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New Omniscribe® Series B-5000

One and Two Pen
10" Strip Chart Recorders

e Self-aligning sprocketless paper
drive

* Non-contact feed back element

© 6 switch selectable chart speeds,

$395* field adjustable for EngMet
Single Pen scaling
$6495* e Over 160 models to select from
P Wy *A registered trademark of Houston Instrument
n .
Syl houston| . .
nstrument tomew
CIRCLE 97 ON READER SERVICE CARD “the recorder company”

Optimize performance
with Houston Instrument
modular flexibility

Point plot,

record log

of signal,
and many other
. functions with
M iiaidaatls” 48 - the Model 3000
4 Omnigraphic®

strip chart

recorder.

Model 3000

The Omnigraphic Model 2000 is
the best known and most
versatile X-Y recorder in the
world. It outperforms all others e Best common mode rejection

¢ 16 different input modules

o Wide speed range, push

and still beats their price. If e Same servo response on both
you're looking at X-Y’s, consider axes button selectable
these Omnigraphic features. * Best price/performance
available e 1 or 2 pen models
e 11” X 17" or 81" X 117 o Prices from $950* .
o 30 in/sec speed (40 in/sec e Rack mount available
available) Send for free “Designer’s
o +0.2% accuracy Choice” catalog today. e Prices start at $990°
¢ of Hvston U8 Domestic Price only Send for free literature
houston
lnsfrumel‘lf OIVISION OF BAUSCH S LOMS (@)
ONE HOUSTON SQUARE AUSTIN, TEXAS 78763 ] *A regi of Houston
B12 -2 Tx Sio ez *U S Domestic Price only
BUROPEAN MEADQUARTERS ey 046/777446 Tolon Bevach 81200
“the recorder company” I'I!!g#l?lﬁeols OIVIBSION OF BAUSCHE LOMS
For rush literature requests or local sales office information only. parsons outside Teaas call toll free t-o_axm 5205 ¢ “the recorder company™
CIRCLE 98 ON READER SERVICE CARD CIRCLE 99 ON READER SERVICE CARD

Visit us at Booth 1010 at the WESCON Show



TOC in water to a

precision ot
+10 parts per

BILLION?

Yes.{ And find
it FAST]

Developed in response to EPA's
public proposal Ci-76-0923, the
field-proven Dohrmann* DC-54
total organic carbon analyzer provides
sensitivity more than an order of magnitude higher
than previously available instruments. It exceeds the EPA
specifications which called for a TOC analyzer with =10 ppb precision
while preserving response to purgeables. *
These characteristics make the DC-54 ultra-low-level TOC analyzer ideally
suited for drinking water analysis.

Existing DC-50 and DC-52 TOC analyzers can be readily converted to these
specifications by merely adding the sampling module
and accessories of the DC-54.

The DC-54 uses the proven methodology of ultraviolet
promoted chemical oxidation followed by reduction to
methane and flame ionization detection. Analysis time is
less than 9 minutes. The range of the DC-54 is 0 to
10,000 ppb (ug C-litre).

Remember Dohrmann does it all—from drinking water
to waste water. And we support you with a Dohrmann
field sales and service staff, factory-trained and
dedicated to your needs.

Call Leon Hiam to find out more. To receive literature, *Cited as the method for organic carbon analysis in

write or circle the reader service number below. the Federal Register, EPA Interim Primary Drinking
Water Regulations, Part 11, Thursday, February 9,
1978, p. 5780, paragraph 141.55, Analytical Methods (6).

ENVIROTECH : DOHRMANN 3240 Scott Boulevard
- Santa Clara, CA 95050

CALLTOLL FREE (800) 538-7708

In Alaska, California, Hawaii, Puerto Rico,
call collect (408) 249-6000.
CIRCLE 51 ON READER SERVICE CARD
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= Faster Kinetics of Exchange. Whatman microgranular
AIEC's absorb 6.5 times more bovine serum albumin in 5
minutes than conventional DEAE cellulose. Desorb
rapidly, thoroughly.

m Higher Polyelectrolyte Capacity. For example, Grade
DE 52 absorbs approximately 500 mg of bovine serum
albumin in 20 minutes.

m  Greater Accessibility of Exchange Sites. With no loss
of dimensional stability. Hence superior protein capacity
and kinetics of adsorption.

= Greater Uniformity of Substitution. Greater than con-
ventionalion exchange celluloses. Excellent reproducibil-
ity of results.

= Uniform Charge Density. Thus, greater protein load-
ings, sharper elution bonds, better selectivity.

m  EasierHandling, High Di ional Stability. Available
wet (pre-swollen) or dry. Rigorous control of physical
form.

= Optimized Range. DEAE (anion) or CM (cation). Both
wet or dry, microgranular or fibrous. Select best form for
the particular application.

= Narrow Particle Size Range. For easier column packing,

better packed-column reproducibility, higher packing

densities, more predictable flow rates.

Dependable Reproducibility. Whatman AIEC's are al-

ways the same, batch-to-batch, so performance is pre-

ictable, reproducible.

hatman Quality. Painstaking, meticulous manufac-
ure, rigorous quality control.

anced lon Exchange Celluloses. At your labora-
romWhatman Inc. m 9 Bridewell Place,
07014 m (201) 777-4825

e ——
— —
-w e
v v

k“ Whatman
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Briefs

Determination of Lead in a Chloride Matrix with the
Graphite Furnace 1234
Detection of less than 20 pg of lead in 1% NaCl, or MgCl,
solutions is demonstrated after molybdenum coating of the
graphite furnace tubes and adding NH,NO; as a matrix
modifier.

D. C. Manning and Walter Slavin,* The Perkin-Elmer Corpora-
tion, Norwalk, Conn. 06856 Anal. Chem., 50 (1978)

Determination of Silver In Precipitation by Furnace
Atomic Absorption Spectrometry 1239

The determination of precipitable silver at levels down to 1

X 10-6 ug/mL is described. The method is accurate to bet-

ter than +20% for triplicate analyses.

J D. Shedfar n.nd Geruld Mulvey. Department of Atmospheric
do State U y, Fort Collins, Colo. 80523, and

R.K. Sko‘erboe. Department of Chemistry, Colorado State Uni-

versity, Fort Collins, Colo. 80523 Anal. Chem., 50 (1978)

Chemiluminescence Fiber Optic Probe for Hydrogen
Peroxide Based on the Luminol Reaction 1242

The detectability and resp time of the CL fiber optic
probe are significantly better than observed with enzyme
electrodes. The detection limit is close to 10-6 M peroxide.
Thompun M. Freeman and W. Rudolf Seitz,* Department of
y, University of New H hire, Durham, N.H. 03824
Anal. Chem., 50 (1978)

Determination of Trace Amounts of Alkyls and
Hydrides by Metastable Transfer Emission

Spectrometry

M. ble transfi

1247

ion spectrometry can detect gas-
eous alkyls and hydndes with sensitivities of less than 1
ppb.
D. G. Sutton,* J. E. Melzer, and G. A. Capelle, Aerophysics
Laboratory, The Ivan A. Getting Luboratories, The Aerospace
Corporation, El Segundo, Calif. 90245 Anal. Chem., 50 (1978)

Determination of Microgram Amounts of Some
Transition Metals in Seawater by Methyl Isobutyl
Ketone-Nitric Acid Successive Extraction and
Flameless Atomic Absorption Spectrophotometry
1250
The detection limits for Ag, Cd, Cr, Cu, Fe, Ni, Pb, and Zn
are 0.02, 0.003, 0.05, 0.05, 0.20, 0.10, 0.03, and 0.03 ug/L, re-
spectively, with mean RSD ranging from 18 to 25%.
Tsu Kai Jan* and David R. Young, Southern California Coastal
Water R h Project, El S do, Calif. 9024

5
Anal. Chem., 50 (1978)

* Corresponding author.
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Aluminum Determination by Atomic Emission
Spectrometry with Calcium Atomization Inhibition
Titration 1253
The calcium flame emission technique allows al
determination at less than 0.1 ppm with accuracy and pre-
cision of a few percent and sufficient specificity for many
applications.
J. H. Liu and C. O. Huber,* Department of Chemistry, Universi-
ty of Wi in—Milwaukee, Milwaukee, Wis. 53201

Anal. Chem., 50 (1978)

Determination of Trace Metals by Microwave Plasma
Spectrometry with an Atmospheric Pressure Helium
Discharge 1257
A recently de51gned 2450 MHz resonant cavity for generat-
ing micr p is evaluated for metallic el-
ement determinations.

Andrew T. Z.nder and Gary M Hieftje,* Department of Chem-

istry, Indiana Uni y, Bl Ind. 47401
Anal. Chem., 50 (1978)

Quantitative Detection of Trace Impurities in Gases by
Infrared Spect try of Cry Solutions 1260

Improved sensitivity and specificity of infrared spectrome-
try is discussed as applied to the determination of trace im-
purities in various carrier or solvent gases.
Samuel M. Freund,* William B. Maier II, Redus F. Holland,
and Willard H. Beattie, University of California, Los Alamos Sci-
entific Laboratory, P.O. Box 1663, Los Alamos, N.M. 87545

Anal. Chem., 50 (1978)

Phat. 41~ Q. 4

py Applied to Systems

Involvlng Phololnduced Gas Evolution or Consump
1262

Systems studied include oxygen consumption in the photo-
oxidation of rubrene and gas evolution in the heterogene-
ous photocatalytic oxidation of acetic acid.
Robert C. Gray and Allen J. Bard,* Department of Chemistry,
The University of Texas at Austin, Austin, Tex. 78712

Anal. Chem., 50 (1978)

X-ray Microanalysis of a Natural Mordenite-Containing
Rock and Its lon-Exchange Derivatives 1265

The chemical composition of natural mordenite and its ion-
exchange derivatives are determined by X-ray microanaly-
sis. Crystal particles smaller than 0.5 um are used.
Jénos Papp,* Erzsébet Czérdn, and Andras Janossy, Central
Research Institute for Chemistry of the Hungarian Academy of
Sciences, P.0. Box 17, 1525 Budapest, Hungary

Anal. Chem.. 50 (1978)



" ORION is ready to prove

which pH electrode is all wet.

You've been hearing about the advantages of
our gel-filled, epoxy body, pH electrode: No messy
refilling with KCl. Unbreakable in normal use.
Plus the fast, stable response you demand in pH
measurements.

Now along comes “OI’ Thirsty”. Claims the
wet way is the best way - that “refreshable” elec-
trodes are faster and more stable. Who to believe?

We think talk is cheap; it's performance that
counts. That’s why we've come up with a no-risk
offer that will let you prove to yourself which is the
better electrode. In the real world of your labora-
tory. In your samples. With your pH meter.

Here’s our offer. Call your laboratory supply
dealer and order one of our 91-05 combination pH
electrodes. It fits most Beckman, Corning, and
ORION meters. Check our electrode’s perform-

ance for thirty days against the “thirsty” one you
now use - even if it cost two or three times more
than our $36 suggested list price. We're confident
you'll get as good or better stability and speed of
response with our electrode.

If we're wrong, send us your test results and
the electrode by October 15, 1978. We'll refund
your purchase price AND send you free one gallon
of KCl to keep OI Thirsty on his feet.

Why put up with the mess of an electrode
that’s all wet? ORION GX series electrodes give
you the convenience of a no-refill, no-break pH
electrode, with no sacrifice in performance.

ORION RESEARCH

380 PUTNAM AVE., CAMBRIDGE, MA 02139 U.S.A.
Call us toli-free at (800) 225-1480

CIRCLE 157 ON READER SERVICE CARD
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Briefs

Energy-Dispersive X-ray Spectrometric Analysis of
Environmental Samples after Borate Fusion 1268
An automated fusion procedure for le pr tion is
investigated to o particle-size and le inh
geneity effects in the analysis of environmental samples by
energy-dispersive x-ray spectrometry.
P A. Pelln,' K. E. Lorber, and K. F.J. Heinrich, Institute for
h, Analytical istry Division, National Bu-
reau of Standards, Washmgton. D.C. 20234

Anal. Chem., 50 (1978)

Calculated X-ray Diffraction Data and Quantitative
X-ray Diffractometry 1272

An equation is given t.o relate k;;, the quanmauon con-
stant, to the ted XRD p s, ASF, and I;;m.
A diffractomet: X, is introd d to allow inter-
laboratory comparison of experimental k;; values.

Stephen Altree-Williams, Division of Occupational Health and
Radiation Controi, Health Commission of New South Wales, P.0.
Box 163, Lidcombe, Australia 2141 Anal. Chem., 50 (1978)

Resistive-Pulse Particle-Sizing Instrument 1275

A particle size analyzer is tested with seven latex stan-
dards. Diameter estimates have a mean relative standard
deviation of 1.2%.

A. W. Venolia, Fruit and V.
Science and Education Admini

ble Chemistry Lab
ion, U.S. Department of Agri-
Anal. Chem., 50 (1978)

culture, Pasadena, Calif. 91106

Isotopic Determination of Silver in Picomole
Quantities by Surface lonization Mass

Spectrometry 1279

An anion exchange procedure for the quantitative separa-
tion of Ag from natural samples is described. The isotopic
composition of picomole quantities of Ag is measured with
a precision of 0.1%.

William R, Kelly,* Fouad Tera, and G. J. Wasserburg, The Lu-
natic Asylum of the Chules Arms Laborawry, Dwmon of Geolog:-
cal and Planetary S California I of T

Pasadena, Calif. 91125 Anal. Chem., 50 (1978)

Characterization of Metal Surfaces by Secondary lon
Mass Spectrometry and x-ray Photoelectron
Spectroscopy 1286

The behavior of clusters up to Ags* and In,*, ejected from
polycrystalline Ag and In surfaces under low flux argon ion

bombardment, is investigated.

R. W. Hewitt, A. T. Shepard, W. E. Baitinger, nnd Nicholu
Winograd,* Department of Chemistry, Purdue U Wes!
Lafayette, Ind. 47907,and G. L. Ott and W. N, Delgass, School of
Chemical Engi Purdue University, West Laf: Ind.
47907 Anal. Chem., 50 (1978)
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Effect of Argon lon Bombardment on Metal Complexes
and Oxides Studied by X-ray Photoelectron
Spectroscopy 1290
Although most of the metal centers in the complexes and

ondes are reduced, some are oxidized or exhibit no change
ding upon the ligands and central metal atoms

present

Yoshio Umezawa and Charles N. Reilley,* Department of

Chemistry, University of North Carolina, Chapel Hill, N.C. 27514
Anal. Chem., 50 (1978)

Standards for pH Measurements in Isotonic Saline
Media of lonic Strength / = 0.16 1295 m

Attempts to improve the measurement of pH in clinical
media of ionic strength 0.16, based on a matching of liquid-
junction potentials through a selection of new standard ref-
erence solutions, are described.

Roger G. Bates,* Carmen A. Vega, and D. R. White, Jr., De-
partment of Chemistry, University of Florida, Gainesville, Fla.
32611 Anal. Chem., 50 (1978)

Differential Pulse Polarographic Determination of
Molybdenum at Parts-per-Billion Levels 1300

The method is based on the electrochemical reduction of
the complex, dioxobis(8-quinolinolato)molybdenum(VI).
Paula Bosserman and Donald T. Sawyer,* Department of
Chemistry, University of California, Riverside, Calif. 92521, and
Albert L. Page, Department of Soil and Environmental Sciences,
University of California, Riverside, Calif. 92521

Anal. Chem., 50 (1978)

Differential Pulse Polarography of Phenylarsine
Oxide 1303

The polarographic reduction of phenylarsine oxide is pH
dependent. The detection limit of PAO is 10-8 M at pH 7.3
wnlt\./lll a RSD of 1.7%, and a maximum sensitivity of 450 uA/

J.H. Lowry,* R. B. Smart, and K. H. Mancy, Department of
Environmental & Industrial Health, The Environmental Chemis-
try Laboratory, 2530 School of Public Health I, The University of
Michigan, Ann Arbor, Mich. 48109 Anal. Chem., 50 (1978)

Determination of Ammonia and Other Nitrogen
Compounds by Polarography 1309

The method is applied to water and brine samples and to
the testing of reagent grade chemicals. Sensitivity is below
1 ppm.

J.D.McLean,* V. A. Swnger.R E. Reim, M. W. Long, and’l‘
A. Hiller, The Dow Chemical C , Analytical Laboratories,
Midland, Mich. 48640 Anal. Chem., 50 (1978)

® Supplementary material available.
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ULTREX

Ultra-High Purity Acids

For Exacting Trace Element Analysis

Low blanks are essential for ultra-trace analy-
sis. They permit the scientist to utilize the full
sensitivity of his instrumentation. Chemists
performing atomic absorption spectroscopy, for
example, are facing problems of high blank
values with increasing frequency. This need
prompted the development of J. T. Baker's own
advanced low blank acids. These ULTREX acids
are produced and packaged in specially designed
pre-leached containers, and offer 100% Metal
Analysis to identify and assure extremely low
levels of key metallic impurities to meet the
exacting needs of the trace element analyst.

Example: The specification for lead in reagent grade
Nitric Acid is 200 ppb (parts per billion). J. T.
Baker's ULTREX Nitric Acid had a lead con-
tent of less than 1 ppb . . . and the certificate
of analysis provided lists lot values for more
than 25 trace elements.

ULTREX acids

e Provide low blank values for metals

e Tested and controlled for the most common
impurities, including a total metal analysis.

o Delivered with a certificate of analysis report-
ing actual analytical values.

e Analyzed according to the methods delineated
in the certificate

e In stock — available for off-the-shelf delivery
For your exacting trace element analysis needs,
consider the J. T. Baker line of ULTREX acids
(acetic, hydrochloric, hydrofluoric, nitric, per-
chloric and sulfuric) providing reliable, superior

alternative to in-house purification. For more
information, contact:

£
\J.

J. T. Baker Chemical Co.

222 Red School Lane
Phillipsburg, New Jersey 08865
Telephone (201) 859-2151

CIRCLE 18 ON READER SERVICE CARD



Briefs

Electrocatalysis of Dihydronicotinamide Adenosine
Diphosphate with Quinones and Modified Quinone
Electrodes 1315

Dihydronicotinamide ad ine diphosphate is oxidized

electmcatalyucally by coupling to electrogenerated 0-qui-

nones, in solution or to the surface of a chemically modified

quinone electrode.

Daniel Chi-Sing Tse and Theodore Kuwana,* Department of

Chemistry, The Ohio State University, Columbus, Ohio 43210
Anal. Chem., 50 (1978)

Enzymatic Determination of Nitrate: Electrochemical
Detection after Reduction with Nitrate Reductase and
Nitrite Reductase 1319

The subsequent reduction of nitrate to ammonia is carried
out by the dual-enzyme system nitrate and nitrite reduc-
tases. The detection range is 5 X 10~5-1 X 10~2 M using an
air-gap electrode to monitor the ammonia.

Chih-Hen Kiang, Shia S. Kuan, and George G. Guilbault,* De-
partment of Chemistry, University of New Orleans, New Orleans,
La. 70122 Anal. Chem., 50 (1978)

Enzymatic Determination of Nitrate: Fluorometric
Detection after Reduction with Nitrate Reductase
1323

Nitrate is reduced by nitrate reductase with the subse-
quent oxidation of NADH to NAD*. The rate of disappear-
ance of NADH is monitored by fluorometry, with detection
ranges from 50 ppb to 7.5 ppm.

Chih-Hen Kiang, Shia S. Kuan, and George G. Guilbault,* De-

partment of Chemistry, University of New Orleans, New Orleans,
La. 70122 Anal. Chem., 50 (1978)

Determination of Polypropylene Glycol Extracted from
Polymers into Food-Simulating Solvents 1325

Combining the classical Zeisel alkoxyl reaction with high-
efficiency GLC, the method is used to determine the
amount and molecular weight of polypropylene glycol. All
1,2-oxypropylene compounds can be determined to 0.05
ppm.

Tore Ramstad,® T. J. Nestrick, and R. H. Stehl, Dow Chemical
U.S.A., Midland, Mich. 48640 Anal. Chem., 50 (1978)

Preparation and Chromatographic Applications of an
Amide Resin 1328

A new complexing resin containing a tertiary amide group
is synthesized. It selectively retains U(VI), Th(IV), and
Zr(IV) from an aqueous solution of pH 3.0, and Au(III) and
Pd(II) from an HCl solution.

Gene M. Orf and James 8. Fritz,* Ames Laboratory—U.S. De-
partment of Energy and Department of Chemistry, lowa State
University, Ames, Iowa 50011 Anal. Chem., 50 (1978)
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Characterization of the lon-Exchange Membrane
Detector for Liquid Chromatography and Its
Application to the Separation of Quaternary
Ammonium Compounds 1330
The detector has a useful linear range of 2.5 orders of mag-
nitude, and a precision of better than 1% standard error.
John G. Dorsey, Mnrk S. Denton. nnd T. W Gll}mrt. Depart-

ment of Chemistry, Uni y of Ci i, Ci Ohio
45221 Anal. Chem., 50 (1978)

Evaluation of a Computer-Controlled Stopped-Flow
System for Fundamental Kinetic Studies 1333

A computer-controlled stopped-flow instrument is used for
a fully automated kinetic study of the Fe(III)-thiocyanate
reaction and rate constants are evaluated for a proposed
mechanism.
Glen E. Mieling and Harry L. Pardue,® Department of Chemis-
try, Purdue University, West Lafayette, Ind. 47907

Anal. Chem., 50 (1978)

In-Situ Chemically-Modified Surfaces for Normal-
Phase Liquid Chromatography 1337

Three short-chainlength trichlorosilane modified silica gels
are prepared by an in-situ process. Detailed investigations
of efficiency and selectivity of these modified materials are
reported.
R. K. Gilpin® and W. R. Sisco, Research Division, McNeil Labo-
ratories, Camp Hill Road, Fort Washington, Pa. 19034

Anal. Chem., 50 (1978)

Determination of 5-Hydroxyindole-3-acetic Acid in
Urine by High Performance Liquid Chromatography
1342

By checking the accuracy of calibration curves and pre-
venting 5-HIAA decomposition, HPLC combined with aro-
matic adsorption chromatography results in 99.9% recovery
and a detection limit of 0.1 ug/mL.

Nermin Fornstedt, Department of Clinical Chemistry, University
Hospital, S-750 14 Uppsale, Sweden Anal. Chem., 50 (1978)

High Performance Liquid Chromatography with Metal-
Solute Complexes 1346

Cu(II) complexes are used for the separation of aromatic

amines. The presence of Cu(1I) results in a large increase in

the selectivity ratios of the solutes studied.

Francis K. Chow and Eli Grushka,® Department of Chemistry,

State University of New York at Buffalo, Buffalo, N.Y. 14214
Anal. Chem., 50 (1978)



Prohlems with
Product Performance

or Research Data? |: '

If you're doing polymer charac-
terizations, and you're not routinely
measuring absolute molecular
weight (MW) and MW distributions,
there's a strong probability that

your results are either incomplete or
inaccurate. The fact is, MW and MW
distributions are second in impor-
tance only to the actual chemical
composition in influencing the
physical properties of a polymer.
GPC Measures Size. Until recently,
gel permeation chromatography
(GPC) was the only method available
to determine these parameters. The
problem is, GPC measures molecular
size, not molecular weight. To provide
MW data, it has to rely on error-prone
column calibrations and assump-
tions on the relationship of hydro-
dynamic size to MW.

KMX-6 Measures Weight. Now,

with the Chromatix KMX-6, you can
rapidly and directly measure absolute
(not relative) molecular weight.
Furthermore, you can connect the
KMX-6 to a conventional GPC, and

it will give you on-line MW distri-
butions as well.

Independent of Column Calibra-
tions. In providing MW and MW
distributions, the KMX-6 is com-
pletely independent of GPC column
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Responses of GPC detector and KMX-§ from polycarbonate resin analysis.
Shoulder in KMX-8 peak indicates MW is increasing with increasing reten-
tion volume, perhaps due 1o polymer branchung. Normal GPC calibrations
will yield inCOrmect resuits for such samples.
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calibrations. This makes it especially
useful for the analysis of aqueous
polymers, such as dextrans, since it
is insensitive to changes in column
calibrations due to fluctuations in
solvent pH and ionic strength.

Handles Linear and Branched
Polymers. Unlike conventional
stand-alone GPC, the KMX-6 is not
influenced by inconsistencies in the
molecular size/weight relationship
and thus can be used with both
linear and branched polymers, and
mixtures thereof. Furthermore, it

[chromatix|

560 Oakmead Parkway D6903 Neckargemind 2

Sunnyvale, CA 94086  Unterestrasse 45a

Phone: (408) 736-0300 West Germany

TWX:  910-339-8291  Phone: (06223) 7061/62
Telex: 461-691

has enhanced sensitivity to higher
weight fractions such as microgel,
which usually cannot be detected

by GPC methods. It can also operate
at high temperatures for the analysis
of polyolefins.

Laser Light Source. Technologic-
ally, the rapid direct-measurement
capability of the KMX-6 is based on
the marriage of a coherent light
source to proven light scattering
techniques. By using a laser source,
the KMX-6 overcomes the classical
problems formerly associated with
light scattering. In particular, very
small and dilute samples can now
be used. Also, sample clarification
requirements have been greatly
minimized by the extremely small
volume (0.1 ul) illuminated by the
laser.

Call or write Chromatix for full details,
or Circle 37 for LS-3 Application Note
Measurement of Polyolefin MW and
MW Distributions, 38 for LS-4 Mea-
surement of MW of Water Soluble
Polymers, 39 for LS-5 MW Distri-
butions of Water Soluble Polymers, 40
for brochure, 41 for technical repre-
senative to call.
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Briefs

High Performance Liquid Chromatographic Study ot
the Retention and Separation of Short Chain Peptide
Diastereomers on a Cg Bonded Phase 1353

Parameters that influence the retention of small chain pep-
tide diast: s on a Cg bonded phase in HPLC are eval-
uated. Conditions for the separation of mixture of peptide
diastereomers are suggested.
Eugene P. Kroeff and Donald J. Pietrzyk,* Chemistry Depart-
ment, The University of lowa, Iowa City, lowa 52242

Anal. Chem., 50 (1978)

Distribution Coefficients and Anion Exchange
Behavior of Some Elements in Hydrobromic-Nitric
Acid Mixtures 1359
Anion-exchange distribution coefficients are given for the
elements Bi(III), Cd, Pb(II), Zn, and In(III) in hydrobro-
mic-nitric acid solutions and possible separations are dis-
cussed.

F. W. E. Strelow, National Chemical R h Lab

Box 395, Pretoria 0001, Republic of South Africa
Anal. Chem., 50 (1978)

y, P.O.

Algorithm for Recognition and Quantitation of
Chromatograms of a Pesticide Mixture by a
Microprocessor-Based Integrator 1362
Chromatograms of the pesticide Strobane are recognized
and quantitated by the use of an algorithm. A concept of

relative valley i ity is introduced and d rated
S. M. McCown, H. H. Llnd nnd C M. !-hrneu.‘ Department of
Ty, N

La. 71209
Amzl Chem., 50 (1978)

Computerized Pattern Recognition for Classification of
Organic Compounds from Voltammetric Data 1366
Pattern recognition techniques are used to characterize the
electrochemical data obtained from electroactive organic
compounds.

D. R. Burgard and S. P. Perone,* Purdue University, Depart-

ment of Chemistry, West Lafayette, Ind. 47907
Anal. Chem., 50 (1978)

Optoacoustic Spectrometry in the Near-Infrared
Region

A single-beam op with a tung!
filament source is used for the examination of absorption
bands observed from a variety of samples.

M.J. Adunl.' B.C. Budls, and G.F. Klrkbn‘ht, Chemutry
Dep College of Sci and T gy, London
SW.7.,UK.

1371

Anal. Chem 50 (1978)
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Evaluation and Optimization of the Standard Addition
Method for Absorption Spectrometry and Anodic
Stripping Voltammetry 1374
A results are ob d using a linear regression
method based on a common coefficient of variation:
weighted linear regression or the transformation model.

J. P. Franke® and R. A. de Zeeuw, State University, Laboratory
for Pharmaceutical and Analytical Chemistry, Department of Tox-
icology, Ant. Deusinglaan 2, 9713 AW Groningen, The Nether-
lands, and R. Hakkert, State University, Mathematical Institute,
Groningen, The Netherlands Anal. Chem., 50 (1978)

Correspondence

Effect of Gas Burner Conditions on Lithium
Tetraborate Fusion Preparations for X-ray

Fluorescence Analysis 1380

P. A. Pella, National Bureau of Standards, Washington, D.C.
20234 Anal. Chem., 50 (1978)

Solvent Extraction of Coal-Derived Products 1381

F. K. Schweighardt® and B. M. Thames, U.S. Department of
Energy, Pittsburgh Energy Research Center, 4800 Forbes Avenue,
Pittsburgh, Pa. 15213 Anal. Chem., 50 (1978)

Comments on the Savitzky-Golay Convolution Method
for Least-Squares Fit Smoothing and Differentiation of
Digital Data 1383

Hannibal H. Madd ies, All N.M.
Anal. Chem 50 (1978)

Sandia Lab,

Extension of the Rasberry-Heinrich Equation for X-ray
Fluorescence Analysis

Jose A. Riveros, Rita D. B: and Raul T. Mai di,* Inst-
ituto de Matematica, Astronomia y Fisica, IMAF, Universidad Na-
cional de Cérdoba, 5000 Cérdoba, Argentina

Anal. Chem., 50 (1978)

Seven-Nanosecond Time-Resolved Resonance

Raman Spectrometry of Cytochrome ¢ 1389

William H. Woodruff* and Stuart Farquharson, Department of
Chemistry, The University of Texas at Austin, Austin, Tex. 78712
Anal. Chem., 50 (1978)
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Briefs

Fast Fourier Transform Based Interpolation of
Sampled

Electrochemical Data 1391
Roger J. 0'Halloran and Donald E. Smith,* Department of
Chemistry, Nortt University, E: 111. 60201
Anal. Chem., 50 (1978)

Fluorescence Line Narrowing Spectrometry in Organic

Glasses Containing Parts-per-Billion Levels of
Polycyclic Aromatic Hydrocarbons 1394

J.C. Brown, M. C. Edelson, and G. J. Small,* Ames Labora-
tory—USDOE and Department of Chemistry, Iowa State Univer-
sity, Ames, Iowa 50011 Anal. Chem., 50 (1978)

Fluorescence Labeling of Dicarboxylic Acids for High
Performance Liquid Chromatographic Separation
13

Eli Grushka,® Stanley Lam, and John Chassin, Department of
Chemistry, State University of New York at Buffalo, Buffalo, N.Y.
14214 Anal. Chem., 50 (1978)

Aids for Analytical Chemists

Chemiluminescence Method for Atmospheric
Monitoring of Nitric Acid and Nitrogen Oxides 1400
Darrell W. Joseph and Chester W. Spicer,* Battelle, Columbus

Laboratories, 505 King Avenue, Columbus, Ohio 43201
Anal. Chem., 50 (1978)

Switchboard for Experimental and Computer
Networking 1403

Steven B. Schram and David H. Freeman,* Department of
Chemistry, University of Maryland, College Park, Md. 20742
Anal. Chem., 50 (1978)

Variable-Temperature Cryogenic Trap for the
Separation of Gas Mixtures 1405
David J. Des Marais, Extraterrestrial Biology Division, Ames Re-

search Center, NASA, Moffett Field, Calif. 94035
Anal. Chem., 50 (1978)

Potentiometric Determination of
Phenoxyalkylcarboxylic Acids in Pesticides 1407

N. Ciocan, Central Laboratory fo_r Pesticides Control, Sos. Afu-

mati 11, Buch 72964, and G. E. Baiul, * Na-
tional Institute of Chemistry, SPL/ Independentei 202, Buch
77208, Romania Anal. Chem., 50 (1978)
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BENZENE CALIBRATION STANDARDS
AVAILABLE

New rules limiting worker exposure to benzene to |1 ppm
over an eight hour period and no more than 5 ppm in any
15 minute period have been established by OSHA (29 CFR
1910.1028). Responding to the demand for accurate cali-
bration standards, Matheson technology has developed
stable, high accuracy gas mixtures of benzene in air zero gas
gnd nitrogen zero gas. These mixtures are available in
specially treated aluminum cylinders as both Primary and
Certified Standards and in various cylinder sizes. Matheson
also supplies many other solvent vapor mixtures and chlori-
nated hydrocarbon standards to the chemical process and
petroleum refining industries.

A data sheet listing specifications and prices is available from
Matheson, 1275 Valley Brook Avenue, P.O. Box E, Lynd-
hurst, NJ 07071.

CIRCLE 133 ON READER SERVICE CARD

HIGH-PURITY HYDROGEN FOR FID GC

Matheson's Model 8325 Hydrogen Generator produces
ultra-high purity (10 ppb impurity) hydrogen from dis-
tilled water for flame ioni-
zation GC. Whether moni-
toring drugs or analyzing
blood alcohol, the 8325
Hydrogen Generator pro-
duces the hydrogen re-
quired for your FID GC.
Hydrogen is an extremely
flammable gas. Many lab-
oratories are restricted in
the amount of hydrogen
they may store. Matheson's
Hydrogen Generator elim-
inates the need for hydro-
gen storage. Don’t et
hydrogen storage restric-
tions keep you from using a
FID in your lab. For de-
tailed  information  and
prices, contact Matheson
1275 Valley Brook Avenue,
P.O. Box E, Lyndhurst,
NJ 07071.

CIRCLE 134 ON READER SERVICE CARD

99.9999% MINIMUM PURITY HELIUM

Critical gas chromatography procedures to determine trace
impurity levels can only be performed using very high purity
carrier gas. Matheson now makes available the purest helium
for this purpose. Total impurity level is 1 ppm. Most indivi-
dual impurity levels are non-detectable at thresholds of
0.1 ppm. Complete information is available from Matheson,
1275 Valley Brook Ave., P.O. Box E, Lyndhurst, NJ 07071.

CIRCLE 135 ON READER SERVICE CARD

MATHESON PURITY HYDROGEN 99.9999%

Matheson Purity Hydrogen, with a minimum purity level of
99.9999% (maximum impurity-one part per million) is
now available. Previously, maximum purity was 99.9995%
minimum.

The increasing sensitivity of modern instrumentation
necessitates the use of hydrogen at this level of purity.
This new, higher purity hydrogen permits more precise
analysis and research.

Matheson Purity Hydrogen is available in 1 A steel cylinders
with a content of 216 cubic feet. More information avail-
able from Matheson, 1275 Valley Brook Ave., P.O. Box E,
Lyndhurst NJ 07071,
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When should you use a two stage regulator. .. or F
ihin will a single stage suffice? When do you need a
metering valve? Can I get a direct reading flowmeter?
) Matheson answers questions like this every day in
every office.

Different gases, different end uses require differ-
ent answers.

It's one of the reasons Matheson has over 2,000
specific pieces of equipment. You need that much
to properly handle over 150 gases.

. “ At Matheson there is no Equipment Maze, just a
“ well-organized product line with well-organized
people to help you.

We have prepared a guide for selecting the right
regulator. Use the reader service number for your \
copy of our Regulator Selection Guide.

East Rutherford, N.). 07073/Morrow, Georgia 30260/La Porte, Texas 77571
Gloucester, Massachusetts 01930/ oliet, lilinois 60434/Gonzales, Louisiana 70737
Cucamonga, California 91730/Newark, California 94560/Bridgeport, N.J. 08014
Dorsey, Maryland 21227/Whitby, Ontario, Canada LIN 5R9

Edmonton, Alberta, Canada TSB 4K6/B82431 Oevel, Belgium

6056 Heusenstamm, West Germany

CIRCLE 140 ON READER SERVICE CARD

Lyndhurst, N.J. 07071
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ANALYTICAL PROFILES OF
DRUG SUBSTANCES, Volume7

Edited by KLAUS FLOREY

CONTENTS: S. A. Benezra and T. R. Bennett, Allo-
purinol. P. K. Bhattacharyya and W. M. Cort, Amoxi-
cillin. C. G. Eckhart and T. McCorkle, Chlorphenira-
mine Maleate. W. C. Schoenleber et al., Dihydro-
ergotoxine Methanesulfonate. D. D. Hong, Diphen-
oxylate Hydrochloride. C. A. Janicki and R. K. Gil-
pin, Droperidol. D. H. Szulczewski and W.-H. Hong,
Epinephrine. C. S. Lee and L. Z. Benet, Ethambutol
Hydrochloride. J. Kirschbaum, Fluoxymesterone. G.
Satzinger et al., Hexetidine. C. E. Orzech et al., Hy-
droflumethiazide. J. Tsau and N. DeAngelis, Hydroxy-
zine Dihydrochloride. S. A. Benezra and P. R. B.
Foss, 6-Mercaptopurine. M.- K. C. Chao et al.,
Phenobarbital. C. Papastephanou and M. Frantz,
Sulfamethazine. K. Florey, Thiostrepton. G. J.
Manius, Trimethoprim. C. Papastephanou, Tubo-
curarine Chloride.

1978, 528 pp., $24.00/£15.60 ISBN: 0-12-260807-0

ANALYTICAL METHODS FOR
COAL AND COAL PRODUCTS

Volume I

Edited by CLARENCE KARR, JR.
Analytical Methods for Coal and Coal Products is a
comprehensive multivolume reference that will fill
the need for an authoritative single source on meth-
ods of analysis and characterization of coal and the
numerous products and waste materials derived
from the use of coal. The nineteen chapters in
Volume One, prepared by researchers with exper-
tise in their specific disciplines, are of particular
interest to analytical chemists, managers of analyti-
cal laboratories, fuel chemists, and chemists and
chemical engineers working with coal in industry
and research organizations. Both the theory and
practical laboratory details of the various analytical
methods are thoroughly covered and there is ex-
tensive cross-referencing.
SECTION HEADINGS: Physical Properties of Coal.
Proximate and Ultimate Analysis of Coals. Trace
Elements in Coal and Coal Products. Coal-Derived
Liquids.
1978, 592 pp., $49.50/£32.15 ISBN: 0-12-399901-4

POLYCYCLIC HYDROCARBONS
AND CAN

VOLUME |: ENVIRONMENT, CHEMISTRY AND

METABOLISM

Edited by HARRY V. GELBOIN and PAUL O. P. TS'O
FROM THE PREFACE:
[These volumes are] a comprehensive summary of
the present state of knowledge in polycyclic aro-
matic’ hydrocarbon research, particularly in relation
to cancer, and bring together information from
many diverse disciplines in the Environmental,
Chemical, Biological, and Medical Sciences.
SECTION HEADINGS: Energy Sources. Environ-
ment: Occurrence and Monitoring. Tobacco Carcino-
genesis. Epidemiology. Chemistry, Carcinogenicity
and Theory. Metabolism and Activation. Enzymolo-
gy. Pharmacokinetics.
1978, 432 pp., $37.50/£24.35 ISBN: 0-12-279201-7
VOLUME II: Molecular and Cell Biology
1978, 480 pp., $42.00/£27.30 ISBN: 0-12-279202-5

Send payment with order and save postage and handling
charges. Prices are subject to change without nolice.

ACADEMIC PRESS, INC.

A Subsidiary ol Harcourt Brace Jovanovich, Publishers
111 FIFTH AVENUE, NEW YORK, N.Y. 10003
24-28 OVAL ROAD, LONDON NW1 7DX
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Copolymers, Polyblends,
and Composites

Advances in Chemistry Series No. 142
Norbert A. J. Platzer, Editor

A symposium sponsored by the Division of
Industrial and Engineering Chemistry, and co-
sponsored by the Division of Polymer Chemis-
try, the Division of Organic Coatings and Plas-
tics Chemistry, and the Division of Cellulose,
Wood, and Fiber Chemistry of the American
Chemical Society.

This timely collection of thirty-eight papers is
comprehensive and unique in its coverage of the
latest research results on copolymers, polyblends,
and composites which are used to toughen brittle
polymers with elastomers, to reinforce rubbers
with active fillers, and to strengthen or stiffen
plastics with fibers or minerals.

Specific topics include:

* determination of MWD in homopolymers; liquid-
liquid phase transition phenomena

e grafting kinetics of ABS; rubber-modified polymers;
block copolymers; laminating resins; vinylene
carbonate

* polymerization and copolymerization behavior;
covulcanization of elastomer blends

482 pages (June 1975) $34.50 clothbound (ISBN 0-
8412-0214-1).

SIS/American Chemical Society
1155 16th St., N.W./Wash., D.C. 20036

Pleasesend ________ copies of No. 142 Copolymers,
Polyblends, and Composites at $34.50 per book.

DOCheck enciosedfor$ . 0O Bill me.
Postpaid in U.S. and Canada, plus 40 cents elsewhere.

Name

Adaress

Chy s ____State 2ip



HARD WORKING ECONOMY
OR HIGH PERFORMANCE
VERSATILITY-
- THE CHOICE IS YOURS.

For brochure call toll frec (8
77. In'N
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| NUCLEAR MAGNETIC RESONANCE

The R-600 control panel is simple to operate, easy o understand.
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Perkin-Elmer’'s Model R-600 is a
high-performance, low-cost
instrument for routine proton
observation at 60 MHz. It's the

first commercially available NMR
spectrometer with a dedicated digital
microcomputer that doesn't require
a computer expert. The R-600
utilizes the proven R-24 Series
magnet system. And because it's a
permanent magnet NMR, there are
no special requirements for water or
power. Just plug itin.

So it's easy to operate, easy to
install. And with an extremely low
price tag and operating cost, it's also
easy on your budget.

MULTIPLE USES
All you need are microgram samples
to get routine spectra from the
Model R-600. Consequently, you
can apply NMR in many new
areas. You can get unegquivocal
identification of many LC and GC
fractions. You can use NMR to

analyze trace amounts of impurity or
isolated natural product when these
are all you have available.
MULTIPLE SAVINGS
Even if you have a complex FT NMR
spectrometer now, you still need
the Model R-600. Your large unitis
usually tied up with time-consuming
13C experiments. Besides, adapting
it 1o proton capability would be
tedious or costly. Adding a Model
R-600 will give you the extra NMR
you need, save money. and get your
work done on time.

With superb sensitivity, the R-600
lets you run routine experiments on
a small scale. Your sample require-
ments drop from milligram sizes to
500 micrograms or less. But you'll
still get the same quality spectra.

SIMPLE OPERATION
Not only is the microcomputer easy
to operate, it also does most of the
work. And the R-600 is the first FT
NMR with contrals arranged for
operation like a conventional
continuous wave instrument.
Programming was designed by
an NMR spectroscopist, so

operational parameters and
commands are user oriented. With
just ten keys, the control panel
simplifies setting the operating
conditions and readout of the
measurements.

EASYT,
The Model R-600 has other
advantages. For instance, its two
Auto-T, modes enable you to run
a complete T, experiment while
specifying the fewest parameters.
There's also a solvent suppression
mode to minimize interfering peaks
such as water.

GET ALL THE FACTS
Learn how the Model R-600 can
simplify your NMR life. Request our
literature describing its long list of
benefits. Ask for a demonstration.
Wirite Perkin-Elmer Corp., Main Ave.,
MS-12, Norwalk, CT 06856. Or call
Tom Proulx or Jim Hannon at
203-762-1778.

PERKIN-ELMER

ding the worid of
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Report

D. Betteridge

Chemistry Department
University College of Swansea
Swansea SA2 8PP, UK

Since Skeggs’ classic work (1) it has
been generally assumed that air seg-
mentation of the flowing stream and
attainment of a “steady state” signal
are essential parts of continuous flow
analysis (CFA). Recently, RaZi¢ka and
Hansen (2) in Copenhagen and Stew-
art et al. (3-5) in Washington, D.C.,
have independently performed similar
experiments of injecting the sample
directly into the carrier stream, and
have proved that analysis without air
segmentation is not only possible but
also advantageous. They have termed
it flow injection analysis (FIA); this
is the name used in this REPORT rath-
er than “nonsegmented continuous
flow analysis”, which has wider impli-
cations.

Skeggs may justly be considered the
Henry Ford of analysis b of his

oratory equip t, easily fi
tured or purchased as a complete unit.
The available options are discussed

in the next section.

Experimental

The basic apparatus is shown as a
block diagram in Figure 1. The essen-
tial parts are: a means to propel the
carrier, a sample injection system, a
detector and something to display the
output, and linking tubing. There are
many ways in which these components
can be manufactured or combined.
One of the simplest is what might be
termed the “‘basic LEGO" model de-
vised by Rozi¢ka and Hansen (6). The
basic components are made of Plexi-
glas, tubing is 0.4-1-mm i.d. polypro-
pylene, and connections are made by

hing the tubing into slightly ta-

revolutionary conception of continu-
ous flow analysis. The improvement
in sample throughput coupled with its
accuracy, reproducibility, and reliabil-
ity has resulted in its widespread use.
However, the basic thinking behind
the approach was to perform normal
chemical procedures on a conveyor
belt principle. Thus, in a colorimetric
procedure, appropriate amounts of
sample and reagent are brought to-
gether and mixed by successive inver-
sions until a “steady state” is reached
when its absorbance is measured. Air
segmentation is used to prevent carry-
over of samples and to assist in the
mixing; the proportionating pump,

through which the sample reactant
and buffer solutions are drawn, is a
vital part of the apparatus.

By contrast in FIA, there is no air
segmentation, the sample is intro-
duced as a plug via a valve or syringe,
mixing is mainly by diffusion-con-
trolled processes, and the response
curves do not reach the steady state
plateau, but have the form of sharp
peaks. The absence of air segmenta-
tion leads to a higher sample through-
put. The presence of a sample-carrier
interface, over which concentration
gradients develop during the course
of analysis has opened up new analyti-
cal possibilities for continuous flow
analysis. The reproducibility is good,
and there is no sample carry-over.
There is no need to introduce and re-
move air bubbles, and an expensive
high-quality pump is not necessary.
The requisite apparatus can be easily
assembled from existing standard lab-
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;ered holes in the components. The
whole, mounted neatly on a LEGO
board (Figure 2), is ideally suited for
teaching and occasional determina-
tion. This apparatus was developed
by improving the connections and
inlet system (7). The fully developed
system is commercially available from
BIFOK (Figure 3). Stewart used mod-
ified HPLC apparatus operated at 500
psi and with 0.2-0.4-mm i.d. tubing
(3-5). In our laboratory we have used
stainless steel tubing (0.8 mm i.d.),
Swagelok connections and a standard
chromatography valve, and controlled
the injection and data processing with
a microprocessor. One of our objec-

tives is to improve the precision of
1-2%, which is easily obtained with all
of the apparatus mentioned by a fac-
tor of 10.

Other combinations can give per-
fectly satisfactory results, which indi-
cates that wide variations in the im-
portant parameters can be tolerated.
However, as shown in the section on
theory, there are optimum conditions
for operation, and on both theoretical
and practical grounds a tubing of 0.5
mm i.d. is best. Larger diameter tub-
ing leads to increasing dispersion,
whereas with the smaller diameter the
tubing may easily be blocked and
high-pressure pumps are required for
operation. The remaining discussion
is concerned with specific compo-
nents,

Pressure Head. In most applica-
tions 0.5-1-mm i.d. tubing and flow
rates of 0.5-5 mL min~! are employed
80 that the flow can be maintained by

0003-2700/78/0350-832A$01.00/0
© 1878 American Chemical Soclety



a peristaltic pump or constant head
device. With a fast revolving multirol-
ler pump, pulsation is never a prob-
lem—a consequence of having no com-
pressible air bubbles. With some
pumps it is a minor problem that can
easily be suppressed (8). Stewart has
encountered and overcome pulsation
in high-pressure systems (9).

Injection Port. The first of the
inlet systems devised by Razi¢ka and
Hansen to gain widespread acceptance
is the simple flap valve illustrated in
Figure 4a. Typically, the sample vol-
ume is 0.1-0.2 cc. Because of the pres-
sure surge it is desirable to have a
length of tubing between the port and
the carrier reservoir to act as a buffer.
For the last year Razi¢ka and Hansen
have preferred a simple rotary valve
(Figure 4b) that dispenses 30-100 uL;
this is incorporated in the BIFOK ap-
paratus. Both valves have a repeat-
ability of 1% and permit sampling
every 10 s. With a chromatography
valve, samples of 6 uL. have been rou-
tine in our laboratory.

Detectors. In the earliest experi-
ments, in which spectrophotometric
determinations were employed, a
standard tubular flow cell (vol 18 uL)
and spectrophotometer were used to
detect the sample peak after colour
development. This remains a conve-
nient method, although the standard
flow cell can be replaced with a Plexi-
glas block 4 X 1 X 1 em through which
a hole ca. 1 mm has been drilled and

polished. This enables push-pull con-
nections to be made with polypropyl-
ene tubing, which fits into a standard
cuvette holder, giving a flow cell that
retains the flow pattern and has an ef-
fective volume of 8 uL.

Several novel detectors have been
developed for use with FIA; these are
also cheap and easy to assemble.

lon-Selective Electrodes. Razicka
and Hansen have mounted an ion-se-
lective electrode (ISE) and a reference
electrode in a tubular container held
at an angle of ca. 30°. The effluent
stream flows onto the indicator elec-
trode and then onto the reference
electrode. An outflow tube is posi-
tioned so that the reference electrode
is in a pool of effluent. Signals are ob-
tained that are proportional to the
function measured, provided the gap
between the electrodes is gauged cor-
rectly (10). Furthermore, it is possible
to use a series of electrodes and a cas-

Output
Carrier Waste
Reagent
Detector

Figure 1. Block diagram of basic FIA apparatus

mig S . Q |
coe & = W
LI G

Figure 2. “"Basic LEGO" apparatus with potentiometric detector
Carrier pumped from reader's left to right, through rotary valve (Figure 38) and ISE detector as de-
scribed in text. Peak integrator situated above voitmeter

Figure 3. BIFOK FIA system

A, pump; B, rotary valve; C, Plexiglas block connectors and polypropylene tubing (see inset); D, detec-
tor
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INTRODUCING TOTAL CHEMICAL ANALYSIS.
ONE BUTTON AND TWO MINUTES AWAY.

BECKMAN'

Microlab 600

Computing Infrared Spectrophotometer

Rapid precise qualitative and titative final
answers by IR analysis are now av at the push of a
button on the new Microlab™ 600 Computing Infrared
Spectrophotometer.

High precision double beam optics under self-

ined automatic computer control ana most solid.
liquid. and gaseous multi-component samples in under
two minutes.

Once you've entered your analysis protocol using
the Microlab keyboard. the complete analytical procedure
is stored right on board for inmediate one-button recall.

No outside computational power is needed. Microlab
optimizes your scanning parameters. coniputes quanti-
tative final answers. and reports a complete analysis in
analog (chart). digital. and printer modes while storing
your program for future use.

High speed. precision. and repeatability are
accompanied by features like Repetitive Scanning with
selectable Cycle. Time Delay and Wavelength Span.
Peak Pick Routine and Automatic Gain Set.

And finally, operator training time is reduced to a
minimum by the teaching printer that instructs the user,
inquires. and reports on completed operational steps.

So don’t wait two minutes more to start saving hours
of analysis time. Get complete information. Contact
your local Beckman Representative or Scientific
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Flgure 4. Simple valves for sample injection
(a) Cross section of flap valve. Carrier Hiows through A. On depression of syringe, septum is forced
down, and sample occupies resuiting depression. Septum regains original position and forces sample

into carrier stream. Constructed from Plexiglas blocks held together

by nylon screws. (b) Rotary valve.

Sample placed in wider tube of known volume. When rotated through 90°, cartier diverted through larg-

er diameter tubing, and sample enters carrier stream

cading effluent to obtain a measure
of several species in the same sample.
Under these dynamic conditions it is
not necessarily the case that the po-
tential is that which would be ob-
tained if a conventional measurement
were made. It may also be true that
the sample matrix affects the rate of
equilibration. However, in all cases so
far reported, in which the calibrants
have been properly matched samples,
good calibration curves have been ob-
tained.

Potentiometric Detectors. In prin-
ciple it is possible to detect a sample
peak by differential potentiometry,
with one electrode in the carrier
stream before the point of injection.
The difficulty is that the potential dif-
ference is very sensitive to the radial
position of the electrode downstream
from the injection point. If it just
pokes through the side of the tubing,
it is not very sensitive to concentra-
tion changes. (It seems as though
there is a “‘dead” layer on the walls of
the tube.) If it is placed midstream it
interferes with the flow characteristics
and gives irreproducible results. This
led Nagy et al. to abandon FIA and re-
sort to a mixing chamber (11). How-
ever, the difficulties have been over-
come by Karlberg and Thelander, who
have placed the last part of the tubing
in a vertical position inside a small
cup. The indicator electrode is a plati-
num wire centrally placed in the
mouth of the tube, and a reference
electrode is placed in the cup (12).

Photometric/Refractometric Detec-
tor. A flow cell has been manufactured
with a 3-cm path length, a light emit-
ting diode (LED) at one end, and a
photodiode at the other (13). The
total component cost including the as-
sociated electronics is less than $25.
Insofar as the LED can be selected to
cover most of the visible spectrum, it
makes a spectrophotometer redun-
dant. The sensitivity extends to the
ppb region.

Because the sample plug has a para-
bolic head and tail, it acts as a lens if
there is a difference in refractive index
between carrier and sample. By virtue
of the design of the detector, where
the light beam is along the axis of
flow, it functions as a differential re-
fractometer as well as a photometric
detector. It is capable of better dis-
crimination than an Abbe refractome-
ter and is almost as sensitive as a con-
ventional differential refractometer.

Photometric detectors with the
light beam normal to the flow may
also function as refractometers, as is
evidenced by the small negative peaks
exhibited on many FIA peaks. How-
ever, this does not pose any problems
in practice.

Dielectric Detector. A conductime-
tric detector based on a semiconductor
oscillator chip has been exhibited (14).
It is cheap, but the optimum design

In addition to these, detectors that
are in routine use for monitoring
HPLC effluent may be used.

Air bubbles generally interfere and
must be removed. This can often be
achieved by having the cell on an in-
cline rather than horizontal.

Solvent Extraction

Karlberg et al. have elegantly dem-
onstrated that solvent extraction by
FIA is a most attractive procedure
(15). By use of a teepiece with a care-
fully positioned plaunum nde tube,
the aq carrier ining the
sample is interspersed altemately
with very small segments of organic
solvent. Extraction takes place across
the aqueous-nonaqueous interface,
and the two phases are separated after
extraction by a second teepiece. Wall
drag causes convection in both phases,
increasing the rapidity of attaining
equilibrium concentration distribu-
tion.

Dialysis

A simple but effective dialyser, con-
sisting of a dialysing membrane
clamped between two Plexiglas blocks,
has been reported and proved quite
satisfactory for analysis of blood sam-
ples, etc. (6).

Applications and Theory

The applications of FIA known to
the author are summarised in Table
I, page 842 A. Determinations that
have been d rated in work
are included, since it is probable that
full accounts will soon be published.
The order is roughly chronological,
thus emphasising the trend to lower
flow rates and shorter lengths of tub-
ing, which has accompanied improve-
ment in understanding of the theoreti-
cal principles underlying the method.
The range of conditions under which
satisfactory results can be obtained
emphasises the robustness of the tech-
nique. However, a knowledge of the
theory aids in the selection of opti-
mum conditions; therefore, it will be
briefly reviewed.

First, two conceptual errors that
have given rise to needless controversy
must be disposed of. One relates to the
notion that turbulent flow is essential.
This is stated in the early papers of
Roixcka etal (2, 16). but they soon

d that | flow is prefe
ble. In fact, a Reynolds number (RE)
of 2000, which is usually taken to
the onset of turbulent conditions, cor-
responds to a flow rate in 1-mm diam-
eter tubing of 93 mL min~!. There-
fore, it is unlikely that FIA has ever
been carried out wnh turbulent flow.

has yet to be achieved. H , it has
digital output, which is advantageous
if a microprocessor is to be used to
process the results.

urbul can be
caused by pmjecuom and coiled
tubes; in the high-pressure systems an
RE of 2000 is approached. Thus, the
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point has been a matter of dispute (39,
40).

The other error arose from the ini-
tial stress laid on the mechanical as-
pect of flow injection, whlch was em-

hasised by the termi
Critics have not been slow to pomt out
that some forms of nonsegmented
CFA predate 1974 (7). However, the
analytical significance of maintaining
the integrity of the saraple plug and
allowing mixing to be controlled by
diffusion processes had escaped earlier
workers. This is illustrated by Nagy
et al. who performed the experiment
of injecting a sample into a flowing
stream in a large diameter open tube
with the object of measuring the po-
tential of the sample downstream—
clearly FIA (11). Unfortunately, they
used electrodes that protruded into
the stream. This gave rise to erratic
results, from which they concluded
that the open tube must be abandoned
in favour of a mixing chamber. They

the discovery of Sir Geoffrey Taylor’s
paper, “Dispersion of Soluble Matter
in Solvent Flowing Slowly Through

a Tube” (41). Further study has led
to a statement of theory that is almost
definitive and is certainly the starting
point for all concerned with the meth-
od (7). It makes clear that what is
really important about FIA is the
chemistry that happens between the
points of injection and detection, not
the improved mechanics of injection
and throughput.

One can see how confusion and con-
troversy arose, and the historian of
science can only note that yet again
we have an instance of the inventors
not realising immediately the totality
of what they had discovered and of
others being within a whisker of get-
ting there first.

Basic Principles. Between the
points of injection and detection the
sample plug will have been physncally

p d to some degree, and in addi-

noted a further disadvantage of the
open tube: “The reproducibility of the

was impeded by a con-
centration gradient perpendicular to
the flow.” It is the essence of flow-in-
jection lysis that this tra-
tion gradient is a key source of analyt-
ical information and that it is essential
to maintain the integrity of the plug
and to limit mixing to diffusion-con-
trolled processes.

Rozitka and Hansen’s first experi-
ments were not performed with this
in mind. They thought, in accord with
conventional concepts, that turbulent
flow assisted in dispersion of the sam-
ple and that the great increase in sam-
ple throughput and simplicity of ap-
paratus were the most appealing fea-
tures of the method. However, they
soon recognised that turbulent flow
was not needed. A hint that the mix-
ing process was diffusion controlled
was provided by a set of key experi-
ments (24) and was strengthened by

of effects of cc "

tion some chemical reactions may
have taken place. The peak detected
will reflect both processes.

The physical dispersion is brought
about partly by longitudinal flow
which gives rise to parabolic head and
tail and partly by radial diffusion
(Figure 5). (It is analogous to chroma-
tography without partitioning and
without a stationary phase to disturb
the flow pattern.) The relative impor-
tance of these processes depends upon
the flow rate, the radius of the tube,
the time of the analysis, and the mag-
nitude of the diffusion coefficient.

The precise relationships are given
in Table II, which summarises the
treatment of Razi¢ka and Hansen (7).

Basic Models and Equations. The
peak obtained generally fits the C-
curve equation (Table II), but to eval-
uate the role of the empirical parame-
ters, it is necessary to develop other
equations. One is due to Taylor, who
elucidated the significance of diffusion

§. Diagramatic rep {

Figure
tored at a suitable distance downstream from injection

and diff

(41). In any flowing stream in a pipe
the velocity at the walls is zero, and
that at the centre is twice the mean.
Thus, if a sample plug is placed in the
stream, it assumes a parabolic shape
by the process of convection. If this
were the only means of dispersion,
some of the sample would stick to the
walls, and the plug would have an infi-
nitely long tail. However, the mole-
cules can diffuse away from (and back
to) the walls and thus gain some longi-
tudinal motion as they join the main
stream. The diffusion can be longitu-
dinal, i.e., in the direction of flow or
radial—perpendicular to the direction
of flow. Taylor showed that while
these processes always occur, disper-
sion by longitudinal diffusion can be
ignored relative to that caused by the
main flow pattern, whereas radial dif-
fusion is always important in narrow
tubes, and at low flow rates it may
even be the major mechanism for dis-
persion. Under diffusion-controlled
conditions, the peak shape is Gauss-
ian. FIA generally is carried out just
outside Taylor conditions, but Tay-
lor’s argument leads to the following
practical conclusions: mixing will be
complete without recourse to mechan-
ical stirring; the concentration gradi-
ents in a given sample plug are both
reproducible and predictable; and the
peak shape will be influenced by dif-
ferences in the sample and carrier ma-
trices, because the whole of the plug,
matrix and analyte, is diffusing into
the carrier.

Another useful equation is that for
the “tank-in-series” model. This is ex-
actly analogous to the concept of the
height equivalent to a theoretical
plate model of chromatography. It
postulates that the tube between the
points of injection and detection con-
sists of a number, N, of imaginary
tanks. These are in series and the sim-
ple mathematical models used to ac-
count for the distribution of a sample

and radial diffusion on concentration profiles of samples moni-
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introduced into the first tank can be
used to account for the physical dis-
persion of sample as a function of
time. The actual “size” of the tank is
a function of tube dimensions and
flow rate. The shape of the distribu-
tion predicted by the tank-in-series
model is shown in Figure 6. For high
N it becomes Gaussian, i.e., indistin-
guishable from Taylor's model, but for
N = 1 a very different shape is found.
The application of this model to FIA
has led to some radical developments
that are described below.

Dispersion. An empirical definition
of dispersion is given in Table I1. The

tank-in-series model is used for all ex-
cept the narrow tube for whlch Tay-

used as a sample inlet system for the
measurement of pH, pCa, etc., of the

lor's equation is most appropriate.
The practical conclusions to be drawn
from the detailed studies with respect
to flow rate and tube length are shown
in the table. It was also found that the
optimum for the tube diameter is 0.5
¥ 0.2 mm i.d. In this range a reason-
able flow rate can be maintained with-
out difficulty, reagent consumption
i8 not excessive, and a variety of chem-
istries is available to the analyst.

With limited dispersion the sample
integrity is maintained to a high de-
gree. This is the ideal when FIA is

le. The justification of measuring
pH, etc., this way lies in the small
sample size (ca. 30 uL), the short time
of measurement (ca. 10 s) as the
“steady state signal” is not required,
and the possibility of performing sev-
eral determinations in sequence on the
same sample. The theory suggests that
in order to gain maximum sensitivity
and minimum analysis time, it is bet-
ter to use a short narrow tube than a
mixing chamber. With the mixing
chamber and the typical parameters
shown in Table II, the analysis time

Table il. Basic Equations and Guidelines for FIA

ecpisor comwmserst
BASIC MODELS AND EQUATIONS 1 :
llimimﬁm the C- c'm"‘""”"‘
b) dispersion is controlied by radial M1 - i & = D12 () holds T2 A
() o -7—6-1.—"-" P M3 = pyL?(§) when r3.8% D
(c) tank in series e () T=Ayandfor N> 10,3 = 1/2 T*/N
there are N imaginary c--() N i oL (W) reactor volume = Vp = QUF if ris constant
between the points of injection ( ¥ (i) for low N dispersion is skew, and for high N. R is
and detection for N=1 therefare, long narTow Wubes result in
1 peaks, and shorter Wbes give poak. ¥ the
C=-o""" tube is equivalent 10 1 tank, there is an exponential rise
4 and fall
DISPERSION (Figure 5)
(a) definitions c H a simple of sample
(‘)D'F=m-ﬁ in spectrophotometry H is recorded peek height, /€ is
the peak height with call full of undispersed coloured
(i) B, = DODy solution
cm= H, the total dispersion is the product of the dispersion in the
(W)Dv=01'm—ﬁ Iinjection system, O, the flow tube, Dy, and the detecior,
Dy Cyls assumed o be 1
{b) limited dispersion For r = 0.2 mm and L as small as possible, () corresponds o D= D, = 2
D=1-3 have 1tank and O; = (i) sample vohsme should be approx and sample zone
Then rise curve C= C; (1 — 0™ %) should pass through less than half its length before
tallcuve C=C, o~ reaching the detecior
0.683 (i) fiow rate and L should be a minimum
“sm-wnowc—-_c--— typical values: Sy2 =28 ul for Q= 0.5 mLmin™", L
=22cm, r=02mm
(c) medium dispersion (“D'.%F\/'r\/;‘ mmmummmu-nuwrmi-
D=3-1 >~ ) tinserty with rate butas
iﬁln'iF\/Yﬁ(‘-T" square root of travelied distance or residence time
(dittusion controlied) s typical values: see Table |
where n= ——and ¢~2%3% ~ 2™
Suz
(d) large dispersion 0 Sma g-vr C=C™att=0
(mixing chamber) [ (U) R takes ca. 4 t,,3 for baseline 10 return 10 4%
Vim valuos: S=0.1ml, Vu=25m., Q=5mL
(II)D.n-— min~", Oy, = 25 and ty,; = 0.35 min
= v.
(i) ty2 0808-0—

smmmmmm;
C = concentration (mol L™")

C2 = concentration of injected sample (mol/L) Q = pumging rale (mL min™

O™ = concentration of element of fluld at peak maximum (at ¢ = T) (mal L™") Re = Reynolds number (R, = 21.2 O/d) (dimensioniess)
C,™ = concentration of slement of fuld at peak maximum, extrapolated to ¢ = 0 (molL™*) = tube radius (mm)

O = dispersion ) S = sample vohune (ul)

2 = axial dispersion costticient (cm? s™") Suz = sample volume necessary ¥ reach 50% of C3 at O™ (ul)
D, = molecular diffusion coetficient cm? s™") T = mean resident time (s)

& = disparsion number (dimensioniess) t = time (3)

d'= tube diametar (mm) & ™ mean resident time In one tank (s)

F = linear flow velocity (mm/s) tiz ™ halt wash time (8)

H = peak height at t = T (mm) Vs = mixing chamber volume (sL)

H2 = peak height recorded with flow cell filled with solution of concentration C2 (mm) Vp = volume of phug flow section of a tube (L)

H, = peak height extrapolated 1o ¢ = 0 (mm) Va = reactor volume (ul)

L = total length of a line (cm) W = reduced peak width (at ¢ = T) fram)

4 ™ length of 8 mixing stage {mm) W, = reduced pesk width exrapolaied 10 ¢ = 0

M = mass of injecied malerial (mol) x = distance om peak maximum (om)
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Figure 6. C-curves obtained for tank-
in-series model at various values of N

is 1.5 min, and the peak height is re-
duced to 0.04 (1/D;) of that for pure
sample. With the same sample size
and flow rate, but using a 50-cm tube
of 0.5 mm, the analysis time is 3.6 s
and the reduction in peak height is
0.5. Thus, compared with the mixing
r, the narrow tube increases
sample throughput by a factor of 25
and the sensitivity by 10. These fig-
ures are, of course, only illustrative,
but the validity of the argument has
been confirmed experimentally.

Medium dispersion (D = 3 — 10)
has been used for most of the applica-
tions listed in Table I. For many sys-
tems the extent and rate of chemical
interaction have to be taken into ac-
count. In a sample application such
as spectrophotometric determination,
the peak height is diminishing as the
colour-forming reaction is progressing.
If the chemical reaction is slow, it is
best to select flow conditions where
the reaction is incomplete, but repro-
ducible. It is also possible to use the
chemistry going on across the inter-
face to analytical advantage, as dis-
cussed below.

Large dispersion is best accom-
plished with a mixing chamber which
corresponds to one tank.

Sample Size. Taylor’s theory does
not take account of sample size, al-
though it is a parameter of analytical
importance and has a marked effect
on peak shape (Figure 7). Razi¢ka and
Hansen take it into account by consid-
ering the dispersion arising from the
inlet system, D;, separately from that
due to the flow, Dy. It follows that the
sample size has more influence on the
peak shape when the total dispersion
is low (D; 2 Dy).

Viscosity and Refractive Index.
All the theories discussed so far as-

sume that the viscosity and refractive
index of the sample and carrier are
identical. If they are not, changes in
the peak pattern will be evident. Dif-
ferences in viscosity will affect the
peak height; changes in refractive
index may, with a photometric detec-
tor, result in a small negative peak and
distortion of the peak. Within a series
of known samples, these effects can
be countered by calibration, prefera-
bly with matching the physical prop-
erties of carrier and sample.

Novel Applications. Many of the
determinations recorded in Table I
can be carried out by air segmented
continuous flow analysis at higher cost
and lower sampling rate (40), but oth-
ers exploit reactions across the inter-
face between sample and carrier and/
or the mode of sample dispersion.
These latter, most of which are in
their infancy, will be briefly reviewed.

Multielement Trace Analysis. If
tke carrier stream and sample plug are
at different pH at the point of injec-
tion, a well-defined pH gradient will
be developed as the sample disperses
within the carrier. Most colour-form-
ing reactions of analytical interest are
pH dependent and pH-absorbance
curves for a given metal ion-reagent
combination are characteristic of the
metal ion. Thus, if the sample consists
of a mixture of metal ions and the car-
rier a solution of reagent, the extent
of colour formation at any point across
the interface will be dependent on the
pH at that point. In other words, the
interface contains sufficient chemical
information to enable several metals
to be detected and determined. There
remains the problem of extracting
that information, but the feasibility
of the approach has been demon-
strated for mixture of lead (II) and va-

nadium (V) with PAR (Figure 8) (34).

Titrimetry (25). In the above appli-
cation it appears from the peak profile
that, in effect, the carrier works into
the sample reacting with it along the
way. If a complex is being formed, or
an acid is reacting with a base, a gradi-
ent “titration” is being performed
(42). The points of inflection on the
peak will correspond to the steepest
part of the concentration gradient, i.e.,
the ends of the interface and the peak
width will be a function of sample con-
centration. However, in view of the
time it takes to achieve the requisite
degree of mixing, it is easier to inject
the sample, concentration C,, into a
mixing chamber of volume V, through
which the flow rate is f4 and to add
titrant concentration, Cp at flow rate,
fB. Then t o is defined as the peak
width at some constant potential and
is given by (25):

Ve = ,—‘: 2.3log C;

v fBn
——23log Cp~—
fa L
for the reaction A + nB = AB,,.

In view of the comments above on
mixing chambers, it must be empha-
sised that the role of the chamber is to
achieve a “‘stretched out™ concentra-
tion gradient more rapidly than in an
open tube, because the width of the
peak, not its height, is measured. By
these means acid-base and complexi-
metric microtitrations have been per-
formed.

Turbidimetry. In turbidimetric
methods published so far, it has been
noted that there is a problem of build-
up of precipitate on the walls of the
tube. One approach to overcome this
is illustrated by the determination of
sulphate. The carrier solution is alka-
line and contains barium and EDTA
such that an excess of carrier dissolves
the precipitate. The sample is made
acid so that during the initial stage of
mixing and as the sample passes the
detector, the carrier is neutralised and
precipitation occurs. On further mix-
ing the precipitate redissolves (35).
There are many further examples
where the momentary disturbance of
the pH and or complexing power of
the carrier or sample can be exploited.

Potentiometry. Karlberg and The-
lander have shown that the potential
changes across the interface if the car-
rier is an oxidant and the sample a re-
ductant or vice versa (15). The differ-
ential potential between carrier and
sample plug is easily measured and is
a function of sample concentration.

Kinetic. Since FIA is faster than

Figure 7. Curves obtained by injection
of 59, 108, 208, 403, and 795 L C; cor-
respond to absorbance of nondiluted
dye solution
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g ted continuous flow analysis,
faster reactions can be used for ana-
lytical purposes. For example, in our
laboratory we have found that the re-
action between cobalt (II) and PAR is
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Table 1. Applications of FIA

flow rots, mi Iwding m
dederminstion detectior {carrier stream/conditions min 1 fength, om Ld, mm 2 | gensitivity por how  |ret
1. |PO}” (a) spec NH,MoO, (0.005
(phosphomotybdate) M), HNO3 (0.4 M) |18 250 1 ppm 2
(b) spec () as for (a) 8 250 1 ppm 200-250
(molybdenum biue) (H) ascorbic acid 15% 50 0s ppm 120 40
{1%)
2. [ NHg, NHS alr gap electrode NaOH (0.05 M) 10 150 1 [1073-10"2 M 60 2
3. [P inplant spec (i) NH,MoO, (0.005 | 18 230 1 ppm 420 16
material, e.g.. (molybdenum blue) M), HNO; (0.4 M),
beans ethanol (5%)
(ii) ascorbic acid 18
(5%)
4. |Ninplant digests | (a) spec (i) phenol (5 %), 8.6 170+ 1 1-2% 180 17
(indophenol bive) NaOH (12%).
ethanol (33%)
ii) alkaline NaOC! __ | 8.6° 550
(b) air gap electrode NaOH(1M) |86 490 1-2% 110
5. | CI™ in brackish spec Hg(SCN), .6 500 1 1-5X 107 200 18
waters . [Hg(SCN)/Fe(lin] {0.0626%), M
Fe(NOs)y
(3.03%),
HNO; (0.047 M), 08 50 05 [1-5X 107 120 “©
ethanol (15%) M
6. |PandNin spec asabovein3and 4 1 200 19
plant digests (molybdenum blue and | split stream enables
Indophenol blue) tirst P and then N
10 be determined
7. PO} anaCi~ spec sample dialysed ]
in blood sera (molybdenum blue, betore addition
[Ho(SCN)./Fe(lll)} of colour-forming
1 3
(8) PO;: () H2S04, [ all § 70 + 180 1 50
(ii) NHMoOs,
(iii) ascorbic acid (i)and (i) [30+70 1 126
(b) C1™: (i) HzS04. (m) 4 0
(i)
(iii) HYSCN),/Feflin)
8. | K. Na, NO7 IK*. Na*, NO3 electrodes 4.0 85 1 1073-10"3 M 125 8
9. | glucose in kinetic (single point) (i) glucose 20 53 for dialysis 1 1073-10"2 M 60 20
biood sera glucose ydrog +112
(5.2xvL7"),
mutarotase (0.11
kV-L™7), NaCl
(0.15 M),
NAD (1.1 X 1072
M)atpH 7
(f) NaCl (0.14 M) 2.0
10. |NO; in soil NOJ electrode borax (0.01 M), 3 108 1 1075-1032 M 90 21
extracts, NaOH (0.01 M),
waters, efc. glycerine (0.2%)
11 |N.P,andKin elec, K*, NO7 for N: phenol NOj, K, 3.2| 50 05 1-10% NO,, 85:K. | 22
fertilizers (2.5%), NaOH 15
(1.5M)(16.5%)
spec, PO, NH} Others as above PO’ 06 |50 0.75 1-10% 120
m, 1 8+|52+70 0.88 1-10% 90
12. | Trypsin spec 3048 30 AWGI50-260 ppm 100 5
{N-benzoyl-L-arginine-p-
nitroanalide
hydrochloride)
13. |pH elec 1.5 5 0.5 180 7
14. | heavy metals stripping voltammetry 1mL, 90-s plating, 10™%-10"5M 7
140-s stripping
15. | 807 turbidimetric (i) BaCl, 2H,0 (5%), | 5.9 112-204 1 ppm 180 23
polyvinylalcohol
(0.05%)
(BaS0,) (it} HC! (0.01 My 5.8
16. | glycerol/H;0 spec H;0, bromothymo! 4 140 1 10-80% 24
blue (0.001%)
17. | Ca/EDTA titrations, targe a.EDTA, 5 X 1074 | 0.84 (1) mixing 10-2-10~2 M 50 25
strong ackd/strong|  dispersion M cham-
base titration b.NaOH, 10~ M 1.35 ber 0.98
mL
(i) 25 0.76
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ow rete, mi oo -—'.-._’.
Getermination Getector lcarrier siream/congitions | min~ 1 longth, can Ld., mm ® | gonsitivity por how | ret
18. | Pb, Cu. Cd, and trbidimetric (i) thicacetamide. () and (ii) |250 ppm 26
Zu in pharma- (thloacetamide) (H) NaOH, glycerol,* 18
ceutical and
products (iii) butfer®
19. | NH{ in amino elec (1) NaOH (0.5 M) 33 250 ppm 27
acids
(ii) NH{ (5 ppm) 0.3
20. | strong acids and elec (titration) (i) H0 45 300 5% 10731 28
bases, L)
HCOOH. (ii) butfer 04
CH,;COOH,
CH;NHCH,0H
21. | calteine spec/solvent extraction | (i) akaline soin 16 200 70-100 ppm 60 15
(i) tetrapyridyl 16
ammonium
bromide (0.1%)
in CCly
22. | Fe(lll) pot Ce(IV) soin 1.0 80 1-20 X 1072 45-80 12
ascorbic acid M
23. | Nin pharma- spec (i) alkaline butfer 14 250+ ppm 15-30 29
ceutical (if) sodium 1.4°
products (15%), Na
Fe{CN)s NO,
2H20 (0.03%)
(iii) NaOCI (0.4 % 1.4° 660 + 330
active Cly)
24. | SOI” in dextran nephelometry (BaSO,) | as 15. Dextran 2
>10% interferes,
but FIA
preferable to
static method +
25. | glucose pot butter, pH 6 25 120 30
(enzymatic oxidation) pass through
immobilised
glucose oxidase
in a reactor
26. | NO7 NOj electrode bulter, pH 8.5 2 30 120 31
27.|CIm. B, 1" titration (Ag*) () H0 1.8 100 07 31
(i) NaNO;3 (0.1 M), 1.8°
AgNO; (107 M)
28. | Al spec Aluminon soin 24 100
(Aluminon)
29. | viscosity (i) spec H0 20r8 70 08 1-100 cP 30-100
(ii) retractometer
(iii) dielectric
30. | refractive index flow cell with LED one 29 215 0.88 100 13
end and photodiode
at other
31. | Pband V() spec 4-{2-pyridylazo) 25 215 0.86 [1075-107*M 100 34
mixtures resorcinol, 1073
M, pH 9.9 bufter
32. (Ag p ) in 5-30 X 7
(dithizone) (7X 1075\ W0 z
(i) aqueous
33. | sO¢” turbidimetric (BaSQ,) Balll) (0.02 M), 29 124 0.86 [40-100 ppm 35
EDTA (0.025 M)
atpH 10
samples at pH 2
34. | NOY UV spec 1 1-30 ppm 120 36
35. | Cain animal feeds| spec () H0 19.5 70+ 1 0.5-5% 300 38
(cresolphthalein (W) CPC (0.01%) 0.80 370+
complexone, (iii) 2<amino-2- 20 410+
CPC) 1ot
(9%)
36. | protein in plant spec ()HCL 0.6 M 3 80+ 1 40-160 120 2
mal (i) borax butter, 3 40+ ppm
3 10-10.5°
(1) 2,4,8- 3 200
" suiphuric acid
0.15%*

* When not stated, usually 1 mm. * Added ahier tha sample injection polat.
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Figure 8. Different reactions of Pb (1l) and V (V) with PAR

In inner

plug pH is ca. 2, and only V (V) reacts with PAR. In outer regions pH is higher

sample
(PAR carrier is at pH 9), and only Pb (il) reacts with PAR

Figure 9. Peak profiles obtained by injecting glycerol water mixtures into water
carrier stream coloured with methyl orange

Detector, spectrometer (525 nm). Flow rate, 7.17 cm s™'. Sample size, 200 uL. Length of 0.86-mm i.d.

tubing between injection and

faster than the corresponding reaction
with nickel. By using two detectors in
series or by stream splitting, mixtures
of nickel and cobalt can be deter-
mined.

1t is also possible to extract much
more kinetic information from the
chemical reaction which takes place as
the le is physically di q

detection, 200 cm. Peak height linearly relates to log viscosity

to inject a sample into a coloured car-
rier stream. The absorbance of the
sample plug at some point down-
stream is then a direct measure of the
dispersion of the sample into the car-
rier (Figure 9). For any given system a
calibration curve can be constructed
relating log viscosity to peak height.

S le sizes of 6 uL have been used

M dLr

The possibilities for analytical devel-
opment are indicated by the single
point determination {20) and a
stopped flow procedure for the enzy-
matic determination of glucose (7).

Viscosity and Diffusion Coeffi-
cients. The viscosity can be measured
in two ways: by the time taken for the
sample to reach the detector under
conditions of low dispersion or the
peak height under conditions of medi-
um dispersion. The former is depen-
dent upon the Poiseuille equation and
is, in principle, an absolute method.
The latter is based on Taylor’s equa-
tion and really measures the diffusion
coefficient. The simplest illustration is

routinely for samples 1-20 cP, and the
carrier serves to keep the apparatus
clean. It appears to be an attractive
method for measuring diffusion coeffi-
cients, which are mainly determined
by extremely time-consuming meth-
ods and which have biochemical sig-
nificance. These studies have shown
up the importance of chemical inter-
action (mainly by hydrogen bonding)
in the mixing process. It is evident
that the theories of dispersion, dis-
cussed above, which do not take into
account solvent-solvent interactions
have limitations. For systems in which
hydrogen bonding is minimised, e.g.,
toluene carrier, a linear relationship

844 A o ANALYTICAL CHEMISTRY, VOL. 50, NO. 9, AUGUST 1978

has been found for viscosity and time-
to-peak maximum.

Other Nonsegmented Systems.
FIA is only one form of nonsegmented
continuous flow analysis. A narrow
definition of the method has been
adopted to keep this article within
bounds. Thus, several important
closely related methods have been
omitted, notably the work of Mottola -
et al. (43—46) with a recycling system
and that of Pungor et al. (47, 48) on
potential measurement, both of which
have helped to open up an examina-
tion of the potentialities of nonseg-
mented CFA.

Conclusions

The advantages of FIA are speed,
simplicity of apparatus, and the po-
tential for some novel analyses. The
disadvantages are the inability to per-
form lengthy operations and the diffi-
culty in automatically performing dif-
ferent determinations on the same
sample.

At present, FIA is useful to those
who perform straightforward analyses
routinely. The saving in time is useful,
and it is easy to switch from one deter-
mination to another either with the
replaceable units in the BIFOK in-
strument or by making up separate
units for different determinations. It
is a godsend to teachers of analytical
chemistry. With simple apparatus,
easily manufactured by the depart-
mental workshop, the principles of
continuous flow analysis can be dem-
onstrated, spectrophotometers can be
spared the hammering given by a class
of students, analysis time is greatly
shortened, and so many results are ob-
tained in such a short time that ideas
of precision and elementary statistics
are introduced naturally.

For the more complex analyses we
can expect further instrumental devel-
opment. Procedures for dialysis and
solvent extraction already exist, and
other analytical operations will proba-
bly be adopted for FIA. In our labora-
tory we are applying microprocessors
to the control of the sample introduc-
tion and the analysis and to processing
the results. It is clear that it is feasible
to perform several determinations on
the same sample. All of these develop-
ments depend on exploiting chemis-
try, and thinking old problems
through in a new way.

In some respects the relationship of
FIA to other systems of CFA is analo-
gous to the position of the micropro-
cessor in the realm of computers. One
develof t in automatic analysi
been a fully computerised device capa-
ble of performing several determina-
tions on the one sample. There is no
way in Yhich FIA could mimic this

Y e disp of
the sample would take place during



Varian UV-Vis spectrophotometers for every need.

Choose Varian’s UV-Vis spectrobhotometer
-..join thousands of happy users.

The Series 634 Spectrophotometers offer outstanding

value in low-priced instruments. Take a look at their versatility.
Thousands have chosen to buy Series 634 over

all competitors.

Digital readout.
This is standard on
both instruments for
ali three operating
modes: absorbance.
transmission, and
concentration. And
there's automatic decimal positioning in the absorbance
and %T modes.

Versatile wavelength ranges. Series 634 covers the 190

to 900-nm range —unsurpassed in low-priced instruments.
Choose the model that fits your needs and budget. A/l Series
634 spectrophotometers measure up to 900 nm so you can
do those important analyses at higher wavelengths.

[—— SCAN RATE' nm/min -~]

Choice of wavelength scanning. Both manual and
automatic scanning are available. Automatic scanning
is simple with pushbutton selection of four speeds.
Automatic scanning is standard on the Model 634S
and an integral part of the instrument.

varian
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Recorder compatibility. Unlike some spectrophotometers,
Series 634 is compatible with standard laboratory recorders
that can also be used with other instruments. You're not
locked in to a one-use recorder, an important
feature for the budget-limited lab. And when

it comes to a fine, all-round recorder to do best
by your Series 634, Varian has that, too.

Sample compartment versatility. The key is size.
The extra large compartment lets you handle

a wide range of sample accessories of different
sizes and shapes. Three sided access plus a
large beam separation make it
easy to use. With Series 634 you
can measure many samples that
other low-priced instruments
can't handle.

These are just a few highlights
of this versatile, low-priced
spectrophotometer. We haven't
even touched on its outstanding
performance, so you'll want

to know more

Circle 220 for a Series 634 data
package.

Circle 221 if you'd like to
see a representative.

|

Varian Instrument Division, 611 Hansen Way,
Box D-070, Palo Alto, California 94303
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Automated Liquid Chromatographs
Complete brochure describes these
new systems based on the concept of
“‘distributed intelligence."

Circle Reader Service No. 4

B. “CHROMATOGRAM" keeps you
up to the minute on all phases of the
science

Published regularly, the ALTEX
“CHROMATOGRAM" gives details of
the latest applications and provides
useful tips on how to obtain the
optimum results from your equipment.

Circle Reader Service No. 5

C. Complete High Performance
Liquid Chromatography Catalog

32 pages describing the latest modular
pumping systems, detectors, valves
and accessories for all types of liquid
chromatography.

Circle Reader Service No. 6

D. | ion in Col Technol
Brochure gives details of the latest
pre-packed columns for reverse-
phase, ion pair, adsorption, ion-
exchange and size exclusion
chromatography.

Circle Reader Service No. 7

ALTEX SCIENTIFIC INC. 1780 Fourth St.
Berkeley, California 94710  (415) 527-5900
Telex: 33-5403

the course of analysis. It may be, how-
ever, that the speed, flexibility, and
low cost of FIA make it worthwhile in
some instances to perform a sequence
of individual determinations—by
analogy, have a number of dedicated
microcomputers rather than every-
thing on a main frame computer.
There is little doubt that in the long
run FIA will affect the philosophy of
automatic analysis. In the short term,
as with microprocessor development,.
we may expect a flurry of methods
that are no more than the straightfor-
ward adaptation of existing continu-
ous flow methods. The real develop-
ments will come about by full realisa-
tion of the chemical potential of the
system. Hopefully, FIA will excite stu-
dents, be of practical value to analysts,
and by virtue of its simplicity bring
about an improved understanding and
use of all continuous flow systems.
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The Series 900 Liquid
Chromatograph by Tracor is the
most dynamic liquid chromatograph
available today. The Series 900
features Tracor's patent pending 965
Photo-Conductivity detector. This
unique detector features unusually
high sensitivity and selectivity for
compounds which contain chlorine,

nitrogen and some sulfur compounds.

Two chromatograms of polychlorin-
ated biphenyls are shown using the
965 Photo-Conductivity Detector.
This mixture gives no response at
254 nm on a UV absorbance detec-
tor. Isochratic runs using the same
solvent mixture allow for the deter-
mination of the different PCB mix-
tures by the different peak ratios.

Nitrosamines can be determined
at the residue level with the use of
the Tracor 965 Photo-Conductivity
Detector. Two nitrosamine mixtures,
10 ng and 5 ng respectively, are
shown using an isochratic solvent
mixture.
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970A variable wavelength detector
and the Tracor 965 Photo-Conduc-
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matogram containing several
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selectivity of chlorinated pesticides
over hydrocarbons on the Tracor 965
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polynuclear hydrocarbons and gives
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effluent from the variable wavelength
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ductivity Detector with very little
band spreading where the pesticides
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vent mixture for continuous use of an
isocratic solvent mixture is recom-
mended for the Photo-Conductivity
Detector. This recycling is possible
with the use of an ion-exchange
cartridge in the system before the
high pressure pump.)

PESTICIDES WITH AROMATIC
HYDROCARBONS

T
i UV Datecror
<75
‘ 4 Lon
2

PEAX IDENTITY
1 Berzens —12ugous
)

1
3
1
I
5

L= 21anm

o - ° ,%—
o « &8 o &« 8
TIME mervtes TRE mavtes
CONDITIONS CONDITIONS
Inatrument  Tracor 965 nstrument  Tracor 965°
Consmn Sem
48 mms 25cm $emmi2scm
S0t Soivent O
1510178 €51025
Flow 15ccmn Flom 15ccmn
Temo Tero
Atteruaion 10250 Anteruston 10330
Source Lamo  Sowce i
10ng esch 5ng sach
“Patent Penceng “Palent Percmg
PEAK DENTITY PEAK DENTITY

|.Il|ll|l|

GChromatography

CIRCLE 202 ON READER SERVICE CARD
848 A o ANALYTICAL CHEMISTRY, VOL. 50, NO. 9, AUGUST 1978

by Tracor

Telephone 512:926 2800 TELEX 77-6414



Report

Janet Osteryoung

Science

National
Washington, D.C. 20550

Survey of Analytical Chemistry Faculty
in Graduate Departments of Chemistry
in the United States and Canada

Analytical chemists in the U.S. have
assumed for the last five years or so
that their numbers were increasing in
graduate chemistry departments in
this country. To provide some facts
pertinent to this assumption, I have
surveyed the ACS Directory of Grad-
uate Research to identify analytical
chemists in graduate chemistry de-
partments in the U.S. and Canada and
to explore how their numbers have
changed in various categories over
time. The results of the survey may
be summarized by saying that there
has been a pronounced increase of an-
alytical chemists in graduate depart-
ments, that the increase is much
greater than that of all chemistry fac-
ulty, and that the increases pervade
all types of institutions.

Data for the survey were obtained
from the 1971, 1975, and 1977 editions
of the ACS Directory of Graduate Re-
search, which lists members of the
faculties of graduate chemistry de-
partments in the U.S. and Canada by
institution. The listing for each facul-
ty member includes a list of publica-
tions and theses supervlsed areas of

few individuals categorizing their in-
terest as Chemical Instru ion

or Electrochemistry were placed in
this group. Individuals who have their
primary professional identification as
analytical chemists but who choose for
the Directory another description
such as Mass Spectroscopy were not
included. Only departments appearing
in all three years of the survey were
included. A few institutions that
changed dramatically over that time
period due to substantial reorganiza-
tion were not included. Summaries of
the data are presented in Table I and
Figure 1. The survey sample included
195 schools. During this time period,
about 40% of the departments in-
creased in size, whereas the remainder
either held constant or decreased in
size. During the time period 1971-75,
32% of the expanding departments in-
creased in number of apalytical facul-
ty, 57% remained constant, and only
10% decreased. In the same period,
31% of schools that remained the same
or decreased in total number of facul-
ty also increased in number of analyti-
cal faculty me-two percent of these

research interest, some b

information, and an italicized word or
short phrase describing the primary
broad classification of the individual
as a chemist. Because the material for
the Directory comes from the depart-
ments themselves, this last item is a
fairly accurate representation of the
attitude of the chemist himself about
his professional identification. In this
study, this description, unmodified by
consideration of publication titles,
etc., was used to categorize people.
With the exception of Inorganic-Ana-
Iytical, descriptions including the
word analytical were used to identify
analytical chemists. In addition, a very

This article not subject to U.S. Copyright
Published 1978 American Chemical Society

of analytical faculty, and 17% de-
creased. Clearly, the pressure to in-
crease the numbers of analytical facul-
ty was expressed uniformly across uni-
versities, and the response was as im-
pressive among those schools experi-
encing severe financial pressures as

1g thos going
Considering the difficulties in con-
t.mct.mg the size of a department, this
in itself is remarkable. The penod
1975-17 naturally

Table I. Total Numbers of Faculty

1971 1978 177

ali 195 4587 4669 4719
top 20 710 702 698
next 58 1623 1607 1647

116

10.8

10.0

9.2

8.4

Top 20

76

6.8

(Number Analytical/Number tolal), %

6.0

>

]

1977

of a smaller magnitude. In 1971-75,

32% of the 195 schools increased the

number of analytical faculty, 14% de-
d, and 54% ined the same.
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Table ll. Roose-Andersen Report Ranking of Graduate Chemistry Faculties

TOP 20
Harvard llinols Wisconsin Purdue
Cal Tech Californla, Los Angeles Yale Californla, San
Calitomnla, Berkeley Chicago Princeton Ohio State
Stanford Columbla Northwestern Texas
T Comell lowa State (Ames) Indlana

NEXT 58
Michigan Colorado lowa (lowa City) Wayne State Nebraska
Minnesota Oregon Kansas Arizona State New Hampshire
Rockefeller Brown Louislana State Cincinnatl Rensselaer
Florida State Florida Massachuselts Delaware Rutgers
Johns Hopkins Notre Dame North Carolina Emory Syracuse
Michigan State Rochester Oregon State Georgla Tech Tennessee
Penn State Arizona Pennsylvania Houston Texas A& M
Rice Butfalo Pittsburgh lllinols Institute Tulane
Washington (Seattle) California, Davis Southern California of Technology Virginia
Brandeis California, Riverside Utsh ‘ Kansas Stste Virginia Polytech
Camegle Melion Duke Vanderbilt Maryland Washington State
Case Western Reserve Georgla Washington (St Louls) N.Y.U.

For 197577, the corresponding num-
bers are 26%, 11%, and 63%. Between
1971 and 1975, the increase in number
of faculty was 82 while the increase in
analytical faculty was 49, or 60% of the
net increase. The fraction of analytical
faculty increased from 8.2 t0 9.1%. In
the period 1975 to 1977, the increase
was 50 faculty, whereas the increase

in analytical faculty was 34 (68%). The
fraction of analytical faculty in 1977
was 9.7%.

Although these numbers demon-
strate strong and sustained growth in
the role of the field of chemical analy-
sis in graduate chemistry depart-
ments, it is a common perception that
analytical chemistry is not well repre-
sented at the “best schools” and that
these schools have not been a part of
the phenomenon described above. For
this reason, it is instructive to examine
schools in some quality grouping. For
this purpose, the 1970 ranking of grad-
uate chemistry faculties by the Roose-
Andersen Report was used. This is
somewhat unsatisfactory because the
ranking is for U.S. schools only and
because reputation lags so far behind
current performance, but it provides
some basis for examining trends in the
better schools in comparison with all
schools. The Top 20 and Next 58 are
taken from this report and listed in
'I‘nble IL. Summaries of data for all

Is and for schools by are
given in Tables I and III—V In nddl-
tion, the data of Table IV are repre-
sented graphically in Figure 1. Clearly,
the growth patterns are similar in each
category. The growth rate has been
greatest in the Next 58 schools, but
the Top 20 have increased in numbers

Table 1ll. Numbers of
Analytical Faculty

1971 1978 1977
all 195 374 423 457
top 20 49 57 55
next 58 139 166 179

chemist. It is not possible based on
this cursory examination to identify
causal factors that account for the
phenomenon of strong growth in the
area of academic analytical chemistry.
However, it is clearly the collective
wisdom of academic chemistry depart-
ments based on the most meaningful
vote, allocation of resources, that the
bdiscipline of analytxcal chemistry

Table IV. Analytical Faculty
as % of Total Faculty

1971 1978 1977
all 195 82 91 97
top 20 69 81 13
next58 86 103  10.9

Table V. Number in 1977
Minus Number in 1971

all 185
top 20
next S8

132
-12
24

of analytical faculty while decreasing
in overall numbers. This is more re-
markable when one considers that 7
of the Top 20 (35% of the schools rep-
resenting 30% of the faculty) have no
analytical chemist on the faculty. Of
the Next 58 only 13 (22% representing
17% of the faculty) and of the remain-
ing 117 only 21 (18% representing 16%
of the faculty) have no analytical

850 A » ANALYTICAL CHEMISTRY, VOL. 50, NO. 9, AUGUST 1978

has been undervalued in the recent
past and that the strength of the disci-
pline as a whole will be improved by
providing a larger fraction of resources
to analytical chemistry.

Janet Osteryoung is associate pro-
fessor of civil engineering at Colorado
State University. She obtained the
PhD degree in chemistry at Caltech
with Fred Anson in 1967. She is cur-
rently on leave from CSU while tem-
porary Program Director for Chemical
Analysis, National Science Founda-
tion. Her research interests include
electroanalytical methods develop-
ment, ially for toxic subst
in the environment.
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Report

H. A. Laitinen

University of Florida
Galnesville, Fla. 32604

Professional Status of Academic
Analytical Chemistry

In an article entitled “Reputational
Ratings of Doctoral Programs”
[Science, 199, 1310 (1978)], R. T.
Hartnett, M. J. Clark, and L. L. Baird,
who are research psychologists at Ed-
ucational Testing Service, Princeton,
N.J., examined doctoral programs in
three fields in 25 institutions. This
study differed from the surveys con-
ducted by the American Council on
Education in 1964 and 1969 in cov-
ering a smaller number of institutions
and programs in greater detail. The
fields (chemistry, history, and psy-
chology) were chosen to permit a com-
parison of the ratings of subspecialties
with those of the fields as a whole. In
each discipline, each faculty respon-
dent was asked to rate the quality of
the faculty in his or her own subspeci-
alty as well as in the whole depart-
ment in the institutions under study.

The correlations of ratings of the
subspecialties with the ratings of total
prograrms are given in Table L. To
quote the original article, “In chemis-

try departments, a close relation be-

tween sub-specialty faculty ratings is

also the usual case, but there is one

glaring exception—analytical chemis-
e

An inquiry to Dr. Hartnett led to
the scatter diagram shown in Figure
1, in which it emerges that four de-
partments out of the 25 surveyed had
high overall ratings but showed up
poorly in analytical chemistry. Indeed,
if these four were omitted in calculat-
ing a new Pearson correlation coeffi-
cient, the new value of r became 0.85.

It is apparent that the “normal” sit-
uation is for a good correlation be-
tween analytical chemistry and chem-
istry as a whole, but that a relatively
few excellent chemistry departments
have chosen to ignore or downgrade
analytical chemistry as a graduate dis-
cipline. It might be remarked that sev-
eral departments showing overall ex-
cellence are also outstanding in ana-
lytical, and that in others analytical
is relatively stronger than the depart-

ment as a whole. This situation was
clearly evident in the survey carried
out by G. A. Rechnitz several years
ago [ANAL. CHEM., 43 (4), 51A (1971)]
as well as that of Janet Osteryoung in
the current issue (page 849 A).

The occasional noncorrelation be-
tween overall quality and excellence
in analytical would be of little con-
cern, except that several highly rated
chemistry departments that are weak
in graduate analytical chemistry tend
to serve as models for developing de-
partments.

It appears to this writer that there
are two basic reasons why a few other-
wise excellent departments failed to
develop strong analytical research
programs. The first is that analytical
research, which deals with improve-
ments in methodology, can be ignored
if research in other areas is content to
use state-of-the-art methodology, i.e.,
to rely on others for its advancement.
The other reason is that modern ana-
Iytical chemistry is itself a complex

Table . Correlations of Ratings of Subspecialties with Ratings of Total Programs, CGS/ETS

Survey 1975. All Ratings Pertain to Quality of Faculty
ronge In range in
discipline and no. of Poarson discipiine and no. of Pearson
subspecialty ratora® . subspecialty rators® [
psychology.
analytical 15-33 0.40 educational 1-4 0.79
blochemical 11-39 0.94 measurement 1-6 0.91
Inorganic 35-63 0.94 personality 6-18 0.88
organic 80-121 0.98 developmental 9-40 0.85
physical 70-151 0.98 experimental 64-168 0.98
history organizational 7-18 0.54
anclent 8-23 0.84 clinical 26-97 0.78
medieval 15-35 0.1 soclal 21=12 0:66
modem 52-131 0.99
american 75-168 0.98
third world 24-68 0.95
* Flofary 16 tha eusmber of ratings forthe tacutty pricted with from Science. Copyrighi 1978 American Assoclation for
of & givan lnstiition. Thus. the anslytical chemissry facully of one instihusion wes rated the Advancement of Sclence.)
by 33 respondents, 6f another. by 15,
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have a truly viable analyncal program
is difficult if a department is strongly
oriented around individual research
programs of limited number.

Of course, analytical advances are
made by chemists of many types, and
even without an identifiable analytical
graduate program, a department may
be making significant contributions
to analytical research. Conversely, an-
alytical chemists are making signifi-
cant contributions to other areas of
chemistry through the use of their
methodology. It comes down w n self-

g to the most efficient solution
to the problem at hand. As pointed
out by Janet Osteryoung, the analyti-
cal community has felt for the past
several years that it is gaining strength
in graduate departments, and this
feeling has been confirmed by her
study. Correspondingly, the demand
for PhD analytical chemists in indus-
try and government as well as academ-
ic institutions has grown in recent
years to the point that emerging
PhD’s in other areas of chemistry are
belatedly discovering an interest in
analytical. This is surely accepulble,

definition, in which a ch
to associate professionally with col-
leagues of kindred interests. This as-
sociation takes various forms, such as
joining professional societies or divi-
sions of them, choosing a publication
medium, participating in research
symposia, and the like. A given chem-
ist, of course, can have more than one
professional identification such as an-
alytical chemistry plus spectroscopy.
electrochemistry, graphy,
computers, etc.

Despite this blurring of prof 1

provided that the y y
of background and experience and in-
terest in dealing with analytical prob-
lem-solving is present. Just because
an organic chemist has had experience
in interpreting IR, MS, or NMR spec-
tra in identifying structures does not
qualify him as an analytical chemist,
unless he has the interest and compe-
tence to deal with impurities and mix-
tures. Likewise, the experimental
physical chemist may or may not qual-
lfy for an analytical-oriented position
ding upon his attitude and expe-

identities, nnnlyt.xca] chem\sm do have
a lity in | g at least
an awareness of mnny dwerse ap-

rience in analytically significant mea-
surements. It is said that imitation is
the sincerest form of flattery, and the

proaches to p g, nnd their  analytical profession can take pride
contribution consists of ch ng the b it is growing by accretion as
method or combination of methods well as by internal nourishment.
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The Fall National Meeting of the
American Chemical Society will be
held in Miami Beach, September 10~
15, 1978. As usual the annual meeting
will feature a myriad of technical ses-
sions and professional and social ac-
tivities that will bring thousands of
people in the chemical profession to
this southern city. In all, 27 of the So-
ciety’s 29 divisions and a number of
committees will participate in the five
days of technical sessions. The techni-
cal program will include over 3000 pa-
pers to be presented at almost 400
planned sessions.

The most important event at Miami
Beach for the readers of ANALYTICAL
CHEMISTRY is the celebration of the
50th anniversary of the JOURNAL. The
Analytical Chemistry Division will
mark the occasion with the 50th Anni-
versary Symposium dedicated to Law-
rence T. Hallett, a former editor. The
symposium is scheduled for Wednes-
day morning and will be presided over
by Herbert A. Laitinen, current editor
of ANALYTICAL CHEMISTRY. The
community that has nurtured the
JOURNAL over the years will have an
opportunity to hear eight distin-
guished speakers survey the history of
the JOURNAL and the discipline which
helped put the JOURNAL in its place
today. G. E. Peace, Jr., will survey the
origin of the JOURNAL during the late
19th century. Sidney Siggia will follow
with a review of the many contribu-
tions of Lawrence T. Hallett during
the early years when Dr. Hallett was
editor. The next five speakers will re-
view the developments in the field of
analytical chemistry in each of the last
five decades, concluding with the
1970’s. Finally, the concluding re-
marks prepared by I. M. Kolthoff, the
man regarded by many as the father of
modern analytical chemistry, will be
read by one of his former students,
Vernon Stenger. The entire proceed-
ings of the symposium will be pub-
lished in the A pages of ANALYTICAL
CHEMISTRY in the November and De-
cember 1978 issues.

Other programs of the Analytical

September 10-15, 1978

176th

ACS
National
Meeting

Miami Beach

News

Chemistry Division include three sym-
posia with three sessions each and six
general seumns. A total of l03 papers

will be p d at these
Among the symposla topics are: muge
detectors in ry (15 pap

novel approaches to trace drug analy-

sns (15 papers), and sample m;ecnon
into

(12 papers). The six general sessions

will cover the areas of electroanalyu-

cal chemi

troscopy, and general nnalytwal chem

istry.

In addition to these programs for
which the Analytical Division is the
primary sponsor, the Division will par-
ticipate in a number of symposia co-
sponsored with other dlvununs. 'I‘hese

ium on Trace A of
quogen and Sulfur Pollutanu in the
Atmosphere (five ions), joint with
the Division of Environmental Chem-
istry; Symposium on Analyt.wn.l
Chemistry of Pet
bons in the anelAqunhc Envnon
ment (three sessions), joint with the
Division of Petroleum Chemistry, Inc.;
Symposium on A Century of Chemis-
try at the U.S. Geological Survey
(four sessions), joint with the Division
of the History of Chemistry; Sympo-
sium on Chemical Oceanography in
the Academic Curriculum (one ses-
sion), joint with the Division of Chem-
ical Education, Inc.; Symposium on .
High-Efficiency Radiochemical Sepa-
rations (two sessions), joint with the
Division of Nuclear Chemistry and
Technology.

All sessions sponsored by the Ana-
lytical Chemistry Division will be held
in the Miami Beach Convention Cen-
ter, except the program jointly spon-
sored with the Division of Nuclear
Chemistry and Technology. That sym-
posium will be held at Doral Beach,
which is some distance north from the

ion center. There will be a

Here are a few of the hundreds of ho-

tels and thousands of apartment
buildings where some three million
Miami Beach visitors find lodging
every year

shuttle bus service.

The Analytical Chemistry Division
social hour and dinner ($11) will be
held Tuesday, September 12 at 6:00
and 7:00 p.m., respectively, at Hotel
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News

Fontainbleau. Interested persons are
urged to purchase tickets in advance.
For further information on the ad-
vance ticket puchase and the room
number, see Chem. Eng. News, Au-
gust 7.

Several ACS courses given in con-
junction with the meeting before and
after the meeting will be of interest to
analytical chemists. For more infor-
mation, see pages 866 A and 868 A.

The detailed technical program
given below includes all the Analytical
Division sessions and those cospon-
sored by the Division.

Preregistration forms and housing
information are contained in Chem.
Eng. News, June 26, 1978. The com-
plete technical program for the meet-
ing will appear in Chem. Eng. News,
August 7,1978. .

DIVISION OF ANALYTICAL
CHEMISTRY

D. M. Hercules, Chairman
A.J. Cunningham, Secretary

MONDAY MORNING

SECTION A
Miami Beach Convention Center
Symposium on Image Detectors in
Chemistry Joint with Division of
Physical Chemistry
Yair Talmi, Presiding

9:00—1. Image Detectors in Chemis-
try, An Overview. Y. Talmi.

9:20—2. Computer Processing of
Spectroscopic Data. Applications in
Liquid Chromatography. D. B.
Pautler, J. C. Spavins, M. L.
Malczewski, M. J. Milano.

9:50—3. A Dual-Beam Linear Photo-
diode Array Spectrometer System
for Liquid Chromatographic Sepa-
ration Methods Development. W.
Nunn, R. E. Dessy.

10:25—Intermission.

10:40—4. Versatility of an Optical
Multichannel Analyzer as an HPLC
Detector. J. R. Jadamec, W. A.
Saner, R. W. Sager.

11:10—5. Multidimensional, Multi-
component Fluorescence Analysis
with a Video Fluorometer. J. B.
Callis, D. W. Johnson, G. F.
Christian, E. R. Davidson.

11:45—Discussion.

SECTION B

Miami Beach Convention Center

Symposium on Novel Approaches

to Trace Drug Analysis

L. A. Sternson, Presiding

9:00—Introductory Remarks.
9:05—6. Drug Analysis by HPLC. B.

L. Karger, R. W. Giese, R. Eks-
teen, N. Tanaka.

9:45—7. The Use of Immobilized En-
zymes in the Analysis of Biological
Fluids. P. W, Carr, R. S. Shifreen.

10:25—Intermission.

10:35—8. The Use of Chemical Deri-
vatization in the HPLC Analysis of
Anti-Neoplastic Agents. L. A.
Sternson.

11:10—9. Fluorescence Methods of
Clinical Drug Analysis. G. G. Guil-
bault.

11:35—10. A Sensitive Gas Chromato-
graphic Method for the Simulta-
neous Determination of Ritalin and
Its Metabolite Ritalinic Acid in
Plasma Using N-P FID Detector. B.
L. Hungund, M. Hanna, B. G.
Winsberg.

SECTION C
Miami Beach Convention Center
General: Electroanalytical
Chemistry
D. C. Johnson, Presiding

9:00—11. Immobilized Oxidase En-
zymes as Electrochemical Sensors.
V.S. Srinivasan, G. Sittampalam.

9:20—12. Comparison of Ion-Sensitive
Electrode Selectivity with Ion-Ex-
change and lon-Pairing Liquid
Chromatography Retention. R. F.
Hirsch, U. Jingjit, E. Rachlin, K.
Regan.

9:40—13. Fast, Simple Analysis of
Serum Glucose. J. L. Buteyn, C. O.
Huber.

10:00—14. Photo-Electrochemical De-
termination of Nitrosamines. D. C.
Johnson, B. G. Snider.

10:20—Intermission.

10:30—15. Simultaneous Determina-
tion of the Isomers of Nitrophthalic
Acid by Differential Pulse Polarog-
raphy. P. M. Surana.

10:50—16. A Comparison of DC, Pulse
and Differential Pulse Detection in
Flow-Through Tubular Electrodes.
D. C. Johnson, P. L. Meschi, E. C.
Lewis, J. H. Larochelle.

11:10—17. Evaluation of Errors Intro-
duced During Potentiometric Titra-
tions Using Silver Sulfide Mem-
brane Due to Electrode Nonspeci-
ficity. W. R. Hussein.

11:30—18. Deposition Discriminating
Stripping Analysis of Metals in
Aqueous Solution. B. Vassos, G.
Martinez.

MONDAY AFTERNOON

SECTION A
Miami Beach Convention Center
Symposium on Image Detectors in
Chemistry Joint with Division of
Physical Chemistry
Yair Talmi, Presiding
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2:00—19. A High Resolution Grating
Microspectrofluorometer with To-
pographic Option for Studies in
Living Cells. J. G. Hirschberg, A.
W. Wouters, E. Kohen, J. S.
Ploem, C. Kohen.

2:30—20. Analytical Applications of
the Laser Microprobe Using Elec-
tronic Imaging Detection. T. H.
Briggs.

3:00—21. Evaluation of an Echelle
Spectrometer with an Image Dissec-
tor for Simultaneous Multielement
Determinations. H. L. Pardue, H.
L. Felkel.

3:30—Recess.

3:45—22, Use of the OMA for Analyz-
ing Light Intensity Gradients from
the Absorption Optical System of
the Ultracentrifuge. D. L. Rock-
holt, E. G. Richards.

4:15—23. Electro-Optical lon Detector
for Simultaneous Monitoring of all
Ion Species over a Wide Range. H.
G. Boettger, C. E. Giffin, D. D.
Norris, W. J. Dreyer.

4:45—Discussion.

SECTION B
Miami Beach Convention Center
Symposium on Novel Approaches
to Trace Drug Analysis
L. A. Sternson, Presiding

2:00—24. Evaluation of Vidicons as
Multiwavelength Detectors for
Drug Determinations. H. L. Par-
due, A. E. McDowell.

2:35—25. Microorganisms as Novel
Sources of Reagents for the Deter-
mination of Drugs in Biological
Fluids. R. V. Smith.

3:10—Intermission.

3:20—26. Plastic Electrode as an Ana-
lytical Tool. T. Higuchi.

3:55—27. Drugs in Blood by Liquid
Chromatography. P. T. Kissinger.

4:30—28. Dipstick for Morphine in
Urine. J. G. Montalve, Jr., C-G.
Lee, R. Wawro, L. Truxillo, R.
Curran, C. Iannaccone, D. Eyer.

SECTION C
Miami Beach Convention Center
General: Electroanalytical
Chemistry
P. Zuman, Presiding

2:00—29. Chemically Modified Pt
Electrodes Bearing Electroactive
Ferrocene Molecules. J. R. Len-
hard, R. W. Murray.

2:20—30. Chemical Modification of
Metal Oxide Electrodes Using Cy-
anuric Chloride. T. Kuwana,
AW.C. Lin.

2:40—31. Electrocatalysis of NADH
Using Quinones and Modified Qui-
none Electrodes. T. Kuwana, D.
C-S. Tse.
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News

3:00—32. Ferric-EDTA Reduction Ki-
netics at the Glassy Carbon Elec-
trode. R. A. Petersen, C. O.
Huber.

3:20—Intermission.

3:30—33. Polarographic Reduction of
Aminobenzaldehydes and Pyridine
Carboxaldehydes. J. F. Rusling, P.
Zuman.

3:50—34. Keto-Enol Equilibria, Hy-
dration, and Polarographic Reduc-
tion of 1,2-Diketones. N. Sleszyns-
ki, P. Zuman. 2

4:10—35. Electrochemical Reduction
of Benzyl Halides: Radical vs. Carb-
anion Formation. D. A. Kock, D. E.
Bartak.

4:30—36. Catalytic Electroreduction
of O, Using Water Soluble Iron Por-
phrin. T. Kuwana, P. Forshey.

TUESDAY MORNING
SECTION A
Miami Beach Convention Center
Symposium on Image Detectors in
Chemistry Joint with Division of
Physical Chemistry
Yair Talmi, Presiding
9:00—37. A Multimicroprocessor Con-
trolled, Vidicon, Stopped-Flow
Spe&lrphotometer. E. Carlson, C.

3 e.

9:30—38. Time-Resolved Resonance
Raman and Fluorescence-Line Nar-
rowing Spectroscopy. M. A. El-
Sayed.

10:00—39. Picosecond Time-Resolved
Photometer. W. Yu.

10:30—Intermission.

10:45—40. Using TV Imaging Systems
for Picosecond Fluorescence and
Absorption Time-Resolved Kinetic
Studies of Photosynthetic and Pho-
tovisual Systems. F. Pellegrino, R.
R. Alfano.

11:15—41. A Three-Dimensional (), I,
7) Picosecond Spectrometer. P. M.
Rentzepis.

11:45—Discussion.

SECTION B
Miami Beach Convention Center
Symposium on Novel Approaches
to Trace Drug Analysis
G. G. Guilbault, Presiding
9:00—42. Use of Phosphorimetry for

Drug Analysis. J. D. Winefordner.
9:35—43. Direct Ann]ygis of Urine for

lism in Man. J. E. Mrochek, C.
D. Scott.

10:45—Intermission.

10:55—45. In Vitro Studies on the
Metabolic Oxidations of Aliphatic
Amines to Chemically Reactive
Species. N. Castagnoli, N. P.
McGraw, B. Ho.

11:30—46. Analysis of Erythromycin.
IIL. Determination of Erythromycin
by Ion-Pair Extraction with 35S-
Methyl Orange. R. V. Smith, R. G.
Harris, D. D. Maness, A. Martin.

11:55—Concluding Remarks.

TUESDAY AFTERNOON

SECTION A
Miami Beach Convention Center
General: Spectroscopy
G. T. Bastiaans, Presiding

2:00—47. Precise Elemental Analysis
of Heteropoly Anions via Plasma
Emission Spectrometry. G. J. Bas-
tiaans, M. A. Fernandez.

2:20—48. Determination of Non-Met-
als by Inductively Coupled Argon
Plasma (ICAP) Spectroscopy. A. F.
Ward, L. F. Marciello.

2:40—49. Characterization of Metal
Alloys Using Inductively Coupled
Argon Plasma Optical Emission
Spectroscopy. A. F. Ward, L. F.
Marciello.

3:00—50. Simultaneous Analysis of
As, Se, Sn and Sb by Hydride Gen-
eration with Microwave Induced
Plasma Atomic Emission. W. B.
Robbins, J. A. Caruso, F. L.
Fricke.

:20—Intermission.

3:30—51. Determination of Cadmium,
Copper, Lead and Manganese in
Human Kidney Cortex Using Zee-
man Effect Flameless Atomic Ab-
sorption Spectrometry. P. A. Ple-
ban, K. H. Pearson, R. J. Sham-
berger.

3:50—52. Quantitation of Selenium,
Manganese, Iron, Copper, and Zinc
in Human Kidney Tissue by X-ray
Fluorescence. G. S. Kuntz, R.L.R.
Towns.

4:10—53. An Investigation of Satellite
Structure Found in X-ray Photo-
electron Spectroscopy (ESCA). d.
C. Carver, H. Razzavi.

2:00—Divisional Business Meeting,
Convention Center.

6:00—Divisional Social Hour. Hotel

Fontainbleau

Steroids and Dop Metabolit.
by Mass-Analyzed Ion Kinetic En-

7:00—Divisional Dinner. Hotel Fon-
tainhl,

ergy Spectrometry. T. K. Joseph,
P. T. Kissinger, R. W. Kondrat, T.
Kruger, R. G. Cooks.

10:10—44. High Resolution Ion Ex-
change Chromatography Applied to
a Study of Acetaminophen Metabo-

SECTION B
Miami Beach Convention Center
General: Chromatography
H. A. Moye, Presiding
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2:00—54. A Simple GC-MS Method
for Simultaneous PGE, and PGE,
Analysis Based on Concurrent Elu-
tion and Selected Ion Monitoring.
A. Ferretti.

2:20—55. A Gas Chromatographic Mi-
croanalytical Procedure for the
Analysis of Oxalate Ion in Human
Urine. H. A. Moye, R. Garman.

2:40—56. Therapeutic Monitoring of
Anticonvulsant Drugs in Psychiat-
ric Patients: Simultaneous Gas-
Chromatographic Determination of
Celontin, Zarontin, Phenobarbital,
Dilantin, Tegretol, and Primidone
in Presence of Mesantoin, Kemad-
rin, Prolixin, and Haldol in Plasma.
R. Varma.

3:00—57. Determination of Disopy-
ramide in Serum by HPLC. C. R.
Ghosh, H. G. Lankford.

3:30—58. High Pressure Liquid Chro-
matography of Unsaturated and Cy-
clopropane Fatty Acids. R. A. Mil-
ler, N. E. Bussell.

3:50—59. Analysis of Hydroxyl Fatty
Acids by High Pressure Liquid
Chromatography. N. E. Bussell, R.
A. Miller.

4:10—60. Thin-Layer Chromato-
graphic Separation of Conjugated
Bile Acids. A. K. Batta, S. Shefer,
G. Salen.

4:30—61. Separation of Some Choles-
terol Derivatives by Thin Layer
Chromatography. H. J. Issaq, N.
Risser, J. Bowden.

2:00—Divisional Business Meeting,
Convention Center.

6:00—Divisional Social Hour. Hotel
Fontainbleau.

7:00—Divisional Dinner. Hotel Fon-

tainbleau.

WEDNESDAY MORNING

SECTION A
Miami Beach Convention Center
Symposium on Sample Injection
Techniques into Unsegmented
Flows
H. A. Mottola, Presiding

9:00—Introductory Remarks: An
Overview. H. A. Mottola.

9:20—62. Flow Injection Analysis.
Principle and Theory of the Meth-
od. Design of a Programmable Mi-
croanalyzer. J. Ruzicka, E. H.
Hansen.

10:10—Intermission.

10:25—63. Flow Injection Analysis.
New Analytical Methods Based on
the Use of Spectrophotometric and
Potentiometric Flow-Through De-
tectors. E. H. Hansen, J. Ruzicka.

11:15—64. Theory and Practice of
Continuous-Flow Analysis: Com-
parison of Flow Injection Analysis



with Modern Segmented Flow. M.
Margoshes.

SECTION B
Miami Beach Convention Center

50th Anniversary Symposium: The
Journal and the Sclence

H. A. Laitinen, Presiding

9:00—Introductory Remarks.

9:10—65. Edward Hart, Ph.D.—The
Man Behind the Journal. G. E.
Peace, Jr.

9:30—66. L. T. Hallett: The Early
Years. S. Siggia.

9:40—67. Analytical Chemistry: The
Journal and the Science, 1929-1939.
V. A. Stenger.

10:00—68. Analytical Chemistry: The
Journal and the Science, the 1940’s.
H. A. Laitinen.

10:20—Intermission.

10:40—69. Analytical Chemistry in
the 1950’s. L. B. Rogers.

11:00—70. 50 Years of Analytical
Chemistry—The Journal and the
Science—the 1960’s. J. D. Wine-
fordner.

11:20—71. Analytical Chemistry: The
Journal and the Science in the
1970’s and Beyond. B. R. Kowal-
ski.

11:40—Concluding Remarks. I. M.
Kolthoff.

WEDNESDAY AFTERNOON
SECTION A

Miami Beach Convention Center

Symposium on Sample Injection

Xylenol Spectrophotometric Meth-
od for Nitrate. G. Norwitz, J. Far-
ino, P. N. Keliher.

2:20—77. Calibration of Circular Di-
chrometers in the Visible and Ultra-
violet Regions. J. L. Scott, V. C.
Zadnik, K. H. Pearson.

2:40—78. Photo-Acoustic Spectrosco-
py: Spectral Analysis of Solid and
Liquid Samples. J. W-p. Lin, L. P.
Dudek.

3:00—79. Some Inter-Related Param-
eters that Influence the Accuracy of
Atomic Absorption Determination
of Mercury in the Atmosphere. J. C.
Hilborn, G. F. Dowd.

3:20—Intermission.

3:30—80. The Determination of Mo-
lybdenum in Engine Lubricating
Oils by Atomic Absorption Spectro-
photometry. C. S. Saba, K. J. Eis-
entraut.

3:50—81. Origin, Distribution, and
Bioaccumulation of Selenium in
Kentucky and Barkley Lakes. B. E.
McClellan, K. Frazer, J. Vargo,
R. Aulick.

4:10—82, Elevated Temperature '*C
FT-NMR Studies of Coal Products.
L. T. Taylor, H. C. Dorn, T. Glass.

4:30—83. New Reagents for Charac-
terization of Functional Groups by
19F NMR. H. C. Dorn, P. Szabo,
K. Koller, T. Glass.

THURSDAY MORNING

SECTION A
Miami Beach Convention Center
(3 °n S 1. Ini 41,

Techniques into Unseg t
Flows
H. A. Mottola, Presiding

2:00—72. Injection Technique as a
New Approach for Dynamic Flow-
Through Analysis with Electroana-
lytical Sensors. E. Pungor, Zs.
Fehér, G. Nagy, K. Téth.

2:35—73. Design and Characteristics
of Membrane Covered Electro-
chemical Sensors for Use in Unseg-
mented Flows. D. N. Gray, F. E.
Semersky, B. Watson.

3:10—Intermission.

3:25—174. Analysis of Elution Patterns
in Unsegmented Flow Using a
Novel pH Monitor. R. C. Barabino,
M. H. Keyes.

4:10—75. Analytical Chemistry at the
Interface. D. Betteridge, E. L.
Dagless, P. David, D. R. Deans, B.
Fields, P. Sweet.

SECTION B
Miami Beach Convention Center
General: Spectroscopy
P. N. Keliher, Presiding

2:00—76. Study of the Interference of
Organic Compounds with the 2,4-

Techniques into Uns;gme'nled
Flows
H. A. Mottola, Presiding

9:00—84. Closed-Loop Systems and
Other Ancillary Concepts in Sample
Injection Techniques into Unseg-
mented Flows. H. A. Mottola.

9:35-85. Repetitive Determination of
Heavy Metals by Sample Injection
in a Closed-Loop System. C-M.
Wolff, J-P. Schwing.

10:10—Intermission.

10:25—86. Extraction by Flow-Injec-
tion Analysis. B. I. Karlberg, S.
Thelander.

11:00—87. Automated Loading of Dis-
crete Samples in Unsegmented Con-
tinuous Flow Analysis. K. K. Stew-
art, G. R. Beecher.

11:35—88. On the Design and Optimi-
zation of Chemiluminescence Anal-
ysis in Flowing Systems. W. R.
Seitz.

SECTION B
Miami Beach Convention Center
General: Chromatography

9:00—89. Identification of Insoluble

Coatings and Impregnations by Py-
rolysis and Gas Chromatography. J.
Kovar.

9:20—90. Characterization of Poly-
ethers and Polyurethanes via Reac-
tion Gas Chromatography. S.
Siggia, D. Gibian.

9:40—91. High Performance Aqueous
Gel Permeation Chromatography of
Water Soluble Polymers. T. Hashi-
moto, Y. Kato, H. Sasaki, M.
Aiura.

10:00—92. The Analysis of Epoxy
Resin Formations. J. E. Twichell,
J. Q. Walker.

10:20—Intermission.

10:30—93. HPLC Determination of
Acrylamide Monomer in Polyacryl-
amide and in Environmental Sam-
ples. N. E. Skelly, E. R. Husser.

10:50—94. Optimization of Ternary
Solvent Systems for HPLC. B. R.
Belinky.

11:10—95. Applications of the Ion Ex-
change Membrane Detector for Liq-
uid Chromatography. J. G. Dorsey,
T. W. Gilbert.

11:30—96. A Capillary Gas Chromato-
graphic Inlet for the Analysis of
Trace Concentration of Com-
pounds. S. M. Sonchik, J. Q.
Walker.

THURSDAY AFTERNOON
SECTION A

Miami Beach Convention Center

General

N. E. Skelly, Presiding

2:00—97. Use of Polymer Supported
Functional Groups for the Selective
Concentration of Specific Inorganic
Species from Complex Fluids. S.
Siggia, M. Colella, D. Gibian.

2:20—98. Investigations into the
Mechanisms of Separation of Sol-
vent Refined Coal on Bio-Beads by
Way of Model Compounds. D. W.
Hausler, J. Hellgeth, L. T. Tay-
lor.

2:40—99. Evaluation of Methods for
Determination of Sulfide in Coal
Gasification Wastewater. J. K.
Olson, H. H. Schobert.

3:00—100. Direct Head Gas Analysis
for Isolation of Volatile Trace Or-
ganics in Aqueous Environmental
Samples. S. L. Friant, I. H. Suffet.

3:30—Intermission.

3:40—101. Continuous Monitoring of
Total Hardness at the Part per Bil-
lion Level. F. R. Whiteley, M. J.
Gaertner.

4:00—102. Reversed Phase HPLC
Separations in the Presence of
Metal Chelate Additives. B. L.
Karger, W. S. Wong, R. L. Viavat-
tene, J. N. LePage, G. Davies.
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News

4:20—103. Determination of Acid
Content of Bitumen by Catalytic
Thermometric Titrimetry. A. Nad-
jafi, E. J. Greenhow.

Division of Environmental
Chemistry

H. E. Allen, Chairman

R. L. Jolley, Secretary

MONDAY MORNING

SECTION E
Miami Beach Convention Center
Symposium on Trace Analysis of
Nitrogen, Sulfur, and Halogen
Compounds in the Atmosphere
W. M. Cooke, Presiding

9:00—Introduction. W. M. Cooke.
9.10—28. A View of the Importance of
of Atmospheric Sul-
fur Compounds. J. P. Friend.

9:40—29. Spurious Sulfate Formation
on Collected Ambient Aerosol Sam-
ples. B. W. Loo, R. C. Gatti, A. J.
Ramponi, R. K. Stevens, K. E.
Noll, H. E. Allen.

10:05—30. A Comparison of Sulfuric
Acid Measurement Methods. L. W.
Richards, K. R. Johnson, L. S.
Shepard.

10:30—Break.

10:45—31. Sulfate in Diesel Exhaust.
W. R. Pierson, D. E. McKee.

11:10—32. Aerosol Sulfur in the East-
ern United States. J. W. Winches-
ter.

11:30—33. Characterization of the
Miami Aerosol. K. A. Hardy, R.
Patterson.

MONDAY AFTERNOON

SECTION E
Miami Beach Convention Center
Symposium on Trace Analysis of
Nitrogen, Sulfur, and Halogen
Compounds in the Atmosphere
R. K. Stevens, Presiding

2:00—62. Analysis of Sulfur-Contain-
ing Air Samples Collected at Cedar
Island, N.C. R. S. Braman, J. M.
Ammons.

2:25—63. Trace Analysis of Sulfur
Gases Using Solid Adsorbent Pre-
concentration and Gas Chromatog-
raphy. M. 8. Black.

2:45—64. Direct Measurements of
Emission Rates of Some Atmo-
spheric Biogenic Sulfur Com-
pounds. V. P. Aneja, J. H. Over-
ton, Jr., L. T. Cupitt, J. L. Dur-
ham, W. E. Wilson.

3:05—Break.

3:20—65. 345/328 Studies of Biogenic

Sulfur Emissions at Wallops Is., Va.
D. R. Hitchcock, M. S. Black.

:45—66. On the Nature of Diurnal
Variation of Sulfates at Rural Sites
in the Eastern United States. G. T.
Wolff, P. R. Monson, M. A. Fer-
man.

4:10—67. A Study of the Emissions of
S0,, H,S0,, and Sulfate froma
Coal-Fired Boiler Incorporating a“
Wet-Limestone Scrubber. J. B.
Homolya, J. L. Cheney.

TUESDAY MORNING

SECTION E
Miami Beach Convention Center
Symposium on Trace Analysis of
Nitrogen, Sulfur, and Halogen
Compounds in the Atmosphere
W. M. Cooke, Presiding

9:00—97. Measurement of Atmo-
spheric Nitrogen Compounds.
Chester W. Spicer.

9:25—98. Comparison of Nitrates Col-
lected by Hi-Vol and Dichotomous
Samplers. R. K. Stevens, T. G.
Dzubay, D. T. Mage, R. Burton,
G. Russwurm, D. Rickel.

9:45—99. A Laboratory Feasibility
Study to Determine and Develop a
Sampling and Analytical Technique
for Measuring Nitric Acid Vapors at
Atmospheric Concentrations. R. J.
Hare, M. T. Wininger, W. D. Ross,
J. Tesch, R. E. Sievers.

10:05—100. Measurement of Nitro-
gen-Containing Trace Gases in the
Troposphere by In-situ Long-Path
Infrared Absorption Spectroscopy.
P. L. Hanst, E. C. Tuazon, A. M.
Winer, R. A. Graham, J. N. Pitts,
Jr.

10:25—Break.

10:40—101. Nitrite in Airborne Par-
ticulates. L. D. Hansen, B. E.
Richter, D. J. Eatough.

11:00—102. Determination of Volatile
Nitrosamine in Air. P. J. Jimenez,
F. M. Perry, Jr., E. W, Day, Jr.

11:20—103. Sampling and Analysis for
Acrylonitrile in Ambient Air. J.
Going, P. Kuykendall, J. Onstot,
K. Thomas, S. Long.

TUESDAY AFTERNOON

SECTION E
Miami Beach Convention Center
Symposium on Trace Analysls of
Nitrogen, Sulfur, and Halogen
Compounds In the Atmosphere
P. L. Hanst, Presiding
2:00—131. Global Budgets and Distri-

butions of Selected Halocarbons,
Hydrocarbons, N0, and SFe. H. B.
Singh.

ing
2:25—132. Tropospheric and Lower
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Stratospheric Profiles of Halocar-
bons and Related Chemical Species.
D. R. Cronn, D. E. Harsch, E.
Robinson.

2:50—133. Total Stratospheric Ele-
mental Chlorine Content—Initial
Results. W. W, Berg, S. N. Gitlin,
F.E. Grahek.

3:15—Coffee Break.

3:30—134. Boundary Layer Hydroxyl
Measurements by a 14C Tracer
Technique. J. C. Sheppnrd M.J.
Campbell, B. Au.

3:50—135. A Program for Determining
the Atmospheric Lifetime of Fluo-
rocarbons. D. M. Cunnold, F. N.
Alyes, R. G. Prinn.

4:15—136. Global Measurements of
Trace Halocarbons in the Atmo-
sphere. R. A. Rasmussen.

WEDNESDAY MORNING
SECTION E

Miami Beach Convention Center

Symposium on Trace Analysis of

Nitrogen, Sulfur, and Halogen

Compounds in the Atmoshpere

P. L. Hanst, Presiding

9:00—160. An Approach to Accurate
Determinations of Ambient Halo-
carbons by Electron Capture Detec-
tion. P. G. Simmonds, J. E. Love-
lock.

9:25—161. Atmospheric Photodisso-
ciation of HOCIL. M. J. Molina, L.
T. Molina.

9:50—162. Atmospheric Chemistry of
HOCL. P. L. Hanst, J. W. Spence,
E. O. Edney.

10:15—Break.

10:30—163. The Interaction of Odd
Hydrogen and Odd Chlorine Photo-
chemistry and Their Roles in the
Catalytic Destruction of Strato-
spheric Ozone. J. Fishman, P. J.
Crutzen.

10:55—164. Reactions of Importance
to Stratospheric Chlorine Chemis-
try. J. P, Jesson, L. C. Glasgow, C.
Miller, D. L. Filkin.

Division of Petroleum
Chemistry, Inc.

B. J. Dropesky, Chairman
R. C. Hahn, Secretary

TUESDAY MORNING

SECTION C
Miami Beach Convention Center
Symposium on Analytical
Chemistry of Petroleum In the
Marine/Aquatic Environment
E. W. Novotny, Presiding

9:00—Introductory Remarks. E. W,
Novotny.
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9:05—32. An Overview of the Biogeo-
chemistry of Fossil Fuel Hydrocar-
bons in Marine/Aquatic Environ-
ments. J. W. Farrington.

9:50—33. Recent Advances in the De-
termination of Petroleum Hydro-
carbons in Zooplankton and Macro-
fauna. J. S. Warner, R. M. Riggin,
A. P. Graffeo.

10:20—34. Advances in High Resolu-
tion Glass Capillary Gas Chroma-
tography. S. P. Cram, F. J. Yang.

10:50—35. Methods of Analysis for
Polynuclear Aromatic Hydrocar-
bons in Environmental Samples. R.
J. Pancirov, T. D. Searl, R. A.
Brown.

11:20—36. Analytical Chemistry of
Petroleum—An Overview of Prac-
tices in Petroleum Industry Labora-
tories with Emphasis on Biodeg-
radation. L. Petrakis, D. M. Jew-
ell, W. F. Benusa.

TUESDAY AFTERNOON

Miami Beach Convention Center
Symposium on Analytical
Chemistry of Petroleum in the
Marine/Aquatic Environment
F. Weiss, Presiding

2:00—Introductory Remarks. F.
Weiss.

2:05—37. The Solubility Behavior of
Polynuclear Aromatic Hydrocar-
bons in Aqueous Systems. W. E.
May, S. P. Wasik.

2:35—38. The Multiple Gas-Phase
Equilibration Method and Its Ap-
plication to Environmental Studies.
C. D. McAuliffe.

3:05—39. Comparison of Extraction
Methods for Hydrocarbons in Ma-
rine Sediment. D. W. Brown, L. S.
Ramos, M. Y. Uyeda, W. D.
MacLeod, Jr.

3:35—40. The Role of Nonhydrocar-
bons in the Analysis of Virgin and
Biodegraded Petroleum. D. M.
Jewell.

4:05—41. Application of Trace Ana-
lytical Techniques to a Study of Hy-
drocarbon Composition upon Dis-
persion of Petroleum in a Flowing
Seawater System. R. M. Bean, J.
W. Blaylock, R. G. Riley.

4:35—42. Determination of Aromatic
and PAH Content of Oily Waters. I.
Lysyij, E. C. Russell.

WEDNESDAY MORNING

SECTION A
Miami Beach Convention Center
Symposium on Analytical
Chemistry of Petroleum in the
Marine/Aquatic Environment
L. Petrakis, Presiding

9:00—Introductory Remarks. L. Pe-
trakis.

9:05—43. Oil Spill Identification and
Remote Sensing. A. P. Bentz.

9:50—44. Hydrocarbons in the Sedi-
ments of the Bermuda Region: La-
goonal to Abyssal Depths. J. N.
Butler, T. D. Sleeter.

10:20—45. Polycyclic Aromatic Hy- .
drocarbons in Marine/Aquatic Sedi-
ments. R. A. Hites, R. E. Laf-
lamme, J. G. Windsor, Jr.

10:50—46. Distribution of Aromatic
Hydrocarbons from Selected Atlan-
tic, Gulf of Mexico, and Pacific OCS
Areas. E. B. Overton, J. L. Laset-
er.

11:20—47. A Comparison of Methods
for the Analysis of Hydrocarbons in
Marine Sediments. J. L. Lake, C.
W. Dimock, C. B. Norwood. *

Division of History
of Chemistry (Prime Division)

N. D. Heindel, Chairman
R. M. Hawthorne, Secretary-
Treasurer

WEDNESDAY MORNING

Miami Beach Convention Center
Symposium on A Century of
Chemistry at the U.S. Geological
Survey, I. May, Chairman

I. May, Presiding

9:00—Introductory Remarks.

9:10—15. History of X-ray Fluores-
cence Analysis and the Present
State-of-the-Art at the U.S. Geolog-
ical Survey. H. J. Rose, Jr.

9:30—16. An Automated Glass Fusion
Technique for the Determination of
Total Volatile Content of Rocks. V.
G. Mossotti, B. S. King.

9:50—17. A Fully-Focusing X-ray
Spectrometer with Applications to
Geochemical Analysis. J. R. Lind-
say, R. R. Larson, H. J. Rose, Jr.,
R.W. Werre.

10:10—Intermission.

10:30—18. William Francis Hille-
brand, the Survey’s First Chemist.
1. May.

10:50—19. Determination of Plati-
num, Palladium, and Rhodium in
Geologic Materials by Fire Assay
and Atomic Absorption Spectrosco-
py Using Electrothermal Atomiza-
tion. F. O. Simon, P. J. Aruscav-
age, R. Moore.

11:10—Organic Geochemistry—A
U.S. Geological Survey Tradition. I.
A. Breger.

