














Automated Composite Analysis 01 Major Sinter
Components 1701
After fusion with sodium carbonate and sodium peroxide in
a vitreous carbon crucible, acidifying gives a clear solution
for use in the AutoAnalyzer for determination of compo­
nents: AJ.03 (0.4 to 1.5%); SiD. (3 to 12%); CaD (5 to 14%);
MgO (2 to 10%); and total iron (50 to 66%).
Om P. Bhargava- and W. Grant Hinel, Chemical and MetaUur·
gicaJ Laboratories, The Steel Company of Canada. Limited, Wil·
cox Street. HamilLon, Ontario. Canada. LBN aTl

Anal. Chern .. 48 (1976)

Determination 01 Total Estrogens In Urine with
3-Methyl-2-benzothlazollnone Hydrazone 1704

AJtemative colorimetric method (used manually or with an
AutoAnalyzer) gives a correlation coefficient of 0.96 with
the fluorometric method and a coefficient of 0.94 with the
gas chromatographic method.
Hugh Y. Ycc- and BobetteJacksoD. The Department of Pathoi·
ogy. Hutzel Hospital, 432 East Hancock, Detroit. Mich. 48201

Anal. Chern .. 48 (1976)

Gas Liquid Chromatographic Determination 01
Therapeutic and Toxic Levels 01 Amitriptyline In
Human Serum with a Nitrogen-Sensitive Detector

1708

An accurate, sensitive, and specific method requiring no
derivitization uses protriptyline as internal standard. The
limit of detection is 1 nglml with a relative standard devia­
tion of 4% at the 300 nglmllevel.
John Vasiliadcs- and Kerry C. Bush, Department of Pathology,
The University of Alabama in Birmingham, Birmingham, Ala.
35233 Anal. Chern., 48 (/976)

Intercalibration 01 Gas Chromatographic Analyses lor
Hydrocarbons In Tissues and Extracts 01 Marine
Organisms 1711

A program of measurements by three laboratories is de·
scribed. Results were (x - iIi) and sIX of 0.09,0.06; 0.50,
0.26; and 0.69. 0.34 for three different petroleum hydrocar­
bon mixtures spiked to cod liver oil: and x ± % of 37.7 ± 4.6
"gIg for estimate of petroleum in tuna meal.
John W. FarriJ1gton.- John M. Teal, Gilbert C. Medeiros,
Kathryn A. BUTnl. and E. Arthur Rohi....n. Jr_. Woods Hole
Oceanographic Institution, Woods Hole, Mass. 02543, and James
G. Quinn and Terry L Wade. Graduate SchooJ of Oceanography,
University of Rhode bland. Kingston, R.I. 02881

Anal. Chern., 48 (1976)

Gas Chromatographic Separation 01 Lower Aliphatic
Amlnes 1716

A complete gas chromatographic separation of a mixture of
8 primary (as their Schiff bases). 3 secondary. and 2 terti­
ary amines uses a Tenax-GC column in programmed tem­
perature gas chromatography.
Yasuyulri Boshika. Aichi Environmental Research Center, 7·6.
Tsuji.machi, Kita·ku, Nagoya·shi. Aichi, Japan

Anal. Chern., 48 (/976)

Briefs

Coupled Gas Chromatography-Atomic Absorption
Spectrometry lor the Nanogram Determination 01
Chromium 1717
Introducing gas chromatographic effluent directly into the
burner head of an atomic absorption spectrometer gives a
specific, relatively interference-free detection system for
volatile chromium chelales.
Wayne R. Wolf. Nutrient Composition Laboratory, Nutrition In·
stitute, Agricultural Research Service, U.S. Department of Agri-
culture. Beltsville. Md. 20705 Anal. Chern .. 48 (/976)

Optimization 01 Gas Chromatographic Analysis 01
Complex Mixtures 01 Unknown Composition 1720
Method can be used in GLC or GSC with any type of col­
umn. Analysis of an industria! still residues sample of 10
major and 33 minor unknown components illustrates the
method.
R. J. Laub and J. H. Purnell.- Department of Chemistry. Uni­
versity College of Swansea, Swansea, Wales SA2 BPP

Anal. Chern .. 48 (/976)

High-Pressure Liquid-Liquid Partition
Chromatography 01 Metal Chelates 01 Tetradentate
p-Ketoamlnes 1725
Separation of Coil, Ni ll , Cull is achieved with reversed
phase technique. The dependence of the uv detector re­
sponse on the amount of metal in aqueous solutions is re·
ported for Ni and Cu.
Enrico Gaetani and Carlo F. Laurcri, IstitulO di Chimica Far­
maccutica e Tossicologica, Universita di Parma, 43100 Parma,
Italy, and Alessandro Mangia- and Giovanni Parolari.lstituto
di Chimica Generate ed Inorganic, Univcrsita di Parma, 43100
Parma,IUlly Anal. Chern .. 48 (1976)

Liquid Chromatography 01 Aromatic Hydrocarbons on
lon-Exchange Resins 1728

A 4% crosslinked cation·exchange resin carrying iron(III)
or calcium ions is an effective stationary phase for chroma·
tography of polycyclic aromatic hydrocarbons and their
chlorinated derivatives.
David M. Ordemann and Harold F. Walton,· Department of
Chemistry, University of Colorado, Boulder, Colo. 80309

Anal. Chern., 48 (1976)

Determination 01 Anhydrotetracycllnes In Tetracycline
by High-Pressure Liquid Chromatography 1731

The epimeric anhydrotetracyclines ATC and EATC are de­
termined Quantitatively at low levels in tetracycline sam·
pies (RSD < 1.5%). An anhydrotetracyclines standard is
described and analysis of other tetracyclines is discussed.
Richard F. Lindauer,· David M. Cohen.- and Kevin P. Mun­
nelly,- Pfizer Inc.. Quality Control Division, Brooklyn, N.Y. 11206

Allal. Chern .. 48 (1976)

Separation and Quantltatlon 01 Dlazonlum Salts as
Heptanesullonate Ion Pairs by High Pressure Liquid
Chromatography 1734

An octadecyl reverse phase column is used to separate and
Quantitate several diazonium solts in typical reprographic
formulations. Standard deviation is 0.2%.
Edward Fitzgerald, GAF Corporation, 25 Ozalid Road, Johnson
City. N.Y. 13790 Anal. Chern., 48 (1976)
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Analysis of Solid Materials by Laser Probe Mass
Spectrometry 1735
Three lasers are used as ion sources for the analysis of solid
materials by mass spectrometry. The results indicate that
they are comparable with the conventional rf spark.
R. A. Bingham, AEI Scientific Apparatus Ltd., Barton Dock
Road, Urmston, Manchester, England, and P. L Salter,- Depart.
ment of Appliro Physics, University of Hull, Hull, Yorkshire, En-
gland Anal. Chern.• 48 (J 976)

Concentration Instabilities In Liquid Chromatography
1741

Methods to stabilize systems include using larger mixers, a
circuit designed to use the limited frequency response of
the column, 8 constant pressure valve, and pressure deriva·
tive feedback on the liquid now rates.
John C. Helmer. Varian Instrument Division, Palo Alto, Calif.
94303 Anal. Chern .• 48 (J976)

Liquid Chromatographic Identification 01 Oils by
Separation of the Methanol Ex1ractable Fraction

1747
Liquid chromatography fingerprints oils. Using peak­
height ratios of eluting bands, oil spill suspects are first
screened and then compared to the spill chromatogram sta­
tistically for objectively "matching" oils.
W. A. Saner" G. E. Fitzgerald. and J. P. Welsh. U.S. Coast
Guard Research and Development Center, A"'ery Point, Groton,
Conn. 06340 Anal. Chern .• 48 (J976)

Determination of the Specillc Surface 01.
Absorbents by the Dynamic Adsorption Method 1754

These studies show that the partial pressure of benzene di­
luted by Hz nowing through an unsaturated adsorption col­
umn decreases exponentialJy with increasing column
length. Approximate equations describing the adsorption
course are derived.
Hcnr)'k Golka and Boguslaw. Jezowska·Trzebiatowska,· In­
stitute ofChemislry, University of Wroclaw, Wroclaw, Poland

Anal. Chern .. 48 (J976)

Correlation between Electron Capture Response and
Chemical Structure for Alkyl Halides 1760
The dissociative electron capture reaction for alkyl halides
is measured with an electron capture detector. The reac­
tion mechanism and the relationship between molecular
structure and activation energy are discussed.
Tsugio Kojima- and ¥asukazu Tanaka, Department of Indus­
trial Chemistry, Faculty of Engineering, Kyoto University, Yosida,
Kyoto, Japan, and M.asaru Sat-oueM, Department of Industrial
Chemistry, Shiga Prefectural Junior College, Hikone. Shiga, Japan

Anal. Chern.. 48 (J976)

Briefs

Comparison 01 Positive Ions Formed In Nlckel-63 and
Corona Discharge Ion Sources Using Nitrogen, Argon,
lsobutane, Ammonia, and Nitric Oxide as Reagents In
Atmospheric Pressure Ionization Mass Spectrometry

1763
The formation of N+, Nz+, N..+, and Ar+ ions in a corona
discharge source at atmospheric pressure is described. The
formation and reactions of t·C"Hg+, NO+, and NH,,+ ions
with organic compounds are compared for 63Ni and corona
discharge sources.
J. Dzidic, D. J. Carroll. R. N. Stillwell, and E. C. Horning,- In·
stitute for Lipid Research, Baylor College of Medicine, Houston,
Texas 77025 Allal. Chern.. 48 (J976)

Large-Scale Mass Spectral Analysis by Simplex
Pattern Recognition 1766
Prediction performance of weight vectors representing 11
functional group categories are examined using a test set of
over 1900 mass spectra. Simplex·derived vectors are supe·
rior for linearly inseparable data.
T. Fai Lam, Charles L. Wilkins,- Thomas R. Brunner, Leon­
ard J. Sultzberg, and Steven 1... Kaberline, Department of
Chemistry. University of Nebraska-Lincoln. Lincoln. Neb. 68588

Anal. Chern .. 48 (J976)

Comparison 01 Continuum Models In Quantitative
Dilluse Reflectance Spectrometry 1775
The failure of the Kubelka-Munk and other simple renec­
lance theories is due to the assumption of isotropic scatter.
Reflectance data can be quantitatively interpreted using
more genera! phase factors.
Harry G. Hecht, Department of Chemistry, South Dakota Stnte
University, Brookings, S.D. 57006 Anal. Chern .. 48 (1976)

Determination 01 Ammonia by Mercury-Sensitized
Luminescence 1760
Mercury-sensitized luminescence combined with chroma·
tographic separation is used to determine ammonia in both
nitrogen and air. The sensitivity for ammonia is 0.5 pg in
N2 and 3.0 pg in air.
William Ho· and A. 8. Harker, Science Center, Rockwell Interna­
tional. Thousand Oaks, Calif. 91360 Anal. Chern .. 48 (/976)

Determination 01 p-Amlnobenzolc Acid by Room
Temperature Solid Surface Phosphorescence 1764
The phenomenon of room temperature phosphorescence of
molecules adsorbed on sodium acetate is discussed. A sen·
sitive method for the phosphorimetric determination of p­
aminobenzoic acid in vitamin tablets is described.
R. M. A. von Wandruszka and R. J. Hurtubise: Department of
Chemistry, University of Wyomin~.Laramie, Wyo. 82071

Allal. Chern .. 48 (/976)

Determination 01 Tin by Gas Phase Atomlzatton and
Atomic Absorption Spectrometry 1766
A hydride generation-atomic absorption procedure is out·
lined for the determination of tin in different matrices with
an accuracy of 97% and precision of 6% RSD.
Prcm N. Vijan- and Chris Y. Chan, Air Quality Laboratory,
Ministry of the Environment (Ontario), Toronto, Ontario, Canada

Arlal. Cllern., 48 (J976)
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Studies on the Mechanism 01 Atom Formation in
Graphite Furnace Atomic Absorption Spectrometry

1792
The mechanism of atomization of a number of elements in
a Perkin-Elmer HGA 2100 atomizer proceeds by three
major pathways: thermal dissociation of the oxide or ha­
lide, and carbon reduction of the oxide followed by atom- .
ization of the free metal.
R. E. Sturgeon, C. L. Chakrabarti,· and C. H. Langford. Metal
Ions Group, Department of Chemistry, Carleton University,
Colonel By Drive, Ottawa, Ontario, Canada K IS 5B6

Allal. Chern.. 48 (I976)

Correspondence

Sullate Formed by Interaction 01 Sulfur Dioxide with
Filters and Aerosol Deposits 1808
William R. Pierson: Robert H. Hammerle. and Wanda W.
Brachaczek. Ford Motor Company, Research Staff. P.O. Box
2053, Dearborn. Mich. 48121 Anal. Chem .. -18 (/976)

Modilled Buffer lor Use with Fluoride-Selective
Electrodes 1811
J. Bagg, Department of Industrial Science. University of Mel­
bourne, Parkville. Victoria 3052. Australia

Alla/. Chern .. 48 (I976)

Chromatographic Analysis 01 Gaseous Products Irom
Pyrolysis 01 Organic Wastes with a Single Column

1812
Petcr T. Brodowski, Norma B. Wilson, and William J. Scott:
Resource Recovery Systems Division. Barber-Colman Company,
Irvine, Calif. 92714 Alla/. Chern .• 48 (1976)

Free Energy Correlations with Solvatochromlc Red
Shilts tor Indicators in Aprotlc Solvents 1814
Orland W. Kolling, Chemistry Department, Southwestern Col·
lege, Winfield. Kansas 67156 Allal. Chern .. 48 (J9i6)

Application 01 a Vidicon Tube as a MulllwaveIength
Detector lor Liquid Chromatography 1815
Alan McDowell and Harry L. Pardue,* Department of Chernis·
try, Purdue University, West Lafayette. Ind. 47907

Alla/. Chern .. 48 (1976)

Aids for Analytical Chemists

Determination 01 Low Concentrations 01 Hydrogen
Chloride In Moist Air 1818
R. R. Bailey. P. E. Field, and J. P. Wightman,* Department of
Chemistry, Virginia Polytechnic Institute and State University.
Blacksburg, Va. 24061 Alla/. Chern .• ·18 (/976)

Briefs

Determination 01 Methacryllc Acid by Coulometrlc
TItration 1820
D. H. Grant* and V. A. McPhee. Department of Chemistry,
Mount Allison University, Sack"iIle, N.B., Canada EOA 3CO

Alla/. Chern .. 48 (1976)

Performance Test lor Direct Reading Balance 1821
Don H. Anderson* and N. B. Woodall, Eastman Kodak Compa­
ny. Kodak Park Division, Industrial Laboratory, Building 34.
Rochester. N.Y. 14650 Allal. Chern., 48 (1976)

Sniffer to Determine the Odor ot Gas Chromatographic
Effluents 1821
T. E. Acree,· R. M. Butts, R. R. Nelson, and C. Y. Lee, Depart·
ment of Food Science and Technology, Cornell University. New
York State Agricultural Experiment Station, Geneva. N.Y. 14456

Allal. Chern .. 48 (1976)

Modification 01 Graphite Furnace Power Supply to
Allow Interruption 01 Analytical Cycle 1822
E. W. Cooper* and J. V. Dunckley, Electronic Engineering De­
partment. Dunedin Hospital, Dunedin. New Zealand

Alla/. Chern .• 48 (1976)

External Relerence Signal In X-ray Energy
Spectrometry 1823
P. J. Van Espcn and F. C. Adams,* Department ofChernistC)',
University of Antwerp (V.LA.), B2610 Wilrijk. Belgium

Alla/. Chern .. 48 (1976)

Dual Column Operation lor Gas Chromatograph-
Mass Spectrometer 1826
Leo Kazyak, Division or Biochemistry, Walter Reed Army Insti·
tute uf Research, Wal>hington. D.C. 2()()12

Anal. Chem., 48 (J9i6)

Gas Chromatograph-Mass Spectrometer with Dual
Electron Impact/High Pressure Ion Source 1829
Ragnar Ryhagc, Laboratory for Mass Spectrometry. Karolinska
Institute. S-104 01 Stockholm GO, Sweden

Anal. Cla'm., ·18 (J9i6)

Self-Positioning Anti-Vortex Plug lor Nuclear Magnetic
Resonance Sample Tubes 1832
LeRoy F. Johnson, Nicolet Technology Corporation, Mountain
View, Calif. 94041 Anal. Chem., ·18 (/976)

Correction. Kinetically Assisted Equilibrium Based Repethlve
Determination of Iroo(lI) wllh Ferrozlno In Flow-TIvough Syltems

1832

v. V. S. Eswara Dutt. A. Eskander-Hanna, and H. A. Mottola
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Toll to look you s1raight in the eye.

Toll ra rake up half 05 much bench space
05 shan melers.

Toll with a swift. s1eody side-orm ra ease
and speed your work.,
A r>ew generation of pH meletS from a
wedding of bi<>€ngineering and solid
state of rhe 'Jrt e1ecrronics. Digital display
on rap where your eyes are. Controls
down the side where your hands are.
Flexing side-arms to rake electrodes
where the work is. It's more like com-

municating than reeding.

I-C chips. One, easy-ra-replace circuit
boord. Cool. energy-saving Light Emit­
ting [);ode display. U/L and (SA Iislings.

THREE YEAR WAAAANlY

IHAT'S HOWI\WADlE IHE IAlL ONESAI\E.

Coming Glo~ Wor~ warrants pH meters
Model 125 and Model 1.30 fa be free Irom
defeers In molerlal and workmanshIp
when v~ under normollobo.orory con­
dtuons fOf 0 perIOd of ftvee (J) yeors.



Even lhe bock is all up frOCll. EVeryTh"'9
orderly and easy 10 gel or.

The toll melers are ambidextrous. You
deddewhe!her lhey funcrioole/T·handed
or right.

Corning toll melers are leon ... and thai
includes lheir price. Even Wllh a general
purpose pH and a reference elearode
Ihrown in. they octuolly cost less lhan
comparable shorT melers.

They con be used wilh ioo seleaive elec­
trodes. 100.

Oath Corning originals ace 01 your deoIer row. AS< for
a clemonsrrotlon The Model 1J() is a ,) dedmoI .nr
w,th fine rlX)lng. $895. suggested Iisr price. The Model
125 has all the crttlCoI feotu<es WIth a 2 decimoI cts­
ploy. $595. suggested loS! price.
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, USED10 HAlE t-EAOAO-ES WITH 11-E
OlD HOODS BE<AUSE IT SEEMED AS MANY
FlMS CAWE. NlO 11-E ROOM
AS WENT ()lJT." Sylvia Lamb. llIboraloIY Assistant

• Associ,ted llIboratories.lnc., Wichila, Kansas
Mil. Lo.b leamed to bnealb••asl.r I•• bo.ulilal, a.wl.b wllb lb...f.,
scl.allflcallr·vent.d Lobconco IIb...I." fum. boods.

Whether for industry, medicine, education or research, labconco
manufactures the onlr complete line of "berglass reinforced polresler fume
removal systems.

The interior of our fume hood is tough, corrosion-resistant, fire·
retardant, molded, one-piece "berglass reinforced polrester. The Innovalive
coved interior camers prevent the collection of undesirable residue. And
the light·reflecting, soft white surface provides a bright working area.

The exterior is non· porous vinyl-clad steel for slain resistance and ease
of clean·up.1t has durable mechanical strength and is lightweight lor
trouble-free, inexpensive Installation.

Choose sizes from 28 to 96 inches wide. walk-in units and even a corner
model in five different front panel accent colors.

Labconco has a complete range of speci.1 hoods. blowers, scrubbers
and other accessories for a complete laboratory fume removal system.

For more information, ask for )'Our laboratory supply dealer or write
for our color catalog.

lABCONCO CORPORATION
8811 PIllspeel Kansas City, Mo. 64132
CIItClf t 25 ON READER SERVICE CARD

"'WITH ABUSY SOIDll.E, EVER'{ w.lJl'E
IS4IE FREEZE 0R'fN(j IS 1M ICAN USE
N ~v.:" Johnlindsar,Micllllliologist

•~ '1'4U. Jeosen.Salsberr llIboratories, Kansas City, Kansas
lIr.liIUaJ Is ~ wItlo tile UIl..' ..........tioI ...
oJIra. Lok_troozo '''If.

WI1III.allaNlco frlllZll dryers JOU get speed in operation.labconco
lreeze dryers troPhillze quicklr and efficientlr br providing. maximum
vapor pressure di"erenlial between the sample and the condenser. This
muns fast lIansler of water molecules to lhe condenser and fast dIYing
of the sample.

I.allaNlcooffers a complete linul freeze dIY apparallls in 12·, So .nd
].literc.pacities to handle virtuallr anr IroPhihzaloon process.

The Lobcoaco line of freeze dIY apparalus Includes a deep Shell freezer
for I.st freezinl and. Vac·Stop Trar Drrer lor btllk dIYing and vacuum
stopperi... For the lab with occasionallreeze dIYing requirements, there
......bcoaco dry Ice cart.nd bench Ireeze drrers.labconco fast freeza
and lrPl>lalI flasks aSSllre a high vacuum seal without hooks, springs or
ITU5e

I.allaNlco has a nationwide _ of dealer represent.tives and
servIcemea ontr. pl10ne call awar lor estra·speed·i",service.

fer more Information .boot Lobconco freeze dIY apparatus, ask JOUr
labor.tory llUPPIr deal., or write for our ]6.page color catalog.

LABCONCO FREEZE DRY APPARATUS
CIRCLE 126 ON READER SERVICE CARD
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Third Annual Meeting

November 14-19, 1976
Philadelphia, Pa.

In Philadelphia the seven spon­
soring groups that make up the Feder­
ation of Analytical Chemistry and
Spectroscopy Societies (FACSS) com­
bine with the XIX Colloquium Spec­
troscopicum Internationale and 6th
International Conference on Atomic
Spectroscopy to present a 4 Y, day pro­
gram of 400 technical papers.

Approximately 20% of the papers
are from outside the U.S. with the
largest numbers from Canada, En­
gland, Germany, France. and Russia.
Special award symposia include the
Lippincott Award, Benedetti-Pichler.
and An.chem. R. C. Lord, winner of
the Lippincott Medal, will discuss
strategy and tactics in the Raman
spectroscopy of biornolecules, Tues­
day morning, Nov. 16. Wednesday
morning, the Anachem Award lecture
by winner John M. Vandenbelt will
cover standards in analytical instru·
mentation. Thursday morning, T. S.
Ma, Benedetti-Pichler award recipi­
ent, will describe the objectives and
implications of microchemistry_ In ad·
dition to sessions on chromatography,
spectroscopy, Bnd electrochemistry,
special sessions will cover museum
science, computers, biochemical and
I>harmaceutical applications of NMR,
thermal methods, excitation sources in
spectroscopy, air and water quality,
NMR instrumentation and quantita-

tion, image detectors in spectroscopy,
teaching analytical chemistry, trace
elements and reference standards,
clinical problems, x-ray diffraction,
furnace atomic absorption, spectrosco­
py of surfaces, environmental aspects
of GC, process control analyzers, par­
ticle characterization, atomic fluores­
cence, polymer analysis, ion probe and
SIMS, and detection of chemical
species.

Short courses, workshops. and tech­
nical films form part of the scientific
program. The Society for Applied
Spectroscopy will present courses on
modern emission spectroscopy and
Fourier transform spectroscopy: lR
and NMR. For details, see the August
issue, page 764 A. The American
Chemical Society has five short
courses scheduled (see this issue, page
970 A). There will also be workshops
on ion-selective electrodes, energy-dis­
persi\·e x-ray analysis, and use of pow­
der diffraction file.

Because of the many guests from
outside the U.S. and the many attrac­
tions of the Bicentennial City. an ex­
tensive cultural, educational, and s0­

cial program has been planned. There
will be stimulating and interesting ac­
tivities throughout the week beginning
Sunday evening at the Philadelphia
Sheraton with a talk by Whitfield J.
Bell, Jr., about Ben Franklin and his

cronies and continuing through Friday
afternoon when the Philadelphia Or­
chestra will be in concert at the Acad­
emy of Music. Included are city tours,
wwking tours, museum visits, and vis·
its to research establishments. An in­
strument exposition will accompany
the meeting. Exhibitors and their
products are listed on the following
pages. Further information concerning
the exhibits may be obtained from Ed­
ward Ruffmg, Scherago Associates, 11
W. 42nd SL, New York. N.Y. 10036-

All of the technical activities will
take place in the Civic Center or near­
by hotels. Housing forms and informa­
tion are available by writing to the
FACSS Housing Bureau. Philadelphia
Convention Bureau, 1617 John F_
Kennedy Blvd., Suite 1420. Philadel­
phia, Pa. 19103.

Preregistration fees are $30 or if a
member of a national or international
sponsoring group, $25. To qualify for
preregistration, completed forms must
be received by October 30. Forms and
further information may be obtained
from Theodore C. Rains, Analytical
Chemistry Division. National Bureau
of Standards, Washington, D.C.
20234.

The complete technical program for
the 3rd FACSS meeting is given on
the following pages of ANALYTICAL
CHEMISTRY.
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Brame Dunlop Ferrarj Robinson

CochaIrmen
Arrangements: Edward G. Brame,

Jr., Du Pont
Program: Edward C. Dunlop, Du

Pont

CochaIrmen-Elect

Arrangements: Mitch Kapron.
James A. Burns. Jr., Ethyl Corp.

Program: Jeanette G. Grasse/li.
Standard Oil Co. (Ohio)

Program Committee

Chairman: E. C. Dunlop, Federation
of Analytical Chemistry and Spec·
troscopy Societies

Monday Morning, Noy. 15

Analytical ChemIstry In Museum
Science

E. C. Dunlop, Preslder. Du Pont

9:00 Opening Remarks. E. C. Dun·
lop
9:05 Welcome by General Chair­
man. E. G. BrluJle
9:10 Welcome by Philadelphia Of­
ficials
9:15 Identification of Art Objects
by X-ray Fluarescence Spectrasco­
py. V. Hanson. Winterthur Museum
10:15 CuxatianaJ-Scientific Ap­
praisal af Selected Pewter Objects.
J. H. Carlson, D. Fennimore, Winter·
thurMuseum
10:45 Standard Reference Materi­
als for Analy.is of Glasses. I. L.
Barnes, NBS
11:15 Surface Studies of Ancient
Gold Coins and Modern Copies by
X-ray Fluarescence, SEM, and
Auger Spectroscapy. L. J. Cline
Love, L. Soto, Seton Hall U; B. Re·
agar, Bell Labs; J. V. Noble, Museum
of the City of New York

Computers In Analytical Chemistry

P. J.... PresldBr. Penn Slate U

10:00 Design Philo.ophy of Porta­
ble On-Line Infrared Computer
Sy.tem. A. Savitsky, Perkin·Elmer

Cochairman: K. F. J. Heinrich, XIX
Colloquium Spectroscopicum Inter·
nationaIe

Cochairman: S. R. Koirtyohann. VI
International Conference of Atomic
Spectroscopy

Treasurer: Louis Brancone, Lederle
Laboratories

Budget: Paul Lublin. GTE Laborato·
ries

Publicity: Hal Ferrari, Lederle Labo·
ratories

Registration: Ted Rains. National
Bureau of Standards

Arrangements: Doug Robinson.
Pennwalt Corp.

Expositian: James Devlin. Du Pont
Marshall Laboratories

10:30 Computerized Pattern Rec­
ognition a. Viable Tool in Labora­
tory Automation. S. P. Perone, Pur·
due U
11:00 Time-Shared Pattern Rec­
ognition in Laboratory Medicine
Using APL. J. C. MacDonald, Fair·
field U
11:20 Use of Microcomputer-Con­
trolled IR Spectrometer for Auto­
matic Identification of Organic
Compound•. W. L. Truett, Wilks Sci·
entific Corp.
11:40 Quantitative Electron Spin
Resonance Measuremcnts Using
Programmable Desk Calculator. A.
J. Dupuis Ill, D. C. Warren, Houston
Baptist U
12:10 Design and Application of
Programmable Calculator-Con­
trolled Instrument for Potentio­
metric Analy.is. J. M. Baldwin, H. R.
Deveraux, Allied Chemical Corp.

NMR BIochemIcal and
Pharmaceutical Applications

R. Cox. Preslder. U of Georgia

10:00 Recent Advance. in 3H
NMR. L. Altman, SUNY
10:30 Recent Advances and Appli­
cation. of zH NMR. J. Whidby, Phil·
ip Morris
11:00 Spectroscopic Study of So­
dium Solvation Sodium-23 Nucle­
ar Magnetic ResonanceStudies in
Nonaqueous Solvents. J. H. Ambrus,

Employment: David Nash. Bell Tele·
phone Laboratories

Message Center: Alex Presioso. Lab·
oratory Data Control

Student Award.: Leonard Klein.
FMC Corp.

Work.hop.: James Lindsay. U.S.
Geological Survey

Cultural, Educational, & Social:
Anne Donne/l

Hospitality: Richard Knauer. Armco
Steel

Housing: George Davis. Delare Assoc.
Publications: Galen Ewing, Seton

Hall University

U.S. Naval Surface Weapons Center;
D. N. Kender, Ciba·Geigy
11:20 Quantitative Analysis of
Degradation Products in Opbthal­
mic Formulations of Pilocarpine
Hydrochloride. G. A. Neville, Health
and Welfare Canada; F. B. Hasan, I.
C. P. Smith, National Research Coun·
cil of Canada
11:40 Compositional Analysis of
Sucrose Polyether Polyols by I3C
and 'H NMR. C. H. Ke, G. P. Cun·
ningham. P. E. Pierce, PPG Industries

Thermal Methods of Analysis

J. Jordan. Preslder. Penn State U

10:00 Recent Developments in
Thermal Analysis. W. W. Wen·
dlandt, U of Houston
10:30 Approach to Comprehen.ion
of Phenomena in Nonflame Atomic
Absorption Spectroscopy by Ther­
mogravimctry, Combined Electron
Microscopc-Micro·Probc, and Os·
cilloscopy. J. Sire. Laboratoire Re·
gional des Ponts and Chaussees,
France; I. A. Voinoviteh, Laboratoire
Central des Ponts and Chaussees,
France
10:50 Thermometric Detection of
Biochemical Reactions. N. D. Jes·
persen, U of Texas
11:20 Improved Subambient Op­
eration of Differential Scanning
Calorimeter (DSC). K. F. Baker, P.
S. Gill, Du Pont
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Literature pertaining to your particular balance
requirements will be sent on request.

A SC:XENT:XF:XC
~ BLOOMFIELD. N. J. 07003

.. Laboratory apparatus. instruments
chemicals. glassware

..we have the right model for you··whatever your weighing need!
Shown are iust twelve of the one-hundred-two­

plus balances we stock. Balances by such out­
standing makers as Ainsworth, Biolar. Cahn,
Digimetric, Ohaus, Sartorius. Sauter, Torsion and
Voland. We supply balances covering the spectrum
of laboratory weighing from a particle to a mass:
balances for every purpose from routine work to
a host of highly specialized needs: analytical
balances, animal balances, air pollution balances,
assembly-line balances, digital balances, electro­
balances, direct-reading balances, micro balances,
macro balances, moisture balances, student
balances, research balances.

Branches: Boslon, Mass.lElkGroveVillage.III.lFulierlon. Calil.lNew Haven. Conn.lPhiladelphia. Pa.lSilver SprIng. Md ISyracuse, N.Y.
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11:40 Thermogravimetric Deter­
mination of Stability of Metal-Pro­
tein Complexes. S. Gorinstein, He­
brew U of Jerusalem, Israel

Excitation Sources for
Spectroscopy

R. Barnes. Presider. U 01 Massachusetts

10:00 Excitation Conditions and
Interferences in Inductively Cou·
pled Plasma. L. de Galan, Technische
Hogeschool, The Netherlands
10:40 Studies of Interferences
with ICP Used in OES. M. H. Abdal­
lah, J. M. Mermet, J. Robin, C. Tras­
sy, Institut National de Sciences,
France
11:00 Inductively Coupled
Plasma-Atomic Emission Spectros­
copy-Spatially Resolved Radial
Excitation Temperatures and Elec­
tron Number Distributions Experi­
enced by Analyte Species. D. J. KaI­
nicky, V. A. Fassel, R. N. Kniseley,
Iowa State U
11:20 Computer Simulation of In­
ductively Coupled Plasma Dis­
charge. S. Chandra, R. M. Barnes, U
of Massachusetts
11:40 Experimental Temperature
and Velocity Profiles in Inductive­
ly Coupled Plasma Discharge. J.
Genna, R. M. Barnes, U of Massachu­
setts
12:00 Induction-Coupled Plasma
Emission from a Diffcrent Angle. F.
E. Licbte, S. R. Koirtyohann, U of
Missouri

Air and Water Quality

H. E. AUen. Presider, Illinois Institute of
Technology

10:00 Environmental Chemistry:
Validity of Data Obtained. J. L.
Monkman, Environmental Protection
Service, Canada
10:30 Contribution of Atmospher­
ic Transported Materials to Chemi­
cal Budget of Aquatic Systems. F.
C. Elder, Canada Centre for Inland
Waters
10:50 Determination of Water
Quality by Means of Remotely
Sensed and Locally Acquired Opti­
cal Data. R. P. Bukata, J. E. Bruton,
J. H. Jerome, Canada Centre for In·
land WateRl
11:10 Wastewater Monitoring
Program by City of New York. S. L.
Kirschner, City of New York Environ­
mental Protection Administration
11:30 Improved Method for Quan­
titative Measurement or Adenosine
Triphosphate in Lake Waters, Acti­
vated Sludge Systems, and Sedi­
ments. B. K. Afghan, J. F. Ryan, R. S.
Tobin, Canada Centre for Inland Wa­
ters

Monday Afternoon

computers In Analytical Chemistry

P. Jurs. Preslder, Penn State U

2:00 Visual Information Interpre­
tation-A Low-Cost Calor Display
System. T. L. Isenhour, J. deHasetn.
G. T. Rosmussen, W. S. Woodward, U
of North Carolina
2:30 Computer-Assisted Analyti­
cal Data Analysis. P. C. Jurs, Penn
State U
3:00 General Elcctronic Data
Processing Technique for Atomic
Absorption Spcctroscopy. G. E.
Harrison, A. M. Yoakum, P. L. Stew­
art, Stewart Labs
3:35 Some Observations on Use of
Echelle "Computer-Aided Direct
Reader" for Multielement Atomic
Spectroscopy. W. G. Cox, Naval Un·
derwater Systems Center
3:55 New Transducers for Com­
puter Interfacing oC Flame Spec­
trometer. T. W. Hunter, G. M.
Hieftje, Indiana U
4:15 Simulation in Spectrochemi­
cal Analysis and Atomic Absorp­
tion Spectroscopy. Ya. D. Raikh­
baum. K. F. Popoff. A. I. Kuznetsova,
E. S. KostukoV8, Siberian Department
of the Academy of Sciences, USSR
4:35 Microcomputer-Controlled
Monochromator Accessory Module
for Dual-Wavelength Spectro­
chemical Measurements. J. D. De­
freese, H. V. Malmstadt, U of Illinois
4:55 Double-Scanning Technique
for Measuring Statistical Distribu­
tion of Impurity Molecules. T.
Tamm, J. Kikas, Estonian Academy of
Sciences, USSR

NMR Instrumentation and
Quanlllatlon

D. Leyden, Presider, U of Denver

2:00 Recent Advances in Fourier
Transform NMR. T. Farrar, Nation­
al Science Foundation
2:30 Quantitative Measurements
Using I3C Fourier Transform
NMR. J. Shoolery, Varian
3:00 Quantitative Aspects of Stud­
ies of Polymers by High-Resolution
NMR. F. Bovey, Bell Labs
3:45 Recent Developments in
Solid-State NMR-Are Many Pho­
tons Better Than One? A. Pines, U
of California
4:15 Optimization of NMR Tun­
ing. M. R. Willcott, S. N. Deming, U
of Houston
4:35 Optimized GC-IR-NMR
Techniques. K. L. Gallaher, J. G.
Grasselli, Standard Oil Co. (Ohio)
4:55 I3C NMR of Fluorinated
Compounds Using Wideband "F
Decoupling. D. W. Ovenall, J. J.
Chang, Du Pont

Molecular Spectro.copy

A. H. Hanlin. PreskJer. canadian Centre fOf
Mlnera' and Energy Technology

2:00 Infrared Spectroscopy of
Mixtures. T. Hirschfeld, Block Engi­
neering
2:20 Fourier Infrared Spectrosco­
py of Transients. A. W. Mantz, Digi.
lab
2:40 Detection Limits in IT-IR
Spectroscopy. T. Hirschfeld, Block
Engineering
3:00 Weird Apodizations in IT­
IR. T. Hirschfeld, Block Engineering
3:35 Limitation of Quantitative
IT-IR. R. Julian, Nicolet Instrument
Corp.
3:55 Sensitivity Comparisons of
IT-IR Techniques. D. Mattson, Ni­
colet Instrument Corp.
4:15 Infrared and Raman Spectra
of Vanadium Phosphate Crystals
and Glasses. R. A. Condrate. Sr., R.
N. Bhargava, Alfred U
4:35 Application of Infrared to
Kinetic Analysis. S. G. Linsley,
Wilks Scientific Corp.
4:55 Liquid-Phase Isotopic Shift
in Benzyl Halides. R. Julian, Nicolet
Instrument Corp.

Image Detectors In Analytical
Spectroscopy

H. L. Pardue, Presider. Purdue U

2:00 Rapid Scanning Fluores­
cence Spectroscopy in Analytical
Chemistry. G. D. Christian, U of
Washington
2:30 Time-Resolved Resonance
Raman Spectroscopy. W. H. Wood­
ruff, Syracuse U
3:00 Instrumentation for Spec­
troscopy in Ultraviolet and Visible
Regions Using Computerized TV
Readout System. D. L. Wood, Bell
Labs
3:45 Sensitivity of Silicon Vidicon
Detectors Used for Atomic Spcc­
trochcmical Analysis. N. G. Howell,
G. H. Morrison, Cornell U
4:05 Linear Silicon Photodiode
Arrays with Parallel Data Output
as Radiation Detectors in Optical
Emission Spectrometry. H. Bubert,
W. D. Hagenah, K. Laqun, Institut fur
Spektrochemie und Angewnndte
Spektroskopie, Germany
4:25 Microprocessor-Controlled
Photodiode Array Spectrometer. D.
Lovse, H. V. Mnlmstadt, U of Illinois
4:45 Design of Versatile Multiele­
ment Spectrometer for Atomic
Spectroscopy Using Image Dissec­
tor. J. S. Garden, K. M. Aldous, New
York State Department of Health
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The ULTREX concept
1. To provide the purest products

available lor the most demanding
endeavors.

2. To provide maximum product
definition.

In other words: to provide insurance
against the impurities or uncertainties
that can jeopardize your work.

The ULTREX line
Nearly 100 of the finest ultrapure
reagents and chemicals available
anywhere in the world. Every product
is accompanied by a detailed Certifi­
cate of Analysis of the actual lot
supplied. Take the ULTREX Nitric
Acid label, lor example: HNO. assay,
residue after ignition, specific
gravity, non-metallic impurities (6),
metallic impurities (23), plus a note
re measurement techniques. In terms
01 spectrochemlcally detectable
impurities, ULTREX products are
typically 99.995 to 99.9999 pure. And
the extremely low content of aI/Im­
purities (often at the parts per billion
level) satisfies the most rigid use
requirements.

A note to those now
considering ultrapures
Ultrapures are not Inexpensive. But

where approprtate, they can be your
bestlnvestmenl Whenever your
'requlrements for purity and product
definition are stringent, ULTREX
products can indeed insure against
loss of time, effort, and other ex­
penses. Consider ULTREX when you
just can't afford to gamble with
impurities or uncertainties.

A note to those who do their
own purification
ULTREX products are made with the
latest in advanced equipment in
Baker's brand new Class-l 00 clean
room installation in Winchester, Va
The ULTREX analysis, an extensive
prool of purity, is performed by
Ph.D. analytical chemists in Baker's
research laboratories. The actual
lot analysis for a typical ULTREX
product takes three days, while
nearly 40 manhours are required lor
products such as sodium chloride.
When the analysis is complete
Baker's Director 01 Research verifies
the work and signs the certificate.
This certificate Is supplied with each
package of that ULTREX product.
Consider letting us supply your
needs. We may well save you money.
We know we'll save you time.

For more Information
See pages 145 to 180 In our Catalogs
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7501780 orwrite for our 36 page
ULTREX brochure. And if you find that
we now don't supply an ultrapure you
need, let's talk.

Finally, there's
Super service
If your Baker distributor Is out 01
stock on ultrapures that you need
now, he can call a Baker Super
Service Center and, if he cafls by 3:30
p.m. our time, your order will go out
directiy to you in most cases on the
very next business day. That's Baker
Super Service.

J. T.Baker:
"use-matched" products

and ••. Super Service.

~
JJ:Baker
'-'a
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J. T. Baker Chemical Compeny
Phillipsburg, New Jersey 08865
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Teaching Analytical Chemistry
ObJectives, Performance, and
Evaluation

W. H. Harris, PrBslder, U of Alberta

2:00 Teaching Analytical Chemis­
try-Objectives, Performance, and
Evaluation. H. Diehl, Iowa State V
2:30 Real World Needs and Ex­
pectations from Teaching of Ana­
lytical Chemistry. J. Grasselli, Stan­
dard Oil Co. (Ohio)
3:00 Teaching Analysis as Symbi­
osis. R. Ramette, Carleton Coli
3:45 College Graduate to Analyti­
cal Chemist-How Does It Happen?
H. Pardue, Purdue V
4:15 Modular Microprocessor
System for Both Teaching and An­
alytical Automation. J. Avery, D.
Loyse, H. V. Malmstadt, V of Illinois
4:45 Evaluation-Why and How?
B. Kratochvil, W. E. Harris, V of AI·
berta, Canada

Trace Element Analyses and
Reference Standards

G. A. Urlano. Preslder. NBS

2:00 Concept of Accuracy in
Chemical Analytics. H. Kaiser. Dort­
mund, West Germany
2:30 Application of Poly(dithio­
carbamate) Chelating Ion-Ex­
change Resins to Trace Analysis. D.
Hackett, S. Siggia, V of Massachusetts
2:50 Determination of Vltratraces
of Elements in SiCI, by Flameless
Atomic Absorption Spectrometry.
T. Y. Kometani, Bell Labs
3: 10 Optimized Calibration Proce­
dure for Spectrochemical Analysis.
D. G. Mitchell, W. N. Mills, M. Zdeb,
New York State Department of
Health
3:45 Direct Determination of
Trace Elements in Water by
Graphite Furnace Atomization­
AAS. T. C. Rains, I. L. Barnes, M. S.
Epstein, NBS
4:05 Total Solution Technique for
Preparing Spectrochemical Stan­
dards. H. C. Whitehead, ERDA

Excitation Sources for
Spectroscopy

R. Barnes. Preslder, U of Massachusetts

2:00 Aspects of Inductively Cou­
pled Plasma Spectroscopy. S.
Greenfield, Albright and Wilson Ltd.,
England
2:40 Improved Ultrasonic Nebuli­
zation Facility for U1tratrace Mul­
tielement Analysis. Evaluation and
Comparison with Pneumatic Nebu­
lization in Inductively Coupled
Plasma-Atomic Emission Spec­
trometry. K. W. Olson, W. J. Haas,
Jr., V. A. Fassel, Iowa State V

3:00 . Evaluation of Proposed Solu­
tions to Stray Light/Background
Problem in U1tratrace Analysis by
Atomic Emission Spectrometry. V.
A. Fassel, W. J. Haas, Jr., J. M.
Katzenberger, R. N. Kniseley, G. F.
Larson, R. K. Winge, Iowa State V
3:35 Reduction of Stray Light in
Inductively Coupled Plasma Emis­
sion Spectrometry. C. C, Wohlers,
Fisher Scientific
3:55 Trace Level Multielement
Analysis by Atomic Emission Spec­
trometry. Applications of Simulta­
neous Multielement Wavelength
Profiling Facility for Diagnosis of
Stray Light and Spectral Line In­
terference Effects. W. J, Haas, Jr.,
R. K. Winge, V. A. Fassel, R. N. Kni­
seley, Iowa State V
4:15 Accuracy oC Determination
by Induction-Coupled Plasma in
Complex Biologic Matrices; Some
Important Factors. R. L. Dahlquist,
R. D. Irons, J. W. Knoll, V of Roches­
ter
4:35 Trace Elemental Analysis in
Environmental and 'Biological
Samples Vsing Inductively Coupled
Argon Plasma-Optical Emission
Spectrometry. A. F. Ward, H. R.

. Sobel, Fisher Scientific
4:55 Preservation oC Accuracy in
Determination oC Trace Elements
in Complex Matrices Using Induc­
tively Coupled Argon Plasma-Opti­
cal Emission Spectrometry. A. F.
Ward, R. L. Crawford, H. R. Sobel,
Fisher Scientific
5:15 New Lines of Sulfur Provid­
ed by AR-H,S ICP. J. Jarosz, J. M.
Mermet, Institut National des Sci·
ences, France

Air and Water Quality

l. H. SuHet. Presider, Drexel U

2:00 Identification and Measure­
ment or Trace Organics in Water:
An Overview. W. T. Donaldson, En­
vironmental Research Lab
2:30 Application of Direct Head
Gas Analysis for Determination of
Chloroform in Drinking Water. S.
L. Friant. Academy of Natural
Science; J. H. Suffet, Drexel V
2:50 MicrocouJometric Method
for Determination of Total Or­
ganic-Bound Chlorine in Drinking
Water. W. H. Glaze, G. R. Peyton, J.
E. Henderson IV, R. Rawley, North
Texas State U
3:10 Low-Molecular-Weight Aro­
matic Hydrocarbons in Drinking
Water. R. D. Smillie, T. Sakuma, W.
K. Duholke, Ontario Ministry of the
Environment, Canada
3:45 Recovery and Identification
of Trace Quantities of Phenolic
Compounds from Natural Waters.
G. T. Hunt, W. H. Clement, S. D.
Faust, Rutgers, The State !J
4:05 On the Beach-Infrared
Spectroscopy in the Real World. C.

W. Brown, W. P. Lee, P. F. Lynch, M.
Ahmadjian, V of Rhode Island
4:25 Measurement of Organics in
Same Treated and Untreated
Water Supplies of Southern Ontar­
io. F. P. Cappelli, J. Lawrence, P. D.
Goulden, Canada Centre for Inland
Waters

Tuesday Morning, Nov. 16

L1pplncoll Medal Symposia: Medal
Ceremony

J. E. Katon. Presider. Miami U

9:00 Welcoming Remarks. E. G.
Brame
9:05 Presentation of 1976 Lippin­
cott Medal. By J. E. Katon, Presi­
dent, Society for Applied Spectrosco­
py, to R. C. Lord, MIT
9:15 Lippincott Medal Address:
Strategy and Tactics in Raman
Spectroscopy of Biomolccules. R. C.
Lord

L1pplncoll Medal Symposia: Ellis R.
lipplncoll Memorial Symposium

A. J. Jakobsen. Presider. Battelle-Columbus
Lab

10:15 Legends of Ellis R. Lippin­
cott. W. G. Fateley, Kansas State V
10:40 Some Research in the Foot­
steps of Lord and Lippincott. F. A.
Miller, V of Pittshurgh
11:10 Recent Advances in G-H
Stretching Frequencies. L. J. Bell­
amy, Ministry of Technology, England
11:40 Recent Advances in Appli­
cation of Analytical Techniques to
Study of Hydrocarbons in Marine
Environment. D. W. Mayo, Bowdoin
Coil

Excltallon Sources for
Spectroscopy

A. Barnes. Presider, U 01 Massachusetts

10:00 Plasmatrons for Spectral
Analysis. Z. Zheenbaev, V. S. En­
gelsht, K. Vrmanhetov, Academy of
Sciences of Kirgizskaja, VSSR
10:20 Study of Processes in Emis­
sion Spectral Analysis. A. V. Karyk­
in, VSSR Academy of Sciences
10:40 Diagnostics of Analytical
Plasmas-Flames and DC Arcs at
Atmospheric Pressures by Moving
Double-Floating Probes. R. Avni, V.
Carmi, I. Inspector, Nuclear Research
Centre, Negev, Israel
11:00 Luminosity and Radiometry
Measurements of Pyrotechnic
Flames. T. A. Doris, W. J. Puchalski,
Frankford Arsenal; p. N. Keliher, Vil­
lanova V
11:20 Concerning the Use of DC
Argon Plasma as Excitation Source
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in Emission Spectroscopy. M. D.
Sands, Raytheon Co.; W. G. Cox,
Naval Undcrwater Systems Center
II :40 Analysis of Phosphorus by
Plasma Emission Speclroscopy­
Some Practical Applications. E.
Griffin, Texas Instruments
12:00 Emission Spectroscopical
Investigations on Methane Pyroly­
sis in AC Arc. H. Nickel, G. Heinrich,
M. Mazurkiewicz, Kernforschungsan­
lage Julich GmbH, Germany

Analytical Chemistry for Clinical
Laboratories

G. N. Bowers. Jr.• Presider, Hartford
Hospital

10:00 Ovcrview of Ccllular Rcspi­
ration. R. Poynlon, U of Connecticut
10:30 Instrumentation Develop­
ments on Automated System for
Clinical Analyscs. M. McCracken, H.
V. Malmsladt, U of Illinois
10:50 Clinical/Analytical Appli­
cations of New Automated Analyz.
er Systcm. D. Krottinger, H. V.
Malmsladt, U of Illinois
11:10 Nicotinamide Adcninc Di­
nucleotides-Metabolic and Ana­
lytical Considcrations. L. W. Hond,
St. Vincent Hospital
11:40 Analyzing Drugs and Thcir
Mctabolitcs by HPLC. J. Strimaitis,
D. Wittmcr, G. Hawk, Waters Asso·
ciates
12:00 Ncw Proccdurc for Extract­
ing Drugs. S. A. Ihrahim, New York
U

Recent Trends In Mass
Spectrometry

F. H. Field, Presider. Rockefeller U

10:00 Chcmicallonization Mass
Spcctrometry Tcn Years Later. M.
S. B. Munson. U of Delaware
10:40 Mass Spcctromctcr as GC
Dcteetor. C. C. Fcnselau, Johns Hop·
kins U
11:20 Scquencing Biopolymcrs by
Mass Spectrometry. D. V. Bowen,
Rockefeller U

X-ray Dlffracllon

R. J. Fredericks, Presider, Ethicon

10:00 Applications of X-ray Dif­
fractomctry. D. Smith, Pennsylvania
State U
10:30 Spccial Problems in Powder
Diffractomctry. B. Post, Polytechnic
Institute of New York
11:00 Unusual Applications of
X-ray Diffraction. H. Jenkins, Phil·
ips Electronic Instruments
11:20 Automation Procedures in

Powder Diffraction. C. Hubbard,
NBS
11:40 Multicomponent Mixtures­
Is X-ray Diffraction Adequate? A.
W. Hounslow, J. B. Krause, R. K. Cor·
bett, Colorado School of Mines Re·
search Institute
12:00 High-Prccision Computer­
Controlled X-ray Diffractometer.
J. A. Keenan, P. F. Cox, H. F.
Schaake, Texas Instruments

Air and Water Quality

B. K. Afghan. Preslder, canada Centre for
Inland Waters

10:00 Analytical Process for Air
and Watcr Quality Studies. P. W.
\Vest, Louisiana Stnte U
10:30 Analytical Evaluation of
Multistalte Air Sampling Device
for Mercury. M. L. Bolyard, J. C.
Haartz. National Institute for Occupa­
tional Safety and Health
10:,'}0 Analysis of Air and Water
with X-ray Spectrometry. R. Plesch,
Siemens AG, \V. Germany
11:10 Anodic Stripping Vollam­
metry of Atmospheric Samples. M.
D. Ryan, D. D. Siemer, Marquette U
11:30 Quantilative Analysis of At­
mospheric Pollutants Using ~ficro­

computcr-Controlled Single-Beam
Infrared Spectrometer. R..J. Syrja·
la, \\'ilks Scientific Corp.

Trace Element Analyses and
Reference Standards

P. D. laFleur, Presider, NBS

10:10 Use of Reference Materials
in Improving Accuracy of Trace
Elemental Analyses. G. A. Uriano, R.
E. Michaelis, I. L. Barnes, NHS
10:40 Preparation and Analysis of
Some Environmental Standards. K.
Fuwa, U of Tokyo, Japan
11:10 Botanical Standard Refer­
ence Materials. J. R. Moody, NBS
11:30 Primary and Transfer Stan­
dnrds for Transmittance Accuracy
in Spectrophotometry. R. Mavrodi­
neanu, H. W. Hurke. K. D. Mielenz,
NBS
11:50 ERDA's Role in National
Standards and Measurement As­
surance Program for Safef{uarding
Nuclcar Materials. J. A. Goleb,
ERDA

Tuesday Afternoon

L1pplncoll Medal Symposia:
Raman Spectroscopy

Arranged by Raman Technical Group

J. E. Grifliths, Presider, Bell Labs

2:00 Cohcrcnt Anti-Stokes Raman

Spectroscopy of Gases. J. W. Nibler,
J. R. McDonald, W. M. Shaub, A. B.
Harvey, Naval Research Lab
2:30 Use of Techniques Developed
in Integrated Optics for Exciting
the Raman Effect. R. Dupeyrat, U of
Paris, France
3:00 Advances in Laser Raman
Techniques. M. Delhaye, U of Lille.
France
3:45 Microanalysis by Raman
Spectroscopy. G. J. Rosasco. NBS
4:15 Laser Excitation Matrix Iso­
lation Spectroscopy. W.L.S. An·
drews, U of Virginia
4:45 Vihrational Spectroscopy as
Tool for Studying Phase Diagrams.
B. J. Bulkin, K. Krishnan, Polytechnic
Institute of New York; N. Yellin, NIH
5:05 Raman Spectroscopy of Adri­
amycin. K. W.Hillig 11, M. D. Morris,
U of Michigan

Excltallon Sources for
Spectroscopy

R. Barnes, Presider. U of Massachusetts

2:00 High-Intensity Continuum
Radiation from Explodinlt Wires.
R. D. Sacks, P. L. Thomas, U of Mich·
igan
2:20 Time- and Spatially-Resolved
Spectra of Explodinlt AI Foils. R. D.
Sacks, C. S. Ling, U of Michigan
2:40 Preliminary Studies of Ex­
ploding-Film Excitation for Atomic
Emission Determination of Select­
ed Trace Metals. R. D. Sacks, D. V.
Duchane, U of Michigan
3:00 Liquid Layer Spark Sampling
Technique. R. Cornor, R. M. Barnes,
U of Massachusetts
3:35 Characterization of Atmo­
spheric Pressure Glow Discharge.
L. R. Layman, Pacific Lutheran U
3:55 Diagnostics of Argon Micro­
wave Plasma Under Flow Condi­
tions by Symmetrical Double­
Floating Probes. A. Inspector, U.
Carmi, R. Avni, Nuclear Research
Centre, Negev, Israel
4:15 Spectroscopic Investigation
of Low-Pressure Oxygen Plasma
Discharge. R. J. Winslow. R. M.
Barnes, U of Massachusetts
4:35 Width of Spectral Lines Ex­
cited in Grimm-Type Glow Dis­
charge Source nnd Use of This
Lamp with Resonance Detection
for Emission Spectrochemical
Analysis. C. D. West, Occidental Coli;
L.R.P. Butler, H.G.C. Human. CSiR,
S. Africa
4:5,'} Spatially Resolved Radiation
Patterns in NzO-CzH, Flame. R. D.
Sacks, H. Joshi, U of Michigan
5:15 Interferometric Atomic Line
Profile Mcasurements of Plasma
Sources. G. F. Kirkbright. S. L. Cast·
leden, Imperial Coli, UK
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Analytical Chemistry for Clinical
Laboratories

George N. Bowers, Jr., Preslder, Hartford
Hospital
2:00 Preparatioo and Character­
izatioo of High-Purity NADH. R.
Schaffer, S. A. Margolis, NBS
2:30 Spectrophotometric Con­
stants, LDH Inhibitors, and Purity
of Commercially Available NADD.
R. B. McComb, Hartford Hospital
3:00 TLC Classification of Antibi­
otics Exhibiting Antitumor Prop­
erties. H. J. Issaq, A. Aszalos, E. W.
Barr, T. Wei, C.Meyer, NCI Frederick
Cancer Research Center
3:35 Enzymatic Determination of
Cholesterol Vsing Miniature Cen­
trifugal Fast Analyzer. G. Wengert,
H. V. Malmstadt, U of lllinois
3:55 Adaptation of Enzyme Immu­
noassay Techniques to Modified
Miniature Centrifugal Analyzer. S.
D. Brunk, H. V. Malmstadt, U of JIli­
nois
4:15 Rapid Scanning Spectrome­
ter for Analysis of Hemoglobins in
Whole Blood. M. J. Milano, K.-Y.
Kim, SUNY
4:35 Laser Excited Fluorescence
Determinations of Clinical Samples
on Miniature Centrifugal Analyz­
er. M. J. Simmons, H. V. Malmstadt,
U ofJllinois
4:55 Automated Multichannel
Pipet and Miniature Centrifullal
Analyzer System for Rapid Clinical
Analyses. R. Gregory, H. V. Malm­
stadt, V of JIlinois

Recent Trends In Mass
Spectrometry

F. H. Field, Preslder, Rockefeller U

2:00 mCf-Plasma Desorption
Mass Spectrometry-New Ap­
proach to High.Temperature
Chemistry. R. D. MacFarlane, Texas
A&MV
2:40 Structural Information from
Collisional-Activation and Com­
puter-Interpreted Mass Spectra. F.
W. McLafferty, Cornell V
3:35 Modern Isotope Dilution
Mass Spectrometry as Definitive
Analytical Tool. L. J. Moore, T. J.
Murphy, I. L. Barnes, NBS
3:55 Factor Analysis of Mass
Spectra. R. W. Rozett, E. M. Peter­
sen, Fordham V
4:15 Identification of n-Octylcy­
anide in In Situ Sbale Oil. F. R.
McDonald, F. A. Birkholz, ERDA
4:35 Characterization of Oil Shale
and Shale Oil. S. Siggia, P. C. Uden,
D. E. Henderson, A. Carpenter, Jr., F.
P. DiSanzo, H. Hackett, U of Massa­
chusetts

Air and Water Quality

J. L. Monkman. Preslder, Environmental
Protection Service. Canada

2:00 Complexation of Metals in
Natural Waters. H. E. Allen, T. Bris­
bin, Illinois Institute of Technology;
M. L. Crosser, Amoco Researcb Cen­
ter
2:30 Graphite Filtration and Di­
rect Atomic Absorption or Trace
Metals in Air. D. D. Siemer, P. Ko­
teel, H.-Y. Wei, Marquette U
2:50 Emission Spectrometric De·
termination of Atmospheric Par­
ticulates. R. K. Skogerboe, A. Sugi­
mae, Colorado State U
3:10 Automated Microprocessor­
Controlled Atomic Absorption
Analysis of Natural Water for Ar­
senic and Selenium. R. W. Morrow,
T. L. Futrell, T. T. Adams, Union Car­
bide
3:45 Determining Arsenic and Se­
lenium by Atomic Absorption Spec­
troscopy-A Comparative Study. K.
Brodie, B. Culver, Varian
4:05 Colorimetric Analysis of Am­
monia in Water. R. L. Gross, F. W.
Carson, American U
4:25 Application of New Type of
Hydride Generator to Analysis of
Selenium. E. E. Peck, Ralston Purina
Co.

Trace Element Analyses and
Reference Standards

I. L. Barnes. Preslder. NBS

2:00 Candoluminescence Spectro­
photometry: Recent Dcvelopments
in Analytical Chemistry. R. Belcher,
S. Karpel, K. P. Ranjitkar, M. Shahid­
ullah, A. Townshend, U of Birming­
ham, UK
2:20 Determination of Traces of
Rare Earth Metal Ions by Candolu­
minescence. R. Belcher, T.A.K. Nas­
ser, A. Townshend, U of Birmingham,
UK
2:40 Determination of Nitrogen­
Containing Compounds by MECA.
R. Belcher, S. L. Bogdanski, A. Calok­
erinos, A. Townshend, I. Z. AI-Zamil,
U of Birmingham, UK
3:00 Determination of Some
Drugs, Amino Acids, Proteins, and
Other Compounds of Biochemical
Interest by MECA. M. Q. AI-Abachi,
R. Belcher, S. L. Bogdanski, A. Town­
shend, U of Birmingham, UK
3:35 Inorganic Ion Analysis by
Laser Excitation of Precipitates. J.
C. Wright, V of Wisconsin
3:55 Sub-Part-Per-Trillion De­
tection of Riboflavin by Laser-In­
duced Fluorescence. J. H. Richard­
son, B. W. Wallin, D. C. Johnson, L.
\\T. Hrubesh, Lawrence Livermore Lab
4:15 Determination of Trace Met­
als by Chemiluminescent Oxidation
of Gallic Acid. S. Stieg, T. A. Nie­
man, U of JlJinois

4:35 Analytical Error: Observa­
tional, Manipulative, and Evalua­
tive. W. E. Harris, U of Alberta, Cana­
da

Furnace Atomic Absorption

C. L. Chakrabartl. Presider. Carleton U.
Canada

2:00 Carbon Furnace Atomic
Emission Spectrometry. J. M. Otla­
way, R. C. Hutton, D. Littlejohn, F.
Shaw, U of Strathclyde, Scotland
2:30 Sources and Structure of
Background Light Losses in
Graphite Furnace Atomizers for
Atomic Absorption Spectrometry.
J. Y. Marks, R. J. Spellman, R. Cone,
Pratt and Whitney Aircraft
2:50 Limitations of Background
Correction Systems for Use with
Graphite Furnace Atomizers and
Consequences of Background Cor­
rection Errors. J. Y. Marks, G. C.
Welcher, Pratt and Whitney Aircraft
3:25 Evaluation of Interferences
in Application of Wavelength Mod­
ulation Graphite Furnace Atomic
Emission Spectrometry to Sample
Analysis. M. S. Epstein, T. C. Rains,
NBS; T. C. O'Haver, V of Maryland
3:45 Some Recent Studies with
Electrothermal Atomizers Used in
AAS. G. F. Kirkbright, M. J. Adams,
R. D. Snook, Imperial Coli, UK
4:05 Flameless Atomic Absorption
Theory Applied to Methods Devel­
opment. R. H. Emmel, M. A. Ban­
croft, S. B. Smith, Jr., Instrumenta­
tion Lab
4:25 Capacitive Discharge Heat­
ing of Graphite Flameless Sample
Cell. R. D. Sacks, W. Corey, U of
Michigan
4:45 Automated Sample Introduc­
tion in Flameless AA with Graphite
Tubes. M. Stoeppler, Nuclear Re­
search Centre Juelich, Germany; B.
Welz, Bodenseewerk Perkin-Elmer
and Co. GmbH, Germany

Instrumentation

2:00 Automated DC Plasma-Ech­
elle Spectrometer System for Trace
Metal Analysis. C. D. Neefus, T. R.
Gilbert, New England Aquarium
2:20 Performance of Multichan­
nel Spectrochemical Analysis Sys­
tem for Vse witb Inductively Cou­
pled Plasma Source. J. W. Kemp, A.
E. Bernhard, C. J. Landry, Labtes!
Equipment Co.
2:40 Astigmatism and Ray Trac­
ing Calculations for Spatially Re­
solved Images in Spark Discharges.
C. Poirier, R. Corsor, R. M. Barnes, U
of Massachusetts
3:00 Investigation of Influence on
Droplet Size of Electric Field Ap­
plied During Pneumatic Nebuliza­
tion. R. N. Savage, G. M. Hieftje, In­
diana U
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Varian Announces
the CDS-lll ChromatographyData System...

a better, easier way to quantitate
your chromatograms

The CDS-111 is more than a powerful
chromatography data system. It will
automatically quantitate most chroma­
tograms completely on its own. It will
control an entire chromatography
system -chromatograph, AutoSampler,
valving, external events- in automatic
closed-loop operation. It has large­
computer power to store, for use on
command, up to 9 (nine) complete meth­
od files each of which can be tailored
to automatically control a complex
analysis from start to finish, It will even
link method files so that a single chro­
matogram can be automatically edited
and calcuiated up to nine different
ways. And the CDS-111 Chromatog­
raphy Data System makes it all easy,

It automatically quantitates most
chromatograms entirely on Its own.
You don't have to punch in se:s of pre­
run instructions. The CDS-111 already
knows what to do, All the critical meas­
uring parameters are factory preset
and the CDS-111 automatically up­
dates the parameters throughout the
run to accurately quantitate most types
of chromatograms. For unusual, or
complex analyses, you can easily
override the presets and set whatever
vaiues you need,

It accurately measures the areas of all
types of peaks, simple and complex.
For accurate, precise measurement
of all true peaks, the CDS-111 continu­
ously filters the noise from the chro­
matographic signal and keeps the peak
detection threshold-to-noise ratio
constant throughout the analysis,

The CDS·111 automatically calculates
the re~ults according to any of 6 (six)
different methods: internal standard,
external standard, calibration factor,

relative response factor, area % and
normalized area %. Through powerful
file linking, any combination of these
methods can be automatically applied
to the data from a single injection and
the results automaticalty reported in
more than one form, e,g., weight %,
mole %, and volume %,

The CDS·111 stores, for immediate
use, up to 9 (nine) complete method
files, each tailored to control a specific
analysis. Files can be simple, using
only their presets which will handle
most analyses. Or they can be sophis­
ticated, controlling the entire chroma­
tographic process-the AutoSampler,
the Model 3700 chromatograph, ex­
ternal devices, data acquisition, calcu­
lations and final report. You don't have
to set up the CDS-111 every time you

@
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run a different sample, You can call up
your stored file at the touch of a button,

The CDS·111 controls are simple.
Four switches, a small keyboard and 6
(six) indicator lights give you complete
control and you don't really need the
keyboard at alt unless you want to
override the automatic settings, edit a
report, or build or alter a method file,

The CDS·111 makes chromatography
automation available to every lab.
It interfaces simply with both gas and
liquid chromatographs, Two different
basic models are available, so you can
choose a system that best meets your
particular needs and budget.

For Full Information, circle R'lder Service
No, 222

To Ha.. a Varian Representati.. Call, circle
No. 223

Varian Inslrumenl Division
611 Hansen Way, Box 0-070
Palo Alto, California 94303
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Does your spectrophotometer
have these capabilities?

Compare all the standard, built-in features of SuperScan" 3
against those of other UV-Vis spectrophotometers.

o Versatile wavelength programming console. Here's
where you select starting wavelength and wavelength
scan range. Just press SINGLE SCAN and the pro­
grammer automatically records spectra with maximum
wavelength expansion on the convenient 20 x 40 em
chart paper. After each scan, SuperScan auto­
matically returns monochromator and recorder
pen to original position.

o Overlay spectra with ease - automatic
repetitive scanning with a selectable cycle
time of 0 to 20 minutes.

o Baseline correction with an automatically
programmed memory. A single scan through
the wavelength region of interest com­
pensates for baseline deviations.

o Four-figure digital readout precisely
indicates the wavelength isolated by
the monochromator.

Varian UV-Vis
spectrophotometers

lor every need.

o Nothing's left to chance. Program for AUTO and
the source change is made automatically at 350 nm.

o Superb readout capabilities. In addition to the
absorbance mode, SuperScan provides % transmis­

sion, concentration and first derivative data.

Be sure you have full facts on SuperScan. the most
capable spectrophotometer in the mid-price field.

Write Varian Instrument Division, 611 Hansen
Way. Box 0-070, Palo Allo CA 94303.

Circle 247 for the complete
data package.

Circle 248 if you'd like our
technical representative to

contact you.

@
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3:35 Electronically Controlled
Droplet Generator Cor Use with
Micro-Samples. L. A. Powell, G. M.
Hieftje, Indiana U
3:55 Innuence oC Wave Form on
ReCractor Plate Background Com­
pensation in Emission Analysis. S.
R. Koirtyohann, E. Hinderberger, F.
E. Lichte, U of Missouri
4:15 Accuracy and Precision of
Background Correction in Atomic
Absorption Spectrophotometry. R.
G. Schleicher, S. B. Smith, Instrumen·
tation Lab
4:35 Peak Area vs. Peak Height in
Flamclcss Atomic Absorption Mea­
surements. H. J. Issaq, R. M. Young,
E. W. Barr, NCI Frederick Cancer Re·
search Center

Wednesday Morning, Nov. 17

Anachem Award

J. A. Howell. Presider. Western Michigan U

9:00 Introduction oC Awardee.
Reminiscence of 0 \Vell-Spent
Youth. S. Fusnri, Parke, Davis find
Co.
9:15 Anachem Award Lecture.
Standards in Analytical Instru·
mentation.•1. M. Vnndenbelt, Parke,
Davis and Co.
10:15 Problem Solving in Pharma­
ceutical Analysis. J. Holcomb,
Parke, navis and Co.
10:35 Characteristics oC Equilib­
rium Reaction of Some Pyrazolo
Disvclinoncs in Aqueous Solutions.
W. H. Hong, C. Johnston, D. Szulc·
zcwski, Parke, Davis and Co.
10:55 Development of Stability­
Indicatiol;' Assay for Guana Benz
Acetate. C. Shearer, Parke, Davis and
Co.
11:15 Photo Excitation State oC
First Primary Band of Benzene. L.
Doub, ,J. M. Vandenbelt. Parke, Davis
and Co.

Lippincott Medal Symposia: IR and
Far IR Studies Using FT
TechnIques

Arrangod by the Fourier Transform Spectroscopy
Q-oup

J. W. Brasch, Preside,. Naval Surface
Weapons Cenler

10:00 Determination of Barriers
to Internal Rotation of Asymmetric
Rotors arid Conformational Analy­
sis by FT Spectroscopy. J. Durig, U
of South Carolina
10:30 Spectroscopy Studies oC
Ionic Solids and Gases. W. Risen,
Brown U
11:00 FT-IR and Resonance
Raman Spectra oC Metastable
Species in Irradiated Solids. J.
Bates,ORNL

11:30 Preliminary Experiments on
Infrared Frequencies and Intensi­
ties as Function of Density. J. W.
Brasch, Naval Surface Weapons Cen·
ter; R. J. Jakobsen, Battelle-Columbus
Lab

Spectroscopy 01 Surfaces

D. M. Hercules, Preside,. U of Pittsburgh

10:00 Quantitative Analysis and
Electronic Structure Character­
ization oC SurCace Absorbed
Species by Photoelectron Spectros­
copy. C. R. Brundle, IBM
10:35 SurCace Analysis by High­
Performance Ion Scattering Spec­
troscopy. G. R. Sparrow, 3M Co.
11:10 SurCace Spectroscopy oC
Polymers: Application oC XPS,
UPS, and SIMS. W. M. Riggs, Physi·
cal Electronics Industries
II :30 Study oC Oxide Film Forma­
tion by SIMS. G. J. Scilla, V. L.
\\'rick, G. H. Morrison, Cornell U
11:50 PerCormanees oC Cold Cath­
ode Windowless Tube Cor Thin
Oxide Film Studies. M. Romand, G.
Bouyssoux, R. Hador, U Claude Ber·
nard, ~'rance; B. Grubis, Compagnie
Gcnerale de Radiologic. France
12:10 Characterizing Cosmetic
ECCects and Skin Morphology by
Scanning Electron Microscopy. C.
A. Garber, C. T. Nitingale, Structure
Probe

Environmental Aspects 01 Gas
Chromatography

G. R. Umbreit, Preside,. Greenwood Labs

10:20 Determination of Trace
Amounts of Nonvolatile Organic
Contaminants in 'Vater. J. S. Fritz,
Iowa State U
10:50 Gas Chromatographic De­
termination of Volatile Organic
Contaminants in Water at Trace
Levels. C. D. McAuliffe, Chevron Oil
Field Research Co.
11:20 Procedure Cor Analysis oC
Nonionic Chlorinated Pesticides in
Lipid oC Poultry, Swine, BeeC, Soy­
beans, and Corn Prepared for Gas
Chromatography Analysis by Gel
Permeation Chromatography. L. D.
Johnson, G. L. Brookhart, R. H.
Waltz, Analytical Biochemislry Labs
II :40 GLC Determination oC Piri­
miearb and Its Carbamate Metabo­
lites as Applied to Field Trials Cor
Potatoes. S. J. Jankowski, ICI United
Slates

Process Control Analyzers

J. W. Loveland. Presider, Suntech

10:15 Process On-Line Sulfur-in­
Oil Analyzer. G. R. Johnson, Y. Tak­
euchi, M. Kyono, Yokogawa Corp. of
America; J. W. Loveland, Suntech

10:40 New Instrument Cor Contin­
uous Measurement of Sulfur Diox­
ide. J. W. Butler, A. D. Colvin, Ford
Motor Co.
11:00 Personal Monitoring Device
Cor Vinyl Chloride Utilizing Per­
meation Technique for Sampling.
P. W. West, L. H. Nelms, K. D. Re·
iszner, Louisiana State U
11:20 Process Control Using On­
Line Ion Chromatography. T. S.
Stevens, W. R. Albe, Dow Chemical
Co.
11:40 Immobilized Enzyme-Based
Flowing-Stream Penicillin Analyz­
er. Applications to Measurement of
Penicillin in Fermentation Broths.
J. F. Rusling, G. J. Papariello, G. H.
Luttrell, L. F. Cullen. Wyeth Labs

Furnace Atomic Absorption

c. L. Chakrabarti, Presider. carleton U.
Canada

10:00 Electrothermal Atomiza­
tion-The Way Toward Absolute
Methods oC Atomic Absorption
Analysis. B. V. L'yoy, Leningrad
Polytechnic Institute, USSR
10:40 Dynamics oC Atom Forma­
tion in Graphite Furnace Atomic
Absorption Spectroscopy. R. E.
Sturgeon, C. L. Chakrabarti, C. H.
Langford, Carleton U, Canada
10:20 Application oC Carbon Fur­
nace Atomic Emission Spectrome­
try to Determination of Minor Con­
stituents oC Steels. J. M. Ottaway, F.
Shaw, D. Littlejohn. U of Strathclyde,
UK
11:40 PerCormanee oC AS-l Auto
Sampler with HGA-2100 Graphite
Furnace. A. R. Knott, W. B. Barnett,
S. DeNuzzo. Perkin·Elmer

Wednesday Afternoon

Anachem Award: Absorption
Spectroscopy

J. A. Howell. Presider, Western Michigan U

2:00 Ultraviolet Determination oC
Steroid Halcinonide: DiCCerential
Reduction with Sodium Borohy­
dride Solution Activated by 1,2­
Propanediol. J. Kirschbaum, Squibb
Institute for Medical Research
2:20 Organophosphorus Esters as
Donors and Solvents in Studies oC
Charge-TransCer Phenomena In­
volving Iodine and Iodide. T. J.
Novak, E. J. Poziomek, W. A. Mosher,
R. A. Mackay; contribution from
Edgewood Arsenal, U of Delaware,
and Drexel U
2:40 Spectrophotometric Studies
oC Microgram Quantities oC Halides
of Berkelium, Californium, and
Einsteinium. J. P. Young, R. G.
Haire, R. L. Fellows, J. R. Peterson,
ORNL and U of Tennessee
3:00 ECCect oC Carbontetrachlor­
ide on Equilibria oC Inorganic Nu-
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trienls in Soils During Displace­
ment Procedurc of Soil Solution. A.
Mubarak, J. Amend, R. Woodriff,
Montana State V
3:35 Chemical Analysis of High­
Purity Alumina. B. B. Elrod, J. B.
Ezell, Jr., Reynolds Metal Co.
3:55 Vse of Long Path Cell with
Multilayer Dielectric Coatings to
Increase Selectivity of Absorption
Gas Analysis. N. K. Sukhodrev, A. M.
Livshits, S. I. Sagitov, Academy of
Sciences, VSSR
4:15 Medium-Speed, Accurate,
Spectrophotometric Method for
Determination of Protein in Rice
by Biuret Reaction. F. C. Strong III,
V EstaduaJ de Campinas, Brazil; P.
Theis·Maimone, V Central de Vene­
zuela

lIpplncotl Medal Symposia:
Environmental Monitoring by
Vibrational Spectroscopy

Arranged by the Coblentz Society

P. R. Griffiths. Presider. Ohio U

2:00 Infrared Absorption Spec­
troscopy of Atmospheric Contami·
D8DU Using Grating Spectrome­
ters. J. Diaz-Fueda, H. J. Sloane, R. J.
Obremski, Beckman Instruments
2:30 On-Site Analysis of Pollu­
tanls Near OSHA Limits Vsing In­
frared Analyzers. P. A. Wilks, Wilks
Scientific Corp.
3:00 Recent Developments in Vse
of Tunable Semiconductor Lasers
for Molecular Pollutant Detection.
E. D. Hinkley, R. 1'. Ku, MIT
3:45 Emissions Monitoring by In­
frared Emission Spectroscopy. W.
F. Herget, EPA
4:15 State-of-the-Art in Remote
Raman Spectroscopy. T. Hirschfeld,
Block Engineering

Physical Chemistry 01 Gas
Chromatographic Process

R. L. Grab. Preside" Villanova U

2:00 New Insights Througb High­
Precision Measurements. L. B. Rog~
ers, V of Georgia
2:50 Physical Chemical Measure­
ments by Gas Chromatography: A
Physical Chemist's View. J. F.
Wojcik, Villanova V
3:40 Accuracy and Prccision of
Physical Measurements by Gas
Chromatography. M. A. Kaiser, V of
Georgia
4:05 Selective Transition Metal
Salt-Modified Stationary Phases in
Gas-Solid Chromatography. E. F.
Barry, N.H.C. Cooke, J. B. Cox, V of
Lowell
4:30 Thermodynamic Studies of
Interactions at Catalytic Surfaces
by Gas-Solid Chromatography. R.
L. Grob, M. J. O'Brien, Villanova V

X-ray Spectrochemical Analysis

K.F.J. Helrvich, Preslder. NBS

2:00 Present State-of-the-Art of
X-ray Spectrochemical Analysis. J.
Gilfrich, Na\'al Research Lab
2:30 X-ray Fluorescence Quanti­
tative Analysis: Concerning Rela­
tionships Between Equivalent
Wavelength and Effective Influ­
ence Coefficients. R. Vie Le Sage, V
Paris, France; R. Tertian, Rhone-Pou·
lenc Industries, France
2:50 Evaluation and Application
of Automatic Fusion Technique to
Major-Element XRF Analysis of
Silicate Rocks. B. P. Fabbi, H. N. EI­
sheimer, V.S. Geological Survey
3:10 Nondestructive Dctermina­
tion of Phosphorus Impurities in
Thin Anodic Film by X-ray Fluo­
rescence Analysis. R. Bador. M. Ro­
mand, G. Bouyssoux, V Claude Ber­
nard, France
3:~5 X-ray Emission Analysis of
Microsamplcs by Electron, X-ray,
and Proton Bombardment. D. N.
Breiter. NBS
4:05 Simple Energy-Dispersive
X-ray Fluorescence Method for
Determination of Twenty-Eight
Tracc and 1'\\'0 Major Elcments in
Geochemical Spccimens. R. D.
Giauque, R. B. Garrett, L. Y. Goda,
Lawrence Berkeley Lab
4:25 Data Reduction Proccdure
for :Monochromatic X-ray Fluores­
cence with Si(Li) Detector. R. L.
Myklebust, C. E. Fiori, D. N. Breiter,
K.F.J. Heinrich, NBS
~:45 Multielement Analysis of
Geological Material Using Pressed
Powders and Energy-Dispersive
X-ray Fluorescence Analysis. J. A.
Cooper, B. D. Wheeler, D. M. Bartell,
Ortec

Characterization 01 Particles

w. C. McCrone, Presider. W. C. McCrone
Associates

2:00 Choice of Analytical Mcthod
for Particle Analysis. J. Ga\'rilo\'ic,
W. C. McCrone Associates
2:30 Manipulation of Small Single
Particles. A. Peetsob, W. C. McCrone
Associates
2:50 Evaluation of Polarizing Mi­
croscope for Characterization of
Vrban Dust Samples. R. Bradway,
GCAlPrecision Scientific
3:05 Chemical Identification of
Airborne Particulates by Laser
Raman Spectroscopy. E. Etz, G. Ro­
sasco, NBS
3:40 Glass Standards for Micro­
analysis of Particles. R. B. Marinen­
ko, K.F.J. Heinrich, C. E. -Fiori, M. M.
Darr, D. H. Blackburn, D. E. Newbu­
ry, J. A. Small, NBS

Molecular Fluorescence and
Phosphorescence

L. Cline love, PreskJer, Seton Hall U

2:00 Vsc of High Ropetition Rate
Pulsed Lasers in Time-Resolved
Fluorimetry. F. E. Lytle, Purdue V
2:30 Reccnt Developmenls in
Room Temperature Phosphorime­
try. T. Vo Dinh, E. L. Yen, J. D.
Winefordner, V of Florida
2:50 Spectronuorometric Deter­
mination of Substituted Tetrahy­
droearbazoles by Methylene Blue
Sensitized Photolytic Reaction.
J.A.F. de Sil\'a, N. Strojny, F. Rubio,
J. C. Meyer, B. A. Koechlin, Hoff­
mann-LaRoche
3:10 Benzopyrene Fluorescence
Studies in Liposomc Membrane
Systems. K. P. Li, T. Vo Dinh, J. D.
Winefordner, V of Florida
3:~5 Automated Dye Laser Spec­
trofluorometer for Obtaining Cor­
rectcd Excitation and Emission
!'lpectra. M. F. Bryant, H. V. Maim­
stadt, V of lIIinois
4:05 Direct Determination of
Uranium in Water and Ores by
Laser and X-ray Excited Optical
Luminescence Techniques. A. P.
D'Sil\'a, V. A. Fassel, M. Isles, Iowa
Slate V
4:25 Electronic Excitation Energy
Transfer from Tb3+ to SM3+ in
POCI,: SnCI,. P. Tokoushalides, J.
Chrysochoos, V of Toledo

Instrumentation

2:00 Analytical Optoacoustic
Spectrometry for Solid Samples. G.
F. Kirkbright, Imperial Coli, VK
2:20 Theory ofWa\'elength Modu­
lation Spectrometry. T. C. O'Haver,
U of Maryland
2:40 Correlation of Measurements
of Absorbance by Spectrophotome­
ters Having Diffcrent Spectral
Bandwidths. F. C. Strong Ill, VEsta­
dual de Campinas, Brazil
3:00 Improvcd VVIVisible Multi­
channel Spectrophotometer. J.
A\'ery, H. V. Malmstadt, U of Illinois
3:35 Microcomputer-Controlled
Infrared Analyzer. W. B. Telfair, A.
C. Gilby, D. T. Thompson, Wilks Sci­
entific
3:55 Design and E\'aluation of
No\'el Fluorometric Flow Cell. R.
M. Smith, K. W. Jackson, New York
Slate Department of Health
4:15 Glass Transition Pressures of
Fluids from Bandwidths and
Frcqucncics of Fluorcscence Spec­
trum of Ruby. J. L. Lauer, 1\'1. E.
Peterkin, Sun Oil Co.

