ(> by an ion-permeable membrane.
The- pH sensor also has bee-n use-d as
the internal e-Iement of a CO::, sensor
by covering the sensor with a CO::,-per­
meable membrane and bringing it in
contact with HCO;1-. \\'ht>n the sens­
ing element is a thin layer. it is not op­
tically shielded from the sample. To
avoid interference-s due to sample flu­
orescence. it rnav be necessan' to in­
clude a layer of ablack or reflecting
membrane bPtween the sample and
the reagent phase. It should be noted
that this particular reagent phase was
not used with a fiber optic although it
easih' could be.

FluoresceDce quenching. Sensors
also can be based on a decrease in re­
agent phase fluorescence upon associ­
ation with analyte. Although this is in­
herently less desirable than systems
in\'oh-ing increases in intensity with
anal\'te concentration. it allows access
to ~ah'tes that could not otherwise­
be sen~ed b\' fluorescence-,

An important example of a srnsor
based on quenching is the 0 1 probf>
de\"floped by Peterson et al. (9). The
O2 sensor is similar to the pH probe
shown in Figure 3. except that the re­
agent phase is a dye. perylene dibu­
tyrate, adsorbed on a polymeric sup­
port. and the membrane containing
the immobilized reagent is porous
polypropylene. which is hydrophobic
and highly permeable to 0,. Fluores­
cence is excited through one fiber and
observed through the other. Filters are
used to measure separately the green
fluorescence of perylene dibutyrate
and scattered blue excitation radia­
tion. The intensitv of fluorescence is
rotioed to the int~nsityof scattered
radiation to compensate for changes in
source intensity, This sensor is partic­
ularly attractive because it is re\'ers,
ible. Unlike the widely used oxygen
electrode, it does not require contin­
ued mass transfer of oxygen to the
sensor surface to maintain a constant
signal.

The 0, sensor is based on dynamic
quenching, Le., an excited-state inter­
action with the nuorophor. The re­
sponse follows the form of Equation 5
(Figure 2b) where "free" immobilized
reagent is measured as a function of
anah·te concentration. However. the
equiiibrium constant is replaced by a
quenching constant that depends on
the relative rates of fluorescence and
nonradiative return to the ground
state through interaction with the

F C
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FI9ure 5. Competitive-binding fluores­
cence sensor for glucose
F IS lhe bilurcated hoer optiC: C IS the claO:Mg
around the' fi:>er bunclle: R IS the reagen:. con­
canavalm A immoOlh2e<l on sepharose ana Coal,
ed on the walls 01 the hOllow tiber, M: L IS me
com;>et'ng Iigancl, dextran la~eled VIo'ith 'ILIOfes­
cem: ana A is the anal)1e. gluCose

quencher, One of the reasons perylene
dibutyrate was se-lected as thE' dye for
the O2 sensor was that its quenching
constant was the right magnitude to

yield sensitive response to the range of
oxygen partial pressures of physiologi­
cal interest.

A similar device has been based on
fluorescence quenching of p~'rene­

butyric acid by 0, (81. This study
demonstrated how the medium of the
pyrenebctyric acid affects the rate of
quenching by O2 and how this influ­
ences the slope of the response CUfVe.
These media effects can sen'e as a
means of tailoring the 0 1 sensor to op­
timally measure a particular O2 partial
pressure range.

A range of quenching-based sensors
is possible. In addition to the O2 sen­
sor. sensors based on transition metal
quenching of ligand fluorescence and
iodine quenching of rubrene fluores­
cence ha"e been proposed (1).

Competitive· binding sensor
based on nuorescence. A fluores­
cence-based, competitive-binding sen­
sor for glucose has been described
(101. The specific glucose-binding reo
agent is concanavalin A immobilized
on sepharose. The competing ligand is
dextran labeled with nuorescein. A

l'chcmntic of t.he de\'ice is shown in
Fi~ure 5. The fiber optic fits in a hoi­
l(lW fibN with u pluJ.( on the end. Glu,
('O~t' CRn diffus(' frt'cly through the
hollow fibl'r but dextran cnnnot. The
immubilized concanavalin A is on the
walls of the fiber Rnd thus out of the
volume ilIuminRted through the fiber
optic. Increasing glucose concentra­
tion displaces the labeled dextran
from the concanavalin A, causing it to
be free to diffuse into the illuminated
solution volume. This in turn leads to
un increase in fluorescence. which is
relatrd to ~Iucose concentration.

Renectsnce·based sensors. \Vhen
dealing with solid phases, it becomes
difficult to measure transmitted light
sntisfoctorilv. In these cases the inten­
sity of refle(:ted light may be used 05 a
measure of the color of an immobil­
ized reagent phase. In the context of a
sensor, a true re-ference intensitv can­
not be measured at the llnalvtic~1
wavele-ngth. Instead. an intensity pro­
portional to the reference intensity
must be measured at a wa\'elength
othe-r than the analytical wll\'elength.
Thi~ wl.1\"elen~th should be- chosen so
that it is not absorbed either b\' re,
agent alune or by reagent combined
with anah·te.

Because it is difficult to prepare a
s{'l1sor that truh' measures absorb­
ance. reflectnnc'e is likelv to be the
more widely used technique for sen­
sors based on color changes. In fact. it
is not clear that the pH sensor devel­
oped by Peterson et al. (2) truly mea­
sures absorbance rather than reflec­
tance. since adherence to Beer's law
was not verified, An attractive feature
of reflectance is that it can be used to
measure the ratio of free and com­
bined reagent if the analytical reaction
is accompanied by a change in color.
The functional relationship between
reflectance and concentration will de­
pend on the nature of the reagent
phase and the optical arrangement.

An example of a reflectance-based
sensor is an ammonia detector (11 l. In
this particular de\'ice a layer of oxa­
zine dye is coated on the outside of a
fiber optic (se-e Figure Ie). Interaction
with ammonia changes the color of the
dye, changing its reflectance and mod­
ifying the intensity of light transmit­
ted to the detector. Another example
involves a method for monitoring oil
in water (12).

Nonreversible Sensors

It is possible to design sensors based
on analytical reactions that consume
reagent. Although such sensors neces­
sarily have finite lifetimes, these life­
times can be quite long if the rate of
reagent consumption is small relative
to the total amount of reagent avail­
able. Another disadvantage of nonre­
versible sensors is that they require

(continued 011 p. 33 A)
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CAPILLARY
PRESSURE
IwrrCHING

Iys,.EM

A pneumatic system which permits the relatively
simple retrofitting of existing dual detector GC's for
multi-dimensional capillary capabilities is available
from SGE. A conventional packed or capillary GC
can be quickly upgraded to permit capillary column
manipulations such as heart-culling, back-flushing,
variable splilling and cold-trapping to be performed.
A detailed brochure describing the operation and
application of the above system is available upon
request.



From a Brilliant Idea
to a
Brilliant Lamp.

SGE's Demountable Cathode
Lamp can be used for all AA analy­
sis. It is no longer necessary to
use a special speclrallamp for a
particular element-now you can
simply plug in an inexpensive
interchangeable cathode. Single
and multi-element cathodes can
be changed quickly and without
cross contamination. Multi­
element cathodes can be made
at short notice by SGE or even
by the user. The lamp can be
used for AA. fluorescence and
emission spectroscopy.

Circle Reeder service Cord No. 195



CONDUCTIVITY
METER

DIGIMED
CD-20

The digital direct reading Conductivity
Meter Digimed is specifically built for
easy, quick and very accurate measuring
of the conductivity of any aqueous sam­
ple. Designed for laboratories, it can be
used over the entire range of electrolytic
conductance from demineralized water to
strong acids. It is especially useful in the
laboratory for the control of steam boiler
water, demineralized water, mine acids,
mill waste and in most cases where the
determination of the ionic concentration of
solutions is required.

It consists basically of an electronic mod­
ule connected to a special dip-type 12mm
0.0. platinum conductivity cell. The cell is
dipped in the sample and sends a signal
back to the electronic module which am­
plifies it and transforms it into conductivity
units. To avoid the electrolysis effect, the
cell is supplied with A.C. current.

CIrcle _Ilervlce card No. 186



the worst out of things.
The SGE Unitrex has been developed as an
efficient and economical clean up system for
the recovery of pesticides and organic resi­
dues from meat fats. butter, cheese and vege­
table oils. and a wide range of other samples.
The Unitrex can process 10 samples simul­
taneously and only small amounts of solvents
and gas are required. Recoveries for a range
of pesticides, both organo-chlorine and organa­
phosphorous compounds, are better than 90%
for most samples at ppb levels.

Cltele__ c:.d No. 1.,.



Capillary
Chromatography
Accessories

Scientific Glass Engineering maintains
a complete accessory line for capillary
chromatography. Vitreous silica capil­
lary columns in standard liquid phases
or bonded phases, narrow or wide
bore and three different lengths are in
slock for immediate delivery. We man­
ufacrure a complete line of inlet split­
ters, outlet splillers and on-column
injectors for converting most commer­
cial GC's to capillary column opera­
tion. Also available are ferrules,
syringes and low-dead volume unions
which the chromatographer may re­
quire for system operation. We can
fabricate special low-dead volume T's,
transfer lines and other similar prod­
ucts if the necessary drawings are sent
to us. A catalog is available on the
above mentioned items.

~, .

Circle Reeder service C.rd No. 198



Syringes
Syringes
Syringes

SGE now offers for the first time
in the industry a six pack of
1Dill-syringes for liquid chro­
matography. Six packs are avail­
able for the Waters, Rheodyne
and Valco valves at a savings
over a single purchased syringe.
Each syringe has a teflon tipped
plunger which is interchange­
able between syringes, another
first in the industry. If the plunger
becomes damaged or bent. re­
placement plungers are avail­
able. Since normally the needle
is very seldom damaged in LC
operation, the life of these sy­
ringes is greatly enhanced.

Liquid
Chromatography



Ordering
CAPILLARY PRESSURE SWITCHING SYSTEM

PCS 093340 Pneumatics Control System
MRC/.2 093341 Mid-Point Restrictor

(Capillary to Capillary. narrow bore)
MRC/.3 0933410 Mid-Point Restrictor

(Capillary to Capillary, wide bore)
MRP/.2 0933411 Mid-Point Restrictor

(Packed to Capillary. narrow bore)
MRP/.3 0933412 Mid-Point Restrictor

(Packed to Capillary, wide bore)
CTS 093345 Cold-Trap System
TI·l 093359 Timer (Standard)
TI·2 093360 Timer (Expanded Capacity)

$2,150.00
85.00

90.00

98.00

98.00

150.00
259.00
409.00

ATOMIC ABSORPTION LAMP
DCL 154150
MB
DCLlPS110 154203

Demountable Cathode Lamp
Mounting Bracket
Power Supply

1,120.00
Specify Instrument

3.380.00

790.00
115.00

3,250.00

Request separate catalog and
price list

Digimed (Includes Cell)
Replacement Cell

Unitrex 110/120 VoltUTX·110

CD-2O
RG-l0

CONDUCTMFY METER

UNIlREX

SYRINGES
SK·l01·R 010004
SK·101·W 010007
SK·l0l-V 010006

Six Pack for Rheodyne
Six Pack for Waters
Six Pack for Valco

110.00
110.00
110.00

_ 0IIIce u.S.A. Solos 0IIIce: UK s.... 0lIIce: Ger..- (BRD) Solos 0llIc0:
SdonIific GIaA~ Ply. lid.. SQentific GJau~ Inc.. SQentific Glasa ~ring Ltd.. Scientific Glasa EnginMrlng GmbH..
7 Atgonl PIoce, Ringwood, 2007 Ktame< 1.Mle. Suite 100. Poneto 1.Mle. Klln Farm. Flchlenweg 15.
Viclorio, 3134 AuIlnIlia. AlJstin. Toxu 78758. U.S.A. Millon Koy.-MK11 3lA. G,oa' Brilaln. 0-6108 _ ...tadt 1.
Tel: (03) 874 8333 Tel: (512) 8377190 Tel: (0908) 58 88« Tel: (06150) 40882
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IISS Sixteenth Street. N.W.. Wuhington. D.C 20036 1
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Experiment with .. Chemist! I~ve Designer
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Figure 6. Nonreversible O2 sensor
O2 dlllusos lhfough Teflon membrane, M, Into re­
8oon! phil$e, R. where It reacts 10 yield cnemllu­
mm05cence measured Dr OOl&Ctlon system, 0

0,

o

:o>tcady-state moss transfer to gel a
constant signal. Any processes that
(>N{urb mass transfer are potential
sources of error.

The difference between reversible
Hnd nonrc\'{.'rsihle optical sensors is
similar to the difference between po­
tentiometric and amperurnetric elec­
trodes. Arnperumetric electrodes. like
nOJuc\'ersible optical sensors. im'olve
8 reactiun and require mass transfer to
an electrode surface.

The- use of tNrakis(dimf'thylami·
noethylene) ('1'~I.l\E) to measure OXY'

gen serves 8S an example of a nonre·
versible sensor (1:1). The device IS il·
lustrated in Figure 6. Oxygen in the
sample diffuses through a hydropho·
hie O:.>·permpable membrane into a
reservoir of Tt-.,tAE. There it reucts
with TMAE yieldin~ chemilumines·
Cl!'lln', which is measured by u light
ut>tcrtion systcm.tNo probe radiation
is rtqllircd for this device,) Steady·
stllte chemillimincscf.·nce is propor·
tional to the partinl presslirr uf oxy·
J,:cn. Both the flow rate of 0:.> past the
memurunc und the temperature affe("t
respunse because they affeN the
st{'udy-state supply of 0:.> into the re­
uJ.:ent phase. The lifetime uf th(' sensor
is determined hy the mte of Tf\'IAE
consumptiun rciativc to t.he tUlnl
TMAE lI\'uilahlt" The lifetime cun l.>t'
quite long-months und even ycars­
if n Inrl-:c Tr-.'IAE reservoir is lIsed with
n low rute of oXYJ.:en permeulion.
AJ.:ain. it should be noted thul Ihis
pnrliculor rellJ,:ent was nut combined
with n fiber optic but reudily ("Quid he.

Olher nonreversible sensors include
UO" and halide sensurs (J). Theso
tlcvkes differ from Ihe Oo,! "ensor in
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that they re-quir£' that r£,8/-:cnt Ix- dif­
fused into thr :'-ampl£'. In tht.' llO"-'­
$cnsor, pho~phatl' and nitric Hdd Mt'

diffused into the sample to gcncrtlte a
medium in which UO:!i becomes Ouo­
rescenL In the halide sensor. Ag:-Ouo­
reseein is diffused into the samplr.
Halides combine with Ag+. r£'ndering
fluorescein Ouorcscent.

The Future

Chemica! sensors based on fiber op­
tics are clearly attractive in concept.
Success in practice requires the de,·el­
opment of appropriate rea~ent phase-so
This process is only he~innin!!. How­
ever, the devices developed to date al­
ready illustrate the wide "ariety of ap­
proaches and systems that are pos­
sible.

Interest in optical sensors is certain
to intensify in the next few years. and
there are some trends that are likely
to emerge. Because the dynamic range
of sensors is limited and depends on
equilibrium constants. a series of re­
agent phases will be developed for a
single analyte in order to respond to
different levels of analyte concentra·
tion. Other probable trends will be the
increased use of measurements at two
or more wavelengths and the in­
creased use of reflectance to exploit

reactions causing: color chull/-:('s.
Sun~{'!'sful den'lopm('nt of opticnl

S('IlS11r!' thut rt'spond dir('('tly to Ctllll·

mon analytes will inevitably Icad to
coupled sensors in which a reagent
phase "lransduccs" the analyte of in­
terest to a species measured by the op­
tical sensor. As already mentionccl,
optical pH sensors in Contact with bi·
carbonate have alread" served as the
internal sensing elem("nts of CO:!, sen­
sors (8. N. 15).
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Focus

What Happened at
1breeMile Island?

Chemical analysis will help scientists determine the thermal history and
chemical composition of the damaged reactor core

It is ncnrl\' fin: \'cnr:- ~inct' thr' na·
tion's wur:.t -nm-Iear nnidt:nt IK'l'UrrN!

at the Thft'l' ~lill·I~lllnd IT~lI) unit 2
rcuclur in ~1iddINown, Pa .. hut unk
now aT£' ~ci{'nti:,ls h{'ginning: 10 gl'l ~
do!'r IOClk ut what i~ It·ft of tht, dam­
ag:t.·d (('actor CUfe. It wa~ thi:, "a~t :-ie·p­
temhr·f that {('chniciull:' fir:'1 lowered
relT\olr'-sumpling dl'\'iCl':"< thrtlUg:h va·
('lull ('ontwl rod purls ttl th(' fuhlJll'
lwd un tup of tht· T~II ('tlf£', Sampling
was prrftlrmed frum t}w !'{'f\,in' struc­
IUfe, a rigid a~~t'mhly Ihut ((':,ls 1111 top

of tht· reuclor n·s....el ht'IHI. ~lilton H.
Rl'lljumin IIf tilt' \\"0...11;11.....11111 }'u.... ( rl'­

ported ISt·pl. II, lUS:~. p. AU) thnt tll('
entry mis.siol1::' luukt.'d :'tll1wlhin}: lik£'
moon wulks. with thl' Il'chnicinns
wearing: air-cooled proIN'ti\"f: !iuib.

Thl' samples ohluinC'd in Sl'ptl'ml:t'r
WNe luudl~d into hC'lWil\' shil,ldl'd
('usks Hnd l'lhippNi tutl;c Dt·pl.utnwnt
of Enl'rg:y'~ (DOE's) Icluhu Nntional
Eng:ineering: Lahoratory (I NEl.l for
phy:-;il'al tlml dH'micul tl,:-;ting:. :\{'l'tml·
ing: ttl Midllll'IIL Murtin, program
manug:er fur ttw Inhtlratury'!i l'UH'IU'­
tivities rl's(~urch progmm, ":\ good
shure (lftht, work dtllH~ lH'rl'UI INE!.
is relnh·d to fut'l pt'rfnnlllll1l'l' und "fl'·
nllrmul ur lIcl'idl'nt-tYPt~:-;il\lUtitllls.
The tC'chnil'ul stuff hNt' hilS Ll'l'n inti·
mutely in\'uln'd with l'orl' pt'rfor­
1Il11IU'C nlld rl,lntt'd snfct\' isslIt's:'

INEI. hus thrt,t, Jlriml~ry uhjN'tiHS
in cxumining the 'I'M) cor{' IHut£'rinl.
One uhjl'CI in' is to uid in dl'fm'lillg tht'
r{'uctm, "to s('c whut uur prubll'ms nn'
in tnking: the ('ore out," exph,int'd Wil­
lis YOllng:, n Iluclcnr l'llg:illl'l'r in DOE's
Idnhu Operations Ollin·. Till' sl'nmd
aim is to determine till' "thNllllll his,
tury" uf the n'lu'tor, thl' tempt'rutuu's
experienced hy thu l'me during nnd
after the uc('i<hml. Third. INEL s('icn·

tists hupt' to dNNfllint· what fi:'Sion
pwdu<,ts were retainNi in the ('me and
in what amuunts.

The :,tudv is divided into two ~Ns of
UsB: Jlhysi~'al t£'~tin~ related to de·
fll(·ling COIH'('rIl::' on tht, one hancl. und
t:ht'mil'ul 8n31\':-is and utht'r rt'sl'l.]fch·
orit'n({'d Hl~1 i\,'itic's on the uther,

Thl' \lrganizatiolls at TMl that me
rt'spon:,ihlr flit plant rrnl\'l'ry und de·
fueling, slich II:' (;£'Ill'rull'ublil' l'tili·
tic's, ownN of tht, dan1U~t'd unit:! reuc·
\Ur, art· initinllv intl'rt'Stl'd in ob­
tnining phy:,ic~1 and l11t'l'hanicl\1 dntn
tin tht, nne <it'hris. Emly h'stin~ at
I NEI. will thus fll('us lilt pruviding
dotn llil phy:,irul P:HlIlIlt'tN'~,sudl u:;
lJurtide siZt' distrihutiun and le!Il'htl'
hilit\'.

Tlll'rt· an' alsll plans to look at 111·
trHtion pwpntil's ot' tht' IHltlt'rials.
Wht'lI tht' nlrt' is ddut'lt'd, fille pnrtic·
ulutl's will han' to Ill' filtl,rt'd tlUt of
til{' plnnt wUh'r Ilmt stilll'o\'t,~ thr
('1m'. SlIlullC'r pllrtidl' Silt'S ({·nd to
plug filtl'rs, :'0 (('sts willl>t' rUII to us·
sist in till' dt'sign of n filtl'r systt'IU
thut ('un rt'mtWt' fint' purti,,'ulut£'s lllld
still hun' U u:'l'ful lift,tillw in thl' plant.

PhUSl' two lIf INEL's tl'sting pm­
..:rulIl. nllll'd tilt' ('on' Ul,th'itirs r£'·
sC'llrdl pwgrulll. will il\\'oln' USNit's uf

chemical analysE'S un the core samples.
Radioi50topic concentrations will be
dHermined primarily by gamma ray
spectroscopy; delayed neutron anaJy­
sis will be Wit'd to dett'rmine fissile
material content: and elemental com·
position is beinJ::' done by emission
spectroscopy.

:\'eutron acti\'ation allah'sis will be
ust'd to determine 1·129 a~d Te con·
tE'nt. and chemical separation fol!o\lo'ed
by beta counting will be used to obtain
Sr concentrations. (.J ~9, Te, and Sr
are nil fission products of particular
intNe5t be('ause the\' are hazardous to
li\'ing thinKS. .

Pt'rhaps surprisingI.\', molecular
analysis will also playa role in INEL's
cure acti\'ities reS<'arrh. For instance, a
molf'cul.ar optical laser examiner
(~IOLE) will be used.." realize the
MOLE is generally ust'd in organic
('hemistry," Martin explains, "and
therr's no rt'ason to belie\'e there are
any organics in tht' T~lI ('Ore. Bm tht'
amount of metalli(' zirconium that was
nHlH'rtt'd tu zirl'unium vxide in the
an'idrnt i:- of intrrt.>Sl. and the MOLE
will help with those determinations:'
Tht, Zirl'lllliulll originatl's in the zircal·
Iny duddin~ that CO\'efS the fuel rods
in thl' 'I'MI rr8('lUr ('Orr.

An'urding til ~Itlrtin, analytical
IC'sting will prob:lbly not he C"Ol1lpletl'd
umillatr in 19S4, after which a
"(~El':D Hepi.lrt" will be written. The
GEND ~l,,'runvm fUllles from tht, first
initi:llilf £'EtCh uf the four major partic­
ipants in tht' dNlIlUP und researrh at
TMI: Gent,tdl Pliblir Utilities. the
Ele(,triC' POWN Rt'Sl'urC'h Instilut£', the
Nlideur H('~ulaturyCommissiun, and
th£' Dl'partmC'nt lIf Enrr.::y, The
GENn report:'> nrC' publil' documents
thut Ute \'ery wi(Il'ly distributed,

0003-2700/83/035 1-035ASO 1.50/0
'4:> 1983 American Chemical Society
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Center for

ProcessAnalyticalChemistly
Receives Planning Grant

On No\". 1. 1983. the Unh'ersitv of
\\'ashington received a 552.000 pIan­
"ing grant from the Nutional Science
Foundation (NSF) for a proposed
Center for Process Anal\"tical CIU'mis­
lry (CPAC). ProccfOs an~l."tical chf'm­
istry is the use uf analytical proce­
dures and instrumentation as an inte­
gral part of an Automated chemical
process. Accordin~ to CPAC project
director Deborah L IIIman. "Continu­
ous analysis is desirable whenever
temperature. pressure. chemical cum­
position, product yield, waste product
profiles. and quality control are in·
volved."

CPAC plans 10 conduct basic re­
search on process optimil.8tion and
control through the application of ad·
vsnced sensors and state-or·the-art
monitoring techniques. and it will
serve as a training ground and infor·
mation clearinghouse on process ana·
Iytical chemistry. The cenler will also
stress the integration of sophisticated
chemometrics techniques, such as
multivariate data analysis, into prc·
duction monitoring technology.

Chrmomelrics is a field of chemis·
try involving the use of efficient math·
ematical methods and optimized ex­
perimental design to obtain the great·
est possible amount of information on
material systems (see Anal. Chern.
1982,54, 1379-80 A). The University
of \VashinglOn has been a center of ex·
pertise in chemometrics for some
time.

CPAC's prospectus suggests that to
compete successfully in world markets
the U.S. chemical process industries
should pay closer attention to produc­
tivity and quality control: "The de­
mand for continuous monitoring and
detailed accounting of all process com­
ponents, including raw materials, ...
products, and effluents will certainly
intensify in the future. Moreover, bet·
ter optimization and control of pro­
cesses will require more sophisticated
on-line sensors that rapidly provide
direct chemical information on prod-

ucts and impurities. New puwNful al·
gorithms for interprNinl! this infor­
mation and utilizing it fur process con­
trol need to be developed. This is th("
essence of process analytical {:hem·
istry."

CPAC will be an interdisciplinary
effort, involving faculty members from
the departments of chemistry, chemi­
cal engineering. electrical engineering.
and laboratory medicine. CPAC prin.
cipal investigators are Bruce R. Kow­
alski and James B. Callis. both of
whom are profe~sorsof chemistry at
the University of \Vashingt.on. Visiting
scholars will also augment the center's
staif from time to time, including
Jaromir Rtiiicka of the Technical Uni­
versity of Denmark, who will be in res­
idence in the spring quarter of 1984.

The NSF planning grant will enable
Kowalski and Callis to study possible
ahernati\·es for both structure and
content of the research to be pursued
and to evaluate industry's interest in
the proposed center. Industrial spon·
sors wiJI be asked to contribute
$30,000 per year to participate in and
benefit from the center's research,

with a projected starting dote of·July
1.198-1.

If sufficient industry support is gen­
eraud and further NSF funding is
obtainl'd. CPAC will become onl' of a
number of NSF·initiated univcrsity­
industry cooperative research centers,
which include the Center for Applied
Polymer Research at Case \Vestern
Reserve, the Center for Interactive
Computer Graphics at Rensselaer
Polytechnic Institute. Rnd thc Ceram·
ics Cooperative Research Center at
HUlgers University. NSF lypically
provides first a planning grant, such as
that recently approved for CPAC, and
then a five-year continuing grant to
help such centers get on their feet. At
the end of five years, the centers arc
expected to become self-sustaining.

For further information on CPAC,
write to the Center for Process Ana­
1)~icaJ Chemistry, Department of
Chemistry (BG-lO), University of
Washington, Seattle, Wash. 98195, or
call the center at 206-543-1655.
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There's a breakthrough in
photomicrography that's
Ihe image of perfection, the
new Nikon UFX photomi­
crographic system.

An exclusive Direct Pro­
jection System transmits
100% of the available lillht
to the film. The result 15
drastically shorter expo­
sures, greatly enhanced low

light sensitivity and a strik­
ing improvement in con­
trast. Computer control
assures automatic exposure
accuracy in either 1% spot
or integrated average
metering modes. Yet, this
system is astonishingly sim­
ple to operate.

For the total picture of
Nikon's new FX systems for

eire" 1f154 '01 lnIormaUon.

35mm, Polaroid and large
format photomicrography,
write: Nikon Inc.. Instru­
ment Division, 623 Stewart
Avenue, Garden City, NY
11530. (516) 222-0200.

Nikon
Extending Man's Vision
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Can the barriers be overcome?

Focusc-- _-

ever since it was estalJlished in 1973
with Department of Justice Law En­
forcement Assistance Administration
seed money. ~ince then it has /-:ruwn to
a research contmet funding level of
over 51 million and has attained wide
rec()~nition in the scientific commu­
nity.

As Rogers's anecdote demonstrates.
academia and industry represent to­
tally different cultures, and discussion
at the symposium centered on ways to
bridge the gap. The mechonisms for

Academic-Indusbial
Cooperation

At a recent meetin~. L. II
Rogers of the Uni\'ersity of
Georgia told of a two-week
course he and n colleague cun­
ducted in the 19505 In teach in­
dustrial people huw tu become
"experts" in instrumcntalannly­
sis-one week un spectroscopy
and one week on electrochemis­
try. "Various manufacturers and
d{stributors," explained Rogers.
"brought in equipment for us to

use and to show off in the
course. One year in the early
fifties, an awful-looking cun­
traption called a Technicon Au­
toAnalyzer was brought in. and I
predicted it would ne\"Or Oy. Of
course, Technicon onlv made
about 5100 million a v'ear on it
about 10 or 15 years iater, but
other than that my prediction
was right on. That's why I'm in
academia instead of industry."

Rogers spoke at a symposium
on academic research and industry,
held in October to commemorate the
10th anniversary of the Institute of
Chemical Analysis. Applications and
Forensic Science at Northeastern Uni­
versity. The institute will now be
called the Barnett Institute of Chemi·
cal Analysis and Materials Science. in
honor of a half·million·dollar endow·
ment. announced at the symposium.
from Louis and Madlyn Barnett. long·
time supporters of the institute.
Northeastern chemistry professor
Barry L. Karger has been its director

• In N.J. Call 201·722·8930

We can help with applica­
tion advice, we can help
with column selection, we
can help with technical trou­
ble-shooting or with an
accessory that will do the
trick, or even a custom
made column for your
unique needs.

If you're working with
HPLC, GC, or Capillary GC
(or want to know how to
switch over to capillary GC,
easily and economically)
call 800-526-3687'. You'll
reach Chrompack, special­
ists in chromatography

III• •• •
Chromatography

Problem?
Call

800-526-3687*
for the solutionl

?
•Chromatography

Question?
Call

800-526-3687*
for the answer!

cfirompac~
chromatography specialists

••

Chrompack. Inc.
PO Box 6795

• Bridgawater. NJ 08807
201 ·722·8930
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Focus------------------------------i;
academic-industrial interaction have
long been in place. Therefore. necord·
il1~ to Northeastern University vice·
president for rescorch Karl \\'eiss. in·
novation will involve "doin~ new
things with mechanisms already de­
scribed and which wc're already using,
perhops not "cry ecridently at this
point."

Personnel exchanges between aca­
demia and industry ore gaining favur,
fur example, but the idea is certainly
not new. Accordin~ to Ho~ers. who has
been a consultant since the 19505 for a
number of companies. "Consulting has
been the basis of the most wonderful
educational experience I've evcr had
or could ever imagine having. And I
really think thot one of the bestthin~s

that industry could do if it wanls to
bridJ:c the academic-industrial inter­
face is to take some of the young facul­
ty members and make them consul­
tants for two or three years to give
them a nontrivial exposure to in­
dustry."

Personnel exchan~egoes both ways;
the concept also invoh'es academic
leave for industrial personnel. But ac­
cording to \Veiss, the movement has
been heavily weighted in the other di­
rection, The temporary assignment of

indwHrilll people to academia doesn't
happen to a large extent because, said
\Veiss. "American industry is in a
hurry. Investors are c1amorinK for reo
turns, you've got to keep going. so how
can you spare a key man?" Weiss
would like to see more academic leave
for industrial people to pursue short­
term academic research projects or to
attend sJlCcific academic courses and
seminars.

What are the benefits of greater ac­
ademic-industrial cooperation? Weiss
stated that industry's primary interest
was ensuring itself a continuing sup­
ply of trained personnel. And for uni­
versities, he said, "There's no question
that academic-industrial cooperation
provides support for research at a time
when enrollments are leveling off and
direct institutional support is becom­
ing increasingly difficult." In addition,
interaction with industry exposes pro·
fessors and students to practical re­
search problems of immediate impor­
tance to society and to a \'alue system
in which attaining goals quickly and
efficiently is a prerequisite of econom­
ic survival.

According to Weiss, the barriers to
greater cooperation spring primarily
from 8 deep disparity between the ac-

ademic and industrial cultures: "In­
dustry is output-oriented: industrial
managers want efficient production
and results. By contrast. at universi­
ties we see ourselves as elite scholars.
somewhat apart from the crowd. In
our hearts we feel that the industrials
are OK, but we are the cream of it.
Creation of knowledge for its own sake
is one of our gods-we pray to it.

"Commercialization is sometimes
viewed with suspicion. There's a con­
cern that industry wilJ pollute us
somehow, that it will influence choice
of research direction. prohibit publica­
tion, and will do all sorts of dire and
terrible things. When you ha'..e these
kinds of attitudes, perception easily
becomes reality.

"Industry and academia have dif­
ferent origins and different cultures:'
\\'eiss cuntinued, "and each must re­
spect the other's distinctive role if
they are to work together effectively.
Industry must recognize that research
at the universities has to be open if
you're going to get the maximum ben·
efit from the academic environment.
On the other hand, academia must re­
alize that applied research involves as
much intellect and creati\'ity as does
basic research."

AIneri<an CIlemlcal Soc;leIy
11SS Sldoenlllsa-. N.W.
WoshinClon. DC 20036

The 1984 ACS Catalog
of state-of-the-art
courses for chemists
and chemical engineers

ThiS new GO·page catalog Will give
you all the information you need to
select the ctlem1stry. chemical
englOccllng and profeSSIOnal
development tOPICS yOll arc
Interested In, and to CtlOOSC tllC
learning methods that suit your
needs and budget best.

To receive your copy. write, use the
coupon. or call 202·872·4588-
you Will find our new catalog bigger.
better and more informative than ever!

FOR THE FIRST nME-
American Chemical Society offers one catalog

covering all Continuing Education Services!

;\(h1fCSS

State ZIP

~----------------'-----------------------
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FREE
Focus

NondestlUctive
Elemental Analysis

inThree Dimensions

FOR THE ASKING

The Best In
Chromatography

Is Here

A nuclear microprobe basM on n
ne\lo' type of focusin~ lens has been
constructed at Sandia National Labu·
catories in New Mexico. and Sandia
scientists ho\'e been able to perform
nondestructive three-dimensional ele­
mental analnes of solid materials
with the instrument.

For most Me\" ion beam analytical
experiments. the beam spot is 8 few
square millimeters or larger. But the
recent de\Oelopment of strong focusing
lenses for high-energy ion beams has
made it possible to obtain beam spot
sizes of micrometer dimensions. The
signals generated when these ion
beams strike sample surfaces contain
depth information, making it possible
to construct three-dimensional con­
centration profiles of elements close to
the surface.

Other methods used for three-di­
mensional surface analysis, such as
secondary ion mass spectrometry,
damage the sample by sputtering
away parts of the surface. Nuclear mi·
croprobe analysis does introduce some
radiation damage, but the sample re·
mains basically intact.

According to Sandia scientist Bar·
ney L. Doyle, the nondestructive na·
ture of the nuclear microprobe tech·
nique is a significant advantage:
"When the amount of sample is ex·

A wide variety of ion-induced signals
can be detected In the target chamber
of Sandia's nuclear microprobe. Back­
scattered or forward recoiled ions are
detected and energy-analyzed by an an­
nular-surface barrier detector. The mi­
croprobe also Includes a SI(U) detector
for PIXE analysis

tremely Iimited-smnlll!rnins of lunnr
materinl. for exnmple-it is wise not
to exhaust it." Nondestructive annly.
sis also enables the investil!atot to per­
form repetitive analytical procedures
on the same sample or to place the
sampl£' back into service, assuming it
is a useful d£'vice such as a microchip.

Two analytical techniques are used
for three-dimensional profiling­
Rutherford backscattering (RBS) and
elastic recoil detection (ERD). A com·
bination of these two techniques
makes the nuclear microprobe capable
of det.ecting e\'ery element in the peri.
odic table. The instrument is also out·
fitted for proton-induced X-ray emis­
sion (PIXE) analysis.

In RBS, lightweight accelerated
particles, such as hydrogen or helium
ions, collide with heavy atoms in the
sample and rebound to a detector,
where their energy is measured. In
ERD, on the other hand, hea,'y accel­
erated atoms, such as silicon, strike
less massive atoms in the material,
such as hydrogen, and knock them out
of the sample. The energies of the de·
tected particles in both cases provide
information about the depth at which
collisions took place. The PIXE tech­
nique, in which surface atoms emit
characteristic X·rays in response to
proton bomhardment, is used primar.
Iy for trace elemental analysis.

"One of the biggest problems in
three·dimensional microbeam analy­
sis," said Doyle, "is displaying the
data in a way that's easy to assimilate,
because with RBS you really have five
degrees of freedom: the x, Y. and z di·
mensions, concentration, and atomic
number. Eventually you have to dis·
play this on a two-dimensional matrix.
That's one area we're working on."

According to a recent paper written
by Doyle and his colleague Norman D.
Wing, "The ability to measure nonde·
l:Itructively the thrce-dimcllNionnl con·
centralion of elements ranging frum H
to U is extremely useful and has pro·
vided insight into many material
problems which would have been diffi·
cult, if nol impossible, to study with
other techniques."

Stuart A. Horman
CIRClE 2 ON REAllER SCRVICE CARO
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WeMake
TransientsTalk.

TheData6000
Universal Waveform Analyzer

On-Board M68000
How docs the Dau 6000 do so

much morc llu.n 2tl ordinary AID
convener. digital v......vcform· recorder.
digiul stonge oscilloscope, and
engineering microcomputcr? The
:m.swer is inside: :iI bst. powerful
~168000 microprocessor. :ilrmed with
the fastcst F:iI5t Fourier Tr:m.sform
Algorithm, and ca~ble of quick,
uscr-fricndJv communictions and
rerrw-k:lblc -compuUtiorul power,
.-\Od when you ncc:d to go beyond
the D:l:ta 6000'5 st2tld·a!onc
Cl.pWilitics. vers:.uile WU tr:1n.Sfer
is av:libblc through the RS-232 pon.
And IEEE--I88 bus com~ubili'Y

a.llo\\"S full intcgntion of (he
DJIJ 6000 \\ith~.
your systcm., :'f
Superior. ~

Demonstrably Superior.
Thc Dau 6OOO's unique capabilities

Wilh tr:m.sicm v,-:l\-eforms arc rt::ISOn
C10ugh to tu\-C il on your bench.
But if you need further rnsons,
lhe [):UJ 6000 Ius them. An inslru·

mcnl this powerful e:tn
do much more dun
lr:m.sient ;uulvsis,
Consider it as':
DA Storage Oscilloscope
DA Spe<:trum AnaI)=
DAn Auto/Cross

Corrclalor
DA Transient Recorder
DAn RF or Audio

Sigtul Analyzer
DAn ATE Subsystcm
DA Vibnuon ,-\n;Ilyzer

For tr.msicnl m:alvsis
with unprcccdcntcd
CISC. 2tld much more.
try the Dau 6000, For
funhcr inform:nion. Cil1J:
800-343-8150
01' In Massachusctts,
800-892-0528.

And cbu SIOr.ilgc is accuntc. sup­
porting fuji S-dccilTl:ll place r""douts.
Double precision :ilccumul:uors arc
standard. The high resolution CRT
dispby letS you view \ll.....VcfOnTlS as
:ilccunte!y as they are slored, 2tld a
comforuble scrC'Cn mgle pennits
=y usc. Thc largc display Ius full
:iilptunumerics for on-screen labelling
and documem':llion of functions,

More Digital Storage

Compute and d1spby a wide
variety of functJOfl5 from the
caplUttd slgnaJ. U..,ful fuoc­
110M for Ir:U15lcnl ana1ysl5 are
Ri5C, Fall, SCltllng, and Dl5pby
11mt5; Ovenhool. Maxlm~
Minimum, Peak 10 Peak, Arc2
or Energy under the curve;
Real aod Complex Magnitude
Spectra; Real and Complex Log
Magnitude Spectra; and many
morc...aU avaIlable with a
single keystrokel

Quicker on the
Trigger
~tT:m;e~l~~;~~~~~~!~~t
precision. to eliminale
false triAA,ering on noisy
si~nal~ without ~crific­

ing sensitivity. And
event display l-an lX:gin
precisely at lhe moment
you selecl. View pre­
and IXJsHrigger events
up to 100% of selecled
time-hase a\\~J\' from
lhe moment (if lrigger·
inl(",from milJisc..·collll,
to months before mul
ailer. You'll ne\'er miss
~ shot with the lfJta
6ooo's smart IriAAer.

TrJIl.'ICnl analysis Is a complex joh,
c'plure. lIiWtI7.ing. slorOlgc, displ;&~·.

an:dysls :rod data (n.n... rcr. It's turdcr
still if you nced remote contrul
Clp:!hility. Most ~cncr.J.1 purpose
in.'itrumcnts (".10', handle more than
one or two of tlll."'SC sleps. BUl the
('>-Jla 6000 Unl\'crs;tl W;l\"dorm
Anal~7.cr docs them :J.1I...with speed
;lilt! power you won'l find in :my
other sinKIe instrument. In (:.Jct. the
D'.lla 6000 uffers more JXlwcrful
c.lpabililit..'S Ih:m you could obtain
from an COlin.: roomful of equipment

~~.~l::~~~~~c.~J~~~~~c~~~~n~sc
which orfcr~ you: .

Faster Data Acquisition
1'\0 mattc..'f how shurt-Iived the

c.'vent, you'll <.--.lpturc il wilh hi~.h

rcsoluliun. thanks to the: ()ala 6000
100 kHz Jnu I{)O MHz diRiti7jnR
modules. SJrnplc lim<.."S ;IS short :IS

10 runosccunds. wilh lull R-hit
resolution. ~V(: you the an'"Uracy you t..:p to 56.000 points of <bu nuy
need Onl\ IJJta Pfl"ClslOn. hacked be stored In on l:>o:.lrd stOrage
h) AnaloglC S lC'JderShlP~I-.-- ... riiii _ 'lj_-- mem0r), \\uh unhmuoo
Ul AID com c:rSlon and at _I 1;:;1 • f'.- oJY.U1Slon a\-;ubblc on
dna acquLSltlOn could. _ . JCCCSSOf\ floppv disk or
h~l\e offerl"d lhe [TJta r -:..1 -'•• -. r -~ )our nu..~ stongc IllC'diJ.
60(x)"s JX1\\crfuJ acqUl I~ - ~l""'\. I~- D:l:u :ilcqUlSlUon mem-
smun C"JpJblhtll"S ...Ga:-.. ~'3 ...ci,." • Of\ holds up (0 56.000

And thai S onh the • T • • T • T • pOints per ctunncJ (wnh
front end?f lhe ,'I,...:eII,11I \I •.,J(o!t,11 \ ....kl",:lI the 610 ~d 611 plug-Ins:
[TJta 60()O s power. :,h IliOl~lll hh I'.'~111 :.h 11.l\m: 16,000 POints for the 620).

Q_"'DATA PRECISION
Dal:l Prcclslun DJvlslon of AIl:lloRil,: Corpor.ulon, Elcl'tronk-s Avcnue, LF.uwt'l'5. MA 019.!j 617-246-1600 TELE.X tlrHI7144

Circle j52 lor a domOn$lJalion. Circ~ 153 tor additional inlormalion.





News

anal~ti(:al
chemistry

AppoinIs New AdvisorY ...... MeIIDIrs

Alsushi Mizuike

Charles Wi/ki...

now professor of chemistry and chair~

man of the analytical di\'ision. Heine·
man's research interests include spec­
troeiectrochemistry. immunoassay
with electrochemical detection. poly­
mer-modified electrodes. stripping
\,oltammetry, and analytical chemis­
try of technetium radiopharmaceuti·
cals. He is the author of 90 research
papers, coauthor of "Experiments for
Instrumental Methods," and coeditor
of "Laboretory Techniques in Elec­
troanalytical Chemistry." Heineman
has served the Cincinnati Section of
the ACS in many capacities and is cur~

remly treasurer of the ACS Division 01
Analytical Chemistry.

Harry Hertz

Marlin Rudal

William Heineman

II/elvin Redmond,Jr.

William R. Heineman received his
BS degree from Texas Tech Universi­
ty in 1964 and his PhD from the Uni­
versity of North Carolina at Chapel
Hill in 1968. He was a research chem­
ist at the Hercules Research Center
from 1968 to 1970 and then a research
associate 8t Case Western Reserve
University and Ohio State University.
In 1972 he joined the faculty at the
University of Cincinnati where he is

system. Board members are an invalu­
able link between the editors and the
analytical community.

Brief biographical sketches of the
new members follow.

Six 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 expired.

The new members joining the board
this year are: William R. Heineman,
University of Cincinnati; Harry S.
Hertz, National Bureau of Standards;
Atsushi Mizuike, Nagoya University;
Melvin W. Redmond, Jr., Perkin­
Elmer Corporation; Martin A. Rudat,
KI. du Pont de Nemours & Company;
and Charles L. Wilkins, University of
California, Riverside.

The members leaving the board are:
Richard Durst, National Bureau of
Standards; Shizuo Fujiwara, Chiba
University; Wilbur Kaye, Beckman
Instruments, Inc.; Janet Osteryoung,
State University of New York at Buf­
falo; Robert E. Sievers, Uni"ersity of
Colorado; and Rudolph H. Stehl, Dow
Chemical Company.

The following 10 members will con­
tinue to serve on the board: Joel A.
Carter, Oak Ridge National laborato­
ry; Hichard S. Danchik, Aluminum
Company of America; Dennis H.
Evans, University of Wisconsin, Madi­
son; Jack W. Frazer, consultant; Helen
M. Free, Miles Laboratories; Roland
F. Hirsch, Seton Hall University;
Csaba Horvath, Yale University;
Thomas C. O'Haver, University of
Maryland; Herbert L. Hetcofsky,
Pittsburgh Energy Technology Cen­
ter; and Wilhelm Simon, Swiss Feder­
allnstitute of Technology.

The Advisory Board was estab­
lished in the 19405 to advise the edi­
tors of the JounNAL. It meets formal­
ly once a year at the JounNAL's edito­
rial offices in Washington, D.C. The
board also provides guidance and ed­
vice throughout the year with regard
to editorial policy and the peer review
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Easy 10 r.move.
Noa),lal clearance
IS neelleO lor OIS·
assembly CoupllnQ
can be (1ISeon·
nected anO seclJon
removeO .... Ithout
OISlurblnQ other
componenlS

C::::~JC=>~

CAJON COMPANY
9760 Shepard Road. Macedonia, OhiO 44056

~J,,·;,::.,,;..oSE:;-.lr~co • 1;·:Slf~·.n: .. ,lJ1

New filter gasket @
The range of VCR high -.;: _'.
pUrity applications 1$ .4.:'Jl.~~
extended with a new 5
micron filter gasket
Other gaskets are avail·
able from 2 to 60 microns. Use them 10
filter particles and dampen surges.

VCR couplings are designed for
positive pressure or vacuum ap­
plications. Special cleaning and
packaging available for high purity
applications. Available from local
Distributor stocks.

Gasket retainer assembly
simplifies installationJallows
gasket re·use. The new gasket
retainer assembly fits securely over
a machined step on VCR glands to
hold the gasket in place. Installation
will be taster and easier. particularly in
difficullloc3lions. Accuracy of posilion·
ing permits gasket fe-use.

Automatic butt weld gland speeds
welding. The weld end of this new
gland aligns readity with the tubing to
speed both manual and automatic
welding set-ups. This end serves as
filler material and assures a clean, full
penetration weld. The 316L material is
not affected by stress corrosion
caused by the heat of welding.

New features make ,,~u":='=[f!LQI

VCR@ high performance couplings ;;;;~
even easier to use fJ'

r.

CIRCLE 33 ON READER SERVK;e CARD

FREE! MAJlIU()W Catalog of
Hard-to-Find Laboratory Equipment

MAImION I
...·'k••nscl.nc.
7115 B.46th Blr••t
Phoenix. AZ 15040
(100)521-5114

• ELECTROCHEMISTRY
• LIQUID HANDLING
• SAFETY SUPPLIES

• THERMOMETRY
• SPECTROSCOPY
• PLASTICWARE

ThIS new Markson SCIence catalog IS lam·packed Wltn page after
page 01 essential equipment lor every Iype ollal>Oratory ... research,
clinical, medical or analy1lcat. Includes low·cost glassware. Plpo"OS.
state-ol·the·art multlluncllOn pH and conductiVity motors. plus
thousands 01 Other hard-to-lind Ilems. Call or wrlto lor your lroc
catalog today.

Superior Purity Water
Can Help Improve HPLC Results.

B&J Brana Hlgn PUflty WOller unClergoes rigorous purd.ca·
tion and quality Coolro! to guarantee 10HO·lot unlform.ly.
Thafs yOur assurance 01 I\S superlonty for:

tReverse phase gradient separations.
,Apphcallons Ihat requite purlly hlgner than conven·

Ilonal lab WOller supplies.

WhOll's mote, negligible UV absorbance anCl extremely 10.....
organic carbOn and parllculates ma~e II me besl cnOlce
for your c'.llcal Irace analysIs requirements.

Improve your HPlC chromatograms with Ihe cons,stenl
quality of B&J Brand High Purity Walet. Call us today lor
a free copy 01 our hIgh PUflty water Clata sheet or lor the
localion 01 the nearesl B&J Olstrlbutor. 616·726-3171

riiJl BURDlCK& I
~~~.

CIRCLE 24 ON READER SERVICE CARD CIRCLE 138 ON READER SERVICE CARD
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Harry S. Hertz is director of the
Center for An.lytical Chemistry .tthe
N.tion.1 Bureau of Standards. He reo
ceived his BS degree in 1967 from the
Polytechnic Institute of Brooklyn .nd
his PhD from the M....chusetts Insti·
tute of Technology in 1971. From 1971
to 1973 he w...n Alexander von
Humboldt Fellow at the Institute for
Physiologic.1 Chemistry at the Uni·
versity of Munich, and in 1973 he
joined the staff of the N.tion.1 Bu·
reau of Stand.rds. His research fo·
cuses on trace organic analysis, with
particular emphasis on organic mass
spectrometry. His efforts during the
past several years have been devoted
to the development of Quantitative
methods for determination of individ­
ual organic compounds in complex
m.trices. He has served on the board
of directors of the N.tional Commit·
tee for Clinical Labor.tory Standards
since 1980 and as the organization's
secretary since March 1983. In .ddi·
tion. he is currently secretary of the
Americ.n Society for Mass Spectrom·
etry.

Atsushi Mizuike is professor of
chemistry .nd director of the Radio·
isotope Center at Nagoya Uni\ersity.
He earned his B. Eng. and Dr. Eng.
degrees at the University of Tokyo,
where he served on the f.culty before
assuming his present position in 1965.
Mizuike's research interests lie in the
area of inorganic micro- and trace
analysis. He is the author of over 160
p.pers and • recently published
monogr.ph entitled "Enrichment
Techniques for Inorganic Tr.ce An.l·
ysis." He is a past recipient of the
J.p.n Society for An.lytic.1 Chemis·
try Award and 8 former vice-president
of the J.p.n Society for An.lytic.l
Chemistry. Since 1971, he has been.
member of the IUPAC Commission on
Microchemic.l Techniques .nd Tr.ce
Analysis.

Melvin \V. Redmond. Jr., is 8 sen·
ior vice-president with the Perkin­
Elmer Corporation in Norwulk. Conn.
He earned his BS deKree in mechani·
cal engineering from Clarkson College
of Technology in 1956. He spent twn
years at the Army Chemical Center in
Edgewood, Md., and joined Perkin·
Elmer in 1960 as a project engineer in
the Instrument Division, where he de­
veloped analytical instruments. In ad­
dition to instrumentation, his inter·
ests are in computer-aided chemistry.
He held management pOt1itions in re­
8earch and development, marketing,
and operations prior to assuming his
present position as the senior group
executive for the Instrument Group.

Martio A. Rudat is a research
chemist in the Pioneering Research
Labor.tory of Du Pont's Textile Fi·
bers Department in Wilmington, Del.
He received his BS degree from Har­
vey Mudd College in 1974 .nd his MS
.nd PhD degrees from Cornell Univer·
sity in 1976 .nd 1978, respectively. He
then joined the staff .t Du Pont .nd
in 1983 assumed his present position
in the Textile Fibers Department. His
research interests are in mass spec­
trometry, including secondary ion
mass spectrometry and other surface
analytical techniques. ion-molecule
reaction chemistry. radical-molecule
reactions and their analytical utility.
ionization mechanisms. the develop.
ment of new instruments and tech­
niques. and more recently the applica­
tion of mass spectrometry to life sci·
ences problems and fiber polymers.

Charles 1.. Wilkins received his BS
degree in 1961 from Chapman College
.nd his PhD degree in 1966 from the
University of Oregon. He joined the
faculty of the University of Nebraska.
Lincoln. in 1967 .nd in 1981 moved
to the Unh'ersitv of California. Rh··
erside. where h~ is now professor of
chemistry and chairman of the depart­
ment. Wilkins's research interests are
in the area of computer-assisted anal­
ysis. including Fourier transform nu­
clear magnetic resonance. infrared.
and mass spectrometry. His recent
studies ha\'e focused on instrumenta­
tion for organic mixture analysis using
hyphenated techniques and on devel­
opment of Fourier transform mass
spectrometry for analysis of molecules
with masses in the range of 10 000­
20000 amu. \Vilkins is thE' ('\>Sut.hor of
two books on ('omputer applications in
chemist."· and is coeditor of two other
books on-the same topic. During 1980
he was chairman of the ACS Comput­
ers in Chemistry Dh'ision and since
1978 has served on the advisory board
of the Midwest Center for Mass Spec·
trometry.

Applications Sought for
Pittsburgh Conference
College Grants

The Pittsburgh Conference on An.·
Iytical Chemistry and Applied Spec·
troscopy, Inc., the Society for Analyti·
c.l Chemists of Pittsburgh, and the
Spectroscopy Society of Pittsburgh
will once ag.in sponsor the Pittsburgh
Conference Memorial N.tional Col·
lege Gr.nts Award Progr.m. Six col·
leges will be selected to receive $2500
aw.rds to be used for te.ching science
• 1 the undergradu.te level, i.e., for

purchase of scientific equipment., au­
diovisual and other teaching aids,
and/or library m.teriaIa

To be eligible for an .ward, • school
must have an enroUment of not more
than 2500 students and receive less
than 25% of its oper.ting budget from
national or slate governments. Two­
year commuoity colleges sponsored by
political subdivisions of a slate are not
bound by these requirements. Previ·
ous .wardees are ineligible lor a three·
year period follo...ing their ....ard.

Any interested faculty member may
participate by requesting an applica·
tion form from: Raymond P. Bacco,
United States Steel Technical Center,
Monroeville, P•. 15146. Deadline for
return of application forms and pro­
posals is April 7, 1984.

ALMA Meeting Held at Plro.Je
Improved producti';ty through bet·

ter laboratory management was the
theme of the fourth annual conference
of the Analytical Laborstory Manag.
er's Association (ALMA), held in Oc·
tober at Purdue University in West
Laf.yette. Ind. The meeting ..... co­
hosted by Purdue University faculty
members Jon.than Amy and William
Baitinger. ALMA consists of .cadem·
ic. industria1, and government anaIyti·
callabor.tory managers ...ho g.ther
e.ch year to discuss problems and
share solutions common to the opera·
tion of both large and small analytical
Iaborstories.

Among the topics discussed .t the
meeting were f.ctors to be considered
in instrumentation purc.hasing deci­
sions. the high costs of Iaborstory op.
er.tion. the need to impro"e produc·
tivity. the current trend toward cen­
tralization and pooling of expensive
instruments. and interf.cing existing
equipment to laboratory information
management S)'SteDlS.

The next ALMA conference will be
held in October 1984. Thomas Ericlt·
son, .nalyticallaborstory director lor
Owens·Coming Fiberglas Corpor.·
tion, is chairman of AUlo\. for the
current year. For information about
ALMA, contact Jane Sprouse, Depart·
ment of Chemistry, University of Cali·
forni••t Los Angeles, Los Angeles,
Calif. 90024.

Gehrke Named AOAC
President for 1984

Charles W. Gehrke has been named
1984 president of the Associ.tion of
Offici.1 An.lytical Chemists (AOAC).
Gehrke is cu;rently professor of bio­
chemistry .nd manager of the Experi·
ment Station Chemical Laborstori..

ANALYTICAl Cl£MlSTRY, VOL. 56, NO. I, JANUARy 1984 • 4$ A



The most significant advancement in
x-ray microanalysis instrumentation

in nearly a decade.

PROOF IS IN PERFORMANCE . ..
NOT PROMISES!

Recently, Tracor Northern introduced the TN-5500
X-Ray Analyzer. II is, unquestionably, the most
sophisticated and powerful x-ray microanalysis sys­
tem available - anywhere.

The TN·5500 speaks for itself. Capabilities such
as those demonstrated above outperform any other
x-ray microanalysis system by a wide margin. The
TN-5500 outperforms even the promises of other
manufacturers.

We invite you to see for yourself why Tracor North­
ern continues to be the world leader in x·ray
microanalysis.

TlIIA(:OlIl~ 2v.1Wl5'.LT~""'-Y .-oou'GW.Wl$COH$IH~ 1tl»,1:)1·1611
TIUoCClI'II...-.oM frJ"oeoAm 3nllAH .....'1oC)V£H 'H(H£T~ IC3OIr**M
NIAQI)lII"""'-,JAI'IIM l_ll·l) -.u~ ........1Q.olU 'QIIYO~.JM>"" 00·0'·...

CIRCl£ 202 ON RfADeR Salva CARD
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CIRCLE 59 ON READER SERVK;E CARD

at the University of Missouri, Co­
lumbia.

Gehrke received his PhD degree
from Ohio Slate University and joined
the faculty at the University of Mis·
souri in 1949. His research interests
include development of ~a.'l and liquid
chromatographic methods for deler·
minution of amino acids. purines. py­
rimidines. nucleosides. fatty acids. and
biological markers in cancer; charac­
terization of proteins; and automated
analytical methods (or nitrogen, phos·
phorus. and potassium in fertilizers.
Gehrke is the author of over 200 pub·
lications and is the recipient of anum·
ber of awards, including the 1971
AOAC Wiley Award and the 1980
Chromatography Memorial Medal
(rom the Scientific Council on Chro­
matography of the U.S.S.H. Academy
of Scienct's.

Call for Papers

26th Rocky Mouotaio Coofereoce
Den\'er. Colo. Aug. 5-9. General pa­
pers and poster sessions in all areas of
chemistry are planned nlon~ with the
followin~ specific symposia: applica­
tions of chromatoJ;::raphy to biology,
medicine, and biotechnolol!Y; atomic
spectroscupy; chromatography; com­
puter applications: electrochemistry;
environmental; EPR; IR and fluores­
cence spectroscopy; ion chromatogra­
phy; mass spectroscopy; NMR; and
surface analysis. Abstracts of no more
than 200 words must be submitted un
a Rocky Mountain Conference or
standard ACS abstract form before
March 14. To obtain the forms and for
additional information contact Jan
Gurnsey, 5531 Bitterbush \\'ay. Lm-e­
land, Colo. 80537; 303·669·9216.

Symposium 00 FT-IR Character·
ization or Polymers
Philadelphia, Pa. Aug. 26-31. The
symposium, organized by the ACS Di­
vision of Polymer Chemistry, will ht'
held at the 1984 ACS falln.tional
meeting in Philadelphia_ Emphasis
will be on polymer choracterizatiol1 by
sophisticated and uncol1ventional
F'T-IR techniques that use the unique
capabilities of FT-Ill instruments.
Tentative session topics include reo
flection spectroscopies, software-dom­
inated spectroscopies, separatiun
techniques/F'T-Ul combination, emi!\­
sian spectroscopy, photoucoustic spec­
troscopy, microsampling spect.roscopy,
and general techniques. For more in­
formation on abstract length und for­
mat, contact Hatsuo Ishida, Depart­
ment of Mucromolecular Science, Cuse
\Vcstern Reserve University, Cleve-

land, Ohio 44106; 216·368·4285. Dead·
line for receipt of abstracts is April 15.

9th National Conference on Spec.
trochcmical Excitation and
Aoalysis
Edgartown, Mas.". Sept. 4-7. Papers
describing practical applications in
the field of atomic spectroscopy are
solicited. Authors should submit 8

brief containing the proposed title, au­
thor's name and address, and about 50
words describing the content of the
paper by Feb. 1 to Hank Griffin.
Texas Instruments Inc., 34 Forest St..
MS 10-16, Attleboro, Mass. 02703;
617·699·3037. Abstracts for accepted
papers arc due June I.

11th Aoouall\leetiog or tbe
Federation or Analytical Chemist!")·
and Spectroscopy Societies
Philadelphia, Pa. Sept. 16-21. The
scope of the meeting will encompass
all phases of analytical chemistry. ap­
plied spectroscopy. chromatographic
methods, and allied techniques of in·
strumental analysis. Prospecti\'e 8U­

thors must submit 8 title. current ad­
dress. and telephone number by
March 30 to Patricia Roush. Perkin­
Elmer, MIS 903, 901 Ethan Allen

Highway, Ridgefield, Conn. 06877;
203·797·9481. After receipt of titles,
authors will be asked to submit a 250·
word abstract by June 15.

Meetings

• Symposium/Worksbop 00 Low.
Dispersioo Liquid Cbromatogra­
pby. Jan. 19-20. Amsterdam, The
Netherlands. Contact: R. W. Frei.
Free University, Department of Ana­
lytical Chemutry, De Boelelaan 1083,
lOBI HV Anuterdam, The Nether­
lands
• Symposium 00 Sample Prepara­
tioo and lsolatioo Using Booded
Silicas. Jan. 23-24. Philadelphia, Po.
Contact: Lone S. Yago, Anol),tichem
International, Inc.. 24201 Frampton
Aue.• Harbor Cit)" Calif. 90710; 213­
539·6-190
• 1984 Winter Gordoo Researcb
Conference OD Electrochemistry.
Jan. 23-28. Santa Barbara, Calif. Can·
tact: Alexander AI. Cruickshank, Gor­
don Research Conferences, Universi­
ty of Rhode Island, Kingston, R.I.
02881; ~01·783·4011
• 315t Annual Conference or tbe
Western Spectroscopy Association.

~... ­- .... -
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SEND FORntiS FREE
BOOKLET WHEN YOU DON'T HAVE

TIMEmEXPERIMENT.
If you're going to

pertorm 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 bibliography
on chromatography from
Floridin. Find out how
Florisil has been used to
solve tough separations
in column or thin layer
chromatogra phy.

The new bibliography
includes Florisil's chemical
composition, physical and
adsorptivity properties,
along with a lengthy list of ~:!~~~iiI
chromatographic procedures (
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pertormed with Florisil .
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- 4
701 McKnight Park Drive
Pittsburgh, PA 15237
(412) 367-1700

A Member of the lIT System



Jan. 26-27. Pacific Grove, Calif. Con·
locI: Dauid Saperalein, IBM lmlru·
menl',40 Wed Brokaw Rd., San
Jo,e, Calif. 951/0
• 6th Au.trallan EleetrochemJatry
Conference. Feb. 19-24. Geelong,
AUftralia. Conlact: E. J. Frazer,
CSIRO Diui.ion of Mineral Chemu­
Iry, P.O. Box 124, PorI Melbourne,
Vicloria 3207, Audralia
• 2nd Topical Meatin« on Luer
Teehnlqu.. In the Extreme Ultra­
violet. March fr7. Boulder, Colo.
Con/acl: Optical Sociely of America,
1816 Jeffcraon Place, N. W., W08hing.
lon, D.C. 20036; 202·223-8130
• 35th Pltllbuflh Conference and
Exhibition. March fr9. Atlantic City,
N.J. Con/acl: Linda Brigg., 437 Don·
old Rd., Dept. J-009, Pill.burgh, Po.
15235: 412-795-7667. July, p. 862 A
• Vacuum '84-TeebnoIOlflcal~­
pecll of Surrace Treatment and
Analy.1a. April 1-4. York. U.K. Con­
tacl:J. S. Colligon, Thin Film and
Surface Research Center. Depart­
ment of Electronic and Electrical En·
gineering. Uniuersily of Salford, Sal­
ford M5 4WT. u.K.
• Sympoaium on lnatrumental
Multielement Analyaia. April 2-5.
JOlich, F.R.G. Contact: Helga Bon­
garlz, Tagungsbiiro, KFA Jalich.
Pastfach 1913. D·5170Jalich. F.R.G.
• 5th International Conference on
Nuclear Method. In Environmental
lInd EnefIY R.....rch. April 2-0.
Mayaguez, Puerto Rico. Contact:
James R. Vogt, Uniuersily of Missou·
ri, 214 Research Reactor. Columbia.
Mo. 65211;314·882-4211. Augusl,
p. 973 A
• 3rd International Workahop on
Trace Elcment Analytical Chemia­
try In Medicine and BlololY.
April 4-0. Neuheroorg, F.R.G. Con­
lac/: P. Schrammel, Ge,ellschafl far
Slrohlen und Umweltforschung.ln­
slilul far Angewandle Physik. Phy­
sikali.«h·Technische Abteilung,ln.
lIols/adler Land,lrasse I, D·8042
Neuherberll, F.R.G.
• International Workahop an
Chemical Service Analyala.
April f>-6. Aachen, F.R.G. CanlocI:
Helga Bongarlz, Tagung.biiro, KFA
Jalich, Pos/fach 1913, D.5170Jalich,
F.R.G.
• 187th ACS National Meetinl.
April 8-13. 81.. Louia, Mo. Can/acl:
A. T. Wino/ead, American Chemical
Sociely, 1155 16th S/.,N. W., Wash·
inglon, D.C. 20036; 202·872·4397
• International Conference an
Biochemical and lnatrumental
Analyal.. April 10-13. Munich,
F.R-G. Conlacl: RO!marie Vogel,
Pos/fach 20 03 24, D-8000 Munchen 2,
F.R.G. .

• Analytlca 84-tth International
Exblbltian. April 10-13. Munich,
F.R.G. Conlael: Manchener Mes­
seund AUBB/ellungsgeseluchaf/ mbH,
Analylica 84, Paslfach 12/0 09, D­
8000 Manchen 12, F.R.G.
• 16th Annual Sympoalum an Ad­
vanced Analytical Concepll for the
Clinical Laboratory, April 12-13.
Knoxville. Tenn. Conlael: AACC,
1725 K SI .• N. W., Suite /0/0. W08h­
inglon, D.C. 20006. Nouember,
p.I336A
• IV Brazillan Sympoalum on
Electrocbemlatry and Eleetroana­
lytlcaJ ChemJatry. Aprillfrl8. Sio
Carl"", BraziL Conlael: IV Simp61io
Brcuileiro de Eletroquimica e Ele·
troanalitica. Caixa PO!lal297,13.560,
sao CarlO!. SP, Br08il
• 2nd Sympoalum on Re.onance
Ionization Spectroocopy and III
ApplicatioDl. April 16-20. Knoxville,
Tenn. Conlael: Henry M. Borel14,
EG&G,13O Robin Hill Rd., Golela.
Calif. 93116.1MJ5-967-0456 or G. S.
HUrl/. Heallh and Safely Re.earch
Diuuion. Oak Ridge Nalional Labora­
lory. P.O. Box X. Oak Ridge, Tenn.
37830; 615-574·5893
• 20th InternationalSym~um
on Advanc.. 1n Chromatotrraphy.

News

April 16-19. New York. N.Y. Contael:
A. Zlatku. Chemutry Department,
University 01 HOlUlan, HOUlton.
T... 77004; 713-749·21;23. Oclober,
p.l204 A
• International Sympoaium on An­
alytical Meth0d8 and Problema In
BloteehnolOlfy. Aprilli-19. Noord·
wijkerhout, The Netherlands. Con­
lac/: W. A. Scheffers. Delft Uni"e"i­
tyof Technology. Laboratory of Mi·
crobiology. Julionaloon 67A. NL·
2628 BC Del;t. The Nelherlonds
• 3rd International Sympoaium on
Analytical Applicationa or Biolumi­
nescence and Chemiluminescence.
Aprilli-19. Birmingham. U.K. Con·
tact: L. J. Kricko. Depart ment of
Clinical Chemistry. Wolfson Re~

search Laboratories. Queen Elizabeth
Medical Center. Edgboston. Birming­
ham BI5 2TH. U. K.
• Ne... Orleans Chromalolraphy­
AnaI>'tical Diac.....ion Group 15th
Annual Sympoalum on Applied An­
alytical Cbemiatry. April 26-27. New
Orleans. La. Conlocl: Linda Green.
P.O. Box 1449. Kenner. La. 70063
• 9th Annual AOAC Sprinl Work­
shop. April 29-May 5. Philadelphia.
Pa.. Contact: Kathleen Fomincyc,
AOAC. 1111 N. 19th St .. Suite 2/0.

,--L __
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EIGHT GOOD REASONS
WHYOUR GC CUsroMERS

CHOOSE S-POVER H-I?

WHERE
TECHNOLOGY

GIVESIDU
MORE I'OR LFss.

in stock will fit into the flex­
ible side-by-side mounting
arrangement of Spectra­
Physics' GCs large oven.
'lOu can even piaa' detec­
tors in injector mounting
holes and vice versa. The
other GO mounting can
break a lot of glass.

THE
SP7100GAS

CHROMAlOGRAPH.

8 AND THE PRICE
IS RIGHT.

The SP7100 Gas Chro­
matograph from Spectra­
Physics is the best value In
its class. For thiS and many
other reasons, call Spectra­
Physics today. In California
(408) 946-9682, elsewhere
(800) 227-1950. Spectra­
Physics, 3333 North First
Street, San Jose, California
95134

pressure parameters (the
Ianer to the nearest 0.2 kPa),
assures reproducible reten­
tion times, and is included
in the base price. The other
GC includes only a small
gauge-a pressure/flow
readout and control is
a $3000 option.

6 IN PNEUMATICS,
LESS IS MORE,

Spectra-Physics' GO
simplified panel gets top
marks for accessibility and
ease of use. Furthermore,
the unique block construc­
tion of the carrier gas con­
trol reduces the number of
finings-and possible leaks
-to a minimum. The other
GC utilizes a cramped
configuration with non­
standard finings.

stored files can save you
hundreds of hours every
year at no added cost.

4 THE DOCTOR IS
ALWAYS IN (AND
SPEAKS ENGUSH),

The other GC contents
itself with performing a
startup diagnostic routine.
Spectra-Physics' GC pin­
points the source of any
problem and communi­
cates it in simple English.
No more waiting for a
technical expert to solve
the mystery. You simply
call our toll-free hotline,
tell us the problem, and
we fix it quickly.

2
OUR KEYBOARD

SPEAKS FOR
ITSELF.

One look at Spectra­
Physics' keyboard and you
know how to use it. The
simple, universal configu­
ration is constant and self­
explanatory. No training is
necessary The other GCs
keyboard is so complex
and variable that it can
only be mastered with
hours of training.

A PICTURE

1 ISWORTHA
THOUSAND

WORDS,
Nothing beat5 Spectra­

Physics' CRT interface for
simplicity. The operator gets
a complete, instant picture
of status, then follows a
simple, menu-assisted setup
in everyday English. The
other GC engages the user
in a lengthy keyboard dia­
logue which yields informa­
tion grudgingly and wastes
time and reams of paper.

TEN FILES IN THE

3 HANDMAKE
CLOCK-TIME

PROGRAMMING
A SNAP.

Spectra-Physics' GC's
memory stores up to ten
files-more than enough
for most method-develop­
ment applications. Mass
storage is also available via
disk or Iow-cost tape equip­
ment. The other GC stores
one solitary file (a cartridge
tape unit for additional file
storage comes at a hefty
price). Consequently. clock­
time programming with our

5 CAPILLARY
CHROMATOGRAPHY

MADE EASY.
Whenever you change

a column, you can shave
15-30 minutes off the proce- OUR OVEN
dure thanks to the ability 7 ACCEPTS
to reset conditions effort- COWMNS,
Iessly. Simply dial up flow NO QUESTIONS
and pressure and you're ASKED,
ready to go. Spectra-Physics' Practically every glass
CRT displays split flow/head packed-column you have
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Arli",ton, Va. 22209; 703-522-3032
• XIllnterutlaoal Coacr_ an
CUDlcal Cbemlatry. April 29-May 6.
Rio de Janiero, Bruil Contael: So­
ci.dad. Brtuil.iro d. Andlio•• Clini·
Cat, RUG Vicente Licinio, 95, Rio de
Jani.,o, 20270, Bra.iI
• 4th ADnual NatlooalSym_lum
on Recent AdvaDceslD Meaa.....•
ment or PoUutaDla In Ambient Air
aDd StetiOIlUY SOurc.... May S-11.
Raleigh, N.C. Contact: S.ymour
Hochh.io.r. MD 75, EPA Environ­
m.ntal Monitori", Sy.l.mo Labora­
tory. R•••arch Triangl. Park, N.C.
27711. Nov.mber, p. 1336 A
• 6th InterutlooalSympwlum on
Mau Spectrometry ID Lire Sel­
ences. May 16-18. Ghent, Belgium.
Contact: A. D. Leenhe.r, Laboratoria
voor Medi.che Biochemie en voor
Klinuch. Ana/y••. Hare/bek••lraat
72, B-9000 Gh.nt, B./gium
• 81b InteruUooal Sym_Ium on
Column Liquid Cbromatocrapby.
May 20-26. New York, N.Y. Contact:
C•. Horvath, Yal. Univ."ity, P.O.
80.2159, N.w Hauen, Conn. 06520:
203-436-1271
• 18tb ACS Middle At....Uc Re­
gional Meeting. May 21-23. Newark,
N.J. Contacl: G. E. Heinz., Jamen
Pharmac.utica Inc., 501 G.orge St.,
N.w Brumwick, N.J. 08903
• ACS Jomt Great Lakes/Central
Reg!oaal MeeUng. Mey 23-25. Kala­
mazoo, Mich. Cantael: L. E. Hin•• ,
Upjohn Co., 301 H.nri.lla St. Kala­
mazoo, Mich. 49001
• 1984 LCEC Sympwlum on LCEC
aDd Voltammetry. June 3-5. India·
napolis, Ind. Contact: Sympooium Co­
ordinator, P.O. Bo. 2206, w••t La­
fay.lle, Ind. 47906. Nov.mb.r,
p.I336A
• 7th ACS Rocky MOUDtaiD Re­
gia.... Meetiac. June lHl. Albuquer­
que, N.M. Contact: Roy HOMan,
ITRI, P.O. 80. 5890, Albuqu.rqu.,
N.M. 87185; 505-844-7988
• 58th ACS CoUold aDd Surrace
Selence Sym_lum. June 10-13.
Pittaburgh, P.. Contael G. D. Porfill,
Deportm.nt of Chemical E",in••r­
i"" Carn.gi••M.llon Unive,.ity,
Pill.burgh, Po. 152/3
• 14th ACS Northeaal RecIo....
Meetiac. June 10-14. Fairfield, Conn.
Contact: D. L. SwaMon, American
Cyanamid Co., Ch.mical R••eon:h
Divioion, 1937 W••t Main St., Stam.
ford, Conn. 06904
• 37th ADnual Summer Sympo­
elum or the ACS ADalytical DM·
alan. June 12-14. Gailberabufl, Md.
Contact: Harry H.rtz, C.nter for An·
alytical Chemiotry, NationolBunau
of Standardo, Woohi",ton, D.C.
20~; 301,921·2851

• Topical Meetiac on U1trafaat
Pbenam..... June 12-16. MontereY,
CaIiC. Contact: David H. Auoton, Bell
Laboroloriu, 6QO Mo<uaUJin Ave.,
Murray Hill, N.J. 07974; or K.lIMth
B. Eio.nthol, Deportmeol of CMmio­
try, Columbi<> Unive,.ity, N.w York,
N.Y. 10027
• ACS Northwest Regia.... Meet·
lac. June 13-16. MllICOW,lcIabo. Con·
tact: J. L. McHal., Deportmeol of
Ch.miotry, Unive,.ity of Idaho. Moo·
COUJ, Idaho 83843; 208-855-6787
• 2nd Interutla.... Conference on
Cbromatocrapby aDd MaaSpec·
trometry m Blomedlcal8c:ienceL
June 1S-2O. Milan, Italy. Coolact: Al­
berto Frig.rio, Italian Group for Mau
Spectrom.try in Bioch.miotry and
M.dicine, Vi<> EUltachi 36, 20129
Milan, Italy. D.c.mber, p. 1448 A
• 13th InteruUoDa1 QuaDtum
Electronica Conf.renc:e. June 1S-21.
Anah.im, Calif. Contael: Optical So­
ci.ly of Am.rica,1816 J.ff.,.on
Plac., N. W., Wtuhington, D.C. 20036
• Sym_Ium on Liqnid Chroma·
/OCrapby m th. Biomedical Sci·
.nc.... June 1S-21. Ronneby, Sweden.
Contact: Sw.duh Academy ofPhar­
mac.utical Sci.nc.., P.O. Box 1136,
5-11181 Stockholm, Sweden

News-• CLEO 'U-Confenaee OB t..
..... and EJecuo.()pdcL June 1~22.

Anaheim, CaIiC. COIIlGct:O~ S0­
ddy of Amerieo,1816 J.ff.....".
PIac',N.W_, WoohinIton, D.C. 20036;
202-223-8130
• InterutloDa1 s,mp.l_ on
Characterization ofB_Yl' Crade
au. and PetNIna a.w-.
June 26-27. Lyon, France. f:OIIlGct:
J. C. &colier. Centre de 1l«hDeM
ELF Soloiz., BP no. 22,69360 Soinl·
Symphorien-D'Ozon, Fronc.
• 2nd BieIIniaJ National AlODIic
Spectrometry Sympoa1aa. .IDlY 1G­
13. r.-Is, U.K. COIIlGct: F. Buckley,
Deportmeol of EDrth Scienl:a, Uni­
ve,.ity of Leedo, Leedo, W. Yorluhw
LS29JT, U.K.
• XXIlllnterutloDa1 eonr........

'on CoordiDationCIoe~• .IDlY
29-Aug.3. Boulder, CoJo. Conloct:
Courtland Pi.rpont, Compuo Box
449, Uniueroity ofC~,Bw1der,
Cow_ 80309. October,p. 1204 A
• Kth N.tIoDa1 MeetJac·ot the
Amerieall "-iatlon tor ClIaIcaI
CheJniItry. July 29-Aug." Waabinc­
ton, D.C. Contact: MCC, 1725 K St.,
N. W., Suit. 1010, Wcuhington, D.C.
20006; 202-857-0717. December,
p.I448A
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• Inte....Uo...1Conference on Lu­
mlnescenco. Aug. 13-18. Madison.
Wis. Contael: Wil/iam M. Yen. De·
partment of Phy.iu. 1150 Univtr.ily
Ave., Madi.on, Wi,. 53706; 608·263·
7475
• Symposium on ConcentraUon
Techniques for Biological Testing
of Environmcntal Samples.
Aug. 24~11. Philadelphia, Pa. Conlacl:
I. H. Suffet. Environmental Sludies
In.titule, Drexel University, Philo·
delphia, 1'0.19104 or MuruRan
Malaiyandi, Envirvnmenlol Health
Direetorall', Heallh and lVelfare
Canada, Tunne)". P08ture. Ottowa,
Ontario KIA OL2, Canada. Seplem.
ber, p. 1085 A
• l88th ACS National Meeting.
Aug. 26-31. Philadelphia, Pa. Contact:
A. T. Win.~l('ad. American Chemical
SO<'iel)" 1155 16th SI .. N.IV., Wash·
inglOlI, D.C. 20036; 202·872..1397
• 5th European Conference on
Analytical Chemistry. Aug. 2f.­
Sept. I. Krakuw. Poland. Contact:
Zygmunt Kowal.ki, Academ)' of },fin·
ing and Aletallurgy. Alickiew;C'za JO.
30·059 Krokow. Poland
• 4th International Meeting of the
Eleetrophoreoi. Societ)·. Aug. 2i-:II.
Gollingen, F.R.G. Contact: I'olk,'r

N.uhoff, Max·Planck·ln.tilul fur .x·
p(·rimentollt Medizin, Hermonn·
H,'in·Stra... 3, D·3400 Gu/ling.n.
F.R.G.
• 4th Inte....tional Symposium on
l80tachophoresiJ. Sept. 2-5. Hradec
Kriilov~, Czechoslo\·akia. Conlocl: Z.
Prusik, Imtilul. of Organic Ch.m·
i.tf)· and 8ioch.mi.If)· CSA V.
Flemingovo nam.2, 166 10 Praha 6,
Cztcho!luvakia
• International Symposium on
Quantitative Luminescence Spec­
troscopy in Biomedical Seiences.
Sept. 4-5. Ghent, Belgium. Conlacl:
Willy Bo.ye,.., Slat. Unie""ily of
Ghent. Farmouutisch Instituut. Ho·
relbek"traat 72,8-9000 Gh.nl, Bel·
gium
• 4th Annual American-Eastern
European Symposium on Liquid
Chromatography. Sept. 1(}"14.
Szged, Hungary. Contacl: Huba Ka·
IeiSl. Deparlmrnt 0/ Pharmaco/ug)',
Semmelu'eis Univ('rsit)'of Afedicine.
P.O. Box JiO, 8uda~.I,Hungar)'
14~5

• Inte....tio...1Sym_ium on
Thin-Layer Chromatoeraphy.
Sept. 1(}"14. Szeged, Hungar)'. Con·
tacl: E. Tyihak, Res.arch I,..litul.
for Planl Prol.ction. P.O. Box 10'2,

News

&d4~.t.HUll6ary 1525
• 10th Triennial Meeting of the
Inte....tio...1Aaaoclation of FareD­
.Ie SeienCOl. SepL 1S-2.S. Oxford.
U.K. Contact: Sluart Kind, Inlerna·
lional A6,ociatian of Furemlic Sci­
ence6.18A Mount Parade. Harrogate,
N. Yorklhire HGI18X, U.x.
• 6th Inte tlo... Sym....UJD on
AJuolytical Applied Pyrol)'lil.
Sept. 24-28. Wiesl.den. f.R.G. Con­
lact: Fachh«:luchuk f'rrlfl!niUJI Wi..•
bad.n, Dambachtal2fi. D·62lJO Wi..•
bad.n, F.R.G.
• 15th InterutiouJ Syaoposi...
on Chro_loCnploy. Oct.. 1-.5.
NiJrnburg, f.R.G. ConIact: GCUlIl·
Khafl DeulllChcrChcmiktr. Ablci·
lung Fachgrup~n.POI/fach 90 04 40,
Varrenlrapp>lrlUlfl! ~()'-I2. D-6OOO
Frankfurt (Main) 90. F.R.G.
• 2nd InternatioaaJ CO-ereM..
Aulo_tion ..... N.... Tec:ltno...,.
In the C1lnieaJ Lallontory.
Oct.. 1f>-18. BareeIooa. Spain. Contact:
R. Galim4ny. Aparlado d. CorrcOl
543. &rcclono. Spain
• 35th Soatheal&eno Recioul ACS
MeetiDc. Oct.. 24-26. RaJeiIh, N.C.
Conlacl: W. F. Lillk, Deparlrru!nt of
Ch.mUlry 045A, UniversilY of North
CarolinG. Cho~1 Hill, N.C. 27514

New Waters QA-1~Analyzer
The only HPLC for dissolution tests

Let us prove it Call or write today - ask
for extension 2990.

• waters AsaocIates, 34 Maple
- Street, Milford, Massc:dlUS81S Ot75t:

Telephone (617) 478-2000

• Reliable three-sap push·button opercman.
• SImple sel-up and changeover w~h exclusille Method

Key'" Cartridge.

• FasIesI analysis tine. Uses high elficiency. short
columns.

AnalgesICs
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News

• International Association of En­
vironmental Analytical Chemistry
Workshop on LC/MS and MS/MS.
0('(. 2-1-:26. ~tillltreux. Switzerland.
lorltact: R. n'. Frei, Free Unit/as'-ty.
Dc Rodc!oo1J itJ..'\3, 1081 HV .4.mste~.
dam. The S(·thcrlands

For Your Information

The University of Florida at Gaines­
ville is offering 8 short course entitled
Modern Analytical Chemistry. The
course. to be held March 18-22. is de·
signed principally for scientists who
have been out of sc,hool (or 10 or more
years and who may have lost touch
with recent advances in the fil'!d. The
course will prO\'ide an overview of
modem analytical techniques. alon~
with a discussion of"research fronts"
in each area. EnroUment will he limit­
ed to 60 part.icipants. Tuilion. includ­
ing room and board. is S8OO. Purchase
orders or checks payable to the Uni·
versity of Florida must be submitted
by Feb. I to Jill Sanderson. Di"ision of
Continuing Education. Uni\'ersity of
Florida. 1938 W. University Ave.•
Gainesville, Fla. 32603. For more in·

formation. or to indicate your inten­
tion to enroll. contact John Dorsey at
904·392·0557.

DI4-P, "Proposed Guideline for
Enzyme and Fluorcsccncl" Immu­
noasS8Ys;' a new publication from the
Notional Committee for Clinical
Laboratory Standards, contains
guidelines for enzyml" and fluores­
cenre immul10llsssys of macromolecu­
lar analytes. F'nctors thut contribute to
reliable and reproducible results uee
emphasized in sections that describe
choosing enzyme fluorescence sys­
tems, producing. proccssinl!. purify­
ing. und characterizinl! antibodies and
antigens. as well ns rcal-:cnt srpuration
techniques and instrumentation and
equipment.. Copies nre $J5 each (plus
$1 additional for orders outside the
U.S.); discounts are 8\'uilnblc for mul­
tiple copies. For more information
contact the National Committee for
Clinical Laboraton· Standards. 771 E.
Lancaster Ave.. ViiIanm·a. Pa. 19085.

CAS Document Dcli\'cry Servicc
prm'ides copies of documents abo
stracted in Chemical Abstracts, CA
Selects, and C.4 Section GroupillJ.:s,
documents summarized in Chemical

Illdw'lry NOll'S, nnd documcnL'i cited
in Chemical Titles. If the service can·
not provide n photocopy of the desired
document because the copyri~ht stu·
tus is unclear or because it dne~ nut
hn\'c the publisher's permission to
cnpy, the srrvicl' will loan yuu the duc­
ument from the CAS Iibrnry. The Cllst
of a photocopy or document luan is
$12 if the CA numhN i~ provided und
Sl4 without the CA number. Fur mure
information ('onhlct Chcmicnl Ah·
strncts Service, Customer Sl'rvice­
Dim. P.O. Box :1012. Columhus. Ohio
4:1210: 61·1--121-:1670 or 61·1-·121-:1600.
ext. 2956.

"The International Biotcchnolo~)'
Directory 198"," pcovidl's II j.:uidc to
international products. n>senrch, and
services in biotechnology and covers
the trnditionaillud newly emer~ing ~e·

netic engineering t('chnolu~ies. It in·
c1udrs listings of over 2000 compani£'s,
universities, and research centers: ~o\··

{'roment agencies and pro~rams;data
oases, journals, and newslel tl'rS; and
producls. Fur orderin).: information
contact The Nature Press, 15 EaSl
261h St.. New York. N.Y. 10010: 800·
221·212:1, or 212·S:i2-4811 in New
York.
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LC problem solvers from Du Pont

COLUMN COMPARISON
sample: water Soluble Vitamins
1. Ascorbic Acid 3. PyridoXine
2. Niacinamide 4. Riboflavinr------------,

3.0

Golden Series Column
Time of Analysis 3.0 min.

2

including the Golden Series. have
consistent selectivity; and these
3-micron columns operate effec­
tively from ambient to 6O'e.

Three types of packlngs
Three types of ZQRBAX

packings are available: ODS. C8
and SIL meeting more than 80%
of chromatographic needs. All
columns in the DuPont line are
shipped with a Column Perfor­
mance Report and guaranteed
for 60 days. Only Ou Pont makes
ZORBAX columns and packings.

Call toU·free
Call us anytime on our

24-hour toll-free number.
800-345-8600 ext 502. or write:
Du Pont Company. Room
X40154, Wilmington, OE 19898.

4.6mm x 25cm Column
Time of Analysis 9.5 min.

9.S

is
umn
halved.

Other advantages
Golden Series columns in­

crease lab productivity. Methods
developed on standard ZORBAX
columns can be transferred di­
rectly to Golden Series columns.
because all ZORBAX columns.

ZORBAX Golden Series
3-micron columns solve the
major problems that have
plagued rapid analysis separa­
tions. With minimal back­
pressure and without special
instrumentation. Golden Series
columns can separate complex
mixtures two to three times faster
than conventional columns.
Samples that take 5 to 6 minutes
with a standard 15 cm column
can readily be separated in 2 to 3
minutes with a Golden Series
column-with no loss of
resolution.

Total engineering
The Golden Series column

is unique. from the ZORBAX
packing to a new column config­
uration. Particle size is controlled
within a narrow distribution
range: more than 90% of the
particles are within 0.5 microns of
the average. The 3-micron parti­
cle. made by a patented process.
is spherical and mechanically
strong: column back-pressure is
minimized. and column life is
lengthened. Every Golden Series
column has a guaranteed mini­
mum of 10,000 theoretical plates.

OpUmum column design
The Golden Series column

is designed so that its internal
configuration (6.2mm 10 x
80mm) has a volume equivalent
to a standard 4.6mm 10 x 150mm
column. No new detector, injec·
tor, or re-engineering of your
L.C system is needed. When
ZORBAX 3-micron and standard

NowZorbax"
3-micron
columns make I
rapid analyses
trouble-tree

Uquld Chromatography Columns
CIRCLE 55 ON READER SERVICE CARl
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MPF·66 fluorescence combines
superior optical performance
and powerful data handling.

The new Perkin-Elmer MPF-66
Fluorescence Spectrophotometer
combines the superior optical per·
formance thaI you have come to
expect from Ihe MPF Series with
the state-of·the-art Perkin-Elmer
Series 7000 Professional C0m­
puter. A powerfUl, yet easy-tcruse,
software program provides simple
instrument operation and data
manipulation.

The MPF-66 provides excellent
optical performance,

The MPF-66 optimizes both
sensitivity and resolution, the two
most important considerations in
fluorescence. A new optical design
which includes continuously
variable slits allows you to select
the largest slit width that provides
the desired resolution, maximizing
the sensitivity of your analysis.

A versatile microcomputer.
All instrument commands are

entered via the Series 7000
Professional Computer. a unit
specifically designed for the
analytical laboratory. Soft keys on
the computer make instrument
operation simple. The Series 7000
Computers also support BASIC
and FORTRAN, word processing
and electronic spreadsheets.

Data manlpulatlon-data you
need In the fonmat you wanl

Perkin-Elmer's Computerized
Luminescence Spectroscopy Soft­
ware (PECLS) program, regarded
as the most complete and flexible
data manipulation program
available for fluorescence, can be
used with the MPF-66. PECLS
includes an interactive viewing
feature to let you see the part of

the spectrum that you really need.
The "OBEY" prograrrvning feature
is included so you can automate
your analysis and lonnat the
output.

Find out more!
For more infonnation about

Perltin-Elmers new Model MPF-OO
Fluorescence Spectrophotometer,
call (800) ~715S On Illinois, call
(312) 88Hl770). If you prefer, c0n­
tact one of the offices below.

Perkin·Elmer Corp.. AnalyticallnSlruments.
Main Ave. (1.45-12). Norwalk. CT 068S6
U.SA Tel: (203) 762·1000. Telex 965-954

Bodenseewerk Perkin-Elmer & Co.. GmbH.
Postfach 1120. 7770 Ueberlingen, Federal
Republic 01 Germany. Tel: (07751) 811

Perku\·Elmer Ltd.• Post OUice Lane.
Beaconslield. Bucks HP9 lOA, England.
Tel' Beaconsheld (049 46) 6161

PERKIN-ELMER
Circle 170 For Uter.ture. Cltcle 171 For Sales Call.
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New Products

Ion Chromatograph

System IC 1000 is a compact modular
system. Its compact nature makes it
useful for anatysis in extremely difficult
situations such as in mobile labs under
desert, tundra. or arctic conditions. Two
basic systems are available: ~ 1001
for the determination of organic ackls
and IC 1002 lor the determination 01

anions and cat~ns. Biotronik 404

Humidity Chambers

Chamber models 435300 and 435310
can provide almost 444 tt2 01 load area
and can accommodate 10 shelves.
TemperatlKe ranges from ambient to
95°C or 5 °C to 95°C ± 0.2 °C with
controlled relative humidity Irom 20 %
to 98 % ± 2 %. They leature a solid. in­
sulated outer door with an inner glass
door, all stainless steel construction.
mechanical convection. and solid-slate
proportional controls lor both wet- and
ewy-bulb control systems. Hotpack
Corp. 405

Digital Polarimeter

Pl0 Solid-State Polarimeter offers the
user reliable angular degee measure­
men1S to 0.02° by reading directly from
a digital display. A null meter replaces
the traditional half-shadow matching
tednique. thereby reducing hlman
error and eyestrain. It has a range of
±85° angular. San-4>1e tubes up to
200 nm in length can be used. Kernco
Instnments Co. 406

IR Spectrophotometer

9510 Series microprocessor-controlled.
_ecording IR comes in three ver­
sions based on wavelength range. 0p­
tions include a built-in OuanVPrinter
package and an RS232C interface that
allows interfacing to any computer. II is
capable of a 1-min hard-copy spec­
trun. The microprocessor is keyboard
controlled. and interaction with the in-

strument is through the 16-character
display. Sargent-Welch Scientilic Co.

407

Centrifuges

AccuSpin features digital controls that
provide an accuracy superior to that of
analog models. Programmed accelera­
tion provtdes optimum acceleration
speeds lor last processing white of­
fering a gentle slart to protect gradi­
ents. A digital integrator allows precise
speed control, accurate to 10 rpm. with
no overshoot. Beckman 408

Far-IR Lenses

TPX. a methylpentene polymer. has
good transmission properties in the
submillimeter and millimeter region

>.

from about JOO jJm to 5 mm; it is trans­
parent in the visible with about the
same refractive index as in the far-IR.
Boston Electronics Corp. 421

Data-Handling System

CFA-85 system incorporates a comput­
er and interface designed specilically to
collect. analyze, and correct data from
segmented-flow. continuous*8nalysis,
wet..chemical systems. In selecting
peak responses. it uses a combination
of peak detection and time windows.
which allows the data system to ac­
count lor abnormal responses that can
occur in any chemical analysis system.
Scientific Instruments Corp. 409

Developing Chamber

Vega-T 10X Developing Chamber is
precision manufactured of white PTFE
wilh a lab glass cover. HPTLC and TLC
plates developed in the chamber have
exhibited excellent R, reproducibility.
The chamber has two solvent compart­
ments. one at either end. each 01
5.D-mL capacity. This permits simulta­
neous development from either end o'
the TLC plate or sequential develop­
ment. Advanced Separation Technolo--
gies Inc. 410

~------_.

For more ....ormatIon on Ilsted Items,
circle lbe _oprlaIe numbers on one
of _ Readers' 5wYIee Cards

_ G-8R_. Analyzer Is deslgled lor lab or production lino analysis 01 moist.... conl.nt.
II obtains homogenoity by applying press...e 10 the sample to bring i1ta • compr.ssed condition
that eliminates par1icle varlaHons and air pockets. A hydraulic jack wIth a presslSo gauge alk>ws
fast testing. Data Tech 401
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Spectrophotometer

Model 390 features 8-nm bandwidth
and convenient digital readout of con·
centration. factor. absorbance. and
transmission. The instrument may be
standardized by dialing in the concen­
tration of the standard or a factor from
1 to 19 990. It has a continuous-wave­
length range 01 330 nm to 1000 nm to
cover all routine colorimetric tests. This
wide range is achieved by a monoctvo­
mator using a plane diffraction grating
in an f7 Ebert mounting. Sequoia·Turner
Corp. 415

417

Opacity Combiner

Model 1100"1 Is able to accept various
inputs proportional to duct velocity. Ve­
locity sensors can be used. but other
parameters such as fan speed. fan
motor current. or steam lJow can be
substituted. There is a simple conver·
sion from one input to another.
Dynatron 413

416

HPLC Detector

Model 87.00 features servo selection.
which enables wavelength to be digital­
ly set from 190 to 600 nm in 1-nm
steps. Key front-panel features include
event mark, auto and manual zero off­
set. and 11 measuring ranges (from
2.56 to 0.0025 au in binary steps). The
design incorporates a high-pressure
flow cell that is Quickly and easily ex­
changed and cleaned. Sonntek. Inc.

Digital Hygrometer

Model AY·21 allows precision reading
and monitoring of temperature and hu·
midity in ranges from 0 °C to 100°C
and from 10% to 95% RH. The unit.
which is totally solid state. is capable of
operation whether it is used in a lab.
factory. office. production line. or in the
field. The sensor is made of porous sin·
tered AI20 J and ceramic. Yamato USA.
Inc. 414

Materials-Testing Automation

PC Series software-hardware sysfem is
modular and inexpensive and fealures
data acquisition. critical Instrument
control. display. analysis. and data stor­
age. The hardware. TESTMATE. ac­
Quires data and provides instrument
control. The menu-drIven materials­
testing automation programs test spe­
cilic to ASTM standards. analyze tests.
display the data In graphic and stallsll­
cal form. stOt'e the resulls. and print
hard copy for permanent recordkeep­
Ing. Laborafory Technologies Corp.

UVIVIS

Lambda 7 Spectrophotometer oilers
exceptional sample throughput by pro­
viding a fast scan capability of up to
1440 om/min. To enhance sample
throughput. the Lambda 7 employs
eight soft keys. each with multiple des­
ignations depending upon the method.
mode. or parameter selected. The in­
strument's optical system reduces stray
light to <0.0002% and thereby permits
accurate and linear measurements of
samples at values as high as four ab-
sorbance. Perkin-Elmer 411

Vacuum Spectrometer

Model VM-51 0 is designed for high-res­
olution spectral analysis. It uses a com­
puter-<>ptimized 1.Q-m-local-lenglh opti­
cal system to produce symmetrical,
coma-corrected spectral lines and a flat
focal plane. Resolution is 0.004 nm
with a 3600 g/mm grating. 0.007 nm
with a 2400 g/mm grating. and
0.014 nm with a 1200 g/mm grating
(lD-IIm-wide slits). Operational range is
from 100 nm to the far-IR with available
110 X 11Q-mm gratings. Acton Re-
search Corp. 412

NewProduds

1.1

Coal t5_v.ANllyzor I. based on
energy-dispersive anatysis of X-ray-exclted
emisskHls. II can analyze coalings of thick·
nesses ranging from a few angstroms up to
mulUelemen1 Of mulUlayer flnlshes extending
well into the micrometer range.__

can be made on silicon waf8fs. lead frames.
Of' any other device. Philips 402

I
to .....

A NEW ANION
SEPARATOR

FOR
SUPPRESSOR

Ie

4 NO]
5 PO.J·
6 SO/-

At last, a true replacement for the
anion separator column in your
suppressor Ion chromatograph: the
Bio-Rad PW Anion Separating
Column.
• Acrylate polymer for chemica!

ruggedness.
• Macroporous 10 IJ particles for

high efficiency at low operating
pressure.

• Wide pH range (0.5-13).
• Usable in new or old suppressor

instruments.
For further information,
caJl800-4BIORAD ex" 575.

C"'mIcaIDI,IS/on 2200 Wright
Ave.• Richmond. CA 94804
Dlgll,lI,DI,Is/on 237 Pu/nam A.e.•
CBmbrldge. AlA 02139

ClRQ£ 22 ON READER SERva CARD
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PRECEDING THE
35TH PITTSBURGH CONFERENCE

AND EXPOSITION ON ANALYTICAL CHEMISTRY
AND APPLIED SPECTROSCOPY

in ATLANTIC CITY, NJ • MARCH, 1984
Friday-Saturday, March 2-3 Saturday-Sunday, March 3-4

Analytical Infrared Spectroscopy:
Techniques, Applications, Computer
Methods

Capillary Gas Chromatography:
Techniques and Problem Solving

Effective Management Techniques for
Scientists and Engineers

Electron Spectroscopy and Surface
Analysis

Environmental Analysis-Priority
Pollutants

Gas Chromatography/Mass Spectrometry

Laboratory Automation: Micro-, Mini-, and
Midicomputers

Liquid Chromatography/Mass
Spectrometry

Maintaining and Troubleshooting
Chromatographic Systems

Modern Techniques in Gas
Chromatography

Quality Assurance of Chemical
Measurements

Statistics for Experimental Design

Thermal Analysis

Writing for Results

Friday-Sunday, March 2-4

Electronics for Laboratory Instrumentation

Applied Optical Microscopy for Chemists
Atomic Absorption and Plasma Emission
Spectrometry
Interpretation of NMR Spectra
Practice of Modern Liquid
Chromatography
X-Ray Fluorescence Spectrometry

i-A~~i~~~~-;;;;;~e~~~;;;~~~~;;;-v~i~~-l
I 1155 Sixteenth Street, NW, Washington, DC 20036 I
I Yes! Please send me the free brochure I
I describing ACS Short Courses to be held II preceding the Pittsburgh Conference in I
I Atlantic City in March 1984. I

I I
I Name I
I I
I r.'e I
I I
I O<ganizaloo I
I I
I Add'e.s I
I I
I CilylSlalelZJP I
L I -I



New Products

QRESEARCH
~PRODUCTS

JY-70e-.uon~z"fealu"esasequenliall.nil__ofanalyUlgla_
any elemonl and a sIrnul1aI-.s ..,n with presel detee10rs lor specific elements. Mvanlages
01 1he syslem include pus/>-bulton ope<alion. one software~ lor bolh l.Illts. and one
printout from either or both systems. Instn,menl$ SA 403

J.T. Baker Chemical Co, 1983

J.T. Baker Research Products
can supply all the appropriate
materials you need for chroma­
tographic chiral separations.

BAKERBONO'" Chiral
Phase HPLC Columns use high
purity ONBPG U8}-N-3,S-dinitro­
benzoylphenylglycine) bonded to
aminopropyl silica to separate a
WIde range 01 optical isome<s. Up
10 10 mg of sample can be ap­
plied to the column in a single
Injection.

Preparative chiral SCKbents, In
40 lim particle SIZe, are also
available lor scale-up of separa­
lIons. In addition. longer column
life can be achieved with our
Chiral Column Regenerating
Solution. For more information.
call or wrile today.

J.T. BAKER RESEARCH PRODUCTS

Z22 Red School Lane
Phillipsburg. NJ 08865 USA

(2011~21510uIslcIe _ Jenay lIOOI _

GIou GIf~ w. a..nn.ny • 0...:... IiOAInCI
MeaiCoOty. ...Ico.~.S)IdnI't.......

Separate
thousands of

racemic mixtures
by

chromatography

Silica Gel

Flashmomat~ silica gel is use
tested and quality con1rolled lor a_­
age particle size. particle size distribu­
tion. mean pore diameter. moisture.
pore volume. specific s..-face area. and
pH. J.T. Baker ResearchPr_

pH Papers

Type CF pH 4.5-10 advanced pH lndi­
cator papers consist 01 plastic support
strips onto which are mounted three
specifically Impregnated last P8Il8f$.
The papers contain chemlcaIly bonded
dyes that will not leach into test s0lu­
tions. Solution pH values can be deter­
mined rapidly and accurately without
ambiguous readings. The papers can
also be used to read weakly bult8fed
solutions. as they can be Immersed lor
5 to 15 min to allow linal color change
to take place. Whebnan 423

422

Chemicals

Silane

Silane capable 01 10 000 o/Vnoan re­
sistivity Is available. Each cylinder of
silane Is tested and certified by outside
Independent labs to rMet or exceed the
resistivity specification. The actual
wal8f used In the testing Is ptovlded
along with the formal resistivity report.
Matheson Gas Prcn.cts 424

.'. ; II J •,.; i' "t If

- .. ( " "'.' .
I ••• III. - .... ...
~-.I ...,j.

~
I

UVIVIS

Response UVIVIS scanning spectro­
photometer combines ease 01 use with
Ilexlblllty and uses a 16-b1t mlcrOpto­
cessar. An autoranglng photometric
system ptovldes up to 40 readings/s
and a wide dynamic range. The Sian­
dard software package includes wave­
length scanning. kinetics. gel scanning.
multlwavelength. and time-scanning
routines. Glilord 418

X·ray Microanalyzer

System 5000 energy-disperslve SP9C­
troscopy system lor electron column In­
struments uses advanced microcompu­
ter technology to enable quantitative
and qualitative elemental analysis at a
Iraction of the ptice 01 ptev!ous energy­
dispersive spectrometers. II has a 16­
bit microcomputer with 256 kbyfes 01
internal memory plus 384 kbyfes 01 dis­
play memory. Oata storage is 2 Mbyfes
on dual floppy disks. EG & G Ortec

418

TLC Scanner

Features ot the TLC Scanner II Include
scanning in both the absorption and flu­
orescence mode. built-in light sources.
nine memories to store Irequently used
scanning programs. and a wide range 01
peripherals with varying degrees of s0­
phistication lor further processing 01
raw data. CAMAG 420
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Manufadurers'
Literature

GC Troubleshooting Guide. Publication
explains symptoms. probable causes.
and remedies that relate to GC equip­
ment, including such problems as iso­
lating the problem SOlXce. testing for
leaks, checking the carrier gas system,
and sample injection. 32 pp. Supelco.

. Inc. 425

Instruments. Product selection guide
describes precision digital instruments
used for problem solving in science and
industry. Graphics ploners, logic ana­
lyzers. and digital oscilloscopes are in­
cluded. 10 pp. Nicolet 426

Gel Seaming. Bulletin T-1535 dis­
cusses the use of the DU-8B Slab Gel
Scanning System to compare the rela­
tive sensitivity of stained and unstained
slab gels. The system can scan a
20 X 2O-cm slab gel, autoradiogram. or
TLC plate at any wavelength in the UV
or visible range. Beckman 427

Nermag Newsletler. Vol. I. Issue 3 fea­
tl6es news items on corporate matters
as well as an article on a GC/MS meth­
od for analysis of neutral-sterOls bio­
synthesis and bile acids in derivation of
epithelial cells in rat liver. 5 pp. Nermag

428

Floatllll/-Ball Blankels. Applications
bulletin details the industrial uses of
hollow plastic balls including effective
reduction of evaporation. minimization
of heat loss. and containment of fume
and odor emission from exposed-liquid
areas. 27 pp. Techne Inc. 429

Determlnatlon of Uranium. A proce­
dure for the determination of uranium
as 00,2+ by IC is described in applica­

.lion note 48. The analysis is performed
on a Series 2000i IC using cation ex­
change separation. postcolumn chem­
istries. and UVIVIS detection. 2 pp.
Dionex 430

Waler·Treallng S,alem. Brochure de­
scribes the Petreco Air. Flotation Sys-

tern. an induced-gas flotation machine
that separates oil and particulate matter
from oil field. refinery. and industrial
wastewaters. System reduces operat­
ing costs by eliminating devices that
typically cause maintenance problems
and downtime. Petrolite Corp. 431

Resin-Based Coatings. Booklet de­
scribes durable coatings based on
UCAR phenolic resins. Twenty phenolic
resins are listed in a table of physical
properties: an applications table match-­
es these coatings with their uses. FDA
status is discussed. 32 pp. Union
Carbide 432

The Supelco Reporter. Vol. II. NO.5 in­
cludes articles on Supelcowax 10 col­
umns. monttoring chlordane wtth Orbo­
44 tubes. and analyzing enzymatic re­
action products using HPLC. 12 pp.
Supelco. Inc. 433

Compuler Inlerlace. Thermocouple and
sensor handbook is complete with a
glossary and various tutorial aids to
help the user understand the products
and relate them to specific needs. 56
pp. Omega Engineering. Inc. 434

Catalogs

Lab Chemicals. Special sections list
dessicants. oxidation-reduction indica­
tors, standard solutions, colorimetric re­
agents. very high purity acids. and the
Royer catalysts. 198 pp. GFS Chemi-
cals 435

Lab Supplies. Catalog features timers.
pipenors. pumps. balances. cleaners•
cells. and a variety of lab accessories.
32 pp. Lux Scientific Instrument Corp.

438

Stepplng·Motor·Drlven Positioning De·
vices. Catalog features the Stepper
Mike micrometer drive system. Step­
per-Mlke-equipped and manually oper-

able tranSlators. rotators. optical
mounts, and mirror mounts. 64 pp. Oriel
Corp. 437

Balances and Scales. Products de­
scribed include balances for specific
purposes such as check weighing.
quality control sampling. field or job site
tests. heavy-<luty industrial weighing,
moisture determination, and classroom
teaching. 32 pp. Ohaus Scale Corp.

438

Gas Products. Catalog features prod­
ucts such as pure gases. research
gases. gas mixtw-es. electronic gases
and gas mixtures. regulators. flow me­
ters. filters. detectors. and tubings.
120 pp. Scientific Gas Products 439

Chemicals. 84-85 catalog features
monomers/polymers. biologicals. stan­
dards, dyes, stains, and chemicals for
microscopy, chromatography. and elec­
trophoresis. 231 pp. Polysciences

440

Lab Supplies. Products listed include
DO and temperature meters. pH elec·
trodes. safety cans. mixers. evapora­
tors, heating tape. illuminators. dry-ice
makers, and liasks. 47 pp. Cole·Parmer
Instrument Co. 441

Lab Instruments. New Instruments pre·
sented Include a clamp DMM meter.
multimeters. oscilloscopes, a pH/ORP
controller. tachometers, Calibrators.
and thermometers. 35 pp. Extech 442

Stable lsolopes. Along with a listing of
stable isotopes. other products such as
biochemicals. books, lab accessories,
and NMR solvents and reagents are
given. 83 pp. KOR Isotopes 443

For more Inlormatlon on lialad lIema,
circle the appropriate numbers on one
of our Readers' Service Cards
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~
VF.:J20 X-Ray

Fluorescence
Spectrometer

Shlmadzu's compact VF-320 I
Fluorescence Spectrometer
with Rhodium target 3kW X- I
~~~dt~~ ~~~~ f~I~~~~~;~~ I Sh-lmadZu ~
bullon for quantitative and • I
qU~lIlative analy~ls of me!Bls, I , egateways GCM5-0P1000 Gas
oXIdes, ele.ctronJc matenals, I
treatment solutions, chemicals, Chromatogra~
furnace products and other I I I h I Ma..Spectrometer SyaIem
products. Easy key operation 0 one- OUC ~ure~entsareStableev~n
combined with CRT answers I I In the hIgh-mass range with
speeds an operator to accurate - Shimadzu's GCMS-oP1llOO
analysis in research as well as I an USIS I Gas Chromatograph-Mass
quality-control applications. .' Spectrometer System, a quad-
High analytical accuracy and rapole type GCMS with a mass
a wide dynamic range are I EaCh one IS 'eablre pack I rangeof1000.Data~ng
assured by Shlrnadzu's adVanc- functIons for tabulatIons, gr&-
ed pulse-counting electronics. I phics and area calculations are

CIRClE 160 standard and standard floppy

~ I disc capacity is 1M bytes. Also
standard for easy and cosl-

M
VXO-150 I efficient monitoring is display
un/-Channel of auto repeat scanning. Con-

X-Ray Fluorescence versalional dialog using the key-
Spectrometer I board and CRT assures easy
Simultaneous gas and mass chromatogra-
quantitative a- I I phy, mass spectrometry, mass
nalysis of 24 fragmentography (MF), direct-
elements at a I inlet mass spectrometry, multi-
touch of a but- pie mini-range mass profile,
ton and com- I mass number calibration and
plete data on all mass peak catching in mass
elements In just I I fragmentography.
one minute-in research and CIlQ.f 159 ON READER SERVICE CARD
. lit I ShI d' Shlmlld,v d./.w,. OM-.ouch onoJyzon .hot do_ oil 1M
In qua y contro . rna zu 5 I .ought-e"., INtureJ-includlng excellent COSI ec:onomy. I
compact VXQ-1SO Is Ideal for W"tolOd.y lor more mtotmation ont_IndOlhorShl_
rapid analysis of a variety of Im"v""nts. _

samples. A curved crystal I ~~ ~ . I II
monochromator assures high ~~ I
sensnlvlty. Pulse-counting elee- I ,.., .
tronlcs for all elements provide SHllIAllZU (UROl'A) GMBH ...... s.... '".000ll~
a wide dynamic range. And a I ~~="~~~=:':~~ET1IKlDIV. I
gas-sealed detector Is assur- Shlnjv.......h...IBuI_'·'.NisIlIohInj...u..._ShInj.........
ance of long-term reliable per- • Tokyo'llQ,"-'_Tol<yO~1T-=........' SHMOT J. •formance. • ..

