Photoacoustic
Spectroscopy




If you'’re analyzing inorganics
you

in organics....why aren’t
looking into EDXRF?

EDXREF is the best method for a bunch of
applications.

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

It doesn’t matter if your samples are carbohy-
drates, hydrocarbons, flora, or fauna. EDXRF
sees right through the organic matrix and ana-
lyzes every element heavier than fluorine (Z=9)
simultaneously.

That kind of analysis capability makes EDXRF ideal

for rapid, multiclement analysis of metals in petrochemi-
cals, natural and synthetic polymers, rubber, resins, phar-
maceuticals, organometallic complexes and other organic
and low-Z materials.

Speed without sweat or sacrifice.

EDXREF is fast. It gives you precise, complete results in
minutes—or even seconds.

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

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

We’re telling you all this for a reason.

We manufacture the world’s leading EDXRF system—-
the Kevex 0700.

DEC and LSI-11 are

of the Dital C

It optimizes the best features of

EDXRF with precision x-ray optics

and close-coupled geometry. The re-
sult is unsurpassed analytical power
and sensitivity from ppm to 100%
concentration— whether you're
analyzing micro-samples or bulk
specimens.
Every 0700 is equipped with push-button se-

lection of secondary targets, transmission filters,
collimators and sample position. So you can tailor

analysis strategies to the broadest possible range of

applications and still get complete coverage of every ele-
ment in the periodic table from sodium to uranium.
And the 0700 comes standard with a DEC LSI-11™ series
minicomputer with Winchester and/or floppy disk based
software to handle all phases of data collection, graphics,
storage and automatic operation.

We'd like to tell you more...

If you're analyzing inorganics in organics, and you're not
using a Kevex 0700, get in touch with us.

We'll send you a copy of our new applications bulletin,
EDXRF Analysis of Inorganic Elements in Organic Mate-
rials. Apd we’ll give you the details about the 0700 and its
capabilitics.

Then you'il be abie to determine for yourself how the
Kevex 0700 can magnify your analytical power.

KEVEX CORPORATION
1101 Chess Drive

Foster City, CA 94404
Phone (415) 573-5866
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their reflection and » MS/MS. Kenneth
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University of Arkansas spectroscopies discuss developments
reports at a recent MS/MS
workshop
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involve some of the
most complex software
in the analytical
laboratory. Contributing
Editor Ray Dessy
provides a tutorial on
the philosophy behind
these systems

on on-line process
analyzers and protein
analysis are reviewed
by Martin Frant and

EDITORS' COLUMN

EAS. More than 3400
participants at the 21st
Eastern Analytical
Symposium in New
York City, Nov. 17-19,

[
EDITORIAL

Software and analyti-
cal instrumentation.
Many instrument ven-
dors will not share soft-
ware with purchasers.

Nathan Gochman made this symposium  Some will not even
the largest since the share the algorithm that
EAS group staged a describes what the
comeback in 1979 with software does. Pur-
annual full-fledged chasers find this prac-
meetings combining tice alarming because
papers and an the decision on which
exhibition instrument to buy may
well hinge on the quali-
ty of the software
83A 16 A 1
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The only HPLC
for repetitive

o

Just load the

sampl

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

New. Waters QA-1"Quality Analyzer.
T - —

o

Push one button and
walk away.

superior reliability with the reproducibility
ou need for your analyses.
he Waters QA-1" Quality Analyzer is
totally different.

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



specifically designed
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Briefs

Separation of Sulfite, Sulfate, and Thiosulfate by lon
Chromatography with Gradient Elution

Sulfite, sulfate, and thiosulfate are separated in less than
15 min in a single run. The separation requires a step
gradient with 4.8 mM NaHCO3/4.7 mM NayCOj as start
eluent and 6.9 mM NaHCO3/8.6 mM Na,COj as final
eluent.
Thonu Sundén®, M.u Undgren. and Anden Cedergren,

of A y, Uni of Umea, S-901
87 Umed, Sweden, and Dcrryl D. Snmu Exxon Nuclear Idaho
Company, Inc., P.O. Box 2800, Idaho Falls, Idaho 83401

Anal. Chem., 55 (1983)

Determination of Cyanide, Sulllde lodide, and
Bromide by lon Ch t with Electrochemical
Detection 4
Detection limits for cyanide, sulfide, iodide, and bromide
are 2, 30, 10, and 10 ppb, respectively. Cyanide and sulfide
can be determined simultaneously.
Roy D. Rocklin® and Ed d L. Joh
Titan Way, Sunnyvale, Calif. 94086

grapily

Dionex Corp., 1228
Anal. Chem., 55 (1983)

Dual Electrode Liquid Chromatcgraphy Detector for
Thiols and Disulfides 8

Liquid Chromatography/Proton Nuclear Magnetic

Resonance Spectrometry Average Composition
Analysis of Fuels

A method is described for ob
data for alkane, monocyclic nmmauc, and dlcychc aromatic
fractions of fuels. Average molecular weights for
monocyclic and dicyclic aromatic fractions are determined
with an accuracy of +4 daltons.

James F. Haw, T. E. Glass, and H. C. Dorn®, Department of
Chemistry, Virginia Polytechnic Institute and State University,
Blacksburg, Va. 24061 Anal. Chem., 55 (1983)

ition

Determination of Vasodilators and Their Metabolites in
Plasma by Liquid Chromatography with a Nitrosyl-
Specific Detector 29

Detection limit is 0.1 ng for glycerol trinitrate (GTN) and
pentaerythritol tetranitrate (PETN), and 0.2 ng for
isosorbide dinitrate (ISDN). At the 5-ng level, RSDs are
+4.1%, £2.2%, and +£7.3% for GTN, PETN, and ISDN,
respectively.
Wing C. Yu® and E. Ulku Goff, Thermo Electron Corporation,
Analytical Instruments, 101 First Avenue, Waltham, Mass. 02254
Anal. Chem., 55 (1983)

of Phencyclidine and Phenobarbital in

Thiols separated from disulfides by liquid ch graphy

are detected only at the downstream electrode. Disulfides

are reduced at the upstream electrode and are determined
ream as the el d thiol.

Laura A. Allison and Ronald E. Shoup*®, Bicanalytical Systems

Inc., Research Laboratories, 1205 Kent Avenue, West Laf:

Complex Mlxtures by Fourier-Transformed Infrared
Py 32

Conuolled substances are determined in substrates such as
!actose and parsley. Accuracy to within 1% is

Ind. 47906 Anal. Chem., 55 (1983)

AddﬂlonolComplexthgemhlonChromalowaphy
for Separation of Polyvalem Metal lons
Metal cati d on a cation
low capacity wn.h an eluent containing
ethylenediammonium tartrate and are detected with a
conductivity detector.

Gns‘ory J.Sevenich* and James G. Fritz, Ames Laboratory

Dep-runent of Chemistry, Iowa State University, Ames, Iowa
Anal. Chem., 55 (1983)

h 1

of

50011

Phenyl-Modified Kel-F as a Column Packing for quuld
Chromatography

The phenyl Kel-F column has 8800 plates/m, a reduced
plate height of 5.7, and a sample capacity of 100 ug/g
packing. The retention mechanism is solvophobic in
nature.

rated, although ion effects may be
exhibited in some of the spectra.
M. G. Rockley®, M. Woodard, H. H. Richardson, D. M. Davis,
N. Purdie, and J. M. Bowen, Department of Chemistry,
Oklahoma State University, Stillwater, Okla. 74078

Anal. Chem., 55 (1983)

Sequential Determination of L-Lactate and Lactate
Dehydrogenase with Immobilized Enzyme Electrode
35

Determinations are complete within ~ 7 min. The precision
is 1.4% and 2.6% for L-lactate and lactate dehydrogenase,
respectively. The electrode can be used for more than 2
weeks and 140 sequential determinations.

Fumio Mizutani®, Kanji Sasaki, and Yukio Shimura, Research
Institute for Polymers and Textiles, 1-1-4 Yatabe-Higashi,
Tsukuba, Ibaraki 305, Japan Anal. Chem., 55 (1983)

Dclormlnallon of Molecular Weight Distribution of
tic Components in Petroleum Products by

of

Richard W. Siergiej and Neil D. D:
Chemistry, Miami University, Oxford, Ohio 45056
Anal. Chem., 55 (1983)

* Corresponding author
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Chemical lonization Mass Spectrometry with
Chlorobenzene as Reagent Gas

The mechanism involves selective charge exchange
reactions between chlorobenzene and the substituted
benunes and naphthalenes in the sample. Turnnround
time is 3 min for ing of

L. Wayne Sieck, Chemical Thermodynamics Division, Center for
Chemical Physics, National Bureau of Standards, Washington,
D.C. 20234 Anal. Chem., 55 (1983)
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Low yields of gold-plated
lead frames. The manufac-
turer was dissatisfied with
the efficiency of his gold-
plating bath and suspected
that the ratio of Au® to
Au'’inthe bath was
incorrect

Analysis of the bath by a
Dionex lon Chromato-
graph™ Results were
obtained in 12 min-
utes, following a sim-
ple dilution. These
showed that the con-
centration of Au(CN);
was too high. The con-
centration was

lowered and lon
Chromatography

was used from that
point on to monitor
and optimize the effi-
ciency of the bath. The
manufacturer now also

Co(CN)™~
Au(CN);
Au(CN);
—T T )
0 4 8 12
Minutes
SEPARATION OF
GOLD COMPLEXES

monitors the concen-
tration of his cobalt
brighteners and de-
tects surface
taminants left

behind after

surface pretreatment.

The problem-
solving capability of
lon Chromato-
graphyis
becoming increas-
ingly valuable to the

\ plating industry—

to every industry in

fact, where analysis
of complex chemical solu-
tions composed of both
inorganic and organic con-
stituents is needed. Dionex
lon Chromatography solves
problems involving inorganic
anions, amines, organic
acids, amino acids, transition
and heavy metals, alkali
metals and alkaline earths.
lon Chromatography is

0000011

=

also useful for QA screening
of incoming materials, detect-
ing ionic contaminants ina
wide variety of manufactur-
ing processes, adjusting con-
centration ratios, analyzing
competitors’ formulations
and monitoring waste
materials

Sophisticated column
and detector technologies
give Dionex lon Chromato-
graphs™ the capability to
solve your toughest ion analy-
sis problem, regardiess of
the complexity of the matrix.
You get solutions rapidly
(often in less than one min-
ute per ion), with high

DIONEX
ION CHROMATOGRAPHS®

CIRCLE 60 ON READER SERVICE CARD

]

(pg/Lin some
P cases) fittle or no

- sample pretreat-

and low operating
costs.

Dionex users are offered
freetraining courses and
receive regular information
on new applications. You also
have the assurance of the
Dionex service commitment —
backed by a complete world-
wide sepsce network. And a
techaical support siaff is
available to provide indi -
vidualized assistance in
solving all your ion analysis
problems.

Learn how Dionex lon
Chromatography can
provide the solution to your
problems by contacting
Dr Art Fitchett at
(408) 7370700,

247

DIONEX CORPORATION
1228 Titan Way
Sunnyvale, CA 94086
USA




Ch terization of the Microstructure and
Macrostructure of Coal-Derived Asphaltenes by
Nuclear Magnetic Resonance Spectrometry and X-ray
Diffraction

Average molecular properties are calculated by NMR,
functional group analysis, and elemental and molecular
weight methods. Size of the average aromatic structural
unit and the number of such units per molecule are
estimated by a combined NMR-X-ray procedure.
L. Schwager, P. A. F-muhn..l T. Kwul. V A, Wemberg.
and T. F. Yen®, School of of S
California, University Park, Los Angelen. Calif. 90007

Anal. Chem., 55 (1983)

t and Visible Bands of
46

Molar Absorptivities of Ultraviol
Ozone in Aqueous Solutions
The absorptivities of the ultraviolet and visible optical
absorpticn bands of aqueous ozone are: €269 = 3292 + 70
M-!cm~! and €599 = 5.1 £ 0.1 M~ cm™! at the band
maxima. The oxidation of Fe?* by O; takes place with a
stoichiometric ratio of Fe3*/0; equal to 1.996 + 0.036.
Edwin J. Hart®, Hahn-Mei Institat far Kernforsch Berlin
GmbH, Bereich Stnhhncbemle, D- 1000 Berlin 39, Germany, and
K.Seh dand J. H Dep. Ris¢
Nati D. k

Anal. Chem., 55 (1983)

1Lab

y, DK 4000 Roskild

Analysis of Pharmaceuticals by Fluorine-19 Nuclear
ll.gno!lc Resonance of

P " Darivat

Bulk pharmaceuucal materials and drug dosage forms
containing hydroxyl and amino groups are analyzed. Most
derivatizations are complete in 10 min.

Gary E. Zuber®, David B. Staiger, Richard J. Warren, Smith
Kline & French Lubontmies. P.0. Box 7929, Philadelphia, Pa.

Anhyvdrl
Y

19101 Anal. Chem., 55 (1983)
Standards for N d Fl Decay Time
Measurements 68

Literature fluorescence decay parameters for standard
compounds are evaluated, and new standards are proposed.
Synchronously pumped dye laser excitation and time-
correlated single-photon counting detection are used.
Roger A. Lampert, Leslie A. Chewter, and David Phillips®,
Davy Faraday Research Laboratory, The Royal Institution, 21
Albemarle Street, London WIX 4BS, United I\mgdum and

d V. O'Connor, Insti for Molecul
M)vodaul Okazaki 444, Japan, and Anthony J. Roberts, Unilever
Research Laboratories, Port Sunlight, Merseyside, United
Kingdom, and Stephen R. Meech, Department of Chemistry,
Wayne State University, Detroit, Mich. 48202

Anal. Chem., 55 (1983)

Solvenl Extraction of Oil-Sand Components for
tion of Trace Elements by Neutron

Cross-Correlation Analysis of Molecular Fluor
Spectra 49
Spectra are ob with ional instr ation

and are then transformed to relative time-space by fast
Fourier transform procedures. The method is tested on
library spectra of polycyclic aromatic hydrocarbons.
Marilyn A. Stadalius and Harvey S. Gold*®, Department of
Chemistry, Uni ity of Del. Newark, Del. 19711

Anal. Chem., 55 (1983)
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The of aad ina ial aspirin

powder, determined from the height of the second

derivative satellite peak, is 0.0361 £ 0.0005% at the 95%

confidence limit.

Kclﬂlkc Kit.unun‘ I.Ild Byn M‘)mu. Kyotn College of
Y , Kyoto 607,

Anal. Chem 55 (1983)

anan

Spatial Discrimination in Spark Emission
Spectrochemical Analysis

An adjustable waveform spark source and argon flow jet
are to produce a positionally stable spark train. S/N is
improved and spectra are simplified by optically ki

57

Actlvatlon Analysis 74

Geochemically important and organically associated trace
elements in bitumen are determined by subtracting the
mineral contributions from the total measured
concentrations.

F.S.Jacobs and R. H. Filby*, Nu:lw Raduhun Cenl.er and
Department of Chemistry, W State U y, Pullman,
Wash. 99164-1300 Anal Chem., 55 (1983)

Recovery Factor for Extraction from a Solid,
Extractant-Retaining Matrix

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

Anal. Chem., 55 (1983)

78

Interpretation of Sets of Pyrolysls Mau Spacira by
Discriminant Analysis and Grap

Complex mixture spectra are interpreted in terms of
chemical components without knowledge of exact reference
spectra. ’I‘he technique is based on facwr analysis,

81

the center core of the spark train.
John P W.lun' and Willhm 8. Eaton, Department of
y, U y of in, Madison, Wis. 53706
Anal. Chem., 55 (1983)
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discr analysis, and graphical rotation.

Willem Windig, Cent voor Schi lcul
Oosterstraat 1, Baarn, The Netherlands, and FOM-1
Atomic and Molecular Physics, Kruislaan 407, 1098 SJ
Amsterdam, The Netherlands, and Johan Haverkamp and Piet
G. Kistemaker®, FOM-Institute for Atomic and Molecular
Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands
Anal. Chem., 55 (1983)
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Whatman Membranes.
Performance. Reliability.

Performance: Improved handling characteristics,
consistency of results through narrow pore size dis-
tribution and minimal batch-to-batch variation, easy
autoclaving due to higher temperature stability, re-
duction of adverse effects from extractables, and
elimination of excessive shrinking problems.

High performance membranes—Whatmanmembranes.

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

High reliability membranes — Whatman membranes.

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

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

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

PAPER DIVISION

CIRCLE 236 ON READER SERVICE CARD
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Briefs

=]
lonization Spectra of Neodymium and Samarium by Selective Concentration of Aromatic Bases from
Resonance lonization Mass Spectrometry 88 Water with a Resin Adsorbent 1

Ionization spectra of neodymium and samarium are
obtained over the wavelength range of 423 to 463 nm. The
observed wavelengths are correlated where possible with
allowed transitions between known electronic energy levels.
J.P. Young® and D. L. Donohue, Analytical Chemistry Division,

Oak Ridge National Laboratory, Oak Ridge, Tenn. 37830
Anal. Chem., 55 (1983)

Determination of Organic-Bound Chlorine and
Bromine in Human Body Fluids by Neutron Activation
Analysis 91
Desalted milk and serum fractions are irradiated with
neutrons in a nuclear reactor and the resulting y-rays of
38C] and 8°Br are measured. Detection limits are 50 and 5
ppb for organic-bound chlorine and bromine, respectively.
James D. McKinney®, National Institute of Environmental
Health Sciences, Research Triangle Park, N.C. 27709, and Adel
Abusamra and John H. Reed, Science Applications, Inc., 4030
Sorrento Valley Blvd., San Diego, Calif. 92121

Anal. Chem., 55 (1983)

Mathematical Model for Concentric Nebulizer
Systems 94
A model is developed for calculation of the cutoff diameter
of the nebulizer system, the normal distribution

ters of the d by the nebulizer, the
efficiency of the nebulizer s system, and the aerosol
concentration.
Anders Gustavsson, Department of Analytical Chemistry, The

Royal Institute of Technology, Fack, S-100 44 Stockholm, Sweden
Anal. Chem., 55 (1983)

Characterization of Two Modified Carbon Rod
Atomizers for Atomic Absorption Spectrometry 99

8} ional “top-cl d” cup and “tube-cup” carbon

Concentration factors and selectivities depend on the ratio
of the neutral to ionic form capacity factors and on the
hydrophobicity of the adsorbent.

Harold A. Stuber and Jerry A. Leenheer®, U.S. Geological
Survey, P.O. Box 25046, Mail Stop 407, Denver Federal Center,
Denver, Colo. 80225 Anal. Chem., 55 (1983)

Comparison of Priority Pollutant Response Factors for
Triple and Single Quadrupole Mass Spectrometers
116

Seventy-four percent of the electron impact GC/MS
response factors determined on a triple quadrupole mass
spectrometer for 53 extractable priority pollutants are
within £15% of values determined in an independent
interlaboratory single quadrupole GC/MS study

A.D. Sauter® and L. D. B ki, U.S. En

Pr ion Agency, Envi al Moni S;

Laborator) Lachgas Nev. 89114, and J. M. Ballard, Lockheed
and M Services C , Inc., P.O. Box

15027 Las Vegas, Nev. 89114 Arrwl Chem., 55 (1983)

e :

E of P i tric Stripping Analysis to
Electropositive El ts by Solvent Optimization 120

The sum of sodium and potassium ions is determined in
samples such as blood serum and seawater after addition of
dimethyl sulfoxide. Some resolution of sodium from
potassium occurs in 1-methyl-2-pyrrolidinone and certain
other solvents.

J. F. Coetzee® and Abul Hussam, Department of Chemistry,
University of Pittsburgh, Pittsburgh, Pa. 15260, and T. R.
Petrick, Department of Chemistry, California State College,
California, Pa. 15419 Anal. Chem., 55 (1983)

Determination of Petroleum Sterane Distributions by
Mass Spect try with Selective Metastable lon

rod atomizers give high effective gas-phase ures
for volatile analyte metals and reduce the observed matrix
interferences.
Darryl D. Siemer* and Leroy C. Lewis, Exxon Nuclear Idaho
Co., Inc., Box 2800, Idaho Falls, Idaho 83402

Anal. Chem., 55 (1983)

Synthesis of the 38 Tetrachlorodibenzof; I
and Identification by Capillary Column Gas
Chromatography/Mass Spectrometry 104

The positional isomers are synthesized by pyrolysis of
specific polychlorinated biphenyl congeners, ultraviolet
photolysis of pentachlorodibenzofurans, and chlorination
of trichlorodibenzofurans by aromatic substitution.
Thomas Mazer*®, Fred D. Hileman, Roy W. Noble, and Joseph
J. Brooks, Monsanto Research Corporation, Dayton Laboratory,
1515 Nicholas Road, Dayton, Ohio 45418  Anal. Chem., 55 (1983)
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M ing 123
The sterane metastable parent ion transitions are
separately observed during a single GC/MS run by using a
programmable power supply to vary the accelerating
voltage while holding the magnetic and electrostatic fields
at appropriate constant values.
Geoff A. Warburton, Kratos Limited, Barton Dock Road,
Urmston, Manchester M312LD, United Kingdom, and John E.
Zumberge®, Cities Service Research, Box 3908, Tulsa, Okla. 74102
Anal. Chem., 55 (1983)

Theoretical and Experimental Determination of Band
Broadening in Liquid Chromatography 127

The axial diffusion term and the mass transfer terms of the
band broadening equation are derived from the random
walk model. The flow dispersion term is determined
experimentally.
Jenz-Chyh Chen and Su:phcn G. Weber‘ Department of
y, University of Pi h, Pittsburgh, Pa. 15260
Anal. Chem., 55 (1983)




Thermolyne’s nev/ovens givey
ﬂ’“ﬁ@ﬂjd‘*‘e@ ot of hot air

Get a $100 rebate now
and dependable performance for years to come

Infroducing Thermolyne's new lab ovens. Sure, they
give you a lot of hot air—years and years of it—evenly
distributed at accurate temperatures. But these
compact ovens are aiso loaded with great features.
They'd cost up to $200 additional from anyone but us

You get reliable electronic control, timer, and
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HYDROGARBONS

Our Label Tells It All

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

Now, all Research Purity Hydrocarbons
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to other hydrocarbons. With Matheson, you
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Why select a column
from Analytichem?

Because the greater the selection
the greater the selectivity.
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Editors’Column

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

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

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

Linda Cline Love, Seton Hall Univer-
sity, congratulates C.K.N. Patel, Bell
Laboratories, after presenting him
with the New York Section Award of
the Society for Applied Spectroscopy

EAS: Soup to Nuts

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

Some Highlights of the Technical

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

In a session chaired by R.P.W. Scott
of Perkin-Elmer, John Knox from the
United Kingdom described in detail
the efforts that have been made to
find an ideal nonpolar reversed-phase
material. He discussed the character-
istics of an ideal carbon for chroma-
tography and the steps taken to pre-
pare porous glassy carbon. Professor
Knox claims that carbon is still

Program

Nobel Prize winner Rosalyn S.
Yalow di d radioi ¥
methods, in particular how these
methods have been applied to certain
diabetic patients. The case history ap-
proach of Dr. Yalow’s talk, which de-
scribed failures and successes with in-
dividual patients, held everyone's in-
terest. Yalow predicted that for many

“promising™ as a polar reversed-
phase material. Chromatography ses-
sions at EAS attracted large numbers
of attendees as might be expected
given the large numbers of people
working in separation areas.

Velmer Fassel led off a session on
“Inductively Coupled Plasma Spec-
troscopy: Quality Assurance” by re-
minding the audience that it was the
20th anniversary of the first experi-
mentation with ICP. Professor Fassel

applications radioi: y meth-

f d on hyph d ICP methods,

ods would in large part be replaced by
other methods, such as ELISA and
fluorescence detection methods. How-

giving examples of interfaces with
mass spectrometry and the use of ICP
as a detector in gas or liquid chroma-

Jane Perkins, Merck, presents the A.A.

Benedetti-Pichler Award to Peter F. Lott,
University of Missouri—Kansas City.
The award is sponsored by the American
Microchemical Society
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Automated Atomic Absorption?
Elementary...

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

Just look at our features:

Turrets for 1, 2, 4 or 12 lamps

Automatic flame setup to optimized conditions
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configuration that will give you the most cost-
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Varian's AA professionals are ready to help you
select the system that will offer you better answers —
and more of them. Guaranteed.

For more information, circle Reader Service
Number 450. To have a representative contact
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Forimmediate assistance contact
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Park Ridge IL (312) 825-7772
Sugar Land TX (713) 491-7330
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In Europe
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CH-€300 Zug. Switzerland
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Cadlculate the value of
sensifivity in
energy dispersive spectrometry.

Check into Philips.

Not only does the Philips PV9500/80 automated
energy dispersive system provide more precision and
sensitivity for a majority of applications, it also offers a
range of capabilities previously found in only the highest
priced spectrometers.

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

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

Furthermore, the PV3500/80 employs newly
advanced levels of energy dispersive x-ray
spectrometry (EDS) and provides simultaneous multi-
element analysis of samples in solid, powdered or
liquid form. All elements, from sodium to uranium,
can be identified and quantified at major constituent
levels and down to a few parts per million.

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

By maintaining acute sensitivity to the marketplace,
we are able to respond to our customers’ needs with
innovative product developments like the PV9500/80
automated energy dispersive system. To learn more about
this superior analytical value and the nearly incalculable
advantages it can offer you, check with Philips today.
Write or call: N.V. Philips Analytical X-ray, 7602 EA Almelo,
The Netherlands. Tel. (31)5490-18291. Telex 36591.

(In U.S.A.) Philips Electronic Instruments, Inc.,
Analytical X-ray Group, 85 McKee Drive,
Mahwah, NJ 07430. Telephone (201) 523-3800.

Scientific &
Analytical Equipment

PHILIPS
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tography and as a source for atomic
fluorescence. He predicted its impact
would transcend conventional atomic
emission spectroscopy because it per-
forms sample transformations with
exceptional efficiency and low degrees
of interelement interactions. The ses-
sions dealing with ICP were organized
by Ramon Barnes.

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

Award winners at EAS included C.
Kumar N. Patel of Bell Laboratories,
who won the Society for Applied Spec-
troscopy New York Section Award. In
his award address Dr. Patel traced the
history of the development of modern
optoacoustic spectroscopy all the way
back to work by Alexander Graham
Bell in 1880. Major developments over
the past 15 years have been made pos-
sible by the availability of a variety of
tunable lasers. Patel reviewed the de-
velopment of techniques that permit
the measurement of ultrasmall ab-
sorption coefficients in gaseous sam-
ples at a level of ~10~1° cm~!. In liq-
uids and solids, the ability extends
down to ~10~7 cm~!. According to
Patel there are many applications of
these capabilities to scientific prob-
lems including pollution measure-
ments both in the atmosphere and the
stratosphere.

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

The 22nd Eastern Analytical Sym-
posium will be held Nov. 16-18, 1983,
at the Statler Hotel, New York City.

Josephine M. Petruzzj

"HIGH PURITY ACIDS

« ACS REAGENT ACIDS
* REDISTILLED ACIDS

Produced by taking ACS Reagent
Grade acids and redistilling them
in glass. This distallation yields
high purity acids with very low or
absent trace elements

DOUBLE-DISTILLED ACIDS

Manufactured by taking the
already very pure redistilled acids-
and passing them through Vycor
Quartz stills twice. This process
removes virtually all volatile and
non-volatile impurities

For details on the full line of GFS Chemicals High Purity Acids, Circle the
reader service number below
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1983 Capillary
GC Courses

by Prof. K. Grob, et al ewac/swuetana

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

1. March 14-18 (Cinn.) S5days $575 Full

2. March 21-25 (Cinn.) 5days $575 Open
3. March 28-April 1(Cinn.) 4 days $500 Open
4. April (Arizona) Sdays $575 Open

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

call (617) 535-5986
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Erba Instruments, Inc.
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Peabody, MA 01960
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Report

Lasers:

Practical Detectors for Chromatography?

When will lasers be integrated into
routine laboratory practice? This is a
reasonable question, since over 20
years have elapsed since the laser’s in-
vention. The development of laser-
based detectors for chromamgraph) is
one ple of a new t
progression from esoteric laboralor\
experiments to routine application.

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

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

Relevant Laser Properties

The laser does not simply replace an
incoherent light source in a conven-
tional spectrometric detector. Almost
without exception, the chromato-
graphic detectors that have been de-
vised using lasers have exploited their
unique properties.

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

minimal benefits for absorption spec-
trometry. On the other hand, signal-
to-noise (S/N) ratios are usually con-
siderably improved for laser-excited
fluorometry. The direct proportionali-
ty of fluorescence and source intensity
is well-known. Unfortunately, scat-
tered light from optical components
and “blank” luminescence often limits
the sensitivity of laser-excited fluores-
cence measurements (I). High inci-
dent powers may also result in ther-
mal distortions (2). In some cases, this
problem may be mitigated with pulsed
lasers where the average power is low.
The high power provi lded by the laser
greatly enh

na. In fact, without the lnser. two-pho
ton processes would be of little inter-
est to the analytical chemist.

The monochromaticity of the laser
provides obvious advantages in terms
of selectivity. This feature is valuable
for the detection of eluents in the gas
phase. In general, molecular absorp-
tion in solution is broad and feature-
less, and the benefits of a monochro-
matic source are not as apparent.
Spectral rejection of background is
improved for normal Raman (NRS)
and resonance Raman spectrometry
(RRS) when a monochromatic source
is used (3). Both resonance Raman
and coherent anti-Stokes Raman
spectrometry (CARS) require the tun-
ability of dye lasers for wide applica-
bility, and benefit from a relatively
narrow band of excitation frequencies.
Lasers are capable of much higher res-
olution than is generally required for
liquid chromatographic (LC) detec-
tion, even in cases where monochro-
maticity is desirable.

The excellent spatial coherence of
laser radiation permits accurate and
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precise positioning of the laser beam.
Laser beams that are already highly
collimated may be focused to a dif-
fraction-limited spot. In most cases,
the detector volume is limited by solu-
tion flow characteristics, and not by
the laser source (3). The ability to
focus the laser beam is also useful for
efficiently generating nonlinear pro-
cesses.

The temporal coherence of the laser
emission permits the generation of
short-duration pulses. Depending on
the type of laser, pulse widths are
available from microseconds to pico-
seconds (4). Time resolution may pro-
vide additional useful information
about a sample or allow discrimina-
tion against unwanted signals.

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

Laser-Based Detectors for LC

The results of a compilation of litera-
ture citations for laser-based detectors
for LC are illustrated in Figure 1. The
citations have been grouped into gen-
eral categories according to the prop-
erty measured. (A complete bibliogra-
phy may be obtained from the au-
thor.) The large number of citations
found for LC compared with a similar
compilation for gas chromatography
(GC) is undoubtedly a response to the
need for more sensitive and selective
detectors to compensate for the lower
resolution provided by LC.

Laser Light Scattering. In terms
of acceptance for routine applications,

0003-2700/82/0351-020A$01.50/0
© 1982 American Chemical Soclety



the detection of laser-induced Ray-
leigh scattering from eluent molecules
is the most mature of the laser-based
techniques. Rayleigh scattering occurs
at the same wavelength as the source
when the scattering centers are ap-
proximately 10% smaller than the ex-
citation wavelength. Almost all of the
detection techniques using Rayleigh
scattering employ a low-angle laser
light scattering (LALLS) photometer
(3) coupled to a gel permeation chro-
matograph (GPC). Gel permeation
chromatography, more generally
known as exclusion chromatography,
separates molecules based on their
size in solution, with larger molecules
eluting first. When a GPC is equipped
with a concentration-sensitive detec-
tor, a molecular weight distribution
may be obtained from the interpreta-
tion of the chromatogram through the
use of a calibration curve relating mo-
lecular weight and elution volume (6).
Unfortunately, this calibration tech-
nique does not always yield the correct
molecular weight distribution because
the molecular size of a dissolved poly-
mer depends not only on its molecular
weight but also on chemical composi-
tion, molecular structure, and experi-
mental parameters such as solvent,
temperature, and pressure.
Light-scattering detectors provide
the necessary information for molecu-
lar weight determination and, in addi-
tion, respond rapidly with the high
sensitivity needed for small sample
volumes in a flowing system. Lasers
are preferred sources for several rea-
sons. Figure 2 shows a simplified opti-
cal diagram for a LALLS photometer
(7). Any laser with a Gaussian beam
profile (TEM,,) is usable. A low-
power helium-neon (He-Ne) laser is

generally chosen because inexpensive,
long-life He-Ne lasers are readily
available. Although scattering intensi-
ty varies inversely with the fourth
power of the wavelength, sample ab-
sorption and fluorescence are largely
eliminated by using the 633-nm line. A
S/N ratio of better than 100 has been
reported for pure water, the weakest
scattering liquid, using a 3-mW
He-Ne laser (7).

In the LALLS photometer shown in
Figure 2, the laser beam is focused on
the sample, which resides between two
relatively thick quartz windows sepa-
rated by a black Teflon spacer. The
background is reduced by these win-
dows and several apertures. The Ray-
leigh factor, which is related to the
weight average molecular weight of
the scattering molecule, is calculated
from the following expression: R =
Py/(P,ol), where P, and P, are the ra-
diant powers of the scattered and inci-
dent beams, respectively; o is the solid
angle of the detected scattered beam,
and [ is the length of the scattering
volume, measured parallel to the inci-
dent beam. Py and P, are measured in
sequence by replacing the annulus,
H3, which defines the scattering angle,
with an aperture. Attenuators (Al1-
A3) are necessary in the optical path
of the laser beam because the incident
laser beam power is 10° times greater
than the scattered light.

Accurate molecular weight determi-
nation requires extrapolation of the
results of light-scattering measure-
ments to zero angle and zero concen-
u-auon lncoherent llxhl -scattering

have mi scatter-
mg angles of 20-30°, which contrib-
utes to large extrapolation errors,
especially when particles contaminate

Robert B. Green
Department of Chemistry
University of Arkansas
Fayetteville, Ark. 72701

Concept by Robert B Green

the sample. Scattering from foreign
particles often makes tedious, time-
consuming preseparation necessary
when conventional light sources are
used. The LALLS photometer permits
measurements to 2°. Although parti-
cle light scattering increases as the
scattering nngle decream this prob-
lem is minimi the f d
laser beam reduces the scattering vol-
ume tr dously. The probability of
foreign particles crossing the beam
path is extremely small. A GPC com-
bined with a differential refractometer
and a LALLS photometer in series, in-
terfaced to a computer, will yield real-

Yoar
diddJdIg g

Flwn 1 Number of lheralu'o citations
f0f laser-based detocmn for liquid

graphy as a function of year
ﬂndeOPeﬂv
FL, fluorescence; SCAT, Rayleigh scattering:
ABS, RAM, Raman . OA,

optical activity; RI, retractive index
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Figure 2. Diagram of low-angle laser Inght scattering photometer
A1-A4, attenuators: H2, Teflon spacer separating the sample ceil windows: H3, annulus; H1 and H4,

apertures: L1, L2. lenses (7)

cal collection volume exists so that
light rays entering the fiber at angles
less than i, will not be transmitted
(see Figure 4c). Light rays originating
near the center of the detector flow
cell generally have larger values for i,
so that specular scattering from the
cell walls is rejected. This detector cell
does not depend on droplet shape; nor
do bubbles interfere with LIF detec-
tion, because they flow around the
outside of the optical fiber. A free-fall-
ing jet stream produced by a small-
bore capillary connected to the exit of
an HPLC incorporates some of the
properties of other LIF detector cells

(a)

Si(u)

Salg)

(b)
= =
——f— S:(9)
= ====
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I
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Figure 3. Transitions in (a) one-photon and (b) two-photon excited fluorescence
Solid arrows pointed upward indicate absorption. Dashed arrows indicate relaxation. / is fluorescence
intensity; g and u are symmetry types. The horizontal dashed line in (b) is a virtual state

time on-line molecular weight distri-
butions without reference to external
standards (8). GPC/LALLS is becom-
ing the method of choice for polymer
characterization. Although a GPC/
LALLS photometer is not being of-
fered as a single unit, a single detector
design now manufactured by Chroma-
tix, Inc. has been used almost exclu-
sively in recent work. A GPC interface
for the LALLS photometer is offered
as an option by the manufacturer.

Laser-Induced Fluorescence.
Laser-induced fluorescence (LIF) de-
tection is attractive for high-perfor-
mance liquid chromatography
(HPLC) because of the remarkable
sensitivities that have been reported
for laser-excited fluorescence mea-
surements (see Figure 3a). The fore-
most problem with LIF detection has
been Rayleigh scattering from eluents
and optical components (9). This ac-
counts for the preoccupation with de-
tector cells for LIF.

Several different types of LIF de-
tector cells have beer developed for
HPLC. The HPLC separation and
LIF detection of several aflatoxins
have been accomplished using a “flow-
ing droplet” cell (1¢). The eluent is
suspended between the exit of the
HPLC column and a solid rod, provid-

ing a 4-pL “windowless™ cell (see Fig-

ure 4a). The laser beam and the collec-
tion optics are positioned at 90° to lhe
flowing stream, and the fluor:

in a simpler design (13). Scattering
background is effectively suppressed
by positioning the fluorescence collec-
tion optics at a 30° angle with the cap-
illary rather than the typical 90°. The
exciting laser beam remains perpen-
dicular to the jet stream. Although all
of the LIF detectors have produced pi-
cogram or femtogram detection limits,
the optical fiber cell (12) and the jet
stream cell (13) are more amenable to
general applications because they are
independent of the solvent and its
properties. Both detectors are com-
patible with gradient elution; the jet
stream design is more suited to micro-
column HPLC because of its much
smaller cell volume.

In addition to Rayleigh scattering,
Raman scattering from the sul\ent
and fluor from cont
and optics reduce the sensitivity of
LIF detection. Rayleigh and most
Raman scattering can be rejected by
filtering, but often a solvent Raman
band overlaps the fluorescent ana-
lyte's emission. In general, Raman

detected by a phowmulupher, whlch
is sampled by a lock-in amplifier.
Scattering of the source radiation is
largely avoided using ths approach
Bubbles in the irradi

minimized by notching lhe caplllar}
tube.

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

An LIF detector has been developed
in which a capillary tube cell is cou-
pled to an optical fiber (12). Optical
fibers conduct light by total internal
reflectance along their length. A criti-
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scattering may be the ultimate limit to
LIF sensitivity. Fluorescence from
sample contaminants may be mini-
mized by prepurification of solvents.
Even high-purity commercial solvents
may contain contaminants that will
contribute to the fluorescence back-
ground under high-intensity laser ex-
citation. In addition, columns may be-
come saturated with cortaminants
after prolonged use.

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

i requir

A two-photon transition results
from the simultaneous absorption of
two photons to populate a discrete
molecular energy level (see Figure 3b)
(14). Two-photon excited fluor
(TPEF) detection may be applied to
most fluorescent molecules because
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Figure 4. Diagram of LIF detector cells for HPLC
(a) Flowing-droplet cell ( 10y; (b) laminar-fiow cell ( 11); (c) optical-fiber cell ( 12)

two-photon transitions are as numer-
ous as one-photon transitions. One
ton and t

complementary since they access dif-
ferent excited levels. In spite of their
inefficiency, processes involving the
absorption of two photons are very at-
tractive for HPLC detection because
the availability of high-powered lasers
and the absence of background experi-
enced with one-photon excitation per-
mits the detection of analytically use-
ful signals. TPEF usually occurs at
shorter wavelengths than the excita-
tion wavelength, simplifying the rejec-
tion of Rayleigh or Raman scattering
with an appropriate filter and making
readily available visible lasers useful
excitation sources for most solutes.

Laser TPEF detection for HPLC of
several oxadiazoles has been accom-
plished using 514.5-nm radiation from
an argon ion laser (15). Chromato-
grams of these oxadiazoles in the pres-
ence of several polyaromatic hydrocar-
bons (PAHs) using incoherent ultravi-
olet (UV) and TPEF detection are
easy to distinguish because of the
more restrictive selection rules for
TPEF (see Figure 5). Detection limits,
linearity of response, and precision are
comparable for UV and TPEF detec-
tion of the oxadiazoles.

Since the fluorescence nlzml gener-
ated byat h
lnveuelyont.hahurbumucm
sectional area, reduction in absorption
path length may be compensated for
by decreasing the focal length of the
focusing lens (16). As a result, two-
photon processes may find their most
important application in low-volume
detectors for microscale HPLC.

Laser-Induced Absorption. Ab-
sorption spectrometry is more general

than fl Un- di i d d for
fonunately,mwuremenuhuedon HPLC (17) A PA detector senses the
d light are li d at trace pmmﬂmmmnmdnmdm
analyuconcentnbombeameltu to absorption of radiation. Figure 6
difficult to measure the difference in shows the PA flow cell design. The PA
two large signals. The sensitivity of wave is sensed by a piezoelectric
nhwrpuou Mmeasurements mybeun- transducer (PZT) which is
proved by d d pro- itioned behind the foil-covered slit
ceues.l.uermducednhsorpuonda- in the 20-uL absorption cell. The out-
tection methods owe their diversity to  put tezminal of the PZT is grounded
the variety of approach ilable for  through the foil and the cell body. The
sensing molecular al tion. other terminal is connected to a BNC
induced ph tic (PA) The argon ion laser source

Figure 5. sunplmuuonotdrgnnb?unmmmmwb-

tector (a)

detector (b)
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cene (15)
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Figure 6. Diagram of laser-induced pho-
toacoustic detector ( 17)

(488 nm) is acousto-optically modu-
lated, and the detector signal is syn-
chronously detected with a lock-in
amplifier. Interferences from pressure
fluctuations arising from the HPLC
solvent pump are avoided by a judi-
cnous choice of the laser modulation
y. In test ions of iso-

mers of chlom-4 (dimethylamino)azo-
benzene (CI-DAAB), the PA detector
and a conventional UV detector (254
nm) produced comparable chromato-
grams. Detection limits for CI-DAAB
using the PA detector were deter-
mined to be a 25-fold improvement
over the conventional UV detector.

A prototype flow cell design for LC
that may be used for laser mduwd
PA, fluor ion

Figure 7. Diagram of thermal lensing spectrometer
L,. lens, focal length 40 mm; L, focal length 125 mm; Ly and L, focal length 100 mm; F, filter, Corning

3-69 (20

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

The laser-induced thermal lens ef-
fect has been investigated for HPLC
detection using a “pump” and *probe”
configuration (20). The thermal lens is
produced by the excess heat absorbed
at the center of a chopped, argon ion
laser beam with a Gaussian beam pro-
file (see Figure 7). The optical path at
the beam center is reduced, because of
the lowered refractive index of the so-
lution, forming a diverging “lens.”
The light intensity at the beam center
of the collinear He-Ne probe laser is
detected with a photodiode whose

(single- and two-phown) has been de-
scribed recently (18, 19). The design is
similar to the flowing droplet cell (10).
The eluent stream is suspended be-
tween the column exit and a stainless
steel pedestal. A quartz insul

t its the laser-induced acoustic
waves that originate in the eluent toa
PZT via the pedestal. BNC connectors
are incorporated into the upper end of
the cell for the bias voltage and the
lower end for the photocurrent and
PA signal. A variety of polycyclic aro-

matic hydrocarbons (PAHs) and drugs

have been examined using the three
detection methods with ultraviolet ni-
trogen or excimer laser excitation. As
would be expected, the lowest detec-
tion limits were produced when fluo-
was d peci

with high quantum efficiencies. Back-
ground signals from solvent contami-
nants were negligible in the photoion-
ization mode, making detection possi-
ble even for molecules that gave low
photoionization signals. The most at-

field of view is restricted by an optical
fiber. To minimize noise due to break-
up of the thermal lens by the solvent
flow, the argon ion laser beam is mod-
ulated at 125 Hz. The S/N ratio is
maintained although the time-depen-
dent signal is reduced at the higher
chopping frequencies. As in previous
work (21), mechanical vibrations, sol-
vent flow rate fluctuations, and turbu-
lence in the flow cell are the major
sources of noise. The overall system
performance is similar to photoacous-
tic detectors for HPLC.
Laser-Induced Raman Scatter-
ing. HPLC is superior to GC for the
analysis of thermally labile, nonvola-
tile substances, but no qualitative de-
tector has been developed for HPLC
that is comparable to a GC/mass spec-
trometer. Infrared absorption spec-
trometry provides excellent qualita-
tive information for molecules, but
quantitation is limited by low molar
absorptivities. Raman spectrometry
also yields information-rich vibration-
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al spectra (see Figure 8a), but Raman
scattering is directly related to source
intensity. Therefore, visible or UV la-
sers produce strong Raman signals,
making quantitation simple and ana-
Iytically useful. Sample handling is
uncomplicated because quartz or glass
cells can be used.

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

Figure 8. Diagram of Raman scattering
processes

(a) Normal Raman; (b) resonance Raman; (c) co-
horlmmu-smkummnn where A = w, — w; Is
aR

= Stokes, A = antl-Stokes. Dashed lines represent
virtual levels
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Figure 9. Experimental arrangement for the optical activity detector
M, mirrors; P, Glan prisms; FR, Faraday rotator; CL. flow cell; A, aperture; F, filter;

tube; DR, driver: DC,
V. injection

power supply; WT, wave

corresponds to the excitation of a vi-
bronic level within an excited elec-
tronic state (22). RRS bands may have
intensities 102-106 times greater than
NRS intensities (where only one pho-
ton may be scattered for every 10® in-
cident photons). Because of the near-
resonance excitation, the success of
fluorescence discrimination may de-
termine limits of detection (see Figure
8b). Several DAAB derivatives have
been detected after HPLC using RRS
excited by the 488-nm line of an argon
ion laser (23). Monitoring the Raman
emission continuously at a single
wavelength, a 2-ug/mL limit of detec-
tion has been determined for 2'-Cl-
DAAB. Stopped-flow RRS permitted

PMT, photomuitipier
generator; LI, Iodn-humlmarﬂc meurdarPU pump;
vm:DLuoum:Leolmmnmlem(?ﬂ

discrimination among the individual
DAAB derivatives, which are not re-
solved by conventional UV-VIS detec-
tion.

Ironically, the first use of Raman
spectrometry for HPLC detection in-
volved one of the newer Raman tech-
niques, CARS (24). The generation of
a CARS signal requires two lasers (w;
and w,). One of these lasers must be
tunable; maximum flexibility is avail-
able when both are tunable. The
CARS process is illustrated in Figure
8c. When the two laser beams cross in
the ple at the ,.
angle 8, CARS emission is generated
at w3 = 2w; — w via a third-order
nonlinear polarization (25). The

CARS technique provides much great-
er efficiencies than NRS (up to 1 pho-
ton scattered per 100 incident pho-
tons). A detection limit of 1 ug/mL
has been determined for trans-(3-caro-
tene using CARS (24). Fluorescence
can be rejected by detecting the “las-
erlike” CARS beam at an angle re-
moved from other emission. Back-
ground emission resulting from the

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

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

~ |opAmp

HV

PDP/11

Figure 10. Laser-based refractive index detectors

(a) Refractive index detector: He-Ne, sing

le-frequency laser; P, polarizer; A/4, quarter wave plate; FP, inter

recorder; (b) Absorbance detector: P1, P2, polarizers; AO, Bragg cell; L, lens (29)

28 A « ANALYTICAL CHEMISTRY, VOL. 55, NO. 1, JANUARY 1983

tube; REC, chart




We’'ll take care of your
trace analysis problems
from AA to Zeeman.

-

|

’
|

&

¥

Zeeman effect atomic absorption
spectrophotometry, or ZAA, gives
the analyst what he’'s been
seeking for years: the capability
of correcting accurately for very

high levels of background or non-

specific absorption, so important
when trace elements are deter-
mined in very complex matrices
The Zeeman/5000 is
Perkin-Elmer's newest contribu-
tion to Graphite Furnace
technology, a field we've been
dominating for years. It combines

the HGA-500 furnace with a new
approach to ZAA. TRACZ™
(Transverse AC Zeeman).
providing superb background
correction at levels of upto 20 A

The Zeeman/5000 is an
accessory to our computer-
controlled Model 5000 AA
spectrophotometer. it's perma-
nently mounted to the right of the
Model 5000, so you can switch
from ZAA to double-beam flame
atomic absorption (with UVVIS
background correction, if needed)
in a second

What's more, you can combine
our Zeeman/5000 with our
AS-40 Autosampler for automatic
sequential determination of six
elements in as many as 35
samples, including fully automatic
standard addition and matrix
modification

Add our Atomic Spectroscopy
Data System 10 to display and
store high-resolution Graphite
Furnace graphics. You'll have an
outstanding tool for methods
development

The Zeeman/5000 is the perfect
choice for the analysis of
complex matrices. For many other
applications, a combination of
our HGA Graphite Furnaces with
any of our AA spectrophotome-
ters will do the job beautifully.

We'll send you all the details on
how the new Perkin-Eimer
Zeeman’/5000 fulfills your analyt-
ical requirements. For free litera-
ture, contact your Perkin-Elmer
representative or write us today.
Perkin-Eimer Corp.. Analytical Instruments
Main Ave. (MS-12). Norwalk. CT 06856
USA Tel (203) 762-1000
Bodenseewerk Perkin-Eimer & Co GmbH
Postfach 1120. 7770 Ueberlingen, Federal
Republic of Germany Tel (07551) 811
Periun-Eimer Ltd . Post Otfice Lane.
Beaconsfield. Bucks HP9 1QA. England
Tel Beaconsfield 6161

PERKIN-ELMER

Circle 168 for literature. Circle 169 for a sales call.

ANALYTICAL CHEMISTRY, VOL. 55, NO. 1, JANUARY 1983 « 20A




detected after HPLC separation.

Figure 11. Diagram of double-beam He-Ne laser intracavity absorption detector
BS, beam splitter; SCR, strip chart recorder (32)

Laser Beam

Exit
and Light Baffies

To Reference
Photo Tube

Figure 12. Diagram of the RCLIF/GC apparatus
The portion enclosed by the dotted line forms a simple GC. Temperature variation along the column is
shown in the inset (34)

nitude better than standard polarime-
ters (see Figure 9). Most chromato-
graphic eluents are not optically active ~ been demonstrated with a 0.5-ug de-
so that this d is very selective, tection limit in a 200-uL detection
with particular applicability to envi- volume. The optically active compo-
tal and clinical The nents of human urine also have been

HPLC separation of fructose and raf-
finose based on optical activity has
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One of the most sensitive ways to
measure small differences in refractive
indexes is interferometry. A single-fre-
quency laser has been used to measure
the change in refractive index for a
substance contained within a Fabry-
Perot interferometer (29). A photo-
multiplier detects the transmitted
light when the Fabry-Perot is scanned
(see Figure 10a). The position of the
maximum constructive interference is
determined by a computer and con-
verted to an analog signal that repre-
sents the change in refractive index.
The additional finesse and the in-
creased monochromaticity of the
He-Ne laser previde an order-of-mag-
nitude improvement in detection lim-
its compared to commercial refractive
index detectors. By modifying the de-
tector cell to include a second path for
an argon ion laser beam, sample ab-
sorption has been indirectly moni-
tored as a change in refractive index
due to heating of the medium (see Fig-
ure 10b). The difference in interfero-
metric peak position before and after
irradiation is plotted as an absorption
chromatogram. This approach has
produced limits of detection two or-
ders of magnitude better than stan-
dard absorption detectors for HPLC.

Laser-Based Detectors for
Chromatography

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

A He-Ne laser operating simulta-
neously at 3.39 um (infrared) and 0.63
um (visible) has been used as a selec-
tive detector for hydrocarbons in the
effluent of a GC (32). The infrared
and visible laser transitions originate
at the same energy level and are com-
petitive. When a hydrocarbon enters
the laser's resonant cavity, the 3.39-
um energy is absorbed due to the C-H
stretching vibration, and the visible
emission is enhanced. The visible laser
emission is monitored with a photo-
diode as a quantitative measure of the
concentration of the absorbing mole-
cule (see Figure 11). The minimum
detectable concentration for propane
using the double beam configuration
is 20 pg/mL (33), which is 25 times
lower than the best value reported for
a thermal conductivity detector. In
practice, the detector's selectivity for



Lambda 1- for your UV-Vis
quantitative analyses. It’s easy to
use and starts at $3995.°

Lambda 1- easy to use, with the
best price/performance ratio
in its class.

Lambda 1 is designed to help
solve your quantitative analysis
problems. its very logical keyboard
makes it easy to use so that the
large sample demands of your
laboratory can be easily handled-
without long and costly delays.
The built-in software includes all
the features you require for quan-
titative analysis. Auto-concentration
and the automatic calculation and
display of the concentration factor
allow for increased sample through-
put and accurate results. Our
unique Safe Memory feature lets
you store up to nine different
analytical methods, minimizing the
time required for instrument setup.

A complete range of accessories
make Lambda 1 more versatile.
A wide range of accessories

further expands the use of
Lambda 1 so that more specific
applications can be addressed.
Sippers, an automatic muiti-
sampler, printer and long path cell
holder are only a few of the many
sample handling aids available.
All of these can be quickly inter-
faced to Lambda 1.

Excellent optical performance
for accurate/reproducible results.

Low stray light, high resolution,
a wide dynamic operating range
and a unique auto-zero design
provide the kind of performance
you need for those demanding
sample applications.

Get more information, fast and
easy with this Toll Free number.
For more information call
800-323-7155 (in lllinois call 312-
887-0770) or circle the reader
service number below. If you prefer
contact one of the offices below.

*Price U.S.A Ust Only.

Perkin-Elmer Corp . Analytical Instruments.
Main Ave (MS-12) Norwalk, CT 06856
USA Tel (203) 762-1000

Boaenseewerk Perkin-Eimer & Co . GmbH
Posttach 1120 7770 Ueberiingen, Federal
Repubiic of Germany Tel (07551) 811
Perkin-Eimer Ltd . Post Office Lane
Beaconsteld. Bucks HP9 1QA. England
Tel Beaconsfield (049 46) 6161

PERKIN-ELMER

Circle 173 for literature.

ANALYTICAL CHEMISTRY, VOL. §5, NO. 1, JANUARY 1983 « 31A

Circle 174 for sales call.




hydrocarbons is modified by various
substituents. The detector responds to
aliphatic and aromatic hydrocarbons
with aliphatic side chains, except for
those substituted with halogens. The
He-Ne laser intracavity absorption
detector may be used without prior
separation in some cases (e.g., meth-
ane in coal mines). This detector oper-
ates with nitrogen carrier gas without
sacrificing sensitivity and should be
useful for monitoring organic pollu-
tants since it does not respond to
water or carbon dioxide. Also, it
should be possible to manufacture this
detector at competitive prices.

The last method to be discussed

trend toward improving column ef-
ficiencies via microscale instrumenta-
tion. Unparalleled growth of laser-
based detectors for GC seems less like-
ly, although gains in selectivity and
sensitivity may be made here as well.
Future developments in this area will
probably involve the use of the GC for
simple, quantitative sample introduc-
tion rather than high-resolution sepa-
ration. The present state of the art
suggests that laser-based detectors
provide the sensitivity and selectivity
necessary to augment advances in sep-
aration science.

Ach lod, "
)

uses the GC for quantitative
introduction rather than sepaxauon A
GC has been coupled with a superson-
ic jet to resolve mixtures by rotation-
ally cooled laser-induced fluorescence
(RCLIF) (34). When a monoatomic
gas seeded with molecules is allowed
to expand through a supersonic jet, a
molecular beam is produced in a near-
ly collision-free environment. The ex-
tremely low temperature of the molec-
ular beam permits the acquisition of
highly resolved laser-excited fluores-
cence spectra. Figure 12 shows the ap-
paratus for RCLIF/GC. Otherwise un-
resolved mixtures of two isomers of
methylnaphthalene have been sepa-
rately detected by using the appropri-
ate excitation wavelength from a
Nd:YAG pumped-dye laser. Detection
limits in the picogram range have been
reported. Other excitation schemes
such as photoionization may be used
as well. Although the laser system re-
quired for this application is complex
and expensive, excellent selectivity
and sensitivity are possible. The intro-
duction of the GC simplifies the
RCLIF experiment so that it may be
useful for routine laboratory applica-
tions.

Conclusions

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

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

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

The author acknowledges the coop-
eration of the scientists whose work is
reviewed here. The technical assis-
tance of Dan Puckett and Monica
Mabie is also appreciated.
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Third Annual

Focus
]

Analytical Lab Managers’ Association Conference

The erosion of the scientific

instrumentation base is making it difficult for the
U.S. to maintain its technological edge

Obsolescence of instrumentation is
a growing national problem. That was
a common theme at the Third Annual
Conference of the Analytical Labora-
tory Managers’ Association (ALMA),
held in late October 1982, in Madison,
Wis., and hosted by Thomas Farrar,
chairman of ALMA. ALMA is the new
acronym replacing ULMA (University
Laboratory Managers' Association),
reflecting participation by industrial
and government lab managers.

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

Concern was expressed that it is be-
coming increasingly difficult for the
U.S. to maintain its overall scientific
technological lead in the world be-
cause the scientific instrumentation
base has been senousl) eroded by a

Reprmntauves from slome of the
J. Tal

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

In response, ALMA, at its business
session, voted to establish an ad hoc
working group made up of people from
instrument manufacturing companies,
universities, industry, and the Scien-
tific Apparatus Makers Association
(SAMA). The following people were
chosen to work at developing ways to
generate additional funds for purchas-

share costs whenever possible but no
strict cost-sharing formula is pre-
scribed.

Even with this welcome program
the obsolescence problem will remain
acute. By DOD’s own estimates it
would take $1.5 to $2 billion to fully
upgrade the the nation's laboratories.

A panel representing the instru-
ment manufacturers offered for con-,
sideration a list of items that may help
to minimize obsolescence in the fu-
ture. High on that list was the modu-
lar approach to instrument purchuen.
The feel that i
wtllalluwausertosunml.landadd
capability as funds become available.

Other suggestions were:

« Tax credits to companies to encour-
age new equipment donations;

« Computer networking to allow
greater access to instrument data
through off-line terminals;

« Lease/purchase agreements (some
umwmus have used “creative fi-

lack of modern

ty, government, and mdu.stnal labs.

Instrumentation costs have sky-
rocketed over the past decade. This
has been due to inflation and to the
increased adaptation of computers to
instruments, which has greatly im-
proved the capabilities of the equip-
ment. While the increased sophistica-
tion of the instrumentation has al-
lowed much greater efficiency, the
costs of acquiring and maintaining the
systems have in many cases precluded
their purchase.

A conservative estimate of the cost
of operating and maintaining scientif-
ic instrumentation is that it is at least
20-30% of the equipment replacement
price per year. This figure includes
salaries and other direct operating
costs, but does not include equipment
depreciation or facility overhead and
utilities. It was generally
among conference attendees that the
optimum useful life span of major re-
search instruments is six to eight
years, but as Farrar pointed out, a
great deal of equipment lasts up to
twice that long.

0003-2700/82/0351-037A$01.50/0
© 1982 American Chemical Soclety

ing major mearch P T. Far- ); and

rar, Uni y of Wis ;D.Grant, « Debt ﬁnnncmg as hospitals have

University of Utah; P. Llewellyn. Var- done in the past to purchase large

ian; C. Lucchesi, North Uni- items.

versity; E. Olson, Upjohn Company; J. Olmously there i isno magic unglz

Schaeffer, Research Corporation; and to the A

D. Upton, SAMA. collective uppmnch including some or
It was also agreed that ALMA and all of these suggestions plus others,

SAMA should work together to devel- bined with i d gov

op closer ties so that SAMA. whichisa (federal and state) and private-sector

trade iation rep: ing scien- funding, will help to alleviate the

tific instrument fact probl

inform both the federal govemmen! This year's ALMA conference will

and its own members about issues of be held Oct. 20 and 21 at Purdue Uni-

concern to ALMA.
While NSF and NIH have managed

versity. Bill Baitinger, chairman-elect
of ALMA, and Jon Amy of Purdue will

to maintain, and in some mnunces in-  be hosting the conference.

crease, their instr ion fundi The conf probably will focus
levels, the brightest star on the near- on the increasing prob of fi di
term horizon as far as federal fundi and k qualified technical and

is concerned appears to bg the new sc:enuﬁc hbontory pemnnel. Topna
DOD initiative. Suttle explained that ting to in

the $150 million five-year program is of inst ion labs
strictly limited also will be included.

Thirty million dollars per year ($10

million each from the Army, Navy, Thomas Lyttle
and Air Force) will help to purchase Research Instrument Services Group
pieces of equipment costing a mini- Department of Chemistry
mum of $50 000 to a maximum of §1 Iowa State University
million. The awardee is encouraged to Ames, Iowa 50011
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Taking Stock of Mass Spectrometry/Mass
Spectrometry: Report of a Recent Workshop

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

A workshop entitled “Mass Spec-
trometry/Mass Spectrometry: Instru-
mentation and Applications™ was held
in Chicago on Oct. 18, 1982, under the
auspices of the American Society for
Mass Spectrometry. The meeting, or-
ganized by Michael L. Gross of the
University of Nebraska, drew 80 par-
ticipants to a day of lectures and panel
discussion. Different forms of MS/MS
spectra as applied to a range of analyt-
ical problems were discussed. Several
new instruments designed for MS/MS
were introduced.

MS/MS techniques employ sequen-
tial mass analyzers to characterize
ions. The first analyzer acts as a sepa-
rator in selecting ions by mass/charge
ratios. These parent ions are forced to
undergo a change in mass or charge
(normally by collision with a neutral
target gas) to form daughter ions,
which are analyzed in a second stage.
The analogy between gas chromatog-
raphy/mass spectrometry (GC/MS)
and MS/MS in the analysis of mix-
tures is evident. A generic MS/MS
spectrometer is comprised of at least
two analyzers (A) and a reaction re-
gion (*) sandwiched between the
source (S) and detector (D), arranged,
for le, as SA*AD. Anal can
be electric sectors (E), magnetic sec-
tors (B), or quadrupole filters (Q). In
Fourier transform mass spectrometry
(FTMS), the analyzers are temporally
rather than physically separate. The
workshop was organized according to
instrument configurations: sector,
quadrupole, hybrid (a combination of
sectors and quadrupoles), and Fourier

transform instruments.
Sector Instruments. Presentations
on sector instr were introduced

by Fred W. McLafferty of Cornell
University. The original MS/MS spec-
t were d Iy or
BE instruments, with applications in
direct mixture analysis that date back
to the mid ies. In the e
tiona{ geometry or EB arrangement,

instrument configurations

Figure 1. MS/MS spectra

An ion at m/z 260 from hexachlorobutane Is selected as the parent lon in this serles of MS/MS experl-
ments, which shows the increased resolution of daughter ions obtained when the collision cell in a sec-
tor instrument is heid at a high voltage to retard the ion beam. (Figure courtesy of Charles Smith of VG

covariant of the lerating
voltage and magnetic and electric
fields (linked scans) establishes the re-
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lationship between parent and daugh-
ter ions. The primary advantage of
sector instruments is a large mass
range (to more than 10 000) for both
parent and daughter ions. A second
advantage is the ability to acquire
MS/MS spectra on a parent ion speci-
fied to high resolution. To achieve
equivalent resolution of both parents
and daughters, four-sector instru-
ments have been assembled. An
EBEB instrument has been in place at
Cornell for several years, and at this
meeting, VG Micromass announced
plans to build a BEEB instrument. To
date, however, high resolution for both
parent and daughter ions has not been
achieved.

McLafferty presented MS/MS spec-
tra generated from parent ions of mass
1000-2000, including peptides and vi-
tamins, and also reported investiga-
tions of the collisionally activated de-
composition of even higher mass
(Csn+115)7 cluster ions. Syd Evans of
Kratos Instruments discussed man-
agement of signal intensity in experi-
ments with an EBE instrument. Both
high-resolution MS and MS/MS are
expensive in terms of signal depletion,
but permit increased selectivity. En-
hanced signal-to-noise ratios in
MS/MS arise because of a preferential
discrimination against chemical noise
(signals due to mixture components
other than the analyte). Charles Smith
of VG Micromass discussed that firm'’s
BEB instrument and presented data
that demonstrated the effects on
daughter ion resolution of ion beam
retardation (Figure 1).

Quadrupole Instruments. The
term “triple quadrupole” describes an
MS/MS instrument with two quadru-
poles as mass analyzers and an rf-only
quadrupole as an intermediate colli-
sion region. Chris G. Enke of Michi-
gan State University introduced this
section of the program. While current-
ly limited to a mass range of about
2000 at unit mass resolution, this
specification applies to both parent
and daughter ions, a capability not yet
demonstrated with sector instru-
ments. The most attractive feature of
the all-quadrupole system for MS/MS
has been the advanced data system,
more than ever a necessary part of so-
phisticated MS/MS experiments. In
work by Richard Yost at the Universi-
ty of Florida using negative ion
MS/MS, trichlorophenol was identi-
fied in serum and urine extracts (a
single extraction with 1 mL hexane,
with 1 uL analyzed) at levels as low as
0.25 ppb, and at sample analysis rates
of up to 90/h (Figure 2). Describing
similar experiments, William R. Da-
vidson of Sciex detailed results in

which a foodstuff contaminant, vomi-
toxin in wheat, was identified at the
25-pg level at a rate of 6 samples/h.
This compares with 1 sample/h for a
selected ion monitoring GC/MS ex-
periment, and with the same rate for
GC with electrochemical detection. All
three methods gave similar quantita-
tive results, but sample workup was
minimal prior to MS/MS.

Multiple quadrupole instruments
have reached their second generation.
Candice Bartmann of Extranuclear
Laboratories explained the data and
instrument control system matched to
their new QQQ mass spectrometer. A
mass range to 2000 and fast scanning
capabilities were described. Both
Sciex (Davidson) and Finnigan/MAT
(Mark Johnston and Gordon Foss)
provided details about new software
that controls experiments via subrou-
tines that change scan parameters
during the experiment. MS/MS spec-
tra are obtained at rates of up to 1/s
for parent ions selected after comput-
er evaluation of the mass spectrum.
Data is reconstructed using GC/MS
algorithms extended to handle the dif-
ferent types of MS/MS scans.

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

o0 7
’I }

H

,J rl, i

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

Several new hybrid MS/MS instru-
ments were announced at the meeting.
Evans described the Kratos EBQQ ob-
tained by adding two quadrupoles to
their MS80. The instrument is de-
signed to provide high resolution of
the parent ion using the double-focus-
ing EB section, an efficient collision-
induced dissociation process in the rf-
only quadrupole, and fast MS/MS
scanning with unit resolution of
daughter ions to mass 2000 in the final
quadrupole. Peter Dobberstein of Fin-
nigan/MAT described an instrument
of BEQQ geometry based on the 8200
and 8500 series of high-resolution
double-focusing instr with sim-
ilar capabilities. Data from the

ld

Flgwo 2. MS/MS analysls of serum and urine extracts for trlchlorophenol (TCP)
The analysis utilizes selected reaction monitoring of the parent lon 196~ undergoing collision-induced
dissociation to 160™. The standards and spiked serum/urine samples (A-L) range from 0-100 ppb; the
upper level corresponds to 100 fg of TCP per mL of sample. Note a total analysis time of 36 min for 18
samples (three replicates each). (Figure courtesy of Dean Fetterolf and Rick Yost of the University of

Florida)
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High sensitivity -down to O.001 AUFS
separates the new Spectroflow 773
from the noise of the rest.

The new Kratos Spectrofiow 773 sets new
standards of performance for UV-VIS
variable wavelength absorbance detectors. It
routinely delivers the highest sensitivity,
lowest noise, and best overall performance
that state of the art technology will allow.
Kratos engineers combined the latest in
modern technology with a thoroughly
innovative design to reduce noise and drift to
unprecedented levels. Now, operation at
0.001 AUFS is routine, and new levels of
performance even in trace analysis, high
speed LC, and microbore column
applications are practical in any laboratory.

Red trace shows ‘l
Spectroflow 773 noise
under actual flow
conditions at 0.001 AUFS |
(220 nm) compared to a
typical variabie wavelength
detector.

1 U Al !

The success of the Spectroflow 773 doesn't
rest solely on its specifications; it also sets
new standards for convenience and ease of
operation: auto-zero to automatically reset
the baseline at the touch of a button; front
panel bulkhead flow connectors to minimize
flowcell handling and simplify system
plumbing; a multi-mode digital readout with
self-diagnostic capabilities; adjustable time
constant down to 0.045 sec.; and high speed
wavelength scanning (optional) with memory
correction.

Call or write to find out how the Spectrofiow
773 can give you better results with any LC
instrument, any LC method. Kratos Analytical
Instruments, 170 Williams Drive, Ramsey,
NJ 07446. (201) 934-9000. Offices in
Manchester, UK, and Karlsruhe, West
Germany.

[KRATOS ||

New Standards in HPLC detection.

If HPL.C
sensitivity

is
important...
gowith

the proven
leader.
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& Products for
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Shortwave UV Lamps
Longwave UV Lamps
Multi-Band UV Lamps
Mid-Range UV Lamps
Fluorescent Materials

UV lllumination Cabinets
UV Transilluminators
Radiometers

Eye/Face Protection
Pen-Ray “ Lamps

Custom UV Light Sources
Stable Ozone Generators
UV/Ozone Micro-Cleaner
EPROM Erasing Equipment
Short Arc Lamps
Kool-Cure " UV Curing

The list is endless.

Industry, Research and

Education have relied
on UVP, Inc. since 1932
for their Ultraviolet
needs. CALL TODAY.
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7070QQ from VG Mlmmasa. config-
ured EBQQ, was given by Smlth Par-

as described by Davidson. The analyt-
ical |mpllcauons of the angle and en-
are twofold. First,

ent ion resolution of
was used to separate ions for MS/MS
analysis.

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

Collisionally Activated Decom-
posmon. The physlcal basis of col-

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

Breakdown curves represent mass
spectra explicitly as a function of the
internal energy of the fragmentmg ion
and are the key to und the

ergy p
these variables must be controlled to
maximize reproducibility and quanti-
tative accuracy. Second, these data
may differentiate isomeric ions not
otherwise distinguished.

The workshop ended with a discus-
sion in which questions were fielded
by a panel of the speakers. Topics in-
cluded quantitation by MS/MS,
trade-offs between mass range and
resolution, and the merits of MS/MS
as compared to other analytical tech-
niques. It was agreed that MS/MS is
useful in the analyses of mixtures for
targeted components; data at the
parts per trillion level from the combi-
nation of capillary column gas chro-
matography with single reaction moni-
toring MS/MS were given for the de-
termination of 2,3,7,8-tetrachlorodi-
benzodioxin in fish extracts. Examples
of the MS/MS identification of new
compounds in mixtures were given.
There was discussion of the use of
MS/MS for high mass ions generated
by desorption ionization methods such
as secondary ion mass spectrometry
and fast atom bombardment. Several
participants noted that high mass ions
seem less easily dissociated upon colli-
sional activation. Others showed spec-
tra in which high mass ions gave
MS/MS spectra interpretable in terms
of the parent ion structure.

‘The transmission fall-off of quadru-
poles for high mass ions provoked dis-
cussion. Some argued lhat sector in-
str ts were absol
for transmission and resolution of
higher mass ions in the MS/MS exper-
iment; others pointed to the extended
mass ranges of new quadrupole rods
and the efficiency of the rf-only qua-
drupole collision region. Examples
were given of the analysis of mixtures
for particular functional groups using
neutral loss MS/MS scans, taken by
simultaneously varying the masses of
both parent and daughter ions. New
types of MS/MS scans were discussed
in which associations rather than dis-
sociations are examined. Finally, the
pt of the total-loss MS/MS spec-

decomposition process. Two methods
have been developed to access this in-
formation. First, angle-resolved mass
spectrometry investigates changes in
the distribution of fragment ions with
scattering angle in high-energy colli-
sions. Using an electrostatic method of
angular resolution, Dobberstein dis-
played results comparable to those ob-
tained by photodissociation. Second,
in low-energy dissociations, the kinet-
ic energy of the parent ion controls the
energy transferred to it upon collision,
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trum was introduced by Johnston.
Such spectra, with a distinctive 100%
fragmentation efficiency, yield no ob-
servable fragment ions, but can be ob-
tained for infinitely high masses at in-
finite resolution, and should thus
prove popular, if not at times unavoid-
able.
Kenneth L. Busch
R. Graham Cooks
Department of Chemistry
Purdue University
West Lafayette, Ind. 47907



Break the habit

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

We offer true Kjeldahl nitrogen analysis,

as approved by AOAC, neatly per-

formed in compact cabinets.

o Sturdy equipment, with push-button
and digital display convenience, that
will perform 50, 150 or 240 analyses
per day.

o Small units, that will free all of your
fume hoods and all but 6 square feet
of your present Kjeldahl space. With
our new efficient chemical scrubber,
it is all a desktop job.

Our salesmen are trained experts and

will demonstrate the Kjeldahl equip-

ment in your laboratory.

5,000 other labs have made the obvious choice.
Contact us today for your personal demonstration.
Call collect (703) 435-3300.

Il tecator

P.O. Box 405, Herndon, VA 22070, (703) 435-3300
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The five-instruments-in-one capability of the
new DW-22C UV-VIS Spectrophotometer
provides double-beam, dual-wavelength, dual-
wavelength scanning, rapid kinetics, and
optical derivative operations. The new built-in
microprocessor controlled electronics features
automatic baseline correction for even greater
flexibility and ease of operation.

Partners in progress.

Members of our statf will be happy to answer
any of your questions. For detailed literature
and additional information about the new
DW-2*C UV-VIS Spectrophotometer, write
SLM Instruments, Inc./American Instrument
Company, 810 West Anthony Drive, Urbana, IL
61801, U.S.A. or call (800) 637-7689 toll-free.
TELEX 20-6079.

SLM-AMINCO

Performance is the difference.

Copyright €) 1982 by SLM Instruments, Inc.
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ANALYTICAL CHEMISTRY Appoints
New Advisory Board Members

Five new members of the Advisory
Board of ANALYTICAL CHEMISTRY
have been selected to serve three-year
terms beginning this month. Each
year the membership of the board is
rotated, with the new appoi re-

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

placing those members whose terms
on the board have expired.

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

The members leaving the board are:

National Science Foundation.

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

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

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

Brief biographical sketches of the
new members follow.

Dennis H. Evans received his BS
degree from Ottawa University, Otta-
wa, Kan., in 1960 and his MA and
PhD degrees from Harvard University
in 1961 and 1964, respectively. He re-
mained at Harvard as instructor of
chemistry until 1966 and then joined
the faculty of the University of Wis-

consin—Madison where he is now pro-

fessor of chemistry. From 1977 to
1980, he was chairman of the depart-
ment of chemistry, and beginning this
year he will be associate dean of the
College of Letters and Science. Ev-
ans's research in the areas of elec-
troanalytical chemistry and organic

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

Jack W. Frazer is chief executive
officer of Keithley Instruments, Inc.,
Cleveland, Ohio. After receiving his
BS degree from Hardin-Simmons
University in 1948, he joined the staff
of Los Alamos Scientific Laboratory.
In 1953 he moved to Lawrence Liver-
more National Laboratory, where he
T ined until ing his p
position at Keithley Instruments in
February 1982. Frazer's research in-
terestaiinclnd deling of nonli
' 3 1 a’nd h : 1 de.
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to
aid in the evaluation of large data sets
and to support modeling, automatic
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characterization of multivariant non-
linear (complex) chemical systems, de-
velopment of self-adaptive control
strategies to support experimentation,
and the use of artificial intelligence for
the solution of heuristic-type prob-
lems. From 1968 to 1971, Frazer
served on the Instrumentation Advi-
sory Panel of ANALYTICAL CHEMIS-
TRY. He served as editorial advisor for
Analytica Chimica Acta (Computer
Techniques and Optimization) from
1977 to 1981, and as chairman of the
ASTM E-31 Committee, Computer-
ized Laboratory Systems, from 1970 to
1975. Frazer is recipient of the 1973
American Chemical Society Award for
Chemical Instrumentation and the
1975 ASTM Award of Merit.

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

Herbert L. Retcofsky is chief of
the Analytical Chemistry Branch at
the Pittsburgh Energy Technology
Center. He earned his BS degree in
1957 at California State College and
his MS degree in 1965 at the Universi-
ty of Pittsburgh. After a year of teach-
ing he joined the staff at the Pitts-
burgh Energy Technology Center, one
of the U.S. Department of Energy’s
five energy technology centers. The
standardization of methods for the
routine analysis of coal-derived liquids
is one of the major long-term goals of
his laboratory. His principal research
interest is in the application of spec-
tral techniques, particularly infrared
and magnetic resonance spectrome-
tries, in coal research. Retcofsky has
held all elective offices of the Spec-
troscopy Society of Pittsburgh and
also served as president of the 1979
Pittsburgh Conference on Analytical
Chemistry and Applied Spectroscopy.
In 1981, he became the first U.S. asso-
ciate editor of Fuel. He is recipient of
the 1982 Henry H. Storch Award, pre-
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sented annually by the American
Chemical Society’s Fuel Division for
significant contributions to funda-
mental or engineering research on
coal.

Wilhelm Simon received his PhD
degree in 1956 from the Swiss Federal
Institute of Technology (ETHZ),
where he is now teaching analytical
chemistry and the application of spec-
troscopic techniques in organic chem-
istry. He became Privatdozent in 1961
and Assistenz-Professor in 1965, and
since 1970 has been a full professor of
chemistry. In the past, Simon’s re-
search interests included the study of
acid-base equilibria using glass elec-
trodes, automation of elemental anal-
ysis, vapor pressure osmometry, pyrol-
ysis gas chromatography, pyrolysis
mass spectrometry, and other spectro-
scopic techniques for structural eluci-
dation. At present, his research is fo-
cused largely on ion selectivity of or-
ganic compounds and biological sys-
tems, ion-selective sensors, and high-
resolution separation techniques.
Simon has written approximately 300
articles and two books. He is recipient
of the Swiss Chemical Society Award
and is an honorary member of the
Hungarian Academy of Sciences and
the Institut Grand-Ducal in Lux-
emburg.

Knox to Receive
Dal Nogare Award

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

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

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

porous glassy carbon; his pure re-
search interests concern electrophore-
sis and endosmotically generated
chromatography.

Competition for Biochemical
Analysis Prize

The German Society for Clinical
Chemistry is inviting qualified re-
searchers to compete for the 1984 Bio-
chemical Analysis Prize. The prize is
awarded every two years at the
Biochemische Analytik Conference in
Munich for outstanding and novel
work in biochemical analysis or bio-
chemical instrumentation, or for sig-
nificant contributions to the advance-
ment of experimental biology especial-
ly related to clinical biochemistry. The
prize consists of DM 10,000 and is
sponsored by Boehringer Mannheim
GmbH.

Competitors for the 1984 prize
should submit papers on one theme,
either published or accepted for publi-
cation between Oct. 1, 1981, and Sept.
30, 1983, to: I. Trautschold, Medizin-
ische Hochschule Hannover, Kon-
stanty-Gutschow- Strafe 8, 3000 Han-
nover 61, FRG. Papers must be re-
ceived before Nov. 15, 1963.

Nominations Sought for
Environmental Science Award

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

strumentation, where the individual
users represent diverse areas of re-
search covered within DMR or be-
twoen DMR and other NSP dlvuwm

20th International Symposium on
Advances in Chromatography
Amsterdam, The Netherlands. Oct.
3-6. The nymposmm wxll focus on all

present an overview of the scientific
contributions upon which the award is
based

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

Hewlett-Packard to Contribute
Analytical Instrumentation

Hewlett-Packard Company has an-
nounced that it will contribute more
than $1.3 million worth of analytical
instrumentation to 75 colleges and
universities across the country.

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

The instruments, HP 5880A gas
chromatographs manufactured by the
company's Analytical Group, will be
equipped with capillary-column inlet
systems and single-flame detectors.
According to the group's general man-
ager, Lewis E. Platt, Hewlett-Packard
is trying to “help solve the ongoing
problem schools have with equipment
obsolescence and to help them stay
current with instrumentation found in
industry.” The equipment contribu-
tion is part of Hewlett-Packard's cor-
porate philanthropy program, which
in 1982 included more than $11.5 mil-
lion in equipment grants to institu-
tions of higher education.

New NSF Program
Established

A new program, Instrumentation
for Materials Research (IMR), has
been eambllshed within the National

dation’s Division of Ma-
terials Reaearch (DMR). Proposals to
be considered in the new program are
those for the purchase of major instru-
ments needed for materials research
and for the development of new in-
struments that extend current mea-
surement capabilities.

Proposals are encouraged from
groups of researchers intending to
share major items of specialized in-

Prop for i
representing a single area of

h

P of ch hy, with spe-
cial

will continue to be assigned to the ap-
propriate research program within
DMR unless the cost of such an award
would significantly upset the balance
of support within that program. In-
strument development proposals with
direct relevance to research areas rep-
resented within DMR are also encour-
aged. Such proposals may involve in-
dividual researchers or groups.
lnqumes regardmg the lxutrumen-
tation for Materials R h prog;

phasis on GC, LC, and high-
performance TLC. Prospective au-
thors must submit 200-word abstracts
by April 1. Address all correspondence
to Albert Zlatkis, Department of
Chemistry, University of Houst
Houston, Tex. 77004; 713-749-2623.
Authors of accepted papers will be re-
quired to submit completed manu-
scripts on Oct. 3 at the meeting.

should be directed to the Program Di-
rector, Division of Materials R h

Meetings

National Science Foundation, 1800 G
St., N.W., Washington, D.C. 20550,
202-357-7570.

Call for Papers

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

10th Annual Meeting of the Feder-
ation of Analytical Chemistry and
Spectroscopy Societies
Philadelphia, Pa. Sept. 25-30. The
scope of the meeting will

® 12th Annual National Measure-
ment Science Conference and Ex-
hibition. Jan. 20-21. Palo Alto, Calif.
Contact: Bob Weber, Lockheed Mis-
sile & Space Corp., Sunnyvale, Calif.,
94046; 408-742-2957

8 Gordon Research Conference on
Electrochemistry. Jan. 24-28. Santa
Barbara, Calif. Contact: Alexander M.
Cruickshank, Gordon Research Con-
ferences, University of Rhode Island,
Kingston, R.I. 02881; 401-783-4011 or
3372

® 13th Annual Conference ol‘ t.he
Western S; oscopy A

Jan. 26-28. Paclﬁc Grove, Calif. Con-
tact: Mel Kronick, Applied Biosys-
tems, 850 Lincoln Centre Dr., Foster
City, Calif. 94404

| 8th Conference of the Austra-
lian and New Zealand Society for
Mass Spectrometry. Feb. 7-11. Mel-
bourne, Australia. Contact: The Sec-
retary, ANZSMS Conference, Chem-
istry Dept., Monash University,
Clayton, Victoria, Australia

m Second Carnegie-Mellon Uni-
versity Conference on Biological
Spectroscopy. Feb. 8-11. San Jose,
Calif. Contact: William Derrig, IBM
Instruments, Inc., Orchard Park, P.O.
Box 332, Danbury, Conn. 06810

m Pittsburgh Conference on Ana-
lyucnl Chemistry and Applied

y. March 7-12. Atlantic

all phases of analytical chemmn ap-
plied spectroscopy, chromatographic
methods, and allied techniques of in-
strumental analysis. Prospective au-
thors must submit the title of their

ation, current add and
telephone number by April 8 to:
FACSS X Program Chairman, John
0. Lephardt, Philip Morris USA, Re-
search Center, P.O. Box 26583, Rich-
mond, Va. 23261; 804-274-3821. After
receipt of the title, authors will be
asked to submit a 250-word abstract
by June 10.

City, N.J. Contact Linda Briggs, Pro-
gram Secretary, Pittsburgh Confer-
ence, 437 Donald Rd. Dept. J-005,
Pittsburgh, Pa. 15235. August,

p. 1046 A

® 185th ACS National Meeting.
March 20-25. Seattle, Wash. Contact:
A. T. Winstead, American Chemical
Society, 1155 16th Street, N.W.,
Washington, D.C. 20036; 202-872-
4397

® International Symposium on
Elec in Biomedical, En-
vironmental, and Industrial Sci-
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ences. April 5-8. UWIST, Cardiff,
Wales. Contact: Short Courses Sec-
tion, Electroanalytical Conference,
UWIST, Cardiff CF1 3NU, Wales

@ 17th ACS Middle Atlantic Re-
gional Meeting. April 6-8. White
Haven, Pa. Contact: N. D. Heindel,
Chemistry Dept., Mudd Bldg. No. 6,
Lehigh University, Bethlehem, Pa.
18015; 215-861-3470

® International Symposium on Ion
Exchange Membranes. April 12-13.
Runcorn, Cheshire, U.K. Contact:
Conference Secretariat, Society of
Chemical Industry, 14/15 Belgrave
Square, London SW1X 8PS, U.K.

® 8th Annual AOAC Spring Work-
shop and Exposition. April 19-21.
Indianapolis, Ind. Contact: Lawrence
Sullivan, Indiana State Board of
Health, 1330 W. Michigan St., India-
napolis, Ind. 46206; 317-633-0224, or
Kathleen Fominaya, Association of
Official Analytical Chemists, 1111 N.
19th St., Suite 210, Arlington, Va.
22209; 703-522-3032

m Advanced Analytical Concepts
for the Clinical Laboratory. April
21-22. Gatlinburg, Tenn. Contact:
Carl Burtis, Chemical Technology Di-
vision, Oak Ridge National Laborato-
ry, P.O. Box X, Oak Ridge, Tenn.
37830; 615-576-2917. November,
p.1385A

® 5th International Symposium on
Capillary Chromatography. April
26-28. Riva del Garda, Italy. Contact:
P. Sandra, Laboratory of Organic
Chemistry, University of Ghent,
Krijgslaan 281 (S4), B-9000 Ghent,
Belgium. October, p. 1266 A

8 7th International Symposium on
Column Liquid Chromatography.
May 2-6. Baden-Baden, West Germa-
ny. Contact: J. Wendenburg, c/o
Gesellschaft Deutscher Chemik
Varrentrappura.ue 40-42, D- 6000
Frankfurt, West Germany, August,

p. 1046 A

® Recent Advances in the Mea-
surement of Pollutants from Ambi-
ent Air and Stationary Sources.
May 3-7. Raleigh, N.C. Contact: Sey-
mour Hochheiser, MD 75, EPA Envi-
ronmental Monitoring Systems Lab,
Research Triangle Park, N.C. 27711
® 31st Annual Conference on Mass
Spectrometry and Allied Topics.
May 8-13. Boston, Mass. Contact: Ju-
dith A. Watson, ASMS, P.O. Box
1508, East Lansing, Mich. 48823;
517-337-2548

m 19831 1Sy i

on LCEC and Volummatry May
15-17. Indianapolis, Ind. Contact:
Kristi Klippel, 1983 LCEC Sympo-
sium, P.O. Box 2206, West Lafayette,
Ind. 47906. Tel: (317) 463-2505,
Telex: 276141. December, p. 1484 A

® 13th Annual Symposium on the
Analytical Chemistry of Pollutants.
May 16-18. Jekyll Island, Ga. Con-
tact: Elaine McGarity, U.S. Environ-
mental Protection Agency, Environ-
mental Research Lab, Athens, Ga.
30613

® 5th Australian Schools/Confer-
ence on X-ray Analysis. May 16-20.
Melbourne, Victoria, Australia. Con-
tact: Australian X-ray Analytical As-
sociation, P.O. Box 90, Parkville, Vic-
toria 3052, Australia. September,
p.1150 A

® International Union of Air Pol-
lution Prevention Associations
(IUAPPA) 6th World Congress on
Air Quality. May 16-20. Paris,
France. Contact: Public Relations
Dept., Air Pollution Control Associa-
tion, P.O. Box 2861, Pittsburgh, Pa.
15230; 412-621-1090

® CLEO '83—Conference on La-
sers and Electro-Optics. May 17-20.
Baltimore, Md. Contact: Optical Soci-
ety of America, 1816 Jefferson Pl.,
N.W., Washington, D.C. 20036

® Applications and Techni of
Modern Spectrochemistry (Atoms-
83). May 19-20. Los Alamos, N.M.
Contact: L. J. Radziemski, Los Ala-
mos National Laboratory, Group
AP-4, MS J567, Los Alamos, N.M.
87545

m ACS Central Regional Meeting.
May 22-24. Oxford, Ohio. Contact:

J. R. Gunwell, Dept. of Chemistry,
Miami University, Oxford, Ohio
45056; 513-529-2813

B Inlemtlonnl Conference on
Chr D May
30—June 3. Melbourne, Victoria, Aus-
tralia. Contact: The Secretary, Inter-
national Conference on Chromato-
graphic Detectors, U of Melbourne,
Parkuille, Victoria 3052, Australia

® Budapest Chromatography Con-
ference. June 1-3. Budapest, Hunga-
ry. Contact: Haleem J. Issaq, NCI-
Frederick Cancer Research Facility,
P.O. Box B, Frederick, Md. 21701, or
Tibor Devenyi, Institute of Enzymol-
ogy, Hungarian Academy of Sciences,
Budapest, Hungary, October,

p. 1266 A

® 17th ACS Great Lakes Regional
Meeting. June 1-3. St. Paul, Minn.
Contact: M. H. Baker, Chem/Serv
Inc.,207 N.W. Sixth Street, Minne-
apolis, Minn. 55413

B 29th International Congress of
Pure and Applied Chemistry. June
4-12. Cologne, West Germany. Con-
tact: W. Fritsche, General Secretariat
of the 29th IUPAC Congress, c/o
Gesellschaft Deutscher Chemik

P.0. Box 90 04 40, D-6000 Frank[urt/
Mainz 90, West Germany

m 66th Cnnndian Chemical Confer-
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ence and Exhibition. June 5-8. Cal-
gary, Alberta, Canada. Contact: Arvi
Rauk, M.C.1.C., Department of
Chemistry, University of Calgary,
Calgary, Alberta T2N, 1N4, Canada
or The Chemical Institute of Canada,
151 Slater St., Suite 906, Ottawa, On-
tario KIP5N3, Canada. October,

p. 1266 A

| International Symposium on
Drug Analysis—From Pharmaceu-
tical Preparation to Drug Monitor-
ing. June 7-10. Brussels, Belgium.
Contact: C. Van Kerchove, Société
Belge des Sciences Pharmaceutiques-
Belgish Genootschap voor Pharma-
ceutische Wetenschappen, rue Archi-
medesstraat 11, B-1040 Brussels, Bel-
gium

® Symposium on Affinity Chroma-
tography and Biological Recogni-
tion. June 13-17. Annapolis, Md.
Contact: Symposium Secretariat,
9650 Rockville Pike, Bethesda, Md.
20814

® Symposium on Chromatography
and Mass Spectrometry in Nutri-
tion Science and Food Safety. June
20-22. Montreux, Switzerland. Con-
tact: Symposium Secretariat, Via Er-
itrea, 62-20157 Milan, Italy; Tel: (02)
35.54.546, Telex: 331268 Negri 1
m Sy ium on Comp s in
Chemical Analysis. June 22. Kansas
City, Mo. Contact: Kathy Greene,
ASTM Publications Division, Ameri-
can Society for Testing and Materi-
als, 1916 Race St., Philadelphia, Pa.
19103. November, p. 1385 A

® 13th ACS Northeast Regional
Meeting. June 26-29. West Hartford,
Conn. Contact: J. Burlew, P.O. Box
418, Glastonbury, Conn. 06033; 203-
633-4133

® 23rd Colloquium Spectroscopi-
cum Internationale and the 10th
International Conference on Atom-
ic Spectroscopy. June 26-July 1.
Amsterdam, The Netherlands. Con-
tact: The Secretariat 23 CSI, Organ-
isatie Bureau Amsterdam BV, Euro-
paplein, 1078 GZ Amsterdam, The
Netherlands, May, p. 712 A

® 3rd Symposium on Separation
Science and Technology for Energy
Applications. June 27-July 1. Gatlin-
burg, Tenn. Contact: A. P. Malinaus-
kas, Oak Ridge National Laboratory,
P.O. Box X, Oak Ridge, Tenn. 37830.
July,p. 929 A

u 5th European Congress of Clini-
cal Chemistry. July 3-8. Budapest,
Hungary. Contact: MOTESZ Con-
gress Bureau, Budapest POB 32
H1361, Hungary

® Seventh International Sympo-
sium on Nuclear Quadrupole Reso-
nance. July 11-14. Kingston, Ontario,
Canada. Contact: R. J. C. Brown,
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Chemistry Department, Queen’s Uni-
versity, Kingston, Ontario, Canada
K7L 3N6
® SAC 83—International Confer-
ence und Exhibition on Analytical
Chemistry. July 17-23. Edinburgh,
U.K. Contact: P.E. Hutchinson, Sec-
retary, Analytical Division, The
Royal Society of Chemistry, Burling-
ton House, London W1V OBN, U.K.
May,p. 713 A
® 2nd International Conference on
the Clinical Chemistry and Chemi-
cal Toxicology of Metals. July 19-
22. Montreal, Canada. Contact: Secre-
tariat COMTOX 83 (TWCO), 340
MacLaren St., Ottawa, Ontario, Can-
ada K2P 0OM6
m 35th National Meeting of the
American Association for Clinical
Chemistry. July 24-29. New York,
N.Y. Contact: AACC, 1725 K St.,
N.W., Washington, D.C. 20006; 202-
857-0717. December, p. 1484 A
@ 3rd International Conference on
the Instrumental Analysis of Foods
and Beverages—Recent Develop-
ments. July 27-30. Corfu, Greece.
Contact: C.J. Mussinan, IFF R&D,
1515 Highway 36, Union Beach, N.J.
07735, 201-264-4500
® 7th Australian Symposium on
Analytical Chemistry. Aug. 21-23.
Adelaide, Australia. Contact: D. Pat-
terson, AMDEL, Flemington Rd.,
Frewuville, South Australia 5063
m 186th ACS National Meeting.
Aug. 28-Sept. 2. Washington, D.C.
Contact: A. T. Winstead, American
Chemical Society, 1155 16th St.,
N.W., Washington, D.C. 20036; 202-
872-4397
| 9th International Symponum on
Microch 1T Aug
28-Sept. 2. Amsterdam, The Nether~
lands. Contact: Symposium Secretari-
at, c/o Municipal Congress Bureau,
Oudezijds Achterburgwal, 199, 1012
DK Amsterdam, The Netherlands
| 4th Danube Symposium on
Chromatography and 7th Interna-
tional Symposium on Advances and
Applications of Chromatography in
Industry. Aug. 29-Sept. 2. Bratislava,
Czechoslovakia. Contact: Jan Remen,
The Analytical Section of the Czecho-
slovak Scientific and Technical Soci-
ety, Slovnaft, 82300 Bratislava,
Czechoslovakia
® 1983 International Conference
on Fourier Transform Spectrosco-
py. Sept. 5-9. Durham, U.K. Contact:
G. W. Chantry, Division of Electrical
Science, National Physical Laborato-
ry, Teddington, Middlesex TW11
OLW, UK.
w 29th [UPAC lntarnnuonl Sym-
ium on Macr Sept.
5-9. Bucharest, Romania. Contact:

The Ohaus® Dial-O-Gram® with the Model 310. There isn't 2
Mode! 310 balance gives you faster, more sensitive balance for
high accuracy and high-speed the money. Contact Ohaus or your
weighings at the lowest cost preferred Ohaus dealer.
around—$129.50 suggested Ohaus Scale Corporation,
list. Ideally suited for both lab 29 Hanover Road, Florham Park,
and classroom jobs, this rugged  NJ 07932. (201) 377-9000.
American-made balance offers
1:31,000 resolution, a full 310 g OHAUS
capacity and readability of 0.01 g. DIAL-0-GRAM

Increase your reading speed  MECHANICAL BALANCE
© 1982 Onaus Scale Corporation. Ohaus and Diat-0-Gram
are trademarks of Oraus Scale Corporation. Prices and specfications are subject 10 change without notice.

CIRCLE 158 ON READER SERVICE CARD

With the new
S&S Microfilter, samples
make a fast 95% recovery.

\ §}/$ The new S&S

\\ Microfilter is ideal

N & for small sample

filtration, from 20 pl
to 2 ml, where sample loss must be minimized.
Sample recovery is routinely up to 95%. Use
this reusable, leak-proof microfilter in a centri-
fuge for the preparation of samples for HPLC,
particulate removal, clarification or for sterile
filtration. The S&S Microfilter (Cat. #S5009)
accommodates the full range of S&S membrane
filters. Contact us for more information. And
start getting fast, 95% sample recovery.

Schleicher& Schuell

Keene, N H 03431 (603) 352-3810
CIRCLE 193 ON READER SERVICE CARD
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Control laboratory
bath temperature to

state circuitry accounts for the
reliability and outstanding
temperature-control
characteristics of Techne cir-
culators and baths. The
Tempunit?®, with =0.01°C
control and the Tempette®* ( = 0.02°C control) are now
available at new low prices. Both units have easy-to-
adjust temperature-setting dials (Tempunit also has a
temperature “memory”). An efficient circulating pump
keeps temperature uniform throughout the bath. All
units are sold through national dealers and are covered
by a new two-year warranty.
For full details, call or write

reeme eonomes TECFINE

\3700 Brunswick Pike, Princeton. NJ 08540 - (609) 452-9275.)

Low cost relief from
high purity gas pains

Say good-bye to high purity gas pains.
Johnson Matthey hydrogen purifiers quickly turn
commercial grade hydrogen into the highest purity
gas possible. And you save up to 70% in the process.

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

Johnson Matthey hydrogen purifiers. Available
in capacities from 2 to 400 SCFH. No other product
produces such high purity so economically. For
additional information write: Johnson Matthey
Inc., Catalytic
Systems Division,
436 Devon Park
Drive, Wayne, PA
19087. Or call
215-648-8500.

JOHNSON ) MATTHEY

CIRCLE 204 ON READER SERVICE CARD

CIRCLE 115 ON READER SERVICE CARD

Only Rabbits
have better
reproducibility
than ALLTECH

ALLTECH
ASSOCIATES

2051 Waukegan- Road « Deerfield. lllinois 60015
(312)941-8600
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A STANDARD REFERENCE IN THE
FIELD OF ANALYTICAL CHEMISTRY. . .

FUNDAMENTAL

REVIEWS

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

Below are just a few of the areas
covered in the 1982 Fundamental
Reviews issue: Analytical
electrochemistry l Chromatography: gas, paper, thin-
layer, liquid @ Chemometrics @ Kinetics B Surface
analysis B Spectrometry: NMR, ESR, atomic, emission, IR,
mass, X-ray @ Nucleonics B Microscopy B Titrations

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

today
mln-nnn.l.w mum Ty
wu-umluﬁpuumm
-

'ua.'. ke 2
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IUPAC MACRO '83, Calea Pleunet
R-77131 Bucharest, R

liament Buildings, Victoria, British

B 2nd International Conference on
Carbonaceous Particles in the At-
mosphere. Sept. 11-14. Linz, Austria.
Contact: H. Puxbaum, Institute for
Analytical Chemistry, Technical
University of Vienna, Getreidemarht
9, A-1060 Wien, Austria

® International Meeting on Chem-
ical Sensors. Sept. 19-22. Fukuoka,
Japan. Contact: Noburu Yamazoe,
Dept. of Materials Science and Tech-
nology, Graduate School of Engineer-
ing Sciences, Kyushu University, Ka-
suga, Kasuga-shi, Fukuoka 816,
Japan

® 12th Annual North American
Thermal Analysis Society Meeting.
Sept. 25-29. Williamsburg, Va. Con-
tact: Robert Johnson, Du Pont Cen-
tral Research and Development
Dept., Experimental Station, Bldg.
228, Wilmington, Del. 19898; 302-
772-2198

® 30th Canadian Spectroscopy
Conference. Oct. 6-8. Vancouver,
British Columbia, Canada. Contact:
Wesley Johnson, Mineral Energy,
Mines, & Petroleum Resources, Par-

bia, Canada; 604-387-6249
8 Capillary Chromatography—
2nd International Symposium. Oct.
10-12. Tarrytown, N.Y. Contact: A.
Zlatkis, University of Houston,
Chemistry Department, Houston,
Tex. 77004
® 26th ORNL Conference on Ana-
lytical Chemistry in Energy Tech-
nology. Oct. 11-13. Gatlinburg, Tenn.
Contact: A. L. Harrod, Analytical
Chemistry Division, Oak Ridge Na-
tional Laboratory, P.O. Box X, Oak
Ridge, Tenn. 37830
m Optical Society of America An-
nual Meeting. Oct. 17-21. New Or-
leans, La. Contact: Optical Society of
America, 1816 Jefferson Place, N.W.,
Washington, D.C. 20036; 202-223-
8130
® 18th ACS Midwest Regional
Meeting. Nov. 3-4. Lawrence, Kan.
Contact: R. Givens, Department of
Chemistry, University of Kansas,
Lawrence, Kan. 66045; 913-864-3846,
or W. Grindstaff, Southwest Missouri
State University, Springfield, Mo.
65802
B ACS Southeastern Regional

Meeting. Nov. 9-11. Charlotte, N.C.
Contact: J. M. Fredericksen, P.0. Box
111, Davidson, N.C. 28036; 704-892-
7331
8 9th International Congress and
Exhibition for Instrumentation and
Automation. Nov. 10-16. Disseldorf,
FRG Cantact INTERKAMA 83,
llschaft mbH,
NOWEA, Post/ach 320203, D-4000
Dasseldorf 30, FRG
m 39th ACS Southwest Regional
Meeting. Dec. 7-9. Tulsa, Okla. Con-
tact: E. B. Butler, Tulsa Surchem,
4332 South Canton, Tulsa, Okla.
74135; 918-663-1877

Short Courses

ACS courses. These new courses will
be listed only once. For information
on other ACS courses, see back issues
and contact: Department of Educa-
tional Activities, American Chemical
Society, 1155 16th St., NW., Wash-
ington, D.C. 20036; 202-872-4508.

Gas Chromatography, Theory &
Practice

~ electrochemical detectors for liquid
chromatography

Dual Poraliel Mode LCEC: Simultanecus detection
of ble and reducibl

Gas) bioanalytical systems

CIRCLE 20 ON READER SERVICE CARD
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Blacksburg, Va. March 1-4. Harold

Electronics for Laboratory Instru-

McNair. $645, ACS bers; $715,

nonmembers

Micropr s & Mini 5 ACS H
Interfacing and Applications

Blacksburg, Va. March 13-18. Ray-
mond Dessy. $665, ACS members;
$735, nonmembers

The following courses are being of-
fered in conjunction with the ACS
National Meeting in Seattle, Wash.

March 18-19. Howard Malmstadt,
Chris Enke, Stanley Crouch. 8525
$595,

Statistics for Experimental Design
March 19-20. Stanley Deming, Ste-
phen Morgan. $395, ACS members;
$465. nonmembers

March 19-20. David Freeman. $395,
ACS bers; $465, by

Column Selection in GC
March 19-20. Harold McNair. 8395
ACS bers; $465,

Laboratory Automation: Micro-,
Mini-, or Midi-Computers

March 20-21. Raymond Dmy $395,
ACS bers; $465,

High-Pressure Liquid Chr
raphy Workshop

We make our GC
filters to get dirty.

Filters are made 1o get the junk out -- oxygen
hidden in the carrier gas or kines, organic
compounds trapped in compressec air or
hydrogen. Even the best filters absorb all the
junk they can and need lo be changed. With
conventional gas filters, that means shutting
down your instrument anc disconnecting the
gas lines, just 10 change the filters

Not so with Chrompack’s Gas-Clean™ filter
system! The Gas-Clean system has a
specially constructed base plate which is
connected 1o your gas line and 1o your
chromatograph. And stays that way. The filter
is attached with hand-pressure 10 break the
seal and a simple bushing to secure the fitter. A
process of seconds. No need 1o shut down
your instrument and let the column cool. No
need 1o disconnect and flush gas lines and
then reconnect. No danger of oxygen or dust
contamination. thanks to specially con-
structed valves and dust protectors

Filters are supposed to get dirty, so get the
filters that are easy to change. Chrompack’'s
Gas-Clean system Call or write today for more
information

Chrompack, Inc
P.O. Box 6795
Briggewater, N.J. 08807
800-526-3687

In NJ call:
(201)722-8930
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For Your Information

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

A Workshop on Analytical Chemis-
try Related to Canada’s Nuclear
Industry will be held Oct. 24-26 on
Hecla Island, Manitoba, Canada. It is
open to anyone interested in either
the routine or innovative analytical
aspects of the uranium industry. It
will emphasize small, informal discus-
sion groups organized around a central
theme. The subject matter should fit
into one of the following categories:
present problems, present work, or fu-
ture plans and projects. Participants
will be requested to forward their af-
filiations, areas of interest, and a brief
abstract of the subject they wish to
discuss by June 1. For further details,
contact P. Campbell, Whiteshell Nu-
clear Research Establishment, Pina-
wa, Manitoba, Canada ROE 1L0.

The dates and application deadline
for the NATO Advanced Study
Institute on Chemometrics which
were d in the N b
NEWS section (Anal. Chem. 1982, 54,
1384 A) have been changed. The
Study Institute will now be held Sept.
12-23 and the deadline for receipt of
applications has been extended to
March 31. Further information can be
obtained from Bruce Kowalski, De-
partment of Chemistry, University of
Washington, Seattle, Wash. 98195.




COMPUTER
POWER.

OPTICS.

GET ALL THE COMPUTER YOU NEED.

Our competitors are proud to offer a
computer. The Plasma-200™ ICP from
Instrumentation Laboratory offers
something better: a choice. In addition
to the integral microcomputer that
makes this instrument the most auto-

mated plasma available, IL's ICP has
two different data station options to
speed and simplify workflow in

lab. Our PDS-1™ data station o ersall
the computer power most labs need,
ata price you'll appreciate. And the
PDS-1000™ data station is built around
the Pixel 100/AP™ supermicro, the
most powerful, flexible microcomputer
in the world.

NO-COMPROMISE OPTICS.

An ICPisonly as good as its optics. A
truly superior plasma optical

would include a double monochroma-
tor to minimize stray light, automati-
cally variable torch height for maxi-
mum emission mtensnty amercu

lamp reference to continuously adjust
wavelength calibration, two-channel
capability to speed analysis, and a dedi-
cated vacuum monochromator for
uncompromising performance in VUV
analysis. For laboratories who are

OU CAN'T BUY
OREIN AN ICR

unwilling to compromise the quality

of their analyses, there is only one ICP

which offers those features:

the IL Plasma-200 ICP.

Ifyou relookm?atplasmaemxsaon
ters for your lab, compare

l IL Plasma-200 ICP. You can’t buy

morein an ICP.

For information call toll-free:
800-343-0322.

Instrumentation Laboratory Inc.
Analytical Instrument Division
One Bum Road, Andover, MA 01810
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Thomas Cairns

Department of Health and Human Services

Food and Drug Administration

Ottice of the Executive Director for Regional Operations
1521 West Pico Boulevard

Los Angeles, Calif. 30015

W. Michael Rogers

Department of Health and Human Services
Food and Drug Administration

5600 Fishers Lane

Rockville, Md. 20857

Acceptable
Analytical Data
for Trace
Analysis

In several important ways, the re-
cent symposium “Improving the Ana-
lytical Chemistry/Regulatory Inter-
face,” held at the National Bureau of
Standards, Oct. 19-21, 1982, was a
major milestone in the effort to come
to grips with an intriguing scientific
challenge and a public policy issue of
profound importance. This paper was
pr d at the symposium to stimu-
late the analytical community to con-
sider a standard protocol for quantita-
tive trace analysis when no official
methods exist.

Since the publication of Rachel Car-
son's “Silent Spring” in 1962, a verita-
ble plethora of environmental laws
have been passed by the U.S. Congress
(Tables I and II). This intensive legis-
lative activity has culminated in a dra-
matic increase in the role of analytical
chemistry in the protection of the
public health. Trace analysis has
quickly become a buzzword of the dis-
cipline. Analytical chemistry has been
elevated by the various laws to being a
rate-determining element in the for-
mulation and execution of public
health initiatives. The position of ana-
lytical chemistry in the decision tree
of public health protection (Figure 1)
must be considered unique from sev-
eral vantage points (1). Clearly the
emphasis placed on trace analysis
mandates technological advancements
at a faster pace. Perhaps the most dis-
turbing pressures applied by this deci-
sion tree, however, are those inadver-
tently applied by toxicological studies
and risk assessment. Both these disci-
plines frequently use extrapolation
methodologies. The resultant “‘safe"
levels are often below the current level
of detection and, hence, not quantifi-

This article not subject to U.S. Copyright
Published 1982 American Chemical Soclety



The MemoTitrator just got new
remote control capability, improved
software, a second titration head,
an automatic sample transport
module, and a new model desig-
nation: DL40RC. This single,
improved instrument can handle
all types of titrations. It stores up
to 19 methods, performs endpoint,
equilibrium and incremental titra-
tions —links them—and prints out
results in required units.

It’s an all-purpose automatic
titrator.

Plug in the Mettler RT40 Sample
Transport peripheral and you can
do a series of up to 16 samples.
The RT40 can accept and store

All the titration capability
you need. The Mettler
DL40ORC MemoTitrator.

up to 50 sample weights from a
connected balance

It’s a Karl Fischer titrator.

The DL40RC has improved soft-
ware to handle the new two-
component titrants. Dual titration
heads allow you to work more
efficiently by switching from one
head to the other.

It's a nitrogenand proteinanalyzer.
You can connectaKjeldahl/ Nitrogen
Analyzer to the DL40RC to quickly

determine percent nitrogen or protein.

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

0O Send me complete informationon
the new DL40RC MemoTitrator.
0Old like a demonstration
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Figure 1. Role of analytical chemistry in public health protection

able. Additionally, legislative pro-

cesses place a considerable burden on

analytical chemlstry by continual ref-
and

tions cannot be validated by interlab-
oratory testing. Apart from the delay
in gaining official method status, the

ive

erence to “no resid ipprop i- cost of ing such a collab

ate methods of emmlmlmn " Such study can be prohibitive. However, the
have forced i tive tech-  prevailing attitude that trace analyses

nologwal advancements, but at in- are more expensive (2) due to the ad-

creased costs. Use of advanced tech ditional analytical testing needed to

nology, such as gas ch reliability data must be bal-

mass spectrometry (GC/MS) with var- anced by a counter argument. More

ious modes of ionization, has proved
highly successful. Trace analysis has
thus involved higher levels of analyti-
cal expertise and higher instrumental
costs (Table I1I).

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

sophisticated instrumentation is usu-
ally necessary to implement trace
analysis, but the high degree of speci-
ficity provided by such instrumenta-
tion should be sufficient to maintain
an acceptable degree of reliability.
Moreover, the apparent decrease in
accuracy and precision at the ppm,
ppb, and ppt levels should be tolerat-
ed by viewing the acquired data with a
different set of guidelines from that
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tly foved for valldated
methods.

Pr Is for Acceptabl
Analyilcalbala

The situation most frequently en-
countered in the real world is reflected
in management's expectations that
the analytical chemist can respond to
an diate need by developing
methodology to quanuwlo trace con-
taminants of interest. Usually no offi-
cial methods exist or, if they do, the
limit of detection is frequently insuffi-
cient. In the formulation of this set of
proposed criteria, attention was paid
to the main elements leading to gener-
al acceptance of data generated by a
method:
specificity,
stability and recovery data,
linearity of technique,
variability,
blanks,
limit of detection,
limit of quantitation,
interferences,
the analyst factor, and
the laboratory environment.

The following guidelines are offered
as a proposal in an attempt to provide
a uniform acceptable approach in the
design of nonofficial methods for trace
analysis.

» Analytical techniques employed
should be well established in the labo-
ratory performing the trace analysis.

« A calibration curve should address
at least three different concentrations
about the measurement range with at
least three measurements at each con-
centration to provide a coefficient of
correlation no less than 0.94. (As a
general principle, it is preferable to
perform more measurements at the
lower levels and fewer at the higher
concentrations.) The concentration
range covered must include one order
of magnitude above the expected trace
level and one order of magnitude
below the trace level or at the limit of
quantitation, whichever is greater.

« Stability and recovery experiments
should be conducted in the matrix in-
volved with a minimum of two dupli-
cate spikes, i.e., at the level found and
one-tenth of the level found or at the
limit of quantitation, whichever is
greater.

« Determination of the limit of detec-
tion of the method should be per-
formed [signal-to-noise (S/N) no less
than 3:1).

« Determination of the limit of quan-
titation of the method in the matrix
used should be performed (S/N no less
than 10:1).

o A blank in the matrix under study
should be performed at the level
found and at the noise level. If possi-




Anions in
Mineral Water
1.(

Cations
in Beer

Organic Acids
in Glyoxal

1 Oxal

4. Form

These chromatograms dramati-
cally show the potential of lon
Chromatography for rapid, high-
sensitivity analysis of ions in -
complex matrices.

Wescan's single-column ap-
proach to lon Chromatography
goes beyond conventional IC to
provide unprecedented savings
in both initial investment and
operating cost.

Let us send you the facts.

WIEISSIG/ANN

lon Chromatography. . .
e single-column way

Wescan Instruments, Inc.

3018 Scott Blvd.

Santa Clara, CA 95050

(408) 727-3519
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ble, the matrix should be free of the
analyte being determined.
 Specificity of identification (confir-
mation) of the measured analyte
should be provided by an alternate de-
terminative step where possible, e.g.,
NMR, IR, or GC/MS. GC/MS pro-
vides the least ambiguous confirma-
tion.

Such a set of guidelines would en-
sure a priori acceptance by the analyt-
ical community for only those cases
where time was of the essence in re-
sponding to a contamination problem.
Often it is a disparity between govern-
ment, state, and industrial laborato-
ries that causes major hurdles in
reaching a consensus. While these pro-
posed guidelines would not directly
answer questions regarding absolute
reliability, a quality assurance pro-
gram conducted at the data-gathering
laboratory site should help give credi-
bility to the developed method, partic-
ularly if certified standards from NBS
are employed. The role of NBS as an
interested first party rather than the
repeatedly referred to “disinterested
third party” in the determination of
trace organics in various matrices
would be a step in the right direction.

The emphasis of this proposal cen-
ters on “acceptability” rather than
method “validation™ (3). Relaxing the
strict standards imposed by a round-
robin situation is essential to under-
standing the role analytical chemistry
must play in trace analysis for public
purposes. For the record, it is clearly
understood that other considerations
beyond the scientific data are some-
times included in the decision-making
process, and these guidelines should
not be construed so as to interfere
with legal, economic, and political as-
pects of contamination cases under
scrutiny. However, the savings in time
and laboratory personnel to be gained
by adoption of sound yet flexible ac-
ceptance guidelines would instill
greater confidence in the analytical
community and prevent protracted
discussions leading to misunderstand-
ing, confusion, and delayed consumer
protection.

Disclaimer

The views expressed are those of
the authors and do not necessarily re-
flect the policy of the U.S. Food and
Drug Administration.
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For Strength,
Durability,
Inertness and
Reproducibility
Use the New
GLT Packed Column
From SGE

The New GLT *
Packed Column Has It All

STRENGTH The GLT Columnis
protected by a sleeve of stainless
steel which aliows the borosilicate
glass lining to stand up to the
toughest laboratory conditions
DURABILITY The GLT effec-
tively eliminates the problem of col-
umn fragility without sacrificing
inertness
REPRODUCIBILITY Through
the use of consistent column pack-
Ing techniques and rigorous quality
control procedures, a high degree
of column to column reproducibility
IS insured
INERTNESS The GLT exhibits
extremely high levels of inertness
from batch to batch at alevel
which is equal to the best all glass
column

For the complete GLT story con-
tact your nearest SGE sales office

SOE

German (BRD) Sales Office:
Soentic Glass Enginesnng GmoH
Fichtenweg 15

0-6108 Weder
Tel (06150) 40662
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Circle 27 on the reader service card
for a FREE demonstration on
Bausch & Lomb Spectrophotometers.

Spectrophotometers of practical excellence

Select from three superior instruments. SPECTRONIC* 70 and 88

provide gth ranges from 325-925nm
and 8nm spectral slitwidths. SPECTRONIC 710 has 200-1000nm
wavelength range, 2nm spectral slitwidth. All accept test tubes.
multiple rectangular cuvettes, long-path cells. Accessory flow-thru

710

cell fits 88,710. 70. big meter, only two operating controls 88: meter read-
outlinear in %7, C. ond 2 ranges of A 710. digital readout, simple calibro-
tion controls, FACTOR SET butfon to check reagent quality and instrument
setup. GAIN switch for seleciable sensitivity

SPECTRONIC 21-the value line of spectrophotometers

DV '_J

IR — s ]

Choose the best model for you and your budget: « Model MV-meter
readout, visible range « Model DV-digital readout, visible range
Mode!l UVD-digital reodout, UV-visible range. Visible range models
cover 340 to 1000nm. UVD covers 200 to 1000nm. All provide
narrow 10nm spectral slitwidth. MV displays linear %T, nonlinear A

uvD

Digital models offer direct readout in %T. A and C-plus feature to
check reagent quality and Acces-
sory sample compartment permits muitiple cuvette and long-path
festing

_@a"'j

SPECTRONIC 20, the world's mos! widely used spectrophotometer

Over 100,000 sold. Simple, easy-to-use, 340-960nm range. 20nm
spectral slitwidth.

LIQUICELL™ colored som-

ples without dilution LIQUICELL replaces standard SPECTRONIC 21

sample compartment. Consists of short-path flowcell ond dio-

phragm pump.

A

SPECTRONIC 20 LIQUICELL™ Sampling SPECTRONIC 2000 UV-vis
Accessory double-beam scanning
spectrophotometer
S ;

kinetics. Prints test porameters ofter each run Printer/recoraer
combination enables operator 10 easily, accurately interpret scans
and test Printed ond
oudible srgnals advise of invalid or error
conditions. Digital display lets the operator see dato as it is entered
Accessory p-c board contains kinetics, repeat scan, multiple wave-
length-analysis programs. RS-232-C-compatible computer interface
Yy permits 2-way digital communication/control with exter-

SPECTRONIC 2000 UV-vis double-beam
tometer reads in T, A C, 1st and 2nd derivative Mlcroproe&ssor
performs routine tasks under control of operator. Built-in programs
ore easily fied by op to festing. LED displays,
bum in printer and two 1ypes of chort recorders provide full variety of

Wide of avail-
i ic flowcell for

pl

able,

nal devices

For a free demonstration, call 800-828-6967, or in New York State, call
(716) 338-8423. Or write Bausch & Lomb, Instruments & Systems Divi-
sion, P.0. Box 3807, Rochester, New York 14610.

BAUSCH & LOMB (@)

26008
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American Chemical Society
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your reference shelf by ordering
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the latest ACS specifications.
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items appear for the first ime in this
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three solvents especially controlled
for use in the analysis of pesticides
Other important new features in-
cluded in this new edition are assay
limits and tests which have been es-
tablished to define most of the hy-
drates for which monographs cur-
rently exist. The section on Defini-
tions. Procedures. and Standards
has also been extensively expanded
to include many of the general pro-
cedures used in monograph tests.

Future supplements will be sent free
to purchasers of this book.

MEDICAL/HOSPITAL
Primary tield of work: O C. Research/Development CONTENTS
O A. Energy O D. Clinical/Diaghostic Preface
Q & Environmenta sl D s, Procedures, and Standards
Oo. m“““‘ odetries O F. Regulate/Investigate Interpretation of Requ.rements
O E. Forensic/Narcotic °°""G ‘g"u"',“’f:j"‘;" i Precautions for Tests
8 F. Buotechriology 8 o Tescwick R General Directions and Procedures
. Metals
B :‘ g;"”;""““ ll__v;ocrmnmncousuumc Eeag‘em‘%olybons
. ps/Cleaners
8 J. Paint/Costing/ink O J- Analysis/Testing Solid Reagent Mixtures
K. Electrical/Electronic
O L. Instrument Dev./Des CIMCLE 314 FOR Specifications
O M. Plastic/Polymer/Rub SUBSCRIPTION Index
ON. Agricultural/Food FORM TO
Q 2. goa:méht‘:mgm?u AMALYTICAL 612 pages (1981) Clothbound $60.00
LT e Loemicels.  CHREEIRY LC 81-8111 ISBN 0-8412-0560-4
NAME: SO S
§ Order from:
TITLE: SIS Dept. Box 67
FIRM: Soclety
STREET: 1155 Nlmmh‘Sf..z:d:l‘.
cITY: or CALL TOLL FREE 800-424-6747
STATE: . w and use your credit card.




SEND FOR THIS FREE
BOOKLET WHEN YOU DON’T HAVE
TIME TO EXPERIMENT.

If you're going to
perform chromatog-
raphy, we may be
able to save you time.
It's probably already
been done with Florisil.
Just send for this free
80-page chromato§raphy
bibhograﬁhyfrom loridin.
Find out how Florisil has
been used to solve tough
separation in column or
thin layer chromatography.
The new biinOﬁraphy
includes Florisil's chemical
composition, physical prop-
erties and adsorptiv:tK along
with a lengthy list of ¢
matography procedures
performed 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-1; Three
Penn Center; Pittsburgh,
PA 15235.
Or call: (412) 243-7500.

FLORISIL

EloRidin

A Member of the ITT System
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New Products

RIA System

PEIGZORIACanﬂnglConpmaﬁon

ists of a 16-detector multi-
, 48K RAM prog
microcomputer, floppy disc, video dis-
play, and fast bidirectional line printer.
At 1-min counting time, the system is

well

ehnesprovslonformeﬂmn 10 dif-

ferent RIA data treatments, curve plot-
ting and comparison, statistical quality
control, and 16 different statistical data

treatments. IN/US Service Corp. 424
IR Training Program
The training program IR-101, **Princi-

ples of IR Quantitative Analysis," is
available in either slide—tape or video-
tape format. It describes a systematic
approach to pedormlng quantnatrve

in mea-
wamem erors and their effects on
precision and accuracy. Multicompo-
nent determinations are illustrated with
the lysis of a five-comp mix-
ture. Savant 408

= - - -
Milli-Q HPLC-Grade Water Synom provides organics-free, type | reagent-grade water on de-
mand. Based on elution graphy at both 254- and 214-nm UV detection,
nkmmﬂymhuganumnmbmhdmc-qmwﬂw Designed especially
for critical HPLC, it is also ideal for ion o oven AA sp Yy, and
other critical trace analytical instrumentation. Mlllipovo 403
Organic Base Analysis Column with a simple Isocratic elution, and no

sample preparation is required. Bio-Rad
409

HPLC column, packed with a high-per-
formance anion exchange resin in the
sulfate form, quantitates such fermen-
tation by-products as drugs, aromatic
amines, and alkyl amines. It is used

Rotary Evaporator

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

Electrofocusing

Immobiline System replaces conven-
tional carrier ampholytes with Immobil-
ized pH gradients when buffering
groups are covalently bound to the
backbone of a polyacrylamlde gel.
Electrofocusing can be perfor

in ultranarrow gradients down to as little
as 0.01 pH units/cm. Low power re-
quirements allow gels 4-5 mm thick to
be run for preparation of samples up to
100 mg. LKB 41

MPV-DADS 560 Mi pe P
C with a high

a modern MPv-  Micro-Centrifuge

color. ith 64K RAM plus 48K color RAM,
and 3: k.y.p gdataare  Model 235A Micro-Centrifuge’s angled

dual fioppies, matrix printer, full ASC11

acquired, stored, and displayed in real time; lhomdwuolmlonbmgelnomcolorswm
E. Leitz,

aluminum head accepts up to 16

. Inc. 401 1.5-mL sample tubes directly. A univer-
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VYDAC TP 300 Angstroms =
Spherical Silica based reverse phase

Applications

Polyaromatic hydrocarbons
Vitamins Dz and D3’

Large Peptides

Proteins

Anti-oxidants in plastics
Vitamin A Isomers
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New Products

sal ac motor drives the head directly,
with acceleration to 13 750 rpm in less
than 6 s. The screwdriver speed adjust-
ment permits in-lab calibration (using
an accessory tachometer) to meet fed-
eral requirements. Fisher Scientific Co.