General Spectroscopy

B. Scribner, Presider, NBS

2:00 Application of Atomic Emis-
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Varian Announces the 3700...
Not just a great gas chromatograph,

the greatest gas chromatograph

This is the chromatograph that all the
others have been leading up to. It's the
one that chromatographers made for
chromatographers. In a single instru­
ment the 3700 brings together all the
major chromatographic breakthroughs
plus new applications-orien:ed design
concepts in every component: new
injectors, new detectors, new column
oven, new programmers, new flow
controllers, new electronics and new
automation. The resull: pushbutlon
simplicity combined with more capa­
bility to handle applications than
ever before.

Modular lIexlblllly, The 3700 is modu­
lar so you can easily choose a chroma­
tograph for your specific application.
You can begin at low cost with a basic
dual-column unit and add capability
as you need It. Or, you can start right
now with the world's most powerful
and versatile GC system.

Hare are lOme 01 the 3700's
new performance leatures:

New ESP' monitor continuously checks
3700 operating parameters for you­
injectors, column oven, detectors,
•electro Sensor Panel

flows. And its bright self-diagnostic
LED display continuously lets you
know whether parameters are at their
setlings.
New digital controls let you set all
chromatographic conditions in a few
seconds. And there's no resettability
error.
Extra-large, 1350 cubic Inch. column
oven with removable door gives you
more room to install columns.
New Automatic Linear Temperature
Programmer (ALTP), So good it will
even operate the oven at 12°C above
room temperature without cryogenic
cooling, giving you increased reso­
lution of low boiling components.
New non-contaminating Ilame
Ionization detector reduces down
time and obtains detection over a wide
range of sample concentrations.
Universal Ionization detector bas..
let you inierchange FID and ECD
detectors yourself in minutes.
New lIame-outlndlcator light and
automatic reignite provide extra FID
safety protection and help assure
trouble-free automatic operation.

@
varian

New pulsed "NI electron capture
detector has a tinear dynamic range
betler than 10" and an MDO better
than 0.1 pg of lindane.
New differential electrometer will
handle both FID and ECD.
New highest sensitivity thermal
conductivity detector has a built-in
amplifier that can amplify the bridge
output signal to the recorder up to 10
times-greatly increasing capability to
record and measure trace amounts.
New 1I0w control convenience
because all pneumatics are arranged
in a large compartment planned for
operator access.
New carrier gasllow stability and
reproducibility because all critical flow
control elements are isolated in an
independently heated and thermostat­
ted oven within the pneumatics com­
partment. This minimizes the effect of
laboratory temperature changes and
improves the precision and repro­
ducibility of the data.
New 1I0w control automation. New
dual Automatic Flow Controller lets
you dial-in carrier gas flow rates.
New versatile Injector system
has universal bases and quickly inter­
changeable injector bodies.
New cool Injector septum holder
reduces septum bleed. It also seals
without compressing the septum so
there's no danger of cutting off the gas
flow and you don't bend needles on
compressed septa.
New applications automation
capabilities. The 3700 combines with
the AutoSampler and CDS-111 Chro­
matography Data System to provide
complete GC automation.

For fullinformalion. Circle Reader 5enric. No. 220

To have a Varian Representative cal. Ctrae No. 221

Varian Instrument Division
611 Hansen Way, Box D-070
Palo Alto, California 94303
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oion and Absorption Flame Spec­
trometry for Trace Detection. E. D.
Prudnikov. A. Zhdanov, Leningrad
State U, USSR
2:20 Emission Spectra in Vacuum
Ultraviolet for Highly Ionized Flu­
orine. E. J. Knystautas, R. Drouin,
Laval U, Canada
2:40 Inhomogeneous Distribution
in Vibronic Spectra of Impurity
Molecules in Solids. K. K. Rebane,
Eswnian SSR Academy of Sciences,
USSR
3:00 Spcctroscopy and Lumines­
cence of Crystals and Molecules. L.
A. Rebane, Academy of Sciences,
USSR
3:35 Fourth Period Elements
Spectra Isoelcctronic with Sci. Nal,
and 01. A. N. Ryabtsev, Academy of
Sciences, USSR
3:55 Spectral and Luminescent
Evidence of Charge Transfer in
Rare Earth Activated Crystals. P.
P. Feofilov, Academy of Sciences,
USSR
4: 15 Atomic Spectromctry Study
of Absorption Isotherms of Nio­
bium, Zirconium. and Titanium on
Glass. D. S. Azambuja, CIENTEC,
Brazil; Y. P. Dick, U Federal do Rio G.
do Sui, Brazil
4:35 Physical Limitations of In­
tensity of Resonance Line Sources.
H. Falk, Acadcmy of Sciences of the
GDR, Germany

Thursday Morning. Noy. 18

Benedetti-Pichler Award

P. N. Keliher. Presider. Villanova U

9:00 Introduction of Benedetti­
Pichler Award Recipicnt
9:05 Microchcmistry: Its Objec­
tives and Implications. T. S. Ma,
City U of New York
10:00 Some Innovations in Sample
Combustion Equipment. H. J. Fran­
cis, Jr., Pennwalt Corp.
10:30 New Directions in Atomic
Spectrometry Using Micro Sam­
ples. R. F. Browner, Georgia Institute
of Technology
11:10 Micro Atomic Absorptiome­
tric Method for Determination of
Serum Iron and Its Incorporation
Into Combined Lead Poisoning/
Anemia Testing Procedure. K. W.
Jackson, T. D. Fuller, K. M. Aldous,
New York State Department of
Health
11:30 UV Absorption Spectra of
Some Anions. W. Szafranski, M. Szy­
per, P. Zuman, Clarkson College of
Technology

Furnace Atomic Absorption

C. L Chakrabarti, Pr05id8r. carleton U.
Canada

10:00 Some Theoretical and Prac-

tical Observations on Graphite
Furnace Atomic Absorption Spec­
trometry. L. de Galan, Technische
Hogeschool, The Netherlands
10:30 Atomic Absorption Studies
of Spatial DistributioDJI Above
Electrically Heated Filament At­
omizer. D. N. Baxter, E. H. Pals, E. R.
Johnson, S. R. Crouch, Michigan State
U
10:50 Improvements and Uses of
Constant Temperature Atomic Ab­
sorption Furnaces. R. Woodriff, J. R.
Amend, Montana State U
11:10 Spectroscopic Fluorine
~~~~:'sLta~a6eman,R. Woodriff,

11:30 Flamele.. Atomic Absorp­
tion Measurements of Metals in
Electrical Insulating Fluids. T. J.
Gedemer, McGraw-Edison Power Sys­
tems Division
11:50 Advantages and Limitations
of Pyrolytic Graphite-Coatcd Fur­
nace Sampling Tubes in Atomic
Absorption Spectroscopy. D. C.
Manning, F. J. Fernandez, G. E. Pe·
terson, Perkin-Elmer

New Developments In Atomic
Fluorescence

J. O. Winefordner. Presider. U of Florida

10:00 Some New Applications of
Nondispcrsive Flame Fluorescence.
P. L. Larkins, CSIRO, Australia
10:30 Arc-in-Flame Atom Reser­
voir Cor Atomic Fluorescence Spcc·
troscopy-Minimization of Vapor·
ization Interferences. S. Martin, H.
V. Malmstadt, U of Illinois
10:50 Recent Applications of Tun­
able Dye Lasers to Flame Spec­
trometry. B. Smith, S. Weeks, J. D.
Winefordner, U of Florida
11:10 Microprocessor-Controlled
Dye Laser for Multielement Atomic
Fluorescence Analysis. J. Perry, H.
V. Malmstadt, U of Illinois
11:30 Automated Atomic Fluores­
cence and Emission Spectroanalyt·
ical System. H. V. Malmstadt, S.
Martin, U of Illinois
11:50 Laser Atomic Absorption
and Fluorcscence Spectrometry. E.
H. Piepmeier, J. W. Hosch, Oregon
State U

Liquid Chromatography

D. Gere, Preside" Hewlett-Packard

10:00 Recent Advances in Devel­
opment of Amperometric Detectors
for Liquid Chromatography. P. T.
Kissinger, W. P. King, L. A. Pachla,
Purdue U
10:30 Practical Considerations in
Use of HPLC Columns. R. Majors,
Varian -
11:00 Solvent Elimination Tech-

niques for On-Line LC-IR. D.
Kuehl, P. R. Griffiths, Ohio U
11:20 Analysis of Some Nitroge­
nous Compounds of Pharmaccuti­
cal Interest by High-Speed Liquid
Chromatography. R. G. Achari, E. E.
Theimer, Cooper Labs
11:40 High-Pressure Chromato­
graphic Analysis of Steroidal Car­
boxylic Acids. R. Farhi, C. Monder,
Hospital for Joint Diseases and Medi­
cal Center, New York

Polymer Analysis

T. K. Wu, Preslder. Du Pont

10:00 End Group Characteriza­
tion of Synthetic Polypcptides. H. J.
Harwood, U of Akron
10:30 Spectroscopic Determina­
tion of Butadiene Rubber in Acry­
lonitrile/Methylacrylate/Butadi­
ene Resins. P. L. Wancheck, J. R.
Mooney, Standard Oil Co. (Ohio)
10:50 Determination of Composi­
tion and Molecular Weight of Poly­
ester Urethanes. F. W. Yeager, J. W.
Becker, Du Pont
11:10 Spectroscopic Analysis of
Polyesters and Related Monomcrs.
J. Young, J. R. Mooney, Standard Oil
Co. (Ohio)
11:30 New Dynamic Mechanical
Analysis System for Physical Prop­
ertics Characterization. R. L.
Blaine, L. Woo, Du Pont
11:.'iO Separation of Poly(ethylene
tercphthalate) Oligomers by HPLC
and TLC. W. R. Hudgins. K. Theurer,
T. Mariani, Allied Chemica! Corp.

Ion-Selective Electrodes

R. R. Durst. Preside" NBS

10:00 Ideal and Nonideal Re­
sponses of lon-Selective Elec­
trodcs. R. P. Buck, U of North Caro·
lina
10:40 Bio-Selcctive Mcmbrane
Electrodcs. G. A. Rechnitz, SUNY
11:25 Study of CuS/Ag,8-Mem­
branc 10D-Selective Electrodes. W.
E. Van Der Linden, G. J. Heijne, U of
Amsterdam, The Netherlands
11:50 Automated lon-Selectivc
Electrode Analysis. J. W. Ross, Jr.,
Orion Research

Ion Probe Analysis and Sims

D. E. Nawbury. Preslder. NBS

10:00 Ion Microscope Imaging. G.
H. Morrison, Cornell U
10:40 Static Techniques of SIMS
and Its Relation to Dynamic SIMS­
A Review. A. Benninghoven, U of
Munster, Germany
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Varian Instrument Division
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2. A new Automatic
LC that will increase sample
throughput, improve reproducibility,
and calculate and report analysis resuhs.
Varian's new Automatic LC System handles up to
60 samples unaltended. It is completely automatic
from injection through separation, calculations
and final report.

The system's Model 8500 positive displacement pump
with Autorefill provides the pulseless, repeatable flow
required for good accuracy, reproducibility, detectability
and high efficiency. The reliable 8050 AutoSampler
obtains reproducibility with a coefficient of variation less
than 1%. The third system component, the CDS-111

Chromatography Data System, gives you full com­
puter power to calculate the results from a single
sample by any or all six methods including internal
standard, external standard, normalization and
response factors. Nine completely different method
files can be stored for use as dictated by the
AutoSampler. The CDS-111 permits closed loop
operation of all three system components. For full
information on the new Automatic LC, above, circle
Reader Service No. 244.
To have a Varian representative call you, circle
Reader Service No. 245.

1. An analytical system that will solve
almost any LC problem . .. Model 8520 LC
with the new Varlchrom UV-Vls detector.
This is the most capable liquid chromatog-
raphy system available today. The 8520
Liquid Chromatograph is designed for both
analytical and preparative work. The new
Varichrom is a nearly universal detector
covering the entire UV-Vis range from below
200 nm to 700 nm. This extended wavelength
range lets you optimize for most organics and
permits monitoring many new compound classes
such as lipids, mono-olefins and carbohydrates.

The chromatograph's superior syringe pump
provides precisely controlled pulseless flow and
low noise so you can detect and measure the
smallest quantities.

Varichrom and the 8520 couple directly in a
configuration that eliminates dead volume and
preserves peak resolution. For full details on
this capable combination, shown below, circle

Reader Service No. 243.

More
liquid chromatography
solutions
fromVarian



11:20 Present Status of SIMS and
AES in Japan. Y. Sakaki, Dr. Tojta,
Toyoto Technical Coli, Japan
11:40 Combined AES and SIMS
Studies. S. Komiya, VLVAC Corp.,
Japan

Thursday Afternoon

Furnace Atomic Absorption

C. L. Chakrabartl. Presider. Carleton U.
Canada

2:00 Interference ECfeets in Fur­
nace Atomization. J. P. Matousek, V
oCN.S.W., Australia
2:30 Mecbanism of InterCcrences
in Carbon Furnace Atomic Absorp­
tion Spectrometry. R. C. Hutton, J.
M. Ottaway, T. Platt, V oCStrath·
clyde, VK
2:50 Optimization of Heater Tube
Length in Atomic Absorption Fur­
nace Spectroscopy. M. Marinkovic,
R. WoodriCC, Montana State V
3:25 Advantages oC Direct Mea­
surement and Control of Tempera­
ture in Furnace Atomic Absorp­
tion. B. Welz, G. Siess, K. Rogasch, E.
Wiedeking, Bodenseewerk Perkin·
Elmer and Co., GmbH, W. Germany
3:45 Pressurized Atomization in
Graphite Furnacc Atomic Absorp­
tion Spectroscopy. R. E. Sturgeon, C.
L. Chakrabarti, P. C. Bertels, Carleton
V, Canada

New Developments In Atomic
Fluorescence

J. D. Wlnefordner. Presider. U of Florida

2:00 Application oC Flame Reso­
nance Spectrometer to Analysis oC
Biological and Environmental
Samples. J. C. Van Loon, B. Radziuk,
V oC Toronto, Canada
2:20 Continuum Source Atomic
Fluorescence Spectrometry at
Wavelengths Below 200 nm. F. W.
Plankey, E. M. Heithmar, V oC Pitts·
burgh
2:40 Fluorescence Correlation
Spectroscopy. J. M. Ramsey, G. M.
HieCtje, Indiana V
3:00 Automatic Background Cor­
rected Atomic Fluorescence Spec­
troscopy. B. R. Bartschmid, VPI&SV
3:35 Performance of Image Dis­
sector Multielement Spectrometer
for Atomic Absorption and Atomic
Fluorescence. K. M. Aldous, J. S.
Garden. New York State Department
oCHealth
3:55 Determination of Metals in
Metalloenzymes by Atomic Fluo­
rescence Spectrometry. C. Veillon,
Harvard Medical School
4:15 Measurement and Prediction
of Laser-Excited Atomic Fluores­
cence Saturation Power Densities
in Analytical Flame. D. R. Olivares.

V de Loa Andes, Venezuela; G. M.
Hieftje, Indiana V

LIquid Chromatography

O. Gere, Preslder, Hewlett..packard

2:00 Therapeutic Monitoring­
Applications Using LC. D. T. Staf·
ford, V of Tennessee
2:30 HPLC Applied to Ccreal and
Grain Analysis. D. Wetzel, Kansas
State V
3:00 High-Speed Steric Exclusion
Chromatography oC Small Mole­
cules with Columns oC Porous Sili­
ca Microspheres. J. J. Kirklan, P. E.
Antle, Du Pont
3:35 Separation oC Optical Bright­
eners by Liquid-Solid Chromatog­
raphy. D. Kirkpatrick, Consumer
Product Safety Commission
3:55 Concentration and/or Sepa­
ration of Organics with Cross­
linked Polyvinylpyrrolidone. T.
Mourey, S. Siggia, V of Massachusetts
4:15 Characteristics oC Size Ex­
clusion Chromatography with
Small Particle Silica Supports. S.
D. Abbott, Du Pont
4:35 In Situ Modification oC LC
Packings, R. K. Gilpin, McNeil Labs

Polymer Analysis

T. K. Wu. Presider. Du Pont
2:00 Studies oC Polymer Structure
and Interactions by Inverse Gas
Chromatography. J. Guillet, V of
Toronto, Canada
2:30 Physical Aspects oC Polymer
Analysis, H. W. Siesler, Bayer AG, W.
Germany
2:50 ·Estimation oC Polyethylene
Morphology by Nitric Acid Etching
and Gel Permeation Chromatogra­
phy, R. C. Ferguson, H. J. Stoklosa,
W. W. Yau, H. H. Hoehn, R. R. He­
bert, Du Pont
3:10 Preparative GPC oC Low­
Molecular-Weight Compounds Cor
Subsequent Qualitative Analysis.
R. A. Shoemaker, Armstrong Cork Co.
3:45 Raman and InCrared Spec­
troscopic Studies on State oC Order
in Isotactic Poly(l-alkylethylenes),
K. Holland·Moritz, V of Koln, Germa·
ny
4:05 Polymers Containing Ben­
zene Rings: Characteristics oC Ab­
sorption Spectra in Far Infrared.
W. Frank, V of Vim, Germany
4:25 Characterization of Polymers
via Pyrolysis-IR Assisted by Ad­
junct Substances. W. L. Truett,
Wilks Scientific Corp.
4:45 Analysis oC Automotive
Paints by Pyrolysis GasChroma­
tography, E. J. Levy, Chemical Data
Systems

Electrochemistry

B. K. Afghan, Preslder. Canada Centre for
Inland Waters

2:00 Electrochemical and Chemi­
cal Reactivity of Some Unsaturated
Aldehydes. L. Spritzer. P. Zuman,
Clarkson College of Technology
2:20 Electrooxidation oC Hetero­
cyclic Aldehydes. K. Bratin, P.
Zuman, Clarkson College of Technolo­
gy
2:40 DiCCerential Pulse Polaro­
graphic Determination of Acrolein
in Water Samples, L. H. Howe III,
Tennessee Valley Authority
3:20 Determination oC CO in To­
bacco Smoke Using Electrochemi­
cal Transducer. R. F. Browner,
Georgia Tech; G. K. Copeland, P. B.
Stockwell, Lab of Gon. Chemist, En·
gland; I. Bergman, Safety in Mines
Research Establishment, England
3:35 Electrochemical Data and
Solvatochromic ECCects. M. Szyper,
P. Zuman, Clarkson College of Tech·
nology
3:55 High-Precision Gravimetric
Coulometry Using Silver-Perchlo­
ric Acid Coulometer: Titration of
Arsenious Oxide with Electrogen­
crated Iodine. C. M. Newton, Bell
Labs

Gas Chromatography

James FrItz. Preslder, Iowa State U

2:00 New Capabilities in InCrared
Identification oC Gas Chromato­
graph Peaks, D. Wall, R. Lansil, G.
Feria, A. W. Mantz, Digilab
2:20 Data Manipulation Tech­
niques Cor GC-IR. P. Coffey, Nicolet
Instrument Corp.
2:40 DC Plasma Emission Gas
Chromatographic Detector. R. J.
Lloyd. W. G. Elliott, R. M. Barnes, P.
C. Vden. V of Massachusetts
3:00 Microwave-Excited Emission
Detector Cor Gas Chromatography.
S. R. Goode, D. C. Otto, J. Horvath, V
of South Carolina
3:35 Quantitation oC Sub-Parts­
per-Million Levels oC Aromatic
Amines by Absorption Technique
with Flame Ionization Gas Chro­
matography. B. E. Bowen, Du Pont
3:55 Vse oC Gas-Liquid Chroma­
tography Cor Separation oC
Monomethylguaninc-TMS Deriva­
tives. G. M. Muschik. W. B. Manning,
W. L. Zielinski, Jr., NCI Frederick
Cancer Research Center
4:15 Analyses Cor Chloroprene by
Gas Chromatography. V. R.
McCathero, R. F. Willis, D. A.
McCrea, Du Pont
4:35 Evaluation oC Porous Poly­
mers Cor Gas Analysis by Gas Chro­
matography. B. Thompson, Varian
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VARIAN mat ~lo\SSSPECTRmlETRY.
25 Route 22. Springfield. NJ 07081
Telephone (2011467·3660

from atmospheric
pressure to operating
pressure takes less than 10 minutes.
The pumps contain no fluids which results in
very clean instrument background. The mat-44 contains
a built-in water recireulator and needs only an electrical
supply for operation.

New SS 200 Data System. This new system can simul­
taneously acquire and process data Together with the
mat·44·s TV display monitor the user can acquire data.
monitor the progress of the run and simultaneously process
data via the system's advanced interactive display. These
features give the mat-44 GCI~ISIDS exceptional capabili­
ties. A 4.8M-word dual disc and a1phanumeridgraphie
display tenninal are standard hardware features.

Never before has GCI~1S analysis been so easy ... you
have to see it to appreciate it. Call or write today for a
demonstration and complete specifications.

You'll be amazed at just how fast and easy such
a sophisticated instrument can be to operate.

Complete Microprocessor Control.
The new mat-44 is the first fully mi­
croprocessor-controlled (juadrupole
GCfMS System. Operation is via simple
keyboard instructions and all pro­
grams for operation. optimization and ,.
self-diagnosis arc stored on diskettes.

Quantitative GClMS Illay be auto­
matically perfonned with the basic
mat-44 system. The GC takes both
packed and capillary columns and is linked to the ion
source either directly or via a jet separator.

Continuol1'i Real Time Display. A large TV monitor dis­
plays in real time all important operating parameters as
well as spectra. chromatograms, and mass chromatograms.
The display may be hard-copied via a bard copy unit or
uscillographic recorder. Alternatively. it may he "ideo­
taped for storage and later replay.

New Quadrupole Geometry. Varian's unique hyperbolic
quadrupole analyzer provides excellent resolution and
sensitivity which is maintained throughout its mass range
lup to 120m.

Combined ElfCI Source. The mat-H uses the well­
proven Varian combined ElfCI ion source. Change of op­
timized ionization mode takes only 6-8 seconds.

Unique Turbomolecular Pumping. This pumping system
requires no cfyo-bames or isolation valves. Turnaround

Now,even the most complexanalysis has a
simple solution•••the newVarian mat·""
Quadrupole GC/MS System.



4:55 Determination of Morphine
by Electron Capture Gd-Liquid
Chromatography. G. Nicolau, G.
Van Lear, American Cyanamid Co.

New Developments In Atomic
Absorption

S. R. Kolrtyohann. PresId6r. U of Missou-I

2:00 Atomic Absorption Spectro­
photometry Using Zeeman EffecL
H. Koizumi, K. Yasuda, Hitachi Ltd.,
Japan
2:20 Alleviation of Spectral Inter­
Cerences in Atomic Absorption
Spectrometry. A. T. Zander, T. C.
O'Haver, U of Maryland; P. N. Keli­
her, Villanova U
2:40 Theoretical Investigations of
Spectral Overlaps in Atomic Ab­
sorption Spectroscopy_ R. J. Lovett,
M_ L. Parsons, Arizona State U
3:00 Recent Advances in Spec­
troscopy of Highly Ionized Atoms_
S. L. Mandelshtam, Academy of Sci­
ences, USSR
3:35 Evaluation of Role(s) of
Aerosol Transport Phenomena in
Flame and Plasma Spectrometry_
R. K. Skogerboe, S. J. Freeland, Colo­
radoState U
3:55 Matrix Effects in Dctermina­
tion of Ruthenium by Atomic Ab­
sorption Spectroscopy. C_ M. Young,
A1lii!d Chemical
4:15 Enhancement of Atomic Ab­
sorption Sensitivity Cor Chromium,
Cobalt, Molybdcnum, and Zinc by
Means of Solvent Extraction. B. E.
McClellan, T. W. Lassiter, Murray
State U
4:35 Matrix Study on Dctermina­
tion of Sodium and Potassium by
Atomic Absorption Spectroscopy.
M. J. Miller, GTE Sylvania
4:55 Evaluation of Helium..{)xy­
gen-Acetylene Flame as Atom
Source Cor Atomic Spectrometry.
K. A. Saturday, G. M. Hieftje, Indiana
U

Ion Probe Analysis and SIMS:
Ouantltatlon

K.F.J. Heinrich. Preslder. NBS

2:00 Secondary Ion Emission
Models and Mass Spectrometry of
Alloys. J. Schroeer, lIlinois State U
2:20 Theory of Ion Sputtering. H.
Prival, EG and G
2:40 Local Thermal Equilibrium
Analysis of Secondary Ion Mass
Spectra from Multielement Glass­
es. D. E. Newbury, R. L. Myklebust,
K.F.J. Heinrich, NBS
3:00 Evaluation of Simplified
Local Thermal Equilibrium Model
for SIMS Analysis. D. S. Simons,
General Electric Co.; C. A. Evans, Jr.,
U of Illinois

3:35 Ion Implantod Silicon and
Silicon Dioxide Standards for Em­
pirical Quantitation of Ion Micro­
probe Microanalyzer. R. D. Dobrott.
G. B. Larrabee, A. Keenan, Texas In­
struments

Ion Probe Analysis and SIMS:
Instrumentation

J. Sctvoeer. Presider. illinois Stale U

3:55 Wittmaack, Gesellschaft fur
Strahlen-und Umweltforschung mbH.
Germany
4:15 Complete Computer-Based
Automation System for Quadrupole
SIMS Instrument. J. R. Hinthorne,
R. L. Conrad. R. D. Fralick, J. K. Fin­
ster, Applied Research Labs
4:35 Secondary Ion Quadrupole
Mass Spectrometry (SIQMS). C. W.
Magee, W. L. Harrington, R. E. Honig.
RCA
4:55 Sputtered Neutral Mass
Spectroscopy (SNMS) as Tool for
Chemical Surface Analysis and
Depth Profiling. H. Oechsner, Tech­
nischen U Clausthai. W. Germany

Friday Morning, Nov. 19

Modern Voltammetrlc Techniques

M. S. Spriuer. Presider. Villanova U

9:00 VoItammetric Measurement
of Rapid Chemical Kinetics. P. J.
Elving, U of Michigan
9:30 Software Approaches to Im­
proving VoItammetric Measure·
ments. J. Flato, Princeton Applied
Research Corp.
10:15 Assay of Some Organic
Compounds by Controlled Poten­
tial Coulometry. O. B. Mathre, Du
Pont
10:35 Mercaptan Analysis of
Phase-Selective Cathodic Strip­
ping Voltammetry. W. M. Moore,
Standard Oil Co. (Ohio)
10:55 Lead Dioxide-Catalyst Elec­
trode Sensitive to Hydrogen Perox­
ide. K. G. Schick, V. Magearu, C. O.
Huber, U of Wisconsin
11:15 Electrochemical Reduction
of Cinoxacin. E. C. Rickard, A. Din­
ner, Eli Lilly'and Co.

Liquid Chromatography

D. Gere, Preside" Hewlett.packaTd

9:00 Preparative LC on New
Large Bore Column. F. M. Rahel, A.
G. Caputo, E. T. Butta, Whatman, Inc.

9:20 Usc of Reduced Pathlongth
Sample Cells in Infrared Detectors
for Chromatographs. C. W. Solis­
bury, Wilks Scientific Corp.
9:40 Novel High-Performance
Liquid Chromatographic Method
for Separation of Oligomers. A. F.
Poile. J. S. Stoveken, R. W. Yost, Per­
kin-Eimer
10:15 Hij(h-Pressure Liquid Chro­
matographic Analysis of Fatty
Acids in Edible Oils and Shorten­
ings. W. C. Kossa. P.T.S. Pei. S. Ra­
mochondron, H. S. Henly. Applied
Science Labs
10:35 Parameters in Analysis of
Isocyanates by High.Performancc
Liquid Chromatoj(raphy. T. R.
Ryan. C. Y. Ko. C. R. Hastings Vogt.
U of Missouri
10:55 Some Considerations in Pcr·
forming Quantitative Analysis with
Gradicnt Elution in High·Pressurc
Liquid Chromatography. S. Abbott.
R. Stevenson, J. Berg. B. Suits. Varian
11:15 Some Typical Applications
in Fluorescence Detection in High.
Performance Liquid Chromatogra­
phy. E. Johnson. R. E. Majors. Varian

New Developments In Atomic
Absorption

S. R. Koirtyohann. Preside,. U 01 Missexxi

9:00 Newly Devised LCAAS Sys­
tem and Its Applications to Bio­
chemistry. M. Umebayashi. K. Kitag­
ishi, Mie U. Japan
9:20 Determination of Lead in Bi­
ologiealMaterials Using Micro­
sampling Cup Atomic Absorption
Spectrometry with Air-Acetylene
and Nitrous Oxide Acetylene
Flames. D. G. Mitchell. \Y. N. Mills,
New York State Department of
Health
9:40 Organic Functional Group
Analysis by Atomic Absorption
Spectrophotometry. P. R. D'Alonzo.
S. Siggia. U of Mossachusetts
10:15 Characterization of Selec­
tivc Spectral Line Modulation
Technique for Continuum Source
Atomic Absorption Spectrometry.
R. L. Cochran, G. M. HieClje. lndiano
U
10:35 Atomic Absorption Spec­
trometry Using Discrcte Microvol·
urne NebuIi7.ation. Application to
Clinical and Metallurgical Analy­
gis. J. E. Cantle, Instrumentation
Laborotory (U·K) Ltd., England
10:55 Determination of Factors
Which Govern Atomi7Jltion Effi­
ciency in Atomic Spectrometry. G.
J. Bastiauns, Georgetown U
11:15 Factors Innucncing Atomic
Absorption from Lino Source. S. n.
Goode, R. A. Goode, U of South Carn·
Iinu
II :35 Innuenco of Particle Vapor­
ization and Atomic Diffugion on
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Our valves. sample injectoq and _ilia gMt Iiquid chui'!*9ijA",
practitioners the besI trip. They offao an opIimum comail8lioil 01 peltorm­
ance, precision and price. Here'a wt-et _ gMt you for • beaer LC trip.

'tYPe 50 Tefton~v-.
For half the cost '/OU're used 10 paying. Rhliodyne ilftIIrs you the_
perlofmance. Our valves are chemically inert. Only TeIIon~ lhe
stream. They feature ZIIlfO dB! volume and can be~ in ".... CIl'

automatic modes.1'hree. four and six~""'- in 0_8 nvn and 1.5 an
bores are available in prices I1IOQing hom $1010 $87.

u.v to ....... HPLC VIIIve" tZ90
Rheodyne's 7().10 is a~ 6 portl'8l11O\/8bIe sample Ioiip....
capable 01 wilhstanding 7000 psi. VIINe conslrUClion ..
rolor to reduce operating torque and simplify service. An~ loop
filler port can be used to minimize WlISIag8- Ilaaic unit lXIl'll8S willi 20 ,.
sample loop. 10, 50, 100. 200. 500 and 1000 ,.. Ioops ........

Go two W8YS wiIh 1hIa VIIIve
Use the Rheodyne Model 7120 Syringe Loeding~ ....-YaM II)

fill loops con-.tionaIly for muimum precision or in the IBu.I Ioop___
\IOh.me mode with only 0.5 ,.. sampIe loss.

You have maximum _tiIity in HPlC sampIe injlIcIion.lf-llhe .
sample by srringe through the buiIHn .-Ie port. WorIcs up 10 7000 psi.
Price of the Model 7120 with a 20 ,.. sampIe loop is $490. Sample Ioops
of 10 ,.. 10 1 ml are offered.

And-wtoo
Accessories include a pneumatic -.alllt for HPlC vaIvea. high ......
switching valves, tube fittings and valve~ pIaees.

R_ --.gh to lI1IIke die Rheodyne 1rip1
JUSllO bIf sure. ask us for our~ series of data __ tlllI8d* with
lull ordering information, Cau or write~, 2809 - 10th St.,
Berkelev. California 94710. Phone (415) 548-5314

Dislribulion oC Alomsln Analylieal
Flames. C. B. B088. G. M. HioCljo, In­
diana U

Ion Probe Analyala and SIMS

J. C. Von Loon. Presider. U 01 Canada

9:00 Melal SpeeiCie GC Delectors
Using AAS. J. W. Robinson, Louisi­
DnD Slate U
9:30 Flame Spectroscopic Meth­
ods of Detection for High-Speed
Liquid Chromatoltraphy. S. E. Man­
ahan, D. R. Junes. D. Coppenaal. U of
Missouri
10:15 Element· and Speciation.
Specific Techniques for Organo­
metallic Compounds. Y. K. Chau.
P.T.S.. \Vong, Canada Centre for In­
land \Vaters
10:~5 Nondispersive Atomic Fluo­
rescence Spcctroscopy-Multicle·
menl, Melal SpeciCle, Deteelor Cor
Chromatography. J. C. Van Loon. B.
Hadziuk. U of Toronto. Canada
11:05 Determination of Elemenl
Spcciolion wilh Plasma Speclrom·
ctry. S. Hanamura. I. L. Barnes, NBS
11:25 Thermal Vaporizution inlo
Flameless, Flame, and RF Plasma
Cells for Inorganic Speciation. M.
D. Silvester, D. J. Koop. Barringer Re­
search Limited, Cunoda
11:45 Graphho Furnace Alomie
Absorplion Speelropholomeler as
Deleelor in Speciallon oCTraee
Melals ill Aqualie Environmenl. R.
D. Guy, C. L. Chakrabarli, Carlolon
U, Canada

Detection 01 Chemical Species

G. Morrison. Preslder. Cornell U

9:00 SIMS Mullielemenl Deplh
Profiling oC Solids_ R. D. Fralick. R.
L. Conrad, J. R. Hinlhorne. Applied
Research Labs
9:20 Some Measuremenu on SeIC­
DifCusion oC Oxygen in AI'O'. D. J.
Heed. A. J. Garrall-Reed. MIT
9:~0 Deplh Profile Analysis oC
SurCaee oC Alloy Sleel Spuuered by
0" Ion in IMMA Analysis. T.
Shirah,'a. N. Fujino. J. Murayama. N.
Usuki. Sumilomo Metal Industries,
Ltd .. Japan
10:15 Analysis of Hydrogen and/
or Deuterium in Some Exothermic
Melals by SIMS. M. Someno. M. Ko­
bayashi. H. Saito, Tokyo Institute of
Technology. Japan
10:35 SIMS Speelra oC Amino
Acids. A. Brnninj.{hm'en. U of Mun­
ster, Germany
10:55 Secondary Ion Microanaly­
sis oC Biololtieal Specimens. A. J.
Tousimis. Tousimis Research Corp.
11:15 IdenliCieation oC SpuUered
Ion Species Using Precise Mass
Measurement Techniques. P. \Vil·
Iiams. D. S. Simons. C. A. Evans. Jr.,
U of Illinois
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The Record Proves . .

Low Cost - Routine "C System
The FX60 feetures:
• "C/,H Dual Frequency 10, 5, 2mm V.T. Probes
• (LPCS) Ught Pen Control System
• Built~n ProtorrHOMO/HETERO decoupler
• RF crystal fitter detection system
• 12 bit AD/DA for ina-eased dynamic range
• INTERNAL and EXTERNAL locking modes
• 8. 16 and 32K word data collection
• Built~n ReadlWrite Cassette System
• 'SF, Sip, UN extensions are available

dEDL
Analytical Instruments, Inc.

235 Birdlwood Ave.. Cranford, NJ 07016
201-272-8820

For those who
expect more in

FTNMR
Spectrometers

.. it's JEOL

Comprehensive 60 and 100 MHz Systems
The FX60Q & FXlOO features:
• (DOD) DIGITAL Quadrature Detection System
• Dual Frequency variable temperature probes
• 4·channel DIGITAL phase shifters (DPS)
• Comprehensive auto-slacking system
• Computer based pulse programmer
• CPU Expandable to 65K words (MOS)
• 2·channel 12 bit AD/DA
• T,p/spin locking system
• Disc storage systems
• Multi·Frequency HOMO/HETERO decoupling capabilities
• Multi·Frequency observation

For detailed brOchure, demon$lfatiOn OIlntormation. phone 01 write.

CIRCLE 115 ON READER SERVICE CARD
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Exposition

The Exposition at the 3rd FACSS Meeting will

be held In the CIvIc Center,

PhiladelphIa, Pa., Nov. 15 to 18, 1976

Exhibit Hours

Monday, NOY. 15: 10:30 a.m. 10 5:00 p.m.
Tuesday. Noy. 16: 9:30 a.m. 10 5:00 p.m.

Wednesday, Noy. 17: 9:30 a.m. 10 6:00 p.m.
Thursday. Noy. 18: 9:30 a.m. to 2:00 p.m.

~~xS't',~n~cB!::'~ity. Colif 947/0.
Chemically inert fittings & vah-es. motorized
valv... glau LC columns. prepacktd HPLC
columns. HPLC aample injeCtion valves and
acceuorit"S. gradient programmer, solvent

tl~~$ISe.'."CinJe=:~~~idan~h;"~~
graph.!l.

American Society ror Telting &;
Material.

l!':~i::'ti~';,.s.:~·al::;i:'{{/e:;:'fd.:'1:~1:
~:~"~~~r~aJ~is~:'::te~r~I~~~
testing; forensic sciences; mASllpecUaI data;
x-ray emi.&sion data; free catalogs.

Angltrom, Inc.
P.O. Boz 248, Btlltuillt. Mich. 48111. Auto­
matic fusion de,,·ice. laboratof)' disc mill.
particle size clasaifier. spectrochemical
supplies and acceaaoriea..

Applied Reoearch Laboratoriel
P.O. Boz 129. Sunland. Calif. 91040. Induc­
tively coupled RF plasma quantomete.r
(lCPQ) (or limullAneous multielement
analysis of solutions and solid metal u,m.
pi...

Applied Science Laboratori... Inc.
P.O. Boz 440. Slalt Colltgt. Po. 16801.
Complete line of producta for gu.liquil!. and

~:~~rd~:;:rrL~bi~~:~cals;

Auguot Sauter or America
8() Fifth All<'.. Ntw York. N. Y. 10011. Elec­
trons and mechanical weighing equipment;

::~~i~i~~r;ili::U~~~~~I~~~~::'i
equipment.

B/RGI... Ine.
P.O. Bo% 7. h,odtno. Md. 21122. SpinnJllI
band Ind analytical distlUation columna,
aolvent recovery aUIll, micro distillation
column., vacuum aubUmation apparatua.

Beckman lutrumenll, Ine.
Rle, 22 at Summil Rd., Moun/oi",id•• N.J.
07091 . • 260 b1ah.performance m,lCCIlIah IV
rouUne IR,IClI M IV, 26 diuolutlon lyalem,

pH mtte.., 0, analyze... KF..B titlalor.
balances. instrument supplies.

Buck Scientific, Inc.
Prine., Pino Rd.• W. NanDOlJ<. Conn. (J685().
Used scientific insuumeo.... auay (or Icie04
tific instrumenta. WestiDlhouse hollow
calhode lamps. linear reoonItra, sal, cryataIa
fot IR...rvice for P8<Eand Hilcer Wa'la in­
strument&.

Carle Iutrumenll, Inc.
1141 E. Aah. Fulltrlon. Colif. 92631. Ana·
Iy'ical gu chromatographs f..,urine auto­
maltd ..ri..-8 and ..n..-R factory ..,p­
_red for opeciflC application, Iow-alllllaoic
gao cl1romatogTaphs and complete Iiot of
Carle \'&h'eS and valve automation~
fOt all GC applications.

Chemical Data S)'ItelDl, Inc.
RD 2. P.O.B. 74. Ozfanl. Pa. 19363. Model
820WP ....ter pollution anaI)U O)~.

Mod.I820D controUed atmaophore pyroIyais
')'Item. Mod.1 800 tM<tioo syateml, Model
1200 el.mental anat}-ur 8< peak idtntifler.
Modtl 700 bacteria identif'lC8tion syslem.
Model 120 pyroplOhe aoIids pyrob-ur with
programmabl. option. Model 200 multi­
channtltempecalure controller.

Columhia Scientific IndUitries
P.O. Box 9908. "ILIlin. Ttz. 'lII7fi6. Super­
graton.: computioc inteeratorl for c:hroma 4

~~~=.:~:.tN6'tNO~~
en.

CRCP....
18901 Cronwood Pkwy.• Cltll<'lond, Ohio
44//8. Seco.d tdition of"Atluof~

g:::~~~~~~th~~~H~MR.'=
s~lra. Rama. (RI. and carbon 13
('CNMR) for over 21000 comJ)(>Ullds;
"Handbook ofSpertroICOpy"; "Handbook of
Chromat~raphy";"Critical Reviews in An·
alytical Chemist~ "Diffuse Reflectance

~~~~f';'ns ==~lp~~~:
8< PolfulAnla"; "I:'ndhook of Tahl.. of
Functions for Applied OptiCl"; Ind OWlY
more.

Dlgllah.Ine.
237 Pulnam A"".• Cambridge, M.... 02139.
Standard line of inatnunentation toeather

with some of ita newest i.nnovatioas in the
field or Foorier lRs~y.

Digital Equipment Corp.
146 Main 51 .. Maynard, M.... 01754. 1D1er­
actin laboratory computer s)'Stem deaipled
to interface with Cas chromatoerapba aod
other analytic.a1 instrument&. .pecial labo­
ratory applications aoftwa.re pICkages which
acquire, anal)'u. and process lalxwatQry
data.

Drummond Scientific Co.
500 Parkwo)'. Broomall, Pu. 19008. Complete
line of polIiti,,-e displ.ace.ment precisioo mi­
croliter pipetl..in« aids.. six DeW rued·,,"Olume
microdispemen plus dialamatic and IUD­
dan! l...s-", mic:rodispensen, r..- handbeId
ML pipetting d,,;ce. the Pipet-Aid.

Du Pont Instrumenll
lOOi Markrt St .• Wilm.ington. IHL 19858.
CA-848 s)'Iltm consisting of bi&h·per{or­
rnanct liquid chromaWgral>h. flow con_.
and automatic samplu desiped for unat­
tended o\-rrnilht operation..

HaDSOn Research Corp.
197'l7 Bahama 51.. Nanhridge. CGlif. 913U
-Oissograph- automata! disaoIutioo 0)-=
pharmaceutical ..., equipmentand_­
Ius for dissolution, disintegration, and timed
release test.ing; data &: LnstrumeDta (or moo­
itorinc "ibration during pbarm.aceutic:a.l
testing.

Harrick Scientific Corp.

f~ngo'::p~u~~':;/tk~~'~
trometer attachments and~ for
internal re11ectioo spectroocopy. nuo.-eoce,
external reOection and transmisaion; beam
condensers for miCl"05all1plinc; PrecWoa de-.
mountable liquid cells; optical wiodowsand
pt<cision optical tlements; plasma deener for
ashing and ultraclean surfaces.; lfvKl scan

NiR~:b\~~~~::~ro;~~or -VIS-

Hewlett-Packard
1501 Page Mill Rd.. Pala Alla. Calif. 94304.

Hoydon &; Son Ltd.
S/W<"trum Howe. Alderton Cl't'sC'ent. Lon~
don. NIV4 3XX, E",land. Boob 00 spec-

~~P~r=:~g:'°i:::X:ti~ ~
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grammed tens and audiovisual .uds; joumaIs
coveric::r organic mass spectrometry, bio-:etry:fi~a:~~~ri:r~nri:~rdl:i:
plinat), science reviews; EurofHon Spec­
troscopy News.

IBM IDlilrument Systems
1000 Westchester Ave., White Plains. N. Y.
10604. Laboratory and production mea·
surement devices.

Instrumentation Laboratory
}13 Hartu-ell AUt'.. u:rington. Mass. 02J73.
Modem atomic absorption equipment in·
cluding Model 351 251 with Tektronix 31
programmable calculator. new version of
nameless atomizer and new accessories.

J.Y. Optical Systems
173 Essex .",VE'•• Metuchen, N.J. 08840.
Raman and CD spectrometers. high.resolu.
tion monochromators. preparative liquid
chromatograph. holographic and ruled dif­
fraction gratings.

Johns-Manville
Greenwood Plaza. Denul.'r. Colo. S021 7. Va-

~~h ;~s~~sri~t:t~~::t:~::p~o; use in

Joint Committee on Powder
Diffraction Standards
1601 Park Lane. Swarthmore. Po. /9081.
Pav.1ier Diffraction File featuring data cards.
microfiche. search manuals, data books and
data base tapes.

Labconco Corp.
88/ / Prospect AlIt'.. Kansas City, Mo. 64/3"2.

::~t~U~a~~~ei~e~I~:'/~g~~~a;~
washer, fume hood and base cabinet. cart
freeze dry accessories.

Labindustries
/802 S~cond St .• &rkeley, Calif. 9.J7JO.
All-glass repetitive Repipet reagent dis­
pensers and diluters in sizes 0.5-100 ml: Re-

~~:::;nJ~~ E:bi~d~i::i~.~ic:~~i~;~~~~:
cropipet.s: Repipel sampling syslem transfer
pipeto: Karl Fischer squametry apparatus for
water determinalions: Labquake test-tube
shakers and rotators.

Marcel Dekker, Inc.
270 Madison Alte., N~u; York. N. Y. /00/6.
Books and journals.

Mettler IDlitrument Corp.
P.O. &x /00. Princeton. N.J_ 08540. Ana­
lyticaJ & top-loading balances, thermo I
analysis instruments, titrators. density me­
ters, nitrogen anaJyzers.

NicoletlDlitrument Corp.
5225 Verona Rd., Madison, Wis. 5371/.
NIC-7199 IT-IR system with complete
software package and full range of options
and accessories performs automatic ratio
recording with better than O.Oi em-I resolu­
tion t..broughout 4()()()....400 em-I spectral
range; NJC-llBO data system for IT-NMR,
laser Raman. EPR, and IT-IR spectroscopy
features complete application software
package.

Nissei Sangyo Instrument Co.
2672 &)'.hor~ Frontage. Afl. View, Calif.
94043.

Perkin-Elmer Corp.
Main Ave., Norwalk, Conn. 06856. JR, atomic
absorption UV-VIS. and fluorescence spec­
ttopbotometers; NMR opectrometer; gas and
liquid chromatographs; autobalances, ther­
mal and element.alanalyzers; polarimeters.

Plasma-Tberm, Inc.
Rt•. 73, Kr.non. N.J. 1JB()53. Fully auto·=(~P;:~r~ :~~~i:~ e~::~

:t=:t~~[;:~:~i~~~~~ICp:U8~g:~;
use with AA specLrometers.

Plenum Publishing
227 IV. 17th St .. New York, N. r. tOOIl.
Books and journals in areas of analytical
chemistry and specLroscopy.

Precision Gas Products, Inc.
681 Mill St., RohUlOY. N,J. 07065. Ultra·

~~~-_~u~bo~~~oxid:;~~i[~~;BilShe:i
disposable calibration gases: "Gas Anal)'~is

Ne\\'S", a new technical ne\\"Sletler: leak de­
tection apparatus and other gos handling
equipment.

Princeton Applied Researcb Corp.
P.O. Box 2565. p,.in~eton. N.J. 085.J0. Mi­
croprocessor-based polar~raphic analyzer
for high-speed, high-sensiti,\it)' analyses of
metals, ions, and organics: automated cell
sequences s)'Stem for automated high-mlume
analyses using differential pulse vol tamme­
try~ corrosion measurement systems for
c\'aluation of materials for passivation char­
acteristics, pitting tendencies, corro&ion rates,
and many other corrosion experiments.

Princeton Gamma Tech
P.O. Box 641. Princeton, N.J. 08540. PGT­
500 x-ray spectrochemical analyzer for rapid,

~l~:t~c~~:rci~f~~al;~~r~b:~cc~~~~ns~:
ries: PGT-1000 multichannel x-ray analyzer
for quantitative or Qualitatin column ap·
plications_

Procbem/lsolopes
.J7 Meadou·brook Place, Map/~U'ood. N.J.
070.J0. Compounds labeled with carbon· 12.
carbon-13. oxygen 17. oxygen 18, and nitro­
gen-IS; also multiply labeled compounds.

Sadlier Researcb Laboratories,
Inc.
33/6 Spring Gorden St .. Philadelphia. Po.

~~?}~~I~: l~;x~:~~t~cif~~~h~~r:
Sadlier standard & com.mercial reference
spectra OR. NMH. UV, Raman, Ouorescence,
DTA, C-13 NMR.IR vapor phase);audiovi­
sual programs (chemistry, math, lab skills);
technical books: educational courses in
spectroscopy & chromatography: analytical
services_

Scboeffellnstrument Corp.
24 Booker SI., Wwwood.N.J.07675. Liquid
chromatograph)': new continuously variable
nuorescence and absorption detectors; UV­
VIS spectrophotometer with unique con­
version feature for microliter and standard

~~ce~~n~~~~:~~ic~h~~~:I':t~}"~~r~~
matogram scanner for TLC and TLE; ac­
cessories include computing integrator,
printout, and recorder interfacing. Light and
light measurement produeta: generation,
dispersion, and detection of light including
xenon and mercury-xenon compact arc illu­
mination systems and accessoriC5 for lamps
up to 6500 W; grating and Quartz prism mo­
nochromaLors; phoLocletection systems in­
cluding photomultiplier photometers and
photodetector housmg, both standard and
thermocooled, for side-on and end-on tubes.
Other anal}1-icaJ instruments: RRS-lOOO re­
search grade corrected spectra ratio spec­
trophotometermuorometer, microspectro­
fluorometera, and turbidimeters.

Scbott, Jenaer Glaawerk Scholl &
Gen., Inc.
// E. 26th St .• New York, N. Y. 10010. Auto·
matic vi8C06ity meuuring system for Ubbe­
lohde-type capillary viscometers: up to 10
aamples can be meaAured automatically BC­

cordinl' to test program seleeted, and resulll
are prmted out by seven·digit printer; pH
glasa electrodes for industrial application,

Scientific Information Resource
5//6 Woodlown AV<.. Chirogo, /II. 60615.

~:~1~~~~u~~~~{::~~:e~~mberof com-

Siemen8 Corp.
186 Wood AV<. S., Julin. N,J. 08830. SRS.
K805Iitenerator. meuurinft: panel.

Spectrametric8, Inc,
204 Andowr St .• Andover, Ma8l. 0/810.

~':.cl~~~~tii~a::c~r;I~~~r::~[~ti:
source, cchelle grating spectrometer, and
microcomputer readout & control: 8}'Items
available for qualitative & quanlilative
analysis: sequential & multielement modes.

Speclrcx Corp.
359-1 Hat'('n AVf".,lledwood City, Calif. 9-I06:J.
Vrf'eland spe<'troscoJ>C for rapid elementnl
analysis, particle counter for part ide sizing
in liquids (1-100 1-/10), electronic pumpl'l for
0-151pl11 Oow.

Spex Industries, Inc.
3880 Park At'f' .• Mf'tuch('n. N.J. 08840.
Hi~h-apertuu', hi~h·resolution scannin,:::
spectrom£,ters and monochromntors: vidicon
detection syst£'ms; corrected spectroOuo­
romeler: laser Haman spectrnscopy equip­
ment and computer systems: Chromalytics
th£'rmal ~hromalograph Rnd concenlrator.

Supelco, Inc.
SUPf'leo Park. H('l!f"fontf'. Jla. 16823. Gns

~~~~:~~~d~h~~ldl~ltl:k~c~il~'~~I~~~
Hamilton. precision samplin,:::, and SGE sy­
ringes: Nlucational materials for GC thin·
layer chromat~raphy. lipids. carbohydrates,
amino acids, and reagents.

Tracor. Inc.
6500 Tracar Lane, AUMin. Tex. 78721. 560
GC. 550 GC. variable UV detector. 6960 LC.
detectors for GC and I.e recorders. Trocor
anAlytical processor.

Varian
6/ J Honsen Woy, Palo Alto, Calif. 94303.
New gas and liquid chromatographs with
autosampler, new mass spectrometer.

Waters Associates, Inc.
Moplc St., Milford, Ma ..u. 01757. Complete
linl' of high-performanC'c liquid chromatog­
raphy inslrumentation and nccessorit"S in-

dl~t~~~~r:~II:·~~r~:~:~. CCea~d' L~e~~~rk:
ings, J)acked columns.

John Wiley & Sons, Inc.
605 Third Ave., New )':Jrk. N. )'. /0016. Pro·
fessionl:ll r~ference book8 and collef(e text·
books in analytical chemistry and sl>cctros-

~re~c:~l~\ril:;?t:~II:::Di!i~~~,~~~}j~I~'t~
Press.

Wilks Scientific Corp.
140 Water St., S. Norwalk, Conn. 06856.
Complete line (If portnhlc & statiollury am­
bient air analyzers, JHlluantitntivc annlYlJis

:Jd~~~~~;:~ji~~i~~ ~f~c~~~o~~: r~rl~~i
commercialspectrophotomcttlra.

Wilmad Glass Co., Inc.
U.S. lite. 40 & O"k lid" /Jue"". N.J, 08:110.
Tubes, cells, ond accessories; recording
charts; dcuterated solvents; microliter sy­
ringes; precision dispensers and diluters;
special pH probe for NMR 88mple tUbel.
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LDC is the ideal
source for HPLC sys­

tems which can be custom
tailored to your specific laboratory re­

quirements. The setup illustrated shows the
LDC' Mod I new UV 111 Monitor, together
HPL:S t'::: with a CONSTAMETRIC IIG

Y· constant flow metering pump
(with control module); a CONSTAMETRIC I con­
stant flow metering pump; a Chromatography
Accessory Module; a Model 1601 Gradient
Master; a Model L Computing Integrator (also
available in the Model E configuration), and a
Model 3402 Recorder. Full details on the system
and its potential benefits for you are immedi­
ately available from LDC.

cable along with the following features:
• Fixed wavelength measurements over eight

choices of wavelength.
• Ten sensitivity ranges from 0.002 to 2.048 t
• Digital display of differential absorbance.
• Switch selectable time constant delay.
• Flow cell design is dual flow. totally removable

and temperature compensated.
For complete technical details on the UV III

Monitor or other high quality
equipment for HPLC. con­
tact Laboratory Data
Control today.

"

.......
~~, • 0-

J 7r7 iff' Si1

Laboratory Data Control, now has the LDC
Model 1203 UV Monitor III. Ultraviolet absorb­
ance measurements can be made over a wide
A "New Era" UV choice of fixed ~ave-
Monitor for HPLC lengths. Featuring a

totally removable cell
and easily varied wavelengths. Standard 254
nm cell is therefore replaced with a choice of
214 (planned), 280, 350. 410. 440, 510, or 550
nm wavelengths. Cell volume is only 10 pi with
standard 10 mm pathlength. The cell is tempera­
ture compensated to minimize the effect of
refractive index changes on the solvent. The
optical assembly and electronic controls are
contained in one unit thereby
eliminating interconnecting

CIRCLE I 31 ON READER SfRVICE CARD
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FISherJarreD-Ash:
No.1 in computer-controlled

AAinstrumentation.
Model 850, the world's only

microcomputer-controlled atomic absorp­
tion instrument is the first completely digital
and fully integrated AA system ever. None of
the so-called AA leaders (No.'s I, 2 or3)* can
match Model 850.

Unparalleled convenience and out­
standing analytical performance make
Model 850 a new leader.
While other AA instrument
manufacturers are trying to
make-do with computer-inter­
faced systems or add-on calculators,
Model 850 is here, a certain forerunner
of the next generation of AA instruments ­
years ahead of all the rest.

Keyboard Conversation
You "talk" to our "intelligent" 850 by

keyboard. A simple coded language enables
set-up in just a few minutes. The 850 micro
processor is the control center for the
instrument. It will tum on the hollow
cathode, set operating current, slit width.
wavelength, and averaging period - simple
as I, 2, 3. It automatically recalibrates itself;
reads wavelength you spedfy; and "locks
on" the most intense absorption line in that
spectral area. AA operation has never been
simpler or quicker.

Analytical Excellence
The essentially all·digital Model 850 is a

generation ahead of AA units with analog
limitations. Using Auto-Zero, Auto­
Calibration. and Auto-Curve Correct as
examples, the Model 850 computer·
calculates the constants for these functions
- accurate to six significant figures. Analog
devices, by contrast, rely on mathematical
approximations which. at best, are half as
accurate. Clearly, the electronic precision of
the 850 outperforms all the rest.

The Interaction Secret
What causes electronic "drift" in

today's AA instruments? It's an analog
answer - you see, all AA's have interacting
gain and auto-zero functions. When they are
set and then held by analog memories the
inevitable drift occurs with time.

With Model 850, gain and auto-zero
functions become stored digits - numbers
that cannot change with time. Result, drift is
gone - for zero. for gain. for concentration,
for scale expansion - gone for good.

Anti-obsolescence
Unlike current instruments which in­

volve costly hardware changes to
update. Model 850 can improve

itself with the addition of
new software (pre-pro­

grammed silicon chips).
which incorporate new pro­

grams and capabilities. Our way
of repladng chips costs hundreds.

The other way of "junking" entire instru­
ments or adding modules, motors, amplifiers
etcetera costs thousands. The long range
economy and foresight of the 850 makes a
lot of sense.

RedefinIng Convenience
For the ultimate convenience. Model

850 introduces an automatic programmer.
This accessory lets you pre-program routine
analyses for total automation. Once you
program the tape lit's quite simple), just
insert it, and push one button. Model 850
does the rest Unequalled AA convenience.
unavailable anywhere else.

Footnote
Model 850 is the first computer­

controlled AA instrument For this accom­
plishment, we are proud. However. it's not a
totally new phenomenon for us. Four years
ago, the Fisher Jarrell-Ash Division intro­
duced the first computer-controlled direct­
reading spectrometer. Today, it's unques­
tionably the No.1 direct reader in the world.
Our envious Model 850 AA engineers won't
rest until they're No.1 in AA. We think
they're on the way.

For complete information on the new
No.1 AA instrument, Model 850, write for
free bulletin.

o Rsher ScIentific Company
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An accessory three-way valve permits
filtration of large volumes by allowing
the user to draw ftuids up into the
cylinder and discharge them tbrough the
filter without having to disassemble the
unit each time.

Selectron* membranes,
as well as S&S glass
and paper filters for the
Antlia system, come in
diameters of 25 and 47mm.
And in a wide range of pore sizes.

For details, send for our
new Instructional Bulletin, S-4,
'The Antlia Pneumatic Hand Pump System: We'll also
send you our complete catalog of materials and
equipment for separation science.

SCHLEICHER & SCllUELL

"

Keene, New Hampsbire 03431
, Schleic.hu.nd Schuell GmbH. D-llS.., Dusc:1. West Germany

Schlc.icher &: Schuell AG. 87.4 Fcldbach ZH. SwilUtluld

· IIitnKlucing theADtlliiM

pneumatic haDd pump systeDL
Applies needed pressure

to membrane filtration problems.
Give your filtration problems a sbot in the membrane
with the new Antlia pneumatic band pump system. Jt's
designed tOllrovide needed pressure for fluids with high
viscosity. Fluids with large concentrations of particles.
And for filtering through membranes with pore sizes as
small as O.DljdD.

Insen a'new membrane, glass, or paper filter in either
its 2Smm or 47mm tbread-on bolder, and the Antlia
pump insrantly adapts to a new application. Sterile filtra­
tion, clarification' On-tbe-spot testing of membrane per­
formance. And a bost of others.

A pump within a pump makes it all possible. The
Antlia unit consists of two concentric polycarbonate cyl­
inders. The outer cylinder bolds up to 50m1 of solution.
The inner one functions like a bicycle pump. Sliding on
silicone O-rings, it exerts air pressures as bigh as I 15+
psi. Safety valves relievc over-pressurization. Compo­
nents are stable at temperatures up to 130·C, can be
autoclaved, and are chemically resistant.

CIRClf 193 ON READER SERVICE CARD
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Our english may not be perfect
but our instruments are...

Calorimetry
• senslhvity: from 10 microcalOrleS
• temperature range: from -19E)O
uptot~e

• sample size: 0.1 to 100 cc
• Isothermal or scanning operation

versatility
in thermal
analysis
HAS A FRENCH ACCENT

ORClf 95 ON RfADfR SERVICE CARD

Hellma-Ihe largest aaeorlmenl 01 hlgMa
precilion glaaa and quartz celli.
Standard' Flow-through' Constant-lemperature
Anaerobic' Special Dealgnl
Alao available-ULTRAVIOLET LIGHT SOURCES
Deuterium lampi • Mercury Vapor lamps
Hollow Cathode lampl' Power Supplies

~

~ I; LLMtl ::'''a:'RWr~-IIoroug/IIQU._.

CE L LSI N C J_.NowYOflt11U4
• • Phone (212) 544-15)4

TG:
• sen$itJvlty: 0.• microgram
• symetoc set up avoiding dnf1
• temperature range: - tgijO

up to 2400'C
• sample size: from few miUigrams

to 100 grams
• system expended to indude:

- sunuttaneaous DttterentiaJ Thermal
AnalySIS DTA

- Derivative Thermogravimetry OrG
- Evolved Gas Analysis EGA

Dtfl.....tlaI Thermal Ana!Y* lOTA)
• sensitJvity: from 0.016 micreausec
• temperature range: -19fiO

up to 1750"
• sample size: 0.6 to 650 microliters
• resolution: down to o.tOe
• controlled atmosphere

US Exclusive Distributor:
MARCHE INSTRUMENT Inc.

E
tOO9 Southwood Drive
Waco. Texas 76710
ph. (817) 776-3546
772-0241
telex 730 888.

the number 1 in Europe
in THERMAL ANALYSIS
now in the USA
ORClf la9 ON _OfR SOVICE CARD

AVAILABLE UNDER
GENERAL SERVICE ADMINISTRATION

CONTRACT NUMBER GS'()()s~

~
Process Control Division
1601 Trapeto Roe

• w.ltham. MaeAchUlittl 02164
COlIPOlIAllON 16171890-2000

NEW IMPROVED
PERFORMANCE AT A

NEW LOW PRICE

LOW
TEMPERAlURE
ASHER

INCRE....ED AlHINQ RATES:
~ov.d o.idltlon cNmber dnig"

• Clptlmum umplt '"boll," dhlfn
• 300 _111 01 R.F.~r OI.IlPUt
• ~O¥td pcMlIlH eoupIlng .tlic'-'cy

NEW flATUI'll:
mItIY61 ~ pat*n1ed wtOfnil1C~
boatael~liofl

• CCNlUol,1nd kItk tOf eutonYlk
~8nClIlow~\OPl'­
wnl~dilt~Of

.ecidl"toII toll
ARIAS Of APf'LlCATIOHI
The LFE Low T~t\ltt ""* II u.t

~~~~~==~,..ro:­

::'=~:-~~=-=~ior
to IPKtfochem~Metvt.... I" Iddll~.
the LTAl, uloid 'Of 1M ..,.tlon 01
panldH from fill. INtras 'Of atllCty 01
_Ir pOllution~•.
Try h In your IIbCIl'8IQfy. C.l LPE 'Of
fUUM' InfOfrnlllon Of' tew. t,.. dIrnon­
lit_lion,

CIRCLE \30 ON READER SERVICE CARD
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Automated
Chemical
Analysis:

Uoyd Snyder, Jacob Levine,
Robert Stoy, and Aldo Conetta
Technlcon 1ns1rumen1s Corp.
T8IT}'town. N.Y. 10591

.42A.

In the late 195O·s. medical facilities
in the United States came under in­
creased demand for their services. The
availability of medical insurance from
both the federal and private sectors of
the economy gave large segments of
the public access to better care. As the
physician became overloaded with ad­
ditional patients. he turned to the lab­
oratory to speed up and enhance the
diagnostic process. In addition, spe­
cialized tests involving the quantita­
tion of serum enzymes, electrolytes,
protein fractions, and circulating hor­
mones moved from the research labo­
ratory to routine testing. As 8 result,
the clinical chemistry laboratory be­
came a major user of analytical meth·
ods and equipment, and in 1976 about
100 million samples will be assayed in
domestic clinical laboratories.

Equipment designed for the clinical
laboratory has to meet several major
requirements. It must be rugged with
minimum downtime, produce reliable
data which are comparable with refer­
ence methods used to establish clinical
guidelines, and be relatively simple to
operate and cost effective. Designing
these features into instrumentation
has been a major challenge to chemists
and engineers during the last 20 years.
The le880nslearned in the clinical lab­
oratory should be of interest to other

analytical chemists faced with the
problem of producing large volumes of
precise and accurate data. In fact,
many of the approaches first used in
the c1inicallaboratury have now been
adapted to automated, routine testing
in other industries.

Almost all large hospitallsborato­
ries presently rely on sophisticated,
automated clinical analyzers. This
equipment utilizes a variety of detec·
tion techniques (e.g., colorimetry,
flame photometry, electrochemistry),
can simultaneously assay as many as
20 constituents in as little as 0.5 ml of
serum, and can furnish up to 3000 sep­
arate assays per hour. Automated ana­
lyzers can be classified into one of
three categories: continuous-flow
(CF), discrete, and centrifugal. While
this arlicl. will focus mainly on CF an­
alyzers, other types of instrumenta­
tion will be described brieny for pur­
poses of comparison.

Conllnuous-Flow Systems

Continuous-flow analysis was in­
vented by Leonard Skeggs, a Cleve­
land biochemist with joint academic
and hospital affiliations, This tech­
nique was introduced commercially in
1957 by the Technicon Corp., and
these AutoAnalYLCr CF systems be­
came the first widely used automated



Updateon
COntinuous-Row

equipment for clinical and other anal­
yses. These systems were modular in
dt'sign and were used mainly for large­
volume individual tests. e.g.. glucose
and urea nitrogen in serum. CF analy­
sis is carried out with 8 series of con­
nected components: 8 sampler, a mul·
tichannel peristaltic pump. one or
more mixing/reaction coils. 8 dialyzer
(sometimes), and a recording colorim·
eter or other detector. A typical CF
now diagram is shown in Figure 1.
Samples and intersample wash fluid
ore intermittently aspirated at the
sampler; the resulting stream is seg­
mented by air bubbles and combined
with 8 diluent A from the pump,
passed throUKh 8 mixing coil. and then
enters the dialyzer. Dialyzable analyte
diffuses throuKh the dialyzer mem­
brane into 8 second segmented stream
8. is combined with 8 reagent C. pass­
es through 0 thermostated reaction
coil where a chromogenic reaction
takes place, and is finally fed 10 a col­
orimeter. In this way it is possible for
a series of separate steps in an analyti­
cui procedure to be carried out in a
controlled, reproducible, and fully au­
tomatic fushion: precise dilution of
sample. quantitative addition of one
or more reagents, sample cleanup by
dialysis, reaction of sample for a given
time ot some cho.qen temperature, and

measurement of the rmalahsorhance
of reacted sample_

Although the original AutoAnalyzer
system was capable of being switched
from one test to another simply by
changing assay manifolds (that pan of
lhe system between pump and detec­
tor), it was often dedicated to the
batch analysis of only one or two
serum components_ This perpetuated
the traditional mode of c1inicallabora­
tory organization. where individual
tests were performed in separate work.
slations. A major change in approach
was the de\telopment in the mid­
1960's of multichannel biochemical
analyzers. where up to 12 separate as­
says could be simultaneously carried
out on a single sample at sampling
rales up to 60th (I). This quickly led
to 8 major reorganization within many
large clinical laboratories, with the
bulk of the workload now being han­
dled by a single analytical unic a
Technicon SMA 12/60 system and
later the t8/60 (12 or 18 assay-chan­
nels, running at 60 samples/h). An im­
porlant side effect was the widespread
acceptance of the concept of profiling,
where all patients upon admission to a
hospital are tested for a standard 12
(or more) serum parameters (2).
These trends in the use of CF analysis
in the c1inicallaooratory culminated

Report

h



Figur. 2. EHect of dispersion during continuous-llow analysis on sample concen­
tration curve shape
(a) Acceptable dlspetalon; analyte and analyt&--ehrornogen concentIalions plolled on molar basi.; (b)
l.WI8CCeptable dl_,lon

Figure 1. Example 01 continuous-flow analysis scheme
A. B: diluents; C: reagent stream

Centrifugal analyzers also provide
for the controlled addition of reagents
to sample hy centrifugal action, in
ploce of the mechanically demanding
syringe operations of discrete nnalyz·
ers. The main disadvantage of centrif­
ugal analyzers is their batch mode of
operation, which requires reloading
trays with both reagents and samples
for each group of samples analyzed.
This also precludes running individual
samples for different tests at the same
time.

Fundamental Aspects of
Continuous-Flow Analysis

The shape of the signal produced by
the now-through detector in CF anal·
ysis is fundamental to a basic under·
standing of this technique. The quali­
ty of this signal is innuenced by the
following key variables: sample disper­
sion, mixing, and now stability. Over
the past several years the effects of
these variables in CF analysis have
been studied in detail both at Techni­
con and elsewhere. As a result, we now
have a good understanding of both the
potential and limitations of CF analy.
sis, and how such assays can be opti.
mized for accuracy, precision, and
maximum analysis rates.

Sample Dispersion. The potential
rate-limiting effect of dispersion is il­
lustrated in Figure 2a, where analyte
concentration vs. time is shown at the
beginning (sampler) and the end (de­
tector) of CF analysis. The beginning
curve is 8 rectangular input function,
corresponding to the successive aspi­
ration of samples and analyte-free
wash nuid. The heights of these sam­
ple curves renect the analyte concen­
trations in each sample. At the end of
CF analysis, we see some rounding of
the initial input curves, due to axial
dispersion of onalyte molecules along
the nowing stream. The extent of this
dispersion depends upon the experi-

limited by the fac\. that samples enter
the detector serially, so that each sam­
ple spends a certain fixed time in the
detector. In many kinetic assays (as
for serum enzymes), it is desirable to
monitor the assay over an extended
period of time. With only a single de­
tector in the analytical system (for
each assay channel), as is normally the
case for CF and discrete analyzers,
throughput rates are inversely propor­
tional to assay "look-time" (the time
each sample spends in the detector).
Therefore, a compromise is normally
required: either look·times must be
short, or throughput rates must be
small An alternative approach, the
centrifugal or GEMSAEC analyzer,
was developed by Norman Anderson
(4) in the late 1960's at the Oak Ridge
National Laboratory. Centrifugal ana­
lyzers effectively multiplex the detec­
tor by rotating a tray of samples past a
single detector station. In this way the
look-time can be increased, and sam­
pling rate is not sacrificed because
several samples are being monitored
during a single extended look-time.

in 1972 with the introduction of the
Technicon SMAC biochemical analyz­
er (3), which allows the simultaneous
assay for 20 serum parameters on each
sample at rates of ISO samples/h_

Discrete Analyzers

These systems are designed to sim­
ulate the same operations used in
manual procedures. Pneumatic or
motor-driven syringes are used to
meter reagents and sample into test
tubes or "discrete" reaction vessels
placed in a conveyor belt or reaction
wheel The combined sample-reagent
mixture is agitated mechanically and
passed througb a water bath for tern·
perature control Additional reagents
can be added prior to readout at a cu­
vette station_ Many of these designs
include a "laundry system" to wasb
the reaction vessels and recycle them
hack into the analytical train_ The
Hycel Mark X and Super Seventeen,
the Coulter Cbemistry System, the
Ortho Basic, tbe Du Pont ACA, and
the American Monitor KDA systems
are currently available instruments
built on this approach. These instru­
ments are generally capable of carry­
ing out a variety of different tests on
the same system.

Discrete analyzers offer the oppor­
tunity for automated adaptation of ex­
isting techniques by direct duplication
of established manual methods. They
also have a potential advantage, in the
esse of multichannel analyzers, in that
reagents are used only for those tests
requested on the sample. This assay
selectivity is not possible with CF ana­
lyzers. One disadvantage of discrete
analyzers is their mechanical complex­
ity, particularly when compared with
the simple now of liquid in CF sys·
terns. This means that the design of
discrete analyzers for mechanical reli­
ability is much more demanding.

Centrifugal Analyzers

Both CF and discrete analyzers are
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ENGINEER}
PHYSICIST + PATENT AGENT
CHEMIST

NEW
HORIZONS

INCREASE YOUR INCOME - MULTIPLY YOUR OPTIONS - PROTECT YOUR OWN INVENTIONS
PRACTICE PATENT LAW (WITHOUT BEING A LAWYERj AS A PATENT AGENT

~ PRJ. Inc. 1176

Palents prOlect and make money for '­
lechnology. Scientnic and engi.-ring know1­
edge is 1he entering argument for effective
palent proteclion. Although not widely known.
engineers and physical scienlists need not go
10 law school to be licensed as Palent Agents
to raprasent cUents befora lhe U.S. Patenl
Office in the writing and obIaining 01 patents
The Suprama Court has held that Patenl
Agents may practica patenl law Irom any'
where in the UMed States under 1he protec·
tion 01 the laderal supremacy clause 01 1he
Unned Stalas ConstItution.

Bul 10 become a Palent Agenl you musl
pass the one day. six hour examination in
patenl law curranlly given each March and
Seplembef in all major cities throughout 1he
United Siaies by the U.S. Palenl Office. Even
la"':Yer·enSWlOOrs who aspire to patent spe.­
ciahzatlOn are required to pass this exami·
nation.

Now. loe the firsl lime In the 186 year his­
loey 01 our palent system. you can rapidly
learn palent law so IhOfoughly as 10 pass 1he
licensure exam and also practice profes­
sionally. either as a full time pursuit or as a
part·time supplement to your regular lechno­
logical aClivilies. Most importantly you can
sludy at home. in your spare time and at your
pace. No need to spend 510.000 and Wee
years on law schoo. No need to give up your
job or change your routine in the process.
To the conlrary. lhe mora technological ex·
perience you have. the rT'IOf8 vaJuab~ you will
be as a Patent Agent and lhe mc:we effective
you will be in securing patents fOf your own
inventions. There is no downside risk. At the
very leaSI patent know·how enhances fNe<Y
technically trained person's value 10 his em­
pk)yer Of 10 hIS own bUSIness.