11:30—21. Nuclear Methods in Geo-
chemistry. J. J. Rowe.
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WEDNESDAY AFTERNOON

Miami Beach Convention Center
Symposium on A Century of
Chemistry at the U.S. Geological
Survey, I. May, Chairman

J. J. Rowe, Presiding

2:00—22. Isotopic Chemistry at the
U.S. Geological Survey. B. R. Doe.

2:20—23. The U.S.G.S. Effort in the
Application of Stable Isotopes to
Geochemistry. I. Friedman

2:40—24. Frank Wigglesworth Clarke,
1847-1931. M. Fleischer.

3:00—Intermission.

3:20—25. A Brief History of Analyti-
cal Atomic Emission Spectroscopy
in the Washington Laboratory of
the U.S. Geological Survey. D. W.
Golightly, C. S. Annell.

3:40—26. Improved Detection Limits
for Selected Elements of Geochemi-
cal Significance by Emission Spec-
trography. J. L. Seeley, C. Hero-
poulos, P. J. Lamothe, R. E.
Mays.

4:00—27. A Background Correction
System for the Analysis of Geo-
chemical Samples Using an Induc-
tively Coupled Plasma. P. J. La-
mothe, J. L. Seeley.

4:20—28. Simultaneous Determina-
tion of Major, Minor, and Trace El-
ements in Geochemical Materials by
Direct-Reading Emission Spectrom-
etry. J. L. Seeley, P. J. Lamothe.

THURSDAY MORNING

Miami Beach Convention Center
Symposium on A Century of
Chemistry at the U.S. Geological
Survey, I. May, Chairman

R. J. Pickering, Presiding

9:00—29. History of Change, Water-
Quality Activities of the U.S. Geo-
logical Survey. W. H. Durum.

9:20—30. Centralization and Automa-
tion of Water Analyses in the Water
Resources Division of the U.S. Geo-
logical Survey. W. A. Beetem, R. L.
McAvoy.

9:40—31. The Use of Standard Refer-
ence Water Samples by the U.S.
Geological Survey. L. J. Schroder,
M. J. Fishman, L. C. Friedman, G.
Darlington.

10:00—Intermission.

10:20—32. Programs to Assure the
Quality of Water-Quality Data by
the U.S. Geological Survey. L. C.
Friedman.

10:40—33. Recent Trends in the Use
of Simultaneous Multielement
Techniques for the Analysis of Nat-
ural Water Samples: Part I, Plasma
Emission Methods. H. E. Taylor,
R. K. Skogerboe.



News

11:00—34. Recent Trenda in the Use

9-05—32 Teachmg Chemical Ocean-

of Simult

Techniques for the Analysls of Nat-
ural Water Samples: Part II, Atomic
Absorption Spectrometry-Anodic
Stripping Voltammetry. R. K. Sko-
gerboe, H. E. Taylor, K. R.
O’Keefe.

11:20—35. Analysis of Natural Waters
Applied to Mineral Exploration. W.
H. Ficklin, W. R. Miller, G. A.
Nowlan.

THURSDAY AFTERNOON

Miami Beach Convention Center
Symposium on A Century of
Chemistry at the U.S. Geological
Survey, I. May, Chairman

B. P. Fabbi, Presiding

2:00—36. W. F. Hillebrand, the Father
of Standard Samples in Geology. F.
J. Flanagan.

2:20—37. Geochemical Studies of U.S.
Coal Resources Related to Coal
Usage and the Environment. F. O.
Simon, P. Zubovic.

2:40—38. Analytical Methodology for
Geochemical Exploration—Pio-
neered by the U.S. Geological Sur-
vey. F. N. Ward.

3:00—39. Selective Extraction of
Trace Metals from Halide Acid So-
lutions Using Aliquat 336 in Methyl
Isobutyl Ketone. J. G. Viets, J. R.
Clark.

3:20—Intermission.

3:40—40. Atomic Absorption Determi-
ration of Cobalt, Nickel, and Cop-
per in Geological Materials. R. F.
Sanzolone, T. T. Chao, G. L.
Crenshaw.

4:00—41. Determination of Uranium
and Thorium after Complete Sam-
ple Decomposition and Anion-Ex-
change Separation. D. M. Hopkins.

4:20—42. Induction-Coupled Plasma
Multi-Element Analysis of Geologic
Materials Using a Selective Extrac-
tion Technique. J. M. M ka, E.
L. Mosier, S. J. Sutley, J. G.
Viets.

Division of Chemical
Education, Inc.

H. A. Bent, Chairman
J. A. Bell, Secretary

THURSDAY MORNING

Miami Beach Convention Center
Symposium on Chemical
Oceanography In the Academic
Curriculum

T. C. Loder, Presiding

9:00—Introductory Remarks.

? One A h that

Works' 'l‘ C. Loder

9:20—33. Chemistry Backgrounds and
Quality of Incoming Oceanography
Graduate Students. I. W, Duedall.

9:40—34. Enriching the Chemistry
Curriculum with Recent Ad
in Chemical Oceanography. R. W.
Zuehlke.

10:00—35. Teaching Chemical Ocean-
ography with a Biological Bias. J.

H. rp.

10:20—36. MSC 521—A Core Course
in Chemical Oceanography at the
University of South Florida. K. A.
Fanning, P. R. Betzer.

10:40—37. The Undergraduate Ma-
rine Chemistry Laboratory Program
at the College of Charleston. W. F.
Kinard.

11:00—38. Guidelines for Future In-
struction in Chemical Oceanogra-
phy. R. W, Baier.

11:20—39. The Teaching of Marine
Chemistry to Undergraduate Stu-
dents—A Viewpoint from the Unit-
ed Kingdom. P. S. Liss.

11:40—40. Global Chemical Models
and Oceanography. W. W. Hay.

Division of Nuclear Chemistry
and Technology

B. J. Dropesky, Chairman
R. L. Hahn, Secretary

THURSDAY MORNING

Doral Beach

Symposium on High Speed and
High Efficiency Radiochemical
Separations Joint with Division of
Analytical Chemistry

E. P. Horwitz, Organizer, Presiding

9:00—Introductory Remarks.

9:05—63. Rapid Radiochemical Sepa-
ration Procedures for Studies on
Short-Lived Nuclides. N. Traut-
mann.

9:45—Discussion.

9:50—64. Rapid Automated Nuclear
Chemistry. R. A. Meyer, E. A.
Henry, O. G. Lien, H. G. Hicks, S.
G. Prussin, P. C. Stevenson.

10:15—Discussion.

10:20—Intermission.

10:30—65. A Rapid Separation Sys-
tem for Short-Lived Actinides and
Transactinides. E. K. Hulet, R. W.
Lougheed, J. M. Nitschke.

10:55—Discussion.

11:00—66. The Rapid Separation of
the Lanthanides on High-Efficiency
Bonded-Phase Ion Exchangers. R.
M. Cassidy, S. Elchuk.

11:25—Discussion.

THURSDAY AFTERNOON
SECTION A

Doral Beach

Symposium on High Speed and

High Efficiency Radiochemical

Separations

E. P. Horwitz, Presiding

2:00—67. SISAK—A Technique for
Fast On-Line Radiochemical Sepa-
rations. J. Rydberg, G. Sharne-
mark.

2:40—Discussion.

2:45—68. Facility for Short Half-Life
Fission Product Studies Using a
252Cf Source. R. J. Gehrke, R. C.
Greenwood, R. A. Anderl, V. J.
Novick, J. D. Baker.

3:10—Discussion.

3:15—Intermission.

3:20—69. A Rapid Rare Earth Separa-
tion System. J. D. Baker, D. H.
Meikrantz, R. J. Gehrke, R. C.
Greenwood.

3:45—Discussion.

3:50—70. Laboratory Centrifugal Con-
tactor for Rapid Liquid-Liquid Ex-
traction. R. A. Leonard, G.d.
Bernstein, A. A. Ziegler, R. H.
Pelto, M. J. Steindler.

4:15—Discussion.

4:20—71. Separation of Actinides by
High Pressure Liquid Chromatogra-
phy and Determination of Their
Production Cross Sections in the
Reactions of 1%Xe + 238U and 238U
+ 238U. M. Schadel, W. Briichle,
H. Gaggler, J.-V. Kratz, G. Herr-
man, N. Trautmann.

4:45—Discussion.

)

J.J. Kirkland

Du Pont Scientist
Receives Tswett Medal

J. J. Kirkland of Du Pont Co. re-
ceived the commemorative Tswett
Medal for his outstanding contribu-
tions in the field of liquid chromatog-
raphy in ceremonies marking the 75th
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anniversary of the chromatographic
sciences in Tallinn, Estonia, Soviet
Union. The medal was presented to
Dr. Kirkland by the Soviet Union Sci-
entific Council for Chromatography at
a symposium dedicated to the discov-
ery of chromatography by the Russian
botanist, M. S. Tswett, in 1903. Dr.
Kirkland addressed the symposium on
recent developments in the field of
size-exclusion liquid chromatography.

Dr. Kirkland’s research in liquid
chromatography was significant in the
development of a line of Du Pont’s lig-
uid chromatography systems that are
now widely used in both academic and
industrial research. He has published
more than 50 articles and has written
two books on liquid chromatography.
He serves on several editorial advisory
boards for journals and is also a cur-
rent member of the advisory board of
ANALYTICAL CHEMISTRY. Other
major awards earned by Dr. Kirkland
include the 1972 American Chemical
Society Chromatography Award; the
1973 ACS Delaware Section Award;
and the 1974 Chromatography Forum,
Steven Dal Nogare Award in Chroma-
tography.

Andre D’Arcangelo
Joins AC Staff

Andre D’Arcangelo joined the edito-
rial staff of ANALYTICAL CHEMISTRY
as an editorial assistant in June. Mr.
D’Arcangelo received a BA degree in
biochemistry from the Catholic Uni-

Andre D’Arcangelo

versity of America in Washington,
D.C., in February 1978. Before joining
the editorial staff, he worked briefly in
the research labs at the National Can-
cer Institute. In addition to his re-
sponsibilities in the editorial review
process, Mr. D’Arcangelo is NEW
PRODUCTS editor.

Correction

The price of the nuclear magnetic
resonance spectrometer purchased by
the University of Missouri-St. Louis
and Washington University under a
joint NSF grant was $155 000. The
price was incorrectly quoted on page

752 A of the July issue.

Call for Papers

XXI Coll q ium Spect!
Internationale—S8th Internation-
al Conference on Atomic Spec-
troscopy .

Cambridge, England. July 1-6, 1979.

The conference is cosponsored by the

Royal Society, the International

Union of Pure and Applied Chemistry,

the Chemical Society, and the Insti-

tute of Physics and is organized by the

Association of British Spectroscopists.

Papers ing all branches of

spectroscopy with particular emphasis

on analytical chemistry are invited.

Prospective authors should submit ab-

stracts of no more than 50 words by

September 4, 1978, to Association of

British Spectroscopists, P.0. Box 109,

Cambridge, CB1 2HY, United King-

dom. Authors of accepted papers will

receive special abstract forms on
which to submit a 300-word extended
abstract in English, French, or Ger-
man for publication in the Official

Conference Book of Abstracts.

Meetings

The following meetings are newly
scheduled in ANALYTICAL CHEMIS-
TRY. The 1978 meetings listed earlier
appear in the July issue

® 4th European Electro-optics
Conference and Exhibition. Oct.
10-13. Jaarbeurs Congress Hall,
Utrecht, The Netherlands. Orga-
nized by Sira Institute on Behalf of
the European Electro-Optics Assn.
Contact: R. Keiller, Sira Institute
Ltd., South Hill, Chislehurst, Kent
BR75EH, UK

® 3rd Annual Analytical Chemistry
Symposium of the Baton Rouge
Analytical Instrument Discus-
sion Group. Oct. 12-13. Baton
Rouge Riverside Centroplex. Con-
tact: Marty Fontenot; BRAIDG
Symposium Registration Chair-
man, Ciba Geigy Corp., P.O. Box
11, St. Gabriel, La. 70776
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m 25th National Vacuum Sympo-
sium of American Vacuum Soci-
ety. Nov. 28-Dec. 1. San Francisco.
Contact: E. N. Sickafus, Program
Chairman, Ford Motor Co., Scien-
tific Research Laboratory, Room
2859, Dearborn, Mich. 48121. 313-
323-1502

® 3rd Annual Toxic Substances
Control Conference. Dec. 4-6.
Washington, D.C. Contact: Govern-
ment Institutes, Inc., 4733 Bethes-
da Ave., N.W., Washington, D.C.
20014. 301-656-1090

® Symposium on Pulsed Nuclear

Magnetic Resonance in Solids.
Dec. 18-19. Queen Elizabeth Col-
lege, U. of London. Contact: J. A. S.
Smith, Dept. of Chemistry, Queen
Elizabeth College, Campden Hill
Rd., London, W8, UK

Short Courses

ACS Courses. For more information,
contact: Department of Educational
Activities, American Chemical Soci-
ety, 1155 Sixteenth St., N.W., Wash-
ington, D.C. 20036. 202-872-4508

Toxicology for Chemists
Washington, D.C. Aug. 21-23. Freder-
ick Sperling. $430, ACS members;
$500, nonmembers

Capillary Gas Chromatography
Miami Beach, Sept. 9-10; San Fran-
cisco, Dec. 1-2. Stuart Cram and
Milos Novotny. $250, ACS members;
$300, nonmembers

High-Pressure Liquid Chromatog-
raphy Workshop

Miami Beach, Sept. 9-10; Houston,

Oct. 4-5; Atlanta, Oct. 26-27. David

Freeman. $250, ACS members; $300,

nonmembers

Statistics for Experimental Design
Miami Beach, Sept. 9-10; Houston,
Oct. 4-5; Boston, Nov. 3-4. John
Hromi. $200, ACS members; $240,
nonmembers

Effective Writing for Scientists
and Engineers

Miami Beach. Sept. 13-15. Henrietta

Tichy and Sylvia Fourdrinier. $230,

ACS bers; $280, nc bers

Laboratory Safety: Recognition
and Management of Hazards
Miami Beach. Sept. 13-15. Norman V.
Steere and Maurice Golden. $280,
ACS members; $330, nonmembers



- Find out how easy

HPLC can be
with the

ChemResearch
Series 2000

Designed with the operator in
mind, the ChemResearch Series 2000
has many conveniences to make high
performance liquid chromatography
easy. LED readouts monitor 15
operating parameters. Valve and
column plumbing are mounted on the
oven door, providing easy access for
column or sample loop changes. A
precisely reproducible injection mark
is made automatically every time the
valve is operated. Pressure and
temperature limit controls with
alarms protect the instrument and
operator. And a valve protects
against air locks during solvent
changes.

Modular construction makes it
easy to adapt the Series 2000 to your
HPLC needs. You can choose from
two high-sensitivity detectors, giving
you the option of multi-wavelength or

variable UV/visible absorbance. You
can choose an isocratic version and
later add a single gradient module
that's programmable for concave,
convex, or linear gradients for both
solvent and flow. Easy choices that
give you the versatility you need for
practically any separation.

Solvent delivery is monitored by an
advanced feedback control which
produces an exceptionally smooth
flow by compensating for valve

ChemResearch

CIRCLE 107 ON READER SERVICE CARD

ANALYTICAL CHEMISTRY,

action, system compressibility, and
other irregularities. In fact, the single
piston ChemResearch pump delivers
solvent as smoothly as most dual
piston pumps.

The solvent, injection valve, and
column are maintained at the same
temperature in the forced-air oven to
provide better reproducibility and to
prevent precipitation of samples
which require heat to remain in
solution. Temperatures are precisely
controlled within +1°C throughout
the oven chamber, which accomo-
dates two 25 or 50 cm columns.

Make your HPLC easier—send for
ChemResearch literature today. Or
dial direct, toll free (800) 228-4250
(continental U.S.A. except
Nebraska). Instrumentation
Specialties Company, P.O. Box 5347,
Lincoln, Nebraska 68505.

VoL
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Thermal Methods of Analysis
Miami Beach. Sept. 14-15. Wesley W.
Wendlandt and Ilya M. Sarasohn.
$200, ACS members; $240, nonmem-
bers

Thin-Layer Chromatography
Miami Beach, Sept. 14-15; Boston,
Nov. 2-3. Victor W. Rodwell and Don-
ald J. McNamara. $200, ACS mem-
bers; $240, nonmembers

Micropr s & Mini put-
ers—Interfacing and Applica-
tions

Blacksburg, Va. Sept. 16-21. Ray-

mond Dessy and the Chemistry Dept.

Instrument and Design Group from
VPI&SU. $455, ACS members; $515,
nonmembers

Gas Chromatography-Mass Spec-
trometry
Houston, Oct. 4-5; San Francisco,

SERIES 3 Liquid Chromatograph
with Model LC-65T detector/oven

You get the best combination of
performance and economy when
you design your liquid chromatog-
raphy system to do precisely

the work you have for it. Perkin-
Elmer's variety of modular instru-
ments and accessories gives you
the range of choices you need

to tailor the system to your
objectives.

Start with either of our two basic
instrument systems. SERIES 2
offers models with either one or
two reciprocating pumps. The
SERIES 3 has dual reciprocating
pumps with the versatility of micro-
processor control.

You can, for instance, build on
them with a full selection of Perkin-
Elmer accessories: detectors that
include fixed UV, variable UV and
scanning accessory, refractive
index and fluorescence; a com-
plete line of HPLC columns; a free-

BUILD YOUR
IDEAL LC SYSTEM

standing column oven, or a detec-
tor/oven combining a column
oven and UV/Vis spectrophoto-
meter; and, an auto sampler that
controls up to 84 consecutive in-
jections. Many configurations in-
clude unattended methods
development capability

And just this year, the list has
grown by half a dozen items. Many
of these accessories, like the
remarkable new SERIES 1 pump
with the add-on pumping module,
for example, will work with any
other LC system you have. But a
system that is completely Perkin-
Elmer obviously is the surest route
to simple, efficient operation

Our specialists will help you get
started. Contact your Perkin-Elmer
representative for details, or write
Perkin-Elmer Corporation, M.S. 12
Main Ave., Norwalk, CT 06856.
Telephone (203) 762-4537.

PERKIN-ELLMER

the worid of Y
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Nov. 29-30. J. Throck Watson and O.
David Sparkman. $200, ACS mem-
bers; $240, nonmembers

Maintaining and Troubleshooting
Chromatographic Systems Work-
shop

Houston, Oct. 6-7; Atlanta, Oct. 21—

22. John Q. Walker, Minor T. Jackson,

Jr., and M.P.T. Bradley. $230, ACS

members; $280, nonmembers

Solving Problems with Modern
Liquid Chromatography

Boston. Oct. 28-29. J. J. Kirkland and

Lioyd R. Snyder. $230, ACS members;

$280, nonmembers

Gas Chromatography

Boston. Nov. 2-3. Roy A. Keller and
Michael F. Burke. $200, ACS mem-
bers; $240, nonmembers

Interpretation of Mass Spectra
Boston, Nov. 3-4; San Francisco, Nov.
29-Dec. 1. Don C. DeJongh. $200,
ACS members; $240, nonmembers

Microprocessors & Minicomput-
ers—Interfacing and Applica-
tions

Blacksburg, Va. Dec. 10-15. Raymond

Dessy and the Chemistry Dept. In-

strument and Design Group from

VPI&SU. $455, ACS members; $515,

nonmembers

Liquid Chromatography, Theory &
Practice

Blacksburg, Va. Dec. 11-14. Harold

McNair. $450, ACS members; $510,

nonmembers

Acrosol Measurement

U. of Minnesota. Aug. 16-18. $300.
Centact: Joe Kroll, Dept. of Confer-
ences, 211 Nolte Center, 315 Pillsbury
Drive, S.E., U. of Minnesota, Minne-
apolis, Minn. 612-373-3685

Process Chromatography (GC and
LC)
Baton Rouge Riverside Centroplex.
Oct. 9-12. $250. Contact: Patricia
McDowell, Baton Rouge Analytical
Instrument Discussion Group, P.O.
Box 14233, Baton Rouge, La. 70808.
504-766-5580

Advanced Atomic Absorption Spec-
troscopy
Baton Rouge Riverside Centroplex.
Oct. 9-12. $200. Contact: Patricia
McDowell, Baton Rouge Analytical
Instrument Discussion Group, P.O.
Box 14233, Baton Rouge, La. 70808.
504-766-5580



Ancilyze

this:

THE INTERFACE THAT PUTS LC WHERE GC/MS IS TODAY!
This first commercial LC/ MS Interface now makes

possible mass spectral analysis of materials difficult or
impossible to analyze with a GC/MS system—and also
provides a sensitive (nanogram level) universal Y
detector for liquid chromatography. &-.

f sample quantities
exceed usual imits,
spliit option prowides
an effective zero
dead volume transfer
of the allowable
quantity cf solution.

Flash vaporizer heats
samples for such a
short time that va-
porization is attained
without decomposi-
tion of test materials

Clean-up heater
removes any residual

Two differentially
pumped vacuum

sample to prevent locks complete Continuous belt The LC/MS accepts
any interference removal of solvent Interface 1s the asmuchas12to
peak in the next and also protects mechanism for main- 2.0 cc/min of
belt cycle. mass spectrometer’s taining high yields volatile non-polar
vacuum. Less than With belt interlock solvents such as
107 g/sec of solvent features for utmost hexane or methylene

enters the mass
spectrometer.

safety chionde. \Water
solutions are
handled in amounts

Infrared refiector im- of €.1t0 0.3 cc/min

proves evaporation

of soivent

The LC/MS Interface
can be installed in
the field on any Fin-
nigan GC/MS with
differential pumping,
or can be ordered
with a new Finmigan
system

nts

finnigan
g A DIVISION OF FINNIGAN CORPORATION
845 W. Maude
Sunnyvale, California 94086
(408) 732-0940
Telex: 346399
CIRCLE 75 ON READER SERVICE CARD
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Molecular Absorption Spectrosco-

py (IR, UV, Fluorescence)
Baton Rouge Riverside Centroplex.
Oct. 9-12. $200. Contact: Patricia
McDowell, Baton Rouge Analytical
Instrument Discussion Group, P.O.
Box 14233, Baton Rouge, La. 70808.
504-766-5580

Basic Organic Mass Spectral Inter-
pretation and GC/MS

Airport Holiday Inn, Newark, N:J.

Oct. 23-27. D. De Jongh and G. Ouchi.

$400. Contact: Ann Woolley, Finnigan
Institute, 11750 Chesterdale Rd.,
Bldg. #5, Cincinnati, Ohio 45246.
513-772-5500

For Your Information

The American Nuclear Society (ANS)
announces the availability of the
“EKWIC Index of Nuclear Instru-
mentation and Analysis in the
Physical Sciences Research in
Progress—1977”, an original compi-

The symbol of excellence since 1959

JY\

™

Distilled in Glass (v/4/

Residue-Free Solvenis
from Burdick & Jackson

Purified to the exacting requirements of
gas chromatography, liquid chromatography
and spectrophotometric analysis.

Acetone
Acetonitrile
Benzene
Butanol-1
Butanol-2

Iso-hexanes
Methanol
2-Methoxyethanol
Methylene Chloride
Methyl Ethyl Ketone

n-Butyl Acetate

Butyl Chloride
Carbon Tetrachloride
Chlorobenzene
Chloroform
Cyclohexane
Cyclopentane
o-Dichlorobenzene
Dimethyl Acetamide
Dimethyl Formamide
Dimethyl Sulfoxide
Dioxane
2-Ethoxyethanol
Ethyl Acetate
Ethylene Dichloride
Ethyl Ether

Heptane, 98-99°
Hexadecane
Hexane, 68-69°
Isobutyl Alcohol

Methyl Isoamyl Ketone
Methyl Isobutyl Ketone
N-Methylpyrrolidone
Nonane
Pentane
Petroleum Ether, 30-60°
beta-Phenethylamine
Propanol-1
Propanol-2
Propylene Carbonate
Pyridine
Tetrahydrofuran
Tetramethyl Urea
Toluene
Trichloroethylene
1,1,2-Trichloro-
1,2,2-Trifluoroethane
2,2,4-Trimethylpentane, 93-100°
o-Xylene

Ask for Bulletin BJ-25/U.S. Agencies use F.S.S.

BURDICK & JACKSON LABORATORIES. INC.

uth Harvey Street. Muskegon, Michigan U S A 49442 (616) 726-3171
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lationof prepublication researchinfor-
mation. The index identifies nearly
550 current research projects in prog-
ress in the following areas of nuclear
instrumentation: instrumented sys-
tems with small sources, radiation de-
tectors, radiation dosimetry, isotope
tracer and analysis techniques, and ra-
diation processing. Each project title
is listed under all significant key *
words, which are alphabetically ar-
ranged down the center of each page
with surrounding context. Copies are
available at $20 (56 pages) each from
ANS, 555 N. Kensington Ave., La
Grange Park, Ill. 60525.

“Compendium of Analytical No-
menclature” compiles analytical no-
menclature and symbols approved by
the Council of the International Union
of Pure and Applied Chemistry. The
compendium is available from Perga-
mon Press, Fairview Park, Elmsford,
N.Y. 10523, at $25 a copy for hard-
bound and $15 for paperbound.

The Hazardous Chemical Safety
School, developed by the J. T. Baker
Chemical Co., will be held throughout
the country on a regional basis
through September 1978. The two-day
seminar/workshop covers the funda-
mentals of hazardous chemical safety.
The principal areas are flammable sol-
vents, corrosive chemicals, toxic chem-
icals, insidious hazards related to
chemicals, compressed gases, and
cryogenic chemicals. A set of 40 slides
with a script is provided with the
manual for use by the participants in
their in-house safety training pro-
grams. Attendance is limited to 50,
and the tuition is $245. For further in-
formation on schedules, contact: Patty
Morton, Safety Training, J. T. Baker
Chemical Co., Phillipsburg, N.J. 08865
(201-454-2500).

Esterline Angus Instrument Corp.,
a subsidiary of Esterline Corp., an-
nounces the formation of Esterline
Process Control Systems Division.
‘The new division will be responsible
for the sales of high technology prod-
ucts and systems for monitoring and
control in the process industries. The
product line includes process analyz-
ers, tr itters and tr d
electronic analog and digital data pro-
cessors and controllers, and integrated
monitoring and control systems. For
additional information, contact: Est-
erline Process Control Systems, Divi-
sion Esterline Angus Instrument
Corp., Box 24000, Indianapolis, Ind.
46224 (317-244-7611).




Gilson manufactures an extensive line of quality equipment
and instrumentation for liquid chromatography. Shown here:
are three of our most popular and well-accepted instruments.
For complete details on these units as well as many other
items to make your LC work more precise and productive, call,
write, or circle the reader service number below.




Reliable. F ast and Eas

CIRCLE 142 ON READER SERVICE CARD

New from Balston! ST
A disposable filter |l ricro-
so rugged, it resists R firen
almost any chemi
so good, it can
sterilize air!

Now you can filter virtually any
chemical—concentrated acids,
corrosives, solvents—with Balston's
new Microfibre® Disposable Filter Unit
constructed entirely from glass and
fluorocarbon resins. This new unit
withstands temperatures to 275F,

and can be sterilized by autoclaving
or with ethylene oxide.

It's ideal for d

o filtration of small quantities of i ACTUAL
corrosive liquids to as fine as 0.3 ¢
micron with minimum hold-up volume

« filtering air and other gases to the sterile
level at pressures to 125 psig INLET

o filtration of samples to analyzers
All this at a price of only about $4.50 each!

For more detailed information, use the Reader Service Card.
For a FREE SAMPLE. write on your letterhead, describing
your application. Address Dept. AC-29.

gAI.STON, .

0 Box C. 703 Massactwsefls Ave

Lexington, Massachusetts 02173
(617) 861-7240 o (617) 862-7455
Tolex. 92-3481

i, = BALSTON CANADA 10,
1938 Mattawa Ave., Miss:ssauga. Ontano L4X 1K1
Telephone: (416) 272-1516

CIRCLE 24 ON READER SERVICE CARD

872 A « ANALYTICAL CHEMISTRY, VOL. 50, NO. 9, AUGUST 1978

News

In July, Chemical Abstracts Service
added 21 new topics to its CA Se-
lects, a biweekly current-awareness
publication. Some of the new titles
and subscription rates for 26 issues
are: Analytical Chemistry, $50; Com-
puters in Chemistry, $55; Environ-
mental Pollution, $55; Mossbauer
Spectroscopy, $50; Pollution Monitor-
ing, $50; and Trace Element Analysis,
$50. Thirty-six previous titles are still
available. Each biweekly series con-
tains the complete Chemical Abstracts
abstracts and citations for recent pa-
pers, patents, and other publications
in a particular area. Contents are se-
lected by searching CAS’s computer-
readable information base with a spe-
cial search profile developed for the
topic. Additional information and
complimentary issues may be ob-
tained by writing the Marketing
Dept., Chemical Abstracts Service,
P.0. Box 3012, Columbus, Ohio 43210.

Gas chromatography, liquid chro-
matography, maintaining and trou-
bleshooting chromatographic sys-
tems, laboratory automation, and
electroanalytical chemistry are
some of the many short course topics
the ACS Educational Department
is now offering on a “house call”
basis. For many years, ACS has con-
ducted short courses in analytical
chemistry and related fields covering a
wide range of topics at levels from in-
troductory to highly technical. Now,
an organization can schedule the same
courses, with the same instructors and
teaching materials, right at or near
their own headquarters at great sav-
ings in time and money. For sched-
uling and pricing information, call or
write: Department of Educational Ac-
tivities, 1155 Sixteenth St., N.W.,
Washington, D.C. 20036 (202-872-
4507).

American manufacturers of labo-
ratory, diagnostic and health safety
and equipment are invited to par-
ticipate in LABEX INTERNA-
TIONAL 79, scheduled for March
12-16, 1979, at the National Exhibi-
tion Centre, Birmingham, England.
The biennial event is sponsored by the
Scientific Manufacturers’ Association
of Great Britain and the British Labo-
ratory Ware Association. Further de-
tails on booth space, shipping, cus-
toms, travel, and accommodations can
be obtained from Kallman Associates,
U.S. Representative-LABEX, 30 Jour-
nal Square, Jersey City, N.J. 07306
(201-653-3304).



How in the world can four metal rods
help in food production and
environment protection?

To meet the demands of a growing world population, science and
industry have in the recent past assumed major roles in agricul-
tural productivity. Their assistance has led to improved irrigation
methods, more efficient machinery for handling soils and crops,
high yield strains of grain and more effective measures toward
pest control. These developments have helped to produce more
food, but one hangs like a dark threatening cloud — pesticides.

Those that are dense and water insoluble, migrate within the
water system as far as lakes and seas where they quickly settle.
Aquatic flora and fauna incorporate these chemicals only to be
ingested by progressively higher life forms until finally the food
chain ends at man. Most pesticides show toxic effects at concen-
tration levels so low that a serious analytical problem is posed in
their quantitative determination.

Easily degradable pesticides may be the ultimate answer. But for
the present, research must be concentrated on the removal of
existing compounds from human tissue and the monitoring of
transmittal agents such as water systems, agricultural products
and fish.

What instrumentation can characterize pesticides in plant/animal
tissues and water samples at the required trace levels? Extranu-
clear Laboratories, Inc. offers SIMULSCAN 200 GC/MS which,
with its simultaneous CI/El ionization spectra, is ideally suited for
analysis in biological studies. Shown are the simultaneous CVEI
spectra from the same GC peak of the pesticide 0,0-diethyl 0,
p-nitrophenyl phosphorothionate.

SIMULSCAN 200 GC/MS provides simultaneous but separate
CU/EI spectra for the same sample, combining the structural and
fingerprint characteristics of EI with the high sensitivity and
simpler molecular ion structure of CI. In the chemical ionization
mode, the system’s negative ion capabilities are of particular
value in the analysis of pesticides.

And the four metal rods? They’re the heart
of our quadrupole mass spectrometers.

Organic analysis at low levels

Extranuclear Laboratories, inc.
P.0.Bax H512/ Pittsburgh, Pennsylvania 15238  (412)782-3884
Teler: 812316 Esvalad
Extranuclear Laboratories will hold their annual Fall
School In Mass Spectromelyy during the week of Nov.6.
For information call and ask for ext. 11.

CIRCLE 63 ON READER SERVICE CARD
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SULFUR IN COAL & COKE
IN 2 MINUTES...

with the LECO SC-32

@® Accuracy +2 percent of Sulfur content
® Microprocessor Technology
® Large Sample (up to1 gram)

@ Integral Diagnostic Program
(lab technician can easily perform service)

@ Solid State IR Detection (no standard solutions)

CONTACT LECO TODAY!

LECO CORPORATION 3000 Lakeview Ave. St. Joseph, M 49085, U.S.A. Phone: (616) 983-5531 LECO

CIRCLE 125 ON READER SERVICE CARD
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Irwin H. Suffet
Department of Chemistry
| Studies
Drexel University
Philadelphia, Pa. 19104

Patrick R. Cairo
Research and Development

Philadelphia Water Department
Philadelphia, Pa. 19107

InSearch
of the
Cause of
Legionnaires’
Disease

Transmission of disease occurs
through a vector, e.g., insect, water,
soil, air, or food. The cause (etiologic
agent) and the vector of Legionnaires’
disease, which occurred in Philadel-
phia, July 21-24, 1976, were being
sought by the Center for Disease Con-
trol (CDC) (Atlanta, Ga.) and the
Philadelphia Health Department. Yet,
three weeks after the outbreak of the
disease, no agent or vector had been
found. Theories abounded!

Symptoms of Legionnaires’ disease
closely i bled those of p i
Thus, to separate victims from back-
ground cases of pneumonia that would
normally develop in a city the size of
Philadelphia, CDC selected both clini-
cal and epidemiologic characteristics.
Persons were classified as victims of
the disease if they possessed fever and
chest x-ray evidence of pneumonia or
a temperature greater than 102 °F and
a cough. To further narrow the defini-
tion, they had to have attended the
American Legion Convention or have
visited the convention center hotel be-
tween July 1 and the onset of illness.

0003-2700/78/0350-875A$01.00/0
© 1978 American Chemical Society

The Analytical Approach

Figure 1. Schematic diag of water

Edited by Claude A. Lucchesi

12
H
H

of ion center hotel

Statistical analysis of 182 suspected
cases ultimately revealed that a typi-
cal victim became ill seven days after
arriving in Philadelphia and had a
temperature rise to 102-105 °F. Since
these symptoms could be produced by
numerous types of microorganisms
and toxins, the investigation was
broadened to include all possible envi-
ronmental factors.

A cross-connection survey of the
convention center’s water system, con-
ducted on August 8, 1976, showed
many violations. Either the wastewa-
ter or the air conditioning system
could have contaminated the hotel
drinking water system. A cross-con-
nection could bring toxic substances
into the water supply or perhaps bring
organic compounds that would react
in a synergistic manner with com-
pounds commonly found in part-per-
billion quantities in drinking water.
Also, possibly, an agent from a cross-
connection, such as dichromate (an
antifouling chemical in the air condi-
tioning system), could change a set of
trace in some unk fash-

Y

ion into toxic substances. In addition
to helping victims of Legionnaires’
disease, protection of the people re-
maining in the hotel was also a major
concern. Would there be a subsequent
outbreak? Were cross-connections or
toxic compounds involved? The Phila-
delphia Water Department, asked to
investigate the environmental systems
of the hotel, reviewed with health
agencies their findings and learned
that a thorough evaluation of the trace
organics in the hotel drinking water
system had not been undertaken.
Thus, an effort in cooperation with
Drexel University was initiated im-
mediately to study the drinking water
and the air conditioning systems.

How to study water entering and
circulating in a 50-year-old hotel was
a major problem. Drinking water en-
tering the hotel could come from two
treatment plants, each obtaining its
water from different surface water
supplies, the Schuylkill and Delaware
Rivers. The two water sources then in-
termix within the distribution system
and enter the hotel through two water
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mains. Where should samples be
taken? How could representative sam-
ples be obtained? What isolation
methods were readily available, and
which should be used? How could the
source of water entering the hotel be
determined? How could a comparison
of analyses performed at different lo-
cations be made? It should be empha-
sized that a comprehensive trace or-
ganic survey of any site in a complex
water distribution system had never
been accomplished. No protocol or
standard methods existed for this type
of study, and adaptation of laboratory
methods to field locations was neces-

sary.

The effect of chlorination and de-
tention time on the trace organic con-
tent of a drinking water has only re-
cently been studied and still is not
fully understood. Data from many
water treatment plants indicate that
each drinking water may be unique in
composition and chemical reactivity.
Studies of collected samples show that
even treated water is of ever-changing
quality. Recent studies at one of Phil-
adelphia’s Water Treatment Plants
showed a variation in trace organic
content during a week of continuous
composite sampling. The chlorinated
material also has been shown to
change with time. In fact, the rate of
change may be different for each sam-
ple. Furthermore, at a specific location
in a complex water distribution sys-
tem, such as the one servicing the
hotel, the water may be comprised of
a changing mixture of river sources
since water flow is controlled by con-
sumption.

room located in subbasement of hotel

Figuro 2. On-line sample collection and isolation system as operated In screen washing

Sample Site Selection

With limited time available, the
choice of sampling sites was extremely
important. To ensure that no possible
contamination source would be
missed, sampling locations were cho-
sen to follow the path of the water
through the hotel distribution system
(Figure 1) from one water main (1B)
to the tanks on the 19th floor (1C, 1D)
and then down through the other
floors (9th and lobby, 1F and 1G). All
these samples were collected simulta-
neously on 8/25/76. In addition, a
cross-connection with the air condi-
tioning system (1E) on the 19th floor
was sampled on 8/25/76. Two special
sites at the input and output water
from a drinking water fountain out-
side of a ballroom on the 18th floor
(2E, 2F) and at an ice machine on the
2nd floor (3E, 3F) were sampled along
with the cooling and condenser water
from the air conditioning system on
8/27/76. The second water main (1A)
also was sampled on 8/27/76. These
sites were representative of the loca-
tion where attendees at the Legion-
naires’ conference could obtain water
that might be a vector of the disease.

Representative Samples and
Choice of Isolation Method

No sample sites are ideal, no isola-
tion method is totally efficient, and
no method of obtaining a representa-
tive sample is time tested. Conse-
quently, one must make choices based
upon the state-of-the-art at that time
and the pragmatic considerations of
manpower and equipment available.

Walnut Street water main (2A) sample collected at this point. Continuous composite sample after dechlo-
adjustment fed continuously

rination and pH
sample for

1o on-line MRR-XAD-2 macroreticular resin sampler; at overflow,

liquid-liquid
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The investigation reported here has
enabled the development of an analyt-
ical protocol for the study of future
emergency water problems.

The decision was made to utilize a
composite sampling method to obtain
representative samples throughout the
hotel’s distribution system. Eight-
hour composite samples were collected
during midweek working days. Macro-
reticular resin (MRR) XAD-2 and
continuous liquid-liquid extraction
(CLLE) were the isolation methods
used. They have been used successful-
ly in identification of trace organics
in drinking water in Philadelphia
since 1975 (1). The MRR and CLLE
equipment was operational, and the
manpower was experienced in its use.
These isolation methods are useful for
analysis of the “neutral”-type organ-
ics, boiling between 40 and 230 °C.
Figure 2 shows the sampling appara-
tus at a location in the hotel’s sub-
basement where a water main sample
(2A) was collected.

Comparison of Samples Collected
at Different Locations

A gas chromatographic “profile”
method was used to compare samples
(2, 3), and selected samples were run
by GC/MS to identify the components
of these samples. The analytical ap-
proach used to study the trace organ-
ics present in the hotel’s water system
is shown in Figure 3. Of prime impor-
tance is the GC profile evaluation in
which the question of possible con-
tamination may be considered. A GC
profile is a fingerprint of a complex
group of trace organics present in the
extracted water and constitutes an in-
formation pattern of the sample. By
plotting peak area or height propor-
tional to a standard on a relative re-
tention time scale, many GC profiles
can be compared to obtain an under-
standing of the spatial changes in the
hotel’s water system. A unique GC
profile computer program was used
to study the difference in the trace or-
ganics between samples. It must be
emphasized that differences between
GC profiles can be caused by different
compounds or different relative con-
centrations of a mixture of compounds
in a sample. GC profiles are used to
observe peak changes and to aid in the
selection of samples to best utilize se-
verely limited GC/MS analysis time.

A cursory evaluation of the GC pro-
files of the organics present through
the distribution system showed it to
be extremely useful in demonstrating
differences between samples. When
GC/MS was used to identify a com-
pound, its identity was considered
confirmed if it matched the mass spec-
trum of a pure reference compound
and if its relative retention time on a
20% SE-30 packed column was the



Figure 3. Analytical approach for identification of trace organics

same as the reference compound. In
addition, tentative identifications
were made where reference com-
pounds were not commercially avail-
able but the mass spectrum of a peak
matched uniquely characteristic liter-
ature mass spectra. When needed,
computer-assisted interpretation was
provided by Cornell University’s Mass
Spectral Identification System PBM
and STIRS.

Was There a Difference
Between Samples?

A detailed GC profile analysis was
performed on the organics in the
drinking water samples and air condi-
tioning system. Figure 4 shows

of the peak representative of the size
of the original GC peak—either small,
medium, or large (relative heights on
the GC peak profiles are respectively,
0.2, 0.5, and 1.0 units). A reproducibil-
ity of £0.015 RRT units was obtained
during this study.

Two phenomena were observed in
drinking water samples with these
spiked profiles:

¢ A general similarity among GC
profiles of MRR samples at different
drinking water umplmg locations (in-
cluding special sites) is obvious. The
CLLE samples were very similar to
the MRR les except for
tration diffe (CLLE
volumes were around 30 Latal0:1
water ratio, MRR vol-
umes were around 100 L).

« Minute changes could be seen less
distinctly. Comparison with the origi-
nal chromatograms showed that some-
times shoulders on peaks could be
seen, and at other times these were
obscured by large peaks. This is dem-
onstrated more clearly by simulated
3-D profiles, with peak heights and
widths of the profile actually mea-
sured (Figure 5).

The CLLE samples from the air
conditioning system were the only
samples to appear quite different from

the dnnkmg wa'.er system. With an

“spiked” GC profiles of samples ob-
tained at various locations by the
MRR sampling method. Each spike
represents a GC peak, with the height

Figure 4. GC profiles on SE-30 of drinking water samples from convention center
hotel

Water samples collected by MRR-XAD-2 macroreticular resin column over 8-h period on 8/23/76 and

8/27/76. Sample 1 from one of the water treatment

that feeds water to the hotel. Sample 2

| more and
hxgher GC peaks of different RTT’s
were observed.

GC/MS Identification of Trace
Organics in the Drinking Water
and Air Conditioning System

The 9th floor samples were chosen
as reference GC profiles for the hotel
drinking water system since they con-
tained the most GC peaks of the larg-
est concentration. Thus, it was rea-
soned that if a compound t.hat could
have d L was
in the dnnkmg water, it would be -
found in this sample or in a sample
where a GC peak was missing from the
profile of the th floor (@) Figure 4).

A detailed GC/MS analysis was
completed with a 6% SE-30 column
on the 9th floor MRR and CLLE sam-
ples and on selected samples at RRT’s
where GC peaks were missing from
the 9th floor MRR sample. Also, a
complete GC/MS analysis was run on
the MRR samples for the drinking
water fountain with the carbon filter.
The carbon filter had been installed
on this fountain for an unknown peri-
od of time. Table I shows GC/MS re-
sults for the 9th floor MRR and CLLE

GC/MS analysis of the se-

plants
on 8/27/76 and listed as 2A to show It was not collected on 8/23/76. ¥ Missing in Sth floor, present in
sample. % Missing In sample, present in 8th fioor. ¥ Minor peak in carbon filter effiuent, not in influent.
Peak lowered in Intensity in etfiuent of carbon filter as compared to influent to carbon filter. Internal
standards were 2-ethyl- 1-hexanol (RRT: 0.78) dibuty! phthalate (2.00). All samples eluted with 200 mL ether

evaporated to 1 mL

lected samples where GC peaks were
missing from the 9th floor sample
(Figure 4) showed that RRT shifts due
to changes in relative concentrations
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Figure 5. GC profiles of drinking water samples taken before and after a carbon filter

on a drinking water fountain
Chromatograms
4th chromatograms,

of mixtures of compounds eluting as
single peaks was the primary reason
for differences. Benzene (19th floor)
and a branched C8 alkene (19th and
lobby) were the only compounds in
these samples that were not found in
the 9th floor sample. Two possibilities
are that they were obscured by a larg-
er peak or were added in water distri-
bution. GC/MS of these CLLE sam-
ples added further confirmation of
these components. Other CLLE sam-
ples were too dilute to allow GC/MS
analysis.

GC/MS analysis of the trace organ-

same as sample numbers 8 and 9 from Figure 4. Before sample plotted as 1st, 3rd, and
respectively

ics present in the carbon filter influent
showed a set of compounds which was
similar to those found in the drinking
water system (Table I). Two new com-
pounds were observed: phenylacetic
acid and 1,2:3,5-di-O-isopropylidene-
D-xylofuranose. This may be accounted
for by the fact that the influent sam-
ple to the carbon filter was collected
two days after the drinking water sam-
ples. GC/MS analysis of the trace or-
ganics present in the carbon filter ef-
fluent showed the same pound
that were present in the influent ex-
cept for the addition of trichloroethyl-

ene, diethyl phthalate, 2-dichloroben-
zene i dichl itrile, tol-
uene, a dichloropropene isomer, and
a C9 branched hydrocarbon. These
compounds have previously been ob-
served in Philadelphia’s drinking
water and are apparently being dis-
placed by others that are adsorbed.
Most of the compounds found in the
hotel drinking water system have been
identified in drinking waters through-
out the United States and are also
part of the variable complement of
trace organics found in Philadelphia’s
drinking water. Thus, it was evident
that these could not be the cause of
Legionnaires’ disease. 1,1-Dichloro-
ethane, a C5 alkene, methyl bromide,
and phenanthrene or anthracene are
compounds that had never been iso-
lated in any other Philadelphia drink-
ing water sample, but a search of the
toxicological significance of these
compounds indicated that these
should not have led to the disease.
Table I shows the GC/MS analysis
of the air conditioning system. Diethyl
sulfate is an additional compound to
the drinking water sample mixture of
compounds. Since this compound was
not found in any of the drinking water
samples, contamination caused by a
cross-connection at the time of sam-
pling is unlikely. Once again, no ob-
vious solution to Legionnaires’ disease
was found.

Capillary Column GC

The decision was made to select
several samples and run capillary col-
umn GC. Its high resolving power
would be used to detect minute differ-
ences between samples. Portions of

Figure 8. Portions of capillary GC profiles on OV-101 of drinking water samples from convention center hotel
These from same samples as numbers 4, 5, 6, 8, and 9 from Figure 4. ¥ Missing in Sth floor, present in sample. % Missing in sample, present

in 9th floor.

peaks are very large, they are circled
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Photomicrograph by John Delly, McCrone Research Institute

FOR THE CREATIVE CHEMIST:

EASTMAN ACS AND SPECTROPHOTOMETRIC SOLVENTS.

Creative things can happen when you
use your imagination and EASTMAN
Organic Chemicals, as demonstrated
by this photomicrograph by John Delly.
McCrone Research Institute.

For more practical, everyday appli-
cations, analysts and researchers can
rely on the consistent quality of our
reagent ACS solvents and spectro-
photometric solvents.

Our technical publications list data

like absorbance at various wavelengths.
including UV cutoff. assay value, and
infrared windows. If you want a solvent
of a particular boiling range. density.
ultraviolet cutoff, refractive index.,
dipole movement, evaporation rate,

or flash point, look at our line. Or ar the
thousands of other EASTMAN Organic
Chemicals including dyes, stains, and
indicators, and products for electro-
phoresis and protein chemistry.

See your dealer in EASTMAN Organic
Chemicals for details, quotes, fast service,
and even a colorful free gift from us.

For complete details on our solvents
and spectrophotometric solvents, send
for our free technical literature, 3J-282
and J)-283. Write
Eastman Organic Chemicals, g
Eastman Kodak Company.,

Dept. 412L,
Rochester, N.Y. 14650.

Take a dose look ot EASTMAN Organic Chemicals. Dealers handling EASTMAN Organic Chemicals: American Scientific G Chemical,
Bioclinical Laboratories, Brand-Nu Laboratories, Inc.. Bryant Laboratory, Inc.. Custom Chemical Laboratories, Inc.. Fisher Scientific.
GAC Laboratories. Inc.. Labproducts, Inc.. Midland Scientific. Inc., North-Strong. Inc.. Preiser Scientific. Sargent-Welch, Scientific Prod-
ucts, Scientific & Industrial Sales G Service. Inc.. VWR Scientific Inc.. Ward's Natural Science Establishment, Inc.
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Table I. Compounds Identified by GC/MS in Bellevue-Stratford
Samples Taken by Macroreticular Resin (MRR) and by
Continuous Liquid-Liquid Extraction (CLLE)?

drinking
water _ alr conditioning system
9th floor I condenser

(MRR)  (CLLE) (CLLE)

3

X

o

&X'\:XXXXXXXX

x X

AROMATIC
acetophenone
benzaldehyde
ethyl benzene or xylene isomers
toluene
m- or p-tolunitrile
dimethyl or ethyl phenol isomer
dimethyl or ethyl
C5-benzene isomer
h or

o
x

X X N X X X b X X
a

MISCELLANEOUS
2,3:4,6-di-0- L

Propy

dibutyl phthalate

tributyl phosphate
dihydroactinidiolide

C5 alkene

C6 branched hydrocarbon
C7-9 branched hydrocarbons
ethanol

acetone

diethyl sulfate

triethyl ph

Xec
G
Xe

X X X X

TENTATIVES

ethyl sorbate

1 (2 or 4-chlorophenyl) ethanol
1,1,2-trichioroethane

X
X
X

# All impurities found in the blank are not listed. ® X = compound identified. < Confirmed by GC/MS in Sth tioor CLLE
“ Any number = number of isomers identified. * May also be mixed with a C4-benzene isomer.

GC profiles with true relative heights
are shown in Figure 6. Approximately
125 peaks per sample were isolated by
using capillary columns compared
with 35 peaks on packed columns.
After a detailed examination of the
capillary GC runs, it became clear that
there was very little difference in the
type and amount of trace organics
throughout the hotel’s drinking water

able variation compared with the
ninth floor. Only 4 peaks on capillary
GC, at RRT 1.41, 1.43, 1.49, and 1.55,
were considered to be significant.
Thus, our preliminary analysis with
an SE-30 packed column was con-
firmed by capillary GC. GC profile
evaluation was an effective method for
examination of the trace organics
throughout the hotel’s drinking water

a screening method for subsequent
GC/MS work.

The Disease Agent

In January 1977, six months after
the outbreak of Legionnaires' disease,
CDC reported that it had isolated a
previously unidentified microorgan-
ism that is believed to be the cause of
the disease. As detailed in the New
England Journal of Medicine (4),
after months of fruitless efforts, a
gram-negative, nonacid-fast bacillus
was isolated from lung tissues of vic-
tims by inoculating guinea pigs and
then transferring their spleen suspen-
sions to embryonated eggs. Cultivat-
ing the organism on artificial media
required several more months of effort
until finally a procedure was estab-
lished which permitted testing of a
large number of disease victims. Once
confident that this bacterium was in-
deed the agent, CDC set out to find
whether similar outbreaks of pneumo-
nia in the past had been caused by this
organism. Using serum specimens
stored from previous outbreaks in
1966 at a hospital in Washington,
D.C., and in 1968 in Pontiac, Mich.,
CDC concluded that the sera con-
tained significant numbers of anti-
bodies to implicate the bacterium. By
November 1977 CDC reported (5) that
confirmed sporadic cases of Legion-
naires’ disease had been found in 24
states of the United States as well as
England and Spain.

The Disease Vector

Although medical authorities are
confident that they have identified
the agent, the mode of transmission
of the disease remains a mystery. Per-
son-to-person spread was quickly
ruled out when secondary infections
to families of the Philadelphia victims
did not occur. Similarly, food, tobacco,
and alcohol were dismissed as possible
vectors. Transmission through water
is unlikely, for although the epidemio-
logic investigation has shown that
water consumption was higher than
normal for victims, one-third of the
cases denied drinking any water; in
fact, a group never entered the hotel.
The vector now believed to be the best
possibility is air transmission or a soil-
or dirt-borne organism. This hypothe-
sis is predicated on the fact that many
victims spent considerable time in the
lobby of the hotel. A low grade or in-
termittent exposure of the organism
may have resulted from some type of
construction-related activity that
would have disturbed the niche of the
bacterium, causing its entry into the
air environment of the hotel and its
surroundings. Further work is still

ded before the mode of transmis-

system! Less than 10% of the approxi-
mately 125 peaks showed any notice-

y . It enabled deter simi-

larities of samples and thus provided
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Discussion

Although the organic profile of the
hotel water system did not uncover
the vector for Legionnaires’ disease,
significant experience was gained in
the development and testing of an an-
alytical protocol to be used in re-
sponding to emergency water prob-
lems. Cross-connection incidences
have been the cause of numerous gas-
trointestinal diseases and, in some
cases, even deaths. Though in most in-
stances microorganisms are the agents
of the disease, toxic chemicals have
been responsible for some occurrences.
By responding promptly with thor-
ough analytical surveys, the cause of
the problem may be quickly found and
corrective steps taken before serious
health problems develop.

A second benefit of the investiga-
tion of the hotel water system has
been the demonstration of the versa-
tility of the isolation steps. Although
designed for use in a laboratory envi-
ronment, the apparatus was easily
adapted to very hostile environments.
These steps can be used in the field
to conduct trace organic surveys of
complex water distribution networks,
thus obviating the need for bringing
large volumes of water back to the lab-
oratory. Finally, the role of the analyt-
ical chemist in a team of disease inves-
tigators was once again demonstrated.
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In Evaporation, there are two
names to know.

Buchler is one of them.

For all your laboratory evaporation needs, Buchler
is a name you must know, whether you are using
aqueous or volatile solvents . . . batch or multiple
samples . . . for any application, including RIA, CPB,
chromatography or drug determinations. Choose
among Buchler evaporators . . . the line that really
offers you a choice.

When you next think evaporation, contact-Buchler
—through leading laboratory supply houses.

@ Buchler Instruments

Evaporat
(patentea
features)

Multiple Sample
Evaporator
(patented
features)

Adjustable Height
Water Bath

Buchler Instruments: made in the United States, sales and service worldwide
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The ND6600 X-Ray Analysis System
And Maryann And John And Cindy And . ..

That's right, multiple users performing
multiple tasks simultaneously using the
powerful hardware and software
capabilities of the ND6600 Laboratory
Computer System. While other X-ray data
systems perform only single tasks, the
ND6600 accomplishes a multitude of
computerized tasks for multiple
independent users.

The 6600 system combines the
efficiency of distributed processing with
the exclusive, synchronous COMBUS to
meet requirements in all areas of
spectroscopy. The system simultaneously
acquires, processes and displays data
from a variety of radiation sources (up to 24
separate experiments) over an essentially
infinite range of energies. Analyses can be
performed on the basis of pulse height for
energy dispersive data and multichannel
scaling (pulse counting) for wavelength
dispersive data. ND6600 X-ray analysis
capabilities include:

Qualitative X-Ray Analysis: KLM markers
can be independently displayed on each
user's spectrum. All possible element
assignments for a set of spectral peaks are
listed and each assignment is tested for the
probability of the element being present
using all defined lines for the element

Tube-Excited Quantitative X-Ray
Analysis: Fundamental Parameters matrix
correction software accounts for line
enhancement and absorption effects and
includes provisions for thin and
micro-sample analysis. Automatic
background removal and deconvolution
are standard

Electron-Excited Quantitative X-Ray
Analysis: Deconvolution and ZAF
correction software based on Frame C
automatically performs analysis for
electron column applications

Ask for literature on the ND6600 X-Ray
Analysis System including sample reports,
data displays and typical applications.
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Golf and Meacham Roads
Schaumburg, lllinois 60196
Tel: 312 884-3621
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Single and Dual
Channel Dispensers
Now you can solve almost all of
your liquid dispensing problems
with Hamilton's new and improved,
fow-cost Precision Liquid Dis-
pensers (PLD). Designed for
industrial R&D, quality control,
and filling operations, with accu-
racy and precision where strict
tolerances are required

Check these features

(J New, improved valve system.

[ Longer valve life saves down-
time

[ Easy cleaning and changing.

ZJ Simple, trouble-free operation.

7] Weight-balanced. rugged
construction.

] Operates in any position or
environment

(J Pneumatic (non-electric) oper-
ation.

[ Ideal for operations where
oxygen or flammables are
present, or In most extremes
of temperature or viscosity.

[ Under standard conditions,
precision is +.05%, accuracy
1s+1%

If you have a hquid dispensing
problem, call the experts. We'll
send out a trained sales engineer
or put you in touch with one of
our dealers. Write for literature to
John Nadolny, Hamilton Company,
PO. Box 10030, Reno, Nevada
89510, or call (702) 786-7077.

HAMILTSN
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30-ton
motorized
hydraulic press

for safe, fast
reproducible pressing
of pellets 13-mm to
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SPEX nousries inc
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YOUR “READER SURVEY” VIEWS ARE VITAL

Analytical Chemistry frequently presents a Reader Survey section that
provides you with an opportunity to indicate your interests and activities.
Your answers help us in planning editorial material that will be useful to

you in your work.

To express your Reader Survey views, simply circle your answers on one
of these adjacent reply cards and drop it in the mail. No postage is
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Single and Duéi
Channel Dispensers

Now you can solve almost all of
your liquid dispensing problems
with Hamilton's new andimproved,
low-cost Precision Liquid Dis-
pensers (PLD). Designed for
industnal R&D, quality control,
and filing operations, with accu-
racy and precision where strict
tolerances are required.

Check these features

[ New, improved valve system

[J Longer valve life saves down-
time.

O Easy cleaning and changing

] Simple, trouble-free operation.

[J Weight-balanced, rugged
construction,

[ Operates in any position or
environment

[J Pneumatic (non-electric) oper-
ation.

(7 Ideal for operations where
oxygen or flammables are
present, or in most extremes
of temperature or viscosity.

0 Under standard conditions,
precision 1s +.05%, accuracy
15 +1%

If you have a liquid dispensing
problem, call the experts. We'll
send out a trained sales engineer
or put you in touch with one of
our dealers. Write for literature to
John Nadolny, Hamilton Company,
PO. Box 10030, Reno, Nevada
83510, or call (702) 786-7077.
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Twelve stations within the crat
ten single-width 1/O modules. Th
contains two Minifloppy disk drives

As with our standard 25-station CAMAC
mini 8010 system

intelligence and control.

We can provide a CAMAC 8010 microcomputer system tallor
from a full line of d 1/0 and as well 3
handle them. Write or call today for more information.

the start of a beautiful
process control system

KineticSystems Corporation

Dept. AC88, 11 Maryknoll Drive ® Lockport, lllinois 60441 e (815) 8380005 e TWX 910 638 2831
Y 6 Chemin de Tavernay ® 1218 Geneva, Switzerland e (022)9844 45 e Telex 28 9622
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New Products

Recorder Calibrator

Model HC-25 quickly checks the perfor-
mance of both strip chart and x-y re-
corders. It evaluates span calibration,
dead zone, chart speed or time base
accuracy, linearity, and overshoot. The
calibrator provides more than 80 output
range spans from 0.1 to 15 mV via
function switch with six output recorder
functions, and time markers that can be
set from 0.1 to 99 s/in. at variable am-
plitudes from 0 to 100 mV/in. Houston
Instrument . 419

Purge and Trap Sampler

The HP 7675A purge and trap sampler
concentrates traces of volatile organic
compounds to levels detectable by GC
and GC/MS. It uses the dynamic head-
space technique of analysis in which
the sample is continuously purged by
gas flowing through it. Volatile organics
in water are transferred to the gaseous
phase and then adsorbed on a trap
where they are heated and backflushed
onto the analytical column. The unit is
programmable, allowing the user to se-
lect purge time, trap desorption time,
and temperature. Prices start at $3500.
Hewlett-Packard Co. 410
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The XL-200 sup: g FT-NMR sp: with multitasking data system incorporates
a high-performance data management system that affords unique multitasking capability and
high sample throughput. It is equipped with a wide-bore 47-kg superconducting magnet for
high-resolution studies of 'H at 200 MHz and '3C at 50.3 MHz. The superconducting solenoid
is housed in a low-loss dewar unit that allows the system to operate over three months with only
25 L of liquid helium. The data management system employs two processing units—one 32
bits wide and specializing in high-speed data collection and spectrometer control, and the other
programmed in a high-level language and providing flexible data manipulation. Prices start at
$149 500. Varian Associates 401

Autosampler for Atomic
Absorption

The IL254 FASTAC (flame/furnace au-
tosampling technique with automatic
calibration) automatically presents up
to 95 samples either to an atomic ab-
sorption burner system or to the IL555
controlled-temperature furnace atomiz-
er. It differs from other furnace auto-
samplers in that the sample passes
through a nebulizer and mixing cham-
ber and is presented to the furnace as
an aerosol. Advantages provided are
controllable analytical sensitivity, good
precision, low sample carryover, and
high speed. Instrumentation Laboratory
Inc. 412

The TN-4000 spectroscopic analyll: system, a multichannel analyzer,
features multiple-p! 't data memories,
and an lmeractlve operator” s con!rol consola Complete software
kages providing lysis are availabl
neutron activation analysis and gamma-ray spectroscopy. The system
is offered with a selection of central processing units and may be
configured with as many as eight independently accessed data
memories, providing analytical power of up to eight separate analyzers
in one centrally controlled system. Spectral data and system Information
are dynamically displayed on a 9-in. fully alphanumeric CRT. Tracor
Northern, Inc. 402
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LOOK INTO THE LEADER

IN TEMPERATURE CONTROLLED BATHS

For the finest in temperature control systems,
look into the company that pioneered the EXACAL
BATH CIRCULATORS. With a temperature range
from —100°C to + 300°C NESLAB products repre-
sent the highest quality in IMMERSION COOLERS,
RECIRCULATING EXCHANGERS and BATH CIR-
CULATORS. NESLAB also offers the technical
advice of our chemists and engineers to help you
solve your heating and cooling problems.

Call the leader — toll free : R
1-800-258-0830 NS

InN.H.call collect 603-436-9444

NESL2E the name in circulation

NESLAB INSTRUMENTS, INC. 871 ISLINGTON STREET. PORTSMOUTH. N.H. 03801 U .S A. (603) 436-9444
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New Products

X-ray Energy Spectrometer

Sigma-X is a microprocessor-based
x-ray energy spectrometer employing
several radioisotopes to induce x-ray
fluorescence. Nondestructive multiele-
ment analyses are performed within 60
s per assay. The microprocessors are
programmed for dedicated analytical
applications (i.e., stainless steel, cop-
per alloys, urinalysis, etc.). A simple
insertion of a preprogrammed micro-
processor PC board changes the dedi-
cated application. The spectrometer

is equipped with a 16-sample capacity
sample changer and a fail-safe inter-
locked radioisotope source shutter with
provision for vacuum operation. Kevex
Corp. 408

GPC Columns

These columns are packed with Spher-
ogel, a polystyrene-divinylbenzene gel.
The degree of cross-linking provides
good stability, As a result, many sol-
vents can be used without problems

of swelling or loss of column efficiency.
The columns are 30 cm long with an

i.d. of 0.8 cm. Seven different pore di-
ameters are available covering the mo-
lecular weight range of 100 to 5 X 108.
Typical efficiencies are in excess of

20 000 plates per meter. Altex Scientif-
ic, Inc. 420

The Microlab P microprocessor-controlled
hand pipet can be used as a universal re-
peating dispenser, transfer pipet, automatic
buret for microtitration, dispenser for expo-
nential dilution, and repeating diluter. It has a
motorized plunger controlled by a program-
mable microprocessor. Ten steps are pro-
grammable. Volume, speed, and functions are

lected on a sep keyboard 0
module. Gas-tight syringes with volumes from
50 to 5000 uL may be used, and volumes from
0.5 to 5000 uL may be dispensed. Full scale
dispensing takes 2-10 s. Accuracy is better
than 1.0%, and reproducibility is better than
0.3%. Hamilton Co. 405

The E-900 data acquisition system can accumulate a single or mul-
tiscan time-averaged EPR spectrum, store spectra complete with all
parameter information on tape, and print out file header information
of selected spectra. It also can display up to three spectra, perform X-Y
scale shift, linear baseline correction, differentiation, integration, noise
spike deletion, and g-value calculation. It has a read/write memory of
23K bytes, and a magnetic tape storage of 250K bytes with program
editing, programming, plotting, and matrix manipulation. Varian In-

strument Division

Acid Spill Neutralizer

Neutrasol Low Na* is designed to treat
hazardous acid spills occurring in areas
sensitive to metal ion contamination.
Total metal content of this liquid is less
than 0.08%. It initiates a controlled
neutralization reaction as well as a
color change indicating pH of the reac-
tion mixture. Moderate foaming accom-
panies the treatment serving to sup-
press hazardous fume release and pro-
mote controlled reaction rates. Return
of the spill mixture to a blue color sig-
nifies complete neutralization of the
acid. J. T. Baker Chemical Co. 416

UV Detector for HPLC

The SP8300 detector may be used with
any liquid chromatograph. It is virtually
flow insensitive and can be used at
0.0025 AUFS with pulsing pumps.
Short-term noise is less than 50 X
10~% AU. Baseline stability is enhanced
by line voltage control circuitry that
eliminates the effects of voltage fluctu-
ations on lamp intensity. Operation at
254 nm is standard, and optional wave-
lengths of 280, 312, 365, 436, and 546
are available. Full scale sensitivity
ranges from 0.0025 to 1.28 AU. The
detector cell volume is 10 uL. Spectra-
Physics 417
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Column Oven for
Liquid Chromatography

The LC-100 column air bath oven is a
self-contained module that can hold up
to eight 30-cm columns with diameters
from 3.5 mm to 2.54 cm. Temperatures
from 10 to 99 °C can be controlled to
within 1 + 0.5 °C. Higher column ef-
ficiencies, shorter runs with better sep-
aration, reduced system back pres-
sures, increased sample/eluent solubili-
ty, and improved retention time preci-
sion can be obtained. Perkin-Eimer

Corp. 409

UV Detector for LC

Model LC-15 features high-sensitivity,
0.002 absorbance units full scale with
stable baselines, subnanogram level
detection of strong UV-absorbing com-
pounds, and digital display of absorb-
ance. The instrument has a primary de-
tection capability at 254 nm. Optional
wavelength filter kits of 280, 350, 410,
440, and 550 nm are also available.
Convenience features include recorder
marker, polarity switch, zero calibration
and testing switches, variable time con-
stant selector, and recorder-indepen-
dent integrator output terminals. Perkin-
Elmer Corp. 415



: ACS Symposium Series No. 46

jRalph E. Christoffersen, Editor
) The University of Kansas

17 symposium sponsored by the
WDivision of Computers in Chemistry of
Uthe American Chemical Society

UThis multidisciplinary collection of
Ustate-of-the-art papers assesses
[Jsignificant developments in algorithms
Jfor several important areas of
[jchemistry and pinpoints places where
fjcurrently available algorithms are
Jjinadequate

|

jLeading experts not only evaluate the(]
jtremendous opportunities for progressf)
in chemical research that algorithms g}
provide but also analyze the
substantial difficulties that algorithms
may present

particular interest to scientists doing
Psignificant amounts of computing in

in Chemical C
g Design in C
Chemistry o Ratonal Selecton of Algonthms for|
Molecular Scattering Calculatons ¢ Molecular
WDynamics and Transiton State Theory o Newe

151 pages (1977) Clothbound $12.75
JL.C 77-5030 ISBN 0-8412-0371-7

1
f) SIS/American Chemical Society
1155 16th St.. NW./Wash.. D.C. 20036

) Please send copies of SS 46 Algonthms|
for Chemical Computations at $12.75 per copy

O Check enclosed for $

LL-SPACE METERING PUMP
1S BIC ON ACCURACY.

Our Series 20 Chem/Meter hydraulic diaphragm metering pump
will give you repetitive accuracy within = 1% or better.

Measuring only 9%" x 4%" x 3%¢', it's designed for steady, con-
tinuous feeding of clear fluids. How? The programmed cam drive
produces a constant velocity discharge—when the full displace-
ment of two plungers working 180° apart are combined in a common
manifold, a steady flow is established. And it provides capacities to
4.9 and 16.0 ML/min—with pressures to 1000 psig.

The series 20 Chem/Meter’s wetted parts are made of corro-
sive resistant stainless steel with sapphire ball-seats and teflon
diaphragms.With its totally enclosed, no-seal leakproof design and
remote capacity control, its features make it ideal for applications
such as chromatography columns, laboratory apparatus and indus-
trial wet process analytical equipment.

To get all the details on why our little Chem/Meter is a big per-
former,write Chempump Division,Crane Co., Warrington, Pa. 18976.

crane| CHEMPUMP
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‘Baker RESI-ANALYZED’
Glass Distilled Solvents
(Where the proof of purity
is right on the label.)

The J. T. Baker Resi-Analyzed brand provides the greatest
assurance of performance for any solvents designed for
pesticide residue analysis. These solvents exhibit no
extraneous peaks, have excellent baseline stability, show a
narrow solvent front, and return rapidly to the baseline.

Resi-Analyzed solvents are controlled by 8 or more quality
tests, including 4 GC determinations (ECD, FPD for P and
S. Hall conductivity detection for N).

The testing also includes water, APHA color, non-vo'atile
matter and substances darkened by H,SO,.

Write for technical literature

For Instrumental Analysis
The Professional Chooses J. T. Baker

J. T. Baker Chemical Co.
Phillipsburg, N.J.08865 |,
201 859-5411 1€ f
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Chemometrics:
Theory and
Application

ACS Symposium Series No. 52

Bruce R. Kowalski, Editor
University of Washington

A symposium sponsored by the
Division of Computers in
Chemistry of the American
Chemical Society.

This new collection constitutes an
invaluable aid for every analytical
chemist, instrument designer, and
builder interested in the search for
better measurement system control as
well as up-to-date optimization and
measurement analysis methods.

Increased use of chemical
meg'sturexpemsi_ combined with the

of comp in chemi
laboratories, has prompted a drive for
new and improved methods to design
and control experiments and to analyze
the wealth of data that can be generated.

The results of this research effort are
discussed in 12 chapters covering the
development and application of new
mathematical and statistical analysis
methods to extract useful chemical
information from chemical
measurements.

ransformation Factor Analysis e
Application of Factor Analysis to the Study of
Rain Chemistry e Electron Spin Resonance of
Spin Labels o Stirred-Pool Controlled-
Potential Ch 1 o Application of
Nonlinear Regression Analysis to Chemical
Data o Structure-Activity Studies o
En!hd{y-inho Compensation ¢ How to
Avoid Lying with Statistics ¢ SIMCA: A
Method for Analyzing Chemical Data in
Terms of Similarity and Analogy
288 pages (1977) $21.00 clothbound
LC 77-9088 ISBN 0-8412-0379-2

SIS/American Chemical Society
1155 16th St., N.W_Wash., D.C. 20036

Please send copies of SS 52
Chemometrics at $21.00 per copy.

O Check enclosed for§ . O Bill me.
Postpalid in U.S. and Canada, plus 40 cents
elsewhere.

Name

Address

City State Zip

New Products

-\

Model YPD-100 pulsed Nd:YAG-pumped dye laser is capable of producing a peak power output.
of 0.5 MW over a 500-900-nm range. It consists of three basic units: a laser head assembly,
a power supply, and a cooling unit. The system has application in underwater illumination
(photography, bottom sounding). chemistry (Raman spectroscopy, fluorescent microscopy).
pollution studies (in situ and remote), medical research, and laser Doppler velocimetry. Priced

under $30 000. International Laser Systems, Inc.

HPLC Detectors

Three HPLC ChroMonitor detectors can
measure the majority of chemical com-
pounds utilizing UV/VIS. The 770 elimi-
nates prism changes and uses a tung-
sten lamp. Light scattering is eliminat-
ed, and a low drift and good signal-to-
noise ratio is maintained. The 785 is

a dual-beam, flow-through spectropho-
tometer with continuously variable
wavelengths from 195 to 750 nm. A
deuterium lamp is the source needed
for the wavelength ranges. The 790 is
a dual-beam unit operating on the log
ratio method and yields a larger dynam-
ic range. Micromeritics Instrument

Corp. 411

X-ray Energy Spectrometer

Model 007 Fusion-X features five solid
state lithium drifted x-ray detectors,
multiplexed to detect and characterize
laser-induced nuclear fusion events.
High-powered focused laser beams are
used for the generation of fusion energy
by imploding microspheres containing
fusile materials. Characteristic x rays
are emitted during each burst of fusion
energy. These x rays are detected by
solid state detectors and analyzed by
an x-ray energy spectrometer. A gate
valve is incorporated in the detector
assembly subsystem to allow window-
less detector operation. The removal

of the beryllium window makes it possi-
ble to detect and analyze low-energy

x rays. Kevex Corp. 413
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Liquid Sampler for GC

The MS-1 automatic syringe is designed
to simplify the injection process and
produce more precise results than can
be obtained with ordinary injection
techniques. It can be used with the
Sigma Series chromatographs. The
sampler accepts a sealed vial contain-
ing the sample and once installed, the
sample is injected at the push of a but-
ton. Between sample injections, solvent
flush is accomplished by forcing the
cleaning flush through the system under
pressure, rather than relying on the
small vacuum created by ordinary sy-
ringe plungers. Perkin-Elmer Corp. 418

Chemicals

Gas Mixtures

Gas mixtures of benzene in air zero gas
and nitrogen zero gas, and gas mixtures
of acrylonitrile are prepared according
to calibration standards set by OSHA.
Benzene calibration mixtures are avail-
able in aluminum cylinders; a number of
cylinder sizes are offered. Acrylonitrile
mixtures are available in air ultra zero
or in inert background gases, and are
prepared in steel cylinders. Matheson
422

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




It's not
green cheese!

So what is the moon made of?
Data provided by the
Apollo, Surveyor and Luna
missions give us the answer.
To find out, fill in the coupon
below and send for a copy of
The Chemical Composition
of the Lunar Surface
by Anthony Turkevich,
University of Chicago
reprinted from Accounts
of Chemical Research,
March 1973
9 pages with cover

0214/10405

The Chemical Composition
of the Lunar Surface s2.00

Anthony L. Turkevich

Address

2Zp

Mail With Remittance To:
Journals Department
American Chemical Society
1155 16th Street, N.W.
Washington, D.C. 20036

i Join the Barnes
i Special-of-the-Month Club
Eand save on analytical accessories.

B Each month in 1978 Barnes is featuring a special on IR analytical acces-
I sories. Offers include 10 and 20% discounts on transmission windows and
cells, free gifts and useful application notes.

! Each offer will be effective for one month only. To know about them in
advance, join the Barnes Special-of-the-Month Club.
Simply send us your name, title, organization. Clip
out this ad and return it to us. We'll send you Barnes
latest Infrared Analytical Accessories Catalog aswell.
You can't get the specials until Barnes gets your
name, so act now! Write Barnes Engineering Co., 30
Commerce Rd., Stamford, Ct. 06904; or call us toll-
free at (800) 243-3498.

o

7 4

BARNES

Name.

Title

Address.

City/State/Zip.
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Thermolyne's Type 1
control accuracy
tell us Youget w

Thermolyne Corp . 3 subsidiary of Sybron
Corp., 2555 Kerper Bivd . Dubugue, IA 52001

...they
accurately
control solution
temperatures

CIRCLE 201 ON READER SERVICE CARD

ANALYTICAL CHEMISTRY, VOL. 50, NO. 9, AUGUST 1878 « 891A



WHAT’S
NEW IN
BALANCES?

THE NEW

METTLER

CATALOG
WILL TELL YOU.

Mail to Mettler Instrument Corporation,
Box 71, Hightstown, NJ 08520

Please send me a copy of your new catalog.

NAME

TITLE

COMPANY

ADDRESS

CITY

STATE 2P l

The new Mettler catalog shows and describes the
latest Mettler electronic balances as well as ever-
popular Mettler mechanicals. Models for the lab
or industrial plant. Top loaders and analyticals.

Get your copy by mailing the above coupon.

T Merler
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892 A « ANALYTICAL CHEMISTRY, VOL. 50, NO. 9, AUGUST 1978

REAGENT
CHEMICALS

American Chemical Society
Specifications  5th Edition

Analytical chemists—update your
reference shelf by ordering this
indispensable handbook of the
latest ACS specitications for 320
reagent chemicals.

This valuable tool includes 15 new
items from two supplements of the
4th edition, plus 36 new reagents,
such as calcium sulfate, quinoline,
benzoyl chleride, lactose, silver
diethylidithiocarbamate, and many
more.

The fifth edition also contains for

the first time:

« flame and flameless atomic ab-
sorption methods

* new colorimetric test for arsenic

* polarographic and chromato-
graphic procedures

e Karl Fischer method for water

By returning the green card in the

back of the book, you will receive

free reprints of two future supple-

ments to be announced in Analyt-
ical Chemistry.

Limited stock of 2nd edition avail-
able at $3.50.

685 pages (1974) Clothbound $40.00
Postpaid in U.S. and Canada, plus 40
cents elsewhere

Order from:

Special Issues Sales
American Chemical Soclety
1155 Sixteenth St., N.W.
Washington, D.C. 20036



Manufacturers’
Literature

Optimizing Analyses by Use of Split-
less Injection on Capillary Columns.
Application Note AN 228-5 describes
the technique and the HP glass capillary
inlet system used for analyzing com-
plex chemical mixtures. Retention time
and quantitative reproducibility are
shown. 6 pp. Hewlett-Packard 430
Electronic Balance. The Mettler A30 is
described. Ranges of 0-30 g with an
additional 30 g available with 0.1-mg
readability. Standard equipment in-
cludes automatic stability detector and
a four-position switch for adjusting the
measuring cycle. 2 pp. Mettler Instru-
ment Corp. 431

Dual-Element Determinations with an
Atomic Absorption Spectrophotome-
ter. A report detailing the success of
the IL751 spectrophotometer in 25 ana-
Iytical laboratories for sample analysis
of fresh water and wastewater, ef-
fluents, steel, foods, nonferrous alloys,
air filter particulates, blood serum, bio-
logical cells, plating baths, plants,
glass, soils, plastics, geologicals, and
brines. 4 pp. Instrumentation Laboratory
Inc. 432

Amino Acid Analyzer. A method for
plasma and urine analysis is described
for the Durrum Model D-500 in Applica-
tion Report #2. Includes tables of data
selected from teletype printouts, the
automatic procedure and standard de-
viations of the calibration standard. 6
pp. Durrum Instrument Corp. 433

Polarographic Wet Chemistry System.
Describes a total free or total residual
chlorine system that utilizes the polaro-
graphic sensor technique. Data sheet
PDS-E 400 contains sections on system
components, system description, and
operation. 2 pp. National Sonics Div.,
Envirotech Corp. 434

Analyzers. Describes and illustrates the
company's complete line of analyzers.
Explains their function to ensure the
safe and waste-free use of EtO in medi-
cal, pharmaceutical, and food plant
sterilizers. 10 pp. Foxboro Co. 435

Chromatography. Two issues of lhe se-

Calibration Standards. Information to
assist in developing dynamic primary
standards. 66 pp. Analytical Instrument
Development, Inc. 442

Rapid Kinetics Spectrophotometry.
Amino acid analysis of biological fluids
and articles on applications of rapid ki-
netics are discussed. 4 pp. Durrum In-
strument Corp. 443

Metering Pump. Reciprocating, explo-
sion proof, and peristaltic pumps are
described. Flow rates of 1.6-4800
mL/h and pressures to 5000 psig. Infor-
mation on complete solvent delivery
systems for isocratic and HPLC sys-
tems is also available. 12 pp. Laborato-
ry Data Control 444

Spectroph A y. Data
sheet available that details spectral en-
hancement, kinetic measurements, and
quantitative analysis on the Derivative/
Log A accessory for the Cary 219. 4
pp. Varian 445

UV Spectroscopy. Two articles entitled
“Examples of Application of Multi-Com-
ponent Analysis Unit for M556 Double
Wavelength/Double Beam Spectropho-
tometer” (ADS-105) and “‘Further Ap-
plications of Integrating Sphere Model
200" are available. 8 and 6 pp. Perkin-
Elmer 448

Liquid Chromatography. Three applica-
tion notes in “LC at work"’ series: #40,
“Reverse Phase lon Pair Chromatogra-
phy of High Molecular Weight Quater-
nary Amines'’; #41, “'Determination of
Free Fatty Acids by HPLC''; #42, “'"HPLC
Analysis of A-THC and Metabolites in
Biological Fluids". 6, 5, and 4 pp. Varian
447

Portable Thermometer. Specitications
on the digital thermometers, Models
721 and 521, and information on their
surface, liquid emersion, and air tem-
perature probes are given. 4 pp. Preci-
sion Digital 448

Spilled Mercury. The handling of spilled
mercury and the dangers of poisoning
associated with it are discussed in bul-
letin BD-108. 2 pp. Wilmad Glass Co. Inc.
449

Translent Wave. R ding. Spe-
cific research and testing applications
employing transient waveform record-
ers are described. Includes applications
for kinetic studies such as stopped flow
and temperature jump. 22 pp. Physical
Data, Inc. 450

Sp Leak D The 936
Series of instruments are described:
Model 936-70 for automated, liquid ni-
trogen-free, trapless production testing;
the 936-60 for all-purpose, convention-
al leak testing; and the 936-65 for ultra-
sensitive, repetitive leak testing. 20 pp.
Varian 437
Fl try. Di i of fi

er use in algae and chlorophyll analysis,
fluorescent dyes as tracers, flow mea-
surements, sewer infiltration, time of
travel studies, and particulate matter
and clarity. 6 pp. Turner Designs 438

Surf Analys

y of fea-
tures of the Model 525—BX ISS/SIMS is
presemed along with techniques for

g of cc , cata-
lyst poisoning, and other surface anom-
alies. 8 pp. 3M Co. 439

Laboratory Instruments. Amino acids,
fast chemical reactions, and ions in bio-
logical solutions are featured together
with their major applications. 4 pp. Dur-
rum 440

Accurate e-
ment of trace moisture in gas streams
is discussed on the Model 303. Du Pont
Co. 441

Aust Analy A

issue of
Environmental and Process Newsletter
deals with automated analysis in tertiary
oil recovery processes and measure-
ment of nutrients in wastewater and
seawater. 6 pp. Technicon Industrial
Systems 451

Describes
the Model 550/555 which integrates the
features of the Model 550 radiometer/
photometer with the Model 555-61 mo-
nochromator for a high-efficiency mea-
surement system capable of providing
radiometric measurements of both con-
tinuous and pulsed sources as a func-
tion of wavelength. 6 pp. EG & G Inc.
452

Analytical Testing Services. Describes
various testing and consulting servlces
ilable including gas analy
spectrometry, gas and Inquid dmma-
tography, leak detection, and industrial
hygiene. 15 pp. Gollob Analytical Service
453

Spect " P

High-l .

y Light Sy Features
complete Ime of lamp houslngs arc
lamps, arc lamp power supplies, and
optics for the generation and control of
high-intensity light. 16 pp. Schoeffel In-
strument Corp. 454

ries Chromatography News!

CHN-9 and CHN-10, teature anlcles on
ad d technology app ons in
liquid and gas chromatography. 15 and
16 pp. Perkin-Elmer 436

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

R y. RackGamma Il, a
two-channel version of the Model 1270
RIA instrument, enables users to count
gamma emitting isotopes in addition to
1259 pp. LKB Instruments, Inc. 455
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From Buchler...keeping pace
with the age of discovery:

An ALL NEW digital power supply.

Buchler introduces the first laboratory power supply with large,
bright L.E.D. digital readout and instant pushbutton selection

of constant-power. constant-voltage, or constant-current modes.
The bright L.E.D. display means easy reading. even from across the
room. without the distraction of dual or multifunction scales.
Overvoltage and overcurrent protection are built in; control circuits
operate at low voltage for long life and reliability.

This is the only truly contemporary power supply. It's new from
Buchler. Available through your leading laboratory supply house.

Buchler Instruments

Division of Searle Diagnostics Inc
1327 Sixteenth Street
Fort Lee, New Jersey
201-224-3333

024 US.A

B2 Buchler 3-1500
Power Suppiy

|

!

1

i

!

!

’

Buchler Instruments: made in the United States, sales and service worldwide
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Manufacturers’ Literature

Liquid Scintillation Counter. Gives op-
erational details and technical specifi-
cations of the RackBeta liquid scintilla-
tion counters which feature automatic
operation and flexibility to meet re-
quirements in both research and clini-
cal applications. 8 pp. LKB Instruments,
Inc. 456

Catalogs

Constant-Temperature Baths and Cir-
culators. An antidrift temperature con-
trol concept is illustrated and described.
Model specification charts are included.
3 pp. Haake Inc. 459

Laboratory Products. Included are
electrophoresis products, thin-layer
chromatography products, laboratory
aids, and laboratory filtration supplies.
Gelman Instrument Co.

Laboratory Supplies. Comprehensive
catalog 478 includes lab-ware vessels,
filtering devices, tubing and fittings,
coatings, lubricants, goggles, lens
cleaning stations, first aid products, fire
extinguishers, lab furniture, mixers, and
heating equipment. 108 pp. General
Scientific Equipment Co. 461

Valves and Connectors. Variable bore
and high-pressure valves and fittings
featured. 20 pp. Omnifit Inc. 465

Balances. A comprehensive and de-
scriptive catalog on Sartorius balances
and scales. 26 pp. Brinkmann Instru-
ments, Inc. 466

Chromatography Products. Lists
supplies and equipment for gas, thin-
layer, and high-performance liquid
chromatography as well as high-purity
lipids and other chemical standards,
isotope-labeled compounds, and deriva-
tization reagents. 192 pp. Applied
Science Laboratories, Inc. 474

Metering Pumps. Describes valveless

metering pumps with flow rates up to

1000 mL/min. 6 pp. Fluid Metering, Inc.
475

Liquid Transfer Products. Features the
full pipet line, diluter-dispensers, and
accessories. 10 pp. Scientific Manufac-
turing Industries 476

Laboratory Supplies and Equipment.
Contains many items of interest to labo-
ratory workers including cleaning
supplies and equipment, glassware,
plasticware, and safety equipment. 120
pp. Interex Corp. a77



Our Graphlok Ferrules
are pretty tough
customers.

Ferrules are ferrules, right?

Wrong! ... SGE Graphiok® ferrules come on strong when
you need them most.

In fact, a Graphlok ferrule is 30 good that, with care,
canuunovumdovuaqan Because it can’t

fuse to metal designed and
perfect compnmon vorourgimlinedmnlcu
steel tubing (GLT*®)
You'll like the way a Graphiok ferrule shapes up too.
As soon as they're tightened they take up to the exact
contours of the union.
Youcanlmgnu\eprouuno'ﬂowunduprmun
and high hiok ferrules

are manutactumdmdywnhomsoﬁmauﬁlu

You won’t

either . thmkstoﬂwwragmpﬁmm

The size range? From %" for packed columns to
0.8mm for WCOT columns. Larger or smaller
ferrules and seals can also

FRULED NLCK LIZARD
Chlamydosaurus

Write for our “*Accessories”” catalogue.

Scientific Glass Engineering Pty.Ltd.
Head Office Europ.-n O'ﬁu U.S.A Office 555

ordon N2 74 7900 Longhor Bivd . Sute 304
Ay ;

Auson. Teass. TI7S3US A
Tel QVWQ“ Te 512" €37 1190

Scientifc Glass Engneenng Pty Ltd
111 Arden St. North Mebourne. Austraie 3081
Te (03 19 6633

“trademark of SGE
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2-day seminars in four cities
HOW TO MARKET LABORATORY SERVICES

Now you can learn how modern
sales and advertising techniques can
benefit a professional orgenization.
Led by an experienced team, this sem-
inar will give you a complete outline
of how you can use marketing to help
your laboratory grow.

You'll come away with a step-by-
step plan of what to do and how to do
it. You'll develop your own skills in
marketing and learn when to go to out-
side services for assistance. You'll re-
ceive practical tools like easy answers

to prospect objections such as "“Your
fee is too high,” or “I'm already using
another laboratory and | am com-
pletely satisfied.”

You'll pick up tips like no longer
ending your letters with, "It you have
any questions. please do not hesitate
to contact us.” or “"We look forward to
serving you." You'll study examples of
marketing programs already being
used by other laboratories.

Two days of presentations and

SEMINAR TOPICS

participation (from 8:30 a.m. to 5:00
p.m.) will give you exciting new ideas
that take the mystery out of profes-
sional marketing. This same seminar
has been attended by hundreds of
laboratory professionals in the last two
years. Registration is $425 for the first
person from your company and only
$325 for each additional person. All
seminar materials and a complete
course notebook are included. Space
will be limited. so send in your reser-
vation today.

« What and Why of Marketing * Principles of Buyer Motivation * Improving Your Reports * How To Use Advertising
« Samples of Professional Advertising Programs « Public Relations Programs « Personal Selling Techniques * Establishing
Fee/Discount Schedules  Putting It All Together

HERE'S OUR REGISTRATION FOR:

Additional Seminar details, hotel (] New York NAME 0 B -

reservation forms and invoice will Sept. 21-22

be returned with confirmation. Ne?v York Hilton COMPANY B - T —

() San Francisco (] Atlanta U Chicago MAILINGADORESS .
Oct. 5-6 Oct. 19-20 Nov. 2-3

Airport Hilton  Airport Sheraton ~ O'Hare Airport Hilton cirv_ STATE

2829 South 31st Street * Lincoln, NE 68502 « 402-474-4270
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Reliable
Shakers

When it comes to reliable performance, you can count on
Burrell Wrist-Action™ Shakers. They're ruggedly built for
long life . . . some units have been in operation over forty
years. Burrell Shakers duplicate a hand-mixing swirl with
an even motion at all speeds for as long as necessary.
And Burrell's unique Build-Up® System lets your Shaker
grow as your lab grows . . . from a Shaker that holds

1 to 4 flasks to a Shaker that holds 24. Burrell parts and
accessories are interchangeable. Burrell Wrist-Action
Shakers with Build-Up design . . . the Reliable Shaker.

Write for our literature.

BURRELL CORPORATION
BURRELL 2223 Fifth Avenue. Pitfsburgh Pa 15219
Telephone 412-471-2527
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Archaeological Chemistry

An invaluable sourcebook and working
tool describing methods and case his-
tories in which archaeological objects
are analyzed using both established
and new sophisticated techniques.

Thirteen papers highlight: (1) new
methods applied to old archaeological
problems, and (2) new types of artifacts
studied by traditional methods.

ADVANCES
IN CHEMISTRY

SERIES No. 138 Nondestructive techniques covered:
Méssbauer effect spectroscopy. elec-

A symposium tron microprobe, x-ray fluorescence

sponsored by the spectrometry, and whole object neutron
Division of the activation analysis.

History of

Chemistry of the Objects surveyed:

American Chemical | ayr0n lead ores, Sasanian silver,

gz‘:;’x'sgé':dby Egyptian pottery, medieval stained

. . glass, Luristan bronze, Mexican silver

and pottery, Near Eastern clays and

Order from ivory, Chinese ink, Umayyad and By-

Special Issuss Sales zantine coins, Chinese bronze, artists’
American Chemical Sociely o igments, and more.

254 pages. 16 color plates. (1974) $26.50
Clothbound. (ISBN 0-8412-0211-7). Post-
paid in U.S. and Canada, plus 40 cents
elsewhere.

Catalysts for the Control
of Automotive Pollutants

Advances in Chemistry Series No. 143
James E. McEvoy, Editor

I d by the Division of Indus-
trlal and Englmrlng Chemistry and co-sponsored
by the Board-Council Committee on Chemistry and
Public Affairs, the Division of Environmental Chem-
Istry, the Divigion of Fuel Chemistry, and the Divi-
8lon of Petroleum Chemistry of the American
Chemical Society.

An up-to-date status report on the latest research by
‘auto makers, catalyst companies, universities, and
“chemical and petroleum companies on all aspects of
! catalytic conversion to reduce automotive emissions.

Qoopeoloovemoehmbﬂnwlyvolummam

%mmmmmmw
hmdcm!yﬂcremoval andcatnlystsmemlves

DNy (

. 143 Catatyots for
19.95 por book. .
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Defining and Solving Analytical Problems

Applied Problem Solving Through
Creative Thinking. J. D. Reid. 200-page
manual + 6 audiotape cassettes (5.7
hours). Dept. of Educational Activities,
American Chemical Society, 1155 16th
St., N.W., Washington, D.C. 20036.
1978. $155. Additional manuals: 1-9
copies, $13 each; 10-49 copies,
$10.50 each; 50 or more, $9.75 each
Reviewed by Rudolph H. Stehl, Ana-
Iytical Laboratory, Bldg. 574, Dow
Chemical, Midland, Mich. 48640

The precept under which the ACS
has prepared this course is, “It is an
art that can be learned by studying
techniques developed to aid in our at-
tack on problems.” And like the field
of modern analytical chemistry itself,
the successful person is part artist,
part scientist. While the underlying
science can be taught and learned,
success is also very dependent on the
artistry associated with the applica-
tion to real problems.

This course, arranged to be accom-
plished in eight sessions, is covered by
six 30-72-min tape cassettes, 30 sec-
tions of text material, and numerous
problem-solving and evaluation peri-
ods. The suggested time for lectures,
discussions, problem-solving exercises,
and review requires a minimum of 18
hours.

This course is not primarily de-
signed for the individual scientist. It
is, or could be, of greater value to
group leaders, beginning section lead-
ers, project leaders, or those with aspi-
rations of technical management roles
in industry, academics, or govern-
ment. Some of the techniques de-
scribed are, of course, practicable to
the individual chemist, but many re-
quire the participation of interested,
if not willing coworkers.

The author has developed a detailed
and logical progression of topics that
cover the nature of the scientific pro-
cess and the nature of various meth-
ods of defining and solving problems
(brainstorming or deferred judgment,
shared participation, panel consenus,
and the Delphi method). Included are
exercises in problem solving and sev-
eral other “‘aids” such as mnemonic
memory peg methods. The course con-
cludes with several sections on “sell-
ing"” the ideas created by these pro-
cesses to others and a short section on
organizational planning and team
building. An appendix includes sup-
plemental reading and problem mate-

rial, and both general and specific ref-
erences are given for further study.
Eight reprints of selected articles are
also provided.

For the modern organizational
chemist faced with a bewildering array
of research, engineering, safety,
health, and environmental consider-
ations and questions, this course pro-
vides only a brief introduction into
how to identify and solve the various
problems. It does, however, afford the
group leader, manager, or director (or
those hopeful of those positions) the
opportunity to learn about and prac-
tice some of the various techniques by
which researchers can solve problems.
It does not devote more than the first
quarter of the course to the creative
process itself.

This course can be recommended
for study by those people and organi-
zations who hope to weld the scientist
and manager into an effective team.

Aquametry, Pt. I: A Treatise on Meth-
ods for the Determination of Water.
2nd Ed. J. Mitchell, Jr., and D. M. Smith.
xi + 632 pages. John Wiley & Sons,
Inc., 605 Third Ave., New York, N.Y.
10016. 1977. $29.95

Reviewed by H. E. Taylor, Geological
Survey, Denver Federal Center, Box
25046, Denver, Colo. 80225

Published as volume 5 in the Wiley-
Interscience series on chemical analy-
sis, this monograph provides a very
comprehensive survey of the methods
and techniques for the determination
of water. Part I includes an introduc-
tory chapter on the structure and
physical properties of water, and the

i of the vol is dedicated
to the detailed description and evalua-
tion of virtually every meaningful
technique for its determination. In-
cluded are chapters on chemical,
gravimetric, physical, thermal, spec-
trophotometric, infrared, nuclear
magnetic resonance, radiochemical,
and other miscellaneous techniques.
Parts Il and 111 of volume 5 (not re-
viewed) are dedicated to electrometric
techniques and Karl Fischer methods,
respectively.

Each ch iswelld
and starts with some basic fundamen-
tal theory of the principle involved.

A section on the description and char-
acteristics of the instrumentation or
apparatus requu'ed for t.ha deurmlna-

A4

Books

tions information with detailed exam-
ples. The scope of applications in-
cludes the determination of both
bound and unbound water in a wide
vanet) of sample types mcludlng ;t-
1} 1, bio-

Ioglcal. and genernl mdustmL

This treatise is unique in character,
since it provides the reader with a
compendium of information not gen-
erally available in standard texts on
analytical chemistry or in
on particular techniques (i.e., [R, UV
or NMR). The authors have written
a very systematic and well-docu-
mented text, with easily interpreted
figures and illustrations. Many new
references and citations have been in-
cluded with the second edition, mak-
ing this monograph current with mod-
ern technology.

opt < and De-
tection. Yob-l-hn Pao, Ed. xi + 244
pages. Academic Press Inc., 111 Fifth
Ave., New York, N.Y. 10003. 1977. $19

Reviewed by R. N. Kniseley and J. F.
McClelland, Ames Laboratory, lowa
State University, Ames, Iowa 50011

The stated purpose of this book is
to provide an introduction to the prin-
ciples and methods of optoacoustic
spectroscopy. The book contains eight
chapters dealing primarily with ana-
lytical gas-phase measurements. The
final chapter treats the recently devel-
oping cond d matter appli
The chapters are written in a readily
understandable fashion by workers in
the field or in fields closely related,
thus providing a useful source of in-
formation on a growing area of re-
search through 1976.

The first three chapters cover the
physics of signal generation and detec-
tion, energy deexcitation and transfer
mechanisms following optical absorp-
tion, and design of the measurement
apparatus. Sections of particular in-
terest in these chapters include dis-
cussions of optimum optoacoustic sys-
tem design, practical design consider-
ations, excitation via intensity and
wavelength modulation, and compari-
sons of the optoacoustic method with
other analytical techniques. Chapters
4 and 5 survey tunable lncoherent and
laser light for the ult
visible and infrared spectral regions,
reapecuvaly In chapter 4 most of the

tion is followed by ex

lasers and related
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Books

topics such as second harmonic gener-
ation. Incoherent sources and mono-
chromators are treated in less com-
plete detail, which is unfortunate
since this area is important in the op-
t tic s of

samples. Chapter 5 deals exclusively
with laser sources, which is reasonable
because of the low power of conven-
tional incoherent infrared sources.
Many of the laser sources d

In conclusion, this book might have
benefited from having an introductory
chapter that could help to integrate
the chapters in terms of an overall pic-

is covered as well as the types of filters
that can be used to enhance signal-to-

noise. For those less interested in cov-

ering the details of the units of mea-

ture. For instance, some ch use
the term photoacoustic rather than
optoacoustic, which will confuse some
readers. Only in the last chapter does
the reader learn that the term pho-
toacoustic was instituted to prevent

£

in chapters 4 and 5 are pulsed rather
than CW and may not be practical for
modulauon waveforms approximating
a . Some d i mlght
have been given to this aspect since
most of the material in the other chap-
ters does not encompass pulsed excita-
tion.

The final three chapters contain
considerable information on experi-
mental methods and results obtained
by opt icC ts. The
expenmental results presented en-
compass both research studies where
the special capabilities of the opto-
acoustic method were used to obtain
new information and exploratory in-
vestigations where advantages of the
method were demonstrated by com-
parison with results using other tech-
niques. Chapter 6 discusses gas-phase
measurements in the infrared for
vapor identification and quantitation.
Small and large molecule gases, multi-
component mixtures, and molecular
relaxation rates are included in this
chapter. Gas-phase spectroscopy in
the visible and ultraviolet regions is
treated in chapter 7. The signal ampli-
tude and phase are discussed, followed
by illustrative spectra of both signal
components for various gases. These
results demonstrate some of the
unique capabilities of the optoacoustic
lechmque in the ultraviolet and visi-
ble reglons where more varied and

are - Y-
with ¢ deexcllauon relative to the in-
frared.

The final chapter covers condensed
phase measurements including signal
theory and experimental methods,
and presents extensive data for this
sample type. The theoretical and ex-
perimental sections differ from the
earlier gas-phase material due to the
different signal generation sequence
occurring with condensed samples.
The theory presented uses a simpli-
fied model appropriate for an intro-
ductory tr t. The data includ
numerous spectra from studies related
to physics, chemistry, biology, and
medicine, which also demonstrate
some unique capabilities. This section
unfortunately does not include inter-
esting recent work that has occurred
since 1976.

C ion with the acoustooptic effect
which involves the interaction of light
with acoustic waves in a crystal.

Liquid Chromatography D
(Journal of Ch hy Library,
VoL 11). RP.W. Scott. vii + 248
pages. Elsevier North-Holland, Inc., 52
Vanderbilt Ave., New York, N.Y. 10017.
1977. $34.50

Reviewed by Ronald E. Majors, Var-
ian Instrument Div., 2700 Mitchell
Dr., Walnut Creek, Calif. 94598

The last several years have seen
great ad ts in the reliabil
and reproducibility of LC pumg

ity

and symbols derived in the
first 36 pages, a useful summary of de-
tector specification criteria is present-
ed in chapter 4. This summary could
serve as a guide (but probably won't!)
to instrument manufacturers for items
to specify in setting detector specifica-
tions. In fact, in later chapters when
covering commercial detectors, the au-
thor uses this format to summarize
specifications derived from manufac-
turers' literature or by his own experi-
mental determinations.

The second part covers bulk proper-
ty detectors, which as a group are the
least-used L.C detectors because of
their general lack of sensitivity. Un-
fortunately, the refractive index {RI)
detector, the most widely used of this
type, is given equal coverage to dielec-
tric constant and electrical conductivi-
ty detectors, which see almost no use.
Expansion of the Rl section to include

systems and in the efficiency and sta-
bility of LC columns, but compared
with gas chromatography, the detector
is still the weakest link in the LC sys-
tem. Much work is in progress on de-
tector research to improve perfor-
mance, especially sensitivity. How-
ever, R.P.W. Scott has been able to
present an admirable treatise which
does relate to us how to get the most
information, be it sensitivity or selec-
tivity, out of our currently commer-
cially available and experi al de-
tectors as well as several earlier, now
obsolete, commercial detectors.

The book is divided into four stand-
alone parts: general detector charac-
teristics, bulk property detectors, so-
lute property detectors, and use of de-
tectors. For each part individual chap-
ters then cover specific properties, de-
tectors, or techniques. Each chapter
dealing with individual detection prin-
ciples begins with a general theoretical
coverage, followed by the means of
practical application of the theory,
and finally, when applicable, details
ofa commercially availnble detector,

lete with p L

In the first part geneml detector
characteristics are discussed. A very
good coverage of the criteria for detec-
tor specification is presented. In addi-
tion to the normal definitions of dy-
namic range, noise, drift, sensitivity,
etc., some guidelimes for evaluating
and minimizing detector characteris-
tics that affect column performance,
like cell volumes and connectlng tub-
ing di ared d. The in-
fluence of detector amplifier and re-
corder time constants on peak shape
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more details of the popular Fresnel
type of commercial detector would
have been useful. Lesser-known bulk
property detectors (e.g., vapor pres-
sure detector) are given some coverage
at the end of this part.

The third part covering solute prop-
erty detectors was justly given a third
of the book. Such detectors are selec-
tive, usually sensitive, and are the
most widely used today. Of the detec-
tors covered, the ultraviolet absorp-
tion and fluorescence detectors proba-
bly account for 80-90% of those cur-
rently in actual use. A good general
coverage of the principles of operation
of both fixed and variable wavelength
UV detectors is presented. A detailed
coverage of the microadsorption de-
tector, commercially unavailable for
several years, and the spray impact
detector, which still remains a re-
search curiosity, was unwarranted,
whereas infrared and radioactivity
monitors commercially available for
several years remained unnoticed. Ex-
perimental electrochemical detectors
are covered, but commercial versions
have only become available recently.
Historical details of the transport de-
tector (moving wire-FID) were amply
provided, but this could be expected
since the author was a codeveloper of
this device. Unfortunately, the moving
wire-FID detector has gone by the
wayside, having been dropped by the
manufacturer over a year ago. Never-
theless, the details provided here
could spur some LC’ers to dust off the
detector and have another go at it.

Part 4, “The Use of Detectors in
LC", is probably the most useful sec-
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tion for the practitioner. The long list
of detectors discussed in the first
three quarters of the book i is distilled

are described in sufficient detail to
allow duplication without further ref-
erence. The elements covered in 12

hapters are boron, bromine, carbon,

down to the six ilabl
d UV,RIL fl con-
ductivity, electron capture, and the
wire transport detector. Guidelines for
selection of the appropriate detector
are given. The reviewer found chapter
3 on practical hints on detector opera-

chlorine, fluorine, iodine, nitrogen,
oxygen, phosphorus, selenium and tel-
lurium, silicon, and sulfur.

A Critical Review of Equilibrium Data
for Proton and Metal Complexes of
1,10-Ph hroline, 2,2'-Bipyridyl

tion particularly helpful. Some special
detector techmqua such as dxﬂ‘eren-

and Related Compounds (IUPAC
Chemical Data Series, No. 17). W.AE.

tial and graphy and
aspects of qualitative and quantitative
analysis are discussed. Chapter 5 on
spectroscopic detectors covers LC/UV,
and LC/MS interface, which utilizes

a moving belt to transport the pl

McBryde. x + 78 pages. Pergamon
Press Inc., Maxwell House, Fairview
Park, Elmsford, N.Y. 10523. 1978. $11
Because of their remarkable proper-
ties as ligands, the heterocyclic bases,

into the MS ionization source, is dis-

All in all, the book accomplishes
what it purported to do. It gives liquid
chromatographers an overview of most
detection possibilities with the section
on actual use covering only the main
ones. Those detectors that are re-

search curiosities or obsolete detectors
were p

1,10-phenanthroline and 2,2’-bipyri-
dyl and a host of their derivatives
have been extensively studied by ana-
lytical chemists as well as inorganic
hemists. Certain plexes of these
ligands with intense color and charac-
teristic stabilities find a number of
useful applications as colorimetric re-
agents. This book compiles, from the
published data, the equilibrium asso-

d to stimulate r h
to develop improved designs or im-
prove existing designs. At times the
author gets into minute details of con-
struction that would probably not in-
terest the average chromatographer.
The text is relatively error free, is
quite readable despite its photograph-
ic reproduction, and provides an ade-
quate number of examples. Its cover-
age of basic principles will not let it
quickly become obsolete in this field
of intense activity. It is recommended
to any liquid chromatographer who
desires to have a thorough knowledge
of detection principles, who would like
to get the most information from his
available detectors, or who is inter-
ested in pursuing development of a
new detector.

New Books

Colorimetric Determination of Nonmet-
als. 2nd Ed. David F. Boltz and James
A. Howell, Eds. xxii + 543 pages. John
Wiley & Sons, Inc., 605 Third Ave.,
New York, N.Y. 10016. 1978. $33.95
Prior to his untimely death in 1976,
David F. Boltz (editor of the first edi-
tion) had done much of the work
toward this edition, including the five
chapters he contributed. Although
written by different authors, all chap-
ters are organized uniformly into sec-
tions on separations (where appli

ciation constants characteristic of the
reactions of these compounds with hy-
drogen ions and metal ions in solution.
Although the compilation is devoted
mainly to aqueous solutions, some
values determined in nonaqueous and
mixed solvents are also included. A
coded designation of the experimental
method by which each constant was
determined is given, but readers are
advised to consult the original litera-
ture for details.

8080A/8085 Assembly Language Pro-
gramming. Lance A. Leventhal. xxvii +
344 pages. Osborme & Associates Inc.,
P.O. Box 2036, Berkeley, Calif. 94702.
1978. $7.50

The book assumes the reader's fa-
miliarity with microcomputers in gen-
eral and in particular with chapters 6
and 7 of another book, “An Introduc-
tion to Microcomputers: Volume 1—
Basic Concepts”, also published by
Osborne and Associates. The contents
of the 16 chapters include: introduc-
tion to assembly language program-
ming, assemblers, the 8080A and 8085
assembly language instruction sets,
examples of simple programs, program
loops, character-coded data, code con-
version, examples of arithmetic prob-
lems, tables and lists, subroutings,
input-output, interrupts, problem
definition and program design, debug-
gmg nnd testing, documentation and

and le projects. Most of

ble), methods of determlmmon, and

the chapters provide a set of exercise

" applications. Most of the p es

P
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Worked Examples in X-Ray Analysis.
2nd Ed. R. Jenkins and J. L. de Vrles.
135 pages. Springer-Verlag New York
Inc., 175 Fifth Ave., New York, N.Y.
10010. 1978. $9.80

This book with 49 problems and an-
swers is intended as a supplement to
existing texts in the fields of x-ray
spectrometry and x-ray powder dif-
fraction. As such, it assumes the read-
er's familiarity with the basic theory.
All of the problems are presented with
worked answers side by side and are
divided into five major sections deal-
ing with spectra, instruments, count-
ing statistics, quantitative analysis,
and miscellaneous. Within each of the
five sections, examples of three types
are found, i.e., either of a general na-
ture or dealing specifically with x-ray
spectrometry or x-ray diffractometry.
The examples are rated A, B, and C in
the order of increasing difficulty.

Continuing Series

ic M , Vol. IV.

J. H. Richardson and R. V. Pelerson
Eds. xviii + 493 pages. Academic
Press, Inc., 111 Fifth Ave., New York,
N.Y. 10003. 1978. $49.50

The series provides brief discus-
sions on a broad range of instrumental
methods available to the materials an-
alyst. As such, the scope of each chap-
ter treating a particular instrumental
technique is limited to a discussion
sufficient for the analyst to under-
stand the operation and capabilities of
the instrument. The techniques cov-
ered in volume IV by 14 contributors
include atomic absorption and atomic
fluorescence flame photometry, ion
microprobe, mass spectrometry, mo-
lecular weight determinations, neu-
tron diffractometry, particulate char-
acterization, polarimetry, polarogra-
phy, methods for the detection of non-
centrosymmetry in solids, thermal
analysis, and transmission electron
microscopy.

Encyclopedia of Electrochemistry of
the Elements, Vol. 11. Allen J. Bard
and Henning Lund, Eds. xii + 344
pages. Marcel Dekker, Inc., 270 Madi-
son Ave., New York, N.Y. 10016. 1978.
$75

Volume 11 initiates the organic sec-
tion which in five volumes will com-
plete this long-standing series on elec-
trochemistry of the el ts. The
15th and final volume will be pub-
lished in 1979. Volume 11 contains
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Books

two review chapters, hydrocarbons
and hydroxy compounds, each con-
tributed by five different authors. The
chapter on hydrocarbons is divided
into sections on alkanes, aliphatic al-
kenes, aliphatic alkynes, alkylaroma-
tic hydrocarbons, polycyclic aromatic
hydrocarbons, and miscellaneous hy-
drocarbons. Within each of these sec-
tions and the chapter on hydroxy
compounds, the organization is as fol-
lows: electrode potentials and voltam-
metric properties, electrochemical
studies, and applied electrochemistry.
Each section includes tables of avail-
able thermodynamic, kinetic, volt.am-

U.S. Government Publications

Order copies of the following PRE-
PAID at the price shown by SD Cat.
No. from Superintendent of Docu-
ments, U.S. Government Printing Of-
fice, Washington, D.C. 20402. Fpreign
remittances must be in U.S. exghange
and include an additional 25% %f the
publication price to cover mailing
costs

Standard X-Ray Diffraction Powder
Patterns: Section 14, Data for 68 Sub-
t M. C. Morris et al, 143 pages.

metric, and other electroch

data, and a critical discussion on the
known electrochemical reactions. The
literature citations include a few from
1976, but in the main the bibliography
does not seem to extend much beyond
1974. The book is reproduced from
typewritten text.

Aut Aot b lysis, Part 1.
Robert F. Ritchie, Ed. xii + 333 pages.
Marcel Dekker, Inc., 270 Madison Ave.,
New York, N.Y. 10017. 1978. $34.50

This book is devoted to aut ted

1977. $2.75. SD Cat. No. 003-003-
01842-2. NTIS No. NBS-MN-25-Sec. 14

Standard x-ray diffraction patterns
are presented for 68 substances.
Twenty-seven of these are experimen-
tal data obtained with an x-ray dif-
fractometer, and 41 are calculated. All
d-values are assigned Miller indices
determined by comparison with com-
puted interplanar spacings consistent
with space group extinctions. The
densities and lattice constants are cal-
culated. The calculated diffraction

immunonephelometry and radioim-
munoassays. The chapters are written
by authors from various teaching hos-
pitals and a leading manufacturer of
automated clinical instruments. Most
chapters present a concise discussion
of the basic chemistry that forms the
basis for the technique and the me-
chanics of the instrumentation, suffi-
cient to allow the intended audience,
the clinical worker, to appreciate the
principles behind the particular ana-
lytical technique. Topics covered in
the 15 chapters include optical consid-
erations in nephelometry, automated
precipitin analysis, enhancing effects
of nonionic polymers on immuno-
chemical reactions, analytical vari-
ables for specific protein analysis,
comparison i hemical tech-
niques, reference materials for plasma
protein analysis, albumin, automated
determination of immunoglobulins,
automated immunochemical analysis
of serum IgA in a Red Cross donor
populatlon IgM, transferrin, auto-

hemical analysis of
human low-density lipoproteins, inter-
pretation of data: complement con-
sumption detected by multivariant
analysis, physiological and pathophys-
iological study of blood coagulation
system function by plasma fibrinogen
chromatography, and automated
nephelometric analysis of haptens.
The book is a good quality photo-off-
set copy of typewritten text.

patterns are computed from published
crystal structure data. Both peak
height and integrated intensities are
reported for the calculated patterns.

Procedures Used at the National Bu-
reau of Standards to Delermine Se-
lected Trace Elements in Biological
and Botanical Malerials. R. Mavrodi-
neanu, Ed. 295 pages. 1977. $7.50. SD
Cat. No. 003-003-01858-9. NTIS No.
NBS-SP-492

This volume consists of 13 papers
describing the analytical procedures
selected at the National Bureau of
Standards (NBS) for the determina-
tion of Ag, Al, As, Be, Bi, Ca, Cd, Cr,
Cu, Fe, Hg, K, Mg, Mn, Mo, Na, Ni,
Pb, Pt, Sb, Se, Te, Tl, V, and Zn in bi-
ological and botanical materials. The
procedures are used for the certifica-
tion of various substances issued by
NBS as Standard Reference Materi-
als. The specific analytical methods
include sample preparation, neutron
activation analysis, spark source mass
spectrometric isotope dilution, atomic
absorption and flame emission spec-
trometry, molecular absorption spec-
trometry, fluorescence spectrometry,
and polarography. Further details on
sample preparation, purity of reagent,
and problems associated with blanks
are given in 16 additional papers that
are reproduced in the appendix to this
volume.
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Instrumentation in Forensic Drug Chemistry

A hospital clinical chemistry labora-
tory receives a sample of stomach con-
tents obtained from a comatose pa-
tient suspected to be suffering from
a drug overdose. In a matter of several
hours or less, phenobarbital and seco-
nal are identified. The physician is in-
formed, and appropriate treatment re-
sults in the recovery of the patient.

This rupld ldentlﬁcauon of drugs
is acc d by chemical ioniza-
tion mass spectrometry coupled to a
computer-based spectral search sys-
tem. The system was developed by
G.W.A. Milne and H.M. Fales of the
National Institutes of Health, and
N.C. Law of Suburban Hospital in Be-
thesda, Md., and is currently in rou-
tine use at Suburban Hospital. The
facility serves Washington, D.C., area
hospitals and receives about 500 cases
per year.

This is just one of the many exam-
ples presented at the International
Symposium on Instrumental Applica-
tions in Forensic Drug Chemistry,
held May 29-30, 1978, in Arlington,
Va. The symposium, sponsored by the
Drug Enforcement Administration,
focused on the advancements of in-
strumental techniques in applications
to forensic chemistry. Leading re-
searchers from the United States and
six foreign nations presented papers
during the four sessions that covered
spectroscopy, computer applications,
chromatographic advances, and spe-
cial topics.

Drug abuse is a major problem
faced by law enforcement officials
today, and identification of drugs and
related compounds is an important
part of the forensic chemist’s job. Al-
though the example given by Dr.
Milne was of a clinical application of
drug identification, laboratory tech-
niques used in various drug-related
problems, such as emergency drug ov-
erdoses, drug monitoring, or metabo-
lism studies, can also be used in foren-
sic cases. For example, the analysis of
an illicit drug mixture by an extremely
sensitive and specific analytical tech-
nique can provide valuable informa-
tion regarding the history of the illicit
material.

Mass spectrometry is currently in
wide use as a method for both qualita-
tive and quantitative determinations
in forensic drug analysis. Its high sen-
sitivity and structural specificity are
the main reasons for its increasing
utility in the identification of thera-
peutic and illicit drugs, their metabo-

lites, and related substances. Often
the materials being analyzed are com-
plex mixtures, and this has led to the
widespread use of gas chromatography
coupled to mass spectrometry (GC/
MS), an extremely powerful tool avail-
able to the forensic chemist.

Editors’ Column

Forensic chemistry:
The application of chemistry
to legal problems

One example of this was p d

by M. G. Horning of Baylor College
of Medicine in Houston, who reported
on the routine quantification of drugs
in the picogram range by a GC/MS/

cc ter system with selected ion de-
tection. The procedure involves stable
isotope-labeled internal d

sensitivity and a wide range of appli-
cations and as an identification meth-
od is capable of analyzing nanogram

Quantification is based on the ratio

of stable isotope to sample. The meth-
od is extremely sensitive and specific.
Specificity is improved even further
when the chemical ionization mode is
used and if two or more ions are moni-
tored for the drug and internal stan-
dard.

Many of the techniques available
today for drug identification employ
computers for collecting and analyzing
data. Several systems currently in use
and reported during the symposium

R. L. Williams of the Metropolitan
Police Forensic Science Laboratory
in London reported that his laborato-
ry has been successful in constructing
several low-cost liquid chromato-
graphs designed for a specific applica-
tion. With isocratic elution, it is possi-
ble to operate a particular system
under the optimum conditions for the
analysis of a specific group of drugs.
According to Williams, there is a great
need for dedicated systems such as
t.hxs that can rapidlydoa number of

involve a retrieval-type search sy
for qualitative identification of drugs.
As in the system used at Suburban
Hospital, compounds are identified
by comparison of their spectroscopic
data to those of known compounds.
As these systems are improved and
the data bases enlarged, they will be-
come more and more important in fo-
rensic drug analysis.

‘The high resolving power and sensi-
tivity of chromatographic methods
have made them useful in forensic
work. Among the methods, gas chro-
matography (GC) is the most efficient
and sensitive and is a well-established

ly He sees a p!
future for th:.s through the use of hq-
uid chromatogmphy
hine of the Cuyahog

County Coroner’s Lab in Cleveland,
Ohio, discussed the application of im-
munoassay techniques to the detec-
tion of drugs in biological sample&
These techniques are very
and have made it possible to test for
substances previously difficult or im-
possible to measure. The two most
often used are radioimmunoassay and
enzyme immunoassay. The rapid
speedoitheanalysxsmdtbemmmal

| skill involved make these

part of the forensic laboratory. While
the development of GC has now
reached a plateau, high-performance
liquid chromatography (HPLC) is
undergoing many new developments
that will be of importance to the fo-
rensic chemist. HPLC is especially
valuable for polar, involatile, or ther-
mally unstable compounds not ame-
nable to GC. One of the most active
areas of research in HPLC is in the

very attractive in routine drug identi-
fication. Specificity is, however, a lim-
iting factor, since structurally related
compounds and metabolites may also
give posmve results. As a possibility
for future devel t, Dr. Sunshi;
suggested immunoassay techniques
as HPLC detection systems.

As laws are continually being broad-
ened and revised to counter the
alarming increase in crime rates, law

£ ies will be looki

improvement of detection sy
Ultraviolet and fluorescence spectro-
metric, and electrochemical detectors
are most commonly used today. A
promising technique, the on-line cou-
pling of HPLC to a mass spectrometer
as a detection system, was discussed
by P. J. Arpino of Ecole Polytechni-
que. This technique provides good

more and more to the scientific com-
munity for advice and technical sup-
port in their efforts. The development
of new and improved analytical tech-
niques will play a very important role
in meeting the future needs of the fo-
rensic scientist.

Deborah C. Stewart
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Nearly two d ago the di
ery of the optical maser or the laser,
as it is now called, ushered in a new
era. The laser introduced scores of ex-
citing fields of endeavor that affect
physics, chemistry, biology, and engi-
neering. One such field is nonlinear
optics, which arose almost immediate-
ly with the advent of the laser and
grew very rapidly in the years to fol-
low (1). As we shall soon see, the fields
of nonlinear optics and nonlinear
spectroscopy are dependent on lasers
because of the high electric field
strengths available from these i
sources.

In Figure 1 we depict how a medium
is polarized or how a dipole moment
is induced in a medium in the pres-
ence of high electric fields of a laser
beam. In its most simplistic mathe-
matical form, the polarization can be
expressed as an expansion in the field
strength as follows:

P=agE+bE?+cE3+... (1)

where P is the polarization, E is the
field strength, a is the linear coeffi-
cient, and b, c, etc., are the nonlinear
coefficients. It is readily seen that if
a>b>c>....thenntlowﬁelds,
terms in Equation 1 beyond the first
are negligibly small, and we are left
with the linear term that ch izes

cular freq y (m units of radians/s)
of the alternating field, and ¢ is time,
and is inserted into Equation 2, then
the relation becomes:

P = bEg? cos? wt (&)}

which by the trigonometric identity
yields:

P = gaozu +oos2ut]  (4)

Thus, if the second-order coefficient
is nonzero, the presence of strong
fields at frequency w allows for the
creation of a new frequency at twwe
the fund 1 2. The i of
the new fi
on '.he

process is now a routine operation and
is very useful in producing new laser
frequencies. For example, the funda-
mental frequency output of the Nd:
YAG laser at 1060 nm in the infrared
can be easily doubled in appropriate
crystals to produce green output (532
nm) at efficiencies typically about
309&.Thisoutputennbedouhled|gain
in another crystal to produee ultravio-
let radiation (266 nm) again at hxgh
effici These fi

in the CARS (coherent mtx-Stnkes
Raman spegtmseopy) experiments to

ordinary linear optics. However, at
greater and greater field strengths the
higher-order or nonlinear terms begin
to contribute significantly to the over-
all polarization. Let us now consider
the first nonlinear term, which is de-
pendent on the square of the electric
field strength:

P® = pE? (@

If the electric field of the electromag-
netic radiation is expressed as a sim-
ple sinusoidal function, E = E; cos wt,
where Ej is the amplitude, w is the cir-

This article not subject to U S. Copyrlnh!
Published 1978 Amerl Soclety

be di: in this report.

It should be mentioned that the
field strengths in Equation 2 need not
be identical. Thus, Equation 3 can be
written more generally as:

P® = b(Eq’ cos wit)(Eq” cos wat)  (5)

where E¢’ and Eq” are the field
strengths at frequencies w; and ws, re-
spectively. Again by trigonometric
identity we can see that new frequen-
cies at wy + wg and w; — wg are gener-
ated. In addition to the sum and dif-
ference frequencies, it can be shown
that under the proper conditions the

Instrumentation

Figure 1. Creation of an field in
matter by the presence of the intense
electric field of a laser
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Laser (488 nm)

Figure 2. Energy level diagram for typical molecule depicting

Stokes and anti-Stokes Raman shifts

fundamental frequency can be broken
up into two photons of longer wave-
length. This forms the basis of the
parametric oscillator, which is a very
useful tunable coherent laser source
(2).

If we now proceed to the third-order
term, we see that additional new
frequencies or harmonics arise. By
analogy with the second-order term,
the third harmonic or triple the fun-

d | can be g d. As a mat-

ter of fact, one can use successive non-
linear processes to effectively produce
very high harmonic freq ies. For

- Stokes Lines Anti-Stokes Lines
»
Excited Vibrational !
Energy Levels é i ] 1 I
. - — =
& i 3000 2000 100 0 1000 2000 3000 4000
Raman Shift (cm-)
State 800 50 500 450 Wavelength (nm)

Figure 3. Stokes and anti-Stokes Raman lines for energy

level scheme illustrated in Figure 2
Note lack of anti-Stokes lines except for small Raman shifts

that the frequency difference between
the red shifted photons (the Stokes
lines) and the laser frequency is a
measurement of the vibrational
freq! ies of the medium. The blue
shifted photons (or the anti-Stokes
lines) are displaced to higher frequen-
cy from the laser frequency again by
an amount equal to the vibrational
freq ies in the medium. The anti-
Stokes lines are usually much weaker
than the corresponding Stokes transi-
tions in ordinary Raman spectroscopy
because molecules must be thermally
lated to vibrational levels above

example, the 28th harmonic of the
Nd:YAG laser beam has been pro-
duced at frequencies that lie in the
deep vacuum ultraviolet at 38.0 nm
3).

The third-order term can be made

ponsible for other p For
example, if two laser beams at fre-
quency w; and w are coupled in a me-
dium, new frequencies at 2w; — wp and
2w + wo are created. It is the former
process that we wish to discuss during
the remainder of this report. However,
our interest in 2w; — w2 i8 not to gen-
erate new frequencies, but to detect
this emission, the intensity of which,
when plotted against frequency (usu-
“ally wp), forms the basis for a new kind
of Raman spectroscopy, which we call
CARS. This nonlinear method, which
has been reviewed extensively by a
number of authors in recent months
(4), is only one of many nonlinear
Raman processes, most of which are

just ging as useful spect
tools.
In normal Raman spectroscopy a

laser is focused in a sample, and the
scattered light is collected at right an-
gles to the laser beam. A monochro-
mator is employed to :et;l)!ar.ate the fre-
of the inelastical

l‘y mturedrphowm. Figure 2 shows

the ground state (see Figure 3).
Thus, ordinary Raman scattering is

a method of examining vibrational
spectra and is frequently complemen-
tary with information obtained from
infrared spectroscopy (5). For exam-
ple, Raman spectroscopy can be used
to observe homonuclear diatomic mol-
ecules or important vibrational

req ies in poly ic mol
where the modes are weak or inactive

Dye Laser
Osclilator

in the infrared spectrum. Raman spec-
troscopy is also useful for examining
spectra in aqueous solution, a medium
that is very opaque on the infrared re-
gion. Unfortunately, however, normal
Raman spectroscopy has many draw-
backs that some of the new nonlinear
Raman processes like CARS may in-
deed overcome. A few of these disad-
vantages include very small scattering
cross sections that are particularly
bothersome for low-pressure gas-
phase spectra. Another problem is in-
terference from fluorescence or lumi-
nescence in the sample. Furthermore,
resolution in normal Raman spectros-
copy is limited by the monochromator
and not the laser.

In the CARS process the emission is
in the anti-Stokes region, although
Stokes output is also possible and use-
ful. If w, is the frequency of one laser
beam and w; the other (w; > w5), then
the anti-Stokes emission occurs at w3
= 2w, — wo. This emission, which is
basically a mixing of three photons to

Sample

Dye Laser
Amplifier

Figure 4. Experimantal arrangement for CARS apparatus used in making measure-

ments at NRL

Twmwmmcmsmmdomlwwbolocxnodorcomplc(olyovuhppod.ml

effect is for illustrative purposes only
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produce a fourth, takes place in any
medium as a result of the third-order
nonlinear coefficient (c in Equation 1)
and hence does not require thermal
population as in normal Raman spec-
troscopy. Consequently, when the dif-
ference in frequency between the two
laser beams is equal to a Raman reso-
nance frequency (i.e., when w; — wp =
wg), then the conversion efficiency to

the overall laser intensity and inverse-
ly as the square of the line width and
the square of the normal Raman cross
section (the inherent intensity of the
normal Raman band). Equation 8 is
shown for only one resonance. Actual-
ly, all resonant materials have many
possible transitions. Thus, Equation 8
should really be summed over all the
in the medi This sum

wg (= w; + wg) is greatly enhanced.
The character of the emitted radiation
is very different from normal Raman
scattering (see Figure 4). First, the
output is coherent or laser-like (unlike
normal Raman scattering, which is
scattered into 4x steradians for unpo-
larized exciting light). Second, the
process can be quite efficient (as much
as 1% of the intensity at ws), several
orders of magnitude greater than con-
ventional Raman scattering. Third,
the CARS beam is created in the anti-
Stokes region, which has important
advantages over normal (Stokes-shift-
ed) Raman effect.

Mathematical Formulation

Quantitative description of CARS
cannot be derived here, but the theo-
retical development can be found else-
where (6). However, it is useful to dis-
cuss the various dependences of CARS
as they relate to quantitative, qualita-
tive, and instrumental diagnostics.
The intensity of the CARS signal can
be described approximately by the fol-
lowing relation for focused laser
beams.

2\ 2 /4x2w3\ 2
P (_) _) @)|2p,2
s= (5 (n )" 13x®|2P,2P,

(6)

x@ is called the third-order nonlin-
ear susceptibility, the more usual ter-
minology for the coefficient “c” in
Equation 1. x® is a complex number
composed of a resonant and nonreso-

nant part as indicated below:
x@) =ixResit o NR (7
with the resonant term equal to:
2 Nc* /do
Res = ae
= ezt dn)
L ®)

wp? = (w1 — w2)? — iT(w; — wo)
and where P; is the power at w;, n is
refractive index, N is number density,
do/dQ is the normal Raman cross sec-
tion, the product N, is the difference
in population in the lower and upper
states involved in the transition, and I’
is the normal Raman line width. The
remainder are well-known quantities.

From Equations 6-8 it is clear that
CARS differs from normal Raman ef-
fect in that the signal is dependent on
the square of the number density or

ration of the materi-

al. It is also dependent on the cube of

becomes squared in Equation 6, re-
sulting in a complicated, but readily
understood interaction among reso-
nances. On the other hand, if there is
no resonant material present (for ex-
ample, pure argon gas), or if we are off
resonance, a residual signal is generat-
ed via the nonresonant susceptibility,

However, fluorescence has been a no-
toriously severe interference. In Fig-
ure 5 we show two representative
CARS spectra of molecules never be-
fore recorded by normal Raman spec-
troscopy because of fluorescence inter-
ference (8). These two examples are
Rhodamine 6G and Rhodamine B,
which are such strong fluorescers that
they are among the most potent dyes
used in dye lasers.

In Figure 6 the CARS spectra of D,
and N at the center of an electrical
discharge are displayed (9). These
spectra were recorded with no inter-
ference from the strong blue emission
emanating from the discharge. From
the relative intensities of the various
@-branches it is possible to e

xNR and/or from distant r
This fact is probably the most serious
drawback for CARS because at low
concentrations of resonant material,
the nonresonant background arising
from the diluent interferes with the
measurement of the resonant signal.
Nonetheless, there are many applica-
tions where CARS is very useful in ob-
taining spectroscopic information that
would be inaccessible by normal
Raman spectroscopy.

Q " 1 Annlicati
o (o L o

One of the most useful applications
of normal Raman spectroscopy is in
the analysis of biological samples (7).

the temperature of the gases. Since
electrical excitation preferentially ex-
cites vibrational modes in these mole-
cules, it is not surprising that the vi-
brational temperature is found to be
much greater than the rotational/
translational temperature. In D,, for
example, T, = 1050 K, whereas T is
determined to be near ambient (~400
K). On the other hand, the vibrational
temperature in N3 is much greater
than D, and is in fact found to be non-
Boltzmann. This fact explains why N
is a much better energy storage medi-
um for lasers than Do.

CARS can also be used to measure

x0.1
A 610 600

530 580 nm

w, 1500

1000 cm!

Flgure 5. Portion of CARS spectra of two highly fluorescent dyes in solution

(~10~% M): a) Rhodamine-6G and b) Rhodamine-B

Normal Raman spectra of these materials have never been reported because of Intense laser-induced
R with

in these al-

or b
lows one to record CARS spectra at much lower concentration levels. These spectra were recorded by

L. Carreira and L. Goss at the University of Georgia
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temperature in flames and other hot
gases, and again the technique is not
hindered by background radiation.
Figure 7 is an example of such. Here a
CARS spectrum of N, was used to
measure temperature in a flat flame
burner (methane/air at 1 atm pres-
sure). In this example, the dye laser
was spectrally scanned over several
minutes to achieve the spectrum dis-
played. For many practical combus-
tion experi ts where turbul is

corded with a broad band dye laser
and a monochromator to spectrally
separate the anti-Stokes frequencies.
An example (10) of this is illustrated
in Figure 8.

Another important application of
CARS is in the analysis of photochem-
ical processes. In Figure 9 we show the
CARS spectrum of photochemical de-
composition products. In this experi-
ment a portion of w; (at 532 nm) is
doubled a second time to produce a

prevalent, spectra must be recorded in
a single shot. Such spectra can be re-

third beam at 266 nm. These three co-
herent beams (the probing CARS

Normal Raman spectra usually reveal unresolved band envelope

i i
,"7 : (x
ST % s

Figure 7. Spectrum of N, in laboratory flat flame burner (methane/air)?

curve fittad with calculated spectra to

exiract temperature data. Pressure = 1 atm; P,,, = 3 mW; P,,, = 0.1 mW; 110-min scan; resolution =

04cm™!
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beams at w; and w» and the photolysis
beam at 266 nm) are spatially and
temporarily overlapped in 15 torr of
benzene vapor. Normally, radiation at
266 nm would not bring about photo-
decomposition in benzene vapor, but
under the intense field strengths
available in these coherent sources,
two photons of 266-nm radiation ex-
cite the molecule to energy levels in
the vacuum ultraviolet region. From
the figure, spectral frequencies associ-
ated with saturated, olefinic, and acet-
ylenic hydrocarbons, which are known
photochemical products of single pho-
ton vacuum ultraviolet excitation, are
evident. It is interesting to note that
in these experiments the primary laser
radiation is an infrared laser beam at
1060 nm. All other coherent sources
were generated from this laser. With it
we produced coherent or laser beams
ranging from the visible region to the
ultraviolet. It was even possible to
carry out vacuum ultraviolet processes
without vacuum ultraviolet radiation.
The resultant chemistry and spectros-
copy was the direct result of nonlinear
optics and nonlinear properties in
matter. It is also of value to note that
in the 8-15-ns duration of the laser
pulses and at 15 torr pressure, the
benzene molecule has been photolyzed
and analyzed in a nearly collision-free
environment. Thus, the spectrum
shown in Figure 9 may actually be a
composite of many transient species
as well as stable molecules.

Clearly, the advent of the laser has
greatly extended the resolution capa-
bilities of absorption and emission
spectroscopy because of the extreme
spectral purity inherently available in




these light Normal sp

ous Rarman spectroscopy has benefited
enormously from the laser in sensitivi-
ty and sample size, but resolution has
lagged. This is because in normal
Raman scattering, resolution is deter-
mined by the monochromator em-
ployed rather than the spectral width
of the exciting laser. Thus, high reso-
lution by conventional Raman spec-
troscopy is ~0.1-0.01 cm~! with rou-
tine scanning at ~5 cm~1. On the
other hand, resolution of CARS spec-
tra is usually limited only by the laser
line width and, of course, the spectral
width of the molecular transition.
Hence,‘routine” CARS spectra are
recorded at ~0.4 cm~! with high reso-
lution at 10~3-10~4 cm~". In Figure 10
the CARS spectrum of », in methane
is displayed under high-resolution so-
lution conditions (11). This band is
nearly featureless under most “high”-
resolution Raman spectrometers. Also
since CARS emission is collected in
the forward direction, the doppler
width is considerably narrowed.

Summary and Conclusions

CARS is a new, nonlinear Raman
spectroscopy that has many advan-
tages over normal Raman spectrosco-
py in biological chemistry, combustion
and gas laser diagnostics, high-resolu-
tion Raman spectroscopy, and as a
general spectroscopic tool for photo-
chemical analysis and chemical kinet-
ics measurements, especially on the
nanosecond and picosecond scale. It
will probably never replace normal
Raman spectroscopy for which there is
commercial equipment. Conventional
Raman spectroscopy is also less costly,
is easier to employ, and has wider ap-
plicability than CARS. At present,
CARS is progressing somewhat in pro-
portion to advances in laser technolo-
gy. The most serious drawback for
CARS, however, is the problem of in-
terferences caused by the nonresonant
or residual background that limits the
sensitivity of the technique to ~1% in
solution or ~10-1000 ppm in gaseous
mixtures. Nonetheless, CARS will un-
doubtedly continue to prove itself as
an important specialized tool for diag-
nostic applications where other tech-
niques are more difficult or impossible
to use. Furthermore, the problems
with background interference may be
solved. Already some favorable sam-
ples have been examined by CARS to
10-7 M by means of electronic reso-
nance enhancement. Clearly, there
will be additional advances made to
improve the technique.