CIRClE 181 ON FU:AIlER SERVICE CARll



Formal Reports
Setvice Reports
Letter Reports

Proposals
Support Material
Directions and

instructions

Chemists are oftenJudged
by the papetS they write

PRACfICAL
TECHNICAL
WRITING
SHOWS HOW TO WRITE TECHNICAL PAPERS
WITH EASE, CLARITY AND CONFIDENCE

The successful chemist writes a good many technical
papers in a lifetime ... some in-house. some for

publication, some for clients or potential clients. In any
case, careers are often helped- or hindered- by the

caliber of those papers.

Fortunately, writing good, sound technical papers is a
skill that can be mastered. The ACS Audio Course,

PRACTICAL lECHNICAL WRmNG, is designed to help
scientists and engi..-rs express themselves clearly,

convincingly, and professionally.

Combining the ease of listening with the challenge of
doing, the course consists of eight audiotape cassettes,
with a total playing time of 5.3 hours, and an integrated

manual which includes examples and exercises covered
in the lecture, as _II as additional information and

instructions.

NO RISK: lo-DAY FREE TRIAL
Order your course in Practical Technical Writing now.

Look over the manual listen to some
of the cassettes see

how comprehensively the
manuaJ and cassettes

complement each other.
Read the examples of sound

technical writing. Notice
the clear Do's and Don'ts

spelled out in the easy-to-
rued sections. Then start

the course. Try some of the
exercises. If you are not
satisfllld, retum it to us

within ten days
and all billing

will be cancelled.
or yourmoney

will be returned.

THE INSTRUCTOR: Professor Jay R. Gould, for many
years Director of the Technical Writers' Institute and
Master's Program in Technical Writing at Rensselaer
Polytechnic Institute. is the author of "Opportunities in
Technical Writing" and a revision of "Technical
Reporting." While Professor of English and Communica­
tion at RPI, Professor Gould conducted in-house writing
seminars for many companies and govemment agencies.

INDIVIDUAL OR GROUP USE

Individuals intent on improving their communications
skills will find this course a worthwhile investment in
their futures.

Groups, including companies, govemment agencies,
universities, and professional clubs and associations will
find that it lends itself to multi-person use, since
individual manuals can be ordered for each participant.

THE COST:
The complete unit. including eight cassettes and a
manual in a handsome, sturdy case ... $265.00.
Additional manuals: $17.50 each.

Be prepared to write your next paper easily, quickly,
confidently. Order your course under our no-risk, lo-day
trial oller. Call TOLL FREE 1-800-424-6747
(Cred~ card orders only) or mail coupon.

Pleasell8rldme PracticalTe<:tWcaJ'lttltlngCouraes@S265.00
Please Il8rId__ addiliona! manuals at a total coal "':- _

: City Slale ZJp _

,---------------------------------------



ITHAC 2000
Main features:
• Solid or liquid phase extraction copabilities
• Either ferrous (steel) or non-ferrous metals

(AI- Ti -Zr-Cu.)
• Automatic analysis sequence for routine contral
• Fully manual procedure for research applicotion
• Conversational computer

~ADAMEL
~LHOMARGY

DIVISION dOINSTRUMENTS SA

15. AVENUE JEAN.JAURES· B.P. 238
94203 IVRY-SUR-SEINE CEDEX· FRANCE
PHONE: (1) 670.11.80 • TELEX: AWYlNS 204342 F
Branch o"lces and distributors all aver llle world

Principle: Nitrogen corrier gas extraction method

Measurement range: 0.005 ta 1000 ppm H,

Heating range: 0 to 2000 °C

Sample weight: 10 mg. to 15 g.

CIRClE 3 ON READER SERVICE CARD
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PU4Oll2lC.,­
PlJ4OO1lC IyIlIm
PU4000lC.,-
PlJlIIOlNMS tpIdIfllIClrcoptdllll......_ ..
5lngIIbIIao UV.-VIS tpIdI..-.
PU4700clrOfliilDlgi~1AI*ljIclar
IRtpIdI..._.

SP9M.,-.
PU!IOOO MtpIdI..._

Gasclr ~1

pH-

ConGIclhtly ­Ion1IlIdIw_

Pye Unicam Ltd
ASCIENTlACANO QJSTRaAlCCWPAAYCY

York Street Cambndge Gr 81 Bnta.. CB12P
Telephone (0223)358866 ToIe,817331

Autojector
offers more
Pye lnarn's PU4700 cItromaIography~
oI!etsmoreCOOUOllhal181rf~ sysII!lll.

iiiCi",ocew COOUOI ci aloperalflg
pnneI8S.ll'ICldrg~ soage. k2eps!he
PU4700 easy IIIuse and h9Yt reiabIe lIiIIie I1'IV
Ihl! operaIOI greaI Qmg he.,eam
~

Roark"I'*Y no.75

••
•

••

•

l.ow-<:osl

:.or:ooocewll<eypad
RemoleCOOUOl
V1SOIlNNIS
10Jl109IlWll SIDfage
Meter 01 digfaI •
Automatx: peakseeblg •
Many llCCeSSOIY opl1OnS ••
Self·lest •
Masterhologl8phicgralilg • •
Ki'oeIx:sopllOn •
IluiII-rl prIlleropllOn •

CItcte _inquiry no.74 for e COf1'/ ci!he new Pye
UnIcM1 slngle beam lNNIS broclue

llespte berlg eooc"..ed oneci !hewald's lilesI
lNfI(~ opIlc:aI sysleIrIS; olfemg ease ci use and a
level ci ilformaltln display beylIld thaici 8Irf aher
video lNNIS specIlOllhaanel and berlg capalie
01 asIDrishng pelbm;n:e)lOlh OIWil1lOll awide
~ ci accessores - Pye lb3n'sPUBlDls are

. reach ci lite mepsyci budgeIs.
For detais ci how lite b.r models av3llabIe can

each ellIend '(OS purcl1aslng pooet•

ReIder Inqulry no, 73

I Perfonnance and reiabily- jJsl wt>al you'd expec:II trom Pye lnarn's lIllIId-bealr1g sIlgIe bean lNNIS

range. SI'6 PUSliOO

I
I
I
I

I
I Peak
I performance
I at any price
I
I

matography

[--------,~SIaIt"'Ih!heWlllJlaTlalJOflard .....lmllne..t>/llyol I PU8800:
Pye l.ncMl·s I1Ilt4Y PU4002 meIhods deYek>prrletc IqJd • t d
ctvomaIOQ.aphysystem.IISlO<.. upIDIen_11es I emmen an
~~ COfTbnabCnS 01 graQeri elJIJcn. coUm

...,:etw1gardllowprogranrTWlll ha.1omalX:aly.ocads. .....~ordable
negra:.. ard lXJI'll'II" reds hom ddfetenI deleclln. h I iUll
1ealu'.. !he1l'OSl scphosIica:ed~_

Add !he new Pye I.ncMlVldeo cIvtm1tograp/ly I
cooIIllI cenue. PU4850. aIWlIllloppydlsk system I1al
gN!S sorrUianeous data handI"O ard canuel 01 tour
Illdependerl chaMeIs.~ llJ graphc display. ard I
meases SlO'ilgll. speed ard capactf III"""ecederled
1eYe!s. I
_inquiry no. 70-------_.1--------TakBa 100ftaI ..., Pye I.ncMl PU4001 gra<ierl1qJd
c!ronaIograph ard youl ...aItsl-dass n:t\IllIrllhal
p<oYIdes allJy lll.CanaIed grll<lert el¢JDn ard coUm
SW'letw1g IaaLIy for !he anaIy1JcaIlabcra1ory Its
pl!fbmaI>:e IS ptOYl!lllts wrsa:.iIIy IS bnl"
CXlfl'IlIIbilIy a_lqeol_OIlfOlS-
n:kJding!he new I'IeIgort PU4021liodHnay

~-look closer ard!he new PU4810 aJIlll.C"ll
negralDt be,_as en easy III use. _ ard

.eadIy expandable data ptOCllS!(lIlha1 p<oYIdesoplmIn
pl!fbmaI>:e81a .ealislJc pnce LWad"O lSa ......
process Ihs_.....whch"cs_bm
""""IlCI2!ea_ 32-ley krclmaI keypad. at9> speed
pmlef-pIcGer. ard 161< 01 RAM ard BASIC P'Oll'anrTWlll

_inquiry no. 71 ..I •

._------~

._------~
Just because Pye I.ncMls PU4000 lSOCfallC IqJd
ctvomalOQf2Il/1lS a llJy Regraled system lhal off""
reliable.repealabie t9> perlonnance. day alter day. you
_1Ms's 00"0 10 COISl you !he earIh.

Mnmedy. s'spreasoan~ deslgled
speoI:caJy for !he demardrtg 'OO1d 01 !he I1'Odem quaJtf
CIll1JOIIabora!OIY, ard reaciy expardable. h""""IlCI2!e
al!he Iastrog lealur..ard _Is you'd expect hom.
Ieadi1g maIlJ!aclIJfer Ike Pye lbcam. 8ll even so, we
lIriyoul be pIeasartJy surprISed at !he pnce

TakB !helmliolirdOU! more Aller a....shatdly
tar Iha1 anyone stWd be dened lheocelerce 01 !he
PU4000 because 01. Ihf10 •budget.
_Inqulryno.n________ iiI
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UP TO 80% ON THESE
.SELECTED AUDIO TITLES

Quantities of these selected audio cassette tape programs are limited. Orders will be filled on
a first-come, first-served basis. All titles will go back to list price after sale ends.

Affinity Lables in Drug Design
5 tapes 140 visual illustrations (1981)
List $59.95 Sale $39.00

NMR in Chemistry and Biology
6 tapes 150 visual illustrations (1981)
List $79.95 Sale $39.00

Innovative Approaches to Clinical
Analytical Chemistry
7 tapes 218 visual illustrations (1980)
List $89.95 Sale $29.00

Innovation and Research in the
United States
10 tapes 96 visual illustrations (1980)
List $99.95 Sale $19.00

Unusual Hydrocarbons: Synthesis
and Properties
7 tapes 200 visual illustrations (1981)
List $89.95 Sale S39.00

Approaches to Solving Industrial
Toxicology Problems
7 tapes 30 visual illustrations (1981)
List $139.00 Sale S69.00

Automating Your Laboratory
6 tapes 57 visual illustrations (1981)
List $149.00 Sale $79.00

Melvin Calvin: Impact on Bio-Inorganic
Chemistry
Stapes 167 visual illustrations (1981)
List $99.00 Sale $29.00

Each audio tape program comes packed in a protective album with the illustrations bound in a three-ring
binder. Prices include shipping and handling. The order form below must accompany your payment or

purchase order to take advantage of these sale prices.

--------------------------------------------------
AUDIO TAPE SALE
ORDER FORM

Send to:

•
American Chemical
Society

Distribution Office
1155 16th Street, N.W.
Washington, D.C. 20036
Phone 800424-6747

o Payment Enclosed 0 Invoice Company/Purchase Order # _
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Ale Interface
Edited by Raymond E. Dessy

A Laboratory
Son et Luntiere

RlrtI

Sound and light are the sources of
our two most impurtant senses. In the
human-machine dialogue so essential
to effecth"e use of computers in the
analytical environment the son et lu·
mi~re approach expands our capabili­
ties and increases our awareness. This
tutorial will examine some of the tech­
niques being used to provide comput­
ers with voice output. voice input,
image generation, and jm3~e analysis.
These capabilities merge the scientist
with his instrument. and immerse
him, with increased awareness, in the
data produced.

Imagine controlling instruments
with both our hands and voices, re­
ceiving prompts and information back
audibly while our eyes are occupied
with other tasks, then seeing: the data
in graphic form, with color hij{h­
lighting and color animation. Or imag­
ine capturing images in the lab and
eliminating spurious noise, increasinf{
contrast, detecting edges, converting
to pseudo-3-D images. and measuring
areas. This world already exists. To
use these tools effectively analytical
chemists must know how they work, so
that they can have models on which to
build new technique!'.

Son
The computer-generated voice is

often monotonous. Male voices may
predominate. Voice input commands
to computers have 8 limited vocabu­
lary, and more errors occur with fe­
male speaken;. Why? To answer these

questions let us el:plore the source of
human speech.

The human voice is created bva
mechanism akin to the whistle ~reated
by air escaping from the J:::ently
pinched throat of a balloon. The rap·
idly escaping air creates a low-pres­
sure area that causes the throat to
constrict. Internal pressure forces the
throttled opening to expand. This rap­
idly alternating set of events creates a
whistle. Muscle-controlled vocal cords
provide a similar reed that produces
various sounds. However, a tubular
resonator fthe throat) and a variety of
tunable resonant ca\'ities and musclt~­

controlled "slops" are essential to
create the harmonic structures
present in the human voice. The glot­
tis, oral cavity, tongue, teeth, and lips
all function interactively to produce
recognizable speech.

Languages are cleverly constructed
with respect 10 vocabulary and gram­
mar so that a complete thought can be
expressed by voicing speech units in
"puffs" of vocal energy, with soft or si­
lent intervals embedded. This mecha­
llism conserves the air supply. Our
speech apparatus generates about 100
basic sou"ds, or phonemes (like the p
in pat). These are interconnected to
form words. Depending on the sur·
roundings, each phoneme can take on
one of several variant forms, called aJ­
lophones (like the p in pin or spin).

Equipment that produces a speclral
analysis of speech 8S 8 function of
time provides important information.

From such studies. the complex, burst
nat ure of speech is obvious, and
speech scientists can abstract the se\'­
eral basic frequencies used in ~enerat­

ing speech elements. called formant
fr(·quencies (Figure J). These are the
resonant frequencies of the vocal
tract. The quality of speech is carried
in the harmonic frequencies. Utter­
ances can be broken down into short
time segments and each subjected to
an analysis that reflects all the fre­
quency components in\"ol\'ed during
the period. This can simply involve
subjecting the speech segment to 8 se­
ries of frequency-sensitive filters. Tht
output of each I1Iter represents the en­
ergy content in cach passband durin~

that segment. Alternatively, the dala
can be digitized and subjected to Fou­
rier transform to provide similar data.
Another approach views the speech
process os a noise source that is
subjected to a series of filters. This
speech analysis process entails calcu­
lating the filter parameters.

Voice Output. Sp.,ech can be creat·
cd via computers by several tech­
niques. The simplest method requires
that the sound stream be digitized at a
rate twice that of the highest frequen­
c)' components required for intelligi­
bility or acceptability. The digital
data are then sent to a digital-to-ano­
log converter (DAC) to recreate the
Bound (Figure 2a). Given a 4-kHz
upper limit and a dynamic intensity
range of 256, thiB generates 64 kbils of
information per second. Storage of
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Figure 1. A frequency analysis of the words "Ale tnterface"
The IOfmantlrequencies Me centered around SOO. 2000, 2500. nnd 3500 k.':, The bl.l'stl\.ltlMO 01 speech IS very evld&nt, as IS the large amount olil'l'ormataon
apeech contains. Courtesy 01 Georoo R. Doexhnglon, Te..ns Instruments. Inc, Dallas, Te\

such a large amount uf dats is currt'nl·
ly impractical. and some very imagina·
tive techniques are used tu compress
the data.

Alu.'\C'r ('IJcodilJl:. popular in some
hand·held products. rombines a num­
ber of techniques. an of which reduce
the amount of necessary data. First.
the speech i. differentiated. low",in~
the dynamic ran~e. Then. the burst
pattern of speech is used to eliminate
the silent areas, which carry no infor­
mation. Subunits that recur require u
_ingle _torage of the repeating unit.

Thl' bursts art' thell nli).:'ned so that
the WU\"(' pattern is symmctriralabout
zew. Since the- burst hu~ Jittlt> ampli.
tudr at thl~ lK-ginnin~ and t"l1d thest'
lIr. ""hopped off.·· The burst ran be
ronsidered symmetrical, and only half
oftht' rt"muinin~ illformntiun Ilt't'd be
~tun·d. Finully. inslt"ud uf sturin}.: l'neh
ull1plitl1dr as nn S·bil di~itul number.
unl\' Iht, differl'l1l'('S IWhn-'rll ('ul'h SUi:­
(·ct·din..: vnlll" {lre- SlliTt'd. With prupN
techniques this dt'ita ('Il('lKling cun
qunrtcr th(' stUrll).:'{' fNIUin-'IIl{,l\ls. All
of thl'sr tl>chniqucs. nft' Illultiplil:nti,,{'.

and thE.' result i:.-;s~h that con be
sltlred at 0 ro:;t oC about 1 kbit/s. The
speech pwdun'd from the digital data
is rather (lat. but acceptable in re­
stricted environments.

Frt'f./(h't1ry a'lQl-,,~is ('nruding (Fig·
lIrt> :!b) is ulso used to ~enerlltespeech.
A digital table uf t'nergies assodatE'd
with each pussband in the sound se~·

ments {'un be created by filter or F\lu·
riN transfurm techniques. Since t.he
hllmnn ellr is relath'el\" insensitive to
pha~l' relationships ~lwcen the van·
uus required frequencies. the regener·
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64 kbitsls

Recognize

Phoneme or ASCII
String from Computer

11M
u. TIm. ~l J,11,11.1.
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" (a) Direct Speech Oigilization

I
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I
I
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I

I

(c) Linear Predictive Encoding

F&gure 2. Various ways to implement voice input and voice output

alian process in\'olves summing the
individual components.

Linear predictiue encuding is the
most viable approach. The parameters
describing the filter coefficients of the
modeled vocal tract, with a suitable
noise source, are used. Because of the
linear nature of the time-dependent
recursive filters the technique is
termed linear predictive encoding
(Figures 2c and 3).

These latter two techniques require
about 2 to 3 kbits of information/s to
produce acceptable voice sounds via
DACs (Figure 2b, 2c). The voice qual­
ity is excellent.

Text·tu-ulJ;ce stores phonemes and/
or allophone sounds in read-only
memory <ROM), using one of the tech­
niques described above. Supported vo­
cabulary is also stored in ROM, along
with pointers to the allophones that
would be used to generale the spoken
word. ASCII character strings (where
seven bits of information are used to
encode each Jetter or number in the
text) are sent to the speech device
from a host computer (Figure 2d).
These character strings are interpret­
ed, and if the word is found in the vo­
cabulary ROM the corresponding
sound is heard. Rules are available in

some implementations that allow un·
listed words to be pronounced. A pro­
gram chooses the correct phoneme
from the letter sequence and selects
the correct allophone depending upon
the surroundings. If the rules fail. the
word is spelled out. Languages that do
not exhihit numerous anomalies, such
as Spanish, are served well by this ap­
proach.

Voice Input. Peering through 8 mi­
croscope you identify 8 new cell type
in a biological sample. How can you
enter the datum into a computer with­
out breaking away from the eyepiece?
Running an electron microprobe oc­
cupies both hands with sample move­
ment. How Clln you change a gain set·
ting? Simple, just talk to the device.

Speech input is more difficult to im­
plement than voice output. In princi­
ple. direct digitization, frequency
analysis, or linear predictive tech­
niques could all be used to character­
ize a speech waveform. Search-match
techniques would then be used to scan
a previously stored library for equality
(Figure 2e). If a "hit" occurred, the
speech identification device would
transmit a predetermined ASCII se­
quence to the host computer. In prac­
t.ice there are difficulties.

Direct digitization of the speech
waveform envelope by analog·to-digi­
tal converters IADCs) does not work
welJ, since the envelope characteristics
are very phase sensitive. Two sounds
will "hear" the same. but have quite
different envelopes due to phase dif·
ferences in the sources.

Frequency analysis and linear pre­
dictive techniques are often limited to
applications involving discrete utler­
ances. These consist of speech of a few
seconds in len~th with embedded
pauses that do not exceed about
100 ms. The utterances may be words
or short phrases. The utterance is di­
vided into 20-50-ms windows and ana­
lyzed. The first step produces a series
of descriptors for each window using
the techniques already described.

A set of frequency-sensitive analog
filters can produce a set of 16 numbers
that represents the integral of the .n·
orgy content of each passband (Figure
2b). A related technique digitizes the
entire utterance and then sends it. via
DACs, through a single filter repeti­
tively, at faster and faster rates. The
.ingle filter produces the same spec­
tral energy information. Fourier trans·
form techniques can produce a similar
.et of numbers that repre.enta the
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FIgure 3. Recursive lattice lilter used in linear predictive encoding voice synthesis

Figure 4. A three-dImensional color view of chemical data
One Iramo 01 a stereo pair, Courtesy 01 Stanley GlOlch, Lawrence livermore National Laboralory, liver·
more, CaUf.

power spectrum magnitude in certain
passband regions.

Alternati\-ely, relatively inexpensive
microchips can analyze the utterance
by linear predicti\'e techniques. which
produce a set of 10 filter parameters
(Figures 2c and 3). Such de,·ices can
even compress continuous speech in
real time! These digital daUl must be
compared with a library of stored ut·
terances.

Templates 8re created in a training
process in which the user is asked by
the computer to say the various words
in the vocabulary randomly and re­
peatedly (Figure 2e). The parameters
are "averaged" in 8 process that also
normalizes both the amplitude and
time variables. These library parame·
ters are then tested. The testing utter·
ance cannot be compared to the lem·
plates in a direct search-match man­
ner. The human voice is too variable;
it changes the duration and stress of
each phoneme according to the human
condition_ The most successfulap­
proach locates pronounced areas of
similarity between the test utterance
and a template and then compresses
and eJ:pands the unknown according­
ly_ A summation is made of the differ­
ences that exist between the two. All
vocabulary candidates are treated this
way, and a list is made of the best
"hits," along with their scores. The
goal is to make the uttered word and
the identified word agree, and have a
score much better (lower) than any
other candidate. If this fails. other
words must be chosen for the voice
control function. At the end of this it­
erative process the system is trained
for a single person and may be
switched to recognize mode (Figure
2e). Speaker independence is not com­
monly found in the lab because of
speed and cost factors.

The discrete-utterance speaker­
dependent systems currently available
for the lah can handle vocahularies of
a few hundred words. The user may

still be fared hoth with failur('i' tnn
identification) and errors tinC"urr{'ct
substitution~l. The hf'lter svstC'lIli' rf'C"­
ognizC' that at any monwnt in the
human-machinr dinlog:ur only II few
words from the entirC' \"(K"abularv l1C'ed
to he distinguished from ol1e anc~ther.
Other ultt>rancps included in the
user's HK'abulan' would he nun:o;('nse.
Only acceptable'library templat£":, nre
scanned in the search-match process.
so that the comparison proces.., in·
vul\'es onh' about 10 words at am' one
time. Such systems work well (ov~n in
noisvenvironments.

\\:e now have a tool that allows
users to train systems to respond to
their own voices. employing any words
the\' choose. Each user command re­
sults in the transmissiun of an ASCII
string to a host computer to activate a
required function (Figure 2e). The
voice utterance and the ASCII com·
mand string need not he the same. In
systems that can store speech. usin~

the techniques d('scrihe'd ahove. t)l('
instrument can respond vocally in pre­
chosen \nmts with u "personality"
that cnn be determined hy the user,
Such personalized systems are not a
luxury. They can pwvide security.
since speaker-dl'pendent systems nrc
orientC'd to un(' person. They prO\'ide
technicians with a mode of control
that does nut require 8 knowled(.:e of
the arcane ASClJ command strin~s re­
quired by most operatin~ systems.
They provide a control mode that can
augment and assist busy hands. Final­
ly, they can provide an aural output
that permits the eyes to continue per­
forming other tasks.

Lumlilfe

Traditional computer uutput is 8

list of numbers. Graphic presentation
of data is more effective. Color graph­
ics are capable of communicating even
more information (Fi~urc 4). h'1ultidi-
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The test that proved beyond a doubt:

Varian AA gives the best results!

Intelligent automat/on . .. trom Varian

For more information about Varian intelti·
gent AA spectrophotometer systems,
circle Reader service No. 222 to discuss
your AA needs with a Varian representa·
tive, circle No. 223.

Whether your needs calt for a basic instrument or an
automated furnace system capable of running in a
completely unattended mode, you make your best dec~
sion when you choose Varian AA The reason is si~e.
Because Varian has established itself as the Number One
company in the fields of trace metals analysis and auto­
mation, as the above tests have clearly demonstrated.

You owe it to yourself and your operation to join the grow­
ing trend toward inteltigent instrumentation from Varian.

@
varian

FOf Irnrnedlate anl.lance eontKt FlOrham Park. NJ (201) 822-3700
Pa,k RIdQe, IL (312) 82$-7712' Sugar lana. TX (713) 491·7330
Goo'0'8lown, Onlall() (416) 813·1611
QI WIlle: 611 Hansen Way. Palo AI1O. CA 94303
In Europe: SteinhauSefslrasse. CH-6300 Zug. SwItzerland

Varian AA delivers results unmatched by anyone, and
here's the proof. The traces show the results of a round­
robin study of 14 metals in seven different samples. Our
results fit to within ± 10% of true values at levels ranging
from 200 ppb AI to as low as 1.3 ppb Cd.

Compare these results to the wide variances reported
by labs using other makes of equipment!

How does Varian outperform all other makes of
atomic absorption instruments? By letting
inteltigent automation take on the critical
analytical operations; by eliminating con·
tamination errors and dilution problems: by

spiking samples for calibration by standard
additions: by dispensing chemical modifiers to
reduce matrix interferences. You get accurate,

repeatable analytical results every time.
And you save time and money per

analysis in the bargain!



mensional plotting and 3·D images of
objects are ofren the only way a
human can comprehend the data meso
sage. How do computers create such
images?

The gamut of color sensations can
be created by adding together varying
amounts of three-colored light
sources, each covering 8 selected pass­
band in the short, medium. and long
wavelength region between 380 and
780 mil. Classically, the primary addi­
tive colors are red. blue, and green.

CRT Terminals. Black-and-white
cathode ray tubes (CRTs) ha"e only a
single electron gun and a phosphor­
coated screen that emits visible light
when struck by electrons. \Vhite or
green phosphors are common. Color
CRTs use three electron guns. one for
each of the primary colors. The screen
is coated with phosphor triads com­
posed of a redo, blue-, and green-emit­
ting phosphor dot at the corners of an
equilateral triangle. A shadow mask
located in front of the phosphor screen
bas a small hole located over each
triad to help direct the electron
beams. The CRT display is a rectan­
gular array of visual points created by
selectively exciting phosphor areas_
Although it is possible to build dis­
plays in which individual points are
randomly addressable, or displays in
which images are created by vector
strokes oriented at any angle, the most
common displays are raster scan de­
vices.

Driven by scan electronics, the elec­
tron beam moves (rasters) across the
tube face through one horizontal line
at a time, retracing rapidly to the left
at end·of-line. At end-of-frame the
beam vertically retraces to the top
left.

<a)

The minimum picture element is
called a pixel. (Typically there are
about 2.5 triads/pixel in a high-resolu­
tion display.) Each pixel area is excit·
ed by electron guns controlled by
DACs, which in turn receive their digi­
tal input from computer memory. A
row of pixels is called a scan line_ A
collection of scan lines is a raster
frame. If a frame is displayed ala rate
of 60 Hz the human eye fuses separate
frames into a continuum. This gener­
ates the need to handle a very large
bandwidth (60 MHz)_ A 30-Hz rate re­
duces bandwidth. but leads to flicker.
This nicker can be reduced by divid­
ing the raster frame into odd- and
e\'en-numbered lines and alternately
displaying each set (a field). Such dis­
plays are termed interloced. There are
trade-offs in cost. brightness. and
flicker between interlaced and nonin·
terlaced displays.

Bit-Mapped Displays. The raster
frame is driven from a high-speed
frame buffer memory that can be
\;ewed as a matrix whose planar anay
dimensions. in bits. are determined by
the number of pi.xels on the screen;
e_g.. 512 X 512 or 1024 X 1024 bits_ If
the picture is "sampled" at 512 pixels/
line the time to generate and display
one pixel is 100 ns! If the horizontal
and vertical resolution is increased by
two the display time/pixel would be
just 25 ns. But resolution is the key to
acceptable displays_ Two hundred
fifty-six elements of resolution lead to
displays in which "smooth" curves ap­
pear \\ith very jagged edges, referred
to as granularity or aliasing. This can
be not only visually distracting, but
the data may be misrepresented or
distorted by the lack of resolution.
Low-resolution displays (256 X 256)

Electron Gun

are suitable for peer diatribution. Pre·
sentation graphics requires 515 X 512
to 1024 X 1024 displays. Picture quali­
ty is delivered by 2048 X 2048 high­
resolution CRTs. Commonly a rectan­
gular frame is involved, rather than a
square one.

Depth gives a third dimension, z, to
the matrix. This depth, expressed in
bit-planes. is dctermined by the color
characteristics required. If this is one
bit deep (one bit-plane) only mono­
chrome black-and-white information
can be displayed; the single electron
gun is turned off or on by the binary
bit pattern stored in this bit-plane
(Figure 5a). A monochrome display
having three bit-planes could support
eight levels of J:ray scale. since the
DAC dri"ing the electron gun could he
set at eight beam current Icvels. The
simplest ei~ht-color display would also
have three bit· planes: one bit for each
rolor gun. A logic I would turn that
color beam on; a logic 0 would leave it
off. Such a display mixes the primary
colors in an off-on manner giving very
saturated colors (Figure 5bl. A more
versatile approach allocates two bits
to each color gun allowing four energy
levels for each (six bit-planes). This
system can create 64 different colors
hy properly mixing the primary addi­
tive colors. Allocating eight bits to
each color gun gh'es a palett.e of 16
million colors, but requires 2-& bit­
planes and a total of 3 Mbyte of
memory.

The intent of these palettes is not to
encourage concurrent use of such a
panorama. Rather the scientist can
use color texture to describe surfaces.
where shadows and three-dimensional
character must be expressed or use re·
lated hues to express chemical connee-

o

One BII·Plane
3 x 3 Pixel Array

Reverse-Video
Monochrome

Display

(b)

Three BII·Planes
3 x 3 Pixel Array

o

Eight-Golor Video
Display

o

x 0

Red
Plane

x
Blue
Plane

x
Green
Plane

Figure 5. The number of bit·planes in the matrix determines the color variations that can be output to the screen
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1024

780
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Figure 6. Bit·planes map through a lookup table to determine colors output to the display, thus reducing memory requirements

Figure 7. Leiters and numbers are bit-mapped ttvough a characler generat'" 10
conserve memory
CR .. CW'flage lotlln, LF • Ilnoloed

tions. Since eHn the shallowest ma­
trix im'olves megabits of memory, and
all palette colors will never be used
concurrently, most systems "map"
from this matrix, through a color look­
up table, to the CRT screen, The bina,
ry word describing each pixel in the
matrix points to an address in the
color map lookup table, The contents
of this memory cell determine the \'01­
ue-s output to the DAC associated with
each color gun. An a-bit-deep matrix
can addre-55 one of 256 different loco-
t ions in the lookup table, Each word in
this table might contain 24 bits. eight
for each primary color. We can now
display 256 colors chosen from a pal­
ette of 16 million (FiRure 61!

It is possible to alter the contents of
the lookup table in a very short time.
Changing certain memory cells during
vertical retrace will then chan~e all
pixels referenced throul{h that cell
during the next scan. tlmat:::inc rewrit­
ing cvery affected cell in the memory
matrix!) The array maps to the tube
surface geometrically; the bit·planes
map through the lookup table to color.
This allows the chemist to chanRe col·
OrH rapidly, illustrating connections
within a data set. Simple animation
can be done by chanJ::ing the \'alues in
the lookup table.

Character v•. Graphic. CRT•.
ASCII characters occupy seven bits
(128 possible characters). Their dis·
play requires many more pixels, e.g., a
5 X 7 or 9 X 15 matrix. It is possible to
map from ASCII code through a char·
acter generator. conserving consider­
able memory space (Figure 7). Alpha·

Character
Generator
Lookup
Table

, .
Lo 5 x 7

v • • • " Dol MaIm;

• I
•• 0
Character
BII Pattern

8 Bits
-(1 Byte)_

C

H

A

R
A

C
T

E
R

CR

LF
o

5
p

L
A

Y

Cnaracter
Memory Is

1920 Bytes Long
to Accommodate

24 llnes x 80
Columns
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Figure 8. The use of related colors. light reflection, and perspective to provide a
sense of depth
Courtesy 01 RIChard Feldmann. Molecular Graphics lab. NalionallnshMes 01 rlealtt'l. BetheSOJ.. Md

numeric terminals possess unly this
capability. They can draw graphs only
by using symbols in the 24·1ine X SO·
character/line positions. Some of these
terminals can have options added that
allow bit·mapped addressing. Good
bit· mapped displays can superimpose
alphanumeric information over graphs
and drawings. Often one or more bit·
planes arc reserved for such overlay
functions. Overlays also allow l'imple
animation over a fixed background.

3·D Plotting. \Vith an extensive
color palet te it is possible to produce
pseudo three·dimensional represents·
lions of data and objects (Fi~ure 8).
The perspecti\'e problem in Cartesian
space is easily solved. The outlines of
solid objects can be generated by
sweeping out in "space" volumes de­
fined by rotatin~ polygons. Clever al·
gorithms solve the hidden line and
surface problem, so that acceptable ,'is·
ual surfaces remain. The fundamental
laws of reflectance of light are then
used to generate color and shading in·

·formation that draws on the color pal·
eUe for implementation. Both diffuse
reflectance (cosine·dependent. lam­
bert's law) and specular reflection
(mirror reflection) models have been
developed. The eye then sees depth by
perspective, shadow, and color differ­
ences, The result is very lifelike im­
ages,

Stereo views can easily be created

by changing the an~le of view hetw('('n
two frames of the same subjefl, photo·
graphing the two ima~es, and using
the appropriate stereo viewers (Figure
4)_ Even mure startling, 3-D images
can be created by interlacing: stereo
images on the screen or hy using side­
by-side presentation. Thes~ may be
\-iewed in relevant time.

Graphics Standards. UnfUrlunatt:­
Iy, software is the most difficult prob­
lem. The user would like tu use PUWN­

ful graphic commands without ha\'ing
to know the steps taken in high-Ie\'el
languages to accomplish his/htr gual.
Sl<lndard graphic functions include
drawing vectors. generation uf conics
and wire frame polygons. and filling:
these structures with accent and color.
Advanced functiuns include l.(x)m. ro­
tale, translate, and scale optratiuns.
Application prugrams deal with the
geometric and topographical descrip­
tion of ubjects by graphic primitivts
and Cartesian transformations. A
viewing package translates thest dt­
script ions into image data suitahle for
the bit-mapped matrix of n display de­
vice_ Thtn, n device driver, written in
machine code, outputs the data to II

particular device. Incompatihilities in
coordinate systems, scaling, graphic
primitives, and display protocols make
transportatiun of graphics frum ont
system to another a nontrivial tllsk.

The Internatiunal Standurds Orga·

ni7.n.lion USa) has ndolHcd n Grnphic:>
Kt'r11l'1 Stnndnrd ((;I\S) thllt lid­
dr('ssrs the llpplirntion und viewillJ.:
le\'rls. Tlw AlIIl'rinll1 National Stull­
dard:> Instituh' tAN:-in hn!' l'lldor:wd
GJ\S. Although GI\S !'uppclrt:. (lilly
2·D di!'plnys, thr Cor(' Stmalnrd, dl"
vt'lop(·d by till' AnH'ril'un Associlltillll
for ComputillJ.: t\1m'hinery :-iPt'rillJ
lut<'f('st Group 011 (;rnphics
(SI(;CIlAI'HI. d",', ndd"·,, :l·()
graphics.

Thl' North Allll'rirlin Presl'l1lulioll
I.t·vrl Protocol Svntux IN:\I'I.PSI htls
!>{'('n dr\"elopl'd ill:'('IIII:\e of thr illl('n~('
interrst in "iell'otl'X, which involn"!'
t('xt-J.:!"nphi(·~ l'x('hullgr Iwtw(,l'n n'll'

traJ dnla hn:-r~ unci t('fminlll~ "ia nllll·

1Il(·It·inl Ctll1llllUllit:lIl ion dllllllll'!s.

AT&T hll:- ndlllHl'd and l'nhanct-<llhis
:-tnnelnrd.

Vendor:- pro\"idt'll wide IflllJ.:r tlf of­
ferings, from rnlmnn..d graphic hOllCds
that plug intI' ~llIndurd busr:- of mi·
CWrtllllputl'rs ttl turnkey !'ystl'I1lS. In
addition 10 rr~tlJlltion lind inH'r1u('illJ.:
sprcifit:atiul1s, thl' hUY('r should ('xall1­
illl' the !'pe('d~ III which oblique \"('l'­
turs can be drawn (100 000 t(1
-t 000 000 pixrl:-/!'l and polygun:. filled
(., (l{)(l 000 ,,, 40 000 lJO(J pi,,'ls!sl.
Some of thl"se terminal:; will ('mulnte
industrv !'tandnrd terminals (Tektro­
nix 401U. 4014. Ilw DEC VT fumily. ur
IBt\1 :t!';'OI. which provide:- tlexibility.
The spceds supported by serial ports
range from 9600 to :~9.:! kbaud. Some
dcvicts have stnndnrd printer purts
that allow direct attuchment to color
ink jet prinlt:r:i that provide colur hard
copy.

Image Processing and Analysis

T('chlltJlog-y is moving su rapidly
that the ril::id di!"til1ctiuns between
J!wphics llnd inu.lJ.:e Itlllnipulatio.ll art'
hlurring. Peter .Janssol1 of Du Pont
has defined computer J!raphit,s ns II

"numhers-in/pict ure-(ll.It" terhntlloJ.:Y.
lmu!!t processing is "picture·in/pit··
turc-out," and inlllgl' anulysis invul\'t:s
"picture-in/numbers-ollt" (Fig:ure~).

A fhemical cxomple'! :!-J) electruphu·
rc'si!ol plates. in which molecules un'
scparated hy Itlolecular weig:hl and pu·
larity, often produce fuzzy. hard-to·
dccompost images, Boolenn/lligebrnic
manipulatiun of the image by tcch­
lIiquts clilltd crosiolll.lnd dilutioll.
with hnrkJ.:IlIl.1nd foiuhtractiun. can
create pseudo-;j-J) views thut tile urn­
hwl (moun crater shudow) ill notun".
Important fealures lire eusily seen.
Thf:.I1 quantitative numbers can he uh­
stracttd from tht display_

Jrnag:e processing: usually implies
cnpture clf the image of nn ubject by n
~5(i X 256. or IllrJ.:er, solid-state nllll·

era device. As tllch pixel in the (;UP­

lured image is sClllllled out it is digi­
tiztd (eight-hit. resolut.ion) and stored
in memory, Inwgillc a vcry lurge
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An advance in

~!!~===;iiiiiiii":! HPLC that achievessimu~
~ I ous detection through the lull

UV-VIS wavelength range.
Shimadzu's SPD-M1A Photo­I diode Array Spectrophotomet­
ric Detector for liquid chroma-

I tography is designed for simul­
taneous quantitative and qual-

I italive analyses. It offers the
advantage of three-dimension-

I
al spectnx:IvomaIo-­
ily identifiable peaks, spectrum
memory on-flow and single1 and double waveleng1h range
chromatograms. The photodi-

1 ode array sensor covers the
full UV and VIS spec1rum

1 range and all deIecIor signals
in the UVNlS wavelength range

1 are processed by dedicated
microprocessor combined with

a dialog system on the
CRT for easy OJ)­=_... araIion.

CIACl£II2

: Slirnadm.
1 Three

~Et.e:~~.:: a:~=:
cence HPLC Monitor with I LC
xenon lamp and concave
holographic gratings offers a I
wid.e range of excitation and All are modUlar d8IIIIDI
emission wavelengths. 1

r-------- ..
1 I ~PD.M1A1 I 'lP~/odIode Arr.y

UV·VIS Sp«:trophotOtNttlt:1 Deteclor for HPLC

I~SPD-2A
The I UV Spec/ropholome-
corrected excitallon energy I I tile Deleelor for HPLC
and sensitivity to give a detee- Shlmodlu doll.." moduIMdNlfln, _fiJo_,..ndlull Shimadzu's SPD-2A Is equi"-

eurOINtion. Write lOdey for motW InfoftMtIon on 'hNe Mdat" ...
tlon limit for quinine sulphate I ShlmodlulNtrun-.. 1 pad with a high-performance
is O.45pg/12pl. An off-plane grating monochromator hall-
opticel system and aberration- I ~ ~ ~ . I I ing a wavelength range from
oorreeted concave holographic ~ • ~~ 195 to 350nm. To ensure high
gratings decrease noise. All stability, the SPD-2A has a
connecllons ~re made with I =="~~~~~,~ ....... I dOl;lble beam opti.cal system
standard1l16 0.0. tUbing for _CIUllOPAl_"-_I11.4000~ which cancels dnfts caused
connection to all HPLC SYS-I FA.~ ......:(0211ll101:l11 T_:OI5I8I:lI I by fluctuation in the intensity
terns. =.=.~,==-~~ of the light source. Available

CIRClE 163 • Toi<yOIIIO,J T..yo........... T_OZlO·.aHlHlolllTJ. • with 8pl flow cell and O.lipl• • micro flow cell.
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Figure 9. Image processing and analysis of a 2..Q electrophoresis gel
Photographs COl.I1esy 01 N. Leigh Anoerson, Molecular Anatomy Program, Argonne NatIOnal La:>oratory,
Argonne. III.

grnphk-s memory cI,pahle of f'torinJ,:
many such frnmes. Imu):inc thut mony
such framcs tan be stored in a viruml
munner so thut 0 prosprl"tive user
n('ed only sprcify u ~izc. coordinate
sySlem. ori):\n. and 1111mc. A small win­
dow of a frame can he viewed hy speci·
(yin): nomr. ~ize of window. and ori,::in.
Severnl windows nUl\" he viewed si·
l11ullanrously hy "$I;liltin):" the
scr('rll. or fromr windows can o\'erlav
one another. Seu'ens CRn be mHnipu·.
luted al~ehrRically or in " Buolean
fashion.

SUl'l'cssi\'c imu}:cs of till' snow
lIhjet~t l'un be nddt·d tll~(:thrr. find the
rrsult nurmulized. yicldinj:: n lcss noisy
imoj::r. This is similar to enscmble avo
ernging. A region of interl'st cnn be
broll~ht into our display lind \'iewcd.
By pnllllin~ It'ft/ri}:ht or up/down the
dt'sired urea l'Itn hr found. To zoom in
on this l.lrrll. take II srctiull lind move
the adjncent pixel vulur$ into even·
numbered positions. and then repli·
cate each \'alue into the adjacent odd
posilion_ Unfortunately. the result is a
ja~,::cd imn}:e. To correct this. take the
entire filled frame and replicotr it;
then mo\'C it horizontally onp pixel po­
sitiun; replicate the original and move
it vertically one pixel position; then
agnin diagonally. Add them to~ether.

and divide by four (Fi~ure lOa). The

II
Fuzzy and
Many Grey
Levels

o

• r:~ ••
Zoom

t/
e_

ReconstruC1ed0t 0 A,ea
Image ~

'0 Fill-In

Edge QODe,ectionD

'0

o

(a) Anti·Aliasing
Pan the frame one pixel in
each direction, sum, and
normalize.

(b) Edge Detection
Pan the frame one pixel in
each direction; sum
absolule differences
from the original.

(c) Threshold
Reduce grey scale 10
binary image.

Figure 10. Zoom. smooth. edge detection. and area operations in image processing/image analysis
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r-------- .. ~CS.930
I DUaJ-WlWelength

TLCScanner,

I

: Sh-madzu. I The Shimadzu cs-roo Dua~
I TWO short cuts I

Wavelength TLC scanner is a
refined microcomputerized
version of the Shimadzu cs-

l Cso 920 II to eBoedl-eot I :~i~~~~~~I~~
I petition. The CS-930 with par.

High-Speed allel line printer is a low cost

TLC Scanner I QUanUtaliua I complete microprocessor con-
The first instrument to make ••" trolled system for quantitative,
direct quantitation of TlC I TLeihighly sensitive, high-speed
spots available, Shimadzu's densitometry.
CS-920 High-Speed TlC
Scanner has a built·ln integ- I I The features are outstanding:
rator,printer and other techni- I Both are data-processor 0 Duakwavelength mlIthod
cal refinements to ensure ex· eqUiPped I eliminates baseline drifts
cellent quantitative analysis. caused by local irregulariti-
Many valuable features: I I es of layer thickness.
o The automatic lane chang- • Zigzag scanning method

Ing mechanism permits.... I I wlth a very small light bewn
pld analysis of a large nurn- . eliminates errors caused by
bet' of samples. Up to seven I irregUlar shape of develo~
samples a minute can be ed spots.
scanned. 0 Working curve Ilnearlzatlon

o The built-In micro- I according to the KUbelka-
processor provides Munk's equations.
automatic detection I
of chromatogram Built-in microprocessor pro-
SpotL Fused spots I ¥ides:
are separated and 0 SlgnalBVelaglllg-smoothlng
determined automatically. I permits the quantitation 01

o Unique high-speed zlgug nanogram quantity level.
scanning, Working curve lin- 0 Automatic lane changing
earlzatlon, backgrola"ld cor· I Sh,modzu doll .... donsllomo'on oquIp_ lor now d,,..,,. I up to 30 lanes 01 chromata-
rectlon, and reflectlon.~ ,Ion, In Qu.nrit.tiv:e n.c. Writ. today tOl~ ,nform"bOn on gram spots..
sorption enau'" concent.... l'hOSO _rtd .tho< Shlmodzu Ins""",onrs. I 0 Automatic detection of chro-
tlon-llnear output. Thus ex· ~ ~ ~ • I matogram spolL
cellent quantitativeness is I __~~ I 0 QuanUlatlve calculation with
provided.... .. the external or internal stand-

o Quantitative calculation with IlHlIIWlZU SCIlNTVlC INS11lUWHn.INC. nCl2......- ""'"' I ard method. The concentra-
either the external or inter· =,,~%~5.A.:-su.:'I~:_ tion values are directty print·
nalstandardmethod. I FAC*.....,.........' (11211)"''' T_,_ I edou\.

o Direct printout of concent,. IHlIIWlZU COAPORATlOH INTIRHATlOIlAl. ........nwa DIY. 0 Storage of operational para-
tlon val

'-. SIll................ Building. ....N_...u k __.......... meters.
- LTokyoleo.J.\par\.Phon&Tokyo~lT-":~1SHMOTJ. •
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The control box monitors the direc­
tion and velocity of gas flow,
compensating for varying gas
supply pressure, pumping head,
and sample line length.

image. Addition or subtraction of 8

constant can change the brightness
(Figure 11). In cases of nonuniform
lighting a "blank" can be taken and
this image used to correct 8 subse·
quent image so that it has 8 uniform
background. This involves multiplying
images. Much of this can be per·
formed in real time with inexpensive
hardware. Plug·in cards for several
standard buses are available, provid­
ing image·processing CBpabilities in
microcomputer packages. The price of
fully implemented work stations is
also dropping.

Interactive GraphIcs

And now the action of the son et lu­
mi,re begins. Simple graphic tools
allow the user to move the cursor
about the screen with function keys
(up, down, right, and left). More
human·oriented interactive tech·
niques are available. These allow
rapid manipulation and choice of
objects on the screen.

Light Pens. As the light beam ras­
ters across the surface of the CRT a
photocell held in front of the tube ex·
periences a change of light intensity as
the beam passes in front of it. This
can be used to activate circuitry that·
records the x,y position of the beam at
that moment. What does this allow us

Figure 11. Image processing
(a) OrJginallmage: (b,C) Improved contrast images derived by expanding the pixel histogram as shown
In d: (d-l) pixel histogram of a: (d-2) piJ:el histogram of b.c. CCu1esy 01 Lexldata. B!llefic:a. Mass.

result is a perfect zoom. The process is
sometimes called anti·aliasing because
it tends to remove the granularity of
digital video displays. Some displays
have anti·aliasing hardware.

How is the area of an enclosed space
determined? The original must be
replicated and the origin shifted one
pixel position in both the x and y di·
rection into the first quadrant; sub·
tract the two images. Repeat this by a
motion into the fourth quadrant. Sum
the absolute values of the difference
arrays. This Robert's cross gives infor·
mation as to the location of edges in
tbe image (Figure lOb). Then a histo·
gram plot of pixel values is made. This
plots the number of pixels having a
common value. Often this is bimodal
and allows the image to be "thresh­
olded" into a black-white binary
image (Figure IOc). Now duplicate
this binary image and move it in four
directions (left, diagonally left, up, di­
agonally right) applying Boolean oper­
ations (ANDing and DRing) between
the intermediate images. This direc·
tional filter yields a final image that is
a clean representation of the edges of
the object. The area within the edge
can now be easily established.

The pixel values within an image
can be multiplied or divided by a con­
stant to change the contrast of the

P.D. Box 82531
Lincoln, NE 88501

(800) 228-4373
105 ON READER SERVICE CARDCIRClE

IseD's new Model 2600 Well
Sampler features a flow rate suffi­
cient to bail four to five casing
volumes prior to sampling wells
with up to lSD-foot head in a
minimum amount of time. This
sampler is ideal for sampling test
wells for groundwater contamina­
tion. Besides its high flow rate, the
sampler's submersible, gas­
operated pump:

• alleviates sample
contamlnallon

• Is lightweight

• Is simple to use

A tank of compressed gas or a
portable air compressor Is used to
operate the sampler. Rapid inflation
and deflation of the pump's elastic
silicone rubber bladder efficiently
displaces water through check
valves at flow rates up to 2 gal/min.
Gas does not contact the sample,
eliminating the major objection to
other types of gas-operated pumps.

ISCO's new
well sampler:
1.75" small,
2 gal/min big.

For more information, contact your
localiSeD representative, write
ISeD, or dial toll-free (800)
228-4373.

'" DuPont
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to do? The cursor can be moved to
this new l}OSition. A vector cnn he
drawlI frum II previously seh:cted
point to the new pusitiun. A "l'~ment

uf a line can Ill' picked up am!
stretched or helll. Or the computer
can l>e instructed to "c1eclthe opera­
tion displayed on the CltT ~creen in
the area of the heam. This is interac·
tive ~rll"hics wilh n light pen.

Touch Screens, With n matrix of
li~ht·cmittin~difK!l's (LEDs) and pho.
tudetl'clors urrlln~ed mound the
screen prriphery, II fingl'r can hlock
one huriwntalnnd nne vcrticnl hearn,
eSlnhlishil1~ tht' x,y ptl~ititln. This
touch scrCl'n can hl' used like till' li~ht
pen. The same effect can he creilted
with CI trnnspnrenl ell'etricnl cunduct·
in~ sheet placed in frunt of the CRT
snel'll. This sheet is a resistivc cle­
ment that can servc as a voltage divid·
er for lin imposed potential. A second
transparent conducting scre('n is sup·
ported one mil in frunt of the firsl.
When a fin~er depresses this il "t.aps"
the voltage divider like n potentiome­
ter wiper. The potential gradient is
rapidly applied, first in tll{' x. then in
the y direction. ADCs nre used to pro­
ducr x.\' coordinates.

Tabiets. Off·screen devices can be
used for di~itizinJ.: sppctrn or drnwin~
pictures and letters, as well as manip·
ulatin~ the cursor and choosing screen

ima~cs, A tablet consis18 of 8 grid sys­
tem uf hurizontal and vertical wires
emhedded in 8 plastic body, A det.ec­
lor coil is placed aDove the grid. All of
the columns are successively pulsed
with an ac siJ{nal source. Then all of
the rows arc sequentially pulsed. The
detector cuil .....ill produce pulses that
call he lime correlated with particular
trnn!.mittilllZ wires, providing x.y coor­
dinate data.

Micc and Track Balls, Imagine a
reflective sheet with a grid of finely
spaced horizuntal and vertical nonre·
necti\'c lines. The detector assembly
consists or all LED and a four-quad·
rant photodetector. The liJ{ht from the
J.~:D is hounced off the surface of the
J{rid and strikes the four-quadrant as·
sembly.:\s the detector is moved
across the surface the photodetector
pairs pulse on and off. providing a
pulse for every line crossed and direc­
tional information. The x,y pulse
strings are used to interact .....ith the
display. This is an optical mouse.

An electrical mouse has two orthog·
onal shafts and two idler shafts that
form a nest for a ball. As the ball is
prt'sscd against 8 friction surface it
turns in the nest. causing the active
shafts to rotate. As these revolve the,,­
generate pulse trains proportional to
the hairs rotatiunal component along
the Cartesian coordinates, as well as

directional information, If ucb a de­
vice is turned over. 80 that the ball is
seen nestling in the shaft cradle, we
have a track haH. These are manipu­
lated with the palm of the hand.

JOYlticks, These devices ha"'e a
vertical shaft gimble connected to two
orthogonally mounted potentiometen..
The wipers of the potentiometer indi­
cate an x.y displacement. ADCs are
u.sed tu convert the analog potentialA
tn digital numners for cuordinate pur·
poses. Alternatively_ binary up-do,",'rl
counters and D:\Cs may he used to

null the potential. providing a type of
digital ~r'\'o. Courdinate position is
read directly from the founters.

All of these de\;ces have one or
more push buttons or capacitively
coupled s",,'iuhes that signal the com­
puter to read the x,y position andlor
take other actions.

Selection of an interaeti"'e de....ice
should involve careful consideration of
the accuracy. reproducibility. and res·
olution of the system. panicularly if
digitization from hard copy or dra....;ng
is the goaL A resolution of 1 to 5 mil is
quoted for tablets. with accuracies of
10 to 25 mil. Reproducibility is seldom
specified. For 3Cre-en-located selection
de....ices. the distances are much larger.

r\ext month's AlC 1~"ERrACE ",,;Jl
describe typical laboratory examples
of these interactive techniques.

The Analytical
Approach

CONTENTS

Sections include:

• Production
Processes

• Products
• Environmental

• Toxicity

• Forensic

• Miscellaneous

Jeanette G. Grasselll, EdItor

Brings together 52 papers from
The Analyllcal Approach column
In ANALYTICAL CHEMISTRY.
Provides unique approaches to
analytical science and focuses on
real·wortd prob~ms.Discusses
topical and interesting subjects
such as the analysis of the JFK
assassination bullets. Mt. Sf.
Helens ash, flavor changes in
food, and failure mechanisms in
spacecraft parts. Written in a
"popular" style yet Is highly
Informative. Will serve as a
teaching aid in higher education
or as a guide In corporate training
programs on analytical
capabilities.
240~s 11983) C~
lC 82·m'8 ISBN ().-~'2·01S3-4

US, CANda nt.1S E.>.pOrt $35.15
A p&peI'bound lluOonl edloon 1$ ....aliable ."~
Quantity FOf pnoe an<! 0«»l'V'lg INOrm.lllOn. call
loll IrM 8Q().424·61H

Or<»rfrom:
American ChrImal Soc.ty
DlIlr6buUon Ofta - 50
1\55 SII:t...,1h St.. N.W.
Wuhlnglon, DC 2OO3G
or CALL TOLL FREE 100-424-'747
and UN your erwdU carel.

SCIENTIFIC WRITING
FOR

GRADUATESTUDE~~

Thu ~UaJ B A ·mlal- rot lhoK ."bo ..OWd lnUOlha..""'C C'OI.IZ1O of aD­

urucuon Ul KX11uflC -tuUll anlo um\Cl'YI)'~t .cboob. Tbc fin!
mne duptcn pro\1de lht ~lloAh rot -WnWt& AJoum&! Arbdt,- and
the rrn1l.ltunj fi\e dupet'" CO'CT -RNIt'd Top.o" in K'iC'nuflC~
muru.::auon.

ro.'TE.'TS: l. Clcannt A_a) IDc l:no;ktbnah .:.. The GrCll./..lld
PW\ • J. The MUlCt PW\ • 4. The FlN Dnft • S. The Fin:.

Rt"Ulon· Sln",""1unJ AllcnhOru • 6. FurthCT R('\won: Potatun& tbt
SI)k • 7. Ec1mna AUlInmrnu. 8. The FmaJ Sl~· 9. Rr­
~ru&:tOIDcEdlIOf • 10. l>a.l&nofT~andFl,J\lf'O· II. Prq>­
AUllon fOt WtutnJ the ()Q,.""1OC~Than • I;:'. wnun, A Rocarcb Pro­
J~' P,opoul· I). Ou.l Prn<nlallon of • s..""ltnuflC Papa
• I". Pllnupk) a."1iJ P~,K'n U\ Saldana IDc 5..'ltnuf", Ulcn.I\l.rC

PAperbound; lS8:"l: ()..914~1"; Publuhcd 1961, rtpOlUtd I9&.);
Tum we; 6)0, 9 l"bn; 190 p&lD

Rr,wku PncY: S9.7S t IOCt du.coonl on 10 Of mort coptD ddl\·ertd 10
one addlw)

eM .\f~mbt'r Don:MIII' Pncr: U.7S (w,np: rop)' ~ b) pct'loCIM1
ched.)

1"rrffU qJ S4k: AU Wn fmal; no r'tuuru.
Prcpll)·nM'nl rtquutd; u.s. currcf'IC) dr2_n oa I U.s. banl.
"nce Includes BOOK RATE flO'll.lt.
For fulef deli'·cf)··fu)1 cLu.t., au mall, Of UPSA\wbk At additional

chute l~~ .. ellhl. II.' 01).
MU)land rc:»dcnti. pkut add S'" .-In ta..\.

cou~aL OF .'OlOG'" EDfTOItS, INC.
96j() Rod.\·ilk P,h, &thada, MO XlII 14

ANALYTICAL C~MISmY. VOl.. 56. NO.1. JANUARy 198~ ••1 A



Three Good Reasons for
Checking With the Number Two

Company in Ion Chromatography

-.

t
'" i::.".
I

0.".",, ""'", ""'".""'"

, • U

l.l1N\J1ES

FLEXIBILITY ...
In applications.
We pioneered the Single Column
Ion Chromatography technology
that has been applied to the
analysis of over 125 ions in virtu­
ally any imaginable matrix.

FLEXIBILITY ...
In hardware.
Whether you need an upgrade
to existing equipment. a simple
manual system. or full dual
channel automation. our systems
and components provide you with
the ion analysis capability you
NEED at a price you can AF­
FORD. And, our Ion Analyzers
are fully compatible with standard
HPLC hardwarel

FLEXIBILITY...
In technical support.
Because we are a small company,
we can respond to YOUR needs.
not to OUR ego. The result? You
get a solution tailored to your
analytical problem, not a standard
package.

THE BOnOM LINE: We can help you analyze for virtually any ionic species:
o Anions 0 Cations 0 Organic Acids 0 Surfactants 0 Metals

With sensrtivity down to the parts-per-billion level. and analysis times measured in seconds.
Want to find out how WE can help YOU save time. effort. and money in ion analysis?