412
Gamma Counter
Auto 5780 pipettor-cor }
system holds up to 66 tip-proof, centri-
and a i of

792 test tubes in sizes from 10 to 16.7
mm diameter and 50 to 100 mm tall.
Featured are the PrioSTAT manual
sample loader and program selectors
attached to cassettes to automatically
call multiuser protocols from the micro-
computer memory when desired. United
Technologies Packard 413

Computer Interface pH Meters

Models 501 and 517 pH meters, which
also measure mV, have parallel BCD
and serial RS232 ports and a large digi-
tal LED panel display. The addressable
serial port can interface up to 10 me-
ters. A software package is offered for
use with the HP Model 86 Microcompu-
ter to implement sampling a series of
meters. Eco Instruments 414

Bioluminescence

Mode! 2055 toxicity analyzer system,
Microtox, is a screening tool to deter-
mine the presence of toxic materials in
a variety of samples that range from
rinse water to hazardous spills. Instru-
ment operation is based on measuring
the influence of toxicants on the light
output of a special strain of lumines-
cent bacteria. Beckman 415

Water Analysis System

Series 952-AD Aqua Analyzer 2 Sys-
tem permits more than 65 of the most
important water tests to be performed
even by untrained personnel. All tests
are based on officially approved proce-
dures. Only small volumes of reagents
are required, and many tests take less
than one minute. Hellige, Inc. 416

Temperature Controller for
Crystal Structure Analysis

Air-Stream System offers a directed air
stream of 1 SCFM controllable over the
range of —85 °C to +100 °C. It is use-
ful for routine crystal structure analysis
since it can be used for specimen tem-
perature control for investigations in
X-ray diffraction, NMR, ESR, optical mi-
croscopy, and IR diffraction. It has a
mechanically refrigerated delivery line

Multiprobe 600

and g Auger

in an optimum configuration. The hear of the instrument is a vemcaﬂy mounted electron optical

column that includes a & cylindri

and integral,

energy
coaxial electron gun. The qm incorporates a high brightness LaB emitter and electromagnetic
focusing. Accelerating voltage is variable from 1 to 25 kV. Perkin-Elmer 405

to permit air delivery to remote loca-
tions up to 10 ft without loss of efficien-
cy. FTS Systems Inc. 417

GPC/SEC Columns

Packed with cross-linked styrene/divi-
nylbenzene gels in both 5- and 10-um
gel sizes, a line of GPC/SEC columns is
available that covers a broad molecular
weight range. These columns are used
extensively to characterize oils, resins,
polymers, rubbers, and polyethylenes
and for quality control of products con-
taining these substances. IBM 418

Dual Trace Oscilloscope

Model 530 Oscilloscope has an accel-
eration potential of 6 kV for bright
traces and a jitterless circuit for a clear
signal. A 6-in.-square CRT with internal
graticule and scale illumination is stan-

dard. An X 10 horizontal-sweep magni-
fier increases the maximum sweep rate
of 20 ns per division. Soltec Corp. 419

UV Source

Enhanced UV source consists of a solar
simulator with a dichroic mirror that se-
lectively reflects the UV radiation and
transmits most of the unwanted visible
and IR radiation. It is available in 300-
and 1000-W versions along with output
beam sizes of 2, 4, 6, and 8 in. square.
Oriel Corp. 420

Variable Wavelength Detector

Model LC-85B UV/VIS Detector for LC
provides reduced LC bandwidth made
possible by a new flow cell design. The
LC bandwidth with an optional 1.4 uL
flow cell is typically only 5 uL. An 8 uL
flow cell is standard. Perkin-Elmer 422

put and double-beam optics

high oF
of the series have holographically ruled gratings

with an ole. The optical

and high itipliers that produce a sp | range from 195-900 nm. A digital
interface gives the P control over the optics, all 1 and displ
1BM 404
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Mead CompuChem®

the nation’s largest, most
experienced gas chromatogra-
phy/mass spectrometry
(GC/MS) laboratory offers you
trace level analysis for:

* Hazardous Waste

« Priority Pollutants

« Toxicology

* Organics In Air

* Quality Control

¢ Product Evaluation

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

Organic and inorganic
analyses are performed on a
variety of matrices and a strict
Quality Assurance Program
ensures the highest quality
data available.

For more information on

how we can meet your specific
analytical requirements, please
call our toll-free number:
1-800-334-8525.
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Detect
Picogram
Level

With the Coulochem ™
Electrochemical Detector

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

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

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

Improved stability with uni-
que patented cell design
which permits rapid equal-
ibration, fast set up, low
maintenance, and superior
reproducibility.

Get all the facts today. Call
(617-2750100) or write for our
new Coulochem brochure
and application notes
describing separations of
interest to you.

@S@ 45 Wiggins Avenue
Bedford, Mass. 01730

7000 Series On-Line Near-IR Equipment
provides precise nondestructive measurement
of such constituents as moisture, protein, oil,
and fiber in intermittent or continuous product
streams. The sensor is positioned on-line and
connected to a control module that can be
located up to 2000 ft away. High liquids, high
oils, and true liquids can be analyzed in true

| transmission with NIR. Pacific Scientitic 402

‘ Nitrogen Analyzer

|
| System 707C Chemiluminescent Ana-
lyzer will determine total nitrogen in

solids, liquids, and gases containing
50 ppb to 5% nitrogen. Analysis time is
1 min for liquids and gases and up to

| 10 min for solids. Antek Instruments,

Inc. 421

1 Chemicals

lodine-125

Sodium iodide- 2%l is ideal for use in
protein iodination procedures. The radio-
purity of this product is >99.9%, and it
contains less than 0.05% '261. Specific
activity is approximately 17 Ci/mg io-
dine with no carrier added. Research
Products International Corp. 425

Soft Agarose

SeaPrep ultralow-gelling/remelt-temp-
erature agarose has been formulated
for cloning murine hybridoma cells,
general cell culture/cell electrophore-
sis, sol electrophoresis/centrifugation,
and embedding medium for single cells
in electron microscopy. Solutions re-
main liquid at room temperature, but
gel when cooled to <15 °C (concentra-
tion dependent). FMC Corp. 427

For more information on listed items,
clircle the appropriate numbers on one
of our Readers’ Service Cards

\ab-in-a-suitcase
lets you...

IDENTIFY 98%
OF THE
MOST
COMMONLY
USED METALS

Identity virtually any alloy
commonly used by man—steels,
nickel alloys, bronzes, aluminum
alloys, plated metal coatings —

with the Koslow #1899 Alloy ID
Kit. You obtain results...

|

| ON SITE. This 104b. lab-in-a-

| suitcase can be carried to the

‘ mill, stockroom, warehouse,
machine shop, QA lab, construc-

| tion site, scrap heap. Anywhere

[ metals are used. You no longer

| have to take your sample to the

| lab. It's now easier to carry the

lab to your work.

QUICKLY. Identification by
chemical spot testing can be
done in less than a minute per
element. On raw stock. Finished
parts. On scrap headed for
recycling. And the results are
positive and unaffected by the
shape, size or physical condi-
tion of the metal.

EASILY. Comprehensive, step-by-
step instructions are easy to
follow. Kit materials are clearly
identified. Even a non-technical
beginner can learn to use the
#1899 Kit in just a few hours.

INEXPENSIVELY. The #1899 con-
tains sufficient materials for
literally hundreds of tests at just
pennies per test. It is the most
cost/effective metal alloy iden-
tification kit available anywhere.

For full details on the versatile
#1899 or any of our specific ID
kits, contact Donna at Koslow
Scientific Company, 75 Gorge
Road, Edgewater, NJ 0702
(201) 941-4484

koslow
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Manufacturers’
Literature

Analyst. June 1982 issue features arti-
cles on X-ray tubes, software, lab XRF,
microanalysis, and industrial systems.
15 pp. Kevex Corp. 430

Autosampler. Booklet describes the
ISIS Autc pler, which

sample introduction for AA or flame
photometers. ISIS can collect fractions
prior to sample transfer and can control
accessory equipment, such as pump,
diluter/dispenser, or valve, for simpie
processing of samples. It holds up to
114 samples in less than ¥, sq ft of
bench space. 7 pp. Isco, Inc.

431

LC Detector. Booklet describes the op-
tical and electronic design features of
the V* variabl length LC d

which extend the deuterium lamp life
over 10 times its factory rating. Front
pane! controls select deuterium or tung-
sten-krypton lamp. 7 pp. Isco, Inc. 432

Lab Automation System. Publication
5953-1623 describes the computer
system capabilities and peripherals
available with the HP 3350 series lab
automation systems. Features such as
expanded rnemory capabilny and sys-

Ludman Parallelism Interferometer.
Brochure describes the Model LPi-
220P, which can interferometrically de-
termine the parallelism and flatness of
two polished surfaces, such as silicon
wafers, germanium windows, and laser
scan mirrors, by a real-time noncontact
method. 4 pp. Space Optics Research
Labs 436

Bio-Radiations. September 1982 issue
features articles on protein assay for
collagen, HPLC fatty acids analysis, a
DNA electro-blot membrane, ion ex-
change sample preparation, and HPLC
theophylline monitoring. 8 pp. Bio-Rad
Labs 438

On-Site Oil Dispersion Monitoring. Ap-
plication note describes the Model 10
field fluorometer for use on small boats
near shore and on larger vessels in-
volved in offshore work. The 12-V dc
fluorometer is fitted with oil detection
accessories. 11 pp. Turner Designs
439

News & Notes for the Analyst. October
1982 issue contains solutions to lab

analysis problems, update of EPA regu-
lations, apf ions, new product infor-

tem security are d
is operational with HP's new covwmet
languages, FORTRAN 77, MACRO/ 1000,
and GRAPHICS/ 1000I1. 12 pp. Hewlett-
Packard 433

Remote-Control Refrigerated Circula-
tors. Bulletin PB-322B describes Mod-
els KTC-2 and KTC-4, which consist of
a solid-state remote-control module
coupled to a modified Lauda K-2/R or
K-4/R refrigerated circulator. 4 pp.
Brinkmann Instruments Co. 434

Na/K Analyzer. Brochure describes the
Model 1020 Na/K Analyzer. Revised
specifications are shown, as well as
new displays. The line- and banery-op-
erated instrument and

mation, time- and money-saving tips,
and features an article concerning 2,2'-
bicinchoninic acid, a compound used in
the determination of trace amounts of
copper in ores, metals, and other sub-
stances. 24 pp. Hach Co. 440

NMR. Brochure discusses a research-
grade FT-NMR System and associated
software from an applications stand-
point. Features such as the operator
console, magnet and probe bl

Catalogs

High-Purity Materials. Catalog lists
over 2300 products and is divided into
four sections: compounds, pure ele-
ments, technical and miscellaneous,
and formula index. 320 pp. Aesar 445

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

Chromatography. Catalog includes col-
umns, phases, and accessories for cap-
illary gas chromatography and LC.

44 pp. Chrompack 448

Gas Standards. Gases and gas mix-
tures are offered in disposable cylin-
ders, glass flasks, and rental cylinders.
Tables provige dimensions and ordering
information. 16 pp. Cryogenic Rare Gas
Labs 449

Scintillation Products. The range of
products described includes liquid scin-
tillators, premixed concemrates  50-
lutes and pr
Incorpovatlon aids, specialty sclntlllalov
d vials, and dards for count-
ers 24 pp. Koch-Light Labs 450

LC. Catalog offers descriptions of LC
supplies, including isocratic and gradi-
ent HPLC systems, columns, precol-
umns, packings, hly\- and low-pres-

and data system are described. 12 pp
Nicolet 441

Multimeters. Brochure describes the
Senes 7000 Digital Multimeters line.
Id models with 3-Y/-digit resolu-

jum in a 100-uL ple of whole
blood, serum, or plasma in 50 s, and in
a 400-uL diluted sample of urine in
65 s. 6 pp. Orion

435

llon. 4-,-digit bench instruments, 5-
Y~digit ATE units, and accessories are
presented with specifications. 20 pp.
Weston Instruments 442
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sure ’ , filters, sy-
ringes, plpels pumps, doleciovs re-
corders, column heaters, and accesso-
ries. 168 pp. Rainin Instrument Co. 454

For more Iinformation on listed items,
clircle the appropriate numbers on one
of our Readers' Service Cards




Howto
switch HPLC
columns
using valves.

Different analyses sornetimes
use different columns. But even
when the same column can
handle more than one kind of
sample, many chemists dedicate
a column to each analysis. This
prolongs column life, reduces
interferences, and eliminates
equilibration delays

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

Send for Tech Note #4

For the well-illustrated tech note,
contact Rheodyne, Inc., PO. Box
996, Cotati, California 94928,
U.S.A. Phone (707) 664-9050.

=
RHEODYNE

THE LC CONNECTION COMPANY
CIRCLE 186 ON READER SERVICE CARD

MCI Automatic Moisture Meter.
Reliable, Fast and Easy.

: * * MITSUBISHI CHEMICAL INDUSTRIES LIMITED

CIRCLE 143 ON READER SERVICE CARD

1983 Intemational
Symposium on

LCEC and Voltammetry
May 15-17, 1983
Indianapolis

with emphasis on trace determinations in
environmental and industrial samples,
pharmaceuticals, mechanistic electrochemistry.
and new technology.

Liquid Chromatography/Electrochemistry
Cyclic Voltammetry and ASV

LCEC Derivatization Techniques

Multiple Electrode Detectors

New Electrode Materials

Chemically Modified Electrodes

Priority Pollutants
Pesticides

Forensic Analysis
Phamaceuticals
Enzyme Activity Assays
Food Additives

for more information write or call:
1983 LCEC Symposium

P.O. Bax 2206

West Lafayette, IN 47906 (USA)
(317) 463-2505
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A/C Interface

Edited by Raymond E. Dessy

Laboratory Information Management Systems:

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

The previous pair of articles in the
A/C INTERFACE series (Anal. Chem.
1982, 54,1167-84 A and 1295-1306 A)

dealt with local area networks (LANSs),

the conduits by which instruments,
computers, and terminals can syner-
gistically interact to channel data
flow. Intimately related to this hard-
ware technology is the software-domi-
nated area of laboratory information
management systems (LIMS). To-
gether they are providing the tools to
harness these data more effectively.
LIMS are the subject of the present
pair of articles. This article is a tutor-
ial dealing with the nature of LIMS,
‘why they are needed, and how they
are implemented. The second article
will feature capsule reports from sev-
eral different types of analytical labo-
ratories, each presenting a different
solution to the LIMS problem.
Information management systems
involve some of the most complex
software in existence. However, there
is no excuse for the poor communica-
tion that exists between the end users
of these systems, the programmers
who create such systems, and the ven-
dors who sell the developed products.
The typical laboratory manager, al-
ready inundated by a flood of data

Part |

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

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

tem is logical and highly structured.
One suspects the obfuscation may be
deliberate. Data General couches its
business-oriented package (CEO) in
terms of storing data electronically in
“folders,” “drawers,” and “‘cabinets.”
Deletion of data is described in terms
of “waste baskets” (material thrown in
them can be recovered) and “shred-
ders” (terminal destruction). The
Xerox STAR video terminal actually
displays replicas of documents, file
folders, and drawers on the users’
“electronic desk top.” It should thus
be possible to describe LIMS concepts
in terms familiar to the analytical
chemist. However, before exploring
that realm, let us become convinced
that we need the technology.

What Does a LIMS Do?

It is possible to list the activities for
which machine assistance would be
useful from the time of sample entry
into the analytical laboratory to the
time of sample release.

Log-in pr bind the sample’s
identity and analysis requirements
with a number that will aid in retriev-
ing information about the sample
(Figure 1). These sample numbers can
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techniques are often among the most
beneficial aspects of an information
management system since identifica-
tion errors are drastically reduced.

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

The data from each analysis, as it is
performed, can be captured electroni-
cally or entered manually from a video
terminal. Computer-generated printed
forms may be provided, each analyst
filling them in and passing them to
terminal operators for entry. Or video
terminals can be made available to an-
alysts for their personal entry of data.
With such manual data entry it is im-
portant that the keystrokes required
be minimal and user-cordial. Video-

0003-2700/82/0351-070A$01.50/0
© 1882 American Chemical Soclety
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Figure 1. Analysis request form for a LIMS

displayed forms with highlighted
areas for data entry locations are one
viable approach (Figure 5). A menu or
list to prompt the operator is another.
Bar-code readers associated with the
intelligent instrument or terminal may
be used to identify the sample. The
analyst and the analysis he or she is
performing can be recorded the same
way, improving the ergonomics.

Range information on normal limits
permits the operator to be alerted if
results are abnormal. The alert can be
overridden if the operator suspects an
unusual sample. Or the procedure may
be rerun if an analytical error is sus-
pected. These editing steps are essen-
tial to keep erroneous data out of the
data base. Once there, it will be almost
impossible to expunge it from the
system.

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

Figure 2. C ) d

The laboratory manager can request
operations information about a sam-
ple at any point while it is being test-
ed. Submission dates and completion
dates are available. This sample track-
ing includes statistical information on
all samples submitted, in-test and
completed, as well as backlog profiles
(Figure 6). Such operational informa-
tion can be broken down into instru-
ment, analysis type, sample type, op-
erator, or any other category that is
meaningful in running the facility.

Although each analysis carries with
it the name of the analyst performing
the test and the instrument used to
carry out the work, it is important to
have one person authorize the release
of the total data set associated with a
single sample. It may be advisable to
resubmit samples when normal ranges
have been exceeded or results from
different analytical methods suggest
further work. It has become common
to include audit trail features in labo-
ratory data management systems that
keep track of what alterations have

label (ad:

from Radian’s SAM)

been made, when, and by whom. This
permits legitimate changes to be
made, but makes it possible to retrace
the alteration steps if legal or scientif-
ic mandates occur.

Many firms have found it inappro-
priate to release fragmented analytical
data (sometimes even to the request-
er). It is too easy to jump to improper
concl s from i pl ly
or to bias future work. Thus the access
control to the various levels of infor-
mation needs to be carefully consid-
ered. Who has access to what data or
information when? Passwords or locks
on data structures can easily define no
access, or read, create, or modify sta-
tus for individual users.

A well-designed system will back up
(record an entire copy of its data) at
appropriate points, so the system can
be restored if failures occur. These
copies should be kept in safe places
away from the computer area. The
most careful installations have backup
copies stored at a different geographi-
cal site.
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Figure 3. Bar-code

A bar-code is a set of thin bars that represent binary ones,

and spaces that binary zeros. A

represent
series of these is used to encode a sample number. Each number is expressed as seven bars and/or

spaces. There are six digits

to the right of a center guard space and six to the left of the

guard space. Digits to the left of center begin with a binary zero and end with a one. To the right of cen-

ter they begin with a one and end with a zero. The bar-code

sequences used 10 express the same char-

mmmwnﬂdmmmnummwm An optical wand may read
attached

from either direction, the

the direction of the movement from the

determining
scanned pattern. The bits are then interpreted as an Arabic number. The last digit to the right is a check
sum to confirm that the other 11 digits have been read correctly. If the calculated value and the read
value for this digit disagree, an error is announced at the reader

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

The most important aspect of a
LIMS is the report generation facili-
ties it provides (Figure 7). Without a
combined LAN/LIMS the analyst is
doomed to become an error-prone, ex-
pensive secretary, copying data from
one place to another. A well-designed
LIMS provides a report program gen-
erator to allow the user to prepare
programs that generate properly for-
maned dala and text. Page headings,

and col data
formatting should be possible with a
short learning curve to master the lan-
guage elements involved. Word pro-
cessing (text preparation) and list pro-
cessing (sort, merge, and select) capa-
bilities are built in. A math package
allows the user to calculate intermedi-
ate and final values from stored raw
data.

Some labs, and all quality assurance

the ofa
hlgher level statistics and graphics

package. This permits the quality as-
surance manager to use data from
splked samples and standards placed
in the analysis stream to evaluate
trends due to instri s

transaction files during the day and
updating overnight. This presumes
that instantaneous access to com-
pleted data is not necessary. Other
laboratories demand concurrent
updates.

« Do you require storage of analytical
results or data? Some laboratories re-
quire raw, or nearly raw, data to be
available at all times. Others require
only condensed information derivable
from the data. The latter reduces stor-
age requirements and search times for
the system. The complexity and cost
of the data management system are
lowered

« Do you need to store procedures or
analyses? Many production facilities
and quality control laboratories need
to store and update the procedures
and tolerances they use for accep- |
tance/release of material. As limits on
incoming or outgoing chemicals or
goods change because of supplier fluc-
tuations, changes in regulations, or in-
ternal conditions, it is vital to keep
track of these and associate the
changes with a lot number.

« Are you involved with production,
quality control, or research and devel-
opment? The production environment
is quite different from the R&D labo-
ratory. In production, preset series of
analyses are performed on batches of

or personnel. With this as a base, de
veloping trends in raw materials, in-
termediates, or products can be ascer-
tained and the statistical results pre-
sented in various graphic styles. Sim-
ple modeling programs aid this goal,
allowing data to be fit to mathemati-
cal models.

What Operations Should Your LIMS
Perform?

All of the above is possible with ex-
isting software packages. Some are in-
expensive and can be used by the in-
terested analytical chemist with mini-
mal training. Others require extensive
hardware, expensive software, and
data management personnel to coordi-
nate activities. The proper choice re-
quires a clear understanding of the
problems. This is where most labora-
tories fail. Some binary-type questions
may help clarify the point:

« Do you need an operations informa-
tion and/or chemical data manage-
ment system? Operations information
deals with sample input, output, and
backlog. It is the information needed
to control the day-to-day operation of
the laboratory. There is no need to
carry analytical data along. This
simplifies the data set involved and
makes searching faster. Since updat-
ing operations management systems is
much faster than adding to chemical
data management systems some LIMS
choose to update the latter by creating
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ples. Often the tests must be con-
ducted repeatedly over long time peri-
ods. Sample entry into the system
may need to be menu driven to match
personnel capabilities. Automatic
prompting is mandatory in time-
scheduled reanalysis. Often the obser-
vations made on samples should be
entered using menu selections to
match the limited spectrum of allowed
entries. The associated retrieval, sta-
tistics, and security elements must be
well developed to meet the demands
that will be made on the system for
fiscal or legal reasons.
« Is detection or prevention of quality
failure important? In some instances
it is enough to detect that a product
has failed. In others it is important to
prevent a failure. Predictive capabili-
ties are much more difficult to build
into a system. They are a goal that will

more

understand the use of compulem and
have access to proper modeling pro-
grams.
o Isit anticipated that changes will
occur in how the data is accessed?
Some data management systems per-
mit only questions of the data that
were envisaged as the data base was
created. Others permit changes. There
are important price/speed tradeoffs as
the flexibility of a system increases.
« Is user cordiality (ease of use) or
system capability important? Unfor-
tunately these features are often in-
versely related.




How To Uncover

The Hidden Costs
Of Chromatography:.

Do you realize how much lower-purity HPLC
solvents might be costing you? Consider
the frequent consequences.

& The cost to repeat separation proce-
dures because of solvent artifacts — this
wastes analytical labor and valuable
instrument time.

& The cost to regenerate a water deacti-
vated column — this causes instrument
“down-time" which requires additional
chromatographs to perform the same
amount of work.

& The cost to wash off a residue-laden
column — the residue decreases column
efficiency.

& The cost of replacing columns, filters
and check valves clogged with particles —
this can increase cost from $200-800.

& The cost of isolating residue from pre-
parative peaks — this may cause additional
intermediary separations to remove
unwanted contaminants.

& The cost of maintaining an additional
inventory of several “grades” of purity
(HPLC, GC, Spectro, etc.) — the quality of
high purity solvents deteriorates while

on a shelf.

& The cost to frequently evaluate the less
uniform solvents — this diverts attention
away from productive analytical time.
Avoid these "“hidden costs™ and time-
consuming effects from using lower purity
solvents. Switch to B&J Brand High Purity
Solvents. Because, when it comes to cost
and performance, there's no comparison.
B&J Brand is your best value.

Sure, less pure solvents might be cheaper.
But why jeopardize your chromatography
results when you use them? In the long
run, lower purity solvents can cost you
more because of their inconsistent quality.
Compare for yourseif. If you're currently
using lower purity HPLC solvents, try the
highest purity solvents — B&J Brand.
You'll notice the difference right away.
Then do this. Figure out your cost-benefit
equation for HPLC chromatography. The
answer will be pure and simple. For lower
costs and better results, it's B&J Brand
High Purity HPLC Solvents.

Write or call today for a free technical
bulletin about B&J Brand High Purity HPLC
Solvents. We'll also send you our distributor
listing so you can conveniently order B&J
Brand Solvents from a distributor near you.

Avoid the hidden costs.
Switch to B&J Brand
High Purity Solvents.

1| BURDICKS
B | JACKSON

LABORATORIES, INC.

CIRCLE 22 ON READER SERVICE CARD
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L #3, Shet2 TayS
ReLrSei2 TS | Fe
Ret. 43, Shett 1, Tay4 | Ca.Cu :
Rl #1,5not2, Tay1 | Po.Cu2n
Ret.#1.Shef2. Tay2 | CuFe2n
Rel.#1,Shelt3 Taya | Mg
1882643000 |  Rel.#2,Shotf 1, Tay1 | Ca.Cu.Pb.Cr
Figure 4. Instrument work list Figure 5. Video-displayed form with highlighted area for data
entry
ANALYSIS REPORT FORM
LAB SAMPLE # NS SUBMITTER  WOLLENBERG
UMS 1D # 1 PROJECT# 5010
CERTIFIED BY PETERSEN PHONESS22 DATE 12282
ANALYSIS ANALYST
AL BERGQUIST
Fe 3 ppm
2n 1 pom
Co 008 ppm
P ISHIHARA
P 12 ppm
B 2  ppm
Cd 05 pom
GoMS NO POLYBROMINATED DUEBALL
BIPHENYL FOUND
LOFLUORES- 12 ppb OF AFLATOXIN THOMPSON
CENCE (B,, B,) FOUND
oH 4.8 USING STANDARD SLURRY. KNIPE
NITRATE NONE DETECTED CONDER

Figure 6. Typical operations report menus (adapted from Per- Figure 7. Chemical data report

kin-Elmer’s LIMS-2000)

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

How Do LIMS Stoie Data?

proach is represented by the video dis-
play screens in Figure 9. The bench
chemist sees data in this format. To
prepare a report of data specifically
related to sample 317-5 the separate
records can be pulled and results

printed page to store and retrieve in-
formation. Samples are submitted
along with a form similar to that
shown in Figure 1. The individual
tests requested produce data with a
structure specific to each method.

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

The concepts in data storage resem-
ble methods traditionally used on the
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Classical data storage involving work
sheets in drawers or cabinets and se-
quenced by analytical method, sample
number, date, or project number is
being replaced by electronic storage
on disk (Figure 8).

How can such data be stored and re-

trieved? Separate records could be
kept for each analysis type. This ap-

. NO. 1, JANUARY 1983

merged. Alternatively, a single file on
a sample could be kept; printing a re-
port would entail pulling only that
sample's file. That seems simpler. But
suppose production asked if data were
available on trends in heavy metal
content, using ICP, for all samples as-
sociated with a certain project. Or
suppose complaints were received



Figure 8. Classical data ge in cabi

Figure 9. Data storage by analysis type

about the turnaround time for all sam-
ples submitted by a certain analyst.
Appropriate structuring of the data is
necessary to answer such questions
and avoid long search times.

When data are stored in simple ta-

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

depending on one’s function as ana-
lyst, lab manager, or lab director. This
approach posed problems in the for-
mative years of data management be-
cause the tables often were not flat.
Instead of each i tion being a
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such relational data bases is currently
' anarea of intense activity. We will re-
~ turn to them later. First, what are the
altemﬁv::lommonly used?

< A

A way
to store data in an ordered manner is
in a dictionary. This consists of the
key words ordered alphabetically.
When you want the data associated
with a key word, you thumb into the
dictionary to the appropriate letter
and scan the list sequentially. The
“Oxford English Dictionary" provides
convenient thumb tabs to expedite
entry into the proper area. Some dic-
tionaries might have a small index to
indicate the pages where first and sec-
ond letters change. These are parti-
tioned sequential access methods
(PSAM) and indexed sequential ac-
cess methods (ISAM) (Figure 11).
They allow you to use sample number
or date to locate the disk area where
pertinent data are stored sequentially.
You go to that location and read se-
quentially until the desired sample is
recovered. If a word needs to be in-

A%

3 et serted or deleted it is necessary to
Figure stored in tables move all of the dictionary entries be-
10 Deta h % yond that location point.
Ordered Index Access. A better

solution involves structuring the data
base in a more complex way at the
simple number or phrase, a complex outset. Indexes can be kept in which

relationship existed. Beginning in the submitters’ names are alphabet-
1970, methods were developed to con-  ized. Next to each name can be an or-
vert such files into flat, two-dimen- dered list of sample numbers submit-
sional charts involving simple rela- ted by him/her, and the location of

tionships. Storage of information in that data on the disk. This ordered

THESAURUS

INFORMATION
COMPUTER DATA
KNOWLEDGE
ENLIGHTENMENT

MANAGEMENT
OPERATION
HANDLING
USE
GUARDIANSHIP

SYSTEM

Figure 12, Ordered index and inverted list
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(a) ATree

(b) APlex

Figure 13. A tree and a plex

index access method involves rewrit-
ing only the index as changes are
made (Figure 12). The main data files
need not be altered. A good analogy is
a three-ring notebook to which pages
of information are added as required.
Appropriate additions are made to an
index. The main file is unordered.
Only the index is ordered.

Inverted List. Multiple ind

have run. We have moved away from
storing data in a way that used a key
word (sample number) to access a file
containing information on project
number, analyst, and results, to a
method that has separate files for each
of these attributes. These separate
files for submitters, project numbers,
and analysts are associated with lists
of 1 bers and disk location

might be involved. These might in-
ciude lists of submitters, their associ-
ated sample numbers, and location of
related data; project numbers and
their iated pl bers; ana-
lysts’ names and the samples they

where analytical results may be found.
A thesaurus is an example of such an
approach (Figure 12). Each word has
associated with it a list of related
words and the location where informa-
tion on them can be found. This meth-

od makes it easy to respond quickly to
questions like: What analyses have
been run by analyst A on project
50107 What samples have been run for
submitter B on project 5010?

This method is called an inverted
list or inverted file approach, since it
reverses the normal procedures. These
systems retrieve information very rap-
idly, but update slowly. As informa-
tion is added to the data system, each
inverted file must be updated appro-
priately.

Trees. The Linnean classification is
a hierarchical approach to classifica-
tion. Each level becomes more specific
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Figure 14. Threaded list

=
AA Service ICP Service Administrative Service |
|
Fe Zn Co PBCd Project # Submitter |
S# s# s# 3
|

R(Co Fe) R(Co - Cd) roject #
Co Fe Co Cd ‘Submitter |
s o S (ForaGivenProect |
|

Projection Join Drvision

What Sample Analyzed What Samples Have What Is the Distribution
by AA Showed Co Been Analyzed by ICP of Sample Submissions for ‘
and Fe Impurities? for Cd and by AA Project #5010? ‘
for Co? 1
]

Figure 15. A relational data base

about the nature of the organism
being identified (Figure 13a). Consid-
er also a geneological tree where only
the male side is presented. Laboratory
data can be handled in tree form
where there is a parent/offspring rela-
tionship between classification ele-
ments. It is easy to add things. Search
times do tend to become long as the
number of levels in the iree grow.
Plex. A genealogical tree in which
both mother and father are consid-
ered, and in which intermarriage/di-
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vorce/remarriage occurs makes the
simple tree more complex. The rela-
tionship is called a plex (Figure 13b).
A laboratory information management
system that stores data in a hierarchi-
cal approch, i.e., project number, sub-
mitter, and sample number, can actu-
ally be a plex since each submitter can
have many projects as a parent. Han-
dling plex structures requires storing
the data in quite a different form,
often invoking a complex set of inter-
nal pointers to thread the data.

NO. 1, JANUARY 1983

Threaded-List Data Storage. An
encyclopedia is a threaded set of data.
Embedded in each entry on a subject
are pointers to other volumes and
subjects that have related data (Figure
14). To find all of the data associated
with a given subject requires begin-
ning at one end and following the
thread. Threads update quickly but
retrieve slowly. Some threads run in
multiple dimensions, forward and
backward, so searches can be in either
direction.

Relational Data Bases. The data
structures described up to this point
allow the user to ask only those ques-
tions of it that were conceived at de-
sign time when the data base was
structured. Relational data bases are
not so constrained. Techniques of re-
lational algebra and calculus have
been developed that make it possible
to create and use such data bases.
These permit the user to imagine the
data to be comprised of flat tables,
and then to join, project, and other-
wise manipulate the tables to produce
the correlations or comparisons need-
ed (Figure 15). These new relations,
often called VIEWS, did not originally
exist; however, they were present as
virtual entities. Once abstracted they
can be manipulated or stored as real
entities. This encourages “what-if?"
type questions. The current imple-
mentations are for large machines or
for use on personal computers. The
former speaks to the interest the pro-
fessional community has in the con-
cept, the latter to the fact that it could
be done on laboratory-sized machines
with proper pressure from the scien-
tific community. Growth in the labo-
ratory area can be expected. It is pos-
sible to take many of the storage
methods previously described and
make them appear “relational-like” to
the user. With such approaches pro-
spective users should investigate the
flexibility of the final system. How re-
lational is a relational-like data base?

Hashing. As the amount of data
grows, another data management
problem develops—managing the in-
dexes to the data. Indexes to data,
often called directories, can appear
like our telephone directories, i.e., or-
dered lists partitioned for sequential
search (Figure 16). Indexes can also
appear as tree-shaped directories. An-
other approach is like the Chinese
telephone directories. Family names
are made up of a series of brush
strokes. This collection is called an
ideogram. The names in the Chinese
directory are arranged by the number
of brush strokes in the ideogram (Fig-
ure 16). It is possible to convert key
words like submitter, project, etc. to
numbers. This is done by a process
called hashing. All alphanumeric ex-
pressions that “hash” to the same



Figure 16. An ordered directory and a
hashed directory

number are stored in a separate area
along with the location on the disk
containing the relevant information.
Hashing is commonly used to speed
up access to information.

Who Supplies LIMS?

A variety of commercial LIMS
packages are available from main-
frame vendors and systems houses.
The view of LIMS presented at the
beginning of this article is actually a
synthesis of various products current-
ly in use in many analytical laborato-
ries: LIMS-2000 (Perkin-Elmer), Sys-
tem-2000 (Intel), CALS/LBMGR and
LBDMS (Computer Inquiries Sys-
tems), IMAGE (Hewlett-Packard),
Datatrieve and MUMPS (Digital
Equipment Corp.), SAM (Radian
Corp.), RS/1 with RDE and Sample
Tracking Options (Bolt, Beranek and
Newman), RDM (Interactive Tech-
nologies), and LABMAN (Spectro-
gram). They variously use simple
trees, inverted files in conjunction
with multiple threaded lists, a tree-
structured ISAM approach, and a
hashed access to a multikeyed tree
structure. Installation costs of these
systems range from $50 000 to
$500 000, but pay-back periods of 18
months are often encountered.

What Should You Expect and
Avoid in a LIMS?

With the fundamentals in place,
what are reasonable expectations for a
LIMS?

« Some prime rules: No more thana
month should be required to b a

Management System
Laboratory
uMs
Section
Managers’
Operations
Data Base

Figure 17. Distributed data management

learn to use the system; response to
moderately complex queries should be
a few mihutes; response to simple
form and status requests should be a
few seconds.

« Elaborate, multilayered log-on pro-
cedures should not be required.

« Repetitive entry of name, analysis
type, and sample ID should not be re-
quired. The manufacturing industry
now uses bar-codes routinely in pro-
duction; so should the laboratory.

« Long queue lines for data entry at a
few terminals must be avoided.

+ Manual data entry should have
good HELP functions available on the
video screens so lhnl recourse to an

ing must be automatic. Many of the
current LIMS fail in these vital areas.
« Since most users will not know what
they want to do with a data system
until they begin to use it, the ability to
implement change quickly and fre-
quently is a necessity. Nonprocedural,
user-cordial languages are available to
permit this feature. Currently we face
a conservatism and a hesitation to ac-
cept this change among computing
center personnel and laboratory in-
strument designers. The language
Nomad (Nauoml CSSS) running on
large rated the
ability to create \ser-dnven software
in env where appli

-]

operating lis not

develop hnbeenhrgelymthout

Some systems provide multiple- Ievel
HELP commands to provide the nov-
ice with detailed eumplm_and experi-

The cl
mvolvmg a long, detailed sp«:lﬁu-
tions study, with early sxgnoﬂ' by the

enced users with brief
« For experienced analysts, alternate
data entry pathways should be avail-
able to avoid repetitive waiting for
menus to be searched for and printed.
« Data should be capable of being se-
lected/deselected for use in statistics
or reports. Entire records should be
pable of being activated/deactivat-
ed. This does not throw data away; it
does allow the scientist to use only ap-
propriate data.
« With a LIMS users should be able
to back out of situations they may
have created that are incorrect. The
system should back itself off from
ions that have locked the sys-

skilled programmer of the system; no
more than a day should be required to

tem, and backup (copying) should be
periodic and ritual. Required archiv-

prospective user and q im-
pl by isolated comp
center 1, must be repl ed b by
amore flexible pllot development/

to these

new hnguages can be overcome with
the simple realization that mainte-
nance costs of a piece of software rise
with time, as does rewriting the appli-
cation in a more easily maintained
language. The slope of the latter is
lower. At the point where the costs of
the systems cross, it is better to switch
rather than fight.

« As LANs develop and it becomes
possible to support distributed data
bases, even greater changes in our use
of the virtual file cabinet will be seen
(Figure 17). Distributed data bases in
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the business sector already exist, e.g.,
Datatrieve. In such networked data
bases it is possible to concatenate rela-
tional requests made on data in the
local computer with other relational
requests that involve data on remote
machines. Only relevant material is
transmitted along the net to the re-
questing unit. Many managers find
the combination of the “what-if?"
capabilities of relational data bases
and the local security of distributed
data management compelling. Intel
has announced an iDIS hardware/soft-
ware system that supports multiple
users enjoying full-function relational
access to System-2000 operating on a
larger computer. Two time-share ven-
dors of production-oriented data man-
agement systems already support
small microcomputers at the individu-
al user sites (General Electric, Com-
share). If true distributed data man-
agement develops in this sector, small-
er labs may find this approach attrac-
tive.

How Do You Implement a LIMS?
With a working vocabulary in hand
how does an analytical chemist go
about implementing a LIMS?
o In-house analysis of the problem
and user preeducation. Time spent
analyzing the informational and psy-
chological needs of users should focus
on the normal flow of laboratory infor-
mation. Laboratory managers' views
of detailed laboratory operation may
be oversimplified or erroneous. The
technicians and section managers
should be heavily consulted. The time
to co-opt user support is at this point,
making the user part of the decision-
making process, or at least aware of
the factors involved. This intimate
contact with the user should continue
during the entire development phase.
Ego-less decisions and solutions that
do not utilize the ability of LIMS to be
centers of power structures are facets
of ful impl ions.
» Turnkey vs. customized. Unless you
are very lucky, or you have a very sim-
ple operations information system in
mind, some customization of an exist-
ing system will be necessary.
o In-house or systems house? Pack-
ages are available that provide in-
house programmers with a set of pow-
erful tools that allow developmem of

ions

time frame. It is posslble to employ a
t house to customize software
for you, developing it in-house or de-
livering and installing the system after
generation elsewhere. Finally, com-
puter vendors will often customize
software for you. In any case, it is es-
sential that some of your personnel
develop expertise in any installed sys-
tem so that your organization is capa-
ble of extending and supporting the

system. As part of any purchase agree-
ment insist on source code for sections
of the system that you have any
thought of altering. Sign nondisclo-
sure agreements if necessary. Where
work is performed by outside person-
nel, it should be made clear initially
what freedom the vendor has to use
the developed software elsewhere.
o Choosing hardware. Although the
ideal installation involves software
that would run on any reasonable ma-
chine, most LIMS will run on only one
type of computer. Datatrieve,
MUMPS, RS/1 (RDE/STO), RDM,
and LABMAN run on Digital Equip-
ment Corporation hardware. LIMS-
2000 runs on Perkin-Elmer Interdata
equipment, IMAGE, CALS/LBMGR,
and LBDMS on Hewlett-Packard sys-
tems, and SAM on Data General com-
puters. Documented assurances that
new generations of hardware will not
engender expensive software relicens-
ing costs are essential. As the data
base grows, it may be necessary to in-
stall not only more disks but different
types of disks, terminals, printers, or
other peripherals. The better informa-
tion management systems are hard-
ware-independent at this level. Anoth-
er important feature to evaluate is
field service support.
o Compatibility. LIMS that run
under standard operating systems
provide many software development
tools that are essential if additions
and modifications are implemented.
Data files created can be accessed by
programs written in other languages,
and the files can be exchanged be-
tween computers relatively easily. For
example, LABMAN and RDM run
under DEC’s RT-11 or RSX-11M op-
erating systems. Some systems houses
provide software front ends or hand-
shakes between traditional data man-
from p ven-
dors and their own LIMS. For exam-
ple, Bolt, Baranek and Newman is de-
veloping access methods to Datatrieve
for RS/1. Where users will be respon-
sible for applications software devel-
opment the drop-off between the pow-
erful data management command lan-
guage and the next level of program-
ming language should be small. Thus,
although RS/1 is written in C to take
advantage of the full power of the
DEC VAX computer, the user sees ei-

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

The area is just maturing. Vendor
interest is high. The informed chemist
has an opportunity and a responsibili-
ty to affect the market place by articu-
late input to prospective vendors. This
tutorial was intended to give the ana-
lytical chemist a vocabulary and phi-
losophy. The next A/C INTERFACE will
contain a series of capsule reports de-
scribing how various chemists have
successfully implemented a laboratory
information management system.

ther the high-level
or a cordial RPL (research program-
ming language). Many scientists
would find a direct, precipitous drop
to languages like FORTRAN, C, or APL
shattering.

o Networking. Networking software
should support communication from
the LIMS host to larger computers.
The LIMS should also support satel-
lite computers for real-time data col-
lection or as ancillary data entry
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A Field unto Itself

General Handbook of On-Line Process
Analyzers. D. J. Huskins. 239 pp. John
Wiley & Sons Inc., 605 Third Ave., New
York, N.Y. 10016. 1982. $84.95
Reviewed by Martin Frant, Foxboro
Analytical, Burlington Center, 78
Blanchard Rd., P.O. Box 435, Bur-
lington, Mass. 01803

The field of on-line analyzers is
quite literally a field unto itself. Most
analytical chemists (and, on i

infrared, colorimetry, X-ray diffrac-
tion, etc.); electrical and magnetic
methods (dielectric constant, ion-se-
lective electrodes, flame ionization an-
alyzers, mass spectrographs, NMR,
etc.); and a separate volume devoted
to on-line gas chromatographs. Clear-
ly, this is a very large field to cover.
The rationale for the choice of ma-
terial for the separate volumes is not
too dw ‘The groupings selected are

some laboratory instrument manufac-
turers) have assumed that to put a
laboratory analytical instrument on-
line requires only a large box into
which the instrument is placed; they
have not recognized that this is an en-
tirely different technical area. It is one
in which most of the instr ts are

as a way of classifying ana-
lyzers, but sometimes lead to
awkwurdneu as welL Thus, flame and

BOd(s_

tersworth: London, 1981; 453 pp.), but
they are nonetheless very informative
and helpful. The chapters are filled
with tables, equations, nomographs,
and typical examples that are practi-
cal and useful. Among the topics cov-
ered in the first volumes are most of
the geneml ones—symbols md graph-

ics, of er-
rors, cahbnuon umplelnndhn; en-
ilabili-

ty, and a variety ofun}yzer case
histories to show how analyzers are
plaeed and used in different processes.

Most analytical chemists have
assumed that to put a laboratory
analytical instrument on-line
requires only a large box

into which the instrument is
placed . . ..

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

The author has undertaken a monu-
menul task in ammpung to write a

handbook of on-line p

nnalyurs—lf 1 may use the term—sin-
gle-handedly. He has divided it into
five smaller volumes: the current vol-
ume, a ¢enoral handbook provnduu
on
quahty-meuunng uutmmenu (con-

flash polnt, diuolved omen. etc.);
optical methods (emission, ultraviolet,

are y, the author clearly
ered in one vulume (electrical), wlule wmu from firsthand experience, and
flame and ion d this vol: should be of value to ev-
are in another (gas chromatography). eryone working in this field. I look for-
On the other hand, electron capture ward to seeing the others.
det. s are in the electrical volume,
not the gas chromatography one. For
readers who want a quick reference to
find out the operating principles or Origins of Clinical Chemistry—The Ev-

the availability of a particular type of
instrument, the organization matters
very little, particularly if they have
bought all of the volumes as they ap-
pear. If, as is suaesud in the first vol-
ume, the book is aimed at the plant in-
strument engi then an

olution of Protein Analysis. Louis Ros-
enfeld. xviii + 356 pp. Academic Press
Inc., 111 Fifth Ave., New York, N.Y.
10003. 1982. $38

Reviewed by Nathan Gochman, Beck-
man Instruments, Inc., Clinical Sys-

tion based on type of sample (aqueous
liquids, gases, solids dissolved in liq-
uids, etc.) might have been more help-
ful, since most plants have one type of
problem or another. The problem of
analyzer selecuon to solve a parucuhr
p has gnized by a

index in the first volume, but
the index only references chnpten and
does not provide much comparative
guidance. Perhaps, more ta-

tems Division, P.O. Box 428, 200
South Kraemer Blvd., Brea, Calif.
92621

We tend to think of clinical chemis-
try as a relatively modern field, with
its “origins™ dating back to the intro-
duction of automated analytical
equipment in the 1950s. However, as
Louis Rosenfeld quickly makes us re-
nlu.e the historical development of

ical chemistry could easily be said

bles could be provided in a subsequent
volume.

The first volume, however, can
stand by itself and will be quite useful
to someone starting out in this field,
or to laboratory analysts who want a

to begin with the study of urine in the
17th century. The relationship be-
tween variations in chemical constitu-
ent concentrations of body fluids and
human health is clearly a centuries-
old endeavor. Rosenfeld’s book, as the

better appreciation of the state of pro- aubude pli u ially directed
eeunnalyurmand the complexity, i is but covers a
ions, and d it wide specu-um of rehted topics. Chap-

The mdmdual chapters m rehnvely ters are included on: colloidal state,

kins covers sample han- oriximoforxa.nic chemistry, Kjeldahl
dling md conditioning in 80-odd in fractionation, color-
pages; for a complete book on the ml.ry. ifuge, el ,‘
same topic, see: “Sampling Systems m. immunochemistry, proteins in
for Process Analyzers”; Cornish, D. C;  urine and cerebrospinal fluid, fibrino-
Jepson, G.; Smurthwaite, M. J.; But- gen, and radioimmunoassay.
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Books

The book is liberally sprinkled with
photographs of pioneer investigators,
historical vignettes, and illustrations
of apparatus—both ancient and mod-
ern. There are extensive references to
the original literature where addition-
al details on particular subjects may
be obtained. The author writes in a
scholarly, but nevertheless enter-
taining manner that makes reading his
book a delightful and informative ex-
perience.

1 would certainly recommend this
book to practitioners of clinical chem-
istry, other chemists interested in pro-
tein analysis, and to undergraduate,
graduate, and medical students inter-
ested in the background of this mod-
ern health discipline.

Books Received

Ch hi and Ex-
traction with Foamed Plastics and
Rubbers. G. J. Moody, J. D. R. Thomas,
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ler, Ed. 326 pp.
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Appllod Electron Spectroscopy for
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Photoacoustic Spectroscopy

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

ﬂectmn and uammmlon spectros-

nitude is linearly dependent on the

copies b the p ic sig-

nal is generaled by the sample and no
phowdetecwr is employed. A sche-
matic of a typical experimental setup
is shown in Flgure 1.

Ph ic pro-
viding these advantages are based on a
single generation sequence involving
optical absorption in the sample under
study, followed by conversion of the
absorbed energy into heat. The subse-
quent heat-induced thermal expan-
sion in the sample and adjacent media
produces a photoacousuc sxgnal when

* The term optoacoustic rather than pho-
toacoustic is favored by some authors to describe
essentially the same phenomenon.

Figure 1. Sch i

of a ph {

Intensity-
Modulated
Beam

the incident beam i y is modu-
lated at a frequency in the acoustic
range. The photoacoustic signal mag-

spectrometer

The actual components used depend on the sample type and spactral range of the measurement

0003-2700/82/0351-089A$01.50/0
© 1982 American Chemical Society

le’s optically absorbing analyte
concentrations over substantial
ranges, provided that proper measure-
ment conditions and data analysis
methods are used, as explained later
in the article.

Two types of pbotoacousuc mea-
sur will be d d here that
are applicable to important sample
classes in chemical analysis. The first
deals with light-scattering solid or
semisolid samples and the second with
weakly absorbing fluids. These mea-

do not the full
range of methods and applications
currently being explored in pho-
toacoustic spectroscopy, but they have
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ic of the one

Figure 2.

ph ic signal g ion

model

The optical power just inside the sample surface and at a depth x is given by P, = (1 — R)P, and P; =

(1= RPee™,

|, respectively.
tional to (1 — RP,ae ™" mwnuwm

portional 10 (1 — RMP,ae 4ot &

Power Absorbed/Unit Length (a.u.)

10¢ 10% 10¢ 102 102 10 ' 10°

Raaiaton Penetration Depth (cm)

Figure 3. Plots of power absorbed per
unit length vs. radiation penetration
depth for « values from two to 2 X 104
em™!

A penetration depth of 10~® cm can be consid-
ered essentially to correspond with the thermal
transfer surtace of the sample shown in Figure 2

received the most attention for analyt-
ical determinations and have reached
a level of development where they are
becoming useful analytical tools for
chemists.

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

The range of photoacoustic signal
linearity as a function of the sample’s
absorption coefficient, «, is deter-
mined in these measurements at low
values of a by the measurement’s
background signal interference, which
is primarily due to spurious pho-
t ic sig ion by radia-

90 A » ANALYTICAL CHEMISTRY, VOL. 55, NO. 1, JANUARY 1983

tion absorbed in cell windows and
walls. Specific methods for controlling
this problem are dictated by the type
of cell involved.

Photoacoustic characterizations of
fluid absorption do not usually involve
measuring samples with high enough
values of « to experience nonlinearity
at the upper end of the absorption
range measured. This is because sam-
ples of interest are weakly absorbing
substances due to an inherent ndvan
tage of ph oustic over t
sion speclroscop) for such samples
(1). This advantage is gained because
the photoacoustic signal scales linear-
ly with « for weakly absorbing sam-
ples and avoids the problem encoun-
tered in transmission spectroscopy of
having to accurately determine a very
small difference between two large sig-
nals in order to calculate a.

In contrast to the situation with
fluids, signal nonlinearity or satura-
tion with more strongly absorbing
sohd samples can be a serious problem
inp oustic s. The
physncal basis for loss of signal sensi-
tivity to increases in a can be under-
stood by studying the signal genera-
tion process with a one-dimensional
model (2) illustrated in Figure 2. The
schematic shows a monochromatic ra-
diation beam of power, P,, incident on
a sample contained in a photoacoustic
cell. The sample’s surface reflectivity,
R, reduces the power just inside the
surface of the sample to a value of
(1 = R)P,. Absorption of radiation
causes an additional reduction at a
depth x in the sample to a value of
(1= R)P,e ==,

The power that can be converted
into heat in layer dx is proportional to
(1 = R)P,ae~2%, resulting in an initial
thermal wave of amplitude AT, due
to absorption of light in the layer pro-
portional to (1 — R)P,ae~*. Ther-
mal waves (3) play an important role
in photoacoustic signal generation be-
cause they transport photon-induced
heat oscillations from their origin
within the sample to the sample sur-
face and hence into the cell gas, where
the acoustic signal is generated and
detected. The amplitude of the ther-
mal wave decays as it propagates to
the thermal transfer surface with a
coefficient, a,. This results in a value
at the surface, AT, proportional to
(1 = R)P,ae~(e*a)x The actual tem-
perature oscillation produced in the
gas is due to thermal waves launched
by all of the light-absorbing lnyern of
the ple within approximatel
thermal diffusion length (given by
1/a,) of the thermal transfer surface.
Thermal waves generated in this re-
gion make the primary heat contribu-
tion to the gas reiative to those gener-
ated deeper in the sample due to the
decay phenomenon.
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Photoacoustic (a.u.) and Transmission (%) Signals

0" 10° 100 107 100 10* 0%

The signals are piotted as a function of sample
icient, a. for various i
of sample and i q Y

Figure 3 is useful in explaining the
important details of the photoacoustic
signal’s dependence on a. It shows
plots of power absorbed per unit
length in the sample as a function of
radiation penetration depth for a
range of a values increasing from 2
cm~! to 2 X 10* em~L. The figure
shows that the absorbed power distri-
bution shifts more into the thermally
active region defined by the thermal
diffusion length as a increases from 2
cm~! to 20 cm~!. The resulting linear
change in photoacoustic signal is
shown in curves 1a (120-Hz modula-
tion frequency) and 1b (1200 Hz) of
Figure 4. An additional increase in
from 20 cm™! to 200 cm~! causes a
similar shift shown in Figure 3 and
signal increases for curves la and 1b.
It is evident, however, that nonlineari-
ty is beginning to appear, especially in
curve la, and this can be qualitatively
explained by noting that the a = 200
cm™! curve in Figure 3 has decayed
significantly at the 120-Hz diffusion
length. This decay reduces the effec-
tiveness of the shift effect in signal
generation. This reduction of effec-
tiveness for redistribution of the ab-
sorbed power becomes more signifi-
cant in going from a = 200 cm™! to
2000 and 20 000 cm™! with full satura-
tion having occurred for both 120- and
1200-Hz signals at the higher a value.

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

Figure 5. Photoacoustic cells

at the Ames Laboratory.
v L NJ.

Cell (a), for samples. was designed and
Applied

Cell d) is by EGAG Prince!

vides a qualitative understanding of
the delay in saturation observed in
Figure 4 for curve 1b relative to la.
Figures 3 and 4 also illustrate the ra-
tionale for using the thermal diffusion
length as the estimate of sampling
depth in photoacoustic measurements.
This consideration is the basis for
photoacoustic depth profiling of mate-
rials having absorption properties that
vary with distance into the sample.
For instance, if the subsurface layer
between the 120- and 1200-Hz diffu-
sion length lines in Figure 4 has an ab-
sorption spectrum different from that
of the material closer to the surface,
the spectrum of the subsurface layer
can be determined by subtracting nor-
malized spectra taken at the 120- and
1200-Hz modulation frequencies.

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

The expression obtained for the
photoacoustic signal magnitude and
phase (relative to the incident beam
waveform) has a rather complicated
form (5) that can be simplified for
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special cases (6-9). The most common
case for “‘as received samples” is when
the sample thickness is considerably
larger than the thermal diffusion
length, 1/a,, and optical decay length,
1/a. In this case signal magnitude,
q1(A), and phase, ¥1()), are given by:

q1(\) = k(1 = R)(P,(N)
-a(N)/a,)(2/((a(N)/a, + 1)?
+ 1) (1)
and
Vi(A) = tan~! (1 + 2a,/a(N)) (2)

where A denotes the wavelength of in-
cident radiation and k& is a constant

Figure 6. Photoacoustic cell for gas
analysis from Burleigh Instruments,
Inc., Fishers, N.Y.
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floppy disc drive, and printer
The is by EDT
tate, Park Royal, London NW 10 7LV, England

depending on thermal and dimension-
al properties of the sample cell and
gas, as well as the microphone sensi-
tivity. Equation 1 was used to calcu-
late curves 1a (1b) with a, = 200 cm~!
(630 cm=1) and R = 0.

The dotted-line linear extensions of
these curves are obtained by combin-
ing Equations 1 and 2 (9) to give:

qu(A) = g1(A) ((cot2(¥1(A)
= 45°) +1)/2)12

which substantially extends the lin-
earity range of the measurement. The
limitation on linearity extension using
Equation 3 is imposed by how accu-
rately the phase, ¥;()), can be deter-
mined. Accuracies of several tenths of
a degree are specified for state-of-the-
art lock-in analyzers, making exten-
sions as shown in Figure 4 realistic. It
is of interest to make a comparison
with the transmission signal, given by
T(A) = (1= R (A))2 e=aV/as, that
would be obtained with a sample
thickness equal to the photoacoustic
sampling depth as defined by the
thermal diffusion length, 1/a, = 1/200
em~! = 0.5 X 10~3 cm. The transmis-
sion signal is given by curve 3a, again
assuming that R = 0. Comparison of
curves la and 3a shows that a spectro-
photometer would have to be able to
measure an optical density (OD) of
approximately five to provide trans-
mission data equivalent to the pho-
toacoustic data of curve 1a. This result
demonstrates the capability of pho-
toacoustic measurements to determine
optical densities beyond the range of
most spectrophotometers and to do so
without the need to prepare thin-sec-
tion samples, which is often imprac-
tical.

Light-scattering effects common to
many samples can be accounted for by
modifying Equations 1 and 2 (9) using
Kubelka's theory for the optical prop-
erties of light-scattering materials
(10). The modification is required be-
cause light scattering causes a higher

3)
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Figure 7. Photoacoustic spectrometer pictured with a Commodore PET computer,

14 Trading Estate Rd., Great Western Trading Es-

intensity and subsequent power ab-
sorption near the illuminated surface
of the sample than is predicted by the
Pye~o* expression used in the model
discussed above. When the modifica-
tion is made, Equations 1 and 2 con-
tain additional reflectance and scat-
tering coefficients (9). Burggraf and
Leyden have demonstrated that the
resulting equations for the pho-
toacoustic signal magnitude and phase
can be used to obtain a linear signal
dependence on a()) that is corrected
for nonlinearity and light-scattering
effects (9).

A second important sample type to
be discussed is the case of samples
that are thin, rather than thick as dis-
cussed above, relative to the optical
and thermal decay lengths. In this
case photoacoustic s
have significant advantages over
transmission and reflection spectros-
copy because they have the potential
of providing, in most cases, a signal
proportional to a()) without depen-
dence on any other optical property,
including scattering coefficients (17).
In contrast, transmission determina-
tions of a(A) based on the expression
T = (1 - R)%~ (I is the sample thick-
ness) are often confounded by scatter-
ing effects or by spectral structure in
the sample’s reflectivity, R, which is
usually not known. Analysis of specu-
lar or diffuse reflectance data to ob-
tain a()) is also subject to difficulties
due to the complicated equations in-
volved and to theoretical and experi-
mental difficulties in dealing with real
samples.

Examples of this type of thin sam-
ple include thin layers of fine particles
or nonspecular films that may origi-
nally exist in this state or that can be
prepared to fit these conditions. For
these samples, the photoacoustic sig-
nal magnitude, g,(}), and phase, ¥,
are given, respectively, by:

q2(A) = kP, (Ma(A)!
- (2b2 + 2ba,l + a,21)-Vz

(4)

NO. 1, JANUARY 1983

and
Va=tan"' (1 = (al + b)/b)  (5)

where [ is the sample thickness and b
is a constant dependent on thermal
properties of the sample and cell gas.
Equations 4 and 5 are derived assum-
ing that the sample is self-supporting
or supported on a low thermal mass
substrate backed by cell gas and that
emol=1-ql.

Curve 2a in Figure 4 is plotted from
Equation 4 with [ = 104 cm, 120-Hz
modulation frequency, and a, = 200
cm™! as in the earlier calculation for a
thick sample (curve 1a). The signal
magnitude is nearly equal to that
shown with curve la below a = 100
cm~" and becomes considerably high-
er above this value due to more effi-
cient transfer of heat into the gas in
this region. The linearity range of
curve 2a can be seen to compare favor-
ably with the linear extension of curve
1a obtained using Equation 3.

Equations 4 and 5 cannot be used in
a manner analogous to the combina-
tion of Equations 1 and 2 to extend
the range of linearity. However, exten-
sion of linearity to higher values of a
can be accomplished by reducingthe
sample thickness, [, for instance, by
grinding finer powders. Curve 2b is
plotted to illustrate how the signal
level changes for a thin sample when it
is supported by a thick rather than
thin transparent substrate. The ad-
vantages of a low thermal mass sub-
strate are evident by comparing curves
2a and 2b. Curve 3b shows the trans-
mission signal behavior for a sample of
the same thickness as that used to cal-
culate curves 2a and 2b. No advantage
is gained by the photoacoustic method
in terms of measuring high optical
densities, but insensitivity to reflec-
tion and scattering effects is highly
significant for determining a()) val-
ues accurately and for maximum spec-
tral contrast since scattering effects
degrade spectra by lowering absorp-
tion peaks and raising valleys (11).

In some cases the physical proper-
ties of the sample or instrumental lim-
itations make it impossible to avoid
signal saturation using the methods
discussed above. It is still possible in
the signal saturation regime with thick
samples to obtain spectral information
of potential analytical value. This in-
formation is similar to that of specular
reflectance spectroscopy due to the
photoacoustic signal's sensitivity in
that case to the reflected beam frac-
tion, R(A). This is because the fraction
of the incident beam in a photoacoust-
ic measurement that enters the sam-
ple and contributes to the signal is
proportional to a factor given by
(1= R), as discussed earlier. This fac-
tor weights the signal under all condi-
tions with thick samples but assumes
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a special significance in the full signal
saturation regime with opaque sam-
ples because then there is no other ex-
plicit optical property term in the
photoacoustic signal expression to ac-
count for signal changes (12). In this
regime, photoacoustic methods can
supply information directly comple-
mentary to that of reflectance (13)
that can also be used to eliminate the
often unwanted signal dependence on
the (1 — R) factor in Equation 1. How-
ever, this will not always be permitted
due to limitations imposed by instru-
mental capabilities and sample prop-
erties.

Instrumentation

Practical photoacoustic measure-
ments have historically depended and
continue to depend to a considerable
degree on instrumental capab:lme;

signal amplitude (the signal is inverse-
ly proportional to chamber volume). A
sensitive (typically 50 mV/Pa) micro-
phone detector is mounted directly in
front of a low-noise preamplifier and
coupled to the chamber in a manner
that provides a nonresonant acoustic
resp over the modulation frequen-
cy range of interest. Signal enhance-
ment via a resonant cell, although ini-
tially thought attractive, is generally
impractical for quantitative measure-
ments because chamber resonance
characteristics depend on properties
of the sample and cell gas. An addi-
tional problem with resonant cells has
been the distortion of signal phase in-
formation that complicates signal pro-
cessing.

Optical design considerations of
particular significance in quantitative
measurements include having dimen-
sions of the incident beam focal spot

The rather d di
placed on mstrumemalmn are due to
inherent characteristics of both the
signal generation process and the dif-
ﬁcult to-handle samples often chosen
for p ic analysis. M e-
ments on condensed substances en-
counter signal-to-noise (S/N) limita-
tions primarily due to impedence mis-
matches at steps in the signal genera-
tion sequence, such as the transfer of
heat at the sample-gas interface. In
the case of fluids, the low absorption
usually involved in measuring dilute
concentrations of interest leads again
to a small fraction of incident power
being converted into signal. For this
reason high-power optical radiation
sources are needed to obtain accept-
able S/N levels. The noise contribu-
tions to the signal must also be care-
fully controlled to best utilize the pho-
toacoustic method. These contribu-
tions are due primarily to light source
instability, acoustic pickup through
the atmosphere and support structure,
and electrical interference.

The three principal instrument

s of a phot ic spec-

uomet.er mclude the light source and

tensity 1 ; the le cell;
and the signal processing and analysis
system. These components have bene-
fited greatly in the last 10 years by in-
corporating new developments such as
low f-number monochromators, Fouri-
er transform spectrometers, lasers,
high-sensitivity microphones, lock-in
analyzers, and other computer-based
signal processing systems. The main
area of instrumentation development
specific to photoacoustic measure-
ments has been concerned with sam-
ple cells and their associated acoustic
detectors.

with 1 cell volume

and controlling the fate of radiation
after it has interacted with the sam-
ple. It is important that this radiation
have minimal secondary interaction
with the chamber walls or the sample
because spurious signals will be pro-
duced that are difficult to interpret.
These effects have been effectively
dealt with by using transparent mate-
rials and appropriate chamber geome-
tries (14).

Other important cell considerations
include means to control the chamber
gas type and purity as well as the op-
vmling temperature and pressure.
When He gas is used in the cell, rather
than air, the signal magnitude is in-
creased by approximately a factor of
two, in most cases due to better ther-
mal coupling properties. Gas purity in
the sample chamber is a particularly
important and often difficult condi-
tion to achieve for IR measurements
because signal generation by radiation
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Figure 8. Source spectra

source and optics. It was ac-

Cells optimized for
on condensed samples have small-vol-
ume chambers for the sample, typical-
ly well under 1 cm?, to enhance the
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atgcm™'

. Spectrum (b) Is the result of ratioing two spectra of the type
shown in (a) to determine the noise level of the FTIR.
1o a straight line). The peak-to-peak noise shown here is well below 1% In the 2000 cm™'

tic cell system (no noise corresponds
region
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Figure 9. Photoacoustic spectra of nitrile plastic samples with different surface

morphologies

from 18, with

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

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

Photoacoustic cells for fluids (15,
16) are designed for low-absorption
gas or liquid samples that fill the sam-
ple chamber volume. The most sensi-
tive measurements on liquids have
been reported in work by Patel and
Tam (15) at Bell Laboratories. They
use pulsed-laser excitation directed

along a cylindrical cell axis. Their lab-
oratory-constructed cell has a cham-
ber of polished stainless steel to re-
duce background absorption and is
closed by quartz windows. The cell
volume for liquids can be considerably
larger (several cm®) than would be ap-
1

lonoomuc eall I‘or gases has ncondy
or g | use with

modulated CW laser excitation. The
cell, pictured in Figure 6, is also of
stainless steel construction and is
evacuated prior to filling. It is not de-
signed to be used in a flow-through
configuration such as might be desir-
able in gas chromatography detection,
but laser intracavity operation has
been demonstrated. This resulted in a
signal enhancement by a factor of 10
due to the additional laser power
available relative to extracavity opera-
tion. Intracavity operation is an im-
portant consideration in terms of gen-
erating signal levels above the noise
background when very low absorption
samples are measured (/7). Unfortu-
nately, it is usually impractical to use
high-power pulsed lasers with gases
because of pmblem\ with signal trans-

ion and microph resp at
high frequencies.

Currently, photoacoustic spectrom-
eters are usually assembled from a va-
riety of commercial and laboratory-
built components with sample cells as
discussed above being the main item
unique to photoacoustic instrumenta-
tion. The one exception known to the
author is the commercial UV-VIS-
near IR spectrometer and computer
system pictured in Figure 7. This
xenon lamp-monochromator-based
unit has a single-beam source-com-
pensated optical system with six se-
lectable modulation frequencies in a
range from 10 to 240 Hz. The instru-
ment is designed with RS232 and
IEEE-488 computer interface options.
Software has been developed by the
manufacturer for instrument control
and data analysis tasks.

Applications

The potential uses of photoacoustic
spectroscopy in chemical analysis en-
a wide range of sample types

propriate for cond d
cause the mg-nal depends, due to an in-
ertial confi effect c to
pulsed excitation, on the laser beam
diameter and detector distance from
the beam axis rather than on cell vol-
ume (15). The detector used in these
measurements is a miniature hydro-
phone located in the chamber wall
with a time response capable of resolv-
ing the excitation response pulse. This
allows spurious photoacoustic back-
ground signals originating from win-
dow and wall absorption to be gated
out by the amplifier. Measurements of
very low absorbance, in the 10-6-10-7
range, have been possible with signal
discrimination. Cells for these mea-
surements are not to the author'’s
knowledge currently commercially
available but the key component, a
miniature hydrophone, can be pur-
chased from several firms (15).

A commercial nonresonant pho-
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that might be associated with the
food, pharmaceutical, coal, semicon-
ductor, and coatings industries, or
with biomedical, envir tal, or
energy research. Most of the activity
in these and other areas falls essential-
ly into two categories—differentiated
by whether or not the application is in
the user or research stage. The first
applications area to be discussed,
FTIR measurements, is from the first
y and has a ber of
cialist users especially in quullumve
analysis, while the second area, chro-
matography applications, is currently
primarily a research area, but has fu-
ture general-user potential.
Photoacoustic mid-IR spectra of
condensed substances are best ob-
tained using an FTIR i mnlrument with
a phot ic cell
the low power available from disper-
sive instruments makes it difficult to
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achieve an acceptable S/N ratio. Pho-
toacoustic cells are available from
FTIR instrument manufacturers and
other companies mentioned in this ar-
ticle. The quality of FTIR results is
most dependent on the sample cell
performance. The FTIR instrument is
usually a secondary factor, provided
that it has (as most do) an incident
beam power in the range of tens of
milliwatts and mirror velocities as low
as approximately 5 X 10~2 cm/s. The
latter implies acceptable optical mod-
ulation frequencies between 50 and
500 Hz in the 400 to 4000 cm™! wave-
number range. Under these conditions
a well-designed cell should give a
source power spectrum and noise per-
formance comparable to that shown in
Figure 8 and allow spectrum acquisi-
tion in several minutes.

Signal saturation is usually less of a
problem in the IR region than in UV
and visible spectroscopy due to char-
acteristically weaker absorption mech-
anisms. This consideration and advan-
tages in certain instances over KBr
pellet, diffuse reflectance, and atten-
uated total reflectance (ATR) meth-
ods have been the basis of interest in
photoacoustic FTIR spectroscopy.
The use of the photoacoustic method
rather than the pellet approach often
prevents problems with ungrindable
samples, grinding artifacts, the Chris-
tiansen effect (18), and light scatter-
ing. Spectra reported by Vidrine of
Nicolet Instruments provide one of
the best examples of the insensitivity
of the photoacoustic method to the
morphology of the sample in qualita-
tive analysis (19). Figure 9, which
shows results of Vidrine's work, is con-
vincing evidence of how easily IR ab-
sorption spectra can be obtained by
the pholoncouslic method withoul the

le pr ion required for pellet
specuoscopy Additional advantages
also can be realized relative to reflec-
tance spectroscopies, especially when
samples have a low diffuse reflectance
component or properties incompatible
for good contact with ATR sampling
surfaces. Figure 10a shows KBr pellet,
photoacoustic, and diffuse reflectance
spectra of Pittsburgh seam coal mea-
sured by Solomon'’s group at Ad-
vanced Fuel Research (20). A pho-
toacoustic spectrum of improved qual-
ity taken at Advanced Fuel Research
with a cell developed at the Ames
Laboratory is shown in Figure 10b.

The bination of ph ti
spectroscopy and chromatography is
attractive because problems with poor
selectivity often inherent in absorp-
tion spectroscopy are reduced by sepa-
ration of constituents. Photoacoustic
quantification of constituents can be
more sensitive or less involved than
conventional chromatographic detec-
tion methods. The first use of pho-

ic
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(a) Comparison of FTIR spectra of a Pittsburgh seam coal obtained by diffuse reflectance, photoacoust-

ic, and KBr peliet methods, reprinted trom

20 with i (®)

of the same coal taken with a celi

toacoustic spectroscopy in chromato-
graphic detection involved gas chro-
matography (21), but more recent ac-
tivity has involved high-performance
liquid (HPLC) and thin layer (TLC)
chromatography.

Sawada's group at the University of
Tokyo has developed a photoacoustic
cell for measurements on HPLC ef-
fluents and compared its performance
to a UV absorption detector for trace
analysis (22). Their cylindrical cell is
similar to Patel and Tam’s cell in that
it has a stainless steel chamber closed
by quartz windows but differs signifi-
cantly in volume, flow-through design,
and excitation mode. The chamber
volume has been reduced to 20 uL for
the chromatographic application and
has inlet and outlet ports for the ef-
fluent flow. It is excited by a 500-mW
CW argon ion laser beam at 488 nm

ped at the Ames L Y

modulated at approximately 4 kHz.
This frequency provides the best S/N
ratio in the presence of acoustic noise
from the HPLC pump. The signal is
detected by a piezoelectric transducer
disk coupled to the side of the cell by
an acoustic window sealed with pla-
tinum foil.

In tests on a group of isomers of
chloro-4-(dimethylamino)azobenzene
(CI-DAAB), photoacoustic detection
sensitivity showed a 25-fold improve-
ment over the UV detector without
compromising chromatogram band-
width or reproducibility. Sawada has
suggested that additional sensitivity
improvements may be possible using
the pulsed excitation approach of
Patel and Tam.

Photoacoustic analysis of thin-layer
chromatograms was initially demon-
strated as a qualitative method (23)
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and more recently for quantitative de-
terminations (9, 24, 25). The method's
capability for spectroscopic analysis of
nonspecular surfaces and surface sen-
sitivity (due to higher efficiency of
heat transfer from the sample’s sur-
face vs. its bulk) are exploited in this
application. Work to date has demon-
strated that measurements can be
made directly on TLC plates or on
material removed from the plate (24).

Additional refinements of the meth-
od to simplify or, in some cases, ini-
tiate quantitative TLC analysis seem
practical. Fishman and Bard at the
University of Texas recently devel-
oped a photoacoustic cell that can be
placed directly on a TLC plate (26).
The cell is excited via a fiber-optic-
linked source with a spectral range
covering the visible and parts of the
UV and near IR.

Conclusion

Photoacoustic spectroscopy has de-
veloped to the stage where it is practi-
cal for general analytical users as a
qualitative mid-IR technique applica-
ble to difficult samples that are in-
compatible with conventional IR
methods. In the context of pho-
toacoustic research, quantitative po-
tential has been demonstrated in some
IR measurements and in other appli-
cations such as chromatography de-
tection. Additional developments in
the areas of instrumentation, sample
preparation/calibration methodology,
and data acquisition and analysis are
necessary to realize the full potential
of the method. Current research in
photoacoustics and related areas is ad-
dressing these needs. For instance,
new theoretical progress on the com-
plex but important problem of pho-
toacoustic signal generation in light-
scattering samples such as powders
will serve as a foundation for im-
proved sample preparation and data
interpretation (9, 11). In the future,
photoacoustic measurements can be
expected to be practical for additional
applications due to the widening spec-
tral range of lasers and the increasing
capability of data analysis routines to
extract more information from spectra
(27).
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analyical

Software and Analytical
Instrumentation

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

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

Raymond Dessy, our contributing editor for A/C INTERFACE. does not
believe that user pirating is a problem for software in PROM (pro-
grammed by the vendor prior to sale) or for software distributed on
magnetic media. Too much specific ancillary hardware is involved, which
is intimately associated with the software, to make user duplication
worth the effort. Furthermore, duplication can be made difficult to
impossible by using encrypting techniques, or by writing special enabling
data in the intersector gaps of disks. Licensing agreements and nondis-
closure agreements signed by the user provide a final legal barrier.

Under the latter conditions, controller and interface vendors will share
printed circuit sch ics with purchasers. It seems reasonable then to
expect instrument vendors to share algorithms with users who want to
be sure that the invisible data treatment being applied is appropriate
to their requirements. Even source codes should be shared where specific
needs warrant it. After all, computer vendors do provide source codes
for many aspects of operating systems when users wish to modify them
for special purposes.

With respect to the commercial competitor, certainly retroengineering
is always possible. However, the time and expense involved are consid-
erable. The distributors of business, personal, and hobby software pro-
tect themselves by the methods mentioned, and then maintain their
competitive edge by developing new generations of products, rather than
compulsively worrying about protecting the last release.

With the increasing computer sophistication of analytical chemists,
deciding which instrument to buy may well hinge on the quality of the
software provided by the manufacturer. This important problem will
be explored more fully in a forthcoming pair of articles in A/C INTER-

%
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Separation of Sulfite, Sulfate, and Thiosulfate by Ion
Chromatography with Gradient Elution

Thomas Sundén,* Mats Lindgren, and Anders Cedergren
of Umea, S-901 87 Ume4, Sweden

Department of Analy Chemistry, L

Darryl D. Siemer

Exxon Nuclear Idaho Company, Inc., P.O. Box 2800, Idaho Falls, Idaho 83401

A simple gradi Isting of a peristaltic pump

a Vitatron two-channel recorder to trace the chromatograms.
Chemicals. All solutions were prepared in doubly deionized

In addition to a nandard hlgh-prassun pump, Is di
The device Is used to make a single-run ion chromatographic
separation of sulfite, sulfate, and thiosulfate In less than 15
min. This separation required a step gradient with 4.8 mM
NaHC0,/4.7 mM Na,CO, as start eluent and 6.9 mM NaH-
C0,/8.6 mM Na,CO, as final eluent when two (4 X 50) mm
Dionex anlon precolumns in series were uud as separator.
The eluent itions were

Ion chromatography (IC) (1) has been shown to be a suitable
analytical technique for determination of sulfur anions such
as sulfite, sulfate, and thiosulfate. One of the major problems
concerned with these analyses is that the retention time for
thiosulfate is unacceptably long when determined under the
same ion chromatography (IC) conditions as for sulfite/sulfate.

Holcombe et al. (2) have reported IC determinations of
these sulfoxy ions, but two separate IC runs with different
eluents for sulfite/sulfate and thiosulfate, respectively, were
required. Trujillo et al. (3) reported on the use of a very short
column with high eluent flow rate to elute thiosulfate in about
4 min. However, this short retention time for S,04%" caused
the other anions present, such as F-, CI, NO,", NO;-, PO %,
and SO* to elute as a single peak. As a consequence, two
separate IC runs are required for the sulfite, sulfate, and
thlosulfale nnalyses Gjerde et al. (4, 5) have shown chro-

g with thiosulfate and sulfate well separated, with
a retention time for thiosulfate of about 12 min. However,
their tabulated retention times for sulfite and sulfate indicate
poor separation of these ions.

The purpose of this paper was to investigate the possibility
of separating sulfite, sulfate, and thiosulfate in an acceptable
time in a single IC run.

EXPERIMENTAL SECTION

Instrumentation. A diagram of the complete ion chroma-
tograph is presented in Figure 1. The system consisted of the
following parts: (1) a Constametric III Pump (Laboratory Data
Control) which delivers the eluent at a constant flow rate t.hrough

the sample loop, the analytical col the suppi
and the conductivity cell; (2) a stepper motor driven penstaltlc
pumpPI(Phamuu:ml“mel"L icals) used to g

in eluenl st.rength the pump speed was com.rolled by a homemade

eep (F.S.G.); (3) a sample injection
valve (Rheodyne 70 10) with 50-, 100-, or 200-uL sample loops;
(4) two plastic (4 X 50) mm anion precolumns (Dionex Corp.,
catalog no. 030825) were coupled in series to serve both as pre-
column and analytical column; (5) a laboratory made (5.7 X 300)
mm glass column packed with Amberlite AG, 100-200 mesh (Serva
AG), in the hydrogen form serves as suppressor column, the
suppressor was regenerated with 0.5 M H,SO,; (6) a Conducto
Cell with Conducto Monitor (LDC) to serve as the detector; (7)

water using reagent grade chemicals. The sulfite standard so-
lutions were prepared from HOCH;SO;Na (98% Aldrich) in order -
to avoid oxidation to sulfate (6).

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

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

To create the gradient, this system uses a peristaltic pump in
addition to the high-pressure liquid chromatography (HPLC)
pump. This peristaltic pump (P-1) is connected to the suction
side of the HPLC pump. When P-1 is off, only eluent A (see
Figure 1) is pumped through the chromatograph. But when P-1
is on, it will force eluent B into a mixing “tee” at the suction side
of the HPLC pump. Therefore, the rate of the two eluents (A/B)
reaching the column will vary depending on the pumping rate
of P-1. Since P-1is driven by a stepper motor its speed depends
only of the driving frequency of the motor.

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

The freq 'y sweep of two main parts, a
ramp generator and a voltage-to-frequency converter. The ramp
generator produces a voltage ramp with adjustable, positive and
negative, slopes. There is also a possibility to hold the output
(and thus the output frequency) at any desired value between
0 and +5 V dc.

The circuit di of the
in Figure 2.

is shown

'y sweep g

RESULTS AND DISCUSSION

The Gradient System. The initial aim of this work was
to make a gradient elution with no base line shift. This is
achieved by starting the gradient with hydrogen carbonate
and finishing it with carbonate of the same molar concen-
tration. By this procedure the carbonic acid concentration
in the detector should be constant during the whole gradient
run. Figure 3 shows a gradient, with 5 mM NaHCO; as eluent
A (see Figure 1) and 5 mM Na,CO; as eluent B, as it appears
on top of the separator column. The line below is the detector
base line. The disturbances in the base line, which originate
from the separator column, are positive and negative carbonate
peaks (humps). These peaks arise from the variations in the
ionic strength, for example, when the eluent is changed from
5 mM hydrogen carbonate to 5 mM carbonate. The double
negatively charged carbonate ion causes a temporary increase
in the carbonic acid concentration in the detector when two
hydrogen carbonate ions are replaced by one carbonate ion
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Figure 3. (a) Typical gradient as it appears on top of the separator
column and (b) detector response during the gradient: eluent A, 5 mM
NaHCO;; eluent B, 5 mM Na,CO;.

at the amino groups in the separator resin. In order to min-
imize base line shift, due to small differences in HCO;7/CO5*
concentrations, special care in making the eluents was nec-
essary. The recommended procedure is described in the
Experimental Section.

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

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

In order to resolve sulfite, sulfnte, and thloeulfate ln a
reasonable time, we had to ab this ini A
much greater change in eluent ionic strength durmg the IC
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Figure 4. SO."ehnodwm\(a)smMNnHCO,am (b) 5 mM Na,COy:
flow, 1.4 mL min~'; columns, (4 X 50) + (4 X 250) mm Dionex anion
separators (catalog no. 030825 and 030827) and (5.7 X 300) mm
Amberlite AG suppressor.
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Figure 5. Chromatogram of SO,%", SO,%", and S,04* wllh step gra-
dient and the best eluent composition 1ound by tion:
eluent A, 4.8 mM NaHCO,/4.7 mM Na,CO;; eluent B, 7 2 mM NaH-
€04/9.1 mM Na,CO,.

Table I. Simplex Optimization Facts

variables [NaHCO,] 5, [Na,CO,],, [NaHCO,]g,
[Na,CO,]g

total eluent flow 3.4 mL min™*

eluent B flow? 3.0 mL min™*

separator col 2 Dionex p 1 (4 X 50) mm in

series
suppressor column (5.7 X 300) mm Amberlite AG,
100-200 mesh

sample loop 200 uL
sample 50 ppm SO,? 25 ppm SO}
100 ppm S 0

¢ Peristaltic pump was turned on 3 min after injection.

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

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

Simplex O ion. A fi ion with four
variables was done with the simplex method (7). The variables
were NaHCOj; and Na,COj concentrations in eluent A and
eluent B, respectively. The function to be minimized was the
sum of three terms, namely, the thiosulfate retention time,
an estimate of the separation between sulfite and sulfate, taken
as the distance from the base line to the valley between the
peaks, and an estimate of the separation of the sulfate peak
from the base line shift due to eluent change.

The chromatographic specifications are given in Table 1.
The best result obtained with this formulated function is
shown in Figure 5.
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Although the retention time for thiosulfate is 10 min, the
total time for a full cycle, including restabilization of the base
line with eluent A, is about 15 min. This is mainly due to the
tailing of the thiosulfate peak and to a lesser extent depending
on the restabilization of the base line, which requires ap-
proximately 1 min.

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

‘The use of eluents with concentrations high enough to elute
thiosulfate in about 10-12 min shortens the lifetime of the
suppressor column. To cope with this problem, it is possible
to use two suppressors in parallel, alternatively using one while
regenerating the other. Another possibility is the use of the
hollow fiber suppressor, with continuous regeneration, recently
described by Stevens et al. (8).

Note: Eluent suppression ion chromatography is covered

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

Roy D. Rocklin® and Edward L. Johnson
Dionex Corp., 1228 Titan Way, Sunnyvale, California 94086

Cyanide, sulfide, lodide, and bromide are separated and de-
tected by using lon ch graphy (IC) and

via a silver working The d lon limits
are 2 ppb, 30 ppb, 10 ppb, and 10 ppb, respectively. Cyanide
and sulfide can be determined simultaneoustly, as well as with
other anions commonly determined by IC. Cyanide contained
in Cd and Zn complexes Is quantitatively determined as total
“free” cy , while cyanid d in NI and Cu com-
plexes Is only partially d as “free"” cy The
strongly bound cyanide In Au, Fe, or Co complexes Is not
detected.

Although ion exchange techniques can easily separate
cyanide or sulfide from a host of common anions, their de-
tection via common methods such as conductivity is very poor.
During an IC analysis, the weakly acidic species HCN and H,S
are formed in the anion suppressor column. Unlike the
halogen acids, they are not detected by the conductivity de-
tector due to their low dissociation and, therefore, low con-
ductivity. This inability to detect cyanide and sulfide has
prevented the exploitation of the separating power of ion
chromatography (1) for the determination of these ions.

In all the analytical methods so far developed for cyanide
and sulfide, removing interferences is a necessary first step
when analyzing most samples In addition to interfering with
each other, other species interfering wnh cyanide and sulfide
determination include the hal te, and thio-
nulfnte The traditional wet chemlcal analyucal method for

including the r I of interfi , involves
precxpnat.mg sulfide with cadmium ion, filtering, acidifying,

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

Electrochemical methods for cyanide determination include
amperometry (3-5) and polarography (6). Sulfide can be
determined by cathodic stripping voltammetry (7). The po-
larographic method (6) can determine cyanide or sulfide when
in the presence of the other; however, iodide and thiosulfate
interfere.

Recently Pihlar and Kosta (8, 9) developed an electro-
chemical method for cyanide analysis by using flow injection
analysis (FIA). The method is based on the ability of a silver
working electrode in an amperometric electrochemical flow-
through cell to produce a current. The reaction for cyanide
is

Ag + 2CN- — Ag(CN);” + e~

‘The main conclusions from the work of Philar and Kosta are
as follows:

(1) Current is directly proportional to cyanide ion concen-
tration.

(2) The electrode maintains the same sensitivity over long
periods of time; i.e., it is not poisoned.

0003-2700/83/0355-0004$01.50/0 © 1982 American Chemicai Soclety
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Flguu 1. Diagram of amperometric flow-through cell.

(3) Sulfide interference is still a problem.

Similar reactions occur for sulfide and the halogens; how-
ever, the products are precipitates rather than a soluble
complex.

2Ag + S? — Ag,S + 2¢”
Ag+ X —AgX +e

In this paper, the tesult.s of placmg an ion exchange column
in front of the electroch are p d. Cyanide
and sulfide are separated and thus are determined simulta-
neously. Although bromide and iodide can be determined by
IC with conductivity detection, the use of electrochemical
detection results in greater selectivity as well as increased
sensitivity.

EXPERIMENTAL SECTION

All chromatography was performed on a Dionex System 2010
(P/N 35201) ion chromatograph. Unless otherwise specified, the
sample loop size was 50 uL and the eluent flow rate was 2.5
mL/min. Cyanide and sulfide were separated on an HPIC-AS4
(P/N 35311) anion exchange column using an eluent consisting
of 14.7 mM ethylenediamine, 10 mM NaH,BO, (prepared from
H;BO; and NaOH), and 1.0 mM Na,CO;. The eluent pH is 11.0.
Chromatography of iodide was performed by using an HPIC-AS1
(P/N 30827) column with an eluent consisting of 20 mM NaNO,.
Chromatography of bromide was performed using an HPIC-AS3
(P/N 30985) column with an eluent consisting of 2 mM Na,CO;.

Electrochemical detection was performed with an lon-
Chrom/Amperometric Detector (P/N 35221). The cell (Figure
1) consists of a silver rod working electmde 14 3 cm long X 0.178
cm in diameter, an Ag/AgCl ref d from
the flowing stream by a Nafion cation exchange membrane, and
platinum counterelectrode. (Nafion is a registered trademark of
E. I. du Pont de Nemours & Co.) The cell geometry is based on
one previously reported in the literature (10) The working
electrode was 1 d by h | hing. The
applied potential was 0 V for cyanide nnd sulfide, 0. 20V for iodide,
and 0.30 V for bromide.

Cyanide standard solutions were prepared from a 1000 ppm
NaCN (Mallinkrodt, Paris, KY) stock solution, standardized by
argentometric titration. Sulfide standards were prepared by
diluting 21% (NH,)S (J. T. Baker, Phillipsburg, NJ). K;Fe(CN)s,
K;Co(CN)g, and CuCN were purchased from Alfa Products
(Danvers, MA). K,Zn(CN), and KAu(CN), were purchased from
Pfaltz and Bauer (Stamford, CT). Ni(CN)* was prepared from
NaCN and Ni(CH;CO,), (Matheson, Norwood, OH). Cd(CN)*
was prepared from 1000 ppm solutions of CdCl, (Alfa) and NaCN.
Copper cyanide solutions were d by adding ic
quantities of NaCN to a 1.0 X 10 M CuCN solution.

RESULTS AND DISCUSSION
Applied Potential. anure 2 shows the dependence of
current resp on ial (E,p,). As the potential
is increased from neganve to posmve, the peak height increases
as the diffusion controlled plateau is reached. Beyond this
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Figure 2. Dx of current on E ., for 1 ppm cyanide
(dots), 500 ppb sulfide (triangles), and 5 ppm lodide (squares).

HS

CN

Figure 3. Simultaneous analysis by using electrochemical and con-
ductivity detection. Concentrations are 300 ppb sulfide, S00 ppb
cyanide, 1 ppm fiuoride, 4 ppm chloride, 10 ppm nitrite, 10 ppm
bromide, 25 ppm nitrate, 30 ppm suifite, 25 ppm sulfate, and 50 ppm
phosphate.

potential, peak height decreases as other reactions compete
with the one of interest, probably oxidation of silver to form
an oxide or hydroxide, thus poisoning the electrode surface
(11).

Simultaneous Multianion Analysis. Electrochemical
detection can be used in conjunction with conductivity de-
tection to determine, in a simultaneous analysis, ions de-
tectable by en‘.her melhod Thls is accomplished by placing
the electroch the separator and sup-
pressor columns of the ion chromatograph. The electro-
chemical detector must be placed before the suppressor
column, as the suppressor’s purpose is to lower the conduc-
tivity by decreasing the concentration of the supporting
electrolyte. The separation of a 10 anion standard is shown
in Figure 3. Sulfide, cyanide, bromide, and sulfite are detected
at the silver electrode, while nitrite, nitrate, phosphate, and
sulfate produce no response. Due to the low dissociation of
H,S and HCN following protonation by the suppressor col-
umn, they are not d d by the ductivity d

The major advantage of chromatography over other ana-
lytical methods is its ability to separate interferences. With
one exception, the determination of one of the four ions is not
affected by the presence of the others. For example, a solution
containing 2500 times as much chloride as bromide has little
effect on the determination of bromide (Table I), even though
chloride elutes first. Since E° for the oxidation of Ag to AgCl
is positive of E° for the oxidation of Ag to AgBr, at a potential
just on the diffusion controlled plateau for bromide, the
current response for bromide will be much greater than that
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Table I. Determination of 1 ppm Cyanide in the
Presence of Sulfide

amt of added recovery of

S§*", ppm CN", %, +2%
0 100
0.10 109
1.00 112

10.0 104

Table II. Determination of 400 ppb Bromide in the
Presence of Chloride

amt of added recovery of

Cl, ppm Br', %, + 2%
0 100
10 104
100 100
1000 115¢

2 The 1000 ppm chloride solution contains 50 ppb
bromide, accounting for 12.5% of the 15% excess.

1000ppm CI~

L 50ppb Br~

-

5nA

Figure 4. Determination of 50 ppb bromide in 1000 ppm chioride from
reagent grade NaCl (Baker). A 100-uL sample loop was used.

for chloride. This can be exploited in order to determine small
quantities of bromide in a large excess of chloride; a difficult
process using other methods of analysis due to the similar
chemical properties of the two halides. The determination
of 50 ppb bromide present in 1000 ppm of reagent grade
chloride is shown in Figure 4. The large negative dip following
the chloride peak is caused by the reduction of the AgCl
deposited on the electrode. Since there is no longer chloride
in the solution next to the electrode (as it has all eluted), and
since the applied potential is below the diffusion controlled
plateau, AgCl reduction is favored in order to satisfy the
Nernst equation. A small dip following the bromide peak can
also be seen.

The determination of cyanide is affected by the presence
of sulfide in the sample, as shown in Table II. Since sulfide
elutes before cyanide (Figure 3), cyanide does not interfere
with the analysis of sulfide. The addition of 0.1 ppm sulfide
enhances the cyanide peak by 9%. This effect can be min-
imized or eliminated by using the standard addition method

2
10,000 A £
" ‘4 /

1 10 100 1,000 10,000 100,000
PPB

Flguus log (current) vs. log (concentration) for cyanide (dots), sulfide
( Is] and lodide (sq ).

percent lower than the subsequent injections. This effect is
most pronounced for sulfide, which produces an initial peak
as much as 10% lower than the subsequent peaks. In actual -
use, errors in concentration measurements can be reduced or
eliminated by making two or three injections until the peak
height is reproducible.

Extremely small quantities of sulfide (<20 ppb) also pro-
duce irreproducible peaks, often disappearing entirely. As
this problem is independent of the applied potential and is
not noticed in FIA experiments, it is thought to be caused by
chemical reactions occurring in the column.

It is interesting that the deposition of a layer of Ag,S or
AgX on the working electrode surface does not poison the
electrode, since we have seen no evidence of a decrease in peak
height caused by a build up of silver sulfide or halide. Shimizu,
Aoki, and Osteryoung (12) have noted that the rate of oxi-
dation of a rotated silver disk electrode in the presence of
sulfide is limited by the diffusion of sulfide ions to the elec-
trode, as long as less than 0.08 C cm™ of charge has passed.
This charge, equivalent to about 700 monolayers, is consid-
erably in excess of the integrated current from a 1 ppm sulfide
peak, about 10 C cm™. Cyanide forms a soluble product and
cannot form a layer (13).

Linearity and Sensitivity. Calibration curves for cyanide,
sulfide, and iodide are shown in Figure 5. In general, plots
of the log of peak height as a function of the log of concen-
tration are linear at low concentration. At high concentrations,
an increase in concentration produces a smaller increase in
current as shown by the plateau for each ion. This plateau
(also observed in FIA studies) is caused by uncompensated
resistance in the cell. The upper limit of linearity can be
extended by increasing the applied potential or by decreasing
the size of the injection loop. With a 100-uL injection loop,
the detection limit for cyanide is 2 ppb, for sulfide 30 ppb,
for iodide 10 ppb, and for bromide, 10 ppb. The detection
limits reported here are approximately 2 orders of magnitude
lower than those reported with the use of gold or mercury
working electrodes (5).

Analysis of Metal Cyanide Complexes. The cyanide in
inorganic cyanides can be present as both complexed and free
cyanide. In order to study the chromatography of metal
cyanides, we prepared and assayed solutions of cadmium, zinc,
copper, nickel, gold, iron, and cobalt cyanides. Table III lists
the percentage of total cyanide detected.

The results suggest that the complex cyanides can be

or by hing the cyanide standards as closely as possibl
to the sample. For example, if the sample is known to contain
approximately 100 ppb sulfide, then this amount should be
added to the standards.

Reproducibility. The rep ibility of peak heights for
repeated injections of the four ions is generally 1%, however
the first injection of a series usually produces a peak a few

ped into three gories d ding on the lative
formatnon constant and stablln.y of the complex Category
1 includes the weakly complexed and labile (14) cyanides
Cd(CN) > (log B, = 18. 78) (15) and Zn(CN),* (log 8, = 16.7).
These ly dissociate under the chromato-
graphic conditions used; the cyanide being indistinguishable
from free cyanide.




Table III. P of Total Cyanide in Metal
Complexes Determined as ‘' Free” Cyanide

metal complex log 8¢° %
Cd(CN),*" 18.8 102
Zn(CN),*" 16.7 102
Ni(CN),*" 31.3 81
Cu(CN),>" 30.3 52
Cu(CN),*" 28.6 42
Cu(CN); 24.0 38
Au(CN),; 38.3 0
Fe(CN),*" 42 0
Co(CN),*" 64° 0

@ Formation constants from ref 15. ? From ref 16.

Minutes
Figure 6. Chromatogram of 1.0 X 107° M Cu(CN),*".

Category 2 includes the moderately strong cyanide com-
plexes Ni(CN),* (log 8, = 31.3) and Cu(CN),* (log 8, = 30.3).
Although the complexes are labile, they are retained on the
column and slowly dissociate during the chromatography.
This slow dissociation produces tailing which lasts for several
minutes as the free cyanide elutes and is detected. The
chromatography of Cu(CN),? is shown in Figure 6 and can
be compared to the cyanide peak in Figure 3. As the results
presented in Table III demonstrate, the tailing and the non-
quantitative recovery of cyanide preclude the use of direct
injection to determine total cyanide in samples containing
copper or nickel. These samples may be analyzed after acid
distillation and caustic trapping. The cyanide in the caustic
solution can then be determined by ion chromatography with
electrochemical detection.

Category 3 includes those cyanides which are inert and
therefore totally undissociated, such as Au(CN), (log 8, =
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38.3), Fe(CN)g* (108 ﬂg = 42), and Co(CN)g* (log B = 64) (16).
No free id cted for these Although
these complexes da not elute under the chromatographic
conditions used, they can be eluted and determined by using
different chromatographic conditions and conductivity de-
tection ( 17).

both free ide (or weakly lexed
cynmde) and strongly complexed cyanide can be analyzed for
free cyanide by direct injection. The determination of total
cyanide (both free and strongly complexed) requires distil-
lation of the sample with caustic trapping.
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Dual Electrode Liquid Chromatography Detector for Thiols and

Disulfides

Laura A. Allison and Ronald E. Shoup*
Bioanaly Inc., Re h L

Mwmwmdﬂmmwb using

liquid grap h y (LCEC) with thin-
layer dual mercury amalgam eleclrodu In the serles mode.
After liquid ch p lon of all specles, di-
sulfides were first to un g thiols al an

upstream electrode at -1.0 V vs. AgIAgCI Both thiols and
disulfides were then di d as thiols at +0.15
V via their calalytlc oxldnllon of the mercury nurfaco Only

the t need be i . The
high selectivity of the mercury surface-specific delector re-
action a low probabliity of Cystel

glutathlone, penicillamine, and the pure disulfides were und
as test solut The dual el de detector has been ap-
plicable to the tion of oxidized and reduced gluta-
thione In human blood and cltrus leaf homogenate.

There continues to be wnde interest in the fate of thiols in
various biological and ch 1 For le, in plant
and animal sya'.ems the tnpepude glutathione (y-glutamyl-
cysteinylglycine) is found principally as the reduced form
(GSH), although both disulfides (GSSG or GSSR) and protein
adducts (GSSP) are also important. Due to its ubiquitous
occurrence in nature, physiologists have expended much effort
in studying the function of GSH and its metabolites in cell
biochemistry. Also, sulfhydryl-containing pharmaceuticals
such as captopril and penicillamine are partially metabolized
to disulfides.

While numerous methods for the determination of thiols
have been reported, few have described procedures for the
simultaneous determination of both oxidized and reduced
thiols. One approach (I, 2) is to perform wet chemical steps
in which the thiol and disulfide are separated into fractions,
the disulfide is chemically reduced, and then the thiol content
of each fraction determined colorimetrically via a coupling
reagent such as Ellman’s reagent, 3,3"-dithiobis[6-nitrobenzoic
acid]. The bench chemistry is tedious but reasonably sensitive.
Recently liquid chromatography coupled to postcolumn
mixing has been employed to detect thiols in this manner (3),
and both thiols and disulfides have been detected by using
a two-stage solid-phase postcolumn reactor employing similar
chemistry (4).

Liquid chromatography coupled to amperometric detection
was first proposed for thiols by Rabenstein and Saetre (5),
who used a mercury pool electrode. The detector reaction is
indirect and based on the oxidation of mercury in the presence
of certain species such as thiols, chelons, and halide ions

2RSH + Hg — Hg(SR), + 2H* + 2¢”

The detector may be poised at very low potential, typically
+0.1 V vs. Ag/AgCl, in contrast to the +0.9 to 1.0 V potentials
required for direct oxidation of thiol to the disulfide on a
carbon surface. Bergstrom et al. (6) refined this approach for
the therapeutic agent penicillamine by employing a mercury
film on gold surface (eventually creating an amalgam). They

1205 Kent Avenue, West Lafayette, Indiana 47906

demonstrated sample detection limits of approximately 107

To determine both thiols and disulfides, Rabenstein and
Saetre performed off-line bulk electrolyses of plasma samples
over mercury pool electrodes to convert penicillamine disulfide
to penicillamine (7). Injections were made before and after
electrolysis, and the i in the penicill. peak height
was attributed to the disulfide. Eggli and Asper (8) further
elaborated on this theme by inserting an on-line column
electrode of amalgamated silver particles between the column
and detector to quantitatively reduce disulfides to thiols prior
to entering a mercury pool electrode of Rabenstein’s design.

Our experience with Hg/Au detector electrodes for liquid
chromatography (9) and more recently with multiple electrode
LCEC (10, 11) prompted us to investigate the use of a dual
electrode thin-layer cell for the simultaneous determination
of thiols and disulfides. While similar in philosophy to that
of Eggli and Asper, the proposed cell has very low dead volume
and is ideally suited to high-speed LC separations. Two
mercury film electrodes are utilized, in a series arrangement,
analogous to the scheme devised by MacCrehan and Durst
(12). After the LC separation, the eluate passes over the
upstream electrode, held at -1.0 V vs. Ag/AgCl, to reductively
cleave disulfides to thiols. All thiols, whether present naturally
or as upstream conversion products, are detected conven-
tionally downstream at +0.15 V vs. Ag/AgCl. The upstream
electrode serves as a unique postcolumn reactor of negligible
dead-volume, since the conversion takes place in the thin layer,
on the electrode surface.

In this report, we evaluate the suitability of this detector
configuration for thiols and disulfides. Its application to the
measurement of these compounds in plant tissue and human
blood will be demonstrated.

EXPERIMENTAL SECTION

Apparatus. A Bioanalytical Systems LC-154 liquid chroma-
tograph with tandem LC-4B amperometric controllers was
modified to exclude oxygen from the system. All Teflon tubing
was replaced by stainless steel. The mobile phase was heated to
50 °C for 30 min in a reflux condenser and continuously bubbled
with nitrogen to maintain an oxygen-free atmosphere (13). The
reflux apparatus served as the mobile phase reservoir and re-
mained under positive N, pressure to exclude oxygen at all times.

Both single and dual mercury-gold detectors were used. The
single electrode detector was of the conventional thin-layer am-
perometric design (14), with a single circular gold electrode. The
dual electrode detector cell consisted of two circular gold elec-
trodes, each 3.2 mm in diameter. The electrodes were positioned
in series in the thin-layer flow channel, separated by a distance
of approximately 0.6 mm. The mercury/gold surface was prepared
by placing mercury onto the highly polished gold surface. After
waiting 2-3 min, the excess mercury was removed with the edge
of a card and the surface firmly wiped with a laboratory tissue.
A properly prepared surface should have a dull sheen. Excess
mercury is indicated by reflective region(s) and should be removed
by further smoothing. The auxiliary electrode was directly across
from the working electrode(s), and two TG-5M gaskets (BAS)
defined the thin-layer channel, which was 254 um thick. The
Ag/AgCl reference electrode was positioned downstream in the

0003-2700/83/0355-0008$01.50/0 © 1982 American Chemical Soclety
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Figure 1. Hg/Au electrode response during equilibration of the
amalgam.

conventional manner. The dual LC-4B controllers provided the
equivalent of a four-electrode potentiostat.

For the separations, the mobile phase was generally a com-
bination of 0.10 M monochloroacetate (pH 3.0) and an organic
solvent, usually CH;OH (Mallinckrodt) or CH;CN (Baker,
Resi-Analyzed grade). Specific mixtures will be noted in the text
and captions. A Biophase ODS 5x column (250 X 4.6 mm, BAS)
with a 5 um diameter spherical particle size provided the sepa-
rations. The flow rate was 1.5 mL/mm

Sample extracts were filtered prior to mjecuon with cemn.fugal
Microfilters (BAS) and RC-58
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Table I. Reproducibility of N-Acetyl

Peak Heights
av peak
height, % rel
mobile phase ng/inj. N nA dev
40% CH,CN:60% 200 42 2052 0.6

0.1 M monochloro-
acetate, pH 3.0
5% CH,0H:95% 100 18 89.56 1.5
0.1 M monochloro-
acetate, pH 3.0

E vs Ag/AgCl

12 10 8 6 4 2 o 2 4

GLASSY CARBON
2 RSH—=RSSR + 2H™+ 2¢

Hy/hu

Figure 2. | of N- on both
glassycarbonandﬂg/Auolechodes mobile phase, 85% 0.1 M

pH 3.0/5% @ is the ratio of the peak
current to the limiting current. For glassy carbon, a diffusion-limited

(0.20 pm).

Bulk electrolyses were carried out over a mercury pool electrode
in a conventional dual side-arm electrolysis cell. A Bioanalytical
Systems DCV-5 potentiostat provided potential control and
current output, which was integrated for n values with a prototype
BAS LC-26 integ Cyclic vol ry was carried out with
a CV-1B unit (BAS) and a Hg/Au voltammetry electrode (p/n
MF2014, BAS) prepared as described above. All potentials are
vs. an Ag/AgCl/3 M NaCl reference electrode (p/n MF2020,
BAS).

Reagents. Standards of various thiols and disulfides were
dissolved in 0.1% (w/v) Na,EDTA solution and refri d. For

was not and ¢ was as the ratio of the
peak current to the current response at +1.25 V.

ind dently of the envir of the electrode and no
potentlal need be lied to achieve it, peculation
that a purely physical 1 tion p ibl

Once equilibrated, the reprodumblhty of t.he Hg/Au elec-
trode was evaluated by using N-acetylcysteine as test solute
in two different mobile phases at +0.1 V (Table I). This
expenment was designed to delenmne if a high percentage
of 1 was required to “wash” mercury-thiol
from the electrode surface. From Table I, the

the glutathione (GSH) in blood assay, 20 mg of GSH was dissolved
in 100 mL of Na,EDTA solution (final concentration, 0.67 mM).

Sample Preparation. The assay in blood was as follows: 0.8
mL of 0.1% Na,EDTA solution and 20 uL of fresh blood were
combined in a 5-mL centrifuge tube, causing the erythrocytes to
lyse. At least one snmple was eplked with 20 uL of the 0.67 mM
GSH d. Twok d microliters of 0.2 M HCIO,
was then added, and the tube was vortexed briefly. After standing
10 min to precipitate proteins, the sample was centrifuged for
10 min at 1600g, and the supernatant was decanted into a Mi-
crofilter and centrifuged again prior to injection.

For plant sample preparation, 5 g of fresh citrus leaf tissue was
chopped and homogenized in 75 mL of methanol. The homo-
genate was filtered and extracted with petroleum ether to remove
chlorophyll. Residual petroleum et.her was removed by vacuum
aspiration. For liquid chr exp the homo-
genate was then evaporated to dryness under nitrogen and re-
constituted in an equal volume of mobile phase.

RESULTS AND DISCUSSION

Single Electrode Evaluation. Before dual electrode ex-
periments were attempted, the reliability of a single electrode
thiol determination was established. Thiosalicylic acid and
N-acetylcysteine were used as test solutes. The gold electrode
substrate was polished in stages to a mirrorlike finish with
a 0.5-um al slurry. Following the lication of the
mercury, there is a period of equilibration, during which time
the electrode response is rapidly changing and the electrode
is unsuitable for use (Figure 1). This stabilization occurs

result.s indicate that the electrode was reproducible by using
either high or low solvent concentrations. Average lifetimes
of Au/Hg aurfﬂeee were from 2 to 3 weeks. When resurfacing

dual d in was observed
and the electmde. upon inspection, had a gold tint. Although
additional mercury could be applied directly to the old
amalgam as directed above, the maximum sensitivity was
obtained by freshly polishing the used electrode to expose a
new gold “mirror” prior to amalgamation.

Rigorous deoxygenation of the mobile phase was required
for two (1) dissolved oxygen oxidizes thiols on-col-
umn, leading to poor ducibility, and (2) reduction of
dissolved oxygen causes a high negative residual current. After
deoxygenation, the residual current at +0.1 V was about -10
nA or less. Sample deoxygenation was not attempted or
necessary for single electrode studies.

Although carbon surfaces may be used to oxidize thiols
directly (15), the elimination of several interferences could
be accomplished by operating at much lower potential on
mercury (Figure 2). Substances such as uric acid, plant
phenolics, and ascorbate are not detected by using Hg instead
of glassy carbon.

Voltammetry of RSSR. To utilize the detection of thiols
on a mercury amalgam electrode as an indirect means of
measuring disulfides, we i igated the electrochemistry of
glutathione disulfide. In the dual electrode thin-layer detector,
it was essential to demonstrate that free GSH could be re-
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Figure 3. Cyclic vottammogram of GSSG in 0.1 M monochloroacetate,
pH 3.0, using an Hg/Au electrode: initial potential, 0.0 V; scan rate,
20 mV s'; vertical axis, 2 uA/division.

leased at the upstream electrode for subsequent detection
downstream at +0.15 V as shown above.

The reduction of oxidized glutathione on mercury was re-
cently studied by Sakane et al. (I6); similar studies were
reported earlier (17, 18). A cyclic voltammogram of GSSG
initiated at 0.0 V in the negative direction shows three distinct
reduction peaks (Figure 3). Peaks I and II resemble ad-
sorption waves, while peak I1I is diffusion-controlled. These
results are identical with those of Sakane et al., who suggested
that the first peak represented the reduction of adsorbed
GSSG to free GSH, while the third peak derived from the
reduction of free GSSG to GSH. It is interesting to note that
the second peak at -420 mV eventually disappears upon
subsequent cycles, with a corresponding increase in peak I.

Bulk electrolysis of a 1.6 X 10 M GSSG solution ir the
pH 3.0 buffer at -1.1 V was carried out to identify reaction
products. To detect GSSG as GSH in the dual electrode
scheme, it was necessary to prove that GSH was indeed re-
leased in the process occurring at peak 3. After a 2-h ex-
haustive electrolysis, the GSSG standard was injected into

W, POTENTAL V)

Figure 4. (A) Peak height resp: at

(+0.15
V) as a function of applied potential at upstream electrode. Each point
represents the mean of two Injections, 200 ng of GSSG. ¢ is defined
as in Figure 2. (B) Residual current at upstream mercury/gold electrode
as a function of applied potential.

A w, oFF B won

GSH GSH

i0na

GSSG

e

J—f—_l

4

UL

]

Mnytes
Figure 5. of (+0.15 V) to a standard

solution containing GSH and GSSG and (A) upstream electrode OFF
and (B) upstream electrode ON (-1.0 V): mobile phase, 99% 0.1 M

the LC; only one peak, corresponding to GSH, was d
indicating the formation of free thiol. Integration gave an n
value of 2.09 at -1.1 V, for the process GSSG + 2e™ + 2H*
— 2GSH. Lowering the electrolysis potential to —0.9 V was
inadequate.

Dual Hg Amalgam Detector. The mercury/gold detector
was extended from single to dual electrode for measurement
of disulfides, using GSSG as a model compound. GSSG
standards were injected onto the LCEC system to determine
the optimum operating potential for the upstream electrode.
The downstream electrode potential was fixed at +0.15 V and
the potential of the upstream electrode was changed with each
injection (Figure 4A). It was necessary to set the upstream
electrode potential at =1.0 V or greater, in order to achieve
a maximal level of upstream reduction to the sulfhydryl.
These results are consistent with those of the bulk electrolysis
experiment. The high negative potential required for this
reduction makes direct detectlon of GSSG intractable for trace
determinations, as the residual current b ly
very high (Figure 4B). Reliable measurements could not be
obtained even for high nanomole amounts of GSSG i

pH 3.0/1%

monochlor

formation in a single output for both thiols and disulfides.
Deoxygenation of mobile phase was found to be of even
greater significance with the dual electrode detector. It was
also necessary to deoxygenate samples when lower analyte
concentrations required high gain detection. Evidently, the
extremely high negative potential of the upstream electrode
causes the entire detector to become more sensitive to dis-
solved oxygen effects. Mercury surfaces in the dual mode
demonstrated a usable lifetime dependent on the applied
potential. The upstream electrode, which operated at -1.0
V, usually required resurfacing after about 10 days of oper-
ation. The downstream electrode behaved as the single
electrode, with resurfacing after approximately 3 weeks. It
should be noted that the upstream electrode can be
“rejuvenated” by appling mercury to the old amalgam surface
without repolishing. This is possible due to the fact that the
upstream electrode is strictly used as a generator of detectable
species. Resurfacing of the downstream electrode in this
is not ded, as noise levels may be increased.

Alternatively, at a potential of +0.15 V, the downstream
electrode has a negative residual current of only 0 to 10 nA,
and measurements are easily made. The primary advantage
of the series dual electrode approach is this ability to employ
the upstream electrode as a “generator™ electrode, essentially
ignoring the unwieldy background current and other problems
associated with the high potential. The downstream electrode
is then the “detector” electrode, providing quantitative in-

Linearity of the dual mercury/gold detector was demon-
strated for GSH over the range of 10-800 pmol injected (slope,
108 pA/pmol; y intercept, -2.0 pA; correlation coefficient,
0.9994). GSSG also showed a linear response from 10 to 800
pmol (slope, 38 pA/pmol; y intercept, —0.45 pA; correlation
coefficient, 0.9990). Minimum detectable quantities (S/N of
3) were 3.5 pmol for GSH and 5.7 pmol for GSSG. A single
injection is sufficient to individually measure both thiols and
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Figure 6. D g of citrus leaf hom-
with (A) up: OFF and (B) upstream electrode
ON (~1.0 V). Mobile phase was as given in Figure 5.

disulfides in a given sample, provided that they are chroma-
tographically separated (Figure 5B). Each compound is
detected as free thiol at the downstream electrode, but they
are presented to this electrode resolved in time and are thus
detected separately.

In the course of experiments with the dual detector, it was
observed that the precision of detector response for disulfides
was consistently greater than that for thiols. This phenom-
enon was determined to be a result of adsorption of thiois onto
the upstream mercury surface and was effectively eliminated
by inclusion of a nonretained thiol within each injection. This
thiol “conditions” the upstream mercury surface prior to the
peaks of interest, resulting in reproducible detector

A certain amount of qualitative information is available by
using this detector arrangement. The downstream mercu-
ry/gold electrode at a potential of +0.15 V is extremely
specific, detecting only sulfhydryls, halide and similar ions,
and chelating agents. In addition to this inherent specificity,
the dual detector system provides the option of selecting for
or against disulfide detection. This is illustrated by Figure
5, which shows chromatograms of a standard solution con-
taining GSH and GSSG. When the upstream electrode is on,
both compounds are detected (Figure 5B); only GSH is ob-
served with the upstream electrode off (Figure 5A) Such an
ability can be ad when analyzing a ¢
containing several thiols and disulfides. It represems a rapld
and simple method of qualitatively isolating disulfides from
thiols, further confirming peak assignments and integrity.
Also, the detection of unsymmetrical, or mixed, disulfides
should be feasible with the dual d Although standard:
were not available for verification, an unknown disulfide peak
was observed to appear over time in standard solutions con-
taining both cysteine and glutathione. This disulfide peak
had a retention time different from those of the symmetrical
disulfides of cysteine and glutathione and was probably the
mixed disulfide.

Applications of the Dual Detector. In plants, studies
on the role of GSH and GSSG in temperature hardiness re-
quire measurement of their levels in various tissues. Present
methodology for these determinations requires a considerable
analysis time and effort (19). The filtered citrus leaf homo-
genate is passed through an ion-exchange column to retain
glutathione (both oxidized and reduced forms) and cysteine.
The eluent from this column is divided and separate analyses
are performed for each analyte of interest. Total thiol levels
can be determined colorimetrically with derivatization while
specific GSH and GSSG levels must be measured by using
time-consuming enzymatic methods.
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MNUTES
Figure 7. D of whole blood fitrate,

with upstream electrode ON (-1. 0 V). Mobi!e phase was as given in
Figure 5.

The dual detector is well-suited to this application; recon-
stituted homogenates can be directly injected, Figure 6. GSH
and GSSG in the h were calculated at 6.5 uM and
1.8 uM, respectively. There is evidence in the sample chro-
matogram of at least one disulfide in addition to GSSG, since
the peak eluting prior to GSH is not observed with the up-
stream electrode turned off. The quality of analytical data
provided by this approach is much higher than that obtained
with the more lengthy proced Ch graphic retention
times provide added confidence in peak integrity, and de-
tection limits in preliminary work suggest an improvement
of several orders of magnitude.

GSH and GSSG concentration in human blood can be
readily determined by use of the d The ch
shown (Figure 7) represents a blood sample containing 1.1 mM
GSH and 1.8 uM GSSG. The sample was diluted approxi-
mately 50-fold prior to injection, as GSH levels were known
to be quite high. For determinations of GSSG, it would be
preferable to decrease the dilution volume, producing a more
concentrated sample. The base line disturbance at 4.7 min
occurs in every blood sample; its retention time may be ma-
nipulated by mobile phase variations.

CONCLUSIONS

The series dual mercury/gold detector for liquid chroma-
tography represents a significant improvement in analytical
methodology for the determination of disulfides and thiols.
The simplicity of design and low dead volume make it readily
applicable to existing liquid chromatographic methods.
Sample cleanup can be extremely simple because of the high
degree of specificity inherent in the detector.

Some caution should be exercised in generalizing this de-
tection scheme to all disulfides. Successful detection of a
disulfide at trace levels requires the molecule to und a
facile reduction at the upstream electrode. Factors which may
influence this upstream reaction include diffusion coefficient,
reduction potential, and steric shielding of the disulfide
functionality.

Experimentation is now progressing toward developing
improved chromatographic separations for mixtures of thiols
and disulfides, as well as investigating the detection of dif-
ferent disulfide-containing compounds.
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Addition of Complexing Agents in lon Chromatography for
Separation of Polyvalent Metal lons

Gregory J. Sevenich*® and James S. Fritz
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The scope of lon ch graphy with a y detect:
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metal lons and the lanthanide cati A

anlon Is Incorporated In the eluent which Increases the num-
ber of metal lons that can be separated and improves the
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in recent years and have the advantage of providing sensitive
and “universal” detection of ions in solution. However, the
conductivity detector has not been previously used in ion
chromatography in conjunction with a complexing eluent.

In the present work eluents containing the ethylenedi-
cation and either tartrate or hydroxyisobutyrate

d\upmnolm.olulodpnkl Further selectivity Is obtained
by adding a plexing gent to the ple and then

eluting with an eluent tar-

trate. This hchnlquo provides a upld and hlghly uloctlvo
thod for sep g and ] g

and in pl

Chromatographic methods for the separation of inorganic
cations have tended to be rather time-consuming and often
have not employed automatic detection of eluted peaks. In
1975 Small, Stevens, and Bauman (I) invented a clever
dual-column method for the separation of inorganic cations
that uses a conductivity detector. This system is excellent
for separation of the alkali metal ions and the alkaline earth
cations, but its scope is limited because the hydroxide-form

1 would precipitate most polyvalent metal
cat.lons Fritz, Gjerde, and Becker (2) developed a single-
column method for cation chromatography that uses a con-
ductivity detector and permits the separation of additional
inorganic cations. They established the principle that a de-
crease in conductance, as well as an increase in conductance,
can be used for detection and quantitative estimation of eluted
ions. Other modern methods of inorganic ion-exchange
chromatography have been reviewed in a recent book (3).

Complexing eluents have been used in many published
methods to achieve more selective chromatographic separa-
tions of metal ions, but the presence of a complexing agent
often makes detection of the metal i lons dlft" cult. However,
Elchuk and Cassidy have btained chr

p ion of the lanthanides with a-hyd i yric acnd
using postcolumn derivatization and spectrophotometric de-
tection (4). Conductivity detectors have been improved greatly

as the complexing anion have been used for separation of
polyvalent metal cations. The use of a complexing agent in
the eluent improves the sharpness of separations and broadens
the scope of cation chromatography with a conductivity de-
tector. The eluted metal ions are only partly complexed and
are mostly in solution as cations. As in our previous work (2),
the eluted ions have a lower equivalent conductance than the
eluent cation and thus appear as peaks of lower conductance.
In some cases an additional complexing reagent, such as
EDTA, is added to the sample (but not to the eluent) to
increase the selectivity of the chromatographic separations.

EXPERIMENTAL SECTION

Apparatus. The instrument used was described previously
(2) and consists of a Model 396 Milton Roy minipump, Rheodyne
Model 7010 sample injection valve equipped with a 100-uL sample
loop, a low-capacity cation-exchange column, a Model 213 con-
ductivity detector from Wescan Instruments (Santa Clara, CA),
and a strip chart recorder. All fittings in contact with the eluent
were either Teflon, Kel-F, or stainless steel. The column, detector,
and eluent were each located in a styrofoam-lined cabinet to
minimize temperature effects. All chromatograms were obtained
at room temperature. Flow rates were 0.85 mL/min, flow rates
much higher than this gave pressures approaching the limits of
the fittings.

Cation Exchange Column. The column is of thick-walled
glass and measured 350 mm in length with a 2 mm i.d. The
column was packed with a gel-type resin with a particle size of
20 um. The resin was lightly sulfonated to give a low cation-
exchange capacity. This material was obtained by special order
from Benson Co. (Reno, NE) and was packed by use of a balanced
density slurry method.

Eluents. R grade ethylenediamine was used after re-
distillation. Reagent grade tartaric acid and a-hydroxyisobutyric
acid were used as received. All eluents were prepared in dis-
tilled-deionized water and filtered through a 0.45-um membrane

0003-2700/83/0355-0012801.50/0 © 1982 American Chemical Society



filter before use. The pH of each eluent was adjusted with either
perchlonc acnd or aodlum hydronde. depending on the pH desired.
were preps d from reagem.
gmdesaluand I ‘indistill"‘" ized water. i
for quantitative work were standardized by EDTA titration.
Lanthanide samples were obtained courtesy of J. E. Powell,
Ames Lab y. All lanthanides were i
and were at least 99.95% pure.
Samples Masked with EDTA. Samples were prepared by
mixing appropriate amounts of Mg(II), Ca(II), Sr(Il), and in-
terfering-ion solutions. Enough EDTA was added to completely
mask the excess metal ions. The pH of each solution was mon-
itored and adjusted to be about 3.6 while adding the EDTA. The

usable pH range was about 3.5-4.0. At hlgher pH values Mg(II)
Ca(II), and Sr(II) are significantly lexed with lete loss
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Table I. Adjusted Retention Times (t,') (in Minutes) of
Metal Ions for Constant Ethylenediamine Concentration
(2.0 x 10" M), Constant pH (4.50), and Varied
Tartrate Concentration

tartrate concentration, M x 10°

of the peaks at a pH around 5. At lower pH values the EDTA
precipitates. The solution can be made basic to redissolve the
precipitated EDTA and then reacidified without affecting the
results.

In 1 ining Fe(I1I), hydrol.
above 2.0. However the large formation constant of the iron-
(II1)-EDTA complex permitted a pH of 1.7 without any precip-
itation.

The solutions were diluted to give final concentrations of Mg(II),
Ca(II), and Sr(II) of 1.0 X 10™*. The EDTA concentration was
0.01 M.

Interfering metal ions tested included Al(III), Cu(II), Fe(III),
Ni(II), Pb(II), and Zn(II). Amounts in 1-, 10-, and 100-fold molar
excess were examined. At 1-fold excess no real interference existed
in most cases so this

RESULTS AND DISCUSSION

The system used was similar to that previously described
(2) for the separation of divalent metal cations on a low-ca-
pacity cation-exchange resin with an ethylenediammonium
salt as the eluent, except that a complexing anion was in-
corporated in the eluent to modify the elution behavior of
sample ions. Of several complexing reagents tried, tartrate
was the most successful, although a-hydroxyisobutyrate
(HIBA) was also useful for some separations. With complexing
eluents it was found that better results were obtained with
a resin of so: higher pacity (0.059 me-
quiv/g) than that used in the earlier work (0.017 mequiv/g).

With eluents containing approximately equal molar con-
centrations of ethylenediammonium cation and tartrate anion,
well-formed peaks were obtained for each of the following
metal cations: Ba(II), Ca(Il), Cd(II), Ce(III), Co(II) , Dy(III),
Er(I1I), Eu(Ill), Fe(II), GA(III), Ho(III), La(III), Lu(III),
Mg(1I), Mn(II), Nd(I1I), Ni(II), Pb(1I), Pr(IIT), Sm(III), Sr(II),
Tb(III), Tm(III), Yb(III), and Zn(II). The retention times
varied sufficiently to suggest that good separation of mixtures
would be possible. The retention times decreased with in-
creasing pH owing to the greater complexing ability of tartrate
at higher pH. A ptacncal upper lumt of approxlmntely pH

o y metal
as the oxides ion 0.0 1.0 20 3.0 40 5.0
Mg?* 2.8 29 28 28 29 28
Zn?* 32 26 20 16 15 14
Ni** 34 30 24 20 18 16
Mn** 43 40 3.8 37 36 35
Cd:* 52 50 45 40 4.0 3.7
St 112 11.0 103 97 96 9.1
Pb** 412 127 7.8 57 4.9 4.1
Zn
d at pH values
ﬁ o M
e ‘o Ca
e
2
@
«
o
ration was not d § Ca
5 [
| |
Sr
Pb
|\ Nv'/\
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Figure 1. Separation of Zn(11) (10.3 ppm), Co(II) (9.1 ppm), Mn(11)
(16.0 ppm), CA(11) (16.1 ppm), Ca(ll) (17.1 ppm) (16.0 ppm), and Sr(11)
(20.3 ppm): eluent, 1.5 X 10~ M ethylenediammine, 2.0 X 10°M
tartrate, pH 4.0.

tartrate is present but elutes much more rapidly when tartrate
is added to the eluent.