Finally, CARS is only one of several
even newer nonlinear Raman spec-
troscopies that may have even greater
applicability than CARS. These non-
linear Raman techniques will be re-
viewed as they pertain to chemical

Q1)
Q) Q)
A
o e
// \‘ *
t/, K““
./’ '-‘\\_
A .
,.—o"-"'d \-_\
4240 4200 4160 4120 4080 em-
Wy~

Figure 8. CARS spectra as recorded simuit

tichannel analyzer

Upper and lower traces are for H, sample and
linewidth is 25 A
Reprinted with permission from ref. 10. Copyright 1976 and 1978 American institute of Physics.

ly by dual-spectrum optical mul-

gases, anti-Stokes

T

-

3150

Figure 9. Spectrum obtained by superimposing three laser beams
Fourth harmonic of Nd:YAG laser (266 nm) effects of
a two-photon process, and two CARS beams probe photochemical products

Figure 10. ngh-tesolullon capabllity of CARS which is clearly much superior to
that obtalnod with conventional Raman techniques

a) Sp Raman g of CH; b) CARS spectrum of Q branch of », vibration of
Cﬂ. ruolunon.louk pressure, 20 torr

from rel. 11. Copyright 1977 American institute of Prysics
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and analytical applications in a future
publication (12).
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The Status of Academic Analytical
Chemistry

On p 849 A of the current issue, Dr. Janet Osteryoung of the National
Science Foundation describes a survey of analytical chemistry faculty
in graduate chemistry departments in the United States and Canada.
This survey was carried out by comparing trends in the numbers of an-
alytical chemists compared with chemists as a whole, as determined by
examination of the 1971, 1975, and 1977 editions of the ACS Directory
of Graduate Research. To quote her summary, “There has been a pro-
nounced increase of analytical chemists in graduate departments, the
increase is greater than that of all chemistry faculty, and the increases
pervade all types of institutions”.

On p 852 A, we carry a follow-up of an article by Rodney T. Hartnett
et al. in Science, 199, 1310 (1978) in which the peer ratings of faculty
quality in three specialties (chemistry, history, and psychology) are
compared with corresponding ratings of subspecialties in each field in
25 diverse institutions. The striking conclusion was that with the single
exception of analytical chemistry, the subspecialty ratings correlated
reasonably well with the ratings of the three specialties as a whole. Upon
closer scrutiny, it turned out that the poor correlation for analytical
chemistry resulted from four departments of the 25 being weak in
graduate analytical chemistry while being exceptionally strong in
chemistry as a whole.

According to the third annual survey of academic openings carried
out by the ACS (Chem. Eng. News, June 19, 1978, p 39) analytical
chemistry rates first in the number of vacancies. Of the 310 available
positions reported in 324 schools surveyed, 78 will be in analytical
chemistry as compared with 64 in organic chemistry, 49 in physical
chemistry, 45 in biochemistry, and 42 in inorganic chemistry.

These studies reinforce the feeling that academic analytical chemistry
has been on the upswing during the recent past and also that in a few
departments of high quality, analytical chemistry is being relatively
neglected. Other departments of recognized excellence have maintained
high quality analytical programs and, of course, in several notable de-
partments, analytical chemistry is well in advance of the department
as a whole. All of this might seem too trivial to deserve special mention
except for the fact that the top-rated departments tend to serve as
models for less prestigious ones. Those responsible for deciding the future
of graduate programs would be well advised to look more deeply than
just at a few top-rated chemistry departments before concluding that
analytical chemistry need not play a significant role.

/o
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Determination of Lead in a Chloride Matrix

with the Graphite Furnace

D. C. Manning and Walter Slavin®
The Perkin-Elmer Corporation, Norwalk, Connecticut 06856

We report conditions permitting the accurate and sensitive
determination of lead in a chloride matrix using the graphite
fi By pari with some p procedures, we
achleve this analysis by using ramp atomization, area Inte-
gration, molybdenum coating of the pyrolytically-coated
graphite tubes and by adding NH,NO, as a matrix modifier.
We are able to detect less than 20 pg Pb In solutions contalning
1% NaCl or MgCl,, which s equivalent to 0.1 ug Pb/g of the
solid salt.

Lead is probably the most frequent determination per-
formed in the graphite furnace, and a chloride matrix is
probably the most ubiquitous. In several such studies, workers
have independently found that the presence of magnesium
greatly intensifies the chloride interference on lead. We have
chosen to use several alkali and alkaline earth chlorides as
models in our interference studies on lead with the expectation
that techniques which will control these interferences will
control the interference of chloride in the presence of most
other cations.

We have attempted to evaluate experimentally and compare
the various proposals and suggestions in the literature relating
to the interference of chloride in the determination of lead.
The literature is often contradictory, and some of these
contradictions are illuminated. Most of our experiments used
MgCl, as the test matrix since several authors have reported
this to be the most troublesome.

Interferences, especially their degree, are very dependent
upon the design of the system. Indeed, the effects of a po-
tential interferent upon the Pb absorption vary significantly
during the life of an individual graphite tube, as found by
Fuller (1), which we have confirmed.

In early applications work with the furnace, Fernandez and
Manning (2, 3) found that the presence of NaCl reduced the
apparent lead found. Studying this interference, Ediger (4,
6) introduced the concept of “matrix modification" by sug-
gesting that the drying or charring properties of the sample
matrix be deliberately altered by chemical additions. If NaCl
is a major matrix material, it will produce a large background
signal unless it is driven off in the ashing cycle. However,
many analyte metals are lost at temperatures lower than that
which will drive off the NaCl. Ediger proposed the addition
of NH(NO; to convert the NaCl to products which can be
driven off in the ashing step, below 500 °C.

Many workers have studied the lead—chloride system both
theoretically and experimentally (6-17). The molecular
absorption spectra of various gaseous metal halides have been
published (17-21) and have shown that the background signal
observed when NaCl is a major matrix material is not simply
light scattering but includes molecular absorption by the NaCl
molecule.

Lead was determined in waters of low salinity by Regan and
Warren (22), and potential interferences were studied by
adding 100 ug/mL Ca, Mg, Sr, and Ba to HCI and HNO,
solutions. The worst interferences resulted from the Mg in
HCI solution. These authors found that addition of 1%

ascorbic acid to each of the interference solutions reduced all
of the interferences to less than 7%. It was shown that the
presence of calcium broadened and shortened the peaks, while
the presence of chloride reduced the total peak area.

Fuller (1) states that oxalic acid decomposes completely to
CO, below 300 °C and that when oxalic acid and PbO are
heated together in an inert atmosphere at 300 °C, free Pb is
produced. Thus, he found that 1% oxalic acid removed the
characteristic interference of 0.1% MgCl, on the Pb absorption
signal.

Hodges (23) found considerable loss of Pb signal when 475
ug/mL MgCl; was added to 0.1 pg/mL Pb solution. The effect
was completely removed when 2% H,PO, was added.
However, urine samples treated with H;PO, produced erratic -
results. When the graphite cylinder was pretreated by 10
firings with a 1% ammonium molybdate solution, the
background absorption was greatly reduced and ortho-
phosphoric acid then suppressed the interferences in urine
analysis for Pb.

Significant interferences in the determination of Pb, Cd,
and Se in samples containing 5% HCIl were found by Henn
(24). For Pb, these interferences were controlled by adding
200 ug/mL Mo to samples and standards. The furnace tubes
were preconditioned by several firings with the Mo solution.

In a study of Pb in NaCl solutions, Frech and Cedergren
(13) found that nonatomic absorption caused by 2 uL of 2%
NaCl was observed alone and in the presence of 1.3 M
NHNO; or 2 M HNO;. The nonatomic absorption disap-
peared above about 1000 °C for NaCl alone, while both
treatments accomplished removal of the NaCl at about 500
°C. Hydrogen was not sufficiently effective as a suppressor
for the Pb-NaCl system. Without NaCl, no Pb was lost while
ashing up to 900 °C. When Pb was determined in NaCl, with
and without 2 M HNOj;, Pb was not lost in ashing below 630
°C. However, even in 2 M HNOjs, not all the Pb appeared
to be measured.

In another study of the determination of lead in waters of
low salinity with the graphite furnace, Thompson et al. (25)
found a considerable suppression of signal for many of the
components typically found in polluted water. However, these
authors were not able to find any improvement when hydrogen
was added to the nitrogen gas as suggested by Frech (15) or
when ascorbic and oxalic acid were added as suggested by
Regan and Warren (22) or when ammonium nitrate was added
to the sample as suggested by Ediger (5). These authors found
that they could reduce the interference from the various
sample constituents by treating the graphite tube with
lanthanum. Solutions of lanthanum nitrate hexahydrate were
heated to high temperature in the tube, and the tube was then
used for the Pb determination. Presumably this alters the
surface of the tube with a layer of lanthanum carbide.

In spite of these problems, several authors have shown that
lead can be determined if certain precautions are taken. Shaw
and Ottaway (26) found that interferences in the determi-
nation of Pb were serious only in a chloride medium. They
developed a graphite furnace method for Pb in steel and iron
by dissolving the sample in nitric acid. Barnett and
McLaughlin (27) also determined very low levels of Pb by
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Table I. Experimental Conditions

A 217 nm, slit 4 (0.7 nm)

Pb EDL

D, background correction used

furnace: step 1 (dry), 110 °C for 20 s
step 2 (char), ramp 15 s, 550 °C for 158
step 3 (atomize), ramp 9 s, 2600 °C for 9 s
argon flow, 12 mL/min
15-s integration

avoiding a chloride medium and choosing nitric acid for’

dissolution. Frech (28) developed a method for very low
concentrations of Pb (less than 1 ug/g) in steels. The steel
was dissolved in 2.5% HCl and 1% HNOj; (aqua regia) in
which the sample is 0.25%. Using 5 pL of this solution, it
proved possible to ash the sample in the temperature range
from about 660 to 740 °C. In this temperature range, Frech
found that the chloride could be driven off prior to atomization
and that no lead was lost for these specific materials.

McArthur (29) reported the effects of chloride on the Mn
determination with results that are very similar to our ob-
servations for Pb. He found that NH,NO, largely removed
the effect.

EXPERIMENTAL

The Perkin-Elmer Model 603 atomic absorption spectro-
photometer was used with the Model HGA-2200 graphite furnace
with the T ure Ramp A y. The Model AS-1 Auto
Sampler was used to improve precision and to reduce the fatigue
associated with the large number of samples that were run. All
furnace sample dosage volumes were 20 uL. When a specific
weight of lead (i.e. 2 ng) is referred to, we mean amount present
in a single 20-pL dosage.

‘The analytical experimentai conditions are as indicated in Table
I. Using the Pb electrodeless discharge lamp (EDL) which is
many times brighter than Pb hollow cathode lamps (30), we found
the 217.0-nm line to be preferable. The 217.0-nm line lies just

ide the strong molecular absorption band of NaCl (18-20).

In this study it proved always necessary to use the deuterium
background corrector when there were significant amounts of
chloride matrix present. Throughout this study, the background
signal was recorded simultaneously with the analytical signal on
a Perkin-Elmer Model 56 two-pen recorder using the deuterium
arc as the light source. To record automatically the absorption
signal with no sample present, we used a circuit described by
Epstein (31). Most measurements were repeated in triplicate.
A recording pyrometer, the Ircon Modline Model 2000, was used
during all of these experiments. Integrated absorbance readings
were printed using the Perkin-Elmer PRS-10 Printer Sequencer.

In this study, we frequently found samples where quantitation
by measuring peak area (32, 33) produced less apparent analytical
interference than did the measurement of peak height. To obtain
optimum signals for peak area required somewhat different
conditions than were optimum for peak height. Except for
determination of concentrations within ten times the detection
limit, we used area integration throughout the study.

The gas flow meter was approximately calibrated for argon flow.
A flow of *12" was approximately 12 mL/min, *20" was about
24 mL/min and "30" was about 45 mL/min. This is the flow
through the graphite tube during atomization.

RESULTS

Since there is important interaction between the various
parameters that have been studied in the lead-chloride system,
experiments were conducted to study separately the effect of
each of the potential parameters.

Furnace Parameters. Our furnace conditions are similar
to those recommended (34) for Pb. We find that a short (9-s)
ramp atomization provides some separation between the
background and the Pb absorption peak and thus reduces the
problems associated with large background signals.

An investigation of the rate of heating in the atomization
step (550 to 2000 °C) showed that approximately 140 °C/s
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manmmdt.hsmtagnudleads@a!. Aathebutmamamed
the si hing 256% of the maximum at
700 °C/s At heating mws slower than 140 °C/s, the peaks
became broad. This was independent of the p of MgCl,
matrix. This result was found with ordmary graphite sample
tubes as well as with tubes that were pyrolytically coated.

The char temperature was studied using a solution con-
taining 2 ng Pb, 5% oxalic acid, and 0.4% MgCl, with an
atomization ramp time of 9 s. No lead was lost in charring
below 630 °C while the loss was significant at 920 °C. The
lead absorption signal was insensitive to changes in char times
of 5 to 45 s, or to the use of ramp charring. The background
signal in the atomization step remained constant for all the
variations in char parameters, including charring at 920 °C
where one third of the lead was lost.

The use of gas stop instead of a low argon flow through the
furnace tube during atomization increased peak area by about
15%. With real samples that contain a considerable matrix
not destroyed during the charring step, operation with gas stop
may be impractical since the windows collect a coating which
must be removed.

Graphite Tube Surface Treatment. Manning and
Ediger (35) showed that pyrolytically coating the graphite
furnace tubes provided about 70% increase in sensitivity for
Pb when either peak height or peak area was used for
quantitation. Recent work in our laboratories (36) indicates
that this increase comes about by reducing the Pb vapor lost
through the walls of the porous graphite tubes.

Treating the surface of the graphite tube with carbide-
forming elements has been reported by Runnels et al. (37) who
thereby improved the sensitivity and precision of the beryllium
determination. The authors examined the surface of mo-
lybdenum-treated tubes by x-ray diffraction and found that
the inner surface was coated uniformly with molybdenum
carbide. Thompson et al. (25) used a lanthanum pretreatment
technique to reduce interferences on lead determination in
stream and waste water. Cioni et al. (38) heated titanium
dioxide in the furnace to provide a layer that prevented Ba
from reacting with the graphite. Without the coating, there
were interferences in the determination of Ba in silicate rocks.

Several workers (23, 24) have observed that treating or
altering the sample tube surface with molybdenum reduces
the effect of chloride interferences on lead. Ortner and
Kantuscher (39) compared foil linings of tungsten and tan-
talum with treating the furnaces with salts of the same metals.
The salt treatment produced metal carbide surfaces which
produced a better environment for the determination of
silicon.

The early days of our study were plagued by difficulties in
repeating observations from day-to-day and by differences
from one graphite tube to another and between pyrolytic and
nonpyrolytic graphite tubes. During this time Fuller (1)
observed that the surface condition of the graphite furnace
tubes has a great effect upon the degree of interference of
MgCl; on the determination of Pb. In a new graphite tube
or a pyrolytically-coated graphite tube, MgCl, strongly in-
hibited Pb absorption, while a used tube that had become
coated with soft graphite exhibited much less interference.
This helps to explain the lack of reproducibility of the MgCly
interference and the variety of results found by different
workers (11, 22-24).

We investigated the treatment of the tube surface as
suggested by Henn (24) and Hodges (23) as a control for this
variability. Molybdenum was used to coat graphite tubes
which had not received a pyrolytic graphite coating as well
as tubes that had received a prior coating of pyrolytic graphite.

A molybdenum solution was made by dissolving 9.2 g of
(NH,)¢M0;0,4H;0 in 40 mL of 5% NH,OH and diluting to
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Table II. Durability of Molybdenum Coating

integrated absorbance, abs-s

sequence 0 0.2 0.4 0.8 1.2 1.6 (MgCl,, %)
1 0.73 0.72 0.76 0.87 0.74 0.57
2 0.79 0.82 0.86 0.90 0.87 0.82
3 0.75 0.75 0.77 0.98 0.87 0.80
4 0.77 0.78 0.81 0.86 0.88 0.83
5 0.76 0.78 0.80 1.01 0.88 0.79
6 0.79 0.78 0.80 0.86 0.88 0.88
7 0.79 0.79 0.79 0.94 0.85 0.88
8 0.79 0.81 0.83 0.86 0.87 0.90
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of Figure 2. Interference of MgCl, on Pb absorbance in various graphite
o5 o tubes. The test solution contained 2 ng Pb and varying amounts of
SEC MgCl,. The mean integrated absorbance (abs-s) of six consecutive
Figure 1. Effect of A on a pyro- firings was used for each data point shown. Curve 1 represents a
L 'y

Iytically-coated graphite tube. The test solution was 20 uL of a solution
containing 0.2 ng Pb, 1% NaCl, and 4% NH,NO,. The instrumental
conditions were as given in Table I. Segment A is the absorbance
before molybdenum treatment. B is the same solution after a single
molybdenum treatment of the tube. C resulted after the second
treatment and D after the third

50 mL in a volumetric flask. This results in approximately
10% Mo (w/v). A tube is conditioned by introducing 25 uL:
of the molybdenum solution through the sample introduction
hole and using the furnace program shown in Table I, except
that during step 3 the purge gas is stopped to reduce the
convection of the vaporized molybdenum out of the sample
tube. The treatment is repeated for three sequences.

Figure 1 shows the effect of successive molybdenum
treatments. A tube which had previously received a pyrolytic
coating was fired with a solution containing 1% NaCl, 4%
NHNO;, and 0.2 ng Pb. The resulting recorder tracing is
shown in Figure 1A. The tube was given a single molybdenum
conditioning as described above, and 20 uL of the same salt
solution was again fired, with the result shown in Figure 1B.
The tube was molybdenum-conditioned a second time, and
the 1% salt solution again fired with results shown in Figure
1C. The conditioning was again repeated, and the resulting
tracing is shown in Figure 1D. Two further conditionings and
firings produced no app hange in the tracings which are
not shown here.

The first peak in each tracing is produced by lead and varies
only slightly as the conditionings are repeated. The pattern
following the lead peak is caused by residual uncompensation
of the background.

Figure 2 summarizes the effect of MgCl, on the lead signal
when using tubes with and without the described treatment.
Five tubes were investigated: two pyrolytically coated tubes,
one having been molybdenum-treated and an untreated tube
as a control; three standard tubes, one having been molyb-
denum-treated, and two untreated controls, one unused and
one previously used extensively. Solutions containing 2 ng

pyrolytically-coated tube that also received the molybdenum treatment
while curve 3 is a pyrolyticalty-coated tube without the treatment. An
ordinary graphite tube that received the treatment is shown as curve
2, while curves 4 and 5 are ordinary tubes without treatment. Curve
4 was made with a previously unused tube while curve 5 utilized a
well-used tube

Pb and 0 to 1.8% MgCl, were run in the several tubes. While
integrated peak area is shown, a plot of peak height showed
similar results. The improvement realized by molybdenum
coating is greater for pyrolytically-coated tubes (curves 1 and
3) than for ordinary graphite tubes (curves 2, 4, and 5). There
is a small but real difference between a used and unused tube.
This confirms the observations reported by Fuller (1). The
precision with the molybdenum-coated tubes was generally
better than 2%, expressed as a coefficient of variation, while
the uncoated tubes provided precision often several times
poorer.

One factor that is important in determining the value of
the molybdenum surface treatment is how long it lasts. We
treated several tubes and then made a large number of re-
peated runs to see the change with time. A typical example
is shown in Table II. The solutions contained 2 ng Pb. Since
this test was also associated with a matrix modification ex-
periment, all solutions also contained 5% (w/v) NHNO;.
Each solution was run in triplicate or quadruplicate before
moving to the next solution (higher MgCl, content). At the
end of the sequence a water blank was run to check the
baseline. The eight sequences represent 208 individual firings
of the tube. The test was discontinued after 208 firings al-
though the tube was still satisfactory and was used for other
tests. There was no change in the results that could be at-
tributed to deterioration of the molybdenum coating. The
first sequence in the series of eight shows results different from
the seven following. This indicates that a short run-in may
be necessary for the molybdenum coating.

Matrix Modification. Several workers have shown that
adding various substances to a solution containing chloride
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Figure 3. Effect of several matrix modifiers on the MgCl, interference
in the determination of lead. The test solution contained 2 ng Pb and
varying amounts of MgCl,. (1) No modifier. (2) H,PO, 2% v/v. (3)
Sucrose 5% w/v. (4) NH,NO; 5% w/v. (5) Oxalic acid 5% w/v

reduces the chloride interference on lead. Substances which
have been proposed are: dicarboxylic acids (1, 22), nitric (13)
and phosphoric (23, 40) acids, ammonium nitrate (5), and
sucrose (22). We have investigated the relative efficiencies
of several of these materials, and summarize our results in
Figure 3. The experimental samples contained 2 ng Pb and
concentrations of MgCl, varying from 0 to 4%. Three rep-
licates of each solution were run and the means of the in-
tegrated absorbance were plotted after correcting for blank
values. A new pyrolytically-coated tube, treated with mo-
lybdenum solution, was used for each different matrix modifier
sequence.

Figure 3 shows the suppressive effect of MgCl, on lead in
the ahsence of a matrix modifier, and also the effect of
separately adding HyPO, 2% w/v, NH,NO; 5% w/v, oxalic
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acid 5% w/v, and sucrose 5% w/v. The addition of ortho-
phosphoric acid produced greater background signals than
corresponding amounts of the other substances, and for this
reason a smaller amount was added. Also preliminary ex-
periments indicated that there was little improvement by using
larger concentrations of H3PO,.

In addition to the substances included in Figure 3 other
organic acids were investigated: citric, L-ascorbic, tartaric,
and maleic. These provided results similar to oxalic acid, in
some cases giving slightly less protection. In an attempt to
look at other organic materials with properties similar to
sucrose, a six-carbon chain alcohol, sorbitol, was selected. This
material is very similar to sucrose in its carbon, hydrogen, and
oxygen content, as well as being water soluble. When it was
used as a matrix modifier, however, the results were only
slightly improved (40% to 50%) compared to no matrix
modification, and clearly less than the effect produced by
sucrose. The protection mechanism therefore appears to
involve more than merely the constituents of the substance
added.

An examination of matrix modification substances used
with NaCl revealed that NH;NO; was slightly superior to the
dicarboxylic acids in protecting against interference. Therefore
NH,NO, was chosen for subsequent experiments with NaCL
Figure 4 shows the effect of varying the concentration of
NHNO; on the lead signal and 1% NaCl background signal.
The background only signal (top tracing) was obtained si-
multaneously with the lead absorption signal (bottom tracing)
by using a two-pen recorder, with the second pen recording
a signal from the spectrometer reference beam. The reference
beam signal was recorded as percent absorption, with 100%
corresponding te complete beam attenuation. The background
is greatly reduced (from 93% to 27%) as the amount of
NH,NO; is increased. In the absorbance signal, the matrix
provides a second broad peak which is not appreciably altered
as the NHNO; is increased. The second peak must be ex-
cluded from quantitative at low
of lead.

Calcium chloride also produces a significant inhibition in
the Pb absorbance signal in the furnace. Using the experi-
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0.2ngPb

ration:

BLANK 0.04ng Pb 02ng Pb

14 % NH4NO3 —=

Figure 4. Effect of NH,NO, on the Pb absorbance signal in an NaCl matrix. The test solution contained 1% NaCl and the Pb and NH,NO, shown
in the figure. The upper curve is the background absorption. The conditions were as in Table I except that the 12 mL/min of argon fiowed for

a 6-s atomization period after the 9-s ramp
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Figure 5. Absorbance of solutions containing 1% MgCl, and 4%
NH,NO;. The analytical conditions were as in Table I. The absorbance
expansion was 5X. The blank absorbance corresponds to 0.009, the
0.04 ng Pb addition to 0.014, and the 0.2 ng addition to 0.035. Corrected
for the blank, the 0.04 addition yielded an absorbance of 0.005, the
0.2 addition an absorbance of 0.026. The blank contained about 0.07
ng Pb

mental conditions of Table I and a pyrolytically-coated tube
that had been molybdenum-treated, varying concentrations
of CaCl, were analyzed. The test solutions contained 2 ng Pb,
varying amounts of CaCly, and 4% (w/v) NH,NO;. The
interference of up to 3% w/v CaCl, was controlled by 4%
NH,NO;. The background signals were recorded during these
experiments. When 3.3% CaCl, was atomized, the background
absorbance was greater than 2. Nevertheless, the peak ab-
sorbance signal proved to be analytically useful. This is
because the ramp atomization separates the background signal
from the Pb absorbance signal. As we found in the case of
the MgCl, experiments discussed earlier, very high concen-
trations of CaCl, produced a trailing second peak on the Pb
absorbance signal. As before, it was an uncompensated
baseline upset and did not correspond with Pb.

Pb Detection Limit in NaCl and MgCl,. We have es-
tablished the approximate detection limit for Pb in NaCl and
MgCl, matrices using the recommended procedure. We have
not established the limiting amount of the salt matrix that
can be accommodated in the graphite furnace, but we have
shown that a 20-uL sample containing 1% NaCl or MgCl; (0.2
mg) can be handled using 4% (w/v) NHNO,.

Numerous experiments showed that variation of the
NHNO; between 2 and 15% (w/v) produced no significant
effect upon the Pb signal with the 1% NaCl matrix, although
as reported in an earlier portion of this paper, the background
signal varied with the amount of NH,NO, added.

Figure 5 shows tracings of a blank and solutions containing
additions of 0.04 and 0.2 ng Pb to 1% MgCl, and 4%
NH/NO;. Correcting the two additions for the absorbance
of the blank, that is, the amount of Pb in the 1% NaCl and
4% NH,NO;, yields absorbances that are linear with the
concentration of Pb. Approximately 0.07 ng Pb is indicated
as present in the 0.2-mg MgCl, blank sample, or about 0.35
ug Pb/g MgCl,.

In both the NaCl and MgCl, experiments we could have
detected as little as 20 pg Pb or 0.1 ug Pb/g of the solid salt.
This is still about 10X poorer than the detection limit one can

achieve in simple aqueous solutions (34).

CONCLUSION

Many hundreds of results on many different graphite tubes
with different histories show that we can quantitatively
measure very small amounts of Pb in a chloride matrix.

To do it:

(1) We use a short atomization ramp that separates the
residual background due to the NaCl from the lead absor-
bance.

(2) We coat the interior of the graphite tubes with mo-
lybdenum to get reproducible signals for Pb in this matrix.

(3) We add 4% NH,NO; as a matrix modifier to remove
much of the chloride matrix during the char cycle at tem-
peratures well below those that cause loss of Pb.
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Determination of Silver in Precipitation by Furnace Atomic

Absorption Spectrometry
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A procedure for the determination of sliver In preciplitation at
levels down to 1 X 10~ ug/mL using furnace atomic absorption
and evaporative p lon Is described. The method
Is shown to produce results which are precise to better than
+20% for triplicate analyses. Collaborative test and
splke-recovery results also Indicate that the accuracy Is In this
range. Results are presented which Indicate the validity of

the ple storage pr used and problems which may
be lated with such p dures. The method has been
used for the lysis of precipitati les to di

the occurrence of significant Increases I;\ the sliver content
of snowfall 100 km or more downwind of sliver lodide seeding
locatlions.

The effectiveness of silver iodide as a weather modification
agent has been extensively studied. It has been demonstrated
that seeding with relatively small amounts of silver iodide,
under proper dispersion conditions, can measurably increase
precipitation from certain orographic and cumulus formations
(1). Higher concentrations of silver in seeded vs. unseeded
precipitation is considered partial evidence of an effective
seeding operation. Similarly, the silver content of precipitation
in downwind locations is an important indication of inad-
vertent (extended area) seeding effects.

The concentration of silver in natural, unseeded, precip-
itation is usually on the order of 104-10" yug/mL (2, 3). Silver
levels reported in seeded precipitation range upward to, but
rarely exceed, 107 ug/mL (4). Warburton (3) measured silver
in snow collected 80 km downwind of a seeding program in
the Sierra Mountains and noted that seeding approximately
doubled the silver background level of 4 X 10 ug/mL. The
determination of these ultratrace concentration levels requires
an analytical method of unusually high sensitivity. Methods
used to successfully determine concentrations of silver in
precipitation include neutron activation analyses (NAA) and
furnace atomic absorption spectroscopy (FAAS) (4, 5). Al-
though NAA and FAAS are very sensitive methods, a pre-
concentration step is often required to bring silver concen-
trations to measurable levels. Preconcentration has been done
by solvent extraction and cation exchange methods (4, 5).
These techniques are time consuming and require great care,
elaborate cleaning, very pure reagents, and frequent moni-
toring of efficiency.

One analyst has avoided many of these problems by using
evaporative preconcentration with FAAS (6). Relatively large
volumes of precipitation are injected directly into a graphite
furnace, evaporated to dryness, and atomized. The furnace
configurations of many FAAS systems are too small for ef-

! Present add Envi al R h and Technology, Inc.
Fort Collins, Colo. 80521.
2Present address, Meteorology Research, Inc., Altadena, Calif.

Table L. y of Instr tation and
Operating Conditions

spectrophotometer
atomization unit
furnace conditions

Varian-Techtron, Model AAG
Varian-Techtron, Model 83

dry 5sat~120°C
ash 5sat~300°C
atomize 5sat ~2000°C

background correction Varian-Techtron, Model BCS6,

with H, continuum lamp

furnace special, long tube, fabricated
from Poco Graphite, No.
FX9 (see Figure 1)

sheath gas argon, welding grade at 6

L/min plus 10% methane
in argon at 0.1 L/min during
ash and atomize steps

328.1 nm

Coleman, Model 65, strip
chart recorder

analytical wavelength
recorder

ficient application of this preconcentration technique. The
present report describes the use of an oversize graphite tube
furnace in a flameless atomization system and includes
procedural innovations for rapid evaporative preconcentration
and analysis of silver in precipitation.

EXPERIMENTAL

Apparatus. The atomic absorption system and operating
conditions used are summarized in Table I. The standard
graphite tube furnace was replaced by the oversize unit shown
in Figure 1. The internal volume of this furnace is nominally 0.2
mL. A small indentation was drilled opposite the injection port
to facilitate control of the localization of samples injected.

Reagents. All nitric acid used was doubly redistilled in quartz
and stored in Teflon bottles prior to use. Dilutions of this acid
were made with distilled-deionized water previously stored in
polyethylene bottles. The silver blank of 3 M acid prepared from
these reagents was consistently less than 2 X 10 ug/mL.
Analytical standards were prepared from AR grade AgNOj dis-
solved in 3 M HNOj, and stored in Teflon bottles. A 0.1% (w/v)
solution of paraffin in AR grade cyclohexane was used as a
pretreatment dip for the furnaces.

Procedures. Falling snow samples were collected in plastic
bags held 1 m above the ground by support frames. Samples were
retrieved as soon as snowfall stopped and were held frozen until
analyzed. Rainfall samples were collected in acid washed, 1-L
polyethylene bottles fitted to the stems of 30-cm diameter
polyethylene funnels set 1 m above the ground. Each rain water
collection bottle was spiked with 10 mL of 3 M HNO; prior to
collection to inhibit losses of silver through wall adsorption.
Rainfall samples were frozen as soon as possible after collection
and retained in that form for storage. Sample collections were
made by cooperative observers previously made aware of pro-
cedures necessary to preserve the samples and avoid contami-
nation.

In preparation for analysis, snow samples were thoroughly
mixed in the bags and a fraction of each was transferred to smaller
bags for melting at room temperature. A volume of 3 M HNO,

0003-2700/78/0350-1238$01.00/0 © 1978 American Chemical Soclety
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sufficient to provide a 1% (v/v) acid concentration in the an-
ticipated melt wnter volume was added to each sample on |m-
tiation of melting. Rainfall les were allowed to

melt in the collection bottles to avoid silver fractionation msocmled
with freezing. Aliquots of each sample type were subsequently
transferred to smaller plastic bags (Baggies) retained in beakers.
All samples were kept covered except during the final analysis
preparation step.

Sample furnaces were dipped in cyclohexane solutions of
paraffin and allowed to air dry. The resulting paraffin film
prevented seepage of the water into the graphite lattice and was
instrumental in confining sample aliquots to the central region
of the furnace during evaporation. Samples were transferred to
the furnaces by sequential injections of 50 uL each with an
Eppendorf pipet. To evaporate each injection, the furnaces were
placed in an aluminum vee-notch holder device designed to hold
up to 50 furnaces and situated on a hot plate. Evaporation of
successive injections at ~80 °C was typically continued until 1.0
mL of sample had been delivered. Preparation of approximately
40-50 sample furnaces in this manner required about 2 h.
Following such preparation, sample furnaces were stored sealed
in individual plastic vials until analyzed.

For analysis, the furnaces were individually inserted into the
work head of the atomizer and run through the atomization cycle
under conditions stipulated in Table I. The individual response
characteristic of each furnace was subsequently determined by
injection and analysis of a series of standard solutions. This
approach compensated for slight differences between furnaces
and/or furnace alignment in the optical path.

RESULTS AND DISCUSSION

Sample Storage. The very low silver content of natural
precipitation samples requires the use of centainers that
neither contribute a silver blank nor adsorb silver from
aqueous solution at the typical 10 ug/mL level. The silver
concentrations of small quantities of 3 M HNO;, 0.03 M
HNOj;, and distilled-deionized water were monitored for ten
days during storage at room perature in new acid washed
polyethylene bottles. No increases were observed in the <2.0
X 107 ug/mL silver blank levels. Similar tests were performed
on several brands of plastic bags. One brand (Baggies) showed
no evidence of a silver blank and was selected for use in snow
collection and analytical work.

Strumpler (7) has reviewed the problem of container wall
adsorption of ions in aqueous solution. His report indicates
good stability for low silver concentrations (5 X 107 ug/mL)
stored in polyethylene containers at room temperature with
HNO; at a pH of 2. In tests perforined in this laboratory,
silver concentrations (3 X 10° g/mL and 9 X 10® g/mL) were
monitored during storage at pH 1.5 (0.03 M HNO,) in
polyethylene containers at room temperature. No measurable
loss of silver occurred during the first ten days. However, at
termination of the experiment (28 days), concentrations had
decreased about 15%. Another series of tests showed no silver
adsorption by the plastic bags from acidified (pH 1.5) or
neutral aqueous silver solutions after 12-h storage at room
temperature.

In other reports (8, 9), water samples were frozen to provide
additional stability at low concentrations of solute ions. The
present studies indicated that considerable “fractionation”
of dissolved impurities occurred when acidified (pH 1.5), low
concentration, silver solutions were frozen and stored at -20
°C. After several weeks of such storage, it was noted that a
few milliliters of liquid remained unfrozen. The unfrozen
liquid was highly acidic and analysis showed very high silver
concentrations indicating that the unfrozen liquid contained
most of the silver present in the sample. It is inferred from
this that freezing preserves such silver solutions by confining
the Ag ions to highly localized and acidic zones rather than
by immobilization of individual ions. Moreover, the entire

le must be melted to itute a solution repre-

sentative of the original concentration.

Table II. Results of Rainwater Storage Check Experiment
Ag concentration + std dev® (ug/mL X 10%)

storage for sample numbers
time,
days A C D
0 14:03 29:05 44:05 87:05
155 1.0+03 27:06 49:05 9612
225 1.3:01 28:03 b 8.0+ 0.6
230 1.1:02 26:03 34:05 8.2:09
a Determined by three replicate measurements, ? Not
determined.
2.0 .
Dig Hole
Q
== 6.0 mm o.¢
“emy,
= 16 mm

Figure 1. Dimensions of tube furnace used

To check the general validity of the storage procedures used,
four rainfall samples, acidified to pH 1.5, were analyzed within
24 h of collection, and then stored frozen at -20 °C. At
intervals, each was removed, completely thawed, sampled,
analyzed, and returned to the freezer. The results summarized
in Table II indicate that statistically significant reductions
in the measured silver concentrations were not observed after
several months of storage. Since the procedure used involved
successive freezing and thawing, the data also indicate that
losses of silver due to these processes are negligible. In view
of the above results, it was inferred that the storage of snow
samples in the frozen state should also be valid. A few
partially thawed and refrozen snow samples were received.
These samples were acidified, melted completely, and
thoroughly mixed in the collection bag before a portion was
removed for analysis. The data in Table II also indicate that
the analytical precision is typically better than £20% of the
amount present and tends to improve at higher concentrations.

Development of the Method. Attempts to preconcentrate
silver by the dithizone solvent extraction method (4) were met
with many problems. A rather high and persistent silver blank
level (1.5 X 10™* yg/mL) in the chelating solution (104 M
prepurified dithizone in CCl,) resulted in a net transfer of
silver from the organic phase for most precipitation samples.
As a result, nonlinear and often irreproducible extraction
efficiencies were observed for the range of silver concentrations
of interest. Silver levels in the extracts also tended to be
unstable with concentrations decreasing to 50% or less within
1 h. Also, satisfactory cleaning of the extraction equipment
required extensive soaking and rinsing with hot concentrated
nitric acid. The method was consequently abandoned and
emphasis placed on the development of procedures requiring
use of minimal reagents to avoid such problems.

Development of the enlarged furnace (Figure 1) was based
on the need for a unit with a larger sample volume. The
dimensions selected were also influenced by an evaluation of
the effect of tube length on the analytical response. It was
noted that the silver absorbance per unit concentration in-
creased with increasing tube length, attained a maximum at
15-17 mm length, and dropped off for longer tubes. The
absorbance increases observed may be attributed to the
combined increases in optical path and residence time therein.
Measurements with an optical pyrometer indicated that
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Table IIl. Summary Results of the Collaborative Test Progr
analysis results for lab no. indicated
1% 2° 3d present work
sample concn? percent percent percent percent
no. added concn®  recovery® concn? recovery® conen? recovery® concn? recovery®
1 0 60 <10 3 613
8 40 s 14 >560 8 63 8+3 25
2 0 150 <10 4 6+1
24 <30 29 >79 26+ 3 92 28+ 5 92
3 0 80 <10 3 51
40 70 s 20 >256 39+ 7 98 49+ 4 110
4 0 50 <10 <3 7+1
80 120 88 97 >108 93+ 4 112 96+ 13 111

a Al snlver concentrations are given in ug/mL X 10¢; where given, + values refer to standard deviations for 2 or 3 replicate

analyses.

® Lab cites detection limit of 3 x 10°% ugImL preconcentration by catmn exchange method (5) used. € Lab
cites a detection limit of 1 X 10 % ug/mL. Preconcentration by evaporation used.

4 Lab cites a detection limit of 3 x 107¢

ug/mL. Preconcentation by evaporation used. € Percent recovery = 100 (concn in spiked sample — residual conen)/spike

concn.

furnace surface temperatures in excess of ~1700 K were
required to maximize absorbance. This agrees well with the
results reported by Woodriff et al. (4). The dropoff in ab-
sorbance with tube lengths greater than ~17 mm was due
largely to the inability to uniformly heat these to this tem-
perature level in less than 10 s. Heating for longer periods
caused rapid decay of the furnaces.

These larger furnaces permitted the delivery of larger
sample volumes for the multiple evaporation steps required.
Although the successive evaporations could be carried out in
the FAAS unit itself, the use of a hot plate allowed the more
economical processing of numerous samples simultaneously.
The furnaces used are also sufficiently large to permit con-
venient mounting in the atomization work head without
serious disruption of instrument alignment.

After using particular furnaces for a few analyses, it was
noted that their interiors were deteriorated sufficiently that
samples wet the surfaces unevenly with concomitant losses
in measurement precision. Treatment of the furnaces with
paraffin as described above effectively alleviated this problem
without contributing to the silver blank. Similarly, the in-
troduction of methane in the sheath gas during the ashing and
atomization steps as a means of pyrolyzing the tube surfaces
also extended their useful life. Thus, each furnace could be
used for 15-20 or more analyses.

Studies indicated that repetitive injections to obtain large
volumes (1.0 mL) using low concentration silver standards
produced absorption responses equivalent to those obtained
when equivalent amounts of silver were injected in a single
small volume (5 L) at concentrations 200 times higher. Since
the injection volume did not significantly affect the response
for an absolute t of silver, le absorbance signal.

added to one aliquot from each sample. Portions of theze eight
samples were sent to three other laboratories involved in the
determination of silver in precipitation. Each lab 'y was
also provided with a concentrated silver standard (10 ug/mL
in 3 M HNO,) and instructed to utilize this in the preparation
of standards for the check analyses. Each laboratory used
FAAS as the quantitation technique but Lab 1 relied on
preconcentration by cation exchange prior to analysis (5). The
results summariud in Table III indicate that the laboratory
relying on chemical pr ration i ly reported
anomalously high resu.lt.s suggesting a contamination problem.
The method used by Lab 2 lacked adequate sen.smvlty' their

results were ble but h The
results of Lab 3 and the present work agree quite well and
rate r dicated by the re-

coveries. Although these data are hmxled they definitely
imply that the present method provides a general means for
determination of Ag at the ration levels required. They
are also partially indicative of the problems encountered when
chemical preconcentration procedures are used. As indicated
above, such usage is probably best avoided for Ag analyses.
Application of the Method. The determination of silver
in precipitation was for the g 1 purpose of ing the
extended area cloud seedlng effects. Rainfall samples from
convective tht were collected during the
summers of 1973-74 in the plams area 30-100 km downwmd
of the National Hail Research Experiment (10) cloud seedmg
area near Sterling, Colo. The sporadlc nature of summer rain
pled with the limited attention that cooperative

observers could provid lted in le bottles ti
being left unnttended for several days or more prior to or

were calibrated by injection of smaller volumes of standards
covering the appropriate silver mass ranges. Variations in
alignment, furnace condition, and support electrode contact
necessitated calibration of each furnace for each sample run.
This was usually done by bracketting the Ag mass in the
sample with standards. As noted above, triplicate sample
analyses involving the entire procedure were typically re-
producible to £20% at the 1 X 107 ug/mL level and improved
to £10% at ten times that level. This compares favorably with
an average relative standard deviation of 40% reported by
Woodriff et al. (4). The detection limits attainable were largely
determined by reagent blanks; these were typically less than
1 X 10" ug/mL.

Validation of the Method. To demonstrate the integrity
of the method, a limited collaborative study was carried out.
Four rainfall samples, preserved as stipulated above, were
divided into aliquots and known concentrations of silver were

following rainfall. C tly, many of the samples
contained appreciable quanuues of dust, plant material, and
insects; all of these can serve as significant sources of Ag. The
rainfall analysis results thus showed considerable variation
in silver concentration. The concentrations in the seed and

no-seed samples proved to be statistically equivalent.
Snow samples were collected during the winters of 1974-75
and 1975-76 in an area near the Palmer Lake Divide between
Denver and Colorado Springs. This area is 90-395 km
downwind of orographic cloud seeding experiments near
Climax and Wolf Creek Pass, Colo. (2). The snow samples
were of consistently high quality; an occasional pine needle
or small amount of dust were the only visible impurities.
These impurities were easily separated from the snow by
manual means. The comparatively better sample quality was
the result of several factors determined by the snow cover and
ure regi i.e.,, minimal dust contamination, no

msects and closer attention by cooperative observers.
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The analysis results for each storm group were averaged
to obtain a single datum per storm (/7). Samples which
contained snowfall from two or more storms were rejected
from the data set. The resulting data set was subdivided in
seeded and nonseeded subsets of 14 and 43 averaged mea-
surements, respectively. Seeded P les were those coll
when substantial seeding occurred in conjunction with fa-
vorable winds for transport of seeding material to the sampling
area.

Evaluation of each data subset via the Half-Normal Method
described by Daniel (12) indicated that both fit a log-normal
(Geometric) rather than a normal distribution. Evaluation
for the presence of outliers resulted in the rejection of 1 and
5 inordinately high values from the seeded and nonseeded
subsets, respectively, at the 95% confidence level. The re-
maining data in these subsets of 13 and 38 average mea-
surements were also shown to fit a log-normal rather than a
normal distribution. This is consistent with the stochastic
behavior of trace substances in natural systems as pointed out
by Rustagi (13) and Ahrens (14). The geometric mean and
standard deviation of the seeded subset were determined to
be 1.7 X 10 £+ 0.3 X 10 ug Ag/mL; the values for the
nonseeded subset were 7.8 X 10® + 2.4 X 10® Ag/mL. The
difference between these means was determined to be sig-
nificant at the 95% confidence level. This effectively indicates
that seedling resulted in a mean increase in the silver content
of the snowfall by approximately a factor of 2 as previously
noted by Warburton (3). In this context, the results suggest
the occurrence of extended area seeding effects at distances
approximating 100 km or more when meteorological conditions
are favorable. This is supported by the analysis of the silver
data and the associated meteorology presented by Mulvey and
Sheaffer (11).

The accurate determination of Ag at these concentration
levels is more than a trivial problem. Results obtained in the

present study hnve indicated that precautions must be Laken
to avoid cc tion. The p of iable

of Ag in many reagents and the diffi culty of purifying these
further argues for the use of a minimal reagent approach such
as that adopted herein. The accumulation of the majority of
the Ag and the acid preservative in the portion of an aqueous
sample which does not freeze at 20 °C emphasizes the ne-
cessity of completely thawing such samples in order to obtain
a representative sample of the original for analysis. Finally,
the analysis of rainfall for the present purpose must be based
on the utilization of a sample collection system which remains
closed until precipitation starts and closes soon after it ends.
Otherwise, contamination by fugitive dust and insects will
render the data highly suspect.
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Chemiluminescence Fiber Optic Probe for Hydrogen Peroxide

Based on the Luminol Reaction

Thompson M. Freeman and W. Rudo} Seltz*
D of Chemistry, University of New

A chemiluminescence (CL) fiber optic probe for hydrogen
peroxide based on the luminol reaction has been constructed
by immobilizing peroxidase in a polyacrylamide gel on the end
of a fiber optic. When the probe Is immersed In a solution of
peroxide in the presence of excess luminol, CL Is generated
a8 peroxide diffuses Into the peroxidase phase. The fiber optic
transmits CL to a detector. The theory of CL fiber optic probes
has been developed assuming a first-order reaction In the
enzyme phase. However, the peroxide probe shows response
which is d order in peroxide. The detection imit is close
to 10°* M peroxide. The time required to reach steady state
varies with peroxide concentration. At 10 M H,0,, steady
state Is reached In about 4 5. Under the conditions usually
employed, the CL Intensity is limited by the rate of mass
transter from solution to the surface of the enzyme phase
rather than by the activity of the peroxidase.

In this paper we report a new approach to using immo-
bilized enzymes for analytical purposes, the chemilumines-

e, Durham, New Hampshire 03624

cence (CL) fiber optic probe. This approach is applicable to
any enzyme-catalyzed process that leads to the production
of light. The enzyme catalyst is immobilized on the surface
of a fiber optic. When the fiber optic is immersed in a solution
of substrate, light will be generated as substrate diffuses into
the immobilized enzyme phase. This light is transmitted
through the fiber optic to a photomultiplier tube. The light
level will reach a steady state when the rate at which substrate
diffuses into the enzyme phase equals the rate at which
substrate reacts in the enzyme phase. If the light-producing
reaction is first order in substrate, then steady-state CL will
be proportional to substrate concentration.

CL fiber optic probes offer several potential advantages for
chemical analysis. By immobilizing the enzyme catalyst, it
is possible to reuse the enzyme many times. Often immo-
bilization leads to an increase in enzyme stability. The
advantages of immobilization have been well documented and
have led to considerable work to develop analytical methods
utilizing immobilized enzymes (1-3). The main advantages
of CL methods are low detection limits and wide linear dy-
namic ranges with simple instrumentation (4, 5). It should
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be pointed out that CL fiber optic probes are only one of
several possible analytical configurations involving CL cat-
alyzed by immobilized enzymes. For instance, immobilized
enzymes can also be used as sensors in flow systems by having
the analyte flow over the immobilized phase which is posi-
tioned opposite a light detector. An example of this has been
reported by Hornby (6). Also, an ATP assay has been de-
veloped by injecting sample into a solution containing firefly
luciferase immobilized on a glass rod (7).

The CL fiber optic probe is similar in many ways to enzyme
electrodes. Both involve a thin layer of enzyme over the
surface of a sensor. However, there are several important
differences. The enzyme electrode requires not only that
substrate diffuse into the enzyme phase but also that product
diffuse to the surface of the electrode. The time required to
reach steady state depends on the thickness of the enzyme
layer. In the CL fiber optic probe, the reaction of substrate
is detected directly via the light generated, and there is no
need for product to diffuse to the surface of the fiber optic.
As a result, response time is independent of the thickness of
the enzyme layer, and it is not necessary to prepare a thin layer
of enzyme. It is, however, necessary to use an immobilized
phase which is transparent to the CL emitted. This limits
the number of possible enzyme phases suitable for CL fiber
optic probes.

The system chosen for this study was the luminol reaction
catalyzed by peroxidase.

NH, ﬁ

NH =
n- T 2H02 + OH™ oormery
o

§

NH,

NH,
00" * €00™
+ N, + 3H,0 —= t light
00" CO0™ xMAX=430 nm

If luminol is in excess, the CL intensity will reflect the amount
of peroxide. This system was chosen because peroxidase is
inexpensive and available with high specific activity. Also,
the authors have previous experience working with luminol
and coupling enzymatic processes to the formation of hydrogen
peroxide (8, 9). However, it should be emphasized that the
advantages of the CL fiber optic probe approach will be more
significant for some of the bioluminescence reactions, par-
ticularly the firefly reaction used to determine adenosine
triphosphate (10) and bacterial bioluminescence used to
determine NADH (11). For both these reactions, enzyme cost,
availability, and stability are important considerations which
have limited analytical usage.

THEORY

The intensity observed using a CL fiber optic probe is
proportional to the number of molecules reacting per unit time
in the enzyme phase. Because this differs from other enzyme
probes, a brief theoretical treatment relating the observed
signal to enzyme activity in the immobilized phase will be
presented. Initially, it will be assumed that mass transfer in
solution is efficient enough so that the concentration of
substrate at the surface of the enzyme phase equals the
substrate concentration in the bulk of the solution. In practice,
the solution is stirred so that mass transfer in solution should
be considerably more efficient than mass transfer in the
enzyme phase, which occurs by diffusion; however, if the
activity of the immobilized enzyme is high enough, the
substrate may be reacted at the surface rapidly enough to
cause significant concentration depletion at the surface. It
is also assumed that the enzyme-catalyzed reaction follows
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Figure 1. Model of CL fiber optic probe. The substrate concentration
profile assuming mass transfer to the probe surface is fast enough to
be neglected is designated by the smooth line. The dotted line shows
the profile if the reaction at the surface of the probe is rapid enough
to deplete the surface concentration of substrate

Michaelis-Menten kinetics and that the substrate concen-
tration is much smaller than K, the Michaelis constant. In
this case, the rate of the enzyme-catalyzed reaction is pro-
portional to substrate concentration.

The model of the system is illustrated in Figure 1. At
steady state, i.e., when the rate of substrate entering the
enzyme phase equals the rate at which substrate reacts, the
distribution of substrate within the enzyme phase is given by
the following equation (12):

Vv,
cosh = x
S(x) = Spui Vm - 1)
cosh =X

The terms in Equation 1 are defined as follows: S(x) =
substrate concentration at position x in the enzyme phase
(mol/L); Sy = substrate concentration in bulk solution
(mol/L); X = membrane thickness (cm); V,, = rate of
substrate conversion in the gel under conditions of excess
substrate (mol/L-s); K, = Michaelis constant (mol/L); D, =
diffusion coefficient for substrate in gel (cm?/s).

What we are actually interested in is the number of moles
reacting per unit time V. For Michaelis-Menten kinetics with
[S] << K, where [S] = substrate concentration

Vimax
R= Tm— [S1v (2)

where R is the rate of the reaction (mol/L-s). V is obtained
by replacing [S] with the effective amount of S. For the gel,
the effective amount of [S] is the surface area of the gel times
the integral of S(x) from 0 to X:

me
V=g ALSSE) dx 3)

Substituting Equation 1 into Equation 3

Vv,
V= Af2S dx (4
X, 5 Sbuik Vo 4)
cosh | ———X
K.D,
Rearranging
Vi X
V= 1?:, ASpunc
1 i V,
v J5 cosh XD xdx (5)
cos}) IMax X m*~s
KD,
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Evaluating the integral yields

v,
5 sinh X, m.'ﬁx X 1
V= k;m ASpuik = . = (6)
" cosh |[—/=-X% mx
KD, KD,
which can be rearranged to
Vn.ux
v B sinh X .5 X
V= |5 ASuux V"‘ X (1)
" cosh | —/—2— X
Kle

For large values of v/ (Ve /KnD,) X > 2 assuming diffusion
coefficients are equal in solution and in the gel, the sinh and
cosh terms are essentially equal, and drop out of the equation.
This corresponds physically to the situation where essentially
all the substrate is reacted before it has a chance to diffuse
to the opposite end, i.e., the sensor end of the enzyme layer.

The CL intensity will be proportional to the rate of the
reaction:

photons\
CL( second ) N
photons emitted > photons detected
l‘(molecule reacting (photons emitted >

By plugging into Equation 9, solving for V, and rearranging,
one gets:

. VmXDl
—— * A(D;/8)Spui
ye S Km (11)
[ VeussDy . By
K., 1

The relative magnitude of the two terms in the denominator
reflects the relative rates of mass transfer to the enzyme
surface and reaction in the enzyme phase. If D,/é is large,
Equation 11 reduces to Equation 7. On the other hand if

VVaaDy/ K, is much larger than D,/3, then mass transfer
to the enzyme surface determines steady-state intensity. In
this case, the observed signal will be independent of enzyme
activity but will depend on the value of 8 which is a function
of the manner in which the solution is stirred.

EXPERIMENTAL

Preparation of Enzyme Phase. Two procedures were used

w prepare the immobilized enzyme phase. For some experiments,

ofh dish peroxidase (Sigma Type I, EC
1 11. 1 7 specxﬁc activity approximately 1080 units/mg at 25 °C
was dissolved in 0.1 M KOH-H;BO; buffer along with luminol
(Aldrich). The buffer pH and luminol concentration were chosen
to be the same as in the peroxide solution to be analyzed, typically
pH 9 and 10" M. This solution served as the enzyme phase and
was separated from the solution phase by a dialysis membrane
(average pore radius, 24 A)

Most experiments involved peroxidase immobilized by physical
entrapment in a polyacrylamide gel. The procedure for preparing
the gel was adapted from a literature method reported to give
a clear gel (13). The gel was formed from a solution of 50 mL
of either 0.1 M KOH-H;BO; buffer or 0.1 M phosphate buffer
containing luminol, 0.12 g N,N-methylenebis(acrylamide)
(A]dnch) and 2.38 g acrylamide (Aldrich). The buffer pH and

rations were chosen to be the same as those in

molecules reacting 8
second ®
where ¢cy, is the chemilumi efficiency and ¢g,, is the
detection efficiency. From these equations, it is possible to

estimate the photon flux for a given set of conditions.

As expected Iy, is proportional to the bulk substrate
concentration. The most interesting aspect of these equations
is the fact that the intensity is proportional to the square root
of the enzyme activity. Thus variations in activity will affect
CL intensity but not to the extent that they would in solution.

If the enzyme phase is very active, the substrate may react
so rapidly that there will be significant depletion of substrate
at the surface of the enzyme phase. In this case we need to
define a new variable, S, the surface concentration of
substrate. If the solution is stirred, then it is possible to apply
the Nernst diffusion layer concept, commonly employed in
electrochemical theory for stirred solutions. The equation is:

V'= AD'(Sb“]k&_ slur(nce) (9)
where V’is the ber of moles r g the surface per

second, S,y is the surface concentration of substrate, and
& is the thickness of the Nernst diffusion layer.

Equation 7 must now be modified so that the S, term is
replaced by S,y At steady state, the number of moles
reaching the enzyme phase per unit time will equal the number
of moles reacting in the enzyme per unit time, i.e., V = V",
By rearranging Equation 7 using S,ac in place of Sy, and
assuming the sinh and cosh terms are equal, we get an ex-
pression for Syurface

14
Vinax Dy
En

Smrhce = (1 0)

A

the peroxide solution, typically pH 9 and 10"* M luminol. The
solution was filtered to remove undissolved solids. Enzyme gels
were prepared by adding a weighed amount of peroxidase to the
acrylamide buffer-luminol solution. Approximately 1 mg/mL
of both riboflavin and potassium persulfate were added to
photosensitive polymerization. Polymerization was carried out
in a water-saturated nitrogen environment by irradiating with
a mercury lamp until a solid gel formed. The thickness of the
gel was 1 mm. Response is independent of gel thickness so this
is not an important variable. The gel layer appeared to be uniform.

Peroxide solutions were prepared by dilution of 30% H,0, in
0.1 M KOH-H;BO; or 0.1 M phosphate buffer and luminol. All
solutions contained 0.5 g/L EDTA (o tie up any trace metals that
might otherwise catalyze luminol CL in the solution producing
a background signal.

Apparatus. A diagram of the apparatus is shown in Figure
2. Ten mL of sample are added to a 15-mL beaker on a magnetic
stirrer. To keep the beaker position and stirring constant, a piece
of cardboard was taped onto the stirrer, and a hole was cut to
just fit the beaker. Also, the beaker was glued into position on
the stirrer and emptied by drawing solution out with a syringe.

The polyacrylamide gel containing peroxidase was held on the
end of a fiber optic by a piece of Nylon mesh from a stocking.
The Nylon mesh was held between two 0.5-inch long concentric
pieces of Tygon tubing which slipfitted onto the fiber optic. In
some experiments, a dialysis membrane was placed between the
gel and the Nylon mesh When using a peroxldase solution as
the enzyme phase, a dialysi brane sandwiched b two
pieces of Nylon mesh was f tted between the two concentric pieces
of Tygon.

The fiber optic was 2 feet long with a !/g-inch diameter
(Corning, numerical aperture, 0.63, acceptance angle 39°,
transmittance 0.63 at 500 nm). A light-tight shield was placed
around the enzyme end of the optic to exclude ambient light. The
other end of the fiber optic was placed in front of a 9558 QA
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Figure 2. Diagram of apparatus comprising CL fiber optic probe
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Figure 3. Typical data showing CL intensity vs. time for various
conditions; (a) pH 9, 10 M luminol, 10~ M H,0,: (b) pH 10, 10° M
luminol, 107* M H,0,; (c) pH 8, 10" "3 M luminol, 10 M H,0,, and (d)
pH S, 10"‘ M luminol, 10°° M H,0,. All data for a polyacrylamide gel
c g 1 mg/mL he

h Itiplier, S20 d at 1800 volts from a Fluke
412B high voltage power supply. Light intensity as a functlon
of time was recorded on a Heath SR-255A /B stripchart

p
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Table I. Relative CL Intensity from 10"* M H,0, at
Different pH’s and Luminol Concentrations®
luminol, M
pH 10°? 107 1074
8 0.003 0.089 oo
9 0.88 0.99 0.56
10 1.060 0.72 0.10

@ All values are normalized relative to the intensity for
10°2 M luminol at pH 10.

a consequence, peroxide diffuses further into the gel before
it is completely reacted, and it takes much longer to reach
steady state. The best compromise is to work at a pH where
steady state is still reached in about 30 s and sensitivity is
still satisfactory.

Luminol concentration is another important variable. The
effects of luminol concentration and pH are summarized in
Table I. The optimum conditions are 10-* M luminol at pH
9.

Since both pH and luminol concentration affect CL in-
tensity, it was decided that all enzyme gels should be prepared
at the same pH and luminol concentration as planned for the
solution. Otherwise there would be concentration gradients
across the gel, and sensitivity would tend to change with time
until concentrations in the two phases equalized. In fact the
gradual increase in intensity with time for 10 M hydrogen
peroxide at both pH 8 and 9 is attributed to luminol depletion
in the zone where the reaction takes place.

Figure 3 also shows typical data for 10°° M H,0, at pH 9
and 10 M luminol. At lower peroxide concentrations, the
response time is much faster, approximately 3 s to reach steady
state. Also, there is no gradual increase in intensity since the
amount of peroxide is too small to cause significant luminol
depletion.

Precision and the Effect of Stirring. Steady-state CL
intensity increases as the rate of stirring increases. Because
of this, measures were taken to keep the beaker in the same
posmon on the magnetic stirrer at all times. However,

A shutter was interposed between the end of the fiber optic and
the detector to protect the photomultiplier from excess light when
the enzyme end of the fiber optic was removed from solution. The
shutter was opened immediately after inserting the probe into
solution. In some experiments, the photomultiplier was cooled
with dry ice to reduce dark current.

Procedures. Measurements of CL intensity vs. peroxide
coucentration were done by making standard additions of peroxide
to a 10-mL solution of buffer and luminol. In experiments
observing the effect of pH or luminol concentration on CL in-
tensity, separate gels were prepared for each measurement. Each
gel was prepared in the presence of the pH and luminol con-
centration of the planned measurement.

A crude qualitative study of the effect of temperature on the
probe was done by cooling the probe and solutions with an ice
bath measuring the solution temperature just before the fiber optic
was inserted in the solution.

RESULTS AND DISCUSSION

Effect of pH and Luminol Concentration. The most
important variable influencing the peroxide CL fiber optic
probe is pH. It is necessary to compromise between the
optimum pH for peroxidase activity and the optimum pH for
maximum CL intensity from luminol (10, 11). The problem
is illustrated by typical data for 10 M peroxide at pH’s 8,
9, and 10 shown in Figure 3. At pH 8, the CL intensity
reaches steady state within a few seconds, reflecting high
peroxidase activity; however, sensitivity is low because the CL
efficiency of luminol is low at this pH. At pH 10, on the other
hand, sensitivity is good but peroxidase activity is low. As

was still limited by variations in stirring. The
variation t li ts on the same so-
lution was typically on the order of 10% RSD.

Another e that was at d to reduce the effect
of stirring was to interpose dialysis membrane between the
gel and solution. In one experiment using the same gel, the
presence of a dialysis membrane caused the signal from 10~
M H,0; to decrease by a factor of 0.62. The precision im-
proved from 9% to 5% RSD, and there was an increase in
response time.

The dependence of steady-state CL intensity on stirring
indicates that the rate of mass transfer to the surface of the
enzyme phase does influence response. The peroxide is re-
acting so rapidly in the enzyme phase that there is significant
substrate depletion at the surface of the enzyme phase.

Effect of Temperature. A rather crude experiment
cooling the probe and solution to 0 °C, did not cause an
observable change in steady-state CL intensity or in response
time. Since enzyme activity would vary significantly with
temperature, this also indicates that mass transfer to the
surface of the enzyme phase is the primary factor affecting
steady-state CL.

Effect of Enzyme Level. As would be expected for a mass
transfer controlled system, steady-state CL and the time
required to reach steady state were independent of the t
of peroxidase in the enzyme phase for levels from 0.5 mg/mL
to 3 mg/mL. For 0.1 mg/mL enzyme, there was a slight
decrease in steady-state CL intensity but the time required
to reach steady state increased from 30 to 120 s. At these
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Figure 4. Log CL vs. log p ion for three
probes: (O) 1 mg/mL horseradsh pevoxldaso in a polyacrylamide gel,
(O) 1 mg/mL h in solution, and (A) 0.1 mg/mL

horseradish peroxidase In a polyacrylamide gel

reduced levels of enzyme, apparently surface depletion of
peroxide is less, and enzyme activity is a significant factor in
determining response time.

Response to Peroxide Concentration. Figure 4 shows
log intensity vs. log concentration hydrogen peroxide for 1
mg/mL and 0.1 mg/mL enzyme in polyacrylamide gel and
for enzyme in solution separated from the peroxide solution
by dialysis membrane. The slope of the log-log plot for the
1 mg/mL enzyme in the gel is 2.3 and 2.35 for the enzyme
solution, considerably greater than first order. This came as
a surprise. Since the intensity of luminol CL is linearly
proportional to hydrogen peroxide concentration with a variety
of other catalysts and cooxidants (14, 15) first-order response
was also expected with peroxidase. However, the per-
oxidase-luminol reaction has been studied and found to
involve two peroxides per photon emitted (16). Thus, sec-
ond-order kinetics in peroxide under conditions where per-
oxide is in much smaller concentrations than other reagents
is not unreasonable.

The fact that observed response is somewhat greater than
second order is at least qualitatively consistent with a system
where there is significant substrate depletion at the enzyme
surface. Since the process consuming substrate in the enzyme
phase is second order in substrate while the mass transfer
process supplying substrate to the surface is first order, the
extent of surface depletion will be relatively greater at higher
substrate concentrations. As a result, the flux to the enzyme
surface will be relatively greater at high concentrations and
we would expect a response greater than second order. At
0.1 mg/mL peroxidase in a gel, the reaction in the enzyme
phase is slower, substrate depletion at the enzyme surface is
less, and as would be expected the slope of the calibration is
closer to 2.0.

The fact that surface depletion is greater at high peroxide
levels may also account for the observation that steady-state
response is reached more slowly at higher levels of peroxide.

The log-log plots for the gels are not straight lines. The
shape of this curve is reproducible and is observed at both
pH 8 and 9 at luminol concentrations from 10* to 10° M. The
origin of this behavior is not known. For a solution enzyme
phase, the plot is considerably straighter. The fact that
intensity is greater for the gel than the solution enzyme phase

is because there is a Nylon mesh behind the dialysis membrane
used to separate the solution enzyme phase from the peroxide
solution. This mesh blocks some of the CL from the detector
causing a reduction in intensity.

The minimum detectable concentration is 10° M. There
is no background emission so the detection limit depends on
the magnitude of the signal relative to the detector noise.

CONCLUSIONS

Thls paper has demonstrated the possibility of doing a
lysis using immobilized enzymes. The
detectabllny and response time of the CL fiber optic probe
are significantly better than observed with enzyme electrodes.
The detection limit is not nearly as low as observed using
ferricyanide-catalyzed luminol CL (14), mainly as a conse-
quence of having to make a compromise between optimum
conditions for luminol efficiency and optimum conditions for
peroxidase activity.

Using the fiber optic probe is quite convenient. Mea-
surements can be easily made at a rate of more than one per
minute, particularly when working at 10° M H,0,. However,
with a system like peroxidase-luminol where response is mass
transfer limited, precision is poor because it is difficult to
maintain reproducible mass transfer. Better precision would
be observed in a system designed for more constant mass
transfer, e.g., a flow system. It should, however, be pointed
out that mass transfer limited systems are desirable in that
response is independent of enzyme activity and other variables
such as temperature that affect enzyme activity. Also the
precision in terms of concentration is better than the precision
in terms of peak height because the response is second order.

The peroxide probe based on luminol can potentially be
coupled to other enzymatic processes that yield peroxide, e.g.,
glucose analysis using glucose oxidase. However, the fact that
response is greater than first order is not convenient. Since
peroxide is a reactant in other CL reactions, we plan to in-
vestigate the possibilities of other peroxide probes before
attempting to couple to other reactions. We did not further
evaluate the analytical properties of our present probe because
we expect other systems will give better response to peroxide.

LITERATURE CITED
nnd P. W. Carr, Anal. Chem., 48, 544A (1976).

Anal Chem 46, GOZA(1974)
. CRC Press, Cl Ohio,

§
e

(1)
(2)
@)

4)
5)

6)

N
3
5

¢E

and M. P. Neary, Anal. Chem., 44, 188A (1974).

itz and M. P. Neary, in “Methods of Biochemical Analysis",

., Vol. 23, Interscience, New York N.Y., 1976, pp 161- 189
prasemadm

Jablonski, and M. Del.uca, Anal. B'oc«hem 80, 496 (1977)
wm:mthmmwnsw.wam( Winston-Salem
.). 22, 372 (1976).

. Williams and W. R. Seitz, Anal. Chem., 48, 1476(1976)
Strehler, in “Methods of Blochemical Analysis”, D. Giick, Ed., Vol
, Interscience, New York, N.Y., 1968, pp 99-179.

. Brolin, E. Borglund, L. Tegner, ‘and G. Wettermark, Anal. Biochem.,

. 124 (1971)
Blaedel, T. R. Kissel, and R. C. Bogustaski, Anal. Chem., 44, 2030

(13) Hld(s and S. J. Updike, Anal. Chem., 38, 726 (1966).

(14) D.T. Bostick and D. M. Hercules, Anal. Chem 47, 447 (1975).
(15) V. Patrousky, Talanta, 23, 553 (1976).

(18) M. J. Cormier and P. M. Prichard, J. Biol. Chem., 243, 4706 (1968).

gii$9;r
opaPTO
ag

Tt
_§
E

=
e
ERVzPOZO<S S

'03'.

B2
[
m-roonr

RECEIVED for review January 3, 1978. Accepted May 8, 1978.
Work supported by Grant No. 671 from the Central University
Research Fund of the University of New Hampshire.



ANALYTICAL CHEMISTRY, VOL. 50, NO. 9, AUGUST 1978 « 1247

Determination of Trace Amounts of Alkyls and Hydrides by
Metastable Transfer Emission Spectrometry

D. G. Sutton,* J. E. Melzer, and G. A. Capelle’

Aerophysics Laboratory, The Ivan A. Getting Laboratories, The Aerospace Corporation, El Segundo, California 90245

Experiments in which the newly developed analytical tech-
nique, metastabl SpH y (MTES), was
used Indicate that this method can be effectively used to detect
and e small ations of metal and semimetal

EXPERIMENTAL

The experimental setup is shown in Figure 1. The apparatus
described in ref. 1 was used with two modifications. The furnace
unit of the prior apparatus, which was used for vaporizing solid

alkyls and hydrides in the gas phase. The lecules tri-
methylbismuth (TMB) and germane (GeH,) were used for the
prototype systems. However, many other molecules in these
two classes can also be detected. Both TMB and GeH, have
been measured In a flowtube device to concentrations of less
than 107 molecules/cm?, or an equivalent detectivity in the
sample gas of better than 1 ppb. The flowtube deledlon
device and its application to vari p are di:

Other classes of compounds that should be detectable with
our device are identified.

The recent development (I) of the new qualitative and
quantitative measurement technique, metastable transfer
emission spectrometry (MTES), has made it possible to detect
various atomic vapors in a gas flow to concentrations of as low
as 10* atoms/cm®. This technique has been adapted, with no
increase in experimental complexity, to permit the detection
and measurement of many gas-phase molecules. The tech-
nique involves the mixing of a flow of sample gas, which
contains traces of the molecule to be measured, with active
nitrogen (2). The active nitrogen breaks apart the molecule
and electronically excites one of its constituent atoms, e.g.,
Bi in the case of trimethylbismuth (TMB). Emission from
the atoms is then monitored. The spectrum identifies the
atom(s) present, and the intensities (/) of one or more of the
emission lines are used as a measurement of the concentration
of the emitting species:

I =K(A) (la)

or
Iy = K's(Bi) (1b)
In the case of TMB, K’and K'g; are constants. If there is no
other source of the atom, its concentration is then, within

limits, directly proportional to the concentration of the original
parent molecule (M) present

(A) = K"(M) (2)
Thus, from Equation 1,
I=KM) (3a)
where K = K’K"” is a constant. For TMB,
Ig; = Kpi(TMB) (3b)

The simple form of this equation has been verified over a large
range of concentrations for several alkyls and hydrides.
Limitations on the validity of Equation 3 will be discussed
subsequently.

93(‘)Prasem. address, EG&G, Inc., 130 Robin Hill Road, Goleta, Calif.
17.

les, was replaced by a system for handling gaseous species.
In addmon the flowtube section was mounted horizontally and
viewed end-on. A different and more accurate calibration method
was also employed.

‘The sample gas, which contains small amounts of a molecule
to be measured, is flowed at a known rate through a calibrated
orifice, or through a capillary if smaller flows are needed, into
the flowtube system. N, gas can be added to this sample flow,
either before injection into the system or at the injection point
by means of the outer coaxial jacket surrounding the sample
injector. This N, flow is used especially when the sample flows
are small, e.g., when the capillary is used, to positively sweep the
sample into the reaction zone. Coaxial N, flow is initially adjusted
to optimize the measured intensity for a given configuration and
sample molecule. It is then adjusted as necessary throughout the
experiment to compensate for changes in the sample gas flow,
i.e., to keep the total flow constant in order to ensure that the
mixing dynamics that occur downstream upon injection of the
active nitrogen remain reasonably constant. The partial pressure
in the flowtube, which is a result of the sample plus N, sweeping
flow, is a sufficiently accurate diagnostic for adjusting the carrier
N, flow. This partial pressure is typically about one third of the
total flowtube operating pressure. Active nitrogen is also injected
into the flow and accounts for the balance of the 2- to 5-Torr
flowtube pressure. It is prepared by passing a flow of pure nitrogen
gas contained in a 12-mm o.d. quartz tube through a 70-W
microwave discharge upstream of the injection point. The
discharge is confined to that portion of the 12-mm quartz tube
surrounded by a McCarroll type cavity (3).

The glow that results in the mixing region and extends
downstream is observed photoelectrically (RCA Model 1P28)
through a monochromator. Normally, the glow consists primarily
of atomic emission, with a weaker background of N; emission
resulting from the Lewis-Rayleigh afterglow. Significant emission
from other molecular species is seen only occasionally. The
intensity of one of the atomic lines provides a qualitative measure
(Equation 2) of the concentration of the parent molecule from
which it was derived, if there are no other sources of that atom
in the system and if the active nitrogen concentration remains
relatively constant and unperturbed by the sample gas in the
observation area. A simple calibration over the concentration
range of interest in order to verify Equation 3 is all that is
necessary to quantify the measurements for any particular ex-
perimental setup and sample gas.

For TMB, calibration isted of the p ion of a dilute
“standard” mixture of 1 part TMB in 10* parts of N;. Further
dilution gave irreproducible results. This mixture was then passed
through the capillary (the orifice provided too large a flow) at a
known rate, and the signal I; was measured. The use of the
known pumping speed of our system (3.25 L/s) enabled the TMB
concentration in the observation area to be calculated. By means
of Equation 3b, the calibration was thus effected. When such
dilute mixtures and low flows of TMB were used, it was necessary
to allow the system sufficient time to reach a steady-state
equilibrium point before calibration data were taken. Experi-
mentally we observed that with TMB, 15 min or more were
necessary at very low flows. Although the TMB mixtures were
made with Ny, such standard mixtures could also be made with
other diluent gases, or with multiple trace samples in order to

0003-2700/78/0350-1247$01.00/0 © 1978 American Chemical Society
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Figure 1. Flowtube device for detection of gas-phase species by MTES

duplicate more ly the unk gas that would ultimately
be run in the system. 'I'he coaxial N, sweeping flow could similarly
be replaced by other gases. Normally, when true unknowns are
run, the trace substances are present in concentrations much
smaller than 1:10% hence, for maximum sensitivity, the larger flow
afforded by the use of the orifice (0.005-cm radius hole) could
be used. These larger flows would require no additional sweeping
flow; thus. lugh sensitivity could be obtained with direct at-
while maintaining the same system pressure.

RESULTS AND DISCUSSION

When the orifice is used, the flow is controlled by means
of the upstream pressure (P,). If P; < 2P;, where P, is the
downstream (flowtube) pressure, sonic flow conditions exist
(4) and the flow rate through the orifice is directly proportional
to P,. For flow through the capillary, the flow rate is again
controlled by the pressure, but the relation is more complex.
Poiseuille flow normally develops (5), and the flow rate dN/dt
of molecules through the capillary can be given with good
accuracy by the expression

aN _ wa'(P+ PP P 4f
@ 167 T (‘ ¥ ?) @

where a is the inside radius of the capillary tube, [ is its length,
P, and P; are the respective upstream and downstream
pressure, n is the viscosity of the gas flowing through the

capillary, and
2n (, laT)v2
¢= P, + P,\2 ®)
is the slip coefficient. The last term of Equation 4 (in par-
entheses) is a slip correction factor (5), which compensates
for the fact that the velocity of the molecules flowing down
the narrow tube is not zero at the walls. Reasonably long
lengths of stainless-steel capillary tubing of a = 0.005 cm are
readily available commercially; for these experiments, a
relatively short length (! = 15 cm) is sufficient.
For convenience, Equation 4 may be rewritten as

dN = l z
dt  169kTI

6)
where

_ 21rkT L2
Z—(P,+P2)(P|—P,)[1 a(P1+P2)]

(7)
A steady flow of the sample gas, in this case 1 part TMB

in 10* parts Nj, was established through the capillary. The
flow was then shunted to a known volume at the same p
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Figure 3. MTES spectrum obtained from trace amounts of GeH, mixed
with active nitrogen

speed of the flowtube system.

Various flows of the TMB sample through the capillary and
into the flowtube were established, and the signal intensity
(1) produced by Bi emission at 3068 A was measured to check
the validity (i.e., the simple linearity) of Equation 3. Ig; was
plotted vs. Z. The result was again a straight line, as predicted,
and, when the intensity scale was normalized at one point to
coincide with Figure 2, the lines merged. Thus, at least for
TMB, Iy; is indeed proportional to the TMB concentrations,
within the limits described previously, and Equation 3 holds.
The range of linearity for TMB concentration measurements
with our apparatus was from 10 TMB/cm® to 10’ TMB/cm?
At higher rations, the plots showed some curvature,
presumably because of active nitrogen depletion. With added
difficulty, the measurements could be extended above
10'°/cm? in the current device by a careful calibration of the
nonlinear portion of the curve. Signal-to-noise considerations
prevented the measurement of concentrations below 107/cm®.
Lower concentrations could probably be measured with an
optimized system with respect to f number, spectral slit width,
and detector sensitivity. A concentration of 107 TMB/cm?®
was detected with a spectral slit width of 16 A FWHM. The

(Py). By the measurement of the time required for a small
pressure rise in the known volume, it was possible to determine
the flow rate (AN/dt). Measurements were taken for several
values of P,. dN/dt was then plotted vs. Z(P,,P,) (Figure 2).

Clearly, a straight line resulted, demonstrating that the
dependence of the flow on pressure given by Equation 6 is
indeed valid. For this plot, P, was varied from 40 to 310 Torr.
The initial concentration of the sample species in the flowtube
observation zone is calculated from dN/dt and the pumping

reduction of the slit width to 1.6 A resulted in poorer de-
tectivity by a factor of 14; the upper limit of 10°/cm® re-
mained, of course, unchanged.

Germane (GeH,), a gas at room temperature, was also
studied with the use of the MTES system. Dilutions of up
to 2:10° of GeH, in N, were used, and the intensity of the
2651-A Ge emission line was itored. A spectrum of the
emission that results when active nitrogen is mixed with a gas
flow containing trace amounts of GeH, is shown in Figure 3.




NITIAL Go, CONCENTRATION | muecuies o'
w0 ™ " W

. e

¢ »~[Lm‘].r £ ;

3
) C2 o
§ oF CILUTION
2 ol of7 DAL FACIOR
z 2 o 151w pasit
g > 3
B P4 osm o=sn’
- 2
g “}7’ A 288 O m‘ R
8 7 o208  0=1
wil, 14 »2um p=nt ]
a2unm  p=210°
v ! I
ot w0 @ W Wt e

2+ DUUTION FACTOR (Tor’)
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Note that there is a relatively featureless background, clear
of any significant spectral interferences. This featureless
background is generally the case when MTES is used. If there
are any spectral interferences, they are normally atomic lines
resulting from other trace materials present. In a manner
similar to that described for TMB, the validity of Equation
3 for GeH, was verified. These results are plotted in Figure
4, where a log-log format was used to accommodate the large
dynamic range of the detection system. The emission intensity
at 2651 A is proportional to the initial GeH, concentration
over a range of 5 orders of magnitude. The dashed line in
Figure 4 was drawn with a slope of 1 and parallels the loci of
data points.

Note that GeH, was detected at concentrations below 107
GeH,/cm? or with about 0.1 ppb of GeH, in the sample gas
flow. As before, this was achieved with a 16-A spectral slit
width. The effective upper limit of detection, determined as
the highest concentration where the linear relation given by
Equation 3 still holds, is approximately 10" GeH,/cm®, as can
be seen from Figure 4. With most trace molecules, this point
was indicated by a bending over of the curve towards the
x-axis, resulting from depletion of the active nitrogen.
However, an interesting variation was observed with GeH,.
At concentrations between 10'® and 10" GeH,/cm?, the in-
tensity of the Ge 2651-A emission line actually increased with
the GeH, concentration at a rate increasingly faster than linear
before finally saturating. Clearly, some secondary reaction
was involved, but no specific mechanism is suggested at this
time. The onset of saturation was indicated visually by a
constriction of the pale yellow Lewis-Rayleigh afterglow and
the appearance of new colors.

A number of other substances were put into the MTES
system as “trace molecules”, primarily to determine if they
could be detected by means of the method; minimum and
maximum detectable concentrations were not measured. All
the materials tested were detected. Among them were AsHj,
PHj, SiH,, Al(CHy);, Ga(C;Hs);, and Ge(CyHg),. With the
exception of PHj, all of these materials yield clean atomic line
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the general process involves the stripping down of the molecule
to the central atom, probably by successive attacks on the N
atoms present in the active nitrogen. Subsequent (one-step)
excitation of the stripped atom by bimolecular collision with
the N,(A3Z,*) would then account for the observed
fluorescence (8, 9). It is unimportant whether the stripping
reaction is first order or a more complex function of the active
nitrogen concentration. Since MTES requires that the active
nitrogen concentration be essentially constant, the analysis
is valid as long as the overall kinetics are linear in the con-
centration of the sample molecule, which has been the case
over a reasonably large concentration range for all molecules
investigated thus far. As mentioned previously, however,
deviations from linearity (other than simple saturation) have
been observed with GeH,. At high concentrations of sample
gas, it is probable that secondary reactions with intermediate
products of the stripping process may begin to play an im-
portant role. In any case, when working with a new molecule,
the linearity expressed in Equation 3 should be verified
empirically in the concentration range of interest.

The absolute accuracy achieved on a concentration mea-
surement will depend on many factors, including the nature
of the unknown, the background matrix in which it is em-
bedded, spectral interferences, and, of course, the accuracy
of the calibration standards. Reproducibility normally will
be one of the prime iderations affecting y. Similar
flow conditions must be maintained in the device throughout
an experiment, including keeping the active nitrogen pro-
duction rate constant. Gross changes in the flow or com-
position of the sample and carrier gas must also be avoided,
which is especially important if they contain species such as
0,, which can reduce detectivity both by quenching active
nitrogen and by reacting with free atoms.

Throughout the experi with TMB and GeH‘.
results were cross-checked, which included r ti
concentrations on different days and comparing results ob-
tained in the same experiment but using two calibration
standards that differed in concentration by several orders of
magnitude. Within the limits of applicability for the method,
as described previously, it has been possible to achieve
routinely an accuracy of £15% (for 80% of the measurements)
for all but the smallest concentrations.

CONCLUSIONS

Quantitative detection of a gaseous alkyl (TMB) and a
hydride (GeH,) at 1 ppb or less was demonstrated. Spectra
were obtained that indicate that our p will be ally
applicable to many molecules belonging to these two classes
of compounds. In particular, tetraethyllead probably can be
detected at concentrations well below the toxic level. Similar
evidence exists in the literature that strongly indicates that
a wide variety of metal carbonyls (10) and halides (11) could
be detected and measured directly with our technique.

In a previous publication (1), we reported the detection of
Bi atoms at a concentration of 10/cm®. It is probable that
the reported sensitivity (107/cm?) of the identical technique
to trimethylbismuth is limited by the ability of active nitrogen
to effect the decomposition of the metal complex. An auxiliary

spectra when added to active N,. PHj and active nitrogen
produce the PN A!Z — X' band system.

All of the “trace molecules” investigated thus far in the
MTES apparatus exhibit a concentration region wherein the
relation between the atomic emission intensity and the
molecular concentration is linear, i.e., a region where Equation
3 holds. The exact kinetic sequence that occurs when a trace
molecule is mixed with active nitrogen is not presently known;
in fact, the reaction mechanism almost certainly differs for
different molecular species (6, 7). It appears, however, that

harge or pyrolytic Lechmques apphed to the gas flow

the sample may the d y of the order
of 102t0 10°. As an alternative method the sample may be
passed through the same mi used to prep
the active nitrogen; h , design ch would be required

to avoid the loss of metal downst:eam of the discharge.
Our tech looks promising for many applications.
Three of the most obvious uses are: (1) as an alarm system
for toxic gases of the types in question, (2) a method of
analyzing feedstock gases used in the manufacture and dopi
of solid-state electrical components, and (3) a method of




1250 » ANALYTICAL CHEMISTRY, VOL. 50, NO. 9, AUGUST 1978

analyzing combustion effluents.
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Determination of Microgram Amounts of Some Transition
Metals in Seawater by Methyl Isobutyl Ketone—Nitric Acid
Successive Extraction and Flameless Atomic Absorption

Spectrophotometry

Tsu Kal Jan*® and David R. Young

Southern California Coastal Water Research Project, El Segundo, California 90245

A thod is p ted for the lysis of trace metals in
ter at ions below 1 ug/L. The melhod utlllzes
a methyl Isobutyl ketone (MIBK) extractk
by a nitric acid back extraction slop (to slablllze Ihe metal
I ), and lysis by fl tomic absorption
spectroph limits for Ag, Cd, Cr, Cu,
Fe, Ni, Pb, and Zn are 0.02, 0.003, 0.05, 0.05, 0.20, 0.10, 0.03,
and 0.03 ug/L, respectively. For those metals occurring below
1 ug/L, triplicate analyses of three different seawater samples
yleld mean relative standard deviations ranging from 18 to
25%.

Flameless atomic absorption spectrometry is being widely
utilized for metals determinations in aqueous samples because
of its low detection limits (on the order of 1 ug/L) and its
relative ease of operation. However, concentrations of most
trace metals in are often iderably below this level.
In addition, certain of the dissolved solids in seawater (totaling
about 3.5 g/L) may cause serious interferences in the de-
termination of such elements as Ag, Cd, Cu, Pb, and Zn.
Hence, a sample preparation technique is necessary to pre-

rate trace el ts from and separate them
from the interfering components. Many studies (I-6) have
been reported to serve this purpose, but ion exchange and
MIBK extraction are the two methods most generally used.
The Chelex-100 cation-exchange method of Riley and Taylor
(1) requires a large sample size and gives low recovery effi-
ciencies for Cr and Cu, two metals of great interest to marine
ecologists (7). Brooks et al. (3) developed an APDC-MIBK
extraction technique for the determination of six elements in
saline water by flame atomic absorption spectrophotometry.
However, their work did not include three metals of primary
concern (Ag, Cd, Cr); it also was limited by the instability of
the metal complexes formed (less than one day). Therefore,
we have attempted to overcome these difficulties by devel-
oping a revised procedure for the determination of Ag, Cd,

Cr, Cu, Fe, Ni, Pb, and Zn in seawater. This procedure in-
volves an APDC-MIBK extraction step followed by back
extraction with 4 N nitric acid. The metals complexes in the
acid extract were found to be stable for more than one week,
with the exception of the Ag complex, which is stable only
for about 3 days. Here we present the details of this procedure,
and compare the results with those obtained by the Chelex-100
ion exchange and APDC-MIBK single extraction methods.

EXPERIMENTAL

Apparatus. A Varian-Techtron atomic absorption spectro-
photometer (model AA-6), equipped with a carbon rod atomizer
(model 63) and a background corrector (model BC-6), was used
for all trace metal measurements. Two and one-half uL of treated
sample solution was injected into the graphite tube using a
Unimetrics micropipetter (model 8010), and absorbance peaks
were recorded in the peak-read mode. The instrumental settings
for each element are given in Table I. A Beckman Model H-5
pH meter with glass electrode was used for pH adjustments and
a Burrell wrist action shaker was used for the extractions.

Reagents and Materials. The following analytical reagent
grade chemicals were used without further purification: Am-
monium hydroxide, concentrated and 1 N solutions; 5% am-
monium acetate buffer solution, pH adjusted to 5.5 with acetic
acid; metal standard solutions, which were made from dilutions
of 1000 ppm stock solutions (Varian-Techtron). Nitric acid was
double distilled from Vycor (G. Frederick Smith Chemical Co.).
MIBK was double distilled and 1% ammonium pyrrolidine
dithiocarbamate aqueous solution (APDC) was freshly prepared
and then purified by redistilled MIBK. Distilled deionized water
(DDW) was used for all rinses and dilutions. Chelex-100 resin
(Bic-Rad Laboratories) was purified with 1 N HNO; solution and
then successively treated with 1 N NH,OH solution and
CH;3COONH; buffer to convert it to an ammonium form.

The les were collected in Nalgene polyethylene
bottles and filtered through a 0.4-um Nuclepore membrane filter
packed with polypropylene separators. The filtered samples were
acidified with concentrated HNO; to a pH of 2 and preserved by
refrigeration. Nalgene Teflon beakers with Teflon covers and
Teflon separnwry funnels were used for sample preparations.
Glass 1 2cmind ter fitted with

chr raphy
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Table I. Instrumental Settings for AAS of Metals in Seawater Extracts

clement Ag Cd Cr
357.9

@
I
®
b
)
N
o

wavelength, nm
lamp current, mA 3
spectral slit, nm 0.
dry,% 50 s 3.
ash,® 20 s 3
atomize® 2s 6
N, gas, L/min 4
H, gas, L/min -

laNmwond
cowuwm o

eNowon
Do U

@ Arbitrary dial settings on the M-63 power supply.

Cu Fe Ni Pb Zn
324.7 248.3 232.0 217.0 213.9
3 5 5 5 5
0.5 0.2 0.2 1.0 0.5
3.5 3.5 3.5 3.5 3.5
6.0 6.0 6.0 4.0 4.0
7.0 8.0 8.0 6.5 6.5

4 4 4 4 4

Table II. Effect of Nitric Acid Concentration on
Metals Determination

relative recovery?

ug
element added®

2N 4N 6N
Ag 0.037 1.0 1.0 1.5
Cd 0.020 1.2 1.0 11
Cr 0.025 1.2 1.0 0.83
Cu 0.100 1.0 1.0 1.3
Fe 0.100 0.61 1.0 0.75
Ni 0.100 0.88 1.0 0.84
Pb 0.050 0.21 1.0 0.81
Zn 0.250 0.79 1.0 0.75

@ Filtered island control seawater (200 mL) spiked with
metal standard solution. Results are mean values ob-
tained from 3 replicates (corrected for unspiked values)
and are determined relative to the recovery obtained using
4 N HNO, as the back extraction reagent.

Teflon stopcocks, were used for the ion-exchange procedure. All
laboratory wares were cleaned in 6% HNOj; solution (analytic
reagent) for more than 24 h and rinsed with DDW.

Calibration Standards. Internal standards were prepared
for the MIBK single extraction method by addi*g incremental
amounts of the eight elements in seawater; these were treated
with the regular samples. Standards for the MIBK-HNO,
successive extraction and Chelex-100 ion-exchange methods were
prepared in acid solution, and spiked seawater samples with
standards were processed along with the nonspiked samples to
make the necessary corrections.

Procedure. For the APDC-MIBK extraction, a 200-mL
seawater sample in a Teflon beaker containing 2 mL of 1% APDC
is heated to incipient boiling at a pH of about 4. The purpose
of heating the sample is to make the complexation of Cr(I1I) with
APDC possible, but care must be taken to avoid extensive boiling,
or poor recovery will be observed. After cooling to room tem-
perature, 7 mL of MIBK is added to the sample and the mixture
is transferred into a polyethylene bottle and shaken for 25 min
on a mechanical shaker. After allowing the layers to separate in
a separatory funnel for 20 minutes, the bottom (aqueous) layer
is discarded and the organic layer is drained into a polyethylene
bottle.

For the acid back extraction, 5 mL of 4 N HNO; is pipetted
into the MIBK extract obtained from the previous step, and the
mixture is shaken for 20 min. After transferring the mixture into
a Teflon separatory funnel and standing for 20 minutes, the acid
layer is drained into a polyethylene bottle and preserved in a
refrigerator until analyzed. Analytical blanks are determined by
filtering 200 mL of DDW through a 0.4-um filter and then
processing it with the regular samples.

For the Chelex-100 ion-exchange procedure, 1 L of sample is
adjusted to a pH of 7.6 £ 0.2 and passed through an exchange
column, which is filled to a depth of 4 cm of Chelex-100 resin,
with the flow rate not exceeding 5 mL/min. After rinsing the
column with 250 mL of DDW, 25 mL of 4 N HNOj is used to elute
the metals at a flow rate not exceeding 1 mL/min, and the eluate
is collected in a polyethylene bottle for subsequent analysis.
Analytical blanks are determined by passing 1 L of pre-filtered
DDW through a Chelex-100 column and then processing it with
the regular samples.

Table III.  Analytical Blanks and Detection Limits

analytical detection
element blank,® ug/L limit,? pg/L
Ag <0.02 0.02
Cd <0.003 0.003
Cr <0.05 0.05
Cu <0.05 0.05
Fe 0.40 0.20
Ni <0.10 0.10
Pb <0.03 0.03
Zn 0.06 0.03

@ Mean of 4 determinations. ® For a 200-mL seawater
sample using 5 mL of 4 N HNO, as the back extraction
reagent.

Table IV. Recovery of Metals from Spiked Seawater

ug found?

KE —_— av.
element added”® mean SD¢  recovery, %
Ag 0.037 0.007 0.0007 19

0.185 0.024 0.0006 13
Cd 0.020 0.016 0.0025 80
0.100 0.081 0.0085 81
Cr 0.025 0.020 0.0026 80
0.125 0.117 0.0279 94
Cu 0.100 0.103 0.0219 103
0.500 0.373 0.0528 75
Fe 0.100 0.069 0.0095 69
0.500 0.381 0.0796 76
Ni 0.100 0.080 0.0081 80
0.500 0.391 0.0099 78
Pb 0.050 0.035 0.0023 70
0.250 0.163 0.0329 65
Zn 0.050 0.059 0.0064 118
0.250 0.192 0.0439 71

@ Filtered island control seawater (200 mL) spiked with
metal standard solution. After correcting for concen-
tration measured in unspiked sample. € SD = standard
deviation, n = 3.

RESULTS AND DISCUSSION

Effect of HNO;. A preliminary test was first conducted
to determine the extraction efficiencies obtained by using
various strengths of nitric acid in the back extraction step.
Table 11 lists the relative recoveries of trace elements from
spiked seawater. These results show that, in most cases,
highest recoveries were obtained by using a 4 N HNOj; so-
lution. Therefore, this concentration of HNO; was selected
for this study.

Analytical Blanks, Detection Limits, and Recoveries.
Because of the very low concentrations of trace elements which
usually occur in seawater, special care must be taken at all
phases of the procedure to minimize contamination. Typical
analytical blanks and detection limits for a 200-mL sample
are given in Table 1I1. To test the overall recovery, 200 mL
of filtered seawater was spiked with known amounts of eight
elements at two concentration levels and the metals were
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Table V. Precision of the MIBK-HNO, Successive Extraction Method

mean RSD, %

seawater A seawater B? seawater C°
RSD,® RSD, RSD, <1 >1
mean sDpb % mean SD % mean SD %  wg/L  ug/L
Ag <0.02 = - <0.02 - - <0.02 - - - -
Cd 0.086 0.0044 5.1 0.049 0.0219 45 0.084 0.0061 7.3 19 =
Cr 0.08 0.026 33 0.09 0.006 6.7 0.11 0.017 15 18 -
Cu 0.32 0.0173 5.4 0.74 0.332 45 2.28 0.633 28 256 28
Fe <0.20 - - 1.35 0.203 15 2.23 0.045 2.0 - 8.5
Ni 0.14 0.0153 11 0.19 0.086 45 0.71 0.081 11 22 -
Pb 0.03 0.006 20 0.12 0.035 29 0.28 0.031 11 20 -
Zn 0.03 0.006 20 5.41 0.561 10 5.90 0.191 3.2 20 6.6

@ Seawater B and C received pre-filtered (0.45 u) and frozen; analytical blanks are listed in Table TIL

viation, n= 3. € RSD = relative standard deviation.

b SD = standard de-

Table VI. Trace Metals Analysis of Seawater (Sample D)
Using MIBK-HNO, Successive Extraction and Chelex-100
Ion-Exchange Methods

MIBK-HNO, ion
extraction exchange
Cd, ug/L 0.039 0.026
0.038 0.044
0.052 0.036
mean 0.043 0.035
SD° 0.008 0.009
% RSD® 19 26
Zn, ug/L 0.08 <0.2
<0.03 <0.2
0.06 <0.2
mean <0.06 <0.2
SD ~0.015 =
% RSD ~25 -
@ SD = standard deviation. ? RSD = relative standard
deviation.

determined using standards prepared in acidic solution. As
indicated in Table IV, the recovery values for seven elements
were greater than 65% and averaged 82%, while the recovery
of Ag was less than 20%.

Precision. The precision of the MIBK-HNO; successive
extraction method was evaluated by analyzing three water
samples, each in triplicate, for eight el ts; the results are
given in Table V. Seawater A was collected at 33°24'05” N,
118°9/30” W, 18 km off the east end of Catalina Island, Calif.
This is considered to be an “island control” station. Seawater
B was taken at 51°44’ N, 02°23’ E, reported to be a “coastal
control” site. Seawater C was sampled at 52°03’ N, 04°04’

E, in a region considered to be “polluted™. Both seawater B
and C were provided us by an International Council for the
Exploration of the Sea working group as part of an inter-
national intercalibration program. As shown in Table V, for
concentrations below 1 ug/L, the relative standard deviations
(RSD) averaged 21% (range: 5.1-45%); for concentrations
above 1 pg/L (only Fe and Zn in seawater B, and Cu, Fe, and
Zn in seawater C), the mean RSD was 11% (range: 2.0-28%).
Below 1 pg/L, the mean RSDs for Cd, Cr, Cu, Ni, Pb, and
Zn were 19, 18, 25, 22, 20, and 20%, respectively, while above
1 ug/L, the mean RSDs for Cu, Fe and Zn were 28, 8.5 and
6.6%, respectively.

Comparison of Methods. To compare this method with
that of the single MIBK extraction procedure (for Ag, Cr, Cu,
Fe, Ni, and Pb) and Chelex-100 ion exchange (for Cd and Zn),
two surface seawater samples were collected off the southern
California coast (Seawater D at Ormond Beach, 34°07°30” N,
119°10'45” W; Seawater E in Santa Monica Bay, 33°55'30"
N, 118°33'15” W). Both samples were filtered through a
0.4-um Nuclepore filter within a few hours of collection, were
acidified to a pH of 2, and were split into two aliquots for
analysis by different methods. For seawater D, the ion-ex-
change procedure was utilized within a few days of collection,
whereas the aliquot for the MIBK-HNO; successive extraction
was pr d the following week. S E was analyzed
by both the MIBK single extmctlon and MIBK-HNOjg suc-
cessive extraction methods the day after collection. As in-
dicated in Tables VI and VII, the results for Cr, Cu, Fe, and
Ni obtained by the different methods agreed within 10%; for
Cd, within 19%. However, a variation of 32% was obtained
for Pb analyzed by the different procedures. For most metals,
the lowest RSD value was obtained with the MIBK-HNO;
successive extraction method. One of the most significant

Table VII. Trace Metals Analysis of S (S le E) Using MIBK Single Extraction and MIBK-HNO, Successive
Extraction Methods
method Ag, ug/L Cr, ug/L Cu, ug/L Fe, ug/L Ni, ug/L Pb, ug/L
MIBK-HNO, <0.02 0.14 0.78 3.28 0.69 0.29
extraction <0.02 0.17 0.73 3.67 0.59 0.25
<0.02 0.16 0.82 3.51 0.59 0.28
<0.02 0.12 0.82 3.10 0.59 0.31
mean <0.02 0.15 0.79 3.37 0.59 0.28
SD® - 0.022 0.043 0.22 0.00 0.025
% RSD® - 7.3 5.4 6.5 0.0 8.9
MIBK single <0.01 0.11 0.96 3.40 0.51 0.32
extraction <0.01 0.15 0.76 3.47 0.54 0.40
<0.01 0.15 0.67 3.15 0.54 0.34
<0.01 0.19 0.84 4.05 0.56 0.43
mean <0.01 0.156 0.80 3.62 0.54 0.37
8D - 0.033 0.120 0.380 0.021 0.051
% RSD - 22 5 1 3.9 14

@ SD = standard deviation. ® RSD = relative standard deviation.




aspects of the new procedure is the significantly lower de-
tection limit for seawater Zn (0.03 ug/L), primarily due to the
lower analytical blank. This is important in the view of the
extremely small concentrations (<0.1 ug/L) of dissolved Zn
which can occur in unpolluted seawater (8).

Stability and Application. The stability of metals in the
acid extract was observed by comparing the absorbance of
these with metal standards prepared in acid solution over a
two-week period. No measurable change was found for Cr
and Cu after two weeks, or Cd, Fe, Ni, Pb and Zn after one
week. However, the Ag level was stable for only about three
days; after one week its signal decreased substantially. This
probably is due to the absorption of Ag on the walls of the
polyethylene container.

The MIBK-HNO; two-step successive extraction procedure
described here appears to be a useful method for the analysis
of Ag, Cd, Cr, Cu, Fe, Ni, Pb, and Zn in filtered seawater, with
detection limits ranging from 0.003 to 0.2 ug/L. Because of
the excellent stability of the final extract for all of these metals,
this method is particularly useful when the analysis of more
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Aluminum Determination by Atomic Emission Spectrometry
with Calcium Atomization Inhibition Titration

J. H. Liu and C. O. Huber*

Department of Chemistry, University of Wi Ak eE. A

Vi in 53201

Aluminum Inhibltion effects on calcium flame were
employed to study the d ination of alum The rel
effects of lanthanum on the calcium flame emission signal were
also used. The latter technique involves the addition of calcium
chloride followed by lanthanum chioride to the sample solution,
while monitoring the calcium omlsslon signal. The signal
enhancement due to the lanth Is linearly related
to aluminum atlon. A detection limit of 0.03 ppm Al
was found. A variety of aluminum sample determinations
compare well with those for established methods. The
technique Is promising Iin terms of speed, simplicity, and
precision when compared to conventional methods avallable
in the sub-ppm range. The unusual shapes of these “titration
curves” yleld unique information on some of the chemistry
occuring during the millisecond time period during which a
droplet evaporates, dehydrates, and then decomposes in the
flame. Correlations are made between features of the titration
curves and the releasing process which point to a mechanism
involving an equilibrium reaction.

Aluminum is the third most abundant element in the
Earth’s crust. Its abundance and wide use make its deter-
mination important environmentally as well as economically.
One example is the matter of “spent alum™ disposal from
water filtration processes. The possibility of aluminum-related
effects on health has been discussed (I, 2). There are few
rapid, selective, and convenient methods for aluminum de-
termination at sub-parts-per-million levels (3). Direct flame
atomic absorption requires an acetylene-nitrous oxide flame
and is somewhat limited in detection limit. Indirect atomic

of aluminum on the signals for iron, cobalt, nickel, and
chromium were studied by Ottaway et al. (4). Their inves-
tigation resulted in increased sensitivity. We report a
technique here which offers some analytical advantages. The
technique is based on atomization inhibition titration (AIT)
and subsequent release.

AIT is a procedure based upon “titrating” the sample
(inhibitor) solution being aspirated into the flame with a
monitor metal solution while observing the monitor metal
signal (5-7). The technique allows observation of atomic
absorption or emission signal vs. droplet composition. The
method yields unique titration curve shapes with information
not available by the more techniques. It exploits,
rather than merely accommodates, some of the drastic
chemical processes occuring in the droplet during its ap-
proximately millisecond desolvation process. Calcium was
selected as the flame emission monitor metal because it
provides low detection limits and because formation of re-
fractories with aluminum has been well documented. Analysis
of the titration curves obtained can be used further to
characterize some of the droplet desolvation chemical
mechanisms which control the analytical signals.

EXPERIMENTAL

Apparatus. The Jarrell-Ash Model 82-516 spectrometer with
an infusion pump for titrant insertion is used for flame mea-
surement. For better signal-to-noise ratios and optical efficiency,
a 620-nm (CaO emission band) interference filter replaces the
monochromator (6). The hydrogen-air flame with a pre-mix
chamber laminar flow burner provides the quiet, cool (below 2000
°C), relntively transparent flame, and the relatively uniform
droplet size necessary.

All glassware used in these studles was acid- hnrdened by
.r;oak.mng!I\IL drochloric acid ight to errors due

hing and solubility.

ement of al

absorption 1im by the enh t
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O pa/mi Al

1 pg/ml Al

2pug/ml A

Co

ML of Co*110pg/mi)
Figure 1. Atomization inhibition titration curve

Procedure. A 100-mL beaker containing 50 mL of sample
served as the titration vessel. It was placed on a magnetic stirrer.
I ) nfter irati ! was swrted titrant flow and re-

di i y & switch.
Titrant was udded conunuously with an mfusxon pump until well
past the appropriate end point so that appropriate linear ex-
trapolations could be made on the recorded titration curve. By
use of the infusion pump, m.muon procedures could be ammged
so that the most sampla quire about 2-3 min to
reach l_he end pomL The term “titration™ used here refers to

The ique does not invol ric re-
actions in the bulk titration soluuon—the usual  case for titrations.

For potable and was used
to aepnate aluminum from interferences. Alummum was ex-
tracted from a pH 5 acetate buffer with a 50% (v/v) acetylacetone
solution in chloroform. A single extraction yields slightly over
90% of the aluminum in the organic phase so that 2-3 extractions
were required (8). Aluminum was re-extracted from the organic
phase by shaking with a 4 M HCl solution. The above proced
removed Ca, Mg, Zn, Cd, Mn, Co, Ni, Pb, Hg, Ti, Cr(IIl), U(VD),
Fe(II) (9), and some of the interfering anions. Fluoride ion
interfered with the separation procedure. When fluoride and
aluminum were present at a molar ratio of 4:1, only 50% of the
aluminum was reported to be extracted at pH 7 (8). In all ex-
periments, ds were pH adjusted and saturated with
tylacetone in order to si extracted !

Reagents and Solutions. All solutions were prepared from
reagent grade materials and double distilled water. Stock standard
solutions were prepared as follows.

Calcium carbonate was dissolved in a slight excess of hy-
drochloric acid. The solution was bmled to expel carbon dioxide
and, after cooling, made to pred with water.

%lummum metal was dissolved in a slight excess of hydrochloric
acid.

RESULTS AND DISCUSSION

Annlytical Method. The formation of ret‘mctoxy com»
pounds is related to flame ure and env
(air-fuel ratio). Aluminum shows increasing inhibition as the
air:hydrogen ratio increases, but at the highest ratio there is
loss of sensitivity of Ca emission. Thus, an air-rich flame at
an optimal air:hydrogen ratio (1:1 flow ratio at the burner plus
chamber auxiliary air) is used. Titration curves for several
aluminum concentrations with a continuously added Ca titrant
solution containing 10 ppm as CaCl, are shown in Figure 1.
The data show rather gradual change in slope (curvature) in
the regions where inhibition ceases. Similar observations were
made by Doty and Schrenk (10). The shape of the curve was
affected by the nature of the anion. Using nitrate instead of
chloride gives a less rounded curve and hence a more complete
inhibition. For both aluminum nitrate and chloride solutions,
however, the data contrast with the much sharper shifts found
earlier in this lab y for the analysis of silicate (11) and
phosphate (12).

Linear extrapolations can be made, however, to locate the
end point. The critical ratio, a [(Ca)/(Al) at end point] was
found to be constant with constant flame conditions. Linearity

———MLof o3 ——————

Figure 2. Atomlzation inhibition-release titration curve

was found for plots of volume of calcium titrant added to reach
the ratio « vs. aluminum concentration. Blanks were necessary
to compensate for the presence of aluminum in the solvent
and the time lapse between initiation of titrant flow and the
appearance of the titrant in the flame (about 2 8). The time
lapse was dependent upon the aspiration rate and diameter
of the aspiration tubing (11). The concentration range of this
method at a particular flame setting was about tenfold. At
higher concentrations identification of the linear segments of
the curve (Figure 1) became difficult, but by selection of
air-fuel ratios to control the flame temperature and flame
chemical environment, concentration ranges from 0.1 to
greater than 20 pg/mL could be accommodated.

The atom ratio of calcium to aluminum at the endpoint (a)
of the titration was somewhat dependent on the air-fuel
mixture ratio. « was generally around 0.33-0.35, with very
slight increases as air:hydrogen ratio increases. As the flame
went very lean, the value of «a increased rapidly to 0.44, in-
dicating that the flame chemical environment as well as flame
temperature governs the critical ratio. Under most flame
conditions (a = 0.33), the refractory mixed oxide formed
corresponds to 2Ca0-3A1,0;. Dinnin (13) has reported a Ca/Al
refractory atom ratio of 0.5 using a hydrogen-oxygen flame.
Rubesca (I14) has collected these refractory particles and
analyzed them by x-ray diffraction. He suggested that a
number of mixed oxides were formed.

The importance of chemical environment in forming re-
fractory oxide has been shown by Slavin (15), where he used
Schlieren patterns to show that the exclusion of entrained
oxygen from the flame profoundly affected the formation of
refractory oxides. Elwell and Gidley pointed out that in an
excess of oxygen in the flame the dissociation of oxides will
be retarded in accordance with the mass action law (I6).
Aluminum atomic absorption was not found using an oxy-
cyanogen flame (17), even though it has a much higher
temperature than can be obtained with a nitrous oxide—
acetylene flame (18, 19) which does yield an Al signal.

Although titration curves such as in Figure 1 can be used
for aluminum concentration measurements, accuracy of the
extrapolations was limited by the amount of curvature. Within
a suitable concentration range, calcium depression is pro-
portional to aluminum concentration. Thus, determining
aluminum by a release effect is feasible. La, Sr, Mg, glycerol
and HCIO,, Ba, EDTA, and oxine have been reported to
release Al from Ca; however, only Sr and La release totally
(13). Experimental results show negligible La emission at 622
nm, and it was selected as the releaser.

Calcium was added until the critical ion ratio, a, was ex-
ceeded and a predetermined signal magnitude (I, in Figure
2) was attained. At this point, the addition of calcium was
discontinued and the addition of lanthanum begun via an



Table I. Alumi Determinations by AIT-RELEASE
ug Al/mL s
estimated
standard comparison
sample deviation value
synthetic wastewater 0.28 0.25°
synthetic wastewater 0.59 0.50°
Milwaukee tap water 0.021 : 0.00° - 0.03°
Milwaukee tap water 0.064 : 0.004 0.05¢
Milwaukee tap water 0.063 : 0.014 0.05°¢
Al base alloy, NBS 852 0.29 + 0.03 0.25¢
Al base alloy, NBS 86b  0.21 + 0.02 0.184

@ Added as AICl,. Y Three replicates. € As reported by
water purification plant using Eriochrome cyanine R
photometric method. ¢ As reported by NBS.
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Figure 3. Interference level of varlous cations for determination of
0.1 ug/mL. Al, pH 5. With no Interferences present, AI = 32

infusion pump. With increasing lanthanum concentration,
a distinct upward shift in emission intensity was obtained
corresponding to the release of the calcium inhibited by the
aluminum (A7 in Figure 2). The magnitude of A/ was found
to increase with I, the signal when calcium addition is dis-
continued. It is therefore necessary to discontinue calcium
addition at a constant I, value when making a series of
measurements. With this precaution, values of I, between
0.1 and 0.2 (full scale 1.0) were suitable. Accuracy of the
method can be expected to be independent of the mode of
addition of reagents. The release (Al) is linearly related to
the aluminum concentration. The AIT-release technique was
applied to several samples (Table I). The sample solutions
from the aluminum base alloys {~90% Al) were determined
without the acetylacetone extraction step.

Silicates, phosphates, and sulfate interfere because they also
form refractories with calcium, and lanthanum also releases
those inhibition refractories. Accordingly, there is a signal
enhancement when such anions are present. The effects of
the cations of Fe, Cu, Zn, Mg, Cd, V, Ti, and H on the
analytical signal were examined. With the exception of Fe
and Zn, there was a measurable discrepancy for 100-fold excess
of interference. The extent and relative concentrations are
indicated in Figure 3. The acetylacetone solvent extraction
prevents the interference of the refractory forming anions and
of the alkaline earth cations.

When the release step is performed at lower pH, the
magnitude of the release signal is increased. For 0.1 M HCI
the signal size for conditions corresponding to Figure 3 is 48
and goes to 90 for 4 N HCL. The signal shape, however, is
retained so that analytical measurements can be performed
if the acidity is maintained constant.

Repetitive runs on 0.1-ppm Al samples provided the
standard deviation and relative percent standard deviation
data presented in Table II.

As examples of the accuracy and precision of the method,
the results for known solutions are shown in Table III. The
precision decreases with decreasing concentration of alu-
minum. For a sample containing 0.5 ug of Al (50-mL sample;
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Table II. Detection and Det ination Limits by the
AIT-Release Method
standard deviation® +0.010 ug Al/mL
relative standard devmtmn % 9.63%
determination limit® 0.20
detection limit? 0.032
detection limit® 0.02

@ Seven replicate runs, 0.100 ug Al/mL. ® 95% C. L
and 5% RSD, see Parsons (20). € The concentration of a
solution which yields a signal equal to twice the standard
deviation of a series of which is d ly
detectable above the baseline (definition recommended by
the Scientific Apparatus Makers Association).

Table III. A and Pr. for Determination of
Alin H,0 by AIT—Releue
true mean
no.of  value, determined 8,
detmns ug/mL ug/mL ug/mL % bias
4 0.12 0.12 0.006
7% 0.10 0.10 0.009
4 0.070 0.081 0.008 16
4 0.050 0.051 0.003 2
4 0.030 0.025 0.008 =17
4 0.010 0.009 0.009 -10

¢ Used to calculate detection limit (20).

0.01 ug/mL Al), the relative standard deviation increases to
100%. The cause attributed to this is the presence of sig-
nificant quantities of aluminum in all laboratory reagents and
the laboratory environment. Samples of 0.02 ug/mL and 0.04
ug/mL of Al when exposed to the laboratory environment in
open beakers for 24 h were found to contain 0.04 and 0.07
ug/mL of Al, respectively. A. J. Blotcky et al. (21) used
activation analysis to show that even distilled and dis-
tilled-deionized water contains 0.01-0.03 ug/mL of Al

Mechanism of the Release Effect. The mechanisms
accounting for the shape of the titration curve (see Figure 2)
can be stated as follows Initially there is formation of re-
fractory cal | te. Therefore, inhibition of calcium
emission is observed at calcium to aluminum ratios less than
the critical muo, a. When lanthanum is added to the solution,
the reactions in the ing d are altered such that
calcium is released and the signal is restored In this part of
the procedure, the response curve shows a shape which
suggests an equilibrium process. Further examination of these
curves showed that total lanthanum concentratlon divided
by calcium signal i ity vs. total lanth concentration
yields excellent linearity (mmxmum correlation coefficient of
0.997) for samples ranging from 0.1 to 0.5 ug/mL aluminum.

A simple equilibrium model can be suggested for the re-
actions occuring in the evaporating droplets for the release
process:

k
Ca-3Al + La ';.;' La-3Al + Ca 1)
£

where the calcium aluminate refractory is represented as
Ca-3AlL. The rate of formation of free calcium is given by:

d(Ca)

T k,[(Ca) - (Ca)][(La); - (La-3A1)]  (2)
where (Ca), and (La), are total concentrations of refractory
and free calcium, and lanthanum, respectively.

The rate of removal of free calcium is given by:
-d( a)
= k,(La-3Al1)(Ca) (8)
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At equilibrium, the two rates are equal. On algebraic rear-
rangement:

[(La)(La-3A1)]  [(La)(La-3A1)]  k,(La-3Al)
(Ca) - (Ca), k,(Ca),

Using I, = k(Ca) where I¢, is the calcium signal intensity
and k is the analytical constant, Equation 4 can be rearranged
to:

[(La)(La-3A1]  [(La)(La-3A)]  ky(La-3AI)
_ Tea N k(Ca),. k, k(Ca),

If it is assumed that the activity of solid La-3Al is constant
and the lanthanum activity in the releasing complex can be
neglected compared with the total concentration of lanthanum;
such that (La), - (La-3Al) = (La),, then Equation 5 can be
simplified. Two possibilities for such an assumption are: (1)
decomposition of the La-3Al release complexes to provide more
soluble reactant La, or (2) high activity of the soluble reactant
lanthanum compared to the possibly solid phase La-3Al
Equation 5 then becomes:
(La), (La), k,(La-3Al)
T e e (6)
Ic, k(Ca), k, k(Ca),
This equation correlates with the linearity of (La),/I¢, vs. (La),
observed experimentally.
During the release process, both (Ca),, the total calcium
ration and the alt concentration in the droplet
are constant. Thus, the inverse slope of Equation 6, i.e., k(Ca),,
should be linearly related to aluminum concentration for the
various release experiments. This was found to be true ex-
perimentally over the range of 0.20 to 0.50 g Al/mL.
The intercept in Equation 6 can be stated as

k,(La-3Al)
k, k(Ca), (]

Yo =

Assigning unit activity to solid aluminum lanthanate and
substituting I;,,, = k(Ca),, where I,,, is the intensity signal
for full release of calcium one obtains

ks (8)

— = Yolmax

kl

By this method k,/k, was evaluated over the range of 0.2 to
0.5 ug/mL aluminum yielding k,/k, = 7.0 (s = £0.8) X 10%,

The corresponding AG® for the releasing equilibrium can
be estimated using T' = 373 K, the boiling point of the solvent.
The value obtained is: -8.3 kcal/mol. Such a treatment
illustrates the possible usefulness of atomic inhibition titration
and atomic inhibition-release titration for examination of
flame and flash evaporation processes.

Previously reported work on the release of magnesium from
a fluoride refractory by addition of hydrochloric acid, in
contrast to the results reported here, showed that the release
signal was linearly related to the concentration of releasing
agent in the droplet (22). In that case, the release was ap-
parently via hydrofluoric acid generation followed by its
irreversible removal due to both droplet concentration and
hydrofluoric acid volatility. Comparison of that case with the
present one implies diagnostic capabilities of these techniques
for droplet evaporation investigations.
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Determination of Trace Metals by Microwave Plasma
Spectrometry with an Atmospheric Pressure Helium Discharge

Andrew T. Zander' and Gary M. Hleftje*

Department of Chemistry, Indiana University, Bloomington, Indiana 47401

Ar ly d ibed r t cavity for generating micro-

induced helium pl (MIPs) at atmospheric pressure
has been evaluated for use In the emission spectrometric
determination of metaliic elemenls and has been found to offer
several tages over g The new cavity
allows self-ignition of an atmospheric pressure helium MIP.
In addition, the pl which is d exhibits significantly
improved operational stabllity and Is considerably less sus-
ceptible to disruption by injected a | The helium
MIP was used in conjunction with a single-shot microarc

! Izer. With this binati lytical calibration
curves for Zn, Pb, Mn, Mg, Cu, Ca, and Na are linear over 2
to 5 orders of itude of also, d ion limits
for these elements are equal to or better than those obtalnable
with other MIPs. As with most MIPs, the ionization of easily
lonized elements must either be overcome using ionization
suppressants or exploited through use of lon emission lines.
Interference from refractory elements is less than that ex-
hibited by most MIPs.

A new design of resonant cavity for the generation of 2450
MHz microwave-induced plasmas (MIPs) has been recently
described (). The cavity has a minimal internal volume so
that energy density in the plasma chamber at a given input
power level is high enough to allow self-ignition of a helium
plasma at atmospheric pressure. Subsequent communications
(2, 3) concerning this cavity have dealt with the theory of its
design, probable excitation mechanisms in plasmas formed
within it, and its use as a halogen and nonmetallic element
detector for gas chromatography.

The high excitation capability and greatly improved sta-
bility of atmospheric pressure helium plasmas formed in this
cavity suggest its further application as an excitation source
for metallic elements in aqueous sample solutions. Ac-
cordingly, we have constructed, with minor modification, a
version of the cavity described by Beenakker (I-3) with a
microarc atomization unit (4). The microarc atomizer has also
been modified, to enable its operation in helium. The op-
erational characteristics of the resulting microarc/ MIP ex-
citation source and its usefulness for the atomic emission
detection of several metallic elements have been studied.

EXPERIMENTAL

A modified microwave cavity was machined from a single piece
of 5-inch (12.7-cm) diameter Cu cylindrical bar stock. The finished
cavity, shown in Figure 1, is 1.5 inches (3.8 cm) thick and weighs
about 5 pounds (2.3 kg). The cavity is essentially a fixed well
10 mm deep with a removable lid held in place by 12 bolts to
ensure good electrical contact. The thickness of the cavity walls
and bottom were increased over those of the previous design (1)
for easier construction and mechanical stability. Also, the mi-
crowave power input connector was bolted directly to the cavity,
without further modification (1). The coupling loop (1), con-

1Present address, Degartment of Chemistry, Cleveland State
University, Cleveland, Ohio 44115.

structed of 1-mm diameter Cu wire, extended into the cavity 10
mm and is silver-soldered to the cavity bottom. A 7-mm hole is
formed in the center of the well and lid to allow insertion of the
quartz plasma chamber into the cavity. Because the introduction
of dielectric material such as the quartz chamber into the cavity
lowers the cavity resonant frequency (1, 5), the internal diameter
of the cavity must be less than the resonant ?/,-wave distance
calculated to be 93.7 mm at 2450 MHz. Thus, the cavity was
constructed with an internal diameter of 92.5 mm, which can be
reduced if desired by means of !/,-in.—40 brass tuning stubs located
on the cavity (1).

The central discharge chamber for the plasma was fabricated
from quartz tubing, 5-mm o.d., 3-mm i.d., and was approximately
3.5 cm long. This chamber fit snugly into a quartz sleeve, 7-mm
o.d., 5-mm i.d., which was left in the cavity at all times. This sleeve
prevented introduction of any foreign material into the cavity
while the chamber was replaced or adjusted during the initial
set-up procedures. Presumably, the quartz sleeve would not be
required for a plasma system of fixed configuration. A T-shaped
chamber extended from the end of the plasma tube (Figure 2)
and housed the modified microarc atomizer. The “T™ was bent
out of the optical path so thermal emission from the microarc
was not seen by the detection system.

The microarc atomizer has been described previously (4) but
was modified in this work to allow its stable and efficient operation
in a helium environment. The operating voltage was increased
from 900 V, normally used with an argon microarc discharge, to
1800 V to impart higher energy to the lower mass helium atoms.
Also, the anode was made of thoriated tungsten (2% Th, Alfa
Division, Ventron Corp., Danvers, Mass.) instead of stainless steel;
the thoriated tungsten served to stabilize the discharge sooner
after initiation. Conveniently, helium provides more rapid and
more even heating of the tungsten sample filament than does
argon. The filament was V-shaped and constructed of 0.5-mm
W wire; it would hold up to 10 uL of sample solution.

‘The helium support gas for the microarc and plasma was
supplied through a 16-gauge stainless steel syringe needle placed
parallel to but above the microarc anode, with the tip of the needle
back 5 mm from the flat end of the thoriated tungsten anode.
The range of flow rates of helium for stable microarc operation,
efficient sample transport, and optimum plasma operation was
experimentally determined to be between 300 and 450 mL/min.
A flow rate of 400 mL/min optimized the time for sample
transport through the plasma and provided greatest signal levels.

Figure 3 is a schematic di of the instr | array.
microwave power supply was a continuously variable, 100-W
microwave generator (Model HV-15A, Scintillonics, Inc., Fort
Collins, Colo.) operating at 2450 MHz. A coaxml mble type RG/B,
(Belden Corp., Rich d, Ind.) t itted the power
1o a double-stub tuner (Model 306A, PRD Electronics, Westbury,
L.I, N.Y.) which was connected to the UG/58 RF connector
(::‘82-24, Amphenol, RF Division, Danbury, Conn.) located on the
cavity. High-purity helium (99.999%) was used for the microarc
and microwave plasma. The microarc power supply has been
described previously (4). A plano-convex lens, of aperture f/4,
gathered the output radiation from the plasma and focused it on
the entrance slit of a medium resolution monochromator (Model
EU-70C, Heath Co., Benton Harbor, Mich.). A Hamamatsu R212
photomultiplier tube (HTV Co., Ltd., Middlesex, N.J.) was used.
A picoammeter (Model 427, Keithley Instruments, Inc., Cleveland,
Ohio) converted the phototube current to a voltage which was
output t,o enher a chart recorder (Model SR-204, Heath

Benton Harbor, Mich.) for recording
peak helght mformnuon or a PDP-12 laboratory minicomputer

0003-2700/78/0350-1257$01.00/0 © 1978 American Chemical Society
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Figure 1. Diagram of 2450-MHz microwave resonant cavity. Inside
cavity dlameter, 9.25 cm. Cavity material, copper (hatched area).
Quartz sleeve, 7-mm o.d., 5-mm I.d
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Figure 2, Dlagram of quartz plasma chamber. Tubing Is 3-mm Ld.,
5-mm o.d. and flts Inside quartz sleeve of Figure 1
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Figure 3, Schematic diagram of instrumental array

(Digital Equipment Corp., Maynard, Mass.). The minicomputer
was programmed in FORTRAN 1V to calculate the peak area of the
output signal, but was not used for control of any part of the
experimental system.

DISCUSSION

Ignition of the Plasma. When borosilicate glass tubing
is used as the plasma chamber material, the helium plasma
is self-igniting at atmospheric pressure, when the reflected
power is tuned below 10 W. Presumably, self-ignition occurs
because of microwave heating of the glass, which then releases
enough charged species to couple with the intense microwave
field. The gaseous species act to supply electrons to “seed"
the helium and lead to plasma ignition. No attempt was made
in this work to identify these “seed” species, since the bo-
rosilicate glass was deemed unsuitable for use as a plasma tube
material because of its short usable lifetime.

When quartz tubing was employed for the plasma chamber,
an insufficient amount of ionizable material was volatilized
to enable the plasma to self-ignite. However, it was found
possible to ignite the plasma by striking the helium microarc.
Enough material is ordinarily ejected from the white-hot

icroarc cathode fil t to “seed" the helium and lead to
ignition. Nonetheless, to enhance reliability, routine de-
terminations were performed using a Tesla coil to initiate the
helium plasma.

Tuning of the Cavity. Insertion of the quartz plasma
chamber into the cavity did not markedly affect the tunability
of the cavity. Tuning could be accomplished with either the

brass tuning screws on the cavity or with the double-stub tuner
on the UG/58 RF connector. Either method produced the
same results; consequently, the cavity was regularly tuned
using the double-stub tuner, so the holes for the on-cavity
tuning screws could be employed for cooling (see below).

The plasma ignited readily whenever the reflected power
was tuned below 20 W and 75 W were directed to the cavity.
Once the plasma was ignited, the reflected power could be
easily tuned to 0 W.

Power Applied. The microwave power supply was gen-
erally run at 100 W forward power (FP), although exact
measurements of the microwave power dissipated in the
plasma were not taken. It is assumed that the power utilized
by the plasma was less than the 100 W applied since some
of this power was lost as heat by the cavity.

Cooling. The cavity thermally stabilized after approxi-
mately 15 min from the time of first plasma ignition. The
external skin temperature of the cavity was about 90 °C with
100-W FP applied.

The utility of cooling the cavity was investigated. Using
the double-stub tuner for tuning, the on-cavity tuning screws
were removed and the holes used for cooling of the cavity, with
the hole on the outer edge of the cavity being used as the
cooling gas inlet. The cooling gas was passed through a drying
trap and a cooling coil (in liquid Ny) before entering the cavity.
Plasma operation and signal-to-noise ratio were not signifi-
cantly affected by cooling with air, nitrogen, argon, or helium,
and so no cavity cooling was used.

Plasma Stability. The stability of the plasma was de-
termined by monitoring the 471.3 nm He I line. The time
constant of the detection system was 0.3 s. Fluctuation of the
emission from this line was less than 1% over 3 h, after a
warm-up period of approximately 15 min.

Plasma Positioning. The plasma exists as a filament
approximately 8-10 mm long and 1 mm in diameter in the
center of the 3-mm i.d. chamber. The helium plasma never
extended past the internal cavity walls, at any flow rate,
whereas the argon plasmas usually extend about 5 mm out
the ends of the cavity. With 50-W FP or less, the plasma
always existed exactly in the center of the chamber; intensity
of emitted radiation was greatest at the plasma center and
decreased smoothly out to the chamber walls. Above 50-W
FP, the plasma would rest along the inner wall of the chamber.
The plasma never moved in position once it ignited along the
wall, resulting in etching of the quartz wall over a period of
time. This etched region served as a site for collection of
analyte vapor and led to undesired analyte memory effects
and broadened signal peaks. Consequently, the chamber must
be replaced after about 40 h of plasma operation, if plasma
powers over 50 W are employed.

Background Characteristics. MIPs generally exhibit
uncomplicated background spectra. However, & wavelength
scan (200-600 nm) of the background from the present at-
mospheric-pressure helium plasma showed a significant
number of prominent spectral features of both line and
broadband character. The wavelength location and relative
intensities of the majority of these features were recorded and
compared to those of molecular species expected in such a
plasma (6, 7). Table I is a compilation of the strongest features
found and indicates the species causing each feature. The
presence of all of the identified molecular bands and lines can
be understood with the aid of the excitation mechanisms for
this plasma postulated by Beenakker (3). Because most of
the observed molecular features originated from excitation
of atmospheric species, it was possible to reduce their level
by using a modified plasma chamber which is closed to the
atmosphere with a quartz end window and has a small
aperture gas exit port. It also would be possible to compensate




Table I. Most Prominent Background Spectral Features
in the Atmospheric-Pressure Helium MIP

originating  wavelength,
species nm transition
NO [Az*-x’m]
205.24 (2,0)
215.49 (1,0)
226.94 (0,0)
237.02 (0,1)
247.87 (0,2)
2569.57 (0,3)
OH [’z +n)
281.13 (1,0)
287.53 2,1)
294.52 (3,2)
306.36 4
NH [A’1x’x 7]
336.00 (0,0)
337.09 Qa,
N, [Py BPg]
357.69 0,1)
375.54 (1,3)
380.49 (0,2)
i
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Figure 4. Analytical calibration curves for: (a) Zn I (213.8 nm), (b)
Pb I(216.9 nm), (c) Mn I (279.5 nm), (d) Cu 1 (324.7 nm), (e) Mg I (285.2
nm), and (f) Mn I (403.1 nm)

for many of these features using wavelength modulated de-
tection (8).

Plasma Temperature. A nonrigorous determination of
the excitation temperature of the plasma was made for
comparative purposes with similar MIPs. The relative in-
tensities of well-documented He I lines were measured and
a plot of log [1,/&Ai] vs. Ex was made (9, 10). The slope of
this plot yielded an excitation temperature of 7250 K for this
plasma. This temperature compares well with other argon
and helium MIPs whose excitation temperatures vary between
4500 and 8300 K (11).

Nebulization. It was verified that the new helium MIP
can operate continuously during input of a nebulized aerosol,
as claimed by Beenakker (7). However, the plasma is ob-
viously weakened by the injected aerosol (about 0.1 mL/min
maximum) and becomes less stable. Nonetheless, the re-
sistance of the plasma to extinction by an aqueous aerosol
indicates its durability, compared to others which have been
reported (4, 11).

Analytical Calibration Curves. Figure 4 shows analytical
calibration curves for 5 of the elements (6 analytical lines)
studied. The plots for Zn I (213.8 nm), Pb I (216.9 nm), Cu
1(324.7 nm), and Mn I (403.1 nm) have slopes of 1.0, within
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Figure 5. Analytical calibration curves for: (a) Na I (589.0 nm), (b)
Ca 11 (393.4 nm), and (c) Ca 1 (422.7 nm)

Table II. Detection Limits Obtained
with the New MIP, pg

wave-
length, other
element nm He MIP® Ar MIP®  systems®

Zn 213.8 0.35 9.2 1.0-6.0
Pb 216.9 0.56 3.8 50
Mn 279.5 0.46 = =

403.1 20 <= 5-40
Mg 285.2 0.85 0.45 50
Cu 324.7 0.42 1.6 5.0
Ca 422.7 1.6 10 50
Na 589.0 0.12 0.01 10

@ 1-uL sample aliquot. ® 10-uL sample aliquot, u-arc
Atomizer. Taken fromref. 4. € Calculated for 10-uL
sample aliquot. Taken from ref. 11 and 12.

experimental error, indicating a linear relationship between
emission intensity and concentration. Dynamic ranges for
these elements are between 3 and 5 orders of magnitude. Both
Mn I (279.5 nm) and Mg I (285.2 nm) were adversely affected
by instability of the strong OH spectral background features
which overlap these lines, causing decreased log-log plot
slopes, decreased dynamic ranges, and degradation in detection
limit for both elements.

The analytical calibration curve for Ca I (422.7 nm) (cf.
Figure 5) has a slope significantly greater than one and a
dynamic range of less than two orders of magnitude. In
addition, Ca determination is adversely affected by Ca
contamination from the microarc filament, which increases
noise on both the baseline and the signal. The sensitivity of
Ca at 422.7 nm is lower than expected, presumably because
of Ca excitation to higher states and because of Ca ionization.
Examination of the Ca II (393.4 nm) line (cf. Figure 5) showed
slightly increased sensitivity compared to the Ca I (422.7 nm)
line and an analytical calibration plot which was moderately
extended toward higher concentration. The slope of this plot
was also significantly greater than one. These results suggest
that a number of Ca lines must be examined for the optimum
SNR and dynamic range to be realized with this MIP.

Emission signals obtained for aqueous Na standards were
extremely low and irreproducible for all concentrations. It
was assumed that the Na was being ionized, and so 100 ug/mL
Rb, as an ionization suppressor, was added to each standard
solution. An analytical calibration curve extending almost
3 orders of magnitude was obtained then. This plot, shown
in Figure 5, has a slope less than 1.0, presumably because of
self-absorption by atoms exiting at the cooler viewing end of
the chamber.

Detection Limits. Table IT compares detection limits
obtained for a number of elements using the new helium MIP
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with those cited in recent publications (11, 12). The new MIP
detection limits are improved in most cases over those ob-
tained with single-shot sample injection and are improved in
all cases over continuous nebulization sample injection sys-
tems. Significantly, the detection limits obtained on the
present single-shot He MIP system were calculated on the
basis of the 1-uL sample aliquot actually used, and therefore
represent routinely obtainable values.

Interferences. MIPs have been noted to be affected by
the introduction of relatively large amounts of sample material
(~1 ug absolute). However, the new plasma remained ignited
during injection of sample material up to the maximum
amount atomizable from the microarc used, about 5 ug ab-
solute. Of course, the relative standard deviation of the
measured signal degrades as larger and larger amounts of
material are atomized into the plasma; however, the plasma
remains ignited and, in that sense, proves to be a significantly
more durable source than many previous MIPs.

As suggested earlier, ionization interferences are expected
in any MIP, and in the new plasma a significant amount of
ionization of any easily ionizable element (e.g., Ca, Na, Li)
appears to occur. As in most determinations, an ionization
suppressant can be employed to overcome such interferences.
Further examination of ion emission lines is warranted to
determine their analytical utility.

Refractory elements, such as Al and Si, have been found
to exert little effect on analyte signals in the plasma. This
result is not unexpected in view of the use of the microarc
sample atomizer (4). However, further investigations of solute
vaporization interferences are necessary and are currently
under way.

CONCLUSIONS

The atmospheric pressure, helium microwave-induced
plasma generated in the cavity designed by Beenakker (1) is
a durable, stable, and highly efficient excitation source for
emission spectrometry of metallic elements. It is easy to ignite
and operate and uses low volumes of inert support gas.
Moreover, the cavity does not require cooling. Although

injected material does lead to reduced excitation efficiency
and increased instability, this MIP exhibits a significant
improvement over other versions of microwave-induced
plasma in its tolerance of sample and solvent material. The
high temperature of the new plasma leads to increased
ionization and population of higher excited states; this result
requires careful choice of emission lines to be used for
analytical measurement. Dynamic background correction
should prove useful with this plasma for the elimination of
broadband molecular emissions.
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Quantitative Detection of Trace Impurities in Gases by Infrared
Spectrometry of Cryogenic Solutions

Samuel M. Freund,* William B. Maier II, Redus F. Holland, and Willard H. Beattie
Univershty of California, Los Alamos Scientific Laboratory, P.O. Box 1663, Los Alamos, New Mexico 87545

A technique for id -m, lmprovlng the sensitivity and

of inf d sp y as applied to quantitative
determination of trace impurities in various carrier or solvent
gases Is presented. A gas lo be examined for impurities is
liquefied and Infrared p of the liquid are
obulnod. Spectral slmpllﬂcallon and number densities of
Impurities in the optical path are substantially higher than are
obtainable In similar gas-phase ly Carbon di
Impurity (~2 ppm) present in commercial Xe and ppm levels
of Freon 12 and vinyl chloride added to liquefied air are used
to lllustrete the method.

There are several methods for identifying and determining
trace impurities in gases, such as mass spectroscopy, gas

chromatography, and infrared spectrometry, or a combination
of these methods. Infrared spectrometry has the advantage
of being a versatile technique, but it suffers from poor sen-
sitivity and occasionally from poor specificity, i.e., from
difficulty in identifying overlapping bands of different
compounds when complex mixtures are to be analyzed. Very
long pathlengths may be employed to overcome the poor
sensitivity, but with certain mixtures, quantitative and often
qualitative analyses are still impossible.

In this paper we present a technique for greatly improving
the sensitivity and specificity of infrared spectrometry as
applied to quantitative determination of some trace impurities
in gases by utilizing cryogenic solutions. A gas to be examined
for impurities is cooled and pressurized until it becomes a
liquid, which is a solvent for the impurities.