Just contact the Wescan Applications Group.

~~~~~~~~~~/!,
3018 Scott Blvd.. Santa Clara. CA 95050
(408) 727-3519, TELEX 171627 AnN: WESCAN

CIRCl£ 235 ON READER SERVICE CARD
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Books

Selected Topics in Trace Analysis by HPLC

Trace Analyili. Vol. 2. James Law­
rence. Ed. xi + 275 pp. Academic
Press. 111 Fifth Ave.. New Yorl<. N.Y.
10003. 1982. $35

Ilevieu:ed by Stephen Wise, National
Bureau ul Standards. Cenlrr for Ana­
lytical Chemistry. Hldg. 222./loom
A-JlJ. lI'a"hingtun. D.C. 2023·/

This is the second in a proposed
multivolume series devoted tu ··slate·
or-the-nrl critical discussions of select­
ed tupics in or~nnic and inorganic
chemistry. These include detection.
identification. and qunntitntiun of
Hate quantities uf subSLnIlCCS in 8
large variety of sample materials:'

... coel! cuntribution is
licllcrollya d,'lailed, up-tn-date
review of the particular topic.

This volume contains selected topics
in the use of high-performance liquid
(:hromato~rnphy (HPLC) in Iracc
analysis. Since Vol. 1 also focused on
HPLC topics, these two volumes to­
gether "provide the reader with a
~reat deal of informatiun that will be
extremely helpful fuc,the development
of trace analytical m(!'thodol~yby
high-performancc liquid ('hromato~rn­

phy," Vol. 2 consists of fivc individual
contributions thut discus... the ful­
lowin~ areas: trnce unnlysis of vita­
mins by HPLC, liquid chrumuto):rn·
phy-mas., spectrometry (LC/MS), size
exclusion chromato~rtlphy in trace
analysis, truce enrichment techniques.
and use of unmodified silica for I.C
analysis of polur substances, As in Vol.
I, each contribution is generally n de­
tailed, UIJ-to-dute rcvicw of thc partic­
ulnr topic (rnnginn from:lO to 70
pages).

The first contribution provides a
comprchcnsivc rcview (ovcr 260 refer·
ences) of the applicnt;on (If HPLC to
thc measurement of vitamins in foods
and tissues, This chapter is similar in
format to the excellcnt cont.ribution in
Vol. 1 on the LC annlysis of mycolox­
ins. It is divided into two categories of
"itamins-fot soluble and water solu·

ble-with indi,ridual sections for each
\'itamin of interest (e.g., vitamins A.
D. E. K. Bs. and Bd. Each section
provides background information on
the particular \·itamin and then re­
vielA'S the methods of analysis. In the
introduction to this chapter. the au­
thor points out that many of the
methods described in the literature
will not survive the "era of rapid
change that is upon us," particularly
in LC analysis. but that the informa­
tiun in the literature should be used
only as the basis for the development
of heuer and more coll\'enient meth­
ods. The author has SUCl.-eeded in pro­
vidill~ an excellent summary of the ex­
istin~ literature .....ith additional rom­
ments frum his own experience to sup·
port particular advantages or disad­
vanta~es of a method..

The second contribution. entitled
"Combinin~Liquid Chromatography
With Mass Spectrometry," focu.ses on
the mechanics of the various ap­
proaches employed in using a mass
spectrometer as an I.C detector. Dia­
~rams illustratin~ the desi~n of each
interface type are pro\'ided, and the
ad,·antages and disad,·antages of each
intE'rface type are discussed. The dis­
cussion of applications of LC/MS is
limited to an E'xtensive table summar­
izin~ sample tyJ'C. LC/MS mode. and
literature referE'n~,

In the third chapter. "Applications
of Sterie Exclusion Chromat~raphy

(SEC) in Trace Annlysis:'the authors'
purpose wus to demunstrate that SEC
(traditionally u.sed for the determina­
tiun of polymer mult'('ular weight dis­
tributions and polymer additives) can
lend itst'lf to lral.'e nnol)'Sis. After a
brief description of the basics of SEC.
the uuthors present advalltagt's and
disadvuntu)::cs of the {('chnique 1'01­
luwed by the various approaches tu
using SEC in trat'C analysis, A variety
of rCfcnt npplications are described,
includintt a number of chromato­
~rams, to illustrate this technique,
The final section in this chapter
("Problems and Trouble·Shooting")
prt)\'ides useful praclical experience in
the use of SEC and describes typical
problems thllt may be encountered.

"Trace-Enrichment Techniques for
Organic Analysis" revicOft"! three areas
of applicatiuns of trace t-nrichment­
envirnnmental. clinical, and pharma­
colo~dcal-withthe majorit) of the
disclL<;sion focused on em'ironmental
applications. In the discussion of these
upplications, the authur has often pro­
vid~d excessive details relating to the
procedure (e.g.. column length, mo­
hile-phase cum position. no..... rate. in­
jK'tion volume, etc.), but he provides
lillie- comment on reasons for certain
experimental conditions, advanLages.
tiT prublt.·ms..

The final chapter. "HPLC Analysis
of Polar Suhst...1nces. un Unmodified
Sili('~'" ha.. a ~omewhat different fur­
mat and cuntentthan the other con­
tributions in this or the previous vol­
ume. In this chapter, the authors
brieflv review the literature con­
('('fni~g the use of mobile-phase addi·
tiv(-S in liquid-solid chromatography
tI.SC): this is followed by three.".,·
tions uf ori~inHl work by the authors
Ull curboxvlic acid Hnd amine addi­
ti\'('s in LSC. These thrre sections are
prt':,rIltrd us one would expect to see a
juurnal re.search paper, with an experi·
nu·ntal sectiun followed b,- rf'Sults and
dis(·us.siun. The experime~talsectiun
dr:,cribes thE' apparatus tincluding
('ummt'f('inl names), materials. and
pnH.'l'dures in ).:r[,3t detail. Thr results
uf this reseaf('h art.~ uf interest: how­
(''''N, tlwy should be published as are­
srflrt.·h paper (with peN rt"vif:wl. In my
upinion, thry an ulll of plan' in a vol­
1I11lr slIt'h as this.

Cotumn Selection In Gas Clvomalog­
raphy. Harold McNair. 4.2 hou's playing
time. 14Q-page manoaI. ACS Audio
Courses. Suite 809-0. t 155 16th St..
NW.. Washington. D.C. 20036. 1982.
S265
Rl'l·jt'U't'd b... 1Iarn' (;t'arhart, Curwcu.
P.O. Rux /207, Pu;tca Cit.,. Okla.
7~6()J

This ACS audio COUrsl~ is 8 t·tlmpre­
hensi\'l' but cuncise, pmctil'al treat­
ment of sel{'(,tioll critNin for ('hoosing
the propN GC system ttl IJCrfonn a
~i"en ~epnrution. Thl.' title uf t.he
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Amerlcan Chemical Society
ll55 Sixleenth Slteet, N.W.
Washington, DC 20036

Yes-please send me a copy of the
new ACS combined courses catalog as
soon as possible!

Books-

Solid Phase Biochemistry-Analytical
and Synthetic Aspects. William Scou­
ten, Ed. xiv + 779 pp. John Wiley &
Sons, Inc., 605 Third Ave.. New York,
N.Y. 10U16. 1983. $75

course rna\" Icad some to believe that
the subject material mi~ht be limited
to measurement and comparison of re­
tention indexes. In fact. t.he scope of
the course is quite broad. cO\'erin~

measurement of \'urious types of col­
umn performance. characteristics and
selection of the proper liquid phase
and solid support. criteriu for choosing
porous polymrrs and adsoroents. lise
and characteristirs of spN'inl column
types. including: capillnry columns.
and consideration of column and in­
strument operating parameters (e.g..
carrier gas. Oow rate. temperature.
length. diameter. and liquid loading).

McNair \'ery effectiHly highlights
the course presentation by interjecting
personal insights and rele\'ant exam­
ples frum his substantial career expe­
rience in the field of gas chromatogra­
phy. Short problem selS are presented
at the end of each section. However.
"correct" answers to a number of the
problems require more information
and background than are presented in
the course. An ob\'ious deficienc\' in
the course material is inadequate edit­
ing. There nre numerous typog-raphi­
cal errors. and 8 list of cited references
was omittE"d from one section. Dub­
bing or editing the audio portion when
appropriate would ha\'e pro\'ided a
better deli\'en·.

O\'Crall. ho~·e\'er. this is a \'ery good
audio course for practicing gas chro­
matographers. It should be beneficial
in training or updating operators in a
wide \'ariety of settings, including in­
dustrial. contract analysis. and bio­
medicai laboratories..

Books Received

Instrumentation of Environmental Mon·
Itorlng. Vol. 1. 2nd ed. Robert Budnitz
et al. xix + 1130 pp. John Wiley &
Sons, Inc.. 605 Third Ave.. New York,
N.Y. 10016. 1983. $150

Industrial Applications 0' Surface
Analysis, Lawrence Casper, Cedric
Powell, Eds. 438 pp. American Chemi.
cal Society, 1155 16th St., NW.. Wash­
ington, D.C. 20036. 1982. $56.95

The Technobyte Microcomputer Pro·
gram Compendium 'or Chemical Engl·
neerlng and Chemistry. Hal Abba",
Richard Bigda. Ii + 149 pp. RJB & As·
sociales, 6216 South Lewis Ave..
Tulsa, Okla. 74136.1983. $42

This new 60-page catalog will
give you all the information you
need to select the topics you are
interested in. and to choose the
learning methods that suit }'our
needs and budget best.

Multl·medla methods Include:
Audiocassette Courses
Computer Courses
Video Courses
Short Courses
In-House Courses
Audio-Teleconference Courses
And a Textbook Course on Modern

Chemical Technology

To receive your copy. write. use
the coupon. or call 202-872-4588
-you will find our new catalog
bigger. better and more informa­
tive than ever!

The 1984 ACS Catalog
of professional
development courses
for chemists and
chemical engineers

I
I
I
I
I
II Narne _

I Title _

II Organization_

I Address _
II City 5late__ ZIP__ I
L ...J
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dling parameters based on the identity 01 the satTllIe. It wiD
perlorm a prep run 10< ~Iilfation. control all GC andlo< LC
parameters. check on resolutlOl1. and opumize data processing.

It will -Iook- at the peaks as they are eluted and control signall
noise. tangent sIom. honzontal 0< valley baselines. and Olher
data handling parameters. It w,1I perlorm all result caJcula·
tlOl1S-cahbrations and analyses. area 0< height caJculation.
auto calibcation. and check 10< InStrument. resolution. and
cahbratoo errors.
The VISTA system will plot the chromatogram with 0< without

With a VISTA 402 baselines and print the results. including relative retention time.
Dala System control· peak widths at half height. and a run log and e"o< logs. Data
ling a Varian VISTA LC and results sto<age are automatic. 01 course!
and GC. your repertc>re of In a nutshell: A VISTA 402-eontrolled LC 0< OC emulates all
LC or OC analyses is nearly your actions and decisions as closely as non-humanIy possbIe.
unlimited. Using the unique intelligence of a single VISTA 402. That's what we mean by user emulation!
all the samples shown can be analyzed using a VISTA LC and And here's the best part: the VISTA LCIGC shown above is only
OC. And you can Instruct the system to orchestrate this impres· working at half its capacity! The 4-ehannel VISTA 402 can stiD
sive array 01 analyses in your absence. handle two more LCs or 0Cs with autlJSalr4llers. plus data sys.
VISTA 402·lnltlated LC and OC automation Is much more than tem options-which means you can doOOIe your Iabornte<y's
just repetitive injections. more than merely adding an autosam- throughput whenever the time is right.
piing device. The key is our concept 01 -user emulation'- an@TOlearnmoreaboullheuniqueintelligenceandexpand-
approach thaI strives 10 simulate Ihe actions you would ability 01 the VtSTA system. circle Reader service
perlorm if you were running the system manually Number 218; circle No. 219 to have a Varian rep
A VISTA system will Choosa chromatography/data han· convince you.

, L _ FOl''''lanCt con&M:t • flort'oIlm Pal\., NJ (201) 822-3100' PaR AldgI. R..
~~d~ (312)82S-77n·SuQlrLand. TX(713)491.T3JO·~0ntar0

~~
~ / (416)~1""JO. OfWfIt.611K1n1enWlllPaloMo.,CA904301InEIROL

~ .. ~ ?..9. • Stelnhausef'Strasse,Qi~ ZU4.9Mu~

t." vanan Intelligent Chrom.tography ... from VBrl.n



No other GCdoes
somuch for just $6,650:
The nlW HI' 5890A Gas Chromato­
graph combines an exceptional price
with the exceptional performance
and productivity you need to meet
today's laboratory demands.

Consider this; the 5890A offers you
the choice of splil/splitless, split-only,
and on-column capillary inlets, as well
as a universal packed injection port.
H lets you choose from a range of
rugged detectors including FlO, NPD,
TCD and ECD. And, to complete
the system, optional comrr.unications
capabilities permit networking to the
HI' 3392A Integrator for method

storage and print-out or incorporation
in a full HP laboratory automation
system.

The 5890A has also been designl-d
to be extremely user-friendly, bringing
a "(w level of convenience and sim­
plicity to the entire analysis procedure.

Your ongoing cost of ownership
stays low too. The many innovations
and design improvements incorpo­
rated into the 5890A make it the most
reliable GC HI' has ever built, with a
parts count that has been reduced by a
factor of three. (A case in point; the
entire keyboard uses only two parts!)

FliiW HEWLETT
~~ PACKARD

In every respect, the HI' 5890A Gas
Chromatograph is dl'Signed to be your
laboratory's next benchtop standard.
To get the complete story on this excep­
tional value, call your local HI' office
listl-d in the telephone directory white
pagl"S and ask for the Analytical rep­
resentative. Or, write: Hlwlett-Packard,
Analytical Group, 1820 Embarca­
dero Rd., Palo Alto, CA 94303.

·U.S. dum"l'" Ilnu' pnly.•mMJr FlO p.d.nJ column.
l..m~'''lurr·'''''V.. mm.Llr conll,ul.IK>n,

"Cu~lunwnm.ly J1urch.u.r .. Gu..r..nlrn.l Uplun..
M.lnlr,...lW ....", m",l.lt an Inurumrnl 1.. 1u. 10
mN'llhr .u.'..nl I............."'"'1 will br ul,ndnJ
.. I nurh.rK"

Circle *96 for lileraillo. Circle N97-have and H-P reptesenlaUve contact us.



Instrumentation
Hank Wohltjen
Naval Research laboratory
Su1ace Chemistry Iltanch
Coclo 6170
Washin!ltoo. D.C. 20375

hemical
MiCl1lS8lmlrs
and

Microin.umentation
Pruj.:rl·s.s in ulllilyticnl chemistry has

often beell It.'d hy prtl~rc.s.s in instru·
Iln-Illatiun. In fe("{'nl times nnalvtiC'lll
in!'tru!Ilcntntion has und('r~one'nmN­
omurphosis liS a result of (·xtruordi·
nury advunces in microelcctTtll1in•.
The udH'nl uf inexpt.·nsive ('llmputing
pUWN has dramatically changed the
wuy l'xpl'rinwnts lIrC' l'tll1utllled und
dntn 11ft.' UC4uiu-"tl. Illunipulnled. dis­
pluYl'd. nnd stured. In many fl..'SpN·B I.l

trt.'111l·ndolis /o!up hus <h.'V{·luped he­
tw('(-n tlll' sizto, ('ust, und pl'rfurmtll\l"{'
of modl'rn minnnllnp\lh'~and the
(:lIrrl':-.ptlndin~size, t:osl. and p(·rlor.
mUllet: tlf the instruments tllL'V cun­
trol. Till' silt· lind I.:osl of min'l)("umpu­
h'rs huve droPlll·d precipitoll:,ly while
pcrformllnct' hus :,ourt·d. Th£' :,ume
t:nllnul he sHid for the nwusur£'mcnt
instrulncutution. This urticlt· will dc·
s('fill(~ ~t:\'t~rlll nppwuchc:, uimcd Ilt
c1(lsin~ tlw tcdllllllo:.::y I-:Up hClwcen in·
struments und l't)mpuh~rs. Pf'rl1llP:' il
is not sllrprisiul-: thut the must prumi:,·
il1~ Ilppruu('h fur rcclucilll-: the ~np dc'
rives frum Ihf' snnw ttldll1ulo~yustld
in the micruclf'ctrunil's industr\'.
I1llll1cl\', micfllfnhricutilllllllld I;\il'ro,
lith()~~nphy.

MicrllStlnSors und micrclinstrulllcn­
tntion nre rcillti\'c nUWCCllllcrs to the
nnulyticlli S("CIW, Virtunlly unlwnrcl of

II dct:ade ago, mil'fosensor rpsearch
has grown steadily, driven perhaps by
the tantalilin~ array of opportuniti{'S
afforded bv smallluw·cust sensors.
Such areas as dinit'all'hemistn.·, {,11\;i­
rnnmental moniturin(:::, proc{'ss'con­
trol. find uuwmobile ('mission control
ure all h('a\'ily dependent un s{'n50r
t£'l.'hnulugy. If ptlo(:kct cnkulators can
be mnde :'Illull lind inexpcl1sin', it is
eXl'iti":.:: ttl think uf th(' pt)ssibilitips uf
a ('ompnrahly si7.ed sCnStlr SySt£'lll.
Sllddenh- it lX'l'tllllrS f£'usible to mea,
sure (hil~}:s- (hut huv(' nut previuusly
l)('ell routilwlv nWlI:-urNi. Thus, (h('
('u:-t of infurn~lltillll flll1 he reducro.
und kllowl('(t~(,nlll inCC("'llS-(, At a
qui{'k£'r paCl'.

Allof tht' devicc:- d('~nibt'et in this
nrtidr hun'nne thin:.:: in common­
they nre fubrin,trd. at leust partially,
us-in:.:: micwlitho).:ClJphi..: l('chniqlle~.

Thu:" u d1l'l1lil'llll11i(,w~t'IlSllr is
bwadk dt'lllWd ll~ n minofllhricntl,d
dl'vi~'l,'that pr\lvidl':- Hf('prudurihlt·
l,ll'l'lWnil' lilitput signal wlwlI t'xpusl'd
ttl Hdll'minll :,timlilus. Work lwing
l'OIJ(!lll't(,d 1111 SlllltH el£'('trodrs h'.g.,
l'lliltl'd \\'in':, 111 ur mrhon fih(~rs 1:!1)
or tlptintl fihl'r sellsors willllllt bt, ('\)ll­

l'idl'n'd hl'rl~ sine(' tlw\' llrl' Iltllmil'ro,
fllhrinlll'd. :\ rht'miru'! mil'Coinstru­
lllrnt is dt'filwd in II similnrly brllnd

la:-hioll. H:-ll :-.l1lnll, chemit'all\' sen~i·
ti\"£' :;;y~trm who~(' cumponents can be
minl)fahric3trd.

~ill(:e mil'fulithH~raphyis the key to
undl'r~t~lndingpr('~enl and future mi­
nU:>t'n:-or npproach{':-, it is appropriate
tu qui{'kly rt'\'iew :-ume of thp runda­
menlal nHl('{'pt~ in microfabrirntion
tt."(-hnl1Iogy.

Lithography

The t('l'hniqufo uf lithugraphy
twhil'h 1n1'<Ul:-,lilNUI!V, writin~ on
:-tl1lWI W8:- fir:-t dl'\'elt~l)Nt n\"('~ 100
Y('ll~ ago hy th£' ~ruphil' nrt~ indw.tr-y.
III rel't'nt timb, tht.: micruelectronic-s
indu:-try has r('llnl,d th(' technolu~~'
Iwarly tll tht' phy~il'allimitsof pcrfl.,{'­
litill. Trun~istors and intl'~rau.<J rir,
l'llib c\lllsi:-t Ilf layer:- uf Plitt er noo
thin films oi IUNal:-, di(·lrftrirs, and
:-l'mintlldll('lurs oil n :o'uhstratr, u:-lIull\'
:-ilit,,11l 1:0. TIlt' p;llh'r1b arC' <h'lln('C! i;l
thr lhin film hy :lIJrtK'I·s...... ~hnwl1 in
Figurr 1. :\ rndililiun,:-cl\sili\"£' r".,i...r
Illyt'r \lI:-ulllly n s('n:-itilNt tlrgunif
polYI1H'rl i~ ronlt'd till IUP uf Ih£' thin
film to bl' pnttf'r1wd. Hlldilllion, in the
form of \'isihl£', ll\", or X,my photons.
(,ll't'trolllwllm:, tE·bt'llll1S), ur iun
bNll11S, i:o; pcrmittrd tt) :o;trikr thl' n'sist
\\'Iw(('\'er u thin-film plItlt'rn is (or is
nut) l!(':o;in·d. Artt'r Ihis "musk" l'xpo-

This arUcle nol subJecllo u.s. Copyrl(tll
Publlahtd 1883 American Chemical Soclely
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Figure 1. Typical lithographic processing steps
POSItIve rcslsts become morc Wlunl~ upon Ifrddlahon Negatlvo 1£l~i~t5 become ICS5 soluble

sure. the resist is develop('d in ~Hl ap­
propriate ~nlv('nt that IraH':' some
areas uf the thin film :-till prulN'lt'd
with r('sist and other nrt'a50 houe...\
positive resist !.>econws more soluhlt'
after irradiation. and exposed an'as
arc rin:,ed awa'- in tht' devt'lupill~ step.
Ne~ative re!'i!!ts bffom(' insoluhll' in
the areas of uposure. The areas of thr
thin film that are not protl'cted by rr­
sist can th(-ll hr t'lt'hed away ({'.g .. in
acid solutioll or a react in.' plasma) tn
"ield the desired pattern. Procrssing:
~f addititlnallevels by evapomtion uf
new thin films e1('. can be cUllductrd
after thr rrsist layer is stripped away
with a soh·rnt.

The sizes of patterns that can be de­
fined using lithographic techniques
are breathlakingly small. Optical
mask exposure can mass produce de­
vices having 2-llm geomet.ries. Today's
X-ray and E-beam lithography sys­
tems routinely produce patterns with
0_5-IlID geometries. Laboratory re­
searchers have successfully patterned
structures (using E-beam techniques)
having O.OO5·jJm (50 AI) feature sizes.
It is important to note that at these
size scales many macroscopically im­
portant physical phenomena (e.g..
gravity) become irrelevant and other
phenomena (e.g., surface diffusion)
become increasingly significant (-I).
Besides small feature sizes, micro­
lithography also yields exquisite preci­
sion and dimensional control. This
permits enormous numbers of pat-

l.erns to be replicated with incredibly
small batch-lo-hatch variations in
pattern size.

The microlithographic method is
applicable to a very wide range of sit.­
uations and materials, Se\'eral \'ery
generai observations can be made
about the present technolob'Y. Most
microlithography is conducled on op­
tically smooth substrat.e surfaces, de­
posited films of mewls, or insulalors
wit.h thicknesses less than about Illm.
Etched grooves most often have 8S­

pect. ratios less thon 2:1 (Le., the depth
of t.he groove is seldom greater than
two times as large as the width of the
groove). Thus, the O\'erwhelming fea­
ture of microfabricated structures is
that they are planar since t.he litho­
graphic images are two-dimensional,
and vertical topography is only
achieved slowly as more and more
layers of thin films are added. Higher
aspect ratio structures are rapidly
emerging as progress is made in X-ray
lithography, multilayer resists, and
anisotropic etching techniques, but for
the near future, the landscape of most
conventionally microfabricaled struc­
tures will hav~ 8 rather flat appear­
ance. These realities inspire microsen­
sor enthusiasts to think small and to
think in two dimensions rather than
three.

Clearly there is enormous potential
for using microlithography to produce
structures and devices that are useful
for many applications beyond mi-

croclect.ronics (5). For analytical
chemistry. microlithography hns heen
employed to make not only sensors
and detectors Imt also other common
instrument componcnL'i such as \'al\'e~

and capillary tubes. It. is obvious thut
this is only the bcginninf.(. As chemists
become more Dware of microfabricn­
t.ion methods, it is likely that mony
other ports of common instrul1lent~~

will be microfabricated and new tech­
niques. not prnctiClll with macroscopic
systems, will appear.

Present Mlcrosensor Technologies

Clearly. microfabrication offers
some "ery attracti\'e ad\'ontagcs for
making small, ru){){ed, Dnd inexpensive
sensors. The primary obstacle to using
it more extensivel\' is the cons(rnint
that the de\'ices ~ planar. This force~
designers to think about analytical
problems from a smaller and flatter
perspective and to consider physical­
chemical internctions that mif.(ht be
considered unimport.ant in the macro­
scopic world. Chemical microsensor
research is therefore a multidisciplin­
ary endeavor requiring a synerJtistir
combination of chemistry. physics,
materials science, and electrical engi­
neering.

All chemical microsensor de\'ices
fall into two categories. The first cat.e­
gory consists of de"ices thot sense
chemical species whose presence mod­
ulates the transport of electronic
charge in the device. Examples of mi­
crosensors in this category include
CHEMFETs, ion·controlled diodes,
Schottky diodes, thin· film tin oxide
gas sensors, chemiresistors and mitro­
dieleclrometers. The second ClItegory
consists of all microscnsor devices that
do not fit into th~ first category. These
devices, which are based 011 a number
of unique techniques, include surface
acoustic wave devices, potentiometric
gas sensors, and pyroelectric enthalpi­
metric sensors.

In their most general form, 011
chemical microsensors consist of at
least two elements: n microfabricnted

Figure 2. Chemical mlcrosensors typi­
cally involve a microfabricaled elec·
tronic probe device In conlact with a
chemically selective coating whose
properties are altered by the species to
bo detected
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Microbore sample injection
poses new problems in HPLC.
And Rheodyne solves them.

People using mlCrobore columns want to injeCt
miniscule samples-typically only a traclion of
a microliter.

It's nol easy to form a sample lhat small with high
precision. And It'S even harder to convey il to the
column with low dispersion

Rheodyne solved these problems With the micro
sample injection valve piclured below. The sample
holding chamber is a lIny hole bored through the
valve's rotor You load the sample through a built-in

, -.

needle port-that's the easy way-then turn lhe
va e to Inject a p<eose!y rep"..atable sample of 02,
05 or 1.0."L You change sample Slze by changing
lhe rotor, a SImple 3-mlnute task.

To minimize dlSpefSlOn Rheodyne formed a flow
passage to the column only 013 mm (0.005 inch)
in dlilmeter. Incredibly smIilli l

For the whole story on the Model 7520 injector,
contact Rheodyne, Inc.. PO. Box 996. Cotati,
CaJifornlil 94928, U.S.A Phone (707) 664-9050.

----;
~-~

~
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Figure 3. Microsensors based on modulation of electron transport through the device by chemical interactions
Conventional silicon electronic device technology is often employed. The p-Si tegK)l'\$ consist of SI 00p00 With an electron accept",. The noS. roglons are dopOO
with an electron donor

physical probe device and a chemical­
ly select.ive coating (Figure 2). The
probe device contacts the coating and
provides an electrical si~nal whose
characteristics reflect the Stilw of the
coating. The coating is in physical
contact with the medium in which
chemical species are to be detected.
Thus, the nature of the coating inter·
action with the chemical species deter­
mines the type of physicaltronsduc­
tion mechanism required of the probe.
For example. if the dielectric proper­
ties of a coating respond strongly to
exposure to a particular vapor, then
the microdielectrometer is the prohe
of choice. IL is 5afe to predict lhatthe
ultimate performance of chemical mi-

crosensors will he determined hy the
coating: chemistry.

CIIEMFETs. Probably the best·
known chemical microsensor is the
CHEMFET illustrated in Fi~ure:1.

First reported by Bergvcld ill 1970 (6).
the CHEMFET is essentially" COil·

ventional insulated-gale field effect
transistor that has its metallic gutc
cont.act replaced hya chemically sen­
j;itive coating and a reference elec­
trode. Excellent reviews of CH EM­
FET technology can he found in Her­
erences 7 and 8. In nurmal operatiun u
current is made 1.0 fluw hy the applica­
tion of a vol18g~ aew!i..'> the source and
drain contacL'I. Variations in the dec­
tric field in the gute rc~ifln. located he-

tween the sourc::: und dmin. produce
corresponding vllriutions in the 011­
served drain current. The CI-if':~'1FJo:T

can he uscd in II \'uriety of wuys. In so­
lution, the Kute rCKion cun he ctluted
with an ion-scnsiti\'e memhrane. In­
teraction of iuns in solution with the
memhrane results in II chal1Kc of the
intcrfaciul potential and n <:llrrc!'ipllnd·
inl-:: alteration of druin current. Nu­
merous cations und unions hn\'c hecn
sensed (c.~.• H' .1('. ClI", (;1-.1-,
and CN-). und nenr Nernstillll re­
sponses arc commonly nhserved. The
ion-liensinK CBEMFET (ur ISFET us
it is often called) hilS advuntuKcs ill it.s
small size (e.I-::., less I.lllIn I mm:! l1reu)
lJnd low output impedllllce. \'Ilhich
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Announcing the all new SPECTRACE-4000
XRF Analysis System from Tracor Xray.

Encqn displ"rsi\'c x·ray fluures­
ccncc (EDXRf) rc\'OlUlionilcd ck·
mental analysis. Now. Trao>r Xray
rc\'olutionizcs EDXRF. with chl.'
SPECTRACE 4IK)() - a compa<·1 XRf
analysis syslcm Ihal puIS the powcr
and versalilily of EDXRF to "\lrk for
you with a comhimuitH'l uf han.tw·.uc.
software and performanet:' (catun"s
you MX)'t lind un any other sysu:m.
And il docs il all at a pricc Ihal makes
EnXRF a l"()st drccth'l' alternative' O(

complement to utht'f demental anal·
ysis methods.

A simpler world
Thc SPECTRACE .jUOO lakcs Ihe

confusion out of instrumental analy·
sis. It \1St'S menu·drivcn commands
In hdp you sdcct and sct·up thc
analysis mClhods heSI suilcd 10 your
objcclives and providcs a comprc·

hensin~ set of pro~ramsr-~ing from
the: classic-JJ <-mpiri<:a1 mcthods 10 !he
simph:sl dcmt'nt idt."tltification. And
UI\('C YOU'\,\:, l'stahlishc:d procedutt."S
fur your applications, the SPEC·
TRACE 4lKKl makes it .......s)". by auto·
malically sturin~ thc:m fur futurc usc:.

A more flexible world
lise Ihe SPECTRACE .IKKI in lhe

lahorJlur\'. in the..- wan.·huuS{· or on
tht· production line. Its modular dt:·
si).:1\ kts ),ou conn:rt ttl<: system from
OJ full~' proJ:r.a.mmahk. mulli·sampk,
lahuratory conti):ur.a.tion to a simple
push·hutton, sin):lc·sample QC sys·
tem in minutt·s. 'OU
can t"\'t."n rcnlO\'\'
th<' kC\TIoard when
all \,o..i flet"t1 is
misiakc·proof. push·
button upcr.a.tioll.

CIRCLE 200 ON READER SERVICE CARD

A world ofnew possibj1iriM.
When you're nOI usir4l!he SPEC·

TRACE 4000 lOr XRF anaI)"Sis, usc il
as a gcnc:nl purpose computer. The
software: opc:r.1ting S}"Slem is CP/lII·
Il6 based. so \UlI can usc olf·lhc·shcIf
prOj:rams for word processing and
data hasc managcmc:nl. as well as
programming.

Contact Tracor Xray for com·
pletc information on thc SPEC·
TRACE 4000. \1:,,'11 show)UlI what's
Ill.'W in !he ",uk! of XRE .

Tr.a.cor Xray
~45 East ~iiddlefidd Road
Mountain Vicw, CA 94043. USA
(415) 967·0350.



HOW SUPPLIED:
Ionic O·P!lenyl Glytine
(Either 25 em x 4.6 mm 1.0. or
25 em x 10 mm 1.0.)

Covalent 0-. L·. or O. l·Phenyl
Glycine (Either 25 em x 4.6 mm 1.0.
or 25 em x 10 mm 1.0.)

Ionic L·Leucine (25 em x 4.6 mm 1.0.)

Covalent L·Leucine
(25 em x 4.6 mm 1.0.)

·Dr. W.H. Plrtlt. U.I..rslty 011111••1.

Literature available upon request

fJ REGIS
CH£IIICAl COMPANY
1210 AuIlJI A ..
_ 0 IIII.ols 60053 USA
_:1(312)167_
Ttlll: 110-223-010II
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make it ideal for in \'ivo monitorin~ or
analysis of small sample volumes. The
small size can also be lISed to ndvAn­
tage in mnkin~ multiple-ion sensor nr­
cays. The main technoloJ:icul problem
thai has prevented wide-scale usc of
CHEMF~"l's is related to encapsula­
t.ion of the device. No t fRCes. of mois­
lure or ionic contuminonts COil he al·
lowed to penet.rate beyond the inn-se­
lective coating or instability results.
Problems with ion·selccti\'l' cnHtin~
adhesion and device encupsulutiol1
continue to be studied b\' numerous
groups, and steady prol:;CSS is bcin~
made.

A very sensit ive detector fur hvdru­
gen can'be made if the ch('miC'lII(\' sen­
sitive coatin~ of the CHEMFET is a
thin film of palladium. The Pd-~ate

CHEMFET was first rt'ported hy
Lundstrom et al. in 197:) (9), Hvdro­
gen can reversibly adsorb intu t-he hot
palladium (-150 °e), which enuses a
shift in the work function difference
between the palladium and the silicon
of the transistor. The chan~e in work
function results in an altered electric
field in the transistor's ~ate r('~i()n and
a corresponding shift in observed
drain current. Detection of hydrogen
at levels well belo"' 1 ppm is possible.
The detection of other gases such as
H,s. NHJ • and CO has also been reo
ported.

In addition to detecting ions in solu­
tic,n and reducing gases, CHEMFETs
offer tremendous potential for immu·
nological and enzymatic assays. Jana­
ta (7) has conducted several verv in­
teresting im'estigations in this a·rea.
\VhiJe several mechanisms of interac­
tion are possible between the immo­
bilized enzyme or antibody coating
and the CHEMFET, interactions that
cause 8 change in interfacial charge
density generally provide measurable
interactions. The small size of the
CHEMFET is particularly attractive
if expensive enzymes or antibodies are
to be used in a disposable device.

10D-coDtrolled diodes. The ion·
controlled diode (or gate·controlled
diode as it is sometimes called) was
first described by Zemel in 1975 (JO).
This device is a combination of a p-n
junction and a metal oxide semicon­
ductor capacitor in which the junction
makes contact with the inversion layer
of the capacitor. Like the CHEMFET.
the device can be used as an ion sensor
by application of a suitable ion-selec·
tive coating to the gate surface. Varia·
tions in the effective gate voltage re·
suiting from the interaction of solu­
tion ions with the membrane produce
changes in the properties of the inver·
sion layer. In operation, the ion-con­
trolled diode behaves as a variable dis­
tributed RC element. so that changes
in the inversion layer can he followed
with an admittance bridge. A more dc-

tllilt'd discussion of the OltCrntin~

mechllnism of this device cnn ttC found
in Hcfcrcnce II.

The ion-nllltrnlled diode hllS scvcrnl
intercstin~ features in addition to
bein~ small. rUJ::t-::l'd. and incxpensive.
The electri('ul Cnl1l11rts to this device
nrc un tl1(' sidl' opposite the selective
rontil1~. Thi:- mellllS thut Cllcaps\!·
Intion of lhe cll'\'ice to protect nil hut
the !o'elcctiv(' clllltinJ:: from the solution
i!o' ).!fl·lltly simplified. Furthermore, the
d('\'in' cun he \Is('d in a mude whcrch,·
tlw J,:utt.' vlllta~e is held ('unstllnt (with
respect tn the refrrcnrc electrode) and
the drivin/.: frc(luency is varied to keep
til<' inversion lnycr capncitnnce con·
!'tnnl. In !hi!o' mode. a dil:itul output
:,i~l1al is nhluilll·d. M(,llSUf('nu'nts of
l)otll5Sium und hydrog:en ion (,~lllcen·

trations with this device have lwen re­
ported (l J).

Schottky diodes. A device that has
shown con:,ideruhle sensitivity us a J:as
sensor is the Schottky dicKie (Fig:ure
:U. In its simp!('st form II Schottky
diode consist.s nf a small area of metal
in ('ontal't with n semiconductor. This
cuntact exhihits a rectifyinJ: behavior
and a characteristic nonlin('ar Cllf­

rent-volta~edependence. It has heen
demonstrated thnt if the metal used in
the Schottky diode is palladium. then
a vcry sensitive detector of hydro~en
results. As in the l'ase of the Pd-gatc
CHEMFET. the mechanism of opera­
lion relics on n change in the work
function of the metal caused b,· the
adsorption of hydrogen. Gas·s~nsitive
metal-semiconductor Schottkv diodes
have been made with I'd-TiO~.
I'd-CdS. I'd-ZnO. and I'hS-Si.
t\letal-insulalur-semiconductur
Schottky diodes also have been made
with Pd-SiOz-Si structures (12). In
operation. the reverse-bias diode cur·
rent exhibiL<; siJ:nificant vllrialion with
exposure to ppm levels of hydrogen
gas. Although these devices nrc very
small (e.g.. I mm:!), simple. und sensi­
tive, the palladium devices seem to he
restricted to detecting: low· molecular­
weight gases such as H:!. H:!S, NH 3 •

and CO with poor selecti\'ity. The usc
of organic semiconductors uffers con­
siderable untapped putential fur fnhri­
calion of vapor-sensitive Schottky
diodes, \lihich cun he funcliunulized
and made selective to higher-molecu­
lar-weight orgunic \'upors.

Chcmireliililorli. IL has been known
for some til11(, that semiconductors ex­
hibit characleristic electronic conduc­
tivities that are strongly affected by
ambient gases and vapOfl; (Jj, J./). In
the case of organic semiconductors the
usc of such compounds 8S vapor Hen·
sors has been hindered by the rather
high resistivities of the material (c.g.,
J08_JOIt) ohm·cm). To obtain measur·
able electronic current. now it was
sometimes necessary to apply hun·

12 A • ANAlYTICAl Cl£MISTRY. VOl.. 56. NO.1. JANUARY 1964



When HPLC, GC and AA don't
When wet chemistry can't
When electrochemistry won't

••
Dionex Ion Chromatographywill!

__e-...o

.....,..."~_M----

....

But that doesn't mean you have to
have unsolvable analysis problems to
take advantage of Dionex Ion Chro­
matography. Dionex olters a com·
plete line of high performance sys­
tems for applications ranging from
routine sample analysis to the most
demanding research.

That's only part of it.
To give you the whole story, we'd

have to fill this magazine with our 8Jr
plication notes and details about our
technical assistance program, train­
ing courses, and worldwide service
network.

Your own samples can tell
you more than we can

Tell us about your applications
needs so we can show you how
Dionex Ion Chromatography can
meet them. CaJlthe Dionex applica­
tions chemist at the regional office
nearest you, or contact Dionex
Corporation, 1228 Titan Way, Sunny­
vale, CA 94086, (408) 737-0700.

We have some pleasant surprises
in store for you.

DIONEX.
ION D-AOtvlATOGRAPHS'
Regional Otfices: Marlton, NJ (609) S96-0600,
Chicago,lL (312) 860-'030: Houston, TX (713)
847-5652.
In Europe: Dionex (UK) Ltd. Cllmberloy,
England (0276) 29771: Dionex GmbH,
Darmstadt, W. Germany 06'50-'2258:
Dionex 5."1.. Rome, Italy (06) 536130.

II ~
_IL ~- . -_._ .f.

---_.--
baths, or even food, nothing-not
even AA or wet chemistry-can com­
pete with the sensitivity and conve­
nience of a Dionex system.

Advanced technology only
comes from experience

The key to Dionex versatility is pro­
prietary column technology and supe­
rior detection based on advanced
membrane post column chemistries.

Over the years, this technology has
solved some of the toughest analysis
problems in laboratories throughout
the world.

The same
holds for organic
acids and surfac­
tants. Dionex
column and de­
tector technology
makes Ion Chro­
matography a

, . , • • • • • • sensitive and
___ specific aller-
____ nativetoGC

lSUl..=:'::=.~_ and HPLC,
..- whether the

sample is oil recovery fluids, cos­
metics, or detergents.

Of course, when it comes to inor­
ganic ions and metals in samples
such as chlor-alkali brines, plating

Watch a Dionex system
in action

In many cases, a Dionex Ion Chro­
matograph is the only instrument
you need to perform both complex
and routine analysis on inorganic
and organic anions and cations. And,
thanks to the extraordinary selectivity
of our advanced post column chem­
istries, usually all you have to do is
"dilute and shoot."

For example, with a Dionex Ion
Chromatograph, you can detect ppm

levels of poly­
phosphates,
polyphospho­
nates, EDTA and
other sequester­
ing agents, even
in brines in as
little as 20
minutes. A
Dionex system
also lets you
determine a

complete range of
alcohols and
carbohydrates,
including large
polysaccharides­
faster and more
efficiently than any
other technique.

Many chemists are surprised to
find out just how much Dionex Ion
Chromatography can do-and how
much time and money it can save!

If you think of Ion Chromatography
in terms of simple inorganic anion
and cation analysis, it's a little star­
tling to discover that it can analyze
organic acids and amines, seques­
tering agents, heavy and transition
metals, amino acids and carbo­
hydrates as well-in just about any
sample matrix.
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dreds of volts across a thin, metal­
semiconducl<>r-metal sandwich. Such
devices were prone to drift induced by
irreversible electrochemical reactions
at the semiconductor-metal interface
and were DOt easlly accessible to ambi­
ent gas exposure. By using 8 micro·
fabricated surface conductivity mea·
surement cell having the semiconduc­
I<>r film coated onl<> an inwrdigitated
electrode structure (Figure 3), these
problems can be prevenwd. Because
the "rmgers" of the interdigital elec­
trode are very long relative to their
close spacing, the electrode array has 8

very high ratio of electrode perimeter
distance to intert:lect.rode distance.
and measurable ohmic currents can
often be obtained from typical organic
semiconductors with low Hpplied bias
voltages (e.g.. } V). The electrodes are
frequently made of gold to form an
ohmic contact and occupy a few
square millimeters of area or less.
Metal-substituted phtbalocyanine
films, which are less than }/lm thick.
are interesting chemiresistor coat.ings
because they respond to 8 vsriety of
vapors in a sensitive and often re\·ers·
ible fashion (15). Furthermore, the
central metal atom has a significant
effect on the selectivity exhibited to
various vapors. The mechanism of op·
eration is not well understood, but it is
believed to involve the formation of a
weak charge transfer complex between

t.he vapor and semiconductor, which
alters the number of charge carriers
and hence the measured resistance.
Chemiresistors are attrncti\'e because
of their ver\" low cost and size and
their high s~nsiti\'ity (ppm detection
limit.... are common) to a numlx-r of or·
ganic and inorganic vapors.

Thin-film tin ox.ide gas sensors.
Tin oxide and other metal oxide semi·
conductors are sensil ive 10 low con­
centrations of vapors (16). In opera­
tion a sintered block of the s('micon·
ductor is heated to several hundred
degrees centigrade and its !'Iectrical
conducti\'ity is monitored. H!'ducin~

or oxidizing gases that interact with
adsorbed oxyg!'n on the hot surfact>
can caus!' a dramatic chanJ,:e in the de­
"ice conducth"itv. Tin oxidE' is thr
basis for the Ta~uchi ~as sensor man·
ufactured by FiJ:aro EnginE'ering in
Japan. which is used extensively for
explosive vapor monitors. combustion
hazard alarms. and breath alcohol me·
ters.

Recently. this technoloJ:Y has been
applied to microfabricate a sensor (/il
(shown in Figure 3). A thin film of lin
oxide is formed over a set of lithograph.
ically defined electrodes deposited on
a thermally conducti\'e substrate. The
reverse side of the substrate has elec·
trodes with a resisti"e film deposited
over them. This film can be used as a
heater for the device. Thus, the com·

pletc sensor-heater package con be
mode quite small. which i~ of greot
volue in conservinl: heoter power con·
sumption. Many orf::anic \'ltpors are
detectahle al the 1-IO·ppm level. The
primary diwdvontaf:e of this technol­
ogy is the relatively pour seleclivity
exhibit.ed fur specific vapurs. Numer·
ous part.ially successful attempts have
be('n made tu modify the selectivity uf
the tin oxidl' with empirically derived
additions of noblr mrtals or other
mrt.al oxid!'s. Indred such mudifica­
tions have formed the basis of dozens
of patents (primarily from Japan) fo·
cused townrd specific detection of eth·
unlit. methane, carbun monoxide. and
other J.:asrs of interest. More details of
the operational characteristics of
ml'tal oxidl' semicunductor J.:lUt sensors
can be found in ({eferences 18 and 19.

Microdiclectromctcr. The micro­
dielectrometer is a direct descendant
of the charJ.:{' flow transistor microsen­
sor first described by Senturio and co­
workers in 1977 (20). The device.
presently manufactured hy Micromet,
consists of a planar interdif:ital micro­
electrode arrav. one side of which is
at tached as a il()atin~ Kute to an on­
chip FET char~e amplifier (Figure 3).
The other side of the microelectrode
orrov is driven with a sinusoidal volt­
aKe. -By measuring the amplitude and
phose differences of the signal applied
to the driven gate and the signal pro·
duced by the floating gate, it is possi­
ble to determine the complex imped­
ance (Le., the resistance and capaci.
tance) ofthe medium in contact with
the electrode. The integration of the
Fh'T amplifier and microelectrode
permits extremely weak currents to be
measured casily. Thus. the device can
pro\,'ide dielectric information over a
frequenc)' range not readily accessible
by any other technique. Microdielec­
trometers are capable of monitoring
the cure of epoxy resins and have an
on·chip temperature sensor to permit
use at elevated cure temperatures
(21). The device can also be used to
monitor the impedance of thin film8
coated onto the microelcctrode. Mea­
surements of the ac conductivity of
coatings that are poor insulators (c.g_,
most undoped organic ticmiconduc~

I<>rs) can be obtained quite readily.
Thus, chemical microsensoOi can be
made with this device if one coats it
with a material that undergoes a
change in either conductivity or di·
electric constant when it is exposed to
the species of interest. Microdielec·
trometers coated with aluminum
oxide have been studied as humidity
sensors (22).

Other Mlcrosen.or Approache.

Surface acouBtic wave Benlon.
Chemical micrusensurs uKing the sur­
face acoustic wave (SAW) ph.nome-





termined by the electrode geometry
and Rayleigh wave velocity. Small
perturbation in the mass or elast.ic
modulus of a thin, selective coating on
the devit-e surface will produce sub­
stantial shifts in the device's resonant
frequency. Thus. in this mode. the de­
vice behaves in a fashion similar to the
bulk wave piezoelectric crystlll micro­
balance first described by King (24)
and investigated extensively by Guil­
bault and Hlavay (25). The SAW de­
vice has several fundamental differ­
ences from the bulk wave device, in­
cluding smaller size, more sensitive re·
sponse, and the fact that it can be mi·
crofabricated. SAW vapor sellsors
have been used to detect a wide vari·
ety of vapors including water. ethanol,
SO,. H,. and organophosphorus com­
pounds at low (e.g., ppm or less) con­
centrations (26). A recent study
suggests that immunological coatings
may be pos.ihle (27).

SAW devices can also be used to
study the rheological characteristics of
polymer coatings 08 0 function of tern·
perature. Polymers can undergo a va·

figure 4. Microsensors using other probe techniques such as mechanical surface
waves. heat flow. and electrochemical potential

non were first reported by Wohltjen
and Dessy in 1979 (23). These devices
consist of 8 piezoelectric substrate
that has interdigital electrode arrays
microfabricated at each end. \\Then ex·
cited by a radio frequency (rO voltage
of the appropriate frequency, a syo·
chronous mechanical wave is created
in the piezoelectric substrate. This
Rayleigh surface wave then propa­
gates from the transmitting electrode
array across the surface to an identical
receiving electrode array where the
mechanical energy is converted back
into an electrical rf voltage. Because
the Rayleigh wave energy ill confined
to about one acoustic wavelength (100
pm or less) of the surface, any materi­
al present on the surface will produce
large changes in the wave characteris·
tics (e.g.• amplitude. velocity). The
most sensitive response is obtained
when the device is used as a delay line
oscillator (Figure 4). Here the input
and output transducers are connected
to each other through an rf amplifier.
In this configuration the device oscil­
lates at a characteristic frequency de-

Rheodyne's Tech Note 5 shews
how you can maximize HPLC
precision by using skillful sample
injection techniques,

The information is drawn from
hundreds of closely controlled
experiments using different types of
sample injectors and different load­
ing methcds, The 6-page summary
of results is written 10 help bolh
the beginner and the experienced
chromatographer.

The experiments yielded some
surprising answers to highly practical
questions. One question:

How much sample must you waste
to fill a sample loop ·completely"?
(It's more than you are likely 10 think,)

Another question:
When you are reading a syringe to

jUdge the amount of sample being
loaded. how much sample can you
inject without impairing accuracy?
(It's less than you may think)

Get the answers to these and
other salient questions now.

How to
increase
precision in
HPLCsample
injection.

5end for Tech Note #5.
Contact Rheodyne. Inc.•

P.O. Box 996. Cotati. California 94928.
U.S.A. Phone (7(11) 664-9050
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figure 5. An experimental miao gas chromalograph developed al NRL
A~ defWled spiral capiJ'-Y was fabricated on a glass rricrosOOpe "ide.~ ... injected from • pl'es&l.I'ized &Ilf1'1)I1ng kxJp onto he c:okmn
1tYough. amaIl ormce that is atways open. Injection oc::o.n when the coU'T'I'I pres.5U"e is rnc:wnenwily nmed ott by • miniabe IOIenoid VllNe <::ol'1MCted to !he

"""*gos-
fiety of phase transitions that are easi­
lydetected as changes in SAW ampli­
tude.

Pyroelectric enthalpimetric sen­
sor. The principle of operating a py­
roelectric microsensor for chemical va­
pors based on thermally programmed
desorption was first described by
Zemel et al. in 1980 (28). Tbe same
technique has been used by Rahnamai
lo perform differential thermal analy­
sis (29). Pyroelectric microsensors are
quite simple to fabricate (Figure 4). It
is also possible lo include a thin-film
heater on the pyroelectric substrate.
When the device is heated. any differ­
ence in heat flow between the sample
and reference surfaces will produce a
differential output voltage. Thus,
coatings can be applied lo the sample
electrode surface, which will adsorb
vapors. Heating of the device will de­
sorb the molecules, which results in a
transient change in heat flow and e
corresponding outputsignalshifl.
Some selectivity based on desorption
temperature may be possible. Alterna­
tively the device can be used lo study
various thermal processes (e.g., phase
transitions and decomposition) in ex­
tremely small samples.

Potentiometric ga- lensor.lt is
well·known that an electrochemical
concentration cell can be used lo po­
tentiometrically measure the partial
pressure of a gaseous species. Oxygen
sensors using zjrconia·based solid
electrolytes have been used for many
yeaJ'll in metallurgical and combustion
process monitoring and more recently
in automotive air-fuel mixture con­
trol. Today microfabrication tech­
niques are being employed lo make
potentiometric microsensors for oxy·
gen, hydroeen, S02, and otber gases
(30,31). The de\ices operate at a tem­
perature of several hundred degrees

centigrade in order to obtain reason­
able conducth'ity from the solid-state
electrolyte. Planar configurations of
this technology (Figure 4) have been
shown to be quite robust and able to
withstand the extreme stresses caused
by thermal cycling_ In addition. the
miniaturized device yields a substan­
tial reduction in electrolyte resistance
that translates into improved perfor­
mance at lower operating tempera­
tures. Nernstian responses are often
obtained over many orders of magni­
tude of gas partial pressure.

This same approach can be used lo
make miniature electrochemical
pumps that can add oxygen lo a flow­
ing gas stream at a rate determined by
the pump current. The combination of
an oxygen pump and an oxygen sensor
on the same "chip" results in an oxy­
gen regulation system that can control
oxygen partial pressure over an ex­
tremely wide range (31).

Present Mlcrolnstrumentallon
Technology

Microlithography can be used not
only lo make sensing devices but lo
make other components of a conven­
tional analytical instrument as well_
The best example of this approach is
the micro gas chromateeraph devel­
oped at Stanford by Terry and co­
workers (32) and first suggested by
Karasek (33). Microfabrication tech­
niques were employed lo make three
critical components of the system,
namelY,the capillary column, injec­
tion valve, and thermal conductivity
deteclor. It is well-known lo gas chro­
mateeraphers that reduction of the
capillary diameter can result in a
greater separation efficiency per unit
length of column. Thus, good separa­
tion can be achieved with a relatively
short column of small diameter. This

is very attractive if a Ii~htwei~ht, por­
table system is desirable. Further­
more, the reduced column diameter
means that the carrier gas now re­
quirements are similarly reduced, and
smalll:as reservoirs can supply the
carrier gas needs of the system for a
long period of time. The short column
lengths allow very rapid analyses to be
conducted. Thus, the gas chromato­
graph appeared to be an instrument
that scales down beautifully. except
for two major problems. These prob­
lems are a result of the small sample
si2e (e.g., nanoliters) that must be re­
producihly injected inlo the small col­
umn. How does one make a valve that
can inject such small samples in a few
milliseconds, and how does one build a
sensitive deteclor with the incredibly
small dead volume and fast response
required? The Stanford group an­
swered all of these questions with
some very elegant silicon microma­
chining.

The capillary column was made by
etching a Iithoeraphically defined spi­
ral groove into a silicon wafer and cov­
ering the wafer with an electrostatical­
ly bonded glll8S plate. The resulting
1.5-m-long capillary tube had a rec­
tangular cross section approximately
30 I'm deep and 200 I'm wide. The
lithographic technique permits much
smaller capillaries lo be produced if
desired. Coupled lo the column on the
same wafer, a solenoid-actuated-dia­
phragm injection valve was also mi­
crofahricated. A valve seat was etched
inlo the silicon and covered with a
flexible nickel diaphragm thaI could
be pressed against the seat with the
external80lenoid actualor. Energizing
the solenoid releases pressure on the
diaphragm, allowing higher pressure
gas from a sampling loop to flow inlo
the column. Heproducible injeclions of
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nanoliter-size samples were demon·
strated. The reader should consult
References 32 and 34 for more details.
An alternati\'e micro gas chromato­
graph system developed at the Na"al
Research Laboratory (NRL) (J5) is il­
lustrated in Figure 5,

The micro gas chromatograph de­
tecl<lr offered another formidable fab­
rication problem, The detector was re­
quired to ha\'e a dead volume less
than a few nanoliters, be sensithoe
enough to detect trace constituent.s in
this sample volume. and havc a re­
sponse time of a few milliscconds,
since peak widths from the microcap­
illary column were often less than
100 ms wide. The Stanford group de­
termined that a concentration-sensi­
tive detector wouJd be required since
the sensitivity would therefore be size
independent. The thermal conducti\-i­
ty detector is a concentration-sensi­
th'e de\ice that scaJes down nicely. It
can be microfabricated on a surfa·ce.
thus alloYti.ng minimal sampling vol­
ume. since it can lie face down in a
shallow groove through which the col­
umn output nows. In addition. the
time response (limited by the thermal
mass of the hot wire and substrate)
goes down along v.;th size, The actual
detecwr consisted of a lithographical­
ly patterned zigzag "wire' of nickel
(J()()() A thick) on a thinned silicon
substrate. The wire was heated with a
current source, and resistance
changes-<:aused by heating of the
sensor as sample peaks eluted-were
used to produce the chromatogram,
Detection of air contaminants in the
ppm concentration range has been
demonstrated, and analysis times of
less than 60 s for many organic vapon,
are typical The instrument is avail­
able commercially from Microsensor
Technology Inc.

TedlnIcal Challenges
Microsensors and microinstruments

are a reality today, but numerous
technical challenges must be met be­
fore they will be used extensively in
routine analysis. For chemical micro·
sensors, the leading challenge is l<l de­
ve)op reproducible coatings that are
compatibJe with the sensor device and
selective to the chemical species of in·
teresL Undoubtedly a considerable
amount of basic research will be re·
quired to examine reversible interac­
tions with immobilized films on the
microsensor. Interactions that turn
outl<l be irreversible but still selecti"e
can be used to make throwaway do­
simeters. Because selectivity will be
degraded by the complex matrices to
be analyzed (e.g., ambient air and
urine) the use of pattern recognition
techniques with microsensor arrays
will be essential. Considerable work
will be required l<l develop suitable al-

gorithms to provide qualitative and
quantitative analytical information
from an array of sensors that responds
in a reproducible but probably nonlin­
ear way to the target malecule and
knawn interferences. Such an ap­
proach would have been considered
absurd by most anal~1icaJ chemists a
decade ago. The e\'er-diminishing cost
of computation power is changing that
opinion,

Packaging is another area that will
require a major commitment before
mass-produced sensors will be viable.
The chemical microsensors that per­
form so well in the laboratory are
often plagued by fragile chip connec­
tions and contamination af sensor cle­
ments not intended for exposure to
the medium being analyzed. This is
because researchers have often relied
on conventional microelectronic pack­
aging techniques that were ne\'er in­
tended for sensing applications.

The elucidation of new physical­
chemical interactions that are compat­
ible with planar devices will offer
many research opportunities. Thus,
effects such as surface plasmon reso­
nance (36) or adsorption-induced sur·
face potential changes (37) could be
used as the basis far new chemicaJ mi­
crosensors. As new sensing interac­
tions are elucidated and refinements
are made on existing devices, it will be
necessary to develop fundamentally
new microstructures using new mi­
crofabricatian techniques. For the im­
mediate future, however, the existing
lithographic and etching techniques
will probably have more capabilities
(e.g., resolution) than microsensor de·
signers will require.

Future Prospects

The research and development of
chemical microsensors has been grow­
ing steadily in recent years. The
trends that have been established in
this field allow one to make some con·
servative predictions about the kinds
of devices and systems that will prob­
ably emerge in the next decade.

In the device area, integrated opti­
ca! components will undoubtedly be
explored as chemical microsensors.
Much interesting work has already
been done on optical-fiber-based sen­
sors such as optrodes (38) and optical
waveguide vapor sensors (39). An inte­
grated optics approach involving eva­
nescent wave interactions in thin-film
waveguides on small solid substrates
should be quite feasible.

The use of eu:hed capillary tube
technology with its associated micro­
valving will see other applications be­
yond gas chromatography_ Indeed,
Ruzicka has recently described how
microcapilJary technology can be used
in lIow injection analysis (40). Wide
but shallow eu:hed capillary tubes

could be very useful for field lIow frac·
tionation. In addition, it may be possi­
ble io build a miniature lIuid pump on
the same substrate as the capillary
tube by using piezoelectric technology
similar to that used in ink jet printing
(5)_ Capillary tubes will also be used
in conjunction with thin·film heaters
to provide temperature control. When
such a capillary tube is coated with a
suitable sorbent material it could be
used as a miniature sample preconcen­
Uator with rast thermal desorption ca·
pability. Sample manipulation such as
now metering and switching with
lIuidic logic is another possibility.
Etched capillary technology may also
benefit chemical analysis in the form
of miniature Joule-Thomson cryogen­
ic refrigerators, such as those devel­
oped by Little and co-workers and
MMR Technologies (41). Future re­
frigerators may operate at tempers­
tures of a few degrees Kelvin, which
would permit sensors based on super·
conducting technology to be used
without elaborate refrigeration equip·
ment. One can imagine an inelastic
tunneling spectrometer fabricated
from a supercanducting interdigital
electrode array on a substrate cooled
by a microrefrigerator. Such technolo·
gy might constitute a practical ap·
proach for sensitive detection and
identification of adsorbed materials
with a true microinstrument.

New opportunities in electrochem­
istry will result from use of E-beam
fabricated planar disk electrodes such
as those investigated by Aoki and
Osteryoung (42).

Lithographic and thin·fiIm tech­
niques may also be applicable to mass
spectrometry and ion mobility spec·
trometry. Ion sources, ion optical
components, and detector arrays have
been proposed that could be micro­
fabricated and possibly used in a min­
iaturc law·resolution fixed-sector
mass spectrometer (43).

It should be clear that microfabrica­
tion techniques offer an enormous
range of oppartunities in chemical
analysis, Microsensors ond microin­
strumentation are more than cute
gimmicks. Rather they afford funda­
mentally new capabilities in terms of
usable sample volumes, analysis
speed, robustness, portability, and
cost. The engineering community has
developed a very powerful set of tools
and techniques for creating micro­
structures and devices, It is now up to
the chemistry community l<l take ad­
vantage of this capability. A revolu­
tion in microcomputer technology pro­
duced a dramatic change in the way
analytical information is processed,
This new wave of analytical technolo­
gy is sure to produce 8 dramatic
change in the way analytical informa·
tion is obtained.

(continued on p. 103 A)
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Authors, Editors, and Reviewers
Are All Human

High-quality research should be the goal of all scientists. And since
the measure of high quality is directly related to the quality of the
publication medium, the journals with a reputation for rigorous stan­
dards are always under great pressure. As a journal strives to maintain
high standards, however, the rigor of the peer review process inevitably
results in a large number of disappointed authors. Behind each rejected
paper there may be an author who believes he has been unfairly treated,
that those who reviewed his manuscript were either incompetent or were
competitors out to "steal" his ideas. Rejected authors often perceive that
papers of poorer quality than theirs are regularly published by the
journal in question. This perception leads to the conclusion that the
editors share a mindless hostility to new ideas and are in collusion with
the reviewers.

ANALYTICAL CHEMISTRY has over the years maintained an excellent
reputation for quality. Much of this success can be attributed to the
tireless efforts of experienced and objective staff editors and an inval­
uable group of expert reviewers. Maintaining this position in conjunction
with a limited page budget means that marginally acceptable papers are
turned down. Although authors are entitled to offer rebuttal arguments
in those cases where criticisms are incorrect, a small number tend to
resent even constructive criticism. This is unfortunate, since the re­
viewers serve as an unusually well-informed microcosm of the readership,
and their comments can help authors present their work in the best light.
J:Ilearly every manuscript can benefit from constructive criticism.

It should be noted also that although great efforts are made by the staff
to identify the best reviewers, sometimes the best reviewers are not
available because of the pressure of other work or other reasons. Fur­
thermore, in recent years many new and highly specialized areas of re­
search have evolved; as a result tremendous pressure has been placed
on the staff to identify expert reviewers from a small but evolving pool.
We always welcome suggestions for new reviewers, but we must continue
to make our own judgments regarding their competence and impartiality.
I want to assure all our authors that no manuscript is ever rejected
without my personal attention. The disappointed author should realize
that in each and every case the Editor evaluates the comments of the
reviewers as well as their competence.

Authors, reviewers, and editors are all human beings and therefore
are subject to human frailties. However, it is not in the author's best
interest to mount highly emotional attacks questioning the competence
of reviewers or the editorial staff. In those cases where a rejection is based
on "faulty review" or lack of understanding, the resubmission of a revised
manuscript accompanying an objective rebuttal would be more appro­
priate. An emotional attack on the reviewers or the staff does not change
the weakness of the manuscript.
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Laser Desorption Mass Spectrometry with Thermospray
Sample Deposition for Determination of Nonvolatile
Biomolecules

E. D. Hardin, T. P. Fan, C. R. Blakley, and M. L. Vestal-

Department of Chemistry, University of Houston, Houston, Texas 77004

A new lasar d.sorpllon maN ....ctrom.t.r h.s been Inl.r­
laced to a IIqoJd chromalogreph uslng a moving stalnlela stH!
ben. Sam"," are sprayed _ onto the belt under par1Jal
vacuum ",Hh a Ih.rmoapray vaporlzar. Th.sa samples are
trallljlOl1ed through a dlIferentlally pumped vacuum lock and
Ionized In the aourc. 01 the masa Ijl.ctrom.t.r wHh 45 ns,
10' W/cm2 Iasar pU1sa1 Irom a Q-o",Hched Nd:YAG lasar.
Dala on the performance allla new LCILDMS are presanted
tor saveral cta_ al nonvo/allle, tharmaly labile bIomoIec­
ul•••

An area of great analytical importance to organic and
biomedical research is the development of mass spectrometric
techniques for determination of high molecular weight (>1000
daltons), nonvolatile, thermally labile biomolecules (see reviews
in ref 1-3). Some of the most successful approaches to this
problem involve the use of desorption-ionization (OJ) tech­
niques where energetic beams of flssion fragments, ions, atoms,
or photons are used to desorb molecular ions from solid
samples present in the 80urce of a mass spectrometer. These
D1 techniques include plasma desorption rna.. spectrometry
(PDMS) (4), secondary ion maas spectrometry (SIMS) (5,6),
fast atom bombardment (FAB) (7, B), and laser desorption
rna.. spectrometry (LDMS) (9-19).

In 1978 Kistemaker and co·workers showed that LDMS
could be used to analyze representative samples from many
major classes of nonvolatile biomolecules such as amino acids,
nucleoaides. peptides, nucleotides, and saccharides. Much of
the current LDMS research has focused on elucidating the
ionization mechanisms involved in the LD process. In LDMS
submicrO&eCOnd laser pulses with power densities on the order
of 10"-10" W/cm2 are used to desorb molecular ions. Proton
transfer, alkali attachment, and desorption of "preformed
ions", e.g., organic salts, have been studied by LDMS. Ca·
tionization by silver ion attachment has been studied in laser
desorption experiments by Cooks and co-workers (13), and
attachment of many other metal cations was also observed.
Cluster formation with metastable di..ociation has been ob­
served (12). With magnetic instruments large cluster ions
formed in semifluid chemical ionization type reactions of
sucrose have been observed (14). Cotter has determined the
temporal distribution of laser desorbed neutraJa and ions (15,
16). Laser desorbed neutrals have been ionized by CI (17),
EI, and alkali ion attachment from a crossed alkali ion beam
(18, 19). Cationized molecular ions have been shown to be
formed in gas'phase ion/molecule reactions between neutraJa
desorbed around the periphery of the laser hot spot and co­
desorbed alkali ions thermionicaJly desorbed from the center
of the beam (19). Intense, long·lasting molecular ion beams
have been laser desorbed from samples diluted in an ammo­
nium chloride matrix (13). Cationized molecular ions and
"preformed ions" have been desorbed from bulk samples and
salt mixtures upon irradiation with CW lasers (20). These

experiments have helped to isolate and identify ionization
mechanisms involved in LDMS, some of which may be shared
by aU of the energetic beam OJ techniques.

Our research involves both understanding the LD process
and developing its analytical potential. In our view, .. practical
technique should provide both molecular weight and structural
information on a wide range of nonvolatile and/or thermally
labile compounds, it should be compatible with conventional
rapid scanning m888 analyzers, both magnetic and quadrupole.
and it should be suitable for combination with the techniques
commonly used for separating and purifying mixtures of in­
volatile compounds such as liquid chromatography (LC) and
thin-layer chromatography (TLC). With these criteria in
mind, we have coupled a liquid chromatograph to a LO mass
spectrometer using a moving stainless steel belt sample in­
troduction system for continuously supplying sample to the
source of a LD quadrupole moss spectrometer. SIMS has
previously been used as an on-line LC detector utilizing the
moving belt interface (21, 22) and PDMS has also been used
as a detector in combined LCMS (23) with an on-line rotating
disk sample collection device. We are using a new approach
for sample deposition in which a thermospray vaporizer (24)
is used to spray the LC effluent onto the moving belt under
partial vacuum. The advantage of this approach is that most
of the solvent ( ......95%) is removed before sample deposition
onto the belt. This prevents backmizing on the belt and also
eliminates the need for strip heaters and extra differential
pumping stages.

INSTRUMENTAL METHODS
The mass spectrometer used in this work (see Figure 1)

consists of a hyperbolic rod quadrupole mass filter, an Ex­
tranuclear Model QPS quadrupole controller, an rf-only
quadrupole filter, an off·azia electron multiplier, a PAR CW-I
boxcar integrator, and a Finnigan INCOS data system. Ions
Bre focused into the quadrupola entrance aperture by using
two ion extraction cones and an einzellens. The source lenses
and quadrupoles are usually operated at a potential of 10-15
V with respect to the grounded belt. Differential pumping
is supplied by a 1000 L/min mechanical pump on the ther­
mospray region, 8 2-in. diffusion pump on the intermediate
region, and a 4-io. diffusion pump on the analyzer region. A
source pressure of 2 X lO~ torr and a thermospray region
pressure of approximately 400 mtorr is maintained when an
LC now rate of I mL/min of water is used. Samples are
introduced into the system with a Valco LC injector valve
backed by a Waters M-45 HPLC solvent delivery system. The
belt (Ebtec Corp.) is 304 alloy stainless steel, 120 em X 3.19
em X 0.05 nm, and is normally operated from 0.20 to 1.0 cm/s.
We have found that belts darkened by mild oxidation at 450
°C in a furnace give better results, presumably due to more
efficient laser power absorption.

The thermosprayer (see Figure 2) consists of a 0.15 rom i.d.
stainless steel capillary tube brazed into a copper block heated
by two cartridge heaters. The thermosprayer has been op­
erated in two modes, with and without the transfer tube. In

0003-270018-410356-0002$01.5010 e 1S83 American Choorical SocIoIy



figura 2. Schematic diagram ot the ancIosad thennospray deposltJon
assembly. The Inlernal pressll'e Is opllmlzed by varying the gas exJI
8pertl.l'8 clameter.

FlgIra 1. SchemalJc diagram of the iaaar deso<ptlon mass spec­
trometer showing the II1ermospray deposltJon apparalus ar<! sample
transport system. The laser beam enters hough the window at the
r1gh1 ar<! Inlersects the be~ at a 45° angle.
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foUowed bY electrospraying at ambient pressure. Replacement
of the belt ....mbly and evacuation of the mass apectrometer
Lske approximately 20 min.

Energy deposition into the aample is provided by a Quan­
tronix Model 210 Q-switched Nd:YAG laser which can operate
from 100 to 50000 Hz. The unfocused output of the 1.06 I'm.
0.5 mm diameter beam has a power density of 2 x 10' W/em'
during a 45-ns pulse. This beam is expanded to 5 mm diam­
eter and then refocused with a cylindrical lens (f = 10 cm)
and a spherical lens (f = 50 cm) to produce aline image (3.1
mm x 0.11 mm) across the fuU width of the belt. From the
lens equations the power density delivered to the belt during
normal operation is calculated to be on the order of 10' W/em'
at the center and 10' W/cm' at the ends. The lenoes are
mounted on a translation stsge (fw'" = 10.4 cm) which aJlows
the central power density to be varied from 10' W/cm' to
above l(l' W/em'. It should be noted that these are calculated
power densities; the actual power density absorbed by the
sample and belt is the important parameter and cannot be
easily measured directly.

When operating in the on-line LC/MS mode several pa­
rametera, quadrupole scan rate, laser pulse rate, and belt speed
are coordinated and'some compromises must be made. We
have found experimentally that over the normal range of belt
speeds used, 0.2-1.0 cm/s, a laser pulse rate of 100-200 Hz
gives the best molecular ion yields, presumahly because there
is less overlap on the belt between consecutive laser pulses
causing less local heating. At 100 Hz this limits our quad·
rupole scan rates to 100 daltons/s, which allows for I
pulse/dalton. At a belt speed of 0.25 em/s a flat thermocouple
placed under the belt measures a belt temperature of 31°C
at 100 Hz, hut at 1000 Hz the temperature of the belt is raised
to 125°C. More pulses per dalton give more reproducible
mass spectra but this requires either higher pulse rates or
slower mass scans. LocaJ heating produced by the higher pulse
rates may cause some sample pyrolysis or premature de­
sorption, while slower scan rates limit the mass range available
for rapidly eluting chromatographic peaks.

RESULTS AND DISCUSSION

AU of our laser desorption studies have been carried out
by using a stainless steel belt as the substrale and source
pressures in the 10-6 torr range. Under these conditions there
are many contsminants adsorbed on the belt. Figure 3 shows
two summed hackground spectra from a well-used belt ob­
tained at different power densities but at otherwise normal
operating conditions. In the 10' W/cm' range there is little
ionization except for Ns.... K+ (not shown). and a few clusters
such as KCI·Ko and CsCI·K+. There are also unidentified masa
peaks, presumably from previously pyrolyzed samples or
vacuum pump oil contaminates. Above approximately 1.4 X
lei \V/cm2 there is a sharp rise in total ion current as atomic
ion emission, Cr· and Fe+, from the stainless steel itself now
dominates the spectrum. There are also more cluster ions sod
more low m888 unidentified ions at this power density. Thia
high power density range has been coiled the laser desorption
plasma mode (IJ. 26) and its use results in formation of visible
craters on the surface. We generally operate at an experi­
mentally determined power density just above that necessary
for atomic ion emission (rom the stainless steel; this gives the
best trade off between background interference, aample
fragmentation, and molecular ion intensity. One must keep
in mind that only the power density at the center of the beam
image is 10' WIcm'; the outer ends of the line image have a
power density 100 times leas than the center. Whatever the
power density used there is no discernible background above
375 daltons, the K(CsCI),° ion. In the positive ion mode
cluster ions are practically unavoidable but generally not a
problem except in the low m888 range (below 150 daltona)
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the open arrangement (without the transfer tube) the ther­
mosprayer is positioned about 1 em above the belt and ap­
proximately 220-240 °C is necessary to produce a fme, visible
mist covering the belt when using 1 mLlmin of water. The
thermospray tempereture is used to adjust the degree of
solvent vaporization, and the temperature at which a visible
mist is produced without Uquid buildup on the belt gives the
hest results. With the transfer tube in place (see Figure 2)
slightly lower temperatures can be used. In this mode the
thermosprayer is edjusted to a temperature just high enough
to prevent ice formation on the belt or on the downstream
thermocouple. With thia approach there is a more gradual
desolvation and leas thermal energy losa than when spraying
directly into the vacuum. Thia arrangement has only recently
been inatalled but preliminary results show better aample
deposition efficiency than the open arrangement. We are
currently optimizing the preasure of the enclosed therm08pray
....mbly to further increase the aample deposition efficiency.

Some aamples were prepared by the electr08pray deposition
method (25). This is accomplished by removing the entire
belt aasembly (which conveniently sUdes out in one piece)
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figura 3. Summed background spectra from tile "clean" bait at 8 X
10' W/cm'l and 1.4 X 10' W/cm'l. Not shown is the K+ k>n peak
which is at Ieasl 2 orders 01 magnitude larger than the peaks shown.
These spectra were taken at the following operating condltlons: bett
speed, 0.25 em/s; laser repetition rate, 100 Hz: and quadrupole
scanning fate. 100 daltons/s.

where they are quite intense. The negative ion background
spectrum is substantially less intense. In the negative ion
back~round intense peaks at 63 and 79 are observed.

The nucleoside guanosine is 8 thermally labile, nonvolatile
biomolecule that has frequently been used as a test sample
for soft ionization techniques. Figure 4 shows the LD positive
and negative ion spectra of guanosine taken at normal op­
erating conditions using an LC /low rate of I mL/min of water.
The posiUve ion spectrum shows alkali-attached molecular
ions and double alkali·attached deprownated molecular ions
as well 88 corresponding guanine base fragment ions. The
degree of fragmentation is dependent on the power density
as has been noted by others (J 1). The negative ion spectrum
shows only (M - H)' and B- ions. These results are typical
of our laser desorption mass spectra from nucleosides and
amino acidsj MH+ ions are usually weak or absent. Some
samples lested always yield MH+ ions, however, most notably
the basic amino acids arginine and histidine. but alkali-at­
tached poeitive molecular ions are by far the most frequently
observed species in the LD process. Also, samples with the
highest positive molecular ion yields give the lowest negative
molecular ion yields and vice versa.

It would seem that alkali ion attachment would be enhanced
and variability suppressed by using an alkali salt matrix
containing the sample, and in fact this does yield an increase
in cationized molecular ion production, but unfortunately this
also caused a high increase in background from many different
salt clusters and adducts. There is also a long lasting memory
effect on the belt when using pure alkali halide salts. For these
reasons we are presently not using a salt matrix with our
samples.

All of the common nucleosides and amino acids we have
tested thus far yield strong alkali·attached molecular ion
signals. We have also been testing samples of higher molecular

POSITIVE ION SPECTRUM

MX+
>22

Flgur. 4. Positive and negative Ion spectre of guanosine taken at
normal operating conditions. Not shown Is the (M - H)K2+ Ion peak
In the positive Ion spectrum.

weights with similar results. Figure 50 shows the LD mass
spectrum obtained from a 1 }olg injection of the antibiotic
erythromycin into the LC sample loop. This sample yields
intense MNa+ and MK+ ions as well as structurally significant
fragments at 583 and 599 dalwns. The peaks at 739 and 755
daltons may be due to loss of water from the molecular ion.

Figure 5b shows the LD mass spectrum obtained from 1
1'8 of the cyclic peptide antibiotic, gramicidine S hydrochloride.
This spectrum also shaWl! intense MNa+ and MK+ ions. The
excessive peak broadening at the base of the molecular ion
peaks is pardy due w incomplete resolution by the qusdrupole
mass fIlter, but there appears to be an additional contribution,
particularly at higher masses, which is not yet understood.
This result demonstrates the high mass potential of LDMS,
but it should be noted that desorption of alkali·attached
molecular ions from cyclic compounds bas been shown to occur
by purely thermal methods (27) even at temperatures below
that necessary for alkali ion emission.

Figure 5c shaWl! the LD mass opectrum obtained from 1 ~g

of the peptide trp·met·asp·phe·amide HC!. The spectrum
shows a strong MH+ ion signal but uncharacteristically little
signal from a1kali·attached molecular ions. This may be due
w the fact that the sample is a hydrochloride salt. Again there
appears to be loss of water or ammonia from the protonated
molecular ion.

All of the spectra shown here were taken by use of on-line
thermospray sample deposition LC/LDMS. We have also
prepared many samples by using off·line electrospray sample
deposition onto the moving belt. The electrospray method
can be used to provide relatively smooth sample coverages of
known surface concentration. It would not make a suitable
sprayer in an on~line moving belt interface, however, in that
it requires high voltage, atmospheric pressure, 80% alcohol
solutions, and low /low rates. We use the electrospray method
as a comparison tool for studying relative thermospray sample
depoeition efficiency and homogeneity. Figure 6a shows the
reconstructed ion chromatogram (RIC) from an electrosprayed
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FIgura 5. (B) Positive Ion LD ...... apec1rum taken from a l-j,g
Injectlon of ery1hromycIn Into tha LC UfT1llo loop. (b) Poslllve Ion LD
...... apect1Um taken from a 1-Mg Injectlon 01 gremlclclne S hyO'o­
chIorida, (e) PosItIve Ion LD ...... apect1Um 01 tha pepllde trp.mel­
up-pheoemlde HCl. WIth IhIa sample tha MW Ion Is tha major rna­
_ Ionpr_.

series of differenl Burface concentrations. Thia RIC of Ihe
aummed intensilies of the MNa+ and MK+ ions of cytidine.
a particularly B1able nucleoside, was obtained al a 900 Hz laser
repetition rate, a 230 dallons/B IIC8Il rate, and a 1 =/. bell
.peed. II cbaracteriz.eB the relative ion yields from abova and
below nominal monolayer (-1 ,.g/=') .urf.ce coverages.
Below a monolayer, the response is appnnimateiy proportional
10 the Burface coverage, bUI above a monolayer, the response
increases only Blightly with increasing .urface concentration.
This may be due to attenuation of the laser intensilY by the

toRR. COEfF.· 0.9918

SUlP£ • 0.906

O.ll- ~---~--~

0.01 0.1 LO 10
SURfACE COVERAGE t ........ I

FIgura e. (a)_Ion cIvomalC9M1 01 tha 1l.I'I'I'Il8CI_+
end MK+ Ion IntanaItIea from a _ 01 eIeclrooprayed aurta<:e cov­
...- olapptOxmotely 80 nglem'. 1 Mglem'. and 3.4 Mg/em'. In
IhIa C8I8 tha~cor-. ... as loIowa: bell apead, 1 emla;
Iaaer ,_tItIon rate, 900 Hz; and scan rate, 230 claIlonaIa. (b)~
conatrue1ed Ion cIvomalC9M1from thBnnoBprayed'- _
by l.U1g 250-1'l UfT1llo Injectlona and tha concentratlona shown. A
150 daIlon mass range was acanned In 3 a which __ lor 2 puI­
aaaJdBJton. (e)~ plot 01 paak araa __... UfT1llo aurta<:e
COY«agB ob_ from IOU' rapllcataa 01 tha~ _ted
In FIgura ab. A _-.-rea plot Is shown lor data up \0 and below
a nominBl monoIByer. The bats indica'" tha _ and _ ImIta of

tha mean ± 8IandanI _lion at each data "'*'"
sample preventing good energy deposition, or il may be an
artifact of bulk va. Burface ionization reactions. This RIC a1Bo
Bhowe the IIC8Il to IIC8Il fluctuations involved in the laser de­
8Orption me88urement. We are nol sure if these fluctuatinna
are primarily from sample coverage inhomogeneity induced
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Flgwa 7. Reconstrue1ed Ion c1vomatOl1"am trom a ....les of 12 10­
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of cytidOle Is shown. The noise peak Is from a S8fT1lIe deposited dts1ng
8 previous run.

FIgura a. UV trace and LOMS raconstruc1ed Ion c1vomatogram from
ao orHIne separsllon of 11'0 eaell of four oucleosldes. The RIC Is
a _lion of oJ the rnoIe<:lJlar and fragment Ions that these n...
cleosIdes have been obse<ved 10 yield.

100 daltons each. A representative mass spectrum covering
100 daltoDl can be obtained with a l(}.ng 88Mple in t.bia way.

A small number of LC .eparations have been carried out
to teet the capability of the LD m888 spectrometer .. an LC
detector. For these tests we cbOlO a mixture of four common
nucleosides. cytidine, guanosine. undine, and adenosine.
Figure 8 shoWl the UV trace and the LD recoDluucted ion
chromatogram taken from an on-line IOparotion of a mixture
containing 1 I'B each of th... four nucleosides. The RIC is
a summation of the molecular iODl and fragments th...
molecul.. are known to yield. As can be BOOR, the RIC folloWl
the UV trace very c101Oly. There is little or no peak broad­
ening induced by the thermOlprayer beceUlO there is no liquid
or ice build up on the belt. The RIC also shoWl the relative

in the electroepray proceaa or from differencell in local sub­
strate condition. Darker are.. on the belt have a higher
capacity for laBer power abeorption usually resulting in higher
molecular ion yields. Also. at t.bia pulse rate and belt speed
there is overlap of the coDllOCUtive laBer pulse images on the
belt surface which may induce localized heating and Bample
pyrolysis. In experiments at different belt speeds, we have
determined that 88mple ionization efficiency is better when
every laser pulse impinges on a freah surface area.

Figure 6h shoWl the RIC obtained from on-line thermOl­
prayed histidine (mol wt 155) in various concentrations to
show the response from above and below nominal monolayer
surface coverages. The RIC is a summation of all the major
molecular iODl that are observed from histidine, (M ­
COOH)+, MH+, MNa+, and MK+. Figure 6c shoWl the data
from Figure 6b along with three other replicatee in terms of
relative peak ar... VI. 88Mple surface concentration. Surface
coverag.. are ..timated 888uming a 40% thermOlpray 88Mple
depoeition efficiency and average peak widths of 30 s. Mean
and standard deviatioDl were calculated for each data point
and are shown on the graph. As can be seen, the response
is linearly proportional to surface coverage up to slightly over
a monolayer (-0.51'BIcm' for histidine), hut at higher surface
concentratioDl the response increOles only slightly. This
agrees with results obtained by electrOlpray deposition.

Although all experimental conditioDl were carefully con­
trolled to be identical in each repeated experiment, the ab­
solute responlO still may vary by .. much .. :30% between
experimenta. This variation can be attributed to several
factora. Liquid flow modulation inherent in the LC pump
operation is one factor; while therm08pray deposition is ob·
IOrved, the mist spot formed under the spray on the belt can
be BOen to grow and shrink in phaBO with the LC pump piston
operation. This effect can be effectively eliminated, however,
with a column in place. Another difficulty is in regenerating
a reproducibly clean belt surface between experiments.
Nonhomogeneous pump oil accumulatioDl and local surface
discolorations almost certainly contribute to variations in
responlO. In spite of th... uncontrolled factors, the rela­
tionBbip between relative response and surface coverage is still
apparently linear.

The relative thermOlpray 88Mple depoeition efficiency w..
obtained from detailed compariaoDl with electrospray Bample
deposition. In these experiments it was 888umed that elec­
trOlpray deposition provided 100% traDlfer efficiency.
ComparisoDl between the open and clOled thermOlprayer
arrangements have shown the clOlOd arrangement to have a
transfer efficiency 40% that of electrospray and approximately
twice the transfer efficiency of the open arrangement. Th...
compariaoDl were hued on the inteDlity of the LD response;
it is 888umed that differences in response are due to actual
surface concentration and that the response is not strangely
influenced by the size of aggregates which may be formed on
the belt. Also, in our comparisoDl using the two Il4IDple
deposition techniques we have seen no evidence for sample
decomposition induced by the thermOlpray proc.... For
example, the apparent fragmentation of a thermally labile
sample such .. guaDOIine is the Bame with thermOlpray de­
poeition .. with electrospray depoeition.

Figure 7 shOWl a IOries of 12 injectioDl of cytidine ranging
from 2 to 100 ng using a 2O-sd- injection loop. Only the MNa+
peak at 266 daitoDl is shown in the recoDluucted ion chro­
matograph. As can be BOen, the chromatographic peak shapes
are good and the response is approximately proportional to
sample size. The peake are approximately 3 s wide at the hue
and there is no apparent peak broadening induced by the
thermospray depoeition process. To catch these rapidly
eluting peaks, 1 s maaa 8C8D8 were taken covering a range of



molecular ion yields of the different nucleooideo; at the power
density uaed in thia experiment guanoaine and cytidine have
a 80mewhat higher ionization efficiency than uridine and
adenoaine. Compared to UV detection at 254 nm the LD maao
apectrometer ill about 100 tim...... sensitive for nuclOO8id...
The m&88 apectrometer does provide molecular weight and,
in 80me <:a808, atructural information where the UV detector
doeo not. For aamples thet do not have strong UV absorptions,
the LD m888 apectrometer may be more sensitive. A time­
of-flight (TOF) m888 spectrometer with aimultaneous ion
detection would greatly improve our sensitivity; with the
llC8JlJling quadrupole m888 apectrometer we ale aampling only
a amall portion of the total ions produced.

A major limitation of our present moving belt system ill thet
the LC separations must be accomplillhed in I... than 9 min
in order to prevent eluting sample components from over­
lapping each other on the belt. With the belt operating at
0.25 em/a amall aample amounts (1088 than a monolayer) are
over 95% removed after one P888 under the laser but larger
aample amounts or f88ter belt apeeds leave more r..idue. We
do not, 88 yet, have a good method for on-line belt cleanup.
Our approach thus far h88 been to clean off the belt after each
revolution. This ill aa:ompliahed by allowing the belt to rotate
under the laser while operating at high repetition rate and
high power density. Cleanup by conventional heaters h88 not
proven ..tiafactory because their use C8U808 nonvolatile aam·
pies to pyrolyze leading to localized discoloration of the belt
and uneven l88er power absorption. It appears thet either a
80lvent scrubber combined with heating or using a aingle-P888
disposable belt may be better approaches.

Preliminary results with the new LC/LDMS are promising.
Currently, we are attempting to optimize the encloeed ther·
m08pray deposition apparatus, experimenting with darkened
belt surraces, atudying the effecto of different aample matrices
on molecular ion yields, and measuring the effecte of different
belt speeds. An ion gun h88 recently been installed for direct
compari80DS between SIMS and LDMS from the moving
atainl... steel belt. More detailed atudies will be noc088&rY
before the analytical utility of these techniques can be ea·
tablillhed. Such atudies are presently in progr....
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I!ePatry No. Guanooin., 118-00-3; erythromycin, 114-07-8;
gramicidin S hydrochloride, 57572-74>-6; Trp-Met-Asp-Pbe­
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58-96-8; adenOline, 58-En-7.
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Spectrometry with Fast Atom Bombardment
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Fall atom bombardm.nt (FAB) In conJunction with ma..
spac:tromall'y/..... apactromalry (MSlMS) waa appIad to lha
anaIy* of.-1UIactant. lor lha tnt _. 1'..-. matarlall
and commarclal producta w.r. In•••tlgatad. Molecular
w.lght dIIlrlbutlona 01 convn.rclal aur1aetant. could be ob­
talDad Irom alth.r th. poolIl.. or nagatl.. FAB .pactra.
CoIl11lonaly actlvatad _tlon (CAD) apactra 01 _ad
Ion. war. UIad to confirm atrulur.1 Id.ntlflc.tlon. Cia••••
suCc:auIuIy charactarlzad IncIuda .1kyI and alkylaryllUllataa
arid donal., _ al/l8r lUIlat., a_ donal., latty

acid aa"., auKosucclnat. _.ra, and N-acylatad amino
aclcll. The FAa MSIMS technlqu. parmna lha rapid analyall
01 th••• Ionic aurfactanta without any darl.atlzatlon or
pr.aapa..tlon.

Two developments in the past few years which have sig­
nificantly advanced the capabilities of m8ll!l spectrometry for
chemical analysis are tandem m88S spectrometry (MS/MS)
and fast atom bombardment (FAB). Although the multisector
instruments used in MS/MS have existed for many years,
their capability for unaided separation (MS-I) and identifi­
cation of single components (MS-lll in complex mixtures has
only recently been explored. Analysis by MS/MS required
that little sample pretreat.ment or preparation be done.
MS/MS also provides a level of sensitivity and specificity not
afforded by other instruments. The reader is referred to many
fine articles which have been published on the theory and
application of MS/MS (1-7). .

Fast atom bombardment has become recognized as the
preferred method of ionization for ionic or multifunctional
molecules (8-11). The use of FAB has grown tremendously
over the last 2 years. A great many substances not amenable
to ionization by conventional MS methods have now been
analyzed suce..fuily making use· of FAB (12-15). Anionic
surfactants and surfactant mixtures are a class of such sub­
stances, and this paper is the first report of their analysis by
FAB and FAB combined with MS/MS.

The analytical methods presently used for anionic surfac­
tants cover a range from classical colorimetric determinations
through chromatographic techniques, sometimes preceded by
chemical modification (16, 17). Applications involving rna..
spectrometry are seldom seen except for methods involving
field desorption (l8~2I),laser ionization (22, 23), and heated
filament in-beam electron impact (24, 25). In fact, the first
application of MS/MS in surfactant analysis was worked out
by Levsan and co-workers (18) using FD as the ionization
method.

Even if the surfactaot molecules or ions can be brought into
the gas phase, the problem is still not solved. This is because
the functional prop4mies of anionic surfactants do not require

commercial products to be pure. The raw materials are in­
variably mixtures of fatty acids, alcohols or hydrocarbon
precursors. The resulting surfactants are primarily water
soluble salts.

The ability of MS/MS to deal with mixtures such as com·
mercial anionic 8urfactanta and the ability of FAB to desorb
nonvolatile sample ions make the combination of the tech­
niques a logical choice for the analysis of these materials. This
paper describes the application to alkyl sulfates and sulfonates,
ailrylbenzenesullonates, xylenesullonates, alkyl ether sulfates,
a·olefin 8ulfonates, fatty acid salts, N-acylated amino acids,
and sulfosuccinates. Both positive and negative ion FAB
spectra have been taken, and CAD spectra are presented for
the major components.

EXPERIMENTAL SECTION
The pure chemicals were obtained. from Eastman Kodak and

were used without further purification. The sources of thc com­
merical surfactants are listed in Table I.

The mass spectra were obtained with a Kratos MS-50 triple
analyzer mass spectrometer (26). The instrument is comprised
of a high-resolution MS-I (a standard Krstos MS-50) followed
by an electrostatic scctor, MS-Il. An Ion Tech atom gun and a
standard Kratos FAB source were used. The samples were an­
alyzed neat or dissolved in a glycerol or triethanolamine matrix.
A small drop of the sample solution was placed on the copper
target of the FAB direct insertion probe. The sample was hom­
barded with 8-keY xenon atoms, and the ions produced were
accelerated through 8 keY. CAD spectra were oUlained by se­
lecting the appropriate ion in MS-! and then inlrooucing sufficient
helium into the collision cell (third field-free region) between MS.I
and MS·II to result in a 50% reduction of the intensity of the
selected ion. CAD spectra were obtained by scanning MS-II and
were signa) averaged and processed with tl standnrd DS-55 data
system using software written in this laboratory.

RESULTS AND DISCUSSION
Alkyl Sulfates and Alkylsulfonates. As a group, salts

of primary ailrylsullonates rank as the oldest (IB.10s) anionic
surfactants after soap. They remain an important class of
surfactants despite trends in the mid 19605 away from their
use in favor of the use of biodegradable surfactants (27).

Positive and negative mass spectra and CAD spectra of
FAB-generated negative ions were easily interpretable and
very informative for alkylsulfonate surfactants. The typical
mass spectrum of positive ions (see Table II) shows a series
of ions of the formula Ln Nan+l +, where n varies from 1 to 7
and L is the subject anion. The negative ion data, also in
Table II, show L- and NaL,+ ions. The CAD spectra of
FAB-generated negative ions allow one to verify that the
material is a sulfate and to obtain the lengths of the carbon
chains by counting peak manifolds from m/z 96 to the mo­
lecular ion (see Figure 1). CAD spectra of 2·ethylhexyl sulfate
(Figure 2A) and octyl sullate (Figure 2B) illustrate the effect
of chain branching. The position of the branch point in the
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Tabl.1

compound type

sodium dorlecylbcnzenc5ulfonale
sodium o:-olefinsulfonate
ammonium lauryl ester sulfonate
sodium 2-ethylhexyl sulfate
sodium isodecyl sulfate
sodium cetyl sulfate
sodium oleyl sulfate
sodium dioctylsulfosuccinate
ammonium xylenesulfonalc
sodium oetyl sulfate
sodium octanesulfonic acid
sodium decyl sulfate
sodium tetradccyl sulfate
sodium lauryl sulfate
sodium laurylsarcosinate
sodium 2-ethylhcxyl sulfate
sodium heptadecyl sulfate
sodium tctradecyl sul:ate
sodium dioctylsulfosuccinate
ammonium stearate

trade name

Siponate DS·4
Siponate A·I6S
Sipex EA
Sipcx BOS
Sip.x CAV
SipoD GW
Sipon as
AerosolOT
Ultrawet 40AX
Standard
Standard
Standard
Standard
Standard
Hamposyl
NAS 08
NAS 07
NAS 04
TritonGR-5
Purified

manufacturer

Alcolac Inc.
Alcolac Inc.
Alcolac Inc.
Alcolac Inc.
Alcolac Inc.
Alcolac Inc.
Alcolac Inc.
American Cyanamid
Area Chemical Co.
Eastman Kodak
Eastman Kodak
Eastman Kodak
Eastman Kodak
Eastman Kodak
Grace
Niacet Corp.
Niacet Corp.
NiaceL Corp.
Rohm and Hass Co.
Whitco

Table II. Fast Atom Bombardm.nt of Alkyl Sulfates

mass of ion

positive ncgalive C

[L'INall +1 l" [Ln+INsn ]"

mass of
/I /I

compound ligand, daltons 2 3 1 3

Na 2·ethylhexyl sulfate" 209 255 487 719 951 441
Na isodecyl sulfatc b 237 283 543 803 1063 497
Na lauryl sulfate 265 311 599 887 1175 553
Na tetradecyl sulfate 293 339 655 971 1287 609 925 1241
Na heptadecyl sulfate 335 381 739 1097

a Same numbers for sodium oetyl sulfate. b Same numbers for sodium dccyl sulfate. C' Ligand also observed in FAB
spectrum negative ions.

FIgur. 1. CAD apec1rum of the negaUvelon m/z 293. the molecular
anion of pure tetradecyl Buttats.

2·.thylhexyl compound is detectabl. by the miasing peak
manifold for chain l.ngth = 2 (m/z 124) which would require
the c1.avag. of two C-e bonds at the sam. carbon atom (i.•.•
carbon 2). Unfortunately. d.tection of the branch point in
the is<>- fonn was not po6llibl.. Th. spectrum of octylsulfonate
shows the absence of the 96 (SO,-) peak and pres.nc. of the
80 peak (SO,,), indicativ. of a sulfonate rath.r than a sulfste.

Most of the materials run in this seri.s w.r. fairly pur.
.xc.pt NAS-4 (sodium tetradecyl sulfate), EK sodium lauryl
sulfate, and NAS·7 (sodium h.ptadecylsulfate). These con­
tained homologous impurities which w.re r.adily s••n in the
FAB spectrum.

~oo

sIJ ;

;s~_

,J

$0;

L,

~ ~ d
Fleur. 2. CAD spectra of the negaUve Ions: (a) mlz 209, the m0­
lecular anion of socI<m 2-4lthytlexyt sUlate (NAS 08), and (b) mlz 279.
the molecular aNon of pure sodkIl1l cetyl Guttate.

J
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Occasionally unsaturated alcohol sulfates are used as sur·
factants. These may arise wh.n hydrolysis products of certain
fats are used as feedstock in the sulfation process. Sipon OS
was studied as an exampl•. The n.gativ. ion FAB spectra
c1.arly show that Sipon OS is a mixture of saturated and
unsaturated alcohol sulfates. Th. main compon.nt m/z 321
appears to be sodium palmityl .ulf~te. with leaser amounts
of sodium stearylsulfate m/z 349 and sodium ol.ylsulfate
m/z 347 tog.ther with a minor amount of the C" sodium
sulfate. Th. CAD spectrum of .ach Component was used to
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Figure 3. SodIoo1 dodecylbenzenesu~onate (Siponate 0$-4): FAB
apec1Jum of positive Ions.

Table Ill. Relative Int.enllitiea or Sodium
Dodecylbcnzencaulfonate HomologuCi

ionizalion
homolo~e

mode Coo C" C" C" C" Co'
positive 12 23 100 55 29 16
nccativc 10 36 100 59 30 9

confirm the identity of that component by matching its
spectrum with thoae of authentic samples. The length of the
carbon chain of each consiSluent was readily determined by
simple inspection of the spectrum as discussed above.

Alkylbenzonelul(onatel. Another et... of hydrocarben
based anionic lurfactants is the alkylbenzenesulfonates. They
are commonly described as either linear (LAS) or branched
(ABS) aJkylben:renesuifonates. The branched chain types were
used extenlively as detergents between World War II and
1965. when manufacturers voluntarily discontinued their use.
The ABS surfactants are not biodegradable, and their heavy
use resulted in environmental accumulation. To overcome
the environmental impact of these hard detergents, manu·
facturers reformulated and utilized the Ie.. persistent LAS
types (a biodegradable or soft detergent alkylate).

The product selected for this Itudy was sodium dodecyl·
benzenesulfonate (Siponate DS·4). a etaslic example of the
ABS type. The alkylation of benzene with an olefin tetramer
to generate the dodecylbenzene alkylate eventually leads to
a mixture of products. The mass spectrum of positive ions
(lee Figure 3) suggelts that the material is a mixture of 17
lubstituted benzenes over a molecular weight range of 230-430.
The mOlt abundant of these compounds (based on the relative
abundance of the parent ion) is the dodecylbenzene species
with a molecular weight of 371 for the disodium ..It cation.
This sulfonate salt behaves like the sodium aulfate lurfactants
by combining with a second sodium atom under FAB con·
ditiana, forming ligand clusters L"Na"+l+ as previously de­
scribed. This spectrum contains clusters up to L.N.. at m/z
1415 (that can be observed with reasonable certainty).

The corresponding anion of each mixture constituent is
viaible in the negative ion FAB spectrum. The relative ratiOil
of the components in the mixture observed in the positive ion
mode agree reasonably weU with those found in the negative
ion mode (oee Table III).

The CAD spectra of the negative molecular ions at m/z 311,
325,339, and 353 confirm that there are homologues differing
by 14 daltons (a branch methyl or additional methylene
group). These lulfonatel ahow a much I... intense peak at

Figura 4. CAD spectn.m orllle negative Ion m I z 325. IIle IT}Olecuiar
anton of sodium dodecytbenzenesulfooste (SJponate 0$-4).

mass 80 in their CAD spectra compared to other similar .
sulfonates (e.g., xylcnesulfonate). All the spectra contain 8

stable and abundant ion at mlz 197, which probably has
structure 1, and is consistent with the two methyl branches
at the carbon atom attached to the aromatic ring.

m/2. 197

~

The remainder of the spectra consists of ions at intervals
corresponding to the carben number of the alkyl substituent.
For the C12 compound, see Figure 4 (molecular ion at m/z 325),
there are three carben atoms in the fragroent at mi' 197 and
nine peaks above that mass, totaling 12 carbons in the mol­
ecule. This pattern is found in the other CAD spectra of
mixture constituents.

Xyleneoulfonatefl. Another alkylarylsulfonate investigated
was ammonium xylenesulfonate (Ultrawet 40AX). Although
classed as a surfactant, its principal use is .. a hydrotrope (a
material added to solubilize other less soluble surfactants).
This formulation appears to contain predominantly the title
species.

The mass spectrum of positive ions contains 8 single major
peak at mi' 204 corresponding to the protonated ammonium
salt [L(NH.lHJ+. The m... spectrum of negative ions has
predictably the xylenesulfonate anion at mlz 185 and few
other significant ions. It is worth noting that there is some
ligand cluster formation observed in the desorption to give
the POIitive ion FAB spectrum. These clusters in the region
of 400, 600, and 600 daltons represent various proton bound
c1uste,. involving two to four xylenesulfonic acids with varying
numbers of ammonia molecules. The clustering appears
oimiIar to that observed for the sodium aJkylsuifates. but the
number. of ammonium cations incorporated in these clusters
is variable. Less intense higher mass ions were present for
the series [L,(NH.),HJ+ where n = 2 (m/z 407). n = 3 (m/z
610), and n = 4 (m/z 813). However. the cluster type [L,'
(NH.),+IJ+ was seen for only the n =2 (mi' 424) and n =4
(mi' 830).



ANAlYTICAL CI£MISTRY. VOl.. 56. NO.1. JANUARY 1964 • 11

Table IV. Parent lonl for Alkyl Sulfate Eater Adducto

"0'00'0

figure 6. CAD spectra of _live Ions from ammonium 1a'"YI estar
sU~.le: (a) m Iz 265. the molecular enlon contalr*1g no EO units; (b)
mlz 309. the ligand with one EO; (e) mlz 353. the 19and containing
two EO units; and (d) m I z 381. the tetradecyt homologue containing
2 mol of EO In the struct..e.

up to at least m/z 705 (un units of EO), where the abundance
of the anion drops to less than 5% of the base peak. The most
abundant oonstituents (based on the inunsities of the perent
ion) contain one to four units of EO.

Superimposed on the lauryl (dodecyl) series are other series
based on the tridecyl, utradecyl, and pentadecyl moieties.
The ions representing each homologue are also shown in Table
IV. The relative abundances of these series point to a mixture
containing predominantly dodecyl > utredecyl with minor
amounts of tridecyl and pentadecyl.

The CAD spectra of major constituent ions provide con­
firmation of the structures inferred from the positive and

I' ·h·..···~
,,.. !Mu!,IQillllim

50 100 ISO 200 250 300 350

G~rjl!lJl~~1
50 100 150 200 250 300 350

[....,,lhL]lilllJ
50 100 150 200 250 300

ion sulfate NH.
EO adduct (no. of molel)

mode est.er sulfate 1 2 3 4 5 6 8

+ 283 327 371 415 459 503 547
265 309 353 397 441 485 529 573 617

297 341 385 429 473 517 561 605 649
279

+ 311 355 399 443 487 531 575 619 663
293 337 381 425 469 513 557

325 369 413 457 501 545 589
307 351

t"3(C";zI" ~IOCl<IC~1~-OI0;

figure 5. FAB spectru:n of pos/llve Ions from ammonium 1a'"YI esler
sulfale (Sipax EA). This product contains 3.5 mol of ethylene oxlde.

alkyl alcohol

dodceyl ell

The CAD spectra of negative ions are also quiu simple. The
parent anion (m/z 185) cleaves at the aulfonau yielding the
characuristic SO,' ion at mlz 80 (96% relative abundance).
Other ions are observed for methyl I"""es from the intact
sulfonau (170. 155; relative abundance 100% and 13%. re­
spectively) and a rearrangement to lose molecular SO" re­
sulting in the ion at mlz 121 (relative abundance 50%),
probably a phenoxide (CsH.0)'. Similar fragmentations were
observed for the negative ion of toluene sulfonic acid (mlz
190) where, again, the anion loses methyl to give a daughur
ion at mlz 156 and undergoes a rearrangement to lose SO,
giving m/z 107. Both proceBBeS occur with almost equal
probability.

Alkyl Ether Sulfates. The ethosy alkylsulfaus as sur·
factants have grown in usage to rival their predeCe880rs, the
alkYl sulfates. The addition of oxyethyl groups to the molecule
enhances its waur solubility and improves the foaming quality.
Major uses of this anionic surfactant type are light duty liquid
detergents, shampoo, and bath preparations. Ammonium
lauryl ether sulfau (Sipes EA) is an esample of the ethosy
alkyl sulfate group with the general formula
(OCH,CH,).OSO,-NH:. Lauryl alcohol bas been modified
with the addition of ethylene aside (EO) units and finally
sulfaud to give the desired product.

The mass spectrum of FAB·produced positive ions shows
molecular ions for compounda (adducts and homologues)
upward from mlz 300. The series consists of compounds
differing by 44, the mass of an ethylene oxide unit. The
sample did not solubilize well in glycerol, and the spectral
quality was not as good as observed in the negative ion mode
(Figure 5) where the matrix was triethanolarnine. Thelauryl
esur ammonium sulfau anion without any EO unit (C,,..
H,.NSOJ bas a mass of 265 and is the lowest significant mass
ion of the series (95% relative abundance). The inoorporation
of a single mole of EO results in the species observed at m/z
309 (C"H,.80.J; additional units of EO give m/z 353, etc.,

tetradecyl Cl4

pcntadccyl en

tridecyl e u
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negative FAB spectra (see Figure 6A for a spectrum of m/z
265). The sulfate moiety is seen by the characteristic ions at
m/z 80 (SO,'·) and 96 (SO,-·). The masa of the molecular
anion indicates that no ethylene oxide groups have been in·
corporated. AB expected. we see fragmenta at 14 dalton in­
tervals indicative of the aliphatic structure; the length can be
deduced by counting the peaks between the main beam and
the sulfate fragment at m/z 96. In the CAD spectrum of m/z
265, there are 12 peaks representing a lauryl group. Thua,
the constituent giving m/z 265 is a dodecylsulfate ester and
is present as an NH.· aa1t as deduced from the maao spectrum
of positive ions.

The number of unita of EO incorporated can be verified
from the CAD spectra of the higher maao ions at mlz 309, 353.
and 397. The spectra of these ions exhibit the basic sulfate
and alkyl portions, now separated by peaks which correspond
to varioua EO unita which have been inserted into the
structure. There is a group of low intensity peaks in the CAD
spectra of these molecules, which indicate the end of the alkyl
portion (the higher maaa portion) and the beginning of the
EO unit. The series continues downward to m/z 96 where
we see the terminal sulfate group. The number of EO mol­
ecules incorporated can be determined by counting the num­
ber of peaks differing by 44 maao unita (-cH,CH,o-) starting
at m/z 96 upward. For example, the CAD spectrum of the
negative ion m/z 309 (Figure 6B) shows that the molecule
contains one EO unit and m/z 353 (Figure SC) contains two.
The CAD spectra (Figure 6D) of a m/z 381 homologue in this
product shows an alkyl chain length of C" and two EO unita.

The combination of masa spectra of positive and negative
ions and the information from CAD spectra permit a rapid
identification of the cation and structural determination of
the anion for compounds of this nature.

a-Olefin Sulfonate.. A smaller class of the hydro­
carbon-baaed surfactanta is know commercially as the a-olefm
sulfonates (ADS). These are usually mixtures whose com­
position is dependent on the a-olefm feedstock used and the
reaction used to achieve sulfonation. If the feedstock is
produced by cracking of paraffm wax, the product will consist
of homologues of both odd and even carbon number chains.
The Ziegler proceae for ethylene polymerization produces a
mixture of hydrocarbons with only even numbers of carbon
atoms.

The maaa spectrum of positive ions from Siponate A-1GB,
a sodium a-olefin sulfonate, shows predominantly an equal
abundance ofC" and CIS a1kenesulfonstes (LNa,· = m/z 349
and m/z 377, respectively) and a small amount of Coo·(le..