PATENT PREPARATION & PROSECU·
TlON PRACTICE. which has just been pub­
Iishad. is lhe anSWllf. II is a 6-voIume salf·
training treatise 01 over t200 pages in 25
chaplers filled Wlth texl. hypotheticals. forms
and practical instruction. A seventh 200-page
companion ~ume 01 questions and answers
is included that covers the rnatenal of the Sot
volumes. This is NOT a correspondence
coursa. But it IS a complele self-contained
Iraining ""coram all in your hands at one time.
It is designed to give step-by-step. incre­
menial self·instructlOn 10 engineers and physi·
cal scientists who have absolutely no prior
legal knowledge at all. At each point in 1he
Trealise every concepl needed to undllfstand
the exposition has eilher already been ex·
p1ained or Is explained then and lhere.

PATENT PREPARATION & PROSECUTION
PRACTICE Is the ultimate loe learning to be a
palanl practitioner. II dlslills 2~ years 01 prac·
tlce and 12 years 01 laachlng by Dr. Irving
Kaylon who Is Proiesso< 01 Law and Director 01
the Palent Law Program al The George Wash­
Ington Unlverslly In Washington. D.C. Profes·
SO< Keyton spenl eight years designing 1he
Trealise and two years edlling and coaulhOf·
Ing II with six coaulhOfa who are partners In
leading patantlaw li,ms throughoulthe United
States.

Prolassor Kayton Is the only lull·time law
prolasso< In the Unlled Stales who spends lhe

major part 0I1hls lme leaching palen! prac. ,.. products are keyed to MW teehaology.
lice. He has Uained more patent lawyers and Demand lor compeIenl patent pracWoners
&\lents !han any pet'soo alive. The Trealise is has grown by leaps and boUlds. But tIlere has
the Iruition 01 all his experience; ~ is what he beenWtually no increase in the ral801 supply.
usas OON 10 teach both lawyetS and eng;. The resutl has been sl<yrock8ling sala<ies and
neers to become patent praclilioners. Naithe< hourly lees lor those rlCBnSed 10 practice
itne< anything ijke it is available anywhe<e elsa. patent law. YaJ can share in it. because you
You too may have it as a tool lor b<OIding an are.-;lUwhatwilitCOSl?Qnlylheprice
ervichad career. a versalile futute and 10 get 01 PATENT PREPARATlON & Pl1OSECUT1ON
out 01 1he lab or a narrow technical pursu~ if PRACTICE l.flder 1he options set Iorlh below
you so wish. Assiduous step-by-step slUCly 01 and <iigenl. serious study at home. in YaJr
1he Traalise can give mastery 01 lis conlenlS spare lime. II surely is a ,easonabIe imIes\.
to anyone Intell'08Ot enough to have earned a men! lor Ihe potenlIaI 'alum in satisfaction.
degree in engineering or one cf 1he physical prolessional versatility. securoty and ma­
sciences. Mastery 01 its contents guarantees terial _U-being. W.. you to sean ody
passing the Patent Agent's examination. one~ tor~ or. dlent, Ihe price 01
Any U.S. citizen with • degree in any _ 01 !he Treatise would be recaplInd _ III

~~'t~=.~~==-rc:~=':~chaseV;""'" 1. 2. 3 and
lion by writing to: Oerk 0I1he~ on 7(~and~) lor $250.00 with a
Entollrnent. U.S. Patent 0lIica. Washinglon. ~~=.~~~~aett.:
D.C. 20231. Trealise. return it CUing Ihe inspection period
Beiow are exCllfplS from unsolicited IeIlllfS 10 lor a prompl. lui and courteous reI\rd. ff you
Prolassor Kayton. The courses menlIonad keep it. YoUnes ~. 5 and 6 may then be pu-­
(and much mora) are now Incorporated in chased lor S200 (Ihis price is~ lor
PATENT PREPARATION & PROSECUTION six n-onIhs aIIer y01I original purchase). But
:.:PRA~C~T,;;IC",Ec::,========='"' VoUnes~. 5 and 6 wiI be sold ody III pu--

/ received no/JffcalKln that t made a passing chasers 01 record 0I1he firs! part 01 the Trea­
gradeonbolhthemomingandallemoonsec· lisa. Postage. handling and insurance are
llOflS 01 the Patenl Bar Examinalion. Priot ro ~ee. lk1der Ihis oplion. the lOllII price wiI be
your course. / had no axposure to paten/law $450.00.
except lor a few random articles in .-s. Second Option: Purchase the enlire Trea­
papers and magazines. that I read occasion- lisa. Volumes 1 • 7. at one lime lor 5375.00;
alJy.Atleast99'll.oImysuccessWlth1heenm· postage. handing and insurance also free.
inalJO(l rs lhera/ore artllbutable ro your course. A saving 01 S75.00over 1he firs! oplion. 5ofIy.
Hugh P. Nrcholsoo. Huntsville. _ no return privileges 8l1hisr~ price. 01

I was successful in my asset.« upon the 1he hundreds 01 sets 01 1he Treatise aIteady
Palent Bar ExaminalJO(l. Inasmuch as I had sold. Iewer than a have been retumed lor
IItlie Of no 6J.P6f1ence as a Patent Agent- at'r/ reason.
Tramee prior 10 laJung lhe exam. I leel your These options and prices are restricled III
course was instrumental rn pulling togeIhar the the continental limits of 1he United States
in/ormarlon ... on tne substantive Law oJ and may not be available aher October 29.
Palents and Patent Procadure. Booker T. 1976. District 01 Columbia residents add 5%
Hogan. Jr.• Hughes AIrcrall. Los Angeles. sales tax.
Caliloenia. To order the Tr••Iis•• BankAmartcard.

Thank you./artained a passing grade on the Master Charge and American Express cradit
examination lor registration to praclice be/ote card buyers may s""Ply CALL TOU·FREE
the U.S. Patent OIfice. This coutdn't have been (BOO) ~24-9771: or ma~ you' checl< or money
accomplished by me if it _re noI for the orde< (or request for more inIormalion) to:
Patent Bar Course administared under your
direction. Baing such a novice. as I truly am. Patent RaourcM IMtItuW, Inc.
in the Patent Lawart. failure in lhis exam would Treatise Purchase Dept.
have been certain but lor your course. Edward 2011 Eye Streel. N.W.--Suite BOO
S. Sherman. Union Carbide. Chicago. IIUncis. Washlnglon. D.C. 20006

Research. :ae::lelOpmenl and Invennon have
Increased radically over 1he past len years.
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Figure 3. (a) Sample dispersion during segmented 1I0w ttvough open tube with
marker-<lye sample injected into segment I/O. Film of liquid ptvtse (d, = film thick­
ness) from segment I/O will be overtaken and mixed Inlo segment 1/1, allowing dye
10 move trom I/O to 1/1; dye built up within segment 1/1 can also be transferred to
1/2. Dye will become dispersed over many following segments. (b) Bolus circulation
within moving liquid segment occurs naturally in any segmented-flow system

mental conditions used in a particular
CF analysis and is markedly reduced
by the segmenting air bubbles which
serve as physical barriers to disper­
sion. In the example of Figure 28, dis­
persion is not excessive, and the Unat"
for each sample curve still renects the
true (nondispersed) analyle concen­
tration of that sample. The observed
detector output wiu mirror this final
concentration-time plot, and the
height of the "nat" above baseline is
proportional to analyte concentration.
Comparison of the "nat" height of an
unknown to the response of a refer·
ence sample (standard) makes it pos­
sible to convert the analog signal to
concentration.

The effect of excessive dispersion
can be seen in Figure 2b. Sample car­
ryover or interaction occurs, so that
one sample overlaps the "nat" region
of an adjacent sample, ths altering its
apparent concentration. The "Oat"
time for each sample is also reduced
by excessive dispersion. This effecl
can be countered by increasing the in·
tersample wash time at the expense of
sampling time (so as to keep sampling
rale constant). However, this ap­
proach further reduces Unat" time and
eventually results in sample maxima
that are not at steady stale. The
heights of nonsteady-state peaks are
still proportional to sample concentra­
tion and can therefore be used for
analysis. However, relative peak
heights are now strongly dependent
upon dispersion within the system and
(unlike steady-state measurements)
can change with lime. Therefore, use
of nonsteady-state output is generally
avoided where maximum precision is
desired.

Another possibility is to increase
Ihe length of sampling time unlil
steady state (a "nal") is achieved.
This results in increased sample and
reagent consumption plus decreased
throughput rate: analysis rate and Ihe
consumption (per assay) of sample
and reagent are inversely related in
CF analysis.

The main contribution to sample
dispersion in well-designed CF sys·
tems arises from the flow of the sam­
ple slug through the CF nelwork. The
physical basis of this dispersion pro·
cess is illustrated in Figure 3. Assume
tbat a marker-dye (or sample) is in­
jected into segment # 0 of Figure 3.
Because the flowing stream normaBy
wets the inside walls of the CF tubing,
a thin film of liquid phase is laid down
by each moving segment.. The film
from segment #0 will then be over­
taken and mixed into segment # 1, al­
lowing dye to move from #0 to # I.
Subsequently, the dye built up within
segment # 1 can in the same way be
transferred to #2, and 80 on. Thus, in
time the dye originally contained only

in segment #0 will have become dis­
persed over many following segments.

CF dispersion is conceplually simi­
lar to certain other processes of inter­
est to analytical chemists (countercur­
rent distribution, chromatography,
etc.), and a general mathematical
model based on the above descriplion
bas been known for about 10 years (5).
More recently (6, 7), this model has
been expanded to allow the prediclion
of dispersion as a function of experi­
mental conditions. The aplOunl of dis­
persion expressed as the variance at 2

of the sample curve, as in Figure 2a
(end), can be related to lube inside di­
ameter dt • liquid now rate Flo bubble
segmentation rate n,liquid viscosity IJ
and surface tension "Y. time t in the
Oow network, and a sample mass
transfer coefficient DW .2!:r Dispersion
is mainly a function of F

"
d" n, ~, and

t, with dispersion being less for small­
er values of t, dt , and 'I. The variation
of dispersion with F , and n, holding
other variables constant (dt = 1 mm, t
= 500 s), is illustrated in Figure 4. Op­
timum values of nand F 1 exist for a
given set of conditions, so as to yield
lbe lowest possible dispersion (value
of qt). For normal CF analysis with
"nals", sample plus wash time should
equal aboutS qt. Figure 4 therefore
suggests possible analysjs rates of 250
sampleslb, which is approached by
state-<lf-the-art CF analyzers (SMAC).
Further reduction in dispersion is pos­
sible if the residence time of samples
(so-caIled "dwell-time") in the CF sys­
tem can be reduced below 500 s, and if
tubing i.d. is reduced below 1 mm.
Ultimate sampling ratea'Of about
6OO1b can then be predicted for CF
analysis, but this is well beyond the

capabilities of presenlly available sys­
tems.

Mixing. Mixing of sample and dilu­
ent is required in all CF systems, and
usually several such mixing operations
take place as successive reagent addi·
tions are made. Complete mixing must
occur in each liquid segment (as
though each segment were a microcu·
vette), and the penalty for failing to
mix completely is a "noisy" detector
output, which is in facl indicative of
unmixed solution. Mixing in continu­
ous-flow takes advantage of the natu­
ral fluid motions that occur within a

Figure 4. Dependence of sample dis­
persion on liquid flow rale F1 and seg­
mentation frequency n
Other condlUonl lepresentatlve 01 $MAC anaJyt­
er: t - 500.; tompot'eh.e. 25°; '" • 1 nvn: no
mol WI sample wtth awraetanl-weter .. liquid
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~ 5. Sample proportioning as function of air bubble injection
(a) M segmentation with no .....
(b)~ segnw1ta1ion wiIh air-o. timed at roUer liftoN

short segment of liquid enclosed at
each end by tl>e gas-liquid interface.
The pattern of fluid motion, so-called
bolus flow, occurs naturally in any seg.
mented-flow system, e.g., the micro­
circulation. where slugs of plasma are
separated by red blood cells in the
narrow capillaries. This bolus circula­
tion within 8 moving liquid segment is
illustrated in the blowup of segment
#0 in Figure 3. An important advan­
tage of mixing in continuous-now is
that no enernal means (stirrers. vi­
brators, vortex mixers) are Decessa.J)".

Only a sufficient length of tubing (and
time) is required.

Bolus mixing achieves rapid longi­
tudinal exchange of fluid when the liq­
uid segment is short. since the intra­
segmental fluid elements make about
one circuit of the slug for each 1.5 seg­
ment lengths traversed by the slug.
The rate-limiting mixing process oc­
curs in the radial direction across the
fluid streamlines, and most improve.
ments in CF mixing come about byen­
hancement of this radial mass trans­
fer. In straight lengths of tubing, radi­

.aI mass transfer occurs mainly by mo­
lecular diffusion, which is slow in liq­
uids. This can be overcome by creat·
ing convective radial mixing simply by
substituting a helical coil for the
straight tube. Helical coils also permit
a more compact physical arrangement
of the final manifold.

Studies of mixing efficiency show
tbat both liquid physical properties
and tube geometry are important in
determining the total time required
for complete mixing. Liquid viscosity,
density, and flow rate aU affect mix-

ing, with viscosity being most signifi­
canL Those systems which pump solid
suspensions (hematology instruments
assaying whole blood) are also affected
by the concentration of suspended sol­
ids. Tube internal diameter, helix coil
diameter, and segment length are
other major parameters. For example,
short segments mix in less time than
long segments, but short segments
imply a large number of air-liquid in­
terfaces within the manifold and an
unacceptable increase in pressure
drop across the system (discussion of
ref. 8). Dispersion also increases as
liquid segments become very small. as
seen in Figure 4 (small segments mean
large n values).

Flow Stability. A SLabie Iiquid·air
stream in a CF manifold is one in
which the proportions of sample to re·
agents are constant for all segments,
from one sampling cycle to the nexl. If
proportioning varies during this peri·
00, analysis precision is adverseJy af·
fected. Variation in proportioning ap·
pears as a "noisy" detector output,
fluctuating about a mean correspond·
ing to the steady·state "flat". Several
event5 can occur to create an incor·
rectly proportioned stream: varying
liquid or air flow rates, intersample oir
compression, a short &ample, sample·
probe or manifold-tube blockage, etc.

Proportioning of sample and re·
agents is a problem of dispenser preci.
sion in discrete analyzers and of con­
stant pump delivery rates in CF KYS'

terns. If constant-delivery, pulselesli
pumps were cheaply available and
were not affected by back pressure,
precisely proportioned segments in CF

systems would be easily achieved.
However, the low·coot, multichannel
peristaltic pumps preaently used in
CF systems exhibit flow pulaation aa a
result of roller liftoff from ~e platen.
Many schemes have been proposed
and verified to reduce or eliminate
pump pulsations. However, a more el·
egant and economical solution to this
problem is simply to synchronize the
puLations of all sample and reagent
streams by injecting air bubbles in
phase with roller liftoff. An illustra­
tion of unsynchronized (random) air
bubble injection is shown at the top of
Figure 5. The resultant sample/dilu­
ent stream will be incorrectly propor·
tioned, because roller liftoff (shown by
the pulse in sample flow rate) affects
some segments and not others. The i1.
lustration at the bottom of Figure 5
shows a correctly proportioned
stream, where roller liftoff occurs in
phase with the injection of an air bub­
ble. ProPer proportioning in this fash­
ion is most easily achieved with a so­
called air-bar, a mechanical pinch.
valve that opens and clooes an air-line
in phase with roller liftoff.

Flow stability is also affected by
many other variables, whose impact
can be blunted in well-designed CF
systems. Surging of the more-or· less
smooth fluid flow coming from the
pump can be caused by the sudden in­
jection of air bubbles, by changes in
temperature along the flow network
(as in high· temperature reaction
haths), and by the use of liquids that
do not wet the tubing walls. Discus­
sion of how these problems are han­
dled in practice is beyond the scope of
the present article.

New Technology and Appllcallons

Particle Monitoring. Sophisticat·
ed techniques for differentiating and
counting the particles in mixtures
such as whole blood have been adapt·
ed to CF technology. The recently
marketed Technicon Hemalog D auto­
mated leukocyte differential analyzer
represents a completely new approach
to the routine clinical measurement of
white cell differentials (9). This in·
strument aspirates whole blood sam·
pies, reduces cell concentrations by
dilution, adds specific cytochemical
stains that selectively color different
cell types, and analyzes the number of
each ceU type in a special sheath flow
cell via scatter and absorbance mea­
surements at different wavelengths.
Ten thousand cells per sample are
measured in this faahion at raLes of 60
samplea/h.

The approach used in the Hemalog
D system requires maximum utiliza·
tion of CF technology, particularly in
minimizing sample dispersion for
maximum analysis raLes. The sample
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Figure 6. Particle counting and classification In sheath flow cell
~ stream Introduced al center 01 coexLaJ sheath Ib'eam 10 thai sheath separate. cell 'rom walls
or now cell

dispersion theory reviewed earlier
must be modified to account for the
behavior of the particulate samples in­
volved; cells do Dot move as readily as
liquid through the fLim between air
bubble and tube wall. The presenta­
tiOD of individual cells to the optical
system for counting and classification
is achieved hy a sheath flow cell (Fig·
ure 6). The sample stream is intro­
duced at the center of a coaxial sheath
stream, so tlutt the sheath separates
the cells from the walls of the flow cell.
The cross sectiOD of the flow cell is
then reduced to allow contractioD of
the sample-stream diameter to 50 "m.
In this way sample dispersioD and flow
cell clogging are minimized, and cells
are presented sequentially one-by-one
to the optical system resuitiDg in Deg­
Iigible coincideDce error.

It has beeD shown that 10 000 cell
counts via CF analysis provide more
precise estimates of the true wbite
blood cell (WBC) distribution than
are possible by 100 cell counts (as pro­
vided by manual or automated pattern
recognition assays). Since the impreci­
sion (standard deviatioD) from COUDt­
ing statistics is proportiODalto I!vn,
where n is the Dumber of total cells
counted per sample, the Hemalog D
provides 10 times better precision
than is obtainable from 100 cell
counts. This, in turn, means that small
(clinically significant) shifts iD WBC
counts can DOW be easily detected and
monitored for the first time.

Kinetic Assays. CF analysis does
DOt directly provide the opportunity
to follow an assay reaction as a fUDC~

tion of time. Since the determination
of enzymes in serum is of major inter­
est in clinical analysis, much attention
has beeD giveD to this fundameDtaI
limitation. Initially, CF enzyme assays
were simply carried out as single-poiDt
measurements: sample and reageDts
were mixed and incubated for a fixed
time, and a product of the enzyme re­
actioD was measured in the usual way.
These single-point enzyme assays be­
came widely accepted in the clinical
laboratory, because no alternative
originally existed for handliDg large
Dumbers of samples.

Objections to single-point assays
were raised in some cases: endogenous
interfereDces, competing (nonspecific)
enzyme reactions, and occasional gross
errors due to lag phases, "Substrate de­
pletioD, etc. Many of these objections
can be overcome by running parallel
blank assays for each CF test (with an
esseDtial reactant elimiDated in the
blank channel) or by reagent optimi­
zation. However, true kinetic (multi­
point) assays for enzymes on CF sys­
tems only became possible with the
minimization of sampJe dispersion to
the poiDt where multiple flow cells
(detector stations) could be used in a

single assay channel. The reaction
mixture could then be incubated be­
tweeD flow cells, so that each flow cell
reading corresponded to a different
reaction time. In this way three-point
kinetic assays for the transaminase
enzymes AST and ALT are routinely
provided by the SMAC analyzer (3). A
key feature of such assays is the use of
bubble-through flow cells, with elec·
tronic correction of the det.ector signal
for the air bubbles passing through
the flowcell.

The multiple flow cell approach in
CF analysis might be extended to
more than three-point assay, but this
is problematical. Alternative CF ap­
proaches have, however, been pro­
posed and verified. One approach, the
AutoZyme enzyme rate analyzer, was
introduced in 1969 (10), based upon
varying reagent and sample pumping
rates during the sampling cyde. In
this way the reaction mixture is made
to flow at varying rates through the
incubation bath, so that solution ar­
riving at the detector spends varying
times in the bath, meaning a variation
in reaction time from one end of the
sample flat to the other. The detector
output for each sample is then equiva­
lent to a plot of product concentration
vs. reaction time, i.e., a true kinetic
8Dalysis.

A more recent type of kinetic CF
analysis is based on flow reversal (J J ).
A valve arrangement provides for the
introduction of a particular sample!
reaction mixture into a thermostated
reaction coil until the particular S8m~
pIe mixture fills the entire coil. The
activation of the valve provides for re­
versal of flow, so that the first segment
enteriDg the coil i8 the last segment to
leave the coil. Now each segment
spends a varying time in 'the bath, and
the detector output is similar to that
provided by the AutoZyme system.

These and other techniques allow true
kinetic assays to be carried out in CF
analysis.

Detecton; aDd ReageDIs for CF
Analysis. The detector-reagent com­
bination in a reaction-analysis system
aims at achieving an appropriate se­
lectivity and sensitivity in the assay.
There exists a vast generalliternture
on this subject (12) which applies to
CF analysis as well. Until recently,
narrow band-pass UV-VlS photome­
ters were used almost exclusi\'ely in
CF analysis. augmented occasionally
by fluorometers for special applica·
tions (especially those requiring in­
creased sensitivity or specificity).
More recently. a variable-wavelength
spectrophotometer detector has been
designed specifically for CF analysis.
An early departure from simple opti·
cal detectors was required in assays of
the alkali metals, where no good color­
imetric reactions exist. FJame emis­
sion photometers were introduced to
CF analysis in the mid-1960's for anal­
ysis of Na and K in serum. These de·
vices were superseded in 1972 by flow­
through ion-5elective electrodes
(ISE's) (3). While the main applica·
tion of the latter detectors is still for
assays such as K+, Na' , F-, NH", and
pH, extension of ISE's in CF analysis
can be expected for such electrolytes
as CI-, Ca' +, phosphate, and bicar­
bonate. Even more exciting is the pas·
sibility of coupling certain easily de­
termined (electrochemically) ions as
1-, Ag', H+, NH.+, NAD+, etc., plus
gases such as O2, CO2, and NH" to a
broad range of biochemical assays, as
summarized in Table I. The attraction
of such general purpose electrodes as
CF detectors stems from several fac·
tors 8uch 88 new types of specificity,
ability to handle turbid solutions, and
equipment simplicity.

While the main emphasis in CF de-
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composition of this reagent on stand­
ing yields s product of the assay resc­
tion (ammonia), thereby complicating
its use for this purpose. However, with
bound enzymes any such complication
is completely avoided, since such de­
composition products are washed from
the tube continuously during normal
use and simply become part of an in~

dependenUy established reagent base­
line absorbance. Fin.lly, m.ny .ddi­
tional possibilities exist for such im~

mobilized reagents in CF' analysis,
quite apart from enzymes which have
been the main example in the past.

Curve Monitoring and Analysa.
With present discrete and centrifugal
analyzers, it is difficult t<> flag certain
kinds of assay error: malfunction in
reagent or sample dispense, insuffi·
cient sample or reagent available for 8

given test, and incomplete mixing of
sample and reagents. The reason sucb
errors may go undetected is that dis­
pensing and mixing are usually com­
pleted prior t<> arrival of sample/re·
agent mixture at the detector. Such
errors .re then buried within the ob­
served detector signal. In CF analysis
quite a different situation prevails.
Custom.rily, tbe curve "nat" will in­
clude several liquid segments, each of
wbich m.y be regarded as • separate
(repeat) assay of the same sample,
since each segment should contain the
same sample/reagent mixture. \Ve can
then examine each CF sample curve
for constant response over the normal
"nat" region (function monitoring),
which is equivalent to repetitive assay
of the same sample. When the propor·
tions of sample and reagents in any
segment cbange, due to errors of the
above kind, this is spparent as a de·
p.rture from curve fl.tn.... Such as­
says can tben be flagged as question­
able and rerun.

Otber possible errors such as car­
ryover from 8 high-concentration sam­
ple to a following low-concentr.tion
sample are also apparent by inspec­
tion of the sample curve, and ag.in
suspect results can be /lagged and
rerun. In the SMA analyzers, curve
monitoring in this fasbion is done by
analog means with "perator inspection
of the analog signal. SMAC, with its
dedicated computer, schieves the
same result automatically and digital·
ly, allowing more precise limits to be
set on possible assay errors. The ted·
ium and oper.t<>r arror associated
with hum.n monitoring of an .nalog
signal are Iikawise eliminated.

With more sophisticated approach·
es to curve monitoring and analysis, it
has become posaible to utilize the non·
flat portion of the sample curve to fur·
ther improve assay raliability and pre·
cision. Thus, on the SMAC system,
most of the curve is inspected by the
computer and compared with th.. pat-

0 .. HoOt~- via ISE)
NIt,+, HCOo-, Ntbco>o
COOlol
NIt,+, NHoool
c., H.o. (r via ISE)

0., H>O. ~- via ISE)

A

P

A

A

A

P
A

P
A(P)

A®
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However, there are more important
iactors to consider in this regard.
First, the increased. reagent usage in
CF analysis (wbere that is indeed the
case) is repaid by the availability of
function monitoring as discussed
below; the ability to monitor a series
of reaction segments for each assay (or
sample) allows a considerable increase
in the reliability of that assay. Second,
there is increasing concern, not with
the volumetric consumption of total
reagent, but with the cost of expensive
reagents that are used once per assay
and then discarded. In some cases.
particularly higbly specific enzyme re­
agents that have recently become pop­
ular, the cost of these reagents may
preclude their widespread application
in this fashion. CF analysis, on the
other hand, is uniquely suited to reus­
able reagents such as bound enzymes
(13). Expensive enzymes or other re­
usable reagents can be physically or
chemically bound t<> the inside of the
tubing used in CF analysis, so that the
consumption per assay of such re­
agents iii decreased by two or three or­
ders of magnitude, with a great de­
crease in cost per assay. For example,
as many as 30 000 glucose assays have
been carried out with a single glucose
oxidase-coated tube (13). Equally im·
portant, such bound enzymes often
have other important advantages such
as greater stability and convenience in
handling and mskeup and less vari­
ability in the effective reagent concen­
tration over a series of assays. In some
cases, for example, creatinase used in
tbe B.ssay for serum creatinine, the de·
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Table L EJectromeIrIc IIelhoda AdlIpIeble 10 CF Analpls-

tectors is increased sensitivity andlor
specificity, some assays benefit from 8

reduction in sensitivity, e.g., assays for
a major component in 8 sample. such
as t<>ta1 P in a fertilizer or pbosphate
rock. For this kind of application,
thermometric detectors have been
found useful. Tbese are simply ther­
mostated thermistor systems which
measure change in solution tempera·
ture as 8 result of a chemical reaction;
this temperature increment is then di­
rectly relatable t<> tbe concentration of
the analyl<! undergoing reaction.

Nephelometric detecl<>rs have been
used in CF immunoassays for serum
proteins since 1970. The immune-pre­
cipitin reaction is followed via the
scattering which results from the pres­
ence of 8 precipitate.

Tbe reagents used in CF analysis
are usually the same reagents used in
manual reaction assays. One objection
that bas been raised against CF analy­
sis in this respect is Uwasteful con­
sumption of reagents". Because of the
continuous flow of reagents througb
the system both during startup and
actual sampling, it is argued that the
usage of reagents per assay must ex­
ceed that in well-designed manual or
alternative automated systems. Actu­
ally, reagent consumption per assay
can be quite low in CF analysis, e.g.,
200 1'1 total reagent per assay for
state-of-the-art equipment. With fur­
ther reduction in tube diameter and
increase in sampling rate (as discussed
earlier), the ultimate reagent con­
sumption per assay could be reduced
further.
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cess of solid samples to a high-speed
blender. There the sample can be con­
tacted with 8 variety of solvents in­
cluding corrosive chemicals such as
concentrated acids. After 8 program­
mable stirring and dissolution period,
supernatant is sampled into a con­
nected CF system for eompletion of
the analysis. Such samples as drug

which explores the application of CF
analysis to 8 wide variety of research
and industrial problems and which de­
scribes the automation of virtually
every operation previously used in
manual analysis. Here, we will at­
tempt to point out the major nonclini·
cal areas where CF analysis is being
applied. and focus on some of the
more widely used techniques and spe­
cial modules.

CF analysis in the nonclinical world
is divided mainly among environmen­
tal. pharmaceutical. food and agricul­
ture. both for laboratory and process
monitoring applications. The diverse
nature of the samples encountered, as
well as the speeific methodologies dic­
tated by regulatory bodies in many
cases. requires that CF methods be
Quite versatile: solid samples which
cannot be aspirated directly into a
con\'entional CF s)'Stem may be in­
volved. liquid samples may have to be
concentrated by large factors to in·
crease sensitivity to suitable levels,
multiple separation steps may be re­
quired to prO\'ide the requisite analy­
sis specificity. and acid or base diges­
tion at high temperatures may be in­
volved. etc.

The Technicon Solidprep Sampler
II module for handling solid samples
provides for fully automated. serial ac-

tern ex~ted for "normal" curves.
When curve quality does not meet
preselected criteria, the computer
nags such assays for rerunning. At the
same time the computer interprets
curve abnormalities in terms of specif·
ic machine malfunctions and alerts
the operator to the need for corrective
action. As a result of these Quality
control operations by the computer.
SMAC provides preeise and reliable
data in the routine clinical laboratory
(14).

Another interesting approach. pio·
neered by Walker (15). is the use of
curve regeneration or deconvolution.
Knowing the theoretical shape of a
normal CF sample curve. it is possible
by analog or digital means to process
overlapping and/or nonsteady-state
curves so as to restore the original
sample curves prior to dispersion.
This then allo\lo'S for increased accura­
cyand precision as well as higher sam­
pling rates.

Researcb and Industrial Appli­
cations. The major application of CF
analysis has so far been in the clinical
laboratory. There the relatively small
number of separate assays that re­
quire high-speed. dedicated analyzers
has restricted the instrumental ap­
proaches so far offered commercially.
However, there is a vast literature (J6)

ANTEK'INSTRUMENTS.INC
6005 North Freeway
Houston. Texas 77076
TELEPHONE (713) 691·2265 TWX· 910-881·1792

The Antek 400 Series gas chromat­
ographs (models 440 and 410) offer
reliable high performance gas
chromatography at a price you can
afford. Plug-in solid state circuitry.
compact design. large column oven,
single or dual columns. separate
digital temperature controls on all
three heated zones, and a choice of
thermal conductivity. flame ioniza­
tion. electron capture or flame photo­
meteric detection ... the 400 Series
gives you everything you want in a
good GC - without a lot of ex­
pensive frills.

Before making a decision on
buying a GC. talk to Antek.

Q.. Does anyone still make a basic,
reliable, gas chromatograph?

A:@JANTEK

CIRCLE 5 ON READER SERVICE CARD
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In Radiometer pH Meters _
Clrlfully Mlt_
Ind TlitId Com_nm
Greater accuracy ­
p,oven ,ellebility ­
con.l.tenlly dependable
results.

Ad.lncld Circuit Dnlgn
Dependable atate-of-the-art
components and
Integrated circuits.

UIttI-StlbII Amplifier
Virtually drift-'ree
long-term stabillty_

High ImpIdonc:e
Input DeIIgn
Matches modem
high Impedance electrodes.

Rldiom.t.r Precision
Over 100 diffe,enl types,
designed for diverse.
routine and special applications.

It's the~·Guts"thatCountl
Looking for superior performance in a pH
meter? - Look inside a Radiometer. You'll
see fine components, superbly assembled
and thoroughly tested in their application.
You will also see why stability, accuracy and
dependability have been a tradilional part of
Radiometer pH meters and electrodes for
almost 40 years.

There's a digital or analog model to match
your applicalion - research or routine, in­
lab or on-site. Our new pH meter catalog Is
yours for the asking. Request it now and

you will also receive the Radiometer Elec­
trode Catalog, listing over 100 electrodes
for thousands of ap­
plications.

Call your London
Company Represen­
talive or contact us
today ...

THE LONDON COMPANY
811 Sharon Drive· Cleveland. Ohio 44145
Telephone (216) 871-8900

Radiometer ... Masters of pH measurement since 1937.
CIRCLE 129 ON READER SERVICE CARD
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tablets and powders have been sue·
cessfuUy analyzed in this fashion.

Many liquid or solid samples re­
quire further separation during CF
analysis. and such techniques as filtra­
tion, flash distillation, solvent extrac­
tion. ion-exchange. gas diffuion.
sparging. and dialysis can be used
more or less routinely and in fully au­
tomated form (Table 11).

CF allows multiple separation tech·
niques to be used in conjunction with
the same methodology. For example.
the analysis of phenol in waler and
wastewater may require filtration to
remove particulate matter, distillation
to separate the phenol from the sam­
ple matrix, reaction with 4-aminoan·
tipyrine and alkaline ferricyanide. and
solvent extraction of the complex with
isobutanol. The final absorbance is
then measured at 480 nm. CF analysis
has also been used to analyze column
emuents from liquid chromatography.
and this application is compatible
with the very efficient columns now in
common use (7).

Future Applications. New adapta­
tions of continuous-flow to automated
analysis wiU depend on the successful
matching of the advantages of this
technique to previously nonaulomated
procedures. For exampl~, radioimmu­
noassay (RIA) is becoming quite pop­
ular for the determination of trace lev­
els (picogram/ml and lower) of certain
compounds in serum and other physi­
ologic fluids. However, present manu­
al methods suffer from a variety of
problems: imprecision, a need (or fre­
quent restandardizatioD, long incuba­
tion times. and (especiaUy) unstable
racliolabeled reagents. Many of these
limitations can be overcome through
the use of appropriate CF techniques.

Many analytical procedures rely on
reagents with short shelf life and
which are best made from scratch each
day. Continuous-flow can be applied
to the on-tine synthesis of such reo
agents Ifor RIA (17)1, thus reducing
the inconvenience of such reagents
and improving the quality of the assay
through use of immediately prepared
reagents_ Costs for such reagents can
also be markedly reduced as a result of
making just the amount of reagent re­
quired.

The screening of biological particles
such as bacteria and fungae can cer·
tainly be expanded by making use of
technology pioneered in the develop­
ment of the Hemalog 0 system. The
automation of sample preparation for
such commonly used techniques as
liquid and gas chromatography is now
a necessity for many laboratories since
this step often takes much longer than
the actual chromatographic analysis
(18). Many other examples of the pos­
sible application of CF 'analysis to
present problems can readily be cited.
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Finally, there's Supor Senlce
II your Baker distributor Is e er out
of stock on a PHOTREX spectro­
photometric solvent that you need
now, he can call a Baker Super
Service Center and, if he calls us by
3:30 p.m. our time, your order '11 go
out directly to you in most cases on
the very next business day. That's
Baker Super Service.

J. T. Baker: "uslHTI8tched" products
and •••Super Senlce.

75lJl7f!IJ. (If you need help, please
call 201/859-5411.)

J. T. BakerChemical Company
Phillipsburg, New Jersey 08865

201/859-541 t

The assurance of quality Is always on
the 'Baker Analyzed' product label
Itself: every label carries the actual
lot analysis showing the GC assay,
trace Impurity analysis, and lot
absorbance values at key wavelengths
In the UV region. The "Windows" In
the IR region are also provided.

And at least as important: the
PHOTREX solvents are avaltable In
stock, Consistenlly available.

All of these solvents are described
in the above solvents manual and are
available from the J. T. Baker
distributors listed In our Catalogs

of the J. T. Baker Catalogs 75lJ/7f!IJ.

3.PHOTRE.X'" Spectrophotometric
Solvents.
35 unsurpassed spectrophotometric
solvents with detailed definition by
UV absorbances and GC assay. Extra
precaution: adherence to specs is
always checked eller final packaging
lest some contaminant be Introduced
after manufacture. The result of all
this: absolutely clean curves.

1. Solvent Selection Manual (Iree)
This is an invaluable guide for
selecting the appropriate solvents
for spectrophotometric methods.
Provides Information on solvent
properties, UV curves, wave lenl/th/
wave number conversion, impurity
level specifications, etc. Write to
Dept. TPM, address below.

2. Spectrophotometer Standards
Kit (Iree')
Standerds for checking spectrophoto­
meter performance are essential to
provide assurance of reliability. Baker
has developed UV end visible range
spectrophotometric standards kits
for simple and precise assessment of
Instrument linearity of response and
sensitivity. Either kit Is available free
wllh the purchase of PHOTREX sol­
vents. Send this ad (or a photocopy)
with a proof of case purchase to Dept.
TPM, address below. Please specify
kit desired: UV range kit (#4844),
visible range kit (4845). (Both free with
minimum 2 case purchase.)

These kits are described In the
solvent manual above and on p. 284
·Thl, I, • limited time olft, Iub"ct to ttrmlnaUon
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YOUBAVE
NEVER SEEN A

SMALLER SYR NGE.

HAMILTeN

There's a Teflon seal in the hub that can
be finger tightened to compensate for
wear and to prevent leakage. You simply
tighten the knurled hub to make the
adjustment for a leak-tight seal.

Every 7000 Series syringe is tested for
accuracy by injecting a series of sam­
ples into a GC. When you purchase

a Hamilton 7000 Syringe, you have
our guarantee that it will deliver

the capacity with reproducibility
to±1%.

If you need to inject samples
smaller than 1ul, this is your

syringe. Five models, three
capacities, selling for

$35.00. For literature,
write to John Nadolny.

Hamilton Co., P.O.
Box 10030, Reno,
Nevada 8951 O.

That needle in the foreground
is really a small precision sy­
ringe. The tiny tungsten wire
behind it fits in the needle and
discharges the complete sample.
The total capacity of this Hamj~on

syringe is one microliter... and ifs
all contained in that needle. With
any degree of skill, you can re­
peatably inject samples to ± 1%.

Irs called our 7001 Syringe.There
are other members of the 7000
Series with 2ul and 5ul capaci­
ties. Your sample never reaches
the glass barrel. The barrel is used
simply as a volume indicator.

All the 7000's will take aHamilton
plunger guide or Chaney Adaptor
to make injections easier and
strengthen the plunger against
bending.
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News

American Chemical Society 1977 Award Winners
George G. Guilbault and Raymond P. W. Scott

win the ACS Awards
in Analytical Chemistry and Chromatography

The winne'" of 1977 ACS awards
were announced at the 172rid ACS
National Meeting held in San Francis·
co, AUguftt29-September 3. Th....
awarda will be pr....nted at the 1977
ACS Spring Meeting in New Orleans.
Among the 21 people named to receive
awards are two analytical chemista of
distinction. They are George G. Guil­
bault of the Unive",ity of New Orleans
for the analytical chemistry award and
Raymond P. W. Scott of Hoffman-La
Roche Inc., Nutley, N.J., for the chro­
matography award. The analytical
chemistry award, which has been
sponsored by Fisher Scientific Co.
since 1947, consists of a $2000 hono­
rarium and an etching. Supelco Inc., is
the sponsor of the chromatography
award, which was established in 1959
and initially sponsored by Lab-Line
Instruments. Tbe award consists of
$2000 and a certificale.

George G. Guilbault. 39, has been
a professor of cbemistry at Louisiana
Stale University in New Orleans, La.,
since 1966. Prior to that he worked as
a researcb chemist for five years with
the Department of Defense, serving as
a section cbief, Pbysical and Biochem­
ical Methods Section, Researcb Labs,
Edgewood Anonal. Md. He received
his BS degree in chemistry from Loy·
ola Unive",ity in New Orleans in 1958
and tbe MS and PhD degrees in ana·
Iytical chemistry from Princeton Uni·
ve",ity in 1960 and 1961, respectively.

Professor Guilbault's outslanding
contributions to analytical chemistry
include, among other things, his pi­
oneering work on enzyme electrodes
and on a solid surface fluorescence
monitoring syslem, both used in solv­
ing analytical problems in the clinical
chemistry laboratory. He was the fi",t
to develop stable useful enzyme elec­
trod... The.. electrodes, as simple in
operation as pH electrodes, are used
for the determinations of clinically im­
portantsubstances such as urea (test
for renal function), phenylalanine
(tast for pbenylketonurea), glucoee
(test for diabelas), creatinine. and oth·
ers. These electrodes are now mar·
keled by Radiomelar, Owens·Illinois,

Leeds and Northrup, YellowopringB
Instrument Co., and oUle",.

He aJao developed a new concept in
fluorescence instrumentation for UIe
analysis of clinically important sub­
stances, i.e., enzymes such as aJ.kaline
ph""phatase, LDH. GOT. GPT,
GGTP, a-HBD.lipase, and cholines­
terase; and substrates such as urea,

George G. Guilbault

Raymond P. W. Scott

glucose, uric acid, creatinine. pbenyl­
alanine, ph""pbate ion. and other&. A
commercial instrument hued on the
unique features of his concept will
soon be available.

Professor Guilbault has authored
over 200 pape",. 30 revi.... articles,
and six books. He has presenleG more
than 200 invited lectures in the U.s.
and abroad and has organized or
chaired over 20 national and interna­
tional meetings. His further contribu­
tion to the field of analytical chemis­
try includes his founding and editor­
ship of an international journal. Ana­
lytical Lellers.

He has had a total of 12 PhD and
MS students and 45 p""ldocWral fel·
lows, all now serving analytical chem­
istry in various p""itions. Recently, be
was appointed to serve on the Nation·
aI Research Council·National Acade­
my of Sciences.

Ra}'1lloDd P. W. Scott. 52.. native
of England. held several key research
chemist positions both in indUitry and
government in the United Kingdom
before he mo\-ed to UIe United Stales
in 1969 to assume his present position
as Manager of the Pbysical Chemistry
Di\-ision at Hoffman-La Roche. He re­
ceived his as and DSc degrees from
the University of London in 1946 and
1956, respectively.

For the past 20 years. Dr. Scott has
been working in UIe field of C88 and
liquid chromatography. concentrating
particularly on apparatus and tech­
niques. Among his many contributions
to the field is his landmark paper enti­
tled "A New DelecWr for Vapour
Phase Partition Chromatography"
p~ntedatther~tin~tionaJ

meeting on the subject in 1956. At
that meeting be was the r~t to report
on a flame thermocouple detector, the
forerunner of what is now known u
the flame ionization delecWr. As early
as 1958 he was able to separate all the
isomeric heplaDes and 13 of the oclaDe
isome'" on a lOO-ft·long packed col·
umn, operating at pressures of 200 pai
and providing efficiencies of over
40 000 theoretical plates. This is atill
recogniJ<ed as the hicheat efficiency
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thus far obtained from a packed gas
chromalDgTaphic column.

In 1962 Dr. Scott developed and
patented the wire transport deteclDr
for use in liquid chromalDgTaphy.
From the late 1960's until the present.
he has confmed his work lD the devel­
opment of liquid chromalDgTaphy. He
has improved the original wire trans·
port deteclDr and introduced the tech­
nique of incremental gradient elution.
This technique allows the rapid sepa­
ration ofany complex mixture of com­
pounds which exhibit a wide polarity
range_ He has also designed and devel­
oped suitable apparatus and a rational
series of solvents lD be used with the
system. In 1974 at the International
Symposium on ChromalDgTaphy. Dr.
Scott reported the flISt effective
LCIMS system that would provide
electron impact spectra of eluted sol­
vents. This apparatus utilized a qua­
drupole mass spectrometer fitted with
novel interfaces, which he devised, to
permit a moving wire to pass through
the source of the mass spectrometer
without affecting its performance.

Dr. Scott edited the 1960 Gas Chro­
malDgTaphic Discussion Group Sym­
posia Proceedings and played an im-

portant part in organizing the meet·
ing. He has authored more than 70
technical papers and written on sever·
81 topics for 8 number of textbooks.

Undergraduate Awardees
Receive
ANALYTICAL CHEMISTRY

The Division of Analytical Chemis·
try of the American Chemical Society
has awarded I5-month subscriptions
lD ANALn'ICAL CHEMISTIlY to ~07

chemistry students at U.S. colleges
and universities in honor of the stu·
dents' outstanding scholastic records.
The recipients were named by the
chemistry departments at their re·
spectivc institutions. Fifteen·month
subscriptions will begin with this
issue, except in cases where the stu­
dent is already 8 subscriber. In these
cases, subscriptions will be extended
15 months. In addition, student win­
ners will receive the Analytical Divi·
sion Newsletters throughout the year.
These awards, given by the Division
for the past several years, are designed
to recognize excellent scholarship and
encourage the recipients' interest in

chemistry in ,::::cneral and analytical
chemistry in particular.

Geraldine M. Huitink, aSl'ociale
profcs...ur uf chemistry at Indiana Uni­
versity in Suuth Bend, iN in charge of
this project for the Analytical Divi·
sion.

Symposium on
High-Performance
Mass Spectrometry
November 3-5

A sympusium entitled "Chemical
Applications of High-Performance
Moss Spectrometry" will be held at
the University of Nebraska-Lincoln,
Nov!'lllher :\-5,1976. This meeting is
jointly spunsored by the Uni\·ersity of
Nehrllsku·I.incoln, the National
Science Foundation. AEI Scientific.
and INCaS Corp. A total of 18 pl,'na·
r~·lccturcs will be presented by lead­
illt: scientists in research areas which
mnke usc of high·performance mass
spectrornrters. Further information
nUl\' he ohwincd frOin M. L. Gross,
Dcj>artment of Chemistry. University
of Nehrnsku, Lincoln, Nch. 68[)88. The

Chemtrix specific-ion electrodes
measure parts per bUllonll

Type 50 Specific-Ion Meter
with linear rPM readout

A <-opper electrode was used to measure copper In natural waters down
to three partS per billion. By use of special buffers and standard addition
Smith and Manahan developed a technique 10 measure copper In water
that typically contained between 3 and 40 parts per billion of Cu++. See
Analytical Chemistry. May 1973. page 836.
~d Ion can be measured directly down 10 100 parts per billion and

further extended by slandard addition down 10 lower levels. With recenl
concern over lead poisoning as well as lead contamination in the food
Industry. the specific-Ion technique can be exceptionally valuable where
semi-skilled personnel may be used. See "Ion-Selectlve Electrodes" by
Durst NBS Publishing. 314.

Type 50 pion meter (portAble)

$199.
Chemtrlx Monoprobes

$125.
Double-Junction Reference $37.

~crrode Detection Umlt EJecuode Detection Umlt E1ecuode Detection Umlt

Bromide om PPM Copper 0.1 PPM Silver 0.1 PPM
Cadmium 0.1 PPM Cyanide 0.01 PPM Sulfate 10.0 PPM
Carbonate 1.0 PPM Iodide 0.01 PPM Sulftde 0.01 PPM
Chloride 0.1 PPM Lead 0.1 PPM ThlocYimale 0.1 PPM
Chlonne 0.01 PPM Mercury 0.01 PPM Zinc 0.1 PPM
Chromlum·6 0.1 PPM Phosphorlc-S 10.0 PPM

Write for "Specific-Ions Made Easy." CHEMTRIX INC.
135 N.W. Adams. HUlsboro. Oregon 97123. Telephone (503) 648-0762
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Pressure-Lok' Microsyringesfor_
\Near becomes infinitesimal and plunger freezing

is practically unknown. Smooth septum penetration
is accomplished by hollow-ground. polished needles.
either fixed or removable. designed to minimize
plugging. Syringe capacities from one to , 00 ul.

We must have had the right idea. Because more
and more laboratories are adopting the Pressure
Lok- Microsyringe line as the new standard for
GC sample injection. We'd like to tell you about it.
Please write for details.

~ PIEIIII.I II.PLllli l'INlI'I'.
~ Post Office Box 15119

Baton Rouge. LOON'" 70B15
Telephone 504-927-11 2B

-Reg. DuPont trademark

CIRCLE 165 ON READER SERVICE CARD

We felt there was a need for a better GC syringe.
something that would contribute to the quality of
chromatography and take the state of the art that
much further into the future.

The result was our line of Pressure Lok- Micro­
syringes-sturdy. smooth-working instruments
designed to improve sample injection precision by
eliminating the old problems of plunger blow-by
and plunger freeze-up.

Pressure Lok· Microsyringes are built from
barrels of fine. chemically-resistant. borosilicate
glass. Each piece of raw glass is calibrated and ba­
fore delivery. each lot of finished syringes is re­
checked with a microbalance. Plungers are pre­
cisely-fitted stainless steel shafts tipped with durable
Teflon".
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recOrders

(~1310)
If you've been looking for a
reliable, rellSOnably-priced re­
corder for your chromato­
graphic separations, here it is.
Model 1310 has strip chart fea­
tures rarelr found at $695. It
can be wal or bench mounted
and offers all the attractions
listed below:
. 1. Accuracy: ±0.25"
2. Repeatability: 0.1 "
3. Unearity: ±O~ full scale
4. 12 chart speeds:

OS, 1.0, 2.0, 5.0, 10.0 and
20.0 inches/hour
OS, 1.0, 2.0, 5.0, 10.0 and
20.0 inches/minute

5. Accessory power outlet.
Lets you run other appa­

~ ratus in conjunction with
the recorder.

6. Ranges. 16 calibrated full
scale ranges-trom 1 mV to
l00V.

7. SCale expansion. Up- to 3X
on all ranges. Any-input
from 1 mV to 300V can be
accepted for full scale read­
ing.

8. Zero adjust.Twice full scale
reqding. -

9. Automatic pen lift.
10. Cold room compatible.

To learn more about the Model
1310 and other good buys in
chromatographic instruments
such lIS Bio-Rad's UV Monitor
and Fraction Collector, request
Bulletin 1040.

News

program consisting of five t""hnical
sessions is scheduled as follows:

Wednesday, Nov. 3

Chemicallonization
Biochemical-Biomedical Applications

Thursday, Nav. 4

Environmental and Petroleum Chern­
istr)'

Computer Applications
Metastable Ion Applications and Ion

Structures

Movie for Users of
Analytical X-ray Equipment

"The Double-Edged Sword" is a
16-mm documentary color film on
x-ray hazards produced hy Durrin
Film under contract with the Nat.ional
Bureau of Standards and the Food
and Drug Administration's Bureau of
Radiological Health. The title of the
film denotes the serious nature of
x-ray hazards. Reenactment of acci­
dents, first-hand accounts of accident
victims, and photographs from medi·
cal records are used to demonstrate
the potential for serious injury from
analytical x-rays if safety procedures
are not followed. Equipment manufac­
turers, university professors, stale and
federal officials, radiation safety offi­
cers, and laboratory managers discuss
all phases of the safety problem.

The 23-min film is available for free
loan through Association-Sterling
Films, 1815 North Fort Myer Drive,
# 107, Arlington, Va. 22209, and can
be purchased from the National Audi­
ovisual Center, Washington, D.C.
20409. In addition, color video cas­
settes of the film are available for free
loan from the Training Resources
Center, Bureau of Radiological
Health.

Nobel Hall of Science
The National Science Foundation

has awarded a S75,OOO grant to Chica­
go's Museum of Science and Industry
to develop a "Nobel Hall of Science"
honoring American scientists who
have received the prize. The NSF
grant is being supplemented by grants
from the Chicago Community Trust,
Swedish Government, Nobel Founda­
tion, Chicago's Swedish community,
and others. The exhibit will contain
information about the l04 Americans
who have received the Nobel Prize in
three scientific categories-chemistry,
physics, and medicine. In addition, it
will contain exhibit units explaining
many of their basic discoveries and
how the new knowledge was applied in
society.

Analytical Chemistry at Work

Drug Testing
at the Olympics

Six athlet.es were found to have
used han ned drugs at the Olympic
Games in Montreal this summer.
These athletes used amphetamine,
fencamfnmine. phenylpropanolamine.
and anabolic steroids. The lauer
drugs, newly tested for this year, are
found by using more sensitive and
time-consumin~met.hods than nre
needed with the more commun stimu­
lating drugs. Three athlfltes were iden­
tified 85 usinJ: the anabolic steroids.
and testin~ is still proceedin~ at this
writing.

Michael Bertrand. codirector with
Hobert Dugal of the analytical group
at the Notional Institute for Scientific
Hosearch ( SIH). part of the Uni"er­
sity of Quebec. presented 8 paper at
the Fall ACS Meeting in San Francis­
co describing the overall analytical
scheme for the Olympic drug testing.
All urine samples underwent on orga­
nized computerized procedure. This
consisted of n relatively crude. but
simple extraction procedure followed
by a gas chromatographic screening
technique which used a Perkin-Elmer
nitrogen detector. Since well uver

{{obert Du#al, plwrmacCJloJ:i.'tt, codi­
rector of the anal)ltiealunit charned
with drug te...tinJ: at the A/untreal
Ol)'mpics

99.9% of the likely banned drugs do
con win nitro~en, this procedure elimi­
nated the mass of nondrug·containin~
samples befure the final step which in­
volved the usc of gas chromatographyl
mass spectrometry for definite identi­
fication in sUHpicious coseH.

Anabolic steroids arc token because
of their muscle-building ability. These

(Continued vn poge 966 A)
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TWOWAYSTO BUY
TOP-OF-THE-LINE

ATOMIC ABSORPTION
THE 803 WAY

Everylhing you could possibly want
in atomic absorption is built into our
top-of-the-line Model 603. Features
you couldn't get before and still can't
find anywhere else. The 603 puts all
the latest advances in AA literally at
your fingertips. With pushbutton ease,
you enjoy state-of-the-art versatility,
performance, convenience and speed.

From arsenic at 194 nm to cesium at
852 nm, no other instrument can
match the complete performance
capabilities of the 603. The 603's
double-beam optical system and high­
resolution, dual-grating monochro­
mator are the standard against which
all other AA instruments must be
compared.

THE 460 WAY
II our 603 has more than you need,

you'll find all you need in the lower­
priced Model 460. In anyone else's
line, it would be at the top. The 460 dif­
fers from the 603 primarily in its optical
system. The 460's double-beam
optical system also uses high quality,

coated front-surfaced opiics and a
wide-range detector. Its mono­
chromator, however, uses a single
large (64x64 mm), finely ruled (1800
lines/mm) grating to provide high ener­
gy and performance and broad wave­
length coverage at a moderate cost.

PLUS COMPlETE BACKUP
With the 603 and 460, you also get

all the unexcelled backup that comes
from the wond leader in atomic ab­
sorption. Technical assistance in
using your instrument to its full abili­
ties. Product specialists located
lhroughout the wond to help you with
your analytical problems. Factory
trained service personnel close by to
keep your instrument's performance
at its peak. Plus our AA "Cookbook,"
the Atomic Absorption Newsletter, and
a wide variety of other technical mate­
rials to keep you current in atomic
spectroscopy.

If you need help in deciding be­
tween the 603 and 460, your nearest
Perkin-Elmer representative can make
your task easier. Just ask for details or
a demonstration. Write Perkin-Elmer
Corporation, Main Avenue. Norwalk,
CT 06856. Or phone (203) 762-1000.

Proven reliability. The 603 and 460
are designed to provide the reliability
you need in analytical instrumentation
- from their high-energy optical sys­
tems to the proven performance of the
nebulizer and laminar-flow burner
system; from the safety features of
their gas controls to the proven
reliability of their solid-state micro­
computer electronics.

Plain-talk, no-eode mlcrocomput­
era. The 603 and 460 are controlled by
a microcomputer that talks your lan­
guage. You don't need computer ex­
pertise. No complicated codes. The
microcomputer even catches mis­
takes. And the oplional RS-232-C
interface lets you expand the instru­
ments' capabilities with a wide variety
of data handling and data logging
systems.

PUlhbutlon Ilmpllclty, Whether
you're calibrating with up to three
standards, setting inlegralion time
from 0.2 to 60 seconds or setting ex­
pansion from 0.01 10 1OOX, ell you do
is push the buttons. The microcom­
puter does the rest- automatically,
quickly, and accurately.

EITHER WAY, YOU'RE AHEAD
Both the 603 and 460 share these Unmatched versatility. The 603

advanced features: and 460 let you select atomic absorp­
tion or flame emission, continuous or
integrated readings, peak height or
inlegrated peak area measurements.
Both are designed for flame and
f1ameless sampling. And both are
compatible with the largest product
line of light sources, sampling devices
and other key accessories available
from any manufacturer.

PERKIN-ELMER
CIRCLE 161 ON READER SERVICE CARD
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Custom Built
SHAKERS

~,
Shaker Mo~el: II '

• Gentle Swish 10 Violent Swirl. Replicable Operation

• Handles Flasks. Beakers. Separatory Funnels, and Fleakers

Burrell Shakers perform any action trom a slight tilt,
gentle agitation to a pitched, violent swirl. All at a
constant speed for as long as necessary, Results can be
repticated by simply duplicating the initial angle and
speed settings, Exclusive Build-Up design permits short
or long side arms, the top platform and separatory
clamps to be easily added or removed. Burrell Wrist­
Action'· Shakers ... can we custom build one for you?

..

BURRELL CORPORATION
, " 2223 Fifth Avenue. Pittsburgh. PA 15219

412/471-2527
QUALITY INSTRUMENTS FOR SCIENTISTS AND ENGINEERS

CIRCLE 30 ON READER SERVICE CARD

The Bath People

~.'

II',~'

\
MODEL 2160

Aboth and a clrculolor. Relrigeroled and
heated. -30" C to + 100" C, '" 0.02" C. A
large 9.7 gallon liquid capoclly for tem­
perature stablllly. Solid-stole controls for
dependability. Our literature has the
details.

VERSATILE
DESICCANT
DRIERITE is Q lo"..·co". all-purpose anhydrous
calcium sulfate lJ\.d in d.liccolan, U·tub.l,
drying columns, drying tubes and large drying
cabineh 10 dry air and gales.. ORIERITE i, 0110
ideol for drying organic liquids in either the
liquid or vapor pha1e.

The moilture remaining in a gal afrer drying
..... ilh DRIERITE amounn 10 only 0.005 mg per
liler.

DRIERITE rs ovailable in ' .....0 forml-Regular
or Indicoting-from all leading Laboratory
Supply Dealen.

REGULAR DRIERITE i1 con1lanl in volume. inert
eAcept to..... ard ..... oler. inloluble in crgonic
liquid I ond refrigeranh. nQll·di1integroling
non· .....etting, non'pOilonoU'l, non-couolive, re­
pealedly regenerotive, and non-channeling.

INDICATING ORIERITE hal all of the propertiel
of Regular ORIERITE, bl,ll il impregnaled ..... ith
c.P. coball chIOfide ond. henc.. makel 0

deorly vuible change from bll,le ..... hen dry 10
pink .....hen .AhaU'lled.

w. A. HAMMOND
DRIERITE CO.
Xenia, Ohio 45385

CIRCLE 101 ON READER SERVICE CARD

Pharmacia
Peristaltic
Pump P-3
A compact pump electronically

controlled for constant
liquid flows In

chromatography
and gradient

formalion

You can
oblain three different flow rales at the same lime through
the three IndiVIdually tensioned pumping channels
change tubes in seconds WIth the snap-in cassolte
lorget about pulsallon thanks to the large driven rollers
rely on a constant molar speed. electronically compensatod
lor load and temperature
use any flow rate between 0.6 and 400 ml/h per channel with
the same gear box
reverse the flow Instantly
push for maximum flow and clear pump Ilnos rapidly

For 'roo descflpl,vo lItora/uro, Wfl/O or eRII

PharrnK1al Ane CMm&ca.Il
DIVIsion 01 PhlJrmacla, Inc
PIscataway, New Jetley 06854
Phone (2011469'1222

Pharmacia
Fine Chemicals

CIRCLE 76 ON READER SERVICE CARD
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When you invest in heating and
stirring apparatus, get the best.

Our NUOVA-7 Series Hot Plates. Stirrers and Stir
Plates have many dramatically different features ...
attractive, low profile design ... sIde mounted controls'
and stirring motors ... all vital working parts securely
protected from spill damage ... fast heat-up solid
state speed control assures constant stirring 7"
square unbreakable, Nucerlte -<:08ted top plates.

You Get the Temperature You Set. NlJOVA-7 Hot
Plates and Stir Plates heat up fast ... 371 "C in 8
minutes. Positive, n<Hlrift temperature controls hold
surface temperatures to within ::tS"C. A dern8n6­
type thermostatic control rapidly responds to any
change in surface area temperature.

You Get the Stirring Speed You Set. Right away with
no time lag·or readjusting. NUOVA-7 Stirrers and
Stir Plates have a superior solid slate stirring speed
control that responds automatically to eecll setting
from 60 to 1200 RPM.

Attractive, Whlsper-Qulel and Very Efftclent. The
NUOVA-7 low profile units are ~he design of tomex.
row available today through your IabonItory dealer.

Write Thermolyne, ask for CataJog No. 600.

CIRCLE 203 ON READER SERVICE CAlD
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SMI Is recognized and respected as a leader in atomic analysis and
today counts more plasma emission spectrometers in use in labo­
ratories and Industries worldwide than any other manufacturer.

Plasma spectrometry Is widely accepted because it combines the
best features ofatomic absorption and atomic emission techniques.

SPECfRASPAN IV - SMI's newest and lowest-cost plasma spec­
trometer, Is a compact, integrated system that performs analyses
of elements at trace to major levels including the so-called difficult
elements with a minimum of sample preparation. Sequential
quantitative analyses of single elements or comprehensive qual­
itative analysis are available with Spectraspan IV. Conversion
between modes of operation can be achieved in seconds.

Among the outstanding features of SPECTRASPAN IV are a
unique Echelle grating that provides high dispersion of all
wavelensilis from 1900 to 8000 A" in a 4 x 5 in. area and a built-in
microprocessor for ease of operation and Increased system effi­
dency.

SPECfRASPAN IV is an up-to-date analytical system that
offers substantial capability at a modest price.

For multichannel analysis capability
ask for Information on
SpectraspanJlL

SPECTRAMETRICS INCORPORATED
204 ANDOVER STREET, ANDOVER, MA 01810
(617) 475·7015

CIRCLE 194 ON READER SfRVICE CARD
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News

A plant chemist at the MontlceUo Nucle­
ar Generating Plant. a part of the~
ern States Power Co.• uses a Varian
Teetron 1200 atomic absorpUon spec­
trophotometer 10 analyze condensate
taken from the plant's primary process
water. The presence at magnesium is
checked 10 monitor leaks Into the sys­
tem from the mlneral...lch Mississippi
River water ttvough tiny condenser tube
cracks into the plant's primary process
water. COHosion and system 'Duling can
occur II mineraI levels become high.
Samples 01 15 I. are passed ttvough Ion­
exchange columns to remove magne.­
sium trom the sample. The magnesium
is eluted lrom the resin with hydrochlOf'ic
acid and tested along with known c0n.­

centrations ollT\Rignesium with the AA
instrument

synthetic steroids resemble the male
sex hormone. testosterone, and affect
much the same organs. They are, how­
ever, very dangerous with serious side
effects including, among others. pre­
mature aging. cancer of the bladder,
possible sterility in men, and feminiz­
ing in women. They are difficult to de­
tect and to measure partly because
they are used differently from the
more common stimulant druJ:s. They
may be taken intermittently, for in­
stance, and stopped before competi­
tion. Detecting these drugs presents a
real challenge to the analytical chem­
ist. Of the three persons who were
found to have taken these drugs, two
were men in the weighllifting compe­
tition, llnet one was a woman. Testing
continues on 300 samples.

Olher lesL, used included head·
space gas chromatography for alcohol
and atomic absorption fur metals.

Clinical Chemistry
Automation in Saudi Arabia

The July-Augusl 1976 issue of Du
Pont Magazine relates the "adven­
tures" of Deborn l(rukowski, scnior
tcchnical specialist in Du Pont's Auto.
matic Analysis Division, in providing
on-site support for the instnUation
and operation of the company's Auto-



STRAY LIGHT

RESOLUTION •

-14

H~lJH tJEAr[]AMflNl:E
LflSEA AflMflN

StJEl:TA[]METEA HlJ.a Ei
I

I

I

'1
2

.
JOBINYVON t:¥ '\ JOBIN
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Tel 909.34.93 DIVISION d'INSTRUMENTS SA.

Jobln·Yvon
• First In hologroph,c glallngs
• Most expenenced III IllonochromOior production

• U.V. and I.R. capabilities available
• Accessible Sample Comportment
• Versatile Data Acquisition System

Introducing a new generation Raman monochromator
with concave holographic gratings
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News

spectrophotometry, microrefractome­
try, qualitative meaaurements, inter­
ference microscopy, scanning traDS­
mission electron microscopy, contralt
enhancement, microholography, and
staining and sampl~preparation for
TEM, SEM, and optical microscopy.
Prospective authors should submit ab­
.tracts, not later than November 16,
to John A. Reffner, Program Chair·
man, NYMS Dialogues '77, Institute
of MateriaJa Science, University of
Connecticut, Storrs, Conn. 06268.

Meetings

The following meetings are newly
listed in ANALYTICAL CHEMISTRY.
The 1976 and 1977 meetings listed
earlier appear in the September issue

Technicians for Air ProduCts and Chemicals. Inc.• check one of the company's cryogenic
liquid trailers for leaks with a Varian 925-40 Porta Test. a portable mass spectrometer
capable of finding leaks as small as 10- 10 eels. The tanks used by the Industrial Gas Di·
vision of Air Products range in size from SO 10 30 000 gal and are used to store a variety
of liquid gases from argon to xenon. Before the use of portable mass spectrometers for
leak detection. most outfits were forced to use the old-fashioned soap lest. Mass spec·
trometry testing for leaks is more accurate. less time-consuming, and more economical
than other methods based on human observation

matic Clinical Analyzers (sea's) in
Saudi Arabia. WhitUlker Corp.. Los
Angeles, with a contract to manage the
staffing and operation of three mili·
tary hospitals in Saudi Arabia, also
supplied instrumentation and equip­
ment. Aca's were installed in hospitals
in Jeddah. Takub, and Khasmis Mu­
shayt. An aca was also installed by lbe
Hospital Corporation of America in
the 300-hed King Faisal 8pecialist
Hospital and Research Center in lbe
Saudi Arahian capital city of Riyadh.
Debby Krakowski found the experi­
ence a challenge because of lbe lan­
guage harrier and because few of the
Middle Eastern technologists had had
experience with highly automated
clinical systems. Language and elec­
tromechanical problems were eased hy
the presence of Du Pont's Lebanese­
born Ali EI-Ali, aca technical repre·
sentative in the Middle East, and
Walt Cummings, a customer service
representative from the U.S. Du
Pont's flexible aca is capable of per­
forming 30 different analyses on sam·
pies of blood, urine, or spinal fluid. It
can be easily modified for new tests or
to meet changing laboratory needs.

The modem hospital facilities pro·
vide a startling contrast wilb the rural
remoteness of both Khamis Mushayt
and Tahuk_ However. according to
Debby Krakowski, Riyadh is a very
modem city. and the King Faisal Hos­
pital is one of the best equipped she
has seen.

Call for Papers

4th SAC Conference of tbe Analyti­
cal Division of the Cbemical So­
ciety

Birmingham University, England.
July 17-22. Papers are invited on all
aspects of analytical chemistry for this
conference organized hy the Analyti­
cal Division of the Chemical Society
and sponsored by lbe Inurnational
Union of Pure and Applied Chemistry.
The topics of analytical chemistry to
be covered are: instrumentation in
analysis; atomic spectroscopy; chro­
matography and olber separation
methods; nuclear and radiochemical
analysis; thermal analysis; microchem­
ical techniques and analytical micros­
copy; electroanaJysis, including ion­
selective electrodes; analysis in the life
sciences; analysis in industry; pollu­
tion and environment control analysis;
forensic analysis; and newer tech­
niques. Submit abstracts (up to 200
words) before November 30 to A.
Townshend, Chemistry Department,
The University, P.O. Box 363, Bir­
mingham B15 2TI', England.

New York Microscopical Society'.
Dialogues in Microscopy '77
Meeting

Statler Hilton Hotel, New York City.
May 14-19, 1977. Contrihuting papers
are solicited on all aspects of micros­
copy including fluorescence, micro-

• 151st National Meetillg ot the
Electrochemical Society. May
&-13, 1977. Philadelphia. Contact:
The Electrochemical Society, Inc.,
P.O. Box 2071, Princeton, N.J.
08540

• 5th International Conterence on
Thermal Analysis. Aug. 1-6, 1977.
Kyoto, Japan. Contact: The Secre­
tariat,ICTA V, c/o Society of Calo­
rimetry and Thermal Analysis,
Japan, Daiichi Kanomori Bldg., 1­
5-31 Yushimo, Bunkyo-ku. Tokyo
113, Jopan

• International Solvent Extraction
ConCerence, ISEC 77. Sept. 9-16,
1977. Toronto, Ontario. Sponsored
by the Canadian Institute of Mining
and Metallurgy, the Canadian Soci­
ety for Chemical Engineering, and
the Society for Chemicallnduotry.
The program includes analytical
sessions. Contact: M.H.l. Baird,
Secretary, ISEC 1977, Chemical
Engineering Dept., McMaster V.,
Homilton, Onto LBS 4L7, Canedo

• 7th International Vacuum Con­
gr.... and 3rd International Con­
Cerence on Solid Surfac"". Sept.
12-16, 1977. Vienna, Austria. Con­
tact: NancyHammond, Executive
Secretary, American Vacuum Soci.
ety, 335 East 45th St., New York,
N.Y. 10017

Short Courses

ACS Course•. For more information,
contact: Department of Educational
Activities, American Chemical Soci.
ety, 1155 16th St., N. W., Washington,
D.C. 20036. 202·872-4508

BPLC Apparat... Worbhop
New York City. Oct. 7-8. David H.
Freeman. $165, ACS members; $190,
nonmembers
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OVERWHELMING
PERFORMANCE

Model 580
Ratio-Recording
Infrared

The Model 580 IR. No other
medium-priced infrared gives you
ratio recording - the biggest ex­
clusive of all. No other infrared
approaches its accuracy, speed
and simplicity.

Qualltate and quantitate.
With ralio recording - unlike optical
null instruments -the system is
still "live" at 0% transmission.
Result: extreme ordinate accuracy
- repeatability better than 0.2% T.
You can qualitate and quantitate
even at lowest transmission levels.

Integrated scan modes. No
more trade-off judgments involv­
ing noise, resolution, and scan
time. Simply press the button for
one, and the Model 580 optimizes
Ihe others. You can't get a bad
spectrum. Resolution of 0.4 em -'.
You also get 30 scan modes plus a

high-speed survey scan that re­
cords a full range spectrum from
4000 em-I to 180 em-I in two
minutes.

L mos-..s - .. 10

Ai _.. -
:... • ...... x:Jo.&.-

Automatic wavenumber
corrector. For abscissa accuracy,
this unique feature keeps the 580
calibrated al all scan speeds. All
you do is in itiate the scan and the
automatic wavenumber corrector
applies the appropriate correction
for each scan mode.

Computer compatible. Its
RS-232-C accessory interfaces
with any minicomputer. You can
average spectra, subtract one
spectrum from another, reformat
speclra - all automatically without
re-analyzing. Under computer con­
trol, the panel controls won't

function, so the operator can't
accidentally interfere.

All the software, too. Perkin­
Elmer is the only manufacturer who
supplies a complete infrared soft­
ware package. It would take two
years to develop it yourself. An­
other big exclusive.

Get more out of your sample in
less time than ever before possible.
Learn what the Model 580 can do.
For more information and a demon­
stration, contact your Perkin-Elmer
representative or write Perkin­
Elmer Corporation, Main Avenue,
Norwalk, CT 06856.

Perkin-Elmer also oilers the
industry's largest line 01 inlrared
accessories. Ask lor ourAcces­
sories Catalog L-396.

PERKIN-ELMER
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News

Intermediate Chromatographic
Systems: Maintenance and Trou­
bleshooting

Chicago (given in conjunction with
ASTM Meeting). OcL 15-16. John Q.
Walker. Minor T. Jackson. Jr.• and
M.P.T. Bradley. 5155. ACS members;
SI90. nonmembers

Sol"ing Problems with Medern
Liquid Chromatography

\VashinKton, D.C. h::iven in conjunc­
t.ion wit.h AOAC Meetin~). Oct. 16-17.
J. J. Kirkland and Lloyd R. Snyder.
S155. ACS members; SI90. nonmem·
bers. Page 824 A. Sept.

Laboratory Saret.y-Recognit.ion
and Management or Hazards

Washin~t.on,D.C. OcL 28-30. Norman
Steere and Maurice Golden. SI90,
ACS members; S230, nonmembers

Recent Developments in Thermal
Analysis

Philadelphia (~i\'en in conjunction
with FACSS Meetin~). No". 13-14.
Wesley W. Wendlnndt and lIya Sara·
sohn. S145. ACS members; $170. non·
members

-AHAL"'ICAL eHIMICAU SlHel ••,.-
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Column Selection in Gas Chroma-
t.ography

Philadelphia (Kiven in conjunction
wit.h FACSS meetin~). No\'. 13-14.
Harold M. McNair and Walter R. Suo
pina. S120. ACS members; S145. non·
members

Laboratory Automation: Micro-,
Mini-, or Midicomputers?

Philadelphia (gi\'en in conjunction
with FACSS Meeting). No\'. 13-14.
Raymond E. Dessy and the Chemistry
Dept. Instrument Design and Auto­
mation Research Group from
VPI&SU. S145. ACS members; S170,
nonmembers

Modern Liquid Chromalography
Philadelphia (given in cunjunctiun
with FACSS Meeting). Nov. 19-21.
Lloyd H. Snyder and J. J. Kirkland.
$160. ACS members; $195, nonmem­
ber.

Thin-Layer Chromalography
Chicago. Dec. 2-3. Victor Rodwell IIl1d
Donald McNamara. S145, ACS mem­
ber.; S170. nonmemher.

Automated Analysis
Philadelphia (given in conjunctiun
with FACSS Meeting). No\'. l;l-I·I.
Hans Veening and Carl Burtis. 8145,
ACS members; $170, nonmembers

G. FREDERICK SMITH
CHEMICAL COMPANY

867 McKinley Ave.
Columbus. Dhio 43223
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News

Mlcroprocollors and Mlnlcompu­
lers: Inlerfacln, and Appllea­
tlODI

Blacksburg, Va. Dec. 5-10. Raymond
Dessy and Ihe Chemillry Dept. In­
slrumenl Design and Automation Re·
search Group from VPI. $355, ACS
members; $395, nonmembers

Scannln, Eleclron Mlcr......py
Mohonk Mounlain Resort in New
Paltz, N.Y. Ocl. 16-22. Contact: Ange·
los V. Patsis, Chainnan, Department
of Chemistry. Slale University of New
York at New Paltz. New Paltz. N.Y.
12561. 914-2b7·2175

Idcntificatlon of Small Particles
Chicago. Oct. 16-22. $550 (includes
Particle Atlas Two). Conlact:
McCrone Research Institute. 2820 S.
Michigan Ave., Chicago, III. 60616.
3J2-842-7105

X-ray Pholoeleclron SpeclrOlCopy
(ESCA)

Chicago. Oct. 25-29. $400. Conlacl:
McCrone Research Institute. 2820 S.
Michigan Ave.. Chicago. III. 60616.
312-842-7105

MlcrOlCopy for Polymer Scienlllll
Cbicago. Nov. 1-0. $400. Conlacl:
McCrone Research Inotilule, 2820 S.
Michigan Ave., Chicago, Ill. 60616.
312-842-7105

For Your Information

The 1976 edition of Technical Boob
and Monocrapha jusl published by
Ihe Energy Research and Develop­
ment Administration contaim a bibU·
ography of energy-related books and
monographs lponsored by the ERDA
and by the organizationo broughll<>­
gelher to form ERDA. This edition
provides for moot publicationo a brief
descriptive slalemenl, lista or descrip­
tions of the contenll, and availabilily.
The more than 500 publications are
grouped under 13 subject categories:
general reference. biology and medi­
cine. chemistry, computers. energy,
engineering and instrumentation, en­
"ironment, health physics, isotope
separalion. metallurgy. physics, reac­
tors, and vacuum technology. The cal­
alog is available as TID·4582-RI 1

withoul charge from ERDA Technical
Information ~ter.P.O. Boz 62, OUt
Ridge, TeDD. 37830.

WaIter C. McCrone ANociaee.,lDe.
(2820 South Michipn Ave., Cbicaco,
DL 60616), hal announced the forma­
tion of an auloDomous ouhaidiary,
McCrone """-rieo ..... Compo­
nenta, to D18lut mic:roacope acceIIO­

ries and related productl. The new
subsidiary will handle productl manu­
factured by approximately 60 COID­

panies in the U.s. and other countriea,
as well as thooe developed by
McCrone AsoocialeL The parent COID­

pany is a microanalytical coDlullinlr
firm headquartered in Chicago.

Utopia Iutnunent Co. (P.O. Boz
863, Caton Farm ReI., Joliet, DL
6(434) bas been appointed exduaive
distributor in the U.s.• Canada, and
Mexico by Knauer of Berlin, WOIl
Gennany, for ill complete line of
vapor pressure, membrane and~
scopic oomomelers used for molecular
weighl measuremenlL

HEWLETT. PACKARD

sales and servICe from 172 othces in 65 countries.
Route 41, AvonOale. Pennsytv.,.... lQ31 1

c..
0 0 • II
0 0

~ III0

•1...-";·,
~.

------:...,. o 0

"My High performance. low cost. reliabollty. precise

6000 digital control settings. ettoelent oven. easy-to-over clean detectors. compact design and

Chro
HP Quality construction are the reasons why

matograpbers ~~=~~:'::t~~t"::: gas
chromatographs ever produced.

£ th Now there are more reasons to choose HP 5700.prel,er e ·New Mrogen-phosphorus flame ionization
detector. Simplifies sample clean-up by providing

P5;'/100
highly selective response for compounds

H containing mtrogen or phosphorus.

• New glass capillary inlet system. Easy
• conversion between split mode for malor

senes r-1 components or purged spIitless mode for trace
~ level components.

"........., For delails. on these and other new features,
call your local HP olflce or contact the
address below.
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The Analytical Approach
Edited by Claude A. Lucchesi

High chlurine content and corrosion rate in
cwde oil distillation

towcr, as {Fell as tube bloc!:age caused by
co/.,.osiun inhibitur, prcscnt

complex problem

It began with an innocent-sounding
"'Iephone call. "Please attend a Cor­
porate Engineering meeting to discuss
8 refinery corrosion problem." That
meeting was the beginning of a crash
analytical effort that involved nearly
all the R&D analytical groups.