Solubilities of trace gases in liquefied carrier gases are often
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Figure 1. Infrared spectrum of 100.3 Torr of CO, vapor at 45 °C (curve
1) and that of 2 ppm of CO, impurity in liquid Xe at -110 °C (curve
11). In the vapor, the '2CO, band overlaps that of *CO, at the longer
wavelengths

sufficiently high to make analyses practical. Since molecular
densities in liquids are ~2 X 10% molecules/ cm®, a 1-ppm
level of some impurity translates into >210'® molecules/cm?
of impurity in solution, much above the molecular density in
the gas phase. Molecular rotation is suppressed in solution,
so that the generally complex rotational structure of a solute
vibrational band usually collapses to a single, sharp feature
having a peak absorbance (at moderate resolutions) higher
than that for the gas at room temperature. Provided that the
liquefied carrier gas is essentially free of infrared absorptions
at wavelengths where the impurities absorb, detection of low
levels (ppm-ppb) of impurities can be performed.

The technique is illustrated with four examples. Vinyl
chloride (C;H;Cl) and dichlorodifluoromethane (CCIL,F,) are
dissolved at ppm concentrations in liquid air, and com-
mercially available spectroscopic grade Xe is liquefied in order
to examine CO, and fluorocarbon impurities. Part-per-million
levels of impurities are easily and quantitatively observable
in cells with about 1-cm optical pathlengths.

EXPERIMENTAL

Infrared spectra were obtained with a Perkin-Elmer Model 180
scanning spectrometer which was continuously flushed with dry
nitrogen. Instrumental time constants were of the order of 2 s.

The vacuum insulated, copper cryogenic cells used have been
described elsewhere (1). Optical pathlengths and cell volumes
were 1.3 cm and 2.6 cm® respectively, for the experiments
conducted in liquid Xe (LXe) and 2.6 cm and 5.0 cm® for those
in liquid air (LAir). Calcium fluoride windows were utilized in
both cases.

All of the gases employed were used as supplied by the
manufacturers without further purification.

In order to determine the approximate range of sensitivity of
the technique, it was necessary to measure the peak absorption
cross sections of the dissolved test gases. Two procedures for
dissolution were employed. In the first, a solute gas of interest
was mixed with the solvent gas and introduced into the empty,
room temperature cell. The lower portion of the cell was cooled
and the upper portion heated to condense the solvent gas and
additive gas only in the bottom of the cell. During the con-
densation, a source of solvent gas was kept open to the cell. The
second procedure commenced with a cell partly filled with the
solvent liquid and maintained at the final temperature of interest.
The premixed solute and a small amount of solvent gas were then
rapidly swept into the cell with additional solvent gas and
condensation was allowed to proceed until the viewing volume
was filled—this point is determined by direct observation of the
liquid level in the cell. In both procedures, the solution was stirred
with a Teflon coated magnetic bar driven by an external source.
These mixing procedures cannot put more than the measured
amount of additive gas into the cell; therefore, the additive levels
quoted herein are upper limits to the concentrations.
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Figure 2. Infrared spectrum of 6 ppm total CO, dissoived in liquid Xe
at -110°C (curve I) and that of the commercial LXe used, which has
about 2 ppm CO, impurity (Curve II)

RESULTS AND DISCUSSION

The results from the CO, calibration and trace determi-
nation experiments are shown in Figures 1 and 2. In Figure
1, we compare the 4-um vapor phase spectrum of pure CO,
at 45 °C with a spectrum of the CO, impurity in the liquefied
(-110 °C) commercial spectroscopic grade xenon used in our
laboratory. [Substantial (~1-100 ppm) fluorocarbon im-
purities have been found in samples of spectroscopic grade
rare gases from several suppliers. Spectra are not given herein.
The manufacturer’s specifications quote <0.5 ppm CO, and
levels of fluorocarbons “too low to measure™.] The absorption
in curve II of Figure 1 corresponds to about 2 ppm of CO, in
the xenon sample. The absorption feature of dissolved *CO,
in natural abundance is just perceptible at 2271 cm™ and
corresponds to ~0.02 ppm.

Note the almost complete suppression of rotational
structure in the liquid phase. Further, the »3 band of the
solvated CO, is broader than the individual rotational features
resolved in the vapor phase spectrum, although the instru-
mental resolution for the two traces is identical. The width
of the band in solution may be partly the result of the CO,
molecules being located in a variety of environments in the
liquid xenon. In other cryogenic solvents, the width of the
spectral features may be different (2). Actually, the width
of the CO, bands in Xe solution is convenient for quantitative
analysis, since for accurate measurement of absorbance, the
spectrometer pass band needs to be appreciably narrower than
the spectral width of the absorption features. This re-
quirement is easily satisfied in the solutions, with the reso-
lutions indicated in Figures 1 and 2. Considerably higher
resolutions than the Model 180 allows would be required to
measure accurately the absorbance for the CO, gas at the
pressure of Figure 1.

Figure 2 shows a spectral scan of approximately 6 ppm total
CO, dissolved in LXe and a scan of LXe containing CO,
impurity as in Figure 1. These spectra were obtained at a
slower scan speed in order to improve the quantitative de-
termination of the peak heights. The substantial signal-
to-noise ratio observed for these CO, levels suggests that a
factor of 100 reduction in CO, concentration could be mea-
sured quantitatively with the same apparatus and conditions.
Use of a longer optical pathlength and/or sophisticated data
averaging and processing techniques would further improve
the sensitivity of the method.

The suppression of rotational structure of solvated mol-
ecules is a general phenomenon and can be of great value in
the analysis of the spectra of complex mixtures. Figure 3
shows an infrared spectrum in the 10-um region of a mixture
of CF,Cl,(0.3 ppm; features at 917.5 and 886.5 cm™) and
C,H,Cl (2 ppm; features at 943.0 and 899.0 cm™) dissolved
in liquefied bottled air at 188 °C. This spectrum is compared
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Figure 3. Infrared spectrum (curve I) of the mixture of CCI,F; (0.3

ppm; features at 917.5 and 886.5 cm™') and C,H,Cl (2 ppm; features

at 943.0 and 899.0 cm™) dissolved in liquid air at -188 °C, and spectra

of 25 °C mixtures of 10 Torr CCI,F, and 100 Torr of C,H,Cl (curve

1I) and 10.6 Torr of CCI,F, and 6.8 Torr of C,H,Cl (curve III)

with those for two gas-phase mixtures of the same compounds.
It is apparent that little qualitative or quantitative information
can be derived from the vapor phase spectra, whereas the
bands of the solvated molecules are completely resolved.

One can test for saturated solutions by raising or lowering
the temperature of the liquid and observing the effect on the
absorption bands. The additive gases investigated are more
soluble at higher temperatures. By maintaining a substantial
pressure of solvent gas over the liquid, a broad liquid-phase
temperature range is available for a given solvent.

Finally, the liquid-phase features are shifted in energy
relative to the origins of vapor phase rotation-vibration bands.
For example, gaseous CF,Cl; has band origins at 922 and 882
cm™! (3), whereas the observed transitions in solution are at
917.5 and 886.5 cm™', respectively. The magnitude of this shift
is dependent on which solvent is used, but our data suggest
that a more reasonable location for the quoted 882 cm ! feature
would be somewhat higher than 886.5 cm™.

CONCLUSIONS
We have demonstrated that conventional infrared spec-
trometry can be used to analyze trace impurities in some gases

with improved sensitivity if the mixture is liquefied. This work
utilizes absorption pathlengths of the order of 1 cm, yet
achieves sensitivities comparable to pathlengths of many
meters under usual vapor-phase conditions. Increasing the
effective pathlength by using a multiple traversal scheme or
by actually lengthening the absorption cells would further
improve the sensitivity of the method. The widths of the
features observed in the cryogenic liquids are broader than
the resolved rotational lines in low pressure gas-phase spectra
but much narrower than those characteristic of high pressure.

Advantages of the technique then are (a) the high densities
in the optical path and the higher peak absorption cross
sections provide sensitivities which are greatly improved (>10°%)
over atmospheric pressure gas-phase methodology for similar
path lengths; (b) the higher densities of the trace impurities
in the liquids mean that errors due to sorption or reaction at
the walls of the spectroscopic cell are not as critical as in gases,
where extremely small molar concentrations are typical for
trace impurities; (c) once absorptivities are known at the liquid
temperature, the method gives absolute concentrations in-
dependent of the pressure of the original gaseous sample; (d)
chemical reactions of species which might be unstable in the
gas phase may be suppressed at the very low temperatures
used; and (e) the analysis of mixtures may be facilitated by
the dramatic simplification of the absorption spectra.
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Photoacoustic Spectroscopy Applied to Systems Involving
Photoinduced Gas Evolution or Consumption

Robert C. Gray and Allen J. Bard*

Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712

Photoacoustic spectroscopy (PAS) was used to study pho-
lolnducod reactions where PAS signals attributable to gas

and ption have been observed in addition to
the usual th I p fluctuations. Examples
of such PAS studles of oxygen consumption in the photo-

oxidation of rubrene and gas e in the heterog
photocatalytic oxidation of acetic acid to methane and CO,
at a platinized TIO, catalyst are given. The sensitivity of the
method and possible further applications are also di

Recently there has been a resurgence of interest in the
theory and applications of the photoacoustic effect and
photoacoustic spectroscopy (PAS) (1-19). In the usual mode

of operation, PAS involves the detection (with a microphone)
of a pressure wave induced by thermal changes in a sample
upon absorption of light. The sample, enclosed in a leak-tight
fixed volume cell, is illuminated with intensity modulated
light. If some species in the sample absorbs the light and is
promoted to an excited state, relaxation takes place, in part
or totally, via radiationless transitions. These radiationless
transitions generate heat which diffuses both into the sample
and to the sample/gas interface. Heat transferred to the gas
at this interface creates a pressure increase in a gas boundary
layer at the sample surface which in turn compresses the
remaining gas in the fixed volume cell. The amplitude of the
pressure wave thus created depends on the incident light
intensity, the modulation frequency, the relative thermal
properties of the sample and gas, cell geometry, optical ab-
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sorption coefficient of the le species, the ration
of the absorbing species in the sample, and the quantum
efficiency of the sample for radiative and nonradiative re-
laxation. Although a high quantum efficiency for radiative
pathways leads to lower PAS signals, even in samples with
t effi hing unity a PAS signal may
still be observed because of wbratlonal and solvent relaxation.
An alternate application of PAS, which has not to our
knowledge previously been suggested, is to photochemical
systems which involve the consumption or evolution of gases.
In this case, pressure waves are generated directly by the
modulated gas volume changes in addition to any photo-
thermal pressure effects. There are a number of materials
in which such effects might be observed, including those which
undergo photoinduced reactions with oxygen, heterogeneous
photocatalysts which induce gas phase or liquid phase re-
actions, and materials which show photoinduced adsorption
or desorption of gases. In this paper we discuss this novel
application of PAS and describe two experimental studies
which illustrate this effect.

EXPERIMENTAL

Instrumentation. The spectrometer used in these studies is
of the single beam variety similar to that previously described
(13). The PAS signals detected by the lock-in amplifier, Princeton
Apphed Research (PAR) Model 186, were digitized and swred
in a PAR Model 4101 scan recorder. All spectra were normali
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Figure 1. Effect of gas evoiution on the PAS signals for platinized doped
TiO, ) In and p of acetic acid. All spectra
are normalized to carbon black. Experimental conditions: 6 nm
resolution, 100 nm/min scan rate, 1-s time constant. (A) dry TiO,
powder; (B) TiO, powder wet with benzonitrile; (C) sample in B with
10 uL of acetic acid added

thermal transfer, any other perturbation which affects the
pressure of this region will be reflected in the PAS signal. For

to a carbon powder spectrum recorded under identical conditions
and stored in the second channel of the scan recorder. No attempt
was made to correct for lamp intensity fluctuations. Our studies
indicated that short term lamp noise was primarily of a much
higher fi y than the chopping rate and, therefore, was
unimportant. Long term lamp drift amounted to no more than
0.5% per hour. Spectral noise was no more than £2% of full scale
for a carbon black signal. This noise was primarily due to
quantizing errors in the analog-to-digital converter of the scan
recorder and short term lamp fluctuations, these errors being
amplified by the normalization process.
A new sample cell design was used with this system, which will
be deecrxbed in detail elsewhere (20). This cell provided for easier
of les and a ller gas vol (0.2-0.256 cm®,
depending on sample probe) and increased sensitivity compared
to our previous one (13). The microphone used with this new cell
was a B&K Model 4148 polarized by a highly stabilized 120-V
power supply. yielding a sensitivity of 60 mV/Pa. The
preamplifier used was identical with that of Munroe and Reichard
(1.
Ch

1s. Rubrene les were prepared by dry mixing
appropriate amounts of rubrene and magnesium oxide and adding
a small amount of benzene to dissolve the rubrene. The resulting
solution was either allowed to evaporate in air or the solvent was
stripped in a Roto-vap to yield a dry powder of magnesium oxide
uniformly coated with rubrene. These samples were prepared
and stored until use in subdued hghl The plnumzed TiO, was

prepnred by irradiation of a of in a solution
of acetic acid and HyPtClg wn.h a Hg-Xe lamp, as described in
arecent ication (22). A weighed of the powder

was introduced into the cell along with quantities of water and
acetic acid measured with a microliter syringe.

RESULTS AND DISCUSSION

The thickness of the gas boundary layer (acoustic piston)
(1, 2) formed by thermal diffusion in the gas, u,, is given by

= (20,/w)'/? (1)

where w is the chopping frequency (rad/s) and oy is the
thermal diffusivity of the gas (cm?/s). For air at chopping
frequency of 100 Hz, u, is about 0.2 cm. It is this boundary
layer which is heated by thermal transfer from the sample
surface and which in turn acts as a piston to compress the
remaining gas in the cell. While the primary mechanism cf
motion of this boundary layer is heating and cooling through

le, if the le upon illumination agu,thm
gas will be added duectly to the boundary layer increasing
the pressure of the boundary layer above that for simple
thermal transfer. The thermal transfer component of the PAS
signal can and probably will still be present, however, and thus
comparative studies will be necessary to determine the extent
of signal enh t by gas rel When a photoinitiated
reaction consumes gas (e.g., O,) from the boundary layer, the
pressure in the boundary layer decreases. Again the boundary
layer is still subject to thermal transfer from the sample. Thus,
gas consumption may appear as a decrease in the normal PAS
signal or even as a negative going signal, depending upon the
relative rates of gas consumption and thermal transfer to the
gas. Under conditions of coherent detection, phase shifts in
the signal (with respect to a carbon black reference) can
approach 180°.

Heterogeneous Photocatalytic Decomposition of
Acetic Acid on Pt/TiO,. In a recent report from this
laboratory the decomposition of acetic acid containing sus-
pended platinized anatase (Pt/TiO,) powder under irradiation
to form methane and CO, was described (22):

CHSCOOH

CI-L + CO, (2)

This reaction was chosen to ﬂlustrate the application of PAS
to the study of h is. The usual PAS
spectrum of the Pt/TlOg ca!.alyst in the dry powdered form
is shown in Figure 1A. The onset of light absorption occurs
at 380 nm which corresponds to the known band gap energy
(E,) of anatase, 3.25 eV. When the sample is wet with
benzonitrile, which does not und photod ition, the
signal level is much smaller (Fxgure 1B), es is frequently
observed with solid samples contacting liquids in PAS.
However, when 10 uL of glacial acetic acid are added to the
sample, the signal level above E, is clearly enhanced while the
signal at longer wavelengths remains about the same. This
clearly indicates an increase of the PAS signal due to gas
release from the sample into the gas boundary layer. Similar
experiments in which the catalyst was first wet with water,
followed by addition of acetic acid have shown the same signal
enhancement. The PAS study of heterogeneous photocatalysis
clearly allows the action spectrum of the catalyst to be de-
termined and should prove useful in determining the relative
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Figure 2. PAS of rubrene supported on MgO powder. Experimental
condiitions as in Figure 1. (A) reflectance spectrum of 5 wt % rubrene
on MgO, dried in Roto-vap (ordinate in arbitrary units); (B) PAS spectrum
of sample in A; (C) PAS spectrum of in B solvated with benzene,
first scan; (D)—(F) are successive scans following C

efficiencies of different materials. A study of the PAS signal
level as a function of chopping frequency should allow de-
termination of the reaction rates. Studies of this type are
currently under investigation.

Rubrene-Oxygen System. The photosensitized reaction
of many aromatic hydrocarbons, such as rubrene (tetra-
phenylnaphthacene), with O, to form the endoperoxide has
been widely studied [See (23-25) and references therein]. The
reaction proceeds by the absorption of light by the rubrene,
energy transfer to form singlet oxygen and attack of the singlet
oxygen on the rubrene. The overall reaction is thus

PhoPh

Rubrene in solution shows absorption bands beginning at
about 580 nm. Formation of the peroxide destroys the
conjugation in one of the interior rings producing a pale yellow
product whose absorption spectrum should be similar to that
of 1,4-diphenylnaphthalene, with a broad featureless band
centered at 300 nm. The PAS spectrum of a sample of 5 wt
% rubrene on MgO dried in a Roto-vap is shown in Figure
2B. The PAS spectrum of this sample was close to that
obtained by diffuse reflectance (Figure 2A) and was unchanged
upon repeated scans. If the rubrene from this sample is
redissolved in a small quantity of benzene which is allowed
to evaporate in air to apparent dryness, enough benzene is
retained on the sample to solvate the rubrene and, on exposure
to light of wavelengths shorter than 580 nm in the presence
of oxygen, the endoperoxidation reaction p ds. The first
scan from long wavelengths in taking the PAS spectrum of
such a sample (Figure 2C) shows a large negative going
transient due to oxygen uptake from the gas boundary layer
which, in this case, is larger than the thermal diffusion signal
at wavelengths at the foot of the absorption region. At shorter
wavelengths, the absorbance increases and the negative
Og-uptake signal is overtaken by the thermal signal. Figures
2, D-F are scans recorded immediately after 2C. Note that
the initial negative-going signal is smaller on the second scan
(D) and has disappeared by scan F. Note also the shoulder
which grows in at 300 nm. This is the region where the
photoproduct is expected to absorb. The final signal (F) looks
much like the original one except for a diminished overall
intensity in the rubrene band and the presence of a new band
at'300 nm. This spectrum can be attributed to unreacted
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Figure 3. PAS of rubrene supported on MgO powder and dampened
with benzene. Experimental conditions as in Figure 1. (A) first scan;
(B) after sample in A aliowed to stand in dark for 1 h; (C) after exposure
of sample to full white light intensity of Xe lamp for 10 min; (D) after
sample in C allowed to stand in dark for 15 min

rubrene lying under a layer of the photoproduct. PAS signals
due to layers such as this one have been reported previously
(18, 19). Physical examination of the sample after scan F
reveals a yellowish band where the light had fallen. Slightly
disturbing the sample surface with a spatula exposed a fresh
surface and the same sequence of spectra (2C-F) were ob-
tained: this process could be repeated until all of the powder
surface area had reacted.

Since only the slightest trace of benzene solvent was present
in the previous sample, diffusional mobility of the rubrene
molecule was quite limited. A second, similarly prepared,
sample was dampened with benzene to increase the mobility
of rubrene. The spectra obtained for this sample are given
in Figure 3. The signal in Figure 3A goes negative at the onset
of rubrene absorption and remained negative until the onset
of the photoproduct absorption band. The strong band in the
UV end of the spectrum is due to the benzene absorption band
at 260 nm. If the sample was then placed in the dark for 1
h, the spectrum in Figure 3B was obtained. The difference
between A and B probably arises because the original sample
was loaded in a room illuminated with fluorescent lamps,
allowing partial reaction of the surface of the sample before
A was run. On standing in the dark, the rubrene could
reestablish a fresh homogeneous sample surface. Photolysis
of the sample in the full white light intensity of the lamp for
10 min gave rise to spectrum C. In this spectrum, the exposed
sample area has been almost totally reacted, as evidenced by
the absence of an absorption band by rubrene and the
presence of a strong photoproduct band. After this sample
stood in the dark for 15 min, spectrum D was obtained. Either
unreacted rubrene had diffused into the illuminated area and
some of the photoproducts had diffused out or decomposition
of the endoperoxide occurred. This would produce an in-
creased negative-going signal at the rubrene wavelengths and
a decreased signal at the photoproducts wavelength. Pho-
tolysis for a sufficiently long time eventually removed all
signals at the rubrene wavelengths leaving only the photo-
product band. Note that this negative-going PAS signal and
the observed time dependent behavior were unique to rubrene.
Samples of other materials which do not react with oxygen
(e.g. anthracene or 9,10-dibromoanthracene) do not show such
a response.

Photoinitiated reactions with oxygen (or other gases) are
important in several areas, such as the photodegradation of
polymers, pharmaceuticals, and foods. PAS measurements
could play a useful role in the study of such reactions.



CONCLUSIONS

These examples demonstrate the utility of PAS in the study
of photochemical reactions involving gas evolution and
consumption. An estimate of the sensitivity of the technique
can be obtained by assuming a sinusoidal wave form and a
minimum detectable signal level of 1% of that of carbon black
powder.

The sensitivity of the microphone is 6 mV /ubar; the cell
volume, 0.25 cm®; and the average signal level found for carbon
black powder was 1 mV. This signal level corresponds to an
rms pressure change of 0.17 ubar. Assuming an ideal gas, we
find this is equivalent to a gas volume change of 4.2 X 108
cm® rms (or 1.2 X 1077 cm® peak to peak). Thus, detection
at 1% represents 1.2 X 10 %cm?® (p-p) and at STP this cor-
responds to 5.3 X 107 mol of gas consumed or released per
cycle. The average scan time of a PAS spectrum was 200 s,
so that at 60-Hz modulation frequency, a maximum of 6.3 X
107" mol of gas need be produced or consumed to be de-
tectable in an entire scan. Even if signal levels approaching
that of carbon are required, the total amount of gas is only
6.3 X 10° mol. Clearly PAS is quite a sensitive technique for
studying these types of reactions. Note also that the above
calculation assumes irradiation with monochromatic light of
rather low intensity (about 1 mW/cm?). Much larger signals
could be obtained using laser excitation or the full output of
the xenon lamp. Cells could easily be constructed as well to
measure photoeffects directly by sunlight.

While the technique can be used for comparative mea-
surement and for obtaining action spectra for photochemical
reactions, careful calibration and a suitable theoretical model
may allow the use of PAS in quantitative studies as well. We
must stress that this is only a preliminary study and the
method requires further investigation. However, the basic
concepts described here appear correct and these early
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successes are quite encouraging.
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X-ray Microanalysis of a Natural Mordenite-Containing Rock
and Its Ion-Exchanged Derivatives

Janos Papp,® Erzsébet Czaran, and Andras Janossy'
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The chemical composition of a natural mordenite and its
lon-exchanged derivatives was determined by x-ray micro-

lysis. In the lysis, crystal particles smaller than 0.5
um were used, which are thin enough to make ZAF correction
unnecessary. Sufficiently accurate quantitative results can
be obtained by the revised methods of Russ and of Hall, or
by the combination of the two. Interaction with various agents
leads to different extents of lon exchange, while treatment with
hydrochloric acid leads to a partial dealumination, as well.

Natural zeolites of practical significance are found generally
as sedimentary rock which contains other crystalline and
amorphous materials as well. The determination of the

Institute of Biophysics, Biological Research Centre, Hungariar.
Academy of Sciences, P.0. Box 521, 6701 Szeged, Hungary.

P.O. Box 17, 1525 Budapest, Hungary

chemical composition of the zeolite phase is largely impeded
since the zeolite phase cannot be separated from the secondary
minerals by simple means. Yet the proper knowledge of the
chemical composition of the zeolite and its modified, e.g.
ion-exchanged, form is essential when using them as catalysts
or adsorbents.

There is a convenient method which allows direct chemical
analysis without tion: x-ray micr is (I). In the
present paper, we describe our analytical results obtained on
the crystalline phase of a natural mordenite mineral of
Hungarian origin.

Single mordenite crystals are usually much smaller than
the x-ray spatial resolution (governed mainly by electron
spreading in the sample) on thick materials, so the con-
ventional microprobe approach had to be rejected. Instead,
we analyzed single crystals on carbon-coated electron mi-
croscopic grids in the transmission mode where the analyzed
thickness was below 0.5 um. Efforts were made to analyze

0003-2700/78/0350-1265$01.00/0 © 1978 American Chemical Society
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only the well-defined mordenite crystals and no adhering
non-zeolitic phase, but this disturbance cannot be completely
eliminated.

EXPERIMENTAL

Specimen Preparation. The mordenite-containing rhyolite
tuff from the Tokaj mountains (Hungary) and its modified
derivatives were disintegrated in a porcelain mortar, suspended
in diethyl ether and, after sedimentation of rough parts (>1 um),
the suspension was poured onto carbon coated Mo grids. (Cu grids
could not be employed since the Cu L lines interfere with the Na
Ka line). Mordenite crystals in the original form and its NH,-,
Ag-, and H-forms were investigated.

Ton exchange was performed in all cases under static cir-
cumstances with 0.1 N, 1 N, 3N HCI, 2 N NH,C], and 2 N AgNO;
solutions.

One hundred grams of the original sample (grain size between
1.0 and 1.6 mm) was treated with 400 cm® solution, by refluxing
the mixture 3 times for 4 h, each time with a fresh solution. After
treatment, all samples were washed repeatedly till Cl™- or Ag*-free
with distilled water to remove physically adsorbed HCI, NH,CI,
and AgNO;.

Carbon replicas were prepared for transmission electron mi-
croscopy in the usual way (2).

Transmission electron microscopy was performed on a Zeiss
EF instrument with 50-kV accelerating voltage.

X-ray Microanalysis. Analysis was performed with a JEOL
100B transmission electron microscope fitted with an energy
dispersive x-ray microanalyzer EDAX 707B at E, = 80-kV ac-
celerating voltage exclusively on parts smaller than 0.5 um for
reasons explained above. The electron beam was focused to a
spot of approximately 300 nm in diameter. The spectrum was
recorded between 0-40 keV with 50 eV/channel sensitivity. For
quantitative evaluation, the raw spectrum was background
subtracted by the frequency filter method (3) and net peak
intensities (1.2 times full width at half maximum) were recorded
with an integrated microprocessor (EDIT III). Part of the
background spectrum between 30 and 40 keV was also recorded.

QUANTITATION

Intensity and Concentration. The characteristic x-ray
intensity, J; of element i excited by electron beam current iy
for t s is:

I = igtw, QL TIN; 1)

with w; = fluorescence yield, Q; = ionization cross section, L;
= fraction of recorded line intensity to total excited intensity,
T; = detector efficiency for observed radiation of element i,
N; = number of atoms i per cm®. w; was taken from the tables
of Bertin (4), Q; was calculated as discussed by Powell (5) and
L; was calculated from the relative line intensity tables of
Johnson and White (6) taking into account the proper energy
window width on the analyzer. Spectrometer efficiency T;
depends on the detector solid angle d/4= and absorption in
the protecting Be window (7.5 um), the Au contact layer (0.02
um), and the Si dead layer (0.15 um). For high energy x-rays
(>15 keV), the thickness of the active zone (4.0 mm) has to
be considered as well. According to Russ (7), the detector
efficiency can be well described by the following empirical
equation:

_de k k
T= I &XP <— E_,’L'-> [1 - exp (— ET:;)] (2)

where the first exponential term is characteristic of x-ray
absorption before the x-ray reaches the active detector zone,
and the second term characterizes the process of x-ray
penetration through the whole active zone without detection;
E; is the energy of the x-ray in keV. The empirical constants
ky and ky were calculated from the manufacturer's suggested
detector data (see above) and also determined by measuring
the La/Ka intensity ration of Cu (8), yielding in good

agreement k; = 1.11 £ 0.03 and k, = 20.500 + 400 for our

actual system.
The continuum intensity b, can be described by a modified

Kramers' equation (9, 10)

Eo_E .11
by, = iot< 7 ) zn 3)

v

where E, = accelerating voltage in kV, E, = measured con-
tinuum energy in keV, K = empirical constant, Z = atomic
number, and n = f(E,, E,, Z) (11).

In composite materials, the number of atoms N; in 1 cm®
will be

A; (4)

with ¢; = weight fraction of element i, p = density of composite
material, Ny = Loschmidt's number, and A; = atomic weight

of element i.
Thus, from Equations 1 and 4, the characteristic intensity
I; in a composite material is

N; =

. C;
L; = igtwiQLiT, 7-pNo (5)
i
Similarly, the continuum intensity at the particular energy
E is
E = E .11 =i
by = iQtK< °E ") AL (6)
v =1

Determination of Elemental Ratios after Russ. Russ
(12, 13) has constructed empirical tables which allow direct
determination of elemental concentration ratios (elemental
or weight fractions) from measured intensity ratios without
standards. Since these tables contain many simplifications
which affect accuracy, we derived our own values from
Equation 5 for weight ratios c;/c, of elements j and k:
G _ &) wi@LiTiA,

& L wQLTA,

¢ [i=if ¢
=% I ®)
i (A,>

(a; = the atomic fraction) for atomic ratios a;/ay:
g _ Ij wrQuLy Ty
a I ©,QLT; ®
Determination of Elemental Ratios after Hall. Ele-
mental ratios can be determined with greater accuracy if
standards are measured simultaneously which contain the

analyzed elements in known concentrations. From Equations
5 and 6 we obtain, after Hall (14), for the atomic ratio a;/a:

R,[a,"d/ '}::’ (GIZI"*‘)]
a; i=1 std 4"

= (10)

a =
* R, [aknd/ 5 (a‘Z‘n+ x)]
=\ std “r”

where

(7)
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Table I. Atomi~ Ratios aj/a,; of a Chabazite Crystal
Determined Chemically and by X-ray Microanalysis
after Equation 10

chemical x-ray

aglapy analysis microanalysis
Si/Al 2191 2.20 + 0.06
Na/Al 0.085 0.08 + 0.02
K/Al 0.019 0.02 : 0,01
Ca/Al 0.426 0.43 + 0.07
Mg/ Al 0.003 0.00

Fe/Al 0.002 + 0.001

intensity ratio of specimen (sp) and standard (std) and a,-""
= atomic fraction of element j in standard “j”. For practical
measurements, a selected part b, of the continuum intensity
(from 30 to 40 keV in this case) must be measured as well,
which, after the theory of Hall, will be characteristic of the
total analyzed mass. The exponent n (cf. Equation 3) was ~1
for all the elements assayed (15). The accuracy of such
evaluations has been found by various authors to be £5%.

Evaluation of the Measurements. The methods of Russ
and Hall are only valid when no corrections for atomic
number, absorption, and fluorescence (ZAF correction) are
needed, e.g., the sample is thin enough to prevent these
secondary effects.

For checking the quantitation methods suggested here a
chabazite crystal of known composition (8) has been analyzed
and the atomic ratios a;/ay calculated. The chabazite single
crystal used as standard was pulverized to ubtain particles
corresponding in size and shape to those of the mordenite to
be analyzed (i.e., 0.5 um thick).

Equation 10 was used with NaCl, KCl, CaHPO,2H,0,
FeS0,-2H,0, Si0,, and pure Al as standards, and Equation
9 was applied without standards. Both methods yielded
similar results within the error limits, except for the most
important ag;/ay; ratio, for which only Equation 10 gave
satisfactory results.

We decided therefore to evaluate all subsequent analysis
by Equation 10 with chabazite as standard for the Si/Al ratio,
and by Equation 9 for the remaining cations without
standards.

Table I contains the results of chemical analysis and of x-ray
microanalysis together with the mean standard errors.

RESULTS AND DISCUSSION

Transmission electron microscopy of the carbon replicas
has shown that mordenite crystallites form needles in the
range of 0.2 X 0.3 X 10 gm and 0.5 X 1 X 20 um (Figure 1).

Microanalysis has revealed the elements Na, Al, Si, K, Ca,
and Fe in the untreated mordenite phase, whereas the mobile
cations Na, K, Ca as well as Fe and Al (the latter two from
the “anion part” of the crystal lattice) were more or less
removed by the different treatments applied. Analytical
results are summarized in Table II.

In Table II, column 1 contains the atomic ratios, a;/a, for
elements determined in the mordenite crystals in the rock in
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Figure 1. Ti 7
Magnification: X 8500

its untreated state. Columns 2, 3, and 4 refer to the samples
treated with 0.1 N HCI, 1 N HCI, and 3 N HCI, respectively,
column 5 to the NH,CI treated derivative, and column 6 to
the Ag*-ion-exchanged sample.

By applying various treatments we intended to exchange
the original Na*, K*, and Ca?®* ions for protons to a high
degree. (This process can be affected by an acid treatment
in the most direct way, while after ion exchange with NH*
ions a thermal treatment is needed to remove NHj, and after
treating the samples with AgNQO,, protons can be produced
by reducing the Ag* ions in a H, atmosphere.)

In the untreated ple, a strict equival of the mobile
cations to the aluminum has been found, proving the cor-
rectness of the results.

According to the data in columns 2, 3, and 4, the acid
treatment resulted only in a partial exchange of the cations
except for Na* ions, which can be exchanged already with a
1 N HCI solution, under the conditions applied.

At higher acid concentrations, the treatment leads, beside
cation exchange, to a certain extent to the dissolution of
aluminum from the lattice. In the acid treated samples, the
iron content considerably decreases, whereas samples ion-
exchanged for NH,* and Ag*—where the other cations are
more extensively exchanged—are practically the same as in
the original sample. It seems likely that iron—similarly to
aluminum—substitutes silicon isomorphously in the crystal
lattice.

Upon exchange with NH,Cl, the Na* and Ca*" ions are fully
replaced by NH,* ions, while only one half of the K* ions are
substituted.

All the cations are exchangeable with Ag* ions, thus the
maximal tof p can be g ted in the deni
by ion exchange with AgNO, and subsequent reduction of the
Ag* ions.

The formation of the 100% H*-form from the NH*-form
would not be possible even in the case of a total ion exchange,
because during the deammoniation of the NH,*-form a certain

Table II. Atomic Ratios a;/a,) of the Crystalline Phase of the Mordenite-Containing Rock?®

treated with treated treated

ajlan untreated 0.1 N HCI with 1 N HCI with 3N HCI NH,*-form Ag*-form

1 2 3 4 5 6
Si/Al 5.24 £ 0.50 5.03 + 0.64 4,94 = 0.26 5.87 + 0.21 5.25 + 0.28 5.34: 0.18
Na/Al 0.39 + 0.02 0.51+ 0.19 - - - &
K/Al 0.10 + 0.04 0.11 + 0.06 0.08 = 0.04 0.02 + 0.01 0.05 + 0.02
Ca/Al 0.26 + 0.02 0.19 + 0.02 0.09 = 0.02 0.17 + 0.02 - o
Ag/Al - - - - - 1.14 + 0.26
Fe/Al 0.07 + 0.03 0.05 + 0.03 0.02 + 0.004 0.01 + 0.003 0.05 + 0.01 0.07 + 0.01

@ Results are the mean of 6 to 12 measurements.
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dehydroxylation takes place at the same time (16-19).
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Energy-Dispersive X-ray Spectrometric Analysis of
Environmental Samples after Borate Fusion
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In order to overcome particle-size and sample inhomogeneity

In the lysls of envir | ples by energy-
dispersive x-ray sp Y, an ted borate fusion
procedure was investigated and applied to the analysis of
NBS-SRM 1633 Fly Ash and NBS-SRM 1648 Particulate Matter.
Twelve el ts In each ple were d and the
results are In agreement with NBS certified values and/or those
of other workers, usually within &5 to 10% for most elements
over the concentration range from 70 ppm to 15%. Fly Ash
samples were fused with the heavy absorbers La,0, or WO,
and analyzed using a linear calibration curve, assuming no
matrix effects. The particuiate samples, however, were fused
with lithium tetraborate only and the data were corrected for
x-ray absorption and K x-ray line interferences by a NBS
mathematical procedure. The limits of detection of this
procedure for most of the el t lyzed in the pl
were between 10 to 100 ppm.

Chemistry Division, National Bureau of Standards, Washington, D.C. 20234

lithium tetraborate become an attractive alternative.

Fusion methods have been applied to the analysis of ge-
ological materials (4-8). These can be classified as (a) fusion
of the sample followed by a separate casting operation to
produce a glass disk for direct x-ray analysis, (b) fusion and
grinding where the samples are fused, ground, and pelleted,
and (c) fusion and direct solidification where the fused sample
solidifies directly in the crucible from which the solid glass
disk separates. With the availability of the 95% Pt-5% Au
alloy crucible, commercial automated fusion devices have
recently been developed, and disks can be prepared by method
c (9).

The present work was performed to determine whether
environmental samples could be analyzed with good accuracy
with automated fusion as an alternative to nondestructive
sample preparation methods. Two samples consisting of
NBS-SRM 1633 Fly Ash and NBS-SRM 1648 Particulate
Matter were each analyzed for 12 elements. Monochromatic
excitation of the sample was provided by three secondary
target x-ray emitters. Several workers (7, 10) have reported
on the use of heavy absorbers such as lanthanum oxide to

The el 1 ition of envir tal samples such
as particulates collected from urban aerosols can be quan- torhni
titatively determined by energy-d ive x-ray fl

spectrometry (EDXRF). Such samples have been analyzed
by other workers (1, 2). Ambient air aerosols can be collected
on thin filter substrata and then measured directly by
EDXRF, using thin i of known el tal

sition for calibration. Smoe particulate matter collected from
aerosols can penetrate the filter medium, significant atten-
uation of both incident and fluorescent x-rays by the filter
can take place, especially for light elements. Absorption effects
within the larger collected particles may also be significant,
resulting in systematic error (3). When particle size effects

are appreciable, fusion methods of le preparation with
1 Present add. Technical University of Graz, Graz, Austria.

x-ray absorptlon effects in thick samples. This
has been applied mainly to the determination of
light elements below atomic number 26 in mineral specimens.
Its principal advantage is that the x-ray intensity from the
analyte element approaches a linear function of its concen-
tration in the glass disk, and corrections of x-ray absorption
effects by digital computations are, in principle, not required.
The heavy absorber method was used in this work in the
analysis of the NBS-SRM 1633 Fly Ash to determine if ac-
ceptable results could be obtained for elements whose x-ray
fluorescence lines cover a broad range of energies from 2.0 to
14.0 keV. In order to avoid severe x-ray line interferences
between the analyte x-ray lines and lines of the absorber,
lanthanum oxide was used in the analysis of zinc, lead, and
strontium, and tungsten oxide for all other elements. In-
terferences by x-ray lines of the analyte were corrected in an

This article not subject to U.S. Copyright. Published 1978 by the American Chemical Society



empirical manner with standards containing noninterfering
elements and the heavy absorber.

The NBS-SRM 1648 particulate sample was analyzed with
a digital computation procedure developed at NBS (1I) to
correct for x-ray absorption and K x-ray line interferences.
The analytical results reported herein are compared to NBS
certificate values and/or those obtained by other workers
where certified values were not available. The theoretical
limits of detection were calculated in order to characterize the
sensitivity of this method.

EXPERIMENTAL

Reagents. All materials used to prepare standards were
Analytical Reagent quality and dried at 100 °C for 2 h before use,
except calcium carbonate which was dried at 260 °C. The

ds used to the standards were finely ground
powdena of Al,O,, SIO,, KNO,, CaCOy;, Cr,03, MnO,, Fe,04, NiO,
CuO, ZnO0, and Pb(NO;),. All grinding was performed in a
noncontaminating boron carbide mortar. Lithium tetraborate
(Spex Industries, Lot 176) was dried at 500 °C for 2 h. The purity
of the Li,B,0, blank was determined by EDXRF, and detectable
amounts of iron, copper, zinc, and lead were found. However,
the concentration of these elements in the blank was low (e.g.,
<5 ppm) compared to their concentration in fused sample disks
so that the signal-tc-background was not seriously affected. It
is expected, however, that the detection limits for these elements
calculated and tabulated in Table III would change appreciably
if their concentration in the blank varied from lot to lot as supplied
by the manufacturer.

Apparatus. An automated fusion device (Angstrom, Inc.,
Belleville, Mich. 48111) was employed to perform the fusions.
An energy-dispersive x-ray fluorescence spectrumeter (Kevex
Corporation) equipped with a modified 16-position sample changer
was used for making the x-ray measurements. The sample ch
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glass disks were d on a wet di d abrasive (200 grit),
followed by polishing with a 220 and 400 grit abrasive paper,
respectively. The disks were rinsed first with distilled water, then
with ethanol and dried.

Particulate Matter Samples. Three 0.5-g riousl,
dried at 110°CforBhwareoachfuledmthG.Ggofo,B‘&md
4.0 g of NH4N0. at 1100-1110 °C for 40 min. A sample size of
0.5 g was taken in order to obtain good senm.mty for most el-

ts. Six dard disks were prepared, each ng from
three up to twelve elements and prepared as described in the
section on “Fly Ash Samples” above.

RESULTS AND DISCUSSION

In the x-ray analysis of elements at low concentrations the
uncertainty in the measurements of the background under
the analyte x-ray lines in addition to x-ray line interference
corrections often influence the accuracy of the final result.
Because of the limited energy resolution of the Si(Li) detector,
it is difficult to select energy regions of interest on a sample
where the background can be determined unambiguously.
This is especially true when the sample contains many ele-
ments at different concentration levels. Consider an element
at low concentration, C,, whose x-ray line falls on the low-
er-energy side of an x-ray line of a major constituent, C,. A
major contribution to the backg dof Cyis d by the
low energy tailing of C, due to incomplete charge collection
in the Si(Li) detector. Fortunately, this contribution can be
measured. The correction used here requires that additional
synthetic standards be prepared which in only the major
constituents present in the analyte sample. The background
contribution to the Ka lines of titanium, chromium, and
manganese from iron (i.e., a major constituent) in the analyte

was fabricated at the NBS and consisted of an aluminum alloy
plate which was machined so that the posxtmnmg of the sample
above the x-ray source and detector was « with
a high degree of precision as the changer rotated from sample
to sample. A Siemens AG-W61 tungsten target x-ray tube was
used with Ti, Ni, and Mo secondary target emitters to provide
monochromatic excitation radiation. The x-ray tube powered by
a General Electric XRD-6 power supply was operated at 20 kV,
20 mA with Ti and Ni, and 40 kV, 20 mA with the Mo dary

les was established from synthetic disks containing iron.
The background increases linearly in the respective energy
regions for titanium, chromi and with in-
creasing iron concentration.

The results obtained for the NBS-SRM 1633 Fly Ash are
tabulated in Table I, and are compared to NBS certificate
values and those obtained by other workers (2, 12). The
agreement is within 5 to 10%. It is important, however, that

emitters. The count rates observed varied between 2000-3500
counts/s and live time counting intervals ranged from 15 min to
1.5 h per sample. A reduced pressure of 70 Pa (0.5 mm Hg) was
maintained during the analysis of elements below atomic no. 24.
‘The Si(Li) detector resolution was about 165 eV (FWHM) at 5.9
keV. The measurement of the x-ray intensities from the analyte
was performed within selected energy regions distributed sym-
metrically about the FWHM of each line. Background intensities
were measured using standard disks.

Crucible Pretreatment and Sample Preparation. Crucible
Pretreatment. In the fusion procedure recommended by the

facturer of this t, HBr wetting agent is added prior
to fusion to pi the stress king of the result lass disks.
In this work the wetting agent was omitted because of possible
volatilization and subsequent loss of lead in the samples. It was
necessary however, to prepare the crucibles before each sample
or standard was fused to avoid sticking and stress cracking of the
fused samples. They were preconditioned by polishing with a
220 grit followed by a 400 grit abrasive paper, and then cleaned
by boiling in 6 M HCL. Final cleaning was performed by fusing
in each crucible three 6.0-g Li,B,0; blanks. The third blank disk
was examined by EDXRF to determine if the crucxblos were free
from ination. This p: was d until the level
of trace elements in the blank disks was sultably low.

Fly Ash Samples. Four samples (from 0.25 to 1.0 g) of
NBS-SRM 1633 Fly Ash previously dried over P;0; for 8 h were
fused with 6.0 g of Li,B,07, 0.5 g of either La;O, or WO, and 3.0
g of NHNO;. Standards were prepared by fusing various known

of the reag described above, with 6.0 g
of Li,B,0; containing the same amounts of heavy absorber and
NH/NO; as the analyte samples. Each sample was fused at.
1100-1110 °C for 40 min. The bottom surf of the |

the ¢ trations of elements such as zinc, lead, and
strontium be sufficiently low in the glass disks so that they
do not contribute significantly to x-ray absorption, as com-
pared to absorption by the heavy absorber. This points out
a major problem of the heavy absorber method: x-ray ab-
sorption effects are minimized but not eliminated. Also,
because of x-ray line interferences between analyte and
absorber lines, more than one absorber is required so that the
sample preparation time is substantially increased. However
good accuracy can still be obtained as shown in Table I when
analyte elements are present at relatively low concentrations
in the glass disks.

In Table II, are summarized the results for 12 elements in
the NBS-SRM 1648 Particulate Matter using the NBS data
reduction procedure. Comparison of these values to those of
other NBS workers where results are available shows
agreement within £6%. A relatively high systematic error
was assigned to the copper value because of the large vari-
ability between standard disks of identical composition
prepared with copper oxide. This is believed to be caused by
partial reduction to the metal which subsequently alloys with
the platinum crucible. The addition of LiNO; as an oxidizing
agent to fusion preparations instead of NH,NO; is currently
being investigated in order to overcome the problem.

To characterize the sensitivity of the fusion procedure, the
theoretical detection limits (13, 14) were calculated for three
secondary target emitters and summarized in Table IIL
These detection limits expressed in ug/g in the glass disk are
based only on Poisson counting statistics for the element of

and the ab: of systematic and non-
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Table I. Comparison of Average Values Found for NBS-SRM 1633 Fly Ash

Concentration Uncertainty® Systematic

Element found,® uglg nglg Y eg-orf ngle nd NBS® NAA' LBLF ug/g
Ca 4.62% 0.15% 0.3% 7 4.7+ 0.6%
Fe 6.16% 0.30% 0.3% 6 o s 6.2+ 0.3%
K 1.67% 0.06% 0.06% 2 (1.72) 1.61+ 0.15% L
Ti 7360 344 400 6 G 6 7400z 300 8600+ 1100
Vv 2004 34 80 6 214+ 8 235+ 13 295+ 166
Cr 131 8 10 4 131z 2 127+ 6 159+ 1156
Mn 500 17 20 6 493+ 7 496 + 19 528 + 104
Ni 95 20 20 6 98+ 3 98+ 3 101+ 7
Cu 125 13 30 7 128+ 5 Gec 133+ 4
Zn 200 10 10 8 210+ 20 216t 25 216 14
Pb 66 12 15 4 70+ 4 75+ 5 72+ 5
Sr 1256 37 40 4 (1380) 1700 + 300 1342+ 20

@ Concentrations are expressed in ug/g except when indicated by wt %. b Uncertainty due to random error.is the 95% con-
fidence interval for the mean (i.e., mean t ¢ s5/n where t,,, is Student’s ¢ for n - 1 degrees of freedom, and s is the estimated
standard deviation of a single measurement based on n measurements). ¢ Estimate of systematic error based on range of

values obtained with different standards.

4 Number of replicate measurements. ¢ NBS certificate of analysis 1633 Fly Ash.

Values in parentheses are not certified values. ! Instrumental neutron activation analysis (NAA) results from Ondov et al.

(12).

tory (LBL) results from Giauque et al. (2) (uncertainties are 2 standard deviations).

{ Corrected for Ti Kg, Ba Lg interferences.

Uncertainty is either one standard deviation or authors’ estimate, whichever is larger.

# Lawrence Berkeley Labora-
I Corrected for Ba La interference.

Table II. Comparison of Average Values® Found for NBS-SRM 1648 Particulate Matter
Concentration Uncertainty,® Systematic
Element found,? % % error,” % NBS®
Si 14.7 0.3 0.5
K 1.04 0.02 0.04
Ca 6.10 0.04 0.04
Ti 0.426 0.003 0.004 e
Cr 0.044 0.001 0.001 0.0403 + 0.0012
Mn 0.087 0.003 0.005 0.0851 ¢ 0.0005'
Fe 3.96 0.037 0.04 3.91 ¢+ 0.10
Ni 0.0083 0.0004 0.001 0.0082 = 0.0003
Cu 0.07 0.01 0.03 0.0609 = 0.0027
Zn 0.465 0.015 0.02 0.476 + 0.0014
Pb 0.678 0.006 0.02 0.655 + 0.008
Sr 0.019 0.001 0.002 e

@ Mean of six measurements performed on three replicate samples.
tainty due to random error is 95% confidence interval for mean based on 5 degrees of freedom.

b All concentrations are exgressed as wt %. € Uncer-
Estimate of systematic

error based on range of values obtained with different standards. ¢ NBS certificate of analysis 1648 Particulate Matter.
! Value from atomic absorption spectrophotometry (not certified).

Table IIf. Theoretical Detection Limits in ug/g Calculated from Standard Disks for Selected Elements®
[t=50005s]
Emitter Si K Ca Ti Cr Mn Fe Ni Cu Zn Pb Sr
Ti 70 1.5
Ni 200 7.0 3.0 1.0 0.7 0.7 0.6 cee s cee cee e
Mo 1.0 14 1.2 1.1 0.4

% The above detection limits should be multiplied by 14 to obtain the detection limits in the original sample.

Poissonian random errors. The expression used for calculation
is (see Ref. 13, 14)

4.65+/N
D.L. (ug/g) = Cstp IVL—]VO
STD 0

where Cgrp is the known concentration (ug/g) of that element
in the standard; Nj is the number of counts corresponding
to the background in 5000 seconds counting time; and Ngrp
is the gross counts for that element also in the same time
interval. To obtain detection limits at different time intervals
(t in seconds), the above expression should be multiplied by
(¢/5000)7/2, To convert to concentrations in the sample, these
values should be multiplied by the ratio of the disk weight
to the sample weight. Assuming the total disk weight to be
about 7.0 g and the sample weight to be 0.5 g, the detection
limits for samples without a heavy absorber would range from

6 to 100 ppm for most elements investigated except silicon
which would be about 1000 ppm. The detection limits cal-
culated for samples with a heavy absorber are not very dif-
ferent which is somewhat surprising since the fluorescence
intensity is reduced because of absorber attenuation. However,
there is no significant decrease in the signal-to-background
ratio because the background intensity is also suppressed to
some extent.

CONCLUSION

The results show that acceptable accuracy can be obtained
using lithium tetraborate fusion for sample preparation of
environmental samples for x-ray analysis. The main purpose
of the heavy absorber is to obviate the need for digital
computation of x-ray absorption effects. However, this ad-
vantage is outweighed by increased sample preparation time
because of the need for several absorbers. In the analysis of



major constituents in cement and glass samples, we have found
appreciable variations (e.g., 3 to 5%) in replicate disks due
to the nonhomogeneous distribution of elements within the
disk containing 0.5 g of La;0;. Therefore we believe that
digital computation of x-ray absorption effects including
corrections for x-ray line interferences is preferable. This is
especially true in the general application where EDXRF
analysis of a wide variety of materials of different matrices
is possible. Because of serious losses of analyte elements or
compounds which are volatile at fusion temperatures, this
technique should be used with caution. For those samples
where this presents no major problem, the detection limits
of 10-100 ppm are reasonably low, making this technique
suitably sensitive for the analysis of environmental samples.
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Calculated X-ray Diffraction Data and

Quantitative X-ray Diffractometry

Stephen Altree-Williams
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An lon Is derived that the quantitation t grated intensity of diffraction line i of phase J is theoretically

for direct quantitative x-ray powder diffractometry, kg, to the given by (9-12)

calculated x-ray powder diffi data p ASF,and A3 et 1+ cos®20y 1

2. The derived equation Is tested experimentally and the I, = g PurlFulym— (@)
fulness of both the derived r o mic! sin® 0 cos 6y S

equation and, more mﬂv. calculated x-ray diffraction data. where I, 6, are as previously defined; I°, A, @, r = constants

A ditfractometer constant, x, Is introduced that should allow for a given diffractometer run under constant conditions, being

experimentally determined k;, values from different
to be directly compared.

As a quantitative technique, x-ray powder diffractometry
(XRD) attempts to relate the quantity of an analyte phase
to the intensity of one of its diffraction lines. For the con-
ventional Bragg-Brentano parafocusing powder diffractometer
(1) and the general case of a flat sample of depth less than
the penetration depth of the x-ray beam, the quantitation
equation is (2)

w, _
[‘.J=k“T 1 — g2 uM cosec n,_,) 1)

For a sample “infinitely” thick to the x-ray beam, Equation
1 becomes

W,
Iy= kUT" @

For a thin-layer sample supported on a diffracting underlay,
Equation 1 becomes (3, 4)

Ij= + (1 — gL win 6p cosec 0u) . N7, 3)

Wl
L sin 6p
where I;; = integrated intensity of diffraction line i of phase
J; k;; = the quantitation constant, its value depending on the
diffractometry conditions and on diffraction line i of phase
J; W, = weight fraction of phase J in the sample; x4 = mass
absorption coefficient of the sample; M = weight of sample
per unit area; M, = weight of phase J per unit area; 6, = angle
of incidence of the x-ray beam to the sample for diffraction
line i of phase J; 6, = angle of incidence of the x-ray beam
to the sample for a chosen diffraction line from the thin-layer
support material; L = In (I°y/Ip); I, I = integrated intensity
of the chosen diffraction line from the material supporting
the thin-layer before and after loading, respectively.

The quantitation constant, k;, is the same constant in each
of Equations 1-3. To date this constant has had to be de-
termined by diffractometry on samples of pure phase J.
However, the availability of calculated XRD data (5-8) allows
the determination of k;; from such data alone.

Consider the conventional powder diffractometer with a
constant divergence slit, without monochromator, and with
an “infinitely” thick sample of pure phase J assumed to be
at theoretical density. Let the crystallites of phase J be
randomly oriented and let them have a particle size such as
to eliminate extinction and microabsorption effects without
introducing any significant line broadening. Then the in-

the intensity of the primary x-rays used for diffraction, their
wavelength, the scan rate used for counting the integrated
intensity, and the radius of the goniometer circle, respectively;
e, m, ¢ = physical constants, being the charge and rest mass
of the electron and the velocity of light, respectively; p,|Fi
= the multiplicity, and the amplitude of the structure factor
(including thermal effects) for line i (Miller index, hkl) of
phase J, respectively; V,; = volume of the unit cell of phase
J; u* = linear absorption coefficient of the sample, in this case,
phase J at theoretical density.

Equation 4 can be transposed into a more convenient form
by considering the following. For a given diffractometer run
under constant conditions, the diffractometer constants, the
physical constants, and the constant of proportionality can
be incorporated into a single constant, x. For the specific
wavelength used in the diffractometer, the combined relative
effect of the Lorentz-polarization term, the multiplicity factor,
and the structure factor term on the intensity of the diffraction
lines of phase ¢/ is given by the calculated relative intensities,
I/, for the lines of phase J. The most intense diffraction
line of phase J is given an I, value of 100. The absolute
effect of the Lorentz-polarization, multiplicity, and structure
factor terms on the diffraction intensities of phase J is a
property of phase J and A. The factor for this absolute effect
adjusts the relative intensity data to the absolute scale and
is incorporated with 1/V,? to give the absolute scale factor
for phase J, designated ASF, (6). Equation 4 can thus be
written

Iy=«-ASF,- I . ‘% (5)

Equation 5 refers to a sample of pure phase J at theoretical
density. For real samples containing phase J (including pure
powdered phase J as packed in a diffractometer), Equations
4 and 5 can be modified by including a term for the volume
fraction of phase J in the sample, with u* referring to the
linear absorption coefficient of the sample. Expressing u* in
terms of the mass absorption coefficient of the sample and
expressing the volume fraction of phase J in terms of the
weight fraction of phase J gives

Ly=«x-ASF,- I,y & (6)
Pk
where all terms have been previously defined except py, the
density of phase J. Comparison of Equation 6 with its
equivalent experimental equation, Equation 2, gives the
equation for deter g kiy from calculated XRD data

ki =nx+ASF; Iy L ™
Py

0003-2700/78/0350-1272$01.00/0 © 1878 American Chemical Society
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Table I. Comparison of k;; Values Determined by Calcul
phase, J line, i, hkl ASF,
corundum (a-Al,0,) 113 0.120
a-quartz (Si0,) 101 0.321
calcite (CaCO,) 104 0.250
sylvite (KCI) 200 0.329
zincite (Zn0O) 101 0.912
anatase (TiO,) 101 0.497
eskolaite (Cr,0,) 104 0.361
hematite (a-Fe,0,) 104 0.56
Ag 111 5.33

% and by Experiment

ki, net counts cm? pg™!

Py, Ecm™ calculated experimental®
3.987 b 11.51 0.1
2.65 46.3 45.3+ 0.3
2.71 35.2 47 =1
1.987 63.3 65 1
5.68 61.3 53 2
3.89 48.8 47 =1
5.21 26.5 22 :1
5.26 40.7 30.2: 0.2

10.5 194 122 =1

¢ Values for ASF; and p; are from Hubbard, Evans, and Smith (7) except for hematite (JCPDS card 24-72A) and are cor-

rected for the use of a graphite crystal monochromator with Cu Ka radiation.
mined as (3.82 ¢+ 0.03) X 10° net counts: ASF~' cm™ by equating the experimental
¢ Average value of four sample preparations + mean deviation.

corundum.

The diffractometer constant, x, was deter-
and calculated data for

Equation 7 indicates that k;; can be determined from
calculated XRD data (ASF, and I;;/) for all phases except
for the one chosen to experimentally determine « for the
diffractometer. With this one limitation, x-ray powder dif-
fractometry can be considered an absolute instrument
technique where the quantitation of phase J can be performed
without recourse either to a calibration standard of phase J
or to an internal standard for each sample. Two further
deductions of practical interest can be made from Equation
7. Since x, ASF,; and p; are constant for a given diffractometer,
wavelength, and phase, then the quantitation constant for each
diffraction line of a given phase is directly proportional to I,
Again, since for any given diffraction line of any given phase
ASFy, I and p, are constant for a given wavelength and
independent of the diffractometer, then the quantitation
constants for a set of phases determined on one diffractometer
will be directly proportional to the quantitation constants for
that same set of phases determined on any other diffrac-
tometer, subject to the same wavelength being used.

Note that Equation 4 refers to the use of a conventional
diffractometer without monochromator. When a mono-
chromator is used (either on the incident beam to the sample
or on the diffracted beam) the polarization term, 1 + cos? 26,;,
in Equation 4 needs to be changed to 1 + cos? 26, cos? 20,,,
where 0,, is the Bragg angle for the monochromator crystal
reflection and wavelength used (13). This change affects the
intensity of all lines depending on their 6, and on 0,. It
necessitates adjustment of the calculated values of ASF; and
I/, which are routinely determined assuming a polarization
factor of 1 + cos? 20, (8).

The validity of Equation 7 for determining k;; has been
investigated experimentally, as has the deduction that for lines
of the one phase k;; is proportional to I;;*. The results are
considered below.

EXPERIMENTAL

Phases. All phases used were laboratory chemicals except for
corundum (Linde A, Union Carbide Corporation), a-quartz
(natural crystal, Kingsgate, New South Wales), and silver (Selas
Flotronics silver membrane filter, 0.2-um pore size).

lefnctometry A Philips (Eindhoven) x-ray diffractometer
was used wmpnsmg vertical goniometer (PW 1050/70), diffracted
beam with hite crystal, sample spinner, xenon
filled proportional counter, and copper anode broad focus x-ray
tube (PW 2253/20).

The quantitation consmnt was determmed by the use of
Equation 3, from me: d from deposits of <7-um
diameter airborne particles of the phase of interest on Nuclepore
filters (4). Silver was used as the diffracting underlay to all phases.
The intensity of the corundum (110) and (113) reflections were
read on a platinum underlay. Four filters were prepared for each
phase and the average k;; was determined on the line or lines of
interest. For silver, the silver filters were used directly in the
diffractometer and k;; was determined using Equation 2 and a

theoretical mass absorption coefficient for silver of 218 cm?/g.

Samples were analyzed at tube conditions of 45 kV, 28 mA with
pulse height selection and sample spinning. These tube conditions
gave the same external standard count as used in previous work
(3,4). A 1° divergence slit and a 0.3-mm receiving slit was used.
The integrated intensity of a diffraction line was measured by
counting while scanning the diffraction line at a rate of !/,° 26/min
for 2 min. Loadings on the filters were such that the 1° 26 scan
range effectively encompassed the whole diffraction peak for all
lines measured. Background was counted at the start and finish
angles of the scan and the average value used. Net peak area
counts was used as the integrated intensity of the diffraction line.
An aluminum blank was used as an external standard to correct
for long term instrument drift.

RESULTS AND DISCUSSION

Calculated and Experimental Values of k. Calculated
XRD data for the most intense line of the phases used in this
work were taken from Hubbard, Evans, and Smith (7) or, for
hematite, from JCPDS card 24-72A. The data were suitably
adjusted for the graphite crystal monochromator used in this
work. Using the calculated ASF, for corundum (113) and
determining its k;; experimentally, the value of the diffrac-
tometer constant, x, was found to be (3.82 £ 0.03) X 10° net
counts ASF! cm™. Using this value for «, calculated k;; values
were determined from Equation 7 for the most intense line
of each of the other phases. These calculated values are given
in Table I together with the equivalent k;; values determined
by experiment.

The results provide support for the validity of Equation
7 and, on the wider scene, provide additional evidence of the
practical value of calculated XRD data. The experimental
results for a-quartz, sylvite, and anatase match the calculated
k;y values to within 4%. The experimental value for zincite
was 13% less than the calculated value. Speculation as to the
reason for this difference is not advisable in the absence of
calculated data for the full diffraction pattern of zincite. The
remaining phases investigated also show significant differences
between their calculated and experimental k;; values but these
differences can be explained in terms of deviation of the
samples from assumptions inherent in Equations 4 and 7. The
high experimental value for calcite appears to be due to a
combination of preferred orientation and extinction (see
below). The low experimental values for eskolaite, hematite,
and silver show increasing deviation with linear absorption
coefficient and would be explained in terms of microab-
sorption.

The results given here show a better match between ex-
perimental and calculated values than results published
previously for the refi i ity ratio d d on bulk
samples (7). This is no doubt due to the use of samples of
small particle size for the present study. Care would need to
be taken in the use of Equation 7 if the samples analyzed were
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Table IL.  C i of Expe 1 k;; Values for the
Lines of a Phase with Their Calculated 1,;“1 Values

experimental el
line, i, k;j, net counts relative lated,”
phase,J  hkl cm? ug™ kiy Ipyred
corundum 012 5.83 + 0.07 51 58.8
104 9.76 + 0.10 85 90.3
110 4.21 + 0.06 37 41.2

113 11.63: 0.10 100 100

116 11.6 :0.3 100 102.9
124 4.58 + 0.11 40 41.5
030 6.76 + 0.07 59 63.7

a-quartz 100 8.20 : 0.11 18.1 18.0
101 453 :0.3 100 100

102 3.43: 0.05 7.6 7.8

112 6.92 + 0.04 15.3 14.5

211 5.25+ 0.10 11.6 10.9

calcite 012 3.22: 0.05 6.9 26
104 46.9 :1.1 100 100
202 7.50 + 0.12 16.0 33
116 10.1 :0.14 21.5 43
122 4.76 + 0.11 10.2 22

hematite 012 8.42 : 0.04 28 29
104 30.2 :0.10 100 100
110 21.6 :0.14 72 73
116 15.6 : 0.16 52 48
214 103 :0.09 34 33

@ Calculated data are from Smith (5) for corundum and
a-quartz and from JCPDS cards 24-27A (calcite) and 24-
72A (hematite). The data have been corrected for the ef-
fect of the monochromator.

subject to preferred orientation, extinction, or microab-
sorption.

k;; Values for Diffraction Lines of the One Phase. Of
the phases considered in Table I, the full calculated XRD
pattern (integrated intensity) could be found only for co-
rundum (5), a-quartz (5, 6), calcite (JCPDS card 24-27A), and
hematite (JCPDS card 24-72A). Quantitation constants were
experimentally determined for the five most intense lines of
each of these phases. The relative values of k; for the lines
of each phase are compared to their calculated J,;™ values in
Table II. The results for a-quartz and hematite show close
agreement between the calculated and experimental values.
It is reasonable to conclude that both phases, as prepared on
the Nuclepore filter, are free of significant orientation and
extinction effects.

For corundum, the match is also quite close although there
may well be some effect in the experimental work that favors
the (113) reflection. A small degree of preferred orientation
would be a possible explanation, although corundum is
generally regarded as being free of this effect. Another possible
explanation of the observed difference is in the choice of the
degree of ionization used for Al and O in determining the
calculated data. The calculated data for corundum given in
Table II are based on partially ionized Al and O (5). Cal-
culated data based on fully ionized Al and O would give a
better match to the experimental data given in Table II (7).

The results for calcite are particularly interesting. Not only
are there large deviations between the relative k;; and the
calculated 7,/ values (Table II), but the absolute value of
k;y for calcite (104) is significantly larger than that found
previously for the same sample of calcite deposited on silver
filters (8). Counting the silver filter deposits for the other
calcite reflections showed that these reflections were relatively
more intense on the silver filter (although still significantly
less than the I,/ data). The results can possibly be explained
by different degrees of preferred orientation for calcite de-
posited on Nuclepore and silver filters coupled with a general

extinction effect on the calcite (104) reflection.

The Work of Smith, Hubbard, and Co-workers. Smith
and Hubbard together with their co-workers have made a
practical reality of the theoretically reasonable concept of
calculated XRD data (5-8). This present paper supports the
concept of calculated XRD data as given by these workers and
attempts to extend its use to the direct quantitation methods
summarized in Equations 1-3. Of the calculated XRD data
terminology used here, ASF, and I,/ are as used by Smith
et al. (6, 7), while « is equal to !/,K (7). One minor criticism
of the monumental work of Smith, Hubbard and co-workers
is their recent use of v, as the scale factor for calculated data,
where

£ ®)

W ns*

The incorporation of u;*, the linear absorption coefficient of
phase J at theoretical density, into the scale factor would seem
to have little to recommend it, as the calculation of both the
quantitation constant, k;, and the reference intensity ratio,
I/1,, (7) are made by the use of ASF,. If the scale factor is
reported in terms of v, then it would be useful if the p/* used
was also reported because this parameter must be eliminated
from 7, before either k;; or I/I, can be calculated.

General Comment. Equation 7 provides a number of
useful alternatives in the application of calculated XRD data
to the direct XRD quantitation methods. First, it allows for
the determination of k;; directly from calculated XRD data.
When the sample complies with the innate assumptions of
Equation 7 (no orientation, extinction, or microabsorption)
it is likely that calculated k;; values of good quality will be
obtained.

Second, it provides a theoretical basis for the use of cal-
culated XRD data where interference occurs to those lines
of an analyte phase for which experimental k;; values are at
hand. Quantitation could be accomplished from the known
experimental k;; and calculated I,/ values of a line together
with the calculated I,/ value for any line of the phase that
was free of interference.

Finally, and perhaps most importantly, Equation 7 in-
troduces the concept of the diffractometer constant, . All
powder diffractometers operating on the conventional
Bragg-Brentano parafocusing principle should obey Equations
1-7. This being the case, the simple expedient of determining
« for a diffractometer (using a suitable standard reference
material) should immediately place the experimentally de-
termined k;; of a given phase at an absolute value that any
conventional powder diffractometer in any laboratory could
reproduce. The publication of experimental k;; values de-
termined under standard experimental conditions together
with an experimentally determined diffractometer constant,
x, should allow the accumulation of a consistent body of
absolute k;; values that will improve the usefulness of x-ray
powder diffractometry as a quantitative analytical technique,
particularly if rational explanation can be provided for dif-
ferences that occur between the experimental set and the
equivalent calculated data.
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Resistive-Pulse Particle-Sizing Instrument
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Ar tl bled resistive-pulse particle-size analyzer is Table I. Instrument Components
deacrlbed The analyzer was tested with Coulter Counter it el
apertures of 30, 50, and 100 um nominal diameter, and seven R more.nD: company
latex standards ranging from 1.099 to 25.7 um nominal di- teleprinter ASR-33TZ Tesllitykl;e ci1°l"l’--
p 7 " okie, IIl.

were whh an havingtwo ¢ oty 6116A  Hewlett-Packard,
emplrlcal constants in addition to the conventional aperture Palo Alto, Calif.
constant. Twenty groups of particle dlameter estimates derived L. V. supply 60153D Hewlett-Packard,

from 239 test runs displayed a mean
of 1.2%. Dupli ts in regi of lap of a broad
particle size distrl h d an a ge deviation from
the means of 4.2%.

The literature concerned with resistive-pulse instrumen-
tation is extensive; see, e.g., references cited in the present
paper. A significant fraction of the reported effort has dealt
with problems such as the relationship between aperture
dimensions, particle size, particle trajectory, and the character
of the resulting electrical pulse. To thoroughly understand
instrument performance, it would be necessary to extend such
analytical scrutiny to each stage of pulse processing, including
the eventual conversion of some pulse parameter(s) to digital
form.

In the present work, no direct attention was given to the
foregoing type of inquiry. Instead, the approach toward
optimal performance was sought via observation of instrument
response to a broad range of operating conditions. This
approach entailed the generation of a substantial quantity of
data and culminated in the development of an equation that
is used to represent all the data. The results reported here
suggest that progress has been made in the desired direction.
Not only do the results seem to be of improved quality, but
they may also point toward the resolution of an earlier
difficulty—the disparity between standard latex nominal
diameters and those found by resistive-pulse examination.

The present work used readily available materials and
comparatively simple procedures. Much of the testing ex-
ploited the ability of a multichannel analyzer (MCA) to
provide a detailed record of the consequences of altering
aperture current; the effect upon estimates of aperture
constants, in particular, received considerable attention. The
final evaluation of performance was made in terms of the
quality of overlap replication within a broad particle size
distribution. Testing was based upon a moderately large

Palo Alto, Calif.

digital multimeter 7205 Systron-Donner Corp.,

Concord, Calif.
multichannel 8100 Canberra Industries,
analyzer Meriden, Conn.
preamplifier unit assembled in this
laboratory
sample stand Coulter Electronics, Inc.,
Hialeah, Fla.
control unit assembled in this
laboratory

error due to possibly inaccurate nominal diameters, and (b)
making the rather inevitable interpolations and extrapolations
of future applied work as reliable as possible.

In examining particles having a narrow size range, the
question of overlap quality may not arise since a single group
of instrument settings permits characterization of the whole
distribution. However, when a certain size range is exceeded,
runs with several settings of instrument controls become
necessary and the widest distributions require more than one
aperture for complete characterization. In either case, the
description of a broad distribution requires the joining of
groups of data that are somewhat disparate due to the in-
fluence of a number of sources of error; hence, the present
interest in the quality of overlap replication.

Testing of the instrument described here was facilitated
by its flexibility and resolution capability. The methodology
developed in the course of the testing may help others who
use the resistive-pulse method of particle size analysis. If
extensive work with an instrument similar to the present one
is contemplated, it may be well to consider taking advantage
of the computer interfacing options offered by the manu-
facturer of the MCA.

EXPERIMENTAL
Apparatus. The layout of the instrument is given in Figure
1, and components are identified in Table 1. Conventional Coulter
apertures were used in a Coulter sample stand that was un-
modified except as noted here: (a) the vacuum regulutor was

number of latex standards with the intent of: (a)

discarded, (b) cabling for the ter control of was

This article not subject to U.S. Copyright. Published 1978 by the American Chemical Society
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Table Il. Components of Preamplifier Unit
quan-

item tity model no. company
amplifier i | 155N Ithaco, Inc.,
Ithaca, N.Y.
capacitor, 1 X463UW TRW,
0.1 uF Ogallala, Neb.
capacitor, 2 WHB Cornell-Dubilier
530 uF 530-150 Electronics,
Newark, N.J.
resistor 1 MS 223 Caddock Electronics, Inc.,
Riverside, Calif.
laced to id patibility with the control unit, and (c)

the coaxlal cable was relocated and shortened to about 50 cm.

Up to 120 mL of sample suspension was held in a jacketed
borosilicate-glass beaker. The sample was thermostated at 25
°C with a circulating water bath (Neslab TE3, Neslab Instruments
Inc., Portsmouth, N.H.). No F‘amday cage was employed, but
water circulation lines were shielded, in part, with flexible copper
braid to facilitate manipulation of the sample beaker. Aperture
current was provided by the H.V. supply; the output of this supply
is adjustable from 0 to 100 volts. The digital multimeter (DMM)
indicates the voltage across the aperture electrodes.

The circuit of the preamplifier unit is shown in Figure 2, and
its components are identified in Table II. The 155N amplifier
has switch selectable gains of 20 and 40 dB. Power for the 155N
comes from the 24-volt supply of the MCA via twinax cable. The
two 530-uF capacitors that provide the 1060 uF of capacitance
shown parallel an additional 200-xF present in the output circuit
of the H.V. supply. The 40-kQ resistor is rated at 3 watts and
has a specified temperature coefficient of 50 ppm/°C. The 0.1-uF
capacitor is a metallized polycarbonate type.

The control unit of Figure 1 uses 7400-series integrated circuits
to interface the sample stand and the MCA. By allowing the
manometer of the sample stand to turn the data collecting function
of the MCA on and off, the control unit permits automatic
metering of samples of 50, 500, or 2000 xL through the Coulter
apertures. The circuit diagram of the control unit may be obtained
by writing to the author.

The teleprinter types out the contents of the MCA memory;
a punched tape bearing the same information can be obtained
during printout. The punched tape option is useful because it
permits a data set to be reloaded into the MCA memory for
examination and processing.

Except for the use of twinax cable previously referred to, all
interconnections were made with coaxial cable: RG-114A/U
between the preamphfer unn. and Lhe sample stand, and RG-

R =
T T
l.oao

Sample
Stond

HV. Supply

Figure 2. Preamplifier unit

Pulses for gain comparisons were obtained by rectifying the
sinewave output of an audio oscillator (IG-18, Heath Company,
Benton Harbor, Mich.) with a 1N4148 diode.

Electrolyte Solutions. Distilled, deionized water was used
to prepare all electrolytes. Solute concentrations were as follows
(g/L, throughout). Standard, low-density electrolyte: NaCl (7.13),
NaN; (0.20). High-density electrolyte: citric acid monohydrate
(133.4), KCl (5.70), MgCl,-6H,0 (0.29), KH,PO, (0.20), CaCl,
(0.15), NaCl (0.033), NaN; (0.077). The high-density electrolyte
was a multipurpose solution having a density of about 1.05 g/cm?
at 25 °C and an electrical conductivity appronmately equal to
that of the low densny electrolyte. The final step in all elect.rolyte

ion d of p through a UF-porosity sin-
tered-glass filter or a 0. lo-um Millipore filter.

Latex Standards. Some data pertaining to standards appear
in Table I1l. Standards from Coulter are identified by nominal
diameter only. Dow lot numbers for the 2.02- and 25.7-um
standards were LS1078B and 2F8V, respectively, and the stated
standard deviations were 0.0135 and 10.0 um, respectively. The
10.3-um standard was Duke lot number 2142, catalog number 117,
relative standard deviation, 12.5%.

Basic Equation. In the present instrument, the MCA memory
is divided into 1024 channels. The first channel records run time
in seconds while the rest record pulse counts. Channel number
c is nearly proportional to pulse amplitude. The value of ¢ that
represents a particle of diameter d depends upon aperture current
i and amplifier gain setting g. If d, i, and g are fixed, but an
aperture of different size is substituted, then c assumes a new
value not necessarily falling within the active range of the in-
strument. For a given aperture it is approximately true that igd®/c
is constant—the aperture constant k. In the present work the
range of experimentally determined values of k, for a given
aperture, was reduced by introducing empirical quantities, a and
B, such that the expression for the aperture constant became:

= irgd®/(c + B)

Additional comments on the empirical constants appear later.

Calculations. Data were generally processed with a Hew-
lett-Packard 9100B calculator. In some i however, it was
most efficient to subject raw count data to preliminary integration.
This was done using the MCA option that permits direct readout
of the integral of a band consisting of an arbitrary number of
channels located anywhere within the MCA memory.

Mode Estimation. The peaks or modes of particle size dis-
tributions were located using numerical differentiation. When
required by the need for precision, differentiation was preceded
by the application of a first-degree, three-point smoothing

62A/U lsewh ding (1) was provided using dure that was iterated once. Both numerical procedures
pprop BNC t were taken from Hildebrand (2). Direct differentiation was
Table III. Sizing of Latex Standards
. deviation
nominal latex no. of range of series diameter from nominal
diameter, um source? aperture® detmns std dev, % found, um diameter, %
1.099 A 1,2 17 0.8-1.5 1.20 9.2
1.306 A 1, 2 24 1.0-1.2 1.28 -1.9
1.947 A 1,2 40 0.5-1.0 1.98 1.7
2.02 B 1,2 40 0.4-3.3 1,92 -56.0
3.49 A 1,2 72 0.7-2.8 3.42 -2.0
10.3 C 2 16 1.7 10.1 -1.9
25.7 B 3 14 0.3-0.4 25.4 -1.2

@ A: Coulter Electronics, lnc Hialeah, Fa.; B: Dow Diagnostics, Indianapolis, Ind.; C: Duke Standards Co., Palo Alto,

Calif. See text for details.

bi1: 80um 2: 50um,3 100 ym.
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Table IV. Determination of a Values

nominal no. of
aperture latex nominal latex
diameter, um standards size range, um
30 5 1.099-3.49
50 6 1.099-10.3
100 3 3.49-25.7

@ Linear, unbiased, minimum-variance estimates.

no. of
detmns a® std dev
79 1.005 0.0024
130 1.023 0.0020
30 1.000 0.0017

employed when the channel that contained the peak was obvious
from inspection of the raw counts; the procedure was simply
applied to the three largest counts recorded. When the location
was less certain because of the breadth of the peak, low total count,
or both, a less direct procedure was used: (a) neighboring channels
were combined into groups of uniform width and of sufficient size
to yield integral counts that were monotonic on either side of the
peak, and (b) before numerical differentiation was applied, the
integral counts were smoothed numerically. In either event, ¢
was expressed to four significant figures.

Raw Count Integrals. The allocation of raw count data to bands
that represented specified size ranges was based upon linear
interpolation. Any fructlonal count that resulted from the in-
terpolation and ion was d to the nearest
integer.

Amplifier Gain. The ability of the MCA to respond to pulse
amplitude was used to compare instrument gain settings. Each
adjacent pair of gains was tested with 16 different pulse am-
plitudes. These amplitudes were chosen to provide nearly uniform

pling of the available range of ch Is: ca. 25 to 1000. The
oscillator described earlier provided the pulses. The counting
mt.erval was 10 s, and the oscillator frequency was 50 kHz
throug| Peaks regi d by the MCA were sufficiently narrow
to permit the direct application of numerical differentiation as
described.

Nearly all of the work reported here was done with the
preamplifier gain set at 40 dB and the fine gain control of the
MCA set at its nominal minimum of 0.3. Under these conditions
the MCA nominal gain setting of 500 was taken as the base to
which all other gain settings would be related. Coarse gain settings
of 50 to 2000 are provided on the front panel of the MCA. The
nominal gains of 5 and 15 were obtained with the MCA coarse
gain set at 50 and the preamplifier gain set at 20 dB; gain 5 then
resulted from the 0.3 setting of the MCA fine gain control and
gain 15 resulted from the 1.0 setting of the fine gain control.

General Run Procedure. Latex standards were vigorously
agitated by hand for 60 s prior to dilution. Sonication was not
used since the presence of significant quantities of multiplets
would have been obvious on the MCA display.

During any given run, the H.V. supply of the present instrument
applies a constant voltage to the preamplifier unit. Consequently,
for a particle-sizing run of practical duration, electrode polarization
causes the aperture current to decrease continually. Short runs
with large apertures are scarcely affected by this characteristic
of the instrument, but with long runs or small apertures the effect
clearly ments anenuon The significance of the decreasing current
was d by the following dure: (a) the DMM was
observed from the time the aperture current was initiated until
immediately before pulse counting started, (b) the voltage was
recorded, the DMM was disconnected from the aperture terminals
and counting began, (c) counting stopped, the DMM was im-
mediately reconnected, and the aperture voltage was recorded,
(d) the sample beaker was lowered to open the path of the aperture
current and the power supply voltage was recorded. The first

two d the of mean aperture voltage, and
the third, usmg Ohm's law, permitted calculation of the mean
aperture current. The DMM was disconnected during counting
to suppress noise injection. An incidental benefit of observing
the DMM was that partial plugging of the aperture was instantly
detected.

Throughout the work reported here, the lower-level dis-
criminator of the MCA was set at 020 to deactivate the first 19
pulse-counting channels; this setting was chosen by trial and error
to reduce the effect of pulses that were attributed to powerline
noise. The deadtime of the MCA analog-to-digital converter never

exceeded 42% in the work reported. Apertures were routinely
examined for cleanliness with a microscope set for 100X mag-
nification.

Size Distribution Runs An e|ght-run senes with dense
electrolyte only was to ize the size ibution of
the 25.7-um latex. The loo-nm aperture was used throughout,
and the runs were made in two series using slightly different latex
concentrations. All results were placed on a single concentration
basis by using the total count in the region of overlap to define
the required normalization factor; the region of overlap was 11-29
um, and the total counts were 52915 and 44011. All runs were
made with the 2000-uL. manometer setting.

RESULTS AND DISCUSSION

Effect of Electrolyte Density. Low- and high-density
electrolytes were used to nearly the same extent in the work
with the 30- and 50-um apertures, but no dependence of the
results upon electrolyte density could be found. However, with
25.7-um latex in the 100-um aperture, the low-density elec-
trolyte gave decidedly irreproducible results.

The shape of the pulse generated by a particle passing
through the sensing aperture has been reported to affect
instrument performance (3-5). Such effects may have played
a role in the present work. Indeed, the ability of the dense
electrolyte to essentially remove the gravity-induced vertical
component of particle velocity may have been responsible for
needed pulse shape improvement. On the other hand, the
comparatively good performance obtained with the dense
electrolyte may have been due merely to avoidance of frac-
tional sedimentation.

The a Correction. The results shown in Table IV indicate
that « values distinctly different from unity reduced the
variance of the aperture constant estimates obtained with the
30- and 50-um apertures. The origin of the need for such a
correction is not clear, but the heat evolved in the particle
sensing aperture may be contributory; a discussion of such
heating has been published (6). Considering the level of
uncertainty in particle diameter encountered in the present
work, the magnitude of the « correction might appear to be
too small to warrant attention. However, with the im-
provement in determination of particle diameter that can be
expected in the future, this type of correction would become
distinctly significant.

Amplifier Gain. App. gain ratios originally obtained
with constant amplxtude pulses showed oonslderable de-

d upon ch ber ¢. This d was
largely removed by calculating the ratios not from c values
but rather from ¢ + 8 values, where § is an empirically de-
termined zero-correction. The working value of 8 was obtained
by: (a) successive approximation of the value of 8 needed to
minimize the variance of each set of 16 experimentally defined
gain ratios, and (b) averaging the resulting seven estimates
of f to provide the working 8, mean 14.9, standard deviation
0.3.

Table V shows the individual 8 estimates and the reduction
in the spread of apparent gain ratio estimates that was ob-
tained by introducing the zero-correction. Application of the
zero-correction appears to permit reasonable approximation
of the true gain ratios; the working gain values, 5.47 and 16.3,
are within the manufacturer’s stated tolerances.
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Table V. Amplifier Gain Calibration and Evaluation of 8

std dev of
gain ratio, %

nominal St ot iworking
gain 8 =0 g=14.9 gain
5 5.47
14.94 8.8 0.1
15 16.3
15.00 8.7 0.5
50 51.3
15.39 8.6 2.7
100 101
14.52 8.0 1.6
200 201
14.78 9.1 14
500 500
15.08 8.7 1.5
1000 1008
14.75 7.5 0.3
2000 2017

Electrodc Polarization. The importance of the drop in
aperture current caused by electrode polarization may be
ascertained from the observed differences between initial and
final aperture voltage. The ratio of this difference to mean
voltage was calculated for each of the 250 runs that provided
most of the data for the present report. The mean value of
this ratio was 0.11%. In the eight runs used to characterize
the particle size distribution of the 25.7-um latex, the mean
ratio was 0.17%. These results, together with the results of
the error propagation analysis to be discussed, led to the
conclusion that electrode polarization did not contribute
significant error to the present work.

Latex Standards. Table IIl summarizes the results of 20
discrete series of particle size measurement runs. Each series
represents a single amplifier gain setting and a variety of
aperture currents. Usually the aperture currents were so
selected that the series as a whole sampled the range of the
MCA nearly completely and uniformly. As may be seen in
column five of Table III, the series that displayed the greatest
scatter had a particle size relative standard deviation of 3.3%.
The mean of the relative standard deviations for all the series
was 1.2%. This estimate of overall precision compares fa-
vorably with the results of the error propagation analysis to
be discussed.

At present, the question of accuracy is difficult to treat, but

..twork in progress at the National Bureau of Standards (7)
should help in resolving this problem. It may be appropriate,
at this juncture, to note simply that the worst-case deviation
from nominal diameter found in the present work was 9.2%
and the corresponding mean value for all seven estimates was
3.3%. One source of difficulty in improving the accuracy of
size estimation may have been the comparative ease with
which resistive-pulse instruments provide estimates of modal
diameter, while with optical methods the mean is more ac-
cessible; i.e., size distribution skewness may have been a source
of disagreement between some estimates of the characteristic
size of standard latex particles. Another source of error may
reside in the use of arrays of particles to estimate the size of
very broad distributions (8). Even if arrays are not used, there
may be instances in which small particles that are hidden from
view by larger particles or particle clusters will be detected
by resistive-pulse instruments. At present it would be difficult
to judge how important these, and other unexamined sources
of error, may be.

Results obtained by Matthews and Rhodes (8) using
electron microscopy agree closely with the present work:
differences for the 1.305- and 3.49-um latexes are 0.8 and 0.6%,
respectively. Alliet (9) used a variety of methods to size a large
group of standards. For latexes of the same inal di
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Figure 3. Particle size distribution of 25.7-um latex

Table VI. Overlap Quality, 25.7-um Latex

mean deviation
diameter, run mean from mean
um conditions® count count, %
8 1,2 3168 5.3
10 1,2 3 386 7.8
12 1, 2.3 4185 9.4b
14 2,3 3 892 8.0
16 2,3 2132 3.4
20 4,5 3344 5.8
22 4,5 5875 0.7
24 4,5 8 798 2.0
26 4,5 11 222 0.4
28 4,5 10 713 0.5

@ 1: 0.381 mA, gain 100; 2: 0.903 mA, gain 15; 3:
0.201 mA, gain 15;4: 0.600 mA, gain 5; 5: 0.165 mA,
gain 5. ® Pairwise deviations of 9.1 and 9.6% were aver-
aged to give the tabulated value.

differences between the present estimates and Alliet's values
were 3.49 um: 1.8 and 3.5%, 10.3 pm: 11.5 to 14.4%.

Particle Size Distribution Overlaps. Figure 3 shows the
results of eight particle size distribution runs made to
characterize the 25.7-um latex. Selected data from the same
runs also appear in Table VI; the latter data were derived in
such a way that no bias was introduced by the concentration
normalization referred to earlier. The overlap discrepancies
that form the basis of Table VI can be seen as discrete points
in Figure 3. Note that for the 12-um overlap three runs, rather
than two, are represented. The extent to which these runs
sampled the range of the instrument may be judged from the
aperture currents and gain scttings detailed in Table VI plus
the range of channel numbers represented: 37-994.

The data plotted in Figure 3 yield a mean diameter estimate
of 22.3 ym and a mode of 26.5 um. The mode here represents
two determinations while the independent estimate of 25.4
um shown in Table III represents 14 determinations.

The last column in Table VI shows the deviation of ob-
served particle counts from the means. The average deviation
is 4.2%, and the worst-case value is 9.6%. The superior
replication found between 19 and 29 ym compared with that
found between 9 and 17 um may reflect the use of a single
amplifier gain in the former case vs. the use of two in the latter.

Error of Diameter Estimates. The relative importance
of known sources of uncertainty in the estimation of particle
diameter was examined. The sources identified were: (a)
aperture constant, (b) aperture current, (c) channel number,
(d) amplifier gain, (e) the constant «, and (f) the constant 8.
To make the computation practical, attention was confined
insofar as possible to a single run with 3.49-um latex in the
50-um aperture. This run was selected to well represent the
p work; e.g., the mean deviation of the aperture current




was 0.14%; cf., the earlier discussion of aperture current
variability. The basis for estimating the probable error
contributed by each source is given here: (a) three estimates
of k obtained with the 3.49-um standard were combined with
one estimate from each of the two comparable standards:
1.305 and 10.3 um; cf., Table III, last column; (b) the man-
ufacturer’s specifications for the DMM provided the aperture
current estimate; (c) the uncertainty of the modal channel
number was estimated by repeatedly making single channel
adjustments of the sizes and locations of the channel groups
used; (d) the amplifier gain estimate was based on the largest
relative standard deviation found in establishing the gain
ratios; (e) the « estimate was based on the standard deviation
of the 130-run group of Table IV; and (f) the 8 estimate was
drawn from the seven values given in Table V.

Error propagation analysis based on the information just
described indicated that the only significant source of error
was the aperture constant. The next most significant source
was the constant e, but it contributed only 0.5% as much error
as the aperture constant. According to the analysis, the error
of the diameter estimate when expressed as relative standard
deviation was 2.5%. This estimate appears to be consonant
with the five experimental estimates of the diameter of the
3.49-um latex obtained in the present work: mean 3.42 um,
relative standard deviation, 2.5%.

The results obtained by the highly empirical approach
adopted in the present work suggest that the method has
merit. Furthermore, it appears that numerous improvements
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are possible. For example, the accuracy of the nominal di-
ameters of size-standards could evidently be improved, better
formulas for describing instrument behavior can probably be
devised, and larger, more accurate, and more representative
data bases might be developed.
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Isotopic Determination of Silver in Picomoie Quantities by
Surface Ionization Mass Spectrometry

Willlam R. Kelly,* Fouad Tera,' and G. J. Wasserburg

The Lunatic Asylum of the Charles Arms Laboratory, Division of Geological and Planetary Sciences, California Institute of Technology,

Pasadena, California 91125

A microanalytical procedure Is described for the quantitative
separation of Ag from natural samples by anlon exchange and

lysls by surface lonization mass spectrometry using sllica
gel as an emitter. The Isotopic composition of 50 pmol of Ag
can be measured on a Faraday detector with a precision of
0.1%. Isotoplc measurements have been made on as little
as 0.15 pmol with a precision of 1% using an electron multiplier
detector. The total p dural blank for the anlon exchange
saparation Is 0.15 pmol. Using stable Isotope dilution 0.5 pmol
of Ag, which Is 3 X 10" atoms, can be measured with a
precision of better than 1% with only a 30% blank correction.
This allows the accurate determination of Ag In natural samples
down to concentration levels of 1 pmol per gram. The lon-
Ization efficlency for Ag Is about 1-2% and the detection limit
Is 1 fmol. This pr e has been applied to several me-
teorltes, and a standard terrestrial rock.

We report on a new procedure that allows the precise
isotopic analysis of picomole quantities of Ag with ion currents
of typically 102 A which corresponds to an ionization effi-

1 Present address, Department of Terrestrial Magnetism, Carnegie
%Dméxt\étbignaof Wulnngton, 5241 Broad Branch Road, Washington,

ciency of 1-2%. This is a substantial improvement compared
to previously described analytical procedures which required
several nanomoles of Ag for ion currents of only 1074 A (1),
The marked increase in ion production is made possible by
loading Ag in the presence of silica gel and phosphoric acid
on single Re V-shaped filaments. The silica gel technique was
first used by Cameron et al. (5) to obtain good quality data
on nanomole quantities of Pb. Tera and Wasserburg (6)
extended and applied this technique to the dating of lunar
rocks and meteorites by U-Th-Pb systematics. By minia-
turizing the chemical separation procedure and thus reducing
the blank to acceptable levels, they have demonstrated that
high quality data can be obtained on picomole and subpi-
comole quantities of Pb. The same approach was used for
Ag with success comparable to that achieved for Pb. In
addition spectral interferences in the Ag mass region due to
hydrocarbons and AsS* have been eliminated.

There is cosmochemical interest in both the precise isotopic
composition and the abundance of Ag. Natural Ag consists
of two stable isotopes of almost equal abundance (17Ag/'®Ag
= 1.081). Its potential as a very precise early solar system
chronometer has been recognized for some time (1). Silver-107
may be produced as a decay product of now extinct '*Pd (tl/,
= 6.5 X 10° yr). If solids formed in an environment containing
107Pd and ined unaltered, the i ic composition of Ag
as measured today would be altered i in a manner directly

0003-2700/78/0350-1279$01.00/0 © 1978 American Chemical Society
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Table I. Silver Content of Reagents

Ag content
reagent pg/mL
H,0° 0.4
12 N HCI® 1.1
Concd HNO,© 0.28
HF¢ 0.24

9 Commercially distilled, passed through two series of
ion-exchange columns and redistilled in a two-stage quartz
still by us. ® Concentrated HCI made by bubbling HCI
gas through H,0, and dilution to desired concentration.
€ Obtained from NBS (Analytical Chemistry Division).

proportional to the original '“Pd/Ag in the material. The
abundance of '“Pd can be calculated from the estimated
production rate and an assumed nucleosynthetic model. By
measuring the bulk Pd/Ag ratio and the '“’Ag/'®Ag ratio a
model-dependent age can be calculated. This age would
presumably define the time interval between the last event
which produced '’Pd and its incorporation into a solid object
assuming the system remained closed to both Pd and Ag. This
system is analogous to the '*I-'®Xe and *°Al-**Mg chro-
nometers, both of which have yielded positive results (7, 8).
Searches of these kinds have been restricted to meteorites
because ages determined by other chronologies show them to
be the oldest known objects in our solar system.

In addition to the geochemical and cosmochemical im-
portance of Ag, it is worth noting the well established extreme
toxicity of this element to marine organisms. In 1939 J. R.
E. Jones systematically studied the toxic effects of many heavy
metals on the stickleback fish (9). Ag was found to be the
most toxic of the elements considered which included Hg, Pb,
Cd, and Cu. A concentration of 3 ppb was fatal within 10 days
while 10 ppm proved fatal within 25 min. Recent studies have
substantiated the extreme toxicity of Ag. In a study of the
toxicity of both Ag and Cd to the cunner, a small inshore fish
common to the northeast coast, Thurberg and Collier (10)
found that the lethal (36 h) concentration of Ag was 0.5 ppm.
Ag is 100 times more toxic to this fish than Cd. In an in-
vestigation of the toxicity of heavy metals to embryos of the
American oyster, it was found that Ag was lethal (LCs, 48
h) at 6 ppb (11). It was 600 times more toxic than Cd. Only
Hg was more toxic. Of even more concern are the possible
deleterious effects of Ag at sublethal concentrations that may
prohibit normal growth and maturity on eggs and developing
embryos. In addition, sublethal concentrations of heavy
metals may be more lethal than is currently believed because
of synergistic effects.

The concentration of Ag in normal seawater is not well
known but is estimated as 1 pmol/mL. At this level, no
existing analytical technique has the sensitivity to analyze a
small volume of seawater. The stable isotope dilution
technique described in this paper fills the need for a very
sensitive, accurate, and precise method for the analysis of Ag.

EXPERIMENTAL

Reagents. The reagents used in this study are listed in Table
I along with their Ag content as determined by us. One picogram
is 107 mol or 6 X 10° atoms. The '®Ag enriched spike was
obtained from the Oak Ridge National Laboratory and was
calibrated with a standard made from high purity Ag shot obtained
from the Ventron Corporation. The 0.1 N H;PO, was prepared
from P;0; which was specially prepared for us by Research
Inorganic/Organic Corporation. The high purity silica gel was
synthesized by us.

Lab y Ware. Lab d of Teflon (FEP)
beakers, quartz pipets, and quartz ion-exchange columns. Quartz
columns were 8 cm long with an i.d. and o.d of 2 mm and 4 mm,
respectively. Each had a 2-mL reservoir at the top and was fitted
with a small plug of Pyrex fiber at the tip. Dissolution and

evaporation of samples was done in Teflon beakers mounted
within a Teflon pot covered with a quartz disk. The Teflon pot
has two small openings which allow the entrance and exit of dry
filtered N, to prevent condensation (12). The Teflon and quartz
ware were cleaned by boiling for 1 day in each of the following:
1:1 HC), aqua regia, 1:1 HNOj, and 1% HNO;. The ion-exchange
columns were initially cleaned once by the above procedure and

bseq leaning between ples was done with 0.5 N HCI
and 1 N HNO;. The anion-exchange resin (Bio-Rad AG1x8,
100-200 mesh) was washed with distilled water (D.W.) and 9 N
HCl and then stored in 4 N HCL. The Re filaments were made
from zone refined Re ribbon obtained from the Rembar Company.
They were formed into a V, which was 3.2 mm long, 0.3 mm wide,
and 0.4 mm deep. Filaments were outgassed at 2000 °C for 2h
at < 2 X 10" Torr prior to sample loading.

Chemical Procedure. All sample handling was carried out
in clean rooms under strictly controlled conditions. Metallic
samples were washed in Specpure methanol, etched with 12 N
HClI, washed with D.W., and dissolved in 12 N HCI (~5 mL/g
of sample). Silicate samples were dissolved in a mixture of 10
parts HF to 1 part HNO; (10 mL/0.3 g sample).

The quantitative separation of Ag from other chemical con-
stituents was carried out using common anion-exchange tech-
niques. The whole process, however, has been miniaturized in
order to use these techniques to their full potential and reduce
the chemical blank to very low levels. This miniaturization was
made possible by the disparity in the anion-exchange properties
of Ag compared with the majority of the abundant elements.

Early in this study it was discovered that the concentrated HCI
contained small amounts of As and S. During mass spectrometry
these contaminants give rise to AsS* species which appear at
masses 107, 108, 109, and 111 corresponding to the S isotopes 32,
33, 34, and 36. These interferences were reduced to negligible
levels by eluting Ag from the last column with 1 N HNO; instead
of 9 N HCL The separation procedure described herein is designed
to accommodate 300 mg of an iron meteorite which consists
principally of Fe (80-95%), Ni (5-20%), Co (0.5-1%), and
microgram quantities of most of the transition elements. Silicate
samples of at least 300 mg can also be processed by this procedure.

Two-Column Procedure. This procedure is used for con-
centration measurements. An aliquot containing approximately
300 mg of sample is precisely weighed and then spiked with ®Ag.
One mL of 12 N HCl is then added to this solution. Because most
of the original HCI has been consumed in dissolving the sample,
this acid is added to increase the acidity and thus prevent the
hydrolysis of Fe'* in the next step. The solution is reduced in
volume by evaporation until FeCl; begins to precipitate. After
most of the liquid has evaporated, leaving only a slush containing
FeCl; crystals, the beaker is removed and 10 mL of 0.1 N HCI
is added immediately. All of the solids go into solution within
3-5 min. This clear solution, which is close to 0.1 N in HCl, is
loaded onto the first column in 2-mL portions. This column
contains 0.16 mL of resin which has been conditioned with 3
column volumes of 0.1 N HCl. Under these conditions, Ag is
quantitatively retained on the resin with a distribution coefficient
of 5000 (13) along with differing amcunts of Zn, Cd, Pd, and other
heavy transition el s. All other el ts pass through the
column and are discarded. The column bulb and resin bed are
washed with 2 mL of 0.1 N HCI added in approximately 0.2-mL
portions. The Ag is eluted with 0.5 mL of 9 N HCI.

The eluate, which contains the Ag and a small amount of Fe
(<1 ug), is evaporated to 0.1 mL. To this is added 1 mL of 0.1
N HCl and the sample is placed onto a second column containing
0.06 mL of resin which has been conditioned with 10 column
volumes of 0.1 N HCL. The sample solution is added in small
portions so as to only half fill the column capillary. The column
is rinsed with 2 mL of 0.1 N HCL. The column is then rinsed with
1 mL of 0.001 N HCI; this rinsing procedure removes the Fe and
most of the HCI from the resin bed. After the column has drained
completely and before the Ag is eluted with HNO,, the bulb and
capillary are made free of all traces of HCI in the following manner.
The column bulb is filled with D.W. leaving an air gap above the
resin bed. The water column then is lowered carefully to within
2-3 mm of the resin bed using a pipet. The D.W. is removed with
the pipet and the process repeated two more times. The Ag is
eluted with 1 N HNO;. This is added in very small portions (0.1




Table II. Procedural and Loading Blanks
procedure Ag, pg
two-column chemistry 13.6,12.3,10.2
Av.120: 3
three-column chemistry 10.7, 15.2,12.0
Av. 126+ 2
loading blank 4.3, 3.3
Av. 3.8

mL or less). The first three drops (1 drop = 0.05 mL) to pass
contain no Ag and are discarded. The next 15 drops to pass are
collected and contain >95% of the Ag. Exactly 2.5 uL of 0.1 N
H,PO, is added to the beaker containing the sample and the
solution is evaporated until only the hydrated speck of P05 (~0.1
mm diameter) containing the Ag remains. The sample is now

ready for loading onto a Re fil t
Three- Column Proccdure This procedure is used for
whose i ition is to be determined and is

identical to the procedure described above with one exception;
a third column is interposed between columns one and two. For
precise isotopic measurements, it is desirable to have the largest
ion beam intensity possible. In the analysis of picomole quantities
of Ag, equivalent of other el particularly Fe,
seriously suppress the ionization of Ag. The amount of Fe in the

inal sample can be dramatically reduced by using a three-column
procedure. In this procedure, the wide disparity in the distribution
coefficients of Fe and Ag are used to great advantage. In9 N
HCI, the distribution coefficients of Fe and Ag are 10* and 3,
respectively (13, 14). A column containing 0.06 mL of resin is
rinsed with 15 column volumes of 0.1 N HCl to remove any Fe
and then conditioned with 15 column volumes of 9 N HCI. The
0.5 mL of 9 N HCI which was collected from the first column is
loaded directly onto the above column. The Fe is held quan-
titatively while the Ag breaks through and is collected. The
column is rinsed free of Ag with 7 column volumes (8 drops) of
9 N HCI which is collected. The eluate quantitatively contains
the Ag and is now processed through a third column in a fashion
identical to the second column operation described above for the
two-column procedure. The resin used for the separations is
discarded after use and the columns are cleaned by rinsing them
with 20 mL of 1 N HNO; and 20 mL of 0.5 N HCl

Procedural Blanks. Total blanks are determined by adding
a small amount of dilute spike (typically 0.3 pmol) enriched in
1%Ag to a Teflon beaker. To this is added 1 mL of 12 N HCl and
the solution is treated and processed as an actual sample according
to the procedures described in the previous two sections. The
values determined for these blanks rep the total chemistry
blank including filament loading and are tabulated in Table II.
These blanks were determined with a precision of about 1% and
fluctuations among blanks are less than 30%, which are well within
acceptable limits.

To guard against these blanks being spurious, the isotopic
composition of the blank was also determined. It had a 107/109
ratio of 1.3 due to a small contribution to the 107 peak from
75As32S*. It can be shown from i dilution ics,
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Figure 1. Analog display showing Ag mass region. Top figure was
'akenonFaradayde(eduwlhadefv\rgsﬂom&nm Bottom figure
was taken on with a g slit of 0.13
mm. Solid dots indicate hydrocarbon peaks. The spike in the 7Ag

peak is due to scale change. The dispersion in this mass region is 28
G/amu

processed through the two-column procedure. The 15-drop eiuate
from the second column was accurately divided into two equal
portions. One portion was analyzed to determine the bulk
concentration; the other pomon was addmonally spiked with 24.7
pmol of '®Ag and its i ition d ined. From this
experiment, it was determined that the chemical yield was 94.5%.

Filament Loading and Mass Spectrometry. Sample loadmg
is performed with the aid of a Hamil
with a 2-cm length of Intermedic polyethylene tubmg (i. d. ,0.07
mm). Exactly 2.5 uL of D.W. is drawn into the tubing and ~0.5
uL is placed in the V-shaped boat of the filament. The remainder
is placed directly on the sample which is in a beaker. Silica gel
(~0.1 mg) is added to the V with a tungsten needle. This needle
is cleaned before and after use with 1 N HNO; and then rinsed
with D.W. The sample is then placed in the V in small portions
and a low current (0.5-1.0 A) is passed through the filament after
each addition to evaporate '.he sample. After all the sample has
been added, the silica gel is bonded to the fi by i
the current to 1.5-1.8 A for 5-10 s.

‘The two identical mass spectrometers used in this study have
been described in detail b) Wasserburg et al. (15). Thue in-
str are single f 1g mass spect quipped with
both Faraday and el i 1l bl
magnetic field power supply allows rapid (500 G/s) steps from
peak to peak. The maximum drift in the magnetic field is |]AB/B|
<2 X 10°®%. The equivalent maximum drift in the accelerating
potential is |AV/V| < 4 X 10°%. These instabilities correspond
to an ion beam translation of 0 012 mm. The measurement of
a single peak i y ists of three two
background readings and the peak itself. The backgrounds are
typically taken 8-10 gauss on both sides of the peak. In the case
of Ag, which has two isotopes, 3 min of data acquisition are

ng

however, that this will introduce only a 5-10% high bias in the
measured blanks. We discovered that the concentrated HCI was
the source of the AsS* species by mass spectrometric analysis of
a small portion of the acid. From the observed peak signatures
at masses 107, 108, 109, and 111, AsS* was unequivocally
identified.

Chemical Yields. Chemical yields were established in two
ways. The ion-exchange column yields were calibrated using
radioactive ''°Ag (¢, = 260 d) and the total yield on an actual
sample was determined by stable isotope dilution. The distri-
bution coefficient of a particular species in a concentrated matrix
of other elements can be severely reduced and in some cases

d use of loading. With the radioactive tracer
it was determined that 300 mg of Fe in 10 mL of 0.3 N HCI (60
column volumes) could be passed through the first column with
negligible breakthrough of Ag (<10%). The two smaller columns
were also ca]nbrated and were found to functmn ideally.

An exact chemical yield was establish ly on an actual
sample by stable isotope dilution. A 314-mg nhquol of the Canyon
Diablo meteorite (35A) was spiked with 23.8 pmol of '®Ag and

quired for 1 set of 10 ratios. Data reduction is done both online
and offline by a PDP-11 computer.

Analog displays covering the Ag mass region are shown in Figure
1. Both spectra were taken with the same recorder speed and
magnetic field sweep rate. The top spectrum was taken on the
Faraday cage detector using a feedback resistor of 10" @ with
source and detector slit widths of 0.25 mm and 0.64 mm, re-
spectively. The bottom spectrum was taken on the electron
multiplier detector with a defining slit width of 0.13 mm which
allows resolution of the satellite peaks from the main peaks. The
electron multiplier has a gain of 5000 and feedback resistors of
10°, 10', and 10" ©. With the increased sensitivity of the
multiplier hydrocarbon peaks can be clearly seen. All of our
samples were run at a filament temperature of 1000 °C. At this
relatively low temperature, hydrocarbon peaks are common,
particularly when silica gel is used as an emmer ’l‘he hydrocarbon
intensities are significantly reduced by p P ing of the
source (overnight) and the use of the cold finger in the source
region at liquid N, temperature. At the end of several runs, we
have monitored the hydrocarbon peaks at masses 107 and 103
as the cold finger was warmed quickly to room A
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Table III. Precision of Ci ion M
sample, weight, mg Ag content, ng/g®

Tlacotepec =1A.1, 259 3.06 = 0.14
Tlacotepec =1A.2, 211 3.14 - 0.03
Tlacotepec =1C,° 249 3.33:0.03

@ Errors are 20 for a single determination. ? 1.03 ng
of normal Ag was added to this solution before chemistry.
This value was obtained after subtracting the added
amount.

rapid increase in the hydrocarbon intensities of 3-4 orders of
magnitude is observed followed by a slow exponential decay. From
these observations we conclude that the hydrocarbons are in-
digenous to the source and presumably vaporize from the source
surfaces when high vacuum is attained. Weekly cleaning of the
source focusing plates reduces the hydrocarbon intensities
considerably.

Regardless of the absolute magnitude of the satellite peaks,
it is mandatory to demonstrate that they do not contribute to
the main peaks if high precision work is to be considered accurate.
This was demonstrated in two ways. The first way was to de-
termine the position of the satellite peak in relation to the detector
slit when the main ion beam is centered in the slit opening to the
Faraday cage. The spatial relationships of the peaks can be
determined from the information provided in Figure 1. It can
be shown that when the main peak is centered in the detector
slit opening, the satellite peak is completely resolved. More
mpommly !.he 10-G offset, which was used for the high field

will translate the hyd bon beam 1 G (0.12

mm) beyond the slit edge. This distance is large compared to
the drifts in the ion beam because of small instabilities in the
ic field and lerating potential. The second way was

to plot the measured '“Ag/!®Ag ratio vs. the measured

Table IV. Aliquoting Reproducibility Measurements

sample, aliquot weight, mg Ag, ng/g
Tlacotepec =2A, 254 6.17 : 0.06
Tlacotepec =2B, 319 6.12 : 0.15
Tlacotepec =2C, 317 5.79 : 0.09

Table V. Ag Measurements on Standard Terrestrial
Rock BCR-1
sample, weight, mg

BCR-1,124
BCR-1,° 26 determinations,
Keayset al,, 1974
@ Data obtained by radiochemical neutron activation
analysis.

Ag content, ng/g

30.7: 0.1
27.2: 6.0

perienced difficulties in obtaining representative aliquots from
concentrated solutions of iron which appeared to be clear and
free of precipitate. This problem is considerably reduced if
the solutions are at least 6 N in HCI and aliquoted in this form
as demonstrated in Table IV. A 3.5-g piece of Tlacotepec
(=2) was dissolved in HCl and centrifuged. The solids,
consisting mostly of sulfides, were dissolved in aqua regia and
centrifuged. A small amount of white residue (~1 mg) was
observed. This was identified as silicate material by energy
dispersive x-ray analysis in a scanning electron microscope.
The supernate was converted to the chloride form and re-
combined with the main solution. This solution was then
totally spiked with 0.1020 nmol of '®Ag. The solution was
heated and thoroughly mixed. After cooling to room tem-
perature two aliquots were taken. One (=2) was analyzed for

ition, which then allows the number of Ag atoms in

107Ag /*"hydrocarbon ratio. The 7Ag/!®Ag ratio was ¢
to within 0.1% for '*’Ag/'“hydrocarbon ratios of 100-2000. This
demonstrates that no functional relationship exists between the
satellite peaks and the main peaks to 0.1%.

loniutxon Efficiency of Ag. The net ionization efﬁcnency
is defined as the of ions collected divided by the
of atoms initially present. It was determined from the integrated
ion current on several normal and sample runs and found to range
from 1-2% in typical runs. On occasion, efficiencies as high as
5% were found.

RESULTS AND DISCUSSION

Concentration and isotopic measurements were made on
several iron meteorites and the U.S.G.S. standard rock BCR-1
which is a Columbia River basalt. We included the Canyon
Diablo and Toluca iron meteorites in our study because the
Ag ration and ition on these two samples have
been determined by a number of investigators. This allows
meaningful comparisons to be made among a variety of
techniques.

Concentration Measurements. All samples whose
concentrations were to be determined were spiked with 1®Ag
before being passed through the two-column separation

The ration data, therefore, aremdependem
of the chemical yield provided the procedural blank is neg-
ligible. Our control of both precision and accuracy is dem-
onstrated in Tables III, IV, and V. In Table III, the replicate
analyses on aliquots from the same solution of the Tlacotepec
meteorite agree within errors. The last entry in the table is
an experiment in which we added 10 pmol of normal Ag and
10A¢ gpike to an aliquot of Tlacotepec before the chemical
separation. After mass spectrometry, the result was corrected
by subtraction of the 10 pmol that was added. In spite of this
large 60% correction, the result is within 10% of the two
replicate values. These experiments demonstrate our ability
to aliquot identical solutions but do not demonstrate that these
aliquots are representative of the sample as a whole because
of the possible precipitation or plating out of Ag. We ex-

the solution to be calculated. The other aliquot (32B) was
additionally spiked and analyzed, which allows the number
of Ag atoms in the aliquot to be calculated. A third aliquot
(=2C) was taken one week later and treated in the same way
as aliquot =2B. The results of these three experiments are
shown in Table IV. The degree with which aliquots 2B and
=2C agree with aliquot 2A is an indication of how repre-
sentative they are of the total solution. There is exact
agreement between =2A and =2B, but aliquot #2C, which was
removed 1 week later, is 5% low. We believe this discrepancy
is real and indicates a difficulty in obtaining representative
aliquots from concentrated solutions of iron. The cause and
solution of this problem are under investigation.

A comparison of the results obtained by our method with
those of other workers is shown in Table V. Our value for
the standard rock BCR-1 agrees within errors to those ob-
tained by Keays et al. (16) who used RNAA. Their value is
an average of 26 different determinations made over a period
of 8 years as part of their lunar analysis program.

Concentration measurements were made on nine meteorites
from three different meteorite classes and a standard ter-
restrial rock. For the concentration measurements, small
aliquots were used in order to conserve the samples. These
data are shown in Table VI. Although the absolute amounts
of Ag analyzed ranged from 100 down to 5 pmol, the blank
corrections were always less than 4% (columns 3 and 4). The
contributions to the measured '“’Ag/!®Ag ratios from AsS*
are less than 1% in most cases (columns 5 and 6).

The sample concentrations are given in the last column.
Our values for Canyon Diablo and Toluca fall within the broad
range reported by other investigators. These data are
summarized in (17). Seventeen analyses of Canyon Diablo
by three different investigators yield a range of 10-180 ng/g
with a median value of 50 ng/g. Five analyses of Toluca by
two different investigators yield a range of 10-130 ng/g and
an average value of 90 ng/g. Our analyses of two different
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Table VI. S y of Ag C ion M
amount of
sample Ag total blank
weight, measured, correction? '°’Ag/'°’hydro- 107 Ag concn,
sample mg ng pg (%) carbon 75 As’’S* ng/g + 20
iron meteorites
group la
Canyon Diablo #3A 263 10.2 15 (0.15) 38.8+ 0.1
Canyon Diablo #5A 314 10.7 15 (0.14) 290 >8.6 x 10* 339:0.1
Toluca #1A 196 9.1 15 (0.16) 1.2x 10° >6.0 x 10* 46.2+ 0.3
Group 4b
Cape of Good Hope #1C 266 1.7 15 (0.88) 344 21x 10’ 6.47 + 0.04
Hoba #2A 161 2.6 14 (0.54) 630 >7.0 x 10° 1569+ 0.1
Klondike #1A 230 1.6 15 (1.9) 220 >4.9x 10° 7.15+ 0.14
Santa Clara #1A 311 0.61 14 (2.3) 31 >3.0x 10° 1.91 : 0.02
Tlacotepec #1A.1 259 0.78 32 (3.9) 53 >4.8 x 10? 3.06+ 0.14
Tlacotepec #1A 212 0.66 13 (2.0) 130 >1.1x 10° 3.14: 0.03
Warburton Range #1A.1 287 3.0 14 (0.47) 1.1x 10° >1.1 x 10° 10.5+ 0.2
standard terrestrial rock
BCR-1 #3 124 3.84 20 (0.53) 30.7+ 0.1

@ Sum of reagent and total chemistry blanks.

slices of Canyon Diablo give values that are within 15% of
each other. We believe both of these values are correct and
merely reflect small scale heterogeneities in the distribution
of Ag. The extreme variations among other investigators may
be due to macroscopic heterogeneities in the meteorite or they
may be due to spurious analysis.

Our values for six iron meteorites of Group 4b are the only
determinations on this class with the exception of I{oba. The
values below 10 ng/g are the lowest reported values on
meteorites.

Isotopic Measurements. The normalization techniques
normally employed for high precision isotopic measurements
cannot be used in the case of Ag because it has only two stable
isotopes and no long-lived radioactive isotopes. In previous
studies it has been observed that the measured ratio changes
with time, becoming progressively enriched in the heavy
isotope. This behavior is a general phenomenon which is mass
dependent and appears to obey the Rayleigh fractionation
equation; thus, the measured ratio differs from the true ratio
by an unknown amount. Investigators have attempted to
arrive at the true value by using calibrated mixtures of the
two enriched isotopes of Ag. By comparing the measured
value with a known standard, a fractionation factor is obtained
and applied to samples of unknown composition. This ap-
proach has been used by Crouch and Turnbull (18) and
Shields et al. (19) at the National Bureau of Standards (NBS).
In this study, no correction factors were applied to the data.
We report only raw uncorrected ratios.

‘The same normal chosen by Shields et al. (19, 20) was used
as the standard in this study. This is a commercial AgNO;
designated NBS 978 which was shown to be identical in
composition to Ag extracted from a variety of Ag ore bodies.

In relative determinations, one is not concerned with ab-
solute values; it is only necessary to compare values of samples
to measured values of an accepted or arbitrary standard. This
latter method has been used in past geochemical studies (1-4)
and was used in this study. In either approach it is imperative
that samples and standards be measured under identical
conditions to avoid systematic errors. This must be dem-
onstrated experimentally. In our study, samples and standards
were analyzed under identical conditions which included a
strict time and filament temperature schedule. The filament
was heated by a programable power supply to 990 °C in 1 h.
Filament temperatures were obtained with an optical py-
rometer and could be determined to better than £5 °C. Five
sets of 10 ratios were taken at this temperature and then the

. s =

3 .
Set Warder

Figure 2. Fi behavior of three

ples at 1000 °C. Each
data point represents the mean of 10 ratios; associated error bars are
twice the standard deviation of the mean

temperature was raised to 1000 °C. Ten sets of 10 ratios were
obtained at this temperature which required 30 min.

The run histories for three samples of differing ion in-
tensities are shown in Figure 2. Here we have plotted the
measured ratio vs. time as rep d by the set ber. The
time interval represented by the abscissa is 30 min. The error
bars associated with the individual sets are governed by ion
counting statistics and beam stability. A systematic decrease
of about 0.1% in the measured ratio is clearly seen. The
average values and their associated errors for the individual
runs are also shown in the figure. These errors are governed
by ion counting statistics and beam instabilities, plus the
systematic drift in the measured ratio throughout the run. It
is this last variation which governs the precision of the average
of an individual run. This statement is justified by the
observation that the errors associated with the three averages
are almost identical in spite of the large variations in ion
intensity. The conclusion is that an ion beam of ~5 X 10°°A
is sufficient to give errors which are small compared to the
error introduced by the systematic drift in the measured ratio
with time. A 5- to 10-ng sample, therefore, is sufficient for
the precise isotopic determination of Ag at the 0.2% level.

Figure 3 shows a histogram for the 12 measured normals.
All data were iaken at 1000 °C. Each block represents one
set of 10 ratios. The highest and lowest measured ratios were
1.083 and 1.079. The errors associated with the averages of
the first five and last five sets are identical; thus no gain in
precision can be realized by decreasing the data acquisition
time. The average fractionation during the 30-min interval
was 0.05%. This is based on the difference in the averages
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Table VII. Su v of pic Composition M
amount of
Ag measured,
sample ng 107 A g/107 Agl 197 A/ 7 As* 8" ""Ag/"‘“hydroca:bon

NBS 978 Normals (12) 5-15 1.0810 + 18%

BCR-1 #1 4 1.0813 + 16 >2.8+10° 425
Canyon Diablo #5B 9 1.0799 : 14 >2.4 1+ 10° 2.8 x 10°
Canyon Diablo #5C 31 1.0802 : 9 >7.9x 10* 5.0 x 10°
Toluca #1B 15 1.0811 : 16 >4.4x 10° 6.3 x 10°
Hoba #2B 5 1.0839 « 50°¢ 3.2x 10* 130
Santa Clara #1B 0.5 1.106 + 134 6.0 x 10° 20

@ Errors are 20. All data were taken on Faraday detector with the exception of Santa Clara Awhich was determined on the
electron multiplier. These are observed measured ratios; no correction factors have been applied. b Grand mean of 12
determinations. € Low intensity run. ¢ Data obtained on electron multiplier detector.

NBS 978 NORMALS ¥4
Oewrssrs
S N

Figure 3. Histogram of all normals. Each block represents the mean
of 10 ratios taken at 1000 °C. The grand average is 1.0810 = 18.
The average values for the first five and last five sets are 1.0812 £
19 and 1.0809 % 21, respectively

for the first and last sets. This is a factor of 40 smaller than
that observed by Chakraburtty et al. (3), who used microgram
samples, and a factor of 10 smaller than that observed by
Shields et al. (19), who used 100-ug samples. In these last two
studies, data were collected for only 20 min.

The averages of the 10 data sets for both normals and
natural samples are displayed in Figure 4. These data are
the observed measured ratios; no correction factors were
applied. The error bars associated with the individual de-
terminations are 20. The grand mean for the 12 normals is
1.0810 = 0.0018 and is represented by the middle vertical bar.
The vertical error bars associated with the grand mean are
20 and not 20,,, which is usually reported by this laboratory.
All determinations lie within this envelope and it is probably
an accurate representation of the standard deviation of the
mean. The precision with which the isotopic composition of
Ag can be determined is limited by the inability to initiate
data acquisition for all samples at the same point on the
fractionation curve.

The isotopic measurements are tabulated in Table VIIL
The second column gives the actual amounts of Ag loaded.
The weights of most of the normals were approximately 10
ng but ranged from 5 to 15 ng in order to bracket the sample
sizes. There was no observable relation between the frac-
tionation pattern and the sample size. Measured ratios are
given in column three. All of the meteorites analyzed thus
far are identical in ition to the standard within the
precision of the analyses. The last two entries, Hoba and
Santa Clara, were low intensity runs. The large errors as-

3%
Flgure 4. Summary of isotopic measurements taken at 1000 °C on
Faraday detector. Symbols represent the means of 10 sets of 10 ratios.
These are the raw d ratios. The d error bars are
twice the standard deviation. The solid vertical bar represents the mean
of all normals and the associated dashed lines represent twice the
standard deviation

sociated with these two runs are the result of poor ion sta-
tistics. The Santa Clara sample was determined on the
electron multiplier. A 1 ng normal determined on the same
detector gave a value of 1.0896 + 26. The last two columns
in the table give the As*’S* and '®Ag/'®hydrocarbon ratios,
respectively. The '®?Ag/'*"hydrocarbon ratios are not given
but they were always larger than the corresponding ratios at
mass 109 In all cases, except the two low intensity runs, the
contributions of the AsS* peaks to the Ag peaks are less than
0.05%. It should be noted that in all cases no 108 peak was
detected and, therefore, its intensity was taken as ~10717 A.
This is the noise level of the electron multiplier and its as-
sociated electronics with the source high voltage on and the
defining slit opened to 0.64 mm.

CONCLUSIONS

An anion-exchange procedure for the separation of Ag from
a variety of chemical matrices has been described. It is
applicable to a wide variety of materials. The chemical
procedure has been miniaturized with an accompanying re-
duction in blank. The procedural blank is 0.15 pmol. This
allows the isotopic measurement of as little as 0.50 pmol of
Ag with precision of better than 1% and with only a 30%
blank correction. Materials whose Ag concentration is 0.1 ppb
or above can be analyzed reliably by this technique.

Isotopic measurements have been performed on 50 pmol
of Ag on a Faraday detector with a precision of 0.1% with
negligible blank correction. The ionization efficiency was
increased to 1-2% and the limit of detection reduced to 1 fmol.
We have obtained fractionation control of better than 0.2%
as demonstrated by the repeatability of 12 normals. Isotopic
measurements on several different samples have been per-
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Table VIII. Limits on the Formation Ages of Iron Meteorites
sample 597 Ag?
Canyon Diablo -1.0+ 2.0
-0.7: 2.0
Toluca +0.09+ 2.0
Hoba +2.7+5.0
Santa Clara +16.0 + 12.0

5107 Ag = [(01/109)GAMPLE/(}07/199)STD] x 10°.
sample.

b ASUDDEN X ACONTINUOUS X
Pd/Ag 10°° yr 10°¢ yr
106 >97 >32
65 >87 >21
412 >91 >25
3470 >99 >34

Errors are 20 and include the error associated with both std and
Pd data taken from Smales et al. (25). The Pd content of Santa Clara was assumed to the same as Hoba.

formed, including four iron meteorites, one terrestrial basalt,
and the NBS AgNO; standard. Within the limits of the
precision, all of the samples have identical Ag isotopic
compositions. Our observed 107/109 ratio for the NBS AgNO,
standard is 1.0810 + 0.0018 which is identical to the observed
value of 1.0815 + 0.0011 obtained by the NBS.

A serious spectral interference due to AsS* has been
identified and eliminated. Several investigators have alluded
to spuriously high 107 beams during the isotopic analysis of
Ag. Some workers (I, 3, 4, 18) have attributed this to ZrO*,
but this species was never identified by its spectral signature.
The well-known difficulty with which Zr is ionized makes this
assignment highly improbable. In addition, some investigators
loaded Ag as a sulfide (7-3) and used As compounds in their
chemical procedure (3). For these reasons we believe that the
AsS* species may have been observed in these studies but not
identified. In the analysis of Ag, the AsS* species can be
monitored only at mass 108. All future work on Ag should
include the observed ' Ag/™As%S* ratios and monitoring of
hydrocarbons. Without this information no meaningful
statement as to accuracy can be made.

The group 4b iron meteorites were chosen for analysis
because they are known to contain solar abundances of the
refractory noble metals and to be severely depleted in volatile
elements such as Au, Cu, Ga, and Ge. Their trace element
chemistry matches closely that of a high temperature con-
densate as predicted from thermodynamic calculations (21).
The Pd contents of several of their members are known and
average about 5 ppm; the other members are believed to be
within a factor of 2 of this number. For these reasons it was
believed these samples might have very high Pd/Ag ratios and
thus be good candidates in which to observe isotopic effects
produced by 'Y7Pd.

Our results to date have established that the 'Ag/'®Ag
ratio in the samples studied is normal to within 0.2%. Because
of the small "Ag/"5As%S* ratios in the case of Hoba and
Santa Clara, their Ag ratios can be considered as upper limits.
These data can be used to set lower limits on the formation
ages of these samples. Two nucleosynthetic models are
considered, the sudden synthesis model and the continuous
synthesis model of Wasserburg et al. (22). From the pro-
duction equations for radioactive and stable nuclei, the
following two equations can be derived giving the formation
age, 4, in terms of measured quantities.

Sudden synthesis:

_ 1 K107 6107Ag lOSPd
A X ln(KlOS) - ( 1000 +1In 10970 1)
Continuous synthesis:
1 K107 5 l()'7Ag lOSPd
== =l = . -y -
Ay (K'“‘) in ( 1000 ) 1 \ag

(2)

In (AT)

where K'Y7/K' is the production ratio of the two Pd isotopes,
8'%7Ag is defined in Table VII, '®Pd/'®Ag is the atom ratio
of these two isotopes, T is the time interval over which nu-
cleosynthesis occurs, and A is the decay constant for 197Pd.
The production ratio is taken as 0.64 (23), the recently de-
termined half life for 'Pd is 6.5 + 0.3 X 10° yr (24), and T
is assumed to be ~10' yr. Inserting these quantities into
Equations 1 and 2 yields lower limits for the formation ages.
In the calculations of A, the value for §'%’Ag was taken as the
sum of the determined value and the absolute value of its
associated error. The calculated values for the two models
are lower limits only and are given in the last two columns
of Table VIII. The sudden synthesis model gives lower limits
of about 90 X 108 yr, while the continuous synthesis model
gives lower limits of about 30 % 10° yr.

Iron meteorites are believed to be the products of chemical
differentiation of a more primitive material. It is possible that
this primitive material was formed immediately after the
cessation of nucleosynthesis and that the iron meteorites were
formed at some later time during a high temperature process.
At this later time, the Pd-Ag clock would be reset partially
or completely. The formation ages determined on iron
meteorites, therefore, would reflect the time interval between
the end of nucleosynthesis and solidification.

Future experiments will include isotopic measurements on
additional members of group 4b as well as Pd concentration
and composition measurements. These techniques will also
be extended to other meteorite classes.
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Characterization of Metal Surfaces by Secondary Ion Mass
Spectrometry and X-ray Photoelectron Spectroscopy

R. W. Hewitt,’ A. T. Shepard,? W. E. Baitinger, and Nicholas Winograd*
Department of Chemistry, Purdue University, West Lalayette, Indiana 47907

G. L. Ott and W. N. Delgass

School of Chemical Engineering, Purdue University, West Lalayette, Indiana 47907

The techniques of XPS and SIMS have been combined in the
same ultra-high vacuum system for the study of surface re-
actlons. Using a mass sp pable of d ting high
molecular weight clusters, we have Investigated the behavior
of clusters up to Ags* and In,* ejected from polycrystalline
Ag and In surfaces under low flux argon lon bombardment.
For lattice-oxide formation on Pb and In surfaces cleaned by
lon bombardment, the O 1s peak areas directly relate to the
PbO* and InO* Intensities allowing calibration of surface
coverages for SIMS studies. The fact that PbO," emission
begins at higher oxygen exposure than PbO* suggests that
oxygen Incorporation into the lattice occurs directly. For In,
however, the fact that InO,* emission increases in roughly
the same fashion as InO* Indicates that indium oxide islands
grow outward from one or more nucleating sites, allowing for
the existence of oxygen—oxygen next-nearest neighbors at low
coverage for InO,* formation.

Interest in the chemistry of solid surfaces has rapidly
intensified in recent years. The development of new analytical
techniques, as well as the refinement of existing methods, has
led to significant advances in the understanding of sur-
face-related phenomena. Many approaches have been taken
to the problem of gleaning information from the surface region
of materials. Most of these methods utilize ions, electrons,
or photons as the probing particle, followed by energy or mass
analysis of these or secondary particles which are scattered
from the surface.

We have chosen to combine the techniques of x-ray pho-
toelectron spectroscopy (XPS) and secondary ion mass
spectrometry (SIMS) as complementary tools for elucidation
of surface reactions. For this pair of methods, the deficiencies
of one are often the strong points of the other. For example,

1 Present address, Westhollow Research Center, Shell Development
Co., Houston, Texas 77001.
w"I;rmnt address, E. I. Du Pont de Nemours, Inc., Parkersburg,
. Va.

Table I. Comparison of the Attributes of XPS and SIMS

SIMS XPS
ultimate sensitivity to 107'* ultimate sensitivity to 10"*
g/em? g/em?
surface sensitivity to 1 or  surface sensitivity from 1
2 layers to 10 layers
nonquantitative quantitative (10-20%)

short range atomic order
from analysis of mo-
lecular cluster ions

molecular structure from
binding energy chemical
shifts

destructive nondestructive

ability to detect hydrogen

in SIMS, ambiguities may arise due to alterations in the
sample surface caused by the incident ion beam. Differential
sputtering and atomic mixing under the influence of ion
bombardment are phenomena which have been well docu-
mented (/-3). The photons used in XPS, however, usually
do not damage the surface. In addition, .he ionization
probability of secondary ions may change by orders of
magnitude as the surface electronic properties are altered. It
would therefore be advantageous to obtain information from
the sample with a technique which yields quantitative data
concerning the concentration of specific atoms on the surface.
XPS has proved to be a valuable tool for yielding quantitative
information about the amount and molecular structure of the
surface species and for the elucidation of electronic structures
of materials. The SIMS technique has a very high sensitivity
and is able to detect less than 0.1% of a monolayer of material.
The possibility also exists for determining information about
short range atomic order via analysis of molecular cluster ions.
A comparison of the characteristics of XPS and SIMS is given
in Table I.

In this paper, we discuss instrumentation appropriate to
a combined XPS/SIMS system. Spectra obtained from the
clean metal surfaces of Ag and In are compared in detail. In
addition, we utilize the chemical shift information in XPS and
the nature of the cluster ions found in SIMS to elucidate the
mechanism of oxidation of clean Pb and In evaporated metal
surfaces. The results are discussed in terms of recent
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computer simulations of the cluster emission process.

EXPERIMENTAL

Details of the XFS/SIMS system have been described in detail
elsewhere (4, 5). The sample can be shuttled between the SIMS
(Riber Model 0156) and XPS (Hewlett-Packard 5950A) spec-
trometers under UHV by a set of magnetically driven transfer
devices. The SIMS and XPS experiments were then performed
sequentially on the same sample. The base pressure of the system
was 1-3 X 10° Torr. A schematic of the instr 1 design
is shown in Figure 1.

Materials used in this work were prepared from silver (m3N)
and indium (m5N) foils obtained from Alfa Division-Ventron
Corporation, which were sputter cleaned with 10 KeV Ar* jons
at 2 uA cm for 3 h. The Pb samples were prepared by evap-
oration onto a gold substrate at 5 X 10 Torr followed by the Ar*
ion bombardment treatment. Oxygen used in the adsorption
experiments was research grade (99.99% purity) cbtained from
Matheson Gas Products.

RESULTS AND DISCUSSION

The overall performance of our XPS/SIMS instrument on
metal surfaces is illustrated in Figure 2. Figure 2a is a wide
scan SIMS spectrum of a freshly evaporated silver surface,
whose most intense peaks are those of '%7Ag* and '®Ag*, as
expected. Other less intense peaks are of the impurities #Na*,
21A1*, and ¥K*, of which ?Na* and ¥K* are present in nearly
all positive ion SIMS spectra. The rather large peak at m/e
= 40 arises from the use of argon as the primary ion. In Figure
2b, we present the XPS spectrum of the same silver surface.
Although the characteristic 3s through 4d levels of silver are
clearly seen, no peaks are observed to arise from the presence
of potassium or sodium. Based on the large secondary ion
yield of these two species (6), we estimate their surface
concentration to be less than 0.1%, below the limit of detection
in XPS.

The high mass capability of the quadrupole makes it a
valuable tool for studying secondary molecular cluster ions.
The potential for obtaining useful information from these
clusters about the local atomic ordering of atoms on the surface
has already been established (1, 7), although a quantitative
interpretation of these observations will require a more
thorough understanding of the secondary emission process.
In Figure 3 are results obtained for positively charged mo-
lecular clusters ejected from clean indium and silver surfaces.
Aggregates of up to four indium atoms at m/e = 460, and up
to five silver atoms at m/e = 535545 are observed with the
expected isotopic distributions. Their intensities are denoted
by solid lines, while the broken lines are the intensities
corrected for the theoretical transmission, T, of the quad-
rupole, where 7' is assumed to be proportional to (Am/m)2
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Figure 3. Relative intenstty of (a) In* clusters with I,* = 2 X 10
A cm? at 10 keV of Ar* and (b) Ag* clusters with I,* = 1 X 10~
A cm™ at 20 keV of Ar*

Of particular interest here is the marked difference in variation
of intensity with cluster-size, indium exhibiting a monotonic
decrease and silver displaying periodic oscillations. Similar



1288 « ANALYTICAL CHEMISTRY, VOL. 50, NO. 9, AUGUST 1978

Pb 4ty Ot
;
;
"
=
H
H
H
£ VA
/
2—
s
2
; evoporoted- 2
; sputiered /\ o)
/»' surfoce - -
38 136 3¢ 535 333 53 529 !

binding  enargy (ev)

Figure 4. Pb 4f,, and O 1s XPS spectra of an evaporated and sputtered
Pb surface before and after oxygen exposure

trends have been observed for transition metal ion clusters
using an ion microprobe mass analyzer (8), although under
more severe bombardment conditions. The cluster data in
the present work are obtained in a comparatively lower
primary current domain, where each ion impact can be
considered as an isolated event. The silver cluster results are
of special interest since molecular orbital calculations per-
formed on these species (9, 10) yield cluster stabilities dis-
playing oscillations similar to those in the experimental data.
The observed alternations in fact may be due to the presence
of a lone s electron in the odd numbered clusters and paired
electrons in the even numbered clusters. Analogous calcu-
lations have not been performed for indium, but nevertheless,
it might be qualitatively predicted that the availability of three
s and p electrons for bonding and the concomitant large
number of closely spaced molecular orbitals could reduce the
“even-odd" effect noted in the case of silver. As the theory
underlying these calculations becomes more sophisticated and
in turn is applied to a greater number of systems, it will be
intriguing to correlate experimentally determined cluster
intensities with their calculated electronic properties.