than 10'll> relative abundance). Minor peaks for the C" and
C" hydroxyalkanesulfonates (m/z 367 and 395) can be ob­
served. Products with odd numbered carbon chaine were not
detected. The anions (C"H"SO,r and (C"H"sO,I- (m/z
S03 and 331) were observed as the predominant peaks in the
negative ion FAB spectrum. Cluate.. of the type [(RSO,),Nal­
were also found as [(C.H"SO,),Nar, [(C"H"SO,)(ClsH"s­
O,)Nar, and [(C"H..SO,),Na)' in a ratio of 1:1.7:1, which
approximates the statistical pattern for a 1:1 mixture ofC,,­
and C,,-sulfonates. The CAD spectra of negative ions are
similar to those of other sulfonates discuaaed above. They
contain the sulfonate peak at m/z 80 and the C.H"",/SO,'
series atarting at n = 2 and extendiog up to the main beam.

Fatty Acid SaIto. Hydro1ysis of the glycerides from anin3aJ
and vegetable fata and oils is an excellent source of fatty acids
for surfactanta. Sodium and potassium aa1ta of these fatty
acids (especially those with C12-cIS chain lengths) account for
a Bignficant portion of the surfactanta used in soap manu­
facturing. Ammonium stearate, a CIS fatty acid salt, was
analyzed by FAB maao spectrometry, but failad to give aignale
in the positive ion mode corresponding to the intact aa1t or

'" A .A

50 100 150 200 z~o

~ 7. CAD spec1nrn ol1he ~tIve Ion at mlz 270. tha.moIocUar
anion of oodIum laurytaarC03lnale (Hamposyl L-9S).

higher mass clusters. The negative ion spectra, however,
contained a strong signal for the stearate anion at m/z 283.
Smaller amounta of the C16 and C" saturated fatty acids were
observed at mlz 255 and 227, respectively.

The CAD spectra of either the Cl6 or Cl8 llllion result in
the characteristic linear alkyl carbon aeries at 14-dalton in-
terval. (begirming at m/z 43). .

The highest small ion fragment in the CAD spectra of these
two samples is 44 daltons Ie.. than the parent, suggesting
decarboxylation. The intensities of the dsughter ions deer....
smoothly toward the low masa end of the spectrum.

N-Acylated Amino Acids. Surfactanta of the N-fatty acyl
amino acid type have been extensively used in specialized
applications, but, due to the cost of manufacturing, have not
been used in bulk cleaning product.. The sarcosinates, de­
rivatives of N-methylglycine, are useful in toothpaste (under
the trademark Gardo!), hair shampoos, and hand cleaners, as
rust inhibitors, and as antifogging agenta in silver halide X-ray
mm.

N-Laurylaarcosine can be easily prepared by an SN2 dis­
placement reaction of the laurylacid chloride with the sodium
salt of N-methylglycine (eq I). The mass spectrum of positive

t> ,eM,
CH,ICH2 \O-C-CI + HH'CH2~ONO ~

o

",

ions from sodium laurylsarcosinate shows a protonated mo­
lecular ion at m/z 294 (relative intensity 40%) for the sodium
aa1t (LNa)H·. The ion at m/z 317 comes from the addition
of a second sodium atom: (LNa,]·. Clustering of the form
L"N.... where L = RCO,- yields ions at m/z 809 for [L,Na,l·
and m/z 902 for (L,N..I· (relative intensities 18% and <2%,
respectively). The sulfate and sulfonic acid salta c1uater in
a similar manner, and the relative intensities of alkyl sulfate
cluaters are greater than those observed for the lauryl­
BarC08inates.

The mass spectrum in the negative ion mode oonsista of the
lauryloarcoainate anion at m/z 270 and a dimer (m/z 563)
corresponding to (L,Nar in an abundance ratio of 3:1.

The CAD spectrum of the anion (C"H,.NO,r (mlz 270)
shows two major fragmentation pathways (eq 2). AB expected,
the most intense fragment (m/z 226) resulta from decarbox­
ylation of the parent anion (see Figure 7). An alternate
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decomposition pathway involves loss of the Iauryl portion of
the molecule via hydrogen rearrangement, leaving the sarco­
sine moiety at mjz 88. A series of less intense ions indicates
the presence of an alkyl moiety (viz., m/z 85, 99,113, 127, 141,
155, ...).

The predominant ion for decarbo.ylation may be a diag­
nostic aid in identifying surfactants of the carbo.ylate clasa.

SulC08ucclnate8. The 8ulfopolycarbo.ylste 8urf8ctants
are widely used commercially. The predominant type are the
sulfosuccinates, which exhibit excellent wetting properties,
can be used in a diversity of applications and are readily
available commerically.

Aerosol OT and Triton GR, both 2..,thylhexyl diesters, were
analyzed by making use of FAB mass 8pectrometry. The
positive and negative mass spectra are very simple with only
the disodium species at m/z 467 (positive) and anion at m/z
421 (negative). There is apparently a small amount of the
monoester 8ulfosuccinate as evidenced by the ions at m/z 355
in the positive and m/z 309 in the negative ion mass 8pectrum.
The 8ulfosuccinates as sodium salts form ligand clusters about
an additional sodium atom (LnN8n+l)+' resulting in the ions
observed at m/z 911 and 1355.

The CAD spectrum of m/z 421 is consistent with the known
8tructure, verifying the presence of an SO,- moiety (m/z 80)
and the 2-ethylhe.yl ester function (fragments between m/z
309 and 421). These spectra were considerably different from
those di8cussed previously, lacking the characteristic alkyl
pattern8 of the a1kyisulfate8 or LAS and ABS 8urfactants.
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Charactarlallca 01 a Iechnlque lermed liquid IonlzaUon ma..
tpeC1rOmelry lor organic compoundl ara deacrtbed. In par­
Ucular the .... 01 eddltIvea (IOIvarrt, matrtx, and raagent) lor
nonvolallle c:ompouncIa and .... 01 lampl. hancllng ar. re­
ported. MalU1abl. argon alamo ara und 10 lonIza com­
pounda al atmoopharlc pr._.. Samplaa ara placed on a
naaclla Up pooItIon.d na.r an apartura I.adlng 10 the ma..
analyzar. Th. naadI. II healed and • high vaftag. (.bout 1
kV) II .pplled 10 Ihe needle. Ma.. opactra obtalnad by Ihll
method Mowed Iono char.ctarlllic 01 the molecular w.lghl
.nd Ih. llructur. 01 Ih. compound.. Uquld alkane(I) II a
good matrix lor nuclaoaldea, whU. g1ycarol II good lor .,.....
phalldylchoUnaL A mlnuta amount 01 a raaganl auch ..
a1hanolamlna Incr.a,," the abundanc. 01 MH+ Iono 01 IU­
croaa, raaultlng In reproducible maoa apactr•• The un 01
Mvaral r.agan" (••g" D.O) lor one compound II luggalled
In ord.r 10 obtain .ddltlonal llructural Inlormallon. Tha ad­
vanlagea 01 Ih. m.thod are allo deacrlbed,

In recent years, nonvolatile and/or thermally labile organic
compounds have been successfully im·..tigated by several 60ft
methods of ionization such ao field desorption (FD) (I),laser
d..orption (2), plaoma deoorption (3), secondary ion maos
spectrometry (SIMS) (4), faot atom bombardment (FAB) (5),
atmoopheric pre..ure ionization (API) (6, 7), and direct ex­
pooure techniqu.. such ao direct CI (B), in·beam EI and CI
(9,10), emitter CI (Il), and so on. There are, however, many
compounds whose maos spectra cannot be obtained setisfac·
torily by uoing any of th..e techniqu.., ..pecially when such
compounds are present in an actual sample. The influence
of coexisting compounds hao to be investigated not only for
obtaining a good maos spectrum of a compound but aloo for
applying the rapidly developing method termed maos spec·
trometry/maos spectrometry (MS/MS) (12) to nonvolatile
compounds.

Many efforta to combine a liquid chromatograpb with a
maos spectrometer (LC/MS) have been made in recent years
(6, 13-16) and commercial instrumenta are now available.
There ia, however, still difficulty in meaouring nonvolatile
compounds reliably by LC/MS combinations presently
available. Therefore, it is important to understand the
mechanism of ionization and deoorption (17) and the effects
ofexperimental parameters in order to develop new techniquee
in maos spectrometry.

Wa have developed a method which we call "liquid
ionization" (refaned to ao LI in this paper) for ionizing organic
compounds present ao a liquid or in 6Olution at atmospheric
P1'888ure (IB, 19). Thuo, the method (LI) is a variation of the
atmoopberic P1'888ure ionization (API) developed by Homing

and his co-workers (13). The main differen... in the principles
of the method (LI) from that of Homing and other API
methods (6, 7) involve the technique of ionization and the
sample introduct~on system. There are two techniques of
ionization in the LI method, one of which utilizes proton
transfer reactions from cluster ions of water, (H20)nH+. to
semple molecules (a kind of chemical ionization) used in early
studies (IB, 19). In this paper (as described previouoly (20»,
the other technique utilizing metaotable argon atoms produced
at atmospheric pressure was used as the ionizing species in
an ion source. One of the purposes of using metaotable argon
wao to apply a high electric field to a semple holder in order
to increase the ion abundance.

The objectiv.. of developing the LI method have been (e)
to obtain a good maos spectrum showing the characteristic
of molecular weight and the structure of a compound, (b) to
analyze a liquid semple, e.g., a fraction of emuent in liquid
chromatography and of a reaction product, (c) to inv..tigate
the mechanisms of ionization and desorption of solutes and
the effect of additives (solvent, matrix, and reagent) in order
to develop new analytical techniques, and (d) to obtain in­
formation about chemical and physical properties of e mol­
ecule, such as proton affinity, bond energy, and reactivity, in
8 condensed phase as well as in 8 gas phase at atmospheric
preosure. This paper cbaracterizes the LI method especially
for nonvolatile compounds, including the effect of additiv...

EXPERIMENTAL SECTION
The principle of ionization and the experimental setup of the

instrument used in this paper are similar to those reported
previously (20, 21) but will be deecribed again briefly. A modified
quadrupole maos spectrometer (ANELVA TE 600 GC/MS)
equipped with the ion source shown in Figure I wao uoed. In the
previous paper, 8 port (G) for introducing 8 sample and 8 port
for a sample holder (E) were both perpendicular to the axis of
the ion source. These are tilted in this paper in order to place
a semple closer to a pinhole (25 /lm in diameter (I) of Figure I)
of an aperture, because the tranamission of ions of involatile
compounds through the pinhole is critically affected by the
distance between the pinhole and the semple holder.

Argon (carrier gas, 300 mL/min) at atmospheric pressure was
ionized by a corona discharge between a needle electrode (Al sod
a counterelectrode (B). Charged species were eliminated by
connecting the electrod.. (B) sod (Cl to ground, so that only
excited argon (metastable argon, AI-, 'Po,zl produced in the carrier
gas CIUl flow into the ionization chamber and ionize a liquid sample
deposited on'the sample holder. When a metal rod. or a silicon
emitter (ordinarily uoed in FD MS) is uoed ao the sample holder,
1-2 /lL of a semple solution is deposited on the holder. When
a needle HE) sewing needle commercially available) is uoed,l-IO
I'll of solute (or III!. ofsolution) is mixed well with I /lL of a maw
such ao glycerol uoed in FAB and about one-tenth of the mixture
is deposited on the needle tip (E) which is heated by direct current
through a tungsten wire (F) surrounding it sod kept at a high
voltage (Vsl.

ClClOS-2700/M/0358-0014$01.6010 C 1883 Amortcoo a.or.- SodoIy
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figure 3. Mass spoclnm of_: matrtx. NujoI; V = 1000 V:
140 ·C;

Figura 2. EHBCta 01 omIltar voIlagoa (VoJ on tho Ion abundance 01
aclonoalne In compar1son wllh thot 01 acetone.

compounda such as aaccharideo. Ionization of such nonvolatile
compounda must occur even without heating, because the
ionization energiea (7-10 eV) of .uch compounds are lower
than the internal energy of metastable argon. Therefore we
suppooed that iona of such oompounda produced on the sample
holder could not deaorb without heating or hard1y deaorb even
by heating and a high electric field wou1d aoaiBt the desorption
of the iona produced. Than, we U8ed metastable argon aa the
ionizing species. Since metastable argon ia neutral, a high
voltage (V.. referred to aa emitter voltage) can be applied to
the sample holder without any 1088 of tho ionizing colliBiona.
Thus, we observed a remarkable increase in the ion abun­
dancea for nonvolatile compounda by .ipp1ying the hicb voltage
V. (20).

The effeel of the emitter voltage (V.> on the ion intenaity
iB shown in Figure 2 for adenoain. aa an eumple, compared
with that for acetone. 'The maximum ion current W88 obtained
at V. of 100-200 V for a very volatile compound like acetone.
In contrast, the maximum ion current for adenoaine waa ob­
tained at -1100 V and waa about 2 orders of magnitude
higher than that obtainad at -200 V. In general, the optimum
V. which providea the maximum ion current of a 1_ volatile
compound iB -1100 V and veriea about =100 V according to
the .harpness and cleanliness of tho needle tip. Acetone
molecul.. are ionized by Ar' to form pooitive iona and elec­
trons in the PB pbaae: then a V. of +200 V iB probably enough
to remove electrona (negativ. chargea) in the gaa phase and
to repell the pooitive iona to the pinhole. Moleculea of non­
volatila (and probably less volatile) compounda are thoucbt
to be ionized at the sample aurfaco (boundary of liquid pbaae
and gaa phase). A strong electric field (V.> may have throe
functiona: one iB to aoaiBt deaorption of iona from the needle
tip (22), another ia to capture e1ectrona at the needle tip, and
tho othar is to focua the lona to the pinhole. The high VB
slighUy lowers the temperature required to desorb iana, re­
sulting in more abundant stabl. MH+ iona (22).

AcIen...me and Guanoeine. Adenosine and guanooine are
known aa two nucleooidea which decompoea tharmally at
temperatl1l"88 required for vaporizing them. Soft ionization
methode have produced an MH+ ion of adenoaine with a
fragment at m/z 136 (B8,+). Guanoaine baa been detected
aa MH+ by .mitter CI (11) and API (7) or aa cationized

tOOO 1200 1400 (VI

400 !lOO

NH,
N?-"-N
'NJl.N~ ,8

t«Jq-i!-o.:I-_2~~­V 133

OH OH

"M".'loO M,H"

MHO

200 300100

200 400 600 800FIgura 1. SChemotlc diagram of an Ion IOU'ce of a !quid ionization
ma.. spectrometer: (A) _ electr_ for corona discharge; (6)
counterelectr_ (connoc1od to tho ground~ (C) gauze eleetr_
(ground); (0) repallor; (E) sample holder (noodle); (F) hoatar De; (G)
Teflon plug; (H) Teflon plate; (1) aperture wtlh a pinhole (30 I'm In
diameter); (J) glass envolopo of tho Ion IOU'ce; (K) Tatlon body for
d1acherge block.

Compounds whose ionization energies are below the excitation
energy (11.72 eV) of Ar+ ('Po) are ionized according to

l__ dildlArp)

Ar + e- Ar' + e- (1)

Ar+ + M - M+ + e- + Ar (2)

M+ + M - (M + H)+ + (M - H) (3)

Ar+ + nM - (kM + H)+ + (mM - Ht + (n -k - m)M + Ar
(4)

S.W + nM - (kM + H)+ + (n -kIM +.S (5)

Reaction 2 is well-known as Penning ionization and ahould be
followed by reaction 3 to produce MH+ ions, because the major
ions observed in this method are MH+. [n general, the number
k in reaction 4 is 1 and 2 (or involatile compounda. The main
processes in the method are thought to be reactions 4 and 5 for
several reasons; i.e., the method involves soft ionization producing
MH+ and M2H+ ions of nonvolatile compounds, and there are
the significant effecta of a high electric field (VEl, the pooition
of the sample, and additiveo on the MH+ ion .bundance. Reaction
4 could be callad "soft atom bombardment". When a solvent iB
used (or matrix, i.e., 8), SH+ ions from the solvent (or matrix)
are produced by reactions 2, 3, and 4 where M should be rep1aced
by S. In the case of hydrocarbons, however, ions formed are
generally M+ for aromatics and (M + 13)+ for alkanes, inatead
of MH+. Reactions will be di8CU88ed in detail in the future.

Sample ions are obaerved when an adequate heater current and
• high voltage <VEl are applied to the sample holder. These ions
flow into the vacuum ragion «2--4) XI~ torr) through the pinhole
(1) and are analyzed in the quadrupole filter. Usually the voltage
applied to the pinhole, V.' iB kept at +20 V for MH+ measura­
menu. If Vp is increased, fragment ions produced. byao-called
"collisionally activated diBsociation" (CAD) (12, 19) can be ob­
tained. A Shim.dzu microcomputorized data processing system
(GCMSPAC 90) and a pen recorder were used for recording mesa
spectra. A m8B8 spectrum between m/z 10 and 800 is scanned
in 7 8 with the former. The largest mB88 measurable was about
1000 using an Extranuclear LaboratoriBo quadrupole power supply
(No.011-15). Unit reoolution WBB obtained up to m/z 600 with
lower resolution at higher mlz. Since 111888 deecrimination in ion
collection efficiency Will not corrected, the actual abundances of
high mesa ions may be greater than thoae shown in thi.o paper.
Argon (99.99%) WBB purchaaed from the Takachiho Trading Co.
and reagent chamicals were used BB purchaaed from Tokyo Kaaei
Co. (Japan). Phoophatidylcholines were the producta of Sigma
Chemicals, St. Louis, MO.

RESULTS AND DISCUSSION
Effect oCTemperature and Electric FIeld. MoM spectra

of compounda such aa dimethyl phthalate (bp 284 ·C) can be
maasured even at room temperature, but moderate heating
of the sample holder is required to observe ions from less
volatile and nonvolatile compounda. Abundant MH+ ions
have been obtained from moat amino acida by heating with
a metal rod type sample holdar·(19), but it waa not aasy to
obtain atable MH+ iona from nonvolatil. and th.rmolabile
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Flgur. 4. Ma.. epectra 01 guanoslna: (a) glycerol matrix; (b) Nujol
matrix; (c) n-hexadecana matrix.

molecule (M + Na)' by leser desorption (23) and SIMS (24).
AIl mess spectra have shown tlJe protonated bose (BH,·. mlz
152) as the dominant peak.

In this method (LI), using tbe needle and Nujol (liquid
paraffins, d = 0.8lHJ.89, used commonly in infrared spec­
trometry), adenosine gives very stable MH+ ions with no
fragments (Figure 3). Sometimes M,H' and MH'H,O ions
were observed es shown. Therefore tlJe protonated molecule
(MH') of adenosine produced by the LI method is tlJought
to be stable. In contrest, guanosine gives much fragmentation.
since tlJe MH' ion of guanosine ill le88 stable tlJan that of
adenosine. The stability of cytidine has been found some­
where between tlJese two nucleosides (21). Three spectra of
guanosine obtained by the LI metlJod (about 170 DC) are
shown in Figure 4 to indicate tlJe effect of a matrix. WitlJout
a matrix or witlJ glycerol, (BH).H· ions (n = 1-4, although
3 and 4 are not shown in Figure 48) were obaer/ed 8S the
dominant peak, but no MH+ ion. When guanosine was ex­
amined witlJ tlJe Nujol and witlJ n-hexadecane es tlJe matrix,
MH' ions were obtained es shown in Figure 4b,c, respectiveiy,
although (MH' - H,O) wes tlJe bese paak. A similar effect
of Nujol hes baan obtained for adenosine, cy1idine, and
creatina (21). We concluded that alkanes are better matrices
tlJan glycerol for these compounds which have le88 proton
affmities. The compounds may be partly soluble or suspended
in alkanes. As hexadecane gave more abundant MH' ions
t1Jan Nujol did, anotlJer alkane might be a better matrix t1Jan
hexadecane. The interaction between glycerol molecules and
a ribose of guanosine (also for adenosine or cytidine) ill tlJought
to be large, so tlJat tlJe bond cleavage between the bese (B)
and tlJe ribose occurs when glycerol is used.

It ill interesting to note that the relatively intense peaks at
mlz 302 and 320 (Figure 4) corresponding to the MH'H,O
and MH+2H20 ions, respectively, were observed, even when
no water wes used, because tlJe compoeition of guanosine used
wes M·xH,O. An intense MH'H,O peak hes baan observed
also for creatine (21) and a syntlJetic compound, botlJ of which
contain one water molecula of crystallization..

Sucro.." Sucrose ill a weU,known nonvolatile compound
and hes baan extensively studied by numerous investigators
witlJ a variety of soft ionization metlJods (2,25-28). A field
desorption spectrum exhibits tlJe MH' ions 88 tlJe base peak
(25), but tlJe cationized molecule such es (M + Na)' wes
reported alao es tlJe dominant peak (2, 28). Severe temper·
ature (and heating rate) dependenoe of tlJe mess spectrum

100 200 300 400 ~oo 600 700

Flgur. 5. Mass spectra of sucrose: (8) matrix Is NuJoI; (b) ethanol-­
amine (0.2 ~L of 10-1 M aqueous solution) was added; (c) a trace 01
ethanolamIne was added.

Ijes been reported (17, 27). Therefore sucrose wes examined
by the LI metlJod in order to clarify the characteristics of the
method and to investigate the effects of a high electric field
and additives. At first, a silicon emitter was tested as the
sample holder, and we found that a good spectrum was ob­
tained by rapid heating, especially during tlJe early period of
heating. During continual heating, however, a variety of
fragment ions were produced from sucrose and their abun­
danoes increased (20). The spectral pattern changes so rapidly
that it is not easy to obtain a reproducible good mass spec­
trum. It wes later found that the needle sample holder wes
much better than the silicon emitter due to better focusing
of ions as mentioned in the Experimental Section. Mass
spectra in Figure 5 were obtained with the needle, indicating
tlJe effects of the needle and additives which were water
(solvent), Nujol (matrix), and ethanolamine (reagent or sta­
bilizer). The mess spectrum (Figure 5a) was obteined from
an aqueous solution of sucrose (about 1 "gl"L H,O) mixed
with Nujol (1 "L) and recorded in one scan (7 s). The
abundance of fragment ions increased with time, but slower
t1Jan tlJat observed by using tlJe silicon emitter. AltlJough tlJe
aqueous solution without a matrix gave a similar mass spec­
trum, tlJe (MH' - H,O) ion was generally more abundant t1Jan
tlJe MH' ions. The mess spectrum of Figure 5b was obtained
from the same sample es used in Figure 5a, with 0.2 "L of
aqueous solution of ethanolamine (10-1 M) which was de·
posited on the wall inside the ion source when the mass
spectrum was recorded. The peak at mlz 386 of the adduct
ion, MH'E - H,O (E, ethanolamine), wes obtained as the
dominant peak which wes two to five times more intense t1Jan
tlJe MH' in tlJe case of Figure 58. The m888 spectrum shown
in Figure 50 wes obtained tlJe same way as wes that in Figure
5b, except only a trace of ethanolamine (10-' M aqueous
solution) was used in the ion source. Each mass spectrum in
Figure 5b and Figure 50 ill tlJe summed spectrum of four and
five scans, respectively.

The dimeric ions, M,H', and ·their fragments (mlz 505;
M2H+ - 180, etc.) are often observed for sucrose. The time
and temperature dependencies of the main ionS from sucrose
under similar conditions of Figure 5c are shown in Figure 6
which indicates that tlJe. M,H' and its fragment ions appear
soon after tlJe sample loading on tlJe needle (witlJin 10 s); tlJen
tlJe abundant MH' ion group (MH'H,O, MH+ - H,O etc.)
increased up to tlJeir maximum and fmally fragment ions (mlz
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181 ele.) from the MH+ ion group are produced. Each
spectrum was recorded every 10 s. The time dependencies
of main ions are reproducible at an optimum heater current
(15()-ISO ·C, the heater current was fixed). In many cases,
the M,H+ ion appears earlier than the MH+ ion does and there
is no relation between the abwlCiances of MH+ and M2H+ ions.
The results are considered as another proof of liquid surface
ionization. The results also indicate that a minute amount
of ethanolamine in water has a beneficial effect on producing
the abundant MH+ ion and a reproducible mass spectrum.
There is also the possibility of finding some better additives
for sucrose. Fragment ions like (A+ - 180) may be produced
by tbe bond cleavage (accompanied by a hydrogen rear­
rangement) at both sides of the center oxygen, although only
one side is indicated in Figure 5.

Phospholipid•• Recently FD (29) and FAB (30, 31) were
reported as powerful techniques for obtaining molecular ions
of phospholipids which are well-known thermolabile com­
pounds. However, only a few fragment ions have been ob­
tained by FD (29) and the interpretation of the FAB and
SIMS spectrum (30) is not easy due to the existence of com­
plexed ions.

Several phospbatidylcholines (PC) such as 1,2-di­
myristoyl-sn-glycero-3-phosph,,!,holine, 1,2-dipalmitoyl-sn­
glycero-3-phosphocholine, 1,2-distearoyl-sn-glycero-3­
pb08phocholine, 1,2-dioleoyl-sn-glycero-3-ph08phochiline, and
their mixtures were examined by the LI method. A sample
containing 1-10 Ilg of PC in 1-5 ilL of methanol (or metha­
nol-chloroform) solution was mixed well with I ilL of a matrix
and deposited on the needle tip with a glass rod. For a com­
parison, the sample solution, concentrated by warming it, was
also examined to obtain a mass spectrum without a matrix.
Liquid paraffins were found to be useless for PC, because such
a matrix did not dissolve (nor suspend) the sample. Glycerol
was found to be a moderately good matrix; therefore the
proton affinities of the phospholipids are greater than that
of glycerol. The mass spectrum obtained from the concen­
trated solution was similar to that with glyceroL If the amount
of PC was less than 1 Ilg, glycerol should be used.

As an example, the mass spectrum of 1,2-dipalmitoyl-sn­
glycero-3-phosphocholine is shown in Figure 7. The MH+
ion was observed as the base peak soon (within 5 s) after the
sample introduction at an optimum heater current (1.25 A,
a needle temperature of -150 ·C)_ Then fragment ions in­
creased in abundances 88 shown in Figure 7a, that is, the
summed mass spectrum of four scans. If the heater current
was increased slightly (1.30 A, -ISO ·C), the peak at m/z 551
corresponding to (M - phosphocholine)+ ions became domi­
nant as shown in Figure 7b. The diacyl ions (ml z 551) are
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abundant and stable at tbe higher temperatures, but sparse
at the lower temperatures. Therefore diacyl ions may be
produced from thermal decompoeition products of the parent
molecules. The FD spectrum of this compound showed
dominant peaks at m/z 734 (MH+), sometimes m/z 756 (M
+ Na)+, and mlz 551 (29). The FAB and SIMS mass spec­
trum showed peaks at m/z 550, 496, 4SO, and 224 (and 184)
(30). It is not easy to elucida'" the structure of the compound
from these peaks. In contrast, major fragment ions in the LI
spectrum were observed at m/z 551 (diacyl ion), m/z 484 (M
- RCOOCH,)+, and at mlz 196 (CH,OPO,CH,CH,W(CH,),),
indicating good correlation between the mass spectrum and
the structure. An intense fragment peak at mlz 328 (weak
in Figure 7) was observed for this compound in the mixture
and the same type of fragment ions (one acyl + 59) were
observed for other components. As the relative abundances
of these ions change rapidly with temperature, a data pro­
cessing system with a computer should be used for accurate
measurements. The MH+ and mass 551 ions give information
about the sum of two acyl groups. The fraiment ion of m....
464 includes one acyl group whose poeition has not been
determined, but is assumed to be at poeition 2 from its mass.
The ion of mass 328 also includes one acyl group. Mass spectra
of other standard compounds and their mixtures showed
similar fragmentations, suggesting the poasibility of analyzing
for phosphatidylcholines in a mixture. Such results will be
reported in detail elsewhere.

Application of a Labeling Compound for Determina­
tion of Active Hydrogen. and CAD Spectrum. Structure
elucidation of a complex product is often aided considerably
by knowledge of the number of active (or acidic) hydrogens
present in the molecule. The qualitative determination of
active bydrogen is accomplished by equilibrating the sample
with D,O and measuring the resulting change in molecular
weight (32, 33).

This technique is applicable to nonvolatile compounds by
the LI method. Since the ion source for LI is at atmospheric
pressure, the U method provides easy sample handling. Since
the production of ions from a few micrograms of a sample like
an amino acid lasts generally for 2-5 min, a labeling compound
such as D,O can be introduced even when a mass spectrum
of the sample is being measured. Besides, only a small amount
(1-5 ilL) of D,O is required in order to observe the cbange
in molecular weight.

As an example, a part of the mass spectrum of alanine is
shown in Figure 8. At first, the mass spectrum around the
MH+ peak (m/z 90) was being recorded repeatedly (one scan



18 • ANALYTICAL CHEMISTRY. VOL. 56. NO.1. JANUARY 1964

30 II SCAN

Figure 8. Increase In mass number of protonated molecule of D.L­
alanine.
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Figure 8. Mass SpectrLfll of O,L-alanine and J3-alanlne at Vp of 35 V
(partly CAD).

per 30 8) using about 1 fJC of alanine (10-1 M aqueous solution)
without D,O.

Then 1 "L of D,O was deposited on the glass wall near Lhe
port for sample introduction inside the ion source. Soon after
the D20 introduction, the mass spectrum changed as shown
in Figure 8. The increase in the number of peaks and in their
mass number (91 to 94) indicates that three hydrogens in Lhe
molecule are replaced (MH+ (90) - MD+·d3 (94)) by deu·
terium atoms. This number, 3, corresponds to the N-H2 and
COO-H groups of alanine.

D,I.-Alanine, ,B-81aninc, proline, valine, serine, threonine,
cysteine, and lysine were examined by the same procedure
and showed the expected changes in the mass number for each
MH+ ion. In the case of lysine, however, one small extra peak
was observed at mlz 154, although Lhe peak was small enough
to distinguish the number of active hydrogens. These results
suggest that the number of active hydrogens for most amino
acids could be measured by this technique with D20. In the
case of adenosine and cytidine, however, one extra peak was
clearly observed, indicat.ing that some hydrogen atom(s) at­
tached to carbon atom(s) exchange wiLh deutA!rium. Although
the phenomena are still under investigat.ion, it suggests that
such reactions occur at Lhe liquid surface. because Lhe C1 (D,O)
spectrum for adenosine has shown no extra H-D exch8~ge
(33).

The mass spectra of D,l.-alanine and p-alanine shown in
Figure 9 indicate a good correlation with the structure of the
compounds. As these amino acids gave abundant MH+ ions
with no fragment ions, the spectra were measured at a pinhole
voltage (V.) of 35 V at which a few fragment ions were pro·
duced by a kind of collisional activation (CAD) (19). The peak
at mlz 44 of alanine (Figure 9a) corresponds to CH3CHNH,+.
The peaks at mlz 72 and 30 of fJ·alanine (Figure 9b) corre·
spond to (MH+ - H,O) and CH,NH,+, respectively, and ifLhe
V. is increased to 70 V, the peak at mlz 45, (COOH)+, is
observed. Thus Lhese two isomers can be distinguished easily.
The number of active hydrogens in the fragment ions of
alanine and proline measured by our technique agreed with

the expected number. When 8 sample compound was un­
known, the most probable structure of fragment ions of mass
44 and 30 having two active hydrogens may be CH 3CHNH,+
and CH2NH 2", respectively. These data should be accumu·
lated not only for analytical purposes but also for study of
chemical reactions.

CONCLUSION
Use of a matrix and a reagent (e.g., ethanolamine) increases

the abundance of MH" ions. The matrix has to be a proton
donor to 8 sample molccule similar to thc rcagent gas in CI.
It holds (and solvates or suspends) a sample on the needle
tip, and lowers the activation energies for desorption of ions
and molecules.

The mass spectrum obtained by this method is somewhat
different from those obtained by other methods of ionization
as seen in Figures 4-7, probably due to 8 slightly different
mechanism, namely, liquid surface ionization and field assisted
thermal desorption at atmospheric pressure. We can obtain
several different mass spectra for one compound in a short
period. of time by using several reagents such as ethanolamine,
0:/0, and any compounds with less proton affinities than that
of a sample compound. Systematic studies on properties of
compounds (sample and additives) by the method shuuld be
done not only for analytical purpose hut also for other
chemical fields.

The method has several advantages: (I) soft ioni7.ation and
a simple rule for molecular weight estimations; (2) n useful
mass spectrum, correlation between the structure of a com­
pound and its mass spectrum is good (better than EI spec­
trum), CAD spectrum can be obtained easily; (3) ease of
sample handling, either a microsyringe, a rod, or a tube can
be used for introducing a sample and additives; (4) free usc
of additives, additives can be used even while a mass spectrum
is being measured; (5) low background, no bar-kground ion is
produced in vacuum, it is easy to clean the ion source <the
only problem is plugging of the pinhole, although it occurs
rarely when using a solvent or a matrix); (6) high sensitivity,
useful mass spectra can be obtained with 10~7-1O~~ g of n
sample, detection limit (single peak) is 10-" g.

The method gives information about the structure of a
compound, the reaction mechanism, and the properties of
compounds probably in a condensed phase as well as in a gas
phase. Such information must be useful not only for further
development of our method but also for FD. FAB, MS/MS,
and LC/MS.
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Photothermal Deflection Densitometer for Thin-Layer
Chromatography

Tsucy Ing Chcn and Michael D. Morris-

Department of Chemistry, University of Michigan, Ann Arbor, Michigan 48109

Photothermal deflecllon Is uoed ao the baolo of a oensltlve
danoflometer lor thln-layer chromatography. An argon Ion
laser delivering 20 mW at 488 am 10 uoad ao the source and
a 2-mW He-He la...r Is uoed ao the probe. The oystem Is
applied to separallon 01 1,2-naphthoqulnone, phenanthrene­
quinone and a-lonone. Detecllon IImflo lor the compoundo
range from 30 ng to 7.5 pg, depending upon how strongly
absorbing the compound 10.

Thin-layer chromatography (TLC) ia a simple. rapid. and
versatile separation technique. In recent years, TLC tech­
nology has benefited from the introduction of "high­
performance" plates, coated with very uniform layers of 5 or
10 ~m diameter silica (1-3). High-performance thin-layer
chromatography (HPTLC) requires both improved sample
introduction techniques and improved detection systems. In
this paper we describe a laser-based densitometer suited to
HPTLC.

Diffuse reflectance spectrometry is probably the most
popular TLC detection technology. The principles and lim­
itations are well understood (4.5) and commercial instruments
are available. Detection limits for this technique are typically
in the low nanogram range (5). However, there is a need for
more sensitive detectors. Fluorescence detection is the most
common alternative to reflectance measurements (5). De­
tection limits are often in the 1-10 pg range. Fluorescence
detection is limited to those compounds which fluoresce or
for which suitable fluorescent derivatives can be conveniently
prepared.

Photoacoustic spectroscopy has been suggested as an al­
ternative for nonfluorescent compounds (6-10). The first
qualitative use of photoacoustic spectroscopy (PAS) in TLC
was demonstrated by Rosencwaig and Hall in 1975 (6). More
recently, Castleden and co-workers (7) have proposed quan­
titative photoacoustic determinations of fluorescein com­
pounds separated by TLC. Fishman and Bard (9) have de-

veloped an open-ended PAS cell that can be placed directly
on a TLC plate. Lloyd et aI. (10) have reported PAS studies
of TLC plates themselves by using Fourier transform infrared
(FTIR) PAS with both gas-microphone and piezoelectric
transducer detection. ]n these studies the detection limit of
photoacoustic spectroscopy on TLC plates has been reported
to be the range of low nanograms to high picograms.

Recently, thermal lens spectroscopy has been proposed as
an alternative to photoacoustic spectroscopy (J 1-16). The
change in the index of refraction of a sample caused by ab­
sorption of light and subsequent heat generation is measured.
The conventional thermal lens experiment is not directly
applicable to opaque solids. However, a thermal lens can be
formed in a coupling gas, such 88 air, over a solid sample and
probed as the deflection of a low power laser (17-20). This
experiment is called photothermal deflection, or the "mirage
effect". Photothermal deflection has been used as the de­
tection scheme for Fourier transform infrared spectrometry
of solids (20).

In this paper, we report first results on the development
of a simple photothermal deflection system for quantitation
of thin-layer chromatograms.

EXPERIMENTAL SECTION
The photothermal deflection system used for these experiments

is based on our earlier thermal lens designs (21) and is shown in
Figure 1. As the light source, we used the 48B.a-om laser line
from an argon ion laser (Coherent, Inc., CR-6) loosely focused
on the TLC plate. The laser could not be opersted stably at low
enough powers for this experiment. Therefore. the power was
maintained at 40 mW at the laser head and attenuated to 20 mW
with a neutral density 0.3 ruter. A periscope and a 90° prism were
used I<> aim the laser beam onl<> the sample. A 73-mm focal length
lens was used to control beam size. Reflection losses along the
transmission optics train reduced the power t.o about 15 mW at
the sample.

A mechanical chopper (Laser Precision, CTX·534) operated
at 11 Hz was used to modulate the argon laser beam. A 2-mW
He-Ne laser (Uniphase. l103P) was used as the probe laser. A
razor blade in the light path was used to detect beam deflection.

0003-2700/8-4/035&-0019$01.50/0 e 1983 American ChemIcal Socloly
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FIgwo 3, Phololharmal dollec1lon chromatograms of te" compounds:
(a) 144 no of l,2-naphthoqulnone, 93 ng of phenantlvenaqulnooe, and
149 pg of a-lonona; (b) 144 ng of l,2·naphthoqulnone, 166 ng of
phenantIYenequlnone, and 14.9 pg of a-lonone.

chopper frequency of II Hz waa chosen.
Figure 2 shows the dependence of signal/noise ratio on the

fraction of the probe laaer power passed by the razor blade.
The signal/noise ratio maximizes over a very broad range,
6-45% paased. Tbus, adjustment of the razor blade is not
critical ifan intemalstandard is used Absolute measurements
are aatisfaclory if the positions of the optical elementa are rued
throughout a series of measurements.

Figure 3 shows a typical chromatograms for the compounds
used. Chromatogram A MOWS all three compounds well above
detection limila. In chromatogram B, the quantity of a-ionon.
is approaching the detection limita, and the peak is breaking
up. The source of the breakup of peaks at very low concen­
trations is still uncertain. It may be due to irregularities in
the coating of the TLC plate.

Peak areas are reproducible to about 2.5% and are linear
in amount of analyte over almost 2 orden of magnitude.
Negative deviations from linearity occur at high values of
anaiyte. Thia deviation is expected, aince the quantity
measured is proportional to the percentage of the incident light
absorbed and must reach a limit aa the aample becomes more
opaque. Similar working curves are obtainad in pholoacoustic
spectrometry (22) and fluorimetry. Curvature is also predicted
by the Kubelka-Munk equation for diffuse reflectance (4,5).
What is meaaured here is not atrictly described by a Kubel­
ka-Munk equation, aince the heat evolution depends on heat
conduction back to the surface (22) aa well aa on absorption.

Detection limita for the three compounds are aa follows:
a-ionone, 7_5 pg; l,2-naphthoquinone, 2.3 ng; phananthrene­
quinone, 31 ng. This disparity of 3 orden of magnitude arises
because the laeer line used is not really near an absorption

The blade waa fastened to a lens mount 80 that the fraction of
the probe beam passed could be adjusted. The light passed by
the blade was focused into a 4-m length of 400:pm diameter Pif..
optical fiber to a photodiode (EG&G DT-25) 10000ted c100e to the
remainder of the electronics. In order to avoid the noise due to
room air currents, the entire optical system from the prism to
the fiber was enclO&ed in an aluminum case.

A lock-in amplifier (EG&G/PARC 5101) was used to demod­
ulate the photothermal deflection signal. The output filter had
8 1·8 time constant and 12 dB/octave attenuation. A amall
computer equipped with a 12·bit AjD converter was used to
88JDple and store the lor.k-in amplifier output. It also performed
peak height 'and area measurement and smoothing operations.
On occasion, a strip chart recorder was used to take data.

The chromatogram was scanned by placing the plate on 8

translation stage driven by a motorized micrometer (Orie)).
Provision was made to adjUBt the height of this stage to maximize
the signal. With the system, a 50 mm length of a plate could be
scanned. Typically, scan speed was 11 mm/min.

Precooted 10 em X 10 em HPTLC platee were obtained from
Whatman. The telt compounds a-ionone, phenanthrenequinone,
and 1,2-naphthoquinone were obtained from Aldrich and used
sa received. Compounds were initially diluted in acetone to about
10 mg/mL and stock solutions were stored below 4 ·C. Stock
solutions were further diluted with acetone just before use. Ceric
sulfate prepared by adding 42 g of (NH,),Ce(SO,), and 56 mL
of concentrated H,sO, in 1000 mL of distilled water was used
as a chromogenic reagent.

Mixtures of the lest compounds were applied 88 0.05 ~L vol­
umes with a O.6-~L Hamilton microayringe equipped with a no.
3 needle. The chromatograms were developed with a solvent
system of benzene/ethyl acetate (5:1, v/v) 3to 4 em in a Regis
SB/CD chamber. Platee were dried in air first and then on a hot
plate at 86 ·C for 2 to 3 min. As soon as the platee cooled to
ambient temperature, they were sprayed with eerie sulfate and
heated on a hot plate at 92·C for 8-10 min. The HPTLC platee
were scanned after they cooled to ambient temperature.

Flgln 1. _ dolloctlon Sys18m: M, al.n*un _or. P, rtgIrt

angle priam; L, and L" 73 rm1 focallangth Ians; F, 3-66 lilt....

lDCI\·!1I
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RESULTS AND DISCUSSION
Under our experimental conditions. solvent development

waa about 36 mm and the separation between spot centen
was about 3--4 nun. Samples were appliad aa spota of I... than
1 mm diameter, Development increased thia to become I and
2 mm. R, values were 0.51 for l,2·naphthoquinone, 0.63 for
phenanthrenequinone, and 0.71 for a-ionone. Ceric ion oxi­
dation produced apota which were brown (I,2·naphthoquinone
and a·ionone) or yellow (phenanthrenequinone).

We have examinad the dependence of aignal/noise ratio on
chopping frequency and on fraction of the probe beam paased
by the razor blade. In agreement with our earlier thermal lens
work (21), we found that although the aignal decreased with
increasing chopper frequency, signal/noise ratio remained
constant over the teat region l(}-lOO Hz. For this work a
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maximum of the latter two compounds.
Shielding the detector from laboratory air currents is quite

important. Noise levels are more than ten times greater when
the apparatus is operated in the open air than when it lS
enclosed in 8 box. However, no special vibration isolation is
necessary. We have successfully operated the system on 8

wooden table and on a honeycomb optical table. The nexi.
bility of a wooden table is undesirable, but any rigid metal
base is apparently adequate. Photothermal deflection is not
sensitive to scattered light, unlike conventional densitometry
or fluorescence.

The detector has not been optimized for laser spot size.
Photothermal denection and dual beam thermallelUl systems
operate best if both beams have approximately the same
diameter. In these experiments we have reduced the argon
ion laser beam size to match the helium-neon beam. This
approach requires only one lens but produces a detector which
samples only a small fraction of the cross section of the
chromatographic spoL In future experiments we will explore
the effects of expansion of both beams to more closely match
spot diameters. The use of cylindrical lenses or prisms as
beam expanders suggests the possibility of making a detector
with slit·like cross section which approximates the ideal shape
of 8 densitometer for thin.layer chromatography.

Photothermal denection has been shown to be a simple and
sensitive method for quantitation of thin·layer chromatograms.
The detector is easy to align and stable for long periods. Only
modest laser powers are needed to reach picogram sensitivity.
Further reduction in laser power is possible with some re·
finement of the system. Thus, the device should be operable
with inexpensive lasers, induding devices which operate in
the ultraviolet Experiments toward these goals are under way
in our laboratories,

Registry No. 1,2·Nsphthoquinone, 524·42·5; phenanthrene.
quinone, 84-11-7; a-jonone, 127-41-3.
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Comparison of Suppressed and Nonsuppressed Ion
Chromatography for Determination of Chloride in Boric Acid

H. H. Streckert' and B, D. Epstein

GA Technologies, Inc., P.O. Box 85608, San Diego, California 92138

A comparison wal made 0' auppreaaed and norwuppr....d
Ion chromatography (IC) to determine chloride Ion In boric
acid aoIutlona. On first lnapectlon, It appeara that good 181>­
aratlon belween borate and chloride Ia obtained with aup­
pr_ IC. However, quantltatloc) of chloride Ia complicated
by an unidentllled matrix eneel, Thla determination can be
accompllahed with nonauppreaaed IC. Chlorlcle Ia conce...
!raled on a Imall praeolumn prior to ..paratlon on a IIlIca­
baled anion exchange resin. ChlOftde can be determined at
concenlratlona as low a8 2 ppb In boric acid 8Olutlona.

Ion chromatography (lC) is attracting colUliderable interest
as an analytical technique for the determination of ions in
solution (1-3). Small et al. (4) developed the method of using
conductomelric detection to monitor ion·exchange separations.
Ions are 8eparated on a column containing a low-capacity
ion·exchange resin. The effluent from the separator column
is subsequently passed through a suppressor column which
converts the highly conducting eluent to one of much lower

conductance. With the high background conductivity thus
reduced, the ions of interest are detected conductometrica1ly.

Fritz et al. (5, 6) described a method of IC which does not
require the use of a suppressor column. A low·capacity resin
is employed in conjunction with a low conductivity eluent
which can be passed directly through the conductivity de·
tector. Both suppressed and nolUluppressed techniques have
been employed for anion analyses in water samples (1-6).

Quantitative determination of chloride ion impurity in boric
acid solutions is an important requirement in the nuclear
reactor industry. Boric acid is added to the primary coolant
in pressurized water reactors to aid in the control of reactivity.
Chloride ion can lead to stress corrosion of reactor components.
Typica.l procurement specifications allow a maximum of 0.4
~g of chloridelg of boric acid (ppm) (7). Due to the limited
solubility of boric acid in water (-50 giL), a maximum so­
lution concentration of -20 ~g/L (ppb) chloride will be olr
tained by dissolving boric acid at ambient temperature.

Chloride can be determined at the parts·per.billion level
in aqueous media by a spectrophotometric technique (8).
Solutions of ferric ammonium sulfate and mercuric thio-
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cyanate are added to the aample. The chloride ion reacts with
the mercuric thiocyanate to liberate thiocyanate ion. Thio~

cyanate complexes with ferric ion to form red ferric thio­
cyanate which has been shown to obey Beer's law.

This method has several disadvantages. One drawback
arises from high blank readings produced by the ferric am­
monium sulfate and mercuric thiocyanate reagents. A high
blank coupled with a low incremental absorbance due to the
ferric thiocyanate complex at low chloride levels limits the
usefulness of this technique.

Two methods of IC, suppre..ed and nonsuppr088ed. for the
determination of chloride in boric acid are compared in this
paper. It is demonstrated that suppressed Ie can give erro­
neous results for the impurity chloride concentration. Non­
suppre..ed IC yields adequate sensitivity and specificity for
the analysis. Boric acid solutions have been analyzed suc­
cessfully for low ppb concentrations of chloride with non­
suppre..ed IC.

EXPERIMENTAL SECTION
Apparatus. A Dianex Mode1 2010i ion chromatograph,

modified 8EI described below, W8EI used throughout the study.
Chromatrograms were recorded either on a HewJett-Packard
Model 3390A recording integrator or a Linear Inqtruments Corp.
Model 2S5 strip chart recorder. In all ..... the detector response
parameter used was peak height.

Suppreliscd Ie. A 3 x 50 mm anion guard column was used
in series with a 3 X 150 mm anion separator column (Dionex,
HPIC-AS2) and a fiber suppre880r (Dionex). The eluent consisted
of a solution of 3 x 10-' M Na,CO, and 2 x 10-' M NaOH. The
flow rate was 2.::i mLjmin. The fiber suppressor was continuously
regenerated with 0.025 N H,80•. A Dione. Model CDM·I con­
ductivity detector W8EI employed. Injection volumes ranged from
50 to 150 .L.

Non.uppressed IC. A 4.6 X 250 mm standard anion column
(Wescan) was used with a 3.9 X 10-3 M potassium acid phthalate
(pH 4.l) eluent. The now rate was 2.3 mLjmin. A concentrator
column consisting of a 4.6 X 30 mm Ion-Guard Anion Cartridge
in an Ion·Guard Holder (Wescan) replaced the sample loop in
the injection vaJve and was loaded "on-line" in order to avoid
sample contamination. Samples were loaded either manually with
a plastic syringe or with a Cole-Parmer Model 7013 peristaltic
pump at a rate of -I mL/min. A Wescan Model 213A con­
ductivity detector was employed. Acalibration curve was obtained
by injecting freshly prepared standards containing 4, 8, 16, 32,
and 64 ppb chloride, respectively.

Reagentti. ChemicaJlJ which were used 88 received were NaOH
(Baker), Na,CO,. and pota88ium acid phthalate (Mallinckrodt).
NaCI (Baker) was dried at 120·C for 3 h prior to use. Chloride
standard solutions were prepared from a 1000 mg/L stock solution.
Boric acid samples were obtained from Southern California
Edison, San Onofre Nuclear Generating Station. \Vater used
throughout the study was distilled water which w.. subsequently
passed through a Barnstead Ultrapure mixed bed resin. It was
analyzed by Ie to contain :50.5 ppb chloride. All eluents were
made (rom this water after boiling.

RESULTS AND DISCUSSION
Suppreised Ion Chromatography. Most of the work was

performed with a pellicular anion-exchange resin containing
partially sulfonated polystyrene/divinylbenzene beads and
an eluent consisting of a 3 x 10-3 M Na,CO, and 2 x 10-3 M
NaOH. Initially, we sought to determine whether chloride
can be detected with adequate sensitivity in the presence of
a large exce.. of boric acid, A 150-IlL sample loop proved
sufficient to obtain a good chloride response.

A typical chromatogram of the impurity chloride in boric
acid is ahown in Figure I. The negative peak, A. commonly
referred to as a 'water dip", resulta from the dilution of the
eluent by the water aample. The large peak B. having an
elution time of -1.3 min from the point of injection, is due
to· borate. After nearly base line resolution the chloride elutes
at -3.8 min, peak C. Peak D is due to sulfate and ia obeerved

-

Figure 1. ClYomatogram of a 3 % borIc acki solution obtained undor
suppressed Ie conditIons (see Experimental Section). Peak A Is the
"water dip". Peaks B. C. and 0 are due to bora18. chloride. and sLlfa18.
respectively.

Table I. Chloride Analysis in Boric Acid

detector response for chloride

sample suppressed nonsuppressed
(% boric acid)(l Ie IC

0.5 62 -"
1.0 120 10
2.0 40 18
4.0 47 45

a Four grams of boric acid was dissolved in 100 mL of
.water. Successive dilutions of this sample were made
to obtain the other samples. b No peak above the noise
level was observed for this sample.

at -13 min. For this comparison onJy the chloride was
considered. At first inspection it appears that good separation
between borate and chloride is obtained under the chroma­
tographic conditions empJoyed in this study.

The good sensitivity and apparently adequate separation
obtained in these chromatograms seemed to allow the quan­
titative analysis of chloride. However, the chloride response
depends not only on the chJoride concentration but also on
the boric acid concentration as evidenced by the following
experiment. Samples containing 40, 20, 10, and 5 g of boric
acid per liter were analyzed. EJiminating adventitious sources
of chloride contamination, the chloride response should be
in proportion to the boric acid content. The results given in
Table I show that a matrix effect is occurring. As the boric
acid concentration increases the chloride response increases
initially but then decline.. This type of bebavior prevents
quantitation of chloride by a calibration curve obtained in the
absence of boric acid.

Attempts to quantify the chloride concentrRtion by the
standard additions method were also limited by this type of
matrix effect. As the chloride concentration is purposely
increased by spiking the sample with a standard chloride
solution, a "leveled" chloride response is obtained. Plotting
chromatographic response vs. standard added results in a
straight line with a slope which is too low and an apparent
chloride concentration which is artificially high. This can be
demonstrated with a recovery study. Spiking a aample with
0.8 Ilg of chloride yielded a recovery in excess of that of an
unspiked sample of -1.2 Ilg of chloride, It should be noted
that during the course of these experiments no change in
retention times was obeerved, indicating that the capacity of
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Table Ill. Chloride Analysis in Boric Acid

chloride, ppm in solidO

Table 1/. Recovery Study for Nonxupprealed IC

.g of CI- tolal.g of net.g of %
kddedo CI4 Cound b CI~ found c recovery

o Amount of chloride added to 50 mL of 4% boric acid
sample; SQ..pL aliquots of an 8 ppm chloride standard
were added incrementally. b Sample peak height was
converted to concentration via interpolation of the cali·
bration curve. The tOlal chloride was then calculat.cd
from the sample volume and chloride concentration.
C Amount of chloride found in excess of the amount
found in the unspiked sample.

95
101
106

0.27
0.16
0.16
0.13

0.38
0.81
1.70

0.20
0.18
0.14
0.09

spectra­
nonsupprcsscd photometric

ICC method d

0.24
0.62
1.05
1.94

842C-I
842C·13
842e-9
652e-73

sample b

o
0.40
0.80
1.60

o Concentration of chloride in 4% boric acid sam-
ple was determined by the indicated technique and then
converted to micrograms of chloride per gl'D.ffi5 of solid
boric acid. b Samples of boric acid obtained from
Southern California Edison, San Onofre Nuclear
Generating Station. C Measurements made by nonsup­
pressed IC are estimated accurate to ± 10% based on
recovery data. d The ferric ammonium sulfate/mercuric
thiocyanate method was employed. Chloride was quanti­
fied by standard additions. Table entries are estimated to
be accuralC to 130%.

effects and analytical utility of this technique was demon­
strated by adding known amounts of chloride to a solution
of boric acid. Three 5Q.mL samples of a 4% boric acid solution
were spiked with 0.4, 0.8, and 1.6 Ilg of chloride. The results
in Table II show that the recoveries ranged from 95 to 106%.
The relatively consistent chloride recovery data indicate that
there were no major interferences in the analysis.

The results of chloride analyses for boric acid solutions are
presented in Table III. The values obtained are compared
with data from the ferric ammonium sulfate/mercuric thio­
cyanate spectrophotometric method. Relatively good agree­
ment between the two techniques is observedj the two de­
terminations generally differ by lese than 30'10 and are well
within the error bars associated with each technique. These
samples, obtained from Southern California Edison, San
Onofre Nuclear Generating Station, are also in compliance
with the procurement specifications (vide supra).

The absence of certified standards for chloride in boric acid
makes it difficult to evaluate the absolute accuracy of the
technique. However, the recovery data indicate that the
accuracy of the Quantitation of chloride can be in the range
of 5-6'10 relative to the chloride present in excess of back·
ground. This finding coupled with tbe comparison to the
spectrophotometric technique indicates that nonsuppressed
IC could serve as a routine method for the determination of
chloride in solid boric acid at the 0.4 ppm level.

In summary, while apparently good separation of chloride
from borate can be obtained by using suppressed IC, quan·
titation of low level chloride is complicated by an unidentified
matrix effect under the chromatographic conditions employed
in this study. Quantitation of impurity chloride in boric acid
can be accomplished by using nonsuppressed IC and a con·

Figur. 2. Chromatogram 01 a 4% boric acid sotuUon obtained with
nonsuppressed IC (see Exper6mental Section). Peak A is the "water
dip". Peak B Is attributed to be a solvent tront distlXbance. Peak C
repre....,!s -8 ppb _. Peek 0 has been ldentltled os carbonate
wIlIch coeIutes with sUfate at the pH employed. Note the scale cIlange
to( this peek. Borate Is not retained ..- the cordtIons used to _
this ctYomatogram.

the column was not exceeded and the column did not change
with time.

In an attempt to minimize these matrix effects we diluted
the eluent incrementally up to a factor of 2. This change
resulted in better peak separation but did not improve the
quantitation. Dissolving boric ecid in the eluent., in the hopes
of preequWbrating the sample, gave the same type of response.
Adding 10-' M mannitol to the eluent., in order to form a boric
acid-mannitol complex also did not eliminate the matrix
effects.

NOD8upprc88cd Ion Chromatography. Further inves­
tigation demonstrated that nonsuppressed IC could also be
used to analyze for chloride in boric acid solutions. Good
separation results with use of a low-capacity bonded-phase
silica anion exchanger and a 3.9 X 10-3 M potassium acid
phthalste eluent. To obtain the required sensitivity 10 mL
of sample was preconcentrated on a small column containing
the same ion...change resin as the analytical column. Because
the boric acid itself is not retained on this type of column at
the pH employed it is not concentrated and does not interfere
with the chloride loading. The use of a preconcentrator
column was precluded in this application of suppressed IC
because the pellicular resin employed concentrates both
chloride and borate. The preconcentrator column used for
nonsuppressed IC cannot be employed for the suppressed IC
because the silica-based resin in that column is not compatible
with the eluent used for suppressed IC.

The concentrator column is substituted for the asmple loop
in the injection vslve. After the sample is loaded onto the
concentrator column, the ions that were retained are swept
into the analytical column by directing the eluent flow through
the concentrator column. It has been demonstrated previously
that sample ions are quantitatively retained on the concen­
trator column during the loading process (9).

A typical chromatogram of a boric acid sample under these
conditions is shown in Figure 2. The chloride elutes at -5
min adjacent to a large peak attributed to be a solvent front
disturbance. Sulfate and carbonate coelute at -22 min.
Varying the boric acid concentration has no adverse effect on
the chloride response as demonstrated in Table I. No sig­
nificant chloride peak was detected for the most dilute solution
under our chromatographic conditions. However, at the 1%
boric acid level a chloride peak was observed. The chloride
peak increased monotonically as the boric acid content was
increased to 4 Cfo.

A calibration curve was establisbed which was linear from
4 ppb to 64 ppb in chloride with a correlation coefficient of
0.993. The detection limit in solution was determined to be
about 2 ppb. This limit could be lowered by loading more
asmple onto the concentrator column. The absence of matrix
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centrator column to ensure the necessary sensitivity.
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On-Line Extraction, Evaporation, and Injection for Liquid
Chromatographic Determination of Serum Corticosteroids
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Tokyo College of Pharmacy, Horinouchi, Hachioji, Tokyo 192-03, Japan

Makoto Noguchi, YaHUO Matsuoka, Michinori Kono, and Shoichiro Irimajiri

Kawasaki City Hospital, Kawasaki 210, Japan

To conolruclan on-line I)'lIam lor cleanup 01 bIoIogtcal nukla,
closed-bad columna packed with line diatomaceous ear1h
granule. were developed. Three cueaded columna were
coated with neutral water, aqueous sodium hydrOXide, and
suHurlc acid since the ell1ractlon 01 neutral components with
a high degree 01 saleell.lly Is possible by such stationary
phase liquids. The reco.ery 01 lIerokl soluteslrom _a was
UnosI quanUlaUve, usk1ga~ dlelhyt ether as the carrier.
The e11luenl Irom the aqueous Ilqulcl-llquld par1l11on columna
was Introduced Into a line e.aporator made 01 gla.. tubing.
The Injection 01 the sample Into a liquid chromatography
cokmn was per10nned by Ner1Ing a at... stick lor -.ung
the dead space In the e.aporator to resol.e the residue. A
model 01 an on~lne equipped eltracllon, e.aporatlon, and
InJecllon syllem was conalructed by the incorporation 01 a
.al.e switching procedure. ThIs technique was applied to e
clk1IcaI ....y of cortIcoslerolds In _a and was loundd_
as a highly senalll.e method lor monllorlng lIeroldal drugs.

For determination of constituents in biological fluids such
as serum and urine samples, preliminary fractionation and/or
enrichment of target compounds is usually recommended.
Elimination of contaminants from the fluids consisting of a
complex matrix enhances the sensitivity of analysis of the
compounds under consideration. In many instances, the
cleanup of biological fluids has been carried out by manual
batch operation prior to high.performance liquid chroma­
tography (HPLC) analysis. RecenUy, two new procedures
have been introduced: (I) liquid-liquid distribution using
columns packed with diatomaceous earth support and (2)
prechromatography involving either a normal or reversed
phase system employing a silica gel or octadecylsilyl silica
column... Commercially available disposable short columns
such as E.trelut by Merck, Darmstadt, and Sep-PAK car·
tridges by Waters, Milford, MA, are being widely accepted
by analytical chemists. However, it is difficult to transfer the

effluent from the cleanup column directly into the main
analytical system. Sample preparation by collecting the
fraction and evaporation of the solvent is often necessary.
Hence these prcchromatographic techniques require off-line
processes.

At our laboratory, column switching extraction and chro­
matography for programmed flow preparation (PFP) have
been developed (J, 2). PFP has improved the preparation
system and avoids the defects encountered in former proce­
dures using batch processing in chemical laboratory experi­
ments. Through the PFP concept, an attempt has been made
to develop an on-line technique for fractionation, evaporation,
and injection in microchemical analysis. First, a suitable
design for the liquid-liquid distribution column system for
on-line procedure was investigated. Instead of the open-bed
cartrige columns commonly employed in the laboratory, the
closed-bed columns slurry packed by fine diatomaceous earth
granules were introduced (3, 4). These c1ewlUp columns were
found to have high efficiency and could be used repeatedly
if the columns are flushed by water soon after the injection
of certain amounts of biological fluids. Secondly, a new type
of evaporator made by glass tube was developed to afford
quantitative recovery of small amounts of solutes. There was
hardly loss of any sample when the residue in the evaporator
was injected into the analytical column (3). As a result,
construction of the on-line system for switching extraction,
evaporation, and injection into the HPLC column (LEEI
system) was achieved. Several applications of this system
revealed high sensitivity and efficiency for HPLC analysis of
biological samples. In this paper, the application of this
technique to the clinical analysis of serum corticosteroids is
reported.

EXPERIMENTAL SECTION
LEEI System. A model for a switching fractionation and

chromatography system is illustrated in Figure 1. This sytem
is integrated by four functional operations: (a) presaturation of
water for the mobile phase solventj (b) sample application and
extraction of the constituents; (c) evaporstion of the effluent; (d)
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fig... 1. SChematic <llo~am 01 tho on-line eJ<1Jeetlon-evaporellon­
injection (lEEI) system equipped with HPlC. See tell1 '00' delah.

HPLC analysis. The constn1ction materials of the system consist
of glass tubes. PTFE pluga and tubes, valv.., pumpa, and d..
tectora. Thick-wall pressuretight glass tubes were connected by
PTFE plugs so d..igned as to be easily inserted into the inside
of the glass tubes end removable by hand (5). The upper pressure
limit of the gl... tube and PTFE plug connection with a metal
clip is SO kg/em' and the PTFE plugs are connected by PTFE
tubing.

SYltem Operation (e). The solvent was pumped into glass
tubes I, 2, and 3 (2.2 cm i.d. x 30 cm) filled with water and an
aqueous solution for equilibration of the solvent and water. The
solvent was passed through the three cascaded tubes by a droplet
current. Carrier solvent used was a commercial product of diethyl
ether containing phenol derivatives 88 a stabilizer. Tube 1 was
filled with a 15% sodium hydroxide solutIon to remove the
phenolic additiv... Tube 2 was filled with 25% sodium chloride
solution for washing and tube 3 with distilled water to obtain a
water·saturated mobile phase. The outlet of the solvent flow was
connected to valve 7 of operation b using PTFE tubes (I mm i.d.).

SYltem Operation (b). Crude sample fluid was applied by
use of a glass syringe and valve 7. A 0.5 mL, or a I....r amount,
of serum sample was introduced into the cascaded columns (ex·
columns 4, S, and 6) for fractional extraction of the constituent&.
Th... columns, provided with thin PTFE Ciltera, were packed
with fine diatomaceous earth granules (particle size, 10 ~m.

AquEx-IO, DSD, Tokyo) by a slurry packing procedure using a
gastight syringe. The column efficiency was determined bY using
caffeine as the standard sample and aqueous diethylether as the
earrier. Excolumns 5 (4 mm x 20 em) and 6 (4 mm x 20 cm)
afforded approximately 300 theoretical plates. The pecking
support in the excolumn 4 (l em Ld. x 7 em) was coated with
distilled water. Water was injected into the column with a gaslight
syringe. The aqueous pha&e of excolumn 4 was washed out after
each analytical run to remove any hydrophilic substances di,a.
tributed in the aqueous phase, such as serum proteins, bY injecliDj!
about 5 mL of distilled water from tbe top of tbe column. A
subsequent fast flow of diethyl ether (10 mL/min) in a direction
from top to bottom to remove excess water was required for
conditioning prior to the neEt run. This backflaah procedure is
indieated by the arrow lin.. in Figure 1. In this figure, several
valves for the conditioning procesa are abbreviated for clarity.

Diatomaoeous earth in ..column 5 was coated with 1% sodium
hydroxide solution as the ltatiOnary phase. Support material in
..column 6 was coated with 1%. sulfuric acid. The aqueous
stationary phases in th... columns were conditioned b)' adding
the corresponding aqueous solution from the top of the column
and a fast flow of diethyl ether to remove the exceU aqueous
solution. Reconditioning of excolumn 5 was required for each
1 mL of serum injected.

After the serum was fed into OltOOlumn 4, aqueous diethylethor
was 'injected to extract the' ether-soluble components in the
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column. The mobile phase solvent was then moved through the
cascaded columns step by ltep to eliminate acidic and buic
contamination and to fractionate the neutral components .t a
flow rate of 0.8 mL/min.

SYltem Operation (c). Evaporator 8 was constructed of a
single glass tube (4 mm i.d. X 7 em). Evaporation of the effluent
was achieved in the inside wall of the tube at a reduced preu:ure
(20 mmHg and 40 ·C). The presaure was regulated by a water
aspirator via valve 9. The temperature was maintained by an
electric heater etteched to the outer surface of the glass tube.
Evaporator 8 was connected to ..column 6 via valve 10 end a thin
PTFE tube (0.1 mm i.d. x 1 m) which allowed switching to the
higher pressure site of syatem operation b and the lower pressure
site of operation c. At specified switching times of valve 10. the
effluent containing neutral components was introduced into the
evaporator and concentrated to dryness. Monitoring of the ef­
Ouent by a UV detector was necessary for the pilot run, using
a larger amount of authentic samples added to the serum.
Following stipulation of the enraction time, it was conventional
and sufficient to evaporate the proper amount of effluent con­
taining all the desired materials without UV monitoring. The
effluent emerging from the column within 5 to 17 min was col­
lected for corticoeteroid fractionation.

In order to minimize the diffuaion of the fractionated aolute.
the inner dead volume of evaporator 8 was reduced. It was found
that insertion of e stick within the glass tube served this purpose
quite well. Consequently, a mecbanically driven steel stick (3.9
rom i.d. X 6.9 em) was attached to evaporator 8. On completion
of the evaporation, the inner dead volume of the glass tube was
reduced by insertion of this steel sticlt. The outlet of the tube
was connected to HPLC column 11 (Licbrooorb 8-100, 4 mm i.d.
X 25 em) via valve 12. The mobile phase solvent for HPLC was
then introduced into the evaporator 8 via valve 10 at a flow rate
of 0.1 mL/min and the inner air was pushed out through valve
12. When the solvent reached valve 12, it was directly switched
to analytical column 11.

SYltem Operation (d). The HPLC equipment consisted of
a reciprocal pump (13) (Twincle, Jasco, Tokyo), a UV detector
(14) (Uvidec IOQ-m, Jasco, Tokyo) set at 240 nm, and a pen
recorder (15) (RC-lSO, Jascol. Generation of gasified solvent et
the plunger site of the pump eaused base line waving unfavorable
for high sensitive nano-Ievel analys.is. Insertion of a glus tube
(I em i.d. x 7 em) as a damper between the pump and evaporator
eliminated this line waving completely. Furthermore, the re­
ciprocal pump generated other types of base line wavings owing
to pressure pulae in the plunger. This noise could be reduced
remarkably bY a condensed air damper functioning as a neutrali2er
of pressure change. Base line stabilization was necessary for
sensitive analyaia within a detection range of 0.005 and recorder
range of 2 mV.

Glass and .PTFE components were supplied by Kusano Sci­
entific, Tokyo.

Rea,enU and Solventl. Reagent grade chemicals were used.
Diatomaceous earth (AquEx-IO) for the column extraction was
supplied (rom DSD, Tokyo. Authentic steroid hormones were
supplied from Teikoku Zoki Co., Kewasaki, Japan).

HPLC Procedure. The eluent was a mixture of 0.1 % water.
4% methanol, and 30% dicbloromethane in n-heune (v/v). The
solvent system was designed according to ref 6.

The liliea gel column was washed with 1~ sulfuric acid and
then methanol. This treatment was suitlble for analysis of acidic
or polar neutral compounds such as cortiC06teroida and related
substances. Results similar to oura bave been reported recently
by Engerbart and co-worker (7).

CalIbration for Quantitative ADa\ylis. Calibration curvee
of cortisol and predDiaolOll8 were made on the basis of peak height
measurements using aample quantities between 1 ng and 100
ng/mL serum. The peak heights were reproducible with the
coefficient of\-arlation (CV) valuee being I... than 4~, using tha
authentic samples injected from evaporator 8. Cortisol was re­
covered from the Bera in a 102 :I:: 6.8% yield and prednisolone.
in a 93.3 ± 1.4~ yield, when known amounts of the euthentic
specimens (I-100 ng) were added to the sera.

Analy.l. of Sera. A blood oarnple (5 mL) was centrifuged
for 5 min at 3000 rpm. A O.5-mL sample of the supernatant was
injected into ..column. through valve 7. The mobile phase for



FJgur. 2. Chromatogram of serum cortJeosterolds obtained by the
LEEI techntqUB using 0.5 ml 01 serum from a systemic lupus erytl'r
emalosus paUent. The flow rate was 1 mL/mln.

r,--'~-""--'----'-
o 10 20: 30 min

5mV 1~mV recorder
r.ng.

peatedly for hundreds of runs without any technical problems.
The effluent from the excolumns was concentrated in the

line evaporation system connected to excolumn 6 through a
fine PTFE tube functioning as a pressure converter between
the high and low pressure sides. In the glass evaporator, 8,
the effluent was concentrated to dryness at 40 ·C, at which
all corticosteroida teated were intact and stable. The residue
was redissolved in a chromatographic solvent and introduced
via an attached valve after reducing the dead space in the glass
evaporator by the insertion of a steel stick, causing the re­
sulting dead volume to be no more than about 50 ~L. The
quantitative amount of neutral components derived from the
serum was injected into the HPLC column.

Solvent syotem was optimized for HPLC equipped with a
silica gel column. A multicomponent system consisting of
n·hexane and dichloromethane as diluents and methanol and
water 85 stronger solvents was employed for the simultaneous
analysis of several corticosteroids. The results suggest that
unfavorable diffusion of the solutes does not occur in the
process of resolving a residue in the evaporator and trans­
ferring the solution to the analytical column.

The all-unit operations such as extraction, evaporation, and
injection were completely linearized with good reproducibility
and efficiency, resulting in no need for an internal standard,
usually indispensable for HPLC clinical analyois.
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the extraction waa introduced into the column system at 8 flow
rate of 0.8 mLjmin. The eluate, collected between 5 and 17 min,
was then introduced into evaporator 8. After inaertion of the stick
into the evaporation tube, HPLC solvent was introduced into the
evaporator at 8 flow fate of 0.1 mL/min followed by switching
valve 12 to HPLC column II. The HPLC now rate waa I
mLjmin.

RESULTS AND DISCUSSION
In order to formulate an on·line cleanup procedure for the

analyois of biological nuida, a syotem of a closed·bed column
packed with fine diatomaceous earth powder was developed
(3, 4). This column·packing material waa found to support
an aqueous stationary phase and was capable of constructing
8 two layer aqueous liquid-liquid distribution system for 8

water·saturated organic solvenL It was also found that protein
and other high molecular polar components in serum were
trapped in the aqueous stationary phase on the diatomaceous
earth support and that cont&ninanta in the nuid were almost
completely eliminated from the column by a nushing out
procedure using a fast flow of water following injection of a
certain amount of serum. Hence, this cleanup column is
reusable. To achieve efficient extraction and fractionation
of serum corti~osteroids, an extraction column system com­
prised of three diatomaceous earth columns was introduced.
The first column contained a water·c08ted support, the second
and third, aqueous stationary phases of sodium hydroxide
solution and dilute sulfuric acid. In the neutral column (ex­
column 4 in Figure I), lipophilic substances in human serum
were distributed within the carrier solvent. Diethyl ether waa
the most conventional extracting solvent because of its low
boiling point and high solubility toward various solutes except
for high molecular and high polar compounda such aa proteins,
peptides, amino acids, and carbohydrates. Although diethyl
ether is inflammable, its uoe poses a slight safety problem since
our apparatus is a totally closed system. The manner of
distribution was consistent with the partition coefficients of
substances mentioned earlier, using an acid-treated silica gel
column and aqueoUB diethyl ether syotem (8). Even a nearly
insoluble compound in diethyl ether could be quantitatively
distributed within the mobile phase on using an extraction
column with a wide surface area.

The effluent from neutral excolumn 4 waa introduced into
the next alkaline excolumn 5 in which the acidic solutes were
distributed in the baaic stationary phase and retained there.
In the third excolumn 6, organic basea still present in the
mobile phase were removed to the acidic stationary phase.
Thus, the effluent from the third column consisted of only
neutral <!iethyl ether soluble materials. For a highly sensitive
analysis of the neutral components in sera t a cleanup process
incorporating three columns was found to be useful.

The durability of each excolumn was maintained completely
except for changes in the pH of the stationary phaae. The
pH was easily meaaured by the fast flow of the mobile phase
from the top to the bottom of the column, resulting in the
extrusion of droplets of the stationary phase. A new stationary
phase liquid was supplied from the top of the column and the
suboequent faat now of the carrier solvent, diethyl ether,
created a condition of column control for the next run. This
condition waa necell8&rY occasionally even when the pH re­
mained unchanged, since the stationary phase liquid moved
slowly, eventually nowing over the top of the column during
analysis. An overflowed aqueous phase may result in an
uncontrolled column condition and technical difficulties in
the following evaporation stage.

The excolumn 4 loaded with human sera should be con·
ditioned for each analytical run. This is also necessary for
the extrusion of serum protein from the stationary phase,
which degeneratea slowly on the aupport surface and gradually
cloga the column. Thus, a neutral column can be used re-
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The calibration curvea for the detennination of prednisolone
and hydrocortillone were made on the basis of the peak heigbts
of the correaponding .teroida. Recovery of th....teroida from
the &era was approximately quantitative and reproducible as
shown by a comparillon of the injection of the .tandard 88JDple
solutions and sera containing known amounts of steroids
(1-100 ng/mL ..rum).

We applied the technique pre.ented in thi. paper to the
nano level analysis of serum corticosteroids 8uch as hydro­
cortisone suppressed by prednisolone therapy for colagen
diselllle and especially SLE patients. The re.ults in Figure
2 show that our method is quite adequate for clinical assay
before the use of prednisolone therapy or medication design
determined by pharmacokinetics.
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Preconcentration with Dithiocarbamate Extraction for
Determination of Molybdenum in Seawater by Neutron
Activation Analysis

W. M. Mok and C. M. Wai*

Department of Chemistry, University 0/ Idaho, Moscow, Idaho 83843

Molybdenum In ..awat... can be quanl/taUvely extracted with
pyrrolldlnedlthlocarbarnate and dlethykllthlocarbamate al pH
1.4 Into chIorotonn, lor neutron activation analy'" Uranium
In ..awater camot be extracted atlhla pH, and hence ......
Ioatelthe Interference Irom the 231U(n,l)" Mo reacUon. In­
lerferencaa Irom rna"'"~ In ..awater, IUCh as_
and bromine, are alao removed during the extraction. The
propooed melhod, w"h good accuracy and ..naIIlvlly, Ie
au"able lor the determination 01 moIybden.... In natural
walerl.

The determination of certain trace elements has become
important in studies of marine environments. Among these,
molybdenum, as a biologically active element for growth and
as a micronutrient in the aquatic environment, is often
measured. Because of the low levels of molybdenum involved,
neutron activation analysis (NAA) appeara to be a suitable
technique. Molybdenum can be identified in NAA through
"'Mo (t'/2 ~ 66 h) or its daughter -Tc (t'/2 ~ 6.05 h). Direct
application of NAA for trace element determination in com­
plex sy.tems is generally difficult because of serious matrix
interferences. Chemical separation methods have been used
either before or after neutron irradiation to eliminate such
interferences. Besides matrix interferences, another com­
plication in the molybdenum deurmination by NAA ill the
contribution of 99Mo from the 2J5U(n,099Mo reaction, which
ill significant in syetema with high uranium contents. Sepa­
ration before neutron irradiation has the advantage of avoiding
thill complication if the method ill selective for molybdenum.

KuJathilake and Chatt reported a preconcentration method
for the NAA determination of molybdenum in .eawater by
cocryatallization with /I-naphthoin oxime (1). This method

is selective for molybdenum but requires a couple of days to
complete the separation. Molybdenum has also been deter­
mined in seawater after preconcentration on activated charcoal
in the presence of ammonium pyrrolidinedithiocarbamate
(APDCl, followed by neutron activation of the charcoal sample
(2). Since activated charcoal is an efficient adsorber, 8 sig­
nificant fraction of the uranium in seawater was also found
with the molybdenum in the charcoal. Consequently, a cor·
rection for the uranium contribution to 99Mo must be con·
sidered in this charcoal adsorption method.

This paper describes a simple solvenl extraction method
using dithiocarbamates for preconcentration of molybdenum
in seawater. The solvent extraction method not only is fast
and efficient but also eliminates the interferences caused by
uranium and other matrix species in the determination of
molybdenum by NAA.

EXPERIMENTAL SECTION
Ammonium pyrrolidinedithiocarbamale (APDC) and sodium

diethyldithiocarbamate (NaDDC) were ohtained from the Fisher
Scientific Co. Chloroform used in the extraction was Baker
Analyzed Reagent. Nitricacid used in the experiments was of
Ultrex grade from Baker Chemical Co. Deionized water was
obtained by treatment of distilled water through an ion exchange
column (Barnstead Ultrapure Water Purification Cartridge) and
a 0.2-~m filter llllSembly (Pall Corporation Ultipor OFA).

A stock solution containing 1000 ",g/mL molybdenum was
prepared by dissolving 1.8401 g of dry ammonium molybdate
(analytical reagent grade) in deionized water and diluted to a liter
in accordance with the EPA's instructions (3). Standard working
solutions were prepared by appropriate dilution of the stock
solution. Surface seawaters were collected from the southwest
corner of Discovery Park in western Seattle. The salinity of the
seawater was 27"-. The seawater was filtered through a O.45-1J1D.
membrane filter, acidified to pH 2, and stored in precleaned
polyethylene hottles. All containers used in this study were
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wuhed with 10% nitric acid, rinsed with deionized water, and
atored in a claaa 100 clean hood aquipped with a vartical 1aminar
flow HEPA filter.

'The extraction aolution W8I prepared by diaaolving I g of APDC
and 0.5 g of NaDDC in 100 mL of deioniud water. In all caaea,
the extraction aolution W8I prepared freab daily. filtered to remove
the insoluble material, and shaken (or 30 • with chloroform to
remove bromine and other impurities.

In the determination of molybdenum in seawater, a lQO-mL
sample of the filtered leawater was poured into an Erlenmeyer
flaak. aquipped with a ground atopper. The aample W81 adjuated
to pH 1.4 % 0.1 before 2 mL of the extraction IOlution and 5 mL
of chloroform were added. The mixture was ahaken (or 15 min,
and then W81 allowed to ait for 10 min for phaae ..parotion. After
the waiting period W8I up, 3 mL of the organic phaae W8I collected
and placed in 8 polyethylene vial. The solution was evaporated
to dryness before heat·aealing the vial (or neutron irradiation.
The preconcenlration factor attained with thi8 procedure is GO.
Standards were made of l·mL solutions containing proper con­
centrations of molybdenum, sealed in the same kinds of vials 88

the samples. One hundred milliliters of deionized water that went
through the same el.traction procedure was used as a blank for
seawater analysis.

All aamples and standards were normally irradiated for 2 h in
a I-MW TRIGA reactor at a steady neutron flux of 6 X 1012 n
cm-2 S-I. After irradiation, the samples were allowed to decay for
about 48 h. to allow "Mo and -rc to reach aquilibrium before
counting. The following sample transfer procedure was used to
avoid the interferences of uNa and other radioactivities produced
in the plaatic material of the irradiated viala. To each vial, 1 mL
o( a 3 N HN03 solution was injected by means of a 5-mL dis·
posable syringe. After shaking for about 1 min, the acid 6Olution,
containing any molybdenum present, was transferred, using the
same syringe, into a new 2/6·dram vial (or l' counting. Less than1'" of the molybdenum was (ound to remain in the irradiated
vial after sample transfer. Standards were a180 transferred into
new 2/6-dram vials with disposable syringes. Each sample was
counted 2 X 10' a with a large volume couial ORTEC Ge(Li)
detector with a reaolution of about 2.3 keV for the 1332·keV 'Y-ray
of "'Co. a peak-to-Compton ratio of 35:1. and an efficiency of 11%.
The detector output was fed into a Nuclear Data 4096·channel
pulae-height analyzer. Tha J4Q-keV 'Y-ray of-rc W81 uaed in
thie work to determine the molybdenum concentration. Data
analysi> W81 carried out by uaing the SPAN program with an ffiM
370 computer.

El.perimenta were alao canied out to determine the el.tracted
molybdenum by graphite furance atomic ahaorption apectrometry
(GFAAS). In thia caae, the dried aample W81 fmt diBaolved in
1 mL of concentrated nitric acid, and then diluted to about 2'"
of the acid. A Perkin-Elmer HGA 2100 graphite Curnace and a
Model 603 AA apectromater were uaed for thi> atudy. Perkin­
Elmer pyrolytically coated graphite tubea were uaed, and a
deuterium·arc background correction W81 applied. The operation
conditions for molybdenum determination followed that pre­
acribed by tha EPA (3). A 25-~L Eppendorf micropipet W81
employed Cor injecting aampl.. into the furnace. All aampl.. and
standards were injected in triplicate, or more if triplicates disa­
greed aignificantly. Standard. apanning the aample abaorbance
range were run between each aeries of samples as a regular check.

RESULTS AND DISCUSSION
Conditiona (or the E"tractlon o( Molybdenum (rom

Seawater. Extraction of metal ions by dithiocarbarnate
depends on several factors, such as type of solvent, amount
of dithiocarbamate. pH of a IOlution, and shaking time. The
advantagea of using a mixture of APDC + NaDDC, and
chloroform 88 solvent, to extract trace metals from seawater
have been deacribed in the literature (4). APDC is more stable
than NaDDC in acid IOlution, but the mixture providea a
better working pH range and appelU1l to have a atabilizing
effect on metal complexe.. In this atudy, a mixture of 2:1
APDC to NaDDC. at a total concentration of 0.03% or greater.
waa uaed for molybdenum extraction. To teat the effect of
pH on the ""traction. a aynthetic seawater whoae compoaition
waa deacribed in a previous paper Waa apiked with 48 ~g/L

,,:.--;-------;--~--:---;-----:--~-~

pH

Flgur. 1. pH dependence 01 the extraction of molybdenum from
seewatOf' by APDC + NaDOC Into chloroform.

o , ~ 1 • t .--~~~

pH

F9Jr. 2. pH dependence of the extraction of uranllm from seawater
by APOC (open circles) and by NaDOC (closed circles).

of molybdenum (4). Ten·milliliter a1iquots of this spiked
seawater were taken, with the pH adjusted to difCerent valuea.
The apiked molybdenum in each sample was extracted with
the dithiocarbamate solution into 2 mL of chloroform for
NAA. A blank of unspiked aynthetic seawater was run in the
same manner as the samples in each irradiation. In all cases,
the blanks showed leas than I % of molybdenum activities
relative to the samplea. After correction for the background
activities, the percentages of molybdenum recovery for the
spiked seawater samples are shown in Figure 1.

Near total recovery of molybdenum was observed from pH
0.7 to 4.0. At pH 4.6. recovery of molybdenum was found to
decrease to ahout 75%. Further increase in pH resulted in
very poor recovery of molybdenum. Similar experiments with
the natural aeawater apiked with 48 ~g/L of molybdenum
ahowed almost identical pH dependence. Extraction of mo­
lybdenum at very low pH ia not practical because of the
accelerated decompoaition of dithiocarbamatea in acid solution
(5). On the other hand, extraction at pH >2 is also not aat­
iafactory becauae uranium in seawater can be extracted above
thia pH (Figure 2). Therefore, a pH range of 1.3 to 1.5 was
choaen as the atandard condition for thi> method.

Under our experimental conditions, el.traction of molyb­
denum for seawater is kinetically a very fast proceaa. For 10
rnL of the spiked seawater with I rnL of the APDC + NaDDC
IOlution and 2 mL of chloroform. extraction of molybdenum
i> virtually complete in I min of vigorous shaking. With a large
volume of seawater, e.g., 100 mL of sample with 2 rnL of the
extraction solution and 5 mL of chloroform. several minutes
of ahaking ia aufficient to complete the extraction.

E"traction of Uranyl Dlthiocarbamate Comple,..••
The interfering nuclear reactions in the molybdenum deter·
mination by NAA are 120Ru(n,a)99Mo and ""'U(n.099Mo.



However. the amount of ruthenium in natural waters is 80 low
that its contribution to '"Mo is negligible. The "'U(n,f)'"Mo
reaction is important in samples in which the ratio of Mo:U
is close to one (2, 6). The average uranium concentration in
seawater is about 3.2 ppb, comparable to that of molybdenum
in seawater (7). Therefore, the contribution from fission of
"'u needed to be investigated under the proposed extraction
conditions for molybdenum.

The various effects of pH on the extraction of uranium in
seawater by APDC and by NaDDC are sbown in Figure 2.
The experiments were carried out with a synthetic seawater
spiked with 50 I'f./L of uranium, extracted with either APDC
or NaDDC into chloroform, following a procedure similar to
that described for molybdenum. The extracted uranium was
determined by NAA, utilizing the 228-keV r-ray from the
decay of ""'Np (daughter of ""'U, 1,/2 =2.36 days). Ae shown
in Figure 2, extraction of uranium with either APDC or
NaDDC depends strongly on pH. At pH <2, no significant
amount of uranium can be extracted by APDC. At pH 2,
about 2% of the spiked uranium can be extracted. The ex·
traction efficiency increases rapidly to a maximum around pH
2.8-3.4 and then begins to decrease at higber pH values. In
the case of NaDDC, the extraction efficiency for uranium
becomes significant at pH >4 and reaches a narrow maximum
at a pH of around 5.5-6.0. The uranyl-PDC complex is ap­
parently stable in slightly acidic solutions. whereas the cor­
responding DDC complex is stable in near neutral solutions.
In either case, extraction of uranium is insignificant at a pH
of around 1.3-1.5. This is also true when a mixture of APDC
and NaDDC, in a ratio of 2:1, was used in the extraction. The
recommended pH for molybdenum extraction should be to­
tally free of uranium interference.

Determination of Molybdenum by NAA. One advantage
of using dithiocarbarnate for preconcentration of trace metala
in seawater is that matrix species such as the alkali metals,
the alkaline earth metala, the halogens, and phosphorus can
be simultaneously eliminated during extraction. In a previous
study of preconcentrating gold and mercury from seawater
for NAA, it has been shown that sodium and bromine in the
system can be e88entially all removed with dithiocarbamate
extraction (8). The large amount of "Na and 82Br produced
in seawater upon neutron irradiation would otherwise mask
the low-energy peaks from radioisotopes such as '"Mo or -rc.
Removing these matrix species, as well as uranium, from the
system enables accurate determination of molybdenum in
seawater without spectral interference.

The procedures for molybdenum extraction and NAA de­
scribed in this paper have been applied to the analysis of NBS
Standard River Water (SRM 1643a), which is certified to
contain 95 ± 6 ng/g of molybdenum. Based on four replicate
analyses, the average molybdenum content determined by this
extraction method and NAA was 102 ± 4 ~g/L, which agrees
well with the certified value. The precision of this method
for seawater analysis was tested by individually preparing
seven aaroples, all at pH 1.4 ± 0.1 and each containing 481'f./L
of molybdenum. The average recovery was 100.2%, and the
average coefficient of variation for the series of replicates was
±3.5%. With 100 mL of seawater treated by the described
procedure, the detection limit, based on three standard de­
viations of the background under the 14o-keV peak, in a
counting period of 2 X 10' s and the specified irradiation
conditions, was estimated to be 0.35 ~g/L. This is sensitive
enough for molybdenum determinations in seawatera. The
detection limit can be further improved by increasing the

ANALYTICAL CHEMISTRY, VOl. 56, NO. I, JANUARY 196<1 • 21

preconcentration factor, the irradiation time, and the counting
time.

The molybdenum content in the seawater collected from
the Seattle coast was determined by NAA, after preconcen­
tration with this extraction method, to be 8.8 ± 0.31'f./L. Tbe
ratio of molybdenum concentration (in ~g/L) to salinity (in
%0) for this aarople is 0.33, which is consistent with the average
ratio of 0.32-0.34 found in open ocean waters (9, 10).

Determination of Molybdenum by GFAAS. Four rep­
licate analyses of NBS Standard River Water (SRM 164.la)
were also carried out using this extraction method and
GFAAS. The average molybdenum content was found to be
97 ± 6 ~g/L, in good agreement with the value obtained by
NAA. The aveJ'8l'te molylxlenum concentration in the seawater
from Seattls was determined by GFAAS to be 9.0 ± 0.41'f./L,
which again is in good agreement with the value of 8.8 ± 0.3
~g/L determined by NAA. In this GFAAS study, aaroples
and standards were all kept in 2% nitric acid solution. Our
experiments indicate that the effect of acid concentration on
the signal of molybdenum absorbance is small «10%) in the
acid range of 2-10%. However, to obtain reproducible results,
it is still recommended to keep all aaroples and standards in
the same acid concentration. This experiment has shown that
the results of molybdenum determinations obtained by the
NAA tecbnique are consistent with those obtained by GFAAS.
It is unlikely that any significant interferences would be
present in the extracted seawater for molybdenum detenni­
oation by NAA.

CONCLUSION
Direct determination of molybdenum in seawater by in·

strumental NAA is not preferable, mainly due to the presence
of interferences in the seawater matrix that seriously impair
the sensitivity and detection limit. The proposed solvent
extraction method with APDC + NaDDC and chloroform
provides a fast and efficient way of preconcentrating molyb­
denum from seawater for NAA. Interferences from the matrix
species and from uranium. in seawater are effectively removed
during the exiraction. Evaluation of the procedure with
seawater spiked with molybdenum, natural seawatet, and NBS
Standard River Water show. that the extraction is quanti.
tative and that tha sensitivity is suitable for the determination
of molybdenum in open ocean waters.

Registry No. Mo, 7439-98-7; U, 744().61·1; APDC, 51QS.96-3;
NaDDC, 148-18-5; water, 7732-18-5.
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Spectrophotometric Determination of Total Gossypol in
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A new opec:tropholometrlc method 101 th. dalannlnallon 01
lotal goeaypoI cont.ntln cotto...... and cottonaaad meall
haa bean davolopacL 11la melhod II baMcI on the r.actlon
01 goMJpoI wah 3-amIno-111f01l8nol and Ita~ com­
plexaUon with Iron(lll). 11la Dr"" colored Iron(111)_
(amlnopropanoll-1/OalYpoi compl.x hal a charactarlatJc at>­
aorptlon maximum al 820 nrn. 11la colored ayalam obara
8Mr'a law In the conc.ntrallon rang. 01 4-110 ppm 01 goa­
aypoI. 11la aII_ 01 Mvaral .xperlmental varlablas on th.
datannlnallon 01 goaaypol have baan a11dad and Ih. a101­
chIornaIr\c compoaltIon 01 the complex haa bean datannlnad.
11la new melhod hal bean lound 10 b. oImple, rapid, and
praclM and 10 yIaId r.ouIta comparabl. wllh Ih. a1andard
AOCS method. 11la m_ hal baan appll.d lor Ih. dal.,·
mlnaUon 01 lotalDOasypolln Mv.ral cottonaaad and cellon­
aaadm.al ...........

CottollllOed productB in the forms of oil and meal are widely
used for human and animal food. How.v.r. the utilization
of cottonseed products in human nutrition is limited by the
presence of a ph.nolic compound, goeaypoL This undesirable
constituent is toxic to differ.nt animal species (1-3). Th.
toxicity of goasypol also limits its own application in many
areas (4-9).

Goasypol and its analogues are found primarily in the
pigm.nt glands of cottons••d. Th. structur.s of the three
tautom.ric forms of goasypol its.lf are given in Figure 1.
Analogues of goeaypol have a similar structure and can .ith.r
occur naturally in cottonseeds or form as a result of storage
and processing of cottollllOed. The actual pigment compceition
of cottonseed pigm.nt glands varies with the g.n.tic type of
the cotton plant and with environm.ntal conditions during
the development of cottonseed.

Sev.ral m.thods have been reported for the determination
of goeaypol in a variety of aamples (10). The results of the
analysis are reported in terms of percent of free goeaypol,
perc.nt of bound goeaypol. i.•.• goeaypol that is bound to
protein. and percent of total goasypol by w.ight. M.thods
used for the analysis of goeaypol includ. spectrophotom.tric
m.thods (11-16), an NMR m.thod (17), a ch.miluminesceDt
m.thod (18). a gas-liquid chromatographic method (19). p0­

larography, thin-layer chromatography. and pap.r chroma­
tography (20). Most of these m.thods are tedious. tim..
consuming, and suffer from interferences due to the presence
of the other pigments. Therefor•• it is necesaary to look for
the dev.lopment of a aimpl. and precise m.thod for the
routine analysis of goeaypol in cottonseed materials.

Th. reactions of gossypol with several metal ions including
iron(IlI) have been reported in the literature (21-23). How­
ever, DO fundam.ntal investigation has been made on the
application of auch reactions for the quantitative d.termi-

nation of goasypol. Hence. it is worthwhile to study the
complexation of goasypol with iron(III) in detail and, if poa­
sible, to dev.lop a n.w m.thod for the determination of
gossypol in cottonseed samples. .

The present investigation d.als with the development of
8 new spectrophotometric method for the determination of
total goasypol in cottonseeds and cottonaeed meals. The
method is bas.d on the reaction of gossypol with 3-amino-1­
propanol and its subsequent complexation with iron(I1I). The
composition of the complex has been determin.d and the
method has been applied successfully for the analysis of total
gossypol in several cottonseeds and cottonseed meals. The
results obtained by the new method have been compared with
the AOCS method.

EXPERIMENTAL SECTION
Apparatus and EquipmeDL A Beckman Model 26 UY-YIS

spectrophotometer equipped with a pair of I-em path length
quartz cuvettes was used. for absorbance measurements. A
Beckman Expandometric SS-2 pH meter was used for pH mea­
surements.

Reagentl and Standards. All the chemicals used were of
analytical reagent grad•. A 1.79 x 10-' M iron(lII) solution was
prepared by dissolving hydrated ferric nitrate (Fe(N0,1,·9H,O,
BDH AnalsR) in 40:60 (v/v) hexane-isopropyl alcohol containing
a few drops of concentrated hydrochloric acid. The comple:r.ing
agent solution was prepared by mixing 2 mL of 3-amino-l­
propanol (E. Merck) with 10 mL of glacial acetic acid. The
solution was cooled to room temperature and diluted to 100 mL
with dimethyltormamide in a volumetric flask.

A 4.821 x Hr' M standard solution of gossypol was prepared
by dissolving goeaypol acetic acid (Sigma Chemical Co.) in com­
plexing agent solution. A working solution of gossypol was pre­
pared by diluting a1Q.mL aliquot of standard solution to 100 mL
with 40:60 (vIv) hexane-isopropyl alcohol in a volumetric flask.

Procedure (or Extraction of Gossypol from CottoDseeds
and Cottonseed Pre.scakes. Samples of seven varieties of
cultivated cottonseeds, commonly grown Wlder different condi­
tions in Ethiopia, belonging to the hirsutum species of the genus
Gossypium were collected from the Institute of Agricultural
Research. Addis Ababa. Samples of cottonseed presscskes were
collected from Addis Ababa Oil Mills. The dehulled cottonseeds
and cottonseed presscakes were ground in a laboratory mill (Max
Luscher AG Sean, Type 12E8) to pass through a 2·mm screen.

A weighed quantity of the sample containing 2-20 mg of total
gossypol was transferred into a l()().mL Erlenmsyer flask and 10
mL of complexing agent solution was added to it. The mixture
was heated in a boiling water bath for 30 min. cooled, and diluted
to about 30 mL with 40:60 (vIv) hexane-isopropyl alcohol. The
solution was fUtered and diluted to 50 mL with hexane-isopropyl
alcohol in a volumetric flask.

Procedure for Determination of Gos.ypol. An aliquot of
the solution containing 0.2-2.0 mg of goeaypol was transferred
into a 25-mL volumetric flask and 2 to 4 drape of 5 M hydrochloric
acid were added to iL A 5-mL aliquot of iron(lII) solution was
added to the flask, the solutions were mixed well and then allowed
to stand for 5 min. One milliliter of distilled water was added
to the flask, and the solution was immedistely diluted to volume

llOCla-2700/84/0356-0030$01.50/O C 1883 Amortc:sna- Soc:IoIy
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Table I. Determination of Total Gouypol by Weight in
Cottonseed Samples

lype of coltonseed
variety

% total gossypol by wt

AOeS
new tentative

method method

~
o ~

p" "

00() ~ c I Q OM

"'~.., '';~''

Aeala 1517/70
Albar 637
MIS 1.74
Acala 1517c
Acala 63·64 glandless
Frago glandless
Frago Bracl glandlt"Ss

0.489
0.613
0.331
1.069
0.029
0.415
0.168

0.483
0.616
0.329
1.063
0.032
0.411
0.166

Table 11. Detennination of Total Gossypol by Weight in
Cottonseed Prcsscakes

sorptivity in terms of gossypol was found to be 6480 L mol-I
cm-I and the photometric sensitivity (25) of the color reaction
was found to be 0.08 ~g of gossypol cm-2 at 620 nm.

Composition or CompleJ:o The composition of the com·
plex was determined by the continuous variations (26) and
molar ratio (27) methods. In the continuous variations method
the mole fractions of bis(aminopropanoJ)gossypol (BAPGP)
and iron(lIl) were varied with a constant total molarity. The
absorbances were plotted against the mole fractions of
BAPGP. Maximum absorption occurred at a mole fraction
of 0.33 (Figure 3). This suggests that the combining ratio
of BAPGP to iron{lll) in the complex is 1:2. This result was
also supported by the molar ratio method.

These results are similar to the result obtained by Haas and
Shirley (23) in which they have reported that tbe aldehyde
groups and the adjacent 7-hydroxyl groups of the gossypol are
the site of complexation. In the present investigation the
bis(aminopropanol)gossypol was used for the complexation
with iron(llI)j hence, the structure of the complex rna)' be as
given in Figure 4.

Precision. The precision of the newly developed method
has been evaluated in terms of relative standard deviation.
Ten independent analyses on samples each containing 36 ppm
of gossypol gave a mean absorbance value of 0.450. The
standard and relative standard deviations were found to be
%0.0030 and 0.67'!'., respectively. These results indicate that
the method is precise and gives reproducible results.

Application of the Method, The validity of the newly
developed method has been tested by determining the total
gossypol content of cottonseed and cottonseed presscake
samples. These results have been compared with the results
obtained by the AOCS tentative method which is based on
the extraction of gossypol with 3-amino-l·propanol in di­
methylfonnamide, its subsequent reaction with aniline to form
dianilinogossypol, and measurement of the colored reaction
product at 440 nm (I 1). The data given in Tables I and II
clearly indicate that the two methods give almost identical
results.

To test the effect of interferences, known concentrations
of pure goasypol, treated with 3-amino-I-propanol, were added
to the gossypol extracts from cottonseeds and cottonseed
presscakes. The total gossypol was then determined by the

0.685
0.519
0.952
0.845
0.757

0.689
0.518
0.962
0.850
0.758

new
method

% lata I gossypol by wt

AOeS
lentative
methodtype of sample

Nazrawi Oil Mills
Arsina Merlu Oil Mills
Tcramaj Oil Mills
Akaki Oil Mills
Uniled Oil Mills

Figure 1. The three tautomeric forms of gossypol: (A) hydroxy a~

dehyde; (B) I8ctol; (C) cyclic carbonyl.

with 40:60 (vI v) hexane-isopropyla1cohol. The absorbance of
the colored solution was measured at 620 om against the hex­
ane-isopropyl alcohol mixture as 8 reference. Calibration curves
were prepared by measuring the absorbance of the solutions
containing known amounts of gossypol by the same procedure.

RESULTS AND DISCUSSION
Colorimetric Reaction. Gossypol reacts with 3-amino­

I-propano) to form bis(aminopropanol)gossypol. The bis­
(aminopropanol)gossypol reacts with iron(lII) in the acidic
medium to form a stable, green colored complex, freely soluble
in hexane-isopropyl alcohol mixture. This sensitive color
reaction forms a basis for the development of 8 new spec­
trophotometric method for the determination of gossypol.

Absorption Spectra. The green bis(aminopropanol)­
gossypol-iron(lIl) complex showed an absorption maximum
around 620 nm while iron(Ill) and 3-arnino-I-propanol showed
negligible absorption in the region of 450-700 nm. Thus,
excess quantities of iron(IlI) and 3·amino-l·propanol did not
interfere with the determination of gossypol. The absorption
spectra are given in Figure 2.

Effect of pH, To obtain a complete complexation reaction
with constant and maximum absorbance, the pH of the final
solution should be in the range of 1.(}-1.5. At higher and lower
pH values the solutions exhibit no fixed absorption maxima
in the visible region.

Effect of Concentration of 1ron(III), A 1:10 molar ratio
of gossypol to iron (III) was found to be necessary for the
maximum color development. A large excess of iron(HI) up
to 5QO·fold molar excess has no adverse effect on the deter·
mination of gossypol.

Effect of Amount of Water. It has been found that a
stable color intensity is developed only in the presence of a
small amount of water. The amount of water can vary from
0.8 to 1.5 mL in the reaction mixture without any change in
the color intensity for a total volume of 25 mL. The role of
water may be to satisfy the coordination number of iron(1I1)
in the complex.

Effect of Time and Temperature. It was found that the
optimum color intensity is obtained within 5 min of reaction
time and the absorbance of the colored solution remains
constant for at least 3 h. Variation in the temperature of the
colored solution from 20 to 30 ·C did not produce any
measurable change in the absorbance of the solution. At
higher temperature, absorbance of the colored solution de·
creases slowly.

Beer'. Law. Optimum Concentration Range, Sensl·
tivity, and Molar Ab80rptivity. The colored system obeys
Beer·s law in the concentration range of 4-80 ppm of gossypol
at 620 om. The optimum concentration range for the de·
termination as evaluated from the Ringbom plot (24) was
found to be lHl4 ppm of gossypol. The effective molar ab-
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Table In. Recovery of Goqypol Added to Cottonseed and Cottonseed Prcsacakc Extracts

wnt of gossypol, c:
type of sample extract in extract added total found

cotlonseed variety 0.513 0.302 0.815 0.809
cottonsoed presscake 0.497 0.160 0.657 0.654

'l'o recovery
of gossypol

99.3
99.5
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method can be applied for the determination of total gossypol
in a variety of cottonseed and cottonseed product samples.

Flgur. 4. Structure 01 the bls(amlnopropanol)-gossypol-lron(lll)
complex.
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Flguro 2. Absorption spectra 01: (A) bls(amlnopropanol)-gossypol­
roo(llJ) complex (6.94 X 10'" M gossypol); (611r0l1(1II) solution (1.79
X 10-' M); (C) reagent blank In 40:60 (vlv) hexane-Isopropyl alcohol.

Figure 3. Job's method of continuous variations.

procedure described earlier. The resulte of the analysis of two
samples are given in Table Ill. These resulte show satisfactory
recovery of gossypol and establish the precision of the method.
It baa also been found that there is no shift in the absorption
maximum of the iron(lII) complex by the presence of other
consituents in the gossypol extracts from the samples.