Separations with Ethylenediammonium Tartrate. By
use of conditions suggested by these preliminary experiments,
several nice separauons of metal ion mixtures were obtained
with eluent: ethylenedi: i um.raua.l"lgm
1 shows the separation of several divalent cations in less than
15 min. The rather difficult separatwn of cadmium(1I) and

(1) is d rated in Figure 2. It is even possible
several of the individual rare earth cations, as

5 was establisk the p ion of ethyl

is incomplete at higher pH values. The lower end of the
practical pH range was found to be approximately pH 3. At
more acidic pH values much of the complexing ability of
tartrate is lost and the detection sensitivity for metal cations
is significantly lower because of the higher background con-
ductance.

Eluents containing ammonium tartrate and no ethylene-
diammonium salt were ineffective for elution of the metal
cations studied. It app that the eluti ism is a
combination of the mass action “pushing” effect of the
ethylenediammonium cation and the weakly complexing or
“pulling” effect of the tartrate anion.

The effect of various ratios of tartrate to ethylenedi-
ammonium ion molar ration was studied. The re-
tention times, shown in Table I decrease as more tartrate is
used in the eluent. The most dramatic changes are in the
elution of lead(II), which is very strongly retained when no

demonst.rated in Figure 3.

Theoretical Considerations. The effect of elution pa-
rameters can be shown more precisely than was done in the
earlier experiments. The cation-exchange equilibrium is
represented by

9M*R, + yE?* = yE*R, + 2M** )

where E2* represents the eluent cation (ethylenediammonium),
M>* represents the sample metal ion, and the subscript on
R represents the number of exchange sites on the resin
by the ion. The selectivity coefficient, Ky, for this reaction
is

Eﬁ‘ | My-f 2

K = (RPN &
[E*P[M"*R,)?

At low loading of sample ion, the resin capacity/2 is ap-
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Figure 2. Separation of 20 ppm Mn(II) and 20 ppm Cd(11). Conditions
are the same as those given In Figure 1.
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69z s B2 2427305 %
ELUTION TIME, MNUTES

Figure Separation of Lu(I11), Tm(III), Ho(I11), GA(I1I), N&(I1I),
Pr(11I), CQ(HI) and La(I1I). All concentrations are 20 ppm except
Pr(I11) (30 ppm): eluent, 2 X 10~ M ethylenediammine, 2 X 10 M
tartrate, pH 4.5.

proximately given by [E*R,]. The capacity factor, k, is equal
to the ratio [M**R,]/[M”*]. Thus the equation can be written
[cap/2)¥
B ettt 2
Ky [E*Pk? @
The adjusted retention time for an eluted peak (t" is equal
to tok, where ¢, is the retention time of a nonsorbed substance.
Substituting ¢/t for k and taking the log of each term gives

log t'=
2 log ( s ) +logty-= log [E*] - 1/2 log K\® (4)

Inel lexing anion such as tartrate,
some of the metal cauon will be in solution as a neutral or
anionic complex. The effect of this complexing on the ex-
change equilibrium can be calculated by methods worked out
primarily by Ringbom (5). We substitute [M’]ay for [M>*]

L s S e B
800L o 20mM rarirate
socr ™ .

C Hed
avef pH:4 5

N W U I S G W R T

Figure 4. Plot of the loga: T time vs. the
logarithm of the eluent for several repi lan-
thanides. Both the pH and the tartrate are held
T e e e S
2mM ethyenedamine
cH=45
s < o
0 LA
2o T2
g : 1 T W S—
180 -1€5 (150 135 -120 -1~
199 @iy
Figure 5. Plot of the logar of the time for several

vs. the logal of the fraction of that same
meml as free metal cations. Both the ethylenediammonium ion con-
centration and the pH are held constant.

in eq 2, where [M’] is the sum of free and complexed metal
in solution and ay is the fraction of the metal in solution that
exists as the free cation. The capacity factor, k, is now the
ratio of [M”*R,] to [M’]. Continuing the derivation as before,
we obtain an equation that is identical with eq 4, but with
an additional term containing ay.

ap
logt’'= 3 logaM+ 2log( 2 )+logto
3 log [E*] - 1/2 log Ky® (5)

The validity of eq 4 was tested by measuring the adjusted
retention times of a number of cations at constant tartrate
and pH but at varying concentrations of ethylenediammonium
cation in the eluent. As shown in Figure 4, linear plots were
obtained. The theoretical slope for a 3+ cation is -1.5, but
the experimental values for the rare earth ions in the figure
were slightly below -1.0. However, the expenmenv.al slopes
for divalent metal ions such as cad
manganese, strontium, and zinc averaged about 0.9 or slightly
lower. This is in fairly good agreement with the theoretical
slope of -1.0.

Linear plots were also obtained in every case when the
concentration of tartrate in the eluent was varied and the log
of adjusted retention time was plotted against log ay (see eq
5 and Figure 5). The slopes of the rare earth cations varied
slightly but most were around 1.2 compared with a theoretical
slope of 1.5. From the values of ay in Figure 5, it can be seen
that about 90% or more of the lanthanide sample ions are
complexed. However, 50% or less of divalent sample ions are
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Figure 8. Separation of the seven heaviest lanthanides using a-hy-
droxyisobutyrate eluent. All metal lon concentrations are 10 ppm.
Eluent is 4.0 X 10 M ethylenediammine and 3.0 X 10 M a-hy-
droxyisobutyrate, pH 4.5.

complexed in the mobile phase. These complexing conditions
are mild compared to older methods, but complexing is suf-
ficient to sharpen most of the peaks considerably.

Eluents Containing a-Hydroxyisobutyrate. Success
with tartrate as a complexing eluent anion suggest,ed the use
of a-hydroxyisobutyrate, lly for ion of the rare
earths. The use of such eluents showed no particular ad-
vantage over tartrate for chromatography of divalent metal
ions, but separation of several individual rare earth cations
was successful. Figure 6 shows a separation of the seven
heaviest rare earths using an eluent of ethylenediammonium
a-hydroxyisobutyrate. The tailing of the later peaks suggests
that the complexing-decomplexing equilibrium probably is
slow.

Quantitative Measurements and Detection Limits.
Plots of either peak height or peak area with ethylenedi-

ium tartrate eluents gave linear calibration curves for

(II) over a ration range of 1.0-15.0 ppm,

for calcium(II) over a range of 2.0-30.0 ppm, and for zinc(II)

over a range of 2.0-14.0 ppm. Other metal cations behave

similarly with both tartrate and a-hydroxyisobutyrate eluents.

Figure 7 shows the excellent reproducnblhty obtained for a
rapid tion of i and strontium.

Quantitative are not limited to the
tration ranges mentioned above. The detector sensitivity can
be adjusted to work in different concentration ranges. The
practical detection limit of this system is 49 ppb of magnesium
and 80 ppb of calcium, which represents only 200 pmol of each
metal ion.

Use of Masking Reagents. In work with eluents con-
ing anion it b pp that the
complexed metal moves rapidly through the column under
condmons where strong complexing occurs. If a selective

eagent could be employed, it should be possible
to elute the strongly complexed metal ions quite rapidly and
then to separate the remaining cations with the ethylenedi-
ammonium tartrate eluent described above. A further re-
quirement would be that the auxiliary complexing agent must
work in the 3 to 6 pH range needed for the eluent.

Simple calculations showed that EDTA does not complex
metal ions significantly such as ium(II) and calci

taining a
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Figure 7. Rapid separation of Mg(11), Ca(II), and Sr(I1) for successive
injections of the same solution. Each metal is 5.0 X 10~ M. Eluent
is 4.0 X 10° M ethylenediamine and 3.0 X 10~ M tartrate, pH 4.5.
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Figure 8. Injection of Mg(II), Ca(11), and Sr(1I) (1.0 X 10~ M each)
in 100X excess of Fe(I11). A sutficient amount of EDTA (0.01 M) was
added to complex the Fe(I11) present. Chromatographic conditions
2.0 X 10~ M ethylenediamine and 2.0 X 10~ M tartrate, pH 4.5;
sample pH is 1.7. The Fe peak present is an Fe(lI) impurity.

DETECTOR RESPONSE
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at pH 4 but it does complex many metal cations that form
more stable EDTA complexes. Therefore, experiments were
performed in which EDTA is added to the metal ion sample
and the column was eluted with ethylenediammonium tartrate
as before. The amount of EDTA used was more than enough
to complex the metal ions present, but an unduly high con-
centration of EDTA was avoided. The results obunned show
that conditions can easily be established wh

and the alkaline earth cation peaks are hardly afl'emd but
metal ions that form stable EDTA complexes at about pH 4
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Figure 9. Determination of Mg(I1) and Ca(II) (2.0 X 10~ M each) in
a 50-fold excess of Fe(I1I), Cu(1I), and A(I1I). Each sample had
EDTA added to mask the Interfering metal. pH was as follows:
Fe(l11), 1.7; Cu(ll), 3.7; AKIII), 3.7. Eluent was 2.0 X 10° M
ethylenediamine and 2.0 X 10~ M tartrate, pH 4.5.

Table II. Ch hi tion of 20 umol of
Mg?*, Ca’*, and Sr** lrom a Large Excess of Foreign Metal
Ion Using EDTA Masking

: recovery, %
foreign molar Y,

metal ion  excess Mg?* Ca?* Sr?*
AP 10x 102.5 101.7 99.5
100x 107.4 108.1 102.0
Co3* 10x 100.1 99.0 97.7
100x 107.3 97.9 95.8
Cu?* 10x 99.4 98.2 96.4
100x 104.0 103.1 92.3
Fe?* 10x 99.8 96.7 96.0
100x 107.0 96.56 96.6
Ni?* 10x 102.56 102.8 102.1
100x 1056.2 104.2 98.8
Ph** 10x 99.5 98.3 97.3
100x 107.8 104.9 97.5
Zn** 10x 100.9 98.1 96.4

100x 106.0 104.9 102.3

are rapidly eluted. the EDTA, being added only to the sample
and not to the eluent, also moves rapidly through the column
and appears as part of the initial peak, or pseudopeak
Samples com.mmng a large excess of iron(III) gwe extremely
wide “pseudopeaks”, when the ethy di tartrate

is used. This excess of iron(I1l) in a sample of magnesium,
calcium, and strontium will totally obscure the magnesium
peak while calcium and strontium appear on the tail of the
“pseudopeak”. Figure 8 shows a chromatogram of the same
sample in which EDTA is added to complex the iron(IIl). The
additional peak is from an iron(II) impurity in the iron(II)
solution used. Work thus far indicated that any metal ion
that has an EDTA formation constant of about 10'® or higher
should be masked effectively by adding EDTA to the sample.
Flgure 9 shows a nice ion of ium and calci

in samples containing a large excess of a]ummum(l[l) cop-
per(II), or iron(III).

Quantitative data are presented in Table II for recovery of
magnesium, calcium, and strontium from a much larger
concentration of selected metal ions using masking with
EDTA. Although a 100-fold molar excess causes slightly high
results in several cases, the results are definitely good enough
to show that this is a very useful and selective method for
quantitative determination of magnesium, calcium, and
strontium.
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Phenyl-Modified Kel-F as a Column Packing for Liquid

Chromatography

Richard W. Slergle] and Nell D. Danlelson*®
Department of Chemistry, Miami University, Oxford, Ohio 45056

Phonyl Kel-F Is prepared by reacting Kel-F 6081 (100%
poly( ifiu hylene)) and phenyiiithium in THF under
hellum. From IR and elemental analysis data, substitution of
the chlorlm in the polymer for phenyl groups Is the primary

replaced chlorine atoms and formed a carbon-carbon bond
with the polymer. The potential of n-butyl Kel-F as an HPLC
packing has been previously demonstrated (12). However, a
detailed chromatographic study of functionalized Kel-F has
not been carried out. The present paper describes the

paration of phenyl-modlﬁed Kel-F particles by using

ing. Electron Py ol the phenyl Kel-F
shows a I In surf a chro-
malographlc paramﬂen such as lho rmood plate height,

phenylhthxum as the organic modifier. Fundamental chro-
phic properties of this packing such as reduced plate

P y, and p bllity |
leol-Flspellcularlnnalurc OnlhobuboluloclMty
data, the retention mechanism is found to be solvophobic In
nature. The retention order of various functionalized benzenes
Is Identical with that found for C-18 silica. Appl of

helght and sample capacity were investigated. The depen-
dence of solute retention with type and composition of mixed
solvents was also investigated. Utility of phenyl Kel-F for the

phenyl Kel-F for the separation of g chio-
rophenols, N-alkyl anilines, and aromatic hydrocarbons are
demonstrated.

In the reversed-phase mode of high-performance liquid
chromatography (HPLC), the solid support used most often
is silica chemically modified with a hydrocarbon moiety.
Reversed-phase packings have been shown to be highly ef-
ficient and versatile for a large variety of separations. How-
ever, routine use of silica-based HPLC packings with either
low or high pH mobile phases is difficult. At pH values less
than 2, hydrolysis of siloxane bonds can occur, while above
pH 7, dissolution of the silica is possible. A nonpolar rigid
support possessing reasonable surface area and chemical
stability would widen the pH range of aqueous solutions
available for reversed-phase separations.

A variety of materials have been investigated as alternative
packing materials to silated silica. The XAD resins have been
studied extensively for use as reversed-phase HPLC packings
(1-3). In addition, various carbonaceous packings have been
prepared and characterized for HPLC. Guiochon and co-
workers (4, 5) have found that carbon black, after graphiti-
zation and pyrolytic deposition of various hydrocarbons, was
then useful as an HPLC packing. Porous carbon packings
prepared by high temperature heat treatment of active carbon
or coke were found to have good stability, high surface area,
and a hydrophobic surface (6). The fluorocarbon polymers
Teflon and Kel-F, after reduction to carbon using lithium
amalgam, have also been utilized as HPLC packing materials
(7, 8). The presence of oxygenated reactive sites such as
hydroxyls 1 d the haracter of these materials
(8, 9). However, after chlorination of the surface followed by

separation of various aromatic hydrocarbon mixtures is also
3
pr A

EXPERIMENTAL SECTION

Preparation of Column Packings. Kel-F 6061 (100%
poly(chlorotrifluoroethylene)), a white powder of 80-100 mesh,
was obtained from A. M. Plastics (Rockaway, NJ) and jet ground
(Alnort Inc., Camden, NJ) to obtain particles less than 325 mesh.
Elutriation (3) in 2-propanol was used to obtain a size distribution
of 15-35 um as determined by light microscopy for 90% of the
particles. These particles were filtered and dried before deriv-
atization. Seven grams of Kel-F in 100 mL of dry THF (gold label,
Aldrich Chemical Co.) was heated to 50 °C and purged with
helium for 30 min. Thirty milliliters of 1.95 M phenyllithium
(Aldrich Chemical Co.) was added dropwise and the mixture was
refluxed for 3 h with constant stirring. For termination of the
reaction, 3-5 mL of water was carefully added dropwise. The
product was filtered and washed with hexane, acetone, 2-propanol,
water, and methanol. The dry product was brown.

BN-X35, a neutral poly(styrene-divinylbenzene) resin with
particles <30 um, was obtained from Alltech Associates. Particle
size was checked by sieving through a 325 mesh screen and fines
were removed by sedimentation in methanol.

Elemental analyses (C, H, and Cl) were performed by Atlantic
Microlab Inc. (Atlanta, GA). The fluorine determination was
provided by Galbraith (Knoxville, TN). Photomicrographs were
taken with a Coates and Welter Model 106 scanning electron
microscope. Surface area were calculated from
the BET adsorption isotherm of nitrogen.

Chromatographic Procedures. Fines in the phenyl Kel-F
were removed by repetitive sedimentation in methanol. With a
slurry of the desired packing in methanol, stainless steel colurans
150 X 4.1 mm i.d. were packed at a pressure of 60 MPa (6.9 MPa
= 1000 psi) using a Model 10-600-30 pneumatic amplifier pump
(SC Hydraulic Engineering Corp., Los Angeles, CA) and a high-
pressure slurry packer (Alltech, Deerfield, IL). Most of the
were made with two Altex Model
110A pumps (Berkely. CA) equipped with an Altex Model 420

functionalization of the carbon particles using a Grignard

reaction, improved reversed-phase properties of reduced Kel-F

carbon were demonstrated (8). Recently, it has been reported

that carbon prepared from the reduction of Teflon can be

heat-treated in an inert atmosphere to reduce the oxygen

content (10). All of these carbon packings reqmre lengthy and
heat

and Model 153 photometric detector (254
nm) Sample injections of 20 uL. were made with a Rheodyne
Model 7120 loop injector. An IBM 9533 liquid chromatograph
(Hartford, CT) was used to generate the data in Figures 5 and
6. Peaks were recorded on an Omniscribe Model B-5000 recorder
(Houston Instruments, Austin, TX). All solvents used as mobile
phases were degassed by purging with helium. Methanol and

itrile were “Distilled-in- Glass quality (Burdick and

involved reaction conditions and /or

Recent work in this laboratory has indicated that Kel-F
(poly(chlorotrifl hylene)) particlescan be derivatized
with either organolithium or organomagneslum reagenta under
relatively mild conditions (11). The i 1 groups

Jackson). A PRP-1 col (H Co. Reno, NV) and IBM
C-18 and phenyl columns were used to generate the data in Table
III. Column efficiency data were reported as plate height, H, or
as reduced plate height, h, where H = L/N, h = H/d,, and N =
5.54(tp/w;/2)>. Retention data were reported as capacity factors,

0003-2700/83/0355-0017$01.50/0 © 1982 American Chemical Society
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Table I. Addition of Phenyl Groups to Kel-F Based on
C, H, and Cl] Elemental Analysis

mmol of
% deriva- phenyl/g of
element tization? packing®
C 29.4 2.3
H 30.7 2.4
Cl 32.9 2.5

@ Due to the change in molecular weight of the polymer
upon derivatization, the amount of phenyl coverage was
determined by first calculating the percent derivatization.
Using 100 units for convenience: % elemental analysis =
[(wt element in 100 monomer units)/(total wt 100 mono-
mer units)] x 100. In 100 monomer units: wt F =
300(atomic wt F); wt Cl = (100 - X)(atomic wt Cl); wt C
= (200 + 6X) atomic wt C); wt H = 5X(atomic wt H);
where X = % derivatization. The total weight of 100
monomer units is the sum of these four terms. ® The
amount of phenyl coverage was calculated by using an
average formula weight of the derivatized Kel-F: mol of
phenyl/g of packing = X/[ X(formula wt of Phenyl Kel-F
monomer) + (100 - X)(formula wt of Kel-F monomer)].

k', where k’ = (tg - to)/to. The reduced velocity was calculated
by using the method described by Snyder (13) where » = (1.8 X
10°)C*Ld,/t, where C* = 0.635 for biphenyl. The abbreviations
L, d,, tg, to, and wy, correspond to the column length, particle
diameter, retention time, retention time of nitrate, and the peak
width at half height, respectively. The column permeability, ¢,
and the total porosity, ¢, were calculated as indicated by Bristow
and Knox (14).

RESULTS AND DISCUSSION

Characterization of Phenyl Kel-F. Phenyl-modified
Kel-F was qualitatively identified by infrared spectrometry.
Absorption bands at 3059 cm™ and 3028 cm™ and overtones
in the 2000-1660-cm™ range clearly indicated the presence
of substituted aromatic groups. Two characteristic bands at
758 cm™ and 697 cm™ confirmed the presence of monosub-
stituted benzene. Quantitative information about the amount
of phenyl derivatization was obtained from elemental analysis.
Unreacted Kel-F was 21.3% C, 0% H, 30.6% Cl, and 48.1%
F (by difference) in composition. Elemental analyses of 35.1
+1.2% C, 1.2 £ 0.1 H, and 18.3 = 1.4% Cl were indicated
for three batches of the polymer product. Table I lists the
changes in C, H, and Cl content produced by the reaction
assuming a 1:1 substitution of chlorine for phenyl. The av-
erage extent of derivatization and the amount of phenyl groups
attached to Kel-F were 31.0 = 1.8% and 2.4 + 0.1 mmol/g,
respectively. The close agreement of phenyl coveraged in-
dicated by the individual elements is strong evidence that
phenyl substitution was the primary reaction occurring.

cl CeHs
~(CFaCFl,- + CeHsLi —= ~(CFaCFl,- + LiCI

‘The reaction between phenyllithium and Kel-F was believed
to proceed by a one-electron exchange mechanism. A more
detailed discussion of the reaction mechanism will be pub-
lished elsewhere (11).

Derivatization of the polymer particles was accompanied
by an increase in surface area from 1.5 to 10.5 m?/g. The
reason for this surface area increase was revealed by both light
and electron microscopy. Light microscopy of the phenyl
Kel-F packing indicated a particle range from 5 to 36 um. For
the 83 particles ed, the age particle diameter was
20 £ 7 pm. It appears that the organolithium reaction does
increase the number of small particles which could contribute
to a higher surface area. An electron micrograph of underi-
vatized Kel-F is shown in Figure 1. Essentially the polymer
particles appear smooth and nonporous. However a marked

Figure 1. Scanning electron micrograph of Kel-F 6061, 1 cm = 3.9
X 10 m.

Figure 2. Scanning electron micrograph of phenyl KelF, 1 cm = 3.9
X 10" m. The cubic crystals are believed to be LiF.

increase in porosity was noted for the phenyl Kel-F particles
(Figure 2). This type of etching has also been reported for
the reaction of sodium with poly(tetrafluoroethylene) (15).
‘This process can cause loss in fluorine and indeed crystals of
LiF on the phenyl Kel-F were confirmed by powder X-ray
diffraction. However, organic fluorides are considered to be
less reactive than organic chlorides (16) and displacement of
fluorine was not likely to be substantial. This conclusion was
confirmed by an elemental analysis value for fluorine of 41.2%.

Derivatization of Kel-F with phenyl groups as found for
n-butyl Kel-F cannot be strictly a surface phenomenon be-
cause of the high millimoles of phenyl/gram of packing as
compared to the surface area. Swelling of Kel-F by the solvent
THF during the course of the reaction may be the primary
factor. Hydrocarbon solvents such as ethers and various
chlorinated solvents have been shown to swell Kel-F particles
particularly at elevated temperatures. In addition, chemical
permeability of Kel-F films by diethyl ether was found to be
substantially higher than other hydrocarbon solvents (17).

Chromatographic Properties of Phenyl Kel-F. Figure
3 illustrates the influence of phenyl modification on the



.32 AUFS

ABSORBANCE 254 nm

L d!u -

o 5 10

N T T

0 51015 0o 10 20 30
TIME (min)

Figure 3. Chromatograms of a mixture containing p-nitroaniline (0.3
mg/mL), toluene (0.3 mg/mL), and phenanthrene (1.0 mg/mL) on 15
cm X 4.1 mm i.d. columns of underivatized KelF (A), phenyl Kel-F (B),
and BN-X35 poly(styrene-divinylbenzene) resin (C): mobile phase,
85:15 (v/v) methanol-H,0 for (A) and (B); mobile phase, 75:25 (v/v)
methanol-H,0 for (C); flow rate, 1.0 mL/min.

chromatographic properties of Kel-F. Unmodified Kel-F was
unable to separate a test mixture of p-nitroaniline, toluene,
and phenanthrene. Under identical conditions a phenyl Kel-F
column easily separated the three components. Peak asym-
metry (measured at 10% peak height) was found to be ac-
ceptable, with values of 1.20 for toluene and 1.26 for phen-
anthrene. A third chromatogram of the text mixture is shown
with a column packed with BN-X35. The water content of
the mobile phase was increased slightly to adjust the retention
of phenanthrene to that found with the phenyl Kel-F column.
Although ph hrene was still d, p-nitroaniline and
toluene remained unresolved. The better separation capability
of phenyl Kel-F as compared to BN-X35 may be due to the
more hydrophobic nature of the fluorocarbon polymer.

Column efficiency was studied using biphenyl as the solute
(k’ = 11.8) and a plot of log h vs. log v was generated. A
minimum H value of 0.11 mm corresponding to 8800 plates/m
was calculated. The corresponding reduced plate height of
5.7 occurred at a reduced velocity of 19.7 (0.3 mL/min).
However, the flow rate could be varied in the range from 0.3
to 0.6 mL/min with only a 25% loss in plates. This reduced
plate height was higher than what is theoretically predicted
by the Knox equation for “good” pellicular columns (h = 4.9
at » = 100), but it is comparable to reduced plate heights
reported for carbon absorbants (6, 7, 10). The phenyl Kel-F
column also produced a plate count somewhat higher than
that found by Roos (18) for columns packed with an ether
modified pellicular packing. The plate number was essentially
independent of temperature from 25 to 55 °C. However, a
linear decrease of k’for biphenyl from 2.9 to 1.9 was observed
as the temperature of the column was increased from 25 to
55 °C.

Sample capacity was determined with toluene as the solute.
Figure 4 illustrates the decrease in capacity factor with in-
creasing sample size. The maximum linear sample capacity,
0., is defined at the point where k' had decreased 10% (14)
and was determined to be about 100 ug/g of packing. This
value is low compared to pellicular silica; however, it is im-

ing the mod surface area of the particles.
Comsd 11, a representative pellicular packing, has a sample
capacity of 400 ug/g of packing and a surface area of 25 m?/g.

The mechanical stability of phenyl Kel-F was quite good.
Column packing was performed at high pressures (60 MPa).
A back-pressure of 3.4 MPa developed using a 1% acetic
acid-water mobile phase at a flow rate of 5.7 mL/min.
Prolonged use of highly viscous (greater than 1.4 cP) mobile
phases ionally caused the col bed to with
a ding i in back-p The permeability,
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Figure 4. Effect of sample size on retention of toluene: mobile phase,
85:15 (v/v) methanol:water; flow rate, 0.8 mL/min.
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Figure 5. log k’vs. the percent organic modifier in an aqueous mobile
phase for methanol and acetonitrile. Solutes are benzyl alcohol (®)
and phenylethanol (O).

¢, and the total porosity, ¢,,, were calculated to be 547 and
0.41, respectively. Spherical pellicular packings have typical
flow resistance factors of 250-350. The slightly higher value
obtained for phenyl Kel-F may be due to the irregular shape
of the particles (19). Pellicular particles have been reported
previously to have porosity values of about 0.4 (14). It appears
in general that phenyl Kel-F has similar properties to pellicular
packings.

The dependence of solute retention with type and com-
position of mixed solvents was investigated with phenyl Kel-F.
Plots of log k’ for benzyl alcohol and phenylethanol as a
function of organic volume fraction for methanol in water and
acetonitrile in water are shown in Figure 5. Both log k’plots
were similar to those found previously using n-alcohols and
C-18 derivatized silica (20). For methanol-water, the plots
were linear with corresponding k’ values ing from about
570 for 10% methanol to 2 for 70% methanol. At 100% water,
essentially irreversible adsorption of the solutes was noted.
Above 70% methanol, a very slight flattening of the curve
occurred for both sol The following relationship could
be useful for the prediction of log k’ of the mixed solvent.

log k'nix = Vit,0(108 k'4,0) + Vinethanat (108 & methanol)
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solvent in the moblle phau for methanol (®) nnd acetonllrlle (0).

where V is the volume fraction of each solvent in the mobile
phase. In contrast, for acetonitrile/water, the plots were
curved with corresponding k’ values ranging from about 40
for 5% acetonitrile to 3 for 80% acetonitrile. Above 65%
acetonitrile, the &’ value remained relatively constant. The
rapid decrease of log k' to a plateau value with increasing
acetonitrile content in the mobile phase can be attributed to
the greater enrichment of the stationary phase by acetonitrile
as compared to methanol. Yonkers et al. (21) have noted the

in p itrile adsorbed by a C-18 stationary
phase was about twice as great as the increase in percent
methanol when the composition of the mobile phase changed
from 100% water to 80/20% water/organic. Increasing the

ion in the mobile phase further re-

aulu:d in a linear i mcrease in the percent methanol in the
stationary phase while the p itrile ined fairly
The of hydrophobi Ision of the

organic solvent from the mobile phase is well-! known for n-alkyl
bonded silica and is undoubtedly occurring with phenyl Kel-F
as well (22).

The effect of the methylene group selectivity, a, as a
function of percent methanol and acetonitrile composition in
the mobile phase is shown in Figure 6. Extrapolation of both
curves to 100% water indicated a y intercept of 3.7. This value
agreed well with the methylene increment of 4.0 reported for
n-alcohols taken on a C-18 column. Previously it has been
noted that the value of the methylene group selectivity was
quite constant regardless of the class of compound (20). At
the 100% organic content, the magnitude of a for both ace-
tonitrile and methanol converged to a value of about 1.1. ’I'hls

Table II. Capacity Factor (k') and Hydrophobic
Selectivity (a*) Data for Various Functionalized Benzenes

compound  functional

no. group k' oxf
1 -CONH, 0.30 0.01
2 -CH,OH 1.12 0.05
3 -(CH,),0H 1.61 0.06
4 -OH 1.81 0.07
5 -NH, 2.33 0.09
6 -CH,NH, 8.16 0.33
7 -CHO 8.19 0.33
8 -CN 11.6 0.47
9 -NO, 20.3 0.82

10 -OLH 23.8 0.96

11 24.8 1.0

4 o* = k' of functionalized benzene/k' of benzene.
Mobile phase, 30:70 acetonitrile:water; pH 3.4.

follows the solvophobic theory g lly pted for n-alkyl.
derivatized silica packings.

Further characterization of the hydrophobic selectivity, o
for phenyl Kel-F was carried out with a variety of function-
alized benzenes. Capacity factors and o data for 11 com-
pounds are shown in Table II. Similar data have been re-
ported previously by Tanaka et al. (25) using the same mobile
phase on a C-18 column. Three significant points can be made
when comparing the phenyl Kel-F and the C-18 data. First,
the retention order of these compounds on phenyl Kel-F and
C-18 columns was identical. This result provides additional
evidence to the fact that the retention mechanism on phenyl
Kel-F and C-18 were similar in nature. Second, for compounds
7-11, the k’ values obtained with phenyl Kel-F were about
3 to 4 times larger than the corresponding C-18 capacity
factors. Higher k’values are typical of other carbonaceous
stationary phases such as pyrocarbon modified carbon black
(26). The high k’ values were evidence that the polymer
backbone did contribute to retention. Since the phenyl groups
are slightly more polar than the C-18 groups, the relative
retention would be expected to be less on a phenyl column
if the polymer backbone did not contribute to retenmm
Finally, when the o* values were d, another si
difference between columns was seen. The solutes which were
retained the longest on both columns (compounds 8-10) have
very similar o* values. However, the o* values for solutes such
as 1-4 were about 3 times greater on the C-18 column than
on the phenyl column. This increased relative retention was
most probably due to hydrogen bonding between the silanol
groups on the silica and the functional groups of the solutes.
In general, it appears that phenyl Kel-F shows good selectivity
in separating nonpolar solutes. However, C-18 silica can retain
moderately polar solutes better than phenyl Kel-F.

Additional evidence supporting the role of residual silanols
in the retention of solutes is provided by the data in Table
III. The capacity factors of tol and a,a,a-trifl
were measured on phenyl Kel-F, PRP-1, C-18 silica, and

number was similar to 1.5 which had been found p:
by using a C-18 column (21 ) The curves in Flgure 6 st.rongly

bled surface tensi organic ition
plots (23). A direct relauonsh:p between log a and the surface
tension of the mobile phase has been substantiated by Riley
et al. (24) for a variety of group selectivities using both
methanol and acetonitrile. A plot of log a vs. the surface
tension of methanol/water was linear to about 70% water
before slightly leveling off toward the surface tension of 100%
water. The plot of log a vs. the surface tension of aceto-

nitrile/water was linear throug| the position

phenylsilica col . Toluene was retained longer than a,-
a,a-trifls 1 on both pol, ic packing ials while
the retention order was reversed on the silica-based packings.
Apparently the p of residual silanols on the silica
allowed sufficient hydrogen bonding to occur with the fluorines
of trifluorotoluene causing the longer retention of this com-
pound.

Finally several applications showing the potential of phenyl
Kel-F as a HPLC column packing have been carried out.
Figure 7 demonstrates the selectivity of phenyl Kel-F for
various aromatic and polyaromatic solutes. At mobile phase

itions greater than 60% water, irreversible retention

range. Extrapolation of the line to 100% water indicated a
log a of 0.52 corresponding to an « value of 3.3. These results
show that the reversed-phase mechanism for phenyl Kel-F

of the solutes took place. The separation of various alkyl-
substituted anilines is shown in Figure 8. The use of a high



Table III. Clpacity Fnctor (k') for Toluene and
a,a,a-Trifl of Column Packing®?

&
@,a,a

column type tol trifl 1

phenyl Kel-F¢ 7.3 6.7

PRP-14 8.8 6.9

C-18 silica® 6.7 8.2

phenylsilica’ 1.4 (4.6)° 1.6 (8.5)°

9 Mobile phase, 50:50 acetonitrile:water. ? Mobile
phase, 20:80 acetonitrile:water. € Column 4.1 X 150
mm packed with 20-um phenyl Kel-F. 9 Column 4.1 x
150 mm packed with 10-um poly(styrene-divinylbenzene)
resin. € Column 4.5 X 250 mm packed with 5-um C-18
silica. f Column 4.5 X 250 mm packed with 5-um
phenylsilica.

.04 AUFS

ABSORBANCE 254 nm

1 |
o 10 20

TIME (min)

Figure 7. Chromatogram of benzene (120 ug/mL), toluene, biphenyl,
and p (all 80 ug/mL): mobile phase, 65:35
(v/v) methanol: watar flow rate, 0.8 mL/min.
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8. Ch gram of aniiine, N- N.N-dimethylanii

and N,N-diethylaniline: mobile phase, 55:45 (v/v) acetonitrile:0.01 M
borate butfer, pH 10; flow rate, 0.7 mL/min. Each solute concentration
was 80 ug/mL.

pH mobile phase well above the pK, values of the solutes
helped provxde excellent resolution for the four amines.
ion of various chl henols is shown in Figure 9. In
this case, use of a high pH mobile phase was desirable to
enhance the UV absorbance of the compound class (27).
Future work planned is to take advantage of the capability
of xroup functionalization possible with phenyl Kel-F.

tion of sulfonated

p and y ium deriv-
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Figure 8. Ci of p 24
2,4,6-tr and?:u‘ mobile phase,

88:12 (v/v) 0. 05 M borate buffer, pH 10.4/3 mM tetrabutylammonium
hydrogen sulfate-acetonitrile; flow rate, 0.7 mL/min. Each solte
concentration was 100 ug/mL.

atives of phenyl Kel-F for use in ion exchange chromatography
should be straightforward.
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Liquid Chromatography/Proton Nuclear Magnetic Resonance
Spectrometry Average Composition Analysis of Fuels

James F. Haw,' T. E. Glass, and H. C. Dorn*

Department of Chemistry, Virginia Poly

The use of a NMR sp. as a flow liquid
chromatographic detector (LC/'H NMR) generates a proton
spectrum of each hyd bon class p In the pl
A detalled set of Is pr d which permits LC/'H
NMR Integration data from petrol fuels to be Interpreted
as an average composition for each chromatogmphlc fraction.
Quamm'n d for each fri the
lecular weight, ge degree of sub-
stitution on ic rings, the absol ber of moles of
each structural type of carbon, an average structure (devoid
of st I Inf tion), the total of moles of
carbon In each chromatographic fraction, and numerous other
propertles of in fuel ch ¢ The Is
demonstrated for artifical fuels of known composition, for two
experimental avlation fuels, and for a fuel blending ttock
sample which had been fully ch rized at an independ:
laboratory by gas chromatography and GC/MS. The LC/'H
NMR average composition method Is shown to be very ac-

Insti and State University, Blacksburg, Virginia 24061

To what extent can the method be made independent of crude
correlations derived from a limited set of test samples? Can
a method be developed that is reliant on only one measuring
device rather than on a collection of different instruments?

In considering which instrumental method is most appro-
priate for petroleum fuel analysis, the following considerations
apply. The resulting information must unambiguously cor-
relate with structure. In other words, a peak in a certain
position must indicate a specific structural unit and no other.
Furthermore, the intensity (or area) of each peak must be
directly proportional to the relative population of that
structural unit in the sample. The proportionality should be
linear to avoid the need for calibration curves. In addition,
the proportionality should be independent of the remainder
of the structure. For this reason infrared absorption data are
unsuitable.

All of the above requirements are readily met by proton
NMR spectrometry. With careful attention to experimental
parameters. C NMR is also a suitable candidate. Other

h (e.g., mass spectrometry) have greater sensitivity

curate for the monocyclic aromatic (substituted b and
) and dicyclk (substituted naphthalenes and
hth ) fractions of p fuels. Average mo-

lecular weights for these ions can be

for trace constituents, but since average composition is desired
here, the sensitivity of modern NMR spectrometers is entirely
d te. The sch presented here is based totally on the

at an accuracy of +4 daltons. The other quamlﬂn are also
determined at a high degree of accuracy. The applicabllity
of the LC/'H NMR method to the aliphatic fraction of fuel
samples Is restricted by difficulties In accounting for quater-
nary carbons and cycloalkanes.

Often in fuel analysis it is unnecessary (even undesirable)
to identify and quantify every component. In these cases,
certain average compositional data (vide infra) may be related
to desirable or undesirable properties of the sample. A familiar
average compositional datum is aromaticity which is easily
measured via '*C NMR. Identification and quantitation of
every compound also permit aromaticity to be calculated. This
also provides a great deal of additional information, often

use ul' 'H NMR analysis of several easily obtained liquid
chromatographic fractions. The option of using one piece of
13C NMR data (aromaticity of the bulk sample) to derive
additional information is also discussed.

NMR has been of interest to fuel chemists ever since early
high-resolution instruments became available. Since this time,
several “average structure” schemes using NMR in association
with other techniques have been developed. For the most part,
these techniques have been proposed for total aromatic cuts
(obtained by open column liquid chromatography on silica
gel). These methods will not be reviewed in detail since this
has been done by Clutter et al. (). Each method does have
limitations which deserve mentioning. In 1958, Williams (2)
reported a method for determmmg an avemge structure for
fuel cuts. Quantitative 'H NMR, ] al i lecul
weight data, other mass spectral data, and semlempmcal
correlations based on a poorly defined quantity (branchiness

obtained at great expense. This paper deli tematic
methodology for determining average compositional data for
the aromatic fractions of low boiling fuels. Inherent in the
determination of average compositional data are the following
questions. How much information can be extracted reliably

index) were used as input data for calculations that gave the
average numbers of each carbon type in a hypothetical average
molecule. Williams was severely limited by existing instru-
mentation, but his work was very impressive for its time.

from a spectrumn with as little a priori knowledge as possible?

!Present address: De Snrlmem. of Chemistry, Colorado State
University, Ft. Collins, C

Pr ding in a similar vein, Brown and Ladner (3, 4) were
able to interpretate '"H NMR spectra of soluble coal-derived
samples in terms of an average structure framework. Knight
(5) employed "*C NMR, 'H NMR, average molecular weight

0003-2700/83/0355-0022$01.50/0 © 1982 American Chemical Society



data (from mass spectrometry or VPO), and elemental analysis
to arrive at an average structure. This method has some nice
features since the carbon backbone is examined directly. But
like many of these methods, it requires a rather large and
diverse quantity of data to be acquired. Clutter et al. (1)
developed a method based solely on 'H NMR spectrometry.
In order to calculate average parameters for monocyclic and
dicyclic aromatics, certain assumptions are made which are
of quesuonable validity. For ple, mc clic and dicycli
aromatic ring protons are determined from one spectrum, wnh
a dividing line at 7.05 ppm. Our fuel samples rarely show any
hint of a valley at or near this dividing line, even at 200 MHz.
They further assumed that the average number of alkyl
substituents on benzene rings was identical with the average
number of substituents on naphthalene rings. This assump-
tion is necessary to solve their equations. The fraction of
monocyclic aromatics is then calculated by an iterative process
based on these assumptions. This method may give good
results (or at least show trends) for certain sets of samples.
But for experimental fuels (which may be doped with additives
to alter performance) the calculated values may be in con-
siderable error. The above methods suffer because they were
developed for the analysis of fractions containing the total
aromatic content of the fuel. The need to somehow estimate
the relative proportion of compounds of different classes (e.g.,
substituted benzenes and substituted naphthalenes) com-
plicates the calculative process.

Modern normal-phase liquid chromatography is readily able
to separate low boiling fuels into distinct hydrocarbon classes.
Aliphatics, monocyclic aromatics, dicyclic aromatics, and
tricyclic aromatics readily may be collected as separate
fractions with the total separation requiring between 5 and
30 min (depending on choice of column, solvent, and flow rate).
A suitable solvent is 1,1,2-trichlorotrifluoroethane which is
less expensive than most chromatographic solvents and yields
no proton signals. Chloroform-d may be used as a polar
additive at little additional cost. This permits fractions
collected from the chromatographic column to be submitted
directly for 'H NMR analysis without the manipulation dif-
ficulties and potential sample loss problems associated with
LC solvent removal and subsequent uptake in a deuterated
solvent. The high sample load capacity of semipreparative
HPLC columns and the high sensitivity of modern spec-
trometers permit the total analysis to be done with a single
injection of 100 uL or less. Much smaller injections can be
made at the cost of lower signal to noise or increased spectral
acquistion time.

EXPERIMENTAL SECTION

A series of seven model mixtures, designed to resemble typical
fuel samples, were prepared from reagent grade chemicals. One
of these (a standard model mixture used frequently in this lab,
designated “model C”) was prepared by mixing 13.29 g of n-bu-
tylbenzene, 18.47 g of n-pentane, 10.16 g of m-xylene, 13.07 g of
\,etralm. 95.70 g of n-nonane, 56.20 g of hexadecane, 200.40 g of

43.65 g of n-h 8567gof“ d and 12.80 g
of naphthalene. The remaining six model mixtures were prepared
by adding known quantities of an additional compound to model
C. Two National Aer: ic and Space Administration exper-
imental fuel samples were supplied by the Air Force Aero Pro-
pulsion Laboratory (Wright-Patterson Air Force Base, OH) for
analysis. The two NASA fuels were designated NASA-Lewis 3S
and NASA-Lewis 3B. In addition, one Naval Research Labomtory
(NRL) sample (81-3, a blending stock of alkylk
All samples were subjected to on-line LC/'H NMR analysns
without pretreatment.

A Whatman Magnum-9 silica gel-PAC column (500 mm X 9
mm i.d.) was used for all separations. The packing in this column
is silica gel derivatized to introduce amino and cyano function-
nlmee to Lhe surface. Retention of aromatic hydrocarbons on this
to silica gel columns. A special
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activation sequence was used to remove polar compounds (e.g.,
methanol) from the column. These polar compounds slowly bleed
off with nonpolar solvents and create large background signals
in the proten spectra. The f
this background: 50 mL of 10% acetonitrile- -dy (99%-d, Aldrich)
in chloroform-d (99.8%-d, Aldrich) was followed by 60 mL of

hloroform-d. The chrc hic solvent, 97.5% 1,1,1-tri-
chlorotrifluoroethane (Miller-Stephanson Chemical Co.) and 2.5%
chloroform-d, was then pumped through the column. Column
equilibration was generally achieved after 60 mL. A second source
of background is particular to semipreparative LC columns. Large
internal diameter columns do not completely flush the alkane
fraction due to partially stagnant regions near the inlet, outlet,
and wall. In terms of LC/'H NMR this effect can result in a very
small amount of aliphatic material being present in the spectra
of the aromatic fractions. For fuels of low aromaticity, the signal
is intense enough to make the measurement of CH, and CH; 'H
integrals for alkyl aromatics erroneously high. A correction for
our column was determined by injecting a very low aromaticity
fuel and measuring the relative aliphatic signal intensities in each
file. This tailing problem is apparently not present in analytical
scale columns which have smaller internal diameters.

The chromatographic solvent contained 0.05% (v/v) hexa-
methyldisiloxane (HMDS, Merck) as a chemical shift and
quantitiation reference. The solvent was not degassed since
dissolved oxygen reduces proton spin-lattice relaxation time values
to several seconds. A Waters M-45 pump equipped with a needle
valve to create a 1000 psi back-pressure was used. The M-45 pump
requires back-pressure to activate its pulse dampener. A Valco
injector equipped with a 100-uL sample loop was used. A 1-mL
rinse of solvent followed by 1 mL of sample was used to ensure
that the sample loop was thoroughly flushed. All samples were
injected neat. A guard column was used as a matter of course.

A Jeol FX-200 nuclear magnetic resonance spectrometer
equipped with an Oxford 4.7-T superconducting solenoid magnet
(54 mm bore) was used to obtain 'H spectra at 199.50 MHz. A
floppy disk system was used for data storage and each diskette
had sufficient storage for 58 (1024 point) LC/'H NMR spectra.
A flow cell designed for quantitative work was used for all analyses.
This cell is described in detail in ref 10. Further details on flow
probe design may be found in ref 8. The average composition
equations were incorporated in a BASIC program which was run
on a Hewlett-Packard HP-85. A copy of this program is available
upon request.

Aromaticity was measured from 3C spectra obtained at 50
MHz. Tris(acetyl 1I1), Cr(acac)s, was added
to each sample to reduce *C spin-lattice relaxation times for
aromaticity ts. Gated di ling was used for NOE
suppression. Long pulse delays were also used to further ensure
quantitative '*C spectra. All *C spectra were run under con-
ventional (spinning) conditions in 10-mm sample tubes.

RESULTS AND DISCUSSION

Our laboratory is currently interested in several applications
of NMR of flowing systems, principally the use of NMR as
an on-line, continuous flow HPLC detector (6-9). The
equations in our average composition method are applicable
to both fraction collection (off-line) and directly coupled
systems (on-line LC/'H NMR). Most laboratories will prefer
to use the off-line approach, at least until a commercial flow
probe becomes available. Whichever approach is used, the
effort spent in the preliminary separation step is a small price
for the resulting more explict and reliable calculations (vide
infra).

For the purposes of this paper, the average composition of
a low boiling fuel sample is defined in the following manner.
For each hydrocarbon class, the absolute moles of each distinct
carbon type (with associated hydrogens) in a specified aliquot
is determined. An example of a distinct carbon type is an
unsubstituted aromatic ring carbon (which has one associated
hydrogen). Substituted aromatic ring carbons (having no
associated hydrogen) clearly constitute a separate type of
carbon. Having determined the number of moles of each
carbon type in a fuel aliquot, it may be possible to normalize
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Figure 1. Representative carbon types for the monocyciic and dicyciic
aromatic fractions.
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Figure 2. A 200-MHz LC/'H NMR spectrum of the aliphatic fraction
of NASA-Lewis 3B. gration regions are

these data to a hypothetical average molecular structure.
Although the average structures have no real significance
themselves (since they are hypothetical constructs of the
normalized compositional data), quantities derived from the
average structure (e.g., average molecular weight) can be
valuable. Table I defines some of the major average compo-
sitional quantities discussed in this paper. Symbols based on
the Ietwr C refer to carbon types. Compounds wn.h three
rings are neglected in this p t
of their uniform low levels in the fuels we have examined to
date. However, extension of this method to mclude mcychc
aromatics is certainly feasible. Many tic
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Figure 3. A 200-MHz LC/'H NMR spectrum of the monocyclic aro-
matic fraction of NASA-Lewis 3B.

Figure 4. A 200-MHz LC/'H NMR spectrum of the dicyclic aromatic
fraction of NASA-Lewis 3B. The broad signal at ~3.5 ppm Is back-
ground from the probe which has since been eliminated.

(alkane, monocyclic aromatic, and dicyclic aromatic) indicate
that separate but analogous terms exist for the three fractions.

In a separate paper (9), we have demonstrated quantitation
via on-line LC/'H NMR. A result from that study (which is
entirely valid for both on-line and off-line fraction collection)
relates the integrated area of the reference peak to the known
number of moles of equivalent reference protons in each
fraction (eq 1). In this equation, n, is the number of

K(V*) = nM,V*/H}* x=a,m,ord (1)

quival in the refe for Me,Si n, = 12 and for
HMDS n, =18, M, is the molar concentration of reference
Tii oor lahorat y, the ref (usually h

(HMDS) because of its low volnuhty relative w Me,Si) is
added directly to the chromatographic solvent. We most
ly use a HMDS concentration of 0.500 g/L. H*, refers

carbon types have parts in the dicycli ic
fraction. Redundant definitions, symbols, and equations will
be minimized by using the right superscript x (x = m or d)
which designates monocyclic aromatics or dicyclic aromatics.
An asterisk (*) in the left superscript position of symbols based
on C indicate that a normalized carbon type is indicated. A
subscnpt (e.g., aCHy) is used to specify the carbon type ’I'he
various carbon types are ill d for

structures presented in Figure 1.

Figures 2-4 show the on-lme LC/ 'H NMR spectra for the
alkane, lic, and d ar ic fractions of a jet
fuel. In addition, these fi| gu.res indicate the various 'H NMR
integration regions for the various hydrogen types (e.g., H™y,,
etc.). We have previously shown that these fractions are
clearly separated with base line resolution between each

to the integrated area of the refe peak in the appropriate
fraction: aliphatic, monocyclic aromatic, or dicyclic aromatic.
‘The K(V*) terms are designated as reference response factors.

In the following discussion, monocyclic aromatics include
alkylbenzenes plus tetralins and indans. Dicyclic aromatics
are taken to be alkylnaphthalenes and acenaphthene deriv-
atives which are analogous to indans in the monocyclic frac-
tion. The inclusion of biphenyl derivatives in the dicyclic
fraction is discussed later.

Having shown how measurements of hydrogen types may
be made via LC/'H NMR data and the reference response
factor formali it is now possible to develop a series of
equations relating hydrogen type composition to carbon type
composition. In ref 7, we presented equations for the fraction
of substituted sites (FSS*) and average degree of substitution

fraction, confirmed via a refractive index detect
betwoen t.he HPLC column and the NMR flow proba The
] shift regions which m

di q

input p ters are i p

ipts a, m. and d

(ADS¥). The.se equations are not repeated here. In the fol-
lowing d the ions for the yeli and di-
cyclic fractions are p d together. The sup ipt x is
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Table I. Definitions of Representative Symbols?®

H*, 'H NMR integrated area for the reference peak (HMDS) of the aliphatic clic ic or dicycli
aromatic fractions (x = a, m, or d (aliphatic, monocyclic aromatic, or dicyclic fraction))

H3cy 'H NMR integrated area for methmc groups (R,C-H) in the alkane fraction

Hcy, 'H NMR integrated area for methylene groups (R-CH -R) in the alkane fraction

Hcy, 'H NMR integrated area for methyl groups (R-CH,) in the alkane fraction

H* 5, 'H NMR integrated area for aromatic hydrogens in the monocyclic aromatic or dicyclic aromatic frac-
tion (x = m or d)

H* ying 'HNMR i d area for aliphatic ring hydrogen o to aromatic rings (e.g., a-methylene hydrogen in
tet.ralm) in the monocychc or dlcycllc aromatic fractions (x = m or d)

H‘aCH, 'HNMR i d area for ali ic methylene hydrogen o to aromatic rings (e.g., methylene group in
ethylbenzene) for the monocyclic or dicyclic aromatic fractions (x = m or d)

H*,cn 'H NMR integrated area for aliphatic methyl hydrogen a to aromatic rings (e.g., methyl groups for

3

toluene and/or f-methylnaphthalene) for the monocyclic or dicyclic aromatic fractions (x = m or d)

H*5o 'H NMR integrated area for aliphatic hydrogen groups not adjacent to aromatic rings (i.e., greater than
«) for the monocyclic or dicyclic aromatic fractions (x = m or d)

C%ii moles of unsubstituted aromatic carbon for the monocyclic or dicyclic aromatic fractions (x = m or d)®

C*sit moles of substituted aromatic carbon for the monocyclic or dicyclic aromatic fractions (x = m or d)

C*acH moles of methyl carbon o to aromatic rings (x = m or d

3
*oCH, moles of methylene carbon o to aromatic rings (x = m or d)
C™ cing moles of aliphatic ring carbon a to monocyclic aromatic rings (e.g., a-methylene carbons in tetralin)
C*cl,>a  moles of aliphatic methylene carbon not bonded to aromatic rings (i.e., greater than a)
2

C"CH’>Q moles of terminal chain methyl carbon not bonded to aromatic rings (i.e., greater than a)

C%y moles of bridgehead carbon for the dicyclic aromatic fraction (i.e., *C9y = 2.0)

C*iotal the total carbon in a given fraction (i.e., alkane, monocyclic, or dicyclic fraction)

ADS* the average degree of aromatic substitution for the monocyclic or dicyclic fractions

Mwx the number average molecular weight for the monocyclic or dicyclic fraction

fa the carbon aromaticity for the total sample (i.e., the total aromatic carbon (Carotan)) divided by total
carbon (Cyotal))

} A the partial carbon aromaticity contribution for the monocyclic aromatic or dicyclic aromatic fractions
(e, fu=fa™ + f.9)

F* the fraction of total carbon in each chromatographic fraction (i.e., F2,,) + F™ o) + de.om =1)

4 See Figure 1 for further clarification of symbols and Figures 2-4 for defined '"H NMR integration regions. ° If the car-
bon types indicated below have a superscript asterisk (e.g., *C™,,;,), this denotes the number of each carbon type in the

hypothetical average molecule.

used to indicate that separate, but terms exist for
the two fractions (i.e., x = m or d). For some quantities (e.g.,
average molecular weight) this is not possible and separate
equations are presented.

Two common problems with previous average composition
methods have been relating proton i ls to carbon

For the yclic fraction, normalization is obtained via the
following equation. The number of carbons of each type in
the “avernge structure” of t.he monocyclic aromatic fraction
is obtained by dividing the absol of moles of each
carbon type by the approprume normalization constant and
p factor. This is illustrated by eq 6 for *C*,.

and normalizing the data to an average molecule. In the

The asterisk denotes the number of each caxbon type (‘C‘,_)

LC/'H NMR method, the number of aromatic ring carbons in the hypothetical d of the absol
is known for both of the tic cuts. The exi of an ber of moles of carbon (C*,,) in the injected sample.
aromatic ring proton implies the of an bstituted —(Cm 1/6 ®)
aromatic ring carbon. Likewise, the existence of three aCH,3 = [C®artoran] /
protons implies the existence of an « carbon and a substituted % =
aromatic ring carbon. These absolute mole values are obtained Cun = C%un/ N=K(V) ©
via the product of the reference response factor with the For the dicyclic fraction (here assumed to be naphthalenes
appropriate proton integration value weighted for proton/ and phthenes), the normalization is given by
carbon ratio (e.g., for an aCH, group, 2 mol of protons in the the following equation.
aCH, region implies the existence of 1 mol of a carbons).

Unsubstituted aromatic ring carbons are given by eq 2. Né = (4, + C4) /8 (M

C*.n = K(VOH*,, x=mord 2)
Substituted aromatic ring carbons are given by eq 3.

H*.cn, & Hicn,  Haing

Crp = K(V¥) 3 ) 2

+ H*cu

(&)

At 200 MHz and above, the various « proton types are suf-
ficiently spectrally resolved that quantities such as C*,cy, may
be separately defined (Table I and eq 4). In a similar manner,
equations for C*,c,» C*aring, 8nd C*ocy can be easily written
except with denominators of 2, 2, and 1, respectively.

Cxﬂcﬂl - K(W)Hx,cu,/a 4)

The normalized dicyclic fraction carbon types are obtained
by analogy to eq 6. Naphthalene molecules also contain two
bridgehead carbons.

Clpy = %[C"n + Cul 8)

*Cy = Clpu/K(VNE = 2 )

The region of the proton spectra of the monocyclic and
dicyclic fractions upfield of 2 ppm contains all alkyl chain
protons at positions B, v, 8, and higher with respect to the
aromatic ring. Division of this region into distinct subregions
(e.g., BCH,) is impractical for most fuel samples. The region
H*,, is instead integrated as a whole and equations for
*C*chy>q 8nd *CPcy,>, have been derived.
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*Cichppa = ADS® = *C* oy, = *Caring (10)
HY,
2N*
These equations assume that no branching exists beyond the
a position. Experience in our laboratory indicates that this
is a reasonable assumption for aviation fuels. Alkyl substi-
tution on aromatics tends to take the form of n-alkyl and
tetralin. Similarly, we frequently ignore the acy region. Even
if branching is present beyond the a position, the accuracy
of the average properties calculated below (e.g., average mo-
lecular weight) will be unaffected. The absolute number of
moles of alkyl carbon in positions greater than a (e.g., C*cyy >4
and C*cy,>,) can be calculated directly from *C*cy,», and
*C*chp>ar Tespectively.

Cropigra = *CronypoN*K(V) (12)
Croppa = *CionpsoN*K(VY) (13)

3
*Cienpa = - il‘c'cu,».] 1)

The total number of moles of aromatic carbon in the mono-
cyclic aromatic fraction and the total number of moles of
carbon (alkyl plus aromatic) in this fraction are calculated via
eq 14 and 15, respectively.

C®prttota) = C®p + C™p, (14)

C®tat = CParitotaty + CPactty + CPach, + C™uc + CPuring
(15)

The average molecular weight of the compounds in this
fraction may also be calculated.
MW= = 134, + 12407, + 15%C™ oy, + 14*C ¢y,
+ 13*C™cn + 14*C™ ping +14*C™0y 5, + 15*CM0y 5,
(16)

This follows in a straightforward manner. Since the number
of carbons of each type in the “average molecule” is deter-
mined, the weight in daltons of every carbon (and associated
hydrogens) can be summed. The result is the number average
molecular weight rather than the less useful weight average
(1). Total absolute moles of dicyclic aromatic ring carbon and
total absolute moles of all carbon in the dicyclic aromatic
chromatographic fraction can now be calculated.

Cariorat) = Cun + Clyy + Clpy (17)

Cloiar = Clarporan + Clacnty + Clicn, + Clac + Claging

(18)

The average molecular weight of this fraction now follows as
before.
MW4 = 13%C4,, + 122CY,, + 12*Cyy + 15°CY oy, +
14%C,cp, + 134 C% o + 14%CY, i + 14*Cley 5, +
15*Cleyppa (19)

For fuel samples, one of the most commonly measured
average compositional properties is the carbon aromaticity
(f). It is defined as the numerical ratio of aromatic ring
carbons to total carbons in the sample. It is conveniently (and
most directly) measured by '3C NMR. The conditions nec-
essary for obtaining quantitative '3C spectra are now well
understood (10, 11). If the aromaticity is known for the
sample, the partial aromaticities for the monocyclic and di-
cyclic fractions may be calculated assuming the absence of
tricyclic aromatics. The partial aromaticities are defined such
that their sum is equal to the total aromaticity.

i=f=+ 18 (20)

P o
: ¢ Cmm(wu!) + chr(wl-h

The fraction of total carbon in each chromatographic peak
(relative to the entire sample) may now be calculated. The
values for the monocyclic and dicyclic fractions are obtained
explicitly. The value for the aliphatic fraction is obtained by
difference and will be in error if there are appreciable amounts
of latter eluting materials (e.g., phenanthrenes) or noneluted
polars (e.g., phenols).

c
Fryowm ¢ = (5 - (22)

C‘Ar(mul)
And for the aliphatic peak
Puwc=1-Fyuc- Fuac (23)

In the above discussion, it has been assumed that the di-
cyclic fraction is composed exclusively of alkylnaphthalenes
and acenaphthene. Coal-derived fuel samples can contain
some biphenyl derivatives, usually as minor constituents of
the dicyclic fraction. Compounds of these types have elution
characteristics similar to alkylnaphthalenes (8). Acenaphth-
enes will not introduce error. The «CH; proton signal of
acenaphthene has a unique chemical shift so an explicit
treatment analogous to that for tetralins (via (4 ) is possible.
Biphenyls can introduce error, but only for normalized com-
positional data. For naphthalene, eight protons imply the
existence of ten carbons. For biphenyl, ten protons imply the
existence of twelve carbons. If a dicyclic fraction is 100%
biphenyl, eq 2 will give the correct value for C4,,. Equation
8 will give a value for Cdyy that will be 25% too high. The
error in (Y, total will only be 4%. The fraction of substituted
sites for dimethylbiphenyl (0.2) will be correctly calculated
but the calculated ADS¢ will be 20% low. The normalization
equation for dicyclics (eq 7) should have a denominator of ten
for biphenyls rather than eight which was derived for naph-
thalenes. Computations of normalized average position
(e.g., ADSY and MW9) data via the above equations are typ-
ically ~20% low for pure biphenyl fractions. Biphenyls are
typically <15% of the dicyclic fraction of aviation fuel samples
so the actual error is quite small. In addition, it may be
possible to chromatographically resolve substituted biphenyls
from the substituted naphthalenes, which represents the most
straightforward solution to this problem.

One may at this point wonder if any direct information may
be deduced from the aliphatic fraction. Referring to Figure
2, it can be noted that a reasonable demarcation exists between
methyl, methylene, and methine protons. It is easy to proceed
in a manner similar to that for the aromatic fractions and
arrive at average compositional data. Two serious precautions
must be mentioned. Cycloalkane protons produce signals
inconsistent with the CHj, CH,, and CH 'H spectral regions
characteristic of normal and branched alkanes. If cycloalkanes
are present in substantial quantities, considerable error will
result in the following analysis. Reference spectra of cyclo-
alkanes suggest that the three integration windows will typ-
ically “see” a large amount of “CH," with roughly equal
amounts of “CH” and “CH;". Thus, if cycloalkanes are at low
levels, the resulting analysis will have little error.

The second problem concerns quaternary carbons. In this
scheme, the existence of a certain proton resonance is used
to imply the existence of a certain carbon type. A quaternary
carbon has no directly attached protons and is, therefore,
“invisible” to 'H NMR. Substituted aromatic ring carbons
have no directly attached protons. But the existence of a
clearly resolved proton resonance on the a carbon implies the
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Table II.

monocyclic

aromatic
model ADS™
model C 1.76 (1.66)
model C (27.47 g) + 1.84 (1.86)
m-xylene (0.02 m)
model C (27.47 g) + 1.29 (1.28)
n-butylbenzene (0.02 m)
model C (27.47 g) + tetralin (0.02 m) 2.05 (1.86)
model C(27.47 g) + cumene (0.04 m) 1.13 (1.18)
model C (27.47 g) + decalin (0.02 m) 1.57 (1.66)
model C (27.47 g) + 1.64 (1.66)

2,3-dimethylnaphthalene (0.0056 m)

Comparison of Known and Measured Average Degree of Substitution (ADS), Average Molecular Weight Data, and
Total Carbon Ratio for Models as Determined by LC/'H NMR

dicyclic
fraction aromatic fraction
Mwm ADS¢ Mwd CP il Cliza

124.9 (124.4) 0.12(0) 130.6 (128.2) 2.83 (2.75)
113.4(113.9) 0.01 (0) 131.5(128.2) 6.19(5.94)
132.2(130.1) 0.04 (0) 131.8 (128.2) 7.60(7.60)
130.3 (128.9) 0.04 (0) 128.4 (128.2) 7.06 (6.74)
119.6 (121.2) 0.03 (0) 128.3 (128.2) 9.91(9.95)
124.2 (124.4) 0.05(0) 129.2 (128.2) 3.16 (2.75)
118.6 (124.4) 1.04 (1.06) 142.4 (142.8) 1.29 (1.30)

@ The values determined by LC/'H NMR without parentheses are directly compared with the known values obtained from

composition data (in parentheses).

existence of a substituted ring carbon. If tert-butylbenzene
is a prominent constituent of fuel samples, not only will the
determination of a carbons be in error but the normalization
for monocyclic aromatics will also be in error since the ring
carbons would be miscounted. We have not observed tertiary
alkyl substitution on aromatic rings, so this is not a problem.
Highly branched alkanes generally improve fuel performance
data (e.g., high octane number). Quaternary carbon containing
molecules are more likely to be present in the alkane fraction
of fuels. In eq 24, a term has been included for quaternary
carbon (expressed as a fraction of methyl carbon). This term
is included for completeness since some workers may have a
priori information on the nature of the alkane fraction. This
is particularly true if a compound such as isooctane has been
added to improve fuel performance.
The normalization factor is first determined

Hecy, - 8H%y  [Fquu(*Hen)l
6 3

The last term in the above equation is the correction for

quaternary carbons, which is (in general) not known. Absolute

moles of each carbon type are now calculated (e.g., eq 25).

Similar equations hold for the Ccy, and C*cy terms with
denominators of 2 and 1, respectively. An average molecule

Coen, = Hocn K(V*) /3 (25)
may now be constructed by normalization as before. The
average molecular weight is then calculated.

MWe =
15%Cocy, + 14*Cocy, + 13%Coy + 1

Ne = (24)

2F quat(*Ccn,) (26)

Because of pitfalls outlined above in obtaining average com-
positional data for the alkane fraction, eq 24-26 should be used
with caution. In principle, an aromaticity value could be
calculated (independent of '*C NMR) at this point. In
practice, it is much safer to directly measure aromaticity (via
13C NMR) since this will keep errors in the aliphatic fraction
determination from affecting the much more rigorous treat-
ment of the aromatic fractions.

In Table II we report average degree of substitution (ADS™),
average molecular weight (MW™), and ratios of total carbon
(C™ a1/ Coa) for seven model mixtures. These values are
compared with the known values calculated from the known
compositions. The comparison is 1l The other ag
composition values are also in very close agreement with the
known values. The ed ADSH for les containing
no dicyclic compound other than naphthalene has an average
of 0.05. This illustrates the problem of spectral background
creating small integrals in regions where no sample is present.

Table 1II. Naval Research Laboratory Data

Monocyclic Aromatic Fraction of Fuel 81-3
GC/MS Identification
GC Quantitation

wt % of
component fraction
ethylbenzene 0.7+ 0.08
p-and m-xylene 9.0+ 0.5
o-xylene 16.6 + 1.0
isopropylbenzene 0.9 + 0.07
n-propylbenzene 3.1+0.2
methylethylbenzene (isomer unknown)  20.6 + 1.2
1,3,5-trimethylbenzene 9.41: 0.7
1-methyl-2-ethylbenzene 4.7+ 0.3
1,2,4-trimethylbenzene 2991+ 2.1
1,2,3-trimethylbenzene 5.0+ 0.4
total 99.0+ 1.0

This could be partmlly solved by determining background
corrections. The backg problem is most app in the
chr hically broad dicyclic peak which has the lowest
concentration. Some of the background arises from a certain
arbitrariness in measuring integrals for cases of very low signal
to noise. The average molecular weight data (MW9) matches
the known values very closely. The measured ratio of total
carbon in the monocyclic aromatic peak to total carbon in the
dicyclic peak (C®yy/Cysy) is compared with the known ratio.
The agreement is surprisingly close since this measurement
is based on every integration from the two fractions and so
includes all cumulative errors. Since the dicyclic fraction is
much smaller than the monocyclic fraction, a small absolute
error in determining the dicyclic carbons will produce a large
error in the ratio.

A very strong verification of the LC/'H NMR average
composition method was provided by the Naval Research
Laboratory (12). Unknown to our laboratory, GC/MS had
been used by the NRL to identify every aromatic compound
in sample 81-3. Each component in this sample was also
quantitated by GC. The results of this analysis are presented
in Table II. This analysis was possible since blending stock
81-3 is considerably less complex than typical fuel samples.
Knowing the exact composition, the average compositional
data were readily calculated for the monocyclic aromatics.
Table III shows the comparison between the NRL GC/
GC/MS results and our laboratories LC/'H NMR results.
The agreement is excellent. It is clear that the flow NMR
measurements are very accurate. These data suggest that the
LC/'H NMR average composition equations are correct and
fully applicable to the yclic aromatic of these
fuels. There is some overlap between the H™ ¢y, and H™ yizg




28 « ANALYTICAL CHEMISTRY, VOL. §5, NO. 1, JANUARY 1983

Table IV. Comparison of LC/NMR and GC/MS for
Monocyclic Fraction of Fuel 81-3

property NRL GC/MS VPI LC/NMR
Mwm 116.3 116.5
FA 0.677 0.682
wcm, 3.60 3.64
*C™ach, 2.12 2.07
*CcH, 0.291 0.278
*CM ooy 0.009 0.0007
*CM ing 0.00 0.013
*C™ey,>a 0.031 0.108
*CMe,>a 0.309 0.279
ADS™ 2.39 2.36

regions at 200 MHz. This overlap accounts for the shift in
*C™ct, V8- *C™aring- This error is propagated into *C™cy >,
v8. *Ccyy,>, 8ince *C™ 1ring i8 used to determine the number
of alkyl chains not terminated by methyl groups. The overlap
between H™ ., and H™cy, should be reduced at 360 MHz.
The reliability of these ts will, therefore, be im-
proved by using a higher field spectrometer.

The spectra in Figures 2, 3, and 4 are from the three
fractions of NASA-Lewis 3B. Data acquisition was initiated
at the onset of the aliphatic peak, as monitored by the RI
detector. Data on the aliphatic fraction were collected for 5.8
min (5.6 mL). During this time, the aliphatic peak passed the
flow cell. The monocyclic and dicyclic files each represent
9.7 min (9.3 mL). The experimental conditions were identical
for all samples. The spectra of the other fuel show obvious
differences from NASA-Lewis 3B.

The average compositional data for the monocyclic fraction
of the two fuels are shown in Table V. Sample 3S has the
lower average molecular weight (MW™ = 113.3) and average
degree of substitution (ADS™ = 2.15). It should also be noted
that 5% of the benzene rings in this sample are tetralins or
indans. Most of the substitution is in the form of methyl
groups (*C™.cy, = 1.71). The relative proportion of long chain
alkyl groups is low (*C™,cy,>, = 0.043, *C®,chpq = 0.33).

Fuel 3B is very different with respect to the monocyclic
aromatic fraction. It has the higher average molecular weight
(MW= = 153.9) and a higher average degree of substitution
(ADS™ = 2.81). A total of 21% of the molecules in this fraction
are tetralins or indans. Although methyl substitution is still
prominent (*C®.cy, = 1.57), longer alkyl chains are also quite
prominent (*C®cy>, = 1.82, *C™cy,>, = 0.811). The average
compositional data for the dicyclic (naphthalene) fractions
of these fuels are very similar.

The total moles of carbon in each fraction (C*g C™talr
and CY,,.,) are p d for each le. Also pr d are:
aromaticities (f,), partial aromaticities (f,®, f,9), total moles
of aromatic ring carbon (C™ o, CAritota)), and fraction of
total carbon in each LC peak (F*y, F® w1, Fliow)- These
data also illustrate the stark contrast between 3S and 3B.
Sample 3S has a higher level of both monocyclic and dicyclic
aromatics (F®, = 0.573, ¥, = 0.217). In contrast, sample
3B has the lowest levels of both monocyclic and dicyclic
aromatics (F®y, = 0.192, F¥ = 0.136). Sample 3S contains
a large quantity of relatively simple monocyclic aromatics (e.g.,
xylenes), and sample 3B contains a small quantity of more
complex monocyclic aromatic compounds (e.g., tetralins, po-
lysubstitution, longer chain alkyl groups). It is particularly
interesting that the fraction of total carbon in the naphthalene
fraction differs significantly in these two samples. It should
also be noted that sample 3S was also subjected to GC/MS
analysis. Biphenyls and acenaphthenes were not detected in
these samples at levels above 5% (vide supra).

Substituted phenanthrenes were not included in the ana-
lytical scheme for the fuels discussed above; however, they
are occasionally present in our samples at detectable levels.
The same LC/'H NMR average compositional formalism is
applicable given adequate signal to noise. In principle, mix-
tures of many types could be characterized by a formalism
analogous to the one developed here for fuel samples.

Although the results of only two actual fuels are reported
in this paper, it should be mentioned that we have analyzed
~175 other fuels by this approach.

CONCLUSIONS

The LC/'H NMR average composition formalism demon-
strates that a considerable amount of information can be
extracted from 'H NMR spectra of mixtures. A key re-
quirement is that some information must be known about the
class of compounds composing each mixture. In this for-
malism, hydrocarbon classes separated by normal phase liquid
chromatography constitute the mixtures. The knowledge of
compound class (e.g., monocyclic aromatic hydrocarbons)
permits the spectral data to be interpreted explicitly as average
compositions for each class.

The LC/'H NMR method allows carbon framework data
to be obtained indirectly via the proton spectra and elution
volumes. Direct observation of the carbon framework (via '*C
NMR) should also remain a fruitful area of fuel characteri-
zation research. Spectral editing pulse sequences (13-15), with
or without prior chromatographic fraction collection, are
potential avenues of research. In the LC/'H NMR average
composition treatment of the alkane fraction, a critical
problem is the determination of quaternary carbons. Spectral

Table V. Average Structural Parameters for NASA Fuels 3S and 3B

Monocyclic Aromatic Fraction

sample *C™y, *CMgp *C™acn, *C™acu, *CMacit  *CMarng *CMcn,>a *C™Mcny>o ADS™ MWE
3S 3.85 215 1.71 0.320 0.008 0.106 0.043 0.328 2.15 113.3
3B 3.19 2.81 1.57 0.777 0.034 0.423 1.82 0.811 2.81 153.9
Dicyclic Aromatic Fraction
sample  *CY,  *C%u,  *CY%u  *CY%cn, *Clcn, *Clom>a *Clcy,>a  ADS? MW
3s 5.98 2.02 2.00 1.90 0.117 0.001 0.117 2.02 158.1
3B 6.27 1.73 2.00 1.61 0.117 0.079 0.117 1.73 166.2
Absolute Number of Moles and Fractional Aromaticity Data
alkanes alkyl aromatics naphthalenes
sample Cta Flotr C™artota) C™tot fa™  F™iom CYArotan Clpa f4 Flom  fa
38 0.00262 0.210 0.00314 0.00446 0.403 0.573 0.00139 0.001 69 0.179 0.217 0.582
3B 0.00483 0.672 0.00063 0.00120 0.101 0.114 0.136 0.215

0.192 0.000714 0.00085
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editing sequences could permit direct measurement of this
quantity.

LITERATURE CITED

(1) Chutter, D. R.; Petrakis, L.; Stenger, R. L., Jr.; Jensen, R. K. Anal.
Chemn. 1972, 44, 1395-1405.

(2) Wiliams, R. B. ASTM Spec. Tech. Publ. 1958, STP 224, 168-194.

(3) Brown, J. K.; Ladner, W. R.; Sheppard, N. Fuel 1959, 39, 79-86.

(4) Brown, J. K.; Ladner, W. R. Fuel 1959, 39, 87-96.

(5) Knight, S A. Chem. Ind. 1967, 1920-1923,

(6) Haw, J. F.; Glass, T. E.; Hausler, D. W.; Motell, E.; Do, H. C. Anal.
Chem. 1080 52, 1135 1140.

. E.; Dom, H. C. Anal. Chem. 1981, 53,

(8) Haw, J. F.; Glass, T. E; Dom, H. C. Anal. Chem. 1981, 53,
2332-2336.

(9) Haw, J. F.; Glass, T. E.; Dorn, H. C. J. Magn. Reson. 1982, 49,
22-31.

(10) Dorn, H. C.; Wooton, D. L. Anal. Chem. 1976, 48, 2146-2148.

(11) Gray, G. A. Anal. Chem. 1975, 47, 545A-564A.

(12) Hardy, Dennis; Hazlett, R. N., Naval Research Laboratory, private
communication, 1981.

(13) Burum, D. P.; Emst, R. R. J. Magn. Reson. 1980, 39, 163-168.

(14) Bendall, M. R.; Doddrell, D. M.; Pegg, D. T. J. Am. Chem. Soc. 1981,
103, 4603-4605.

(15) Cookson, D. J.; Smith, B. E.; White, N. J. Chem. Soc., Chem. Com-
mun. 1881, 12-13.

RECEIVED for review February 6, 1982. Resubmitted July 26,
1982. Accepted September 21, 1982. This work was supported
by the Naval Research Laboratory (Washington, DC) and the
United States Air Force Aero Propulsion Laboratory
(Wright-Patterson Air Force Base, OH). J. F. Haw holds a
Virginia Mining and Minerals Resources and Research In-
stitute Fellowship.

Determination of Vasodilators and Their Metabolites in Plasma
by Liquid Chromatography with a Nitrosyl-Specific Detector

Wing C. Yu* and E. Ulku Goff
Thermo Electron C: Analy Instr

A speclfic and sensitive method for the lon of the
nitrate esters of glycerol, bide, and p ythritol has
been ped. The i i high-perform-
ance liquid ch graphy (HPLC) Interfaced to a nitro/

nitrosyl-specific detector (TEA analyzer). The lower limit of
detection of the method Is 0.1 ng for each of glycerol trinitrate
(GTN) and pentaerythritol tetranitrate (PETN) and 0.2 ng for
Isosorbide dinitrate (ISDN). At the 5 ng level, the relative
standard deviations are *£4.1%, +£2.2%, and £7.3% for
GTN, PETN, and ISDN, respectively. The Isocratic conditions
developed by using HPLC/TEA provide a useful tool for the
routine analysis of or blood samples in bl ility
studles.

Organic nitrate esters such as glycerol trinitrate (GTN),
isosorbide dinitrate (ISDN), and pentaerythritol tetranitrate
(PETN) have been widely used as vasodilators in the treat-
ment of angina pectoris. Despite many publications, the
pharmacokinetics of these drugs and their metabolites in
humans are not well established, posing questions as to the
efficacy and efficiency of the formulated drug. The problem
is due, in part, to the limitation of available analytical in-
strumentation for detecting low levels of the drugs and their
metabolites in circulating blood.

A survey of analytical techniques that have been used in
the determination of these compounds include spectropho-
tometry (1), polarography (2), carbon-14 radioactivity labelmg

101 First Avenue, Waltham, Massachusetts 02254

Recent advances in high-performance liquid chromatogra-
phy (HPLC) offer another approach in the determination of
these thermally unstable compounds. The use of the UV
detector in conjunction with normal- or reversed-phase HPLC
is a logical choice.

However, in a matrix as complex as blood or plasma where
the levels of therapeutic drug and metabolites are present at
the low parts per billion range, the UV detector cannot
properly fulfill the need because of its relative lack of spe-
cificity and limited sensitivity.

For enhanced sensitivity and selectivity, specific detectors
have to be used. Lafleur (18) et al. recently used a nitro-
syl-specific detector, the TEA analyzer, in the identification
of explosives at trace levels by interfacing it with high-per-
formance liquid chromatography (HPLC/TEA). Spanggord
(19) et al. also reported on the application of HPLC/TEA in
the determination of nitroglycerin and its metabolites in blood.
Both methods utilized solvent programming techniques. In
this report we describe an analytical method for the selective
and sensitive determination of glycerol trinitrate, isosorbide
dinitrate, ythritol and their metabolites,
in plnsma by HPLC/TEA using isocratic conditions.

EXPERIMENTAL SECTION

Equipment. The high-performance liquid chromatograph was
constructed by combining a solvent pump (Altex, Model 110) with
an injector (Waters Associates, Model U6K). The columns used
were 10 um Ultrasil NH,, 25 cm long by 4.6 mm i.d. (Altex), and
10 um pBondnpak CN, 30 c¢m long by 3.9 mm i.d. (Waters As-

(3-5), thin-layer chromatography (6, 7), gas ch
(8-12), liquid chromatography (13-16), and digital plethys-
mography (17). Of these techniques, gas chromatography
coupled with electron capture detection is most commonly
used. Electron capture, though sensitive, suffers from lack
of reproducibility, detector ination, and ive re-
tention times for the separation of some metabolites. Also,
special techni must be employed to maintain linearity
of the detector response.

hi

tron). Data aquisition was I puting
integrator (Spectra-Physics).

Chemicals. The HPLC solvents, methylene chloride, chlo-
roform, methanol, ethyl acetate, and isooctane, were distilled in
glass (Burdick and Jackson). Sep-PAK C,q cartridges (Waters
Associates) and 0.5-um Millex-SR filters (Millipore) were used.

HPLC Procedure. Isocratic conditions were employed for the
analysis of the vasodilators and their metabolites. The Ultrasil

The detec'.or was a TEA Model 502 annlyzer (Thermo Elec-
with S
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at 6 mL/min. The reaction chamber was operated at 0.6 torr.

Table I. HPLC Retention Data for Nitrate Esters on NH, Column
retention no. of no. of
time, s compound chemical identity NO, groups OH groups
169 ISDN 1,4:3,6-dianhydro-D-glucitol dinitrate 2 0
197 GTN glycerol trinitrate 3 0
205 PETN 2,2-bis(nitroxymethyl)1,3-propanediol 4 0
1,3-dinitrate
217 2-ISMN isosorbide 2-mononitrate 1 1
229 1,2-DNG glycerol 1,2-dinitrate 2 1
293 1,3-DNG glycerol 1,3-dinitrate 2 1
293 PETRIN 2-(hydroxymethyl)-2-(nitroxymethyl)- 3 1
1,3-propanediol dinitrate
295 5-ISMN isosorbide 5-mononitrate 1 1
467 2-MNG glycerol 2-mononitrate 1 2
510 PEDN 2,2-bis(hydroxymethyl)-1,3-propanediol 2 2
1,3-dinitrate
533 1-MNG glycerol 1-mononitrate 1 2
NH; column was used for the separation of each vasodilator from i . - “ »
its metabolites. The mobile phase was isooctane/methylene il & [
chloride/methanol in the ratio of 80:13:7. Solvent flow rate was ot .- 3 CE
maintained at 2.0 mL/min. The uBondapak CN column was used ‘ [
for the separation of isosorbide dinitrate, glycerol trinitrate, and L = I
pentaerythritol tetranitrate from each other, with a mobile phase e { g
of isooctane/chloroform/methanol in the ratio of 75:20:5 and a E I o LT i
flow rate of 1.5 mL/min. T L ! s I
The TEA analyzer was operated at a pyrolyzer temperature f 2 | S|
of 500 °C. The carrier gas was nitrogen at a flow rate of 20 g o H o 1 2. 2
mL/min. Ozone was generated by passing oxygen to the ozonator, : [ F £ L I v
9 L :
£ i HErS

The cryogenic traps were maintained at -78 °C with an etha-
nol-solid carbon dioxide slush bath. Attenuation was set at X16.

Sample Preparation. Fresh frozen plasma was thawed in
lukewarm water. Aliquots of 5 mL of plasma were pipetted into
screw-capped culture tubes. The tubes were fortified with various
levels of glycerol trinitrate, isosorbide dinitrate, and penta-
erythritol tetranitrate. Eight milliliters of ethyl acetate was added
to the plasma and the mixture was vortexed for 1 min, sonicated
for 5 min, and centrifuged at 2000 rpm for 10 min. The clear
supernatant was transferred into another culture tube and the
extraction was repeated twice, first with 8 mL of ethyl acetate
and then with 6 mL of ethyl acetate. The combined supernatant
was clarified through a Sep-PAK C,4 cartridge and Millex-SR filter
connected in series. The filtrate was concentrated by a gentle
stream of nitrogen of 35 °C to approximately 0.2 mL. Aliquots
of 25 uL. were injected for HPLC/TEA analysis.

RESULTS AND DISCUSSION

Figure 1 shows the isocratic separau'on of each of the nitrate
esters from their metabolites, using an NH; column. Although
the separation of nitrate esters of pentaerythntol has been
reported previously using a
(18), the present ch hic conditions a more
realistic approach to routine analym of a large number ot‘
samples. With this new method Lhe
can be leted in i ly 10 min.

Table I shows the HPLC retention data for nitrate esters
of glycerol, isosorbide, and pentaerythritol. The retentivity
of these compounds on the NH; column varies widely with
the number of nitro groups and the number of hydroxyl groups
on the molecule, with the hydroxyl group exhibiting the
predominant effect. The relative retention times of these
compounds provide a useful guide for selecting an internal

standard which would not i with the ion of the
compounda of i interest. As an ple, we selected glycerol
itrate as an int 1 standard for a study involving
isosorbide dinitrate and monomtmws
The three parent d dini 1 1

trinitrate, and pentaerythnwl tetranitrate have sumlar re-
tention times on the NH, column, since the nitro groups
exhibit little polarizing effect.a on the molecules. For better

tion of these comp a dapak CN col was

i ' (3 ¢ y
L.J!L L

Figure 1. HPLC/TEA analysis of: (A) nitrate esters of glycerol, (1) GTN
(2.5 ng), (2) 1,3-DNG (3.7 ng), (3) 1,2-DNG (0.7 ng), (4) 2-MNG (2.2 ng),
(5) 1-MNG (4.4 ng); (B) nitrate esters of isosorbide, (1) ISDN (4 ng),
(2) 2-ISMN (10 ng), (3) 5-ISMN (10 ng); (C) nitrate esters of penta-
erythritol, (1) PETN (5 ng), (2) PETRIN (4.6 ng), (3) PEDN (14 ng).
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Figure 2. HPLC/TEA lysis of (1) 10 ng. (2)
glycerol trinitrate, 5 ng, and (3) pentaerythritol tetranitrate, 10 ng.
used with a mobile phase of isooctane/chloroform/methanol
(75:20:5). Figure 2 shows a chromatogram of 10 ng of iso-
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Figure 3. HPLC/TEA analysis of plasma sample fortified with glycerol
trinitrate at 3 ppb level. (A) glycerol trinitrate, 2 ng; (B) spiked plasma.

Table 1I. Recovery of Vasodilators Added to Plasma

mean recovery, % (¢ std dev, n = 4)

ppb
added GTN ISDN PETN
1 54.0+ 4.0 75.5 + 6.4 67.0 + 3.8
5 64.5 + 6.6 62.0 + 4.0 62.8 ¢+ 3.7
10 774+ 56 80.3 = 5.0 67.0 + 2.2
20 743+ 6.7 69.0: 5.0 71.0+ 1.2
40 82.0: 8.8 80.0 = 4.8 63.3 + 4.4
80 80.8 + 5.1 64.7 + 5.3 72.0+ 3.7
overall 72.0+ 11.8 71.2: 8.1 67.2+ 4.6
mean
(n=24)
r 0.9997 0.9929 0.9981

sorbide dinitrate, 5 ng of glycerol trinitrate, and 10 ng of
pentaerythritol tetranitrate.

The TEA analyzer has been shown to be a nitrosyl-specific
detector, with a linear and dynamic range greater than 6 orders
of magnitude (20). For complex matrices such as blood,
plasma, or urine, the detector screens out compounds that do
not contain nitrosyl groups, thus simplifying the chroma-
tography and data interpretation. Furthermore, for the nitrate
esters, the detector response has been shown to vary linearly
with the number of nitrosyl-containing functional groups (18).
This feature provides an added advantage over other detectors
when quantitating a nitrate ester and its metabolites with a
known number of nitrosyl groups, even in the absence of
authentic standards. The current method has a lower limit
of detectability of 0.1 ng for both glycerol trinitrate and
pentaerythritol tetranitrate, and 0.2 ng for isosorbide dinitrate
at a signal to noise ratio of 3 to 1. This level of sensitivity
should be adequate for drug bioavailability studies where less
than 1 ppb sensitivity is required. New technologies in HPLC
with 3-um column packing materials resulting in over 120000
theoretical plates/m should further enhance the sensitivity
of the method.

To demonstrate the feasibility of the HPLC/TEA method
for the determination of nitrate esters, plasma samples were
fortified at various levels with glycerol trinitrate, isosorbide
dinitrate, and pentaerythritol tetranitrate. Figures 3 and 4
show the typical chromatograms obtained from spiked plasma.
The recovery of these nitrate esters from 1 ppb to 80 ppb is
summarized in Table II. Although higher recoveries have
been reported with other solvents such as petroleum spirit
(21), hexane (13), or benzene (22), those extraction procedures
were limited to the parent nitrate ester and involved tedious
repetitive extractions. The use of ethyl acetate, in addition
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Figure 4. HPLC/TEA analysis of plasma sample fortified with isosorbide
dinitrate at 5 ppb level: (A) isosorbide dinitrate, 5 ng; (B) blank plasma;
(C) spiked plasma.
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Table III. Precision of HPLC-TEA

com- amt in- response std %
pound jected, ng Xe dev®? RSD®
GTN 1.0 5.28 x 10* 0.12 2.3
5.0 2.77 x 10° 0.11 4.1
20.0 1.16 x 107 0.04 3.5
50.0 2.65 x 107 0.09 3.4
ISDN 1.0 1.41 x 10* 0.12 8.6
5.0 8.25 x 10° 0.61 7.3
20.0 3.25 x 10¢ 0.21 6.5
50.0 1.62 x 10’ 0.12 7.4
PETN 1.0 4.41 x 10° 0.25 5.9
5.0 2.04 x 10* 0.04 2.2
20.0 7.85 x 10¢ 0.34 4.3
50.0 2.08 x 107 0.05 2.4

@ X = mean value for five determinations, arbitrary units.
b Standard deviation. ¢ Relative standard deviation
expressed as a percent.

to its ability to simultaneously extract the more polar lower
nitrates, is also believed to have a q effect on the
enzyme which may otherwise degrade the nitrate ester drug,
eliciting erroneous results.

Table III summarizes the precision data for GTN, PETN,
and ISDN at 1-ng, 5-ng, 20-ng, and 50-ng injection levels,
expressed as relative standard deviations (RSD). At the 5-ng
injection level, the relative standard deviations are +4.1%,
+2.2%, and £7.3% for GTN, PETN and ISDN, respectively.

During the sample workup procedure, the extract was
further clarified by the use of Sep-PAK C; cartridge to re-
move many of the proteins, glucuronides, and lipids. This is
particularly useful in working with blood samples where the
interfering compounds and pigments are retained, resulting
in prolonged HPLC column life, and ultimately lower oper-
ating cost per sample.
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Determination of Phencyclidine and Phenobarbital in Complex
Mixtures by Fourier-Transformed Infrared Photoacoustic

Spectroscopy
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Department of Cl Y, O State L Stillwater, O
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F p p py has
been used to quantitate the of d sub
(phency and phenobarbltal) In substrates such as lac-
tose and parsiey. Quantitation to 1% accuracy Is demon-
strated, although saturation effects might be exhibited in some
of the spectra.

Every co ble analytical technique has been applied
to the difficult problem of drug analysis (1). Because drugs
are minor constituents in rather complex mixtures, a primary
requirement in almost every analysis is to first effectively
separate the mixture and, in so doing, concentrate the drug
s0 that it has a concentration which exceeds the limits of
detection of the method to be used. Qualitative identification
is readily accomplished by the many chromatographic pro-
cedures either alone or in tandem with mass spectrometry or,
in some cases, by spot tests. Quantltatlon is less readily

d and freq ly requires d derivatiza-
tion and repeated instrument calibration.

PAS) (10-13). The advantages of FTIR-PAS over dispersive
methods are well delineated in these articles. They include
speed of analysis, high incident power (useful for PAS studies),
and frequency multiplexing. The disadvantages of FTIR-PAS
are that the sampling depth varies with frequency, there is
some difficulty in knowing exactly what to use as a power
correcting reference spectrum, and the thermal and optlcal
properties of the ples control the freq d
of the PAS signal strength. These diffi cultlea have been
discussed in some detail by Krishnan (14) and by Royce et
al. (15). These advantages notwithstanding, it was felt that
for routine quantitative and qualitative analysis the currently
used methods of FTIR-PAS analysis would prove to be a
significantly useful tool in the modern forensic analysis lab-
oratory by virtue of the speed of analysis, use of commercially
available components, and other features described below.
In this paper we describe the direct quantitative deter-
mination of phenobarbital and phencyclidine (PCP) using
FTIR-PAS. Sample mixtures, in powdered solid form, were
all in-house preparations and were tested for both the qual-
itative and quantitative capabilities of the method.

Innovative techniques which can simplify the analytical EXPERIMENTAL SECTION
proboco] either by requmng less sumgent sepamtlon needs ’I'ha mmp]ea were prepared mv‘mg'_ndly and made somewhat
or by eliminating ion gwpg are ition by shaking for 5 min in a Wiggle-bug.
valuable in that time, a precxous :in.y in clinical and Ref FTIR PAS spectra of the pure components of the
criminalistic laboratories, is saved. A recent innovation, for various mixtures were stored on disk for subsequent subtraction
example, is the application of circular dichroism spectropo- as will be explained below.

larimetry (2) to the direct analysis of drugs.

A rapidly emerging technique which has the potential to
expedite analysis is photoacoustic spectroscopy (PAS) (3, 4).
Its use in the ultraviolet spectral range was described in the
early literature and, more recently, reports have appeared for
the application of PAS in the mid-infrared range by both
dispersive (5-9) and Fourier-transformed methods (FTIR-

PCP was phencyclidine hydrochloride obtained from NIDA
via Research Triangle Institute. Pnrsley was. from a local grocery
store. This mi: was | was from Sigma.
Lactose was from Aldrich.

The procedure for analysis of the FTIR-PAS spectra has been
described elsewhere. There were essentially no new features with
the exception of some minor modifications to th cell design. The
cell used for these experiments incorporated a Bruel and Kjaer

0003-2700/83/0355-0032$01.50/0 © 1982 American Chemical Society
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Figure 1. Top spectrum is that of ca. 10 mg of pure phenobarbital
with 2000 scans at 8 cm™' resolution, corrected by reference to a
carbon-black spectrum. Bottom spectrum is the residual spectrum
from 2000 scans at 8 cm™' resolution of 12.1% by weight pheno-
barbital in lactose after subtracting the spectra of the pure components
in a 0.12 to 0.88 ratio of phenobarbital to lactose.

4175 0.5-in. foil electret microphone with a 2642 preamplifier and
a 2610 battery operated power supply, all of these components
being available off the shelf from Bruel and Kjaer. The pream-
plifier was sealed with rubber cement to prevent acoustic noise
pickup from the room. The spectra were all ratioed against a
carbon black standard. Since this work was completed, it has
emerged in studies by others (16) that carbon black is not such
a good reference for FTIR-PAS spectral measurements because
it has several spectral features which are not intense but nev-
ertheless present. Because the cell constructed here indicated
the presence of no acoustic resonances over the range of audio
in the FTIR beam, the spectra
would just as e&mly have been corrected for source power variations
with wavelength by ratioing to the standard DTGS detector
response. An excellent description of the problems associated
with spectral correction of FTIR-PAS spectra has been recently
publmhed by Royce et al. (15). 'I‘herefore, besides band intensity
with and the
pure component spectra reported here have some band intensity
errors which may be as much as 5% of the total band intensity.
However, while this means that the spectra reported here cannot
be used for study of absolute band intensities, they can be used
for quantitative purposes because the same reference carbon-black
spectrum was used to correct all spectra measured. As a result,
the relative errors in using the spectral subtraction methoda
outlined below prove to be negligible and have not been id
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Table I. Analysis of Phenobarbital®

sample % caled % given
1 8.4 1.5
2 19.2 19.8
3 26.7 27.1
4 40.8 40.7
5 36.8 37.1
U1 12.0 12.3
U2 10.8 9.9
U2 10.0 9.9
U3 11.3 12.3
u3 12.8 12.3
U4 12,2 10.7
Us 36.8 39.9

4 Calculated (by FTIR-PAS) and given weight percent-
ages of phenobarbital in lactose. U1-U5 are “unknowns’’
with typical precisions of independent measurements of
the same sample as indicated.

Table II. Analysis of Phencyclidine®
sample % caled % given
1 4.0 4.1
2 9.6 9.7
3 72 71
5 3.4 3.3
6 12.2 12.2
U1 13.8 14.9
U2 8.8 6.0
u3 14.5 17.9
U4 5.8 3.5
uUs 14.3 13.1

@ Calculated (by FTIR-PAS) and given weight percent-
ages of PCP on parsley. Typical sample weights were
about 10*mg.

system. The top spectrum is that of 10 mg of pure pheno-
barbital. The bottom spectrum is that which remains after
0.12 X the pure lactose spectrum and 0.88 X the pure phe-
nobarbital spectrum are subtracted from the spectrum of the
12.1% by weight phenobarbital in lactose mixture. It can be
seen that the base line is essentially flat with the notable
exception of the band at ca. 1700 cm™. The flatness of this
base line was estimated by eye and was not further analyzed
by any computer algorithm, although with the purchase of
suitable software this could also have been done. After several
trials it was determined that the band at 1700 cm™ which
remains outstanding after spectral subtraction of the com-
ponent spectra is not quantitatively related to the amount of
phenobarbital in the mixture. While the exact cause of this
outstanding feature has not been determined here, it is hy-
pothemzed that it could be due to a number of different

further for the purposes of this work.

Two-component mixtures were made with the compositions
of these mixtures being made known to the individual running
the FTIR-PAS spectra. In this way a so-called calibration line
was inferred. The calibration line was prepared by subtracting
the spectra of the individual pure components from the spectra
of the mixture and repeating the process until the flattest possible
base line was obtained, as shown by Figure 1 for the case of 12.1%
by weight phenobarbital in lactose.

Following the experimental derivation of a calibration line or
curve (for all cases studied here the set of points was well cor-
related with a straight line) a few samples (“blinds”) were analyzed
in which the concentration was known to the preparer but not
to the analyst. Those points are represented by a “U” prefix in
Tables I and II.

RESULTS AND DISCUSSION
An illustration of some typicl spectra is given in Figure 1
for the case of a 12% by weight phenobarbital in lactose

It could be that the pure component spectrum
of barbital was ed with a le which had a
shghtly different grain size distribution than that present in
the mixtures. In such a case, the amount of reflected light
mlght be different at that particular band. That is, the

would correspond to some sensitivity of the
phowacousuc spectrum to the amount of reflected light, es-
pecially for the case of intense transitions where the amount
of scattered or reflected light will be greatest. Another possible
cause for this phenomenon which also could be explained on
the basis of variations in the distribution of grain sizes is the
occurrence of saturation (14, 16). Since the presence of sat-
uration in the g ion of the phot tic signal is de-
pendent on the ratio of the thermal to the opucal thickness
of the le, the app of this ly in band in-
tensity could be associated with differing amounts of signal
saturation present in the pure and mixed samples for ab-
sorption into this particular band. As to whether or not either
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of these two is correct requires the analysis of a series
of samples in which the grain size distribution of the pure and
mixed samples are tightly specified. Even then it is not clear
that the relative surface areas for the two samples would be
the same. Nevertheless, it might be that the amplitude of this
anomalous feature would decrease with decreasing grain size
in which case at least one of these two proposed origins might
apply. A third reason may be associated with photometric
nonlinearity for intense bands. Finally, it is possible that
Kubelka~Munk corrections, which are necessary to correct.
band intensities for reflectivity variations, might prove useful
in distinguishing saturation from reflection problems.

Despite these difficulties, the relative compositions of the
various mixtures were obtained by spectral subtraction pro-
cedures. Adequate subtraction was inferred by assessing the
flatness of the subtracted spectral base line in regions outside
of those containing intense features. Table I contains the
results obtained for the analysis of phenobarbital and lactose.
In all cases for the phenobarbital and lactose system the
measured weight percentages are accurate to within 1% and
have a precision of better than 1% as shown by multiple but
independent analyses of the same unknowns. For the two
measurements of the same unknown, two independent samples
were obtained from the container of sample provided.

The PCP on parsley system was analyzed in similar fashion
and the data are described in Table II. The accuracy of the
measured results here is not quite as good as for the case of
phenobarbital and lactose. That is to be expected, however,
since the samples of PCP on parsley cannot be made nearly
as homogeneous as the phenobarbital and lactose system.

As a result, sampling errors become more significant. The
presence of two strong bands centered at 1600 cm™ and 1100
cm! in the spectrum of parsley could not be substracted
totally from the spectra of the mixtures, indicating the
presence of the saturation and reflectivity problems also ap-
parent in the phenobarbital-lactose system. The parsley was
also incompletely dried. This resulted in the introduction of
significant quantities of water vapor into the PAS cell, despite
the presence of molecular sieves in the sample compartment.
it is clear that the quantitative determination and qualitative
analysis of these intractable drug mixtures are feasible by
FTIR-PAS over the range of concentrations studied here.
However, it is also apparent that, because of saturation and
reflectance effects, technical improvements in the methodology

(an example might be careful spectral reflectance corrections)
must be introduced before very complex multicomponent solid
samples can be analyzed with ease. These phenomena man-
ifest themselves in the difficulty associated with quantitation
but will be less important in qualitation.

In conclusion, the data presented here demonstrate the
feasibility of rapid quantitative analysis of difficult samples
(e.g., PCP on parsley) commonly encountered in the forensic
laboratory. It is to be stressed that the samples are not
adulterated in any way. It is therefore clear that this technique
has qualitative and quantitative analytical capabilities. In
addition to finding use in the forensic laboratory, it may find
use wherever quantitation of solid mixtures is required such
as in the analysis of food additives or pharmaceuticals and
pesticides on grains.
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Sequential Determination of L-Lactate and Lactate
Dehydrogenase with Immobilized Enzyme Electrode

Fumio Mizutanl,* Kan]! Sasakl, and Yukio Shimura

Research Institute for Polymers and Textiles, 1-1-4 Yatabe-Higashl, Tsukuba, Ibaraki 305, Japan

An L-actate selectt | isting of an immobllized
lactate oxidase layer and a Clark oxygen electrode Is used
for the sequential determination of L-lactate and lactate de-
hydrogenase (LDH) in the same sample. L-Lactate (5 X 10
to 5 X 107 M In the final )lis d from

paper, such a new application of the enzyme electrode is
described.

EXPERIMENTAL SECTION
Mnlennls The enzymes used were lactate oxidase (from

the d In the el o nt after the addition of the

sample to a buffer solution. LDH (1-300 IU/L in the final

activity) is then determined from the decreasing rate of the

which Is induced by the ymatic L-lactate produc-

tion aner the addition of pyruvate and NADH to the sample-

The ial d lon is com-

pleted within ca. 7 min. The precblons are 1.4% for Lactate

and 2.6% for LDH. The eledlode can be used for more than
2 weeks and 140 I Inati Its applicati

sp., 17 IU/mg, Toyo Jozo), LDH (E.C. 1.1.1.27, from
hog muscle, 550 IU/mg, Bohringer Manheim), and glutamate
pyruvate transaminase (E.C. 2.6.1.2, from pig heart, 80 IU/mg,

Bohringer Manheim). Commerically availab]e lyophilized human
sera were used (Bohringer Manheim or Ortho Diagnostics).
Pyruvate (as sodium salt), L-lactate (as lithium salt), NADH, and
NAD* were obtained from Sigma Chemical Co. and were used
without further purification. KH,PO, and K,HPO, were reagent
grade and were used as received. Deionized and twice-distilled
wa'.er was | used for all experiments.

ly of the Enzyme Electrode System. An enzyme

for human sera Is also described.

Lactate dehydrogenase (E.C. 1.1.1.27, L-lactate:NAD* ox-
idoreductase, abbreviated LDH) catalyzes the L-lactate pro-
ducing reaction

pyruvate + NADH + H* —2% L.lactate + NAD* (1)

Total LDH activity in serum is of clinical importance in
differentiating disorders, such as acute myocardial infarction,
congestive heart di pernicious ia, and hepatitis.
Although some spectrophotometric methods (I-5) have been
proposed for the routine assay of LDH, electrochemical
monitoring of the enzyme has the advantage of providing
simple and rapid assays. Smith and Olson (6) have described
an electrochemical method which is based on the ampero-
metric detection of an NADH-coupled reaction, but the me-
thod requires an electrode system with a particular and
complex structure.

An enzyme electrode is considered convenient because of
its simple structure and also because of its substrate specifity
(7, 8). Recently, Karube et al. (9) have reported an amper-
ometric L-lactate sensing electrode consisting of a Clark oxygen
electrode and an immobilized layer of lactate oxidase (L-lac-
tate:oxygen oxidoreductase) which catalyzes the reaction

lactate oxidase

L-lactate + O, pyruvate + H,0, (2)

The electrode is expected to be appliciable to the determi-
nation of LDH by monitoring the catalytic production rate
of L-lactate, i.e., based on the procedure of “amperometric rate
assay” (10, 11). Further, application of the electrode provides
the method for sequential determination of L-lactate and LDH
in a sample; before the determination of LDH in a sample-
containing solution, L-lactate in the same solution can be
measured by the same electrode. The determination of L-
lactate in serum is also clinically important, e.g., abnormally
high levels of L-lactate produced by ahght exertxon are indic-
ative of nnoxm which includ heart d cor-
onary artery d and p ia. Therefore, tial
determination is very useful for clinical laboratories. In this

solutlon (200 uL, containing 40 IU of lactate oxidase in 0.1 M
phosphate buffer, pH 7.0) was dropped onto a porous filter
membrane (Millipore, Type GS, 25-mm diameter) which was
placed on the Teflon membrane of a Clark oxygen electrode
(Ishikawa Manufacturing, battery type with a platinum cathode
of 12-mm di ). The filter b was covered with a
dialysis membrane (Visking, 40 mm diameter) and then the three
membranes were fastened with rubber rings so that the enzyme
was trapped in the filter b which was sand d be-
tween two other membranes. The enzyme electrode thus prepared
was immersed in 0.1 M phosphate buffer solution (10 mL, pH
5.5-7.7) in a cylindrical cell (volume ca. 30 mL). The solution
was saturated with air by blowing it onto the surface at a flow
rate of ca. 100 mL/min while stirring magnetically. Temperature
of the solution was kept at 25.0 = 0.1 °C. The current from the
enzyme electrode was dedona der (Yokog: Electric
Works, Model 3066) through a 2-kQ resi

electrode was stored in 0.1 M phosphate buffer solutlon (p}{ 7.0)
at 5 °C when not in use.

Procedures. For the determination of L-lactate in the sample,
the decrease in the electrode current as the result of the decrease
in dissolved oxygen iated with the addition of the sample
to the buffer (eq 2) was d. For the (
deu:rmmauon of LDH, pyruvate and NADH were added to t.he

buffer solution after the el de current
reached a steady-state value, and the decrease in the current
caused by their addition was recorded. NADH should not be
added to the buffer solution before the addition of the sample
when it contains L-lactate in addition to LDH, since an excessive
decrease in the electrode current against the concentration of
L-lactate in the sample is brought about by the circulating en-
zymatic reactions between L-lactate and pyruvate: pyruvate is
produced via the oxidation of L-lactate with the immobilized
lactate oxidase (eq 2), and the pyruvate thus produced is rereduced
to L-lactate with LDH in the sample in the presence of NADH
(eq 1). Therefore, the LDH reaction was initiated by the final
addition of NADH in the present electrode system.

Assays of L-Lactate and LDH. L-Lactate and LDH were
respectively assayed by the method of Noll (12) and of Henry et
al. (2). A Hitachi Model 323 spectrophotometer was used for these
assays.

RESULTS AND DISCUSSION
Response for L-Lactate. Figure 1 shows response curves
of the enzyme electrode at different L-lactate concentrations
at pH 7.4. The current began to decrease several secands after
the addition of L-lactate and restored a steady-state value

0003-2700/83/0355-0035801.50/0 © 1982 American Chemical Soclety
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Figure 1. Typical response curves of the enzyme electrode at pH 7.4
to (A) 0.1 mM, (B) 0.2 mM, (C) 0.4 mM, (D) 0.6 mM, and (E) 0.8 mM
L-lactate.
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Figure 2. F the current d and the con-
centration of L-lamala at pH 7.4. The times after the addition of
L-lactate are (A) 10 s, (B) 20 s, (C) 40 s, and (D) 2 min (steady state).

within ca. 1.5 min. Figure 2 shows the relationships between
the current decrease (the difference between the currents
before and after the addition of the sample) and L-lactate
concentration at intervals of 10 s, 20 s, 40 s, and 2 min (in
steady state) after addition of the substrate. Linear rela-
tionships were obtained for all intervals up to the concen-
tration being 0.8 mM. Therefore, the current decrease, A: (in
uA), can be expressed as

Ai = 23.7¢{1 - f(t)} 3)

where c is t.he concentmuon of L-lactate (in mM) and f(¢) is
a( dent) function which monoLonou.s]y
decreases with time from umty att=0 tozeroat t 2 1.5 min.
The result from digital simul c an ric
enzyme electrode has indicated that a linear telatxona!np
between Ai and c is given at any interval as in eq 3 when the
activity of the immobilized enzyme is very high (13).

The minimum concentration of L-lactate which could be
determined was ca. 5 uM (signal in steady-state to noise, 5;
pH 7.4). The relative standard deviation was 1.4% for 10
successive measurements of the current decrease in steady-
state on 0.2 mM L-lactate at pH 7.4.
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Figure 3. Typical response curves of the enzyme electrode after the
addition of 0.8 mM NADH to the buffer solution (pH 7.4) containing 1.0
mM pyruvate and LDH. LDH activities are (A) 14 IU/L, (B) 28 IU/L,
(C) 56 IU/L, and (D) 84 1U/L.
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Figure 4. Relationships between the rate of current decrease and

pyruvate concentration at pH 7.4 and NADH concentration 0.8 mM.
LDH activities are (A) 14 1U/L and (B) 28 1U/L.
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Figure 5. Relationships between the rate of current decrease and
NADH concentration at pH 7.4 and pyruvate concentration 1.0 mM.
LDH activities are (A) 14 IU/L and (B) 28 IU/L.

The current decrease for L-lactate was almost independ
of pH between 6.0 and 7.5, Hence, further experiments were
carried out at pH 7.4, i.e., LDH's optimum pH for the pro-
duction of L-lactate (2, 14). Karube et al. (9) have also reported
that the optimum pH of the electrode was around 7.

Response for LDH. Addition of NADH to the buffer
solution containing LDH and pyruvate caused a decrease in
the current as shown in Figure 3; the current decreased linearly
with time at least from 1.5 to 4 min after the addition of
NADH. The rate of current decrease in the linear region is
expected to be proportional to the activity of LDH as in the
cases described pmvioualy (10, 11). Since the rate of current
d d ded on the rations of both pyruvate
and NADH in addition to the activity of LDH, the effect of
their concentrations on the rate was firstly examined to obtain
the optimal condition for the enzyme assay. Figure 4 shows

the change in the rate of current decrease against the change
in the concentration of pyruvate at a fixed NADH concen-
tration of 0.8 mM for LDH-containing solutions with the
activities of 14 and 28 IU/L. For both LDH activities,
maximum rates are given in the range of pyruvate concen-
tration from 0.6 to 1.5 mM. Figure 5 shows the effect of the
concentration of NADH on the rate of current decrease at a
fixed pyruvate concentration of 1.0 mM for the same LDH-
containing solutions as given in Figure 4. The NADH con-
centrations between 0.5 and 1.5 mM give maximum rates.
Therefore, the concentrations of pyruvate and NADH were
adjusted to 1.0 and 0.8 mM, respectively. The optimal con-
centrations of both substances in the present system are fairly
higher than '.hoae for a oonvent.mnal method, i.e., the method
which invol ric itoring of the de-
creasing rate of NADH (1 2, 14); Bergmeyer and Bernt (14)
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Figure 6. Typical response curve of the enzyme electrode for a
sample containing both L-lactate (0.2 mM In the final concentration)
and LDH (28 IU/L In the final activity): (A) time when the sample is
added to the butfer solution (pH 7.4), (B) time when pyruvate (1.0 mM)
and NADH (0.8 mM) are successively added to the sample-containing
butfer solution.

have described that the optimal concentration ranges of py-
ruvate and NADH are 0.3 to 0.6 mM and 0.05 to 0.5 mM,
respectively, for the method. However, the reason for the
inconsistency between the optimal condition for the present
method and that for the spectrophotometric one (1, 2, 14) has
not yet been known.

The rate of current decrease in the linear region, Ai/At (in
p#A/min), was proportional to the activity of LDH, a (in IU/L),
up to 300 IU/L

Ai/At = 0.0232a 4)

A very similar relationship between Ai/At and a to eq 4 can
be derived from eq 3 by introducing the transfer function of
the electrode system. Namely, the electrode response for LDH
is predictable from that for L-lactate as follows. The current
decrease against L-lactate (eq 8) is the output from the
electrode system corresponding to the input of the L-lactate
concentration which is expressed as cu(t) (u(t) is the function)
in the bulk of the solution. Hence, the transfer function, G(s),
is given as

G(s) = L[23.7cl1 - f(t)]]/ L[cu(t)] = 23.7(1 - L[f()]}
(5)

where L[ ] denotes the Laplace transform and s is a param-
eter. The activity of a IU/L LDH is the value which causes
a L-lactate-producing rate of a xM/min at 25 °C under optimal
conditions (14). Thus the bulk concentration of L-lactate
(input) produced with LDH at ¢ min after the enzymatic
reaction being initiated is expressed as 10%at mM. The
current decrease (output), Ai, uA, corresponding to the above
input is given as

Ai = LYG(s)-L[10%at]] = 0.02374:[: = J; ‘) dc} 6)

where L[ ] is the inverse Laplace transform. Since f4f(t)
dt becomes constant for ¢ 2 1.5 min, Ai vs. t curve becomes
linear with its slope being 0.0237a xA/min. This value is very
close to the slope of 0.0232a uA/min written in eq 4. It is
indicated from the above result, concerning the determination
of LDH, that only a calibration curve for L-lactate is required
and that the calibration for LDH itself can be omitted. This
is practically useful, especially for carrying out the sequential
determination of L-lactate and LDH, which is described in
the following sections.

The minimum activity of LDH which could be determined
was ca. 1 IU/L (signal at 4 min after the addition of NADH
to noise, 5). The relative standard deviation was 2.6% in 10
successive measurements of the rate of current decrease on
a constant activity of LDH (28 IU/L).

Sequential Determination of L-Lactate and LDH.
Figure 6 shows a typical response curve of the enzyme elec-
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Table I. C i of Results Obtai
and LDH in Serum

concn of L-lactate
in serum, mM

d for L-Lactate

activity of LDH
in serum, IU/L

spectro- spectro-

photo- photo-

metric metric

serum  present method present method
no. method (12) method (3)
1 1.37 1.41 138 137
2 3.33 3.15 349 340
3 1.57 1.48 240 248
4 2.10 2,27 414 407
5 1.73 1.67 315 334
6 1.37 1.34 199 193
7 1.52 1.44 166 170

trode, where a sample containing both L-lactate (0.2 mM in
the final concentration) and LDH (28 IU/L in the final ac-
tivity) was added to the buffer solution and, after 3 min, 1.0
mM pyruvate and 0.8 mM NADH were successively added
to the sample-containing buffer solution. The current decrease
before the addition of NADH and the rate of current decrease
1.5 to 4 min after the addition are considered to correspond
to the concentration of L-lactate and the activity of LDH,
respectively. The current decrease for L-lactate at a fixed
concentration of 0.2 mM did not change in the presence of
LDH within its activity range of 0 to 300 IU/L. The rate of
current decrease for LDH at a fixed activity of 28 IU/L was
not affected appreciably by the coexisting L-lactate within the
concentration range of 0 to 0.5 mM; the LDH rate measure-
ment gave the exact activity of the enzyme when the electrode
current is more than 10 uA before the measurement. A dis-
cernible lowering of the rate against the LDH activity (more
than ca. 5% in relative response) is brought about when the
L-lactate concentration is more than 0.5 mM. The sequential
determination of L-lactate and LDH can be, therefore, carried
out with adequate precision when the concentration of L-
lactate is smaller than 0.5 mM.

Application and Stability of the Enzyme Electrode.
The present sequential determination method was applied for
human serum, and the obtained L-lactate concentration and
LDH activity were compared with the results obtained by the
method of Noll (12) and of Henry et al. (2) each to each. In
the present method, 0.5 mL of serum was added to 9.5 mL
of the buffer solution. The ob d results, ized in
Table I, agreed satisfactorily for both L-lactate and LDH; the
correlation coefficients between the present method and the
conventional methods (2, 12) were 0.988 for L-lactate and 0.995
for LDH concerning the seven samples given in Table 1.

When the enzyme electrode once used for the sequential
determination of L-lactate and LDH in serum was rinsed in
water and then dipped in the buffer solution without serum,
the current returned to its initial level within 2 min.
Therefore, the total cycle time per sequential determination
of serum was less than 10 min.

The long-term stability of the enzyme electrode was exam-
ined; the sequential determination of L-lactate (0.2 mM) ard
LDH (28 IU/L) in a solution was carried out 10 times a day,
every day for 3 weeks. Average values of both the current
decrease (in steady state) for L-lactate and the rate of current
decrease for LDH in 10 successive measurements did not
reduce even after 2 weeks as shown in Figure 7. The reduced
responses after more than 2 weeks are considered attributable
to slow denaturation of the immobilized enzyme. Some

ination of the enzyme by bacteria or fungi might also
be responsible for the reduced resp although their
growth was not obviously detected.
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Figure 7. Long-term stability of the enzyme electrode. The current
dacrease (n te) for L4actate (0.2 mM) and the rate of current
decrease for LDH (28 1.U./L) in a solution are sequentially measured
as shown in Figure 6. Each average value for 10 successive mea-
surements per day Is plotted against days after the preparation of the
enzyme electrode.
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Determination of Molecular Weight Distribution of Aromatic
Components in Petroleum Products by Chemical lonization
Mass Spectrometry with Chlorobenzene as Reagent Gas

L. Wayne Sieck

Chemical Thermocynamics Division, Center for Ch Pnysics,

A mass sp que for direct
of the molecular weight of the

major aromatic components in liquid fueis and other petro-
products is discussed. mwmmw

Bureau of g D.C. 20234

appropriate solvent(s) for the untreated sample as the source
of the reagent ions for the measurement.
EXPERIMENTAL SECTION
A!l measurements were carried out with the NBS high-pressure

iective charge exch cti

mﬂum and hthalk
p In the sample. ( also serves as the
solvent for the fusl, and ning of can

be carried ot with a 3-min tum-around time. m

lnsmeolthe‘ngwthmthenwlmmnufchemml
ion (CI) mass spx y for analytical purposes (1),
most of the attention has focused on the utilization of GC/MS
ted:mqus. With respect to the specific problem of oil and
lysis by CI, studies which involve the in-

ion of unfracti d bulk les directly into the
mass spectrometer (other than GC/MS) have been restricted
to the OH" screening of aromatics (2) and the screening of
argano sulfur compounds using triple quadrupole MS (3). The
present study was undertaken to develop rapid CI methods,
ing no prior le treatment, which could provide
qnnﬁnnvemformuonconmmingnmmanc components in
Biquid fuels and petroproducts. The basic method utilizes an

3

ion mass spect which was modified for this
smd) by incorporating a 0-5-kV electron gun to provide electron
impact ionization under typical analytical CI conditions. Unless
otherwise indicated, all spectra were recorded by using this
auxiliary gun at source temperatures of 150-200 °C (423-473 K).
Samples for study were syn.nge—m)ected and vaporized into a 3-L
evacuated Pyrex rser\(m (450 K) which was interfaced to the
ing valve. The other essential
features of the syslem have been described previously (4).

RESULTS AND DISCUSSION

Solvent Selection. The selection of solvents for use as
sources of reagent ions was based on the satisfaction of the
following criteria:

(1) It must be a reasonably volatile liquid in which the
important of the le are solubl

(2) It must not fragment extensively following electron
impact ionization under CI conditions.

(3) The ion(s) produced initially from the solvent either
must be tive d the vapor or must react
in a well-specificed manner giving a relatively simple, well-
characterized, and reproducible reagent ion spectrum.

(4) The solvents must be relatively free of those mpunues
which are likely to be significant p in the samp

This article not subject to U.S. Copyright. Published 1982 by the American Chemical Society
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Figure 1. lonization potentials of certain classes of organic molecules
as a function of their molecular weight. Some specific molecules are
included for reference.

to be screened and be readily available and in a condition to
be used essentially as supplied (no elaborate purification re-
quired).

(5) The products of the CI interactions must be unreactive
toward the bulk solvent vapor.

(6) The reagent ions must react with each sample compo-
nent to give, ideally, product ions which are characteristic of
that particular component and are easily related to the neu-
trals from which they were derived. In order to simplify the
interpretation, we decided to restrict the solvent(s) to those
which give reagent ions which react to yield the corresponding
molecular ion (M*) of the component via a charge transfer
mechanism:

S* (from solvent) + M — M* + S (1)

Figure 1 displays the ionization energies or ionization po-
tentials (IP’s) of several classes of organic molecules as a
function of their molecular weight. Some specific molecules
are identified for reference. The important feature of Figure
1 is the gap which exists between the IP’s (5) of aliphatic and
aromatic hydrocarbons. With the exception of benzene (IP
= 9.24 eV), the IP’s of aromatic hydrocarbons are all <8.82
eV (toluene). On the other hand, the lowest reliable IP which
has been determined for a saturated hydrocarbon is that of
trans-decalin, 9.14 eV. Therefore a careful search was made
for solvents which have IP's < 9.1-9.2 eV, since, to a first
approximation, the resulting molecular ions should react only
with the aromatic components in liquid fuels.

Benzene, although it has been successfully used as a reagent
gas in GC/MS applications (6, 7), as well as toluene and the
xylenes (IP’s 8.48-8.58 eV) were all found to be unsuitable
due to relatively high impurity levels (>1 part in 10*) of higher

lecular weight alkyl-substituted b rendering them
useless for the screening of lighter fuels. Heterocyclics, such
as substituted pyridines, which have appropriate IP's and are
nlauvely mble t.oward ionic fragmentation following electron
unpact ion and cannot participate
in reaction 1. Some oleﬁna. such as cyclohexene (IP = 8.95
eV) were also mvesugatod but were found to fragment ex-

ly and prod ion ions which were totally
unreactive.

The primary solvent eventually chosen was reagent grade

hlorok 1t has an appropriate IP (9.04 eV), is free from
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pressures in excess of 35-40 mtorr of pure chlorobenzene at
150-200 °C, the following mass spectrum is obtained (nor-
malized to m/z 112, CHy®CI* = 100): m/z 112, 100; m/z 113,
1L.1; m/z 114, CgHg'CI*, 32.5; m/z 115, 5.0; m/z 128, C,oHg*,
6.0; m/z 152, C;;Hg*, 4.1; m/z 153, C,,Hy*, 11.6; and m/z 154,
Cy2H,o*, 5.6. The higher mass peaks result from the following
reactions involving fragment ions:

C.Hg* + CgH{Cl — C,cHg* + Cl ©@
CeH,* + CgHyCl — C,;Hg* + HCI @)
CeHy* + CgHyCl — C,,Hy* + HCI (@)
CeHs* + CgHyCl — CpoHyo* + Cl (5)

With the exception of the primary product ions at m/z 128
(same as naphthalene) and m/z 154 (same as ethano-
naphthalenes), there are no peaks in the reagent ion spectrum
which would mask signals from major aromatic components
in petroproducts. Approximately 85% of the total ionization
is in the molecular ion, C¢HsCI* (m/z 112-115).
Sensitivity Measurements. The utility of CgH;CI* (CB*)
as a reagent ion depends critically upon its reacuvny wward
various classes of Th
evaluation of the process

CeHsCI* + M — M* + CH,Cl ®)

was carried out to define the relative sensitivities for different
types of M (the relative sensitivity for molecules M; and M;
is defined as the ratio of the intensities or peak heights of tha
corresponding molecular ions, M;* and M;*, obtained in
equimolar mixtures of M; and M; in chlombenzene) under CI
conditions. These were pleted as foll

(1) mixtures of known composition of three or four com-
pounds (minimum stated purity, 96%) having different mo-
lecular weights were prepared and diluted to approximately
1 part in 10*-10° of CB.

(2) A 100-uL portion of this mixture was then injected into
the sample reservoir and the leak rate adjusted to maintain
a total pressure of 0.1 torr in the CI chamber.

(3) The composite spectrum was then recorded (usually
'.hreeorfou.rscans)andmspected to verify that the expected
M‘ xon.s were the only product.s of the CI reaction. The

was then d d by a factor of 2 (three
more scans) and then increased by a factor of 4 (three more
scans), and the relative M* peak heights compared to ensure
thatnosecondarymcﬁonswereoccurringintheionwume.

(4) The inlet reservoir was then evacuated, followed by the
injection of a different mixture containing one component in
common with the prior ple. The was
repeated, and a network of relative sensitivies assembled by
cross-comparison of many such mixtures containing different
additives.

Conditions were always adjusted to provide a composite
mass spectrum in which the sum of the intensities of the M*
ions was <10% of the intensity of CB* at the time of '.he
determination. Tlns was also the case during the
of fuel and petrop Higher jons (>10%)
to M* ions soxnet.unes gavea dl.swr'.ed specv.ru.m due to con-
secutive charge ing M* ions and
M-type neutrals present in the mixtures.

The CB CI sensitivities for a variety of substituted benzenes
and naphthalenes, as well as some substituted indans and
tetralins, plotted as a function of the molecular weight of M,
are shown in Figure 2 (see legend for class identification). All
values are normalized to m/z 142 from 1 methylnnphthalene
= 1.00. The pseud
vs. molecular wexght wlnch is clearly ev:den'. in the nlkyl-

ibed to d

unpuntuss which would mask M* ions from tics, and
is an excellent solvent for fuels and petroproducts. At CI

b data, is
rather than an actual reduced reactmty of CB* toward t.he
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higher weight bers of given families of hy-
drocarbons. This is assumed to be true since the electron
multiplier, which is of the Cu-Be dynode-type, exhibits a
response which is approximately proportional to the inverse
of the square root of the mass of the impacting ion for hy-
drocarbon ions.