The combination of XPS and SIMS is an excellent means
of studying metal-adsorbate systems, since XPS, in addition
to being a quantitative method, is sensitive to the molecular
envir t of the sp on the surface. Static SIMS can
yield information concerning the local atomic order through
analysis of secondary molecular cluster ions. The increase in
secondary ion yield due to the presence of oxygen is a well
documented phenomenon (7, 11, 12) although it is at best only
qualitatively understood and in need of further investigation.
In this work, clean Pb and In surfaces are exposed to several
doses of oxygen with successive monitoring by both XPS and
static SIMS, (I,;* = 2 X 10® A cm™ at 2 KeV of argon). In
the case of XPS, either the Pb 4f;;, or In 3ds/; level, in addition
to the O 1s signal are recorded after each exposure to O,.
SIMS spectra are also taken sequentially so that correlations
can be made between the two data sets. A summary of the
XPS results for an Ar* sputtered lead film is diagrammed in
Figure 4. The lower trace represents the virgin surface, before
any exposure to oxygen. Close examination of the O 1s

intensity

relative

o 1000 2000 3000 4000

oxygen exposure ( Langmuirs)
Figure 5. Intensity behavior of Pb*, PbO*, and PbO," cluster lons vs.
oxygen exposure. I,* =2 X 10° A cmat 2 keV of Ar*. Relative
yields are calculated by normalizing the peak intensity to its highest
value in the exposure range to emphasize the curve shape rather than
the absolute intensity

spectrum reveals a residual amount of oxygen at 531.5 eV
while the Pb 4f;/, line shows no clearly discernible indication
of binding energy shift due to lead oxide or PbOagsrbea)- The
residual oxygen might be attributed either to dissolved oxygen
in the lead lattice or an adsorbed oxygen moiety. In either
case, the high binding energy peak is not characterisitic of
oxide formation. Upon exposure to 167 L O,, (1L =1 X 108
Torr s), the O 1s peak at 531.5 eV grows considerably in
intensity and the Pb 4f; , trace begins to show a greater degree
of asymmetry due to the growth of a small amount of PbO
on the surface. The high binding energy O 1s signal is still
the predominant species, however, at this exposure. As the
oxygen dose is increased, a peak at 529.2 eV, characteristic
of rhombic PbO (13, 14) rises in the O 1s region, and eventually
becomes the predominant species. A high binding energy
shoulder on the Pb 4f;, at 137.9 eV is also evident at high
PbO coverage. It is interesting that the behavior of a clean
Pb surface upon oxygen exposure is strongly dependent upon
sample preparation. A freshly evaporated lead film evinces
the immediate formation of rhombic PbO, with no traces of
initial oxygen adsorption, while an argon-ion bombarded Pb
film exhibits an adsorbed oxygen species prior to oxide
formation. The surface concentration of oxide can be cal-
culated from the escape depth of the Pb 4f;/, photoelectron
(15) in combination with the rhombic PbO unit cell di-
mensions, and shows equivalent monolayer concentration to
occur at 1200 L O, exposure. This result agrees very well with
the “effective” monolayer coverage reported by Evans and
Thomas (16) for a sputtered Pb foil.

The behavior of the positive secondary ions Pb*, PbO*, and
PbO,*, also monitored vs. oxygen dosage, is plotted in Figure
5. The relative yield is calculated by normalizing the peak
intensity to its highest value in the exposure range to em-
phasize the curve shape rather than absolute intensity. As
qualitatively expected, the Pb* yield increases, with the most
dramatic change occurring at less than 0.5 monolayer PbO.
Note that the PbO* species appears almost immediately, while
there is marked delay in the onset of PbO,* emission. The
fact that the relative yield of PbO,* emission is higher than
that of PbO* at low oxygen coverage is a manifestation of the
normalization procedure. The actual intensity of the PbO,*
emission is an order of magnitude less than that for PbO*.

The explicit interpretation of these curves awaits theoretical
development of the cluster ion emission process. Recent
studies, however, have been completed for metals using
classical trajectory methods to calculate the positions and
momenta of all particles in a model microcrystallite as a
function of time subsequent to the ion bombardment process
(17-20). In these studies metal clusters containing up to 7
atoms have been found to form by formation of ejected atoms
within the interaction range, say ~4 A, of the solid. In
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Figure 6. Schematic representation of (a) an oxidized Pb surface at
low oxygen coverage and (b) an oxidized Pb surface at monolayer
coverage

addition, it was found that most dimers and trimers arise from
either nearest-neighbor or next-nearest-neighbor sites on the
surface.

In Figure 6, we extropolate this scheme to the formation
of metal atoms and oxygen atoms over the solid to test possible
oxidation schemes on the Pb surfaces. From Figure 6a, a
representation of low PbO coverage, only secondary species
like Pb* and PbO* are possible since there are no oxygen-
oxygen next-nearest-neighbors to permit PbO,* formation.
In contrast, at monolayer coverage, represented in Figure 6b,
Pb*, PbO*, and PbO," are all possible. This representation
then suggests that if PbO does indeed grow as a uniform
surface layer, the PbO,* emission should exhibit a short delay,
and then increase to a maximum intensity when one mon-
olayer is completed.

Returning to Figure 5, the observed PbO,* intensity does
not reach a maximum until nearly 3500 L. O,, and does not
begin to increase until equivalent monolayer coverage as
determined by XPS. This apparently anomalous result can
be rationalized in terms of the different information depths
for XPS and SIMS. Static SIMS is a true surface technique,
while XPS probes the first 10-40 A of sample, equivalent to
several monolayers. If, instead of forming a uniform mon-
olayer, the growth of the PbO progresses by oxygen incor-
poration into the lattice, the greater sampling depth of XPS
would cause it to indicate monolayer coverage of PbO when,
in fact, the actual surface coverage was much less. Additional
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Figure 8. Intensity vs. O, exposure behavior of In*, InO*, and InO,*.
I, =2 X 10° A cm™ at 2 keV of Ar*

oxygen exposure would eventually promote the formation of
a complete monolayer of PbO at the surface, thereby in-
creasing the probability of PbO,* emission, and bringing about
a leveling off of the PbO,* intensity as observed. This
mechanism is also consistent with the decrease in work
function observed in other investigations of the oxidation of
sputtered (16) and evaporated (21) Pb films.

The XPS data for indium oxidation are diagrammed in
Figure 7. The O 1s region displays peaks indicative of both
adsorbed oxygen at 531.5 eV and an indium oxide species at
530.2 eV. The In 3d;,, peak exhibits a high binding energy
shoulder at 444.6 eV, which has also been assigned to indium
oxide. Other XPS measurements made in our laboratory
suggest that the oxide species is In;,0y, although the wide
variation in binding energies reported in the literature for
In,03 (22-25) precludes an unequivocal assignment. In
contrast to the lead XPS data, the oxide begins to form
immediately on indium, and continues to grow with additional
exposure. The higher binding energy oxygen, assigned to an
adsorbed moiety in this work, is present in all exposures. This
peak was also present in the XPS spectrum of bulk In,0,.

In*, InO*, and InO,* SIMS results are shown in Figure 8.
As is observed for Pb, the secondary ion yields increase with
oxygen exposure. The In* intensity reaches a maximum at
1000 L O,, then decreases to a steady state value at 3500 L.
This behavior can be explained in terms of the number of In
sites on the probed surface. At low oxygen coverage, the
increase in secondary ion yield is due to the presence of
oxygen. As the oxidation process continues, the number of
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Figure ©. Deconvoluted XPS indium oxide peak areas from the 3ds,,
peak and the SIMS InO* yield vs. oxygen exposure

In metal sites decreases, and the diminishing indium metal
concentration at the surface begins to compete with oxygen
enhancement as the controlling factor of the measured ion
yield.

The immediate appearance of InO,*, also in marked
contrast to the Pb results, is most likely due to differences
in the mechanism of oxide growth. Thus, indium oxide islands
probably grow outward from one or more nucleating sites,
allowing for the existence of oxygen-oxygen next-nearest-
neighbors at low coverage for InO,* formation.

A comparison of the SIMS InO* yield and the deconvoluted
In(oxide)/In(metal) ratio is represented in Figure 9. The
striking similarity of the two curves indicates that the InO*
yield is directly dependent upon the amount of oxide formed
at the surface. A linear relationship would imply that the InO*
secondary ion yield is a function only of the oxygen con-
centration, and that the ionization efficiency is a constant
independent of any events occurring external to the region
of cluster formation. A similar agreement between the XPS
O 1s intensity for the PbO component and the SIMS PbO*
yield was obtained for the case of Pb.
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Effect of Argon Ion Bombardment on Metal Complexes and
Oxides Studied by X-ray Photoelectron Spectroscopy

Yoshlo Umezawa' and Charles N. Rellley*

Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina 27514

The effect of high energy (0.5-2 keV) Ar* bombardment on
20 different metal complexes and several metal oxides was
studied. Although most of the metal centers In the complexes
and oxides were reduced, some were oxidized or exhibited
no change depending upon the ligands and central metal atoms
present. Some ligands in metal complexes were reduced, such
as ClO,~ and NO," forming CI” and NO,", respectively. The
nonmetal groups such as NH,, NO,", CN", CiO,", and NO;~ were
found to be sputtered off more efficiently than the central metal
lon itself. Finally, the Influence of Ar* bombardment on the
nonstoichlometric nature of metal oxide surfaces Is discussed.

Ion bombardment has proved to be a very useful and
important technique for obtaining clean and reference surfaces

1 Present address, Department of Chemistry, Faculty of Science,
University of Tokyo, Hongo, Tokyo, Japan.

for ESCA, Auger, and other spectroscopic investigations.
However, very little information has so far been reported with
respect to the explicit chemical effects of ion bombardment.
Winogard and co-workers (1, 2) concluded that certain types
of metal oxides are reduced by ion bombardment and that
the reduction tendency was inversely related to the free energy
of formation of the oxides. For the ion bombardment
technique to be used rationally as an analytical aid, a
knowledge of the various types of phenomena potentially
introduced by this technique is desirable.

The purposes of the present study are to examine briefly
(i) the types of chemical reactions, such as redox, substitution,
and chemical transformation of one functional group to
another, introduced by ion bombardment, (ii) the dependence
of sputtering efficiency on the kind of elements and functional
groups involved, and (iii) the nonstoichiometric nature of
compositions at the surface of oxides as characterized by ion
bombardment. To obtain meaningful information with respect

0003-2700/78/0350-1290$01.00/0 © 1978 American Chemical Soclety
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Table I. Redox Reaction of Metal Centers Prod

d by Ar* B

e ed a

Process observed
Reduction

Compound?

K,l&Fe(CN )], Cu(dip)(NO,),-3H,0,

e(C,0,),], Cu(dip),(NO,),, Co(o-phen),(CIO,),,
Co(NH,),(NO,),, Na,[Co(CN), ], Fe(dip),(CIO,),,
Cu(en),80,-2H,0, Co(en),(CIO.),, K[Co(edta)] -2H,0,
trans[Co(NH,),(NO,),]CI, [Co(NH,),C1]Cl,,
Co(NH,),(NO

Oxidation

No change
(same oxidation
state)

Fe(dip),(CIO,), Mn(dip),Br,, K,[Cr(C,0.),]
Na,[Co(NO,), ], Pt(dip)Cl,, Pt(dip),Cl,

@ Energy for Ar* ion is 2 keV for 2 mins. ® Abbreviations: dip: 2,2'-dipyridyl; o-phen: o-phenanthroline; edta:

ethylenediaminetetraacetate.

to the above items, a variety of types of metal complexes were
chosen along with some metal oxides as illustrative examples.
Although metal complexes are, of course, more or less subject
to decomposition upon ion bombardment, they seem to
provide one of the more suitable model systems for the present
experimental purpose.

EXPERIMENTAL

The metal complexes were synthesized by usual methods. The
metal oxides LaCoOj, La;sSrysCo0;, LaNiO,;, LaMnO,, and
SrMnO; were prepared using a conventional ceramic technique
(3). The other oxides examined were obtained commercially.
ESCA spectra were obtained with a DuPont Model 650B
spectrometer (Mg anode). Under optimum conditions, a ! /,-inch
gold disk yields a 4f 7/2 peak intensity of 400000 counts/s with
FWHM of 1.2 eV and a typical operating vacuum is 1 X 107 Torr.
Powder specimens were rubbed onto a gold prove with a round
glass rod to achieve good electrical contact. A typical total scan
time for the ESCA measurement was 5-15 min. The C,, con-
tamination peak, having in most cases the same order of intensity
as the sample peaks, was employed as a reference peak and
assigned a binding energy value of 2844 eV (4). For Ar*
sputtering, the sample was lowered without breaking vacuum to
a sample preparation compartment which was equipped with an
ion gun attachment made by Physical Electronics Inc. An ion
beam of up to 2 keV with beam currents of 35 mA was used; this
beam could be focused to about 0.5 cm? at normal incidence on
the sample probe by an electrostatic lens. The total pressure in
this compartment was maintained at 5 X 10 ® Torr during
sputtering by introduction of Ar gas.

RESULTS AND DISCUSSION

Ar* Bombardment on Transition Metal Complexes.
Redox Reaction by Ar* Bombardment. Table I summarizes
the redox reaction behavior produced by Ar* bombardment
on a variety of transition metal complexes as deduced from
the corresponding ESCA spectrum. Changes in binding
energies and the appearance of shake-up peaks (5-7) provide
useful diagnostic criteria for determining the nature of the
products produced. For example, Figure 1 shows the effect
of 2-keV Ar* ion bombardment on the Co(en);(Cl0,); complex.
Upon Ar* ion bombardment, the metal center of the complex
was reduced and two sets of new Co 2p peaks appeared, one
corresponding to a shake-up satellite peak due to Co(II) and
the other to Co(0). The above assignments are supported by
the following two observations. Cobaltous oxide, CoO, gives
shake-up satellite peaks for Co 2p,/; and 2ps; and these peaks
occur at binding energy values equal to those of the highest
binding energy peaks of the sputtered Co(en);(ClO,); (see
Figure 1b). Among the three peaks of cobalt metal foil (see
Figure 1d), the one at the lowest binding energy, which is
assigned to Co metal (Co(0)), corresponds very closely to that
of the lowest binding energy peak found for the sputtered
Co(en)s(Cl0,); complex. This Co(0) peak disappeared by
exposing the sputtered sample to air for 2 min (Figure 1c).
This corresponds to the reoxidation of Co(0) to Co(II) and/ or
Co(III) by air. Co(0) was also produced by Ar* bombard.

1 L ! L J
807 799 791 783 75 eV

Binding Energy
Figure 1. Effect of high energy Ar* ion bombardment on Co{enk{CIOJs.
(a) Prior to Ar* bombardment, (b) 2 keV Ar* bombardment for 2 min,
(c) exposed to ar after b, (d) cobalt metal foil polished in air immediately
before measurement
on NaCof(edta) and K;Co(CN)g compl The r
cobalt(III) complexes studied did not form Co(0) ESCA peaks
upon Ar* bombardment.

In the case of Cu(dlp)a(NOJ), 6H20 Cu(Il) is reduced to
form Cu(I) upon Ar* bomb. This is evid| d by the
shift of the Cu 2p,, peak from 955.5 eV t0 953.9 eV and Cu
2py,, from 935.7 eV to 934.3 eV and also by the disappearance
of large Cu 2p shake-up peaks (964.0 eV, 944.7 V) upon Ar*
bombardment (see Figure 2b). The fact that Cu 2py;, and
Cu 2p, ), peaks of Ar* bombarded Cu(dip);(NOy);:6H,0 occur
at binding energy values about 1 eV higher than those of
copper metal foil (Figure 2c, d) leads to the conclusion that
the oxidation state of copper for Ar* bombarded Cu(dip)s-
(NO3),-6H,0 is 1+ rather than zero.

It should be noted that whereas most of the metal centers
in the other metal complexes examined in Table I were re-
duced to lower oxidation states, those in Fe(dip)3(Cl0y)s,
Mn(dip);Bry, and KyCr(C,0,); were oxidized. In the case of
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Figure 2. Effect of high energy Ar* ion bombardmam on Cu(dip)y-
(NO4),°6H,0. (a) Prior to bombardment, (b) 2 keV Ar* bombardment
for 2 min, (c) exposed to air after b, (d) copper metal film polished
before

=]
930 ev

Table II. Dependence of *‘Reduction Yield" on Energy
for Ar* Bombardment (2 min, 35 mA)

Sputter-
ing
voltage,
keV IglIy® I,/Iy
2 0.41 (0.41: 4 min) 0.44 (0.59: 4 min)
1.6 042 0.45
1.0 0.38 0.28
0.5 0.34 0.0

aIg, Iyg, and I, are the satellite, the main, and the
zero valent Co peaks, respectively, from Ar* bombarded
Co(en),(ClO,),.

Nay(Co(NO,)g), Pt(dip)Cly, and Pt(dip),Cl, no significant
change was observed with respect to the binding energy of
spectral shapes of the metal centers (shake-up peaks, ap-
pearance of additional peaks, etc.).

Dependence of Reactica Yield on Ar* Energy. Table II
shows the dependence of reaction “yield” of Co(II) and Co(0)
from Co(en);(CI04)3 on the magmtude of energy of Ar*

t. Yield is conveniently defined here as (I/Iy),
and (Ip/Iyy), where I is the intensity of the shake-up satellite
peak appearing at higher binding energy side of Co 2py/; main
peak, which is due to the paramagnetic Co(II) species pro-
duced by Ar* bombard Iy thei ity of Co 2py/, main
peak at 782.2 eV which overlaps the remaining Co(III) and
the newly produced Co(lI) peaks, and Ij the intensity of the
cobalt(0) peak at 779.3 eV (see Figure 1b). The “yield” is,
in general, increased with increase in sputtering time. This
yield for a given time duration (e.g. 2 min) is dependent on
the Ar* energy. It is interesting to note that the saturation
of “yield” occurs at 2-keV energy. At this energy, even

a0a 400 W eV
N1s Binding Energy

anz 408

Figure 3. Change in nitrogen is spectra for some Co(lII) complexes
upon Ar* ion bombardment. (a) Co(NH;),(NO,), prior to bombardment,
@" Co(NH,);,(NO;,)J with 2-keV Ar* bombardment for 7 min, (b)
Co(NH,),(NO,), prior to bombardment, (b') Co{NHs)(NO,), after 2-keV

* bombardment for 2 min. (c) Na;CofNOs prior to Ar* bombardment,
(c) Na,Co(NO,), after 2 min. 2-keV Ar* bombardment

prolonged (4 min) bombardment produces no further increase
in yield. Reaction yield vs. sputtering time at a given Ar*
energy is also an interesting point, which remains for further
study.

Chemical Transformation of Ligands and Counterions.
Figure 3 and 4 show the effect of Ar* bombardment upon the
chemical changes in ligands and counterions of the metal
complexes. In the case of Co(NH;)3(NOjg)s, two N,, peaks are
clearly visible, one at 406.7 (NOy) and one at 399.8 (NH;).
Upon Ar* bombardment, a new N,, peak appears at 403.8 eV
which is attributed to NO, formed by reduction of NO;™ by
Ar* bombardment. Naz(Co(NO,)g) upon Ar* bombardment
yields an additional N;, peak at 398.5 eV, which is fairly close
to NHj nitrogen peak. This may also be interpreted in terms
of reduction by Ar* bombardment of NO,™ to some lower
oxidation state species such as NH; or similar species (4).
Co(NHj)3(NO,); which has a 403.5-eV peak for NO,” and a
399.5-eV peak for NHj, also exhibits a new N, peak upon Ar*
bombardment indicating the formation of a new nitrogen-
containing species of unknown nature. Another example of
chemical transformation by Ar* bombardment occurs in the
case of Co(o-phen)y(Cl0,);, where Cly,, , and Cly,,, peaks
(overlapped) for ClO,™ are decreased to a half of the ongmal
intensities and new peaks (overlapped) at around 198.0 eV
due to Cl™ appear. Obviously, this is the result of reduction
by Ar* bombardment of ClO,™ to Cl". Similar behavior was
observed with Fe(dip);(ClO,),, Co(dip);(C10,); and the other
ClO,™ containing species.

Sputtering Efficiency. An interesting example is Cu-
(dip)3(NOy),. The relative intensity of the N,, peak for NOg~
to that of dipyridyl (dip) is changed from 1.0:2.82 to 0.0:1.53
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Table III. Change in Peak Intensities of Various El

in Metal Compl by Ar* Ion Bombardment (2 keV, 2 min)

Peak Intensity Ratio®

Compound
K,[Cr(C,0.),] Cr K
1.42 1.13
Co(NH,),(NO,), Co NO,
2.40 0.33
Mn(dip),Br, Mn Br
0.48 0.42
Fe(dip),(Cl0,), Fe N
0.70 0.55
Pt(dip)Cl, Pt N
0.563 0.33
Na,[Co(NO,),] Co a
1.61 2.14
[Co(NH,),Cl]Cl, Co N
1.58 0.56
Co(en),(ClO,), Co N
2.50 0.67
Cu(dip)(NO,), Cu N(dip)
0.60 0.68
K,[Fe(CN),] Fe K
0.80 0.71
Co(o-phen),(CIO,) Co N
0.73 0.50

@ Signal from the gold probe
(= I/1},); accurate to =0.05.

o Cco Au® cb
0.68 0.40 111 0.92
NH, o Au® ct
0.36 0.89 1.34 0.90

N Au® [ ct
0.40 1.06 0.87 1.18
clo, o Au? cb
0.25 0.35 1.20 1.27

cl Auw® ct
0.32 1.20 1.27

N o Auf® ct
0.45 0.72 1.05 0.95

Cl Au® eo
1.04 1.25 0.90
Au® c*

1.69 0.84
NO, Au® ce
0.27 1.32 1.12

N o4 Au® ce
0.38 2.23 1.00 1.10
clo, o Au? ce
0.59 0.46 1.36 1.29

b Background carbon. € Ratio of peak intensities after (1) and before (I,) bombardment
d Adsorbed water. © Background carbon plus ligand carbons.

co, ¢

2p1/2 2p1/2
a4 2p312 P

/
a J

5l

Fill 207 203 199 195 oV
Cl 2p Binding Energy
Figure 4. Chemical transformation of ClO," ion into CI” ion upon Ar*
bombardment. (a) Co(o-phen)(ClO,); prior to bombardment, (a')
Co(0-phen);(CIO,); after 2-keV Ar* bombardment for 2 min, (b) Fe-
(dip)s(C10,), prior to bombardment, (b’) Fe{diph(CIO,), after 2-keV Art
bombardment for 2 min

by Ar* sputtering, indicating that the NO;™ functional group
is more easily sputtered away than the dip group. In contrast,
the ligands NH;, NO;", and NO;y™ in Co(NH,)3(NO,); and
Co(NH3)3(NO3); show similar sputtering tendencies upon Ar*
bombardment. The dependence of Ar* sputtering efficiency
on various elements and ligands in several other metal
complexes is summarized in Table III. The Au,,, peak from
the sample mounting probe was also measured and the ratio

of its intensity after to before sputtering is cited to permit
some judgment to be made of the overall Ar* sputtering
efficiency in each case. Some conclusions may be drawn from
the results presented in Table III.

One general tendency observed is that the ESCA peak
intensities for the transition and alkali metal ions are increased
by Ar* bombardment, wh thei ities for the tal
elements are decreased, indicating that the ligand species are
sputtered off more easily than the transition and alkali metal
ions.

Occasionally, the peak intensity due to the contamination
carbon is increased upon Ar* bombardment. This increase
is observed only with particular ligand species such as dip,
o-phen, and CN and may be caused by a chemical change in
ligand species upon Ar* bombardment to produce this type
of carbon. In this case, the peak intensities for the transition
and alkali metal ions are decreased as well as those attributed
to the initial ligand species.

Ar* Bombardment on Metal Oxides. The surface
composition of solid materials often is not identical to that
for the bulk itself because of surface chemical reactions,
particularly with typical atmospheric components such as O,,
CO,, H,0, HS, etc. and because of accidental contamination
by contact of the surface with the adsorbable species. Thus
the surface composition of a material will depend greatly upon
its intrinsic reactivity, mode of preparation, and storage
history. For the transition metal complexes described in the
previous section, the surface composition probably reflected
the bulk composition to a high order. This might be expected
since these species were prepared in aqueous soluuon in the
presence of air and hence repr ition
states which are stable and resistant to further reaction with
atmospheric components. This is less likely to be the case
with other reactive species which have to be synthesized under
more stringent conditions of temperature and envir
The ESCA spectra for cobalt metal foil (Figure 1d) represents
a case of one reactive material whose surface composition
differs from the bulk. Ar* sputtering is a useful technique
for removing the surface layers on metals and creating a
surface whose composition reflects that of the bulk material.
On the other hand, the Ar* bombardment technique applied
to materials such as the transition metal complexes described
in the previous section clearly leads to changes in surface

+.
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.:T 033 47 819 oV
Mn 2P Binding Energy
Figure 5. Effect of Ar* lon bombardment (2 keV, 2 min) on KMnO,.
(a) Prior to and (b) after bombardment, respectively

composition so that it no longer reflects that of the bulk. The
new surface composition probably more closely approximates
that which would be obtained by heating the bulk sample in
vacuum to an elevated temperature equivalent to the surface
temperature achieved by Ar* bombardment. Thus Ar*
sputtering is not equivalent to a thin knife blade simply
eroding away the surface layers one by one leaving the
composition of the sublayers intact. Obviously mechanical
fracture techniques under vacuum are more suitable in these
cases.

Metal oxides represent a class of material whose surface
composition is likely to be different from that of the bulk and
it is of interest to determine the effect of Ar* bombardment
on such materials.

As shown in Figure 5, the Mn 2p spectra of KMnO, have
anomalous doublet structure at 657.5 and 655.4 eV for 2p, ;,
and at 646.6 and 643.5 eV for 2p;,.. The relative intensity
of the doublet peaks depends upon the history of the KMnO,
sample. Upon Ar* bombardment, however, both doublet
peaks disappear and new peaks are produced at 654.1 eV and
642.4 eV for Mn 2p,, and Mn 2p,,,, respectively. The change
in binding energy of Mn 2p,; and 2p,;, for KMnC, before
and after Ar* bombardment is summarized in Table IV along
with the results obtained by analogous experiments for Mn,0;
and MnO,. From Figure 5 and Table IV, it is clear that the
surface of the KMnO, as obtained from the shelf is already
partially reduced to MnO,, and that both KMnO, and MnO,
at the surface are reduced to form Mn;0; upon Ar* bom-
bardment:

KMnO, 25 Mn,0, + 20, + K,0
Ar*
4MnO, — 2Mn,0, + O,

Jolly speculated previously that the surface of such highly
oxidized metal compounds could be partially reduced to a

Table IV. Effect of Ar* Bombardment on KMnO, and
Related Compounds®

Binding energy Binding energy
of Mn peaks of Mn peaks
prior to after bombardment,
bombardment, eV eV

Compound  2p,,, 2py2 2p,,; 2p;,,

KMnO, 657.5 646.6 664.1 642.4
656.4 643.5

MnO, 654.7 643.0 654.3 642.4

Mn,O, 654.1 642.4 654.4 642.5

@ Energy for Ar* beam: 2keV for 2 min, (C,5=
284.4eV).

Table V. Influence of Ar* Bombardment on Oxygen
Excess of Various Metal Oxides

O/M Ratios®
Before After

Ar* Ar*
sputter- sputter-
Compound ing ing®
MnO, 1.86 0.92 RY
Mn,O, 2.10 1.20
SrMnO, 1.96 0.68 R
LaMnO, 2.63 1.70
Co,0, 2.00 0.77 R
LaCoO, 2.75 1.82 R
La, ,Sr, ,CoO, 2.54 0.76 R

9 Ratio of O,; and M, = peak intensities (=0,s/M,p ),
corrected for stoichiometry of the compound listed and
cross section (accurate to +0.05). ® R = Reduction of
transition metal center by Ar* bombardment. € Ion
beam of 2 keV and 35 mA for 2 min.

lower oxidation state (7). Jolly's speculation was based on
the fact that such compounds as KMnO,, K,FeQ,, and Sn0O,
give increadibly low metal core binding energies for such high
oxidation state compounds. Previous reports have not claimed
the existence of the doublet structure of Mn 2p peaks for
KMnOQ,. Copperthwaite (8), however, found that prolonged
x-ray irradiation led to reduction of Mn(VII) to lower valence
states.

As shown in Table V, the intensity ratio of oxygen to metal
peaks (O/M), after correction for stoichiometry and the
photoelectric cross section (9), for some metal oxides is larger
than unity. These results suggest that excess oxygen (adsorbed
oxygen, water, and so on) exists at the surface of these oxides.
However, upon Ar* bombardment, the O/M value (corrected)
becomes closer to unity for most of the oxides. The above
results indicate that the excess oxygen atoms at the surface
can be sputtered off relatively easily. Electronic reduction
of central metals by Ar* bombardment causes a change in
stoichiometry and therefore also leads to a decrease in the
O/M ratio. It was also found that the absolute intensity of
the metal center peak is increased by 30-100% upon Ar*
bombardment, whereas the absolute intensity of the oxygen
1s peak decreased. The increase in the metal center peak
intensity is of course due to the sputtering off by Ar*
bombardment of the carbon contamination layer on the
surface of the oxides.

The O 1s spectrum for transition metal oxides in general
contains two peaks, a feature frequently observed by many
workers (10, 11). Usually, the appearance and the relative
intensity of the higher binding energy peak is dependent on
the history and pretreatment of the sample. It is reasonable
to assign the lower binding energy peak to “lattice oxygen™
and the higher binding energy one to “‘excess surface oxygen”
peak (such as M-OH and/or MO-H,0). It is therefore in-



teresting to examine the effect of Ar* bombardment on each
of the oxygen peaks. In the case of Lag sSr;3C003, LaCoOs,,
and LaNiO;, the absolute intensity of “excess surface oxygen”
peaks decreased greater than that of “lattice oxygen”. The
opposite however was observed for Mn,03, MnO,, and Co,0;.
Although we initially expected that the intensity of “excess
surface oxygen™ should decrease to a greater extent than that
of “lattice oxygen™ because of its origin, it became clear from
the present study that the situation is not so straightforward.
Additional features concerning sputtering of metal oxides are
given by Wekner (12).
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Standards for pH Measurements in Isotonic Saline Media of

Ionic Strength 1 = 0.16
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Evid.

Is pr d that pH of bicod pl
and other clinical media at an lonic strength (I) of 0.16 vs.
the NBS standards may liquid- lon errors
amounting to 0.03 to 0.05 unit. Eight dllute buﬂer solutions
to which NaCl had been added in amount sufficient to ralse
the lonic strength to 0.16 were studled at 25 and 37 °C.
Measurements of cells both with and without liquid junction
led to the conclusion that errors due to residual liquid-junction
effects can be nearly eliminated by g the lonic strength
of the standard to that of the clinical sample. This result was
firmed by calculation of liquid-junctl lals. Standard
pH values for four useful roleronce solullom with pH and lonic
strength near those of blood plasma were determined at 10
temperatures from 5 to 50 °C. A phosphate butfer d
of 0,005217 mKH,PO,, 0.018258 m Na,HPO,, and 0.1 mNaCI
(butfer ratio 1:3.5 and I = 0.16) Is to be preferred to the 1:3.5
phosphate buffer (I = 0.1) of the NBS standard scale for pH
measurements In saline medla of lonic strength near 0.16.

Measurements of the pH of blood and plasma are an
important integral part of clinical diagnosis. For the highest
accuracy and reproducibility, the glass electrode pH assembly
should be standardized at or near the pH of the clinical
sample. Furthermore, the reference standard solution (S)
should, ideally, have an ionic strength (I) close to that of the
“unknown” sample (X), namely about 0.16 mol kg™ for blood
plasma. The pH of the sample X is defined in terms of the
emf E of the cell

Reference electrode ||Soln. S or X|H; (g, 1 atm);Pt (A)

by the operational definition

! Present address, Department of Chemistry, University of Puerto
Rico, Mayagiez, P.R.

(Ex - EQ)F
RT In 10

The double vertical line in cell A represents a liquid junction.
In practice, the hydrogen electrode is usually replaced by a
glass electrode.

It should be noted that, in accord with the preference of
the International Union of Pure and Applied Chemistry at
its 1977 meeting in Warsaw, and contrary to its earlier rec-
ommendation (1), cell A is written with the reference electrode
on the left and the hydrogen or glass electrode on the right.
Consequently, a minus sign appears before the last term of
Equation 1.

Standardization of the assembly at a point close to the pH
of blood can be achieved within the framework of the NBS
standard pH scale. One of the primary reference solutions
of this scale, a mixture of KH,PO, and Na;HPO, in the mole
ratio 1:3.5 and an ionic strength of 0.1, has a pH (S) value near
7.39 at 37 °C. Other reference solutions of pH near 7.4 must
be regarded as secondary standards, useful because their pH
values have been compared carefully with the primary
standard scale. These include buffers of tris(hydroxy-
methyl)aminomethane (*“Tris") of ionic strengths 0.05 to 0.16
(2, 3), of tris(hydroxymethyl)methylglycine (“Tricine™) of I
= 0.02 (4), as well as other mixtures of phosphate salts with
I=0.13 (3).

Nevertheless, attempts to establish a primary reference
standard of ionic strength 0.16 and pH near 7.4 have met with
difficulty. Durst and Staples (2) studied the solution Tris-HC]
(0.05 mol kg™) + Tris (0.01667 mol kg™!) + NaCl (0.11 mol
kg™) at 25 and 37 °C by means of cells without liquid junction
in the manner employed for establishing the primary NBS
standards. When the values they assigned to this reference
solution were found to be inconsistent with the NBS primary
scale (see, for example, ref. 6), it was suggested (7) that this
solution also be regarded as a secondary standard. The reason
for this disparity of 0.03 to 0.05 unit was not clear; it has been

pH(X) = pH(S) - (1

0003-2700/78/0350-1295801.00/0 © 1978 American Chemical Soclety
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attributed, at least in part, to the anomalous behavior of Tris
in contact with liquid-junction devices incorporated in certain
types of commerical reference electrodes (8).

The internal consistency of the NBS primary standards,
all of which have ionic strengths of 0.1 or below, has been
clearly demonstrated (9). Pursuant to a study of the dis-
sociation of four substituted ethanesulfonic acids, two of which
are suitable for pH control in the physiological range, however,
it was discovered that buffer solutions formed from these
substances and adjusted to / = 0.16 by addition of NaCl
displayed departures from the NBS standard scale in much
the same manner as earlier observed with Tris buffers. The
buffer substances in question were TES, N-tris(hydroxy-
methyl)methyl-2-aminoethanesulfonic acid, and HEPES,
N-2-hydroxyethylpiperazine-N ~2-ethanesulfonic acid (10).
Both TES and HEPES are zwitterions, while Tris is an
uncharged base.

To enhance the reliability of pH measurements in blood
plasma and other clinical media, reference standards of ionic
strength 0.16 are much to be desired. Secondary standards
can fill the need in part, providing reproducibility from time
to time and from place to place. Nevertheless, pH values
based on these do not bear a simple relationship to chemical
equilibria such as that provided by the convention on which
the NBS scale is based (9). We have, therefore, undertaken
a study to reveal the causes of the disparity between the
operational pH of buffer solutions at I = 0.16, referred to the
primary scale, and the pH(S) determined from the emf of cells
without liquid junction. Factors investigated were (a) possible
failure of the convention for log y¢ at ionic strengths in excess
of 0.1, and (b) an appreciable liquid-junction potential when
the relatively dilute NBS reference solutions are replaced by
buffer solutions of I = 0.16. It is concluded that factor b alone
can account for nearly all of the observed discrepancy.

EXPERIMENTAL
The phosphate salts were NBS Standard Reference Materials:
KH,PO,, SRM186lc, and Na,HPO,, SRM186llc. TES and
HEPES were obtained from Sigma Chemical Co. They were
subjected to recrystallization from 80% ethanol-water and assayed
by titration with a standard solution of carbonate-free NaOH.
Assay values averaged 99.97%. Sodium chloride was recrystallized
from water and dried at 110 °C. The buffer solutions were
prepared by weighing the buffer substances, NaCl, a standard
solution of NaOH, and conductivity water.
Platinum hydrogen electrodes thinly coated with platinum black
from a solution of chloroplatinic acid were used in cells of type
A and also type B, without a liquid junction:

Pt;H,(g, 1 atm)|Buffer-NaCl soln.|AgCL;Ag (B)

The standard emf of this cell was found to be 0.22242 V at 25
°C and 0.21440 V at 37 °C by measurements of cells containing
0.01 m HCI (11). The silver-silver chloride electrodes were of
the thermal-electrolytic type, prepared as described elsewhere
(9). The liquid junction between 3.5 M KCI and the buffer
solutions in cell A was formed in a vertical tube (internal diameter
about 3 mm) with the heavier KCI solution below.
A short series of emf measurements was made with cells of the
type
NalSE|Phosphate buffer + NaCl|AgCl;Ag (&)

in which a Corning sodium electrode No. 476210 was used. The
emf of cells A and B was measured by a Hewlett-Packard digital
voltmeter Model 3460B and that of cell C by a Corning pH meter
Model 112.

RESULTS
The measurements of cell A were all standardized by a
parallel measurement of the emf of the cell containing the
NBS phosphate solution with 1:3.5 buffer ratio; its composition
is KH,PO, (0.008695 m), Na,HPO, (0.03043 m), and its ionic
strength is 0.1. Inasmuch as the reference emf (Eg) was not

always the same, the values given in Table I have been
normalized to correspond with values of 0.2501 and 0.2453 V
for the potentials of a 3.5 M calomel electrode at 25 and 37
°C, respectively (see p 327 of ref. 9). Other phosphate buffer
solutions were prepared either by adding NaCl to this solution
to raise the ionic strength or by diluting this solution before
addition of NaCl. The buffer ratio 1:3.5 was always main-
tained. The compositions are identified by listing separately
the contributions of the buffer mixture and NaCl to the total
ionic strength. Thus, *0.06 phosphate, 0.1 NaCl" (or simply
*0.06 P, 0.1 NaCl") signifies a solution in which the 1:3.5
phosphate buffer contributes 0.06 to the ionic strength, while
the added NaCl contributes 0.1. As this is six-tenths of the
ionic strength of the NBS standard phosphate solution, the
molalities of the phosphate salts are evidently 0.005217
(KH,PO,) and 0.018258 mol kg ! (Na,HPO,) and that of NaCl

is 0.1 mol kg™
The structures of Tris, TES, and HEPES are as follows:
CH,0H
HOCH,-C-CH.OH Tris
NH,

H*

|
(CH,0H),C-N-CH,CH,S0,” TES

|

H

C,H, H'

/ A\

N-C,H,S0,- HEPES
/

C.H,

HOC,H1,-N
\

The buffer solutions studied had the following compositions,
where the figures in parenthesis are molalities:

1:3 Tris: Tris-HCI (0.05), Tris (0.01667), NaCl (0.11)

1:1 TES: TES (0.04), NaTES (0.04), NaCl (0.12)

1:2 TES: TES (0.02), NaTES (0.04), NaCl (0.12)

1:2 HEPES: HEPES (0.02), NaHEPES (0.04), NaCl (0.12)

The measurements of cells without liquid junction (type
B) were more extensive than those of cell A. TES buffers
(TES/NaTES of 1:1 and 1:2) and HEPES buffers
(HEPES/NaHEPES of 1:2) were studied at several molalities
over the temperature range 5 to 50 °C, always with NaCl
added to maintain an ionic strength of 0.16. Similar mea-
surements were made with the phosphate-chloride mixture
designated 0.06P+0.1NaCl. To conserve space, only the emf
at 25 and 37°C for one solution of each series is given in Table
IL. (Data at the other temperatures are available in microform;
see final paragraph of paper.) In addition, emf measurements
of cells of type B containing other phosphate-chloride solutions
and the Tris-chloride buffer were made at 25 and 37°C and
are included in Table II. The results from these latter
measurements were in excellent accord with those of Durst
and Staples (2).

TREATMENT OF DATA

Operational pH values were calculated by Equation 1 from
the data of Table I. In each case, the reference solution was
the NBS “blood buffer”, KH,PO, (0.008695) + Na,HPO,
(0.03043 mol kg™*). Although pH(S) values for this reference
solution have been determined for the lots of phosphate salts
used here, an independent check was made using the data for
cells without liquid junction as given in Table II. The
procedure, which employed the emf for solutions of the blood
buffer containing 0.01, 0.02, 0.04, and 0.06 m NaCl, has been
set forth elsewhere (9). Figure 1 is a plot of p(ayyc), defined
by

_(E-E°)F
playyc) = RT1n 10 + log m (2
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Table I. Electromotive Force of Cells of Type A: Hg;Hg,Cl,, 3.5 M KCllIBuffer Soln.IH,(g, 1 atm);Pt, at 256

buffer, ionic strength, I NaCl, I -E,, pH, 25°C -E,, pH, 37°C
phosphate 0.1¢ 0 0.6885 (7.411)° 0.6999 (7.387)°
phosphate 0.1 0.02 - - 0.69779 7.353
phosphate 0.1 0.04 - - 0.69588 7.322
phosphate 0.1 0.06 0.68242 7.308 0.69397 7.291
phosphate 0.08 0.08 0.68159 7.294 0.69324 7.279
phosphate 0.06 0.10 0.68082 7.281 0.69250 7.267
phosphate 0.04 0.12 0.67988 7.265 0.69151 7.251
0.02 TES 0.04 0.12 0.70644 7.714 0.70702 7.503
0.04 NaTES
0.04 TES 0.04 0.12 0.68869 7.414 0.68862 7.204
0.04 NaTES
0.02 HEPES 0.04 0.12 0.70939 7.764 0.71490 7.631
0.04 NaHEPES
0.05 Tris-HCl  0.05 0.11 0.70472 7.685 0.69951 7.381
0.01667 Tris

@ Each phosphate buffer was composed of KH,PO, and Na,HPO, in the mole ratio 1:3.5. ? Reference values.

Table II. Electromotive Force of Cells of Type B: Pt;H,(g, 1 atm)iBuffer Soln.IAgCl;Ag, at 25 and 37 °C, in Volts
buffer, ionic strength, I NaCl, I E,s pH(S), 25 °C E,, pH(8), 37°C
phosphate 0.1 0.02 0.76675 7.385 0.77917 7.360
phosphate 0.1 0.04 0.74775 7.360 0.75945 7.334
phosphate 0.1 0.06 0.73644 7.339 0.74768 7.314
phosphate 0.08 0.08 0.72860 7.331 0.73950 7.306
phosphate 0.06 0.10 0.72232 7.323 0.73295 7.297
phosphate 0.04 0.12 0.71723 7.315 0.72769 7.290
0.02 TES 0.04 0.12 0.74340 7.758 0.74276 7.535
0.04 NaTES
0.04 TES 0.04 0.12 0.72560 7.457 0.72429 7.235
0.04 NaTES
0.02 HEPES 0.04 0.12 0.74619 7.805 0.75051 7.661
0.04 NaHEPES
0.05 Tris-HC1  0.05 0.11 0.73529 7.746 0.72849 7.427
0.01667 Tris
E° = 0.22242 E° = 0.21440
Table III. Operational pH Values Calculated by Equation 1 from the emf of Cell A vs. Phosphate-Chloride Standard

Reference Solutions at 25 and 37 °C

standard reference solution

NBS 0.1P + 0.1P + 0.1P + 0.08P + 0.06P + 0.04P +
buffer solution 0.1P¢  0.02NaCl 0.04NaCl 0.06NaCl 0.08NaCl 0.10NaCl 0.12NaCl pH(S)
25 °C
0.02 TES, 0.04 NaTES, 0.12 NaCl 7.714 - = 7.745 7.751 7.756 7.764 7.758
0.04 TES, 0.04 NaTES, 0.12 NaCl 7.414 - = 7.445 7.451 7.456 7.464 7.457
0.02 HEPES, 0.04 NaHEPES, 0.12 NaCl 7.764 = - 7.795 7.801 7.806 7.814 7.805
0.05 Tris-HCI, 0.01667 Tris, 0.11 NaCl 7.685 - = 1.716 7.722 7.727 7.735 7.746
37°C
0.02 TES, 0.04 NaTES, 0.12 NaCl 7.503 7.510 7.515 7.526 7.530 7.533 7.542 7.585
0.04 TES, 0.04 NaTES, 0.12 NaCl 7.204 7.211 7.216 7.227 7.231 7.234 7.243 7.235
0.02 HEPES, 0.04 NaHEPES, 0.12 NaCl 7.631 7.638 7.643 7.654 7.658 7.661 7670 7.661
0.05 Tris-HCI, 0.01667 Tris, 0.11 NaCl 7.381 7.388 7.393 7.404 7.408 7.411 7.420 7.427

@ P = Phosphate buffer (1:3.5); the numbers indicate the respective contributions of phosphate buffer and NaCl to the

total ionic strength.

as a function of the molality of NaCl in the phosphate-NaCl
mixture. The intercepts p(ayyc)® at me; = 0, found by linear
regression analysis, were 7.520 at 25 °C and 7.499 at 37 °C,
with a mean deviation slightly greater than 0.001 from the
lines drawn. By introduction of the “pH convention™ (12)
A2

-lo & 3
B Y= T (3)

into the identity
PH(S) = planyc)® + log va ()

pH(S) was found to be 7.411 at 25 °C and 7.387 at 37 °C.
These values, which differ somewhat from those assigned by

the NBS to these lots (7.415 and 7.392, respectively), were used
in subsequent calculations. The pH derived with their use
appears in the second column of Table III as well as in Table

If the pH convention set forth in Equation 3 is valid up to

= (.16 (above its intended upper limit of 0.1), one can
calculate pH values for all of the buffer—chloride solutions from
the emf data given in Table II. These values are collected
in Table II and in the last column of Table III. The same
treatment for the solutions of TES and HEPES from 5 to 50
°C yielded the smoothed values summarized in Table IV.
Similar results for the phosphate—chloride solution 0.06 P +
0.1 NaCl are given in Table V. The values derived from cells
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Figure 1. Plots of p(ayyc) for the NBS phosphate “blood buffer” as
a function of the molality of added NaCl

Table IV. pH(S) Values for TES + NaTES + NaCl and
HEPES + NaHEPES + NaCl Buffer Solutions (Ionic
Strength 0.16) from 6 to 60 °C

molality of NaTES or NaHEPES

t,°C 0.02 0.04 0.06
TES/NaTES = 1:2
6 8.170 8.172 8.174
10 8.060 8.062 8.064
16 7.964 7.966 7.967
20 7.861 7.865 7.854
26 7.766 7.758 7.768
30 7.663 7.662 7.664
37 7.5634 7.636 7.636
40 7.482 7.483 7.484
46 7.398 7.399 7.398
50 7.316 7.318 7.318
TES/NaTES = 1:1
6 7.873 7.872 7.873
10 7.762 7.761 7.763
15 7.666 7.666 7.657
20 7.664 7.664 7.6566
26 7.467 7.467 7.467
30 7.362 7.862 7.363
37 7.236 7.236 7.236
40 7.182 7.182 7.183
46 7.100 7.098 7.099
60 7.021 7.017 7.018
HEPES/NaHEPES = 1:2

6 8.060 8.066 8.072
10 7.993 7.998 8.003
16 7.927 7.933 7.938
20 7.862 7.868 7.873
26 7.801 7.806 7.810
30 7.741 7.745 7.748
37 7.668 7.661 7.664
40 7.623 7.626 7.629
46 7.667 7.669 7.672
60 7.611 7.614 7.616

without liquid junction have been designated pH(S) to dis-
tinguish them from values based on the emf of cell A which
involves a liquid-junction potential.

DISCUSSION

There is reason to believe that discrepancies of the sort that
appear between column 2 and the last column of Table IIT
are the result of an appreciable residual liquid-junction
potential (13). Maas (14) is of the opinion that this source

Table V. Emf and pH(S) Values for the Reference
Solution: KH,PO, (0. 0052l1m) + Na,HPO, (0 018258m)
+ NaCl (0.1m} from 6 to 50 °C

t,°C EV pH(S)

5 0.70500 7.406
10 0.70929 7.379
15 0.71362 7.356
20 0.71795 7.337
25 0.72232 7.323
30 0.72665 7.309
35 0.73106 7.298
37 0.73295 7.297
40 0.73544 7.291
45 0.74001 7.289
50 0.74449 7.287

of error in clinical pH measurements can largely be eliminated
by matching the ionic strength of the standard reference
solution to that of the clinical samples. This can be ac-
complished readily by employment of secondary standards.
To achieve results congruent with the primary standard scale,
however, it is necessary to examine the data for cells without
liquid junction and the validity of the convention of Equation
3.

Single Ion Activity Coefficient. Evidence, largely cir-
cumstantial, leads one to believe that pH(S) values derived
from the emf of cell B with the aid of Equation 3 lie close to
the NBS standard scale, based on the same pH convention.
This reasoning will now be summarized.

The estimated values for the logarithm of the activity
coefficient for chloride ion at 25 °C resulting from Equation
3 are -0.110 at I = 0.1 and -0.128 at I = 0.16. These values
are close to the logarithm of the mean activity coefficient (log
v2+) of NaCl at I = 0.1 (-0.109) and at I = 0.16 (-0.126). At
37 °C, log vy at I = 0.16 is -0.130 from Equation 3, while log
v+ is =0.128. An inconsistency of the order of 0.02 to 0.04
seems extremely unlikely. Furthermore, the hydration
convention for single ionic activities at high concentrations
(15) yields a value of -0.130 for log ¢, in a solution of NaCl
of molality 0.16 mol kg™

One expects, of course, that log v, and log v, in a phos-
phate-NaCl mixture (I = 0.16) will differ from that in 0.16
m NaCl. Furthermore, these quantities will probably vary
linearly with molal composition at this constant ionic strength
(16). In order to estimate the probable change in log v.(NaCl)
when a part of the NaCl is replaced by a phosphate buffer
at a constant ionic strength of 0.16, the sodium glass electrode
(NaISE) was utilized in cells of type C at 25 and 37 °C. The
following emf data were obtained:

ionic strength E(V)at
phosphate  NaCl 26 °C 37°C
0 0.16 0.0432 0.0466
0.04 0.12 0.06540 0.0574
0.10 0.06 0.0767 0.0814

The standard emf of cell C was derived by use of the known
log 4 in the 0.16 m NaCl solution, and the activity coefficient
in the buffer-chloride mixtures was calculated by

(E - E°)F
2RT In 10

The results, shown in Figure 2, are not of high accuracy.
Those at 37 °C, in particular, confirm the expectation that
-log 4 at I = 0.16 increases in linear fashion with replacement
of NaCl by buffer. They show that the increase amounts to
about 0.001 in -log v, for each increment of 0.01 in the
contribution of phosphate to the total ionic strength. Thus,
-log vq calculated by the hydration convention for the solution

-log vs = +1/2log (mygme)  (5)
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Figure 2. Variation of the logarithm of the mean activity coefficient

of NaCl in phosphate-chloride mixtures of I = 0.16, as a function of
composition at 25 and 37 °C

composed of phosphate (I = 0.06) and NaCl (I = 0.1) should
be higher by 0.006 than the value (0.130) calculated above.
It may be concluded that deficiencies in the estimation of the
activity coefficient of chloride ion are small compared with
the difference of 0.042 at 25 °C and 0.030 at 37 °C between
the pH values of this solution derived from cells A and B (see
Tables I and I1.)

Residual Liquid-Junction Potential. We have now
shown that, in all likelihood, the values of pH(S) given in the
last column of Table III lie close to the standard scale defined
by the NBS primary standards. Thus it is possible to de-
termine the effect of the ionic strength and composition of
the standard on the pH of TES, HEPES, and Tris buffers
derived from the emf of cell A by Equation 1. For this
purpose, one selects from Tables I and II corresponding values
of Es and pH(S) for reference phosphate—chloride solutions.
The results of such a calculation are entered in Table III, and
the data at 37 °C are shown graphically in Figure 3. The
horizontal dotted lines indicate the values of pH(S) deter-
mined from cells without liquid junction by applying the
convention set forth in Equation 3.

It is clear that the greater part of the discrepa:acy between
the operational pH value from cell A and the conventional
activity pH from cell B is removed by matching the ionic
strength of standard S with that of the unknown sample X.
As far as buffers of TES, HEPES, and Tris with added NaCl
are concerned, some further improvement results from an
increase in the NaCl molality at the expense of the phosphate.
Indeed, a reference standard composed of phosphate (I = 0.06)
and NaCl (/ = 0.1) appears to eliminate the residual lig-
uid-junction potential for the TES and HEPES buffers, al-
though a potential difference of about 0.9 mV (0.015 pH unit)
persists for the Tris buffer.

Calculations of residual liquid-junction potentials by the
Henderson equation lead to expected differences (in pH units)
of 0.008 to 0.015 between the NBS blood buffer (I = 0.1) and
solutions with ionic strength 0.16 (13). Using limiting ionic
conductances at 25 °C when available and estimating those
for HPO,*, TES", HEPES", and Tris-H* from the conduc-
tances of ions of related structures, we find the following values
for the potentials across the junction buffer||3.5 M KCI:

buffer solution I Ej, mV
1:3.5 Phosphate 0.1 1.9
P(0.10) + NaCl(0.06) 0.16 1.5
P(0.08) + NaCl(0.08) 0.16 1.4
P(0.06) + NaCl(0.10) 0.16 1.3
P(0.04) + NaCl(0.12) 0.16 1.3
1:1TES(0.04) + NaCl(0.12) 0.16 1.3
1:2TES(0.04) + NaCl(0.12) 0.16 1.3
1:2HEPES(0.04) + NaCl(0.12) 0.16 1.3
1:3Tris(0.05) + NaCl(0.11) 0.16 0.8

It is evident that the residual liquid-junction potential when
the blood buffer (I = 0.1) is replaced by a TES buffer (I =
0.16), for example, should not exceed 0.6 mV (0.01 pH unit),
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Figure 3. Effect of the ionic gth and the
standard on the operational pH values of TES, HEPES, and Tris buffer
solutions of ionic strength 0.16 at 37 °C

whereas the observed differences are three times this figure.
On the other hand, the calculations offer support for the
conclusion that the residual liquid-junction potential is small
when the pH of TES/NaCl and HEPES/NaCl buffers is
measured with phosphate/NaCl standards of a comparable
ionic strength. As plasma and other clinical media usually
contain NaCl and have an ionic strength near 0.16, the choice
of 0.06 phosphate + 0.1 NaCl, pH(S) = 7.297 at 37 °C, as a
standard for routine clinical measurements has much to
recommend it. Although this reference solution has a pH
about 0.1 unit lower than that of blood plasma, errors in the
emf/pH slope of commercial glass electrodes are not likely
to introduce any significant error, if adequate temperature
control is provided. Double standardization, above and below
the pH of blood, is possible with the buffers 0.04TES +
0.04NaTES + 0.12NaCl, pH(S) = 7.235 at 37 °C, and 0.02TES
+ 0.04NaTES + 0.12NaCl, pH(S) = 7.535 at 37 °C. Un-
fortunately, to prepare these buffer solutions, one needs a
standard solution of NaOH. It is worth noting that pH
measurements at 37 °C and I = 0.16, based on the NBS blood
buffer (I = 0.1), fall, on the average, 0.03 unit lower than those
based on these reference buffers with ionic strength of 0.16.

Finally, the calculations show that the liquid-junction
potential for the Tris buffer at I = 0.16 probably differs
considerably from that of the other buffers studied. Correction
for the residual liquid-junction potential of 0.5 mV between
0.06P + 0.1NaCl and the Tris/NaCl buffer adds 0.008 pH unit
to the values derived from cell A and given in Table IIL. The
corrected value of 7.419 at 37 °C still falls short of 7.427 found
from measurements of cell B.

The low value of E; calculated by the Hend equation
of Tris/NaCl buffers compared with the other buffer solutions
of the same ionic strength is the result of a larger value of
e A ° - Zc,A4°, which, in turn, is caused by the fact that the
mobility of the Tris-H* cation is lower than the mobilities of
the cations (Na*, K*) of which the other buffer solutions are
composed. One may attribute the lowered mobility to the high
capability for hydrogen bonding to water afforded by the three
hydroxyl groups of the Tris structure.

Supplementary Material Available: Tables (1 page)
containing emf data for TES/NaCl and HEPES /NaCl solutions
over the temperature range 5 to 50 °C will appear following these
pages in the microfilm edition of this volume of the journal.
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Differential Pulse Polarographic Determination of Molybdenum

at Parts-per-Billion Levels

Paula Bosserman and Donald T. Sawyer*®
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Department of Soil and Environmental Sciences, University of California, Riverside, California 92521

A new method for the ination of molybd at trace
levels has been developed, which Is based on the electro-

hemical reduction of (8-quinolinolato)molybde-
num(VI). The plex is d and extracted from the
sample matrix into form prior to its reduction at -1.08
V vs. SCE in dimethy! f ide. Only tung: tracts

and it does not interfere with the analysis. A linear calibration
curve Is obtained for the ation range from 0.1 uM (9.6
ppb) to 100 uM (9.6 ppm). The method has been applied to
plant samples that have been grown on fly-ash amended solls.

Numerous analytical methods have been developed for the
determination of molybdenum (7). Among the most common
are the spectrophotometric analysis of Mo(SCN); (2) and
flameless atomic absorption spectrometry (3). Although these
methods are reasonably sensitive, they are subject to numerous
interferences. Other sensitive methods for the determination
of molybdenum include neutron activation analysis and x-ray
fluorescence spectrometry. The detection limit for neutron
activation analysis is several nanograms for a 10-h irradiation
with a flux of 10" neutrons cm2s™ (4). A detection limit of
72 ng of molybdenum has been reported for x-ray fluorescence
spectrometry (4). Both of these methods require the use of
elaborate and often unavailable instrumentation. Further-
more, sensitive neutron activation methods for molybdenum
require long irradiation times. A method based on the EPR
spectrum of Mo(V) (5) is a variant of the Mo(SCN); spec-
trophotometric procedure. Although it is sensitive, the re-
sponse is nonlinear and provides poor precision. Inductively

coupled plasma emission spectroscopy also offers a sensitive
method of molybdenum analysis with a detection limit of 5
ng/mL (). This method also is subject to matrix interfer-
ences.

Several polarographic methods for the determination of
molybdenum have been developed. These include Mo(VI)
by anodic stripping voltammetry at mercury (6) and graphite
(7) electrodes. In both cases, the limit of detection is 5 uM.

The sensitivity of molybdenum determinations can be
enhanced by the use of solvent extraction to both isolate and
concentrate molybdenum complexes. Molybdenum(VI) forms
an especially useful complex with 8-quinolinol (8-hydroxy-
quinoline, oxine, HQ) in acidic solution which can be
quantitatively extracted into chloroform (8). This complex
also can be extracted into isobutyl methyl ketone and ethyl
acetate (9). Polarographic studies have established that the
bis(8-quinolinolato)molyhdenum(VI) complex has a reduction
half-wave potential at -0.30 V vs. a Hg pool in isobutyl methyl
ketone and ethyl acetate, and at —0.46 V vs. a Hg pool in
chloroform. The voltammetric behavior of the Mo(VI)-8-
quinolinol complex in dimethyl sulfoxide at a platinum
working electrode has been described (10). A quasi-reversible
peak at -1.15 V vs, SCE is observed for the complex, and free
ligand is not reduced in this system at potentials less negative
than -1.95 V vs. SCE.

Differential pulse polarography has been demonstrated to
be a sensitive voltammetric method for the analysis of many
trace metals. Although most differential pulse polarographic
methods have been developed for aqueous media, the se-
lectivity and preconcentration of solvent extraction has led
to the present study. This has resulted in a method for the
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determination of the Mo(VI) oxine complex in aprotic solvents
that is rapid, selective, and sensitive to trace levels of mo-
lybdenum in biological matrices.

EXPERIMENTAL

Apparatus. Differential pulse polarograms were obtained by
use of a Princeton Applied Research Model 174A Polarographic
Analyzer using a three-electrode system, and a Hewlen Packard
Model 7040A X-Y r . The electrochemical cell i
of a 100-mL electrolytic beaker and a Leeds and Northrup
polyethylene electrochemical cell top. The cell top had provision
for inserting a dropping mercury electrode, which was used as
the working electrode, a reference electrode, an auxiliary electrode,
a bubbler used to deaerate the solutions with argon, and a short
piece of glass tubing used to flow argon over the cell while the
polarograms were recorded.

A tapered dropping mercury electrode capillary tube was
connected to a mercury reservoir by means of Tygon tubing.
Inserted in the tubing was a platinum wire contact which had been
sealed in soft glass. A Princeton Applied Research Model 174/70
drop knocker was used to obtain reproducible drop times. The
reference electrode consisted of a silver wire coated with silver
chloride in a Pyrex tube closed with an unfired Vycor tip. The
electrode was filled with a solution of tetramethylammonium
chloride with the concentration adjusted such that the electrode
potential was 0.00 V vs. SCE. The auxiliary electrode was a
platinum flag sealed in soft glass. Neither an auxiliary com-
partment nor a Luggin capillary was used. A Leeds and Northrup
pH meter equipped with a Broadly James Corp. combination pH
electrode was used for all pH measurements.

Reagents. Dioxobis(8-quinolinolato)molybdenum(VI)
(Mo'V0,Q,) was prepared by the method of Isbell (10) The
product was filtered and washed three times wita methanol. It
was then dried under vacuum for four days and stored under
vacuum. Stock solutions of 1.00 X 10°°M Mo"'0,Q, in dimethyl
sulfoxide (DMSO), propylene carbonate (PC), and dimethyl
formamide (DMF) were prepared by use of Burdick and Jackson
“distilled in glass” solvents. All of the electrochemical studies
made use of these solvents. Tetra-n-butylammonium perchlorate
was obtained from Frederick Smith Chemical Company and was
used as the supporting electrolyte. Stock solutions of Mo(V1) were
prepared by dissolving in distilled water Mallinckrodt ammonium
molybdate ((NH,)sMo;0,,-4H,0) which had been dried for 2 h
at 110 °C. A 1% solution of 8-quinolinol in chloroform was made
by use of Matheson, Coleman, and Bell 8-quinolinol and Mal-
linckrodt reagent grade chloroform. Stock solutions of EDTA
were prepared by dissolving J. T. Baker Na,H,EDTA in distilled
water. Bethlehem triple distilled instrument grade mercury was
used for the dropping mercury electrode.

Procedure. The differential pulse polarogram was recorded
between an initial potential of -0.80 V and a final potential of
-1.40 V. A scan rate of 2 mV/s was used with a modulation
amplitude of 25 mV. A drop time of 1 s was obtained by use of
the mechanical drop knocker. The low pass filter and the noise
filter on the mechanical drop knocker were left off. Calibration
curves were prepared by the addition of Mo¥'0,Q, to a cell that
contained 50 mL of solvent with 0.1 M TBAP as supporting
electrolyte. For some of the differential pulse polarograms 20
uL of concentrated acetic acid was added to the cell solution. Prior
to the polarographic analysis the cell solutions were degassed for
5 min with argon.

RESULTS AND DISCUSSION

Molybdenum in the form of the dioxobis(8-quinolinola-
to)molybdenum(VI) complex (M0"'0,Q,) can be determined
effectively by differential pulse polarography in a dimethyl
formamide (DMF) solvent system. Figure 1 illustrates the
differential pulse polarograms for 0.1 yM and 1.0 uM
Mo"'0,Q, in DMF. The peak current at -1.08 V vs. SCE is
directly proportional to the concentration of molybdenum,
as illustrated by the calibration curves of Figure 2. The
response is linear from 0.1 uM to 100 xM molybdenum if the
sample solution contains 7 uM acetic acid.

Selection of Solvent. Because the Mo(VI) oxine complex
is reasonably soluble in dimethyl sulfoxide (DMSO) and this
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represented a solvent with known electrochemistry for the
complex (10), DMSO received first consideration for the
determination of molybdenum. For a DMSO solvent with 0.1
M tetra-n-butylammonium perchlorate (TBAP) as the
supporting electrolyte the detection limit for Mo"'0,Q, is 1
uM. However, the calibration curve is not linear because of
the app of a doublet peak at trations of mo-
lybdenum above 18 uM. Below this concentration, Mo"'0,Q,
is reduced at a peak potential of -1.04 V vs. SCE, and for




1302 « ANALYTICAL CHEMISTRY, VOL. 50, NO. 9, AUGUST 1978

Table L Analytical and Extraction Efficiency for
Molybdenum as Mo¥10,Q, from an Aqueous Solution
of (NH,)Mo,0,,-4H,0

umol added umol found % recovery
0 0 -
1.0 x 10°* 1.2x 107 120
65.0x 10 5.1x 10°* 102
1.0x 102 1.1x 107? 110
5.0x 1072 4.9x 102 98
1.0x 107" 1.1x 10! 110
5.0x 107! 4.6x 10" 92

concentrations above 80 xM the complex is reduced at -1.10

Propylene carbonate also received consideration as a solvent
system. With it and 0.1 M TBAP as the supporting elec-
trolyte, linear calibration curves are cbtained for the con-
centration range from 0.5 uM to 100 xM Mo"'0,Q,. Peak
splitting does not occur within the concentration range.
However, the quality of the Burdick and Jackson propylene
carbonate was highly variable. A contaminant often appeared
with a reduction peak at -1.09 V. Vacuum distillation did
not result in a significant improvement.

The deficiencies of DMSO and propylene carbonate
prompted us to try dimethylformamide (DMF) as a solvent
for the determination of Mo"'0,Q,. In DMF with 0.1 M
TBAP as the supporting electrolyte, the detection limit for
molybdenum is 0.2 uM. For these conditions, the calibration
curves are not linear because of the same peak splitting
phenomenon that is observed in DMSO. The addition of a
small amount of concentrated acetic acid to the cell solution
(about 7 uM) eliminates this problem at all concentrations
and results in linear calibration curves. Addition of acetic acid
increases the peak current for Mo*'0,Q; at all concentrations
and causes the reduction peak potential to be stable at -1.08
V vs. SCE. Figure 3 illustrates the effect of acetic acid
concentration on the peak current for the Mo(VI)-oxine
complex in DMF.

Quality of Extraction. To test the extraction procedure,
known amounts of ammonium molybdate have been extracted
from distilled water according to the method of Morrison and
Freiser (8). To a beaker that contains known amounts of
ammonium molybdate in approximately 50 mL of distilled
water is added 5 mL of 0.02 M EDTA solution. The solution
is diluted to about 100 mL and the pH adjusted to pH 1.55
by use of concentrated NaOH and 3 M HCI. The solution
is then transferred to a 250-mL separatory funnel and ex-
tracted twice by shaking for 2 min with 10-mL portions of a
1% solution of 8-quinolinol in chloroform. The chloroform
layer is then transferred to an electrochemical cell, and the
chloroform removed by evaporation at room temperature.
Next, 10 mL of DMF that contains 1 mmol of TBAP and 0.07
mmol of acetic acid is added to the cell. The differential pulse
polarogram is recorded after the solution is deaerated with
argon for 5 min, and the peak current compared to the
calibration curves to determine the percent recovery. Table

¢ ) 200 300 co
[Hoaz] ., mm

Figure 3. Dependence of peak current for the reduction of Mo*'0,Q,
in DMF (0.1 M TBAP) as a function of the concentration of acetic acid

I summarizes the results. Theoretically, 99% of the mo-
lybdenum should be extracted.

Applications. The differential pulse polarographic method
has been applied to the determination of molybdenum in
plants that have been grown on fly-ash amended soils. Two
types of plant materials, alfalfa and fescue, have been analyzed
by use of a combustion procedure. Approximately 2.5 g of
air-dried plant material are placed in Vycor crucibles and
dry-ashed in a muffle furnace at 550 °C for 8 h. (Attempts
to wet-ash plant samples failed because of incomplete oxi-
dation of the organic matter.) After ashing, the samples are
allowed to cool to room temperature. The ash is then dissolved
in 3 M hydrochloric acid and diluted to exactly 50 mL with
3 M hydrochloric acid. Occasionally, a small amount of residue
does not dissolve in the acid. In these cases, the sample is
centrifuged until all of the particulate matter is separated from
the bulk of the solution. For the purposes of evalvating the
procedure, each dry-ashed and dissolved sample has been
divided into two portions to test for interferences and percent
recovery. Ten-mL aliquots of each portion have been ex-
tracted by the previously-described procedure. One of these
is analyzed by the differential pulse polarographic procedure.
Then, by means of the standard addition method, the sample
is spiked with a known amount of Mo"'0,Q, and reanalyzed
for molybdenum. The results confirm that the reduction
current only is due to the presence of molybdenum and that
interferences are not extracted. These results are in accord
with the expectation that only the molybdenum and tungsten
oxine complexes are extracted into chloroform at pH 1.55.

The second portion of sample solution has been extracted
and analyzed in the usual manner except that, before ex-
traction, a known amount of ammonium molybdate has been
added to the sample solution to determine the efficiency of
the extraction process.

The results are summarized in Table II and are compared
to the results that are obtained by the Mo(SCN); spectro-
photometric method (11). The differential pulse polarographic
method provides a sensitive, selective means for the deter-
mination of trace levels of molybd in envirc al
samples. By use of a solvent extraction cleanup, interferences
are excluded from the electrochemical solution. The latter
has a detection limit of 0.1 M Mo(V]) oxine; a linear peak

Table II. Determination of Molybdenum in Plant Samples

molybdenum content

standard addition,

differential pulse
polarography,

sample ppm
fescue 1 6.6
fescue 2 1.7
alfalfa 1 5.6
alfalfa 2 2.1
alfalfa 3 5.0

differential pulse

polarography, spectrophoto- extraction
ppm metry, ppm efficiency, %
6.6 5.2 94
1.7 2.4 100
4.8 5.1 112
2.4 1.5 95
4.3 2.7 97




current response is obtained up to concentrations of 100 uM.
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Differential Pulse Polarography of Phenylarsine Oxide
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Differentlal pulse polarography was applled to analyze for
phenylarsine oxide (PAQ) in aqueous solutions at different pH
values. Optimization of the | artitacts resulted In
a detection limit of 10° M PAO at pH 7.3, a relative standard
devlatlon of 1.7 %, and a maximum sensltivity of 450 utA/mM
PAO. The polarographic reduction of phenylarsine oxide was
found to be pH d. Cyclic volit y and coulometry
were used to characlerlze the electrode process.

Several studies have been reported on the polarographic
reduction of organic arsenic species (1-5). This interest is the
result of the use of these compounds as herbicides (6) as well
as the fact that organic arsenic compounds may be produced
from inorganic arsenic by natural biological processes (7).

The determination of inorganic arsenic by differential pulse
polarography (DPP) (8) and differential pulse anodic stripping
voltammetry (9) has been reported previously. The po-
larographic reduction of dimethylarsinic acid and methyl-
arsonic acid has also been reported (3). Bess et al. (4) studied
the DPP of a series of alkylarsonic and dialkylarsinic acids
below pH 2. They found the peak potentials were pH de-
pendent, shifting to more anodic values at lower pH values.
Recently, Bess et al. (5) reported on the DPP of aromatic
arsonic and arsinic acids. They found peak potentials as well
as peak currents were pH dependent below pH 2.

Phenyl arsonic acid and phenyl arsonous acid were studied
extensively by Watson and Svehla (1, 2) using dc polarography
at a DME. They suggested that phenylarsine oxide (PAO)
existed in aqueous solution as phenyl arsonous acid and the
diffusion current was pH independent. Unfortunately, above
pH 2 their waves were poorly formed and exhibited broad
maxima, No data were presented above this pH, and most
of the work was carried out in 0.1 M HCI at concentrations
below 1 X 10 M, where PAO showed two main reduction
processes. The half-wave potentials were shown to be pH
dependent as the reduction processes became increasingly
irreversible with increasing pH. A reaction scheme for PAO

istry Lab Y, 2530 School of Public Health I, The University of

in 0.1 M HCI was proposed, where the reduction product
reacts with the electroactive species with the formation of an
insoluble polymeric product. The first wave was attributed
to the reduction of PAO to phenylarsine, where each mole of
phenylarsine combines with an additional two moles of PAO
to form the insoluble polymeric product. The second wave
was due to an increase in the fraction of PAO molecules that
undergoes reduction to phenylarsine and a decrease in the
fraction of PAO molecules that reacts with the phenylarsine.
At this wave there is a net increase in the average number of
electrons consumed per molecule of PAQ. Further information
on the reaction schemes can be found in their original article.

PAO is used as a titrant for the direct and indirect de-
termination of residual chlorine and ozone in water and
wastewater (10). Preliminary investigations on the direct
measurement of PAO by DPP indicate that this technique
is a promising method for lowering the detection limits in the
indirect measurement of these oxidants (11). Since the control
of pH is a necessary consideration in free and combined
chlorine analysis with PAO (10, 12) as well as the stability and
measurement of ozone (10, 13), an investigation of the effect
of pH on the DPP of PAO was mandatory.

In the following discussion we describe the DPP behavior
of PAO and suitable conditions for analysis. For the purpose
of analytical method development, the effect of pH on the
reduction of PAO was investigated, and the reduction was
shown to have strong pH dependence. This is in contrast to
earlier findings by Watson and Svehla (1, 2), emphasizing the
need for a better understanding of the reduction processes.
In addition to investigating the reduction processes, we have
optimized instrumental artifacts (14) for the DPP technique,
resulting in a highly reproducible analysis of PAO whose
sensitivity is pH dependent.

EXPERIMENTAL

Apparatus. A Princeton Applied Research, Inc. (PAR) Model
174 Polarographic Analyzer and a Model 174/50 drop timer were
used. A PAR Model 175 Universal Voltage Programmer was used
for cyclic voltammetry. Temperature studies were conducted usi
the PAR Model 9350 water jacketed cell with a Haake TP-42

0003-2700/78/0350-1303501.00/0 © 1978 American Chemical Society
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Table I. Constant Ionic Strength Buffers, u = 0.025

pH buffer composition

1-4.8 HCI-HC,H,0,-KCl
4.8-5.2 HC,H,0,-NaOH-KCl
6.3-7.6 Na,HPO,-KH,PO,
8.3-8.9 H,BO,-Na,B,0,

10.5 NaHCO,-Na,CO,

12 NaOH-HCI-KCI

55 o5 57 o5

Velrs v Ag/agCi

Figure 1. DC and DP polarograms of 2.57 X 10" M PAO at pH 1.8

constant temperature recirculating water bath. Coulometric
experiments were performed with a PAR Model 379 coulometer
and Model 377 cell system using a mercury pool electrode and
5 mL of electrolyte. Current was recorded on either a Houston
Omnigraphic Model 200 X-Y recorder or a Honeywell Model 194
strip chart recorder.

A double Vycor junction Ag/AgCl reference electrode with a
potential of -40 mV vs. SCE was used for all experiments. A
platinum wire was used as the counter electrode. A Metrohm
E-410 HMDE was used for cyclic voltammetry, and a DME with
a natural drop time of 3 s at 49.5 cm with a flow of 3.05 mg/s was
used for all polarograms unless otherwise stated.

Reagents. All chemicals were reagent grade and used without
further purification. Triple distilled mercury was used throughout.
All water was passed through mixed bed ion-exchange resins and
triple glass distilled. Constant ionic strength buffers were prepared
according to Perrin and Dempsey (15) and are given in Table 1.
Stock PAO solution (2.5 X 10" M) was prepared according to the
standard method (10).

RESULTS AND DISCUSSION

As a preliminary examination, a dc polarogram of 2.5 X 107
M PAO at pH 1.8 was run and is shown in Figure 1. The
DPP polarogram of the same solution is also given for
comparison. Since Triton-X 100 and a high degree of damping
were used to obtain the dc polarogram in Figure 1, Tast
polarograms were run for the first reduction wave of 6.25 X
10 M PAO at pH values 1.8 and 8.7 (x = 0.025) to observe
the effect of pH on the diffusion current and half-wave po-
tential. The diffusion currents were 0.186 A with an E,,
of -0.200 V and 0.06 A with an E, ; of -0.756 V at pH 1.8
and 8.7, respectively.

Since our goal was the development of a sensitive technique
for the analysis of PAO, further studies required the use of
DPP. Using constant ionic strength buffers (16), 3.08 X 10
M PAO was examined throughout the pH range 1.8 to 12.5.
In general, PAO exhibited three reduction peaks, A, B, and
C, with varying pH dependencies, as shown in Figure 2. Two
unresolved peaks, B and C, occurred at the more cathodic
potential. At low pH, peak B predominates; while at high pH
value, peak C predominates. At about pH 4.7, both peaks B

Currem

-063v pH-BD

Voira ve Ag/AgCH
Figure 2. DPP of PAO at various pH values. {PAO] = 3.08 X 10°®
M; scan rate = 2mV/s; drop time = 2 s; pulse amplitude = 100 mV;
ionic strength (u) = 0.025

Current

-00 03 06 09 g
Voits vi AgragCl

Figure 3. Cyclic voltammograms of PAO at an HMDE. [PAQO] = 2.50
X 10 M; scan rate = 200 mV/s; HMDE area = 2.22 mm? u = 0.025;
pH 4.7

and C approach equal height. Better resolution could not be
obtained with decreases in scan rate (0.5 mV/s) or smaller
modulation amplitudes (5, 10, 25 mV). The pH dependence
of the current is inconsistent with the results reported by
previous investigators (I, 2). It is apparent that the pH
dependence is not an artifact of DPP since Tast polarograms
exhibit the same behavior. To determine if this behavior is
characteristic of a DME only, an investigation of the
mechanism of reduction of PAO by stationary electrode
voltammetry and coulometry was initiated.

Voltammetry. The voltammetric behavior of PAO at an
HMDE was investigated to aid in the resolution of the re-
duction processes. The experimental data reported below are
uncorrected for spherical diffusion, charging current, or 1/ Vi
decay of reduction current.

Cyclic voltammograms were obtained for 2.5 X 10° M PAO
at a pH of 4.7 and are shown in Figure 3. It can be seen from
this series of voltammograms that peak E represents the
oxidation of the product of process A and peak D represents
the oxidation of the product of process B and C.

In eyclic volt try, the hanism of an electrode
reaction can be studied by analyzing the variation of the
experimental data with changes in the scan rate, concentration,




or pH. The peak current function, i,/ CVVisa particularly
useful diagnostic p in the ion of kinetic effects
7).

At a concentration of 1.18 X 10-° M PAO and pH 4.7, the
peak current function for A increased by 87% when the scan
rate is increased from 0.1 V/s to 1.0 V/s while that for peak
E decreased by 8%. On increasing the scan rate, peaks B and
C formed a single peak (B) whose peak current function
increased 23% over this scan range while that for peak D
increased 134%. The peak potentials of peak A and peak B
shifted cathodically 43 mV and 50 mV, respectively, over this
scan range. The fact that cathodic shifts are observed together
with the occurrence of anodic peaks implies that quasi-re-
versible electron transfers are involved in both reduction
processes (17). On increasing the PAO concentration to 5.76
X 10°°M from 1.18 X 105 M PAO at a scan rate of 0.2 V/s,
the peak current function decreased 42% for A, 28% for B,
42% for C, and 23% for D. Very few processes other than
adsorption cause the peak current function to both increase
with increasing scan rate and decrease with increasing con-
centration (18).

A brief investigation, involving film stripping voltammetry,
confirmed the presence of adsorption. At a given PAO
concentration, adsorption and therefore i, increased with
increasing deposition time at a potential of -0.7 V for peak
E and peak B in subsequent anodic and cathodic stripping
voltammograms, respectively. No effect of the deposition time
was observed on either peak A or B and C in cathodic stripping
voltammograms after deposition at 0.0 V, or on peak D and
E in anodic stripping voltammograms after deposition at -1.2
V (Figure 3E). This implies that the product of process A is
adsorbed and is reduced in process B.

The diagnostic parameter, i,/i., for product adsorption
should approach unity at low scan rates (diffusion controlled)
and increase at higher scan rates (adsorption controlled). For
reactant adsorption the i,/i. ratio should approach unity at
low scan rates and decrease at higher scan rates (18, 19). It
has already been shown that the product of peak A is ad-
sorbed; however, the i,/i. ratio for peak E and A decreased
from 3.1 at 0.1 V/s to 1.5 at 1.0 V/s. Where reactant ad-
sorption has been shown (peak B), the i,/i. ratio for peaks
D and B increased from 0.6 to 1.1. The deviation from the
theoretical response could imply that another kinetic com-
ponent such as a coupled chemical reaction could be involved.
In cyclic voltammetric studies of phenylarsonic acid, Bess et
al. (5) reported that both product and reactant adsorption
could occur depending on the concentration examined. They
also found that the reduction process was not entirely diffusion
controlled and that coupled chemical kinetics did contribute
to the total reduction current.

The occurrence of a pH dependent step involved in the
reduction of PAO is apparent by examination of the peak
current function with changing pH. The peak current function
of A decreased 52% on increasing the pH from 1.2 to 7.6, while
that for peak B decreased 20%. The E;, for peak A shifted
cathodically 0.068 V/pH unit and peak B shifted cathodically
0.073 V/pH unit.

These results indicate that the reduction of PAOQ is probably
the result of stepwise quasi-reversible electron transfers. The
adsorption of the product of the first reduction process
undergoes reduction at the second electron transfer and this
process is further complicated by a pH dependent coupled
chemical reaction.

Coulometry. Exhaustive microcoulometry was performed
in 0.1 M HCIO, and at a pH of 1.8 in the constant ionic
strength buffer. This was done at the dc polarographic
plateaus of each wave in order to determine the number of
electrons involved in the reduction process. Electrolysis of
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2.36 X 107 mol of PAO at either -0.35 V or 0.5 V at mercury
pool cathode for the first wave was inconclusive because of
unexplainable changes in the background current in the pH
1.8 buffer. In contrast, electrolysis at —0.35 V in 0.1 M HCIO,
gave very reproducible results, permitting calculation of the
number of electrons. Eight replicate experiments of two
different stock solutions performed over a two-day period gave
an average n value of 2.02 with a standard deviation of 0.02.
Electrolysis of three additions of 1.28 X 10 mol and four
additions of 2.36 X 10® mol of PAO in 0.1 M HCIO, resulted
in an average n value of 2.01 with a standard deviation of 0.05.
During these electrolyses, a precipitate was obtained and mass
spectra analysis showed monomeric, dimeric, and trimeric
mass units of (CgHsAs) as well as evidence of higher mass
units. No evidence corresponding to a mass unit of (CgHs-
As);0 or its fragmentation pattern was observed (1, 2).

Electrolysis on the plateau of the second wave in the pH
1.8 buffer for seven replicate experiments for 2.36 X 10”7 mol
of PAO resulted in a value for n of 3.92 £ 0.05. In0.1 M
HCIO,, electrolysis of 2.36 X 10”7 mol of PAO for seven ex-
periments gave a value of 3.96 + 0.08 for n. Noprecipitate
was observed until the solution was allowed to stand exposed
to air.

Electrolysis at -0.35 V in 0.1 M HCIO, followed by elec-
trolysis at —0.8 V for 2.36 X 107 mol of PAO resulted in 2
electrons per molecule at —0.35 V and another 1.6 electrons
per molecule at —0.8 V. These results confirm the stepwise
reduction mechanism indicated earlier by cyclic voltammetry.
The fact that a total of only 3.6 electrons were found instead
of 4 may be explained by adsorption of the insoluble product
on the cell or electrodes, thereby preventing contact with the
mercury. After electrolysis at -0.35 V, a differential pulse
polarogram was scanned between +0.1 and -1.0 V and neither
peak A or peak B was observed. The absence of peak B is
due to the adsorption of the product of A on the mercury pool
cathode.

A potential of +0.1 V was applied to the mercury pool, after
electrolysis at —0.35 V, and a large anodic current flow was
observed. A differential pulse polarogram was subsequently
run and the reappearance of peak A and peak B was observed.
‘This indicates that the product of the first electron transfer
can be oxidized back to PAO and may represent the cyclic
voltammetric peak E.

No DPP peaks were observed after electrolysis at -0.8 V
followed by electrolysis at +0.1 V. Since cyclic voltammetry
indicated that the second reduction is quasi-reversible, the
product of that reduction must either be involved in irre-
versible chemical reaction or form a gas which is removed from
solution by effusion.

Differential Pulse Polarography. Effect of Temper-
ature. A common way of investigating the nature of the peak
current of a reduction process is to observe the effect of
temperature. Observing the change in peak currents with
temperature can help to evaluate whether kinetic currents are
involved. Diffusion controlled currents usually change by less
than 2% per degree, while the effect on kinetic current may
vary from 2 to 20% (20).

The change of i, in the temperature range of 20-55 °C for
all peaks as a function of pH are shown in Table II. These
data indicate that most of the current is diffusion limited.
Nevertheless, some kinetic current component is evident,
which would be expected if a coupled chemical reaction is
involved in the reduction mechanism. Increasing the tem-
perature should decrease the peak height of adsorption
controlled process; yet some adsorption processes can be
diffusion controlled (21). Therefore, the temperature coef-
ficients are not inconsistent with the adsorption observed by
voltammetry.
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Table II. Polarographic Characteristics of PAO

peak
pH A B C
protons/electron
1.8-3.8 1.1 13 5 s
4.7-6.8 1.8 siate 2.00
% aip/a°C
1.8 +0.6 +4.2 &
7.6 -1.0 sies +4.0
8.9 +0.5 +1.1
_ -09
3
5 o7
::*0!
“ o
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3
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Figure 4. Dependence of peak current and peak potential for peak

AonpH. [PAO] = 3.04 X 10°® M; scan rate = 2 mV/s; drop time
= 2 s; pulse amplitude = 100 mV; p = 0.025

Effect of pH. PEAK A. The relationship between i, and
pH is shown in Figure 4 for peak A. The inflection point of
this curve occurs at about pH 7.6. The plot of E, vs. pH is
also shown in Figure 4 and exhibits regions of pH dependence
and independence. Linear regression analysis of the pH
independent and dependent regions with solution of the
appropriate equations results in a point of intersection at pH
7.6. The number of protons per electron (P/n) involved in
the rate determining step can be determined from the slope
of the line for the pH dependent region using the following
equation:

RT P
E, = const F n pH
The calculated values of P/n ratios are shown in Table II.

PEAKS B AND C. Figure 5 illustrates the dependency of i,
on pH for both peaks B and C. In the pH range 4 to 7, the
measurement of peak currents and peak potentials was
difficult due to the lack of peak resolution. The inflection
point of the rising portion of the curve for peak C is ap-
proximately at pH 7.6. Above pH 10.3, no data were obtained
because the peak coincided with the cathodic limit of the
electrolyte.

The effect of pH on E,, for peaks B and C is also illustrated
in Figure 5. Within the pH range where peak C could be
distinguished from peak B (above pH 3.8), the effect of pH
on E, for C is the same as observed earlier for peak A. Using
the same data analysis procedure, the lines of the pH in-
dependent and dependent regions were found to intersect at
pH 7.6. The P/n ratios for B and C are given in Table II.

PEAK AREAS. The peak areas of A and the double peak,
B plus C, measured with a planimeter, are expressed in

€5 ¥4 Ag/AGCH (valts)
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2
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Figure 5. Dependence of peak currents and peak potentials on pH
for peaks B and C. [PAO] = 3.08 X 107® M; scan rate = 2 mV/s;
drop time = 2 s; pulse amplitude 100 mV; ¢ = 0.025
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Figure 6. Peak areas as a function of pH. [PAO] = 3.08 X 10° M;
scan rate = 2 mV/s; drop time = 2 s; pulse amplitude = 100 mV;
u = 0.025; uQ = microcoulombs

microcoulombs and illustrated in Figure 6 as a function of pH.
The inflection point in the curve for peak A occurs at a similar
pH to that reported above. These data correlate well with
the pH dependence exhibited by the peak current functions
of cyclic voltammetry. The DPP peak area of A decreased
52% over the pH range 1.2 to 7.6 while the cyclic peak current
function of A decreased 52% over the same pH range. The
area of B and C decreased 17% and the peak current function
of B decreased 20%. This indicates that the mechanisms of
reduction at an HMDE are similar to that of a DME.

In the pH independent range of 1.8 to 6.8, the ratio of the
area of peak A to peak B plus C is 1.00 with a standard
deviation of 0.007. In DPP, the increase in current at peaks
B and C represents the difference in electron flow rate between
that at A and that at B and C. Since the peak area ratio is
1.00, twice as many electrons flow at B and C than at A. This
is consistent with the coulometric data of 2 electrons per
molecule at A and 4 electrons per molecule at B and C.

Reversibility. For DPP, the peak half-width was shown to
be dependent on both the amplitude of the applied pulse and
the reversibility of the reduction process (22). The variation
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Flgure 7. Dependence of peak half width (W, ,,) for peak A on pH.
[PAO] = 3.08 X 10® M; scan rate = 2 mV/s; drop time = 2 s; pulse
amplitude = 100 mV; g = 0.025

in the reversibility of the reduction process for peak A vs. pH
is shown in Figure 7. Smaller values of W), indicate a more
reversible electrode process. Results shown in Figure 7 il-
lustrate a change from reversible to irreversible conditions with
increasing pH, and exhibit an inflection point at pH 7.6. These
findings can be used to explain the shape of the i;-pH curve
for peak A (Figure 4). At low pH, high i, values are indicative
of a more reversible reduction; while at higher pH, the low
ip, values are indicative of a less reversible reduction.

The change in the slope of the E;~pH plots reflects this
change of reversibility. At low pH, a P/an, of 1.1 would result
in an «, of 0.90 and at higher pH a P/an, of 1.8 would give
ag = 0.56. In DPP, using small values for the pulse amplitude
(<25 mV) the peak half width (W, ,) is given by the equation:

RT
W,,=3.52 anF
The value of « can be evaluated from this equation and a
comparison can be made between the two reduction processes.
The calculated values for A and B at pH 1.8 using this
equation were 1.4 and 1.1, respectively. Using an n value of
2 for process B, since it represents a change in electron flow
rate, the calculated value of a, is 0.70 and «g is 0.58. These
« values indicate that A is more reversible than B.

The reversibility of the two electrode processes can be
assessed by comparing the experimental and theoretical peak
currents. For a reversible electrode reaction, the peak current
is given by (23):

iy = nFAC 2("‘1)
7t \o+1

where ¢ = the time after pulse application when the current
is measured, ¢ = exp(-AEnF/2RT), and AE = the pulse
amplitude. Substituting n = 2 and assuming a diffusion
coefficient of 1 X 10 ecm?/s (21), an i,,/C value of 46.2 uA/mM
was calculated under the conditions employed (¢t = 48 ms, A
= 2.89 mm? AE = 100 mV). The PAR 174 has a tenfold
instrumental gain in the DPP mode. With this consideration
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Generally, at a pH of 1.8, both peaks A and B increased
linearly over the concentration range 1.23 X 107 M to 1.23
X 10° M.

A brief investigation of higher concentrations resulted in
the same behavior observed by the previous investigators (I,
2). Increasing the PAO concentration to 2.36 X 107 M, the
current function (i;/C) for peak A decreased about 20% while
that for peak B decreased 30%. It was also observed that a
peak 0.08 V cathodic of peak B, assumed to be peak C, started
to appear. At a concentration of 2.36 X 10 M, two peaks
situated between peak A and B appeared and the current
functioning for peaks A and B continued to decrease. Peak
C was now predominant over peak B. Watson and Svehla (1,
2) observed the inhibition of peaks A and B, the predominance
of peak C, and determined that the two additional peaks were
due to adsorption related to the first reduction process. They
also found that the height of peak C was proportional to the
concentration even after the inhibition of B.

Reduction Mechanisms. Watson and Svehla found 1.3
electrons per molecule for the first reduction process and 2
electrons per molecule for the second reduction process (1,
2). They proposed the following mechanisms for the reduction
of PAO in 0.1 M HCI based on the identification of the
suspected products and intermediates:

Process I:

HO OH H H HO, OH
N
As \As/ \As/
ae”
) [:] * @ e @
H H

H. o]
\As/ \As/m As
O O~
3
Process II:

H
~ /OH HC. /OH

N, ~N

_H
As As
4ae
aH @ * @

H M HO OH
Sas” \As/

Q- © ~[O)-~

It is evident that the coulometric and mass spectra findings
in our paper are not consistent with these mechanisms.
The discrepancy between the number of electrons per
molecule found by Watson and Svehla (1, 2) and our results
possibly reflects the difference in the coulometric methods
used. They performed a prolonged electrolysis of PAO and
measured the subsequent decrease in wave height, while we
based our interpretation on the exhaustive reduction of PAQ.
The products observed by Watson and Svehla probably
represent intermediates formed in the bulk solution in the
of PAO and not in the depleted zone at the electrode.

HO.
As
2

our experimental i,/C values of 450 uA/mM for peak A and
362 uA/mM for peak B at pH 1.8 were actually 45.0 pA/mM
and 36.2 uA/mM. Obviously peak A correlates more closely
with the reversible theoretical current. It is of interest to note
that ratio of the peak current of A to peak B is 1.2 and the
ratio of ap/ag is 1.2, both indicating the same difference in
reversibility.

Effect of Concentration. Since dc polarography can be used
to determine concentrations of PAO as low as 5 X 10° M (I,
2), it was decided to limit the major portion of this DPP
investigation to concentrations lower than 2 X 10 M.

These products can be further reduced during the exhaustive
coulometry. Thus, the two mechanisms could represent initial
and final states of the electroreduction of PAO.

We observed a pH dependence of the peak currents at a
DME in contrast to the previous investigators (I, 2). The
reason for these differences is not clear. Our pH dependence
has been shown not to be due to an artifact of DPP since Tast
polarograms as well as cyclic voltammograms indicate a similar
behavior. Perhaps the inconsistence can be partially explained
by the fact that Watson and Svehla used solutions an order
of magnitude more concentrated and the dc waves were poorly
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formed and exhibited broad maxima above pH 2 (1, 2). It is
not unlikely that the reduction mechanisms may change with
concentration or media composition. It may appear that the
inflection at pH 7.6 observed frequently in our study rep-
resents an apparent pK for PAO. However, the pK value for
PAO was reported to be 11 (24). Therefore, the pH de-
pendence must represent changing reversibility and/or the
effect of coupled kinetics.

Based on our data as well as Watson and Svehla’s mech-
anisms, a possible reaction path for the first wave is postulated:

Process I:

HO ~

H, H HO,
\As/ A
4ae”
¢ @ e @ ! @
As

H, H HO, OH

\As/ \As/

@ ! @ - 13 @ b
6lads)

Watson and Svehla indicate that a 4-electron transfer would
result in the formation of phenylarsine (gas). Therefore, based
on our studies, the reaction path for the second wave would
be as follows:

OH
As

\s /OH

Process Ila:

HO, OH H, H
Nas”” Nas””
ae”
aH*

or, for a stepwise reduction:

Process IIb:
H H
N’

QL+ ©

In consideration of our proposed reduction mechanism, it
would appear that the fact that peak A is inhibited at higher
concentrations while peak C continues to increase proportional
to concentration, would be inconsistent with a stepwise re-
duction. However, the adsorption of the product of Process
I is the most probable explanation of the inhibition of peak
A and peak B. Coulometry and voli try did show that
the product of Process I can be reduced at Process II.
Therefore, a probable explanation of this observed phe-
nomenon would be that after the product of Process I un-
dergoes reduction (Process IIb) the additional current flow
could be due to the direct reduction of PAO (Process Ila).

Analytical Considerations. DPP. Since the current-
concentration relationships below 2 X 10 M PAO are pH
dependent, any analytical methodology involving the DPP of
PAO will require strict pH control. The optimum sensitivity
is obtained by using peak A in the lower pH range. The
variation of the sensitivity with instrumental parameters was
investigated over a PAO range of 1.23 X 106 M to 1.23 X 10°®
M. At a pH of 7.3 and a natural drop time of 3.4 s, the effect
of pulse amplitude (MA), artificial drop time (7), and scan
rate () on the sensitivity (i,/C) are found in Table IIl. The
greatest sensitivity for DPP is obtained with the largest drop,
slowest scan rate, and the largest pulse amplitude (14). A
calibration curve prepared using these conditions (See Table
III) over the PAO range of 1.23 X 107 M to 1.54 X 10% M
showed a sensitivity of 234 uA/mM with a relative standard
deviation of 1.7% as determined from seven replicates of 1.54
X 10 M PAO. The limit of detection was determined by
dividing three times the background current by the sensitivity

Table III. Variation of Sensitivity with Instrumental
Parameters; pH = 7.3, Initial Potential =
-0.350V, u = 0.0026

MA, mVe ns v, mV/s iy/C, uA/mM

100 2 2 190

50 2 2 78

25 2 2 33
100 1 2 129
100 0.5 2 77
100 . 2 5 148
100 2 10 99

@ MA = pulse amplitude. 7 = drop time. v = scan rate.

ipIC = sensitivity.
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Figure 8. Differential pulse cathodic stripping volttammetry of PAO [PAO)
=236 X 10°Mto 1.18 X 1077 M; pH 1.2; HMDE area = 2.22 mm?;
Toep = 30 5; scan rate = 5 mV/s; pulse amplitude = 50 mV; pulse
interval = 0.5 s

and was found to be 1.2 X 10* M PAO.

As mentioned earlier, this investigation was prompted by
a desire to determine free chlorine in water. The standard
titrimetric method (10) requires a pH range of 6.5 to 7.5 for
the reaction of PAO with the free chlorine. This was the
reason for choosing pH 7.3 for the above work. However, an
even lower detection limit, approximately one-half that at pH
7.3, could be obtained in acidic media.

The analytical performance and versatility of this technique
is being investigated by comparison with standard methods
of analysis for oxidants in a variety of aqueous samples (11).

Stripping Voltammetry. The fact that the product of
process A adsorbs and undergoes reduction at the second
process at an HMDE suggested the possibility of determining
lower levels of PAO by cathodic stripping voltammetry. A
few experiments were conducted to investigate the analytical
utility of this technique.

The production of the adsorbable species is controlled by
the time that the potential at the HMDE is more cathodic
than the first reduction process, yet more anodic than the
second process. A differential pulse ramp was used because
it often provides higher sensitivity using short deposition
times. Utilizing a deposition time of 30 s at a potential of ~0.3
V with an HMDE area of 2.22 mm? in a pH 1.2 buffer, the
cathodic peak current was found to be proportional to the
PAO concentration over the range 2.36 X 107 to 1.18 X 1077
M PAO (Figure 8). Above this concentration range, the peak
current became independent of the concentration. The
sensitivity of the linear range was 3520 pA/mM. Seven



replicate determinations of 2.36 X 10 M PAO resulted in a
relative standard deviation of 3.9%. Utilizing the method of
Skogerboe and Grant (25) and the standard deviation of the
2.36 X 10® M PAO measurements, a detection limit of 2.3 X
10"° M PAO was calculated.

The possibility of using the anodic peak E as well as
coulometric stripping techniques is now under investigation
for determining trace levels of PAO.
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Determination of Ammonia and Other Nitrogen

Compounds by Polarography

J. D. McLean," V. A. Stenger, R. E. Reim, M. W. Long, and T. A. Hiller

The Dow Chemical C: Analytical L

Midland,

A polarographic procedure Is described for the determination
of ammonla and primary amine compounds at levels below
1 ppm. It has been applied to water and brine samples and
to reagent testing, where It can replace a distillation procedure
currently employed. The method should also be useful In
monitoring alr quality. For reagent testing, total nitrogen
Impurllles can bo found if nitrate (including nitrite) is also

hically. The d Inatl can be
performed wlth elther a differential pulse polarographic in-
strument or ar y Introduced digital ly

Standard methods (1, 2) for the determination of ammonia
nitrogen in water are either colorimetric, based on reaction
with Nessler reagent or phenol and hypochlorite; or poten-
tiometric, based on selective ion electrode procedures. A prior
distillation is generally recommended to eliminate interfering
substances. To determine ammonium compounds as im-
purities in chemical reagents (3), distillation followed by
colorimetry with Nessler reagent is also employed. Nitrate
or nitrite in reagents may be included as ammonia if a suitable
reducing material such as aluminum or Devarda alloy is
present during the distillation.

It would be advantageous to have another method for
determining ammonia nitrogen, if the method were sufficiently
sensitive and free from interferences so that distillation might
be avoided. The behavior of ammonia at a dropping mercury
electrode (DME) has been investigated by Nyman, Ragle, and
Linde (4). The sensitivity is limited to concentrations above
10 M and the half-wave potential is in a region where in-
terferences would be likely. Earlier, Norton and Mann (5)
had studied a polarographic method based upon condensation

48640

of phthalaldehyde with Reduction of the aldehyde
wave allows detection of ammonia at 10" M, but a reaction
time of 3 h or longer is required and, for practical work, a
distillation is considered necessary.

Tur'yan and Zhantalai (6) reported the polarographic
determination of 10-°-10 M ammonium ion based on reaction
with formaldehyde in an acidic buffer. The method was also
applied in determinations of amino acids at the 10%-10° M
level (7, 8).

More recently, a differential pulse polarographic method
for ammonia at 50 to 600 ppb in water has been recommended
(9). Ammonia is allowed to react with excess formaldehyde,
forming a reducible condensation product. A high blank,
originally attributed to ammonia in the distilled water used,
prevented extension to lower concentrations. In the present
study, blanks of similar or even higher magnitude were en-
countered and were shown to be caused by an impurity in the
formaldehyde. Purification is accomplished with a cation-
exchange resin. Our tests indicate that with a sufficiently low
blank, ammonia in city water can be detected at 25 ppb. The
method is applicable also to the analysis of brine samples, to
monitoring air quality, and to the testing of reagent grade
chemicals.

For completeness in reagent testing for nitrogen compounds,
it is desirable to have a simple polarographic method for
oxidized forms of nitrogen in addition to that for ammonia.
Kolthoff, Harris, and Matsuyama (10) have recommended
such a procedure for nitrate, based on the catalytic effect of
uranyl ion in an acid medium. Keilin and Otvos (11) noted
that nitrite responds similarly. Various other elements, in-
cluding several in the rare earth series, can also be employed
to catalyze the electrochemical reduction of nitrate and nitrite.
The hterature has been reviewed by Boese, Archer, and

0003-2700/78/0350-1309$01.00/0 © 1978 American Chemical Society
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O’Laughlin (12), who recommended ytterbium and studied
interferences. In the present paper, conditions suitable for
applying the Kolthoff uranyl procedure to the testing of
several reagent chemicals have been investigated.

EXPERIMENTAL

R So far as possible, the chemicals used were ACS
Reagent Grade. In much of the work reported, 37% formaldehyde
was purified by passing 100-mL portions through a 1.5 X 10-cm
column of cation-exchange resin (Dowex 50 X 8, 50-100 mesh,
hydrogen form) which previously had been washed in succession
with 100-mL portions of methanol, deionized water, and 0.1 M
acetic acid. The first 20 mL of formaldehyde was discarded and
the remainder was stored in a brown glass bottle. Following
conversion of the resin to the H* form, at least 400 mL of
formaldehyde can be passed through the column before regen-
eration is required. Subsequent tests have shown that the blank
can be further lowered by a factor of about 2 if the column length
is doubled, and that ion with 1 N hydrochloric acid is
effective. Even more simply, the impurity can be lowered still
farther by adding 10 to 50 g of resin to a 1-1b bottle of form-
aldehyde and placing the bottle in a shaker for an hour or allowing
it to stand overnight.

Acetate buffer was prepared by dissolving 10.4 g of sodium
acetate trihydrate and 32 mL of glacial acetic acid in 200 mL of
deionized water. Supporting electrolyte for ammonia or amine
determination was usually prepared by mixing 5 mL each of this
acetate buffer and prepurified formaldehyde.

The supporting electrolyte for nitrate determination contained
0.45 g of uranyl acetate dihydrate, 4.3 mL of hydrochloric acid,
and 37.3 g of potassium chloride in water to make 1 L.

All solutions were prepared from water which had been passed
through a Millipore deionization system. Deoxygenation was done
with pre-purified nitrogen.

Apparatus. Polarograms were recorded using a Princeton
Applied Research Model 174 Polarographic Analyzer and a
Houston Model 2000 X-Y recorder, employing a drop time of 1
s, a scan rate of 2 mV/s, and a modulation amplitude of 50 mV.
The working electrode was dropping mercury, the reference
electrode saturated calomel (SCE), and the counter electrode,
platinum. All experiments were performed at ambient room
temperature, 23 = 1 °C.

Analyses were also performed using a Brinkmann Model
CPA/15 Computing Polarographic Analyzer (which operates as
a dc polarograph) and a Metrohm Model E-410 hanging mercury
drop electrode (HMDE). The drop size was that produced by
a 5-division turn of the micrometer screw (~2.65 mm? surface
area). The scan range for amine nitrogen was —0.60 to -1.10 V
vs. SCE, at the rate of 60 s/scan. Polarograms from this system
were recorded by a Heath-Schlumberger Model SR-255B
strip-chart recorder with a range of 1 V full scale.

Procedure for Amine Nitrogen. Ten mL of supporting
electrolyte and an appropriate amount of sample are transferred
to a 25-mL volumetric flask and diluted to volume. The solution
is heated on a steam bath 2.5 min, shaken, and heated an ad-
ditional 2.5 min. Polarograms are recorded after cooling the
solution to room temperature and deoxygenating the cell for 5
min with nitrogen. Blanks (reagents plus pure water) are run
similarly and subtracted. Standards are run separately and
confirmed for each sample system by spiking.

Procedure for Nitrate Nitrogen. Five mL of nitrate sup-
porting electrolyte and an appropriate amount of sample are added
to a 25-mL volumetric flask and diluted to volume. Polarographic
scans are recorded from —0.60 to -1.10 V vs. SCE after bubbling
with nitrogen for 5 min. A similar sample is prepared with the
addition of a known amount of nitrate and scanned. Since the
uranyl ion contributes some current at the potential of interest,
a blank on the electrolyte and water is subtracted. The half-wave
potential is pH dependent, but diffusion currents in this electrolyte
can usually be measured at approximately -1.0 V vs. SCE. If pH
adjustment is needed, it should be to 2.0 + 0.3.

RESULTS AND DISCUSSION
Reaction. Ammonium ion reacts with excess formaldehyde

in pH 4 acetate buffer to form an electroactive species which
is reduced at E;/; = —0.88 V vs. SCE as shown in Figure 1.
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Figure 1. Differential pulse polarog of ia-formaldehyd:

reaction product. (A) Blank. (B) 11.3 ug NH,*

The reactions of formaldehyde with ammonium ion have been
reviewed by Walker (13). Werner (14) concluded that the first
step of the reaction in acid solution yields a methylenimine
salt;
CH,0 + NH,Cl — CH,OHNH,-HC] —

CH,=NH-HCI + H,0 (1)

Tur'yan and Zhantalai (6) also indicate that the reaction
product is methylenimine (or hydroxymethylamine since
formaldehyde is hydrated in aqueous solution). The product
is stable in acid, but hexamethylene tetramine is formed when
the acid is neutralized:

4CH;=NH-HCI + 4NaOH + 2CH,0 =
(CH;)¢Ny + 4NaCl + 6H,0 (2)

Polley, Winkler, and Nichols (15) confirmed the formation
of hexamethylenetetramine, finding also that the reaction rate
and yield increase with increasing pH. The instrument
manufacturer’s literature previously cited (9) suggested that
hexamethylene triamine is formed, but presented no basis for
such a conclusion.

Long ago Plochl (16) demonstrated that methylamine can
be prepared in a two-step reaction summarized by the
equation:

2CH,0 + NH,Cl — CH;NH,HCl + HCOOH (3)

As will be shown later, ammonia and methylamine behave
somewhat differently in the polarographic method and it does
not appear that the reaction product under our conditions is
methylamine (which would react with excess formaldehyde).
It should also be noted that while our formaldehyde con-
centrations are comparable with those of Plochl, his ammonia
concentrations were about a million times greater than those
to be determined in the procedure.

In an acetate buffer at pH 4, hexamethylenetetramine
(without added formaldehyde) does not yield a polarographic
wave, indicating that it is not the electroactive species. In
testing for ammonia, the wave height decreases with increasing
pH, which is consistent with Equation 2. Further, the
half-wave potential of the reaction depends upon the hy-
drogen-ion concentration. As shown in Table I, AE,;,/ApH
is about -50 mV.

To account for the observed electrochemical reducibility
of the reaction product, it seems likely that a carbon-nitrogen
double bond is present. This would be consistent with
Equation 1. If the active compound is an imine, reduction
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Table I. Effect of pH on Half-Wave Potential of
Ammonia-Formaldehyde Reaction Product

pH E,,, vs. SCE
3.0 -0.80+ 0.01
4.0 -0.85 = 0.01
5.0 -0.90 + 0.01
6.2 -0.98 + 0.01

Table III. Stability of Formaldehyde Solution after
Ion-Exchange Treatment

elasped time, days blank current, uA

0 0.058 + 0.006
21 0.058 + 0.006
51 0.050 + 0.005
82 0.063 + 0.006

Table II. Repeatability of the Ion-Exchange Procedure
for Removing Trace Impurities from Formaldehyde

blank current, p A

column
batch length, em before after
A 10 0.43+ 0.04 0.058 + 0.005
B 10 0.38+ 0.04 0.048 + 0.004
C 10 NA® 0.064 = 0.005
D 10 NA 0.058 + 0.005
E 10 NA 0.055 + 0.005
F 20 NA 0.029 = 0.003
bottle test,
¢ resin/lb
G 10 NA 0.021 + 0.003
@ NA = not analyzed.
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Figure 2. Time dependence of ammonia-formaldehyde reaction. (A)
20 ug NH. in sodium chloride solution (100 g/L), not heated. (B) 10
ug NH,* in water, not heated. (C) 10 ug NH,* in sodium chioride solution
(100 g/L), heated

with two electrons should produce the corresponding amine.
A value of n = 2 was obtained from the polarographic data,
assuming a diffusion coefficient of 1 X 10" cm?/s.

Kinetics. At ambient temperature, at least 15 min are
taken for the ammonia—formaldehyde reaction to reach
equilibrium (Figure 2). In sodium chloride solution (100 g/L),
at least 40 min are required. Such variations in the reaction
time would limit the utility of the method; however, by heating
the solutior on a steam bath the reaction period is reduced
to 5 min. Qnce formed, the electroactive compound is stable
for at least 2 h.

Blank. Preliminary tests confirmed the previous report
(9) of a significant reagent blank. Further work traced this
to the formaldehyde, which can absorb ammonia from the air
or which may have been treated with a nitrogen-containing
stabilizer (17-19). Presumably, a basic impurity could be
removed by distillation of the formaldehyde from acid, but
we chose to make use of cation exchange as described under
Reagents. As shown in Table II, considerable purification
could be achieved.

The stability of a formaldehyde solution stored in a brown
glass bottle after cleanup is shown in Table III. No change

Table IV. Polarographic Determination of Ammonia in
Sodium Chloride Solution (100 g/L)

ppm NH,
sample present found?
A 0.25 0.28 = 0.04
B 0.35 0.36 + 0.03
(o] 1.00 0.92 = 0.07
D 1.25 1.25+ 0.10
E 2.00 2.05 + 0.03

@ Mean of triplicate determinations by pulse polar-
ography.

Table V. Comparative Determination of Ammonia in
Brine by Polarography and Selective Ion Electrode

sample ppm NH @ ppm NH,?
A 0.20 = 0.03 0.26 + 0.03
B 0.12 = 0.02 0.13 + 0.02
C 0.22 + 0.03 0.15 + 0.02
D 0.09 + 0.01 0.12 + 0.02
E 0.20 + 0.02 0.13 + 0.02
F 1.7 + 0.10 1.7 £ 0.2°

@ Pulse polarography. ® Average results by ammonia-
selective electrode on single distillates from alkaline
solution. ¢ No distillation—direct electrode determina-
tion.

was observed over a period of 3 months. However, to avoid
possible contamination from the air, it is prudent to keep some
cation-exchange resin in the bottle.

Analytical. With the Princeton instrument, the calibration
curve is linear up to 30 ug NH,* per 25 mL of final solution.
The detection limit in water is about 25 ppb NH* with a
15-mL sample. Increasing ionic strength decreases the
sensitivity of the method, e.g., the response in sodium chloride
solution (100 g/L) is 0.81 pA/ug/mL as compared to 1.1 in
water.

The accuracy and repeatability of the method were eval-
uated using sodium chloride solution (100 g/L) contammg
known amounts of ammonium chloride. Results, s
in Table IV, show good accuracy and a repeatability of £8%
at the 1 ppm NHj level.

Ammonia in a series of process brine streams was deter-
mined using the polarographic method and the results were
compared with those obtained by distillation followed by use
of an ammonia-selective electrode. Results shown in Table
V indicate fairly good agreement between the methods.

Recoveries and possible cross interference between NH*
and NO; were tested by adding known amounts of NH,NO;
to KBr followed by polarographic determination employing
the two procedures. Excellent results were obtained as shown
in Table VI.

Interfering Compounds. Various aliphatic, aromatic, and
alkanol amines can also react with formaldehyde to form
electroactive compounds. The resolution of the half-wave
potentials is usually not sufficient, however, to allow quali-
tative identification. Nevertheless, certain peculiarities in
behavior can in some cases reveal whether one is determining
ammonia or another compound. The ammonia-formaldehyde
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Table VI. Recovery of Ammonium and Nitrate from
Pure Potassium Bromide

sample ppm NH ¢ ppm NO, @

pure KBr none detected at none detected at

(fused) a limit of 1 a limit of 1
pure KBr + 24+ 2 81:4

23 ppm
NH,* and 78

ppm NO,~
pure KBr + 10: 1 381+ 2

39 ppm
NO,;  and 11

ppm NH,*

@ Average of duplicate determinations.

reaction appears to reach a stable equilibrium with time but,
if one doubles the formaldehyde concentration, the wave
height is also approximately doubled. Under the usual
conditions, methylamine can be detected a little more sen-
sitively (on a molar basis) than ammonia, but doubling the
formaldehyde produces very little change. For hydrazine, the
method is much more sensitive than for ammonia, but in-
creasing the formaldehyde lowers the hydrazine response.

Hydroxylamine shows a double differential pulse wave with
peaks at —0.75 and —0.87 V. The former wave gives sensitivity
about equal to that of ammonia on a weight basis, while the
latter is still more sensitive. Glycine has a single wave at -0.72
V and its molar sensitivity is close to that of ammonia.

Urea does not respond, probably because amides are usually
nonreactive toward aldehydes. Thus the method is useful for
determining ammonia in the presence of urea.

If the electroactive compound is an imine, no interference
from secondary and tertiary amines would be expected.
Actually, most commercial amines produce some response,
but this can often be shown to be caused by a primary amine
impurity. All of the primary amines tested have been found
active. In general, as would be expected from diffusion theory,
the response decreases as the size of the aliphatic group is
increased.

Since sensitivities vary, the procedure is most useful when
a single amine predominates. This is often the case in in-
dustrial hygiene air-monitoring of production facilities, when
a compound in use must be monitored to protect personnel.
Monoethanolamine in air has been successfully determined
after collection in an impinger system using 0.1 M HCl as the
absorber solution and air flow rates less than 1 L/min.

Behavior of Nitrite in the Method for Nitrate. As
Keilin and Otvos (11) demonstrated, nitrite exhibits about
three-fifths the molar response of nitrate in the polarographic
method, but because nitrite is easily lost from an acid solution,
it is recommended that the polarograms be run promptly. If,
as in reagents testing, it is desired merely to report nitrate
plus nitrite as nitrate, a single measurement will usually
suffice. To obtain values for each component, the quoted
authors determined the total response for nitrate plus nitrite,
then oxidized the nitrite in a separate portion with hydrogen
peroxide and determined the response again. Results for each
component are calculated by solving simultaneous equations
based on data determined with standards.

We have observed that nearly all nitrite can be expelled
from the sample plus supporting electrolyte if purging with
nitrogen is continued for about 30 min. Nitrate is not lost
under these conditions and no new nitrate is produced. Data
illustrating these findings are given in Figures 3 and 4. If
the presence of nitrite is suspected and a simple determination
of the nitrogen oxide anions as nitrate is desired, one may
employ either the Keilin-Otvos oxidation procedure or a direct
polarographic nitrate plus nitrite test (which will give a
somewhat lower result if nitrite is actually present). In the

Current, Microamperes.
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Figure 3. Removal of nitrite by nitrogen purge, 27 ppm NO,". Left
side: (A) reagent blank (pre-purged 5 min with N,). (B) Same + 27
ppm NO,", purged 30 s. (C) same, purged 10 min. (D) Same, purged
20 min. (E) Same, purged 40 min. (F) Same, purged 60 min. (G) Same,
purged 80 min. (H) Same, purged 100 min. Right side: (A) Reagent
blank + 1 g pure (fused) KBr (pre-purged 5 min with N;). (B) Same
+ 27 ppm NO,", purged 30 s. (C) Same, purged 10 min. (D) Same,
purged 20 min
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Figure 4. Retention of nitrate under nitrogen purge, 39 ppm NO;". Left
side: (A) Reagent blank (pre-purged 5 min with N,). (B) Same + 39
ppm NO;~, purged 30 s. (C) Same, purged 10 min. (D) Same, purged
30 min. (E) Same, purged 60 min. (F) Same, purged 120 min. Right
side: (A) Reagent blank + 1 g pure (fused) KBr (pre-purged 5 min.
with N;). (C) Same + 39 ppm NOj", purged 10 min. (B) Same, purged
30s. (D) Same, purged 30 min. (€) Same, purged 60 min. (F) Same,
purged 120 min

latter test, it is desirable to purge the supporting electrolyte
and neutral or alkaline sample solutions separately in advance,
so that final deoxygenation of the mixture can be done within
about 1 min to avoid appreciable loss of nitrous acid.

In the testing of reagents described hereafter, it has gen-
erally been assumed that nitrite is absent and that the value
obtained directly represents only nitrate.

Reagent Grade Chemical Testing and Quality Control.
The original purpose of this work was to make available simple
and sensitive procedures for determining various nitrogen
impurities in commercial and reagent grade chemicals. For
such applications, the use of a simplified computing po-
larograph recently introduced by Brinkmann Instruments (see
Apparatus) is attractive. While it does not have the sensitivity
of differential pulse polarography, the hanging mercury drop
electrode employed eliminates many of the problems asso-
ciated with dropping mercury electrodes (20). The computing
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Table VII. Comparison of Polarographic and Reduction Methods for Total Nitrogen in KBr
ppm NH,*,>  ppm NH,*®
differential computing
total ppm N total ppm N® ppm NO,",b pulse polarographic
sample reduction polarography polarography polarography analyzer

#1 ACS grade 37 35t 4 1.7+ 0.2 43: 4 46+ 4

#2 ACS grade 6.1 9.7+ 1 43 : 4 <1 <2

#3 not ACS grade N.A. 34:+3 150 + 10 <1 <2

9 Current ACS specifications for KBr Reagent Grade not to exceed 50 ppm nitrogen as N.  Average of at least duplicate

determinations.

Current, Microamperes.
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Flgure 5. Polarographic scans for ammonia with the Brinkmann
Computing Polarographic Analyzer. (A) Ammonia electrolyte (all in 25
mL). (B) Ammonia electrolyte + 1 g KBr Sample #1. (C) Ammonia
electrolyte + 1 g KBr Sample #1 + 27 ug NH,*

feature provides a direct digital readout in any desired
concentration units and saves calculation time. With this
instrument, the detection limit for ammonia in water is about
0.2 ppm, based on a 10-mL sample.

The polarographic methods described for ammonia and
nitrate both permit the addition of a soluble neutral salt to
the electrolyte and are sensitive to about 2 ug of nitrogen using
the computing instrument. Thus in many cases 2 ppm can
be detected on a 1-g sample. Calibration is performed easily
by spiking. As already shown, the method is applicable to

ium ion in sodium chloride solutions. The ACS re-
qulrements for sodium chloride include a limit of 0.003%
chlorate and nitrate (as NO;), determined spectrophoto-
metrically with brucine sulfate reagent and a nitrate standard,
and a limit of 0.001 % nitrogen compounds (as N) determined
colorimetrically with Nessler reagent after distillation from
an alkaline solution containing aluminum. A typical sample
of reagent grade sodium chloride showed the presence of less
than 2 ppm of either form of nitrogen, by polarography with
the Brinkmann instrument.

Potassium bromide has an ACS limit of 0.005% nitrogen
compounds as N by the reduction-distillation method. In this
laboratory, the ammonium salt formed by trapping after
distillation has usually been determined with an ion-selective
electrode. Comparative data by the various methods are
presented in Table VII. Since the impurity may be either
nitrate, ammonium ion, or both, more information is given
by the polarographic tests than by distillation. Curves ob-
tained in testing one of the samples are shown in Figures 5
and 6.

Sodium bromide has an ACS limit of not more than 5 ppm
nitrogen compounds as N (21). A typical sample was found
to contain less than 2 ppm of either ammonium or nitrate
nitrogen. Ammonium bromide and ammonium chloride have

Current, Microamperes.
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A (A) Nitrate electroly (alh251rl.).

(B) Nltrale electrolyte + 1 g KBr sample #1. (C) Nitrate electrolyte +

1 g KBr sample #1 + 25 ug NO;~

no ACS limits for nitrate nitrogen, probably because the
reduction-distillation procedure is not applicable. The po-
larographic nitrate procedure has been found to work well on
ammonium bromide and should be equally suitable for the
chloride.

In testing acids, alkalies, or salts with buffer capacity, care
must be taken to maintain the proper pH for polarography
(4.0 £ 0.5 for ammonium, 2.0 * 0.3 for nitrate). Thus, it
becomes necessary to have neutralizing reagents available
which do not contribute significantly to the blank. The ACS
limit for nitrogen compounds in sodium hydroxide is 10 ppm
as N, determined by distillation after reduction with alu-
minum. This would be too high for a satisfactory blank in
case the sodium hydroxide were used for neutralizing an acid.
However, ammonia can be expelled by boiling a sodium
hydroxide solution and the cooled solution can then be used
for neutralizing prior to the polarographic ammonia test.

The ACS limit for ammonium ion (NH,*) in hydrochloric
acid is 3 ppm. There is no limit for nitrate but if any were
present, the acid would not pass the iodometric color test for
free chlorine, the limit for which is about 1 ppm. It is also
possible to expel nitrogen oxides by boiling 6 M hydrochloric
acid. In view of these facts, we were able to test both sodium
hydroxide and hydrochloric acid polarographically by using
a purified or tested solution of one to neutralize the other.
One-gram samples of typical reagents were analyzed with the
result that less than 2 ppm NH,* or nitrate N appeared to
be present in either sodium hydroxide or hydrochloric acid.
With a larger sample, 1.4 ppm NH,* was found in one lot of
sodium hydroxlde In the case of the acid, the response for

id ing a larger

can bei bly by

sample.
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There is no ACS limit for ammonium or nitrate in acetic

quantity of sulfate present does not cause a serious decrease

acid. Because this acid is used in the buffer for
determination, it was of interest to test the purity. Portions
of 11 g and 1 g of sample were treated with 10 mL of water
and evaporated to about 1 mL. Each was neutralized with
sodium hydroxide solution and tested. The smaller portion
served as a blank so that the difference represented a 10-g
sample. Less than 0.2 ppm NH,* was found. To test for
nitrate, the same quantities were employed but 0.1 g of sodium
acetate trihydrate was added to each before evaporation. Less
than 0.2 ppm nitrate N was found. Since these quantities are
so low, there is no apparent need to establish an ACS test.

Ammonium hydroxide has no ACS limit for nitrate. Using
2-g samples, two lots of reagent showed 1.6 and <1 ppm of
nitrate N. If purer material is needed for use in neutralizing
acids prior to nitrate testing, it can easily be obtained by
distillation or by trapping cylinder ammonia in water.

Sulfuric acid has ACS limits of 2 ppm NH,* and 0.5 ppm
nitrate as NO;~. The acid can be tested for ammonium after
diluting and neutralizing a 2-g sample with freshly boiled 5
N sodium hydroxide solution. Because sodium sulfate
suppresses the polarographic wave somewhat, calibration
should be done by spiking an equivalent salt solution and
making appropriate blank corrections. Duplicate analyses
yielded results of 0.6 and 0.4 ppm NH,* on typical reagent
grade acid, but the latter figure is about the detection limit.
For better sensitivity one might evaporate a larger sample,
as was done for acetic acid. At present, the polarographic
nitrate method is not sensitive enough for testing sulfuric acid
at the 0.5 ppm NOj level, and the nitrogen oxides cannot be
concentrated by evaporation.

For magnesium sulfate heptahydrate, the ACS limits are
0.0020% for either NH;* or NO;". In the polarographic test
for ammonium, a 1-g sample was dissolved in 15 mL of water
and treated with 5 mL each of acetate buffer and purified
formaldehyde. Standardization was done with 0.58 g of ACS
grade sodium sulfate added to both a blank and a 20-ug NH,*
standard, plus reagents. Less than 3 ppm NH,* was found
in U.S.P. grade Epsom salt. A recovery of 95% was obtained
when this sample was spiked with 14 ppm (0.0014%) of NH,*.

In the test for nitrate, a 1-g sample was also employed and
the blank and 20-ug NO;™ standard were treated similarly with
0.58 g of sodium sulfate. Less than 8 ppm NO;™ was found
in the sample. A recovery of 100% was obtained when this
sample was spiked with 20 ppm (0.002%) of NO;~.

Some difficulty is encountered in testing calcium sulfate
for nitrate because of its limited solubility in water. The ACS
limit for the dihydrate is 50 ppm NO;™ and the indigo carmine
test in strong sulfuric acid is specified. The polarographic test
is applicable under the following conditions: A sample of 0.15
g is heated to 90-100 °C with 15 mL of sodium chloride
solution (100 g/L). This converts the dihydrate to hemi-
hydrate, which dissolves upon cooling to room temperature
and adding electrolyte plus water to make 25 mL. The

in polarographic sensitivity, but an equivalent quantity of
sodium sulfate can be added to a blank and to a 7.5-ug nitrate
standard if desired. In the presence of sulfate, a fresh drop
of mercury should be used for each scan, as lowered response
is found with successive scans on the same drop. Less than
25 ppm NO; was found in natural gypsum from Alabaster,
Mich. A recovery of 94% was obtained when this sample was
spiked with 25 ppm of NO;.

CONCLUSIONS

A method for the determination of amine nitrogen, based
on reaction with excess formaldehyde and polarographic
measurement, has been found useful. Blank problems are
diminished by ion-exchange treatment of the formaldehyde
reagent. Signals corresponding to detection limits of less than
25 ppb ammonia can be achieved in water samples. A method
for the polarographic determination of nitrate (plus nitrite)
nitrogen, based on the catalytic effect of uranyl ions, was also
tested. The two methods have been combined to yield a
simple estimate for total nitrogen which compares favorably
with the Devarda distillation procedure usually employed.
The methods are applicable to water and brine analyses as
well as to reagent testing procedures and quality control.

A new Computing Polarographic Analyzer was found to give
results in good agreement with data from the differential pulse
polarographic procedures.
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with Quinones and Modified Quinone Electrodes
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ralas of reaction bet several qui and di-
hydr ide ad ine diphosphate, NADH, Indi d
that the AG of the reaction and the ortho structure of the
quinone were Important. The ortho quinones derlved lwm
di ine and 3,4-dihy y ylamine were
covalently bound to carbon elecirodes. The NAD* genemed
by the quinones was assayed and found to have high enzy-
matic activity. The behavior of the q bound elect
was pared to the oxldation of ascorbic acid and to the
“adsorbed” 9,10-phenanthraquinone electrode which did not
oxidize NADH catalytically.

Much of the previous electrochemical investigations of the
redox cofactors, nicotinamide adenosine diphosphate (NAD*)
and dihydronicotinamide adenosine diphosphate (NADH),
has been concerned with the reduction of NAD* to NADH.
Unfortunately, electroreduction resulted mainly in producing
an inactive dimer through a oune-electron, free radical
mechanism (7-3). Recently, attention has been directed to
the electrooxidation of NADH to NAD? in attempts to develop
methods to analyze substrates which can be enzymatically
coupled to NAD*/NADH (4), or to electrochemically re-
generate NAD* for enzymatically coupled substrate turnovers
(3, 6). The electrochemical oxidation of NADH on solid
electrodes has been characterized by poorly defined cur-
rent-potential (i-E) waves which were complicated partly by
electrode fouling at NADH concentrations above 0.1 mM. The
oxidative behavior of low concentrations of NADH to
eliminate such fouling has been reported by Blaedel and
Jenkins (7). At platinum (Pt), Coughlin and co-workers (8)
have suggested improved sensitivity which has been utilized
for regeneration of NAD* and also for the amperometric assay
of oxidoreductase enzymes. Kelly and Kirwan (9) have shown
that the potential dependent oxidative turnover for NADH
at a graphite electrode approached an “activity” of 90-95%.

The NADH electrooxidation at both Pt and carbon elec-
trodes proceeds with considerable overpotential from the
reversible potential. Blaedel and Jenkins (7) have reported
that the overpotential at a glassy carbon electrode could be
reduced some 0.2 to 0.25 V by certain “conditioning™ pre-
treatments. These pretreatments were suggestive that perhaps
oxygen containing functionalities such as hydroxyls, carbonyls,
carboxyls, and quinones, which may be produced on carbon
surfaces, participated in catalyzing the NADH oxidation. And
our earlier observation that surface quinoidal groups could
catalyze the oxidation of ascorbic acid (10) stimulated the
present work.

The introduction of surface functionalities on electrode
surfaces by a chemical reaction route is an exciting research
area of recent interest. A variety of attachment schemes have
been proposed to fabricate these so-called chemically modified
electrodes (CMEs) including strong surface adsorption (11,
12), silinization (13-16), amidization (10, 17-21), ether linkage
(22, 23), and carbon-carbon bonding (24). Our approach to
electrocatalysis by CME:s is to covalently bind onto carbon

or metal oxide electrodes electron transfer mediators which
can undergo fast electron transfer with the electrode and also
with the substrate (solution species) in question.

In the present case, we have found that o-quinoidal
structures, such as the catechols, appeared to be rather specific
for the fast, homogeneous oxidation of NADH to NAD*.
Thus, the determination of the homogeneous rates of the
reaction between NADH and several quinones was undertaken
to assess those quinones which might be the best candidates
for covalent binding to an electrode surface in the fabrication
of a CME. Such a CME would be expected to catalyze NADH
oxidation through a surface EC catalytic mechanism:

a-QH: -amq + 2 + 2H* 5))

Z-Q+ NADH + 1 ~F-au, +NaD* (2)

where
--QH, = the surface bound dihydroquinone
and

---Q = the fully oxidized bound quinone

The thermodynamic requirement for the EC catalytic
sequence 1 and 2 is that the reversible redox potential of
NADH must be less positive in value than that of qui-
none/dihydroqui The ption, yet to be p. d, is
whether those quinones (or, in general, mediators) which react
rapidly in the homogeneous reaction with NADH (or in
general, substrates) will also react favorably once they are
bound to an electrode surface. The homogeneous rates of
reaction between several quinones and NADH, and the
preliminary results for electrocatalysis of NADH using cat-
echolamines bound to graphitic electrodes will be discussed
in this paper.

EXPERIMENTAL

Chemicals. The 3-hydroxytyramine (commonly called dop-
amine, DA) hydrochloride (99% purity), 4-methylcatechol (4-MC,
99% purity), 3,4-dihydroxybenzylamine (3,4-DHBA, 98% purity)
hydrobromide, 5-hydroxy-1,4-naphthoquinone (5-OH-1,4-NPQ),
and 2- anthmqumonesulfomc acnd sodium sah. (AQ-2 S) ‘were
obtained from Aldrich C eth:

(MHQ) 9 lO-phennnthraqumone (9 lO—PAQ) 1,2-naphtho-

sulfonic acid sodi salt (1,2-NPQ-4-S) and 14-
naphthoqumone—Z-sulfomc acid potassium salt (1,4-NPQ-2-S) were
obtained from Eastman Kodak Company. The 2,5-dihydroxy-
phenacetic acid (2,5-DHPA, Grade II) and NADH (Grade III)
from yeast were obtained from Sigma Chemical Company. All
chemicals were stored according to manufacturers direction or
in a desiccator at 4 °C and were used without further purification.
Buffer solutions were prepared by mixing 0.005 M NaH,;PO, and
0.005 M Na,HPOQ,, each containing 0.1 M NaCl, to the desired
pH. All solutions were prepared freshly prior to each experiment.
Demineralized water was double distilled and stored in a quartz
container.

0003-2700/78/0350-1315$01.00/0 © 1978 American Cheimical Society
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Table I. Abbreviations of Compounds and Terms

apbreviation compound or term
CME chemically modified electrode
PG pyrolytic graphite
GC glassy carbon
Ccv cyclic voltammetry
RF radio frequency
3,4-DHBA 3,4-dihydroxybenzylamine
DA 3-hydroxytyramine

4-MC 4-methylcatechol
5-OH-1,4-NPQ 5-hydroxy-1,4-naphthoquinone
AQ-2S 2-anthraquinonesulfonic acid
MHQ methylhydroguinone

9,10-PAQ 9,10-phenanthraquinone

1,2-NPQ-4-S 1,2-naphthoquinone-4-sulfonic acid

1,4-NPQ-2-S 1.4-naphthoquinonc‘2~suI{onic acid

2,6-DHPA 2,5-dihydroxyphenacetic acid

ADH alcohol dehydrogenase

NADH dihydronicotinamide adenosine
diphosphate

Electrochemistry. A solid state potentiostat of conventional
design utilizing a positive feedback for iR ion (25) was
employed. Waveforms to the potentiostat were provided by a
HP model 3300 A function generator. The cell design was similar
to one previously described (26). The radio frequency (RF) plasma
treatment of pyrolytic graphite (PG), (Ultracarbon Corp., Bay
City, Mich.) and glassy carbon electrodes (GC), (Tokai Co., Japan)
in oxygen atmosphere was described by Evans and Kuwana (27).
The RF treatment was 5 min. Unless otherwise stated, all po-
tentials are reported vs. a reference saturated calomel electrode
(SCE). The current-time profiles for the double potential step
experiments were recorded on a Tektronix Model 564B storage
oscilloscope.

Measurement of Rate C s. The rate be-
tween various quinones and NADH were determined using three
dxfferent methoda dependmg on the initial redox state of the

the de of the rate. Double potential step
chronocoulometry (DPSC) (28, 29) and cyclic voltammetry were
used for mediators in the reduced form such as DA, 4-MC,
3,4-DHBA, MHQ, and 2,5-DHPA. For the DPSC experiments,
mediator concentration was 0.1 mM and NADH was 1.0 mM.
Increasing the NADH concentration to 2 mM gave the same rate
constant after concentration corrections. The potential step times
ranged from 5 ms to 58. DPSC experiments in buffer solutions
alone were run to determine the background charge corrections.

In the cyclic voltammetric experiments, the oxidative and
reductive peak currents were monitored in the presence and
absence of NADH. The quinone concentrations were 0.1 mM-0.2
mM and NADH, when present, was 0.5 mM or 1.0 mM. The
reaction of 1,4-NPQ-2-S, 5-OH-1,4-NPQ, or AQ-2-S with NADH
was suffi mently slow that '.he concentration of NADH could be
d (oxidation) after the addition of an
excess of these quinones to the NADH solution.

The rate of the reaction between 1,2-NPQ-4-S and NADH was
determined using a Durrum-Gibson stop-flow instrument. Equal
volumes of 1.1 X 10* M 1,2-NPQ-4-S and 1.98 mM NADH were
mixed and the change in the concentration of the naphthaquinone
was monitored at wavelength of 400 nm. The optical absorbance
vs. time data were recorded and analyzed by a Data General
NOVA 1200 minicomputer.

Procedure for Measurement of NAD* Activity. The
enzymatic activity of the NAD* solution electrogenerated through
the EC catalytic mechanism ut.ilizing 3,4-DHBA was determined
by spectrophot ically itoring the NAD* to NADH
conversion when alcohol dehydrogenase (ADH) and ethanol were
added. For example, 10 mL of 1.0 X 10 M 3,4-DHBA and 1.0
X 10 M NADH solution was electrooxidized at a pyrolytic
graphite electrode at a controlled potential of +0.35 V vs. SCE
until 70-80% of NADH was oxidized. ADH (0.5 to 0.8 mg) and
100 nL nhquot.s of pure ethanol were added to 3.0 mL of the

d, NAD* S were taken in the wave-
length range of 280 to 400 nm before and after the addition of
each aliquot of ethanol. The optical absorbance change at 340
nm was used to calculate the amount of NAD* converted to

CURRENT, ua

1 o | 1 1 1 1 1

0% 04 02 00 -02
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Figure 1. Cyclic vottammcgrams of PG electrodes in pH 7.0 phosphate
buffer (a, ¢) and in 0.1 mM NADH in pH 7.0 phosphate buffer (b, d).
The pyrolytic grap! electrode pi were: (a, b) extracted
in methanol for 24 h and vacuum dried. (c, d) first extracted in methanol
for 24 h, dried, then subj d to radio (RF) plasma
treatment. The scan rate was 50 mV/s

NADH by ADH-ethanol. Controls included unelectrolyzed
solutions of NADH and 3,4-DHBA, and NADH electrolyzed under
the same conditions but in the absence of 3,4-DHBA. The
abbreviations of compounds and other terms used are summarized
in Table 1.

RESULTS AND DISCUSSION

NADH is involved in many enzymatic reactions. However,
nonenzymatically, only certain oxidants can oxidize NADH
(30, 31). Kubowitz (32), and Nason and co-workers (33) have
indicated that the quinones and, in particular, the ortho form,
reacts with NADH as follows:

k
R—Ph—(=0), + NADH + H* =
R—Ph—(—OH), + NAD* (3)

where R indicates some substituent group, Ph-(=0), is a
quinone, and Ph-(-OH); is the reduced, dihydro form. In
electrochemistry, it is convenient to oxidize the dihydro-
quinone to quinone which in turn can oxidize NADH in an
EC catalytic sequence as discussed earlier. The questions to
be answered are: (1) Whether the ortho structure is specific
to the oxidation of NADH compared to the para or meta
forms; and (2) Whether the ortho or any other quinone which
reacts rapidly with NADH can be appropriately attached to
an electrode surface for the surface EC catalysis of NADH.