The precision of the method was also tested on the cot­
tonseed meal extract containing a mean total gossypol content
of 0.705%. Ten independent analyses gave a standard de­
viation of =0.005 with a relative standard deviation of 0.71 '70.

Thus, the proposed method is sensitive, selective, and free
from the interferences of other constituents present in cot·
tonseeds. The method is simple. rapid, precise, and accurate.
The rengente involved are cheap and readily available and the
·analysis can be completed within a short period of time. The
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Elemental Analysis of Estuarine Sediments by Lithium
Metaborate Fusion and Direct Current Plasma Emission
Spectrometry
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The elemental analy. 01 .._ and related materials by
IKhium metabarale IuIIon and DC plMma emIulon apectrom­
elry has been evaluated during the course a' a maJor geo­
chemical survey. Coefficients of variation of rspUcale anal­
y..s '''' major and trace elements were moatty In the 2-10 %
range. comparable to reproducibility In routine alomlc ab­
sorption work but poorer than reported In the beat inductively
coupled plasma emlaalon work. Evaluation of systematic
errOrs by use of geochemical standards Indicated good
agreement wKh the publJBhed reaulla for 51, 11, V, Mn, NI. Cu.
and zn. The resullst", AI, Cr, and Fe were slightly low, and
IhoBe for Yb and Zr were substantially low. Poo< correlatlona
with publlahed data were oblalned tor La. Ce, and Zr. This
method poasesses many 'eatures that make" attractive for
geochemical monitoring, but analysts will have to e.erclae
great care to avoid systematic errorl.

Several groups interested in geological samples have de­
scribed multichannel, inductively coupled plasma (lCP)
emission spectrometric systems that are capable of high
sample throughput and accuracy, using on-line corrections for
spectral interferences (1-4). However, the instrumentation
costs for these systems are large and therefore they are likely
not to be economical in small laboratories. Commercial direct
current plasma (DCP) emission systems are now available for
a small fraction of the cost of multiehannellCP systems. They
share some of the advantages of ICP. including often com­
petitive detection limits (5). Single-channel versions of these
systems are free from interelement interferences resulting from
contamination of one channel by light from the slit of another
(6), Also, because there is no photomultiplier crowding
problem, single channel units permit greater freedom than
multichannel systems in selecting analytical wavelengths to
minimize spectral interferences, Obviously, single channel
units do not have the same high sample throughput capacity
that multichannel systems do, However in the analysis of
rocks, soils, and sediments, this disadvantage can be partly
offset by greater efficiency in sample preparation because of
the ability of the DC plasma source to tolerate samples with
a high dissolved solids content. Some ICP sources are into­
lerant of such samples (7), and previous workers who have
analyzed geologic materials with ICP instruments have usually
used acid digestion procedures in preference to faster fusion
procedures (2-4).

Because of a favorable earlier report (8) on the analysis of
geological materials by a procedure involving lithium meta·
borate fusion followed by measurement with 0 single·channel
DCP emission spectrometer, we adopted this approach in a
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: Present address: Department of Physical Sciences. Prince
Georges Community College, Largo, MD 20772.

Table 1. Gcochcmical Reference Standards:
Descriptions and Sources

std rock
desiJ:::nation description ref Q

BIR·l Icelandic basalt USGS· 27
BCSS·l marine sediment NRC' 34
MAG·l marine mud USGS 19-23,27-29
MESS·l marinc sediment NRC 34
SOC·l mica schist USGS 19-21,23,25,

27
SL·l lake sediment IAEA d 26
SRM·1645 river sedimcnt NBS c 35
SRM·1646 estuarine sediment NBS 35
QLO·l quartz latite USGS 19-21,23,25,

27,28
W·2 Centerville diabase USGS 27

Q 1'.'1ore extensive compilations of data arc also available
(ref 32,33, and others). b U.S. Geological Survey,
Reston, V A 22902. C Nutional Research Council,
Chemistry Division, Montreal Road, Ottawa, Ontario
KIA OR9, Canada. d International Atomic Energy
Agency, Laboratory Scibersdorf, Vienna, Austria. t' U.S.
National Bureau of Standards, Washington, DC 20234.

large·sca)e study of major and minor elements in estuarine
sediments (9-11). This paper contains an appraisal of our
experiences with this method.

EXPERIMENTAL SECTION

Procedure. A modification of the lithium melaborate fusion
method developed by Suhr and IngameUs (J2, 13) was used in
the analysis. Approximately 0.2 g of sample was weighed to the
nearest tenth of a milligram into a 7.5 cm3 drill point graphite
crucible (Ultra Carbon Corp., Bay City, MH containing 1.0 g of
lithium metaborate. The sediment was placed in a small de·
pression made in the borate flux to prevent incomplete fusion
problems that are encountered when sediment is in direct contact
with graphite.

The sediment-flux mixture was fused in a murt1e furnace at
95O:l: 50 °C for 15 min. The liquid borate bead was poured into
a 15()..mI. Teflon FEP beaker containing 100 mL of 5Cfo nitric acid
(measured from a gradu9ted cylinder), The beaker was then
placed on a magnetic stirrer. and the contents were stirred for
approximately 10 min. The resulting solution was transferred
to an acid-washed 125·mL linear polyethylene boule. Blanks
containing only lithium metaborat.e ""ere also fused in the manner
described above.

Reagents. Throughout the analytical werk, deionized, distilled
water was used. The lithium metaborate (LiSO:) was Baker
ana1)-z.ed grade. The nitric acid used was analytical grade meeting
American Chemical Society specifications. AU linear polyethylene
and Tenon FEP labware was washed in concentrated nitric acid
and rinsed with deionized distilled water following a procedure
similar to that recommended by Moody and Lindstrom (14).

Stock standard solutions were prepared in a manner similar
to that in Dean and Rains (IS) or purchased from Alfa Inorganics
(Danvers, MA). Working standards were prepared by dilution
of the stock solutions with a solution of LiND, in 5lfc nitric acid
such that the lithium concentrations of both the standards and

0003-2700/84/0356-0033$01.50/0 C 1983 Amofk:an Chemical SoeIety
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Table U. Emission Linea (om) and Lowell Detectable Concentrations in Scdimcnta (JJe/g Except Where mg/K)

AI
Si
Ti
V
Cr
Mn
Fe
Co
Ni
Cu
Zn

emission
line,o nm

396.2
288.2
334.9
347.9
357.9
403.1
373.7
340.5
341.5
324.8
213.9

lowest detectable
conen in

scdimcnts b

3 (mg/g)
3 (mg/g)
0.04 (mg/g)
5
2

10
0.4
7
2
2
5

Ga
Y
Zr
Nb
Mo
La
Ce
Dy
Yb
II'
TI

emission
line, om

417.2
371.0
339.2
408.0
379.8
394.9
418.7
353.2
369.4
400.9
351.9

lowest detectable
conen in

sediments

10
I
I

Q Wo\'clengths arc reported only to 0.1 om because of lhe physicnllimitations of scttin~ the monochromator. b Composi­
tion on a dry weight basis that will produce a solution by the described procedure with a concentration iliat 'will produce a
signal twice the average standard deviation after subtraction of the blank.

the sample solutions matched. The geochemicoJ standards used
and their sources are li&ted in Table I.

Apparatu•• Analysis of the borate solutions was done by direct
current argon plasma emission spectrometry with a Spectraspan
IV £Chelle spectrometer equipped with the Spectrajet III DC
plasma source (Spectrametrices, Andover, MA). Conditions for
analysis were as recommended by the manufacturer, and the
smaUestavailable slits were used. The emission wavelengths used
are listed in Table II. The spectral band-p888 in the worst case
was 0.02 nm. Tables of emission lines were checked for possible
interferen""" before selecting analytical wavelengths (10). Analysis
of the sediment-borate solutions commenced as 800n 88 possible
after fusion. Concentrations were calculated from three 5-s in­
tegrated emi88ion signals.

The detection limit will be defined a8 the concentration of an
element in 0.2 g of sample that, after being fused with I g of LiBO,
and dissolved in 100 mL of aqueous solution, gives an emission
signal, less blank, equal to twice the standard deviation of the
background (16). Deleetion timits per unit weight of solid sample
are listed in Table II. These detection limits are specific for our
procedure. Doubting the sample weight or halving the fmal volume
will halve the detection limita 8B8uming no change in standard
deviation. Lowering the flux to sample weight ratios, however,
can result in recovery problems for some elements.

The graphite crucibles lose up to 10% of their initial mass
during the fusion process and their surfaces are thus continuously
degraded. Part of the ID888 of graphite 1000t during flring is trapped
in the molten borate bead and is transferred to the nitric acid­
borate solution. This results in the presence of black particles
in the 8OIution which are insoluble in ocid, nonmagnetic, and range
in size from fmctions of a millimeter to millimeters. The formation
of these particles showed no correlation with sample characteristics
or fusion time. Fusion temperatures above 1100 °C appeared to
decrease the formation of particles. Comparison between two
fusion.s of the same sample, one in which particles appeared and
one in which particles did not, showed no significant differences
in the concentrations of the elements determined (10).

RESULTS AND DISCUSSION
Development and Testing. The tithium enhancement of

the emission signal previously reported in the literature (J 7)
was observed in this work. The concentration of Li+ was kept
constant for both the standard and sample solution to min·
imize this effect. The calibration curves of all the elements
analyzed were found to be linear up to 1000 pglL, except for
those of Mo, AI, Si, Ti, and Fe which were linear up to 200
pglL, 200, 800, 10, and 200 mglL, respectively.

The effect of variations in the time of fusion was investi·
gated by using two aamplea of sediment from the Chesapeake
Bay and the NBS river sediment standard (SRM·I645). Four
samples of each of the above were fused for 15,30, 45, and
60 min, and the resulting molten borate bead dissolved and
was analyzed as previously described. No significant differ·
ences due to variations in the time of fusion were noted (10).

~ I.\~::. ,,':'., ':'". ~I~,.~.... .
<to~ o~
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figure 1. Comparison 01 results obtained within 1 month of fusion and
during reanalysis 01 tho same solutions 2 to 10 months later (pg/g dry
weight). Sedrnent-borat8 sokJtions were stored at room temperature
before reanalysis.

To determine whether the ACS reagent grade nitric acid
used to dissolve the molten borate bead contributes signifi­
cantly to the blanks, blanks were prepared with ultrapure
nitric acid (G. Frederick Smith Chemical Co., Columbus, OH).
All the values were comparable except in the case of Mn and
La, which were higher in the ACS reagent grade nitric acid
blank, and Ni and Zn, which were higher in the ultrapure acid
blank. It was concluded that use of ultrapure acid offered
no particuJar advantage over reagent grade aeid.

The possibility of contaminating samples during fusion was
investigated by comparing blanks prepared from fused LiBO,
with blanks prepared by simply dissolving LiBO, reagent.
Differences were negligible, indicating that this type of con­
tamination was Dot a problerp for the elements under study.

The stability of the solutions was tested by reanalysis
several months after original preparation, of a randomly se­
lected set of 30 solutions prepared from a suite of more than
300 sediment samples from the Chesapeake Bay. Typical
results are shown in Figure 1. The newly determined con­
centrations were within 10% or better of the original values.
The largest diiferences were observed for Co and Cu (not
shown in Figure I). In all cases, the reproducibility of the
measurements was worse in solutions with concentrations close
to the lower limit of detection. No evidence for systematic
loss with time beyond the 10% range was observable of any
for the elements discussed in this paper.

Precision and Accuracy. The precision of the analytical
method was evaluated by performing replicate analysis (n =
6) of the USGS marine mud (MAG·I), the IAEA lake sedi·
ment (SL·l), the NBS estuarine sediment (SRM·1646)
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Table III. Comparison of Replicate Analysis of the
USGS Marine Mud (MAG-I)
(pili Dry Weight Except Where Percent)

a Mean values of six samples analyzed together as a
batch. b Mean values of 15 samples analyzed one at a
time over a period of 10 months. C Coefficient of
variation (%) = 100o/mean.

standard, and a Chesapeake Bay mud aample. The average
results and coefficient of variation of these sets of replicates
were similar (10,11), the coefficients of variation heing helow
10% for all elements except Cu, Co, and Dy.

Marine mud (MAG-I) samples were also reanalyzed on a
number of occasions over a period of 10 months as a quality
control precaution during the analysis of sediment samples
from the Chesapeake Bay. The average results and coefficient
of variation of this set of 15 widely spaced determinations are
compared to the simultaneously analyzed replicates (n = 6)
in Table Ill. Use of the F teat (1B) indicated that most of
the elements (AI, Si, V, Cr, Fe, Ga, Y, Zr, La, Dy, Vb) have
variances that are aignificantly different at the 5% level. In
all cases (except Mn and Cu), the coefficients of variation of
the analyses performed over a period of months were mod·
erately higher (i.e., higher variances), as would be expected.

Operator bias was investigated by independent analysis of
the NBS estuarine sediment (SRM-I646) by two of the au­
thors. The means and coefficients of variation (n ::; 6) are
shown in Table IV. The F teat results indicated that AI, Ti,
Cr, and Cu have significantly different variances at the 5%
level. This is also true for Fe and Zn, as the F test balloons
to infinity because of identical replicate values observed by
one of the analysts. The actual results, except for Cu, do not
seem to he very different, especially since the coefficients of
variation for all the elements involved are less than 5"1•. Low
levels of Cu were a problem and the % CV's are somewhat
bigher (IO).

For the elements with similar variances (i.e., those that
satisfied the F teat) the I teat (IB) was applied to test the
similarity of the mean values. The results indicated that Ni,
Y, Zr, and Vb have a difference in their means at the 5"1. level
of significance. The difference for Zr is considered later in
the paper.

In addition to the geochemicalstandarda mentioned above,
several others were analyzed by using this method to evaluate
the accuracy. These standards are listed in Table I. The
results obtained in this work and the values reported in the
literature (IO, 11, 19-29) are shown in Figure 2. Some ana­
lytical results obtained for the NBS river sediment (SRM­
1645) and tha NRC marine sediment (MESS-l) were included

fig",. 2. Experimental vs. certttied and reported values 01 varloos
geochemical standards (pg/g dry walght axcept IOf AI, $I, Tl, and Fa
which ara reported as percent). To Imp<ova cIari1y, hortzonaJ emlr

bars. reprasenlklg l.WlC&r18Inty In the Iterat...a values, ara shown only
when they substantially axceed the -'leal emlr bars. Vertical emlr
bars are :i:a.
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in Figure 2 although experimental problems were encountered
which will be discussed below.

Fusion of the NBS river sediment standard (SRM-I645)
yielded a black, insoluble magnetic phase which is helieved
to he chrome magnetite. This sediment has certified Cr and
Fe contents of 2.96% and 11.3%, respectively, concentrations
which are much higher than those normally found in typical
uncontaminated estuarine and coastal sediments. The mag­
netic phase was not observed during the fusion of any of the
other standards and may have formed due to the high contents

Table IV. Fusion Result. of Duplicate Analyses of the
NBS Estuarine Sediment (SRM-1646)
(Pl/g Except Where Percent)

analyst I analyst (11)
(n=6)' (n=6) Fe Ie

AI (%) 5.3 (2)b 5.4 (1) 5.2"
Si('70) 30(3) 30(1) 1.6 0
Ti ('70) 0.36 (2) 0.37 (2) 6.4"
V 89 (3) 91 (3) 1.4 1.4
Cr 74(1) 70(4) 9.0"
Mn 280 (2) 280 (2) 1.0 0
Fe ('70) 2.9 (2) 3.0 (0)
Co 17(18) 20(14) 1.2 1.8
Ni 31 (5) 37 (6) 2.1 5.5"
Co 28 (9) 28 (6) 5.6"
Zn 130 (0) 120 (13)
Go 19 (8) 19 (6) 1.9 0
Y 17(8) 15(4) 5.03.2"
Zr 270(4) 300(4) 1.4 4.0
La 36 (2) 36 (3) 2.5 0
Ce 110 (4) 110 (7) 3.3 0
Dy 2.8 (7) 3.1 (14) 4.1 1.6
Yb 2.2(4) 2.0(5) 1.5 3.8"

a Number of samples. b Coefficient of variation (%) =
tOOo/mean. C F and llesl statistics, asterisk denotes a
difference at the 5% level of significance.

analyzed
over 10 months

(n = 15)b

7.0 (10)e
23 (5)
0.49(6)

140 (4)
94 (6)

670 (3)
4.1 (8)

28 (24)
53 (6)
32 (9)

120 (8)
27 (11)
13 (19)

110(7)
42 (17)

110(13)
3.6 (22)
2.3 (23)

anatyzed
simultaneously

(n = 6)'

7.6 «I)e
24 « 2)

0.48 (4)
140 «4)

89 (1)
690 (3)

4.4 (2)
26 (12)
53 (4)
33 (10)

120 (4)
28 (3)
11 (7)
98 (2)
41 (2)

130 (6)
3.0(10)
1.6 (6)

Al ('70)
Si('70)
Ti('70)
V
Cr
Mn
Fe ('70)
Co
Ni
Cu
Zn
Ga
Y
Zr
La
Ce
Dy
Yb
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of Cr and Fe p.-nt. Thua, IJle Cr end Fe reooveriee obtained
by Uling the fUlion method are 71 % and 68%, reepectively.
The certified Zn content of the SRM·I645, 1720 ,.g/g, is also
bilher than could be ..pected in typical uncontaminated
sediments. The recovery obtained by uaing the fUlion method
is 93%. The reaulta of the Cr, Fe, end Zn analysea of the
SRM·I645 are not included in Figure 2. The reeulta obtained
for the other elementa for this standard were comparable to
valuee published in the literature and are included in Figure
2.

Part of the molten borate bead that formed during the
fUli"n of the NRC marine sediment (MESS·I) remained
undissolved in the nitric acid solution. This insoluble reeidue
was hard. opaque, black and nonmagnetic. The MESS· I
borate solutions were analyzed only for AI, Si, Ti, V, Cr, Mn,
Fe, Co, Ni, and Zo. The recoveries based on the Canadian
NRC certified values were within the range 80-120%, or
better, for these elements except for Ti and Co which were
76 and 190%, respectively.

It is generally agreed that, whenever poasible, standarda as
similar in concentration as possible to the sample being an­
alyzed ahould be Uled in order to evaluate the effectiveness
of a given method for that particular aample matri.. In
sediment analysis work, six standards are now available, the
NBS SRM·I645 end SRM·I645, the USGS MAG-I, thelAEA
SL-I, and the Canadien NRC BCSS·l and MESS-1. Diffi·
culties were encountered in fusing two of these standards,
MESS· I and SRM-1645.

In addition to the elementa already mentioned, the deter­
mination of several others was attempted. Preliminary com·
parison of the amounta present and found in several of the
geochemicalstandarda suggeeted that the resulta for Mo, Nb,
and TI might be anomalous. Sediment-borate solutions of
a geological standard, a Cheepeake Bay sediment aample, and
a blank were sent to the Applications Laboratory of Spec·
trametries for wavelength scanning at the analytical wave­
lengths of these elementa.

The Mo analytical line (379.8 nm) was found to overlap with
other unidentified linea. Sin"" the valuee determined for Mo
were higher than those reported in the literature, it appears
that background and/or matrix emi..ion rather than Mo
emiasion was being mea.ured. The Nb line (407.9 nm) was
free of visible background and/or matrix emission. The Nb
values determined by using the method, however, were sub­
stantially higher than those reported in the literature. A good
correlation between amounta ofTi and Nb in Cbesapeake Bay
sedimenta suggested that Ti may be interfering with Nb. This
was investigated by analyzing a sediment-borate solution for
Nb before and after increasing the Ti content of the solution
by 20%. No change was observed in the apparent Nb con·
centration. The Nb concentration of this solution was then
increased by 20 and 50%, but this increase likewise did not
change the observed emiasion signal at the Nb wavelength.
During the experiment, the location of the spectrometer on
IJle analyte line was conflltDed by using aqueous Nb standards.
Emisaion from an unidentified component appears to coincide
with the Nb emission line resulting in misleading Nb results.

The Tl analytical line (351.9 nm) was free of background
and/or matrix emission, according to the results of wavalength
scanning, but the data obtained for the geochemical standards
were nearly l()'fold higher than those reported in the litera­
ture. Sample splits were sent to the U.S. Geological Survey
for an independent analysis. The valuea determined by the
Survey were indeed almoet an order of magnitude lower than
those determined in this work.

The determination of W was also attempted. The standard
deviation of the concentrations determined was high and
erratic. Stray light interference from the W cathode is possible

although the cathode is physically about 2 em away from the
region of muimum emission of the plasma. During the
reanalysis of the borate-aediment solutions months after the
original analysis, it was found that the newly determined W
values did not agree well with the ones previously determined,
indicating loss of W from the solution with time.

Analytical reproducibility for the elementa studied in this
work, as measured by coefficients of variation in Tables III
and IV, was mostly in the 2-10% range. Coefficients of
variation for Co and some of the rare earths tended to be
higher. Varations in the 2-10% range have been deemed
acceptable by numerous analysts who do routine atomic ab­
sorption spectrometry. However. these variations are con­
siderably larger than those that have been obtained with
stete-of-the·art multielement ICP (e.g., ref 4).

As judged by the results of analysis of geochemical stand­
ards (Figure 2), the accuracy of this method for most elements
is not as good as its reproducibiliy. For seven ot the sixteen
elements in Figure 2 (Si, Til Vt MD, Nil Cu, and Zn), there
appears to be no systematic deviation of our resulta from those
in the literature and the scatter is consistent with the esti­
mated error detennined from evaluating reproducibility. For
five elementa (AI, Cr, Fe, Yb, and Zr), our results appear to
be systematically lower than those reported in the literature.
However in the first three caaes (AI, Cr, and Fe), the amount
of systematic deviation is mostly in the 10% range.

Systematic underdetermination may be largely a defect of
the LiB02 fusion rather than of the DC plasma emission
determinations. In the worst case of this type, we observed
a constant concentration of Zr in the standards (Figure 2)
regardless of the amount present; this strongly suggests that
the LiBO, flux had become saturated with a refractory phase
such as ZrSiO.. This kind of problem could be reduced by
increasing the flux to sample ratio, but this strategy can lead
to other problems including le88 favorable detection limits,
higher noise, and clogging of the plasma torch system.

In the case of Co and Ga, our results appear to be system­
atically higher than those in the literature. This suggests the
poasibility of spectral interferences. For La as well as Zr, our
results obviously are quite poor (Figure 2).

In summary, the lithium metaborate fusion-DC plasma
emission method for the elemental analysis of sediments has
several advantagee. The fusion procedure is fast and does not
require expensive laboratory equipment. In many cases, the
method measures approximately the total element present in
a aample. The amount of aample required is small. Although
this can be a dissdvantage in the analysis of sands and coarse
grained materials (10,30), it can be advantageous in the study
of small geological features or in cases where sample size is
limited. Perhaps the greatest frustration in this work was our
inability to predict interference problems by inspecting
standard wavelength tables (31) at wavelengths in the vicinity
of the analytical linea we selected. These problems became
apparent only after considerable work had been done with the
geochemical standards. A wavelength scanning capability, not
available on our instrument, would have greatly facilitated
early discovery of interference problems.
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Generalized Internal Reference Method for Simultaneous
Multichannel Analysis

Avraham Lorber and Zvi Goldbart*

Nuclear Research Centre-Negev, P.O. Box 9001, Beer-Sheva 84190, Israel

Th. applicability 01 tha Int.mal r.ler.nc. method .. Ilmlled
by the n••d to lind a rel.renc. channel that will mlmlc the
fluctuations 01 the analytical channel. A generalized Int.mal
r.'.r.nc. m.thod (GIRM) Ie eugg....d, that enabl.a com­
panaatlon 01 nonrandom lIuctuatlona In analytical chaM.la,
regardleu 01 the param.t... all.ctlng th.m. 1nth. gen.r­
allz.d m.thod ..veral Intamal ..andard channala, that r.
epond dlfler.ntIy to varlatlona 01 the paramet... 01 the ana­
lytical eyetern, are me....ed elmuItaneouety. The crn.rta lor
eeIectIng Internal aIandarde and the calculation procedure at.
dHcrtbed. The OIRM Ie applicable to eyet_ that ar.llcker
DOl.. Ilmlt.d and that perform mulilchaM.1 (or mulilplex)
m.aeur.menta e1mullaneouely.

Inductively coupled plasma (lCP) atomic emission spec·
trometry (AES) is now one of the moat important analytical
methods for the accurate determination of minor elements
and features very low limite of detection for trace elements.
Both precision and limits of detection are signal to noise
limited.

Noise characteristics for optical spectrometry sources were
investigated by Winefordner et aI. (I). Two major types of
noise were ronaidered: ahot noise and fluctuation noise (flicker
noise). Shot noise ia due to the statistical nature of photon
arrival at the datactor and electron emission in the detector

and amplifying electronics. Shot noise follows the Poisson
distribution with the standard deviation proPortional to the
square root of the number of events. The second type of noise
is the low-frequency noise called fluctuation (flicker) noise.
This arises from changes caused by slow drift of ana\yte supply
rate and light source drift. Analysis of the limiting noise in
the lCP source (2, 3) showed that the aource flicker noise
contribution was dominant and limited the precision to 1%.
This limit applies to other optical epectrometry methods as
well (I).

A well·known method lD reduce the nonrandom fluctuationa
is the internal standard method (ISM) (now known as the
internal reference method) (4), which has been applied suc­
cessfully in direct current (DC) arc spectrometry. Extensive
theoretical and experimental studies of ISM in analytical
emission spectrometry were performed by Barnett, Fasael, and
Kniseley (5, 6). Their aim was to set criteria for a systematic
procedure for choosing the right internal standard for each
analytical line. Their liat of criteria is copied here for con·
venience of discussion:

(I) The internal standard's concentration should be neg·
ligibly low.

(2) The internal standard should be very pure compared
to the elements being determined.

(3) Both internal standard and analyte lines should have
the same excitation energies.

(4) When photographic methods ofrecordiog are used, both
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CONCENTRATION

(I)

Figure 1. Mnemonic diagram Illustrating the GIRM.

at the time in which the analytical calibration function has
been determined).

To illustrate the GIRM's calculation procedure, we assume
that the fluctuation of ith spectral signal, y" is described by
a linear sum of fluctuations of r (r ~ p) system parameters,
dj • The assumption ia valid both for the internal standard
and for the analytical signals. Therefore we can write for the
internal standard signals the set of equations given by (I). U'j

u,.,d, + ul~d2 + + u'Jdj + + u,,,d, = y,

U2,ldl + U2,2d2 + + u 2jd j + + u2,rd, == Y2

lines should be of approximately the same wavelength.
(5) The volatilization rate of the internal standard element

and the analyte element should be similar.
(6) The ionization energies of the internal standard and the

analyte element should be similar.
(7) The atomic weights of the two elements should be

roughly the same.
(8) Both lines should be free of self-sbsorption.
(9) Both lines should be of approximately the same inten­

sity, especially when photographic methods are used.
Conditions I, 2, 8, and 9 can easily be achieved; the other

conditions constitute the ideal case.
The internal reference method has been used widely in

spark and DC arc analytical emission spectrometry. These
sources are characterized by time dependence of the analyte
feed rate to the excitation zone and temporal and spatial
fluctuations. The advantage of the IRM in these cases is in
meeting criterion 5 mentioned above, when appropriate match
of line pair is achieved. Other criteria for selecting the internal
standard are of 1... importance as the m888 transfer rate from
sample to excitation zone is responsible for most intensity
changes and source dependent noise. The reproducibility of
a DC arc signal can be improved by this method from 40%
deviation to 10%, and to 2% for the spark source.

Barnett et al. (5,6) checked the validity of the IRM for the
ICP and found only limited success. The absence of a valid
model for the source and the inapplicability of local ther­
modynamic equlibrium (LTE) conditions were the reasons
for the unsuccessful application of IRM to the ICP. The
problem of the applicability of the IRM to ICP was discussed
at the second ICP conference at Noordwijk (7). It was noted
there that many lines that were chosen showed negative re­
sponse. To overcome this limitation it was suggested having
one standard line for each analytical line. A recent note by
Belcharnber and Horlick (2) concluded that as a standard, one
must choose the parameter that mimics in as many ways as
poasible the fluctuation behavior of the analyte. It is suggested
there, that this parameter may be a spectral line, flow,
pressure, or acoustic emission.

It is the aim of this work to present a mean for generalizing
the internal reference concept and using it for drift correction.
The generalized method may be applied without regard to the
five restrictions (criteria 3 to 7) mentioned above. The method
applies to all siinultanoous multichannel methods and not only
to emission spectrometry.

j j 1 j
ROTATION I

I CORRELATION I

EXPERIMENTAL

ANALYTICAL

SIGNALS

COMPARISON

P INTERNAL

STANDARDS

r PLASMA

PAR.l,ME TERS

CALCULATED

ANALYTICAL

SIGNALS

The calculated value of any analytical signal is computed by
an equation similar to eq 1 with the aid of the vector d.

The linear model of the G1RM presented in eq 1-3 may
serve as 8 possible model for a rough approximation as will

up.,d, + Up~d2 + ... + upJdj + ...+ u"d, = yp

are the linear coefficients describing the variation of the ith
internal standard signal due to fluctuation in the jth instru­
mental parameter. In matrix notation eq 1 is written as

where U is a p X r matrix, d is the vector of instrumental
parameter fluctuations with r elements, and y is the internal
standard fluctuation vector with p elements. In cases that
(P > r) a least-squares solution of the matrix equation is given
by

(3)

(2)Ud = y

THEORY

In contrast to the traditional internal reference method that
cannot be applied to syetems violating criteria 3 to 7 (men­
tioned in the fonner section), the generalized internal reference
method (GIRM) uses information on the variations of signals
gathered simultaneously from channels having different
physical parameters, to correct for variations in signals.

The calculation procedure that includes three steps is de­
scribed schematically in Figure J. The temporal character­
istica of p internal standards signals (signals that are not
affected by change of analytical sample concentration) serve
88 sensors to detect variation of the instrumental parameters.
Rotation of the fluctuation data from the spectral line space
to the instrumental parameter space is perfonned in the first
step. In the second step the determined instrumental pa­
rameters are used to find the fluctuations of the analytical
signals (signals produced by a species whose concentration
is to be detennined). In the last stage the calculated variations
in the analytical signals are compared to the measured ana­
lytical signals variations to obtain information on the con·
centrations. When both calculated and measured variations
are equal, the variation is attributed merely to system pa­
rameter variation from tha "set point" (the syetem's condition
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The systems that compriBa the compound transfer function
are more practically represented by aystem parameters that
are measurable quantities, while the impulse response of the
systems cannot usually be measured, especially during an
analytical run. The analytical functions describing the systems
in terms of system parameters are usually unknown. However,
we can describe the transformation of the input signal w the
output signal by system parameters directly when tha fol·

(6)~ = ngj(ljh
J"'

where the product is taken over the r system parameters and
X and ~ are integrations of the input and output signals,
respectively, taken over an arbitrary period.

The explicit presentation of the plasma parameters in eq
6 sets a limitation on the precision that may be obtained from
the method. In order w achieve high precision, the precision
in measuring system parameters, when calibrations are per­
formed, should be at least as high as that in measuring ana­
lytical signals. This is not the caae in instrumental analytical
systems (if gas flow rates are assigned w system parameters,
they can be measured within a relative error of 1%, which is
2 orders of magnitude higher than a 12 bit AiD converter
resolution). Therefore, the system parameters fluctuation
measurements should be replaced by sensors that have the
earne precision as those of analytical signals. The replacement
is done by an alternative definition of the IRM.

Defining the Internal Reference Method. "The internal
reference method (lRM) is a method of correction for system
fluctuations by measuring reference signals that emerge from
the eame source as analytical signals".

The term signal will be limited w the output signals of the
system, Ii (i = I, .,., $). Deviation in signal is expressed by
a relative signal, liR, defmed as the ratio of the instantaneous
signal to its value at the "set point".

Reference signal is an internal standard signal that serves
as a scale for measuring the values of the system parameters
at a specific integration period. The reference signal, lrerR,
is 8 product of r components, each of which, 1m!, varies due
to the jth parameter while all other parameters are held
constant according to

I",l "I",R(lj) (all I. "" Ij held constant) (7a)

and the wtal reference signal is

I"l = nI",l (7b)
j-I

With this defInition of the internal reference signal, it is
obvious that the components of the reference signal replace

lowing requirememts are fulfilled: (a) all system parameters
that affect the signal have been included; (b) the changes in
system parameters are mutually independent; (c) each func­
tional relationship, ej> describing the dependence of the output
signal on the ratio, lj, of the present jth system parameter
value to ita value at the "set point", can be found experia

mentally.
We observe that a change in one parameter changes the

output signal, which is the input signal for the following pa­
rameter change. The transfer function of the compound
system is therfore the product of the individual functional
relationship values.

In order to omit time dependence, we notice that the time
lag between the entrance of the earnple and the exit of ra­
diation is short when compared to the integration time. The
output signal therefore represents the sample which entera
the system within the same time interval. The time depen.
dence of the response function can be replaced by a serial
integration index, m. To further simplify the notation we
notice that the exact number of a measurement in a sequence
is of no importance. The ratio of the present measurement
value w the value at the point referred was the "set point",
is the quantity of importance. Thus, the integration index
is omited.

The preceding assumptions and observations allow us to
write the dependence of the output signal on system param­
eters as

SYST EM
PARAME TERS

SYSTEMS

I
FIgure 2. Block d1al1B'" lustrat>lg the cc:>n-.m system concept and
the alternatlva system paramater& representation. Inductlv&ly coupled
plasma ls used 8S 8 model.

be shown later. However, the actual relations describing the
signal fluctuation cannot be described as a summation of the
system parameter fluctuations. In clrder to form 8 suitable
basis wdevelop the method, one must define some terms and
analyze the compound system involved.

System Consideration. The ICP, which serves as a
popular light source for atomic emission spectrometry is used
to demonstrate the concept of the compound system and its
analysis. The compound aystem of the Iep, shown in Figure
2, transforms the sample, which is the input signal, to an
output light signal. The light detection and electronic readout
system is not considered, as it is assumed that ita main con­
tribution w the noise is shot noise which is negligible. Each
system is characterized by an individual transfer function that
is the ratio of the output signal to the input signal. The
transfer function is time dependent but its value is controlled
by external system parameters shown at the right side of the
figure. A change in the transfer function of one system will
result in the proportional change of its output aignal which
is the input signal for the following system. The transfer
function of the compound system will therefore be the product
of the transfer functions of the individual systems.

In terms of system theory the impulse response of a com­
pound system h,(t) fully characterizes a linear system. Pro­
vided that the impulse response is known, the output aignal
W) can be calculated from the input signal x(t) with the
convolution interal (8)

HI) = So"h,(T)x(t - T) dT " h,(t)"x(t) (4)

If the impulse response hilt) of each of the individual system
processes is known, the impulse response of the complete
linear system of three components can be expressed as

HI) = h3(t)"/h2(t)"[h,(t)"x(t)!I = h3(t)"h2(t)"h,(t)"x(t)
(5)
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Equation 14 is a nonlinear equation. However, by assuming
smaIl fluctuations we may neglect all terms of order higher
than I and obtain

(15)
,

Yi ~ 2:.oiJXj
j-I

In the following section the sets of eq 8, 9, and 10 will be
solved for three degrees of comple,ity aa follows: (a) solving
eq 10 888uming IoiR = I.orR; (b) solving eq 9 and 10 assuming
the response of /.jR to all components of the reference signal
is the same; (c) the general caae, solving all three equations.

Schemes for Solution. Line Ratio Internal Reference
Method (LRIRM). This is the well-known IRM, which is the
simplest caae of the full method. Let eq 8 be 1°" = I~r" for
all analytical signals. regardless of the fluctuation in system
parameters. Inserting it into eq 10 results in

Ci = "'MiR/ I"rR) (11)

This solution shows the same dependence for all analytical
lines, as the reference line has only one component. The
physical interpretstion is that the change in analytical signal
is related to the compound system and cannot be related to
any specific system or to ita corresponding system parameter.

Analyte-Internal Refereru:e Correlated Method (AlRCM).
This method 88sumes that each calculeted analytical signal
is correlated to the reference signal by its specific equation

IoiR = (M..r") (12)

Using this assumption we still observe a compound system
that cannot be divided into systems and that reacts with the
8ame response to all system parameters. Equation 12 is su­
parior to eq 11. 88 it parmits a specific functional relationship,
fi. of the ith relative analytical signal to the reference signal.
These functions must be found experimentally and may even
have 8 negative response. There are two experimental
methods to find the functional relations. The first is to collect
random analytical and reference signals and correlate them
by a common statistical regression. The second is to perform
a predetermined change in system parameters. Each method
has its advantages and limitations. The first method is su­
perior to the second in that the measured changes are rep­
resentative of the fluctuations that usually occur in the com­
pound system. It is limited, however, as there is no guarantee
that the fluctuations that have occurred represent the fluc­
tuations in the measuring interval. The advantage of the
second method is that the coefficients are determined by
taking meaaurements throughout the whole range of possible
fluctuations. This approach may cause inaccurate determi­
nation of coefficients aa the weight it applies to each chenge
in any parameter is the same, while the first approach rep­
resents the right weight proportions.

Generalized Internol Relerence Method (GIRM). In
GIRM, eq 8, 9, and 10 are solved by aasuming that the
functions fiJ can be written as a power series

YiJ = airj + biJx/ + ... (13)

where Yij is the relative fluctuation in the ith signal caused
by variation of the jth instrumental parameter and Xj is the
fluctuation of the jth component of the reference signal. The
fluctuation terms are connected to the relative signal by Yi
= /*jR _ 1 and Xj = /*refl- 1. Each equation in the set of
equations (8) then becomes

IiR = ll(l + aiJ'j+ biJx/ + ...) (14)
)0'

(9)

(10)

(8a)

the instrumental parameters and the compound reference
signsl described by eq 7b acts in the same way aa the com­
pound transfer function in eq 6, thus providing a means to
avoid the presentation of the parameters explicitly. For 8

single internal standard, the internal standard 6ignal serves
as the reference signal.

Tbe IRM Calculation Procedure. The calculation pro­
cedure is aa described in Figure 1: p internal standard signala
are measured (p ~ r) and used to calculate the components
Ireel of the reference signal by solving the set of equations
(Ba). The first equation in this set is equivalent to eq 7b. The

reat of ths equations that describe ths functional relationshipa
fiJ are determined by

IilO;) = "P,.,l) (all I. '" Ij held constant) (8b)

The components of the reference signal can now be used to
calculate the -calculated analyticalsignal--IoiR for analytical
signals i (i =q• .... 8). The calculated analytical signal is the
signal that is obtained if the analyle concentration is held
constant. The set of equations for the calculated analytical
signals is given in eq 9. When there is no change in the

1°" = llf.J(l..tl)
)0'

Io" = ll{'J(l..,l)}-,
concentration of the analyle, the ratio IiRI IoiR should equal
unity. Therefore, any variation in this ratio indicates a var·
iation in the concentration Cj

where "', is the analytical calibration function. Considering
the concentration 88 the input signR! to the system, one ob­
aerves that eq 10 acts in the same way aa eq 6.

which connects the fluctuation in the signal to fluctuations
in the components of the reference signal linearly. This
equation is the same 88 eq 2 except that the instrumental
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accurate values, which could not be obtained by ony other
instrumental analytical method.

The number of w'W.1yticallines corrected in the present work
is limited by the spectral window of the detector; therefore.
the GIRM was applied to two analytical lines. However, its
application to a real multielement analysis (>10 elements) does
not require extra computation time, due to the fact that most
of the time was needed to determine the components of the
reference signal. The same components can serve to correct
all analytical signals within a relatively very short time. The
potential of the GlRM has been demonstrated in the present
work, but its application in routine analytical determinations
requires further investigation of internal standard lines so as
to find the minimal number of Jines required and the de­
velopment of fast computer codes that wilJ enable the solution
of the GIRM in real time.
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Optimization of Electrothermal Atomization Parameters for
Simultaneous Multielement Atomic Absorption Spectrometry

James M. Harnly· and Jean S. Kane l

Beltsuille Human Nutrition Research Center, Nutrient Composition Laboratory, u.s. Department o{ Agriculture,
Beltsuil/e, Maryland 20705

The elIect 01 the acid malrlx, lhe melllUlemeni mode (height
or area), Ih. atomlz.r .urlac. (unpyrolyz.d and pyrolyzed
graph".), Ih. atomlz.tlon mode ('rom lhe wall or Irom a
plallorm), .nd lhe .Iomlz.llon lemperalur. on the almu"a­
_ electrothermal alomlzallon 01 Co, Cr, Cu, F., Mn, Mo,
HI, V, and Zn waa .xamlned. The 5 % HNO, malrtx ga•• rile
to ....r. Irr.produclblllty ualng a pyrolyzed lube unl... Ih.
lub. wa. properly "pr.pared". Th. 5 % HCI malrlx did not
.xhlb/l Ihl. problem, .nd no problema w.r. ob••rv.d w"h
."her malrlx ualng an unpyroUz.d lube or a pyrolyz.d plal­
lorm. Th. 5 % HCI malrlx ga•• bell.r ..n."I."I•• w"h a
pyrolyzed lub. but Ih. Iwo malrlc•• w.r. comparabl. lor
atomlzallon from a pIallorm, II Mo and V are to be analyzed
wIIh Ih. olh.r ....n .Iem.nla, a high alomlzallon t.mp.ra­
lur. (2700 °C or gr.al.r) Ie nec....1')' regardl... 0' Ih.
matrix, the melllUl_ mode, the alomlzallon mode, or the
.lomIzer aurlace. SImullaneooa cIelecllon -. (peak helghI
w/lh pyrolyzed lube alomlz.llon) w.r. comparabl. 10 Ihoae
01 con••nllonal alomlc abaorpllon apectrom.11')' uslng .Iec­
troIhennal alomlz.tlon abo•• 280 nm, Acc....cl•• and pte­

cl8lona 01 ±1G-15% were 10Ulld In the 1010 120 ng mL-'
range lor the analyala 01 NBS acldlfled w.l.r alandarda.

A simultaneous multielement atomic absorption continuum
source spectrometer (SIMAAC) has been developed which is
compatible with either flame or electrothermal atomization
(I), To date, the characterization of SlMAAC has been limited

I U.S. Geological Survey, Reston, VA.

almost completely to flame atomization (2-4). However, the
greatest potential for SIMAAC lies with electrothermal
atomization.

Preliminary results indicate that, with electrothermal
atomization, simultaneous multielement detection limits can
be achieved for SIMAAC which are comparable to those for
conventional single element atomic absorption spectrometry
(AAS) for most elements (I). In addition, SIMAAC offers
simultaneous detection for 16 elements, background correction
equivalent to the Zeeman (5,6) or Smith-Hieftje (i) methods,
8 response time as short as 0.018 s for each element, simul­
taneous determination of peak heights and peak aceas, and,
most importantly, calibration ranges of 4-6 orders of mag­
nitude of concentration for each element.

The optimization of parameters for effective electrothermal
atomization of more than one element has not been examined..
The initial SIMAAC electrothermal atomization results were
based on only a single set of parameters (1). Other mul­
tieJement (three or more elements) spectrometers using
electrothermal atomization have been reported (8-10).
However, each study, like the initial SIMAAC study, dealt
with the development of the instrumentation and did not
investigate the atomization parameters.

This paper will present an investigation of the simultaneous
determination of nine elements (Co, Cr, Cu, Fe, Mn, Mo, Ni,
V, and Zn) as a function of: (I) the acid matrix (5'70 HN03

and 5'70 HC)), (2) the measurement mode (peak height and
peak area), (3) the atomizer surface (unpyrolyzed and pyro­
Iyzed graphite), (4) the atomization mode (from the tube waJI
and from a platform), and (5) the atomization temperature.
Optimized parameters were then used to analyze acidified
water reference materials, SRM 1643 and 1643a from the

Thls article not ~ject to u.s. Copyrig'lt. PublIshed 1983 by the American ChemIcal Society
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Table L Atomization Parametena

ramp hold temp,
time,' time,s ·C

dry 10 20 110
char 10 20 500
atomizc b 0 7 2700
clean out 1 4 2700

cz 20'101 L sample sizes used in all cases. b Ar sweep gas
reduced to a now of 20 mL min-I (from 300 mL min-I)
during atomazation.

National Bureau of Standards (NBS). It is recognized that
the problems presented by actual sample matrices wiu be
different from the relatively pure acid matrices used in this
study. These acid matrices. however. offer raalistic analytical
problems and permitted some fundamental questions to be
answered. as a basis for future investigations.

EXPERIMENTAL SECTION

Instrumentation. The SIMAAC system has been previously
described (1.2). For th....tudi.... an HGA·SOO electrothermal
atomizer, power supply/controller, and AS-lautoeampJer (Per­
kin·Elmer Corp.• Norwalk. CT) were used. All drying, charring.
and atomization temperatures are the nominal temperatures
di.played by the HGA-SOO. not measured temperatures. Unpy­
rolyzed graphite tubes, pyrolyzed graphite tubes. and pyrolyzed
tubes with pyrolyzed platforms. constructed from unfired tubes
in the manner described by Koirtyohann et at. (11), were used
in the HGA·SOO.

The computer programs used for data acquisition and reduction
have been previou.ly described (12).

Element. Determined. The elements for which the original
multielement CBBBette was aligned have been liated previously (1).
Recently, the CBBBette was updated to correct eJementa improperly
aligned and to replace undesired elements with new ones. The
current suite of elements and wavelengths are AI (396.2 nm), Ca
(422.7 om). Cd (228.8 om). Co (240.7 om), Cr (357.9 om). Cu (324.8
om), Fe (248.3 om). In (303.9 nm). K (404.4 om). Li (610.4 om),
Mg (285.2 nm), Mn (279.5 om). Mo (313.3 om). Na (589.6 nm).
Ni (232.0 nm). Pb (283.3 nm). Se (196.0 nm). Sn (224.6 om). V
(318.4 nm), and Zo (213.9 nm).

Calibration Standards. High-purity .tock .taodarda were
prepared in the laboratory (4) or purchased from a commercial
source (Spex Industriea, Metuchen. NJ). Stock standard 801utions
were prepared containing 120 ng mL-1 of Mo and V and 100 ng
mL-1of Co. Cr, Cu, Fe. Mn. Ni, and Zo in three matrice.: 5%
HCl, 5% HNO,. and 5% HNO, plus 25 ~g mL-1 Ca. The
standarda in 5% HNO, and 5% HNO, plus 25 ~g mL-1 Ca were
further diluted in 5% HNO, and 5% HNO, plus 25,.g mL-1 Ca.
reapectively, to give .tandarda of 75 (90 for Mo an Vl, SO, 25. and
10 ng mL-'. The 25,.g mL-' Ca plus 5% HNO, maw waa used
to match the matrix of the NBS acidified water SRM.

Atomization Parameters. The atomlzation parametera used
for th.....tudies are li.ted in Table I. The charring temperature
was dictated by the moat volatila element, Zn. For the atomlzation
temperature study the atomization temperature was varied and
shorter integration times were employed. All other parameters
were held constant. For aU studi.... a 2O-,.L aample.ize was used.
Az was used as the sweep gas with a now of 20 mL min-I during
the atomization cycle.

Analytical Sicoat Ratios. Tha strengtba of the analytical
.ignaIa of elamenta in 5% HNO, and 5'r. HCl were compared by
using aU three atomi2era (an uopyrolyzed and pyrolyzed tube and
a pyrolyzed platform) and mixed atandarda cootaioing 100 ng mL-1
of Co. Cr. Cu. Fe. Mo. Ni. and Zo, and 120 ng mL-' Mo and V.
The data represent the averaga of three determinations each
obtained on a different day with different tubes and platforma.
Peak areaa were obtained by integrating ovar the whole 7·.
atomization period and peak heighte ware obtained by using a
O.09-s raaponae tima (a five-point sliding averllle ruter).

Atomization TemperatUl'e Studies. The peak heighta and
areas wera datermined by uaing thaloo ng mL-' .tandard&, 5%
HCl and 6'r. HNO" all three atomizara, aod atomization tem·
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peraturea of 1500, 1800. 2100, 2300. 2500. 2700, and 2900 ·C. For
the 5'r. HNO, mstrix, tha atudi... were repeated four times, each
with the pyrolyzed tube and the pyrolyzed platform and twice
with the uopyrolyzod tube. The atudi... were performed only once
with 5% HCl. using a pyrolyzed tube and a pyrolyzed platform.
Each study was performed on a different day using a different
tube or platform and was conducted as follllWll: The appropriate
temperature calibration settings on the HGA·SOO were determioed
for stepped atomization to each temperature. An appropriate
acid blaok was atomized at 2900 ·C uotila reproducibla BignaI
was obtained. The .tandard was then atomized twice at 2900 ·C
and twice at each of the other temperatures in descending order.
Peak areas were obtained by integrating over the entire 7~B

atomization period. and over ahorter intervals to minimize car~

ry-over contamination from previous firings. In addition, a 5-a
clean-out step at 2900 °C was used after each ruing to minimize
carry-over contamination. The shorter integration intervals were
0-1.8. for Zn, 0-2.7. for Co. Cr, Cu, Fe. Mn. and Ni. and 0-3.6
a for Mo and V for atomization from the wall. For atomization
from a platform. the aborter intervals were 0-2.7 • for Zo and Q-4.lj
8 for Co, Crt Cu, Fe, Mn, and Ni. No ahorter integration limits
were poasible for Mo and V with platform atomization. AU peak
heighta were determined with a 0.09-8 reapoDle time.

Analysis or NBS SRM'.. The NBS acidified water ataodard
reference msterials (1643 and 16430) were atomized at 2700 ·C
by using the program in Table L A eet of calibration .tandarda,
aix replicates of each of the acidified. waten, and then a repeat
aet of calibration 8tandards were atomized, in that order.
Standarda in both 5'r. HNO, and 5% HNO, plus 25 ~g mL-1Co
(to match the Co content of tha acidified waters) were used. Both
7-. integrations and the .hortened integration intervals de8Cribed
above were used with the pyrolyzed tube and the pyrolyzed
platform. Only 7-. integrations were used with an unpyrolyzed
tube.

Detection LimIte. Tha dstection limita, X IlLo were computed
according to Curria (13)

yr:I1X OL = f8 - +-
n. nB

where t is Student's t, sis tha .tandard deviation of the base line,
and n, and na are the number of aample and blank meaaurementa,
respectively. For the instrumental detection limits, • was de­
termined without firing the furnace. For method detection limita,
• was determined from multiple atomizations of the_t bIaok.
For theoe.tudies n, and na were 2 and 10. reapectively. and a value
of 3 was used for t as .pecified by IUPAC (14). Thus

XDL = 2.38 (2)

RESULTS AND DISCUSSION
Acid Matrices. Five peroent HNo, aod 5% HCI wen! .-I

as diluente for the .tandard. in these atudiea. Nitric acid, at
lower concentrations (I % or I...), is ganarally tha prefarred
matrix for electrothermJ atomization. Chloride matrices ....
avoided because of the well·documented chloride .uppreaaion
interferences (15). It is generally accepted that ouppraaaion
of the analytical signal by the chloride matrix is brought about
by the escape of monochlorides from the atomlzar prior to
dissociation of the molecule. It muat be noted, however, that
it is metal chlorides in I()()'fold exceaa or greater. not hydro­
chloric acid, which cause the reported suppreaaions. It baa
been ShOWD that chloride interferences are eensitiva to the
heating rate and can be reduced or eliminated by atomizatioo
into a more isothermal atmoophere (16-18).

Atomization of .tandarda in·6% HNO•• uaing a pyrolyzed
tube. produced extremely erratic resulta. Relative atandard
deviations. for both peak: height and area, ranged from 20...
to 40%, varying from tube to tube and independent of the
number of firings. The precisions were obaerved to be equally
poor for all eJemente ani! wen! independent of tha atomlzatioo
temperature. The lack of precision was obaerved to be wo","

whan longer temperature ramp tim... ware used in tha drying
step.
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Table III. Analytical Signal Ratioa: 5% HO/5% HNO,'

NI

Zn

Co
F.

Mo

Mn

1.2
1.0
1.0
0.8
0.9
1.3
1.4
0.7

1.7
1.1
1.2
1.0
1.1
1.5
2.0
1.2

pyrolyzed platform

height area

2.9
1.4
1.4
1.3
'1.0
3.5
3.2
1.8

3.7
2.4
1.6
2.3
2.5
4.4
5.3
3.5

pyrolyzed tube

height area

Co
Cr
Cu
Fe
Mn
Mo
V
Zn

~
~ .----__•.--,...-.....-_-......_- c.

!:1
%

~

a 2700 °c atomization temperature.

1500 1700 1100 2100 2300 2500 2100 2900
ATOMIZATION TEMPERATURE ('e)

Figure'. Peak heights ot nne elements. atomized Irom a pyrolyzed
tube. as 8 function of the atomlzatlon temperature.

in 5% HCl waa more pronounced in the peak height mode
for both atomizers and for the lesa volatile elementa. Since
each ratio is computed from results obtained on a common
atomizer, it appears that the difference in signal strengths
ari... from the acid matrices. Salmon et al. (21) have sug­
goated that the thermal decomposition of oxyanions can
cheuucally alter the carbon aurface, producing Ihifta in the
appearance temperature. For Cd, Pb, 'and Zn, the appearance
temperature ahifta by 0, were accompanied by reduced lignal
intensitioa. In this ltudy, the decrease in the lignala of metals
in 5'll. HNO, waa more pronounced for the lesa volatile elo­
mentl. More comparable lignalltrengtha, for both height and
area, using platform atomization, luggoat that higher gaa phaae
tamperaturoa, at the time of atomization, partially alleviate
the lignal luppreaaion by 5'll. HNO•.

In all caaea, the analyticallignala for the 5'll. HCl matrix
were greater than or comparable to thOlO for 5% HNO,.
There was no indication of a luppresaion of the analytical
aignaIs by the chloride matrix. However, no cation waa present
at a greatar than l(}'fold ex.... of any other cation. For low
metal concentrations (lOO ng mL-',or leaa) 5'll. HCI is a more
attractive matrix.

Signal VI. Atomization Temperatures. Peak beigbt and
area aa a function of the atomization temperature are Ihown
in Figures 1--4 for atomization of a mixed ltandard in 5 'll.

element peak area peak height

Co 3.5 4.9
Cr 1.8 1.4
Cu 2.4 1.5
Fe 1.1 1.3
Mn 1.1 1.5
Mo 2.6 2.7
Ni 2.2 3.2
V 3.3 3.8
Zn 4.3 1.2

Table II. Analytical Signal Ratios: Pyrolyzed Tube/
Unpyrolyzed Tubcu

The lack of the precision W8B unique to the atomization' of
5'll. HNO, from a pyrolyzed tube. Acceptable ralative
ltandard deviations (l-3'll.) were obtained for all elementa
for the atomization of the aame ltandarde using an unpyro­
Iyzed tube and a pyrolyzed platform. In each of the three
casea, the lurfaces on which the ltandards were deposited were
different, chemically or physically. The unpyrolyzed graphite
lurface is physically more porous and chemically much more
active than the pyrolyzed graphite. The pyro,yzed platforms
were constructed from the grooved portion of the tube and
thus offered physical barriers to contain the solution 8B com­
pared to the Imooth lurface of the pyrolyzed tubes. Ac­
ceptable relative ltandard deviationl were obtained for all
elementa in 5'll. HCl atomized from all three etomizers, un­
pyrolyzed and pyrolyzed tub.. and pyrolyzed platforml.

The observed poor precilion for the atomization of 5%
HNO, from a pyrolyzed tube ogre.. with the results reported
by Dabeka (19) and Routh et al. (20). They attributed their
poor relults to "running" of the nitric acid on the pyrolyzed
8urface, i.e., the movement, or spreading, of the acid droplet
on the tube lurface during the drying ltep. Dabeka observed
that the problem waa peculiar to the pyrolyzed tubes and that
HNO, exhibited a greater tendency for "running" than 5'll.
HCl (19). Neither author reported on the behavior of HNO,
on a pyrolyzed platform or a Itzuctured pyrolyzed lurface. Our
own observations have ahown that the drying of a droplet of
5'll. HNO, prooeeda smoothly with a alight diminishing of the
droplet liza until a critical temperature is reached around 100
·C. At thil temperature, the droplet collapaea and there is
an outward Ipreading of lolution.

Acceptable relative ltandard deviationl could only be ob­
tained for pyrolyzed tubes, if the tubes were "prepared" prior
to running aampl.. or ltandarda. "Preparing" the tube con·
aiated of atomizing a dozen blanks of 5'll. HNO, from a new,
pyrolyzed tube. Subsequent atomization of ltandarde and
aamplea yielded preciaions comparable to those obtained by
using an unpyrolyzed tube and a pyrolyzed platform. Atom­
ization of the blanks rougbened the pyrolytic lurface coating
where the lolution waa deposited. It waa not determined
whether the preparation proceaa penetrated the pyrolytic
coating. The observed analytical aignaIs (2700 'C atomization
tamperature) for a "prepared" pyrolyzed tube were greater
than tbooe for an unpyrolyzed tube (Table m. The remaining
resulta reported· in this ltudy for pyrolyzed tubes were ob­
tained with "prepared" pyrolyzed tubes.

Table III lilts the signal ratios of the multielement ltand·
arda in 5'll. HCI and 5'll. HNO, atomized at 2700'C from a
pyrolyzed tube and from a pyrolyzed platform. The ratios
were the average of three ..parate determinations. The
precision of the individual results waa typically :UO'll. around
the mean. The data.for Ni have been omitted becauae the
aignal-to-noiae ratios were 1... than 5. It can be lOOn that the
analytical aignaIs of the elements in 5'll. HCI were greatar than
tbooe in 5'll. HNO.. In general, the enhanoement of the aignaIs

G 2700 DC atomization temperature, 5% HNO, matrix.
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HNO, from a pyrolyzed tube and from a pyrolyzed platform.
In each fIgUre, the plot for each elament baa been individually
scaled to provide adequate spacing for eaay inspection.
CoDBequently, the ralative aigDa!streDgtha between elements
are arbitrary. Of primary interest are the plot shapes, the
relative change in the aigDa! of each element with the atom­
ization temperature. Each plot represents the average of two
or four sets of data obtained on different days by using dif­
ferent tubes aa described in the Esperimente1 Section. Data
were taken for all nine elements simultaneously. Signal VB.

temperature plots are shown only for 5% HNO, since similar
responses were seen for 5% HCI.

In generel, the nine elements emmined in this study can
be divided into three categories according to their volatility
and their response to the atomization temperature. The
categories are (1) the volatile elements, Zn, (2) the intermediate
elements, Co, Cr, Co, Fe, Mo, and Ni, and (3) the nonvolatile
elements, Mo and V.

The nonvolatile elements are the easiest to characterize.
Regardl... of the atomization mode or the atomizer surface,
the maximum peak height and peak area were observed at
2900 ·C, the highest atomization temperature. Due to the
faater beating rate of the tube wall, compared to the platform,
larger relative signala were observed at lower temperatures
with a pyrolyzed tube; i.e., the slopes of the plots are not aa
steep between 2500 and 2900 ·C for aoomization from the wall
aa they are for atomization from a platform.

The signe1 for the moat volatile element, Zo. W88 relatively'
independent of the Boomization temperature for a pyrolyzed
tube. The variation between temperatures appears to be .
random with no tendency to increase or decrease. When
atomized from a platform, peak height measurements showed
a distinct muimum at 2100 ·C. The peak areaa deereaaed
significantly (40%) with increaaing aoomization temperature.

The elements of intermediate volatility were relatively in­
sensitive to the aoomization temperature when atomized from
B pyrolyzed tube. In general, the peak heights and areaa
changed by 1888 than 30% over the range of aoomization
temperatures. 0u1y Ni proved an exception. The peak heights
for Co, Fe, and Mo (Figure 1) showed a slight decrease
(1&-20%) with increasing temperature, while Cr and Cu
showed no change with temperature. Ni increased (56%) with
increasing temperature. The peak areaa for Co, Cu, Fe, and
Mo inereaaed from 1&-33% with increaaing atomization
temperature (Figure 2). Cr and Ni showed increaaea of 60%
and 139%, respectively, with increaaing temperature.

The peak height and area reaponaea observed for the in­
termediate elements with atomization from a platform were
considerably different from those for a pyrolyzed tube. The
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Table IV. Average Multielement SiJ{nalsu

pyrolyzcd tube unpyrolyzcd tube pyrolyzed platform

height area height area height area

2900 93,6 98,2 94,2 94,9 99,4 90, 12
2700 95,4 95. 6 92 i 8 91,11 861 12 851 15
2500 91. 8 86.16 86, 18 81.26 69,28 80127
2300 74. 42 74, 32 81. 28 72. 42 59134 72,36
2100 74 , 42 67,38 70. 41 66 i 40 50135 62.39
1800 751 43 63,38 59,40 53,36 34, 31 47, 38
1500 71 , 42 58.36 52, 44 42134 23, 28 34 • 36

Q Average Cor all ninc clements. Largest signal for each element is assigned a value of 100. Signals at all other tempera­
tures ::tre expressed as a ratio to the maximum signal.

I

Flgwa 5. Traclngs of Cu. In 5% HNO,. atomlzad from a pyrolyzad
tube at different t&mp«8t....es.

1IlOO,'

Figura 8. Tracings of Cu. In 5% tiNa,. atomlzad from a pyrolyzad
platform at different temperatl.res.

peak heights increased almost linearly with the atomization
temperature (Figure 3) while the peak areas increased rapidly
with temperature initially, reached a maximum, and then
decreased at higher temperatures (Figure 4). The extent of
the deviation between platform and pyrolyzed tube atomi­
zation can be seen for Cu in Figures 5 and 6. The peak
locations. heights, and areas for atomization from a pyrolyzed
tube (Figure 5) show little variation with temperature.
However, for platform atomization (Figure 6), the changes with
temperature are quite marked: peak height decreases sig­
nificantly with temperature, the peak maximum occur later
in time with decreasing temperature (from 1.5 s at 2900 ·C
to 2.8 s at 1600 ·C), and tailing (as indicated by the ratio of
the absorbance at the end of the integration period, 4.5 s, to
the maximum absorbance) increases with decreasing tem­
perature. It is weU established that the heating rate of the
HGA-600 is related to the fmal temperature (the higher the
fmaJ temperature, the faster the heating rate). The variation
in the heating rate, however, had little effect on the peak
heighta obtained for atomization from the wall, while the
normally slower heating rate of the platform appears to have
been significantly reduced at lower temperatures. The peak
shapes of Cu atom~ from a platform at lower temperatures

1500 1700 1lMX1 21 00 2300 2500 270D 2900

ATOMIZATION TEMPERATURE ('Cl

Flgwa 7. Paak halght (-) and araa (---) fo< Cu (In 5% HNO,)
atomlzad Irom an~ and pyroIyzad tube and from a pyrolyzad
platform at different temperatures.

are similar to Mo and V atomized at higher temperatures from
the wau.

Peak height and area as a function of temperature were also
examined for all nine elements atomized by use of an unpy·
rolyzed tube. The height and area plots were similar l<> those
obtained from pyrolyzed tube atomization as shown in Figure
7 for Cu. Again, the signals 'have been arbitrarily scaled for
easy comparison. A comparison of sensitivities, for pyrolyzed
and unpyrolyzed tubes (at 2700 ·Cl, was presented in the first
section of the discussion.

The data in Figures 1-4 make it obvious that the com­
promise atomization temperature (or the simultaneous de­
termination of all nine elements will be dictated by the
nonvolatile elements. With either an unpyrolyzed or pyrolyzed
tu!!e, an atomization temperature greater than 2500 ·C is
necessary, and with a platform, 2700 ·C is the minimum
temperature.

A more quantitative evaluation of the best compromise
atomization temperature is presented in Table IV. The plots
for.each element in Figures 1-4 (and unpyrolyzed tubes as
weU) have been normalized with the maximum values being
taken as 100%. The average signal and standard deviation
for all nine elements were computed for each temperature,
atomizer, and measurement mode. The average signal indi-
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Table V. Graphite Furnace lnatnamental Detection
Limila (ng mL-')·

wave-
pyrolyzed pyrolyzed

cle- length, tube platform
Perkin-

ment nm area height area height Elmerb

Co 240.7 6.0 0.9 12 2 0.2
Cr 357.9 0.6 0.3 0.9 0.5 0.08
Cu 324.7 0.7 0.1 1 0.3 0.2
Fe 248.3 0.5 0.7 1 2 0.2
Mn 279.5 0.8 0.1 1.4 0.3 0.08
Mo 313.3 5 0.7 8 2 0.2
Ni 232.0 6 2 7 5 2
V 318.5 10 0.9 9 2 2
Zn 213.8 1 0.4 0.9 1 0.008

U Based on 20 IJ L sample size and computed as shown in
the Experimental Section. b Reference 22 multiplied by
5 to correspond to a 20'IJL sample size and by 1.5 to
correspond to 30.

cates the estent of compromise involved while the standard
deviation quantifies the distribution of the resUlts. Thus the
values in each column can be compared. A comparison be­
tween columns is not valid. For unpyrolyred and pyrolyred
tube atomization, a temperature of 2700 °C or greater gives
optimum compromise signal responses for area and height.
For peak height measurements with a pyrolyzed tube, 2500
·C is sufficiently high. Atomization from a platform is op­
timum at 2900 ·C for both height and area measurements.
However. continuous atomization at 2900 °C has been found
to severely shorten the life of the tubes. Consequently, an
atomization temperature of 2700 ·C is the most desirable
compromise temperature for all three modes of atomization.
If nonvolatile elements are not to be determined, then sig·
nificantJy lower temperatures can be used. Omitting Mo and
V would allow temperatures as low as 2500 ·C to be used
without significantly compromising the signal strength of the
remaining elements. The lower atomization temperature
would significantly increase the tube life.

Detection Limits. The simultaneous instrumental de­
tection limits for the HGA-500 are shown in Table V for
atomization at 2700 °C. Instrumental detection limits, as
described in the Esperimental Section, were based on tbe
precision of a blank signal obtained without fuing the atom­
izer. This ·optical" blank reflects the continuum source noise,
electronic noise, and any wavelength or order drift in the
echelle polychromator which produces a shift in the base line
absorbance. The instrumental detection limit defmes the
ability of the spectrometer to detect any analytical signal
during atomization, whether it arises from a standard, sample,
blank, or carry-over contamination from previous firings. The
method detection limit is based on the precision of replicate
firings of the reagent blank signal. Tbus the method limit
is also dependent on the purity of the reagents. The method

limit is more uoefuI to the analyst for evaluating the suitability
of a method while the instrumental limit allows a more ac­
curate comparison of spectrometers.

The method and instrumental detection limits should be
comparable provided the reagent blank is reasonably pure and
there is no carry-over contamination. This proved to be the
case for most elements in this study after the tube was fued
a sufficient number of times (5-10 times) to remove contam­
ination resulting from dust and handling. For some elements
(Ca, Mg, and Na and to a lesser estent Fe), bowever, a re­
producible signal could not be obtained for atomization of the
reagent blank_ The height and area showed a positive bias
which slowly and systematically decreased toward zero over
a series of 40 atomizations. Since the solution was not changed
(an autosampler was used) and because of the accuracy of the
background correction system (23), it could only be concluded
that the material was coming from the tube. While this
contamination is analytically insignificant, the consistent drift
served to inflate the computed standard deviation and to give
a high bias to tbe method detection limit. The standard
deviation of the reagent blank signals about a linear least­
squares fit to the data agreed well with the standard deviation
of the optical blanks. Thus, residual material on the atomizer
can give rise to a drifting base line and different detection
limits.

The optical blank gives an accurate estimate of the random
error of the spectrometer but it is questionable whether it has
any value other than for comparing instrumental operation
from day-to-day or for comparing different instruments. The
reagent blank reflects the random error plus any changing bias
or systematic error resulting from atomization. Since the rate
of change of the bias varies over the course of a series of
determinations, the usefulness of the reagent blank is also
questionable. Close attention must be paid to the stability
of the base line analytical signal.

Tbe peak heigbt detection limits for SIMAAC, using a
pyrolyred tube, agree well with those reported by the Per­
kin-Eimer Corp. for the HGA-500. The esceptions lie below
280 nm where the lower intensity of the continuum source
results in detection limits which grow worse with decreasing
wavelength. The peak area detection limits (for a pyrolyred
tube and a pyrolyzed platform) are conservative since they
are based on integration over the entire atomization cycle (7
s). Integration over a 1-s interval optimized for the peak
location would provide detection limits a factor of 71/1 better_
Slightly poorer detection limits are also expected for peak
beight and area measurements with a pyrolyud platform since
at 2700 ·C, the average signals are 15% 1088 than the masi­
mums (Table IV)_ The platform height limits are slightly
worse due to the slower beating rate.

SRM Water Analyses. Tables VI and vn summarize the
results for the simultaneous determination of nine elements
in the NBS acidified waters, SRM 1643 and 1643a, using peak

area

20,5
16, 2
15,2
78 i 3
31 , 2

113 i 18
51 i 3
65 ~ 6
62,7

platform

hoight

18' 6
19,5
16 i 2
74 i 3
30,5

118 i 25
44' 5
51 , 7
61 , 12

area

18,3
17 i 2
16,2
78 i 5
28 i 2
95 i 17
52 i 6
50,7
62 i 5

pyro tube

height

16, 3·
16, 2
16, 2
72, 3
29,7

102 i 18
50 i 5
52 i 7
55 i 7

17 , 2
15 , 1
16 i 1
75 i 1
29, 1

105 i 3
49 i 1
50 i 1
65 i 3

Co
Cr
Cu
Fe
Mn
Mo
Ni
V
Zn

Analylia of NBS SRM 1643 Acidified Water (ng mL·')

NBS certified
value and

element confidence limit

Table V1.

G Values expressed as X :1 tsIN 1
f1, where t = 2.671 (..... 6, Q "" 95%) and N "" 5.
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pyrolyzed platform

height area

22, 3 21 , 3
19,2 20,2
18, 3 17 , 1
83, 6 88 1 7
32, 2 321 3
941 16 95 1 9
52 , 6 55 , 7
54 1 8 521 5
62,16 70,12

area

pyrolyzed tube

height

Co 19 t 2 221. 3° 21 1 3
Cr 17 t 2 16,2 18, 2
Cu 18. 2 181 2 18,2
Fe 88,4 78,9 86,7
Mn 3112 3416 3012
Mo 95,6 106 , 24 98, 12
Ni 5513 51,8 54: 7
V 53: 3 56.9 55, 10
Zn 72: 4 58,9 77: 7

Table VII. Analysis of NBS SRM 16438 Acidified Water (ng mL- I)

NBS certified
value and

element confidence limit

a Values exprcs.scd as X :t IsIN In I where t ... 2.571 (v • 5. Q • 95%) and N - 5.

atandar.d matrix

Table VlII. AnaJyail of Cr (ng mL-') in NBS SRM 16430"

unpyrolyzed tube

height area

pyrolyzed tube

height area

pyrolyzcd platform

height area

5%HNO,
5% HNO, + 25 I'll mL-' Ca

a Certified value is 17 ng mL-IiI.

8.6 8.9 9.2
16, 2

9.3
- 181 2

9.2
1912

9.2
20,2

height and area measurements and atomization from a py­
rolyzed tube and a pyrolyzed platform. Multielement cali­
bration standards were made up in 5% HNO, plus 25 ppm
Ca as described in the Eatperimental Section. An atomization
temperature of 2700 "C waa used. For each experiment, the
standards were run in duplicate, while tbe SRMs were de­
termined six times. The average results from five experiments
were used to compute the results reported in Tables VI and
VII.

In almost every caae, for both atomizers and for both
meaaurement modes, the NBS certified values fell within the
95% oonfidence limits of the SIMAAC determinations. The
notable exceptions were the low recoveries of lo for both the
pyrolyzed tube and platform using the peak height mea·
surement mode. Although not shown here, the unpyrolyzed
tube atomizer demonstrated accuracies and precisions com­
parable to the other two atomizers. Low recoveries for lo,
in the peak haight mode, were also observed for the unpyro­
lyzed tube,

The 95% oonfidence limits (.I/N''', wbere. is the standard
deviation, t is the Student I value for 95%, and N is the
number of determinations), expressed aa percentages of the
means, fell between 4% and 33% with 65 of the 72 reported
valuas falling between 4% and 20%. The average recovery
and the average 95% oonfidence limit (as a percentage of the
mean) were 102% and ,1,13%, respectively, for the determi·
nation of the nine elements simultaneously,

There is no evidence, with the exception of Zn, to suggest
that eithar the peak height or area measurement mode or that
either the unpyrolyzed or pyrolyzed tube or the pyrolyzed
platform offers advantagas with regard to accuracy and/or
precision. On the basis of the oonfidence limits establiahed
for each element in this study, with the exception of lo, there
were no significant matrix effects. It is possible that better
precision will reveal biases which are presently hidden in the
uncertainty of the measurements. However, interferences
greater than 15% to 20% were not oheerved. This lack of
interferen088 may in part be due to the matrix.matching of
the standards. Every element determined was p.-nt in eech
of the multielement standards as well as 5% HNO. and 25
PI mL-1ofCa. Although the elemental ratloe are not identical
with the water reference materials, they are a much better

approximation than the use of fairly pure, single element
standards. The use of Ca for matrix matching was found to
aid only in the determination of Cr. Ali shown in Table VIII,

-, the determination of Cr by using mixed standards without
ea produced recoveries of approximately 50%.

RegIstry No. Co, 744Q-4~; Cr, 7440-47-3; Cu, 7440-50-8; Fe,
7439-89-6; Mn, 7439-96-5; Mo, 7439-98-7; Ni, 7440-02-0; V,
7440-62-2; Zn, 7440-66-6.
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Sensitivity Factors for Surface Analysis by Ion Scattering
Spectroscopy .

Denni. G. Swartzrager
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Wllmmgton, Delaware 19898

f1l'St-principles model, (b) standards, and (c) relative elemental
sensitivity factors.

In ISS, the peak intensity of an element - A- is related to
its surface concentration by the following equation:

give reasonably accurate results. It should be pointed out that
this procedure is independent of the nature and number of
the other atomic species present on the surface on the un­
known. This could be advantageous in certain circumstances.

Unfortunately for moat of the practical samples that must
be analyzed, it will be impossible to match the surface
roughness of the unknown and a suitable standard. The
practical way of cireumventing the surface roughness problam
is the relative sensitivity faclor approach,

(4)

(3)

(2)

K. = C(TDIl.{l)u'p.

where

where I. is the scattered ion intensity, Jp• is the primary ion
current density. T is the transmission of analyzer. D is the
efficiency of the detector, Il.Il is the acceptance angle of the
detector, u. is the differential scattering cross section for"A"
atoms, p. is the ion survival probability, C is a constant,
dependent on the quantity being measured (peak heigbt, peak
area, or f1l'St derivative peak to peak), N. is the surface atom
density of element -A-, and R is the surface roughness pa­
rameter

The product of terms T, D, and all is a constant of the
instrument, and the conditions under which it is being op·
erated in principle can be determined. The differential
scattering croes section can be computed provided the proper
interatomic potential is employed. Unfortunately, the ion
survival prohability cannot be computed; although several
models have been proposed (2,3), none is quantitative. This
factor alone prohibits any practical attempt at a fust-principles
calculation of either the absolute scattered ion intensity or
the relative intensities of the two peaks. Whether Of not this
term is dependent, to whatever extent, on the electronic or
chemical environment of the surface atom involved in the
collision is an important question that is yet to be answered.
This will be discussed later, but for tha moment, it will be
888umed that the ion survival probability is constant for a
given ion·atom pair at a given scattering angle and incident
ion energy.

The surface roughness hinders but does not preclude the
use of standards. The effect of surface roughness on the
8C8ttered ion yield has been described by Nelson (4), but a
description of the problem is not a solution to it.

For certain types of samples (sputtered, evaporated, or
electrodeposited films on smooth substrates) elemental
standards could easily be prepared such that R(standard) =
R(unknown); when this is the case, eq 4 can be employed to

[
[.(Unk)] [ [.(sld) ]

N.(unk) = [.(sld) [.(unk) N.(sld)

A surfaea an.lyBla by Ion sc.Uartng spac1roscopy (ISS) ..
fundam.nt.1y dllferant from .n .nalyBla by elec:tron spec:­
troscopy bee..... 01 Ita extreme surf.ee senalIIvtly. For
subllUullon.1 .lIoy., .n accur.le .nalyBla 01 the outermoet
surf.ee can be obl.1ned when proper .naIy1leal procedur..
.re lollowed. In thl. work, lhe fundament... 01 qu.ntU.llon
by ISS wI! be reviewed and proc:edurn lor obtalnklg ralaUve
..nsltlvHy 1.c1or. will be lIIu11r.led .nd dlacUBHd. One 01
th... proced...e., which Involv.. the phyBlc.1 .daorpllon 01
.enon on pure element BUrf.ee., Is extremety lIe_ .nd
should be lIenerely eppllc.ble.

Conceptually, ion scattering spectrometry is 8 very simple
teclmique. The surface or interest (see Figure 1) is bombarded
with ions characterized by an energy Eo and mass M1: some
of these are backscattered from the surface through an angle
'" defined by a slit or aperture, energy analyzed, and detected
to produce a spectrum auch as the one ahown at the bottom
of Figure 1. The position of the elastically scattered ion peaks
on the reduced energy scale (E/ Eo> is given by eq 1 where M,
is the mass of the surface atom involved in the collision.

E/Eo =

(Ml~lMJ[ cos'" + ((Z:)' -sin' '"YT (1)

The important advantage which ISS has over other surface
analysis teclmiques such as Auger electron spectroscopy (AES)
and X-ray photoelectron spectroocopy (XPS or ESCA) is its
extreme surface sensitivity. In AES or ESCA, the surface
being analyzed is always defined as the volume from which
a particular signal arises, but this varies from element to
element within a given sample as 8 result of the different
kinetic energies of the emitted electrons. Procedures to correct
this situation are known in theory, but they require poorly
known estimates of the elastic mean-free path and other
correction factors (such as the electron backscattering cor­
rection). Even when these corrections are made, the final
result is critically dependent on the 888umption that there
is. or is not, an in-depth concentration gradient of a given
element within the 88mpling depth.

In ISS, only the outermost surface atoms contribute sig­
nificantly to the scattered ion intensity, but this extreme
surface sensitivity is both a blessing and a curse. U a mean­
ingful surface analysis is to be obtained, the surface must be
accurately defined: this can only be done if the surface
structure is known or can be inferred. This problem is not
unique to the ion 8C8ttering technique; the 88'ne problem
arises in electron spectroscopy, but as a result of the deeper
sampling depth, the problem is less severe. This problem will
be ignored in this study by confming it to the analysis of
substantial alloys.

Powell (1) has pointed out that there are three approaches
to the quantitative analysis of the surrace that use (a) a
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Fig",. 1.

M~
E/E.

Schematic of the Ion scattering process.

suitably preparing (usually by polishing and sputter etching)
elemental samples, placing them, side·by-side, in the spec­
trometer, and measuring the signals of interest Wlder identical
instrumental conditions. This same procedure was followed
for ISS measurements on gold and palladium and yielded a
value of 2.47 for the relative sensitivity factor KAu / Kpd .

However, this onc mcasurement does not providc any check
on the suitability of the surface preparation. For this type
of measurement., suitable surface preparation means not only
cleaning thc surface to remove foreign contaminants but also
treating the surfaces of the two elemental standards so that
these roughness parameters are identical or at least have very
similar values.

A procedure that is unique to the ion scattering technique
involves measurements on a aeries of binary alloys between
the elements of interest. This procedure can be described as
follows. The scattered ion intensities due to the elements A
and B in a binary alloy are given in equations 5. and 6.

(5)

(6)

Then one may define the surface atom fraction of species A
and B (0, and °8 , respectively) as

0, ; N./N, °8 ; Nb/N,

which explicitly illustrates that there is a linear relationship
between scattered ion intensities due to each of the surface
species. Therefore, the term (K./ Kb), which is the relative
sensitivity factor, can easily be determined by plotting the
scattered ion intensity l. vs. the intensity lb'

Utilizing data from four different Pd-Au alloys and pure
Pd and Au samples, the procedure gave a value of 2.37. As
before, the accuracy of this value is dependent on the suita­
bility of the surface preparation, but in this instance, we may
use the average deviation of the points from the straight line
as a measure of that surface preparation. A more important
facet of this procedure is its independence of any knowledge
of either the surface or bulk compositions of the alloys.

Equation 7 may also be employed with only a single alloy
sample provided that its surface composition can be signifi­
cantly altered in some fashion. Shown in Figure 2 are two
ISS spectra, obtained from a 50/50 Cu-Ni alloy. One was
obtained after annealing the alloy at 600 'C, which caused
the surface to be enriched with Cu (5, 6). The other was
obtained after sputter removing the Cu·rich outer layer of the
sample. Measuring the intensities and plotting them aecording
to eq 1 give two-point line from which the relative sensitivity
factor between Cu and Ni may be determined. This procedure
assumes that the roughness parameter does not change sig­
nificantly during the sputter removal of the Cu-rich out.cr
layer. Of course, there is no reason to restrict the data analysis
to just two points.

Shown in Figure 3 are the Pd and Au peak intensities
obtained from an PIJ/20 Pd-Au alloy vs. sputtering time. Prior
to time zero, the alloy was annealed at 600 'C which produces
a gold-rich surface (5, 7). The intensity changes that occur
between 0 and 270 s are the result of the sputter removal of
this Au·rich layer. At this point, the temperature of the alloy
was quickly raised to 600 °C, again causing the surface to
become gold rich. For this experiment, time is a superficial
variable; therefore the data were replotted as suggested by
eq 7. This produced a linear plot from which a value of 2.67
was obtained for the relative sensitivity factor, KAu/ K pd .

5OICu· SQ7.NI

E/E.
Fig.... 2. ISS spectra of an annea)ed and sputter etched slrlace of
a 50/50 Cu-NI alloy.

The primary intent of this study is to illustrate and criiically
compare several procedures for obtaining accurate, relative
sensitivity factors.

EXPERIMENTAL SECTION
The alloys used in this study were prepared as previously

described (5). The alloys and pure palladium and gold samples
were polished with alumina and ultrasonically cleaned with
methanol before loading them into the spectrometer.

The ion scattering spectrometer is 8 modified 3M MooeI525B,
which has been interfaced to 8 PDP 11/34 minicomputer. All
measurements were performed with 8 normally incident beam
at 2.0 keV ion energy with 20Ne as the probe ion. Typically, the
ion beam was ftlBtered over 0.1 cm2, and the scattered ion signal
was electronically gated so that only the center portion of the
rostered area was observed. The nominal static beam diameter
was 120 #lm. The specimens could be heated with a resistance
beater and mpidly cooled by contacting them (from the back side)
with a liquid-nitrogen-cooled cold finger. The temperature was
measured with a chromel-alumel thermocouple spot-welded to
the back of the speci~en.

RESULTS AND DISCUSSION
Relative sensitivity factors have always been used in Auger

electron spectroscopy. Traditionally, they are determined by

where Nt = N. + N b and, of course, 0A + On = 1.
Combining eq 5 and 6 yields eq 7

I. ; I;K.N.R - (K./Kbllb (7)
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Fig.... 3. Sputter proflkt of an 8nnea~ Pd-Au aDoy. At T = 270 s,
the sample was rapidly heated to 600 °c.

The previously mentioned procedures involving measure­
ments on binary alloys may not be feasible in many cases; 80

a more general method which still aUOWll the surface roughness
problem to be circumvented is necessary. One such procedure
involves the physisorption of Xe on the surfaces of elemental
samples.

The ion intensity due to element MA" obtained from 8
sample of pure "A" is

Ia = I/KaNaRA (8)

and the scattered ion intensity for physisorbed Xe on the
surface of the pure "A" sample is as folloWll:

Ix. = I/Kx.Nx.RA (9)

Furthennore, the intensity due to species A when Xe is present
on the surface in the submono)ayer coverage is given in eq
10, which was first introduced by Heiland and Taglauer (8)

Ia = I"Ka(Na- ANxa)RA (10)

where A is the shadowing coefficient.
Combining eq 8, 9, and 10 gives eq 11, which is identical

in form with eq 7.

Ia = I/KaNaR - MKa/Kx.)Ix• (Il)

Figure 4 shoWll a plot of the Pd and Xe peak intensities vs.
time as Xe was being absorbed on and then desorbed from
8 Pd metal surface whose initial temperature was approxi­
mately -180 ·C. Xenon was admitted to the system st t =
25 s and at t = 95 s, the xenon valve was closed, and the Pd
was heated slowly to desorb the xenon. Here, as in the third
procedure, time is a superficial variable, and the Pd intensity
was replotted vs. the Xe intensity giving a value of -<l.387 for
the slope I=MKpd/KxJl. A similar experiment with Au as
the substrate yielded a slope [=MKAu/Kx.ll of -{).964. ThE
ratio of these two values, 2.49, is the sensitivity factor KIw/ KPd•

The relative sensitivity facton! (KAu/Kpd) for each method
were as folloWll: pure metals. 2.47; binary aUoys (4), 2.37; single
aUoy, 2.67; and Xe physisorption, 2.49. The agre-;ment ~ong
these values is very good; the relative mean deVIatIOn 15 only
3.4%. At fin!t glance. it may seem that the precision of these
measurements would be improved simply by obtaining more
and better experimental data, but this is not the case. Tbe
accuracy with which the values can be determined by any
procedure is ultimately dependent on the validity of the as­
sumptions or approximations which are necessarily a part of
the analysis. For each of the procedures discussed, 888ump­
tiona were made concerning the roughness parameter R; it was
888wned either that R had the same value for two or more
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Flguro 4. Time dependence of the Xe and Pd peak Int_ as Xe
Is adsotbad and then thennaly deSOfbed lTom a pure Pd ..nace.

surfaces or that it was invariant on a single surface. although
a change in the composition of the surface was induced either
by edsorption from the gas phase or by exchange with the bulk
material Judging by the results, these assumptions must have
been very good for all of the procedures, but this will not
always be the case.

The xenon adsorption is clearly the most generally appli­
cable procedure of those discussed. The shadowing coefficient
Amay be dependent on the surface atom density and crystal
structure of the substrate, but this is expected to be 8 minor
problem. The method might even be used on higb-vapor­
pressure materials. Multilayen! of Hg, S, Rb, or I could be
condensed on a Au substrate followed by Xe or perhaps Kr
adsorption.

Earlier, the Question was raised whether or not the elec­
tronic or chemical environment of an atom affected the ion
survival prohability. Judging by results and considering the
different methods by which they were obtained, it is quite clear
that the ion survival probabilities for the 2ONe+-Pd and
ZlNe+-Au ion-atom collisions are independent of one another
and constant for the Au-Pd aUoy system. Other results ob­
tained in this laboratory indicate that this is also true for the
Ag-Au, Cu-Ni, Au-Ni, and Cu-Au alloy systems; however,
it should be noted that none of these ion-atom pain! falls into
the resonant charge exchange category (9). There is evidence
(9, 10) to suggest that the resonant charge exchange phe­
nomenon is somewhat chemical-state dependent, but the
extent of the dependence is difficult to ascertain because the
effect of the surface structure was not taken into account.

CONCLUSIONS
Accurate relative sensitivity facton! for quantitative surface

analysis of substitutional aUoys by ISS can be determined by
several different procedures. When binary aUoys are employed
together with pure-element standards, an independent check
of the suitability of the surface preparation of the materials
can he obtained. The surface roughness problem can be
circumvented by restricting the measurements to a single
surface whose composition can be altered either by exchange
with the bulk material or by the adsorption of a suitable
reference element from the gas phase. Xenon physisorption
appears to be the most general method and should be ap­
plicable to high-vapor-pressure materials.

Registry No. Xe, 7440-63-3; 50/50 Cu-Ni aUoy. 11101·29-4;
80/20 Pd-Au aUoy, 37319-92-9.
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Determination of Trace Constituents of High-Purity Gallium
Arsenide

P. W. Bohn."' R. Bhat. and T. D. Barrio

Bell Laboratories. Murray Hill, New Jersey 07974

Vlrtou. scheme. la, lhe detennlnltlon 01 unlntentionlUy In­
Iroduced Irnpurltl.. In hlgh-purlty GIA. Ire dllcuued. The
Identllleition 01 Icceplor --=1.. I. Iccornpillhed by m....
urtng the '''12-21,,. opIIttng 01 hydrogen-llke acceploro. this
melsu,ement II mlde poIIlble by In excited IInll 81lte ro­
lixetion proc... which I. mlnHe.'ed In the luminescence
apectrum by I ,_lIIed repllel 01 the Icceplor bound ex­
citon doublet. A lechnlque II described 1o, enhlnclng thl.
proce.. with 'lIPIct to Ihe Iree to bound trln.ltlon. which
meke up the blckground. It In.oI... 8IIecII.ely excltJng only
_ InIl10I 8lIt.. which con gl.e rile to the desired proa....
LI..r excltltlon wI.e1englh Ind power denolly Iffect the
ernl88lon Inlenollie. 0' .I,lou. bound exciton peekl. The
ImplIcltiona 01 theoe ,esullo lor qulntltlU.e delennlneUone 01
accepto,. Ire dlscuued.

Among the problems encountered in growing high-purity
group 3-group 5 semiconductor materials, the dearth of re­
liable analytical schemes for determination of trace impurities
is one of the most serious. The materials in Question are
characterized by free electron densities in the 1013 to low 10"
cm-3 region and compensation ratios fanging from 0.1 to 0.9
which suggest impurity concentrations near 1014 cm-J. These
concentrations are near 10 ppb by weight for dopanta in GaAs
and. thus. pose special problems for nondestructive elemental
determinations of either qualitative or quantitative nature.

At higher concentrations the problem of identification of
impurities is alleviated by knowing the dopant used in the
growth process. However, at the lower concentrations present
in high-purity unintentionally doped material, impurities arise
from the elementa present in the ambient. Indeed several
elementa may contribute to this background leading to the
incorporation of more than one donor or acceptor at compa­
fable concentrations. Therefore, the qualitative analysis
problem is composed of resolving the contributions of the
several background impurities and identifying their sources.
This is a task which must be completed before considering
how to quantitatively determine the impurity in question.

Previously identifications have been made by far-infrared
absorption spectrometry of Zeeman split hydrogenic energy
levels for both acceptors (I) and donors (2-5) and by far-red

I Present address: Department of Chemistry, University of Illi·
nois, Box 62, Roger Adams Laboratories, 1209 W. California St.,
Urbsna, IL 61801.

luminescence for acceptors (6, 7). The far-infrared mea·
SUIementa, although useful as an identification tool, are not
promising as a means of making quantitative determinations
of impurity elements. This is partly due to the difficulties
inherent in making quantitative measurements in the infrared.
and partly due to the additional level of complexity introduced
by requiring the levelo to be split by a magnetic field.
Therefore, visible light induced luminescence emerges as the
method of choice for the analysis of semiconductor samples
with the goal of making both qualitative and quantitative
elemental determinations of trace level impurities.

Chemical identification of specific acceptor species can be
made by measuring energy differences between hydrogen-like
energy levels which are characteristic of that element. When
an exciton becomes bound to a neutral acceptor in GaAs, the
resulting four particle complex denoted (A0

, X) gives rise to
three states with total angular momenta of '{,. '{,. or '{, (8,
9). Relaxation of this four-particle acceptor bound exciton
complex to the two·particle ground (j = '(,) state of the
hydrogen-like acceptor is accompanied by annihilation of the
exciton. Other possibilities exist, however. If the acceptor
atom is left in the first excited state (25",) instead of the
ground state (Is",). the transition is denoted (A0

, X)". and
the observed energy difference between (A0 .X) and (A0 ,X)"
transitions may be used to identify the impurity. The energy
level scheme used is shown in Figure 1. The identification
is made based on extensive effective mass theory calculations
of the splitting in different acceptor atoms and back doping
experimenta (7. 10). This method of identifying acceptor
atoms is especially important because the direct transition
is Laporte forbidden, and the absorption process cannot be
observed without some form of perturbation.

After an elemental assignment has been made. the question
of concentration of the impurity may be addressed. Several
attempts have been made to correlate various luminescence
properties with chemical concentration in GaAs (l I) and Si
(12-14). These have been made on a strictly empirical basis
and are characterized by limited dynamic range and poor
precision. They do, however, separately address two issues
important to any workable quantitative analysis scheme for
epitaxial semiconductor samples. The silicon studies use the
free exciton intensity as an internal otandard by which to ratio
the impurity related bound exciton peaks. This is an attempt
to remove the intrinsic crystal quality related factors which
affect luminescence intensity and, consequently, concentration
estimates. The GaAs work addre.... the removal of some of
the instrumental factors which affect reproducibility and
accuracy. In neither case, however, is a satisfactory analytical
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figure 2. _ rasokJtlon spectrun of the near edge region In GaAs.
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figure 1. E....gy level diagram showing the triplet mannok! of (A°.X)
states and the internal levels of the hydrogen-ll<e acceptor atoms.
Asterisks denote exelled atomic states and s~ts refer to dlferent
elements. The notaUOO (e-,h+) refers to a recombined electron-hole
pair while X refers to the exciton. M· and M g refer to chem6ca1
spllttlngs in the exched and ground states, respecttvety.
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method fully demonstrated. Only hy obtaining an under,
standing of both instrumental and sample related factors can
a true concentration measurement be approached. The
present work sought to understand how matrix related in­
terferences could be eliminated as problems in qualitative work
and how the resulting instrumental changes might affect fu,
ture quantitative experiments.

EXPERIMENTAL SECTION
Samples used in this study were prepared by organometallic

chemical vapor deposition (OMCVD) using Ga(CH3)3 and Ga·
(C,Hsh as the group 3 source and AsH3 as the group 5 source.
The high-purity nature of these samples was demonstrated by
free electron densities ranging from 2 X 10" to 5 X 1014 cm-3•

Samples were mounted for spectral work on a specially designed
mechanical fInger. This new mount allowed the stress of mOwtting
to be dissipated over the 2 mm width of the sample rather than
the 0.35 mm thickness. Such strain relief greatly reduces strain
broadening contributions to spectral line width and is very im­
portant in high-resolution or quantitative measurements. Spectra
were ohtained at 2 K hy introducing the sample into the cold
region of an immersion type optical cryostat. This temperature
was chosen for the bulk of the quantitative and high-resolution
work because the Schlieren effect noise of boiHng liquid He is
eliminated below the supertluid transition temperature. No special
surface preparation was used.

In experiments in which above band gap radiation was desired
for excitation the 647.1-nm output of a 2-W Kr+ ion laser was
used. For experiments in which a variable energy excitation source
was needed, the combined 647{676 nm output of the Kr+ laser
was used to pump 8 three mirror cavity employing a flowing jet
of 3,3'-diethyloxatricarbocyanine (DEOTC) perchlorste. Typically
1.0 W of pump radiation produced 70 mW of dye laser radiation
at the peak wavelength with an attendant tuning range from
approximately 780 to 825 nm. Laser radiation was focused to an
approximately 125-"m spot aize at the sample hy f{6.optics.

figure 3. Spec1rum of the rnp..riIy related long waveleng1h region of
the GaAs Iumlnescence.

Luminescence was collected at an ohlique angle hy t{I optics and
then matched to the f{7.8 optics of the 0.85·m Czerny·Turner
double monochromator. The full width at half maximum of the
instrument function was approximately 0.008 nm at 10 Ilm slit
width at 647 nm. Radiation was detected hy a C3t034A photo­
multiplier and measured by using either phase sensitive or photon
counting electronics. A MlNC 11{23 (Digital Equipment Corp.,
Maynard, MA) microcomputer was employed to control data
aCQuisition and to reduce raw spectral data.

RESULTS AND DISCUSSION
Details of the growth process provide a good starting place

to look for information concerning the identity of impurity
species in unintentionally doped material. For example, if
the samples were originally prepared hy organometallic
chemical vapor deposition, major impurities might be expected
to include carbon from the organometal, impurities in the
starting materials left from the original synthesis, oxygen from
the ambient if measures were not taken to exclude it, and
silicon from the reactor tube itself. Other epitaxial growth
techniques would result in other characteristic impurity
species.

Emission features in the luminescence spectrum which
embody species specific information are needed for qualitative
determinations. Examination of Figures 2 and 3 shows that
there are two regions in which acceptor related structure
occurs. These are the (AO, X) recombination near 819.5 nm
and the conduction band to acceptor (e', A0) band at longer
wavelengths. The donor-acceptor pair hand (DO,A0) is not
considered because it also depends on the donor apecies and
because ita peak position is dependent on the energy of the
exciting photons. The (e', AO) transition should provide el·
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F1gIn •. (Top) Speclnrn of the mpo..1ty related region showtng peaks
resu/tilg from r*xation of a neutral acceptor boU'ld exdton to a fi\al
alate In wIlIch the acceptor atom Is a.clted. (Bottom) Hlgh-resolutlon
spectnJrn of the (A 0 .X) region. Paak assignments are made on the
basls of excited final atate relaxation arguments.
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F1gIn 6. Spectra of the mpo..1ty related region using both above band
gap radlaUon and ecltaUon designed to selectively populate the lnhlal
state 01 the (Ao,X)· transhlon.
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Flgur. 5. Energy IevElI scheme Illustrating the basis of the selectively
enhanced excitation experiment.
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from the conduction band to acceptor relaxation discussed
previously. In many if not most cases the excited fmal state
relaxation transitions are not even this well defined. The
difficulty could be removed by using resonant excitation to
enhance the desired process. This radiation would be Bub
band gap and. therefore. would not create any free electrons
by one-step mechanismo. The background would be reduced
and the excited final state process enhanced. This method
requires radiation at the appropriate wavelength and a de­
tection acbeme to discriminate against the scattered radiation.
These requirements significantly increase the experimental
difficulty.

An alternative approach which shares the advantages of
resonant excitation but which is not as difficult to implement
was adopted. As shown in Figure 5 the same effect may be
obtained by selectively pumping the initial state of interest.
In the present case this is the transition in which an exciton
is formed and becomes bound to an acceptor. Again the
formation of free electrons in the conduction band is avoided.
In addition the laser radiation required is more blue and
somewhat easier to produce, and the monochromator dis­
criminates against the scattered excitation radiation. The
wesk dependence of the (A0 ,X) energy on chemical species
also means that for sufficiently wide dye laser emi..ion the
same excitation conditions can be used to enhance the excited
filial state relaxation of several different acceptors. Results
of this approach are shown for a sample containing only one
acceptor in Figure 6. Excitation at 802.4 nm which is above
the band gap energy produces the broad featureless spectrum
with a very small feature near 829.8 nm. When 819.6-nm
radiation is used to excite luminescence, however, the (A0 ,x)"
transition is dramatically enhanced. A higb-resolution scan
of the region with selectively enhanced excitation shows the
characteristic doublet and provides a value of 18.56 meV for
the internal energy level spacing. This measurement agrees

837~8.525

A(AI

8275

ement specific information since the acceptor energy level in
the forbidden gap is species dependent. If all transitions
originated from 8 sharp upper state, the transition energy
would yield fingerprint information about the chemical
identity of the impurity. However, this band is very broad
due to the spread of energies of electrons in the conduction
band and the natural spread in the kinetic energy distribution
of the free electrolUl. Such a broad spread does not lend itself
to precise energy measurement and tends to increase the
sample to sample variability. In addition the (e-, AO) band
of a relatively deep acceptor may overlap the (DO ,A0) band
of a shallower acceptor (15). The other po..ibility involves
the usc of the acceptor bound exciton recombination. Un­
fortunately the tranoition involving the ground state acceptor
atom is only weakly dependent on chemical identity (16, 17).
As shown in the bottom of Figure 4, the (A0 ,X) doublets of
two different acceptors are just resolved in 8 favorable casc.

Measurement of the excited final state relu:ation energy
is then the preferred method of acceptor identification. A
low·resolution Bcan of the impurity related region in an
OMCVD grown GaAa layer is shown in the top of Figure 4.
Here the two spikes riding on the broad background are the
excited'fmal state relaxation peaks for two different acceptor
species. By measuring the splitting between each of the (A0 ,x)
peaks and the doublet center from the bottom spectrum in
Figure 4, we made elemental identifications. Because these
peaks are well separated and because the separation is much
larger tban the corresponding separation at the (A0 ,X)
doublet, a facile identification is made po88ible. The measured
values in this instance were 18.72 meV and 21.88 meV agreeing
very well with the literature values for C and Zo, respectively
(10). Values for the (e-,A°) peak poeitions were also very cloee
to previously reported values for thoee elements lending ad·
ditional support to the 888ignment. The assignment of the
members of the doublet of doublets in the bottom of Figure
4 was then accomplished by optimizing the intraelement j-j
splitting and the fit of the internal level apacings.

A problem still exists with this type of analysis acbeme. In