There are two very important features of Figure 2. Firstly,
it would appear that different families of substituted aromatics
do not show significantly different relative sensitivities as a
function of molecular weight when CB* is used as the reagent
ion. This implies that charge exchange to give M* is taking
place at every encounter, and since the relative collision
coefficients between any given ion and any neutral can be
predicted (8) to within a few percent (assuming a prior
knowledge of the polarizability and dipole moment of the
neutral), it would appear that the relative sensitivity for any
given fuel could be calculated directly without any
experimental information. However, this assumes that the
only product of the reaction is M* derived from the neutral
M. When the charge transfer reaction becomes highly exo-
thermic, it is possible that the resuiting ion will retain suf-
ficient internal energy to undergo dissociation (M** — A* +
B), causing a reduced sensitivity at the m/z value associated
with M* and a more complex CI spectrum. Although disso-
ciative charge transfer was not observed under CI conditions
for any of the molecules investigated, it may be manifested
in the more exothermic reactions involving higher molecular
weight substituted aromatics, which are expected to have still
lower IP’s. In this context it is appropriate to mention that
clustering reactions involving ionized product ions (M*) and
the solvent (8), to yield MS*-type ions, were undetectable.
This was to be expected since (i) we use relatively low partial
pressures of S (the conversion to MS* involves third-order
kinetics) and (ii) it is well-established (9) that the three-body
rate coefficients for production of association ions involving
two molecular species of significantly different IP’s are gen-
erally orders of magnitude lower than the corrasponding
resonance case

M*+ M- (M),* + M

The other important feature of Figure 2 is the fact that no
signals were detected at any m/z values from any acyclic
alkane or substituted cyclohexane investigated. These in-
cluded lmear and b hed alk up to h d , and
alkylcy up to bicyclohexyl. Agmn. this was antlc-
ipated since the IP of chlombemne (9 04 eV) is expected to

Flguro 3. (A) Charge exchange CI spectrum of a no. 4 fuel oil using

are by broken lines.
(B) Charge exehange CI spectrum of the same no. 4 fuel oil using
cyclo-C¢H,,* as the reagent ion. See text for meaning of composite
peaks. (C) Charge exchange CI spectrum of the same no. 4 fuel oil
using (1,2,4-trimethylbenzene)* as the reagent ion. See text for
meaning of enlarged portions of spectra 3A and 3C.

be below that of the majority of the saturated hydrocarbons
expected to be present in liquid fuels.

Sample Screening. The major features in the CI spectra
of a no. 4 fuel vil using different solvents are given in Figure
3. Figure 3A gives the net pattern (ions from CB have been
subtracted) obtained with CB. The measurement conditions
were 0.5% (v/v) of the oil in CB, 100 L of the mixture
injected into the inlet reservoir, CI chamber pressure of 50
mtorr, and 150 °C. Peaks having the appropriate masses for
substituted benzenes and naphthalenes are indicated by
broken and solid lines, respectively. The spectrum of this same
oil using cyclo-CgH,,* as the reagent ion is glven in anure 3B.
This measurement was made by ph ization (4), instead
of electron impact, and is presented here only for comparison.
The IP of cyclo-CgH,; is 9.88 eV, which lies above those ex-
pected for higher molecular weight aliphatics (see Figure 1).
Therefore, the cyclo-CgH,,* CI spectrum contains composite
peaks including contributions from substituted naphthalenes
and aliphatics (indicated by brackets in Figure 3B) having
the same nominal m/z values. Note that those lower mo-
lecular weight aliphatic P ts with molecul
between 100 and ~160 amu'’s, although also having IP s <
9.88 eV, do not contribute measurably to the composite
spectrum. This due to the fact (10) that rate coefficients for
charge exchange decrease when the exothermicity of the
overall reaction is low (difference in IP’s). Reference to Figure
1 indicates that this is the case for lower molecular weight
aliphatics, resulting in a drastically reduced sensitivity for
these molecules.

To a first ap tion, the chlorob CI spectrum
may be taken as the actual molecular weight profile of the




major aromatic components in the particular fuel (after
correcting for relative sensitivities). This is certainly true for
the substituted benzenes. However, as mentioned earlier, the
IP’s of the great majority of aliphatic hydrocarbons have not
been measured, and essentially no information is available
concerning dicyclic molecules, including spiro pounds and
terpenes. Even when IP’s have been reported, we have found
in some cases that rearrang t ions are produced in the
CB CI of bridged hydrocarbons even though the overall re-
action is highly endothermic as written. For le, the
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includes m/z 178, 180, 182, and the base peak, 184, which is
uniquely associated with butyl-, methylpropyl-, etc., naph-
thalenes having the empirical formula C,H,; in both spectra.
The pure naphthalene profile within this manifold (3C) has
the following distribution for m/z 178, 180, 182, and 184
(taking 184 = 1.00); 0.05, 0.08, 0.64, and 1.00. The corre-
spondmg distribution in 3A is 0.11, 0.33, 0.82, and 1.00.
and/or olefinic ions increase the
relauve signals at those m /z values associated with bridged

ly rear

reported IP of norbornane (C;H,;,) is 9.80 eV, indicating that
electron exchange involving CB* would be endothermic by
at least 0.7 eV. However, we have found (1) that the reaction

CgH;CI* + C;H,z(norbornane) — C;H;,* + CgH;Cl (7)

is relatively efficient. This is due to the fact that isomerization
of C;H; occurs in the ion-molecule collision complex to yield
one or more diolefinic ions having IP's much less than the IP
of CB, 9.04 eV. Consequently, the reaction goes to completion
in spite of the apparent endothermicity. Obviou.sly, one cannot
rule out similar rear in higher molecul

naphthal by more than 60% in this particular manifold.
In view of this, we suggest that two separate CI spectra of the
same sample are ired to define a molecular weight profile
for aromatic components in fuels and petroproducts (both CB
and 1,24-TMB). For qualitative screening, as in forensic
applications, CB CI is sufficient. We should mention that
spectra such as 3A and 3C are routinely recorded here with
a 3-min turn-around time between injection of successive
samples. Assuming that the mass spectrometer is preset to
scan the m/z range of interest several times within approx-
imately 1 min, the limiting factor is only the time required

weight cyclics, including cyclohexanes, pamculnrly at the
elevated temperatures associated with the screening of heavier
fuels. Taken together, these reactions would generate ions
in the CI spectrum having the same nominal m/z values as
alkano- and alkenonaphthalenes. Furthermore, although
processed fuels derived from petroleum are usually low in
olefins, this class of compounds, having IP's in the range of
8.5-9.0 eV, would also appear at these same nominal m/z
values and distort the composite spectra associated with
bridged naphthalenes. In order to assess such contributions,
we have utilized an addition solvent, 1,2,4-trimethylbenzene
(1,2,4-TMB), which has an IP of 8.27 eV, placing it far below
those anticipated for any olefin irrespective of the degree of
unsaturation. This value also places it above all naphthalenes
(see Figure 1). Figure 3C gives the CI spectrum of the same
no. 4 fuel oil using 1,2,4-TMB* as the reagent ion. This
measurement was made by taking the original solution of the
fuel oil in chlorobenzene, adding 5% (v/v) of 1,2,4-TMB, and
scanning the spectrum under the same conditions as those
given for Figure 3A. The addition of 1,2,4-TMB serves a 2-fold
purpose. The molecular ion, 1,2,4-TMB*, assumes the role
of major reagent ion via interception of CB*

CsH:CI* + 1,24-TMB — 1,24-TMB* +CgH,Cl (8)

and the neutral 1,2,4-TMB present in the mixture reacts with
any ions having IP's >8.27 eV which might have been gen-
erated initially by the interactions of CB* with fuel compo-
nents. Comparison of Figure 3A and Figure 3C reveals a
complete elimination of all signals from lower molecular weight
benzenes using 1,2,4-TMB, which is consistent with the IP
data of Figure 1. The relative intensities of the higher mo-
lecular weight benzene derivatives are also somewhat reduced.
Although the general profiles of the naphthalene manifolds
are similar (solid lines), close inspection of the relative in-
tensities of “naphthalenic” peaks having the same carbon
number reveals a significant reduction in the signals at those
m/z values which might include contributions from rear-
rangement (olefinic) ions. For le, one of the groupings,
indicated by the arrows and enlargements on 3A and 3C,

to the inlet reservoir and inject a new sample diluted
in the proper solvent(s).

We have also found that perdeuterionaphthalene, C,,Dg,
can be used as an internal standard to define the actual
concentrations of classes of aromatic components in petro-
products. The molecular ion, C,oDg*, occurs at m/z 136, which
is clean in the pure solvent spectra. Therefore, a solution of
C,oDg in CB of known concentration (usually one part in 10%)
can be used as the medium for preparing samples for analysis
in which the volume dilution of the unknown is accurately
controlled. The resulting signal at m/z 136, which is negligible
in neat fuels, can be compared with any other features asso-
ciated with substituted benzenes or naphthalenes which ap-
pear in the resultant spectrum. Following any corrections for
relative response (Figure 2) and assuming that the entire mass
range has been scanned, one can directly calculate the total
aromatic content of the unknown.

Registry No. CB*, 55450-32-3; PhCl, 108-90-7; C¢H,,",
34473-67-1; CgH,y, 110-82-7; 1,2,4-Me,CgH,, 95-63-6; 1,2,4-
Me;CeH;*, 65018-34-0; C,oDg, 1146-65-2.
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Characterization of the Microstructure and Macrostructure of
Coal-Derived Asphaltenes by Nuclear Magnetic Resonance
Spectrometry and X-ray Diffraction

I. Schwager,' P. A. F !}

School of Eng g, L ity of Cali L

Str I ch ion studies have been carrled out on
coal-derived asphaltenes from five major pro-

2 J. T. Kwan,® V. A. Welnberg, and T. F. Yen*
Park, Los Angeles, California 90007

excess 1,1,1,3,3,3-hexamethyldisilazane (HMDS) and catalytic
of trimethylchlorosilane and pyridine in benzene (5).

cesses In the United States: PAMCO SRC, Catalytic Inc.
SRC, HRI H-Coal, Syntholl, and FMC—COED. El

After removal of liquids by rotary evaporation, the silyl derivatives
were freeze-dried from benzene and dried under vacuum to

molecular welght, proton i and
functional group analyses have been uud to caleulalc aver-
age molecular properties of the asphaltenes. The macros-
tructure and crystaliite p of these asphalt were
studied by X-ray diffraction methods. A oomblnod NMR-X-ray
procedure was used to estimate the size of the average
aromatic structural unit and the number of such aromatic
structural units per molecule.

The three direct general processes for converting coals to
liquid fuels which have recelved the most attention in the
United States are lyzed ion refining,
and staged pyrolysis (] 2). Al] of these processes result in
coal liquids which contain a fraction known as asphaltene in
addition to coal oils. Asphaltenes are defined operationally

as the b luble and p luble part of coal
liquid. This fraction of highly functionalized, highly
aromatic, high molecular weight molecules of the coal-lique-

faction products.

The purpose of this work is to characterize coal-derived
asphalt.enes obtained from a wide range of coal liquefaction
processes in terms of micro- and macrostructures by use of

tic r X-ray diffraction, and other

analytical wchmques The study of the composition and

structural character of the mlrogen- and oxygen- con'.ammg

aaphaltene eompounds present in the liquids is important in

iated with coal liquid use such

as air pollutmn, health hazards, refining conditions and cat-
alysts, and precursors of useful chemicals.

EXPERIMENTAL SECTION

Coal-derived asphaltenes were separated by solvent fraction-
ation from coal liquids produced in five major demonstration
liquefaction processes: Synthoil, HRI H-Coal, FMC-COED,
Catalytic Inc. SRC, and PAMCO SRC (3). Elemental analyses
were cumed out with standard procedures by the ELEK Mi-

tical I ies, T CA, and Huffman Labo-
numes. Wheatridge, CO. Molecular weights were determined
in our laboratory with a Mechrolab Model 301A vapor pressure
osmometer. In normal runs, snx to engh! concentmuons, over the
range 4-39 (g/L) were employed in the and
tetrahy for polation to infinite dilution (4).
The amount of phenolic oxygen in the asphaltenes was de-

t weight. The of trimethylsilyl groups introduced
was determined by proton NMR analysis (6) after the silyl de-
rivative was checked by infrared spectrometry in dilute solution
to ensure complete removal of hydroxyl groups.

The fraction of pyrrole-type nitrogen was determined by a
combined gravimetric-infrared method. Separation of nonbasic,
pyrrole-type, nitrogen-containing asphaltenes was carried out by
solvent elution chromatography on silica gel with benzene followed
by further treatment with methyl iodide to remove any residual
basic compounds. The methylations were carried out in benzene
with a large excess (35:1) of methyl iodide. The reaction solutions
were refluxed for 1 week, and any benzene-insoluble product was
removed by filtration. The benzene-soluble products were re-
covered by freeze drying the concentrated benzene solutions.
These asphaltenes, which contain essentially no basic (pyri-
dine-like) nitrogen, were then used to establish an infrared cor-
relation between the absorptivity of the N-H stretch and the
weight percent pyrrolic nitrogen (7).

Proton NMR spectra were run on a Varian T-60 spectrometer.
Chloroform-d (99.8%) with or without 1% Me;Si was used as
solvent. X-ray diffraction measurements were made on finely
ground powders with a General Electric XRD-6 X-ray diffrac-
tometer with a Cu Ka radiation source. The X-ray techniques
used to obtain the reduced intensity were those described pre-
viously (8).

RESULTS AND DISCUSSION

NMR Analysis. High-resolution proton nuclear magnetic
resonance spectrometry was first used by Brown and Ladner
(9) for structural characterization of coal pyrolysis products.
Other workers have extended this type of analysis to coal
extracts (10) and coal hydrogenation products (11-17). A
recently published comparison between f, values determined
from *C NMR spectra and those estimated from 'H NMR
data demonstrated that the use of the 'H NMR method is
re; bly reliable for coal-derived materials (18). The proton
NMR spectrum of a typical coal asphaltene is shown in Figure
1. The centers of absorption for different types of protons
are marked with arrows: & = 7.25, H,, = aromatic protons;
& = 2.40, H, = protons « to aromatic rings; 6 = 1.58, Hy =
naphthenic protons; 6 = 1.25, Hg = methylenic protons; § =
0.9, Hgy, = saturated methyl protons. Brown-Ladner analysis
requires that the three areas of absorption centered at 6 = 7.3,
2.4, and 1.2 ppm be assigned to aromatic ring hydrogens (H,,),
aliphatic hydrogens adjacent to aromatic rings (H,), and al-
iphatic hydrogens not adjacent to aromatic rings (H,). The
separation point between the H, and H, protons was chosen
at & = 1.73 ppm. Because hydrogen bonded phenolic OH

termined by a silylation procedure. Trimethylsilyl ethers of
asphaltenes were synthesized by refluxing the asphaltene with

! Present add Filtrol Cor ion Technical Center, 3250 E.
Washington Blvd., Los Angeles, CA 90023,

2Present Addren Ralph M. Parsons Co 100 W. Walnut St.,
Pasadena, CA 91124.

3Present address: Union Qil Co. of California Research Center,
376 S. Valencia Ave., Brea, CA 92621.

are also believed to be shifted under the aromatic

envelope (19, 20), it is necessary to take into consideration

the OH concentration in order to correct the H,, value. The

modified Brown-Ladner equations are used for calculations
(21) in this paper.

The average molar propemes of the asphaltene micros-

tructures, obtained from el lecular weight

0003-2700/83/0355-0042$01.50/0 © 1982 American Chemical Soclety
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Table I. Average Molar Properties of Asphaltenes®
Synthoil HRI H-Coal

mol formula CaosHys 1 No oo Cus.sHauaNose -
mol wtb 5 ?I.)l 0.07 1.53%0.10
He 30.5 43
H*, 42 36
H*, 25 18
fa 0.71 0.78
Haru/Car 0.67 0.69
a 0.45 0.35
Rs 8.8 6.7
n 1.6 1.5
Ca 29.2 27.8
Ra 5.9 5.3
OH/Oyo1a1 0.64 0.56

/Niotal 0.53 0.55

¢ Brown-Ladner method x =y = 2.
Oonm-

b Extrapolated infinite dilution values measured in THF. ©H*_,

FMC-COED PAMCO SRC Cat. Inc. SRC

C:-.|H11.|No.u' Cu.AHn.an.so' C,,..H,.JN._"-
0,.2080.15 1.479%0.10 0,.5580.01

382 486

32 39 44.3

40 38 36

21 20 16

0.72 0.76 0.79

0.79 0.68 0.67

0.48 0.38 0.34

7.0 7.2 6.5

1.5 1.5 1.4

18.7 27.7 28.3

3.0 5.4 5.7

0.78 0.60 0.75

0.28 0.74 0.58

= H*(obsd) -

(n et e

I
__H

P

"H NMR spectrum of PAMCO SRC asphaltene.

Figure 1.

determination, and NMR are presented in Table I. Hydroxyl
oxygen and pyrrolic nitrogen values obtained as described
earlier are also included. Nonhydroxylic ether oxygen, and
basic pyridine-like nitrogen may be calculated by difference
from total oxygen and nitrogen except for the FMC-COED
asphall.ene where IR absorption bands were observed at 3400
cm™ and 1650 cm™, which may be assigned to the NH and
C=0 stretches of amide groups. The average co&l denved
Lol lly have L
in the 400-550 mnge and are highly axomatlc species havmg
from 71% to 79% of their carbon as aromatic carbon. The
average aromatic ring systems, deduced from Haru/Car values,
range from about 2 to 4. These molecules are moderately
substituted with 34% to 48% of the available aromatic edge
carbons being substituted. Saturated substituents are small;
the average number of carbons atoms per saturated substit-
uent is between 1.4 and 1.6. The fraction of O as OH ranges
from 0.56 to 0.78 and the fraction of N as pyrrolic NH from
0.28 to 0.74. These OH/O,,, values are more reliable than
those reported previously (15, 16) due to the more rigorous
silylation procedure used and the use of proton NMR analysis
(6) instead of the direct silicon analysis method (5).
X-ray Diffraction Analysis. X-ray diffraction methods
developed by Warren (22), Franklin (23, 24) and Diamond (21,
25) have been used by many workers to study the structure
of coal (26-28), carbon black structures (29), small aromatic
systems in noncrystalline polymers (30), petroleum asphaltenes
(8), pitch fractions (31, 32) and oil shale kerogen (33). X-ray
analysis was done for the asphaltenes. A typical corrected
asphaltene X-ray diffraction curve, plotted on the basis of
reduced intensities, is shown in Figure 2. The overlapping
peaks in the low angle region, i.e.

(sin 6) /A = 0.05-0.20 (1)

5
T—T—

(0021

°
H
R

REDUCED WTENSITY 1° (ARBITRARY UMTS)
o o =
2 8
—1-

(SNB)A —

Figure 2. X-ray diffraction pattern of Catalytic Inc. SRC asphaltene.

encompnss both the v and the (002) bands. The (002) band
lly pted as rep ing the spacing the
layers of a condensed aromatic system, whereas the ¥ band
is believed to represent the packing distance of saturated
structures such as aliphatic chains or condensed saturated
rings. The peaks in the high angle region at (sin 8) /A = 0.25
and 0.425 can be indexed as the (10) reflection and the (11)
reflection, respectively. These bands correspond to the first
and second nearest neighbors in ringed compounds, and the
shapes of the bands have been studied theoreucal.ly (21 34).
An X-ray diffraction method, previously used to i
the structure of petroleum asphal (6) was employed to
determine the crystallite parameters of these coal- denved
asphaltenes. The repeat di T ing the
between aromatic sheets, d,;,, was calculated from the maxi-
mum of the (002) band by the Bragg relation

dy, = A/(2 sin 6) @

The repeat distance rep the ing L satu-
rated structures, d,, was calculated similarly from the max-
imum of the v band. The average size of the aromatic clusters
perpendicular to the plane of the sheet, L, was calculated from
the width of the (002) band at half maximum by use of the
Scherrer crystallite size formula (35)

L.=045/B,, ®)

where By, is the width of the band at half maximum expressed
in terms of (sin 6)/\. The number of aromatic sheets asso-
ciated in a stacked cluster, M, may be calculated from the
values of L. and d,

M= (L/d,) +1 4)

The average layer diameter of the sheets, L,, was evaluated
by a procedure developed by Yen and co-workers (8) which
makes use of Di d’s ities of X-rays dif-
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Table Il. Asphaltene X-ray Cystallite Parameters
asphaltene L L dn® dd Me

Synthoil 10.3 12.2 3.7 54 4.3
HRI H-Coal 82 136 36 44 4.8
FMC-COED 80 106 36 49 3.9
PAMCO SRC 10.0 12.1 3.6 51 4.3
Cat. Inc. SRC 9.4 10.6 3.6 5. 3.

@ L, = diameter of aromatic sheet + a carbons of side
chains, from Diamond’s curve (11) band, A. ° L. = diam-
eter of the aromatic clusters perpendicular to the plane of
the sheets, A. ©dp, = interaromatic layer distance, A.

d d., = interchain or internaphthene layer distance, A-
€ M = average number of aromatic sheets associated in a
stacked cluster,

X SEET_

N
eIy
~ X

Figure 3. Cr view of aspl model: (w) represents
the zigzag configuration of a saturated carbon chain or naphthenic
ring(s); (—) represents the edge of flat sheets of condensed aromatic
ring(s).

CLUSTER,

fracted from randomly oriented perfect aromatic molecules
of varying sizes using the Debye radial distribution function
(36). Yen and co-workers tested their procedure on both the
(10) and (11) bands with a model blend and found that the
(11) band afforded better agreement. Therefore, we have
calculated L, values from the correlation curve between the
width of half maximum of the (11) band and Diamond’s data.

The resulting X-ray crystallite parameters, presented in
Table II, may be used to derive hypothetical cross-sectional
model structures for coal-derived asphaltenes (Figure 3).
Condensed aromatic sheets are postulated to be stacked on
top of each other with the sheets parallel and with aliphatic
chains or naphthenic rings protruding from the edges. The
results indi age interlayer di d, ranges
from 3.6 to 3.7 A, the average interchain distance, d,, is be-
tween 4.4 and 5.4 A, and the average stack height of the
aromatic clusters perpendicular to the plane of the sheets, L.,
ranges between 10.6 and 13.6 A. The average effective number
of aromatic sheets associated in a stacked cluster is between
3.9 and 4.8. The average layer diameter of the sheets generally
falls between 8.0 and 10.3 A when the (11) band is used in
conjunction with Diamond's curve.

Combined X-ray-NMR Analysis. The average layer
diameter of the sheets, L,, is one of the most important
structural parameters. Although L, is generally considered
to be the diameter of the aromatic sheet, this is only strictly
correct for wholly aromatic molecules. For such systems,
which are kata-condensed, L, is related to the number of
carbons per aromatic structural unit, C,,, by the following
equation (37):

Cpu = (L, + 1.23)/0.615 (5)

However, the aromatic systems in coal liquid fractions contain
some heteroatoms in place of carbons and contain some rings
which may be partially or completely saturated. Therefore,

Table III. Asphalt. Structural P t
Calculated from X-ray and NMR Data

asphaltenes L® LAY Cay® Nd
Synthoil 10.3 7.9 14.9 2.0
HRI H-Coal 8.2 6.6 12.7 2.2
FMC-COED 8.0 5.8 11.5 1.6
PAMCO SRC 10.0 7.8 14.9 1.9
Cat. Inc. SRC 9.4 7.6 14.4 2.0

9 Ly = X-ray diameter of the aromatic sheet + a carbons
of side chains, A, from Diamond’s curve (11) band. ° L,*
= L[CAl(CA + Rg)]. € Cpy = aromatic carbons per
structural unit = (L,* + 1.23)/0.615. ¢ N = number of
aromatic structural units per molecule = Cp /Cpy.

ACID / NEUTRAL H

Figure 4. Hypothetical average structures of acid/neutral and am-
photeric Synthoil asphaltene molecules.

by the factor C,/(Ca + Rg) which may be obtained from the
preceding NMR analysis. The structural parameter C,, may
be divided into the total number of aromatic carbons per
molecule, C,, to obtain the number of aromatic structural units
per molecule, N.

N =C/Cy (6)

The results of such calculations are presented in Table III.
For asphaltenes the results agree with those previously de-
duced from NMR alone. The C,, values are generally close
to 14 except for FMC-COED which is 11.5. These values are
close to the number of aromatic carbons present in a three-ring
kata system such as anthracene or phenanthrene. The number
of structural units per molecule is close to two for all the
asphaltenes except the FMC-COED asphaltene which has an
N value of 1.6.

The N values of a variety of coal-derived liquid products
were determined and found to have N values close to 2. These
include not only the asphaltenes but the carbenes and carboids
as well (38). Recently Charlesworth (39) proposed a number
of structures for coal-derived asphaltenes from Australia. His
proposed structures also have N values of approximately 2.
These data indicate that these coal derived molecules are ratio
condensed systems.

Hypothetical Average Structures. By combining the
structural information obtained by NMR and functional group
analyses (Table I) with that obtained by the X-ray method
(Table_III), it is possible to derive hypothetical average
structures for asphal lecul les of such

Ex

the dimensions of the sheet may be considered to includ

heteroatoms and a carbons of side chains which are also re-
stricted to the plane of the sheet. In order to correct the above
equation for the latter effect, it is necessary to multiply L,

lecules, for Synthoil asphaltene, are shown in Figure 4. A
comparison of the hypothetical structures shown in Figure
4 is presented in Table IV. The results are seen to agree
reasonably well in most cases.



Table IV. C ison of A Molecul
Parameters for Synthoil Axphnltene
. from hypothetical
x::npfnlilly average structures

determined amphoteric acid/neutral
mol C, Hy,No ;- Cy,Hy,N,0.S, C,,H,,0,8,
formula L
mol wt 561 549 559
H* 0.31 0.29 0.30
H*, 0.42 0.40 0.43
H*, 0.25 0.29 0.27
fu 0.71 0.69 0.68
Hapa/Car  0.67 0.71 0.66
a 0.45 0.47 0.47
Rs 8.8 9 9
n 1.6 1.5 1.6
Ci 29.1 28 28
Ry 5.9 6 7
C/H 1.16 1.11 1.11
a-CH,? 1.93 2 2
>ﬂ CH ¢ 131 1 1
Cpu® 14.9 14 14.5
N 2.0 2 2

@ Determined from '*C NMR analysis. ? From X-ray-
NMR analysis—considering aromatic ring nitrogen as
carbon.

CONCLUSION

One of the useful conclusions is that the higher-molecular
weight functions of coal liquid products always appear to have
their aromatic portions divided into 2 parts (N = 2). This
will automatically cause their aromatic portion to be kata
rather than peri in nature.

By using these analytical methods and correlations, it is
possible to obtain average macro- and microstructural pa-
rameters for complex mixtures such as coal liquid asphaltenes.
These parameters allow construction of an hypothetical av-
erage molecule for the mixture. However, it must be em-
phasized that values obtained are only average values. Itis
unlikely that any one molecule in the mixture will actually
have the hypothetical structure. But knowledge of the kinds
of molecules found in these complex mixtures will aid in the
understanding of the physical and chemical behavior of the
coal liquefaction product.
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Molar Absorptivities of Ultraviolet and Visible Bands of Ozone
in Aqueous Solutions

Edwin J. Hart*'
Hahn-Meitner-Instititt fur Kernforschung Berlin GmbH, Bereich Strahlenchemie, D-1000 Berlin 39, Germany

K. Sehested and J. Hol

Accelerator Department, Ris 0 L y. DK 4000 , D

The molar absorptlvities of aq ozone are re- was measured by its absorbance at 253.7 nm. A technique
ported for the wavelength ranges 190-300 nm and 350-900 is described for obtaining up to 0.015 M Oy solutions. The
nm. At the maxima of these bands, ¢,(0;) = 3292 = 70 M~* spectrum of Oy in the 350-900-nm range is also given.
cm™" and ¢50(0;) = ;'1” + :;:, ":" cm™. The ‘"8"!::.": EXPERIMENTAL SECTION
ozone were carried al ance measuremen . g i

(1) Materials. Deionized, Millipore-filtered water (Ryo > 18
gas at 253.7 nm and by oxidation of ferrous sulfate In sulturic MQ), found to be the equivalent of triply distilled water, and/or

acld solution followed by back-titration of excess ferrous lon triply distilled water were used in the preparation of all solutions.
with potassium p Sp P L lys!! The chemicals p ium iodide, p ium per ferrous
of ferric lon was also used at low ozone concentrations. A sulfate, sodium oxalate, potassium acid phthalate, and acetic and
stolchlometric ratlo, F.“/o" of 1.896 + 0.036 was found. sulfuric acids were each of reagent grade and used without further
The visible sp of aq 0,ls pared with that of purification. These chemicals were used in the analytical pro-

cedures described below.

ozone gas. The O; was prepared from Linde cylinder O,, first dried by
passing through 35-70 mesh silica gel (Merck), and then through

an Ozonisator Modell V (Erwin Sander). The rate of O, flow was

adjusted to about 500 cm®/min. The O; generated was adsorbed

A reliable determination of the molar absorptivity ¢(O) of on the silica gel in a 16 X 4.5 cm diameter tube maintained at
the 260-nm band of aqueous ozone solutions is difficult to ~78 °C with a CO,-acetone mixture (10-12). Relatively high
make because of the volatility, instability, and the lack of an concentrations of O, in aqueous solutions were then obtained by

the slow elution of the adsorbed O; with He or CO, at atmospheric
pressure. The eluted O; was passed through nylon tubing into
ice-cooled 100-mL syringes containing 20 mL of 0.001 to 0.01 M

acceptable analytical method for aqueous Oy solutions. Recent
published values vary from 2600 () to 3600 M! cm™ (2) with

two mwm’,edmm values at 2900 M™! em™ (3, 4). Two sources acetic acid. With CO, elution, 0.01-0.015 M O; solutions may
of error exist, qamely, ".he measurements of ozong eoncen- be obtained. These solutions were then diluted up to 100-fold
tration and optical density of an unstable solution. In view in calibrated syringes, and the Oy concentration was measured
of the importance of ozone in environmental chemistry, in by the FeSO, methods described below. Because of the inherent
chemical research, and in industrial applications such as the instability of aqueous Oy (4), these stock solutions were stored
treatment of wastewater (5) and the purification of drinking in 100-mL syringes in ice water. CAUTION: Ozone gas at
water (4), a more precise analytical method for the analysis atmospheric pressure is extremely dangerous but explosions may

be avoided by diluting the gas with He, Ar, O,, N,0O, or CO,.
Elution of Oy from our trap with He, Ar, or O, poses no hazard
since typical Oy concentrations are in the range of 0.0002-0.0005
M indicating dilution factors of about 20. However elution with

of ozone in aqueous solutions is needed. Optical density
measurements at the strong 260-nm band provide a suitable
and simple physical method for the estimation of ozone. A

new value for ex(0,) is reported. N,0 or CO, provides a gas composition in the range of 50 to 100%

Two general chemical methodsv ha\.'e been used for_ the p\ire 0;. P:;)sage of O; gas at these concentrations into ice-cooled
of ozone ration in aq solutions. syringes by the above technique has Ited in no explosi

‘These are (a) the liberation of I, from KI solution followed although a violent explosion did occur when this mixture of gas

by titration with sodium thiosulfate (6) or by the measurement was passed into a dry syringe.

of I;” absorbance at 350 nm (7) and (b) the oxidation of Fe** (2) Analytical Procedures. The oxidation of FeSO, by O,

in excess FeSO, in acidic solution followed by back-titration in sulfuric acid solution provides a satisfactory chemical method

with KMnO, (1). These authors also report that the iodide for Oy analysis (1). For low O3 concentrations, the O, was slowly

injected into magnetically stirred 0.001 M FeSO, in 0.8 N H,SO,.
The resulting Fe* concentration was determined spectrophoto-
metrically at the 304 nm Fe®* absorption maximum (13). At

method is pH dependent but at pH 9.0 agreement between
the I" and Fe?* methods was obtained. By use of syringes (8,

9 fo'r the containment of the ozone solution and there_by higher Oy concentrations, the Oy solution was added to stirred
avoiding ozone losses from the solutions through contact with 0.01 M FeSO, and excess Fe?* back-titrated with standardized
air, the reproducibility of the determinations may be appre- 0.005 N KMnOj, (1). All Oy solution transfers were made with
ciably improved. Results are reported for the analysis of ozone calibrated syringes provided with an attached 8-cm capillary tube.
by of Fe?* ption in sulfuric acid solu- The overall reaction is

tions. A preliminary test of the I method proved it to be less 2+ Fs 3+

reliable than the Fe?* method so we report only our Fe?* Qs BEEE 250y E2hrt o+ HiO w
results. We also determined the stoichiometric ratio, Fe®* Although the oxidation of Fe?* by O, according to reaction 1
formed per ozone molecule consumed, by shaking a known is reported to be quantitative (1), the exact stoichiometry becomes
amount of Oy gas with FeSO, solution. The amount of O gas an important factor in the measurement of the absorptivity of

0j in aqueous solutions. In order to determine the suitability of
this reaction for the analysis of Oy, we have reacted a known
! Present address: 2115 Hart Road, Port Angeles, WA 98362. quantity of gaseous O with FeSO, in order to determine the

0003-2700/83/0355-0046$01.50/0 © 1982 American Chemical Society
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Table I. Determination of Fe**/0, Stoichiometry

vol, mL Feb o
—_— e¥*] x X
A0y )/em Fel* 0, A(Fe**)/em [ 10° ]M [10: ]M Fe>*/0,
Series A
1.108 ?1 300.8 a 754.0 375.3 2.010
.084 51 300.8 736.6 367.2 2.007
1.407 50 300.8 a 932.7 476.6 1.958
1.866 50 300.8 a 1333.3 633.1 1.957
2.(?60 50 300.8 a 1400.5 697.8 2.008
0.611 50 300.8 a 407.6 207.0 1.270
0.617 50 300.8 a 407.1 209.0 1.949
1.218 50 300.8 a 828.9 412.6 2.010
1.552 50 300.8 a 1055.9 525.6 2.010
Series B

0.065 31 37 0.114 51.8 22.02 1.973
0.122 21 51 0.437 199.0 41.33 1.984
0.1335 21 45 0.425 193.5 45.22 1.998
0.152 19 14 0.532 242.2 51.49 2.032
0.160 30 40 0.316 143.8 54.20 1.991
0.120 21 14 0.375 170.7 40.72 2.002
0.132 30 35 0.237 108.0 44.58 2.078
0.1595 25 54 0.519 236.2 54.03 2.025
0.0477 30 50 0.1205 54.8 16.16 2.036
0.1510 31 28 0.1953 88.9 51.15 1.926

¢ Absorbance of Fe®* was not measured.

Fe**/0; ratio. The methods used are described below.

The at t of 0; may be calculated from
its absorbance at 253.7 nm since its absorptivity, 2954 M cm™,
is accurately known (I4) at this wavelength. This value has
recently been verified (15). Earlier reported values range from
2984 to 3026 M~ cm™ (16-20). A value recently used for the ozone
absorptivity at 254.0 nm is 3003 M! cm™! (21), O; generated by
the ozonizator was passed successively through a 2-L flask, a
calibrated reaction flask (series A), and finally a 1.00-cm absorption
cell. The absorbance was continuously monitored at 253.7 nm
and after steady-state conditions prevailed, the O; in the flask
was sealed off and a calibrated volume of 0.01 M FeSO, added
from a 50-mL syringe. The sealed flask was shaken for 60 s and
the solution drawn back into the syringe. Once again the O,
treated FeSO, was added to the flask, swirled around to ensure
uniformity and finally withdrawn for analysis. An aliquot portion
of the solution was analyzed with standard 0.0100 N KMnO,. In
series A, column 5 of Table I, the total Fe** formed from the O;
used is reported. The ratio, Fe**/0;, averages 1.987 + 0.027 for
this series.

In series B of Table I, the test of the stoichiometry was carried
out at Oy concentrations a factor of 10 less than those in series
A; consequently, the technique was modified. In this series the
0, was passed through a 10.00-cm optical cell until a steady
absorbance reading at 253.7 nm was obtained. At this point a
measured volume of gaseous O3 was run into a 100-mL syringe
and a measured volume of 0.001 M FeSO, in 0.8 N H,SO, added.
This mixture was shaken for 60 s and the Fe’* determined
spectrophotometrically as described above. The ratio, Fe®* /03,
averages 2.0045 * 0.0413 for this series.

We conclude, from the results of Table I that 2.00 Fe3* form
for every Oy molecule reacted thereby confirming the stoichiometry
of reaction 1. The overall average of our data of Table I is 1.996
+0.036. And if the two extreme values, 2.077 and 1.925, of series
B are deleted, this overall average narrows down to 1.995  0.026.

(3) Absorption Spectra. The absorbance measurements and
the spectrum of O, were obtained on a Varian SuperScan 3 re-
cording spectrophotometer. The absorbance at 260 nm was taken
on identical samples of each of the standardized Oj solutions given
in Table II. These absorbance measurements were made in 2,
10, or 50 mm cuvettes at a spectrometer cavity temperature of
20 °C. Because of the instability of neutral Oj solutions, the most
reliable measurements were made with acetic acid stabilized
solutions. Little or no decay took place during the time of the
measurement in Oj solutions stabilized by 1 to 10 mM acetic acid.
At these concentrations acetic acid was shown to have no effect
0n €9(03) or on the visible spectrum in the 360-700-nm wave-

length range. In the absence of stabilizer, either acetic or sulfuric
acids, decay of O, was too rapid to obtain satisfactory readings.

RESULTS AND DISCUSSION

Since O is a volatile, thermally unstable and reactive gas,
its analysis, especially in aqueous solution, is difficult as has
been pointed out by a number of authors (1, 3, 6, 7). Ozone
in neutral solution has a half-life of 50 min and a decay rate
that is between zero and first order in O, concentration (4).
Furthermore its decomposition is catalyzed by glass surfaces
and impurities in the water. Because of these two factors,
considerable variation in the value of ¢(O) at 260 nm has been
reported. Without careful attention to details, variations of
50% or more in €(03) may be found.

The results obtained by spectrophotometry of the Fe** ion
and by the back-titration of excess Fe** are presented in Table
1I. The average value of ¢(Oy) and its standard deviation for
each series of runs is given. The KMnO, back-titration of
excess Fe?* is quantitative and a reliable method for the
determination of Fe?*. The spectrophotometry of the Fe®*
ions depends on its molar absorptivity, a property that is
temperature dependent. The absorptivity used for calculating
the Fe3* data of Tables I and II is 2197 M! em™ for the Fe**
ion at 304 nm (13). Therefore for the determination of ¢(Os),
we consider the first two groups of measurements less reliable
than the remaining KMnO, back-titration groups.

Fifty eight analyses of O, by back-titration are given in
Table II. Overall, ex(0;) averages 3312 & 125 M cm™. Our
technique of carrying out the determinations improved with
time as is illustrated by the lower four groups which show an
average value of 3292 = 70 M~ cm™. And our last group gives
an average of 3292 = 23 M™! cm™ based on our experimental
result that 2.00 Fe?* are oxidized per O3 decomposed. We
conclude that an acceptable e540(03) is 3300 M~ cm™. This
value is practically midway between the values of 2900 (3, 4)
and 3600 M cm™ (2) already reported.

While the stoichiometry of the Fe** reaction with Oy is well
established, its detailed mechanism is uncertain. However,
it is known that Oy reacts with organic molecules by two
different mechanisms (4). In acidic media the pathway leads
to selective ozonization whereas in alkaline solutions OH
radicals become the dominant oxidizing species. In the present
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Table II. Summary of Ozone Molar Absorptivity
Measurements at 260 nm

Table III. Effect of Wavelength on the Molar
Absorptivities of the Ozone Bands Centered at
260 and 588 nm

no. of . .
sys- sam- ultraviolet band visible band
method tem  ples €(0,) wave- wave-

spectrophotometric Fe?* 8 3340+ 146 length, {£0 )‘ length, 6(0 ).

spectrophotometric Fe?* 5 321140 nm M em” nm em”

KmnO, back-titration  Fe?* 6 3183+ 115

KMnO, back-titration ~ Fe?* 12 3329 + 205 388 ?21 338 8;?2 3

KMnO, back-titration Fe?* 7 3421 : 84 280 1695 700 0.932

KMnO, back-titration  Fe?* 5 3308+ 46 270 2738 650 2.37

KMnO, back-titration ~ Fe?* 6 3319: 140 260 3300 600 4.81

KMnO, back-titration ~ Fe?* 5 3330: 50 259 3300 590 5.11

KMnO, back-titration  Fe?* 11 3316+ 44 250 2961 588 512

KMnO, back-titration ~ Fe?* 6 3292: 23 240 2067 580 5.06

230 1292 550 4.30
220 842 500 1.79
reactions it is likely that the primary step is one of electron 210 689 450 0.38
transfer from Fe?* to O; as has been proposed in the case of 200 685 400 0.047
the I" reaction (7). These authors explain the stoichiometry 190 931 380 0.036
of the I" reaction (21/0;) with O, by this mechanism. And 550 061
by postulating the intermediate formation of HOs, they ac-
6.0 —

count for the enhanced yield of I, in acid solutions. Thus it
is important to utilize conditions favorable for the quantitative
oxidation of the Fe?* and I" ions by O;.

Recent work (22) has confirmed the earlier conclusion (4)
that OH radicals form in alkaline O; solutions. Furthermore
it is highly likely that OH radicals form whenever an electron
is transferred from either Fe?* or I to O, by the reactions

Fe** + Oy = Fe** + 05" 2
I'+0,=1+0y 3)

And because of the well-established (23) equilibrium reactions
05 =0 +0, 4)

0"+ H,0 = OH + OH- (5)

the OH radical may be an intermediate species in reaction
1. If this is the case, it is important to adjust the solution
parameters so that they are favorable for its reaction with Fe?*
and not with the substrate. For example, under our titration
conditions for the FeSO, determination, the acetic acid present
intercepts less than 1% of the OH radicals formed by reactions
4 and 5 (24).

The Oj solution must be rapidly mixed with the Fe2* so-
lution in order to avoid O3 decomposition by OH radicals. In
this instance, reaction of OH with Oj is favored by a factor
of 10 because k(OH + Oy) (25) is 10-fold greater than k(OH
+ Fe®*) (24). Consequently it is important to maintain a factor
of about 100 in relative Fe?* /Oy concentrations during the
titration in order to ensure reaction of OH with Fe?* and not
with O3,

The effect of wavelength on €(O;) is given in Table III.
These ¢(Oy) values are based on a relative absorbance ratio
of 646 for the 260- and 590-nm bands. Our ¢g(O3) of 5.1 M™!
cm™! agrees exactly with an earlier value published by Taube
.

The spectrum of the aqueous Oy band centered at 588 nm
is shown in Figure 1. A qualitative tracing of the gaseous Oy
band run in a 10-cm cell is also given for comparison. The
spectrum and absorption coefficients of the Hartley (260 nm)
and Chappius (600 nm) bands of gaseous O4 have already been

ported (14). Itisi ing to note that the aqueous 260-nm
band is shifted to the red; the aqueous 590-nm band is shifted
to the blue relative to that of O gas.

400 500 600 700 80O 900
Afnm)

Figure 1. Absorption spectra of the visible bands of aqueous and
gaseous ozone: (solid line) O, in 0.01 M acetic acid; (dotted line)
qualitative spectrum of O, gas.
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Cross-Correlation Analysis of Molecular Fluorescence Spectra

Marllyn A. Stadallus and Harvey S. Gold*

De of CI

par Y. L of De Newark, D

A new computational method for the Identification of
fluorescence spectra has been developed utllizing cross-

lysis of molecular fi p The
pectra are d with 1} and
then trnndovmod to relative time-space by using fast Fourler
tr This method Is licable to a wide
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fluorescence spectra to compare selected features of an un-
known spectrum against the first 1000 fluorescence spectra
in the Sadtler collection. Identification was based upon an
index of similarity, incorporating parameters such as peak
locations, intensities, and excitation maximum. Another ap-
proach subjected a digitized spectrum to a fast Fourier

varlotyol pecies with overlapping fi ctra. The
procedure has been tested upon a reprounlallvo serles of
polycyclic aromatic hydrocarbons and has proven to be suc-
cessful for the identification of both Isolated and overlapped
multicomponent mixtures.

Polycyclic aromatic hydrocarbons (PAH) have been es-
tablished to be a serious health threat due to their carcinogenic
and mutagenic properties. They are found primarily in the
residue of various combustion products (soot, coal tar, and
some smoke condensates) and materials derived from petro-
leum and coal. The composition of these mixtures may include
100 to 200 unique PAH species. The ion and iden-
tification of such mixtures have been carried out by using
reversed-phase high-performance liquid chromatography
(HPLC) in conjunction with direct insertion probe mass
spectrometry (1).

Molecular fluorescence is well-suited to the identification
of the components of a mixture of PAH's due to its selectivity
and high sensitivity. The major impedi to this approach
is the inherent broad-band nature of conventional ambient
temperature fluorescence spectroscopy, which results in
nonoptimal differentiation among slmllar compounds and

t form algorithm (6) and utilized a dissimilarity index
which reflected differences in the real and imaginary parts
of the Fourier component of the excitation and emission
spectra of both an unknown and a reference spectrum. Gold
and co-workers explored the use of decomposition analysis
to ldem.lfy electronic spectra, particularly of PAH (7). While
over: g the y to use iali de-
composltron analysis has dlfﬁculty differentiating among
highly correlated spectra; thls was recently contrasted with
several principal p p d (8).

While each of these approaches can be made to work in
particular cases, none of them has achieved a level of uni-
versality. The ideal electronic spectral characterization pro-
cedure would produce a compact and unique set of numerical

for each species. Further, the characterization
procedure would not be affected by overlapped spectra when
mixtures were considered.

Computer file- g algorithms g lly subject an
unknown digitized spectrum to an encoding process and di-
rectly compare the resulting parameters to a collection of
known compounds stored in an encoded library file. Statis-
tically significant matches are reported, but loss of spectral
information during the ding p isa limi-
tation.

An IR search system uhhzmg direct compnrlson of inter-

frequently to severe overlap in multi
Several techniques have been proposed as solutlons to this
problem. The Shpol'skii effect utilizes an n-alkane matrix
at temperatures below 80 K in order to reduce the spectral
linewidth to that of the vibrational levels in the ground state
(2). O’'Haver and co-workers have employed derivative
spectroscopy to enhance minor spectral features in the
emission spectrum (3).

Christian and co-workers (¢) have published extensively on
the use of videofluorimeters to identify fluorescence spectra.
Despite the high information density of the resulting excita-
tion-emission spectra, unique identification of mixture com-
ponents using principal component and factor analysis remains
elusive when high interspecies correlation is present. Faulkner

and co-workers (5) have relied upon analysis of ional

of an unk peak produced by
a GC/ FTIR against a library of known compounds was re-
ported by Isenhour (9). Powell and Hieftje (10) developed
an IR search system based upon cross-correlation in which
the complete cross-correlation was calculated between each
unknown and every member of the library file.

In the present study, a computer file-search procedure is
introduced which identifies the digitized fluorescence
of an unknown species (or of a mixture) with the aid of the
Cooley-Tukey fast Fourier transform (FFT) algorithm (11).
The program performs a preliminary search which isolates
reference spectra which possess a high degree of similarity to
the unknown species. Final identification utilizes cross-cor-
relatlon of the unknown with those reference compounds

lated in the initial test. The details of this procedure and

0003-2700/83/0355-0049$01.50/0 © 1982 American Chemical Society
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its application to a library of some 200 fluorescence spectra
are discussed below.

EXPERIMENTAL SECTION

A Hitachi MPF-MB ﬂuorescence spectrometer was used to
obtain exci and Spectral quality cyclo-
hexane (MCB) was used as the solvent for all of the polycyclic
aromatic hydrocarbon species (all reagent grade or better) that
were studied.

Computational Procedure. The cross-correlation of two
functions A(f) and B(f) may be represented as A(f)*B(f) and is
defined mathematically by the integral (12)

Canle) = AD*BO = lim 5 7 ADBG £ 0 o ()

where v represents Lhe relahve d.rsplacement between the two wave
forms being ion as a p algorithm
has been described prevrousl) (13).

For convenience, the Cooley-Tukey FFT algorithm was used
to compute the discrete FT of the digitized spectrum. The FFTRC
and FFTCC subroutines of the International Mathematical and
Statistical Library (IMSL) were employed to perform forward
and inverse FT operations in this study. Details of the general
cross-correlation procedure are dxscussed by Horlick and Hieftje
(12) and hi d b, and co-workers (14).

‘This procedure i: ls incorporated in a FORTRAN program en-
titled sips (spectral identification program system), which is used
to determine the extent to which an unknown and a reference
spectrum are correlated. The unknown and reference spectra are
properly termed “power spectra” since they encode data as optical
power per unit bandwidth (15). The power spectrum (or spectral
density) I,(w) is defined as (16)

+F
S aesaroAn. @

Iy(w) =

Fourier inversion of (2) leads to an expression for the so-called
time-correlation function in terms of the power spectrum (16)

+F .
(a@aw) = f L do ey (w) 3)

The time-correlation function is the first-order electric-field au-
tocorrelation function and may properly be referred to as an
interferogram. Popular usage is to refer to the time-correlation
function as the “time-domain spectrum™ and to its Fourier pair,
the power spectrum, as the “frequency-domain spectrum” (14).

Examination of eq 1 shows that if two spectra are identical,
the largest value of A(f)*B(f) will be obtained when » = 0, that
is, when every point is multiplied by itself. This is a special case
of cross-correlation and is termed autocorrelation. If A(f) and
B(f) are not identical, the maximum correlation value may be
shifted some distance (in » units) from » = 0. The criterion of
a match is therefore the absolute magnitude of A(/)*B(f) at » =
0.

sIPS normalizes the value at » = 0 to the largest point in the
cross-correlation function. A value of 1.000 is obtained if perfect
correlation exists between the unknown and a particular reference
spectrum. Compounds that fluoresce in the same wavelength
region will often exhibit a high degree of correlauon when judged

A(7)-B*(r) where the bars indicate Fourier transformation. If the
FT of the unknown spectrum is multiplied by the complex con-
jugate of itself, the real components of the resulting complex array
contain only positively signed As the refe
spectrum becomes mcreasmgly unlike the unknown spectrum,
the negative component increases in magnitude. The presence
of negative components at this point is caused by spectral dis-
similarities between the unknown and a particular reference
species. A rejection factor empirically based upon the magnitude
of this negative component limits the computational time required
for the analysis since the CCC is carried out only for those ref-
erence spectra which give PCC values more positive than this
rejection factor.

Search Implementation. The 200 PAH reference spectra
were originally collected at the Argonne National Laboratory,
stored on magnetic tape, and subsequently published by Berlman
(17). A magnetic tape copy of the library, containing excitation
and emission spectra, was obtained from Berlam for use. Due
to systematic errors in the tape records, some data reconstruction
was required. The emission spectra were separated from the
excitation spectra and the two halves stored in two library files.
sIps presently utilizes the emisson library exclusively.

Both library files in aromatic ¢ that vary in
complexity. Each spectrum was digitized at a constant 100-cm™
interval. When required, spectra in wavelength units were con-
verted to cm™ (an energy unit) with spEcsoLv, a FORTRAN
program previously described (18). Distinct library spectra were
coadded to generate pseudounknown bicomponent mixtures for
use in this study. In each instance, the resulting spectrum was
adjus'.ed to fill a samphng window from 12800 to 38350 cm™l.

i having zero ity were assigned a base line value of
1.000 X 1078, Spectra acquired in this laboratory were processed
in an identical manner.

When a discrete CCC is performed on the unknown and one
of the reference spectra, both of equal length, an artificial period
is imposed upon each. This period is constant since it depends
upon the length of the data record. The correlation function can
be distorted by “end effects” which arise from the improper
overlap of one period with another when one spectrum is shifted
with respect to the other.

Bendat and Piersol have shown that end effects do not sig-
nificantly influence the correlation values near zero displacement
(v=0), provided that the correlation function decays rapidly (19).
Powell and Hieftje (10) ignored the use of zero filling, without
affecting the reliability of a search system used to identify infrared
spectra using CCC values near zero displacement. sips relies
primarily upon CCC values near » = 0, so zero filling has not been
employed, although partial zero filling has been used so that each
spectrum spans the same wavenumber region and is represented
by 265 data points. A two-point linear interpolation doubles the
point density prior to transformation to the complementary time
domain. The sequential steps of sips are illustrated in Figure 1.

RESULTS AND DISCUSSION

Fluorescence spectra of three PAH's (anth
naphthalene, and 3,4-benzophenanthrene) are shown in Figure
2. The partial cross-correlation (PCC) of anthracene with
itself is shown in Figure 3A. A key feature of Figure 3A is

utilizing this criterion. A second criterion employs the absol
value of the function at » = 0 for further discrimination. The input
reference spectrum is first normalized and the intensity at each
point is squared. The sum of these sq (SUMSQ), p
over the interval from 12800 to 38500 cm™, for each spectrum
is stored in the library as an addmonnl parameter Whenever
an spectrum that hes a
reference spectrum, the absolute value atv= 0 divided by the
number of discrete digitized points, N, will be equal to SUMSQ.
Perfect correlation will result in this (viz. Cy5(0)/N) dividend being
equal to 1.000.

The calculation of a 1 lation of the unk
against each reference spectrum in the library would require a
large amount of computer time. Therefore, a partial cross-cor-
relation (PCC) is initially used to determine the degree of sim-
ilarity prior to calculating the plete cross-correlation (CCC).
The data for the PCC calculation are ined in the 1

the ab: of any negative components. In contrast, Figure
3B shows the characteristic negative component that results
from the PCC of anthracene with naphthalene. The mag-
nitude of the negative component in this PCC is a reflection
of the differences that exist in the anthracene and naphthalene
spectra. This lusion is easily reached by looking spe-
cifically at the input spectra of these species. If the spectrum
of anthracene is compared with a spectrum that fluoresces
in the same wavelength region and has similar spectral features
(that is, a more highly correlated spectrum), the result is a
decrease in the magnitude of the negative component. This
“magnitude” refers to the negative values of a PCC which are
summed and eventually compared to a rejection factor es-
tablished in sips. As the unknown is compared sequentially
wrth Lhe reference spec'.ra stored in the library file, sips will

array that results from implementing the simple p

the cr ion only if the magnitude
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Figure 2. Input fluorescence spectra: anthracene (—), naphmalene

(---), and 3,4-t p () after
wavenumber interval.

of the negative component is smaller than the rejection factor.
The illustration in Figure 4 graphically depicts 1
cross-correlation.

Figure 4A shows anthracene cross-correlated with naph-
thalene. Note that the curve is asymmetric and that the
maximum is shifted away from » = 0. This asymmetry and
the displacement from » = 0 clearly demonstrate that these
two spectra are not identical. If anthracene is cross-correlated
with itself, as shown in Figure 4B, the curve is symmetric with
a maximum at » = 0. Using a species that fluoresces in the
same wavelength region as anthracene results in the maximum
approaching » = 0, but the asymmetry of the curve is still
apparent. SIPS does not currently utilize the symmetry in-
formation contained in these plots since this feature is am-
biguous when studying multicomponent systems whose com-
ponent spectral features overlap.

The second criterion relies upon the fact that the value at
v = 0 divided by N should equal SUMSQ. Table I presents
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Table I. Ilustration of the Result of Complete
Cross-Correlation (CCC) of a Pseudounknown with a
Small Set of Library Spectra, the Unknown

Was Anthracene

correlation parameter

library species CR1 CR2
anthracene 1.0000 1.0000
3,4-benzophen- 0.9987 0.6084
anthrene
naphthalene 0.0274 0.0197

data for the correlation of anthracene with itself, with 3,4-
benzophenanthrene, and with naphthalene. The value ob-
tained at » = 0 relative to the i in the
cross-correlation function is reported as criterion 1 (CRI)
while the comparison based on the value at » = 0 is referred
to as criterion 2 (CR2). With these three spectra as a small
library file, anthracene is clearly the correct match.

When anthracene is compared to a library file containing
200 reference spectra, the number of potential matches in-
creases. Table II lists the most probable spectral matches in
the order that they were found. When one looks at the cor-
relation values CR1 and CR2, anthracene is the best choice
for a match. Deuu:mbed anthracene has very similar spectral
fe and emi length region, so that the relatively
high correlation values which were obtained are not unex-
pected
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and (B)

(A) py and (B) perylene.

Table II. Results of a Complete Library Search (200
Species) for the Identity of an Unknown Compound
(Anthracene), the Most Probable Matches Are

Listed Below
reported correlation
parameters
library species CR1 CR2
anthracene 1.0000 1.0000
deuterated anthracene 0.9918 1.0000
3,4-benzophenanthrene 0.9987 0.6084
benzidine 0.9995 0.5971
sodium salicylate 0.9832 0.5369
tetramethyl-p- 0.9811 0.5455
octaphenyl
tetramethylphenylene- 0.9557 0.5640
diamine

The identification of a bicomponent mixture is easily carried
out if the spectrum has minimal or, of course, zero overlap.
This is the case for anthracene/perylene and rubrene/pyrene,
respectively. The input spectra for these mixtures are shown
in Figure 5. Note that the fluorescence intensities of the
components in each mixture are not identical.

Table III contains the output correlation values for both
mixtures. Each component of the mixture is identified in-
dividually and sequentially, although the initial analysis may
reveal the identity of each component. The CR1 and CR2
values are used to select a particular reference spectrum as
the “best” match. This reference spectrum is then subtracted
from the input spectrum and the resultant spectrum is
reevaluated as a unique unknown. The identity of the second
component is confirmed by this process.

Table II1.

first search

Results of a Library Search for the Identity of Components of Binary Mixtures of Fluorescent Species?®

second search

correlation correlation
parameter parameter
unknown mixture library species found CR1 CR2 library species found CR1 CR2
pyrene/rubrene pyrene? 1.000 1.011 rubrene 1.000 1.001
3,4-benzophenanthrene  0.9783 0.6619 rubicene 0.9983 0.8829
deuterated anthracene 0.9549  0.8818
anthracene/perylene  perylene? 0.9984 1.0000 anthracene 1.000 0.9785
anthracene 0.9715 1.022  deuterated anthracene 0.9924  0.9820
deuterated anthracene 0.9598 1.026 3,4-benzophenanthrene 0.9963 0.5934
2-aminoanthracene 0.9526 0.6946 pyrene 0.9525 0.8713
9 The most probable identities of the unknowns are shown initially and after math tical | of one (second

search).
second search.

b Library species selected as match following first search. This species was mathematically subtmcted prior to
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Table IV. Results of a Library Search for the Id of the C ts of a Binary Mixture of Fl Species®
first search second search
correlation correlation
parameter parameter
unknown mixture library species found CR1 CR2 library species found CR1 CR2
pyrene/chrysene chrysene? 0.9978 1.141 3,4-benzophenanthrene  1.000 0.6477
pyrene 0.9934 1.009 pyrene 0.9910 0.9411
2-phenylphenanthrene 0.9943 0.7733 9-methylanthracene 0.9588 0.8007
4,4-di(n-butoxy)-1,1- 0.9904 0.6185
binaphthyl
1,4-diphenylnaphthalene 0.9706  0.5950
“The most probable identities of the unknowns are shown initially and after math ical r 1 of one (second
senrch) This table illustrates the case of severe overlap. Library species selected as match following first search. This

species was mathematically subtracted prior to second search.

In the case of the rubrene/pyrene mixture, pyrene is clearly
the best match. Pyrene is also the major fluorescent com-
ponent of the mixture. The second search easily identifies
rubrene. In the anthracene/perylene mixture, perylene is
identified as the best match, but anthracene also appears as
a potential component. After subtraction of perylene, an-
thracene is confirmed as the other component in the second
search. Deviations of the CR1 and CR2 values from unity
result from the slight overlap between the two individual
spectra, but this does not prohibit successful identification.

A bicomponent mixture whose superimposed spectra have
a high degree of overlap is considered next. As shown in Figure
6, chrysene and pyrene fluoresce in essentially the same region.
With increasing overlap, the number of potential matches
increases and the correlation values CR1 and CR2 deviate
from unity. This arises since the relative intensities of the
component peaks in the unknown spectrum are altered, as
a result of overlapping spectral bands, with respect to the
individual species in the reference library. In addition, the
unknown bicomponent spectrum may hnve aggregate features
similar to unique single spectra stored
in the library.

sips lists the reference spectra which have CR1 values
greater than 0.9500 and then relies upon the user to assist in
the evaluation of the data. On utilization of the chrysene/
pyrene mixture as a representative unknown, the reference
spectrum that had the largest CR1 value was chrysene
(0.9978). The correlation values for 2-phenylphenanthrene,
pyrene, and 4,4-di(n-butyl)-1,1-binaphthyl were 0.9943, 0.9934,
and 0.9904, respectively. These values indicate that the
spectral features of the unknown have the largest degree of
similarity when compared with the reference spectrum of
chrysene. The unknown might indeed be thought to contain
pyrene, 2-phenylphenanthrene, or 4,4-di(n-butyl)-1,1-bi-
naphthyl since the CR1 values for these compounds are high.
Reliance upon the CR2 parameter in this case must be done
carefully since the large degree of spectral overlap for this
mixture causes the peaks to merge and to change intensity,
thereby ing the ab de at » = 0 to increase.
Consequently in the case of hlghly overlapped spectra, the
ratio between the value at » = 0 and variable SUMSQ, cor-
responding to a reference spectrum that is a component of
the unknown mixture, will be greater than unity.

Chrysene and pyrene both have CR2 values greater than
unity, while 2-phenylphenanthrene and 4,4-di-n-butyl-1,1-
binaphthyl do not. This evidence stmngly suggests tlmt both
chrysene and pyrene are p in the If
chxysenelschosenasamawh.aseoondaearchwhxchsuhtracts
the chrysene spectrum and reanalyzes the resultant spectrum
as a unique unknown is carried out. The CR1 and CR2 values
tabulated in Table IV confirm the presence of pyrene in the
sample. Although 3,4-benzophenanthrene has an exceptionally
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Figure 6. Input fluorescence spectrum of a mixture of pyrene and

chrysene.

good CR1 value of 1.000, the CR2 value of 0.6477 is much
smaller than 1.00 and therefore allows this species to be
i d from ideration

Spectra acquired in this laboratory were satisfactorily
identified by use of sipS when the unknown and reference
spectra were well-behaved in the sense of not exhibiting
concentration quenching. Mxxtures were also identified
properly when all species were individ 11-behaved
Under these conditions, identification of real nuxtures resulted
in search patterns essentially unchanged from those shown
for the synthetic mixtures of Tables ITI and IV. In some cases
(substituted naphthalenes for instance), the results using
emission spectra are unsatisfactory; work is ongoing to in-
corporate excitation spectra into the search scheme in an
attempt to reduce the number of spunous identifications.

Identification of fl
via cross-correlation benefits from an encoding process which
allows for full data retention. Prevnous work (6) has shown
that the higher freq y har p in the trans-
formed spectra can be removed without any substantive loss
of spectral information, and ongoing work in this laboratory
seeks to incorporate such data compression.

File searching of fluorescence spectra is plagued by the
irreproducibility of fl spectra from one instrument
to another. Data obtained in various laboratories (17, 20)
indicate that spectra cannot be adequately corrected by re-
liance upon a series of standard spectra. Yim and Faulkner
(6, 21) have shown that point by point division of an unknown
spectrum by the spectrum of a standard material can be
beneficial.

The lack of comparablhty among specm collected on
different instr has h d the develop t of
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fluorescence file searching routines. Conversely, this absence
has diminished the need to develop standard protocols for
fluorescence instrumentation. This interface between the
requirements of the collection and identification of fluores-
cence spectra promises to be a challenging area for future
investigation.

The FORTRAN code for siPs compiles and runs under the
TOPS-10 operating system on the University of Delaware
Computation Center DEC-10 system. Source listings are
available from the author. Portability is restricted by the
IMSL subroutine calls and by use of DELPLOT for hard-copy
graphics output.
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octaphenyl, 83399-67-1; (et.ramethylphenylenediamine. 27215-51-6;
pyrene, 129-00-0; perylene, 198-55-0; 2-aminoanthracene, 613-13-8;
rubrene, 517-51-1; chrysene, 218-01-9; 2-phenylphenanthrene,
4325-77-3; 4,4-di(n-butoxy)-1,1-binaphthyl, 4499-67-6; 1,4-di-
phenylnaphthalene, 796-30-5.
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Determination of Salicylic Acid in Aspirin Powder by Second
Derivative Ultraviolet Spectrometry

Keisuke Kitamura® and Ryo Majima

Kyoto College of Ph. Y, § cho. Mi Y h

The — " a of salicylic acid sh da

Mal'nz’mmdnnullhpukalaiem When large
of aspirin d, the trough disappeared but the

height of the satellite peak (D) was not altered even at an
aspirin conconlrnlon 20000 times that of salicylic acid
( g to ylic acld of 0.005%). A plot
of 25 ull of l:?L values and salicylic acid

(1.00-10.02 ug/mL) gave a straight line (correlation coeffi-
clent = 0.9999) and relative standard devlation (s/x) for a
slope of 1.2%. A typical assay result for commerclal aspirin
powder was that the content of salicylic acid was 0.0361 =
0.0005% (at the 85% confidence limit) with s/x of 1.2% for
five measurements.

It has been shown that the application of derivative tech-
niques to spectrophotometry is very useful when there exists
signal overlapping or interferences (1-3). Moreover, the ex-
perimental procedure is simple and time-saving. Despite these
advantages, however, few applications of derivative spectro-
photometry have been published (4-7).

This paper describes an application of second derivative
UV spectrometry to permit a simple and rapid assay of sal-

ku, Kyoto 607, Japan

icylic acid in aspirin powder. As salicylic acid, the major
decomposition product of aspirin, irritates the digestive sys-
tem, the limit of salicylic acid content in aspirin powder is
prescribed to be 0.1% by the Pharmacopeas (8, 9). But the
assay for aspirin powder described in them is qualitative.
There have been some reports on the assay for salicylic acid
of 0.1% content level in aspirin by gas-liquid chromatography
(GLC) (10), liquid chromatography (1), and high-performance
liquid chromatography (12). Although the retention times
of salicylic acid were within 10 min in every one of these
chromatographic methods (10-12), time-consuming chroma-
tographic conditioning was essential for all of them and
chemical derivatization was necessary for the GLC method
(10).
EXPERIMENTAL SECTION

Solvent and Chemicals. A 1% chloroacetic acid-ethanol
solution was used as solvent. Salicylic acid was twice recrystallized
from hexane, and standard salicylic acid solutions of various

rations were prepared by dilution of a stock solution with
the solvent. Salicylic acid free aspirin was obtained by twice
recrystallization of aspirin from acetone.

Preparation of Assay Solutions. Assay solutions were
prepared immediately before measurement. A 150-mg sample
of aspirin powder was dissolved in the solvent to bring the mixture
to 25.0 mL.

0003-2700/83/0355-0054801.50/0 © 1982 American Chemical Society
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Figure 1. Second derivative spectrum of a didymium filter.
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Figure 2. Absorption (zero order) and second derivative spectra of
salicylic acid (3.0 ug/mL) and aspirin (12.1 ug/mL) (a) and the spectra
of their mixture in the concentration ratio of 1:2000 (b).

Second Derivative UV Spectrometry. A differentiator was
constructed with electronic derivative circuits (1, 13). Three
circuits having varied differential time constants (2.7, 8.2, and
22.0 s) were incorporated and any one of them could be selected
by switching. The differentiator was connected to a double-beam
scanning spectrophotometer, Shimazu UV-210A. The derivative
spectra were obtained at a slit width of 1 nm, a scanning speed
of 120 nm/min, and a time constant of 22.0 s.

RESULTS AND DISCUSSION

Second Derivative Spectrum of a Didymium Filter.
Figure 1 shows a second derivative spectrum of a didymium
filter measured under the same derivative conditions employed
for the assay of salicylic acid (see Experimental Section). The
positions of troughs in the second derivative spectrum were
shifted along the scanning direction (toward short wavelength)
by about 10 nm relative to corresponding peaks in nonderi-
vative absorption spectrum. The spectrum may serve as a
certain index when the derivative conditions are referred to
other derivative devices or methods.

Absorption (Zero Order) and Second Derivative
Spectra of Salicylic Acid, Aspirin, and Their Mixture
(1:2000). The absorption spectra of salicylic acid (3.0 ug/mL)
and aspirin (12.1 ug/mL) are depicted at the bottom of Figure
2a. Since the concentration of aspirin was not much higher
than that of salicylic acid, the zero-order spectrum of aspirin
showed no absorption at the A, of salicylic acid (302 nm).
Thus the concentration of salicylic acid in a mixture with a
comparable amount of aspirin could be determined from the
absorbance at 302 nm without any interference of aspirin
signal. However, since the content of salicylic acid in aspirin
powder is prescribed not to exceed 0.1% (8, 9), the concen-
tration of aspirin would be considerably higher than 1000 times
that of salicylic acid in practical cases. The zero-order
spectrum of a mixture of salicylic acid and a great quantity
of aspirin (about 2000 times of salicylic acid) is illustrated in
the lower part of Figure 2b. The salicylic acid signal was
severely interfered with by a large aspirin band, so that the
determination of salicylic acid by ional absorption
spectrometry would not be feasible.

The upper spectra in Figure 2a illustrated the second de-
rivative spectra of salicylic acid and aspirin, respectively. The
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spectrum of salicylic acid showed a trough at 292 nm and a
satellite peak at 316 nm, and the spectrum of aspirin showed
a trough at 264 nm and a satellite peak at 284 nm. It was
apparent from comparing the zero order and second derivative
spectra in Figure 2a that the detection power for both salicylic
acid and aspirin was enhanced by differentiation. The limit
of detection for salicylic acid in the second derivative spectrum
was about 0.12 ug/mL, since the height of trough-to-peak was
almost equilvalent to twice of peak-to-peak noise at this
concentration.

The second derivative spectrum for the mixture of salicylic
acid and aspirin (1:2000) is shown in the upper part of Figure
2b. On account of the large satellite peak of aspirin, the trough
of salicylic acid at 292 nm disappeared but the satellite peak
of salicylic acid at 316 nm seemed to be reproduced. If the
height of the satellite peak measured with respect to the
derivative zero, denoted by Dy in Figure 2, would not be
affected by coexisting aspirin, it could be used for the quan-
titative determination of salicylic acid in aspirin powder.

Effect of Coexisting Aspirin on D; Values. The in-
fluence of aspirin signal on Dy values could be known by
comparing the Dy, values of a solution of salicylic acid alone
with that of a solution having the same salicylic acid con-
centration but containing large amounts of aspirin. For this
purpose salicylic acid free aspirin was needed, since if aspirin
added to a salicylic acid solution contained salicylic acid or-
iginally, the amount of salicylic acid in the solution would be
increased and the results could not be reliable. Salicylic acid
in aspirin was removed by recrystallization. When the second
derivative spectrum of highly concentrated aspirin solution
6 mg/mL) did not show any signal at 316 nm (D;, = 0), the
aspirin was considered salicylic acid iree Among the several
recrystallization sol (b
propyl alcohol), only acetone could give sallcyhc acid free
aspirin.

One more problem which would make results uncertain was
the hydrolysis of aspirin to salicylic acid in the sample solution
during the experiment. When a second derivative spectrum
of salicylic acid free aspirin in ethanol (6 mg/mL) was mea-
sured repeatedly at intervals of a few minutes, the recorded
line at 316 nm gradually raised from the base line due to the
formation of salicylic acid by the hydrolysis of asplrm. In order
to supp the hydrolysis of aspirin, acid ethanol
could be used as solvent (14). Three kinds of acid, phosphoric
acid (85%), acetic acid, and chloroacetic acid were tested. A
60-mg sample of salicylic acid free aspirin was dissolved in
10 mL of ethanol which contained one of these acids with 1%
concentration and the second derivative spectrum was taken
repeatedly for 1 h with some time intervals. The plot of the
obtained Dy, values against the time (0—60 min) ylelded a
straight line for each acid. The ison of the supp:
effect of each acid was carried out by using slopes of the lines.
The results ized in Table I showed that the hydrolysi
of aspirin was most effectively supp! d in 1% chl ic
acid-ethanol solvent, since the slope of this solvent was about
one-seventh that of ethanol. Though the hydrolysis of aspirin
could be suppressed to some extent by using this solvent, it
was still ded for higher Y that the expen-
mental p dure, from di ion of aspirin to
of spectrum, was to be accomplished within 15 min. Since
the time necessary for one scanning was about 1.5 min,
measurement of spectrum for a sample could be repeated five
times in 15 min.

The influence of aspirin signal on Dy, value was investigated
at three different salicylic acid ions of 5.0, 1.0, and
0.3 ug/mL and the amount of aspirin incorporated was 0-6
mg/mL. The measurement of spectrum was repeated five
times for each samples and the mean value of five Dy, values
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Table I. Suppresion Effects of Acids on Aspirin
Hydrolysis in Ethanol Solution

concn in
ethanol, slope,®
acid added % mm/h
none 15.1
phosphoric acid (856%) p 10.0
acetic acid 1 5.2
chloroacetic acid 1 2.1

@ The slope was obtained from the plot of Dy, values
against time. Derivative conditions are given in the
Experimental Section,

Table 1I. Effect of Aspirin Concentration on the Height
of Second Derivative Satellite Peak of Salicylic Acid (Dy,)

amt of
salicylic aspirin fraction of
acid concn, added, salicylic

pg/mL mg/mL acid, % Dy, mm

5.014 0.0 100.0 40.41
6.01 0.0834 40.07

1.003 0.0 100.0 8.28
6.14 0.0163 8.29

0.301 0.0 100.0 2.42
6.15 0.0049 2.46

@ Mean value of the five duplicate measurements.

was taken. The results are shown in Table II. At every
salicylic acid concentration, there could not be seen any effect
of the coexisting aspirin on Dy, values, even where the amount
of aspirin incorporated was more than 20000 times that of

licylic acid (corr ding to salicylic acid fraction of
0.0049%).

Calibration Curve for Salicylic Acid. To obtain a
calibration curve for salicylic acid, the second derivative
spectra of standard salicylic acid solutions were taken for five
varied concentrations (1.002-10.015 ug/mL). The spectrum
was measured five times for each concentration, so that 25
sets of Dy, values (y) and salicylic acid rations (x) were
obtained. The correlation coefficient between y and x was
calculated to be 0.9999 and a plot of y against x yielded a good

ight line which intercepted the origin. The slope was 8.01
mm/(ug/mL) with a relative standard deviation (s/%) of 1.2%.
These corresponded to the confidence limits of 8.01 £ 0.04
mm/(ug/mL) at the 95% level. The salicylic acid concen-
tration x ug/mL could be calculated from 1/slope X D, that
is

x =0.125 X Dy, (1)

Accuracy of the second derivative method for salicylic acid
was calculated by eq 2, using the data of the calibration curve

% accuracy = (£ - £) /% X 100 (%) 2)

where £ is the prepared concentration of salicylic acid in a
standard solution and £ is the mean value of the salicylic acid
concentrations calculated by eq 1 for each five Dy, values. As
the results in Table III show, good accuracy was proved for
the d derivative method at every salicylic acid

tration.

Assay of Commercial Aspirin Powders. Three kinds
of commercially obtained aspirin powders A, B, and C were
assayed and the results are listed in Table IV. The salicylic
acid content of the aspirin powders tested fell well within
0.1%. The statistical calculations of the assay results showed
natufacwry precision of the derivative method.

In ion, it was d rated that the second deriv-
ative UV spectrometry could permit a simple and time-saving
assay of salicylic acid in aspirin powder which had sufficiently

Table III. A in S d Derivative UV
Spect: ic D ion of Salicylic Acid

salicylic acid conen, pg/mL

% accuracy
x£a x® 100(x - £)/%
1.002 1.004 0.20
2.003 2.004 0.05
3.005 2.994 -0.37
5.008 5.024 0.32

10.015 10.031 0.16

@ Prepared value. ® Mean value of five x’s calculated
from Dy, values using eq 1.

Table lV Amy Retults of Salicylic Acid in
C

1 Aspirin P
salicylic acid
aspirin concn,
sam-concn, pug/ content,
ple mg/mL mL %

A 6.060 216 0.0356 mean 0.0361 + 0.0005°
5.976 2.15 0.0360
6.092 2.18 0.0358
5.924 2.15 0.0363 s/¥°=1.2%
6.040 2.22 0.0367

B 6.248 2.38 0.0381
5.928 2.24 0.0378
6.032 2.26 0.0375
6.100 2.30 0.0377 s/x%=1.2%
5.968 2.20 0.0369

mean 0.0376 = 0.0006¢

C 5.980 1.56 0.0261 mean 0.0269 + 0.0007¢
5.992 1.64 0.0274
5.996 1.59 0.0265
6.084 1.65 0.0271 s/¥%=21%

6.154 1.68 0.0273

@ Confidence limits at 95% level.
deviation.

b Relative standard

good accuracy and precision. The method could have a
possibility of application to the similar problem of determining
very small amounts of impurity in pure chemicals.
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Spatial Discrimination in Spark Emission Spectrochemical

Analysis

John P. Walters*' and Willlam S. Eaton?

Department of Cl istry, Univ of Wi w

An adjustable wave form spark source and argon flow Jet are
used to produce a positionally stable spark train. The image
of the spark Is relayed to an lnlermedlalo focal planc con-
lalnlng maslu of varying and

L " by podﬂonhg tho

are

53706

ciently standardized to allow day-to-day reproducibility on
the order of 5% or less. To produce the discharge train and
cover a wide range of repetition rates, we modified an air-
interrupter spark source (8) to produce a pulsating, unidi-
rectmna] current wave form. To stabilize the discharge

lly, we d d argon coaxmlly with the interelectrode

mask In front of the central core of the disch

simpler spectra with less noise to enter the 3pec|romolor

Three- to ten-fold improvements In signal/nolse are reported

for common impurities in commercial aluminum alloys. Itis

shown that lost signal due to masking can be recovered by
ing the disk wple and | ng the repetition rate of

the source.

The signal and background levels in a positionally stabilized
spark discharge can be decoupled. The discharge displays
radial structure, with many of the common analytical lines
emitting in its radial wings (I). Much of the background and
its noise is, however, confined more to the central core, along
and coaxial with the interelectrode axis. If the light observed
from the discharge is restricted to that originating in the outer
radial regions, the spectra are simpler, the lines narrower, and
the signal to noise ratios higher than observed if all of the
radiation is detected.

There is additional information in the time domain (2, 3).
The analytical signals tend to maximize when the time de-
rivative of the discharge current is negative, while background
and plasma ion noise signals tend to maximize when it is
positive. Example spectroscopic data showing these charac-
teristics of a positionally stable spark have been published,
along with evidence and ideas on their physical causes (4).

When either spatial or temporal discrimination is used in
observing the radiation emitted from a positionally stable
spark train, some usable signal is lost. This occurs mainly
because the separation in time or space between signal and
noise is not abrupt, but rather continuously melds from region
to region (5). This need not be a fatal flaw to the discrimi-
nation technique if the losses can be compensated by a real
increase in the amount of useful signal generated by the spark.
We have shown this to occur when the repetition rate of the
spark source is increased (6) and the early times in the burn
monitored (7). Thus, by combination of higher repetition rates
with techniques that use more of the electrode surface to give
the equivalent of observation early during a burn, spatial or
temporal discrimination will show real improvements as
mentioned, without significant analytical system losses.

To illustrate the discrimination technique, experiments were
conducted with conservative equipment and straightforward
procedures. These methods obviously would not be used in
a production situation. For emmple, for explomuon of all
effects of h k d ly, data were re-
corded phobogmphlcally. with darkroom procedures suffi-

!Present address: Department of Chemistry, St. Olaf College,
Non.hﬁeld MN 55057.

?Present add Rockwell I 1, P.O. Box 27930, Den-
ver, CO 80227.

axls, from anode to cathode, using a simple nozzle (9-11).

To capitalize on the increased sampling efficiency that
occurs during the first portions of a burn with a positionally
stable spark discharge (7), without actually time-resolving the
photographically-detected spectra, we rotated the aluminum
cathode at ~4 rpm during the exposure. This provided a
continually refreshed electrode surface, giving the same
performance spectroscopically as is observed during the first
few seconds of a burn to a stationary electrode attacked by
a positionally stable spark. This also allowed a primitive
averaging of the radial inhomogenieties in the electrode
(12-14). Then a modest adjustment in the repetition rate was
done to accent the electrode signal over the background, again
due to enh in the ling efficiency (6, 7).

Spectral lines for analysis were selected from temporally
and radially resolved spectra, obtained from mstmmenmtmn
that allowed high-fidelity isition of such multidi
spectra (15). All analytical data were acquired in a time-in-
tegrated mode. To verify that the line intensities detected
in this mode were responsive to the spark source parameters
(16), we measured the time integral of the current wave form
as a function of changes in the source inductance. Then, the
line intensities for selected test lines from the cathodic elec-
trode were also measured as a function of increasing source
inductance. Correlation between these data was used to signal
proper correspondence between the spark source and electrode
sampling. In all, the spark source, while conservative in
comparison to present computer-controlled electronic units
(17), was well behaved.

In this paper, the above introductory remarks will be am-
plified with experimental parameters. Then data taken with
aluminum electrodes sparked in argon will be presented to
illustrate the points made. We will also show spectra and
microscope data that address the issue of increased current
efficiency relative to electrode sampling. Following this, we
will show the improvement in spectral simplification and in
signal to noise ratios that result from optically masking the
central core of the discharge.

EXPERIMENTAL SECTION

The apparatus consisted of a modified (8) air-interrupter spark
source, a conventional arc-spark stand containing an electrode
rotator assembly, a quartz transfer lens, a concave grating eagle
spectrograph, conventional darkroom equipment, a recording
densitometer, and an assortment of conventional electronics and
electrode preparation devices. A complete set of experimental
parameters for the above is given in Table 1.

Electrodes were prepared b; ining disks of alumi to
the proper circular shape and then drilling and tapping a small
hole in their center. One surface was then turned to a smooth
finish. The disk was then mounted on a rotating arbor in the spark
stand as shown in Figure 1. The dlsk was cathodic with respect
to the pin The lectrode was

0003-2700/83/0355-0057801.50/0 © 1882 American Chemical Society



58 « ANALYTICAL CHEMISTRY, VOL. 55, NO. 1, JANUARY 1983

Table I.

source: National Spectrographic Laboratories, KE-1234,
modified as per ref 8

Experimental Parameters

capacitance 0.012 uF
spark power 10
resistance 0 added
inductance, L1 56 uH

variable, 5-40 uH
Tektronix 547/1A1
Pearson, Type 110, current
transformer into 1 MQ
spark stand: Spex Industries, Inc., No. 9010 arc/spark
stand
electrode gap
cathode electrode
anode electrode

inductance, L2
oscilloscope
current monitor

3 mm typ
aluminum flat (see Figure 1)
3% thoriated tungsten
(see Figure)

gas argon

flow rate 0.6 L/min

cathode rotation 4 rev/min
spectrograph: Baird-Atomic RDRS Mod. 6X-1, 3.0 m

Eagle Mount

slit width 0.050 mm

spectra/plate 28, with 2,5 mm plate aperture
grating angle 3°

1.8 cm height
wavelength range  2400-5100 A
dispersion 5.5 A/mm, first order
emulsion: Kodak, type SA-1, 4 X 10 glass plates
development Kodak, D-19, 4 min

grating mask

stop Kodak stop, 30 s

fix Kodak fix, 10 min

wash deionized water, 30 min
processor Jarrell-Ash Model 34-301
calibration Baird-Atomic seven-step sector,

3-A DC iron arc
Baird-Atomic, recording, Model
RC-2, operated as per
slit height 1 mm
slit width 0.007 mm
scan rate 0.0055 mm/s

densitometer

BELT DRIVEN
(~4RPM)

ROTATING
ALUMINUM

DISK
(CATHODE)

¥

0.125" DIAM.
1% THORIATED
TUNGSTEN PIN
(ANODE )

30° INCLUDED ANGLE
3% INTERNAL TAPER

BRASS FLOW JET

ARGON

INPUT
(~ 0.5 L./MIN.)

STAINLESS

COLLET
o os 0 @
| IS . )
Figure 1. Eiectrode confi and nominal

for producing stable spark discharges.

mounted to a jet assembly, through which argon was delivered
coaxially with the tungsten pin. The pin was held in a collet and

E F
‘Wm
Vertical =100 amps /div
Herizontal = 10 usec /div.

Figure 2. Current wave forms produced from the source described
in ref 8 under the following parameters. L1 = 56 uH & L2 as per: (A)
residual, (B) 0.1 uH, (C) 2.2 uH, (D) 6.0 uH, (E) 10 uH, (F) 88 uH.
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Figure 3. Coulombs per spark for current wave forms varying from
fully oscillatory (leﬂ of line A-A) to fully unidirectional (right of line A-A).
For the the apply only to half cycles
where the alumlnum alecuoda in Figure 1 was cathodic.

centered in the jet with three screws at 120° separations, such
that it could be replaced periodically. With this configuration
and the air-interrupter spark source, the discharge was sufficiently
stable to produce a burn between 2 and 3 mm in diameter at
electrode separations between 2 and 4 mm. The gas flow was
adjusted about a nominal value of 0.5 L min™ to produce optimum
stability.

The spark source parameters were fixed, except for the
wave-shaping inductance L2 (18). This was adjusted to produce
the wave forms shown in Figure 2. The current was measured
with a Pearson Electronics Model 110 current transformer into
a Tektronix type 547/1A1 oscilloscope/plug-in combination.
These wave forms were selected as working standards to be used
for all measurements. They allow the range of charge shown in
Figure 3 to be delivered to the aluminum electrode. The alu-
minum and selected impurity lines that were chosen to monitor
signal to background changes with respect to spatial discrimination
are indicated in Figure 4. It is evident that they are all responsive
to the changes in current wave form in reasonable proportion to
the changes in the number of coulombs delivered to the electrode
(19-21).

Optical discrimination is d by placing one or an-
other of a series of copper wires at Sirks focus in front of and
parallel to the spectrograph slit and then focusing an image of
the positionally stable spark channel on the wire using a 20-cm
focal length biconvex quartz lens. Corrections for chromatic
aberration were not made (22). The experiment as executed is
shown schematically in mset. A of Flgure 5.

A wire having a presel 0.5 and 2.5 mm
is placed between the spectrograph entrance slit and the spark
gap, in line with the spark and to one side of the optical axis. The
electrode is started rotating and the spark started. After five to

oot
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(inset A) and the
changes in detected spectra that resull hom different mask positions.
Spectral simplification for two mask positions Is shown in inset B.
Background reduction for three mask positions is shown in inset C. The
current wave form is D in Figure 2.

six full revolutions, the emission from the spark has stabilized
(see Figure 6). The shutter to the spectrograph is then opened
and an exposure taken. The spectrograph camera is then racked
to a new position, and the identical run repeated with a new
electrode mounted in the stand.

After each pair of exposures, the mask is shifted in position
by at leasl. one diameter closer to the optical axis, and the same

routine is d. A set of exp usually
is taken, corresponding to moving the mask completely through
coincidence with the optical axis. Spectra similar to those in
Figure 5 result, where each two p on the plate correspond
to duplicate runs at one mask position. A few lines are identified
in Figure 5 to illustrate the more obvious spectral simplification
that results when the mask has been moved to a position directly
coincident with the spark channel.

Proper darkroom and densitometer procedures are essential,
since each masking experiment may require as many as a separate
set of plates per parameter change. A Jarrell-Ash 34-300 pho-
was used to develop the plates ding to the pa-
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Figure 6. Nonmasked spectra observed as the aluminum cathode
shown in Figure 1 rotated under the positionally stable %
experiments are begun after the third or fourth rotation. See ref 7.

rameters in Table I. After being washed, each plate was carefully
wiped with photographic sponges dipped in Kodak PhotoFlo 200
wetting solution, and dried under gentle heat to a spot-free
condition. For quantitation, a conventional seven-step sector
method of emulsion calibration (23) was used to convert T to
relative intensity. Each development was done on two plates at
the same time, and each pair of plates was calibrated before
quantitation.

CALIBRATION

Two parts of the experiment were calibrated before spatial
discrimination work was begun. The first part was to verify
for the matrix lines of aluminum that there was a corre-
spondence between the total amount of charge delivered to
the electrode and the integrated line intensities, both in terms
of the number of coulombs per spark (i.e., the area of the
current wave form) and in terms of the number of sparks per
second per exposure (i.e., the repetition rate). This is necessary
to allow normalization of spectra that have different degrees
of spatial discrimination, so that when a particular signal to
noise ratio is observed, it also is known what fraction of the
total intensity changes that have occurred can be compensated
via spark source adjustment.

The spark source was calibrated by phomgmphmg the
current wave forms of i , BT ing their
area, and then plotting that area against the relative value
of the inductance L2 that was used to produce the different
wave forms. When the discharge was oscillatory, only the area
of the half cycles when the aluminum electrode was cathodic
was measured. Then the same changes in inductor L2 were
used to prepare a series of time integrated spectra. Lines were
identified in these spectra that were expected to be useful in
the discrimination studies as ind of the of “signal”™
present, i.e., the analytical signal of choice due to the electrode
material as opposed to the plasma lines ard continuous
background. The intensities of these lines were measured and
plotted as a function of the same relative value of the inductor
L2.

The source data are shown in Figure 3. The abscissa is not
linear, and should be interpreted only in terms of the data
shown in Figure 4, where relative line intensities over back-
ground are plotted against the same set of source inductances.
Data to the left of the vertical dotted lines in both figures
correspond to an oscillatory discharge, while data to the right
correspond to a pulsating unidirectional current wave form.
Curreln'.\on plots were not made of the line intensities directly

of coul the discontinuity that
occum when the wave form changes from oscillatory to uni-
directional changes the physical nature of the discharge as
well as the current wave form (18).

The data in Figure 4 for the unidirectional current wave
forms indicate that most Al I line intensities respond to in-
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Figure cathode surface
erosion by the spark current wave forms shown when the electrode
is rotated during an exposure and held still. See also ref 7.

creases in the area of the current wave form (e.g., inset A),
as do selected Al II, Ti II, and Cu I lines (insets B and D).
Background does not, at least to the same degree as the above
lines, nor do the selected set of Al and Ar III lines shown in
inset C. We conclude from these data that any signal lost in
a discrimination experiment could at least be partially re-
covered by increasing the number of coulombs delivered to
the sample electrode via adjustments in the source wave-
shaping inductor L2.

Because there were cases when it was not desirable to
change the current wave form, a second calibration experiment
was done on the spark source to determine how time inte-
grated line intensities could be increased by adjustment in
spark source repetition rate. Because the literature precedent
is against this as an effective parameter for such adjustments
(24, 25), we report here our first investigations on microscopic
electrode erosion patterns produced by different current wave
forms. The data in Figure 7 show differences in electrode
erosion that result on an aluminum cathode held stationary
under a positionally stable spark compared to one that is
rotated at approximately 4 rpm for three different wave forms.
The “puddled™ appearance of the stationary electrode is clear,
as is its traceability to a lack of electrode rotation, rather than
a unique current wave form (26).

We have shown that when an electrode has this “puddled”
appearance (7), the emitted light is both noisier and of lower
intensity than when the electrode surface erosion has a more
granular appearance. Further, we have shown (6) that under
the conditions that produce the granular erosion, the spark
source repetition rate is effecuve asa pammeter that affects
time integrated line i ities. These independent obser-
vations are verified here by comparing the effect of repetition
rate on the intensities of selected lines for stationary and
rotating electrodes.

The data in Figure 8 show the effect of source repetition
rate on line intensities over background for a stationary
electrode. It is evident that the main effect of increasing the
repetition rate in this case is to increase the intensity of the
spectral noise, i.e., the Ar III, Ar I1, and background radiation.
‘The matrix and analytical impurity lines respond only slug-
gishly if at all to the increased repetition rate. However, as
shown in Figure 9, the situation is much different when the
e.lectmde is mt.ated In that case, the analyucal line i
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Figure 8. Effect of spark source repetition rate on the lines shown
In Figure 8 for a rotating electrode.

From these two calibration experi ts, it is r ble
to expect total light losses from spatial discrimination to be
recoverable, at least in part, via adjustment of either the spark
current wave form or the spark source repetition rate, both
of which are quite simple to accomplish in recent all electronic
(17), computer-controlled units (27). It remains then to il-
lustrate the gains to be made by such discrimination.

SPATIAL DISCRIMINATION

The results to be expected from a spatial discrimination
experiment can be anticipated by observing the time and space
resolved emission spectra from the positionally stable dis-
charge. Such spectra, produced by a discharge train with the
current wave form shown in Figure 11, are shown in Figure
10. The instrumentation used to photograph the spectra has
been presented (15). The optical window through which the
spatial discrimination was obtained was placed at two dis-
tances up from the aluminum cathode surface (0.5 and 1.2
mm) These are the “axial slices” from within which the

is radially resolved. This resolution gives structure

over back i with i in source repetition
rate at least as much as the plasma and background ratiation,
and in some cases to a greater degree. This represents a real
increase in available signal. From these data, and our previous
work, we conclude that there has been a real increase in the
sampling efficiency.

along the length of the spectral lines. Each spectrum is
stroboscopically photographed at a particular time after
discharge ignition and, thus, at some particular instantaneous
current value.

It is evident by inspection that much of the noise radiation
in Figure 10 is at a maximum in the central radial regions of
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Figure 10. Time and space resolved spectra for two axial displace-
ments from the aluminum cathode surface taken with the instrumen-
tation described in ref 15. Marked lines are Identified in Table 11. The
vertical spark interelectrode axis follows the horizontal (wavelength)
axis of each spectrum. The right-hand scale shows the radial extent
of the emission. Numbers to the right of each spectrum are the time
in microseconds after current onset, relative to the current wave form
in Figure 11.
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Figure 11. Discharge current wave form used to produce the spectra
shown in Figure 10. Spark source and parameters used are described
in ref 18 (mostly) and 15.

the spark gap, at times when the current is peaking. This
includes background as well as the Al I1I and Ar II radiation.
Analytically useful signals, such as the no. 10 and 11 Al I lines,
emit into the discharge wings and at times when the current
is minimizing. Thus, by visual inspection alone, we expect
that optically masking the core regions of the discharge should
diminish the amount of plasma and background radiation
entering the spectrometer, and the amount of internally
scattered light as well, while still retaining a significant amount
of that emitted in the low-energy analytical lines. Less ob-
vious, but still to be expected, would be narrower line widths
for the analytical lines. Inspection of Figure 10 suggests a
major portion of the large line widths associated with spark
spectra compared to other discharges (28) arises from
broadening in the spark channel. By masking this region, we
expect the wing radiation, when time integrated, to produce
a narrower line.

The best visual verification of the above points is obtained
by masking with a very large mask. Effects are then accen-
tuated more dramatically than with smaller, perhaps more
optimal, sizes. Such masking is shown in Figure 12. In
comparing inset A and B, note that the lines indicated by
arrows are of about equal intensity in inset A, while they are
not in inset B. Both lines are from the same stage of ionization
but from different elements. In insets C and D, the difference
in background intensity is clear, as is that for the Ar II lines.
The Mg I1 lines in inset D are preserved under masking, since
they have far radial emission (29), but some of the other
analytical lines are not, such as no. 2, 3, 7, and 9 in inset B.
There clearly is an optimum mask diameter.

For reduction in the plasma emission relative to the
background emission, there is no advantage to a mask diam-
eter greater than (approxmimately) 1.6 mm, as indicated in
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Table II. Line Identification for Figure 10
line no. species wavelength, A

1 Al IIT 3612.4
2 Al 111 3601.6
3 Arll 3588.4

4 Al Il 3587 mix
5 Ar 1l 3582.4
6 Arll 3576.6
7 Arll 3561.0
3562.2
8 Arll 3559.5
9 Arll 3545.6
10 All 3092.8
Ar 1l 3093.0
11 All 3082.2

Table III. Line Identification for Figure 12
line no. species wavelength, A

1 Mg 11 2790.8
2 Mg II 2795.5
3 Mg 11 2798.1
4 Mg II 2802.7
5 Alll 2816.2
6 Ar Il 3545.6
7§ Ar I 3559.5
8 Arll 3561.0
3562.2
9 Ar 1l 3576.6
10 Crl 3578.7
11 Fel 3581.2
12 Ar Il 3582.4

13 Alll 3587 mix
14 Ar Il 3588.4
15 Crl 3593.5
16 Al IIT 3601.6
17 Crl 3605.3
18 Al III 3612.4

C.
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Figure 12. Spectral effects of masking the central core of the dis-
charge with a 2.2 mm diameter mask. Numbered lines are identified
in Table I11. Insets A and C are two-step filtered spectra with the
mask at position 1 in Figure 5. Insets B and D are with the mask at
position 3.

Figure 13. Even for masks as small as 0.6 mm, the plasma
radiation is reduced by more than a factor of 2 relative to the
background when the center core is optically blocked. On the
basis of just these data, it would be best to use the smallest
mask practical, since this would reduce the total amount of
usable signal available to a lesser degree. There is however
another advantage to using the larger mask.

The relative amount of radiation in the analytical lines
compared to that in the plasma lines does maximize with mask
size, as shown in Figure 14 for the aluminum matrix lines, in
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Figure 13. Relative Intensity ratios of plasma emission as indexed by
Ar 111 lines to background for various diameter masks. The mask was
moved across the discharge Interelectrode axis in 11 steps as illus-
trated in Figure 5. Refer to the “no mask" position for normalization.

types and times per are as follows: SA-1
and 50 s for insets A—c SA-1 and 90 s for inset D, SA-3 and 90 s
for inset E, and SA-3 and 165 s for inset F.
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Figure 14. Relative intensity ratios of neutral-atom electrode lines to
plasma emission for various masks, and
parameters as per Figure 13.

Xp

Figure 15 for a lead impurity in the aluminum, and in Flgure
16 for a copper impurity. There is greater ad
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quuro 15. Relative intensity ratios of a neutral-atom lead impurity line

to plasma for various masks,
and exposure parameters as per Figure 13.
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Figure 16. Relati y ratios of a neutral-atom copper impurity
line in to plasma for various masks,

emulsion and exposure parameters as per Figure 13.

the reduction in background is evident, and the spectra in
Figure 5 show how this can be used to great advantage in
pulling an iron line (Fe I 3581.2 A) out of a region of the
spectrum rendered virtually useless by the argon plasma

with a larger mask for copper, primarily because the radial
excursion of the copper line investigated is greater than for
the lead or aluminum lines. This then is compared to the
enhancement in signal to background ratios for the same lines
in Figures 17-19. Improvements as high as a factor of 5 are
again seen for the larger masks.

Since the study was done photographically, we cannot
comment on how the precision varies with mask diameter.
There were no noticeable changes in the linearity of test
working curves for the lines shown here (see, for example,
Figure 20), but this must be viewed only as a prehmmary
observation. Far more needs to be done to t with

CONCLUSIONS

Even a modest amount of practical experience in emission
spectrometry using spark excitation will caution against
making a single technique or device the central focus of a
spark-based analytical method. Certainly, this is the case for
spatial discrimination by optical masking. In fact, there are
cogent arguments against using it in an analytical method at
all, such as the degree of discharge stabilization it could require
to achieve some prescribed precision in a working method.
However, we feel that there will be overriding values to the

authority on the long term reliability of working curve linearity
and precision using an optically masked system. However,

pproach that will justify such efforts as are needed for its
practical implementation. Those values will likely arise from
its combined use with other techniques to produce a better



Al'l 30822 /BKG 3087

IV

OUVH ALISNILNI
.
H
[
t

DISPLACEMENT FROM CENTRAL AXIS (mm)
Figure 17. Relative i ity ratios of neutral-at

gr for various
rameters as per Figure 13.

masks, ion and pa-

Pb1 4057.8 / BKG 4060

. | Somis |

OILYH ALISNILNI 3ALYI3Y

OISPLACEMENT FROM CENTRAL AXIS (mm]

Figure 18. Relative intensity ratios of a neutrakatom lead impurity line
in aluminum to background for various diameter masks, emulsion and
exposure parameters as per Figure 13.

overall analytical result. These other techniques have been
developed but have been reported separately, and with some
fragmentation. This paper is well concluded by mentioning
how they all could work together to give much better total
system performance than we have come to expect from the
spark.

When the discharge ch lis ked, as shown here, we
expect better sngnal to noise in the method, along with the
narrower lines and simpler spectra. But, we also expect lower
total flux, and thus longer exposures. To compensate for this,
we suggest that the repetition rate of the spark source be
increased. This can now be done with electromc ease (30),
since the technology is available by using s to
fire the source and wnth fiber optic links and simpler electromc
spark source circuitry to just about eliminate the last of the
real problems with radiofrequency interference.

As the repetition rate of the spark source is increased, the
first emission from the train of sparks making up a single
exposure will peak earlier, requiring only a second or so to
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using spatial The intemnal line was Al I 3082.2
A. The current wave form Is shown in Figure 2, inset D.

gather most of the useful signal (37). This will reduce the
exposure time and, if the time at which the peak occurs is

ed, give good di ic information about the matrix
condition of the analytical sample. Using the area under this
transient peak as the analytical signal will reduce the total
exposure time needed to register a spectrum (32). To take
best advantage of this, we r d that the ber of
burns per sample be increased up to 50 or so (instead of two
or three) so that the final answer reported reflects that sta-
tistical composition of the alloy (12). Then, the increased
signal to noise that comes from masking can be combined with
the better statistics and i d matrix knowledge to also
give better accuracy. By proper analysis of the multiple burn
pattern, better precision can also result (33). An on-line
microcomputer can be used to move the electrode under the
stable spark to produce such a grid of burns over the surface,
as well as to handle the increased amount of information
produced and processing needed.

Where the electrode is difficult to attack, we again recom-
mend adjusting the power delivered to the sample, through
both the repetition rate and the instantaneous current within
a single discharge. If, to cause good sampling, the instanta-
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neous current within a single spark becomes so high that the
mgnal to noise benefits gained through spatial dscnmmatlon
are defeated (34), we y time gating
the detector integrator circuit durmg the valleys of the currrent
wave form (35). The same microcomputer that is used to fire
the spark and move the electrode can also do this, even though
the situation today is economically such that it is quite sensible
to design for several machines being active at once (36). The
signal to noise can then be increased again, further compen-
sating for the higher background that would come from using
higher power on more difficulty sampled alloys.

The net picture here then is one of substantial enhance-
ments in overall analytical performance, all based on prior
experimental research and all possible at expected modest cost
due to the simpler electronic, -controlled spark
sources presently possible. We look forward to reporting the
first results of such combined techniques in the near future.
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Analysis of Pharmaceuticals by Fluorine-19 Nuclear Magnetic
Resonance Spectrometry of Pentafluoropropionic Anhydride

Derivatives
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A qulntlllllvo thod for the fluorine-19 NMR ysis of

derivatized nh teal

difficult procedure (). The use of proton nuclear magnetic
T (NMR) for drug determinations is sometimes lim-

Is puumud Tho procodun Is based upon chromatographic
ds. Reactl were carried out In deu-
using ap ly 50 mg of sample. The
samples analyzed were bulk pharmncoullcnl materials and
m.ydoumlmmmnyaoxylwmt»m In
some cases, the hy ridine at a
of 55 °6wumdlomn\onadmmmtomn
complete dert q
results In fluork 1onun, of icals which
are greally simplified In comparison to their more complex
proton spectra. The major advantage of the method Is the
speed with which the analysis can be carried out since most
are P in 10 min. The broad upplk:a-
tion of this technique to ph stical analysis is
along with accuracy and precision data.

P

The quantitative is of phar ticals as

ited due to the complex NMR spectrum of some molecules.
Consequently, we decided to develop an analytical procedure
using fluorine derivatization of drugs containing active hy-
drogens and subsequent analysis of their fluorine-19 NMR
spectra.

Fluorinated derivatives are ex ly used in analyses by
gas chromatography (GC) and mass spectrometry (MS) (2-5),
but their application in quantitative fluorine-19 NMR spec-
trometry, especially for pharmaceutical analyses, has been
somewhat limited. A great deal of work has been done with
hexafluoroacetone (HFA) and fluorine NMR to quantitate and
characterize active hydrogen compounds (6-9). Since this
initial work, some recent applications in the areas of food and
coal product analysis have been made (10, 11). The disad-
vantage associated with these HFA methods is that they re-
quire the use and storage of a reagent gas which is a potential
toxicity hazard. In addition, fluorine-19 NMR analysis of
trifluoroacetyl derivatives has been used to determine organic

cC ds and also some biologically related materials

done by gas chromatography is often a time-consuming and

(12—17) Trifluoroacetyl derivatives can be formed by using
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a variety of different derivatization reagents, the most popular
ones being trifluoroacetyl chloride and trifluoroacetic anhy-
dride. Use of trifluoroacetyl chloride still requires the possibly
undesirable storage of this reagent gas, and the use of volatile
trifluoroacetic anhydride also requires careful reagent storage.

The method presented here was based upon information
and techniques found within these previous NMR, GC, and
MS studies. We adapted the fluorinated anhydride deriva-
tization methods used in GC/MS for use in a suitable fluo-
rine-19 NMR method. The derivatization reagent chosen for
use was pentafluoropropionic anhydride. This reagent is
readily available and is less volatile than trifluoroacetic an-
hydride, thus allowing for easier storage. The formation of
pentafluoropropionyl derivatives also has another advantage
in that in most cases each derivatization reaction results in
a derivatized drug which yields a fluorine NMR where
quantitation is possible in both the CF; and CF, regions of
the spectra. Consequently, an internal check of integral ac-
curacy is present. This is not the case when trifluoroacetyl
derivatives are formed. This technique was designed to avoid
any preliminary preparation steps so that accurate and precise
results could be quickly obtained. In addition, it was felt that
quantitative analyses of anhydride derivatives by fluorine-19
NMR spectrometry should be possible even for complex drug
mixtures provided that the components of the derivatized
mixture yield well-separated adduct signals.

EXPERIMENTAL SECTION

Apparatus. The instrument used was a Perkin-Elmer R32
equipped with a fluorine-19 accessory. The instrument operates
at a magnet field strength of 21.1 kG with resonance frequencies
for fluorine-19 at 84.6 MHz and proton at 90 MHz. All spectra
were obtained at a 100-ppm sweep width initially and also a
10-ppm sweep width for quantitation. A 180-s sweep rate was
used for the integrations. Samples were each run at various spin
rates in order to eliminate any chance of interference from
spmmng side bands.

ts. Pentafl pionic anhydride (PFAA) was ob-

tained from Pierce Chemicals, Rockford, IL. The free acid content
of these anhydrides is reported as being 1% or less. The anhydride
reagent was kept under nitrogen and in a refrigerator between
use to prevent any decomposxtmn The solvent used for all
hlorofi pic purity 99.6

was deuteri m (
atom % D) which was obtained from Merck and Co., Rahway,
NJ. The internal standard used was triﬂuoroaeetanilide (purity
=99.9% by GC) which was obtained from BDH Chemicals, Poole,
England. All of the pharmaceuticals analyzed were of the highest
purity. All other chemicals were high-grade commercial products
and were used without further purification.

Procedure. In cases not requiring catalysis, approximately
50 mg of the sample and 30 mg of the internal standard were
weighed into a 5-mL vial. This mixture was then dissolved with
0.5 mL of deuteriochloroform and transferred to a 5-mm NMR
tube. An excess amount of the derivatization reagent (PFAA)
was then introduced, and the reaction was allowed to proceed for
10 min at room temperature. Equation 1 illustrates the basic
reaction. After this reaction period, the resultant mixture was

[
R—OH  CFCF zc\

Ry0CCF ,CF 3 E
o + f —_— + HOCCF,CFy (1)

RN, CF 3CFQpC RN

NH 2 NCCF ,CF.
R I R 22
2 0 2

(o]

drug PFAA derivative

analyzed by fluorine-19 NMR at sweep widths of 100 and 10 ppm.
The results were then analyzed, and additional reaction time was
allowed if necessary.

In cases (e.g., phenols and some amines) where a simple catalyst
was required, an excess amount of either 1.0 M triethylamine or
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CF, Region
CF, e
*"‘“‘Q |
[
. i o i e
0 -10 -2 -2 ) -5
PPM From Tnfluorcacetanilide
Figure 1. Fluorine-19 NMR sp o derivatized ct in CDCly

(sweep width = 100 ppm).

pyridine in deuteriochloroform was added immediately following
the addition of PFAA.

In cases which required both pyridine and heat, an excess
amount of 1.0 M pyridine was added to the NMR tube containing
the sample, reference, and PFAA. This tube was then placed in
a water bath kept at about 55 °C for the proper reaction period
(usually 10 min) and then analyzed by fluorine-19 NMR.

After the initial fluorine-19 NMR analyses were made, each
sample was washed with a saturated sodium bicarbonate solution
to eliminate any excess PFAA and pentafluoropropionic acid
present. Each sample was then reanalyzed under the same NMR
conditions previously described.

RESULTS AND DISCUSSION

An example of a typical reaction between the drug chole-
sterol and PFAA appears below.

[

Y\_{ cFicF ,.':\

(. 0 —
cncr,::'
o
) Excess
Cholesterol PFAA
/
L
° +HOSCEr.CF; » CELTRNO, (2)
cr.cr,c -0 o )
Unreacted

o> o Derivative PFAA

The numbers in parentheses represent the chemical shifts
in parts per million upfield from the reference trifluoro-
acetanilide.

Figure 1 shows a 100-ppm fluorine-19 NMR spectrum of
derivatized cholesterol. This spectrum is first order with
quantitation possible either in the CF; region (6.8 to 7.4
ppm) or in the CF, region (-45.6 to —46.4 ppm). Figure 2 is
a 10-ppm expansion of the reference and both the CF; and
CF, signal regions of the cholesterol derivative. Signal a at
-17.2 ppm represents the CF; group of the cholesterol derivative
and signal b at —46.0 ppm the CF,. Each of these signals was
integrated five times vs. the reference standard trifluoro-
acetanilide. The results were then analyzed by means of the
following basic equation.

integration (sample) wt (std)

integration (std) wt (sample)
equiv wt (sample)

equiv wt (std)
In cases where both the CF; and CF, signals of the derivative

X 100% = % determined (3)
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Unreacted

Table I. Quantitative Results for Alcohols

|
% /DFM~CF, ’Ih"::ﬂ::‘
e % rel
—_ deter- std reaction
pharmaceutical mined dev time catalyst
15 cholesterol (-OH) 99.8 1.8 10min none
Tnircacetsnace norethindrone (2-OH) 94.3 1.4 1day none
\ mestranol (-OH) 96.5 2.3 1day none
o 5 menthol (-OH) 97.2 2.5 10min none
o oxycodone (-OH) 998 1.7 10min none
bulbocapnine (PhOH) 97.5 1.9 10 min pyridine
_cr 42 c00m
J' ‘ |UK~ Table I Chemical Shifts For PFAA Derivative of Pharmaceuticals (Alcohols)
1 S~
ISV2N ! Drug Name Structure Peak Position IPPAYI
PP e ae ue CF, cF.
Fou From T 1 Cholesteral (\)1:) ale <120 -460
Figure 2. A 10-ppm expanded fiuorine-18 NMR spectrum of derivatized iAo
cholesterol in CDCI, (integral sweep rate = 80 s). e i
o5 -690 -a57
. pat 2 Mestranol B @CLI
s 692 156
|+ Cholesterol Derivative-CF, . (*C
! 3 Norethindrone i
| Cholesterol Derivative-CF, L:: -705 -456
4 Menthol Q =710 -458
AR O
= Y 5 0 PR 637 =
0 -10 -20 % -0 -50 n e

PPM From Triflouroacetanilide

Figure 3. Fluorine-19 NMR spectrum of derivatized cholesterol in CDCly
after a sodium bicarbonate wash (sweep width = 100 ppm).

are observed, both are individually quantitated vs. the ref-
erence and the results averaged. The relative standard de-
viation for each analysis was calculated by means of the
following:

std dev

————— X 160% = rel std dev (4)
av integration

Figure 2 also illustrates the CF; and CF, signals for the un-
reacted PFAA reagent present with chemical shifts of 6.8
ppm and -45.6 ppm, respectively. The signals at -7.4 and
—46.4 ppm represent the respective CF; and CF, groups of
pentafluoropropionic acid which is a byproduct of the anhy-
dride reaction.

Signal assignments were made on the basis of reference
spectra of pentafluoropropionic acid, pentafluoropropionic
anhydride, and a derivatized cholesterol sample which had
been washed with saturated sodium bicarbonate. Figure 3
shows a 100-ppm fluorine-19 NMR spectrum of derivatized
cholesterol which has been subjected to a bicarbonate wash
to eliminate the excess PFAA and pentafluoropropionic acid
interfering signals. The sodium bicarbonate wash resulted
in a more simplified spectrum which was much easier to an-
alyze. In Figure 3, the two derivative signals which remain
have chemical shifts of 7.2 ppm and —46.0 ppm and represent
the respective CF; and CF; groups of the cholesterol derivative.

Alcohols. Table I illustrates the quantitative results ob-
tained for six pharmaceuticals containing OH groups. The

steroid cholesterol, alkaloid oxy and menthol all un-
dergo completa derivatization wn.hm 10 min. The alkaloid
which p a ph OH function requires

the presence of the catalyst pyridine for a rapid and complete
derivatization reaction. The presence of a base such as
pyridine enhances reactivity by serving as an acid acceptor
in the derivatization reaction (18). The steroid mestranol

P

Bulbocapnine

,..‘éﬁ,‘j =710 =

possesses a cyclic OH group at the C-17 position which is
sterically hindered by the close proximity of an alkyne group.
Consequently, the reaction of this compound at this site takes
24 h to near completion. It was also found that 2.0 M pyridine
and heat did not catalyze this reaction to any significant
extent. The steroid norenthidrone possesses two reaction sites
which undergo derivatization at different rates. As in mes-
tranol, a slow reacting sterically hindered OH group which
requires 24 h for derivatization is present at the C-17 position.
In addition, an active hydrogen site is present at the C-3
position in norenthidrone. Keto-enol tautomerization of this
C-3 carbonyl as seen below results in the formation of a fast
reacting OH group.

LI )

\ Reaction Site

The resultant active hydrogen found here reacts almost im-
mediately with the anhydride reagent.

Table II illustrates that the chemical shifts for the CF;
groups of these alcohol derivatives all are within the range
of —6.90 to -7.20 ppm with the exception of oxycodone (—6.37
ppm). The CF, group derivative signals were unobservable
for mestranol, norenthindrone, oxycodone, and bulbocapnine
prior to washing with sodium bicarbonate and were believed
to be overlapped by either the excess PFAA signal or the
pentafluoropropionic acid signal. After bicarbonate washing,
the mestranol and norethindrone signals did become ob-
servable, but the fluorine-19 NMR spectra obuuned for the
derivatized nlkaloxd.s Xy d and bulb di
that these cc d in the p of sodi

bicarbonate. Sodium bicarbonate washmg of cholesterol and
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Table III. Quantitative Results for Amines
% %  reaction
deter- preci- time,

pharmaceutical mined  sion min catalyst
propylhexedrine 98.3 21 10 pyridine +

(-NH;) a
phentermine 98.3 0.9 10 pyridine +

(-NH,) a
benzocaine 98.9 1.6 10 none

(-NH;)

Table V. Chemical Shils For PFAA Derivatives of Pharmaceuticals (Amines)
Peak Position (PPM)

Drug Name Structure CF, CF,

1 Propylhexedrine CH, -6.20 -38.9

|
O—cu,cn—un—cu,
@—cn,-._un, -5.82 -408

2. Phentermine

Table V. "F NMR Amlylu ot' a S'andud Derivitized
Mixture of Propylt

mnlhgrams of

propyl- milligrams of
hexedrine menthol
NMR NMR
method method
reaction (% deter- (% deter-
conditions actual mined) actual mined)

24 h with 1.0 M 51.0 50.3 53.0 53.1
98.6

pyridine present A (100.2)
10 min with 51.4 50.8 50.6 9
1.0 M pyridine (98.8) (100.5)

present and heat

readily analyze drug mixtures.

CONCLUSIONS

The above results demonstrate that a variety of different
pharmaceutical types can be rapidly quantitated by fluorine-19
NMR analysis of their pentafluoropropionic anhydride de-
rivatives. This method was shown to be applicable to simple

3 Benzocaine

cn,c»,—o—c-@—nn, -6.85 -46.2
u

o

menthol did eliminate the interfering signals without causing
derivative decomposition.

Amines. Table III illustrates the quantitative results ob-
tained for three pharmaceuticals containing NH, groups. The
aromatic amine benzocaine was found to react rapidly with
no catalysis required. The aliphatic amine propylhexedrine
was found to react to the 80% level after a reaction time of
24 h both without a catalyst and with the catalyst triethyl-
amine present. With 1.0 M pyridine added to the reaction
mixture, a near complete (95%) reaction was achieved after
24 h. Finally, it was found that the addition of both pyridine
and heat (55 °C) drove the reaction to completion within 10
min. On the basis of this information, the aliphatic amine
phentermine was completely derivatized within 10 min by
using the same established reaction conditions.

Table IV illustrates that all of the chemical shifts for the
CF; groups of these derivatized amines are within the broad
range of -5.82 to —6.85 ppm. The CF, signals which were all
observable are within a range of -38.9 to —46.2 ppm. All of
these derivatized amine compounds underwent apparent

position when hed with saturated sodium bi-
carbonate.

Drug Mixture. Table V illustrates the results obtained
for a derivatized drug mixture of propylhexedrine and men-
thol. Menthol was found to undergo rapid and complete
derivatization under all reaction conditions. Propylhexedrine,
however, requires the presence of 1.0 M pyridine and a re-
action temperature of 55 °C to be completely derivatized.
Once the proper catalyzed reaction conditions are established,
quantitation of both drugs is possible in both the CF; and CF,
signal regions. Accurate and precise results are possible be-
cause of the large chemical shift differences between the
derivative signals of propylhexedrine and menthol. The CFy
signals for propylhexedrine and menthol were at —6.20 and
-17.10 ppm, respectively, and the CF, signals at -38.9 and —45.8
ppm, respectively. Whenever this type of derivative signal
separation is encountered, this technique can be used to

Icohols and amines as well as complex drugs such as steroids
and alkaloids. Steroids and alkaloids which normally give
highly complex proton NMR spectra can be derivatized
quickly under the proper reaction conditions and their sim-
plified fluorine-19 NMR spectra used for accurate quantita-
tions.

This method of analyzing pure drugs and drug mixtures
offers many advantages over previous analytical techniques.
The analysis offers the advantages of speed, specificity, and
accuracy (a relative standard deviation always less than 2.5%).

Registry No. PFAA, 356-42-3; chol 1, 57-88-5; L
72-33-3; norethindrone, 68-22-4; menthol, 1490-04-6; oxycodone,
76-42-6; bulbocapnine, 298-45-3; propylhexedrine, 101-40-6;
phentermine, 122-09-8; benzocaine, 94-09-7.

LITERATURE CITED
Gas Ch Section; Smith Kiine &

R. Anal. Chem. 1970, 42, 16-21.
R. Anal. Chem. 1973, 45, 1700-17086.
. Anal. Chem. 1974, 46, 496-499.

lmu'l T Matsumoto, T. Nihon Daigaku Kogakubu Kiyo,
1980, 27, 223-226.

. E.; Seamon, K. B. Anal. Bbdiam 1978, 87, 211-222.
f.Gnl. T. E; Dom, H. C. . Chem. 1979, 51,

General
ford, IL, 1979-1980; p 189.

RECEIVED for review August 10, 1981. Resubmitted August
24, 1982. Accepted September 27, 1982. Presented in part
at the 1981 Pittsburgh Conference on Analytical Chemistry
and Applied Spectroscopy in Atlantic City, NJ, March 11,
1981.



68 Anal. Chem. 1983, 55, 68-73

Standards for Nanosecond Fluorescence Decay Time

Measurements

Roger A. Lampert, Leslie A. Chewter, and David Phillips*

Davy Faraday R L y. The Royal ion, 21 A

Desmond V. O’Connor

I for e Myodaiji, Okazaki 444, Japan

Anthony J. Roberts

Street, London W1X 4BS, United Kingdom

Unilever Research Laboratories, Port Sunlight, Merseyside, United Kingdom

Stephen R. Meech

Department of Chemistry, Wayne State University, Detroit, Michigan 48202

With a synchronously pumped dye laser as excltation source
for fluorescence decay time measurements with single-photon
counting detection, a critical reevaluation of literature

decay p for * i P Is
made and new dards are proposed for Iifetime
ments. These are 2,5-diph (PPO), 1-cy
RSy & hylindole, 3 hylindole, 1,2-dimethyl
indole, and N,N yl-1-naphthy in cycloh
b or eth 1 . B

g an &
range of 330 to 440 nm and decay time range of 1.28 to
18.23 ns. Anthracene In solution may also be used as a
standard if care Is taken with purification and the concen-
tration Is known. Quinine bisulfate should not be used as a
decay time 1-Cy hthal P a con-
venlent standard for gu—phau experiments.

Fluorescence decay times represent an additional, relatively
easily measured parameter with which to characterize mo-
lecular fluorescence.

Perhaps the most widely used source of single-exponential
lifetime data is Birk's “Photophysics of Aromatic Molecules”
(1), published in 1970. Without wishing to detract from the
reputation of this monumental work, we believe that many
of the lifetimes listed therein, although undoubtedly the most
accurate available at the time of publication, have since been
shown to be seriously in error. The fact is that relatively crude
techniques for lifetime measurements were still in operation
at the time the book was written and the author’s declared
intention was merely to classify the reported data. Similarly
many workers standardize the performance of SPC equipment
against lifetime data given in Berlman's “Handbook of
Fluorescence Spectra of Aromatic Molecules™ (2). Since these
lifetimes were measured many years ago with a relatively old
fashioned pulse ling oscill pe technique, it is not
surprising that many of them are inaccurate.

Any compound with a single exponential decay will serve
as a lifetime standard. However, for the sake of convenience
the compound should also be easily purifiable and have a
known single exponential decay time, independent of exci-
tation and emission wavelength, in an easily purifiable solvent.
Among the most commonly used standards are p-bis(2-
phenylozazolyl)benzene (POPOP), 2,5-diphenyloxazole (PPO),
anth and bisulf; Quoted lifetimes for PO-
POP in cyclohexane do not show much variation (3, 4) but

for the other three compounds the literature values for the
decay times contain some serious discrepancies, as shown in
Table I (5-27). Thus quinine sulfate in 1 N or 0.1 N H,SO,
is commonly regarded as having a single exponential decay
time of about 19 ns. Recently we have shown that it has, in
fact, a double exponential decay that is strongly dependent
on temperature and emission wavelength (28).

We believe there is a case for a critical new evaluation of
decay time data, and in this report we describe a single-photon
counting instrument of high sensitivity and time resolution,
list a number of parameters, some of them very seldom applied
to this technique, by which least-squares fitting procedures
can be judged, and finally propose a set of standard com-
pounds with single-exponential decay times which can serve
as calibrants for standard ond

While the decay times of many compounds show only very
slight, if any, dependence on excitation and emission wave-
length and are relatively insensitive to change in temperature,
we believe that the precise conditions under which a decay
time is measured should always be specified, as is now common
for quantum yield determinations. Moreover it is advisable
always to remove oxygen from organic solvents since the
possibility of reversible charge transfer complex formation in
the excited state cannot be ruled out.