Initially, the electrochemistry of NADH and several qui-
nones (usually in the dihydro form) was examined at PG or
GC electrodes so that the electrochemical behavior of each
could be understood prior to the EC catalytic studies. In
Figure 1, the cyclic voltammetric (CV) current-potential (i-E)
curves are shown for the oxidation of NADH at a PG electrode
prior to (trace b) and after (trace d) radio frequency (RF)
plasma treatment in O, atmosphere (Pp), = 1560 mTorr). As
may be seen from comparison of these two curves, the peak
potential, E,, for NADH oxidation is ca. 100 mV less positive
at the RF treated electrode. This shift in E,, similar to that
observed by Blaedel and Jenkins (7), may be due to the
presence of oxygen functionalities introduced on the carbon
surface by the RF treatment (10). However, the decrease here
may also be due to the increase in the effective surface area
of the electrode. This area increase is manifested clearly by
an increase in the background charging current of the treated
electrode (see i-E curve, trace c) over that of the untreated
one (trace a). Work is in progress to further quantitate the
effect of RF plasma treatment to NADH oxidation.
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Table II. Values of Redox Potentials and Kinetic Rates

rate constant, M~'
compound E°',, Vvs. NHE 539
3,4-DHBA 0.41+ 0.02° 7.7 (: 0.8) x 10*®
DA 0.37 + 0.02° 3.6 (: 0.4)x 10*?
4-MC 0.32+ 0.04° 3.3 (: 0.4)x 10°?
2,5-DHPA 0.260 ob
MHQ 0.24 + 0.04¢ ob
1,2-NPQ-4-S 0.2157 4.4 (2 0.9)x 10
1,4-NPQ-2-S 0.1207 od
5-OH-1,4-NPQ  0.033 o4
AQ-2-S -0.2257 o4
NADH -0.3207

¢ Temperature 23 ¢+ 1 °C. Y Determined by DPSC.
¢ Determined by stop-flow. 9 No change in NADH con-
centration after 0.5 h when 10-fold excess of quinone was
mixed with NADH. ¢ Measured in this work by means
of cyclic voltammetry. ! From ref. 37.

The CV curves for the oxidation of 3-hydroxytyramine
(dopamine, DA), 3,4-dihydroxybenzylamine (3,4-DHBA), and
4-methylcatechol (4-MC) at PG electrode in pH 7.0 solution
are shown in Figure 2, traces a, c, and e, respectively. All three
compounds produced well defined CV curves for the two-
electron oxidative conversion of the dihydre to the quinone
form. The electrochemical data for these and several other
quinones are summarized in Table II. In the case of DA, the
oxidation was characterized by a follow-up chemical reaction,
a cyclization (35), which produces a new wave at ca -0.25 V
vs. SCE. Such a chemical follow-up reaction was absent for
3,4-DHBA and 4-MC. The CV curves, b, d, and { in Figure
2 are repeats of the above experiments except in the presence
of 1.0 mM NADH. The electrochemical currents are now
considerably enhanced by the EC coupled oxidation of NADH,
and the potential for NADH oxidation is now governed by
the respective quinone couples. Since the experimental
conditions are similar, the shape and height of the i-E curves
reflect the kinetic rates of the quinone oxidation of NADH.
The NADH oxidation rate by 4-methyl-o-quinone is slower
than the corresponding quinone of DA and 3,4-DHBA. One
observed not only less catalytic current but also the oxidation
of NADH by the electrode at 0.58 V (Figure 2f). It should
be noted also that the irreversible, homogeneously coupled
quinone/NADH reaction removed the reductive current on
reversal of the potential scan.

The values of the kinetic rates of the quinone/NADH
reaction 3 are summarized in the last column of Table II.
There appears to be two factors in the rate enhancements.
First, a larger free energy of reaction 3 as reflected by the more
positive redox potential, E%, increased the rate. Second, there
is a preference for the ortho structure. The generality of these
two factors will be further tested in the future.

Since reaction 3 is proton dependent, an increase in the
oxidative rate between a quinone and NADH should increase
with a decrease in pH. This effect of pH was examined for
DA between the pHs of 6.5 to 8.5. The rate constant decreased
by ca. 1.2 X 10* M™' s™! per pH.

Enzymatic Activity of NAD*. Kelly and Kirwan (9)
assayed the enzymatic activity of NAD* in pH 9 pyro-

T

CURRENT , uA

08 06 04 02 00
POTENTIAL ,VOLTS vs SCE
Figure 2. Cyclic vottammograms of (a) 0.1 mM DA, (b) 0.1 mM DA,
1.0 mM NADH, (c) 0.1 mM 3,4-DHBA, (d) 0.1 mM 3,4-DHBA, 1.0 mM
NADH, (e) 0.1 mM 4-MC, (f) 0.1 mM 4-MC, 1.0 mM NADH, in pH 7.0
phosphate buffer with a RF plasma treated pyrolytic graphite electrode.
The scan rate was 50 mV/s

phosphate buffer by determining the acetaldehyde concen-
tration after ADH-ethanol were added to the NADH elec-
trolyzed solution. They reported that a maximum NAD*
production of 95% occurred at an applied potential of +0.700
V vs. SCE using a carbon electrode (anode grade graphite,
Union Carbide). To assess the enzymatic activity of the NAD*
produced through reaction 3, a similar assay was performed
except that the change in the NADH concentration was
monitored by spectrophotometry. A 0.1 mM solution of
3,4-DHBA at an applied potential of +0.35 V vs. SCE at a
PG electrode in the presence of 0.1 mM NADH (pH 7.0) was
used. The coulometric charge (background corrected) was
accurately ed so that the t of NAD* produced
could be calculated. In all of the runs reported in Table III,
more than 90% of the NADH was oxidized. The enzymatic
activities ranged from 92 to 98%. In the control experiments
where NADH was electrolyzed under the same condition as
in the absence of 3,4-DHBA, only 3-4% NADH oxidation was
observed.

Electrochemical Activity of Bound 0-Quinone CMEs.
The two quinones exhibiting the highest rate of NADH
oxidation in Table II were fortunately those containing a
terminal amino group on the substituent side-chain. Thus,
the reduced forms of these quinones, DA and 3,4-DHBA, were
attached by amidization to carboxylic acid functionalities on
RF/0, treated PG and air oxidized GC in the presence of
dicyclohexylcarbodiimide. The reaction conditions and the
GC electrode pretreatments were similar to those described
by Fujihira, Tamura, and Osa (36). The time of reaction was
four days after which the electrodes were extracted in
methanol for 24 h to remove adsorbed reactants. Since
3,4-DHBA on GC exhibited the best properties toward surface
EC catalysis of NADH, the discussion will be restricted to this
CME.

Trace a in Figure 3 is a typical CV curve for a 3,4-DHBA
CME. The oxidative E, is + 0.20 V vs. SCE which is identical
to the one obtained for solution 3,4-DHBA (see trace c, Figure

Table III. Enzymatic Activity of NAD*

NADH conen, Final ethanol
10 concn, M
1.00 2.02
0.98 1.56
0.93 2.02
0.92 2.02

NADH enzymatically generated

mg ADH NAD"* electrochemically generated?®
0.8 0.963
0.7 0.926
0.5 0.977
0.5 0.969

¢ The decomposition of NADH was corrected by monitoring unelectrolyzed solution of NADH and 3,4-DHBA
spectroscopically. Collections ranged from 2 to 3% of the initial NADH concentration.
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Figure 3. Cyclic of a 3,4-DHBA modified GC electrode

(a) in pH 7.0 phosphate butfer, and (b) in 0.2 mM NADH, pH 7.0 solution.
The scan rate was 50 mV/s

2). This CV changed slightly when repetitively cycled for 10
or more times. The surface coverage by 3,4-DHBA was
calculated to be 1.3 X 107'° mol/cm? from the oxidative
electrochemical change, assuming n = 2 for 3,4-DHBA. Trace
b in Figure 3 is the repeat of the CV except in the presence
of 0.2 mM NADH. The E, of the surface EC coupled oxi-
dation of NADH is slightly less positive than the solution EC
one (see trace d, Figure 2). This difference in E, may be due
to the higher concentration of NADH in the solution case. The
important aspect is the EC surface catalysis of NADH which
is being accomplished by a deliberate chemical/structural
modification of an electrode surface, i.e., an o-quinone CME.
Unfortunately, the activity of this electrode could not be
maintained for more than a few cycles in the presence of
NADH. Because of the previous implication (7) that electrode
fouling by NADH could be deleterious to an electrode, the
activity of the 3,4-DHBA CME was tested by the oxidation
of ascorbic acid.

Indeed, a well-defined oxidative i-E characteristic of an EC
catalyzed wave was obtained for the oxidation of ascorbic acid
by this CME. The peak heights were reproducible from run
to run for several cycles without loss of activity. It is rea-
sonably safe to conclude that the decrease in the activity of
the 3,4-DHBA CME with NADH is not due to loss of the
bound 3,4-DHBA but rather the presence of NADH, NAD*,
or the presence of small amounts of unknown side products
of NADH oxidation. For ascorbic acid, the rate of oxidation
by this CME was apparently quite rapid since the E, was
nearly identical to that obtained in the absence of ascorbic
acid.

Recently, Brown et al. (12) have reported the interesting
case of an electrode modification by the strong surface ad-
sorption of 9,10-ph h i This molecule is believed
to be adsorbed on graphitic surfaces with the plane of the ring
lying parallel to the surface. The E, for the oxidation was
observed to be at ca +0.20 V vs. SCE in 1 M trifluoroacetic
acid which is the condition of the experiment reported. At
pH 7.0 phosphate buffer, the E,, for the oxidation of 9,10-
dihydroxyphenanthrene was —0. 20 V vs. SCE (0.04 V vs.
NHE). Interestingly, this adsorbed o-quinone/dihydroquinone
electrode did not “catalytically” oxidize NADH (0.2 mM).
Although the free energy of this redox couple is not as fa-

vorable as, for example, the bound 3,4-DHBA, the total
unreactivity is possibly indicative of structural orientation
differences between the two “bound” o-quinones. The
“adsorbed" 9,10-phenanthraquinone may be less accessible
to the 4-dihydro position of the NADH for oxidation to occur.
The feasibility of fabricating a CME capable of catalyzing
the oxidation of NADH has been demonstrated. For utilizing
such CME electrodes for analytical purposes, the deleterious
effect of the presence of high concentrations of NADH may
be perhaps circumvented by the use of the pulse method
described by Lane and Hubbard (37). Future studies will more
fully explore the molecular/structural aspects which are
necessary for the design of CME with redox specificity.
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Enzymatic Determination of Nitrate: Electrochemical Detection
after Reduction with Nitrate Reductase and Nitrite Reductase

Chih-Hen Kiang,' Shia S. Kuan, and George G. Gullbault*

Department of Chemistry, University of New Orleans, Nevs Orleans, Louisiana 70122

A method for the deter tion of nitrate and/or nitrite uslng
the dual enzyme sy MVH (methyl viol d
form) nitrate reductase (EC 1.9.6.1) and nitrite reduciase (EC
1.6.6.4) has been developed. MVH-nitrate reductase was
Induced and purified from E. coliK12. MVH-nitrite reductase
was Isolated and purified from spinach leaves. Nitrate Is
reduced by MVH-nitrate reductase to nitrite which is sub-
reduced to by MVH-nlitrite reductase. The
d ed, using an air-gap electrode.

q Y

la pr dis
Nitrate and/or nitrite are determined in the range of 5 X 1051
X 102 M using elther a soluble or an Immobilized enzyme
system.

The toxicity of nitrite is well known and has two entirely
separate aspects: (a) the induction of methemoglobinemia
(1) by nitrite oxidation of hemoglobin from the ferrous to the
ferric form; the ferric form of hemoglobin (methemoglobin)
does not reversibly bind oxygen, and death results from
anoxias in severe cases (2), and (b) the formation of carci-
nogenic N-nitroso compounds by the reaction between nitrite,
and secondary or tertiary amines and amides (3-5). It is
generally accepted that nitrate itself is not toxic. However
the reduction of nitrate to nitrite occurs in the presence of
microorganisms. As reported by Tannenbaum et al. (6), the
major part of the nitrite found in the human body actually
originates from the reduction of nitrate in the saliva by
bacteria within the mouth. Recently the increasing use of
nitrate and nitrite in foods, fertilizers, detergents, and other
fields of industry has caused serious contamination problems
in the environment. These problems have attracted increasing
attention, especially since nitrite is suspected of being re-
sponsible for some incidence of cancer. Action has already
been undertaken by some agencies to prevent such con-
tamination. The U.S. Public Health Service (7) has announced
that the allowable limits for nitrate and nitrite in potable water
are 10 and 0.06 ppm, respectively. Recently, the U.S. De-
partment of Agriculture has proposed to discontinue the use
of nitrate in all meat and poultry products and to reduce the
allowed level of nitrite added for curing of meat and poultry
from 200 to 156 ppm (8).

Numerous nonenzymatic methods for the analysis of nitrate
and nitrite have been developed and reported elsewhere.
However, most of these are nonspecific and are subject to
serious interferences from diverse substances. Pretreatment
is usually required to eliminate these interferences before
measurement. This, of course, is inconvenient and makes the
method time-consuming. Since enzymic techniques have been
widely used in analytical chemistry because of their high
selectivity and sensitivity, several enzymatic methods for the
determination of nitrate and nitrite have been reported (9-12).
The common approach of these methods is to reduce nitrate
to nitrite using a nitrate reductase; the nitrite found is

1 Present address, Department of Chemical Engineering and Nuclear
Engineering, Iowa 'State University, Ames, lowa 50011.

subsequently measured colorimetrically. The disadvantage
of this approach is that it is subject to the same interferences
as the colorimetric method for nitrite and that the whole
system is rather complicated. We would like to introduce an
entirely different approach here: a new electrochemical
enzymatic method, which has the advantages of specificity,
rapidity, and simplicity for the determination of nitrate and/or
nitrite.

In this electrochemical method, nitrate and nitrite can be
specifically and quantitatively reduced to ammonia by nitrate
and nitrite reductases in the presence of MVH as electron
donor, obtained through the chemical reduction of its oxidized
form by dithionite added initially into the reaction mixture
(Equations 1, 2, and 3):

2H,0 + 2MV?* + 8,0, — 2HS0,*" + 2MV*. + 2H*
1)

nitrate reductase
e

NO,” + 2MV?* + H,0 (2)
nitrite reductase

NH,* + 6MV?* + 2H,0 (3)

The ammonia generated during the reaction can be selectively
measured using a new air-gap electrode (13, 14). This recently
developed air-gap electrode is based on the same principle as
other gas sensors, except that it does not have any gas-
permeable membrane. The membrane is replaced by an air
gap which separates the electrolyte layer from the sample
solution, the entire system being contained in a gas-tight
measuring chamber. The electrolyte itself is adsorbed as a
very thin film on the surface of the indicator (pH) electrode.
During measurement, the ammonia gas evolved from the
sample solution under basic conditions, passes through the
air gap and reaches the electrolyte layer on the surface of the
electrode, thus increasing the pH value of the electrolyte layer.
The amplitude of the pH at equilibrium is directly propor-
tional to the ammonia concentration in the sample solution
(Nernstian relationship). The electrolyte layer can be easily
renewed after each measurement, by touching the electrode
surface on a cone-shaped polyurethane sponge, well soaked
with the electrolyte solution, in an electrode holder. The
greatest advantage of this design is that the electrode is never
in direct physical contact with the sample solution which
therefore may contain components that normally affect the
function of any electrode. The simplicity of design, the easy
renewal of electrolyte, and the fast response and recovery are
further advantages of the air gap.

We have reported (15) previously the determination of
nitrite using MVH-nitrite reductase and air-gap electrode. At
this time we describe an extension of this methodology to the
determination of nitrate and/or nitrite, using both nitrate and
nitrite reductases in a soluble and immobilized form.

EXPERIMENTAL

Apparatus. The Radiometer type 503810 glass electrode was
used, and the construction of the air-gap sensor is essentially the
same as described by Ruzicka and Hansen (13, 14). A Corning

9H* + NO;~ + 2MV*.

8H* + NO,” + 6MV*-

0003-2700/78/0350-1319$01.00/0 © 1978 American Chemical Soclety
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digital 110 pH meter and a Heath Strip chart recorder with dc
offset module and potentiometric amplifier were used to record
the electrode response.

Reagents and Materials. The electrolyte solution used was
5 X 10" M ammonium chloride solution saturated with wetting
agent (Victawet 12, Stauffer Chemical Co.).

Methyl viologen, cyanogen bromide, and glutaraldehyde were
obtained from Sigma Chemical Co. (St. Louis, Mo.). Alkylamine
glass beads were purchased from Corning Glass Co. (Corning,
N.Y.).

E. coli K12 PA 601 was obtained from the American Type
Culture Collection. Fresh leaves of Spinacea oleracca were
purchased from a local market.

Preparation of Enzyme. The isolation and purification of
nitrite reductase from spinach leaves was carried out according
to Ho and Tamara (16) up to the DEAE—cellulose chromatography

8 of

step. The induction, isolation and purification of nitrate red

from E. coli K12 was performed according to Forget (17) to the
first ammonia fractionation step. The enzyme was solubilized
by heat rather than acetone treatment. The main fractions of
enzymes were combined, freeze-dried, and stored in a freezer for
later use. As a result of the preparation, from 1.0 kg of spinach
leaves, about 220 units of nitrite reductase, can be obtained with
specific activity of 1.5 units/mg and from 45 g of wet weight E.
coli cells about 4560 units of nitrate reductase can be obtained
with a specific activity of 10.0 units/mg.

Immobilization of Enzyme. The method is based on the
procedure of Marshall (18), with some modifications. Activate
2 g of glass beads by adding 15 mL of 3% glutaraldehyde, then
degas the product under a desiccator vacuum for 10 min at room
temperature. After activation for 60 min at atmospheric pressure
and room temperature, decant and wash the glass beads at least
three times with distilled water. The activated glass beads were
added to 15 mL of 0.1 M phosphate buffer containing 50 mg of
nitrate reductase or 100 mg of nitrite reductase. The mixture
was degassed for 10 min on an ice-bath, and the coupling reaction
was carried out for 24 h at 4 °C with gentle shaking. The im-
mobilized material was washed at least three times with 0.01 M
phosphate buffer (pH 8.0) and stored in a refrigerator until use.

Measurement of Nitrite or Nitrate with Soluble Enzymes.
Fifty uL of Tris buffer, 0.45 M, pH 7.0, containing 3 units of nitrite
reductase for nitrite assay, or 3 units of nitrite reductase plus 3
units nitrate reductase for nitrate assay, and 0.75 gumol of methyl
viologen, was pipetted into a sample chamber, followed by 200
uL of a nitrate standard solution. The reaction was initiated by
adding 50 uL of sodium bicarbonate solution, 0.26 M, containing

Figure 1. Effect of pH, upon the evolution of ammonia. NH,CI
concentration, 0.01 M, 200 uL. Buffer concentration, 0.5 M, 200 uL.
(® - @) Tris buffer (u = 0.1), (O — O) NaCO,-NaOH buffer (u = 0.1),
(A - A) Na,HPO,-NaOH buffer (u = 0.1)

B -
|
g ; / e

TME, MINUTE
Figure 2. Comparison of the direct and the two-step methods. (For
detalls, see text). Curve 1: blank, no enzyme added; curve 2: direct
measurement of substrate method; curve 3: two-step measurement
of

3.75 mg of sodium dithionite, which was prepared i diately
before use. The sample chamber was put in a water bath at 30
°C, incubated for 5 min, and then placed on a magnetic stirrer,
preset at the desired speed. One-hundred uL of 0.05 N NaOH-KCl
solution was added, and the chamber was immediately covered
with the electrode body. The potential change was recorded until
a steady state was reached. The pH of the equilibrium state (pH,)
on the surface of the glass electrode was read directly from the
digital pH meter. The stirrer is best preset at a moderate speed,
80 that all measur s could be lished under almost
identical conditions. In order to extend the detection limit, a
minimal sample dilution should be effected

Measurement of Nitrite or Nitrate with Immobilized
Enzymes. To 0.25 mL of 0.45 M, pH 7.0 Tris buffer, containing
3.75 pmol methyl viologen, add 1.0 mL of sample solution and
0.25 mL of 0.25 M sodium bicarbonate, containing 18.25 mg
sodium dithionite; mix. Pass this solution through column A (0.5
X 14 cm), which contains immobilized nitrite reductase for nitrite
assay, or column B, which contains a 1:1 mixture of immobilized
nitrate and nitrite reductases for nitrate assay, at a flow rate of
0.3 mL/min controlled by a peristaltic pump, so that a 100%
conversion can be assured. After 5-6 min, collect 300 uL of the
eluent, pipet into the sample chamber, and the
of ammonia released as described above Since the void volume
and dead volume of the column are about 0.9 and 0.1 mL, re-
spectlvely, this 5-6 min wamng time is necessary to obtain

Measurement of Nitrate and Nitrite Mixtures with
lmmobllued Enzymes. The procedure employed is the same
as described for the of nitrite or nitrate. The same

amount of sample solution and reaction solution are passed
through both column A and B and the eluents are measured. The
value obtained from column A indicates the amount of nitrite
present in the mixture and nitrate can be calculated by subtracting
the value of column A from the value of column B.

RESULTS AND DISCUSSION

Effect of pH, for Evolution of Ammonia. In general,
the pH of the sample solution (pH,) determines whether a
quantitative or partial conversion of ammonia ion occurs.
Figure 1 shows the dependence of pH, on pH,. At pH, > 10.5,
the curve levels off, indicating a total conversion of ammonium
ion to ammonia. However, the optimum pH for MVH-nitrate
and nitrite reductase is around 7.4-7.8. Within this range only
partial conversion of ammonium ion to ammonia takes place.
As shown in Figure 2, curve 2, obtained with a KNO, con-
centration of 1 X 10° M at pH, 8.0 (direct method), the
response was very slow, taking about 20 min to reach 95%
of equilibrium. Furthermore, the sensitivity is very low, and
the pH, drifts badly at equilibrium. As can be seen from
Figure 1, any pH, below 10.5 must be very well fixed in order
to obtain good reproducibility. Thus, accurate measurements
are difficult to achieve and direct monitoring of the reaction
with an air-gap electrode is not practical. Because of diffi-
culties encountered, it was decided to perform the mea-
surement in two separate steps: that is, to let the catalytic



Table I. Effect of Electrolyte Concentration on
Sensitivity and Drift

drift of pH,
electrolyte detection sample
solution, limit for concen, ApH./5
(NH,*)e, M NH,*, M (NH*);, M min
1x 10°* 4.4x 10 1x 10™* 0.03
1x 103 4.4x 10°* 1x 107 0.04
1x 10°% 4.4x 10 1x107? 0.007
6x 107 4.8 x 10°* 1x 10 0.02
5x 1072 4.8 x 10°* 1x 10 0.007
5x 107 4.8x 107 1x 107 0.002
1x 107 1.0x 10™* 1x 10 0.01
1x 10°? 1.0x 10" 1x 10" 0.005
1x 102 1.0x 10™* 1x 1072 0.001

Table II. Interference Studies of Diverse Substances in

the Electrochemical Method

. final concn % error observed
diverse of diverse MG e

ions ions, M NO,"- NO,-
Ca?* 5% 1072 -3.2 +1.9
Zn** 5x 10°* -2.6 -3.6
Mn?* 5x 10°* +1.9 -4.2
Cu?* 5x 107 -80.6 -75.4
Co?* 5x 107 -2.7 -1.6
Ni?* 5x 10°? +1.7 -2.6
Mg?* 5x 10°2 -3.4 +1.9
Hg** 5x 10°? -100.0 -100.0
Na* 5x 10°? -0.9 -2.8
K* 5x 10°? -3.1 +1.3
NO,- 5x.10°*% M -2.7

NO,- 5x 107 +2.7 sraidd
. Clo,” 5x 107 -4.5 -1.9
© 80.* 5x 107 +0.6 -4.4
S0,*- 6x 107 =17 -2.1
Cl- 5x 107 +4.0 +0.7
clo,- 5x 107 -1.8 -2.9
BrO," 5x 10°° =1.2 +3.2
10,- 5x 10°° +3.8 -1.2

@ Final nitrate and nitrite concentrations: 5x 107* M.

reaction incubate at a suitable pH for a definite time, and then
to carry out the actual ammonia measurement by the addition
of an excess amount of strong base to secure quantitative
conversion. Therefore, pH 7.0 was chosen to minimize loss
of ammonia during incubation, and the enzyme in either
soluble or immobilized form still shows reasonably high ac-
tivity, compared with curve 2. Much better results were
obtained by the two-step method (curve 3) at the same
substrate concentration (compare to curve 2). Curve lisa
blank, with no enzyme added (19).

Effect of Concentration of Electrolyte on the Surface
of the Electrode. The concentration of electrolyte was
studied to determine which was optimum to achieve the
greatest electrode response with the least drift. From Table
1, two conclusions were reached. First, the lower the electrolyte
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concentration, the better the sensitivity. Second, the higher
the tration, the ller the drift. Therefore, a com-
promise electrolyte concentration, 5 X 10 M, was used for
all sub t t

Response Time and Recovery. The response time varies
with substrate concentration. In general, it takes 30 s to 1
min, 2-3 min, and 5-7 min, to reach steady state at con-
centrations of 107, 103, and 10 M, respectively. Although
the thickness of the electrolyte layer on the surface of the
electrode has essentially no effect on the final pH, value, it
does affect the response time. This effect becomes especially
apparent at low substrate concentrations, (5 X 108 M to 5
X 10™* M), where poor response times were obtained (>7 min),
if the layer was too thick. To make the layer thinner, a tissue
was used to absorb the excess electrolyte. The return of the
signal to a steady, well-defined baseline (the recovery time)
was almost instantaneous, pro\nded that the electrolyte layer
is d between

Calibration Curve of Standard Solutions. According
to the procedures described above, standard curves for nitrite
and nitrate were obtained and are shown in Figure 3. The
linear range is between 5 X 10°-1 X 102 M NO; and NO;,
with a slope of 1.10-1.12 pH units/decade The fact that the
curve levels off at hlgh concentmtlons is posslbly due to (1)
the oxidation of reduced methyl vi by
before completion of the enzyme reaction. (2) The equauon
by Ruzicka and Hansen (14) does not hold at high concen-
trations, or (3) concentration is plotted and not activity. The
leveling off observed at low concentration is due to the de-
tection limit of the electrode. The calibration curves obtained
using immobilized enzymes for nitrate, nitrite, and nitrate plus
nitrite fall on one single straight line between 1 X 10*-1 X
102 M substrate with a slope of 1.04, which is close to the-
oretical value of 1.00.

Interference Study. Theoretically, using the steady-state
method and the air-gap electrode, no interference is expected
from any ions which do not inhibit the enzymic reaction. This
is verified by the data in Table II, which shows that most
diverse ions which may cause severe interference in con-
ventional methods do not interfere. However, copper(II) and
mercury(Il), which immediately precipitate with dithionite
ion, do interfere. No interference was observed from any other
cations or anions.

Stability of Immobilized Nitrite and Nitrate Reduc-
tases. The stability of the immobilized enzyme was studied,
based on how many measurements could be made with a
100% conversion of 1 X 102 M substrate to product, under
standard assay conditions. It was shown that the immobilized
nitrite reductase could be used with 100% conversion of nitrite
to ammonia for about 100 measurements. After that time,
the conversion efficiency decreased to 90% at 120 mea-
surements. The immobilized nitrate reductase gave 100%
conversion of nitrate to nitrite up to 150 measurements, with
a gradual decrease resulting thereafter. However, the lifetime
of the enzyme for 100% conversion can be extended by slowing
down the flow rate.

Table III. Determination of Nitrate and/or Nitrite at a 1:1 Ratio

- . relative relative relative

(NO,” + NO,))M CV, emor, (NO," )M, CV, emor, (NO,"PM error,
added found SD® % % found SD % % caled %
1x 10 1.06x 10* 0.081 7.6 6.0 455x 100* 0.38 83 9.0 6.06x 10  21.0
65x 10°* 522x 10°*  0.30 5.7 4.4 2.38x 10* 015 63 4.8 284x 10* 13.6
1x 107  0.96x 10> 0.040 4.2 4.0 488x 10* 0.26 53 24 4.72x 10™* 5.6
6x 10°* 6.12x 10  0.17 33 24 2.51x 10> 010 4.0 04 2.61x 107 5.2
1x 10 1.03x 10 0022 21 3.0 493x10° 018 36 14 637x10° 7.4

Av 3.96 Av 3.6 Av 10.56

@ (NO,")= (NO,~ + NO,") - (NO,"). ® Average of three measurements.
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1 | I 1
5 B 3 2 1

plcenc)
Figure 3. Calbration curve of nitrite and nitrate obtained from the soluble
enzyme system. Al measurement conditions (see text). (@ - @) nitrate,
(O - O) nitrite

The immobilized enzymes are also very stable with tem-
perature. Leaving the immobilized enzymes at room tem-
perature for three weeks, 100% conversion was observed with
both enzymes.

Determination of Nitrate and/or Nitrite in a Mixture.
With the use of the dual enzyme system, samples of nitrite
and nitrate in a mixture were measured (Table III). Poor
reproducibility and high errors were observed at low substrate
concentrations. This is mostly due to the sensitivity of the
electrode to the CO, desorption from the electrolyte layer
(coated on the surface of the electrode) onto the sample
solution which was adjusted to high pH value (11.0). This
CO; desorption causes an increase in pH value of the elec-
trolyte layer (19), thus resulting in a drift of the response curve.
This effect becomes obvious at low substrate concentration
since at these concentrations the time to reach equilibrium
is slow and the pH value at equilibrium, pH,, is usually lower
than those obtained from higher substrate concentrations

(which have higher CO, desorption rates). The CO, desorption
rate depends on temperature, the pH value, the volume of the
electrolyte layer and of the sample solution, the stirring speed,
and the air-gap space. All these factors can be controlled
easily, with the exception of the thin electrolyte layer which
is difficult to reproduce each time. Since the volume of the
electrolyte layer is so small, a slight change will cause a large
effect on the CO, desorption rate (19). Therefore, it is difficult
to predict whether the error will be high or low. The assay
value for nitrate, or nitrate plus nitrite, has more error than
that for nitrite alone, because errors in both measurements
are introduced. However, the method is reasonably good for
the determination of NO, and NO;™ at concentrations greater
than 5 X 10* M. It appears likely that this procedure is not
very promising for the accurate assay of nitrate and nitrite
mixture in potable water since 5 X 10 M is well above the
allowable limits as previously described.

LITERATURE CITED

(1) J. Haldane, R. H. Makglll, and A. E. Mavrogordato, J. Physiol., 21, 160
(1897).
(2) O. Boda , Pharm. Rev., 3, 144 (1951).
(3) P. N. Magee and J. M. Barnes, Br. J. Cancer, 10, 114 (1956).
(4) S. S. Mirvish, J. Natl. Cancer Inst., 44, 633 (1970).
(5) A. L. Fridmen, F. M. Mukhametshin, and S. S. Novikov, Russ. Chem.
Rev., 40, 34 (1971).
(6) S.R.Tannenbaum, A. J. Sinskey, M. Weisman, and W. J. Bishop, Nat/.
Cancer Inst., 53, 78 (1974).
(7) Resources Agency of Callfornia “Water Quality Criteria”, State Water
Quality Control Board Publication No. 3-A, J. E. Mckee and H. W. Wolf,
Ed., Sacramento, Callf., 1863, p 224.
(8) Fed. Regist., 40, No. 218, Tuesday, Nov. 11 (1975).
(9) G.B. Garner, J. S. Baumstark, M. E. Muhrer, and W. H. Pfander, Anal.
Chem., 28, 1589 (1956).
(10) A.L.McNamara, G. R. Meeker, P. D. Shaw, and R, H. Hageman, J. Agric.
Food Chem., 19, 229 (1871).
(11) R.H.Lowe and M. C. Glllesple, J. Agric. Food Chem., 23, 783 (1975).
(12) D.R. Senn, P. W. Carr, and L. N. Klatt, Anal. Chem., 48, 954 (1978).

(15) C. H. Kiang, S. S. Kuan and G. G. Gulbault, Anal. Chim. Acta, 80, 208
(1975).

(16) C. H. Ho and G. Tamara, Agric. Biol. Chem., 37, 37 (1873).

(17) P. Forget, Eur. J. Blochem., 42, 325 (1874).

(18) D. L. Marshall, Biotech. Biol., 15, 447 (1873).

(19) E. Hsiung, S. S. Kuan, and G. G. Gulbault, Anal. Chim. Acta, 84, 15
(1976).

RECEIVED for review January 10, 1978. Accepted May 17, 1978.
The authors thank the NSF-RANN Food Technology Pro-
gram (Grant No. AER-76-23271) for financial assistance in
carrying out this project.



ANALYTICAL CHEMISTRY, VOL. 50, NO. 9, AUGUST 1978 1323

Enzymatic Determination of Nitrate: Fluorometric Detection
after Reduction with Nitrate Reductase
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An enzymatic method for the determination of trace amounts
of nitrate In water has been developed. The y
NADH-dependent nitrate redi (EC 1.6.6.1), has boon
Induced from C Il Igaris and was highly purified by
affinity chromatography. Nitrate Is reduced to nitrite by this
enzyme In the presence of NADH as electron donor. At the
same time, NADH is oxidized to NAD*. The rate of disap-
pearance of NADH, Indi d by a d of fl

Intensity, Is monitored with a newly developed, silicone-rubber
pad fluorometric technique. Detection range Is 50 ppb to 7.5
pPpm.

Recently, the analysis of trace amounts of nitrate in
drinking water has become very important. However, as
mentioned earlier, most of the current methods are non-
specific, time-consuming and complicated. Therefore, the
development of a simple, specific method which is sensitive
enough to measure the nitrate content in drinking water is
desirable. Fluorometric methods have a sensitivity which is
approximately 10° times greater than that of most spectro-
photometric methods. This method, together with an en-
zymatic approach, is well suited for this purpose.

NADH(nicotinamide adenine dinucleotide)-dependent
nitrate reductase induced from algae can effect the reduction
of nitrate to nitrite ion, in the presence of NADH as an
electron donor. At the same time, NADH is oxidized to NAD*;
thus the rate of disappearance of NADH fluorescence can be
easily monitored using a fluorometer.

nitrate reductase
e

NO,” + NAD* + H,0 (1)

NO; + NADH, +

Because of its simplicity, sensitivity, and economy, a newly
developed silicone-rubber pad fluorometric method (1) was
used for all measurements.

EXPERIMENTAL

Apparatus. An Aminco Fluoro-Microphotometer (American
Instrument Co., Silver Spring, Md.), fitted with Corning 7-60
primary filter, a Kodak-Wratten ination 2A /47B dary
filter, and RCA 1P28 photomultiplier as detector was used to
monitor the fluorescent changes. The cell compartment and
instrumental set up were the same as described by Lau and
Guilbault (2). The change in fluorescence with time is measured
and equated to the concentration of nitrate to be determined.
Silicone-rubber pads used were the same as described by Kuan
et al. (1).

Reagems and Ma!ensls NADH, purchased from Sigma
Ch 1 Co., was dissolved in 0.5 M phate buffer, pH 7.8
to make a ﬁnnl concentration of 2.5 mg/ 10 mL. Water samples
were obtained from Jefferson Water Works (Jefferson, La.).

Chlorella vulgaris was a kind gift from L. P. Solomonson,
Department of Biochemistry, College of Medicine, University of
South Florida.

‘Pmsenudd.reu. Department of Chemical Engineering
ing, Iowa State Uni y, Ames, Iowa 50011.

and Nuclear .

Preparation of Enzyme. The induction, isolation, and
purification was carried out as described by Solomonson (3). The
enzyme has a specific activity of 21 units/mg, after a one-step
affinity chromatographic purification from the crude extract.

Measurement of Nitrate. Place a silicone-rubber pad onto
the center of the cell. To the pad add 10 uL of distilled water,
50 uL of standard nitrate solution or the sample solution, and
30 uL of enzyme solution; mix thoroughly with the help of a tiny
syringe needle. Add 10 uL of NADH buffer solution and mix.
Immediately insert the cell with the pad on it into the cell
compartment to line up with the incident beam of the fl
Record the change in fluorescence at 460 nm (excitation wave-
length, 340 nm) for 2-3 min. Plot the change of fluorescence per
min (AF/min) vs. the nitrate concentration of a series of standard
nitrate solutions for the construction of a calibration curve. The
nitrate in a water sample can be read directly from this calibration
curve.

RESULTS AND DISCUSSION

Optimization of Measurement Conditions. The assay
conditions were optimized, based on the effect of pH, buffer,
buffer concentration, and temperature. As shown in Figure
1, the enzyme has higher activity in phosphate buffer than
in Tris-HCI buffer. The optimum pH in phosphate buffer
is around pH 7.6-8.0. Figure 2 shows that the optimum

ration of phosphate buffer for the rate change is fairly
broad with a peak at 0.5 M. The enzyme is quite sensitive
to temperature changes. Inactivation of enzyme occurred at
temperatures greater than 30 °C; therefore, all measurements
were run at room temperature. The effect of enzyme con-
centration on the rate is shown in Figure 3. A leveling off
was observed at 30 uL of enzyme solution (0.0014 unit/uL),
at substrate concentrations lower than 10 ppm. The order
of reagent addition is also important since the enzyme can
be inactivated by NADH in the absence of nitrate (3, 4). It
is better to mix enzyme, nitrate solution, and buffer solutions
first; NADH is then added to initiate the enzyme reaction.

Calibration Curve of Nitrate. A calibration curve of
standard nitrate solution exhibits linearity in the range of 1-7.5
ppm. However, a lower detection limit can easily be obtained
by decreasing the amount of NADH used, and by switching
the multiplier down to a more sensitive scale. In this case a
straight line calibration curve was obtained from standard
solutions between 50-1000 ppb. However, in the 50-250 ppb
concentration range, the linear range of the reaction rate
(AF/min) is short (15-30 s). To obtain better, more accurate
plots, the use of faster chart speeds is reccommended. When
measuring a blank solution containing no nitrate ion, a small
rate is always observed. This is probably due to the presence
of trace amounts of NADH-oxidase which was not removed
during the purification steps and to the self-decomposition
of NADH at room temperature.

Measurement of Water Samples. Table I shows the
value of nitrate obtained by the present method compared
with the UV absorbance method (5); the agreement is very
good. The recovery study showed an average of 98.6% (Table
II). In order to evaluate the dynamic range of this method,
the water sample was diluted 10-fold, and the percentage
recovery was measured in the more sensitive range. The
results are shown in Table III.

0003-2700/78/0350-1323801.00/0 © 1978 American Chemical Soclety
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Figure 1. pH profile of NADH-nitrate reductase. KNO, concentration,
2 X 10 M. Incubation time, 5 min. Temperature, 25 °C. (O - O)
Phosphate buffer, 0.075 M, pH 7.8. (@ — @) Tris buffer, 0.075 M, pH
7.8
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Figure 2. Plot of AF/min vs. M of phosphate buffer, pH 7.8. NO,”

concentration, 5 ppm. All other conditions are the same as described
in text
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Figure 3. Piot of AF/min vs. nitrate reductase added per assay. NO,”

concentration, 10 ppm. All other conditions are the same as described
in text

Interference Study. The interference study is shown in
Table IV. Except for copper(II) and mercury(II), most anions
or cations do not interfere. The interference from chlorate,
iodate, and bromate is because these anions are cosubstrates
of the enzyme (6). The small interference from nitrite is
probably due to product inhibition.

Table L
uv
method,?
sample ppm
tap water
1 3.72
2 5.28
river water
4.37
2 6.23

@ Data obtained from Jefferson Water Works.

of three measurements.
ments,

Determination of Nitrate in Water Samples

proposed

method,? SD, Ccv,
ppm ppm %
3.77 0.09 2.3
5.41 0.07 1.3
4.92 0.12 2.4
6.05 0.13 2:1

Average

b Average of three measure-

Table II. Recovery Study of Water Samples
NO,"- total NO,~
added, found, recovery,
ppm ppm %
0.00 3.77 2 vl
0.50 4.14 97
1.00 4.72 99
1.50 5.11 97
2.00 5.88 102
2.50 6.12 98
3.00 6.63 98
av 98.5
Table III. Recovery Study of Diluted Water Samples®
nitrate concn, ppm fecovery,
reported? found® %
tap water
3.77 3.54 94
5.41 5.30 98
river water
4.92 5.06 103
6.05 5.74 95
Av 97.5

@ All samples were diluted 1:10.
Jefferson Water Works, average of three measurements.
€ Value obtained multiplied by the dilution factor
(X 10), average of three measurements.

b Data obtained from

Table IV.

the Fluorometric Method®

diverse
ions

final concn
of diverse
ions, M

L N e
XXX XK XX KN X X XXX KXXXXX

1072
10°°
102
102
107
107
1072
103
107
10
10
10°?
107
10°?
107
10°?
107
107
10°*

Interferences Studies of Diverse Substances in

error
observed,
o
%
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@ Nitrate concentration, 8 X 1075 M.




Reproducibility. Many other factors such as drop shape,
sample volume, and pad shape affect the reproducibility as
discussed by Guilbault and Vaughan (7). Attention should
be paid to placement of the pad inside the cell and to efficient
mixing of the reagents before each measurement.

CONCLUSION

A method for the determination of nitrate in water samples
at ppb levels has been developed. The advantages of this
method over other enzymatic and spectrophotometric pro-
cedures are: simplicity—only enzyme, NADH, buffer solution,
and substrate are needed for the measurement; rapidity—only
3-5 min is required for each assay; and specificity—most
diverse ions do not interfere. Therefore, this procedure can
be a very useful method for monitoring of nitrate in con-
taminated drinking water, as well as in food and other fields.
The main disadvantages generally associated with most
fluorescence methods, i.e., (1) errors from fluorescing con-
taminants such as aromatic organic compounds in the water
sample and (2) sample matrix effects generally caused by
spectral and nonspectral interferences associated with the
matrix, are not as important in solid-surface methods such
as the one described herein. Any strongly fluorescing com-
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pounds present, which absorb or emit at the same wavelengths
as NADH, would interfere.
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Determination of Polypropylene Glycol Extracted from Polymers

into Food-Simulating Solvents

Tore Ramstad," T. J. Nestrick, and R. H. Stehl
Dow Chemical U.S.A., Midiand, Michigan 48640

A method for the determination of polypropylene glycol at
sub-ppm levels in aqueous and organic media is presented.
Combining the classical Zelsel alkoxyl reaction with high-
efficiency GLC, the method has been used to determine the
amount of polypropylene glycol (P-1200) extracted from
several polymers into food-simulating solvents—ethanol/water,
acetlc acld/water, water, and heptane. Extracted polyglycol
Is degraded using hydriodic acid to form 2-lodopropane as the
malJor reaction product. The 2-lodopropane is determined
either by GLC or by GC-MS. This procedure has produced
75% overall conversion (yleld) of polyglycol to 2-iodopropane
and £20% relative standard deviation.

Polypropylene glycol has found use as an additive in a
variety of polymers. Its compatibility with the matrix, low
volatility, and plasticizing attributes have led to increased use
of polypropylene glycols as flexibilizing modifiers. To evaluate
the amount of the additive which may migrate from a plastic
food package into food, in support of our concerns about
product stewardship as well as those of the Food and Drug
Administration (1), analytical procedures have been developed
to measure the concentrations of the additive in food-sim-
ulating media.

Several studies have been published on the analysis of
polyglycols at high concentrations, including percent levels.
These studies include procedures utilizing nuclear magnetic

resonance spectrometry (2), a modified Zeisel procedure for

oxyalkylene groups, including polypropylene glycol, in which

evolved iodine was measured (3), thin-layer chromatography
of various derivatives of polyglycols (4), and gas chroma-
tography of polyethylene glycols as their silyl ethers (5, 6).

For low ppm determinations, an alternative approach is
required. [Since completion of this work, a sensitive technique
for determining polyglycols by a derivative chronopoten-
tiometric procedure has been published (7)]. Alkoxyl groups
have been determined by the classical hydriodic acid de-
composition of Zeisel (8). For ethers the Zeisel reaction may
be represented as:

ROR 25 RI 4 R'I+ H,0

Many modifications of the procedure exist (9, 10), including
the use of GLC for determination of the alkyl iodide. The
determination of alkoxyl groups in cellulosics by Cobler et al.
(11) was one of the first such applications. Crippen (12)
reports a glycol determination on a 0.1-g sample using HI and
propionic anhydride followed by gas chromatographic analysis
on Poropak Q. Merz (13) published a method for the de-
termination of propylene oxide polymers in which the chief
reaction product of the Zeisel reaction is isopropyl iodide
(68%) with 22% conversion to propionaldehyde. The volatile
isopropyl iodide was collected in m-xylene in a cold trap and
then determined chromatographically. More recently Pfifer
(14) described the use of Rohm and Haas XAD resins to sorb
oxyethylene from water. The oxyethylene was then reacted
with HI to produce ethyl iodide with a final determination
by GLC. We report here a microscale Zeisel/GLC procedure
for the determination of polypropylene glycol of nominal
molecular weight 1200 (P-1200) in four food-simulating
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solvents—water, 1:1 (v/v) ethanol/water, 3:97 (v/v), acetic
acid/water, and heptane.

EXPERIMENTAL

The decomposition of polypropylene glycol treated with 57%
aqueous HI was investigated. Known amounts of P-1200 were
introduced into ampules of ca. 6 cm® volume (Kontes Glass
Company) along with measured amounts of acid. The sealed
ampules were placed in an oven for different periods of time to
study conversion efficiencies to the expected halides. Upon
removing the ampules. they were cooled, scored, and opened.
Using HI the major reaction product is 2-iod yl
iodide). It was established that at the low levels bemg dewrmmed
in this work, a small amount of acetic anhydride added to the
reaction ampule improved the conversion efficiency.

Nine plates of each plastic material (8.9 cm X 5.1 cm X 0.25
cm), separated by glass rods, were placed in 250-300 mL of
food-simulating solvent in 16-oz bottles. Extractions into the
food-simulating solvents were conducted at 49 °C (120 °F) for
periods up to 21 days. Two or three milliliters each of the heptane,
ethanol/water, and acetic acid/water extracts and 5 mL of the
water extract were withdrawn at designated intervals and pipetted
into the reaction ampules. These solutions were then evaporated
to dryness under N, @ 55 °C. To each ampule was added,
successively, 1 mL o-xylene, 100 uL. HI, and 50 uL acetic an-
hydride. Following the addition of reagents, the ampules were
sealed and placed in an oven at 150 °C for 1 to 1.5 h.

Upon completion of the reaction, the ampules were cooled first
to room temperature, then in dry ice. The upper layer (o-xylene)
was carefully thawed and the top portion of the ampule was
washed with the o-xylene by careful tipping. Quickly then, the
ampule was scored, opened, and covered with a serum cap. Upon
reaching room temperature, most of the o-xylene layer (containing
the isopropyl iodide) was transferred to a 2-dram vial containing
1 mL of freshly prepared aqueous K,COj; (4 g in 50 mL) and K,SO,
(1 g in 50 mL). These reagents neutralize remaining acid and
remove any free [,. An aliquot of the o-xylene layer was injected
into a gas chromatograph or into a combination gas chromato-
graph-mass spectrometer.

Reagents. The following reagents were used as received:
h)dnodlc acid (57%), MC&B; acetic anh)dnde J T. Baker
Ch 1 Cs y; o-xylene, Burdick & Jack
Aldrich Chemxcnl Compuny. Inc.; and P-1200, Dow Chemical
US.A.

Gas Chromatography. A Varian 1400 gas chromatograph was
used in this work. Columns were packed either with 0.7% OV-275
on 80/100 Carbopack C or with Carbowax 20M bonded to 150/200
Porasil E-AW (internal preparation). Operating conditions are
given in the caption of Figure 1. Combined gas chromatogra-
phy-mass spectrometry was performed on a LKB 9000S. The
column packing was either 26% DC-200 on 80/100 Chromosorb
W-HP or Carbowax 20M bonded to 115/150 Porasil E-AW
(internal preparation). Operating conditions are given in the
caption of Figure 2.

The concentration of isopropyl iodide in the o-xylene was
determined by comparison with isopropyl iodide standards
prepared by weight in o-xylene. By subtracting any contribution
from blanks (i.e., migration solvents alone), the amounts of
polyglycols extracted and converted to isopropyl iodide were
calculated.

Calculations. P-1200 may be represented as:

Hy
HO4CH—CH, —0-+oH

Ignoring the two end groups (OH and H), we have from the Zeisel
reaction,

s £
~CH-CH,~0— —+ |-CH—=CH,
58 170

Hence, for 100% conversion, 1 g of P-1200 yields ~(170/58) x
1 =293 g of 2-iodopropane. Since 2-iodopropane standards were
available, the actual yield of the Zeisel reaction could be de-
termined and did not require the use of an ldent.u:al sample of
P-1200. The of P-1200 p gtoa

Table . ppm PPG Extracted® from GP Polystyrene®

water 0.08
HOAc/H,0 0.10
EtOH/H,0 0.60

@ ppm (ug/mL) calculated for (10 cm? solvent volume)/
(in.? surface area;‘(15). These are averages of replicate
determinations. ° Addition of P-1200 at the 5% level.

Table II. ppm PPG Extracted? from Tyril®

HOAc/  EtOH/

H,0 H,0 H,0 heptane
0.079 0.12 0.12 0.054
0.079 0.12 0.13 0.053
0.083 0.10 0.14 0.054
0.076 0.10 0.12 0.053
0.081 0.10 0.14 0.053

av. 0.080 0.11 0.13 0.053

% ppm (pg/mL) calculated for (10 cm? solvent volume)/
(in.? surface area) (15). ® Addition of P-1200 at the 1%
level.

Detector Aesponse
0 Xylene

2 logopro
pane

M

0 1 2 3 4 5 6
Time, Minutes

Figure 1. Gas chromatogram of EtOH/H,0 extract of polystyrene. The
2-iodopropane peak s equivalent to 0.5 ppm PPG in the extract. GC
conditions: 2 m X 3 mm glass packed with Carbowax 20M bonded
to 150/200 Porasi E-AW; helium carrier at a fiow of 75 cm®/min; column
temp., 70 °C; Injector temp., 150 °C; FID detector temp., 250 °C;
sample size, 2 uL; sensitivity, 2 X 107'2 afs

amount of 2-iodopropane could then be calculated from the
determined yield. The percent conversion of P-1200 to isopropyl
iodide was approximately 75% although it ranged from 60-80%.
As a check on conversion reproducibility, a known amount of
P-1200 was included in each set of Zeisel reactions; all data
subsequently reported are corrected for the experimentally-
determined conversion yields.

RESULTS

In Table I are shown the levels of polypropylene glycol
(PPG) found in extracts of General Purpose (GP) polystyrene
after 21 days. Figure 1 shows the gas chromatogram of the
EtOH/H,0 extract of polystyrene. Table II shows the results
of five separate determinations of PPG extracted from Tyril
(Trademark of The Dow Chemical Company), a copolymer
of styrene and acrylonitrile, after 10 days. The data of Table
1T show excellent reproducibility for this procedure. Single-ion
chromatograms of a HOAc/H,0 blank and a 10-day
HOAc/H,0 extract of Tyril are shown in Figure 2; all data
are corrected for blanks. Results for high impact polystyrene
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Figure 2. Single-lon mass chromatograms of HOAc/H,0 b!ank and
extract of Tyril, mass = 170. The 2 prop peak Is

to 0.11 ppm PPG in the extract. GC-MS conditions: 2mX3rm1¢ass
packed with Carbowax 20M bonded to 115/150 Porasil E-AW; hellum
carrler at a flow of 40 cm®/min; column temp., 135 °C; injector temp.,
175 °C; separator temp., 150 °C; lon source temp., 250 °C; sample
size, 2 uL

Table Ill. ppm PPG Extracted® from HIPS?

H,0 HOAc/H,0 EtOH/H,0
0.73 0.77 1.76
0.70 0.82 1.78
0.83 0.87 1.78
0.76 0.86 1.81
0.83 ’ 0.81 1.80
av. 0,77 0.83 1.78

ppm (ug/mL) calculnted for (10 cm? solvent volume)/
(in.? surface area) (15). b Addition of P-1200 at the 5%
level.

(HIPS) after 26 days are shown in Table III.

DISCUSSION

It was indicated that solvent blanks must be included in
the analysis because of possible propylene glycol or propyl
iodide contamination. It was discovered that the source of
reagents is important: the blank using acetic anhydride
catalyst which had been kept in a polyethylene bottle (Nalgon)
was four times that of the blank using acetic anhydride kept
in a glass bottle. In the latter case, the residual blank may
have been due to some propyl iodide in the hydriodic acid.
Nevertheless, for these solvents, the magnitude of the blank
did not exceed one-tenth the amount of polyglycol originating
from the polymer.

Conversions of P-1200 to 2-xodopropnne were appronmawly
756%. Essential to high ion efficiency is the incl
of a solvent in the reaction ampule prior to carrying out the
reaction. In the early stages of our work, a solvent was added
after scoring and opening of the ampule, just prior to de-
termination by GC. It was not until a solvent was added to
the ampule before reacting the contents that conversion
efficiency to the expected halide exceeded 25%. (We also
investigated the decomposition of P-1200 using HBr. In this
case, conversion never ded 26%). We believe that the
effect of this solvent is twofold: to retain the propyl iodide
as itis formed. promot.mg further reaction, and to reduce the

of disprop tion to propane and propene (3). It
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should also serve to minimize losses of the volatile iodide when
the ampule is opened. The use of a solvent in a sealed ampule
precludes lower boiling solvents, since their vapor pressure
would be excessive at the 150 °C needed for reaction.

The major reacti d to occur with HI
is as follows (3):

q P

a CH; CH,
HO4CH—CH,—OkH + 2x HI —ox I-CH—CH—1 + (x-1) H,0
CH, CH,
b Checymy e, H(':-cH, +1y
< CH_.‘

HC=CH, + HI —» HJC—(l: —CH,
i
In (a) the oxypropylene units comprising the polymer are
cleaved, reacting to form 1,2-diiodopropane (propylene iodide).
The latter compound is unstable, being decomposed by both
heat and light. Vicinal deiodination leads to propylene (b)
which, in the presence of excess HI undergoes largely Mar-
kovnikoff addition to 2-iodopropane.

As the conversion efficiency of P-1200 to 2-iodopropane was
normally about 75%, side reaction(s) are probably occurring.
(Increased reaction time beyond 0.5-1 h did not increase the
yield.) Siggia et al. (3) postulate the reaction of 1,2-di-
iodoethane with HI to form ethyl iodide. The equivalent
reaction for 1,2-diiodopropane would be:

Hy CHy
21-CH=CHg—1 + 2Hi—> |-CH—CHy + CH,CH,CH, | + 2I,

Under conditions where the 1-iodo- and 2-iodopropanes are
resolved, there is relatively little 1-iodopropane formed. We
conclude from this observation that the formation of 1-
iodopropane does not subtract significantly from an overall
yield to 2-iodopropane.

In summary, the modified Zeisel/GLC procedure developed
yields a total figure for oxyalkylene units. Hence, it should
be applicable to the determination of both high and low
molecu!nr welght glycols for these kinds of studies. Other

tions include: (1) traces in waste water; (2)
determination in biological materials; and (3) environmental
distribution studies.
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Preparation and Chromatographic

Applications of an Amide Resin

Gene M. Orf and James S. Fritz*

Ames Laboratory—U.S. Department of Energy and Department of Chemistry, lowa State University, Ames, lowa 50011

Synthetic routes are discussed for lneorporallon of a (erllary
aliphatic amide group In a
vinylbenzene resin. The amide resin relalns uranlum(VI),
(1V), and zirconlum(IV) selectively from agq
solution, pH 3.0. A liquid chromatographic separallon scheme
using the resin is given and quantitative results are obtained
for in synthetic and actual les, and for thori

in synthetic samples. Gold(III) and palladium(II) are se-
lectively retained by the resin from aqueous solutions con-
talning hydrochloric acid. The resin has a capacity for gold
of 1.7 mmol/g.

porous

Incorporation of a chelating group of known selectivity into
a resin is likely to result in a chelating ion-exchange resin of
predictable selectivity. For example, isooctylthioglycolate is
known to extract silver(I), gold(III), bismuth(III), copper(II),
and mercury(II) selectively from acidic aqueous solution (1).
A resin containing the thioglycolate functional group retains
selectively all of the above metal ions except copper(II) from
acidic aqueous solution (2).

The success of liquid amides in extracting uranium(VI), and
to a lesser extent thorium(IV) and zirconium(IV), from
aqueous nitrate solutions (3) has inspired us to introduce an
amide group into a polystyrene-DVB resin. The resulting resin
does indeed sorb selectively uranium, thorium, and zirconium
from aqueous solution. It also retains gold(Ill) and palla-
dium(II) strongly from aqueous chloride solutions.

EXPERIMENTAL

Chromatography. The liquid chromatograph used has been
previously described (4). A resin column 6.0 cm X 0.6 cm was
used for all separations. Uranium(VI), thorium(IV), and zir-
conium(IV) were determined automatically after addition of an
Arsenazo I1I solution to the eluent stream at pH 0.5. Gold(I1I)
was detected by collecting fractions and analyzing by ICP emission
spectrometry.

Resin Synthesis. First, an amide group was introduced into
silica gel or Porasil by the following sequence

Ui} - Sio + (CH3013SICHIgNHCHy —*

- (CH1COIL0
$i9) - 510 #‘Wz':“"c"s {cnaca0,
| 3

Siiica) - SI0Si(CHaI3N,
i -soy ‘cocn

The starting material for resins II and 111 was Amberlite XAD-4
resin, a P styrene-divinyl-b copolymer lied
by Rohm and Haas Co. The resin was Soxhlet extracted with
methanol, ground, and sieved before use.

Resin II was prepared by the following reaction sequence:

Alcy
sClCHAC  —> (CHleCI
(excess)
XAD-4 ol
IH,
l(u:nle
A ene
(CHalaN_ HyC00 (GRS

(m

The first product of the synthesis of resin III was prepared as
described by Falbe, Paatz, and Korte (5). This was accomplished
by stirring 28 mL of y-chlorobutyryl chloride into a solution of
84 mL of dibutylamine in 150 mL of petroleum ether which had
been cooled in an ice bath. The reaction mixture was stirred for
2 h in the ice bath and then allowed to stand overnight. The salt
was then filtered off and washed with petroleum ether. The ether
was distilled from the product by rotovaporization and the product
was purified by vacuum distillation at 150 °C, 0.001 mm Hg. The
IR and NMR spectra confirm the structure of the first product.

The final resin was prepared by slowly adding 15 mL of the
first product to a mixture of 9 g of XAD-4 which had been dried
in a vacuum at 120 °C for 24 h, 21 g of anhydrous aluminum
chloride, and 200 mL of carbon disulfide. The reaction mixture
was then poured into an ice bath and the resin was finally fiitered
and washed with dilute hydrochloric acid and acetone.

CHCH)3COCI + BupNH — CI(CHa)3 CONBuz

AICIy (Crz)sCONBL,
[ +CICHRCONBY, i ]

XAD-4
(o
The presence of an amide group on the resin was confirmed
by an IR spectra of the final product. The nitrogen content of
the resin was determined by the Dumas method. This showed
the resin to contain 2.88% nitrogen, which indicates 2.05 mequiv
of amide functional group per gram of resin.

RESULTS AND DISCUSSION

Resins. Resin I retains uranium, thorium, and zirconium
at pH values greater than 4.0 when nitrate or perchlorate salts
are in relatively high concentration. However, unreacted
hydroxyl groups on the silica prevented clean elution of the
retained metal ions. Attempted deactivation of the hydroxyls
by silanization improved the situation only slightly.

Resin II retained uranium, thorium, and zirconium only
when 2.0 M (or greater) sodium nitrate or sodium perchlorate
was added to the aqueous solution. It is possible that the
1,4-dichlorobutane may have caused some cross-linking be-
tween phenyl groups that would hinder complexation of metal
ions by the amide groups. Since three different chemical
reactions were performed before obtaining the final product,
there is the possibility of undesirable functional groups re-
maining from incomplete chemical reactions.

Resin III was much the most successful. At least two
different batches of the resin were prepared successfully. This
resin was used for all of the work reported in this paper.

Separation of Uranium(VI), Thorium(IV) and Zir-
conium(IV). Uranium, thorium, and zirconium are taken up
by a column of the resin from pH 3.0 perchloric or nitric acid
solutions. The method chosen for the separation of uranium,
thorium, and zirconium from each other and from several
other heavy metals was as follows. A sample containing
uranium, thorium, zirconium, and foreign ions is injected into
an eluent stream of pH 3 perchloric acid. Under these
conditions, most foreign ions are eluted and the three ions of
interest are retained. The uranium is then eluted with pH
2 perchloric acid, the thorium is eluted with pH 0.5 perchloric
acid, and the zirconium is eluted with 1 M sulfuric acid.
Zirconium could be eluted with any mineral acid with a
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TableI. D ination of Uranium in the Pre of
Foreign Ions
% recov-
ery, av of
foreign ions two trials
10-° M Fe’*, Al’*, and Co** 99.1
10 M Mg**, Pb?*, and Ni** 99.5
10°* M Zn?*, Cu?*, and Cd** 99.5

107 MV**,5x 10°* M Th**, and Zr** 100.0
10"* M Hg**,6x 10~ M Th**, and Zr** 99.0
10> MNO,", 5x 10°* M Th**, and Zr** 97.9
10" MCI-, 5 x 10°* M Th**, and Zr** 100.0
10"* M SO,?", 6 x 10°* M Th**, and Zr** 99.4

10-? M tartrate 91.5
10°? M citrate 76.0
102 M phosphate 99.2

Table II. Determination of Thorium in the Presence of
Foreign Ions

% recov-
ery, av of
foreign ions two trials

107> M Fe, Al, Co, 5 x 10°* M U, and Zr 97.2
10"> M Mg, Pb, Ni, 5 x 10°* MU, and Zr 99.4
107> M Zn, Cu,Cd, 5 x 10°* MU, and Zr 98.9

10-? M tartrate, 5 x 10~* M U, and Zr 94.6
10°* M citrate, 5 X 10°* M U, and Zr 85.6
10-?* M phosphate, 5 x 10~* M U, and Zr 0

10"* M Ho, 5 x 10°* M U, and Zr 83.3
10" MCe, 5 x 10°* MU, and Zr 90.7
10 MGd, 5x 10"* MU, and Zr 92.6
107* MV,5x 10°* MU, and Zr 97.2
10> MSn,5x 10°* MU, and Zr 71.6
10"* M Hg, 10~* M U, and Zr 100.0
10-% M sulfate, 5 x 10°* M U, and Zr 127.0
10-* M nitrate, 5 X 10™°* M U, and Zr 104.0
10~* M chloride, 5 X 10~* M U, and Zr 98.2
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Figure 1. Separation of 5§ X 10°° M uranium(VI), thorium(IV), and
zirconium{IV)

U

Low grade ores were analyzed for uranium and thorium to
see if the resin had a practical use for the determination of
trace amounts of the metals in real samples. Carnotite samples
of 0.1 g were digested in 20 mL of rated hydrochloric
acid and then digested to dryness in a solution of 15 mL of
concentrated hydrochloric acid and 15 mL of concentrated
nitric acid. The residue was then dissolved in 100 mL of
distilled water. Uraninite samples of 0.1 g were digested in
a solution containing 15 mL each of concentrated sulfuric and
nitric acids and also diluted to 100 mL. The samples were
analyzed in the same way as all previous samples. The results
are shown in Table III. Attempted analysis of a monazite
sample for uranium and thorium was not successful.

Separation of Gold(III). The amide resin sorbs gold(III)
strongly from aqueous hydrochloric acid solutions. The

pacity of a resin for gold was fairly constant from
0.5 M to 4.0 M hydrochloric acid and averaged 1.7 mmol/g.

concentration of 1 M or greater, but the sharpest elution was
obtained with sulfuric acid. A chromatographic separation
is shown in Figure 1.

Separations of standard solutions of uranium, thorium, and
zirconium of various concentrations gave linear calibration
curves (peak height vs. ug of metal ion) for uranium and
thorium. However, zirconium could not be determined
quantitatively, possibly because of polymerization or lack of
complete, reproducible reaction with the color-forming de-
tection reagent.

Uranium and thorium were determined quantitatively in
the presence of 20-fold molar excesses of several foreign metal
ions and as much as a 200-fold excess of some anions. All
separations were performed on a 6.0 cm X 0.6 cm resin column
with an eluent flow rate of 1.2 mL/min and a color-forming
reagent flow rate of 0.8 mL/min. The sample loop was 54 uL.
The results in Tables I and II show the method to be quite
selective. Rare earth salts and citrate cause major interference
for both uranium and thorium. Phosphate interferes with
thorium but not with uranium.

This pares with col ities of only 0.08 mequiv/g
for uranium and 0.04 mequiv/g for thorium under the con-
ditions described earlier.

Column studies with 1.0 M and 5.0 M hydrochloric acid
showed that gold(IIl) and palladium(II) are taken up strongly,
but rhodium(III), platinum(IV), and silver(I) are not retained.
It is difficult to elute gold and palladium from the resin
column with most reagents tried, but elution is readily ac-
complished with 0.1 M sodium cyanide.

Gold(III) added to deionized water and also to seawater at
approximately 1 ppm concentrations was quantitatively re-
covered after passing 1 L of water through a 6.0 cm X 0.6 cm
resin column at 5 mL/min and subsequently eluting with 0.1
M sodium cyanide.

Many resins that are selective for gold(IIl) cause partial
reduction of the gold(III), perhaps to the metal. This does
not occur nearly so readily on the amide resin, although the
yellow gold band on the resin column does turn black if left
for a long period of time. Even then, the black band is re-
moved by elution with cyanide and the resin can be used for
many sorption and elution cycles.

Table III. Analysis of Low Grade Uranium and Thorium Ores

% previously
sample species determined % found found
Uraninite (International Atomic uU,0, 0.371 + 0.058 0.376
Energy Survey Reference
Sample No. S4)
Carnotite (USERDA Reference U,0, 0.19 + 0.02 0.18
Materials Section,
New Brunswick, N.J.,

Carnotite Sample No. 4)
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Characterization of the Ion-Exchange Membrane Detector for
Liquid Chromatography and Its Application to the Separation of
Quaternary Ammonium Compounds

John G. Dorsey, Mark S. Denton,’ and T. W. Gilbert*
ity of Ci Cincinnati, Ohio

Department of Chemistry, Univ

An LC det which operates by ing di lonal
changes of a strip of lon-exchange membrane has been further
characterized and Is shown to be useful for the detection of
q y lum lons. The det has a precision of
better than 1% standard error and a linear range for choline
and acetyichollne of at least 2.5 orders of magnitude.

Quaternary ammonium ions are commercially used as
antiseptics, antistatic agents, in detergent formulations of
fabric softeners, as a water treatment biocide, and in sec-
ondary-recovery oil wells. They are also prevalent in biological
systems, and are of great biomedical interest. The commercial
products are usually mixtures, and the determination of
individual compounds in them has long been a troublesome
analytical problem. Most often only the total tetraalkyl
ammonium content is determined. Trace amounts have been
determined in both commercial () and biological (2) samples
by ion-pair extraction and colorimetry. Larger amounts may
be determined and differentiated from amines by nonaqueous
titration (3). Some degree of selectivity may be achieved by
careful control of ion-pair extraction conditions followed by
two-phase titration with lauryl sulfate (4). However, closely
similar quaternary ammonium ions cannot be differentiated
by the latter procedure and, for those that can be differen-
tiated, qualitative knowledge of the sample composition is
required for proper adjustment of the conditions of extraction
(5, 6).

For the separation of closely similar quaternary ammonium
ions, a chromatographic method is required. Thin-layer
chromatography on alumina (7, 8) and high voltage elec-
trophoresis (9) have been used, and quantitation has been
accomplished by spraying with color-forming reagents. Gas
chromatography has been applied to the analysis of choline
and its esters but, because of the nonvolatility of the com-
pounds, either prior derivatization or pyrolysis techniques
must be used (10-13). GC-MS, both electron impact ionization
and chemical ionization, is also useful (14, 15).

Liquid chromatography would be the separation method
of choice because of the poor volatility of the compounds.
Unfortunately, the lack of useful UV-visible absorption bands
has made the detection and quantitation of quaternary
ammonium jons difficult. Ion-pair partition chromatography
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using picrate as the anionic species has permitted the use of
UV detection (16). However, this method has a very limited
concentration range because of changes in the distribution
ratios of the individual cations with concentration. Various
other methods, all involving collected fractions and subsequent
analysis, are still widely used for the detection of quaternary
ammonium ions. These include precipitation with sodium
triphenylcyanoborate (17), C labeling of the compounds (18),
NMR analysis (19), and color formation with periodide (18,
20).

It is clear that a continuous means of detecting quaternary
ammonium compounds is badly needed for such studies.

Recently a new general purpose detector was developed in
this laboratory for continuously monitoring the effluent from
a liquid chromatography column (21). This detector utilizes
a phenomenon which is associated with all ion-exchange
processes—namely, the volume change of the resin matrix
which p all ion-exchange reactions. An osmotically
induced volume change also occurs for nonelectrolytes which
partition into the resin phase. Thus, it is seen that insofar
as only species which are capable of exchanging with the
counterions, or partitioning into the resin are considered, the
detector is completely general, giving a response for all species.
The magnitude of the response will depend on the identity
of the pair of ions in the exchange reaction, the physical
properties of the resin matrix, and the composition of the
external solution.

The effluent flows through a low volume glass tube in which
a strip of ion-exchange membrane is suspended and attached
to a linear voltage differential transformer (LVDT) in a Du
Pont Model 941 thermomechanical analyzer (TMA). Ex-
tremely small changes in the length of the ion-exchange
membrane during sorption and desorption of ions cause the
LVDT core to be displaced from its electrical center, resulting
in a signal which is recorded on the Y axis of a strip chart
recorder.

This paper describes the application of this detector to the
separation and determination of some simple quaternary
ammonium ions, and of choline and its esters. The synthesis
of an ion-exchange membrane with a greater sensitivity than
commercially available membranes is reported. The precision,
linearity of response, flow rate sensitivity, and detection limits
of this new detector are discussed.

EXPERIMENTAL

Chromatographic System. Delivery of the mobile phase was
made with a Chromatronix Model CMP-2 chemically inert piston
pump. Samples were introduced into the flowing mobile phase

0003-2700/78/0350-1330801.00/0 © 1878 American Chemical Society



Figure 1. Inverted loop membrane detector. (a) Pb ball; (b) Pt ribbon;
(c) lon-exchange membrane; (d) thick walled Pyrex tube; (e) Chro-
matronix microbore column fitting; (f) Teflon inlet tubing

stream with a Chromatronix R60SV rotary injection valve having
replaceable sample loops. An adjustable bed Chromatronix
LC-9M column, 9.0-mm i.d., was used throughout. All components
were interconnected with 0.79-mm i.d. Teflon tubing. The system
was capable of operation up to a maximum pressure of 500 psi.

Aminex A-4 resin (Bio-Rad Laboratories), 16-24 uym, was
equilibrated three times with the mobile phase and then slurry
packed. When the column was filled, the resin bed was com-
pressed by pumping the mobile phase through the column at
maximum flow rate for at least 1 h, and the column adjusted to
this final bed height. The mobile phase was 0.025 M ethylene
diammonium chloride (en-2HCl) made in distilled water and
vacuum degassed.

Reagents. The en-2HCI was made using the procedure of
Arguello and Fritz (23). The quaternary ammonium salts, tet-
ramethylammonium bromide, ethyltrimethylammonium iodide,
diethyldimethylammonium bromide, and triethylmethyl-
ammonium iodide (Eastman Chemical, Rochester, N.Y.); and
choline and esters, choline chloride, acetylcholine chloride,
propionylcholine iodide, and butyrylcholine iodide (all 99%, Sigma
Chemical, St. Louis, Mo.) were used as received. Sample solutions
were prepared by dissolving the solids in 0.035 M en-2HCI; so-
lutions containing choline and its esters were stored at 4 °C.

Membranes. Strips of polyethylene (12 X 0.15 cm, 26.7 um
thick) were cut from Glad Food Storage Bags (Union Carbide).
They were washed overnight with a detergent solution, rinsed with
distilled water and ethanol, and air dried. Pyrex tubes (ca. 35
cm long, 15-mm o.d., 12-mm i.d.) were half filled with styrene
(Eastman, 98%, stabilized with tert-butylpyrocatechol), the
polyethylene strips added, and the mixture was bubbled with N,
for 10 to 15 min. The tubes were flame sealed and irradiated with
a 195 kR/h y-ray source for varying lengths of time. After ir-
radiation, the strips were washed three times with benzene, once
with absolute ethanol, and dried. The percent grafting was
established by the weight change of a pre-weighed square of the
polyethylene film. The samples were sulfonated by immersing
the polymer strips in chlorosulfonic acid at room temperature for
25 min. The strips were then placed successively in CCl, for 1
h to remove excess chlorosulfonic acid, concentrated H,SO, for
5 min, and finally in 20% NaOH at 70 °C for 20 min.

‘The capacities of the membranes were determined by titrating
the hydrogen ions liberated by the membranes upon the addition
of an excess of NaCl to a solution containing the membranes. Each
membrane was first converted to the hydrogen form by soaking
in 1 M HCI followed by rinsing with water until the effluent was
free of chloride ion. The titrations were performed with car-
bonate-free NaOH to a phenolphthalein end point. The titration
volumes were corrected by a blank titration of NaCl.

Monitor and Detector. The monitor and the adjustment of
the TMA have been described previously (21). The detector
design is that of Hansen (22) and is different from the one
previously used. It is shown in Figure 1. A strip of sulfonated,

4-h irradiated copolymer, 12 X 0.15 cm, was looped in the shape

of an inverted V inside a thick walled glass tube, 7.2 cm X 0.27
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Table L. Percent Polystyrene Grafting and Exchange
Capacity of Membranes

membrane capacity

total % mequiv/g
radiation dose, grafting, uequiv/ dry
time, h kR wiw cm? membrane
1 188 3.6 1.06 0.508
4 7562 34.1 5.26 2.60
8¢ 1504 317.8 6.00 2.78
16.9 3130 63.5 8.34 3.85

@ A high degree of homopolymerization of this sample
was indicated by a very viscous styrene liquid phase.

cm i.d., giving the detector a volume of 412 uL. A piece of Pt
ribbon (0.009 X 0.15 mm) was placed through the membrane loop,
and a Pb ball was squeezed shut on the ends of the Pt ribbon.
‘The Pb ball then rests in a cradle on the tension probe connected
to the LVDT core. By using thick walled glass tubing and the
fittings from a Chromatronix microbore column, the bottom of
the membrane is easily held in place. A sealing disk with a
centered hole holds the two ends of the membrane tightly against
the end of the glass tube and the column effluent is pumped
directly into the center of the detector body.

Procedures. For the membrane response comparisons, the
flow rate study, the calculations of of and the
time constant 0.276-mL ples of 0.1 M NaCl
were injected directly into the detector with 1.0 M H,SO, as eluent.

DISCUSSION

Membranes. The primary considerations for an ideal
membrane for this application are: high mechanical strength
for resistance to tearing, flexibility for resistance to cracking,
thinness for rapid equilibration with the external solution,
resistance to inelastic deformation and low cross-linking for
maximum swelling or shrinking response to ion-exchange
reactions. These characteristics are antagonistic and com-
promises must be made. Of the many commercial membranes
which have been tested, the cation membrane CC-60 and the
anion membrane AA-60 (American Machine and Foundry Co.)
which were used previously (21) continue to be the most
responsive. These are of the graft copolymer type, consisting
of a polyethylene backbone with grafted polystyrene which
is then sulfonated or quaternized. Unfortunately, these are
no longer being manufactured, so similar membranes were
prepared by a method similar to that of Chen et al. (24). Table
I shows the percent grafting and capacity data for these
membranes. The copolymer films from the 8- and 17-h ir-
radiation times were grainy, showing localized styrene po-
lymerization, and have not been investigated for detector
response.

The response of the 4-h irradiated sample was then
compared to that of the CC-60. The average probe dis-
placement for the CC-60 was 4.74 pm (15 replicates) while that
for the synthesized membrane was 14.0 um (seven replicates).
Thus, for a pure ion-exchange interaction, the newly prepared
membrane gave a response about three times greater than that
of the commercial membrane.

It is believed that two factors contribute to this improved
response. The new membranes are three to four times thinner
than the commercial membranes, providing for more rapid
equilibration during the exchange process. Second, the extent
of cross-linking of the commercial membranes is not known,
but the new membranes are not DVB cross-linked, and so are
likely to show greater dimensional changes during an exchange
reaction.

Detector Design and Resp The new detector cell
desxgn isan mversnon of that prewou.sly report,ed (21). The
p design required very of the
cell to prevent the TMA probe from binding on the cell walls.

Aoisoce
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Figure 2. Detector response to NaCl samples vs. flow rate

Table II. Precision Data

peak peak peak
height,? width, ,, area,
injection mm mm mm? ®
1 71.5 10.0 715
2 69.5 10.0 695
3 70.5 9.8 691
4 69.5 10.0 695
5 70.5 10.0 705
6 71.5 10.0 715
7 71.0 9.5 675

@ A peak height of 70 mm corresponds to a probe dis-
placement of 14 um. Peak area standard and mean de-
viations. S=14.3 mm?. S, =5.40 mm?3.

The inverted loop membrane design is not as critical with
respect to alignment, and setup time is on the order of a few
minutes. The new design is also much less sensitive to flow
pulsations.

Figure 2 shows the response of the inverted loop membrane
detector as a function of flow rate. Each data point represents
the average of triplicate samples. The slower flow rates allow
longer residence time of the solute in the detector cell and,
hence a greater response, as more of the solute ions exchange
onto the membrane. Present work is being directed toward
a design giving more turbulent flow to minimize this diffusion
limited response.

Table II shows the peak height and peak area (A = h X wys)
for seven sequential injections. The average area was 699 mm?
with a standard deviation of 14.3 mm? and a standard error
of 5.40 mm? Thus, the detector is reproducible during any
given period of operation. Day to day variations of 10 to 20%
can occur, however, if the detector is dismounted at the end
of the day’s operation.

Different membrane strips of the same capacity and similar
in length show responses within the 10 to 20% variation range.
Therefore, if the detector is dismounted, or a new membrane
is used, two or more standards must be run to re-establish the
calibration curve.

These seven sequential injections were also used to measure
the time constant of the membrane, defined as the time
required for the membrane to reach 63% of its maximum
value at a flow rate of 2.00 mL/min. For the adsorption
process, the value is 11 s, while for the desorption process, it
is 25 s.

Applications. Figure 3 shows a separation of simple
quaternary ammonium ions with a 22.5-cm column of Aminex
A-4 resin. The negative peak at 10 min is the “exchange peak"
and has been discussed previously (21). Analogous to the
refractive index detector, both positive and negative peaks
can be obtained, corresponding to and contraction
of the membrane.

Figure 4 shows the separation of choline and three of its
esters with a 19-cm column of Aminex A-4. Two factors had
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Figure 3. Separation of simple quaternary ammonium lons. (a)
L v (©) di

Y Y

ylammonium; (d) triethy ylammonium. 1.009 mL
of 0.035 M en-2HCI which is also 0.015 M in each of (a), (b), (c), (d).
Mobile phase: 0.035 M en-2HCI. Flow rate: 1.00 mL/min. Column:
22.5 X 0.90 cm Aminex A-4
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Figure 4. Separation of choline and esters. (a) choline, 0.010 M; (b)
acetylcholine, 0.010 M; (c) propionylcholine, 0.0060 M; (d) butyryl-
choline, 0.0060 M. Sample: 1.009 mL of (a), (b). (c), (d) at the above
concentrations in 0.035 M en-2HCI. Mobile phase: 0.035 M en-2HCI.
Flow rate: 2.00 mL/min. Column: 19 X 0.80 cm Aminex A-4
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Figure 5. Determination of choline in a soy meal extract. (a) Li*; (b)
choline determined to be 2.6 mg/mL. Sample: 0.456 mL of soy meal
extract. Mobile phase: 0.035 M en-2HCI. Flow rate: 2.00 mL/min.
Column: 17 X 0.90 cm Aminex A-4
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to be considered in the selection of the mobile phase for this
separation. First, it has been shown that the identity of the
mobile phase and the sample affect the response of the de-
tector (21, 25). Second, the stability of the choline esters had
to be considered. It has been shown that the maximum
stability of acetylcholine with respect to hydrolysis at room
temperature was obtained at pH 4.7 (26). The rates of hy-
drolysis of the other choline esters should be similar. The pH
of 0.035 M en-2HCl is 4.4 at 22 °C and the greatest membrane
response to choline was obtained with this mobile phase.

The linear range for choline under these conditions is from
107" M to 5 X 10* M. The average peak heights of triplicate
samples of 1.009 mL were converted to probe displacement
and a plot of log displ t vs. log tration gave a
slope of 1.00. This method for obtaining a quantitative es-
timation of detector linearity has been described by Fowliss
and Scott (27). The lower end of the linear range is limited
by the sensitivity of the detector and could probably be
extended somewhat at a slower flowrate. With a mobile phase
of 0.035 M en-2HCI and a flow rate of 2.00 mL/min, the




minimum detectable quantity, defined as the concentration
of sample that produces a signal equal to twice the baseline
noise, is about 3 X 10 g/mL for choline or acetylcholine.
While this detector is significantly less sensitive for these
compounds than GC (10-13), no lengthy sample pretreatment
is necessary.

Figure 5 shows an application of the membrane detector
to the determination of choline in a soy meal ex‘ract. The
large, off-scale peak is Li*, from LiOH, used to raise the pH
of the extract. The second peak is choline, determined to be
2.6 mg/mL of extract. Details of this analysis, including
extraction conditions and comparisons with other methods
will be presented elsewhere.
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Evaluation of a Computer-Controlled Stopped-Flow System for

Fundamental Kinetic Studies
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This paper di Ibes the i ofa p d
slopped tlow system for a kinetic study of the Fe(III)-
hi Al Kinellc quati are dfor a

y r
proposed hanism | g two parallel palhways, and
results of some 456 experiments run under computer control
are Interpreted and pr d to provid: licit values for
forward and reverse rate tants for the y- posed mech-

anism as well as and th
Of the 456 experiments run, three were re]ecled as belng
Inconsistent with other data and only nine were lost completely
b of an Inad supply of stock reagent. The
Imprecision was about 0.03 s~ for rate constants in the range
of 1.8to 57",

The stopped-flow mixing method represents one of the most
useful techniques for kinetic studies involving reactions with
half-lives in the range from a few milliseconds to a few seconds.
Because the method generates data at a relatively rapid rate,
some investigators have used small laboratory computers
on-line with stopped-flow instrumentation (I-3). While these
innovations have greatly improved the convenience and re-
liability of stopped-flow studies, most of them do not take full
advantage of the capabilities of the computers because they
are used only for data acquisition and processing. Coupled
with automatic reagent and sample handling equipment, a

. Indiana 47907

small computer can also control and execute most of the
operations required to carry out major phases of stopped-flow
kinetic studies.

An earlier report from this laboratory described a unique
sampling/mixing system that permitted control of the
sampling and mixing steps via electrical switches (4). A more
recent report described a reagent preparation system that
could mix up to five solutions and one diluent in a wide range
of proportions and deliver many such solutions in sequence
to the sampling/mixing system (5). The total integrated
system is controlled by a computer system so that after stock
reagents are supplied and the conditions for several exper-
iments are entered into the computer via Teletype, then all
steps required to perform the desired experiments and process
the data are carried out automatically under computer control
and without operator intervention. Although data were
presented to illustrate some features of the quantitative
performance of the system, no data were presented to evaluate
performance for a detailed kinetic study and that is the subject
of this paper.

In this work, the Fe(III)-SCN" reaction is used as a model
system to further evaluate the performance of the computer
controlled stopped-flow instrument. Although the thermo-
dynamic and spectral properties of the monothiocyanato
complex of Fe(IIl) in acid solution have been well charac-
terized (6-8), there are significant discrepancies among kinetic
rate constants reported for the system (9-13). Therefore, in

0003-2700/78/0350-1333$01.00/0 © 1978 American Chemical Society
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addition to evaluating the autc d-flow system,
this study also has provided useful information related to the
model reaction.

GENERAL CONSIDERATIONS

The rationale for experiments performed in this study is
best described in terms of a proposed mechanism and rate
equation for the reaction. Earlier work provided evidence for
a reaction between Fe*(,;, and SCN~ (14). Later work that
demonstrated increases in reaction velocity with pH (9)
suggests the probable involvement of a hydroxy complex of
Fe(III). An overall reaction scheme that accounts for these
observations is

Fe**(aq) + SCN- == FeSCN**

k_ -1
Kp, r ][ Khpa
Fe(OH)** + SCN- — Fe(OH)SCN'* (1)
k_
+ : +
H* H

where Kj, and K}, are equilibrium constants for hydrolysis
steps that are assumed to be very fast in comparison with the
other processes. Starting with a rate equation in terms of
forward and reverse rate constants and concentrations of all
species in Equation 1, and applying conservation of mass
equations, it can be shown that this reaction scheme leads to
a rate equation of the form

_ d[SCN"]

@ = (¥ R/ [HP)[Fe™|[SCN] -

(k_y + koK, /[H*])[FeSCN?*] (2)

If the Fe¥* concentration is maintained at least 20 times larger
than the SCN™ concentration (Cp,qn 5 20 [SCN]), then
reactions 1 can be treated as two competing first-order re-
actions, and the integrated form of the rate equation under
this set of conditions is

[FeSCN?*].
In =
[FeSCN?*].. - [FeSCN?*],
[(ky + koK /[HD[Fe™] + (kg + k oKyo/[H*D]E (38)

where [FeSCN?*].. represents the concentration of this species
when the reaction is at equilibrium. In the discussion that
follows it will simplify notation to refer to the quantities in
parentheses on the right side of Equation 3a as the forward
and reverse constants (k= k, + k;K},;/[H*] and k, =k | +
k-oKya/ (HY)).

It has been observed that the absorbance at 450 nm is
proportional to [FeSCN?*] (5 = 4.6 X 10° L/mol cm).
Therefore, Equation 3a can be rewritten in the simplified form

In (A. - A) = - (k{Fe**] + k)t +In AA  (3b)

where AA is the total change in absorbance from t = 0 to
equilibrium (AA = A, - Ap).
It is apparent from Equation 3b that plots of In (A = A )

q

to ky, and a plot of &, vs. 1/[H*] should be linear with slope
equal to k_,K}; and intercept equal to k_;. Previously de-
termined values of K}; and Kj; can be used to compute explicit
values for k, and k_; (7, 15).

Clearly, all of the rate constants included in reactions 1 can
be determined by the procedures outlined above. However,
in order to avoid large uncertainties that can arise from the
data processing procedure alone, especially those involving
extrapolated intercepts, it is important that all determinations
be based upon several data points over a relatively wide range
of the independent variable in each case. One set of ex-
periments designed to evaluate these rate constants at 25 °C
involved triplicate runs at seven different Fe®* concentrations
at each of eight perchloric acid concentrations (see Table I)
corresponding to a total of 168 experiments. A second set of
experiments designed to evaluate the temperature dependence
of the rate constants and associated information involved
duplicate runs on each of 48 solutions at each of three
temperatures corresponding to 288 experiments. These types
of studies that involve large numbers of experiments run under
well defined conditions are ideally suited to automation and
serve as excellent examples for evaluation of the computer
controlled stopped-flow system.

EXPERIMENTAL

Apparatus. Details of the stopped-flow system including
computer hardware and software concepts have been presented
earlier (5) and are not discussed here.

Reagents. All solutions were prepared in distilled water that
had been passed through a mixed cation-anion exchange resin

bed.

Iron(III) Perchlorate. A 0.077 mol/L iron(III) perchlorate stock
solution in 0.200 mol/L HCIO, was prepared from reagent grade
Fe(Cl0,), (G. Frederick Smith Chemical Co., Columbus, Ohio)
and standardized potentiometrically at pH ~ 2 with 0.010 mol/L
standard EDTA containing no NTA (J. T. Baker Chemical Co.,
Phillipsburg, N.J. 08865).

Perchloric Acid. A 2.354 mol/L perchloric acid stock solution
was prepared from reagent ACS grade HCIO,, 70% (Fisher
Scientific Co., Fair Lawn, N.J. 07410) and standardized against
weighed amounts of Baker Analyzed Reagent grade anhydrous
Na,CO; (J. T. Baker Chemical Co., Phillipsburg, N.J. 08865) using
methyl orange as indicator.

Sodium Perchlorate. A 1.413 mol/L sodium perchlorate stock
solution was prepared by diluting 2.354 mol/L perchloric acid
stock solution with water. The pH of the stock NaClO, solution
was adjusted to 7.0 with analytical reagent grade anhydrous
Na,CO; (Mallinckrodt, Inc., St. Louis, Mo. 63147) and the solution
was heated to remove dissolved carbon dioxide.

Sodium Thiocyanate. A 2.0 X 10 * mol/L sodium thiocyanate
stock solution in 1.000 mol/L NaClO, was prepared from dried
Baker Analyzed Reagent grade NaSCN (J. T. Baker Chemical
Co., Phillipsburg, N.J. 08865) and the appropriate amount of 1.413
mol/L NaClOjy stock solution.

Procedure. The reagent preparation system was calibrated
by dispensing water into preweighed vials for different amounts
of time, weighing the vials, and computing the least squares slope
and intercept of the mass vs. time data. Stock solutions of iron(III)
perchlorate, perchloric acid, sodium perchlorate and water are
placed in containers with delivery tubes to the reagent preparation
system and are adjusted to and maintained at 25 °C in a water
ljnth Dcsned volumes of these three solutions and water are

vs. t should be linear if the previously proposed
and simplifications are correct. Also, the slope should have
the form of an apparent first-order rate constant

ky = kFe™*] + k, @

If values of k, are evaluated at different values of Fe*
concentration for-fixed values of [H*], then plots of k, vs. Fe’*
for each [H*] concentration should be linear with slope equal
to kg and intercept equal to k,. Noting the quantities rep-
resented by k¢ and k,, it follows that a plot of ks vs. 1/[H*]
should be linear with slope equal to k,K},; and intercept equal

d into 30-mL vials on a turntable and each solution is
mixed with a magnetic stirring bar placed in each vial at the start
of a series of experiments. The turntable delivers each different
reagent to the sampler/mixer feed line. A stock solution of sodium
thiocyanate maintained at 25 °C is connected to the sample side
of the sampler/mixer via a delivery tube. For the temperature
study, solutions prepared with the reagent preparation system
were adjusted to the desired temperature prior to being run on
the stopped-flow.

When all reagents are in place, all instrumental and photometric
adjustments are complete, and all pertinent information related
to the desired experiments is entered into the computer, then the
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Table I. Effects of [H*] and [Fe®* ] upon Apparent First-Order Rate Constant at 25 °C

Cre(C10,),» (mol/L)

Cucio,» 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200
mol/L Apparent first-order rate constants (s™')

0.200 2.29:0.03° 279:0.03 3.23:0.06 3.73 £ 0.03  4.03 + 0.03 4.47 + 0.03 4.99 + 0.05
0.225  2.17: 0.01 2.58+ 0.03 3.11 : 0.04 3.49+ 0.01 3.84 : 0.02 4.28 + 0.02 4.76 + 0.02
0.250  2.07 + 0.03 2.58: 0.03 294 : 0.04 3.30:0.02 3.71:0.07 4.09 + 0.03 4.52 1+ 0.01
0.275  2.01 : 0.02 242+ 0.03 2.85:0.03 3.20: 0.04 3.54:0.02 [3.90:0.01]° [
0.300 1.91: 0.02 235+ 0.03 2.74 + 0.02 3.07:0.04 3.49:0.04 3.87 + 0.07 4.16 = 0.02
0.325  1.89: 0.02 2.27:0.01 267+ 0.02 2.99:0.03 3.38:0.01 3.71 + 0.02 4.08 =+ 0.04
0.350  1.85: 0.02 2.23+0.02 262+ 0.02 2.90: 0.05 3.27: 0.05 3.70 + 0.02 c
0.375  1.81: 0.01 2.18+ 0.02 2.51+0.003 2.81+0.02 3.19:+0.01 3.56 + 0.01 c

@ Standard deviation of three replicate runs. ® Point not used. € Stock reagent depleted.

Figure 1. Plots of apparent rate vs. Fe** [H*]):
(0) 0.200; (O) 0.255; (X) 0.250; (@) 0.275; (#) 0.300; (+) 0.325;
(©) 0.350; (a) 0.375.

system is activated and the experiments are carried out auto-
matically except for a manual 100% T adjustment during the first
experiment.

RESULTS AND DISCUSSION

In the study at 25 °C, data were obtained for all but three
of the 56 sets of conditions represented in Table I. Each
experiment included a trial run during which the computer
selected a data rate that was appropriate for the range of
reaction rates for that set of conditions. After the trial run,
then three replicate runs were made on one solution prepared
for each set of conditions. The 162 runs represented by the
data in Table I required approximately 7 h for completion
after all stock reagents and program information were set up.
The only operational problem encountered during that period
was related to an insufficient supply of some of the stock
solutions (see Table I).

Each datum in Table I represents the average of three
values of the apparent first-order rate constant based upon
the slope of In (A. - A,) vs. t plots (See Equation 3b). The
uncertainties quoted in the table represent the standard
deviation (£18S) of the three results averaged in each case.
Standard deviations of individual least squares slopes of the
In (A. - A)) ve. t plots from which the averages were computed
ranged between 0.002 and 0.005 s*. Therefore, most of the
uncertainty included for each datum is related to differences
among runs and very little of it is related to within run
variations.

Figure 1 shows the observed rate constants at each acid
concentration plotted vs. Fe®* concentration at 25 °C. These
plots exhibit the linear relationship predicted by Equation
4. The least squares slopes and intercepts that represent K;
and K; are included in Table II along with standard deviations

Table II. Regression Data for Apparent First-Order Rate
Constant vs. Fe** Concentration

std error
Cucio,» slope, intercept, of estimate,
mol/L k¢, L/mol-s Ry, 87! it

0.200 175+ 3 1.46 = 0.04 0.06
0.225 170 = 2 1.34 = 0.03 0.05
0.250 169 = 2 1.32: 0.03 0.04
0.275 154 = 1 1.27 + 0.03 0.04
0.300 150 = 2 1.2 .
0.325 145:1 1. 19 0.02 0.03

1.14

112

0.350 144 : 2 + 0.03 0.04
0.375 138: 1 + 0.02 0.02
& b
-—[ °
E\ By
¥ =
LE s e
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<3 <
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| °
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—j “
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[{] 2 . 3
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Figure 2. Plots of kyand k, as functions of [H*]". (&) k,vs. [H‘]"
slope = 15.9 % 0.8; Imorcapt =97 3. (0) k, vs. [H‘f“
0.140 = 0.008; Intercept = 0.75 = 0.03.

of slopes and intercepts and the standard errors of estimate.
The standard errors of estimate indicate that the upper limit
for the scatter in the rate constants imposed by the total
system including reagent preparation, sampling and mixing,
measurement, temperature control, etc. is in the range of 0.02
to 0.06 57

The individual values of k; and k, in Table II are plotted
vs. 1/[H*] in Figure 2 producing linear plots as predicted by
Equation 3a. Least-squares values of the intercepts corre-
spond to k; = 97 = 3 L/mol's and k., = 0.75 = 0.03 s%. Values
of Ky, = 1.65 X 10 mol/L (15) and Kj; = 6.5 X 10 mol/L
(7) are used with the slopes to compute k; = (9.6 £ 0.5) X 10°
L/mol's and k3 = (2.2 = 0.1) X 10% 8%,

These values of rate constants are summarized in Table III
along with values obtained by other workers using a variety
of methods. The value for k_; included from an earlier paper
(11) is based on a different mechanism that uses the disso-
ciation constant for water where we used Kj; to compute k_s.
The slope of the k, vs. 1/[H*] from that paper is 0.19 mol/L-s
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Table III. Compil of Rate Constants at 25 °C from Several Studies
method (ref.) (ionic strength)  k,, L/mol's k3, L/mol's I kst

stopped:flow (9) 127+ 10 (1.0 + 0.1) x 10*
u=0.4

pressure jump (10) 150 + 50 (2.6 + 0.2) x 10*
s =0.5)

stopped-flow (11) 90:5 (6.1t 0.5) x 10° 1.6+ 0.2 (1.0 + 0.1) x 10"
(u=0.5)

pressure jump (12) 132 + 50 (4.2: 0.5) x 10*
(u=0.2)

temperature jump (13) 130 + 40 (1.3 +0.2) x 10*
(u =0.5)

present work 97:+3 (9.6 + 5) x 10° 0.75 + 0.03 (2.2+ 0.1) x 10°
(u=1)

Table IV. Regression Data for Apparent First-Order Rate
Cancicat e’* C St

vs. F
std
error
esti-
CHClo,- slope, intercept, mate,
mol/L  T,°C k¢ L/mols kes! s!
20+ 0.1 106.1+ 0.4 0.826 + 0.003 0.005

0.200 256 0.1 172+ 4 1.37: 0.03  0.04
30+ 0.1 271:4 2.71+ 0.03 0.04
20+ 0.1 99.6:0.2 0.799:0.002 0.002
0.225 25:0.1 165+ 2 1.27: 0.03 0.02
30+ 0.1 254 + 4 2.00+ 0.04 0.04
20+ 0.1 97.0:04 0.759: 0.003 0.004
0.250 25+ 0.1 158+ 1 1.23: 0.01 0.008
30+ 0.1 238+ 2 1.94 + 0.02 0.03
20: 0.1 94.1:04 0.735+ 0.003 0.004
0.276 256t 0.1 1513 1.20: 0.03 0.04
30+ 0.1 227 + 2 1.86:+ 0.02 0.03
20+ 0.1 91.1:03 0.713:0.003 0.01
0.300 25:0.1 1481 1.14: 0.01 0.01
30:0.1 215+ 4 1.79 - 0.04 0.0
20+ 0.1 88.8=:0.2 0.69 :0.003 0.01
0.325 25:0.1 141+ 3 1.13+0.03 0.04
30+ 0.1 2121+ 2 1.71+ 0.02 0.04
20:0.1 86.8:03 0.679:0.003 0.004
0.350 25+ 0.1 142+ 2 1.07+ 0.02 0.03
30:0.1 205+ 2 1.68+ 0.02 0.02
20+ 0.1 84.6:0.2 0.668:0.002 0.003
0.3756 26+ 0.1 133: 3 1.10: 0.03 0.02
30:0.1 204+ 1 1.60:0.01 0.02

compared with a value of 0.14 mol/L+s obtained in this work,
and when that slope is used with K, = 6.5 X 107 mol/L to
compute kg, a value of 2.9 X 10° is obtained in comparison
with the value of 2.2 X 10° obtained in this work. Little can
be said about the other differences among the constants except
to note the large quoted uncertainties associated with some
values of k; and to mention that the earlier stopped-flow data
were evaluated manually from oscilloscope traces.

One other comparison involving k, and k_, can be made.
The ratio k,/k_; = 129 % 6 should represent the equilibrium

30 335 340
(17T°K)x10°
Figure 3. Replots of p dependent rate data. (&)

ky, (D) k2, (&) k_y, (W) k_;

constant for the hydroxide independent step in reaction 1.
This value compares favorably with values of 125 £ 2 and 132
+ 1 determined by potentiometric (16) and spectrophotometric
(7) procedures, respectively. The equilibrium constant for the
second step in reactions 1 can be estimated as ky/k , = 9.6
X 107/2.2 X 10% or 4.4 £ 0.1 mol/L.

The second set of data involved measurements at 20, 25,
and 30 °C for similar conditions represented for the 25 °C data
in Table I. Individual values of rate constants at several
Fe(III) concentrations were used to evaluate k¢ and k, as
described earlier, and the results are presented in Table IV.

Values of AH,; = 10.2 kcal/mol (I5) and AH,, = 12
kcal/mol (assuming the same AS for both K}, and Kj, and
estimating AH), from its free energy) were used with values
of kpand k, in Table IV to compute the forward and reverse
rate constants for reactions 1. Results are included in Table
V. The activation parameters included in Table V were
computed from weighted least squares slopes and intercepts
of the In (k/T) vs. 1/T plots shown in Figure 3. The
thermodynamic constants were evaluated from the differences
between the forward and reverse activation parameters for
the two reaction pathways in Equations 1 above. Literature
values for the thermodynamic constants under similar con-
ditions for the pH independent reaction vary from -1.5 (8)

Table V. Resolved Rate Constants at Various Temperatures

T.°C k,, L/mols k_,,s! k,(L/mol-s) x 10°* k_(s') x 107
20 : 0.1 62:1 0.481 = 0.006 7.2+ 0.3 1.50 = 0.03
26+ 0.1 93:3 0.75 £ 0.03 9.7+ 0.5 1.8: 0.1
30:0.1 120 : 0.6 1.09 + 0.05 13.6 + 0.5 2.2: 0.2

Activation parameters
AH, keal/mol 11.8+ 0.6 13.9: 0.6 10.8 + 0.8 6.0+ 0.1
AS', eu -9:2 -13+ 2 -85+ 2 -23.4+ 04
Th dynamic tant:

AH, kcal/mol -21: 0.8 4.8+ 0.8
4aS, eu 4:3 20.2: 2




to -1.3 (17) keal/mol for AH and from 4 (8) to 5 (17) eu for
AS, and these values are within the 95% confidence level
uncertainties of values reported in Table V.

Some checks for internal consistency can be made between
the two data sets run several months apart. The standard
errors of estimate for the data in Tables 1I and 1V reflect the
maximum scatter in the data imposed by the total system.
The standard errors at 20 °C are consistently lower chan those
at 25 and 30 °C, and this may reflect better temperature
control for the experiments nearer room temperature. When
the rate constants in Table I are regressed against rate
constants for the same conditions for the other data set at 25
°C, the slope and intercept were 0.95 + 0.01 and 0.03 % 0.03,
respectively, with a standard error of estimate of 0.04 s™ and
a correlation coefficient of 0.997. The slope shows that the
combined effects of chemical and instrumental variables
contribute a difference of only 5% between the two data sets.

We believe the results presented above represent convincing
evidence that the computer controlled stopped-flow system
has much to offer for aspects of fundamental kinetic studies
that involve large numbers of experiments under reasonably
well defined conditions. Results presented elsewhere (18)
described the performance for routine kinetic analyses.
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In-Situ Chemically-Modified Surfaces for
Normal-Phase Liquid Chiromatography

R. K. Gilpin* and W. R. Sisco

Research Division, McNeil Laboratories, Camp Hill Road, Fort Washington, Pennsylvania 19034

In this paper, the preparation of three short-chainlength tri-
chlorosilane (n-butyl, 2-carbomethoxyethyl, and 3-cyano-
propyl) modified silica gels by a totally in-situ process Is
reported. Detalled investigations of efficiency and selectivity
of these modified materials along with unmodified silica have
been carried out in a norrnaLphase mode using a series of 14
test sol with wat n-h as the mobile
phase. All compound retentions have been examined on a
relative basls using aniline as the reference solute. Columns
have been found to vary in polarity in the order: silica, n-butyl,
2-carbomethoxyethyl, 3-cyanopropyl. In addition, column—

to-column reproducibility of these packings has been ‘
for multipreparations. Typical average deviations of relative
retention for the 14 test sol have ranged b 4-8%.

In recent years the number of commercially available
high-efficiency liquid chromatographic packings has grown
at a remarkable rate (1, 2). This has been especially true for
the chemically modified materials (3, 4). In parallel growth
has been the number of literature references of the application
of these materials to analytical problems. In addition a
number of reports have appeared describing the experimental
preparation and characterization of various bonded-phase
materials for liquid chromatographic application. These have
been extensively reviewed in the literature (3-8).

In a majority of the reported studies and applications,
bonded-phase materials have been used in the reversed-phase
mode (4), with a combination of either water or an aqueous.
buffer and either methanol or acetonitrile as the mobile phase.

Another application for bonded phases is as adsorptive (i.e.,
normal-phase mode) packings. A few workers have reported
normal-phase studies on bonded materials (9-14). In this
mode, even greater potential in selectivity may eventually be
realized.

The feasibility of forming bonded siloxane phases totally
in-situ on porous layer materials and on completely porous
small-particle silica has been demonstrated (15, 16). These
materials were evaluated for use in a reversed-phase mode.
In this paper, three short-chain trichlorosilane modified silica
gels for use as normal-phase high pressure liquid chroma-
tographic packings have been prepared by a similar in-situ
approach.

Detailed investigations of efficiency and selectivity on these
short-chain packings have been carried out using a series of
14 test solutes. All compound retentions have been examined
on a relative basis using aniline as the reference compound.

EXPERIMENTAL

Column Preparation. The 2.4-mm i.d. by 25 cm stainless steel
columns were slurry-packed with LiChrosorb SI 50 silica (av. dp
=~10 um) as previously described (16). Following packing, each
column was conditioned with 100 mL of water, methanol, iso-
propanol, diethyl ether, 1,2-dichloroethane, and at least 500 mL
of water-saturated n-hexane. After eondluomng, all columns were
characterized in terms of efficiencies using nitrob as the
test solute and a mobile phase of water-saturated n-hexane. In
addition, capacity factors for each test solute were calculated using
benzene as the unretained peak. These data were obtained from
duplicate injections using 6 to 8 different linear velocities covering
a range from 0.11 to 1.1 cm/s (0.3 to 3.0 mL/mm)

Followmg packing and luation were
bonded in-situ as described (16). In each case, 100 mL of

0003-2700/78/0350-1337$01.00/0 © 1978 American Chemical Society
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water-saturated toluene followed by 200 mL of dry toluene were
used to establish pre-reaction conditions. These solutions were
pumped through at a rate of 50 mL/min. Immediately following
this procedure, the pump was stopped and a reaction reservoir
(3/gin. 0.d. X 2 ft stainless steel tube) containing 30 mL of a 50%
solution of trichlorosilane monomer in dry toluene was inserted
into the system between the column and pump. The reaction
solution was then pumped through the column at a rate of 1.0
mL/min, followed by 500 mL of dry toluene at the maximum
attainable flow. The reaction reservoir was removed from the
system, and 100 mL of water-saturated toluene, followed by 100
mL of water:acetonitrile (5:95) were pumped through the modified

1 Each coll was subseq ly conditioned using the
same solvent series listed above for the uncoated silica.

Equipment. Either a Waters Model 6000 pump, or an Altex
Model 100 pump were used for the bonding reactions. Chro-
matographic experiments were performed on a Perkin-Elmer
Model 1220 liquid chromatograph equipped with a Schoeffel
Model 770 variable wavelength detector. All measurements were
made at 254 nm. Retention measurements were made with the
aid of a Hewlett-Packard Model 3352 data system. Injections
were made on-column using Precision Sampling syringes. All
column evaluations were carried out at ambient temperature (ca.
25-27 °C).

Reagents. The n-hexane and toluene used were distilled in
glass from Burdick and Jackson and analytical reagent grade from
Mallinckrodt, respectively. The dry toluene was prepared by
refluxing over calcium hydride for at least 4 h and then stored
over calcium hydride until used. Both the water-saturated n-
hexane and water-saturated toluene were prepared by stirring
overnight at ambient temperature in the presence of distilled
water. These solvents were then stored under static conditions
prior to use. n-Butyltrichlorosilane, 2-carbomethoxyethyltri-
chlorosilane, and 3-cyanopropyltrichlorosilane were obtained from
Petrarch Systems and were used in the condition received.

RESULTS AND DISCUSSION

Columns modified with n-butyltrichlorosilane, 2-carbo-
methoxyethyltrichlorosilane, and 3-cyanopropyltrichlorosilane
were prepared in-situ using optima pre-reaction and reaction
conditions based on previous studies (16). After preparation,
columns were conditioned with a solvent series of decreasing
polarity (17) and chromatographically characterized as
normal-phase packings. In addition to selectivity and effi-
ciency studies, reproducibility for multicolumn preparations
was evaluated. The reproducibility studies were carried out
on a relative basis using aniline as the reference compound.

Changes in column efficiency between the modified and
unmodified surfaces were examined using nitrobenzene as the
test compound. In each case, water-saturated n-hexane was
used as the mobile phase.

Selectivity was investigated using a series of 14 test solutes
which are listed in Table I and water-saturated n-hexane as
the mobile phase. Capacity factors for these test solutes
ranged from ~0.1 for biphenyl to ~100 for phenol. From
these data, relative retention (c,!) data were calculated using
aniline as the reference compound. The a,’ (ratio of capacity
factor of each component to the capacity factor of aniline) was
determined using the relationship

i k’i“mmponent _ b=ty b, — by
T t
aniline r o)

where (¢,) was the retention time of the component of interest,
(t,) the retention time of the unretained compound, benzene,
and (t,) the retention time of the reference compound, aniline.
Aniline was chosen as the reference compound, since it was
the parent structure of a majority of the test solutes studied.
Additionally the retention of aniline was intermediate among
the test compounds investigated.

Reproducibility. Listed in Table I are mean relative
retention data and resulting coefficients of variation in these
data for the series of 14 test compounds obtained on three

Table I.  Variation in Relative Retention for Unmodified and for Modified Micro-Silica Columns®

n-butyl columns 2-carbomethoxyethyl columns 3-cyanopropy! columns

silica columns
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av, devi-
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mean relative
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Figure 1. Repr ive chrc gram on an unmodified silica column. Conditions: mobile phase, water-saturated n-hexane; flow
rate, 1.6 mL/min; column lemperatwe armﬂem Test solutes: (a) (b) biphenyl, (c) nitr (d) (e) N,N-

() 2.6-dimethylph (@ N ylaniline, (h) m-chloroanili ylaniline, (j) p-chior ine, (k) aniline

replicate unmodified micro-silica columns. Also listed in Table HES p— s

I are inter-column variations reported as percent relative
average deviation (a,//a,) (100). All relative values for a given
test solute are averages obtained from 5 to 10 experimental
determinations per column. The inter-column variation for
triplicate column preparation was typically less than 8% with
a significant portion of these data falling beiween 1% and 4%;
in a few cases, higher values were obtained for those test
solutes which eluted early.

Also shown in Table I are mean relative retention (a,’) data
for the same test series obtained on three replicate column
preparations for each of the column types: n-butyltri-
chlorosil 2-carb thoxyethyltrichlorosi and 3-
cyanopropyltrichlorosilane. As in the case of the unmodified
columns, overall inter-column variations for a particular type
of modification were less than 8% with many test solutes
showing smaller relative deviations.

Absolute retention data for aniline reported as k’are listed
in Table I. These data were determined from a representative
column of each modification as shown in Figures 1 and 2. In
terms of absolute retention, column-to-column variations were
found to be similar to those reported in earlier studies (16);
this was true when the batch of monomer and lot of silica
remained constant. Changes in either resulted in higher
coefficients of variation in reproducibility.

When comparing the overall variation in «,' data between
column types, no statistically significant differences (p < 0.05
by ANOVA) were noted between modified and unmodified
materials. These results indicate that most inter-column
variation within a particular modification type was the result
of experimental factors other than those arising from the
bonding process. One such factor is fluctuation in temperature
of the column and mobile phase. Temperature has been found
to affect significantly compound retention under the con-
ditions studied (18); this has been attributed to changes in
water content of the mobile phase and resulting adsorbed
surface water.

The three in-situ 3-cyanopropyltrichlorosilane modified

\

1 L s ' ) n
10 20 10 20 10 20
RETENTION TIME, min
Figure 2. Repr chr g btained on the various
sufaoetypes n-butyl, 3 pr 2-carb . Conditions:
mobile phase, waler—sam‘sd n-hexam flow rate, 20rrunh column
temperature, ambient. Test solutes: same as Figure 1

in-situ modifications, the a,' data on the commercially
available column are mean values obtained from 5 to 10
expenmental determinations for each solute. When comparing
«,! values, the columns were found to be similar in selectivity
even though the capacity factor for each solute was ap-
proximately four times larger on the in-situ prepared surfaces.
The ller k” values obtained on the commercially available

columns were compared to a similar ¢ cially availabl

column (ES Industries), using the 14 test compounds. Relative_

retention data are listed in Table II. As in the case of the

surface are reconcilable in terms of differences in surface area
and monomer loading between the packings (19). Of particular
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Table II. Vuution in Relative Re!enhon l‘or In-Situ and
G ially Available 3-Cyanopropyl Col

relative retention, a,}

test compounds As B?
naphthalene 8.2x 10°* 1.2:x 1072
biphenyl 1.1x 102 1.6 x 10?
anthracene 21x 102 3.1x 10?
nitrobenzene 8.8 x 10* 11.0x 10?2
N, N-dimethylaniline 0.12 0.13
N-methylaniline 0.31 0.32
2,6-dimethylaniline  0.55 0.49
aniline 1.00 (k' = 35 8) 1.00(k'=9.21)
o-chloroaniline 0.22 0.24
m-chloroaniline 0.68 0.73
p-chloroaniline 0.97 0.98

2,6-dimethylphenol  0.41
2,4-dimethylphenol  1.52
phenol 3.01

PO
IR
(2R

@ A, in-situ prepared columns. a,l results are mean
values obtained from three replicate columns. B, com-
mercially available column (ES Industries). a,! results are
values obtained from one column.

interest is the excellent agreement between relative data,
which supports the argument that the observed selectivities
are primarily the result of bonded functionality and not due
only to differences of bonded polymer bulk or matrix effects.
Thus relative retention has been used to examine surface
selectivity and to characterize the surface types in terms of
varying polarity.

Efficiency. Tabulated in Table III are calculated mean
ratios of column efficiency before (Hpego.) to column efficiency
after (H,n,) chemical modification. These ratios (Hyesore/ Hater)
are listed for each of the modification types for linear flow
velocities of 0.38 and 0.76 cm/s. All Hyerore and Hyg,, values
were determined from plots of efficiency vs. linear velocity
of the mobile phase over an operating range of 0.11 to 1.1 cm/s.
Data were collected using a mobile phase of water-saturated
n-hexane and the test solute, nitrob Repr ative
plots before and after modification are shown in Figure 3.
These data were obtained on an n-butyl modified surface but
reflect the general trend for all modifications. Hyeore/ Haster
ratios of approximately 0.8 (Table III) were obtained for each
modification type.

A ratio of 1.0 at both linear velocities would indicate the
superimposition of efficiency curves before and after modi-
fication over the 0.38 to 0.76 cm/s range. However, since the
Hiegoee/ Hanee Tatio was <1.0, the modified columns were judged
to be slightly less efficient than the unmodified surfaces.
Although all evaluations were carried out using the same test
solute and mobile phase, this argument neglects differences
in k’for nitrobenzene between the modified and unmodified
surfaces.

Selectivity. Tabulated in Table I are a,’ values as a
function of column modification. Of particular interest are
changes in a,' as a function of surface modification and test
solute type. All of the test solutes, within experimental
variability, demonstrate consistent trends in relative retention

® wcouns

" coars

e o e o o
AN VILICHTY, cavsac

Figure 3. Effect of mobile phase velocity on plate height for a typical
micro-silica column before and after modification. Modified in-situ using
n-butyltrichlorosilane. Chromatographic conditions: mobile phase,
water-saturated n-hexane; test solute, nitrobenzene

(Table I) when the surfaces are ordered: silica, n-butyl,
2-carbomethoxyethyl, and 3-cyanopropyl (A to D, respec-
tively). The observed discrepancies in the four earliest eluting
compounds (naphthalene, biphenyl, anthracene, and nitro-
benzene) on the silica and n-butyl surfaces are reconcilable
in terms of their large coefficients of variation of «,. These
consistent trends are explainable in terms of varying surface
polarity and the nature of the solute.

The column types studied vary in polarity from the un-
modified silica surface, which is the most positive due to
surface hydroxyl groups, to 3-cyanopropyl which is the surface
with the greatest peripheral electron density. The n-butyl
and 2-carbomethoxyethyl are intermediates of these extremes,
respectively.

The nonbonded electrons of the amine groups of aniline
and the substituted anilines studied have been found to
contribute significantly to solute-surface interaction. This
is consistent with other reported studies of the interaction of
compounds containing -NH; groups with silica gel (20-22).
Aniline and various mono-substituted aromatics have been
shown to primarily interact with unmodified silica surfaces
through a one-point interaction (20-22). The solutes chosen
in this work likewise exhibit one-point interaction with the
surface of the packings. Alteration of the attachment site by
either electronic or steric means affects the degree of so-
lute-surface interaction. These alterations included stationary
phase modifications as well as solute changes. The resulting
effect from these changes was either increased or decreased
retention relative to the parent compound as seen in Figure
4.

The chloroanilines when referenced to aniline showed
greater affinity for increasingly electron-rich surfaces while
N-methyl- and N,N-dimethylaniline showed greater affinity
for increasingly electron-deficient surfaces. These trends are
explainable in terms of the electronic nature of the solutes.

Addition of a chlorine atom to the benzene ring of aniline
effectively delocalizes the nonbonding pair of electrons of the
nitrogen by virtue of its electron-withdrawing nature. This

Table III. Reproducibility of In-Situ Prepared Columns® Based on HETP Data
Hyefore/Haster relative av deviation, %
modification Ab Bb Ab BY
n-butyl 0.73 + 0.049 0.77 + 0.0071 6.8 0.92
2-carbomethoxyethyl 0.88 + 0.13 0.86 + 0.11 14.8 12.8
3-cyanopropyl 0.80 + 0.057 0.75 + 0.042 7.1 5.7

@ Mobile phase: water-saturated n-hexane. Test solute: nitrobenzene.

B, 0.76 cm/s.

b Linear flow velocity: A, 0.38 cm/s;
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Figure 4. Variations in average relative retention (&,') as a function
of column modification: (A) unmodified, (B) n-butyl, (C} 2-carbo-
methoxyethyl, (D) 3-cyanopropyl

results in the nitrogen atom of the chloroaniline having more
positive character than the nitrogen atom of ariline, thus
favoring electron-rich surfaces which can interact more readily
with the less basic nitrogen. This is shown in Figure 4 as an
increase in relative retention for the column modifications A
to D. The methyl substituent, on the other hand, when placed
on the nitrogen atom of aniline affects a localization of charge
about the nitrogen atom by virtue of the electron donating
nature of the group. This situation causes the nitrogen atom
to possess greater negative character than aniline, thus fa-
voring electron-deficient surfaces which can interact more
readily with the more basic nitrogen atom as illustrated by
a decrease in a,' for the column modifications A to D.
Within each column modification, the elution order of the
test compounds depended on the degree of hindrance of the
solute’s site of interaction. This is seen in Table I as a decrease
in ' as the solute becomes increasingly hindered by sub-
stituents. This effect was seen on all columns investigated
and found to be dominant over electronic considerations.
From steric considerations, the availability of the non-
bonded electrons of the methyl substituted anilines to interact
with the surfaces is greatest in 2,6-dimethylaniline; the
electronic availability decreases as the nitrogen atom is in-
creasingly hindered by methyl groups. This situation is seen
in Figure 4, where 2,6-dimethylaniline is retained longest on
all columns investigated, while N,N-dimethylaniline is the
least retained methylaniline on all columns. Although the
electronic character of the methylanilines is opposite from the
chloroanilines, as reflected in their reversed trends (Figure
4), the proximity of a bulky chlorine group to the solute’s point
of interaction alters retention in the same way as the methyl
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substituent in the methylanilines. These steric considerations
are illustrated as a large difference in retention between
o-chloroaniline and p-chl iline (Table I). Since elec-
tronically these solutes should have similar o,’ values, their
wide separation is attributed to steric effects (23).

The phenolic solutes’ interactions with the various sta-
tionary phases are consistent with the above arguments.
However, in order to better visualize the electronic and steric
effects of the methyl substituents it is necessary to normalize
the relative retention data to phenol. The mean relative
retentions, ), (where a, is defined analogously to a, except
relative to phenol instead of aniline) of 2,6-dimethylphenol
are 0.18, 0.17, 0.16, and 0.14 for surfaces A to D respectively.
Likewise, a, values of 0.62, 0.59, 0.55, and 0.51 are obtained
for 2,4-dimethylphenol.

The electron donating effect of the methyl groups on the
phenol ring effects an increased | ion of the nonbond
electron about the oxygen atom. This results in the oxygen
atom having greater negative character than phenol, thus
favoring electron deficient surfaces which interact more readily
with the more basic oxygen atom. Although this situation is
similar to the case of methyl substituted anilines, it may not
be apparent from Figure 4. However, plots of ;' vs. column
modification, would show similar trends for methyl substi-
tution on phenol as seen for amhne These results, in terms
of steric arg s, are with those of the sub-
stituted amlmes. As the methyl groups block the site of
interaction ;' decreases. Since the 2,6-dimethylphenol has
the most hindered oxygen atom, it shows the lowest affinity
for the stationary phases studied, while the 2,4-dimethylphenol
has a more available oxygen atom and exhibits greater re-
tention.

The four surface types examined form a useful set with
varying polarity. High p liquid ch phy using
columns packed with these surfaces can offer unique and
selective separations; representative chromatograms obtained
on the four surface types using selected test solutes are il-
lustrated in Figures 1 and 2 for unmodified and modified
packings, respectively. The changes in selectivity and res-
olution of solutes seen in these figures offer an alternative to
modifying solvent composition.
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Determination of 5-Hydroxyindole-3-acetic Acid in Urine by High
Performance Liquid Chromatography

Nermin Fornstedt’

Department of Clinical Chemistry, University Hospital, S-750 14 Uppsala, Sweden

A combination of aromatic adsorption chromatography with
high perf: liquid ch tography (HPLC), using UV-
absorbance det a selective, sensitive, and
simple determination ol 5-hydvoxylndolo—3—acenc acid (5-
HIAA) in urine. The led thiolated
Sephadex G-25, retains 5-HIAA to such an exlenl that the
Interfering compounds of urine are completely excluded from
5-HIAA-containing fractions before Injection onto the re-
verse-phase column, which fully resolves accompanying
UV-positive urine pounds. By pre g 5-HIAA de-
position, checkil in callbratlon curves, and
maintaining Intact adsorbenl capaclues. a detection limit of
0.1 ug/mL and a recovery of 99.9% of added 5-HIAA (0.5%
RSD) are obtained.

The side pathway in tryptophan metabolism leading to
5-hydroxyindole-3-acetic acid (5-HIAA) is well known, since
serotonin (5-hydroxytryptamine, 5-HT) was isolated in 1948
(1) and the breakdowr of 5-HT into 5-HIAA was discovered
in 1954 (2, 3). At the same time, in 1953-55, the malignant
carcinoides (tumors originating from cells of the small in-
testinal tract) were reported (4) to contain large amounts of
5-HT (5) and 5-HT was also found in blood from patients with
metastatic malignant carcinoids (6). Additionally, abnormally
high values of 5-HIAA were measured in urine from such
patients (6-8).

Most of the presently available methods developed for the
determination of 5-HIAA in urine are based on a number of
extraction stages followed by some identification and
quantification technique, such as paper chromatography (7-9),
colorimetry (7-9), thin-layer chromatography (10-12) or
fl try (13). H , all these methods are laborious
and may be subject to gross errors by losses in extractions,
by simultaneous extraction of interfering urine compounds
and/or by low specificity of the color reagents p-dimethyl-
aminobenzaldehyde in diluted hydrochloric acid (7, 10),
a-nitroso-3-naphthol-nitrous acid (8), diazotized p-nitroanilin
(9), tetracyanoethylene, picric acid (12) or 2,4,7-trinitro-9-
fluorenone (14). The colorimetric method (8) of 1955 (average
recovery: 85%) is still widely used for clinical purposes.
However, interference was pointed out recently after using
the method in the presence of reducing urine metabolites (15)
and of basic phenothiazine derivates (16). The high per-
formance liquid chromatography (HPLC) with fluorometric
detection was applied to the analysis of indoles in de-
proteinizated urine (17) and high recovery, sensitivity, and
rapidity was reported. Unfortunately the selectivity, which
is diagnostically important, does not seem to be fully satis-
factory for 5-HIAA, especially at low rations; the
normal peak in urine from healthy individuals is partially
masked, and there will be a risk of greater masking by reason
of the variety of large fluorescence compounds occurring in

1 Present address, Institute of Biochemistry, Biomedical Center,
University of Uppsala, Box 576, S-751 23 Uppsala, Sweden.

varying urine samples. In general, several problems are caused
by directly injected urine onto the column, such as clogging,
irreversible adsorptions, and simultaneous elution of inter-
fering compounds (18).

In this paper, a two-step chromatographic determination
of urinary 5-HIAA will be presented. The method consists
of a combination of mini-column adsorption chromatography
on a dinitrophenyl-coupled gel carrier to isolate the compound
from urine with reversed phase HPLC using UV detection to
determine it in the isolated fraction. The paper also includes
stability conditions for 5-HIAA solutions (pure as well as
urinary ones) and preparing conditions for true calibration
curves. No study on decomposition of 5-HIAA was found in
the literature except a report in 1956 (19), warning of in-
stability at high pH, in air and in light.

EXPERIMENTAL

Apparatus. Absorbance measurements were made on a
Hitachi-101 Spectrophotometer (1-cm absorption cells). A
peristaltic 3-channel pump, P 3 (Pharmacia Fine Chemicals,
Uppsala, Sweden), and a fraction collector, FR 3 (St4l Produkter,
Uppsala, Sweden), were used for the adsorption chromatographic
separation on the isolation columns. As isolation columns (4 mm
i.d. X 11.3 cm) graduated 2-mL pipets were utilized; their upper
part was cut off, and a rubber cork with an entrance capillary
was inserted into the top of the remainder (16 cm) of the pipet,
and a small glass-wool plug was placed in the bottom.

The HPLC-UV system consisted of a high pressure pump, Pulse
Dampener Model 709, equipped with an in-line filter with a 2-um
frit (LDC, Riviera Beach, Fla.), a sample injection valve, Model
70-10, and a loop filler port, Model 70-11, with a standard sample
loop, 20 uL. (Rheodyne, 2809 Tenth St., Berkeley, Calif. 94710),
a reverse-phase column, Partisil-10 ODS, 4.6 mm i.d. X 25 cm
(Whatman, Clifton, N.Y.), and a variable-wavelength UV-VIS
detector, Spectro Monitor II 1202 (LDC). The flow rate was
maintained at 0.94 = 0.01 mL/min. The detector sensitivity was
usually set at 0.02 AUFS and the wavelength at 280 nm. The
detector output was recorded at a chart speed of 10 in/h.

Reagents. (1) 0.1 M ammonium formate buffer, pH 3; (2)
mobile phase: 110 mL acetonitrile/890 mL distilled water/0.4
mL concentrated sulfuric acid/0.1 g sodium lauryl sulfate, pH
2. Both buffer and mobile phase were prepared from spectro grade
chemicals and from glass distilled and degassed water and were
filtered. (None of the solutions showed any absorbance at 280
nm.) (3) 5-HIAA (Sigma Chemical Co., St Louis, Mo. 63178) stock
standard solution, 1 mg/mL in the buffer, was stored as 1-2 mL
aliquots at -20 °C in small, tinfoil-wrapped amber bottles (stable
for months). UV tests of stock solution, diluted with buffer to
20 pg/mL, resulted in Agy = 0.565 (2.5% RSD; N = 10) for each
of the lots 53C-1790 and 26C-0152. The working standards 40,
20, 10, 5, 2.5, and 1.25 ug/mL were prepared as a 1:2 dilution series,
checking the standards 20 and 10 ug/mL at 280 nm.

Procedure. After initial studies considering 5-HIAA pho-
todecomposition (Figure 1 and Table I), the need of preventing
breakdown in each moment of the procedure became evident, by
which reason light was excluded throughout, low pH was preferred,
and addition of chloride ions was avoided.

Prepnratwn of the Isolation Columns. The adsorbent, di-
nitrop led thiolated Sephadex G-25 (DNP-S-Seph.G-25),
was sym,heslzed in the following stages: by reaction with epi-
chlorohydrin, Sephadex G-25 (Pharmacia) was converted into
epoxide-activated gel (20), and, by treatment with sodium

0003-2700/78/0350-1342$01.00/0 © 1978 American Chemical Soclety
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Table I. Influence of pH and Anions on Photodecomposition of 5-HIAA
percentage of remaining 5-HIAA®
in ordinary laboratory light at different pH
in b}'igh't daylight at pH 3 buffer
N time in different anions 01M
in transparent 0.1 M diluted 01M 0.1 M Tris-hydro-
bottles at ammo-  diluted  hydro-  formic . sodium  chloric
room temp- nium acetic chloric acid, 0.1 M ammanium formate tate, acid,
erature formate acid acid pH 2.3 pH 3 pH 4 pHbS pH 6 pHT7
1 week 69 54 42 92 96 97 96 88 79
2 weeks 82 88 88 90 62 49

@ From 20 pg/mL solutions; determination as described in Figure 1 legend but without dilution.

thiosulfate and reductive cleavage of the alkyl thiosulfate
structures by dithiothreitol, thiolated gel was obtained (21), to
which dinitrophenyl groups were coupled via the thicether bonds
(22). The dried product contained 1.49% S and 0.42% N.
Dinitrophenyl groups were then calculated to 150 umol/g dry gel.
The adsorbent was suspended in the buffer (See Reagents, (1)),
and the suspension was degassed before packing. After equili-
brating with 10-15 mL buffer, using the peristaltic pump at a
flowrate of 3 mL/h, and after readjusting the bed height, the
packings were capped and stored in a refrigerator until use.
5-HIAA Calibration Process. Sets of three columns were placed
on the fraction collector over sets of 12 test tubes. The buffer
above the bed was sucked off by a disposable Pasteur pipet, and
250 uL of a 20 ug/mL standard solution was added by a capillary
pipet without disturbing the bed surface and was allowed to drain
completely into the adsorbent, whereupon the empty space was
refilled with buffer. Bright light was avoided by wrapping tinfoil
around the columns and the test tubes. After being connected
with the pump, the col were eluated at a fl of 3mL/h
and 1-mL fractions were collected. The absorbance cf the in-
dividual fraction was monitored at 280 nm. Each of the UV-
positive fractions, No. 7-12, were then injected onto the re-
verse-phase column for identification, and a peak appeared at
6.5-min retention time. This was also obtained by directly in-
jection of 5-HIAA standards at the same HPLC conditions.

Determination of 5-HIAA in Urine. Human urine was collected
during a 24-h period in an amber bottle, containing glacial acetic
acid (AA) as preservative (about 30 mL glacial AA/L urine to keep
pH between 3-4) and kept in a cool place; the total volume was
measured, and about 2 mL was kept, adjusted to pH 3 with glacial
AA and filtered; the sample usually was analyzed immediately
or, in any case, within 2 weeks (stored at -20 °C in a tinfoil-
wrapped amber bottle).

The determination was carried out as described for the 5-HIAA
calibration above with some modification as follows. Sets of three
columns were placed on the fraction collector over sets of two test
tubes. On the aromatic adsorbent, isolation of 5-HIAA from urine
was effected as a group separation; the samples (250 uL) were
run on isolation columns as described, except that two 6-mL
fractions were collected. After the first fractions had been
discarded (first tubes: no tinfoil), the second ones, corresponding
to the elution fractions of 5-HIAA, were injected onto the re-
verse-phase column for identification and quantification. The
5-HIAA concentration in urine was obtained via calibration curve
(peak height vs. ug/mL) constructed on working standard so-
lutions run in the same way as urine samples.

RESULTS AND DISCUSSION

Studies on 5-HIAA Instability. Figure 1 illustrates that,
at —20 °C, the standard solutions stored in tinfoil-wrapped
bottles remained stable for at least 6 months, whereas the
standards stored in transparent bottles, broke down into half
after 3 months. These findings made clear that conventional
storing may cause misinterpretations of analysis results and
that solutions and samples containing 5-HIAA should be kept
in the dark in order to prevent photodecomposition. As is
seen in Table I, photodecomposition runs much faster in
hydrochloric acid than in ammonium formate, and in am-

monium formate most slowly at pH between 3-5. The '

%

5-HIAA remains.

1 1 1
0 60 120 180 %0
STORAGE TIME , DAYS

Figure 1. Storage condition influence on 5-HIAA solution stability. Stock
standard solutions, 1 mg/mL in 0.1 M ammonium formate butfer, stored
at -20 °C in a daily used freezer; In tinfoll-wrapped amber bottles at
pHa(a)andatpHHb)andhb'anspamnbonbsatpHS(cL S-HIAA
deter by directly & g onto ODS of working standards and
of the solutions above, dlhned150(PPLCcondlﬂonsashApperam)

breakdown product was colored (Ap,, at 530-540 nm). The
color appeared in the rated solutions already after 2-3
days exposing to bright daylight at room temperature.

On HPLC-UV (directly injected) unstably stored 5-HIAA
solutions showed several peaks, whereas stably stored or
freshly prepared ( rated) solutions showed only one
extra peak (¢, = 5.8 min), interpreted as some minor impurity
in the compound. Since all these solutions had almost
identical UV-absorption curves, the 5-HIAA breakdown
product seems to consist of an easy dissociable complex of
components, probably in oxidized states and with intact
aromatic skeletons (23).

The efficiency of the storage technique was also tested on
urinary 5-HIAA by comparing stored urine samples with those
analyzed immediately after collecting. While after 2 weeks
5-HIAA still remained intact, 11% of it was destroyed after
3 months under the specified conditions (Table IT). As pure
stock solutions, stored in the same way for 6 months, proved
fully intact, it seems that urine may contain some influencing
compound. However, 2 or 3 weeks storing is long enough for
practical purposes, so the selected conditions may be sufficient.
On the other hand, drastic changes were reported to occur in
urine samples stored and manipulated without any particular
consideration to the risk of photodecomposition (24); in that
case, the workers found no 5-HIAA at all in a sample from
a malignant carcinoid patient but found instead 2 large peaks
on fluorometric detection, which they interpreted as
breakdown compounds. Another report described substance
losses approaching 77% at determining tryptophan (and 50%
for kyurenin) in urine, stored at -11 °C without any other
preservative factor (25).

Calibration Curves. Altogether, almost identical linear
calibration curves, passing through the origin by extrapolating,
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ted Method and a Ref

Table II. C ison bet: the Pr

presented method

Method (7)
reference method

5-HIAA concentration, ug/mL

5-HIAA concentration, ug/mL relative

Y, recovery,

time, days urinary added found urinary added found % (Ref./Pres.)
9.5 15.5 100.0 9.5 13.2 81.5
9.5 15.4 99.4
19.9 26.0 100.0 19.9 20.8 80.3
19.9 26.0 100.0
0 6.0° 24.8 31.0 100.6 150
. 29.8 35.6 99.4 . 29.8 28.9 81.2
29.8 35.5 99.3
. 49.7 56.1 100.7 49.7 44.5 79.3
59.8 65.3 99.2
74.5 80.6 100.1 74.5 69.6 86.3
99.4 105.2 99.8 99.4 89.6 85.2
0 120.0 104.0 86.6
144 120.8(¢ d
14¢ 98.7
90 107.0 90.7 84.7

20.5%RSD. ° Subject No. 4 in Table IV. ¢ Subject No. 11 in Table IV. 9 Storage conditions as described in Pro-
cedure. © Conventional storage conditions (in transparent bottle at +4 °C and exposed to electric light).

Table III. Retention Behavior of Some Aromatic Compounds Run on DNP-§-Seph. G-25 and on ODS, Respectively®

HMMA HVA

E,/Ey on DNP-S-Seph. G-25 1.7 2.4
t;, min on ODS 4.1 7.0

@ Conditions as described in text.

T 5-HT IAA 5-HIAA
2.8 3.6 5.0 5.7
106.1 31.4 13.3 6.5

were obtained when made on analyzed dilutions of freshly
prepared stock solutions or of stock solutions, stored under
stable conditions in different periods. The curves arising from
stock solutions, stored under unstable conditions, were also
linear over the investigated range (1.25-40 pg/mL), but, as
expected, showed lower inclination. Since the latter curves
refer in fact to the respectively remaining 5-HIAA quantities
only, they vary and are false, as distinguished from the former
reproducible curves.

Urinary 5-HIAA Analysis. Application of HPLC to urine
analysis, even when combined with more selective and sen-
sitive detectors than UV, requires effective isolation of the
compound before injection, also in order to maintain per-
formance ability and rep: ibility of the col . Working
up samples by extractions or precipitation of proteins usually
results in complex chromatograms. Ion-exchange chroma-
tography as an isolation step involves regeneration problems
and requires completing isolation stages as well. These
difficulties were overcome by the present procedure, utilizing
aromatic adsorption chromatography for isolation of 5-HIAA
from urine.