the impurity related region the (A0 ,X)" peaks are small and
are riding on a large background. The background results
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Flgur.7. Plot of the dependence of emission intensity on the differ­
ence between photon energy and band gap energy for the three
prominent bands In the near edge region In GoAs.

exactly with the calculated value for carbon. Thus, the
technique of selectively enhanced excitation allows the ob­
servation of excited final state relaxation processes to be
extended well beyond the range to which it would normally
apply and allows this to be done with aimpler instrumentation
than would be required for strictly resonant enhancement.

It must be stated that the power of the technique is reduced
when considering samples which are not crystalline semi­
conductors, because the special nature of the semiconductor
energy band structure gives rise to the main interference from
band to acceptor transitions. Within the semiconductor area,
however, the technique should be quite general since com·
plexes of impurities and excitons are observed in a wide variety
of elemental, group 3-5, and group 2-£ semiconductors. For
the most widely studied group 3-5 semiconductors, GaAs and
InP, the limitations of the technique are clearly instrumental.
The magnitude of the band gap in these compounds means
that sub band gap excitation requires tunable laser radiation
in the 82(}.nm region for GaAs and the 88(}.nm region for InP.
The experimental difficulties in pumping dyes at these
wavelengths are legion.

These results on the identification of acceptors in group
3-5 semiconductor matrices have important implications for
the quantitative determination of these same species. In
particular from a standpoint of understanding the sample
emission the choice of the appropriate analytical emission
feature is important. The best band might be defined dif­
ferently for varying situations, but for any chosen Hne it will
be important to understand how the conditions of the ex­
periment affect the emission intensity for that line. Initial
experiments have concentrated on the use of the various
bound exciton lines for elemental determinations. The use
of the free exciton polariton emission as an indicator of factors
intrinsic to the crystal which affect luminescence efficiency
is important to this approach. Thus, another prominent
problem is the identification of conditions under wbich the
free exciton emission can be easily resolved and measured.

The dependence of exciton related emission intensity orl
excitation wavelength is ohown in Figure 7. Here the photon
energy is described as the amount by which it exceeds the
band gap energy. Separate plota are made for excitons bound
to neutral donors (DO,X), ionized donors (0+,x), and neutral
acceptors. In each case the emission intensity increases
monotonically with increasing wavelength. However, in the
case of the (D+,x) emission tho intensity is fairly constant over
a photon energy range extending from roughly 3 meV below
band gap to 8 meV above band gap. The general trend of the
data can be understood on the basis of band to band ab­
sorption near the 2 K band gap. Simple models predict an
increase in the absorption coefficient with increasing photon
energies above the band gap (18). Some of the increased free
canier concentration would then be available for exciton

Figure 8. Pk>t 01 emission intensity V$. excttatk>n ,"tensity at an ex­
citation wavelength of 814.9 nm 10< the throe prominent bands In the
near edge region In GoAs.

formation. The increased exciton population would then
provide a larger pool from which bound complexes could be
formed. However, increasing band to band absorption also
means a shorter absorption length and should increase the
surface recombination efficiency. It is this surface recom­
bination effect which reduces the radiative relaxation effi·
ciency at high photon energies giving rise to the observed
trend.

By use of an excitation wavelength of 814.9 nm, the vari­
ation of emission intensity with excitation intensity is plotted
in Figure 8. The characteristics of the dependence are again
similar for each of the bound exciton bands examined. In each
case the emission intensity remains approximately constant
for excitation intensities below ca. 70 W/cm2 but increases
linearly above that level. The behavior above the linearity
threshold can be understood on the basis of increasing exciton
generation with increasing excitation power density. It is
imporlantto note that saturation is not reached even for fairly
large excitation intensities. The spectra do, however, show
the expected Stark broadening from increased impurity ion·
ization (19). Below the threshold the dsta suggest a aituation
in which a reasonably constant exciton population is main­
tained for 8 range of excitation powers. Above the threshold
formation of bound exciton complexes is increased leading
to the increased emiasion intensity. This behavior would be
expected if there were a relatively long lifetime nonradiative
process in competition with the radiative relaxation. Then
at some point along the excitation intensity axis the rate of
optical sampling would exceed the nonradiative relaxation
rate. An Auger process, in which the energy of the annihilated
exciton results in the ionization of the neutral impurity and
injection of the appropriate carrier deep into the intrinsic
band, would be one such nonradiative process. In addition
the Auger prooeas has been estimated to be 3 orders of
magnitude more probable than radiative relaxation for ex·
citons bound to neutral impurities in direct gap semicon·
ductors (20). Experimenta are in progress to discern the true
nature of the competing process.

Regl.try No. GaAs, 1303·()().O.
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Fiber-Optic Probe for in Vivo Measurement of Oxygen Partial
Pressure
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A Ilb.r optic probe lor manuring oxyg.n partial prauu.. Ia
daacrlbacL ilia baaed on nuoreacanc. quenching and con­
eIata 01 two 250-jUlI etrancla 01 pIaatk: opUcal ...... andIng In
a aac:IIon 01 poroua polJmar luI*1g about 3 mm long and 0,8
mm In dlamaIar. The lulling Ia packed wHh dy. on an ad­
aorplIva aupport. The general conetruc:IJon Ia elmlar 10 a pH
probe, whIctI haa pravlouely toa.1 report.... The development
,....nd lha aoIuUon 0I1hrM maJOr problema noI _arad
....er.1n applIcal10n 01_ prInc:lpla, (1) A dy. waa naadad
wHh lha combined propartIaa 01 -..... oxygen quanc:h
eenaItIYIty, .xc:llallon by v1IIbIa 19hI, and ............ ,0 lading.
(2) A hydrophobic:, hlgh-oxygan-pannaablllty anvelope waa
_ry. (3) An adeorpIlv. aupport waa required which
ac:l1vated lha dy. wfthout -..ItIvIly 10 humidity, Thla da.lgn
provlda8 a amaI-4Iz', low-c:oat probe auIlabia lor lIHU. and
blood vaual ImpIantalIon.

A suitable device is needed for the direct measurement of
oxygen partial pressure of blood and tissue in a variety of
clinical and research situations. Currently blood oxygen can
be ...timated by an In vivo optical measurement of hemoglobin
saturation. by a transcutaneous sensor, or by withdrawing
samples for a blood gases measurement instrument which
determines the oxygen with a Clark type electrode (I). All
of theee methods have dissdvantag... 1n practicality. reliability,
safety, or general applicability. It is d...irable to have a very
xmalI Po, sensor which can be Inserted into a blood v_lor
tissue In various parts of the body with little disturbance and
left there for an extended period of time, if neceaaary, for
continuous monitoring of Po, levels. Over the years, a con­
8iderable body of literature has developed 8urroundlng at­
tempta to make .uitable Po, electrodes, but there are two main
reasons why they have not been succeBBful. It is difficult to
make a practical membrane-diffusion type of amperometric
electrode In a xmalI size, but more importantly, the diffusion

dependence of the measurement is subject to calibration and
drift problems, A redox or potentiometric type of electrode,
as an alternative. has to be isolated to avoid specificity dif·
ficulties. In considering the problem, it appeared to us that
a fiber optic sensor for measuring Po, would circumvent these
problems.

We had previously developed a fiber optic probe for
physiological measurement of pH (2. 3). and tbis served as
a model for future applications of the idea of a reversible
Indicator package at the end of an optical probe. A fiber optic
sensor has the advantag.... for physiological use, of very small
size and flexibility. it is of sufficiently low caet and easily made
that it can be considered dispoeable. it presents no electrical
hazard. and it is an equilibrium measurement with long-term
stability.

Principle of MeasuremeDt. The sensor is based upon the
principle of fluorescence quencblng by oxygen. The only other
choice of reversible optical Indicator, an absorptiometric type.
offers a poeaible advantage over a luminescence quenching
Indicator In sensitivity and specificity, but a sufficiently stable
metal organic compound of this type does not appear to be
available. The use of luminescence quenching for oxygen
measurement has been long known. but surprisingly little use
appears to have been made of it. Oxygen'. erred of decreasing
the luminescence of dyes on an inorganic adsorbent was rust
observed and publisbed In a series of papers by Kautsky and
Hirsch in the early 1930'. (4).

It was this observation and Kautsky's explanation of it In
terms of formation of an active form of oxygen, by transfer
of energy from the light-activated dye molecule to oxygen,
which led to the recognition of singlet oxygen (5). The pbe­
nomenon is apparently quite general. with oxygen forming a
charge transfer complex with aromatic molecules for energy
transfer to oxygen (6, 7). Borlman (8) has cataloged the
oxygen-quencblng sensitivities of organic molecules ofIn_
in scintillation counting. It is interesting that the simplest
aromatic, benzene, has one of the strongest sensitivities to
oxygen quenching of its fluorescence. The effect is most
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Good sensitivity to oxygen quenching requires a long natural
lifetime of the excited state. Phosphorescence, with a very
long lifetime (seconds), is very sensitive to quenching but is
weak in intensity. Fluorescence, with a shorter lifetime relative
to thermal and colliaional decay, is leas sensitive to quenching
hut has a higher hrightneas due tq higher quantum efficiency.
A dye should be chosen with P' of the order of the pressure
to be measured to best compromise hrightneas and sensitivity,
as illustrated in Figure 1. Brightneas, leading to easier optical
design and better signal to noise ratio in an instrument, is
ohtained at the expense of sensitivity or reaolution.

EXPERIMENTAL SECTION
Bulc Problem. in Development of the SenIOr. Choice of

Dye. Although alarga number of dyes and other compounds can
be considared 88 candidates for analytical use of the oxygen
quenching phenomenon, the choice is greaUy limited by the
particular requirements of a device for physiological and medical
use. Visible WBvelength excitation is dictated by the use of plaltic
optical fibers. The.. are highly flexihle, do not present the risk
of hreakage in sharp bends, in general are much easier to work

pronounced when a dye is adaorbed on a material which
suspends and expoees the molecule to the gas phase, 80 that
the lifetime of its excited state is not made too short by
transfer of the energy to a solvent and the collision rate of
oxygen with the molecule is not impeded by a low permeability
solid or liquid medium.

A few analytical applications of luminescence quenching
for oxygen determination have been reported through the
years. Kautsky (4) mentions phosphorescence quenching
being useful for the detection of oxygen in the millitorr
pre88ure range. Pollack et aI. (9) used the technique to
measure oxygen produced by illumination of algae. Orban
et aI. (10) measured oxygen down to 10-' torr with acrillavin
on acrylic sheet. Shaw (11) measured the diffusion coefficient
of oxygen in acrylics by observing the phUllphorescence of rods.
Jones (12) determined the oxygen permeability of acrylic fl1ms
by measuring the quench rate 88 a function of oxygen pressure.
Bergman (13) developed an oxygen pressure measuring in·
strument based on fluoranthene absorbed on plastic films and
porous Vycor. Stevens (14) patented an instrument system
based on a thin film of pyrene, either on or in a polyethylene
support material. Pyrenebutyric acid was used as a probe for
measuring intracellular oxygen by Knopp and Langmuir (15),
and Lubbers and Opitz (16) have used solutions of pyrene­
butyric acid in various membrane-encl08ed forms to measure
physiological oxygen pre88ure.

Quantitative Basis oC Oxygen Quenching. Fluorescence
or phosphorescence quenching is the result of a Quenching
decay mode competing with the luminescence decay and other
decay modes of an activated molecule, thereby decreasing the
overall mean lifetime of the .ctivated state and decreasing
the luminous intensity. With constant illumination, the rate
of decay of the excited state is tha sum of the rates of various
decay modes: collision, luminescence, and vibrational. The
colliaion quenching thus competes with the other decay modes
and is proportional to the activated state mean lifetime (ap­
proximately, the fluorescence lifetime) and the 'colliaion rate,
which is proportional to the pressure of the quench gas. This
results in the relation derived by Stern and Volmer (17) for
fluo.rescence intensity I and pressure of oxygen Po,

10/1 = 1 + (Po,/P? (1)

where 10 is the intensity without oxygen quenching and P'is
a constant, the pressure at half·quench, and includes the rate
constants for the modes of decay. The same expre88ion can
be written in terms of apparent luminescence mean lifetimes
To and T

To/T = 1 + {Po,/P? (2)
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P'

Po,

F\gln 1. 5ensltMty andd brightnesI best eotnprOlTis'ld at P' = Po,.

with than ceramic fibers, and allow the construction of low.-cc»t,
simple, all·plaatic devices. Their disadvantage is strong attenu-­
ation of light at wavelengths shorter than 450 nm. The stability
of a dye to light and aging must be sufficient for this application.
The dye must be nontoxic, and it must have a sufficient oxygen
quenching sensitivity to allow measurement to the nearest ton.

There appeared to be no very useful theoretical guidelines for
relating molecular structure to the desirable dye properties, 80

all possible dye candidates which could be obtained, which met
the wavelength requirement, were tested for oxygen quench
sensitivity. Approximately 70 dyes were screened, and after
considering all of the desired characteristics, the one chosen ..
optimum was perylene dibutyrate (aolvent green 5, CI 59075)
(Thermoplalt Brilliant Yellow 10 G, BASF-Wyandotte). This
dye has an excitation peak at 468 nm and an emission peak at
514 om (uncorrected spectra determined on 8 Perlrln·E1mer
650-108 spectrofluorometer). The dyes were tested dry, edaorbed
from a solvent on silica gel TLC plates (Silica Gel 50, E. Merck).
Some observable degree of oxygen quenching is common to many
dyes tested. Poor stability or toxicity considerations rejected
several of the more sensitive ones. The dye chosen, solvent grMn
5, is quenched on silica gel to 40% of ita unquenched intensity
by exposure to air and quenched to about 16% of ita intrinlic
intensity by oxygen at 8tm08pheric pressure. There is no reason
to expect any toxicity problem with this dye. Its stability on silica
gel is better than most dyes, but not indefinite. On an organic
adaorbent (to be mentioned later) tha dye has not shown dete­
rioration in 3 yean of storage. The commercial form oC the dye
has at least eight minor impurities, which can be observed by
thin-layer chromatography. The dye W88 purified by silica gel
chromatography for testing, but thara appeared to be no im·
provement in the characteristics or performance oC the purified
dye, &0 it has been used without purification. .

Support for Dye. Classically tha oxygen quenching effect has
been observed on silica gel or other inorganic adaorbenta, and the
highest sensitivity is achisved on silica gel A high permeability
support is necessary to expose the individual dye molecules to
oxygen colliaion. A solution of the dye in liquids or solidi is
insensitive because of the low oxygen permeability oC 8uch me·
terials. Unfortunately, inorganic adsorbenta are not suitable
because they cause the quenching to be humidity sensitive. In
general, it was found with them that quench sensitivity varies
with humidity and 1088 of the quenching affect, or 1088 of
fluorescence, occun at 100% humidity, the condition Cor phys­
iologic measurements. No solution could be found to tha problem
oC humidity sensitivity of 8 dye on an inorganic adsorbent, al·
though many types of adaorbents and adaorbent treatments were
tested.

Organic adaorbents (porous polymers) provide a support for
the dya which avoids humidity sensitivity and provides a hy­
drophobic indicator system. The diaadvantage is that the quench
sensitivity is approximately halved, ralative to a silica gel IUpport,
and sensitivity of the fluorescence and quenching to Ol1anic
solvent vapors oecura.
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figure 2, Construction 01 ,_ optic IluoresC8f11 probe.

The commonly available organic polymer adsorbents, including
those used (or chromatography, were tested. Amberlite XAD4
(Rohm and Haas) was found to have the best quench sensitivity
with solvent green 5. The indicator packing for the sensor de­
scribed in this paper was prepared by aHowing the XAD4 resin
beads in a m"'r funnel to aboorb a 0.2% 8OIution (weight/volume)
of solvent green 5 in dichJoromethane. drawing off the excess liquid
by suction, and allowing the reain besds to dry bY spreading them
out on 8 flat surface exposed to ambient air. The resin was washed
before treatment with the dye, by rinsing with water two or three
times and then sUOOeB8ively aboolu'" ethanol and acetone, followed
by drying. The first water rinse should be done by decantation
to separate fme material. Cleaning the resin is good practice, but
it is not certain that it is necessary. The dyed resin is ground
rmely with a mortar and pestle for use, producing fragments in
the range of 1 to 100 ",m.

Permeable Envelope. For the po! probe we have developed,
which foUoWB the basic construction idea of the earlier pH probe,
aliquid-water4impermeable but high gas permeability enclosure
is required for the indicator packing at the end of the probe to
protect it from contamination by exposure to blood or tissue fluids.
Solid materials do not have sufficient oxygen permeability, so a
microporous material is required. Metals present problems with
biocompatibility, and the available porous fluorocarbon materials
lack mechanical rigidity and strength. A suitable material was
found to be porous polypropylene (Celgard, Celanese Corp.). This
ma"'rial is hydrophobic, highly permeable to g...., and furnished
in 25 IJm thickness with excellent strength. Some limited sizes
of tubing are available, but a heat sealing technique was developed
for making tubing, which allows matching of tube size to the
desired probe size (I8).

Desip or tbe Po, Probe, The probe design, shown in Figure
2, ia modeled af"'r the pH probe we previously developed. The
dye, on an adsorbent support, is contained inside a section of
tubing of porous polypropylene, providing rapid equilibration with
the surrounding oxygen and isolating the dye packing from
contamination. Blue light illumination passes down one optical
fiber to exci'" the dye to fluoreaalnce. 'I'he green fluorescentlighl,
along with acat"'red blue light, p....s through the other fiber to
a measuring instrument.

For development purposes the test probes were ....mbled with
0.25 mm diameter plastic optical fibers (Crofon, Du Pont). Smaller
fibers can be used to make smaller probes, or a single fiber can
be used with a suitable light4splitting system in the instrument
to separa'" the excitation and emission light. A method of making
bifurcated fibers has also been developed 80 that separate fibers
leading to the light source and measurement system join and
become a single fiber at the sensor end. The dual-fiber con­
struction to be described was used generally, however, with
relatively large fibers to minimize the effort involved in con4
struction. About 20 min of work is required to completely as­
semble a test probe.

Test probes were made either 90 cm or 120 cm long. About
30 em of a fiber pair was paased together through 0.6 mm inside
diame"'r, 0.8 mm outside diameter fluorocarbon tubing filled with
carbon black to make it opaque (Atlantic Tubing Co). The rest
of the fiben were encased individually in the same kind of tubing
of 0.4 DUD inside diameter. 0.8 mm outside diameter. The joint
between the two sizes of tubing where the fibers branch was joined
with hea~sbrink tubing. The ends of the fibers which connect
to the instrument and lamp were heat flared to about twice the
fiber diameter and fitted closely to the ends of the tubing. This
W8S done after making the sensor end. The sensor end, with paired

fibers, protrudes slightly from the end of the fluorOcarbon tubing
and ia made .. follows: The parallel pair ofoptical fibers extending
from the opaque tubing are inserted into a short length of clear
fluorocarbon tubing, of inside diameter slightly larger than the
combined diameters of the fibers. The fibers are cut square and
flush with the end of the tubing. A hot soldering iron is brought
up to the ends of the fibers and they fuse together. shrink back,
and expand to fiU the tubing. The end of the fused fibers is cut
square where the fibers are fused together but clear. Then the
joint is pushed out of the fluorocarbon tubing a short distance.
UV-curing optical cement (NOA 60, Norland Products, Inc.) is
added to the fibers at the region of the joint and the joint ia polled
back into the tubing. The liquid optical cement fills the space
inside the fluorocarbon tubing for a short distance before and
beyond the fiber joint. Bubbles must be avoided. Due to the
nonwettability of the fluorocarbon, the cement forms 8 flat surface
at its end. After the cement is cured by exposure to ultraviolet
light (l min exposure will set the cement but several hours are
recommended for a complete cure), the joint can be removed from
the tubing. A short length of porous polypropylene tubing, of
an inside diameter to closely fit the joined optical fibers. is slid
over the fiber joint and cemented in place with optical cement.
Several hours of exposure to ultraviolet light is recommended for
complete cure of the BSsembly. The end of the probe is packed
with ground. dyed adsorbent to a depth of about 0.5 mm, which
is well beyond the optical depth. Excess tubing is cut off and
the npen end sealed, either by heatseaJjng or by a plug of optical
cement. It ia important that the dyed adsorbent be packed lightly,
with a tight seal of the tubing against it. The same general
technique can be used. for preparing a sensor on a single fiber end.

Design of the Optical Instrument for Usc with the Probe.
The excitation light for the probe was provided by 8 deuterium
lamp (Hanau D·I02, Hellma International) operated at 60 \V in
a specially designed aluminum housing with fan cooling. Although
a deuterium lamp has relatively little of its output in the visible,
it was chosen over other possible light sources because of its long
life and the extremely good stability, both of position and intensity,
of the 1 mm diame"'r brightspoL This small, stable spot allowed
efficient coupling of the light into an optical fiber. A lens system
was included in the lamp housing, consisting of ~'o aspheric lenses
(01 LAG 117, Melles Griot). These lenses were arranged so that
the bright spot of the lamp was at the focal point of one lens, with
the light traversing a short distance between the lenses and then
refocusing the image of the lamp on the end of the optical fiber
of the probe at the focal point of the secOnd lens. Two ruters were
located in the parallel ray path of light between the lenses. The
first filler was a heat reflecting filter to block red light from the
lamp. The second filter was a short-pass interference filter with
a nominal cutoff of 480 nm (Ditric Optics). The lamp housing
provided a means of adjusting the lamp position and the position
of the fiber end. A simple connector for the jacketed optical fiber
consisted of a 5 em length of hypodermic tubing of such a diarne"'r
that the fiber optic lead fitted closely inside it. The tubing was
crimped slightly to hold the probe lead firmly. One end of the
tubing was constricted slightly and located at the focal point of
the lamp image, so that when the probe lead was inserted, the
flared end of the optical fiber was located at the end of the tube
at the position of the lamp image. The other end of the tubing
was flared out slightly to assist insertion of the jacketed lead.

A simple analog instrumenl was constructed for development
and evaluation of the experimental probes. Figure 3 shows the
schematic outline of the measuring instrument. The optical
system consists first of a connector. like the one described with
the lamp, into which the second jacketed optical fiber ia inserted.
The tip is located at the focal point of a small collimating lens
(01 LAG 002, Melles Griot). The blue and green light from the
sensor end of the probe comes out of the fiber end, is made into
a parallel beam by the lens, and then is split into two orthogonal
beams by a dichroic filter (Ditric Optics). Light of wavelength
shorter than 500 nm passes straight without reflection and light
of wavelength longer than 500 nm is reflected at 900

• Two ad·
ditiooal cleanup filters are used to make the wavelength dis­
crimination purer. The blue and green beams of light are received
by photomultiplier tubes (PF 1039, RCA). These photomultiplier
tubes have the convenience of a built4in power supply and gain
control.
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Figure 3. Outline at Po, measuring Instrument.

The electronic circuit processes the blue and green signals in
accord with the following relation:

(
(blue intensity) )m

Po, = (gain) (green intensity) - I

which is the Stem-Volmer relation rearranged, with an exponent
m added for curvature. The Stern-Volmer equation provides 8

linear relation between quench and oxygen pressure, but 8 curved
relation is commonly observed (8 large body of literature with
Stern-Volmer plotted data exists and an exponent is often at·
tached to the oxygen pressure to fit the data to the equation).
The blue signal, which is scattered and reflected excitation light,
is proportional to the 10 or intensity without quenching, and the
green signal, the fluorescent light, is proportional to the I or the
intensity with quenching. When the instrument is set to read
zero Po, in the absence of O2, the proportionality constants for
blue and green are adjusted so that, effectively, I equals 10-

The instrument was designed to provide digital indication of
Po., to the nearest torr, over the range of 0 to 150 torr. This
requires less than 0.1 % error in intensity measurement. From
Figwe 3, the blue and green signals on the photomultipliers can
be adjusted and balanced by the individual photomultiplier gain
controls. The photomultiplier cunent is converted to a voltage
.ignal by operational amplifiers (52K, Analog Devices). The gain
of each photomultiplier is adjusted so that about 1 V is obtained
at the amplifier outputs, with a probe connected. This output
is observed on the Po., display by a selector switch. A 1-s time
constant filtering is provided by a capacitor at this stage. The
signals then pass through active filters (l s time constant)
(72IL6D·IAO, Frequency devices), and then to a divider (4338,
Analog Devices). At this stage the blue and green ratio, or 10 over
I, is obtained. An instrumentation amplifier (610K, Analog
Devices) subtracts 1 from this ratio and multiplies the result by
a variable gain or ocaling factor. The resulting signal is then passed
through another divider (433B, Analog Devices) for the exponent
adjustmenL The final.ignal then goes to a digital indicator (AD
2009, Analog Devices) for visual observation of POt' and to a
connector for a recorder.

To calibrate the instrument with a sensor in place, the indi­
vidual photomultiplier gain adjustments are set as described.
Then, with the probe in nitrogen, one of the photomultiplier gains
is fine-tuned. to make the p~indication equal to O. The probe
is then exposed to a known Po, pressure and the gain (scaling
factor) is adjusted so that the readout matches the known Po,.
Ambient air is about 150 torr, which is a convenient value to usc.
The exponent adjustment must be determined by a lest in which
a third Po, value about halfway between (i.e., about 75 torr) i.
used, and the exponent setting varied until the Po, indication is
correct in midscale as well as at the ends. It was necessary to
use an exponent value of approximately 1.11 on the instrument
to get a linear response of the fiber optic sensor. Without the
use of the exponent, the oell8Or indicates approximately 10% high
in mid·range when the instnunent is adjusted to indicate correctly
at 0 and 150 torr. Tha exponent oetting is tbe same for different
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sensors and does not vary with temperature over the range from
10 to 50 ·C. With typical probes, tha noiaa level in the readout
is within 1 torr.

Performance Testa of the Probe. The probe was tested in
a gas stream and in water in a temperature-regulated ceU. The
test gao wao bubbled through the water with a fritted-glaos dis­
perser and a magnetic stirrer to maximize the rate of equilibration
of the water with the gas stream. Nitrogen and air at ambient
pressure (approximately 150 torr Po,) were mixed with a digitally
controlled valve to provide partial presswes of oxygen from 0 to
150 torr in the gao mixture. A Clark-type oxygen electrode (Yellow
Springs Instruments No. 4(04) was used in the gas stream to
monitor the gas composition.

The electrode wao tested with gao .tandards (Matheson) of 5,
10, and 15% oxygen in nitrogen, along with undiluted nitrogen
and air. This assured that the electrode gave a linear response
over this range, within an error smaller than could be observed
with the fiber optic sensor. The oxygen electrode was not used
directly in the water cell with the fiber optic sensor because the
electrode indication is sensitive to stirring and bubbles. The sensor
was tested by first calibrating as described previously. It was
tested in dry gas and in water, relative to the electrode in the Gas
stream, with stepwise changes in oxygen composition over the
oto ISO torr range. The fiber optic sensor indication and the
electrode indication were compared simultaneously on a dual pen
strip chart recorder.

Response Time. The response time of the fiber optic sensor
in a gas stream was not acccurately measured due to damping
by the instrument, but it is some small fraction of a second. The
response time in water was measwed by equilibrating the sensor
in water in the temperature regulated cell and then adding water
of a different PO} to make an immediate step change in the oxygen
concentration of the water.

Temperature Coefficient. The temperature coefficient of the
fiber optic sensor was measured in water by observing the nitrogen
and air response of a sensor calibrated at 25 °C, in 5 °C steps over
the range from 10 to 50 °C.

In Vivo Tests. An in vivo evaluation of the fiber optic sensor
wao done in the bloodstream of a 31 kg ewe. The fiber optic probe
with 120 em leads wao inserted through an 18 gauge, 8 in. (20 em)
Teflon catheter (Becton Dickinson) which was inserted in the
carotid artery of the sheep. The nuorocarbon jacket of the fiber
optic probe clooely fitted the catheter tip to prevent blood Ieakaga.
For comparison data, blood samples were removed with 8 syringe
from a like catheter in the same artery. When blood samples were
withdrawn, they were analyzed immediately on an Instrumen·
totion Laborstories Mode1713 blood gas analyur. Before insertion
in the animal, the fiber optic sensor was calibrated in water at
39 ·C using nitrogen and ambient air (150 torr Po,) bubbling
through the water for calibration points. Sodium thiopental was
used intravenously for anesthetic induction of the animal. and
anesthesia was maintained with intravenous sodiwn pentobarbital
as needed. The breathing was maintained by a mechanical rea.
piratoroupplied with nitrous oxide at a constant rate of 0.8 L/min,
plus oxygen at a variable rate 88 described further. An initial
injection of 6000 units of heparin was used for anticoagulation,
followed by 3000 unita hourly. After removal of the probe for
cleaning and reinsertion just before 2 h of use, the heparin dosage
was increased to 3000 units every half hour.

RESULTS AND DISCUSSION

In the evaluation of the probe performance in comparison
with an electrode in water over the 0-150 torr range, the
maximum error observed was 1 torr, which tended to occur
at about thr~fourthsof the range in the dry gas, with the
fiber optic sensor indicating higher Po,. Over m...t of the range
in the dry gas stream and in the water test, the two sensors
agreed within the noise level of a few tenths of a torr.

The time constant of the sensor (63% of an exponential
response to the step change) was 0.5 min or 2 min for a 98%
response at 25°C.

The base line (nitrogen value or zero setting) does not vary
with temperature. The Po, indication (in air) is approximately
inversely proportional to temperature. The relation between
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Po, and temperature (in termo of either degrees C or the
inveOle of absolute temperature) is curved, but a straight line
fits the date with smal! error, A 0.6% decrease in Po, indio
cation per C increase is observed.

Stability, The stebility of the sensor over a long time is
good but does not allow indefinite storage. A problem was
encountered with prepared sensors, which show a typical 3'1'0
per day decrease in POt sensitivity in dry storage. If sensors
are kept in water, 8 1088 of sensitivity of 0.1 % per day over
a IQ.day test period is typical. Extensive tests to determine
the cause of the sensitivity 1088 show that it must be something
which diffuses out of the plastic optical fibers, The prepared
reagent (dye on organic adsorbent) is stable indefinitely
without change of its characteristics. Sensors which are
emptied of their reagent packing after storage for a period
of time, and then repacked with new reagent, show a sub­
stantially decreased 1088 of sensitivity. Tests of components
of the sensor other than the optical fibers show that these
components are not responsible for the effect.

A 5-day test ehowed an average 1088 of sensitivity of6.5%
per day due to continuous exposure to the blue excitstion light
when connected to a fiber optic sensor. The dye chosen for
the sensor was unusually good in its stability to light, com·
pared to other dyee tested, but intermittent expoeure to the
light source for pressure measurements over a long period of
time is recommended.

lnterlerence Te.t•. The Po, sensor was tested for inter·
ference in its reeponse to aneethetics which are likely to appear
in an in vivo application. Since the sensor is hydrophobic in
construction, nonvolatile water-soluble components would not
be expected to cause any interference other than p088ible
clogging of the membrane, leading to slow response. A 1%
solution of sodium thiopentsl in water had no observable effect
on the se08or. Volatile or gaseous anesthetics can cause in­
terferance. Nitrous oxide has 2% of the effect of an equal
partial pressure of oxygen on the fiber optic sensor response.
This degree of interference is not important in typical in vivo
applications of the sensor. A more serious problem occurB with
adsorption of certain substances, particularly the halogenated
anesthetica. 2·Bromo-2·ch1oro-l,I,I.trifluoroethane (Halo­
thane, Halocarbon Laboratories) interferes seriously with the

'"

fiber optic sensor. The interference is cumulative, related to
both concentration and time of exposure, and changes both
the sensitivity and the zero adjustment of the sensor. The
effect is reversible if exposure is not too severe, and it appears
to be the result of adsorption by the organic adsorbent support
for the dye. This is an effect analogous to the interference
which water vapor causes if the dye is supported on an in­
organic support.

In Vivo Evaluation. Figure 4 shows the continuous oxygen
record of the fiber optic probe during the course of the ex­
periment, lasting over 3 h, in coippariaon with the blood values
for Po." shown as dots. The program of variation of oxygen
flow rate to the respirator, to vary the Po, of the blood over
a broad range, is shown at the top of the figure. Upon the
initial insertion of the fiber optic probe, the p~ indication
rose rapidly to a value somewhat above the level established
by the blood samples, over 250 torr. This level was sub­
stantially above the calibration point of 150 torr, so the
agreement is as good as expected. Then the oxygen flow rate
was halved and the blood Po, dropped rapidly into the cali·
bration range, going below the values of the blood samples.
At 66 min the oxygen flow was increased to 0.6 L/min. The
probe responded to this increase in oxygen pressure imme­
diately, but then at about 80 min, the response of the probe
to the increasing oxygen pressure became poor. Clot formation
around the tip of the sensor was suspected and it was removed
from the catheter at 116 min. It was wiped clean and rein­
serted into the animal, whereupon it indicated a partial
pressure of oxygen agreeing with the blood samples. The
oxygen flow was then decreased to give a very low oxygen
concentration in the blood. This could not be maintained for
long without risking the death of the animal. The oxygen flow
was then increased to a safer level and the fiber optic probe
agreed reasonably well with the blood sample values.

It is not clear why difficulty with clotting occurred in the
heparinized animal, because Celgard, the exterior material of
the sensor, is used for other in vivo applications. A clotting
problem was also encountered at the catheter used for re­
moving bJood samples. There may have been some animal­
related reason for the insufficiency of what would be regarded
as a suitable heparin concentration.

In conclusion, this work has demonstrated the suitability
of the fiber optic Po., sensor (or in vivo blood measurements
where halocarbon anesthetics are not present.
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Rules for Computerized Interpretation of Vapor-Phase Infrared
Spectra

Sterling A. Tom~lIIni.· James M. Stevenson, and Hugh B. Woodruff

Merck Sharp & Dohme Research Laboratories, P.O. Box 2000. Rahway. New Jersey 07065

Rule. lor th. Int.rpretatlon of yapor-phaoe Inlrared opactra
have be.n dey.loped lor Ih. IBM 3081 yer.lon olth. Woo­
drull and Smith program lor th. analy'" ollnlrared spectra
(PAIRS) and Its Nlcol.t 1180 yeroJon known a. tha Merck
Inlrared opeetrallnterprelallon packag. ("ISIP). N.c....ry
changes and add/lJono were made to the rule., rule compiler,
and Interpreter. Oyer 75 4-an-' reoolullon yapor-phaae
opeetra were teoted along wtIh a nunber 01 condenoed-phaae
spectra to ensure the proper lunctlonlng ollh. new rul•• and
the uncompromlsed nature olth. preylouoly d.yeloped can­
d.nsed-phase rule.. Th. add~lonal capabll~y 01 the Inter­
preter elong w~h ~. aYaUabll~y on an Inotnmant-baoed min­
Icomputer wm give those _ employing technlqueo ouch

a. GC/FTIR, oll-1la., and head space analy." on larger or­
ganic molecule. at moderate resolution an aHernalive to
currently ayallable matching technique••

The Woodruff and Smith program for the interpretation
of infrared spectra (PAIRS) (I, 2) was designed to aid the
chemist in interpreting infrared spectra of condensed·phase
(liquid or solid) compounds. Recent adaptation of this pro­
gram to an instrument-based minicomputer (3) provided the
opportunity to expand the interpretation capabilities of PAIRS.
Compounds have different infrared spectra in various con·
densed phases and the vapor phase due to changes in hydrogen
bonding, the dielectric constant of the medium, and nonpolar
solvent-solute interactions. Hence, attempts to interpret
vapor-phase spectra with condensed-phase interpretation rules
proved to be unacceptable.

Welti (4) has given frequency correlation charts for some
of those compounds known to have different vapor and con·
densed-phase spectra. Examples include alcohols, phenols,
amines, arnides, esters, and ketones. This book is the primary
reference for the modification of previous interpretation rules
and generation of new rules. Additional refinement was made
by use of other recently published correlation charts of the
-{)H stretching region (5) and a number of 4-cm-1 resolution
vapor-phase spectra. These spectra were provided by the
Nicolet Instrument Corp. (Madison, WI) and were produced
by Sadtier Research Laboratories Inc. (Philadelphia, PAl for
Leo V. Azarraga of EPA.

This paper reports the development of vapor-phase inter­
pretation rules for both the IBM mainframe version of PAIRS
and the Nicolet 1180/1280 version known as MISIP (Merck
infrared spectral interpretation package). Explanation of the

programming changes necessary to utilize these new rules and
examples are presented.

EQUIPMENT

A Nicolet llSO minicomputer with 40K of 20 bit word
semiconductor memory and mass storage consisting of a
Diablo Model 44B dual disk system having a capacity of 4.5
megnwords was used for all development work. This computer
is a component of our Nicolet 7199 ITIR system. Full use
was made of existing Nicolet system software.

Corresponding modifications of PAIRS software were made
with an IBM 3081 computer. Transfer of interpretation rules
from the Nicolet 1180 to the IBM system was made at 1200
baud with a phone modem connection through a Digital VT
125 terminal via a VAX ll/7BO.

PROGRAM DESCRIPTION

As described previously (J -3) the interpretation package
consists of an interpreter program, a set of interpretation rules
in an English-like language called CONCISE (computer or­
iented notation concerning infrared spectral evaluation), a rule
compiler program, and a set of compiled rules used as data
by the interpretation program. AU components exist on both
the Nicolet and IBM systems.

The interpreter is written in FORTRAN and treats the
compiled rules and spectral information (peak width, [Xl6ition,
intensity, sample state) as data. Due to the design of the
interpret.er, only minor FORTRAN changes were necessary
to expand its capabilities to include vapor·phase spectra.
Those changes consisted mainly of input and output modi­
fications leaving the computational algorithm of the program
unchanged.

The rule compiler is also written in FORTRAN and
translates interpretation rules in CONCISE into more compact
integer strings. Major changes were required for both the ffiM
and Nicolet versions of the rule compiler. Due to differences
in the two versions, required by different word sizes and
computational speeds of the ffiM 3081 and Nicolet 11BO, the
changes were not identica.1 but are entirely user transparent.
Modifications were made to existing subroutines, dictionary,
and internal tables to accommodate "vapor" as a sample state.

The CONCISE language was expanded to include 'vapor"
as a sample state, thus allowing the creation of specific va­
por·phase rules and the modification of existing condensed·
phase rules.

Major changes, additions and deletions, were necessary to
the existing interpretation rules in CONCISE. The approach
generally followed was to add specific vapor-phase conditions
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Flguro 2. Vapor-phase spectrum of 4-methy\-2-pantanol.

to existing condensed-ph..e rules which have already un­
dergone substantial testing and have proven to be quite useful
for liquid and solid-state spectra. Thus if one requesta an
interpretation of a nonvapor spectrum, interpretation will be
made by using essentially the same rules .. were previously
described (1-3). When a sample state of "vapor" is declared,
those functionalities which show distinct spectral changee
between the vapor and condensed phaaes and for which ad­
equate correlation charta are available (e.g., alcohol) will be
interpreted by use of the new vapor-phase rules. Those
functionalities for which limited vapor ,."relation charta exist
but which are expected to show v..tly different infrared
spectra on change of physical state (e.g., lactam) are disre­
garded when sample state is ..signed .. "vapor". The design
of the computerized interpretation package which treata rules
.. data will accommodate e..y rule modification with the
procurement of sufficient spectral data for thoee functionalities
to allow the development of satisfactory correlation charta.

RESULTS AND DISCUSSION
An example of the difference between vapor-phaae and

liquid-phase spectra of compounds which are predominately
hydrogen bonded in the condensed phaae can be seen in
Figures 1 and 2. Both spectra are of 4-methyl-2-pentaool;
one is taken .. a liquid between KBr plates (Figure 1) and
the other is a vapor-phaae spectrum (Figure 2). Both spectra
are 4 cm-' resolution. The -oH stretching frequency of the
liquid is 3345 cm-' and is broad while the vapor spectrum
shows an -oH stretching frequency of 3655 em-' with average
width. Other peak intensities, widths and poeitiOD8 are given
in Table I for the liquid-phaae spectrum and Table n for the

Tobie I. The 16 Largest Peaks as Determined by the
Peak Picking Routine for Liquid-Ph... Spectrum of
4-Methyl-2-penlanol

peak position rei
no. CM-l intens width

1 828 2 2
2 926 3 2
3 1017 3 2
4 1057 3 2
5 1116 3 2
6 1154 3 2
7 1275 2 2
8 1312 2 2
9 1344 2 2

10 1369 4 2
11 1412 2 3
12 1469 3 2
13 2872 5 2
14 2918 6 2
15 2960 10 2
16 3345 5 3

Table II. The 11 Largest Peaks as Determined by the
Peak Picking Routine for Vapor-Phase Spectrum of
4-Methyl-2-pentanol

peak position rei
no. CM-l intens width

1 924 1 2
2 1025 1 2
3 1053 1 2
4 1089 2 2
5 1148 2 2
6 1244 1 2
7 1380 2 2
8 1468 1 2
9 2927 5 3

10 2969 10 2
11 3655 1 2

Table 111. The Inlerprelation ReBUlla for Liquid·Ph...
4-Methyl-2-pentanol with Condensed Ph... Rules,
Sample Stale of "Neat"

group name probability

1 alcohol 0.75
2 methyl 0.65
3 methylene 0.49
4 amine--tertiary 0.40
5 amine 0.40
6 amine-secondary 0.35

Table IV. The Interpretation Resulla for Vapor-Ph...
4-Methyl-2-pentanol with Condensed·Phase Rules,
Sample Stale of "Other"

group name probability

1 amine 0.40
2 amine-tertiary 0.40
3 acid 0.35
4 methyl 0.30

vapor-phase spectrum. The intensities are normalized from
1 to 10 with 10 being the strongest peak and the widths are
given values of 1, 2, or 3 corresponding to sharp (fwhh < 12
em-I), average, or broad (fwhh > 75 em-'), respectively. The
data in Table I were interpreted by use of condeosed-phaae
interpretation rule. and the resulta are preeented in Table
Ill. It can be seen that the interpreter correctly predicts the
presence of the alcohol and methyl functionalities with high
expectation values Cor the liquid spectrum. If the data from
the vapor-phaae spectrum, Table II, are interpreted by using
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Table V. The Inle'1>retatlon Re.ullo for Vapor-Ph_
4-Methy1-2-penlanol with Modified Ruleo,
Sample Slale of "Vapor"

Table VII. The Interpretation Reaullalor Vapor-Phaae
6-Amino-2·methy1-2·heplanol with Conde....d Ph...
Rule.. Sample Slale of "Other"

Table VIII. The Interpretstion Resullo for Vapor-Phaae
6-Amino-2·methyl·2-heplanol with Modified Rules,
Sample State of "Vapor'"

1
2
3
4
5
6
7

group name

alcohol
alcohol-secondary
amine
amine-loa-branch
alcohol-primary
amine-2-ali
methyl

probability

0.85
0.55
0.40
0.40
0.35
0.35
0.30

1
2
3

group name

methyl
amine-tertiary
amine

probahility

0.45
0.40
0.40

Table VI. The 13 Large.t Peaks .. Determined by the
Peak Picking Routine for the Vapo~PbaaeSpectrum of
6·Amino-2-methyl·2·heplanol

width

2
2
3
2
2
3
2
2
2
2
2
2
2

probability

0.90
0.90
0.90
0.60
0.50
0.50
0.45
0.40
0.40

1
2
2
5
5
1
2
1

10
3
6
5
4

rei
iDteD&

position
CM-1

511
558
607

1098
1138
1282
1383
1462
1779
2877
2939
2967
3577

group name

alcohol
amine
amine-Ioo-branch
alcohol-tertiary
amine-I-n-ali
alcohol-secondary
methyl
amine-2-ali
alcohol-primary

1
2
3
4
5
6
7
8
9

10
11
12
13

1
2
3
4
5
6
7
8
9

Table IX. The 13 Largest Peaks as Determined by the
Peak Picking Routine for the Vapor-Phase Spectrum of
Heptanoic Acid

width

2
2
2
3
3
3
3
2
2
2
2
2
2

3
2
2
1
3
2
1
4
2
1
7

10
1

rei
intens

position
eM·1

787
912
933

1027
1160
1215
1338
1378
1466
1621
2941
2972
3643

1
2
3
4
5
6
7
8
9

10
11
12
13

peak
no.

Figwe 3. Vapor-ilhase spectrum of 6-amlno-2-methy1-2-heptanol.

condensed-phase rules, the resultant interpretation is un·
satisfactory and ia presented in Table IV. The expectation
values of 0.40 for "amine" and 0.35 for "acid" indicate that
although these two functionalities are the most likely to be
present in the molecule, the evidence is not overly strong. If
the data in Table II are interpreted as being vapor-phase data
using the modified rules containing vapor correlations, the
resulting interpretation is presented in Table V. "Alcohol"
is correctly predicted with a good degree of certainty and the
further distinction of "secondary alcohol" is likewise correct.
There is some likelihood of an amine being present, but the
likelihood of an alcohol is much greater.

The vapor spectrum of 6-amino-2-methyl-2·heplanol ia
shown in Figure 3 with peak data presented in Table VI.
Notice the lack of intensity in the NH symmetric stretching
region (approximately 3300 cm'l) (4). IR spectra of amines
in the vapor state often show little eviaence of NH stretching
vibrations. If the data in Table VI are input into the inter­
preter and traated as condensed-phase data, the interpretation
results ahown in Table VII are returned. It is apparant that

Figure.. Vapor-i>hase spectrum of haptanolc acid.

intarpretation as condensed-phase data yields low expectation
values for "amines" and no expectation that an alcohol is
present at all. Interpretation of the data in Table VI using
the modified rules with the atipulation that the spectrum was
laken as a vapor yields the results presented in Table VIII.
Alcohol and anline functionalities are both returned with large
expectation values. In addition further distinctions are made
as to the type of alcohol, tertiary, and the type of amine;
primary branched (l·a-branch). In this case both aubclaaaes
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Table X. The Interpretation R..u111 for Vapor-Ph...
Heptanolc Add with Modified Rulea,
Sample State of "Vapor"

1
2
3
4
5
6
7
8
9

10
11

group name

acid
acid-saturated
acid'"O-branched
ester·(of-CO lH>
lactone-/) "sal
k.... tone
kctone-6-ring
methyl
amine
amine·2-ali
ketone-s8t

probability

0.90
0.90
0.62
0.50
0.50
0.47
0.47
0.45
0.30
0.30
0.30

Table XI. The 14 Lazi..t Pea'" u Detennined by the
Peak Picking Routine for the Vapor-Phase Spectrum of
+Phenyl·2·butanone

Pne~.k p~!~n in~:~ width

1 499 1 2
2 697 4 2
3 743 3 2
4 1158 4 2
5 1208 1 2
6 1363 4 2
7 1448 2 2
8 1497 2 2
9 1604 1 2

10 1734 10 2
11 2933 2 2
12 2963 2 2
13 3036 3 2
14 3072 3 2

RECEIVED for review April 11, 1983. Accepted September 21,
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Table XII. The Interpretation Results for Vapor·Phase
4-Phenyl-2-butanone with Modified Rules,
Sample State of "Vaporu

have been placed below "lactam" in certainty of presence.
These examples demonstrate the need for vapor·phase in­

terpretation rules and are indicative of the success which we
have had in developing 8uch rules for functionalities where
frequency correlations exist. The underlying philosophy of
,nslP and PAIRS has been maintained with the new set of rules.
namely, to aid the chemist in determining which function­
alities may be present in an unknown compound. It is better
to suggest more possible fWlctionalities, i.e., have possible false
positive results, than to be unrealistically restrictive giving
false negative interpretations. The chemist using MISIP or
PAIRS should consider the interpretation results with this
philosophy firmly in mind.

PAIRS is available for distribution from the Quantum
Chemistry Program Exchange, Bloomington, IN (Program
number QCPE 426). MISIP is available as part of the user
generated software from the Nicolet Instrument Corp.
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figura 8. Vapor-pha.. spectrum 01 4-pheny~2-l>utanona.

are correct; however, the program tends to place more cer­
tainty in indicating da.. (e.g., alcohol) than subela.. (e.g.,
tertiary) correctly.

Acida are another functionality which have markedly dif·
ferent spectra when taken in the vapor and condensed states.
Figure 4 shows the vapor spectrum of heptanoic acid. Table
IX contains the peak data as entered int<> the interpretation
program. Two characteristic differences between a vapor·
phase and condensed-phase acid spectrum are higher carbonyl
atretcl1ing frequency (1779 cm") and sharper hydroxylstreleh
absorptions (width = 2). The interpretation results obtained
by using a sample state of vapor are presented in Table X.
The interpreter correctly 8uggeat8 "'acid", particularly
"saturated acid", 88 being present. Also reported with some
expectation are "scid-a-branched" and "ester" 89 well as other
carbonyl containing functionalities, hut all with lower ex·
pectation values. Had the data in Table IX been entered with
a sample state other than vapor, the ketone functionality,
especially a four-membered ring ketone, would have heen
predicted to be most likely present.

As a final example, the vapor spectrum of 4-phenyl-2-bu·
tanone is shown in Figure 5 with peak data presented in Table
XI and interpretation results shown in Table XII. The
interpreter correctly predicts the ketone and aromatic fune­
tionalities to be present with high expectation values when
the sample state is entered as vspor. The only other carbonyl
functionality returned is "amide" with a much lower expec­
tation value. Had the data been entered 88 being a con­
densed-phase spectrum, "aromatic" would still have been
predicted with the same expectation value, but "ketone" would
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lodometric Method for Determination of Trace Chlorate Ion
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A r.-1ocIomeIrlc..- Is NfIOI1ed to ete
Ion concentration at the 8lII>-mIIgram-per-lll• ..".. wtth high
preclslon and accuracy. Hexane and nitrogen are _ al
_1dIng agents to Isolate the aampIe soIutJon Irom the air
p/IaH to pre.ent air oxlclatlon 01 -. Ion. Chlorate Ion Is
reduced by IodIcIe Ion In 8 M Iryclrochlorlc acid. By the ad­
dHJon 01 .."rated ......... phoep/Iate, the Irydrogen Ion c0n­

centration Is Iow_ to approldmatelJ 3 M, and the _Med
-. Is titrated wtth standard eoclIum t_~ate soIutJon.
The and polnt Is detected by U8Ing Thy_ • the IncIcator
or by the c:oIor of IocIne In the he,,*- lay•• Apol_
end point Is recommended for the dela_tlon 01 chlorate
Ion at concantraUona ... !han 1.0 X 10-4 N (3.5 mgIL). By
this modified Iodornelrtc method, the chlorate Ion M the lUI>­
mlllJgram-per-llter Ie.el can be determined wtth a preclslon
01 better than ±1 %.

Methods for chemical analysis of solutions containing
chlorine-containing oxidizing agents .ppear w be well-defmed
in the chemicalliter.ture (1-11). L.te in 1979, the Federal
Register (12) publilhed reltrictions whicb Ihould be pl.ced
on residual oxidants such 88 chlorine dioxide, chlorite ion and
chlor.te ion which result from the chlorine dioxide treatment
of w.ter w be used as drinking water. In the 1979 upd.te of
'Drinking W.ter and Health', the N.tional Ac.demy of
Science estim.ted .cceptable exposure values of 0.38 mg/L
for chlorine dioxide and 0.21 mg/L for chlorite ion. The
Federal Register also reports • ...EPA feels that whenever
chlorine dioxide is used residual oxidants should be moniwred
and kept below 0.5 mg/L. EPA will consider establishing an
MCL for chlorine dioxide, chlorite and chlor.te or the ag­
greg.te as wtal oxid.nts for inclusion in the Revised Regu­
I.tions .fter further studies have been fully ev.lu.ted...•.

At this point in time none of the analytical techniques in
the liter.ture is capable of routinely determining chlor.te ion
concentrations .t the sub-milligram-per-liter level. It should
be noted th.t both normality and mg/L are widely used in
both the liter.ture and in the field. In this context, mg/L
is defmed as [equivalents/liter (as titrated) X 35.453 g/equiv
X 1000 mg/Ll. The purpose of this p.per is w present.
revised method capable of accurately measuring chlorate ion
concentr.tions below 100 mg/L and as low as 0.3 mg/L.

The iodometric method has been used widely w measure
the concentration of various cations and anions (3, 4). Dxy·
chlorine species IUch as hypochlorite ion and/or hypochlorous
.cid and chlorite ion can be measured by the iodometric
method .ccurately and precisely (4). However, the re.ction
of chlor.te ion with iodide ion is Ilow under mildly .cidic
conditions

CIO,- + 61- + 6H+ - 31, + Cl- + 3H,O (1)

According w Bray (13), the r.te of the reaction 1 is propor­
tional w the chlor.te ion concentration and the square of the
hydrogen ion concentr.tion and is • linear function of the
concentrations of chloride and iodide ions. A recent .tudy
by Hadjiloannou and co-workenl (14) suggests that the reaction

obeys the following r.te law:

-d[ClO,-l/dt = k[ClOilWll.6[WI' (2)

where k is 35 ± 1.0 M-3.6 I-I .t 30 ·C and ionic strength 1.0
M.

Thus, normally the quantitative iodometric determination
of chlor.te ion is poesible in the presence of a large excess of
hydrochloric .cid. Unfortun.tely, under these conditions
iodide ion is readily oxidized by air

41- + 4H+ + 0, - 21, + 2H,O (3)

Kalthoff (4) has suggested that removal of air from the
sample solution by using sodium carbonate is effective w
prevent the air oxid.tion of iodide ion. Ditz (15) and Rupp
(16) h.ve suggested using bromide ion in the presence of 7.5
M hydrochloric .cid w reduce chlor.te ion. The bromine
produced thereby is determined iodometricaJJy. However,
these modified iodometric methods are primarily .pplicable
w the determin.tion of chlorate ion in the relatively high
concentr.tion r.nge (.bove 0.02 N). For the determination
of chlorate ion in concentrations such 88 in the millimolar and
sub-millimolar range, additional modifications of the iodom·
etric method are necessary in order to avoid the air oxidation
of iodide ion (5, 9, 17).

A recent study (17) has suggested that hexane is an effective
shielding agent wprevent the .ir oxid.tion of iodide ion and
that the interference from air oxidation can be minimized
when chlorate ion is reduced by iodide ion in 6 M hydrochloric
acid followed by neutralixation w .pproxim.tely 3 M with
either 50% (w/w) sodium hydroxide or solid sodium phos­
phate (Na,HPO.).

EXPERIMENTAL SECTION
Reagent grade chemicals and deionized distilled water were

used throughout. Potaaaium chlorate (Matheson Coleman and
Bell) was recrystallized from triply distilled w.ter. Sodium
thiosulf.te solution used as the titrant was prepared in freshly
boiled and cooled distilled w.ter and was standardized with
primary standard potassium iodste solution. S.turated sodium
phosphate (N.,HPO.·12H,O, M.theson Coleman and Bell) s0­

lution waa used to neutralize the acidic sample IOlutiona. Po­
tassium iodide (Matheson Coleman and Bell) and Spectroanalyzed
grade hexane (Fisber Scientific Co.) were used without further
purification. Tbyodene (Fisher Scientific Co.) was used 88 the
indicator for the iodometric end point. The nitrogen g88 used
for deaeration waa paued through a scrubber containing 0.1 M
chromium(lI) in 1 M sulfuric acid to remove traces of oxygen.

The iodometric end point was detected either with Thyodene
as the indicator or potentiometrically. The sodium thiosulfate
solution W88 titrsted by using • Metrohm Herisau E535 IUtoburet.
For the potentiometric end point,. homemade combination redox
electrode 88 shown in Figure 1 and • Metrohm Herisau Model
E536 potentiometer were UJed. Sodium thiosulfate solution was
titr.ted .t the lpeed of 0.05 mL/min.

RESULTS AND DISCUSSION
In the Tang modified iodometric method (17), solid sodium

phosphate and 50% (w/w) sodium hydroxide were used as
neutralizing agents. However,. marked disadvantage of this
method is that sodium phosph.te does not dissolve rapidly
inw the sample solution and the addition of 50% sodium

0003-2700/84/035&-0071101.50/0 C 1883 _ ~ 8ocl8ly
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1 H KCl

Solution

FJ'l~:m1lR_-_P1re.Sh.. tubIn&

0.0.6_.

Pyrex gh.. tubln&

0.0. 2 CII.

Table L Determlnaion of Chlorate Ion by the Modified
lodomehic Method with Hexane .. a Shielding Allent

sam- equiv/L equiv/L
pie CIO; added CIO; (oundO % error

1.002 x 10" (1.007, 0.5' 0.1
0.001) x 10"

2 1.031 X 10" (1.033, 0.2' 0.5
0.005) X 10"

3 5.035 x 10" (5.03 , 0.1 , 0.6
0.08) X 10"

2.609 X 10" (2.60 t 0.4, 0.5
0.03) X 10"

6.194 X 10" (6.21, 0.2,0.8
0.07) X 10"

6 1.011 X 10" (1.00, 1.1 , 1.0
0.02) X 10"

~/~Cl------~+1

Ilut .hrJnk,d.. la

T.Clon

",cor tip -

flow. I, CombInation redox electrode.

hydroxide g.n.r.tea a large amount of heat during th. n.u­
tralization proc.... In Ll,is pap.r, a aaturated sodium phos­
phate solution was us.d instead of th. above mixture and
h.xane was used as a shi.lding agent.

The measurement of chlorate ion at various concentration
I.v." with Thyod.ne as th. indicator was carri.d out as
follows: Th. sampl. was pr.pared by using a Silv.rman
syring. (18) to deliver lb. known volumes of lbe slandard
ref.r.nce polasBium chlorate solution into a 6O-mL gla8s­
stoppered flask. To lhia 88JDpl. eoIution, 0.25 mL of polaaBium
iodide whose concentration varied from 0.3 M to 0.06 Md.­
pending on lb. chlorate ion concentration (0.1 N to 1.0 X 10-'
N) was added. This solution was bubbled wilb nitrog.n gas
for 10 min. After dea.ration, approximately 1 mL of henne
was added to lb. aampl. solution. Dea.rated concentrated
hydrochloric acid was added to lb. eampl. solution to adjust
it to 6 M in acid and immediately lb. flask was stoppered.
Afler lb. reaction was complete (nonnally 20 min), deaerated
88turated sodium phoaphate solution was added to lb. eampl.
solution to reduce lb. acidity to -3 M. Finally, lb. liberated
iodine was titrated wilb slandard sodium thioeulfate solution
and an appropriate amount of Thyod.n. solution was added
when lb. y.llow color of iodin. in aqueous phase became pale.
For concentrated solutions, lb. Thyod.n. color change was
used to determin.lb. end poinL 10 the more dilute solutions,
lbe titration end point was d.termined by comparing lbe color
of lb. hexane \ayer of lb. eample eoIution wilb that of a blank
solution consisting of only water and hexan.. The reddish
violet color of iodin. in lb. h.xan. layer makea it easier to
d.tect a titration .nd point becaus. lbe limit of visibility of
lbe color of hexane layer exceeds that of lb. Thyodene-iodine
color. In each .xperiment, blank corrections were made for
solutions of lb. aame compoeition as lbat of lb. aampl. s0­

lution except for using deionized distiUed water in place of
lbe polasBium chlorate solution.

Th. results are shown in Tabl. I and indicate lbat lbe
detennination of chlorate ion in concentrations greater than
1.0 X 10" N is poasible by using lbis modified iodometric
melbod-wilb appropriate blank corrections. In lbese ex­
periments, time-d.pendent titrations show that chlorate ion
is quantitatively reduced by iodide ion wilbin 20 min. The
reproducible blank volume Correction is necessary since it

a The uncertainties represent the standard deviation of
the mean for eight. replicate samples except for samples 3
and 5 which consisted of nine replicates.

Table Il Detennination of Chlorate Ion at the
&lb-Milligram.per-Uler Levela

shielding equiv/L C10)- X 10'

method agent added found % Clrror

optical benzene 1.011 1.018 , 0.094 0.7 , 1.0
end point

potentiometric hexane 1.011 1.019 t 0.036 0.8,0.6
titration

potentiometric N 1 gas 1.011 1.023, 0.051 1.2 , 1.0
titration

a The uncertainties represent the standard deviation of
the mean for eight replicate titrations.

correaponds to 0.0-5.0% of the aample titration volume.
Variations in reaction conditions such as reaction volume,
elapsed time prior to titration, and the like may result in
diff.ring blank volumes. Thus lb. reaction blank must .xactly
reproduce the actual reaction conditions. Under lbese reaction
conditions, the air oxidation of iodide ion is effectively min~

imized by using hexane as a shielding agent and by neu·
tralization of the sample solution by the addition of a
deaerated aaturated solution of sodium phosphate.

On lb. basis of lbese results, lbe determination of chlorate
ion at th. level of 1.0 X 10-' N (0.35 mg/L) was studied by
using the same procedure. However, the color of iodine in
lb. hexane layer is a very pale pink at lhia concentration level,
and hence lb••nd point could not he detected correcUy and
reproducibly. Benzene was tried as a replacement for h.xane
because the color of iodine in a benzene layer is more intense
than in hexane. The difference-in color intensity is primarily
due to lbe fact that benzene can exlract iodine more efficiently
than hexane and the resulting charge-transfer complex has
a higher molar absorptivity, As is shown in Table II, chlorate
ion at th. level of 1.0 X 10-6 N can be determined by this
m.thod wilb benzene as a shielding agenL However, lbe visual
end point using benzene results in poor reproducibility in that
d.termination of .nd point is difficult. Furthermor., this
modification tends to depend on the investigator, resulting
in poasibl. operator bias, and benzene is a potentially haz·
ardous solvent.

10 order to improve lb. difficulties inherent in the visual
.nd point m.thods deecribed above for more concentrated
solutions containing chlorate ion (>1.0 X 10" N CI03"), lb.
potentiom.tric titration m.lbod was modified and is also
reported Ii.re. The effect of bexane 88 a shi.lding agent on
lbe potentiom.tric end point detection was evaluated by
standardizing lbe sodium thioeulfate solution wilb known
volumes of polaaBium iodate solution which had been prepared



Table III. Standardization of Sodium ThiOlulfate
Solution with and without Hexane, V,ing Potentiometric
End Point Detection
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a Sample consists of 5.0066 mL of 4.239 x 10- 4 N
KIO H 0.5 mL of 0.03 M KI, 1 mL of hexane, and 2 mL of
1 M HCI. • Sample consist. of 5.0066 mL of 4.239 x
10" N KID" 0.5 mL of 0.03 M KI. and 2 mL of 1 M HCI
(no hexane added). c: The uncertainties represent the
standard deviation of the mean.

mean e

sample 1a
[S,0,'·1/10·· N

5.213
5.335
5.267
5.292
5.232
5.268 , 0.048

sample 2 b
[S,0,'·I/I0·· N

5.272
5.302
5.319
5.320
5.309
5.304 , 0.020

.-
;;
~ ]

by weight. Samples were prepared by delivering an euct
volume (18) of potassium iodate solution (4.239 x 10" N) into
a 6O-mL glass·stoppered flask with a Silverman syringe. An
appropriate amount of 0.03 M potassium iodide solution was
added and the sample was acidified with 1 M bydrochloric
acid to a pH le88 than 2. Approximately 1 mL of hexane was
added and the combination redox electrode (Figure 1) was
immersed under the hexane layer. The liberated iodine was
titrated with sodium thiosulfate solution at a delivery speed
of 0.05 mLImin. The end point was determined directly from
the maximum of the first derivative titration curve 88 shown
in Figure 2. The results in Table III for the standardization
with and without hexane shielding of the sample are indis­
tinguishable within experimental error. This result indicates
thst the hexane shielding has no measurable effect on the
potentiometric end point.

Chlorate ion concentrations at the level of 1.0 X 10-' N were
analyzed by the potentiometric method according to the same
procedure as described earlier. Exactly 10.013, mL of po­
tassium chlorate stock solution and 0.5 mL of 0.015 M po­
tassium iodide solution were used. Twelve milliliters of
deaerated hydrochloric acid and 23 mL of the deaerated
saturated sodium phosphate solution were added for acidi·
fication and neutralization of B8JDple, respectively. Under
these conditions of lower chlorate ion concentration, the reo­
action between chlorate ion and iodide ion requires 40 min
for completion. The end point was detected from the first
derivative titration curve. The end point is almost identical
with that shown for iodate ion in Figure 2. Furthermore. the
same method was investigated by using nitrogen g88 rather
than a layer of hexane as a shielding agent. In this method.
the air space of sample flask was filled with nitrogen gas
immedistely after the deserated saturated sodium phosphate
solution was added to the sample solution. In both methods.
blank corrections were made for solutions of the 88IIle com­
position as the sarople solution except for using the deionized
distilled water instead of potassium chlorate solution. At these
low concentration levels, the blank volumes were nominally
20% and 30% of the sample titration volumes in the hexane
shielding and nitrogen gas shielding experiments. respectively.
This result shows that the shielding effect of nitrogen gas is
perhaps somewhat 1... effective than that of hexane. How­
ever. and most importantly. 88 is noted in Table II. with
appropriate blank corrections and careful shielding it is

'.0

Figur. 2. Derivative end-polnl curvo.

possible to accurately measure chlorate ion at the sub-milli·
gram-per-liter level by the potentiometric method.

In conclusion, the potentiometric titration method using
hexane 88 a shielding agent is recommended for the deter­
mination of chlorate ion at low concentration levels (especiaIIy
below 1 mg/L) because the blank is relatively small and no
subjectivity by the investigator is involved.
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Point-by-Point Matrix Effect Calibration for the Quantitative
Analysis of Superlattices by Secondary Ion Mass Spectrometry

A. A. Galul'" and G. H. Morrllono
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Polnl-lly-polnl matrbl affect calibration II appIled 10 a vaMIy
01 AI. GIl,_. AI mullbyar_lrfx umples grown by mo­
........r beam apIlaxy. The procadura UNIIlIa INar ........
...... 01 MCOndary Ion yleldIllIld opullarlng yleldI on II\lIlrfx
~ 01 qu.ay cIIplh proIIIaIlhrough IIIlIlrlx gr_
llIld Inlarf_ The propoHd method proYkles Icc..ala r.
.... In ilia anaIylll 01 umpIes 100 complax for convantlonal
quanUlatlv. ana"... by MCOIlCIary Ion mala opactromalry

Secondary ion mass spectrometry (SIMS) is often used to
monitor elemental depth distribution in solids and solid in­
terfaces. The technique is highly sensitive for moot elementa
and has good depth resolution. However, the complexity of
the sputtering event has made quantitative analysis difficult.
Ion implant atandards (1-3) have been succe..fully used to
calibrate the depth profil.. of trace elementa in homogeneous
matrices. However, due to the variation of Becondary ion
yields and sputtering yields with matrix compooition, matrix
eCCecta, the quantification of SIMS profiles in multimatrix
samples remains 8 problem.

For Al.lGal_JAs and related matrices, it has recently been
shown that practical ion yields T (ions detected/atoms
sputtered) and sputtering yields 8 (secondary atoms/primary
ionl vary linearly with sample compooition (4). In addition,
highly precifle calibration lin.. were obtained by use of relative
ion yields RT and relative sputtering yields RS. These relative
valu.. were obtained by normalizing ion yields and sputtering
yields from a sample matrix (T. and S.) to thoae from a
standard matrix (TO and 8 0l when both meaaurementa were
performed under near identical analysia conditiona.

Rr = r./ro (1)

RS = 8./80 (2)

In this investigation, the application of th..e calibration
lin.. to the analysis of AI.Gaa_.As multilayer-multimatrix
sampl.. is examined. These superlattices, as shown in Figure
I, are best characterized as a seri.. of homogeneous matrices.
A profile correction program (sue), which treata each point
of a depth profile aa a homogeneous matrix, will be presented.
SLte determines the matrix composition at each point of a
depth profile and aubsequenUy performs a point-by-point
correction of the trace element distributions. The capebiliti..
and limitations of thia method will be discussed.

EXPERIMENTAL SECTION

Sample Preparotlon. The AI.Gaa_.Aa matricee were grown
by molecular beam epitaxy (MBE) on semiinsulating GaAa
lubstratea. The maIM compositions we", determined from the
MBE growth parameters and verified to an accuracy of better
than IO~ (5) with Rutherford backacattaring apectroocopy (RBS).
In lOme instances dopanta were introduced during the growth
proceea while in others, including the .tandsrdB, ion implantation
was used. Prior to implantation, sampl.. were cleaned with
acetone and methanol.

In.trumenlatlon. The Al.Gaa_.Aa laysrs we", grown in a
Varian MBE-360 machine (6). RBS mauurementa we", carried

out on 8 General Jonex Tandetron Model 411OA. Analyses were
performed with a 2.7 MeV He- ion beam with solid-state dele<:tion
at 8 1700 angle (rom the incident beam path. Ion implantation
was performed with a hot filament ion source and a magnet for
mass separation.

SIMS analysis was carried out on a Cameca IMS-3F ion mi­
croanalyzer (7) interfaced to a Hewlett-Packard 9845B micro­
computer for control and data 8cquiaition. A 1.0-#lA O2+ primary
beam at an energy of 5.5 keY was rastered over a 300 X 300 #1m
area. Positive secondary ions were monitored from an image field
60 101m in diameter. Analyaes were performed with a residu&l
pre88ure of 2 X 10-8 torr and an energy window DC 130 eV. A
multiple sample holder was used to simultaneously mount several
samples. Depth measurements of the sputtered craters were
performed on a Talyatep 8tylus device.

Software. Programs (or instrumental control, data analysis,
and matrix correction were written in BASIC (or the HP 9845B.
The program sue (superlattice end interface calibration) was used
to correct depth profiles for matrix effects.

sLle is a comprehensive matrix correction program. For
AJ..Gal_..As matrices, the matrix composition and depth at each
point o( a depth profile is determined by an iterative process
involving calibration tines (or both relat.ive sputtering yield and
the relative ion yield of 76Aa+. Dopant profiles arc then corrected
for matrix changes by use of the appropriate dopant calibration
lines.

Procedure. Each sample was mounted with three standards,
created by ion implantation, using a multiple sample holder. The
standards. including in each case GeAa and two different
A1.Ga._.Aa matrices, and the sample we", inserted simultaneously
to ensure nearly identical analysis conditions. After the pressure
in the sample chamber was allowed to reach a steady-state con·
dition, the primary beam was focused to a spot of about 100 ~m
in diameter, and the proper mass settings were determined.
Standards and &ample were analyzed consecutively without
changing any instrumental parameters. By using the depth
profUea of the standards, maIM calibration lines we", constructed
and used to correct the sample depth profiles.

RESULTS AND DISCUSSION
RT and RS calibration linea can be used to quantify con­

centration and depth, respectively (4). With eq 3, the con­
centration of analyte at each point of a depth profile C.
(atoms/cm') can be determined.

C. = I./Rr.roD"A (3)

RT.. is the relative sputtering yield determined from a cali·
hration line for the appropriate value of ~I and TO is the
practical ion yield of the anaIyte in the standard matrix
(GaAs). I. (COUDta) and D. (em) are the signal and depth
increment aasociated with a given point of a depth prome.
A ia the analysia area.

Similarly, the eroaion rate at a given point of a depth prome
t. (em/a) can be determined by using eq 4.

i. = RS.zoNo/N. (4)

RS. ia the relative sputtering yield determined from a cali­
bration line for the appropriate value of %, and to (em/a) is
the ero6ion rate of the standard matrix (GaAa). No and N.
are the atomic denaiti.. of the standard and sample matrix,
reapectively.

With eq 3 and 4 a multilayer-multimatrix sample can now
be anaIyud. The moot critical ingredient of ouch an analysis

0003-2700184/D35e.oo741OUO/O C Il183 Amorlcan a.- SodoIy
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cess. It initiaUy assumes that % = O. The corresponding value
of Dp is determined from eq 6 and employed in eq 5 to obtain
a better approximation of x. Thia process ie reiterated until
the value of x converges. 10 thia manner, the matrix structure
can be determined despite matrix gradients, interfacee, and
plateaus.

Capabllltl... and Limitatlona. AB ahown in Figure 2a,
matrix effects can drasticaUy diatort SIMS analyses through
multi1ayer-multimatrix umplea. Thia depth profile of a boron
implant through a GaAB and a AJ.Ga,..As layer shows a 1arge
irregu1arity at 31 time units. Thia irregu1arity ia due to the
changing matrix effects at the interface. 10 Figure 2b, sue
W88 used to determine the AI dietribution and correct the "B+
implant diatribution. Upon correction, the implant diatri­
bution was tranaformed into the near GaUS8ian shape which
was expected.

The crucial factor influencing the quality of the matrix
corrections performed by sue ie the accuracy with which the
matrix structure can be determined. Thia accuracy can be
checked with RBS. RBS anaIyaia ie accurate to about lO~
and has an detection limit of 1~ for AI.Ga•..As matrices. In
Figure 3, a complex AI,Ga,..As umple W88 analyzed by both
SIMS and RBS. The AI concentration at specific regions of
the superlattice was determined by using sue and standard
RBS techniquee (5). AB shown in Table I, the values deter­
mined by the two techniques agree quite wen. In fact, the
two eets of data ara not atatiaticaUy different at a 95~ con­
fidence level

10 addition to matrix composition, the point-by·point
correlation between matrix structure and dopant dietribution
ie critical. smaU differences between the actual and the
measured matrix structure can significantly influence the
corrections performed on dopant diatributions. AB apparent
in Figure 4, the "AB+ signal tree'" the AI distribution quite
weD. sue uses thia correlation to precisely determina matrix
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Dp = (MR&" + lltoNo/N.Tp
= (MR>% + l)toT p (6)

MRS is the slope of the RS calibration 1ine, and M... ia the slope
of the corresponding raletive eroeion rate calibration line (M...
= M...,N,/NOJ. Once again the values of Dp and x are the only
unknown quantitiea.

For each point of a depth prome, the procram sue deter­
mines the matrix atructure by performing the fonowing pro-

figure 1. "hypothollcaI "'.Go,...... ~ttIce. The _ T
01 the leyen can YOrf from _ angstroms to _ rricrornoI«a
_ x can be varied from 0 to 1.

lee.B7
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FIgur8 2. SIMS depth prolle or a 2500«eV "B+ mpIont Into a
GaAs/AL.Go.,..../GoAs 1I8/T1lIo: (al l81COmIClad proIIIea oI"B+ (-1
and , .....'";~); (b) concentration pro_ or B (-) ~2.0 x 10'
atom/em' lui scale] and '" (-) [1.0 X 10" atom/em fuI scale].

is the determination of the matrix structure. The program
sue exploits the fact that the concentration of AB in
Al~Gal_.Aamatrices is a constant and that the relative ion
yield of'6AB+ in AJ.Ga,..As matricee can be readily calibrated.
lfthe value ofRT, in eq 3 is exp........l in terms of the equation
(or the 16AB+ calibration line (RTJ:A. = xMarJ. + 1; where MRrAA

ie the slope of the line), the equation can be manipulated to
the fonowng form:

x = 1(I/"/C""A'o"Dp) -II/MR," (5)

Except for Dp, the values for aU the variables on the right side
of eq 5 can be readily determined. Since Dp ie directly raleted
to t p (Dp = tpT,,; where Tpis the number of aeconda per point),
it can he expreased in terms of eq 4. If RS. ie replaced with
the corresponding equation for the RS calibration line, eq 6
ie obtained.
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grown by MBE with Be and Si dopantll. In the uncorrected
prome, Figure 6a, both the Be and Si diatributiona foIIow the

-1.0
+0.3
+0.3
+0.4
+0.5

0.0
-0.3
-0.8

deviation

1
2
3
4
5
6
7
8

point

Table I. Point·by·Polnt Compariaon of AI Concentrations
Determined b)' SIMS and ROS Analyses

AI conen (X IOu atom/em l
)

RBS SIMS

12.0 13.0
4.2 3.9
5.1 4.8
5.1 4.7
5.2 4.7

11.0 11.0
1.0 1.3
4.9 5.7

Av Deviation c -0.075

structures. However, errors can still result from the correlation
between matrix structure and dopant distribution. For ex­
ample. there ls a dead time between the measurement of the
malri••ignal and the dopant .ignal for each point of a depth
profile. When this dead time is large compared to the abo
ruptoB88 of the malri. chang... the matrix and dopant signals
will he obtained from different matrix regiona. Consequently.
the dopant signal will he calibrated for the wrong matrix
composition. Fortunately, this type of error can usually be
avoided by minimizing tho dead time and reducing the
sputtering rate.

Another obstacle to quantitative multilayer-multimatri.
analysis concerns molecular interferences. Molecular iona are
frequently the lOurce of the high background signals com·
monly obaerved during elemental analysis. Molecular signala.
like elemental ion yields, can change with malrix composition.
When analyzing a multimatriz: sample, failure to correct for
the changing abundance of interfering molecular iona can lead
to erroneous elemental distributions. For example, in Figure
5a, the "'Si+ prome (dotted line) lracb the AJ'+ prome (aolid
line) through the alternating GaAa and AJ.Gal.•Aa layers even
though this region has not been doped with Si. Fortunately,
theae changing background levels can often he linearly cor·
related to the malrix composition. For example, provided the
background signals are normalized to erosion rate, 8 precise
background signal calibration line can be obtained for Si in
AJ,Ga,.•Aa. The background signals can then be sublracted
point·by-point prior to quantification. In Figure 5b, both a
background corrected (dotted line) and an uncorrected
(daahed line) Si concenlration depth profile are preaented.
In the corrected version, nearly aU the distortiona produced
by the changing background levela are removed. The doped
region at the .urfaee remains followed by a region with the
Si concentration below the detection limit (5 X 1017 atom/em')
of Si in GaAa.

The full utility of sue can he appreciated when very com·
pIe. aamples are analyzed. In Figure 6, sue has been used
to quantitatively analyze a complex AJ.Ga,..Aa superlattiee

100'°1
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~ ••.• j
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"As+ aignal due to the changing matri% effecta. Upon cali·
bration, both the Be and Si diatributiona have changed aub­
atantially. As e%pected from the growth conditiona, the Be
concentration generally increases as the Al concentration
decreases and vice versa. In addition, excluding the surface
buildup, the Si distribution baa generally leveled out at 4 x
10" atoma/cm'. Without sue, this type of anaIyais could not
have been made.

In summary, sue is a very precise program for applying
calibration lines to the problem of matrix effects in complex
aamples. Although moat of the work to date baa been applied
to AI.Gal_.Aa matri..., thia procedure can be uaed in related
matrices, such as lnzGah.·As and GaAst_.ISbJ:' In addition,
work in thia laboratory indicatea that aimilar methods can be
applied to group III and V compound matrices in which
several elements are cbanging simultaneously.
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Estimation of Detection Limits in X-ray Fluorescence
Spectrometry

John V. Gilfrich* and L. S. Birka

Naval Research Laboratory, Washington, D.C. 20375

Th. d.llnhlon 01 minimum delectlon ImIt In InItrurnenlal
enetyoll Ia frequently _ on • aI8IIIIIceI crlIerton. Bee.-.
Ih. magnhucl. 01 the detection llmlt Ia often derived by n­
trapolellon from much~ concentration, the v-, oItha
valu. Ia IDlc.rtaln. An artlflclel aneJytlcal npertmenl ....
been conducted whlch dow. m.....ament of a low-level19IIl- contrtbuIIon from any~

background. X..ay mea....amenta al the low count ral..
••pected al conc.ntratlOlll appro.chIng tha .mapoleled
X..ay fluorescence delectlon _ 1ndIc:e1. \haltha IIaIllllc:al
crlI.rton pro_ a r.aaoneble Hllmal. 01 the minimum
quanl/ly whlch can be detected.

Many inatrumental analytical techniques uae a atalistical
criterion to define the minimum limit of detection, Ct. In
recent yeara there has been general agreement that the de­
termining factor for estimating tbe limit of detection ia the
variability of the background, or blank, contribution to the
measurable. It baa been commonly accepted that CL ia the
concentration that produces a aignal equal to lOme conatant
times the atandard deviation of the blank 88 repreaented by
the equation

CL = ksbJ/H
where k is the conatant (referred to as "k value"),'bI is the
atandard deviation of the blank, and H is the ..naitivity (dope
of the calibration curve). The magnitude of the k value baa
been choaen by varioua workera to be 2 (for 95% confidence),
3 (for 99% confidence), 2 X 21/ 2 (for 95% confidence when
the aigna! and blank require two ..parate measurementa and
the aignaI is appro%imately equal to the blank), and 80 forth.

The International Union of Pure and Applied Chemiatry
(IUPAC) recommenda that the k value ahould be 3 (1) and
further auggeats that, becauae the values for the blank, and
the atandard deviation thereof, are estimatea baaed on limited
measurementa, the 33b1 value correaponda to a confidence level
of about 90%.

In X-ray fluorescence determinations, minimum detection
Iimila, uaing tbe IUPAC criterion, are estimated to be in the
range of a few nanograms per SQuare centimeter for thin
samples of many elements using commercial instrumentation
(2,3). Laboratory measurementa under apecialized conditiona
auch as for higb energy particle e%citation or using aynchrotron
radiation sources suggest that detection of a few picograma
can be achieved (4, 5). There baa been a lingering concern
in the X·ray analytical community that the estimation of CL

by extrapolation from measurements on standards containi.ng
several orders of magnitude higher concentrations may not
take account of instrumental variationa which are negligible
at the higher concentrationa. Past attempla have been made
to accommodate this uncertainty by auggesting that as much
as 14 times the atandard deviation of the hackground be uaed
as the "determination limit" (6) (rather than the IUPAC
"detection limit" (1)). The American Chemical Society
Guidelines (7) recommend a k value of 10 ror the "limit 01
quantitation".

While in the proc... of attempting to deaign a meana of
producing an accurately characterized sample at a concen·
tration which would approach detection Iimita eatimated for
synchrotron radiation excitation, a very simple experiment
took ahape in our minda which would teat the atatiatica and
instrumental uncertainties under conditions corresponding
to nanogram quantiti.... This report deacribea that eJtperiment
and discuaaea ita atatiatical aignificance.

ThII __ not Ujocl to U.S.~~ 1883 by lho _ QlomIcoI Sodoly
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Table J. Measurements with no Background
Source (1000.)

counts/lOOO s

CL b 0.24 ng/cm'

a Because the signal is the result of two measurements
the, parameter here is (Np + NB)1". b Assuming a sensi­
tivity of 150 (counts/s)/(Iolg/cm').

Concentration

Ftgur. 1. Stra5ght Une caUbratlon curve, Illustrated with and wtthout
background.

,v(N)

obsd std dey
1\'1"

signal + bgd bgd
(N.) (Nu )

1305 165
1226 125
1259 149
1297 152
1272 148

36.5 16.7
35.7 12.2

signal
(N. - N u )

1140
1101
1110
1145
1124

21.8
37.7'

THEORY
A common type of straight· line calibration curve for in­

strumental determination is shown schematically in Figure
J. A represents the usua1situation where the sensitivity (slope
of the calibration curve) intersects the zero concentration axis
at 8 value of the measurable parameter which represents the
background (or blank). It is presumed that the background
remains constant over the range of linearity of the calibration.
B represents the more desirable situation where the back·
ground is zero (or nearly 80), virtually impossible to achieve
in practice. The slope of the calibration curve remains the
Bame 88 A.

From the literature (2) it is possible to estimate the scn­
sitivity for X-ray fluorescencc measurements of thin film
samples of the fil'llt period transition metals to be about 150
counts/s for each microgram of the element per square cen·
timeter of the subBtrate. By optimization of the measurement
oonditions. it is feasible to limit the background to a few oounts
per second (for this cxercise we shall UBC 5 counts/s). Using
the IUPAC dafinition (1) of detection limit and 100 s oounting
time, we obtain a background (Nu) of 5 X 100 = 500 counts
and a peak signal (Np) including background of (ISO X 100)
+ (5 X 100) = 15500 counts (pg/cm') leading to the detection
limit (eel of

3V500
CL = 15000 =4.5 X 10-3 pg/cm' =4.5 nglcm'

The count rate for the signal at this level of the element of
interest would be only 78 counts s (3 x 500'/2) above a
background of 500 counts/IOO s.

The question to be addressed, then, is as follows: Are
random statistical considerations and instrumental assump­
tions valid when measuring X-ray signals of the order of one
count per second above a background of 8 few counts per
second? The difficulty of producing an accurately cbarac­
terized standard at the level to emit that signal is quite sig­
nificant. Also, measurements of the low·level signal in the
absence of appreciable background are impossible. However.
X-ray emitting radioisotopes are available over an activity
range which should permit measurements to be made in the
appropriate counting range.

EXPERIMENTAL SECTION
A Philips PW1410 X-I'lly fluorescence spectrometer equipped

with a 0.550 28 blade oollimator. a (200) LiF cryatal. and a P-IO
g...now proportional counter was used. An ~Fe source UO mCi
&SofJWlC 1970) was positioned at the sample end of the oollimator
and the spectrometer set to measure the Mn Ka diffracted by
the LiF crystal. To simulate background radiation at the same
....veIength. a lower acthity "Fe sow<c (50 pCi, March 1960) "ith
aluminum foil attenuators was located at the rear window of the
detector. Counts of 100 s and 1000 Ii were taken several times

to test the reproducibility of the mea8urements and to compare
with the theoretical statistical treatment.

One of the advantages of the use of this type of radioisotope
is the elimination of any 80urce instabilities, while maintaining
any effect of ,,'ariotion in the spectrometer and detection s}'1:\tem.
Also, it is possible to predict the absolute intensity for such a
source, as a check on the observed intensity.

The efficiency of the spectrometer can be calculated quite
simply (8). It is the product of the integral reflection coefficient
(R) of the crystal in radians, the fanning angle of the collimator
(aq,) from the source to the detector window in radians, the
detector efficiency (ED), and a factor (amounting to about 1/2)
which accounts for the divergence of the coUimalor relative to
the rocking curve of the crystal, required because the measurement
is made at a fixed angle. For the instrument used

R = 3 X 10-4 radians

~¢ = 0.125 radians

En = 0.6

Therefore the spectrometer efficiency (Es) is

Es = (3 X 10-<) x 0.125 x 0.6 x 0.5 = 1.12 x 10-' sr

6liFe has u half-life of 2.7 years. Therefore a source which was
10 mCi in June 1970 has decayed, by December 1982, to

12.5 years/2.7 yeats = 4.63 half-lives

2-<.63 = 0.0404

0.0404 x 10 mCi = 0.404 mCi

There are 3.7 x 1010 nuclear disintegrations per second per Curie
in 4.... sr and, for MFe, 28.50/0 of those disintegrations produce Mn
K radiation; 85% of Mn K radiation is Mn Ka. The emission
rate of our ~Fe source, then, is

(0.404 x 10-3) x (3.7 X 1010) x 0:285 x 0.85/4~ =
2.88 X 105 ph 5-1 sr- I

Combining the spectrometer efficiency with the source emission
rate and including the air absorption for the 25 cm path length
in the spectrometer (the 6liFe was not capable of being put in 8

vacuum) gives us the predicted count rate

(1.12 x 10-') sr x (2.88 x 10') ph .-' s,-' x 0.43 =
1.4 counts/s

Initial measurements (with no background source) gave an average
oount rate of 1.3 oounts/s "ith a background of 0.15 oount/•. As
will be seen in the tsbles. the signal varied between I oount/s and
1.2 counts/s for all the measurements, in good agreement with
the pre~ictionsof 1.4 counts/s.

RESULTS AND DISCUSSION
Initial measurements consisted of four 1000-8 counts each

with the primary source in place and without the primary
source. both without the background source to illustrate the



Table II. Meaaurementa Including Background
Sourc. (1000 s)

Table III, Measurements Including Background
Sourcc (100 s)

low count rate with virtually zero background. Table I lists
the data and the statistica. For this case where the background
is very low, the square root of the number of counts is a
reasonable estimate of the measured standard deviation
considering the limited population. Also listed in the final
column is an estimate of CL assuming that the sensitivity of
the measurement w.. the ISO (counts/s)/(~g/cm2) ..sumed
in our initial calculation.

av (N)

obsd sld dey
Nlf~

cL b 0.91 ng/cm 2

a,b Sec Table I.

aY (&)
obsd std dey
Nlf2
CL b 2.9 ni{/cm 2

a,b See TablcI.

counts/lOOO s

signal + bgd bgd signal

3265 1980 1285
3322 2133 1189
3286 1977 1309
3235 2087 1148
3258 2077 1181
3301 2080 1221
3278 2056 1222

31.5 63.1 62.9
57.3 45.3 73.0"

counts/! 00 s

signal + bgd bgd signal

322 208 114
337 188 149
290 249 41
297 229 68
295 193 102
322 209 113
323 218 105
297 224 73
292 200 92
315 226 89
309 214 95

16.6 18.5 29.7
17.6 14.6 22.9"
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When the background source is contributing to the total
count, the situation remains the same. Table II shows six
I()()().s counts and Table III ten loo.s counts. In both of theee
cases, even for the net signal of about 100 counts, the con­
ventional method of estimating the atandard deviation (aquare
root of the number of counts for a single measurement or the
square root of the sum of the number of counts on the peak
and on the background for two measurements) seems to be
a reasonable estimate of the standard deviation, ranging for
this limited set of measurements from 0.72 to 1.8 times the
measured values.

The value of CL (100 s) listed in Table III is in re..onable
agreement with that calculated considering that the meaaured
background is significantly lower than that assumed in the
initial calculation. This result is not unexpected but serves
to indicate some degree of self-consistency.

CONCLUSIONS
From these few measurements, it seems that an X-ray an­

alyst can have reasonable confidence, in the detection limit,
CL. which is extrapolated from standards of much higher
concentrations. The experimental data include the contri­
butions to uncertainties caused by the spectrometer and
electronics but excludes any instabilities due to the X-ray
generator, This latter consideration should not be a problem
since modern X-ray generators are demonstrated to be very
stable over both the ahort and long term. The significance
of this fact becomes more important as technology advances
to enable detection of smaller and smaller quantities and gives
added confidence to our recent estimation of detection limits
of a few picograms using synchrotron radiation excitation (5).
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Infrared Photoacoustic Spectroscopy of Liquids with an
F-Center Laser

P....yu.n Chen .nd J.me. S. Shirk·

Department of Chemi.try. IIIinoi. InBtitute of Technology, Chicago. IIIinoiB 60616

Table I. Calculated Frequency Values for Different
Resonance Modes and Their Experimental
Frequency Values

An Inf,.,ed pholaocoustlc IlquId cell w"" axen.llon by a
IunebIe F-cenl....... II cleIcrlbed. _ ..... 128 kHz
excll" law order. __ O(80),'..... '.-..nee..- 01
lie The reNllng pIlolo--ac oIgnaIlllndepet_
01 path length ov... a 'ange 0.3-4.4 em. An al>lo,-
bance 01 1 X 10" provlclH a SIN =1 w"" ....., powe, 01
3.8 mW. The oIgnaIec.... with .._ powe, but the no'" II
domlnated by c1etector thennal (Johneon) no.... ao great...
MllIltIvlty c.n be achieved w"" more powerful ,...... The
eIIect 01 NmpIe ,_anae. on pholoacouetlc expertment.
w"" pulled 1_ excllatlon II dllcuaed.

mode (p,m,")

1,0,0
2,0.0
3,0,0
0,1.0
0,2,0
0,3,0
0,0,1
0,0,2
0,1,1

measd value,
Hz

1.16 X 10'
2.75 x 10'
3.5 x 10'
4.1 X 10·
7.2'<.10·
9.7 x 10'
8.43 X 10'

16.05 X 10'
12.25 X 10'

calcd value,
Hz

1.05 X 10'
2.11 X 10'
3.17x10'
4.29 X 10'
7.12 X 10'
9.79 X 10'
8.93 X 10'

16.35 X 10'
12.35 X 10'

Photo.couatic spect,oacopy (PAS) is useful fo, trace
analysis, especially in the g.. pheae. It hea been also widely
uoed in the IR region; the,e ere commercially available pho­
toacouatic cella for some IR spectrometers (I). These cella
ere very oensitive fo, g8lOOUl oampl.. but are not perticulerly
oensitive when uoed for the IR detection of trace constituento
or weak abso,ptions in liquid ph..e•.

The relatively low sensitivity fo, ffi-PAS detection in liquids
erioea because usually the acouatic signal is detected with a
capacitance microphone in the gas above the aample. Sen·
sitivity suffe" f,om the poor acoustic coupling of the con·
densed pheae with a g... Photoacoustic detection of con·
densad pheae abecrptions with microphones in the g.. above
the liquid is gene,ally useful only fo, re..onably strong ab­
.orbanceo. Immersed piezoelectric detectors have better
coupling to the condenoed ph..e but suffe, f,om a lower
oensitivity (by about 2 orde,s of magnitude) than g..-phase
mic,ophones (2).

There hea been lOme recentsuCC058 at high oensitivity PAS
in the visible region with piezoelectric microphones that have
good aCOUltic impedance matching to the oolution. Voigtman,
Jurgensen, and Winerordner review some of the previous
studies (an of these a,e in the visible or neer-IR ,egion) (3).
Usually pulaed oou,ceo with gated detection (10 that a true
photoacoustic and not a photothermalacoustic pulae is de­
tected) a'e uoed. For example Patel and co-wo,ke" (4-6)
uaing a pulaed dye ....r and meeauring the height of the first
aCOUltic peak, were able to detect molecules with abeorbanceo
of 10-7 em-I in liquids in the viBible and neer·ffi regions. They
were able to meeaure the abeorption epectrum of water in the
visible region.

The initial motivation for our work came from the papers
of Tam and Patel. Since tunable high power pulaed I..ers,
aneJogous to dye ....". are not available in the fundamental
mand yet trace PAS mdetection lOOmed a d..irable goal,
we decided to in_ligate the poIl8ibility of trading high peak
power at a low repetition rate for the low peak powers at a
higb repetition rate which could be obtained by modulating
an F-<:enter Iaoer.

We report bere on the design, construction, and operation
of an F·centar Iaoer-driven IR·PAS spectrometer for the de­
tection of weak m absorptions in liquids, including a com·
parioon of pu1aed modulation with sine wave modulation.

EXPERIMENTAL SECTION

The IR radiation source was a computer-controlled Burleigh
Model FCL-20 F·center laser, used here without an etalon,
pumped by a Spectra Physico Model 164-11 Kr'Iase,. the details
of this laser have been described in connection with other ex­
periments (7). This laser is continuously tunable from 2.3 to 3.3
11m. The Kr+ laser pump beam was modulated either as 8 sine
wave or in a discrete pulsed mode using a photoaooustic modulator
(Interaction Corp., Model ADM-40). We also did some experi­
ments in which the modulated Kr+ laser beam excited the sample
directly.

The photoacoustic transducer and preamplifier were identical
in design and conatruction with that described by Tam and Patel.
The piezoelectric element was a lead zircona~titanate cylinder
made by Transducer Producta. The transducer is enclosed in a
housing so that only a polished stainless steel face is in contact
with the sample.

A variety of sample containers were used. Most experiments
were done in sample cells made of Tenon. In these cells the sample
chamber was 1.3 cm in diameter and was lined with a stainless
steel cylinder. One cell was 4.4 cm long. A second was 1.85 em
long; in this cell the sample length could be varied from 0.3 to
1.85 cm by adjusting a Teflon plug. The transducer assembly
was inserted radially into the cell. The cell hed salt or Pyrex
windows sealed by an indium gasket.

The output of the microphone preamplifier was fed into a
Princeton Applied Research Model HR·8 Lock-in Amplifier for
modulated CWexperiments. For detection of pulsed experiments
the preamplifier oulpul WOl amplified (X1000) and fed into a PAR
Boxcar Ave,age, Model 165 with a Model 162 plug·in module.

All liquid samples were Spectrophotometric"grade dried over
4A molecular sieves and filtered through a Millipore filter.
Samples were introduced into the cell under an N2 8tm08phere.
Even with these precautions water estimated from the IR ab­
IOrbance spectra to be in the high parto-per-billion range remained
in the samples.

RESULTS AND DISCUSSION

In a re8lOnabie sized liquid PAS aample cell with dimen­
sions on the order of a centimeter there are a large number
of clOl8ly speced acoustic resonances in the frequency range
above 10' Hz. For example. Table I gives the calculated
resonances (8) for one of our oample cello and Figure 1 shoWl
the observed acouatic ....ponse os a function of frequency for
this cell; m06t of the maxima can be assigned to low order
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Figure 4. PAS spectrum of 4 ppm CH30H In CCI.. taken at 3.5 mW
laser power. The peaks at 3616 em-I and 3712 cm- I are H20.

chronous detection. High frequency modulated CW experi.
ments were preferable to pulsed experiments for a variety of
reasons: (1) the effective repetition rate can be higher since
it is not necessary to wait for the "ringing" to die away before
exciting the sample again and (2) the small signals and sub­
stantial thermal (Johnson) noise from the high-impedance
detector results in low SIN ratios at the preamplifier output,
sometimes as low as 1/1000. Lock-in amplifiers, which can
operate at a very narrow effective band·pass. can extract a
PAS signal with a better final SIN than can the boxcar in­
tegrators necessary for pulsed experiments.

For the 1.3 em diameter Teflon cells we found that the 1,1,0
mode at 126 kHz excited ca. one-third of the distance across
the cen was convenient and gave a strong resonance signal.
The measured Qwas 60. Such modest values of Qare ad­
vantageous in that a small change in the resonance frequency
does not cause large changes in the observed signal and yet
the resonance enhancement provides a good signal.

Figure 4 gives a typical spectrum recorded in the long cell
of 4 ppm CH,OH in CCI,. The bands at 3712 cm-' and 3616
cm-1 are H20 present as an impurity in the CCI4• The peak
laser power was about 3.5 mW, The measured SIN was 48,
Since the absorbance was 8.4 X 10-3, an absorbance of 1.7 X
10-' would be detectable with a SIN = I. Similar detection
limits were obserbed on other absorptions. The PAS signal
was linear with concentration and linear with laser power over
the range of power available to us (-4 mW). In a separate
experiment, the PAS signal from excitation of a dilute CUSO,
solution in H20 in the same cell using a modulated Kr+ laser
on the 647.I-nm line, the PAS signal was linear witb laser
intensity up to 700 mW. Additional experiments using the
shorter, variable path length cell showed that the photos­
caustic signal was approximately independent of path langth
over the range available to us: 0.3 cm to 4.4 cm. This was

Figure 3. Pulse response 01 the piezoelectric detector (a) with ex­
dtation about one-1tli'd 01 the way across the cal and (b) _ axdtation
about two-thirds 01 the way across the ceU. Laser had a l-~s pulse
wkfth at 3712 cm- 1 and a pulse energy 01 3.5 X 10-' J.
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Figure 2. AcoustIc signal as a lunction 01 exdtation position lor the
1,1,0 mode near 126 kHz.

fig... 1. Acoustic response as a lunction 01 signallrequency lor 0lX
approximately 1.3 cm diameter cell. The Indexes 01 the nearest
acoustic resonances are given.

radial and azimuthal acoustic modes.
These acoustic resonances affect the acoustic response to

either pulsed or high-frequency sine wave modulated excita­
tion. The observed frequency response, i.e., the resonance
frequencies, depends upon the size and shape of the cell. In
open cells, such as a cuvette of the type used in previous
experiments (3--6), it depends on the sample volume as well,
since the air/solution interface determines the boundary of
the effective cell. It also depends upon the position of ex­
citation in the cell; for maximum response the acoustic mode
must have pressure maxima at both the microphone and the
excitation position. Figure 2 shows the magnitude of the
detected signal for the 1,1,0 mode at 126 kHz in our cell as
a function of excitation position.

In pulsed experimenta considerable care is necessary to
achieve consistent results. In PAS with pulsed excitation the
observed response for short pulses is the Fourier transform
of the frequency response of the cell and the microphone.
Thus the observed ringing pattern depends upon the same
factors which influence the resonance frequencies of the
cell-detector combination. It has been pointed out that simply
measuring the initial peak is an arbitrary measure of the
absorption strength (9). We confirmed this, for example,
Figure 3 shows the pulse response of one of our samples as
a function of excitation position.

The advantages attributed to pulsed excitation, high sen­
sitivity and discrimination against window absorption, can
be maintained by modulated CW excitation into one of the
low order radial acoustic modes of the a sample with syo-
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expected since we were exciting into 8 radial acoustic reso­
nance mode of the cell.

The long cell had the advantage that we could directly
compare the PAS spectrum with an ITIR spectrum of the
same sample. The PAS spectrum had about two to three
times beU..r SIN. An advantage of the PAS spectrum is that
there is no interference from atmospheric absorptions such
as water. The sensitivity advanloge of PAS was more dramatic
with shorwr path length samples. Over the range 0.3-4.4 em,
the photoocoustic signal was practically independent of the
sample length, 80 that for 8 3·mm sample the detection limit
(SIN = I) was an absorbance of -I x 10", a factor of about
50 betwr than a typical FTIR spectrum. The shorwst path
length feasible with our currcnt cell and microphone design
was 3 mOl. Presumably the sample could be made consid­
erably thinner.

The observed noise level at the output of our lock-in am·
plifier was very close to the expected Johnson noise of our 22
MO preamplifier input resistor over the band-pass of our
lock-in amplifier. This noise determines the detection limit.
Higher sensitivities can be achieved by increasing the laMer
power or cooling the input resistor to the preamplifier.

An advantage of operating at lhesc high frequencies is that
our detector is able to operate in noisy surroundings and even
with nowing samples with little interference. Furthermore
using rodial acoustic modes we can achieve 8ubMtantioi reo
jection of interference from window absorption.

CONCLUSIONS
IR absorption spectra of weak absorbers and trace con·

taminants in liquid8 can be observed by using a photoacoustic
deLection and a modest power f-center loser. The moderate
Q natural acoustic resonnncea of typically sized liquid cells
nrc used to enhance the signs I. Even with 0 modest power
lascr (3.6 m\V) absorbances in the range of 1 x 1O-~ corre-

sponding to 8 sample concentration for a typical absorber in
the OH region of 8 few parts per million and a sample path
of 3 mm are detectable. The current apparatus is about 50
times more sensitive than a typical FTIR.

The limiting noise is thermal (Johnson) noise in the input
resistor, which is of course independent of signal. The signal
scales linearly with the laser power, so the sensitivity should
scale as the laser power. Thus higher sensitivities will be
possible 08 more powerful IR lasers become available.

The high frequency used makes the wchnique useful in high
ambient noise applications and for nowing samples. It 0150

provides discrimination against contributions to a background