EXPERIMENTAL SECTION

The Instr! A diag of the ti lved fluorescence
spectrometer employed for the measurements reported in this
paper is shown in Figure 1. Sample excitation in the wavelength
range 290-315 nm was achieved with a frequency doubled, cavity
dumped, mode-locked synchronously pumped dye laser system.
In this a 15-W argon-ion laser (Spectra-Physics Model 171) was
mode locked using an acoustooptic device (Spectra-Physics Model
342) providing pulses of around 100 ps fwhm (full width at half
maximum intensity), at a repetition rate of 82 MHz, and with
an average power of 420 mW. These pulses were used to excite
Rhodamine 6G dye in ethylene glycol in a jet stream dye laser
(Spectra-Physics Model 375) the normal end mirror of which had
been removed and the cavity length extended to match that of
the ion laser. Under these conditions the laser was found to mode
lock, producing pulses at a repetition rate of 82 MHz. For most
photophysical systems, this pulse rate was too fast to allow total
system relaxation between excitation events and, consequently,
an acoustooptic cavity dumper (Spectra-Physics Model 344) was
used to output pulses at a lower rate (single shot—4 MHz). A
limited tunability, 570-640 nm, was available by using a multilayer
broad band tuning wedge (Spectra-Physics Model 570) incorpo-
rated in the dye laser cavity. For wavelengths outside this region

0003-2700/83/0355-0068$01.50/0 © 1982 American Chemical Society
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Table I. Some Single Exponential Decay Times Measured Since 1970
A, nm
excita- method of data
compound solvent concn, M tion emission T7,°C TF, NS analysis ref
quinine sulfate 0.1 N H,S0, 10°¢ room 19.4 moments 5
0.1 N H,S0, room 20 oscilloscope 6
0.1 N H,S0, 107 room 19.4 moments 7
0.1 N H,SO, room 18.8 log plot 8
1 N H,SO, 257 470 room 19.3 fourier transform 9
1N H,SO, 1072 room a least squares 10
anthracene cyclohexane 1073 365 >400 20 6.80 + 0.07 least squares 11
(degassed) 257 440 room 4.79 + 0.05 least squares 12
107 365 >400 20 6.01 + 0.06 least squares 11
4x10°% 365 400 20 5.20 least squares 11
2x10°° 365 25 5.2 least squares 11
340 >405* room 5.28 least squares 3
355 415 room 5.03 =+ 0.07 least squares 4
2.7x10°% 340 405* 25 5.22+ 0.04 least squares 14
2x10°* 340 4056* room 5.16 least squares 15
2x10°% 340 405* room 5.14 least squares 16
9.52x10°¢ 365 >400 20 5.42+ 0.04 least squares 11
10°¢ 365 >400 20 5.15+ 0.05 least squares 11
cyclohexane 5x10°¢ room 3.97 least squares 17
(undegassed)
cyclohexane 308 410 room 4.1 least squares 18
(undegassed)
cyclohexane 355 415 room 3.99+ 0.03 least squares 4
(undegassed)
cthanol 2x10°% 365 405* 25 5.0 least squares 13
(degassed)
ethanol 355 415 room 5.06 + 0.05 least squares 4
(degassed)
ethanol 257 400 room 5.67 Fourier 9
(degassed)
benzene 25 3.6 least squares 19
(degassed)
benzene 8x10°* room 4.00+ 0.05 moments 7
(degassed)
9-cyanoanthracene cyclohexane 257 440 room 12.8:0.1 least squares 12
(degassed)
cyclohexane 355 415 room 12.8: 0.2 least squares 4
(degassed)
POPOP cyclohexane 340 405* room 1.13 least squares 3
(undegassed)
cyclohexane 355 415 room 1.10 + 0.02 least squares 4
(degassed)
PPO cyclohexane® room 1.27 least squares 20
cyclohexane 107 310 370 room 1.36 c 21
(degassed)
rose bengal methanol 568 room 0.54 least squares 22
(undegassed)
methanol room 0.60 least squares 23
(undegassed)
rhodamine B ethanol 10°¢ 580 room 2.85 _ moments 24
(undegassed)
ethanol 10°¢ 580 room 2.88+ 0.06 moments 25
(undegassed)
1-cyanonaphthalene  hexane 2.X:10-* 280 325 25 18.26 least squares 26
(degassed)
hexane 2x10°* 25 19.8 least squares 27
(degassed)

¢ Single exponential lifetime not found. ® Not specified whether solvent is degassed. © Not specified but probably

moments.

alternative laser dyes could be employed. With careful alj

A

bled light was

average powers in excess of 50 mW could be obtained with a pulse
repetition rate of 4 MHz. The pulses were found to have an

autocorrelation width of ca. 6 ps

the laser system was
table (Newport R

t Ned
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d with a Corning 7-54 filter. For stability
ically isolated optical

h Corp.) and op
(20x1°C).

d using a
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autocorrelator (Spectra-Physics Model 409). Pulses were also
monitored by using fast photodiodes (Hewlett-Packard 4220 in
a home-built mount, Spectra-Physics Model 403B). Frequency
doubling into the 290-315-nm range was achieved by using tem-
perature and angle tuned ADP crystals (J. K. Lasers) mounted
at a beam waist formed between two 10-cm focal length lenses.
The relatively low pulse peak intensities resulted in a small second
harmonic generation efficiency and consequently residual un-

The sample was contained in a 1-cm? quartz cuvette.
Fluorescence was monitored at right angles to the excitation path
through a Hilger-Watts 0.33-m D330 monochromator by a fast
photomultiplier (Philips XP2020Q) mounted in a homemade
voltage divider. The fluorescence resolution was typically 1-2
nm. In order to totally exclude scattered excitation light, it was
found necessary to incorporate a Schott WG345 cutoff filter before
the monochromator.



70 « ANALYTICAL CHEMISTRY, VOL. §5, NO. 1, JANUARY 1983

%

ML

’(é_'* ARGON ION LASER

is different in experiments (a) and (b), H(t) in eq 3 and 4 is
different.
(iii) H(t) may also d. d on the h of the incid
photons (31 ). If experiments (a) and (b) are performed at different
lengths H(t) in (3) and (4) may be dlfferent, ie, H\t) =

Figure 1. Time T ML, mode locker;
CD, cavity dumper; BS, beamsplmorD photodiode; SHG, frequency
doubling crystal; F,, Coming 7-54 fiter; F,, Schott WG 345 fiter; MONO,

 PMT, tube; CFD, constant fraction
discriminator; TAC ﬂrno-lo-pulse height converter; MCA multichannel
analyzer.

Conventional single photon counting detection methods were
employed for decay time measurements (29). The “time zero”
fi signal, cor ding to the laser pulse, was provided
either from a fast photodiode monitoring a fraction of the ex-
citation beam or from a TTL logic pulse generated from the cavity
dumper and synchronized with the pulse train. Both methods
were found to be adequate and, in general, the latter was used
for convenience. In order to utilize the full potential of the 4 MHz
excitation rate, the time-to-pulse-height converter (Ortec Model
457) was operated in an inverted configuration, the voltage ramp
being initiated by a signal from the photomultiplier and termi-
nated by the laser pulse (30). Pulse pile-up effects were avoided
by ensuring that the ratio of laser pulses to detected fluorescence
was greater than 200:1. Ortec Model 934 constant fraction dis-
criminators were used in order to (a) provide suitable voltage
signals for the time-to-pulse height converter and (b) eliminate
background counts from the photomultiplier. Data from the
tlmewamplltude converter were stored in a Canberra series 30
I using 512 ch Is for each data set. Data
were output from this to a Perkin-Elmer 7-32 computer for
analysis.

It is worthwhile listing the possible sources of error in a sin-
gle-photon counting experiment. When a true fluorescence decay
profile is to be determined by means of the time-correlated single
photon counting technique, two experimental time profiles are
measured: (a) that of the scattered excitation function distorted
by the measuring system and (b) that of the sample fluorescence,
also distorted by the measuring system. If certain conditions are
satisfied the observed fluorescence decay, I(t), is a convolution
of the true decay, G(t), and the measured excitation function, P(t),
ie.

It = j; P(t) Gt - t) de’ )

or
I(t) = P(t) ® G(t) (2)

When I(t) and P(t) are known G(t) may be determined by a variety
of techniques (7). The most commonly met errors are as follows:

(i) The excitation function, P(t), is really a convolution of the
true pumping function, E(t), with the photomultiplier response,
H(t), and the response of the electronics, K(t)

P(t) = E(t) ® H(t) ® K(t) (3)
Similarly eq 2 can be written
I(t) = E(t) ® G(¢) ® H(t) ® K(t) 4)

If long-term drift causes P(t) to vary between the two exper-

|manm (a) and (b), E(t) wd] not be the same in eq 3 and 4 with
g errors in d

(ii) H(t). the resp of the p ier, is

the area of the ph hndnill inated. Theref

H()\E.t) (A. = excitation waveleng'th Ag = emission ohservahon

If this problem is solved by ing experiments
(a) and (b) at the same wavelength, E(t) in eq 3 and 4 may be
different i.e., E(A,t) # E(Agt).

(iv) Poor adjustment of electronic components may cause errors.
In psruculsr a malad)un!ed volmge divider in the fluorescence

h Itiplier, a high discrimi level on the single photon
puLses, and puke pile-up can all distort the measured decay curves,
sometimes in a very subtle way. For instance, occasions may arise
when ful decon di d by some simple cri-
terion (e.g., the reduced x? in least-squares fitting) has been
achieved but when the recovered lifetime is in error. Excessive
discrimination of the PM pulses, with consequent bias toward
multiphoton pulses, may have this effect.

(v) Fluorescence from impurities may contribute to the observed
decay. In the present experiments (v) was removed by careful
purification of materials, (iv) was avoided by very careful tuning
of the detection system, and (i), (ii), and (iii) were dealt with by
the method of data analysis outlined below.

Data Analysis. Decay curves were first assumed to follow the
equation

10 = f PurG +s -ty ar ®)

in which & is taken to represent a shift in the zero time between
excitation function and decay curve. This shift may result from
drift in the pump pulse profile or, as is usually assumed, from
a variation in the average transit-time spread of electrons in the
photomultiplier tube with wavelength (9, 31). It is usually of little
practical importance which of these two causes gives rise to ob-
served shifts, although it should be realized that in instruments
where the excitation function is measured at the emission
wavelength, the need for a shift requires rather more justification
than is usually given. What is of the utmost importance, however,
is the correlation of the shift with a short lifetime that may be
present in the decay (32). We believe that this correlation gives
serious trouble only when the second lifetime is subnanosecond
and its preexponential factor is negative (28). Methods for de-
convolving such decays have been described for measurements
where the shift is due to the photomultiplier response (4, 21) and
to exciting light drift (17). If it is known that the excitation source
is very stable, eq 5 may be used with a value of 6 determined from
the wavelength characteristics of the photomultiplier response
(33). Unfortunately complete exciting light stability is not always
present and we have not yet, therefore, adopted as routine the
use of a constant value of 5 determined by the difference between
excitation and observatior wavelengths.
Deconvolution of fluorescence decay curves has been discussed
in detail in two fairly recent publications (3, 34). Both discussions
ded least-sq iterative reconvolution and this
method was adopted for the present results. With this technique
the data points with the highest number of counts are more heavily
weighted; moreover any section of the decay curve may be ex-
cluded from the analysis, a feature especially useful if distortions
are present in the data. If the sample decay is a single exponential,
G(t) is given by

G(t) = a, exp(-t/a,) (6)

and in order to linearize the fitting function (35), eq 5 is expanded
to first order in a Taylor's expansion as a function of the pa-
rameters a, and a,. A linear least-squares search is then carried
out to find values of the parameter increments éa, and da, that
minimize the reduced x?, given by

n
T wlY(t) - 1(t))?
. . S,

Xy SnpF I=p Y]
where w;, the weighting factor, is the reciprocal of the number
of counts Y(¢;) in channel i, n, and n, are the first and last channels
of the section of the decay to be analyzed, and p is the number
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Table II. Lifetimes of Standard Compounds Measured in the Present Study
compound solvent
PPO cyclohexane (degassed)
PPO cyclohexane (undegassed)
anthracene cyclohexane (degassed)
anthracene cyclohexane (undegassed)
1-cyanonaphthalene hexane (degassed)

1-cyanonaphthalene
1-methylindole
3-methylindole
3-methylindole
1,2-dimethylindole
DMNA

gas phase®

cyclohexane (degassed)
cyclohexane (degassed)
ethanol (degassed)
ethanol (degassed)
CH,Cl,

¢ Vibrationally relaxed with latm cyclohexane vapor at 188 °C.

A(emission),
nm Tp, NM xp? bw
440 1.42 1.10 1.8
440 1.28 1.17 1.8
405 5.23 1.11 1.8
405 4.10 1.09 2.0
345 18.23 1.10 1.9
345 24.1 1.27 1.8
330 6.24 1.09 1.9
330 4.36 1.01 1.9
330 8.17 1.30 1.6
330 5.71 0.97 1.8
375 2.40 1.1 2.0

of fitting parameters (two for a single exponential fit). The search
for the minimum in x?, is performed according to Marquardt's
technique (36).

When the minimum in x?, has been reached it is vitally im-
portant to have reliable criteria by which the fit can be judged.
The actual value of x?, is initially a good diagnostic in many cases.
This value should be close to 1; values of x?, much less than 1
are symptomatic of poor statistics whereas values much in excess
of 1 indicate a poor fit. If all distorted data are to be rejected
we would accept results for which x?, is less than 1.2, whereas if
some level of distortion must be tolerated, fits with values of x?,
less than 1.4 may be acceptable if they are justified by some other
criteria. Since acceptable values of x?, are sometimes obtained
for poor fits, it is usual to inspect a plot of the weighted residuals
for nonrandom fluctuations. The weighted residual in channel
iis given by

=/ wlY(t) - 1) ®)

It is generally less difficult to detect small devmtlons of the
fitted from the observed curve in a plot of r; vs.

experience we conclude that single exponential fits yielding values
of DW greater than 1.65 are generally successful. The corre-
sponding values for double and triple exponential fits are 1.75
and 1.8, respectively. In addition we calculate a skewness factor,
SK, given by

ny
): (ri-r)? (1)

imny

I Z (r; —~ pFf?
and a kurtosis factor, K, given by
na E (ri=n)*
K=—"— 12
IAE,U‘ -
In these equations r is the mean of the weighted residuals. For

normally distributed residuals SK has a mean of zero and a
dard deviation of (6/n3)"/?, while K has a mean of 3 and, for

rather than in the more traditional visual inspection of the two

curves Y(¢;) and I(t). An even more sensitive plot is that of the

autocorrelation function of the weighted residuals. The correlation

of the residual in channel ¢ with the residual in channel i + j is
berohch 1

summed over a m, and normalized, i.e.

1 mtmel
= E. TiTivj
C=—-" )

In this expression nz = n, - n; + 1, the total number of channels
in the section of the decay used in the fit. An upper limit, usually
nyy (10), is put on j so that the number of terms, m = n3 - j,
summed in the numerator is sufficient to give proper averaging.
According to eq 9 C;, = 1. In a successful fit C, for j » 0 is
randomly scattered nbout zero although, because of the finite value
of m, some high-frequency low-amplitude fluctuations are gen-
erally observed. These are clearly distinguishable from the type
of correlation indicative of an incorrect fitting function or of
distorted data (32).

Judgements based on inspection of the aforementioned plots
are subject to the inevitable bias associated with subjective tests.
Consequently we calculate the Durbin-Watson parameter (37,
38), DW, which is, in our opinion, more sensmve thnn x?, to small

nonrandom oscillations in the resi DW is lated ac-
cording to the equation
ny
E (ri-rig)?
imngtl
DW= ——m (10)
ny
e

Acceptable values for DW have been tabulated for up to 100
data points and five fitting parameters. Extrapolation of the tables
to more data points is quite straightforward. On the basis of our

large ng, a standard deviation of (24/n,)'/% Although we calculate
these parameters routinely they are difficult to interpret and
therefore we find them less useful than the Durbin-Watson pa-
rameter.

A very useful test, particularly when there is doubt about the
suitability of a chosen fitting fum:uon is variation of the I'tlmg
range. Variation in the r when h
representing earlier times are incl ded in the fit is indicative of
an incorrect fitting function. Usually, but not always, instrumental
distortions affecting the early time data points lead to nonnormally
distributed residuals but the same values for the recovered pa-
rameters irrespective of the fitting range.

Materials. In general we follow sv.andard proceduru for pu-
rification of ct ls. Purity of flu ds is tested
for lifetime using the exp: and t
of measured demy as a test. Solvenm are Judged to be pure when
they show no fl at an; h when excited with
any of the available laser lines. ]n this section we briefly indicate
the purification techniques adopted.

1-Methylindole was vacuum distilled. 1,2-Dimethylindole was

blimed. 3-Methylindole was recrystallized three times
from cyclohexane. PPO was purchased from Fluka Chemicals
and was used without further purification. N,N-Dimethyl-1-
naphthylamine (DMNA) was vacuum distilled. Quinine bisulfate
was recrystallized three times from water. 1-Cyanonaphthalene
puxchased with a stated punty of99% as red crystals from Fluka
Chemi was blimed three times, after which the
substance was white. However, fluorescing impurities were still
present but were noticeable only in the gas-phase decay curve.
They were removed by recrystallization from hexane followed by
further vacuum sublimation. We are extremely grateful to J. O.
Williams, University College of Wales, Aberystwyth, for the do-
nation of a sample of ultrahigh purity, multiply zone refined
anthracene.

Cyclohexane was passed down a column containing equal
amounts of basic alumina and silica gel. Hexane, purchased as
spectrograde hexanes from Aldrich, was fractionally distilled.

s
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Ethanol was purified by the method described by Weissberger
and Proskauer (39). Water was triply distilled. Sulfuric acid was
BDH *Aristar” grade. Dichloromethane was fractionally distilled.

Solutions were outgassed with a freeze-pump-thaw technique
capable of evacuation to better than 10 torr. Gas-phase samples
of 1-cyanonaphthalene were prepared by introduction of a solution
of known concentration to a closed 1-cm quartz cuvette, thorough
outgassing, and heating in a modified Oxford Instruments DN704
oven (40).

RESULTS AND DISCUSSION

In Table II are recorded single exponential decay times
measured on the instrument described above. For these
measurements the excitation wavelength was 300 nm and the
temperature, unless otherwise stated, was 20 °C.

Concentrations in all solutions were less than 10® M. The
values of x?, and of DW given are for fitting over the whole
curve using a variable shift. In all cases the lifetime value did
not depend on the section of the curve chosen for analysis.

Quinine bisulfate, a very popular lifetime standard, is not
included in the table. We have been unable to measure single
exponential decay kinetics from this compound in 1 N or 0.1
N sulfuric acid (28). In fact the decay is strongly dependent
on observation length and ure and these facts
render the compound unsuitable as a standard.

PPO in undegassed cyclohexane would appear to be a
suitable standard when lifetimes in the region of 1 or 2 ns are
to be measured. Our value for its lifetime, 1.27 ns, is inde-

dent cf emissi length and agrees quite well with
the measurement of Birch and lmhof Table I (20). As already
stated we recommend that organic solvents should be degassed
for lifetime measurements. Our value for the decay time of
PPO in degassed cyclohexane is 1.42 ns compared to 1.36 ns
measured by Wahl et al. (21) Table I. The discrepancy, al-
though not great. is perhaps slightly outside the experimental
error with p day instr and may be due
to different analysis techniques. A distinctly pleasing attribute
of commercially available PPO is that it requires no further
purification.

Anthracene, on the other hand, is difficult to purify, a fact
that may explain the variations in the measured lifetimes listed
in Table I, although reabsorption effects also render the
measured decay time very sensitive to concentration of an-
thracene used (11). The 7 value given in Table II, 5.23 ns,
is in good agreement with four of the previous measurements
in Table I and is probably accurate to within 50 ps. We use
the decay curve of this compound to illustrate the quality of
the fitting we achieve with our SPC instrument. In Figure
2A are shown the excitation function, anthracene decay curve,
and the decay calculated by convolution of the pump pulse
with parameters recovered from a fit over the decaying portion
of the experimental curve. The lifetime calculated from this
fit was 5.22 ns with x2, = 1.04 and DW = 1.84. Plots of the
weighted residuals and autocorrelation function of the
weighted residuals for this fit are shown in Figure 2B. While
the residuals are distributed randomly, the autocorreiation
function shows the low amplitude oscillations characteristic
of a good fit. In Figure 2C are plotted the same excitation
functicn and decay curve with, this time, a convolved curve,
derived from a fit over all the experimental data. The zero
times of the excitation function and decay curve have been
shifted by 0.115 ns to obtain this fit, for which the lifetime
is 5.23 ns, x%, = 1.10 and DW = 1.79. The plots of weighted
residuals and autocorrelation function of weighted residuals,
shown in Figure 2D, are also indicative of a good fit.

Emission from anthracene was observed at 405 nm, 105 nm
to the red of excitation. In accordance with the rule of thumb
of Robbins et al. (33) we expect a shift of about 1 ps/nm for
the XP2020Q photomultiplier. We obtained, in fact, a shift
of 115 ps for 105 nm. However, the results in Table III for
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Figure 2. Decay of anthracene (10~ M) in degassed cyclohexane
solution at 20 °C: (a) and (c), (broken line) instrument response function,
(points) observed decay curve, (line) caiculated curve derived from
fitting over decay only (a) and over whole curve with shift of 115 ps
(c): (b) and (d), plots of weighted residuals and autocorrelation function
of weighted residuals resulting from fitting over decay only (b) and over
whole curve with shift (d).

the compound DMNA in dichloromethane indicate that this
shift is not constant. There are two likely causes for the
observed zero-time shifts between excitation function and
decay curve. One is a slight instability in the laser pulse and
the other is a variation of the response function of the pho-



Table III. Lifetime Data for the Fluorescence of
N N Dxmethyl 1- naphthylamlne (DMNA) in
d at Different
Wavelengths (Excitation Wavelength, 300 nm)
A
(observn), shift, TR,
nm region of fit ps ns X bDw
375 decay 2.40 1.1 2.1
whole curve -8 2.40 1.1 2.1
426 decay 2.39 1.1 1.9
whole curve +8 2.38 1.2 1.8
476 decay 242 1.1 1.9
whole curve +41 242 11 1.9

tomultiplier with wavelength. Luckily the simple linear shift
in the data analysis routine completely corrects for both effects
but, since the amount of instability in the pump pulse may
vary, we are not justified in choosing a fixed value of the shift
depending on the th difference b excitation
and observation. In the use of anthracene as a standard, care
must be taken with concentration and viscosity of solution,
since these affect the measured decay time (11).

1-Cyanonaphthalene has proved a good acceptor molecule
in exciplex studies (40). We have given the lifetime of this
compound in the relaxed vapor as a standard for gas-phase
measurements in which distortions such as scattered light may
be significant. An at here of cycloh was used as a
vibrational relaxer and the cy hthalene was p at
a concentration of 10 mol dm. It is generally acknowledged
that purity requirements are more severe in gas phase than
in solution phase measurements. Our experience with cya-
nonaphthalene bears out this belief. When the compound was
sublimed three times under vacuum, a dilute hexane solution
had a fluorescence decay that could be fit by a single expo-
nential function. The only possible indication of residual
impurities was a slight wavelength dependence in the lifetime
with a longer value obtained at longer wavelengths. In the
gas phase, however, the decay had a small contribution of
fluorescence from a short-lived (around 2 ns) species and could
not be fit by a single exponential. Further purification, as
outlined above, eliminated the short-lived species and led to
single component decay kinetics with the lifetime at 188 °C
given in Table II.

Indoles have long been of interest as potential probes in
biological studies. The fluorescence of the substituted indoles
listed in Table II is only slightly displaced energertically from
absorption. They have reasonably short single exponential
decay times and their decay curves should be analyzable
without having recourse to a shift.

DMNA has been used to test ihe hypothesis that the
wavelength dependence of the response of the photomultiplier
gives rise to a simple shift between instrument response
function and decay curve. We show the results of this test
in Table III. It will be seen that a negative shift is needed
to fit the whole curve collected at 375 nm. As the observation
wavelength is increased the expected positive shift is found
with good x?, and DW values for fitting over the whole curve.
We conclude, therefore, that for single exponential decays the
wavelength dependence of the photomultiplier response can
indeed by corrected for using a simple linear shift even when
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some small pump pulse instabilities are present.

It is to be hoped that the full outline of the experimental
and data handling techniques given in this paper, and the
results quoted in Table II, will be of use to users of single-
photon counting techni for fluor decay.

Registry No. 2,5-Diphenyloxazole, 92-71-7; 1-cyano-
naphthalene, 86-53-3; 1-methylindole, 603-76-9; 3-methylindole,
83-34-1; 1,2-dimethylindole, 875-79-6; N,N-dimethyl-1-
naphthylamine, 86-56-6; quinine bisulfate, 549-56-4; anthracene,
120-12-7.
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Solvent Extraction of Oil-Sand Components for Determination
of Trace Elements by Neutron Activation Analysis
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1 ivath lysis was used to measure
the ations of 30 el nts in Athab oll sands and

oll-sand components. The oll sands were separated Into solid

ity, Pullman,

bitumen which must be extracted from the impregnated rock.
Solvent extraction, however, may result in the coextraction
of finely divided mineral matter, mostly clay minerals, which
wtll bias the measurad trace element contem. Only the trace

p that is lexed to, or inherently part
of, the bitumen matrix is geochemically meaningful and it is
y either to remove, or correct for, entrained mineral

residue, bitumen, and fines by Soxhk lon with tol

Bitumen Ined divided matter that
was only partially r d by g of the tol

bit The mineral of the d bitu-
men was dep on the of the oll sand prior to
ion. The geochemically imp and organically as-
lated trace of the bit (and as-
h ) were d l by subtracting the mineral con-

Irhutlom from the total measured concentrations. The me-

thod allows lysls of the bl without the y of
altr. rif lon or filtration, which might remove
PR ts of the b The

molhod pormlu clanmcallon ol trace elements Into organic
and Inorganic combinations.

The abundances of certain trace elements, particularly Ni
and V, in crude oils are geochemically significant and provide
information on the origin, migration, and maturation, of pe-
troleum (7-3). Knowledge of trace element contents i is also

matter. Also, the use of large solvent/sample volume ratios
may require correction of measured trace element contents
for solvent blank values (14). Particulate matter in extracted
bitumen can be partly removed by centrifuging the bitumen
extract, but some particulates remain in suspension. This
suspension (or colloid) may be stabilized by interaction with
polar bitumen components, e.g., porphyrins, naphthenic acids,
etc., and organic matter adsorbed on the fines has been re-
ported by Majid et al. (8). High speed centrifugation or
ultracentrifugation cannot be used because the higher mo-
lecular weight components of asphaltenes, which contain a
significant fraction of some trace metals (15), and adsorbed
polar components may be removed. Filtration by inert
membranes with pore sizes small enough to remove clay
minerals (<1 gm) results in rapid clogging of the membrane
and cannot be used for routine bitumen demineralization.

The distribution of trace elements among petroleum com-

important for the processing of crudes and in designing
demetalation processes to remove metals that act as camlysl

i.e., mal (oils + resins) and asphaltenes, is also
of geochemlca.l significance (7). For conventional crude oils,
h are d from by precipitation with

poisons (4, 5). Oil sands (or tar sands) are sand
whose interstices contain viscous to solid bitumen whlch
cannot be recovered by conventional primary oil-well pro-
duction methods (6). Oil-sand bitumens are chemically similar
to heavy crude oils and normally contain higher concentrations
of metals than conventional crudes. The high concentrations
of Ni, V, and other metals are of concern in the upgrading
of oil-sand bitumen to synthetic crudes and products (7).
Determination of trace s in oil-sand bitumen in-
volves sampling problems other than those encountered in
conventional crude oil analysis, because the bitumen must be
extracted from the rock matrix which consists predominantly
of coarse-grained quartz (SiO,) and finer-grained clay minerals
(illite and kaolinite) together with minor amounts of other
minerals (6). Soxhlet extraction with benzene or toluene is
normally used (7) for laboratory extraction of oil-sand bitumen
because of the solubility of the bitumen in these solvents.
Recent work (8), however, has shown that complete extraction
is observed only for oil sands containing greater than 7 wt %
bitumen and low fines contents. Oil sands with high con-
centrations of finely divided mineral matter (e.g., clay min-
erals) and less than 7% bitumen show incomplete recovery
by Soxhlet exuacllon due to adsorption of polar bitumen
on fi Is. Other solvent extraction

methods (9) and hot-water extraction methods have been
reported (10) but are not suitable for trace element analysis.
Instrumental neutron activation analysis (INAA) has been
used to determine trace elements in crude oils (11-13) because
of its high sensitivity, freedom from matrix effects, and sim-
plicity of sample preparation prior to analysis. The method

a large excess of n-pentane (16) or n-heptane (17). Selucky
et al. (18) have described a procedure for the sequential solvent
extraction of maltenes and asphaltenes of oil-sand bitumens
that has been modified for trace element analysis by Jacobs
(7). Similar problems with coextraction of mineral matter in
this separation scheme were observed (7).

This paper describes a solvent extraction procedure for
extraction of oil-sand bitumen, maltenes, and asphaltenes for
trace element determination by INAA. Corrections are made
for extraction blanks and for residual particulate material to
give inherent trace element contents of the bitumen and its
components.

EXPERIMENTAL SECTION

Sample Preparation. The Athabasca oil sand, obtained as

a grab sample, was visually heterogeneous with distinct nodules
and intercalating lenses of shaly material in the bulk bituminous
sand. One sample (designated Athabasca I) was ground in a Spex
tungsten carbide ball mill for 30 min in order to homogenize the
sample and another sample (Athabasca II) was sampled without
ization. Fifty-gram ali of oil sand were placed in

llulose extraction thimbles (Whatman, 33 mm X 94 mm) and
extracted with 200 mL of toluene (Baker reagent) for 12 h until
the liquid siphoning to the flask was clear. The sand was dried
at 100 °C. The toluene extract was centrifuged at 3000 rpm for
30 min to remove particulate material (particle size <2 um). The
fines were washed twice with 50 mL of tetrahydrofuran (THF)
and the washings combined with the toluene extract. A total of
1798 g of Athabasca II oil sand was extracted with the 200 mL
solvent. The corresponding weight for Athabasca I, oil sand was
226 g. The fines were oven-dried at 110 °C for 2 h. The maltenes
of the bit was extracted with n-pentane (Baker

cannot be applied directly, however, to the analysis of oil-sand
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Table I. Primary Standards Used for Instrumental
Neutron Activation Analysis

materials used as

elements primary standard
Ti, V, Cl, Se, NBS Coal SRM 16324
Ba, Sm, Br, Ga,
Th, Se, Na, La,
Mn, Ce
Al, Mg, Mo, Sr, NBS Fly Ash SRM 1633¢
Ni, Sc, Rb, Co
Cu, As, Sb, K, NBS Orchard Leaves SRM 1571¢
Hg, Cr, Zn
HI, Zr, Rb, Fe, USGS Standard Rock GSP-1°
Ta, Eu

@ U.S. National Bureau of Standards Standard Refer-
ence Materials. ® U.S. Geological Survey Standard Rock.

reagent) for 30 h at 30 °C in a Soxhlet extractor. After extraction
of the maltenes, the asphaltenes were extracted in a similar
manner with toluene for 12 h at 110 °C. The toluene extract was
centrifuged at 2400 rpm for 2 h and decanted; the residue was
washed twice with THF and the washings were bined with
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and for diffe in i d neutron b

samples and ulandnrds Details of the y-ray spectrometry and
data reduction procedures have been presented elsewhere (22),
with minor changes and modifications as indicated here. The
elemental concentrations determined for bitumen, maltenes, and
asphaltenes were corrected for contributions from the extracting
solvent (blank), using the method described by Jacobs et al. (14).

RESULTS AND DISCUSSION

The concentrations of 30 elements in Athabasca I and 11
oil sand components are shown in Table III. These concen-
trations reported have been corrected for extraction solvent
blanks which were negligible for all elements (14). Except for
Niand V, there are large diffe in trace el
between bitumens I and II. The fact that both bitumens
contain similar concentrations of Ni and V which are known
to be present either as Ni?* and VO?* metalloporphyrins (1)
or as nonporphyrin complexes in asphaltene moieties (6)
suggests that the bitumens have similar trace element con-
tents. The large diff in trace el t
the two bitumens therefore appear to be due to the presence
of entrained mineral matter and thus the measured trace

1

the asphaltenes solution. The bitumen, maltenes, and asphaltenes
were recovered by solvent evaporation in a rotary evaporator at
40 °C.

Determination of Trace Elements by INAA. Aliquots
weighing 200-400 mg for raw oil sand, 100-200 mg for oil sand
solids, 50-150 mg for asphaltenes and fines, and 500-900 mg for
bitumen and maltenes were placed in 0.4-dram polyethylene vials.
The vials were heat-sealed and sealed in 2-dram polyethylene vials
for irradiation. Trace element standards were prepared in the
same manner. Standards used include U.S. National Bureau of
Standards (NBS) Standard Reference Materials (SRM's) Coal
(SRM 1632), Fly Ash (SRM 1633), and Orchard Leaves (SRM
1571) and the U.S. Geological Survey rock standards GSP-1
(grandodiorite), BCR-1 (basalt), PCC-1 (peridotite), and DTS-1
(dunite). The reference standards SRM 1632, 1633, and 1571 and
PCC-1 and DTS-1 were used as primary standards for some
elements, and as checks on the analyical data for others. The
elements for which these materials were used as primary standards
are shown in Table I. All containers with which the analyzed
or separated samples came into contact were previously soaked
in THF (reagent grade) for 24 h and then in 35% HNO; for the
same length of time before washing with double-distilled water
and acetone.

Samples and dards were ir d in the Washi; State
University TRIGA IIl-fueled research reacwr in an average
thermal neutron flux of 6 X 10*? neutrons cm™s™!. Two irradiation

concentrations do not represent the inherent con-
centrations in the oil-sand bitumen. The weight percentages
of bitumen in the Athab Iand I les are similar
(10.8% and 11.0%, respectively) but the coextracted fines
content in Athabasca I is much larger than in Athabasca II
(2.2% and 0.2%, respectively). Thus the homogenization of
Athabasca I oil sand prior to extraction of bitumen resulted
in a much larger amount of fine-grained mineral matter being
coextracted with the bitumen. Also, the higher concentrations
of such elements as Al and K, which are important clay
mineral constituents, in Athabasca I bitumen compared to
Athabasca II suggest that the former retains a greater amount
of entrained mineral material. The fines from both Athabasca
samples have similar compositions with the mean major ele-
ment concentrations being 12.3% Al, 2.7% Fe, 1.7% K, and
0.8% Ti. The data are consistent with a mixture of silica plus
kaolinite, nominally ALSi,0,0(OH); (Al = 21%), and illite,
nominally K.;Al(SiggAly-2)02(0OH), (Al = 15-20%, K =
0-9%), which are the major clay minerals in the Athabasca
oil sand (7) and which were identified by X-ray diffraction
as the major mineral species in the extracted fines. Finely
divided mineral matter entrained in the bitumen is probably
colloidal illite and kaolinite with minor amounts of SiO,.

Because K forms no geochemically important organic

p in petroleum it is assumed that all the K in the

times were used d ding on the half-life of the induced ra-
dionuclide as shown in Table IL. Special care was taken to ensure
that the irradiation geometry was the same for the small volume
solid samples and standards and the larger volume bitumens and
maltenes. y-ray spectrometry using Ge(Li) detectors interfaced
to an ND 6620 spectrometer (Nuclear Data) was used for ra-
dionuclide measurement. Postirradiation decay times and ap-
proximate counting times are shown in Table II. Reduction of

bitumen is present as mineral matter. Any K contained in
the water film surrounding the sand grains would be present
as KC1 which would be distributed among the solid compo-
nents when the water evaporated during Soxhlet extraction.
Negligible amounts of KCI would dissolve in toluene during
the extraction and appear as bit -soluble K sp

A ing the mineral matter in the fines to have the same

y-ray spectra to y-ray peak areas and el al rations
was carried out by using the SPANAL program (19) or the FOURIER
program (20) in the Washington State University Amdahl 470
computer. Appropriate corrections were made for decay during
counting by using the method of Hoffman and Van Camerik (21),
overlapping y-ray peak corrections (e.g., "*Se/**Hg, #Cu/*Na),

elemental composition as that retained in the bitumen, except
perhaps for Si, the computed concentrations of retained
particulates in Athabasca bitumens I and II are 3.54 wt %
and 0.25 wt %, respectively. The inherent concentration of
an element in the bitumen [X]yr may be calculated thus

Table II.
nuclide measured and half-life range

Al Mg, *'Ti, *V (¢,,, = 2.3-8.8 min)

3Cl, *Mn (t,,, = 35-160 min)

7 As, **Br, **Cu, "*Ga, *K, '*°La,
*Mo-**MTe, #*Na, '**Sm (t,,, = 10-70 h)

131, H41Ce, *°Co, *Cr, '**Eu, **Fe, '*'HI, 1 Hg,
#*Co (for Ni), **Rb, '*38b, *Sc, "*Se, **r, '*'Ta,
169Th, 2*3Pa (for Th), **Zn, **Zr (t,,, > 4 days)

Irradiation, Decay, and Counting Times for Instrumental Neutron Activation Analysis

irradiation time decay time counting time
3-5 min 1 min 150-180s
3-5 min 30 min 1000 s
8h 36 h 4000s
8h 21 days 80000 s
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Table III. Measured Trace Element Concentrations (in ug g™' ) in Athab 0il-Sand Comp ts, [X] A, and
Mineral-Free C < XImr
Athabasca I Athabasca II
ele-  bitumen (10.75%)¢ fines (2.23%)9 mineral-free bitumen bitumen (10.98%)9 fines (0.21%)¢
ment X]a [X]r Imr [X]a [X]g
Al 3190: 300° 113000 + 7100° <1000 274 + 16° 133000 + 9200°
As 0.56 + 0.06 6.3: 0.4 0.341 + 0.061 0.146 =+ 0.014 15.4 + 0.05
Ba 8.4+ 27 472+ 2 <6 29:+1.2 464 = 76
Ce 2.50+ 0.34 91.8 + 2.0 <0.9 0.22 + 0.03 102: 12
Cl 23.3: 3.1 109+ 3 19.4 + 3.2 13.8+ 2.9 <20
Co 4.39+ 0.20 34000 + 280 3.19+ 0.22 0.24 + 0.03 22,9+ 3.1
Cr 4.60 + 0.37 93.1+ 1.3 1.31 + 0.45 0.85 + 0.07 117 = 18
Cs 0.23 + 0.02 5.91: 0.1 <0.05 0.02 : 0.001 591: 0.8
Eu 0.04 + 0.005 1.4+ 0.05 <0.02 0.007 + 0.001 1.4+ 0.2
Fe 1030 : 70 26600 + 180 <200 242 =17 27500 = 4100
Ga 1.30 = 0.2 20.1: 0.5 0.58 + 0.18 0.360 + 0.051 28,7+ 1.9
Hf 0.39: 0.02 7.72 « 0.02 0.12+ 0.03 0.046 + 0.007 8.8+ 1.2
K 594 + 45 16800 + 30 0 <44.3: 29 17200 = 64
La 1.64 : 0.12 49.2+ 1.2 <0.4 0.17 + 0.02 62.3+ 0.8
Mn 18.4: 1.6 520+ 74 <7 4.76 = 0.21 733: 19
Mo NMm¢ NM4 7.2+ 1.8 <20
Na 149: 10 2750 + 7 52+ 12 21.2+ 3.0 2110+ 13
Ni 68.1 + 8.0 52.0+ 7.7 66.3 + 8.0 71:16 69+ 17
Rb 57:1.1 57+ 14 3.71: 1.2 1.72+ 0.13 65+ 22
Sb 0.05 + 0.009 0.58 + 0.05 0.03 + 0.01 0.025 + 0.002 1.0+ 0.3
Sc 0.48 + 0.02 12.7+ 0.2 <0.1 0.19 = 0.01 14.1 = 0.2
Se 0.61 + 0.06 27.1+ 0.3 0.51 ¢ 0.06 0.34 : 0.03 3.1+ 0.7
Sm 0.20 + 0.03 5.82+ 0.09 <0.07 0.03 + 0.006 8.4+ 0.5
Sr 5.0: 0.5 160 : 19 <3 3.0:0.2 183:3
Ta 0.22 + 0.01 15.6 = 0.3 <0.04 0.004 + 0.001 1.5+ 0.2
Tb 0.023 + 0.008 0.71+ 0.12 <0.02 0.007 + 0.001 0.68 + 0.5
Th 0.56 + 0.04 12,7 = 0.2 <0.1 0.11 = 0.01 14.0 =
Ti 183 = 37 6830 + 580 <100 <80 9690 + 2200
v 144 + 19 142 : 16 139+ 19 170 5 194 + 24
Zr 9.80+ 3.4 219+ 9 <7 2.81 + 0.78 254 = 83
replicates n=6 n=2 n=6 n=2
Athabasca II
mineral-free bitumen maltenes asphaltenes
element [X]mF€ % [XImr [XImF€© % [X]mF [XImF¢ % [XImr
Al <80 2 <2
As 0.11 = 0.01 73 0.09 + 0.01 29 0.357 + 0.035 67
Ba <3 <0.01 8+ 2 62
Ce <0.1 <0.005 <0.5
cl 13.8+ 2.9 100 NM¢ NM¢
Co 0.18 + 0.03 75 0.056 + 0.002 98 1.02 + 0.08 80
Cr 0.55 + 0.09 65 0.17 + 0.03 97 3.0+ 0.5 70
Cs <0.01 <0.001 <0.03
Eu <0.004 0.002 + 0.0004 96 0.020 + 0.002 55
Fe 171+ 21 71 139+ 4 99 720+ 6 70
Ga 0.296 + 0.05 80 <0.04 1.11: 0.1 77
Hf 0.02 + 0.01 51 <0.001 0.12 = 0.02 54
K 0 0 0
La <0.04 0.008 + 0.001 100 <0.2
Mn 2.87 + 0.25 60 2.71 + 0.06 99 10.4+ 0.4 56
Mo 7.2:1.8 100 0.20 + 0.05 100 22: 3 100
Na 16.8+ 3.0 74 23+ 0.8 96 37+13 61
Ni 70.3: 6 100 2221 100 192+ 5 100
Rb 1.55+ 0.14 90 <0.003 6.5+ 2.2 90
Sh 0.022 + 0.002 89 <0.001 0.08 + 0.01 87
Sec 0.16 + 0.01 81 0.19 + 0.001 100 0.87 + 0.05 856
Se 0.33: 0.03 98 0.297 + 0.006 100 0.94 + 0.06 96
Sm <0.01 0.0034 + 0.0006 90 0.04 ¢+ 0.01 29
Sr 2.6+ 0.2 83 <1
Ta <0.004 <0.04 <0.02
Tb 0.004 + 0.001 73 0.004 + 0.001 99 0.04 + 0.01 83
Th 0.07 + 0.01 67 0.046 + 0.002 99 0.32+ 0.03 67
Ti NMmd NMd NM4
v 170+ 5 100 53.8+ 1.8 100 630 + 49 100
Zr <2 <0.01 <10

@ Weight percent of component relative to oil sand in parentheses. ° Mean + standard deviation. € Mean * standard

deviation. The less than sign represents the upper limit of two standard deviations.

Not measured.




[Xmr = [X]a - [X]m 1)
and
[X]m = [KIA[X]r/[K]p (2)

where [X]yr is the ration of el X in mi: l-free
bitumen, [X], is the analytical concentration of element X
measured in bitumen, [X]p is the measured concentration of
element X in fines, [K], is the measured concentration of K
in the bitumen, and [K]p is the measured concentration of
K in the fines. The computed trace element concentrations
in mineral-free Athabasca I and II bitumens are shown in
columns 3 and 6 in Table III. Concentrations listed as
less-than values are not significantly different from 0 (positive
or negative) at 95% confidence limits. The less-than values
were arbitrarily taken as two standard deviations for such
elements.

The concentration data for the mineral-free bitumens in-
dicate that of the 30 elements only As, Cl, Co, Cr, Fe, Ga, Hf,
Mn, Na, Ni, Rb, Se, Tb, V, Mo, and Th are measurable in the
mineral-free bitumen. The elements Al, Ba, Ce, Cs, Eu, La,
Sm, Sr, Ta, Ti, and Zr appear to be present entirely in the
inorganic particulate phase of the extracted bitumen. The
trace element compositions of mineral-free Athabasca I and
II bitumens are not significantly different at the 95% con-
fidence limits (¢ test), with the exception of Co. The method
therefore gives the inherent trace element data for the oil-sand
bitumen that can be related to other geochemical parameters,
e.g., degree of maturation, degree of microbial degradation,
etc. For the determination of trace elements in oil sand
bitumens, it is important that the raw oil sand not be hom-
ogenized by grinding and that other steps be taken to minimize
dispersion of the fines during sample preparation.

Because the contribution of fines to the bitumen was smaller
for Athabasca II than for Athabasca I, the former was selected
for geochemical study (7) and the bitumen was separated into
maltenes and asphaltenes. Similar calculations were made
to compute the mineral-free trace element composition of the
maltenes and asphaltenes and the data are also shown in Table
III. The percentage, % [X]yr, of each element present in the
mineral-free components relative to the measured concen-
tration was calculated by

[X]mr

Yo e
% [XImr Xla
where [X]yr is the computed mineral-free concentration of
X and [X], is the measured concentration of X in extracted
component. The data in Table III show that the maltenes
have much lower trace element contents than do the as-
phaltenes, as is the case for conventional crude oils (13, 20).
The fines are a negligible contribution to all concentrations
in the maltenes, which is consistent with the fact that n-
pentane is a solvent of low polarity. Thus low-polarity
maltenes components show little tendency to adsorb on or
with finely divided | matter. The mineral-free

trace element concentrations of asphaltenes and whole bitu-
men show a similar pattern, as might be expected, except that
Ba, Eu, and Sm have statistically significant concentrations
in the asphaltenes but not in the bitumen. It should be
observed that the %[X]mr values are very similar for as-
hal and El with % [X]p values greater
than 60 can be classified as being predominantly organically

X 100 (3)
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Table IV. Geochemical Classification of El ts in
Athabasca II Bitumen and Asphaltenes

% hemical 1 in 1 £in
[X]mr classification  asphaltenes bitumen
0-40 predominantly Al, Ce, Cs, Al, Ba, Ce,
inorganic K, Mn, Sm, Cs, Eu, K,
Sr, Ta, Zr Sm, Sr, Ta,
Zr
60-100 predominantly As, Ba, Co, As, Co, Cr,
organic Fe, Ga, Mo, Fe, Ga, Mn,
Na, Ni, Rb, Mo, Na, Ni,
Sb, Sc, Se, Rb, Sb, Sc,
Tb, Th, V Se, Rb, Th,
v

combined in the bitumen and asphaltenes and therefore can
be used in geochemical interpretations. Elements which are
associated primarily with the mineral component of the bi-
tumen should thus not be used in geochemical studies of oil
sands. The elements determined in the bitumen and as-
phaltenes are classified in Table IV. Nickel and vanadium
are shown to be 100% ically combined in all t
of the Athabasca bitumen, which is consistent wlth results
from previous studies (1, 6, 20).

ACKNOWLEDGMENT
The assistance of D. Barbee, V. Craig, C. Grimm, and J.
Neidiger are gratefully acknowledged. The efforts of Dean
Wallace of the Alberta R h Council, Edmonton, Alberta,
Canada, in obtaining oil sand samples are gratefully recog-
nized.

LITERATURE CITED
(1) Hodgson, G. G.; Baker, B L.; Peake, E. ln “Fu\damnnuilAspect:ol
Petroleum Geochemistry”; Colombo, U ; Elsevier: Amsterdam,

1967; pp 177-259.

(2) Ball, J. S.; Wenger, W. J.; Hyden, H. J.; Horr, C. A.; Myers, A. T. J.
Chem. Eng. Data 1060 5 553-557.

(3) Skinner, D. A. Ind. Eng. Chem. 1852, 44, 1159.

()] Camp F w ln "The Tar Sands of Alberta,
onEndnam Inc.; Denver, CO, 1976.
(7) Jacobs, F. S. Ph.D. Thesis, Washington State University, 198:
(8) Majid, A.; SHBnnl A. F.; Rimpeester, J. A. Fue/ 1982, 61, 477
(9) Bowles, K. W.; BoomF L. Department of Mines and Resources,
Mines and Geobgy Branch, Bureau of Mines Fuel Research Laborato-
ry, Ottawa, Ontario, Canada, Sept 1947.
(10) Clark, K. A.; Pasternack, D. S. Ind. Eng. Chem. 1932, 24, 1410.
(11) Shah, K. R; Filby, R. H.; Haller, W. A. J. Radioanal. Chem. 1870, 6,
185-192.
(12) Shg[\ K. R;; Filby, R. H.; Haller, W. A. J. Radioanal. Chem . 1970, 6,
413-422.
(13) Buenafama, H. D.; Lubkowitz, J. A. J. Radioanal. Chem. 19717, 39,
293-300.
(14) Jacobs, F. S.; Ekambaram, V.; Filby, R. H. Anal. Chem. 1982, 54,
1240.
(15) Weeks, R. W., Jr.; McBride,
Chem. Soc. 1919 24, 990.
(16) Selucky, M. L.; Chu, Y.; Ruo, T.; Strausz, O. P. Fuel 1877, 56,
369-381.
(17) Long, R. B. Prepr., Div. Pet. Chem., Am. Chem. Soc. 1979, 24,
891.

W. L. Prepr., Div. Pet. Chem., Am.

(18) Selucky, M. L.; Ruo, T. C. S.; Strausz, O. P. In “Oil Sands and Oil
Shale Chemistry”; Strausz, O. P., Lown, E. M., Eds.; Verlag Chemie:
New York, 1978; pp 119-144,

(19) Filby, R. H.; Shah, K. R. Toxicol. Environ. Chem. Rev. 1974, 2, 1.

(20) Filby, R. H. Ph.D. Thesis, Washington State University, 1971.

(21) Hotfman, B. W.; Van Camerik, S. B. Anal. Chem. 1967, 39, 1198.

(22) Filby, R. H.; Haller, W. A.; Shah, K. R. J. Radioanal. Chem. 1970, 5,
277.

RECEIVED for review July 29, 1982. Accepted October 4, 1982.



78 Anal. Chem. 1983, 55, 78-81

Recovery Factor for Extraction from a Solid,

Extractant-Retaining Matrix

David Emlyn Hughes

Analytical Chemistry Division, Norwich Eaton Pharmaceuticals, Inc., Box 191, Norwich, New York 13815

The theory and calculation of the recovery factor for an ex-
traction from a solld extr talning ple are pres-
ented. The recovery factor is seen to consist of two multi-
plicative factors, one factor for extraction efficiency and one
for extract retention by the le. Several les are
presented.

Although liquid-liquid extraction has attracted a great deal
of theoretical modeling, solvent extraction from a solid me-
dium has drawn less attention. Liquid-solid extraction has
been used for centuries for the recovery of metals, sugars, salts,
and medicinals (7). Recently, much of the interest in the field
has been in empirical considerations in solvent/metal-con-
taining ds and refi s of Soxhlet extraction.
Although liquid-liquid extraction is well understood, liquid-
solid extraction theory is absent from the chemical literature.
‘The theoretical considerations presented here do not concern
themselves with why a particular extract-matrix partitioning
has occurred. The theoretical problem is deriving an analytical
expression for the recovery factor for a liquid extraction from
a solid, solvent-retaining sample. The results differ sub-
stantially from liquid-liquid systems, since liquid-solid ex-
traction systems frequently retain extract.

When the volume of extractant is comparable to the volume
of the solid matrix or when a “reverse” extraction is performed
on another liquid (extraction of an organic layer with an
aqueous solution), some of the extract is often physically
trapped in the medium. Both solid and liquid media are
therefore able to retain extract. Multiple extraction often
removes sufficient analyte such that the extracts may be
combined and successfully assayed.

A somewhat less defined situation exists when extraction
yields insufficient extract to produce an acceptable recovery.
If extract is associated with the medium in a fixed proportion,
the association is reasonably constant from sample to sample.
The concentration of the analyte may then be calculated.

In what at first appears to be the most analytically complex
situation, some indeterminate amount of the analyte is
physically trapped in the matrix. The precise volume of
extract in the matrix prior to assay is dependent on the prior
sample handling and may vary significantly from determi-
nation to determination. A familiar and consistent physical
model is aqueous extraction from vegetable oil. Upon ex-
traction, apparently intact droplets of extract (or extractant)
appear within the vegetable oil layer. If extract is retained
within vegetable oil, some unspecified amount of the analyte
is still within the vegetable oil phase and is not available for
assay. A mathematical model will now be presented for an
extraction from a solid which retains a variable amount of
extract.

After the initial extraction, the extract trapped in the
sample: (1) may or may not have the same concentration as
the extractant; (2) may or may not be able to be extracted
further. The following discussion is consistent with IUPAC

ded lature and terminology (2).

r 1 nc

THEORY

If the sample contains n; mol of analyte in a volume V,, and
a volume V, of a thermodynamical ideal extractant is added,
the available volume of the extract is (V, + V,, - V), where
V is the volume occupied by the extract within the sample.
If the solution is given sufficient time to equilibrate, the
concentration 0n;/V may be such that

0n;/V < My (1)
0n;/V > My (2)
0ni/V = My )

where M,,, is the molarity of the solution external to the
matrix. The molarity of the extract concentration within the
sample may therefore be less than, greater than, or equal to
that of the surrounding extract.

In eq 3, the extract concentration is the same internally and
externally to the sample. The internal and external extracts
in this case have the same concentration and if the system
is assumed to be isothermal, the expression (3) for the molal
distribution constant (Kp), of the analyte A is

(Kol = 7 expl-(¢°u = ¢) /RT] =
ext
exXpI~(¢ s, = ¢°i) /RT] (4)

where v, = molal activity coefficient within the sample ex-
tract, v,y = molal activity coefficient of the surrounding ex-
tract, ¢°., = partial molal free energy of the extract, and ¢°;,,
= partial molal free energy of the retained extract. Therefore

mex
(Koha = - expl-(¢ = %) /RT] =1 (5)
int

and
¢°ut = d’oim (6)

where my,, = molality of the matrix extract and m,,, = molality
of the extract.

Henceforth, the less cumbersome Kj, will be used in place
of (Kp), since only one substance is being considered.

The conclusion is that the physically obvious K, = 1 (since
Mgy = Mip, and Kp = my/my,,) is not an approximation but
is rather thermodynamically exact (4, 5). K = 1 allows the
derivation of analytical expressions for the recovery of the
analyte using two extraction models. It is clear that the K,
= 1 assumption is simply a mathematical convenience and
not a requirement of the present model. If an apparent
(nonunity) value of Kp, is assumed, then the derivation is
unchanged and the model may be extended to cases (1) and
(2) above. The mathematical model is then completed by
calculation of the recovery factor for the procedure.

In the first extraction model procedure, sufficient extractant
is supplied to perform a single, simple extraction such that
the liquid recovered has a volume V.

The molarity of the resulting solution is

0003-2700/83/0355-0078$01.50/0  © 1982 American Chemical Society



101 0)
= v, 7

where n; = moles of solute originally in the matrix, § = mole
(decimal) fraction of n; trapped in matrix after one extraction
assuming myy,, = My, and V; = final volume of extract, in
milliliters.

In the second extraction procedure, V; mL of extractant
is added to the matrix. The molalities of the internal (sample)
and external extracts are again equal by assumption

Miny = Mgy = 10%0;/ Vip (8)

where p = density of the extractant (g/mL). Converting to
molarity

10%p,,m,
= — s0lMext ©)
10° + M m.,,
and substituting in m,, from (8)
10%p,,1;
, = sol’*i (10)
Vo + Myn;

Note that although the total volume of the sample and extract
system is indeterminate, the volume of extract is V.

If an aliquot of each resulting solution is now assayed by
a hypothetically perfect method (since we are interested in
errors inherent in the extraction, not in the subsequent assay)
the recovery factor

M, M, 10°n(1-0) 10%.n;
Ry=— —C=—— — Pl
MM Vi Ve + Mo,
where M = 10°n;/V,, that is
(1 -0V
AT Vit Mo v

for a single extraction step in the first extraction procedure.
If the retained extract is available for further extraction (7)

V n
o= ((KDV,/n) ¥ v) as

providing the volume of extractant is divided by n and n
extractions are performed. The recovery factor becomes

_ Vipuall - [V/((Ve/n)Kp + V)]"]
BN Vie + Mn,

(14)

A slightly more general form would allow n extractions with
volumes V,, V,, Vj, ..., such that

Z Vi=V; (15)
and

Vipwl1 - Ve I111/(Vik + V)
= 16

B Ve + Mn Gl
Although the recovery equation is somewhat involved,
further mathematical complications result if the system is not
assumed to be isothermal. It is clear that although the
physical model presented here lent direction to the mathe-
matical model derivation, eq 16 could have been derived solely
from conservation equations. The derivation could easily be
extended to allow tion and dissociation reactions (8,
9), mutual dissolution of the matrix and extracting solvent,
side reactions (10), salt effects (salting-in, salting-out, common
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Figure 1. E from an mple with Ky =

4: curve 1, 0n/V < M,,; curves 2-5, 0n,lV>M andimltlngRA
= 0.80, 0.90, 0.95, and 1.0.

ion, and Setchenow (11, 12)), and generalized distribution
coefficients (13-15).

EXAMPLES

Examination of eq 16 reveals that the recovery factor
consists of two multiplicative terms

Rp = RegtRex 17)
where
Vivsal
Rew = ( Vo + Mw"i) "%
and
Ryp=1- V"ﬁl( T v) 19)

R, is the recovery factor due to the retention of extract by
the sample and R,,, is the recovery factor for the extraction
process.

Example 1. In Figure 1, curve 1, the sample extract is more
dilute than the surrounding extract, as in eq 1. Further ex-
traction allows more analyte to be retained by the sample and
the recovery factor drops asymptotically until 8n;/V = M,,.
Equations 2 and 3 have similar shapes and are represented
by curves 3, 4, and 5, with respective limiting R,., values of
0.90, 0.95, and 1.0. Curve 2 represents that special case for
eq 3 only when V;Kp >» V and the extract is fully retained
after the first extraction with an R, = R = 0.80. The samples
in Figure 1 would not show significantly higher recovery factor
values with more elaborate (and numerous) extraction
schemes.

Example 2. When the analyte is renuned in a solid sample,
at least two may be involved. The intact extract
may be trapped in the sample and the analyte may be irre-
versibly bound to the solid sample. The extent of these
mechanisms may be determined by performing the following
analyses: (a) single extraction on identical samples using NV,
mL of extractant for N = 1, 2, 3, and 6; (b) a multiple ex-
traction (n = 3) using V, mL for each extraction; (c) assay of
the seven samples.

For the analysis of the single extraction data, recall eq 17
and notice that R,,, may be rearranged to

1/Rp = 1+ (V/Kp)(1/ V) (20)
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(a) CLASSICAL
(b) IRREV. BOUND

(c.d,@) EXTRACTANT

RETAINING

Figure 2. Dependence of the recovery factor on the extraction volume
for a single extraction.

For eq 18, if the decimal fraction of analyte (1 - R;,) is
irreversibly bound and if the concentration of trapped ex-
tractant is linearly dependent on V), then

1-R,
R =Rio{1- W (21)

or
VIV

1
Rew  Rip(2VE¥Y/Vi+ Ry - 1) )
which approximates a straight line (0.4%, 1/R < 1.7) if 1/R
is plotted vs. 1/V;and (V- V))/V, < 3.

Hence both R,,, and R,,, are linear if 1/R is plotted vs. 1/ V;
for experimental extraction data V; < 3V,. In Figure 2, 1/R
data (R = assay value/accepted value) vs. 1/V; data are
plotted for V, = 10 mL. By simply relabeling the axis, any
V), 2V,, and 3V, scheme may be used.

If the multiple extraction scheme improved the recovery
factor significantly, the data for the single extraction scheme
will fall on lines similar to (a) and (b) on Figure 1. If the points
fall on line a, then the solid is being extracted as if it were
a classical liquid. If the 1/R intercept is statistically larger
than zero, some (1 — R at 1/V; = 0) is being irreversibly
retained. Forline b, 1/R = 1.2 (R = 0.833) or about 17% of
the analyte is irreversibly retained. If an assay with a higher
accuracy is required, the extractant system is to be abandoned.

If the multiple extraction scheme is ineffective in improving
the recovery factor, the experimental points for the single
extraction will lie on a line similar to c in Figure 2. If ex-
tractant is retained in accordance with eq 3 and eq 22, then
the slope and intercept of the line may be obtained from Table
I and R;, = assay value (N = 6)/accepted value within £<1%.
In the nonequiliberated cases defined by eq 1 and eq 2, the
data will be consistent with lines d and e. The line defining
0n;/V > M,y (eq 2) may have an apparently anomalously high
1/R at 1/V;="/3V, due to curvature of the defining equation.
Increasing V/ for lines (c-e) efficiently increases the recovery
factor when compared to classical line a. When an extrac-
tant-retaining system is encountered, failure of a multiple
extraction scheme impliee that a single (large V,) extraction
may significantly improve the recovery. Although lines c, d,
and e in Figure 2 have intercepts corresponding to recovery
factors in excess of 1, the actual function defined in eq 22 is
nonlinear and converges to R = 1 after N = 4.

In summary, the procedure outlined here need not be done
in detail; an examination of the effect of multiple extraction

and single extraction in general terms would be sufficient for

Table I. Parameters for Extractant-Retaining Systems

1/R (at V,)? slope/V, intercept
1 0 1.00
1.1 0.104 0.996
1.2 0.218 0.982
1.3 0.340 0.960
1.4 0.466 0.934
1.5 0.600 0.900
1.6 0.738 0.862
1.7 0.882 0.818
1.8 1.03 0.772
1.9 1.18 0.720
2.0 1.22 0.660

@ Calculated from eq 22 for (Vg - V,)/V, =1, 2, and 3.

simple systems. Single extraction recovery data could be
plotted as in Figure 2 and evidence for a significant intercept
evaluated. If the multiple extraction appeared promising,
plotting the data would indicate the presence or absence of
a positive intercept and therefore irreversibly bound solute.
If the multiple extraction does not greatly improve the re-
covery, plotting the data might reveal a statistically significant
negative intercept and hence extractant retention.

It may become apparent from the above examples that
solid-liquid extraction systems become increasingly similar
to classical liquid-liquid systems as the extractant to matrix
ratio increases. For these near-classical systems, an unsat-
isfactorily low recovery factor may be improved by multiple
extraction, providing an extractant with a suitable Kp, is
chosen. For a solid-liquid extraction, multiple extraction may
only slightly increase (or actually decrease) the recovery factor.
These nonclassical cases are a strong indication that the solid
sample is retaining some of analyte and that improved re-
covery may be a function of the initial extraction variables,
principally, the mass of the analyte and the volume of the
initial extraction. If adjustment of the initial extraction
variables does not improve recovery, the analyte may be ir-
reversibly bound to the matrix (either before or upon ex-
traction) and a different separatory system must be employed.

GLOSSARY

g number of grams of analyte

Yint molal activity coefficient of extract retained within
the sample

Yext molal activity coefficient of extract external to the
sample

(Kp)a or molal distribution constant for species A

D
Mgy molality of the extract external to the sample
My molality of the extract retained within the sample
the molarity of an R = 1 extract, i.e., 10°n;/V;

M, molarity of the extract in model 1

M, molarity of the extract in model 2

M., general term for molarity of the extract external
to the sample

M, molecular weight of the analyte

n the number of extractions

n; the number of moles of analyte

N multiple of V, for single extraction

[} decimal fraction of moles of analyte retained within

the sample

¢%ext standard partial molal free energy of the extract
external to the sample

@it standard partial molal free energy of the extract
retained within the sample

P density of the extractant

Pl density of the extract

R, recovery factor for species A

Rext extraction recovery factor

et extract retention recovery factor
Ri irreversibly bound analyte recovery factor
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gas constant, 8.314 J/(deg mol)
Kelvin temperature
volume of extract within the sample
final volume of extract
volume of extractant of the ith extraction
total volume of extractant
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Interpretation of Sets of Pyrolysis Mass Spectra by
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ponents can be identified and quantified (2-4). In particular
target rotation methods, as developed by Malinowski, have
been applied successfully (4). However such an evaluation
relies on a number of assumptions with regard to the structure
of the dataset, i.e., additivity of spectra, availability of accurate

refi spectra, and sometimes the presence of “pure

Pyrolysis mass spectra of plex bk ] can be
interpi for partial chemical p mon, cvon when exact
f p of the p t: d are not avall-
nble. The method Is based on a factor analysis method:
P P y by discriminant analysis
and graphl A of the p o are
d for sets of les, viz., w ( y),

bacteria (d lon of Ty haride), and human

b!o(dﬂmnuaﬂondchobm:nddﬂocywﬂlpaﬂﬂm
and normals).

Pyrolysis mass spectrometry (Py-MS) is a fast method for
fingerprinting complex biological materials like macromole—

masses”. As outlined before these conditions are not fullfilled
in Py-MS data sets and, consequently, other—less elegant—
factor transformation procedures have to be applied.
Recent.ly we described a combi :.... of factor analysis and
hical rotation proced for ch | evaluation of small
seta of Py-MS spectra (5-7). The graphical rotation method
consists of a systematic-stepwise-rotation of principal factors.
Visual examination of a series of transformed factors can lead
tor ition of mixture ts. It will be clear that
this method does not provide the speed and rigidness of au-

cules, cells, and microc (1). H , ch l in-
terpretation of pyrolysis mass spectra of complex samples is
hampered as: the spectra seldom exhibit single masses specific
for a particular compound (so-called “pure masses” (2)), ac-
curate reference spectra of pure components are usually not
available or even not obtainable, intermolecular reactions
during pyrolysis can occur so that the pyrolysis spectra are
not additive. Consequently automated mixture analysis
techniques like library search procedures are not easily ap-
plicable to pyrolysis mass spectra.

In Py-MS studies the main analytical goal is often to de-
termine the nature and extent of differences within a set of
related samples. Factor analysis of spectral data offers a

powerful method to describe the diffe fficiently. It has
been shown in various nppllcatwns on spectral data sets that
by an adequate tr tion of the fe mixture com-

!Present address: Biomaterials Profiling Centre, 391 South
Chipeta Way, Research Park, Salt Lake City, UT 84108.

tomated procedures and that the results depend on the ex-
perience of the operator. Nevertheless, in practice the
graphical rotation p dure has been proven to work out
sat.mfacmry with respect to both the time afforded and quality
of the results. One advantage of this procedure over other
methods is that during examination of a senes of transformed
factors the experienced operator can be lated to make
reasonable guesses about the nature of a mixture component;
this by the associative ability of the human mind. In this way
components can be identified of which no accurate reference
spectra were available at that time.

Although the factor analysis and graphical rotation method
were successful for interpretation of small data sets, the
technique did not work out satisfactory for larger data sets
including multiple repli d spectra. The problems were
2-fold: the large ber of factors obtained licated the
rotation procedure and the single factors did not discriminate
well between the groups of replicated spectra. This was due
to the fact that factor analysis does not describe optimally

0003-2700/83/0355-0081$01.50/0 © 1982 American Chemical Society
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the differences between the groups with respect to the dif-
ferences within the groups. An additional step in the data
handling was necessary, to determine well discriminating
factors. For this purpose, a transformation of the factors by
diseri lied. Graphical rotation of the
discriminant funcuons eould then be performed to interpret
the differences in terms of chemical components. This method
will be demcnstrated on some sets of spectra of bioorganic
samples, i.e., yeast strains, bacterial strains, and human bile
samples. Furthermore, some criteria concerning the reliability
of the discriminant functions derived for small groups will be
discussed.

MATERIAL AND METHODS

Yeasts. The following strains were examined (CBS numbers
refer to strains deposﬂ.ed in the Culture Collection of the Cen-
traalb voor Schi Itures, Baarn, The Netherlands):
(a) Rhodosporidium toruloides (Banno), strains CBS 14, 349, 5490,
6681; (b) Rhodosporidium infirmo-miniatum (Fell et al.), strains
CBS 323, 2427, 6352; (c) Filobasidium capsuligenum (Fell et al.)
Rodr.Miranda, strains CBS 1906, 4736, 6122-1, 6122-2; (d) Filo-
basidium uniguttilatum (Kwon Chung), strains CBS 1730, 1727,
27170; (e) Sporobolomyces roseus (Kluyver and Van Niel), strains
CBS 486, 2646, 493, 993; (f) Sporobolomyces albo-rubescens
(Derx); strain CBS 5331; (g) Sporobolomyces pararoseus (Olson
and Hammer), strains CBS 484, 491, 4217. Further details on
the strains are given by De Hoog (8).

Cultures were grown on YPG agar (0.5% yeast extract, 1%
peptone and 1% glucose) on Petri dishes for 7 days at 22 °C.
Micrograms samples of yeast were taken in duplicate directly from
two replicate cultures, resulting in four samples for each strain.

Bacteria. Escherichia coli strains of different serotypes were
cultured at the National Institute for Public Health (RIV),
Bilthoven, The Netherlands, on blood agar dishes. All strains
were cultured in duplicate under standard conditions. Bacteria
were sampled with a platinum loop and directly brought on the
Curie point pyrolysis sample wire.

Bile. Samples of human bile were collected from five chole-
lithiasis patients (a-e), two cholecystitis patients (f and g), and
two healthy individuals (h and i). Except for sample i all samples
were directly taken by needle aspiration during surgical proce-
dures. Sample i was taken by duodenal aspiration during a
gastroscopy procedure. Five-microliter drops of the sample were
applied directly to the Curie point wire. Every sample was an-
alyzed in triplicate.

Reference Materials. The following biopolymers were used
for reference purposes: bovine serum albumin (Merck AG,
Darmstadt, G.F.R.); glycogen (Fluka AG, Buchs, Switzerland);
chitin (B.D.H. Chemicals Ltd., Poole, U. K ); araban (isolated from
apple, Agricultural University, W The Netherlands);
fucoidin (Koch-Light Laboratories Ltd., Colnbrook Bucks Eng-
land); poly((a2—+9)-N-acetyl: inic acid) (isolated from
Neisseria meningitidis, National Institute for Public Health,
Bilthoven, The Netherlands). From all ref materials 1
mg/mL suspensions in methanol were made. Aliquots of 5 uL.
were applied to the Curie point wires.

Pyrolysis Mass Spectrometry The pyrolysis mass spec-

trometric system used of an tic sample ch
system, a Cune pomt pyxolysls reactor, and a quadrupole mass
ion An ive description

of the system is given in ref 9-11. Pyrolysis and instrumental
conditions were as follows: equxhbnum temperature, 510 °C; total
heating time, 0.9 s; temperature rise time, 0.1 s; inlet temperature,
150°C; scan rate, 0.1 s/scan,; total scan accumulatlon time, 15 s.
Each spectrum is lized for total i in order
to correct for sample size.

Computer Proznml for Data Hudliu Factor analysis,
applied to dardized masses, and discr lysis, applied
to standardized factor scores, were performed with the Statistical
Packsge for the Social Sciences (SPSS) (12). Additional programs
to display the factors and discriminant functions in the form of
spectra and programs to rotate the factors and discriminant
functions have been developed in our laboratory.

Because the SPSS package can handle 100 variables at most,
the 100 most intense masses, out of the about 150 present, were

Figure 1. Representation space of the correlation matrix obtained by
factor analysis of a set of mixture spectra. Bars indicate the masses
within classes of 10°. This system Is described by the two orthonormal
axes F1 and F2.

selected for factor analysis. Those factors with eigenvalues greater
than one were used for discriminant analysis. The number of
discriminant functions was limited by a level of significancy of
0.00005 (12). The percentage of the total variance described by
the factors and discriminant functions is calculated for stand-
ardized masses. This means that every mass equally contributes
to the variance calculation.

DATA HANDLING

Both factor analysis and graphical rotation have been de-
scribed previously from a geometrical point of view (5, 6). In
this section these techniques will be ized and extended
to discriminant analysis. Furthermore, a brief mathematical
description to document the various transformation and
scaling procedures involved is given in the Appendix.

Correlation Analysis. Changes in concentration of
chemical components in a set of mixtures analyzed by Py-MS
will cause correlated intensity changes in a series of mass
peaks. The identity of chemical components can in principle
be deduced from these correlations and the relative intensity
changes. An appropriate way to study the correlations in a
set of spectra is to examine the space spanned by the oblique
mass axes coordinate system, with the cosine of the angles
between the axes equal to the correlation coefficients of the
masses. The length of each mass axis is given by its standard
deviation. As will be shown in this paper, the relevant com-
ponent axes can be retrieved in this space.

Example. A data set, consisting of 10 “mixtures” of the
biopolymers albumin, glycogen, and peptidoglycan as de-
scribed in ref 5, is used to illustrate the method. The mixture
spectra are exact linear combinations of the spectra of the
three p s and, quently, the set of normalized
spectra only two-di l information. The
oblique mass axes system of this data set can thus be drawn
in a plane (Figure 1). From this figure it becomes evident
that various series of mass peaks are positively correlated (axis
angles within 10°), noncorrelated (angles about 90°) and
negatively correlated (angles 180°). Tentatively, highly cor-
related masses like m/z 34, 41, 47, 48, 54, 92, 94, 104, and 108
might be attributed to one particular component. Negative
correlations between masses result from the fact that spectra
have been normalized to total i . This means
that every change in a set of mass peak mtensltles must be
ace d by an opp hang m another set of mass
penk i ities. The two-di ional repr ion space
can be described also by only two axes, which can be chosen
arbitrarily. In the present examples the axes are determined
by factor analysis. The two axes drawn in Figure 1 are the
first and second factors (F1 and F2).

Factors. Factor analysis is generally performed on a
standardized data set, i.e., the mass intensities are scaled to
have a zero mean and unit standard deviation. For these data




sets the oblique mass axes have unit length and factor anal
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licates the hical rotation proced In the Appendi

Iculates a set of orth 1 axes:

F; = ayjm, + ag;m, + ... a,m, (1)

i=12 ..

it will be explained that by using standardmd factor scores
as input for discriminant analysis, orthonormal discriminant
functions can be obtained.

Besides the use of discri functions for the chemical

, P; P < n equal to the number of

The loading ajj is the correlation coefficient of the factor F;
and mass axis m; and is equa] to the projection of the mass
axis on the factor. The variance described by factor F; is equal
to the sum of squares of the projections of m; or F;. Fact,ors
can be presented as factor spectra with intensities a;; at mass
m;. For standardized data sets the intensities a;; have to be
multlplled with the standard deviation o; of the masses to
obtain factor spectra comparable to pyrolysis mass spectra.
A measure for the relative abundance of such a factor spec-
trum in an individual spectrum is called the factor score and
can be calculated by substituting the respective mass inten-
sities at m; in formula 1.

Component Axes. The differences between the spectra
in the data set and thus the structure of the representation
space is determined by the variations in the concentration of
chemical components. For this reason it is also possible to
span the space by axes representing the chemical components
involved. This becomes evident in Figure 1; in the quadrant
enclosed by the positive parts of F1 and F2 (F1+ and F2+),
a number of highly correlated albumin masses are present,
e.g., m/z 17, 34, 48, 92, 94, 108, 117, 119, 120, and 131 (see
also Flgure 3e). Preeumnbly the protein axis is located in this

and, q ly, a protein subpattern is projected
on F1+ and F2+.

Graphical Rotation. Rotation of the factor axes system
can lead to an orientation where F1+ coincides with the
presumed protein axis. In this orientation the factor spectrum
of F1+ has to resemble a protein pyrolysis mass spectrum.
Simultaneously, any protein subspectrum should be absent
in the orthogonal factor spectra of F2+ and F2-. The scores
of the various mixtu:e spectra on the rotated F1 describe the
relative i y of the albumin cc in the mixtures.
In practice the rotation is performed in steps of 10°. Coin-
cidence of a factor with a component axis can be judged
visually by the presence of the component pattern on the
factor spectrum and the absence of this pattern on the or-
thogonal factor spectrum. This visually assisted process is
called graphical rotation. For very complex data sets the
number of factors will be large and a component axis can be
projected on more than two factors. After graphical rotation
to locate the optimum orientation within the subspace of the
first set of two factors, further rotation is carried out in the
space spanned by the rotated factor and the third factor
involved, etc.

Discriminant Analysis. In the example discussed above
only one spectrum for each mixture was mvolved In pyrolyms
mass spectrometric studies ples are g lyzed in
duplicate or quadruplicate in order to test the reproduclbllxty
of sample preparation and analysis conditions. A subset of
spectra, in principle from identical sample material, is called
agroup. In many pyrolysls mass spectrometric studies one
is mainly i d in the ch which cause
the differences between the groups. For this approach the
differences between the groups has to be related to the dif-
ferences within the groups as is done in discriminant analysis
(13, 14). In this technique a series of independent linear
combinations of masses is constructed which discriminate the
groups and are arranged in descending order of discriminating
power. In the same way as with factors, discriminant functions
can be plotted in the form of discriminant spectra. The
quantitative e of the discrimi spectrum in the
mdmdual spectm is called the dmcnmma.nt score. In general
nonorthog discri are obtained which

interpretation of pyrolysis mass spectra, discriminant scores
can be used for numerical classification of the spectra. In this
classification procedure it is assumed that a statistical eval-
uation of the data is allowed. Because of the very limited
number of spectra which constitute a group, the discriminant
analysis results have to be treated with care. Therefore, we
have used several criteria to test the reliability of the dis-
criminant functions derived from data sets with small groups,
in addition to the level of significance (12). The criteria used
are as follows: (i) percentage of spectra classified correctly
thh discriminant functions determined for the total data set

lete groups); (i) p age of spectra classified correctly
with dlscnmmant funcuons determined for a partial data set
(incomplete groups (15)); (iii) percentage of spectra classified
identically with discriminant functions derived from a partial
data set and the total set. The latter criterion is called the
stability of the classification.

RESULTS AND DISCUSSION

The applicability of this data analysis method is demon-
strated from the results obtained for a series of yeast spectra
as compared to chemical analysis data, a series of spectra of
bacterial strains, and a series of spectra of human bile. Apart
from the chemical interpretation of the results of discriminant
analysis, the classification results are tested on their reliability.

Yeasts. The data set consisted of the quadruplicate spectra
of 22 yeast strains (22 groups). Factor analysis resulted in
15 factors with eigenvalues greater than one, describing 88%
of the total variance in the data set. Discriminant analysis
on the factor scores gave seven significant discriminant
functions. It appeared that the first and fourth discriminant
function (D1 and D4), responsible for 20 and 6% of the total
variance respectively, described the main quantitative changes
in five recognizable components. The spectral differences
described by the other discriminant functions could not be
recogmzed clearly in terms of ot.her chemical components;
possibly ph h 1 diffe the samples (pH,
salt concentration, etc.) may play a part here.

In order to find component axes in the subspace spanned
by discriminant functions D1 and D4, we applied graphical
rotation (Figure 2).

For the evaluation of spectra of the component axes one
has to keep in mind that reference spectra cannot be identical
with discriminant spectra, due to the applied normalization.
Furthermore, appropmte spectra are g lly not
available and comparison can be made only wnh spectra of
the component analyzed under other physicochemical con-
ditions, or with spectra of str lly related ials. Thus,
the reference spectra (Figure 3) should only be used to obtain
a general impression of the typical fragment series for the
various component groups. Another complication can occur,
when the ch in several p are pH ly cor-

lated; then the di spectra will show superpositions
of these components.

The five components found in the space described by D1
and D4 are the following:

Pentose Axis. This component axis (Figure 2a) is posi-
tioned along D1+ and shows a fragment pattern clearly con-
taining a set of peaks characteristic of pentose polymers. For
comparison the pyrolysis mass spectrum of an araban is given
(Figure 3a). The spectrum of the component axis has many
peaks in common with this typical pentose reference spectrum,
e.g., m/z 31, 32, 60, 72, 74, 85, 86, 96, 98, 112, and 114. For
the ization of the p pattern on the orthogonal
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Figure 2. Plot of the representation space described by D1 and D4 (central part), obtained by discriminant analysis of the pyrolysis mass spectra

of the series of yeast strains. Spectral points of one group (strain) are
axes are shown, together with dlscdmhenl spectra of the onhogonal axes (positive and
Peak series

The posltive parts of spectra of
th p in the approp :

The or of the axes is d by arrows.

by mass

for particular
by arrows.

parts
numbers. Mass peaks that play an part in the P

axis (Figure 2c,g) we focused on m/z 72 and 114.

Hexose Axis. The discriminant spectrum of D4+ (Figure
2c) appears to represent a hexose pattern. This component
axis shows a series of peaks, e.g., at m/z 31, 32, 43, 60, 72, 74,
82, 85 86 96, 98, 102, 110, 112 and 124, which are also

t in of hexose pc For comparison the
typlml pyrolym mass spectrum of glycogen, a glucose polymer,
is shown (Figure 3b). The absence of m/z 126, also charac-
teristic of h in the discrimi spectrum, is probably
due to chemical or physicochemical interf which ch
the correlations within the hexose peaks. The position of this
hexose axis was mainly determined on the basis of the relative
intensities at m/z 110 and 112. On the orthogonal axis (Figure
2a,e) the minimization of m/z 102 and 110 plays an important
part.

6-Deoxyhexose Axis. In the orientation presented in
Figure 2d a subset of peaks which points to the presence of
6-deoxyhexose residues is at its optimum. For comparison
the pyrolysis mass spectrum of fucoidin is given in Figure 3c,
containing typical masses, e.g., at m/z 58, 60, 69, 71, 82, 84,
99, 102, 110, 126, 128, 136, and 138. The position of this
component axis was determined by minimization on the or-
thogonal axis (Figure 2b,f) of m/z 99, 110, and 128. The high
intensity of m/z 59 is probably due to a positive correlation
of the changes described by this component axis with those
of the N-acetyl amino sugar axis.

N-Acetyl Amino Sugar Axis. This component is rather
difficult to recognize b of high correlation with the
protein axis. The component axis (Figure 2¢) was determined
on the basis of minimization of the 59, 109, 111, and

procedure (see
125 on the orthogonal axis (Flgure 2¢,g). This peak set is, to
our experience, ch. istic of N-acetylh
As a reference spectrum, that of chitin is given (Flgure 3d).

Protein Axis. This component axis (Figure 2f) was marked
on the basis of the peak set at m/z 34, 48, 56, 69, 83, 92, 94,
97, 108, 117, and 131, generally present in proteins. As a
typical example of a pyrolysis mass spectrum of a protein that
of albumin is given in Figure 3e. For minimization on the
orthogonal axis (Figure 2d,h) masses 34, 48, 56, 92, 94, 97, 108,
117, and 131 play an important part. The relatively high
intensity of m/z 59 in this component axis is due to a positive
correlation with the N-acetyl amino sugar axis. The presence
of the masses 126 and 144, originating from hexose, and m/z
99 and 128, originating from d probably indi
an interaction of these sugars with protein.

Comparison of the Results with Other Chemical Data.
Analysis of cell wall monosaccharides by GLC after hydrolysis
and trimethylsilylation (16) revealed that strains of the genus
Filobasidium have a relatively high xylose content. This is
in accordance with the relatively high score of these strains
on the pentose axis (see central part Figure 2). Also Rh.
infirmominiatum turned out to have a high xylose content
(7, 16). The presence of the 6-deoxyhexose fucose in the
genera Sporobolomyces and Rhod idium is established
in Filobasidium capsuligenum fucose is shown to be absent
(7, 16). As yet no data are present for F. uniguttilatum. A
relatively high score on the N-acetyl amino sugar axis of the
genera Rhodosporidium and Sporobolomyces correlates with
the N-acetylglucosamine content as determined by GLC. This
is indicative of chitin in the cell wall of these yeasts (16).
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Figure 3. Reference spectra of (a) araban, (b) glycogen, (c) fucoidin, (d) chitin, (e) albumin, and (f) poly(N-acetyineuraminic acid).

Comparison of the Rhodosporidium data set with the Py-
MS results of a same set of cultures analyzed before (7) showed
reasonable correlations of the scores for components which
are located mainly in the cell wall, i.e., pentose (correlation
coefficient 0.96) 6-deoxyhexose (0.81), and N-acetyl amino
sugar (0.85). The scores of components more uniformly
present in cell wall and cell plasma (17), i.e., hexoses and
proteins, were much less reproducible (correlation coefficients
0.42 and 0.45, respectively).

Bacteria. A set of 18 E. coli strains was analyzed by
Py-MS, from each strain quadruplicate analyses were taken.
‘The aim of this study was the discrimination between strains
encapsulated by the so-called K1 antigen (an N-acetylneur-
aminic acid polymer) and strains lacking this antigen (18).
Factor analysis applied to this data set gave 15 factors with
eigenvalues greater than one. These factors descnbed 90%
of the total variance in the data set. Discrimi

SCORES K)- POLYSACOM AXIS
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Figure 4. C axis of the K1 and the
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applied to these factors gave two Kl-related dmcnmmant
functions describing 9 and 8%, respectively, of the total
variance. The discriminant spectra of the first and second
discrimi function showed a pattern related to the Py-MS
spectrum of N-acetylneuraminic acid polymer (19). The
onemauon of the N-acetylneuraminic acid axis (Figure 4) was

d on ----ntothe.., lysis mass spectrum of
an N-acetyl inic acid p (Figure 3f), e.g., m/z 67,
94, 109, 117, 123, 133, 135, and 151. The absence of the
prominent m/z 59 in the discriminant spectrum is due to the
p of other ts in this series with a dominant
contribution on this mass value or to physicochemical inter-
actions. The scores of the spectra on this component axis

(Figure 4) show clearly differentiation between K1 and non-K1
strains (I8).

Human Bile. A set of nine human bile samples was ana-
lyzed by Py-MS. From each bile sample three analyses were
taken. The aim of this study was'to discriminate different
choleric diseases (20). Factor analysis of this set of spectra
yielded 10 factors with eigenvalues greater than one, which
together described 97% of the total variance. The first two
discriminant functions, describing 34% and 18% of the total
variance, respectively, showed a clinically relevant discri
nation between the cholelithiasis and cholecystitis samples.
(The residual variance will not be evaluated here.) After
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Figure 5. Component axis of protein and the appropriate discriminant
scores obtained from the spectra of the bile samples.
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Figure 6. The results of as a
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rotation within the D1, D2 subspace a protein axis was located.
The component spectrum together with the discriminant
scores are presented in Figure 5. The scores show a relatively
high protein content for the cholecystitis samples. One of the
normal controls had a high protein content which can be
lained by ion with duodenal fluid during sam-

pling.

Test of Discriminant Functions on the Basis of
Classification Results. B of the limited ber of
spect.m per group one can question l.he ngldness of !.he dis-

factors with high eigenvalues were used to characterize the
spectra. These results led to the general selection rule of
factors with eigenvalues larger than unity and a set of dis-
criminant functions with level of significance of 0.00005 in
the analysis of pyrolysis mass spectra.
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APPENDIX

Extensive mathematical treatment of factor analysis and
discriminant analysis can be found in textbooks (4, 13, 14, 21).
In this Appendix the mathematics, with the specific purpose
to derive chemical component spectra from mixture spectra
via factor and discriminant analysis, will be documented. Also
the scaling procedures will be described.

‘The underlying model in the analysis is that the major part
of a pyrolysis mixture spectrum can be considered as a linear
combination of spectra of pure chemical components

Siiexm = Craxmbraxmy + AS(xm)

where S, is the data matrix, C, contains the relative contri-
butions of the components, and L, contains the pure com-
ponent spectra. In the various matrices the spectra are rep-
resented by rows. AS represents noninterpretable parts in
the spectra, e.g., the influence of intermolecular reactions. The
number of spectra is s, the number of masses is m, and the
number of components is n. The above mentioned expression
can be rewritten in

Lygnxm) + ALygaxm) = C' 1nxe)S1(sxm) (1A)
where
ALy axm) = Cy(axs)AS (exm)

It has to be noted that C™!; does not necessarily exist, however,
in this case the pseudoinverse of C, can be used.

From eq 1A it follows that in principle the chemical com-
ponents involved can be approximated by linear combinations
of spectra in S;. The procedure to determine the appropriate
combinations from eq 1A can be laborious; however, the

cr function Th we igated the

classification results of the yeast spectra as a function of the
number of spectra and variables involved. In Figure 6 the
percentages of correctly classified spectra are shown for dis-
criminant functions derived from the total data set (complete
groups) and a partial data set (incomplete groups). Fifteen
factor scores of the factors with an eigenvalue exceeding unity
were used to characterize the spectra. From this figure it can
be seen that the classification results are optimal for seven
discriminant functions. The level of significance of the set
of seven discriminant functions was 0.00005 (12). The stability
of the classlf cation is good indicating that the results are not
fl d by the small ber of spectra per group.

The classification multa could be improved to 100% cor-
rectness by using 26 factors derived from the total data set.
However sunulumeously only 88% of the spectra were clas-

sified correctly with the d function calculated from
the partial data set. This indicates that the factors 15-26,
with eigenvalues less than unity, introduced nonsignificant
between-group variance into the discriminant functions. On
the other hand, as can be expected, it was noticed that sig-
nificant between-group variance was lost when only a few

ber of spectra to bine can be limited by devel
S, on an orthogonal set of basis spectra, symbolically repre-
sented by the rows of FT

Syxm) = sF(l)(p)Fr (pxm)

where S is the score matrix containing the partial contri-
butions of the spectra in FT to the spectra in S,.
Combination of eq 1A and 2A gives

Ll(n!m) * ALl(nXm) [c— l(nxa)SF(.xp)]Fr(pXm)

In our applications generally only two or three basis spectra
out of FT were sufficient to reproduce the component spectra.
Selection of these rows of FT was based on the resemblance
with know reference spectra.

In matrix notation the linear combination is described by

oxm = ’T(xxm}"r (pxm)

p<s (24)

with
Faxprexy = 1

where the row vector [T approximates a pure component



spectrum and is a row of L + AL. The row vector rT has only
a few elements unequal to zero. The contribution of the
component spectrum [T to the spectra in S, is given by

Cuxt) = SFuxp)px1)

Because of the contributions of AL to L many times a limited
resemblance of [T and reference spectra can be expected.
Therefore the appropriate linear combination is not only
determined by the presence of the characteristic pattern for
the component in [T but also by the absence of this pattern
on the orth I linear ions. In practice this is done
by investigation of a series of stepwise rotations (orthonormal
combinations).

The choice of the set of orthogonal basis spectra FT is
dependent on the problems under investigation. In many
cases one is interested in the overall differences in a data set
or in differences between certain groups of spectra, rather than
in the absolute composition. For mathematical analysis of
differences in a data set, it is first to standardi
the data set

Ul(:xm))g-l(mxm) (3A)

where S is the standardized data set, U, the grand mean
matrix, with on the rows the averaged spectra of the whole
data set, and 6 a diagonal matrix with the standard deviations
of the masses. For analysis of the overall differences an ap-
propriate set of basis spectra, FT can be derived from the
eigenvectors of the variance-covariance matrix D

D(mxm) = (1/s)sr(mx-)s(:xm

It has to be noted that for standardized data sets the vari-
ance—covariance matrix equals the correlation matrix. A
property of the eigenvectors E of D is

E(mxm)A(me)Er(mxm) = Dimxm)

E is the orthonormal eigenvector matrix and A is the diagonal
matrix with the eigenvalues of the eigenvectors. The eigen-
vectors are ranked according to their eigenvalue, which is a
measure of the variance described by that eigenvector. The
set of basis spectra is defined by

FToxm = AY2 0 mET (mxm) (4A)

S(-xm) (Slllxm)

where p < m because rows with only zero values in AT are
deleted. The rows of FT are the factors or principal compo-
nents. The row elements of FT are the so-called loadings or
correlation coefficients of the factors and the masses. As a
consequence of this definition of factors the scores Sy are
standardized, as can be deduced from eq 2A and 4A

ST rexaSuxp = ipxp)

where I is the identity matrix. Furthermore, the variance—
covariance matrix can be reconstructed by

F(m!D)Fr(pXM) = D(mXMD

For a geometrical interpretation, the columns of FT describe
an oblique mass axes system, where the angles between mass
axes, factors and component axes are determined by their
correlation coefficients. This system was introduced in the
paper. The rows of FT are used as orthogonal basis spectra
for the standardized data. For parison with the original
spectra, they have to be scaled by 8 (see eq 3A)

s(pxm) L] F'r(pxnl)o(mlm)

where S contains the factor spectra.

For the interpretation of differences between groups of
spectra, another set of basis spectra has to be chosen. It can
be shown that such a set can be derived from the eigenvectors
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of the matrix W'B (13, 14), where B and W are defined by
(G = D) imx(G = Udexmy

where B is the between group variance matrix and G is the
group mean matrix, with on every row the averaged spectrum
of the particular group.

Wimxm) = (S = G)Timx(S = G)iexm)

W is the within group variance matrix. These matrices are
related by

B(mxml

Bimxm) + Wimxm) = Timxm)
where T is the total variance matrix
Timxm = STmxaStexm

In our applications we performed discriminant analysis on
the factor scores of the spectra instead of on the mass in-
tensities for two reasons: (a) For our data, generally m > s,
in which case W' does not exist. (b) When standardized
factor scores are used, the eigenvectors of W-'B are ortho-
normal, which is convenient for the graphical rotation pro-
cedure. This can be shown as follows: For standardized
independent data T',x,) = 8/(,x) U is the number of variables.
In this case W' (,x,)B(;x.) reduces to

-1
SW ke = Loxe)

This matrix is sy
eigenvectors.

Discriminant analysis as performed by the SPSS package
scales the discriminating eigenvectors to have a unit within-
group variance. For our purposes orthonormal discriminant
functions are preferred and therefore the SPSS-discriminant
functions were scaled to unit length. These discriminant
coefficients form an orthonormal matrix, which transforms
the discriminant functions to linear combinations of masses.
Graphical rotation of the discriminant spectra can be applied
in order to find component axes. The advantage of the applied
scaling is that the loadings again give the correlation coeffi-
cients of the masses, the discriminant functions, and the
component axes.

ric and, q ly, has orth

Registry No. Gl 9005-79-2; fucoidin, 9072-19-9; chitin,
1398-61-4; poly(N-acetylneuramlmc acid), 83248-83-3.
LITERATURE CITED

(1) Meuzelaar, H. L. C.; Haverkamp, J.; Hileman, F. D. “Pyrolysis Mass
Spectrometry of Recent and Fossil Blomaterials; Compendium and
Atlas”; Elsevier: Amsterdam, 1982.

[va] Knorr.F J.; Futrell, J. H. Anal. Chem. 1979, 51, 1236-1241.

(3) Malinowski, E. R.; McCue, M. Anal. Chem. 1977, 49, 284-287.

(4) Malinowski, E. R.; Howery, D. G. “Factor Analysis in Chemistry";
Interscience: Now York, 1880.

(5) Windig, W.; Kistemaker, P. G.; Haverkamp, J. J. Anal. Appl. Pyrolysis
1981, 3, 199-212.

(6) Windig, W.; de Hoog, G. S.; Haverkamp, J. J. Anal. Appl. Pyrolysis
1981, 3 213—22&

(7)WInda. ; de Hoog, G. S.; H.lvmrmJSn.dMwahm

(8) de Hoog, G S. Stud. Mycol., in pr

(9) Meuzelaar, H.L. C.; KlslomnkolPG.Esh\lsW Engel, H. W.B. In
“Rapid Methods and Automation in Microbiology”; Johnston, H. H.,
Newsom, S. W. B., Eds.; Learned Information: Oxford, New York,
1976; pp 225—230

(10) P. G; M. A. Biomed.
MnssSpocmwn 1074 1 312419

(§)) G. Anal. Chem. 1973, 45,
587-590.

(12) Nie, N. H.; Hull, C. H. G.; Jenkins, J. G.; Steinbrenner, K.; Bent, W. H.
“Statistical Package for the Social Sciences”, 2nd ed.; McGraw-Hill:
New Vuk 1975.

(13) Cooley, W. W.; Lohnes, P. R. “Multivariate Data Analysis”; Wiley:
New York, 1911 pp 243-250.

(14) Tatsuoka, M. M. “Multivariate Analysis”; Wiley: New York, 1971, pp
157-164.

(15) MacFle, H. J. H.; Gutteridge, C. S.; Norris, J. R. J. Gen. Microbdiol.
1978, 105, 87-74

(16) von Arx, J. A.; Weyman, A. C. M. Antonie van Leeuwenhoek 1979,
45, 547-555.

(17) Ainsworth, G. C.; Sussman, A. S. “The Fungi"; Academic Press: New
York, 1965; Part 1.




88 Anal. Chem. 1983, 55, 88-91

(ln)l-hv-rkumd Eshuis, W.; Boerboom, A. J. H.; Guinde, P.
,.Haydon:London‘lDBOVolh

9!3—089.
(18) Haverkamp, J.; Meuzelaar, H. L. C.; Beuvery, E. C.; Boonekamp, P.
.; Tiesjemna, R. H. Anal. Biochem. 1980, 104, 407-418.
(20) H.L.C: P.G.; R. B. H.; Veder, H.

in the Ciinical
. K., Richmond, W., Eds.
1980; pp 209-231.

(21) Rummel, R. J. “Applied Factor Analysis”; Northwestern University
Press: Evanston, IL, 1970.

RECEIVED for review Januray 18, 1982. Accepted September
20, 1982. This investigation was supported by the Royal
Netherlands Academy of Arts and Sciences (KNAW) and by
the Foundation for Fundamental Research on Matter (FOM).

lonization Spectra of Neodymium and Samarium by
Resonance lonization Mass Spectrometry
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are combined with many other subsets of possible atomic

The present study was initiated in order to find suitable
lengths for the isotopic analysis of neodymium and sa-

marium by RIMS. In the analysis of a mixture of elements,

Ionization sp of the and ric

have been over the nngo of 423-463 transitions.
nm by using the t | of r lzation mass

spectrometry (RIMS). Thou have been per d

to determine the gths at which lonization occurs un-

der RIMS conditions. TM observed wavelengths have been
lated where possible with transitions between
known electronic energy levels. RIMS has previously been
pp to the of I ratlos of these rare
earth elements using a single wavelength of excitation for
each element. The fact that there are a number of effective

it is necessary to know which wavelength (transition) to use
to avoid overlap with interfering species. It was also found
in preliminary studies that many more transitions were ob-
served than originally expected. This complexity is a mixed
blessing in that the probability of overlap with adjacent ele-
ments is increased for a particular transition but a larger choice
of transitions is available for choosing a suitable RIMS

wavelengths avallable should be of to other
in the RIMS fieid.

Resonance ionization spectrometry (RIS) is a photoioni-
zation process in which atoms in a gas phase are lomzed by
the absorption of photons that getically match tri
between quantum states of these atoms (I). General appli-
cation of RIS to various analytical problems has also been
discussed (2). There are several RIS schemes that have been
developed (1, 2) by using two or more photons of one or several
colors. Although RIS is normally used to dewct atoms elt.her
by the electron or the ion ted in the photoi
process, the detection of either of these specles can also be
used to study the absorption spectra of amenable atoms.
Worden et al. (3) have used a several-color resonant pho-
tmommt:on process to |denufy upper Rydberg states and

ine ionization p ides and actinides.
Their study made use of an atomlc beam; one or two lasers
were tuned to generate a partxcular excxted state, and with

a tunable laser, the autoi g and i gies of the
species could be identified.
Recently, we have applied a lor RIS sch to the

selective photoionization of either Sm or Nd for mass analym
m a mass spectrometer (4) By means of this bination

A systematic study was therefore performed to catalog the
observed wavelengths at which ionization occurs for the two
elements neodymium and samarium. Due to the limitations
imposed by the dye laser system, the spectra were limited to
a certain range of lengths which is ller than the range
over which ionization occurs. However, useful transitions have
been predicted to lie within the wavelength range reported
here. Future work will seek to extend the wavelength range
for the elements Nd and Sm, as well as to report results for
other rare-earth elements.

EXPERIMENTAL SECTION

Laser System. The laser system and optical components used
for this investigation are the same as used in the previous RIMS
study (4) except that the tuning micrometer of the NRG 0.03 dye
laser module (National Research Group, Inc., Madison, WI) was
equipped with a stepping motor so that the wavelength range of
a particular dye could be scanned under computer control. The
details of this scanning are in a later part of the Experimental
Section. Three different dyes, S-420, C-440, and C-460 (available
from Exciton Chemical Co., Dayton, OH), were used to cover the
wavelength range of 423 to 463 nm that was used in this study.
The relative intensity of these dyes as a function of wavelength
is given in Figure 1. Under our experimental conditions, the dye
S-420 at a wavelength of 425.8 nm yielded an energy of approx-
i ly 300 uJ. Although the relative energy correlation from

try (RIMS),

dye to dye cannot be oonmdemd to be lughly precise, a qualitative
of dye i gth can be made from the

mass
the removal of the isobaric interf e of either el t on
the other has been demonstrated. By observing the presence
and intensity of a particular mass signal for either of these
rare earth ions as the wavelength of the lasing is changed, one
can obtain a spectrum of each element. Knowledge of such
a spectrum is useful not only to identify analytically useful
RIMS lengths but also to eval particular subsets of
atomic transitions that in normal emission spectral studies

data in Figure 1. The wnnble laser beam was brought to a focus
(4) just in front of and in the vertical center of the first slit of
the ion source of the mass spectrometer, described below. The
spot size of the beam at the focal plane was approximately 1 mm,
but any ions generated by RIS were accepted over the entire length
of the first slit, 2 cm.

It was necessary to calibrate the wavelengths of the respective
dyes vs. micrometer dial reading of the dye laser module. This

0003-2700/83/0355-0088$01.50/0 © 1982 American Chemical Society
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Figure 1. Dye laser output spectra for dye 1 = S-420; dye 2 = C-440;
dye 3 = C-460.

was done by recording the wavelength of five or more settings
of the micrometer dial of the laser by means of a ‘/, - mono-

The length y of the was
verified by the Hg emission line at 435.8 nm. From this series
of wavelength vs. laser dial readings, a calibration factor was
computed which converted a given dial reading to wavelength.

Mass Spectrometer. The mass spectrometer has been pre-
viously described (4) and consisted of a single 90° magnetic sector
of 30 cm radius. Ion detection was by means of a 14-stage electron
multiplier (RCA Corp. type 6810A, Lancaster, PA) operated at
4000 V. Laser-generated ions, upon striking this detector, pro-
duced a signal which was processed and digitized by a 13-bit
analog-to-digital converter (ADC). These digital data were ac-
cepted by a PDP-11/34 (Digital Equi t Corp.,
Maynard, MA) and stored in an array of 256 channels. Each scan
of the spectrum covered 512 steps of the stepping motor driving
the micrometer dial of the dye laser. The wavelength range
covered was 20.8 nm. Therefore, each channel of the final dam
array represented a resolution el of 0.08 nm p
the average of signals from 10 laser pulses. The estimated number
of ions detected per laser pulse was 5 to 20.

Samples of Nd and Sm were prepared from the pure oxides
in 1 N HNOj, solution to give a concentration of 100 ug/uL. One
mlcrollter of solutlon was loaded onto a Re filament, and a drop
of st (Aquadag) was added to enhance
the production of neutral Nd or Sm atoms in the ion source in
preference to oxide species. Isotopes chosen for study (*2Nd,
4Nd, "’Sm) were free from isobaric overlap with other elements
present. A check of this fact was made by comparing spectra of
two Nd isotopes; there were no significant differences due to an
interfering species.

The samples were maintained at a temperature of approxi-
mately 1500 °C for this study. The individual scans of a given
wavelength range took about 8.5 min to complete. For these
studies sufficient sample was loaded on the filament that the Nd
RIMS signals degraded only slowly with time, approximately 10%
reduction in ion intensity per hour.

RESULTS AND DISCUSSION

Nd Spectrum. Figure 2 shows the composite spectrum
obtained for Nd over the wavelength range 423-463 nm. The
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Table I. RIMS Spectrum of Neodynium
obsd peak
in nm in em™ initial error
(air) (vac) intens transition cm™
423.2 23623 M
424.3 23 561 S *1,-°M, 2
424.8 23533 S
425.9 23473 S *1,~*H, 14
4264 23445 W CI-°H, -7
426.8 23423 S *1,-*H, 11
427.2 23401 W
428.1 23352 M
428.7 23320 M
429.3 23287 w
430.5 23222 w *I,-*H, -4
430.8 23206 S ’14—’}1 -2
431.1 23190 M *I,-*Hy 8
431.7 23158 w
433.0 23088 M *I,-*H, 1
433.8 23045 M ! -’H 5
434.4 23016 S I, ’H 2
437.1 22871 w
437.4 22856 w
438.2 22814 M 0Tl - 1
439.7 22736 M ’l -*H, 1
440.1 227156 w
440.9 22674 w -*H, 4
441.8 22618 w ’I -’H 4
442.3 22603 M ’I ’H 3
442.7 22 582 w
443.6 22536 w S1,-*H, -6
444.3 22501 S I, -’H -10
444.7 22481 w ’I ’H -10
445.3 22450 w
446.8 223175 S 1,-*H, -7
447.8 22325 S sIB-"M 12
449.7 22233 M *1,-°H, -4
451.0 22166 w
451.6 22137 w
452.7 22083 w
454.0 22020 w
455.3 21957 S
4558 21933 S SI,-M, 6
456.1 21919 w *L="L, 4
456.5 21899 W LM, 5
461.8 21648 w
463.1 21587 w

horizontal axis of 430 ch 1s each rep ing th
sum of 10 laser pulses. Amplitude information is only ap
proximate due to the variations in RIMS signal for each lase:
pulse. Reproducibility of peak heights in replicate spectr:
was estimated to be £30%.

A summary of the Nd RIMS spectrum shown in Figure !
is given in Table I. As noted in the table, both the wavelengt!
in air and the wavenumber under vacuum of the peaks ar
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Figure 3. Resonance ionization spectrum of samarium obtained by monitoring '’Sm.

given. The 'y of the length s was based
on the repeatability of five separate scans which were summed
and on the accuracy of calibration of the dye laser micrometer
dial. The main peaks in Figure 2 are labeled and listed in
Table I with their wavelength of maximum intensity to an
accuracy of 0.1 nm. The intensities of the various peaks are
given only as strong (S), medium (M), and weak (W) because
of the semiquantitative nature of the data gathering process
as discussed in the Experimental Section. On the basis of
assignments of energy levels for Nd (5), some of the initial
transitions involved in the RIS process can be identified. It
is apparent from the table that ionization is possible with
photoenergies of less than half of the ionization potential,
22280 cm™. An RIS scheme (1) (1, 2) requires that twice the
energy of the exciting photon is equal to or greater than the
ionizing potential of the atom; this, of course, assumes that
the atom is in its atomic ground state. The fact that RIMS
spectral peaks were observed at energies less than this limit
implies that the Nd atoms generated from the thermal source
were not all at the lowest lying ground state, °I,. As seen in
the table, several of the lower energy peaks can be assigned
to transitions from higher states. Of the 43 peaks given in
Table I, 23 have been tentatively correlated to particular
transitions; the errors in these assignments are given in the
last col The g were made from published
spectral data (5-7). It is apparent that no assignments seem
possible for almost 50% of the RIMS peaks observed. Since
the sample taken for these studies was Nd and the mass
detected was 142, it is probable that these peaks arise from
Nd and that the photoionization proceeded by some, un-
identified, allowed process. This points up a unique feature
of RIMS spectral data. Such data can be useful in identifying
various subsets of spectral transitions that originate from low
lying levels that might be difficult to recognize in a complex
emission spectrum.

Sm Spectrum. Figure 3 shows the ionization spectrum
obtained for Sm, covering the same wavelength range as in
Figure 2. Measurement conditions were kept as similar as
possible so that the precision of peak heights (areas) and the
accuracy of wavelength assignments are the same as those in
Figure 2. The relative intensities of peaks in Figure 2 are not
directly comparable to those in Figure 3, because there was
no convenient means of normalizing the RIMS signals ob-
tained for each element.

A summary of the Sm RIMS spectrum shown in Figure 3
is given in Table II. The presentation of these data is similar
to that in Table I in that length ber, i ity,
transition, and error of tentative assignments are given.
Contrary to the case of Nd in Table I, all peaks listed can be
identified with known transitions in the Sm spectrum. In fact,
several assignments are possible for some of the peaks, and
it may well be that the peak is made up from contributions

Table II. RIMS Spectra of Samarium
obsd peak
innm inem™ initial error
(air) (vac) intens transition cm™
424.0 23579 M °F,-"H, =3
426.6 23434 M °F,-*H, -2
428.4 23336 s °F,-*H, 1
"F,-"H, 3
430.0 23 249 M F,-'G, -5
F,-'G, 4
431.3 23179 M ’F,-'H, -5
°F,-"D, 1
432.0 23142 w "F,-'D, 3
433.0 23088 S F,-'G, 0
433.9 23040 M F,-*H, -5
F,-"G, 0
435.6 22950 S F,-"G, 0
436.5 22903 M 'F,-°H, -5
F,-"G, 11
438.0 22824 W ’F,-°*H, -2
439.7 22736 M F,-"G, -2
441.1 22 664 w F,-"H, -3
441.9 22623 M 'F,-'G -2
442.9 22572 s F,-G, -3
443.4 22546 W F,-"1, 5
444.2 22506 S F,-'G, -1
F,-'H, 1
446.0 22415 S F,-0, 4
447.1 22360 S 'F,-°G, 3
E,-D, 1
449.9 22221 M °F,-*H, -1
452.4 22098 w F,-"G, 4
F,-D, 7
453.3 22054 M F,-"G, 2
F,-"D, -4
457.1 21871 w F,-'H 7

of both. As was the case with Nd, many Sm peaks are ob-
served at energies less than half the ionization potential of
Sm, 22760 cm™. In the data shown in Table I, it is obvious
that transitions from the Sm ground state, Fy, account for
few, if any, of the RIMS peaks. On the basis of the transition
assignments of the Sm spectrum, it appears that the 'F, and
F, levels are the most populated states. From emission
spectral results (8), it has been reported that ’F, and "F, states
are most populated at 1270 K. The temperature of our sam-
ples was not continually monitored, but the sample temper-
ature was the order of 1750 K. Note the assignment of the
441.1-nm and 441.9-nm peaks as arising from a ’F3 and a ’F,
level, respectively. As a check of this assignment, the relative
intensities of these peaks were observed at three temperatures,
1773, 2073, and 2273 K. With increasing temperature, the
population of the higher energy ground state increased relative
to the lower state as expected from Maxwell-Boltzmann
considerations.
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It is interesting to note that there is no correlation b

experimental ters is ible, no real lusions can

published data for relative oscillator strengths of Sm lines (9)
and the relative intensities of the Sm RIMS peaks. Because
of the power level of our laser system and the optical ar-
t y to t it the laser beam into the mass
spectrometer, optical saturation of the ionization was not
realized, and one might assume that the RIMS signals would
be some function of oscillator strength of the respective
transmons mvolved There are certain deficiencies in our
ing proced: With time, the concentration

of the therma] ple ch Our evaluation of laser dye
intensity over the three dye ranges is only qualitative. Even
within a given dye range there is, perhaps, 30% variation
possible in signal strength measurement caused mainly by
statistical variation in the small number of RIMS ions gen-
erated. As a result of the above reasons, or because of
presently undefined reasons, there is little if any correlation
of relative oscillator strength and RIMS signal. Compare, for
ple the strong intensity of a RIMS peak at 435.6 nm and

a weak RIMS peak at 438.0 nm with reported relative oscil-
lator strengths of 28.8 and 330, respectively (9). This ob-
servation is interesting, but until more precise control of the

be drawn.
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The levels of organic-bound chiorine and bromine in human
milk and serum are d by lysk
Desalted mitk and serum are Imadiated with on desalted
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compounds become a difficult task. A value for TOCI and
TOBr can be produced by using neutron activation analysis
milk and serum fractions. This information is

In a nuclear reactor and the resulting y-rays of **Cl and *Br
are measured. The desalting procedure, achleved by using

Bio-Gel mol sieves, virtually all lonic

and bromides from milk and serum. Radioactive tracer
studies with polychlori d b 1C Indi a Y
of 90% lh'ough the Blo-Gel column. The total organic chio-
rine in 2,2-(4 phenyl)-1,1 th splked milk
and heptachior tpl(od milk, determined after bolng dmn.d
and Irradiated g to this pi d a

valuable in answering questions regarding the total
of such compounds present in human milk or serum.

For determination of TOCI and TOBr in milk or serum,
ionic species such as sodium chloride (NaCl) and sodium
bromide (NaBr) must be removed completely by a desalting
process before neutron activation is performed. Neal and
Florini used Sephadex G-25 as a molecular sieve to remove
NaCl from serum, utilizing batch extraction with a centrifuge
(2). Uziel and Cohen used gel filtration for desalting certain

good recovery of the addod splko. The lowor limits of de-
tection of ic-bound chiorine and bromine In milk or se-
rum are 50 and 5 paris per billion (ppb), respectively.

The level of organic-bound chlorine (TOCI) and bromine
(TOBr) compounds has been rising in the envir due

leotides (3). Ludkowitz and Heurtebise determined pro-
tein-bound iodine in serum, through neutron activation, after
desalting with ion exchange resins (4). Fritz and Robertson
determined protein-bound trace metals in serum by using
neutron activation after gel filtration with Bio-Gel P-6 (5).
The nuclear activation process does not differentiate be-
tween inorganic chlorides and chlorine bound to organic
molecules. Also neutron capture can recoil organically bound

to the growing commercial use of large quantities of halo-
genated hydrocarbons and the previously unregulated
dumpmg of organic waste. Halogenated hydrocarbon residues

chlorine into free atoms through the Szilard—-Chalmers reaction
(6). Preirradiation separations of ionic chlorides and bromides
from organic-bound chloride and bromine species are therefore

in breast milk or serum are normally ed by a bi
nation of solvent extraction and gas chromatography with
electron capture detection (GC/EC) (1). Identlﬁcahon and

y.
The separation of inorganic sodium chloride and other ionic
species in milk and serum from the organic-bound halogens

measurement of the full spectrum of hal

iated with the protein and lipid fractions can be accom-

0003-2700/83/0355-0091801.50/0 © 1982 American Chemical Society
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plished with Bio-Gel filtration chromatography. Bio-Gel P-2,
a product of the Bio-Rad Corp., Richmond, CA, is neutral,
hydrophilic, porous, poly(acrylamide) bead material with the
property of retarding the movement of small ionic species
relative to the of large globular protein macro-
molecules. In effect, the larger molecules are eluted first and
isolated from the ionic fractions, such as Na* and CI". The
separation is virtually complete as verified by tracer experi-
ments.

EXPERIMENTAL SECTION

h h 1

Apparatus. The ists of a 1.1 X
25 cm glass column with a Teflon stopcock. A glass-wool plug
is placed at the bottom of the column to prevent Bio-Gel from
slipping through. Bio-Gel P-2, hydrated for 4 hin a 0.1 N NH,NO;
solution, is slurried into the glass column to fill a height of 15
cm. Columns are eluted with 100 mL of 0.1 N NH,NOj prior to
loading the sample.

Prior to being desalted, human milk is emulsified with a 3/ -in.
titanium probe of an ultrasonic generator unit operated at 100
W. The Model 1510 ultrasonic unit used is produced by
Braunsonic Corp., San Francisco, CA. The probe of the unit is
washed with acetone and distilled water after each opemtlon

BSA, added to milk, acts as a binder to water-soluble herbicides
of chlorine-bound organic structure. The process of eluting milk
or serum through Bio-Gel P-2 columns takes 15 mm. three milk
or serum ples can be desal ly.

Tracer Experi with Polychlori d Biphenyl-*“C,
2,4.5-Trichlorophnnoxynceuc-“C Acid, and Sodium Chlo-
ride-*¥CI. Fifty milliliters of milk was placed inside a 100-mL
beaker and was emulsified with the probe for 3 min. A 1.25-uCi
portion of polychlorinated biphenyls (PCB-4C, 31 mCi/mmol)
dissolved in 170 uL of dimethyl sulfoxide was added. The milk
was mixed and emulsified again for 3 min more. The spiked milk
containing 25 nCi/mL was desalted on Bio-Gel P-2 as described
in the procedure. The eluted milk fraction was collected in a liquid
scintillation vial containing Riafluor liquid scintillation cocktail
and was 8 counted. By comparison of the results to reference
standards, 92% of the original spike was found to be recovered.
Similar tracer experiments were performed with a spike of
2,4,5-trichlorophenoxyacetic-'C acid (2,4,5-T-¥C). Carbon-14
tracer experiments, carried out in quadruplicate, were extended
to serum and Enfamil. It was found in preliminary experiments
that the addition of 100 uL of 20% BSA to human milk prior to
desalting is necessary to aid the binding of 2,4,5-T.

One millicurie of Na*Cl in 2 mg of NaCl was mixed with 1.2
mL of humnn milk and desalted according to the procedure

Nuclear Reactor. The nuclear reactor of the Uni y of
Missouri at Columbia, with a neutron flux of 5 X 10" (n/cm?) /s
was used for neuuan actlvauon analysis (NAA) At the reactor,
the radioch ry L ies are equipped with a p ic
tube system which permits the irradiation of samples fora preset
length of time and then returns them to the laboratory for further
analysis. The y-ray spectrometer consists of a 45-cm® Ge(Li)
detector used with a 4096-channel pulse height analyzer for
counting and measuring the radioactivity.

Reagents. Bio-Gel P-2 (size 100-200) mesh was used
throughout the work. Reagent-grade ammonium nitrate was
obtained from Malinkrodt Chemicals, St. Louis, MO bovine serum
albumin (BSA) Cohn fraction V from Sigma Chemicals, Inc., St.
Louis, MO and ultrapure water from Arrowhead Water Co., Los
Angeles, CA. The water was distilled, deionized, treated by reverse
osmosis, and bottled in 5-gallon clean polyethylene bottles.

pr ly outlined. The desalted mllk fractions were y-counted
for 3Cl and were pared to the *Cl values of the
original spike.

Recovery of 2,2-(4-Chlorophenyl)-1,1-Dichloroethene
(p.p-DDE) and Heptachlor from Spiked Milk. Milk was also
spiked with p,p“DDE. The spiked milk was measured with NAA
to contain 33 ug p,p*- DDE/mL Allquom of splked milk were
diluted with iked milk in p.,p-DDE
equivalent to '/5, /3, "/, '/ 100 l/w l/z(» Y20 and /40 of the original
spike per milliliter of milk. Each of these spiked milk samples
were desalted on Bio-Gel P-2 columns and analyzed with neutron
activation for total organic-bound chlorine content.

For quality assurnnce, extemal (blind) heptachlor spiked milk

of inally 0.5, 1.0, 1.5, 2,
and 3 ug of TOCI were mtroduced as a part of total samples
lied fur lysis. Five les of each spike level and 25

d controls were analyzed for TOCI content.

Polyethylene ir vials of 6 mL were obtained from

Olympic Plastics Inc., Los Angeles, CA.

Cleaning of Glnuwne and Vials. Glass beakers and col-
umns were cleaned with 6 N HNO,, high-purity water, reagent-
grade acetone, and high-purity water and then dried under a
laminar flow hood. Traces of chlorides and bromides were cleaned
from the polyethylene irradiation vials by placing them on a

v-ray Spectral Analysis. The g GRPANL was
employed to process the mngneuc '.apes comammg the y-ray
spectral data (7). GRPANL is a general purpose peak-fitting pro-
gram that validates the y-ray energy and calculates the intensities
for the y-ray lines of interest. In addition, GRPANL estimates the
errors iated with the calculated intensities. An iterative

mechanical shaker inside a polyethylene bottle and washing once
with 6 N HNO, for 6 h, three times with high-purity water for
3 h, once with reagent-grade acetone for 6 h, and three times with
high-purity water for 3 h. Washed vials were placed in a clean
glass tray inside a drying oven set at 70 °C for 6 h to dry. Dry
vials were stored inside closed polyethylene bags until time of
use and were handled with clean tongs.

General Procedure. One and two-tenths milliliter of human
milk was transferred to a clean 10-mL glass beaker and 100 uL
of 20% bovine serum albumin (BSA) and 30 uL of 3 N NH,OH
were added. The mixture was emulsified for 10 s with the titanium
probe. One milliliter of the emulsified mixture was passed through
a 1.1 X 15 cm Bio-Gel P-2 column, with 0.1 N NH(NO; as eluant.

The eluted mllky fraction (2.5 mL) was collected and sealed

ina 1 d polyvial and irradiated for 4 min at a neutron flux
of 5 X 10" (n/cm?)/s. After irradiation, the outside of the vial
was washed with a 7 M HNOj, solution and rinsed with water.
A needle syringe containing a 2 mL solution of 1% NaOH, NnCl
and KBr was injected into the vial containing the irradiated milk.
The added NaCl and KBr act as carriers for any recoiled Cl and
Br atoms while NaOH reacts chemically with any chlorine or
bromine in the free state. The total content was transferred to
a counting vial and counted for 3 min. The 1642-keV y-ray of
3C] and the 617-keV +y-ray of ®Br are measured and compared
toa di ining 5 ug of CI” and 0.54 ug of Br,
irradiated, and counted under similar conditions.

Milk substitutes such as Similac and Enfamil were treated the
same as milk. However, BSA was not added to human serum,
and it was not emulsified with an ul ic unit before desal

least-squares p dure is used in the fitting process since the
peak position and peak-shape parameters enter nonlinearly into
the peak fitting algorithm.

The vy-ray intensities were then corrected for the various ex-
perimental parameters such as: chemical yield of the preirra-
diation procedure, mass of irradiated sample, duration of the
neutron irradiation, delay between irradiation and sample
counting, count time, analysis “dead time”, and blank (vials and
reagents) contributions.

The corrected intensities were then compared to intensities
of y-ray lines from standard solutions of chlorine and bromine
irridiated along with the unknown sample.

RESULTS AND DISCUSSION

Because of the low levels of TOCI and TOBr being analyzed,
extreme care must be exercised to keep blank values low.
Irradiation vials and pipet tips were handled with clean
metallic tongs; clean surgical gloves were worm during labo-
ratory operations. Table I indicates the range of chlorine and
bromine in nanograms contributed from polyethylene irra-
diation vials, ammonium nitrate buffer solution, and (20%)
BSA added to each gram of milk sample analyzed. Blank
values were used to correct the results from each analysis.

Internal laboratory quality controls and external quality
assurance samples were analyzed as part of laboratory pro-
cedures to check accuracy and consistency of results. With
each 350 samples of milk or serum, five quality control rep-
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Figure 1. ~y-ray spectrum of desalted human mik.
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Table I. Chlorine and Bromine Levels in
Blanks and Reagents

amt, ng
blanks Cl Br
H,0 12-15 3-5
0.1 N NH,NO, 15-30 4-7
irradiation vials 10-22 2-4
BSA (20%) solution 61 56

Table III. TOCI Level in Heptachlor
Spiked Milk and Serum

pooled milk
amt of TOCI, ppm

pooled serum
amt of TOCI, ppm

6.45 5.26
6.39 4.92
6.82 4.84
6.53 5.62
6.56 4.40
av 6.55 + 0.16 5.0 + 0.42

Table II. TOCI Level in Pooled Human Milk and Serum

pooled human milk pooled human serum

amt of amt of amt of amt of
TOCI, TOBr, TOCI, TOBr,
ppm ppm ppm ppm

0.64 0.12 0.92 0.063
0.66 0.15 0.93 0.061
0.76 0.15 0.79 0.062
0.56 0.156 0.86 0.056
0.61 0.13 0.97 0.063

av 0.65 + 0.07 0.14 + 0.014 0.89: 0.07 0.062 ¢ 0.03

licates of each of the following were analyzed: pooled human
milk, pooled human serum, heptachlor-spiked pooled human
milk, heptachlor-spiked pooled h serum, le du-

Table IV. Recovery of p,p’-DDE from Spiked Milk

ugof ‘Cl

_duetop.p™DDE 45 or TOCI

measd caled measd to caled
S 14.70 14.70 1.0
S/2 8.35 7.35 1.13
S/3 4.92 4.90 1.0
S/6 2.93 2.45 1.19
S/10 1.56 1.47 1.06
S/15 1.08 0.98 1.10
S/20 0.73 0.73 1.0
S/30 0.50 0.49 1.02
S/40 0.34 0.36 0.94

1.05 + 0.08

licates of h milk, le duplicates of human serum,
bovine serum albumin, 20% solution, clean, empty poly-
ethylene irradiation vials, nitrate eluting buffer
solution, and ultrapure water. Tables II and III show repli-
cation of results of some of the quality controls cited above.
Tracer experiments with PCB-“C and 2,4,5,-T-1“C were
performed to the p y of ic-bound
chlorine ds th ‘t.he’ Iting p on Bio-Gel
P-2. A PCB-YC mixture containing approximately 54% by
weight chlorine to simulate Aroclor 1254 was used to spike
pooled human milk. A recovery of greater than 90% was
demonstrated for both PCB and 2,4,5-T in humnn milk and
milk substitutes carried tt h the desalti The
recovery data for p,p *DDE shown in Table IV also demon-
strates the reproducibility of the recovery over a wide con-
centration range.
The experiments with Na%*Cl demonstrated the ability of
the Bio-Gel P-2 col to ic chloride ions
in milk from the TOCI fractions. The eluted milk fraction

Table V. Separation Factors of CI” from Desalted Fluids

fraction of

sample eluted fraction *Cl spike
human desalted milk 1x 10°*
milk 1st mL followed desalted milk 1x 10°*

2nd mL followed desalted milk 1.6 X 107

3rd mL followed desalted milk 21x 10

cows desalted milk 3.3x 10°¢
milk 1st mL followed desalted milk 1x 107
Enfamil desalted Enfamil 2x 107

1st mL followed desalted Enfamil 3 X 1077
2nd mL followed desalted Enfamil 5x 1077
desalted serum 5x 107
1st mL followed desalted serum 7% 107
2nd mL followed desalted serum 5 x 1077

human
serum

contained only 0.001% of the original Na%*Cl spike. In ad-
dition, the first eluted milliliters that followed the desalted
milk fraction also contained less than 0.001% of the original
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Table VI. Chlorine Levels in Eluted Milk Fractions
amt of Cl, ug/mL

fraction (mL) column 1 column 2
1 0.034 0.034
2 0.019 0.015
3 0.026 0.038
4 0.030 0.03
5&6° 0.294 0.280
. 0.066 0.064
8 11.0 0.3
9 149.0 23.6
10 234.0 216.0
11 38.0 170.0
12 lost 3.52
13 0.082 0.208
@ Desalted milk.
Table VII. Recovery of Heptachlor
Spike from Blind Study
ug of TOCI as ug of TOCI as
heptachlor heptachlor
spike added spike recovered
0.5 0.48 + 0.11
1.0 0.87+ 0.13
1.5 1.36 + 0.14
2.0 1.78 + 0.25
3.0 2.80+ 0.2

Na%*Cl spike. With NAA, human milk has been found ex-
perimentally to contain an average of 0.43 mg of Cl7/g; hence,
less than 5 ng of Cl” can be expected to carry over to the
desalted milk fraction. This amount is considered within the
blank values of the operating procedures. This experiment
was run in duplicate on human milk, cows milk, Enfamil, and
h serum. Results are ized in Table V.