On the adsorbent DNP-S-Seph.G-25, 5-HIAA was retarded
to the degree that the fractions containing this compound were
separated from the other UV-absorbing urine compounds with
only little masking, and usually all UV-absorbing endogenous
urine compounds were eluated within 4 h (Figure 2). No
regeneration was required but, if more retarding compounds
were present, such as drugs or drug metabolites based on
strong aromatic components, the column had to be eluated
additionally with the buffer.

The aromatic compounds, 4-hydroxy-3-methoxymandelic
acid (HMMA = VMA), 4-hydroxy-3-methoxyphenylacetic acid
(HVA), tryptamine (T), 5-HT and indole-3-acetic acid (IAA),
were all checked by running pure solutions separately at each
step; none of them showed any interference risk with regard
to the whole 5-HIAA analyzing procedure: the first four of
these normal urine metabolites would be fully separated on
the aromatic adsorption column, while IAA, which partly
accompanies 5-HIAA, would be fully resolved on the re-

Ihe
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Figure 2. Elution profiles of urine samples run on DNP-S-Seph.G-25.
24-h urine samples from (1) a healthy subject and (2) a malignant
carcinoid patient. Chromatography conditions as for isolation in
Procedure but 1-mL fractions

verse-phase column (Table III). E,/E,, (which is the elution
volume to total bed volume ratio) of these compounds points
out their retardation on DNP-S-Seph.G-25 (Table III) in an
order corresponding to both the number of their aromatic rings
and to their electron-donating ability. Inasmuch as there was
no molecular sieving effect, the various retardations seem to
be mainly due to different properties in forming a charge-
transfer complex with the DNP-S groups.

By reversed-phase HPLC, the simultaneously isolated urine
compounds (Figure 3: peaks X,-X,; likewise peak X,, ap-
pearing in urine from some individuals, see Table IV) were
completely separated from 5-HIAA and thus did not disturb.
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Table IV. Determination of 6-HIAA in Urine Collected from Heal hy Individuals and from Mali t Carcinoid P
. endogenous peaks on HPLC
aritie 5-HIAA concentration® chromatogram
weight, volume, uglkg X X, x50 X,

no.s sex age kg mL/24h® ug/mL mg/24h per24h B5.5¢  94¢  110°  144°
14a female 49 57 1300 4.0 5.2 91 + + + +
b 1235 3.7 4.5 79 + + + +
c 905 41 3.7 65 + + + +
d 1300 4.5 5.8 101 + + + +
e 113 2.8 + + + +
2 male 61 79 725 6.2 4.5 57 - + + +
3 female 17 60 1010 4.0 4.0 67 - + + +
4 female 45 73 1270 6.0 7.6 104 - + + +
5}“ male 56 77 1920 3.1 5.9 17 - + + -
6 female 55 76 1105 5.1 5.6 T4 ++ ++ +++ +
7 female 26 58 920 6.1 5.6 96 ++ + + +
8 male 36 79 1000 1.0 1.0 13 - + + +
9} male 47 114 2530 6.1 15.4 135 - - - +
1047 female 42 57 1500 41 6.1 107 - + + +
11 female 65 2000 120.0 240.0 - + +++ +
12 female 61 780 26.0 20.3 - - ++ =
13 female 44 1320 21.3 28.1 ~ - ++ =
14 male 3 1040 200.1 208.1 - - - =
15 male 59 1180 345.6 407.8 - - =

@ No. 1-10 healthy individuals and 11-15 malignant carcinoid patients.

Peak heights: + = 0-5 mm; ++ = 6-10 mm; +++ = 11-156 mm.

tions on different days; (a) in the absence of acetic acid, (e) fresh urine sam?le, immediately analyzed.
(No. 6 takes daily medicine containing levothyroxinnatrium.)

minutes.

same diet.

¢ Retention time in
(a-d) 24-h collec-
€ Subjects on the

b Corrected for acetic acid.
d Urine from same subject:

Subjects on the same diet.

SHIAA

st

0002 AUFS
C—

©.092 AUFS
(e

sf

| | | 1 | |

MINUTES
Figure 3. Typical HPLC chromatograms obtained by the presented
method. (1) A healthy subject (No. 2 in Table IV) and (2) a malignant
carcinold patient {No. 11 in Table IV). 10 mV full scale recorder
deflection

The mobile solvent, containing detergent, was prepared as
described for separation of catecholamines and their me-
tabolites (26) and was used throughout the study without any
modification.

Once prepared with the aromatic adsorbent and calibrated,
the isolation columns were very simple to manipulate, and the
adsorbent maintained its capacity and was still self-regen-
erating after being utilized extensively. Also the ODS column
performance proved intact after at least 1000 injections under
daily washing with methanol.

Normal 5-HIAA excretions in urine were earlier reported
to range from 2 to 8 mg per 24 h (8). The new method in-
dicated an excretion of maximum 15 mg per 24 h in urine
specimens from the healthy individuals investigated (Table
1V). The lowest detectable amount of 5-HIAA in urine was

0.1 pg/mL. A comparison was made with a colorimetric
method (7) based on ether extractions. That method resulted
in a lower recovery as well as in a reduced recovery of added
5-HIAA (Table II).

CONCLUSION

The known difficulty in detecting cancer in its early stages,
especially in hidden tracts of the body, via available medical
diagnostic techniques, might indicate the importance of
development of specific, simple, and sensitive analytical
methods for determination of cancer metabolites in body
fluids.

‘This paper made clear that, despite today's high sensitive
instrumentation, the possibilities to ascertain true values in
determining a compound from body fluids would be reduced,
if any basic condition were neglected: if compound stability
were not ensured, if accuracy in making calibration curves was
omitted, if there were compound losses in the isolation step,
or if interfering compounds were allowed to pass through.

The qualities of the new method make it suitable for
biomedical research as well as for diagnostic routine appli-
cation without any modification and, furthermore, applicable
for fully automatic processing. Additionally, the experiences
of the decomposition study may probably be of use for studies
on other unstable phenols and indoles too.
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High Performance Liquid Chromatography

with Metal-Solute Complexes

Francis K. Chow and Eli Grushka*

Department of Chemistry, State University of New York at Buffalo, Buffalo, New York 14214

Cu(1I) was coordinated to two ligands, dithiocarbamate and
diketone, which were chemically bonded to sllica gel.
Twenty-two aromatic amines were used as test solutes to study
the chromatographic behavior of the copper-loaded packings.
Both systems proved to be highly selective and stable. The
presence of Cu(II) was found essential for separation to occur.
The dependence of capacity ratios on the concentration of
methanol modifier in the moblle phase suggests that the
modlfier atfects the retention by peting for the solutes, and
by changing the amount of Cu on the column. Optimum
tration of methanol In the mobile phase allows the
paration of 12 a tiy | In less than 13 min. The
effect of Cu(II) concentration In the mobile phase on the
capaclty ratios was also studied.

The use of metal ions in high pressure liquid chromatog-
raphy for the enhancement of the resolution is drawing more
and more attention. For example, silver ions have been used
previously for the separation of unsaturated compounds (see
ref. 1 and citations therein). Although in most cases the solid
support was impregnated with silver ions, the use of Ag(l) in
the mobile phase has also been reported (viz., 2, 3). Cations
other than silver have been used in ligand-exchange chro-
matography to achieve selective separation (viz., 4-6). Kunzru
and Frei (7) have utilized silica impregnated with Cd(II) for
the separanon of some aromatic amines. Yasuda (8, 9) has

0 sef tic on TLC plates loaded with
metal ions. Sternsen and DeWitte (10, 11) have used Ni(II)
in the mobile phase to facilitate the separation of amino
phenols.

Previous works have indicated the usefulness of metal ions
in controlling solute retention behaviors and in improving the
selectivity of chromatographic systems. To capitalize on the
advantage offered by such systems, Chow and Gruskha (12)
have recently discussed the possibility of using metal ions
which are bonded via a ligand to the support particles. Cooke
et al. (13) have also di d such an approach. In addition,

Cooke et al. have described the use of metal ions coordinated
to an hydrophobic chelating agent in the mobile phases in
conjunction with a reversed phase packing.

In our previous paper (12), propylamine covalently bonded
to silica gel was used to retain Cu(II) as part of the stationary
phase. The potential of such a chromatographic approach in
achieving selective separations was clearly demonstrated.
However, due to the fact that the alkylamine has only one site
which can coordinate the metal ion, Cu(II) can be leached from
the support rather easily. To overcome this difficulty, a
bidentate bonded ligand can be used to ensure a stronger
attachment of the metal ion. The present work describes two
such bidentate chelating agents: (1) a dithiocarbamate and
(2) a diketone. Both of these ligands have been studied
extensively in the extraction of metal ions, and both can
complex Cu(Il) quite strongly. Therefore these chelating
agents, when covalently bonded to the support, should retain
Cu(II) and provide a stable and selective system for certain
chromatographic separations.

It might be anticipated that the retention behavior would
also be affected by the presence of the metal ion in the mobile
phase, (i.e., over and above the metal ion in the stationary
phase). One of the aims of this study was to determine the
selectivity of the bonded-Cu(II) columns with excess copper
in the mobile phase. An additional benefit of such a study
is in investigating the stability of the copper columns with
and without copper ions in the mobile phase.

EXPERIMENTAL

Apparatus. The liquid chromatograph consisted of an Altex
Model 110 solvent metering pump (Berkeley, Calif.), and LDC
(Riviera Beach, Fla.) UV detector model 1285 (254 nm) and a
Rheodyne (Berkeley, Calif.) model 7120 injection valve. Columns
were made of 316 stainless steel, 25 cm X 0.31 c¢m i.d. and 20 cm
X 0.31 cm for the “Dithiocarbamate™ and the “Diketone” columns,
respectively.

Reagents. Partisil-10 porous silica support was obtained from
Whatman Inc., (Clifton, N.J.). y-Aminopropyltrimethoxysilane
was purchased from Silar Labs (Scotia, N.Y.). Ethyl benzoyl-
acetate, fluorenes, and fluorenones were bought from Aldrich
Chemical Co. (Metuchen, N.J.). All other amines were obtained

0003-2700/78/0350-1346$01.00/0 © 1978 American Chemical Soclety



Table I. Table of Solutes Tested
compound symbol

23 naphthalene N

2. 1-aminonaphthalene 1N

3. 2-aminonaphthalene 2N

4. 1-aminoanthracene 1A

5. 2-aminoanthracene 2A

6. 2-amino-9-fluorenone 2,9

7. 4-amino-9-fluorenone 4,9

8. 2-amino-9-hydroxyfluorene 2A0H

9. 9-fluorenone 9F
10. fluorene F
11. 2-aminofluorene 2AF
12. o-chloroaniline OCA
13. m-chloroaniline mCA
14. p-chloroaniline PCA
15. o-nitroaniline ONA
16. m-nitroaniline mNA
17 p-nitroaniline PNA
18. o-Toluidine OT
19. m-Toluidine mT
20. p-Toluidine PT
21. o-Anisidine OA
22. p-Anisidine PA

from various other sources. The solutes used are shown in Table
1. Methanol was distilled before use; all other solvents were
reagent grade and used without further purification.

Procedure. (I) Preparation of the alkylamine bonded phase:
30 mL of 10% <y-aminopropyltrimethoxysilane in dry toluene was
added to 5.0 g of Partisil-10 which had been vacuum dried at 150
°C for 6 h. The mixture was then refluxed under anhydrous
conditions for 6 h. It was then washed with dry toluene, iso-
propanol, acetone, methanol, and acetone again, and vacuum dried
at 100 °C for 1 h. CHN analysis showed 2.9 yumol/m? surface
coverage as calculated by the method suggested by Unger (8). N
analysis was used for the calculation.

(II) Preparation of the “Dithiocarbamate™ System: 2.5 g of
the alkylamine-bonded Partisil-10 prepared previously were added
to 10 mL dry toluene, 2 mL isopropanol, 2 mL carbon disulfide,
and 1 mL of 10% methanolic solution of ammonium hydroxide.
The mixture was stirred for 20 min at room temperature as
suggested by Leyden and Luttrel (14). The reaction is as follows:

%Svogr(CHl)iNHI + CS, —~_-§"s.o s.{cug;m—tc(g
3 OH 3 S

The presence of carbon disulfide in the bonded phase was tested
qualitatively by adding concentrated hydrochloric acid to some
of the packing (15).

(IIT) Preparation of the “Diketone" System: 2.5 g of previously
bonded-amine Partisil-10 were added to 30 mL of 10% ethyl
benzoylacetate solution in dry toluene. The mixture was refluxed
for 6 h. It was expected that the reaction will yield the -diketone,
compound 1. However NMR studies of the reaction between an
alkyl amine and ethyl benzoylacetate indicated that most likely
compound 2 is also present on the silica gel:

r zso\s{lcn'; Nugcn,g(b
] )

()

§SVOS|(CH \NH, (bcm;oc

L }s.o\s.tcu_gu ]
) EcHCogH,

d):Phef"yl (2)

CHN analysis showed that about 50% of the amine sites have
reacted with the reagent.s Both 1 and 2 can coordinate Cu(1l).
Although the reactions b ethyl b lacetate and the
bonded propylamine did not yield just Lhe expected diketone (see
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heme), that col will be referred to as the “diketone”
column.

(IV) Chromatographic Studies: k’value was collected before
loading the columns with Cu(lI). Then a 5.0 X 10 M CuSO,
solution in methanol was passed through the columns in order
to load them with copper. k’value was collected again with the
same batches of mobile phases. The mobile phases used are: (1)
20% v/v cyclohexane in methanol (mobile phase A) without and
with Cu?*, and (2) a mixture of hexane:methylene chloride:
methanol having the ratio 7:1:0.5 (mobile phase B). In one study,
the relative ratios of hexane to methanol were changed. Columns
were washed with HCl solution (pH ~1.5) and the concentration
of Cu(II) was determined by titration as discussed by Belcher and
Nutten (16). Mobile phases were tested in an increasing order
of polarity.

Hold-up times were measured by injecting 10 uL of a solvent
having a slightly different composition than that of the mobile
phases. The flow rate used throughout the whole study was 1.0
mL/min.

RESULTS AND DISCUSSIONS

The concentration of complexed Cu(II) on the “dithio-
carbamate™ and “di} was found to be 0.35
pmol/m? and 0.42 pmol/m?, respectively. These values were
obtained after the columns were equilibrated with methanol,
and in essence they represent the lower limit of copper loading.
Our studies show, as will be discussed later, that mobile phases
lean in methanol allowed larger amounts of Cu(II) to be
retained on the column. The amount of Cu(II) bonded to the
support in the present study is about 1.5 to 2 times larger than
that reported by us previously. Still, this amount of Cu(II)
is small compared to the total number of sites available for
bonding. Several solutions differing in the concentration of
Cu(II) were used to bond copper to the support; yet the
capacity ratios of the solutes studied here remained constant
when the CuSO, concentration in the loading solution was
above about 5 X 10 M.

Table II shows the k’values of 22 solutes on the “diketone”
and the dithiocarbamate columns with and without Cu(II),
using mobile phases A and B. With the dithiocarbamate—
Cu(II) column, mobile phase A contained CuSO, (2.2 X 10~
M).

The capacity ratios of all the solutes on both columns were
very small when Cu(II) was not present and mobile phase A
was used. The presence of copper on the stationary phase
causes longer retention for all but a few solutes. Those solutes
which do not have an amine group, naphthalene, 9-fluorenone
and fluorene, eluted faster on the bonded copper columns
when mobile phase A was used. The complexed Cu(II) seems
to p! the i ction b the above three solutes and
the stationary phases. The increase in the capacity ratio values
of the less basic aniline isomers (e.g., o-chloroaniline) in the
presence of Cu(II) was rather small. Using mobile phase A,
separations not possible on the diketone or the dithio-
carbamate columns alone can be achieved when Cu(Il) is
added to the support. As an example, Table III shows some
selectivity factors, «, using mobile phase A on both columns
with and without Cu(II).

The retention behavior is different when a mobile phase
*lean” in methanol is used: see Table II, mobile phase B.
With such a mobile phase, the separations of some of the
aromatic ami ible even without the presence of
Cu(Il); (e.g., mtroamlmes, or aminofluorenones). Still, many
solutes are not separated; e.g., the aminonaphthalenes or the
toluidines. With the copper bonded phase the capacity ratios
and the selectivity factors, a, increase, as illustrated in Table
III. Even though the capacity ratios are much larger when
mobile phase B is used, in geneml t.he a values do not differ
greatly b the mobil of the
very rapld elution of solutes with moblle phase A, errors in
measuring k’ values, and hence, a, can be significant.
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Table II. k' Values with and without Cu(II) Bonded to the Support
dithiocarbamate column diketone column

no Cu(II) Cu(II) bonded no Cu(II) Cu(1l) bonded

mobile mobile mobile mobile mobile mobile mobile mobile
solutes phase A° phase B phase A° phase B phase A phase B phase A phase B

15 N 0.7 0.89 0.11 0.56
2. IN 0.40 1.60 0.90 2,78 0.17 0.89 0.36 4.16
3. 2N 0.40 1.60 1.94 7.36 0.17 0.89 0.73 9.58
4. 1A 0.38 1.78 1.06 2.39 0.18 1.11 0.46 5.08
5. 2A 0.38 1.86 1.84 3.39 0.18 1.32 0.79 9.32
6. 29 0.44 2771 0.97 6.24 0.18 1.60 0.45 7.46
7 49 0.44 3.48 0.39 3.78 0.18 1.72 0.25 4.34

8. 2A0H 0.21 6.73 2.68 b 0.086 2.42 0.82 38.7
9. 9F 0.36 0.20 0.16 0.03 0.18 0.36 0.11 0.56
10. F 0.36 0.04 0.16 0.00 0.18 0.14 0.11 0.22

11, 2AF 0.40 1.35 2.74 8.06 0.18 0.92 1.31 13.6
12. OoCA 0.28 0.73 0.26 0.85 0.17 0.58 0.11 1.40
13. mCA 0.28 1.40 0.71 3.70 0.17 1.00 0.25 4.76
14. PCA 0.28 1.40 1.29 6.85 0.17 1.00 0.44 7.88
15. ONA 0.34 2.13 0.31 2.58 0.11 1.53 0.21 2.84
16. mNA 0.35 3.53 0.53 6.67 0.14 2.28 0.25 6.68

17 PNA 0.35 7.53 0.42 11.8 0.14 9.88 0.21 10.7
18. oT 0.20 0.67 0.84 2.06 0.027 0.53 0.34 3.12
19. mT 0.20 0.87 1.61 5.70 0.027 0.53 0.71 7.56
20. PT 0.20 0.87 2.29 9.94 0.027 0.53 1.04 12.36
21 OA 0.20 0.77 0.87 2.63 0.070 0.50 0.45 4.44

22 PA 0.20 1.48 3.45 b 0.070 0.84 2.07 33.6

@ Mobile phase A contained 2.2 X 10™* MCuSO,.
Hexane:methylenechloride:methanol) (7:1:0.5).

® Retention too long. € A = 20% v/v cyclohexane in methanol. B=

Table III. Comparison of Selectivity Factors, a, of Some Solutes with and without Cu(II1) Bonded to Stationary Phases
mobile phase B mobile phase A
kN . k'pca kN By k' pca
Column e K., K meca e K., Boon
dithiocarbamate column 1.00 1.28 1.00 1.00 1.00 1.00
(B4 olk'35)
‘‘diketone” column 1.00 1.08 1.00 1.00 1.00 1.00
(K ool 5)
dithiocarbamate-Cu(1I) column 2.65 165 1.85 2.16° 2.49° 1.820
“‘diketone”-Cu(Il) column 2.30 1.72 1.65 2.03 1.80 1.76

@ The mobile phase contained 2.2 X 107* M CuSO,. A and B same as Table II.

Some retention reversal should be noted. Without copper,
2-amino-9-fluorenone elutes before the 4-amino isomer. When
Cu(II) is bonded to either ligand, the 2-amino isomer is re-
tained longer than the 4-amino isomers. The interaction
between the Cu(II) and the 2-amino isomer is stronger than
the interaction with the 4-amino isomer. It might be possible
that the 2-amino isomer can form a bidentate complex with
the bonded copper whereas the 4-amino isomer cannot.

The retention order of the nitroanilines with mobile phase
A as compared to B is also of interest. The meta nitroaniline
isomer is the most basic of the three, and with the Cu(I)
columns and mobile phase A, this isomer elutes last among
the three. With mobile phase B, the retention order, which
depends most likely on the solubility, is ortho < meta < para,
irrespective whether or not Cu(1) is present in the stationary
phase. The basicity influence on the retention is still evident,
however, and the capacity ratio of m-nitroaniline shows largest
change when the Cu(Il) is introduced to the support.

Figure 1 shows the separation of several solutes on the
diketone column without copper using mobile Phase B. Figure
2 is a chromatogram of the same solutes under the same
conditions, with the exception that Cu(II) is bonded to the
diketone. The solute 2-amino-9-hydroxyfluorene, not shown
in the figure, elutes after about 30 min. With the Cu(Il)
column, 2-aminofluorene elutes after 2-amino-9-fluorenonone
and 4-amino-9-fluorenone, and as mentioned before, the

Table IV. Comparison of Plate Height (mm) of Two
Solutes for Columns with and without Cu(II) in the
Stationary Phase. Mobile-Phase B?

solutes
column 1N 2,9
dithiocarbamate column 0.15 0.17
‘“diketone” column 0.21 0.23
dithiocarbamate column-Cu(II) 0.31 0.58
“diketone” column-Cu(Il) 0.28 0.31

@ Conditions same as Table I.

elution of the 2-amino and the 4-amino is the reverse of that
shown in Figure 1. Apparently, the ketone group of the
phenone delocalizes the electrons in the aromatic rings.
Consequently the aminofluorene is a stronger base than the
two aminofluorenones, and forms a stronger complex with the
bonded copper. The aminohydroxyfluorene can form a strong
bidentate complex with the copper and it is therefore retained
the most. Although the selectivity is higher on the Cu(II)-
loaded column, the efficiency, especially as measured from
the more retained solutes, is decreased. This decrease pre-
sumably is due to the slow dissociation of the solute-Cu(II)
complex (12, 13). Table IV shows the plate heights for the
columns with and without copper, measured with 1-amino-
naphthalene and 2-amino-9-fluorenone. Future research



Figure 1. Separation of some fluorenes and fluorenones. No Cu(ll)
in stationary phase. Mobile phase: Hexane/methylene chloride/methanol
(7/1/0.5). Fiow rate: 1.0 mL/min. Diketone column. (1) fluorene,
(2) 9-fluorenone, (3) 4-amino-9-fluorenone, {4) 2-amino-9-fluorenone,
(5) 2-aminofluorene, (6) 2-amino-3-hydroxylfiuorene

/\__,/

Flwre 2, Ssparaﬂon of some fluorenes and fluorenones. Cu(ll) bonded
to support. Mobile phase: Hexane/methylene chloride/methanol
(7/1/0.5). Flow rate: 1.0 mL/min. Diketone column. Solutes are the
same as in Figure 1

should be directed at improving the plate height of the
bonded-metal system.

Figure 3 shows a chromatogram of the aminonaphthalenes
on a copper column. Although the efficiency is rather poor
for present day LC technology, the selectivity is so large that
the column can be overloaded and used as a preparative one
for the separation of these isomers. The same can be said
about the separation of various substituted anilines.

Some band tailing was observed in the Cu(Il)-loaded
column. This tailing might be due to the slow rate of dis-
sociation and association of the Cu(II)-amine complexes.

Effect of Cu(II) Ions in Mobile Phase. Metal cations
in the mobile phase, in addition to those in the stationary
phase, can have a pronounced effect on the retention behavior
and on the separation. Table V shows that the capacity ratios,
in general, increase with the concentration of Cu(II) in the
mobile phase. Cooke et al. (13) found that with Zn(II) in the
mobile phase above a certain concentration, the capacity ratios

decrease with further increase of the metal ion concentration. -

Unfortunately in the present study, higher concentration of
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Figure 3. of isomeric ami on the

column with bonded Cu(ll). Mobile phase Hexane/methylene
chloride/methanol (7/1/0.5). Flow rate: 1.0 mL/min. (1) naphthalene,
(2) 1-aminonaphth (3) 2 phthalene

Table V. Effect of Concentration of Cu(II) in Mobile
Phase A. Diketone-Cu(iI) Column (Flow Rate, 1.0
mL/min)

2.2 x 5.5 x

10*M 10* M
solutes no. Cu(II) Cu?* Cu?*
N 0.11 0.10 0.14
IN 0.36 0.61 0.83
2N 0.73 1.561 2.14
1A 0.46 0.75 0.97
2A 0.79 1.49 2.09
29 0.45 0.78 1.02
49 0.25 0.27 0.30
2A04 0.82 1.63 2.11

9F 0.11 0.10 0.083

F 0.11 0.10 0.083
2AF 1.31 2.43 3.06
OCA 0.11 0.13 0.23
mCA 0.25 0.54 0.77
PCA 0.44 1.01 1.49
ONA 0.21 0.10 0.26
mNA 0.25 0.27 0.43
PNA 0.21 0.10 0.26
oT 0.34 0.58 0.89
mT 0.71 1.43 1.97
PT 1.04 219 2.89
OA 0.45 0.81 1.14
PA 2.07 4.31 4.71

Cu(II) could not be used because of strong UV absorbance
at 254 nm. The increase in the retention time probably is due
to the fact that Cu(II) from the mobile phase is being taken
up by the support, resulting in a greater probability of forming
solute-bonded copper complex. Complexation with the
bonded Cu is more favorable (or more probable) than with
the metal ion in the mobile phase. Figure 4 shows that effect
of Cu(1) in the mobile phase on the retention times and the
separation of the aminonaphthalenes. In general, k’ values
increased with concentration of Cu(II) at least in the con-
centration range we studied.

Effect of Methanol Concentration. Table II shows that
the concentration of methanol in the mobile phase affects
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Table V1. Effect of Amount of Methanol in Mobile Phase® on k' Values

k' values
diketone column-Cu(II) dithiocarbamate column-Cu(II)

solutes B B, B, B, B, B B, B, B, B, B,
N 0.56 0.17 0.25 0.27 0.11

IN 4.16 2.07 1.56 1.40 0.50 2.78 1.93 1.54 1.30 0.70 0.33
2N 9.58 542  3.39 3.40 1.22 7.36 4.30 3.88 3.31 1.60 0.79
1A 5.08 2.61 1.60 .67 2.39 1.34 1.14 0.79 0.45
2A 9.32 5.36 3.27 1.22 3.39 1.78 1.57 1.49 0.80
29 7.46 348 224 1.83 0.58 6.24 2.89 2.37 1.70  0.81 0.47
49 4.34 1.50 1.30 0.86 0.27 3.78 1.62 1.41 0.93 0.41 0.24
2A0H  38.6 11.40  6.16 5.40 1.19 14.80 11.03 6.81 2.29 1.06
9F 0.56 0.38 045 0.27 0.083 0.03 0.32 0.072 0.30 0.16 0.076
F 0.22 0.23  0.30 0.27 0.083 0.00 0.14 0.072 0.30 0.16 0.076
2AF 13.6 8.60 4.98 5.07 2.17 8.06 5.76 5.20 4.70 . 2.23 1.30
oca 1.40 0.65 0.82 0.47 0.083 0.85 0.74 0.67 0.54 0.27 0.11
mCA 4.76 213 1.60 1.33 0.44 3.70 2.35 1.93 1.53 0.71 0.68
PCA 7.88 3.94 251 2.43 0.78 6.85 4.00 3.81 2.73 1.25 1.01
ONA 2.84 1.03 0.88 0.63 0.17 2.568 1.32 1.17 0.81 0.33 0.17
mNA 6.68 239 167 1.21 0.22 6.67 2.80 2.28 1.62 0.61 0.29
PNA 8.84 239  1.67 0.97 0.22 11.8 3.54 3.01 1.62 0.61 0.29
oT 3.12 1.756 1.33 1.17 0.37 2.06 1.46 1.36 1.14 0.59 0.25
mT 7.56 4.44 3.05 2.85 0.94 5.70 3.58 3.35 2.79 1.47 0.74
PT 12:36 6.78  4.88 4.67 1.41 9.94 6.25 5.61 4.69 2.40 1.24
OA 4.44 210 0.22 1.60 0.57 2.63 1.64 1.41 1.23 0.70 0.29
PA 33.6 1.02 11.27 2.77 18.86 16.04 12.40 5.07 2.37

° Mobile phase: hexane/methylene chloride/methanol: 700/100/50, B; 600/100/150, B,; 550/100/200, B,; 450/100/

300, B,; 200/100/550, B,; 50/100/700, B,.

]' ,
| |
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column with various Cu(II) concentrations in mobile phase A. Flow
rate: 1.0 mL/min. Chr gram A: 20% cycl /methanol
with 5.5 X 10 M Cu(ll). Chromatogram B: 20% cyclohexane/
methanol with 2.2 X 10™* M Cu(ll). Chromatogram C: 20% cy-
clohexane/methanol with no Cu(ll). (1) naphthalene, (2) 1-amino-

pl ., (3) 2-aminonap

\alene

greatly the retention times of the solutes. To better un-
derstand the effect of methanol, a series of mobile phases made
of various ratios of hexane:methylene chloride:methanol were
prepared. Table VI shows the capacity ratios of the solutes
on the two Cu(II)-loaded columns with various amounts of
methanol. As expected, the k’values decreased as the amount
of methanol is increased. This decrease, however, is not linear.
Figures 5 and 6 show plots of log k’vs. log of the concentration
of MeOH. For the sake of clarity, the behavior of only four
solutes is shown in the figures. Increasing the methanol

of the mobile phase changes the ity ratios via
two mechanisms: (1) better solvation of the solutes and (2)
leaching out some of the bonded copper (This effect will be
discussed shortly). The change in the retention of the am-
ino-9-fluorenones and the amino-9-hydroxyfluorene seems to

LOG (MeOH)

Figure 5. Correlation of log [methanol] to log k’for some fluorenes
and fluorenones. Diketone column loaded with Cu(ll). (A) 4-amino-
9-fluorenone, (B) 2-amino-9-fluorenone, (C) 2-amino-9-hydroxyfiuorene,
(D) 2-aminofluorene

LOG [MeOH]

Figure 6. Correlation of log [methanol] to log k’for some fluorenes
and fluorenones. Dithiocarbamate column loaded with Cu(ll). Solutes
are the same as In Figure 5



MIN.
Figure 7. Separation of some fluorenes and fluorenones in a
methanolrich mobile phase. Moblle phase: Hexane/methylene
chioride/methanol (2/1/5.5). Flow rate: 1.0 mL/min. Diketone-Cu(Il)
column. Solutes are the same as In Figure 1

be the same, on each column, as the concentraticn of methanol
is increased from ~0.2 M to about 0.9 M. The change in k’
of the aminofluorene is less than tnat of the other solutes, as
judged by the slope of the plots of Figures 5 and 6. Ami-
nofluorene has only one site which can hydrogen bond with
methanol, and perhaps the major cause for the decrease in
the retention of that solute is due to the loss of copper from
the column as the alcohol content is increased.  The other
aromatic amines can form H-bonds with the methanol, and
solvation by the polar modifier might be the major contri-
bution to the decrease in the k’values. Once the amount of
methanol in the mobile phase exceeds a certain limit, the
change in the k' values is more pronounced, especially with
the amino-9-hydroxyfluorene. As can be seen in Figures 5 and
6 and in Table VI, reversal in some retention order occurs.
The increase in the rate of change of the capacity factors is
probably a result of the greater extent of Cu(II) stripping from
the column by the higher concentration of methanol in the
mobile phase.

Comparison of chromatograms shown in Figure 2 and 7
presents a graphical illustration of the effect of the methanol.
The mixture and the column are the same in either case.
However, in the case of Figure 7, the mobile phase is richer
in methanol. Under these conditions, the amino-9-hydrox-
yfluorene elutes before the aminofluorene.

Using plots such as those shown in Figures 5 and 6, an
optimum mobile phase can be found for the separation of a
large ber of ar ic ami Figure 8 shows the sep-
aration of 12 solutes on the diketone-Cu(II) column in less
than 13 min. The use of capacity ratio plots vs. the con-
centration of the mobile phase to obtain an optimum reso-
lution is similar to the utilization of stationary phase com-
position as developed by Purnell and Laub in gas chroma-
tography (viz. 17 and references therein). Figure 9 shows a
separation of eight substituted anilines on the dithio-
carbamate-Cu(II) column.

Column Equilibration and Stability. After the columns
were loaded with Cu(II) (by passing 5 X 10° M CuSO, in
MeOH through the columns), the mobile phase was intro-
duced. At that time, monitoring of the volume of mobile phase
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Figure 8. Separation of a mixture of 12 aromatics and aromatic amines.

Mobile phase: H th (6/1/1.5). Flow
rate: 1.0 mL/min. Diketone-Cu(Il) column. (1) fiuorene, (2) 9-
fluorenones, (3) o-chloroanili (4) o-nitroanili (5) 4-amino-$
fluorenone, (6) 1-ami phthalene, (7) , (8) 2-amin
9-fluorenone, (9) p-chio (10) 2-ami alene, (11) 2-
aminofluorene, (12) 2-amino-9-hydroxyfluorene

—¢

OLF

MIN.

Figure 8. Separation of a mixture of eight anilines on the Dithio-
carbamate~Cu(ll) column. Moblle phase: Hexane/methylene chio-
ride/methanol (5.5/1/2). Flow rate: 1.0 mL/min. (1) benzene, (2)
o-chloroaniline, (3) o-nitroantiine, (4) isidine, (5) m-chk i
(6) m-nitr e (8) p-

passing through the column was started. Injections of several
solutes were made as soon as enough UV light was transmitted
through the cell (at 5 X 10 M Cu?* the absorbance was much
too high). Figure 10 shows typical behavior of the k’values
of these solutes as a function of time on the diketone—Cu(II)
column. When mobile phase A was used, it took about 600
min (flow rate 1 mL/min) before the capacity ratio of the
amino-9-hydroxyfluorene stabilized at 0.84. On the other
hand. with the solutes which are less sensitive to small
variations in the amount of Cu(ll), equilibration is much
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VOLUME (ml)

Figure 10. Column equilibration curves for the Diketone column after
bonding Cu(II). Mobile phase flow rate, 1 mL/min. Curves C, D, and
F are for 2-amino-9-hydroxyfiuorene, 2-amino-9-fiuorene and S-
fluorenone, respectively using mobile phase A. Curves A, B, and E
are for the same solutes with mobile phase A containing 5.5 X 10™*
M CuSO,

VOLUME (m!}

Figure 11. Column equilibration curves for Dithiocarbamate column
after bonding Cu(ll). Mobile phase flow rate, 1 mL/min. Curves A,
C, E, and G are for solutes: 2-amino-9-hydroxyfluorene, 2-amino-
8-fiuorenone, 4-amino-9-fluorenone, and a fluorenone with mobile phase
A. Curves B, D, F, and H are for the same solutes with mobile phase
A contalning 5.5 X 107 M CuSO,

faster. For example, the fluorenone retention time is constant,
within experimental error, almost immediately. When the
mobile phase contained 5.5 X 10* M CuSO,, the equilibration
period is much shorter; about 200 min for the amino-9-
hydroxyfluorene and 2-amino-9-fluorenone. As expected, k’
values at equilibrium are higher when the mobile phase
contains copper. Figure 11 shows a similar behavior with the
dithiocarbamate-Cu(II) column. In general, however, the
equilibrium time is faster with the dithiocarbamate-Cu(II)
column.

Column Reproducibility. Reproducibility studies were
carried out with the diketone-Cu(II) column. In one case, after
using the column with mobile phase A containing Cu(Il) (2.2
X 10 M), several other mobile phases were employed over
a period of several days. Upon returning to the original mobile
phase it was found that, within experimental errors, the
capacity ratios were constant. Some of the results are shown
in Table VIIL

Study of column reproducibility is shown in Table VIII with
a mobile phase made of hexane:methylene chloride:methanol
(4.5:1:3). The first column in the table shows the original data.

Table VII. Reproducibility Test for Diketone
Column-Cu(IIy®

k' values

original return after
solute run several days
F 0.10 0.12
9F 0.10 0.12
29 0.78 0.81
49 0.27 0.30
2AF 2.43 2.65
2A0H 1.63 1.76

¢ Mobile phase: 20% cyclohexane/methanol 2.2 x
10~* M Cu(1l), flow rate = 1.0 mL/min.

Table VIII. Reproducibility Test for Diket
Column-Cu(II)}—k' Values®

values
after
adding 5.0
mL of
100? M
Cu(II) in
return MEOH
after using  into sys-
more polar tem and
original mobile re-equili-
solute run phases brating
F 0.27 0.27 0.25
9F 0.27 0.27 0.26
29 1.83 1.70 1.90
49 0.86 0.67 0.82
2AF 5.07 3.68 5.12
2A0H 5.40 4.00 5.68

9 Mobile phase: hexane/methylene chloride/methanol
(4.6:1:3). Flow rate = 1.0 mL/min.

The second column shows the capacity ratios with the same
mobile phase but after several days of use with more polar
mobile phases (more MeOH). The capacity ratios of the
amine-containing solutes decreased noticeably. However, as
seen in the third column of Table VIII, after passing 5.0 mL
of 102 M Cu(Il) in MeOH and equilibrating with the original
mobile phase, the capacity ratios, within experimental error,
are the same as initial values. Column reproducibility, then,
can be maintained and controlled rather easily. Tables VII
and VIII indicate that the amount of Cu(II) bonded is de-
pendent upon the mobile phase used.

CONCLUSIONS

Chromatography with bonded-metal ions can yield selective
separations not attainable without the metals. Proper choice
of the ligand to which the metal ion is bonded can affect the
stability of the chromatographic column. Of course the ligand
may also affect chromatographic behavior. The differences
in the column efficiencies, the k’ values, and the rate of
equilibration between the two ligands used in the present
study may be due not only to the higher Cu(Il) content but
also to the different structure of the ligands. More exotic
ligands can be used, and indeed have been used for the
separation of amino acid enantiomers (18).

Since the amine-Cu complex formation constants are fairly
large, the efficiency of the system herein described is limited
by poor mass transfer. Other metals which form weaker
complexes can be used to improve efficiency. Such an ap-
proach was studied by Cooke et al. (13). They also found that
complexation with metal ions in the mobile phase, in con-
junction with reversed phase columns, can yield efficient
separations. In our studies, the very large selectivity factors
due to the presence of bonded Cu(II) largely overcome the
limited column efficiency in producing effective separations.



Clearly, the potentials of using metals in chromatography show
great promise, and we are now studying methods of improving
column efficiency in order to apply such columns to the
difficult separation of biopolymers.
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High Performance Liquid Chromatographic Study of the
Retention and Separation of Short Chain Peptide
Diastereomers on a C; Bonded Phase

Eugene P. Kroeff' and Donald J. Pletrzyk*

Chemistry Department, The University of Jowa, Iowa City, lowa 52242

The effects of peptid and k
pH and position on the r of short chaln peptides
and peptide dlast on a C, bonded phase are eval-
uated by HPLC. The peptides are highly retalned in acidic and
basic solution and are at a minimum retentlon at the:isoelectric
pH. Peptide retention Is influenced by the hydrophobicities
of the amino acid subunits and by the position of the hy-
drophobic amino acid subunits In ion to the charged sites.
It is suggested that the different conformations for peptide
diastereomers have slight differences in hydrophobicity, and
this | thelr order. S examples which
illustrate these parameters and the scop.: of separating peptide
dlastereomer mixtures by HPLC are described.

y and eluent

The separation of short chain peptides has traditionally
been accomplished by ion-exchange or thin-layer chroma-
tography (I). During the past year, high performance liquid
chromatography (HPLC) employing nonpolar (reverse)
stationary phases has been shown to be very effective in
bringing about these separations (2-6). Reverse phase HPLC
is particularly attractive since it is fast, highly reproducibl

of pharmacologically important nonapeptides were performed
on microparticulate octyl- and octadecyl-silica columns (3).
An HPLC procedure for their determination in dosage forms
on these columns has also been reported (4).

Peptide retention and separation studies have been carried
out on columns containing organic copolymers as the sta-
tionary phase. In this laboratory, Amberlite XAD-2 and 4
(polystyrene-divinylbenzene copolymers) have been used to
study the retention and separation of AA, peptides, and AA
derivatives (5, 6). Retention of several dipeptides on XAD-2
was also reported in gravity flow column chromatography (7).
Other copolymer stationary phases used in AA and peptide
retention studies were Poropak Q (8) and Poragel PN and PS
9).

Procedures have been reported for the separation of certain
diastereomeric peptides and their derivatives by paper (10),
thin-layer (11, 12), and ion-exchange chromatography (13).
A tripeptide chemically bonded to silica was used as a sta-
tionary phase in HPLC for the separation of peptides (14, 15)
and diastereomeric peptides (16) Recently, 1on-exchange
columns were used to separate d eomeric tetrap
(17) and D- and L-amino acids as the L-D and L-L dipeptides
after reaction with tert-butyloxycarbonyl-L-leucine-N-

and requires a minimum of sample preparation. Easily
prepared eluting solvents such as buffered aqueous or
aqueous-alcohol or —acetonitrile mixtures are used. Fur-
thermore by using a variable wavelength detector (200 to 220
nm) detection of any amino acid or peptide is possible without
resorting to derivitization.

Several nonpolar stationary phases have been used to effect
peptide separations. Short chain peptides containing as many
as six nonpolar amino acid (AA) subunits, as well as larger
hormone peptides were separated on a 5-um octyl-silica
bonded phase type stationary phase (2). Retention studies

! Present address, Eli Lilly and Company, Indianapolis, Ind. 46206.

hydrox; ide ester (18). XAD-2 and XAD-4 columns
have also been used to separate diastereomeric peptides (6,
7

Although the XAD copolymers showed promise as sta-
tionary phases for the separation of diastereomeric peptides
and are stable over the entire pH range unlike the bonded
stationary ph they do not g lly provide efficiencies
that are comparable to those readily achieved with the bonded
stationary phases (5, 6). This is pan.icularly true when
compared to the microp. Th
the purpose of this paper is to descnbe results of our ex-
periments which were designed to illustrate those factors which
influence the ion of diast: ic di- and tripeptides
on a bonded tionary phase of the Cy type. With

0003-2700/78/0350-1353$01.00/0 © 1878 American Chemical Soclety
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Table I. Effect of Eluent pH on the Capacity Factors of
Glycine Based Peptides

capacity factor, k¢

pH

peptide 3.38 5.82 7.91
Gly-Gly 0.00 0.00 0.00
L-Ala-Gly 0.00 0.00 0.00
L-Val-Gly 0.23 0.11 0.27
L-Tyr-Gly 0.58 0.35 0.57
DL-Leu-Gly 0.99 0.60 1.10
L-Phe-Gly 2.21 1.30 2.69
Gly-L-Ala 0.01 . 0.00 0.00
Gly-L-Val 0.57 0.09 0.16
Gly-D-Val 0.58 0.09 0.16
Gly-L-Tyr 0.90 0.19 0.28
Gly-DL-Leu 2.45 0.56 0.82
Gly-DL-Phe 3.09 1.08 1.56
L-Phe-Gly-Gly 1.64 1.06 2.53

Gly-Gly-L-Phe 3.73 1.10 1.31

@ 250 X 3.2 mm, 10 um, LiChrosorb C, at a flow rate of
1 mL/min using 5% EtOH-96% H,O with phosphate buf-
fers at 4 = 0.1 and detection at 208 nm.

this type of background, optimum conditions for the sepa-
ration of mixtures of diastereomeric peptides should be readily
predicted. Furthermore, these data provide a basis for se-
lecting the eluting conditions for mixtures of more complex
diastereomeric peptides.

EXPERIMENTAL

Reagents. Peptldes were obtained from Sigma Chemical

pany, Ch ics Corp., and Research Plus Lab-
oratories, Inc. and were uaed as received. Inorganic salts and acids
were analytical reagent gnde Distilled water for the eluting
agents was punfiad by pnaamg it through a mixed bed ion ex-
change ated ch and finally through
a0. Z-Am filter. Ethanol (95%) and HPLC reagent grade ace-
tonitrile (J. T. Baker) were used.

Equipment. The ch aphic instr ion isted
of an Altex M-100 pump, an Altex 905 injector fitted with a 175-uL
sample loop, and a Tracor 970 variable wavelength detector
equipped with an 8-uL Teflon flow cell. The column used was
a 3.2 X 250 mm, 10-um, octyl-silica bonded phase column (Li-
Chrosorb C,) obtained from Altex.

Procedures. Peptide solutions were prepared by dissolving
3 to 8 mg of & given peptide in 3 mL of water (0.1 M HCI for
Leu-Phe and Leu-Gly-Phe) in 6-mL Hypovials fitted with Hycar
septa and sealed with aluminum caps (Pierce Chemical). The
solutiona were refrigerated when not in use. Samples of 2 to &
uL of the desired peptide solution were injected with a 10-uL
Pr&ul;re Lok Series B110 syringe (Precmon Sampling Corpo-
ration,

All eluting agent water—organic solvent mixtures were made
as per cent by volume and were buffered with phosphate salts
(0.02 M) or HC1. Appropriate quantities of NaCl were added to
give an fonic strength of 0.1.

Flow rates ranged from 1.0 to 2.0 mL/min and resulted in
column inlu pressures of 800 to 1600 psi depending upon the
eluting ion. The was Of d at 208
nm and an attenuation setting of 0.16 or 0.08 AUFS was used.

Capacity factors, k', were calculated and the column void
volume was determinod as described previously (5, 6). The
precision for &’ was 0,03

RESULTS AND DISCUSSION

Effect of Peptide Structure. Table I lists the k’values
for two series of Gly-based peptides as a function of pH. In
one series, the first amino acid (AA) subunit is varied while
in the d, the d AA subunit is varied. These data
show that the retention order is determined by the non-Gly
AA subunit. As the carbon content of the non-Gly subunit
is increased, the retention is also increased. This retention

—qgly-L-ala 3.3ug
—gly-L-val 3.6ug
A —gly-L-tyr 25ug

it—gly-DL-leu 4.0ug
l-gly-DL-phe 20ug

L

C 1
o 5 10
ml

Figure 1. Separation of a series of glycyl dipeptides. 250 X 3.2 mm,
10 um, LiChrosorb-C, at a flow rate of 1 mL/min using 5% EtOH-95%
H,0 with pH 3.4 (phosphala) and u = 0.1 and detection at 208 nm
and 0.16 AUFS

Table 1I. Effect of Peptide Structure and Eluent pH on
Capacity Factors

capacity factors, k'@

pH

dipeptide 3.38 5.82 7.91
L-Ala-L-Val 0.55 0.09 0.29
L-Val-L-Val 1.20 0.22 2.79
L-Leu-L-Val 3.71 1.12 9.24
L-Ala-L-Val 0.55 0.09 0.29
L-Ala-L-Leu 2.62 0.49 1,22
L-Ala-L-Phe 3.57 1.12 2.67
L-Leu-L-Val 3.71 1.12 9.24
L-Leu-L-Tyr 5.17 1.53 >10
L-Leu-L-Leu >10 6.46 >10

@ Same column conditions as in Table I.

order follows that observed for the simple AA on an octyl silica
column (2) and is similar to the AA retention order found on
porous copolymer columns (6), the one exception being that
Tyr shows a higher retention than Leu on the porous co-
polymers.

The retention order in Table I is also consistent with the
hydrophobicities and accessible surfaces areas reported for
the AA (19). If the non-Gly subunit is a polar AA, retention
would be reduced. The effect of polar groups in the simple
AA on retention has been discussed before (2, 6, 8) and a
similar effect should occur with the dipeptides.

A change in a single subunit of the dipeptide produces a
significant change in retention. Thus, separation of many
dipeptide mixtures are possible. One example is listed in
Figure 1 where a mixture of five glycyl dipeptides are sep-
arated using 95% water-6% ethanol buffered at pH 3.4.

It is significant to note that the Gly-Gly dipeptide shows
no retention under the eluting conditions used in Table I.
Even when using 100% water, the mildest eluting agent, this
dipeptide still shows no retention. This is additional evidence
which supports the conclusion that retention results from the
interaction of the non-Gly AA subunit and the stationary
phase and that the Gly subunit and the peptide backbone are
not involved in the retention process. Similar results were
found when studying a series of Gly peptides on a Cy4 column
@.



Table II shows the effect of replacing the Gly subunit for
the dipeptides in Table I with a nonpolar AA subunit. In the
first group, the glycine subunit is replaced by a valine subunit.
Comparison of the k’data to those in Table I clearly indicates
a marked increase in the retention of the dipeptide. In the
second group of dipeptides in Table II, the glycyl subunit of
the peptides in Table I is replaced by an alanyl subunit. The
increase in k’values for this series was found to be nominal,
the largest being observed for the dipeptide showing the
highest retention. In the third group, the glycyl subunit of
the peptides in Table I is replaced by a leucyl subunit. This
change produced a sharp increase in the retention of the
dipeptides.

In all three series, the order of retention of the dipeptides
follows that observed for the individual AA subunits that is
being varied. Also, unlike the Gly peptides, the AA subunit
that is held constant contributes to the retention, and the
overall retention is due to both AA subunits in the dipeptide.
This additive effect and the ability to quantitatively or
qualitatively predict it is being explored further.

Effect of Eluent pH. Controlling the pH of the eluting
mixtures used in the separation of AA and peptide mixtures
on columns of XAD-2 and -4 has shown that retention is
minimal in the region of the isoelectric pH where zwitterion
formation occurs (5, 6). Retention is markedly increased in
acidic eluents (pH <3), where a singly charged protonated
amine species exists, and in basic eluents (pH >9), where a
singly charged dissociated carboxyl species predominates.

Although the useful pH range of the Cg column is limited
to eluting agents of pH 2 to 8, limited pH studies on this
column show similar trends. These data are listed in Tables
Tand IL. In all cases, the minimum is observed near or at the
isoelectric pH value.

In Table I, the £’ values are larger in basic solution than
in acidic solution for the Gly dipeptides in which the Gly
subunit provides the terminal carboxyl group. When it
provides the terminal amine group, the k’values are larger
in acid solution in comparison to the basic solution. Since
the non-Gly subunit is primarily responsible for the retention,
the position of this subunit relative to the charge sites has a
strong influence on the retention.

In the first series of dipeptides in Table I, the retention will
be higher in the basic eluent b the nonpolar AA subuni
is removed from the vicinity of the highly charged carboxyl
site. Therefore, it can interact with the nonpolar stationary
phase more strongly than in the acidic eluent where the
closeness of the charged protonated amine group would di-
minish the interaction.

In the second group of dipeptides listed in Table I, where
the nonpolar AA subunit contributes the terminal carboxyl
group, the highest retention is observed when using the acidic
eluent. Under these conditions, the nonpolar AA subunit is
removed from the charged, protonated amine site.

The data in Table I indicate that the retention order of the
dipeptide can be altered by a change in the pH of the eluent.
Consider the Leu containing dipeptides. For example, DL-
Leu-Gly will elute before Gly-DL-Leu under acidic eluting
conditions, while the reverse is found when using a basic
eluent. Other examples have been reported previously (6).

The effects of pH on the retention and the retention order
for the tripeptides listed in Table I are consistent with the
observations found for the dipeptides.

The dipeptides listed in Table II show similar trends. In
these dipeptides retention will be dominated by the more
nonpolar of the two AA subunits and, therefore, its position
in relation to the charged site will determine the retention
behavior. When the more nonpolar AA subunit contributes

the terminal amine group, which will be uncharged in basic’
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Table III. Capacity Factors for Alanine Dipeptides
as a Function of pH

capacity factor, k'@
pH
dipeptide 2.10 3.32 5.76 7.89

L-Ala-L-Ala 0.28 0.17 0.00 0.08
D-Ala-D-Ala 0.29 0.18 0.00 0.07
L-Ala-D-Ala 113 0.65 0.16 0.21
D-Ala-L-Ala 111 0.64 0.17 0.20

Gly-Gly 0.00 0.00 0.00 0.00
L-Ala-Gly 0.14 0.07 0.00 0.04
D-Ala-Gly 0.14 0.08 0.00 0.04
Gly-L-Ala 0.26 0.15 0.00 0.03
Gly-D-Ala 0.26 0.15 0.00 0.03

9 Same column and flow rate as in Table I using water,
and HCI and phosphate buffers, u = 0.1, as the eluting
mixture.

solution, the highest retention is observed for the basic eluent.
Examples of this are L-Leu-L-Val, and L-Leu-L-Tyr. In
contrast, when the more hydrophobic AA subunit contributes
the free carboxyl group, which will be uncharged in acidic
solution, highest retention is found in the acidic eluent.
Examples of this are L-Ala-L-Val, L-Ala-L-Leu, and L-Ala-
L-Phe. Similar pH trends were observed for dipeptide re-
tention on XAD-2 and XAD-4 porous copolymers (6).

Ionization constants for the dipeptides examined in this
study lie between pK,, = 3.1 to 3.3 and pK,, = 8.1 to 8.3 (20).
This means that for the pH range used in this study, the
degree of ionization in the acidic and basic eluents is essentially
the same for a given dipeptide. Therefore, the difference in
the k’values in the acidic or basic eluent must be due to the
difference in the position of the charge sites and is not due
to the difference in the degree of ionization of the amine or
carboxyl group. This further supports the contention that
the position of the more nonpolar AA subunit relative to the
charge sites is the major factor in determining the level of
retention.

Solvent Composition. Although not studied systemati-
cally, the data reported here (see Tables I to V) indicate that
as the concentration of ethanol is increased in the aque-
ous—-ethanol mixture the k’ values decrease. Furthermore,
acetonitrile is a stronger eluting agent than ethanol. These
observations are consistent with more detailed studies on the
effect of solvent composition on the retention of other acids
and bases reported elsewhere (2, 3, 5, 6).

If a high concentration (>20%) of organic solvent is re-
quired to act as a modifier, acetonitrile would be preferred.
First, for a comparable elution condition, less acetonitrile than
ethanol is needed. Second, the acetonitrile-water mixtures
are less viscous and, thus, column inlet pressures are mini-
mized.

Stereochemical Effects. The previous experiments
demonstrated the significance of each AA side chain in in-
fluencing the degree of retention. To evaluate the effect of
an AA subunit’s stereochemistry on retention, the stereo-
isomers of Ala-Ala were studied. These data are shown in
Table I1I where retention on the Cg column was studied as
a function of pH.

As with the previous peptides, retention is low in the region
of the isoelectric pH and high in the acidic and basic eluents
regardless of the stereoisomeric form. However, at a given
eluent condition, retention for the diastereomers is different.
At all pH values L-Ala-L-Ala and its enantiomer D-Ala-D-Ala
have identical capacity factors. Similarly, L-Ala-D-Ala and
its enantiomer D-Ala-L-Ala also have identical capacity factors,
but the value is larger than that for the L-L and D-D enan-
tiomers.
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M—L-ala-L-ala 5.2ug
+—L-ala-D-ala 6.8ug

I

L 1
0 4 8
ml

Figure 2. Separation of alanyl-alanine diastereomers. 250 X 3.2 mm,
10 um, LiChrosorb-C, at a flow rate of 1 mL/min using 100% H,0 with
pH 2.2 (HCI) and ¢ = 0.1 and detection at 208 nm and 0.16 AUFS

The fact that enantiomers have equal k’ values was shown
in Table 1. For example, compare Gly-L-Val to its enan-
tiomorph Gly-D-Val. Similarly, the Gly-L-Ala and Gly-p-Ala
enantiomers and the L-Ala-Gly and D-Ala-Gly enantiomers
(Table III) have equal k’ values. However, when the sym-
metric Gly subunit is replaced with the asymmetric Ala
subunit (Table III), the resulting diastereomers exhibit
differing k’ values.

The difference in the k’values for the diastereomers is not
constant throughout the pH range; as the pH decreases, the
difference increases. Thus, by choosing the optimum pH for
the eluting mixture, a baseline separation of the diastereomers
is readily achieved. This is illustrated in Figure 2.

Differences in the physical properties of peptide diaste-
reomers have been attributed to differences in molecular
conformations (21). A peptide can assume several confor-
mations. However, investigation of molecular size (11, 22),
dipole moments (22), ionization constants (23), and nuclear
magnetic resonance studies (7, 24-26) have led workers to
conclude that the AA sidechains in a dipeptide are cis to one
another (with respect to the peptide bond) for the L-D and
its D-L enantiomer (7, 21, 24-26). In the L-L and its D-D
enantiomer the sidechains are therefore trans to one another.

These structures are shown below looking down the di-

0,0
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peptide bond for Ala-Ala emphasizing the orientation of the
sidechain methyl groups on the asymmetric carbons, which

are indicated by the circles.

In the L-D and D-L forms, the methyl groups for the two
Ala subunits will be on the same side of the peptide bond and
in close proximity to one another. This should produce a
higher overall hydrophobic surface area and increase the
retention of the L-D and D-L enantiomers in comparison to
the L-L and D-D enantiomers where the methyl groups are on
opposite sides. As seen in Table III, the retention order is
consistent with the predicted hydrophobic characteristics of
the Ala-Ala diastereomers.

Table IV. Capacity Factors for Dipeptide Distercomers

capacity factor,

k'e

pH
dipeptide 3.45 5.98
L(D)-Ala-L(D)-Val® 0.30 0.03
L(D)-Ala-D (L)-Val® 0.69 0.21
L-Ala-L-Leu 1.37 0.30
D-Ala-L-Leu 2.51 0.88
L-Ala-L-Phe 1.65 0.61
D-Ala-D-Phe 1.65 0.61
L-Ala-D-Phe 2.83 1.48
D-Ala-L-Phe 2.84 1.46
L-Leu-L-Tyr 1.74 0.62
D-Leu-L-Tyr 2.63 1.38
L-Val-L-Val 0.59 0.12
D-Val-D-Val 0.58 0.11
D-Val-L-Val 3.50 1.55
D-Leu-D-Leu 7.35 2.71
D-Leu-L-Leu >10 >10

9 Same conditions as in Table I except at 10% EtOH-
90% H,0. ° Obtained as D,L-D,L mixture.

Table V. Capacity Factors for Di- and
Tripeptide Diastereomers

peptide capacity factor, k'¢
L-Leu-L-Leu 0.92
D-Leu-D-Leu 0.92
L-Leu-D-Leu 4.78
D-Leu-L-Leu 4.79
L(D)-Leu-L(D)-Phe? 2.16
L(D)-Leu-D(L)-Phe? 6.94
L(D)-Leu-Gly-L(D)-Phe? 1.12
L(D)-Leu-Gly-D (L)-Phe? 1.58

9 Same conditions as in Table I except at 20% EtOH-
80% H,0, pH 6.14. ? Obtained as D,L-D,L mixture (see
text).

The study was expanded to include many other diaste-
reomeric dipeptides and tripeptides. These data are shown
in Tables IV and V.

The general trends observed for these diastereomeric di-
peptides are similar to those for the Ala-Ala dipeptides listed
in Table III. That is, the L-L and DD enantiomers have an
identical &’ value which is less than the identical k' values
found for the L-D and D-L enantiomers. This difference is
large enough so that separations of the two pairs are possible.
Although not shown, retention differences for a given set of
diastereomers are enhanced by using a lower pH and/or
reducing the amount of ethanol in the eluting mixture.

The type of the AA subunits present in the diastereomers
has an effect on the retention. In dipeptides in which there
is a significant difference in the size and polarity of the AA
subunits, the difference in the k’values for the diastereomers
is large enough to permit their separation. Typical examples
are the L-L (and D-D) and L-D (and D-L) diastereomers of
Ala-Leu, Ala-Phe, and Leu-Tyr. The differences in the k’
values for these diastereomers is minimal however, when
compared to dipeptides in which the AA subunits are of equal
or similar size and polarity. Examples of this are the L-L (and
D-D) and L-D (and D-L) diastereomers of Val-Val, Leu-Leu,
and Leu-Phe.

From these observations it can be concluded that for di-
peptides having AA subunits of similar size and polarity, there
is a significant increase in the peptide's hydrophobic surface
area in going from the L-L (or D-D) to the L-D (or D-L) form.
This is illustrated in Figure 3. Note that in the time interval
required to separate L-Val-L-Val from its D-L diastereomer
L-Leu-L-Tyr can be separated from its D-L diastereomer.



t—L-val-L-val 8.0ug
—L-leu-L-tyr 2.5ug

A D-leu-L-tyr 2.0ug
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Figure 3. Separation of a mixture of dipeptide diastereomers. 250
X 3.2 mm, 10 um, LiChrosorb-C, at a flow rate of 1 mL/min using 10%
EtOH-80% H,0 with pH 3.4 (phosphate) and ¢ = 0.1 and detection
at 208 nm and 0.16 AUFS

Similar results are obtained by substituting the diastereomers
of Ala-Leu or Ala-Phe for the Leu-Tyr diastereomers used in
Figure 3.

The Leu-Tyr diastereomers were separated on an optically
active bonded tripeptide stationary phase (16). It should be
noted from Figure 3 that the optically bonded phase is not
necessary for the separation and that the elution order found
in Figure 3 is the reverse of that for the optically bonded
phase.

The peptides listed in Table V contain highly hydrophobic
AA subunits and it was necessary to increase the co:icentration
of the ethanol in the eluting mixture, as well as to adjust the
eluent pH close to that of the isoelectric pH, in order to elute
the peptides from the column in a reasonable amount of time.
As with the other diastereomeric peptides, the retention for
the 1.-1 and D-D enantiomers is the same and considerably
less than that for the 1.-D and D-I enantiomers.

Introduction of a polar group into one of the AA subunits
has a significant effect on the retention of the peptides.
Compare the k’ data for the L-L, and b-L Leu-Tyr stereo-
isomers in Table IV to the corresponding Leu-Phe stereo-
isomers in Table V. The latter dipeptide differs in that the
Phe does not have a p-OH group in the aromatic ring. Re-
tention is not only greater for the more nonpolar Phe-con-
taining peptide but the difference in retention between the
L-L and D-D enantiomers and the 1.-D and D-L enantiomers
is much greater.

The introduction of the glycyl subunit into the dipeptide
Leu-Phe at position 2 to yield the tripeptide, markedly de-
creases the retention of the peptide and also decreases the
difference in the k’values for the diastereomers (see Table
V). Apparently the insertion of the Gly subunit has the effect
of breaking up the large hydrophobic surface area which
results when the two nonpolar AA subunits (Leu and Phe)
are directly adjacent as in the case of the dipeptide Leu-Phe.
Note however, even though the chiral centers are separated
from one another in the Leu-Gly-Phe tripeptide, the sepa-
ration of the diastereomers is still possible (see Table V).
Additional model peptides in which the chiral centers are even
further separated by the addition of glycyl subunits were not
readily available. Thus, the question of whether the degree

of retention continues to decrease as this distance increases,

cannot be answered.
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{ D"EU'gly-D-uhe} e
L-leu-gly-L-phe) = 9

D-leu-gly-L-phe
L-Ieu-gly-D-phe} 3.8ug
D-leu-D-phe
L-Ieu—L—phe} 35ug
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Figure 4. Separation of di- and tripeptide diastereomers. 250 X 3.2
mm, 10 um, LiChrosorb-C, at a flow rate of 1.5 mL/min using 15%
CH,CN-85% H,0 with pH 3.5 (phosphate) and u = 0.1 and detection
at 208 nm and 0.16 AUFS

Table VI. Capacity Factors for Trialanine Diastereomers
as a Function of pH

capacity factor, k'@
pH
tripeptide 210 332 575 7.83

L-Ala-L-Ala-L-Ala 0.68 0.62 0.09 0.26
D-Ala-D-Ala-D-Ala  0.69 0.63 0.09 0.27
L-Ala-L-Ala-D-Ala 1.59 114 0.22 0.59
L-Ala-D-Ala-L-Ala 3.32 258 0.69 1.18

Gly-Gly-Gly 0.05 0.00 0.00 0.00

¢ Same conditions as in Table I

‘The Leu-Phe and Leu-Gly-Phe peptides were available
only as the D,L-D,. mixtures and based on the elution
characteristics of the diastereomers in Tables I1I and IV, the
first peak eluted for such a mixture was assigned the L-1.(D-D)
configuration, while the second was assigned the L-D(D-L)
configuration. A chromatogram for the separation of the
Leu-Gly-Phe and Leu-Phe diastereomers is shown in Figure
4.

"able VI lists the k’data for four of the eight stereoisomers
of the tripeptide Ala-Ala-Ala which contains three chiral
centers. In comparison to the tripeptide (Gly);, which provides
only the peptide backbone, retention is very high for the (Ala);
peptides. This indicates that the more hydrophobic character
of the alanine sidechains plays the major role in determining
the level of interaction between the stationary phase and the
tripeptide. This is consistent with the observations made for
the dipeptides.

‘The retention of the (Ala); tripeptide as a function of pH
follows the same trends as those observed for the dipeptides.
That is, retention is high in acidic and basic solutions and is
at a minimum at the isoelectric pH. It is difficult to ex-
perimentally evaluate whether retention is larger in acid or
base solution for the symmetrical (Ala); peptides since the
measurements are limited on the basic side to approximately
pH 8. If the ky, ko, and k | values, the capacity factors for
retention of the cation, zwitterion, and anion forms, re-
spectively, are calculated according to Equation 4 in reference
(5), retention for all four (Ala), diastereomers is found to be
slightly higher in acidic solution than in basic solution.

It is evident in Table VI that not only does the introduction
of a D AA subunit alter the retention of the (L-Ala); peptide,
but also that the position of the D AA subunit is important.
Construction of models using the criteria discussed before for
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L-alo-L-ala-L-ala 6.8ug
L-ala-L-ala-D-ala 74ug
L-ala-D-ala-L-ala 5.8ug
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Figur
3.2mm, Io;un.wmsab-c.a!aﬂowmwol 1.3 mL/min using 100%
H,0 with pH 2.2 (HCI) and z = 0.1 and detection at 208 nm and 0.16
AUFS

the dipeptides (7, 21, 24-26) yields structures similar to those
previously shown for the (Ala), dipeptides except that one
more sidechain methyl group (from the additional Ala subunit)
must be accounted for. For the LLL form, the methyl groups
of the Ala subunits are seen to alternate about the peptide
backbone; for the LLD form, two adjacent methyl groups are
on the same side and the third is on the other side; and finally
for the LDL form all three methyl groups are on the same side.
It would be predicted that the hydrophobic nature of the side
chain groups should increase in this order, that is, LLL < LLD
< LDL. This should also be the order in which the retention
increases. As seen in Table VI, this was observed experi-
mentally.

The retention of the diastereomeric (Ala); tripeptides are
sufficiently different enough in acid solution so that mixtures
of the LLL (or DDD), LLD, and LDL (Ala)g tripeptides can be
separated. This is shown in Figure 5 where a pH 2.2 aqueous
solution is used as the eluting mixture.

Applications. The data in the figures and tables indicate
that k' values are sufficiently different so that separation of
many different peptide and diastereomeric peptide mixtures
are possible. Awareness of those factors which cause the
difference in &’ values can be used to predict optimum eluting
conditions for separation of mixtures of larger peptide dia-
stereomers. For example, the size and polarity of the AA
subunits and their relative position determine the optimum
solvent composition, while the position of the stereochemical

differences indicates the optimum eluent pH. If the ste-
reochemical difference is near the terminal amine, a basic
eluent should be used, since it would allow the free amine to
interact most strongly with the stationary phase. Thus,
differences in retention for the diastereomers would be
maximized.

From a fundamental standpoint, the chromatographic
properties of peptide diastereomers on reverse stationary
phases, offers valuable insight into peptide conformations. In
addition to analytical separations, the method should be useful
in studying racemization in peptide synthesis, for determining
a peptide’s stereochemical purity, and in larger scale, prep-
arative separations. It is also important to note that the
retention trends of the peptides and peptide diastereomers
on the bonded stationary phase are similar to those observed
on the porous copolymer packings (5-7).
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Distribution Coefficients and Anion Exchange Behavior of Some
Elements in Hydrobromic—Nitric Acid Mixtures

F. W. E. Strelow

National Chemical Research Laboratory, P.O. Box 395, Pretoria 0001, Republic of South Africa

Anlon exchange distribution coefficients with Bio-Rad AG1-X8,
a quaternary amine resin on polystyrene basls, are presented
lor lhe elements BI(III), Cd, Pb(II), Zn, and In(III) in
Ic-nitric acid ging from 0.03 to 1 M
hydrobromlc and nil to 2 M nitric acid. The results are dis-
d and some possible separations are pointed out. The
versatility of these eluting mixtures is demonstrated by se-
quential elution of Zn, Pb(II), Cd, and Bi(III) from a 11.5-mL
resin column using appropriate eluting agent concentrations.

Some elements such as Bi(IIl), Cd, and Pb(II) are con-
siderably more strongly adsorbed by anion exchange resins
from dilute hydrobromic than from dilute hydrochloric acid
solutions (). Separation factors between these elements and
most others are as a result considerably larger in bromide than
in chloride solutions, and considerably smaller columns should
be required for separations of the same amounts of elements.
Unfortunately it has been found that more serious tailing often
occurs when elements are eluted with dilute hydrobromic acid
(2, 3) as compared with dilute hydrochloric acid. An effective
method to eliminate this tailing is to add to the eluting agent,
a noncomplexing mineral acid containing a relatively strongly
adsorbed anion which effectively competes for exchange sites
(2, 3). Nitric acid is almost tailor-made for this purpose. As
an additional advantage, it also is easily voiatile. Its only
disadvantage is that bromine is formed by oxidation in
mixtures of hydrobromic and nitric acid above certain con-
centrations. Fortunately, these critical concentrations are
safely above those relevant for separations.

In the literature, only a very limited amount of information
about distribution coefficients in hydrobromic-nitric acid
mixtures with strongly basic anion exchange resins can be
found. Data are presented for a single hydrobromic acid
concentration (0.03 M) with various concentrations of nitric
acid (2). Because it appeared likely that more favorable
conditions for some separations would be found at higher
bromide concentrations, & more complete study of distribution
coefficients was carried out varying the bromide concentration
up to 1 M. The results of this study and their discussion are
presented.

EXPERIMENTAL

Reagents and Apparatus. Chemicals were of analytical
reagent-grade purity. “Indium(III)-chloride tetrahydrate puriss",
was obtained from Fluka AG., Buchs, Switzerland, and converted
to the nitrate by repeated evaporation with nitric acid. Water
was distilled and then passed through an Elgatat deionizer. The
resin was AG1-X8, a quaternary amine anion exchanger on
polystyrene base, marketed by Bio-Rad Laboratories, Richmond,
Calif. Resin of 100 to 200 mesh particle size was used for
batch-equilibrium and resin of 200 to 400 mesh particle size for
column experiments. Borosilicate glass tubes of 16-mm i.d. and
about 250-mm length were used as columns, fitted with a No. 2
porosity glass sinter and a buret tap at the bottom and a B14 joint
at the top. Atomic absorption measurements were carried out
either with a Varian-Techtron AA-5 or with a Perkin-Elmer 303
instrument, and a Zeiss PMQ II was used for spectrophotometry.

Table 1. Distribution Coefficients in 0.03 M HBr
molarity of HNO,

0.1M 02M 05M 1.0M 2.0M

Bi(IlI)* >10* >10* >10* >10* 6800 4800

element  nil

Cde 680 191 91 33 14.4 2.7
Fb(II P 14.4 8.2 5.0 4.1 1.3 11
Zn <0.5 <05 <05 <05 <0.5 <0.5
In <1 <1 <1 <1 S | <1

@ Published previously (2) but included for sake of com-
pleteness.

Distribution Coefficients. The resin was converted to the
nitrate form in a large column by passing through a solution of
about 2 M nitric acid until a silver nitrate test for chloride became
negative. After the excess nitric acid had been removed by
washing with deionized water, the resin was dried at 60 °C in a
Gallenkamp vacuum pistol with magnesium perchlorate (an-
hydrone) as drying agent, and kept in a desiccator over the same
drying agent. Residual water was determined by drying at 120
°C and the weights of resin were corrected accordingly (normally
about 4 mg correction for 2.7125 g of resin).

The coefficients were determined by equilibrating 2.7125 g of
dry resin in the nitrate form (equivalent to 2.5000 g of dry resin
in the chloride form) with 250 mL of solution of shaking for 24
h in a mechanical shaker at 20 °C. The solutions contained the
concentrations of hydrobromic and nitric acid shown in Tables
1 to VI and one of the following elements as the nitrate:1 mmol
of either Cd, Zn, or In(III); 0.2 mmol of bismuth(III), or 0.02 mmol
of lead(II). The smaller amounts of bismuth and lead were used
because of the limited solubility of the oxybromides or bromides,
respectively, in some of the equilibrium solutions. After
equilibration, the resin was separated from the aqueous phase
by filtration and the amounts of the elements in the aqueous and
in the resin phase (except for bismuth) were determined by
appropriate analytical methods. From the results, weight
equilibrium distribution coefficients

mol of element on resin

00202 OICMEAL ON fe8'h
b mol of element in solution X300
were calculated. The coefficients for 0.03, 0.05, 0.1, 0.2, 0.5, and
1.0 M HBr with various concentrations of nitric acid are presented
in Tables I to VI, respectively. Those for 0.03 M HBr have been
published previously (2) but have been included for sake of
completeness. The analytical methods used are summed up in
Table VII

Elution Curve. A column containing 11.5 mL (5 g dry weight)
of AG1-X8 resin of 200 to 400 mesh particle size was prepared
and converted to the bromide form by passing through 100 mL
of 1 M hydrobromic acid. The column in the chloride form was
65 mm in length and 15 mm in diameter and shrank about 5 mm
on conversion. A solution containing 0.1 mmol of zinc and 0.02
mmol each of cadmium, lead(II), and bismuth(III) as the bromides
in 25 mL of 1 M hydrobmmxc acid was prepued and pmed

through the col The el were washed onto the resin
with small portions of 0.2 M hydrobromic acid containing 0.6 M
nitric acid and then eluted with the f of

200 mL of 0.2 M hydrobromic containing 0. 5 M nitric acid for
zinc (including wash solution); 200 mL of 0.05 M hydrobromic
containing 0.6 M nitric acid for lead(II); 200 mL of 0.02 hy-
drobromic containing 2 M nitric acid for cadmium; and 200 mL
of 0.06 M EDTA in 0.1 M ammonium nitrate for bismuth(III).

0003-2700/78/0350-1358$01.00/0 € 1878 American Chemical Soclety
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Table IL. Distribution Coefficients in 0.06 M HBr
molarity, HNO,

element nil 0.1 M 0.2M 0.5M 1.0M 2.0M
Bi(III) 400 000 200 000 115 000 54 000 24 000 7800
Cd 3030 935 329 148 79 65
Ph(II) 52 23.5 13.5 11.3 10.7 10.4
Zn <0.5 <0.5 <0.5 <0.5 <0.5 <0.56
In =1 <1 <1 <1 <1 <1

Table III. Distribution Coefficients in 0.10 M HBr
molarity, HNO,

element nil 0.1M 0.2M 0.5 M 1.0M 2.0M
Bi(III) 500 000 400 000 210 000 83 000 40 000 15 600
Cd 16 200 5910 2 540 1320 705 445
Pb(II) 242 103 65 32.9 20.6 15.4
Zn 1.4 1.0 0.7 0.5 <0.5 <0.5
In 1.0 13 1.2 1.0 1.1 1.2

Table IV. Distribution Coefficients in 0.20 M HBr
molarity, HNO,

element nil 0.1 M 0.2M 0.5M 1.0M 2.0M
Bi(IIT) >10* >10* >10* >10* >10* >10*

Cd 50 000 31 000 17 500 9100 5250 3 450°
Pb(II) 635 354 228 106 56 33.8
Zn 5.4 3.7 2.3 1.5 1.5 1.4
In 2.5 2.3 2.2 2.1 1.9 1.8

@ Published previously (2) but included for sake of completeness.

Table V. Distribution Coefficients in 0.50 M HBr Table VII. Analytical Methods Used for Determinations
molarity, HNO, element method
element nil 0.1M 02M 05M 1.0M Bi(III) Complexometric titration with EDTA,

d xylenol orange as indicator, or spec-
gélll) ;}g: ; }g: ;;l[g: 2 }g: 2 18: trophotometry as thiourea complex
Pb(1l 821 583 142 >350 >279 at 470 nm. Atomic absorption spec-

(n trometry at 223.1 nm, using air-
Zn 21.0 18.2 14.3 11.4 8.2

acetylene flame for elution curve.
Complexometric titration with EDTA
in slight excess ammonia with methyl-
thymol blue as indicator. Atomic
absorption spectrometry at 228.8 nm.

In 3.6 3.2 3.0 2.8 2.5 Ccd

Table VI. Distribution Coefficients in 1.0 M HBr

molarity, HNO, using air-acetylene flame for small
= amounts and clution curve.
element nil 01M 0.2M 0.5M Pb(Il)  Atomic absorption spectrometry at
5 ‘ ‘. . . 217.0 nm. using air-acetylene flame.
B'd(ln) iig. z%g. Zig‘ zig‘ Zn Complexometric titration withAEl?'I‘A
Pb(II) 620 491 395 270 at pH _545, xyler!ol orange as indicator.
Zn 100 89 81 58 Atomic absor'puon spg-ctromclry at
In 5.8 4.7 4.2 2.6 213.9 nm, using the air-acetylene
£ = = . flame for small amounts and elution
curve.
ADSORPTION In Addition of excess EDTA and back-
et Q2MHBy + —4- 0,05 M B + —}— 0,02 M B, +4— 0,03 M EDTA+ titration with zinc sulfate at pH 5.5;
GMNOS.  O2MNNOS  2MKNOST  (OJMNNNOy xylenol orange as indicator. Atomic
on oy absorption spectrometry at 303.9 nm.
T ijze using the air-acetylene flame for small
- Pb(D) Bi(M) amounts and elution curve.
: e 3
¥ o : 8 s The flow rate was 2.5 £ 0.5 mL per minute and the solution always
2 & ] was allowed to drain to the level of the resin bed before eluting
204 3 § agents were changed, and also between washings. Aliquots of 25
g |y s 5 mL were taken with an automatic fractionator, and the amounts
a2 g E g of the elements in the fractions were determined by atomic
b ] absorption spectrometry, after suitable dilution when required,
J using the methods indicated in Table VII. The experimental curve
100; /290 1300 400, 300/ 600/ 100 8007 /00 1000 is shown in Figure 1.
™ ELUATE
1. Elution curve Zn-Pb{II)-Cd-BK(III), column of 11.5 mL (5 DISCUSSION
g) AG1-X8 resin, 200-400 mesh (65 X 15 mm). Flow rate 2.5 % 0.5 Bismuth(III). The distribution coefficients for bis-

mL/min muth(III) are very high over the whole range investigated.



Generally they increase with increasing hydrobromic and
decrease with increasing nitric acid concentration. In 0.03 or
0.02 M hydrobromic acid containing 2 M nitric acid, bismuth
can be easily separated from Cd, Pb(II), zinc, and indium.
Most other elements are even less strongly adsorbed from
dilute hydrobromic acid solutions than zinc and indium and
their separation therefore should be even more easy. Au(III),
Hg(I1), Pt(IV), Pd(ID, TI(III), and probably Ir(IV) end Rh(III)
are the only elements retained together with bismuth(III). The
separation factor for the Bi(III)-Pb(II) pair with a value of
over 4000 seems to be the largest one known so far and is
considerably larger than anion exchange separation factors
in hydrochloric acid (4, 5) nitric acid-organic solvent mixtures
(6, 7), or cation exchange separation factors in hydrobromic
acid (8, 9) and in acid-EDTA mixtures (10). Separation of
traces of bismuth from very large amounts of lead (up to
several grams) therefore should be possible on quite small
columns provided the sample is dissolved in nitric acid, diluted
to about 2 M, and the solution contains only about 0.02 to
0.03 M bromide. After elution of lead, elution of hismuth can
be carried out with 2 M nitric acid, but is very much more
effective with 0.05 M EDTA in 0.1 M ammonium nitrate.

Cadmium. Distribution coefficients for cadmium follow
the same pattern as indicated for bismuth, but are somewhat
lower. At the lowest concentration of hydrobromic, the
differences become quite large and the coefficients of cadmium
small enough for elution.

A mixture of 0.1 M hydrobromic and 0.5 M nitric acid is
an extremely effective eluting agent for zinc and indium while
cadmium is very strongly retained. The separation factor is
larger than 1000 and the very strong tailing observed when
indium is eluted with 0.1 M hydrobromic acid alone disappears
almost completely. Elements such as Ga, Fe(III), Mn(II),
Co(II), U(VI), Ni(II), and many others are even less strongly
adsorbed from bromide solutions than zirc and should easily
be separated. Bismuth and the elements forming stable
bromide complexes named in the previous pa:agraph are
retained together with cadmium. When cadmium is eluted
with 0.02 M hydrobromic acid containing 2 M nitric acid,
bismuth and most of these elements are still retained. For
large amounts of cadmium which are already adsorbed as
bromide complexes, this eluting agent is not suitable because
it leads to very large elution volumes. About 1 M ammonium
hydroxide containing 0.1 M ammonium nitrate and 0.02 M
ammonium bromide then becomes much more attractive.
When on the other hand adsorption is carried out from 2 M
nitric acid containing 0.02 or 0.03 M hydrobromic acid and
a column equilibrated with the same reagent is used, sepa-
ration of trace amounts of bismuth from large amounts of
cadmium should become easy. Most of the cadmium should
pass unadsorbed through the column. Because of the very
large separation factors and the large distribution coefficients
of cadmium, only very small columns are needed for sepa-
rations even when gram amounts of elements such as zinc and
copper are present. This has been utilized for the development
of an improved method using a column of only 4 mL resin for
the separation of trace amounts of cadmium-109 from cy-
clotron targets (11). Details for the separation of larger
amounts of cadmium from many other elements also have
been described (12). Lead(II) accompanies cadmium partially
when 0.1 M hydrobromic containing 0.5 M nitric acid is used
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as eluting agent, but good separations are possible by using
somewhat larger columns and 0.05 M hydrobromic containing
0.5 M nitric acid for the elution of lead (12). The separation
factor still has a value of about 14 in this case.

Lead(II). Distribution coefficients for lead increase with
concentration of hydrobromic acid to a maximum value of
about 800 at about 0.5 M hydrobromic acid and then start
to decrease slowly again. They decrease with increasing nitric
acid concentration. Good separations from zinc and indium
seem to be possible in 0.2 M hydrobromic acid containing
between 0.2 and 0.5 M nitric acid. Most other elements
including Cu(II), Fe(III), Ga, Al, Co(II), Mn(II), Ni(II), the
alkali metals, and alkaline earths have less tendency to form
bromide complexes than zinc and should also be easily
separated. When lead is eluted selectively with 0.05 M hy-
drobromic acid containing 0.5 M nitric acid, cadmium, bis-
muth(III), and the elements forming stable bromide complexes
are retained by the column (Figure 1).

Zinc, Indium and Other El s. Zinc and ind
show almost no adsorption up to 0.2 M hydrobromic acid and
only weak adsorption in 0.5 M hydrobromic acid. In1 M
hydrobromic acid, the adsorption of zinc becomes fairly strong
while that of indium remains rather weak. Higher concen-
trations of hydrobromic acid are not of interest as far as
hydrobromic-nitric acid mixtures are concerned because
mixtures containing significant amounts of nitric acid become
unstable and, with increasing hydrobromic acid, the nitric acid
becomes progressively less effective in depressing tailing
effects.

Other elements such as Cu(1I), Fe(III), Ga, Co(II), Ni(II),
Mn(II), U(VI), Al, Ti(IV), Zr, Hf, Th, Sc, Y, the lanthanides,
Be and the alkaline earths, and the alkali metals have even
lower distribution coefficients in hydrobromic acid solutions
than zinc and indium.

General. Severe tailing effects observed for some elements
on elution with dilute hydrobromic acid up to 0.3 M disappear
almost completely when about 0.5 to 2.0 M nitric acid is added
to the eluting agent. Selectivities of elements in hydrobromic
acid-nitric acid mixtures up to 2 M nitric acid follow the
sequence:

Bi(III) > Cd > Ph(II) > Zn > In(III) > Cu(Il)

similar to the sequence in pure hydrobromic acid. The el-
ements are less strongly adsorbed from the mixed acid, but
separation factors are often as large and sometimes even larger
than in the pure acid.
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Algorithm for Recognition and Quantitation of Chromatograms
of a Pesticide Mixture by a Microprocessor-Based Integrator

S. M. McCown, H. H. Land, and C. M. Earnest*®
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Depa of Cf y. Northeast Louisiana University, Monroe, L

Strob isap mixture g of polychlorinated
terpenolds which contain about 70% chlorine by weight. Some
250 compounds have been Identified from the mixture, using
capluary GC/MS systems. An algorlthm Is proposed whereby

t of the p Strob may ber ized

and quantitated by aulomallc dala-handllng devices. The

thod Is sul for adaptation to the chromatographic
lysls of any mi whose ct g is known to
tain a izabl ducible pattern of retention times

and peak Inlensﬂlos. A new concept, relative valley Intensity,
Is Introduced and its use is demonstrated.

McCown et al. (1) proposed a series of algorithms which
could be used to identify and quantitate Chlordane, tox-
aphene, and polychlorinated biphenyls (PCB). Unstated, but
strongly implied in their work, was the idea that the identities
of the compounds which produce a set of chromatographic
peaks need not be known, provided that a characteristic and
reproducible set of ph occur. Included in this set of
phenomena are relative retention times of peak maxima,
relative retention times of minima, and relative intensities of
maxima and minima. Relative retention time patterns are
reported for Chlordane, Toxaphene, Strobane, and PCB (2),
using only their peaks. The experienced pesticide residue
analyst depends as much on baseline aberration, in the case
of toxaphene (3) and Strobane (Figure 1), to identify the
mixtures as on the relative retention times of the peaks. Since

dicates a nonzero valley (Figure 2). The retention times and
intensities of these nonzero valleys can be used to help identify
a particular mixture and distinguish it from similar mixtures.
A combination of the better-known relative peak retention
time and relative peak intensity programs with the relative
valley intensity programs proposed here, should make
identification of complex mixtures easier (2, 7). It is not the
objective of this work to identify any of the compounds of the
mixtures, but only the mixture itself.

EXPERIMENTAL

Apparatus and R 8. All chrc d here
were obtained from a Varian Model 3700 Gas Chromatograph
equxpped with a Hewlett- Packurd 7671A Automatic Liquid

ler and a pulse-modulated constant-current electron-capture
detector. The chromamgraphlc process took place in an all-glass
system. The signal from the electrometer was passed to a Varian
CDS-111c computing integrator. The output of the integrator
was displayed on a Varian A-25 dual-pen recorder.

The chromatographic column was 6 ft X 2 mm i.d. glass packed
with 1.5% OV-17 + 1.95% OV-210 on 100/120 Chromosorb W-HP
operated isothermally at 175 °C. A nitrogen carrier gas flow rate
of 33 mL/min was employed. A glass-lined injection port was
maintained at 200 °C and the detector was held at 310 °C. Control
of the instrument and data systems was given to the CDS-111¢
integrator insofar as this was practical. All pesticide standards
were injected into the gas chromatograph from a solution of
isooctane. The isooctane was Mallinckrodt nanograde.

Procedure. A pattern recognition program was constructed
for the major peaks of Strobane, by a procedure which has become
standard in this laboratory (1). Standards of all compounds of
interest having retention times very similar to those of the

P s of Strobane were chromatographed. The retention

the use of baseline aberrations was somewhat subjective, it
was desirable to develop methods to deal with reproducible
baseline phenomena produced by the analyte.

The concept of a nonzero valley seemed to be the most
straightforward method of obtaining information about the
baseline, In the development of this parameter, it is important
to realize that in any chromatograph/integrator dialog, two
baselines are involved—one for each instrument. The baseline
of the integrator is fixed by the manufacturer at some con-
venient potential (-2.0 mV in the CDS-111c) and that of the
chromatograph is usually determined to a greater or lesser
extent by the ch t her. The two baselines are usually
different, and it is this difference which allows the micro-
processor to track the various fluctuations in the signal from
the chromatograph. The trend in the signal determines
whether the microprocessor recognizes a peak, a valley, or
instrumental baseline (4).

A nonzero valley must then be discussed in terms of three
points in time: ¢,, a time slightly before the occurrence of the
suspected valley; ¢,, the time of occurrence of the suspected
valley; and t;, a time slightly later than ¢, (¢, < ¢, < tg). If
the chromatogram is considered as the graph of some function
¥(t), the condition for a minimum in y(t), (y as a function of
t), are (6): at t;, dy/d¢ is negative; at t,, dy/d¢t = 0; and at
ts, dy/dt is positive. At ¢t;, Y may be positive, negative, or
zero with respect to the prevailing chromatographic baseline.
Y(ty) = 0 indicates a well-resolved peak (R;; 2 1.5) (6), (¢
< 0 defines the minimum of a negative peak. Y(t,) > 0 in-

time and the weight of each compound were entered in the
memory of the microprocessor. The compounds included were:
hexachlorobenzene (HCB), Heptachlor, Aldrin, Heptachlor
Epoxide, Dieldrin, Endrin, Mirex, the DDT group of compounds,
toxaphene, and the Chlordane group of comg Quantitation
of these compounds was accomplished by two programs each
consisting of a control file and three sub-routine files in the
integrator using methods described by McCown et al. (1). The
difference between the two programs is that one program is
constructed for normal operation of the microprocessor integrator
and the second program is constructed for operation of the in-
tegrator with the input polarity opposite to that of normal op-
eration. The program corresponding to the normal integrator
operating polarity is termed the “primary integration program”
and the reversed polarity program is called the “secondary in-
tegration program”. When using the “secondary integration
program” with the input polarity reversed, the inverted chro-
matogram is integrated. Thus, the “secondary integration
program” integrates the normal valleys as peaks and views the
normal peaks as valleys (Figure 3). The data processing files are
constructed from data obtained from chromatograms of various
pesticides. Aldrin, hexachlorobenzene, Heptachlor, Heptachlor
Epoxide, Dieldrin, Endrin, Mirex, and Methoxychlor are included
in the “control" file, File 1. These compounds are identified by
their absolute retention times, and are quantitated by the familiar
“external standardization” method. Retention times and response
factors for the standards are stored in the integrator memory.
together with ch d i control p

The other files in this program are set up as sub-routines of the
control file.

0003-2700/78/0350-1362801.00/0 © 1978 American Chemical Soclety
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File 2 identifies the DDT group of compounds (DDE, DDD,
DDT) by their retention times relative to p,p-DDE, which is
identified by its absolute retention time. Quantitation is achieved
by external standardization.

Flle 3 identifies the t,echmcal Chlordane mixture (a mixture

some 15 ) on the basis of the retention times
of y-chlordene and a-chlordane relative to the retention times
of a-chlordene and y-chlordane. +-Chlordane is used as the
principal reference peak. These ds were chosen b
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obtained by inverting the signal to the integrator. Each peak Is an
inverted nonzero valley

File 4 identifies toxaphene on the basis of the remnuon times
of ten peaks relative to two ref The chro-
matogram is very similar to that of Strobane, and the techniques
used to deal with one are usually successful in dealing with the
other. Quantitation is accomplished by the construcuon of a
pattern quantitation method anal to the one p d here
(vide infra).

It can be seen from Figure 3 that the inverted integration is
not exactly the same as relative valley intensity, but there is a
close similarity. The CDS-111c is not equipped to make the
calculations necessary for true relallve valley intensity, nor ! will
it report mini The y il
but only when the ch
in inverted form. In this mode, normal maxima are presented
as minima.

After treating the other compounds in the manner described
above, a standard solution of Strobane was chromatographed. Its
peaks were processed through the routines for single peak
compounds (Tables I and II), and finally an area percent report
was obtained (Table III). Each table shows the mistaken
identification of one or more Strobane peaks for other compounds.
The identified peaks are those in Tables I and II which have
identification numbers printed in the column headed “PK™.
Twelve of the 28 peaks in Strobane exhibit no interferences.
Eleven of the remaining peaks are identified in the toxaphene
file, File 4 (Table II).

The retention times of the peaks in the Strobane chromsatogram
which were identifi ed as other compounds of interest were noled.
'I‘hese peaks were i diately d from i ion by

of the ready availability of authentic standards and because they
form two doublets characteristic of technical Chlordane.
Quantitation of the technical mixture is accomplished by
quantitation of the four compounds by external standardization.
The results are summed and multiplied by a conversion factor,
which is the reciprocal of the weight fraction of the four com-
pounds in the technical mixture. The product of this multi-
plication is the weight of technical Chlordane in the sample.

pping their retention times from the data compﬂauom Their
area percents were summed. The sum is known in our no-
menclature as A%g, the total excluded area percent:

A%g = T,A% )

where i is the ith peak whose retention time (¢,) is identified in
another file, and A%; is the area percent of the ith excluded peak.
The remaining peaks were assigned identification numbers
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Table i. Strobane Data Pr d through Cyclodi
Pesticide File?®
RACK 1 VIAL 28
u# 4 INJ. 1
FILE 1 ID¥ 28
PK * TINE AREA EXT. STD
P 2.55 23108 .89
P 2.73 15368 .88
P 2.97 64272 .88
3P 3.89 216114 29.43
P 4.39 3145396 .80
P 4.87 172864 .88
P 5.24 493872 .80
4P 6.15 730164 168.92
P .95 489630 .98
P 7.40 648584 .88
P 8.82 514218 .88
P 8.83 478552 .88
P 9.33 557884 .88
SP 9.80 11174838 168.82
P 18.68 1334680 .90
6P 11.99 1491432 282. 26
P 13.83 715648 .08
P 13.899 1453084 .88
P 15.19 23391868 .9
P 16.84 570364 a0
P 18.74 2948852 .aa
P 20 .72 1550664 .98
P 23.65 656832 .88
7P 25.73 2629824 §84.21
P 33.30 437328 .88
T 36.66 16464 .ae
8T 39.01 8472 7.7a
T 41.14 22496 .a8
TOTAL 22032962  1153.28
SANP 1.008888
SCALAR 1080668

@ Peaks of Strobane have been identified as: 3, Aldrin;
4, Heptachlor Epoxide; 5, Dieldrin; 6, Endrin; 7, Mirex;
8, Methoxychlor.

(subscript j) corresponding to their position in the chromatogram.
These numbers correspond to the identification numbers in the
data table of the integrator. The area percent corresponding to
each remaining peak was converted into a normalized area fraction
by multiplying by the normalization factor:

0.01 2)
1-(0.01 A%g)
where 0. 01 A%¢g, converts the percent to a decimal fraction. In
our sy lism, this normalization would appear:

0.01
1-(0.01 A%g)

N=

A%,g g = NA% = A" (8)

where A%; is the area percent of the jth peak and A" is the
normahzeJ area fraction of the jth peak.

It was then necessary to make the twin assumptions that each
peak was produced by only one compound and that each of these
compoundx exhibited exactly the same response to the detector
in use. Both of these assumpuons are patently false, but useful

Table II. Strobane Data Processed
through Toxaphene File

RACK 1 UVIAL 28
Us 4 INJ 1
FILE 4 I1D# 14

PK ¥ TIME EXT. STD
1P 2.55 13.83
P 273 .ea
Pz a7 aa
P 389 an
2P 439 243 26
P 4 87 aa
3P 5.24 427.98
F & 15 .aq
P 6. 85 .aa
P 7 44 an
P 8. 82 ag
sP 9 82 424 77
P 9.38 ae
P 3. 80
&P 1@
P 11
TP 13
8P 13
P 18
P 18
P 13
1ap z2a
1P 23
F 25
12P :
T
T 9.8
T 41.14
TOTAL

1 3ggagg
1 oaagaad

where W; is the weight assigned to the jth peak; W is the total
weight of Strobane injected; and A" is the normalized area
fractions of jth peak. Finally, the retention time of each peak
and its assigned weight were entered into the data table of the
CDS-111c. The integrator was instructed to calculate response
factors for each peak (Table IV). (A check on previous com-
putations can be made by noting the response factors. If they
are not all very similar, previous computations contain errors. A
standard deviation of 6.70 X 10 is routine for 12 factors.)

‘The construction of the file, as the analytical method is termed,
is completed by suppressing the integrations of the solvent front
and by forcing a baseline approximately 0.2 min before the end
of the program. These two commands assure uniform integration
at the beginning and end of each chromatogram. The data table
is completed by naming two reference peaks so that the remaining
peaks can be identified by retention times relative to the reference
peaks.

It is possible to use this method, in its present form, as a data
collection file, and chromatograph control file, because it has few
constraints placed on its data acquisition. It is important not
to use this file as a subroutine to a highly constrained file, as much
useful data may be lost because of the restrictions placed on data
acquisition.

If the routine proposed here is used as a subroutine, it can be
improved by forcing a baseline (suppressing integration) in the
regions where no information useful to the file is to be obtained.
This has the additional effect of resetting the baseline (4); thus

in this context, provided that chr. hic resolution
constant. anmg made these two assumptions, the differences
in peak areas could only be attributed to different weights of the
hypothetical compounds.

These weights were computed (Table IV) and used to calibrate
the integrator in the familiar “external standard” mode. The
weight of the mixture attributable to each peak was computed
by muluplymg the weight of St.robane injected by the normalized
area fi (A;") corresp g to each peak. Thus:

W, = Woxd," )

the seq of events at the integrator will now be:

1. Collect data in the data collection file.

2. Apply the routine from the data collection file.

3. Branch to other routines.

4. Close the loop to the data collection file.

‘The data collected for the secondary integration are treated
in exactly the same way as those obtained in the primary in-
tegration, i.e., they are normalized, and weights and response
factors for each peak are computed, using the methods and
assumptions reported above (Table V). The qualitative parameter
in this case is based on the retention time of the nonzero valley.
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Table III. Strobane Data Processed through
Area Percent File

RACK 1 VIAL 28
J. 1
FILE & ID¥ 55

PK x TIME AREA AREA %
1P 2.85 23188 .18
2P 2.73 15388 .87
3r 2.97 84272 .28
4P 3.69 216114 -
SP 4.38 314596 1.43
6P 4.87 172864 .78
7P 5.24 493872 2.24
8P &.18 730164 3.31
8P 6.85 48936388 2228

1eP  7.48 848524 2.91
11P 8.8@2 5142186 2.33
12P  3.83 478552 2:17
13P  39.38 557864 2.53
14P 3.88 1117488 5.87
ISP 18.88 13345@8 &.28
16P 11.899 1431432 6.77
I7P 13.83 715648 3.25
18P 13.99 1453064 &8.59
18P 15.19 2389168 10.84
28P 16.384 578864 2.59
21P 18.74 2348852 13.35
22P 28.72 1558664 7.84
23P 23.85 858832 2.93
24P 25.73 2829024 11.83
258P 33.38 437328 1.88
26T 38.68 10464 .as
27T 39.481 947 .84
28T 41.14 2249b .18

TOTAL 22832882 88.97

Table IV. Data Tabulation for Normal Strobane

response

factor

J Ty, min A% A W;, pg X 104
1 439 1.43 0.0362 217 30 6.927610
2 4.87 0.78 0.0198 118.80 6.852210
3 5.24 2.24 0.0568 340.80 6.907050
4 8.02 233 0.0590 354.00 6.891850
5 8.63 2.17 0.0550 330.00 6.890580
6 10.68 6.06 0.1535 921.00 6.908290
7 13.03 3.25 0.0823 593.80 6.911720
8 13.99 6.59 0.1670 1002.00 6.899420
9 16.84  2.59 0.0656 393.60 6.905150
10 20.72 7.04 0.1788 1069.80 6.905110
11 23.65 2.98 0.0755 453.00 6.904240
12 33.30 1.98 0.0502 301.20 6.890250

0.9992 5995.20

Total mjecled 5.0 pL x 1200.00 pg/uL = 6000.00 pg
A%g = 60.53%
{o. 01/[1 - (0.01 A%g)])} = 2.5336 x 10°2

When the signal is inverted, the minimum of the nonzero valley
becomes the maximum of a new peak. Between peaks which are
resolved to the baseline (R 2 2.5), there are several points at which
dy/dt = 0, thus the integrator can be forced to ignore them by
integration suppression (forced baseline).

It was found useful to reset the instrument baseline after each
peak by forcing a baseline for 0.01 min (the smallest available
division of the time base) at the beginning and end of each peak
(4). This technique allows better tracking of the negative baseline
aberration common to inverted Strobane and toxaphene. Fur-
thermore, the baseline of the had to be offset
by +10 mV through the electrometer buckmg potential, in order
to allow integration of all peaks. Failure to use this offset led
to consistent failure of the program because of the extreme

negative excursions of the inverted peaks. This failure can be,

explained on the basis of the signal ing below the i

Table V. Data Tabulation for *“Inverted’ Strob
response
i Ty, min A W;, pg factor
1 1.05 0.0029 17.40 9.7698
2 1.21 0.0064 38.40 9.9010
3 1.30 0.0063 37.80 9.8032
4 1.40 0.0162 97.20 9.8779
5 1.62 0.0145 87.00 9.8316
6 2.03 0.0279 167.40 9.8520
7 2.28 0.0187 112.20 9.8359
8 2.42 0.0191 114.60 9.8425
9 2.76 0.0476 285.60 11.2788°
10 3.36 0.0430 258.00 9.84456
11 4.01 0.0271 162.60 9.8644
12 4.61 0.0090 54.00 9.9003
13 4.94 0.0024 14.40 9.8482
14 5.57 0.0118 70.80 9.8287
15 22.64 0.0848 508.80 9.8566
16 24.09 0.0298 178.80 9.8649
17 31.63 0.3562 2137.2 9.8521
18 36.07 0.1351 810.60 9.8492
19 38.54 0.0791 474.60 9.8553
20 40.25 0.0392 235.20 9.8618
21 44.41 0.0275 165.00 9.85562

@ W, = 6000.00 pg. No areas excluded in this
tabulation.

reference voltage. It is interesting to note that the baseline reset,
noted above, suppressed the integration of many of the peaks
which otherwise might have interfered with the program (8).

RESULTS AND DISCUSSION

Until recently, the entire emphasis of data acquisition from
chromatographic separations has been on complete resolution
of all peaks and subsequent identification by any available
means. Many efforts have been made to deconvolute fused
or partially fused peaks so that their retention times or
volumes could be determined (9-11).

Many of these techniques are theoretically applicable to
the analysis of gas chromatographic data. The drawbacks
associated with the use of these techniques are that often
complex and costly equipment is required and the operators
usually must be highly trained. The algorithm suggested here
can be used by relatively inexperienced persons and requires
a smaller initial investment. An additional advantage is its
ability to deal with convoluted data. Like other more so-
phisticated techniques, it can be adapted to any pattern which
can be described as a function of time. Among the con-
templated applications are the interpretation of spectra of
mixtures in which one or more components are sought, and
for which standards are available, the analysis of ther
of mixtures, and pyrograms of mixed polymers. In these
qualitative analyses, it has been found useful to confirm the
original identification by means of a complementary pattern.
This complementary pattern can be obtained by the electronic
inversion of sets of data in which nonzero valleys occur. The
loci of nonzero valleys will become the loci of peaks in the
complementary pattern. Distinction between toxaphene and
Strobane, whose chromatograms are very similar, has been
facilitated through the use of this technique which provides
an objective method for the treatment of baseline aberration
inherent in the chromatogram of the mixture.

Quantitation, in the cases where the algorithm has been
applied, is demonstrably good (Table VI). It has been found
that a well-constructed, properly standardized file gives
quantitative errors of £0.1% or less and that errors of £0.04%
are routine. Considering the fact that these analyses are
performed at the nanogram level, these techniques represent
an improvement upon the existing technology.

The conclusions available from this study are, inter alia,
that any set of data which contains a recognizable and re-
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Table VI. R ion of Strob hrough
Normal Strobane File

RACK 1 VIAL 28
Us 1 INJ. 1
FILE S ID# a
PK ¥ TIME AREAR EXT. STD
P 3.89 210114 .8a
1P 4.39 314596 217.84
2P 4.87 172864 118.45
3P 5.24 4393872 341.12
P 6.15 730164 .aa
P 86.85 439638 .aa
P 7.48 648584 .aa
4P 8.82 514216 354.33
5P 8.63 478552 328.75
P 9.38 §57a64 .aa
P 9.88 1117488 .aa
6P 10.68 1334680 8921.38
P 11.893 1481432 aa
7P 13.83 715648 494 .63
8P 13.99 1453864 1482 .53
P 15.18 2389188 .aa
9P 16.34 57a864 394.18
P 18.74 23948852 .ea
18P 208.72 1550664 187@.75
11P 23.85 858032 452 .34
P 25.73 262362 4 aa
12P 33.38 43732 381.33
TOTAL 21897783 ggaa. aa
SAMP 1. 880088
SCALRR 1. aa0008

producible pattern of voltages as a function of time can be
isolated in whole or in part from a larger set of data. The
isolated portions of the pattern can be used to provide a basis
for identification and quantitation of a compound or a mixture
in the presence of other compounds or mixtures whose spectra,
chromatograms, pyrograms, or thermograms are not com-

pletely and mutually resolved. Baseline aberrations, if they
are an integral part of the data and not instrumental artifacts,
can be used as additional patterns or sub-patterns. A pattern
can be inverted to give a complementary pattern, which can
then be used qualitatively and quantitatively. Furthermore,
if the analysis is concerned with the quantitation of a mixture,
the compounds of the mixture need not be identified and some
interferences can be tolerated. The techniques described have
been successfully applied to the analysis of pesticide residues
in water, tissue, and soil, as well as to the analysis of solvent
residues in oilseed meals and packaging materials. The
methods are suitable for inclusion in larger data processing
packages and, when this is done, the calculations presented
here can be made to take place automaticaily.
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Computerized Pattern Recognition for Classification of Organic
Compounds from Voltammetric Data

D. R. Burgard' and S. P. Perone*
Purdue University, Depa of Ch

istry, West Lafay

Pattern recognition techniques have been used to characterize
the electrochemical data obtained from electroacti ga
compounds. The studies included ds bek g to four
dmerem oleclroac!lve group/skelelon comblnatlons Peak
derived from scan rate dependence, and
curve shape features were all used for characterization of the
p The studies indicated that ditf es in the peak
potentials and curve shapes were the most useful for clas-
sification of the different compounds.

Electroanalytical techniques are not normally considered
very useful tools for qualitative identification. This is due
to the lack of specificity in the polarographic halfwave or

! Present address, Procter & Gamble Company, Miami Valley
Laboratories, P.O. éox 39175, Cincinnati, Ohio 45257.

, Indiana 47907

voltammetric peak potentials, the complex dependence of the
current on many variables, and the fact that systematic studies
to characterize a large number of systems under similar
conditions have not been performed. The purpose of this work
was to see if the application of pattern recognition and visual
cluster analysis methods could identify information indicative
of the electroactive group, the skeleton, or both, contained
in voltammetric data from electroactive organic compounds.
Functional groups commonly found in organic compounds
that are highly polar or unsaturated are often reducible at a
mercury electrode. Some of these functional groups are: azo,
carbonyl, cyano, nitro, nitroso, unsaturated carbon-carbon
bonds, and carbon-halogen bonds. Reductions of these groups
are generally irreversible electrochemically (k, is small) and
chemically. They often proceed by multiple step mechanisms
involving the formation of short-lived intermediates.
Systematic studies of reduction mechanisms (1, 2) and shifts
in polarographic halfwave potentials (3) with changes in

0003-2700/78/0350-1366301.00/0 © 1878 American Chemical Society



substituents have determined that the reduction mechanism
depends on the compound skeleton, the position and type of
substituents on the skeleton, and the experimental conditions,
as well as the electroactive group. Since the electroactive form
may be a function of pH, and hydronium ions may be involved
in the reduction process, it is necessary to buffer solutions.
Similar mechanisms and values of an (a is the electrochemical
transfer coefficient and n is the number of electrons trans-
ferred in the rate determining step) can be expected for
compounds with the same skeleton and electroactive group
under the same experimental conditions. Unfortunately,
deviations often result, depending on the position and type
of substituents. The studies mentioned above (I, 3), have
identified groups of structurally similar compounds and the
experimental conditions where the mechanisms and the values
of an are reasonably constant. This information was used to
define the compounds and experimental conditions used in
the studies reported here. Staircase voltammetry (SCV) was
chosen as the electroanalytical technique to be used here.

Staircase Voltammetry. Staircase voltammetry is similar
to stationary electrode polarography. Rather than a linear
voltage ramp, the applied waveform is a staircase. The current
is sampled at time ¢, after each step. The effective scan rate
is determined by the size (AE) and the length (7) of each step.
The sampling parameter, «’, as defined by Equation 1, is
usually used when referring to the time delay (t,) after each
step before the current is sampled.

o' =1 == (1)

o’ is zero when sampling at the end of each step, and o’
approaches unity when sampling is near the beginning of each
step. SCV theory (4, 5) for reversible and irreversible processes
points out the dramatic effect of a’ on peak shape. Because
existing SCV theory assumes that the electrode process is
uncomplicated, direct interpretation of voltammetric data for
the organic compounds used in these studies is questionable.
However, the same general experimental correlations should
be observed, and it is expected that different electrode
processes should exhibit different dependencies on o’ and scan
rate, as predicted for linear sweep volt. try (6). Stai
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Table I. Compounds Used in These Studies

compound class

reference no. name assignment
1 nitrobenzene 1
2 p-nitroaniline 1
3 Pp-nitroacetophenone 1
(first peak)
4 p-nitrophenol a1
5 m-nitrobenzaldehyde 1
(first peak)
6 m-nitrotoluene 1
7 p-nitrotoluene 1
8 o-nitrotoluene 1
9 o-nitroanisole 1
10 p-chloronitrobenzene 1
11 benzaldehyde 2
12 Dp-hydroxybenzaldehyde 2
13 p-anisaldehyde 2
14 m-tolualdehyde 2
15 p-tolualdehyde 2
16 o-tolualdehyde 2
17 p-chlorobenzaldehyde 2
18 o-chlorobenzaldehyde 2
19 nitromethane 3
20 nitroethane 3
21 sec-nitropropane 3
22 3-nitro-2-pentanol 3
23 nitrocyclohexane 3
24 acetophenone 4
25 benzophenone 5
26 isobutyrophenone 4
27 m-nitrobenzaldehyde 2
(second peak)
28 propiophenone 4
29 n-butyrophenone 4
30 o-methoxyacetophenone 4

Table II. Experimental Conditions for Set of Six
Staircase Voltammograms Obtained for Each Compound

scan rate, mV/s a’
(1) 2678 0.7,0.3
(2) 695 0.7,0.3
(3) 347 0.7,0.3

voltammetry is the method of choice here because it is directly
computer compatible and charging current contributions are
minimized, while the dynamics of the electrode process can
be reflected in the voltammetric behavior by varying o’.

EXPERIMENTAL

Reagents and Solutions. The previously mentioned studies
(1-3) were used as a guide for the choice of the compounds to
be used. The compounds were chosen to represent the four
skeleton/electroactive group combinations: aromatic-nitro,
aliphatic-nitro, nromatw-aldehyde, and aromanrahphmc—
ketone. The one exception was b which b to
a separate class but was included because of availability and for
comparison with the two other carbonyl classes. The 30 com-
pounds used are listed in Table I.

The solvent system consisted of a pH 7.1 buffer in 30%
ethanol/70% distilled-deionized water. This Mcllvaine type
buffer contained 0.165 M Na,HPO, and 0.018 M citric acid (7).
The supporting electrolyte was 0.5 M KC1. All the chemicals in
the solvent system were reagent grade.

Stock solutions, 0.002 M, for each compound were made from
fresh bottles of high purity chemicals. The chemicals were used
as obtained from the facturer. Further dilutions of the stock
solutxons were made as requnred

Instr ion, The were
using a g purpose electroch 1 instrument with com-
putenzed data acquisition and control (8). The computer was

form that was applied

4

the
to the cell through the internal digital-to-analog converter and -

the general purpose potentiostat. The cell consisted of a mi-

croburet-type hanging mercury drop working electrode (Metrohm
EA410), a coiled platinum wire counter electrode, and a saturated
calomel reference electrode with a Luggin capillary.

The computer used for instrumental control and data ac-
quisition was a Hewleu-Packard 2115A with 8K words of core
memory. Periph d a g | purpose interface, paper
tape reader and punch, a Teletype, and a Tektronix 601 storage
display monitor. Data acquisition and control subroutines were
written in Hewlett-Packard assembly language and called by main
programs written in BASIC.

The computer system used for the data analyses is described
elsewhere (9).

Data Acquisition. Prior to data acquisition, all solutions were
deoxygenated with high purity nitrogen. Oxygen traces were
removed by passing the nitrogen through two gas washing bottles
containing chromous chloride and zinc amalgam (10). All solutions
were deaerated a minimum of 15 min and then blanketed by the
same stream of nitrogen.

Each compound was chamcmnzed by a set of six cyclic staircase

that d a range from 200 mV anodic to 260
mV cathodic of the peak potential. The voltammograms were
obtained by sampling twice on each step for three different scan
rates (Table II). The step size was 3.64 mV for each scan rate.
The scan rates were chosen to cover a wide range of experimental
conditions. The starting potential for each scan was found by
a preliminary scan from 0 to -1.8 V vs. SCE to locate the peak
potential. The step size was 14.6 mV for the preliminary scans.

To obtain the optimum voltammograms under each set of
experimental conditions, the working electrode size and/or the
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Table III. Curve Shape Features Defined by
Sybrandt and Perone (11)

feature no. feature definition

E, - E(0.75 ip)

Ej—E (05 ip)

Ep - E(0.25 i)

feature 2/feature 3

feature 2/feature 1

feature 3/feature 1

Area under curve between data
points 44-64

A 49-59

A 34-64 -

A 44-54

A 34-74

oW SN OO N

el

FREQUENCY

1 1
11 1
1 1 1 1 1

Bl www
NP
(NP

2
2
2! 2

2 4

0.50.6 0.70.8 0.91.0 1.11.2 1.31.4 1.51.6 1.7 1.8
VoL TS
Figure 1. Histogram display of the peak potentials for the curves

sample ions were adjusted. The vol saved
for analysis were the average of 10 scans with a new drop being
used for each scan. Care was taken to reproduce the drop size
as precisely as possible for each scan. The raw voltammograms
were punched on paper tape for transfer to the other computer
system for analysis.

" " Feature Definition and Extraction. Traditionally, elec-
trochemical systems have been characterized by quantities such
as the peak potential, changes in the peak potential that result
from changes in scan rate, and the peak current or changes in
the peak current (6). Each of these were used to characterize the
systems studied here.

Several of the voltammetric features related to curve shape
defined by Sybrandt and Perone (11) were calculated, autoscaled,
and tested for their ability to discriminate between the four classes
of compounds. The features tested were peak areas, potential
differences, and ratios of potential differences. They are defined
in Table III.

Thomas and Perone (12, 13) have shown that the coefficients
obtained from the discrete Fourier Transform of voltammetric
curves are useful for curve shape analysns This approach was
also used to define shape fi steps are
required when this approach is used: Each curve is normalized
to the peak maximum to remove differences in absolute mag-
nitudes. This results in a range of current values from 0 to 1.0
for each curve. To avoid introducing extraneous shape information
into the transform, each curve must have the same peak location.
This is accomplished by shifting the curve so that its peak
maximum is at data point 54, for those curves whose maximum
did not originally occur there. Finally, each curve is rotated and
translated prior to transforming to retain the most fidelity in the
transform (14). The discrete Fourier Transform is then calculated
and the autoscaled Fourier Coefficients (12, 13) are used as
features.

Data Analysis Techniques. The interactive feature selection
approach described by Pichler and Perone (15) was used to
ldenufy good feature combinations. This consisted of a one-

ighbor (kNN) analysis followed by
multidi ional kNN of all possibl inations of
the best features that were identified by the one-dimensional
analysis. Feature space plots and nonlinear mappings (16) of the
best combinations were used to verify clustering of the different
classes. For all kNN analyses, k = 1 was used.

Q-type principal components analyses using correlation about
the mean (R,,) as the dispersion matrix were also used (17). This
type of analysis identifies pounds with similar patterns of
variation in their features. Interpretation of the results was based
ona ison of the factor loadings for each d. Similar
compounds were identified by similar loadings.

RESULTS AND DISCUSSION
Two of the compounds included in the data set contained

btained at 695 mV/s, a' = 0.3 for each compound. The numbers
refer to the classes defined in Table I

a usable range and were included in the data set. These
compounds were included in the data set for comparison to
compounds containing only one of the electroactive groups.
It was expected that there would be distortion of the second
peak by the tail of the first in m-nitrobenzaldehyde. Ben-
zophenone did not fall into any of the electroactive group/
skelton combinations, but was included in the data set for
comparison with classes 2 and 4 which contain carbonyl
functional groups.

A preliminary visual inspection of the reproduced volt-
ammograms was used to identify any obvious differences in
the curves. Two obvious deviations from the normally ex-
pected shapes were apparent. Five of the compounds (3, 5,
6, 7, and 10 in Table I) that belonged to the aromatic-nitro
group had one or two small shoulders imposed on the main
peak in the voltammograms obtained at the slowest scan rate.
The extraneous shoulders were probably related to either
reactant or product adsorption. Data analysis was based on
the main peak. Also, several of the compounds that belonged
to the aromatic-aliphatic-ketone class had reduction po-
tentials so cathodic that the solvent reduction was observed
in the latter portion of the curve. This was kept in mind when
curve shape features were defined.

Three basically different approaches were used to char-
acterize the compounds. They were: (a) comparison of peak
potentials, (b) analyses designed to identify systematic dif-
ferences that resulted from changes in the scan rate, and (c)
analyses of features believed to be representative of curve
shape. Since no peaks were observed in the reverse scan of
each voltammogram, only the forward scan was used for
calculation of features.

Comparison of Peak Potentials. Since the voltammetric
peak potential depends not only on the electroactive group
but also on the skeleton and the position and type of sub-
stituents on the skeleton, considerable overlap in the peak
potentials for compounds belonging to different classes could
exist. To evaluate the discriminatory power of the peak
potential for this particular data set, one-dimensional kNN
analysis was performed.

The peak potential, in volts, for the curve obtained at 695
mV/s and o’ = 0.3 for each compound was included in the
analysis. One hundred percent predictive accuracy was
obtained for the prediction of whether the electroactive group
was either nitro or carbonyl. When the compounds were
classed according to their electroactive group/skeleton

bination, 93.1% predictive accuracy was obtained. The

multiple electroactive groups. These were p-nitroaceto-
phenone and m-nitrobenzaldehyde. Since the peak for the
reduction of the keto group in p-nitroacetophenone was so
cathodic that it appeared as a shoulder on the solvent re-
duction, only the peak for the nitro group was included in the
data set. Both of the peaks for m-nitrobenzaldehyde were in

aromatic-nitro and the aliphatic groups were completely
resolved. Benzophenone appeared more similar to the aro-
matic-aldehydes than to the aromatic-aliphatic-ketones.
Figure 1 is a histogram display of the distribution of the E,
values for all the compounds in the data set (listed according
to class).
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Table IV. Peak Pc ial Diff F
feature no. definition®
1 Ep, - Ep,
2 EDI - pr
3 Ep, - Ep,

@ Ey, refers to the peak potential for the curve obtained
at scan rate i (Table II).

It should be emphasized here that, although peak potential
alone is sufficient to classify the compounds in this particular
data set with high accuracy, this is an usual situation. That
is, Figure 1 shows that nearly the entire working potential
range of a mercury electrode is spanned by the E, values of
these four classes. Not only is it fortuitous that the E, values
do not overlap much, but the addition of other classes would
necessarily result in overlapped E;, values. Thus, although
it is certainly important to utilize E,, values for classification
purposes, it is essential that additional class information be
provided from the voltammetric behavior. Therefore the
classification studies reported below utilizing waveshape and
other information were necessary to develop a generally useful
method.

Analyses of Features Derived from Scan Rate De-
pendence. Uncomplicated, irreversible electrochemical
systems are often characterized by changes in the peak po-
tential with changes in the scan rate. Even though the systems
here may not be completely activation controlled, and the
reduction mechanism or its effect on the peak potential may
not be known, it is expected that compounds with similar
electrode processes might show similar scan rate dependence.
Thus, the shift in the peak potential with change in scan rate
may be indicative of each class of compounds.

Since the peak potential for the two vcltammograms ob-
tained at each scan rate for each compound were essentially
identical, only the potential for the voltammogra.n obtained
for o’ = 0.3 was used in calculation of potential difference
features for the three scan rates (Table IV). One-, two-, and
three-dimensional kNN analyses of the potential difference
features were performed. The results were generally not very
good, with the best result being 60% classification accuracy.

For comparison, a @-type principal components analysis
(17), using correlation about the mean (R,;) as the dispersion
matrix, was performed. The six peak potentials obtained from
the set of six voltammograms for each compound were used
as features. This type of analysis should identify systematic
differences that result from changes in the scan rate. As
evidenced by the loadings on the first two factors obtained
from the analysis (Table V), most of the compounds had high
loadings on factor number 1, indicating a similar scan rate
dependence. Compounds 4, 5, 6, 10, 16, 25, and 27, all had
high loadings on factor 2 indicating that they had similar scan
rate dependence but were different from the others. Ap-
parently, the range of scan rates was not large enough to make
any class differences obvious, or the peak potentials for these
compounds do not exhibit much scan rate dependence.

Changes in the peak current with changes in scan rate may
also be characteristic of the mechanism of reduction for the
compounds. To identify any systematic differences, a @-type
principal components analysis (R, as the dispersion matrix)
was performed, using the six values of i,/CA for each com-
pound, where A is the electrode area and C is the sample
concentration. The results again suggested that all com-
pounds, except for m-tolualdehyde, were very similar in their
scan rate dependence. Apparently, under the conditions used
here, there is no dependence of the peak current on the scan
rate that can be used to distinguish between the different
classes of compounds.

Table V. Lou"lmgt on the Fu':t Two Factors Resulting

from the Pri lysis of the Six
Peak Potentials for Each Com) pound
e 7 loadings
reference no. factor 1 factor 2
1 0.99 0.13
2 0.92 0.37
3 0.96 -0.3
4 0.37 0.92
5 -0.4 0.91
6 -0.5" 0.88
7 -0.9 0.45
8 0.96 0.27
9 0.98 -0.2
10 -0.2 0.97
11 0.99 0.07
12 0.99 0
13 0.99 0.15
14 0.73 0.68
15 0.90 0.36
16 0.66 0.74
17 0.96 0.23
18 0.99 -0.1
19 0.99 -0.1
20 0.98 0.18
21 0.98 0.11
22 0.97 0.20
23 0.99 0.09
24 0.95 0.27
25 0.32 0.93
26 0.92 0.33
27 0.50 0.85
28 0.98 -0.2
29 0.99 -0.1
30 1.0 0.04

Table VI. Classification Accuracy for Fourier
Coefficient Ratio Features®
class 1 60.0%
class 2 77.8%
class 3 80.0%
class 4 66.7%
overall 70.0%

@ Ratio features No. 24, 27, 53 (18).

The last set of analyses of systematic differences that
resulted from a change in scan rate involved the ratios of
Fourier coefficients obtained from the voltammograms at
different scan rates. This type of feature would be indicative
of changes in curve shapes with scan rate. Such changes
should be different with different mechanisms of reduction.

The ratios were formed from the coefficients obtained from
the discrete Fourier Transform of the portion of the curve
between data points 11 and 74. This portion of the curve was
chosen because it contained the least amount of extraneous
information, as discussed in later sections. There were six
ratios derived from each of the first 50 coefficients. The six
ratios for each coefficient were the ratio of the value of that
coefficient for each curve obtained at each scan rate to the
values of that coefficient for each curve obtained at a different
scan rate. One-, two-, and three-dimensional kNN analyses
were performed. The classification accuracies for the best
combination of features are shown in Table VI. As shown
in Figure 2, there is some clustering of the members of each
class. The obvious outliers were compounds 3, 6, 7, 13, 26,
and 27. Most of the class 1 compounds that show significant
scatter were those that had multiple peaks in the voltam-
mograms obtained at the slowest scan rate.

The clustering of the different classes was better for these
features than for those previously defined and tested.
However, because there is a significant amount of scatter in
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Figure 2. (a) Nonlinear map of Fourier coefficient ratio features 23,
39, and 59 (78). All compounds are included. The numbers refer to
the classes defined in Table 1. Overall kNN classification accuracy was
67 % for this feature set. (b) Expanded scale for the main cluster in
Figure 2a

22

Figure 3. map of ic shape feal 7,8,and 11
(Table I1I) for the curves obtained at 635 mV/s for all compounds. The
numbers refer to the classes defined in Table 1

the class 1 compounds, the reported kNN classification ac-
curacies are not as good as the visual clustering would suggest.
That is, the clustering of classes 2, 3, and 4 is a strong in-
dication that reproducible differences actually do exist be-
tween the different classes.

Analyses of Curve Shapes. The first set of shape features
to be tested were the voltammetric features defined by Table
III. The data set was divided into three groups according to
scan rate. Features 7, 8, and 11 (Table III) were found to give
the best classification for each set. The best clustering oc-
curred for the curves taken at 695 mV/s (Figure 3). The
obvious outliers are compounds 3, 18, 23, 27. In most cases
the nearest neighbors are the two curves obtained at o/ = 0.7
and a’ = 0.3 for each compound. Thus, to obtain a realistic
estimate of the classification accuracy, kNN analyses were
performed using only the curve obtained at 695 mV/s and «’
= 0.3 for each compound. Analyses were done on two data

Table VII. kNN Classification Results for Voltammetric
Shape Features 7, 8, and 11 (Table 111)

all compounds included

class classification accuracy, %
1 70.0
2 66.7
3 40.0
4 50.0
overall 63.3

optimized data set (Compounds 3, 18,
23, 25, 27 removed)

1 88.9
2 85.8
3 50.0
4 80.0
overall 80.0

Table VIII. kNN Classification Results for Fourier
Coefficient Features

all compounds included (except no. 25)

class classification accuracy, %
1 50.0
2 44.5
3 40.0
4 66.7
overall 50.0

optimized data set (compounds 3, 6,
10, 18, 23, 25, 27 removed)

1 71.4
2 57.1
3 50.0
4 80.0
overall 65.2

sets. The first set included all the compounds (except
benzophenone), while the obvious outliers were removed from
this data set for the second analysis. The results are shown
in Table VII, illustrating that removal of the outliers greatly
improves the classification accuracy.

The next set of features to be analyzed was the Fourier
coefficients obtained from the discrete Fourier Transform of
the voltammetric curves. It was found that the portion of the
curve between data points 11 and 74 yielded the coefficients
with the better discriminatory power, based on one-, two-, and
three-dimensional kNN analyses. (No information after data
point 74 was reliable since the solvent reduction began to
appear at that point in some of the class 4 curves.) Several
3-dimensional combinations of Fourier coefficients 4, 5, 7, 25,
36, and 41 provided overall classification accuracy between
71.7 and 73.4% (18). Inspection of the nonlinear maps for
these combinations indicated that, again, there was a con-
siderable amount of scatter in the class clusters when all the
curves were included.

Further comparisons were made by dividing the data set
into the three scan rate groups used earlier. The best results
were for the curves obtained at 695 mV/s. kNN analyses were
then performed on a data set consisting of one curve (695
mV/s, a’ = 0.3) for each compound (except benzophenone)
and a data set with the obvious outliers removed. The results
for the best combination of features (coefficients 4, 5, 36) are
summarized in Table VIII.

The type of classification deviations seen with the Fourier
coefficients was similar to those observed with the voltam-
metric features. For example, the class 2 compounds all
showed significant differences in the shapes of the two curves
obtained at the fastest scan rate. Many of the same outliers



were identified by both sets of features.

CONCLUSIONS

While the analysis of peak potentials yielded the most
accurate classification results for the data set used here, these
are not generally reliable, and other features must be con-
sidered. Curve shape features were very useful for classifi-
cation of the voltammograms obtained here. Both the
voltammetric features and the Fourier coefficients appeared
to contain similar class information and were reasonably good
features. Classification based on scan rate dependence of
Fourier coefficients was also significant.

The fact that the best class clusters were obtained for the
curves taken at 695 mV /s indicates that a scan rate in this
range may provide the most reliable information. At this scan
rate, and the o’ values used, data were obtained with negligible
charging current contributions. Since some of the curves taken
at a’ = 0.7 for the fastest scan rate had different shapes from
those taken at o’ = 0.3, charging current may have been a
contributing factor. Problems with extraneous shoulders on
the main peaks obtained at slow scan rates for some com-
pounds were mentioned earlier. These deviations observed
at the fastest and slowest scan rates were partially the cause
for errors in classification based on scan rate dependence.

‘The results indicate that benzophenone (No. 25) probably
belongs to a different class of compounds than the four that
were represented in the data set. The peak for the reduction
of the carbonyl group in m-nitrobenzaldehyde (No. 27) was
obviously distorted by the tail of the first reduction peak. The
reasons for the other outliers are not obvious. They are
probably different because of a change in the reduction
mechanism, a change in the value of an, or complications such
as adsorption.

Considering the limited data set used, the results obtained
here were very encouraging. It does appear that functional
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group and some structural information can be identified in
volt tric forms by the af ion of empirical
pattern recognition methods. Thus, further studies are
warranted, utilizing a more extensive data base. This study
has provlded a basis for further work by ldenufymg useful
data isition conditions, analysi and fe
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Optoacoustic Spectrometry in the Near-Infrared Region

M. J. Adams,* B. C. Beadle, and G. F. Kirkbright
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A single-beam opt ter is d ibed for
operation In the near-infrared speclral region. Correction for
variations in source intensity with length Is

achieved sequentially with the aid of a digital scan recorder.
The | has been employed for the ination of the
absorption bands observed from a variety of sample types.

In recent years there has been considerable interest in the
optoacoustic effect and its applications for analysis in op-
toacoustic spectrometry (OAS) for the study of the ultraviolet
and visible absorption spectra of solid and solution samples.
Several OAS spectrometers have been described in the lit-
erature for studies in this spectral region (1-3). OAS monitors
the heating effect produced by the absorption of electro-
magnetic radiation and the corresponding rise in pressure of
a filler gas contained with the sample in a sealed cell of
constant volume. The periodic pressure variations within the
cell, achieved by modulation of the incident radiation, are
measured with the aid of a sensitive microphone. Several
advantages of the technique over conventional optical

transmission and reflectance spectrometric methods of analysis
have been proposed, including the ability to examine a wide
variety of sample types and optically opaque materials.
Rosencwaig has reported the use of OAS in studies of inorganic
(4) and biochemical (5) samples, and Adams et al. (6) have
recently employed the technique as a calorimetric method for
the determination of absolute fluorescence quantum effi-
ciencies.

As a pressure transducer is employed to monitor indirectly
the periodic temperature changes occurring within a sample
following the absorption of radiation, no photometric detector
is required and, provided the incident radiation is of sufficient
power to produce a measurable signal, the optoacoustic effect
may be employed in any spectral region. To date, the majority
of the studies undertaken with condensed phase samples have
been concerned with the ultraviolet-visible region. Adams et
al. (1), however, have recently described a double-beam
optoacoustic spectrometer employing a high-pressure xenon
arc continuum source capable of operation within the spectral
range, 250 nm to 2.5 um. Unfortunately, rare-gas continuum
sources exhibit intense line in the near-infrared, thus
making difficult the correction of spectra for the variation in

0003-2700/78/0350-1371$01.00/0 © 1978 American Chemical Society
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Figure 1. The optoacoustic cell

source emission intensity with wavelength.

Absorption bands observed in the near-infrared spectral
region, 0.75 to 2.5 um may usually be attributed to low-energy
electronic transitions or the harmonics (overtones) and
combinations of fundamental vibrational modes observed in
the molecular species examined. The overtone bands arise
from the anhar icity of the molecular vibrations and
combination bands are observed in polyatomic species due
to interactions between functional group vibrations. The
overtone vibrational frequencies most commonly examined
in the near-infrared region are hydrogenic systems, particularly
those of -CH and -OH.

This paper reports the use of a single-beam optoacoustic
spectrometer in the near-infrared spectral region; a tung

Absorplion —e

10 15 20 25
—pl—

Figure 2. The near-infrared optoacoustic spectra of (—) holmium oxide
and (- --) dysprosium oxide

Research Corp., Princeton, N.J.); the reference signal was derived
from the rotating sector. The output from the lock-in amplifier
was led to a digital scan-recorder system (Model 4101, PAR Corp.,
Princeton, N.J.). This recorder was employed in the two-channel
mode to store the reference (lamp emission) spectrum and a
sample spectrum. Spectral correction was achieved with the aid
of the internal ratiometer unit. The corrected optoacoustic spectra
were displayed on a conventional potentiometric chart recorder.
All the optoacoustic spectra reported were obtained with a
wavelength scan-rate of 300 nm min™ and an amplifier time
constant of 1s.

Reagents. The rare-earth oxides were obtained as high purity,
fine powders (Johnson Matthey Ltd., London, U.K.). Type 60
silica gel, TLC grade, was employed for the -OH studies (Merck,
Darmstadt, Germany). The n-hexane and benzene mixtures were
prepared with lab y grade reagents and the crude oil samples
were lied by Shell Research Ltd. (Thornton, U.K).

filament source is employed and sequential correction of
spectra for variation in source emission intensity with
wavelength is undertaken with the aid of a digital storage
scan-recorder. The application of this spectrometer to the
study of a variety of sample types is described.

EXPERIMENTAL

Apparatus. The source employed is a 250-W quartz-halogen,
tungsten-filament bulb (Type Al/233, Wotan Lamps Ltd., London,
U.K.) operated at 25 V/dc. The radiation from the source is
focused, using a concave, front-surfaced mirror, through a variable
speed rotating sector mounted at the entrance slit of a f/4
monochromator. The optical system employed has been described
previously (2). Studies in the near-infrared region were un-
dertaken with a plane (300 lines mm, 50 mm X 50 mm) grating,
blazed at 2.0 gm and with fixed, 2.5-mm wide, entrance and exit
slits. This arrangement provided for a reciprocal linear dispersion
at the exit slit of 12 nm (0.012 gm) mm™'. To prevent overlapping
spectral orders of diffraction being t itted to the opt ic
cell, low-wavelength cut-off filters were positioned at the exit slit
of the monochromator. The spectral transmission range of the
two filters employed was 0.8-1.5 um and 1.5-2.7 um. The radiation
from the exit slit of the hromator was fi d into the
optoacoustic cell by means of a concave mirror.

The optoacoustic cell employed is shown in Figure 1 and is
similar to that described by McClelland and Knisely (7). The
cell was constructed from aluminum with a 20-mm diameter silica
entrance window. A type 4166 capacitor microphone (Bruel and
Kjaer Ltd., Hounslow, U.K.) was employed as the pressure
transducer. The polarization voltage (240 V) and preamplifier
voltage (25 V) for the microphone were supplied from a dry-battery
source. Samples were placed in highly polished aluminum cups
(16-mm i.d., 3-6 mm deep) and sealed within the cell by means
of four locking-nuts.

The optoacoustic signal at the microphone transducer was led
directly to a lock-in amplifier (model 186, Princeton Applied

Procedure. The source emission spectrum (reference) was
obtained by recording the OAS spectrum of a silica plate coated
with carbon black; the blackbody absorption characteristics of
this sample were confirmed by comparison of the spectrum with
the source emission spectrum obtained with a calorimeter detector
as described previously for ultraviolet-visible studies (8).

Samples were examined by placing the powder (ca. 100 mg)
or solution (ca. 100 uL) into the alumimum sample cup and sealing
this into the optoacoustic cell.

RESULTS AND DISCUSSION

Low Energy Electronic Transitions. Electronic tran-
sitions in molecular species characteristically occur in the
ultraviolet-visible region of the spectrum. However, many
inorganic compounds exhibit low-energy transitions which may
be examined by their near-infrared absorption spectra. Figure
2 shows the absorption spectra of two rare-earth oxides in the
1 to 2.7 um spectral region. As with the UV-visible spectra
of these materials, the electronic transitions are observed as
intense, narrow absorption bands due to the shielding of the
4f electrons (9). The rare-earth oxides absorption bands are
well defined and may be employed for wavelength calibration
of the spectrometer.

~OH Absorption Bands. The fundamental oxygen-
hydrogen vibrations of a nonbonded hydroxyl group (water)
occur at ca. 2.7 to 2.8 um and the first overtone at ca. 1.4 um;
the combination band is observed at 1.9 um. For bonded
hydroxyl groups, the first overtone is apparent also at 1.4 um
but the combination band occurs at 2.2 um. Thus, near-
infrared absorption studies may be employed to characterize
the nature of ~OH groups present in a sample.

Figure 3 shows several optoacoustic spectra obtained from
samples of TLC grade silica gel. The activity of this material
for thin-layer chromatography depends on the surface hy-
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Figure 3. The near-infrared optoacoustic spectra of TLC grade silica

gel; (a) untreated, (b) after drying at 1000 °C, and (c) after drying at
1000 °C and exposure to water vapor

droxyl groups bound to the silica. It is evident from the
spectrum of the untreated sample (Figure 3a) that both bound
hydroxyl groups (1.4 and 2.2 um) are present as well as surface
water (1.4 and 1.9 um). After drying this sample at ca. 1000
°C, the activity of the silica gel is destroyed and, as shown
in Figure 3b, this is accompanied by a loss in -OH absorption
bands. Figure 3c demonstrates how, upon exposure to water
vapor, the preheated silica gel may adsorb water (1.4 and 1.9
um) but does not regain the bonded hydroxyl groups necessary
for TLC activity.