signal from window absorption.
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Phase Plane Method for Deconvolution of Luminescence Decay
Data with a Scattered-Light Component

J. C, Love and J, N. Demas-

Department of Chemistry, University of Virginia, Charlottesville, Virginia 22901

A three-paramatar varolon 01 tha phaaa-plana mathod lor
daconvolullon 01 lumlnascance da<:ay data Is pre..ntad that
conect. lor contributions 01 scallarad excllad Ught In the
_rvad dacay, Through computar aImulatlons, wa tea1ad
\he mathod wllh numaro... combination. 01 '"atlma., nol..
Iav.... and scallar coefflclant.. The modllied equation was
lound 10 be computallonaUy raplcl and yle_ excallent pre­
cIalon and accuracy In the da<:ay paramatara.

Excited state lifetime measurements are pervasive and
provide crucial information in analytical chemistry, photo­
chemistry, photophysics, and photobiology (1, 2). The most
common approaches to lifetime measurements involve exciting
the sample with a short optical pulse and monitoring the
sample decay. If the excitation source is short enough and
the dewetion aystem responds quickly enough, the observed

sample decay is the desired s'ample impulse response.
Frequently, however, the sample decays on a time scale

comparable to the excitation pulse width and the response
time of the detection syst.em. The observed decay is then a
complex function given by the convolution of the system
response and the sample impulse (2). The process of ex­
tracting decay parameters from the observed excitation and
decay profiles is called deconvolution.

The most important deconvolution problem involves sam­
ples \\ith impulse responses that are single exponential decays.
The observed sample decay, D(I), is then given by

D(/) = K exp(-I/T) f.'E(x) exp(x/rl dx + aE(1)

E(/) = 0; ISO (I)

where D(t) is the observed decay signal vs. time, t, K is the
proportionality constant, E(t) is the observed excitation
profile, and T is the sample lifetime (1-4). The'flJ'Stterm on
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the right-hand side accounts for the contrihution of the sample
decay. The "E(I) term accounts for any leakage of the
scattered excitation pulse to the detector. FBpeciaJly for bright
emitters with a large wavelength difference between excitation
and emission monitoring, a can frequently be negligibly small
In eq 1 any distortions of E(I) and D(I) are assumed to be
linear and the same for both measurements. Furthermore,
there is no time shift between E(t) and D(t).

A variety of methods are used to extract information from
data of the form of eq 1 especially where a = 0 (i.e., negligible
scatter) (I-5). Many of these methods are complex and
computationally time-consuming. For the a :;; 0 case the
phase-piane (PP) method, which was originally developed for
simple exponential evaluations (6, 7), has proved a successful
deconvolution method (2-4). It linearizes the data for viewing,
is computationally exceptionally fast, and gives good precision
and accuracy in decay parameters over 8 wide range of data
(2-4).

The PP method has recently been extended to decays with
a scotter contribution (i.e., a > 0 in eq 1),8 sum of two ex­
ponentials (8), or decays involving nonradiative intermolecular
energy transfers (Forster kinetics) (9). Independently, we had
arrived at the deconvolution of eq 1 with a scatter component.
Jezquel et al. (8) reported only limited data on the accuracy,
precision, and limitations of the PP method with 8 scatter
correction. \Ve report here a more extensive analysis of the
limitations of the PP method with a scatter correction. In
particular, we assess the accuracy and precision of the method.
for 8 range of T, a, and K as well as for differing noise levels.

THEORY
We derive the phase-piane equations following the approach

used for the normal PP equation without scatter. Taking the
derivative of both sides of eq 1 with respect to t yields

dD(t)/dt = -(l/T)D exp(-t/T) S.'E(t) exp(t/T) dt +
KE(t) + adE(t)/dt (2)

The first term on the right is simplified by replacing it with
a rearranged form of eq I, yielding

dD(t)/dt = -(l/T)[D(t) - "E(t)] + adE(t)/dt (3)

Reintegrating eq 3 over the interval of 0 to t and rearranging
yields

Y(t) = Ao + A,X,(t) + A 2X 2(t) (4a)

Ao=K+a/T (4b)

A I = liT ~~

A 2 = a (4d)

Y(I) = Wet) = D(t)/ S.'E(X) dx

X,(t) = Zit) = S.'D(x) dt/ S.'E(x) dx (4e)

X 2(t) = E(t)/ S.'E(x) dx (40

yet), XI(t), and X 2(t) are easily evaluated functions of the
observed D(t) and E(t). WIt) and ZIt) are the original def­
initions given by Demas and Adamson (3). The WIe of Y(t)'s
and X(t)'s here is a more consistent nomenclature for gen­
eralization. The formula is analogous to the one used by Reed
and Demas (10) that minimized systematic errors that occur
for noisy data fit by normal unweighted least squares (11).

Equation 4 is a linear function of two independent variables.
Standard linear least-squares methods can be used to fit the
observed data to obtain the desired parameters. In an un­
weighted least-squares sense, one strives to minimize
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r:IY(t i) - lAo + A,X Ii + A 2X 2iJl' (5)

where Xli and X 2i are Xl and X 2 evaluated at tj• The sum·
mation is over all data points used in the data fitting. Taking
the partia1 derivative with respect to A.. AI' and A2 and setting
them equal to zero yields the "normal" equations necessary
for a minimum. In a matrix form the normal equations are

(6)

The summations are over the points used in the fitting. So­
lution of this system of normal equations yields the best A(),
A it ond A2 which, in turn, givcs K, T, and a from eq 4.
Equation 6 is analogous to that used by Jezequel et al. (8).

EXPERIMENTAL SECTION
To analyze the effects of different noise levels, Efetimes, and

scatLer coefficients on the accuracy and precision of the new
equation, we have applied the PP method to the reduction of
digitally simulated decay curves. The synthetic data used had
noise levels similar to that found in both single photon counting
(SPC) and analog instrumentation.

Synthetic decay curves were generated by using cq 1 with K
= 1 and 0. range of a's. E(t) was simulated as described earlier
12-4) with A = 6.0 and B = 6.6 ns which yielded an Elt) that peaks
in -5 ns, uhibits a full width at half ma.xima (fwhm) of 14 ns,
and decays exponentially at long times with a 6.6-05 lifetime. The
calculated decays were then scaled to give peak values in E(t) and
in D(t) of 10', 10", and 10'. a's used were 0.5, 2.5, 5.0, and 10.0.
A total of 201 data points were generatcd at a 0.25·ns spacing,
and T'S of 2.5 ns and 15 ns were used. These T'B were selected
as representative. The short T is much shorter than the flash
width, and the long T is appreciably longer, but D(t) is still sig­
nificantly affected by E(t). Synthetic data were generated for
all combinations of a, T, and peak channel counts in E(t) and D(t).

Gaussian noise with a standard deviation equal to the square
root of D(t) was sdded to the suitahly scaled Ell)'s and D(t)'s
as described earlier (4). For values of D(l) ?: 25 this distribution
is essentially Poisson and mimics SPC statistics. For peak values
of 10·, the data correspond to typical SPC decays. Peaks of 103
to 1~ represent reasonable analog data, while peak values of Ifrl
would correspond to poor analog data. Typical noise levels are
shown in ref 4.

The integrals necessary for the evaluation of Y(t), X.(t), and
X2(t) were evaluated by the trapezoidal rule (2-4).

s."D(x) dx = (AI/2)Ri (7s)

Ri = (D(ti) + D(ti_,») + Ri_" i 2: I, Ro =0 (7h)

S."E(x) dx = (AI/2)Qi (7c)

Qi = lE(ti) + E(t;_,)) + Qi-" i 2: I, Qo = 3 (7d)

.o.t = ti .. , - t j (7e)

W(I), Ylt), and ZIt) are thus given as

Y(ti) = 2D(li)/(AIQ,) (Ba)

X,(l i) = 2E(li)/IAIQi) (Bb)

X,(t;) = Ri/Qi (Be)

The three linear equations of eq 6 were generated and solved
by matrix algebra to yield the K, a, and T values of the simulated
curves. All fits were carried out from t corresponding to the peak
of the noise free D(t) to the 20Ist point. This range was sclected
to give as much information 88 possible about the sample decay
while minimizing the contribution from the scatter. Further, since
there is no weighting, inclusion of data from earlier times degrades
the results. See the plots in ref 3 and 4. For data with a large
scatter component, the observed peak of D(t) will be at shorter
times than the peak for the scatter free D(t). With a little u- .
perience or by generating a few simulated decays, however, the



14 • ANALYTICAl CHEMISTRY. VOL. 58. NO.1. JANUARY 198-4

15~~~

14

3.•

2.5
~ 2.0

>- I.S

I..

Table J. Relative Errors and Standard Deviations in T

:::::~E('~"
350~9

:: 3~000

S 250013 u
j 200"9
'lI. 1513913 u

le000 Cl

5...

10 20 30 049 50
t.<n.)

figure 3. Scatter free 0(1) (X'a) end aE(I) terms 'Ot T = 2.5 ns. The
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oper.tor con easily determine where the fit ahould actually begin.
For every 8et of parameters, 20 noisy decay curvea were gen­

erated and reduced. The average T, a, and K and their respective
standard deviations were calculated. For each 8et of decay P8~

rameten. we determined a relative error, RE, and a relative
standard deviation, RSD, given by

RE % = 100(9- Vl/V (9a)

RSD % • 100./V (9b)

where V ia the decay paTameter used to aimulate the decays, V
is the average calculated parameter I and t1 is the standard de­
viation. Allaimulationa were performed on an HP-85A desktop
computer.

RESULTS AND DISCUSSION

Figure I ehows the ecatter free eample decay (T = 15 na)
and the ecaled ecatter contributiona for different a'a. Noiae
levels are for curves of the indicated amplitude. Note, how­
ever, that the data reduoed had the noise added only after
generating and acaIing the composite D(t). For a = 0.5 the
distortiona are relatively amall but the contributiona to the
observed decays for a ~ 2.5 are quite serious. Figure 2 ehows
the corresponding normal phase plane plota of Y(t) YO. XI(I)
for the same data. In the absence of acatter these plota ehould
be linear with alopse equal to (-1/,). In the original formu­
lation (3) these plota would be WIt) YO. ZIt) plota. As expected
for a'a 2: -0.5, the slopes of these normal PP plota would yield
inaccurate estimates of T.

Figurea 3 and • ehow corresponding data for T = 2.5 na.
Even for a • 0.5, significont distortiODB of the observed decays
arise from the acatter. For a = 2.5, tho peak amplitudes of
D(t) and tha acatter contributiona are comparable. Clearly
U88 of tho normal PP m.thod for estimating T'S is wortbl....
Indeed, for a • 10 tho acatter peak appears to completely
overwhelm tho eampl. decay, but, as w. will ahow, useful
information atill can be extracted from such data. Figure.
shows the Y(t) va. X,(t) plata. As expected, _of the normal
PP equation without.• scatter correction would not yiald

peak in
T = 2.505 T = 15 ns

E(I) ----- ------
andD(/) RE RSD RE RSD

100 0.5 -0.53 19.3 -0.54 5.5
2.5 -25.1 32.8 -2.8 5.4
5.0 -17.0 33.7 -4.8 7.4

10.0 -24.7 46.4 -12.0 14.4

1000 0.5 -1.4 8.8 -0.75 2.3
2.5 -6.1 16.5 -1.0 1.9
5.0 -1.7 23.3 -0.98 2.1

10.0 -16.6 38.5 -1.1 3.1

10000 0.5 0.44 3.3 0.02 0.83
2.5 -0.07 3.5 0.11 0.80
5.0 0.93 9.5 -0.26 0.59

10.0 4.0 16.3 0.06 0.80

reliable estimates of T for a ~ .....0.5.
Table I summarized our relative error and standard devi·

ation in T for the range of parameters. For brevity we bave
included only the data where the peeks in E(t) and D(t) were
equal. Where the peak valuea were unequal, the resulta
generally fell between those entries in the table for the two
corresponding equal peak __ Because the lifetime is usually
the important parameter estimated, we have not r.produoed
our data for a and K. The full set of calculations is available
on request. All the errors, however, were typically within 1-2
atandard deviations of the generating parameters for the 10'
and 10' peak data. Precisiona in K and T declined somewhat
as the amount of ecatter detected by the ayetem rose, but
acceptable fitting will occur for any reasonable degree of
acatter. Single photon counting quality data typically yielded
a K and T accuracy of :5-2% or better; even noisy analog data
yielded resulta within :59% of the correct values, except for
the 100 peak deta and the shortest Iifetim•.

Precision in a improved as the precisiona of K and T de­
clinod. This ia to be expected, since the exponentiality of the
decay curve is influenoed by the degree of ecatter, yielding
a somewhat more complex decay scheme (eq 4), but at the
eame time providing more information on the a component.

Evan the apparently impoaaibla problem of doconvoluting
a 2.l>-na Iif.time with a = 10 yielded noisy but useCuI resulta.
The RSD in this case was only 16% for 10' peak counta which
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is the standard signal level in many SPC experiments.
We have also verified that the parameters calculated from

the PP method yield stetistically valid fits. Using the least
squares K, T, and cr, we regenerated D(t) using eq 1 and
compared the resultant curve with the original data using a
x' test (J2). The reduced x"s typically ranged from 0,9 to
l.l which is accepteble for 200 data pointa (J2).

All data fits are unweighted. and in view of the excellent
results, we recommend the use of unweighted fits for the range
of parameters and fits indicated. Unweighted fits are easier
to do, and the much morc complex weighted data treatment
appears unwarranted. This conclusion is the same as that
reported by Greer et 01. (4) for deconvolution of single ex·
ponential decays using the phase-plane method and also is
consistent with the results of the PP method derived for base
line correction of exponential decays (I3).

There is a potential problem with the treatment presented
here when used with SPC data. These instruments actually
measure the integral of the number of photons collected over
the preceding time window rather than the instantaneous
intensity. If too Iowa density of points is used, then the PP
method, which is an integral method, gives systematic errors
in the phase-plane plots and the evaluated parameters.
However. for virtually all SPC date. the density of the date
points is high enough so that the error should be negligible.
Jezequel et al. (8) pointed. out this error source and described
a simple way to circumvent it should the errors ever become
significant. \\'hen the PP method is used with analog data,
this error source is not present.

\Ve conclude that for a reasonable range of decay param­
eters and fitting regions, the modified PP equation is accurate
and precise. The method can be easily programmed and is

computetiona!Jy very fast. These features give the PP method
distinct advantages over much slower nonlinear least-squares
methodB, especially in view of the increasing use of micro­
computers in data acquisition systems.
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Optimization of Anion Separation by Nonsuppressed Ion
Chromatography

Dennis R. Jenke and Gordon K. Pagenkopf'*

Department of Chemistry, Montana State University, Bozeman, Montana 597/7

The effect of eluent pH and eluent species concentration on
the nonauppressed Ion chromatographic separation 01 anions
has been studied. The retention lWnes of cr, Br-, N03-, 50/-,
and 52°32- were determined over a large range 0' eluent
compositions and the data were utilized to construct window
dlagrama. These window diagrams were used to optimize
eluent composIlIon lor the separation 01 two or more analyl....
In virtually every case retlOlutlon Is lImIled by the separation
01 the NO,-/Br- pair.

Since its introduction in 1975, ion chromatography has
rapidly evolved into a widely accepted method for the quan·
titative detennination of anions in aqueous samples (/). Single
column or nonsuppressed ion chromatographic techniques
have been successful in a variety of applications (2), As is the
case with all chromatographic techniques, the most effective
utilization of the ion chromatographic process requires ac­
curate characterization of the analyte ret.cntion times and
identification of analytical variables that affect the relative

retention characteristics of the analytes, Of particular interest
is the development of a predictive capability and optimization
of ion chromatographic resolution, while minimizing analysis
time. This can be complicated by the potential existence of
multiple optima and the large range of eluent related variables
that control chromatographic separation.

The concept of "window diagrams" has been utilized to
locate optimum conditions in gas chromatography (3.4). This
technique also has been applied to high-performance liquid
chromatographic separations (5-8). This study utilizes the
technique to optimize the separation of inorganic ions end to
predict the behavior of selected analytes under various ex­
perimental conditions.

EXPERIMENTAL SECTION
The chromatographic system employed consisted of a Per­

kin·Elmer Series 38 liquid chromatograph. a Vydac Model 3021
C4.6 anion separator column, a Vydac Model6OOOCD conductivity
detector, and a Sargent Welch XKR strip chart recorder. Injector
sample loop volume was 0.10 mL and samples of 0.5 mL were
injected with a Hamilton Co. Model 750 microliter syringe.
Laboratory temperature was maintained at 22.5 ± 2.0 °C and the

0003--2700/84/0356-0085S01.50fO C 1983 American Chefricaf Society



88 • ANAlYTICAl CHEMISmy, VOl., 56, NO, 1, JANUARY 1964

lOGIP
T

}

Figure 1, Window diagram for variable eluent concentration pH 3.8.

Table I. Legend for Analyte Pairs in Window Diagrams

diagram dioaram
de8i~· desig-

nalion analyle pair nat.ion analylc pair

1 SO.'·,CI- 6 S I 0.l2-, Br"
2 SO.2-,NO

J
- 7 S:0.l2', NO j '

3 SO.2-, Br" B NO;,Cr
4 8 10/-,80/- 9 NOJ",Br"
5 S2 0 /-. C1 - 10 Br', Cl'

active chromatographic componen18 were thermally isolated to
minimize the effect of short-term temperature fluctuations (9).
Thirty-two phthalate eJuents with a pH range of 3.8 to 6.0 and
8 total concentration range of 1.0 to 6.0 X 10-3 M were prepared
from the potll8llium .alt. KOH (0.1 M) was used for pH ad·
jWlitment.. Final pH measurement was made after degassing under
Buction. Stock analyte 8olutions (0.10 M) were prepared by
diaoolution of NaCI, NoNO" Na,sO" Na,s,O" and KBr in doubly
distilled water. Standard solutions of the analyle', 0.2, 2.0, and
to.O X 10-3 M, were prepared by diluting the stock solutions with
the desired eluent. This minimized the solvent dip in the chro­
matogram. Retention times were measured at maximum peak
height of the recorded chromatogram and each analysis W88 done
in triplicate. The retention time data have ~een previously
presented (10). A now rate of 2-3 mL/min for 1.5 h was used
to allow the chromatographic system to equilibrate when the
eluent was changed.

RESULTS AND DISCUSSION

'.0

-8

..
:;
.., ..
3

_2

-3.0 -Z.6 -2'

4,10

By convention, window diagrams express the relationship
between retention characteristics of two analyt.e species and
an operational variable of the chromatographic system. In
this study, the relationship is the relative reduced retention
ratio a which is defined as

(J)

lOG IPTl

figure 2. Window diagram for variable eluent concentration pH 6.0.

best resolution. As a consequence, the bottom of the diagram
limits optimization in terms of resolution whereas the top
limits in terms of analysis time. The ratio of elution time for
the l..t eluted anion and the first eluted anion will be largeat
and, thus will limit tbe analysis time, In Figure I the only
optimization available is analysis time which decreases .. total
phthalate concentration increases. Resolution is limited by
the NO,--Br- pair, number 9. As eluent pH incre...., the
divalent retention times are significantly reduced and the
bottom of the diagram is determined by the separation of the
SO....-NO,- pair at the high..t eluent concentration; see Figure
2 (line 2). At pH 6.0 the optimum conditions occur at log PT
= -2.43, the intersection of lin.. 2 and 9. For PT concen-

'Z.4-2"-Z.8

10

I

""'---:::---:::,.."""....:::::_,;::.-=-:
7.2

..
..,
o .•
-'

t A - tv
a=--

tn - tv

tA is the retention time of analyte species A, ta is the retention
time of analyte B, and tv is the time equivalent of the void
volume. Values of tA and ta are readily obtained from the
chromatograms while tv is ..timated from the appearanoo time
of the aolvent dip.

The operational variable is the eluent composition which,
for a nonsuppressed chromatographic system, is regulated by
the pH and the total phthalate concentration. Since pH and
total eluent concentrations vary, three-dimensional diagrams
may be generated; however, their interpretation is complicated
by the large amount of data. As a consequence two-dimen­
aional iso-pH and i,o-total phthalate contours are presented.

When a equals 1.0, the twu analyte peaka overlap. In
addition, a is always kept greater than 1 by reversing the pairs,
i.e., tA ~ to. As a increases, the relative separation between
the two pairs increases. Changes in a and the operational
parameters are sizable and thus log-log diagrams are utilized.

The identification numbers for the 10 ion pairs arising from
the combinations of CI-, Br-, NO;, 50.'- and 8,0,'" are listed
in Table I. A plot of log a vs. log PT at pH 3.8 ia ahown in
Figure 1 and the pH 6.0 data are ahown in Figure 2.

The valu.. of log a are independent of the total eluent
concentrations provided that the charg.. of the analytea are
the same (pairs 4, 8, 9, 10). This is not the case when divalent
and monovalent ions are compared. Divalent retention times
decrease more rapidly than the monovalent retention times
as the eluent concentration increases. The slopes of the di­
valent-monovalent lin.. are the same at any given pH but
they do not change with pH. This change is due to apecies
distribution change within the eluent.

The bottom line of the window diagram identifi.. the pair
with pooreat resolution and the top line identifi.. the pair with
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Figure 3. calculated retention tImes for different lotal eluent con·
centratlons. pH 6.0. For A. PT ;::: 3 X 10-3 M, for B. P T ;::: 3.7 X 10-3

M. and for C, P T = 5 X 10'" M. Typical peak wktths at the base are
0.4 mln. The elutIon order Is CI', er-, N03-, 50/-. and 5 2°3

2-.

,,,

F.... 4. Window diagram for total phthalate concentration of 3 X
10-3 M. pH varkts 'rom 6.0 10 3.8.

trations greater than this value. the analysis time is reduced
but resolution is sacrificed. At log PT less than -2.43 resolution
does not change whereas analysis time increases.

The absolute retention times cannot be obtained from
Figures 1 and 2; however, with knowledge of the retention time
of one analyte and tv, the retention times of the other analytes
may be calculated by using eq I. A graphical presentation
of the change in retention time at the PT values cited above
is shown in Figure 3. By reduction of PT from 3.7 X 10-3 M
to 3.0 X 10-3 M the analysis time increases from 4.1 min to
4.8 min with no change in resolution. When PT increases to
5.0 X 10-3 M sulfate and nitrate peaks become indistin·
guisbeble but analysis time is reduced to 3.2 min.
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FJgure S. Window diagram for total phthalate concentration 01 5 X
10-3 M. pH varies from 6.0 to 3.8.

Table II. Comparison of Predicted and Observed
Retention TimfS

retention time, min

eluent species predicted observed

3.5 X 10-' M KHP CI· 1.78 1.74
pH 5.85 Br- u 2.16 2.16

NO,)- 2.45 2.45
SO.~- 2.83 2.84
S20 /- 3.70 3.73

1.0 X 10-' M KHP CI-· 2.65 2.65
pH 4.00 NO)' 3.74 3.58

Br- 3.34 3.23
SO.l- 13.56 14.00

1.0 X10-' M KHP CI-· 3.63 3.63
l'H 4.20 NO

l
' 6.50 6.55-

SO.2· 18.'10 18.40
1.0 X 10-' M KHP CI-· 2.00 2.00

pH 5.20 NO; 2.72 2.63
SO.)· 5.30 5.15

U Analylc used as reference peak.

Figures 4 and 5 demonstrate the change in the window
diagrams as the pH varies. The conclusions are similar to
those previously presented with analysis time being regulated
by S,O,'--CI- separation (line 5).

At low pH, resolution is limited by the NO,-Br- pair (line
9) whereas at high pH, the SOI--NO,- pair (line 2) determines
the resolution. Once again the intersection of lines 2 and 9
represents optimum chromatographic conditions, and as PT
increases the pH at which this interaction occurs decresses.
The slopes of the lines in Figures 4 and 5 are not parallel
because of the relative elution capability of HP- and P'-. As
their distribution changes, so does the net elution efficiency
and thus nonparallel lines.

Since the cr values are relative, they should be applicable
to any column with the same packing material. \Vhile the
absolute magnitude of the retention times will be a function
of column size and flow rate, the relative ratio is only a
function of selectivity. The agreement between data obtained
for two Vydan columns appears to be quite good. Linear least
squares provides a slope of 0.935. The absolute retention times
differed by approximately 20%.

In addition to their ability to facilitate the optimization of
the chromatographic process, window diagrams provide a
means of predicting the retention profile of any suite of analyte
species in. response to eluent compositional changes over which
such diagrams are defined. The linear nature of the window
diagrams for nonsuppressed ion chromatography allows for
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lICCUrale expt.rapolation and inlerpolation of the a valu....
With tv and the retention time of one anaIyte. tA, the retention
time of the other analytee can be predieud from eq 1. This
baa been done for a series of onow meltll8lDpl... The r...u11o
are oummarized in Table II. In all casea the agreement is
within ±3'l1. RSD which is equivalent to the e.perimental
precision.
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Models for Prediction of Retention in Nonsuppressed Ion
Chromatography

Dennlo R. Jenke and Gordon K. Pagenkopf"

Department of Chemistry, Montona State VniDeraity, Bozeman, Montana 59717

(4)

(3)

The _ ......vIor alBr'. NO•• cr, SO,". and 5,0,"In
...........- Ion c1vomatography Ia atudled .. a tWlCllon
.. changing _ compoelIlon. Thr.. modela. mulIIpIe
..-_. aIngIe opeclaa alu.nt, .nd alngla Interaction
.... aN utIIzeclto pradIct c1vomatographlc ......vIor. WhIIa
.. _ .... b_ on a lhannodynamlc equilibrium coll8l6­
araUon .. Iha Ion .xchange proc_. lhay diller In th.1r
c:haractartzatlon .. Iha analyl.,.luanl compatl\lOn or Iha
1onI_ DaaplI. Ihla dill........ In approach...

_ modela aIIactlYely charactartz. Iha b8Ilavlor aI th.
anaIytea~ alutlon condIUona which are 01 practical lm­
portance. The ralallv. utllly aI ••ch modal .. cIIacuaMd.

Ian chromatography baa rapidly evolved into an accepted
mathod for the determination of oolute spedea in liquid
II8lDplea (l, 2), and correapondingly characterization and
modeling of the separation proceaa are critical for method
optimization and oubaequent development. The current
modela are baaed upon an equilibrium distribution of anaIyte
and aluent between the mobila ph... and the ....in ion e.­
change oitaa (3, 4). These modela differ through the definition
of tha number of active componenlo in the mobile phase that
participate in the chromatographic separation. The aingle
active opeciea model (3) for nonsuppreaaed anion chroma­
tography utili... the phthalate dianion .. the active eluant.
A multipla activa speci... model (5) baa been used to predict
the chromatography of arsenate and orthophoophata.

Three models, multipla speci.. eluent, aingle apeci.. eluent,
and aingla interaction sites have been utilized to predict the
chromatographic behavior of chloride, bromide. nit.rate, oul­
fate. and thioouJfate. These modala are an extenaion of the
ion-axchange thoory developed by Mayer and Tompkins (6)
with appropriata modifications.

Multipla Specl.. Eluent. Tbe equations used to modal
the multiple eluent tlutment are aimilar to thoae previoualy
daveloPed for ouppreaed ion chromatography (4). There are
four baaic considerations.

(1) The reduced retention volume of the analy\e, V, ia equal
t,o the volumetric diatribution coefficient (6). In this .....

where UA is equal to the observed retention volume minI
the void volume. DA is the ratio of analyte in the resin
solution phases associated with a given theoretical pint

(2) All of the "available" e.change sites are occupi•
eluent anions and therefore the effective column capac
given by

Q. = Lm(Exm'J
X

where m is the ionic charge.
(3) Electroneut.rality is maintained during the clutl

proceaa by exchange of charged species.
(4) For anions interacting with a strong base anion ex·

chonger. the following equilibrium io established at the resin
sites. The equilibrium constant for this reaction is defined
as the selectivity coefficient, KA-E-

(An') + n/m(E-Ro) = n/m(Em,) + (A'Rn)

(AE-)n/m(AA_Rn)

K A-E = (AE-Rn)n/M(AA~)

Experimental observatioDs were made with phthalate
eluenlo. For the multiple eluent treatment, HP- and P'- are
assumed to be active eluenlo and eq 2 becomes

Q. = AHP--Rn + 2Ap 'Rn (5)

Use of eq 4 to describe eluent/eluent and analyte/eluent
e.change and aubstitution inlD eq 5 provid...

2Kp_HPAp
Q. = A HP-Rn + ---.-(AHP--Rn)' (6)

(AHP)

The volumetric distribution coefficient for analyte A is e.·
preaaed ..

DA = KA_E(D.J n/ m (7)

and for a monovalent e1uent-divalent anaIyte

Vw = DA= KA,mJJE' = KA-HP t:.::J (8)
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Ion Chromatography

Dennis R. Jenke and Gordon K. Pagenkopf (Anal. Chern.
1984,56,88-91).

On page 88 eq 8 is written

(AHP-IID)'
U7J< =DA =KA-HpDE' =KA-HP~

The parentheses in the last term should be extended to include
both the numerator and denominator of that ratio, thus the
final equivalence should read

K A-HP( A;::")'
While visually the change is small, it has a profound effect
on the mathematical development which proceeds from that
poinL

In eq 9, 11, and 12 the quantity which appears under the
radical sign should be

1 + 8A"Kp_HpQe

(AHP)'

(i'n eq 9) or in eq 11 and 12 the same form but with the
equivalent substitution for AHP'

Antll. ~. 5S ("'l) 1"1-;4> : 101.00

'on
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and in the same manner

(9)

(12)

RESULTS AND DISCUSSION

Multiple Eluent Specie•. The elution behavior of the five
analyte anions at various elution concentrations and pH values
is listed in Table 1. In general the retention times decrease
as pH and total eluent increase.

Modeling of the observed chromatographic behavior with
eq 11 and 12 requires an evaluation of the analyte-<>Iuent and
eluent-eluent selective coefficients. These constants may be
obtained from batch experiments (10), calculated with other
mathematical tbeories (11-16), or obtained from observed
retention times. The latter was used in these studies. The
observed retention times and the maximum column capacity
are substituted into eq 11 and 12 providing a sequence of

a Flow ratc of 3 mL/min.

phthalste with pH being monitored after degassing under vacuum
and controlled by addition of KOH. When eluent solutions were
changed, the system was flushed at 2 mL/min for at least 1 h.
Stock solutions (O.lO M) of NsCl, NsNO,. N.,sO" Na,s,O" and
KBr were prepared from their reagent grade salts. The standard
solutions were diluted with the desired eluent in order to minimize
solvent dips in the chromatograms. All samples were analyzed
in triplicate with 8 flow rate of 2-3 mL/min.

Activity coefficients were predicted by the extended Dehye­
Huckel equation. The pK. values for phthalic acid are 3.10 and
5.40 (n. The retention times for the nDa]yte ions were obtained
from the graphical display and are corrected for the dead volume
equivalent. The latter was considered to be equal to the time
required for the cations to move through the column. The reduced
retention volume (Vi) was converted to the retention time by
addition of the void volume and dividing hy the eluent flow rate.

All concentrations and the column capacity are expressed in
terms of interaction equivalent, the moles of exchange sites per
100 J.lL of sample, and moles of eluent per 100 J.lL.

Table I. Retention Tim" of Analytes

lotal retention time, a minphthalate,
IO-'M pH NO,- CI- Br- 80,'- SJO)~·

1.0 3.75 6.97 4.87 6.21 40.42 52.67
1.0 4.60 4.87 3.23 4.21 12.75 17.00
1.0 5.07 4.32 2.85 3.75 9.50 13.27
1.0 5.57 4.13 2.69 3.53 8.13 11.44
1.0 6.01 3.82 2.58 3.29 7.26 9.77
2.0 3.85 5.44 3.66 4.69 18.70 23.58
2.0 4.53 4.18 2.83 3.62 9.47 12.37
2.0 4.94 3.58 2.41 3.11 6.25 8.76
2.0 5.40 3.48 2.26 2.98 5.04 7.15
2.0 5.82 3.29 2.19 2.85 4.65 6.61
2.5 4.57 2.71 5.47
2.5 5.39 2.41 3.88
2.5 5.95 2.38 3.56
3.0 3.82 4.02 2.79 3.53 9.37 13.65
3.0 4.54 3.30 2.32 2.90 5.76 7.45
3.0 4.80 3.09 2.16 2.71 4.71 6.39
3.0 5.'12 2.91 1.96 2.53 3.52 4.80
3.0 5.89 2.82 1.93 2.47 3.'12 4.68
3.5 4.61 2.41 4.33
3.5 5.14 2.26 3.26
3.5 5.85 2.16 2.81
4.0 3.82 5.29 3.01 3.15 9.00 15.03
4.0 4.26 ,1.66 2.66 2.78 6.69 10.20
4.0 4.60 ,1.31 2.41 2.54 5.35 8.33
4.0 5.00 4.03 2.26 2.33 4.38 6.75
4.0 5.38 3.88 2.14 2.25 3.68 5.79
4.0 5.95 3.82 2.09 2.21 3.35 5.18
5.0 3.75 3.18 2.36 2.84 6.33 8.30
5.0 4.54 2.55 1.95 2.35 3.75 ·1.70
5.0 4.96 2.42 1.84 2.19 3.08 3.88
5.0 5.39 2.37 1.77 2.14 2.70 3.42
5.0 5.98 2.35 1.73 2.10 2.45 3.13
6.0 4.14 2.18 3.69
6.0 4.60 2.08 2.98
6.0 4.79 1.98 2.65

(14)

(13)

By use of the n notation, [HP-l = ET"HP, AHP = {HpET"HP,
and Ap = fpE-rap where fHP and II' are the mean ionic activity
coefficients (7). Substitution into eq 10 and use of the second
acid dissociation constant for phthalic acid provides

(
KA-HP )

V'M= --- X
16K'p_H.'

(
A H)')(

(K.,)'

ET = [H,P] + [HP-] + [P'-] (10)

Solution of eq 6 for AHP-Rn and substitution into eq 8 provides

V
_ KA-HP(AHP)' ( 1 + 8ApKp_HPQ. )'

2M - -1
. 16K'.>_HP(Ap)' (AHP)'

Experimental conditions are quoted in terms of total eluent
concentration and hydrogen ion activity. For the phthalate
system

VIM (= KA-HP )( AH )(

4Kp- HP Ka'l.

Single Site Interaction. The resin used in these studies
hod a silica support and quaternary exchange sites. From the
column capacity (4.9 X 10-4 mol), weight of the resin (2.9 g),
and surface area 95 m2/g, the average surface area per site
is calculated to be 94 A' (8). The area occupied by analyte
Bnd eluent anions is significantly less than this, approximately
30 A', and thus if the exchange sites are evenly distributed,
a divalent ion is too small to simultaneously interact with more
than one adjacent site at any given time. In this situation,
species charge will not affect the total number of column/
species interactions which can occur but will affect the stability
of the interaction. Under these conditions the effective column
capacity becomes

Q. = AHP-Rn + AP_Rn (l5i

which when coupled with a derivation similar to those used
previously yields

KA-HPQ.

Single Species Eluent. When the only active eluent
species is p2-, Qe becomes Qt =2Ap..nn and a derivation similar
to that presented above provides

KA_pQ.
V2S =-­

ETtpnp

(
KA_pQ. )1/'

V IS = --­
2ETtpnp
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K cl.p 16.2,2.2 Kso•.p 1.48,0.22
KOr•P 34.'1.15.9 KSIO)_p 2.14 -.1 0.26
Kr-;o)_p 41.7!. 7.0

a Values obtained by usin~ data with a pH of 4.6 or
greater.

value

value"constant

constantvalue

0.80, 0.09
1.21 , 0.12
1.49,0.14

constant

K CH1P
Karonp
Kr-;o J-IIJ'

constant

2.33 , 0.20·
6.67 , 0.88 b

K SO ,41P ~.93 , 0.69
Ks,o •.IIP 6.82,0.90

a Calculated by usc of monovalent analyte ions.
b Calculated hy use of divalent Rnalyt._c_i_o_ns_. _

Table III. Selectivity Coefficienu for Single
Species Eluent Model

Table IV. Selectivity Coefficienta for Single
Site Exchange Model

The agreement between predicted and observed retention
time for sulfate provides an av RSD = 5.0% for the data with
a pH of 4.6 or greater. Extreme deviation is observed when
the pH is less than 4.6 due to the contribution of HP- to the
elution process. Similar agreement wa,'i obtained for the other
four anions.

Single Site Interaction. Equation 16 describes the re­
lationship between eluent composition and retention volume
under single site interaction conditions and, coupled with
elution behavior and eluent composition data, can be used to
generate selectivity coefficients as described previously. For
a sample set which contains all analytes regardless of charge,
the calculaUld value of Kp-HJ' is (4.50 % 0.75). Use of this value
ta predict analyte retention results in significantly poorer
agreement than that observed with the other models. Under
such conditions observed and predicted analytc retention
behavior differ by %7.7% and %6.1 % RSD for Br- and SOl-,
respectively. If the data are divided into two sets as a function
of charge, selectivity coefficients are calculated that produce
better agreement between predicted and obsen,oed retention
times. Once again, the magnitude of these coefficients, as
documented in Table IV. accurately reflects the elution se­
quence of the anaIytes. The agreement between observed and
predicted behavior using these coefficients provides 8 slop =
1.05, R = 0.958, and av RSD = 3.55% for hromide. For eluents
with 0 phthalate concentration greater than 2 x 10-3 M, the
fit is similar to that obtained with the single eluent model but
is inferior to that obtained for the multiple species eluent
model. Both the single site and multispecies models are
unable to accurately model the chromatographic behavior at
low pH and I X 10-3 M total phthalate eluent. As observed
previously, it is suggesUld that this behavior renects variability
in the effective column capacity.

It is not known why two values of K p- HP provide a better
fit for this model. Possible explainations could include the
presence of charge specific sites or potassium playing 8 role
os a counterion in the interaction between dissimilarly charged
species.

CONCLUSIONS

None of the proposed models is capable of predicting
chromatographic behavior under low eluent, low pH condi­
tions. Specifically the retention times are overestimated and
can be attribuUld to a decrease in column capacity with these
conditions. The agreement between observed and predicted
retention times when total phthalate concentration is greater
than 2 x 10-3 M and a pH greawr than 4.6 is best for the
multiple species eluent model by a factor of approximately

Table 11. Selectivity Coefficient. (or Multiple
Eluent Speciea Modelo

constant value constant \'alup.

Kc...,p 0.916 ,0.046 KIIP.p 20.0, 1.0
K.,..,p 1.384,0.069 Kp..,p 0.0500, 0.0025
KNO.4IP 1.707, 0.085 Kso•.IIP 0.0844 ,0.0055

Ks,o •..,p 0.125,0.008

(J See eq 4, Qe = 1.51 X lOos mol/interaction equiv.
Interaction equivalent c moles of exchanKc sites per lOam·
pie volume (100 .L).

equations with two unknowns. This set of equations is solved
by iterative minimization of the variability in KA-11P for a given
value of KHP_P' The values of the selective coefficients are
summarized in Table 1I.

The magnitude of the constants increases WI one goes Crom
chloride to bromide to nitrate. This is expected since it
parallels the order of elution. The greawr the value of the
conslant, the greater the interaction with the resin and thus
8 longer retention time. Comparison of the divalent ana­
Iyte-monovalent eluent constants indicates that p2- is pref­
erentially bound by the column with S,O,'- being retained
more extensively than SO,.2·. For the latter two this is in
agreement with the observed retention times. Since p2- is
preferentially bound to the column, it takes many void vol­
umes for the column to reach equilibrium with the eluent as
the pH is lowered.

A comparision of predicted and observed retention times
for bromide using the multiple species eluent treatment
provides a slope of 1.00, intercept = 0.01. R = 0.991, and av
RSD = 2.6%. A similar comparison for sulfate using the
multiple species eluent treotment yields a slope of 0.96, in­
tercept of 0.14, R = 0.998, and av RSD = 2.69%. The RSD
values for chloride, nitrate, and thiosulfate are 2.3, 2.5, and
4.1 %, respectively. The model does a particularly poor job
of predicting the retention time at the lowest eluent concen­
trations and lowest pH values. In these cases the model
predicts retention times much longer than those observed.
Experimental observations indicate thot the column does not
have 6S much capacity at the low eluent, low pH conditions.
This could be caused by resin swelling within a confined
volume. As the resin swells some sites could become un­
available for interaction with the eluent and the analytes.
Experimentally it is noted that there is a 13% decrease in void
volume over the range of a eluent concentrations used and
implies an increase in resin volume. It also has been observed
that nonexchange adsorption and resin invasion can occur as
the eluent concentration increases (J 7). In summary this
model is applicable provided the total eluent concentration
is greawr than 2 x 10-' M and the pH is greawr than 4.

Single Eluent Speci.., At an eluent pH of 6, phthalaw
speciation is dominated by the P~ ion and analyte elution can
effectively be described by eq 13 and 14. Since t.he resin
selectivity for P'- vs. HP- is large, P'- controls analyU elution
behavior even under conditions where the eluent is dominated
by HP-. The elution behavior of both Br- and SO,>- approach
linearity above a pH 4.6 Below this pH, HP- contributes to
analyU elution and the model becomes ineffective. Elution
behavior and eluent compositions for the eluents whose pH
is greater than 4.6 have been used. to generate ule respective
selectivity coefficients. The values of KA_P are summarized
in Table III. These coefficients cannot be directly compared
to those obtained for the multiple species eluent treatment
since the analytes are only related to P'-. The magnitude of
the coefficients for a given analyte charge accurately reflect
the observed elution sequence. However, there is no oontinuity
in trend with varying analyU charge since the mathematical
forms of eq 11 and 12 differ.
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Table V. Ratio of KA-I-Ip Coefficient.

mathematical treatment used

2. The single site and single eluent models are comparable;
however, the applicable pH range for the single site approach
is larger.

The mathematical treatments for these models provide
selectivity coefficients that differ widely in magnitude. There
is consistency within the models as evidenced by the ratios
of the selectivity coefficients, Table V. Tbe values for a
particular pair are not statistically different. The results
obtained for the other anions are comparable to those shown
for bromide and sulfate.

Registry No. Br-, 24959-67-9; NO,-, 14797-55-8; CI-, 16887­
00-6; SO.'-, 14808-79-8; 8,0,",14383-50-7; phthalic acid, 88-99-3.

multiple single
species eluent species eluent single site

CUNO,­
CI-/Br­
Br-/NO,­
80. 2-'81°)1-

0.54 1 0.05
0.671 0.07
0.81 10.06
0.681 0.09

0.41,0.11
0.50,0.15
0.8610.13
0.73,0.17

0.551 0.11
0.6710.14
0.82,0.13
0.75, 0.20
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Computer Simulation of Light Transmission through Scattering
and Absorbing Chromatographic Media

I. E. BushO and H, P. Greeley

Research Seruice, Veterans Administration Medical and Regional Office Center, White Riuer Junction, Vermont 05001

Quantitative densitometry and lluorometry of lhln-layer chro­
matograms end _ planar oeparatlon mecIa IlIII depend tor
the most palt on empirical management 01 the problema
caused by light leallerlng, The degree 01 devIation Irom
linear calibration curve. repolted In the literature varl..
considerably, To Invllllgatelhla problem, a compuler model
waa developed which _t.. the KlDtIk&-Munk cIIlerenllal

equations and allow. a variable number of Iteratlona. The
re_. Irom thl. model are compared with IOlullons 01 the
aame equatlonl obtained by conventional methods 01 Inte­
gration. WIth _ted lay.... more than 100 partlclaa thlck,
the relull. obtained are Indlatlngulshable trom the Integral
__ of the KlDtIk&-Mu" equatlonllor acallarlng pow­
.... between 0 and 20, WIth lay.... t_ than 40 p8llk:lll,
the model predlcla IIgnlflcant deviations Irom the Integral
_ OVIf the aama range oIacatilflng pow.... 11_
lI<eIy that thin mecIa comrnonIy used lor paper and thln-laYIf
chromatography are ollen belllf approximated by the die­
crete step model with thlckn_. equivalent to 10-40 par­
lIclII, thus explaining much of the reported valtabUlly In the
Dlerature.

In their classical analysis of light transmission through
absorbing and scattering media, Kubelka and Munk (1)
proposed the pair of simultaneous differential equations

--dI/ dr = -(8 + K)1 + 8J (la)

dJ/dr = -(8 + K)J + 81 (lb)

where I is the intensity of light traveling inside the specimen
away from its illuminated surface, J is the intensity of light
traveling inside the specimen toward its illuminated surface,
S is the coefficient of scatter per unit thickness, K is the
coefficient of absorption per unit thickness, and x is the
distance from the unilluminated surface of the specimen.
Although solution of these equations is difficult and requires
further simplifying assumptions (e.g., Kubelka (2)), the Ku­
belka-Munk (K·M) theory has been used extensively in in·
dustrial applications with considerable empirical success (3).
Its applications in analytical chemistry and to luminescence
in turbid materials, however, still present difficulties (e.g., ref
4). Thus, Vaeck (5) first applied the K-M theory to the
densitometry of chromophores on paper chromatograms, and
Ingle and Minshall (6), Kortum (7), and Goldman and Goodall
(8) demonstrated reasonable correspondence between the
concentration of material in paper and thin·layer chromato-­
grams (TLC) and the absorbance predicted by the theory.
However, Treiber (9) observed better correspondence with a
combination of the Beer-Lambert equation with the Kubelka
and Munk theory. Hurtubise (10) found that Goldman's later
application of the K-M theory to luminescence on thin·layer
chromatog1ams (11) was only partially satisfactory and pointed
out the dearth of experimental work testing these and other
theoretical approaches that had been suggested following
Goldman's work.

Goldman and Goodall (8) first emphasized the theoretical
weakness of direct photometry of paper and thin.layer
chromatograms with the instruments then currenL They
suggested that two requirements were mandatory for precise
measurement by this method: (I) correction of absorbances

Thla or1Ido not Mi>jod 10 u.s.~ _ 1983 by tho Amorlcarl ChemIcal SocIoty
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FIgura 1. 5cIlematJc buatlon of the KlbeIla-Munk Modot of IIgI1t
.... In a ICOtI8r1ng madIIm COIUIninIl cIYornophora: 1, IiltIt .... away
from the lIOUI'C8 01 ......tIon; J, IiltIt flux In the reverse d1roctJon.
Upper n, p&I1Iclo-.and oubocr1>tI to< the arrayol0, JO In the
lInIla layer modol Lower two IInas ftia the ..... bol.ndary condItIona
~ to< Infel18IllOlIflona 01 eq 1 and 2Ix,x) and the tInIte model
(n,N).

by an approximation of the K·M function; and (2) "flying
epot", Le., two-dimensional scanning in place of the usual
full·width oliL Reviewing the field 10 ye8J1llater, Touchstone
and Sherma (4) deocribed 15 commercially available TLC
acannen. Only two provided two-dimenoionalllCllDDing: later,
a newer model of one of these wao introduoed which provided
linearizing circuitry allowing the direct recording of absor­
banc88 corrected Cor scattering by an appro:limation of the
K·M function (12). Touchotone and Sherma (4) pointed out
the wide variation in the instruments available and the con·
tinuing controversy over the optimal mode of using them.
Deopite ita popularity, this method of quantitative estimation
therefore stilllacka precision because it is based on empirical
calibration curves for want of an agreed theoretical baois. The
practical importance of the problem io conoiderable becauoe
the method of in oitu photometry-or "ocanning"-hao great
operational advantages over other methods of Quantitative
chromatography and electrophoreoio (4,8,13,14).

THEORY
The K·M theory of light ocattering is the oimplest of the

many available (e.g., ref 8 and 15). Equation I describes only
the two fluxes of light collinear with the incident beam and
aaaumee two linear functions for absorption and scattering
which are conotant throughout the optical opecimen. Thus,
at any distance x, conotant framono of light traveling forward
(I) are loot by ocattering (SI) and aboorption (KI), and another
gained by the back·ocaUer of light traveling in the opposite
direction (SJ). This is ohoWD ochematically in Figure J. The
process for the light traveling in the backward direction (J)
is identical. All off·axis light io neglected.

Analytical oolutiono of these equationo require oimplifying
assumptions in order to obtain expressions for transmission
through, or renection from. an actual specimen. Since a major
""sumption of the K·M theory i. that scattering and abo
sorption occur at infinite,imol distance" the equations have
usually been oolved by otandard integration techniques (i.e.,
d.t - 0). The msjor facton affecting the approximationo used
for particular analytic oolutiono are (a) the thickness of the
opecimen and (b) whether the properties of the transmitted
or reflected light are to be meaoured (2, 7, 8). The general
oolution of eq I for transmitted light, I,. in thin layers (8) is

If = A oinh [bSX) + B cooh [bSX) (2&)

Jo = (oA - bB) oinh [bSX) + (aB - bA) cosh [bSX)
(2b)

where a- (S+ K)/Sand b - (0'_ 1)1/2. A and Bare arbitrary
constantB.

For transmittance, T (-1.1 Iol, the boundary conditiono are
ao followa: atr - 0, I - loT and J = 0; atr = X,I = I.. Thus

T = b/(A sinh [bSX) + B cosh [bSX]) (3)

where absorbance D is

X .-,

0: n

, '0

, ' N

D = log (A sinh [bSX] + B cosh [bSXl/b) (4)

In the caoe of thin·media chromaWgrams, we are interested
in obtaining an accurate meaoure of KX from the light ab­
oorbed by a chromophore asoumed to be uniformly distributed
acroso the light beam and through the thickness of the
ocattering medium. For Bimplicity, it is also assumed that the
chromophore is uniformly distributed microscopically (Le.,
within each scattering element). However, the optical spec­
imen in a planar chromatogram is not only very thin but
contains relatively few ocattering particles in the light path.
Thus, a typical TLC layer is 0.25 mm thick with silica gel
particles of 10-30 lAm diameter. With spheres of this size in
close hexagonal packing, such layers would contain approx­
imately 14-41 particleo in a light path normal to the layer.
Microphotographo of typical chromatograpbic filter papers
ohow bundles of irregular fiben 5-20 fibers thick (16). Al·
though these structures are not necessarily identical with the
ocattering pointB of theoretical models, they probably ap­
proximate them quite closely. [t therefore seemed possible
that the conventional integration methods (dr - 0) used in
practical applicationo of the K·M theory might well be invalid
for the caoe of typical thin·media chromatograms. We wished
to examine this point before investigating the more complex
varianta of the theory which have been proposed for the
measurement of luminesence (lO, 17).

METHODS
Attempta to oimulate K·M eq la and Ib using the DYNA·

MO language (Dartmouth Time Sharing System veroion)
failed because it permits boundary conditions at only one
ourlace (18). The power series used to overcome this limitation
gave poor approximations for J with moderately large values
of SX and KX, despite promising oimulations at lower values.

We therefore devised a program in BASIC (DTSS) which
computed I and J for each scattering element by uoing eq I
serially through the whole layer and successively in opposie
directiono for I and J. The process was repeated until the
corrections to the In from the new estimates of I n fell below
a preocribed limit (usually ,,£M/I < 0.005). A now chart of
the kernel is shown in Figure 2. A complete listing may be
obtained on requesL Another program was written to generate
tables of values for aboorbance by using eq 4 and the identities

e;C - e-;C ez + e-;C
oinh (r) = --2- and cosh (x) ; --2- (5)

This "brute force" model works surprisingly weH, achieving
very close approximation to values given by eq 4 for O.(XH ~

SX :s 15 and 0 :s KX :s 2.0 with layers of 200 :s N :s 400
scattering elements. To facilitate comparison with earlier
work, results were expressed 8S net chromophore absorbance
(i.e., log (1'0/ I,) where 1'0 = I, at KX = 0). Only the behavior
of tranomitted light was ~xamined, although reOectance
measures are also provided by the model.

RESULTS
Typical outputs of the two computer programs are shown

in Tables [ and II. [n order to minimize execution time of
the simulation program, we omitted overflow checks required
for the unique case of SX ; o. Thus, to compare the resulta
of the two prograrno for this case in which eq 4 reduces to the
Beer-Lambert law, we used approximations for SX «0.001)
(Table I). For the 88me reason, we used a simple division by
N (the number of particles in the simulated layer) to obtain
K and S from the initial values of KX and SX selected by
the operator. This gives correct values for K for all values
of N since KX is the (mass X molar absorptivity) of chr<>­
mophore in a layer % units thick. However, the scattering
power, SX, of the whole layer is only a linear function of S.
the fractionalscatteriog coefficient per particle, when d.t -
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J(O)

0.86402
0.80990
0.76646
0.73042
0.69971
0.67303
0.64944
0.62836
0.60930
0.59193
0.57598
0.56124
0.54755
0.53478
0.52281
0.511 56

Table I. Typical Output of tite Computer Model

initial SX· 6 N· 100

A'O =0.86994 true SX =6.41474

KX I(Xl/I(O)

0.00000 0.13487
0.10000 0.10282
0.20000 0.08000
0.30000 0.06327
0.40000 0.05067
0.50000 0.04103
0.60000 0.03348
0.70000 0.02754
0.80000 0.02279
0.90000 0.01896
1.00000 0.01587
1.10000 0.01332
1.20000 0.011 23
1.30000 0.00950
1.40000 0.00806
1.50000 0.00685

OD
0.00000
0.11779
0.22678
0.32864
0.42506
0.51673
0.60502
0.68985
0.77200
0.85183
0.92924
1.00522
1.07925
1.15218
1.22349
1.29396

10gJ(0)

-0.06346
-0.09155
-0.11549
-0.13640
-0.15506
-0.171 94
-0.18743
-0.20176
-0.21513
-0.22769
-0.23955
-0.25081
-0.26153
-0.27178
-0.28160
-0.29105

tries

34
31
28
26
24
23
21
20
19
18
18
17
17
16
16
15

limit

0.00048
0.00042
0.00044
0.00041
0.00043
0.00037
0.00046
0.00045
0.00046
0.00050
0.00036
0.00042
0.00032
0.00040
0.00031
0.00042

o A'O, attcnuancc due to scattering alone (i.e., at KX = 0); 00, absorbance due to the chromophore (i.e., total altenuance
minus A'O); tries, the number of iterations required; Hmit, the final value of E of Figure 2. l(X)/l(O), the transmittance of
the simulated layer (Le., ItllQ due to both scattering and absorption).

a The values given are for D - Du using eq 4, where Do
is the attenuance due to scattering alone (i.e., with KX ..
0).

Table II. Typical Output from the Second Program
Which Tabulates Values for Chromophore Abaorhance
Calculated by the Integral Solution oC the
Kuhelka-Munk Equations

absorbance at the following 8X(calcd)

7.0007

0.0000
0.1255
0.2404
0.3470
0.4473
0.5423
0.6330
0.7201
0.8041
0.8853
0.9642
1.0409
1.1158
1.1891
1.2608
1.3311

I~10

6.0007

0.0000
0.1127
0.2169
0.3145
0.4067
0.4945
0.5787
0.6597
0.7381
0.8141
0.8880
0.9602
1.0307
1.0997
1.1674
1.2339

5.0007

0.0001
0.0999
0.1932
0.2814
0.3652
0.4455
0.5228
0.5976
0.6701
0.7406
0.8095
0.8768
0.9427
1.0073
1.0709
1.1334

UI

0.4

U5

Q7
t

Q6

U2

KX

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50

U

xx
Flgwa 3. R_ ot _ling lay"", with SX - 0 (quaal-Beer­
Lambert law). The IIOId Ina Ia the Inear relationship of the Ele«­
LJumerllaw. Other symbOIo and the daohed CUMl ore lor layers wIh
the number of parlIcIes shown (N).

oand N - m. Aa expected, the reaults given by the diacrete
model for SX only correapond with the aelected initial valuea
when N ia large (~200). To compare the reaults of the two
programa for small valuea oC N, thereCore, we ran the model
with typical initial values ofSX and then used the fmal valuee
obtained (computed aa (1. - I,l/I,) for the case KX = 0) aa
inputs to the aecond program to give absorbance plots by eq
4.

CaIe or sx- 0 (Beer-Lambert Law) The fUllt column
of Table III and Figure 3 abow the reaults obtained for thia
important case in which the Beer-Lambert law ia abown to
be a special case oC the Kubelka-Munk (K-Ml equation (8).
It ia aeen thet the reaults with the diacrete model correapond
very c100ely with thooe of eq 4 Cor N ~ 100 partic1ea in the
layer. Unaxpectedly, the deviation {rom linearity is relativaly
amaII even wben N waa reduced to 20.

figure 2. Kernel of the computer model tor discrete atep _lion
of IIglt transmlsaioo In~ lay"", uaIng eq 1 and 2. I.1a the IntBnsIly
of the forward light alter the nth particle and J. the back acahered
~ reacl*lg the nth partlcIe In the layer. Sand K are the tractional
Ioaa at each partlcIe by acaherlng and absorption, respectlvely. T Ia
e conITOI variable IndIcIlling the number oliterallono req,*ed to reach
the ImIt E. The tnt two loops bebw "FaIae" COlJ1lUl8 eq Ie and lb.
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Tabla III. ComperiJon of Chromopbore Aboorbence Fuoc:tloRi Obtelnod with the Kubolb-Munk Equation (KM) end
Thoae Given by the Diocrele Model for a Layer N Pertlcl.. Thick

SX·O.OOOOI 10 15

KX KM model N· 200 KM model N· 400 KM model N - 400 KM model N - 400

0.0 0.0000 0.00000 0.0000 0.00000 0.0000 0.00000 0.0000 0.00000
0.1 0.0434 0.04343 0.0999 0.09883 0.1634 0.16278 0.2243 0.21334
0.2 0.0868 0.08689 0.1932 0.19202 0.3087 0.30576 0.4162 0.40140
0.3 0.1303 0.13036 0.2814 0.28066 0.4411 0.43556 0.5870 0.56850
0.4 0.1737 0.17386 0.3652 0.36561 0.5638 0.55813 0.7426 0.72156
0.5 0.2171 0.21738 0.4455 0.44440 0.6789 0.67498 0.8868 0.86711
0.6 0.2605 0.26092 0.5228 0.52341 0.7878 0.78268 1.0221 1.00160
0.7 0.3040 0.30448 0.5976 0.59723 0.8915 0.88630 1.1500 1.13090
0.8 0.3474 0.34807 0.6701 0.67194 0.9909 0.98641 1.2719 1.25053
0.9 0.3908 0.39168 0.7406 0.74187 1.0866 1.08347 1.3886 1.371 55
1.0 0.4342 0.43531 0.8095 0.81040 1.1791 1.177 91 1.5008 1.48378
1.1 0.4776 0.47896 0.8768 0.88028 1.2687 1.26533 1.6091 1.59287
1.2 0.5211 0.52263 0.9427 1.94595 1.3558 1.35513 1.7139 1.69945
1.3 0.5645 0.56632 1.0073 1.01060 1.4406 1.44328 1.8157 1.80351
1.4 0.6079 0.61004 1.0709 1.07430 1.5234 1.52463 1.9148 1.90541
1.5 0.6513 0.65378 1.1334 1.13975 1.6043 1.60467 2.0113 1.999'35
1.6 0.6947 0.69754 1.1950 1.20142 1.6836 1.68773 2.1056 2.09723
1.7 0.7382 0.74132 1.2558 1.26237 1.7614 1.76485 2.1978 2.19360
1.8 0.7816 0.78513 1.3158 1.32265 1.8377 1.84555 2.2881 2.28220
1.9 0.8250 0.82895 1.3750 1.38230 1.9127 1.92010 2.3767 2.37547
2.0 0.8684 0.87280 1.4336 1.44137 1.9866 1.99375 2.4636 2.461 22

DISCUSSION
The validity of the model is Buggested by: its direct use

of eq la and lb without appro:rimatiolll or use of 8IIumptiOlll
additional to thoee of Kubelka and Munk (1); its correct
.imulation of the Beer-Lambert law when SX approximates
oand N ~ 200 (5); ita monotonic convergence to the values
given by eq 4 for 5 S SX S 15 88 N increases to 200 or more.
We could fmd no artifactual reaaon for such convergence.

The model U888 two mod.. of iteration which can be varied
independently: (a) the number of scattering points, N in the
simulated layer; (b) the number of iteratiolll back and forth
through the layer required to reach a solution within the
prescribed limit, E9 (Figure 2). AA expected, the number of

xx
FIgura 5. 5IrooIatlon 01 two case. In tho range 01 SX probably found
with paper and some thlrHayer plates without binder. The deviation
from the Kubel<a-Munk equation (circles and soUd line) Is very small
with N = 40 but striking with N = 10. The simulation lor the latter
<_ cloahod line) glvos sn almost linear relationship.

of SX - 0 (Figure 3) suggests that Bome, but not all, of this
is due to the positive curvature of the discrete approximation
to the Beer-Lambert law with small N. Thus, for the case
N = 10 and SX =6.687, which is typical of many paper
chromatograms (6, 7, 19,20), the greater part of the function
(KX ~ 0.1) is linear, and the intercept of this part of the
function with the D'axis is only 0.045 abeorbance units (Figure
5).
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Cal. of SX> 0 (Kubelka·Munk Equation). In Table
III the values obtained with tho discrete model at N = 400
for SX = 5, 10, 15 and 0 S KX S 2.0 are compared with the
values obtained by using eq 4. In each case the absorbance
values are for the chromophore alone; i.e., D' = D - Do. where
Do is the absorbance due to scattering alone (i.e., log (loll,)
at KX = 0). The correspondence between the K·M equation
and the model is seen to be excellent over the range of SX
and KX commonly observed in practice with paper and silica
gel TLC chromatogramB (4, 6-8, 10).

In Figur.. 4 and 5 the effecta of reducing N are shOWD. It
is clear that for any SX, cloee correspondence between the
model and eq 4 is obtained for values ofN much greater than
40. At this value a clear divergence becomes apparent and
increases Bteadily as N is reduced to 10. Thus, the few·par·
ticled ~era give abeorbance functioRi of Bimilar initial slope
to thoae of eq 4 but increasingly smaJler curvature. The case

iD "
KX

figure.. Slmuletlons by tho modol oIla~ 01 varying _ wtlh
SX at .artoua valJea _ tho range uaUally """",",torad with peper
and _yer cIYometogramo. The axamplea 1110 chosen lor c0n­
venient bITollon. with tho_~ .... 01 F1gure 5a~
posed to IndIc:eta tho OCIlla. In each caea tho aoId .... with open
orela. Ia tho Integrol _ given by progrlllR 2 using eq 4; tho
cloahod .... with aoaseo IndIc:et.. tho r_ given by tho _lion
lor tho valuea 01 N ahown alongside.



the latter iterations increases as 'N is reduced and decreases
as KX increases (Table I).

The increased light absorbance of a chromophore in the
presence of scattering particles has been well e.tablished in
biochemi.try .ince Keilin and Hartree first' noted the phe­
nomenon in frozen extracts of cytochrome. (21). The Ku·
belka-Munk equation. de.cribed both this "hyperchromic"
effect for chromophores embedded in the .cattering particles
and a nonlinear, negative deviation from the Beer-Lambert
law (1,8). Both effects were noted by workers attempting to
measure substances in situ on paper or other thin media by
absorptiometry after chromatographic or electrophoretic
separation (5-9, 14). Detailed quantitative analysis of the
phenomenon in .ilica gel TLC plates was first made by
Goldman and Goodall, who claimed close agreement with an
approximation of the K·M equations (4,8). Since then, Pollak
(22) investigated an electrical analog model and derived
equations which closely .imulated the K·M equation for 0';
SX,; 5.

Although Goldman and Goodall'. studies have had a pro­
found influence on the field (4, 10), only one TLC .canner
specificaJly based on their recommendations is available
commercially (12). Most workers use empirical calibration
curves and two major points of controversy remain unresolved.
These concern (a) the relative merits of reflectance vs.
tran.mission den.itometry (4, 8, 9) and (b) the apparent
conflict of the last 3 decade. between those .tudie. reporting
linear and those reporting nonlinear absorbancefconcentration
curves with transmission densitometry (4, 6, 8, 9, 13, 14,
23-29). With fluorometry, Goldman predicted bilinear
emission/concentration curves; but m08t results suggest linear
functions (e.g., ref 4 and 29) and Hurtubise (10) obtained only
partial experimental agreement with Goldman'. theory. It
is generally agreed that in the absence of a resolution of these
uncertainties, the empirical calibration curves used by most
workers are criticaJly dependent for their precision on the
uniformity of the thin layer (4, 8, 10,25), and the reproduc­
ibility of sample deposition and the running of the chroma­
togram, among other factors (4, 7, 14,29). The results ob­
tained from the computer model appear to offer a possible
basis for understanding the second of the above controversies.

Thu., the most .triking finding with the discrete model i.
that the "hyperchromic effect" of .cattering (7,8, 14, 21) i.
not only retained but slightly increased with small N, while
the negative curvature is reduced (Figure 5). Previously, it
had seemed inconceivable on the basis of the K-M theory tbat
one could exist without the other. The discrete model predicts,
on the basis of the K-M model itself (eq la, Ib), that thin
layers with SX ,; 6 and N ,; 15 will give almo.t linear ab­
sorbancefconcentration curves with initial slopes close to those
predicted by eq 4. With larger values, SX > 8 and N > 40,
the slopes and curvatures will be barely distinguishable from
eq 4. It i. unlikely that .uch small differences would have
been detected by Goldman and Goodall, who used a secone'
degree polynomial to approximate eq 4 and whose experi­
mental results fitted this polynomial with a relative standard
deviation of ,1,2.7% (8). Their later work with a two-dimen­
sional scanner obtained similar results (23-25). As they
carefully implied (B), their results constituted a necessary but
not a sufficient proof of the validity of eq 4 itself.

The values of SX in typical plannr chromatographic media
are uncertain because of (1) optical variations in the instru­
ments used over the past 3 decades (4, 7, 14); (2) the currently
unexplored role of Fresnel reflection (significant at both
surfaces) (14, 15); and (3) the uncertain size distribution and
refractive indexes of particles in the layer, which affects both
Nand SX (7, 8). The last (3) is complex, depending on the
main medium (SiD., cellulose, etc.), binders (8, 25), color
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reagents (14,29), and the degree of80lvation and interpene­
tration of the chromophore and the above components (7,8).,
It is to be expected that SX will increase with the refractive
index and the presence of gypsum binders and reagent pre-­
cipitates and that solvation will reduce the refractive index
of the main medium (8, 25). With these reservations however,
it seems likely tbat the media commonly u.ed in planar
chromatography lie awkwardly acr058 the range of N and SX
in which the model predicts a change from absorbance
functions indi.tingui.hable from eq 4 to those barely distin·
guishable from linear ones (5 ,; N ,; 10 and 2 ,; SX ,; 10).

Thus, some of the most strikingly linear absorbance/con.
centration curves reported are those of Touchstone's group
with ketosteroid dinitrophenylhydrazones (28) and diazatized
estrogens (30), using the Schoeffel SD 3000 scanner and
0.25-mm SiD. layers without binder. From Hurtubise's (10)
values for SX in such layers with binder using the same
instrument (2.9~.6), it is probable tbat SX in Touchstone's
studies was <5. With a particle size of 10-30 I'm and no
binders or color reagents in these .tudies, N would be I... than
14-41 calculated on the basis of close hexagonal packing. By
contrast, Goldman and Goodall (8) reported values of SX of
6.6-19 for their instrument with 0.25-mm SiD, layers and
obtained their well·known results approximating to eq 4.

Other results in the literature are of less certain interpre.­
tation due to various factors, mainly, variations in the optics
employed, absence of actual measurements of SX, or the
uncertain physical state of color reagents used. It is clear,
however, that linear absorbance/concentration functions
would be expected more commonly from paper chromaw.
grams in which SX is approximately 3-7 for the thickn.....
usually employed (8, 19,20), and Lugg's microphotographs
(16) suggest that N is of the order of 15. It should be em­
phasized that in challenging the general applicability of eq
4 to transmission densitometry of thin chromatographic layers,
we are nat disputing the validity of the K·M model itself which
is based on eq la, lb and the origina1assumptions underlying
them (1). What the model shows is that discrete solutions
of these equation. for small values of Nand SX are signif·
icantly different from the usual analytical solution (eq 4).
The available experimental data suggest that these values are
within the range found in many published analytical methods
that use paper or TLC. and may, therefore, be of significance
in the design of instruments and procedures for quantitative
thin layer densitometry.

One important observational fact suggests tbat the discrete
model may be preferable for the majority of chromatographic
thin layers. Thus, N is uncertain because one cannot identify
particular structures with the .cattering points of the K·M
theory, particularly in the presence of binders and reagentil.
However, SX is well·known to be largely independent of the
wavelength of light outside the range in which the scattering
medium itself shows significant absorbance (5, 7, 8, 14, 15,
22,24). Precise agreement with eq 4 would imply that typical
thin layers contained at least 200-400 scattering elements in
0.IH.25 mm, at which density their mean diameters would
be, at most, 1-2 I'm. This is .ufficiently close to the wave­
lengths of light studied tbat Rayleigh scattering would be
observed with its strong dependence on wavelength (7,31).
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Linear and Helical Flow in a Perfluorosulfonate Membrane of
Annular Geometry as a Continuous Cation Exchanger

PurDeDdu K. Dasgupta

Department of Chemistry, Texas Tech University, Bvx 4260, Lubbvck, Texas 79409

Flow Ihrough an annulus, aspeclally helical flow Ihrough an
........ penn/Ia highly efflclenl masa Iranster 10 Ihe walls 01
a 1_ and can be conatructad In low dead volume conllgu­
rallona. Masa Iranaler efficiency has been sludled wllh K+
and NEI/ as dllfuslng species, as a luncllon 01 annular gap
and hells dlameler, In helices 01 nylon monolllamenl IlIIad
Nallon perlluorosullonala membrane lublng. Penalrallon 01
common acld regeneranb IIvough Nallon membr_, .-d lor
proIon eschange, has been studied In delall and may be
pradlclad a. a luncllon 01 concenlrallon. Masa Iranster la,
through, and lrom \he wall haa b88l1 conalderad In cIelall. In
regard 10 maaa Iranat.. 10 Ihe wall, annular helical flow wa'1_ 10 be highly efflclenl.

Our original intercst in continuous ion exchange stemmed
from extending the concept of "diffusion denuding" of gases.
Diffusion denuders are widely used in atmospheric analysis
for discriminating between gaseous nnd aerosol species where
8 chemical discrimination is difficult (1). \Vhen the mixture
of a gas and particles (e,g,. atmospheric NH3 and aerosols
coDtaining NH.+) is passed through a suitably long tube whose
walls act like a perfect sink for the gas (e.g., coated with oxalic
acid), the NH3 is selectively removed by diffusion w the wall
because of the 4 orders of magnitude higher diffusion coef·
ficient for the gas compared to a micrometer sized atmospheric
particle (2). The classical equation that describes mass
tranarer w the walls of a cylindrical tube from a stream flowing
through the tube is due wGormley and Kennedy (3) and has
been verified experimentally by a number of workers. The
sole parameter governing mass trallsfer under laminar flow
conditions is rDL/F where D is the diffusion coefficient of
the species w be removed, L is the length of the tube, and
F is the flow rate. Although diffusion coefficients of ions in
the liquid phase are much smaller than gaseous diffusion
coefficients, 8 comparable and compensating difference exists
between air sampling and chromatographic flow rates. The
concept of ion exchange by diffusion denuding (lEDD) with
an ion exchanger tubing was then tested successfully with
perfluorosulfonatc Nafian tubing which were in use in this
laborawry for the removal of water vapor by diffusion de­
Duding. Similar w the use of dry airflow outside the tube to

maintain its sink capacity for usc as a dryer (4), a flow of dilute
acid was used outside the tubing for maintaining proton ex­
change capacity. A principal objective of such a continuous
prolon exchanger was utilization in ionic chromatography.
Although quantitative IEDD was accomplished, we deemed
the band dispersion in such hollow tubes (700,LIm diameter)
too large to be useful for chromatographic purposes. The
Gormley-Kennedy equation states that the mass transfer
efficiency is independent of tube diameter. In contrast,
relative band dispersion is proportional to the fourth power
of diamewr (5). Thus, dispersion problems should be greatly
reduced, without affecting ion exchange efficiency, by a re­
duction of diameter. At this time, we noted the prior and
independent work of Stevens et aI. (6), describing a -hollow
fiber suppressor" which utilized 300 Jlm diameter sulfonated
polyethylene tubing as the ion exchange membrane tube. This
work also describes the detailed principle of operation of the
continuous cation exchanger, which is therefore not repeated
here. Interestingly, even though the tube diameter was lower
by more than a factor of 2 compared to the tube diameter used.
by us, the band dispersion was greater than what we were
observing. Apparently, this dispersion was due to the much
longer tube lengths that were required,

Any of the following may limit the overall exchange rate
observed with the system described above: (a) mass transfer
to the wall, (b) mass transfer through the wall, and (c) mass
transfer from the wall (regenerant flow/concentration in­
sufficient).

Assuming that sufficient exchange sites were present and
regenerant flow was adequate, the only possible explanation
is limitation of exchange by (b). Mass transfer through the
wall is rate limited by the diffusion coefficient of the ion
through the wall matrix and the wall thickness. Since the wall
thickness of the perfluorosulfonaw tubing was nearly double
thet of the polyethylene tubing, ion transport through the
hydrophilic perfiuorosulfonate must be far more facile. Having
failed to persuade the manufacturer toward making smaller
diameter perfluorosulfonate tubing available (7), we sought
alternatives for reducing band broadening problems with
available perfluorosulfonate tubing. .

Theoretical and experimental studies on flow through an
open tubular helix are not new (8-13). The helical structure
leads to the development of a secondary flow perpendicular
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to the uial now. This secondary now nattens the parabolic
prome of the now velocity observed in a linear tube and aJao
leads to both reduced uial dispersion and increased maoo
transfer to the wallo of the tube. Following the pioneering
work of Dean (8, 9), tbe moot important parameter in helical
now, &(d,fdJ1/', has been designated the Dean number (&
is Reynold's number and d, and d, are the diameters of the
tube and tbe coil, respectively). The differences between
helical and linear now increase with increasing Dean number.
The rigorous analytical solution for the hydrodynamics of
helical now is complex. Although numerical methods have
recently become available (14, 15), certain approximations are
necessary and such methods apply to a limited, albeit useful,
range of Dean numbers.

For annular now, mass transfer studies have not received
much attention. However, the analogous case for heat transfer
has been studied in detail (16) and predicts that transfer
should be more efficient compared to now through an open
tube, the difference being significant for small values of '.1',
where r0 and rl are the radii of the outer and inner cylinder,
respectively. Very recently, mass transfer in an annular
diffusion denuder has been studied both tbeoretically and
experimentally (17). In this study, although both the surfaces
defming the armulus act as sinks, a clear relationship between
increased mass transfer efficiency and decreasing annular gap
(low '.1',) was established. Additionally, the advantages of
small annular gap systems in promoting mass transport in
boundary layers have been recognized for 8 long time in de­
signing efficient dialyzers (18).

During the course of our study, the work of Stevens et al.
(19), which employed Nafion tubing packed with inert beads
of optimized size, was published. We pursued our investi­
gations because it was clear that helical now through an an­
nular geometry may be 8 significant improvement over the
bead packed configuration. Comparison of the armular helical
device with the packed bead device, as suppressors in anion
chromatograpby, appears in a companion paper (20).

EXPERIMENTAL SECTION

All reagents used in this work were of analytical reagent grade.
The water used W81 distilled and deionized but not free from CO2,

Solutions to be ion exchanged were thermostated at 3O:i: 0.1 °C
and pumped by an Altex Model 1l0A reciprocating pump
(Berkeley, CAl through a pulse dampener (Handy and Herman
ThOO Co.. Norristown, PAl into tbe device under tart. 'The emuent
conductivity was measured with a Weocsn Model 213 conductivity
delAlclor (Santa Clara, CAl. The attendant detector celis (nominal
volume 2 or 20 ~L, cell constants as determined with o.ot D KCl
scIution were 34.l and 0.117, respectively) were thermally insulated
by polyurethane foam molds. The reported conductance values
are corrected to 25 ·C. The regenerant solution, also thermoststed
at 30 ·C, was pumped by an E1dex Model &120-S reciprocating
pump (Menlo Park, CAl or allowed to flow under gravity.

Construction of Devices. Nafion 81h perfiuorosulfonate
membrane tubing (Du Pont Polymer Products Division, Wil­
minton, DE) was used as the cation exchanger membrane tubing.
The nominal dimensions of this tubing ..e 875 ~m o.d. and 625
pm i.d. in the dry state. The hydrophilic material expands sig­
nificantly upon wetting. Two sepa.cate batches of tubing were
used during the coune of this study; their diameteca were per·
ceptibly different although both were within the usual manu­
facturing tolerance. Devices otherwise identical, except for the
batch of tubing, produced significantly different results. The bulk
of the data reported in this paper are typical among several doun
individual devices fabricated with the smaller diameter tubing,
which is at the lower end of the diameter distribution of the
manufacturer's product (21).

Options for leak-free connections (to withstand several hundred
pounds per square inch) for membrane tubing with 75 pm wall
thickness are limited. Becauae of wide interest in the potential
application of Nafion membranes (22, 23), sealing techniques
developed during tbe course of this work may be useful to others.
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figura 1. InieVoutIet des9ls: A.K.InleVoutlet PTFE tube; B, 1/4-26
male nut; C. o-mg.; D.O. mlcrobofe PTFE Insert; E.N. Naflon mom­
b<.ne tubing; F. 1/4-26 1Itreaded T; l., polypropylene T; o.P, nylon
monofilament: M. rictYome wi"e aimp; J. H. adhestve fUIer. I, jacket
lublng.

The swell-seal method. (19, 23) which takes advantage of the
hydrophilic expansion of NafioD. could not be easily applied to
filament filled Nation tubing. Much initial work was done with
a flange seal technique in which the open end of the tubing is
brought dose to a flame whereupon it softens, rolls back upon
itself and produces a ring like flange. While with appropriately
constructed fittings a good seal could be obtained, commercially
availoble T-filting. with 1/4-28 thread (made for 'I .. in. tubing)
frequently have interconnecting holes that are too large for this
purpose. Also, very small homemade washers were needed for
sealing. Although this technique has some distinct advantages,
this approach was discontinued in favor of the following. A small
section (0.5-1 cm) of microbore PTFE tubing (0.3 mm i.d., 0.75
rom o.d.) was forced into the Nation tubing and then the Nation
tubing was inserted into the connecting PTFE tubing (0.3 mm
i.d., 1.5 mm o.d.; the tubing was enlarged at the end with a suitable
tool to accommodate the Nalion tubing; if dead volume consid­
erations are unimportant, 0.8 rom i.d., 1.6 mm o.d. PTFE tubing
is more convenient) to no further depth than the microbore insert.
Sealing was then accomplished either by compression with O-rings
(FiguJe la) or by crimping with 28 gauge nichrome wire (Figure
Ib).

Monoftlament nylon lines (flahing lines) were used for insertion
into the Nafion tubing. Three different filament diameters were
investigated: 0.52 mm (Sigma. 25 lb strength line), 0.56 and 0.66
mm (Stren, Du Pont, 30 and 40 Ib strength lines, respectively).
If the membrane is thoroughly wet, insertion of the 0.52- or
O.58-mm filaments into the Nafion tubing is facile. The direct
insertion of the O.66-mm fl1ament (which actually exceed> the dry
inside diameter of the tubing) is however, very diflicuJL Initially
we accomplished this by splicing the filament onto a narrower
filament which has already been inserted into a desired length
of the Nation tubing and pulling it through. This was found to
be very difficult for lengths exceeding 0.5 m and a better method
was found. After insertion of the microbore PTFE tubing and
establishment of a leak-free connection at one end, this end was
connected to a pump and water was pumped through the Nation
tubing. The fl1ament was pushed from the open end of the Nafion
tubing inward. A flow rste of I mL/min produced a pressure drop
about 200 psi which adequately expanded the tubing for smooth
passage of the filament. When the filament was all the way in
and butting the microbore tubing, the tubing and filament were
gripped from the insertion end and the pressure was released by
discontinuing now. Exceas filament was then cut off flush with
the tubing. Gentle stretching of the membrane tubing then
produced enough void space at the insertion end for inserting a
small section of microbore tubing for connections, as at the other
end.
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G Internal liquid water, now rate 1 mL/min. External
now fate 2 mL/min. Membrane tube length 20 em.
Detector cell 20 I" L.

6.2
20.0
32.6

1400

conduc­
tance, loiS

external
liquid

"2S0.> 0.5 mM
H,PO.. 0.33 mM
HOAc, 1 mM
HOAc, pH 3

5.3
6.4
6.3
6.7

external
liquid

H,O
HCI,lmM
HCIO.. I mM
HNO" I mM

Table I. Regenerant Penetration G

conduc­
tance,

.S

(8l

(bl

figure 2. oevtce deolgna: A. 1/4-28 T: B.~o Iller; C. support
rod: D.~ croea section below: E. flamen,; F. Nollon tublng; Cl.
)ockot llbhg; H, ocIlooMI: I. poIypropyteno T: J. joc:l<et tUle; K. IIoment
_ hoIx; l., onIIrgod aoIlll eectIon below: E. lIamonl; F. Notion tubI1g.

Compered to tho originol unstrotched dry lengths. the longi­
tudinal expansion of the Nation tubing as 8 result of the above
operotiona is significant end can be oslorge os 10%. Tho tubing
longths roported in this poper rofer to the original dry lengths.

Coiling wos then accomplished to produce tha mament filled
helix (FFH). Two basic types of device construction ware atudied.
In the fi..t design. the jacket tubing for rogenerent flow outside
the membrane tubing was concentric with the membrane tubing
and filament, Le., the jacket formed an outer helix (Figure 28).
In this deaign. used with the inlet connection depicted in Figure
18, jacket inside diameter only alightly Iorger then the membrone
outside diameter were practical. Vinyl tubing (1-1.25 rom i.d.)
W08 used os jackot end W08 soa1ed in p1aco with a suiteb1e adbeaivo.
For Iorger diameter helicea. 3 rom o.d. PTFE tubing, which could
be conveniently flango aaaled, were used os jackot tubing. The
support rod and the inlet/outlot T's wore cemented logether.
Although tho concentric deaign permits the moat officiont uao of
the regenerant now, the attainable lower limit of helix diameter
W08 poor. Additionally, attempts to obtain low diameter helicos
with small diameter support rods (e.g., 1.5 mm o.d. metal tubing)
wore frequently foiled by the membrano tubing biting into the
jacket and effectively losing the aurface area of the membrane
in such contact from en activo role. Tho adventago of this deaign
wos that with a cloaely fitting jacket, tho membrene tubing
tolerated. under dynamic "COnditiona. relatively high absolute
preaaurea (studied up io the limit of the fitting used, -700 pei).
Since aignificant preuuree were involved for the regenerant flow
(up to 300 pei for 5 mL/min) with this deoign, the actual preasure
differential OI)lOriencod bY the membrone tubing waa substantially
I... then the absolute preaaure.

In the IOCOnd deaign, the jacket wos concentric with the FFH
(Figure 2b). The FFH wos made fi..t by tying one end of the
f1lament filled tubing to a suitable aupport rod, coiling it oround
the support, end then trying the other end to the support. The
whole ....mbly wos then put in boiling water for 30 min to I h.
The tharma1 treatment eet the filament in shape. Ties and support
rods ware next removed. The coila esponded slightly upoo removal
ofsupport, tha extant of this expansion decreaoed with decreosing
coil diameter and increasing f1lament diameter. For moat of our
experiments, support rods 1.5 rom (chromalography tubing) and
0.6 rom (guitar airing) in diameter were used: thOBO lad to helU
diametera in the actual operating devicoa of about. and 2 rom,

respectively. Helices with much larger diameters did not retain
their shspes very weU end hsd to he studied hy the fi..t design.
For operation, the FFH was enclosed in a 8uitable jacket with
inlet/outlet T's depicted in Figure lb. Tygon or gloss tubing wos
used for the jacket. A closely fitting jacket made efficient use
of the regenerant flow; care was taken however to ensure that the
FFH did not contact the jacket walls and was stretched very
slightly to prevent succeeding turns of the coil from touching each
other. In both deaigns, during coiling, the minimum poBllible pitch
(with turns touching each other) was used.

During operation, the regenerant solution was pumped coun­
tercurrent to the flow in the FFH. For most of our experiments
with design (b), the regene~ant solution was alllowed to flow by
gravity and, when unimpeded, resulted in a maximum flow rate
of 15 mL/min. With design (a), the maximum flow rate of the
pump (5.75 mL/min) wos uaod.

RESULTS AND DISCUSSION
Regenerant Penetration. At low regenerant concentra·

tions, the Donnan potential effectively prevents the pene­
tration of the regenerant anion through the cation exchange
membrane into the inner stream. However, when the con­
centration of the solution to be ion exchanged is high. re­
generant concentration also needs to be relatively high to
prevent the maas transport from the outer wall of the mem­
brane to be rate limiting. Under such conditions, the ionic
concentretion differential between the two sides of the mem­
brane is sufficient to overcome the Donnan potential and
penetration of the regenerant anion into the inner flowstream
is significant. We compared a number of regenerant solutions
with respect to penetration into a water flowstrearn; the results
are reported in Table I.

The high penetrations of H3PO. and HOAc are clearly due
to the efficient tronaport of the un-ionized uncharged species,
not aubject to the Donnan berrier. Perchloric and sulfuric
acids were studied further, at higher and more practical
concentrations, up to 75 roN; the results are shown in Figure
3. Cation tronaport through perfluorosulfonate membranes
hos been studied (24), but anion tranaport has not been ad­
dressed. Clearly, the relationahip between penetration rate
and regenerant concentration is nonlinear. Likewise, no simple
relstionahip between penetration end oarnolality W08 oboerved.
In our system, the penetration rate was found to be limited
by sorption rate at the outer wall or rate of transport through
the wall, because under conditions of significant penetration
(> 10 mN acid), the effluent conductance (directly related to
the permeate concentration) was linearly related to the re­
ciprocal of the internal flow rate (date not shown). Helfferich
(25) deacribes the equation governing the equilibrium con­
centration of 8 sorbed ion in an ion exchanger bearing rued
charges of the aame sign as

/film = (/fIR/2zm) + (a"bP) - /fIR/2zm (1)

where-/fl end m are the molality of the ion of charge magnitude
z in ion exchanger end solution, respectively, /fiR is the molality
of ion exchange groups in ion exchanger, a is the ratio of the
activity coefficient of the ion in solution to that in exchanger.
b is the ratio of activity of water in exchanger to that in
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(4)

where X is the conductance of the original solution, Y is the
conductance of the solution after passage through the device
under test, and Z is the conductance of the solution after
passage through a conventional packed column exchanger.
The accuracy of this calculation is limited by the pressure-­
induced water loss from the inside to the outside of the
membrane and regenerant penetration, both of which tend
to exaggerate the actual efficiency. The results are reported
in Table 11. For the NEt, case, the initially atable con­
ductance reading decreases eventually to a lower value, due
to wall saturation arising from the very slow transport of this
ion through the wall. The values reported in Table 11 are the
initial values. Some values of f, especially those at the lowest
flow rate, were calculated w be higher than I (up w 1.04) due
to regenerant penetration but are reported as unity for con­
sistency. Improvement of efficiency with decreasing annulus
width is evident from Table II and is observed for both K+
and NEt/. In quantitatively assessing the increase in effi­
ciency, it is convenient to relate the improvement of per­
formance in terms of decreased device length necessary for
a given application. As long as the rate of mass transfer to

and malachite green) that bind very strongly w Nafion, were
injected into linear and FFH devices. The device was then
taken apart and ahort longitudinal sections, representing equal
portions of the tube perimeter, were cut from the membrane
tube. The dye was extracted from each section by strongly
acidic methanol. Spectrophotometric determination of the
dye indicated uniform deposition across the perimeter. Similar
experiments with axial cross sections of the membrane tube
as a function of the distance from the inlet indicated that the
extent of deposition decreased exponentially with increasing
distance from the inlet, except in the immediate vicinity of
the inlet where the deposition was much higher than that
predicted by the exponential relationship.

For the three linear annular flow systems (filament radius
'j = 0.26, 0.28, and 0.32 mm, respectively) the mean annular
gap, '0 - 'io was calculated from

ro - r, = [r,' + (V/"L)I'" - r, (3)

where V is the dead volume of the device as obtained from
residence time measurements (see ref 20 for details). At a flow
rate of 2 mL/min, the mean annular gaps were found to be
0.130,0.108, and 0.064 mm, respectively, for the three systems.
The outer radii, ro, were then calculated to be 0.390, 0.388,
and 0.384 mm, respectively, indicating absence of any large
changes in the diameter of the membrane tube between the
three systems. However, these values are significantly higher
than the mean radius of the hollow tube, determined in an
analogous fashion to be 0.350 mm. The annular gap as de-­
termined above decreases slightly with decreasing now rate.
Also, the increase in the pressure drop with flow rate is less
than linear, suggesting increases in the annular gap with in­
creasing pressure; albeit the effect is small. For the helical
devices, the annular gaps, determined as above, were found
to be slightly smaller than the corresponding linear devices.
The pressure drops at a given flow rate were always larger for
the helical devices compared to their linear analogues. For
a hoUow tube, this increase in pressure drop upon introducing
a helical configuration is well-known (l0, 11).

Mass Transfer to the Wall: Linear Devices. To avoid
saturation of the exchange sites, dilute (1 mM) solutions of
KNOJ and NEt"CIO" were used as solutions to be ion ex­
changed. These cations were chosen to explore the effects of
varying ionic size and thus the diffusion coefficient. Five
millimolar H~O" was used as regenerant, at an adequate flow
rate, to minimize regenerant penetration. The fraction ex­
changed, f, was calculated from

ao
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solution, and p is the ratio of partial molar volume of the
electrolyte to partial molal volume of water. In our systems,
a, b, m, P. and z may all be regarded as constants as 8 first
approximation. Assuming that the permeate concentration
(directly proportional w the observed conductance) is linearly
related to m, eq 1 reduces to a much simpler form

aA' + fJA = m' (2)

where A is the observed conductance. In Figure 3, the symbols
represent the experimental points (molarity cather than
molality has been used, the difference is not significant at these
concentrations) while the solid lines depict the best fit curve
for eq 2 obtained by second·order regression analysis (26).
Concentrations lower than 10 mN were omitted from data
analysis due w the significant background conductance of the
water employed. The fit was good for both HClO. and H,sO,;
the respective best fit equations were m2 = (3.07 X 10-3)A2
+ 17.16A - 84.58 (R' = 0.995) and m' = (4.30 X 1O-')A' +
53.24A - 166.70 (R' = 0.996) where m is in unita of millie­
quivalents per liter and A is in microsiemens. The appearance
of the constants in the best fit equations is primarily due to
the significant conductance of the water used. If lower con­
centration data are excluded, the magnitude of the constant
term is reduced drastically. The reduced penetration of H,sO,
compared w HClO, is probably related wdifferences in charge
and hardness (Iipophilicity) of the two anions, aside from the
incompleteness of the second dissociation step in the case of
H,sO,. Note that unlike HaPO, or HOAc, incomplete dis­
sociation of H2SO" leaves HSO,,- which is still subject to the
Donnan barrier. On the basis of the above resulta, H,sO,
solutions were used exclusively as regenerant. It should be
pointed out that if an electrolyte solution constitutes the inner
nowstream, observed penetration appears to be somewhat
smaller but occurs nevertheless. The interpretation of the
experimental data is however more complex and was not
pursued.

The Annular Geometry. The regularity of the annular
geometry (Le., does the filament touch the walls of the tube?)
is subject w question. Phowmicrogrsphy of the linear devices
or the FFH under operating conditions did not reveal any such
irregularity. Inasmuch as the flowing fluid essentislly inflates
the membrane to create a passage for itself, this is to be
expected. However, to determine the nature of mass transfer
w the walls of the tube, solutions of cationic dyes (crystal violet

F~lM'e 3. Effect of regenerant concentration on penetratkm. Con­
ditions are the same as those given in Tab~ 1.
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Table II. Efficiency of MaY Tranlfer to the WoIJ: Frutlon Ion Exchanaed"

now rate, mL/min

the wall is the limiting fector in controlling the observed extent
of exchange and irregularities of transport at the inlet/ouUet
of the device are ignored, an exponential relationship between
the device length and the observed extent of exchange may
be asaumed .. a first approximation (analogous to the at­
tenuation of light .. a function of path length). such that

In (1 - fl = kL (5)

where L is the device length and k is a proportionality con­
stant. ThuI, a convenient way to consider the increase in
efficiency in terms of length is to consider the efficiency factor
E

device t.ype

hollow

annular linear, 0.52 mm filament

annular linear, 0.56 mm filament

annular linear, 0.66 mm filament.

G Tubing length 60 em in all cases.

E = In (l-f?/In (l-fl

solut.ion

KNO,
NEt,CIO,
KNO,
NEt,CIO,
KNO,
NEt,CIO,
KNO,
NEt,CIO,

(6)

0.5 1.0 2.0 4.0

0.94 0.64 0.54 0.38
0.70 0.57 0.36 0.29
0.94 0.83 0.72 0.54
0.93 0.77 0.58 0.39
1 0.97 0.90 0.67
0.97 0.91 0.75 0.46
1 1 0.98 0.75
1 0.97 0.76 0.56

'00

·ac·~
~ 70-

c·u·a.

where f is the extent of exchange observed with the hollow
tube and f' is the extent observed with a more efficient device
of the same length at the same flow rate. Limiting our at­
tention to the data for the highest flow rate (4 mL/min) only.
the efficiency factors for the 0.52, 0.56, and 0.66 mm filament
filled systems are 1.6, 2.3, and 2.9 for the K+ case and 1.4, 1.8,
and 2.4 for the NEt,+ case. reepecUvely. Values of E calculated
with high values of f are likely to be Ie.. reliable due to in­
accuracies involved in evaluating f. As diacUBBed in the for­
egoing BeetioD, changes in the annular gap occur for a given
system .. a function of flow rate. This makes it difficult to
carry out theoretical interpretation of the e.perimental data.
Plotting of f VB. F for the data in Table II (and other data at
intermediate flow rates not presented here) show that f is a
Bingle valued monotonic function ofF for all the systems. The
Gormley-Kennedy equation is an infmite series; a valid three
term approximation is

1 - f = 0.8l91e-··..'· + 0.0975e-....• + 0.03250-6'. (7)

whore Il • rDL/F, these terms having been defmed previoUBIy.
While the data for the hollow tube fit re..onably well to eq
7, the calculated values of D from the beat fit equations are
much larger (by .. much .. a factor of 4) than the known
diffusion coefficients of K+ and NEt:. Several factors may
be reaponsible for the observed enhancement of transport:
pump pulaations, turbulence at inlet/ouUet, turbulence in·
duced by the surface roughn... of the tubing, and the finite
length neceaaary for the development of laminar flow. For
the filament filled systems, these factors contribute increas­
ingly to the depar1ure from theoretical models, especially with
very amall annular gaps. Even though the work of POBB811Zini
et aI. (I7) for annular systems suggests that the Gormley­
Kennedy equation should be applicable to such systems (with
the modification that Il should be multiplied by a factor de­
termined by the geometry of the annulus), our data for the
annular systems do not fit well to eq 7.

a.lleal Device.. For a given filament, the annular iap
may be considered a constant. At constant rates of flow, the
Dean DO., Ro(d,/d,)"', will vary inversely .. the square root
of the coil diameter, d."'. Since the Reynold's no., Ro, is a
conatant, d., which, in the annular case, is the bydraulic radius

,o_f--_6L·5_'L,O_'l.,',.-01..6_5-J0L.'_-,_0..l.,_o_,_a_.(_em,.)

o 1.0 2.0 3~O
{Coil Diameter. cm.l· O.S

FIgure 4. Exchange efficiency k1 helical devlcas as a function of col
diameter. 1 roM KNO,: flow rat. (A) 0.5. (8) 1.0. (C) 2.0. (0) 3.0. (E)
4.0 IT'Umkl. DevIca Ieng1h was 25 an and lIBmeoI_er 0.66 mm.

100

·"c·~u
w '0
c·u·a.

1.0 2.0 3.0
(COil Diameter. cm.rO.5

FIgure 5. Exchange elllclency k1 helcar devices as a M1ctIoo of col
clameter: 1 mM tEt.ClO,. flow rates as k1 Figure 4. llevlca Ieogth
was 35 em and flament clameter 0.66 mm.

rather than the tube radius, is aIeo a constant. Plots of fraction
exchanged VB. l/d.'" are shown in Figures 4 and 5 for K+ and
NEt:, respectively, for 0.66 mm diameter filament flIled
belie... To obtain a larie spread in the value of f, device
lengths chosen for the KNO, and the NEt,ClO, study were
25 and 35 em, respectively. If the data for the linear deviCOB
are excluded, the plots appear to be monotonous Bingle valued
functions with the masa transfer efficiency to the wall being
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and an analytical solution is possible. Equations 10-13 com­
bine to

where 2""ldL is the inner surface area of the segment. At
steady state with a solution flow rate of F mL/s, the decrease
in concentration of Na+ by ion exchange at the wall, -dC, is

(18)

(17)

(14)

(13)

(11)

-dC = __C__OdL
IW]+SC

where 0 = 2000wrPmSp/(FtEW). Substituting eq 17 into eq
18 and integrating

-dC = IOOOQ'/F

and the effluent concentration C' is given by

C'=C-dC

Upon substitution of [Na+] = C where C is the current
unexchanged concentration and [X,) = Co(K/(K + [H+]}
where Co is the original concentration of Na+ and K is the
dissociation constant of HX, eq 15 yields

[WI' + (C + K)[W]' + (KC - K. - KCo)[W] -
KK. = 0 (16)

Equation 16 may be solved by the Newton-Raphson me­
thod (29) at each iwration step and the value fed back in eq
10 for the subsequent cycle. In these calculations, we have
assumed t = 0.0075 em, r = 0.035 cm, and p = 1.98 g/cm' (the
dependence of p on present and past hydration history of the
membrane as well as the nature of its ionic content as detailed
in ref 30 has been ignored). The numerical solution stabilized
at dL = 0.01 cm and thus no further reduction in dL was
attempted. Note that for strong acids, eq 16 simplifies to

membrane is given by Fick's first law (28)

Q = MN.+Dm/t

Using a new value of C equal to C' and iterating calculations
through eq 10-14, we can evaluate the unexchanged concen­
tration afrer any number of such segments. However, the
change in [H+] needs to be taken into account. From charge
balance requirements, at any point in the system

where Q is in mol cm-2 8-1, t is in cm, and Dm is the diffusion
coefficient of Na+ in the Nafion membrane (measured to be
9.44 X 10-7 cm'/s, ref 29). The flux through the membrane
for the segment is

Q' = 27rr;MN.·DmdL/t (12)

(8)

acutely dependent on the coil diameter. For K+, the efficiency
factor E may be calculated from the data presented in Figure
4 to be 3.1 in going from a linear to helical (d, = 0.2 em) 0.66
mm diameter filament filled device (curve E, flow rate 4
mL/min). Comparison with "data presented in Table II for
the hollow tube (and recognizing the differences in device
lengths employed), the efficiency factor for the 0.2 em diameter
helix is then calculated to be 9.5 relative to the hollow tube.
The analogous value for NEt..+ at the same flow rate is 8.3
for the 0.66 mm diameter filament filled helix (d, = 0.2 cm)
relative to the hollow tube. Experiments with hollow helices
as a function of coil diameter show the expected increase in
efficiency of mass transfer with decreasing coil radius.
However, the effect is substantially lower than that repre­
sented by the data for the annular helical case presented
above. Within the annular helical geometry, the efficiency
was observed to increase with decreasing annular gap (in·
creasing filament diameter), at any given coil diameter. The
effect of pitch (defined as the distance between successive
turns of the coil divided by the circumference of the coil) at
a given coil diameter is increasing efficiency with decreasing
pitch, short of the coil turns touching each other during op­
eration. It has been argued that the effect of moderate values
of pitch is the same as that due to a small change in the
effective coil diameter (10).

Mass Transfer through the Wall. A5 was noted in the
introduction, the outstanding advantage of Nafion per­
fluorosulfonate membrane is small resistance to cation
transport. Consider the limiting case wherein mass transfer
to and from the wall are infinitely efficient; the resistance to
mass transfer through the wall is the limting factor. This
situation plays a significant role in continuous ion exchange
of solutions of relatively high concentration such as the eluents
used in nonsuppressed ion chromatography (20).

For illustrative purposes, consider the ion exchange of a C
molar solution of NaX where transport of Na+ through the
wall is the only limiting factor. An adequate regenerant flow
and concentration is assumed and the rejuvenation of ex­
change sites by the fast diffusing proton is not considered to
be rate limiting. The selectivity coefficient, 8, of Nation for
Na+ has been measured by Yeager and Steck (27) to be 1.22;
where 8 is defined as

where Xi is the fraction of ion exchange sites occupied by ion
i and [i) represents the molarity of i in solution. (8j increases
at very low values of X j and a more rigorous analysis will need
to take this into account.) Recognizing that the concentration
of ion exchange sites is fixed for a given membrane material,
eq 8 may be rewritten as

(9) C = Co exp[-«S - I)/! + (OL/Cll] (19)

where M j is the concentration of ion i in the exchanger phase
in mol/cm', EW is the equivalent weight of the exchanger,
and p is its density; p/EW represents total exchange site
concentration in mol/cm3• Rearrangement of eq 9 yields a
more convenient form:

Consider now an infinitesimally amaJIsegment of the device
of length dL cm, such that by p....age through this section,
dC molar Na+ is exchanged at the wall for H+. We assume
C» dC, such tbat the entire length dL of the segment may
be considered to be in equilibrium with C molar Na+. We
assume, for simplicity, that the concentration of Na+ outside
the membrane (and therefore at the outer surface of the
membrane) is essentially zero. If the thickness of the mem,
brane, t, is small, the tr81Ulport flux of Na+, Q, through the

which can be solved numerically.
Figure 6 shows the effect of the dissociation constant of HX

upon the fraction exchanged. The variation of pH with! is
the same as that during the titration of NaX with a strong
acid. Consequently, the more facile exchange with decreasing
acidity of HX is notable and is particularly import&nt if
quantitative or near-quantitative exchange is to be accom­
plished.

Figure 7 shows the effect of varying the concentration of
the solution to be ion exchanged (salt of a strong acid). At
high concentrations, mass transfer to the wall will clearly be
the limiting factor.

Figure 8 shows the effect of varying the flow rate of the
influent solution (strong acid salt) upon the overall exchange
rate. Note that variation of DrrJ,'lt t, or EW lead to similar
results.
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Table III. Effect of Regenerant Concentration on Ion
Exchange Efficiency"

regenerant conductance, ~. at the indicated

(H,SO.l
now rate (mL/min)

conen, mM 0.5 1.0 2.0 4.0

12.5 0.62 1.77 7.72 8.25
25 0.70 0.88 3.05 6.45
50 0.99 0.73 2.30 4.85

100 2.80 1.07 2.39 4.83

a Influent solution 2.4 mM Na,CO s + 3 mM NaHCO,;
tube length 50 em; filament diameter 0.66 mm; coil dis·
meter 4 mm; design bi jacket i.d. 1 em; regenerant flow
rate 5 mL/min; direct conductance of this solution is 20.8
1J,8; completely exchanged (packed column) conductance
is 0.690"s.

from the outer wall may become a significant factor. Data
for overall exchange obaerved with a eolution containing 3 mM
NaHCO, + 2.4 mM Na,CO, are presented in Table III as a
function of regenerant concentration. These data represent
an interplay of two opposing factors on the effiuent conduc­
tance; regenerant penetration and mass transfer inefficiency
at the outer wall. Thua, the date in the eecond column, where
the m8BB transfer efficiency is not limiting, shows increasing
conductance with increasing regenerant concentration; this
is due to regenerant penetration. In contrast, the data in the
last column show the opposite trend; here mass transfer ef­
ficiency is the limiting factor. Note also for carbonate con­
taining solution, quantitative cation exchange through the
devices often leads to an effluent conductance significantly
lower than thet obtained with a packed bed exchanger. This
is due to facile loss of CO, through the membrane. Since the
loss muat obvioualy be much greater with increasing distance
from the inlet (as the amount of free H,CO, increases), no
aimple method has proved feasible for calculating the fraction
exchanged.

Overall Exchange Rate. Since the rate of mass transport
from the wall can be prevented from limiting the overall
exchange rate by proper choice of regenerant concentration
and flow rate, effecta due to mass transport from the wall may
be disregarded. In general, for most solutions to be ion ex­
changed, the obaerved exchange rate will be dependent on
mass transfer through the wall for the initial part of the device.
This will continue until the concentration drops to a level
where the flux brought to the wall falls below the amount thet
can be transported through the wall Past this point, the wall
will behave as a perfect sink and the exchange rate will be
controlled by the rate of m... transport to the wall. Due to
the complexity of the hydrodynemics involved, we are pres­
ently unable to formulate an analytical expression for the rate
of m... tranoport during helical flow through an annuJua.
However, as a first approximation, an exponential depletion
with length may be assumed under conditions of mass
transport to the wall being the limiting factor, for a given flow
field. Thua. we may ...ume thet a fraction, k, of the influent
flux ia capable of reaching the wall during passage through
a aegroent of length dL. The calculations for f as performed
in the section on m... transport through the wall then need
to be modified only in that

-dC = kCdL (20)

which is eq 5 in differential form. At each iteration step, either
eq 18 91' 20 ia uaed depending on which produces the limiting
value. The net effect of decreasing k for a given set of wall
tranaport parametera ia then manifested in divergence from
the wall transport limited exchange curve at lower and lower
values of L. Note thet k depends on the assumed value of
dL, the muimum permissible value being lfdL. However,

16 20s "