The crisis occurred during the be­
ginning of crude oil and energy short­
ages when our refineries had to oper­
ate with whatever crude oils the Pur­
chasing Department could supply.
And they had to keep operating to
supply the gasoline-hungry public_
But one of our refineries was in trou­
ble. Abnormally high corrosion rates
were being measured in the naphtha
handling sys"'m just downstream
from the crude oil distillation tower.
High corrosion cates were accompa­
nied by solids buildup in a crucial part
of the system. Both problems were so
alarming that shutdown of the crude
oil distillation tower was 8 very real
threat. As an additional complication,
the light crude naphtha was reported
to be high in total chlorine con"'nt
(10-100 ppm), and some inorganic
chlorine-containing compounds can
easily damage postdistillation naph­
tha refining facilities. The refinery en­
gineers were convinced that all of their
troubles were chlorine derived!

Refinery
Crisis
Solved

S. A. Schmidt and V. F. Gaylor
The Standard 0;1 Co. (011;0)

4440 Warrensville Genter Road
Cleveland. Ohio 44128

Dlagnosllc Plan
Figure 1 is 8 simplified schematic of

the part of the refinery directly in­
volved in this crisis. Crude oils deliv­
ered to refineries contain significant
quantities of wa"'r and hydrolyzable
chloride salts. Most of the water and
salts are electrostatically removed in
the desalter. Trace quantities of water
and chloride salts are, however,
present in the feed to the crude oil dis­
tillation tower and can generate HCI
during distillation. An amine corro­
sion inhibitor is therefore injected into
the light hydrocarbon overhead to
neutralize the corrosive acid. The
amine-HCI salt is subsequently re­
moved in the water knockout tank in
the water phase. The acid-free hypro.
carbon stream is then fed to the naph­
tha split"'r, where the crude naphtha
is separa"'d into light and heavy
naphtha fractions.

The crisis centered around the
naphtha split"'r reboiler furnace.
Tubes in the furnace were plugging
(high-pressure readings), corrosion
meters indicated 8 corrosion rate of 1/]fj

in. per yeor, and crude naphtha from
the splitter was reported to be high in
total chlorine.

In cooperation with Corporate En­
gineering, we outlined possible reasons



Figure 1. Block diagram of portion of refinery Involved In crisis

Figure 2. Possible causes of refinery crisis

CHLORINE
No<mal CI- levels.
Desalter effective

No unusual motal soils
presenl

Normal acidity levels No acidity deleCled
No<mal Hel levels
_aled

Table I. Analysis of Desalted Crude and Crude Naphtha Streams
for Chlorlne- and Sulfur-Containing Compounds

R_

Tlulmetry and poIanlgraphy

Hel evolution teat

TlUlmetry and aalectiYe Ion
elKuocle

EmIaoIon 8IMCUography

........

for the three refinery problems (Fig­
ure 2) and planned the analytical ap­
proaches accordingly. Both chlorine­
and sulfur-containing compounds can
corrode refinery equipment. There­
fore, our analyses included both types
of compounds.

Walll Chlorine Corroalon?

The initial work listed in Table I
seemed to eliminate chloride salts as
the cause of corrosion. The desalter
was working properly; we found no
unusually high levels of CI- and no
unusual metals in the desalted crude
oil. Furthermore, no unusual levels of
HCI were generated on distilling the
crude oil in the lab. Acidity level of
the undistilled crude oil was also nor­
mal.

Chlorinated hydrocarbons are
sometimes used for secondary crude
oil recovery from wells, and the pres­
ence of these materials could account
for total chlorine found in the naph­
tha. But we could find no chlorinated
hydrocarbons by polarography.

Was the total chlorine determina­
tion valid? That was a question asked
early, and the answer turned out to be
"No". The refinery lob was using a
nonstandard, combustion/microcoulo­
metric method (Dohrmann) for total
chlorine. With the refinery's proce·
dure, we confirmed apparent high
concentrations of chlorine in the
naphtha. But further experimentation
showed that high levels of sulfur inter·
fere with this chlorine method. After
reducing total sulfur concentration by
precipitating HoS and RSH with
Cd2+ I the apparent total chlorine con·
centrolion dropped to insignificant
levels.

There wo. no "high chlorine" prob­
lem. It wo. analytical error-a false
trail for diagnosing the corrosion
problem and due to sulfur interference
with the Dohrmann chlorine measure­
ment.

Polarography

DoIvmann mlcroc:au_try
on untr••led umpIn,

DotvrnaM mlc:rocoulometry
anet RSH and 5 2- remoyal

X..rar fluorescence
spectroscopy
T1t,lmetry

Corroalve auNIM evohJUon t...

SULFUR

High total sulI\.<

High H,5 and RSH

High level. 01 com>slve
.ull\.< ge-.>Ied on
heating

No chlorinated
hyQ'oc8Ibonde_

Apparent high tolIIJ
chlorine
Total chlorine Inslgnlflcant

High total sulfur

High H,5 and RSH

No corrosive suit\.<
generated on heating. (No
unusual sulI\.< """--'"
present)
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Figure 3. Infrared spectra of: upper: solids from naphtha reboller furnace lubes;
lower: tars formed on heating Hel salts of corrosion Inhibitor

Table II. Analysis of Corrosion Inhlb"or
We characterized tha inhibitor by

the testa summarized in Table II. The
inhibitor was a very complex mixture
of cyclic amines and aromatic hydro·
carbons. Partitioning of the inhibitor­
HCI salta between water and hydro·
carbon was tmfavorable: th~ parti­
tioning experiment suggested that all
the amine salta were not removed in
the water knockout tank (Figure 1).
Some amine salta were carried into the
furnace reboiler. And the thermalsta­
bility test (Table II) showed that the
amine salta would indeed produce tars
on heating in the tubes.

We concluded that tube blockage
was caused by the corrosion inhibitor
and recommended the refinery change
to a company-proven inhibitor.

Three Problems-Three Solutions
High chlorine problem: Analytical

error

Corrosion problem: Corrosive sulfur
compounds from crude oil

Furnace tube blockage: Caused by cor­
rosion inhibitor

Epilogue

A brier shutdown of the napbtha
splitter provided an ultimate test of
our diagnoses. Refinery management
concluded the partially plugged re­
boiler furnace had to be cleaned be­
fore switching to tbe recommended
corrosion inhibitor. Engineers respon­
sible for the cleaning job found volu­
minous quantities of a black, spongy
solid in the furnace tubes and re­
trieved a representative sample for
analysis. It was a most unusual "plant
crud" sample (Table III) with an ash
content of only 8% and a high water
solubility of 54'lb! FeS, and maybe ele·
meotalsulfur were present, confirm­
ing our diagnosis of sulfur-caused cor­
rosion. Large quantities of nitrogen
and chlorine. as well as carbon and hy­
drogen, pointed to HClsalta of the
corrosion inbibitor. This was nicely
confirmed by infrared analysis which
identified amines, amine salts, and
amides_ And the spectral match with
laboratory prepared tars from the
neutralized corrosion inhibitor was ex­
cellent (Figure 3).
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Heated 6 h at
250 of

>20% Inlo Brownish black tar.
HC phase contained chlorine.

water soluble

,""".IizM wtth Hel
tecov«ed ..n.

Partitioned
between
H,o-HC

Table III. Analysis of Solids
from Reboller Tubes
Appearance Black. soft spongy

texh..e

Solubility 54 % soluble in H;>O
4 % soluble in

eel ..
Elemental analysis 31.9 % carbon

5.1% hydmgen
9.5% nitrogen

16.0% chlorine
13.1% sulfur
6.6% iron
8.0% ash

Infrared analysis Amines. amine
salts. and amides.
Good spectral
match with tars
made by heating
neutralized
corroskJn inhibitor

X·ray diffraction FeS2 present.
analysis (Elemental sulfur

may also be
p<esenl)

Approx. equal amounts
or ftve cyclic amlnes. Ca-G 12

benzenes. and C,o-C,.
naphthalenes

~lex mlX!lnl
of cyclic amlnes
in aromatic
solvent

"'-

What Was Blocking
the Reboller Tubes?

Buildup of corrosion products con­
tributes to tube blockage in the reboil­
er furnace. However. the engineers
were convinced that the pressure
buildup rate far exceeded that expect­
ed from corrosion rate measUJ'ements.
The corrosion inhibitor was the major
remaining unknown in the whole sys­
tem. Corporate Engineering bad no
prior experience with the inhibitor in
use; it was not used in any other com­
pany refmery_

Was" Sulfur Corroslon?

There were high levels of corrosive
sulfur compounds (H,,8 and RSH) in
the crude oil, and more were generat­
ed on heating (Table I). Therefore. the
naphtha also contained high levels of
corrosive sulfur compounds. \Ve con­
cluded that a major part of the corro­
sion problem was due to processing
high sulfur crude oil.
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QuantIty
Calalog No
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AOSORBENTS

NYLON FOil TUBING lall are 20 meier lengltlS)

DIameter Flat 30 SO 80 125 155
(mm) 10 20 30 SO 80 100

Catalog '40 4O'J611 4O'J612 4O'J613 4O'J614 4O'J615
Pllee 51000 51200 51400 51600 51800

M ieN Pharmaceuticals. Inc.
Ufe Sciences Group
26201 Mil.. Rood. Clevetond. Ohio 44128
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AnalytIcal Chemistry

BUSINESS REPLY CARD

P. O. Box .8660

Philadelphia, Pennsylvania 19101

ANALYTICAL CHEMISTRY

Name Position, _

Company 1

No postage stomp necessary if moiled in the United States

PRODUCT JOI lOl JOl JO.l JO\ J06 J07 308 J09 310 ll1 312 31l l14 315 ll6 JI7 318 ll9 310 321 322 323
CAPSULES, 324 32\ 326 J27 328 329 l30 m ll2 III 3l' JJ5 336 lJ7 338 339 340 341 342 34l 144 345 346

DRY COLUMN CHROMATOGRAPHY
• Separations directly performed based on TlC results
• No large volumes of expensive "Elution" Solvents required
• No large quantities of flammable wasle produced
• II component recovery required, just cui column with SCissors

FIRST CLASS
Permit No. 25612
Philodelphlo, Po.

19101

Slr•• t --'Cily 1

... ~.- -_.- -_._.- - _. _. _._. _.- -_.- ._- - _.. _._- _. - - ----------------~
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101 102 10l lOol 105 106 107 108 109 110 III 112 III II' m 116 117 llB 119 110 121 122 12l 124 125 126 121
128 129 130 III 132 III lJ' 1J5 136 1J7 138 lJ9 140 1'1 14Z 14l I" 1'5 146 147 148 149 150 151 152 153 1st
1\\ 156 1\7 158 1\9 lW 161 161 16l I~ 16\ I~ 167 1M 169 110 171 172 17l 174 175 176 I7J 171 179 110 111'
WW~lli~W~~mmmm~~~m~m~mmm~~~m.

109 210 211 212 2lJ 214 215 216 217 218 219 210 221 222 22l 224 225 226 227 228 229 2JO m 232 213 234 235
mmmm~wwmwmmwmm~ru~ID~m~~~m~~m

NEW PRODUCTS. CHEMICAL~. LITERATURE: 401 401 40l * 405 406 407 408 409 410 411 412 41l 414 41S
'16 417 418 '19 410 411 m 41l 41' 415 416 417 418 '19 430 m '32 433 434 435 436 437 438 439 4«l 441 44Z
4H '" 4'5 4'6 W 4'8 4'9 450 451 41.' 45l 4>1 '5; 456 '57 458 4;9 460 461 461 463 464 465 466 467 468 4U
'70 471 471 47l '" '75 476 '71 .78 479 4SO 481 482 '81 48' 485 486 487 488 489 490 491 491 493 4901 495 .. '
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SPEX RAMALOG/RAMACOMP
LASER-RAMAN SYSTEMS 81'8 UIlI1IlIlChed in:

PERFORMANCE
RESOlUTION. LUMINOSITY. WAVENUMBER COVERAGE, SIN. ACCURACY

I015cm') 131000tollOOOl t~lc.m"

PRODUCT
CAPSULES

VERSATILITY
UPOATASL[ MOOULAR UNITS. IllUUINATOR "CCESSORIES.

ltor.ll~,")

THE THIRD IotONOCHROMATOR. VIS OR UV OPTICS.

SCan thIa III for producU of w...1. Then.
~de the lndcated numbwI on the ~eenl
fepfy card and ..-eted a.au. from ectver­
liMn ." the ptevioulliUue .. be ....., to VOlI

POSTAGE Will BE PAID BY

No postage stomp necessary if mailed in the United States

Company _

Slale Telephone _

314 Electrochemlcel: pH Mot_o: Ion

Meteta: Tltrators: Etectrodn

315 Electr~e~s

318 Elemental Analyzers
317 Environmental Analyzers
318 Fourier Transform Data Sys­

tems
318 Furn"ure; Fume Hoods
320 Gas Clvom/Mass Spec Sys-

lems
321 Labware: Glass; P\astic; Metal

322 Lasers
323 Mechanical EQuip:",......:

Mils: etc.
324 Microscopes
325 Mixers; SlitTers; Blenders:

Shakers
328 Nuclear Instruments
327 OscUloscoplc Instruments
328 Ovens: Furnaces; Heaters
328 Photometers: CoIorimaters
330 Pipets; Samplers: DIspensers
331 Pumps: Flowmeters
332 Recorders; Integrators
333 Sarvlces, Analytical; Consul-

tants
334 Signal Avaragers
335 Spectro, AA
338 Spectro, Fluorescence
337 Spectro, Infrared
338 Spectro, Mass
338 Spectro, NMR
340 Spectro, UV/Vis
341 Spectro, X-Ray
342 Stms: Demlnarallzers
343 Supplies: Lubricant.: Ool_genlo:

otc.
344 Thermal Analyzers
345 Valvas: Fittings; Tubing
348 Vacuum Equipment

No. Product Capsules

301 Balances
302 Baths: Clrculalors
303 Biological Analyzers
304 Books; Periodlcels: Catalogs
305 Cantrifuge EQuipment
308 Chemicals: Reagents; Gases
307 Chromalography, Gas
308 Clvomatography, liquid
308 Clvomatography, Thin Layer
310 Compu1ers: Calculalors
311 Coolers; Fr88zers
312 Dans"ometers
313 Eleclrlcel Equip: An-c>1".":

PowOt" Supples: Voltmeter.: etc,

ValId ltltough

FEBRUARY 1977OCTOBER 1976

CIRCLE 191 ON READEll: SERVICE CARD

Analytical Chemistry

FIRST CLASS
Permit No, 25682
Philodelphio, Po.

19101

BUSINESS REPLY CARD

P. O. Box #8660

Pllliadelphla, Pennaylvanla 19101

NEW PRODUCTS. CHlMICALS, LITERATURE: 401 ':02 ':0] ':0': ':0, .:06 .:07 -WS .lOg .:10 ':11 .112 .:13 .:\.: ':I~

.16 417 418 419 lIZQ 421 4ZZ 423 42': ':Z5 426 .:27 ':28 ':29 ·BO .:31 .:31 .:33 .:3.: .:]; .:36 ':37 ':33 ·U9 .:.:0 ':·:1 ':':2
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ANALYTICAL CHEMISTRY

Name POs,ltlon _

DIGITIZED ElECTRONICS
(lor.Upet!pheraI~~

RELIABILITY
HUNDREDS Of AAWALOGS OPERATING WORLDWID(

1,'_;· :';;I:~~~ INDUSTRIES,INC. • BOX 79B, METUCHEN, N.J. 08840 • TI201,·549·7144
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14 75 76 77 78 79 80 81 82 83 S.l 85 86 87 88 89 90 91 92 93 9': 95 % 97 93 99 100

101 102103 104 105 106 107 108 109 110 III 112 113 Il': 115 116 117 118 119 120 121 172 123 12.: 125 126 In
128 129 130 131 132 133 134 135 136 137 138 139 1.:0 j':l 1':2 1':3 1':": 1':5 1":6 1.17 I":S 1..:9 ISO 151 152 153 15':
ISS 156 157 158 159 160 161 162 163 16.: 165 166 167 168 169 170 171 172 173 17": 175 176 177 173 179 ISO lSI
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~eW Repo Carle's $5610 Answer
to Complete Analysis

of Refinery Gases
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Th, Oc,oo.r al CURRENT
PEAKS pr 'M ""por given by
J. W. Snti,h aln.. SheU on Co. to
the Nnt OrleaM Chromatography
Dlscuulon Group (May 21. 1976)
dealing with analysis of rdiMry gas
samples. To obtain a cop'J. drdrthe
number below. or write to <:.arle
Instruments.
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One of 15 Optimum, Factory-Programmed

Answers Available from Carle's
Automated Series-S AGe

There are fourteen more hard gas
analysis problems answered automat·
ically by Carle's Series·S AGe's. Each
dedicated instrument is factory pro·
grammed. completely tested and ready
for immediate use. Each utilizes Carle's
unique column sequencing techniques

to produce fast. sensitive. complete
analyses. Lower cost manual versions
are also available.

Complete data on the above answer.
plus information on all 15 Series·S
AGe's and a listing of their manual
equivalents will be scntto you on request.

CAR LE
INSTRUMENTS, INC.

1141 Ea.t A.h Avenue' Fullerton. CA 92631 '714·879·9900

CIRCLE 35 ON READER SERVICE CARD
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New Products

ThIs 11"_ system lor hIgh-perI..........,. liquid chromatography
utilizes two aetvanced metering J)UIll)S with electrontc pulse correctton
for precise flow rates to 10 ml/min at 10000 psi. Two modes of 0p­

eration permit consllInlflow lor maxJnun cIYomatogam reprockJcibilily
or constant pres.slSe where cOt...-m or packing pr8SSU'"8 limits override
flow consicIeralions. The solvent progammer can be used to progam

flow rate or gradient profiles up to 18 h. Operating mode selections
include manual sotvent scouting. up to a 6Q-mln hold at final gradient
concentration. and autometlC _ reequllibratlon. A UV-VIS cIotec1or
with an 8-lJlllow cell and wave~ selectability from 25.. to 660 Ml

completes the system. Altex Scientific, Inc. 401

AMIl 1200/01 scanning electron mlcroocopa Is oornpaet and provides 70 A resolution. It In­
~ Z-rnotion... autoIocus control. externally selectable and aJlglable IInaI-",es.
higWesoIutIon camera reconing systBm. and ganma oonI__ arnplillcatlon. h can be operated
In the secondary electron. backscattered electron. line. spot. and cathodoh.rnlnescence mocIos.
The AMR 1200/01 has a maglificatlon range at normal working distances 0120X to 300 OOOX
with capability to go down to 5X. Priced under $29.000. AMR Corp. 402

IR Spectrometer

The Model 80 microcomputer-<:on­
trolled inlrared quantitative spectrome­
ter is compact and versatile. accomrt'Mr
dates a wide variety 01 sample-handling
accessories. controls all instrument
settings. and obtains extremely accu­
rate quantitative data on solids. liquids.
or gases. It leat...es a 16-l<ey system
lor entry 01 instrument settings and lac­
tors for data manipulation. Through sig­
nal averaging. 256 meas...ements are
made at each wavelength over a 1­
180-s interval. Up to 17 separate wave­
lengths can be measured in less than 2
min. Digital printout provides a perma­
nent record and eliminates ambiguity 01
readings. Computer interlace with RS
232C lormat communication link is
available. Wilks Scientific Corp. 408

Computing Integrator
for GC and HPLC

Models LandE real-time chromatogra­
phy data processors feat...e run param­
eters programmed by the operator. two
separate run parameter program liIes.
normalized peak reporling. two-channel
input selector. optional post-run calcu­
lation routines standard. peak detection
and baseline parameters programmable
to sull changing run conditions. auto­
matic noise level assessment. and six
programmable external event signals.
Model L also includes total area normal­
ization. Model E includes total area nor­
malization as well as response lactors
and internal and external normalization.
Laboratory Data Control 409

For more Inlormation on listed items.
circle the appropriate numbers on
one 01 our Readers' Service Cards

Stirred-Slurry Column Packer

Model 705 enables the chromatogra­
pher to easify and reproducibly peck
HPLC columns using microparticle ma­
terials. The technique is simple and last
and takes about 30 min for a 4 mm i.d.
X 25 cm column pecked with 10-l'm
silica gel. The pumping system 01 any
high-pressure liquid chromatograph Is
readliy adapted to pressurize the col­
umn packer and provide flow to move
the slurry Into the column. $320. Mi-
cromeritlcs Instrument Corp. 415

Ionization Gauge Controls

Ratiomatic 842 and Ratlomatic 843
eliminate the need to hold the emission
current constant. offer complete gauge
tube protection from pressure bursts.
and can be used with standard sized Ion
gauge cable lengths up to 100 ft. Both
controls can also be supplied with set­
point protection lor the gauge tube or
vacuum system components. The con­
trols measure pressures Irom 10-3

to 10-8 torr. Varian Vacuum Division
418
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The idea
A simple way to monitor the rate of

slow reactions involving the hydrogen ion.

In a 'nutshell, we
stabilize the pH of the
reaction mixture by
adding an appropriate
titrant at such a rate that
hydrogen ion released or
used up is immediately
consumed or replaced.
By plotting the volume of
titrant used against time,
we derive a curve which
directly reflects the
reaction rate.

To obtain meaningful
curves it is essential to
control the temperature
of the reaction mixture
and, as well, to agitate it
vigorously to prevent the
formation of concentra­
tion gradients.

We put all of these
functions-pH control,
volume-time recording,
temperature control and
mixing - into an instru­
mentation package: our
Thermostatic Recording
pH-Stat. which is por­
trayed schematically in
the accompanying
diagram.

The pH-Stat involves a
lot of things we know a
good deal about, e.g.
laboratory strip chart
recorders, 'motor driven
burets, pH meters and
thermistor thermometer

circuits. and we have
used our experience to
put together an instru­
ment which allows you a
great deal of latitude in
selecting the parameters
for a high precision study
of reaction rates.

Sensitivity of the pH
control system is 0.005
pH and any pH from 0 to
14, preselected to 0.01. is
held to:':O.Ol pH. Tem­
perature of reaction mix­
tures UP to 100 011 in

volume can be
regulated to
:':0.05e e over the
range. 20' to 50 ce
(or ambient -15'
to ambient +40'e
with a special
thermistor avail­
able to order). With

available and three chart
speeds. 1/60. 1/10 and 1
inch per minute are
switch selected. Accu­
racy of volume recording
is:':O.l% of buret capa­
city. Dimensions of chan
paper grid. 250 mOl x
36.6 meters.

There is a lot more to
say about our pH-Slat
than space here allows.
II you're interested, we
have a new bulletin we'd
like to send you. For your
copy, phone. write or
circle the reader service
number.

S·30240 pH·STAT - Record·
lng, ThermostaUc, Sargenl'
Welch. Complele With all
necessary operating supplies
For 115 voll. 60 Hz A C 3500.00

SARGENT-WELCH SCIENTIFIC COMPANY
7300 NORTH LINDER AVENUE· SKOKIE, ILLINOIS 60076 • (312) 677-0600

Anahelm/Blrmlngham/Chlcago/ClncinnaU/Cleveland/Oalla./Oenver/OelrolVSprlngfleld, N.J.lToronlo/Montreal
CIRCLE 188 ON READER SERVICE CARD
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Model 8870 Ilqulcl cIwoonalogroph leaues
apr_.constanlfIow.~~
system, a doubl&-beam variable wave~
detector. and a stop now Injector. The~
plete .ystem·s performance Is enhanced by
inclusion 01 a completely eutomallc. digitally
controlled aotvent and llow programmer and
a variable volume valve loop Injector. The In­
stn.wnenl teatlXes continuous digital readout
of flow, presstxe. wavelength. sofvent c0m­

position. absorbance. andlex detectex high
voltage. Mechanical design Is compact and
modular permitting ....y accesscxy eccom­
modatlon and variable Instrument conlil1Ja·
tlon. Tracor. Inc. 403

TM Cavity for EPR
Spectrometers

Model E·238 transverS<Hl'lOde sample
cavity produces twice the signal
strength from aqueous samples as con­
ventional cavities. Several feall..es in­
clude Increased value 01 the H, field
along the sample axis which effectively
enlarges the active region of the cavity.
considerably hig.er a than standard
cavities. and greater sample capacity in
the active region of the cavity without
high loss in O. Comes in kit form which
Includes wave-gulde and hardware for
use with all E·llne and E·llne Century
Series EPA spectrometers. Varian In-
strument Division 412

Programmable Precision
Pulse Generator

Model 9010 leall..es remote program­
ming 01 the pulse amplitude from 0 to
±9.999 V with l-mV resolution and a
pulse DC mode which allows direct
measurement of the pulse top with a
digital voltmeter. Other features Include
variable rep rates from DC to 1 MHz. in­
dependently variable rise and fall times.
adjustable pulse delay and width. sin­
gle- or double-pulse mode. 50 ohm out·
put Impedance. and tall or flat top puis·
es with 0.01 %/oC temp coefficient.
$1520. Berkeley Nucleonics Corp. 413

For more Information on listed items.
circle the appropriate numbers on
one 01 our Reade,.' Service Cards

Corrected Spectra Unit

This new accessory Is offered InltJaJly
for use with Models MPF~. MPF~.
MPF~4A. 512. and 512A fluorescence
spectrophotometers. The unit makes it
possible to easily generate accurate
excitation and/or emission speclra .....
tomatlcally. During the "calibratJon"
mode the operator scans the speclrC>­
photometer In a prescribed way. For
subsequen1 wavelength scans. In either
corrected excitation or corrected emis­
sion modes. the Inlormation stored In
memory during the calibration mode
scan is recalled and used to automati­
cally correct spectral data. Perkin-
Elmer Corp. 410

Two-Pen X-Y1. Y2 RecOC'der

Model VP-6432A provides a sensitive
calibrated range of 200 jJV/cm. Sensi­
tivity can be adjUSlAld In 15 steps to 10
V/cm. and a variable control contin­
uously Increases sens~ivity up to 2.5
times. Two pen capability makes this
Instrument suitable for plotting lto"ee
parameters simuitaneously. Wr~ing
speed is greater than 500 mmls for
ttvee axes, allowing acctM'ate recorcj.
iogs ollasH:hanging Input sigoals.
Standard features also include a large
recording area. a full-scale 100% zero
shift, high linearity with use of a linear
potentiometer. and a full-scale zero set.
Sollec Corp. 411

Mlcrot'Ke $l(U) ...., ...."... lJIlem fex
electron ooIu'm Instruments leatures 14&-eV
detect<lr resolution ard alOllQua trace __

capabllily called aul< Mode which allows de­
tection 01 medium Z elements In the 10 ppm
range. The liquid nitrogen holding time Is
guaranteed 10 days, and remote-controlled
rnotex-drlven delectex positioning Is onered.
Prices range from $15.000 fex semiquantita­
tive systems to $40,000 lex computerized
quantitative systems. Nuclear Sernic:onc1Jcto

404

New Products

_FPt1 .....1I'*II_1a~
compac1 andr_to 0.1 ·C ....... range
011)..300 ·C. Aller ner1lon 01 the e:aplIory n
the Iurnaca. the rest 01 the _ la_
There !We five...- '-ing and cooling
,aleS: 0.2. 1.2.3. and 10 'C1min. The~
process stops automalic:aIIy as soon as the
SllfTllIeIs-' The_reNl iI heldon"
display lXItiI_ the __ is_oil
ex"-""~...,is__ 12750. M0\­
ller Ins1rument Corp. 405

Ion Sensing Electrodes

Series 15-146 Ion selective eleetrodes
can be used to selectively measure
such anions as chloride. sulfide. cya­
nide. iodide. and bromide. CetJons
which can be measured Include si'-.
lead. copper. sodium. and poIasSlurn.
The eleetrodes come In three different
sizes including one model which is 10
in. long and Y. in. In diameter and is de­
signed for use in flasks or narrow test
tubes. The sensing lips are specially
lormulated soIid-stale film deposi1ed
onto a metallic substrate giving high ....
leetivity and last response time. They
can be used with all existing pHlmilli­
volt meters. Lazar Research lab0rato-
ries. Inc. 414

Chemicals

GC Packings

Spherocarb Is a hard. non\riable.
spherically shaped carbon molecular
sieve which Is excellent pacldng lor the
separation of permanent gases. 1ig1l
hyaocarbons and tnlces 01 _ter in or­
ganics. Due to its high purity. It ellml­
nates many 01 the adsorption problems
associated with conventional as wen as
activated charcoal packlngs. Textured
glass beads are also avallable as a new
support. The beads are~ \rom a
specially formulated soda lime silica
which materially reduces tailing. The
textured exlerlor provides Increased
surface area for retention of the liquid
phase on the support. Two forms ..
available. regular and DMCS coated.
Analabs. Inc. 411
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Harshaw IR windows
provide optimum transmission
at minimum cost.

chromatogram

This excellent chromalogram shows the analysis ofan Angelica Seed
Oil sample on a 102 m long glass capillary column coated with Car­
bowax 20M liquidphase. Conditions: column teny>eratLre programmed
from 70 to 240 °C at 2 °Clm/nute.

SUPERB HIGH-RESOLUTION
GLASS CAPILLARY COLUMNS
FOR GAS CHROMATOGRAPHY

These Inert, magnificent hlgh-resolutlon open tubular glass
capillary columns prepared by the use of a unique and very advanced
thin-film technology are avaJlable In lengths up to 100 meters. Because
of the novel coating procedure. many stationary phases now can be
used In the 240- 280+ °C temperature range. The hlgh-efficlency
columns can be readily Installed In any modern gas chromatograph
equipped with either a split-flow or splitless sample Introduction
system.

Columns 0.75 mm 0.0. by 0.25 mm 1.0. coated with the following
eight phases are available from stock:

Write for brochure and price list.

Custorn-made columns coated with other liquid phases are prepared
upon request.

Each column Is tested with a sample conforming to the charac­
teristics of a particular liquid phase: orders for custom-testing with
a special sample are also accepted.

Special discounts are available on three- and four-column
packages consisting of columns of different polarity. These combi­
nations represent the most reliable and economical way to Introduce
sophisticated high-resolutlon gas chromatography to your labora­
tory.

GUARANTEED QUALITY
Precise IR measurements deserve the
consistently high quality of Harshaw's
IR windows. Harshaw carefully controls
each manufacturing step, including
purification, growth, fabrication and
crystal polishing. The result is depend­
able Harshaw quality-at low prices.

PROMPT DELIVERY
IR windows for Perkin Elmer, Beckman,
Wilkes and Barnes spectrophotometer
accessories are available from stock.
Call or write for more information about
Harshaw's line of IR windows and
accessories - (216)248-7400

III

OV-101
SE-30
OV-17
OV-275

Carbowax 20M
FFAP
SILAR 5 CP (SIlicone ASI)
SILAR 10C (APOLAR 10C)

CIRCLE 186 ON READER SERVICE CARD

The Harshaw Chemical Company
Crystal & Electronic Products Dept.

6801 Cochran Road, Solon. Ohio 44139

de Meern, Netherlands: Harshaw Chemie B.V.
Wermelskirchen. West Germany

Harshaw Chemie GmbH
•kewanee ,.,.~" ..

ClRClf 98 ON READER SERVICE CARD

QUADREX CORPORATION
Post OfficI Bo. 983
Dlrlon, ConnoetJcut 06820
rll: (203) 655·0526



OOHRMANNDivisioo,Envirotech
Corporation, 3240 Scott Boulevard,

Santa Clara, CA 95050
(408) 249-6000 Telex 346395

ENVIROTECH

by the numbers.
THE DOHRMANN" DIGITAL
MICROCOULOMETER will im­
prove your low level 1U1fur. nitr0­
gen or baJoeen anal~ bec:aue:

DIGITAL READOUT in ooocen­
tlation uniu speeds data intepreta­
tion.

PUSHBUTTON CONTROL sim­
plifies operation.

AUTOMATICBASELINECXlITeC­
tion and bi~ inte&nrtion
assure accurate data.

A recorder/infe&rlltor combinatioo
is no longer needed, 00 the Model
C-300 offen an overall 30% sav­
ings in operator time end a 50%
savings in systems size.

Based OD techniques Dohrmann pi<>­
neend in the early 1960'1, the C-300
microcouIometer featuresppm-w.
tivitywitha precisiooof :0:0.05 ppm.

The Dohrmann system is recoc­
nized throu&bout the petroleum and
cbemical industries as the p-e!ernd
means of performinc accurate trace
analyses of S, N and baJo&en in
gases, liquids and oolidL

Major applications are verifyin&
specificatioos of incomina: or pre­
treated materials,determinin& pr0d­
uct quality and monitorin& plant
effiuents.

trace level

S,N,X

GC Val•• Automation Acc.aaoriea.
Several new valve programmers and
accessories for automating GC valves
are presented. 6 pp. Carle Instruments.
Inc. 4211 _ e
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ScannIng Electron 1IIctoKope. 0&­
scribes the simple and compact Star&­
oscan 600 system in detail, along with
all of its optional capabll~Jes. 15 pp.
Cambridge Instrument Co., Inc. 425

Continuous au MonItors. Describes a
series of new trace level analyzers with
photolonlzation detection designed to
meet requirements of continuous moni­
toring In process streams. stack gases.
or ambient air. 6 pp. HNU Systems Inc.

4211

Progranvnabl. Calculator. Model 31
data acquisition and control system is
feat..ed as an OEM component 'or ana­
lytical systems in such areas as indus­
trial, laboratory. and medical applica-
tions. 6 pp. Tektronix.. Inc. 427

Analytical~t Una. Feal\6es
the complete line of products from the
Instrument Group. Includes gas and liq­
uid chromatographs; UV-VIS and AA
spectrophotometers; NMR, EPR, and
mass spectrometers; electromagnets;
electrometers; and Instrument data sys­
tems. 8 pp. Varian Instrument Group

4211

FI..... Pholomet.... Feat..es Models
430 and 450 digital readout instru­
ments. Both have bum-In capability 'or
Na. K, and Li determinations. Coming
Scientific Instn.ments 422

MuttlpurpoM GC InIeI System. System
facilitates spl~1ess Injection on open tu­
bular col........ Best su~ed to trace­
component analysis and complements
conventional sample splitting ted>­
niques. ANGC 4-76, 6 pp. Hewlett-
Packard Co. 423

au C1vomafograph. Specificatlons
and description of the GC-mini 1 are
given. This very compact GC 'eal\6es a
,lame ionization detector and tempera­
t..e programmer. 6 pp. Shimadzu Sci-
entific Instruments, Inc. 424

Columns and Pac:IlJnga for HPLC. 0&­
scribes Zorbax and ZJpax pacfclngs, a
new line of size excluslon columns. and
a series 0' preparative columns. 12 pp.
OIl Pont Co. 421

Manufacturers'
Uterature

CIRCLE 67 ON READER SERVICE CARD



Manufacturers' Literature

Spectrophotometer CaIlL Reference
chart Includes over 180 cells Including
self-masklng cells. quartz and optical
glass cells. disposable cells. and flow
cells. Marl<son Science Inc. 430

Paired-Ion Chromatography. Describes
a highly efficient method of separating
and analyzing both Ionic compounds
and mixtures of Ionized and nonIonized
material. 13 pp. Waters Associates 435

Sullurlc Acid. Provides complete Infor­
mation on the various grades available
along with handling suggestions end
possible eppllcatlons, 4 pp, J. T. Baker
Chemical Co. 440

Chromatograplly News/eller. De­
scribes four applications In the field of
liquid clvomatograplly. Vol. 4. No. 1. 13
pp. Perl<In-Elmer Corp. 431

Gas Analysis by GC. ANGC 3-76 gives
details on an automated analyzer.
which per10rms an entire analysis of
gas extracted from electrical transform­
er all with a single sample injection of
only 0.5 ml. 5 pp. Hewlell-Packard Co.

432

Ught and Ught Meesuremen! Compo­
nems. Features instruments for the
generation and detection of light includ­
ing monoclvomators. light sources. and
photo detectors. 6 pp. Schoeffellnstru­
ment Corp. 433

Gas-Chrom Newsletter. MayI June
issue features articles on aflatoxin stan­
dards. f-butyldimethylchlorosllana/imid­
azole reagent kits. and the Kalrez HPlC
septums. 8 pp. Applied Science labo-
ratories. Inc. 434

Pollution Brochura. Features apparatus
for analysis of environmental pollutants
including glassware. pH meters and
electrodes. conductivity meters. and
water stills. 24 pp. Tudor Scientific
Glass Co. 437

Excitation Source. The HCD-unlt, a hol­
low cathode-like excitation source d&­
signed for analyses of plane metallic
samples and pallets of pressed powder
samples. is described. 12 pp. Spactros­
candia AB. SF-21660 Nagu, Finland

NMR Spectrometer. Describes the
FX100 high-parformance mullinuclear
10O-MHz FT-NMR spectrometer and
the full line of accessories and exten­
sion kits. 24 pp. Jeol Analylical Instru-
ments, Inc. 438

For more information on listed items.
circle the appropriate numbers on
one of our Readers' Service Cards

Catalogs

Fume Hoods. Contains complete selec­
tion of standard, Induced air, and spe­
cialized fume hoods with illustrations
and detailed specifications. Duralab
Equipment Corp. 443

laboratory Supply News. thirty-sixth
edition features many new and useful
lIems including calculators, petroleum
testing equipment. and an expanded
section of Teflon goods. 64 pp. labora­
tory Supplies Co.. Inc. 451

Plotter Chart Paper. Features full line
of chart paper to fit Broomall, Calcamp.
Houston, and Zeta plotters. 10 pp,
Graphic Controls Corp. 452

Thermometers. Catalog 760 lists the
full line of thermometers and accesso­
ries available. Helpful technical usage
data included. 33 pp. Brooklyn Ther-
mometer Co.. Inc. 453
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Now available in two models: a
general purpose bomb for
temperatures to 1500 C and
pressures to 1200 psig, and a
new high prellure bomb for
samples which require disso­
lution temperatures up to 285 0

C and pressures to 5000 psig.

Both have removable, 25 ml
Teflon cups with convenient
closures, long·taper seals and
other exclusIve Parr features.
For details, write or phone:
Parr Instrument Co., Moline,
III, 61265. Telephone 309/762­
7716

The rapid and safe way to dis­
solve inorganic samples in HF,
HC1 or HNO.l, or 10 digest or­
ganic malerials in slrong alka·
lis or oxidiZing acids with com­
plete sample recovery.

DIGESTION
BOMBS

ACID
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flnniganGC/MS and Data Systems
finnigan-the No.1 in GC/MS instrumen­
tation-offers the most advanced, com­
plete, and flexible GC/MS and data sys­
tems available today. Systems that meet
every GC/MS analytical need. Systems
that provide the best performancel price
ratio.

Finnigan 4000 Series GC/MS Systems
The highest perfonnance available in a com­
mercial GC/MS system. The 4000 is a highly
flexible instrument. providing both EI and CI
operation in the same unique source. Look for
new developments to be introduced soon­
LC/MS and Negative/ Positive Ion CI.

Finnigan 3000 Series GC/MS Systems
The No.1 GC/MS systems world-wide, both in
number of installations and in proven perfor­
mance and reliability. The complete GC/MS
system for operation in EI or CI. And at a price
you can afford.

3000~rin

Finnigan/lncos Data Systems
The most advanced data systems on the mar­
ket. Modular software. simultaneous acquisi­
tion and processing. simultaneous interfacing
to magnetic or quadrupole systems, or both.
Unique features. such as user Fortran program­
mable. diagnostics programs. isometric map­
ping, and many more not found in any other
data system.

Finnigan 6000 Series Data Systems
From the top of the line Model 6110 to the new
low-eost Model 6105, these are unique user­
oriented systems with easy pushbutlon opera­
tion. Ideally suited for total automation of your
GC/MS system. Unsurpassed archival storage
with low-eost magnetic tape cartridges.

FlnnjK~n/lncosD.. I .. 5yst~m

For all your GC/MS needs, talk to the specialists-talk 10 Finnigan.

finnigan
845 W. Maude Ave.

Sunnyvale. CA 94086
Munich Basel Hemel Hempstead
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Books

A Guide for Young Professionals
entering IncIuatry: A Guide lor Young
Proleulonala. Fred W. Billmeyer. Jr.•
and Richard N. Kelley. xl + 281 pages.
John Wiley & Sons. Inc.. 805 ThIrd
Ave.. New York. N.Y. 10018. 1975.
$14.50

Reuiewed by Kennelh W. Gardiner.
Applied Science Program. Uniueraily
of California 01 Riueraide. Riueraide.
Calif. 92502

This is 8 nicely organized and con­
cise presentation of what can best be
described as the "factll of life" relative
to pursuing 8 professional career in in·
dustrial science or engineering. As
such. the authonl specifically direct
their comments toward "young proCes­
sionals"-sn apparent initiallimita­
tion in appeal that is neatly dispelled
by the following prefatory statement:
"If you are still in the univenlity. at
any level from undergraduate through
graduate. post doctoral. and young
staff member. to the senior faculty
member with a well·developed sense
of responsibility to the studentll; if you
have recently entered industry but
haven't yet mastered all itll ins and
outll. learned all you ought to know
about it, found your own place in it to
your full and lasting satisfaction; or if
you have done all these things hut are
still young in heart, retaining that im­
portant desire to find out what makes
things work and how you fit into the
picture, then you are young by our
definition." The authonl could have
also included that rather sizable group
of so·called career counselonl now to
be found as a student service at most
universities!

Rather than trying to cover all types
of industries that afford scientific and
engineering career opportunities, Bill­
meyer and Kelley have wisely selected
the chemical industry as a model. a
most appropriate choice in view of
their own profesaional training and
experience. In this context. they thor­
oughly cover all aspectll from entry
level job applications to the character·
istics. responsibilities, and rewards of
top management. In effect. this small
volume of just some 270 pages is are·
markably complete handbook of the

whys and wherefores and the do's and
don'tll of getting ahead professionally
by really trying.

The subject matter is presented in
12 chapters. with four supporti"e ap­
pendixes. The first five chapters (110
pages) introduce the reader to the
chemical industry_ Chapters 1 and 2
are replete with factll and fIgUreS CO,"

ering such things as the type. siu. and
distribution of chemical companies.
amounts of money spent on technolo­
gy. and salary and manpo"ou usage in·
formation. Chapter 3 is devoted to the
niceties of landing a job in such com­
panies. while Chapter 4 covers the
nowadays·all.important area of pro­
fessional responsibilities. Appendixes
I and II provide appropriate e",,",ples
of guidelines for professional employ·
ment and the employment agreement
in support of these chapters. Matters
pertaining to advancement are dealt
with in only 10 pages (Chapter 5). and
if the book has a weakness, it is that
this critically important aspeet is
given such short shrift.

Chapters 6-10 outline the workings
of those functional depertmentll in
typical chemical compenies that do af·
ford career opportunities for scientistll
and engineers. Included are research
and development. manufacturing.

marketing. staff divisiona, and patent
functions. This is a me»t uoeful and
compl.te treatment and provides a di­
rect answ.r to that m<J8t often asked
question by students as to what they
might do out in the real world.

Chapter 11 is a cooc:ise deocriptioo
of manag.m.nt and this~. as a
prof.....r of management. .... pleased
to recocniu the..-oru of such famil­
iar. traditional authorities as Maslow.
McGregor. Herzberg. KOODtx and
O'Donael, and Drucker used as direct
quotes and ref.rences in this oectioa.

In all. this is a very ...II-written
book in which the authon have cer­
tainlyachi.ved their inteDt. The uoe
of SOlo. appropriate and popular
media cartoons that have decorated
more than on. d.partment bulletin
board provides an added f1air! This re­
vi....r bas no hesitancy in rea>m­
mending it to all ")'OtlDg profeoaion­
ala".

IonEzc:hange~.Herold
F_WaJIcn, Ed. xviii + 440 pages. Hal­
sted Press. 805 Third Ave_. New York.
N.Y. 10016. 1976. $30

Reuiewed by L S. EliTe, The Perllin·
Elmer Corp., NorwcJJr. Conn. 06856

This book is the font in a series rep­
resenting collections of the m<J8t im·
ponant papers of the development of
an analytical technique.

The editor coJ1ectecI48 papers start·
ing ,.-ith th. 1939 paper ofSamuelson
on the potentialities of ioa exchanp
in analytical chemistry and ending
with the 1973 paper of Davaakov.t at
on the separation of rac:emates by
m.ans of lipad-exchanp chromatoe·
raphy. The book is organized into 13
parts. After the paper by Samuelson
which serves as an introduction. the
pepers are mainly grouped according
to application. Thus, we have parta
representing the key papen dealing
with the analysis of rare-earth milt­
tures, transuranium e1ementa. is0­
topes, metals, inorganic ions, nucleo­
tides, amino acids. carbobydrataa, and
nonionic compounds; beeid.. tbeae,
papen dealing with theoretical as·
peets, the uae of mixed IOIventa. and
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don't be
high pressured
into buying a
low pressure
metering pump

Operating at pressures to 2850 psi,
Iseo metering pumps will deliver a
reproducible flow
over wide dial-se-
lected ranges, easi Iy
outperforming lower
pressure peristaltic or
similar variable
speed pumps. Three
models offer flow
rales from 1.5 to 2500
ml/hr at 50 psi, to a
pulseless 0.1l to 200
mllhr at 2850 psi, No
calibration is re­
quired and practical­
ly any liquid can be
accommodated.

All Iseo metering and gradient
pumps are described in our current
catalog, Your copy is waiting for
you.

BOX 5347 LINCOLN, NEBRASJ<A 68505
PHONE (402) 464-0231 TElEX 48-6453
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Books

inorganic and special exchangers are
organized as separate parts.

Each part is introduced by the edi·
tor's comments giving the background
and importance of the selecwd papers
and their connection with other pa­
pers not included in the collection.
The individual papers are reproduced
in the original form. Papers published
in a language other than English are
reprinwd in the original language fol­
lowed by a good abbreviated transla­
tion. The reproduction is clear and
well readable. The only problem is
that each page has two page numbers:
the page number of the book at the
bottom and the original page number
of the journal in the running head.
This is confusing, and probably the
latter should have been delewd.

In such a collection it is inevitable
that the selection of the papers repre­
sents the editor's preference, and one
can always debate whether paper X
not included would be more important
than paper Y which was included. It is
true that the editor, in his introduc­
tion, always explains the reasoning for
his selection and quotes other papers
which the reader might look for. 1 per­
sonally found only two serious omis­
sions: the vel')' first paper of Samuel­
son [Z. Anal. Chern., 116,328 (1939)1
and the paper by M. Lederer lAnai.
Chim. Acta. 12,142 (1955)) describing
the first preparation and use of ion­
exchange papers for paper chromatog­
raphy. 1also disagree with deletion of
part of the paper of Spackman et al.
describing the first recording appara·
tus for the analysis of amino acids.

AI;, mentioned earlier, the reprints
are primarily organized according to
the application of the technique.
Sometimes this is artificial and thus a
number of papers which really deal
with the technique itself and its im­
provements. and are using the appli­
cation only as an example. are lost in
the various parts. The best illustration
for this shortcoming is represented by
the two papers of Horvath and Lipsky
and the paper of Kirkland which-as
the editor correctly points out in his
introduction-really represent the be­
ginning of modern high-speed liquid
chromatography. In these papers nu­
c1eotides are only the model sub­
stances the researchers happened to
use to investigate the influence of op­
eration parameters on the separation
and column performance. In my opin­
ion, these papers and some others
should have been included in a special
pari dealing with the advancement of
the technique.

This is an important book for every·
body active in ion·exchange-and in
fact, generally in Iiquid-chromatog-

Terp-Pres
Internally
Beated
Pressure
Vessels

Mill' in hll/hprepur./hightemper.tur.
'lIuar.chq6lem#

fGr llIb/edlng _pia II pure hydl1lllJUt
praara up II 10 k11.rllad ....perllJlra up II'

1mllIIulIIaiIuIly. T.·Pra lI'en I vlrirty
II praMI willi I fUl1llCl11lClled IMld.

.... nwI fully rtpllcublt. ..rtrldg.·
1ypI1..- willi dull CIlIlnII ZlllIa.IUDw_·
plela __ II IItl-ZIIII IIcItian.

Tilt UIIitI ...... htrizlIaIIlly .. verUClfly.lnd
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ACS
Triple-Impact
Audio Course
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the ch.lI.nge 01 doing
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HIGH RESOLUTION MASS SPECTRA
FOR DOLLARS INSTEAD OF THOUSANDS

An you typical of the chemilt wl>a ....d. high resolution
mass spect",1 data, but cannot justify the e"".nditure

01 tl>auJaJld. af dollan fw the equipment?

A ltigh atKIlow resolution MS-30 mass _cttometer with a combined
gas c/tromatagrapltic inlet i. available to ..rve your need•.

Solids, liquida, or g....-Iow molecular weight or high (up to 2400)­
are easily and quickly analyzed.

The Jas chromatographic inlet facilitates the identification of minor
impuritIes in foods, dlu,gB. solvents. or other chemicals.

Pesticides, drugs. or other rore~ chemicals are easily and unambiguously
identified in water, body ftuids, soil, or agricultural products.

Elemental compositions are determined from mass measurements with
accuracies better than ten parts per million.

You can now obtain mass spectral data from the most sophisticated
instrumentation available-and at reasonable prices.

Results are totally computerized, leading to speed. accuracy. and con·
venience of the final output.

Colttoct: S...... R. Shrad.... Ph. o.
SHRADER ANALYTICAL
& Consulting Laboratory, Inc.
3450 Lovett Ave.
Detroit, Mich. UZlO
(313) 125-5550
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VV Disposable Cuvettes
Fit any standard spectrophotometer holder

• Excellent oplical properties
• Light path 1 cm.

• Forwavelength at and above 320 nm
• Capacity3.5mlto4ml (Catalog No. G-l)

• Capacity 1 ml (Catalog No. G-2)
• Price:Only $20.00 per200or$79.90 perl ,000 stacked inloo·s,F.O.B'woburn.

They're good - Send for .ample., you'll .ee!
~nc (1110 uk'or details of our FINNPIPETTE Variable Volume mlcropipettlng system)

iQJIVARIABLE VOLUMETRICS,INC.
... 17 Cummings Park, Woburn, MassachusettsOl801 (617 )933-6170
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Books

raphy. Similar compendiums dealing
with the other varianla of chromatog­
raphy would be most welcome..

Statistical Methods for EllIJlneera and
SCientist., Vol. 15. Robert M. Bethea,
Benjamin S. Duran. and Thomas L.
Boullion. xxi + 583 pages. Marcel Dek·
ker, Inc.. 270 Madison Ave.. New Vork,
N.V. 10016. 1975. $25.50
Reviewed by David S. Chombers. De·
partment of Statistics, University of
Tennessee, Knoxville, Tenn. 37916

This book joins a growing number
designed for the increasing market in
undergraduate engineering and physi­
cal science. The content is similar to
that of Walpole and Myers"'Probabil­
ity and Statistics for Engineers and
Scientists" and Freund and Miller's
"Probability and Statistics for Engi·
neers", The objective is to provide 8

basic course in methods. The topics
are many and varied, extending from
basic probability through regression
and experimental design. The book
makes no pretense to heavy involve­
ment in the development of theory; it
is intended as 8 source of methods
useful to its readers, together with
some explanation of the way to use
these methods. The authors provide
convenient instructions as to which
topics should be omitted in the event
only one semester is available; it is ex·
peeted that the entire book will be
covered in two Quarters.

Many examples are included in the
te:lt material, and numerous problems
at the end of each chapter bave been
selected from the literature in science
and engineering. providing a decided
"applied" flavor. Sources of these
problems are frequently cited. A good
introductory year of college mathe­
matics should be sufficient prepara·
tion, and no pr:evious statistics is as·
Burned. There is an appendix on rna·
trix algebra useful for the regression
discussion.

The format is the usual one for
Marcel Dekker. Ifone wishes a book
to use in a pragmatic course in statis·
tics, this text might well be consid·
ered. In the hands of a trained and ex·
perienced instructor, it can be the
basis for a satisfactory methods
course.

The book i. in obvious need of more
careful editing, and it i. hoped that
needed changes can be made through
the use of an errata sheet and altar·
ations in subsequent printings. On ini·
tial reading, errors ranging from mis·
spelled words to confUBiJlg stataments
were noted on approximataly 25 pages
(about a 4% error rate). Some exam·
pies are cited. Page 123, line 5: "How.
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GCA/McPHERSON INSTRUMENT •••
53:>Ma.,Slfeet,Aaon,Mass 01120. (6111 26J.n3J.
TELEX' 928435. ANS GCAMcf'I-£R N::fO

ClReLl' 86 ON READER SERVICE CARD

ttl. A • ANALYTICAL Cl£MISTRY, VOL.•8, NO. 12, OCTOBER 1976

TheGCA/McPherson
stopped flow module
with automatic loading.
The EU-730-11 Stopped Flow Module
is now available for delivery within
sixlydays. . .

This versatile and hIghly fleXIble
instrument features exclusive automatic
loading, and is priced surprisingly low.

Because of its unique modular desIgn,
our stopped flow system can easily be
converted to a conventional UV-visible
system.

For more information, call this toll free
number: 800-225-1248.

For literature, write to us at the
address below.

Books

This IXH)k with contrilmtions from
]9 scientists from academic, j.{()vern.
mem, and industriollaboratories is
hi~hly recommended for individuals
who ore involved in mellsurin~ trace
contaminants in our environment.
The text is on up·to·date survey of
gas, liquid, popcr, thin-layer. and jon­
cxchanJ;::c tcchniqueto for air, soil,
water, and waste Homples.

Despite the widc range uf topics
covered, the authors arc lor~ely sue·
cessful in prescl1tinJ{ 0 comprehenl1ivc
review of chromatographic proccdures
rclated to environmental analysis.

This reviewer was particularly im·
presscd with the scction on air pollu­
tion by Hobert S. Braman and th. sec.

Chromatographic Analysis 01 the Envl·
ronment. Robert l. Grob. Ed. x + 734
pages. Marcel Dekker. Inc., 270 Madi­
son Ave., New Yorl<. N.Y. 10016. 1975.
$49.50

Rell;cU'cd bv Rubt'rt 1\. Sleven ... , At·
muspht'rie instruffll'lllatiun BrandJ,
U.s. Envirunml'nlol Prul('clion A",cn­
cy, Rl'search Triangle Park. N.C.
27711

ever, 0'2/,. tends to lero as n tends to
~ ...". The use of uV;; instead of
cr/ ,111 in several places on the same
page. The statement on page 181, line
9 that the hypothesis H .. is not reject·
ed at the 99% significance level (the
1% level is intended). The insistence
on the use of 8 representative sample
(pages 2 and 94) when a random sam·
pie is meant..

On page 99 it is stated that data
which Ouctuote over 8 wide range will
have a large variance (truel and that a
large voriance indicates data ho\'c 0

wide spread ooout the mean (true).
The authors then state that if the
."ample values are vcry close together,
the sample variance will be quite small
(true). They then state that the lalLer
case is hi~hly desirable. The meanin~

is not clear. Is the advice to draw 8

sample so that the values are close to·
gether? Ir so, what about the principle
of random sampling? Or does it refer
to 8 compact population with a small
variance? If so, sampling is not in­
,·olved. Such offhand advice to the
reader leads to reader difficulty. More
careful writing will be beneficial.

It is ohviou!' thut the authors have
\'ust experience in applying statistical
methods to engineering and scientific
dstu. Use of this text might well he
('onsidered by others equally experi­
enced. Unfortunatel\'. the reviewer
has not had an OPPO~ltJlliIY to teach
from the hook. and that is the only
way one can become totally aware of
its strengths and weaknesses.

Find out how the MPI
System 1000 can help you,
write for your Free Brochure
Today.

[K'(A]~D
McKEE-PEDERSEN
INSTRUMENTS
P. O. BOI 322
Oanvill•. Ca. 94526
Phon.: (415) 937·3630

·When you need new instru·
ments for ever·changing
needs. Or require aspecial
instrument thaI's not avail·
able off·the·shelf, MPI has
the answer. Acomplete
Photo and Electrometric In·
strumentation Laboratol)'.
By providing the basic build·
ing blocks, elements
common to whole series of
instruments, the MPI Sys·
tem 1000 allows you to
economically tailor an
instrument to fit your needs.
The system is versatile and
convenient. It will perform
virtually any instrument
function.



CIRCLE 169 ON READER 5ERVICE CARD

ANALYTICAL CHEMISTRY. VOl.. 48. NO. 12. OCTOBER 1976 • "5 A



Books

tion on thin-layer chromatographic
analysis in air pollution by Daniel F.
Bender and W. C. Elbert. These sec­
tions contained considerable detail
and discussion of GC and thin-layer
methods for a variety of pollutants.
Tbe reviews contained enough detail
of the original work to make it easy for
the reader to select the best method
for a particular analytical problem.

Tbe chaplers dealing with soil and
wasle analysis contained valuable in­
formation on the types of substances
that generally occur in these media
and the chromatographic methods
that have been employed for their
analysis.

There is some theoretical discus·
sion; however. the emphasis is on the
practical application of chromato·
graphic principles to analytical prob·
lems. For example. se\'eral of the
chapters provide valuable and de·
tailed information on calibration of
GC's which is often overlooked in
some reviews.

Chapter 1 deals "ith the theory and
practice of chromatography. is well or­
ganized. and is an excellent primer for
beginning chromatographers.

Although the book is generally free

from errors, the reviewer found to his
dismay that his initials had been
changed from R. K. to R. H. (Ref. 55,
Chapter 2) and that O'Keeffe was mis­
spelled in Ref. 55. Chapter 2.

New Books

An Introduction 10 Microcomputers.
Vol. 1: Balle Concepls. xvii + 287
pages. Adam Osborne and Associates.
Inc.. 2950 Seventh St.. Berl<eley, Calif.
94710. Publicalion No. 2001. 1976.
$7.50 (add 30~ for surface mall and
$2.50 for airmail)

Following 8 great success with the
first edition published December 1975
(re\iewed in ANAL"ICAI. CHEMIS­
TRY by Raymond Dessy, 777 A, Au·
gust), Osborne & Associates are now
offering the first installment of the ex­
panded second edition in two \·olumes.
VoJume 1 is approximately the equi\'a·
lent of Chapters 1-6 of the first edi­
tion, but extensive sections have been
added to co\'er two topics which were
left out of the first edition-chips slice
products and serial I/O. The aim of
the book is to give the reader a thor·
ough understanding of what micro-

computers are and how lhey differ
from other computer products from 8

user's point of view, and ultimalely lo
enable the reader to develop the capa·
bility to .electthe right microcompu­
ter for the particular application at
hand. Since the book does not assume
any prior contact wit.h computers on
the part of the reader, basic concepts
ore covered in considerable detail.

Emlulon Spectroscopy. Ramon M.
Barnes. Ed. xii + 548 pages. Hal.teo
Press. 605 Third Ave.. New York. N.Y.
10016. 1976. $35

Compiled in this volume arc repro­
duct ions of selected popers which
ho\·e mode landmark contributions to
the development of emission spectro!\.­
copy ()\·er the last 100 years. The pa­
pers arc arran~ed in a semichronolo~i­

cal urder, b{'~innini{ with a description
of the history find literature of spec­
trochemical anol\"sis. The contribu­
tions between 1860 and 1930 are
~rouped in Part I. Part II concentrates
on the i{TOwth of quantitative emission
methods ~timulatcd by developments
in emulsion calibrations. spark
sources, g-rating ruling and replication,
multiplier phototubes, and tcchniq~es

Important advantages when you
nced speed and are ashlng a 101
of samples Now you can do
hIgh lomperalure ashlnO SImply
w,lh our eff,clent new bUilt-in
heat lamps

So Three good new reasons
And Ihero arc many more thai
won I II' thiS space Please tel
us 1011 you our complote slory
and show whal othel chemists
and spcctroscopIS1S are dOIng In
the OC Laboratory With our
ashers AnalyZing plastics.
palnls. loods. drugs and more
Call or wolo DIck Bersin; ask tor
IPC Bull(Jtln 4802

Iniornollonal Plasma Corpora­
lion, 31159 San Bonilo Streul,
Oox 4136. Hayward. CA 94544
(415)489-3030

I.

1. New End-of-Ashlno Detectol.
We've incorporated an optIcal
feedback mechanism that uses
spectral analYSIS to determlnC II
any ashlno IS gOing on lithe
sample IS entirely ashcd. or
needs sllHlng, your fPC :;ystom
WIll let you know

2. Now Tempelalule Control.
Transferring technology wc
developed In maintaining a
critical temperature envelope
for semiconductor manufac­
tUring. we have bUIll a
sophllJlicaled temperature probe
into our ashing chamber for
real-lime control over
lemperature a' rho samplo.

3. New Heal LampI. Unlll now.
the only benefit you dClived
trom plasma asiling was .Is speed
at low tomperalures. Now you
can enjoy plasma's cleanliness.
safely and Inexpens.vo
unaltended operation and oet rid
of your expensivo and hazardous
porch/oric acid. These aro

,_WiNdfAER
lOOK AT PlaSMA
ASHINO
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Books

for solids, 8Olutioll8, and microsam·
pies. Semiquantitative and univenal
method., advances in continuous eur·
rent discharges (arCl), and matrix ef·
fecll highlight Part JII. The applica·
tions of the time· resolution technique
keynote Part IV, and the development
of emission sources other than arcs
and sparks is emphasized in Part V.
rart VI surveys the presentstate·of·
the·nrt.

Advanc.a In "'... Spectrometry In
Bloch.mlltry .nd Medici.... Vol. 1. Al­
berto Frlgerlo and Neal Castagnoll. Eels.
586 pages. Halstad Press. 805 Third
Ave.. New York. N.Y. 10018. 1978. $40

This volume contains the proceed·
ings of the 2nd International Sympo·
sium of M... Spectrometry in Bio·
chemistry and Medicine held June
1974 in Milan. Italy. The conference
was sponsored by the Mario Negri In·
stitute for Pharmacological Research
to provide an opportunity for the con·
tinued exchange of information in the
rapidly expanding application of m...
spectrometry for the analysis of bio­
logically active compounds. Fifty-one
papers contributed by over 140 au­
thors examine all aspects of mass

spectrometry. g88 chromatography-
m... spectrometry. and g.. chroma·
tography-mass spectromBlry-<:omput·
er systems for the analysis of complex
mixtures of biological origin.

Continuing Series

R.aldu. R.vle.a. Vol. 80. Francis A.
Gunther. Ed. vi + 180 pages. Springer­
Verlag New York Inc.. 175 Filth Ave..
New Vork. N.Y. 10010. 1976. $18.80

"Sumithion" is a trade name regis­
tered hy Sumitomo Chemical Co..
Ltd.. of Japan for its proprietary for·
mula D.D·dimethyl D.(3.methy1·4.
nitrophenyl) phosphorothi08te. an or·
ganophosphorus insecticide having a
broad range of insecticidal effect and
yet having low toxicity to mammals
and fish 10 make its handlin~of less
concern. Much of the information
compiled in this \'olume on "Sumi­
thion" comes from memben of Sumi­
tomo Co. engaged in the research and
development of the compound. Five
chapters written by 13 authors con­
centrate on discussions of different
chemical asPffts of the compound.

The fint two chapten review ,eDera1
chemistry and available analytical
methodJ used to determine the com­
pound when it is present in technica1
produeta and formulated materiaJs.
The next two chapten discuu formu·
lation of "Sumithion" and ita effect on
biological systems. Finally. the last
chapter describes the residue anaIysia.
Also included in this 60th volume of
the series are (8lI in volumes 10, 20. 30,
40, and 50) an abbreviated IO-volume
table of subjects. a lO·volume author
index. and 10·volume cumulative
subject matter index.

Sep....1Ion and PurlflcatJon-.
Vol. 4. Edmond S. Perry. Carel J. van
055. and Eli c:lrusN<a. Eels. Marcel Dek­
k.... Inc.. 270 Madison Ave.. New York.
N.V. 10016. 1976. $32.50

The separation and purification
techniques reviewed in this volume
are at least 85 diverse as they were in
the pre\;ous three volumes. They
range from modernized distillation
methods to modem countercurrent
distribution techniques, to name only
a few, Seventeen authors of this vol~

ume are all new to the series. The e~~

tensi\'e literature references provided

Autom.lk:. Un.n.nded operation-Up to 64 samples with
1.2 or 3 injections per sample. Needs only 0.7 ml 01 sample.

PoalUve S.mpIlDj-Oelivers precise. reproducible sample
volumes with negligible carry-over between samples.

Inexpenalve, Dlapoa.bl. GI...Sample VI."-Polyethylene
caps give positive seal to prevent sample loss.

Unlqu. Poaltlv. Flow Dealgn - Uses vial cap as piston to
discharge sample.

Motorized Injection V.lve - reliable, 6.000 psi operation. A
10-111 loop is standard.

Mlcroproc..aor Oper.ted -Controls injections per sample.
injection time. rinse between samples and automatic shut
down lor malfunction and completion 01 last sample.

Sall·Contelned-Requires no compressed gas. Needs only
electrical power for operation.

Veraetll. - Usable with any HPLC system and can be ex­
ternally controllad by computerlintegrator.
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.J' Me~""a1. T.cN"oOtOQv W"ICI l.0Qu0G 0v-0I'ne,"~
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telephone: 404/448-8282.' telex: 70-7450
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Volume II

MODERN
CLASSI.CS IN
ANALYTICAL
CHEMISTRY

Purchase
Schleicher & Schuell
filter papers through
any office of these
laboratory supply
distributors:

Ace Scientific
Linden. Nl 07036
DccknulD Im1rumenCs
(Science Essentil1ls Operation)
Anaheim. CA 92806
J. &< H. O.'lle
S. Plainfield. Nl 070HO
Disc.lot Chemical
Miami. FL 33152
Burrell Corp.
Piltsburgh, PA 15219
Central ScienCUk
Chicago. IL 60623
Curtin-Matheson Scientific
Houston. TX 7700 I
A.Daiggn
Chicago. IL 60610
Eastern Scientific
Providence, RI 02905
Ftdena Scientific
Kensington. MD 20795
Gencrall\Jedical
Richmond. VA 23261
Hacb Cbemical
Ames. IA 500 10
Krackcler Scientific
Albany. NY 12202
Labproduds
Tukwila. WA 9H 1H8
Macalaster Bicknell
New Haven, cr 06570
Mlero-Ch.mlcal Sp«lalll.s
Berkeley'. CA 94710
N.... York Lab Supply
W. Hemp'tead, NY 11552
Nurnbt'rg Scientific
Rockvill., Centre, NY 11570
Para Scientific
Trealon. Nl 08638
PGC ScI.ntl6c
Rockville. MD 20852
Pbyslclans &< Hnspllal. Suppll'
Minneapoli,. MN 55043
Preiser Scientific
Charleston. WV 25322
Ra.scber &< Betzhnld
Chicago, IL 60625
SGA Scientific
Bloomfield. Nl 07003
Sa'll.nl W.lcb Scl.nlille
Skokie, IL 60076
Scherer M.dlcal/Scl.nllfic
Carson, CA 90745
Scientific Products
McGaw Park,lL 60085
Sca,. Supply Co.
Durham. NC 27705
Slandard ScI.nl16c
Pi,oalaway, Nl 08854
Taylor Cb.mlcal
Sl, Loui" MO 63119
Arthur H. Tho....
Philadelphia. PA 19105
Turlox/CambolCo
ChicaJO, IL 60620
VWR Scl.nllfic
San Franci,eo, CA 94119
Wilkens Anderson
Chicago, IL 60651

Books

Applied S~roscopy Reviews, Vol.
10. Edward G. Brame. Jr.. Ed. xv + 305
pages. Marcel Dekker. Inc.. 270 Madi­
son Ave., New YorI<, N.Y. 10016. 1976.
$32.50

Unlike its predecessors which re­
viewed primarily vibrational spectros­
COPY. this volume devotes more atten·
tion to emission spectroscopy. In addi·
tion to emission spectroscopy there is
coverage in the fields of photoelectron.
nuclear magnetic resonance, mass, flu­
orescence, and ultraviolet spectrosco­
py. The first review is by R. T. Bailey
and F. R. Cruickshank on applications
of infrared fluorescence. The second
review on biomedical applications of
selected ion monitoring is written by
workers from the School of Medicine
at Vanderbilt University. F. C. Falk­
ner, B. J. Sweetman. and.J. T. Wat·
son. The next review by R. K. Harris
and B. J. Kimber covers 29Si NMR
spectroscopy. The fourth review by G.
K. Oertel and G. L. Epstein treats a
broad area of study in the applications
of spectroscopy to solar research. The
next one by P. J. Slevin and W. W.
Harrison on the hollow cathode dis·
charge as a spectrochemical emission
source describes the use of this emis­
sion source as well as its fundamental
principles of operation. Finally, the
last review by G, K. Schweitzer on ele·
voted temperature vapor photoelec·
tron spectroscopy covera a field that is
undergoing a rapid rise in usc. The
book is reproduced from typewritten
text.

Encyclopedia of Electrochemistry 01
the Elements, Vol. VI. Allen J. Bard, Ed.
xiv + 341 pages. Marcel Dekker. Inc"
270 Madison Ave.• New Yorl<. N.Y.
10016. 1976. $64

The aim of the series is to provide a
critical and comprehensive review of
the electrochemical behavior of the el·
ements and their compounds. The ele­
ments covered in each \'olume are
grouped together according to the or·
ganizational scheme devised for the
series. The elements reviewed in this
volume by eight contributors include
AI, In. Ir. as. Pd, Pt. Rh. Ru, Sc. Y.
and lanthanides. Each of the nine
chapters is organized into fi\'c sections
of introduction and standard poten­
tials, voltammetric characteristics. ki­
netic parameters and double-layer
properties, electrochemical st udies,
and applied electrochemistry. The
book is a photo·offset copy of type­
written text.

at the end of each chapter include
some as recent as 1975. The text is re·
produced from author·furnished type·
written manuscript.

keep on
top of recent
advances in

analytical
chemistry.

Studlnts
Instructors
Resurcblrs

Probllm­
Salvin ...

Editf!d by Alvin L Beilby,
Aselection from the best feature
aitipl~ that appeared in issues of
ANALYTICAL CHEMISTRY from 1970
throUgh 1975.
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reading tor the advanced student of
al)alytical chemistry and for those who
must keep up with the latest develop­
menls in analytical chemistry and
instrumentation, this convenient collec
tion of source material contains valu­
able informatiOn presented only in out­
!ine form in m8l!y modem textbooks.

•• 314gage" (1976) $8.50 paperbound
,~I: 2li8pages (1970) $5.75 paperbound

COH1EHTS (Volume II)
•~I of Analytical ChemIstry
• S~pscopy (11 anlcles)
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• The AnalytiCal Approach (9.artlcles)
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115518th St. N.W:/Wash., Q.~. 20036
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Filter paper in Kent, England
won't helpyour lab in OklahomaCit~

Our worthy competitor manufactures most of his
filter paper in Kent, England. Which can kave the
lab person here in a position of waiting for weeks for
his ship to come in.

Schleicher & Schue1l' filter papers arc made in
this country, so they're available to do the job when
the job needs to be done.

But readily available supplies and prompt de­
livery aren't all you get when you buy from Schleicher
& Schuell. S&S has been making quality papers for
over a hundred years. We not only have more filter
paper on hand, we have more different kinds on hand.
Papers you can order by brand name, and by what
you want to do with them-application: nature of the
fluid being filtered: size, quantity and nature of the
substance being retained: desired output; filtration
method: and degree of precision required.

Yes, look for our name on the package. But
also look for the exact type of paper you need. S&S
has it-in stock.

Think about that the next time you're at sea
over a filter paper order.

Contact your labora­
tory supply dealer for fast
delivery from stock, or
more information. Or
send for our complete
catalog, 'Products for
Scparation Science'.

SCHLEICHER. Sal11ELL

~
Keene, New Hampshire 03431
Schlcichc:r &. S<:hudl GmbH. 0-3354. Dauc!.W~ Germany
Schleicher &. Schuell AG. 8714 Fcldbach ZH. Switzerland
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Analytical eXcellence
with PGT X-ray

fluorescent
systems

The PGT-500 X-ray Spectrochemical Analyzer features:

o rapid, nondestructive X-ray fluorescence analysis

o simultaneous analysis of up to 82 elements-from sodium
through uranium

o 5i IU) detector for high resolution analysis

o unique pulsed or constant current air-cooled X-ray tube

o functional keyboard commands and pushbutton controls
for ease of operation

o qualitative and quantitative data processing equipment
that is both automatic and user programmable

o automatic data acquisition, processing and storage

o mass storage capabilities

o 18-sample. drop-in carousel with automatic and manual
sample sequencing

o minimal sample preparation for analysis of samples In
liquid, powder or solid form

o detectability levels between parts-per-mlilion and
100 percent

o nonfocusing X-ray optics

o automatic or manual operating modes

o modular and compact construction

o interfaces for peripheral equipment

PGT
PRINCETON GAMMA-TECM

Box 641- Princeton, N,.I. 08640 _ Tel: 60S S24-7310 - Cable PRINGAMTEC -T.I.x, 843488
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Microprocessors Impact Analytical Instrumentation

Editors' Column

Josephine Petruzzi
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Data Validity

Informatiun theory and complex
statistical techniques are making their
contributions to analytical chemistf')·
research cffor1.5. The computer lcam·
ing techniques including patlern rec­
ognition have DOW reached the point
where applications are reported. The
\'ery exislence of computers with their
abiiity to handle efficiently and well
reams of data bas tempted-technologi­
cal sophisticates to move in these di·
rections. Also. the real complexity of
some measurement problems would
appear to be ideally suited to these
treatments. Howe\·er, is it not possible
to use these melbods past the point of
their usefulness to try to extract more
information from data than is really
there'! Detector signals can be iJn·
proved by t"ertain signal-lo-noise en·
hancement methods and data manipu­
lated readily "ia the computer. but
there is still a limit to how much infor­
mation is conloined in lbe data. The
analyst cannot lose sighl of the fact
that the "alidity of lbe data is still ba·
sically tied to the real sample. the real
detector. and the actual measurement
scheme with all the limitations and
"ariables in\"oh·ed therein. Especially
when the applications in\"olve real sit·
uations with l~gal, economic, and so·
cial implications, the analyst must be
certain that his dalo-handling melb·
ods ha\"e .lotistical validity and his
conclusions are supported by lbe dalo
collected.

alytical instrumenlll is spurred by
their cost effectiven.... reliability, and
ease with which they can be designed
to do specific jobs. Instrumenlllso de­
signed will be easy to use, reliable, and
leu expensive. Designing (or improved
performance in individual instru­
menlll up to this point haa added not
only money, but complexity. Micro·
processors can provide improved per·
formance with greater simplicity and
less COlt. Although these resullll are
highly desirable. the)" do not seem to
be revolutionary.

InstrumentA with microprocessors
have great sales appeaJ. so much so,
that it might be tempting to usc mi·
croprocessors in applications where
hardwiring would be a betler solution.
At any rate. it seems certain at this
time that analytical instruments
under development will include micro­
processors.

Since its""ms highly likely that
most new analytical instrumentation
is going to be based in part on micro­
procelSor technology. it behooves the
analytical research community to have
some understAnding of the capabilities
ond Iimilotions of this lalestlechnolo­
l:Y. The term microprocc&!or was
coined to renect i18 limited functions
when compared with computers; thus,
it represents something less than 8 mi­
crocomputer. (See "An Introduction
to Microcomputers. Vol. I. Basic Con­
cep1.5" by Adorn Osborne. listed on
poge 996 A. this issue.) However.lbese
distinctions between microprocessor
and microcomputer have blurred with
usage so that both terms are used to
represent logic devices on chips.

Microcomputers are usually com­
prised of 1-5 or so chips with other
support chips to control and interface.
The key cos1.5 ore llSSociated with
memory chips. Custom-designed chips
now available normally contain 4-8
bits. Predictions are that perhaps in
5-8 ycars, most 16-bit processors will
also be in chill form. Volume applica­
tions of microprocessors. however, are
likely to be in S-bit processors.

\ViII microprocessors replace mini·
computers. and how do lhe)" differ?
~'1icroprocessorsare three to five
times slower than minicomputers,
and, of course, minicomputers have
much more capability. Microproces·
sors can readily be coded to do specific
functions and will probably find usc as
support components to larger mini­
computer systems. However, it ap­
pears that microprocessors will re­
place minicomputers only where the
latter now represent overkill: too
much function for the job at hand.

These devices vary so much one
frum anolher. and this state of nux
and lack of standardization are opt to
cuntinue for some time. As i!it often the
rase, the software presents a problem,
and gelting people skilled in program­
ming these de"ices is difficult.

Applications of these devices in con·
sumer products such as TV games, au­
tomobiles, and appliances will be
forthcoming. What is their role in ana­
lytical instrumenlotion? It has been
suggested that their introduction will
have revolutionary effects on instru·
mentation, elmer quostioninK and
further examination of their likely
u.es. however. sugge.tthatthe effects
will be evolutionary ralber lban revo­
lutionary. Their incorporation into an-
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William L. Switzer
Department 01 Chemistry
North Catollna Stato UnlvOf'slry
R818lg11. N.C. 27607

Instrumentation

Asynchronous Serial Computer Interfaces

Figure 1. Multichannel asyncIYonous serial transmitter
Block d&agam shows two Instrunents~ to rwo aetrve et'Ianneb

Table I. Digital Codes 'or DecImal Number 15
-. 0dJl

1_21 1_')
Code '............ ' .............

In Table lthe decimal number 15 is
shown in each cOOe. In each case there

. is 8 one-to-one relationship between
the decimal number and its digital
code. The binary code is simply the
base 2 representation of the number
which is 11112; this code requires the
fewest bits for representing any num­
ber. The BCD representation for 15 is
the base 2 representation of each deci­
mal digit and is 00012 01012; this code
is the easiest for converting bet"jeen
decimal and BCD. The ASCII repre­
sentation precedes each BCD digit
with the three bits 0112 (for numeric
data); thus. 15 is 0110001, 0110101,.
The extended word length of the
ASCII code allows one to represent as
a string of bits. not only numeric cher·
acters, but also alphabetic and special
characters.

These digital codes shQuld not be
ronfused with octyl (base 8) and hexa·

....-
c ,••

' ...
17.

025.
061.065.

decimal (base 16) codes which ere
merely shorthand representations of
the binary codes sIJo--n in Table L
Digital interfaces ai_yo involve only
l1i.-o "le"w" of information, logic 0
and logic I, not 8 or 16 as might be in­
ferred from the use of these bases..