—CH Absorption Bands. The fundamental carbon-
hydrogen stretching vibration absorption band is observed
normally at ca. 3.3-3.5 um, and the first overtone at ca. 1.7
um. In practice, however, numerous absorption bands are
observed in the near-infrared due to C-H bending overtones
and the many combination bands possible. As the separation
of C-H overtones is greater than that between the funda-
mentals from which they arise, the near-infrared region may
be employed for their identification and characterization.

The optoacoustic spectra of a series of aromatic samples
are shown in Figure 4 and compared with an aliphatic system,
n-hexane. The similarities in the aromatic hydrocarbons are
evident and the differences may be attributed to physical
nature of the sample, i.e., its solid or liquid nature.

The aromatic C-H absorption band at 2.2 ym was observed
not to occur in aliphatic systems and was employed as a means
of quantitive analysis for aromaticity in organic mixtures. The
absorption band intensities have been shown to be additive,
according to the number of absorption centers in a molecule
(10). Mixtures of benzene in n-hexane were prepared and
100-uL aliquots of these ex d by OAS. A linear rela-
tionship was observed between peak-height, at 2.2 ym, and
benzene concentration between zero and 100% benzene in the
samples. Figure 5 shows the OAS spectra of undiluted Iranian
crude oil samples to which standard additions of benzene have
been made; linear plots were obtained for peak-height, at 2.2
pm vs. concentration of benzene present.

CONCLUSION

The single-beam optoacoustic spectrometer described
enables the study of absorption spectra in the near-infrared
region. Unlike the majority of spectrometers described in the
literature, the system discussed employs a relatively low power
tungsten filament continuum source. While rare-gas filled
arc-lamps have a greater radiant flux and are suitable for use
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Figure 4. The near-infrared optoacoustic spectra of (a) benzanthracene,
(b) anthracene, (c) benzene, and (d) n-hexane
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Figure 5. The near-infrared optoacoustic spectra of Iranian crude oil
with standard additions of (a) 10% benzene, (b) 30% benzene

in the ultraviolet regions, their use is limited in the near-
infrared because of the intense narrow line emission super-
imposed on the continuum background, thus making dou-
ble-beam operation difficult to achieve. The tungsten filament
source described above provides a near blackbody emission
spectrum with an emissi length maxi with the
above spectrometer, at ca. 1.4 pm.

The use of the spectrometer to examine a variety of sample
types has been described and clear spectra have been obtained
from solid powder, solution, and thixatropic oil samples. The
near-infrared spectral region may be employed for the ex-
amination and characterization of inorganic and organic
materials by the absorption bands in this region because of
low energy electronic transitions, overtone bands, and
combination bands. With the ad already p d
for OAS, the extension of the working spectral range to include
the near-infrared, as described above, should provide for many
further applications of the technique in the examination of
materials which are normally difficult to study. Quantitative
analysis is possible in the near-infrared and, as described, may
‘be employed for the determination of aromaticity in organic
mixtures.
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Evaluation and Optimization of the Standard Addition Method
for Absorption Spectrometry and Anodic Stripping Voltammetry

J. P. Franke* and R. A. de Zeeuw

State U ity, L ry for Pha tical and Analyti
Groningen, The Netherlands

R. Hakkert

State Ur ity, i ing The Netherlands
For the d Ination of the ation of a sub by
standard addition linear regression, whlch may be applied when
the ts have a Is pared with

other regression techniques based on the assumption of a
common coefficient of variation. The latter assumption may
be more realistic for atomic absorption spectrometry and
anodic stripping voltammetry. For the optimization of the

tandard addition hod ing a coefficient of
varlation, formulas are given to calculate, for a desired
precision, the t of stand. ‘loboaddedandtherequlrod

ber of replicat precision is

obtained by applying a single addition of the largest possible
amount of standard within the linear range of the response
concentration curve.

The method of standard addition is often used (1-3) to
determine the unknown concentration, £,, of a substance in
a solution: new solutions are made from the original one by
adding successive, known amounts of that substance. Thus,
solutions with concentrations £, ¢, + xy, ..., £, + x; are ob-
tained, where x, < x, <... < x; are known positive constants.
For each solution several response-readings can be obtained,
leading to a set of data ly;; j = 1, ..., n;; i =0, ..., k|, where
yij represents the jth response-reading on the sample with
concentration &, (if i = 0) or £, + x; (if i # 0). The statistical
analysis will be based on the idea that the response-readings
y;j are the outcome of corresponding random variables Y,
whose joint distribution is such that (1) all Y;; are mutually
independent; (2) Yj,, ..., Yi, is a random sample from the
normal distribution with EY,, u;and Var(Y;)) = o5 (3) after
appropriate corrections have been made for any background
signal, the concentration-response curve is a straight line
passing through the origin, or, more precisely, for some un-
known regression coefficient, 8, it is assumed that y; = (¢,
+ x;).

Apart from these basic assumptions, various additional ones
can be made with respect to the variances ¢,%, ..., ;% Most
authors, using standard regression methods to estimate £, (4,

| Chemistry, Department of Toxicology, Ant. Deusinglaan 2, 9713 AW

5), implicitly assume homoscedasticity, i.e., a,> = 0,2 = ... =
o5

However, theoretical considerations of Mann et al. (6) and
our own experimental data contain evidence (Section 4) that
this assumption is not always relevant. It rather looks as if
0,2 < 6,2 < ... < g% If sufficient replicate measurements in
0, X1, ..., Xi are available, it is possible to estimate 0,2, ..., 73®
separately. If, however, no such replications are available, one
has to make some sort of model-assumption. It might be more
realistic to assume equality of the coefficients of variation,
ie, 0o/u, = 01/ 1y = o = Ok/ i

Mann et al., dealing with absorption spectrometry (6) and
Larsen et al. (4), whose data are presented in Section 4,
suggested that the latter assumption approximately holds true
in the absorption range between 0.2 and 1.0 (6).

The basic assumptions 1, 2, and 3 mean in practice that:
(1) Each addition of standard should be made to the original
sample, without appreciable error, and for each solution the
response-readings should be obtained independently. (2)
Response-readings, Y;, ..., Y;,, are an independent random
sample from a normal distribution. Generally speaking this
will be valid for atomic absorption spectrometry and anodic
stripping voltammetry (7). Fortunately, small deviations from
normal distributions will not have a large effect on the merits
of the statistical procedures. (3) The linearity of the con-
centration-response curve should be checked by experiments
over a wide concentration range. By application of standard
addition, one should check that the highest concentration is
still within the linear part of the curve and the slope of the
curve should remain unaffected by the addition of standard.

Figure 1 summarizes the necessary terminology.. Here, k
=3;,n,=3;n, =3; ny = 4; n; = 3 and the individual re-
sponse-readings y;; are represented by the open circles. The
dotted regression line is specified by the unknown parameters
£, and B, or, alternatively, by the usual regression-parameters,
a =y, and 8. Note that &, = «/B.

In the next section the two existing calculation methods,
the graphical method and standard linear regression are
evaluated. So far, little or no attention has been paid to the
effects of replicating the response-measurements on the
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Figure 1. Graphic representation of the standard addition method. £,
Is the concentration of the sample without addition of standards with
response readings Y, ; ..., Y, n. X1, X2 X, are the added concentrations
with Y, oy Yia, Yoy oo Yoo, and Y3, ..., Y3, response
measurements, respectively. Each open circle represents a single
response measurement. The cotted fine represents the regression line,
described by the Equation ¥ = « + Bx

precision of the obtained estimate for {,. These effects will
be evaluated for the graphical method, assuming equality of
the coefficients of variation.

In Section 3 some approximate regression-methods will be
presented for the case of equal constants of variation, and
again the effects of replications on the precision of the ob-
tained estimate will be evaluated.

In Section 4 the two different regression models are dis-
cussed in the context of data, presented by Larsen et al. (4),
and our own data.

2. Existing Techniques. A. The case k = 1 is of special
interest as it can be shown that this case represents the
optimum design, provided x; is chosen as large as possible
within the linear range of the response-concentration curve.
Suppose that

(i =0,1) with n = n, + n,. According to the graphical method,
an estimate x, for £, can be calculated from the relation

x,/(x, + 1)) = Yo /Yy 2.1
which leads to
x,=x Y, /(Y - Y,) (2.2)
Similarly, 8 can be estimated by
B=(Y,-Y,)/x; (2.3)

Assuming equality of the constants of variation, an ap-
proximation for the variance of the estimator can be calculated
as follows. According to Reinmuth (8), Var(x,) can be ap-
proximated by

ax, \? ax, \?
Var(x,) =~ Y Var(Y,) + Y Var(Y,) (2.4)
o. 1

Substituting (2.2) in (2.4) we obtain

Var (x,) ~ (—i)l Var (Y,) +
(YL -Y,)? :
-xlyo. i
W) Var(Y;) (2.5)

Denoting the common coefficient of variation by 6, and ap-
plying the following approximation,

Var(Y,)/ Y2 = 0/n; (2.6)
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one obtains:

%\ (1 1
7 ~ 2 g2 =2 — —
Var(x,) =~ x,* § (1 + x:) (n., + = 2.7

This equation shows that the relative error in x, decreases with
increasing x,, n,, and n,, and, for fixed values of n(n, + n,)
and x;, reaches a minimum for n, = n,. This agrees with the
statements of Meites (1): optimum precision is obtained by
applying a single addition of the largest possible amount of
standard within the linear range of the response—concentration
curve, and dividing the replications equally among this pl
and the original one.

B. Alternatively, if k > 1, £, may be estimated by standard
linear regression. Ideally, this procedure requires ho-
moscedasticity, i.e., 6, = 0,2 = ... = 6,2 = ¢2. In order to be
able to carry out generalizations in Section 3, a more general
approach will be presented here, namely, weighted standard
regression.

Suppose that Var(Y;) = ¢*/w;, where w,, .., w, are known
constants, then the standard estimators a’, b, and S? for o/,
8, and ¢? are somewhat modified. Suppose that C = 1/Y ;nw;,
i=CYrinwx,x'=x-%D=1/Tnw(x;)and « = a +
8%, then a;’, b, and S? are given by:

a’= CLw;Y;~ N(,Ce?) (2.8)
i

b = DX wx;'Y;;~ N(8,Ddo? (2.9)
W

1 o?
2= — (Y:—a’- bx;)2~ ——2

8= T TwYy - a'= bx)~ —Toxty (210)
Furthermore a’, b, and S? are independent and, since £, = a/8,
it can be inferred from Equations 2.8-2.10 that (a’- b(£ +
£))/(SV/C + D(x + £,)%) is t, o-distributed. This formula is
known as Fieller's Theorem (9). Substituting the confidence
limits %t 5,2, and solving for £, yields the following well-
known confidence interval:

ab
SEm————u@ %
b= 5pes t <
t \/______
- pege Y D@? + C-DeS) 211)

Larsen et al. (4), in an atomic absorption study, gave an
estimate of the confidence interval for £, by using a simplified
version of Equation 2.11.

In the simple case where w,, ..., w, are all independently
known, Equation 2.11 yields an exact confidence interval. The
situation becomes more complicated when w is some function
of a and B, as happens in the case of a constant coefficient
of variation: w = 1/(a + 8x)%

Approximate solutions for this problem will be dealt with
in Section 3, but first there are a few general observations to
be made about Equation 2.11. Figure 2 depicts the estimation
procedure, the dotted line being the estimated regression line
and the two enveloping curves the confidence limits for a +
Bx for a given x. It can be proved that the confidence interval
for £, is the interval AB. As can be seen in Figure 2, a dis-
advantage of the use of standard linear regression, even if all
prerequisites are fulfilled, is that it results in a large confidence
interval for £. This is particularly true in the case of a
relatively low ber of ts, and a large dard
error of regression: in this case the use of Equation 2.11 may
even result in half-infinite intervals.

A second practical objection to Equation 2.11 is that this
equation is difficult to work with. This is particularly dis-
turbing when it has to be applied a number of times in a
sequence, as will turn out to be y in the next secti
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response

B 0 £ gddition
Figure 2. Estimation procedure by standard addition, the dotted line
being the estimated regression-line and the two enveloping curves the
confidence limits for a + fSx for a given x. The interval ABis the
confidence Iinterval for £,

3. Approximate Solutions for the Case of Constant
Coefficient of Variation. A. Supposing that w, = 1/(a +
Bx;)% it is clear that the method of Section 2B can not be
applied directly, since the weights w; are no longer deter-
ministically known. It is possible to obtain a first-order
approximation though, using ordinary regression (w, = w;, =
.. = wy = 1) in order to get preliminary estimates for « and
8.

These estimates lead to estimates of w,, ..., w;, which, again,
can be applied to get a second-order approximation for a and
B, and so on. This is a rapidly converging process and, al-
though it is not an exact procedure, it can be shown (lower
middle column of Table I) that the results are quite satis-
factory. In most circumstances, a second-order estimate will
do, as was applied in Table 1.

B. A particularly simple solution is obtained by assuming
a slightly modified measurements model. Suppose that the
experiments could be carried out in such a manner that,
instead of addlng known amounts of the substance and reading
the responses, of sut ce could be added
until the rasponse—readmgs would reach certain predetermined
values, y;;. The appropriate model then seems to be

1 o Y
Xij ~ N(‘(.)’.'j - a), (EJ’U) ) (3.1)

where 0,% = Vur(X,,)/),, However, as the experiments are
not performed in this way, the method is based on the as-
sumption that the actual data are “not too different” from
those wanted in the above mentioned hypothetical manner.
What is meant by “not too different” will be explained at the
end of this Section.

The calculation of estimators and confidence intervals on
the basis of model 3.1 can be carried out as follows. Rewriting
the Equation 3.1 withu = 1/y, V= X/y,y=1/fand r =
a,./B yields:

Vi ~ Ny - §ui;t?) (3.2)

Since the problem has now been reduced to the standard
homoscedastic form with £, as one of its parameters, the
estimators c’,x, and 7% can be solved directly by means of
ordinary regression techniques, analogous to Equations
2.8-2.10 with C = 1/n and D = 1/¥;;(u’)*

¢’= CTV; ~ N(v',Cr?) (3.3)
W

x, = ~DEu%Vy; ~ N(&,Dr?) (3.4)
)

1 72
TP=—Y(Vi-c'+ 732 N ——y2
n-2 i.j( ij—c XU u) n_2x n-2 (3.5)

oixg

Giro /

4

pre————— -

o o 10

Figure 3. Graphic representation of Equation 3.10 where x,/X, Is the
ratio of the estimated original concentration and the concentration of
added standard, n represents the total number of measurements

For the confidence interval the following simple expression,
corresponding to Equation 2.11, is found:

£, =x, 2 DtT (3.6)
For this method, which will be referred to as the transfor-
mation method, calculations can be made, similar to the ones

in Equations 2.4-2.7. Assuming that k = 1, the variance of
x,, Equation 3.4, can be written as follows:

Var(x,) = 7%/ ):L~1(Zl)z (3.7)
TN Gy n i ’

With the approximutions
1 n

¥ 2+ AT L
e = ——{af = e e d
Wy Y YA Yy T Yo N1
Equation 3.7 can be transformed into
1 1\?
Var(x,) = nr?/n, nl( : —) (3.9)
Yo, Y

Substituting 7 = ag/p and approximating 3 by (v, - y,)/ X,
Equation 2.3 leads to

11
Var(x,) = X,, a, 1k x = + n_1 (3.10)

as in Equation 2.7. This equation is graphically reproduced
in Figure 3 for some values of n.

Similar equations for k = 2 can be derived with the same
approximations mentioned above. If X, = 2X,, Equation 3.4
can be transformed into

Var(x,) =
2y 2 o 2
L Fo o,
2X-, 1 X2+1 n/\ nony X2+1 +
x, 2 2
Ny X, + nyny X (3.11)

This equation is graphically reproduced in Figure 4. The
distribution of the replications was carried out in such a
manner, for fixed n, Var(x,)/x%, was minimized.

The Equations 3.10 and 3.11, as reproduced in the Figures
3 and 4 show that:

a. For a fixed value of added standard (X;,X,) better
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Table I. Outcome of the Three Estimators When Applied to Six Sets of Simulated Data

using Fieller's using Fieller’s using a
theorem, w=1 theorem, estimated transformation
simulated data n = 12; N= 1000 weights (3.A) (3.B)*
A a=0.1;8=10;¢(, = 0.01 0.00993 0.01034 0.00710%
constant var.: o = 0.05 0.00231 0.00296 0.00497°
x, = 0.5;x, = 1.0; 0.00973 0.00600 0.00350°¢
2,=2.0 95% 62.9% 28.5%9
B.a=27;8=15¢,=0.18 0.17966 0.18744 0.14346
constant var.: o =1 0.02765 0.04381 0.06558
x, = 0.4;x, = 1.85; 0.11520 0.10014 0.07297
x,=5.75 94.8% 70.7% 45.7%
C.a=0.2;8=0.18;¢, = 1.11111 1.12116 1.12710 1.07701
constant var.: ¢ = 0.015 0.07217 0.08487 0.08902
x, =0.5;x, =10 0.29971 0.29500 0.28348
x,=20 95.1% 90% 86.2%
A a=0.1;8=10;¢, = 0.01 0.01125 0.01002 0.01000°
constant rel. error: 0.01496 0.00157 0.00034%
o, = 0.05;x, = 0.5;x, = 1.0; 0.10433 0.00224 0.00146°
x,= 2.0 100% 95.2% 94.5%¢
B.a=27:=15;¢, = 0.18 0.18347 0.18081 0.17944
conslant rel error: 0.03099 0.00683 0.00683
a,=0.05;x, = 0.4;x, = 1.85; 0.23709 0.02930 0.02921
x,=5.75 99.9% 94.6% 94.2%
C.a=0.2;8=0.18;¢, = 1.111 1.12831 1.12734 1.08796
constant rel. error: 0.08760 0.07157 0.07123
o= 0.05;x, = 0.5;x, = 1.0; 0.37219 0.29652 0.28965
x,= 2.0 96.3% 95.3% 92.7%

9 Mean estimated ¢,. ? Root-mean-square deviation from real k,. € Mean length of estimated confidence intervals.
9 Observed percentage of cases where true ¢, was found to lic within estimated confidence interval. ¢ The notation in

parentheses refers to the respective paragraphs in the text.

precision of x, is reached by increasing the total number of
measurements (n).

b. With higher values of n, the lines approach each other,
thus reducing the effect of an extra measurement.

¢. The choice of the amount of added standard is of
paramount importance, especially when a 1ow number of
response measurements is carried out. High concentrations
of X, and X, within the linear range of the response con-
centration curves give low ratios of x,/ X, or x,/ X, and will
thus result in smaller relative errors of x,,.

d. For a fixed value of n, (Figure 4) the number of de-
terminations in X, (r;) should be 1 whereas the number of
determinations in X, (n,) and X, (n,)} should be equally
divided.

e. For higher values of n, the single determination in X,
in Figure 4 hardly contributes to obtaining better precision.
However, it may serve as a check on the linearity of the
response concentration curve between x, and X,.

The practical advantages of Figures 3 and 4 are that they
allow estimation of the relative error of x, for those analyses
that have a common relative error in the measurements, Y,
such as in absorption spectrometry, in which the latter is
approximately 0.5% (8). For example, if one wishes to obtain
an estimate of the original concentration of solute with a
relative error in x, smaller than 1% (o(x,)/o,x, < 2) Figure
3 shows that n should be 4, equally divided over x, and X,
provided x,/X; < 1. Another possibility is three measure-
ments but then x,/ X, should be <0.5. Prerequisites are, of
course, that X is still within the linear range of the response
concentration curve and that o, = 0.005. The latter condition
is valid in the absorption range 0.2-1.0. It should be noted
that the method with three ts has the ad: g
of saving time.

It still remains to be shown that the transformation method
does not lead to serious distortions. Therefore, six sets of
normal data, corresponding to three sets (A, B, and C) of
actual parameter values and two types of scedasticity (equal
variances and equal coefficients of variation) were simulated

254 /
| 7 rieh
‘ -
! -
20§ P
o n=6
// ns7
g
15 o
| ~" .~ n-9
ol
L e
0 sy 10 2
Flgure 4. Graphic representation of Equation 3.11, where x,/X; is
the ratio of the estimated original cc jon and the i

of the added standard. X, = 2X, and nrepresents the total number
of measurements. The total number of measurements is distributed
asfollows: n=3: n,=n,=n,=1,n=4 n,=2,n, =N, =
wn=5 n=n=2,n=1%n=6 n=3,m=1,n=2
7. n=n,=3,n=1%n=8 n=4n=1,n=3n=9:
n=n,=4n,=1

1000 times each in order to find out whether these data would
be “too different” from the hypothetical data-structure
outlined in Equation 3.1. The parameter sets B and C were
chosen because of their resemblance to the actual experimental
values in Tables II and III. In each of the four points 0, x;,
x5, and x3, three “measurements” were simulated and from
the thus obtained 12 values, {, was estimated in three different
ways.

Inspection of Table I allows a number of conclusions:

Using the wrong estimator, i.e., an estimator requiring
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Table II. Evaluation of C Vari , C Relative Error and Precision of Atomic Absorption
Spect: try M 1ea
concn
Zf ac‘ildc;l instrument response readings, absorbance
ppm Zn' Y Var(Y;)
0 0.197 0.195 0.199 0.195 0.197 0.195 0.197 0.1964 0.00151
0.5 0.291 0.289 0.289 0.287 0.293 0.288 0.287 0.2891 0.00219
1.0 0.381 0.384 0.383 0.382 0.384 0.380 0.384 0.3826 0.00162
2.0 0.556 0.553 0.551 0.561 0.559 0.551 0.553 0.5549 0.00393

Bartlett test on the hypothesiso,?> = 0,* = 0,* = 0, (common variance)
. B=17.08>x%,,, and B < x%,,., = 7.81

7,2 = 7, (common relative error)
B=1.59 < x% ;.0 = 6.25

Bartlett test on the hypothesis 7,2 = 7,2 =

split F-test for large X values (1.0; 2.0) and small X values (0; 0.5)

F=255>F,; 504 =215and F < F; 3, = 2.69 (common variance)

F=1.46 < F; ;4.9 = 2.15 (common relative error)

regression lines; X5 + tag,0.905°S(X0)
standard linear regression: Y=0.199 + 0.179x 1.110 0.0237
weighted linear regression: Y= 0.197 + 0.181x 1.088 0.0181
using transformation method: X/y=5.511-1.087 1/y 1.087 0.0179

@ Data from Larsen et al. (4).

Table III. Evaluation of Common Variance, Common Relative Error and Precision of Differential Pulse Anodic Stripping
Volt v M. G

y
concn
gf “‘f,deg instrument responsc readings, peak current, y A
ppm Tl Y;. Var(Y;;)
0 2.53 2.50 2.70 2.63 2.70 2.80 2.52 2.63 0.114
0.387 8.42 7.96 8.54 8.18 7.70 8.34 7.98 8.16 0.297
1.851 29.65 28.70 29.05 28.30 29,20 29.95 28.95 29.11 0.5657
5.734 84.8 85.6 86.0 85.2 84.2 86.4 87.8 85.71 1.177
Bartlett test on the hypothesis 0, = 6, = ¢,* = ¢, (common variance)
B=24.80> x?,,.,, = 16.3
Bartlett test on the hypothesis 7,2 = 7,2 = 7,? = 7,? (common relative error)
B=8.60> x% g4 = 7.81
split F-test for large X values (1.851; 5.734) and small X values (0; 0.387)
F=16.7T> Fy; 13099 = 7.00 (0’ =0,*=0;
F=8.03>F,; ;0. =416 (77 =77 =1
regression lines; X5 + 0. 015°8(X0)
standard linear regression: Y =2.508 + 14.499x 0.1727 0.02466
weighted linear regression: Y= 2.605 + 14.300x 0.1820 0.00560
using transformation method: X/y = 0.0695— 0.1814 1/y 0.1814 0.00555

@ Data obtained by the method of Franke et al. (10).

constant coefficient of variation on homoscedastic data or vice
versa, may lead to serious errors.

These errors are particularly spectacular when , is small
(A and B); C does not seem to be very sensitive in this respect.
It should be noted, however, that a rigorous research on the
sensitivity of different parameter-sets to choosing the wrong
estimator has not been undertaken.

Applying an estimator requiring constant coefficient of
variation to homoscedastic data leads to underestimating the
interval-length, the opposite mistake leads to overestimating
the interval-length.

Approximation by means of the transformation model yields
reasonable satisfactory estimators and confidence intervals
for &,, especially when £, is small.

It should be noted that the risks of applying a homosce-
dastic estimator to experimental data of unknown scedasticity

are smaller than those of applying one of the estimators
outlined in this section. When, however, there is a reason to
believe that the data are in fact characterized by (nearly) equal
coefficients of variation, the latter type of estimation turns
out to be superior, as is clearly demonstrated by the simu-
lation-outcomes. Therefore the following rule of thumb seems
appropriate:

When the scedasticity of the data is unknown, first test
equality of the variances in one of the manners outlined in
Section 4.

If this null-hypothesis can be rejected, test the requirements
of common coefficient of variation, as is also illustrated in
Section 4.

If this null-hypotheses can also be rejected, a homoscedastic
estimator is probably safer, especially for large values of ,.

If, however, the latter null-hypothesis (constant coefficient



of variation) seems attractive, it is recommended to use an
estimation procedure based on constant coefficient of vari-
ation.

4. Actual Experiments. In Tables II and III, the results
of experiments by Larsen et al. (4) and our own data are
displayed. The assumption of equal variances was tested in
two ways:

a. By applying a Bartlett-test (10), which is possible because
of the existence of repeated measurements.

b. By means of a split F-test: the data are divided into
two groups, one group with low x-values, and one group with
high x-values. The error-variances are then estimated for both
groups separately and the estimates are compared by means
of a F-test. This method allows a test of equal variances
against a one-sided alternative. Another advantage of this
procedure is that it does not require repeated measurements
although it does require a mini: of six ts and
at least two standard additions. The assumption of equal
constants of variation can be tested in a somewhat similar
manner:

a. Dividing the estimated variances of the k + 1 groups of
repeated measurements by their corresponding group averages
Y,, ..., Y}, one arrives at k + 1 statistics that may, at least
approximately, be taken as a basis for the Bartlett-test.

b. Alternatively one may test the hypothesis that the data
are “not too different” from the hypothetical data-structure,
Equation 3.1, by applying a split F-test to the transformed
variables u = 1/y and V = X/y, Equation 3.2. The two tests
were applied to the experimental atomic absorption data of
Larsen et al. (4), the results of which are given in Table II,
and to our own data obtained by differential pulse anodic
stripping voltammetry (see Table III) (11).

For both sets it was observed that the assumption of a
common coefficient of variation results in a better fit than
the assumption of common variance. For the atomic ab-
sorption spectrometry data of Larsen et al., the latter as-
sumption proves to be barely acceptable at « 5% level. At
a 10% level, it has to be rejected. The assumption of a
common coefficient of variation can be maintained at both
levels though.

For our data (Table III) there seems to be no common
coefficient of variation. Since, however, the B- and F-values
are much larger when testing common variance than when
testing common coefficient of variation, and as £, is relatively
small, we may expect the transformation method to yield more
accurate results than standard linear regression.

The real scedasticity is probably somewhere in between:
no common variance and no common coefficient of variation
either.

From the above two sets of experimental data, an estimate,
x,, for £, and for Var(x,) have been computed using standard
linear regression, weighted linear regression, w; = 1/(a + bx)?,
and the transformation method. The latter two methods
yielded the shortest confidence interval for £,, as should be
expected according to Table I. Furthermore the transfor-
mation model is in good agreement with the weighted linear
regression.

CONCLUSIONS

For both atomic absorption spectrometry and anodic
stripping voltammetry, more accurate results can be obtained
using a linear regression method based upon a common
coefficient of variation: weighted linear regression or the
transformation model.

Figures 3 and 4 allow optimization of the standard addition
method for a given problem and for a desired relative error
in the analysis by a proper choice of the total number of
measurements and of the amount of added standard. Al-
though this paper deals mainly with absorption spectrometry
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and anodic stripping voltammetry. bemg t.he areas in which
standard addition is most f ly d, it should be

emphasized that the above principles can be used equally well

for dard addition applications in other areas of analytical

chemistry.

List of Symbols

to, (x0) (estimated) unknown concen-
tration of the untreated
sample

k number of additions made

nj(i=o,..., k) ber of replicat
mentsino (i=o)or
x; (i> o)

n total number of measure-
ments

N number of simulations

xjorx(i=1,..., k) amount of added standard

X Xjpor X (i=1,...,
kij=1,...,m)

t of added standard
interpreted as a random
variable in section 3.B

x =CEi=* nywx;

yijory(i=o,..., k; Jjth response-reading in o
j=1,. .,n,) (i=o0)orx;(i> 0)

YjorY(i=o,...,k; random variable iated
i=1,...,nm) with y;; ory

yi.(i=o0,..., k)
Yi.(i=o,..., k)

=(1Uny) £4=," Y4
=(Un) 2=, Yy

ujj = 1lyy
u =u—(1/n) E;;uy
Vij =Xylyy

pi(i=o,..., k)

oi*(i=o0,...,k)

=EY;(j=1,...,n)=
a + fx;
=Var(yy) (i=1,...,n)

a, (a) (estimated) intercept of the
regression-line with the
Y-axis

8, (b) (estimated) slope of the re-
gression line

o (a') (estimated) a + fx

7 (€) (estimated) 1/8
7, (') (estimated) vy - toU
0 coefficient of variation,
assumed to be equal for all
Yij(i=o,...,k;j=1,
<o nj)
regression-weights
(estimated) 0% w;, where w;
(i=o,..., k) are chosen
such as to makeo?a
constant
Ur = Var(Xg)lyi?
%, (T?) (estimated) a,3/8?
o? (xo), [S*(x0)] [estlmated] standard-error in

wi(i=o,...,k)
%, (87)

c = 1/2,=0" njw; (weighted re-
gression)
= 1/n (transformation
method)
D = 1/Z=0" mjw; (xi')
(weighted regression)
=1/Z;; (u'y)? (transforma-
tion method)

xi(i=0,....k) =x;-x(i>o0)or-X(i=0)
t =lnona
B test-statistic of the
Bartlett-test
F test-statistic of the split
F-test
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CORRESPONDENCE

Effect of Gas Burner Conditions on Lithium Tetraborate Fusion
Preparations for X-ray Fluorescence Analysis

Sir: Automated instruments are now available which
perform fusions of one or more samples with a suitable fluxing
agent such as lithium tetraborate. This procedure produces
a glass disk(s) which after grinding and polishing can be
directly analyzed by x-ray fluorescence spectrometry. The
heat source in these instruments is usually a modified Meker
burner fed with either natural gas/air or propane/air gas
mixtures. The purpose of this communication is to report
some results we have obtained when fusing mixtures consisting
of various concentrations of calcium and iron with a constant
amount of flux under conditions where the flow rates of
propane and air fed into the burner were varied.

EXPERIMENTAL

Apparatus. An automated fusion device was employed to
perform the fusions (Angstrom, Inc., P.O. Box 248, Belleville,
Mich. 48111). An energy-dispersive x-ray spectrometer was used
in these experiments and has been described elsewhere (I).

Procedure. Samples were prepared for fusion by adding
known amounts of CaCOj (previously dried @ 260 °C) and Fe,0;
(dried at 110 °C) to 6.7 g of lithium tetraborate and 1.5 g of
ammonium nitrate. All materials were of analytical reagent
quality. The samples were then fused under two different gas
burner conditions for 40 min each in platinum-5% gold alloy
crucibles (Matthey Bishop Inc., Malvern, Pa. 19355). The re-
sultant glass disks were then ground and polished and analyzed
directly by energy-dispersive x-ray spectrometry.

Temperature calibration of the glass melt was performed with
an NBS calibrated Pt-10% Rh ther ple. The temperature
of the fusion mixture was set at 1125 °C by varying the flow rates
of propane and air entering the burner by adjustment of the
respective flow controllers. The air-to-propane ratio was the
highest that could be obtained without causing the flame to
extinguish (condition I). After a number of glass disks were
prepared, the propane flow was increased and the air decreased
so that a temperature of 1100-1110 °C was obtained (condition
II). Under these conditions, several glass disks were prepared.
A y of the rations of calcium and iron in the disks
impared under the two gas burner conditions is tabulated in Table

RESULTS AND DISCUSSION
The relative differences found in the determination of
calcium and iron obtained under the two sets of fusion
conditions are plotted in Figures 1 and 2, respectively. Three
replicate measurements of each binary glass disk were made
with relative standard deviations of a single measurement of

Table 1. Concentrations of Ca and Fe Added
in Standard Disks

Gas burner Bead

conditions No. % Ca % Fe

1(1125°C) 1 2.91 1.01
2 2.89 1.01
3 5.85 0.51
4 5.85 0.52
5 7.26 0.25
6 7.28 0.25

11 (1100 °C) 1 1.44 2.00
2 1.44 2.00
3 2.89 1.01
4 2.99 1.01
5 2.88 1.01
6 2.89 0.99
7 7.25 0.26
8 7.26 0.26
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Figure 1. Effect of burner conditions on calcium in standard disks. (A)
Condition I. (@) Condition II

0.3 to 1.0%. The results shown were corrected for x-ray
absorption in the glass disks using an NBS data reduction
procedure (2). Figure 1 shows that the difference in fusion
conditions had no effect on calcium. However, Figure 2 il-
lustrates that under condition I, iron was markedly affected.
The low values obtained are believed to be due to the partial
chemical.reduction of iron to the metal which subsequently
alloys with the platinum crucibles (3). It was also found that
glass disks could not be prepared without cracking under
condition I when the iron concentration was greater than 1.5%
in the disk. These disks usually appeared very dark brown

This article not subject to U.S. Copyright. Published 1978 by the American Chemical Soclety
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Figure 2. Effect of burner conditions on iron in standard disks. (A)
Condition 1. (®) Condition 11

and opaque. At lower iron concentrations, the disks exhibited
a greenish blue coloration in contrast to the yellowish brown
obtained with disks having the same iron content prepared
under condition II. The addition of more NH,NOj prior to
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fusion under condition I did not appear to prevent reduction.
These results illustrate the importance of maintaining proper
oxidizing flames for accurate sample preparation by fusion.
It has been suggested that a nickel crucible of the same size
as the platinum crucible be used in an identical position in
the flame to determine the oxidizing or reducing conditions
of the flame. We found that the use of a nickel crucible for
determining these conditions was not always satisfactory. This
work suggests that observation of the color of a few fused
samples of mixtures containing calcium and iron may serve
as a more sensitive test of flame conditions.
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Solvent Extraction of Coal-Derived Products

Sir: The recent interest in separating and characterizing
coal-derived oils has revealed an intriguing problem. There
is, at present, no standard method or technique that is widely
used to separate and characterize liquefied or solvent refined
coal products. Most investigators in the field, and those just
getting started, are however using a host of similar terms to
define dissimilar fractions from coal products. For example,
the word asphaltene(s), as it pertains to coal-derived products,
can mean a solvent separated material that is benzene or
toluene soluble and pentane insoluble (1), or hexane insoluble
(2), or cyclohexane insoluble (3) or even derived by specific
mixtures of toluene and pentane (4). Beside all of these
differences, there are a host of techniques being used to
characterize coal-derived products by solubility distribution
analysis (5, 6), chromatographic analysis (7-9), and by the use
of distillation (10). Finally, there is also a redefinition of
asphaltenes as being specific chromatographic fractions with
one functional group present per molecule (8). The situation
for the analyst is one of mass confusion. When a chemist
wishes to separate coal-derived oils for the first time, he can
find two, three, and in the case of “asphaltenes” as many as
ten different methods, all of which arrive at supposedly the
same product. A common separation method should be used
on all coal-derived products to serve as a guide post for
comparison by process engineers, ch and
The method we present here should be used only as a guide
to the development of a standard separation analysis of
coal-derived material. We feel it is important that the finally
accepted method be rapid (hours), suitable to analytical (1-10
g) and preparative (10-100 g) batch size, and not require
sophisticated instrumentation.

Our procedure can provide an analytical separation of three
or four major solvent-defined solubility fractions from the
multicomponent coal-derived oil. Separation is carried out
at just below room temperature with solvents of increasing
orientation solubility (polarity) parameter as defined by
Hildebrand (11). Each fraction is also defined with respect
to the volume of solvent used. We have found that 1 liter of
solvent per fraction per 3 grams of starting material is suf-

ficient to define the separation. It has also been our experience
that Soxhlet extraction at elevated temperatures requires days
to complete and the “soluble™ final product of each extraction
contains some insoluble material.

Finally we wish to introduce a pre-treatment step of the
coal-derived oil prior to solvent extraction. By freezing the
oil in liquid nitrogen, one can grind the solid pieces into a fine
powder of great surface area. This contributes to rapid and
efficient extraction of the pentane soluble material at the onset
of the procedure.

EXPERIMENTAL

A coal-derived product is chosen and mixed well if it has been
standing for more than 1 h after processing. Most liquefaction
products may be warmed to 60 °C and stirred to obtain a uniform
mixture. Solids may be chipped or broken. Three to four grams
of the product are weighed into a tared 250-mL Pyrex heavy wall
or a 315-mL stainless steel (DuPont No. 00522) centrifuge tube
to £5 mg or less.

Add liquid nitrogen to the centrifuge tube slowly until 100 mL
can remain as a quiet solution—no rapid evaporation. The now
frozen product is ground with a thick glass rod into a fine powder.
As the liquid nitrogen nears complete evaporation, place the
centrifuge tube in a 50-watt ultrasonic bath and sonicate while
adding 240 mL pesticide grade n-pentane and stirring rapidly with
a glass or Teflon rod. Continue to sonicate and stir until no large
particles are present—only a fine powder—approximately 5 min.
When sonication is complete, centrifuge for 10 min at 2500 rpm
(up to 10000 rpm have been used), 25 °C. The resulting su-
pernatant is decanted into a tared 250-mL round bottom flask
and pentane removed under dry nitrogen flush on a Rotovap from
a warm (50 °C) water bath until 5 min after the last drop of
pentane is observed to condense. The centrifuge tube is washed
with 200 mL n-pentane, sonicated, stirred, and centrifuged again,
decanting the supernatant into the same distilling flask. The
solvent recovered from the Rotovap should be used as part of the
next wash to reduce loss. Washing is continued until 1 L of
n-pentane is used. After the last wash, pesticide grade benzene
is added to the residue and the sonication and washing process
repeated for a total of 1 L of solvent decanting into a second
distilling flask. The water bath temperature is raised to 80 °C.
The final benzene wash may be followed by a 50-mL n-pentane

This article not subject to U.S. Copyright. Published 1978 by the American Chemical Society
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COAL -DERIVED PRODUCT
LIQUID NITROGEN
N-PENTANE

CENTRIFUGE

INSOLUBLE N-PENTANE SOLUBLE (1)
BENZENE

INSOLUBLES (3} BENZENE SOLUBLL 121
OPTIONAL
TETRANYOROFURAN (THF)
|
el
INSOLUBLES (31 T SOLUBLES (41

Figure 1. Solvent extraction scheme for coal-derived products

Table I. Suggested Nomenclature for
Coal-Derived Materials

frac- solvent solubility,

tion soluble/insoluble name
1 pentane/— oils
2 b /pent balt
3 - b insolubles
4 THF /benzene preasphaltenes
5 —/THF THF insolubles-residue

wash, wh this last pentane supernatant is discarded and
the centnfuge tube residue (b insolubles) dried at 50 °C
in a vacuum oven for 15 min. The vacuum oven is backfilled with
dry nitrogen. As an option to drying the benzene insolubles from
the step above, tetrahydrofuran (THF) or methylene chloride-
methanol (90-10) may be used as the final solvent extractor. If
THF is used, it must be freshly distilled to remove the BHT and
any water. Repeat the washing, sonication, and centrifugation
steps for five 200-mL washing cycles. After the final THF wash,
rinse the residue with n-pentane, centrifuge, decant, and dry in
a vacuum oven at 50 °C for 15 min. At no other time should the
centrifuge residue be allowed to dry or come in direct contact with
the open atmosphere.

The benzene washings should not be taken to dryness but
brought to about 20 mL, and this solution is freeze-dried at ~107!
Torr for 1 to 2 h. To sublime the benzene and leave a solvent-free
asphaltene a 20-30 mL solution is swirled in a 250-mL round
bottom flask while submerging it in a 2-L Dewar of liquid nitrogen.
Care should be taken to achieve a smooth distribution of the
solution inside the flask walls. When the solution appears to be
solid, allow the flask to remain in the liquid nitrogen 3 min longer
for complete thermal equilibrium. Remove the flask from the
liquid nitrogen and attach with greaseless fittings to a vacuum
pump. Allow the flask to remain undisturbed until all the b

Table II. Solvent S d Fracti
weight percent
coal benzene
liquid oils? asphaltenes insolubles

A 74.2 18.4 7.4

73.3 22.0 4.7

72.0 23.2 4.8

B 74.5 18.2 7.3

72.0 19.3 8.7

(o] 62.7 20.8 16.5

62.4 20.9 16.7

D 62.6 19.4 18.0

61.9 20.8 17.3

E 57.5 29.8 12.7

57.3 30.4 12.3

F 57.6 34.0 8.4

55.8 34.5 9.7

55.7 35.8 8.6

G 58.9 32.9 8.2

57.9 34.5 7.6

57.5 34.8 A g

@ By diff Direct t gave recoveries
of >95%.

coal-derived oils in less than 6'/, hours on 3-4 grams of
material. Table II lists solvent separation results of a number
of coal liquefaction products. These products have a wide
range of viscosities from 100 to greater than 3000 centistokes
(70 °C). Samples of this kind are also known to age (12) under
certain conditions of temperature and excess oxygen, causing
changes in the relative amounts of oils:asphaltenes: benzene
insolubles. With these iderations, a of p
from a limited series of samples cannot be stated.

This summary should be used only as a guide for future
development of a common method of separation and char-
acterization of coal liquids.
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has been sublimed. This will be noticed by light tan flakes
gathering at the bottom of flask and adhering to the walls. Heating
in vacuo to remove the residual benzene may change the chemical
nature of the fraction and reduced benzene solubility will ensue.
Toluene may be substituted for benzene, but solvent removal is
more difficult. A scheme of the procedure is given in Figure 1.

DISCUSSION
We suggest the common and operationally defined names
in Table I be applied to the sol d fractions. The
term preasphaltenes is used here to reflect a class of solvent
defined substances.
This procedure has been effective in our research efforts
to provide reliable results of solvent separated fractions from
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Comments on the Savitzky—Golay Convolution Method for
Least-Squares Fit Smoothing and Differentiation of Digital Data

Sir: In 1964 a paper by Savitzky and Golay (1) describing
a technique of smoothing and obtaining smoothec. derivatives
using convolution arrays derived from the coefficients of
least-squares-fit formulas was published in this journal. That
paper has become a classic judging by the number of citations
(2)—well over 350 in more than 100 different journals—since
its publication despite the fact that the paper contained
numerous errors in the tables of convolution arrays. These
errors were first pointed out and almost completely corrected
by Steinier, Termonia, and Deltour (3) in 1972. The purpose
of this letter is threefold: (1) to present two simple equations
that may be used to check for errors in the arrays; (2) to note
the simplicity involved in generating arrays wider than 25
points (the maximum width in the Savitzky-Golay tables),
giving equations that may be used to easily expand the widths
of all the convolution arrays discussed in the Savitzky—Golay
paper; and (3) to call attention to examples that illustrate the
beneficial use of smoothing techniques in extracting infor-
mation other than simply peak position, height, and width
from spectral data made up of peaks of known profile. More
detailed discussions of least-squares-fit smoothing, than will
be given here, may be found in the review papers of Nernst
(4) and of Willson and Edwards (5).

The Savitzky-Golay convolution smoothing technique is
based on fitting an array of n (= 2in + 1, with m a positive
integer from 1 to 12) equally-spaced data points to a poly-
nomial,

Ulx) = cg + c1x + cox? + = + ¢jx/
J
= Y cx? (1)
=0

These n points are normally a subgroup of a larger group of
N points ju;(x))] (x;4; — x; = constant) and to smooth the entire
set of points (except for m points at each end of the data array
that must be treated separately) one takes a moving average.
General formulas for smoothing by moving-average fits to a
polynomial may be found in textbooks on the statistical
handling of data (6). Savitzky and Golay pointed out that
application of these smoothing formulas is equivalent in digital
computers to convoluting a uniformly-spaced data array with
a set of smoothing coefficients derived from the least-
squares-fit formulas. They further pointed out that, while
the coefficient ¢, in Equation 1 gives the smoothed value of
the data point at the middle of the n-point array being fitted
to the polynomial (= ;), the other coefficients ¢, cj, ..., and
¢, in Equation 1 correspond to the smoothed values of the 1st,
2nd, ..., and gth derivatives at the midpoint of the array,
divided by 1!, 2!, ..., and ¢!, respectively. They showed that
these simple convolution arrays could be determined from the
general equations for the ¢;'s (¢ » 0), and could be simply
used to obtain smoothed derivatives in a single convolution
operation.

The object of the digital least-squares-fit convolution
procedure is thus the determination of a set of n coefficients,
{p,"%, that may be used with a set of uniformly spaced digital
data points centered around a data point u; to obtain a
smoothed value for the ith point,

m
4= X p u, @
s=-m

or a different set of coefficients, {p,'¥)}, that give the smoothed
value of the gth derivative according to

—_ = i p.(qi Uits 3)

i=m+1,.., N-m-1. N = the number of points in the array
to be smoothed.

Savitzky and Golay give tables of |p,"| and {p,9) for fitting
to polynomials up to degree 6. Errors in those tables may be
detected by two simple tests. First, the coefficients must be
normalized such that

m
Z p@s7=(q) @)
&=-m
g=0,1,23,4,0r5. Second,if g # 0
m
X p=0 (5)
$=-m

The corrections given by Steinier et al. (3) have been checked
and found to be correct except for a value given in the first
row of their Table I. The correct value for the 5 point in
column 25 of Savitzky-Golay Table I should be 342 instead
of 343 as given by Steinier et al.

In recent model calculations to study the effects of random
noise on an iterative deconvolution scheme (7), it was found
that the 25-point smoothing arrays of Savitzky and Golay
could be too narrow for the *“best results” of smoothing where
the buildup of the noise, remaining after smoothing, in the
deconvolution process, must be balanced against the signal
broadening that results from the smoothing. For single
least-squares-fit smoothing, Edwards and Willson (8) have
found, in a study of the effects of such smoothing on noise-free
Gaussian lines, that the optimum width of the smoothing array
is 0.7 times the full width at half maximum (FWHM) of the
narrowest Gaussian line of their spectra. In a similar study
considering Lorentzian- as well as Gaussian-shaped lines, Enke
and Nieman (9) conclude that the best signal-to-noise en-
hancement from a single-pass (quadratic-cubic) smoothing
occurs for a smoothing array that is twice as wide as the
FWHM of the peak being smoothed. Thus the optimum
width of a single-pass smoothing array will depend on the
criteria set by the user. As found in our deconvolution studies,
however, that optimum width can sometimes be greater than
25 points; and the choice is then between iterative, or re-
petitive, smoothings and generation of wider, single-pass
smoothing arrays. Considering the Slutzky—Yule oscillatory
distortions (10) that can build up with multiple smoothing,
and the question of aesthetics—single-pass least-squares-fit
smoothing involves exact fits of the original data to a known
polynomial while multiple smoothing does not—use of a single
least-squares-fit smoothing array of appropriate width may
arguably be the more desirable method of smoothing data.

General formulas for the smoothing coefficients p,, for
fitting to polynomials of degree from 2 through 5, have already
been published (4, 5, 6a). Similar formulas for calculating the
P9, ¢ = 1 thru 5, have been derived and are presented in
Table I together with the formulas for p, using Roman
numerals to label the eleven equations in accordance with the
Savitzky-Golay tables of coefficients (1). With these eleven
equations one can easily extend all of the tables of the
Savitzky-Golay paper (I) for least-squares-fit convolution
arrays with no limit to the number of points in an array.

The coefficients given in the Savitzky—Golay tables () are
all integ They correspond to the s of Equati
1 through XI in Table I (sometimes divided by a factor that

0003-2700/78/0350-1383$01.00/0 © 1978 American Chemical Society
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is common to the d tor of those equations). It should
be noted, however, that the p,'9 coefficients are all less than
unity. Thus, before using the integer coefficients from the
Savitzky-Golay tables, those integers must be divided by a
normalizing factor, also given as an integer, in order to obtain
the correct p,¥ that satisfy the normalization condition,
Equation 4. The denominators of Equations I through XI give
the integer normalizing factors of the Savitzky-Golay tables.
In calculating the integer entries in corrected Savitzky—-Golay
tables (11) with a PDP-10 computer, double-precision
techniques were needed. When it was realized that the
precision needed in calculating the integers of Savitzky and
Golay was much greater than needed for most applications
of least-square-fit smoothing, the p,' were computed directly
with less precision leading to considerable simplification in
the computer program (11).

There are at least two data-processing procedures in which
least-squares-fit smoothing/differentiation techniques are
found to be potentially beneficial. In these cases, a buildup
of random noise is inherent in the procedure and smoothing
is found useful in ameliorating the signal-to-noise ratio in the
final result. In both cases the experimental spectra which are
smoothed do not consist simply of lines of known lineshape
(e.g., Voigt) but rather of step- or Heaviside-like signals on
a large, slowly-varying background. The object of the pro-
cessing in the first case, Auger electron spectroscopy on solid
surfaces, is to deconvolute the broadening and loss features
from the background-corrected signal to obtain the “true”
Auger line shape. In the second case, Rutherford back-
scattering spectroscopy from thick solid targets, it is the height,
shape, and location in energy of the threshold signals that are
to be determined by the data-processing.

Auger transitions that involve the valence electrons of a
solid result in signals whose line shapes contain information
on the valence-band density-of-states of the solid. These
signals are, in general, distorted in shape because of the
inelastic interactions that some of the Auger eiectrons undergo
before exiting the solid; and deconvolution is necessary to
extract the undistorted Auger line shape from the measured
signal. In the iterative (van Cittert) deconvolution technique
that we use, random noise is found to build up rapidly with
the number of iterations (7). This buildup can eventually
offset any improvement in the shape of the convolution-
distorted signal brought about by the deconvolution. Judicious
use of smoothing techniques is found to significantly shift the
“break-even” number of iterations at which the noise buildup
begins to offset the benefits of deconvolution-shape im-
provement on the signal. Results of model calculations in-
vestigating the buildup of noise in deconvolution have been
published (7).

The application of nuclear scattering techniques to ele-
mental analysis of solids was first discussed by Rubin, Passell,
and Bailey in an article in this journal (12). Since that pi-
oneering work, extensive use has been made of Rutherford
backscattering spectroscopy for analysis of the near-surface
regions of solids. The threshold energy for backscattering is
directly relatable to the mass of the scattering nucleus, and
the height of the threshold signal is related to the surface
concentration of the scattering element in the sample. Using
least-squares-fit smoothing coefficients, Peisach (13) has
investigated the use of differentiation to obtain energy-location
and step-height information from backscattering data and has
found that such techniques of data analysis can lead to
“improved definition of spectral energies and improved
precision in determining elemental surface concentrations”.
Potential-modulation tech that are cc ly used in
many other spectroscopies to obtain directly measured de-
rivative spectra are not practical with the experimental
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Figure 1. Spectral decomposition of Rutherford backscattering data.
Curves a through f—resolved thresholds for molybdenum, cobalt,
calcium, aluminum (and/or silicon), oxygen and carbon, respectively.
Curve g i signal after sub ing curves a through f from the
complete . Curve h—sum of curves a through g, all with unit
scaling. The lowest curve gives the backscattering spectrum before
decomposition

systems currently used for backscattering spectroscopy, thus
making it necessary to mathematically differentiate the
measured spectra using a computer. Unfortunately, for some
unexplained reason, Peisach used two different arrays for
smoothing and differentiation, thus somewhat blurring the
utility of using least-squares-fit arrays to obtain smoothed
derivatives in a single convolution.

In a similar study of differentiated backscattering data in
our laboratory (1), single convolution arrays were used to
obtain smoothed derivatives. Our conclusions as to the
advantages of using smoothed derivatives in analyzing
Rutherford backscattering data were similar to those reached
by Peisach (13). In an extension of these differentiation
techniques, it was found possible to easily decompose the
backscattering spectrum into separate threshold components.
The data used in this study were obtained with singly-charged,
2-MeV helium ions incident on the surface of an alumina-
supported, silica-promoted, cobalt-molybdate catalyst (14),
and are shown as the lowest curve in Figure 1. Plotted in
this curve are the numbers of helium ions backscattered into
a fixed detector as a function of the energy (which is pro-
portional to channel number) of the backscattered ions.
Because the threshold signals in these data turn on as one goes
from high to low energy, the data are plotted here against a
new abscissa parameter x; (= 512 - channel number + 1).

Spectral decomposition of these data was carried out using
a variation of a background correction scheme devised by
Houston (15). One can calculate a background-corrected
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spectrum Ry(x;, a;), using Houston's notation, where the
subscript 2 indicates that the second derivative of the original
data is first taken, and then this second derivative is integrated
twice to recover the original spectrum minus the constant and
linear components lost during differentiation. Using a
least-squares-fit smoothed-derivative array, the smoothing
operation occurs aut ically in the p of determining
the second derivative. x;is the independent variable used in
the integration, and a; is the lower limit of integration. Then
calculating Ry(x;, o)) and Ry(x;, aj+,), where a; and ajy, are
two x; values in the spectrum below and above the threshold
feature to be extracted, respectively, the extracted threshold
signal is given by Ry(x;, &) — Ro(x;, @jy). The locations of the
threshold signals are indicated by arrows at the top of Figure
1. The values of x; that were chosen for the a/'s in the de-
composition of the original spectrum were a; = 1; a; = 118;
a3 = 165; ay = 210; a5 = 280; ag = 349; and a; = 400. These
aj's were chosen to lie in regions of the spectrum assumed to
contain only background, and no threshold-signal, information.
There were 512 data_points in the spectrum and a 13-point
convolution array (Equation VII of Table I) was used to
determine the second derivative.

The seven spectral components resulting from the de-
composition are plotted as curves (a) through (g) in Figure
1. In the original data, three thresholds are clearly discernible
while the other three are less so. In the component spectra
(curves a through g), all six thresholds are clearly seen. As
this example calculation was performed for illustrative
purposes only, linear extrapolation of the signals below the
threshold energy (in the direction of increasing x; values) was
made instead of using the more correct reciprocal-energy
dependence (14). Note that the decrease in counts-per-channel
below threshold for the molybdenum signal indicates an
enhancement of the molybdenum concentration at the solid
surface. This result was corroborated by backscattering data
taken with 1.4-MeV protons incident on the sample (14).
Curve h gives the sum of curves a through g, all with unit
scaling, and is seen to be essentially a smoothed version of
the original data. Thus, the differentiation techniques
demonstrated by Peisach (13) as useful in nnalyzing back-
scattering spectra can be simply extended to give
threshold signals. Least-squares-fit smoothmg is beneficial
in this operation in ameliorating the noise buildup in the
differentiation. It provides a simple one-operation method

of obtaining the smoothed derivative.

The Savitzky-Golay convolution method of least-squares-fit
smoothing and differentiation of digital data is versatile and
extremely simple to use. Using only the coefficients given in
the Savitzky-Golay tables (), one is limited to a 25-point
smooth, however. Wider smoothing arrays are sometimes
desirable and may be simply generated using the eleven
equations given in Table I of this letter. Relaxing the con-
dition that integer numerator and denominator values for the
P,'¥ be calculated separately leads to further simplification
in the computer program. Smoothing has been shown in data
processing involving deconvolution (7) and/or differentiation
(11, 12) to be beneficial. Peak position, height, and width—of
lines of known profile—are not the only information that may
be sought in some spectroscopies. The smoothing techniques
of Savitzky and Golay offer an extremely simple aid in ex-
tracting additional lineshape information.
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Extension of the Rasberry-Heinrich Equation for

X-ray Fluorescence Analysis

) Sir: For an “infinitely” thick sample, the x-ray fluor
intensity is shown to be given by the following expression:

chlf)‘ll{nb To(A) wy(A)
™ ug() + o)

where K; is a factor to take care of the geometrical ar-
rangement of the sample-detector and of fundamental pa-
rameters of element j. C; is weight fraction of element j. ug(\)
is mass absorption coefﬁclent of the aample (denoted by Q)
at the incident wavelength, A. #g(A)) is mass absorption
coefficient of the sample for the primary fluorescence radiation

da 1)

of el J- #;(A) is mass absorption coefficient of element
J for the incident wavelength, . A, is mini length
of the generator tube as given by the excitation voltage. Mg,y
is wavelength of the K-absorption edge of element j.

Equation 1 does not include higher order fluorescence
effects (secondary, tertiary, etc.) that occur when the sample
contains more than one chemical element. Furthermore, we
consider monochromatic incident radiation in order to make
the physical processes therein easier to understand. This
would lead to a better understanding of what happens when
the incident spectra is polychromatic, as it is in most of the
practical cases.
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Figure 1. Possible cases of calibration curves for binary samples, I:
App=0,Bag = 0;I: Agy> 0, Bgy <0, (|Bgaa| < Aga)i I Apg
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For a binary sample containing two elements, denoted by
A and B, expression 1 reduces to:
“a(d)
Ca
Calua) + ra@a)) + (1-
Ca)us () + ug(rn))
(2)

Dividing this intensity by the one from a pure sample of
element A we get: -

I8 Ca

In Ca+ (1-Cr)asp

IAQ =IKp

Ry =

where:
_ #s() * #g(Aa) 3)
UAB T UAQ) + uada)

in the case in which both the incident and take off angles are
equal (cosecant factors are cancelled out).

Defining:
App =app -1 (4)
we arrive at a more generally used expression:
Ca
Ra (5)

"1+ Axs(1-Ca)

ANALYSIS OF THE EMPIRICAL EXPRESSION

Equation 5 has been used by many authors (1-6) as a
relationship between the relative fluorescence intensity of one
1 t and its ration. It is valid whenever the el-
ement of interest is not affected by characteristic radiation
emitted by the other element in the sample.

In Figure 1, curves III and V illustrate the behavior of R,
as a function of C, for different values of the coefficients, A,p.
The corresponding range of values of A,y are shown for each
case, correcting those ranges initially given by Rasberry and
Heinrich (I). These authors gave the values 0 < A <1
(“negative absorption™) and A > 1 (“positive absorption™)
when it should be -1 < A < 0 and A > 0, respectively.
However, this error does not affect the method proposed by
them, neither was the interpretation given to their results,
because the samples of Cr-Fe-Ni they studied do not show
“negative absorption” effects. Negative absorption occurs,
for example, in an Al-Cd sample, when it is irradiated with
the Fe Ka line and the emitted Cd La, line is observed.
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Figure 2. C/Ras a function of C for binary samples. The numbering
has the same meaning as in Figure 1

When the characteristic radiation intensity from the ele-
ment of interest is enhanced by fluorescence from the other
element, an additional term shoud be included in Equation

5 to rep such enh ; in this case the shape of
the curve will no longer be hyperbolic.
The iempirical formula proposed by Rasberry and

Heinrich (1) is:

5
Z)=1+ Cr +
(R,- nEiA"' x

BixCx
kzll-%-C‘ ®

In this expression the coefficients A; represent absorption,
while the B;, represent enhancement effects. Only the A;'s
have a theoretical justification and they could be determined
this way as well as experimentally. The By’s can only be
determined experimentally since a closed theoretical ex-
pression for them does not exist.

Denoting the components of a binary sample by A and B,
expression 6 reduces to:

(o]
Q.roe
and
C\ _ BeaCa
(1":)‘,"“‘4“‘0"‘L1+cn @)

Element A is the one capable of exciting with its characteristic
line the absorption edge of interest in element B. Figure 2
shows curves of C/R vs. C.

Five cases are now possible: I: A,y = 0, Byg = 0 (linear
calibration curve); II: Agy > 0, B, < 0 (absorption effects
overcome enhancement); III: A, > 0, B,g = 0 (preferential
absorption); IV: Ag, > or <0, By <0, (-1 < Agy + Bg, <
0) (enh t effects ovi absorption); V: A,g <0,
Bag = 0 (“negative absorption™ effects dominate).

Case II was not considered by Rasberry and Heinrich even
though it is possible; while case V is not completely dealt with.
Cases I, III, and IV are discussed by them but the ranges of
the coefficients were erroneous.

A few comments about Equation 6 are in order at this point.
Firsi, this formula does not take into account tertiary and
higher order fluor effects, always present in multi-
component system. Thus, if one tries to apply it to these
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systems, the B's will be slightly dependent on the concen-
tration of the elements. To overcome this, Hawthorne and
Gardner (7), found an additional empirical term to take into
account tertiary contributions, while keeping the coefficients
B;, independent of the concentrations. Secondly, A;; cannot
be zero when enh t is the predominant effect, as was
proposed by Rasberry and Heinrich (I), mainly because
absorption effects are always present, as noted by Budesinsky
(8), Tertian (9), and Hawthorne and Gardner (7). If one takes
A, = 0, then the B,'s would again be dependent (linearly)
on the 1

ration of the s,

DISCUSSION

We wish to point out that the importance of Equation 6
in the analysis by x-ray fluorescence of multicomponent
samples, resides in the fact that coefficients A and B should
be independent of the concentrations C4 and Cg. This is
achieved when the only effects present in the spectral line of
interest are of secondary order. When higher order effects
(tertiary, quaternary, etc.) of relative importance are present,
an additional term should be added for each of them.

Suppose now that in the analysis of a binary sample
Equation 6 is used and B,y = 0, then two cases are possible:
(i) Axg > 0, in this case A,pCp represents a loss of fluorescent
x-rays since the matrix absorbs more incident and/or
fluorescent radiation than a standard of element A. (ii) Axp
<0, in this case A,3Cy represents an excess of fluorescent
radiation as ed with a standard of el A. This
effect could be thought of as a case of “negative absorption”
since its net result is similar to an enhancement.

Let us further suppose that in Equation 8 the element B
be such that the terms Ap,C, are negligible compared with
BgxCa/(1 + Cp). Then the predomi effect is enh
of fluorescent radiation. This last term takes into account
the net excess of x-rays in the characteristic radiation of
element B, due to the fact that radiation emitted by element
A is energetic enough to produce secondary fluorescence in
element B (note that By, is always negative).

Finally, if the coefficient Bp, is such that: |B| < Aga/2
we have curves above the line (C/R)g = 1 in Figure 2. For
this relation the curve (C/R)g vs. Cy will show a maximum
in the range 0 < Cy < 1. This fact is of no physical signif-
icance, since the curve we always use to determine the un-

known element concentration is Rp vs. Cp.

APPENDIX

Consider a binary ple c d of chemical el
denoted by indices A and B such that Zp\ > Zp and My <
ABy,b, then we can write:

(8),~1+ Amar-cai+

Bga
Apa(l + Cp)

(A-1)

Hyperbolic curves will lie above (below) the line (C/R) =
1, if the factor between brackets in Equation A-1 is greater
than zero (less than zero).

Curves of type II in Figure 2 occur when the second term
in Equation A-1 is positive. Since Ap, is a positive constant,
1 + Bya/Apa(1 + Cg) must be positive too. Because By, is
always negative, the relation between By, and Ag, is Aga(l
+ Cy) > -Bpy or Ay > |Bgy| since (1 + Cy) = 1.

Curves of type V in Figure 2 are given by Equation 5,
namely, (C/R)y = 1 + Apg - App - Cs with 4,5 < 0.
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Seven-Nanosecond Time-Resolved Resonance
Raman Spectrometry of Cytochrome ¢

Sir: Knowledge of the structures of transient chemical
species, for example, reaction intermediates or excited states,
is essential to adequate understanding of chemical dynamics.
Yet few techniques yield such information on short-lived
species, particularly in condensed phases. Resonance Raman
spectrometry represents an attractive probe for transient
structures, inasmuch as the Raman scattering process itself
is extremely fast, the vibrational spectra obtained are directly
structure-related, and the resonance Raman effect can lead
to high sensitivity (detection limits <107 M) and selectivity
for a given chromophore. The resonance Raman effect and
its applications are covered in numerous recent reviews, for
example, ref. 1.

In practice, however, the instrumentally-imposed time-scale
of minutes to hours ordinarily required to obtain resonance
Raman spectra using a conventional Raman spectrometer,
consisting of a scanning monochromator with CW laser ex-
citation, has generally prevented the application of this
technique to transients. In this report we describe the
successful acquisition of time-resolved resonance Raman (TR?)
spectra of the heme protein cytochrome ¢ in dilute (5.5 X 107
M) aqueous solution, excited by a single seven-nanosecond
laser pulse. This result represents a ten order of magnitude
improvement over conventional techniques in the time re-
quired to obtain spectra with comparable signal-to-noise ratios
(S/N), and a two order of magnitude improvement over the
best time resolution previously reported for single-pulse
resonance Raman spectra.

EXPERIMENTAL

The key device which allows the rapid detection of Raman
spectra is the vidicon Raman spectrograph, which combines the
spectral multiplex advantage of photographic spectrography with
the speed, sensitivity, and linearity of photoelectric detection. The
details of vidicon Raman spectrography are discussed elsewhere
(2, 3). In the present study, we employed an apparatus comprising
a SPEX 1870 0.5-m spectrograph incorporating a 1800 groove/mm
holographically recorded diffraction grating, and a Princeton
Applied Research 12501 Optical Multichannel Analyzer detection
system. The vidicon screen was located in the image plane of the
spectrograph. This vidicon spectrograph allowed a 345 cm™
segment of a Raman spectrum to be recorded in a single exposure,
with laser excitation at 5318 A.

Pulsed-laser excitation was provided by the second harmonic
of a Quanta-Ray DCR-1 Q-switched Nd:YAG oscillator, which
produced a maximum per-pulse energy of 75 mJ at 5318 A. The
measured pulsewidth of this laser is 7 ns (FWHM) and the
repetition rate is variable from single-shot to 25 Hz. For com-
parison to the 5318 A-excited TR® spectra, conventional CW
resonance Raman spectra were obtained using 5309 A excitation
from a Kr* laser, and a Cary 82 spectrometer with a cooled I'TT
FW-130 photomultiplier tube and photon counting signal pro-
cessing.

RESULTS AND DISCUSSION

The spectral multiplex advantage of a vidicon Raman
spectrograph, in conjunction with pulsed-laser excitation of
Raman scattering, allows time-resolved Raman spectrometry
to be performed with time resolution equal in principle to the
laser pulsewidth (2-9). For normal, nonresonant Raman
samples, vidicon spectrometry has been used to acquire
time-resolved spectra using both single laser pulses (3, 6-9)
and repetitive pulses with signal averaging (3, 7, 8). However,
because of the feeble nature of normal Raman scattering,
exploitation of the resonance Raman effect is necessary to
render time-resolved Raman techniques generally applicable

to dilute chemical transients. Yet only two groups (4, 5) have
reported tim lved r R spectra employing
pulsed-laser excitation. Another group has reported resonance
Raman spectroscopy of t i in electroch | reactions,
using CW laser excitation and phase-sensitive detection (10,
11).

Formidable experimental difficulties, in addition to those
encountered in normal Raman spectroscopy, are encountered
in the time-resolved resonance Raman case. In the normal
Raman case, the sample generally does not absorb light at the
laser wavelength, while in the resonance Raman case it is
typical for virtually all the light at the laser wavelength to be
absorbed within the scattering volume of the sample. When
pulsed-laser excitation is employed with an absorbing sample,
which is the usual TR? requirement, complications can be
expected from sample heating and photochemistry. Fur-
thermore, optical requirements coupled with high peak laser
power can lead to damage to sample and cell material. The
two previous TR? studies minimized these probl either
by employing many repetitive excitation pulses at rather low
per-pulse energy to gain 5-ns time resolution (4), or by using
relatively long-duration (0.6 us) single-pulse excitation to
minimize peak pulse power at relatively high per-pulse energy.
In the present study, we sought to obtain TR? spectra with
time resolution of a few nanoseconds while retaining the ability
to acquire a spectrum excited by a single laser pulse.

Figure 1 shows spectra of the heme protein cytochrome ¢
at 5.5 X 10™* M concentration in aqueous solution, recorded
using conventional scanning with 5309 A CW excitation, and
the TR® apparatus with 5318 A pulsed excitation in both
repetitive and single-pulse modes. Comparing the CW
spectrum to the repetitive-pulsed one, several points can be
made. First, the spectra are essentially the same, feature for
feature, indicating that the per-pulse energy which we employ,
11 mJ in the present case, does not degrade or significantly
perturb the photolytically-stable heme chromophore of this
protein. The shoulder on the low-frequency side of peak C
is a spectrograph artifact, and the difference in relative areas
of peaks D and E is due to a slightly different resonance
condition between 5309 A and 5318 A excitation. Second,
considering the improved S/N in the pulse-excited spectrum
and the laser powers employed in each case, the vidicon
Raman spectrograph realizes approximately a factor of 50
improvement over conventional scanning in spectral acqui-
sition time per scattered photon, without regard to whether
the Raman experiment is CW or time-resolved. This is
partially due to the spectral multiplex advantage, and partially
due to the greater luminosity, of the vidicon spectrograph. It
should be noted that the Cary 82, because of its triple
monochromator configuration, suffers a luminosity disad-
vantage of a factor of perhaps 2 or 3 compared to current
scanning instruments. Third, it is clear that repetitive-pulse
TR? spectra can be obtained with excellent S/N. The middl
spectrum was obtained by excitation from 1300 pulses of 7-ns
duration, at a repetition rate of 10 Hz. Thus the sample was
exposed to laser radiation for only 1.3 X 107 s out of a total
spectral acquisition time of 130 s, and time resolution of 7 ns
is possible for any process which can be repetitively initiated
the required number of times.

To obtain TR? spectra in processes which cannot be rep-
etitively initiated, single-shot acquisition of TR?® spectra is
required. The bottom spectrum in Figure 1 was obtained using
a single excitation pulse from the Nd:YAG oscillator, delivered
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during the 0.6-us retrace time of the OMA detector. Otherwise
the conditions were identical to those employed for the
repetitive-pulse spectrum. The S/N of the single shot
spectrum, 3.5 for peaks C and H, is the expected factor of 36
poorer than for the repetitive-pulse spectrum, and approx-
imately a factor of 8 poorer than the CW-scanned spectrum.
Nevertheless, the main features, peaks C, E, H, and perhaps
F, are visible in the single-shot spectrum. The acquisition time
for the single-shot spectrum is a flat factor of 7 X 10" shorter
than that for the CW-scanned spectrum in Figure 1. Con-
sidering the S/N deficit suffered by the single-shot spectrum,
allowing the CW spectrum to be acquired 64 times faster than
that in Figure 1 to give S/N equal to the single-shot spectrum,
this represents a real improvement of ten orders of magnitude
over the conventional Cary 82 spectrometer in the temporal
acquisition of comparable spectra. We feel that the S/N of
the single-shot spectrum can be improved by a factor of three
to ten by improving the present scattering geometry, without
changing other experimental parameters.

Compared to the previous TR?® studies (4, 5), the present
report represents a conspicuous improvement in S/N for
repetitive-pulse TR? for comparable time resolution, and an
improvement of two orders of magnitude in time resolution
over the only previously reported single-shot TR® spectra (5).
We are presently pursuing in these laboratories applications
of TR and related techniques to the dynamics of heme protein
ligation and electron transfer reactions.
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Fast Fourier Transform Based Interpolation of Sampled

Electrochemical Data

Sir: The expanding use of on-line, computerized digital data
acquisition in scientific measurements has many demonstrated
benefits. However, one apparent disadvantage of this
measurement approach is the fact that the acquired data are
sampled, rather than continuous. If sampling rates cannot
be made sufficiently large, resolution problems can arise which
are not encountered with continuous analog data. For ex-
ample, precise identification of magnitude and position of
peak-type responses, as well as recognition of peak-shoulder
combinations, in chromatography, spectroscopy, and elec-
trochemistry may be hindered by inadequate resolution of
sampled data. These difficulties can be overcome somewhat
by drawing a smooth curve through the sampled data.
However, this form of manual interpolation is too subjective
to provide an adequate solution. A more objective inter-
polation approach, based on a firm mathematical foundation,
is needed. One of the most appealing of these is Fourier
domain (FD) interpolation, which has been successfully
implemented in processing spectroscopic data by Griffiths (1),
and Horlick and Yuen (2). FD interpolation is a convenient,
simple, and mathematically rigorous technique whereby the
FD spectrum of the data array to be interpolated is computed,
extended by a factor of 2" (n = positive integer) by “zero
filling” (1), and inverse Fourier transformed. The resulting
interpolated array contains 2" times the number of points in
the original array. The procedure validity rests upon the

Assuming that an on-line minicomputer is the element whlch
controlled the original data ling, it is

implement the FD interpolation approach using the FFT
algorithm as the basis for data domain-Fourier domain
transforms.

Electrochemical represent a field where
sampled data interpolation can be quite useful in assisting
evaluation of parameters such as peak magnitude and position,
peak full-width at half-height, half-wave potentials, peak
separations, and the like, yet we are unaware of published work
in this area. Because FFT software or hardware already is -
required in FFT faradaic admittance measurements (3, 4), the
FD interpolation concept is particularly convenient and
appealing in this context, especially when the ac cyclic
voltammetric (5) and rapid dropping mercury electrode (6)
modes are invoked with rapid dc potential scan rates. If FD
interpolation can be shown to be precise and accurate in an
electrochemical context, the concept of reducing total mea-
surement time and p memory requir ts by ac-
quiring fewer-than-normal points along the dc potential, time,
or frequency axes can be entenamed Rather than increasing
data density by special techniques (7), which put
significant demands on measurement repeatability, the data
density may be enhanced by FD interpolation. Because of
the foregoing considerations, we have evaluated the FD in-
terpolatwn procedure in the context of faradaic admittance

assumption that the original data array, while possibly

polar and freq y spectra, as well

providing insufficient resolution to satisfactorily serve its
intended purpose, is adequate to define its FD spectrum.

as dc cyclic voltammetry We believe these data types to be
reasonably representative of the resp types
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in electrochemical relaxation measurements. Some typical
results are presented here.

The software routine we have written to invoke FD in-
terpolation utilizes the FFT algorithm. It also allows one to
invoke FFT digital filtering (8) to smooth the data sets prior
to (or after) interpolation. Whether or not digital filtering
is invoked, the software fits a polynomial to several points on
each extremity of the original data array and subtracts this

polynomial from the original array before interpolation and/or
filtering. This data domain modification ensures that the data
domain array will begin and terminate at zero magnitude, with
a negligible first derivative, effectively suppressing truncation
error (8-10) which can arise in either the filtering or inter-
polation step. A suitably interpolated version of the poly-
nomial is added to the interpolated data domain array as the
final step, producing the enhanced version of the original data
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Table I. P ters Obtained from Interpolated Data of Figure 2

no. of sampled peak peak full-width
data points in interpolation peak dc admittance, at half-height,

initial array factor potential, V mho X 10* mV

30° %22 —-0.544 8.80 47

30 X2y —-0.5442 8.827 47.4

15 %28 —-0.5444 8.828 48.7

10 x:2? -0.5444 8.753 48.8

8 x:28 —-0.5437 8.284 53.9

@ Best estimates from original data.
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Figure 3. Effect of FFT digital filtering and interpolation on a noisy
in-phase faradaic admittance polarogram. System, applied, and
measured as in Figure 2, except frequency is 195.3 Hz., O = original
sal data, * = original data after digital fittering, and + = interpolated
(X2%), filtered data

array. When a data domain set does not contain 2" (n =
integer) points, as required by the FFT algorithm, the data
set is zero-filled to the nearest 2™-point value, following the
polynomial subtraction routine. As long as preceded by
polynomial subtraction, zero-filling causes no errors. The
program is interactive, allowing the operator to enter ap-
propriate parameters for the data domain polynomial
modification, the optional FFT filtering, and the FFT in-
terpolation. We call attention to a recently presented in-
terpolation algorithm (71) which is equivalent to the FFT
approach described here, but uses significantly fewer cal-
culations. However, significant time savings are not realized
with the small transforms used in this work.

Figure 1 shows interpolation results with some ac cyclic
faradaic admittance voltammograms on the TMPD*/TMPD
couple (TMPD = tetramethylphenylenediamine) at a Pt
electrode in a nonaqueous electrolyte. An essentially perfect
match between the interpolated and original data trend results
(Figure 1B), and identification of the forward and reverse scan
*““crossover point” (12), peak potentials, and peak magnitudes
is significantly assisted by the FD interpolation (Figure 1C).
Points are sufficiently close-spaced in the interpolated
voltammogram that the ultimate interpolation, a continuous
curve, can confidently be generated by the expedient of a
straight line fit between adjacent data points (Figure 1D).

An important question when considering use of FD in-
terpolation is how many sampled data points are required to
accurately define the data array FD spectrum. This question
is addressed in Figure 2, where a relatively narrow two-electron
reduction faradaic admittance polarogram is considered. The
original polarogram, composed of 30 sampled data points, is
interpolated to 232 points in Figure 2A. Figure 2, B-D show
results of deleting data points from the original data set,
followed by interpolation to approximately 232 points. Casual
examination of the results clearly indicates that beginning with
only 8 data points (Figure 2D) leads to qualitative distortion
of the polarogram. However, such distortion is not evident
for the 15 and 10 sampled data point cases (Figure 2, B and
C). Indeed, careful inspection of admittance magnitude
printouts indicates that, although systematic error in the
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Figure 4. Effect of FFT digital filtering and interpolation on a typical

cot ¢ polarogram. System and applied as in Figure 2. Measured: cot

¢ vs. dc potential at 585.9 Hz., where (A) uses same notation as Figure

3, and (B) is continuous curve obtained as in Figure 1D

L~

3

CURRENT/AMPS/ 10
i 3

~6a
o't
-2.30 -0.25 .28 -0.15 9.10 -0.85 8.00
POTENTIAL/VOLT
v B8
sn
<
g °
E-n
& -va
4
=]
O-aa
% .28 -.15 -0.18 2.95 0.0

.25 K

POTENTIAL/VOLT

Figure 5. FD interpolation applied to a dc cyclic voltammogram.
System, applied, and measured as in Figure 1, except dc component
measured, (A) shows original (O) and interpolated (0) data, and (B) is
a continuous curve obtained as in Figure 1D

admittance magnitude becomes detectable with 10 points, the
FD interpolation results with this sparse data set still yield
satisfactory peak parameters (Table I).

Figures 1 and 2 eschew FFT digital filtering because the
raw data are relatively noise-free. This is not the case in Figure
3, which shows results of combining digital filtering and
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System and applied as in Figure 2. Measured: peak admmance vs.
w"2. Notation: as in Figure 4

interpolation when a distressingly noisy admittance po-
larogram is presented. The peak potential (-0.545 V) and
full-width at half-height (49 mV) obtained from the filtered,
interpolated data are in excellent agreement with the values
obtained from the more reliable raw data of Figure 2 and
Table I.

Figures 4 and 5 illustrate typical interpolation results for
a cot ¢ polarogram and a dc cyclic voltammogram, respec-
tively. Figure 6 depicts an attempt to apply the FD inter-
polation procedure to admittance spectra data, where the
sampled data array is not equally spaced along the abscissa,
as the FFT algorithm assumes. Because of this, interpolated
data point separations along the abscissa are nonuniform.
Nevertheless, this not-strictly-valid procedure yields satis-
factory results, including an only slightly flawed continuous
spectral response (Figure 6B).

The results shown in Figures 1-6 demonstrate that FD
interpolation of electrochemical data can be performed with
precision, and to the point of allowing generation of a con-
tinuous analog readout, the ultimate interpolation. Ease of
identification of peak potentials, widths, and magnitudes are
greatly assisted. When FFT digital filtering and FD inter-
polation are combined, rather substantial data enhancement
can be realized, allowing one to recover from a relatively nmsy
and/or sparse data array quite satisfactory electroch
response parameter values. The concept of reducing sampled
data density to conserve computer memory and/or mea-
surement time, and recovering the lost resolution via FD
interpolation is supported by the above results.
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Fluorescence Line Narrowing Spectrometry in Organic
Glasses Containing Parts-per-Billion Levels of Polycyclic

Aromatic Hydrocarbons

Sir: The fact that carcinogenic and mutagenic properties
of polynuclear aromatic hydrocarbons (PAHs) can be strongly
dependent on isomeric structure (I) has prompted us to
develop new laser based methodologies characterized by
resolution sufficient to distinguish between structural i
In addition to very high selectivity, the requirements that our
techniques be quantitative, sensitive (<1 ppb), nondestructive,
and rapid have limited the scope of our investigations.

Given the critical dependence of the electronic structure
of polyatomic molecules on B¢ try and the sub-
stantial fl effici of PAHs (2),
fluorescence based methods for PAH measurements seem very
attractive. However, the aforementioned selectivity re-
quirement presents real difficulties and precludes, for example,
liquid solution or conventional gas phase fluorescence
spectrometry as viable starting points. In the latter case,
overlapping rotational structure produces broad rovibronic

bands while in the former case, solute-solvent interactions
also afford broad bandwidths (FWHM ~200 cm™). (All
bandwidths stated below are “full-width half maximum" or
FWHM.)

Although it appears that the problem of overlapping ro-
tational structure can be eliminated (3), we wish to report here
on a solid state fluorescence based technique which we believe
satisfies all the requirements delineated above. Before de-
scribing it, we note that it has been known for over 20 years
that the low temperature electronic absorption and lu-
minescence spectra of PAHs imbedded in crystalline matrices
can be sharp (55 cm™) (4). This degree of sharpness satisfies
the selectivity requirement. For any matrix, selectivity can
also be enhanced temporally (5) since PAH fluorescence
lifetimes are known to vary by several orders of magnitude
(2). Possible matrices include host PAH crystals, Shpol'skii
(n-paraffin) solvents, and, to a lesser extent, “inert” gases like
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Ar, The first and last matrices do not seem very attractive,
partly because of lengthy (~several hours) sample preparation
time. Quantitative measurements on and characterization of
PAHs in Shpol'skii matrices are being pursued (6). It should
be noted that mismatch of the PAH and n-paraffin lengths
leads to broad fluorescence bandwidths when excitation is
provided with broad band or high energy sources. The
multiplet structure (due to energetically inequivalent impurity
sites) characteristic of Shpol'skii matrices poses another
problem since the multiplet fluorescence pattern depends on
the sample cooling rate (7). In our opinion, these problems
are soluble but at the expense of sample analysis time (for
example, resolution of a complex mixture of PAHs would
require the use of several different Shpol'skii matrices).

Fluorescence line narrowing spectroscopy (FLNS) of PAHs
in organic glasses is the alternative solid state approach to
be described here (8). Although low temperatures (~4 K)
electronic molecular absorption spectra in glasses are severely
broadened (FWHM of vibronic bands ~200 cm™) due to site
inhomogeniety, narrow laser line excitation near (vide infra)
the absorption origin of the fluorescent state affords sharp
lined fluorescence spectra. This effect in glasses was first
observed by Personov and co-workers (9). The same effect
in mixed molecular crystals was observed using incoherent
monochromatic excitation as early as 1967 (10). FLNS is
simply a manifestation of the fact that only impurity sites
whose excitation profiles overlap with the laser frequency
profile are able to fluoresce. It is most pronounced at low
temperature (~4 K) where impurity site interconversion rates
are not competitive with fluorescence. Frequently, the re-
ported vibronic linewidths in line narrowed spectra are laser
limited, i.e., the homogeneous fluorescence linewidth is
narrower than the laser linewidth.

Organic glasses were the media of choice for our FLNS
studies for the following reasons: PAH solubility and con-
centration gradient problems are minimized, high optical
quality which minimizes laser scattering, broad impurity
absorption linewidths which facilitate PAH excitation, and
their potential for accepting water. The latter property allows
for direct analysis of contaminated water samples, vide infra.
At the outset, we realized that the applicability of FLNS for
PAH measurements would be limited primarily by the glass
characteristics. After surveying several different glasses, the
1:1 glycerol:H,O system was found to be almost ideal. Glass
formation at 7' 4.2 K is facile (15-min cool down time from
room temperature with no glass cracking), the glass has a high
water content, and the high glass quality is reproducible.
These properties will be emphasized in what follows.

A full description of the FLNS system will be given at a
later date. Briefly, it consists of a 3-L Pope Scientific double
nested glass liquid He Dewar with quartz optical windows
(hold time ~6 h), and a Control 553 U Ar-ion laser with UV
output at 363.8, 351.4, 351.1, 335.8, 334.5, and 333.6 nm. Laser
powers delivered at the sample are typically 100, 30, 110, 20,
20, and 20 mW, respectively. Spatial separation of the laser
lines is achieved with external prisms. Saturation effects at
these power levels are negligible. The detection electronics
include a photon counting system, although the data presented
here were obtained using conventional analog detection with
a cooled EMI 9558 QB PMT. A McPherson Model 218
1/3-meter spectrometer was utilized, unless otherwise stated,
at a 0.1-nm resolution with slits collinear to the laser beam.
Thin walled plastic culture tubes (1-cm o.d.) are used for glass
formation and are at least 85% transmitting at all excitation
wavelengths.

It is worth noting that molecular absorption spectra of

pecies imbedded in organic gl can be subject to the
phenomenon known as laser induced nonphotochemical hole
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Table I. Comparison of the Line-Narrowed Fluorescence
Spectrum of Pyrene in a 1:1 Glycerol-Ethanol Glass at
4.2 K with the Fluorescence Spectra of Pyrene in
Biphenyl and Fluorene at ca. 10 K¢

fluorene?  biphenyl® glass® analysis
26690 vs 26734 vs 26902 vs origin
410s 408 vs 408 ms 408, A,
459 m 456 m 460w 456, B,
597 m 596s 592w 596, A,
738 m 736s 734m 736, B,
805 ms 801s 805 ms 801, A
820 m 816 m 2 x 408
1066 ms 1063 s 1068 w 1063, A
1116 ms 1111 ms 1110 ms 1111, B,
1213 m 1208 mw 1210 vw 408 + 801 -1
1246 ms 1240, 1246s 1243 mw 1240,
1335w 1332 vw 1330 mw 596 + 736
1409 vs 1408 vs 1410s 1408, A,
1476 m 1471w 1476 vw 408 + 1063
1555 ms 1662 s 1550 mw 1552, A,

@ The position of the origin is given in cm™*! and is
vacuum corrected for the mixed-crystal spectra. All
other entries show differences from the origin. ° Lines
of ““medium” strength, or greater, have been taken from
reference 15 as has the analysis above. € Spectrum
excited by Aex = 363.8 nm, 30 mW at the sample.

burning (11). The hole burning does affect fluorescence
intensities but only to a small extent and, fortunately, in a
way that would not affect the analytical capabilities of FLNS
in organic glasses (12). Glycerol was found to exhibit suf-
ficiently low background fluorescence to permit its use without
further purification. For example, we were unable to detect
pyrene and anthracene in blank glycerol:H,0 glasses.

The greatest amount of fluorescence line narrowing is
obtained when )A,, (excitation wavelength) lies within the
absorption origin of the fluorescent state, S;. As the excess
vibrational energy in S, provided by A,, increases, the
probability of exciting different vibrational sublevels belonging
to different sites of a given impurity increases. Ultimately,
when excitation is into a very spectrally congested region, the
fluorescence line narrowing effect is essentially completely lost.
This behavior is shown in Figure 1 for pyrene in a 1:1 gly-
cerol:ethanol glass. The prominent band near 372 nm in the
upper spectrum is the principal fluorescence origin. The
363.8-nm laser line corresponds to excitation ca. 560 cm™
above the zero-point level of S;. The origin's linewidth is 0.16
nm (instrument limited). The fluorescence spectrum is quite
detailed and can be ¢ d with the very sharp fluorescence
spectra of pyrene obtainable in mixed crystals at low tem-
perature, see Table I. The weak but sharp band to lower
energy of the principal origin (at 370.6 nm) is a secondary
pyrene fluorescence origin due to different pyrene sites than
those which contribute to the major origin. In the middle
spectrum, the excess vibrational energy provided by the Ay,
= 351.1, 351.4 nm doublet is ~1600 cm™. Note that the
principal fluorescence origin exhibits a prominent doublet
(splitting = 0.3 nm) due to excitation with the two different
laser lines. The doublet component linewidths are 0.3 nm.
Finally, in the lower spectrum, the average excess vibrational
energy is ~3000 cm™ and no sharp structure is observed. The
origin linewidth is 1.7 nm, and this width equals the
fluorescence linewidths due to any one of the three laser lines
(as verified by spectra obtained using each of these three laser
lines individually). Behavior similar to that depicted in Figure
1 has been reported previously (8, 9). The spectra suggest the
potential advantage to be gained by using a tunable dye laser
to generate the FLNS of PAHs. Only then can one be assured
of generating sharp line fluorescence spectra for all species.
The additional advantage of tunability is that it provides a
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1 and the excess energy content of the exciting light quantum

on the intramolecular zero-phonon vibrational bands. While
the matrix used for these studies is formally a glass, we observe
structures in our spectra which are similar to ones observed
in crystal spectra. We use the term “phonon™ broadly for we
t envision the effective delocalization of a vibrational

a mixture of two isomers, e.g., anthracene and ph
which are known to be difficult to resolve using conventional
GC-MS techniques (13), the excitation wavelength may be
chosen to excite anthracene while being too low in energy to
excite phenanthrene, thereby resolving the mixture.

With our existing laser, sharp line spectra in glycerol:water
glasses have been obtained for many PAHs including pyrene,
anthracene, phenanthrene, azulene, 9-methylanthracene,
triphenylene, and chrysene. Attention has been focused on
pyrene and anthracene since their absorption spectra are quite
compatible with the 363.8-nm laser line. Representative
spectra are shown in Figure 2. The upper spectrum is that
of anthracene (as verified by vibrational analysis) with the
principal fluorescence origin near 380 nm. The broader feature
built on the origin and displaced 0.5 nm (35 cm™) to lower
energy is a phonon side band. Similar structure can be seen

mode throughout the glass matrix. The side bands may be
intimately connected with the solvent cage-excited molecule
interaction and, in fact, the relative magnitude of the phonon
wing to the O-O line varies from one glass to another. The
363.8-nm excitation wavelength is ~1100 cm™ above the
fluorescence origin and at least partially explains why the
anthracene zero-phonon linewidths are somewhat broader than
those of pyrene (lower spectrum). The lower spectrum agrees
well with that in Figure 1 particularly since the glasses are
different. The lower two spectra in Figure 2 were obtained
at a sensitivity 5X greater than the upper one. We note that
the middle spectrum corresponds to an equal mixture of
anthracene and pyrene (100-ppb concentration). Comparison
of the pyrene fluorescence intensities in the two lower spectra
gave us the first indication that the glycerol:water glass quality
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Figure 2. Resolution of a mixture of two PAHs through fluorescence
line narrowing spectrometry. All spectra were measured at 4.2 K and
excited by A,, = 363.8 nm

might be sufficiently reproducible to permit quantitative
measurements on PAHs without having to resort to internal
standards.

That this is the case has been firmly estabhshed for both
pyrene and anthracene. The data for concentrations ranging
between 3 ppm and 1 ppb are contained in Table II. For both,
the principal fluorescence origin peak height was used for
calibration. The linearity between peak height and con-
centration expected in the low concentration regime is ob-
served, cf. caption to Table II. The following points deserve
emphasis. (i) Data in Table II were obtained using mixtures
of pyrene and anthracene with the concentration of the PAH
of interest varying between 0.2 and 5.0 times the concentration
of the other component. (ii) Data were collected over a 3-day
period so that more than three liquid helium Dewar prepa-
rations and liquid helium transfers were involved. (iii) Facile
glass formation of glycerol:H,O permitted analysis of ~15
samples during a 6-h period.

In regard to the first point, one would not expect Forster
energy transfer (14) for the concentration levels used in our
studies to be operative and the linearity of our data is con-
sistent with this assertion. We have prepared quite complex
multic t PAH ples ¢ ining known of
pyrene and anthracene and have found their analysis to be
unaffected by the other species. At the present time, real
samples are being analyzed for PAHs such as phenanthrene,
anthracene, chrysene, and pyrene.

Table II. Calibration Data

pyrene anthracene
peak
concn, height, conen, height,
ppb BA? ppb nA?
5 0.006 1 0.0024
10 0.014 5 0.010
50 0.061 10 0.021
100 0.120 50 0.098
500 0.560 100 0.170
1000 1.0 500 1.0
3000 2.8 1000 1.8
3000 3.9
least squares least squares
correlation correlation
coefficient = coefficient =
0.993 0.989
@ The origin, zero ph , line was d (back-

ground corrected). Between two and five points were
taken at each concentration with an average precision,
calculated as the average deviation, of 8%.

Within the near future, the FLNS system will be expanded
to include a tunable No-pumped dye laser, a gated detection
system, and a rapid scan intensified diode array spectrometer.
In this way, the resolution (selectivity) will be significantly
enhanced, both through selective excitation and temporal
discrimination. The addition of a diode array spectrometer
promises to ensure that a convenient analysis time for even
complex multicomponent samples can be maintained.

In summary, it is our belief that laser induced FLNS of
fluorescing organic pollutants such as the PAHs in organic
glasses will develop into a practical analytical tool possessing
the attributes discussed earlier. The high selectivity (reso-
lution of structural isomers) and ability to analyze contam-
inated water samples directly (without preseparation of the
contaminants) are particularly noteworthy.

a
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Fluorescence Labeling of Dicarboxylic Acids for High Performance

Liquid Chromatographic Separation

Sir: Easy and efficient methods are needed for the sep-
aration and detection of dicarboxylic acids in urine or in blood
serum. Present methods frequently involve the derivatization
of the acids for separation and identification by GC or GC-MS.
Jellum (1) has recently reviewed the use of GC-MS in the
analysis of organic acid in body fluids.

The analysis of dicarboxylic acids and a-keto acids by
HPLC is not yet widespread. One of the major reasons for
that fact lies in the lack of a suitably sensitive detector for
all but the aromatic acids. Some attempts have been made
to use the quinoxalone derivatives of a-keto acid (viz., 2) in
HPLC. The quinoxalone reagent is highly selective toward
a-keto acids, and the derivative can be detected by UV or
fluorescence. Phenacyl derivatives of dicarboxylic acids have
been used in HPLC in conjunction with a UV detector (3).

Recently Dinges (4) has reported the use of 4-bromo-
methyl-7-methoxycoumarin (Br-Mmc) as a fluorescence la-
beling reagent in the TLC analysis of fatty acids. Diinges et
al. (5) have reported an improved procedure using crown ether.
Lam and Grushka further improved the methodology by using
a crown ether catalyst (6) and they have separated the de-
rivatives using reversed phase HPLC. Dinges, in his work
(4, 5), reported that the dicarboxylic acids could not be de-
rivatized with Br-Mmec.

Fluorescence labeling in conjunction with HPLC is at-
tractive since the detection limits are quite low. To the best
of our knowledge, however, the preparation and separation
of fluorescing derivatives of dicarboxylic acid have not been
attempted. This is somewhat surprising in view of the
physiological importance of these compounds. The present
paper described the procedure by which the Mmc derivatives
of dicarboxylic acids and a-keto acids can be formed. Use is
being made of the fact that the potassium salts of the acids
can be transferred to an aprotic solvent with crown ethers.
The carboxylate ions in an aprotic solvent are rather reactive,
thus facilitating alkylation reactions. The derivatives of the
acids can then be separated by HPLC and detected with a
fluorometer.

EXPERIMENTAL

Apparatus. The liquid chromatograph consisted of a model
396 Milton Roy Minipump (LDC, Riveria Beach, Fla.), and a
Gilson (Middletown, Wis.) Spectra/Glo fluorometer. The ex-
citation filter had a maximum transmittance at 360 nm and the
emission filter had a cut-off valve of 400 nm. The samples were
introduced via a Rheodyne injection valve model 70-10 purchased
from Altex Scientific Co. (Berkeley, Calif.). The stainless steel
column, 22.3 cm X 4.2 mm i.d., was packed by the conventional
slurry technique with C,z bonded Partisil 10.

Regents. Partisil 10 was obtained from Whatman Co. (Clifton,
N.J.). The dicarboxylic acids, 18-crown-6, DNS (5-dimethyl-
amino-1-naphthalenesulfonyl chloride), and solvents were obtained
from various sources and used without further purification.
4-Bromomethyl-7-methoxycoumarin (Br-Mmc) was prepared
according to Secrist et al. (7). The a-keto acids were obtained
from Sigma Chemical Co. (St. Louis, Mo.) and were used without
further purification. The mobile phase consisted of various ratios
of reagent grade methanol and distilled, deionized water.

Procedure. The derivatives were prepared by adding 4-6 mg
samples of the acids, 3-4 mg of K,CO,, and 1-2 mg of crown ether
to a 50-mL round bottom flask, and dissolving the mixture in 10
mL of a previously prepared solution of 4-bromomethyl-7-
methoxycoumarin in acetone (0.15 g in 100 mL acetone). The
reaction flask was placed in a preheated oil bath at 80-90 °C where
it was allowed to reflux for 1 h. Samples for injection were

REaCTION T Wi, (&

Figure 1. Study of the rate of derivative formation. The acid being
derivatized is suberic acid
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Figure 2. Relationship between the detector response and the amount
of acid (azelaic) used in the reaction

obtained directly from the product solution without further
treatment.

The injection was made with a 25-uL syringe. The chroma-
tograms are given in terms of relative intensity. Capacity ratios
for the a-keto acids were measured relative to DNS. All the
chromatographic runs were made at ambient temperatures.

RESULTS AND DISCUSSION

The excitation and emission spectra of the Mmc derivatives
are described elsewhere (5, 6). Lam and Grushka (6) have
studied various derivatization schemes of mono acids with
Br-Mmc. They have shown that the use of K,CO; to form
the salt prior to the phase transfer yields an excellent
compromise between the ease of the procedure and the rate
of derivative formation. Using crown ether, the reaction time
was reduced drastically from that reported by Dinges (4). As
indicated earlier, Diinges could not derivatize dicarboxylic
acids. It was felt that with the crown ether transferring the
dicarboxylate to an organic solvent, the derivatization reaction
with Br-Mmc can be accelerated. Figure 1 shows the result
of a reaction rate study. The amount of suberic acid-Mmc
ester is plotted vs. the reaction time. The amount of ester
formed is proportional to the peak height ratios, i.e., the height
of the suberic ester relative to that of the anthracene internal
standard. The figure shows that derivatization can take place
and that the reaction is essentially completed in 1 h. However,
sufficient acid is derivatized in a 15- to 30-minute period to
give reproducible response with the fluorescence detector.

The products of the derivatization procedure should be
proportional to the amount of the starting acids. Figure 2
shows a typical result. A plot of the peak height of azelaic
acid-Mmc derivative relative to anthracene vs. the amount
of the acid introduced to the reaction varied yields a straight
line. Each experimental point was obtained after a reaction

0003-2700/78/0350-1398801.00/0 © 1978 American Chemical Society
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Figure 3. Separation of dicarboxylic acid derivatives on a C, column.

Detector: fluorometer. Mobile phase: 55% water/methanol; fiow rate:
2.33 mL/min. (1) malonic, (2) succinic, (3) glutaric, (4) adipic

MIN
Figure 4. Separation of dicarboxylic acid derivatives on a C,s column.

Detector: fluorometer. Mobile phase: 50% water/methanol; flow rate:
3.30 mL/min. (1) pimelic, (2) suberic, (3) azelaic, (4) sebacic

period of 1 h. The straight line indicates that the procedure
is suitable for quantitative purposes.

Figures 3 and 4 show some chromatographic separations
of several dicarboxylic acids. Although no attempts were made
to optimize the resolution and maximize the number of acid
separated, it is clear from the figures that a methanol gradient
can be used to separate the C, to C,, dicarboxylic acids with
little difficulty. Oxalic acid, not shown in the figure, can be
derivatized rather easily.

To ascertain the detection limits, two different samples of
azelaic acid were derivatized. The resultant derivative so-
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Table I. k' Capacity Ratios (Relative to DNS) of
Some a-Keto Acids®

a-keto acids k'
glyoxalic 4.26
pyruvic 4.72
a-ketobutyric 7.01
oxalacetic 5.97
a-ketoglutaric 1.99

@ C,,-Partisil 10 column, 50% water/methanol mobile
phase. Flowrate: 0.71 mL/min.

lutions were diluted successively and injected into the
chromatograph until the signal was twice the noise level. The
detection limit was found to be about 2 X 107'° mol.

a-Keto acid can also be derivatized using the above pro-
cedure. Table I shows the capacity ratios, k’, of several such
acids. DNS was used as the inert peak in the calculations of
the k’values. The large differences in the k’values indicates
that the acids show in Table I can be resolved easily. The
retention order of oxalacetic acid and a-ketoglutaric acid
should be compared with that of succinic and glutaric acid.
It is not clear to us why the shorter oxalacetic acid should elute
before the longer a-ketoglutaric acid. Note that the keto
monoacids elute according to the chain length: the longer the
chain, the larger the k’value.

It is clear from the results shown above that a crown ether
can be used to catalyze the formation of Mmc derivatives of
dicarboxylic acids as well as a-keto acids. The derivatization
reaction is simple, straightforward, and it can be used in
quantitation studies. The reagent Br-Mmc is attractive for
the following reason. In the analysis scheme used here, the
reagent itself does not fluoresce, thus eliminating possible
interferences from unreacted Br-Mmec. The disadvantages
of the method are minor: (1) the Mmc derivatives slowly
hydrolyze in the presence of water; (2) the reagent and the
derivatives decompose when exposed to light over a long
period of time. Consequently, all solutions should be prepared
within a short time before analysis. These minor disad-
vantages are compensated for by the ease of preparation and
sensitive detection.
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Chemiluminescence Method for Atmospheric Monitoring of

Nitric Acid and Nitrogen Oxides

Darrell W. Joseph and Chester W. Spicer*

Battelle, Columbus Laboratories, 505 King Avenue, Columbus, Ohio 43201

The determination of gaseous nitric acid in the lower at-
mosphere has frustrated atmospheric scientists for many years.
Measurement of nitric acid is important to our understanding
of the fate of nitrogen oxides in the atmosphere, the mech-
anisms of particulate nitrate formation, and the potential
health and ecological (e.g., acid precipitation) effects of the
acid.

In 1973, we described (1) a coulometric monitor for gaseous
nitric acid which we subsequently employed in both smog
chamber (2) and field (3) studies of the kinetics of NO, re-
actions and the fate of nitrogen oxides in the atmosphere. We
have recently reconfirmed the validity of the coulometric
monitor in smog chamber comparisons with a long path
Fourier Transform infrared spectrophotometer (4). Unfor-
tunately, however, the coulometric monitor is not ideally suited
to all sampling requirements. Its detection limit of a few parts
per billion and its long response time (due to the subtractive
nature of the analysis) make it particularly unsuitable for
either remote tropospheric measurements or aircraft studies
of plumes. To accommodate these situations, we have recently
developed two new techniques for atmospheric nitric acid
monitoring. The first is a dual filter technique (5, 6) which
makes use of a quartz prefilter and a Nylon backup filter to
simultaneously separate and collect particulate nitrate and
gaseous nitric acid. This technique is applicable to very low
nitric acid concentrations and has been employed for both
urban studies and airborne plume investigations. A related
procedure has been employed by Okita et al. (7) to study nitric
acid in the atmosphere in Japan, and Lazarus and Gandrud
(8) to collect stratospheric nitric acid.

The second technique involves a rapid and sensitive method
for simultaneously monitoring NO, and nitric acid by
chemiluminescence. This method has a sufficiently rapid
response that it can be employed for airborne plume studies,
and it has the potential to be significantly more sensitive than
the coulometric procedure. The remainder of this paper will
be devoted to a description of this new monitor and its op-
erating characteristics.

EXPERIMENTAL

A Thermo Electron Corporation Model 14-D chemilumines-
cence nitrogen oxides monitor was employed for these studies.
This is a dual channel monitor which, in its normal configuration,
provides simultaneous measurement of both NO and NO,. A
molybdenum catalyst operating in the 400-500 °C temperature
range is employed in the NO, channel to reduce NO, to NO for
measurement.

We have modified the chemiluminescence instrument to si-
multaneously monitor NO, and HNO; by reorganizing the in-
strument as shown in Figure 1. A second molybdenum catalyst
was installed in what was originally the NO flow system of the
instrument. Both catalysts are maintained in an oven where they
are held at the same constant (350-400 °C) temperature. A 47-mm
nylon filter in a Teflon filter holder was inserted just ahead of
the Mb catalyst in the NO flow system. We have previously shown
that the nylon filter quantitatively scrubs HNO; while passing

NO and NO,. The sample line orifice was moved to the front of
the Teflon sample line so that most of the sample tubing is
maintained under partial vacuum. A Teflon filter ahead of the
orifice removes ambient particulate matter.

In operation, the sample gas is split after entering the in-
strument, part of the sample passing through a Mb catalyst and
on to the reaction cell, the remainder passing first through the
nylon filter and then through a second catalyst to the reaction
cell. The former flow path produces a continuous signal which
represents the total NO, concentration of the sample, including
HNOj;. The sample which passes through the nylon filter yields
a signal which represents the concentration of total NO, less
HNO;. The instrument electronics automatically subtract the
two channels to generate a signal proportional to the concentration
of nitric acid in the sample gas.

RESULTS AND DISCUSSION

Several criteria must be met if the modified chemilu-
minescence instrument is to serve as a gaseous nitric acid
monitor. The catalytic converter must quantitatively reduce
nitric acid to NO, the nylon filter must quantitatively remove
nitric acid, and the filter must not remove other atmospheric
species which yield a chemiluminescent response. Results
which demonstrate that these three criteria are met are
described below, followed by a discussion of instrument
characteristics.

Response to Gaseous Nitric Acid. In order to test the
response of the chemiluminescence monitor to gaseous nitric
acid, low ppm concentrations of the acid were prepared in the
Battelle-Columbus 17 m® smog chamber. Dry N, was sat-
urated with gaseous nitric acid by bubbling through a
HNO,;/H,SO, mixture. After passing through a quartz fiber
filter, the N, stream was then diluted in the smog chamber
at 50% relative humidity. After dilution of the nitric acid,
the chamber was found to be essentially particle-free by an
electrical aerosol analyzer; all the nitric acid was in the gas
phase. The resulting nitric acid concentration was simul-
taneously monitored with the chemiluminescence monitor and
the Battelle microcoulometric nitric acid monitor described
elsewhere (I, 4). The microcoulometric instrument was
calibrated with ppm concentrations of both HCl and HNO,.
It has been validated by both a colorimetric method (3) and
long path Fourier transform infrared spectroscopy (4).

The results of simultaneous measurements by the micro-
coulometric instrument and the chemiluminescence monitor
are shown in Figure 2. The chemiluminescence monitor was
calibrated prior to these experiments with a NBS NO,
permeation tube. The agreement between the two instruments
is quite good except at the highest concentration, where the
operating range of the microcoulometer is exceeded (9). The
agreement between the two monitoring techniques confirms
the quantitative response of the chemiluminescence monitor
to gaseous nitric acid. Studies recently conducted at the
California Air Industrial Hygiene Laboratory (10) also
demonstrate good agreement for nitric acid measurements
among a chemilumi e instri t, a coulometric

0003-2700/78/0350-1400801.00/0 © 1978 American Chemical Society
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We have noticed a decay in the chemil
to nitric acid after long exposures to high (ppm) concen-
trations. The catalytic converter apparently loses efficiency
under these conditions because of poisoning. However, a few
hours of sampling clean air at an elevated catalyst temperature
usually restores efficiency. The response also appears variable
at high relative humidities (>80%). This seems to be due to
adsorption/desorption effects within the instrument and
sampling lines. Heating the sampling lines and placing the
sample orifice as close to the sampling point as possible
minimizes this phenomenon.

Removal of Nitric Acid by the Nylon Filter. The
quantitative removal of gaseous nitric acid from air by nylon
has been discussed elsewhere (1-4). Further confirmation of
nitric acid scrubbing by nylon filters is presented in Figures
3and 4. In both of these figures the solid line represents the
total chemiluminescence signal (NO, + HNO;) after catalytic
reduction; the dashed line represents the signal obtained when
the sample passes through a nylon filter prior to the catalytic
converter. The dashed line has been offset slightly in the
figures so that it is distinguishable from the solid line.

In Figure 3, both ch Is of the i pond equally
to NO, in the chamber. Equal response is also evident after
nitric acid is added to the chamber. When the nylon filter
is inserted in the NO, sample stream however, the response
of the NO, channel drops back to the original NO, level in
the chamber. This signifies quantitative removal of the nitric
acid by the filter. After some loss of the nitric acid to the

chamber walls, the filter was removed and the responses of

both channels were again equivalent.
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Table 1. Effect of Nylon Filter on Chemiluminescence

Response to NO and NO, (RH ~50%)

Gas concentration upstream  Ci
of nylon filter

ation d

of nylon filter

0.030 ppm NO 0.031 ppm
0.074 ppm NO 0.074 ppm
0.550 ppm NO 0.552 ppm
3.20 ppm NO 3.20 ppm

0.068 ppm NO, 0.067 ppm
0.600 ppm NO, 0.598 ppm
1.2 ppm 1.20 ppm

0.074 ppm NO 0.068 ppm 0.142 ppm

NO, mixture

The same effect is observed in the experiment represented
by Figure 4. The resp of both ch Is of the i
are equivalent for NO, NO,, and a mixture of NO, and HNOs.
When the nylon filter is inserted in one channel however, the
response of that channel falls back to the NO, concentration.
When the filter is r d, the signals b equal once
again.

"The results of these experiments agree with our earlier work
(1, 4) and confirm the quantitative removal of gaseous nitric
acid from air by nylon filters.

Interferences. In order to lnterfere with nitric acxd
measurement by the modified chemil
asuk ce must be reduced to NO by the catalytic converter
and must be wholly or partially scrubbed by the nylon filter.
Potentially significant interferences are NO, NO,, and PAN.
The concentration of gases such as N,O;, HONO, and
HOONO, are not expected to reach high enough concen-
trations under normal atmospheric conditions to cause in-
terference, even if they met the above criteria.

All three of the potentially interfering gases, NO, NO,, and
PAN yield a chemiluminescence response after passing
through the catalytic converter. Therefore, these gases will
interfere with nitric acid measurements if they are removed
by the nylon filter. The removal of NO and NO, by nylon
filters has been discussed in our earlier work (1-4). Nitric
oxide is not affected by the nylon filter, even at high con-
centrations. This is confirmed in Figure 4, where no difference
was observed between the signals of the filtered and unfiltered
channels for 3.2 ppm NO. The results of some additional NO
experiments are shown in Table L.

Table I also demonstrates that the nylon fiiter does not
remove NO; at concentrations up to at least 1.2 ppm. Figure
4 shows an experiment with 1.2 ppm NO; at ~55% relative
humidity. The presence or absence of the filter has no effect
on the chemiluminescence signal. The data presented in Table
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Figure 4. Chemil

1 and Figure 4 agree with our previous results and confirm
that NO, is not removed by nylon filters (up to at least 1.2
ppm) and therefore does not interfere with nitric acid
monitoring by the modified chemiluminescence monitor.

To determine whether PAN is removed from air by nylon
filters, we conducted an experiment to measure PAN removal
directly. PAN was generated in a 200-L Pyrex smog chamber
by the photolysis of ethyl nitrite. An electron capture gas
chromatograph was used to monitor PAN. Once the PAN
concentration had stabilized, a known flow rate of chamber
air was passed through a nylon filter and the PAN concen-
tration monitored behind the filter. After an induction period,
during which PAN is adsorbed by the filter, PAN breaks
through the filter and the downstream concentration ulti-
mately reaches the upstream concentration. A plot of
downstream PAN concentration vs. time describes an “S”
curve. After integration, the area above the curve up to the
source concentration can be used along with the flow rate to
compute the capacity of the filter to adsorb and remove PAN.
The capacity of nylon filters is similar to Teflon filters and
is extremely low. Our results indicate that only about 8 ng
of PAN can be removed by the nylon filter. Other studies
(11) have confirmed the lack of significant nitrate collection
by nylon filters exposed to PAN.

Since neither NO nor NO, nor PAN are affected by the
nylon filter employed in the chemiluminescence nitric acid
monitor, none of these gases constitute an interference to nitric
acid measurement.

Characteristics of the Chemiluminescence Nitric Acid
Monitor. A number of important operating characteristics
of the chemiluminescence monitor are discussed in the fol-
lowing paragraphs.

Conversion Temperature. One of the important variables
affecung the operauon of the modified chemiluminescence

is perature. Figure 3 shows the variation
in chemllummescenoe output when the catalytic converter
temperature is varied from 300 °C. The figure shows a steady
loss of nitrogen compounds (due to dilution and wall losses
of HNOy) which is unaffected by converter temperature. Qur

Time

studies suggest that the conversion of HNO; and NO, to NO
is quantitative above 300 °C. In practice we operate our
instrument at 350 °C, to provide a margin of safety.

Response Time. For many practical applications of the
instrument described here, response time can be quite im-
portant. For example, the use of the instrument for airborne
monitoring (the monitor has now been employed for both
power plant and urban plume monitoring by aircraft) requires
relatively rapid response in order to resolve spatial variations
in NO, and HNO; concentrations. We have determined the
response time of the monitor by increasing the NO, con-
centration in a step change while following the instrument
output at a high recorder speed. With the instrument
electronics set for a 5-s time constant (via an internal switch
provided by the manufacturer), we observed 90% response
to the step change in concentration in 14 s. While this re-
sponse time is adequate for many applications, a more rapid
response would be useful for certain types of studies (e.g.,
power plant plume traverses). Future work will concentrate
on improving this response.

Noise. The instrumental “noise” of the output signal is a
function of the time constant setting mentioned above. With
a time constant of 10 s, we observe noise in the output signal
equivalent to 8 ppb NO,. Using a time constant of 60 s, the
noise drops to 4 ppb. Chemiluminescence monitors are now
being built with significantly lower noise levels. The minimum
detectable concentration of these improved instruments should
be on the order of tenths of a ppb.

Protection. A 5-um Teflon filter in a Teflon filter holder
at the inlet to the monitor has no effect on the response of
the instrument to NO, or HNO; and does not influence
operating charactensua In order to protect the sample onf oe

and other d c ts of the system, we recc
the use of such a prefilter.
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Switchboard for Experimental and Computer Networking

Steven B. Schram and David H. Freeman®

Department of Chemistry, University of Maryland, College Park, Maryland 20742

The use of computer compatible equipment in analytical
laboratories is becoming very prevalent. Laboratory ex-
periments and computer components are usually coupled
together using teletype-compatible communications links.
This technique is limited if more than two devices are to be
coupled in parallel. In that case, it is advantageous to connect
them in a network that is conducive for full automation, so
that data input, analysis, control, and output can be performed
automatically. This process would tend to be viewed as data
bus architecture in terms of computer engineering, while the
logic of component interconnection is of principal concern to
the flow of analytical data. When the latter becomes com-
plicated, the use of switchboard networks become advanta-
geous.

Such networks have been described in the analytical and
engineering literature (1-6). For example, a recent article by
Dessy (7) discusses many of the options that are available.

In this article, we will present one possible solution to the
problem of connecting serial communications devices together
in a versatile fashion. This is a real problem, and although
this solution is not the only one possible (and indeed it may
not be useful in some circumstances), this represents a simple,
strictly mechanical approach that can be easily implemented
by any interested party. The problem can be approached
quite simply in the following way.

Teletype compatible devices send on one wire, and receive
on another. The signals are encoded in current (20-mA current
loop) or voltage (RS-232 in USA; CCITT in Europe) changes.
Current devices appear less frequently in newer equipment,
and these can be modified to the voltage format using simple
transistor circuiting (8, 9). Voltage signals are easily networked
provided that the transmission characteristics are standardized
between all of the connected devices.

Standardization between devices must include the trans-
mission rate (Baud rate) and the transmission language. The
usual languages are Ascll (American Standard Code for In-
formation Interchange), BAUDOT (similar to Ascll), or EBCDIC
(Extended Binary Coded Decimal Interchange Code). After
the devices are rate and code compatible, network interfacing
can be achieved in a convenient way.

The most frequently encountered serial connector is the
standardized 25-pin EIA-RS-232 interface (Cannon DP-25,
M or F) as shown in Figure 1. Figure 2 diagrams the closed
loop that is formed if this connector is used to link two devices.
Note that the two devices can communicate only with each
other. Although 25-pin connections are involved, it should
be noted that only three of the connections are actually used.

Figure 1. Picture of EIA-RS-232 interface plug

send

RECEIVE

MICROPROCESSOR
GROUND

Figure 2. The standard connector allows two devices to communicate
with each other

micko-
PROCESSOR

EXPERIMENT ] MINICORPUTER PRINTER

Figure 3. The modified connector allows a device to receive from one
device, and transmit to another. The arrow (—) refers to the direction
of signal transmission. The ground connection is not shown

It may be desirable to link several devices serially, as shown
in Figure 3. However, this requires that the connector be
modified to carry out this initial use of a network arrangement.

We have modified our connectors by attaching a mating
plug that has been altered by shorting pins 5, 6, 8, and 20
together. This process provides pins 5, 6, and 8 (clear to send;
data set ready; carrier detect) with a positive voltage from pin
20 (data terminal “ready™); this is normally provided by the
conventional connection. Information flow depends on two
other data pins plus a ground connection pin: pin 2 is used
for received data; pin 3 for transmitted data, and pin 7 is the
ground. Broad flexibility can now be achieved if wires from
these three pins are brought from each mating plug, one for

0003-2700/78/0350-1403$01.00/0 © 1978 American Chemical Society
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Figure 4. Plug from each device is connected to a mating plug. Pins 5, 6, 8, and 20 are shorted on the mating plug. Pins 2 and 3 are communication

lines. Pin 7 is the common ground

et/ nicwo- LILIS KEYBOARD/
PLOTTER PROCESSOR  COWPUTER  PRINTER MODER

et/ mICRO= LILT KEYBOARD/
PLOTTER PROCESSOR COMPUTER PRINTER KODEM

Ch 0 O [ D3
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Figure 5. The lines signify jumper cables. The direction of data Is
indicated by the arrow. Data comes from the experiment, to the
microprocessor, from the microprocessor to the minicomputer, and
from the minicomputer to the printer

each device, to an interface switchboard.

In the switchboard, all grounds from pins 7 are tied together.
Paired input-output sets of banana jack receptacles, one pair
for each device, are located on the switchboard panel. Lines
from pins 2 connect to one side of the receptacles while lines
from pins 3 connect to the other side (Figure 4). A short
jumper cable can now be used to carry an input signal to one
or more of the desired output terminals. To illustrate this,
the configuration in Figure 3 is obtained using the switchboard
as shown in Figure 5.

Other configurations are easily visualized. Figure 6 shows
how a Texas Instruments printer can sequentially monitor
the output of two different devices. Note that no buffering
or handshaking capability is included, which means that if
there is a lack of suitable control or priority, then there could
be a mixture of data and subsequent jumble of output. In
this case, our Wang 2200 minicomputer output is sent si-
multaneously to our Technico 9900 microprocessor and
printer. Since the microprocessor does not respond until the
entire instruction is received (and hence completely printed),
the response to the printer is not mixed, and is printed
separate from the original instruction. Thus, provided that
only one signal, at one time, is sent to the printer, any number
of output devices can be monitored. Since this operation
implies a logical “or”, all devices must have a reasonably high
output impedance (most do) for this to work as described. Any

Flguro 6. The prlnter sequentially monitors instructions sent by the
the microprocessor, and the microprocessor's response
to the lnslruchon

et/ micro= LT KEYBOARD/
PLOTTER PROCESSOR  COWPUTER  PRINTER ncoen

D

Figure 7. Experiment data are sent to the microprocessor and
minicomputer. The microprocessor sends averaged data to a plotter.
The minicomputer sends reduced data to a modem and a printer. The
modem sends it to another computer. The returned data is received
by the modem and also sent to the printer

other RS-232 serially interfaced output device, (plotter, os-
cilloscope) could also be used instead of the printer.

Various combinations of signal transfers can be achieved.
We have used the switchboard to provide the configuration
shown in Figure 7.

This configuration is not possible with an unmodified
connector. Use of the modification with switchboard provides
both reliability and flexibility. Since all signals are present
at one location, design changes are easy to 8dapt New
configurations are easy to test and i
a great savings in time, and offers the user expanded versauhty
with regard to signal processing.
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Variable-Temperature Cryogenic Trap for the Separation of Gas Mixtures

David J. Des Marais

Extraterrestrial Biology Division, Ames Research Center, NASA, Moffett Field, California 94035

Cryogenic traps offer a clean, simple, and relatively rapid
means for resolving simple gas mixtures. This report describes
a continuously variable-temperature cold trap which can both
purify vacuum-line combustion products for subsequent stable
isotopic analysis and isolate the methane and ethane con-
stituents of natural gases. Murakami and Okamoto (1),
Crosmer et al. (2), and Stump and Frazer (3) have previously
described variable-temperature cold trap designs for specific
applications. I feel the trap described here embodies all the
important capabilities of these former designs, yet is generally
easier and less expensive to build and operate.

EXPERIMENTAL

Figure 1 is a schematic drawing of the cold trap. The trap is
U-shaped and consists of two 0.635-cm (0.25-in.) diameter by 8-cm
long pieces of stainless steel tubing (C) welded to a 30-cm segment
of Cajon flexible tubing (G) (part no. 321-4-X-12, Cajon Company,
32550 Old South Miles Road, Cleveland, Ohio 44139). A 20-cm
long, welded stainless steel canister (D) surrounds the lower
portion of the trap, generating a 3-mm annular air spe-e between
the canister and the flexible tubing. Asbestos-insulated 25-gauge
chromel A resistance wire (E) is wrapped around the flexible
tubing and brazed to Fiberglas-insulated copper wires which
emerge from the enclosure via a 0.635-cm (0.25-in.) stainless steel
tube (F) and a vacuum epoxy feedthrough (B). A 30-gauge
chromel-alumel thermocouple (J) is brazed to the bottom of the
U-trap, and the wire leads also emerge from the housing via the
steel tube (F) and the feedthrough (B). During use, the canister
is almost totally immersed in liquid nitrogen. A rubber stopper
(A) is inserted in the aperture near the vacuum feedthrough (B)
to prevent the condensation of liquid oxygen inside the enclosure.
‘The stopper is preferred to a more per closure for
of safety. Should a leak permit condensation to occur inside the
canister, the stoppered aperture would serve as a pressure release
valve for the confined gas.

In operation, a gas mixture to be d enters the
U-trap at room temperature. The trap canister is then almost
totally immersed in a liquid-nitrogen bath, cooling the U-trap as
heat flows across the 3-mm annular air space between the flexible
tublng and the camster wall. As the trap cools, the gas mixture

iall accordmg to their relative vapor
pressures As Table I shows, about 12 min is required for the
bottom of the U-trap to attain liquid-nitrogen temperature.
Measurements made using traps with additional thermocouples
located at positions G and H (Figure 1) describe a thermal gradient
along the length of the trap. This gradient reflects the steady-state
balance between heat flow from the flexible tube to the canister,
and heat flow into the tube from the warmer upper portions of
the trap assembly. As discussed by Crosmer et al. (2), such a
thermal gradient promotes the fractionation of gas mixture
components. After the bottom of the trap (J) has attained
llquld-mtrogen temperature, the passage of current through the
resistance wu'e (E) warms the U-trap and permits the distillation
of ts at trap ures optimal for
their resoluuon. Table I lists the power requirements as a function
of temperature for a properly constructed trap. The consumption

1 d

Table I. Variable-Temp
and Power Consumption

e Trap Th 1 Rohavi

time
(min)
power . after
input temp. (°C) at location LN,
w) G H J immersion
0 25 25 25 0
0 a a -50 1
0 a a -108 2
0 a a ~-160 4
0 a a -190 8
0 -163 -190 -195 12
1 -153 -167 -176 b
2 -137 -153 -165 b
4 -103 -125 -145 b
8 -40 -78 -110 b
12 +9 -38 =15 b

% Not measured. ® The trap usually requires about
1 min to increase its temperature 30 °C and attain a new
steady-state thermal profile.

rate of liquid nitrogen is typically low, even at “warmer” trap
temperatures. For example, when trap thermocouple J is at -110
°C, 8 W of heater power is being balanced by a liquid-nitrogen
evaporation rate of approximately 4 mL/min.

RESULTS AND DISCUSSION

The ability of the variable-temperature trap to gas
mixtures is shown in Table II. The first mixture represents
typical vacuum-line combustion products of geochemical
samples such as rocks or marine sediments. Separation of the
individual gases of this mixture by the cold trap, facilitates
the measurement of their abundance and stable isotopic
compositions. CO, and SO, aliquots of known isotopic
composition were used in this demonstration. The gas
fractions distilled from the trap were quantified using a
mercury manometer, and subsequently analyzed for their
purity and isotopic composition using a Nuclide 6-60 RMS
mass spectrometer. The gas mixture was condensed in the
variable-temperature trap in the manner described earlier.
The trap was then warmed to -143 °C and the volatilized CO,
was distilled for 5 min from the variable-temperature trap to
a liquid-nitrogen trap incorporated into the mercury ma-
nometer. Despite the substantially greater abundance of SO,
in the original gas mixture, the CO, recovered by this dis-
tillation was more than 99% pure, and had sustained little
isotopic fractionation. The trap was warmed to -85 °C and
the SO, was distilled for 10 min into the mercury manometer.
The SO, fraction also exhibited a very high purity and had
sustained negligible isotopic fractionation. The variable-
temperature trap was then warmed to room temperature to
recover the H,0. The somewhat lower recovery achieved

This article not subject to U.S. Copyright. Published 1978 by the American Chemical Society
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Table II.  Variable-Temp Trap S of Gas Mi

initial mixture
combustion products
temp. at pt. J, °C

CO,, umol 6.4 + G.2°
§1°C, %, a 0
S0,, umol 59+1
848, %h® 0
H,0, pmol 16:1
natural gas

temp. at pt. J, °C

CH,, umol 2281+ 5
C,H,, umol 24:1
C,H,, umol 9.1:04
>C,H,, umol 19+ 0.1

fraction
1 2 3
-143 -86 24
6.4+ 02 0.2 + 0.04 0:0.01
-0.21: 0.2 d d
0.04: 0.01 58+ 1 0.5+ 0.05
d +0.1+ 0.2 d
d d 14+ 1
-195 -172 26
228+ 5 0.16 + 0.01 0.06 + 0.01
0.19 + 0.01 2411 0.10 : 0.01
0.12 + 0.01 0.26 + 0.01 8.8+ 0.4
0.15+ 0.01 trace 1.7:0.1

513G, %= [(*’C/**C)ampie/("’C/* *Creterence — 111000, where (**C/**Cpeference is taken to be that of the CO, in the
initial mixture. ® Analogous to5'’Cina. © Uncertainties expressed as one standard deviation. ¢ Not measured.

Figure 1. Schematic d
trap

probably reflects adsorption of this gas onto the unheated glass
surfaces of the vacuum line.

Table II also shows the results of an attempt to separate
a natural gas sample. The gas fractions were analyzed using
a Hewlett-Packard Model 5830A gas chromatograph fitted
with a flame-ionization detector. A 50-m glass capillary
column was coated with n-octanol and temperature pro-
grammed from 10 to 100 °C at 10°/min. As the trap cooled,
a Toepler pump circulated the gas mixture through the cold
trap. After thermocouple J attained liquid-nitrogen tem-
perature, the uncondensed gas was removed from the vacuum

g of the ire cryogenic

line and analyzed. This gas was found to be almost pure
methane. The gas fraction harvested from the trap at -172
°C was 98% ethane. The fraction obtained when the trap was
warmed to ambient temperature constituted 95% by volume
of the propane and higher molecular weight comp ts in
the original gas mixture. These data show that the varia-
ble-temperature trap could facilitate the isolation and isotopic
analysis of relatively pure methane, ethane, and higher
molecular weight fractions of natural gas. Also, because such
a procedure could remove the large methane and ethane
components of the gas sample, the gas chromatographic
analysis of the higher molecular weight residue would achieve
a higher sensitivity for minor components in this residue.

The present variable-temperature cold trap design compares
favorably with other gas separation techniques in terms of
expense, simplicity, and versatility. The trap can be fabricated
from easily obtainable materials at a cost of less than $250.
Although a sophisticated temperature-control system could
be interfaced with the cold trap, a 20-W power supply and
a thermocouple readout device are sufficient for its operation.
A typical three-component gas mixture can be separated in
about 40 min. The trap can handle 100 umol amounts of gases
such as SO, and H,0, a feat well beyond the capabilities of
conventional gas chromatographs. Therefore, although the
cold trap resolution is substantially lower than those of gas
chromatographic systems, the trap is still quite useful for a
variety of useful applications requiring the separation of simple
gas mixtures.
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Potentiometric Determination of Phenoxyalkylcarboxylic Acids in Pesticides

N. Clocan
Central Laboratory for Pesticides Control, Sos. Afumati 11, Bt 72964, R
G. E. Balulescu*

Institute of Cl Y, Spl. Inde 202, B 77208, F

It is well known that attachment of ~-OCH,COOH,
-OCH(CH,)COOH, and -O(CH,);COOH groups to aromatic
rings leads to an important class of herbicides.

The repeated extractions of these herbicides with diethyl
ether in acid medium, followed by the gravimetric and vol-
umetric analyses, constitute a method used for the deter-
mination of phenoxyalkylcarboxylic acids in pesticide for-
mulations.

This method is recommended by FAO and CIPAC and used
by all producers and users in spite of its disadvantages, such
as lack of specificity, reduced sensitivity, consumation of a
great quantity of ether, etc. The method and its various
modifications (1-4) e the use of macrc ples (10-80
g) and determinations of equivalent weights and melting
points to prove the purity of the ethered extract. The analysis
of pesticides that contain mixtures of phenoxyalkylcarboxylic
acids with other extractable compounds in diethyl ether
becomes even more complicated. We propose telow a method
that eliminates the disadvantages mentioned above.

EXPERIMENTAL

Apparatus. The potential was measured vs. a double-junction
Orion electrode (No. 90-02-00) with potassium nitrate solution
in the other compartment using an Orion Research Digital
Tonalyzer 801 A. The solutions were magnetically stirred.

Membrane Electrode. As indicator electrode, a Hg,?* sensitive

extractive electrode was used. This electrode has been described
elsewhere (5, 6).

Reagents. Analytical grade reagents were used, supplied by
Chemapol: 24-dichlorophenoxyacetic acid (2,4-D), Bayer: 4-
chloro-2-methylphenoxyacetic acid (MCPA), Serva: 2,4,5-tri-
chlorophenoxyacetic acid (2,4,5-T), VEB Electrochemisches
Kombinat Bitterfeld: dimethylamine salt of 2,4-dichloroph
oxyacetic acid. All other reagents were from Reactivul Buchamt.

The Hgy(NO,), solution, ~0.1 N, was prepared by grinding
mercurous nitrate with metallic mercury. Then 20 mL of 2 N
HNO; and 500 mL of distilled water were added. The solution
was filtered and diluted to 1000 mL with distilled water. Metallic
mercury was added as a preservative.

Procedure. The following procedure was used for all de-
terminations: weigh precisely A g of substance corresponding to
0.1-0.8 g of phenoxyalkylcarboxylic acid. Add 10-20 mL of methyl
alcohol and 40-60 mL of distilled water. Neutralize with 0.1 N
HNO; vs. methyl red (addition of excess acid leads to precipitation
of organic acid). A solution of 0.1 N Hg,(NO,), is added. The

added depends on the of phenoxyacetic acid
presumed to be in the sample. An excess of about 1-30 mL should
be present. The less excess present, the more rapid the washing
of the precipitate mentioned below. Leave the sample for 10
with ional shaking. Filter through wide pore filter

paper and wash the preclpltate with distilled water until complete
ehmmatlon of ng (lhe wnsh water does not react with KBr or
i is transferred itatively

wnth 100-250 mL of 1- 2 N HNOJ into the beaker in which the

Table I.

Analysis of 2-Methyl-4-chlorophenoxyacetic Acid (MCPA), 2,4-Dichlorophenoxyacetic Acid (2,4-D), 2,4,5-

Trichlorophenoxyacetic Acid (2,4,5-T) and Dimethylamine Salt of 2,4-Dichlorophenoxyacetic Acid (DMA)

Sample MCPA, & 24D.¢g DMA, g 245T, g
No. Taken Found Taken Found Taken Found Taken Found
1 0.1000 0.0998 0.1105 0.1100 0.1250 0.1247 0.1010 0.1013
2 0.1404 0.1408 0.1547 0.1543 0.1750 0.1754 0.2222 0.2220
3 0.1805 0.1800 0.1989 0.1987 0.2250 0.2256 0.1414 0.1418
4 0.2206 0.2206 0.2431 0.2433 0.2750 0.2750 0.2805 0.2811
5 0.2610 0.2607 0.2873 0.2871 0.3250 0.3257 0.2930 0.2925
Table II. Some of the Herbicides Analyzed by Potentiometric Titration (For Each Product Five Analyses Were
Performed)
Commercial
No. name State Taken, g Active ingredients Results
1 DMA? Liquid 0.35-1.10 33% dimethylamine salt of 2,4-dichloro- 29.5+ 0.1
phenoxyacetic acid
2 Dikotex 40 Liquid 0.30-1.20 40% ammonium salt of 2-methyl-4-chloro- 37.2+ 0.2
phenoxyacetic acid
3 Butyrac 175¢ Liquid 0.50-1.90 23% dimethylamine salt of 4-(2,4-di- 23.1:0.1
chlorophenoxy )butyric acid
4 Kuron? Solid 0.30-0.80 45% 2-(2,4,5-trichlorophenoxy)- 45.0+ 0.1
propionic acid
5 Banvel M¢ Liquid 0.40-1.00 25% 2-methyl-4-chlorophenoxyacetic acid, 248+ 0.15
2% 3,6-dichloro-o-anisinic acid
6 Aniten M/ Liquid 0.40-1.20 250 g/L 2-methyl-4-chlorophenoxyacetic acid, 250+ 1.5
80 g/L 9-hydroxyfluoren-9-carboxylic acid
7 DM 68¢ Liquid 0.30-1.00 25% (4-chloro-2-methylphenoxy )-2-propionic acid, 25.0+ 0.1
13.5% 2,4-dinitro-6-tert-butyl phenol
SR duct; ? Czechoslovakian product; ¢ Amchem, USA; ¢ Dow-Chemical, USA; ¢ Chemie Linz, Austria;

f Cela Merck, W. Germany; ¢ Pepro, France.

0003-2700/78/0350-1407$01.00/0 © 1978 American Chemical Soclety
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precipitation was done. Titrate potentiometrically with B mL
of 0.1 N KBr standard solution. The phenoxyalkylcarboxylic acid
content with the molecular weight, mol wt, is given by:

mol wt-B
1004

RESULTS AND DISCUSSION

The method is based on the fact that phenoxyalkyl-
carboxylic acids react with Hg,?* giving insoluble precipitates,
(ArOC00),Hg..

The determination of mercurous mercury contained in the
precipitate leads to the evaluation of the concentration of
phenoxyalkylcarboxylic acids in the-sample.

The titration curve allows a very accurate localization of
the equivalence point, with potential jumps exceeding 150 mV
(Figure 1). The method is particularily precise. As an il-
lustration, Table I shows the results obtained with analytical
standards. The method can be extended to the analysis of

les with a minimum content of 0.01 g of phenoxy-
alkylcarboxylic acid using 0.01 N KBr solutions as titrant. The
method is applicable to the determination of phenoxy-
alkylcarboxylic acids in all commercial products.

Table II presents some products analyzed using the method
previously described as well as the analytical results.

Halides, pseudohalides, sulfides, carbamates, amines, ox-
idants and reductants, different cations, etc. do not interfere.

Organic acids that give precipitates with Hg,?* in slightly
acidic medium (phthalic, oxalic) are not found in herbicides.

Because of its selectivity, the method is applicable to the
analysis of a wide range of herbicides containing phenoxy-
alkylcarboxylic acids alone or in a mixture with other acidic
organic compounds extractable in diethyl ether. If the acid
group is esterified, it becomes necessary to hydrolyze it be-
forehand with hydroxides (1-4).

% Acid =

320

Millivolts
N
@
o

[
&
=l

8

@
]

X
o

s+ J
TS NSRS B W ST}
2 4 6 8 0 12 %
ml KBr
Figure 1. Titration curve of mercurous 2,4-dichlorophenoxyacetate
in 250 mL of 2 N HNO; with 0.1 N KBr

Because of the performances of the method in which the
precision, selectivity, and rapidity is concerned, it has been
used by us to establish the quality of all commercial products
containing phenoxyalkylcarboxylic acids.
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