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FIgure e. EHoct .,lIow rate on II1e waI transpoo1 _ Ion axchango
.r NaX (HX Is lIlrong acid): (e...... A-o) 0.5. 1.0. 2.0. and 4.0 nUl'*>.
Influant concentration was 0.01 M.

FIgure e. Effect.' II1e dIsIocIatlon 00f1lIlBnI of HX on II1e wal transpoo1
_ Ion axchango ., NaX: (A) pK • 8. (B) pK = 5. (C) pK = 2. (0)
strong add. Influent concentraUon was 0.01 M: flow rate wae 2
nUmln.

06

0.8

10,-7--:=-----,
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FIgln 7. Effect.f II1e Inlluant concentration on II1e wallranaport
lm/Iod Ion axchango ., NaX (HX 18 strong acid): (c...... A-F) 0.001.
0.005. 0.01. 0.05. 0.1. and 0.5 M In'luent NaX. Flow rata was 2
nUmln.

0.0

Mua Tranaport ""m the Wall. Adequate flow rate and
concentration of regenerant are necesaary to prevent maas
transfer from the outer wall of the membrane from beoomiog
a limiting factor. The muimum permissible degree of re­
generant penetration, which muat be decided for a apacific
application, aeta an upper limit on the regenerant concen­
tration. Other than the convenience of gravity flow and
practicality of maintaining the flow rate, there are no re­
strictiOO3 on increaaing the flow rate. The regenerant aolution
may also be recycled through a large bed excbeoger. The
goomatry of the jacket ia obvioualy a very important factor
In determining how efficiently the regenerant flow ia utilized.
When the influent ionic concentration ia high, maas transfer
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for realistic values of the influent concentration, the transfer
through the wall is likely to become rate limiting long hefore
this maximum value can be attained.

CONCLUSIONS
Although we have focused our attention in this article on

the use of the FFH 88 QI\ efficient continuous cation exchanger.
mass transfer efficiency and low dead volume considerations
are of paramount importaoce in many other systems, including
dialyzers in artificial kidney machines. Detailed theoretical
considerations on the hydrodynamics of helical flow through
an annulus are clearly necessary. We helieve that such a flow
configuration will be of utility in a large number of mem~
brane-hased separation systems. The computational approach
presented here can he extended to other systems. For exam­
ple, in designing dialyzers with porous membranes, the density
of pore distribution is analogous to exchange site density of
an ionomeric membrane, while the selectivity coefficient will
he controlled by the pore size distribution and the size of the
molecule to be dialyzed.

Additionally, in open tubular capiJJary LC, the generation
of active sites in the weBs of such small capillaries is 8 sig­
nificant task. It is considerably easier to produce 8uch sites
on a filament. A thermally shrinkable jacket could then he
shrunk down on the filament, yielding very small annular gaps.
With appropriate membrane material, an FFH could he used
for efficient mixing in of a reagent without large band dis·
persians. We hope that the considerations outlined in this
paper will promote the use of annular and annular helical flow
in analytical chemistry.
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Annular Helical Suppressor for Ion Chromatography

Purnendu K. Dalgupta

Department of Chemistry, Texos Tech Uniuersity, Box 4260, Lubbock, Texas 79409

A nylon monofU8ment Plied Nallon pernuorosulfonale cation
exchanger membrane lublng funclJons al an elllctenl IUP­
pr.....r 01 low dI$perIIon and dead .01..... lor anion chr0­
matography.

Since its introduction in 1975 (1), ion chromatography (lC)
with eluent conductance suppre88ion and conductometric
detection has established itself as a singularly important and
powerful tool, especially in anion analysis. The facility of such
analysis as demonstrated by commercially available instru·
mentation is, at least in part, responsible for resurgent interest
in ionic analysis by chromatograpby. The modern practice
of ion chromatography includes alternative detection methods

(2-11). Nonsuppressed single column IC with conduetometric
detection has also been shown to he useful (12-16). The
advantages and disadvantages of noDSuppressed VB. suppressed
IC have been discussed in the literature (12, 15, 17). In es­
sence, the advantages of suppressed IC include wide dynamic
range (large column exchange capacity, low probability of
column overloading), rspid equilibration, high sensitivity (good
base line stability and low drift), and a wide choice of eluents.
It suffers from (a) the need to regenerate the suppressor
column, (b) variable retention of weak acids by the suppressor
column 88 a function of its degree of exhaustion, and (c) band
broadening induced by the suppressor. With the introduction
of the continuously regenerated hollow fiber suppressor (18)
which is always in the same state of regeneration, problems
(a) and (b) have heen effectively solved. The rather large
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diaperoion caused by the original version of the continuous
.uppreasor h88 .ince been reduced by a packed bead config­
uration (19). In view of continuing advances in improving
column efficiency (20), the band broadening introduced by
this modified version is still significant. In a companion paper
(21), we have iritroduced the concept of helical flow through
an annulus 88 a highly efficient way to conduct DU1llll transport
to the walls of a tube. In the present article, the use of a
filament-filled helix (FFH) 88 .n IC suppressor of low dead
volume and dispersion is described and the performance is
compared with a continuous suppressor of packed bead con~

figuration.

EXPERIMENTAL SECTION
Construction of devices and other experimental details have

been described in ref 21. The devices used in this work consist
of 0.66 mm diameter nylon monofilament (40 lb strength fIShing
line, Stren, Du Pont) filled Nafion 811X (Du Pont Polymer
Products Division, Wilmington, DE) perfluoro8ulfonate cation
exchanger membrane tubing (-0.7 mm i.d.) coiled into a helix
with 8 coil diameter of 2 mm. The helix was enclosed in a glR.88
jacket (3 mm Ld.) provided with inlet/outlet T's for flow of
regenerant solution (design b in ref 21). Sulfuric acid solution
(12.5 mM) was used os regenerant, the choice being dictated by
considerations outlined in ref 21. The regenerant solution was
allowed to flow by gravity countercurrent to the flow in the helix.
The reported conductance data refer to a cell constant of 34.1.
The experiments were carried out at 30°C; the conductance data
are corrected to 25 °C. The packed bead 8uppreaaor described
in ref 19 was obtained as its commercial version (Dionex Corp.,
Sunnyvale, CA). Apparently the use of glass rather than poly­
(styrene--divinylbenzene) beads is the only major difference from
the literature description of this device. Two solutions, 3 roM
NaHCO, + 2.4 mM Na.,CO, and 8 mM NaHCO, + 6 mM Na,cO"
which are widely used in anion chromatography, were used in this
work for testing ion exchange efficiency and are designated as
El and E2, respectively. Dead volume and band dispersion
experimenta were carried out with water pumped at 2 mL/min
through the device, injecting 20 pL of 1 mM KN03 solution with
a loop injector (Altex Model 210, Berkeley, CAl, and recording
the optical absorbance 88 determined at 230 nm by a Schoeffel
Model 770 detector (Kratos Inc., Westwood, NJ) with a time
constant of 0.5 s at a chart rate of 25 cm/min. In all C8BeB, values
for connections only were also determined and were significant.
The dead volume of the device under sturly was taken to be F(t
- t? less half the injection volume (10 pL) where F is the flow
rate and t and t' are the retention timea of the KN03 slug for the
device (including terminating connections) and connections only.
The band broadening introduced by the device was calculated
88 (II" - W")I/' where Wand W' are the respective band volumes
(twice the peak width at half height) for the device plus termi­
nations and terminations only (22).

RESULTS AND DISCUSSION
Quantitative exchange is essential for proper operation in

IC, Unfortunately, with Nafion membrane based continuous
exchangers, the degree of cation exchange observed with
carbonate solutions is difficult to evaluate accurately due to
the facile 1088 of CO, through the membrane. Thus, such
membrane-based continuous exchangers often lead to sup­
pressed eluent conductances significantly below those obtained
with. conventional pecked column suppressor. It is therefore
important to realize that the attainment of the packed .up­
pressor conductance does not guarantee quantitative exchange.
A Jack of quantitative exchange manifests itself in serious loes
of sensitivity in determining sample ions. The calibration plot
(peak conductance VB. concentration of sample ion injected)
becomes highly nonlinear at low sample ion concentrations,
the linear portion suggesting a negative intercept on the
conductance axis at >ero sample ion concentration. With E1,
we have found that if the suppreased eluent conductance is
95% or below that of the conductance obtained after passage
through a conventional pecked column suppressor, calibration

Table I. Performance as an Ie Suppressor

now
rate, El Q conductance, j.J.S
mLI 50 cm,b
min 50 cm 75 cm 100 cm Dionex

0.5 0.48-0.59 0.56-0.59 0.56-0.84 0.50-0.53
1.0 0.4 7-0.56 0.54-0.66 0.54-0.66 0.80-0.85
1.5 0.52-1.00 0.45-0.46
2.0 0.54-1.30 0.50-0.54 0.50-0.51 1.20-1.65
2.5 0.77-1.80 0.65-0.80 0.50-0.52
3.0 1.29-2.29 0.84-1.06 0.45-0.50 2.00-3.40
3.5 0.50-0.55
4.0 2.20-3.00 1.18-1.60 0.48-0.62 3.10-5.20

flow
rate, E2 C conductance, ,uS
mLI
min 50cm 75 cm 100cm

0.5 0.4 7-0. 78 0.85-1.08 0.83-1.25
1.0 0.77-0.96 0.74-0.92 0.85-1.12
1.5 1.10-1.51 0.91-1.15
2.0 3,70-4.75 1.50-2.31 0.75-0.86
2.5 0.84-1.15
3.0 10.6-12.2 3.71-6.23 1.22-1.69
4.0 16.3-22.0 6.30-11.6 2.66-4.90

U Direct conductance 20.8 ,uS. Completely exchan~ed

conductance 0.69 ,uS. b 50 cm length from commercially
available packed bead suppressor. C Direct conductance
65.2}J8; completely exchanged conductance 1.05 ,uS.

plots for the chloride ion at the 0.1-1 ppm level is linear. In
terms of molarities, 0.1 ppm CI- is 2.8 ~M while E1 is 7.8 mM
Na+. These results therefore suggest that under these con­
ditions, the eluent is at least 99.97 % exchanged. This is
suggested as an arbitrary level of acceptable completeness of
exchange.

The effluent conductances for El and E2 at various flow
rates for annular helical devices of different lengths are shown
in Table I. These data represent the observed range of results
for a number of devices made in this laboratory. As has been
noted in ref 21, annular helical exchangers excel in their ef­
ficiencies of mass transport to the wall. However, mass
transport to the wall is only one of the factors in the observed
overall efficiency for solutions of such concentrations ([Na+J
= 7.8 and 20 mM for EI and E2, respectively). We believe
that the variation of the wall thickness of the membrane tube
among different devices (as well as among different regions
of the same device) is the primary reason for the variance of
the data reported in Table I. Even with a given device, merely
changing the direction of flow (while maintaining counter­
current regenerant flow) often produces a significant change
in the effluent conductance. This is not observed when a more
dilute solution (e.g., I mM KNO,j is ion exchanged under the
same conditions. With such dilute solutions mass transport
through the wall is a less important factor (21).

The general conclusion that can be reached from Table I
is that with E1, 5O-cm devices are adequate for now rates up
to I mL/min; many perform well up to 2 mL/min. Devices
75 em in length are adequ.te for flow rates up to 2 mL/min;
many perform well up to 3 mL/min. Devices 1 m long will
exchange EI up to 4 mL/min and, more often than not, up
to 5 mL/min (data not shown). We have not carried out
detailed studies on minimum regenerant flow requirements
since it is so dependent on the exact jacket design and di­
mensions. However, for the dimensions of the device given
in the Experimental Section, 12.5 mM H,sO. flowing at 5
mL/min is sufficient to completely exchange EI at 4 mL/min
through the 100-cm device.

The commercial pecked bead suppressor is 150-155 em long.
AB have been pointed out by Stevens et al. (19), the diameter



Table II. Dilpenion Data

dead band disper·
device vol,J,lL vol,JJL sion,lJL

connections only 125 180
50 em annular helix 90 200 90
75 em annular helix 135 220 130
100 em annular helix 180 234 150
150 em packed bead 935 421 380

supressor

of the packing beads has been optimized in their design snd
it ia indeed sn efficient configuration. Since the 1.5 m lengtb
results in complete exchange even at 4 mL/min. the per­
forrnsnce of thia device could not be compared with the FFH
devices without altering the lengtb. Fifty-centimeter sections
of the packed bead device were utilized for comparison snd
the results appear in Table I. The FFH ia more efficient
compared to tbe packed bead device of the eame length. It
is however, important to recognize that, over a significant
portion of the device, the rate of exchange ia controlled by
mass transport through the wall, which ia not dependent on
the nature of the flow field. As euch, the differences in m888
trsnsfer efficiencies (to the wall) between the two configura­
tions are not reflected in these data. The differences decrease
even further with the higher concentration eluent E2. Con­
versely much larger differences are observed with eluents of
lower concentration.

One of the diaadvsntages that we have found with the
packed bead suppressor ia the deterioration of perforrnsnce,
especially with respect to bond broadening snd dead volUme,
with use. The beada are reported1y packed by suction, without
pressure. Under use, pressure expands the el8stomeric
membrane allowing the mobile beada to pack down densely
and Ie.. uniformly, leaving large voids in the tube. Addi·
tionally, the mobility of the beads contributes to pre..ure­
induced rupture of the membrane at lower pressures thsn that
observed with the FFH, presumably by creating local pressure
points. From standard ASTM procedures, Esayisn (23) es·
timates the burst pre88ure of the Nafion 811X tubing to be
400 psi when wet. We suspect that the actual burst pressure
is probably somewhat higher since our I-m devices are in
continued operation at 3ro-4oo psi (4 mL/min) for extended
periods of time. Concerning pressure drops, the increase in
pressure drop with flow rate is less than linear.

When the FFH ia first used, the flow rate must be brought
up slowly, allowing the fluid to force open its paseageway. It
is also good practice not to allow the FFH to become com­
pletely dry. If these precautions are taken, the FFH sup­
pressor provides a long trouble·free life. Occasionally, after
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continued use, a small gap developa between the microbore
insert snd the filament (see Figure I in ref2J). Ifdead volume
and dispersion considerations are important, the inlet needs
to be diaassembled, the microbore insert ia pushed in, excess
membrane is cut 0((. and the device is reassembled.

It ia important to emphasi2e that devices much longer thsn
necessary (or a given application are undesirable. especially
if weak acid snions are to be snalyzed. Analogous to tho CO,
loss, loss o( the weak acid occurs through the membrane,
resulting in diminished analyte signals and increased non­
linearity in calibration plots.

Diapersion snd dead volume data are reported in Table II;
here the superiority of the FFH ia clearly evident. The extent
o( the increase in dispersion with device length suggests that
a significant portion of the observed broadening ia due to the
terminations integral to tbe device snd not the FFH itself.
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Ion Chromatographic Determination of Morpholine and
Cyclohexylamine in Aqueous Solutions Containing Ammonia
and Hydrazine

Rolaad Gilbert- and Reynald Rioux

Imtitut de recherche d'Hydro·Qulbec (lREQ), 1800 Montie Sainte·Julie, Varenne., Qulbec. Canada JOL 21'0

Souhell E. Saheh

Gentilly 2 Nuclear Power Plant, Gentilly. Qulbec, Canada GOX IGO

In lhII pape' the analy'" by Ion clvomalog,aplIy (lC) haa
____uI}' applied lor the quantlllcallon of rnorpholN

(C.H,NO) and cycloh.lCJIamlne (C.HllNH,) In ....-.. aolu­
a- contair*lg pal1a-par-mlllon .-nta of III1'IIIlODIa (NH,)
and hyclr'" (N,H.). The method .. proyen 10 ba aanallIv.
and _ ••1 the concentr.tIon 'angas norm.1Iy lound
during w.lar tr••_ of 1I.am-gan.,.ttng ayat_ The
CClbnn Ionglh, ..... flow ,II., and __ ......, atranglh hay.
_ opIlmIzed 10 obIaln NlIIIaclory '..oluIIon of the paaka
of the four c.a- C.H,,NO+, C.HllNH.+. NH:, and N,H.+
under line tlrUlIytlcal modes. The""'" lima for .. _
modos ...pproxlm.tely 50 min. The delacllon lImJta .,.
ballar than _ otitaIned wllh cony....1onal ....lhoda. baing
0.1 ppm fo, both morpholn. and cyclohalCJlanWM. Nona of
the w.I., _"u.nta known 10 Int.".,. with lha cony....
tIonaIlacMIqua hampara the IC _lion. F_.,
under the amIna .nalytlcal concItlona, lhIIlachnIqua .uowa
dalarrilllJon of concomIanl apaclaa ....- • ImpurfUaa In
1I.......w.lar cyctaa.

Volatile amines are widely uaed 88 corrosion inhibit.ors in
the Bteam-water cycleB DC C08Bil and nuclear power Btationo.
They are usuaUy added t.o the Ceedwater t.o raise the pH DC
the condenoate, Ceedwater. and drainwater t.o the level DC
9.G-9.5 in order t.o counteract the corrosive action DC any
carbon dioxide p.--nt in the Bystem. The amine distribution
in the Bteam and condenoate ...tiono is obtained by volatil·
ization or Bteam diotilJation from the Bteam generet.or or boiler,
The two amines moot widely uaed Cor thia purpose are mor·
pholine and cyclohelylamine, which in many casea are em·
ployed oimultaneoualy. Along with these, hydrazine is injected
t.o ocavenge diBaolved olygen and peaaivate metal BurCaces.
All DC these compoundB are Bubject t.o thermal-hydraulic
decomposition at the temperature and presoures DC a medi·
um·preoaure Bteam generat.or, where the prevailing conditiono
are Buch that the major breakdown product is ammonia.

Quantification DC th... additives and ammonia is an es·
aentiaJ Btep in determining the appropriate amounts t.o use
Cor maximum protection. Until recently, low levelB DC mor­
pholine and cyclohexylamine in demineralired water were
quantified hy ouch conventional means aB gao chromatography
(1.2). direct titration (3, 4), and colorimetric tests (5) (com·
monly known aB the carbon disulfide method Cor morpholine
and tho diazotization DC p·nitroaniJine method Cor cycle­
hexylamine). However, gaB chromat.ography using flame
ionization detection calla Cor a threshold DC 1 ppm Cor both
amines. a limit which unfortWl&taly is a decade higher than
the valu.. expected in ""me critical parta of the Bteam-water

cycle. On the other hand, direct titration. based on deter­
mination of the t.otal alkalinity DC a Bample, giveB no inCor­
mation on specific contributors, e.g., ammonia, hydrazine,
morpholine, and cyclohexylamine. Finally, when more than
one of the amine species are present together, colorimetric
procedureB are DC limited value and are applicable only at
higher limits oC detection.

There is clearly 8 need for a specific, interference--free, and
more sensitive analytical method for the detection of mor­
pholine and cyclohexylamine in aqueous solutions containing
parts·per-million levels oC ammonia and hydrazine. Those
volatile amines are added t.o proc... waters contaminated by
cation impurities BUch as Na+, K+, Ca", and Mg"+ which, Bince
they can cause corrosion of system components, are governed
by water quality Bpecificationo. In the Bearch Cor a Buitable
analytical technique Cor evaluating the presence oC morpholine,
cyclohes:ylamine, ammonia, hydrazine, and the major im­
purities. the authors report herein upon the possibilities of
ion chromat.ography (lC) as it applies t.o these amines in the
lower concentration ranges found in various systems. The use
DC IC in power plants Cor the anaIysiB oC Bteam-condenoate
purity has already been reported in the literature (6-10), while
an on·line mode of analysis is currently under development
t.o control high.preosure boilers by blowdown adjustment (I I,
12).

EXPERIMENTAL SECTION
Apparetue. A Dionel Model 16 ion chromat.ograph (Dionex

Corp., Sunnyvale, CAl equipped with a HP 3390A reporting
integrat.or (Hewlett·Packord Canade, Ltd.) was used Cor aU
analyses. The major oomponents of this instrument are an eluent
reservoir, a pumping Iystem, a sample-introduction loop, a cat­
ion--exchange separator column, apd an ion-exchange 8uppressor
column for conversion of the eluent to a nonoonductive form. A
conductivity cell detector W8B used Cor aU analyses elcept Cor N,H.
where the outlet of the seperslar column wes Ced through e Dioner
eJec120cbemical detector (potentiootat). Disposable plastic 3-mL
syringes were used for sample loading in conjunction with an
Acrodiac-CR 0.45-1'Dl flIter eveilable Cram Gelman Sciences Inc.

Reagent•• Commercially available reagent·grade chemicals
were used t.o prepers the eluents (HCI and HCljL-lysine) and the
cation otock solutions. Standard solutions of each cation of intereot
and oC mired catiODl were obtained by diluting a1iquots DC Bt.ock
soIutiona. The sodium hydroxide regenerant (0.5 N) W8B prepered
by using NaOH reogent-grade poUet&. EmemeJy low conductivity
water (0< 0.15 ,.mhoo/cm) obtained by polishing deminerali2ed
watsr througb an organic removal cartridge (BarDltead 089(4)
and an ultrapure mixed·bed ion elchange cartridge (Barnotead
08902)"WaB used Cor aU thOBO preparatioDB-

Procedure. The separator and Buppressor columna were fll1lt
equilibrated with the eluent t.o be used by maintaining a pump
flow rate of 0.7-1.9 mL/min Cor 45 min; the background con­
ductivity due t.o the eluent WaB then electronicaUy ocreet. The
eeparat.or column WaB rinoad at the end DC each day by recircu·
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Table I. Optlmum IDotrumeDt ConditlODl fDr the QuaDtlficatlOD of Ammonia, HydDziDe, Cyclobexylamloe, and
MorpboUoe by 10D CbromatotlnPby

conditioN mode A mode B mode C

analytical column

lupprellOr column

eluent

now rate, mL/min
aample volume, ~L
detection
ions quantified

4mm X 200mm
Dionex Normal Cation

Separal.or 30831
9mmx 100mm
Dionex Normal Cation

SupprellOr 30834
0.005M HCI

1.92
100
conductivity
C..H1oNO·. NH':. Na+. K+

4mmX 400mm
Dionex Normal Cation

Separal.or 30831
9mm X100mm
Diann: Normal Cation

Suppreuor 30834
0.003 M HCI + 0.0025 M

L-lyaine
1.30
100
conductivity
C,HIINH)+

4mm X 200mm
Dione.J: Normal Cation

Separal.or 30831
none

0.003 M HCI + 0.0025 M
L-lyaine

0.77
100
elec:trochemic:aJ

N1 " ..

g ~: , .... l'MltltJI

-,_uTalobI • ",2,,.

I for II) a4 e-ll'O • IaIJI 5,p-
C I., 1 ".

- ..capt for n_ rata: D C..I.WO. 10 ...

2.)0-.1./_1_ ·c.-Ulll' 10 ,,.

Ii .~
IIOt detact": -11_

105 A 0

~ I \...
E

~
0 5 10 15 20 25 30 35 I 85 90 95

TN of i>jKllon enolol

f1Gon 1. Typical Ion cl1romafol1am 01 a _ 01 No. NH,. K, N,H•• C.HsNO. and CeH"NH, I81der optimum concIIIono tor quanlIlIcallon 01 NH,
and C.HoNO.

~l

._ •• T.bl.1 (orCIRIIW:

"..klel.ntlt!l

A I la, 1 ,,.; -s. 1 W-l
1;, O.~ ppa and Cl,M,JIO. 10,..

I I C."lllDl" 10 ,,.

B DOt 4nected I _2'"

FIgln 3. Typical Ion cl1romafol1am oIa _ '" Na. NH,. K, N,H..
CjI,)¥J. and CeH,.NHo Lnder op1hun ccx-. tor__lion 01
N,H..

IatiDg the eluant for a period 011 b. Tbia wu follawa<! by re­
geDeratioD of the luppreaaor column by back·fiuabi08 with the
NaOH regeoerant at a tIow rate of 3.5 mLjmiD and theD rinaiDg
with 1ow-ooDductivity water. Miud otaodard catiooa were uoed
to optimize the loalrumant coDditiono for the quantificatiOD of
eKb ion. Specieo were ideoti6ed lIaXlIdiDg to their reteDtloo tlmoo
with reapact to ltaodard aoIutiooa. The calibration e1ata were

Table II. CaUbratloo nata foo MorpboUne,
Cyclobexylamine, HydraziDe, and
AmmoD1~onceDtratlonof Standard Solutlooa VI. HP
3390A IDtegrator Signal (Arbitrary Unital

morpholine cyclohezylamine
ppm integrator integrator

injected count& X 10· counta X 10'

0.1 0.456 0.400
0.25 1.038 1.063
0.50 1.940 2.065
1 3.764 4.073
2 7.813 8.709
5 20.190 23.519

10 3&.784 45.783
20 63.840 99.015

hydrazine ammonia
ppm intejraLor iDtegrator

injected counw X 10- counta X10'

0.001 0.048
0.005 0.242
0.01 0.493
0.02 0.541
0.025 1.272
0.05 2.526
0.1 5.110 2.837
0.2 5.998
0.25 11.894
0.5 22.602 15.691
I 39.259 30.321

obtaioed undar the fiDal eet 01 cooditlooa: column Ieogtb, e\uaot
ionic etrength, eluent flow rate, etc.

RESULTS AND DISCUSSION
The separation of amin.. it iIluatrated In Figureo I, 2, and

3. Figure 1 shows an iOD chromatogram of a mixture of
C,HoNO, CoHllNH.. NH.. NoH., Na and K ionoln which all
the peab are well reoolved. Tbia separation ....obtained with
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Tobie III. Typical Waler Cbemlalry Spedficationa in the
Sec:ondary Cycl. of Steam·G.nerating Sy.lerna: Volatile
Amine", Hydrazine, and lonie Impurities

first
pcrmiuible action

parameter location range limit

hydrazin., ppb CEpa 50-100 50
5GB" 50-200 200

NH:, ppm CEP <0.8 2
Na', ppb CEP <1 2

5GB <70 70
CI- and F-, ppb 5GB <100 100
Mg", ppb condenser <5 5
morpholine, ppm (eedwater 4-17

,team and 1-2
condensate

cyclohesylamine, .team and 1-2"
ppm condensate

a CEP. condcnaate extraction pumps. b SGB. steam
lenerator blowdown. C' Not official valuel.

the columnl at room temperature under the instrument
conditiona ahown in Table I, mode A, which were ..lected for
the quantification of C,H,NO, NH" and the alkali metala Na
and K. Aa .hoWD in Figure I, the C.HIINH,' ion is eluted
as a very wide peak in about 90 min and i. detectable only
as a minor baae line drift. The ion chrometogram of Figure
2 abowo two weU-defmed peake under the conditiona optimized
Cor the quantification of the cyclobexylammonium ion (..e
Table I, mode B). The length of the analytical column was
increased to 400 mm and the eluent now rate reduoed to \.30
mL/min to obtain the optimum compenoation for the ac­
celerating elution effect obtained by the addition of L·lyaine
to the eluent. The time required for the elution of the
C.HIINH,' ion decreaaed from 90 min (Figure I, peak E) to
8.46 min (Figure 2, peak B); the broad peak of Figure 2 at 5.23
min (peak A) cornaponcla to the unresolved ion conductivity
aignala for Na, C,HoNO, NH" and K. Under the conditiono
of mod.. A and B the hydrazinium ion ie virtually unde­
tectable. Hydrazine is rather weakly disoociated and ita de­
tection, by conductivity. calla for a more sensitive device. A
Dionez e1ectrocbemica1 detector (ECD) w.. therefore coupled
between the IC ..parator and ouppreaoor column, ao recom·
manded by the manufacturer. Figure 3 ahOWl a chromatogram
of the mixture recorded from the ECD oignal under the
conditiona epecified in Table I, mode C. The peak at 4.77 min
comaponda to NoH., which is the only eIectrocbamically active

Tobie IV. Cation lnlerf....nce

opeciee at the applied potential of +0.6 V by the potentiootat.
The eluent at a now rate oCO.77 mL/min W8B formulated with
the L-lyaine component, which here aignificanUy reduces the
elution time and alJowe under mode B the oensitive deter­
mination of CsHuNH,'.

The HP 3390A integrator aigna1a meaoured at vanoUl cation
concentrations of standard solutions are given in Table II.
The.. otandarcla were chromatographed in triplicate runa for
each concentration in order to validate ito reproducibility. A
l().jtI1l/loo/cm full-ecale conductivity ..tting W8B found ouitoble
for calibration down to oenaitivitieo of 0.1 ppm for morpholine,
0.1 ppm for cyclohexylamine, and 0.02 ppm for ammonia. The
hydrazine calibration data were obtained with an ECD oetting
at 1~/V, full-ecale, and the oensitivity is ouch that 0.001 ppm
can be determined readily. The four calibration curves that
can be obtained from the data of Table" pass through zero,
indicating good linearity at the low-concentration range
etudied, but deviate from linearity as the ionic otrength in­
creases. Typical concentrations of morpholine and cyclo­
hexylamine required in feedwater, steam, and condensate to
maintain the pH at an appropriate level are given in Table
III along with specifications concerning hydrazine, ammonia,
and Borne ionic impurities. As can be seen (rom the data, the
detection limito achieved by IC are below the morpholine and
cyclohexylamine preocriptions. For the four cations otudied
here, the upper limito of the permiosible ranges are almost
alwaya before the point where the calibration curv.. deviate
from linearity. Aa ohoWD by Bouyoucoo (13), the detector
deviations from linearity for weak bases such as morpholine.
cyclohexylamine, ammonia, and hydrazine could be eliminated
if necessary by introducing a short column of chloride·{orm
resin between the suppressor and the conductivity detector.
It is even poaoible to improve the IC detection for more dilute
concentrations of morpholine and cyclohexylamine by adding
a cation concentrator column and/or a hollow fiber suppressor
(14) to the analytical oyatem.

To investigate whether these amines interfere with each
other when determined by IC, a oeries of solutions of different
cation/interferent ratios in the parts.per.million range were
examined. Sodium and potassium were also included as
pouible interferento because of their close elution with some
amineo. A oample of a otandard cation was chromatographed,
followed by e mixture made up from the oame otandard cation
and an interferent. The percentage recoveries observed by
comparing the peak area of the standard to that of the minora
are reported in Table IV. None of the conotituento known
to interfere with the conventional methods indicates a sig-

morpholine cyclohexylamine hydrazine

interrerent ppm ratio 'l(, ppm ratio 'l(, ppm ratio 'l(,

(C) C:C.H.NO recovery C:C.HIlNH z recovery C:NzH. recovery

C.HuNH J 10:10 103.8 10:1 97.5
1:10 94.4 1:1 99.2
1:1 102.5 10:0.2 102.3

1:0.2 95.7
C.H.NO 10:10 95.9 10:1 96.8

1:10 98.0 1:1 96.4
1:1 102.8 10:0.2 106.9

1:0.2 106.8
NH, 1:10 107:0 1:10 93.0 1:0.2 101.6

0.3:10 105.8 0.3:10 97.9 0.5:0.5 96.2
1:1 101.2 1:1 99.4

NzH. 0.5:10 104.6 0.5:10 94.8
0.2:10 95.9 0.2:10 98.5
0.2:1 102.0 0.1:1 103.6

Na 1:10 102.8 1:10 46.8 1:0.2 100.8
1:1 93.4 1:1 94.4

K 0.5:0.2 101.5
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nificant effect on the percentage recovery by IC.
Variations in the retention times and peak areas were noted

during the course of this study: retention times tend to be
shortened and peak areas increased with the use of a given
separator column. Consequently, the peaks of Figures 1 and
2 were not satisfactorily resolved after 8 certain number of
column loads, apparently because of inorganic and organic
cations being absorbed into the column, leading to a reduction
in resin capacity. However, the effective lifetime of a separator
can easily be extended by following a recommended cleanup
procedure. 8uch 88 recirculating a solution of 0.1 M sodium
tar1rate into tbe column for 15 min at 2.3 mL/min as em­
ployed in this work. The column to be reconditioned is placed
in the suppressor line and the solution is injected from the
regeneration system (IS).

In 8 subsequent paper, the dist.ribution pattern of these
amines between the aqueous and the steam phases will be
treated.
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Direct Analysis of Thin-Layer Chromatography Spots by Fast Atom
Bombardment Mass Spectrometry

Sir: Tbin-Iayer chromatography (TLC) is a simple and
effective method for the separation of mixtures. Among the
techniques available for the identification of fractions after
TLC separation. mass spectrometry is especially attractive
because of the sensitivity provided. However, the transfer of
the separated material from the TLC plate to the mass
spectrometer is a laborious, time-consuming procedure which
is also subject to certain problems. Usually tbis transfer is
accomplished by scraping tbe TLC spot from tbe substrate
and either (a) introducing the adsorbent directly into the ion
source (1-4) or (b) eluting tbe adsorbed material from the
adsorbent with a suitable solvent and evaporating the resulting
solution prior to introduction into the m888 spectrometer
(4-10). Various devices have been described for performing
these operations on 8 microscale. Other approaches have
included more elaborate systems for locally beating a TLC
plate which is directly coupled to the mass spectrometer (II,
12).

Conventional ionization methods (e.g., electron impact or
cbemical ionization) are limited to samples wbich can be
vaporized without decomposition. However, because gas
chromatograpby is not feasible, TLC is frequently used to
separate nonvolatile or thermally labile materials. A1thougb
such materials can be ionized by field desorption (FD), the
elution procedure is still required in order to tranafer the TLC
fraction to the FD emitter_ It is desirable to avoid the elution
step because of possible solubility problems and because severe
contamination can be introduced.

We have developed a direct method for obtaining mass
spectra of TLC spots which eliminates the above problems_

Fast atom bombardment (FAB) ionization (13) appeared to
be ideally suited for this purpose because adsorbed materials,
including those that are nonvolatile or thermally labile, can
be ionized directly while on the adsorbent, i.e., without elution.
To facilitate the procedure, a simple tecbnique was devised
for transferring TLC spots to a FAB probe.

Tbe proposed method involves the following basic steps;
(1) After completion of the TLC separation, the spots are
located in tbe usual manner, preferably by ultraviolet
fluorescence. (2) The FAB probe tip is covered with a strip
of double-faced masking tape and the tip of the probe is
merely pressed against the TLC spot of interest in order to
transfer the coated adsorbent (Figure 1). (3) About 1-2 "L
of a suitable solvent (usually dichloromethane or methanol)
and 2-5 "L of FAB matrix liquid (e.g., glycerine or thio­
glycerine) are added to the TLC adsorbent adhering to the
probe tip. (4) The probe tip is then introduced into the mass
spectrometer to acquire FAB spectra in the usual manner.

In step (2) the longer dimension of the probe tip is usually
placed on tbe TLC spot parallel to the direction of solvent
flow as shown in Figure I, If 8 larger flake is removed, the
exc... can be trimmed. With the probe tip placed at a right
angle to the direction of solvent flow, adjacent areas of a aingle
spot may be studied; if the contact area is fll1lt lightly scored,
excess adsorbent will not be removed.

The application of the method described will be illustrated
below using three commercially available coccidiostats.

EXPERIMENTAL SECTION

A Kratoe~ high-resolution maas spectrometer was used

0003-27OO/14/035&-0108S01.50/0 C 1903 Anwtcan a--ocaJ SocIoly
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FIgura 1. Proceu 'Of tntnt'",""" ll.C IjlOt to Ihe FAa probe tip.
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MONENSlH
MW 870

...
M.

SEPTAMYCIN (MW 914)

M.~{)t~M'
HOOC~v - °--;t:C":lOH

... MONENSIN (MW 870)

FIgure 2. ChemIcal .tnK:t.... 0' Ihe tina cocclcIoatata uoed ~ fhII
.fudy.

inU- atudi... The inalnlment wae equipped with a FAB IOUml

and l\1Ilaupplied by M·Scan, Ltd., Aaool, Berkshire, En,land.
The FAB probe tip wae made of copper with a 1.6 mm X 7 mm
cro&I oection and the lamp)e .unaee beveled et 70· to the probe
uiL Xenon woe ueed ae the po for the FAB I\1Il end thi"llycerine
ae the FAB matrix liquid.

Plaatic-beeked TLC .beall, IB2-F and IB2 Baker-ne., were
from J. T. Baker Chemical Co., Phillipeburg, NJ, end gleee-beeked
TLC platea, ailice gel60F·264, 0.26 mm, were from MCB Man·
ufacturing Cbemiall, Inc. (uaociete of E. Merck, Darmatadt,
Germany) Cincinnati, OH_ Prior to apotting, all TLC platea were
cleaned by aolvent development and drying. LaaaJocid, ..pta­
mycin, and monenam are commercially available poultzy coc­
cidiOitata.

To demonatrate the method, a dichloromethane IOlution wu
prepared containing 60 p.g/"L of e millure conaiating of equel
amounta or laaaJocid, aeptamycin, and monemin. About 0.3 "L
of thia aolution wae .potted on e TLC plate elongaide 1 "L of e
20 p.g/,.L aolution of each of the three individuel producll. The
plate wu developed with 70/30 ethylaeetate/dichloromethane.

RESULTS AND DISCUSSION
The atructurea of the three ooccidioatata used to demon·

strate the method are ahown in Figure 2. Preliminary FAB
opectra of the three iIldividuel producta gave -momolecular
iODI .uch .. MH·, MNa·, MK·, etc., with·MNa· being the
moat prominent. Seplemycin elao gava an inlenae fragment
ion at m/. 876. The chromatogram or the mixture is aboWD

FIgura 3. ThIn-Iayer clvomatograms 01 (1) mlxtu'e 0' 1oaoIocld, aepo
!amyeln, end monont~ (6 "0 ot each); (2) mononsln (20 "0); (3)
Iosalocld (20 "0); end (4) aeptamycln (20 "0).

~I ~~~". r-
1. 1 I~
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FIgure 4. FAa moaa apectnl olJtalnod from Ihe ll.C apota alter
aeperotlon 01 a _ 0' 1oaoIocid. lOp!amycln, and mononaIn.

in Figure 3, together with thoae or the three ..perate products
run in parallel Thia TLC plate was charred with aulfurie acid
for visualization. R, valueo were 0.89, 0.79, and 0.27 for la­
salocid, seplemyein, and monenain, reopoctively. Although
minor impuritieo Were obeerved in seplemycin, they were not
etudied.

The FAB apectra ahown in Figure 4 were ohtained for each
of the three TLC fractiona after separation of the mixture by
using the procedure previouely deocribed. Each fraction is
reedily identified baaed on tho paeudomo1ecular ion(.). Th...
FAB .i>ectra are comparahle to thoae ohtained with the in·
dividuel products prior to mixing. Minor differoncea are
attributehle to tho seperation or impuritieo and to the partiaJ
neutralization or the carboIyI functionality. The latter chango
is indicated, e.g., by the preaence of a amall peak at mI' 636
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in tbe spectrum of lasalocid, whicb is assigned to (M - H +
Na)Na+. Witb mODensin spotted OD a TLC plate, the seD'
sitivity of detection was establisbed as well below 0.1 pg.

A major concern was the possible interference related to
the components in the TLC adsorbent and the masking tape.
However, no background interference was observed in the
mass range of interest based on blank tests of both fluorescent
and nonfluorescent TLC plates and direct tests of the masking
tape. Also, contamination of the ion source by the TLC
adsorbent, i.e., silica gel, was not observed. However. after
the depletion of the FAB matrix liquid, the flake of adsorbeDt
from plastic·backed TLC sheets appeared to remain intact
while that from glass TLC plates tended to disintegrate. For
this resson we favor the usc of plastic·backed TLC sheets.

In conclusion, we have demonstrated B simple and rapid
method for directly obtaining FAB spectra of TLC fractions
which circumvents the problems associsted with the previously
cited methods.
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Electrokinetic Separations with Micellar Solutions and Open-Tubular
Capillaries

Sir: The applicability of the solubilization by micelles to
chromatography as a distribution process has briefly been
discussed by Nakagawa (1), The point of his discussioD may
be summarized as follows; Micelles of an ionic surfactant can
migrate in an aqueous solution by electrophoresis. When a
solubilizate is added into a micellar solution, some portion
of the solubilizate may be solubilized into the micelle. Thus
the solubilization by micelles can constitute a mechanism of
retention in chromatography. The distribution ratio of a
solubilizate will increase with an increase of the micellar
concentration but will be constant regardless of the concen­
tration of the solubilizate. If a solubilizate is soluble in an
aqueous solution to a certain extent, the distribution equi­
librium is considered to be established very rapidly because,
e.g., the stay time of benzene in the micelle of sodium dodecyl
sulfate has beeD estimated to be less than 10'" s (2).

The electrokinetic separation method described in this
paper may be classified as a type of liquid-liquid partition
cbromotography requiring no solid support to hold the sta·
tioDary liquid phase, although micelles are considered to be
a pseudophase. It should be noted that this technique is
distiDctly differeDt from the reversed·phase liquid chroma·
tography with micellar mobile phase (3): ID the latter, the
separation is based on distribution processes among three
phases, stationary bonded phase, micelle, and water, and
micelles migrate with water as an aqueous pseudophase.

This paper preseDts the results of some preliminary studies
on electrokinetic separation with micellar solution in open­
tubular capillaries, in which use was made of the technique
of free zone electrophoresis in open·tubular capillaries (4,5).

EXPERIMENTAL SECTION
ApparatuJ. Electrokinetic separation was performed in mi-

crobore vitreous silica tubing, 650 or 900 rom long, 0.05 mm Ld.
(Scientific Glass Engineering Inc.), with B Model HSR·24P reg­
ulaWd high·voltage dc power supply (MatBussda PrecisioD Devices,
OtBu, Japan) delivering +3 to +25 kV. Each end of the capillary
tube was dipped in a small glass beaker containing a surfactant
solution covered with a silicone-rubber stopper having two
small-bore holes, one for 8 platinum electrode and the other for
the capillary tube. The electric current was monitored between
the negative r.lectrode and the negative terminal of the power
supply with an ammeter throughout the operation. Detection
was carried out by on-column measurement of UV absorption
through 8 sUtoro.os mm X 0.75 mm, the long axis of which waa
placed parallel to the column aIls at 8 position 150 mm from the
negative end of the tube. The polymer coating of the vitreous
silica tubing was partly burned out at the detection point of the
tube to make an oD'column UV cell. A Jasco UVIDEC·IOO·ll
spectrophotometric detector (Tokyo, Japan) was used with minor
modification to obtain a higher amplifier gain and a shorter
response time than the conventional one.

Reagent, Sodium dodecylsulfate (SDSj of protein·research
grade purchased from Nakarai Chemicals (Kyoto, Japan) was used
as it was received. Water was pwified with a Milli·Q system.
Other reagents were of analytical-reagent grade and were used
without further pwification. Borate-phosphate buffer solution,
pH 7.0 was prepared by mixing a 0.025 M sodium tetrahorate
solution and a 0.05 M aodium dihydrogen ph08phate solution in
an appropriate ratio to indicate pH 7.0. An 8DS solution was
prepared by dissolviDg I mmol of SDS in 20 mL of the borate­
phosphate buffer solution followed by ftltration of the solution
through a membrane filter of 0.5-~m pore sire.

Procedure, A capillary tube was filled with an SDS solution
by use of a microsyringe and 1.5 mL each of the same SDS solutioD
was introduced in two beakers placed at the same level. For the
sample injection, the positive end of the tube was moved ioto a
vessel containing a sample solution aod the level of the sample
solution was raised about 4 cm higher than that of the 5DS
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solution to allow the B8mple solution to now downward into the
capillary tube. After 5 to 90 8 depending on the desired amount
of injection, the end of the tube was returned to the beaker and
8 high voltage waa applied.

Flgur. 1. E5ectToklneUC separation or phenols with an 80S solution:
(1) water, (2) a""tylacetone, (3) phenol, (4) o-crosol, (5) m-crellol, (8)
p-crosol, (7) o-chloropheool, (8) m-chloropheool, (9) p-chloropheool,
(10) 2,ll-xylanol, (11) 2,3-xytenol, (12) 2,S.xytenol, (13) 3,4-xytenol, (14)
3,S.xytenol, (15) 2,4-xy1enol, (18) p-elhylphenol: mlceQa, solution, 1
mmoI 01 sas In 20 rrL 01 borete-phosphete but'er, pH 7,0: current,
28 IJA: detection wavelength, 270 nm; temperat....e. ca. 25°C.

.
• ,~., ,

" ~1 1 •
1000,,"

j " ij
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RESULTS AND DISCUSSION

The chromatogrem ahown in Figure 1 illustrates the high
resolution obtained by electrokinetic separation with micellar
solution, The applied voltage between both encla of 900 mm
tube was ca, 25 kV, The separation performed in the 750 DUD

portion from the injection end to the detector cell was recorded
by the on-column detection technique. Fourteen phenol de­
rivativea injected as a water solution were completely resolved
within 19 min. The injected amount of each phenol was
estimated to be 0.7-1 ng and the total injection volume about
12 nL. Theoretical plate numbers calculated from the chro­
matogram were 210000 for phenol, 260000 to 350000 for
cresola and chlorophenola, end 300000 to 400000 for xylenola
end p-ethylphenol, corresponding to plate height equivalent
to a theoretical plate of 1.9-3,6 "m, Lower plate numbers
observed for the peaks at shorter retention timea may be
attributable to the adverse effect of the large aample volume,

It has been reported that the electrooamotic flow ia much
stronger than the electrophoretic migration of an ion in the
case of electrophoresis in open-tubular glaas capillaries (5).
Similar results were observed in this study: The SDS solution
aa a whole waa carried from the poeitive electrode to the
negative one and negatively charged micellea of SDS alao
migrated toward the negative electrode aa opposed to the
electrophoretic attraction. This means that every sample
injected at the poeitive end of the tube can be detected at the
negative side of the tube. When a cationic surfactant 8uch
aa cetyltrimethylammonium bromide waa employed instead
of an anionic one, the situation was reversed and hence the
inversion of polarities of electrodes was needed.

The volume flow by electrooamosis in a narrow cylindrical
capillary incr..... linearly with the applied electric field and
also with the current (6). When the electrokinetic radius KG

is larger than 50, where K is the reciprocal of the Debye length
jlIld G is the radius of the capillary tube, the velocity profile
baa been calculated to be flat in the range 0 S r S 0,90 by Rice
and Whitehead (6), where r is the point distance from the aDa.
The value KG is estimated much larger than 50 under the
conditiona employed in this study. Therefore, the plug·shape
flow of electroosmosis is one of the reaaona for the high ef­
ficiency attained in this atudy. The linear relationship between
the electrooamotic migration velocity "Eo and the current W88

(3)

always recognized, However, the plot of the velocity Vro VB.

the total applied voltage ahowed a positive deviation from
linearity at higher voltages, although the actual strength of
the applied field in the tube was not measured.

The retention parameters in electrokinetic separation are
different from those in the conventional elution chromatog­
raphy, because the retention time of any sample, if it is
electrically neutral, should fall between the retention times
of an insoluhilized solute and a micelle itself in this method.
Two assumptions are made for simplicity of the discussions
below. One is that solute molecules are electrically neutral
under the separation conditions. The other is that the elec­
troosmotic velocity is larger than the electrophoretic velocity
of a micelle and that their migrating directions are opposite.

A solute which is not solubilized hy micelles at all should
migrate with the same velocity as the electroosmotic flow Vro
and be eluted firat at the retention time I.. On the other hand,
a solute which is completely solubilized with micelles should
migrate with the same velocity as that of a micelle VMC and
be eluted last at the retention time tMe. The velocity VMC is
the difference between Vro and the electrophoretic velocity
of a micelle VEPt or LJMC = Uw - VEP' The retention time of
an ordinary sample should depend on the capacity factor k',
which is given by the ratio of the total moles of the solute in
the micelle nMC to those in the aqueous phase nw. or k' =
"Melnw. The retention time t R should appear in the range
to ~ t R ~ tMe• The R value. the fraction of the solute in the
aqueous phase. is given by

R = Vs - VMC (1)

VEO - vMC

where Vs is the migration velocity of the solute. Now, the R
value can be related to k' by (7)

R= _1_ (2)
1 + k'

Inserting the relationship, VEO = Lito. VMC = L/tMC• and Us

= L/IR, where L is the tube length from the injection end to
the detector cell, into eq I, followed by combination with eq
2 gives

k'= IR -10

100 - (IR/IMe)

Tbe term (I - (tR/IMel) comes from the retention behavior
characteristic of electrokinetic separations. When t Me becomes
infinite, eq 3 is equivalent to the well-known equation for
conventional chromatography.

The chromatogram shown in Figure 2 clearly reflects the
situation described above. Methanol was chosen as an in·
soluhilized solute to measure 10 ·and Sudan III to determine
IMC' The capacity factors of the solutes in Figure 2 are 0, 0.49,
1.28,2.27,3.08, and infmity in the order of elution. A capacity
factor of infinity means the solute will not be eluted by tra­
ditional chromatography and it also means tliat the solute is
totally aasociated with the micelle in this case. The linear
decrease of h' with the increase of the current or Uro was
observed although alopes of the plots k'vs. Vro were different
among solutes. The reason for this dependence remains to
be clarified but can probably be found in the increase of the
solution temperature by Joule heating with increasing applied
voltage and/or the poeaible change in the physical property
of a micelle by the strong external electric field.

Electrokinetic separations with micellar solutions in
open-tubular capillaries bave been proved to be a higb·reso­
lution chromatographic method. It is limited to an analytical
application because of a small aample size at present, but the
zone electrophoretic technique with some kincla of atabilizing
media widely utilized in the field of electrophoresis may be
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miceJlar solutions would be useful for studying chemistry of
micelles as well as for analytical purposea. Further axtenaive
investigations are being continued to develop the poaaibilities
of this technique.
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Electrodeposition of Actinides in a Mixed Oxalate-Chloride Electrolyte

Sir: The increasing number of analyses of environmental
and biological sampl.. along with a greater need for more
sensitivity have made almoet impossible demands upon
electrodeposition procedures. EJectrodspoeition has virtually
become a requirement for high-quality Isotopic identification
and quantification of the a-emitting actinides, often under
the most severe conditions. Increased sensitivity requires
larger samples. and this, short nf extensive separations, means
more impurities during deposition. Because moet deposition
procedures are extremely sensitive to hydrolytic loeaea. even
microgram amounts of impuriti.. can cause problems with
yield and resolution. However, by merely increasing the
acidity immediately prior to the beginning of the deposition,
losaes haye been substantially decreased, and the tolerance
to impurities has been improved for all the actinid.. without
the addition of hydrofluoric acid as previoualy required (1).
Previously, the pH was adjusted by addition of ammonium
hydroxide and hydrochloric acid to a pH of about 4 using
methyl red indicator. To eliminate this pH adjustmsnt and
the possibility of local hydrolysis around the drops of am­
monium hydroxide, the sample is dissolved in a preadjusted
electrolyte. A fina1 pH adjustment is made with hydrochloric
acid to a pH nf ~1.6-1.8, the sa1mon pink end point nf thymol
blue indicator. To ensure complete dissolution of extremely

hydrolytic nuclides such as protactinium and thorium, the
sample, in sodium acid sulfate crystals. is heated in a hy­
drochloric acid-sulfuric acid mixture to sulfuric acid fumes
just before deposition. The above-named changes markedly
improyed the reliability of all of our actinide analyses.

EXPERIMENTAL SECTION
Apparatul. Early depositinns were msds with an Eberbach

electroanalysis apparatul modified to maintain a constant preoet
current, with the motor repleald to reduce the speed of the anode
to about 30 rpm. Subsequent depositions were made with an
epparatus designed and fabricated in our own laboratory with
characteristics similar to the Eberbach apparatus. The 2(}.mm
Ld. g.... cells described in a prior publication (1) are no longer
ayailabls and baye been replaced with dispossble polyethylene
cells molded in our laboratory. The brUB basea and polyethylene
collara bave been modified to accommodate the new cells. A
water-cooling jacket is no Inngar required in the hue as the brUB
bolder on the epparatul is water cooled and earvea as a heat sink
as well as an electrical conductor. The platinum anode and
stainless steel disks are the same as before. The stainless steel
disks are boiled in 16 M nitric acid for about 5 min, rinsed with
distilled water. blotted. and a1r-dried. The a-emitting nuclid..
were dsposited from solutinns of approximately 2 X 10' dpm and
were counted for 10 min by alpba scintillation as dOBCribed by
Sill (2). a ...nergy analyses were obtained with a 450-mm' solid-
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figure 1. Effect of time and c...-rent density on the deposition of
plutonium: (I) variable deposltlng time at 0.63 Mcm'; (II) variable
Cooent density, 7G-mln deposlUons.

method. to relatively substantial amounts of impurities. Al­
though the interference study in the previous procedure (1)
indicated we should have few problems from the moet common
impurities, we did have some severe yield problems with our
soil analyses. However, the addition of more acid at the
beginning of the deposition dissolves end keeps dissolved the
total sample, preventing hydrolysis end loss within the elec­
trolyte.

Rather than prepare the electrolyte by separate additions
of each component and a pH adjustment with ammonium
hydroxide and hydrochloric acid for each deposition, the
electrolyte ingredienta were combined end adjusted as a single
reagent before the deposition. The combination of the in­
gredients in their original concentrations would not stay in
solution at room temperature. Therefore, the concentrations
in this single reagent were reduced to approximately 75% of
those published. Previously, where the components were
added separately, solubility was not a problem as the com­
ponenta were added hot and remained hot throughout the
deposition. At this new concentration level and pH of 3.5,
the electrolyte is quite stable and remains soluble at room
temperature. However, much variation of the pH either way
from 3.5 can cause solubility problems.

New time and current curves were determined for the new
electrolyte as shown in Figure I. Although good yields were
obtained at lower current densities, the higher value of 0.63
AIcm2 for a 70·min deposition is recommended in order to
discharge more rapidly any eXce.. hydrogen ion that might
be added during pH adjustment.

Table I ahowe the effect of some commonly encountered
cations on electrodepoaition yields and a peak resolution using
a preadjusted electrolyte and higher acidity. As before (1),
the major emphasis was plaoed on plutonium with the yield
values determined by analyzing the minor fractions on BaSO.
(2). As iron is common to a1moat every kind of 88Dlple, it was
examined at greater length than the other cations. Aluminum
is almost equally important as aluminum nitrate salting so­
lutions are used in many e:r:tractions of the actinides. Both
iron and aluminum showed considerably less interference at
the higher acidity and without the need of hydrofluoric acid
as previously described (1). Titenium, calcium, lanthanum,
cerium, thorium, and uranium are all found to some e:r:tent
in soils. With the exception of cerium, small amounta of these
elementa do not greatly affect the yield. Cerium is probably
oxidized to the tetravalent state at the anOOe subsequently
hydrolyzing and carrying activity out of solution.

Thi platinum that is dissolved off the platinum diahea used
for pyroaulfate fusions, and the lead impurity that is frequently
found in reagenta such as aluminum nitrate, do not seem to
lower the yield seriously. However, the lead did have a very
bad effect on the resolution, plating with or onto the activity.
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atate .urfsee barrier detector in conjunction with a 400-channel
puIae.height analyzer. All "y counting was done in 8 3 by 3 in.
thallium-activated eoclium iodide weU crystal for 6 min on 8OJUtiOD8
of approximately tOC cpm to give an error of <1 % at the 95%
confidence level.

Re.,enta. Preadju,tcd Electrolyte. Diuolve 30 g of am­
monium oxalate monohydrate, 51.4 g of ammonium chloride, 0.9
g of hydroxylamine hydrochloride, end 3.3 mL of a I M solution
of the ammonium salt of diethylenetriaminepentaacetic acid
(DTPA) (I) in 900 mL of boiling water. Cool to about 35·C end
add 12 M hydrochloric acid to 8 pH of 3.5 as measured with a
pH meter. Cool to room temperature and dilute to 1000 mL with
water.

Procedure. Heat the &ample with 100 mg of sodium acid
sulfate and 0.5 mL of 18 M sulfuric acid to near absence of fumes
in 8 250-mL Erlenmeyer flask on an asbestos-covered hotplate.
At this poin~ the aample can be stored a1moet iOOermitely without
riak of 10&11 due to hydroIYBi.s. Just before the deposition, dissolve
the cr)~talo with 10 mL of 6 M hydrochloric acid 0.06 M in sulfuric
acid and heat to sulfuric acid fumes.

Deposition of Th, Po, Np, and Pu. Using a total of 15 mL of
preadjusted electrolyte, tranAfer the sample to the cell in the
following menner. Add aoout 5 mL of the electrolyte end 2 drops
of thymol blue indicator and heat to dissoJve the sample. For
protactinium, neptunium, and thorium depositionA, add 2 drops
of 4.7 M hydronuoric ecid. Add 12 M hydrochlo: ic acid drapwise
to a pink end point (pH -1.6-1.8), end add the solution to the
eJectrodep08ition cell. Make two rinses, without heating, with
the remaining electrolyte. Position the cell in the electrodepoaition
apparalu8 so that the platinum anode is about 5 mm above the
cathode and turning at about 30 rpm. Deposit the sample onto
a 19-mm diameter cathode at 1.8 A (0.63 A/cm') for 70 min.
Continue as below.

Deposition of Am, Cm, Cf, ond U. Using a total of 20 mL of
preadjuswd electrolyte, t.ransfer the sample in the following
menner. Add about 15 mL of the electrolyte end 2 drope of thymol
blue end heat to dissolve the sample. Add 12 M hydrochloric acid
dropwise to 8 pink end point. Boil the solution gently for 4 min
end add the solution to the cell. Rinse the flask with the remaining
electrolyte. For Am, em, and Cf, deposit 90 min at 2.2 A, and
for U, depoeit 90 min at 2.0 A. Adjust the now rate of the cooling
water so that the temperature of the electrolyte is warm, 25 to
35°C. Because of the evolution of chlorine gas, the deposition
must be performed in a fume hood. At the end of the depoeition,
forcefully add 3 to 5 mL of 14 M ammonium hydroxide to the
cell from a wash hottle. After about 30 s, turn the stiner off and
remove the cell from the apparatus. DiBCMd the electrolyte end
rinse the cell with approximately 0.01 M ammonium hydroxide.
Dismentle the cell end wash the plate with the 0.01 M ammonium
hydroxide by directing the rinse at the unplated portion of the
disk. Wash the plate with 95% ethanol in the aame menner, end
dry the plate on 8 bare hotplate for 5 min to fix or volatilize any
polonium-21O and prevent subsequent contamination of the de­
tector (3).

RESULTS AND DISCUSSION

ElectrOOepoaition is probably the most critical step in ac­
tinide analyeis. These extremely hydrolytic nuclides, with
microgram quantities of impurities, can often deposit on the
gl... cell or the anode or even precipitate in the electrolyte
during the deposition. \Vhen aerious losses do occur, moat
of the undepoaited activity is usually found in the electrolyte,
probably due to hydrolysis and precipitation of the actinides
with the impurities.

The problems aaaociated with impurities and hydrolysis are
probably common to all electrodeposition procedures. How­
ever, the extent of the impurity problem is somewhat de­
pendent upon the method of separation used prior to the
electrodeposition step. Meny analytical procedures separate
the actinides {rom various 88Dlple matrices with ion exchange
techniques, thereby minimizing the amounts of impurities
accompanying the actinides. We use the faster liquid-liquid
extraction in our laboratory for moat of our separations and,
consequently, have had to accommndate our e1ectrodepoaition
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Table I. YieJda and Resolution of NucUdes Depnoited in the Preoenco of Various CalioDa

percent depoaited G

cation .g thorium·230 uranium-233 plutonium·239 americum·241

Fe h 500 77.1 (42)b
250 92.3 (49)
100 98.1 (41)

50 99.0 97.2 99.3 (40) 99.1
AI'· 200 96.3 (36)

100 97.0 95.5 98.0 (36) 91.7
Tih 100 85.9 (59)

50 92.9 92.4 99.5(49) 97.2
Th'+ 200 92.9 (64)

100 93.0 93.1 97.8(58) 98.3eaa. 1000 95.3 (35)
500 97.8 98.4 99.6 (38) 98.3

Lah 100 85.6 (64)
50 99.2 81.8 95.3 (49) 99.0

ee" 100 70.9 (39)
50 99.2 55.2 92.6 (45) 74.6

U" (as UO J 2+) 500 77.6 (73)
250 91.5 (86)
100 98.3 93.8 96.4 (52) 96.2

Pt" 1000 99.2 97.5 99.3 (36) 99.4
Pb" 1000 71.8 99.6 92.2 (67) 95.6
(10 jJ.g each of 10 cations 99.4 (66)

above)C

AI"

}
50 ca 93.4(45)

Feh 25 ea 98.5 99.3 99.6 (42)
Ti'+ 25 cae 99.5 (56)
CB 2 +

G Deposited (rom solutions of - 2 X 10· dpm with uncertainties of .t 0.2% baaed on counting ltatisticl. b Resolution, keV,
fwhm. C Flamed with a Fisher blast burner to dry crystala.

Table 11. Depo.itiona of Actinide.a

percent depo&.ited b

a Approximately 2 x 10· dpm. b Uncertainties are
.0.2% booed on counting .tati.tieL C [HF) = 0.03 M.
d Numben in parentheses are pubH.hed values from
Anal Chern. 1972,44,284.

electrolyte, lbe addition of 12 M hydrochloric acid is almoet
mandstory to rediseolve any even partiaUy hydrolyzed material
and lower lbe pH hefore deposition.

Wilb the exception of neptunium, aU the actinides depnoited
wilb good yields in the absence of fluoride 88 aeon in Table
n. However, neptunium W88 a1eo low previously (1) in the
absence of fluoride. Fluoride is known to bave a catalytic
effect on the oxidation or reduction of NpO.+ (4) which
probably accounts for lbe increaeed yield wilb fluoride. The
concentration of fluoride used W88 nearly lbe eame 88 that
in the published procedure. Lower volume and electrolyte
concentrations, which noulted in decreaaed complexing ability
and competition wilb the fluoride, probably caused lbe tar­
valent actinidee to precipitate as ineoluhle fluorides. ThOU&h
lbere W88 little difference in the thorium yields wilb and
without fluoride, 2 drope of ~.7 M hydrofluoric acid is rec­
ommended for thorium depositions, particularly for those
ana1yeee that use organic phoophatee for liquid-liquid ex­
tractions. With tha increaeed tolOl8Dce to impuritiee at the
lower pH, it is doubtful that fluoride will ever again he used

Good re>lOlution expressed in keV full widlb at baIf maximum
peak height (fwhm) is almost 88 important 88 good yields, 88

a broad energy peak can obscure a closely neighboring pasko
Had bolb plutonium-239 and protactinium-231 been depnoited
wilb lbe lead, the protactinium-231 could quite easily have
been overlooked completely. Substantial amounts of any
material that depnoit on or with an actinide will eerioualy affect
the resolution. Therefore, it is important that the total mass
deposited be kept at a minimum.

Heating the eample to sulfuric acid fumee in lbe preeence
of eodium acid sulfate just prior to the depnoition ensures that
lbe nuclidee, 88 weD 88 any impuritiee preeent, can be easily
and quickly dissolved in the electrolyte. EquaUy important,
the nuclides will be in lbe proper ionic form to undergo lbe
chemistry of deposition and will not remain even partiaUy
hydrolyzed. This treatment has proven to he a very important
step, particularly for thorium depositions.

In most depositions, impuritiee wiD probably occur in
combination, not singly, eo lbeir effecte on yield and resolution
would be at least additive if not worse. Therefore, to show
just how effective and necessary lbe presence of eodium acid
eulfate is, two plutonium-239 &amplee, of about 2 X 10' dpm,
with a total of 0.100 mg of various impuritiee, 100 mg of
eodium acid sulfate, and eulfuric acid, were heated to dry
crystals in the high temperature flame ofa Fisher Nast burner.
Such vigorous treatment ehould markedly enhance the effect
of any impuritiee preeant. However, no llU\ior loas of activity
resulted from this treatment, only deterioration of resolution
due to self-absorption from oodepnoited material Bolb yieldo
were greatar than 99'l1o 88 aeon in Table L

The amaU amount of .ulfuric acid remaining after heating
the sample to fumea is not suflicient to lower the pH to -1.6.
Obviously, more sulfuric acid couJd be added for this purpooe,
thus obviating the need for any pH adjustment at aU. How­
ever, this kind of treatmant has conaiatently reaulted in lower
yiaIda. A. it is highJy possible forh~ and precipitation
to occur even duriJII the dissolution and transfer wilb the

nuclide

"'Th
:DIP.
·"U
zs'Np
1)~Pu

141 Am
"'em
1ncr

wlo HF w/HFc

98.8 (99.0)d 98.2 (98.5)
97.8 96.6
98.4 (100) 96.2 (98.9)
93.3 (92) 99.2 (99.4)
99.3 (100) 96.9 (99.3)
98.4 (100) 87.7 (99.2)
98.8 (96) 83.4 (99.2)
98.6 (92) 81.8 (99.3)
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routinely, except (or thorium, protactinium, and neptunium.
'The distribution of activity within the depooiU!d area greatly

influences the counting efficiency of the 8Olid·state detector
used to identify and quantify 8 given nuclide. The shape of
the anode and its proximity to the cathode, to some extent,
determine this distribution. However, by use of internal
tracers Cor yield determination such 88 2J6pu, wArn, and 232U,
the anomalies of distribution become insignificant.

Rotation of the anode is not needed to obtain a good yield.
but 8 moderate rotation speed does have some advantage. A
rotating anode will prevent the accumulation of gas bubbles
and assure an even current flow. Additionally, rotation should
accommodate wobble and imperfections of shape, thereby
evening out any incorrect attitudes of the anode with respect
to the cathode. The gauze anode uiled in this procedure,
rotating at about 30 rpm, seems to give the best yields with
the most uniform distribution of activity. A faster rotation
speed does not improve the distribution or yield but could
possibly dislodge microgram amounts of deposited material.

Regi.try No. ,,0Th. 14269·63-7; '''Pa. 14331-85·2; 23:lU,
13968-55-3; ""Np.13994-20-2; ""Pu. 15117-48-3; '''Am, 14596-10-2;

"'Cm. 13981-15-2; "''Cf. 13981-17-4.
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Modified Polishing Equipment for Voltammetrlc Electrodes

Mary Schreiner, John J. O'Dea, Neal Sleszynski, and Janet Osteryoung·

Deportment of Chemistry. Stote University of New York at Buffolo. Buffolo. New York 14214

Various authors have cited the requirement that solid
electrodes for voltammetry need to be well polished and have
clean. reproducible aurfacea (1-5). Usually. polishing is done
manually with a polishing cloth or by using a rotating polishing
wheel. The second method is especially useful for major
alterations in the surface of the electrode. These same pro-­
ceclures are required when manufacturing one's own electrodes
in the laboratory. Since these methods are also used for the
preparation of polished samplea in metallography. it seemed
logical to draw on the technology in that area for a means of
providing on automated or semiautomated method for po!­
ishing solid electrodes reproducibly.

AutomaU!d polishing provides the following advantages over
the manual method. The polishing parametero, and therefore
the entire process, are controUable. Once a specific scheme
is devised, for example. for a final polishing of a glassy carbon
rotating disk electrode. one can be assured that everytime that
electrode is mechanically polished with the same combination
of abrasive, cloth, polishing time, load, etc., that its surface
is .. reproducible as possible. In addition, the procedure is
transferable. that is. the resulting finish on the surface of the
electrode is to a large degree independent Qf the person op­
erating the polisher. Lastly, it eliminates or reduces the
tedium that accompanies manual polishing over extended
periods and allows for more efficient use of one's time. This
is especially important in situations where best results are
acl\ieved by po!iahing with the fmestabrasive (or no abrasive),
small loads, and extended polishing times (e.g., overnight).

Here we describe our use of a Minimet Specimen Polisher
manufactured by Buehler, Ltd. (41 Waukegan Rd., P.O. Box
I, Lake Bluff, IL 600·14), for this purpose. The Minimet is
a table top model which polishes samples held by a variably

loaded arm. This arm moves the specimen in a geometrical
pattern within a stationary bowl containing the abrasi"'e
materials. In conventional use, a hole drilled into the back
of the sample provides the means by which the sample is
linked to the load arm. The pattern produced by the
movement of the load arm is shown in Figure 1. In addition,
the sample is able to pivot about the load arm. These two
motions, occurring simultaneously, increase the degree to
which the sample is exposed to fresh, dean abrasive. Since
a considerable number of the electrodes we usc are fabricated
in the laboratory, it was possible in some instances to alter
their design to fit the original configuration of the Minimet.
For the remaining electrodes the goal was to modify the
Minimet to accept the electrodes or electrode components
without losing the patterns oC rotation and revolution.

EXPERIMENTAL SECTION
In order to use the Minimet in its original configuration, we

designed the two-component electrode system shown in Figure
2. The long barrel consisted of coaxial cable imbedded in slow
setting Buehler epoxide (no. 20-8130-032) with the electrical
connection to the lower segment provided by a screw-connecter.
The barrel mold W8.8 a section of Tygon tubing. The billet con­
taining the elecrode material was constructed in a three-step
proceas by using molds of Tenon. The active material was first
imbedded in epoxy. Next this was connected to the nut with silver
epoxy (Eccobond solder 57-C supplied by Emerson & Cuming.
Inc.. Canton, MA). Finally, this assembly was repotted in Buehler
epoxy 80 that the connector was insulated from the solution.
These tv.·o pieces then \\'ere screwed together with a rubber O-ring
wound with Tenon tape as a seal. The billet containing the
electrode surCace is the approximate size and shape of typical
metallographic samples and thus is readily polished in the un­
modified polishing machine.

~2700/34/03sa-olllS$O'.50/O e 1883 Atnerican Chen'*::aI SocIety



Flgwa 1. Pattarn l1acad by arm 01 Mlnlmet Polisher/Grindar.

A

D __--"'r=vJ1
1P'l+--S

=~c

D---S==~
.,... 2. Cross sac1lon 01~ alactroda aystam dasIgned
10 be used with the Mlnlmet In Its orlgInal conllg....tIon: (a) coaxlaJ
cable; (8) &Q'aw connactor; (C) <HIng: (0) epoxlda; (EI nut: (F) aIoo­
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Figure 3 shows the top and aide views of the modification
dlllliined for the load ann '" acoommodate ronventional e1ectrodes.
It consists of an aluminum collar which houses a standard l·in.
bearing. Inside the bearing is a oleeve, also of aluminum, in which
are positioned six nylon setacreWi. A short length of shaft is
permanently secured to the outer collar. To install this on the
Minimet, the tip and approJ;imately 8 em of the load arm were
removed. A sleeve accommodating two small setscrews was at­
tached '" the shortened end of the load arm. The bearing as­
sembly was fitted in'" the load arm sleeve and secured by the
setacrews. A groove, in'" which the setBcrewB fit, was subeequanUy
mechined in'" the shaft '" facilitate aIigning the bearing ....mbly.

As one might expect, the modified load arm was much heavier
than the original one. Good polishing technique requires that
8 minimum force be exerted downward on the electrode surface,
especially in the fmalltages of poliahing. Therefore, a PI••iglaB
and Tellon outrigger was attached '" the botUlm of the aluminum
rollar. This outrigger reated on the lip of the poliBhing bowl which
then absorbed the weight of the load arm. When using the
modified load arm the outrigger supported tha waight of both the
load arm and the electrode itself. As long as the electrode is not
removed from the load arm, the force exerted at the electrode
lurface becomes I... through succ:eoaive poliahing ltages as mao
teria! is worn away. The lpeed and additional load set on the
front panel must be adjusted '" give the proper drag so that the
electrode will rotate.

In addition, other changes ware made to the body of the
Minimel: (1) the opening on the face plate was made larger so
that the lleeve and B8tacreWi on tha load arm would not hit tbe
face plata, (2) tha rover was hinged '" the cabintot frame, and (3)
the top of tha alide channel was removed, and ita front Bides ware
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figure 3. Top view and cross section of mocified arm 8UembIy.

flared out These laBt two changes were made '" facilitate frequent
inspection of the electrode surface without removing the e1ectrode
from the load ann assembly. A PleziglaB rover was a1Bo fabricated
to keep the area clean during the polishing proce88.

All reagents used were reagent grade. Cyclic voltammograma
were run with an IBM 225 Voltammetric Analyzer.

Minimet, Carbimet. Microc::loth. Temlet, and Metadi are
registered trademarks of Buehler. Ltd.

RESULTS AND DISCUSSION
The variables asaocie.ted with the polishing proc:etlll includa

types of abrasives and their eequencing, thickneaa of nap nn
the polishing cloth, polilhing time, speed, and load. The
variety of these parameters prevents one (rom derming a
polishing routine too specifically. However, this earne variety
has the potential advantage of acc:ommodating a wide diversity
in electrode materiala. The bonded abrasives available at
present include Carbimet (silicon carhide) peper available in
180, 240, 320, 400, and 600 grit eizea. Of these only the laat
two eppear to have practical value in polishing electrodes. In
addition, polilhing compounde employing both natural and
synthetic diamond are available in particle sizes ranging from
45 pm to 0.25 pm. Overlapping this range are alumina pol·
ishing powdere with particle sizea from 5.0 pm to 0.05 pm.
Relatively new producte, deagglomerated alumina abrasives,
appear promising for polishing relatively soft meta1a like gold
and silver. Adhesive-backed polishing cloths com.in three
different typee. Microcloth has a deep nap; Tesmet has a
shallower nap. In addition, nylon poliahing clotha are available
which have no nap.

We have generally poliahed electrodes by using 400 and then
600 grit Carbimet peper with water 88 lubricant, followed by
diamond peate (45, 15,6, and 1_) on Miaocloth with Metadi
..tender fluid. Final poliahing or renewal of the lurface of
a used electrode is done with 0.3 and 0.05 _ alumina on
Microcloth. Final poliahing is done for ca. 15 min, but the
entire polishing time is at leaet several hours. Figure 4 com·
pares cyclic voltammetric hackground currants for solutions
of borate buffer and sodium hydroxide at a Pine rotating disk
silver electrode. Voltammograma 1 and 3 illustrate back·
ground currents on tha electroda "well polished" by hand and
2 and 4 for the eame electrode after poliahing mechanically
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Figwe... Cyclic voltammograms of background clXTents (standard
Pine rotatng disk olver worIdng oIec1rode. area 0.0«2 em'. va. SCE):
(1) hand-pollshed electrode. pH 9.4 b<...te buff",: (2) mechanically
polished electrode, pH 9.2 borate buffer; (3) hand-pollshed electrode,
0.2 M NaOH; (4) mechanically polished electrode. 0.1 M NaOH.

with 0.3 and 0.05 ~m alumina for at leaat 15 min. In both
cases, background currents were decreased substantially by
the use of automated polishing methods.

In polishing relatively soft metals like gold and silver, onc
must be especially careful to keep all materials scrupulously
clean. Also, one must pay particular attention to match the
hardness of the electrode material with the hardneBB of the
abrasive. In cases where the electrode material is harder than
the insulating material, the insulating materia! can be worn
away preferentially. As 0 result the electrode protrudes out
of the insulating material. This leads to varying degrees of
nonlinear diffusion when the electrode is being used. To
minimize these problems, we switched to a nylon polishing
cloth. The incorporation of the outrigger described previously
also helped to minimize this problem.

For both soft materials and electrodes for which the insu­
lator and active area differ in hardness, the modified Minimet
makes it JXl88ible to polish for very long times UBing very gentle

conditions. During long unattended periods of polishing, the
heat generated by friction tended to evaporate the lubricant.
To prevent this the polishing bowls were modified to hold dry
ice. A small opening was made in the lip and the underside
of the collar of the bowl waa closed off by using a snugly fitting
piece of plastic tubing. Crushed dry ioe placed in the opening
just under the gIBBS plate kept the area cold.

If electrodes are small or light. it may be difficult to get
them to rotate. In such cases, the electrode should be secured
off center in the sleeve. In addition, a clamp holder or hose
clamp attached to the top of the electrode can provide a
moment of inertia large enough for rotation with no com­
promise in the Quality of the polished surface. Narrow-bar­
reled electrodes posed one other problem: that of proper
alignment of the surface with the polishing cloth. Care must
be taken that they are exactly perpendicular to one another.
Construction of a collar/roller bearing assembly employing
a smaller diameter roller bearing would eliminate this problem.
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Rotating Ring-Disk Electrode with WIde Temperature Range

David K. Roe' and Marlo Aparleio-Razo

Department of Chemistry, Portlond State University, Port/ond, Oregon 97207

With few exoeptions, rotating ring-disk electrodes have been
oonstructed from organic polymers and metals, a oombination
that has a ratio of thermal expansion coefficiences between
5 and 10. Deformation of the polymer UBually occurs at 10
to 20°C above room temperature resulting in solution pen­
etration along the sid.. of the metal electrode. This problem
restricts all electrochemical experiments to a narrow tem­
perature range when this type of electrode is used. Phillips
et 81. (J) were successful in construction of a glassy carbon
electrode 888Cmbly using boroeiJicate glass to insulate the ring
and the disk. In this case, the coefficienta of thermal ex­
pansion arc sufficiently close that the electrode waa U88ble
in fused salts up to 450 ·C. By properly selecting the type
of glaaa, a few other electrode materials could be used.

Two recent electrode designs (2, 3) appear to avoid extreme
sensitivity to temperature of the seal between insulator and
electrodes by employing heat shrinkable polyolefin tubing.
Operation at 100 ·C was said to be possible with the one design
(2) and may also apply to the other (3) due to similarity of
sealing technique. A rotating disk electrode made by thermal

compreBBion (4) of a platimum disk in Kel-F haa been used
in aqueous solutions up to 60°C without leakage problems
(5). In principle, the assembly technique could be extended
to include a ring electrode.

A Quite different approach to the design oi a ring-disk
electrode assembly baa been used in our laboratory to permit
U8C over a wide temperature range. The body of the electrode
....mbly is fabricated from a machinable oeramic and coated
by thermal evaporation or sputtering to form the conductive
surface that becomes the ring and the disk. Electrical contact
to the two electrodes is provided by a simple and reliable
means: 8 platinum rivet.

EXPERIMENTAL SECTION
Details of the major features of the oeramic ring-disk electrode

are given in Figure la. The electrode body is a piece of ceramic
machined from Macor (Coming Glass Works) with an internal
thread that mates with a shaft of stainl... steel tubing. A length
of Macar rod of nominal 0.5 in. diameter was turned to 12 mID

and cut into 20 rom lengths. Each piece was drilled and tapped
with a 1/. x 28 thread to a depth of about 15 rom. The top 5 rom
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f91t8 1. (a) Partial aoss 68C1Ion of~ and shaft. (b) Enlarged
view of k>wer end of electrode body. Drawings are not to sca~.

of the hole was machined to 8 diameter of 6.5 rom to provide
accurate centering with the shaft. A second 2 rom hole was drilled
in the wall directly above the intended ring location, again to a
depth of 15 mm. Both this hole and the center one were continued
to the lower end at a diameter of 0.5 mm and the exit hole was
slightly flared. Platinum wire of the same diameter was stretcl>ed
slightly to provide a tight fit and then one end was melted to form
8 small ball. Mter threading the wire through one of the holes,
it was cut off at 8 distance of 0.5 mm from the ceramic surface
and the end peened flat to finish the rivet. During this step, the
ball-end of the platinum wire was supported on 8 steel rod. After
instalJation of the 6econd rivet, the end of the ceramic was ma­
chined in the form shown in Figure 1b. Ring and disk diameters
were defined in this step by cutting into the surface to 8 depth
of about 0.1 mm,leaving a ridge with It base width of about the
same dimension. This surface was then polished to 8 mirror finish
with 0.5-lJm alumina.

Metalization of the lower end of the ceramic was by thermal
evaporation under vacuum or by sputtering; both methods have
been used successfully. Good adherence depends upon applying
first an intermediate layer of chromium or titanium, about 1 to
5 nm thick, followed by the desired metal, in this case gold, to
a thickness of 10-50 nm. A number of ceramic pieces can be
metalized at the same time. When properly applied, the metal
layer resisted the pull of adhesive tape. Next, the gold was
removed. from the outside and intermediate ridges by a very thin
cut on a lathe. The depth of this cut determines the space between
disk and ring and it has been made as small as 0.025 mm.

Electrodeposition was used to build up the thickness of the
ring and disk areas. For gold, a 0.1 F solution of AuCl3 in 1 F
HCI was found to produce pure, dense deposits at 50 °C and a
current density of 1 rnA cm-2• Several steps of plating followed
by polishing produoed a surface that was flush with the edges of
the ridges that defined the areas of the ring and disk, as is il­
lustrated in Figure lb.

Electrical contact to the platinum rivets was provided by
springs, as shown in Figure la The upper end of the spring from
the ring contacted a stainless steel disk centered on a ceramic
hub for insulation and a wire from the disk was connected to a
brass slip ring on the shaft. This arrangement al10wB easy removal
of the electrode lxxly yet reliable electrical contact.

Collection efficiencies were measured with Fe(CN)e3- in 0.1 F
H~4 over the range of rotation rates from 500 to 5000 rpm. The

• ·11
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rotator and dual potenti08tat were designed and conatructed in
this laboratory.

RESULTS AND DISCUSSION
Calculated collection efficiency for an electrode aasembly

with a disk radius of 0.381 cm, inner ring radius 0.407 em, and
outer ring radius of 0.597 is 0.488 according to the method
of Albery and Hitchman (6). Measured efficiency at room
temperature with Fe(CN).'- was 0.493 and it remained con­
stant within 1% over the entire rotation rate range.

This electrode design has also been used extensively over
the past 2 years in a study of sulfur and selenium electro­
chemistry using dimethyl sulfoxide as solvent. In these ex­
periments, temperatures up to 125°C were used with no
apparent failure due to thermal changes. Details of these
measurements will soon be published.

The sucess of this electrode design rests upon the nearly
perfect match of thermal expansion coefficients of platinum
«9.7 X 10-')/"C) and Macor «9.4 X IO-')/"C), providing a
leak-free electrical conUlct to the electrode surface. Gold and
most other metals have different expansion coefficients but
in thin layers on the ceramic the dimensional changes can be
accommodated to some degree. We have not yet prepared
electrodes of metals other than gold and 50 cannot comment
on their properties. It is obvious that the critical step is
evaporation or sputtering of the intermediate metallayerj lack
of adhesion is always due to poor surface preparation or im­
proper conditions during this operation. Through a series of
empirical tests, conditions for good adhesion were finally
obUlined. This seems to be the usual approach in thin film
preparation by these techniques.

In comparison with other designs. this electrode assembly
appears to be simpler and more easily made. One shaft as·
sembly can be used with a variety of electrode bodies and their
exchange is very simple. A number of metals can be elec­
troplated in satisfactory purity, 80 there are no serious lim­
itations in choice of materials. It is also possible to deposit
carbon on inert substrates in the pyrolytic form, although we
have not as yet explored this technique. Finally, it should
be noted that very narrow disk.to-ring gaps are p088ible and,
with modification of the ring contact, multiple, thin rings can
also be made.
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Optimization of Electrothermal Atomization-Inductively Coupled Plasma Atomic
Emission Spectrometry for Simultaneous Multielement Determination

HaSIBn M. Swaidao l and Gary D. Christian·

Department of Chemistry, BG-lO, University of Washington, Seattle, Wa"hington 98195

Perkin-Elmer HGA 2000

Table I. Operating Conditions

Jarrel·Ash Model 955 Plasma Atomcomp

running the cycle with argon only.
Data were treated with an Apple II Plus computer with software

from Interactive Microware. Inc., State College, PA, for plotting
the graphs using scientific plotter and curve fitting programs.

Reagents. Stock solutions of 1000 ppm were obtained from
Fisher Scientific Co. Working standard solutions were prepared
by fresh dilution of the stock solutions with deionized water.
Volumes of 10 ",L were used throughout the experiment for
measurements.

20
2-5
5-10

time, s

1 kW
<10 W
18 L/min
0.0-0.5 L/min

0.55 om/mm
25pm
50"m
10-20 mm

1-2.5 L/min

400
800

2400

temp,Occycle

drying
charring:
atomizing

incident rf power
reflected rf power
coolant argon flow rate
plasma argon flow

Direct Reader

dispersion
entrance slit width (fixed)
exit slit width (fixed)
observation height

argon carrier flow rate

RESULTS AND DISCUSSION
Optimization Routine. After the plasma was ignited and

stabilized, the optimal conditions of flow rate, height above
the coil, and the reflected power for an element or mixture
of elements were obtained as follows. The graphite cycle was
adjuated for 400 ·C drying for 20 a, BOO ·C charring for 5 a,
and 2400 ·C atomizing for 10 a. A IO·"L aliquot of a blank
(deionized water) or sample was injected into the atomizer.
Studying one element at a time (either alone or in mixture),
we measured the arrival time (the time from the beginning
of the atomization cycle of the atomizer to the rise of the
galvanometer on the 955 apectrometer) and the lifetime in the
pl88ma (exposure time) with a timer by observing the rise and
fall of the galvanometer on the spectrometer. From this
information, the computer was programmed to measure the
plasma emission signal over a set observation period (exposure
time), adjusting for the arrival time to minimize background
recording, Le., to observe primarily tlte duration of the atomic
emission signal. A digital readout was recorded on a teletype
for each channel. By use of the appropriate exposure times,
the operating parameters were optimized for each element
from maximum signal-to-noise ratios. A similar procedure
was adopted for the mixed groups, selecting the compromized
conditions that give the best detection limits for the most
elements.

Operating Conditions. Simultaneous multielement
analysis is best approached by considering the various pa­
rameters tltat affect optimization for each element. The op­
timal parameter for each element will necessarily be com­
promised in exchange for a oommon set of operating conditions

EXPERIMENTAL SECTION

Apparatus, A modified Perkin-Elmer HGA 2000 graphite
furnace was employed ns a sample introduction source. The
furnace was modified and connected to the ICP torch of a Jarrel
Ash Model 955 Plasma Atomcomp inductively coupled plasma
spectrometer through a modified spray chamber as previously
d88Cribed (17). Graphite tubea were coated with a thin pyrolytic
film using 0.05 Llmin mixture g88 (10% methane and 90% argon)
by heating at the charring temperature of 2100 °C for 10 min.
The operating conditions are described in Table I. Signals were
monitored with the polychromator of the Model 955, by com­
manding the computer to look at the specific channel or channels
of interest, and were recorded on a teletype as digital readouts.
Samples were introduced into the furnace with a 1()..,uL syringe
micropipet with disposable polypropylene tips.

Artel' aignals were recorded for the blank and the aample, the
graphite atomizer W88 purged by maximizing the temperature and

Inductively coupled plasma atomic emission spectrometry
(ICP-AES) is an attractive analytical tool for the simultaneous
determination of major, minor, and trace elements in various
samplea (1-5). The use of direct vaporization of the sample
has been described previously in various reports (6-14).
Recent modifications of commercial electrothermal atomizers
have been described for application to ICP-AES. Crabi et al.
(15) modified ti,e HGA 500 electrothermal atomizer to be used
88 an introduction device to the ICP-AES. They uaed the
L'vov platform to improve the tolerance of their system for
variations in matrix composition. Aziz et 81. (16) used the
HGA 74 graphite fumace atomizer with a modified g88 aystem
in the analysis of small-volume biological samples. 'rhey
indicated that 8 gas circulation system will minimize memory
effecta in routine application. Recently (1 n, we reported the
usc of the HGA 2000 graphite atomizer in combination with
an ICP (GA-ICP). The combination of a graphite furnace and
microwave induced plBBma atomic emission spectrometer for
the multielement analysis of small volume liquid samples has
been deacribed (18). Grabau and Fa..el (19) have demon­
atrated the ability of the photodiode array detector aa an
alternative to the polychromators commonly used with the
ICp·AES. In all the previous techniques, detection limita have
been reported to be several orders of magnitude better than
those obtained under similar conditions with conventional
ICP.

Compromised conditions for simultaneous multielement
analyaia by ICP have been reported (20). In uae of the
HGA·ICP system, compromised conditions must be accom·
modated for both the graphite atomizer and the inductively
coupled plasma in order to obtain the lowest relative detection
limits for most elements and to minimize interelement effects,
both chemical and spectral. In this paper, we describe op­
timization of parameters for the HGA-ICP aystem and explore
its applicaton for simultaneous multielement analysis of
microsamples, utilizing direct readout of the transient signals
by the Jarell Aah Model 955 inductively coupled plaama
spectrometer. Elements arc arranged by groups for simul·
taneous determination in mixtures, based on tlteir arrival time
in the plasma and compromised operation parameters.

OOQ3.2700le./ll356-012OS01.50IO C> 1983 """"""'. CIlemIcoJ Soc:loly



Table II. Optimal Conditions for Single Elements

optimal
optimal carrier
height, now rate, arrival exposure

element mm L/min time, s time, S

Cd 12 1.0 6 7
Mn 12 1.5 4 7
Ni 12 2.5 4 4
Cr 12 2.5 3 6
AI 12 2.0 6 4
Zn 12 1.0 7 4
Pb 14 2.0 3 7
Sb 14 1.5 4 7
Si 14 2.0 4 4
Co 14 2.5 3 6
Fe 14 2.0 4 5
Ag 14 2.0 4 6
Cu 18 2.5 3 4
Ba 18 2.5 6 10
C. 16 2.0 7 4

that give the lowest detection limits for the mixture. Several
parameters may influence the HGA-ICP system, not only the
magnitude of the detection limits but also interelement in­
terferences. Theae include the power of the ICP, the obser­
vation height above the coil, the flow rate of the carrier gas
which transports the sample aerosol into the plasma, the
graphite atomizer temperature and cycle time, the deterio­
ration and aging of the graphite tube, the length of the
transport tube to the ICP, and the arrival and the exposure
times for the elements of interest.

The graphite tube will deteriorate after a limited number
of fIrings and the signal intensity will diminish. A pyrolitically
coated tube provides a barrier between vapor phase atoms and
the graphite substrate (21). Hence, we coated the graphite
tube with a thin pyrolytic layer to improve aging of the tube
and obtain a steady signal for 8 longer period of firings.

The arrival time (the time from the beginning of the
atomization cycle of the graphite atomizer to the deflection
of the galvanometer on the spectrometer) and the exposure
time (the time from the rise to the end of the fall of the
galvanometer on the spectrometer) were measured for each
of the 15 elements. Results are given in Table II. The effect
of the observation window on the intensity of the recorded
signal and the signal-to-noise ratio is very significant for
transient signals, and the obaervation time should be adjusted
to correspond to just the peak width to the extent possible.
The background reading from the plasma increases in pro-­
portion to the observation time. However, the observation
window must be sufficiently broad that slight variations in

Table III. Detection Limits (ng/mL)
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sample arrival time will not affect the obaerved analyte signal
or that multiple elements that arrive at slightly different tim..
can be observed.

The flow rate and the obaervation height above the coil were
optimized for maximum 8ignal~tQ..noise ratio for each of 15
elements (Table II). On the basis of optimal conditions for
individual elements, the 15 elements were arranged into three
different groups according to their obaervation heights. Group
one consists of cadmium, manganese, nickel, chromium. alu·
minum, and zinc with a height of 12 mm. Group two consists
of lead, antimony, silicon, cobalt, iron, and silver with a height
of 14 mm. Group three consists of copper, barium, and cal~

cium with a height of 18 mm. The elements tend to fall into
patterns on the basis of "hard" and "soft" lines as noted by
Blades and Horlick (22), i.e., thoae whoae spatial behavior is
relatively insensitive to operating parameters (group one) and
thoae that are aensitive to operating parameters (group three).
Blades and Horlick found the spatial behavior of the "soft"
line elements to be correlated with plasma temperature.

The flow rate dependence, arrival time, and exposure time
were determined for each element in the different mixtures,
and compromised conditions were aelected to provide the best
compromised detection limits for simultaneous determina­
tions. The optimal observation heights above the coil, flow
rates, arrival times, and exposure times were, respectively, 12
rom, 1.8 LJmin, 4 s, and 7 s for group one, 14 mm, 2.0 LJmin,
4 s, and 6 s for group two, and 18 mm, 2.5 LJmin, 3 s, and
7 s for group three.

Detection Limits. Detection limits were determined by
using 1 ppm concentrations of the analyt.es and represent the
concentrations which give a net signal equal to three times
the experimentally determined standard deviation of the blank
for each element. Table III lists the detection limits obtained
for single elements and compares the values obtained via peak
height measurement of the recorded signal (17). The present
detection limits are poorer due to the substantial background
signal included in the observation window. Detection limits
for each element were determined in mixtures for the three
groups and are also summarized in Table III. Results are
generally comparable to those for single elements, although
there is some substantial enhancement in the mixtures,
particularly for chromium and iron, possibly due to formation
of alloys of enhanced volatility in the mixtures. Table III also
compares the present detection limits with those of previous
workers utilizing combined electrothermal atomizerjplastna
spectrometry and various volume samples. The precisions for
the various elements in the group mixtures were determined
by using 1 ppm concentrations and seven readings. Relative
standard deviations were better thon 10%, with 5% or less

p~ak height
singl~ mixture measurcmcnt HGA74·ICP HGA74-MIP HGA500-ICP

wa"'clength, (this work) (this work) (I 7) (/6) (/8) (/5)
cl~ment nm (10 "L) (IO"L) (IO"L) (50 "L) (50 "L) (20"L)

Cd 228.8 50 20 4 8 35 2
Mn 257.6 2 3 0.9 7 0.4
Ni 231.6 90 50 76
Cr 205.5 20 5 4 (Cr II) 84 (Cr II) 0.7
Al 308.2 60 170 3
Zn 213.8 10 7 6 10
Pb 220.3 40 50 130 (Pb I) 50 (Pb I)
Sb 217.5 160 250 10
Si 251.6 80 50
Co 228.6 30 20
Fe 259.9 70 10 90
Ag 328.0 30 10 0.8
Cu 324.7 20 10 10 18 0.1
Bs 493.4 70 150
Ca 396.8 60 30 77 (Ca I)
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for moat elements.
Dynamic Range and Relative Senlltlvltlel. The net

intensity readings for concentrations ranging from 0.1 ppm
to 30 ppm for the elements in the three mixtures were de·
termined. Measurements beyond 10 ppm con~ntrationsfor
group two were difficult due to apparent reaction between the
elements or (rom anion/cation effects in the mixture which
reeulted in loss o( analyte element, (or example, through va­
porization of molecular halide species (23)_ In addition,
concentrations in excess of 10 ppm require extensive cleaning
of the graphite atomizer between readings, necessitating
several purgings which in turn will accelerate the deer.... in
the intensities o( signals by aging the graphite tube. Mea­
surements could be made over at least 2 ordere of magnitude
(or all the elements. The correlation coefficient for signal VB.

analyte concenlretion W88 0.992 or better (or all the elements
tested in group two.
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CORRECTION

Performance Characteristics or a Continuum-Source
Wavelength·Modulated Atomic Absorption Spectrome­
ter

J. D. Messman, M. S. Epstein, T. C. Rains, and T. C.
O'Haver (Anol. Chern. 1983,55,1055-1058).

There are several typographical errors in this paper. On
page 1056, under "Instrumentation", a R374 photodetector
was used for WM·AAC measurements of potassium and 80­

dium instead o( a R372 photodetector. In Table I on page
1057, the WM·AAC detection limit (or Cd should read 0.09
mglL. In the sarne table, the wavelength for Tl should read
276.787 nm.
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Guide for Use of Terms in Reporting Data in

ANALYTICAL CHEMISTRY

11 Is~ '" know the~ of the tllmlO an._.... Fer pctJI/c8'*"- tt Alw.mCAI. Qed"",y, the """"*'11de_"'"~
and Ills _ltIIJt they "'" used _ a _ of~c1s_"""""fa results _ no prior in_lion on bias of Iha ",._. 1IlIIy
"'"__by_Of ItIIJ AdvIsory Board. 7lIa Gui1e Is-rtr-"fa, and11_~.- onty _ an _tandtlg of Is
_'*"-: ona Is ItIIJla__fora""'" Is~_ona _tlwlly.",.,_of_,*,,-, and /lis thtnfOte '"~~­
.. an asllmala of the paran>etflt'. Fer~fa ~clcground, Iha__COM<JIIa reputable taxi onlha subject of deta _lion.

Set "'fers to a number n of independent replicate measure­
ments of some property. Authors are encouraged to report
this number n.
Precilion relateo to the reproducibility of meoaurements
within e set, that is, to the scatter or dispersion of a set about
its central value.
Accuracy normally refers to the direerence (.rror or bioa)
between the mean, X, of the set of results and the value X,
which is accepted oa the true or correct value for the quantity
measured. It is also used oa the difference b.tween an in·
dividual value Xland X. The absolute accuracy of th~ mean
is giv.n by X - X and of an individual valu. b:[ X, - X. The
relative accuracy ofth. mean is given by (X - Xl/X, and the
percentage accuracy lOO(X - Xl/X.
Meaaureo oC the Central Value oC a Set. MEAN (or Average
or Arithm.tic Mean) is the sum L7", X, of the values of
individual results divided by the number, n, of results in the
set. Th. mean is given by .

X = (X. + X, + ... Xi + ... X.)/n = LXi/n
i-1

MEDIAN is the middle result of an odd number of results,
or the average of the central pair for an even number, when
th.y are arranged in ord.r of magnitud.. Th. median is I...
affected by extreme values than is the mean.
Meaaureo oC Precbion within a S.t. STANDARD DEVIATION
is the squar. root of the quantity (sum of squares of deviatioll5
of individual results from the mean, divided by one leas than
the number of results in the set). The standard deviation,
" is given by

, = -vi t(Xi - ;n'/(n - 1)
i-1

Standard d.viation boa tha lOme units as the measur.ment.
It becomes a more reliable exprMBion of precision as n becomea
large. When the meesurem.nts are independent and normally
distributed, the moat useful statistics are the mean for the
c.ntral valu. and the standard deviation for the dispersion.

VARIANCE, 82, is the square of the standard deviation.
RELATIVE STANDARD DEVIATION is the standard deviation

expreased as a fraction of the mean, ,/X. It is som.times
multiplied by 100 and .xpr....d as a percentag.. Relative
standard d.viation is preferred over "coeffici.nt of variation",

MEAN (or AVERAGE) DEVIATION is the mean of the d.via·
tions of the individual meoaurements from tbe mean of the
set without regard to sign. It iagiven by L~".IX, - XI/n. The
mean deviation is not recommended 88 a measure of prec:iaion
except when the set consists of only a few measurement&.

RANGE is the direerence in magnitude between the largest
and smallest results in a set. Th. range is not recomm.nded
as a measure of precision except when the set conaiata of only
8 few measurements. If range is used. the number of mea·
surements in the set must be indicated.
M.asure oC Preci"lon oC a Mean, CONFIDENCE LIMrrs (or
Interval) are the limits around the measur.d m.an within
which the mean value for an infinite number of measurements
can be .xpected to be found with the stated leYel of proba·
bility. Confidence limits for independent normally distributed
measurements are given by

confid.nc. limits = X % t./";;:'

where' is the standard deviation and t is the totable value
at the stated confidence I.vel. The use of standard .rror,
,/n'/', to expreas preciaion of a mean is acceptable only iftha
authors clearly make the distinction from standard deviation.

Spectrometry Nomenclature
We /oJvo compI/fId Iha foIowing 1st of terms, their defltlltlons, and abbravlatJono, which occur most fraquantly In papars onlptlCt1OmIItry_ 7lIa
Rsllndfcatas our preferred usagas In an aN"""t 10 obtain ,ome ccnsIstoncy In a fIaId _e much discrepancy exists.

Ab"orbance, A (not optical density, absorbancy, or .xtine­
tion). Logarithm to the base 10 of the reciprocal of the
transmittance A = log,. (1/T).
Ab"orptlvlty, a (not k). (Not absorbancy index, specific
extinction, or extinction coefficient.) Absorbance divided by
the product of the concentration of the substance and the
umpl. path l.ngth.

A
a.~

A.....rptivity, Molar,. (nat molar absorbancy index, molar
.xtinction coefficient, or molar absorption coeffici.nt).
Product oC the absorptivity, c, and the molecular w.ight of
the substance.
An,"trom, A. Unit of l.ngth equal to 1/6438.4696 of
wav.l.ngth of red lin. of Cd, For practical purposes, it ia
considered equal to 10-" em.

Beer'" Law (representing Beer-Lambert law). Absorptivity
of a 8ubstance is a constant with respect to changes in con·
centration.
Concentration, c, Quantity of the subetance contained in
a unit quantity of umpl•. (In absorption spectrometry it ia
usually expressed in gram8 per liter.)
Frequ.ncy, Number of cycles per unit time.
InCrued. Th. region of the .Iectromagnetic spectrum ex·
tending from approximately 0.78 to 300 I'm.
Micrometer, I'ID. Unit of length equal to 10-" m. (Do not
use micron.)
Nanom.tar, nm. Unit of length equal to 10-" m. (Do not
use millimicron.)
Semple Patb Lenrth. b (not lord). Internal cell or sample
I.ngth, uaually giv.n in centimeters.
Spectrorraph. Instrum.nt with an entrance ,lit and dis·
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persing device that ..... photography to obtain a record of
lpec:tral range. The radiant power paMing through the optical
lyetem ie integrated over time. and the quantity recorded ie
a function of radiant energy.
Spectrometer, Optical. Instrument with an entrance llit,
a diepereing device, and with one or more exit elila, with v.hich
meaeuremente are made at ..lected wavelengthe within the
lpectralrange, or by ocanning over the range. The quantity
detected ie a function of radiant power.
Spectrometry. Branch of phyeicaJ Icience treating the
measurement of spectra.
Spectrophotometer. Spectrometer with SIIOCiated equip­
ment, ao that it furnishes the ratio, or a function of the ratio,
of the radiant power of two beam. 81 a function of Ipectral
wavelength. The.e two beaml may be .eparated in time,
apace, or both.

TnuulmittaJlee, T (not transmittancy or tranarnieeion). The
ratio of the radiant power transmitted by a eample to the
radiant power incident on the sample.
rntravlolet. The region of the electromagnetic .pectrum from
approximately 10 to 380 nm. The term without further
qualification usually refe.. to the region from 200 to 380 nm.
Vilible. Pertaining to radiant energy in the electromagnetic
spectral range vieible to the human eye (approximately 380
to 780 nm).
Wavelength (one word). The dietance, meaeured along the
line of propagation, between two points that are in phase on
adjacent waves-units A. pm, and nm.
Wavenumber (one word). Number of waves per unit length.
The usual unit of wavenumber is the reciprocal centimeter,
em- t • In terms of this unit, the wavenumber is the reciprocal
of the wavelength when the latter is in centimeten in vacuo.

81 Units
The mova toward Iha uoage of Iha International Syatam 01 Unlta (51) he. been a",aad to by ACS editor. a. ge"",el AC5 policy. AllI1<llql, In
pr1nclpla, the change to .lrict 51 usage I. daBlrable, naca.sary adjustments dlc1ated by practical reality mu.t be considered. This guide give.
authors an Idea of what exceptJona are acceptable In article. published In ANALYTICAL Cte.eISTAY. Also Included are the 81 base units, derived
units. and pran-. U1Ita thaI are not COIT1l8- wtth 51 or Iha acceptable axcaptJona. but which must be used In a manuscript. should be followed
by Iha 51 equivalent In paranlha.... a.g.• l-ln. (2.5 em) tubing or l-ln. (2.54 em) tubing. The number In the 51 equivalent &hould Includa only
a. many digits a. are aJgnIftcanl rOt' any partk:tMr use.

51 Ban Unitl

(supplementary unital

radian
steradian

Leneth
Mu.
Time
Electric current
Thermodynamic temperature
Amount of lubltance
Luminoul intenlity

Plane anile
Solid .nlle

meter
kilogram
lecond
ampere
kelvin
mole
candela

m
kl
I

A
K
mol
cd

rad
ar

10"
10n
10n
10'
10'
10'
10'
10'
10-'
10'·2
10-)
10-'
la"
10- 12

la-II
10'U

SI Prefixes

exa E
peta P
tera T
giga G
mega M
kilo k
hecto h
dek. da
deci d
centi c
milli m
micro •nano n
pica p
femto r
aUo

81 Derived Unit.&
Acceptable Exceptions

born
molal· mole per kilogram (m c mol

kg-')
molar· moll' per liter (M :.. mol L -I);

not (ormal or normal
mho (ll")
gram per cubic centimeter (gtcm J

)

electronvolt (eV); alao keY, MeV
anlltrom (A)
dCITee n. minute n. second (")
atmosphere (atm), bar, torr
disintegrations per second (dpa)

1 per (molp per liter) per second (M-I
S-I)

derree Celsius (oC)
minute (min). hour (h), day (d). etc.
liter (L), milliliter (mL), microliter

(.L)
1 per centimeter (cm'l)

Are.
Concentration

Wavenumber

Conductance
Density
Energy
Lenllth
Plane angle
Pressure
Radioactivity of

radionuclidea
Second-order rate

constanta
Tf'mperature
Time
Volume

m'
mollm)
kg/m'

F
S
C

V

mIl
m'
m-'

N
Hz
Ix
H
1m
Wb
T
W
P.
Bq
n

Iquare met.er
mole per cubic meter
kilorram per cubic

meter
meter per second
cubic meter
1 per n1!ter

volt

joule

newton
hertz
lux
henry
lumen
_ber
tella
watt
puca!
becquerel
ohm

(with Ipecia) names)

f.rad
liemenl
coulomb

Are.
Concentration
Density

Velocity
Volume
Wavenumber

Capacitance
Conduct.ance
Electric charle,

quanLity of electricity
Electric potentiaJ,

potential difference,
electromotive force

EnercY. work,
quantity of heat

Force
Fl'equency
Dluminanc:e
Inductence
Luminoul flow
Moen_lic nux
Marnetic flux density
Power
Prellure
Radioactive activity
Reeietence
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