ParaUel vs. SerlaI Tr.1I....1iaIon

If each bit of the digital code is Ii­
mullaDeousIy available, the code is
presented in parallel If each hit is ....
quentially available (one hit at a time)
starting with the least sigrlificant bit,
the code is presented serially. With ....
rial data elchange, timing bec:ome8
espec.ially important since each hit in
the code must be transmitted and re­
ceived during e fmile time interval'
from the beginning of the transmis­
sion. Data exchange bet.....n trans­
mitter and receiver is synchronized
using digital timing techniques. Two

1111,
0001,0101,

0110001,0110101,

BInary
BCD
ASCII

In their REI'ORT in ANALYTICAL
CHEMISTRY, Deuy and Titul (I) re­
viewed many problema auociated
with computer interfacing. They die­
cussed trade·nff. in aelecting and/or
designing an appropriate interface. .
Particularly noteworthy Wei their
"TIL" principle which deacribea the
trade·off. among Time, Talent, and
Lucre. The reallOn often given for de­
signing an interface oneself ie to save
money. But building an interface from
components is inexpensive if and only
if the costs usoclated with time and
talent can be neglected or at leaat
amortized over a number of projecta.
A better reallOn may be that the expe­
rience gained in designing one'. own
interface can greaUy .implify future
interfacing problema.

With even minimal knowledge of
the philosophies of digital data trans­
mission, the scientist with some back·
ground in digital electronics can de·
sign in block diagram fashion a digital
data link between his laboratory in­
strument and a computer or a teie·
typewriter. On considering his block
diagram in more detail, he will likely
become discouraged at the straightfor­
ward but extensive circuitry required.
Designing such a circuit from small­
and medium-scale integrated circuits
is not practical for most novice circuit
designers. Starting from large·scaIe in­
tegrated circuits or multicomponent
circuits will still offer many design
challenges. Herein lies the purpose of
this article, to examine the probl""'"
and some solutions for d..igning an
interface between the user's laborato­
ry instrument and a computer or tele­
typewriter. This article deals with a
very specific, but generally applicable,
type of interface in which the user's
parallel TIL (Transistor Transistor
Logic) output is transmitted in an
asynchronous aerial fashion.

DalaCod••
Before proceeding, let us review the

concepts of a digital code and the two
methods for transmitting that code:
parallel and serial. (This subject is dis­
cussed extensively in ref. I). A digital
code is a string of binary digits, or
bits. This string of bits, logic O's and
l's, has a unique meaning to the inter­
preter. The three most popular codes
are binary, Binary Coded Decimal
(BCD), and American Standard Code
for Information Interchange (ASCII).
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methods are commonly employed:
synchronous and asynchronous serial
data exchange. Synchronous receivers
and transmitters use 8 common clock.
while asynchronous devices use sepa­
rate clocks operated at the same fre­
quenc)'. Synchronous devices transmit
each bit only during specified pulses
of the clock, while asynchronous de­
vices transmit data whenever it be·
comes available. For this reason asyn­
chronous transmission is more suit­
able for interfacing both chemical in­
strumentation and devices such as
keyboards, which produce data ran­
domly with respect to any clock puls­
es. A more detailed comparison of the
two methods of serial data exchange is
discussed by Finkel (2), but further
consideration here will be limited to
asynchronous serial data exchange.

Consider the problem of transmit­
ting 8 bits of digital data. In parallel
transmission, 8 transrpission lines plus
a reference line (9 total) are required;
in serial transmission, only 1 line plus
a reference (2 total) are required. The
main advantage of serial transmission
is that it requires only 8 single pair of
wires. \Vhen transmitting across 8

room. wiring 9 transmission lines and
their associated connectors is practi­
cal, but when transmitting to 8 remote
location, dual-line transmission is usu·

aUy more practical. Even when trans­
mitting short distances, if the data are
transmitted to different receivers on
different occasions. the scientist will
Quickly tire of wirinl{ multipin connec­
tors. Thus. considering the number of
transmission lines. serial transmission
is simpler.

Disregardin~ for the moment the
ob\'ious requirement of more complex
electronics to "catch" data "on·the­
fly". another obvious disadvantaJte of
serial transmission is that data arl'
transmitted more slowly. At first
glance it should take eight times long­
er to transmit 8 bits seriallv than in
parallel. The situation is a~tually
somewhat worse. Consider I he serial
transmission mode used by a teletype.
writer. In addition to a 7-bit ASCII
character. a parity bit. a start bit (sil{­
naling the beginning of transmission),
and two stop bits (a "rest" interval be­
tween transmissions) 8re required.
Thus. a total of 11 bits is transmitted
in order to transmit the i-bit code_
One loses about a factor of 10 in the
transmission speed.

Returning to the illustration in
Table I. one sees that the fastest way
to transmit the number 15 requires ­
transmitting the binary code in paral­
lel. The slowest way requires trans­
mittin~ the corresl>ondin~ASCII code

in a serial fashion; this method re­
Quires 22 times lunKer (2 chorocters X
11 bits each), "resumin~ the serial and
parallel receivers ncccpt bits at the
same rotc. Nevertheless. tronsmittinJ;::
serial ASCII code has the advanUlge or
lJcing nearly universally uccepted by
teletypewriters (if transmitted at 110
baud) as well us nearly all computers.
(The baud rule is the transmission
rate; 110 baud means 110 bits/s, but
these bits include the 7·bit code. the
parity bit. the start bit. and two slop
hits. Each character requires that 11
bits be transmitted: thus. one charac­
ter is transmitted every 100 ms at 110
baun.) \Vith many computers the
baud rate may be J,:reatly increased.
thus increasinJ,: the transmission
sPeed. Besides being compatible with
computer hardware. serial ASCII is
alsu compatible with most computer
software. Man\" Basic and Fortran
compilers can Perform 1/0 directly in
the ASCII code. Cunsiderin~bolh
hardware and software interfarinl{
problems. serinl ASCII datu transmis­
sion is hi~ll1y desirable despite its
slowness and possible problems in
generating th{' ASCII code.

Thus far. primarily data transmis­
siun has been discussed. The re\"erse
operation. dut8 fl·ceptiun. must also
b{' considt'fed. Herein the serially
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transmitted string of bits must be re­
ceived "on·the·ny" and converted to a
parallel format. Any start and stop
bits, which were added on transmit­
ting, must be removed on receiving;
also, the parity must be checked, and
an appropriate error output set.

Universal Asynchronous Recelverl
Transmllter-UARIT

Although simple in principle, trans·
mitting and receiving dam serially reo
quire rather sophisticated electronics.
The novice would be wise I<> avoid
starting from hasic TTL gates. How·
ever, alarge·scale integrated circuit
called a UAR/f (General Instrument
Corp., 600 W. John St., Hicksville,
N.Y. 11802) is available which sacrifi·
ces little in general applicability. In
fact, it would be both time consuming
and expensive for the nO\'ice to design
such a versatile system from scratch.

The UARIT consists of separate
transmitter and receiver sections. The
transmitter accepts bit·parallel input
and produces bit·serial output; the re·
ceiver accepts bit-serial input and pro­
duces bit·parallel output. The trans·
mitter and receiver may be operated
independently of each other (full duo
plex) or in series (half duplex), mean·
ing that whatever is transmitted is
also received. The number of bits in

the code can be selected (lHl bits;
ASCII is a 7·bit code). An optional
parity bit may be added I<> the code
when transmitting or deleted when re·
ceiving (an error nag is set if appropri­
ate), and the parity may be selected
even or odd. The UAR/f also adds the
start bit and stop bit(s) (one or two
stop bits may be selected) when trans·
mitting and deletes them when receiv·
ing. The UAR/f also provides two sta·
tus outputs, one indicating that the
transmitter buffer is empty, the other
indicating that the receiver buffer is
full. The baud rate is determined by
an external clock.

All inputs and outputs on the
UARIT are TTL compatible. Most
modern de-;ces, which are likely to be
interfaced with the parallel inputs and
outputs, will be TTL compatible.
However, serial input and output de·
vices are often not TTL compatible.
The two most popular logic conven·
tions are current loop and RS-232.
Current loop, which is used by con­
ventional teletypewriters and. hence
computers with teletype interfaces,
specifies that logic levels 0 and 1 are
nominally 20 and 0 rnA, respectively.
RS·232, which is used by most mo­
dems, specifies that logic levels 0 and
I are +5 to + 15 and -5 to -15, reo
spectively. (Modem is a device which

codes and decodes logic 0 and 1 as two
different frequencies. This is generally
used for long distance data links.)

Converting between TTL logic lev·
els and current loop or RS·232 and
vice versa is Quite easy. Larsen and
Rony (3) give simple circuits for ac·
complishing this conversion. With
TTL, current loop, or RS·232, inter·
facing can nearly always be accom·
plished.

For transmitting a single character
serially, the UAR/f requires little
more than connecting the parallel in·
puts and starting transmission, while
receiving a single character requires
little more than sampling the parallel
outputs when the device indicates
data are availsble. However, most sci·
entists wish to transmit more than a
single character. The UARIT requires
that each character (or word) be load·
ed in a word·serial, bit·parallel fash·
ion. Building a transmitter/receiver
from a UARIT still requires consider·
able electronic design to load in this
fashion. For many applications, such
as transmitting data from a digital
panel meter, the data are available in
a word·parallel. bit·parallel fashion.
The designer must therefore convert
from this word·parallel format I<> a
word-serial format. On command to

(Colltillued 011 page 1010 A)
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load his transmitter, the data must be
saved, and the first character must be
transferred to the parallel inputs on
the UARtr and transmitted. Then
each successive character must be
routed to the parallel inputs and
transmitted when the previous trans·
mission is complete. Although simple
in principle, designing such 8 circuit
can be quite time consuming.

SERial Data EXchange-SERDEX

A device which more closely meets
the usual laboratory requirement of
transmitting word-parallel, bit-paral·
lei data is the STX 1003 SERDEX
(Analog Devices, P.O. Box 280, Nor·
wood, Mass. 02062). This device.
which was described by Larsen and
Rony (4), retains many of the features
of the UARtr. It has separate trans­
mitter and receiver sections and can
be operated either full duplex or half
duplex. The number of hits per word
can be selected from 5 to 8; parity is
optional and can be selected either
even or odd. The start and either one
or two stop bits are added to the rode.
The baud rate is determined by an ex­
ternal clock. The STX 1003 also pro­
vides switching circuitry for interfac­
ing by current loop.

A companion component is the SCL
1006 clock module which provides the
appropriate clock pulses for selecting
baud rates from 110 Hz to 19.2 kHz.
From a +5-V power supply, it also
proouces -15 V, which is required by
the STX 1003. Thus, the SCL 1006
and STX 1003 may be operated from
8 single +5-V power supply.

Considering first the STX 1003 as a
transmitter. one sees that the princi­
pal difference between the UARrr
and the SERDEX is the abilitv to load
in full parallel, i.e., word-parailel, bit­
parallel, up to 8 words each ha\'ing 4
bits. This ability is sufficient to load
up to 8 BCD or octyl characters in full
parallel as provided by most digital
output devices. Following a load com­
mand, the data are latched and then
transmitted 4 bits of latched data per
character. Transmission continues
until a III J2 is detected; this charac­
ter serves as a STOP character. Trans­
mitting until a special character is de­
tected simplifies the use of this device
in some respects, but complicates its
use in others.

The advantages and disadvantages
arising from the STOP character will
be discussed further below. But re­
turning to the character makeup, one
sees that each of the 4-bit words which
were loaded in parallel is preceded by
1-4 bits depending on the number of
bits of code selected and on whether
parity i. generated. (Preceded here
means the bits are mOft significant;
they are, in fact, transmitted last since
the least significant bits are transmit-

ted ftrsL) The added bits may be load­
ed in a word-serial (not parallel), bit­
parallel fashion. For most interfacing
applications, which require transmit­
ting numeric data only, loading the
most significant bits in this fashion
causes little difficulty. Consider the
problem of transmitting an ASCII
code for a BCD digiL As noted earlier,
the ASCII code for numeric data is the
BCD code preceded by OIl,. The
three most significant bits are always
the same and, hence, may be "hard­
wired" to the appropriate logic le\·el.

\Vhen attempting to transmitsny
data other than numeric data, prob·
lems arise requiring user-designed cir­
cuitr\,. Then one must somehow load
the 8~ppropriate3-bit prefix in 8 word·
serial, bit-parallel fashion. One may
either add three shift registers which
allows him to load the entire 7-bit
code in a word-parallel. bit-parallel
fashion or attempt to generate the ap­
propriate 3-bit prefix as each word is
transmitted. Appropriate synchroni­
zation signals are pro\'ided to facili­
tate either approach. Adding shift reg­
isters is the most versatile approach
for expanding the character set; how­
ever, this requires adding 24 (3 X 8)
parallel input lines to the 32 (4 X 8)
already required. Generating the 3·bit
prefix "on-the-fly" is usuaBy pre­
ferred if only a few nonnumeric char­
acters are required.

The nonnumeric characters, which
are frequently useful, are + and ­
signs, Carriage Return (CR) and Line
Feed (LF), comma, and space. The
"SERDEX User's Guide" (5) is help­
ful in describing how to transmit a
sign; the ASCII characters for + and ­
require a prefix of OOl::!. This reference
also describes a convenient manner for
producing CR/LF which requires a
prefix of 000,. Lorimer and BeU (6)
describe a system in which they sam­
ple and transmit a digital panel meter
nine times before producing a CR/LF.
\Vith minor modifications this circuit
could transmit any number of samples
per line. In their circuit, each trans­
mission is separated from the previous
one by a comma, which requires a pre­
fix of 010,. With minor modification
the comma could be changed to an
ASCII space character, which requires
the same prefix. Adding one or two
nonnumeric characters to a numeric
character set is relatively easy as long
as they occur at exactly the same point
in each transmission (preferably first
or last).

IWturning now to the use of a spe­
cial character to stop transmission,
one can see both advantages and dis­
advantages. AB mentioned earlier, a
1111, serves as the STOP cbaracter.
Depending on which of severaJ 3-bit
prefixes precede this, several charac­
ters in the ASCII set will terminate

transmi..ion, On the one hand, having
even one character terminate trans­
mission is 8 disadvantage since trans­
mitting the entire ASCII character .et
is difficult, although not impossible,
since one can inhibit detection or the
STOP character. On the other hand,
having more thon one character stop
transmission is an advantage. since
the user can stop transmission with
one of several characters which can be
generated under different conditions.
Depending on which STOP character
is detected. the user's computer can
tell which condition caused termina­
tion.

On examining the SERDEX more
closely, the STOP character is reaUy
X1Xllll. where X may be either 0 or
I. The STX 1003 changes this to a
XOXIIll" if detection or STOP has
not been inhibited. The reason can be
readily seen. Since the three most sig­
nificant bits will usually be Oil, for
numeric data. the resulting ASCII
character is nonprinting, if the STX
1003 changes these to 001,. This
means that with a teletypewriter the
STOP character will be deleted from
the printed outpuL

However, other problems with the
STOP character csn still arise, as Lo­
rimer and BeU (6) point out. In trans­
mitting to their computer, which is
programmed in Fortran, the STOP
character is illegal and causes an input
error. These authors describe a meth­
od for deleting the STOP character by
shorting the current loop outputs from
the STX 1003 when STOP is detected.

Considering now the STX 1003 as a
serial receiver, one finds very little dif­
ference between the SERDEX and the
UARrr. Both provide word-serial, bit­
parallel outpUL However, the STX
1003 also decodes certain special char­
acters providing an open-collector,
pulsed output when anyone of these is
detected. These special characters in­
c1ud.: ?, " ~, !, " =, and S. These
characters generate useful output
pulses for controlling the user's instru­
ment.

Multichannel Data Transmission

As already discussed, the UARrr
requires little additional circuitry to
transmit one ASCII character. Simi­
larly, the STX 1003 requires liule ad­
ditional circuitry to transmit as many
as eight ASCII characters as long as
only numeric characters are allowed.
But for transmitting more than one
channel havinK as many as eight char­
acters each, the user must design his
own circuit. In our laboratory, we built
such a multichannel transmitter. With
this device, we wanted to transmit
channel-parallel, word-parallel, bit­
parallel data. Desiring to minimize the
design effort, we chose the STX 1003
88 the basis for this intarface. Using
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figure 2. Special character generator
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and numeric data. The EOT character
differs from the STOP in that it sig·
nals the SYS/7 to terminate a run.
Note that we have taken advantage of
having multiple STOP characters.
Both EOT and STOP terminate
transmission from the STX 1003. but
STOP only indicates to the SYS/7
that transmission of each channel is
complete, while EOT signals the end
of a data acquisition sequence. Except
for the +, -, and CR, the lowest order
four bits are loaded from the data bus.
The + and - signs are generated using
circuitry suggested in the "SERDEX
User's Guide" (5). The lowest order
four bits for a CR are identical with
those for the - sign and thus pro­
duced 88 if for a - sign. The special
character generator. shown in Figure
2, produces the three most significant
bits of the ASCII code excluding pari­
ty. By default, this circuit producea
0112 for numeric data and STOP. But
for CR and LF it produces ()()()2 and
for +. -. and EOT, 010.. Parity is gen­
erated internally by the STX 1003.
Figure 2 serves to illustrate how com­
plicated the circuitry becomes to pro·
duce even this limited set of nonnum­
eric ASCII characters.

Figure 3 shows the data bus over
which data and control logic from each
channel are routed to the STX 1003. A
channel is activated by grounding a
single pin on the inpul connector. Ov·
ernow, end of transmission, and end of
conversion are held HI if the channel
is not active. These are the no over·
now. no end of transmission, and con·
version completa conditions. If a chan·
nel is activatad. each control input
must be held at the eppropriata logic
level by the input device. The aign and
each bit are sequentially gatad onto

Only those channels connected are
queried and transmitted. Each chan­
nel is routed sequentially onto a data
bus. The system has been built with
only two channels, but is expandable,
and the control logic has been bread­
boarded with four channels. The con­
trol block also activates appropriate
indicator lights on the displsy panel
and accepts certain manual override
inputs.

Table II shows the allowed charac­
ter set, which consists ofLF. CR, +,-,
End Of Transmission (EOT), STOP,

Table II. Character Set
LF 0 0 0 0 1 0 1 0
CR 1 0 0 0 1 1 0 1

+ 0 0 1 0 1 0 1 1

- 0 0 1 0 1 1 0 1

EOT 1 0 1 0 1 1 1 1

STOP 0 0 1 1 1 1 1 1

NUMER- X 0 1 1 X X X X
IC

the STX 1003 requires scanning each
active channel to load and transmit
data. The system is constructed so
that the user's laboratory instrument
communicates with a data acquisition
computer, an IBM SYSn in our case.
One may substitute a teletypewriter
for the SYSn, allowing the same in­
strument control from a keyboard. For
obtaining a printout of data and for
debugging computer-controlled data
acquisition, this teletypewriter com­
patibility has proved valuable.

Figure I, which shows a block di­
agram of the system, illustrates the
complexity of a multichannel trans­
mitter. The master control coordi­
nates the interactions of all other com­
ponents in the system. The special
character generator and each channel
are connected via a common control
bus. Tbe STX 1003 and displsy are
connected via other lines. On receiving
an inquiry, which is the ASCII charac­
ter for "?", the STX 1003 produces a
pulse which starts the sampling se­
quence. From each active channel, the
master control waits for a return sig.
nal indicating valid data at the inpuis.
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The Mettler Connection.
IT PUTS YOU IN TOUCH WITH THE DIGITAL WORLD.

The Melller Connection Is the BCD output that's built into
most Melller electronic balances. Suddenly you can do
more than just weigh with your balance. BCD adds another
dimension, giving you some very interesting connection
po!lsibllities.

Some 01 the posaIbUIlIes. For example. plug in the Mellier
GA20 Calculating Printer and you have a printing balance.
It prints out transferred weighing data. keyed-in values
and calculation results automatically as well as operating
as a lour-function calculator. Or, attach the BCD output
to our GCll Weight-Count Converter. Now you have a
system to count smalt parts or a system to convert grams
to ounces. grains. pennyweights, etc. Connect the balance
to a GC10 Digital Comparator, Here you have an Ideal
module when applications call for accurate dispensing
01 powders or liquids, or for simpler. more reliable
checkwelghlng.

Reliable and easy to .......our haIIMrllL Simple to use.
these dependable Mettler top-loading balances are avail-

able with capacities from 320 g
to 15 kg. with corresponding
readabilitles of Q.OO1 g and 0.1 g.
They give reliable. reproduo­
ible results In 1.5 seconds. One
touch bar control turns the
unit on or off. sets zero or tares.
And all our elec1ronic balances
are backed up by standard
warranties plus a field torce
of 40 service technicians
nationwide.

Get In touch...lf you need a balance with multi-<:onnectlon
possibilities. call Mettler. If you don't need this capability
and just want a balance that does superb weighing. call
us anyway. Our balances range from the very basic to
the very sophisticated-both mechanical and electronic.
You just match one up to your requirements. Our phone
is (609) 448-3000. If you prefer to write. we are: Mettler
Instrument Corporation. Box 100. Princeton. NJ 08540.

CIRCLE "2 ON READER SERVICE CARD
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Figure 4. Expandable ring counter
Genonltes gating pulses 'or -,",Iy <OUting active d>annols on!<> dota bus. CHAN SCAN: clod<
putse which~ dwIneI gate: NT: LO to k\lUallze .u COU'\t.,.. and flip flops: G' and 02: H 10
route data onto bus: aAST: LO -.en last IldtYe~ OIted onto bus

Figure 5. Channel scanner
s.- balh to trigger STX 1003 'or beginning trlllltni..1on 01 oocIl octJvo _I and to odvllllCO

=~~octJv;:::~"'"::to~~E~C:==;~~;~=~~com-
_.ond nip ftopI;1J!i.r: pooItlve odgo olgnaIo STX 1003 eval_ tor ,elolldlng; GI: HI_t...
_ gated on!<> data bw; CHAN SCAN: MgaIJvo odgo loeclI STX 1003. poohlvo odgo _--

edge transition of XMIT'. Mon08table
M2 clears the RS flip nop which loado
the second channel and starts its
transmission. Alternately, the channel
gate will be advanced and transmis­
sion will begin until G1 again returns
HI, indicating that all channels have
been transmitted. M2 will again be in­
hibited until a new end of conversion
is detected.

This data acquisition system has
served our laboratory well. It ap-

transmission. XMIT' is generated
with external circuitry and remains HI
long enough (or transmi;rMi;e addi-
tional ASCII character. is the
complement of XMIT'.) Ifonly one
channel is connected, GI, the gate
·pulse to cI1annell, remains HI. This
inhibits M2 from triggering on XMIT'
and leaves CHAN SCAN HI. If, how­
ever, more than one channel is con­
nected, G1 goes LO on the ftrSt posi­
tive edge activating M2 {or a positive

Table III. Channel Gate TrUth
Tables

01 G2 G:I

ONE CHANNEl 1 0 0
TWO CHANNELS 1 0 0

0 1 0
1 0 0

THREE CHANNELS 1 0 0
0 1 0
0 0 1
1 0 0

the data bus by the channel gate.
Table III shows the truth tables for

the channel gates. These truth tables
depend on the number of activated
channels. Ifonly one channel is con­
nected, then channel 'One is always ac­
tive and all other channels are inac­
tive. If two or more channels were con­
nected, then each would be gated onlo
the data bus and following transmis­
sion of the last channel, the gate con­
figuration would return to its initial
state. This gating sequence is accom·
plished through an expandable ring
counter and a retriggerable RS flip
flop, the channel scanner_

Figure 4 shows the expandable ring
counter. The first channel requires
one JK flip flop and two NAND gales;
each other channel requires one JK
flip flop and one open-collector
NAND gate. Outputs GI and G2 are
the gate signals for channels 1 and 2.
respectively. If only one channel is
connected, GI remains HI and G2 re­
mains LO on the positive edge of a
dock pulse produced by the chan nel
scanner (CHAN SCAN). If, however,
a second channel is connected, G I be­
gins HI while G2 is LO, but on the
first positive edge of CHAN SCAN,
G2 goes HI and G1 goes LO_ On the
second positive edge GI returns HI
and G2 returns LO.

The channel scanner, which gener­
ates the clock pulse to advance the
channel gates, must produce one pulse
if only one channel is active. two if two
are active, etc. Figure 5 shows the cir­
cuit which accomplishes this_ It con­
sists of two monostable multivibrators
and one RS flip flop made from
NAND gates_ The RS flip flop, which
is the channel scanner output, is ini­
tially set to HI. On an end of conver­
sion (all conversion complete), mono­
stable MI clears the RS flip flap. This
loads the STX 1003 and starts the
transmission. Tbe STX 1003 sends a
shift pulse indicating transmission has
begun; this resets the RS flip flop. If
mon08table M2 is activated, it again
clears the RS flip flop on the positive
edge of XMIT'. (XMIT is an output
{rom the STX 1003 which is HI during
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With An Incas MS Data System
You Can Do This And A Lot More

=- :: u:

Reconstructed gas chromatogram and isometric chrorn..ato-­
gram map. This usdul. time---saving displ~y form.at is unique
to Incos data systems. Mass spectra or mass chromatognms
lThly be displayed in a thfft-dimensional fonnat oith... bofo~
or after data enhan~ment. The operator specifin ~ range of
scan numbers and a mass range or list of individual mass re­
gions. A fragmentation series or p~rent ion series can be dis.­
played quickly in the isometric format and interpreted imme­
diately.

Incos system hardware embodies the latest advances in
solid-state microele'CtroniC'S. The ttntral procesing unit
is a NOVA 3. 1o-bit-word minicomputer with 700 ns«
cycle time. The dual-disk drive is a top-loading unit
operating at 2400 rpm with an average acuss time of SO
msec. Data storage capacity is 1.25 million 1o-bit words
per disk, or a total of 2.S million words. Capacity can
be increased to S million words with the optional dual­
density featu~. The printer/plotter is a Versatec SOOA
SOO-Iin...per-minute electrostatic printer/plotter with
very high print quality. The keyboard graphic display
terminal is a Tektronix 4010 with a S.6" X7.S· screen.

• Simultaneous data
acquisitionl processing

• Both high and low resolution mass
spectrometer interfacing

• Both quadrupole and magnetic system
control

• Simultaneous multiple instrument
interfacing

• REmote DIagnostics
• User Fortran programmable
• Accurate mass assignment
• Automatic GC/MS data enhancement
• Instrument diagnostics
• Multi-parameter library searching
Combining state-of-the-art hardware, modular Fortran
programming, and advanced design con~ts, Incos da­
ta systems offer proven capabilities that greatly 6tend
the power and versatility of any mass spectro_ter.
They also offer the most complete software package
available, enabling you to obtain accurate data in the
format best suited to your needs.

An Incos data system can process data ast~ are being
acquired. process previously acquired data files while
new data are being acquired, or run any Fortran pro­
goam you wish while the system is acquiring data.

Incos data systems can be interfaced to any make or
type of mass spectrometer-high or low resolution.
magnetic or quadrupole. They can be interfaced with
any desired combination of mass spectrometers, and
can provide simultaneous operation of the MS systems.
Additional display terminals at remote locations can
also be accommodated.

In addition to several diagnostic programs that enable
the operator to optimize overall performance parame­
ters. the system has remote diagnostic capability. A
modem enables the user to establish a direct telephone
link between his data system and any Incos service cen­
ter. This enables problems to be diagnosed quickly and
service provided rapidly.

Send for the brochure describing the many features
that make the Incas systems the most advanced and
flexible MS data systems available. Incos data
systems do so much more. Why settle for less? For
your GC/MS data system needs-ask the specialists.

Incos
lncos Corporation

A wholly owned subsidiary of Finnigan Corporation
1332 Sixth 51.

Berkeley, CA 94710

CIICLE 79 ON IEADEI SfIVlCE CAID
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From Signal Averagers
to complete Fourier Transform

Infrared Spectrometers ... Nicolet
is helping solve measurement

problems in over 2000 Laboratories
Around the World

For over ten years Nicolet
Instrument Corporation products
have been used to analyze scientific
and engineering problems around
the world. The continuous expansion
of the Nicolet product line from one
single line of signal averagers in 1965
to its present diversified product
group has certainly enhanced the
versatility of, and demand for,
Nicolet instrumentation.

The 1070 signal averager has,
for over eight years, served many
areas of scientific research in
providing reliable signal averaging
with post-averaging processing
capability. Nicolet has incorporated
many new technological advances
into the 1070 over the years but the
measurement capabilities have
maintained a wide range of
versatility over the years. Nicolet
recently introduced an inexpensive,
single input signal averager, the
NIG-527, for applications which do
not require the 1070's versatility.

CJRClE 15\ ON READER SERVICE CARD

The Nicolet l090A EXPLORER
Digital Oscilloscope. the other kind
of oscilloscope, is in service testing
hockey helmets for shock
absorption. analyzing pulsed nmr
signals in liqUid crystal research,
searching out leaks in nuclear
reactor coolant systems, capturing
stress and strain data in materials

testing and making measurements
in hundreds of other applications that
require its accuracy, resolution, and
ability to interlace to other
instruments for data recording or
modification .

CIRClE. 152 ON READER SERVICE CARD

Nicolet data systems are in
worldwide use for nuclear magnetic
resonance chemical analysis
determining the structural and
motional characteristics of a wide
range of chemical systems. Other
applications of the new NIG-1180
data acquisition and processing
system include flash photolysis
apr studies, ESCA and auger
spectroscopy, and laser raman
investigations.

ClRCtE 153 ON READER SERVICE CARD

Fourier Translonn NMR
accessories, designed and
manufactured by Nicolet Technology
Corporation, are in use on
instruments such as the XL-l00,
HR-220, T-60, R-12 and R·32. NTC
has announced a new high resolution
FourierTranslorm Ion
Resonance Mass Spectrometer
which offers greatly improved
resolution and sensitivity along with
the ability to examine higher
molecular weight compounds.

CIRCLE \54 ON READER SERVICE CARD

The first Nicolet Fourier
Translonn Inlrared Spectrometers,
which incorporate the NIG-1180,
have been installed recently, and are
already being employed for studies
of chemical structure and dynamics.
Worldwide this unit is in use in
analytical chemistry laboratories
taking advantage of the increased
sensitivity and ease of operation
offered by an FTIR system compared
to conventionallR analytical
techniques. The unique Nicolet
FTIR software package makes this
system even more versatile.

CIRCLE 155 ON READER SERVICE CARD

What about your signal
processing requirements? If you
have a signal averaging, data
acquisition or spectroscopy-related
measurement problem please phone
or write to describe your needs.

laE NICOLET
_ INSTRUMENT

CORPORATION
5225 Verona Road
Madison, WisconSin 53711
Telephone: 608/271·3333
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proaches very closely the "ideal" com·
puter interface with which the usen
can wire for each channel a .ingle, par·
allel connector between his inatru·
menUs) and this system and operate
his instrument under control of the
device linked serially with the STX
1003. Beside. operating this interface
with teletypewriter and IBM SYSn,
we have also operated it with an Altair
8800 microcomputer. We have used
the interface both full duplex and half
duplex. We 01.0 have a limited capo·
bility for selecting the baud rate
through control logic.

Future Serial Compute, Interfac..

But despite the versatility of the
system built around the STX 1003,
microprocessors will undoubtedly play
an important role in fulure serial com­
puter interfaces. With an B-bit micro·
processor and its clock, a parallel I/O
port. and a serial 1/0 port, one could
eliminate the need for almOltany
electronic design. Under program con­
trol, one could select andlor change
baud rates, codes, numbers of chan­
nels transmitted. and formalS. Design­
ing microprocessor+controlled serial
interfaces would be reduced to wiring
a parallel input connector and to pro­
gramming a PROM (Programmable
Read Only Memory). Changing the in­
terface tailored for one instrument to
that for another would require chang­
ing PROM's. Standard. high-volume
serial interfaces between commercially
available instruments and commer·
cially available computers would re­
quire the same microprocessor-based
interface and a much cheaper. mass­
produced ROM (Read Only Memory).

In summary, serial computer inter­
faces can be made quite generally ap­
plicable for interfacing many instru·
ments having parallel I/O with com·
puters and many hard·copy devices_
Serial interfaces suffer only when reo
quired to handle extremely high data
rates. Finally, one should not underes·
timate the power, simplicity, and con·
venience of B single pair of wires for 8

computer interface using serial data
exchange techniques.
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• 80 MHz operation for protons
(20 MHzo~ for 13C)

• 10 min variable temperature probe capability

• FullV multinqd... wi1h pre-tuned plug-Ins

• Quadreture phase d81llCtlon

• GI8'III188d SIN for 13C 150:1 on ethylbenzene
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analytical
chemistry

Chemical Characterization

A modernized name for qualitative analysis is chemical character·
ization, a name that implies a more detailed identification than the
classical detection of elementa or compounds in a eample. Thus chemical
characterization may involve the identification of the oxidation state,
coordination state, crystalline form, distribution of impurities, surface
structure, and many other types of information besides composition.

Even if we are dealing with composition, we can visualize many
"nonclassical" situations arising, for example the identification of
transient species or steady-state occurrence of activated species in the
upper atmosphere or molecules in intergalactic space. What about
identification of larger unita than molecules in biological systems? It
seems difficult to draw the line between macromolecular species, miceIler
units, membranes, organelles or cells, all of which have a characteristic
chemical makeup. Somewhere along the line we begin to use functional
descriptive names such as egg albumen or E. coli mitochondria that
adequately characterize the material for the intended purpose.

We come to the nub of the matter when we recognize the problem·
oriented nature of chemical characterization. or for that matter ofana·
Iytical chemistry as a whole. Chemical characterization includes as much
or as little detail as is necessary for the problem at hand. For some sit·
uations it is entirely adequate to report elemental composition in the
classical way, but if the problem being tackled requires more detailed
information, it is necessary to seek it. A good example is particulate
matter in the atmosphere. A fll1lt-level characterization is simply to
collect and weigh fllterable particles in a known volume of air. A second
level of sophistication involved a breakdown by particles size distribu·
tion. A third level is to examine the size fractions for elemental compo­
sition. A fourth level is to determine the nature of the individual perticIea
(e.g., silica, rag weed pollen, lead halides, etc.). A ruth level is to char­
acterize specific crystalline forms (e.g., various forms of asbestos). Each
of these characterizations has a place appropriate to an environmental
problem. It is the responsibility of the analytical chemist to choose the
characterization method to yield the needed information efficiently, i.e..,
without wasted effort.
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Long-Lived Potassium Ion Selective Polymer Membrane
Electrode

Oliver H. LeBlanc, Jr.· and W. T. Grubb

General ElectrIc RaS8lUch and Development Gantar. Schanactady. N. Y. 12301

Long-lived polaulum-selectlve eleclrodes were construcled
from membraneslncorporallng polaulum valinomycin telra­
phenylborale 8811 In a polymeric malrlx. The polymer was a
block copolymer 01 poly(blsphanol-A carbonate) and poly­
(dlmelhylslloxane) wllh suftlclenl cyanoelhyl subl1ltullon In
the laller to provide a dleleclrlc conl1anl 015.2. Nearly Ideal
Nernsllan response 10 K+ from 10-5 10 10-1 N was observed
over more than 3 years 01 exposure 10 neulral electrolytes.

Following the discovery by Mueller and Rudin (J) that the
macrocyclic antibiotic Valinomycin induces specific K+ ion
conductance through lipid bilayer membranes, Stefanac and
Simon (2). and many others since. employed Valinomycin as
a neutral carrier to construct practical K+ -ion-selective
electrodes; see the review by Buck (3).

In 1970 (4). electrodes incorporating Valinomycin as the
K+ ion carrier were prepared in a special elastomeric poJysi­
loxane poly(bisphenol.A carbonate) block copolymer matrix
(5) prepared by the late Johannes F. Klebe of our laboratories.
The use of this copolymer membrane in pH·sensing electrodes
for in vivo biomedical applications has been described (6).
Such block copolymers containing about 50% of each con­
stituent polymer are actually heterogeneous. two-phase sys­
tems. the poly(siloxane) blocks comprising a continuous,
amorphous phase through which molecular transport occurs
rapidly. as in all silicones. while the poly(carbonate) blocks
form a discontinuous, crystalline phase that cross-links the
structure (7, 8). Because such cross-linking is destroyed by
poly(carbonate) solvents. such as methylene chloride, these
elastomers are solvent castable, a useful property.

If such copolymers contain only dimethylsiloxane moieties
in the poly(siloxane) blocks, they do not perform well in ion­
selective electrodes 88 matrices for ion-specific carriers. Pre­
sumably. their dielectric constants (2.5-3.0) are too low to
permit significant ion unpairing or electrical charge injection
at the aqueous/membrane interfaces (9). Adding ionic carriers
of various sorls to them yielded membranes of very high
electrical resistances and erratic transmembrane potentials
between aqueous solutions containing the transportable ions.
Accordingly, Klebe synthesized modified copolymer materials
in which the poly(siloxanel blocks were a random sequence
of dimethylsiloxane and cyanoethylmethylsiloxanes. Suffi­
cient cyanoethyl groups to yield a dielectric conslant between
4 and 13 gave copolymers which performed well in ion-selec­
tive electrodes. Klebe also achieved improved hydrolytic
stability of these copolymers by employing a carbamate
linkage. rather than the more customary aryl-oxy-silicon
linkage between the poly(siloxane) and poly(carbonate)
blocks. Synthetic procedures are described in detail in Ref.
4.

K+ ion selective electrodes formed by simply incorporating
neutral Valinomycin (Calbiochem, LaJolla, Calif.) into films
of the above polymers showed some K+ response. but resis­
tances were so high (~109 (j) that measurements of trans­
membrane potentials were exceedingly difficulL Using the salt
formed between the K+ : Valinomycin complex cation and the

tetraphenylborate anion yielded much lower resistance
membranes with good K+-response characteristics.

EXPERIMENTAL

The electrodes were constructed using the poly(siloxane)-poly­
(bisphenoJ.A carbonate) block copolymer preparation specifically
designated llS example number 2 in Ref. 4. This contained 52% si·
laxone, with 2.2 dimethylsiloxanes per cyanoethylmethylsiloxane with
f) static dielectric constant of 5.2. and an intrinsic viscosity of 0.3 dllg
in chloroform at 25°C.

The carrier salt was prepared from potassium tetraphenylboratc
precipitBted from aqueous solutions of KCland sodium tetraphen­
ylborate. After careful washing Bnd drying 3.3 mg (9.2 mmo!) of this
salt plus 12.2 m~ (10.9 mmo)) of Valinomycin were dissolved in 8 ml
of methylene chloride in about 3 h. (Potassium tetraphenylborate is
insoluble in methylene chloride, but the complex salt is soluble.) The
complex salt formed more rapidly in the mutual solvent acetone,
which wus removed in vacuo before dissolving the solt in methylene
chloride.

The complex salt in methylene chloride W85 added to methylene
chloride solution of the block copolymer to obtain about 3% solids in
solution consisting uf:l.O parts saJt to 100 parts copolymer by weight.
After filtering through n g-loss frit to remove any particles, the solvent
was partially evaporated until there was about 7% solids solution. This
solution was poured onto a glass plate, allowing it to spread freely, and
allowed to dry overnight with a Petri dish cover to slow solvent
evaporation. The resulting film, 60-90 ~m in thickness, was peeled
from the plate. It was tough, rubbery, colorless, and slightly cloudy,
pruhably indicating that the complex salt was prcsentslightly in ex­
cess of its solubility in the copolymer.

Small circular disks 6 mm in diameter, punched from this film Ytith
a stainless steel punch. were incorporated in two eleclrodes whose
structure is shown in Figure 1. The electrode body was a lO-cm length
of Pyrex tubing. S.O-mm o.d. and 3.3-mm i.d., with ends ground flat.
One end of the tube was coated y,;th a small quantity of silicone rubber
cement (RTV 108, General Electric, Waterford, N.Y.), the tube
mounted in 8 micromanipulator, and the cement·coated end lowered
into concentric contact with the slightly larger 6.0-mm diameter disk
of the K+ -sensitive film. The silicone rubber cement W85 allowed to
cure overnight, forming the first of two seals between glass and
film.

Making of the second seal WlUt simplified by use of a shaped sleeve.
This had been preformed from heat-shrinkable polyolefin tubing
(Flexite PO-135, expanded i.d. 6.3 mm, recovered 3.2 mm, L. Frank
Markel & Sons. Norristown, Po.) by shrinking it onto a Tenon poly­
mer rod machined to two diamet.crs of 5.0 and 6.0 mm with a rJIoulder
I.>etween. The Pyrex glass tube was held vertically with the membrane
at the top. ond the shaped sleeve positioned about half-way up the
tube with its larger diameter facing upward. The llI1nular space be­
tween the sleeve and the tube was fillE:d by injecting more of the
RTV-108 silicone from a syringe. The sleeve was then slid upwards
until it touched the membrane. The outer edges of the membrane were
gently pressed down to make good contact with the silicone rubber
cement, which then was allowed to cure overnight.

Thus, two independent seals were formed sequentially, providing
better assurance against pinhole leaks. The silicone rubber cement
used to make these seals adheres extremely well to poly(siloxane)
materials, and also to clean glass surfaces.

An internal reference element consisting of a chloride silver wire
was sealed into 8 sized piece of the heat-shrinkable polyolefin tubing.
A vent hole W85 provided in this to facilitate final assembly of the
electrode, after it was filled with a reference electrolyte solution, by
simply sliding the snugly-fitting polyolefin tubing onto the open end
of the Pyrex glass tube.

The two electrodes constructed on November 11, 1970, have had
slightly different histories. Electrode A was stored wet at room tem­
perature, filled with and immersed in a solution of either 4 mM KCI
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Figure 1. Construction of the elecU'oOes.

Table I. Resistance as Function of Time Elapsed Since
Beginning of Continuous Storage in 0.15 M NaCl,
O.ol M KCI

Electrode A Electrode B

Date Time. Resistance. Time. Resistance,
tcsted days Mn days Mn

11/25/70 14 22
12/10/70 29 20
1/20/71 70 27
4/22/71 103 21
5/11/72 547 35 384 22
11/13/72 733 35 570 17
5/17/72 917 30 754 18
11/19/73 1104 35 941 18
2/10/76 1917 29 1754 6

Internal electrolyte: 140 mM NaCl plus" mM KCI. Reference electrode: sahl8tecl
calomel. External solution: (0) KClalone; (0) KCI plus 140 mM NaCI. The K+
Ion concentration in Hyland serum was calculated by Interpolation from the
potenUals mea5lXeclln it, In 1 mM KCI plus 140 mM NaGI. and .... 10 mM KCI plus
140 mM NaC). Value found: 4.1 mN; Hyland assay: 4.3 mN

and 140mM NaC) or IOmM KCland 150mM NaCI. E1ectrodeBwas
stored dry for approximately five months and in the swne manner as
Electrode A since then.

From time to time, the electrodes were briefly removed from storage
for testing. The internal electrolyte solutions were renewed if neces­
lisry. Electrode potentials were conventionally measured against a
reference elecLrode using high impedance electrometers or pH meters.
Electrode resistances were measured by a variable frequency audio
bridge with extrapolation to zero frequency or by measuring the
electrode potentials as a function of imposed shunt load resistances.
All data were obtained at room temperatures, 23 ± 2 °c.

Calif.) is shown in Figure 2. The agreement with the Hyland
assay shows that these electrodes can be used to determine K+
ions in plasma or serum.

For three years after they were constructed, the response
time of both electrodes was such that steady potentials were
obtained in less than 1 min after changing the external 801u­
tions. This was probably limited by the time of mixing.

Electrical resistance was monitored as 8 sensitive measure
of the stability of ion selective electrodes (probably more
sensitive than the electrode potential itself). The resistance
will undergo changes due to deteriorations in either the "liquid
membrane" matrices or the carrier systems, or due to the
development of pinhole leaks, long before any of these phe­
nomena lead to detectable changes in electrode potential
characteristics. The resistance data obtained on the present
electrodes are listed in Table J. They demonstrate that the
electrodes were surprisingly stable for 3 years, with detectable
changes occurring at 5 years.

At 5 years of age, both electrodes had deteriorated, as
judged by all criteria for evaluating their performance. The
resistances had noticeably decreased. The potential response
to changes in external IK+I was now sluggish, steady potentials
being reached only after as long as 5-10 min. The static re­
sponse was now low; the potential now changed only +50 mV
for electrode Aand +54 mVfor electrode B when the external
solution was changed from 1 roM KCf to 10 roM KCI.

The reason for this ultimate deterioration in performance
is not certain, but all the observations would be consistent
either with the development of Na+ (or CI-) interference in
the membrane proper or with the development of pinhole
leaks around or in the membrane. The latter is considered
more probable.

CONCLUSION

The long life of these electrodes is remarkable. Clearly, the
poly(siloxane)-poly(bisphenol-A carbonate) block copolymer
synthesized by Klebe is quite stable in contact with neutral
aqueous solutions. The potassium Valinomycin tetraphen­
ylborate complex salt remained active in the membrane
during a 3-year period without dissolving into the aqueous
solutions or hydrolytically decomposing. Similar long life
behavior has also now been observed with ion-selective elec­
trodes constructed using plasticized poly(vinyl chloride) as
the "liquid membrane" material (10-17), which suggests that
the phenomena may be general to electrodes constructed with
noncrystalline polymer matrices. The electrodes of the present
paper have utility in biomedical applications such as blood
serum K+ determinations.

The deterioration in transmembrane potential and response
time properties and the accompanying decrease in electrical
resistances at 5 years'life may indicate the onset ofelectrolytic
shorting paths through or around the membranes. The uae of

HYLIlCl SERI.Ol'
42"

'64

'10
'2

-46
-48

!1
;0 ,

I -92
-!OOj-1I6/
~--I~O....-----eIO'! 10"

EXTE1l!IAI. I<CI CONC£JfTRATlOfI IlIOlES/ll

Figure 2. Electrode potential as a function of K+ Ion concentration

RESULTS AND DISCUSSION

Static potential response of electrode A to variations in
external K+ ion concentrations is shown in Figure 2; the
characteristics of electrode B were indistinguishable. The
same response, repeatedly observed for both electrodes for a
period of three years was nearly linear from 10-2 to 10-5 N
IK+I and not exactly linear at higher concentrations because
of the variation of activity coefficients. For example, the re­
sponse was 56 ± 2 mV when the external solution was changed
from 1 mM KCI to 10 mM KCI at 23°C. This is Nernstian
behavior considering the activity coefficient differences be­
tween these two solutions.

To determine if the electrodes are useful in the determi­
nation of IK+) in whole blood plasma, separated plasma, or
serum, in which Na+ is present ("'140 mN Na+ vs. "'4 mN
K+), potentials were determined in the presence and absence
of 14()...150 roM NaC!. As Figure 2 ahows, the addition of NaCI
generally decreased the electrode potential, as expected for
activity coefficient effects, rather than increasing them, as
would be expected for Na+ ion interference. A test of recon­
stituted human blood serum (Hyland Clinical Control Serum,
Hyland Division, of Travenol Laboratories, Los Angeles,
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thicker membranes or even better adhesive or sealing proce­
dure might yield electrodes with longer life.

Finally, the elastomeric copolymer applied in this work may
be useful as a host matrix for other ion-selective carriers,
providing improved stability and lifetime.
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Determination of Subnanogram Amounts of Fluoride with the
Fluoride Electrode

Alan S. Hallsworth,· John A. Weatherell, and Dan Deutsch

Department of 0nJ! Biology. Dents! School. University of Leeds. Leeds LS 1 3EU. Englend.

An extre_ly ..nslllve method of determining fluoride with
the OrIon electrode Is described having an ebsolute detection
limit of 10 PO (10-11 g) of F-. One-microliter volumes of
sample solution are conllned liS thin Illyers between the f1uo­
rIde-lon aenaIng element of a atendard Orton IIIectrode llIld the
flat ....v..junctlon of II Clliomel reference eleelrode mounted
Immedilltely below It. One hundred plcograms (10-1• g) of F­
hllYe thus been determined with II precision (relative standard
deviation) of 5%: the precision Improving to 2.8% lit the 1-ng
level. Sample prepllretlon procedure. and II fluoride micro­
dlIIuaIon technlque of great 88rlIfIIvIIy and range «1 ng fo 100
ng F") lire also deecrlbed. These techniques, while developed
primarily for the mineralized tlaaues, clln be u..d to IInlllyze
many 04her f1uorlde-contlllnlng meterlals. Similar electrode
llaaemblles. used to determine ultrlunlcroamounta 01 chloride
Ion (1 ng) lind hydrogen Ion lire discussed.

The Orion fluoride electrode (J) has been used to determine
less than 100 pg of fluoride ion with reaBonable accuracy and
precision, this high sensitivity being achieved by using e
minimum convenient sample volume of 1 "I. The fluoride
electrode, without modificotion, is used with a separate ref­
erenee electrode and a special ground-sleeve junction.

A fluoride diffusion technique of comparable sensitivity is
used when the semple fluoride content is extremely low and
must be coneentrated into e amalI volume of solution to enable
accurate measurements to be made, or when some of the flu­
oride is complexed by sample components.

Th... analytical methods Mve been in use for a number of
years, being employed by the authors to measure fluoride
concentretions in dental enamel, dentin. bone, and other bi­
ological meterials. They can, however, be applied to a wide
range of fluoride-containing materials. The principle upon
which the electrode assembly i9 based has been similarly ap­
plied to the ultremicrodetermination of chloride and hydrogen
ions and could, with litUe difficulty, be used in the electrode
determination of many other ions.

EXPERIMENTAL

Apparatus. Sample Preparation Block. Solutions of samples
soluble in 1 M perch10ric acid are prepared in 5O-joll capacity chambers
or microtubes (2.5-mm diameter X 10 mm deep) drilled in a block of
polypropylene (Figure 1). Before use, the sample block is cleaned by
immersion in 10% Decon 90 at 80 °C for 60 min, rinsed with fluc·
ride·free water and then immersed in 30% perchloric acid at 80 °C for
about 20 min, care being taken to ensme that the acid completely fills
each chamber. The block is rinsed at least 6 times with fluoride-free
water and dried in vacuo over sodium hydroxide pellets.

Fluoride Microdiffusion Cells. Diffusion cells were made from
polypropylene specimen·embedding capsules and push·fit polyeth­
ylene stoppers <Figure 2). The embedding capsules (a-mm diameter)
may be obtained from TAAB Laboratories, Reading, England. The
polyethylene stoppers (Reference 39IH/lOOl) are available from
Johnsen & Jorgensen Ltd., London S.E.7, England. Prior to use, the
capsules and stoppers are cleaned with laboratory detergent and 3096
perchloric acid as described above.

Fluoride Electrode Assembly (Figure 3). This consists of an Orion
nuoride electrode, models 96-09 or 94·09; a saturated calomel refer­
ence electrode, Radiometer types KlOO, K130, or K1301; and a spe­
cially-designed, ground.sleeve junction, made as described below.

The sleeve-junction is' connected to the reference electrode by a
salt-bridge, filled with saturated KCI solution from the reservoir. This
solution also fills the reference electrode and the ground.sleeve
junction (Figure 5). An expanded scale pH meter/millivoltmeter
(Radiometer type PHM 26) readable to ±0.1 mV is used to measure
electrode potential.

Ground-Sleeve Junction. This is made from a borosilicate o/r3joint
(Quickfit CNB 5 cone and SRB 5 socket, Figure 40). The small end
of the glass cone is first sealed in an oxygen-gas flame and the fit of
the cone in its socket is improved by lightly lapping them together
with Aloxite optical grade (No. 40) powder and water. This operation
determines the leak rate of the sleeve-junction, a very low rate (ca.
0.1 ~I/h) being essential. The socket is then cut from the remainder
(Le., the shank) of the SRB 5 joint to make the sleeve. The cone and
sleeve are mated and the smaller end of the joint ground flat and ex­
actly perpendicular to its long axis with 400 grit silicon carbide powder
and water. Bath components (Figure 4b) are then chemically cleaned,
rinsed thoroughly with water, and dried at 105 ·C. While still warm.
the small ends of the cone and sleeve are mounted in silicone rubber
molds and coated separately with 2-3 mm of liquid epoxy resin
(Araldite AY 103 resin + HY 956 hardener, 5:1 by wt) as .hown in
Figure 4c). This resin coating which prevents fluoride ion in the an-
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Flgur. 1. Polypropylene block used to prepere leol solutJons from
samples soluble In 1 M parchlerlc acid. The Cl6Ved ends or the block
enable It to be centrifuged within the 25().m1 buckel 01 a preperatlve
centrifuge
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Figure 2. Mlcrodlffuslon cell used to seperata 1-100 ng or fluoride

The cell (c) consists ot an e~on mia-oscopy apeclrnon-emt>edl:Ung capsule
(s) and a push-lit polyethy~ ,topper (b)

alyte solution exchanging with ions in the glass, is cured at 105 °C for
16 h. ground to a uniform thickness ofaboul 0.5 mID and polished with
metal polish. A hole, I mID in diameter is drilled through the wall of
the cone to connect its interior with the liquid junction which forma
in the narrow annular space between coDe and sleeve (Figure -ad and
Figure 5).

Ground-Sleeve Junction-Determination of Leak Rate. Before
commissioning the unit, check its leak rate by measuring the amount
of Cl- ion leaking from the oleeve. Connect the aleeve·junction to the
reference electrode and fill with ..turated KCI solution. Fluah the
junction with ..Iurated KCl hy opening the reservoir tap (Figure 3)
and alightly loosening the g1aao aleeve. Reseat the oleeve flnDly, c10ee
the tap, and remove all exceu aolution with paper tiaaue. Thoroughly
rinse the working surfaces of both sleeve-junction and fluoride elec­
trode with distilled water and dry with tisaue. PipelIO.u of distilled
water onto the sleeve-junction and lower the fluoride electrode to
opread the water to Ihe full diameter of the oleeve (of. Figure 5).
ReadjUit the poaition of the electrode from time to time to compenaate
for evaporation. After I h, absorh all the residual liquid onto a 20 mID

X 10 mID otrip of Whatman No. 50 falter paper (pre·extracted with
water and dried aliOS ·C). Dry the paper ,trip at lOS 'C, add 1m!
of diltilled water, and .hake for 30 min at room temperature. Deter·
mine the chloride ion concentration of the aqueoua extract with either
a chloride electrode (Orion models 94-17, 96-17) or an automatic
chloride tltrator. Maka IOrial dilutions of the uturatad KCI solution
and meuure the chloride concantrations u indicated. Calculata the
operational leak rata of the aleeve-junction from thOle dau aftar
carrying out 3 replicate determinations. A leak rala of 0.1-{).5 .u of
laturated KCI per hour ia about optimaL

Reqenta and Standarda. All chamlcelo uaed were of AnalaR,
ACS, or aquivalent grade. Solutions were made up in fluoride·flee
water, prepared hy the Binile diatillation of tap waw (0.1 ppm F-)

Figure 3. Fluoride electrode assembly

(A) Orion fluorido eIec1raM; (8) gtlUllkIeave)o.R:tion; (C) _

with oprlng clips ll'otecled by plastJc >bing; (01 Vinyl >bing fi!1ed ___

KCI (E) e",,",ode holder with poIyethylene<:oated opr1ng cllpo; (F) oallnIad
calomel retOfence electrode (Radiometer Kl00); (0) sau.ted KCl r...-voW

Tr, t T 1
Flgur. 4. Stagea In the construction ot the \1OloIld-8- Junctlon
Tho original 0/"_01joInllllhown In (.~ In Ib~ lho and or lho oona
hal baon _and~ while lho _ hoo baon_1oppacl,

and~ wt1h lho oona .. daIatlad In lho ..... Ie)~ lho 1M"'_
rubber molds to ooot and oxtend lho ondo ollho ,Ioeva-jolnt with epoxy raoln.
The two parts or lho completed ..,h ora Ihown In (d)

in an all.gluo ,till. The solutions were ,tored in polyethylene or
polypropylene.

Perchloric Acid, 60%. Flu<Jrid••Dif/1uion Grad•. Heat 1-m! por­
tions of 60% perchloric acid at 60 'C for atl...t 72 h in a microdiffu·
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Figure 5. Detail of the fluorIde electrode and sleeve--junctlon In use

For clartty, both the~Ie soluUon. normally a thin layer, and the amular space
between the cone and sleeve have been greally exaggerated In size. The
polyethylene cap fitted on the sleeve-Junction to reduce sample evaporation.
Is shown In bfoken outline. Clearances are JUSI sufficient to permit the fluoride
electrode 10 be raIsed or lowered with the cap In position

('.015.0.'21
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50 100

sion \,'eJl (2) and trap diffused nuoride in 8 thin Joyerofsolid sodium
hydroxide. Store the purified acid in the cell.

Perchloric Acid, 1 M.
Silver Sulfate, 0.12 M in Perchlorie Acid. 60%. The solution should

be freed from nuoride by a preliminary microdiffusion at 60 °C llS

described above.
Sodium Acetate Buller, 1 M. Dissolve 20.7 g of sodium hydroxide

in about 300 ml of fluoride-free water; add 30 g (28.7 ml) of glacial
acetic acid and 1.05 g of citric acid with cooling and dilute the solution
to 500 ml (520.5 g) by weight with nuoride·free water. This solution
is about neutral. When mixed with M perchJoric acid in the proportion
4:1 (v/v), the fina! pH of the solution is at 5.2-5.3.

Sodium Hydroxide, 0.1 M.
Sodium Fluoride Standard Solution (100 ppm F-, pH 5.2). Dis­

solve 22.10 mg of sodium nuoride (Merck Suprapur, vacuum-dried)
in 8 4: 1 v/v mixture of the 1 M sodium acetate buffer and 1 M per­
chloric acid (pH 5.2) and dilute to 100 ml with the same mixture.

Procedure. Preparation 0/ Sample Solutions. A. Perchloric
acid·soluble &amples. Weigh the samples to ±O.lllg, transfer them
to separate chambers in the sample preparation block (Figure 1) and
dissolve in 1 M perchloric acid (l ~I per 20 Ilg dental enamel, ashed
dentin, or bone). Add 4 ~l of 1 M sodium acetate buffer to each mi­
croliter of acid sample solution, hermetically seal the chambers with
adhesive polyethylene tape, mix the solutions by gentle vibration and
then centrifuge the block at low speed for .bout:lO s. The fmal pH of
the buffered sample solutions should be 5.2 ± 0.1. For samples thal
contain excessively high concentratioll5 of aluminum, ferric iron, or
other fluoride-compJexing ions (e.g., f089il enamel and bone), a citrate
buffer such as that of McCann (3) m.y be required. When the fluoride
concentrations of the samples are very low (e.g., fetal ename!), fluoride
is separated and concentrated by microdiffusion at 60°C from 60%
perchJoric acid solution 88 described below: the diffusates being re­
dissolved in 1 M sodium acetate, 1 M perchloric acid buffer prior to
analysis.

B. Perchlon·c·acid insoluble samples. The fluorine content of these
materials must be converted quantitatively into soluble ionic fluoride
by the appropriate sample preparation techniques (e.g., fusion with
Na~03 or NaOH; combustion with oxygen in the Schoniger flask or
Parr bomb) (4). Citr.u m.y be added to sample solutions prepared
from aluminum·containing minerals and other inorganic materials
(5-7). A simple thermal ashing of biological and organic samples at
500-600 °C may suffice.

Separation of Fluoride by MicrodiCfusion. Remove the caps
from clean TAAB capsules (Figure 20) and evapor.u 5 ~I of 0.1 M
NaOH to dryness in their pointed bases in vacuo over sodium hy­
droxide pellets. Weigh the sample to an accuracy of *0.1 ~g and
transfer it to. polyethylene stopper (Figure 2b). Add 50 ~I of 609b
perchloric acid, fluoride·diffusioD grade, to the sample and immedi·
.uly fit the prep.red TAAB capsule onto tho .topper. PI.ce the as­
sembled cell (Figure 2c) in a closed container charged with sodium
hydroxide pellets to ensure a nuoride-free atmosphere and allow the
diffusion to proceed overnight (16 h) .t 60 ·C.

After diffusion, allow the cell to cool to room temperature in the
closed container. Dissolve the nuoride·containing layer of alkali in

Figure 6. Fluoride mlcrodlffuslon

Regression oxve obtalned by pkltting fluoride recoveries on a Iogarlttmlc scale
vs. the fluoride mJcrodltfused. The vertical bars represent the standard deviation
al each level. The mean arnoIAltS 01 fluoride recovered and standard deviations
are given In parentheses. The straight (regression) line represents the best
tit ttvough these points as determined by the least squares method

10 III of a 4:1 v/v mixture of 1 M sodium acetate buffer and 1 M per·
chloric acid, pH 5.2. Mix the solution by gentle vibration and deter­
mine its fluoride concentration with the fluoride electrode assembly
88 described below. The diffusion of fluoride from samples of high
chloride content may be incomplete owing to exh4ustion of the alkali
by the HCI simultaneousJy liberated. Such samples should be mi­
crodiffused from a 0.12 M solution of silver sulfate in 60% perchloric
.cid: • re.gent devised by Hall (8).

Fluoride Determination. The fluoride concentrations of all 60­

lutions are determined with the fluoride electrode aasembly shown
in Figure 3. Place al·lll drop of sample solution upon the end of the
ground·sleeve junction (B) and lower the fluoride electrode, oonfining
the sample 88 a thin disk of liquid (Figure 5). Immediately raise the
electrode 0.5 mm or so, and then lower it again with a slight twisting
motion to recontact both sample and sleeve-junction. This operation
results in an even distribution of the sample and tends to produce a
more reliable electrode potential Read the electrode potential to the
nearest 0.1 mV after a further 1 min, raise the electrode, and remove
the sample with paper tissue. Carry out at le88t 4 replicate determi·
nations on each sample solution. Readings taken from the first and
second 1·1l! aliquots of the analyte solution tend to be inaccurate, the
fluoride electrode taking rather longer than 1 min to reach equilib­
rium. The short equilibration period, however, reduces errors due to
evapor.tion of the 88IDple. The electrode potentiB!ll given by the third
and subsequent aliquots will be progressively more consistent and
reflect the fluoride concentration of the sample more accurately and
are used when calculating the nuoride concentration of the sample.
Sample consumption can be reduced, by fitting a polyethylene cap
(an effective anti-evaporation cap is made from the base of a poly·
ethylene vial, capacity 2.5 ml (Cat. No. XT 1530) .vBilable from Xlon
Products Ltd., London, England) on the sleeve-junction (Figure 5)
to minimize evaporation and enable readings to be obtained from a
single 1·1l1 aliquot, 10 min or longer after ita application. The sleeve­
junction used must have an exceptionally low leak rate. Since the
fluoride electrode has a "memory",101utions with the lowest fluoride
concentrations should be analyzed ft",t. Crosa-contamination between
aamplea of very different fluoride concentration may, however, be
eliminated by rinsing the fluoride-sensing .urr.ce of the electrode and
the ground·sleeve junction with water to a potential about 50 mV
more poaitiva than th.t given by the buffer blank. If the junction
potential becomea unstable, because ofdilution of the liquid junction
with either WBur or 88IDple, a freah liquid junction Bhould be prepared
by opening the tap of the KCI reservoir (Figure 3) and slightly 1008­
ening tho ground.g.....Ieeve. The aleeve is r....ted flltl11y, the tap
dOled, and excess KClsolution removed with paper tissue.
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Table I. Fluoride Ion Concentrations (ppm) and Their Precision or Measurement (± rei ltd dev %) as Determined in
Replicate 1-1'1 Samples of Standard NaF Solution, pH 5.2"

F concentration
of standard

NnF solution
(ppm) and F
content of Sample No.

sample (ng) 3 4 5 6 7 8 9 10
0.050 0.Ql8 0.027 0.033 0.041 0.047 0.049 0.051 0.050 0.050 0.050

±30.71 ±24.44 ±20.98 ±13.11 ±10.77 ±6.13 ±6.45 ±3.51 ±1.64 ±1.l5
0.100 0.045 . 0.072 0.087 0.090 0.098 0.098 0.099 0.098 0.101 0.100

±l7.21 ±12.84 ±11.26 ±4.32 ±5.87 H.89 ±4.24 ±3.30 ±3.oo ±2.26
0.200 0.089 0.150 0.176 0.186 0.192 0.199 0.201 0.200 0.200 0.200

±5.64 H.09 ±5.27 ±5.02 ±3.26 ±3.81 ±3.69 ±3.16 ±2.96 ±2.16
0.500 0.202 0.381 0.459 0.480 0.486 0.490 0.492 0.494 0.496 0.500

±9.88 ±3.48 ±2.01 ±1.52 ±2.12 ±2.12 ±2.08 ±2.14 ±1.50 ±0.88
1.000 0.473 0.763 0.875 0.910 0.961 0.969 0.977 0.992 0.992 1.000

±8.37 ±4.09 ±2.67 ±3.15 ±2.47 ±2.87 ±2.67 ±2.24 ±1.96 ±1.33
2.000 1.151 1.700 1.810 1.888 1.936 1.942 1.966 1.983 1.992 2.000

±2.91 ±2.80 ±1.72 ±1.49 ±1.20 ±1.24 ±1.13 ±1.36 ±1.l7 ±1.57

o Each result in the lable is derived from 10 electrode potential measurements as described in Lext.

enleulalion of Results. The fluoride concentrations of all samples
were determined by comparison with a standard curve of0.1 ppm, 1.0
ppm, and 10 ppm F- in 4:1 v/v 1 M sodium acetate-1 M perchloric
acid buffer.

Table II. Analysis of Sample Particles Dissected from a
Compressed Pellet of Bone Ash of Known (1070 ppm)
Fluoride Content

DISCUSSION

Fluoride ion in nanogram amounts or less is most reliably
determined with the fluoride electrode at the maximum
possible concentration or activity, i.e., in the minimum volume
of solution. The high sensitivity of the present method resides
entirely in the ability of the fluoride electrode assembly to
handle microliter size sample volumes. The method is more
sensitive than the hanging-drop fluoride electrode technique
(10) which requires a minimum sample volume of about 5 1'1,
and almost ten times more sensitive than the procedure (11)
using the combination fluoride electrode with confmed

those given by the tenth application. In further tests (Table
II), small sample particles (40-90 109) were dissected from a
compressed disk of bone ash of well-established fluoride
content (1070 ppm, as determined by various conventional
analytical procedures) and analyzed by the present method
to yield a value of 1103 ± 40 ppm (std dev) or 3.7% (rei std
dev). The absolute detection limit of the method was deter­
mined with standard solutions of Nsf in 0.10 M sodium ace­
tate-perchloric acid buffer, pH 5.2 containing 0 ppb F and 10
ppb F, respectively. Application of 11'1 of the 10-ppb F solu­
tion (Le., 10 pg F-) to an electrode assembly pre-equilibrated
with the O-ppb F solution caused a significant (3-4 mY) re­
duction in electrode potential.

RESULTS

Precision and Percentage Recovery of Fluoride Dif­
fusion. The microdiffusion procedure was checked over the
range 1-100 ng F using standard solutions of NaF in water:
replicate (I2) portions, 1-10 1'1 in volume of each standard
solution being microdiffused from 50 "I of 60% perchloric acid
as described above. The fluoride contents of the diffused
standards, blank-corrected. were plotted on a logarithmic
scale (y axis) vs. the absolute amounts of fluoride added (x
axis) to give the regression curve shown in Figure 6. The ver­
tical bars through the points represent twice the standard
deviation at each fluoride level. The straight line represents
the best fit through these points as determined by the least
squares method. The equation for the line is y = 0.9883xo.9973

and the correlation of log y with log x is 0.9995. Fluoride reo
coveries varied between 89% and 105% with a mean diffusion
blank of 1.26 ± 0.30 (std dev) ng F.

Precision and Absolute Detection Limit of Fluoride
Analysis. Reproducibility measurements were carried out on
standard solutions of NaF in 1 M sodium acetate-I M per­
chloric acid buffer containing 0.05, 0.1, 0.2, 0.5, I, and 2 ppm
F. One-hundred electrode potential measurements were made
on each standard solution. These measurements represented
10 "determinations", each "determination" consisting of the
millivolt readings given after 60-s equilibration by 10 suc­
cessive 1-1'1 aliquots of the standard solution. The results
(Table I) show that the analysis tends to become more re­
producible with both increase in the number of measurements
made upon a standard solution and increase in its fluoride ion
concentration. After 4-5 applications of standard solution,
the precision of fluoride measurement at the 50 pg, 100 pg, and
1 ng levels was about 12%, 5%, and 2.8% (reIstd dev), respec­
tively. The effect of fluoride ion concentration on precision
was still evident after 6 applications of standard but, with
further 1'1'1 applications, rapidly declined into insignificance.
Thereafter, the precision of measurement tended to be the
same (±I-2%, rei std dev) at all fluoride concentrations: a
feature characteristic of selective-ion electrodes when the
electrode response is Nemstian (7, 9). The electrode potentials
of all standards, measured after the fifth 1-1'1 application, were
equivalent, in terms of fluoride concentration, to 93-98% of

Sample
Weight,

109

39.0
44.7
47.8
50.2
54.9
56.0
68.2
73.1
83.0
89.5

F concentration
of sample
solution

analyzed,
ppm

1.68
t 1.92

2.05
2.29
2.52
2.50
2.90
3.45
3.60
3.85

F concentration
of sample,

ppm

1077
1074
1072
1140
1148
1116
1063
1180
1084
1075

Mean result.
ppm

1103 ± 40 (sid dev)
(±3.7% rei sid dev)
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Determination of Trace Elements in Zinc Plant Electrolyte by
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Rapid determination 01 a number 01 trace elementa In zinc
sulfate electrolyte la easentlal lor adequate plant proceas
control. Aa a basla lor an on-stream monitoring aystem, dlf­
lerentlal pulae polarography and differential pulae anodic
stripping voltammetry at a hanging drop mercury electrode
have been Investigated, ualng conventional and computer­
controlled lnatrumentatlon, lor the determination 01 Cd, Cu, Pb,
Sb, Co, HI, TI, and As. Cd and Cu were determined directly In
the zinc sullate solution down to 10 I'g/l., and Sb to a almllar
low level alter addition 01 concentrated hydrochloric acid. Pb,
Co, HI, TI, and As were determined alter addition 01 appropriate
reagents In some cases; however, theae determinations are
generally better suited to higher concentration levela than lor
Cd, Cu, and Sb.

Successful operation of electrolytic zinc plants depends
critically on the purity of the cell feed, both for product purity
and for high current efficiency in the deposition stage (1-4);
therefore, reliable analytical data are very important to the
economics of the process. Over the years, reasonable process
control has existed (2,5-9) by virtue of manual sampling and
rapid analysis for those impurity elements known to be most
detrimental. Many elements can affect the efficiency of the
process (1-4,8,10-12), particularly Fe, Ni, Co, Cu, Cd, Sb, AB,
Pb, Ag, Sn, Se, Ge, Te, Tl, and Cl at concentrations in the
10-10001tl0. range. Fortunately, it is not necessary to monitor
all the significant elements with the same frequency. Normal
processing technology involves three or four purification
stages in which elements are removed in groups, and it
therefore becomes possible to assess the purification at each
stage by monitoring a relatively small number of elements.

For the present work it was established that determination
of Cd, Cu, and Sb had the highest importance for achievement
of rapid process control. Considerable importance attaches,
also, to Co, Ni, Tl, Pb, and As, and these elements have
therefore been included.

A typical composition of cell feed is given in Table I. This
solution is the most significant and the most difficult to ana­
lyze, the various trace impurity elements being at their lowest
concentrations. Monitoring of solutions at stages earlier in the
purification system is a simple extension of techniques es­
tablished for cell feed.

PRELIMINARY EVALUATION

The analytical problem of rapid determination of Cd, Cu,
and Sb in concentrated zinc sulfate at levels in the range
10-1000 I'g/l. is substantial. One poesibility was to automata
the existing manual spectrophotometric techniques (for Cu
and Sb) and the dc polarographic technique (for Cd). Al­
though this would increase the frequency of the data output
for Cu and Sb, e.g., using discreta or continuous-flow analyz-

ers, the operational time in these instances would make this
approach unacceptable. This limitation does not apply,
however, to Co, where the "fast chemistry" available in the
Nitroso R Salt procedure can yield results in a continuous flow
analyzer (Technicon) every 7 min. Other techniques were
eliminated because of inadequate sensitivity at the extremely
high concentration of zinc sulfate.

Modern polarographic ac and pulse techniques (13) are
particularly suited for the rapid determination of low con­
centrstions of selected elements in concentrated zinc sulfate
solution. Zinc is reduced at more negative potentials than moet
of the elements to be determined in this case, and sulfate is
inactive at the mercury electrode. Data published on fast
sweep dc polarography (14), soo>nd harmonic and differential
pulse anodic stripping voltammetry (15), and a range of an­
odic stripping techniques (16) indicate the poesibilities for
polarography with this electrolyte. The technique has, in fact,
already been used for impurity determination in zinc plant
solutions (6, 7, 17), butfew data are availsble for tha low levels
present after the final purification stages.

EXPERIMENTAL

Instrumentation. For convenience, the three (orms o( instru·
mentation examined are described as conventional. semiautomated,
and computerized.

Conventional. Either a PAR Electrochemistry S}'1lUm Model 170
or Polarographic Analyzer Model 174 was modified to perform a range
o( (unctions additional to those provided by the manufacturer
(I8).

Semiautomated. A combination o( a PAR Polarographic Analyzer
Model 174 and Automated E1ectroana1yais Controtler Model315 was
used. All proceduree except the readout were eutomatical1y c:ontrotled
in these experiments.

Computerized. The polarographic instrumenution under computer
control, ....ntislly a differential pulse polarogrsph based on the de­
sign of Vassos and OsUryouog (19), was inUrfaced to a PDPB/E
minicomputer with teleprinter output. The computer controla the
degessing and the timing ofall stages in anodic stripping voltamme/ly,
initiates the potentia1aweep, and proceuee the i-E curve to generate .
the final print-out in units o( concentration.

The sysUm is currently being further developed to include auto­
matic cell filling, rinsing, and draining under computer c:ontzol, whieb
will permit fully automaUd operation for on·stream indUltrial use.
Further details o( this are to be reported in a later paper.

Electrode Sywteua. Athree-electrode s}'1ltem was used for all ex­
periments with either a dropping or hanging drop mercury electrode
(HOME) as the working electrode, platinum as the auxiliary electrode,
and Ag/AgCl (I M Neel) or HglHgSO. (1 M HoSO.) as the ref.....,co
electrode. For anodic stripping voltammetry, moet experimants with
conventional or lemiautomaterl instrumentation used a Metrohm
BM50-3 HDME. The compuurized s}'1lum used a PAR Model 314
Autouated HOME. The HOME was aelscted in prefarenco to a thin
fllm mercury electrode essentially because linear reaponae is obtained
over a wider range of ooncentration without aaturation or interference
effects (I6), and the sutomated version is ideal for on-stream work,
allowing a fresh working electrode surfsce to be ganerated automat­
ically for eaeb anal}'1lis.

HeaceDtL Preliminary investigations were undertaken u.aiDc re·
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Zn 120 Ca 500
SO, 210 N. 500
Mn 10 K 400
Mg 3 Si02 100

CI 150
Co 10

Table I. Typical Composition of Cell Feed

gil. mgll. ~g/l.

Fe
Ni
Cu
Cd
Sb
Pb
As
Tl
Bi
Se
Ge
Sn
Ag

600
200
100
300

30
100
<50
100

1
<10

3
<200

<20

Cu

Figure 1. OPASV curves In plant zinc sulfate solution.

Deposition potential, -0.75 V vs. Ag/AgCl, with 2~Jn stirring and 30-5 equlll.
bl'alion lime. Pulse amplitude, 25 mV; dlxatlon between pulses, 0.55: scan rate,
10 mV/s. (a) 20 pg/l. Cd, 30 pgll, Co; (b) 30 J.lg/l. Cd, 10 J.lg/l. Cu

Table II. Direct Determination of Cd in Zinc Sulfate Plant
Electrolyte by DPASV Using Conventional and
Computerized Instrumentation

Table Ill. Determination of Cu in Zinc Sulfate Plant
Electrolyte by DPASV and Spectrophotometry

agent grade zinc sulfate solutions at 0 concentration of approximately
300 gil. However, to obtain a blank and to prepare calibration curves,
further purification was required. Reagent Krode material prepared
as 8 4·1. batch of solution at 440 gil. ZnS04·7H~ in water was acidified
to pH 2 and treated with 20 g of powdered reagent grade zinc dust
while heating to 50--60 °C. After stirring continuously for 2 h, the
solution was filtered into 8 Buchner flask which had been previously
thoroughly washed with dilute sulfuric acid and rinsed. Usually four
treatments were adequate to reduce the concentrations of Cd and Cu
from around 200 Jlg/l. to less than 5 J.lg/I., Cu being the more difficult
to remove. Concentrations of other elements were acceptably low.

AU metal standards were prepared as sulfate solutions with the
exception of Pb which was prepared as nitrate. AU other chemicals
were of analytical reagent grade.

Plant Samples.. Plant samples were coUected in clean polyethylene
containers and acidified to approximately pH 2 with sulfuric acid.

Procedures. AU solutions were deoxygenated for a minimum pe­
riod of 3 min using argon or nitrogen. During each potential scan the
inert gas was passed over the solution. Elements were determined on
aJiquots of 20-40 ml at ambient temperatures of 23 ::I:: 2 ClC. Other
details are presented in the Results and Discussion section.

Alternative Methods for Cu and Sb Determinations. In view
of the significance of Cu and Sb in this work, and as a check on the
analytical data at concenlrations down to 10 J.lg/l., separate values
were obtained using validated spectrophotometric procedures. An
outline of the procedures (20, 21) is as foIIO\I,'8.

Copper. After acidification and destruction of organic matter.
copper is extracted with ammonium l·pyrrolidine carbodithioate into

Conven(ionlll,
~g/l.

10
70

110
240
270
170

DPASV
~./I.

<10
<10
<10

30
10
20

Computerized.
IJg/l.

20
70

100
280
270
180

Specrrophotomctr)' .
1Jfl./1.

7
8
5

29
6

30

IO'I".o1.

+0-1 0 0 -0 I

V v.s A9/AgCl

Figure 2. Differential pulse polarogram for 160 JJg/l. Cu In plant zinc
sulfate solution

Drop time, 2 s; pulse amplitude. -25 mV; scan rate, 1 mV/s

carbon tetrachloride. The solvent phase is wet ashed and the copper
re-ex.tracted for spectrophotometric determination.

Antimony. After conversion to Sb(lll) and extraction in an iodide
system by 4·methyl·2·pentanone (MIBK), antimony is stripped from
the solvent phase. After removal of thallium and oxidation to Sb(V),
the Rhodamine B Complex is determined spectrophotometricaUy.