When human milk was desalted according to the described
procedure, the results shown in Table VI are typical. The
fractions of interest contained 0.294 mg/mL chlorine and were
preceded by a low chlorine fraction (0.03 ug) and followed by
another low chlorine fraction (0.066 ug). Eluted fractions

conunnmg NaCl appear later in fractions 10 and 11. A second
ion does not suk ially imp thed

result further supporting the efficiency of the Bio-Gel column

techniques. Figure 1 exhibits a y-ray spectra of neutron-ir-

radiated human milk after desalting on Bio-Gel P-2.

The heptachlor-spiked milk samples were submitted to the
analyzing laboratory in a blind study to truly test the accuracy
and reproducibility of the method. The method showed good

p bility and 'y as shown by the results gives in
Table VII. TOCI from control milk (0.28 % 0.045 ug) was used
to correct the results.

CONCLUSIONS

This work describes a method which can be automated to
a large extent and applied to large numbers of human body
fluids for TOCI and TOBr analysis. These levels should be
useful in continuing epidemological studies of the exposure
of human populations to halogenated hydrocarbons in the
environment. The method might also be useful as ah ancillary
method for determining fluid concentrations of halogenated
hydrocarbons in toxicological studies with laboratory animals.
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Mathematical Model for Concentric Nebulizer Systems

Anders Gustavsson

Department of Analytical Chemistry, The Royal Institute of Technology, Fack, S-100 44 Stockhoim, Sweden

A mathematical model for tri Is
developed. mmulambhlorlhouwauonofm
cutoft of the nebulizer system, the normal distribution

parameters of the aerosol (the droplet distribution) generated
by the nebulizer, the efficiency of the nebullzer system, and
the aerosol concentration. The model aho allows the opti-

ization of nebull The ical model Is

shown—by experiments—to be in agr t with practl

There are very few articles of earlier date that describe
th ical work on nebuli: But during the past years there
has been an i d i in nebuli buli

This increased interest has resulted in an increased number
of papers during later years. Scientists working in spectros-
copy have in the last years accepted the fact that it is im-
possible to investigate excitation sources (e.g., plasmas, flames)
without a thorough ledge of the nebulizer system. If this
knowledge is missing it is not possible to take into consid-
eration the influence of the nebulizer system on the measured
properties of the excitation source. Thus, it will not be possible
to separate the properties of the nebulizer system from the
properties of the excitation source.

Work on the ement of 1 di ions has been
published by Browner, Cresser, and Novnk (1-4) and by
Mohamed Fry, and Wetzel (5). A paper on the effect of

ture in analytical flame spectroscopy has also

and theory describing the way in which a nebulizer works.

been pubhshed by Browner and Cresser (6), where they have
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Table I. A Comparison between Original and
Recalculated d,, Median, and Mean Values

original values
from ref 7 and 8,

recalcd median mean
values, exp(u*), exp(u* + (¢*)*/2),
um

sm um um

15.6 15.7 13.7 15.6
17.7 179 13.7 15.6
19.8 19.9 13.8 15.6
19.9 19.9 13.8 15.6
22.6 22.4 13.8 15.6
25.0 25.2 13.9 15.6
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There is no analyte to be recovered due to the usage of pure water.
(2) The time per measurement is small. (3) There will be no
problems with water vapor in the ambient air. (4) Using a direct
method would glve severe p with water )
The severe precision pmblem due to variability i in the wuhout
and in the atomic absorption for i

(14) is avoided because there is no analyte present.

THEORY

A nebulizer system consists of two parts, the spray chamber
and the nebulizer. The nebulizers dealt with throughout the
r ind of this paper will be of the concentric type. The

applied the results of Nukiyama and Tanasawa (7, 8) to ex-
plain the small influence of the sample temperature on the
signal. The investigation of the interference effects of aerosol
ionic redistribution in analytical spectrometry (9) is important.
A continued investigation of this phenomenon will probably
explain some of the problems met when using nebulizer
systems. From a theoretical point of view the cited form of
the Nukiyama and Tanasawa equation (eq 8) in recent ana-
lytical literature deviates from the form used in this paper.
The equation given in this paper is, however, in agreement
with the form presented in the original paper (7). The de-
viations are related to the denominators of the equation, e.g.,
a missing p in the first term (1) and an improper square root
in the second term (10-12). The main objective of this and
earlier (13) work was to describe the combined process of
aerosol generation, redistribution of the aerosol due to evap-
oration, and the separation of larger droplets in the spray
chamber when nebulizing pure water. In ref 14 Smith and
Browner have used another approach. They study the analyte
transport efficiency but by doing this they have also included
phenomena other than pure nebulization in their measuring
object. There will be a need for more theoretical considera-
tions to develop a model for analyte transport efficiency, which
is the object of forthcoming work.

The objectives of this work were as follows: (1) to sum up
the contents of the Nukiyama and Tanasawa equation and
to give a short survey of the work of Nukiyama and Tanasawa
that relmu to nebulizers; (2) m develop a mathematical model
for Y ic nebuli 3) to
compare the model thh actual measurements on the real
system presented in ref 13.

EXPERIMENTAL SECTION

The equipment used for this study is listed in ref 13, but the
spray chamber listed in Table I is not from Plasma-Therm but
rather from Wiklunds. The spray chamber made by Wiklunds
has a larger cutoff diameter lhan that of Plasma- Therm

Measurement P d pr for
the liquid flows will be descnbed in detaxl ina forthcommg paper
but will be more closely described here than in ref 13 because that
text has been misunderstood. Before performing any

ata ified drop—the system has been
equilibrated. That is, the aystem has been running for such a
long time that a stable temperature and liquid flow pattern in
the spray hamber have been Then—with the system
runnmg the entire tlme—the uptake and waste were measured
by weighing. From the ined the volume uptake and

1 fficiency were d. The volume basis is chosen
to facilitate the oompanson when nebulizing liquids of different
density (e.g., Figures 4 and 5 in ref 13) and from the fact that
the mass of analyte can be calculated directly from volumes if
no analyte redistribution and/or severe evaporation occurs from
the bulk of liquid in the spray chamber. The evaporation from
the bulk of water will be of little consequence due to the rapid
ion of small droplets in the aerosol saturating the gas

stream.
The d to the

direct method employed by Smuh and Browner (14) There

are—in this case—five reasons for using an indirect method: (1)

buli: istics used were defined earlier, in ref 13,
but for the convenience of the reader they will be redefined
here.

Uptake: The volume of liquid (mL) aspirated by the
nebulizer per minute. The input liquid head is at -5 to -7
cm.

Gas flow: Flow of the nebulizing gas (L/min).

Efficiency (n): The part of the uptake nebulized (percent
by volume). The nebulized part is d as the diffe
between the uptake and the quantity of liquid waste, i.e.,
including the water evaporated from the droplets.

Aerosol concentration: Concentration of the aerosol

ed as the vol of nebulized liquid (xL) per liter of
nebulizing gas.

Pressure drop: Drop of p across the nebulizer (bar).

Before continuing with the theory it should be observed that
the definition of, as well as the symbol for, the efficiency differs
from that in ref 14 because of the different approaches chosen.
The basic theory of nebulizer systems will be dealt with in
three separate sections; namely, properties of log-normal
distributions, theory of nebulizer, and theory of the nebulizer
plus spray chamber. The reason for separating the last two
theoretica! items into two sections is to emphasize the char-
acteristic properties of the nebulizer and the spray chamber
separately.

General Properties of log-Normal Distributions and
the Validity of Using the Two-Parameter Model for
Aerosols. When treating data—which are assumed to be
distributed log-normally—we can use models with a number
of p ters (15). The models most ly used have
two, three, or four t Here the two- model
will be described, because a good fit to the values presented
by Nukiyama and Tanasawa was obtained by using this model.

If the distribution of a (positive) variate x is such that the
distribution of the transformed variate y = In x is (exactly)
normal (Gaussian), with mean u* and standard deviation ¢*,
N(u*,0*), then the distribution of x is said to be log-normal.
General properties of log-normal distributions are given in
ref 15. In particular log-normal distributions possess moments
of any order; the jth moment is denoted by \A;, and

A; = exp(u* + j%(0*)?/2) (¢))

from the properties of the moment-generating function of the
normal distribution. The mean d, and variance s4? for the
log-normal distribution are given by

dy = exp(u* + (0*)2/2) 2
s = exp(2p* + (0*))(exp((¢*)?) - 1) = d>y* (3)
v =s4/do =V exp((6*)?) - 1 4)

is the coefficient of variation. For small values of o* we
obviously have

sq/dy = o* %)

If two distributions have equal coefficients of variation they
also have equal values of the parameter o* and conversely.
A characteristic property of log-normal distributions is that
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when converting them from number to mass distributions they
will retain the log-normal behavior (ref 15, page 100). Hence,
we can convert Nukiyama and Tanasawa’s number distribu-
tions into the corresponding mass distributions without losing
the log-normal properties of the distribution. Another
characteristic property of log-normal distributions (15) gen-
erated under equal circumstances, i.e., aerosols generated by
the same nebulizer with different flows of gas and liquid, is
the nearly constant value of the coefficient of variation s4/dy,
where s4 denotes the standard deviation of the log-normal
distribution.

As pointed out in ref 15, the log-normal distribution is well
established in the domain of small-particle statistics. Dis-
tributions of small particles such as are found as the result
of natural and mechanical processes are often very skew. The
following test has been applied to check that the intuitively
reasonable assumption of a log-normal distribution is valid
for droplet diameters in an aerosol produced by concentric
nebulizers. In ref 8 (report no. 1) six different measures of
d, were proposed for aerosol distributions. A numerical ex-
ample of these measures for a particular aerosol is given in
column 1 Table I (taken from report no. 1, Figure 12). The
values in column 2 have the same moment as the corre-
sponding values in column 1 but they have been recalculated
by using mean values of u* and o* determined from the or-
iginal values in column 1 using eq 1. The recalculated median
and mean values of the distribution are shown in Table I,
columns 3 and 4. The x* and o* values for this recalculation
have been obtained from the values taken as pairs from
column 1 (the last value having been paired with the first one).
The similarity within the two columns three and four, re-
spectively, and the similarity in pairs between the columns
one and two shows that the two-parameter log-normal model
satisfactorily describes the distribution of droplet diameters
in an aerosol.

Theory of the Nebulizer. The theory presented in this
section will be based on the work of Nukiyama and Tanasawa
(7, 8). The velocities of the gas (v,) and the liquid (v)) at the
nozzle face are calculated from the following expressions:

v = Qg/ A (6)
=Q/A W)

where @, and @, are the volume flows and A, and A, are the
smallest areas at the nozzle face for the gas and the liquid flow,
respectively. As seen from eq 6 and 7 there is no correction
for stream contraction or velocity reduction. These corrections
and the fluid dynamics of nebulizers will be dealt with in a

future paper.
‘The basic idea of Nuklyama and Tanasawa was to describe
the (population) mean droplet di (dp) of the dropl

in the aerosol as a function of the different velocities, flows,
and constants of the gas and the liquid. It should be em-
phasized that Nukiyama and Tanasawa treated the aerosol
distributions as distributions by number and not by mass as
in recent works (I-4). As can be seen from the statistical
treatment in the previous section, from the theoretical
treatment of small particle distributions in ref 15, from Figure
12 in report no. 1 (8), and from all of the figures in ref 16 that
relate to droplet distributions, an aerosol distribution is of
the logarithmic-normal (log-normal) type, i.e., by plotting the
diameter on a logarithmic scale—in the distribution plot—we
will get a normal distribution. Instead of treating the dis-
tributions as log-normal distributions Nukiyama and Tana-
sawa treated them as skew distributions only. The six dif-
ferent measures for d; proposed by Nukiyama and Tanasawa
gave different values of dy due to this fact. Of the six measures
Nukiyama and Tanasawa chose the area-volume measure as
being the one giving large droplets a high weight in the de-

__Number of droplels

!

1

|

H

4
Diameter ,pm

Figure 1. The typical appearance of a log-normal distribution of droplet
diameters in an aerosol.

termination of dy. For Nukiyama and Tanasawa this was a
good choice since they were studying carburetor theory, but
for nebulizer theory better choices can be made.

The continued work of Nukiyama and Tanasawa showed
that d, did not depend on the shape or size of the liquid and
the gas nozzles or on their relative axial positions (ref 7, report
no. 2). Three different types of air nozzles were tried, a
convergent, a straight-bored, and a knife-edge nozzle. If @,
was increased, dy decreased but only to the limit where Q,/@,
= 5000. Nukiyama and Tanasawa concluded that d, was a
function of the velocity difference (v, - v) and Q,/Q,.

The final equation presented by Nukiyama and Tanasawa
for dy (um) was

i )0.45 1000Q, )1.5
= 585 —— + 597 (8)
e (2] (45

Here, p is the density (g/cm?), ¢ is the surface tension
(dyn/cm), u is the coefficient of viscosity ((dyn s)/cm?), and
v is the velocity difference v; - v (m/s). The experimental
ranges for the constants were 0.8 < p > 1.2, 30 < ¢ < 73 and
0.01 < u <0.3. p, 0, and u are of course related to the liquid.

The Nukiyama and Tanasawa equation is strictly valid only
when using air as the gas, but using another gas having nearly
the same velocity of sound (e.g., argon) will give rise to a
negligible error only. Equation 8 is in agreement with Nu-
kiyama and Tanasawa’s experimental findings, but it should
be observed that the two members of the equation are not
dimensionally equal. This does not matter when the equation
is used within its limitations but it is not attractive from a
scientific point of view. Before treating the nebulizer and the
spray chamber as one unit, one should pay attention to the
fact that the nebulizer is a device producing a log-normal
droplet distribution (an aerosol) of mean diameter d.

Theory of the Nebulizer Plus Spray Chamber. The
aerosol is forced to pass through a spray chamber. We can
look upon this process as if the aerosol were passing through
a theoretical filter having a cutoff diameter (d.). Droplets with
a diameter <d_ will pass on unaffected and droplets larger than
d. will be retained (the waste). A picture of the selection
process is given in Figure 1. The shaded area represents the
droplets ing through the spray chamber. The selection
process illustrated is of course a simplified representation of
what actually occurs because the final aerosol will have dro-
plets larger than d.. This is due to the nontheoretical behavior
of the filter (spray chamber).

The efficiency of the nebuli: ystem, i.e., the probability
(proportion) of droplets having diameters <d,, can be calcu-
lated from the expression

®((In d, - In dg) /o*) )

where ¢ denotes the standardized normal distribution function
and o* denotes the standard deviation of the normal distri-
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Figure 2. The estimation of ¢* and d_ using a normal probability paper.
The horizontal line (---) denotes the 16% level.

bution corresponding to the log-normal distribution.

To sum up this section, the efficiency of a nebulizer system
can be calculated if dy, d, and s4 or o* are known or if d, is
estimated with eq 8 and d, and s4/d, or ¢* are determined
in some other way (the relation between s4/d; and o* is given
in a previous section). The theory of the spray chamber is
of course also valid for aerosols produced by other types of
nebulizers.

RESULTS AND DISCUSSION

The theory presented will be used to elucidate three dif-
ferent problems: (1) the determination of d. and ¢*; (2) the
calculation of the efficiency and the aerosol concentration for
a particular nebulizer system; (3) optimization of nebulizer
systems. Experimental conditions and data for this theoretical
treatment are taken from ref 13.

The determination of d. is direct and closely related to
determining o* (the determination of d, according to ref 1-4
and 17 is an alternative procedure). The nebulizer charac-
teristics for a number of pressure drops are measured for a
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agreement between the measured and the calculated curves
is acceptable because the difference is of the same magnitude
as the experimental error. Both curves showing the variation
of the efficiency with the pressure drop have minima, as
reported earlier (13). These minima could not be explained
at the time. But the present theoretical treatment permits
the conclusion to be drawn that the minimum is an inherent
property of the nebulizer system studied. It is of course
possible to obtain a minima for the efficiency and not for the
aerosol concentration or vice versa, depending on the flows
(@), Q) and the geometrical construction of the nebulizer
system. The present theoretical treatment does not give an
explanation for the bimodal distributions obtained by Novak
and Browner (1), because this theory is intended for calcu-
lation of nebulizer characteristics and not for modification

particular nebulizer system. The efficiencies are calculated

pr in aerosols.

from these nebulizer characteristics and the corresponding
d, values from the nebulizer characteristics and the Nukiyama
and Tanasawa equation. The efficiencies and their corre-
sponding d;, values are plotted on a normal probability paper,
and the points should fit to a straight line, A, as exemplified
in Figure 2. Next, the line A is extended until it intersects
the 50% level, which occurs at In (d.). o* is obtained as the
distance B at the 16% level. These percentage levels are clear
from ref 15 and the properties of normal probability papers.
The d_ value for this particular nebulizer system (13) is ~ 4.5
pum, which is in accordance with published work on aerosol
measurements (ref 1, Figure 6) using a similar spray chamber.
It could be somewhat surprising that the present result is in
accordance with ref 1, as Nukiyama and Tanasawa used
number distributions, while the other authors used mass
distributions as a base for the calculations. However, Nu-
kiyama and Tanasawa used a measure of d, which emphasized
the large droplets. Conversion of the number distributions
given in ref 8 to mass distributions will yield mass distributions
having a mean droplet diameter close to d.

The calculation of the efficiency and the aerosol ccncen-
tration for a particular nebulizer system starts with the de-
termination of the d. value and ¢* as described in the previous
paragraph. Next, the d, value is calculated for a particular
pressure drop by means of the nebulizer characteristics and
the Nukiyama and Tanasawa equation. This d, and the
previously determined d. and o* values give with expression
9 a value for the efficiency. The aerosol concentration is
calculated with this 5 value and the nebulizer characteristics
for the pressure drop in question.

In Figure 3 there is a comparison between the mea-
sured/calculated efficiency and aerosol concentration for the
nebulizer system described in ref 13. The calculations were
carried out as outlined in the previous paragraph. The

The mathematical model is also useful for optimization of
nebulizer systems. During the past years there has been a
debate whether it is better to optimize a nebulizer system
against the efficiency or against the uptake. It has been shown
that these variables are most unsuitable for the purpose (13)
and that the aerosol concentration should be used instead.

‘The aerosol concentration is the only variable which is
directly proportional to the net intensity of the analytical
signal (13). This is of course valid only if evaporation of water
from the bulk of liquid in the spray chamber as well as aerosol
ionic redistribution effects both are negligible and the analyte
atoms are completely converted into light emitting plasma.
It is clearly seen from ref 13, Figures 8 and 9, that this can
be the case. When optimizing an analytical instrument that
contains a nebulizer system the optimization variable should
of course be the signal to noise ratio of the whole instrument.

The following variables should be included in the optimi-
zation: the flows (Q,, @), the areas (A, A), and d. The flows
can easily be changed whereas the areas and d, are hard to
change. Apart from this, a change in the areas or d. would
probably change o*, thus complicating the optimization. The
examples below showing changes in area or d. are only in-
cluded to facilitate the comparison and to indicate in what
direction one should change the variables in order to improve
nebulizer systems. When optimizing a particular nebulizer
system, one should use the flows as variables because we then
study a fixed mechanical system. In the development of a
new nebulizer system the areas and d, should also be included
as variables.

When an optimization is performed, a suitable reference
level must be chosen. The calculated values in Tables II and
111 were obtained using the 15 psi level for the concentric
nebulizer (13) as reference when nebulizing pure water. The
optimization starts with the determination of d. and ¢*. By
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Table II. Summary of the Changes for Optimization and
the Resulting Gains in the Efficiency and the
Aerosol Concentration

gain

because Table II gives only the trends.

A very interesting fact is seen in Table II, namely, the
self-stabilizing property of nebulizer sy when ing
the aerosol concentration. Because the flows (@, Q) have a

aerosol
concn

1.18
0.94
0.79
0.57
0.45
1.36
0.22
0.63
1.18
1.06
0.5 1.36
5 0.5 0.57

@ A value in the column indicates the factor used when
changing the variable in question in relation to the ref-
erence level. Lack of value indicates no change of the
variable.
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Table III. The Variation of the Efficiency with
the Cutoff Diameter

de. Km

1 3 4.5 7 10 13
7, % 0.47 3.1 5.4

9.5 14 18

use of Nukiyama and Tunasawa equation a new d, can be
lated from the d gas and liquid flows. The ef-
ficiency is calculated from d, in the usual manner. The gain
in the efficiency is obtained as a quotient between the new
n value and the one at the reference level. To obtain the gain
in aerosol concentration a correction for the change in @, and
@, must be made. Table II is an epitome of the gain in ef-
ficiency and the aerosol concentration for different changes
in Q, @, and A,. The table shows how unfortunate it would
be to choose the efficiency as response variable instead of the
aerosol concentration. Table III shows the calculated variation
of the efficiency with d., where it is assumed that the effect
on ¢* by changing d, (the geometrical construction of the spray
chamber) is negligible.
It is seen in Table IT that when making a new nebulizer
system using the preeent system as reference level one should
rate on ller and d, larger. The exci-
tation source will of course put an upper lumt. to the d, value.
When optimizing this particular nebulizer system, one should
increase the Q, value and slightly alter the @, value. Table
II shows that making the changes in the opposite direction
would result in an inferior nebulizer system. A, is not con-
sidered in Table II because it is easy to change @, by use of
a variable pump, and v, is so small—less than 0.5 m/s for the
system studied—that the influence on v is negligible. For a
thorough optimization of nebulizer systems an optimization
procedure should be used (e.g., the SIMPLEX method (18))

ive effect upon the aerosol concentration. For a
high aerosol concentration a high efficiency should be used.
According to eq 8 a higher n value is reached by using a higher
Q, and a lower @, value. On the other hand, increasing the
Q; and decreasing the @, value will make the aerosol less
concentrated. Getting a low aerosol concentration, we have
the opposite relations.

CONCLUSIONS

When a nebulizer system is optimized the variable used for
comparison should be the aerosol concentration and not the
uptake or the efficiency. It is impossible to investigate an
excitation source experi ally without including the neb-
ulizer system in the study. The only possibility to determine
the net properties of the source is by investigating the neb-
ulizer system separately and taking its properties into con-
sideration in the study. The theory presented above should
be considered as a first attempt of getting a more unified
theory for nebulizer systems.
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Characterization of Two Modified Carbon Rod Atomizers for

Atomic Absorption Spectrometry

Darryl D. Slemer* and Leroy C. Lewls
Exxon Nuclear Idaho Co., Inc., Box 2800, Idaho Falls, Idaho 83402

A ber of novel carbon rod configurations were
constructed and tested with the goal of increasing the effec-
tive gas-phase P ( d by volatile ly
metals. Botha* lop-damped eupanda “‘tube-cup” atomizer
permitted Increases In the gas phase atomization temperature
for lead and cadmium of more than a thousand degrees over
those achlevable with the two I CRA
configurations. Additionally, from 2 to 3 orders of magnitude
more concomitant transition metal chloride salt can be ac-

dated with the impi d I igns before ma-
trix effects are observed.

The determination of lead and cadmium by graphite fur-
nace atomic absorption spectrometry (GFAAS) is complicated
by a host of “matrix effects™ not usually seen in flame AAS
because their volatilization temperatures overlap those of
many of the compounds forming the bulk of many common
sample matrices (e.g., transition or alkaline earth metal
chloride salts). At the relative low gas-phase temperatures
actually present within furnaces of conventional construction
during the time that the analyte vapor is present, compound
formation between covolatilized concomitants and the analyte
is favored (1). Furnaces into which the sample is introduced
after the optical path has been preheated to a relatively high
temperature (e.g., the L'vov or Woodriff furnaces) are far less
sensitive to matrix problems (2-4). The use of a “L'vov
platform” in furnaces based on the Massmann design (e.g.,
the Perkin-Elmer HGA 2200, Varian Techtron GTA95, or the
1L455/555/655 series) has been shown to retard evaporation
of the analyte until the tube wall is several hundred degrees
higher than would otherwise be the case and, consequently,
significantly reduces matrix problems (5, 6).

However, owners of the Varian Techtron carbon rod
atomizer (CRA) cannot use “platforms” because the atomizer's
tube diameter is too small (3 mm) to accommodate them. Two
approaches to increasing the effective gas-phase temperatures
in these furnaces have previously been investigated. The first
involves heating a longer-than-standard atomization tube from
the ends, not at the center, either with a pair of “Y"-shaped
rods (7) or with four separate rods (8). The second approach,
recently investigated in this laboratory, involves heating the
“cup” configuration CRA atomizer with rods clamped across
its top, not across the bottom as is usually the case (9). Al-
though these approaches raised the gas-phase temperatures
a few hundred degrees and significantly reduced the matrix
probl in lead deter ions, this writer felt that better
results could be achieved with the basic CRA furnace design
if the system were redesigned with the achievement of high
gas-phase temperatures as a primary goal. Accordingly, this
paper describes some of the experimentation done and
characterizes both “cup” and “tube-cup” designs featuring gas
phase temperatures for lead and cadmium approximately 1000
degrees higher than are usually observed in thermally pulsed
GFAAS furnaces.

EXPERIMENTAL SECTION
The modifications made to the Varian Model AA6 spectrometer
and to the Model 63 CRA furnace power supply have been dis-

cussed in previous papers (10 11). The important dlfferences
between them and the include id

“faster” analog electronics in the signal processing circuitry and
the addition of an optional temperature feedback controller to
the furnace power supply. A Thermodot optical pyrometer in-
terfaced with the same Hewlett-Packard computer system used
to collect the atomic absorption transient signal data permitted
simultaneous recording of the temperatures of a selected point
on the atomizer's surface (10).

Modifications to the Model 90 CRA workhead were kept to
a practical minimum in order to minimize duplication costs. First,
the stack of alternating flat and corrugated stainless steel plates
which are normally used to provide a laminar flow of inert gas
to protect the hot graphite was replaced; instead a 4 mm thick
aluminum plate pierced with 48 evenly spaced, 1.4 mm diameter
(no. 54 drill) holes was used. This was done to give clearance to
atomizer cups when they were lowered with respect to the center
line of the rods. Second, a shield was fabricated from 2 mm thick
aluminum sheet metal to loosely enclose the hot graphite working
parts of the atomizer (Figure 1). This shield is very effective
in retarding the back flow of air which invariably burns away the
uppermost surface of both the atomizer and the rods in the
standard, open-configuration workhead. Holes were drilled in
the shield to accommodate the light beam and to provide access
to the atomizer by the micropipet used to deposit the sample
aliquots.

Finally, the HEP 312 phototransistor used to provide the
temperature feedback signal to the CRA power supply was
mounted in a small aluminum block; this block was in turn
screwed onto the rear electrode block of the workhead. A 25-mm
long piece of ceramic tubing of the type usually used to shield
thermocouple wires was used as a light pipe-collimator and heat
shield for the transistor. The upper end of the ceramic tubing
was inserted into a short piece of opaque, black, plastic tubing
and the pholotranamtor v.as glued into the other end. The rest
of the ller was the same as described
previ xuusl) (11).

To conserve argon, a homemade gas control box featuring an
electronic timer and a solenoid gas valve was put in series with
the inert gas line from the standard Model 63 gas control system.
It is triggered “ON" at the initiation of the “ASH" cycle by a signal
from the CRA power supply. An argon flow rate of 8 L/min was

used. A low-p propane line was d to the inlet side
of the ic gas solenoid of the dard gas control system.
(The sol d valve was lly designed to permit the addition

of hydrogen to the inert gas flow dunng the “ATOMIZE" cycle.)
The occasional addition of propane (at a flow rate of 0.5 L./min)
during an atomization cycle renews the surface of the hot graphite
working parts of the atomizer with a layer of pyrolytic graphite
and (in bination with the alumi shield) ds their
useful life to at least several weeks of continual use.

All of the data presented in this paper were obtained with
atomizer components coated “in situ” with pyrolytic graphite
before the experiments were performed. The standard pyrolytic
graphite Varian Techtron cups were subjected to the same pre-
treatment for the sake of consistency of temperature measure-
ments made with the optical pyrometer. The appearance of the
commercial graphiw coating is different than that observed with
the “in situ” coating process and, presumably, the emissivities
of the two surfaces are different.

An inexpensive optical feedback control modul ible
with Varian M 63 power supplies is ially available (L.
L. Elektronik, Department of Analytical Chemm.ry. University
of Umed, S-901 87, Umed, Sweden). Its sensitive phototransducer
permits accurate control of “ASHING" as well as *“ATOMIZE™

0003-2700/83/0355-0099801.50/0 © 1982 American Chemical Society
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Figure 1. Drawing of the modified CRA 90 workhead depicting the
aluminum gas shield and the g for the 3

temperatures. The same supplier can also provide a gas control
box similar to the homemade version outlined above.

In most of this work, standard 4.6 mm diameter Varian
Techtron CRA rods were used. All nonstandard graphite com-
ponents were machined from a dense, nonporous 6.2-mm diameter
spect phic quality graphite rod (FX9I from POCO Graphite
Inc., Decatur, TX). This material is quite strong without being
brittle and can be readily machined to very close tolerances.

RESULTS AND DISCUSSION

The mean effective gas phase temperature within the
atomizer while a typical volatile analyte metal is present was
convenientl 2d by ing the relative integrated
atomic absorbance signals observed at two prominent lead
nonresonance lines. The first line, 368.3 nm (gf = 0.64),
originates from a state 7819 cm™ above ground; the second
at 280.2 nm (gf = 5.1) originates from an energy level 10650
cm™ above ground. The spectroscopic constants for these lines
are taken from ref 12. These lines are a good choice for these
measurements because the relative magnitudes of the two gf
values implies that at the temperatures of interest (1200-2800
K) to this study an identical aliquot of the same lead standard

lution will give ble signal peaks at both wavelengths.
However, in this study ial signal ts at each
wavelength were used for the spectroscopic temperature
calculation.

The 261.4 nm (nonresonance) and 283.3 nm (resonance) line
pair that Ide et al. (13) used for a similar purpose is less
satisfactory not only because the tremendous difference in
sensitivity between those two lines requires two standard
solutions but also because the 261.4-nm “line” is actually a
doublet which renders its absorbance signal vs. mass of analyte

p curve li when are made with
normal AAS equipment.

The optical system used ed light passing through
a round 2.4-mm hole in a baffle situated as closely as possible
to the optical access hole through the atomizer on the side
facing the monochromator. This optical beam is only slightly
smaller than the access hole itself so all of the absorbance
measurements (as well as any spectroscopic temperatures
derived from them) reflect mean values across the access hole’s
diameter. No attempt was made to spatially resolve these
values either across the access hole or along the length of the
atomization zone.

The following equation was used to calculate the spectro-
scopic temperatures in the furnace:

o
(In 0.217)(A 802/ Azgs.)

where 4077 and 0.217 are constants which combine the relative

T

Figure 2. Some of the atomizer configurations tested. The arrows
point to where the rods are clamped.
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Figure 3. Absorbance signal transients seen with the standard, bot-
1

ped, cup

wavelengths, gf values, and lower state energies of the two
lines, Ay, is the absorbance signal/g of lead at 280.2 nm, and
Ajges s is the absorbance signal/g of lead at 368.3 nm.

Similar equations may be derived for other line pairs (e.g.,
the 283.3-nm resonance line and 368.3-nm nonresonance line
pair) but their use is so hat less co ient b dif-
ferent solutions must be pipetted for the two atomic ab-
sorption response measurements.

The approximately 5% coefficient of variation of integrated
atomic absorbance signals measured at the nonresonance lead
lines results in an imprecision in the calculated spect i
temperatures of from 30 to 100 K over the range of temper-
atures observed. Of course, the accuracy of the measurements
is determined by the accuracy of the gf values used in the
calculation. For the purpose of comparing atomizers getting
exact temperatures is not as important as is consistency of
approach.

In the course of this project approximately 20 different
atomizer designs were built and tested. Length, diameter
(inside and out), total mass, wall thickness, etc. were all varied.
Figure 2 depicts a few of the various atomizers examined
drawn to a common scale. In this figure the arrows point to
where the center line of the rods were clamped with respect
to the tube. In order to save space, only those experiments
that definitely led to a clearer understanding of how these
atomizers should be designed will be described in the rest of

this paper.
First, a complete description of the experiments done to
haracterize these i will be p d using the

standard cup-configuration CRA atomizer as an example
(Figure 3). The rods were clamped across the bottom of the
cup as is ded in the facturer's literature. In
this figure, the atomic absorbance signals seen at the two




nonresonance lines (368.3 nm larger peak and 280.2 nm smaller
peak) when 2000 ng of lead was atomized are depicted with
solid lines. The dashed line is the signal seen from 2.5 ng of
lead observed at the 283.3-nm resonance line. All of the figures
(numbers 3-6) depicting actual i p seen with
the various atomizer configurations use the same format to
portray the atomic absorption signals seen at the three lines.
The temperature of the inner lip of the cup (recorded at the
same level as the optical access hole) as measured by the
optical pyrometer is also shown. A constant emissivity value
of 0.7 was d for all so recorded
throughout the entire study. This value may not be accurate
but since the object of the project was to compare different
atomizers, the relative temperatures observed satisfy the in-
tended purpose.

In this experiment, the power supply was used in the
standard mode (i.e., no temperature feedback control) at its
maximum heating rate (i.e., “10” on the front panel dial) for
1.5s. This very short heating period was used for two reasons.
First, all of the lead has left the atomizer within that time and,
second, by the time that 2 s has elapsed, the bottom of the
cup reaches a temperature sufficiently high to rapidly destroy
the cup (by sublimation of the graphite). Also the use ofthe

ible heating rate that the spect
t.empemture measured represents the highest aclnevable with
that atomizer and power supply combination.

Several important conclusions can be drawn from an ex-
amination of Figure 3. First, the temporal overlap of the three
atomic absorption transients (i.e., the shapes of the peaks)
while not identical with one another is quite similar. This
means that temperature measurements based on the relative
size of the two nonr line tr ts are valid to use
in describing the temperatures experienced by the ground-
state atoms of interest in conventional GFAAS analytical work.
This is not unexpected because the shapes of these transient
signals should be largely determined by the supply function
(7, or the rate at which the lead is volatilized) and not by the
residence time (7,) of individual atoms within the cup in
atomizers of this design (74). In Massmann furnaces pos-
sessing large and varying (with respect to time) thermal
gradients along the optical axis, the nonresonance line signals
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Figure 4. Absorbance signal transients observed with the rods
clamped across the top of a standard CRA atomizer cup.

of the cup at the maximum possible rate until that part of
the cup reached approximately 2400 K and then held that
temperature constant. Only 250 ng of lead was needed in this
case to get the two nonr lead signal transi (de-
picted with solid lines—the peak at 368.3 nm being the larger)
but the same 2.5 ng of lead was used for the resonance line
signal (dashed line).

Note that in this case, the sizes of the signals per gram of
lead seen at the two nonresonance lines are much larger than
they were in the last figure and also that the ratio of the size
of the peak seen at the 280.2-nm line to that at the 368.3-nm
line has increased. This, of course, reflects the much higher
mean gas phase temperature experienced by the lead within
the optical path—2145 K as compared to the 1445 K observed
with the standard atomizer configuration.

However, the magnitude (area) of the resonance line signal
is only about 90% as large as that observed with the standard
atomizer configuration. This reflects the higher diffusion
coefficients that lead atoms possess at the greater gas tem-
perature present with the second cup-rod configuration.
However, the signal is not attenuated as much as might be
expected by a consideration of the difference in the atomic
diffusion coefficients alone; this indi that the cti
expulsion of volatile analyte atoms by the rapidly expanding

tend to be skewed to the right (i.e., to higher temp es)
with respect to the resonance line responses (15).

Next, the apparent spectroscopic temperature calculated
as explained previously is 1445 K—a couple of hundred de-
grees higher than is the temperature of the graphite at the
same distance from the bottom of the cup at the time that
the maximum signals appear. The reason for this is that the
cross section of the cup is so large that the rapidly expanding
gas does not achieve thermal equilibrium with the walls of
the cup across the entire diameter of the cup. Since, in this
case, the bottom of the cup is at a higher temperature than
is the top, the gas passing upward within the cup is at a
somewhat higher average temperature than are the walls of
the cup at the same level. This has practical relevance in the
design of the cup-type atomizers because it indicates that in
order to achieve the highest possible gas-phase temperatures
within a given region along a tube (i.e., at the optical access
hole), the power should be applied at a point along the tube
that the gas must first pass to reach the critical region.

Figure 4 gives the results of a similar experiment performed
with the same cup-rod combination but with the rods now
clamped across the top, not the bottom, of the cup. The ends

argon gas strongly affects atomic residence times (7,) in (at
least) the first set of experimental conditions.

Experiments performed with cup D in Figure 2 (quite long
with uniform cross sections both inside and out) involving
changing of the position of the rods with respect to the optical
access hole, indicated that the highest possible useful gas-phase
temperatures are achieved with rods clamped so that their
center line was approximately 1 mm below the center of the
hole.

The position of the rods determines the temperature dif-
ferential between the top and the bottom of the cup, both
during the initial rapid heating which occurs when the power
is first applied and after the entire cup reaches thermal
equilibrium (after a few ds). With a suffi ly long
cup clamped at the top, it is possible to achieve a stable
gas-phase temperature in the light path of 3000 °C before the
lead at the bottom starts to volatilize. However, a practical
cup atomizer must be capable of being heated at the bottom
to a sufficiently high temperature to prevent the accumulation
of the less volatile matrix i as the cup
is used for repeated analyses of real les. For the purp
of v.hls prOJect, one of the desired design criteria for the

of the rods were machined to a radius of 2.8 mm instead of
the usual 2.5 mm in order to accurately fit the larger upper
diameter of the cup. The homemade temperature controller
was used with the light collimator of the transducer directed
at the upper lip of the cup. The power supply heated the top

at the point upon which
the sample is mmally plaoed of 2000 K. This temperature
was chosen because it is at least a couple of hundred degrees
higher than the “appearance temperatures” of most of the
elements (e.g., Na, K, Fe, Mg, Cu, Sn, Ca, etc.) that make up
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the bulk of the common sample matrices in which lead is apt
to be determined (2).

There seems to be little to be gained by designing atomizer
cups with two different diameters—inside or out. At first
thought, & cup featuring a small diameter, low “dead gas
volume” sample well at the bottom should give better ana-
lytical sensitivity (cup C, Figure 2). The reason for this is that
the convective effect of the expanding argon gas carrying the
volatilized analyte out of the light path should be lessened.
However, the actual sensitivity experimentally achieved was
not appreciably better than with a cup of uniform cross section
(e-g., cup B, Figure 2). The reason for this is probably a greater
loss of analyte vapor through the walls of the cup due to a
higher incidence of wall impacts. A serious disadvantage of
cups featuring small sample wells is that only tiny sample
aliquots can be dried without forceful ejection of the droplet
by the steam generated (“bumping”).

Cups of extremely small internal diameters (less than 2 mm)
offer slightly greater absolute sensitivities (assuming equal
wall thicknesses and lengths) than do those close to the
standard (3 mm) size. However, the improvement is very
slight and sample capacity drops rapidly as the diameter of
the cups is reduced. The standard internal dimension is a
good compromise.

An external cup diameter of 5 mm (0.20 in.) is convenient
because standard CRA rods fit cups of that size without
modification. Experiments performed with homemade rods
with ends 6.2 mm in diameter (the size of standard spectro-
graphic quality graphite rod stock) did not indicate that bigger
rods are worth the additional trouble that it takes to machine
and install them. Somewhat more current is drawn from the
power supply because the cup-rod contact resistance is lower
with the larger rods. However, the additional heating power
is largely lost through increased thermal conduction down the
rods themselves.

The optical access hole can advantageously be made
somewhat larger than the 2.4 mm diameter hole used in the
standard Varian Techtron CRA cups. A variation in these
hole sizes from 2.0 to 2.8 mm in diameter in a single cup (cup
B, Figure 2) caused no significant change either in gas-phase
temperatures or in the analytical sensitivity achieved with the
atomizer. The larger hole sizes, however, cause less trouble
with vignetting of the light beam by the edge of the hole when
the atomizer expands upon heating—a practical advantage.

The length of the cup should be sufficient to give an ade-
quate temperature differential between the top and the
bottom at the time that the analyte starts to volatilize—but
not longer. Excess length reduces the final temperature
achieved at the bottom of the cup (causmg matrix buildup)
and i the dead vol of the at: ing dilution
of the volatilized analyte and therefore reduced analytical
sensitivity.

Typical results obtainable with a good overall compromise
cup izer design are depicted in Figure 5. The cup used
(cup D, Figure 2) has the following dimensions: 11.0 mm
overall length; 5.02 mm outside diameter; 3.1 mm internal
diarneter (no. 31 drill); 9.91 mm depth; 2.64 mm diameter
optical access hole (no. 37 drill) centered 2.34 mm below the
rim of the cup. A narrow ridge 5.3 mm in diameter and 0.80
mm wide was left at the top of the cup to give a reproducible
rod-cup geometry when the cup is pressed down into place.

The signal responses depicted are those from 100 ng of lead
for the nonresonance lines (solid traces), 2.5 ng for the reso-
nance line (dashed trace), and 5 X 107! g of cadmium (dotted
line). Note that the signals for both lead and cadmium appear
after the top of the cup has hed the temperature
of the power supply (in this instance 2400 K). The spectro-
scopic temperature based on the relative size of the nonre-
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Figure 5. Absorbance signal transients observed with an optimized
CRA cup atomizer.

sonance line lead signals was 2339 K. The temperature of the
inside bottom of the cup as measured by the optical pyrometer
(lower temperature trace) reached the desired 2000 K in ap-
proximately 4 s. In this one measurement the emissivity
setting used with the pyrometer was 1.0 because the geometry
approximated that of a “black body” radiator (which fact
makes the nature of the graphite surface less important in
determining its radiative properties).

The cup atomizer used to generate the signals depicted in
Figure 5 achieved the main goals of this project, i.e., effective
gas-phase temperatures for volatile metals similar to those
observed in an air-acetylene flame while simultaneously
preventing matrix accumulation in the cup. However, the
absolute sensitivity of the atomizer (based on the relative sizes
of the integrated atomic absorbance signals per gram of an-
alyte) is approximately five times worse than can be achieved
with the standard tube atomizer (using matrix-free standards).
In order to combine the relatively high gas-phase temperatures
achievable with the optimized cup design with-the superior
sensitivity of the tube-type atomizer, the “tube-cup” atomizer
depicted as E in Figure 2 was constructed. Its design phi-
losophy was such that when the analyte volatilized from the
cup it would have to pass through a preheated optical path
(the tube) far longer than the internal diameter of the cup
itself in order to escape from the light beam. Of course, this
raises the total fraction of analyte atoms within the light path
at any one time and consequently increases the analytical
response.

Its physical dimensions were as follows: tube length, 13.6
mm; outer tube diameter, 5.08 mm; tube inner diameter, 2.81
mm (no. 34 drill); sample access hole, 1.40 mm (no. 54 drill);
hole for the cup opposite the pipet access hole, 3.66 mm (no.
27 drill); cup length, 7.4 mm; cup inner diameter, 2.81 mm
(no. 34 drill); cup depth, 7.0 mm; outer diameter of cup, 3.66
mm (an interference fit into the hole drilled into the tube).

After the tube-cup atomizer was constructed, it was clamped
into the workhead exactly as a standard CRA tube atomizer
would be. It was heated to 2400 K in a 16:1 argon/propane
sheath gas atmosphere for 6 s. This was repeated a total of
five times. The resulting layer of pyrolytic graphite coated
the entire surface of the atomizer and effectively sealed the
cup to the tube.

Figure 6 shows the results obtained when the same series
of experiments performed with the cup in Figure 5 was re-
peated with the tube-cup atomizer using an identical power
supply setting. The tracings on this figure indicate the same
experiments as in Figure 5 except that the resonance line
signal for lead (dashed line) represents that seen with 1 ng
(not 2.5 ng) of lead. The overall effect of the change in design
is a 5-fold increase in analytical sensitivity while retaining a
high effective gas-phase temperature (2436 K in this case).
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as a function ol the amount of copper chloride added.

In order to assess the practical value of these new atomizer
designs in ameliorating gas phase related matrix problems,
we prepared a series of Cu(II) chloride solutions containing,
0.1, 1, 10, and 100 ug of the salt per 5-uL aliquot. This salt
was chosen for illustrative purposes because its severe de-
pressive effect on lead GFAAS signals is known to be caused
by gas phase reactions between the lead and the chlorine
released when the readily dissociated copper salt is covola-
tilized with the lead (I). Figure 7 shows the integrated signals
per nanogram of lead obtained with four different atomizer
configurations as a function of the amount of copper(II)
chloride added. No “Ashing™ heating stage was used and the
lead standard solution used contained no added acid (which
would have acted as a “Matrix Modifier” during the drying
step). Curve A is that obtained with the standard CRA cup
configuration (rods across the bottom) atomizer with power
supply settings of “8” for 3 s (no temperature feedback con-
trol). The second curve (“B") was generated with a standard
tube configuration CRA used with a power supply setting of
“7” for 4 s. Curve “C” represents the signals obtained with
the top-clamped homemade cup used as described in the
discussion of Figure 5. The last curve (D) shows the results
seen with the “tube—cup” atomizer previously described.

Both the tube—cup izer and the h de cup evince
little matrix effect until the amount of copper chlonde co-
volatilized with the lead 40 ug—appr ly 3
orders of magnitude more than can be accommodated by the
popular standard tube configuration CRA atomizer (I). Even
at the 100-ug concomitant level enough of the lead signal
remains (60-80%) that analyses by the standard addition
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furnace modified so that samples were introduced on a
tungsten wire after the tube itself had achieved thermal
equilibrium. The chlorine-metal bond is considerably stronger
between thallium and chlorine than between chlorine and lead.
This, of course, implies that even higher effective gas-phase
ures are needed to elimi the matrix effect. The
tube-cup atomizer described above gave results similar to
those achieved by Manning et al., i.e., a 50% suppression of
analytical response occurring at a MgCl, concentration of
approximately 0.02%.

To further increase the effective gas-phase temperature
obtainable with the “tube-cup” atomizer, we shortened the
tube portion of the atomizer to 9.5 mm (from 13.6 mm) and
tapered the outer 2 mm of each end to a diameter just slightly
larger than that of the hole itself. These modifications reduced
the mass of the atomizer to 0.225 g (from 0.360 g) and con-
sequently increased the rate of heating achieved with the
power supply used. With this atomizer a stable gas-phase
temperature of 2700 K is readily achieved during the entire
time that thallium is in the optical path. The magnesium
chloride concentration necessary to reduce thallium signals
by 50% was greater than 4% with this atomizer. This con-
centration is much greater than that which the furnace used
by Manning et al. could accommodate even when it was used
at a nominal temperature of 2700 °C (16). The reason for this
“tube-cup” atomizer's superior performance is probably that
it does not have relatively cool tube ends through which the
analyte and covolatilized matrix must pass in order to escape
from the optical path.

Of course in actual analytical practice, an analyst using
either of these atomizers should take advantage of the benefits
to be gained by using any convenient “matrix modification™
and/or “Ashing” sample pretreatment steps known to be
beneficial prior to performing the actual atomization step.
However, what the improved atomizer designs accomplish is
to make those sample preparation steps far less critical.
Therefore, these atomizers reduce the difficulty in getting
reliable analytical values with samples of unknown or
“difficult” composition. An additional power supply modi-
fication incorporating a second temperature sensing transducer
directed at the bottom of the atomizer cup in order to permit
positive control of the temperature during the “Ashing”
heating stage would be very useful for practical analytical
work.

Experiments with all of the atomizer configurations used
indicated that use of the fastest possible heating rate is es-
sential if the desired large temperature differential between
the optical path and the sample deposition point is to be
achieved. This implies that some form of feedback control
of the maximum temperature should be employed to prevent
over-heating of the graphite surrounding the point at which
the rods are clamped. The potential heating rate achievable
with the standard CRA M90 power supply is considerably
greater than that of the CRA 63 used for this project (because
the main power transformer has a rating of 3 kW as opposed
to only 1.5 kW); however, the actual maximum heating rate
(with standard CRA tubes) achieved with the M90 system is
only about half as great as that gotten with the earlier model.
The M90 power supply can be adjusted to permit more rapid
heating ramp rates (see the CRA M90 service manual, adjust
RV 104, to accomphsh this). However, in any case, the

technique are still possible. Similar experiments led that
neither iron(III) nor magnesium chloride salts gave a serious

ure” meter on the front of the power supply will give
only a rough approximation of the actual graphite temperature
the resistances of the unconventional atomizers are

signal perturbation until the latilized ded
40-100 pg.

A study was performed of the effect of magnesium chloride
on thallium signals; this study was similar to that done by

not the same as those of the standard components.

The modified atomizers described in this paper were de-
signed, first, to minimize the serious gas-phase matrix effects

Manning et al. (16) in their evaluation of a M type

ed in the GFAAS determination of volatile analyte
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metals and, d, to be patible with ially
available CRA workheads and power supplies with a minimum
of hard The i volatilization temper-
atures achievable with them are too low for the determination
of refractory analytes so the standard atomizer configurations
must be used for metals less volatile than copper.

The principle followed in the design of these CRA atomizers
is similar to that used by Littlejohn and Ottaway in their paper
deecnbmg a Massmann tube furnace optimized for atomic

lyses (17). P bly then their furnace would
evince lessened gas-phase matrix effects when used for ab-
sorbance measurements and, conversely, the modified CRA
atomizers should be superior to the standard components for
the atomic emission analysis of relatively volatile metals.
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Synthesis of the 38 Tetrachlorodibenzofuran Isomers and
Identification by Capillary Column Gas Chromatography/Mass

Spectrometry

Thomas Mazer,* Fred D. Hlleman, Roy W. Noble, and Joseph J. Brooks

A Research Corp lon, Dayton L Yy, 1515

The 38 positional § of tet dib have
been sy by pyrolysis of specific poly ted bi-
phenyl 9 , ultraviolet photolysis of pentachiorod
b and chiorination of dib by
aromatic substitution. The specificity of these reactions In
combination with caplllary gas phy with

mass spectrometric detection has allowed oac'h of these
Isomers to be identified based on thelr relative elution order.

In recent years the polychlorinated dibenzofurans [PCDFs]
have been the subject of an intense research effort owing to
their structural similarity to the polychlorinated dibenzo-p-
dioxins [PCDDs] (1). Particular attention has been given to
the tetrachlorodibenzofurans [TCDFs] for which there are 38
positional isomers, yet no analytical scheme allowing iden-
tification of specific TCDF isomers has yet been reported. In
this paper we report on the synthesis of the 38 TCDF isomers
by oxidative pyrolysis, under carefully controlled reaction
conditions, of specific PCB congeners (2, 3), ultraviolet [UV]
photolysis of pentachlorodibenzofurans [PenCDF], and
chlorination by electrophilic aromatic substitution of specific
trichlorodibenzofuran [TrCDF] isomers. Characterization of
the TCDF isomers was accomplished by high-resolution gas
chromatography/mass spectrometry and UV photolysis (4).
The final result has been the development of an analytical

llowing for the analysis of 2378-TCDF (notation for
bol Jude the y in full names).
EXPERIMENTAL SECTION

Caution. Persons pting to synthesize these compounds

;l}opui:all'mt familiarize themselves with their safe handling and
is| L

Road, Dayton, Ohio 45418

PCB Congeners. All the PCB congeners used in this study
were obtained from Ultra Scientific, Inc., Hope, RI, with the
exception of 2,2,3,4- and 2,3,3',4’-tetrachlorobiphenyl,
2,2’,3,3’,6-pentachlorobiphenyl, and 2,2’,3,3',4,6’- and
2,2',3,3',5,6"-hexachlorobiphenyl which were received from C. A.
Wachtmeister, Stockholms Universitet, Wallenberglaboratoriet
S-10691 Stockholm, 2,3,4,4"-tetrachlorobiphenyl and 2,3,3',4,5-
pentachlorobiphenyl which were received from J. Pyle, Miami
University, Oxford, OH, and 2,2",3,4",5,6-hexachlorobiphenyl which
was received from M. D. Mullins, EPA, Grosse Ile, MI.

The punty of the PCB congeners was genera]ly greater than
97% g an FID resp or all PCBs. In those
cases where a gwen PCB congener was eonLa.mmnled with another
PCB congener, pyrolysis often yielded small amounts of PCDF
isomers other than those expected. In all cases these were readily
discernible from the desired PCDF isomer.

PCB Pyrolysis. Miniglass ampules 5-6 cm in length were
prepared by sealing the large end of disposable borosilicate glass
pasteur pipets (Model 13-678-20C, Fisher Scientific Co., Cincin-
nati, OH). Ten microliters of a solution of the PCB in hexane
[10 pg/mL) was placed in the ampule and the solvent allowed
to evaporate. The tip of the ampule was then flame sealed and
the ampule placed in a large vial along with a cold junction
referenced chromel-alumel thermocouple which was connected
to a digital voltmeter to allow
The ampule and thermocouple were placed into a muffle furnace
[Type 1500, Thermolyne Corp., Dubuque. 1A] opern!ed at 600
°C. When the perature of the d 550 °C, py-
rolysis was allowed to continue for an addluonal 5s. The ampule
was removed from the furnace and allowed to cool to ambient
temperature at which time it was opened and the contents
thoroughly rinsed out with 1 mL of hexane.

In some cases d PCBs were d by subjecting the
pyrolysate to chromatographic separation on a minicolumn of
Woelm Basic Alumina (ICN Pharmaceuticals, Cleveland, OH)
by eluting the PCBs with 10 mL of 2% methylene chloride in
hexane, and then eluting the retained PCDFs with 15 mL of 50%

0003-2700/83/0355-0104801.50/0 © 1982 American Chemical Society
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Table I. Synthesis Routes for the 38 TCDFs
primary PCB secondary PCB PCDF PCDF confirmed
TCDF congener congener dechlorinated chlorinated by photolysis
1234 23456,% 2345¢ 22'346
1236 22'346 12367
1237 2344'¢ 22'344'6 12367 123
1238 12348 238,123,128 yes
1239 22'346 123
1246 22'33'6 22'356 124
1247 22'34'56¢ 124
1248 22'355'6%.4 124, 128 yes®
1249 22'356 124
1267 2334’ 22'33'46" 12367
1268 22'33'56" 12468
1269 22'3'5° 22'33'6, 22'33'66’
1278 233'4' 23469 238, 128 yes®
1279 22'34' a.¢ 22'34' €
1289 22'33' 22'33'6, 22'33'66"
1346 22'346 13467
1347 22'344'6 22'44'6 13467
1348 22'455 22'45'6
1349 22'466' 22'346
1367 23'44" 22'44'6, 23'44'6 13467, 12367
1368 23'45'6¢ 22'45'6
1369 22'4'56 22'466', 22'45'6
1378 22'44'5'6¢ 23'44', 23'44'6
1379 22'44'¢ 22'44'6
1467 23'4'5 22'33'46" 13467, 23469
1468 23'55' ¢ 22'33'56" 23469 yes?
1469 22'55'¢ 22'33'66’
1478 23’4’5 22'455' 23469
2346 22'33'45 233'45
2347 22'344'5¢
2348 22'3455'¢ 22'455', 233'45 238
2349 22'3456'9
2367 33"44" 12367
2368 22'455’ 23468 238 yes®
2378 22'44'55' @ 33'44" yes
2467 d 23468 yes?
2468 d 23468 yes®
3467 22'33'44'¢ 3344’ 13467

¢ Represents those cases in which a single TCDF isomer was formed from the pyrolyses.
received from D. Firestone and checked against our own syntheses.

sources. Pyrolyses of both gave identical products.

¥ These TCDFs were also
€ These are identical PCB congeners from different

@ The relative retention times of these isomers were identical with the

same isomer synthesized by the palladium acetate cyclization of the appropriate diphenyl ethers (6, 7).

methylene chloride in hexane. In many instances PCDF isomers
were separated from one another by using the HPLC techniques
described below.

Reversed-Phase High-Performance Liquid Chromatog-
raphy (RP-HPLC). Separation of isomers was carried out with
a 25 cm X 4.6 mm pBondapak C,g column (Waters Associates,
Inc., Milford, MA) with 75% acetonitrile/25% water as the eluent
at a flow rate of 0.75 mL/min. Altex Model 110 pumps (Beckman
Instruments, Inc., Fullerton, CA) were used with a Valco Model
CV-6-UHPA-NG60 injector (Valco Instruments Co., H TX).

isothermal, 8 °C/min to 250 °C, isothermal at 250 °C for the
duration of the run time; hydrogen carrier gas at 15 psi yielding
a linear flow velocity of 40 cm/s. For the SE-54 column the
conditions were as follows: 200 °C, 1 min isothermal, 10 °C/min
to 275 °C, isothermal at 275 °C for the duration of the run time;
helium carrier gas at 7 psi yielding a linear flow velocity of 38.5
cm/s. All samples were introduced via splitless injection with

the injector at 275 °C using tetradecane as the solvent.
Mass fragmentograms were obtained by monitoring ions
istic of each class of PCDF possible in a synthesis ex-

Fractions were collected on a Gilson FC-80 fraction collector
(Gilson Medical Electronics, Middleton, WI) with sample detection
being carried out with a Beckman Model 100-10 UV spectro-
photometer operated at 235 nm.

Normal-Phase (NH,) High-Performance Liquid Chro-
matography (NH,-HPLC). The normal-phase HPLC system
used was the same as that described for reverse-phase HPLC with
the exception that a 25 cm X 4.6 mm Zorbax NH, column [Du
Pont, Analytical Instrument Division, Wilmington, DE] was used
with hexane as the eluent at a flow rate of 1.5 mL/min.

Gas Chromatography/Mass Spectrometry (GC/MS)
Analyses. GC/MS analyses were performed with a Hewlett-
Packard 5985B quadrupole GC/MS system operated in the
electron impact ionization mode. capillary columns that were used
included a 60 m X 0.25 mm i.d. glass coated with SP-2330 (Supelco,
Bellefonte, PA) and a 30 m X 0.25 mm i.d. fused silica coated with
SE-54 (J & W Scientific, Rancho Cordova, CA). The capillary
columns were directly coupled to the ion source via a 45 cm X
0.20 mm i.d. length of fused silica coated with SE-30. Column
conditions for the SP-2330 column were as follows: 200 °C, 1 min

periment. This included the molecular ions for the dichloro- and
trichlorodibenzofurans, the molecular ions as well as the highly
characteristic COCI loss for the tetra- and pentachlorinated di-
benzofurans. In addition, ions characteristic of polychlorinated
diphenyl ethers were also monitored to ensure that these com-
pounds did not interfere in the analyses. An internal standard,
['CL)2378-TCDF (KOR Isotopes, Cambridge, MA) was coinjected
with each sample, requiring that m/z 312 also be monitored during
each run.

Spectral Sample Isolation. In certain cases it was necessary
to obtain significant amounts of PCDFs (10-50 ug) for further
chlorination or photolysis studies. These PCDFs were obtained
by the RP-HPLC separation of a mixture of PCDFs formed by
the extensive chlorination of dibenzofuran (5). In many instances
the RP-HPLC fractions were further processed by NH,-HPLC
to isolate a single PCDF isomer. The identity of this isomer was
then determined by its GC characteristics on the two capillary
columns used in these analyses.

Chlorination. Chlorination of the PCDFs was accomplished
by placing a solution of 200 uL of CCL containing the PCDF to



108 » ANALYTICAL CHEMISTRY, VOL. 55, NO. 1, JANUARY 1983

Table II. Cross Correlation Chart of PCB Congeners and TCDF Isomers Generated

CB_Congener

71

22'33'
22'34°
22'3'S
22'44"
22'4's
22'55"'
2344
233'4"
23'44"
23'4'S
23'55"
33'44"
22'33'6
22'356
22'44'6
22'455"
22'45'6
22'466"

TCDF

233'45
23'44'6
23'45'6
22'33'44
22'33'45
22'33'46
22'33'56
22'33'66
22'344'5
22'344'6
22'3455"
22'3456"
22'34'56
22'355'6
22'44'55
22'44'5'4§
22'44.:66

® |2345

1234

®| e (22'346

® 123456

1236

1237 d

1238 !

1239 H .

1246 i | ele

1247

1248 A ! ! Il
1249 N 1 RE o

1267 9

1268 |

1269 . | d

N S I
.

1278 L4 ! |

1279 o

1289 | ot 1]

134¢€ ‘e |

1347 | °

1348 ! | i .

1349 i | ‘e

1367 ol ot

1368

1369 L4

1378 . I

1379 hd | .

1467 .

1568 .

1469 3

1478 . .

2346

2347

2348 [

2349

2367 hd

2368 A4

2378 °

2467

2468

3467 *

be chlorinated (usually 10-50 ug) in a 4-mL vial equipped with
a Teflon-lined cap (1 dram, Fisher Scientific Co., Cincinnati, OH),
adding 5-8 drops of antimony pentachloride, SbCl; (Matheson,
Coleman & Bell, Cinci i, OH), and allowing this mixture to
stand for 5 min with occasional swirling. An additional 750 uL
of CCl, was added to the vial and shaken for 30 s and the reaction
then quenched by the addition of 2 mL of 0.1 N HCL. Upon
sepnration of the layers, the acid layer was removed and the
remaining organic phase washed twice with 2-mL portions of
water. The organic layer was then dried by adding 2 g of Na,SO,
and shaking thoroughly. The dried organic layer was transferred
to a clean vial and the remaining Na,SO, rinsed with 2 mL of
methylene chloride in 1-mL portions. The solvent was allowed
to evaporate and the product was taken up in a solvent suitable
for the desired analysis.

strument Co., Model 51438, Ann Arbor, MI) at a distance of 2.0
cm. Typical irradiation times were 3-4 h for dechlorination of
PenCDFs and 1-2 h for dechlorination of TCDFs.

RESULTS AND DISCUSSION

PCB Pyrolyses and Confirmation. Table I presents a
list of the 38 TCDFs and their routes of synthesis. For each
TCDF, Table I lists the primary PCB congener used in the
pyrolysis to form the TCDF. As more than one product could
be formed in these pyrolyses, see Figure 1, we have also py-
rolyzed other PCB cong dary PCB ) to
confirm the structure assignment based on the primary py-
rolysis. A footnote (a) indicates those PCB congeners which
when pyrolyzed, yielded only a single TCDF as defined by the
hanisms outlined by Buser and Rappe (2) (see Figure 1).

Dechlorination. Ultraviolet (UV) ph icd
was carried out by placing a solution of the PCDF isomer (about
50 ug) in hexane into a quartz cuvette having a 10-mm path length
and irradiating with a 253.7-nm UV light source (Gelman In-

ion

A pyrolysis was considered to be valid only if all expected
products were identified (including all possible PCDFs). In
many cases pyrolysis of a PCB congener yielded a mixture
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Table III.

Cross Correlation Chart of TrCDF Isomers vs. TCDF Isomers

TrCDF
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o~ o o
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| - -] -
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ol |lo|la|wl e~
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o
-
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< | v
L Bl
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237
238
239
246
247
248
249
346
347
348
349

1234

1236

1237

1238

1239

1246

1247

1248

1249

2346

2347

2548

2349

1346 i : |

1347

1348

1349

1267 o e

1268 o L

1269 o o

1278 oo

1279 e [ ole

1289 Sle

1367 oo |

1368 . .

1369 | ° K °

1378 ol

379 o| |o

1467 " lele

1468

1469 [

1478 °

2367

2368

2378

2467

2468

3467

of TCDFs. In order to identify a given TCDF, it was necessary
to perform a pyrolysis of another PCB congener that would
yield the desired TCDF among others. An assignment of the
particular TCDF was made based on the match of the chro-
matographic retention characteristics of the various pyroly-
sates (as shown in Figure 2). As an example of this process,
consider the pyrolysis of 3,3',4,4’-tetrachlorobiphenyl yielding
3467-, 2378-, and 2367-TCDF. By examination of Table I and
Figure 2 it is seen that 2378-TCDF is the only TCDF formed
from the pyrolysis of 2,2',4,4’,5,5"-hexachlorobiphenyl and
3467-TCDF is the only TCDF formed from the pyrolysis of

2,2,3,3',4,4"-hexachlorobiphenyl. Therefore the remaining
TCDF must be 2367-TCDF. This identification was subse-
quently confirmed by the dechlorination of 12367-PenCDF
to form 2367-TCDF in a mixture with 1236-, 1237-, 1267-, and
1367-TCDF.

It was found to be i a cross 1
chart (Table II) which lists the PCB congeners on one axis
and the possible TCDF isomers formed by pyrolysis of these
PCB congeners on the other axis. This chart shows the
possible PCB congeners used in this study which may be
pyrolyzed to yield a given TCDF or, conversely, which TCDF
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Table IV.

Cross Correlation Chart of PenCDF Isomers vs. TCDF Isomers

PenCDF

o

12346

12347

12348

12467

12468

12469
12478
12479
12367
12368
12369
12378
1237

TCDF

o

1238

12489
13467
13468
13469
13478
13479
13489
23467
23468
23469
23478
23479
12678

® 112349

1234

1236

1237

1238

1239

1246

1247 oo

1248 . o |eof

1249 .o

2346

2347

2348

2349

1346

1347

1348

1349

1267

1268

1269

1278

1279

1289

1367

1368

1369

1378

1379

1467

1468

1469

1478

2367

2368

2378

2467

2468

2467 |

(or TCDF mixtures) would be formed from the pyrolysis of
a given PCB congener.

Unless the primary PCB pyrolysis yielded a single TCDF
isomer, it wes necessary to prepare a confirming TCDF isomer.
If the PCB congener required for a second pyrolysis was not
available, either chlorination of an appropriate TrCDF or
photolytic dechlorination of an appropriate PenCDF was used
to give the needed TCDF. Cross correlation charts were
prepared illustrating the TCDFs which may be formed from
chlorinating a given TrCDF (Table III) and also a cross chart

showing the TCDFs which may be formed from dechlorinating
a given PenCDF (Table IV). In Table III all the TrCDFs
are listed on one axis and all the TCDFs are listed on the other
axis. This chart may be used both for determining all the
TCDFs that may result from the chlorination of a given
TrCDF isomer and conversely for determining all the possible
TrCDFs that may form by the UV photolysis of a given TCDF.
The same principle is applicable for Table IV which gives
TCDFs vs. PenCDFs. Obviously the tri- and pentachloro-
dibenzofurans used in the chlorination and dechlorination
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Figure 1. The four reaction routes from which PCOFs are produced
from the pyrolysis of PCB congeners.
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Figure 2. The GC/MS analysis of the TCOFs formed from the pyrolysis
of varlous PCB congeners (SP-2330 capillary column).

Table V. Synthesis Routes for the TrCDF Isomers
Used in This Study
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Table VI. Synthesis Routes for the PenCDF Isomers
Used in This Study
PenCDF  primary PCB secondary PCB
isomer congener congener
12367 22'33'44'¢ 22'344'6;22'33'44'6
12348 22'3455'6¢ 233'45; 22'3455'
23469 22'3456' 22'3455'
13467 22'3455’ 22'344'5'
23468 22'3455'
23467 233'44'5 22'344'5

¢ Represents those cases in which a single PenCDF
isomer was formed from the pyrolysis.

Table VII. Relative Retention Times (RRT) for the 38
TCDFs Listed in Order of Increasing RRT on Both
SP-2330 and SE-54 Capillary Columns

RRT® RRT®

TCDF  (SP-2330)  TCDF (SE-54)

1368 0.550 1368 0.846

1378 0.620 1468 0.870

1379 0.620 2468 0.882

1347 0.630 1347 0.895

1468 0.640 1247 0.897

1247 0.647 1367 0.900

1367 0.652 1378 0.900

1348 0.666 1346 0.902

1346 0.687 1246 0.903

1248 0.690 1348 0.909

1246 0.707 1379 0.909

1268 0.707 1248 0.915

1237 0713 1268 0.925

1478 0.717 1478 0.929

1369 0.720 1467 0.935

2349 0.754 1237 0.943

1234 0.758 1369 0.944

2468 0.763 2368 0.947

1238 0.763 2467 0.961

1467 0.769 1238 0.962

1236 0.772 1469 0.963

1349 0.800 2349 0.966

1278 0.807 1234 0.968

1267 0.847 1278 0.979

1279 0.850 1267 0.991

1469 0.861 1349 0.991

1249 0.867 1249 1.000 ,Au{
1268 0.867 2368 1.000 px¥S g,
2467 0.919 1279 1.002 )
2347 0.963 2346 1.004 TR
1239 0.965 2347 1.004 2.3
1269 0.998 2348 1.004

2378 1.000 2367 1.026

2348 1.011 3467 1.037

2346 1.035 1269 1.038

2367 1.050 1239 1.051

3467 1.135 1236 1.051

1289 1.210 1289 1.103

@ All RRT based on [*’Cl,]2378-TCDF which by
definition = 1.000.

primary secondary
TrCDF PCB PCB
isomer g g dechlorination
123 234¢ 22'346
124 2356¢ 22'356
128 22 3'5 1278
128 22455 23'4'5

9 Represents those cases in which a single Tr*CDF
isomer was formed from the pyrolysis.

reactions, respectively, also had to be of confirmed validity.
Table V lists the TrCDFs which were chlorinated in this study
and their routes of synthesis and confirmation. Again those
PCB congeners which when pyrolyzed gave a single TrCDF
isomer are footnoted. The 128-TrCDF was confirmed by the
photolytic dechlorination of 1278-TCDF. Table VI gives the

same information for the PenCDFs used in the synthesis of
TCDFs. It should be reemphasized that when chlorination
or dechlorination was performed as a synthetic route, it was
necessary to isolate the starting PCDF from any other PCDFs.
Upon chlorination for example, TrCDFs and TCDFs can be
formed from dichlorodibenzofurans created during the py-
rolysis of the original PCB congener, thus licating the
analysis. Isolation of the PCDF in these cases ‘was effected
by HPLC fraction collection as discussed earlier with the
purity of the collected fraction being confirmed by GC/MS
analysis.

GC Ch: ics. The GC ion ch istics are
listed for both the Sp-2330 and the SE-54 columns in Table
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VIL. These are relative retention times calculated relative
to [¥7C1,]2378-TCDF which is assigned a value of 1.000. Of
the two columns, the SP-2330 is clearly supenor for the res-
lution of these i ; h th serve as very
useful tools and, when used together. provide the primary
means of performing 2378-TCDF isomer specific analyses.
There are one or more TCDF isomers coeluting with 2378-
TCDF on both columns; however, due to the differences in
the respective liquid phases, the coeluting isomers are re-
solvable on the alternate column. On SE-54, 2378-TCDF
coelutes with seven other isomers using a retention time
window of 1.000 = 0.01. On SP-2330 only 1269-TCDF elutes
with 2378-TCDF. TCDF analyses were normally conducted
on the SE-54 column first due to its ease of handling and
higher temperature limit allowing a broader range of PCDFs
to be analyzed. If a TCDF was found within the retention
time window of 2378-TCDF, then any peaks eluting at relative
retention time = 1.035 % 0.01 were also quantitated since this
window contains the 2367-, 3467-, and 1269-TCDFs. The
analysis was repeated on SP-2330 and the peaks eluting in
the 2378-TCDF window are quantitated. The now completely
resolved 2367- and 3467-TCDFs were quantitated, and that
sum was subtracted from the sum of 2367-, 3467-, and 1269-
TCDFs on SE-54. This difference is the amount of 1269-
TCDF present in the sample. This in turn is subtracted from
the quantified peak in the 2378-TCDF window of SP-2330,
the difference being the amount of 2378-TCDF present in the
sample. As a further confirmatory step, a TCDF whose
ldenmy is in quesuon may be isolated and subjected to UV
d elsewhere (4). The correct TrCDFs
shou]d then be formed as shown in Table IV and thus this
technique serves as a valuable tool in TCDF isomer identi-
fication.
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83704-46-5; 12346-PenCDF, 83704-47-6; 12347-PenCDF, 83704-
48-7; 12349-PenCDF, 83704-49-8; 12467-PenCDF, 83704-50-1;
12468-PenCDF, 69698-57-3; 12469-PenCDF, 70648-24-7; 12478-
PenCDF, 58802-15-6; 12479-PenCDF, 71998-74-8; 12368-PenCDF,
83704-51-2; 12369-PenCDF, 83704-52-3; 12378-PenCDF, 57117-
41-6; 12379-PenCDF, 83704-53-4; 12389-PenCDF, 83704-54-5;
12489-PenCDF, 70648-23-6; 13468-PenCDF, 83704-55-6; 13469-
PenCDF, 70648-15-6; 13478-PenCDF, 58802-16-7; 13479-PenCDF,
70648-20-3; 13489-PenCDF, 70872-82-1; 23478-PenCDF, 57117-
31-4; 23479-PenCDF, 70648-21-4; 12678-PenCDF, £9433-00-7;
2,2/,3,3"-tetrachlorobiphenyl, 38444-93-8; 2,2’,3,4’-tetrachlorobi-
phenyl, 36559-22-5; 2,2',3’,5-tetrachlorobiphenyl, 41464-39-5;
2,2',4,4’-tetrachlorobiphenyl, 2437-79-8; 2,2’,4",5-tetrachlorcbi-
phenyl, 41464-40-8; 2,2',5,5'-tetrachlorobiphenyl, 35693-99-3;
2,3,4,4-tetrachlorobiphenyl, 33025-41-1; 2,3,3',4’-tetrachlorobi-
phenyl, 41464-43-1; 2,3,4,5-tetrachlorobiphenyl, 33284-53-6;
2,3',4,4’-tetrachlorobiphenyl, 32598-10-0; 2,3’,4",5-tetrachlorobi-
phenyl, 32598-11-1; 2,3',5,5"-tetrachlorobiphenyl, 41464-42-0;
3,3",4,4"-tetrachlorobiphenyl, 32598-13-3; 2,2",3,3’,6-pentachloro-
biphenyl, 52663-60-2; 2,2’,3,5,6-pentachlorobiphenyl, 73575-56-1;
2,2,3,4,6-pentachlorobiphenyl, 55215-17-3; 2,2',4,4’,6-penta-
chlorobiphenyl, 39485-83-1; 2,2’,4,5,5"-pentachlorobiphenyl,
37680-73-2; 2,2’,4,5’,6-pentachlorobiphenyl, 60145-21-3;
2,2',4,6,6’-pentachlorobiphenyl, 56558-16-8; 2,3,4,5,6-penta-
chlorobiphenyl, 18259-05-7; 2,3,3',4,5-pentachlorobiphenyl,
70424-69-0; 2,3’,4,4”,6-pentachlorobiphenyl, 56558-17-9;
2,3',4,5',6-pentachlorobiphenyl, 56558-18-0; 2,2",3,3’,4,4"-hexa-
chlorobiphenyl, 38380-07-3; 2,2’,3,3’,4,5-hexachlorobiphenyl,
55215-18-4; 2,2',3,3’,4,6’-hexachlorobiphenyl, 38380-05-1;
2,2',3,3',5,6-hexachlorobiphenyl, 52744-13-5; 2,2",3,3’,6,6"-hexa-
chlorobiphenyl, 38411-22-2; 2,2",3 4,4’,5-hexachlorobiphenyl,
35694-06-5; 2,2",3,4,4",6-hexachlorobiphenyl, 56030-56-9;
2,2',3,4,5,5-hexachlorobiphenyl, 52712-04-6; 2,2’,3,4,5,6"-hexa-
chlorobiphenyl, 68194-15-0; 2,2’,3,4",5,6-hexachlorobiphenyl,
68194-13-8; 2,2/,3,5,5",6-hexachlorobiphenyl, 52663-63-5;
2,2',4,4',5,5-hexachlorobiphenyl, 35065-27-1; 2,2’,4,4",5,6-hexa-
chlorobiphenyl, 60145-22-4; 2,2’,4,4",6,6"-hexachlorobiphenyl,
33979-03-2; 2,2',3,4,5,5",6-heptachlorobiphenyl, 52712-05-7;
2,2',3,3',4,4’,6-heptachlorodiphenyl, 52663-71-5; 2,2',3,4,4’,5'-
hexachlorobiphenyl, 35065-28-2; 2,3,3’,4,4’,5-hexachlorobiphenyl,
38380-08-4; 2,3,4-trichlorobiphenyl, 55702-46-0; 2,3,5,6-tetra-
chlorobiphenyl, 33284-54-7.

LITERATURE CITED

(1) Rappe, C. In “ yls, Di-
benzodioxins and Related Products™; Klmbfoum, R. D., Ed.; Elsevier/
North Holland Biomedical Press: Now York, 1980; pp 48-68.

(2) Buser, H. R.; Rappe, C. Chemosphere 1879, 3, 157-174.

(3) Buser, H. R.; Bosshardt, H. 1978, 71, 109-119.

(4) Mazer, T.; Hileman, F. D. Chemosphere 1982, 7, 651-661.

(5) Hicks, O., Monsanto Co., St. Louis, MO, personal communication,
1981.

(6) Gara, A.; Andersson, K.; Nilsson, C. A.; Norstrum, A. Chemosphere
1981, 4 385-390

(7) Rappe, C. University of Umed, S-80187 Umed, Sweden, personal
communication, 198

RECEIVED for review July 2, 1982. Accepted October 20, 1982.



Anal, Chem. 1883, 55, 111-115 11

Selective Concentration of Aromatic Bases from Water with a

Resin Adsorbent

Harold A. Stuber and Jerry A. Leenheer*®

U.S. Geological Survey, P.O. Box 25046, Mail Stop 407, Denver Federal Center, Denver, Colorado 80225

bases are

ated from water on columns of
a resin and d by aq id elution.
The degree of ation on the ratio
of the capacity factor (k) of the neutral lorm of the amine to
that of the ionized form. Capacity factors of lonic forms of
amines on XAD-8 resin (a methylacrylic ester polymer) are
greater than zero, ranging from 20 to 250 times lower than
those of their neutral forms; they Increase with Increasing
hydrophobicity of the amine. Thus, desorption by acid Is an
elution (k during desorption >0) rather than a displacement
(k during desorption = 0) p The degree of

tration attalnable on XAD-8 resin varies with the hydropho-
bicity of the amine, belng limited for hydrophillic solutes (for
example, pyridine) by small neutral-form k’s, reaching a

{ for amines of Intermediate hydrophobicity (for ex-
ample, quinoline), and decreasing for more hydrophoblc 80-
lutes (for p ridine) b of thelr large lonic-form

k’'s.

Two challenges in the analysis of organic solutes in natural
waters and wastewaters are (1) the need to concentrate organic
species without losses and (2) the need to separate complex
mixtures into homogenous fractions. The use of column-ad-
sorption methods to concentrate organic solutes from water
has increased, because these methods are adaptable for pro-
cessing large volumes of water and because they can eliminate
the need for an evaporation step. To fractionate the con-
centrated organic solutes into homogenous groups, it usually
is necessary to perform an additional chromatographic sep-
aration or an acid/base/neutral solvent extraction. New,
column-based approaches that directly yield concentrated,
homogenous fractions of organic-compound classes in a single
operation would be valuable for both analytical and bioassay
studies. This paper presents the results of a study of an
approach to the “selective concentration” from water of one
important class of organic compounds, the aromatic bases.

Aromatic bases, many of which are mutagens (1), occur in
coal liquids (2), shale oil (3), and recent lake (4) and marine
(5) sediments. Base fractions of both municipal (6) and
synthetic fuels (7) wastewaters have been shown to contain
the largest proportion of mutagens in these waters. We have
studied the selective concentration of organic bases from water
by adsorption on columns of hydrophobic adsorbents, followed
by elution with aqueous acid; this concentration results in both
enrichment and isolation from neutral and acidic organic
solutes and salts. The technique has been used to isolate pure,
aromatic-amine fractions from oil-shale wastewaters (8), while
the analogous approach for organic acids (desorption with
aqueous base) has been used for isolation of humic and fulvic
acids from natural surface waters (9) and seawater (10) and
for concentration of fatty acids (11). Leenheer (12) has de-
veloped methods, based on resin-adsorbent columns and
aqueous reagents, to fractionate organic solutes in water into
hydrophilic and hydrophobic acids, bases, and neutrals.

For the optimum degree of concentration with chromato-
graphic columns, the adsorptive capacity of the sorbent needs
to be maximum during the collection phase and minimum
during desorption. Displacement desorption (where the ca-
pacity factor, k, of the solute in the eluting solvent is zero)
produces the greatest degree of concentration (13). The
concentration factor attainable for a solute by liquid chro-
matography (LC) will be equal to the ratio of the solute’s
capacity factor during adsorption (k,), to its capacity factor
during desorption (ky), in the absence of band spreading (14).
Therefore, to optimize the selective concentration of aromatic
bases using a resin-adsorbent column, conditions need to
maximize the k of the neutral species and minimize the k of
the ionic form.

This study was performed to develop a compound-class
fractionation sequence using aqueous eluting reagents such
that organic carbon determinations can be used to monitor
the fractionation. The use of organic solvents in fractionation
sequences generally obviates or limits the use of organic carbon
determinations. The fractionation procedures developed in
this report have been applied to the analyses of organic solutes
in oil shale retort water (15). The various advantages, dis-
advantages, and selectivities of a resin-adsorption, aqueous-
elution organic-solute fractionation scheme vs. organic-solvent
extraction or solvent elution fractionation schemes are dis-
cussed in a number of previous studies (8, 12, 15). The specific
purposes of this study were (1) to assess the potential and
limitations of the aqueous-elution, selective-concentration
approach for isolating aromatic bases from water and (2) to
identify the factors that control the concentration process,
and, therefore, that are important in designing and optimizing
selective concentrations on adsorbent resins.

EXPERIMENTAL SECTION

Variation of Capacity Factors of Aromatic Amines with
pH.  Preparation of Solutions: Soluuons of pyndlne. 2-
methylpyridine, )it 2-methylqui
2,4,6-trimethylpyridine, and acridine were prepared by directly
dissolving weighed quantities of the amines in water to obtain
10.0 mg/L of the first six amines listed and 1.0 mg/L of acridine.
K;3PO, (Baker, Reagent) was added (from a 1.0 M stock solution)
s0 the final solution would be 0.010 M in K3PO,. This solution
was titrated with 1.0 N HCI to attain the desired pH. The volume
of HCI added was recorded and the concentration of CI” in the
2-L solution was calculated. Solid NaCl was then added to yield
a 0.050 M solution with respect to Cl.

Preparation of Resin: Amberlite XAD-8 resin was obtained
as 20-50 mesh beads from Rohm and Haas and cleaned for 24
h with four successive washes of 0.1 N NaOH, which removes a
large volume of base-soluble organic carbon. The resin was se-
quentially Soxhlet-extracted with acetonitrile, diethyl ether, and
methanol. The resin was ground in a mortar and pestle and
wet-seived with distilled water and stainless-steel seives to obtain
particles in the 250-500-um range. The beads obtained this way
were packed in a glass column and rinsed with 50 bed volumes
of distilled water to remove methanol. Clean resin was stored
in water.

Columns and Conditions: Glenco 3500 glass columns, 0.6 X
15.0 cm, were packed by pouring an aqueous slurry of 250-500

This article not subject to U.S. Copyright. Published 1982 by the American Chemical Society
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um XAD-8 and rinsed with 100 mL of 0.1 N NaOH, distilled water,
100 mL 0.1 N HC], and, ﬁnally, 100 mL of distilled water.
ions were p d into the col at a flow rate of 1.0

mL/min using a Fluld Metering Inc., Model RP-SY pump and
all Teflon connecting tubing, and frachon collection was done
automatically. These experiments were | conducted at room tem-
perature, 20-22 °C. Veid vol were d y
the breakthrough of 0.10 N NaCl using a Wescan Model 212
conductivity detector attached directly to the bottom fitting of
the column.

Analynu of Fractions: Amines were determmed by HPLC

h-| liquid ct

. A25cm X 4 mmid.
Altex Ultrasphere Octyl (5-um) column waa used with a mobile
phase of 70% CH30H, 30% 0.05 N sodium phosphate buffer, pH
7. A flow rate of 1.0 mL/min was used and detection was by UV
absorption at 250 nm, 0.1 AUFS (absorbance units full-scale).
Quantitation of the amines was by peak height comparison with
standards.

Sorption Isotherms of Aromatic Base Cations. Stock so-
lutions of acridine and 5,6-b line were prepared by
dissolving the solid reagent in 0.1 N HCI, followed by filtration
through Gelman type AE glass-fiber filters and dilution with 0.1
N HCl to yield solutions with concentrations of 1000 mg/L. These
were diluted with 0.1 N HCl to yield solutions with concentrations
ranging from 1.0 to 800 mg/L. Aliquots (20.0 mL) of each of these
solutions were added to pairs of 50-mL flasks, so that each flask

ined the initial ration of each amine. Approximately
3 g of suction-filtered, moist XAD-8 resin was weighed into each
of the flasks; then they were stoppered and mechanically shaken
for 72 h at 21 °C.

After 72 h, the solution in each flask was decanted, and the
beads were transferred to Al weighing dishes. The beads were
dried overnight at 80 °C and weighed. The UV absorption of
acridine solutions was measured at 255.5 nm using a Cary 114
UV spectrophotometer.

‘The UV absorption of 5,6-benzoquinoline solutions was mea-
sured at 227 nm. Equilibrium concentration of acridine and
5,6-benzoquinoline were determined from calibration curves ob-
tained for each solute in 0.1 N HCL The initial concentration
of the solute (C)), the final concentration of the solute (C), and
the mass of the beads were used to calculate the distribution
coefficient (D).

Capacity Factors on Other Adsorbents. Capacity factors
at pH 10.5 and 1.7 were measured exactly as on XAD-8 resin, that
is, 0.6 X 15 cm columns, flow rate of 1.0 mL/min, and 10.0 mg/L
concentrations (except acridine, 1.0 mg/L). Amberlite XAD-2
resin was obtained from Mallinckrodt, Inc., as 20-50-mesh ma-
croporous beads, that were sequentially Soxhlet extracted with
acetonitrile, diethyl ether, and methanol. The beads were ground
and sieved to obtain particles in the 250-500-um bead range.
Carbopack B is a graphmzed carbon ndmrbent sold for gas

Ico, Inc., and was obtained as 250-330-um
particles. Enzacryl K-1 gel (coarse) was obtained from Aldrich
Chemncal Co on—Gel P 2 8 copolymer of acrylamide and N,-
ined as 50100 mesh beads
(160-3(X)-um wet diameter) from Bm—Rad Laboratories. Cellulose
N-1, a nonionic cellulose gel, also was obtained from Bio-Rad
Laboratories. Duolite A-7 resin was obtained from Diamond
Shamrock, Inc., and ground and sieved to 250-500 um to obtain
beads in the 250-500-um (wet diameter) range. The resin was
Soxhlet-extracted in methanol.

Selective Concentration of Aromatic Bases on XAD-8
Resin. One-liter samples with concentrations of 10.0 mg/L were
pumped through 0.6 X 15 cm columns of 100-250-um XAD-8 resin
at a flow rate of 1.0 mL/min (except acridine and 1-amino-
anthracene, 1.0 mg/L). The columns were then luted

T T

T =T

J—aoouinoune

CAPACITY FACTOR (k)
8

g

Figure 1. Capacity factors (k) of quinoli
on XAD-8 resin as function of pH.

and 24,6 yipy

on a resin adsorbent (XAD-8) is discussed, the variation of
k with pH being fund tal to the ration process.
Second, a variety of adsorbents are evaluated for their suit-
ability for the concentration of aromatic bases. Third, the
concentrations of a series of bases are determined on XAD-8
resin using conditions chosen on the basis of the preceding
results. The variation in the attainable degree of concentration
with the hydrophobicity of the amine is described, as are the
origins of the limitations to this approach for very hydrophilic
and very hydrophobic solutes. Finally, an approach is pres-
ented that yields improved degrees of concentration for very
hydrophobic solutes by using a chargeable adsorbent.

Variation of Capacity Factors of Aromatic Bases on
a Resin Adsorbent with pH. It is known that hydrophobic
effects are responsible for the adsorption of uncharged organic
solutes from water onto hydrophobic adsorbents (16-18). In
accordance with this known fact, the capacity factors of or-
ganic solutes on XAD-8 resin and other resin adsorbents have
been closely correlated with their aqueous solubilities (18).
It should be expected that the adsorptive capacity of XAD-8
resin for the uncharged forms of aromatic amines will increase
with increasing hydrophobicity of the amine.

Aq , frontal-chr graphic-breakthrough curves of
six aromatic bases on XAD-8 resin at six pH values from 1.7
to 10.5 were used to determine capacity factors, using the
volume of half break-through of each base. The observed
variations in k with pH are illustrated in Figure 1. For the

with 0.1 N HCl at a flow rate of 0.4 mL/min. chtmns of 1 0
mL were collected (10 mL for acridine and for 1

and analyzed by HPLC. Desorption curves were constructed; the
maximum concentration factor was determined as the ratio of
the concentration in the most enriched fraction to the initial
concentration.

RESULTS AND DISCUSSION

Results of this study are presented in the following order:
First, the effect of pH on the adsorption of aromatic bases

inder of this discussion, neutral-form capacity factors will
be defined as k, and ionic-form capacity factors as k.

It is apparent from the data in Figure 1 that ionization
greatly decreases the capacity factors of amines on XAD-8
resin: therefore, it should be possible to concentrate these bases
on XAD-8 resin by adsorption at pH 8-10 and elution at pH
1-4. The most important result is that capacity factors do
not become zero at low pH but have values that increase with
increasing hydrophobicity of the amine. It is notable that &,
of the amines increases in exactly the same order as k; of the



Table I. Capacity Factors of Acridine at
Acid pH on XAD-8 Resin
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ration d d

g greatly with decreasing
concentration, and perhaps approachmg ko at minimal con-
centrations, the selective-concentration approach would not

. capacity be valid for samples containing trace concentrations of con-
solution pH factor (k) stituents. If mutual charge repulsion were an important factor
0.001 'l:l HCl 3.0 166 in the small k, values for amine cations on XAD-8 resin at
3"(;':9;‘ 116l gg 12(5) 10.0 mg/L, then k, at 200 pg/L might be much larger, and
buffers 17 66 the degree of concentration attainable much less. Adsorption
0.10 N HCl 1.0 21 isotherms of acridine and 5,6-benzoquinoline (on XAD-8 resin
1.0 N HCl 0 17 in 0.1 N HCI) were found to be nearly linear at concentrations

@ Buffer described in “Experimental Section’.

amines, indicating that hydrophobic effects also control ad-
sorption of the ionic species. The finite k,’s mean that de-
sorption of amines from XAD-8 resin using aqueous acid will
not be a displacement process (k; = 0) but rather an elution
process (k, > 0). This is an important consideration i in de-
signing and optimizing a selective

ranging from 200 ug/L to 10 mg/L, indicating nearly constant
distribution coefficients over this concentration range. These
results are evidence that the selective-concentration approach
will be valid for les cc trace rations of
constituents, with acceptance of some risk of extrapolation
and the need to verify individual procedures. Previously
published sorption isotherms of organic cations on resin ad-
sorbents (21, 22) were obtained at very large equilibrium

rations

ration pr
The large k, of the more hydrophobic bases (for example,
acridine, k, = 17; 5,6-benzoquinoline, k, = 37) means that a
large volume of aqueous acid may be required to effectively
recover very hydrophobic solutes from a resin column, and
this will limit the efficiency of the concentration.

It is advantageous to create conditions that minimize k,

rations, and their nonlinearity at larger

may be the result of mutual charge repulsion at the resin
surfaces.

A Survey of Adsorbents for Selective Concentration

of Aromatic Amines. Six adsorbents were evaluated for their

potential for selective concentration of aromatic bases by

during desorption in a column-concentration process to the
most minimal value. Equations predicting the variation of
k with pH for ionizable solutes on hydrophobic adsorbents
have been presented by Horvath (19) and Pietrzyk (20). These
equations predict k at any selected pH, using k values for the
fully charged and uncharged forms of the molecule and the
molecules’ pK,. The observed variation of k with pH for six
amines on XAD-8 resin (Figure 1) agrees with the predictions
of the equations of Horvath and Pietrzyk, except at pH values
less than 2.6. At pH values less than 2.6, k, values decrease
much more rapidly than the equations can predict. The
discrepancy is large and its cause is not certain, but one ex-
planation might be that the resin itself becomes protonated
at low pH, repelling amine cations in a type of charge exclu-
sion. Although it was not expected, a substantial decrease
in k, for amines is observed when pH is decreased from 2.0
to 1.0. The decrease in k, for acridine from pH 3.0 to pH 0
is shown in Table I. These results were used to select 0.1 N
HCI as a suitable eluting reagent for further work on resin
adsorbents in this study. HCI concentrations greater than 0.1
N did not produce large decreases in capacity factors.

A suitable pH for adsorption of most unsubstituted N-
heterocycles and primary aromatic amines can be as low as
8.0, with little further gain achieved, after the pH is 2 units
more than the pK, of the base.

An important question about the validity of the selective-
concentration approach concerns the nature of organic-ion
adsorption on hydrophobic sorbents: If the capacity factor
(and distribution coefficient) of an organic ion is significantly

ing k, and k, of amines on these adsorbents under
identical conditions. Results are shown in Table II. Of the
adsorbents evaluated here, only the XAD-8 and XAD-2 resins
show large enough ratios of kq and &, to have potential for
selective concentration of lower molecular weight N-hetero-
cycles. For the quinolines and 2,4,6-trimethylpyridine, the
ratios of kg to k; under these conditions are in the range of
50:1 to 75:1 on both XAD-8 and XAD-2 resins. The other
pyridines have larger ratios of kg to k, on XAD-2 resin than
on XAD-8 resin, and under identical conditions, the XAD-2
resin yields greater concentration factors for pyridine than
the XAD-8 resin (8). The greater k, of acridine and more
hydrophobic solutes on XAD-2 resin result in less selective
concentration of very hydrophobic solutes than on the XAD-8
resin (8). A surprising result is the very small ratio of k4 to
k, on Carbopack B, a graphitized carbon adsorbent. These
small ratios are not because of anomalous k's, that are similar
on a per unit surface area basis to those on XAD-2 and XAD-8
resins; these ratios are small because of the anomalously large
ky’s of protonated amines. The ratios of kg to k, on Carbopack
B range from 2.1:1 to 5.6:1 in contrast to a typical value of
60:1 on XAD-8 and XAD-2 resins. The graphitized carbon
is, therefore, not an effective adsorbent for selective concen-
tration of aromatic amma. A possnb!e explanauon of the large
k values of pr ic amines is that a charge-
transfer mteractlon occurs between the electron-poor heter-
ocyclic cation and the electron-rich graphite surface. A parallel
orientation of the rings would allow good =-orbital overlap.
Although XAD-2 resin also has aromatic rings, they are iso-
lated and do not form an extended = system, so XAD-2 resin

Table II. Capacity Factors of Aromatic Amines on Six Adsorbents at pH 1.7 and 10.5
Enzacryl Biogel Cellulose
XAD-2 resin Carbopack-B XAD-8 K-1 P-2 N-1
pH pH pH pH pH pH pH pH pH pH pH pH
aromatic amine 1.7 10.5 1.7 10.5 1.7 10.5 LT 10.5 1.7 10.5 1.7 10.5
pyridine 0.7 87 5.3 30 0.9 15 0.0 1 0 1 0 1
2-methylpyridine 1.0 103 20 103 1.2 36 0.0 1 0 1 0 1
quinoline 18.2 615 163 336 4.7 305 0.2 2.3 0 2.4 0 1.3
2-methylquinoline 13.6 645 163 345 5.1 335 0.2 2.6 0 2.5 0 1.3
isoquinoline 18.2 1390 340 810 7.2 495 0.2 30 0 25 0 1.3
2,4,6-trimethyl- 8.2 500 84 200 2.4 170 0.2 1 0 0
pyridine
acridine 275 >3000 340 >1000 66 >900 0.5 16 o 70 0 37
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of front- and back-elution of acridine on 20-50
meshXAD-amsh(ao X Osemcolurms)uslngo 1 NHCI Acrldlne
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concentrations of 1.0 mg/L.

might have a much lesser charge-transfer forming capacity.

The more hydrophilic adsorbents (Enzacryl K-1, Biogel P-2,
and Cellulose N-1) were evall d in the anticipation that they
would be useful for selective concentrations of very hydro-
phobic amines. Their adsorptive capacities for amines at pH
10.5 are too minimal, even for acridine, to be considered useful,
although a maximum concentration factor of 28:1 was ob-
tainable on a 1.0 mg/L acridine solution using a column of
Enzacryl K-1.

Because bonded-silica HPLC packings are not very stable
to alkaline and acid, and because the chromatographic re-
sponse of amines on these adsorbents at acid pH shows that
significant, direct interactions with underivatized silica occurs,
these packings were not evaluated for selective concentration.

Reverse Elution To Decrease Band Spreading. The
advantage of reverse elution i in the selectlve concentration of
acridine on a col that ex band di
is shown in Figure 2. Two | lO-Laampleswerepassedt.hmugh
identical columns of 20-50 mesh XAD-8 resin. One column
was eluted with 0.1 N HCl in the forward direction; the other
column was reverse eluted with the same reagent.

A significantly retained solute will accumulate in a narrow
band at the top of the column during the collection process.
If the column is then eluted in the same (forward) direction,
the solute must pass through the entire column to be re-
covered This can result in significant band spreading (de-

1g the ion factor), ially when k&, is large.
However if the column is eluted in the oposite (reverse) di-
rection, the solute is recovered directly from the saturated part
of the column, with little decrease in concentration because
of band spreading. Reverse elution is important for solutes
that saturated a large part of the column length during ad-
sorption. In all of the following work, reverse elution was used
to obtain the optimum degree of concentration.

Concentration Factors Attainable as a Function of
Amine Hydrophobicity. To evaluate the degree of con-
centrations attainable on XAD-8 resin, solutions of amines
(at concentrations of 10.0 mg/L) were passed through 0.6 X
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Figure 3. N factors for atic bases
on 250-500-zm XAD-8 resin (A) and 100-250-um XAD-8 resin (®),
under Identical conditions. Solutions of 1.0 L with concentrations of
10.0 mg/L were concentrated at 0.6 X 15 cm columns.

15 cm columns, after which the columns were reverse-eluted
with 0.1 N HCL. Recovery of the amines was followed by
collecting and analyzing fractions of the 0.1 N HCl effluent,
yielding a desorption curve. Desorption bands were observed
to be narrow for solutes with small ionic k’s and broad for
solutes with large ionic k's. Therefore, the volume of con-
centrate that needs to be collected varies with the hydro-
phobicity of the amine. This is a problem for experimental
design and for choosing a standard procedure for measuring
the final concentration obtained for an amine. One approach
would be to pool fractions that contained, for example, 90%
of the recovered solute and measure the final concentration
in this volume. A more convenient measure of the degree of
concentration is the concentration factor obtained at the peak
of the desorption curve. This approach was used to obtain
the data in Figure 3.

The data in Figure 3 show the maximum concentration
factor obtained for seven amines on columns of XAD-8 resin.
The concentration factors are small for the most hydrophilic
solutes (pyridine and 2-methylpyridine), increase to a max-
imum for compounds of intermediate hydrophobicity (quin-
olines), and then decrease for the most hydrophilic solutes
(acridine and 1-aminoanthracene). The greater concentration
factors achieved using smaller resin beads are a predictable
result of increased column efficiency. The attainable degree
of concentration varies in a regular manner with the nature
of the amine. The limitation of the method for the most
hydrophilic solutes results from their limited sorptive tendency
as neutral species. Only a fraction of the pyridine in the 1.0-L
samples was retained on the resin; although this was recovered
in a small volume, a small concentration factor results. The
limitation for the most hydrophilic solutes results from their
large ionic-capacity factors. Thus, 1-amincanthracene was
entirely retained on the resin but desorbed in a very broad
band; only a 4-fold concentration is achieved on the 250—
500-um particle-size resin.

The maximum concentration factor for a solute on an
XAD-8 resin is correlated with the solute’s ratio of kg to k,,

ed indi dently. This relationship is true for pyri-
dines and quinolines; however, the ratio of kq to k, could not
be calculated for acridine and 1-aminoanthracene, b
most of their concentrations are retained at pH 10.5 for a
practical measurement of kq by frontal chromatography. A
maximum ratio of kg to k, at intermediate hydrophobicities
probably corresponds to the maximum in the observed con-




Table III. Capacity Factors of Aromatic Amines on a
Weak-Base, Anion-Exchange Resin (Duolite A-7)

Duolite A-7

k, k,
aromatic amine (pPH10.5) (pH1.7)

pyridine 3.5 >1
2-methylpyridine 8.1 >1
quinoline 63 >1
2-methylquinoline 63 >1
isoquinoline 99 >1
2,4,6-trimethylpyridine 19.5 >1
acridine >550 ~1

centration factors, but additional data are needed to verify
this hypothesis.

Results of the concentration of amines on XAD-2 resin and
a 10-um styrene-divinylbenzene adsorbent have shown that
an optimum in the concentration factor occurs at solutes of
lesser hydrophobicity than on XAD-8 resin. The amine hy-
drophobicity that yields the g degree of
is different for different adsorbents; the more hydrophilic the
adsorbent, the more hydrophobic the amine will be that is
optimally concentrated.

Concentration of Very Hydrophobic Amines with a
Chargeable Adsorbent. For an effective concentration of
an amine that is as hydrophoblc as acndme, Duolite A-7

k-b h resin was eval . The t
involved i lS that the charge the resin acquires at low pH can
repel the amine cations, resulting in small k,’s and large
concentration factors for larger amines. Table III shows kq
and k, values of amines on Duolite A-7 resin, a secondary-
amine functional group, phenolformaldehyde polymer. Be-
cause kj values are exceedingly small, this resin should be quite
effective for higher molecular-weight amines. In fact, when
identical 2.0-L samples of South Platte River water spiked
with 10 ug/L of acridine were concentrated on columns of
XAD-8 resin and Duolite A-7 resin, the maximum concen-
tration factor for acridine was 80 on XAD-8 resin but 540 on
Duolite A-7 (8). The Duolite A-7 resin appears far more
effective for acridine than XAD-8 resin, although XAD-8 resin
was clearly more effective for pyridines and quinolines. Our
experience with this approach has been that, whereas Duolite
A-T resin is more effective than XAD-8 resin for concentrating
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hydmphoblc species, it is not as selective as XAD-8 resin. For

the rate obtained from the spiked river water
using Duolite A-7 resin contained much colored “humic”
material, while the concentrate obtained using XAD-8 resin
contained only acridine by HPLC nnalyms Selecuvlty is
minimal with a weak-base, ani resin, b the
capacity factors of many solutes change when the resin be-
comes charged by an acid, while on XAD-8 resin, only basic
solutes are desorbed by acid elution. The use of a chargeable
adsorbent to repel ions of like charge should be applicable to
selective ration of species too hydrophobic for con-
centration on neutral adsorbents.

Registry No Amberlite XAD-8, 11104-40-8; pyndme. 110-86-1
2-methyl 109-06-8; quinoline, 91-22-5; 2-

91-63- 4 2,4,6-trimethylpyridine, 108-75-8; acridine, 260-94-6;
xsoqumolme, 119-65-3; H,0, 7732-18-5.
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Comparison of Priority Pollutant Response Factors for Triple
and Single Quadrupole Mass Spectrometers

A. D. Sauter® and L. D. Betowski

us. F Agency, i g

J. M. Ballard

L )g and Services C

y-four pe of the electron impact GC/MS response
factors (RF) determined on a triple quadrupole mass spec-
trometer for 53 exiractable priority pollutants were found to
be within £15% of values d in an Independent in-
terlab y single g pole GC/MS study. Furthermore,
the RF values were shown to be Independent of whether
quadrupole Q1 or quadrupole Q3 was d. The precisk
of RF determinations for 53 extractable priority pollutants
(mean relative standard deviation 11.9% ) was found to be
similar to that previously published for routine GC/MS mul-
lanalyte RF o

Response factors are constants utilized in the internal
standard quantitative analysis of organic compounds by
electron impact GC/MS in environmental analysis (). For
comparable injected weights, the response factor of an analyte
is simply a ratio of the ion current “area” of analyte and
internal standard at their respective quantitation m/z values.
A series of multianalyte, multilevel response factor precision
determinations can be considered as a measure of the relative
sensitivity and stability of a given instrument and, hence, its
quantitative capabilities. Additionally, response factor de-
terminations encode the entire laboratory standardization
procedure from standard preparation to data transcription.
Therefore, response factor monitoring is an important
mechanism in establishing and maintaining control of mul-
tilaboratory programs which routinely employ GC/MS for the
qualitative and quantitative analysis of organic compounds.

In an attempt to standardize the GC/MS determination
of priority pollutants, the “Quality Control Protocol for the
Fused Silica Capillary Column GC/MS Determination of
Semivolatile Priority Pollutants™ was written (2). Observance
of this protocol has been shown to yield similar response
factors for ext ble priority poll on single quadrupole
mass spectrometers in a recent interlaboratory study (3). An
intralaboratory study which compared response factors on
single quadrupole mass spectrometers of different design has
shown that in many cases response factors were instrument
independ 4). R factor monitoring has been
adopted as a quality control procedure in national U.S. EPA
programs that utilize GC/MS for routine priority pollutant
analysis (5).

A model to predict response factors has recently been
proposed (5). Predicted and observed response factors were
in general agreement even without consideration of ion

bund tune diffe For 41 of the extractable priority
pollutants (excluding all nitrogen-containing analytes) a mean
predicted/observed response factor ratio of 1.02 + 0.27 was
reported (5) when tested using the interlaboratory data cited
previously (3). While the discussion of the proposed model
is beyond the scope of this paper, the establishment of a set
of true response factors is of interest for at least two reasons.

L y, Las Vegas, Nevada 89114

, Inc., P.O. Box 15027, Las Vegas, Nevada 89114

Firstly, the ability to predict response factors would effectively
establish accuracy criteria in programs that utilize GC/MS.
Secondly, a scheme to predict response factors would be useful
in providing a formal procedure to give quantitative results
for organic compounds identified in complex mixtures by
GC/MS for which standards are not readily available.

Concurrently, analytical applications of triple quadrupole
mass spectrometry (TQMS) are becoming commonplace. The
potential of TQMS for the direct analysis of mixtures with
minimal sample preparation and without chromatographic
separations has been shown (6). Others have indicated that
TQMS mixture analysis can often benefit from prior chro-
matographic separations (7). Obviously, direct mixture
analysis by TQMS affords significant logistical advantages
over TQMS methods which employ chromatographic sepa-
rations and is therefore preferred. Nevertheless, we anticipate
that chromatographic TQMS configurations will be useful in
minimizing sample matrix effects and in providing ancillary
quantitative data to confirm assignments made by TQMS
mixture screening schemes.

Because of our interest in standardizing and predicting
GC/MS response factors, and as we are also evaluating the
potential of TQMS for characterizing hazardous materials,
it was of interest to compare response factors acquired on a
TQMS system with response factors previously determined
in an interlaboratory GC/MS study.

EXPERIMENTAL SECTION

Standards. The analytical standards of extractable priority
pollutants were prepared by Radian Corp. under U.S. EPA
Contract No. 68-03-2765 and have been described elsewhere (8).
For this work a standard was prepared consisting of acid,
base/neutral, and pesticide priority pollutants in methylene
chloride at a nominal concentration of 150 ng uL"! per analyte.
This standard was diluted to give two additional standards
containing 100 and 25 ng uL.™! per analyte. The internal standards,
phenol-2,4,6-d;, naphthalene-dg, phenanthrene-d,, chrysene-d,,,
and benzo[a]pyrene-d,, were added to each standard prior to
dilution to give nominal concentrations/internal standard of 20,
20, 26, 40, and 40 ng/uL, respectively, in each of the three com-
posite standards. The ion calibrant (decafluorotri-
phenyl)phosphine (DFTPP) was purchased from P.C.R. Inc.,
Gainesville, FL.

Instrumentation. The GC/TQMS data were acquired on a
Finnigan triple stage quadrupole mass spectrometer (TSQ)
equipped with 4500 series ion source and a continuous dynode
electron multiplier with the col ion dynode maintained at -3.0
kV. Gas chromatography was performed on a fused silica capillary
column (30 m X 0.24 mm i.d., 0.25 um thick SE-54 phase; J. and
W. Scientific Inc., Rancho Cordova, CA) coupled directly to the
ion source. A Finnigan 9610 gas chromatograph with Grob-type
split/splitless injector under data system control was used to
provide splitless injections. After 30 s the split and sweep valves
were opened. The carrier gas was helium at a column head
pressure of 26 psig. The split and septum sweep flow rates were
35 and 10 mL min}, respectively, and carrier gas linear velocity
was 60 cm s! at 30 °C. Initial column temperature was held at

0003-2700/83/0355-0116$01.50/0 © 1982 American Chemical Society
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Table I. Mean Response Factor Comparison of GC/TQMS to Interlaboratory GC/MS Values

GC/ GC/

IS¢ TQMS® MS¢

N-nitrosodimethylamine d3 0.43 0.42
bis(2-chloroethyl) ether d3 0.87 1.01
2-chlorophenol d3 0.72 0.79
phenol d3 1.02 1.10
1,3-dichlorobenzene d3 0.64 0.72
1,4-dichlorobenzene d3 0.77 0.90
1,2-dichlorobenzene d3 0.62 0.75
bis( 2-chloroisopropyl) ether d3 0.19 0.22
hexachloroethane d3 0.37 0.35
N-nitrosodi-n-propylamine d8 0.08 0.05
nitrobenzene d8 0.18 0.19
isophorone d8 0.76 0.84
2-nitrophenol ds 0.21 0.22
2,4-dimethylphenol ds 0.35 0.32
bis(2-chloroethoxy)methane ds 0.44 0.51
2,4-dichlorophenol d8 0.29 0.30
1,2,4-trichlorobenzene ds 0.30 0.32
naphthalene ds 1.13 1.08
hexachlorobutadiene d8 0.13 0.13
4-chloro-m-cresol d8 0.28 0.26
hexachlorocyclopentadiene d8 0.15 0.15
2,4,6-trichlorophenol d8 0.19 0.19
2-chloronaphthalene d8 0.65 0.63
acenaphthylene d8 0.42 0.72
dimethyl phthalate d8 0.59 0.62
2,6-dinitrotoluene d8 0.15 0.15

GC/ GC/

I8¢ TQMS® Ms¢

acenaphthene d10 0.94 0.81
2,4-dinitrophenol d10 0.11 0.07
2,4-dinitrotoluene d10 0.30 0.23
4-nitrophenol d10 0.17 0.10
fluorene d1o 1.15 0.96
4-chlorophenyl phenyl ether d10 0.53 0.47
diethyl phthalate d10 0.85 0.91
4,6-dinitro-o-cresol d1o 0.13 0.10
N-nitrosodiphenylamine d1o 0.65 0.58
4-bromophenyl phenyl ether d10 0.25 0.24
hexachlorobenzene d1o 0.27 0.24
pentachlorophenol d10 0.14 0.13
phenanthrene d10 1.32 1.16
anthracene d10 1.21 1.15
dibutyl phthalate d10 1.29 1.28
fluoranthene d10 1.05 1.07
pyrene d10 1.13 1.08
benzidine d12 0.81 0.24
butyl benzyl phthalate d12 0.70 0.84
benz[a]anthracene d12 1.17 1.11
chrysene d12 1.03 1.02
3,3'-dichlorobenzidine di2 0.40 0.28
bis(2-ethylhexyl) phthalate d12 0.73 0.88
di-n-octyl phthalate d12 1.00 1.34
benzo[a]pyrene d12B 1.06 1.00
dibenz[a,h Janthracene d12B 0.56 0.58
benzo(g,h,i]perylene d12B 0.59 0.64

¢ The internal standards employed for response factor calculation were phenol-2,4,6-d, (d3), naphthalene-d, (d8),
phenanthrene-d,, (d10), chrysene-d,, (d12), and benzo[a]pyrene-d,, (d12B). b RF values determined in triplicate at 25,

100, and 150 ng/uL using TQMS (Q3 scanned).
quadrupole MS device.

¢ RF values determined in interlaboratory GC/MS study using single

30 °C for 4 min and then raised at 10 °C min™! and maintained
at 270 °C until all components had eluted. Total GC run time
was ca. 38 min.

The conditions for electron impact ionization mass spectrometry
were as follows: electron energy, 70 eV; emission current, 0.40
mA; source temperature, 90 °C. For the RF determinations, two
adjacent quadrupoles (Q1 and Q2; Q2 and Q3) were operated in
the all-pass (radio-frequency-only) mode while the third quad-
rupole (Q3 or Q1, respectively) repetitively scanned the range m/z
40-475in 0.95 s. The instrument was tuned to meet DFTPP ion
abundance criteria (9).

Data System. Data acquisition was performed under control
of Finnigan MAT TSQ Rev. B software with a Data General
NOVA-4 minicomputer and a Control Data Corp. cartridge
module disk drive. Computer generated areas were used for
quantitation of analytes and internal standards. Subsequent
calculations for RF, mean RF, and relative standard deviation
were performed via calculators.

Qualitative identification of analytes was accomplished by
reference to published relative retention times and library
(EPA/NIH Mass Spectral Data Base) matches via resident
software together with manual interpretation and verification.

RESULTS AND DISCUSSION

In early work with triple quadrupole mass spectrometers,
it was reported that large ion signal losses can occur in systems
with aperture separated, independently driven rod systems
(10). The highest ion transmission was reported for closely
spaced rod systems where the radio frequency component of
each rod set was synchronized in frequency and phase. It has
recently been reported that theoretical and experimental data
indicate that “properly designed” instruments provide high
ion transmission (17). However, the same study has indicated
that for instruments where ions leave and reenter the quad-
rupole field through restrictive apertures, ion transmission
can be reduced.

Relative ion transmission is encoded in multianalyte,
multilevel r factors. R factor precision de-
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Figure 1. Distribution of response factor ratios, TQMS (Q-3 scan)/
Interlaboratory GC/MS, does not include benzidine (3.38).

terminations provide information about instrument stability
and performance. However, as these factors are relative
measures, fund tal ion tr: ission characteristics are
largely obscured. Nevertheless, response factor determinations
acquired under rapid source introduction and scanning modes
provide useful experimental insight into the quantitative
properties of TQMS.

Table I shows the response factors for 53 acid and base/
neutral extractable priority pollutants determined by GC/
TQMS (Q3 scanned) and RF values previously determined
in an interlaboratory GC/MS study (3). Figure 1 shows the
distribution of TQMS/GCMS response factor ratios. Sev-
enty-four percent of the RF values determined on the TQMS
were within £15% of the mean RF values determined in the
interlaboratory single quadrupole GC/MS study. The RF
value for benzidine differed greatly from the interlaboratory
GC/MS value. As this analyte had the second highest in-
terlaboratory GC/MS RF RSD (47.0%), the RF value for this
compound was imprecisely determined in the GC/MS work.
We were not surprised at this discrepancy because we have
previously encountered and discussed GC/MS analysis
problems with this analyte (1, 3). Also, because other analyte,
internal standard pairs had similar RF values for comparable
mass ranges, the difference in GC/MS and GC/TQMS RF
values for benzidine was thought to be of nonspectroscopic
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Table II. Response Factor, Relative Standard Deviation Values Determined on Q3 Scanned TQMS®

% RSD

N-nitrosodimethylamine 19.56
bis(2-chloroethyl) ether
2-chlorophenol

phenol

1,3-dichlorobenzene
1,4-dichlorobenzene
1,2-dichlorobenzene

bis( 2-chloroisopropyl) ether
hexachloroethane
N-nitrosodi-n-propylamine
niirobenzene

isophorone

2-nitrophenol

2,4-dimethyl phenol
bis(2-chloroethoxy)methane
2,4-dichlorophenol
1,2,4-trichlorobenzene
naphthalene
hexachlorobutadiene
4-chloro-m-cresol
hexachlorocyclopentadiene
2,4,6-trichlorophenol
2-chloronaphthalene
acenaphthylene

dimethyl phthalate
2,6-dinitrotoluene

- —

e

R
£9°0069, Ov,00 FH OISO O ©:01 O+ 00/ 00D, (B-bIHD

O WO BE OO0 O =]

-

=

% RSD

acenaphthene
2,4-dinitrophenol
2,4-dinitrotoluene
4-nitrophenol

fluorene

4-chlorophenyl phenyl ether
diethyl phthalate
4,6-dinitro-o-cresol
N-nitrosodiphenylamine
4-bromophenyl phenyl ether
hexachlorobenzene
pentachlorophenol
phenanthrene

anthracene

dibutyl phthalate
fluoranthene

pyrene

benzidine

butyl benzyl phthalate
benz[ajanthracene
chrysene
3,3’-dichlorobenzidine
bis(2-ethylhexyl) phthalate
di-n-octyl phthalate
benzo[a]pyrene

dibenz[a,h Janthracene
benzolg,h,i]perylene
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@ N = 9, triplicate determinations at 25, 100, and 150 ng over a 3-day acquisition period.

origin. Despite this anomaly these data indicate that RF
values acquired within the criteria of the QC protocol are not
greatly affected by the additional ion optics of the TQMS.
Interlaboratory and intralaboratory comparisons of this type
are complicated by the higher average variance of the former
data set. For analytes of equal variance, instrumental sen-
sitivity differences can cause RF values to be formally non-
equivalent. For example, the RF values determined for bis-
(2-chloroethyl) ether by GC/MS and GC/TQMS were 1.01
=+ 0.10 and 0.87 * 0.08, respectively. At the 95% confidence
level these mean values are statistically nonequivalent, and
an argument could be made that chromatographic and/or
spect pic sensitivity dif were observed. The fact
that the mean RF values for this compound are not greatly
different indicates that the relative sensitivity differences were
not large. The observation that the difference in mean values
is often not large can be seen by inspection of Table I. It
should be noted that these RF values were calculated with
reference internal standards which had been selected to
minimize the relative retention time and the quantitation mass
difference between analyte and internal standard. Therefore,
many of the compounds with small quantitation mass dif-
ferences would quite likely be poor indicators of relative
sensitivity differences between single and triple quadrupole
mass spectrometers. However, reviewing selected analytes
from Table I with relatively wide differences in quantitation
mass between analyte and internal standard, e.g., the di-
chlorobenzenes (m/z 146 vs. phenol-2,4,6-d3, m/z 97), hexa-
chlorobutadiene (m/z 225 vs. naphthalene-dg, m/z 136), and
hexachlorobenzene (m/z 284 vs. phenanthrene-d,o, m/z 188),
it can be seen that no major relative sensitivity differences
were observed which could not be accounted for by ion
abundance tune differences. Also, because the TQMS-gen-
erated RF values were acquired in triplicate at 25, 100, and
150 ng uL™! per analyte and the RF determinations for these
analytes at multiple levels were precise (i.e., 6.2, 11.4, 9.1, 12.6,
and 10.1 percent relative standard deviation), significant
sensitivity differences were not observed over the mass and
injected weight range of these experiments. In fact, the in-
tegrated ion currents for these analytes were of similar

magnitude to those obtained in routine GC/MS analysis using
similar detection apparatus. This observation suggested that
significantly lower quantities of these analytes could have been
readily detected and quantified. Because the objective was
to compare the TQMS data to data acquired in a previous
interlaboratory GC/MS study, lower analyte concentrations
were not examined.

The fractional ion abundance (the ratio of the quantitation
m/z “area” to the total ion “area”) of the quantitation m/z
value is an indicator of mass dependent relative sensitivity
differences. The fractional ion abundance of the quantitation
mass of hexachlorobenzene (m/z 284) was determined for each
acquisition of the GC/MS data (three acquisitions in each of
four laboratories) and found to be 14.6 & 1.3%. For the nine
RF acquisitions with the TQMS (Q3 scanned), the fractional
ion abundance of m/z 284 of hexachlorobenzene was found
to be similar, i.e., 13.4 £ 1.1%; the fragmentation pattern did
not show any mass dependent spectral skewing. TQMS-
generated electron impact mass spectra were found to be
similar to spectra acquired on a single quadrupole mass
spectrometer when both were tuned to meet DFTPP ion
abundance criteria.

GC/TQMS Precision. To examine the stability of the
TQMS, we calculated the relative standard deviation of the
response factors in the nine Q3-scanned acquisitions taken
over a 3-day period. These data are presented in Table II for
53 extractable priority pollutants. The average relative
standard deviation, 11.9%, is similar to the multiday RF
determination precision (mean RSD 11.4%) previously pub-
lished for similar GC/MS determinations (I). This precision
level approaches the short-term consecutive injection precision,
RSD 7.0%, considered acceptable in GC/MS instrument
evaluation tests (12). It is noteworthy that the combination
of rapid (1.0 s, 40-475 amu) scanning and sample introduction
(via FSCC) and the additional ion optics of the TQMS do not
appear to affect the RF values. Furthermore, as the relative
standard deviation for many of the analytes studied was low,
the stability of the TQMS in practice was found to be ex-
cellent. On the basis of these results, the utilization of the
TQMS for routine multianalyte quantitative and qualitative
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Figure 2. Distribution of response factor ratios, TQMS (Q3-scan)/TQMS
(Q1-scan), does not include dibenz[a ,h ]anthracene (2.07).

FSCC GC/MS determinations of organic compounds, if re-
quired, is viable.

Q1-Scanned GC/TQMS Response Factors. In those
instruments with interquadrupole lenses the ion beam leaves
and reenters the quadrupole field and is therefore susceptible
to fringe field effects (10, 11). Hunt et al. (13) have reported
decreased negative ion sensitivity at m/z 614 when Q1 rather
than Q3 was scanned on an instrument of this type and at-
tributed this result to fringe field effects. Dawson has also
indicated that the highest absolute sensitivity of a triple
quadrupole mass spectrometer is obtained when Q3 is scanned,
with Q1 and Q2 in the radio-frequency-only mode (14). To
determine if RF values were dependent on which quadrupole
was scanned, we acquired the RF values for priority pollutants
as before except that Q1 was scanned with Q2 and Q3 in the
all-pass radio-frequency-only mode. Many values determined
in this acquisition mode were in close agreement with Q3
values. For 48 of the extractable priority pollutants (excluding
4-nitrophenol, 2,4-dinitrophenol, 4,6-dinitro-o-cresol, benzi-
dine, and 3,3’-dichlorobenzidine, analytes with high interla-
boratory GC/MS RF relative standard deviations) the Q3/Q1
mean RF ratio was 1.02 with a relative standard deviation of
17.2% (Figure 2). Within the mass and injected weight ranges
and ion abundance tune of this study, the relative sensitivities
of analyte and internal standard are independent of which
quadrupole (Q1 or Q3) is scanned. These observations are
t.hought to arise because the multiple internal standards tend
to minimize spectroscopic and chromatographic sensitivity
differences between analyte and internal standard. While
fundamental ion tr istics are obscured by
this approach, the practical observation that TQMS response
factors and response factor precision are similar to routine
GC/MS determinations is valuable. These data indicate that
multianalyte, multilevel quantitative TQMS determinations
in mixture analysis should be comparable to quantitative
GC/MS data.

Since the RF values determined with the ’I‘QMS are shown
to be in 1 agr t with values d ined with single
quadrupole mstruments it is apparent that the predictive

p factor sch (5) is applicable to the TQMS.
Therefore, for analytes whlch can , be introduced via FSCC,
the ability to provide ¢ ive estimates for analytes whose
structure has been determined via collision activated disso-
ciation techniques is anticipated. Such results are of con-
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siderable potential in the qualitative and quantitative de-

convolution of complex mixtures by triple quadrupole mass

spectrometry. We further expect that with a LC/TQMS QC

protocol of similar design, the predictive scheme should be

applicable to organic analyws which are not amenable to
lysis by gas chr tography.