RESULTS AND DISCUSSION

Cadmium. At a DME cadmium gave extremely well defmed
reversible fundamental and second harmonic ac and pulse
polarographic waves in zinc aulfate with an E1/2 value of -0.58
V vs. AgiAgCI. The calibration curves with ac and DPP
methods were linear from the limit of detection (<><5 X 10-7

M) to at least 10-3 M (5(}..IOO 000 "gil.) with the responae in
plant electrolyte equally satiSfactory as that for purified
aynthetic aolution. Fast sweep polarographic methods (22)
at a single mercury drop were also aatisfactory and have the
added advantage of shorter analysis time. For lower concen­
tration levels encountered in cell feed, however, anodic
stripping voltammetry is preferable, Figure I shows DPASV
curves for samples of plant electrolyte (acidified to pH 2),
including one sample with the lowest concentration encoun­
tered (20 "gil.). As the matrix is essentially constant, the use
of a calibration curve based on purified zinc sulfate was in­
vestigated rather than a standard addition technique. A linear
response extending well into the polarographic range (>10-6

M) and passing through the origin was obtained. Results from
atandard addition agreed well with calibration curves with
good reproducibility «5%) several days apart. Where avail­
able, polarographic and DPASV data gave acceptable agree­
ment, further validating the DPASV procedure. For the
concentration range 1(}..500 "gil., a deposition time of 2 min
with stirring and 30 s without stirring, at a potential of -0.75
V V6. AgiAgCI. was uaed. The scan rate was 10 mVIs, with a
pulse amplitude of 25 mV, and duration between pulses of 0.5
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IO.25,......

-0'1 -0·2 -0·3

V .. A<J/AgCl

Figure 3. Differential pulse polarogram for 210 ~g/l. Sb In plant zinc
..sulfate solution diluted 1:1 with concentrated Hel

Drop ti"me, 5 5; pulse amplitude -25 mV; scan rale. 0.5 mV/s

s. Table II shows results obtained for cadmium using DPASV
with both the conventional and computer-controlled systems.
The results validate the latter and demonstrate the practi­
cality of a fully automated method.

Copper. Copper in synthetic zinc sulfate gave well defined
DPP curves, although a sloping baseline caused difficulties
with ac techniques and the latter were not considered suitable.
The E 1/2 value was about 0.03 V vs. Ag/AgCI. The detection
limit was approximately 5 X 10-7 M, and calibration curves
were linear over the range 5 X 10-7 M to 10-3 M (30-60000
Ilg/I.). However, in plant solutions considerable interference
from unidentified neighboring peaks was found. Figure 2
shows the difficulties experienced near the detection limit.
The interfering species could be chloride ion and degradation
products or organic additives.

In synthetic zinc sulfate DPASV curves for Cu were almost
as well defined as for Cd, and linear, reproducible calibration
curves were obtained. Although plant solutions still presented
some difficulties from neighboring peaks, particularly at very
low concentrations, Cu could be determined over a wide range
of concentration simultaneously with Cd, under the same
electrolysis conditions as described above. Figure 1b shows
a typical curve at low Cu levels. The sloping baseline can be
attributed in part to chloride (Table I).

Table III shows Cu determinations at low levels, compared
with those obtained by a spectrophotometric method.
Agreement is adequate for process control purposes in the
present project, in which the lowest level of interest is 20 IIg/!.
Improved Cu determination below 20 Ilg/l. can be obtained
by using longer plating periods or chemical treatment with
oxidants. Alternatively, deliberate addition of hydrochloric
acid can be used as discussed below.

Lead. Extremely well defined DPASV curves are obtained
for Pb with a peak potential of -0.51 V vs. Ag/AgCI. Inter­
ference from Tl and Sn does, however, occur when these ele­
ments are present at comparable or higher concentrations.
The acid chloride medium discussed below is equally suitable
for Pb determinations and eliminates difficulties which may
arise in preparing Pb standards in concentrated sulfate
media.

Antimony. Antimony cannot be determined directly in zinc
sulfate solution by polarography. However, a very suitable
medium is obtained by using a 1:1 mixture of zinc electrolyte
sample and concentrated hydrochloric acid (17). In this me­
dium, a close-to-reversible three-electron reduction is ob­
served with an El/2 value of -0.26 V VB. Ag/AgCI. Excellent
waves were obtained by both the differential pulse and ac

-0,4 -0'3 -0'2

v .. "'l/A<JCL
Figure 4. DPASV """as for Sb In plant zinc sulfate solution diluted 1:1
with concentrated HCI

Deposition potential. -0.35 V vs. AgJAgCl with 2-mln sUrrlng and 3o.s equll~

bration period. Pulse amplitude. 25 mV; dlXatlon between pulses. 0.5 s; scan
rate,S mV/s

5b

-0·' -0·05 -0·" -0·3 -O'Z

V •• "9/"9 CL

Figure S. DPASV """as for Cd, Cu, and Sb In plant zinc sulfate solution
diluted 1:1 with concentrated Hel

Deposition potential, -0.85 V VI. AgIAgCl, with 3-m1n stlrTlng and 3G-s equili­
bration time. Pulse amplltl.de. 25 mV; e:uaUon between pulses. 0.6 s; scan rate,
7 mV/s. Approximatety 400 I-Ig/l. Cd. 100 ",gil. Cu, 80 ",gil. Sb

techniques. Linear calibration curves over the range 2 X 10-7

to 5 X 10-4 M (25-60000 Ilg/l.) with respect to the original
sample were obtained with DPP. Figure 3 shows a plant so­
lution analysis for Sb near the detection limit, and for Sb levels
in the above-mentioned range little difficulty was experienced.
It should be noted, however, that the proximity of the Cu wave
could cause difficulty if Cu was present at concentrations
substantially higher than Sb.

With DPASV it is easy to obtain extremely well defined
waves in synthetic zinc sulfate/HCI solution, and linear cali­
bration curves are obtained. However, in plant solutions the
deposition potential needs to be carefully chosen so as to avoid
neighboring peaks. The best deposition potential found was
-0.32 V vs. Ag/AgCI. Solutions were analY2ed as soon as
possible after addition of hydrochloric acid. Figure 4 shows
typical curves for plant samples. Despite extremely high
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~
-0'2 -0 -4 -0" -0 a

v " A9/A9"

FIgure 8. DlfforentJaJ pulse polarogam for 1.4 mgli. of As In zinc wlfate
solution diluted 1: 1 wllh concentreted tiel

Drop tJme. 0.6 .; pulse amplitude. -25 mY; scan rale, 7 mV's

sensitivity, the precision is not as high as for Cd and a preci­
sion of only ±1096 was found. Comparison hetween standard
additions and a calibration curve, however, gave good agree­
ment.

Simultaneous Determination of Cd, Cu, Pb, and Sb. The
1:1 mixture of plant electrolyte and concentrated hydrochloric
acid is a suitable medium for simultaneous determination of
Cd, Cu, Pb, and Sb by DPASV. This method has advantages
in simplicity and speed and eliminates any risk of precipita­
tion of trace constituents which can occur at high pH. Further,
the Cu peak is free from spurious interferences, and standard
additions of Pb can be made. Sn, if present in concentrations
comparable to Pb, will, however, interfere with the Pb de­
termination. Using a three-electrode system and the DPP
technique, we have not observed any loss of sensitivity for Sb
at more negative plating potentials, as reported by Leclercq
and Carlier (17).

Figure 5 shows a DPASV trace for a typical plant sample.
In this medium the copper wave is a result of the Cu(O) ­
Cu(1) reaction, which yields a relatively broad Cu peak,
causing some interference to the Sb peak. By using differential
current values at appropriate potentials and applying mutual
corrections calculated from the known peak shapes, it is
possible to determine a corrected value for both peaks. Al­
though tedious in conventional manual analysis, this proce­
dure is relatively simple in a computer based system (23).

Cobalt. As the reduction step Co(lI) + 2e - Co(O) occurs
near that for Zn (24), it will be very difficult to determine Co
by the direct use of the reduction step. However, provided
Co(lI) can be complexed, the possibility exists of using the
oxidation wave Co(1I) .. Co(llI) + e. Because most ligands
forming complexes with Co also complex Zn, and the Zn is
present in large excess, high concentrations of complexing
reagent are likely to be required. In 0.1 M ethylenediamine/O.I
M KNO., the oxidation of Co(II) is reported to give a well
defined wave (24) at -0.46 V vs. SCE and, accordingly, a
method baaed on this complexing agent was investigated using
DPP at -0.5 V va. Ag/AgCl.

It was confirmed, however, that concentrations of at least
2 M ethylenediamine with dilution of the zinc electrolyte were
required to achieve a determination level as low as IS mg/!.
Obviously, the alternative spectrophotometric technique is
to be preferred.

Nickel. As with Co, complexation is required to permit the
determination of Ni. The use of thiocyanate to produce fairly
well defined waves is well documented (24-26), but, because
of the presence of very high concentrations ofZo, higher than
usual concentrations of thiocyanate were found to be essential.
Addition of ammonia was also undertaken to shift the Zn to
more negative potentials, enabling the Ni wave to be observed
between those for Cd and Zo. Equal volumes of zinc electrolyte
and 2 M NH.SCN with the solution adjusted to approxi­
mately pH 8 with ammonia was found to provide a suitable
medium for Ni determination by DPP, down to concentration

levels at least as far as I mgll. The peak potential for Ni was
-0.83 V va. Ag/AgCl in the medium used.

Attempts to determine Ni by DPASV were unsuccessful.
Owing to the irreversible nature of the Ni(II)!Ni(O) process,
stripping peaks occur at a more positive potential than the
corresponding reduction peaks, so that overlapping with other
waves (e.g. Cd, Pb, Tl) occurs.

Thallium. Thallium gives extremely well defined differ­
ential pulse polarograms and anodic stripping voltammograms
in synthetic zinc sulfate. The peak potential under polaro·
graphic conditions was -0.47 V vs. Ag/AgCl using DPP.
Overlap of the TI wave with Cd occurs when Cd is in sub­
stantial excess (18), the typical plant situation (Table I).
Under DPASV conditions the interference is overcome by
using a deposition potential on the positive edge of the Cd
stripping wave (-0.54 V vs. Ag/AgCI). However, the peak
potential for Pb stripping at -0.41 V vs. Ag/AgCl prevents
direct determination of Tl in the plant situation (16).

Temmerman and Verbeek (27) have shown that addition
of EDTA leaves the potentiel of the Tl wave essentially un­
altered, but shifts Cd and Pb to far more negative values,
making this medium ideal for the stripping technique. Be·
cause of the high Zn concentration, a tenfold dilution of plant
electrolyte with a 1.2 M ammonium EDTA solution was used.
This dilution effectively raises the detection limit under po­
larographic conditions to approximately 10-8 M. Using
DPASV, an electrolysis time of 10 min or more is necessary
to achieve a sensitivity comparable with that for Cd or Cu.

Arsenic. The 1:1 mixture of zinc sulfate solution and con­
centrated hydrochloric acid is a suitable medium for polaro­
graphic determination of As. Three waves are observed similar
to those reported by Myers and Osteryoung (28) for an HCl
medium. Figure 6 is a differential pulse polarogram for 1.4
mgll. of As(III) in a synthetic zinc sulfate electrolyte. Practical
levels of As in cell feed are much lower. however, and inter­
ferences from other species in solution limit the value of this
method. Attempts to determine As by DPASV in this medium
were also unsuccessful.
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Double Potassium Salt of Sulfosalicylic Acid in Acidimetry and
pH Control

Richard A. Butler and Roger G. Bales'

DepaTtf118nt of Chemistry, University of Florida, Gainesville, Fla. 32611

Upon partial neutrallzallon 01 sulfosalicylic acid, a double
pola88lum sail 01 Ihe compositIon KHSs·K,ss·H.O can be
prepared, where Ss represents the bivalent anIon -ooe·
eaH3(OH)S03-. The pK.lor lhe carboxyl group has been lound
to be 2.85, with a varlallon olle88 than 0.01 unit In the range
15 to 45°C. The double sail Is a promisIng acldlmetrlc stan·
dard, as the equivalent weight (550) Is high and the pH change
near Ihe equIvalence point In Ihe tltrallon with strong base Is
sharper than lor the tltrallon 01 pota88lum hydrogen phthalate.
Solutions 01 this salt are also uselullor acldlly control near pH
2.8.

Sulfosalicylic acid (2-HOC6H3-1-COOH-5-S03H) is a
triprotic acid. The sulfonic acid group is strong (K > 0.1), the
carboxyl group is of moderate strength (K "" 1.4 X 10-3), and
the phenol group is very weak (K '" 4 X 10-14 in salicylic acid
(1». In 1857, Mendius (2) reported that the primary and
secondary potassium salts of sulfosalicylic acid crystallize as
a 1:1 double salt.

This double potassium salt is of some analytical interest.
It can be prepared in pure anhydrous form, is not appreciably
hygroscopic, and has a very large equivalent weight (550.655).
Hence, weighing errors may be relatively small. Furthermore,
the strength of the second acid group, coupled with the es­
sential inertness of the phenol group, permits the double salt
to be titrated with high precision to the equivalence point for
the carboxyl neutralization. This substance therefore shows
promise as a standard for acidimetry. In addition, the double
salt is a natural pH buffer, and solutions regulated at a pH
near 2.8 can be prepared by weighing a single pure substance.
In both acidimetry and pH control, this double salt appears
to be superior to potassium hydrogen phthalate. We have now
determined the second dissociation constant of sulfosalicylic
acid, making clear these analytical applications.

SECOND DISSOCIATION CONSTANT OF
SULFOSALICYLIC ACID

The dissociation constant K. of the carboxyl group was
determined by emf measurements of the cell without liquid
junction

Pd;H.(g,l atm)IKHSs·K.Ss(m), KCl(mllAgCl;Ag (A)

where Ss represents the bivalent sulfosalicylate anion
-OOCCsHs(OH)SOs- and m is molality. The techniques have
been described in a number of earlier papers (3, 4). If the ac­
tivity-coefficient tarm is represented by the Debye-Huckel

equation, each value of the emf E of cell A for solutions of
known molality can be used to calculate a value for the "ap­
parent" pK. (designated pKi), inasmuch as the standard emf
EO of the cell is known (5). The relationsbip is

K '= (E - EO)F + 10 m(m - mH) + 2AI'12 (1)
P. RT In 10 g m + mH 1 + BA/'12

In Equation I, A and B are constants of the Debye-Huckel
theory, A is the "ion-size parameter". and 1 is the ionic
strength. The quantity pKi becomes equal to the thermo­
dynamic value (pK.) upon extrapolation to 1= O. The v81ues
of the ion-size parameter are chosen by trial to produce the
best straight-line extrapolation. The ionic strength is given
by

,I = 5m' + 2mH (2)

In view of the appreciable acidic dissociation of the carboxyl
group of KHSs, estimates of the hydrogen ion molality (mH)
are needed to establish reliable values of the buffer ratio in
Equation 1. In principle, mH can be derived from the emf by
the Nernst equation, provided that the activity coefficient of
HCl in the buffer-chloride mixtures can be estimated with the
required accuracy:

(E -EO)F
-log mH = RT In 10 + log m + 2 log 'Y±(HCl) (3)

EXPERIMENTAL

The double sal' KHSs·K,Ss was prepared by combining sulfosali­
cylic acid of commercial grade with reagent.grade potassium car·
bonate in the proportions of 0.75 mol of bicarbonate to 1 mol of the
acid. The product was recrystallized repeatedly until a sample, dried
at 110°C, assayed close to 100% by titration with strong alkali. The
crystallization was effected by cooling an aqueous solution, saturated
at about 70°C, to 20 °e. In some instances, ethanol was added to the
extent of ahout half the volume of the saturated aqueous 801ution to
increase the yield of the double salt. The lot of salt used had been
crystallized seven limes. It was titrated with equally satisfactory re·
suits to the calculated equivalence point (pH 7.6 in 0.05 M solution)
or to the first pink color of phenolphthalein. Two weight titrations
of 'he final produ.' gave 100.01 and 100.00%.

Reca1culation of the analytical data given by Mendius (2) confmns
that 1 mol of the double salt contains 28 and 3K and that the com·
pound separates from aqueous solution.c; as a monohydrate. The wBter
of hydration was easily lost, however, and, in our experience. the dried
salt was not appreciably hygroscopic. The salt dissolves readily in
watefj at room temperature, a saturated solution is about 0.2 M.

Potassium chlorida was purified by two crystallizations from water.
The platinum bases for the hydrogen electrodes were coated with
palladium black (6) after trial measurements with pla'inum black
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Table I. Electromotive Force (E, in Volls) of Ute Cell: Pd; H, (g, 1 atln) IKHSs·K,Ss (m,), KCI (m,) IAgC!; Ag
from 10 to 50·C

ml=m J
10 DC IS DC 20 DC 25 DC 30 DC 3S DC 40°C 4S DC SO DCmol kg--

0.010002 0.50644 0.50790 0.509 25 0.51061 0.51255 0.51394 0.51541 0.51688 0.51837
0.010590 0.504 32 0.50555 0.50685 0.50858 0.50956 0.51093 0.51228 0.513 59 0.514 89
0.019815 0.486 23 0.487 18 0.48809 0.489 13 0.49001 0.49099 0.491 94 0.49290 0.49382
0.02098 0.48363 0.48453 0.48543 0.48632 0.48725 0.48809 0.48897 0.48985 0.49071
0.041 64 0.46401 0.464 40 0.464 77 0,46523 0,46559 0.46602 0.4 66 43 0.46686
0.04197 0.46370 0.464 05 0.46447 0.464 90 0.46517 0.465 53 0.46596 0.46636 0.46679
0.06267 0.453 19 0.453 23 0.453 30 0.45334 0.453 45 0,45347 0.45356 0,453 64 0.45372
0.06324 0.45299 0.45299 0.45303 0.453 20 0.45321 0.45333 0.45340 0.45349 0.45351
0.084 84· 0.44570 0.44546 0.44526 0.44510 0.44494 0.444 76 0.444 59 0.444 41 0.444 22
0.10660· 0.44023 0.43987 0.43946 0.439 10 0.438 80 0.43847 0.438 15 0.437 84 0.43749

a Values of E are average results obtained for two different solutions of the same composition.

pK,

Table II. pK, for Sulfosalicylic Acid from 10 to 50 "C
and Related 'Thermodynamic Constants

linear regression analysis dictated a choice of A= 6 Aas suit­
able for the evaluation of the intercept, pK2• The standard
deviation about regression varied from 0.002 at 25°C t<> 0.006
at 15 °e. At a few of the temperatures, these deviations from
linearity are larger than those normally expected in well­
designed experiments of this type. They may indicate a slight
residual tendency of the sulfosalicylate ions t<>ward reduction
at the palladium electrode. Nevertheless, it was clear from a
compar;"son of data at 25°C recorded at the beginning of the
temperature series with those at the end that any irrevers­
ibility was of little consequence.

The values of pK2 at the nine temperatures were fitted to
a second-degree equation of the form proposed by Harned and
Robinson (10) using the method of orthogonal polynomials
described by Please (1 J). The result was as follows:

1420.41 _
pK2 = -T- - 6.4920 + 0.015347T (5)

where T is the thermodynamic temperature in kelvins. The
average deviation of the calculated values from the observed
pK2 was 0.002 unit. Table II lists the values derived from
Equation 5. and at the foot of the table are found the standard
changes in enthalpy, entropy, and heat capacity associated
with the dissociation of the carboxyl group. These quantities
are given in calories, where 1 cal =4.184 J. The uncertainties
assigned to the thermodynamic functions were calculated
from the variance of pK2 by the method of Please (1 I).

DISCUSSION

The double salt of monopotassium sulfosalicylate and di­
potassium sulfosalicylate may prove useful as a standard for
acidimetry. It can be prepared in pure form and, once dehy­
drated, shows little tendency to pick up moisture except from
very humid atmospheres. Its equivalent weight (550.665) is
high enough to minimize adventitious errors in weighing due
to temperature fluctuations, absorption of moisture, and the
like. When the double potassium salt is titrated with strong
alkali, the pH rises sharply from near pH 4 through the
equivalence point. If the concentration of 5s2 - at the equiv­
alence point is 0.05 M, the pOH calculated for 1'5. = I is 7.77.
If 1'5. is given a more reasonable value of 0.5. the po H at the
equivalence point is found to be 7.62. Accurate titrations can
be performed with phenolphthalein as an end-point indicator.
The pK2 (2.85) is so low that the buffer capacity at the
equivalence point is considerably smaller than is the case for
titrations of potassium hydrogen phthalate (pK2 = 5.4), and
the feasibility of the titration is correspondingly greater.

The double salt is also useful for pH control. As can be seen
in Table II, pK2 is at a minimum near 30°C. Consequently,
the pH of solutions of this substance is almost unaffected by
changes of temperature in the range 20 to 40 °C. Buffer so­
lutions with pH somewhat below 3 are conveniently prepared

2.869
2.859
2.852
2.847

10
15
20
25

30 2.845
35 2.846
40 2.849
45 2.855
50 2.862

t:.Ir (25 ·C) • 257 t 55 cal mol-'. t:.S" (25 ·C) : -12.2 t

0.2 cal K-' mol-'. t:.Cp • (25 ·C) - -42 , 7 cal K-' mol-'.

gave highly unstable values of the emf, presumably because of re­
duction of the aromatic ring.

The cells were immersed in a walte thermostat controlled within
O.OJ °C of each of the nine nominal temperatures. Temperatures were
measured with a Hewlett-Packard quartz thermometer which had
been compared with 8 calibrated platinum resistance thermometer.
The emf was determined with a Hewlett-Packard digital voltmeter
checked from time to time against laboratory standards consisting
of two saturated standard cells maintained at a controlled tempera­
ture.

RESULTS

The observed values of the emf of cell A, corrected to a
partial pressure of hydrogen of 1 atm, are listed in Table J. It
has long been recognized that uncertainties in estimating the
activity coefficient in Equation 3 and, hence, the molality of
hydrogen ion. lead to appreciable errors in pK when the latter
is less than 3 (7). For this reason, a close approximation t<> the
activity coefficient of HCi in the buffer-ehloride solutions was
sought.

It was assumed that 1',,(HCI) in the solutions composed of
potassium salts.(chloride and sulfosalicyJates) will be nearly
the same as the "trace" activity coefficient 1'"t, of HCI in KCI
solutions. From the values of at2 for HCI in HCI-KCI mixtures
(8), one fmds that the trace activity coefficient at 25 °C is 0.782
in 0.1 m KCI and 0.705 in 0.5 m KCI. These values and other
intermediate values derived by interpolation of a12 are closely
represented by

All/2
-log 1',," = I + UB/I/2 0.065/ (4)

which was used to obtain 1'",(HCI) for each of the cell solutions
at 25°C. The activity coefficient of HCI is not very sensitive
to temperature changes. Hence, 1'",(HCI) at the other tem­
peratures studied WBB obtained from the values at 25°C with
the use of the temperature coefficients found by Harned and
Hamer (9) for the activity coefficientofHCi (0.01 m) in KCI
solutions.

The valuea of mH obtained by Equation 3 were used to
calculate pK2' by Equation 1. Visual examination as well BB
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by a single weighing of a pure substance, and a buffer ratio
very close to unity is assured.

The usefulness of some buffer substances such as potassium
hydrogen tartrate and, to a leoser extent, potassium hydrogen
phthalate is impaired by a tendencyto support mold growth.
Although molding in solutions of sulfosalicylates was not
specifically investigated, it seems likely that the presence of
a phenol group in the sulfosalicylate molecule may provide
built-in mold inhibition.
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Semi integral Electroanalysis:
Neopolarograms

The Shape of Irreversible

Masashl Goto' and Keith B. Oldham"

Trent University, Peterborough. Ontario. Canada

is totally irreversible or quasi·reversible have also been con­
sidered (1, 2). One of the major advantages of the semiintegral
method, that has been exploited by Saveant and coworkers
(5), is its ability to analyze electrochemical kinetics without
preassuming any partkular dependence of the heterogeneous
rate constant k(E) upon potential. For the present purpose,
however, it will be assumed that the rate of reduction is gov­
erned by a volmerian,

The equation of the m YS. E curve during the totally Irreversible
reduction of an electroactlve species Is derived: It resembles
an Irreversible polarogram at a stationary electrode, but Is less
asymmetric. The effects or ramp-rate and or Initial potential
are evaluated, and the relationship to linear scan voltammetry
Is explored. Neopolarograms have been determined experi­
mentally, using the 10.- and NIH electroreductlons, and
correlation between theory and experiment Is sought by
comparing transfer coefficient values determined from various
features of the neopolarograms.

Conditions wherein the electrochemical reduction
.'lIE)

Ox+Ne-_Rd (5)

I Present address, Department of Applied Chemistry, Faculty of
Engineering, Nagoya University, Chikusa·ku, Nagoya, Japan.

and other symbols have the significance commonly accorded
them in electroanalytical chemistry. Note that the shape of
a reversible neopolarogram depends on neither the initial
potential Eo nor the ramp-rate v, the two constants that
jointly determine how the potential

may be rephrased as

m=m,_m'tanh(NF IE-EI/,J) (2)
2 2 2RT

where m is the semiintegral (4), d- l12 i/dt- I12, of the faradaic
current i, me is an abbreviation for the constant

(6)

(7)E = E. + RT In (k.lm, - ml)
emF iv15

(
-anF )k(E) = k. exp ----;IT IE - E.)

dependence on potential. If the rate·determining step of the
electroreduction mechanism is an initial transfer of n elec­
trons, then" is the transfer coefficient of that step. The shape
of such irreveroible neopolarograms is not independent either
of Eo or of v, so that it is impossible to write an equation of the
form m = {(E) in which the function {is independent of the
starting potential and the ramp-rate. However. it is possible
to derive an expression of the form {(m,i,E) = 0, relating po­
tential to both the faradaic current and its semiintegral, and
in which neither Eo or v appears. Such a relationship (J, 2)
is

and has been verified experimentally. Though it certainly
holds when the potential varies with time according to the
linear relation 4, the validity of Equation 7 is not restricted
to any particular temporal dependence of potential (6).

Equation 7 cannot be said to describe the shape of an irre­
versible neopolarogram; what it does is to provide an inter·
relationship between the shape of a neopolarogram and the
shape of a linear-potential-scan voltammogram. The object
of the present study is to produce and test an equation that,
in fact, does describe the shape of an irreversible neopolaro­
gram by giving the value of m as an explicit function, m =
{(E,Eo,v), of the variable E and the constants Eo and v.

If Eo is sufficiently positive, then its precise value is irrel­
evant. We shall see that, in this circumstance, the equation
that relates m and E is

(I)

(3)

(4)E = Eo - vt

RT (m, - m)
E=EI/2+ NF ln -m--

changes with time.

\Vhen an electrode in contact with a solution containing a
reducible species is polarized by a potential E that becomes
progressively and linearly more negative, the curve which
results from displaying the semiintegral m of the faradaic
current vs. -E is termed a neopolarogram. If the electrode
reaction is reversible, the shape of the neopolarogram is
identical to that of a classical reversible polarogram (1-3). The
usual equation describing this shape
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Table 1. Values or mime as a Function or the Parameter ~

(an Undimensionalized Potential. Defined in Equation 8bl.
Giving the Shape or an Irreversible Neopolarogram That
Starts at a Sufficiently Positive Potential

/
/

/ .
/

/

/

I
/,

/
I

/
/

Figure 1. Comparison of the shape of an Irreversible neopolatagram
(full line) with a reversible (neo)polarogram (dashed line) and an Irre­
versible polatogram (unconnected points)

The three curves, which are gIven by the expressions 1 - 2::(fl)-1I2(-exPtV
whore ~ + 0.2072 ~ anFIE,n - E]IRT: Y, - y, 18nhlNF{E- E,n]IRn: end
.,;;~ .xp(~')erlc~_. ~ =0.433 .xp(anF1E,n - E] IRn: have been acaJed
by assuming an - NI2 and by adjusting the half-wave potentials to coIncide

...

mime

0.67678
0.72955
0.75000
0.77277
0.77725
0.81909
0.85476
0.88445
0.90867
0.92811
0.9389
0.94361
0.9517
0.9699
0.9880

(0.994831
(0.99830)
(0.99943)
(0.99981 )

1

t

+004000
+0.6000
+0.6829
+0.7802°
+0.8000
+1.0000
+1.2000
+1.4000
+1.6000
+1.8000
+1.9346
+2.0000
+2.1292
+2.5185
+3.2969
+4.0000
+5.0000
+6.0000
+7.0000

mIme

o
0.00091
0.00249
0.00671
0.01810
0.04810
0.12333
0.14768
0.17612
0.20904
0.24672
0.25000
0.28930
0.33669
0.38850
0.44401
0.50000
0.50212
0.56140
0.62020

-7.0000
-6.0000
'-5.0000
-4.0000
-3.0000
-2.0000
-1.8000
-1.6000
-1.4000
-1.2000
-1.1837
-1.0000
-0.8000
-Q.6000
-Qo4OOO
-0.2072
-0.2000
-0.0000
+0.2000

whose value decreases as Eo becomes more positive. Our ap-

of two undimensionalized variables to play the roles of m and
t, and of one dimensionless constant,

mime values given to only four decimal places were de­
rived from data in Ref. (lO), while parenthesized values are
from Expression 18. The asterisked entry corresponds to
the peak of a linear scan voltammogram.

THEORETICAL

On recognition that the current i is the temporal semide­
rivative, i = d l12m/dt l12, of m. Equation 7 may be recast as

V1j dl/2m (anF )k"; dtl/2 = Im,-mlexp RT IE,-Eo+vtl (9)

after incorporation of relationship 4. This so-called semidif­
ferential equation (7) contains m and t as the only variables.
Simplification to

(16)"" exp(vx}. v > 0, all q
dq exp(vx)

{d(x + ao)lq

proach to solving Equation 10 will be to first consider its so·
lution in the 'Y - 0 limit (as appropriate to neopolarograms
which start at an arbitrarily large positive potential), before
going on to a more general solution.

Initial Potential Indefinitely Positive, Defmitions 8b,
12 and 13 imply ~ = r + In 'Y, an identity which converts
Equation 10 to

dl/2 jl

Id(~ -!n'Y)11I2 - (I - jl) exp~ (14)

applies. This simple rule permits immediate recognition of

jl = - f: (-)i exp(j~) (17)
i-I VVIT

as a solution to Equation 15. From here it is just a matter of
changes of variable to genarate the final result, Equation 8.

Table I contains accurate numerical data corresponding to
Equation 17 and Figure 1 includes a graph of jl vs. ~; that is,
it shows the shape of an irreversible neopolarogram. For
comparison, the shapes of a reversible neopoJarogram
(Equation 1 or 2) and of an irreversible polarogram at a sta­
tionary electrode (8) are also included in this diagram. (By the
phrase "polarogram at a stationary electrode" we mean the
i vs. -E curve produced by a series of potential step experi­
ments in which the current is measured after a constant time
interval. The applied potential is changed slightly between
experiments.) The three curves have been "fitted" at the
half.wave point. As expected, the irreversible neopoJarogram
is decidedly less steep than the reveraible curve. The irre·
veraible neopolarogram is an asymmetric curve. its point of
inflection lying somewhat negative of its haIf·wave potential.
The asymmetry is mild enough to escape caaual notice, how:

This becomes

Id(~d::)11/2 (1- jl) exp~ (15)

in the 'Y - 0 limit. Notice that ~ is simply a suitably undi­
mensionalized potential. The dl/2/ldU + ao})'/2 operator,
corresponding to a lower limit of - CD t is an instance of the
Weyl differintegration operator (7), a class to which the
rule

(11)

(10)

(13)

(l2)

(
RT )1/2 (anF )

k, anFvD exp RT IE, - Eo] "'Y

1 _.!!!... = r:. (-exPt)i/VU!> (8a)
me j-a

where ~ is the abbreviation

anF [E, _ EI + ~ In ( k;nT ) " ~ (8b)
RT 2 nnFvD

The derivation of Equation 8, and of the more complex rela­
tionship that covers cases in which Eo is not indefinitely
positive. is accomplished in the next section. This is followed
by an experimental section which attempts to verify the the­
oretical predictions using the reductions of iodate and nickel
ions at a mercury electrode.

anFvt--=T
RT

d l/2 jl
dr l/2 = 'Y(I - jl) expr

follows from the definitions

and

1872 • ANALYTJCAl CHEMISTRY, VOl.. 48, NO. 12, OCTOBER 1978



Table II. Comparison of Polarographic Features. D' Is the Diffusion Coefficient of the Reduction Product

Reversible neopolarogram Irreversible starionary
Feature or polarogram Irreversible neopolarogram electrode polarogram

E'h RT fl RT ( ~) E,+!!!:...ln(2.31k,A)Es+-)n - E, +-- In 1.23k, --
NF D anF o.nFu anF D

Ev.- E""
RT RT RT1.099- 0.977-- 0.940--NF anF anF

E1h-E'A
RT RT RT1.099- 0.890- 0.809-NF anF anF

Slope at E'h
NF anF anF--- --0.295- --0.313-4RT RT RT

Maximum slope
NF anF anF--0.297- --0.320-4RT RT RT

Height of maximum
slope (inflection point) 0.500 0.545 0.576

Potential of RT RT
maximum slope E'h E'h- 0 .151- E'h- 0 .241 -

QIJF anF

"Log plot" slope
NF 1.178 anF 1.279 anF

2.303 RT 2.303 RT at E'h 2.303 RT at E'h

we find that

is possible in terms of functions s" ( ) that are repeated sem­
iintegrals of the exponential function. The recurrence

Figure 2. The upper CLWVe is the foot ot an Irreversible neopolarogam
that started at an indefinitely large positive potential

The four Incomplete CtxVes show the effect (from kth to right) of ITl8kIng Eo~
creasingl)' ktss positive. The fragment ffi8I'1(ed whh an asterisk shows the start
of the neopolarogram tor which Ii acquires the value 0.4900 at £112

d- l12
dx-'12 [exp(x)s,,_,(x)] = s,,(x) (23)

defines all these functions, sol ) being unity. Via polynomial
approximations to these functions (9), tabular values of SnIT)
were prepared and these enabled Figure 2 to be constructed.
This diagram compares the theoretical shapes of the feet of
neopolarograms that commence at various potentials_ Note
that the late·starting neopolarographic curves are initially
vertical but that they soon veer to follow a course almost

(20)

(21)

(22)~ = - f: (-r)" s"(T)
fI-1

I exp(-~)
- ~ - V(;5 (18)

Dependence on Ramp-Rate. We have established that,
for irreversible neopolarograms which start at arbitrarily
positive potentials, ~ is a function of ~ only. It follows, there­
fore, that the change with u of any point on the neopolaro­
graphic wave (e.g., the half-wave potential, E ,t2 , corresponding
to ~ = 'h) is that required to maintain a constant value of ~.

Then by differentiating

anF I (k;RT )
RT [E, - E.! + 21n anFuD =~. = constant (19)

to yield

ever, and is certainly not as great 8S that of a classical sta·
tionary electrode irreversible polarogram. Features of the
three curves are compared in Table Il.

Early entries in Tahle I were calculated by using Equation
17. For ~ values in excess of about 2.0, the retention of suffi­
cient computational precision makes this straightforward
approach unrewarding. The parenthesized values listed in the
tabulation for large ~ were calculated from the asymptotic
expression

/lE. = -2.303RT
t.log u 2anF

In words, Equation 21 states that a tenfold increase in
ramp-rate will shift the potential corresponding to any par­
ticular height up the wave (E 1/2.E I/"ete.) cathodically by
29.6/an mV at 298 K. Note that changing the ramp-rate
merely shifts the entire wave along the potential axis, the
shape of the wave remaining unaltered. This is in contrast to
Iinear-potential-scan voltammetry, wherein changes in v also
affect the height of the response.

Solution Cor Arbitrary Initial Potential. An exact solu­
tion of Equation 14, namely
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Figure 3. Neopolarograms for iodate reduction
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Figure 4, Dependence of the characteristic potentials (0 Ell"'. 0 E,,2.
and 6. EJ/",) on the logarithm of the ramp-rate. Conditions as in Figure
3
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whereas m is expressed by Equation 2, in terms of a single
elementary transcendental function. From a mathematical
viewpoint, the neapalaragram is far the simpler curve and
consequently it is appropriate to regard the linear scan val·
tammogram as derived from it by semidifferentiation. That
Equation 27 is indeed the semiderivative of Equation 2 follows
immediately from the identity

could have been used to predict neopolarographic behavior.
This method has not been followed here, because to have done
so would have obscured the fundamentality of the semiin­
tegral approach.

As Reinmuth (11), in a different. terminology, stressed: the
linear relntionship of m to the surface concentrations of
electroactive species lends to m a basic significance that i does
not share. In evidence uf this, the shape af a reversible lin­
ear-potential-scan voltammogram (10-12) is described by the
unfamiliar infinite sum

"0

I
120

-=-
~. • 0

e

40

(24)

0.4267
0.4617
0.4792
0.4885
0.4900
0.4935
0.4963
0.4979
0.4988
0.4993
0.5000

1J31£Y2;

0.2990
0.1814
0.1100
0.0667
0.0591
0.0405
0.0246
0.0149
0.0090
0.0053

o

Table III. Values of JJ at E'h for Various Initial Potentials

anF
RT 1£,-£y,1

1.000
1.500
2.000
2.500
2.622
3.000
3.500
4.000
4.500
5.000

paralJelto, but slowly converging with, the neopolarogram that
started at an indefinitely positive potential.

Some time after the commencement of a neopolarogram,
T becomes large enough that an asymptotic summation (9)
may be employed to replace that in Equation 22. Introduction
of this simplification leads eventually to the result

1- 1'- So' - (-exp u}i
1'-1'---- L--.-du

V;; 0 joO VUIT
where 1'_ is the value that I' would have had if Eo had been
infinite. The integrand in result 24 is the same function that
appears in the expression (Equation 17) for 1'. itself. Values
of the integral were calculated and were, in fOCl, used alii an aid
in the construction of Figure 2. Though its restriction to large
T must not be overlooked, Equation 24 tends to be more useful
than Equation 22. The former correclly predicts that I' is in­
variably less than IJ..." but that these two values converge as
'Y approaches zero or 8S T approaches infinity.

Choice of Initial Potential. Though irreversible neopo­
larograms Bre simplest when the initial potential is very pos­
itive, in practice one must choose Eo such t.hat no electroox­
idations occur. In this subsection, the effect upon the ncopo­
larographic half-wave potential of starting the ramp at a
less-than-infinitely positive potential will be evaluated. It will
he demonstrated that, provided that the initial potential is
at least 67.4/on mV more positive than E ,n, effects are con­
fined to the foot of the wave.

Making use of Table II and of Equations 12 and 13, one may
demonstrate that at the true neopolarographic half·wnve
potential (Ew, corresponding to 1'_ = Y,), T acquires the value
-In(1.23 -y). Substitution of this value into Equation 24
gives

! _ 1 (' f (-expu)! du (25)
2 v 4.. ln(1.23 -y) Jo j-O VUIT

as the expression for I' at E,n. Values of this expression, which
is a function of -y alone, are to be found in Table III.

From Table III, it is seen that -y must not exceed 0.0591 to
ensure that I' lies between 0.4900 and 0.5000 at E 1/2. At T =
298 K, this corresponds to the inequality

RT
an [Eo - E'121 ~ 2.622 F = 67.4 mV (26)

Of course, the foot of the irreversible neopolarogram that just
satisfies this inequality will be considerably distorted (the
start of this neopolarogram is shown by the asterisk in Figure
2), but, in the vicinity of E ,n and at more negative potentials,
the curve lies within experimental error of the ideal neopo­
larogram.

Relation to Linear Scan Voltammetry. Obviously, since
a neopolarogram is tbe semiintegral of a linear-potential-scan
voltammogram, the known shapes (10) of the latter curves
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EXPERIMENTAL

The apparatus and technique are unchanged from those described
in previous articles of this series (2, 4, 14). A hanging mercury drop
electrode was employed; in all cases the drop was "second hand" (2).
Reagent grade chemicals were used without further purification. A
supporting electrolyte of 0.10 M KN03 was used throughout. Two
electroreducible species were examined: the iodate ion as 2.00 mM
KIO, and the nickel(I1) ion as 4.00 mM Ni(N03 ),. Both these ions
have been extensively studied and their reduction at a mercury
electrode is well known to be irreversible. Because a rather large initial
current was observed in the case of the 103- reduction, the working
electrode was regularly maintained at the initial potential for about
455 to eliminate such currents prior to the recording of the neopo­
larogram.

Analog semiinteg'ration was employed, using 8 ladder network in
the feedback loop of the Princeton Applied Research Model 170's
integrator, as previously described (15). (Please note a typographical
error in Figure 10 of this article; the resistor shown as 830 kO should
have read 8300 kO.) The m values so measured were corrected for
electrode sphericity (1, 12) by subtraction of the qD 112/r term (q ­
Jj dt, r - drop radius).

RESULTS AND DISCUSSION

Experimental neopolarograms for iodate reduction are
shown in Figure 3 for a variety of ramp-rates, v. Figure 4, de-

l-tanh~=2 f: (-)iexp(jx) (28)
2 i-O

and the Weyl rule, Equation 16.
For irreversible electroreductions, Equation 8, describing

the neopolarographic wave shape, is not actually significantly
simpler than its semiderivative,

. (anFv) '/' - (-)i
I = -me FiT i~1 v(j _ I)!

X exp (-janF [Eo _ vI _ E + RT In anFvD]) (29)
RT ' 2anF k;RT

which governs the shape of a totally irreversible linear scan
voltammogram (la, 13). Nevertheless, the neopolarogram has
two simplifying features-near-symmetry and ramp-rate
independence-not enjoyed by the voltammogram. As well,
the attainment of a constant value me represents a decided
advantage for neopolarography, especially where analytical
applications are sought.

Because of Equation 7, there is a simple relationship be­
tween numerical values of i and m at each potential. This re­
lationship was used to convert the tabular current data of
Nicholson and Shain (10): some of these results are included
in Table I to supplement the ~ > 2 range. Note that the cited
data were not prepared using Equation 29 (which suffers the
same limitations as Equation 8 at the more cathodic poten­
tials) but by a numerical integration scheme.

0.'

0.'

0.'
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O~

-0.';
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Flgur. 5. Plot based on Equation 7 for Iodate reduction. Conditions as
In Figure 3

-0.'

Figure 6. Plot based on Equation 7 for nickel reduction

SolutIon: 4.00 mM NI(N03b In 100 mM KN03; electrode area: 87.3 nvn2; Inttlal
potential: -650 mV 'is. seE; ramp-rates: as In Flgu"e 3

rived from Figure 3, shows how the quarter-wave, half.wave,
and three-quarters-wave potentials depend on ramp-rate. As
predicted in Equation 21, each characteristic potential is seen
to depend logarithmically on v. The equation was applied to
the slopes of the Figure 4 lines, the an values listed in Table
IV being thereby calculated.

Values of an may be calculated, not only from the slopes
of the lines in Figure 4, but also from the displacement of these
lines from each other. This is evident from the predictions in
Table II, which show that

an 25.1mV 48.0mV 22.9mV (30)
Ell, - Ell' Ell' - E3/. E I /2 - ES/.

at 298 K. The an values calculated from these relations are
also displayed in Table IV; ranges of an are reported because
the lines in Figure 4 are not quite parallel. For iodate elec­
troreduction, data determined from relations in Equation 30
demonstrate rather poor self-consistency; this reflects the fact,
evident in Figure 3, that the iodate neopolarogram is slightly
less symmetrical than theory predicts.

Vet another way of determining an from the neopolaro­
grams uses their slopes. According to Table II, the irreversible
neopolarographic wave has a maximum slope almoet equal to
its slope at E In. both these slopes being given within experi­
mental precision by

0.47
0.46
0.45

0.53-0.54
0.55-0.57
0.58-0.61

0.57
0.61
0.59
0.53

(0.49)

0.54 =0.04
0.52

o:n for reduction of

10,­

0.55
0.56
0.53

0.47-0.50
0.53-0.55
0.58-0.69

0.52
0.51
0.48
0.48

(0.43)

0.53 =0.04
0.50

Method

ElA va. log v slope
E'h vs. log v slope
EIA VB. log v slope
EtA - £1,,01 separation
EIA - ESA separation
E1h - E'A separation
Slope at v - 20.5 mV s-'
Slope at v a 50.3 mV s-'
Slope at v = 102 mV 5.1

Slope at v = 205 mV so,
Slope at v =509 mV so,

Mean:

log (mc - m )/i vs. E slope

Table IV. SummllJY of Q1I Results
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Figure 7. Neopolarograms for nlckel(lI) reduction with various InlU81
potentials

Ramp-fate: 102 mV a-I; other conditions: as In FlglA"8 6

...!... dm = slope =~ (31)
modE 86.8mV

at 298 K. Using this equation and the curves shown in Figure
3, an values were calculated for each ramp·rate, the results
again being collected in Table IV. Apart from the datum ob­
tained from the 509 mV/s ramp·rate (where pen response may
have been a compliCllting factor), the values agree well and
give an an avetage value of 0.50.

Table IV permits an intercomparison of an values deter­
mined for iodate reduction by all three neopolarographic
methods. Though the agreement is less than might have been
hoped, the scatter averages only 0.04 and confirms that theory
and experiment are in broad agreement. Possible causes of the
discrepancies include: imperfect correction for sphericity,
interference from nonfaradaic and other background effects,
and neglect of the role of the double-layer structure (1) on the
kinetics of 103- reduction.

Essentially similar results were obtained for Ni2+ reduction.
Values of an were calculated by the same method used for
103- and the data are likewise assembled into Table IV. The
agreement between an values determined by the various
methods is no better than in the iodate case, but it is inter­
esting to note that the results for the two electroreducible
species do not parallel each other. This suggests that diver­
gencies arise from idiosyncrasies of the individual systems,

rather than renecting any general inadequacy of the theo­
ry.

Finally, a method of determining an was employed that
does not hinge on the theory presented in this article. This
method uses Equation 7 and consists of plotting log (m, ­
m)/i VB. E. Figures 5 and 6 show these plots for iodate and
nickel ion reductions respectively. From the slopes of the lines
shown in these diagrams, which, it should be noted, embrace
several ramp-rates, the an values reported as the final items
in Table IV were calculated. Agreement with the other tahu­
lated values is good.

Figure 7 shows neopolarograms for the reduction of Ni2+
for a variety of initial potentials. We have not attempted to
correlate these curves quantitatively with theory, but the
qualitative agreement with Figure 2 is evident.
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Optical Pathlength Considerations in Transmission
Spectroelectrochemical Measurements

F. R. Shu' and G. S. Wilson·

Chemistry DtJpartment. University 01 Arizona. Tucson. Ariz. 85721

A transmission sp8Ctroeleclrochemlcal cell Is described In
which the optical peth length can be varied to enable consld­
eretlon 01 "" e"ecl on eleclrochemlcal characteristics such
as ceH Ume constent. The uWlty oIlhe short pathlength cell was
demonstrated In the measurement 01 the second order ho­
mogeneous electron transfer rate constant lor the reaction of
horse heart cytochrome c and hexaammlnerulhenlum(II).

1 Present address, Smith Kline Instruments, Inc. 880 W. Maude
Ave., Sunnyvale, Calif. 94086

In the course of investigating electron transfer reactions
involving fast kinetics via transmission spectroelectrochemical
techniques. it is necessary to measure the absorhance changes
corresponding to chemical reactions taking place at the elec­
trode surface or in the diffusion layer of the working electrode.
Under these conditions, the diffusion layer constitute8 only
a small fraction of the total optical path length. Thus, it is
necessary to measure a small difference between two large
numbers if the original reactant absorbs appreciably. Clearly,
greater sensitivity can be achieved by reducing the total path
length. Such an approach might lead to the use of optically
transparent thin-layer electrodes (OTTLE). These have been
used to considerable advantage for both chemical and bio­
chemical applications (1-4). especially where fmal spectral
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measurements are made under null current conditions. Un­
fortunately, thin-layer cells often exhibit large resistive effects
which lead to poor potentiostatic control of the working
electrode and nonuniform current density across the electrode
surface (5, 6). In some applications (7), it is also desired to
measure sm~ «10-4) absorbance changes in short times
«50 ms). It is necessary in such cases to perform multiple
experiments (ensemble averaging) and this, in turn, requires
that the reaction layer be "refilled" after each experiment. We
have shown that this can be conveniently accomplished by
stirring the solution (7).

In this report, a variety of electrochemical experiments have
been performed to demonstrate the conditions under which
reliable spectral observations can be made in a short path
length cell without interfering with the electrochemistry.

EXPERIMENTAL

Table J. Electrochemical Evaluation of Cell Characteristics

Estimated Q

Optical path
length em R (ohms) RC(ms)

0.021 80 0.22
0.065 50 0.12
0.097 44 0.10

a Estimated from Equation 1 using solution blank. AE =
0.4 V. Elect. area:::: 0.27 cm'2.

Figure 1. Current-time curve for potentlostatlc reduction of methyl
viologen

Uncorrected ClXfent (++); Cooent corrected using Equation II, Reference 11
(.6..6.). R - 44 ohms. RC = 0.14 ms. Concn MV2+ = 10-3 M. Potential step
-0.45 to -0.8 V \ISo AglAgCl e~ode. Results averaged from 7 experj..
ments

The photometric broad band noise (0.001 A.U. P-P) of the
system was not appreciably affected by the presence of the
light pipe.

Evaluation of Cen Electrochemical Characteristics.
The time constant of the electrochemical cell was evaluated
using the recently described method of Perone and co-workelll
(11) in which it is assumed that the charging current is given
by

where aE is the size of the potential step; R, the total un­
compensated resistance; and C, the capacitance of the elee·
trode double layer. The cell constant was determined from a
potential step of 0.4 V in a solution containing only the
phosphate buffer. The current was measured over the time
interval 0 < t < 0.5 ma. The values obtained are shown in
Table J. It will be noted that influence of the light pipe on the
resistance begins to become pronounced helow a path length
of 0.065 em. Ifcurrent-time data are to be utilized in the po­
tential-step experiment, particularly at concentrations of 10-4

M or less, correction for charging current is absolutely es­
sential. Unfortunately, the blank solution does not take into
account the effects on the cell time constant resulting from
the addition of the electroactive species. To deal with this
difficulty, Perone and co-workelll (12) have recently proposed
a theoretical model which 'permits the estimation of the
charging current in the presence of a faradaic component.
Figure 1 shows that it is possible to obtain linear Cottrell be­
havior to within less than two cell time constants hy sub­
tracting the charging current using the correction procedure
(11). A similar correction procedure has been developed which
does not depend on the mechanism of the associated chemical
reaction (13). Virtually identical results are ohtained. From
the Cottrell slope, a diffusion coefficient of 7.9 X 10-6 cm2/s
can be calculated for methyl viologen (MV2+) in its reduction

(I)i h = t:1E e-tlRe
C R

RESULTS AND DISCUSSION

Evaluation of ccn Spectral Characteristics (Static).
Spectroelectrochemical cells with light paths of 0.021, 0.065,
and 0.097 em, respectively, were constructed for evaluation.
The spectrum of reduced cytochrome c was measured from
400 to 600 nm and, in each case, was found to agree with that
reported previously (10). Agreement was also observed for
Beer's law as measured by the difference in molar absorptivity
of the bands at 550 and 535 nm, respectively. Thus, it can be
concluded that the use of a light pipe has no apparent effect
on the quality of spectral measurements in the visible region.

Apparatus. The spectroelectrochemica1 cell was similar to that of
Hawkridge and Kuwana (8) except that the body was constructed of
Kel·F rather than Lucile because of superior chemical resistivity. The
optical path is defined on one side by an optically transparent tin
oxide electrode and on the other by an approximately 1.5-cm light pipe
('k·in. diameter image conduit, American Optical Co.) with its opti·
cally nat ends oriented parallel to the electrode. The light pipe was
permanently mounted by drilling 8 O.32-cm hole in the rear of the cell
block and cementing in place. The light pipe was positioned above
the cenler of the cell cavity 80 that a small stirring bar could freely
rotate at the bottom of the cell.

A piece of Pt wire sealed into the celJ block served as the counter
electrode. The wire was coiled around the light pipe near the indi­
cating electrode end so that product generated there would not in­
terfere with observations at the indicating electrode. The reference
electrode (Ag/AgCl) was conRtrucled as described previously (8) ex­
cept that a luggin capillary constructed of polyethylene was used to
urient the reference electrode probe immediately adjacent to the end
of the light pipe. This modification improved the cell response sig­
nificantly.

The indicating electrode was constructed with a 1.5 X 2 cm square
of Sb-doped tin oxide (20 ohms/square) glass. The square was then
painted with silver conductive paint so as to define a masked circular
window slightly larger than the end of the light pipe. A thin layer of
silicone rubber (Dow-Corning Silicone Rubber Sealer) was then ap­
plied to the electrode to mask that portion of the conducting paint
which would otherwise come in contact with the solution.

The electrochemical instrumentation included a Princeton Applied
Research Model 173 Potcntiostat and Exact Model 126 signal gen­
erator. A double beam spectrophotometer was constructed using a
lOO-watt tungsten quartz iodine light source (Sylvania 6.6Atr2 1/2
Q/CL) Jarrell-Ash Model 82-410 (0.25 meter) monochromator,
matched IP28A photomultiplier tubes, Burr-Brown (Tucson, Ariz.)
Model 3402A amplifiers as current-voltage transducers, and an OEI
(Tucson, Ariz.) Model 2534 high speed log ratio converter. From this
apparatus, an absorbance readout of 1.0 V/absorbance unit was ob­
tained. All experiments were run under the control of a Hewlett­
Packard 2100 minicomputer using a data acquisition system described
previously (7,9).

Reagents. All chemicals used in the present study were reagent
grade unless otherwise specified and were used without further pu­
rification. Cytochrome c (Sigma Type VI) was prepared in 0.2 M
phosphate buffer, pH 6.45. and was used to calibrate tbe optical path
length of the cell. Methyl viologen was obtained from K and K Lab­
oratories. Hexaammineruthenium(III) chloride was purchased from
Strem Chemicals, Inc.
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Figure 3. Absorbance-time curve for the reaction of Ru(NH3)e2+­
Cyt." lc

ReactIon condition: Ru(NH3)e3+:;: Cyt.lII c :;: t X 10-4M; 0.2 Macetate buffer.
pH 3.48. The potential was stepped from 0.2 V to -0.5 V (vs. AglAgCl) and back
(1:;: 0.2 s). Absorbance monitored at 550 nm. Results averaged from 7 steps.
Solid line = rate constant 6 X 10" M- 1 5- 1
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figure 2. AbSOfbance-Ume et.ove lor po1ef1tJostatlc reduction 01 metllyl
vlologen

Conditions same as F",," 1. Moniter wavelength 602 nm. Results averaged from
35 experiments
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to the free radical (MV.+). This value compares favorably with
a value of7.5 ± 0.5 X 10-6 cm'ls obtained from the potential
step chronoabsorptometry experiments to be described sub­
sequently. As Perone has pointed out (1 I). the correct Cottrell
slope is not obtained until rather long times (in our case
greater than 0.5 ms) where the corrected data converge.

Cyclic Voltammetry. The cyclic voltammetric behavior
of methyl viologen is very similar to that reported by Steckhan
and Kuwana (/4). The cathodic peak current (ipc) varied
linearly with scan rate over the range 0.039-16 VIs. The peak
current ratio (iPC!ipa) was essentially unity over t.he scan range
studied. The peak separation (dEp ) where de" = E p, - Epa

increases with scan rate Iv) as noted previously (14) and this
is attributed to the inherent resistance of the tin oxide film.
If a plot of peak separation vs. vU is extrapolated to zero scan
rate. tJ.Ep values in the range of 0.045-0.053 Yare obtained.
It is possible that in addition to the resistive properties of the
film. the behavior also is influenced to some extent by the
presence of the light pipe, especially at low scan rates. Over
the range studied, the peak separation does not depend on
path length. A zero peak separation would be expected for the
limiting case of a true thin-layer cell (/5).

Potential Step Chronoabsorptometry. The absorb­
ance-time response to a potential step is shown in Figure 2.
The least-square fit follows the Cottrell equation for times
greater than one time constant. It should be noted that these
data are uncorrected for charging current; however its effect
is apparent at short times. If the region between the y-inter­
cept and the first data point (100 jls) is expanded, it can be
shown that the absorbance-time curve (Figure 2) will pass
through the origin. Thus, a lag time is produced during which
current flow occurs but no product is produced. Data appear
to be usable without correction after 1-2 time constants. Thus,
it is still easier, in this case, to achieve linear Cottrell behavior
with absorbance monitoring in tbis system than with current
measurements. The very high molar absorptivity of MY·+ at
the monitoring wavelength contributes significantly to this
conclusion. After application of a potential step, the diffusion
layer will move out into solution eventually reaching the end
of the light pipe. At this point, the condition of semiinfinite
linear diffusion no longer applies. For the 0.021-cm cell, de­
viation occurs at about 250 ms. This is considerably sooner
than would be expected since the diffusion layer thickness
should equal the optical path length after about 60 s. Un­
doubtedly, the diffusion layer is distorted by the irregular
current flux resulting from the cell geometry. At times less
than 100 ms, no difficulties are encountered.

The thin layer cell has been used to measure the second-

order rate constant of the reaction between iron(III) cyto­
chrome c and hexaammineruthenium(II):

Ru(NH,,)62+ + CytllIc = Ru(NH"kl+ + Cytllc (3)

The reaction was monitored at 550 nm using a cell with alight
path of 0.1 em. As was expected, at least a sevenfold reduction
in background absorbance was observed. Between 30 and 50
experiments were required to obtain 8 SIN ratio of6 as com­
pared to about 100 in the absence of the light pipe. Conditions
can be further improved by signal conditioning with a 2-pole
Butterworth filter (/0 = 100 Hz) where only 7 to 15 cycles of
signal averaging were required to achieve a smooth experi­
mental curve (SIN = 6). A representative example of the ex­
perimental results is demonstrated together with a digital
simulation curve in Figure 3. This result is in good agreement
with the data reported in the literature (/6).

CONCLUSION

The above described cell is well suited to experiments in
which the diffusion layer is kept thin with respect to the op­
tical path length. Because of the resistive properties of the tin
oxide film, correct electrode potentials cannot be maintained
(even in the,absence of a light pipe) and these effects are ap­
parently accentuated by the light pipe. Use of a more highly
conducting thin film would aid this difficulty. The cell, how­
ever, will function most effectively under conditions where
the current-time response is less strongly dependent on po­
tential control, i.e., a potential step to the diffusion pla­
teau.
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Rotating Ring-Disk Enzyme Electrode for Surface Catalysis
Studies

F. R. Shu' and G. S. Wilson"

Department of Chemistry. University of Arizona. Tucson, Ariz. 85721

A rotating ring-disk enzyme electrode (RRDEE) has been
developed and evaluated. The enzyme, glucose oxidase, Is
Immobilized at the surface of a carbon paste electrode. The
progress of the enzymatic reaction was monitored at either
the ring or disk. By varying the electrode rotation speed, the
rates of substrate mass transport and catalytic reaction can
be distinguished. The theory describing the eIeclrode response
has been developed and is In good agreement with exporlmenl.
The kinetic parameters of the Immobilized enzyme have been
determined along with the properties 01 the modified eleclrode
surface. Performance as a selective sensor Is discussed.

In recent years, there has been considerable interest in
applying immobilized enzymes for specific assays. Among
these applications, the so·called enzyme eleelrode is quite
unique because it combines the enzyme specificity with the
sensitivity and convenience of electroanalytical techniques
in a compact form to facilitate analysis. The enzyme electrode
is usually prep87ed by attaching an immobilized .nzyme layer
t.o an electrochemical sensor so that changes occurring as a
result of the enzyme reaction can be monitored either po·
tentiomet.rically or amperometrically (1-3). Regardless of the
electrode sensor type, enzyme electrodes to date have been
operated in a stationary manner. The mass transport of sub·
strate to the catalytic layer is therefore controlled mainly by
solution stirring and the diffusion rate inside the immobilized
enzyme matrix (4), Neither of these processes is very effective
in bringing the product of the enzyme reaction to the electrode
surface. A recent model study of the theoretical aspects of
amp.rom.tric enzyme eleelrodes by Mell and Maloy has
shown that the sensitivity of a stationary enzyme electrode
is determined by the proper balance of the catalysis rate of the
enzyme on one hand and the diffusion rate of the substrate
on the other (4). Since both processes 87e inherent properties
of a particular system, it becomes apparent that there is very
little one can do to improve the efficiency or the sensitivity,
in practice, of a stationary enzyme electrode. Furthermore,
as pointed out by these authors, the lack of a well defined
boundary condition to describe the mass transport represents
another difficulty in predicting the steady·state current of a
stationary enzyme electrode. This, in turn, limits the potential
of using a stationary enzyme electrode to evaluate the kinetic

I Present address, Smith Kline Instruments, 880 W. Maude Ave.,
Suanyvale, Calif. 94086.

parameters of reactions at immobilized biosurfaces or other
catalytic surfaces_

A rotating electrode provides several attraelive advantages
over its stationary counterpart. First, the rate of transport of
a species from tbe bulk of the solution to an electrode can be
controlled by varying the rotation speed of the electrode. The
hydrodynamics of a rotating disk electrode is well defmed (5).
Therefore, it is possible to make mass transport competitive
with the enzyme catalysis rate. As a result, the sensitivity of
a particul87 enzyme electrode could be significantly improved.
Second, because of the convective nature of the electrode, one
would expect that a rotating enzyme electrode sbould give
much faster response than a stationary electrode. This, of
course, would shorten the analysis time. The third advantage
of a rotating enzyme electrode is its potential as a tool for in­
vestigating the kinetics of surface catalytic reactions. Since
the boundary conditions of a rotating disk electrode 87e well
defined, a reliable matbematical model can be derived to
predict its bebavior. We have carried out a study to develop
a rotating disk enzyme electrode and to investigate the theo­
retical aspects of its performance.

The system we selected to study is the glucose-glucose ox·
idase reaction:

glucose oxidllM
Glucose + 0, I Gluconic acid + H,O, (1)

The formation of H,O, is coupled with a fast indicator reac·
tion:

molybdate
H,O, + 2H+ +21-- I, + 2H,O (2)

The amperometric detection of the formation of h serves to
measure the overall extent of the reaction (4, 6).

In addition to the theoretical studies, we also present some
preliminary investigations of enzyme electrode perfor.
mance.

EXPERIMENTAL

Instrumentation. The four-electrode potenLiostat used. in the
present study was similar to that described b.y Shabrang and Bruck·
enstein (7). The rotating ring-disk electrode, Model DT·6. was pur­
chased from Pine Instrument Co.. Crove City, Pa. The disk part of
the electrode was a O.5-cm deep cavity with a diameter of 0.764 cm
according to the manufacturer's specifications. Therefore, the cal­
culated area of the disk electrode was 0.46 cm2 when the cavily was
filled with carbon paste. The width of the platinum ring electrode was
0.024 cm. It was separated from the disk electrode by a 0.016·cm wide
epoxy gap. The collection efficiency of the DT·6 electrode was 0.18
os calculated from theory (8). A heavy gauge platinum wire counter
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Figure 1. experimental sleady-state disk CUIT""l (/o(IlA)) as e function
of glucose concentration (M) at various electrode rotatlon speeds: 400
rpm ("), 900 rpm (0), and 1600 rpm (+)

(4)

(6)

(5)

tlX = (DAt/DM)'/2

DIGITAL SIMULATION

Digital simulation techniques have proved to be very useful
in analyzing electrochemical boundary value problems
(II}-}4). In our model, the electrode surface is defined as X
= 0 in the simulation distance scale. The enzyme layer is as­
sumed to extend into solution from this point to a point
(LEN). The presence of this layer is further assumed not to
interfere with diffusion to or from the electrode surface. If a
thin enzyme layer is attached to the electrode surface, we must
assume that the concentration of the enzyme is uniform in
each volume element within the enzyme layer.

It has been shown that the solution velocity under a rotating
disk can be expressed by:

V, = -0.51w3/2v-J/2X2 (3)

where w is the rotation speed of the disk expressed in rad/s,
,';s the kinematic viscosity of the solution (v = 0.01 cm2/s for
water), and X represents the distance from the surface of the
disk (5). This equation is valid only when X is much smaller
than the hydrodynamic layer which is a function of w. In order
to simplify computation, it is assumed that the thickness of
the immobilized enzyme layer is much thinner than the
minimum hydrodynamic layer associated with the maximum
rotation speed employed in the present study. In addition, it
is also assumed that the enzyme layer attached does not affect
the flow pattern near the electrode surface. Convective dif­
fusion occurring within the enzyme layer is easumed to occur
in the 88me manner. This last assumption is reasonable if the
enzyme layer is thin.

The simulation time unit is given by

where D is the diffusion coefficienLIn the program, the sub­
strate and the product are assumed to have the same value of
D. The definition of tk greatly simplifies the mathematical
treatment of the convective mass transport (I3). By adjusting
the value of L T, the desired accuracy of simulation can be
obtained. The simulation distance, tlX can be derived from
At:

where tk is the convection time constant as defmed by Prater
and Bard (J3, 14):

the calibration curve has a linear range from 10 mg/dl to 75
mg/dl. Comparing this observation with the data obtained by
Guilbault and Lubrano (2), it is noticed that the detection
limit of our electrode when it is rotated at 400 rpm is about
twofold more sensitive. However, the upper limit of the linear
range ofa rotating enzyme electrode is much smaller than that
ofa stationary enzyme electrode. As the rotation speed of the
enzyme electrode is increased, the magnitude of the steady­
state current response becomes smaller. This is also accom·
panied by a reduction in the linear range of the calibration
curve (Figure 1). An immediate conclusion reached from this
observation is that the catalysis rate of the immobilized glu­
cose oxidase cannot keep up with the pace of meas transport
as the rotation speed of the electrode is increased. In order to
understand the relation of these two important factors and
to predict the optimal conditions for operating a rotating disk
enzyme electrode (RDEE), the theoretical aspects of this
electrode were explored in more detail.

where DM is the diffusion coefficient in simulation units.
Usually the ratio of D/DM has the value of 10-4• The dimen­
sionless enzyme layer thickness in simulation can now be re·
lated to the true enzyme layer thickness, d, by Equation ~:

10;C

.f
f

;'

.~ 0.0

~

electrode and 8 Ag/AgCl reference electrode (EO' - 0.200 V) were also
used.

A Pine Instruments Model PIR rotawr was used to control elec­
trode rotation speed.

Preparation or Glucose Oxidase Electrode. The carbon paste
used was prepared in the usual manner from 5 g of graphite powder
(No. 38, Fisher Scientific Co,) and 3 ml of Nujol, except that 10 mg
of n·octadecylamine (technica! grade. Aldrich) waH also added. The
thoroughly mixed carbon paste was packed firmly into the disk cavit.y
of the D1'-6 electrode. The surface of the electrode was then polished
wit.h a piece of weighing paper. After the ring and the gap were wiped
clean, the electrode was allowed to rotate in 8 12.5% glutaraldehyde
solution for 10-15 min, followed by wash inK in a cold 0.2 M phosphate
buffer (pH 6.5) for 1 min. The rotating elect.rode was dipped into R

bovine serum albumin solution (0.1 g/m!). (I:iSA, Fraction V 96-99%,
Sigma Co.) The reaction was allowed to proceed for 2-3 min. Again
the electrode was washed in a cold phosphate buffer for a minute after
the BSA treatmenL The clec.:trode was then removed from the rotator
and was positioned with the electrode surface facing up. A glucose
oxidase solution prepared by dissolving 0.3 g of the em:yme (Glucose
oxidase, Type II, 15000 units/g, Sigma Co.) in a 5% glutaraldehyde
solution (buffered with phosphate at pH 6.5) was applied to the sur·
face of the disk electrode. After standing at room temperature for 5
min, the excess enzyme solution W88 discarded and the ring and the
gap of the electrode were carefully cleaned. The electrode was finally
allowed to spin in a cold phosphate buffer at 2500 rpm for 5 min to
remove physically entrapped or wtakly bonded enzyme. This ensured
reproducibility in sub$fquent measurements. The electrode was
soaked in Q phosphate 1?uffer and stored at 5 DC overnight hefore
use.

Solutions and Rcagcnts. Unless otherwise mentioned, all chern·
icals used were reagent grade. The stock solution of 0.1 M glucose was
allowed to mutarolale at room temperature for at least 24 h before
using. All glucose testing solutions were prepared in a KJ-buffer­
catalyst solution, pH 6.1, as described previously (4, 6). The h- so­
lution employed to measure the effective electrode area was prepared
according to Reference 9.

Procedure. The enzyme electrode was allowed to rotate in 20-30
ml of sample solution (or about 20-30 5 before stepping the potential
of the indicator electrode to -0.2 V vs. the Ag/AgClreference. This
potential corresponded to a diffusion limited current for iodine re­
duction. The current transient resulting from potential application
was then recorded to find the steady-stale current. Measurements
were repealed periodically to check (or Joss of enzyme activity.

BASIC PROPERTIES OF THE ENZYME
ELECTRODE

The response of the rotating enzyme disk electrode pre­
pared in this study is usually very rapid. At 400 rpm, steady­
state current response can be reached in less than 50 s. In­
creasing the rotation speed can further reduce the response
time. The steady-state disk currents at 400, 900, and 1600 rpm
are plotted VB. glucose concentration in Figure 1. At 400 rpm,
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LEN = dlAX (7)

The mass transport processes, Le. convection and diffusion
are treated according to a previously described algorithm (10:
13).

For the enzyme electrode, it is convenient to express the
concentrations of all species relative to the bulk substrate
concentration, C. Thus, the true concentration of the substrate
in a given volume element, J, can be expressed as:

lSI = C· UUA(J) (8) .0

Likewise, the concentration of the product:

IPI = C· UUB(J) (9)

The terms UUA(J) and UUB(J) are fractional concentrations
of the substrate and the product, respectively. The fractional
concentration of the substrate is defined initially as 1 while
the fractional concentration of the product is zero. To calcu­
late the perturbation of IS) and (P) as a result of the catalytic
reaction, Michaelis-Menten kinetic theory is assumed:

Figure 2. Simulated c....-eot transient at rotating disk elec1rode time (s)
atter application of potential, t. Steady-state CWTent. I•. Other param-.
eters LT = 300. OM = 0.45, w = 400 rpm. V = 0.2266, and CIKm =
1 are defined in text

Iq k;J
E+S=ES-P

>,
(10)

00

liT.

60

C· tJ.UUB(J)/tJ.t = k 3CE!(K m/(C· UUA(J» + 1) (12)

where E is the enzyme and ES the enzyme-substrate complex.
The rate of formation of the product is

Substituting Equation 4 into Equation 12 and rearranging the
expression that describes the effects of the enzyme catalysis
results in:

i(t)·tk!nFACd = ZZ·LT/LEN (17)

If we multiply both sides of Equation 17 by (C/K m) • (1/V),
we have:

where n. F. and A have their usual electrochemical signifi­
cance. Substituting Equations 4 and 7 into Equation 16 and
rearranging, we get

i(t)/nFAdk3CE = ZZ· LT· CKM/(LEN· V) (18)

where CKM stands for C/Km• Inspection of this expression
shows that the current is now rendered dimensionless by di­
viding by nFAdk"CE. It also becomes calculable by simulation.
Equation 18 allows straightforward correlation of digital
simulation results with true current. The left-hand side of
Equation 18 compares the current observed with the maxi­
mum catalysis rate, k3CE.

Finally, the initialization of the simulation time scale should
be mentioned. Since the three processes, electron transfer,
enzyme catalysis, and mass transport can hardly occur si­
multaneously, a steady-state distribution of lSI and [PJ has
to be calculated prior to the calculation of current. Once the
steady·state concentration distribution is reached, the cal­
culation of simulated current can begin. In order to save
computing time, the steady-state conditions for concentration
and current are assumed to be reached when the variation
between iterations of concentration or current is less than
0.01%. This approach is not only convenient but also parallels
the manner in which the experiment is performed.

FORTRAN IV calculations were carried out with a DEC-I0
time-sharing system at the University of Arizona.

In principle, the larger LT is, the closer the simulation will
approximate the physical system. However, a practical con·
cern in digital simulation is the computing time. With LT =
300, the steady-state calcul~tion requires -800 iterations for
concentration distribution and -210 iterations for the current.
Most of our calculations were done with LT = 300. Since t.
varies with rotation speed, LEN also varies with respect to w
for a given enzyme layer thickness, d. Therefore, values of
LEN at various rotation speeds are calculated prior to use of
the program.

A typical simulated enzyme electrode current transient is
shown in Figure 2. The results of our simulation indicate that
the steady-state current can be reached in a time interval leas
than t. regardless of the value of V.

Some simulated calibration curves are shown in Figures Sa

(15)

(16)

(14)

(II)dlP)ldt = k 3C,j(KmIlS) + 1)

where K mis the Michaelis-Menten constant. CE is the ana­
lytical concentration of the active enzyme in the enzyme layer,
Le., the sum of free enzyme and enzyme substrate complex.
Transforming Equation 11 to finite difference representation,
one obtains:

ZZ = 2·DM· UUB(1)

The current can then be expressed in terms of ZZ:

i(1) = nFAC· ZZ· AX/t>.1

DEL = tJ.UUB(J) = -tJ.UUA(J)
= (k 3C,jK m )· (tkILT)· UUA(J)/(1 + (CIKm )· UUA(J»

(I3)

Since h is a time constant associated with convection, the
velocity parameter, V, actually reflects the amount of product
that is allowed to form in 8 given Lime under a given convective
condition. For example, a smaller tk and V would result if the
rotation speed of the electrode is increased. Thus, the as­
signment of V and C/Km permits the combined effects of
enzyme kinetics, convection, and concentration on current to
be evaluated.

Under the diffusion limited condition, the concentration
of the reaction product is iero at the electrode surface. Thus,
the flux of the catalysis product is given by

Equation 13 clearly indicates that the extent of the pertur­
bation by the enzyme catalysis is dependent upon the sub­
strate concentration as represented by C/Km• Thus, the de­
pendence of the current on concentration can be calculated
by varying CIKm . Another important feature of Equation 13
is that it compares the catalytic rate with convective mass
transport implicitly. The parameter that compares these two
processes can be extracted from Equation 13 and defined
separately:
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Flguro 3. Simulated calibration curves for dlNerent kinetic cond~

lions

(8) k3CelKm - 0.01: (b) k,C£IKm D 50.0. Electrode rotation speeds: 100 rpm

(Aj, 400 rpm COl. 1600 rpm (+)
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Flguro 4. ENect of '" on simulated et.r1'enl. Parameters used: k3 c.IKm

= 1. CIKm - 0.01

and 3b. In these plots, the ordinate, i.. stands for the steady­
state current. [t wiu be noted that the dependence of current
on rotation speed renects the relative effects of diffusion and
catalysis. When the catalysis rate is slow, e.g., k3CEJ'K m = 0.Ql,
the current becomes smaller and the linear range of the cali­
bration curve becomes narrower as the rotation speed of the
electrode is increased. On tbe other hand, when the enzyme
catalysis rate is very fast, e.g_, k3CEJ'Km = 50., an increase in

'00

'0

'"
Figure 5. Concentration profile lor enzyme electrode

(8) k,C,;./Km = 1.0; (b) k,CeIKm = 50.0. Calculation made at 100 and 900 rpm
as Indicated

current sensitivity can be achieved by raising the rotation
speed of the electrode although the upper linear limit of the
calibration curve remains the same. These conclusions are
consistent with the experimental results of Figure 1. A more
thorough study of the sensitivity of the electrode indicat.es that
the current passes a maximum at a characteristic rotation
speed as shown in Figure 4, The position of this maximum is
dependent upon the value of k3CFJKm' Operating at this
maximum where possible certainly improves the sensitivity
of the electrode,

This behavior is understood in terms of the concentration
profiles shown in Figures 50 and 5b. Regardless of enzyme
catalysis rate, increasing the rotation speed of the electrode
has the effect of reducing the residence time of the substrate
in the enzyme layer, thus allowing less product to accumulate.
However. the convective mass transport is more important
than diffusion at higher rotation speeds. As a result, the con­
centration profile maximum is shifted toward the electrode,
as the rotation speed is raised. The nux at X = 0 is increased
leading to higher currents. If the enzyme catalysis rate is ex­
tremely fast, the peak of [PIIC will be raised by a factor of
about six even at higher rotation speeds (Figure 5b). Much of
the product formed within the enzyme layer is lost into the
bulk solution via diffusion at slow rotation speeds.

To obtain an empirical expression for the steady-state
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Table J. Variation of Convection Coefficient, b, with
Convection Puameters

Flgur. 7. Relation 01 mand V (see text) under mass trensport IIm"ing
conditions. Kinetic parameter (k3 Co/Km ): 50.0 (l», 75.0 (0)

(OM = 0.06)

1.37
1.73
2.13
3.50
5.06
6.50

(OM = 0.45)

1.14
1.25
1.46
2.16
2.87
3.65

25
50

100
400
900

1600

,
.0'

suggests that the current will be proportional to ",112. By ex­
trapolating to log V = 0, it is found that the intercept of the
lines in Figure 7 is 1.22 (k 3CEd2/KmD)I/2. Therefore, the
general equation that describes these lines can be expressed
by:

>00

."

Figure 8. Linewesver-Burk plots of simulated current

(8) k3CelKrn = 0.01: (b) k3CEIKm = 50.0. Electrode rotation speeds: 100 rpm
(t.). 400 ,pm (0).1Itld 1600 'I'm (+)

(19)

This equation is valid as long as the rotation speed of the
electrode is kept low so that the condition of V > 10 is satis·
fied. Substituting Equation 20 into Equation 19 we obtain:

nFADksCEli. = 1.22(d2/DtkP12(ksCEtk/C) + b (21)

When the concentration of the substrate is sufficiently low 80

that b is insignificant compared to the first term, the steady·
state current becomes:

i. = 0.65nFAD2ISv-l/6w '/2C (22)

This is virtually identical to the Levich equation for steady.
state current of a rotating disk electrode (5). Thus, it is clear
that the rotating disk e02yme electrode (RDEE) behaves like
an ordinary rotating disk electrode under mass transport
limiting conditions. The good agreement of Equation 22 with
the Levich equation also confirms the validity of our
model.

When the enzyme catalysis rate is slow with respect to
convective diffusion, e.g., V < 0.1, the relation of log m with
log V is demonstrated in Figure 8. If a straight line is drawn
to connect the points of equal rotation speed, the slope of these
lines reflects the effects of the enzyme catalysis on m. Again,
extrapolation of these lines to log V = 0 leads to the equa­
tion:

current of a rotating disk enzyme electrode, we have treated
our data in a manner similar to Mell and Maloy (4). The
Lineweaver-Burk (16) plots of the simulated variables are
shown in Figures Sa and 6b. The ordinate is the reciprocal of
the value calculated from Equation 18 at the steady-state and
the abscissa is the reciprocal of V·Km/C (= ksCEt,jC). If a line
is drawn to connect the point of ClKm = ~ and the point of
C/Km = 0.001, all points will fall on the line provided that V
is small (V ;!; 0.1), i.e., the enzyme catalysis rate is slow with
respect to convective diffusion (Figure 60). In other words,
a linear Lineweaver-Burk plot will result if the current is
controlled by the catalysis rate. On the other hand, the points
will show a negative deviation from the line if V is large, e.g.,
V 2: 10 (Figure 6b). This would be the case where the mass
transport is the limiting process. The general equation that
describes these lines may be written:

nFAdksCE = m ksCEtk + b
i. C

where m is the slope and b is the intercept. From our calcu­
lations, it is found that b is solely a function of the rotation
speed and the substrate diffusion coefficient. Some typical
values of b are given in Table '-

The relation between m·and V is not so straightforward.
Figure 7 shows the plots of log m vs. log V when the catalysis
rate is extremely fast with respect to convective mass trans·
port, e.g., V 2: 10. Under this condition, the current becomes
mass transport limited. From Figure 7, it is noticed that the
slope of the line connecting the points of equal ksCEIKm is
exactly -0.5. Since tk is inversely proportional to w, the slope

m = 1.22(d2/DtkP12

b
m=-

V

Thus, under catalysis controlled conditions, we have:

(20)

(23)
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and that obtained with an electrode containing amine, we
found that there is no significant change in Ep and ip at the
anJine level suggested. After glucose oxidase is attached to the
electrode, both the anodic and cathodic peaks are broadened
considerably. Nevertheless, a diffusion limited current for
iodine reduction is still obtained at -0.2 volts vs. AglAgCl. At
this point, the disk currents measured for a series of 13- so­
lutions are exactly the same for both the pure carbon paste
electrode and the glucose oxidase electrode (no substrate
present). Based on the Levich equation (5), the effective
electrode area calculated from the disk current is 0.21 em' for
both electrodes. This value is less than 50% of the projected
electrode area based on its geometry. This finding suggesta
that less than 50% of graphite is in contact with the solution
at the electrode surface. It also suggests that attachment of
the enzyme to the electrode does not interfere with diffu­
sion-controlled I,- reduction.

The chemistry involved in the enzyme immobilization
procedure may be outlined as follows:Flguro 8. Relation 01 m and V under catalysls-controlled conditions.

Kinetic paremeler (k,c"IKm ): 0.01 (",. 0.1 (0). 1.0 (+). Rotation
speeds hldlcaled next to each curve

nFAdk3CrJi. = (b/V)(k 3C E,.IC) + b = b(Km/C + 1) (24)

a-NH.
carbon §:f .
paste

H H
I I

+ O=C-(CH')J-C=O
glutaraldehyde

Thus a linear calibration curve is predicted. Assuming D =
0.45 X 10-< and w = 50 rpm, the steady-state current response
would be:

. I C
I.... = bnFAdk3 E (26)

The parameter b varies with the rotation speed and the dif­
fusion coefficient.

128)

(27)

When the glucose oxidase-glutaraldehyde solution is intro­
duced, the reactions outlined above are repeated with glucose
oxidase replacing BSA. The BSA is assumed to provide ad­
ditional enzyme coupling sites without blocking the electrode
surface. The enzyme immobilized following this procedure has
good thermal stability and excellent mechanical strength, Le.,
it can survive stirring at high rotation speeds without losing
noticeable activity. If it is stored at 4 ·C while not in use, the
electrode gives reproducible current response for a period
longer than 6 days. We have observed an activity decrease of
only 15% after one month of regular use. The enzyme electrode
shows very similar pH behavior to that reported in Reference
6. Above pH 7.2, the current response drops sharply. Further
details of electrode performance, particularly for analytical
applications, will be presented shortly in a separate paper.

A comparison of Figures 1 and 3 indicates that the electrode
behavior predicted from the sinJUlation model is qualitatively
consistent with experiment. To correlate the experinJentai
results with the digital simulation, we first compare the ratio
of i .... at various rotation speeds with that calculated from
the theory. The value of i .... can be obtained by extrapolating
the plot of the reciprocal of the current vs. the reciprocal of
the concentration. Since Equation 26 predicts that i .... is not
affected by the process which controls the current, the ratio
of i .... of a given electrode at various rotation speeds should
agree with the corresponding ratio of lIb (according to
Equation 26). The values of b calculated with the reported
diffusion coefficient of glucose (I5) are shown in Table 1. The

(26)

(24a)

(24b)

Rearranging Equation 24 gives:

IlFAdk"C E = Km + I
bi, C

or

imnx = Km + 1
i., C

Equation 24b allows us to plot the experimental im"/i, vs.
I/C to determine K m. In dilute solutions when Km/C is much
greater than I, Equation 24 can be simplified to:

i, = nFAdk 3CEC/(b· K m)

Comparing this with Equation 22 of Ref.rence 4, it can be
concluded that the sensitivity of a rotat.ing disk enzyme
electrode will be at least 60% greater t.han its stationary
counterpart.

Under either mass transport controlled or catalysis con­
trolled conditions, the steady-state current approaches a limit
when the substrate concentration is very high. From Equation
21 or Equation 24, the maximum current for a rotating disk
enzyme electrode is:

RESULTS AND DISCUSSION

Proper immobilization of the enzyme on the electrode
surface is critical to obtaining correct and reproducible results.
In order to hold the enzyme at the surface of the electrode, it
is found that the presence of a small amount of amine in the
carbon paste is essential. If the concentration is increased by
10-fold over the designated amount, the disk current is greatly
suppressed. This behavior is not unexpected since the amine
is a surfactant. In comparing the cyclic voltammogram of the
oxidation of 1- obtained with a pure carbon paste electrode
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Table II. Evaluation of Enzyme Kinetic Parameters

Exptl Theor

Ratio of ImaxRotation .peed,
,pm

400
900

1600

1.00
0.74
0.57

1.00
0.69
0.54

Plot of Eq. 24 b

K m (M) Intercept

0.0077 0.94
0.0095 0.99
0.0091 1.01

dk,CF; X 1010

(mol' cm-2.-1)

1.13
1.21
1.20

ratios of i mu are compared with the ratios of lib in Table II.
Obviously, the agreement is excellent. The behavior of the
calibration curves in Figure 1 as well as the linear plot of the
reciprocal of current vs. the reciprocal of concentration suggest
that the measured currents under experimental conditions
are controlled by the enzyme catalysis rate. Therefore,
Equation 24b should be used. A typical plot of imu/i. vs.l/C
is shown in Figure 9. Again, remarkable agreement with theory
is observed. The values of the Michaelis-Menten constant,
Km, and the intercepts obtained from these plots are also in­
cluded in Table 11. It is noteworthy that the K m values re­
ported in Table 11 are not only self-consistent but also in ex­
cellent agreement with the reported values (17, 18).

According to Equation 26, the maximum catalysis rate of
the enzyme, Le., k3CE• can be determined from i max . Unfor­
tunately, we are unable to determine the thickness of the en­
zyme layer at the electrode surface. Therefore, only the
combined term, dksCE, is calculated for each rotation speed
using Equation 26. These values are also given in Table II. We
have established that the behavior of our enzyme electrode
follows the pattern of catalysis controlled current behavior,
V :S 0.1. Based on this assumption, the maximum possible
value of kSCEof the immobilized enzyme is 0.002 M-l s-'as
calculated from Equation 14. The concentration of the glucose
oxidase solution used to prepare the electrode is 0.3 g/ml.
Based on the specific activity of the soluble enzyme, kSCE
should be about 0.075 M S-1 assuming all of the added enzyme
is attached and active. Based on these assumptions, about 3%
at most of the original enzyme activity is retained after the
enzyme is immobilized. We do not know at present how much
of the original enzyme is actually attached so this value rep­
resents a lower limit. Taking 1.2 X 1O-1o mol·cm-2 s-'as the
value of dksCE, the minimum thickness of the immobilized
enzyme thin layer would be 6 X lO-s cm.

Although kSCE cannot be determined without knowing d,
it is still possible to estimate this parameter using theory. This
can be done by lowering the rotation speed of the electrode
to a state where the enzyme catalysis competes with the mass
transport effectively, i.e., a condition where both processes
have comparable contributions to the steady-state current.
Under this condition, matching the experimental results ex­
pressed in a proper form with the curve obtained from digital
simulation would allow one to determine the kSCE value_ For
instance, if the plot of iJimu vs. CIK m obtained from an ex­
periment matches with the plot calculated from the theory for
a given V, then one should be able to determine kSCE from V
by using known values of t. and K m' Further studies on this
question are presently under way.

Finally, we would like to point out that the behavior of the
ring current (with an enzyme disk) is very similar to that of
the enzyme disk electrode. The ring current (no potential
applied to the disk) due to the catalysis of glucose oxidase can
be measured at a variety' of glucose concentrations. If this
current is plotted against the disk current measured in a
separate set of experiments a linear relationship is observed.
The slope of the plot does not change with rotation speed.
Thus, the ring current is simply tracking the reaction at the
disk as expected. It is also interesting to note that the slope
of such a plot is 0.40 as compared to a collection efficiency 0.18

lIe, 101"1

Figure 9. Determination of Km (see also Table II)

calculated from electrode geometry. Both calculation and
experiment give the value of 0.18 if collection efficiency is
evaluated in the conventional way as a carbon paste RRDE.
If the di3k and ring currents are measured simultaneously with
the enzyme electrode, Le., potential applied to both the ring
and disk, the slope obtained is 0.30. This indicates that only
25% of the total flux of I, that originally reaches the ring is lost
to the disk if the disk is also at the reduction potential of I,.
We feel that this observation may be attributable to the fact
that the iodine formed outside the disk electrode electrolytic
diffusion layer could reach the ring electrode. It may be pos­
sible to estimate the thickness of the enzyme at the disk by
comparing the ring and disk currents. This possibility is cur·
rently under investigation.

CONCLUSION

It has been shown that an enzyme can be attached to an
electrode to produc'8 a stable catalytic surface. Moreover, with
the aid of a relatively simple model, it is possible to measure
the rate of the catalytic reaction and to extract pertinent ki·
netic parameters.· Although only a small portion of the at·
tached enzyme is apparently active, it gives kinetic behavior
very similar to the soluble protein. The structure of the at·
tached enzyme is not known, but it behaves like a thin layer
of about 1-50 microns. Attachment of the enzyme does not
appear to interfere either with electron transfer at the disk or
with hydrodynamic flow to the ring.

The ring·disk technique should also prove valuable for the
study of kinetics of surface-catalyzed reactions including
nonbiological reactions if reacting species can be monitored
electrochemically. We have recently demonstrated the ad·
vantage of attaching the enzyme to one electrode and moni­
toring at another. The technique provides a convenient
method for separating mass transport and kinetic control of
surface catalyzed reactions by well defined variation of hy­
drodynamic conditions. Mass transport can always be made
sufficiently rapid by increasing the rotation speed such that
the observed currents will depend only on the catalysis
rate.
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Fully Automated Stopped-Flow Studies with a Hierarchical
Computer Controlled System

Glen E. Mlellng, Richard W. Taylor,' Larry G. Hargls,2 James English, and Harry L. Pardue"

Department of Chemistry, Purdue University, West Lafayette. Ind. 47907

The development and evaluation ot a fully automated, com­
puter controlled stopped-llow spectrophotometer Is described.
A microcomputer controla several operations Including the
preparation ot reagents trom up to five different solutions and
one diluent, the drawing ot measured volumes 01 the reagent
and sample Into a sampling unit, and stopped-flow mixing ot
the reagent and sample. A minicomputer controls the operation
of the microcomputer, performs data acqulailion and pro­
ce..lng operations, and makes declslona relative to the ac­
ceptability ot acquired data. Quantitative data are presented
to demonstrate the performance characterlatlcs 01 Individual
components as well as Ihe lotal syslem. Resulls reported In­
clude mole rallo and conllnuous vartstlon plols tor complexed
melal Ions, and a partial simplex study ot Ihe TI(lV)-H20 2

complex In the presence 01 EDTA.

Several recent papers have described computer controlled
instrumentation for equilibrium and kinetic studies (1-4).
Because the computer is involved in a closed loop configura­
tion with the reagent preparation and measurement hardware.
some of these aystems are applicable to both routine appli­
cations involving repetitive operations and nonroutine ap­
plications requiring predetermined or computer originated
changes in experimental conditions based upon results of
current experiments (1). One common feature among these
systems is the fact that the minicomputer must handle all of
the instrumental control functions in addition to data ac·
quisition, storage, processing. and display and decision making
operationa. One objective of this work was to evaluate the
capabilities of a microcomputer used in a hierarchical ar­
rangement with a minicomputer to relieve the latter of some
of the time-consuming control functions encountered with
slow systems which require constant or frequent attention.

This report describes the design and performance charac­
teristics of a completely automated stopped-flow instrument
aystem which uaes a microcomputer for control and a mini-

ho~:N~~~~~~ok~?7f06rentof Chemistry, University of Okla-

2 Present addresa, Department of Chemistry, University of New
Orleans, New Orleam. La. 70122.

computer for data acquisition and processing. Also, the paper
describes a reagent preparation system which is more flexible
and which is less subject to mechanical problems than syringe
based systems described earlier (I). Quantitative data which
illustrate the reliability of the system and which demonstrate
its applicability to equilibrium and kinetic studies are in­
cluded in the reporl. Data show that the system should be
particularly useful for measurement and process optimization
studies which have been gaining popularity in recent years
(5).

INSTRUMENTATION

The automated stopped-flow instrument consists of a
hierarchical computer system, a reagent preparation unit, a
sampling unit. a Sturtevant-type stopped-flow mixing system
and a stabilized photometer. Figure 1 represents the inter­
actions among l.he minicomputer (Model 2100A. Hewlett­
Packard Company. Palo Alto, Calif. 94304). the microcom­
puter (Model 8008. Intel Corporation. Santa Clara. Calif.
95051) and the other components of the stopped-flow system.
Operator communication with the system is via the mini­
computer which handles several other functions including
scheduling and initiation of experiments, acquisition, pro­
cessing. and display of data. as well as decision-making pro­
cesses associated with any set of experiments. The micro­
computer is dedicated to controlling the reagent preparation
and stopped-flow mixing system and to monitoring the status
of selected hardware components. Data transfer between the
minicomputer and its several peripheraJs, including the mi­
crocomputer, is under priority interrupt control. Intercom­
puter data transfers are made via a 16-bit duplex register card
in the minicomputer and a buffered B-bit input multiplexer
and a 16-bit latched output from the microcomputer.

The minicomputer interface includes a 12-bit. eight channel
analog-to-digital converter (ADC) (Model AN 5200 Analogic
Company. Walthem. Mass. 02154) and a general purpose in­
terface which features a programmable clock. buffered
input/output data lines, and expandable logic. Since this in­
terface is similar to others used routinely on many laboratory
computer 'systems (6). it is not discussed further here. but
details can be supplied to intereated readers.

The microcomputer used in this work was an Intel 8008 with
3072 worda of random access memory (RAM) and 512 worda
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Figure 1. Block diagram of computer controlled stopped-flow sys.­
tem

Figure 3. Timing sequence for reagent preparation and st~flow
mixing
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nects each reagent successively to the peristaltic pump (PP)
(Compu-pet !OO, General Electronics, Morris Plains, N.J.
07950) so that the desired amount of reagent can be p'umped
through the reagent line to the receiving vial on the turntable
(Model 272, Fraction Collector, Instrumentation Specialties
Co., Lincoln, Neb. 68501). The last position of the reagent
select valve is reserved for the diluent which is used to wash
all other reagents into the receiving vial and to adjust the
volume to the desired fmal value. The reagents are thoroughly
mixed in the receiving vial by a small magnetic stirring bar.
The sampling system, described in detail in a previous paper
(3), takes equal aliquots of both the prepared reagent and the
sample and injects them through the mixing block into the
observation cell. A microswitch senses the stopping point of
the syringe drive mechanism and provides a trigger pulse to
initiate data acquisition. Transmittance changes are moni·
tored with the stabilized photometer described earlier. (7).

Figure 3 represents the electrical timing sequence for each
step involved in the preparation and stopped-flow mixing of
a reagent with a standard reagent or sample. The capital let­
ters in parentheses associated with each step identify the
device(s) in each step which is(are) activated by the 0 to I
signal transition in that step. 8teps I and 3 correspond to air
pressure being applied via electrically operated valves to
different ports of the pneumatic cylinder, P, so that the piston
moves in opposite directions to raise and lower delivery and
sample tips. Steps 8 and 10 correspond to similar operations
on the pneumatic cylinder, P', so that the drive syringe
plungers are pulled back in step 8 and forced forward in atep
10. The ',j,-s duration pulse in step 2 initiates turntable motion,
but the turntable requires about I s to change from one posi­
tion to the next. It should be noted that the system cycles
through steps 4 and 5 until all stock reagents and diluent (A-F
in Figure 2) have been delivered. At the end of this sequence,
the sampling valves are set in step 6 so that the prepared re­
agent can be drawn into the reagent loop, washout solution
can be drawn into the reagent syringe (RS), and the standard
reagent or sample can be drawn into the sample syringe (S8).
The 7-s period used in step 7 to flush and fill the reagent loop
was determined experimentally, and could be different for
different valves, different tubing, and different vacuum levels.

Figure 2. Schematic representation of automated stopped-flow sys­
tem

A-F = Stock reagents and diluent. RSV =Reagent select valve, pp = Perlstattic
pump. IT = h.rntable, oT,ST = Delivery and sampling tips. OS = Drive syringe,
AS = reagent syringe, SS = sample syringe, SSV = Sampling system valves.
RL = Reagent loop. SFS = Slopped-flow spec1ropholomele<. p. P' = F'ne<J<rstlc
pistons

of programmable read only memory (PROM). The computer
has eight 8-bit input ports and sixteen 8-bit output ports. Five
input ports are used; one for the Teletype keyboard, one for
status signals from instrument components such as valves, one
as a flag buffer, one to accept data from the minicomputer, and
one to read the front-panel switch register. Five output ports
are used; two each for 16-bit word transfers to the minicom­
puter and instrument components, and one for output to the
Teletype. More complete details of this system can be supplied
upon request.

The microcomputer is interfaced to the instrument com­
ponents represented in Figure 2 via a switching interface
which contains optically isolated, zero crossing, solid state
power relays (Model D 1202, Crydom Controls Division of
International Rectifier, EI Segundo, Calif. 90245). These re­
lays supply power to electrically activated pneumatic sole­
noids which control the reagent delivery and pickup tips, the
reagent select valve, the sampling unit valves, and the drive
syringe piston, and to relays which control the reagent turn­
table and peristaltic pump. The switching interface includes
a manual override switch so that all operations can be con­
trolled by the operator.

Stopped Flow System. Figure 2 is a schematic represen­
tation of the reagent preparation, sampling, and mixing sys­
tems. Reagent delivery and sampling tips are raised from and
lowered into the receiving vials by a pneumatic cylinder
(Model 318-1009-024, ARO Corp., Bryan, Ohio 43506). Up to
five reagents and one diluent are placed in their respective
stock containers labeled A-F. The reagent select valve (Model
R6031V6A, Chromatronix Inc., Berkeley, Calif. 94710) con-
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Flgur. 4. Flow-chart of minicomputer background program

Figure 5. Flow-chart 01 minicomputer foreground program

(I) Subroutine to S8fV1ce mlaocomputOf' InlBfTlIpl. (II) Subroutine to SeNloe
st~now trigger IntlWTupl. (III and IV) Subroutine to service EO.C. Inter­
Npls

The 6-s pull-back time for the drive syringes in step 8 was used
to avoid degassing reagents being drawn into the syringe
barrels. After the reagent loop and syringe barrels are filled
with appropriate solutions, the sampling valves are reset in

Flgur. 6. Flow-chart of microcomputer programs

step 9 so that the prepared reagent in the reagent loop and
sample in the sample syringe can be mixed in the mixing cell
and monitored when the drive syringe plungers are forced
forward in step 10.

This timing diagram will be helpful in discussing some of
the software described in the next sections.

Software, Figures 4....jj represent flow charts of the mini­
and microcomputer programs from which the reader can ob­
tain an overview of the capabilities of the system. Each figure
is discussed briefly below.

Minicomputer Background Program. Figure 4 represents
the minicomputer background program which handles the
organizational and bookkeeping functions. Some of the most
important aspects of these routines are discussed here. Prior
to the initiation ofany set of experiments, the operator enters
all pertinent information into the minicomputer via a Tele­
type dialog. The first column represents the operations in­
volved in entering experimental information into the com·
puter.

If one·or more reagents are to be prepared by the system,
the desired concentration data are entered into the computer
which checks these entries, informs the operator if. any re­
quested conditions will exceed specified limits, and requests
appropriate new values. When the concentration data for an
experiment are accepted, then the type of experiment (equi­
librium or kinetic) is specified and the computer requests
several operating parameters. For example, for equilibrium
experiments, the operator must specify the time from mixing
until the start of data acquisition, while for kinetic experi­
ments, the operator must specify whether pseudo-zero or
first-order kinetics are expected, he must specify data rates
or instruct the computer to calculate appropriate data rates
from preliminary experiments, and he must specify 8 "rejec·
tion coefficient" which is used to detect anomalies in response
curves caused by bubbles in the light path or other unexpected
difficulties. For each experiment to be run, the operator must
specify the total number of runs, which of these runs (if any)
are for washout and which are to be ensemble averaged as
valid data. All experimental parameters are stored on mag­
netic tape (Model 344, Dicom Industries, Sunnyvale, Calif.
94086) and the process is repeated for each experimeot to be
carried out.

A typical dialog for kinetic experiments involving two re­
agents prepared and processed by the system is included in
Table I. The dialog appears to be straightforward and is not
discussed further here.
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Table I. Computer-Operator Dialog for Reagent Preparation and Stopped-Flow Kinetic Run'

Experimental constantsb Experimental parameters

Initialization? 1c

Reagent preparntion? !
Identification Code~
Solution volume (ml) 30
Input concentration &et
0.01
0.02
0.03
0.04
0.05
Type of experiment~
Rejection coefficientM
# of duplicate runs? .2.
# of ensemble averages'?..3,.
First data run? l.
Data rate? 0.001
New experiment? 1..

Calibration slope and intercept? 0.1156, -0.073
Stock concentrations? ----
QJ.
0.2
il.3
0.4
o:s
Dead time (s) 0.012
Date llIn6 --

Initialization? 0"
Reagent prepamtion? 1
Identification Code~
Solution volume (ml) 30
Input concentration set
0.02
0.03
0.04
0.05
0.06
Type of experiment ~
Rejection coefficient 2:l
# of duplicate runs? .2.
# of ensemble averages? .l.
First data run? 2
Data rate? 0.002
New Experiment? 0
Ready?.l -

a Underlined characters indicate operator input. b This table illustrates in detail the input dialog sequence shown in column 1 of
Figure 4. c 1 =yes, 0 = no. d 0 = pseudo-zero order kinetics, 1 = pseudo-first-order kinetics, 2 = equilibrium measurement.

The second column in Figure 4 represents the major func­
tions performed by the background program to prepare the
mini- and microcomputers for each experiment. When the
parameters for all experiments have been recorded, the min­
icomputer reads information for the first experiment from
magnetic tape into core memory. If the system has been in­
structed to prepare a reagent, then concentration values are
translated into B-bit codes (which represent the time the
peristaltic pump will deliver each reagent (A-F in Figure 2)
into the receiving vial) and transferred to the microcomputer.
If the system has been instructed to rmd a data rate which will
take a fixed number of data points for a specified extent of the
reaction, then the program adds one trial run to the number
of data runs requested initially. Otherwise, a data rate defined
by the operator is used and, in either case, the number of
stopped-flow runs required for that experiment is translated
into an 8-bit code and transferred to the microcomputer.
Other information related to data acquisition, data processing,
and display is retained in the minicomputer. After data
buffers, data rate, clock, etc. are initialized and the stopped­
flow trigger (microswitch) interrupt is enabled, then accepted
data from the previous experiment (if any) are processed,
displayed, etc., while the microcomputer begins the next re­
agent preparation or stopped-flow sequence of a new experi­
ment.

The third column in Figure 4 represents the major steps in
executing a single experiment. After the display oscilloscope
is erased, and the conditions for the experiment being run are
printed out, the data taken by the foreground program, either
at a data rate specified in the initial dialog, or at a data rate
obtained from a trial run, are examined. A derivative routine
(8) analyzes the data for any anomalous changes in slope
which would indicate bubble formation and requests new runs
for bad data sets. When a data set is accepted, it is stored on
magnetic tape and displayed on the oscilloscope. If no addi­
tional experiments were requested, then the data processing
routines are implemented. A linear least-squares routine
calculates 8 zero-order'rate constant or estimates values of a
first-order rate constant, k I, initial absorbance, Ao, and final
absorbance, A., which are then used by a nonlinear regression
routine (9) to obtain better estimates of these parameters via
a fit to an exponential relation between absorbance, At. and
time. The operator can request a display of residuals from the
regression analysis. Computed results are stored on magnetic

tape and are printed out via Teletype. The background pro­
gram can also branch 'from the end of the third column to
point 1 in the second column if a new experiment was re­
quested.

Minicomputer Foreground Programs. The foreground
programs are collections of subroutines written in assembly
language. Typical functions of these subroutines are to output
commands and data words to peripheral devices, set up
tr...,sfer linkages to interrupt signals, and to service interrupt
requests. The HP 2100A minicomputer interrupt system is
a hardware feature in which each input/output channel has
a specified memory location (or trap cell) associated with it.
When an interrupt occurs on a given VO channel, it causes the
computer to interrupt what it is doing and execute an in·
struction in the associated trap cell which transfers control
to a subroutine which services interrupts expected on that
particular channel. It is the responsibility of the subroutine
w save information the computer will need when it returns
to the activity with which it was involved when the interrupt
occurred.

Figure 5 represents four subroutines which make up most
of lhe foreground programs. The primary functions of the first
subroutine are to set up the interrupt linkage and enable the
interrupt so that the hardware clock can be started when the
trigger interrupt from the stopped-flow mixer is received.
However, since the process of initialization or clean-up will
produce several interrupt signals, the system must be able to
differentiate between those results from initialization or
clean-up operations and those corresponding to actual runs.
A code word transferred from the micro- to the minicomputer
permits the latter to differentiate between these operations.
and to make the decision whether to implement or skip the
major functions in the rmt subroutine. When the proper code
word is received, the second subroutine is enabled 80 that the
data rate cluck is turned on by the next service request from
the stopped-flow instrument (microswitch closure).

Each clock pulse triggers an ADC conversion and each
end·of-conversion (EOC) pulse is serviced by the third sub­
routine. When an EOC interrupt is received, this subroutine
stores the datum, increments the data counter and storage
buffers, and decides whether all 250 data points have been
collected. If more points are needed, then the computer re­
turns to background operations until the next interrupt oc­
curs. If all data have been collected, then the subroutine resets
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pointei'll, buffel'll, and countel'll in preparation for the next ron
and sets the linkage for the A. subroutine before returning
to the main program. Another function performed by this
subroutine is to generate an exponentially changing clock rate
used to select the appropriate data rate from a trial run.

The fourth subroutine is designed to obtain an experimental
estimate of A. after approximately six ha1I1ives ofa flISt-order
reaction have elapsed. This subroutine is entered and exited
without any action a specified number of times (usually 250
interrupts) while the reaction approaches completion. When
the specified number of counts is exceeded, then the subrou­
tine proceeds to collect and store data until another specified
number (usually 30) of points are acquired. When all the A.
data are collected, then the subroutine proceeds to turn off
the clock, inform the microcomputer that it can proceed with
the next operation, and reinitialize the A. data buffel'll,
countern, etc.

Microcomputer Programs. Figure 6 represents flow charts
of the more important funC'tions of the microcomputer pro­
grams. At the start of the program, the microcomputer latches
a control word at the input to the switching interface so that
all the pneumatic solenoids and valves are in their initial states
and the peristaltic pump and turntable are turned off. The
microcomputer then enters a wait loop which interrogates 8

flag buffer illustrated in column 1. One flag signals waiting
reagent information while the other flag indicates the arrival
of a function word from the minicomputer. The rcagent in­
formation, consisting of six pairs of digital numbers used along
with the software clock to dispense appropriate amounts of
reagents and diluent via the peristaltic pump, is loaded into
the microcomputer as represented in column 2. The function
word activates 8 service routine (in the third column) which
decodes the word bit-by-bit to call subroutines which perform
different operations on the instrument system. Thcse opera·
tions include initializing reagent lines and reagent and sample
valves, preparation of the reagent, and execution of the
stopped·f1ow mixing operation. These routincs utilize the
external sensing capabilities of the microcomputer to detect
the positions of the reagent select valve and stopped-flow drive
syringes via microswitches. The stopped-flow service routine
performs automatically all of the functions described earlier
(3) for the washout, sampling, and mixing system. These op­
erations appear to be sufficiently straightforward that they
do not merit additional discussion.

SYSTEM EVALUATION

The various components of the instrumental system were
evaluated individually and as an integrated unit. In addition,
several different types of experiments were run in the com­
pletely automated mode to illustrate the capabilities of the
system. The following section presents 8 description of the
experiments and discusses the results obtained.

Reagents. All solutions were prepared in distilled deionized
water. Those solutions for which reagent grade materials werc
not available or not adequate for intended purposes (NaOH
vs. HCI titer, Ti(lV), H20 2, Zn(II), and zincon) were purified
and/or standardized by conventional procedures (10).

Component Evaluation. Peristaltic Pump. To evaluate
a calibration factor (volume vs. time) and the long time per­
formance characteristics of the peristaltic pump, thermostated
water (25.0 ± 0.1 °C) was pumped for different time periods
into tared weighing bottles and weighed.

The relative standard deviation of replicate delivery vol­
umes varies from about 1% at I mt to about 0.9% at 6 ml and
0.5% at II ml. Plots of volume delivered VB. pumping time were
linear as expected. For an operating sequence in which the
delivery tip was not immel'lled in the solution, the least squares
slope and intercept had values of 0.115 ± 0.003 mVs and -0.04
± 0.02 ml, respectively, with a correlation coefficient of 0.9998.

For a sequence in which the delivery tip was immel'lled in the
solution, the slope and intercept values were 0.1156 ± 0.0001
and -0.073 ± 0.008 ml, respectively, and the correlation
coefficient was 0.9995. The negative intercept probably results
from starting inertia of the drive motor and the response time
(-8 ms) at the zero crossing relay which activates the motor.
\Ve were unable to detect any significant carry-over due to
liquid adhering to the delivery tip when it is immersed in the
solution during delivery, and all subsequent experiments were
performed in this fashion.

Initial studies of the long-term reproducibility of the de­
livery system were quite unsatisfactory. The problem was
eventually traced to temperature variations at the pump head
caused by the heat from a transformer mounted directly under
it and the virtual absence of any ventilation in the case. This
problem was solved by mounting the motor head assembly
panel on a 2-inch high Plexiglas housing with ventilation holes
and 8 small fan mounted to one side to move ambient air
through the case. \Vith this arrangement, repeated measure·
ments (five per set) taken at one-week intervals over a four­
week period gave a calibration value of 0.1417 ± 0.0002 ml/s
demonstrating excellent long term reproducibility. We have
found it necessary to lubricate the tubing in the rotor head
assembly daily to avoid frequent replacement. The different
calibration values noted above resull from different varieties
of tubing used with the pump.

Other experiments in which HCI delivered by the pumping
system was titrated with carbonate free NaOH of known titer
showed that the dead volume from the 6-port valve to the
delivery tip was 1.35 ml wld that 2.25 ml of water was required
to deliver 99.5% of the solution in the line. Thus, in all subse­
quent experiments at least 2.25 ml of diluent was used to wash
reagents from the line into the receiving vial.

Reagenl Preparation System. Volumes of HCI and
K"F'e(CN)" solutions entered via Teletype were delivered
under computer control to receiving vials. Volumes of Hel
delivered were determined by NaOH titration and amounts
of K3 F'e(CN)6 were determined from absorbance measure­
ments on a Cary Model 16 spectrophotometer. A least squares
fit of observed VB. expected volume of HCI gave a slope of0.996
± 0.003 with an intercept of 0.0188 ± 0.0213 and a correlation
coefficient of 0.9999. A Beer's law plot of the K3F'e(CN)6 data
yielded a molar absorptivity value of 1071 ± 2 mol-I cm- I

which is in good agreement with the literature value of 1060
mol-' cm-' (I J). The correlation coefficient for these data was
0.9999.

Sampler, Slopped-Flow Mixer, and Delector. The dead­
time of the stopped-flow mixing system, including the sample
loop and valves, was determined by the extrapolation method
(12) using the F'e(llI)-SCN- reaction to be 12 ± 3 ms. The
path length of the observation cell was determined to be 3.009
± 0.015 mm using a K3 F'e(CN)6 solution which had been
standardized on a Cary 16 spectrophotometer.

Because the mixed solution is in contact with a solution of
the reagent and solvent used to force the reagent from the
reagent loop. it is desirable to know the extent to which these
solutions may mix. To evaluate this, the observation cell was
thoroughly flushed with water and a single sample of
K"F'e(CN)" was injected. Absorbance measurements were
taken periodically over a 2-h interval. The maximum deviation
from the average was 0.0005 A during this period and there
was no sign of a systematic drift in either direction.

One of the major goals of the design of the sampling system
was to minimize carry-over from one sample or reagent to
another so that either basic studies or routine analyses can be
carried out efficiently under computer control. To evaluate
the extent of carry-over, the cell was first thoroughly flushed
and filled with either pure water or a K3F'e(CN)6 solution.
Then the absorbance was measured for repeated injections
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Figure 8. Mole-ratlo data obtaIned by the automated system
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= 0.056 M. >. = 410 nm. mola ratio 8tlntarsection = 1.02

and to demonstrate some potential applications of this sys­
tem.

Serial Dilutions. This series of experiments consisted of'
the computer controlled preparation and measurement of
several solutions of K3Fe(CN)6 in a low to high to low con­
centration sequence. The absorbance of each solution was also
measured on the Cary 16 for comparison purposes. Results for
the computer controlled experiments are presented in Figure
7. Excellent linearity is observed for the absorbance range
between 0 and 1.7. The nonlinearity above an absorbance of
1.7 results primarily from the stray light inberent in the mo­
nochromator used in this work (3. 14). The molar absorptivity
value of 1070 ± 5 computed from the linear portion of the plot
is in good agreement with the value of 1065 ± 4 computed from
the Cary 16 data which exhibited good linearity over the total
range of concentrations prepared by the system in these ex­
periments. The relative standard deviation for all of the results
of the computer controlled experiments was 0.87%.

Mole Ratio Experiments. In these experiments, the system
was used to prepare a series of solutions containing the same
concentration of Zincon indicator at pH 9 but different
Zn(II)-perchlorate concentrations. Absorbances of these so­
lutions were measured on the automated stopped-flow system
and the Cary 16. Results obtained on the stopped-flow system
are presented in Figure 8. The intersection of the extrapolated
linear segments of the plot for the automated experiments is
at 4.67 mI compared to a value of 4.65 mI for the Cary 16 data.
The intersection corresponds to a mole ratio (Cz./CZincon) of
1.01. The mean relative standard deviation for all points is
1.2%.

Similar experiments were performed by preparing solutions
containing a constant concentration of TilIV) and variable
amounts of H20 2 in 0.05 M HC!. Results of these experiments
presented in Figure 8 exhibit an intersection of the extrapo­
lated straigbt line segments at a mole ratio of 1.02 compared
to an expected value of 1.00. The mean relative standard de­
viation of all measurements is 0.86%.

Continuous Variation Experiments. A series of solutions
containing a constant total concentration ofTi(lV) plus H20 2
was prepared by entering only the total concentration and the
desired TilIV) concentration for each solution via Teletype.
The computer calculated the required H20 2 concentration,
controlled the preparation of solutions and measurement of
absorbances. and reported the results presented in Figure 9.
The extrapolated linear portions of the plots intersect at a
ratio (Cn/(CT! + CH,o,)) of 0.608 compared to the expected
value of 0.500. The mean relative standard deviation for all
points is 0.91%.
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and for water injected into a cell filled initially with
K3Fe(CN)6. the carry-over is computed as
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Figure 7. Absorbance V$. concentration fOf potassium ferrlcyanide
solutions and measured by the automated stopped-flow system

>.. 1:1 420 nm, b = 0.30 em, (Uk:d = 1070 ± 5 mol- 1 cm-1

of either K3Fe(CN)6 or pure water. The fraction. f. of the
initial sample in the cell carried over to subsequent samples
was calculated as follows (J3). For K"Fe(CN)6 injected into
a cell filled initially with water. the carry-over is computed
as

where Ao and A. are the observed and expected (assuming no
carry-over) absorbances and A p is the absorbance of the pre­
vious sample. The carry-over was essentially the same (within
±2 SO) for both types of experiments. It varies from about
1.3% for one injection to a negligible value after five injections.
Unless stated otherwise, all results reported from this point
on are based upon two or more injections so that the carry-over
should be less than about 0.6% (-16 ~I).

To evaluate the performance of the sampling. mixing. and
spectrometer systems operating as 8 unit, several dilutions of
a K3Fe(CN)6 solution were prepared manually and placed in
vials on the sample turntable in a sequence going from low to
high to low concentration in a serial fashion. Each solution was
sampled and measured five times with the absorbance for each
sample being the average of 100 points taken at 25-ms inter­
vals. Each solution was also measured on a Cary Model 16
spectrophotometer for comparison purposes.

The average molar absorptivity values of 1071 ± 8 and 1067
± 8 for the increasing and decreasing concentration series,
respectively. agree very well with the values of 1068 ± 7 ob­
tained for the increasing concentration series with the Cary
16 and 1060 reported in the literature (J 1). Regression of the
decreasing concentration series data as the dependent variable
against the increasing concentration series data gave a slope
of 0.9960 ± 0.0025 and an intercept of 0.0005 ± 0.0004. Thus.
no significance is attached to the slight apparent differences
between the two data sets.

Results reported to this point present a reasonably complete
indication of how the individual components contribute to the
performance characteristics of the system. We now turn our
attention to the performance of the total system operated
under computer control.

Total System Performance. Several types ofexperiments,
including serial dilutions of stock reagents, mole ratio and
continuous variation studies of metal-ion complexes, an ele­
mentary simplex optimization study, and a kinetic study were
carried out to evaluate the hardware-aoftware performance
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Table II. Comparison of Kinetic Data Determined Cor Solutions Prepared Manually and Automatically

IFe(III») k"""," Hel std dev., %
(Mol/l.) (S-I) Each run> Among runs"
X 1~1) Man. Auto. Man. Auto. Man. Auto.

5.0 2.41 2.40 0.3 0.4 0.8 1.2
7.5 2.96 2.92 0.2 0.3 1.4 1.4
~ ~ ~ U ~ ~ U
~ ~ ~ U ~ M U
15.0 4.52 4.51 0.2 0.3 0.8 1.0
17.5 5.09 5.08 0.2 0.2 0.9 1.9
20.0 5.59 5.52 0.3 0.3 0.7 1.0
22.5 6.10 6.14 0.2 0.4 1.3 0.1

Av 0.2 0.3 0.9 1.3

a Values quoted are averages of kol.d and standard deviations for four duplicate runs of a given solution. b Values quoted represent
standard deviations obtained from the least squares fit of -In(A .. - A) vs. time data.
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Figure 10. Two factor simplex experiment performed automatically
on the TI(IVf-EDTA-H20 2 reaction

pH 4.02, .\ = 410nm,~ = 6.64 X 10-3molll., CnclV' =4.83 X 10-2mol/l.,
CalTA = 1.10 X 10-3 mol/I.
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Flgur. 8. Continuous variation data obtained by the automated systam
10< TI(IVf-H,O,

[H+) - 0.056 M, .\ - .10 nm, peak occws at 0.508

Simplex Design. The main purposes of this portion of the
study were to demonstrate the capahilities of the system to
design and execute experiments representing a wide range of
conditions and to test software designed for simplex optimi.
zation studies (5,15). The reaction of H20 2 with Ti(lV) in the
presenoe of EDTA was chosen as a model system for this study
(16). The responses to be optimized were the absorbanoe level
and color stability as functions ofTi(lV) and EDTA concen­
trations. From the simplex point of view, the response was the
product of absorbance times a stability parameter (R = A X
s). If absorbance measurements made at 1 and 10 min after
solution preparation differed by more than 3%, then the sta·
bility factor was set to zero indicating an unsuitable response;
otherwise the stability factor was set equal to unity.

A stock solution with the desired H20 2 concentration was
placed on the sample side of the stopped-flow sampling system
and the Ti(IV)-EDTA solutions were prepared automatically
in reagent vials on the reagent turntable. The only inputs to
the computer were the stock solution concentrations,
boundary conditions, the delay time between readings, and
initial simplex coordinates. The absorbanoe readings for the
second of two runs from each solution were used in the simplex
algorithms. The simplex procedure was terminated when the
absorbance reading cbanged by 1% or less for five consecutive
experiments.

Results of these computer generated experiments are rep­
resented in Figure 10. The numbers represent the order in
whicb different experiments were conducted. The simplex

appears to have moved along a ridge toward a plateau-like
region. Actually, the movement was restricted by somewhat
arbitrary constraints placed on the maximum amounts of
Tj(IV) and EDTA solutions which oould be used. As indicated
earlier, the goal was not to optimize this chemical system, but
rather to illustrate the capabilities of this instrument system
for this type study willch has been discussed in detail by other
authors (5, 15).

Kinetic Studies. Oat. presented above and in earlier re­
ports (3, 7) suggest tbat this automated system should be well
suited for fast kinetic studies. The Fe(ill)-SCN- system was
selected as a model reaction to test the capabilities ofthe in­
tegrated system. Solutions containing 0.20 M HClO, and
variable amounts of Fe(lII) and NaClO, (to maintain a con­
stant ionic strength of 0.5) were prepared from stock solutions
both manually and automatically. These solutions were then
drawn into the reagent loop (see Figure 2) and mixed with an
equal volume of 2 X 10-' M KSCN in 0.20 M HClO, and 0.30
M NaCIO, from the sample syringe. Kinetic plots of absorb­
ance and -In(A. - A) VB. time were similar to those reported
earlier (7). Values of the apparent first-order rate constant,
kob.<], obtained as the least squares slopes of -In(A. - A) vs.
t plots are presented in Table II.

The regression equations for manually and automatically
prepared reagents are kobo<! = (212 ± 1) [Fe3+] + 1.35 ± 0.02
and kobod = (213 ± 2) [Fe3+) + 1.33 ± 0.03, respectively. The
correlation coefficients for the two data sets were 0.99991 and
0.99976. Students' t and F tests suggest that there are no
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statistical differences between the average values of rate
constants or the standard deviations for the two sets of ex­
periments.

More complete data will be reported on this and other
systems in the future.
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Linearizing the Calibration Curve in Determination of Sulfate by
the Methylthymol Blue Method

George Colovos, Martha R. Panesar, and Edward P. Parry"

Air Monitoring Center, Rockwell International. 2421A West Hillcrest Drive, Newbury Park, Calif. 91320

The linearization of the calibration curve of the automated
methylthymol blue (MTB) procedure for the determination of
sullates Is described. This Is accomplished by altering the
barlum-to-MTB molar ratio of the barlum-MTB reagent used,
Because 01 the low purity of the commercial dye, barium­
to-MTB molar ratios 01 0.9:1 or lower are usually needed lor
obtaining linear calibration curves. A linear relation between
absorbance and sullate concentration with a correlation
coefficient of 0.9995 or beller Is obtained. The relative standard
deviation among replicates, In the range of 0 to 100 I'g/ml, Is
1.4 to 0.4%. The sensitivity for this range Is 4l'g/ml 50.2-.

Routine determination of sulfate in a large number of water
and air samples is usually performed by a variety ofautomated
wet chemical methods. The automated methylthymol blue
method developed hy Lazrus et al. (J) is gradually displacing
all the other methods, and currently most of the Federal and
State water and air pollution agencies have adopted this
method for the determination of sulfates.

The method involves displacement of methyl thymol blue
(MTB) from a barium-MTB complex by sulfate and colori­
metric measurement of the freed MTB in highly basic solu­
tion.

Ba2+ + MTB6- = BaMTB'- (I)

BaMTB'- + SO,2- = BaSO, + MTB6- (2)

The absorption maximum of the barium-MTB complex is
at 610 nm and that of the free MTB is at 460 nm. Therefore,
the free MTB can be measured at 460 nm without major in­
terference from the barium-MTB complex. As Equation 2
shows, the concentration of MTB is directly related to the
concentration of sulfate, which permits determination of the
sulfate by measuring the concentration of the displaced
MTB.

One of the most unwanted characteristics of this method
has been the nonlinear relationship between the output of the
instrument (absorbance) and the sulfate concentration. The

plot of absorbance vs. concentration appears to be a parabolic
function which becomes linear above a certain concentration
of sulfate. Thus, in most cases, a calibration curve may be
83Sumed as consisting of two linear portions of different slopes.
The first linear portion corresponds to low sulfate concen­
trations (about one fifth of the total range), and the second
to higher sulfate concentrations. The slope of the first linear
portion of the calibration curve is lower by at least a factor of
two from the slope of the second portion. Currently, two dif­
ferent approaches are used for the utilization of the nonlinear
calibration curves for determination of sulfates. In the first
approach, the output signals corresponding to each point of
the calibration curve are linearized electronically with respect
to the stendard sulfate concentration, and thus the entire
range can be utilized. In the second approach, only the linear
portion of the calibration curve corresponding to higher sul­
fate concentrations is used for the analysis of samples. Both
approaches have several disadvantages. For the electronic
linearization, additional equipment and some extra effort to
set the calibration are required. In the other approach, the
sensitivity of the method is reduced by more than 20% and.
therefore, low sulfate samples cannot be analyzed unless a
larger or more concentrated sample is used.

In our laboratory, the MTB method is used extensively for
determination of sulfate in environmental samples. To avoid
all the disadvantages which arise from the nonlinear calibra­
tion curves, we investigated the chemistry involved in this
system with the hope of linearizing the calibration curves by
modifying the original analytical procedure.

In this paper, we wish to report the results of our research
which enabled us to obtain linear response with r.spect to
sulfates without any electronic linearization of the resulting
signals.

EXPERIMENTAL

Instruments and Apparatus. A Technicon AutoAnalyzer 11
connected to 8n Automatic Sampler IV was used throughout this
study, The now diagram used in the present study was similar to the
one recommended by Technicon for sulfate analysis in waste water
(2). In this, the sample containing sulfatAl in the range of 4 to 100,.g/ml
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Flgur. 1. Absorption spectra of the barJum-methylthymol blue com­
plexes at various barium·lo-MTB molar ratios

lBaHJ/(MTBJ 'or spectra 1.2.3.4,5.6. and 7 was equal to 0.89, 1.07, 1.25.
1."3, 1.78.2.32. and 2.94, respectively. pH = 12

is first diluted (1:9.7) with water, then passed through 8 calion ex­
change column to remove all the interfering cations. and finally
reacted with 8 reagent containing barium ion and MTB (pH -2.4) in
a 20-turn mixing coil followed by addition of the appropriate amount
of 0.18 N NaOH in a second 20·turn mixing coil to bring the pH to
about 12. The absorbance of the resulting solution is monitored
continuously in the colorimeter at 460 nm. Other, more sensitive,
concentration ranges can be established by ch8ngin~ the sample
dilution. Samples containing sulfate in the range of 0.5 to 10 1Jg/ml
can be analyzed by eliminating the dilution and passing the sample
directly into the ion-exchange column.

Reagents. Methylthymol blue (J. T. Baker, Baker grade) was used
without further purification. The rest of the chemicals were reagent
grade and were used without any further purification.

All the reagentsolutions were prepared as described in the Tech­
nicon procedure (2) except the methylthymol blue reagent solutions,
which were prepared in the following manner: a 6.796 X 10-:1 M BaH
solution was prepared by dissolving 1.6601 g of BaCh and diluting to
11. with distilled water. A methylthymol blue solution of the same
molarity was prepared by dissolving 0.5193 g of MTB in 100 ml of
distilled water. These two solutions were used for the preparation of
the Ba-MTB reagent with varying barium·to-MTB molar ratios by
adding: 12.4 rot aliquots of the BaCh solution to each ofsevera1250-ml
volumetric flasks, then adding volumes of the MTB solution ranging
from 9.0 ml (for IBa2+]lIMTBJ = 1.39) to 16.0 ml (for [Ba2+]lIMTBJ
= 0.78). Two ml of I N HCI. the appropriate amount of distilled water
to bring the volume to 50 ml, and a small amount (1.5 ml) of wetting
agent (Brij-35) were then added, and final!y the solution were diluted
to 250 ml with ethanol. The solutions were refrigerated overnight
before they were used in the AutoAnalyzer II with the usual flow ar·
rangement for the 4-100 Ilg/ml sulfate range.

The nominallBa2+J/IMTB] ratio of each reagent CllIl be calculated
from the volumes of the respective solutions used to prepare the
particular reagent. Reagents of barium-to·MTB molar ratios above
1.39 or below 0.78 may also be prepared using a similar procedure.

Procedure. Nine.point calibration curves covering the operating
range of4 to lOO"g/m1 80,'- (4, 8,12,16,20,40, GO, 80, and 100 "g/ml,
respectively) were run with each methylthymol blue reagent solution
of varying barium-to-dye molar ratios. The instrumental parameters
were kept constant throughout aU these runs and they were as follows:
standard calibration adjustment at 4.0, wash·to·sample ratio 1:3 and
30 samples/h sampling rate. The baseline was adjusted as necessary.
After each reagent was run with the nine standards, the heights of the
obtained peaks were measured and corrected for the baseline. The
standard curve parameters (3) of slope (b) and intercept (0) were
calculated from the known sulfate concentrations and the heights of
the resulting peaks by using the linear least squares equation. The
standard error of estimate

where A43[, nm is the measured absorbance at 435 nm.
Spectrophotometric Investigation of the Formation oC Binu­

clear Complexes. The change in the absorption spectra of solutions
containing constant concentrations of MTB and varying amounts of
barium was used to demonstrate the formation of binuclear complexes
of barium with MTB. For this purpose 5.0 ml of a Ba-MTB reagent
(3.8 X 10-' M MTB) of known IBa2+IIIMTBJ ratio and appropriate
amounts of BaC!, solution to yield the desired IBa2+J/IMTBJ ratio
were added in 50-ml volumetric flasks followed by 3 ml of 0.18 N
NaOH. Then the solutions were all diluted to the mark with distilled
water and absorption spectra were recorded immediately with a
Cary-14 spectrophotometer using a 1-cm cell.

(5)

(4)

% purity = 105.82 Au!> nm

and the coefficient of correlation,

(,l:XY- l:Xl:Y)
r = "'[nIX' (IX)'lInIY' - (l:Y)']

were calculated also for each set of data. Using the standard error and
the coefficient of correlation as criteria, an optimum [Ba2+]/[MTB]
ratio can be selected for the preparation of MTB reagent suitable for
routine use. Using the selected IBa2+IIIMTB] ratio, the weight of
MTB dye for 11. of reagent can be calculated. This weight corresponds
to the particular lot of commercial MTB and it can be used thereafter
each time Ba-MTB reagent is prepared from the aame lot of MTB
dye. For each new lot of MTB, a linearity study should be performed
to establish the optimum barium·to·MTB fatio.

Spectrophotometric Determination oC the Purity oC the Dye.
The purity of the commercial dye can be estimated spectrophoto­
metrically by measuring the absorbance of solutions of known con­
centrations and using the known molar absorptivity of MTB at that
wavelength. The molar absorptivity at 435 nm for aqueous MTB so­
lutions of pH 1.8 to 5.4 has been measured by Yoshino et al. (4). 'rhe
reported value is 1.891. mol- 1 cm- I • An MTBsolution was prepared
hy dissolving 0.1947 g MTB in 50 ml 0.001 N HCI, which gives a cal­
culated concentration of 5 X 10-3 M. This MTB solution was diluted
1:100 with 0.001 N HCland the absorbance at435 om was recorded
with a Cary·14 spectrophotometer using al·cm cell. The purity was
calculated from the relation:

Because of these two groups, MTB behaves as a ligand ca­
pable of chelating with a metal atom at either one of the two
end groups. However, because of the stereochemical hinder­
ance of the bulky sulfonphthalein structure, the participation
of both groups in the coordination sphere of a single metal ion
is not feasible (4). Thus, the second group remains vacant and
available for coordination with a second metal ion.

Formation of binuclear complexes ofMTB with metal ions
such as Co(Il), Ni(II), Cu(II), and Zn(II) has been studied
(4--6). It has been found that the absorption maximum of the
binuclear complex is at the same wavelength (610 nm) as the
1:1 complex, but the molar absorptivity of the binuclear
complex is significantly larger. The spectra of Figure 1 show
the formation of the binuclear barium-MTB complex in al·
kaline solutions. It can easily be seen that the molar absorp·
tivity at 610 nm increases as the barium-to-dye ratio increases
up to about 2:1 indicating that the amount of barium in excess
of that required for formation of the 1:1 complex forms further
complexes. When the barium-to-dye ratio becomes higher

RESULTS AND DISCUSSION

Methylthymol blue (MTB) is a derivative of thymol sul­
fonphthalein with two N,N' -di(carboxymethy1)amino­
methyl groups attached to ils 3,3' position (J).

R2 R
2

HOOCCH2) *'-':*1OH CH2 COOH
N~C::::,." ::::,." CHN<

HOOCCH '-':c 2
2 R1 erRI CH2 COOH

I """ S03
.0
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Figure 2. Change of the calibration curve wtth the bariu~t<HKTB

ratio

IBa2+J/IMTBJ '''' cu-ves 1.2.3.4. and 5 was 1.39. 1.25. 1.00.0.83. and 0.78.
respectively

than 2:1, the molar absorptivity does not increase further. It
is, therefore, rather evident that MTB forms binuclear com­
plexes with excess of barium ions.

Commercial methylthymol blue, as most dyes, is not 100%
pure. In fact, the purity of MTB is even lower than many other
dyes because the monosubstituted derivative of sulfon­
phthalein (semimethylthymol blue, SMTB), is produced along
with MTB during preparation. SMTB can be separated from
MTB by column chromatography (7).

As described in the previous section, the purity of MTB can
be determined spectrophotometricalJy. This technique gives
essentially a measure of the existing impurities which do not
absorb at 435 nm. Impurities such as SMTB or unsubstituted
sulfonphthalein which absorb at 435 nm cannot be deter­
mined. The amount of nonabsorbing impurities in commercial
dye preparations has been shown to vary from lot to lot
ranging from 10 to 50%.

This low purity of the MTB dye is the main reason for the
nonlinear calibration curves. For example. the composition
of the MTB reagent solution recommended by Lazrus et al.
(1) and in the Technicon procedure (2) contains a barium­
to·dye molar ratio equal to I: I, but due to the low purity of the
commercial dye, the actual ratio is usually considerably higher
than thaL Binuclear species are, therefore, formed along with
the mononuclear complexes and the removal of small amounts
of barium ions by the sulfate (at low sulfate concentration)
results in the transformation of the binuclear to mononuclear
complexes (Equation 6).

Ba2MTB2- + SO,2- = BaSO, + BaMTB'- (6)

The molar absorptivity of the binuclear complex at 460 nm
is lower than that of the mononuclear (Figure 1) and, there­
fore, under the above experimental conditions, the absorbance
of the solutions will be increased only slightly with added
sulfate. With higher sulfate additions, the 1:1 complex is
converted to free MTB (Equation 2) resulting in a higher
change in absorbance per mole of added sulfate.

The formation of binuclear complexes can be eliminated
by changing the barium-to-dye molar ratio. Figure 2 shows
the effect of the barium-to-dye molar ratio on experimentally
obtained calibration curves. It can be seen that the deviation
from the linearity increases as the barium-to-dye molar ratio
becomes greater. This deviation from the linearity is shown
better in Figure 3 where the coefficient of correlation of the
calibration curve is plotted vs. the barium-to-MTB ratio.

LO LI U U l' U

1... ·//1·"1

Figura 3. Change 01 the coe"icleot of linearity of the calibnll10n CIJrVe

with the barium-to-MTB molar ratio

Table I. Determination of Sulfate in Synthetic Solutio...
wilh the Modified MTB Procedure

80,2- pg/ml

Taken FoundD Std dev %

5.00 4.90 0.07 1.4
10.00 10.08 0.08 0.8
20.00 20.08 0.29 1.4
40.00 41.14 0.36 0.9
60.00 59.95 0.24 0.4
80.00 80.04 0.43 0.5

100.00 100.58 0.38 0.4
o Average of five runs.

These coefficients of correlation have been calculated from
the 9-point calibration curves as described above, with five
of these points located at the lower part of the calibration
curve (4 to 20 pg/ml) where the curvature usually occurs. The
coefficient of correlation approaches unity when sufficient
excess of dye prevents the formation of binuclear species.
Thus, by changing the concentration of MTB, the optimum
barium-to-dye ratio can be established for any given lot of
commercial dye preparation and then used thereafter for
routine preparation of the reagent.

The spectrophotometricalJy determined purity of MTB
correlates very well with the optimum barium-to-dye ratio
established experimentally as it is described above. The
commercially available dye usually contains inorganic salts
as well as small amounts of SMTB and other organic com­
pounds. However, the nonabsorbing species constitute the
larger part of the commercial dye impurity and, therefore, the
estimated spectrophotometricalJy purity of the dye can be
used for establishing the barium-to-dye ratio required for the
preparation of the MTB reagenL This is based on the as­
sumptions, that 1) MTB forms mononuclear comple... when
it is mixed witb equimolar amounts of barium and 2) the
concentration of organic impurities absorbing at 435 nm is
very small. These two assumptions appear to be substantialJy
supported by the experimental results. The value of the bar­
ium-to-dye molar ratio required for the preparation of the
MTB reagent in most cases was found to be in the range ofO.S
to 0.9 which indicates dye purity of 80 to 90%. However, in
some cases, commercially available dye preparation may be
found to contain larger amounts of impurities. For example.
a recent lot of dye was found to contain 51.3% absorbing
species by the spectrophotometric method described above,
and the linearity study yielded an optimum [Ba2+]I[MTB]
molar ratio of 0.513. Therefore, the optimum barium-to-dye
ratio might be defmed using the spectrophotometricalJy de-
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tennined purity of the commercially available dye. However,
the actual measurement of the correct. barium·to-MTB fatio,
by constructing calibration curves using various ratios, is
preferred because of possible impact of the presence of ab­
sorbing impurities during the spectrophotometric determi­
nation.

Table I shows typical results obtained with the modified
MTB procedure for determination of sulfate. For these, the
instrument was calibrated independently with standard so­
lutions, and slope and intercept of the calibration curve were
determined by the linear least squares equation. The relative
standard deviation for replicate standards was found to be
between 0.4-1.4%. The sensitivity for this range (0 to 100
I'g/ml) was found to be equal to about 4I'g/ml. Higher or lower
sensitivities may be obtained by modifying the flow diagram
of the Technicon AutoAnalyzer as described above. In our
laboratory, we were able to obtain sensitivities ofO.5I'g/ml in
a range up to 10 IAg/ml by such modifications. Even with this
sensitive Tange, the calibration curves remain lineaT when the
MTB reagent is prepared using the weight of MTB dye cal­
culated from the results of the linearity study.

Both the high (0-100 IAg/m1) and low (0.5-10 lAg/ml) ranges
are used in our laboratory routinely for determination of
sulfate, and the results obtained are always comparable to
those described here.
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Application of Thermal Analytical Methods in the
Characterization of Carbonaceous Materials

Ralph T. Yang,· Meyer Steinberg, and Robert Smol

Department of Applied Science. Brookhaven National Laboratory, Upton, N. Y. 11973

(I)

Thermal analytical methods are applied to a study of the
reaellvllies toward 0, and CO, 0' three kinds 01 carbonaceous
materials which give different rate expressions with respect
to the 'ractlonal completion 0' the reaction. Ills demonstrated
that a pseudo-third-order reaction can give a bifurcated peak
In the OTA curve and, therefore, the notion otthe existence of
two kinds 0' carbonaceous materials based on a bifurcated
peak, as has ollen appeared In the literature, should be as­
serted with caution.

The thrust of developing more efficient energy systems from
cool has renewed a great interest in the application of thermal
analytical methods to the study of reactivities of carbonaceous
materials toward gases. In the field of catolysis, meanwhile,
the employment of differential thermal analysis (DTA) to
examine the catalysts poisoned by carbonaceous materials
deposited on the surface has attracted wide attention and
application. More specifically, in the studies by Rode and
Balandin (I, 2) on the nature of the carbonaceous deposits on
chromia catalyst, the DTA curve produced by combustion of
the deposits showed bifurcation, or two peaks, of the exo­
thermic peak in some instances. The authors interpreted this
as an indication of two types of carbonaceous materials on the
surface. Thereafter, a bifurcated peak in the DTA curve has
been quite commonly related to the notion of the existence
of two kinds of carbonaceous materials (3, 4). Furthermore,
it has been suggested that, by matching with a synthesized
bifurcated DTA peak of a standard reference mixture con­
sisting of two known carbonaceous materials, an unknown
carbonaceous material could be analyzed quantitatively
(5)_

In this work, thermal analytical methods are used to study
the reactivities of three widely different carbonaceous mate­
rials. The quantitative relationship between a single DTA

curve and the kinetic parameters for a "first-order" hetero·
geneous reaction has been previously developed (6). The
qualitative relationship between the general form of the rote
expression and the shape of its corresponding DTA curve is
examined in this study for two higher-order gas-carbon re­
uctions. More importantly, it will be shown that a pseudo­
third-order reaction can also produce a bifurcated peak in the
DTA curve. Therefore, caution must be taken in relating such
a peak to the exist.ence of two kinds of carbonaceous materi·
als.

KINETIC ANALYSES OF DTA CURVES

Extraction of kinetic information from DTA curves is, in
general, limited to reactions with simple rate expressions (6,
7). For reactions with morc complicated raLe expressions. the
approximate methods outlined by Kissinger (8) and by Yang
and Steinberg (6) can also be applied; but the results would
be lengthy and the mathematics tedious, and therefore such
analyses would not be of practical interest.

In this section, it is not intended to extract the kinetic pa­
rameters from a DTA curve. Rother, the qualitative relu­
tionship between the rate expression and the general shape
of the DTA curve is to be explored. More specifically, the
possible number of peaks in a DTA curve will be predicted
from the order of the reaction.

The rate of a heterogeneous reaction is expressed in the
conventional fashion:

Rute =r =_ .!. dm
m dt

where m is the instantaneous mass of the reacting solid and
t is the time.

The rate of a gas-eorbon reaction at steady stote, or at
constant burnoff (x) is normally expressed as a function of the
concentrations of the gases involved. However, in the DTA
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(3)

(5)

measurements the gas concentrations are held constant the
rate is expressed in terms of x I and it can be shown that

1 dm 1 dx
-;dt=~dt (2)

In this work, the order of a reaction will be expressed in
terms of the following form:

~ = roe- E1RT(1 - x)"
dt

where n is the order, ro the frequency factor, E the activation
energy, R the gas constant and T the absolute temperature.

Now we consider three general types of gas-solid rcactions
having individually the following characteristics: (I) the rate
is independent of x; (2) the rate increases or decreases linearly
with x and (3) a rate maximum or minimum exists in the curve
of r with x. The corresponding general ratc equations are:

~ = r,e-E1RT(I - x) (4)
dt

~ = r,e-EII/T(I - x)(x + /)
dt

~ = r3e- E1RT (1 - x)(x' + px + n) (6)

where I, p, and n are constants. According to Equation 3, Type
I is first order and Types 2 and 3 are referred to as pseudo­
second and pseudo-third-order reactions, respectively.

In DTA measurements, the temperature differential (t.T)
is recorded as a function of T. Assuming that the heat of re­
actioo is detected instantaneously and that the thermal effect,
either exothermic or endothermic, is dissipated to the flowing
gas rapidly, t.T is proportional to the mass rate, i.e., the total
amount of mass being reacted per unit time, or to dx/dl

Figure 1. Number of solutions for Equations 8-10

there possibly exist three solutions for Equation 10. It is also
possible that only one solution exists for Equation 10, de­
pending on the constants in the equation. For the reaction
with rate increasing monotonically with x I the characteristics
of the graphical solution for Equation 9 in Figure I should also
apply, and hence also only one solution would be expected.
From this analysis, it can be seen that only one peak is possible
in the first-order and pseudo-second-order reactions while two
peaks, or a bifurcated peak, can occur for the pseudo-third­
order reaction.

EXPERIMENTAL

The above assumptions are not unrealistic in the gas--car­
bon reactions in which diffusion is not the rate-controlling step
and the reactions proceed uniformly throughout the sam­
ple.

By substituting the aPl>roximate expression for dx/dt for
the three types of reactions in Equation 7, and setting
d(.lT)/dt = 0, the following relations are obtained:

C ~ = -EIR7' (8)
'RT' e

C·,~ = e-f:/l/7'(ox + b) (9)
- RT'

C.,~ = e -EIR7'(cx' + dx + f) (10)
. RT'

where C" C" C:l are positive constants and 0, b, c, d. and fare
constants that can be either positive or negative.

Equations 8-10 can be used to predict the peak tempera­
tures of a DTA curve, provided that the functional form x(T)
is known. The x(T) function can be approximated in a way
similar to that outlined for a first-order reaction (6). However,
it is of interest in this study to predict the number of peaks in
the DTA curve based on the three general rate expressions as
shown. For this purpose, Equations 8-10 are consequently
solved graphically. It may be recalled that x increases from°to I with increasing.y and assumes a fractional value which
changes very slowly with T compared to the other two factors
in the equations: I/T' and exp (-EIRT). The equations are
presented in graphical forms in Figure 1. The points of in­
tersection of the curves representing the right·hand-side
(RHS) and the left-hand-side (LHS) are the peak tempera­
tures in a DTA curve. From Figure I, it is clear that there is
only one possible solution for Equation 8 or Equation 9, and

t.T = "(dx/dt) (7) A Mettler Differential Thermal Analyzer Model TA-l was used to
obtain the DTA curves. Reaction rates wcre measured gravimetrically
(TG) and were expressed according to Equation 1.

The carbon samples used were: coke from Illinois No.6 bituminous
coal (coked at 1000 °C for about 20 h in flowing N:z); electrode graphite
and 8 reactor-grade nuclear ~raphite. The nuclear graphite had less
than 100 ppm ash content and more analyses have been given else­
.....here (6). The coke gavt' the following analyses: ash content, 17%;
SiD,. 10%: Fe. 1.8%; AbO,. 2.5%: and the balance orCa. Mg. and Ti,
etc. Analyses of the electrode graphite yielded: ash content. 2.7%; 1%
Si; 0.1% Band Cu each; 0.03% Fe. Ni. Ag.and Ca each; 0.01% Mg, AI.
Zn. and Mn each; and trace of Cr. Pb. and V. The elemental analyses
were performed by emission spectroscopy.

Carbon dioxidc .....as supplied by Matheson Gas Products Company
and was of Coleman Instrument grade (99.99%). The gns was further
purified of moisture and 02 in a train of silica gel, Mg(CIO"h (both
at room temperature) and copper turnings held at 500 °C. The DTA
measurements· involved dilution of the carbon sample in an inert
material (AI::!OJ) which was also the reference. The dilution is neces­
sary because of the high hent of reaction. Detailed procedures of.the
DTA and the rate measurements were given previously (9). It should
be noted that a high gas flow rate was employed and that the ther­
mocouples were ploced at the center of the sample which was con·
tained in a platinum sample holder. Under these conditions, the as·
sumptions made for Equation 7 are not unrealistic.

RESULTS AND DISCUSSION

The temperature range and the other experimental condi­
tions were chosen such that the overall reaction rates were
dominated by the chemical rates. It has been demonstrated
that the oxidation of carbons by air in the 500-6oo·C range
(10) and the oxidation of nuclear graphite by CO2 at 1050 ·C
(6) are all in the chemical-controlled rate regime. In this reo
gime, the rates of the diffusional steps are high compared to
the chemical rates and the observed overall rates can be ap·
proximated as the chemical rates.

The following carbonaceous materials were used in this
work, in the order of decreasing reactivities: coke, electrode
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Figure 3. OTA curves

(al Coke In 811'. (b) Coke (with -40% bun-olf In air al525 0c) in air,(c)Ektctrode
graphite in air. (d) Nuclear graphite in CO,

graphite, and nuclear graphite. Reaction rates were measured
on the first two materials with air and on the nuclear graphite
with CO2• These three gas-solid reactions demonstrated the
general behavior of the three types of reactions which were
analyzed above. Some typical results are shown in Figure 2,
at the specified temperatures. The reactions with nuclear
graphite and with coke can be represented by rate expressions
of the fIrSt· and pseudo·third·order types respectively. The
rate with the electrode graphite does not increase linearly with
burn·off, while it does increase monotonically. According to
the preceding analysis, the reaction with the nuclear and the
electrode graphites would give only one peak while the reac·
tion with coke could give two peaks or a bifurcated peak in
their corresponding DTA curves. Such predicted behavior was
verified by the measured DTA curves, and they are shown in
Figure 3. In this figure, three exotherms (C + O2 ) and one
endotherm (C + CO2) are shown. An interesting feature in this
figure is that the reaction with coke with 0% burn·off showed
a bifurcated peak while the coke with 40% previous carbon
burn-off showed a single peak. This is due to the fact that the
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CARBON IlURN-oFf. 'Yo

Figure 4. BET surface aras (N" 77 K) VS. bum..,H

(8) Coke. (b) Electrode graphite. (C) Nuclear gaphlte
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Flg..-e 5. X-ray ditfractogams of coke at (top) 0% b\.m<)H and (bottom)
31.8% burn-off, copper Kif radialion

rate of the reaction decreases monotonically after 40% burn­
off, as shown in Figure 2. The reaction with the coke that has
40% burn-off can be categorized as a pseudo-second-order
reaction and, hence, can produce only one peak in the DTA
curve. Although it is not intended in this work to study the
factors involved in determining the reactivities of the various
carbonaceous materials, it is illustrative to study the specific
rates, or the rates per unit reacting surface area. The total
surface area of the materials was measured at various carbon
burn-offs and the results are shown in Figure 4. From the data
in Figures 2 and 4, the specific rates of the reactions with the
two graphites were nearly constant with increasing burn-off.
The specific rate of the coke was also nearly constant below
about 30% carbon burn·off but decreased monotonically upon
further increasing burn-off. The decrease may be due to two
factors: (I) the increasing surface area of the mineral matters
and (2) a possible decrease of the concentration of the active
sites on the carbon surface which predominantly contribute
to the rates (I I, 12).

To further examine the possibility of the existence of two
kinds of carbons, x-ray diffraction patterns were obtained of
the coke samples at various burn-offs. In Figure 5, the dif­
fraction patterns of the coke at 0% and at 31.8% burn-off are
shown. The peak at 28 = 26.5° is due to the (002) planes of the
graphitic structure in the crystallites. No difference can be
detected between the patterns and therefore it is unlikely that
Utwo kinds of carbons" exist.

Based on the preceding kinetic analyses and the experi­
mental resulta, one may conclude that a bifurcated peak, or
two peaks, in the DTA curve does not provide a suffic;jeot
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condition for the existence of two kinds of carbonaceous ma­
terials. Furthermore, the same assertion should be valid in the
application of DTA to the analyses of solid materials in gen­
eral.
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Determination of Aluminum in Bulk Iron Ore Samples by
Neutron Activation Analysis

Mihal Borsaru' and Ralph J. Holmes

CSIRO Division of Mineral Physics, P.O. Box 724, Port Melbourne, Victoria 3207, Australia

Neutron activation analysis has been applied to the determi­
nation 01 aluminum In 25-kg Iron ore samples at -6-mm par­
ticle size. By measuring the thermal and epithermal neutron
Iluxes reflected by the samples during Irradlallon, an accuracy
01 beUer than ±O.3 % (95 % confidence Intervals) was
achieved lor alumina concenlrallons between 1 and 6 %. Ore
samples should be dried 10 <1% Iree moisture belore analysis;
If this Is not possible, the Iree moisture content must be de­
lermlned separately to obtain the alumina content on a dry
weight basis.

The neutron activation technique is well established as a
powerful tool for nondestructive analysis. Many published
works (1-6) have dealt with the determination of 27AI in dif­
ferent matrices, by employing either the thermal neutron
reaction 27AI(n,-y)28AJ or the fast neutron reaction 27Al(n,p)­
"Mg. The samples analyzed were usually small, of such size
that they would not significantly alter the neutron flux.

The present work deals with the use of neutron activation
analysis for determination of aluminum in bulk samples of
high grade Australian iron ore. The advantege of using large
rather than small samples is that the tedious and time-con­
suming sample preparation process required to obtain a rep·
resentative small sample is avoided. This is of particular in­
terest to mining companies who require a quick answer for the
percentage of a particular element in a given ore (without
errors introduced by inadequate sampling techniques). Special
care must be taken in using neutron activation for analysis of
hulk samples, since either chemically bound water (usually
referred to as loss-an-ignition for Australian iron ores) or free
moisture will affect the available neutron flux and thereby
introduce errors.

The development of this technique for "static" bulk analysis
is a significant step towards development of methods for
"on-stream" analysis of ore on a conveyor belt, which is po­
tentially of great importance to the mining industry.

EXPERIMENTAL

The method is based upon the thermal neutron reaction 27Al(n.y)­
28AI which has a cross section of 230 mb. The radioactive isotope 28AI
formed in this process has a half-life of 2.3 min and decays by emitting
a 'Y ray of 1.78·MeV energy.

A 2.')2Cf neutron source with a neutron output of approximately 107

neutrons/s was used to irradiate the iron ore samples. This neutron
source is suitable for exciting aluminum, since the average neutron
energy is lower than that of (a,n) sources (e.g., Pu-Be), resulting in
less interference from the fast neutron reaction 2SSi(n,p)28AI, as dis­
cussed later. The 2.S2cr source was located at the bottom of a lO·em
diameter hole (9 em deep) in 8 cylindrical polyethylene block to obtain
o well thermalized neutron nux (7). The 'Y rays from the decay of the
radioisotope 28AI were detected with a 126 X 126 mm Nal(Tl) detec­
tor.

The bulk ore samples (s:: 25 kg) were irradiated from below in a
rectangular wooden box (40 X 33 cm by8cm deep) for 6 min. A 9-an
thick paraffin block was placed on top of the sample container during
irradiation to reflect some of the neutrons passing through the iron
me back into the sample, thus increasing the neutron nw.: in the ore.
1\\'0 neutron detectors attached to the irradiation facility were located
underneath the box to measure the thermal and epithermal neutron
fluxes in the vicinity of the ore samples. The neutron detecton used
were Texlium spectrometric detectors containing 4 alm 3He and 2 atm
Kr, and were shielded from the neutron source with cadmium sheet.
The epithermal neutron detector was located in a cylindrical poly·
ethylene tube covered with cadmium sheet 50 that only epithermal
neutrons could enter the detector. These are thermalized in the
polyethylene cylinder before reaching the neutron detector, to in·
crease the counting efficiency. Samples were quickly transferred (rom
the neutron source to the detector via a small railway track. The
counting time W8S 5 min (live time).

RESULTS AND DISCUSSION

Measurements. Three independent sets of measurements
under slightly different geometrical conditions were taken of
25 iron ore samples, each of approximately 25 kg in weight.
Each sample was fust crushed to -6-mm particle size and then
dried to <196 free moisture before analysis. The chemical
(bound) water in these samples varied from 0.3 to 6.6%. Th8
neutron activation assays were obtained from an equation of
the form:
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Figure 1. Comparisons of neutron activation assays for AI 20 3 with
chemical analyses

where y is the neutron activation analysis assay• .l" is the
number of 'Y-ray counts (thousands) in the 1.78-MeValumi­
num peak after subtraction of background, p is the bulk
density of the ore sample, w is the number of thermal neu­
trons, the number of epithermal neutrons or the ratio of
thermal to epithermal neutrons, and A, B, C, D are constants
determined by regression of the data against accurate chem­
ical analyses.

Table I compares the overall accuracy of Alz0 3 determi­
nations (by activation analysis) at the 95% confidence level
for various forms of the regression equation. It is clear from
this table that the inclusion of neutrons improves the accu­
racy, the best results being achieved by employing the ratio
between thermal and epithermal neutrons in the regression.
This is not surprising, since any variation in the abundance
of total water in the iron ore samples will cause the number
of thermal and epithermal neutrons to vary in opposite di­
rections, and hence the ratio is more sensitive to variations in
total water. The regression equation for the third set ofmea­
surements, for example, was

w= ratio o( w = 0 (No
thermal to neutrons In

Run epithermal w= thermal w = eplChermal regression
No. neutrons neutrons onl)' neutrons only equation)

1 0.25 0.27 0.31 0.32
2 0.28 0.31 0.34 0.34
3 0.30 0.31 0.35 0.37

As mentioned previously, the production of the radioisotope
28Al from the reaction 28Si(n,p)28AI can interfere with the
measurement. This reaction has an energy threshold of 3.8
MeV and a cross section of 100 mb for neutrons of 6-MeV
energy. By irradiating pure quartz, it has been estimated that
the contribution to the aluminum peak from 28Si was less than
0.5% for SiOz concentrations up to 10%. In the samples used
in this study, SiOz varied from 3 to 10%.

Other reactions which could interfere with the present
measurements are the fast neutron reaction S6Fe(n,p)S6Mn
which has a threshold of 2.9 MeV, and the thermal neutron
reaction SSMn(n,'Y)S6Mn. Both produce the radioisotope S6Mn
which has a half-life of 2.58h and decays by emitting 'Y rays
of energy 0.847,1.811, and 2.113 MeV. The resolution of the
NaI(TI) detector was insufficient to separate the 1.78-MeV
'Y ray due to 28A1 from the S6Mn 'Y ray at 1.81 MeV.

The interference from the S6Fe(n,p)S6Mn reaction was
evaluated by irradiating pure Fez03' It was found that its
contribution to the aluminum peak was less than 0.4%, which
is much less than the statistical error.

The magnitude of the .'Mn(n,'Y)·6Mn interference was
investigated using a high resolution intrinsic germanium solid
state detector. At theMn concentrations found in the samples
used for this study «0.05% Mn), no significant S6Mn radiation
(also due to S6Fe, of course) was detected. This low level of Mn
is typical of Australian iron ores of commercial significance
presently being mined. However, precautions are necessary
if the technique is applied to high Mn ores. It would then be
necessary either to monitor Mn via the 0.847- or 2.113-MeV
'Y·ray line and apply corrections, or to take a second count of
the sample after the 28A1 has decayed. In the present instance,
only background radiation remained after the decay of
28Al.