Registry No. N-Nitrosodimethylamine, 62-75-9; bis(2-
chloroethyl) ether, 111-44-4; 2-chlorophenol, 95-57-8; phenol,
108-95-2; 1,3-dichlorobenzene, 541-73-1; 1,4-dichlorobenzene,
106-46-7; 12-d1chlombenzene 95-50-1; bis(2-chloroisopropyl) ether,
39638-32-9; hexachloroethane, 67-72-1; N-nitrosodi- n-propylamme,
621-64-7; nitrob 98-95-3; isoph 78-59-1; 2-nitroph
88-75-5; 2,4-dimethylphenol, 105-67-9; bis(2-chloroethoxy)methane,
111-91-1; 2,4-dichlorophenol, 120-83-2; 1,2,4-trichlorobenzene,
120-82-1; naphthalene, 91-20-3 hexachlombutadlene, 87-68-3;
4-chloro 1, 59-50-7; h 77-47-4;
2,4,6- tnchlorophenol 88-06-2; 2-chloronnphthalene 91-58-7;
acenaphthylene, 208-96-8; dlmethyl phthalate, 131-11-3; 2,6-di-
nitrotol 606-20-2; hthene, 83-32-9; 2,4-dinitrophenol,
51-28-5; 2,4-dinitrotoluene, 121-14-2; 4-nitrophenol, 100-02-7;
fluorene, 86-73-7; 4-chlorophenyl phenyl ether, 7005-72-3; dlelhyl
phthala'.e 84-66-2; 4,6-dinitro-o-cresol, 534-52-1; N-nitrosodi-

lamine, 86-30-6; 4-br: yl phenyl et.her 101-55-3;
hemchlorobenzene, 118-74-1; pentachlorophenol, 87-86-5; phen-
anthrene, 85-01-8; anthracene, 120-12-7; dibutyl phthalate, 84-74-2;
fluoranthene, 206-44-0; pyrene, 129-00-0; benzidine, 92-87-5; butyl
benzyl phthalate, 85-68-7; benz[a]anthracene, 56-55-3; chrysene,
218-01-9; 3,3’-dichlorobenzidine, 91-94-1; bis(2-ethylhexyl)
phthalate, 117-81-7; di-n-octyl phthalate, 117-84-0; benzo[a]pyrene,
50-32-8; dibenz[a,b)anthracene, 53-70-3; benzo[g,h,i]perylene,
191-24-2.
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The lon of p pping lysis to the lons
of such electropositive elements as the alkall and alkaline
earth metals was Investigated by using thin fllm mercury
electrodes in a wide range of organic solvents and thelr
mixtures with water. The alkall metal lons can be determined
In certaln organic solvents even when several mole percent

of water Is p As exp d, the most effecti

are aprotic; , an equally imp factor Is that the
solvent should be a good hydrogen bond ptor, thereby
d ing the y of water the K The

sum of sodium and potassium lons can be determined In such
samples as blood serum and seawater after addition of di-
methyl Some of sodium from p
occurs in 1-methyl-2-py and certaln other sol

Potentiometric stripping analysis (PSA), which was recently
introduced by Jagner (1), is similar to conventional (voltam-
metric) stripping analysis (VSA) in that the analyte is pre-
concentrated by electrodeposition in a mercury electrode, but
it differs from VSA in the method used to generate a signal
by the preconcentrated analyte. Whereas in VSA the most
sensitive and commonly used method is differential pulse
voltammetry which produces a signal of differential current
vs. potential, in PSA the plating potential is interrupted and
the amalgam is allowed to react with an excess of a suitable
oxidant, such as mercury(II) ion

M(Hg), + (n/2)Hg** — M"* + (x + n/2)Hg" (1)

Consequently, the redox couple M**/M(Hg), determines the
potential of the mercury electrode until all amalgam has been
oxidized, when an abrupt change in the signal of potential vs.
time occurs.

Both PSA and VSA are restricted for all practical purposes
to relatively noble metals when carried out in aqueous solution.
However, metals forming more reactive amalgams can be
determined in nonaqueous media or, more usefully, in mix-
tures of certain nonaqueous solvents and water. PSA offers
significant advantages over VSA in media of that kind because
such factors as high solution resistivity and irreversible redox
couples present fewer problems. We have therefore investi-
gated the possibility of achieving useful extensions of stripping
analysis methodology by applying PSA to the determination
of electropositive metals in optimized solvent mixtures.
Preliminary results have been reported before (2); we now
present more detailed information.

Historically, “chemical” stripping analysis (3) was a fore-
runner of PSA; such oxidants as Ce(IV), Fe(I1I), and MnO,”
were determined by allowing their solutions to react with
known amounts of silver metal on a platinum electrode while
monitoring potential as a function of time. Chronopoten-
tiometric stripping analysis (CPSA) also has features (4) in

common with PSA; some of these have been compared by
Buffle (5). There are nevertheless certain differences between
the principles of PSA and CPSA which will be discussed
elsewhere (6); we present here only our main conclusions.
Under conditions of forced convection and of sufficiently long
deposition time (ty) and a sufficiently thin mercury film
(thickness [) so that t4 > 1/3D,, where D, is the diffusion
coefficient of the metal in mercury, eq 2-4 represent the
limiting stripping time or transition time (), the transient
potential at time ¢ (E,), and the transient potential at a time
equal to half the limiting stripping time (E, ).

) @) () e
T 2\ 6 /mr+\ D JHug CHKZ’ 4
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Here, D, é, and C are the diffusion coefficient, the diffusion
layer thickness, and the bulk concentration of M** or Hg**,
as indicated, and E,° is the standard (reduction) potential of
the amalgam; if the convection rate is the same during de-
position and stripping, then the two diffusion layer thicknesses
are equal. It follows that E,, is more negative than the
polarographic half-wave potential by the second and third
terms of eq 4 and that r is directly proportional to the bulk
concentration of M** and inversely proportional to the bulk
concentration of Hg?*. Equations 2-4 therefore illustrate the
potential analytical utility of PSA.

EXPERIMENTAL SECTION

Chemicals. Acetonitrile, propylene carbonate, dimethyl
sulfoxide, ethanol, 2-propanol, and water were purified as de-
scribed before (7). Other solvents tested were reagent quality and
were used without further purification. Tetraethylammonium
perchlorate (TEAP) and tetrabutylammonium perchlorate
(TBAP) were prepared as described elsewhere (8); these salts
contained 1.5 and 2.7 ppm sodium ion, respectively. Mercury(II)
chloride (Baker analyzed reagent) contained 0.1 ppm sodium ion.
Lyophillized human blood serum (General Diagnostics, Versatol
acid-base normal) had the following composition: Na*, 143.0;
K*, 4.7; Ca**, 2.5; and Mg?*, 3.0 mM. Synthetic serum was
prepared by dissolving NaCl and KCl in water at concentrations

0003-2700/83/0355-0120$01.50/0 © 1982 American Chemical Society



of 143.0 mM Na* and 4.7 mM K*. Synthetic seawater was
prepared to contain (in units of mM) 478.6 NaCl, 10.7 KCI, 10.7
CaCly2H,0, 54.7 MgCl6H,0, 1.9 X 10 CuSO,5H,0, 3.2 X 10¢
CdCl,, 6.3 X 10 PbCl,, and 6.3 X 10 ZnCl,.
Instrumentation. PSA was performed with an ISS-820 ion
scanning unit (Radiometer, Copenhagen) interfaced with a
TTA-80 titration assembly. An electronic circuit similar to that
described by Jagner (9) was built for derivative PSA. The
three-electrode cell contained a planar glassy carbon electrode
(Radiometer Model F 3500) with a geometric area of 0.05 cm? as
working electrode, a 1-cm? platinum foil as counterelectrode, and
an Ag/(0.01 M AgClO, + 0.1 M TEAP in acetonitrile) reference
electrode (hereafter designated as Ag*/Ag) coupled to the analyte
solution through a 0.1 M TEAP salt bridge solution in the same
solvent as the analyte; the two junctions were asbestos fibers.
Procedure. The glassy carbon working electrode was cleaned
before each set of experiments with a polishing grade of alumina
(0.3 pm particle size) and was then washed successively with 1
M nitric acid, water, and acetone. Analyte and plating solutions
were deaerated with ultrapure nitrogen presaturated with the
solvent in question. Deaeration was carried out in the absence
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of the working electrode to avoid the deposition of gas bubbl
on the electrode surface. The working electrode was then inserted
and (typically) mercury was plated from 10 M HgCl, + 10 M
TEAP for 4 min, after which the analyte solution was introduced
with a microsyringe and three to five deposition-stripping cycles
were carried out. Background corrections for the presence of
sodium ion in the supporting and stripping electrolytes were
applied.

RESULTS AND DISCUSSION

Potentiometric Stripping Analysis of Alkali Metal
Tons. We investigated the PSA of sodium ion in a wide range
of solvents, including methanol, ethanol (EtOH), 2-propanol
(2-PrOH), ethylene glycol, 1,2-dimethoxyethane (DME),
ethylenediamine, pyridine, acetone, acetonitrile (AN), ben-
zonitrile, dimethyl sulfoxide (Me,S0O), dimethylformamide
(DMF), sulfolane, dimethyl carbonate, propylene carbonate
(PC), propylene oxide, y-butyrolactone (GBL), dioxane, 1,3-
dioxolane (DL), and 1-methyl-2-pyrrolidinone (NMP). This
list contains mostly aprotic soivents, several of which have
found commercial application in lithium batteries, but selected
protic solvents were also included for comparison. Best results
were obtained in DME, Me,SO, DMF, PC, GBL, DL, NMP,
and, surprisingly, EtOH and 2-PrOH. The remaining alkali
metal ions as well as the alkaline earth metal ions were also
tested in those solvents in which sodium ion gave good re-
sponse. Several stripping agents were tested; none of these
(oxygen, hydrogen peroxide, iodine, permanganate ion) had
an advantage over mercury(II) ion.

The question of how much water can be tolerated in dif-
ferent solvents is of crucial importance. As would be expected,
the reactivity of residual water toward amalgams is lowest in
those solvents that are good hydrogen bond acceptors. We
have reported elsewhere (10) equilibrium constants for the
formation of the hydrogen bonded complexes HOH--S and
S--HOH--S between solvents S and low concentrations of
(monomeric) water. Typical formation constants [(mole
fraction)™ at 30 °C] for the 1:1 complexes vary from 4.1 for
AN to 14.2 for DME, 43.4 for DMF, and 59.4 for Me,SO.
Stepwise formation c for the 1:2 1 vary less
with the solvent and typically fall between 0.2 and 0.9 (mol
fraction)™. Distribution fractions calculated from these
formation constants show that, in such solvents as DMF or
Me,SO containing up to a few centimolar water (typical levels
in these solvents when they are purified by other than the most
rigorous procedures), little free water is present and S--HO-
H--S is the predominant water sp On the other hand,
in such solvents as AN, HOH--S is the predominant species
while considerable free water is also present. At higher water
concentrations the systems become more complex owing to
progressive polymerization of water, but the trends remain

Table I. Features of Typical Calibration Plots for
P i ic Stripping Analysis of Alkali Metal Ions
(M?*) in Various Solvents

solvent M@ slope? re
Me,SO Na 21.8 0.9999
K 23.3 0.9997
Rb 23.0 0.9962
Cs 21.4 0.9998
AN Na 11.0 0.9972
K 12.3 0.9939
EtOH Na 17.5 0.9983

@ Conditions: ca.107* to 10™* MMCl + 10 M
HgCl, + 107 M TEAP; E4, -2.99 V vs. Ag*/Ag; t4, 60s.
b Units: s mM™!; represents the sensitivity of PSA.
€ Correlation coefficient.

the same. The marked differences in the reactivity of water
in Me,SO and AN toward sodium amalgam are illustrated in
Figure 1. In Me,SO, the limiting stripping time (7) decreases
little until ca. 8 mol % of water has been added, while in AN
7 is smaller and actually increases until ca. 5 mol % of water
has been added (after which r decreases rapidly). This curious
behavior in AN may be caused by the fact that AN itself is
polymerized by sodium amalgam; such polymerization may
block deposition of sodium more effectively than the formation
of sodium hydroxide does. Under certain conditions, signif-
icant amounts of sodium hydroxide undoubtedly form in
Me,SO as well, even at low water concentrations, because 7
does not remain directly proportional to t4 for large values
of tq and/or Cy,». We therefore recommend that t4 be op-
timized empirically for a given metal ion concentration and
water content; reasonable values of ¢4 for “pure” Me,SO are
120 s for 10 M Na* and 30 s for 10 M Na*. Nevertheless,
reproducibility of the limiting stripping time in a given
Me,SO-water mixture remains satisfactory (¢ ~ 0.08 s) up
to ca. 20 mol % water for Na*, and 14, 12, and 4 mol % water
for K*, Rb*, and Cs*.

Typical results obtained for the alkali metal ions in Me,SO,
AN, and EtOH are listed in Table 1.

We have devoted less attention to the PSA of lithium ion.
Stripping signals were obtained in a few solvents, including
EtOH, 2-PrOH, and DMF, but not in Me,SO. Stripping
signals were more drawn out and had poorer sensitivity than
those obtained with the other alkali metal ions.

Resolution of stripping signals of mixtures of alkali metal
ions is g lly modest; this is in agr t with the poor
resolution previously observed in polarographic half-wave
potentials (11). Nevertheless, sodium and potassium ions at

parabl rations can be lved in GBL and NMP;
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to 10 M HgCl, + 10" M TEAP; E,, -2.99 V vs. Ag*/Ag; t,, 60 s.
Correlation coefficients for all three lines are equal to 0.9998.

we are investigating the possibility of optimizing solvent
mixtures for this purpose.

Potentiometric Stripping Analysis of Alkaline Earth
Metal Ions. The PSA of the alkaline earth metal ions is less
satisfactory than that of the alkali metal ions and was studied
in less detail. Nevertheless, stripping signals were obtained
for Ca®*, Sr**, and Ba?* ions, as well as Mg2* ion, in EtOH,
and for Ca®* ion also in Me,SO, DMF, GBL, and NMP.

However, signals were less sensitive, more drawn out, and less
reproducible than those observed with the alkali metal ions;
it is likely that these problems are caused by precipitation of
the hydroxides on the electrode surface. In Me,SO, the
stripping signal of Ca®* is so much less sensitive than that of
Na* or K* that low concentrations of Ca** do not significantly
interfere in the PSA of alkali metal ions in such samples as
blood serum (see below); this is, of course, a blessing in dis-
guise.

Potentiometric Stripping Analysis of Sodium Plus
Potassium Ions in Blood Serum and Synthetic Seawater.
In Figure 2, stripping signals are shown for different con-
centrations of human blood serum in Me,SO while, in Figure
3, limiting stripping times are compared for different con-
centrations of human blood serum, of synthetic serum con-
taining only sodium and potassium ions, and of sodium ion
only. Figure 3 shows that calcium and magnesium and other
metal ions, as well as proteins, in human blood serum do not
significantly interfere in the PSA of sodium and potassium
ions. (It is also evident that the sensitivity for the sodium-
potassium mixture is higher than that for sodium ion only at
the same concentration.) Analogous results were obtained with
symheuc seawater; stripping sxgnals were essentially those

d by sodium and p ions, with no measurable
mterference from calcium and magnesnum ions or from the
more noble metals which are present in much lower concen-
trations.

In conclusion, the fact that stripping analysls, whether PSA
or VSA, is a valuabl tary t i to spectro-
scopic methods for the determination of the more noble metals
has been well established (72). We have shown in this paper
that the scope of stripping analysis can be extended to some
of the more electropositive metals in a simple, practical
manner. We are investigating further the determination of
lithium and calcium ions and the resolution of sodium ion from
potassium ion.
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[ Ul GC/MS lysis of crude olls and sedimentary
rock extracts for steranes, in which the m/z 217 fragment lon
Is itored, often Is a p and y re-
solved structural and stereolsomeric mixture of C,;, c,,. and
Cy steranes. Increased specificity can be achleved by

Ing the sp lar) f of
sterane parent lons occurring in the first ﬂald—lroo reglon of
a double ing mass sp t The meta-

stable parent lon Uamnlom. corresponding to 372% — 2177,
386" — 217%, and 400" — 217%, can be separately ob-
served during a single GC/MS run by using a programmable
power supply to vary the itage while hol
the magnetic and electrostatic fields ai appropriate constant
values.

Steroidal hydrocarbons are common constituents of crude
oils and ancient sedi y rocks. S distributions can
be used as indicators of petroleum source rock depositional
environments because the carbon atom skeleton of steranes
isar of the bioch 1 precursor steroidal structure
(I). For example, a relatively greater abundance of Cy
steranes (e.g., stereoisomers of 24-ethylcholestane) over Cy;
steranes could suggest that the precursor organic matter
contained more land-derived biochemical compounds rather
than those derived from marine organisms since sterol dis-
tributions dominated by Cyg components are characteristic
of vascular land plants (1). Steranes are also useful parameters
in petroleum exploration as correlation and thermal maturity
indicators (2~4). With i ng temperature, the biologically
derived 20R isomer of 5a(H),14a(H),17a(H)-steranes is isom-
erized to the 20S configuration, which is not found in biological
systems (3-5). Oils and sedimentary rocks which have ex-
perienced different degrees of thermal maturation can,
therefore, have correspondingly different 20S/20R sterane
ratios. In oil-oil and oil-source rock correlation studies,
sterane distributions are used to identify oils which share a
common source and thermal history (4).

Routine capillary gas chromatographic/mass spectrometric
(GC/MS) analysis of aliphatic hydrocarbon fractions of crude
oils or sedimentary rock extracts allows the monitoring of the
electron impact (EI) m/z 217 fragment ion which is the base
peak in 14a(H)-sterane EI mass spectra (6). The resulting
mass frag| ams frequently reveal and incom-
pletely resolved structural and stereoisomeric mixtures of C;,
Cag, and Cy steranes. Most problematic is the coelution of
rearranged Cog steranes (also known as diasteranes) with Cpg
and Cy; normal steranes (3, 4). Thus, chromatographic coe-
lution of sterane homologues places constraints on the accurate

of geochemically significant st p

SUM OF METASTABLE TRANSITIONS

s I‘)
i ml

. by 'w
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Figure 1. (a) Sterane distributions in a crude oil from the Williston

Basin, using lon g (SMIM); part
b represents the C,;H,, steranes while parts ¢ and d show the CaeHso
and CygHs, steranes, respectively.

In order to increase the specificity of petroleum sterane
determinations, we used selective metastable ion monitoring
(SMIM) in the GC/MS analyses of a number of crude oil
aliphatic hydrocarbon fractions. Monitoring the spontaneous
(unimolecular) fragmentauon of sterane parent ions occurring
in the first field-free region of a double focusing mass spec-
trometer (in which the elect.mstam field precedes the magnetic
secwr) allows for the discrimi with di:

1 ights. The most t (both regular
and rearranged) in petroleum have molecular weights of 372
amu (CH,g), 386 amu (CosHy), and 400 amu (CyHgy). The
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sterane metastable parent ion transitions (372* — 217+, 386*
— 217*, and 400* — 217*) are known to occur readily in the
first field-free region (7). Gallegos (7) used metastable ion
methods to measure the abundances of Cy;, Cps, and Cyg
steranes in a Green River shale extract, although only direct
insertion mass spectrometry (not GC/MS) was used. Sepa-
ration of isomers was therefore not achieved. More recently,
Gnskell and Mlllmgum (8) and leay and Gaskell (9) used
itoring in quantitative GC/MS
to detect and dihyd: and
in human blood plasma. In t.he present study, we hnve com-
bined the fi of an ab
ion with high-resolution capillary gas chromatography to
greatly increase the specificity of petroleum sterane deter-
minations. In addition, the three different sterane parent ion
metastable transitions were monitored in a single GC/MS run
by using a pr ble power supply to vary the acceler-
ating voltage, all under data system control.

EXPERIMENTAL SECTION

Aliphatic hydrocarbon fractions were obtained from pen-
tane-douphnlud crude oil samples (uubuquent to light end
) which were subj ina/silica
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3. A of sterane derived from selected

lon monitoring (SlM) of the m/z 217 ion at 3000 resolution and SMIM
from another crude oil from the Williston Basin.

a Grob type split/splitless injector (at 270 °C) and a 20-m fused
silica capillary column coated with OV-1 (methylsilicone).
Analyses were performed in the split mode (25:1). The GC column
oven was the followi 60 °C to 100 °C
at 35 °C/mm and then to 230 °C at 10 °C/mm, subsequently
ramping to 280 °C at 2 °C/min. The He flow rate through the
GC column was about 1 mL/min made up to 30 mL/min prior
to entering the GC/MS interface which consisted of a jet
held at 250 °C Mm specttometer parameters used were the
perature = 220 °C; electron beam current
=100 uA and electron vol'.age =60 eV.

The three metastable parent ion transitions monitored were
372.3756% — 217.1956%, 386.3913* — 217.1956*, and 400.4069*
— 217.1956* which correspond to CxHyg, CosHgo, and CoHpy
sterane isomers, respectively. By use of an authentic cholestane
standard in the direct insertion probe, the m/z 217 ion was located
by adjusting the magnet setting. The electrostatic voltage (E)
an leration voltage (V) lies were unlinked, and the E

f voltage was lied by the internal reference of the

V refi was supplied by a binary
pmgmmmab]e power supply driven by DS55 software. Increasing
the accelerating voltage from 2 kV to 3.429 kV allowed the
transition 372% — 217* occurring in the first field-free region to
be located at the collector (10). Similarly, increasing V to 3.558
kV and 3.687 kV allowed the transitions 386* — 217* and 400*
— 217* to be located, respectively. The data system, DS55, was
d to switch to each of these voltages repetitively during

hydrocarbon fraction from a sediment extract of a aample
(Coupvray) from the Paris Basin (3) was examined. The aliphatic
hydrocarbon fractions were then analyzed with a Kratos
MS25/DS55 GC/MS system equipped with metastable ion
monitoring facilities. The GC was a Carlo Erba 4160 fitted with

the GC/MS run and record the signal obtained. The dwell time
on each transition was 160 ms; a sweep of £50 ppm was applied
to the V reference supply to ensure collection of peak top data.
Data from the MS25 were acquired through a 200-kHz prepro-
cessor i ing at a ing rate of 100 us. The MS25
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Figure 4. Steranes In a nondegraded Colomblan crude ofl using SMIM.  Figure 5. St in a biodegraded C: crude ol
using SMIM.

resolution was set to 600 (10% valley) for the SMIM experiments.
Conventional single ion monitoring (SIM) experiments were also
performed on the hydrocarbon fractions at 3000 resolution using
standard DS55 SIM software in order to compare the resulting
sterane distributions to those obtained during SMIM experiments.
The m/z 217.1956 ion was monitored along with two other masses
in order to simulate the same conditions as in SMIM.

RESULTS AND DISCUSSION

Figure 1 shows the metastable ion sterane distributions in
a crude oil aliphatic hydrocarbon fraction from the Williston
Basin in Montana. In this figure, b represents the 372* —
217* (C,; steranes) transition while ¢ and d show the 386* —
217* (Cy steranes) and 400* — 217* (Cx steranes) transitions,
respectively. The top portion of each figure, a, is simply the
computer summation of b, ¢, and d normalized to the most
abundant component. Prior to SMIM, only the Co steranes
(i.e., the stereoisomers of 24-ethylcholestane) could be used
for thermal maturation determinations (e.g., 20S/20R) with
any degree of confidence because the Cy, and Cyg stereoisomers
usually coelute with Cy diasteranes (3, 4). Also, in a number
of samples an unknown component, which is not a regular Coq
sterane, coelutes on OV-1 with the 20S isomer of 24-ethyl-
cholestane (11). Hence, using SMIM, both C; and Cog sterane
ratios can be more precisely determined, as well as Cy ratios.
In addition, the C,; isomers can be quantitatively compared
to the Co and Cy homologues by separately summing the total
ion currents in b, ¢, and d, reepecuvely In this manner, the
relative abund of logues can be used for
determining source rock depositional environments.

Figure 2 illustrates the SMIM sterane distributions from
a hydrocarbon extract of a sediment sample (Coupvray) at
2100 m from the Paris Basin. The nominal m/z 217 mass
fragmentogram and resulting sterane distribution of this same
extract sample have been elucidated by Mackenzie et al. (3).
Comparison with the sum of the metastable parent ion
transitions shown in Figure 2a and the Mackenzie et al. (3)
SIM distribution indicate a close correlation suggesting that
SMIM is comparable to SIM in respect to relative abundances
of various sterane components. However, in the SMIM
technique the individual sterane homologue distributions are
much more clearly defined (Figure 2b-d). Figure 3 is a com-
parison between medium resolution SIM of the m/z 217 ion
and SMIM of another crude oil from the Williston Basin.
Again, the two traces are very similar.

The two oils shown in Figures 4 and 5 are from Colombia,
South America. Both have the same ongm (12) except that
one oil (Figure 5) was sub ly by
bacteria in the reservoir (after generation and perhaps mi-
gration) while the other oil (Figure 4) has not been significantly
altered. It has been reported (13) that the diasteranes are
relatively more resistant to severe biodegradation than the
regular steranes. On comparison of Figures 4 and 5, it can
be seen that the Colombia oil diasteranes have survived bio-
degradation more effectively than the regular steranes.
(Diasteranes elute prior to regular steranes of the same mo-
lecular weight as indicated in Figures 4 and 5.) Also, the
distributions of specific sterane homologues (i.e., either Cqy,
Cgg, or Cy), whether regular or rearranged steranes, are ap-
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Figure 6. A SIM
and SMIM using 100 pg of a cholestane standard (50 pg of 58(H)- and
50 pg of Sa(H)-cholestane).

parent from b, c, and d in these figures.
Figure 6 is a comparison of the conventional SIM m/z 217

trace (3000 ) ) with the ble ion ition 372*
— 217* trace of 100 pg of a cholestane standard (50 pg of
58(H)- and 50 pg of 5a(H)-choIesmne) It is clear that SMIM
is more sensitive to st ion than medium resolution
SIM.
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Theoretical and Experimental Determination of Band
Broadening in Liquid Chromatography

Jeng-Chyh Chen and Stephen G. Weber*

Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

The axial diffusion term and the mass transfer terms of the
band broadening equation for liquld chromatography are de-
rived from the random walk model. The results, while simple
to derive, are very similar to the more complex mass balance
model, and In certain terms glve greater Insight Into the
hysical p under The flow dispersi

lorm Is experli [} d. Equati In the form of
the van Deemter equnllon and the Knox equation are fitted
to the experimental data after the effect of extracolumn band
broadening Is removed. WIith known theoretical terms for
axlal diffusion and mass transfer, the solute diffusion coeffi-
clent In the pore Is obtained under the P of fast
kinetics. It Is found that an equation In the form of the van
Deemter equation gives more physically meaningful results
than an equation In the form of the Knox equation. For the
small solutes studled, the diffusion coetficients wnhln lho po-
rous { y phase | with | g

welght.

When chromatographic conditions are controlled so that
the solute distribution isotherm is linear, there are five pro-
cesses which tend to separate a migrating solute molecule from
its neighbors to cause band broadening: (1) axial molecular
diffusion, (2) flow dispersion in the packed bed, (3) mass
transfer between mobile zone and stationary zone, (4) mass
transfer between mobile phase and stationary phase (or ki-
netics), (5) extracolumn band broadening.

Before one can properly discuss all the dynamic processes
of chromatography, it is necessary to discuss the environment
of the packing. The environment, as illustrated in Figure 1,
includes stationary phase, support phase, and mobile phase.
The mobile phase can be further divided into stagnant mobile
phase which is in the interstices of the column packing.
Flowing mobile phase is the mobile zone. The support phase,
the stationary phase, and the stagnant mobile phase compose
the stationary zone.

During the advances in band spreading theories, several
theoretical models of band spreading have been used to derive
the plate height equation (1). They are the plate model, the
random walk model, nonequilibrium theory, and the mass
balance model. According to Giddings the plate model has
been “entirely inadequate for the current burdens of theo-
retical use” (2). The other three models have remained very
useful in understanding the processes of band spreading in
chromatography. Among these three models, the random walk
model provides an approach which gives little mathematical
difficulty as well as presenting an easily understood, micro-
sopic picture of chromatographic processes.

Figure 2 illustrates the microscopic point of view of the band
broadening processes in the column. Figure 2a illustrates the
dispersion due to axial diffusion. Two neighboring solute
molecules are separated from each other because of diffusion.
The diffusion can occur outside the pores as well as inside the

~cta vonary -
20N

mobile
zone
support stationary
Phase phase

stagnant mobile phase

Figure 1. The environment of the packing in the column.

pores. Figure 2b illustrates the dispersion due to flow dis-
persion. Two neighboring solute molecules are separated by
the tortuous nature of the flow coupled with diffusion. Figure
2¢ illustrates the dispersion due to the mass transfer between
mobile and stationary zones. The neighboring solute molecules
are separated because the one which transfers into the sta-
tionary zone tends to stay in the stagnant mobile phase and
stationary phase while the other solute molecule in the mobile
zone moves ahead. Figure 2d illustrates the dispersion due
mass transfer between mobile phase and stationary phase.
Two neighboring solute molecules in the pore are separated
because one transfers into the stationary phase while the other
molecule diffuses out of the pore and moves ahead. Each of
these processes is random in nature and independent of the
others. The random walk model may be used to calculate Lhe
variance of each of these ind dent, random pr

the random walk model one must compute the average lengt.h
of a step in the process. For any of the processes illustrated
in Figure 2 this is the average of the separation distance
between the two solute molecules under scrutiny. The number
of steps the molecules take is determined by knowing the time
a solute molecule takes to traverse a certain distance. The
specific details are left to the next section. Finally, knowing
the number of steps, n, and the length of each step, [, one can
immediately determine the variance of the process, since o*
= I’n. Since the p are stochastically independent their
variances add directly to obtain an overall peak variance, from
which the height equivalent to a theoretical plate (H) may
be obtained, since H is just the variance (in units of length?)
divided by the column length. In this paper, the random walk
model will be used to discuss band broadening processes of
diffusion and mass transfer in liquid chromatography. Due
to the extremely complicated processes of flow dispersion and
the resulting differences in the various theoretical derivations
of band spreading due to this process, experiments were
performed to clarify this term. The final plate height equation
will be compared to the results of Horvath and Lin (3) and
Knox (4).

THEORY
When the solute flows through the column, it will spend

0003-2700/83/0355-0127$01.50/0 © 1982 Amarican Chemical Society
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between kinetics
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Figure 2. pic view of band (a) axial diffusion, (b) flow dlsperslon (c) dispersion due to mass transler between
mobile zone and stationary zone, (d) dispersion due to kinetics. In each case initially adj solute are by a d due

to their taking different “steps”.

some of the time in the flowing mobile phase, some of the time
in the stagnant mobile phase and some of the time in or on
the stationary phase. Thus, the total retention time ty is
expressed as a sum of times

tp =ty + by + tm 1)

where ¢, is the time the solute stays in the stationary phase,
t, is the time the solute stays in the stagnant mobile phase,
and (g, is the time the solute stays in the flowing mobile phase.
For unretained solutes the retention time ¢, is

bo = tm + tym (2)

Axial Molecular Diffusion. The variance of the con-
centration distribution due to axial molecular diffusion can
be obtained directly from the Einstein equation

= 2Dt 3)

where D*/' is the effective diffusion coefficient of the solute
within the column and ¢ is the time of solute residence in the
column. The total axia! diffusion has contributions from the
axial diffusion in the stationary phase, the axial diffusion in
the stagnant mobile phase, and the axial diffusion in the
flowing mobile phase. Therefore

o1 2(axial diffusion) = 2(D,*"t, + D,

1% (axial diffusion)

ww + D™t )
(4)

where D,*" is the effective diffusion coefficient of the solute
in the stationary phase, D,,*" is the effective diffusion coef-
ficient of the solute in the stagnant mobile phase, and Dy,
is the effective diffusion coefficient of the solute in the in-
terstitial flowing mobile phase.

Since stagnant mobile zone and flowing mobile zone are
actually the same phase, the ratio t,,/t, must be equal to

where ¢, is the pore porosity, ¢, is the interpartical porosity,
and

-
|

=V,/V, ®

&=Vy/Vx )

where V|, is the total volume in the pores, V, is the total
volume outside the particles, and V; is the total volume of
the empty column.

The reduced plate height h is defined by

h=oq2/d,L (8)

where L is the column length and d,, is the particle diameter.
Dmerr ® D[m!“ D.eﬂ i
2 - + —
D, ¢ Dy  Dyity

P (asial ditfusion) = 9)

v
where v is reduced velocity which is defined as
v = pd,/Dy (10)
and p, is the interstitial linear velocity
He=L/tpm (11)

where D,, is the diffusion coefficient of the sclute in the bulk
solvent.

Mass Transfer between Mobile Zone and Stationary
Zone. The mass transfer term of the plate height equation
has been derived by the random walk model, nonequilibrium
theory, and the mass balance model (1). It will be shown that
our derivation of this term by using the random walk model
not only provndes the snmplest calculation but also gives

iderable insight concerning the band broadening by this

the ratio of the volume in the pores to the vol tside the
particles

tam/tim = (p/fz (5)

effect.
The phase capacity factor k’is the ratio of the times a solute
stays in the stationary phase and the mobile phase



th=to L

k= =
to 7% o

(12)

The zone capacity factor k”, however, is the ratio of the times
a solute stays in the stationary zone and the mobile zone.

=ttt

k"= (13)

tim tim

By the random walk model, each step which transfers the

solute from the mobile zone to the stationary zone must be

followed by a step which transfers the solute from the sta-

tionary zone back to the mobile zone. Then the total number

of adsorption steps, m, must equal the total number of de-
sorption steps. Hence

(tg —te)/m t,”
tim/m b

Where tg,” is the average time which a solute stays in the
mobile zone within one step of the random walk and ¢,.” is
the average time that the solute stays in the stationary zone
within one random walk step. Then the total number of
adsorption steps (and the total number of desorption steps)
is L/pete,” so the total number of random walk steps is
2L /pet . The distance that the zone spreads relative to its
center for each step is

k" =

(14)

1
= et = bt (15)

where 1/(1 + k") is the fraction of solute in the mobile zone.
Then the variance due to mass transfer between zones, 6°|_ .,
can be expressed by

"n ”
? =00 = 2L ———pte” = 2L ———u,t,"”
O L,mtz 1+ k")z#c fm a+ k")zp' 02
(16)
Thus, the reduced plate height is equal to
2k M
B = ———— ="t an

= =t
(1+k72dy ™

When a solute molecule stays in the stationary zone, it
spends some of its time in the stationary phase and some of
its time in the stagnant mobile phase. Therefore

ba! St B (18)
where t,,” is the average time a solute stays in the stagnant
mobile phase within one random walk step and t,” is the
average time a solute stays in the stationary phase. Since t,,"”
is the average time for the solute molecule to escape from the
stagnant mobile phase, one can use the Einstein equation

to” = d2/2D (19)
where d? is the mean square distance which a molecule must
diffuse in order to emerge from a particle of packing. For

particles of a given geometrical type, d* will be proportional
to d,? thus

d;?

[—] 2D (20)
For spherical particles (5), ¢’ = 1/30
d.2

pfm A 2 (21)

wm =3 2D, ¢

The time the solute stays in the stationary phase in one step
is
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ll _ tl
m " L/ute” &

Equations 2, 5, 11, and 22 yield

‘p &
= —+1 Jt" = 1+—Jt,"” (23)
& L]

t” =
0

Therefore

2% mef 1 9 «
Boemi——erll == +h 1+ — )t
BT (1 + k")2dy\ 302D, ¢ &)

(24)

From eq 21 and 24 one obtains

2k”  Redp1 Dy &
B = Q+r7 DEEZD“,‘"(L’-&‘(I + (p))

(25)
From eq 12 and 13 one can find k” in terms of k’
k"= & +k'+ (—912' (26)
2 2
Then eq 26 becomes
2
- 1 (/g™ D, @)

=30 aA+kD? Dmen"

Mass Transfer between Mobile Phase and Stationary
Phase. The dispersion from mass transfer between mobile
phase and stationary phase arises because solutes adsorbed
onto the stationary phase at any instant fall behind their
neighbors which diffuse out of the pore and move ahead. Since
this term is determined by the adsorption and desorption rate
between stationary phase and mobile phase, it is also called
the kinetics term.

Let t,” be the average residence time of a solute molecule
in the mobile phase in one step of a random walk and let 4"
be the average residence time of a solute molecule in the
stationary phase in one step of a random walk. The solute
in the mobile phase will spend some of its time in the stagnant
mobile phase and some of its time in the flowing mobile phase.
As discussed before, the ratio of the residence times for a solute
in flowing mobile phase to stagnant mobile phase will depend
on the ratio of the volume outside the particles to the volume
within the pores. Therefore, the average residence time of
a solute in the flowing mobile phase will be t,” ¢,/ (¢, + €).
Again, the number of adsorptions should be equal to the
number of desorptions. Then the total number of random
walk steps, n, becomes

2L
T 28
ult e/ (e + €)
and the distance that the zone spreads relative to its center
in each step is
€ 1 €
D= e e o i,

”“tp'f-(, 1+k’“'t'¢v+e, 29
where 1/(1 + k) is the fraction of the solute molecules in the
mobile phase. Then the variance due to mass transfer between
phases, 0% pp, is

k% €
2 = = o e —
Ly = 0 ZL(1 e kl)2ﬂ,t. e (30)

Since
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Table I.

methyl ethyl
p-hydroxybenzoate

p-hydroxybenzoate

Retention Time and Reduced Plate Height for Column 1

propyl
p-hydroxybenzoate

n-butyl
p-hydroxybenzoate

Flow Rate 0.0485 mL/s

tp® 132.77 = 1.45 182.20 + 2.67 277.15 = 1.07

hyoy® 18.62 + 0.14*% 16.37 £ 0.17 14.59: 0.18
Flow Rate 0 0333 mL/s

tr 196.6 + 1.1 273.8+ 2.3 427.2 ¢+ 5.7 733.1: 7.8

hyoe 14.13 + 1.07 13.45 ¢+ 0.74 12.04 + 0.48 10.55 + 0.02
Flow Rate 0.0252 mL/s

tg 255.9 + 1.2 352.6 + 1.5 545.4 + 2.2 917.3+ 5.5

hyot 13.72 + 0.22* 12,66 = 0.47 11.35+ 0.42 9.98 + 1.04
Flow Rate 0.0168 mL/s

tr 392.2+ 0.7 549.1: 1.6 862.9 + 3.5 1479.7 + 6.0

hor 10.22 + 0.01 9.26 + 0.16 8.21: 0.23 7.90: 0.73
Flow Rate 0.0119 mL/s

tr 552.7 + 4.0 772.7 = 6.1 1211+ 13.5 2075+ 28.4 |

hyot 8.91 : 0.06* 7.68 « 0.09* 6.89 + 0.30 6.37+ 0.18
Flow Rate 0.00491 mL/s

tr 1316: 1 18426+ 5 29054+ 9 4966 + 28.8

hyoy 6.45 ¢+ 0.02% 5.71 = 0.12 5.20 + 0.08*% 4.76 + 0.67

@x + 0. xisthe average value of three measurements, except where indicated (*) which is the average value of two runs.

o is the standard deviation. The units of tg are seconds.

Table I1. Intercept of Peak Variance vs. Retention
Volume for Column 1

flow rate, linear
mL/s 0% 4oy intercept, s? corr coeff
0.0485 3.367 + 0.097¢ 1.000
0.0333 9.95+ 2.64 0.9995
0.0252 15.71 = 3.91 0.9995
0.0168 16.68 = 1.44 1.000
0.0119 35.3 + 3.81 1.000
0.00491 152.9 + 26.9 0.9999
@x + 0. o isthe standard deviation of linear fit for

intercept.

t, t/(n/2) tg”

k'=—= # = i" (31)
ty ty/(n/2) t,

then the reduced plate height becomes

2
oL 2k’ & He
Tt G T ar kgt ady

The average time a solute stays in the stationary phase is the
mean desorption time of the absorbed molecule. Therefore

ty” = 1/kg (33)
where k4 is desorption rate constant. From eq 32 and 33
2k’ Dy, 6

By = ——————— 34
mtp a1+ qudpzkd(‘p i (l)l' ( )

Flow Dispersion. Flow dispersion is an extremely com-
licated Giddings' g theory (5) was the first
nttempt to describe this p procesa Accordmg to that theory,
flow dispersion is the result of the coupling of the flow and
diffusion in packed beds. According to Klinkenberg (6) the
form of the flow dispersion term depends upon many struc-
tural parameters of the column and packing. Huber et al. (7)
introduced a term to the coupling of convective and
diffusional mixing in the mobile phase. Recently, Horvath
and Lin (8) modified the classical eddy diffusion concept,
assuming that there is a stagnant fluid space in the interstices
of the column packing, to derive the flow dispersion term. As

Groh and Halasz point out (9) all the more sophisticated
attempts to describe flow dispersion resemble the coupling
term of Giddings. Giddings himself has written: “The cou-
pling expression is simply an approximation to a very complex
interaction between diffusion and convection. The process
has been formulated rigorously, but the boundary conditions
for real granular beds are so complex, that meaningful solu-
tions have not yet been obtained” (10). There are two com-
monly used equations to fit the experimental plate height data.
One is the van Deemter equation (11, 12) in which the flow
dispersion term is a constant A. The other is the Knox
equation (13, 14) in which the flow dispersion term is A%,
The Knox equation has been accepted by many workers,
however, recently Reese and Scott (11) found that their ex-
perimental data fit the van Deemter equation extremely well
when extracolumn dispersion was well controlled. They
speculated that the previous work on HETP curves which
required expressions which used power or exponential func-
tions of linear velocity for some terms are due to the extra-
column dispersion effects. They point out the data they
obtained were probably for the first time “under the condition
where extracolumn dispersion was measured and was known
to have been made insignificant”. Furthermore, very recently
Groh and Halasz (9) measured the band broadening in size
exclusion chromatography. From measuring the band
broadening in the interstitial volume, they found the exponent
n of A" lies between 0.09 and 0.15 and is therefore more than
a factor of 2 less than the value 0.33 proposed by Knox.

It was felt that the most satisfactory course would be to
determine the flow dependence of the flow dispersion term
experimentally.

EXPERIMENTAL SECTION

Apparatus. A Waters Associates (Milford, MA) M-45 solvent
delivery system was used with a Valco sample vnlve and a 10-uL.
sample loop. The ch itored by a Gilson
(Middleton, WI) Model HM vamble wavelength UV detector with
an 8-uL dead volume detector cell. The Spherisorb 10-uM ODS
column with 25 cm X 5.0 mm i.d. dimension was obtained from
HPLC Technology (Lomita, CA). Two columns were employed,
called col 1 and col 2. For col 1 data were obtained
at six flow rates for four pounds in tripli For col
2, data were obtained for the same four compounds at 17 flow
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Table III. Reduced Plate Height of Ext 1 Band Br for Column 1
h:xt
flow rate, methyl ethyl propyl n-butyl
mL/s p-hydroxybenzoate p-hydroxybenzoate p-hydroxybenzoate p-hydroxybenzoate
0.0485 4.8+ 0.1¢ 2.54 ¢ 0.07 1.07 + 0.03
0.0333 5.79 + 1.48 4.32+ 1.10 1.37+ 0.35 0.46 + 0.12
0.0252 5.81 = 1.50 3.05+ 0.79 1.28 + 0.33 0.45: 0.12
0.0168 2.70 + 0.23 1.38+ 0.12 0.559 + 0.068 0.190 + 0.017
0.0119 2.92 + 0.32 1.49: 0.16 0.620 + 0.065 0.205 = 0.022
0.00491 2.21 = 0.39 1.13 : 0.20 0.453 + 0.080 0.154 + 0.027
4 Same as Table I, footnote a.
Table IV. Reduced Plate Height of Column Band Broadening for Column 1
hccl
flow rate, methyl ethyl propyl n-butyl
mL/s p-hydroxybenzoate p-hydroxybenzoate  p-hydroxybenzoate  p-hydroxybenzoate
0.0485 13.8+ 0.17¢ 13.83: 0.18 13.562= 0.18
0.0333 8.34+ 1.83 10.13 + 1.33 10.68 + 0.59 10.09+ 0.12
0.0252 7.91+ 1.52 9.61 + 0.92 10.07 + 0.53 9.53 = 1.05
0.0168 7.52 + 0.23 7.88 + 0.20 7.65 + 0.23 7.71+ 0.73
0.0119 5.99 + 0.33 6.18 + 0.18 6.28 + 0.31 6.17 = 0.18
0.00491 4.24 + 0.39 4.58 = 0.23 4.75+ 0.11 4.60 + 0.67

@ Same as Table I, footnote a.

rates in duplicate. The two columns had consecutive serial
numbers.

Reagents. The methanol was lied by MCS Manuf: ing
Chemists Inc. (Cincinnati, OH), tartrazine, methyl p-hydroxy-
b te, ethyl p-hyd b and propyl p-hydroxybenzoate
were from Aldrich Ch 1 Co., Inc. (Mil kee, WI), n-butyl
p-hydroxybenzoate was from Sigma Chemical Co. (St. Louis, MO).
Potassium nitrate was from J. T. Baker Chemical Co. (Pittsburgh,
PA). Poly(styrenesulfonate) was from Scientific Polymer Prod-

the method described by Kutner et al. (16). The variance of
the peaks o2 o, and the square of the retention volume VR

are input into a linear least fitp The

(0% ot 8t VR? = 0) of 0% 10 ‘and linear correlation coefficient
at different flow rates are shown in Table II. As presented
in Table II, the linearity of the data at each flow rate is
extremely good. The variance of the extracolumn band
broadening, o® ., is the intercept of "zum Then the reduced

ucts, Inc. (Ontario, NY). plate height of extracol band b can be calculated
Data Acquisition System. The chromatographic data were by the equation

converted into digital form and stored in an LSI-11 microcomputer _

and then transferred to a DEC-10. The data corresponding to et = (% exe/tr®) (L /) (35)

each peak were fit by the Cram—Chesler eight-parameter equation
(15). Then this equation was numerically integrated by using
Gauss-Legendre polynomials to obtain the retention time and
variance of the peaks.

Chromatographic Conditions. The solvent was a mixture
of 55% methanol and 45% water (volume ratio). The flow rate
was calibrated by buret and stopwatch. The temperature was
22 °C. The solutes were detected by absorbance at 254 nm.

RESULTS AND DISCUSSION

The A Term. For determination of whether the empirical
flow dispersion term is near constant, A, as proposed by Scott
and Halasz or is A»*® as proposed by Knox, the total reduced
plate height, h,,, was determined at different linear velocities
and the plate height of extracol band broadening, hy,
was determined by the method recently described by Kutner
et al. (16). After h,,, was subtracted from h,,, the reduced
plate height of the column h,, was fitted to equations of the
Knox form and of the van Deemter form. In order to de-
termine which fit was better, we compared the C (mass
transfer) values of both fits with the theoretical term.

The retention time and the reduced plate height of methyl
p-hydroxybenzoate, ethyl p-hydroxybenzoate, propyl p-
hydroxybenzoate, and n-butyl p-hydroxybenzoate at different
flow rates are presented in Table I. The average relative
standard deviation of the retention time is less than 1% and
the average relative standard deviation of the reduced plate
height is about 3.3%.

The extr band broad

d by using

g was ev.

After h,,, was subtracted from h,,, the reduced plate height
of column band broadening, h,, can be obtained. h, and
h, are presented in Table III and Table IV. Although we
tried to minimize the volume of connecting tubes and used
an 8-uL volume detector cell, as shown from Table III and
Table IV, h,,, cannot be neglected compared with h. It is
especially true for short retention time compounds like methyl
p-hydroxybenzoate. We also observed that the trend of Ay,
was decreasing with increasing retention time (Table I).
However, after ing the ext 1 band broadeni
there is less variation in h., among the various compounds
at the same flow rate (Table IV).

Before the equations are fit to he,, both equations are
rewritten in the form of reduced plate height as a function
of linear velocity. The reason for rewriting both equations
in terms of u, is that one can avoid using the inaccurate
estimation of the diffusion coefficient D, in order to calculate
the reduced velocity ».

The forms used for the equations are expressed as follows

van Deemter form

H=§+A'+ Clu, (36)

Knox form

h= B + A3 + Cv 37
v
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Table V. A" and C” for Equation 38 and Equation 39
Fit for Column 1

A"ﬂ C" b

methyl eq39 7.59: 270 9.83 + 4.19
p-hydroxy- eq38 3.20: 0.85 154t 2.37
benzoate

ethyl eq39 8.96:0.99 9.32+ 1.84
p-hydroxy- eq38 3.69:0.44 16.16: 1.23
benzoate

propyl eq39 9.50: 0.81 8.60 =+ 1.50
p-hydroxy- eq38 3.89:0.44 15.92:1.22
benzoate

n-butyl eq39 9.66: 1.06 6.98 + 2.37
p-hydroxy- eq38 3.62: 0.568 16.04: 2.10
benzoate

9 The units of A"’ for eq 39 are (em/s) °** and for eq 38
it is unitless. ° The units of C"' are (cm/s)™".

Figure 3. The fit of eq 38 for hy vs. i, for n-butyl p-hydroxybenzoate.
We employ u, rather than reduced velocity so that the potentially

Both equations can be rewritten in the following way:
van Deemter form

=B—+A"+ C"%, (38)
e
Knox form
B/l
h="4 A0S+ C, (39)
where
,_B _  Du
B" = 4, = de (40)
e O d,
Cc”= a4 —CDm (41)
A”= A’for eq 38 (42)
d 033
A7=al =) foreq39 (43)
Dn

The B value is about 1.6 to 2.0 for porous materials (17).
Dy, can be calculated from the Wilke—Chang equation. From
the estimation of B, D, and d,, we set the value of B” to be
0.01. It is noteworthy that um;er our chromatographic con-
ditions the B”/u, term only contributes about 4% of the
reduced plate height of the column even at the slowest flow
rate. We used B = 2.0 as an estimate. This value may be

of D, (from Wilkke-Chang) does not enter into
the calculations. -

wrong by up to 50% of that value, thus the error in h due to
an incorrect estimate of B may be as high as 2% of h.
Therefore, any inaccuracy in the estimation of B will not have
a significant effect on our results.

The A” and C” obtained from fitting h, from column 1
into eq 38 and fitting h into eq 39 are presented in Table
V. Figure 3 illustrates the h vs. u, dependence for column
2. It is shown that both equations do not fit very well for
methyl p-hydroxybenzoate. The reason for this is that the
band broadening of methyl p-hydroxybenzoate is most sig-
nificantly affected by ext. 1 band broadening. Thus,
the least e h, were ob d for this pound. It
is also shown in Table IV that the relative standard deviation
of hy, for methyl p-hydroxybenzoate is up to 20% at some
flow rates. For the other three compounds, both equations
explain the data well. However, the values of C” obtained
from the two equations are significantly different.

In order to determine which equation gives more meaningful
results, one can compare the experimental C” with the the-
oretical prediction of that term. In the work presented here

C” =

1 (&/)k™” D, 26D, & d,
30(1+ k2D (1 +k)d k(6 + &) J Dy
(44)

From the conclusions drawn from temperature studies in
reversed-phase HPLC by Colin et al. (18), the contribution
of mass transfer between mobile phase and stationary phase
to the reduced plate height is probably much smaller than the
contribution of mass transfer between mobile zone and sta-

Table VI.° Diffusion Coefficient Comparison for Columns 1 and 2

10Dy, 10°Dg, !, cm®/s Dy 1D ™"
1
(iv".:"!:_ Knox form van Deemter form Knox form van Deemter form
Chang)® col 1 col 2 col 1 col 2 col 1 col 2 col 1 col 2
ethyl 512: 051 4.1:09 43:06 24:03 26:03 1.2:03 1.2+ 0.2 21:03 20:+0.3
p-hydroxy-
benzoate
propyl 479: 048 52:1.0 54:06 28:04 3.0:03 0.92:0.20 0.89:0.13 1.7:03 1.6:0.2
p-hydroxy-
benzoa
n-butyl- 4.50: 045 7.3:26 6.0:08 31:05 36204 0.61:0.22 0752012 15203 1.3:0.2
p-hydroxy-
benzoate

5 g Th'e st_andud deviation of dj, is 10%. ® The standard deviation of Dy, calculated by the Wilke-Chang equation is 10%.
< The indicated errors take into account the error from d, and Dy, (each 10%).
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1
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tionary zone. Therefore, we first assume the second term of
eq 44 is negligible. Then C” can be reduced to the form
1 ((,/:v)kfd dp

30 (1+ k" Dy D

"=

(45)

Thus

"2

T 1 (s,/(p)k d @)

=" =30 1+k7 C”

k” can be calculated from eq 13. t, is determined by
measuring the retention time of poly(styrenesulfonate) (M,
6 X 10%). ¢,/¢, can be calculated from eq 6 where t,, = to—
tm Lo is obtained from the retention time of potassium nitrate
in the phosphate buffer (19).

The D*" values obtained from eq 46 are presented in Table

Vl for columns 1 and 2. The calculations for methyl p-
were neglected b good fits for either equation
were not obtained. As shown in Table VI, the D,.*" values
are compared with D, calculated by Wilke-Chang. The ex-
pected value for D /D, *" is about 2.0-2.5. It is seen that
the D, values from eq 38 fall in the expected region. The
D, values from eq 39 are too large compared to D,,. It is
important to check the assumption of rapid kinetics. Suppose
the second term in eq 44 is not negligible. This will make D_**
become a larger value than we have calculated. Then the D **
from eq 40 would be even farther away from the reasonable
values. So in either case it can be concluded that the data
obtained from eq 38 give more meaningful results.

Note that D, values from both equations decrease with
decreasing molecular size. This might be due to the tendency
of small sized molecules to become “trapped” in small radius
pores; threfore, D, for small sized molecules is decreased.
Confirming evidence comes from Table II in which the linear
correlation coefficients are all above 0.999 for our solutes. This
linearity indicates that the average diffusion coefficient for
these solutes in the column are all the same. Thus, one might
expect that in the interstitial space small molecules diffuse
faster than large molecules and in the pore it is the opposite.
Therefore, the average diffusion coefficients for these solutes
in the column are about the same. The average diffusion
coefficient is calculated by Dy = [&/ (6, + &) D™ + [,/ (e
+ ¢,))D*" from our data. The average diffusion coefficients
for ethyl p-hydroxyt te, propyl p-hydroxybenzoate, and
n-butyl p-hydroxybenzoate are all 2.8 X 10 cm?/s. This
result matches with our observation. The phenomenon of the
same average diffusion coefficients for a column is also shown
in the data of Horvath and Lin (3). They obtained a linear
relation (which depends on equal D values for its linearity)
of o vs. k’for their solutes in which the diffusion coefficient
in the bulk ranged from 2.62 X 10 cm?/s to 3.49 X 107 cm?/s.
We believe that this observation does not contradict the ob-
servation of Knox and McLenan (20) in their size exclusion
chromatography experiment. For theu' polystyrene polymen
they observed that D,*" d with i
size for high (>4000) molecular weight polystyrene. However,
for the smaller solutes, molecular weight 2000 and 4000, the
trend was reversed. It is probable that, as with our small
solutes, when the solute size falls into the region at the small
end of the pore size distribution curve, the effect of the porous
structure on the motion of solutes is enhanced.

Comparison of Band Bmdening Expressions. During
the ad of liquid ch g , several pl.nm lmght
equations for liquid ch ph have been devel
The most recent developments of the plate height aquauon
in the literature have been reported by Knox (4) and by
Horvath and Lin (3). We shall discuss our equation and theira.
The three equations are expressed in Table VIL
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Por the axial dlﬂ'umon term, our equation gives a more
i In order to estimate the
plaw helght contribution of axial diffusion from our equation,
one has to estimate Dg,*"/D,,, D,*"/ Dy, €/ ¢, and D",/
Dyt The ratio of the D,*"/D,, is called the interparticle
obstructive factor. The interparticle obstructive factor has
been interpreted in terms of the tortuosity and the constriction
of diffusion paths by Knox. The theoretical value and ex-
perimental value of the interparticle obstructive factor are
about 0.6 (21). The ratio of D,,*"/Dg,*" is called the intra-
particle obstructive factor. The values of intraparticle ob-
structive factor for | lecular weight sol have been
proposed from the work of Giddings and Mallik (22) and van
Krefeld and van den Hoed (23) to be about ?/;. Thus
D/ D, =~ 0.4. The value of ¢,/¢, can be altered by different
packing materials and packing procedures. The average value
for porous packing material, however, is about 0.6-1.0 (3, 9)
and for pellicular packing material is near zero. The value
of D,*'/D,, would depend on the nature of the stationary
phase. We are unaware of data which demonstrate a strong
dependence of the B term on k', a necessary result if D,*" is
significant. If we neglect the contribution from D,, our
equation predicts a B value for porous material of 1.7 < B <
2.0, and for pellicular material B = 1.2. These estimates agree
very well with experimental results (17) supporting the as-
sumption of a minor contribution from D,*. Preliminary
results in this laboratory indicate that D,*" is at most but a
few percent of D, (24).

For the flow dispersion term, since this process is extremely
complicated, we express it as an empirical term, A. The
theoretical term of Horvath and Lin parallels the empirical
expression of Knox. They predict that the exponent of ve-
locity in the flow dispersion term is about 0.33. As discussed
in the previous section, our experimental results parallel the
observation of Reese and Scott (11) and Groh and Halasz (9);
the flow dispersion term does not strongly depend on the flow
rate. The fact that statistically both the Knox and van
Deemter equations fit the data well should not be overlooked.
There are, after all, only small differences in the format of
the equations, and clearly adjustment of A”, B”, and C” can
account for changes in n in the term A”u,". Fortunately we
can rely on physical arguments to decide between the two fits.

Our mass transfer between mobile phase and stationary
phase term is exactly the same as that derived by Horvath
and Lin. The term for mass transfer between mobile zone
and stationary zone is also similar to the derivation of Horvath
and Lin. The only difference is that they use the tortuosity
factor 6 and we use the ratio of D,/D,,*". The value of the
tortuosity factor is believed to be about 2 (3). However,

D,,/D.* may depend on size of solute, pore distribution, and
pore volume (13). In fact, for k’ = 0, our mass transfer term
can be reduced to (1/30) (D /D,*™ [k”/(1 + k")*]v which

is exactly the same as the mass transfer term of Knox.
Furthermore, Knox has used this term to calculate D,,/D,,*"
for size exclusion chromatography. He obtained the value of
D,/ D *" for polystyrene polymers from 6.0 to 16.9 depending
on the size of the solute.

From the discussion above, it will be appreciated that the
agreement of the C term derivation from the mass balance
model by Horvath and Lin and our derivation from the ran-
dom walk model is surprisingly good. The advantage of the
random walk model is that it not only provides the simplest
calculation but also from its microscopic point of view it gives
considerable insight concerning the band broadening by each
effect.
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CORRESPONDENCE

Chemiluminescent Detection of Reduced Sulfur Compounds with

Ozone

Sir: Gaseous reduced sulfur compounds are of potential
importance in the global atmospheric sulfur budget. The
major source of this reduced sulfur is thought to be bacterial
production, the most prevalent biogenic sulfur gas being hy-
drogen sulfide (H,S), with dimethy] sulfide (DMS), carbonyl
sulfide (COS), carbon disulfide (CSz) mercaptans, and di-
sulfides commonly being present in smaller amounts (I, 2).
These sulfides are subsequently oxidized in the troposphere
to SO, and sulfate, thus contributing to the naturally occurring

been destroyed by the excess ozone in the reaction mixture. A
UV-transmitting, visible absorbing glass filter (Corning CS-7-60)
was installed in front of the ph Itiplier tube (H
R-268) to restrict light detection to the 300~400 nm range. This
filter has a peak transmittance of approximately 70% at 355 nm.
No change was made in the detector electronics or in the
stainless steel reaction chamber. The reaction chamber was used
at room temperature and was not thermostated. The chamber
and all connecting tubing were sealed against outside light.
Exhausl gases from the pump were scrubhed by a large activated

background of the latter pounds. With the r ition

h I trap before venting into the air to destroy excess reagent

of acidic precipitation as a global atmospheric problem, there
is a continuing need for highly sensitive and selective detection
methods for these important reduced sulfur gases.

A number of analytical methods have been used to measure
vapor phase organic sulfides (3-11). However, all of these
methods suffer from interferences, analysis complexities,
and /or lack of sufficient sensitivity to monitor reduced sulfur
gases at the sub-part-per-billion levels expected in ambient
air (12, 13). A method for real-time measurement of H,S,
based on the chemiluminescent reaction of H,S with chlorine
dioxide (ClO,) has recently been reported (14). A detection
limit of 3 ppb is achieved by using photon counting techniques
with a cooled photomultiplier. A major drawback to this
method is that the ClO, reagent is not easily prepared or
stored. Also formation of elemental sulfur can occur in the

hemil reaction chamber, coating the cell window
and reducing sensitivity during continuous operation.

With the aim of developing a simple, sensitive, selective
real-time method for measurement of reduced sulfur gases,
we have investigated the chemiluminescent detection of H,S,
DMS, and other reduced sulfur compounds by their oxidation
with ozone. The observation of chemiluminescence in the 300
to 400 nm wavelength region resulting from the gas-phase
reaction of O3 with H,S, DMS, and methyl mercaptan (C-
H;SH) has been previously reported (15, 16) and the emitting
species has been identified as electronically excited SO, (16,
17). The homogeneous gas-phase reaction of ozone with hy-
drogen sulfide has been reported to be slow in studies at low
pressures (18-21), and the oxidation mechanism is apparently
complex. A reaction order for H,S from 0.5 (18) to 2 (21) has
been observed, and a heterogeneous reaction pathway has been
proposed as a possible explanation of the data (22). Reported
here are results of a preliminary investigation of the ozone-
reduced sulfur chemiluminescence, which also imply a complex
reaction hanism (possibly both h and heter-
ogeneous) but indicate that ozone chemiluminescence may
be an extremely useful tool for the detection of H,S, DMS
and other reduced sulfur species in the ambient atmosphere
and in industrial applications (23).

EXPERIMENTAL SECTION

Figure 1 shows the experimental arrangement used in this
investigation. A Monitor Labs Model 8410 ozone monitor was
modified for use as a dewcmr of the ozone-sulfide chemilu-

! disch ozone source, of the type used
in Thermo-Electron oxides of nitrogen detectors, was connected
to the former ethylene flow line of the 8410. A Metal Bellows
Corp. Model 41 air pump was substituted for the rubber dia-
phragm pump in the 8410, since the rubber diaphragm would have

ozone and to trap any toxic reaction products.
Gas mixtures were prepared with a Dasibi Model 1005-C2 Gas
Cahbrawr Permeauon tubes for H,S, DMS, CH,SH, thiophene,
dehyde, and propane were obtained from AID, Inc.
Pressurized cyhnders of ethylene and benzene in nitrogen, at
appmxlmnwly 1 ppm and 20 ppm, respectively, were prepared
by successive dilutions starting from the pure compounds.
Mixtures of 208 ppm NO in nitrogen and 99 ppm NO, in nitrogen
were used, both in linders from Scott S Ity Gases.
Optimization tests were run with H,S and DMS, which showed
that the maximum chemiluminescent emission from both com-
pounds occurred at sample air and ozonizer flow rates of 100
cm®/min each and a reaction chamber pressure of just under 1
atm. These conditions were used for all sensitivity and inter-
ference tests di: d below. No optimization study

was done for methyl mercaptan or thiophene.

RESULTS AND DISCUSSION

As was observed in an earlier study (16) the chemilu-
minescence intensity decreased m the order CH,SH > CH;-
SCH; > H,S. Thioph was still less
intense than that from H,S. Initially, tank oxygen was used
to supply the discharge ozonizer in order to maximize the
ozone concentration in the reaction chamber. Comparative
tests were conducted, however, with both dry air and tank
oxygen supplied to the ozonizer. Surprisingly, when air was
used in the discharge ozonizer, the signal observed from DMS
increased by a factor of 3 over that found when oxygen passed
through the ozone source. This large enhancement of signal
when air is used in the ozonizer is reproducible for DMS, but
sensitivity for thiophene shows only small improvement and
that for H,S and CH;SH decreases slightly, relative to the
sensitivity obtained by using oxygen. Sensitivities for CH;SH,
DMS, H;S, and thiophene are in the ratio 80:30:3:1 when dry
air is used in the ozonizer.

The improvement in sensitivity to DMS is not caused by
trace species present in ambient air, since identical results are
found with ultrapure air, ambient air that has been purified
by means of charcoal scrubbers, or unpurified ambient air.
Tests indicate that oxygen quenches the ozone/sulfide
chemiluminescence more efficiently than nitrogen does,
possibly by scavenging the radicals produced in the sulfide
oxidation. However, this effect is not large enough to account
for the 3-fold increase in chemiluminescence from DMS when
air rather than oxygen is used in the ozonizer. The optimum
sample and ozonizer gas flow rates have been found to be the
same using air or oxygen for ozone generation.

Studies have disclosed that the enh t of chemil
minescence from DMS which occurs from reactions with
ozonized air is caused by the presence of oxides of nitrogen

0003-2700/83/0355-0135801.50/0 © 1982 American Chemical Society



136 « ANALYTICAL CHEMISTRY, VOL. 55, NO. 1, JANUARY 1983

EXHAUST

PUMP

_— VENT

r COMMERCIAL !
| OZONE MONITOR |
' HIGH
RECORI i FVOLTAGYE; |—— PHOTOMULTIPLIER ';i:f:a‘g: = “SL:::::TE'O“ F—ar
L OPTICAL FILTER ,_J
AR
= OZONE
°°': ] SOURCE
Figure 1. Block diagram of apparatus used in the investigation of ozone/sulfide chemiluminescence.
(NO,) produced from N, and O in the electrical discharge negligible effects on the i ity of DMS chemil
(24). Air passed through the ozonizer discharge was analyzed regardless of the ition of the izer gas; hence it is

with a Thermo-Electron Model 14-B NO, detector and found
to contain approximately 50 ppm of NO,. When a similar NO,

ration was p d by addition of standard mixtures
of NO or NO, in nitrogen to ozonized oxygen downstream of
the ozonizer, the sensitivity to DMS increased by more than
a factor of 2, relative to that when only nitrogen was added.
Improvement of the DMS signal could be achieved by the
addition of NO or NO, to the ozone flow even when air was
used in the ozonizer, provided the added NO, concentration
was of similar magnitude to that of the NO, produced in the
ozonizer. Addition of NO or NO, in nitrogen to the ozone flow
produced no improvement in sensitivity to H,S, relative to
that when only nitrogen was added. No signal was observed
from mixtures of sulfides and NO or NO, in the absence of
ozone.

In a second study, the composition of the gas passing
through the discharge ozone source was varied by premixing
oxygen and nitrogen. The chemiluminescent intensity from
a constant concentration (165 ppb) of H,S was found to be
nearly invariant with ozonizer gas composition, from pure
oxygen to 10% 0,/90% N,. In contrast, the signal from 44
ppb DMS was increased over its value with ozonized oxygen
with mixtures varying from 95% O, to 10% O,. The maxi-
mum signal from DMS occurred at an ozonizer gas compo-
sition of 75% 0,/25% N, being 3.5 times as great as the signal
observed using pure oxygen. However, the maximum is broad
and signal enhancement at an ozonizer gas composition of 20%
02/80% Nz (i.e., air) was only 10% lower. In all cases the
d sharply to zero at ozon-
izer gas mixtures approaching 100% N,.

If the O, chemiluminescent method is to be useful for am-
bient sulfide detection, it is important to determine the effect
of NO, in the sample air on the measurement of sulfide
compounds in that air. Mixtures of NO and NO, with both
DMS and H;S have been prepared by adding standard mix-
tures of NO or NO, in nitrogen to the diluent air downstream
of the calibrator. No change in signal from H,S was found
with the addition of NO or NO,, as expected from the dis-

ion above. Enh t of the signal from DMS was
observed at parts per million levels of added NO,, when ox-
ygen was used in the ozonizer, but a decrease in signal with
added NO, was observed when air was used in the ozonizer.
For the present report the key finding is that NO or NO,
concentrations of 100 ppb or less in the sample air have

clear that no interference in ambient DMS detection will result
from the presence of ambient NO,.

Although the detailed hanism of enh t of DMS
chemiluminescence by NO, is still unknown, a few comments
can be made. Hales et al. (18) discuss reports of NO, inter-
actions with H,S but support a photolytic pathway for oxi-
dation by H,S by NO,. Photolytic reactions are ruled out in
the present study by the construction of the reaction cell and
plumbing system. In the study by Becker et al. (19), under
reaction conditions widely different from t‘wse in the present
work, NO, was found to h the chemil from
H,S, but not from CH3;SH or DMS, probably by reaction with
chain-propagating HS radicals formed in H,S oxidation. Such
an effect was not observed in this study. The final steps in
the mechanism of ozone/sulfide chemiluminescence are

SO + 0y — SO,* + 0, (6))
S0,* — SO, + hv ©@

Although NO, is known to react with SO more than 100
times faster than ozone does, it is clear that enhancement of
DMS chemiluminescence caused by NO, does not involve an
increased rate of SO oxidation, since in that case similar effects
would be expected for all the sulfides studied. In the ozone
stream any nitric oxide (NO) produced in the discharge would
be rapidly converted to higher oxides, including NO3, which
has been shown to be a strong oxidizing agent for reactive
hydrocarbons (25, 26). It may be that the effects of NO, on
the chemiluminescent oxidation of DMS are caused by the
presence of NOjs, in equilibrium with N,Oj, in the ozonized
air. Whereas the oxidation of H,S or CH;SH by ozone is
thought to be initiated by the breaking of a hydrogen-sulfur
bond (19, 20), e.g.

H,S + O; — HSO + HO, (3)

thjs cannot occur wnh dimethyl sulfide. We propose that the
from DMS in the presence of
NO, is caused by some species, probably NO;, which attacks
the sulfur-carbon bond more effectively than ozone does.
Further studies using other organic sulfides will be performed
to investigate this hypothesis.

Calibration curves have been obtained for H,S and DMS,
using air in the ozone source, since this gives optimum sen-
sitivity for DMS and nearly optimum sensitivity for H,S.
These calibration curves are shown in Figure 2. As stated
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Figure 2. Calibration curves for H,S and DMS: (a) H,S, 9/1/81 (@),
12/22/81 (O); (b) DMS, 12/16/81(®), single points on 1/14/82 (4),
and 2/9/82 (O). In both (a) and (b), curves are drawn through the
earliest calibration points only.

previously, the sensitivity for DMS is about an order of
magnitude higher than that for H,S. At low sulfide concen-
trations (e.g., <100 ppb H,S) the emission intensity is first
order with respect to sulfide, and the calibration plot is linear.
At higher sulfide concentrations the reaction order decreases,
e.g., an apparent reaction order for sulfide of 0.5 is observed
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Table I. Compounds Tested for Interference in the
Detection of Gaseous Sulfides by
Ozone Chemiluminescence

concn signal
tested, (DMS equiv),
compound ppmv ppbv
ethylene 1.1 1.7
benzene 20 n.d.?
propane 0.24 n.d.
nitric oxide 0.14 n.d.
nitrogen dioxide 0.14 n.d.
acetaldehyde 0.32 n.d.
sulfur dioxide 0.38 n.d.
9 n.d. indi no signal d d

Faril

is a potential interference in the
detection of g duced sulfur pounds by ozone
chemiluminescence, although these metal hydride compounds
are not likely to be present in ambient air.

The p d is a relatively simple modification of
an existing instrument, yet shows good sensitivity and se-
lectivity for reduced sulfur compounds. The instrument has
performed well as a sulfur-specific GC detector in laboratory
tests (31). Present sensitivity is sufficient for measurements
of reduced sulfur compounds in source areas or industrial
envir ts and shows promise for use in field studies of

with H,S at 500 ppb. The enhancement of DMS chemil
minescence caused by ozonation of air rather than oxygen does
not change the apparent reaction order with respect to DMS.
The cause of the nonlinearity in the calibration plots is not
certain but may result from a heterogeneous process in the
sulfide oxidation, as suggested by Cadle and Ledford (22).
Although the heterogeneous formation of nitric acid from N,O;
present in the ozone stream and water vapor in the sample
air would be expected to occur, we find only modest depen-
dence of signal from either H,S or DMS on the humidity of
the sampled air. At 20 °C, the signal from air of 0.03% relative
humidity containing 9 ppb DMS was 25% greater than from
saturated air having the same DMS concentration. Similar
results were found for H,S.

Figure 2 also illustrates the stability of the detector cali-
bration; for both H,S and DMS, calibration points taken
months apart are shown. Observed response variations are
less than 20% for H,S over 3 months and less than 10% for
DMS over 2 months. Drift in zero air signal has been less than
3% of full scale over a period of 6 months. The current system
has detection limits for H,S, DMS, CH;SH, and thiophene
of about 4, 0.3, 0.1, and 12 ppb, respectively, based on a
signal/root mean square noise ratio of 2, and a 60 s time
constant.

Table I lists several compounds which have been tested for
interference in the Oy/sulfide chemiluminescence, and the
concentration at which the test was made. The interference
values are given as the DMS ration d to prod
equivalent signal. No signal is produoed by benzene and
propane, as expected based on previous work on the chemi-
luminescent oxidation of hydrocarbons by ozone (27). Nitric
oxide and nitrogen dioxide give no interfe although
parts-per-million levels of NO, enhance the emission from
DMS, as di d above. Acetaldehyde gives no signal in our
system; therefore, it is unlikely Y.hat ot.her aldehydes would
interfere, since only acetaldehyde was found to chemilumi-
nesce with ozone at room temperature in the study by Fin-
layson et al. (28). Ethylene is the only compound tested as
an interferent which gives significant signal. The selectivity
for DMS with respect to ethylene is 650:1.

Recent reports have d d the chemilumi re-
sulting from the gas-phase reaction of ozone with arsine (AsHy)
and other metal hydrides (29, 30). The UV portion of this

natural of sulfur ds (2), where the real-time
measurement capability and ease of operation are valuable
attributes. When samplmg a mixture of reduced sulfur com-

ds, as in ambient air the differing re-
sponse of the detector to different sulfur compounds might
require a separation or derivatization step to assure unam-
biguous measurement. The ethyl iodide derivatization used
by Braman and Ammons (11) is one possibility under in-
vestigation in this area. Substantial improvement in sensi-
tivity may be possible through improved reaction cell design,
increased ozone production, or the use of photon counting
techniques. The intensity of ozone/sulfide chemiluminescence
increases with increasing reaction chamber temperature, so
that improvement in sensmvny is achxevable by heatmg the
reactor. For le, DMS ch is
approximately doubled by raising the reactor temperature
from 20 °C to 100 °C. P duced sulfur
gases prior to analysis is a possible means of further improving
the detector sensitivity. Work is currently under way in-
vestigating these possibilities, studying the response of the
detector to other sulfur compounds, such as COS and CS,,
and further elucidating the hanism of ozone/sulfide re-
action and chemiluminescence.
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Identification of Triaromatic Azaarenes in Crude Qils by
High-Resolution Spectrofluorimetry in Shpol’skii Matrices

Sir: Many methods used in the investigation of nitrogen-
containing polyaromatic compounds (azaarenes) in crude oils
have benefited from continuous progress in analytical meth-
odologies of neutral polycyclic aromatic hydrocarbons (PAH):
high-performance liquid chromatography (1-3), UV spec-
trometry (4), and capillary column gas chromatography and
combined gas chromatography/mass spectrometry (GC/MS)
(5-11). Fluorescence analysis also appeared very early as a
convenient and powerful method for PAH and azaarene
analysis (12-14), due to both the exceptional fluorescence
properties of these compounds and the great sensitivity of
emission detection.

However, at room temperature, fluorescence analysis does
not permit the differentiation of isomeric compounds in
complex mixtures because of considerable band broadening.
Of much greater potentiality in this case is certainly the ap-
plication of the Shpol'skii effect which is a specific charac-
teristic of aromatic molecules (15). When incorporated at low
temperature (T « 77 K) in n-alkane matrices, aromatic
compounds exhibit well-resolved emission fluorescence spectra
(bandwidths: 1-5 cm™), which allow the detection of indi-
vidual molecules in complex mixtures. Whereas several recent
papers have been devoted to the identification of neutral PAH
by Shpol'skii spectrometry (16-18), little analytical work to
our knowledge has been reported on azaarenes using this
technique (19).

We report the identification by high-resolution spectro-
fluorimetry of various alkylated benzo[h]quinolines extracted
from crude oils. Results are in accordance with a previous
work in which structure determinations were obtained by
GC/MS (20). In the lysis of polyaromatic mol
however, whether PAH’s, azaarenes, or others, the GC/MS
combmatlon cannot overcome the basic weaknesses of the

individual techniq; chrc phy is not selective enough
to separate all geometrical isomers and mass spectrometry

lacks structure indicating fragments in this case. Thus,
confirmation of the identification by a complementary tech-
nique was sought. The complexity of petroleum basic fractions
and the unavailability of enough sample material after suitable
purification and extraction excluded the use of NMR, but
high-resolution fluorimetry, which does not suffer from these
drawbacks and exhibits both extreme sensitivity and tunable
selectivity, was clearly the method of choice.

EXPERIMENTAL SECTION

R and Sol All sol were of analytical grade
(Merck or Carlo Erba) and glass distilled before used. For
spectrofluorimetric studies, n-hexane (spectroscopy grade from
Fluka) was dried and kept on molecular sieves (3 and 10 A).
Traces of polar molecules should be absent from Shpol'skii sol-
vents to avoid association with azaarene molecules (19).
Fluorescence transparency of the solvent was verified by room
temperature spectrofluorimetry (MPF-44 Perkin-Elmer spec-
trofluorimeter, Norwalk, CT).

Authentic azaarenes have been preparated by synthesis (21)
and their structure checked by NMR spectrometry.

Preparation of Basic Fraction. The general scheme of
isolation of petroleum nitrogen bases was previously published
(5). Results are presented here for one crude oil (Likouala, Congo),
asample in which benzoquinolines are major compounds and show
a distribution typical for most crude oils (5-18, 20). Micropre-
parative fractionations by means of reversed-phase liquid chro-
matography were as previously described (20).

Capillary Column Gas Chromatography. Glass capillary

1 coated with polar (OV-73), medium polar (OV-61),
and polar (SP-2340) stationary phases (10, 11) were used for
identifications by means of coinjections with synthetic reference

ds. The gas chr h was a Perkin-Elmer Model
Slgma 3 (Norwalk, CT).

Low Temperature Fluorescence Spectrometry. Low-tem-
perature lumi were performed with a
homemade spectrofluorimeter previously described (22). Exci-
tation was provided by a xenon lamp (XBO Osram 450 W), the

0003-2700/83/0355-0138$01.50/0 © 1982 American Chemical Societv
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Figure 1. Fluorescence spectrum of benzo[h |quinoline in n-hexane
frozen solution at 15 K: ¢ = 107 M, excitation at 266 nm.

FLUORESCENCE INTENSITY (au)

365 (nm)

light of which was dispersed through a Jobin Yvon (H 20)
monochromator (excitation bandwidth about 2.5 nm). The
fluorescence emission was observed at 90° through a high-reso-
lution monochromator (Jobin Yvon HR 1000 dl.spersmn 08
nm/mm). P lectric detection i of 1
(EMI QB 9789)
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Figure 2. Fiuorescence spectra of synthetic benzo[h]
rivatives in n-hexane frozen solution at 15K. ¢ = 5§ X 10™° M for each

uinoline de-

The analyzed solutions were contained in fused silica tubes
which fit into a copper block. This sample holder ( i !

of five tubes) was attached to the cold head of a closed cycle
refrigerator (Model 21 SC Cryodyne CTI) operating at 15 K. The

P . Only the structure of the first strong emission
transition is shown. (A) 2,3-dimethylbenzo[h |quinoline, A,,. = 280 nm;
B) 24—d|me!hylbenzo[h]qulnoﬁne Aee = 279 nm; (C) 2,3.4-tri-

(h] Aexc = 280 nm; (D) 2.4,6-trimethylbenzo-

best observation of the Shpol'skii effect requires fast freezing of
the solutions, otherwise aromatic aggregate formation can occur
(23). This fast freezing was achieved by first immersing the sample
holder into liquid nitrogen. The cool down procedure from 77
to 15 K was then completed in about half an hour.

RESULTS AND DISCUSSION

The Shpol'skii spectrum of an aromatic molecule exhibits
a characteristic multiplet structure (Figure 1) due to the ex-
istence of several different orientations of the molecule in the
n-alkane crystalline solution (24, 25). In the case of aza-
phenanthrenes (1 e, benzoquinolines and alkyl derivatives),
fluor in nc lar solvents is due to =—=*
transitions whose energies are quite close to those of phen-
anthrene (26). Fluorescence quantum yields appear to be in
the same range for alkylphenanthrenes and alkylbenzo[h]-
quinolines (27) but are very dependent on the nature of the
solvent for nitrogen compounds (28).

Previous spectroscopic works have been made on quinolines,
benzoquinolines, or phenanthrolines trapped in n-paraffins
at 77 K (19, 29, 30), which exhibit quasi-linear luminescence
spectra in nonpolar solvents. Normal hexane appears to be
suitable solvent for azaphenanthrenes, just as it has been
demonstrated for neutral triaromatics (28). Solutions of
reference compounds and of crude oil basic fractions were
adjusted to an optimum concentration of about 10® M in
n-h In this ration range, the problems which
may occur in Shpol'skii matrices (nonreproducubxlny in the

[h]qulnollne. X,u = 279 nm.

INTENSITY

RELATIVE PHOSPHORESCENCE

i e 7 +
457 461 465 465 469
WAVELENGTH (nm)
Figure 3. Phosp spectra of sy ic benzo[h ]

derivatives in n-hexane frozen at 15 K. Experimental conditions and

relative fluorescence intensity of peaks, intermol in-
teractions, formation of aggregates) are minimized (17).

Fluor and ph quasi-linear spectra of
the four methylated reference benzo[h]quinolines are pres-
ented in Figures 2 and 3, respectively. All the compounds
exhibit simple fluorescence spectra composed of only a few
quasi-lines in the emission transition where the fluorescence
intensity is localized.

A bathochromic shift of the position of fluorescence bands
can be observed between dimethylbenzo[h]quinolines (DM-
BhQ) and trimethylbenzo[h]quinolines (TM-BhQ).

We have examined a crude oil basic fraction where C; and
C; alkylbenzoquinolines have been shown to be the major
components by LC/UV analysis. By judicious use of the

ttributed spectra are as given in Figure 2.

excitation wavelength, each available isomer of DM-BhQ can
be easily identified in the natural sample by comparison of
L

its fluor and p h spectra with those of
a synthetic mlxture (Flgure 4). The two TM-BhQ exhibit
one strong p line at exactly the same

q

emission wavelength (cf. Fjj igure 3) and cannot be differentiated
in this way. The comparison of the relative fluorescence
intensity of BhQ peaks in the equimolar mixture and in the
crude oil fraction indicates that 2,4-DM-BhQ and 2,4,6-TM-
BhQ dominate over the other respective isomer.

The four BhQ have been identified in the Likouala basic
fraction by means of coinjection on three different glass ca-
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Figure 4. Emission spectra of 2,3- and 2,4-dimet [h]quinolines

in a synthetic mixture (each isomer at 2.5 X 10° M) and in a di- and
triaromatic base concentrate from Likouala crude oil, frozen in poly-
crystaliine n-hexane at 15 K. Excitation was at 330 nm. Each lsomer

Is identified by several peaks, by and phos-
phorescence.
SYNTHETIC
MIXTURE

LIKOUALA
CRUDE OIL
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Figure 5. Fluorescence spectra of 2.3,4- and 2,4,6-trimethylbenzo-
[h]quinoiines in a synthetic mixture (each Isomer at 2.5 X 10~ M) and
In a di- and triaromatic basic concentrate from Likouala crude oil,
frozen at 15 K in polycrystalline n-hexane. Excitation was at 332.5
nm. Each isomer is identified by at least one characteristic emission
peak. Peaks () in the P are d to 2,4-
DMBhQ. Peak (u) is to an

pillary columns. Relative distributions between isomers were
found in good ag with lo ature fluorimetric
analysis.

These analytical experiments are a good example of the
application of GC, GC/MS analysis, and high-resolution
spectrofluorimetry. This last technique, widely applied to the
detection of neutral PAH’s, d rates here its extensi
possibilities to the ch ization of N-heteroatomic tricyclic
compounds. This work will be continued by the characteri-

zation of higher molecular weight extracted from
crude oils, using fluorescence analysis at two levels: deter-
mination of the ring ar t of pounds occurring in

the basic fractions by room temp and
identification of individual compounds by high-resolution
analysis at 15 K.
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Quantitative Analysis of Coal-Derived Liquids by Thin-Layer
Chromatography with Flame lonization Detection

Sir: Gravity column chromatographic separation of coal-
derived liquids precludes the analysis of a larger number of
samples due to the cumbersome solvent removal step involved
in any such procedure (I). On the other hand HPLC does
not offer detectors suitable for quantitative work and pro-
cedure calibration is difficult (2). Again solvents are the main
obstacle to fast analysis. In addition to that, column chro-
matographic procedures as applied to coal liquid or bitumen
analyses are burdened by incomplete sample recoveries,
characteristically between 85 and 95%, depending on sample
type (3). Most of the disadvantages of column chromatog-
raphy procedures can be eliminated, if thin-layer chroma-
tography is employed, in combination with a flame ionization
detector (4, 5). At least one company offers a TLC/FID
instrument using sorbent coated rods. Solvent systems used
in traditional column separations of fossil fuels need only little
modification to be directly applicable to TLC, as shown in
Figure 1. Stepwise development of the chromatogram is fast,
solvent removal can be effected in a matter of minutes, and
all sample components are accessible to the detector; as for
the actual measurements, the rod is pulled through the de-
tector flame at a constant rate. The rods can be placed in a
frame, and their scanning is automated. Thus, up to 10
samples or sample replicas can be analyzed simultaneously.
During the passage of the rod through the detector flame, the
separated sample components are burned and the sorbent-
coated rod is reactivated at the same time, so that a set of rods
can be used for up to 50 times without appreciably changing
their properties.

This contribution shows typical application of TLC/FID
for the analysis of process oils from coal liquefaction and actual
toluene extracts from coal liquefaction experiments.

EXPERIMENTAL SECTION

TLC/FID. The samples were dissolved, typically in methylene
chloride, and filtered through a narrow pore filter to remove any
particulate matter and about 40 ug of sample was applied 1 cm
from the bottom of the silica gel or alumina coated rod. Several
solvent systems were applied to find r bl ion of
saturates, aromatics, mobile (polar 1), and immobile (polar 2)
components. Silica gel rods (15 cm long, 0.1 cm diameter, useful
bed length 10 cm) were developed to 9 cm length with n-hexane,
dried, and redeveloped with the same solvent, followed by 80%
benzene in n-hexane over 4-5 cm of bed length. The final de-
velopment was done with THF or 40% methanol in methylene
chloride. Alumina rods were developed with n-hexane (9 cm),
benzene or methylene chloride (5 cm), and methanol/methylene
chloride (40:60) (2.5 cm). The rods were dried in a laboratory
oven under nitrogen for 4-5 min and scanned in the FID at a rate
of 0.31 cm/s. The instrument used was a combination of
TLC/FID chromatograph, IATROSCAN TH-10, manufactured
by Iatron Laboratories Inc., Tokyo, and a Hewlett-Packard Model
3390A integrator. Detected gases were set at flow rates of just
above 2 L/min for air and 160 mL/min for hydrogen.

SARA Analysis. A 1-g sample was dissolved in 2 mL of
methylene chloride, 80 mL of n-pentane was slowly added under
stirring, and the precipitated asphal were collected on a filter
after several hours, dried under nitrogen to constant weight, and
weighed. The filtrate was reduced to dryness, redissolved in a
few milliliters of n-pentane, and applied on a 30 X 1 cm column
packed with Fuller's earth activated at 115 °C for 2 h. The “oils™
were eluted with n-pentane and the “resins” with THF. The
eluted fractions were evaporated to constant weight and weighed.
(See ref 6 for further description of procedure.)

Preparative TLC. Plates (20 X 20 cm) coated with alumina
or silica without a binder (Merck) were activated at 150 °C and

Table I. Comparison of TLC and SARA Analyses
of Anthracene Oil

wt %
hydrocarbons  polar I polar II
TLC/FID
alumina 87.9 10.0 1.6
88.0 9.6 1.9
silica 88.1 8.6 2.2
SARA 82.2 14.2 3.6
(resins) (asphaltenes)

200 °C, respectively. The sample solution was applied as a thin
line nearly across the whole width of the plate. The same solvent
systems and developing conditions were used as for rod TLC.
After final drying, the respective zones were visualized with a UV
lamp and scraped off the plate and the separated material was
extracted with pentane and MeOH/methylene chloride in a
Soxhlet miniextractor.

Infrared spectra were obtained from methylene chloride casts,
using a Perkin-Elmer Model 283 infrared spectrometer.

RESULTS AND DISCUSSION

As pointed out above, TLC can overcome a number of
problems encountered in gravity column and HPLC separa-
tions. It is fast, multiple analyses can be performed simul-
taneously, and all sample components are amenable to mea-
surement. Easy solvent removal and FID detection of the
“peaks” can be complemented by using an electronic inte-
grator.

Since the separation mechanism is the same as in step
elution methods of gravity column chromategraphy, it was
important to ascertain the differences in fraction composition
between the oil and resin fractions from SARA analysis,
normally done on clays (6), and fractions obtained from the
separation of the sample on silica gel or alumina (7, 8). Thus
fractions of oils and resins from SARA separation have been
individually examined through the course of development of
the TL chromatogram (Figure 1) for a sample of anthracene
oil. With 80/20 Bz/nC6 solvent only little material from the
oil fraction from Fuller’s earth appeared in the “resin” fraction,
while “resins” supplied about 15% material to the oil fraction.
Thus, the results for oils should be somewhat higher in TLC
than in SARA. This is confirmed by Table I, making a com-
parison of SARA and TLC results.

However, either the anthracene oil contained very little
asphaltenic material or the material was removed prior to
analysis by TLC. A comparison of SARA and TLC results
for toluene extracts of liquefaction products on the other hand
showed a larger discrepancy (Table II), suggesting that part
of the material precipitated as asphaltenes migrated in the
“resin” and even in the “hydrocarbon” fractions. That this
is the case indeed could be confirmed by dissolving the pre-
cipitated asphaltenes from the toluene extract in methylene
chloride and subjecting them to TLC (Table III). The results
were in accordance with our previous experience with sorbent
chromatography of the resin and asphaltene fractions from
oil sands bitumen (7-9). IR spectra of the same fractions
obtained from preparative TLC on plates show clearly that
some material, characterized by phenolic absorptions and also
by an absorption at about 1740 cm™ was appearing together
at the R; value for the hydrocarbon peak (Figure 2). This
“asphaltene™ migration explains the results of Table II sat-
isfactorily.

0003-2700/83/0355-0141$01.50/0 © 1982 American Chemical Society
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Figure 1. Progr of TL 0 of oils and
resins separated by SARA method.

Table II. Comparison of TLC and SARA Analyses of
Toluene Extracts from a Coal Liquefaction Experiment
wt %
SARA ‘“‘aromatics’  “resins” ‘““asphaltenes”?
R1 28.5 10.7 52.3
R14 30.4 2.4 64.8
R15 31.9 2.3 57.5
R24 64.5 9.4 221
R29 77.6 5.2 7.1
R18R 39.0 5.8 41.5
wt %
TLC? HC polar 1 polar 2
R1 66.3 26 7.6
R14 63.9 24.6 11.4
R15 63.6 27.4 9.0
R24 87.56 11.2 1.3
R29 90.3 9.1 0.6
R18R 70.2 21.3 8.4

@ Asphaltenes separated by Isprecum.mnon resins and oils
separated on Fuller's earth. On alumina. Solvents:
nC6 100%, methylene chloride 50%, MeOH/methylene
chloride 26%. Asphaltenes not separa!ed prior to analy-
sis. Average values from five measurements.

Table III. Separation of Asphaltenes from Toluene
Extract by TLC on Alumina
wt %
sample HC polar 1 polar 2
R14 (A) 27.1 62.7 10.2
(B) 22.6 60.3 17.0

wt % recalculated for 64.8%
asphaltenes obtained in SARA

HC resins  asphaltenes
R14 (B) 45 41.4
(A) 47.6 43 9.4

Another lmpommt quesuon for quantitative analysis was
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Figure 2. IR spectra of and

TLC of asphaltenes on alumina.
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Figure 3. Regression analysis of TLC results for anthracene oil.

Table IV. P of TLC S ion of Anthracene Oil
wt %
RT = 0.50 RT = 0.68 RT=0.77

rod min min min

1 88.347 10.128 1.524

2 89.306 9.005 1.689

3 84.544 12.498 2.958

4 88.781 9.812 1.407

5 90.742 8.038 1.220

6 89.111 9.231 1.658

7 88.237 10.011 1.752

8 89.226 9.449 1.326

9 89.728 8.306 1.966

10 86.542 9.988 3.470
x 88.456 9.647 1.897
std dev 1.755 1.231 0.737

during the relatively fast passage of the rod through the de-
tector flame—calibration can be easily done by accumulating
sufficient material from a TLC plate and doing the re-
sponse/concentratwn measurement sequence. Asphaltene-

1 | signal upon second passage

the ration/r d for the various sep- o gaver
arated peaks. lnjectmg progresswely mcreumg quantities
ofa ple of anth oil and reg lysis of re-

sponse/concentration dependence based on integrator counts
furnished linear regression for each of the three peaks (Figure
3) with high correlation coefficients. Thus, the response was
linear over the ration range ined (5.5 X 10° g/mL
to 8.8 X 107 g/mL) while the actual amount of sample applied
was determined to be at an optimum for 40-50 ug sample.
It was d that the resp factors ( ts/mass unit)
for “oils”, “polar 17, and polar 2" would pmg-resswely depart
from one due to (.he of h
the respective fractions. This in fact was the case. However,
once the response is linear with concentration—which was a
questioned point—since unlike in GC which deals with volatile
samples only, the sample must be completely burned off

of the rod { through the flame. This effect could be eliminated
by rotating the rods by 180 °C around their circumference,
so that direct contact of the flame and the sample was ac-
complished. On the other hand, particulate material had to
be removed from the sample prior to TLC as the hot zone
temperature is not sufficient to burn it completely.

Thus, we have been able to establish that TLC/FID is
suitable for quantitative analysis of coal-derived liquids after
removal of particulate material and asphaltenes, with rea-
sonably good precision (Table IV) and in short time, typically
1.5 h, while the precision of the determination can be improved
considerably by running five or more (up to ten) sample
replicas in parallel and averaging the results.

In addition to that, only minute sample quantities are re-
quired for the analysis (typically about 50 ug) so that the
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method is also well suited for the analysis of samples from
miniautoclave experiments, minipyrolyzers, etc. For showing
distributional trends, the asphaltenes do not have to be re-
moved and corparative analyses can still be done, for exam-
ple, by choosing a solvent (typically n-hexane with 1%
methanol) in which the asphaltenes are substantially insoluble,
but all other components are soluble, or the system can be
converted into a solvent extraction from open bed, as done
previously from a column by Burke et al. (10).

ACKNOWLEDGMENT

Thanks are due to T. Manske for conscientious experi-
mental work.

LITERATURE CITED

(1) Haines, W. E.; Th C.J. " and Ch g High-
Boiling Petroleum Distillates”; The USBM-API Procedure, LERC/RI-
75/5 and BERC/RI-75/2, July 1957.

(2) Suatoni, J. C.; Swab, R. E. J. Chromatogr. Sci. 1975, 13, 361.

(3) Farcasiu, M. Fuel 1977, 56, 9.

(4) Yokoyama, S.; Umematsu, J.; Inoue, K.; Katoh, T.; Sanada, Y. Inter-
national Conference on Coal Science; . Sept 7-9, |981

(5) Suzuki, Y.; Takeuchi, A. Proceedings of 21st Annual Meeting of
Japan Soclety for Analytical Ohemlslry 1972, No. 47.

(6) Bulmer, J. T., Starr, J., Eds. "SYNCRUDE, Analytical Methods for Oil
Sgnd aznsd Bhumsn Processing”; SYNCRUDE, Canada Ltd.: 1979, pp
121-1

(7) Selucky, M. L.; Ruo, T. C. S.; Chu, Y.; Strausz, P. In “Analytical
Chemistry of Liquid Fuel Sources"” American Chemical Society:
Washington, DC, 1978; Adv. Chem. Ser. No. 170, pp 117- 127

(8) Selucky, M. L.; Ruo, T. C. S.; Chu, Y.; Strausz, O. P. Prepr., Div. Pet.
Chem., Am. Chem. Soc. 1971, 22 (2), 695.

(9) Selucky M. O.; Kim, S. S.; Skinner, F. In “Chemistry of Asphaltenes”;

American Chemlaal Sodery Washington, DC, 1981; Adv. pp 83-118.
(10) Burke, F. P.; Winschel, R. A.; Wooton, D. L. Fuel 1879, 58, 539.

Milan L. Selucky
Coal Research Department
Alberta Research Council
Edmonton, Alberta T6G 2C2, Canada

RECEIVED for review July 16, 1982. Accepted September 27,
1982. Alberta Research Council, Contribution No. 1140.

1-Methyl-4-acetylpyridinyl Free Radical as an Electron Spin Resonance

Spectral Probe of Solvent Polarity

Sir: Several organonitrogen free radicals have been rec-
ommended as cybotactic probes of solvent polarity because
the influence of the solvent at the molecular level is observed
as a systematic spectral shift in the values of the ESR hy-
perfine splitting constants for key basic atoms or functional
groups within the indicator radicals. The most extensive and
precise experimental data on such solvent effects were re-
ported by Knauer and Napier (1), and their data base has been
incorporated and reinterpreted in more recent theoretical-
empirical studies on solvent polarity and hydrogen bonding
by Taft, Abboud, and Kamlet (2) and by Abe, Kubota, and
Tkegami (3). Because these investigations have been largely
restricted to the A\-ESR data for nitroxides, the present
analytical study was undertaken in order to expand the data
base for testing the reliability of the Kamlet-Taft solvent
polarity scale by examining the solvent effects upon the hy-
perfine splitting constants for a different radical type. The
specific probe selected for this purpose was 1-methyl-4-
acetylpyridinyl (MAP) radical.

A detectable solvent influence upon the ESR spectrum of
MAP was first identified and briefly discussed by Grossi,
Minisci, and Pedulli (4). For this probe, the hyperfine splitting
constant (Ay) for the acetyl group is far more sensitive to
changes in the solvent environment than is Ay for the basic
nitrogen atom (5). The analysis of the observed net solvent
effect upon Ay(acetyl) as summarized herein is made with the
most recent form of the multiparameter model of Taft, Ab-
boud, and Kamlet (2), using the linear free energy function
ineq 1. Here, the observable is P and its reference state P,

P = Py + s(z* + db) (1)

7* is the solvent dipolarity parameter, and the dé term is a
polarizability correction having a nonzero value for aromatic
and polyhalogenated solvents (2). Equation 1 was applied to

Table 1. Hyperfine Splitting Constants for
1-Methyl-4-acetylpyridinyl Radical in Aprotic and
Hydrogen Bonding Solvents (at 25 °C)

Ay-
solvent n*a a?  (COCH,)*
acetone 0.73 0 2.26
acetonitrile 0.71 0.29 2.52
acetophenone 0.90 0 2:29°¢
benzene 0.59 0 1.96
bromobenzene 0.79 0 2.15°¢
chlorobenzene 0.71 0 2.10°¢
diethyl ether 0.27 0 1.74
dimethoxyethane 0.56 0 2.06
dimethylformamide 0.88 0 2.42
dimethyl sulfoxide 1.00 0 2.61
ethanol 0.54 0.85 3.25°¢
hexamethylphos- 0.87 0 2.44¢
phoric triamide
n-hexane -0.08 0 1.41¢
methanol 0.60 0.99 4.10
methyltetrahydro- 0.48¢ 0 1:92
furan

i-pentane 0.03¢ 0 1.44
pyridine 0.87 0 2.39¢
sulfolane 0.98 0 2.54¢
tetrahydrofuran 0.58 0 1.98
toluene 0.54 0 1.88¢
water 1.09 1.02 5.41
o-xylene 0.51 0 1.90°¢

4 Kamlet- Abboud-Taft parameters (incm ™' x 10%)
from literature sources (2, 8, 11). ? Values for the
hyperfine splitting constants (in G) reported by Kubota
and Ikegami (5). ¢ New experimental data.

Kubota and Ikegami (5) using zinc and sodium amalgam as the

Apl(acetyl) values for MAP in nonpolar and polar aprotic
solvents, and additional independent statistical tests concerned
with the consistency of the data set of hyperfine splitting
constants for MAP were made as well.

EXPERIMENTAL SECTION

The pyridinium iodide of the name compound was the initial
reactant used to prepare 1-methyl-4-acetylpyridinyl radical; and
the synthetic methods of Grossi, Minisci, and Pedulli (4) and

reducing agents were employed without modification.
Reagent grade solvents were dried by standard methods (6)
and all aprotic solvents were passed through an alumina oolumn
for final drying just prior to d and solution prep ion.
In general solute concentrations did not exceed 10-10° M.
Spectral measurements were made at room conditions with a
Varian E-4 EPR spectrometer having 100-kHz field modulation
and a 4-min scan time. The overall uncertainty in the hyperfine
splitting constants was £0.03 G (standard deviation), based upon
ten new results and five recorded scans for MAP in each solvent.

0003-2700/83/0355-0143801.50/0 © 1982 American Chemical Society
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Figure 1. Comparison of the hyperfine splitting constants, A,{COCH,),
1or the MAP radical with the Kamiet-Taft solvent dipolarity numbers,

Points designated are (@) aprotic, (O) hydrogen bond donor, and
(X) aromatic solvents as listed in Table I.

RESULTS AND DISCUSSION

The final set of hyperfine splitting constants as Ay(acetyl)
for MAP are summarized in Table I, including both new data
and those from published sources. In this instance the es-
sential solute-solvent interaction appears to be localized on
the carbonyl group and its polar oxygen as the principal de-
terminant of the spin density distribution for the adjacent
protons (3, 5).

Because of the seemingly high reliability of the data for the
Ay, values of the nitroxides in correlations with semiempirical
solvent parameters (2), the initial test applied to the results
for MAP was to compare graphically the various hyperfine
splitting constants (Ay) for the probe species with Ay values
for di-tert-butyl nitroxide radical (1) in a common set of both
aprotic and hydrogen bond donor solvents. The Ay values
from the literature (5) for the 2-6 and 3-5 ring positions were
used for this purpose as well as the data from Table I; and
it should be noted that only nonlinear trends with moderate
scatter were observed between Ay and Ay for the ring protons
of MAP. On the other hand, an excellent linear correlation
exists between Ay(di-tert-butyl nitroxide) and Ay(acetyl-
MAP) for all solvent types and including water. The corre-
sponding linear regression in eq 2 has a correlation coefficient
of 0.99 for 17 solvents and the uncertainty in the calculated
Apy(acetyl) is £0.02 G (standard deviation).

Au(COCHy) (in G) = 1.94(Ay - 14.37) @

In the Kamlet-Taft analysis of sol influences upon an
observable (P) the net solvent effect is resolved into three
independent parameters: =* as noted in eq 1; the hydrogen
bond acceptor basicity 8; and the hydrogen bond donor acidity
a. Because these parameters are related through a linear free
energy function, any graph of P vs. x* (the most fundamental
variable characterizing all solvents) will be linear for nonhy-
drogen bonding and simple aprotic solvents; however, data
points for hydrogen bond donors will be displaced from that
linear function in a common direction (7). Similarly, aromatics
and hal ted alphatic s will exhibit a slight group
displacement from the P vs. x* linear trend (8). Thus, as a
critical test of the conformity of the Ay(acetyl) values to the
expectations of the Kamlet-Taft treatment, the ESR data
from Table I were used to construct Figure 1. It is clear from
this plot that the Ay(acetyl) data follow the general pattern
anticipated from the Kamlet-Taft theory of solvent effects.

With this justification the general linear regression for the
Taft-Abboud-Kamlet function (eq 1) was applied to the
Ay(acetyl) data for MAP in all of the aprotic solvents listed
in Table I. In eq 3 the derived uncertainties are: slope and
intercept, £0.01; Ay(caled), £0.04 (standard deviation); cor-
relation coefficient, 0.99; and for the computation of =* values,
+0.05 (standard deviation). The uncertainty in the latter is

Ag(acetyl) (in G) = 1.09(x* — 0.148) + 1.46  (3)

Table II. Solvent Influence on Transient Electronic

Absorption (A ,x ) for p-Aminobenzenethiyl

Radical (at 23 °C)

Amax,®
solvent ‘am n*b sb

anisole 575 0.73 1
benzene 570 0.59 1
benzonitrile 580 0.90 1
carbon tetrachloride 550 0.29 0
chloroform 570 0.38 0
cyclohexane 545 0.00 0
o-dichlorobenzene 578 0.80 1
1,2-dichloroethane 577 0.81 1
dichloromethane 577 0.80 1
dimethyl sulfoxide 610 1.00 0
p-dioxane 577 0.54 0
ethylacetate 578 0.55 0
fluorobenzene 570 0.62 1
mesitylene 570 0.41 1
pyridine 600 0.87 0
tetrahydrofuran 580 0.58 0
toluene 570 0.54 1

9 Values for selected ag)rotic solvents from the data of
Ito and Matsuda (10). Kamlet-Abboud-Taft para-
meters from literature sources (2, 8).

comparable to the overall variation in =* numbers calculated
from aromatic carbon-13 NMR shifts (9). It should be noted
that the value of coefficient d in eq 3 is close to the one
obtained for the regression with di-tert-butyl nitroxide radical
and, as is usually the case, d is negative in sign (2). For all
aromatic solvents included in this study, the convergence in
the dé-quantity necessitates an assumed & value of unity.

A final aspect of the relationship of free radical probes to
the * scale was examined. Although it has been shown that
the ESR data for selected free radical probes correlate well
in empirical regressions like eq 1, the normalized #* numbers
themselves were initially derived from the solvent influence
at the molecular level upon the p — #* or 7 — x* UV-visible
spectral transitions of uncharged solvatochromic indicators
(2,9). Thus, it is appropriate to test whether or not solvent
induced electronic spectral shifts for an uncharged free radical
probe correspond to the usual solvatochromic behavior in the
polarity variable (#* + d5). The recently published data of
Ito and Matsuda (10) for the transient electronic absorption
of p-aminobenzenethiyl radical (p-NH,C¢H,S-) were used for
this test. For the 17 nonpolar and polar aprotic solvents in
Table I, the specific linear regression function in eq 4 is valid.

Ex(kcal /mol) = 52.46 - 5.5(x* - 0.235)  (4)

Here, Er is the transition energy corresponding to Ay, of the
radical; the correlation coefficient is 0.97; and the uncertainties
are as follows: d (£0.03); intercept (£0.01); s (£0.02); Er(calcd)
+0.22 (standard deviation). The greater uncertainties in the
parameters reflect the lower precision in the A_,, values for
transient spectra of the radical than for the nitroaniline in-
dicators; however, eq 4 is sufficiently reliable to demonstrate
the (x* + dé) response of this thiyl radical in nonhydrogen
bonding media.

Therefore, at the molecular level the measured solvent
influence upon both the hyperfine splitting constants and the
electronic spectra for the uncharged free radical probes ap-
pears to be a composite response to the two types of inter-
actions in aprotic media: dipolar solute-permanent dipolar
solvent interactions; and dipolar solute-induced dipolar
solvent interactions. In this respect the free radical probes
resemble the x* indicators in conforming to the Brady-Carr
modification of the reaction field theory which requires both
the dipolar orientation and electronic polarization interactive
contributions to be resolved as separate terms (12). For the
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solute, one structural parallel seems to domi: the
of the acetyl and nitroxide radicals as the key functional
groups in the two types of probe species. In both instances
as the dipolar character of the solvent molecule increases there
is a corresponding increase in the hyperfine splitting constant
for the major functional group; and this condition accompanies
the decrease in the spin density on the oxygen atom of the
acetyl or nitroxide group with an increase in the net strength
of the radical solute-solvent interaction.

Registry No. 1-Methyl-4-acetylpyridinyl radical, 64365-85-1.
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Quantitative Analysis of Mixed Benzalkonium Chlorides by Laser Mass

Spectrometry

Sir: Laser mass spectrometry (LMS) has proved to be
extremely useful for performing rapid qualitative analysis for
a variety of nonvolatile and thermally labile compounds (7).
Recently successful results have been obtained for qualitative
analysis of a mixture of organic compounds (2). Though
absolute quantification is difficult by LMS, the technique
offers great potential for relative quantitative measurements.
Experiments using an epoxy resin doped with organometallic
complexes of metal ions indicated that LMS has high potential
with regard to both reproducibility and detection limits for
metal ions (3). Promising results have been obtained for
quantitative LMS analysis of metals in biological specimens
(4, 5). Here we report for the first time, the quantitative
analysis of a mixture of organic compounds. Two quaternary
ammonium salts (I, II) have been analyzed by LMS and
compared with results for the same mixture from high-per-
formed liquid chromatography (HPLC). The salts were
present as chlorides.

Tn3
@——LH? —N—C,gHqC!
I
CH3
@—cnz—rf—c.znﬁcf
CHy

11

EXPERIMENTAL SECTION

‘The HPLC system consisted of a Waters 6000A pump, a Varian
Varichrom detector, and a Rheodyne injection loop. The sepa-
ration was carried out on a Zorbax CN column (250 X 4.6 mm,
5 um) and a UV detector was used with 263 nm as the monitoring
wavelength. The solvent system was acetonitrile-0.1 M acetate
buffer solution (pH 5.0) (60/40 v/v) with a flow rate of 2.0
mL/min.

The positive ion laser mass spectra were obtained with a
LAMMA-500 instrument which has been described elsewhere (3).
The output of a frequency quadrupled Q-switched Nd-YAG laser
(265 nm, 15 nm pulse width) is focused onto sample using one
of three microscopic objectives: 10X, 32X, 100X. In this case the

32X objective was used. Changes in laser spot size and power had
little effect on the mass spectra. Pulse power was varied with
a set of filters and was adjusted to give the optimum power density
needed to obtain a mass spectrum (~10° W/cm?).

The absolute concentration ratio of components I1:I was found
to be 3:0 from HPLC. For LMS analysis, the sample was dissolved
in methanol and evaporated on a formvar filmed grid to give a
uniform thin layer.

The sample was scanned by the microprobe and 12 spectra were
stored and averaged using a Hewlett-Packard 1000E-series data
system. The reproducibility of this experiment is £10% relative
standard deviation. Except for small intensity variations, there
were no signifi differences b the spectra that were
averaged.

RESULTS AND DISCUSSION

Figure 1 shows the HPLC separation of the benzalkonium
chloride mixture (I, II). Because the components comprising
the mixture are chemically similar and detection depends on
the UV absorption of the benzyl moiety, no external standards
were used for quantitation. Integration of the peak areas was
done by height times width-at-half-height. This technique
yielded a ratio, IL:I, of 3.0. No significant amounts of the Cyo
and C,g derivatives similar to II and I could be detected by
HPLC. Thus the ple was dtobeat
mixture.

Figure 2 shows the positive ion laser desorption mass spectra
(averaged over 12 spectra) of the benzalkonium chloride
mixture. Intact cations appear at m/z = 304 (II) and m/z
=332 (I). Loss of toluene from both cations is consistent with
the following fragment ions:

CH,
TN—CiaHg
CHs

m/z = 240 derived from I
CHy
IN—C My

CHy

m/z = 212 derived from IL
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Figure 1. HPLC separation of benzalkonium chloride mixture (I, II).
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The base peak at m/z = 91 is the familiar benzyl (tropy-
lium) ion, as would be expected.

We have used the intensities of the intact cation peaks for
quantitative calculation. The ratio measured by LMS for the
benzalkonium chlorides is IL:I = 2.9 &+ 0.3. This is within
experimental error of the value of 3.0 derived from HPLC
data. This is a clear demonstration that laser desorption mass

rycanbe lied to analysis of mixtures of organic

using quas ions. It is interesting to
note that if one attempts mixture analysis from the fragment
ions at m/z 240 and 212 a ratio of IL:I = 4.0 results. This
clearly differs from the HPLC ratio, indicating that one may
have to exercise caution when using peaks other than those
for quasi-molecular ions for quantitation.

One might argue that the intensity of the m/z 304 intact
cation may have a contribution from the other (m/z = 332),
as a result of a neutral loss of 28 mass units. Such a loss can
be excluded, because fragmentation through a four-membered
transition state, which is usually expected for quaternary
ammonium salts, would not lead to loss of neutral fragment
of 28 mass units. Even if it did occur, one would expect the
same type of fragmentation from II which is chemically similar
and of higher intensity than compound 1. Such is not ob-
served.

‘The analysis of the b lkonium chloride mixture by LMS
is in excellent agreement with the HPLC result, within the
limit of experimental error (£10%). This first attempt of
quantitative analysis of organic compounds shows that LMS
using the LAMMA 500 has potential for quantitative analysis
of organic mixtures. LMS has several advantages over other
techniques for quantitation. First, it requires only a small
amount of sample (micrograms or less). Second, no special
sample preparations are required. Third, analyses are fast.
Fourth, the microprobe capabilites of the LAMMA-500 have
the potential for quantitative analysis of organic inclusions
in an organic matrix.
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Fiber Optic Probe for Remote Raman Spectrometry

Sir: When combined with UV-Vis spectrophotometry,
optical fibers are useful waveguides for directing radiation of
the sample and returning the partially absorbed light for
detection. A recent report discussed the application of fibers
for remote fluorescence, where the sample may be located a
great distance from the spectrometer (I). However, the poor
transmission characteristics of silica fibers in the infrared
region prevent their use in IR absorption spectrometry. We
report here a probe for Raman spectrometry, where the ad-
vantages of fiber optics are combined with the structural

information inherent in Raman spectra. Fiber optics have
been used previously for collection of Raman scattering (2)
and for holding samples for Raman spectrometry (3, 4). In
the present work, both the excitation beam and scattered light
are carried by fibers, so the sample may be located far away
from the spectrometer, in a hostile environment if necessary.
In addition the probe itself is very simple and rugged and may
be used for routine analysis.

The apparatus is shown in Figure 1 and is based on 200 um
diameter multimode fibers of common use in communications.

0003-2700/83/0355-0146$01.50/0 © 1982 American Chemical Society
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Figure 1. Schematic of fiber probe. Laser output is focused on input
fiber and exits into solution as a cone, shown in the insert (@ = 27°).
Adjacent to the Input fiber is the collection fiber which accepts light
from a similar cone. The other end of the collection fiber is positioned
at the slit image of the spectrometer such that its output is focused
on the input siit. Both fibers were 2 m long and the cladding was intact
except for 2 cm removed at the sample end. Silica core diameter was
200 um.

The 200-um silica core is coated with a 100 um thick sheath
of silicone rubber and then a 100-um protective coating of
nylon. The laser beam (5145 A) was focused into the input
fiber with a 45-mm lens, with about one-third of the input
light being transmitted by the fiber. Two centi of
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Figure 2. (A) Raman spectrum of neat acetonitrile using the fiber cpuc
probe described in Figure 1. Laser power incident on the input fiber
was 1.8 W (5145 A) of which about 600 mW entered the sample.
slit width was 5 cm™'. (B) Spectrum of neat acetonitrile

cladding was removed from the sample end of both input and
collection fibers, and the exposed ends were placed adjacent
to each other with the axes of the fibers approximately parallel.
‘The other end of the collection fiber was positioned at the
slit image of the spectrometer (5). With the h

with 90° y. Sample was
contained in a 20-mL vial, siit image was oriented along focused beam.
All other conditions were as given in A, except input laser power was
0.8 W.

tuned to a Raman line of the sample, the laser end of the input
fiber and output end of the collection fiber were adjusted to
maximize the signal. During the adjustments and during use
of the probe, the position of the fibers in the sample was
unimportant.

The laser light exits the input fiber into the sample as a
cone whose size is determined by the numerical aperture of
the fiber. In this case the cone had an angle at its apex of
54° (a = 27°), so that its base was about 1 cm wide after
traveling 1 cm in the sample. The collection fiber gathered
scattered light from a similar cone, and the scattered light was
analyzed as usual by the spectrometer. A Raman spectrum
for acetonitrile using the fiber optic probe is shown in Figure
2A and is compared with a conventional spectrum obtained
with the usual 90° sampling geometry. All parameters were
identical for the two spectra except for laser power, which was
0.8 W for Figure 2B and 1.8 W (incident on the input fiber)
for Figure 2A. After an adjustment was made for this power
difference, the spectrum obtained with fibers is 13% as intense
at that obtained conventionally. The small feature at about
1100 cm™ in Figure 2A was caused by a mercury line in the
room lights which was collected by the fiber. Spectra were
also obtained with a single fiber acting both as input and
collection fiber, but a large silica background was observed
in the region 200-700 cm™ and peaks in the C-H st.retch regmn
were observed which originated from the sili

Several 1mprovements in this initial design are apparent,
which will augment the value of the probe. An array of six
collection fibers oriented around the input fiber will increase
the sensitivity over that of a conventional sampling ar-
rangement. The six collection fibers could be oriented as a
row at the spectrometer, to match the slit image. This im-
provement in collection optics, combined with more efficient
coupling of the laser to the input fiber should allow the sen-
sitivity to exceed that of conventional collection optics. En-

lation of the ling end of the fibers will permit a very
rugged and corrosion resistant probe to be constructed, pro-
vided the encapsulation material has a refractive index less
than that of the fiber (n < 1.49).

Several advantages of the fiber optic probe exist for many
areas of application of Raman spectrometry. First, the sample
may be distant from the spectrometer, since losses in the fibers
are very small (ca. 1% /m). Second, no special sample posi-
tioning is necessary once the fibers have been coupled to the
laser and spectrometer. The probe is simply inserted in the
sample, by an unskilled operator if necessary, with no align-
ment required. Third, the probe can be very small, consisting
of encapsulated fibers with a total diameter of less than 1 mm.
Applications to samplas with lumted aeoessxblhty are possible,
in areas such as ing, and the pe-
troleum mdus'.ry Fourth, the probe may be posmoned in
hostile envir ts not ble to ional Raman,
such as poly melts, high perature tors, etc. Only
silica and an encapsulation material (e.g., Teflon) need be in
contact with the sample and the probe could be mounted in
the wall of a reactor or pipe. Fifth, the sensitivity may exceed
that of conventional sampling techniques, resulting in broader
applicability. Finally, it is possible to have several probes
multiplexed to the same spectrometer, so several locations in
a plant or research facility could make use of a single spec-
trometer.

While UV-Vis absorption and fluorescence spectrometry
permit sensitive monitoring of known components, Raman
spectrometry allows the fingerprinting of species present and
is therefore structurally specific. In addition, the inherently
high resolution of Raman spectra often permits the analysis
of several components in a mixture simultaneously. The
simplicity and versatility of the fiber optic probe described
here should broaden the applicability of Raman spectrometry
to a variety of analytical problems, especially as there is no
need for sampling or sample preparation.
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Note: Just at the time of sub of this ipt
a commercial device was announced (“Optrode”, Oriel, Stam-
ford, CT) which is similar to that described here, but intended
for fluorescence spectrometry. The advantage of using the
device for Raman is that the fibers conduct well in the
wavelength region used for R h they conduct the
UV light usually necessary for fluorescence much less effi-
ciently. In addition, a review of optical waveguides applied
to spectroscopy has appeared (6).
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Cadmium Telluride y-Ray Liquid Chromatography Detector for Radiopharmaceuticals

Richard E. Needham*' and Michael F. Delaney
g and Analy

I Center, U.S. Food and Drug A

Department of Chemistry, Boston Uni ty, Boston, M
The separation of y-emitting radiochemical species has been
an important aspect of radiopharmaceutical research and
quality control. Recently, high-performance liquid chroma-
tography (HPLC) has found promising application in this area
(1, 2). Typical radi ticals contain a |
y-emitting radioactive label (100-200 keV) which is chelawd
or covalently bonded to a camer molecule of interest. Fre-
quently tered isot 1 hnetium-99m (140
keV) and iodine-123 (159 keV) Detection of radioch

7 01890, and

02215

packaging, permitting convenient placement of the detector
in confined areas; (3) the small active volume results in rel-
atively low background count rates and maximizes detection
sensitivity for small source volumes, such as HPLC flow cells;
(4) the v peak resolution is comparable to that of a Nal(T1)
detector; this gives energy resolution sufficient to discriminate
against background and scattered radiation; (5) the detection
efficiency of CdTe, b of its higher effective atomic

ber (Z.g = 50), is higher than that of Nal(T1) (Z., = 38)

species separated by HPLC has been accomplished by
placement of a flow cell or coil in the central depression of
a sodium iodide [Nal(T1)] well-type scintillation detector, so
that y-rays emitted from species in the flow cell are detected
by the surrounding detector. A Nal(T1) well-type scintillation
detector is not ideal for this application since (1) it is relatively
large, typically a 3 in. (7.5 cm) diameter by 3 in. (7.5 cm) thick
crystal with a 1 in. (2 5 cm) diameter well, (2) it requires a
large and i hot. Itiplier tube (PMT), which
restricts its placement relative to a flow cell, and (3) it is
generally necessary to surround the crystal with extensive
shielding to reduce background count rates.

A more satisfactory approach to the detection of y-rays after
HPLC separation would be to have a small volume, compact
+ detector which could view an HPLC flow cell externally and
with high detection efficiency. Cadmium telluride (CdTe)
detectors are a relatively recent development which have found

as nuclear radiation d ters and proba 3,9.

on an equal volume basis.

This report preaents our experience with a CdTe detector
which we have dinac ially available refractive
index (RI) HPLC detector, allowing simultaneous itoring
of the bulk properties and vy radm\‘.mn of eluting radiochemical
species.

EXPERIMENTAL SECTION

A 2.6 X 2.6 X 2.0 mm “cubic” CdTe detector housed in a 5 mm
diameter X 12 mm cylindrical aluminum housing with a 20 cm
long miniature coaxial cable lead and BNC connector (Radiation
Monitoring Devices, Inc., Watertown, MA) was used. An alu-
minum detector holder was constructed in-house to mount the
detector to the heat coil of a Micromeritics Model 771
refractive index detector (Micromeritics, Norcross, GA). The
detector lead was brought outside the Dewar flask housing of the
RI detector to a Radiation Monitoring Devices Model PSP-1
preamplifier/bias supply. The preamplifier signal was routed
sequentially by ial cable to an Ortec Model 572 spectroscopy

lifier (EG+G Ortec, Oak Ridge, TN), an Ortec Model 551

CdTe detectors are suitable for the p lication for
a number of reasons: (1) the CdTe detector is a semiconductor
detector, in which an electrical charge is produced directly
from a y-ray interaction. The need for a PMT is therefore
eliminated; (2) the active volume of the detector itself is quite
small (5-10 mm®) with correspondingly compact external

1 Author to whom correspondence should be addressed at Win-
chester Engineering and Analytical Center.

single channel analyzer, and an Ortec Model 441 rate meter. The
recorder output from the ratemeter was used to drive one s:de
of a Varian Model A-25 dual ch 1 der (Varian Aerog
Walnut Creek, CA), while the second side was driven by the Rl
detector.
The CdTe detector was collimated by wrapping a 1.5 mm thick
layer of lead foil around the cylindrical housing, in order to
any diation up to 150 keV by greater than

95%.

This article not subject to U.S. Copyright. Published 1982 by the American Chemnical Society
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Figure 1. Exploded view of the CdTe detector, as adapted to the heat
exchanger coil of the RI detector.

The detector was evaluated for background count rate, pho-
topeak energy resolution, and photopeak counting efficiency by
using spectra accumulated with a Nuclear Data 4420 multichannel
analyzer system (Nuclear Data, Inc., Schaumburg, IL). Radio-
active sources included point source activity standards of #!'Am,
3B, Co, and ®Hg (Amersham International, Ltd., Amersham,
U.K.) and aqueous solutions of =T, €’Ga, and "*Se calibrated
on a Capintec CRC-2N ionization chamber (Capintec, Inc., Mount
Vernon, NY). A ®=T¢ point source was also prepared by
equilibration of a ®®T¢ sodium pertechnetate solution with a
Dowex-2X-8 anion exchange bead using the technique of thn
and Shleien (5). The in situ of the d was
by using ®™Tc sodium per solutions i d into a pH
7.0 phosphate buffer stream, with flow maintained by an Altex
Model 100 HPLC pump (Altex Scientific, Inc., Berkeley, CA).
For comparison, the sensitivity and background count rate were
determined for a 3 in. (7.5 cm) by 3 in. (7.5 cm) Nal(T1) well crystal
with a 1 in. (2.5 cm) diameter by 2 in. (5.0 cm) deep well (crystal
housing = 0.020 in. copper) (Bicron Corp. Newbury, OH) and a
2.5 in. (6.3 cm) thick lead shield (Bicron).

RESULTS AND DISCUSSION

The CdTe detector was positioned within the RI detector
in order to achi count rate to solutions
flowing through the RI detector. Optimum response was not
attained by placing the CdTe detector against the flow cell
through which the RI ement is made b of the
attenuation of y-rays by the steel wall (5 mm thick) of the
cell. The detector was therefore positioned against a heat
exchanger coil on the inlet side of the flow cell (Figure 1). The
heat exchanger coil consists of 12 turns of 0.10 mm (i.d.) steel
tubing wound about a 1.5 cm diameter by 1.0 cm cylindrical
spool. In this configuration, the face of the detector assembly
is brought to one tubing wall thickness (approximately 0.30
mm) from the radioactive solution. From consideration of the
source-detector geometry, it is calculated that the detector
views 15 uL of radioactive solution.

Linearity. The count rate linearity of the detector and
associated electronics was assessed by counts of serial dilutions
of a ™Se liquid source placed 1 cm from the mounted detector.
A linear least-squares fit of source activity vs. count rate
(between 100 and 140 keV) for count rates from 18 to 4000
counts/s resulted in a correlation coefficient of 0.9998.

v Resolution. v photopeak resolutions from 60 keV to 279
keV were measured as the full width at half-maximum (fwhm)
and full width at ',enth-maximum (fwtm), expressed as a
percentage of the vy p k energy (Table I). Figure 2
shows a spectrum obtained with a ®®Tc solution as it was

d th h the RId and with the CdTe detector
posmoned as in Figure 1. The phot.opeak energy resolution
is sufficient to distinguish phot: d radiation
and from ﬂuorescence X-rays orlgmatmg from the lead col-

surr the d For most measurements
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Table I. y-Photopeak Resolution of the CdTe Detector
energy, keV fwhm,* % fwtm,® %
60 32 417
81 25 37
122 23 30
140 23 31
279 14 17

@ Full width at half-maximum and full width at tenth-
maximum, expressed as a percentage of the photopeak
energy.

Table II. Background Count Rates of the

CdTe Detector?®
energy counts/

range, keV min® uncertainty ?

41-60 3.03 0.08
61-80 3.64 0.07
81-100 2.70 0.07
101-120 1.61 0.08
121-140 0.95 0.08
141-160 0.60 0.02
161-180 0.39 0.01
181-200 0.26 0.02
201-220 0.16 0.01
221-240 0.12 0.02
241-260 0.07 0.01
261-280 0.04 0.01
281-300 0.02 0.01

¢ 1.5 mm lead shielding along side housing of detector.
Mean = one standard deviation, five determinations,
60000 s counts.
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Figure 2. Energy spectrum of ®*™Tc obtained with the CdTe detector.
The photopeak is at 140 keV, while counts at 60-80 keV are from
Compton g and lead fi X-rays from the collimator.
mwmotmmsokevmmmm
noise. Single channel sef which counts are
taken for are shown as vertical bars.

of count rate, the single channel analyzer window was set at
the fwtm energy limits of the photopeak of interest (Figure
2).

Background. Background count rates were determined
for 10-keV energy increments (Table IT). Because of the small
volume of the CdTe detector, background count rates are quite
low and extenslve background shielding i is not needed. This
aids greatly in keeping the detect comp The
small amount of shielding used (vide supra) is intended for
collimation of the field of view of the detector rather than for
reduction of background count rates.

Detection Efficiency. A point-source photopeak efficiency
curve for the detector was determined by using #'Am, '¥Ba,
5Co, ®=Tc, and *Hg v-rays in the 60-356 keV energy range
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Figure 3. Point source efficiency curve (triangles) for the CdTe de-
tector, normalized to a sourco—dotactot distance of 0.11 cm. The
lower curve rep found for ®™Tc (140
keV) and *'Ga (93, 185, 300 keV) solutions passing through the heat
exchanger coil with the CdTe detector positioned as in Figure 1.

The steady-state flow detection efficiency for the 140-keV peak
of ¥™T¢ was found to be 2.41 X 1072 counts/, or 41% of the
theoretical point-source efficiency. For ®’Ga y-rays, flow
detection efficiencies were found to be 1.04 X 107! counts/y
(93 keV), 1.87 X 107 counts/y (185 keV), and 1.25 X 107
counts/+y (300 keV), all of which fall below the point-source
curve (Figure 3). A closer approach to the point-source ef-
ficiency curve could certainly be achieved with an optimized
flow cell design but was not attempted during the present
work.

Sensitivity. The steady-state flow detection efficiency,
background count rates, and transit times derived from rep-
licate 20-uL injections of ®®T¢ sodium pertechnetate solutions
into a pH 7.0 phosphate buffer stream at a flow rate of 0.50
mL/min were used to calculate absolute and quantitative
detection limits for ®*»T'c using equations derived by Reeve
and Crozier (6) (Table III). A comparison was also made with
a Nal(TIl) well-type scintillation detector by determining
background count rates and the detection efficiency for 20-uL.
volumes of ¥™Tc at the bottom of the well (Table III). Al-
Lhough the Nal(T1) detector gives a higher overall sensitivity

Table 111. Sensitivity of CdTe and Nal(T1)
Detectors for **™Tc*

absolute rel quantitative
sensitivity ? sensitivity ¢
detector dpm nCi dpm nCi
CdTe 9.40 x 4.30 x 1.60 x 7.22 x
10? 107! 10* 10*
Nal(T1) 6.39 x 288 x  4.83 x 2.18 x
10! 1072 10° 10°

4 Sensitivites were calculated with a calculated cell vol-
ume of 15 uL and a measured peak width of 36 s ata
flow rate of 0.51 mL/min. ° Defined by Reeve and
Crozier (6) as the amount of activity in the cell, over a
period equal to the transit time, necessary to ensure a
95% probability of a 2:1 signal:noise ratio. ¢ Defined by
Reeve and Crozier (6) as the minimum activity which
must be injected to obtain an average of 100 counts per
transit period.

(Figure 3). Detection efficiency is at a maximum at 75-80
keV and becomes quite low at energies higher than about 250
keV. Detection efficiencies for calibrated solutions of *®Tc
and *Ga citrate, pumped through the system with the CdTe
detector positioned as in Figure 1, were determined and
compared with the point-source efficiency. This comparison
allows an assessment of the degree to which the detector
efficiency in the actual case compares with the theoretical
maximum represented by the point-source efficiency curve.

of an optimized source-detector geometry, the sen-
sitivity is lower than would be predicted solely by a consid-
eration of counting efficiencies of the two systems. This is
because of the approximately 10-fold higher background count
rate of the Nal(T1) detector compared to the CdTe detector.
From Table III, the quantitative sensitivity of the CdTe de-
tector under realistic conditions is about 100 nCi (2.22 X 10°
dpm) of ¥®Tc; this appears to be more than adequate for
HPLC separations of radiopharmaceuticals, where radioactive
concentrations of greater than 1 mCi/mL (2.22 X 10° dpm/
mL) are routinely used. A 10-uL injection of a 1 mCi/mL
solution of #™T'c would give 10 xCi (2.22 X 107 dpm) or about
100 times the quantitative limit for *™Tc.

Registry No. CdTe, 1306-25-8; *=Tc, 14133-76-7.
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Carbon as a Sample Substrate in Secondary Ion Mass Spectrometry

Mark M. Ross and Richard J. Colton*®
Chemistry Division, Naval F L Y.

Activated carbons or charcoals have long been used as ad-
sorbents for airborne or aqueous pollutants (1, 2). In addition,
carbonaceous particulate matter, or soot, produced by com-
bustion of hydrocarbon fuels is known to contain a multitude
of adsorbed compounds (3). Analysis of such adsorbed species
on carbons usually involves first the extraction of the species
by an appropriate solvent followed by chromatographic
fractionation, and finally the separation and identification of

D.C. 20375

the components of the extract usually with a chromato-
graphic/mass spectrometric technique. Although this ana-
lytical scheme often yields a large amount of information about
the adsorbed compounds, the experimental procedure is quite
tedious and time-consuming.

One objective of this research is to develop new analytical
techniques for the direct and rapid identification of organic
compounds adsorbed on carbon. Specifically, we plan to use

This article not subject to U.S. Copyright. Published 1982 by the American Chemical Society
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Table I. SIMS Results for the §ubnituted Benzenes
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MW. =701 ,,
@ BP.=801 - - ol ]
BENZENE e | l
VP.= 142 o g
oy MW =821 l -
- NEAT LIQUID "
@ BP.=1108 o _ o .
8H,=115 (SATURATED) l
TOLUENE VP.=315 'M] l , Jlb | (11
o, MW, = 1062 “"»’ I m| s
@ BP.=13 NEAT LIQUID - _.,“:’ CE
Limig €
ey K, - 162
mXYLENE VP.=93 ‘ 'U M J,'M““
c MW. = 1202 T aNeow
@ BP. = 1647 NEAT LIGUID _ i .
e T R AT =
MESITYLENE vP.-28 il MMJLWM‘ \ L—

' MW~ MOLECULAR WEIGHT IN GRAMS MOLE

BP - BOLING POINT I °C AT 78 Terr
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ion beam mass spectrometric methods, e.g., secondary ion mass
spectrometry (SIMS) and thermal desorption gas chroma-
tography/mass spectrometry (TD-GC/MS), to analyze the
organic adsorbates. GC/MS techniques have been used
previously to analyze volatile compounds on activated carbons
used for water treatment (4) and to identify polycyclic aro-
matic compounds (PACs) found on carbon black (5). SIMS
has been used recently to characterize certain organic com-
pounds deposited onto graphite as a sample substrate (6).
However, since such SIMS studies have been limited and,
[ q ly, the fund 1 h for ion

of organics from carbon surfaces are not known, another ob-
jective of this research is to investigate the secondary ion
formation and i of organic molecules on
carbon.

Current SIMS analyses of organic compounds employ
various sample preparation techniques such as depositing the
organic on metal surfaces by solution deposition or burnishing
(7, 8) and incorporating the organic into liquid or solid ma-
trices, e.g., glycerol (9) and sodium or ium chloride (10).
We report here the analysis of volatile and nonvolatile organic
compounds adsorbed on an activated charcoal and the ad-
vantages of using a carbon sample matrix in SIMS as com-
pared with organic SIMS results from metal surfaces.

EXPERIMENTAL SECTION

The organic compounds studied are divided into two groups
according to their volatility and molecular welght. ‘The first group
consists of the volatile p xylenes, and
mesitylene. The second group consists of the PACs naphthalene.
acenaphthylene, hthene, f1 hrene, an-
thracene, ﬂuuranthene, and pyrene The carbon is an activated

1 of approxi ly 1000 m?/g surface area and
is referred to as carbon throughout the text and as C in the tables.
Before adsorbing the organic compounds the carbon is ground
with a mortar and pestle.

The organic compounds are adsorbed on silver by depositing
1 or 2 L of a 10" M solution of the organic in chloroform, or

of the neat organic liquid, onto a piece of acid (HNO,)-etched
silver foil. The organics are adsorbed on the carbon by placing
50-200 mg of carbon into 1 mL of a solution of the organic
compounds in chloroform. Once the solvent has evaporated (15-24
h), approximately 0.1 mg of the carbon is then burnished onto
a piece of acid-etched silver foil. By variation of the concentration
of the chloroform solution, the total quantity of the organic on
carbon on silver is in the range of 10 g to 2 ng
Secondary ion mass spectra are ob d with a double-f¢

instrument which has been described in detail (11). The primary
ion beam consisted of 4.4 keV Ar* ions with a current density
in the range of (4 to 8) X 10® A/cm?.

RESULTS AND DISCUSSION

Results for the first group of compounds are presented in
Table I. The adsorption energies reported are those measured
for these compounds on graphitized carbon black (12). These
compounds are normally difficult to analyze without cryo-
genically cooling the sample due to their volatility and the
ultrahlgh vacuum conditions (107 torr) of the SIMS sample
ch q ly, no y ions ch teristic of
the organics are detected when silver alone served as the
sample substrate. Adsorption of toluene, xylenes, and mes-
itylene on the carbon burnished on silver permitted detection
of the [Ag + M]* ion from each of these compounds. Since

1 but not b isd d, the mini adsorption
energy necessary to permit detection is taken to be in the range
of 10 to 11 kcal/mol. This energy is close to the desorption
energy of 15 kcal/mol, reported by Hobson (13), below which
a physically adsorbed gas is readily pumped from the wall of
a high-vacuum chamber. Since the heats of adsorption of
organic compounds on carbon are relatively high, the adsor-
bate is held in place long enough to be detected in a SIMS
experiment. When the carbon matrix is saturated with toluene
or mesitylene, the ion emission lasts for '/, to 1 h.

SIMS results obtained with the PACs are presented in
Tables II and III. We found these compounds to be very
difficult to analyze with SIMS (when directly deposited from
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Table Ii.
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solution on silver) due to their nonpolar nature and low ad-
sorption energies on metal surfaces. Ion emission from these
compounds on silver proved to be unpredictable and irre-
producible. When these organics are adsorbed on carbon,
however, M*- and [Ag + M]* molecular ions are readily and
reproducibly detected for long periods of time. (For example,
[Ag + M]* ions are observed for over 1 h from a carbon

harged with appr: tely 2 ug of an organic compound.)
One possible explanation for this long-lived ion emission is
that the high surface area and porosity of the carbon substrate,
with sample molecules distributed throughout the three-di-

mensional structure, allow the primary ion beam to encounter
fresh areas as layers of the carbon are sputtered away. Under
these sputtering conditions, we have measured a detection
limit of approximately 2 ng for phenanthrene on carbon.

In conclusion, the carbon matrix offers several distinct
advantages for SIMS analyses of organic compounds. They
are (1) the steady-state emission of molecular ions over a long
period of time even while using dynamic ion beam conditions,
(2) a detection limit of ~2 ng, (3) the analysis of nonvolatile
nonpolar compounds such as the PACs, and (4) the analysis
of some volatile compounds such as the substituted benzenes
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without having to freeze the matrix. (The first three of the
four advantages of carbon given above are also given by salt
matrices in SIMS (7, 8, 14). A direct comparison between the
carbon and salt matrices has not been made at this time.)
‘These results show that (1) carbon can be used as a sample
substrate for the SIMS analysis of organic compounds and
(2) SIMS has potential as a rapid, simple, and direct analytical
technique for the characterization of carbons with adsorbed
compounds. *

These preliminary results suggest, in addition, future SIMS
analyses of real-world carbons for major adsorbed components.
Already an industrial carbon has been successfully analyzed
in our laboratory with the detection of the protonated mo-
lecular ion, [M + H]*, arising from the impregnated amine.
Other fund: | studies will include the analysis of different
adsorbed compound types, such as PACs with heteroatoms
and polar side groups.
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Statistical Evaluation of Calibration Curve Nonlinearity in Isotope Dilution Gas

Chromatography/Mass Spectrometry
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During the past 2 decades isotope dilution mass spectrom-
etry (IDMS) has gained a very particular place as an analytical
tool. This stems mainly from the fact that an isotopically
enriched analogue of the analyte is used as an internal
standard. Since physicochemical properties of both analyte
and internal standard are virtually identical, an optimal
compensation is at work for losses of analyte in all analytical
steps. As both products are simultaneously present in the
mass spectrometer, specific determination of the analyte/in-
ternal standard mole ratio is possible by measuring the isotope
ratio. Quantitation is performed by comparing the degree of
perturbation of the isotopic composition of unknowns with
the isotope ratios of mixtures with known concentrations of
analyte and internal standard.

Although these principles are well documented (1), still
some confusion is apparent in many IDMS calibration pro-
cedures. Specific problems arise from the presence of unla-
beled material in the internal standard and the naturally
occurring isotopes of the analyte. As Pickup and McPherson
explained (1), the isotope ratio (R,;) in a mixture of natural
and labeled product can be expressed as

_ &/E)pi + /P

= 1
" (x/E)p; + (v/F)g; w

where x and y are the masses of analyte and labeled material
and E and F their r ive mean molecul The

Rijksuniversiteit Gent, 9000 Gent, Belgium

abundance of the main isotopic form of the analyte is rep-
resented by p; whereas g; stands for the abundance of the main
isotopic form of the internal standard; p; is then abundance
of naturally occurring isotopes in the analyte and g; the
abundance of unlabeled material present in the internal
standard.

Depending on the actual values of p; and g; in a given
analytical situation, the mathematical relationship varies from
linear (p; negligible) to a nonli relationship ( values
for p; or p; and ¢;). The linear situation when p; and g; are
negligible is, however, unrealistic in IDMS.

1t is obvious that the use of linear least-squares procedures
to describe the relationship between isotope ratios and mole
ratios is only valid in the special case where p; is negligible
(i.e., highly labeled compounds). Assuming a linear rela-
tionship in all other cases will introduce gross errors. The use
of inverse ratios or weighted linear regression (2) or log-log
regression (3) only masks the effect of nonlinearity of cali-
bration curves.

To circumvent these problems of nonlinearity, many au-
thors proposed the use of the basic IDMS equation (eq 1),
similar equations, or approximations of this formula, to obtain
corrected isotope ratios to construct linear calibration curves
(4, 5) and nonlinear curves (6) or to extrapolate the unknown
concentration (7, 8).

Although these “theoretical” methods have been used
widely, one should realize that the accuracy of the standard

0003-2700/83/0355-0153$01.50/0 © 1982 American Chemical Society
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Figure 1. Flow scheme for the model testing by means of an F test
for significance.

curve is completely dependent on the vahdn.y of the proposed
correction formula. Approximations by g the p

of only two isotopic forms (4, 7), or assuming equality of p;
and g; (5, 6, 8) all increase the inaccuracy of the quantitation.
Also the determination of the p; and g; values is of paramount
importance to the accuracy of these standard curves. As these
values are determined by measuring the isotope ratio or
running a mass spectrum on pure analyte and “pure” labeled
product and the p; and g; values are very small in comparison
with p; and g;, the respective ratios p;/p; and g;/g; will be
subjected to relatively large errors.

EXPERIMENTAL SECTION
Instead of artificially transforming the data to a linear model,
we tried to describe the relation between isotope ratios and mole
ratios by means of polynominal regression, since the basic IDMS
equation (eq 1), a rational function, can be seen as

Ry = ao + ay(x/y) + ay(x/¥)* + ... a,(x/y)" ()

the degree (n) depending on the nctunl va]ues of p; and q;.
For a given data set, we theref ial
functions starting from a first degree (linear equnuun) uptoa
fourth degree. The use of higher order polynomials is not ad-
visable, to avoid oscillating of the curve through the measuring
points. The residuals around the different models, i.e., the ab-
solute dnfferences between given mole ratios and the values
d by the poly ial, are then used for a statistical
evaluation for goodness of fit. This is done by testing the dif-
ference between the residuals of two consecutive models against
the residuals of the highest degree model by means of an F test
for significance (p = 0.95). The flow scheme of the model testing
is given in Figure 1. Each model is tested against a higher order
model and the best one is then tested again with the following
higher order model. This test indicates that, if the lower order
model is true, there is only 5% chance to choose the wrong model.
Also the use of weigh has been included to com-
P for the of the analytical data points.
‘The calculation procedure, as described, was tested by applying
it to synthetic data generated with eq 1, for the analytical situation
of a previous IDMS study carried out in our laboratory (9). In
this assay Bromhexme. a mucolytlc drug (C,.HngBr,) was
itated with its trid of the fi iso-
topic purity: do, 0.80%; d,, 3.69%; d,, 3 84%. d,, 91.67%. The
test has not been developed for the fragment ions used in this
study since diff in fi ion effici due to isotope
effects make the theoretical development more difficult. By means
of a computer-p based on the probability theory of Pickup
and McPherson (1), the different parameters of eq 1 were cal-
culated for the molecular ions. These values were entered in eq
1 to obtain the isotope ratios covering the range 1.67-53.6 ng of
Bromhexine/53 6 ng of labeled analogue. The data points ob-
tained were then used in the regresslon analysis program, to give
the four pol, ials and the model test. The function
thus produced was further used to recalculate the mole ratios
which are listed against the theoretical data points (Table I). It
is seen that the model appropriately described the curvature of
the calibration curve.

Table I. Calculation of Polynomial Regression Lines
and Model Testing

no. X R std dev
1 16.75 0.0631 0.0
2 33.50 0.0961 0.0
3 67.00 0.1616 0.0
4 134.00 0.2905 0.0
5 268.00 0.5404 0.0
6 536.00 1.0110 0.0
R 3.928 x 10°? + (1.826 x 107 )x =0.99978

xr?=2943x 10"
§=17.357x 10°°
R, =3.011x 1077 + (1.979X 107 )x - (2.780 x 107" )x?
::r’ =5.450 x 10°*
=1.817x 10"

Ren —2992)( 107% + (1.985 x 107 %)x —

(3 123 x 1077 x? + (4.332 x 107" )x*
xr? =3.676 x 107"
§$=1.838x 107"

R =2991x1o=+(1986x 107 )x =
( 181 x 107 )x? + (6.476 X 107! )x® —
(2.290 x 107'4)x*

xr? =3.854x 107"
S=23.854 x 10°"?

Ftest of 1 and 2 order

p =1.00000 significant

F test of 2 and 3 order

p = 0.99966 significant

F test of 3 and 4 order

p = 0.79011 nonsignificant

Third Order

Ry, given x caled std dev
0.063 08 16.748 29 0.0028
0.096 08 33.50148 0.0025
0.161 55 67.001 41 0.0026
0.290 45 133.998 45 0.0029
0.54040 268.00041 0.0033
1.011 00 535.98812 0.0036

Given the evidence on a theoretical example, the program has
been applied to the experimental data of another published IDMS
study (4). It should be mentioned that in this study no replicate
measurements were given, so that a nonweighted regression
analysis had to be performed. As is evident however from sta-
tistical literature (10), the accuracy of the calibration curve is
almost invariably increased when weighting factors are incorpo-
rated, taking into account the experimentally determined variances
at each measurement point. The given isotope ratios were
reentered in the chosen model and, for the purpose of comparison,
also in the linear equation. The difference between the calculated
mole ratios and the given mole ratios is graphically represented
for both the higher order equation and the linear equation (Figure
2). Clearly the higher order equation was statistically more
appropriate to describe the IDMS calibration curve. Also the
correlation coefficient has been calculated and indicated. As has
been stressed recently (11), the use of this correlation coefficient,
as a means of evaluating goodness of fit of linear regression, should
clearly be discouraged. Its statistical significance indicates only
that there exists “a” relationship between x and y values, without
evaluating linearity. This is clearly seen in Figure 2 where despite
a very high correlation coefficient the higher order model is more
appropriate as proved by the F test for significance.

RESULTS AND DISCUSSION

This study proves that the eventual curvature of IDMS
calibration curves can be described very accurately by means
of higher order polynomials. The ability to check different
models allows one to adapt the same calculation procedure
regardless the actual analytical situation, i.e., regardless the
degree of labeling of the internal standard of the interference
from naturally occurring isotopes of the analyte. This is
especially important in those cases were, due to low effi cnency

Vohelod

of the synthesis, a large of or
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Figure 2. Difference between calculated and given mole ratios for a
linear and polynomial regression line, constructed from the data in ref
4, describing an IDMS assay for y-aminobutyric acid (GABA) with
[2,2-?H,]GABA as Internal standard.

labeled, product is present. Also the setup of analyses with
internal standards with low mass increment is facilitated.

In contrast with the calibration methods based on ex-
pressions or approximations of the basic IDMS equation, no
initial estimates of the amount of unlabeled product and/or
influence of naturally occurring isotopes are necessary. Re-
gardless the validity of the “theoretical™ model used, this step
greatly reduces the accuracy of such calibration procedures,
because of the experimental error involved in determining
these small abundances. Also, proper statistical handling of

the data is not always possible due to t f
experimental data.

Our proposed method is even more valuable in cases where
some chromatographic separation of analyte and internal
standard (using highly labeled compounds or high resolution
capillary columns) occurs. This effect destroys the validity
of the basic IDMS equation and subsequent calculation
procedures based on this formula. Indeed the ion overlap is
only partial, and no estimation of the interferences can be
obtained by measuring pure product and/or internal standard
separately.

It is obvious that the presented polynomial regression
analysis with model-testing requires a reasonable computa-
tional facility (12). Modern mass spectrometers, however, all
incorporate powerful computer systems which can handle this
problem very easily.

The above summarized regression analysis by multiple
polynomials is worked out in a computer program, RAMP,
which is available on request in FORTRAN IV or HPL-
BASIC.

tion of the
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Desorption of Radon from Activated Carbon into a Liquid Scintillator

Howard M. Prichard* and Koenraad Marlén
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Activated carbon has long been noted for its ability to
adsorb radon from the surrounding air and has often been
exploited in measurement techniques requiring radon con-
centration. Radon entrained on the carbon can be measured
directly by vy spectrometry or can be removed from heated
carbon for counting in an a scintillation cell. The latter
approach (1) is far more sensitive than vy counting but does
involve a considerable amount of sample manipulation. As
part of an effort to develop a passive integrating radon sampler
based on activated carbon adsorption, we sought a counting
method that would have a level of sensitivity approaching that
of the a scintillation cell while involving minimal sample
treatment. If radon could be reproducibly removed from
activated carbon by simple desorpuon in a solvent such as
toluene, then liquid scintillation ng would be a p

analytical method for large-scale applications such as personal
dosimetry in uranium mines. Other potential applications
include the analysis of activated carbon radon flux detectors
or radon entrained on low temperature activated carbon traps.
From theoretical considerations, it is reasonable to expect that
the general approach might be applicable to the analysis of
other radioactive noble gases, such as '*Xe and ¥Kr.

EXPERIMENTAL SECTION

Initial desorption experiments were performed with sufficiently
high radon concentrations to permit analysis by conventional vy
spectrometry. Ten-gram lots of a large greained, low density
activated carbon (Nuchar WVL 8X30 Mesh) were rinsed in methyl
alcohol to remove fines and then dried at 110 °C for 24 h. The
prepared carbon was exposed to radon gas, sealed in 22-mL glass
liquid scintillation vials, and held for at least 3 h to allow for

0003-2700/83/0355-0155801.50/0 © 1982 American Chemical Society
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Table I. Observed and Expected Radon Counts
following Toluene Desorption

sample obsd expected O/E
1 3970 = 70° 4040 = 50 0.98 + 0.02
2 3820+ 60 4500 + 50 0.85+ 0.02
3 3570 + 60 3410 + 50 1.05 + 0.02
4 2830 + 60 2900 : 40 0.98 + 0.02
5 2980 = 60 3190 + 40 0.94 = 0.02
6 2060 = 50 1940 + 30 1.07 + 0.03
7 1620 + 40 1650 + 30 0.99 + 0.03
8 2040 + 50 2030 =« 30 1.00 : 0.03

@ One standard deviation.

daughter ingrowth. Each vial was then placed in a styrofoam jig
and the 0.295-MeV and 0.352-MeV i lmes of *“Pb were counted
with a Ge(Li) d and a 4096 ch I The carbon
was then transferred to an 80-mL y funnel
to a 60-mL flask containing a known volume of reagent grade
toluene. When the stopcock was opened, the toluene flowed down
onto the carbon, producing an exothermic outgassing reaction.
The evolved gas passed upward through the toluene, affording
an opportunity for any radon in the gas to be transferred to the
liquid (2). after a few seconds of gentle shaking the toluene passed
entu‘ely into the funnel and the stopcock was closed. The gas
in the flask was sampled thh a syringe to venfy thata neghglble
fraction of radon had d to the flask. S
with an « scintillation cell showed that this fraction was less than
0.5%. After a wait of at least 2 h for desorption, the funnel was
shaken and inverted, a syringe attached below the stopcock, and
the free liquid portion d was transferred to
a 22-mL glass liquid scmullatxon vml for v counting after a 3-h
delay for the ingrowth of radon daughters. Care was taken to
repeat the counting geometry used with the original carbon
sample, and the resulting net counts at 0.295 and 0.352 MeV were
decay corrected to the counting time of the sample before de-
(If the tol is to be d by liquid scintillation,
1 or 2 mL of concentrated fluor solution must be added to the
vial.)

The repeatability of the desorption procedure was tested under
relaxed conditions to test the degree of care actually required for
effective counting. Two gram samples of carbon were placed in
glass scintillation vials sealed with thick rubber septa into which
glass diffusion tubes (3) 1 cm long with an internal diameter of
0.265 cm had been pl.aced Sets of three or four such vials were
capped and placed in an nunoaphere of 50200 pCl/ L of radon-
222. The vials were d for a
predetermined number of hours, and then tumuhaneoualy capped.
It was assumed that the sampling rate of the diffusion tubes had
been selected so that after an exposure of 24 h, the “volume” of
air sampled diffusively would be much less than the effective
capacity of the carbon. Ata convement later time, the vials were

d, the d, and 20 mL of toluene liquid
scintillator was nmoothly poured into the vial. The vials were
quickly capped, held for 6 h or more for chemical and radiological
equilibrium, and then counted with a commerical liquid scin-
tillation counter. The observed variability within batches rep-
resents the combined effects of variations in adsorption, de-
sorption, handling loss, and counting error.

RESULTS AND DISCUSSION
The outcomes of eight desorptions of 10-g carbon samples
are shown in Table I. The expected counts were computed
on the assumption of total desorption of radon from the carbon
to the tol followed by the establishment of full solution
equilibrium between the air and toluene in the closed vessel.
The expected count rate is

,_ CLV’
C=Iv+ vV, w
Where C is the count rate before desorption, C’is the count
mw in the recovered toluene fraction, V is the volume of the
jected, V" is the volume of the
fraction, and V, is the residual air volume in the vessel. The

Table II. Desorption of Radon from 2-g Carbon Samples

mean std coefficient

n (cpm)?@ dev of variation

4 444 13 2.97

3 498 4 0.72

3 217 12 5.54

3 532 18 3.33

3 515 27 5.18

3 391 6 1.64

3 281 3 1.14

4 158 8 5.32

@ Standard deviations due to counting errors alone are
<2 cpm.

Table III. Backgrounds, Counting Efficiences, and Lower
Limits of Detection for Several Counting Windows
back-
ground, efficiency, MDTA,®
window cpm cpm/pCi pCi
open 58.4 10.60 0.365
3P preset 19.2 8.73 0.254
3H/??P preset 15.6 8.72 0.229
'4C/*?P preset 12.4 7.06 0.252
optimum 12.9 8.52 0.213

¢ For a 60 min count with the combined probability of
type 1 and type Il errors = 0.05.

constant “L" is the coefficient for the partition of radon be-
tween equal volumes of air and toluene (). With L = 13 and
V, = 50 mL, the expected count rate reduces to

C’=CV'/(V + 38) @

where V and V’are in milliliters. The actual y counts observed
in the recovered toluene fractions are consistent with this
simple model. The average ratio of observed to expected
counts is seen to be 0.984 =+ 0.065 for the eight runs in Table
I. If the low value in entry 2 can be ascribed to experimental
error, this becomes 0.999 + 0.044.

Table II shows the results of the tests made under less
restricted conditions. Counting was performed with 2 g of
carbon residing on the bottom of the vial. It is seen that if
there are losses of radon before the vial is capped and losses
of pulses due to the presence of the carbon, they are at least
consistent.

SENSITIVITY
Once radon is dissolved in a liquid scintillator, the « and
B emissions of the radon series can be counted with almost
complete efficiency. For every picocurie of radon-222 present,
three a and two hard 3 are emitted at equilibrium, providing
an expected count rate of 11.1 counts min™! pCi~'. Some
counts are missed due to energy losses in the vial walls and
actual count rates of 10.5 to 10.6 counts min™! pCi™! are ob-
served in an open counting window. As the upper and lower
discriminators are varied to narrow the window, both the
background count rate and the counting efficiency are reduced.
An optimum setting is one that minimizes the lower limit of
detection, here taken to be the minimum detectable true
activity (MDTA) as defined by Altshuler and Pasternack (5).
Table III shows background count. rates, counting effi cnencues,
and MDTA’s for a ber of ings on a ical
liquid scintillation counter. It is to be noted that the preset
window for 3?P in the presence of *H produced an MDTA
nearly as low as the experimentally determined optimum
window. Backgrounds and counting efficiencies will vary
hat from hine to hine, and the efficiencies of
the preset windows will vary somewhat with the degree of
quench in the scintillation solution.
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Registry No. Carbon, 7440-44-0; radon, 10043-92-2; toluene,
108-88-3.
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Screening Method for Aroclor 1254 in Whole Blood

Shane S. Que Hee,* Jerry A. Ward, M. Wilson Tabor, and Raymond R. Suskind

The Kettering L Y. Ur ity of Cir

Polychlorinated biphenyls (PCBs) have been utilized as
nonflammable and heat resistant oils in such articles as
electrical transformers, condensers, and paint since 1930 (1).
They are ubi in the biosphere (2, 3). They have
achieved some notoriety in the “Yusho™ episode in Japan in
1968 (3) and more recently in Taiwan in 1979 (4, 5). As of
November 1, 1979, use of PCBs in new heat transfer systems
in U.S. factories uring or pr ng food, drugs, and
cosmetics was no longer authorized. Use in electromagnets,
transformers, and heat transfer and hydraulic systems is
permitted until July 1, 1984 (6). Defective fluorescent light
ballasts also emit PCBs contributing to office air pollution
(7). Thus, occupational and environmental exposures to PCBs
will still occur into the future, and determination of PCBs in
workers' blood (8, 9) will continue to be a valuable measure
of PCB exposure.

The methods for separation and quantification of poly-
chlorinated biphenyls in serum or whole blood usually involve
alkaline hydrolysis, hexane extraction, and silica gel column
chromatography of the concentrate of the hexane extraction
(4, 9, 10). These methods are generally time-consuming and
tedious: the extractions are usually multiple; the many con-
centrative steps may lead to losses by volatilization and ad-
sorption; any impurities in the solvents also are concentrated,
limiting sensitivity or confounding GC/MS identification. In
addition, incomplete documentation of the gel type may lead
to irreproducible separations from investigator to investigator.

There is a need for a semiquantitative quick-screening
method to estimate PCBs in blood or serum. Such a method
would be valuable to assess if further chromatography is
necessary for quantification or GC/MS analysis. Aroclor 1254
was the PCB chosen for this study since it is probably the most
ubiquitous PCB (9).

EXPERIMENTAL SECTION

Optimized Procedure. All glassware including syringes and
tubes to be utilized in collecting blood was soaked in chromic acid
overnight and rinsed (five times) in order: Type I distilled water
as defined by the U.S. EPA (11), acetone (Fisher Pesticide Grade
A-40), Type I distilled water, hexane (Fisher Pesticide Grade
H-300).

Blood was dmwn fhrough a polyet.hylene butterfly valve. The
first 70 mL was d d in the event
of later GC/MS. Blood ( ly 10 mL) was collected in
preweighed 50-mL Kimax 14-930 10A tubes fitted with Teflon-
lined screw caps and containing 200 USP units of heparin in 0.2
mL of saline. The h ining tubes were
shaken gently as the blood was collected to prevent clomng

‘The samples were then placed in a pol, d box

ti Medical Center, 3223 Eden Avenue, Cincinnati, Ohio 45267

(ca. 5.0 £ 0.1 g) of potassium hydroxide pellets (Fisher P-250)
was added. Absolute ethanol (2.5 mL) was added by a prerinsed
pipet. The caps were screwed on tlghtly and the tubes shaken
until all the p was dissolved. The solution
will become hot but should not foam. The soluuon was digested
at 90 °C for 1 h in a water bath. With the capless tubes still in
the bath, the ethanol was evaporated by blowing nitrogen over
the surface of the solution for 10 min using a Pasteur pipet
connected by Teflon tubing to a cylinder of compressed nitrogen.

The solution was removed from the bath and allowed to cool.
Pesticide Grade hexane (10 mL) was added (pipet), the caps were
screwed on tightly, and the tubes were vigorously shaken for at
least 15 separate shakes. The layers were allowed to separate for
at least 10 min, or until no opacity was evident. An aliquot (10
nL) was then injected into the gas chromatograph to complete
the screening phase.

The column used for gas chromatographic analyses was a 1.87
m X 6 mm o.d. X 2 mm i.d. Pyrex column packed with 3% OV-101
on 100/120 mesh Chromosorb W-HP. A ®Ni electron capture
(EC) detector was utilized in a Hewlett-Packard 5730-A gas

h. The ures were 250 °C (injector), 203
°C (column), and 250 °C (detector). The flow of 95% argon/
methane was 25.0 £ 1.5 mL/min. After 16 min the column
temperature was raised to 250 °C for 30 min to allow elution of
other blood compounds.

A Hewlett-Packard Reporting Integrator (HP-3390A) was
utilized to visualize and quantitate the peak areas.

Preliminary examination of many blood samples revealed that
the Aroclor 1254 pattern at low concentrations (<1 ppb) was not
discernible (Figure 1) but was at higher concentrations. Even
at the low concentration two peaks of the Aroclor 1254 formulation
could be consistently utilized for quanuf cation purposes s wn.hout
resorting to column ch These are
as peaks A and B in Figure 1. All other peaks were interfered
with consistently by compounds in the blood, some more so than
others.

Hexane PCB standards were utilized to obtain the injected mass
of Aroclor 1254. A standard concentrate was prepared by direct
weighing of the PCB and then quantitative transfer of the Aroclor
1254 with warm (35 °C) hexane to a volumetric flask to minimize
adsorptive losses. Differential d:luuon with hexane was then
utilized to obtain the desired d ions. S
calibration curves were then obtained for the peaks marked A
and B in Figure 1.

The response of the EC/GC was linear up to 10 ng of injected
PCB. The limit of sensitivity was approximately 2 pg of Aroclor
1254 per injection.

The PCB levels were deemed trustworthy when the parts per
billion (ng of PCB/g of blood) content based on the two inde-
pendent estimations from the two peaks A and B agreed closely
(:k 10% relauve) The levels found by this procedure are maximal

(4-5 °C) in which the ples were t; wdmthe' \; Y,
where they were stored at 4-5 °C until analysis.

Each blood sample was allowed to equilibrate to room tem-
perature. The total weight was then recorded. A known weight

d that only PCB is being quantitated.
However, 1f the PCB level is below hlgh levels, e.g., 5 ppb, then
further lysis is pp of achro-
matogram and the disag of PCB as

separately from peaks A and B, would indicate that further

0003-2700/83/0355-0157$01.50/0 © 1982 American Chemical Society
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Figure 1. Electron capture gas or of blood from
people exposed to Aroclor 1254 (blood samples 2 and 3) and to no
known exposure (blood sample 1). The chromatogram of blood sample
1 containing 1.1 ppb Aroclor 1254 is compared with 1.1 ppb Arocior
1254 in hexane (the numbers denote the number of chlorines) and
hexane alone.

cleanup is necessary if the levels are high, e.g., 100 ppb, to obtain
better precision.

It is recommended that each day of analysis begin with the
following quality control procedure in this order:

Hexane alone (base line must be steady and no peaks in the
areas of interest observed before proceeding), then Aroclor 1254
in hexane (10.0 ppb), then hexane extract of a hydrolyzed reference
blood bank sample (10 g), and then a hexane extract of 10 g of
a hydrolyzed reference blood bank sample spiked with 100 ng of
Aroclor PCB. The reference blood utilized in this study contained
citrate phosphate anticoagulant and was comprised of 450 mL
of blood and 63 mL of USP water g 1.66 g of trisodi
citrate, 0.206 g of citric acid, 0.140 g of “monobasic sodium
phosphate, 2.01 g of dextrose, and 0.017 g of adenine. Its shelf
life was 35 days at 4 °C.

Two separate syringes should be utilized: one for samples,
another for standards. If one syrmge alone was uaed memory
effects from d PCB ds caused . Such
effects for dards were d by copi nnamgoft.hesynnge
until injections elicited no Aroclor 1254 pattern. Syringes should
be always washed in the order, hexane, acetone, and hexane.
Ten-microliter mjecuons should always be performed

Further cl y if d t of the levels
of Aroclor 1254 calculawd from the two deslgnated peaks A and
B occurs or if Aroclors of less chlorine content than Aroclor 1254
are present in low concentrations. In this case, the upper layer
should be drawn off quantitatively into a with

beaker was placed under the spout. The 1 mL concentrate was
transferred to the column by Pasteur pipet and the level of hexane
dropped to allow the top of the Ottawa sand to be exposed. The
container and the pipet were washed three times with small
aliquots (0.5 mL) of hexane and placed on the column in the same
manner as above. Hexane was then poured in gently. The first
140 mL was retained to collect all the peaks of the Aroclor. The
eluate and the hexane blank were each concentrated to ca. 1 mL
by rotary evaporation in a thimble round-bottom flask and the
concentrates each transferred with a Pasteur pipet to individual
volumetric 10-mL flasks. The thimble flask and the pipet were
washed with hexane, and the washes were added to the flasks.
The contents were shaken prior to analysis. Ten-microliter al-
iquots were then injected into the gas chromatograph.

Method Validation. a. Recoveries of Aroclor 1254 for the
Optimized Method. Reference blood samples (10 g) were spiked
in triplicate with 10 ug, 1 ug, 100 ng, 10 ng, and 0 ng of Aroclor
1254 concentrate contained in 50 £ 1 uL of hexane. A stream
of nitrogen was directed to the top of the samples to evaporate
the small amount of added hexane. The samples were hydrolyzed
and analyzed by EC/GC in the manner given for the optimized
method. The recoveries were computed based on peak areas
expected for complete recovery (injected mass of PCB in same
final volume of hexane), corrected for any peaks present in the
blanks.

b. Determination of Critical Collection Volume for Silica-Gel
Cleanup. Aroclor 1254 (100 ug) in hexane was diluted to 1 mL
with hexane. The procedure reported in the column chromato-
graphic cleanup step above was then applied. EC/GC analysis
of successive 10-mL amounts of eluates allowed the elution profile
to be found. The procedure was also repeated with the 1 mL
concentrate of 9.80 mL of hexane extract from 10 g of blood bank
blood spiked with 100 ug of Aroclor 1254, which had been hy-
drolyzed, extracted, and analyzed by the optimized procedure.
After 140 mL of eluate had been collected, the column was eluted
with dichloromethane (20 mL). The 140 mL of eluate was con-
centrated to 10 mL. The methylene dichloride was evaporated
just to dryness by a stream of nitrogen. The residue was
transferred by repetitive washings of hexane to a 10-mL volumetric
flask. All rates were subjected to EC/GC.

c. Determination of the Optimal Volumes of Hexane and
Ethanol. The procedure of Chen et al. (4) was taken as the
starting point of the optimization. Thus, ethanol (20 mL) was
utilized in the hydrolysis step, in addition to 5 g of potassium
hydroxide in 10 g of blood bank blood spiked with 10 ug of Aroclor
1254. Hexane (three 20-mL portions) was used to extract the
Aroclor 1254. The extraction volumes utilized were 5, 10, and
15 mL. All extractions were done three times. Individual extracts
were analyzed by EC/GC. The above procedure was repeated
by using 0, 1.0, 2.0, 2.5, 3.0, 5.0, and 10 mL of ethanol. The
procedures were also performed with and without the nitrogen
evaporative step.

Some experiments consisted of adding the KOH first before
the hydrolysis and then the ethanol.

d. Effects of Heparin and Citrate Phosphate. The optimized
procedure was also applied to the original heparin and citrate
phosphate anticoagulants at levels present in the actual blood

a Pasteur pipet. The vol d by this technique should
be 9.7-9.8 mL. The volume was then noted. This hexane extract
(note the volume) was then transferred to a thimble flask for rotary
vacuum evaporation. The extract container was washed with
hexane (1 mL X 3) after transfer of the total extract, the washings
were placed also in the thimble flask, and the amalgamate was
evaporated to about 1 mL.

For column chromatography, the silica gel (Davison Chemical,
100/200 mesh, Grade 923) was cleaned by Soxhlet extraction for
12 h in hexane and dried for 12 h at 200 °C. After the gel was
cooled, it was kept in a screw-capped bottle. Silica gel (4.5 g) was
poured slowly into 25 mL of hexane contained in a Pyrex chro-
matographic column (2.35 em i.d. X 45 cm) equipped with Teflon
stopcocks and a coarse glass sinter. A layer of glass wool was
placed over the sinter. When packed, the silica gel was topped
with a 6 mm layer of Ottawa sand, previously washed with hexane.
After 140 mL of hexane was collected, the hexane layer was
allowed to approach the top of the Ottawa sand layer. A collecting

e. Miscell The KOH dissol
distilled water was subjected to the opti to assess
the extent of any interfe A ive blood li
syringe was tested for contamination by rinsing it with 10 mL
of deionized distilled water, transferring the water to the 50 mL
tube, and subjecting the solution to the optimized analytical
technique. The 50-mL tube was rinsed with 10 mL of hexane
tc assess the extent of any contamination. Deionized distilled
water (10 mL) in the 50 mL tube was also analyzed. Hexane (60
and 140 mL) was concentrated to 10 mL to determine if any gas
chromatographic peaks of the concentrate interfered with the
analysis.

ln 10 mL of deionized

RESULTS AND DISCUSSION
The recoveries of Aroclor 1254 from blood over the con-
centration range 1.09 to 1092 ppb using the optimized tech-
nique are presented in Table I. The average recovery in the
range 1.09 to 109 ppb is (100 + 4)%. At 1092 ppb, the average



Table I. Recovery of Parts per Billion Quantities of
Aroclor 1254 from Blood Utilizing the Two
Cl t phic Peaks Designated in Figure 1¢

concn in 10 g of
blood? (ng of
Aroclor 1254 /g

extraction
recovery,® %

of blood)
1092 « 15 79.3+ 1.8
109 - 2 96.7 + 5.5
10.9: 0.2 100.3 = 5.8
1.09 + 0.02 105+ 14

@ Data are in the form of arithmetic mean = standard
deviation. ® Triplicate sample. ¢ Number of estimates
was Six.

recovery is lower but is still usable since recovery is around
80% and is still precise. The reason for the lower recovery
is unknown. The relative standard deviation (RSD) at 1.09
ppb is approximately 13% compared with 6% at 10.9 and 109
ppb. The larger relative error is to be expected as the de-
tection limit is approached (ca. 0.2 ppb for a 10-g blood sam-
ple). The recoveries of PCB were also not affected by the
presence of heparin and citric phosphate used at anticoagulant
levels. The anticoagulants, water, KOH, syringes, and
glassware were negligible sources of EC/GC interferences. All
glassware must be cleaned in chromic acid to avoid contam-
ination.

If further cleanup is y by col chr aphy,
the recovery of Aroclor 1254 is also quantitative. Mass balance
was achieved and no PCB was eluted in the final worked-up
methylene dichloride eluate. However, contrary to Chen et
al. (4), the first 20 mL cannot be discarded since this resulted
in a loss of (31 % 2)% of Aroclor 1254. Thus, if further column
chromatographic cleanup is necessary, the first 140 mL of the
eluent should be retained. If an unknown Aroclor can be
identified from the screening step, it is advisable to ascertain
what volume will be necessary to collect it quantitatively from
the column as set forth in Method Validation b.

Preliminary work revealed that the washing and drying
steps for the hexane extract in Chen et al. (4) and in the
NIOSH method (10) were unnecessary if the extract showed
no opacity. In general, extracts were clear in 10-15 min after
extraction by the optimized method.

As the starting point of the optimization, a modified Chen
et al. (4) method was attempted (3 X 20 mL hexane extracts;
20 mL of ethanol in the hydrolysis; no evaporation of ethanol;
no drying agent added; no washes). Three extracts were
necessary to recover 20% of 1.09 ppm of spiked Aroclor 1254
in 10 g of blood. The first, second, and third extracts removed
46%, 42%, and 12% of the recovered 20%, respectively.
When the extracting volume was varied, no significant dif-
ferences in extraction efficiencies for 15-mL and 10-mL
volumes were found for the first extraction (pooled mean was
(46 = 4)% of the 20% Aroclor recovered or for the first two
extracts combined (pooled mean was (86 + 7)%). However,
at an extracting volume of 5 mL, the first extract removed
only 29% of the recovered Aroclor, the second 39%, and the
third 17%, for an overall recovery for the three extracts of
85% relative to the 10- to 20-mL extractions. Thus, 10 mL
of hexane was as efficient a volume as 20 mL, but 5 mL was
not.

When 60 mL of the amalgamated extracts was concentrated
to 10 mL, recoveries appeared to be greater than expected.
Solvent peaks in the Aroclor region were found when 60 mL
of h alone was rated. These i d when 140
mL of hexane (the vol llected from chroma-
tography) was similarly concentrated. These peaks were not
evident in unconcentrated solvent. Thus, either the hexane
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should be cleaned up or no or few concentrative steps should
be allowed in the procedure. Many different brand name
hexanes were evaluated for their suitability in the course of
this investigation. Distillation improved but often did not
totally remove the peaks from the regions of interest after
concentration. All unconcentrated varieties contained peaks
at the retention times of the very light Aroclor 1254 compo-
nents, limiting parts per billion quantitation of these com-
ponents. The Pesticide Grade hexane utilized in the optimized
procedure appeared to be the best of the hexanes evaluated
in the region of the diagnostic Aroclor peaks. Its quality varied
from lot to lot. The suitability of the hexane should be as-
sessed initially before any concentrative steps or extractions
are attempted with blood samples. Therefore, to circumvent
difficulties, elimination of all concentrative steps in the
screening step and minimization of the degree of concentration
in the steps where concentration was necessary were sought._
‘Thus, one extraction using an optimal volume of hexane after
the alkaline hydrolysis was the most desirable solution to the
solvent contamination problem as long as the efficiency of
extraction was high and the sensitivity was adequate.

Optimization of the amount of ethanol used in the hy-
drolysis step was investigated as the solution to the problem
of low PCB extraction efficiencies. The ethanol probably
affects the partitioning behavior since Aroclor 1254 has ap-
preciable solubility in ethanol (~100 mg/mL at 27 °C (12)).
The partitioning coefficient for PCB in hexane/KOH solution
should be greater than that for hexane/alcoholic KOH.

The sample foamed in the absence of ethanol, and una-
voidable losses of material occurred on any attempt at par-
titioning. The screw caps also tended to become loose during
the hydrolysis in the absence of ethanol unless they were very
tight. The minimum amount of ethanol required to prevent
foaming was found experimentally to be 2 mL. Hydrolyzed
solutions to which 2 mL of ethanol had been added yielded
only 7% recovery of Aroclor 1254 even with three hexane
extractions. It appeared that the alcohol was therefore also
important in the hydrolysis process.

Thus, when 0, 2.5, 3.0, 5.0, 10, and 20 mL volumes of ethanol
were added at the hydrolysis step with no evaporation of the
ethanol prior to extraction, the absolute extraction efficiencies
for 1.08 ppm Aroclor 1254 in 10 g of blood into 10 mL of
hexane were 3, 70, 73, 36, 21, and 21%, respectively. This
behavior indicated that ethanol definitely affected PCB
partitioning into hexane. Thus, 2.5 mL was selected as the
optimum volume of ethanol. The ethanol was removed after
the hydrolysis to assess if partitioning was improved. This
was accomplished by a stream of nitrogen while the tube was
still in the water bath. Without ethanol evaporation, 1.08 ppm
Aroclor 1254 in 10 g of blood was recovered to the extent of
(70 = 2)% into 10 mL of hexane; upon evaporation of the
ethanol, the efficiency was 86 + 4%. However, 1.08 ppb of
Aroclor 1254 in the same sample of blood was 90% recovered;
without ethanol evaporation, the recovery was only 19%.
Thus, evaporation of the ethanol before extraction was es-
sential to attain quantitative partitioning into one 10-mL
hexane extract. A careful concentration study utilizing 1.09,
10.9, 109, and 1,092 ppb of Aroclor 1254 was then initiated,
yielding the results shown in Table I.

‘The screening method has several advantages over existing
methods; it is efficient, relatively fast for many samples since
they can be processed simultaneously, and avoids the use of
concentrative steps and hence the interferences of solvent
contaminants. The hydrolytic and extraction processes are
carried out in the same tube used for collecting and storing
the blood, and the hexane extract does not need to be removed
for lysis. This elimi losses, ¢ ination through
transfer, and the need for providing volumetric glassware. The
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ethanol evnporauve step utilizing nitrogen also preserves the

t of the ple. The ing of the tube
dunng the hydrolysis avoids external contamination. The
PCB levels obtained with this method are semiquantitative
but the maximum possible values of Aroclor 1254 are found
in a timely manner, allowing further GC/MS analysis or
cleanup depending on the sample or the concentration of PCB.
This is an important consideration when many samples are
to be processed in a short time.

‘The NIOSH procedure (10) involves many t many
concentrative steps, and a column chromatographic step. In
addition, it advocates integrating under all the peaks of in-
terest (or adding the heights of the peaks of interest). Three
to five peaks are generally utilized. This assumes that the
peaks found in blood bear the same quantitative relationship
to each other as in the standard. This has been shown not
to be true for PCBs found in the blood of people exposed to
PCBs at some time in the past (1, 4), reflecting differential
rates of metabolism of the different isomers. Since the electron
capture detector does not also respond equally to all PCBs,
even of those of the same molecular weight and number of
chlorines (1), adding the areas or heights of EC/GC peaks
representing PCBs is not valid if the peaks in the blood bear
little relationship to the peaks in the original PCB source.
This problem has plagued PCB analysis from the very be-
ginning. The height ratio of peak A to peak B is 1.6, and since
both peaks arise from the hexachloro isomers (Figure 1)
differential rates of metabolism will affect this ratio less than
for peaks with a different number of chlorines. Thus, the
factors likely to cause errors in quantitation have been min-
imized in the screening method, although the relationship
between peaks A and B in the standard is still relied upon.
Other PCBs show peaks at the retention times for peaks A
and B. The A/B ratio for Aroclor 1260, however, is 1:2, so
permitting differentiation. Aroclor 1221 shows a ratio of 1:1,
but A and B are very minor peaks. Clearly, the analyst must
inspect diagnostic areas of the chromatograms to decide if
other Aroclors are present. If the quantities calculated from
the two peaks do not agree or if the A/B ratio is not 1.6, the
liquid chromatographic cleanup step will be essential for
quantitation depending on the actual maximum levels found
in the screening step. Clearly, if the screening step indicates
levels of 1 and 5 ppb, then proceeding further will be time
wasted unless accurate levels are required.

Perchlorination (13) has been advocated as the best tech-
nique to find the total PCB to imize the probl
of nonstandard peaks mentioned above. We did not use this
technique since not all PCBs are equally toxic (3, 14), and
3,4,5,3,4’,5"-hexachlorobiphenyl and the 3,4,5,3,4’- and
2,3,4,3',4"-pentachlorobiphenyls being regarded as the most
toxic. The quantitation of total PCB content is therefore not
necessarily a measure of toxic effect, and identification and
quantitation of specific isomers may be more important to
assess if health effects are likely. Isomer specific PCB analysis
has been done by Ugawa et al. (15) and Chen et al. (4) utilizing
capillary GC/MS. However, the capillary GC/MS technique
is relatively costly, especially with regard to the standards
required. The above fast-screening method will allow the
analyst to decide if a more detailed investigation is warranted

in a minimum of time with 1 cl of cially

available solvents and with minimal glassware and its asso-
ciated cleaning.
This method has been fully d without

to subseq liquid ch graphy to over 200 blood and
10 plasma samples from people known to be recently exposed
to Aroclor 1254. The results of these extensive analyses will
appear elsewhere. The technique is probably applicable to
the analyses of other PCBs. Such PCBs as Aroclor 1016 will
probnbly require the col chr 1 p step
since solvent peaks are present in the same regions as the
peaks from this PCB, or alternatively the hexane solvent may
have to be purified further, or both. Large quantities of PCBs
(>30 ppb) are quite evident in spite of the presence of solvent
or blood peaks, and Aroclors 1016, 1242, and 1248 have also
been identified successfully by us without column chroma-
tography by their characteristic EC/GC patterns (16). This
initial identification is necessary for subsequent quantification
purposes when the type of PCB is unknown, and so the
screening technique will allow a quick decision to be made
for unknown serious overexposure cases.
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Instrument for Alternating Current Impedance Measurements

Sheng-Min Cal,' Tadeusz Malinski, Xlang-Qin Lin, Jian-Quan Ding, and Karl M. Kadish*

Department of Chemistry, University of Houston, Houston, Texas 77004

It has long been recognized that ac impedance measure-
ments can provide much information on electrode processes
and double layer structure (1-3). Although the theory of ac
impedance measurements is well developed (1), this technique
has not found the popularity of other electrochemical tech-
niques. The ac bridge method is classic and precise (4, 5), but
rather inconvenient and time-cc ing. Some good non-
bridge instruments have been developed, but they are mostly
complicated and expensive (6-10).

The general characteristics desired in an impedance mea-
surement system are good accuracy, precision, lack of difficulty
in changing frequency, the use of small ac perturbation signals,
and a way to internally check for the occurrence of erroneous
measurements. In this paper we report the construction of
such an instrument made from common available commercial
components. Most available ac imped instr ation
uses an ac perturbation signal of about 5 mV. In these cases
a 1000-Q electrode impedance will produce a 5-pA ac per-
turbation signal. In the system described here we are able
to decrease the ac perturbation signal by 10 or more times
from that of other instruments so that the perturbation signal

counterelectrodes were used. In addition to the dc counter-
electrode a 2-cm? Pt mesh served as an independent ac
counterelectrode (ACE). The use of a two counterelectrode
system has been discussed in ref 6 but in this case the con-
figuration is quite different than that reported in this paper.
Ordinary i y using constant ac
voltage perturbation prevent the use of two counterelectrodes
because the currents from dc circuit and from the ac circuit
are mixed together in the potentiostat. In the presented
system the dc current and ac current are well separated by
the condensors C, and C, so we can utilize two counterelec-
trodes.

A PAR Model 5204 lock-in analyzer was used to measure
the impedance of the TE. This instrument contains in-phase
and quadrature meter reading (12). Since the output voltage
of the VCFO is used as the reference signal of the lock-in
amplifier, the ac current is in phase with the lock-in amplifier
output voltage (because the circuit is resistive in character).
The in-phase meter reading of the lock-in analyzer shows the
resistive component, Zg, of the impedance value, while the
quadrature meter reading shows the negative value of the

is less than 0.5 pA. A small ac perturbation is y for
cases where a large current may cause large deviations from
equilibrium during the measurement process.

CIRCUIT

A preliminary description of this circuit has been reported
(11) where currents were limited to a lower value of ~5 pA.
In this paper changes have been effected such that currents
as low as 0.5-0.05 A or less could be routinely obtained. The
circuit utilized is shown in Figure 1. An EG&G Princeton
Applied Research potentiostat (PAR 173) and a signal gen-
erator together with a saturated calomel reference electrode
(RE) and a dc counterelectrode (DCE) were used to control
the dc potential of the mercury test electrode (TE) which was
either a dropping mercury electrode (DME) or hanging
mercury drop electrode (HMDE).

Both ac and dc circuitry are found in Figure 1. The ac
current circuit consists of a voltage controlled frequency os-
cillator (VCFO, Exact Electronics 502SL), four 340-k resistors
in series (R5-Rg), and two 200-uF condensers (C, and C,). The
resistors are used in order to keep the amplitude of the ac
current constant during the measurement and the condensers
(C, and C,) to prevent any dc current from entering the ac
current path. The resistors R, and R, form a voltage divider
in order to decrease the voltage output of the VCFO when
an ac current perturbation smaller than 0.5 uA is desired. R,
and R, may be changed as needed in order to obtain the
desired low current signal. Typical values utilized were R,
= 1000 2 and R, = 100 Q or R, = 1000  and R, = 10 2 for
reduction of the 0.5 A current by a factor of 10 and 100,
respectively. Disconnecting the lower terminal of R, from
ground will return the ac current to the output value of the
VCFO (typically 0.5 pA). A 12 H choke (L) and a 45-kQ
resistor (R;) isolate the dc circuit from the ac current circuit
in Figure 1.

In order to prevent interference between the dc and ac
circuits and influencing noise from the potentiostat two

10n leave from Chemistry Department, Peking University, Bei-
jing, People’s Republic of China.

pacitive comp t, Zc. In the electrochemical cell
equivalent circuit (Figure 2a), the Zy and Z¢ components are
connected in series (12, 13) and can be recorded simultane-
ously as output from the lock-in amplifier using a storage
oscilloscope, an X-Y recorder, or a digital voltmeter as a re-
cording instrument. Alternatively, they may be read directly
from the meter.

The two floating inputs of the lock-in analyzer are con-
nected to both the ACE (input A) and the TE (input B), and
the TE is not grounded. The ac signal flows from the “live”
terminal of the VCFO output (labeled OUT 1) via resistors
R; to R; and the condensers C, and C, to the ACE. An ac
path to ground from the test electrode must be provided
because one terminal of the VCFO output is grounded (labeled
OUT 2 in Figure 1). The test electrode cannot be directly
grounded because the design of most potentiostats prevent
this. However, the working electrode terminal of the PAR
Model 173 potentiostat is connected to ground via internal
resistors in the potentiostat and this provides the path to
ground for the ac current. These internal resistors vary be-
tween 1 2 and 10 kQ depending on the current sensitivity of
the potentiostat. For the specific currents utilized the range
is between 1 Q and 1000 Q. Since these resistors are small
compared to the sum of R, Ry, Rs, and Rg (1360 kQ) they do
not influence the amplitude of the ac current.

A 20-kQ resistor (Rg) and a 1-uF capacitor (Cy) form a filter
preventing the ac signal from entering the potentiostat which
would cause self-oscillation. The time constant of R¢C; is large
enough to reject the ac signal but not so large as to influence
the dc voltage which is scanned linearly. For this voltage scan
an external signal generator must be used in conjunction with
the Model 173 potentiostat. Other potentiostats such as the
IBM Model EC 225 have a built-in signal generator and an
external triangular function is not needed.

The main problem of making the system an automatic
frequency scanning one is the necessity to adjust the phase
shift of the lock-in amplifier to make the resistive component
measurement exactly in phase with the ac current flowing in
the circuit. One solution to this problem is to keep the stray
capacitance of resistors Ry to Rg in the ac current circuit as

0003-2700/83/0355-0161$01.50/0 © 1882 American Chemical Society
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circuit diagr

Figure 1. current voltage
control frequency oscllalor (VFCO); lock-in analyzer (LOCK-IN); test
electrode (TE); reference electrode (RFE); alternating current coun-
terelectrode (ACE); direct currenl (DCE);

working ode inputs of the po-
tentiostate (RE, WE, CE); ﬂoaﬂng inputs of lock-in (A, B); reference
signal input of lock-in (S); in-phase output of lock-in (I); quadrature
phase output of lock-in (Q); output terminals of VCFO (OUT,, OUT,);
resistors (R,-R;); capacitors (C,~C); resistors of 1 Q, 10 2, 100 Q,
and 1000 2 for current range 1 A, 0.1 A, 0.01 A, and 0.001 A which
are built into the potentiostat (Rg, Ryo, Ry, and Ryy).

Rt Rw C‘-
Zn Zc ! 7 Re
o— —
| Ce
L
a b
Figure 2. lntovconverslon of (a) series and (b) parallel equlvalem
circuits:  Zp, of the imped.
of the R, I Rﬂ charge
vanster resistance: C,, double layer capacltancs. Ry, dl"uslon re-
(Warburg Cw. (]
capacitance).

low as possible. This is best accomplished by ing
several smaller resistors in series rather than utilizing one large
resistor. In Figure 1 four 340-kQ resistors are utilized to
produce a total 1360-k(2 resistance. These small resistors are
separated 5 cm from each other and aligned in a straight line
and the whole chain of resistors is at least 10 cm from any
circuit.

Finally, in order to shield the electronics from external
electrical interference in the laboratory, all resistors, con-
densers, and filters and the electrolytic cell were put into a
grounded 40 X 40 X 60 cm metallic box constructed from 0.5
mm sheet metal. This is shown by the dashed line in Figure
1.

A square wave is usually utilized as the reference signal of
lock-in amplifiers (13). In this case manual adjustment of the
phase is required because a 5° or more shift of the phase with
frequency is observed, making an automatically obtained
complex plane spectrum (impedance diagram) almost im-
possible. On the other hand, when a sine wave of approxi-
mately 3V, is used as the reference signal, one can obtain
a complex plane spectrum between 5 and 50 kHz automatically
with less than a 2° phase shift over the total range of fre-
quency. Better precision may be obtained by manual ad-
Jjustment.

Cnhbratlon, Operation, nnd Performance. For high
adjustment of the lock-in
amphf‘ er phase shift may be made prior to each experiment
at a specified frequency in order to offset the phase ch

Table I. Fr D of Current, Resist
and Capacitance at Fixed Phale Shift with a Dummy Cell*

dc current, uA

without with
ac ac

frequency, pertur- pertur-
Hz C, uF R, 2 bation bation

5 1.00 103 10.0 10.0
50 1.00 100 10.0 10.0
500 1.00 101 10.0 10.0
5000 1.00 100 10.0 10.0
50000 0.95 99 10.0 10.0

@ The following conditions were set for the experiment:
R =100 2 and C = 1.00 uF in series connection; phase
shift = +0.3°; ac current = 0.5 pA.

Figure 3. Complex plane spectrum (impedance diagram of Zn(Hg)
(10 M)/Zn?* (10 M), 1 M KCI system at -1.00 V (vs. SCE); ac
current 0.5 pA). Numbers by points are frequencies in kilohertz.

(R,a) is used in place of the test electrode and connected to
the ACE. The phase shift of the lock-in amplifier is set so
that the quadrature meter reading (V) is zero and at the same
time the reading of the in-phase meter (V) reaches a maxi-
mum. Manual phase shift adjustment also serves as a useful
criterion to prove the instrument is functioning correctly. The
frequency dependence of current, resistance, and capacitance
at fixed phase shift is shown in Table I. Since the reading
of in-phase meter V; is known, one can calibrate the ac current
by using eq 1.

Vi = ioRyg 1)

The output voltage of the VCFO should be slightly adjusted
in order to make i, exactly equal to the ac current expected
(such as 0.05 uA, 0.005 pA, etc.). This calibration is standard
procedure before measurements of impedance vs. potential,
and phase shifts of less than £2° are satisfactory. Calculation
of resistance and capacitance can be done by using the fol-
lowing equations:

Zy = Vi/iy (2)
Ze =V, /iy @)
Zc=1/2 =fC (4)

where f is the frequency. An equivalent circuit of the elec-
trochemical cell is shown on Figure 2b.

The electrolyte resistance, R,, charge transfer resistance,
R, double layer capacitance, C4, Warburg resistance, Ry, and
Warburg capacitance, Cy, can be calculated from the impe-
dance measurements under different experimental conditions
(). For automatic measuring Zg and Z are simultaneously
recorded on an X-Y recorder.

In order to test the performance of the instrumenlalion,
we made impedance measurements of an organic and an in-

y . In addition the response of the instrumen-

in the exterior circuit. For calibration, a standard resistor

tation was emmmed under conditions of both changing fre-
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Table II. Kinetic Parameters of the (Hg)Zn
(107* M)/Zn** (107* M) Couple at an HMDE in 1.0
Molar Supporting Electrolyte®

k°, cm/s i,, Alem?
supporting  this this
electrolyte work lit. work lit.
KNO, 23x 3.5 % 4.5 x 6.3 x
10°? 10732 107 1o
KCl 2.6 x 4.0 x 5.0 x
10 1072% 10°*

@ Measured at 50 Hz and at —1.00 V (vs. SCE). Y Refer-
ence 14. € Reference 16.

4. Potential dep of the of adenine
in a borate buffer pH 9 at a DME. Adenlne concenlrauon was as (A)
0.0; (B) 0.031 mM; (C) 0.063 mM; (D) 0.125 mM; (E) 0.25 mM; (F)
0.5 mM; (G) 1.0 mM; (H) 2.0 mM; (I) 4.0 mM; (J) 5.0 mM; (K) 8.0
mM. Curves were taken at 100 Hz; ac current was 0.5 uA and scan
rate was 5 mV/s.

quency and changing potential.

The first system selected was that of the Zn(II)/Zn(Hg)
reaction in aqueous KNO; or KCl media (Figure 3). This
reaction has been investigated by using ac impedance methods.
Results from the literature and our expermental data under
the same solution condition are listed in Table II. Both iy’
and k° were calculated according to literature procedures (1,
14). Given the uncertainties in solution purification and the
usual systematic errors from laboratory to laboratory, the
values obtained by our instrumentation appear to be ac-
ceptable. More importantly, however, is the fact that a typical
impedance diagram used for the calculation of iy’ (or k°) can
be made in 5 min as compared to 1 h or more needed for
manual determination.

In Figure 4 a plot of the impedance of double layer capacity
¢ vs. potential is shown for adenine at different concentrations.
Measurements were done at a DME in borate buffer solution
(ionic strength 0.5 M) using sampled measurements. The
adsorption of adenine on Hg has been studied before using
a quadrature of ac si dal polarography (15).

The data obtained in the present work suggest that using
impedance measurements one can obtain a Z¢-V curve in
approximately the same period of time as in ac polarography
but with better accuracy. The accuracy of measurement of
Z by the described ac impedance method is about 0.5% in
comparison to the 1-2% accuracy in quadrature ac polarog-
raphy.

In conclusion the instrument described in this paper offers
advantages not only in cost but in a substantial savings of ume.
If the freq; y is ch d ically,
plane spectra may be rapldl) obtained in the time that is
usually needed for the obtaining of a single measurement set
using the cl 1 ac bridge technique. In addition, through
the use of small amplitude ac currents one is not faced with
the problem of deviations from equilibria which may occur
with large currents. Finally, this method, using the described
instrumentation, leads to higher accuracy than that obtained
by sinusoidal ac polarography.
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Impedance Measurements for Evaluating the Stability of Aqueous Saturated Calomel

Reference Electrodes in Nonaqueous Solvents
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Department of Chemistry, University of Houston, Houston, Texas 77004

The i d use of solvents for electrochem-
ical studies has led to the utilization of numerous novel ref-
erence electrodes suitable for these solvents. These electrodes

10n leave from the Chemistry Department, Peking University,
Beijing, People’s Republic of China.

3 di q

and their specific advantages and di are ¢
in several comprehensive monographs (1-4). In almost all
cases the authors recommend against the use of an aqueous
saturated calomel electrode (SCE) in nonaqueous media.
However, despite these warnings, the most often utilized
electrode in q media r as the saturated

0003-2700/83/0355-0163801.50/0 © 1882 American Chemical Society
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Table I. Types of Saturated Calomel
Electrodes Investigated
electrode
no. model type frit

1 IBM Model 43 porous vycor
2 IBM Model 43 porous vycor
3 ‘““home made” porous vycor
4 Metrohm EA402 asbestos fiber
5 Metrohm EA402 asbestos fiber
6 Metrohm EA404 asbestos fiber
1 Fisher Dri-Pak asbestos fiber
8 Fisher Dri-Pak asbestos fiber
9 Radiometer K cellulose pulp

200uf

2000K0

LOCK— IN gg]
- 2 INPUT
L

7777

Figure 1. Schematic diagram of instrument for ac impedance mea-
VCFO, voltage illator; lock-in,

calomel electrode. A survey of the literature in Inorganic
Chemistry from 1979 to 1982 showed that over 75% of the
50 plus studies concerning some aspect of nonaqueous elec-
trochemistry were carried out with an aqueous SCE.

For measurements in nonaqueous media the SCE is usually
connected by means of a nonaqueous salt bridge (e.g., nona-
queous solution of tetraalkylammonium salt) to the electrolyte
under study. This kind of double junction bridge separates
the investigated nonaqueous solution from contact with the
aqueous KCl solution in the SCE. However, the choice of this
particular bridge arrangement in conjunction with an SCE
is not perfect because potassium chloride has a limited solu-
bility in many nonaqueous solvents (4). In addition the
junction can be readily clogged, which leads to erratic junction
potentials due to cont ion in the frit. In
these cases there is nlso the possibility that traces of nona-
queous solvent cannot be easily removed because of adsorp-
tion, even if the SCE is stored in aqueous saturated KClI for
a long time after use. Special probl are also d
in dichloromethane. This low dielectric constant solvent is
not miscible with water and tends to promote clogging at the
capillary tip. This leads to both erroneous potentials and high
cell resistances which will produce distorted current voltage
curves (due to iR loss).

Because of these above problems the stability of an SCE
after use in nonaqueous solvents must be checked frequently

by ison with standard refe electrodes which have
not been subjected to use in q media. This most
often involves a check of the potential diffe b the

lock-in analyzer; C, cell; RS, reference signal input; TE, test electrode
CE, ac counterelectrode.

been discarded due to some previously undefined malfunction.
Of the nine electrodes, three contained porous vycor frits, five
contained asbestos fiber frits, and one contained a cellulose
pulp frit.

Our aim in the study was to report the potential, resistance,
and capacitance (the last two were calculated from impedance
measurements) of these electrodes at a given point in time
and to then select three of these electrodes for measurements
after long-term storage in CH,Cl, (which might simulate an
experiment). At the end of this time the electrodes would be
placed in saturated KCl and the time to reach reequilibrium
measured.

EXPERIMENTAL SECTION

Reagents and Solutions. Three different nonaqueous, aprotic
solvents were used throughout this study. CH,Cl, was obtained
from Fisher Scientific as technical grade and was distilled from
P,0; and stored in the dark over activated 4-A molecular sieves
prior to use. Me;SO (Eastman Chemicals) and CH;CN (Coleman)
were received as reagent grade from the manufacturer and were
dried over 4-A molecular sieves prior to use. KCI (Fisher Sci-
entific) analytical grade was used as received.

Instrumentation and M s. [ d mea-
surements were made with a home built i ms'.rumenv. whose design
has been described in the literature (8, 9). The block diagram
of this instrument is shown in Figure 1. A large (2 cm?) platinum
mesh electrode was used as an alternating current counterelectrode
(CE). A Hewlett Packard Model 3310 generator (VCFO) which

ted a idal wave with a frequency of 1000 Hz was

two electrodes which should not exceed 1-2 mV.

For a number of years our laboratory has used the saturated
calomel electrode as a reference electrode in nonaqueous media
(5-7). For these studies we have utilized a bridge to separate
the aq and the 18 solvent This bridge
was filled with the nonaqueous solvent containing 0.1 M
tetrabutylammonium perchlorate. As required, we have pe-
riodically checked the potential against a fresh electrode and,
in addition, have reported potentials vs. a Fc*/Fc (ferroc-
ene/ferrocenium) internal standard. While this method
seemed to work well and helped us to identify faulty reference
electrodes in most cases, it was evident that the measurement
of potential alone was not sufficient to identify an electrode
which was not operating “correctly”. For this reason we have
devised a technique utilizing the ac impedance method which
will give us the value of resistance and capacitance of an
electrode after use in a nonaqueous solvent.

In this paper we report the results of a typical measurement
of reference electrode potential and resistance before and after
use in nonaqueous solvents. Measurements were made in
dimethyl sulfoxide (Me,SO), acetonitrile (CH;CN), and
methylene chloride (CH,Cl,), although results are only re-
ported in this latter solvent, which is the worst case. The eight
commercially available electrodes and one homemade elec-
trode listed in Table I were investigated. All of the electrodes
were used extensively in CH,Cl, although three of these had

connected to the CE via a 2000-k? resistor and a 200-uF capacitor.
The amplitude and phase of the signal voltage between the test
electrode (TE), which in this case was the SCE, and the coun-
terelectrode were measured with a PAR Model 5204 lock-in an-
alyzer. For measurements of potential a digital voltammeter
(Ballantine-STD) with high input resistance was used. All re-
ported potentials are referred to an IBM Model 43 standard
reference electrode which is listed as electrode number 1 in Table
L

RESULTS AND DISCUSSION

Using a lock-in analyzer one can simultaneously measure
the resistive component (ac voltage component Vy) and ca-
pacitive comp (ac voltag p V) of an elec-
trochemical cell. The resistive component is in-phase with
the ac current, i, and the capacitive component is =/2 out-
of-phase with the current. A total resistance, R, can be cal-
culated from eq 1 and the total capacitance, C, from eq 2 where
f is the frequency of the alternating current.

R=Vy/i 1)

=1/2xfV¢ (2)

Because a resistance of 2000 k{2 was inserted into the circuit
(see Figure 1) the ac current passing through the SCE is very

small (less than 0.05 pA). Use of a small current is necessary
in order to p: polarization of the electrode during the




Table II. Properties of Saturated Calomel Electrodes
poten-
tial
differ- capaci-
ence,” tance, resistance,
electrode frit mV uF Q
1 porous vycor 40.0 400
2 porous vycor -0.1 40.0 250
3 porous vycor 0.0 9.6 380
4 asbestos fiber -0.3 11.0 850
5 asbestos fiber -0.3 14.0 1000
6 asbestos fiber®  -1.2 9.2 760
7 asbestos fiber -0.4 4.0 1500
8 ashestos fiber® 0.1 3.0 1660
9 cellulose pulp -0.9 1.9 280

¢ Defined as potential difference between given
reference electrode and electrode number 1. Due to
some undefined problems these electrodes had not been
used in experiments for periods of 6 months or longer.
The values presented are after treatment of the electrode
as defined in the text. The original values are given in
Table III.

measurement process. In this study potentials were found
to vary by less than 0.1 mV when 0.05 pA current was passed
through the SCE for a period of up to 24 h.

For purposes of our ts the calomel ref
electrode can be repr d by the equi circuit shown
in Figure 2. Because of the small current passing through
the circuit, and the small solubility of Hg,Cl,, the reaction
Hg «+ Hg,** can be considered as negligible. Under these
conditions the Warburg impedance (Rw + Cy) reaches a high
value. Thus, the faradaic impedance contributions from R,
R,, and C,, are negligible as a first approximation. In this case
the calculated impedance values of R and C are approximately
equal to R, and Cy, where R, represents the sum of solution
resistance in the bridge and the SCE. (There is also a small
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resistance of the connecting wires which is considered neg-
ligible.) The measured capacitance, Cy, is dependent on the
capacitance of the double layer between the calomel, KCl, and
mercury of the SCE, and gives important information about
the contact area between the calomel paste and the mercury.

Table I lists the nine electrodes which were investigated
in this study. These electrodes were from five different sources
(four were commercially available and one was home made)
and contained three different types of frits (porous vycor,

b fiber, and cellulose pulp). All of the electrodes had
been used extensively in a variety of nonaqueous solvents.

Table I lists the potential differences, capacitances, and
resistances of the nine different electrodes listed in Table L.
Six of these electrodes were in regular use before the mea-
surement had been carried out and had been properly stored
in saturated KCl. Three of the electrodes (no. 2, 6, and 8)
had been neglected due to some undefined problem which
involved either unstable potential or abnormally high re-
sistance. As might be expected, the three electrodes that had
been discarded showed large deviations in potential, capa-
citance, or resistance. In these cases the values presented in
Table II are after appropriate treatment of the electrode.
Electrode 2 had a dirty frit and was not saturated with KCI;
electrode 6 had a poor connection between the mercury and

Table III. Properties of ‘‘Bad’’ Calomel Electrodes Before and After Treatment
potential
difference,? capacitance, resistance,
electrode  problem frit treatment® mV uF
2 c porous vycor before -14.4 13.0 400
after -0.1 40.01 250
6 d asbestos fiber before -36.6 0.3 8600
after -1.2 9.2f 760
8 e asbestos fiber before =1.5 2.5 3000
after 0.1 3.07 1660

@ According to the procedure described in the text.

b Potential differences measured vs. SCE labeled as number 1 (see

Table I). € Dirty frit; KCl solution was not saturated. Poor connection between mercury and calomel paste. € Frit was
dirty and clogged. Aflcr improving the contact between mercury and calomel.
Table IV. Change of Potential and Resistance of Electrodes After Storage in CH,Cl, and Reequilibrium After
Saturated KCl Storage
tiiie electrode 2 electrode 4 electrode 9
solvent min‘ AEP mV R Q AR Q AE, mV R, Q AR, @ AEEmV R, Q AR,
CH,CI, 0 0.0 380 0 0.0 850 0 0.0 280 0
120 0.0 0.0 0.0
480 0.0 -0.2 0.2
720 0.1 -0.2 0.3
1440 0.3 400 20 -0.4 900 50 0.5 320 40
saturated KCI¢ 1 0.3 400 20 -0.4 900 50 0.5 320 40
2 0.2 -0.3 0.4
3 0.1 -0.3 0.3
4 0.0 -0.2 0.2
10 0.0 -0.1 0.1
30 0.0 380 0 0.0 850 0 0.0 280 0
<

@ Time measured after 24 h of storage in CH,Cl,.
a function of time.

b Change in potential as a function of time.

Change of resistance as
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the calomel paste; and electrode 8 had a frit which was clogged
and dirty.

The properties of these three electrodes before and after
treatment are listed in Table III. As part of the treatment
every frit was hed and cl d, the cc tion between
the mercury and the calomel paste was fixed, and the elec-
trodes were filled with freshly prepared saturated KCL. These
electrodes were then stored for 48 h in saturated KCl and
measurements repeated. In every case the resistance was lower
and the capacitance was higher. In addition, the potential
of all three electrodes was much closer to the potential of our
standard reference SCE labeled as number 1.

The data in Table II show that all of the electrodes have
similar correct potentials. Thus, this might be one criterion
for stating all of the electrodes are good for use as standard
reference electrodes. On the other hand, the electrodes differ
substantially in terms of their capacitance and resistance and
can be grouped according to both the model of the electrode
and the type of frit. The lowest resistances are found for
electrodes with porous vycor and the cellulose pulp frits
(250-400 Q) while the highest are for the electrodes with
asbestos fiber frits (760-1660 ). In this grouping the lower
values are found for the three Metrohm electrodes while the
highest are for the two Fisher electrodes.

As seen in Table II the values of capacitance vary between
a low of 1.9 and 40 uF. These values reflect the contact
between the mercury and the calomel which is an important
factor in the stability of the electrode potential. The higher
the value of capacitance, the larger the contact area, and the
more stable will be the electrode potential. All of the elec-
trodes from a given manufacturer had similar values of ca-
pacity as might be expected. The IBM electrodes (1 and 2)
had identical values of 40 uF and were larger than the three
Metrohm electrodes (4, 5, and 6) which ranged from 9.2 to
14.0 uF. The home made electrode (electrode 3) had a capacity
of 9.6 uF. This electrode had a relatively small dispersion of
mercury in the calomel paste and also had a shorter KCl bridge
than did electrode 1 and 2. Finally, both the Fisher and the
Radiometer electrodes had a low capacity of 1.9-4.0 uF.

Data collected in Table IV represent the influence of CH,Cl,
on the potential and resistance of three representative elec-
trodes. Electrode 2 contains a porous vycor frit, electrode 4
an asbestos fiber frit, and electrode 9 a cellulose pulp frit.
Table IV also includes data on reequilibrium of the electrodes
in KClI after storage in CH,Cl, for periods of 2-24 h.

After each interval of time the electrodes were transferred
to an aqueous saturated KCl solution and impedance mea-
surements were made. Although only 30 min was required
for reequilibrium in KCI (see following sections) the electrodes
were stored in KCl for a minimum of 3 h between measure-
ments in CH,Cl,.

After 2 h of storage in CH,Cl,, no change in potential was
observed, as seen in Table IV. In fact, very little change was
observed even after 24 h. In the very worst case only a 0.5
mV difference in potential and a 50 Q increase in resistance
were obtained. Similar small changes were observed in Me,SO
and CH;CN. More surprisingly immersion of the electrodes
in saturated KCl for 4-30 min after being in CH,Cl, for 24
h produces identical potentials and resistances as in the or-
iginal measurement.

In conclusion, one can see that potentials alone are not
sufficient to characterize a properly operating reference
electrode. Furthermore, the influence of nonaqueous solvents
on an aqueous calomel reference electrode seems to be far less
than had been expected, as any observed differences in po-
tential and resistance caused by storing the electrodes in
nonaqueous solvent for up to 24 h appear to be transient. This
should not be construed as a recommendation for use of an

q SCE in us solvents but should only be used
as a guide in determining when an electrode might be faulty.
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Back-Extraction with Three Aqueous Stripping Systems for 16 Elements from

Organometallic-Halide Extracts

J. Robert Clark*® and John G. Viets
U.S. Geological Survey, Denver, Colorado 80225

Detailed stripping curves have been determined for Cu, Ag,
Au, Zn, Cd, Hg, Ga, In, Tl, Sn, Pb, As, Sb, Bi, Se, and Te,
which are extracted by the Methyl isobutyl ketone-Amine
synerGistic Jodine Complex (MAGIC) extraction system (1).
Stripping was accomplished with a HNO;-H,0, system, a
CH;COOH-H;0, system, and a HgSO‘-HZO2 syswm ). The
mechanisms by which stripping is i

incompatible with the extraction system, and oxidation of
halide (mostly iodide) complexing ions. Most of these 16
elements can be separated from many other elements in the
organic extracts by sequentially stripping the organic phase

with various combinations of these three systems.
The MAGIC extraction system (I) makes it possible to
rate and separate 18 trace elements (Pt and Pd, in

poisoning of amine ion exchange agents with anions that are

addition to the list above) from analytically interfering rock

This article not subject to U.S. Copyright. Published 1982 by the American Chemical Society
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PERCENT CONCENTRATED HNO; IN THE AQUEOUS STRIPPING PHASE

Figure 1. Nitric acid stripping curves: (1) HNO; only; (2) concentrated HNO,:H,0, = 10:1; (3) concentrated HNO,:H,0, = 5:1; (4) concentrated
HNO,:H,0, = 2:1; (5) concentrated HNO;:H,0, = 1:2; (6) concentrated HNO,:H,02 = 5:1, and percent concentrated CH,COOH = percent

HNO3; (7)

d HNO,:H,0, = 2:1, and percent concentrated CH,COOH = percent concentrated HNO,; (8) concentrated

HNO,:H,0, = 1:2, and percent concentrated CH;COOH = percent concentrated HNO,.

matrices in one operation. Aliquat-336, alamine-336, methyl
isobutyl ketone, and hexane, combined in an organic phase,
are used to extract these 18 elements, predominantly as iodide
complexes, from an aqueous phase. An analytical geochemist
can then treat the organic extract with these stripping systems
(2) prior to performing flameless atomic absorption deter-
minations, thereby eliminating organic and interelement in-
terferences. Metallurgists and chemical engineers have ex-
pressed interest in utilizing both the extraction and stripping
systems for concentrating and then separating various by-
product metals in mineral processing and in recovering metals
from spent catalysts or recycled wastes.

Details of the MAGIC extraction system and these stripping
procedures have been published (1, 2). The previous de-
scription of the stripping systems contained only distribution
diagrams. All of the stripping curves are being presented in
this paper.

It was observed earlier that small amounts of the nitrate
ion had a poisoning effect on the extraction of some of the
elements in the MAGIC system (3). Dilute nitric acid solutions
have been used previously for stripping zinc (4), cadmium (5),
and uranium (6), from Aliquat-336. The acetate ion has also
been found to produce adverse effects on the extraction of
some elements. Hydrogen peroxide in an acid solution will
oxidize the iodide ion to iodate and, thereby, destroy the
organometallic iodide complexes in the extract. In the

HNO;3-H,0, system, the poisoning effect of the nitrate ion
is combined with the oxidizing effects of H;0, and HNO;. The
CH;3;COOH-H,0, system combines the poisoning effect of the
acetate ion and the oxidizing effect of H,0,. Sulfuric acid has
no affect on any of the extraction mechanisms in the MAGIC
system. When H,S0O, is combined with H,0,, the only effect
is the progressive decrease of the activity of iodide with in-
creasing H,0, and acid concentrations.

EXPERIMENTAL SECTION

All stripping determinations were made by atomic absorption
spectrometry, as described previously (2). Reagent grade chem-
icals were used, except as detailed earlier, and a stock organic
extract was prepared, as outlined previously. Stock stripping
solutions were prepared at specific ratios of concentrated acid
to total H,0, content. Table I outlines the mixtures in the stock
stripping solutions. Most of these stripping solutions were diluted
in test tubes to provided acid strengths from 0 to 10% concen-
trated acid in 1% increments. A few of the solutions were tested
only over a narrow range of acidities and for only a few elements.
An equal volume of stock organic extract was added to each test
tube, and the contents were periodically shaken over a 48-h period
of time. Aqueous to organic ratios were always 1:1, since different
ratios produce different stripping curves.

RESULTS AND DISCUSSION
Platinum and palladium were dropped from this study for
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Table I. Stock Stripping Solutions

vol %
concd
vol % of approx. acid:
vol % of coned overall overall
concd (30 wt %) wt/vol % wt/vol % figure curve
acid acid [acid], M H,0, H,0, H,0, no. no.
nitric acid, HNO, 20 3.2 0 0 1 1
nitric acid, HNO, 20 3.2 6.7 2 10:1 1 2
nitric acid, HNO, 20 3.2 13.3 4 5:1 1 3
nitric acid, HNO, 20 3.2 33.3 10 2:1 1 4
nitric acid, HNO, 10 1.6 66.7 20 1:2 1 6
nitric acid, HNO,, plus 20/20 3.2/3.5 13.3 4 5:1 1 6
acetic acid, CH,COOH
nitric acid, HNO,, plus 20/20 3.2/3.5 33.3 10 2:1 1 7
acetic acid, CH,COOH
nitric acid, HNO,, plus 10/10 1.6/1.75 66.7 20 1:2 1 8
acetic acid, CH,COOH
acetic acid, CH,COOH 20 3.5 0 0 2 3
acetic acid, CH,COOH 20 3.5 6.7 2 10:1 2 2
acetic acid, CH,COOH 20 3.5 13.3 4 5:1 2 3
acetic acid, CH,COOH 20 3.5 33.3 10 2:1 2 4
acetic acid, CH,COOH 20 3.5 66.7 20 1:1 2 5
acetic acid, CH,COOH 10 1.76 66.7 20 1:2 2 6
sulfuric acid, H,SO, 20 3.6 0 0 3 1
sulfuric acid, H,SO, 20 3.6 6.7 2 10:1 3 2
sulfuric acid, H,SO,, plus 20 3.6 13.3 4 5:1 3 3
acetic acid, CH,COOH 20/10 3.6/1.75 0 0 3 4
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PERCENT CONCENTRATED CH,COOH IN THE AQUEQUS STRIPPING PHASE

Figure 2. Acetic acid stripping curves: (1) CH,COOH only; (2) concentrated CHyCOOH:H,0, = 10:1; (3) concentrated CH,COOH:H,0, = 5:1;
(4) concentrated CH,COOH:H,0, = 2:1; (5) concentrated CH,COOH:H,0, = 1:1; (6) concentrated CH;COOH:H,0, = 1:2.
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PERCENT CONCENTRATED H2S0, IN THE AQUEOUS STRIPPING PHASE

Figure 3. Sulfuric acid stripping curves: (1) H,SO, only; (2) concentrated H,SO:H,0, = 10:1; (3) concentrated H,S0,H,0, = 5:1; (4) concentrated
CH;COOH = '/, concentrated H,SO,, and no H,0, 5

ly described (2). All detailed stripping curves by Richard O'Leary and Delmont Hopkins of the U.S. Geo-
are presem.ed in Figures 1-3. Those elements which are logical Survey.
extracted by only one mechanism (Zn), or the extraction of

which are, in part, dependent upon a high acid concentration LITERATURE CITED

(As) can be removed from the extract by simply backwashing . ;

the extract with a dilute acid solution. Most of the 16 elements g} %j ::; mj%"m‘&' Chem. ::: g :l
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stripped as the iodide activity is p duced tozero. (8 MBS & bt Bt A e 1073, 45
The oxidation-stripping reaction then nttackl the lesser (6) Barbano, P. G.; Rigall, L. Anal. Chim. Acta 1978, 96, 199.

amounts of bromide and chloride in the extract, in that se-

quence. Elements, such as Au, Hg, and Bi, tend to remain

in the extract until the total halide ion activity is reduced to . .

a point that they begin to partition into the aqueous phase RECEIVED for review March 23, 1982. Resubmitted and Ac-
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MANUSCRIPT REQUIREMENTS

The following guide is published by the Editors of ANALYTICAL CHEMISTRY fo aid authors
in writing, and editors and reviewers in expediting review and publication of manuscripts .

SCOPE. The journal is devoted to the dissemination of
knowledge concerning all branches of analytical chemistry.
Articles either are entirely theoretical with regard to analysis
or are reports of laboratory experiments that support, argue,
refute, or extend established theory. Articles may contribute
to any of the phases of analytical operations, such as sampling,
preliminary chemical reactions, separations, instrumentation,
measurements, and data processing. They need not refer to
existing or even potential analytical methods in themselves,
but may be confined to the principles and methodology un-
derlying such methods.

In addition to regular research papers, Correspondence and
Aids are published. Correspondence may be brief disclosures
of new analytical concepts of unusual significance. They may
also represent important comments on the work of others, in
which case the authors of the work being discussed will, or-
dinarily, be allowed to reply. Aids for Analytical Chemists
should be brief descriptions of novel apparatus or techniques,
requiring real ingenuity on the author’s part, which offer
definite advantages over similar ones already available.

Papers involving extensive use of computers will be judged
by the usual criteria of originality, technical content, and value
to the field. They should include a statement of the objectives
and the procedural steps to the objective, and the results.
However, details of procedural steps, including programs,
should be omitted. Availability of the latter through com-
mercial collections or by writing to the author should be clearly
indicated in the text. Computational techniques for calcu-
lations of well-known analytical methods cannot be considered.

Papers involving experimental data should offer a new or

modified approach to analysis in a particular field, not just
extend the existing library of data.
SUBMISSION OF MANUSCRIPTS. Four complete
copies of the manuscript are required. All copy must be typed
double- or triple-spaced on 22 X 28 cm (8'/, X 11 in.) or A4
paper, with text, tables, and illustrations of a size that can
be mailed to reviewers under one cover.

Reviewers suggested by authors may be used at the dis-
cretion of the editors.

Send all copies of the manuscript with covering letter to
ANALYTICAL CHEMISTRY, 1155 Sixteenth St., N.W., Wash-
ington, DC 20036.

TITLE. Use specific and informative titles with a high
keyword content. Avoid unnecessary phrases (“on the”, “a
study of”) and articles (a, an, the), as well as words that are
either obvious (new, novel, useful, improved) or relative
(versatile, rapid, simple, inexpensive). Indicate, where ap-
plicable, compound or element determined, method, and
special e.g., “Spectroph ric Determiration of
Thallium in Zinc and Cadmium with Rhodamine B”. Do not
use symbols, abbreviations, or series designations. Use one
complete title rather than a title and subtitle. Be informative
but brief. Careful attention should be paid to the choice of
words—e.g., trace or micro, determination or analysis, etc.—to
reflect correct usage.
AUTHORSHIP. Give authors' names in as complete a form
as possible. First names, initiala. and surnames should be
luded. Omit profe | and official titles. Give complete
mmllng address for place where work was done and include
tel ber of the cor ding author. Add current

P P

address of each author, if different, on the title page of the
manuscript with a numerical superscript and footnote.
Corresponding author is indicated by an asterisk.
ABSTRACT. Abstracts are required for all ipts, but
will not be published with Correspondence and Aids. (Put
on separate page for these categories.) The abstract is to be
self-explanatory and suitable for reproduction by abstracting
services without rewriting. It indicates what is new, different,
and significant. State the objectives of the study, the limits
of detection, the degree of accuracy and precision, and the
major unique reagents, times, and temperatures, but avoid
the lengthy stepwise recipe. The length of the abstract should
reflect the content and length of the manuscript, but should
not exceed 150 words.

TEXT. Consult the publication for general style. Write for
the specialist. Do not include information and details or
techniques that should be knowledge to the speciali:

General Organization. Indicate the breakdown among
and within sections with center heads and side heads. Results
and Discussion follow Experimental Section. Keep all in-
formation pertinent to a particular section within that
section—e.g., do not present results in the Experimental
Section. Avoid repetition. Do not use footnotes for descriptive
or explanatory information; include the information at an
appropriate place in the text.

INTRODUCTION

Discuss the relationship of your work to previously pub-
lished work, but do not repeat published information. If a
recent article has summarized work on the subject, cite this
article rather than repeating individual citations.

EXPERIMENTAL SECTION

Use complete sentences—i.e., do not use outline form. Be
consistent in voice and tense.

APPARATUS. List only devices of specialized nature. Do not
include equipment that is standard in an analytical laboratory
and used in the normal way.

REAGENTS. List and describe preparation of special
only. Do not list reagents normally found in the laboratory
and preparations described in standard handbooks and texts.

PROCEDURE. Omit details of procedures that are common
knowledge to those in the field. Describe pertinent and critical
factors involved in reactions so that the method can be re-

duced, but avoid ive description. Brief highlights
of published procedures may be included; details should be
left to references.

Caution: Describe any proced that are hazardous and
list any reagents that are toxic.

RESULTS AND DISCUSSION

Bec and rel t but Omit calculations
that are well-known to the specialist.
CONCLUSIONS

Use Conclusions only when necessary for interpretation and
not to summarize information already given in the text or
abstract.

ACKNOWLEDGMENT

Acknowledge professi i i and source
of special materials only. Do not use professional utles.
LITERATURE CITED. Refi that are idered part
of the permanent literature are to be numbered in one con-
secutive series by order of mention in the text. However, the
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complete list of literature citations is placed on a separate page
at the end of the ipt. Reference bers in the text
are in parentheses and on line. Repetition is avoided by using
the number corresponding to the original reference. De-
scnpuve or explanat,ory (footnote) material is not given a
or included in the literature cited. This
material must be included in the body of the text.

Use Chemical Abstracts Service Source Index abbreviations
for journal names and include pubhcauon year, volume, and
page ber (i pagination is ded). Include
Chemical Abstracts ref for foreign publications that
are not readily available. List submitted articles as “in press”
only if formally accepted for publication, and give the volume
number and year if known. Otherwise use “unpublished work”™
with place where work was done and date. Include name,
affiliation, and date for “personal communications™.

Please use the format given in the following examples.
(1) Koile, Ross C.; Johnson, Dennis C. Anal. Chem. 1979, 51,

T41-744.
(2) Willard, Hobart H.; Merritt, Lynne L., Jr.; Dean, John A;

Settle, Frank A., Jr. “Instrumental Methods of Analysis”,

6th ed.; Van Nostrand: New York, 1981; Chapter 2.
CREDIT. On a separate page, give credit for financial sup-
port, meeting presentation information, and auspices under
which work was done, includi to publish. In the
JOURNAL this information will lmmedmtely follow the recenved
and accepted dates, and is not a part of the Acknowledgment.
FIGURES AND TABLES. Do not use figures or tables that
duplicate each other or material already in the text. Omit
straight line graphs; give information in a table, or in a
sentence or two in the text. Do not include tables or figures
found elsewhere in the literature.

Tables. Prepare tables in a consistent form, furnish each
with an appropriate title, and number consecutively with
Roman numerals in the order of reference in the text. Type
each table on a separate page, and collate at end of manuscript.

Figures. Submit original drawings (or sharp glossy prints)
of graphs and diagrams prepared on tracing cloth or plain
white paper. If structures are given in the text, original
drawings are to be provided. All lines, lettering, and num-
bering should be sharp and unbroken. If coordinate paper
is used, use nonphotographic blue cross-hatch lines. Use black
India ink and a lettering set for all letters, numbers, and
symbols. Do not use a typewriter to letter illustrations.

Design illustrations to fit the width of one journal column
(8.3 cm). The width of original drawings should be twice the
publication size. Letters and symbols should be about 4 mm
high on the original (2 mm in reduced journal version). Lines
should be drawn with a light (#1 Leroy for graph grids),
medium (#2 Leroy for graph borders or reference lines), or
heavy (#5 Leroy for graph curves or emphasis) thickness on
the original. Lettering on copy should be in proportion. Label
ordinates and abscissas of graphs along the axes and outside
the graph proper.

Supply glossy prints of photographs. Sharp contrasts are
essential. Label each figure on the back with the name of the
corresponding author and the figure number.

Number all figures consecutively with Arabic numerals in
the order of reference in the text.

If drawings are mailed under separate cover, identify by
name of author and title of manuscript.

Figure Captions. Include, on one page, a list of all captions
and legends for illustrations. Make the legend a part of the
caption rather than inserting it within the figure. Keep
captions as brief as possible and include detailed information
in the text.

BRIEF. On a separate page, state in 30 words or less the
significant results obtained, emphasizing precision and ac-
curacy data when possible. Do not repeat the title. No Briefs
are y for Correspond or Aids.

NOMENCLATURE. Nomenclature conforms with rules
established by the International Union of Pure.and Applied
Chemistry, the Nomenclature Committee of the American
Chemical Society, and the Chemical Abstracts Service.
Consult Kurt Loening, P.O. Box 3012, Chemical Abstracts
Service, Columbus, OH 43210, for advice.

Avoid trivial names. Well-known symbols and formulas
may be used (write out in title and abstract) if no ambiguity
is likely. Define trade names and abbreviations at point of
first use. First letter of trade names is capitalized.

Use SI units of measurement (with acceptable exceptions)
and give dimensions for all terms. If nomenclature is spe-
cialized, as in mathematical and engineering reports, include
a Nomenclature section at end of paper, giving definitions and
dimensions for all terms. Write out names of Greek letters
and other special symbols in margin of manuscript at point
of first use.

Type all equations and formulas clearly and number all
equations in consecutive order. Place superscripts and sub-
scripts accurately, indicate capital letters, and distinguish
between characters which are alike on the keyboard—e.g., one
and the letter “el”, zero and the letter “oh”. Avoid superscripts
that may be confused with exponents.

For numbers less than one, a zero precedes the decimal
point.

For specialized nomenclature used by this JOURNAL, see
“Guide for Use of Terms in Reporting Data in ANALYTICAL
CHEMISTRY", “Spectrometry Nomenclature”, and “SI Units”,
which appear annually, with the “Manuscript Requirements”,
at the end of the technical section in the January issue. From
time to time, ANALYTICAL CHEMISTRY publishes special no-
menclature guides promulgated by various organizations.

General information about American Chemical Society
publications, including preparation of manuscripts, is given
in the “Handbook for Authors of Papers in American Chemical
Society Publications”, available from Distribution Office,
American Chemical Society, 1155 16th St., N.W., Washington,
DC 20036.

Analysis, Identification, Determination, and Assay

While most chemists probably realize the difference between the terms analyze, identify, and , they are fr ly when
using them. Most frequently the term analysis is used when determination is meant.

A study of the that only ples are ions, and p are Identified or determined.
The difficulty occurs when the sample is an or d (oI k purity). “Analysis of —" (an element or compound)
must be understood to mean the or deter of imp! When the intent is to determine how much of such a sample is

the material indicated by the name, assay is the proper word.



ANALYTICAL CHEMISTRY, VOL. 55, NO. 1, JANUARY 1983 « 173
Guide for Use of Terms in Reporting Data in
ANALYTICAL CHEMISTRY

It is impor to know the g of the terms an author uses. For publications in ANALYTICAL C \ the

andltlsum:modmrmeyamtsedwlmasmalnmmwdsmwmpkalarssmMlhnop-brhfamslhtronbbsolﬂnmﬂnd They
are endorsed by members of the Advisory Board. The Guide Is necessarily incomplete , and it should be used only with an understanding of its
limitations ; one Is that a vabooomhedlaara:mbxsuabybasodonnmlaﬂvdymlmmaloosmm and it is therefore to be regarded

as an of the . For

\pprop o

Set refers to a ber n of i d licat

. the reader should consult a reputable text on the subject of data evaluation .

Standard deviation has the same units as the measu.rement.

ments of some property. Authors are encournged to report
this number n.

Precision relates to the reproducibility of measurements
within a set, that is, to the scatter or dispersion of a set about
its central value.

Accuracy normally refers to the difference (error or bias)
between the mean, X, of the set of results and the value X,
which is accepted as the true or correct value for the quantity
measured. It is also used as the difference between an in-
dividual value X; and X. The absolute accuracy of the mean
is given by X - X and of an individual value by X; - X. The
relative accuracy of the mean is given by (X - X)/X, and the
percentage accuracy 100(X - X)/X.

Measures of the Central Value of a Set. MEAN (or Average
or Arithmetic Mean) is the sum ¥7.; X; of the values of
individual results divided by the number, n, of results in the
set. The mean is given by

=X+ Xo+ o Xi+ . X,) /0= SXi/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
they are arranged in order of magnitude. The median is less
affected by extreme values than is the mean.

Measures of Precision within a Set. STANDARD DEVIATION
is the square root of the quantity (sum of squares of deviations
of individual results from the mean, divided by one less than
the number of results in the set). The standard deviation,

s, is given by
=4/ L& 0@

Itb a more reliak P of precision as n b
large. When the are ind dent and 11}
distributed, the most useful statistics ‘are the mean for the
central value and the standard deviation for the dispersion.
VARIANCE, s, is the square of the standard deviation.
RELATIVE STANDARD DEVIATION is the standard deviation
expressed as a fraction of the mean, s/X. It is sometimes
multiplied by 100 and expressed as a percentage. Relative
standard deviation is preferred over “coefficient of variation™.
MEAN (or AVERAGE) DEVIATION is the mean of the devia-
tions of the individual measurements from the mean of the
set without regard to sign. It is gwen by X - X|/n. ‘The
mean deviation is not of p
except when the set consists of only a few measurements.
RANGE is the difference in magnitude between the largest
and smallest results in a set. The range is not recommended
as a measure of precision except when the set consists of only
a few measurements. If range is used, the number of mea-
surements in the set must be indicated.
Measure of Precision of a Mean. CONFIDENCE LIMITS (or
Interval) are the limits around the measured mean within
which the mean value for an infinite number of measurements
can be expected to be found with the stated level of proba-
bility. Confidence limits for independent normally distributed
measurements are given by

confidence limits = X + ts/v/n

where s is the standard deviation and ¢ is the ¢-table value
at the stated conﬁdence level. The use of standard error,
s/n'?, to ion of a mean is acceptable only if the
authors clearly make the distinction from standard deviation.

Spectrometry Nomenclature

We have compiled the following list of terms, their definitions , and abbreviations , which occur most frequently in papers on spectrometry . The
list indicates our preferred usages in an attempt to obtain some consistency in a field where much discrepancy exists .

Absorbance, A (not optical density, absorbancy, or extinc-
tion). Logarithm to the base 10 of the reciprocal of the
transmittance A = logyo (1/7).

Absorptivity, a (not k). (Not absorbancy index, specific
extinction, or extinction coefficient.) Absorbance divided by
the product of the ration of the substance and the
sample path length,

a=b—

c

Absorptivity, Molar, ¢ (not molar absorbancy index, molar
extinction coefficient, or molar absorption coefficient).
Product of the absorptivity, a, and the molecular weight of
the substance.

Angstrom, A. Unit of length equal to 1/6438.4696 of
wavelength of red line of Cd. For practical purposes, it is
considered equal to 10 cm.

Beer's Law (representing Beer-Lambert law). Absorptivity
of a substance is a constant with respect to changes in con-
centration.

Concentration, c. Quantity of the substance contained in
a unit quantity of sample. (In absorption spectrometry it is
usually expressed in grams per liter.)

Frequency. Number of cycles per unit time.

Infrared. The region of the electromagnetic spectrum ex-
tending from approximately 0.78 to 300 um.

Micrometer, pm. Unit of length equal to 10® m. (Do not
use micron.)

Nanometer, nm. Unit of length equal to 10° m. (Do not
use millimicron.)

Sample Path Length, b (not ! or d). Internal cell or sample
length, lly given in centimet

Spectrograph. Instrument with an entrance slit and dis-
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persing device that uses photography to obtain a record of
spectral range. The radiant power passing through the optical
system is integrated over time, and the quantity recorded is
a function of radiant energy.

Spectrometer, Optical. Instrument with an entrance slit,
a dispersing device, and with one or more exit slits, with which
measurements are made at selected wavelengths within the
spectral range, or by scanning over the range. The quantity
detected is a function of radiant power.

Spectrometry. Branch of physical science treating the
measurement of spectra.

Spectrophotometer. Spectrometer with associated equip-
ment, so that it furnishes the ratio, or a function of the ratio,
of the radiant power of two beams as a function of spectral
wavelength. These two beams may be separated in time,
space, or both.

Transmittance, T (not transmittancy or transmission). The
ratio of the radiant power transmitted by a sample to the
radiant power incident on the sample.

Ultraviolet. The region of the electromagnetic spectrum from
approximately 10 to 380 nm. The term without further
qualification usually refers to the region from 200 to 380 nm.
Visible. Pertaining to radiant energy in the electromagnetic
spectral range visible to the human eye (approximately 380
to 780 nm).

Wavelength (one word). The distance, measured along the
line of propagation, between two points that are in phase on
adjacent waves—units A, um, and nm.

Wavenumber (one word). Number of waves per unit length.
The usual unit of wavenumber is the reciprocal centimeter,
cm™. In terms of this unit, the wavenumber is the reciprocal
of the wavelength when the latter is in centimeters in vacuo.

SI Units

The move toward the usage of the International System of Units (SI) has been agreed to by ACS editors as general ACS policy. Although, in
principle, the change to strict SI usage Is desirable, necessary adjustments dictated by practical reality must be considered. This guide gives
authors an idea of what exceptions are acceptable in articles published in ANALYTICAL CHeMISTRY. Also included are the SI base units, derived
units, and prefixes. Unlts that are not compatible with SI or the acceptable exceptions, but which must be used in a manuscript. should be followed
by the SI equivalent in parentheses, e.g., 1-in. (2.5 cm) tubing or 1-in. (2.54 cm) tubing. The number in the SI equivalent should include only

as many digits as are significant for any particular use.

SI Base Units

Length meter m
Mass kilogram ky
Time second s
Electric current ampere A
Thermodynamic temperature kelvin K
Amount of substance mole mol
Luminous intensity candela ed

(supplementary units)

Plane angle radian rad
Solid angle steradian sT
SI Derived Units
Area square meter m?
Concentration mole per cubic meter  mol/m?
Density kilogram per cubic kg/m?
meter
Velocity meter per second m/s
Volume cubic meter m’
Wavenumber 1 per neter m!
(with special names)
Capacitance farad F
Conductance siemens S
Electric charge, coulomb C
quantity of electricity
Electric potential, volt v
potential difference,
electromotive force
Energy, work, joule J
quantity of heat
Force newton N
Frequency hertz Hz
DNluminance lux Ix
Inductance henry H
Luminous flow lumen Im
Magnetic flux weber Wb
Magnetic flux density tesla T
Power watt w
Pressure pascal Pa
Radioactive activity becquerel Bq
Resistance ohm [¢]

SI Prefixes
10" exi E
10" b
10 T
10° giga G
10° mega N
10° kilo k
10° hecto h
10! deka da
10! deci d
10°° centi ¢
10 milli m
10. % micro "
10°° nano n
10 pico p
10 ' femto f
10" atto H
~
Acceptable Exceptions
Area barn

molal = mole per kilogram (m = moi
kg ')

molar = mole per liter (M - mol L ');
not formal or normal

Concentration

Conductance mho (& ')

Density gram per cubic centimeter (g/cm?®)
Energy electronvolt (eV); also keV, MeV
Length angstrom (A)

Plane angle degree (°), minute ('), second (')
Pressure atmosphere (atm), bar, torr

Radioactivity of disintegrations per second (dps)
radionuclides

Second-order rate 1 per (mole per liter) per second (M
1

constants s
Temperature degree Celsius (°C)
Time minute (min), hour (h), day (d), etc.
Volume liter (L), milliliter (mL), microliter
(»L)
Wavenumber 1 per centimeter (em ')



ﬁ COPYRIGHT STATUS FORM

Name of American Chemical Society Publication
Author(s)

Ms Title

This manuscript will be considered with the understanding you have submitted it on an
exclusive basis. You will be notified of a decision as soon as possible.

r n [THIS FORM MAY

Print or

Author's
Name and
Address

BE REPRODUCED]
e =]
COPYRIGHT TRANSFER
The undersigned, with the consent of all authors hereby transfers, to the extent that there is copyright to be fi the e cli oy ight interest in
the above cited d to as the “work”) to the American Chemical Soclety subject to the g (Note: if iptis

not accepted by ACS or if itis withdrawn | prior to acceptance by ACS, this transfer will be null and void and the form will be retumed. ):

A. The undersigned author and all coauthors retain the right to revise, adapt, prepare derivative works, presonl orally, or distribute the work pmvnded
that all such use is for the personal noncommercial benefit of the author(s) and is consistent with any prior g
undersigned and/or coauthors and their employer(s).

B. Inallinstances where the work is prepared as a "work made for hire” for an employer, the employer(s) of the author(s) mlmn(s) the right to revise,
adapt, prepare derivative works, publish, reprint, reproduce, and distribute the work provided that all such use is for the promotion of its business
enterprise and does not imply the endorsement of the American Chemical Society.

C. Whenever the American Chemical Society is by third parties for individual permission to use, reprint, or republish specified articles
(except for classroom use, library reserve, or to reprint in a collective work) the undersigned author's or employer's permission will also be
required.

D. No proprietary right other than copyright is clai by the American Cl ical Society.

E. For works prep under U.S. G or by employ of a foreign g orits i lities, the i Cl
Society recogmzes that goverment's prior nonexclusive, royalty-free license to publish, use, or disp of the p

form of the work, or allow others to do so for noncommercial government purposes. State contract number:

SIGN HERE FOR COPYRIGHT TRANSFER [Individual Author or Employer's A ized Agent (work made for hire)]

Print Author's Name Print Agent's Name and Title

»

Original Signature of Author on Behalf of All Authors (in Ink) Date Original Signature of Agent (in Ink)

CERTIFICATION AS A WORK OF THE U.S. GOVERNMENT

This is to certify that ALL authors are or were bona fide officers or employees of the U.S. Government at the time the paper was prepared, and that the work
is a “work of the U.S. Govemment" (prepared by an officer or employee of the U.S. Govemment as a part of official duties), and, therefore, it is not subject
to U.S. copyright. (This section should NOT be signed if the work was prep under a g¢ or by a non-U.S. Government
employee.) |

INDIVIDUAL AUTHOR OR AGENCY REPRESENTATIVE

Print Author's Name Print Agency Representative’s Name and Title

Original Signature of Author (in Ink) Date Original Sig of Agency F

p ive (in Ink)

FOREIGN COPYRIGHT RESERVED (NOTE: If your government permits copyright to be transferred. refer to section E and sign this form in the top
section.)

D It ALL authors are employ of a foreign g that reserves its own copyright as mandated by national law, DO NOT SIGN THIS FORM.
Please check this box as your request for lhe FOREIGN GOVERNMENT COPYRIGHT FORM (Blua Fonn) which you will be required to sign. f you
check this box, mail this form to: Copyngm Administrator, Books and Division, A Society, 1155 Sixteenth Street. N.W.
Washington, D.C. 20036, U.S.A




nhnunsy

2100256 A

e e aS = e —




Abusamra, A., 91
Allison, L. A., 8

Balasanmugam, K., 145
Ballard, J. M., 116
Betowski, L. D., 116
Bowen, J. M., 32
Brooks, J. J., 104

Cal, S.-M., 161, 163
Cedergren, A., 2
Chen, J.-C., 127
Chewter, L. A., 68
Clark, J. R., 166
Coetzes, J. F., 120
Colton, R. J., 150

Danielson, N. D., 17
Davis, D. M., 32
Delaney, M. F., 148

De Leenheer, A. P., 153
De Vazelhes, R., 138
Ding, J.-Q., 161, 163
Donohue, D. L., 88
Domn, H. C., 22

Eaton, W. S., 57
Ewald, M., 138

Farmanian, P. A., 42
Filby, R. H., 74
Fleischmann, M., 146
Fritz, J. S., 12

Reduction of Matrix Interferences in Furnace Atomic
Absorption Spectrometry

AUTHOR INDEX

Gaffney, J. S., 135
Garrigues, P., 138
Glass, T. E., 22
Goff, E. U., 29
Gold, H. S., 49
Gulochon, G., 138
Gustavsson, A., 94

Hart, E. J., 46
Haverkamp, J., 81
Haw, J. F., 22
Hendra, P., 146
Hercules, D. M., 145
Hileman, F. D., 104
Holcman, J., 46
Hughes, D. E., 78
Hussam, A., 120

Jacobs, F. S., 74
Johnson, E. L., 4
Jonckheers, J. A., 153
Joussot-Dubien, J., 138

Kadish, K. M., 161, 163
Kelly, T. J., 135
Kistemaker, P. G., 81
Kitamura, K., 54
Kolling, O. W., 143
Kwan, J. T., 42

Lampert, R. A., 68
Leenheer, J. A., 111
Lewis, L. C., 99

Lin, X.-Q., 161, 163

Lindgren, M., 2

Majima, R., 54
Malingkl, T., 161, 163
Marién, K., 155
Mazer, T., 104
McCreery, R. L., 148
McKinney, J. D., 91
Meech, S. R., 68
Mizutani, F., 35

Needham, R. E., 148
Noble, R. W., 104

O'Connor, D. V., 68

Petrick, T. R., 120
Phillips, D., 68
Phillips, M. F., 135
Prichard, H. M., 155
Purdie, N., 32

Que Hee, S. S., 157

Reed, J. H., 91
Richardson, H. H., 32
Roberts, A. J., 68
Rockley, M. G., 32
Rocklin, R. D., 4
Ross, M. M., 150

Sasaki, K., 35
Sauter, A. D., 116
Schmitter, J.-M., 138
Schwager, 1., 42

Future Articles

J. J. Sotera, L. C. Cristiano, M. K. Conley, and H. L. Kahn

Preparation of Gas Cylinder Standards for the
Measurement of Trace Levels of Benzene and

Tetrachloroethylene

Wiliam P. Schmidt and Harry L. Rook

Dynamic Coupled-Column Liquid Chromatographic

Determination of Amblent Temperature Vapor
Pressures of Polynuclear Ar tic Hydr b
W. J. Sonnefeld, W. H. Zoller, and W. E. May

Transmission of Organic Molecules by a Sllicone
Membrane Gas Chromatograph/Mass Spectrometer

Interface

Sehested, K., 46
Selucky, M. L., 141
Sevenich, G. J., 12
Shimura, Y., 35
Shoup, R.E., 8
Sleck, L. W., 38
Siemer, D. D., 2, 99
Slerglej, R. W., 17
Stadalius, M. A., 49
Staiger, D. B., 64
Steyaert, H. L., 153
Stuber, H. A., 111
Sundén, T., 2
Suskind, R. R., 157

Tabor, M. W., 157
Tanner, R. L., 135

Viets, J. G., 166

Walters, J. P., 57
Warburton, G. A., 123
Ward, J. A, 157
Warren, R. J., 64
Weber, S. G., 127
Weinberg, V. A., 42
Windig, W., 81
Woodard, M., 32

Yen, T. F., 42
Young, J. P., 88
Yu, W.C., 29

Zuber, G. E., 64
Zumberge, J. E., 123

Casper C. Greenwalt, Kent J. Voorhees, and Jean H. Futrell

Laser Modulated Electron Capture Detection for Gas
Chromatography
Norman J. Dovichi and Richard A. Keller

Computer-Assisted Prediction of
Chromatographic Retention Indexes of Polycycilic

Isocratic Nonaqueous Reversed-Phase Liquid
Chromatography of Carotenolds
H. J. C. F. Nelis and A. P. De Leenheer

Statistical Theory of Component Overlap in
Multicomponent Chromatograms
Joe M. Davis and J. Calvin Giddings

e My e
r

Yy
Mohamed Noor Hasan and Peter C. Jurs

Photoacoustic Cell for Fourler Transform Infrared
Spectrometry of Surface Species
John B. Kinney and Ralph H. Staley

Determination of the Molar Substitution Ratio for
Hydroxyethyl Starches by Gas Chromatography
Ying-Chi Lee, David M. Baasks, and James E. Carter



Y 5 '

READOUT.

2 . -
L ’

That’s all there ' "%
is to colorimetric \ : .
determinations

Probe Colorimeters. :

Simple, accurate and versatile, that's the
Brinkmann Dipping Probe Colorimeter. Widely used in
industry, educational institutions and clinical/medical facili-
ties, it eliminates cuvette breakage and cleaning because no
sample transfer lo a cuvette is required. The fiber optic probe
+ tip can be directly dipped into any size container—test tube, vat
or permanently installed into a pipeline for process monitoring
The readout is instantaneous (either digital or analog). And since
the interchangeable probe tips are the only parts of the colorimete:
that come in contact with the test sojution, there is no measurable
. carryover between tests and no sample contamination
Brinkmann Colorimeters are available with built-in filter wheels for
applications at six specific wavelengths or with interchangeable filters for
single or multi wavelength applications. Accessories to help customize
colotimeters for your specific applications are also available.
g For literature on the dip in colorimeter write: Brinkmann Instruments Co.,
Division of Sybron Corporation, Cantiague Road, Westbury, NY 11590;
or call 516/334-7500. In Canada: Brinkmann Instruments (Canada), Llo.

SYBRON|Brinkmann

CIRCLE 24 ON READER SERVICE CARD

/

\




	Analytical Chemistry Vol.55 No.1 Jan 1983
	Contents
	Briefs
	Editors' Column
	Report
	Focus
	News
	Regulations
	New Products
	Manufacturers' Literature
	A/C Interface
	Book
	lnstrumentation
	lndex to advertisers in this issue
	Software and Analytical
Instrumentation
	Separation of Sulfite, Sulfate, and Thiosulfate by Ion
Chromatography with Gradient Elution
	Determination of Cyanide, Sulfide, Iodide, and Bromide by Ion
Chromatography with Electrochemical Detection
	Dual Electrode liquid Chromatography Detector for Thiols and
Disulfides
	Addition of Complexing Agents in Ion Chromatography for
Separation of Polyvalent Metal Ions
	Phenyl-Modified Kel-F as a Column Packing for Liquid
Chromatography
	Liquid Chromatography/Proton Nuclear Magnetic Resonance Spectrometry Average Composition Analysis of Fuels
	Determination of Vasodilators and Their Metabolites in Plasma
by Liquid Chromatography with a Nitrosyl-Specific Detector
	Determination of Phencyclidine and Phenobarbital in Complex
Mixtures by Fourier-Transformed Infrared Photoacoustic
Spectroscopy
	Sequential Determination of L-Lactate and Lactate
Dehydrogenase with Immobilized Enzyme Electrode
	Determination of Molecular Weight Distribution of Aromatic
Components in Petroleum Products by Chemical Ionization
Mass Spectrometry with Chlorobenzene as Reagent Gas
	Characterization of the Microstructure and Macrostructure of
Coal-Derived Asphaltenes by Nuclear Magnetic Resonance
Spectrometry and X-ray Diffraction
	Molar Absorptivities of Ultraviolet and Visible Bands of Ozone
in Aqueous Solutions
	Cross-Correlation Analysis of Molecular Fluorescence Spectra
	Determination of Salicylic Acid in Aspirin Powder by Second
Derivative Ultraviolet Spectrometry
	Spatial Discrimination in Spark Emission Spectrochemical
Analysis
	Analysis of Pharmaceuticals by Fluorine-19 Nuclear Magnetic
Resonance Spectrometry of Pentafluoropropionic Anhydride
Derivatives
	Standards for Nanosecond Fluorescence Decay Time
Measurements
	Solvent Extraction of Oil-Sand Components for Determination
of Trace Elements by Neutron Activation Analysis
	Recovery Factor for Extraction from a Solid,
Extractant-Retaining Matrix
	Interpretation of Sets of Pyrolysis Mass Spectra by
Discriminant Analysis and Graphical Rotation
	Ionization Spectra of Neodymium and Samarium by
Resonance Ionization Mass Spectrometry
	Determination of Organic-Bound Chlorine and Bromine in
Human Body Fluids by Neutron Activation Analysis
	Mathematical Model for Concentric Nebulizer Systems
	Characterization of Two Modified Carbon Rod Atomizers for
Atomic Absorption Spectrometry
	Synthesis of the 38 Tetrachlorodibenzofuran Isomers and
Identification by Capillary Column Gas Chromatography/Mass
Spectrometry
	Selective Concentration of Aromatic Bases from Water with a
Resin Adsorbent
	Comparison of Priority Pollutant Response Factors for Triple
and Single Quadrupole Mass Spectrometers
	Extension of Potentiometric Stripping Analysis to Electropositive
Elements by Solvent Optimization
	Determination of Petroleum Sterane Distributions by Mass
Spectrometry with Selective Metastable Ion Monitoring
	Theoretical and Experimental Determination of Band
Broadening in Liquid Chromatography
	Correspondence
	Chemiluminescent Detection of Reduced Sulfur Compounds with
Ozone
	Identification of Triaromatic Azaarenes in Crude Oils by
High-Resolution Spectrofluorimetry in Shpol'skii Matrices
	Quantitative Analysis of Coal-Derived Liquids by Thin-Layer
Chromatography with Flame Ionization Detection
	1-Methyl-4-acetylpyridinyl Free Radical as an Electron Spin Resonance
Spectral Probe of Solvent Polarity
	Quantitative Analysis of Mixed Benzalkonium Chlorides by Laser Mass
Spectrometry
	Fiber Optic Probe for Remote Raman Spectrometry

	AlDS FOR ANALYTICAL CHEMISTS
	"A"-PAGE INDEX
	Author lndex
	Future Articles