Table I. Accurscy (,20) of AI,D, Determinations, by
Activation Analysis, for Various Forms of the
Regression Equation

(I)

(2)

./_z/
y'

~,

_ ):"'.
y',

I 2 3 4 5
1. AlzOJ' chemICal analysis

)' = A + Bx + Cp + Dw

)' = 9.02 + 0.65x - 1.28p - 4.27w

G

5

0"
N

<
~

where w is the ratio of thermal to epithermal neutrons.
Comparisons of AlZ0 3assays given by the above equation with
chemical analyses are presented in Figure 1.

It should be mentioned that the figures for overaU accuracy
given in Table I include the chemical analysis error. From a
statistical analysis of duplicate sampling and analysis data,
the latter was estimated to be ±0.12% Alz0 3 at the 95% con­
fidence level. When this is taken into consideration, the esti·
mated accuracy of ±0.3% A1z03 (95% confidence intervals) for
the activation method is improved to ±0.27% Alz0 3.

Sources of Error and Limitations of the Present
Method. Since the neutron output of the source used for the
present measurements was only 107 neutrons/s, the statistical
errors were quite large. This can easily be overcome by using
a stronger neutron source. A further consequence of the low
neutron output was the necessity to measure the natural 'Y-ray
background to determine the net number of counts due to
aluminum.

Inaccuracies in measuring the time interval between the end
of the irradiation period and the commencement of counting
also introduce errors. An automatic device would reduce this
error to an acceptable level.

CONCLUSIONS

The present work demonstrates that neutron activation
analysis can be applied to static bulk analysis of alumina in
25-kg iron ore samples. After correction for the influence of
the sample on the thermal and epithermal neutron fluxes
during irradiation, the accuracy is better than ±0.3% Alz0 3
(95% confidence intervals) for alumina concentrations ranging
from 1 to 6%.

The ore samples should be dried to 1% free moisture or less
before irradiation; otherwise the free moisture content in the
sample must be determined by an independent method and
corrections applied to obtain alumina on a dry weight basis.

The total irradiation and counting time can be reduced to
approximately 8 min by using a stronger 252Cf source, e.g., ~
lOS neutrons/so
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Automated Composite Analysis of Major Sinter Components

Om P. Bhargava' and W. Grant Hines

Chemical and Metallurgical LAboratories, The Steel Company of Canada. Limited. Wilcox Street. Hamlfton, Ontario. Canada. LBN 3T1

Automated systems were developed lor the composite analysls
or the major calcite sinter components: AI,03 (0.4 to 1.5%);
SIO, (3 to 12%); CaO (5 to 14%); MgO (2to 10%); and total
Iron (50 to 66%) with a standard deviation 01 0.03, 0.03, 0.1,
0.1, and 0.2, respectively. The sinter sample Illuaed In a vlt­
raous carbon crucible with a mixed flux of sodium peroxide and
sodium carbonate yielding a complete solution suitable lor the
analYlls 01 the above-mentioned components In a alngle so­
lution. The vitreous carbon crucibles are expensive but up to
18 luslons can be carried out per crucible. The slmplltlcatlon
01 sample dissolution and eaae 01 operation justlly the cost.
Fusing Iron are or sinter sample In a zirconium crucible with
sodium peroxide permits determination 01 the two key com­
ponents-Iron and s1llca-on the AutoAnalyzer. The zirconium
crucible Is almost Indestructible. This application could prove
useful at mine sites lor monitoring and quality control during
and alter are beneflcatlon.

Routine analysis of sinter-a recycled iron-bearing feed to
blast furnaces-is carried out currently by x-ray fluorescence
on a VXQ-72000. There is no back-up unit and traditional
methods of chemical analysis (including our scheme for rapid
analysis (I)) sre slow and not availsble around the clock. The
objective. therefore, was to devise an operationally simple
alternative to cope with VXQ breakdown or provide an eco­
nomical alternative at lower workloads.

AutoAnalyzer systems have been developed in our labora­
tory for determining acid soluble aluminum in steel, zinc, and
galvsnizing (2), and silicon (3) in steel and other matrices.
Satisfsctory performance of these methods around the clock
in the routine control laboratory for seversl years has soundly
established this technique.

AutoAnalyzer methods hsve also been developed for the
successful determination of the major components of blast
furnace slag. viz., CaO, SiO" MgO, and Ah03 (4). Owing to
the high concentration of iron in sinter as well as the appre·
ciably different concentration range of the aforesaid compo­
nents. the methods described there needed modificstion for
application to sinter.

EXPERIMENTAL

Sinler Dissolution. Fusion in Platinum Crucible. Blast furnace
slag responds to complete dissolution after sintering the sample with
sodium peroxide at 380 °C in a platinum crucible for 20 min. in a
muffle furnace. However this sintering technique was not successful
for solubilizing the sinter. even after increasing the sintering time to
an hour. Grinding the sinter 66mple down to 250 mesh and increasing
the ratio of peroxide to sample still left some residue unattacked.

Kibiby (5) employed a 5:1 mixed flux (sodium carbonate-boric acid)
for fusing the iron ore or sinters in a platinum crucible at 900 °C for
20 min in a mufne furnace. This approach was tried but proved un­
successful leaving some unatlacked sample. Increasing the fusion
temperature from 900 to 1100 °C and the fusion time from 20 to 30
min did not help. Additionally. the nux was increased and a blast
Meker burner was used, but still there was no improvement in dis·
solution. Alternative approaches were then explored.

Fusion in Zirconium Crucible. in our scheme (3) to determine silica
in iron ore, sinter, and slag, it was demonstrated that iron ores and
sinter are completely solubilized after fusion in a zirconium crucible.
It was thought worthwhile to investigate whether this approach is
compatible with the analysis of the other components. viz.• AhO;),
MgO, CaO. and iron. Determination of silica had already been es·
tablished. Determination of iron as an o-phenanthroline complex did
not pose any problem.

After establishing the silica and iron systems on the AutoAnalyzer
(fusion in zirconium crucible) efforts were directed towards investi­
g:ating the usc of this solution for detennining magnesia. The solutions
were run identically to the magnesium-Titan yellow s)'stem for blast
furnace slags. Ho.....ever. the absorbance remained unchanged with
increasing concentration of MgO in sinter samples. In our earlier
study......e had established that iron interference is eliminated by in­
corporating the compensating solution. It became apparent that
zirconium was the interfering species. This was confIrmed by studying
the effect of zirconium using synthetic solution. Zirconium greatly
suppresses the absorbance of the magnesium-Titan yellow complex.
Hence, an alternative solution was sought which was free from zir­
conium contamination.

FWiiOfI in Iron CruciblE'. Fusion of sinter sample with sodium
peroxide resulted in hea\')' erosion of the iron crucible contributing
excessive and inconsistent amounts of iron to the solution. In spite
of modifying the compensating solution to accommodate this in·
creased and inconsistent excess of iron. the system did not work.

Bisulfote Fusion in Vycor Crucible. Fusion of sinter (0.100 g) in
8 Vycor (silica) cruCible with potassium bisulfate (3 g KHSO. fused
po.....der) was then tried. The fused melt was leached with 50 ml of3.6
N Hel nnd filtered. The magnesiurn-Titan yellow complex was de­
\'eloped (manual operation) after establishing the optimum a)Ocen­
tration of compensating solution used to mask the interfering ele·
ments. The system was then put on the AutoAnalyzer incorporating
Titan yellow and sodium hydroxide into a single solution. Tbis also
eliminated the problem of occasional staining of the mixing coil This
system .....as suilable for determining MgO in the range 2 to 9%.

The next sinter component attempted was alumina. Prior knowl­
edge of zirconium interference in aluminum determination precluded
fusion in such a crucible. The solution used for magnesia determi­
nation (bisulfate fusion in Vycor crucible) was then investigated. On
dissolving the sinter bisulfate fusion melt in 3.6 N Hel, a slight white
residue was noticed. The solution was filtered. Recovery of alumina
was somewhat low. Spectrographic examination of the residue ahO\\'ed
evidence of aluminum. It was therefore concluded that bisulfate fusion
of sinter is not suitable for alumina determination. Again an alter­
native solution was needed.

Fusion in Nickel Crucible. A method for determining alumina in
sinter (6) etc. has been in use for 7 yeaTS and an automated version
(AutoAnalyzer) for over 3 years. The sample is fused in a nickel cru·
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Figure 4. Magnesia determination

cible with sodium peroxide and 601ubilized with dilute Hel. After
dilution, the colorimetry is carried out by treating the solution (ali·
quat) with ascorbic acid to reduce the ferric iron. The color complex
ofaluminum with Chromazurol is then developed in a solution buff·
ered with sodium acetate at pH 5.3. SatisfacwlJ' precision and accu­
racy were obtained1'or this component.

The scheme is satisfactory for the simultaneous determination of
silicon and iron fusing the sample in 8 zirconium crucible. However,
separate fusions were required for magnesia (bisulfate in 8 Vycor
crucible) and alumina (nickel crucible) to prevent the interference
of zirconium in magnesia and alumina determinations and interfer­
ence of nickel in iron, silica, and magnesia determinations. I t is most
desirable to have a singJe solution (for the analysis of all the major
components in the sinter) which is free from interference.

Fluion in Vitreo.... Corbon Crucible. In the past, we had attempted
to use tha viuaous carbon crucible using both aintering at 380 'C with
sodium peroude as well as direct fusion on a Meker burner. Sintermg
was not adequate in decomposing the sinter while fusion eroded the
crucible quite col18iderably. Sodium carbonate is incorporated in some
fusion flu.s:es (using iron or nickel crucibles) to prevent a violent ex·
plosive reaction when decomposing some steelmaking reagents such
as CaJaihar and ferroalloya.1t was thought worthwhile to incoJllOrate
sodium carbonate with sodium peroxide to fuse sinter samples in a
vitreous carbon crucible. This modification completely solubilized
the sinter in about. 2-min fusion time. After acidifying the melt, a clear
solution free (rom carbon specks and with no contaminanta (such as
zirconium, nickel, or iron) was obtained.

Apparatus. 1) A Technicon AutoAnalyzer II, compri.ing Sampler
II, Proportioning Pump III, Colorimeter with a flow-througb cell and
interference mtere (550 run, 660 run, and 520 run) and two-pen chart
recorder, wu used in thia Itudy.

2) Vitreous carbon crucible, 20 mI. This crucible (Grade V25) "Le
Carbonne-Lorraine" is evailable from Spectre< Ltd., 2245 St.
Francoi. Rd., Dorval, P.Q.

Reacenta.!leagen18 are grouped according to the component being
determined.

Alumil14. Aacorbic acid 1.696 w/v aqueous it used.
Combined buITer-Chromazurolsolution is prepared by diuolving

54 g of sodium acetate trihydrate'in 700 mJ of water and filtering.
Chromazurol-reegent (0.08 g) is diuolved in 200 ml of denatured (1

+ 1) alcohol, filtered, combined with the filtered buffer solution, and
diluted to aliter with .....ater.

Siliro. Iron 0.296 solution is made by dissolving high purity iron
(1.00 g) in 80 ml of 8% v/v H;zS04. After the reaction is completed, 10
ml of 3% w/v freshly prepared ammonium persulfat.e are added, the
solution is boiled for 2 min, and diluted to 500 ml.

Ammonium molybdate 1.6% w/v aqueous is used.
Sodium Ouoride solution, 2.4% w/v aqueous, is stored in a poly.

et.hylene bottle.
Caldum Oxide. The .....ash solution is 0.024 N HC!.
Triethanolamine 20% v/v is used.
The buffer is prepared by dissoh'ing 30 g of sodium hydroxide

pellets in 600 ml of wate" edding 10 g ofBorex (N.,B.o.-10 H,ol and
5 g of potassium cyanide and diluting t.he solution to a liter with
water.

Glyoxal bi.(hydroxanil), GBHA. i. made by di880lving 0.10 g of the
reagent. in 300 ml of denat.ured alcohol and then adding 200 ml of
water. After mixing, this solution is stored in an amber coJored
gl...·.toppered bottle.

-Magnesia. The compensating solut.ion is prepared as follows.
Di880lve 7.0 g EGTA (Ethylenebis(oxyethylenenitrololtetreacetic

acid) in 15 ml of 10% w/\' sodium hydroxide. The pH is adjusted to 7
with 2 N HCI. Sodium nuoride, 3 g, is then added and the contents
are diluted to 500 ml with water. This foUows the addition of2.5 g of
hydroxylamine hydrochloride and 0.225 g of aluminum chloride
hexahydrate. After mixing, 70 rol of triethanolamine are added and
the volume is made up to a liter with water. This solution is stored in
e polyethylene bottle.

Titan yellow-sodium hydroxide solution is made as follows. Dis·
solve 60 g of sodium hydroxide in 600 ml of water and cool to room
temperature. Into a l00-ml beaker, t.riturate 0.05 g of Titan yellow
(also called Clayton yellow) in a minimum yolume of water; then add
50 ml of water, mix to dissolve, and filter through a rapid filter into
a 400-ml beaker. W..h the filter with about 200 ml of water. Add 100
mJ of glycerol to the Titan yellow solution, mix, and add this solution
to the sodium hydroxide solution. Dilute the combined solutions to
21. with water. Store in a polyethylene bottle.
-Iron. Hydroxylamine hydrochloride solution, 1% w/v aqueous, is

made f,..h each day.
Sodium acetate trihydrate is 4% w/v.

1702 • ANALYTICAl ct£MISTRY, VOl.. 48. NO. 12, OCTOBER 1978



COLORIMETER RECOROER
520nm

20 mm FLOW CEU
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Table I. Alumina in Sinter

Sample identifications n
%AI.Oa

Assigned or CeTt.

Table III. Calcium Oxide in Sinter

%CaO
Sample identification n i Assigned

Jon. 20/64 7 0.07 6.30 6.17
May 28/69 7 0.08 9.79 9.90
Dec. 11/57 7 0.13 10.95 10.90
March 18/69 7 0.12 11.18 11.26
April2517t 7 0.08 12.90 12.83

Table IV. Magncsia in Sinter

%MgO
Sample identification i ASSIgned

Jan. 20/64 16 0.08 2.60 2.6
Dec. 11157 16 0.15 4.42 4.3
April 25/i1 16 0.05 5.71 5.7
May 28/69 16 0.08 7.04 7.4
March 18/69 16 0.12 8.06 8.1

Table II. Silica in Sinter

%SiO,
Sample identification n Assigned

April 25/71 0.023 4.25 4.20
May 28/69 0.033 5.06 5.10
March 18/69 5 0.014 5.20 5.20
Jan. 20/64 2 0.030 6.65 6.68
nee. II/57 5 0.030 11.43 11.38

O·Phenanlhroline solution is prepared by dissolving 1 g of reagent
in a liter of water conlaining 1 rot of Hel.

Wash solution (about 45% Fe) is prepared by lrealing an appro­
priate weil:ht of iron ore or sinter sample (to provide the baseline)
lIsing the sample dissolution described below.

Procedure. Sinter Dissolution. Sinter (O.l000 g) is mixed with 0.5
g of sodium carbonate and 2 g of sodium perllxide in a vitreous carbon
crucible and fused at low heal over a Meker burner for 2 min. The
somewhat cooled melt is extracted with .....ater followed by treatment
with 25 ml of (3 +2) HCland boiled for 2-3 min. The solution is Lben
transferred to a 1·1. volumetric flask containing 40 rot of 8% vlv sul­
furic acid and about 500 mt of water and the contents are diluted to
volume. This solution is then ready for the determination of AIz03,
Si02, CaO, MgO, and total iron on the AutoAnalyzer.

Jnternal reference sinter samples as well as NBS, BCS, and JSO
reference standard iron orcs nnd sinters are dissolved identically along
with the unknown samples and run on the AutoAnalyzer to establish
calibrations.

Alumino. The analytical system for determining alumina is as·
sembled according to schematic flow diagram shown in Figure 1. The
sample, air and ascorbic acid (1.6%) at 0.42 mVmin, each are mixed
and passed through an 8-turn mixing coil. Buffer solution containing
Chromazurol (0.08 gil.) at 1.00 ml/min is added and passed through
a 2O·turn mixing coil. The absorbance of the AI-Chromazurol complex
is recorded at 550 nm. Sample and wash/(water) cycles are 30 and 50
s, respectively.

Silica. The analytical system for Si~ is assembled according to
the schematic flow diagram shown in Figure 2. The sample, iron so­
lution (0.2%) and air at 0.80, 0.42, and 1.00 ml/min, respectively, pass
through a 6-turn mixing coil followed by ammonium molybdate (1.6%)
at 0.80 mVmin and mix through a 16-turn coil to form the silicomol·
ybda'" compleL Molybdenum blue is Lben formed by addition of Nsf
(2.4%) at 0.80 ml/min, and passage through a 16-turn coil to tha col-

Table V. TotaJ Iron in Sinter

RESULTS AND DISCUSSION

As indicated earlier, the fusion of sinter samples in a vito
reous carbon crucible with sodium peroxide incorporating
sodium carbonate provided complete solution free from
contaminants (interfering elements) such as zirconium. nickel,
or iron from Lbe respective crucibles. It was possible to analyze
satisfactorily the components AlzO., SiOz, CaO. MgO. and
total iron in sinter in a single solution on the AutoAnalyzer
using the necessary reagents and the appropriately devised
analytical schematics. The results are recorded in Tables I
through V for alumina, silica, calcium oxide. magnesia, and
total iron, respectively. The tables also show Lbe standard
deviation and comparison wiLb the assigned values.

%Fe
i Assigned

50.0 50.2
52.1 52.2
54.1 53.7
54.1 53.9
58.7 58.7

0.Q7
0.11
0.22
0.19
0.13

nrimetcr. Absorbance is measured at 660 nm. Sample nnd wash (8%
H2S04) cycles are 30 and 45 s, respec1ively.

Calcium Oxide. The analytical system for CaO is assembled as
shown in Figure 3. Tbe sample, air, and triethanolamine at 0.42, 0.42,
and 0.32 ml/min, respectively, pass throuKh a 6·turn coil and meet
buffer (NaOH 30 gil .. Borax 10 gil .. and KCN 5 gil.) at 0.32 ml/min.
After passing through an S-turn coil, the stream meets glyoxal
bis(hydroxanil} at 0.70 ml/min and traverses a 28-turn coil. The ab·
sorbance of the complex is then recorded at 550 nm. The sample and
wash (0.024 He!) cycles are 60 and 90 s, respeetively.

Magnesia. The analytical system for MgO is assembled as shown
in Fil,oure 4. The sample, air, and compensating solution at 0.60, 0.42,
and 0.32 ml/min, respectively, pass through a 16-turn coil and meet
a Titan yellow-NaOH-glycerol solution at 1.40 ml/min. After passing
through a 20·turn coil, the absorbance is recorded at 550 nm. The
sample and wash (8% HzS04 ) cycles are 50 and 60 s, respectively.

Iron. The analytical system for the determination of iron is shown
in Figure 5. The sample, air. and hydroxylamine (1%) 8tO.16, 1.00, and
1.6 mVmin. respectively, pass through 8 16-turn mixing coil and meet
sodium acetate at 0.42 ml/min. After traversing an 8-turn coil the
stream meets o·phenanthroline and passes through a 16·tum coil to
the colorimeter. The absorbance is measured a1520 nm. The sample
Dnd wash (45% Fe solution) cycles are 50 s each. The wash solution
contains 45% Fe to establish the baseline and provide increased sen­
siti"'ity in the range 50 to 66% Fe.

Sample identification n

Dec. 11157
March 18/69
May 28/69
Apri! 25/il
.Jan.20/64

0.45
0.60
0.70
0.91
1.04
1.08

7 0.027 0.51
7 0.022 0.68
7 0.035 0.7:1
7 0.029 0.91
7 0.026 1.12
4 0.026 1.05

April 25/71
March 18/69
May 28/69
June 20/64
Dec. 11/57
Nimha BCS
Ore
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Determination of Total Estrogens in Urine with 3-Methyl-2­
benzothiazolinone Hydrazone

Hugh Y. Vee" and Bobette Jackson

The Department 0·( Pathology, Hutzat Hospltat, 432 East Hancock. Detroit. Mich. 48201

An estrogen method has been developed that u1l11zes a col­
orlmelrlc reaellon consisting 01 the oxidative coupling 01 3­
methyl-2-benzothlazollnone hydrazone (MBTH) to the phenol
portion 01 the steroid molecule. Colorimetric measurements
are made at 530 nm manually or with an AuloAnalyzer at an
analysts rate 01 50 samples per hour. Comparison with a Ilu­
orometrlc method gave a correlation coefficient 01 0.96 and
with a gas chromatographlc one, a coefficient 01 0.94, so that
the proposed method may be sullable as an allernatlve method
lor the determlnallon 01 total estrogens In pregnancy urine
samplas.

The importance of assaying urinary estrogen concentrations
to assess fetal growth and well being has been established and
documentro (l). To date, most procedures have not combined
simplicity and specificity. Perhaps, the most rapid manual
method for use is one that uses Amberlite XAD·2 resin to
separate estrogens from urine, reaction with a Kober reagent.
and a fluorometric measurement (2). A comparable colori·
metric method has not been made available, as relatively
longer times are needed (3).

We have investigatro a procedure to assay urinary estrogens
that uses either ethyl ether~thanolextraction (4) or ammo­
nium sulfate precipitation (5) of the steroids and reagents that
are suitable for manual or automated quantification. Larger
laboratories with a greater number of estrogen assays to per­
form would tend to use an automated procedure, and many
excellent procedures are available (6-9). Most of the published
procedures are carried out at an analysis rate of 15 to 40
samples per hour, and necessitate the use of a fluorometer. We
have succeeded. in extending the manual method reported
here to a semiautomated estrogen method with an analysis
rate of 50 samples per hour. The color reaction used in this
procedure has been previously used for the determination of
phenols in water supplies (l0, 11).

EXPERIMENTAL

Apparatus. The manifold used for the automated procedure is
shown in Figure 1. The AutoAnalyzer system (Technicon Corp..
Tarrytown, N.Y.) consisted of sampler II, pump II, colorimeter, and
recorder. Manual measurements were made with 8 Gilford Model
300-N spectrophotometer (Gilford Instruments Laboratory, Oberlin,
Ohio). An International 8·20 A high speed refrigerated centrifuge

(Damon/lEe Division, Needham Heights, Mass.) was used to cen·
trifuge the ammonium sulfate precipitates. Spectra were obtained
with a Coleman Model 124 spectrophoLometer (Coleman Instruments,
Inc.. Mo}",,'ood, IlL) with Model 165 recorder. Fluorometric mea­
suremenls were made with 8n Aminca Model SPf 125 specLroOuo·
cameter (American lnslrumenlq Co., Silver Spring, Md.). A Varian
Acrograph Model 1440 chromnlo~r8ph was used for the assay of es­
lrog:cns by J:SS chromatography.

RcagcnlS./solation, Hydrolysis. and Purification. Reagents used
were 6 N H 2S04; 0.5 N Hz..'iO.. in ethanol; 0.5 N H2S04 in methanol;
1 N NaOH; 0.1 N NaOH; acelnte buffer (2 molll.; pH 4.7); Glusulase,
an enzyme mixture from Helix Pomatia containing approximately
200 000 units/ml of glucuronidase and 100 ()()() units/ml of sulfatase
tEndo Laboratories, Garden City. N.Y.); 1 M K 2C03; (NH.l2S0.;
ethyl ether; methanol (aldehyde free); ethanol.

Manual Color Development. Use 0.29b w/v eerie ammonium sulfate
(G. F. Smith, Columbus, Ohio) in 1.5% vlv H:zSO., store in an amber
(;ulored bottle; 0.15% w/v aqueous solution of 3-methyl-2-ben­
zothiazulinone hydrochloride (MBTH) (Aldrich Chemical Co., Mil­
waukee, Wis.). keep refrigerated when not in use and discard after 2
weeks; 0.3% w/v EDTA (disodium salt); estriolslandards 20 and 40
1I1~11. in 25% v/v methanol or 100% methanol.

Automated Color Development. Wash water. add 0.1 ml Brij-35
(3<nD solution; Technicon Corp.• Tarrytown, N.Y.) per liter; 0.2% w/v
eerie ammonium sulfate in 2% v/v HzSO., store in an amber colored
bottle; 0.05% w/v MBTH in aqueous solution, keep refrigerated when
not in use and no more than a 2-week supply; 0.3% wI\- EDTA (diso­
dium salt), add 0.1 ml Brij.J5 per liter; stock estriol standard, 1 mg/ml
in ethanol; dilute with 25% vlv ethanol to obtain standards of 5, 10,
20, :10, and 40 mg/l.

Procedure. Isolation: (a) Ammonium Sulfate Precipitation. In
a 40-ml glas...·stopper centrifuge tube containing 3.5 g (NH.l2S0.,
pipetS mt of urine from a 24-h collection. add 0.1 ml6 N H:zSO., and
mix the contents. Warm the contents of the tube in a 55 °C water bath
for several minutes. Stopper the tube and vortex vigorously until the

.salt dissolves. Transfer the contents of the centrifuge tube to a plastic
centrifuge tube. Centrifuge the tube in a high speed centrifuge at
17 ()(X) rpm at 0-5 °C for 30 min. Remove the tube from the centrifuge
ana aspirate off the supernatant liquid, taking care not to remove any
of the precipitate. Add 2 drops of 1 N NaOH and 1 ml of water. Vortex
t.he contents. Add 3 ml of water and mix. Centrifuge for 5 min at 3000
rpm to pack any undissolved material. Transfer the purified urine
extract to a clean 40·ml glass-stopper centrifuge tube.

H)'drol)'.~i.... Add 1 ml of acetate buffer and 0.5 rol of Glusulase. Mix
and incubate the contents at 55°C for 120 min.

Purification: (a) Ammonium Sulfate Isolation. Cool the tube
containing the hydrolysate. Add 25 ml of ethyl ether and shake vig­
orously:l times for IO-s intervals (release pressure after each 10-s
shaking). After the layers have separated, aspirate off the lower phase.
Wash the ether phase by shaking with 10 ml of 1 M K2C03and aspi­
rating off the lower phase. Wash with 10 ml of water and aspirate off
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Figure 1. Manifold diagram for automated color development

the lower phase. Pipet 8 lO-ml aliquot of ether into a 40-ml conical
test tube and evaporate the ether to dryness in a 55°C bath. For 8U­

tomated color development, dissolve the sample residue in 0.5 rol of
ethanol, making certain the sides of the tube are rinsed. Add 1.5 ml
of waler and mix well. For manual color development, substitute 2.0
ml of methanol. The solution is equivalent to 2 ml of urine.

Isolation: (b) Ether-Ethanol Extraction. In a 50-rot glass-stopper
ccntrifug'c lube containing 2.5 g (NH"hSO... pipet 5 ml of urine. add
0.1 miG N H 2S04• and mix the contents. Add 10 ml of ether--ethanol
3:1 v/v, and shake vigorously 3 times for 20-8 intervals (release pres·
sure after each 20-sshaking by carefully opening the stopper). Aspi·
rate off the urine layer. Transfer the solvent to a clean 40-ml centri­
fuge tube and evaporate to dryness. Add 4 mJ of water and mix.

Hydrolysis, Add I ml of acetate buffer and 0,5 mI of Glusulase. Mix
and incubate the contents at 55°C for 120 min.

Purification: (b) Ether-Ethanol Isolation. Extract the cooled
hydrolysate with 25 rol of ether and shake vigorously 3 times for 10
5 each (release pressure after shaking). Aspirate off and discard the
aqueous phase. Wash the ether phase with 10 ml of 1 M K 2C03 fol·
lowed by 10 rol of water. Pipet a lO-ml aliquot into alS-ml conical test
tube and evaporate the ether to dryness in a 55°C bath. Redissolve
the residue in 3 ml of ethyl ether. Add 1.6 rol of0.1 NaOH and vortex.
Aspirate off the ether phase. Transfer the alkaline phase to a clean
test tube. Add 0.4 ml of 0.5 N H~O. in ethanol for automated color
development or 0.5 N HzSO. in methanol for manual development.
Mix well.

Color Development and Measurement: Manual. Pipet 1 ml ofthe
sample solution into a clean test tube. Pipet 1 ml of each standard,
20 and 40 mg/l., into separate tubes. For a reagent blank, use 1 ml of
25% v/v methanol or 100% methanol. Add I mlofO,15% MBTH wall
tubes and mix. Let stand 5 min. Add 1 ml of 0.2% eerie reagent. mix,
and let stand 5 min. Measure the absorbance at 530 nm vs. the blank.
Calculate the concentration of the sample from the standards. Mul­
tiply the concentration in mg/l. of the urine sample by the number
ofliters of the 24·h collection 10 obtain the mg/24 h, If the aboorbance
from EI urine control is greater than anticipated, it may be necessary
to prepare the estriol standards in a urine matrix.

Color Development. Measurement. and Calculations: Automated.
Place the manifold on the pump (Figure 0, attach reagent lines, and
pump reagents for at least 10 min to obtain a stable baseline. Place
the 530·nm filters and the No.1 aperture in position. Set baselines.
If the 1()()9b T ba~eline drift is pronounced, replace the sample line.
Load the standarqs on the tray followed by three water wash cups,
controls. water wash cup, and groups of six samples. Separate each

Table I. Recovery of Added Estriol"

Added Calcd value Found Recovered Recovery, %

0.0 5.8
2.0 7.8 8.0 2,2 110.0
4.0 9,8 9.7 3.9 97,5

10.0 15,8 16.4 10.6 106,0
20.0 25.8 24.3 18.5 92,6

II Estriol was added to a urine containing 5.8 mg/l. of es­
trogen. All specimens were assayed in triplicate.

Kroup of samples with a water wash cup. Begin sampling at a rate of
50th (2:1 sample wash: 48·s sample/24.s wash), After the bighest
concentration standard is recorded and the pen retwDS to or Dear
100% T, re-adjust the baseline if necessary. After all samples have
been recorded, remove reagent lines and place them into water and
pump water through the system f<;lr at least 20 min. Plot % T values
of the standards vs. their respective concentrations using semiloga­
rithmic graph pa~r. Read the concentrations of the samples directly
from the plot. Multiply the concentration in mg,n. by the number of
liters of the 24·h urine collection to obtain mg/24 h.

RESULTS AND DISCUSSION

Recoveries and Correlation. Aqueous solutions con­
taining 10, 15, 3D, and 50 mgn. of estriol.3·glucuronide and
estriol·16·glucuronide (Sigma Chemical Co., St. Louis, Mo.)
were assayed in replicate, and recoveries of 77-96% consis·
tently obtained with an average recovery of 86%. The highest
concentration of estrogen conjugate gave the lowest recovery
indicating that samples of greater than 40 mg/!. concentrations
be diluted and repeated. Estriol added to urine was recovered
as shown in Table I. The data indicates excellent recov­
eries.

A series of urine specimens were assayed with tbe proposed
method and compared with fiuorometric (12) and gas chro·
matographic (13) procedures. The data are shown in Table
II. Quite satisfactory correlations are obtained when the
proposed procedure is compared with either of the other two
methods.
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Table II. Compsrison of Proposed Method with Other
Estrogen Methods"

Sample No. MBTH Fluoromcfric (J 2) GC (J3)

1 14.6 16.9 14.1
2 21.3 20.5 25.4
3 19.5 17.6 15.4
4 NA U~ "~
5 7.2 6.0 7.9
6 ~A ~~ ~.2

7 32.3 32.6 30.8
8 12.4 12.1 12.4
9 26.9 22.0 23.4

10 20.0 21.7 23.2
11 24.0 23.2 22.8
12 20.8 19.3 17.9
13 16.7 16.7 20.6
14 7.3 5.5 5.8
15 8.3 8.8 6.2
16 23.0 26.0 24.2
17 21.6 18.7 20.2
18 13.0 11.0 14.2
19 18.9 15.5 17.6
20 13.7 H.1 14.9
21 21.2 19.3 24.2
22 11.3 12.6 16.1
23 19.1 14.5 17.9

Average 18.9 18.0 19.1

"All values listed are mg/24 h. Y(MBTH) = 1.86 + 0.89
X(GC);r=0.94;SoTY· 2.40. Y(MBTH) = 1.62 + 0.96 X(fluo,);
r· 0.96; SoTY = 1.98.

Table III. MBTH Reaction with Various Steroids·

Estriol (+)
Estradiol (+ )
Estrone (+)
Androsterone (-)
Epiandrostcronc (-)
Dehydrocpiandrostcrone (-)
Cortisol (-)
Pregnanediol (-)
Pregnanctriol (-)

tJ Concentrations of all steroid solutions were 10 m~alitcr

in methanol.

Two commercially available urine control materials were
assayed over 8 period of several months to yield 8 mean value
of 5.3 mg/!. ± 1.4 (2.), /I = 42 (Lederle lot 2920-690 H6; values
given: 4.0 ± 1.6 gas chromatography and 4.5 ± 1.6 Stanbio)
and 7.3 ± 1.1 (2.), n = 28 (Hyland lot 0401 LOOI AA; value
given 6.6 ± 1.8 Brown colorimetric). A bias of approximately
+0.8 mg/l. was found between the proposed method and the
methods used for the commercial mat"rials.

The recoveries and correlations suggest that the proposed
method is suitable as an alternative method for the estimation
of total estrogens in pregnancy urine.

Spectral Characteristics of the Chromogen. The red­
dish violet chromogen has two absorption maxima: one at
420-440 nm and the other at 530-560 nm. The 420-440 nm
peak of the chromogen is slightly greater (Figure 2). The ap­
parent molar absorptivity at 530 nm for estriol was II 200 ±
600. The absorptivities for estradiol and estrone were similar,
so that estriol was selected as the standard. The color followed
Beer's law up to a concentration of 40 mg/!. estriol. Mea­
aurements were made at 530 nm for either automated or
manual color development.

Color Reaction. The oxidative coupling of 3-methyl-2­
benzothiawHnone hydrawne (MBTH) with phenols, aromatic
amines, and active methylene compounds was reported by

Figure 2. Spectrum of chromogen of estriol. MBTH. and eerie ion ra
action

Hunig and Fritsch (11). The coupling was initially carried out
under alkaline conditions with ferricyanide. but modification
to use eerie ammonium sulfate in acid medium was successful
with an increased sensitivity (10). The reaction is depicted in
Figure 3.

Specificity and Interferences. The specificity of the color
reaction with other representative steroids was investigated,
and these data are given in Table III. Sinl'e the color reactioll
occurs with the phenol portion of the molecule, steroids not
having this structure will not interfere. The most probable
interferences in urine will be aromatic amines, phenolic acids,
and neutral phenols. To eliminate interference from aromatic
amine compounds. the isolation of the estrogens is carried out
at an acid pH. Amines will be in t.he form of their acid salts
which nre relatively more water-soluble and not separated
with the steroids. Phenolic acids are removed by washing the
ether extract with potassium carbonate.

The most difficult compounds to remove are the neutral
phenols of which p-cresol and catechol appear to be t.he pre­
dominant ones (IS). Fortunately;two favorable factors min­
imize this interference: (a) phenols with a pK 7 are generally
excreted as sulfate conjugates (16) (p-creso] pK = 10.3; cat­
echol pK = 9.5), so that these salts would most likely remain
in solution during the isolation of the steroids as well as being
removed by the potassium carbonate wash; (b) substantial
losses of both of these phenols would occur during the ether
evaporation at 55 °e, since they are quite volatile (15). To
det"rmine the effects of p-cresol, sanlples containing 25 to 200
mg/!. [50 mg/!. is t.he normal amount. found in urine (15)1 were
taken through the entire procedure. A concentration of 0.2-0.4
mgfl. of material was found at all concentrations of p-cresol.
The concentration of residual phenolic substances of 25
nonpregnancy urine specimens was determined by the pro­
posed method. An average concentration of 2.2 mg/1. was
found with a range of 0.2-3.8 mg/l. Since t.he estrogen con­
centrations in the majority of urines analyzed by our labora·
tory are between 5-10 mg/l. and studies with two other es­
tablished estrogen methods indicate good correlation, the
residual phenolic substance concentration does not appear
to interfere to any significant extent.

Because false positive results could occur, urine collections
must be from pregnant subjects. Furthermore, this procedure
is not suitable for estimating low concentrations of estrogens
in urine from normal subjects.

Isolation and Purification. The first procedure for the
isolation and purification of estrogens from urine using am·
monium sulfate precipitation with high speed centrifugation
was described by Cohen in a series of papers (5, 17, 18). Op­
timum conditions have been confirmed and defined (19).

The alternative procedure using an ether-ethanol extrac·
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Figure 3. Oxidative coupling 01 MBTH with estriol In the presence of eerie ion

tion of urine containing 50% (w/v) ammonium sulfate was
reported earlier (4).

A duplicate run (n = 20) using both procedures gave results
for all samples that were within ±3 mg/!. with a correlation
coefficient 0£0.96. This evidence indicates that either means
of separation is suitable for routine use. Because of greater
variations in shaking with solvent in the initial extraction, the
procedure employing ammonium sulfate and high speed
centrifugation is preferred.

Amberlite XAD-2 separation, in our hands, was not satis­
factory, especially with urine samples containing drugs of
abuse. Colorimetric and fluorometric measurements gave
extremely high results for these extracts. Direct analysis was
also unsuitable, so that separation and purification must be
carried out to ensure valid results.

The purification by solvent extraction or ammonium sulfate
precipitation removed enzyme inhibitors, so that the rate of
hydrolysis by the glucuronidase and sulfatase was increased
(J 7). A large excess of enzyme was employed to make certain
that specimens having high concentrations of estrogen con·
jugates were hydrolyzed within the 2-h incubation period.

Automated System. An alcoholic solution of the purified
and hydrolyzed estrogens is diluted with 0.3% EDTA and
0.05% MBTH added. After mixing, 0.2% eerie ammonium
sulfate is added. This final solution is mixed and pumped
through the flow cell and measurements made at 530 nm.
Carryover was 2% for a 5 mg/!. sample after a 20 mg/!. one and
2.5% after a 40 mg/!. one. Steady state reached was 94%.
Sampling rate was 50/h with a sample wash ratio of 2:1.
Slightly improved washout characteristics of 1.9% could be
obtained ata rate of5O/h, 1:1, with a lower percent steady state
reached and a diminishing of the peak heights. The .peak
heights could be restored by using a larger sample line to
compensate for the shorter sampling time at the 1:1 ratio.

The eerie to MBTH ratio for the automated procedure is
1 ml 0.2% ceric:0.23 mt 0.05% MBTH and is critical. Increased

amounts of MBTH without compensating increases in cerie
ions will result in baseline drift. This drift is caused by the
continuing formation of the greenish cerous ions. The drift
can be controlled by maintaining the proper reagent ratio and
by rapid passage of the reaction stream through the colorim·
eU.r before any substantial reduction ofceric ions takes place.
Note that in the construction of the manifold, we have speci­
fied that the tubing from the last mixing coil be kept as short
as possible in length.
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Gas Liquid Chromatographic Determination of Therapeutic and
Toxic Levels of Amitriptyline in Human Serum with a Nitrogen­
Sensitive Detector

John Vaslllades' and Kerry C. Bush

Dt1partment of Pathology. The University 01 AfabBma In Birmingham. Birmingham. AlB. 35233

A gas liquid chtomatographlc (GLC) procedura I. presented
for the detennlnallon of therapeutic and toxic serum Ieve.. of
anllb Iplyflne or nortrIplyfIne using a nitrogen -..tlIve detector.
The cIruga are extracted from an alkaline solution Into n·hep­
t--.4%1aobulanoI and back..xtracted Into 0.1 M HCI. After
washing with n-heptane, the drugs are back..xtracted Into
ether and anaJyzed by GLC. Prolrtptyllne Is used .. the Internal
standard. The method .. accurate, aenaltlve, and apecllic with
no derlvatlzatlon required prior to analysl•• An advantage of
the proc:edwe Is the.amaII """'e size needed for analysJa and
the selectlvlly and aenaltlvlty of the detector, with the IImll of
detection for amitriptyline being 1 ng/ml.

Amitriptyline and its monomethyl metabolite, nortripty­
line, are widely used therapeutic agents for the treatment of
severe depression. A definite correlation between circulating
blood levels of amitriptyline, nortriptyline, and therapeutic
effect has been established (1). The more common use ofth...
drugs has brought about an increase in tricyclic abuse and
self-inflicted poisonings. Patients may take the drug for
therapeutic purposes or suicide gestures. Because of cardio­
vascular complications, the identification and quantitation
of amitriptyline and nortriptyline overdosage is important
(2).

A number of procedures have been repomd for the deter­
mination of amitriptyline and nortriptyline in serum (3-7).
A gas liquid chromatographic (GLC) procedure using a ni­
trogen sensitive detector is presented in this report. An ad­
vantage of this procedure is the small sample size used for
analysis and the sensitivity and selectivity of the detector. No
derivatization is required and quantitation is achieved from
therapeutic to toxic levels. Seven representative patients in­
volved in amitriptyline poisonings are presented.

EXPERIMENTAL

Reagents. All reagents used were spectral grade: Chloroform
(Fisher Scientific), methanol (Fisher Scientific), isobutanol (Eastman
Organic Chemicals), n·heplane (Sargent Welch Scientific Company).
Anesthetic grade ether (Merck and Co., Jnc.) was wed. Amitriptyline
HCI (Merck, Sharp & Dohme Research Laboratories. Rahway, N.J.),
nortriptyline HCl (Eli LiUy and Company, Indianapolis, Ind.), and
protriptyline HCI (Merck, Sharp & Dohme Research Laboratories,
West Point, Pa.) were used as the hydrochloride salls; however, all
concentrations are expressed as the free base. The protriplyline in·
ternal standard was prepared in spectral grade chloroform-methanol
1:1 by weighing out the pure drug and dissolving in 1:1 chloroform­
methanol. A 1 mg/ml stock aqueous solution of amitriptyline and
nortriptyline was prepared in deionized distiUed water; serum stan­
danls were made up by adding small amounts of aqueous amitripty­
line or nortriptyline 10 ~g/ml working standards to pooled human
serum. A 0.5 M NaOH solution was prepared from solid sodium hy­
droxide and 8 0.1 M HCl solution was prepared from concentrated
HClacid.

Apparatus. Analyses were performed on a Perkin-Elmer 3920 gas
chromatograph equipped with flame ionization and nitrogen sensitive,
detectors (Perkin·Elmer, Norwalk, Conn. 06852). A 1.8 mel<!r X 2 mm
glass columo packed with 3% OV·17 on 100/120 mesh Cas Chrom Q
(Applied Science Laboratories, Inc.) was used to accomplish separa-

tion. The chromatographic conditions were as follows: carrier gas,
helium with a flow rate of 100 mVmin; column oven temperature, 230
°C; injector temperature, 260 °C; interface temperature, 270°C; air
flow to detector, 40 psi; hydrogen flow to detector, 15 psi; and detector

·voltage, 5.5-5.8. A Perkin-Elmer 26 recorder set at a range of 1 mV
and a chart speed of 10 mm/min was used to record aU chromato­
J::rams.

The detector used in the analysis was the new nitrogen-sensitive
detector developed by Perkin-Elmer. A discussion of the principle
uf its operation has been reported (8).

The long life of the rubidium bead is an advantage of this detector
over other detectors usinJ:: volatile alkali salts. Kolb and Bischoff (8)
reporlthat a single bead was used. for over 6 months without any 1058
of sensitivity. We have used the same bead for over 4 months with
little change in sensitivity.

Procedure. A 2-ml sample of human serum, 1 rol of 0.5 N NaOH,
and 25 ml of n -heptane containing 4% isobutanol were combined in
a 5O-mt glass-stoppered centrifuge tube and shaken on a mechanical
shaker for 5 min. The mixture was then centrifuged and the organic
la.yer transferred to another SO-rol centrifuge tube containing 5 ml
of 0.1 N Hel. This mixture was then shaken for 5 min, centrifuged,
and the organic layer discarded. The remaining 5-ml aqueous phase
was washed twice with 25 ml of n.heptane to remove the isobutanol.
After discarding the n-heptane from the second wash, the acidic
aqueous phase was transferred to a clean 45-ml glass stoppered cen­
trifuKe tube and made basic by the addition of 1.5 ml of 0.5 N NaOH.
A 6-ml aliquot of ether was added and the mixture shaken for 5 min.
After a light centrifugation, the ether layer was transferred to a 12·ml
glass-stoppered centrifuge tube and evaporated to dryness at 40°C.
During evaporation, the tubes were occasionally chilled to wash down
any material on the sides of the tube. The residue was then dissolved
in 10 ~l of protriptyJine internal standard and subjected to duplicate
analysis on the gas chromatograph. One microliter of the samples was
injected for analysis.

Standard curves were obtained by analyzing serum standards
containing known amounts of amitriptyline and nortriptyline. With
patients whose clinical symptoms indicated that they might be in the
toxic range, serum standards containing 2oo t.o 800 ng/ml of ami­
triptyline or nortriptyline were used; samples from patients thought
to be in the therapeutic range were run with amitriptyline and nor­
triptyline serum standards at the SO, loo, and 200 ng/mllevel. The
concentration of the protriptyline internal standard used for the toxic
range was 220 loIg/ml and the concentration for the therapeutic range
was 100 loIg/ml. Follo\\-ing chromatography, peak areas were measured
using the formula height times width at half peak height, and the ratio
of amitriptyline or nortriptyline peak area to internal standard peak
area of each serum standard was calculated and plotted against its
concentration. Peak height ratios were also calculated and gave es­
sentially the some relative standard deviation. The origin and serum
standard ratios were then used to draw the standard curve as a check
on linearity. However, the amitriptyline or nortriptyline concentration
in patients was not obtained from the curve, but rather by using the
nearest serum standard.

RESULTS AND DISCUSSION

Figure 1 shows the excellent separation of amitriptyline,
nortriptyline, and protriptyline under the described condi­
tions of study. The retention times at 230 ·C were 8.5, 10.0,
and 11.7 min, respectively. Figure 1also indicates the detector
was most sensitive to amitriptyline, followed by nortriptyline,
and then protriptyline. Sensitivity was governed by the ability
of these three amines to form cyano free radicals.

Blank serum samples assayed in the same manner as stan­
dards and patients gave no significant peaks on the chroma-
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Figure 1. Gas-liquid clvomatogram 01 blank serum with (20 ng/ml) of
amitriptyline. nor1rtptyllne. end protrlptyllne edded after the senm was
carried lIvough the extraction

ChromatogaphJc condttlons: CoUm, 240 DC; carrier gas. helknl. 100 ml/mn;
detector voltage. 5.8; and 8nenuatlon. 1 X 8

tograph that might interfere with the analysis (Figure 2). The
arrows in Figures 1 and 2 indicate where the temperature was
raised after separation of the three drugs was accomplished;
this was done to observe any endogenous peaks that might'
follow. Retention times of all three drugs could have been
reduced had it not been for an unidentifiable peak that ap­
peared after the protriptyline peak. Elevation of the tem­
perature or increased carrier gas flow rate tended to move this
peak beneath the protriptyline internal standard peak. It was
also found that imipramine had a retention time approxi­
mating that of protriptyline. Thus, in the presence of im­
ipramine, protriptyline could not be used as an internal
standard.

The absolute percent recovery of amitriptyline hy our
method averaged 64 ± 10% for serum standards of50, 100, 200,
400, and 800 ng/ml. The relative percent recovery for serum
standards averaged 99 ± 10%. This compares well with the
procedure described by Hucker and Stauffer (3) who reported
97 ± 89b relative percent recovery for amitriptyline, although
they used plasma samples of lower concentration. The amount
of drug recovered decreased slightly as concentration in­
creased. Other researche", (7) have made the same observa­
tion using a different procedure. Recovery studies also indi­
cated that a greater amount of drug was extractable from an
aqueous matrix 85 compared to a serum matrix. Thus, when
determining the levels in patients, we chose to carry serum
instead of aqueous standards through the entire procedure.
Since the patients' samples and the standards were in the
same biological matrix, this helped to correct for experimental
error and loss of drug during the extraction. The relative
percent recovery for serum standards of nortriptyline at the
200, 400, and 800 ng/mllevel averaged 99 ± 2%.

The linearity of the entire assay was demonstrated byex­
tracting 2 ml of serum samples in duplicate containing 50,100,
200, 400, and 800 ng/ml of amitriptyline and subjecting the
extract to GC analysis after the addition of internal standard.
Again the ratio of amitriptyline peak area to internal standard
peak area was calculated and plotted against concentration.
The range of linearity extended through 800 ng/ml. Standard
curves run on separate days were linear. Excellent linearity
was also observed for nortriptyline. Serum standards con­
taining 300 and 800 ng/mI of amitriptyline were analyzed in

6 8 ~ ~ ~ ~

Time (mlnules)

Flgur. 2. Gas-liqUid ctvomatogram 01 drug--iree pooled human serum
assayed In the same manner as patients' samples and standards

Ch'omatcvaPhlc condiUons: ColLn'll'l. 240°C; carrktr gas. helilA1\, 100 mlImin;
detector vottage, 5.8; and anenuaUon, 1 X 32

quadruplicate for amitriptyline concentration. The within-run
relative standard deviation (rei std dev) at the 300 ng/mI level
was 4.1% while the within-run relstd dev at the 800 ng/mI level
averaged 12.8%. There was no difference observed in ex­
tracting amitriptyline at pH 9.3 va. pH 13 using this procedure.
The percent difference of extracting at the two pH concen­
trations was 4%. Since the within run rei std dev is ahout 4%,
it was concluded that there is no difference in extracting
amitriptyline at the two pH concentrations.

The above procedure was used to determine serum ami­
triptyline levels in patients seen in the emergency room and
suspected of having ingested amitriptyline. A review of seven
patients seen by the emergency room is summarized in Table
I. Shown in Table I is the patients' alleged drug ingestion,
clinical symptom, and amitriptyline level. In all cases, ami­
triptyline was identified and confirmed hy three separate
methods. The metabolite nortriptyline was quantitated in
serum in some cases. Amitriptyline was fi",t identified in the
urine and or gastric samples of each patient by UV spectro­
photometry (9-11). The drug was extracted from a basic so­
lution into ether; subsequent extraction of the drug into 2 N
sulfuric acid left the drug in the protonated form. The sulfuric
acid fraction was scanned and then made basic. The basic
solution was then rescanned. The scans were compared with
standard absorption curves for amitriptyline. Amitriptyline
and nortriptyline were also identified in urine and gastric
samples by thin layer chromatography (12). The drugs were
extracted from basic solution into chloroform-isobutanol,
spotted with pure standards and controls, and allowed to rise
on the plate with the appropriate solvent. The plate was then.
dried, and visualization of amitriptyline and other drugs was
obtained by spraying with iodoplatinate. Amitriptyline and
two metabolites were observed. Amitriptyline has an R1value
of 71 and tbe fi",t metabolite Rf = 46 was identified as nor­
triptyline.

GLC analysis was performed on the serum to qualitatively
identify and quantitate the drug. Figure 3 shows the GLC
spectra of a patient whose amitriptyline level in serum was 404
ng/ml. Table II gives the concentration of amitriptyline as
determined using this procedure and the peak area ratio for
calculating the patients' drug level. Also given in Table II is
the amitriptyline serum level using peak height ratio for cal­
culating the drug level. There appe8nl to be good agreement
between the two methods of calculation. A 300 ng/ml serum
standard ran in quadruplicate gave a rei std dev of 4.1 and
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Table I. Summary of Patients Involved in Amilriptyllne Poisoning

283(115)

471

113 (73)

51

102

Serum !c\'cl of
amitriptyline,

ni:/mI Q

274 (73)

404

+

TLC

+

+

+

Amilrip'. Nortrip.

+

UV spectra
for ami­

Iripl)'line

+

Clinical symptoms

Progressively obtunded,
semicomatose

Ohtund.d with hypo·
active renexes

Fully conscious with
good reflexes, skin
very nushed

Semicomatose but
responding to pain

Stuporous and often
combative

DrUiS alJeaedlY Ingested

2-3 beers, unknown amount
of Triavil

2 empty bottles of Elavil
(left a suicide note)

Unknown amount of Elavil

Patient

D. 33 yr
B-M

E.b 31 yr
W-F

A. 34 yr
W-M

B. 34 yr
W-F

C. 24 yr
W-M

Unknown amount of Valium
and EJavil or Triavil

Unknown amount of Elavil,
meptobama1e, Artane. and
Oarvon

F. 39 yr Unknown amount of Elavil Comatose with respira'
B-F (left a suicide nole) tory complications

G. 26 yr 10-12 tablets of Elavil Fully awake with good
B-F of unknown concentration reflexes

Q The value in parenthesis after the amitriptyline level is the nortriptyline concentration in ng/ml. b Meprobamate level =
5 mildl, TLC very positive for Darvon), + = positive.

Table II. Coneentration of Amitriptyline in Patients Using
Peak Area and Peak Height Ratios

Pali~nl

Concenlralioll
usin~ peak
area r.:tlio.

ng/ml

CUlh:~lIlralion

using peak
height ralin.

lli!/ml

A

p

A
B
C
D
E
F
G

274
404
113
283
102
471

51

275
404
114
297
103
51<1

40

o 4 6 8 10 12 14

Time (minutes)

Figure 3. Gas-liquid c1Yomatogram of amitriptyline extracted from the
serum of 8 patient whose level was 404 ng/ml

CtYomatev'aphk: eondillons: Coh.mn, 230 °e, C8lTUlr gas. helilMTl. 100 ml/min:
detector voltage of 5.8; and an attenuation of 1 X 32. The protriptyllne internal
standard concentraUon was 220 IJg/ml. A = AmitrIptyline, P =Protrlptyline

4.4%, respectively, for the two methods of calculation using
peak area and peak height. The rei std dev at the 800 ng/ml
level using peak area and, peak height was 12.8 and 13.1%,
respectively. Thus, either peak area or peak height can be used
for calculating the drug level.

Current gas chromatographic procedures have established
that serum levels of patients on therapeutic doses of ami­
triptyline hydrochloride (75-100 mg/day) range anywhere
from 20 to 200 ng/mJ (1,3) depending upon dosage and the
time that the sample was dJ:awn and analyzed. The toxic range
is generally accepted to be greater than 400 ng/ml. The pa­
tients analyzed in our study ranged from therapeutic through
toxic levels. The serum levels quantitated by this method
correlated well with the physical state of the patient; the
higher the level, the more obtunded and comatose the patient.
Hemolyzed samples did not affect the sensitivity of the pro­
cedure. The patients' urine samples were also analyzed for the
presence of phenothiazines. This helped to determine whether

the patient took Elnvil or 'l'riavil if that information was not
already available, since Triavil is known to contain per­
phenazine.

The method described in this paper appears to have several
advantages over current gas chromatographic procedures
utilizing electron capture and flame ionization detectors. The
technique is fairly rapid and small sample volumes, as low as
0.5 mt of serum provide sufficient biological material for
amitriptyline detection and Quantitation. Injection of IJ,.l1 of
extract dissolved in internal standard is sufficient for GLC
analysis. The spectra are very clean with excellent separation
uf all three drugs. Sub-therapeutic levels can be quantitated
and the lower limit of detection is approximately 1 ng/ml. No
derivatizstion is involved, only simple extraction of the pure
drug. In addition, amitriptylbe, nortriptyline, and pro­
triptyline are eluted from the column after a steady baseline
has been obtained. Quantitation of drug levels can be easily
accomplished by using peak height instead of peak area as
shown in Table II. Hucker and Stauffer (3) have recently
described a similar gas chromatographic method for Quanti­
lation of amitriptyline using a flame ionization detector.
However, their method involves a large sample size, 3-5 ml of
plasma. Furthermore, the drugs are eluted before a baseline
is reached, and their lower limit of detection is approximately
20 ng/ml. Several investigators have quantitated tricyclic
levels in serum by derivatizing the drug before GLC analysis.
An example is the procedure described by Wallace, Hamilton,
Guggin, and Blum (7) in which amitriptyline and nortriptyline
are oxidized to their polyaromatic carbonyl derivative an­
thraquinone and analyzed using an electron capture detector.
Their method is quite sensitive, as low as 2 ng/ml in a 0.5-ml
specimen, but lacks the ability to differentiate between ami-
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triptyline and nortriptyline. Watson and Stewart (6) have
proposed a new high performance liquid chromatography
techmque for the determination of amitriptyline, nortripty­
line, and protriptyline. They report a sensitivity level of 10
nglml for a lO-ml aqueous sample of amitriptyline; sensitivity
levels in serum and urine were not reported. Jorgensen (4)
reports a GLC method using a nitrogen-sensitive detector that
has a lower limit of detection of 5 ng/ml for amitriptyline using
a 2-ml serum sample. However, the addition of acetic anhy­
dride is required to acetylate nortriptyline; otherwise the
complete separation of amitriptyline and nortriptyline cannot
be accomplished. In addition, the resolution of the drugs is not
as great as demonstrated by our method.

The new method described here using the nitrogen-sensitive
detector may be the most sensitive direct method to date for
tricyclic analysis. Preliminary studies have shown that the
identification and quantitation of many other drugs in bio­
lo~ic81 materials may be achieved by this procedure or by 8

minor modification of it.
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Intercalibration of Gas Chromatographic Analyses for
Hydrocarbons in Tissues and Extracts of Marine Organisms

John W. Farrington,' John M. Teal, Gilbert C. Medelros,' Kathryn A. Burns! and E. Arthur Robinson. Jr.3

Woods Hole Oceanographic Institution. Woods Hole, Mass. 02543

James G. Quinn and Terry L. Wade

Graduate School of Oceanography, University of Rhode Island. Kingston. R.I. 02881

Gas chromatographic analy..s 01 hydrocarbons ..parated
Irom tuna meal samples and cocIlI.er lipid extracts ha•• been
Intercallbrated among three laboratorl.s. Measur.ment 01
petroleum hydrocarbons splked to sarnpIes 01 cocIlivar 011 gave
.alues as lollows: i. (i - xl/i, sli; dlstlliat. cut or South
Loulslana crude oIl-3721'g/g, 0.09. 0.06; No. 21ue1 011-1163
I'g/g, 0.50. 0.26; Wilmington crude 01l-9131'g/g. 0.69, 0.34.
Th. estimates 01 petroleum hydrocarbons In tuna meal sub­
sampl.s ga.e i ± s 0137.7 ± 4.61'9/g dry weight. Measur.­
ments 01 prlstan.ln cod lI.er lipid samples ga.e x± s 0135.7
± 3.5 I'g/g lipid and 271 ± 4.5 I'g/g lipid. M.asurem.nts 01
prlatane In tuna meal ware lea precise with i ± sol 2.4 ± 1.5
I'g/g dry w.lght. Some limitations to current methods 01
analysIs as applied In this stucly and In ....ral current 011
pollution studl.s are demonstrated and discussed.

Petroleum and its refined products such as fuel oils and
lubricating oils continue to be discharged to the world's oceans
with little hope in the immediate future for substantial re­
duction of the quantities released (I). Studies of the inputs,
effects, and fate of these discharges have recently been reo
viewed and recommendations for future studies set forth (I).

I Present address, Department of Defense. Washington. D.C,
:l Present address. DIvision of Agricultural Chemistry, Marine

Chemistry Unit, Melbourne, Victorio, Australia.
:I Present address, Chemistry Department. Tufts Univenity,

Medford, Mass. 02155.

These studies will require the efforts of many laboratories
throughout the world because of the complexity and global
nature of the oil pollution problem. This is already apparent
to some degree in the oil pollution research Iiterature_

An important factor in field or laboratory studies is the
precision, accuracy, and intercomparability of the data
gathered using the same or different methods of analyses in
different laboratories (1-3). We initiated a program of in­
tercalibration between our laboratories in 1971 as part of a
study program to identify problems related to oceanic envi­
ronmental quality under the auspices of the Office for the.
International Decade of Ocean Exploration. National Science
Foundation. Three laboratories were involved in studying the
distribution of hydrocarbons in the biota. water. air-sea in­
terface and sediments of the North Atlantic Ocean. Unfor­
tunately. suitable samples for intercalibration were not
available, and we proceeded to develop our own_ We choose
to intercalibrate using a lipid material containing indigenous
biogenic hydrocarbons and spiked petroleum hydrocarbons.
Most current methods of extracting hydrocarbons from
sediment, tissue, whole organism, or water involve an initial
step of organic solvent extraction to obtain a lipid extract
(/-4). Thus. it seemed that an initial intercalibration program
with a lipid matrix sample would apply to a wide variety of
marine samples. It also excluded the influence of initial lipid
extraetion which would have to be investigated at a later date
if the first intercalibration program was successful.

We have reported the result of one phase of this intercali­
bration program (5, 6). Later we received a working inter­
calibration sample of tuna meal from the National Bureau of
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Standards. We emphasize that this was not a standard refer­
ence. material for hydrocarbon analysis. It was used only be·
cause it was a relatively homogeneous sample of marine tissue
for which we had no knowledge of the hydrocarbon composi­
tion and concentration. A fourth laboratory p.articipated in
this phase of the intercalibration and we have issued a brief
report on the results of this study (7).

We report here the result of our entire intercalibration
program to date. We hope that by reporting our experience
and data in detail, we will stimulate others to develop similar
and even more comprehensive intercalibration efforts.

EXPERIMENTAL

Preparation of Intercalibration Samples. a) Cod liver oil sample
A and sample B were manufactured by Squibb Pharmaceutical
Company and purchased ala local pharmacy.

b) lODE-I: Cod liver oil sample B was spiked with 1163,ug of No.
2 fuel oil/g cod Ji\'er oil.

c) IDOE·3: Cod liver oil sample B was spiked with 913 .g of Wil·
mington crude oiJlg cod liver oil.

d) IDOE·S: Cod liver lipid extract was prepared by Virtis homog­
enization extraction in hexane (8) of 8 liver excised from 8 cod caught
in the East Greenland Current on Cruise B·9·71 of R/V Bjarni Sae­
mudson of the Morine Research Institute, Reykjavik, Iceland. The
concentrated extrad was spiked with 372 pg of a distillate fraction
of a South Louisiana crude oillg cod liver lipids. The distillate cut was
prepared by vacuum distillalion and had a hoiling ranJ{e between
n-hexadecane (n.C 1Gt 287 °C, 760 mm Hg) and n·octacosane (n·C28•

432 ·C. 760 mm Hg).
e) Tuna meal sample: this was provided as a working intercalibra·

tion sample by the National Bureau of Standards, courtesy of Philip
A. LaFleur.

Procedures. /DOE·! and /DOE·3. QUINN AND WADE. Each
subsample was transferred to a 5Q·ml centrifuge tube and 20 ml of 0.5
N KOH in absolute methanol was used to rinse out the sample vial
and then added to the centrifuge tube. Thrt."O ml of distilled H20 and
I ml of methanol conl1lining 100 pg of n ·eicosane (internnlst.nndard)
were added to the tube. The tube wa5 flushed with nitrogen, capped,
and heated at 100 °C for 10 min to ensure complete saponification of
t.he snmple. After cooling, 5 ml of distilled H20 were added to the tube
followed by 10 ml of ethyl ether. The contents of the tube were shaken
and the phases separated by centrifugation.

The ether phase was removed and evaporated to dryness under
reduced pressure at room temperature on a rotary evaporator. The
residue was dissolved in a small amount of chloroform and applied
to predeveloped (in chloroform) 0.37- or O.50·mm thick silica gel C
plates (20 X 20 cm). The solvent system was petroleum ether/ethyl
ether/acetic acid (95/5/1). After development, the plates were visu·
aliz.ed by brief eJ:posure to iodine vapors. The total hydrocarbon band
(corresponding to cochromatographed n -hexadecane and phenan.
threne standards) was scraped from the plate and extracted with
chloroform/methanol (9/1). After evaporation of the solvent under
vacuum, the hydrocarbons were dissolved in a small volume of carbon
disulfide and analyzed using a Hewlett-Packard Model 700 gas
chromatograph equipped with a flame ionization detector (FID).

The chromatographic columns employed were 2.2·mm i.d. stainless
steel and ranged in length from 1.8 to 2.0 m. The nonpolar column
contained 2% Apiezon Lon Anakrom Q (90/100 mesh). and the polar
column contained 12% FFAP on Chromosorb W (H.P., 80/100 mesh).
Both columns were temperature-programmed from 80 to 280 °C at
SO/min with nitrogen carrier gas ata flow rate of 10 mllmin. Quanti­
tative analyses of samples involved comparison of the area of the
chromat.ogram attributed to petroleum hydrocarbons with the area
of the internal standard (IOOE-I) or pristane (IDOE-3, the concen·
tration of prislane is known from analyses of the cod liver oil as de­
scribed below). Peak areas were calculated by multiplying peak height
times peak width at half height. The area of the unresolved complex
mixture signal was determined by planimetry.

FAHHINGTON. Subsamples of mOE· I and IDOE·3 were column·
chromatographed on 10 g of alumina over 20 g of silica (both 5%
deactivated with waler) in a 1- to 1.5-cm i.d. column. Hydrocarbons
were eluted. with three column volumes of 5% benzene in pentane. The
eluate was concentrated under reduced pressure to a volume of 10-15
ml and transferred to a SO-mt pear.shape flask. The eluate was then
evaporated until the manometer in the vacuum line of the rotary
evaporation unit showed a rapid drop in pressure indicating the last
of t.he solvent had been evacuated from the flask. The residue was
t.ransferred to a small vial with -0.5-1.0 ml ufC~ and evaporated to

dryness in the vial on the rotary evaporator. A known volume ofCS2
was added, usually 50--100 ~l, and an aliquot was weighed on the Cohn
balance to determine total hydrocarbon concentration. The hydro­
carbons were analyzed by gas chromatography using a 2.3·m 3% Ap·
iewn Lon Chromasorb W80/100 mesh column, 2.2-mm i.d. stainless
steel, programmed from 80 to 290 °C at 6°Imino The column had 2160
plates as determined using n -CII; at 160 °C. Nitrogen C81Tier gas flow
rate was 10-15 mVmin at the start of the program. Varian Aerograph
Model 1200 and Model 1700 gas chromatographs equipped with FID's
were used for these analyses.

The hydrocarbons were checked for purity by thin layer chroma­
tography on silica gel G plates developed with 3% benzene in isooc­
lane. No spots attributable to other lipids such as mono·, di·, and
triglycerides, wax esters, sterol esters. methyl ketones, sterols, or fatty
acids werp found when plates were visualized in an iodine chamber.
Several of the hydrocarbon samples were checked by infrared spec·
troscopy and no functional group absorption bands, which could be
assigned to these other lipid compounds in the cod liver oil, were
noted.

The concentration of petroleum hydrocarbons in the samples was
determined as previously described in Quinn's section on methods
using n·eicosane or n ·docosane as an internal standard.

TEAL AND BUHNS. Subsamples of IDOE·land IDOE·3 were an­
alyzed by column chromatography using 20 g of 1/1 (v/v) deactivated
alumina packed over silica in a J-cm i.d. column. The columns were
routinely eluted with three column volumes of pentane. Two analyses
were also conducted by eluting the column with three column volumes
of 5% benzene in pentane. Column eluates were concentrated by
evaporation under reduced pres."iure. AliquuL'i of the residue, dissolved
in CSz•were weighed on the Cahn balance to determine total hydro·
carbon concentration. The hydrocarbons were then analyzed by gas
chromatography on a 3.0·m 3% Apiezon L on Chromasorb Wcolumn.
2.2·mm Ld. stainless steel, programmed from 80 to 280 °C at 5°/
minute. Nitrogen carrier glls flow rate wus 10-15 ml/min at the start
of the program. The column had 4281 theuretical plates at the start
of the analysis of the samples but had deteriorated to 1835 plates at
the end of this series of analyses based on fI-C 14 analysis at 125 °C.
A Hewlett-Packard Model 700 gas chromatograph with FID was used
for these analyses.

The peak areas in chrumat()~rnms uf 11 known portion of sample
were calculated and multiplied by the quantity of hydrocarbons/unit
area calculated from chromatograms of a series of standard n ·aJkanes
of known amounts, i.e., external standard technique.

Cod Liver Oil-Samples A and B (Quinn, Wade, and Far­
rington). Samples tlf cod liver oil were analyzed to determine the
concentration of prist-ane. Methods of analysis by Quinn were the
same a5 those described above using 'I·eicosane as an internal stan·
dard. Farrington anaJyzcd both saponified and nonsaponificd samples
using the some column procedure as described above. A thin-layer
chromatography procedure employin):' silica gel C plates developed
with 5% benzene in pentane was also used to analyze a saponified

~r;:;~~50~c~OI~'~~~~~haa~~:~e:~:~~~~i~;~edunder renux for 2 h

Comparison of the peak area of an internal standard of n-eicosane,
n·docosane, n ·tetradecane, or n ·octacosane added prior to analysis,
with the peak areas of the pristane was used as a means of determining
concentrations. Cas chromatographic procedures were the same as
described above.

IDOE-5 and Tuna Meal The methods uf analysis used to measure
hydrocarbons in these samples have heen presented in detail else­
where (S-7, 9) and were in principle the same as those described
above.

Measurement of Petroleum Hydrocarbons. The problems as·
sociated with disting:uishin~ between Ilollutant hydrocarbons and
those biosynthesized by organisms have been discussed elsewhere (J,
4). In our measurements, we have integrated the unresolved complex
mixture sigl1al,resolved and partially resolved peaks due to the pc·
troleum spike (5).

RESULTS AND DISCUSSION

Pristane Concentration Measurements. The concen·
tTations of pristanc in the variuus samples analyzed are given
in Table I. The agreement and precision of the measurement
is good for the cod liver lipid samples where the pristane
concentration was between 30 and 40 ~g/g lipid and 260 to 280
~g/g lipid. The precision for the pristane in the tuna meal
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Table I. Reproducibility oC Prislane AnaIYBe8

Analyst

Cod Liver Sample A
Quinn. Wade
Farrington

Cod Liver Ssmpie B
Farrington

mOE-5
Quinn, Wade
Teal, Burns
Farrington

Tuna meal
Quinn, Wade
Teal
Farrington

Technique

Saponification-TLC. GC"
Saponification-TLC, GC, 3 analyses by GC
Saponification-CC, 2 analyses by GC
No saponification-CC, GC, Subsample A-I
No saponification-CC, GC, Subsample A-2

No saponification-CC-GC
Subsample 1

Subsample 2

Saponification-TLC, GC, 2 analyses 259, 268; mean =
Saponification-CC, GC, 1 analysis
Saponification-CC, GC, 6 analyses, range 225 to 308; mean =
Mean for 3 laboratories

Saponification-TLC, GC, 2 analyses 3.0, 3.6; mean =
Saponificalion-CC, Ge. 1 analysis
Saponification-CC, GC, 2 analyses; 1.9, 2.0; mean =

Mean for 3 laboratories

Mean =

Mean =

Pristane conCD,
,q,/g Lipid

30.1
35.8 ± 1.6
39.4 ± 2.3"
36.4 ± 1.6"
37.3 ± 1.0"

35.7 ±3.5

38.7 (n-C,,)'
40.3 (n-c",1
37.1 (n-C,,)
39.7 (n -C..)

39.0 ± 1.2

264
276
272

271 ± 4.5
.glg dry wt.
3.3
2.0
2.0

2.4 ± 1.5

" TLC = Thin Jayer chromatography; CC = Column chromatography; GC = Gas chromawgraphy. " Mean ± 1 • estimated Crom
2 or 3 analyses by GC of hydrocarbons isolated from same sample. C Internal standard used to calculate concentration. Both n-C 14
and n.Cu added to subsamples as internal standard.

Table 11. Results oC Hydrocarbon Analyses oC IDOE-I and IDOE-3lntercalibration Samples, v.c hydrocarbons/g cod
liver lipid)

Gas chromatography analysis

N.A.
1178.glg ± 313(2)
1080 ± 260 (5)

1129 ± 49

Total hydrocarbons
by weighing

N.A."
1200 .g/g ± 310(2)'
2948 ± 192 (4)

2074 ± 874

523.glg
242 ± 54 (2)
438 ± 92 (3)

401 ± 118

Total hyd_

770.g/g
823
628 ± 131 (4)

740 ± 82

Petroleum hyd.
peaks + unre·

solved complex
mixtureAnalyst

Quinn, Wade"
Tenl. Burns
Fnrrington

Sample

mOE'1 498.g/g
782
449 ± 85 (4)

Mean 576 ± 147
mOE·I: i = 1,163.g No. Huel oil/g cod liverlipid d

mOE-3 Quinn, Wade" 410 .g/g
Teal, Burns 178 ± 47 (2)
Farrington 262 ± 122 (3)

Mean 283 ± 96
mOE-3: i = 913.g Wilmingt<>n crude oil/g cod liver lipidd

"The average coefficient of variation for wtal hydrocarbons estimated to be 20%. " N.A. = not analyzed or calculated. 'Standard·
deviations calculated or estimated from number of analyses shown in parentheses. d An unknown but minor portion of the fuel oil
and crude oil are not hydrocarbons.

sample was not as good. This may have been the result of the
inclusion of the additional extraction procedure in tbe anal­
ysis. Tbe starting mass of tbe lipid extract is nottbe reason
because 200 to 600 mg of lipid were used Cor saponification,
separation, and gas chromawgraphic analysis for both cod
liver oil, IDOE-5, and tuna meal analyses.

IDOE.I and IDOE·3 Measuremenla. The results of the
analysea of samplea of cod liver oil apiked with No.2 Cuel oil
or Wilmington crude oil are given in Table II. The discrepancy
between the actual amount of No.2 fuel oil added to the
sample (IDOE-l,1163"g/g lipid) and that found (576 ± 147
"gig lipid) is probably due to losses by volatilization of by-

drocarbons boiling below the C" n-a1kane during the isolation
and concentration procedures. Comparison of the gas chro­
matograms of hydrocarbons isolated from IDOE-l with the
gas chromatogram of No.2 fuel oil confirmed that there were
losses of hydrocarbons boiling below n-tetradecane in the
analysis oflDOE-i. This is consistent with previously reported
recovery values of 70% by weight Cor No.2 fuel oil from similar
column chromatography procedures (8).

The values of total hydrocarbons by weighing are reason­
ably precise. However, the values found by Farrington were
much higher than the calculated amounts of hydrocarbons in
the sample. This is attributed to elution of cod liver o~ com-

ANALYTICAL CHEMISTRY, VOL 48. NO_ 12, OCTOBER 1978 • 1713



Pr~stane

Unresolved
complex
mixture

373 85.5 288 264
438 87.7 350 276
407 64.4 343 272

406 ± 26 79.2 ± 10.5 327 ± 27.7 271 ± 4.5

455 71 384 267

426 59 367 270

474 78 396 262
493 lOB 385 256
676 63 613 272

Analyst

Subsamples date, January
1972. Analyses, January
to October, 1972
Quinn, WadeD
Teal, Burns"
Farrington a

Table III. Results or Hydrocarbon ADaly... or IDOE-5lntercalibration Sample IDOE·5: 1 - 372/lg petroleum/g cod
liver lipid !I'g bydrocarboDII/g cod liver lipid)

(Petroleum hydrocarbons)
Peaks and unresolved

complex mixture

Mean std dey
Subsample date, August

1972. Analysis, February
1974
Medeiros, Robinson b

Subsample date, October
1972. Analysis, February
1974
Medeiros, Robinson b

Subsample date, June 1974
Analyses, November 1974
Quinn. Wade

QData taken from Ref. (5). b Data taken from Ref. (6). (" Does not include pristane or squalene.

a Taken from Ref. (6). hThis does not include pristane or
squalene.

tography may contain high-boiling hydrocarbons which do
not elute from the gas chromatographic column or clute at the
end of the temperature program and during the isothermal
operation at the upper limit. Their signal may be difficult to
distinguish from the column bleed signal which is present at
these high temperatures. This problem did not occur during
analysis of the No.2 fuel oil in mOE·l because its boiling
range is such that the hydrocarhons elute from the column
prior to the appearance of the column bleed signal.

There is evidence available to support our explanation of
the low results obtained for IDOE-3 petroleum hydrocarbons.
A comparison of the gas chromatograms of hydrocarbons in
IDOE-3 with the gas chromatograms of the crude oil showed
thai lower-boiling hydrocarbons have been lost during the
analysis. The recovery of Wilmington crude oil from the col­
umn chromatography procedure was 30-48% by GC analy­
sis.

IDOE·5 Measurements. The results of the first series of
intercalihrations with 100E-! and IDOE-3Ied to the prepa­
ration of sample mOE-5 as described previously. We prepared
this sample to test our interpretation (lfthe problems associ­
ated with analyses of mOE-I and mOE-3. We reasoned our
methods should lead to more precise and accurate measure­
ments for the spike of the distillate fraction of South Louisiana
crude oil because the spike contained only compounds with
a molecular weight range within the range which could be
measured by our methods, Leo, molecular weight range n­
tetradecane to n-triaconlane. Also, a check of the distillate
fraction by column chromatography showed that 95+% of the
components should be recovered by column chromatography
and thin-layer chromatography as analyzed by weighing and
GC.

The results of intercalibration with mOE-5 were more
precise and accurate as expected. The data are presented in
Table III, as taken from our earlier reports (5,6). The mea­
sured concentration of petroleum hydrocarbons is in fair
agreement with the actual concentration spiked to the sam­
ple--372 /lglg lipid-with the exception of one measurement
of the June 1974 subsample. We cannot explain this discrep­
ancy except that it may represent inhomogeneity in this

Total

41.8
59.0
47.5

49.4 ± 8.8

Resolved
peaks b

9.4
19.3
6.5

11.7 ± 6.7

32.4
39.7
41.0

37.7 ± 4.6

Analyst

Quinn, Wade
Teal, Burns
Farrington

Mean ± std dey

Table IV. Re.ults or Hydrocarbon Analy.e. or Tuna
Meal" (/lg/g dry wt tuna meal)

Unresolved
complex
mixture

n-C 14 to n-C:JC)

ponents from the alumina-silica column which were not
measured by gas chromatography because of its high molec­
ular and very late elution, if at all, from the GC column. These
components do not contain carbonyl, carboxyl, or carboxylate
functional groups based upon infrared spectroscopy of the
concentrated column eluate. Further analyses are needed to
determine the nature of this material.

The petroleum hydrocarbon concentration in JDOE-3 as
determined by gas chromatography has a greater relative
standard deviation (34%) among the three laboratories than
the analysis of mOE-! (26%). In addition, the measured
mOE-3 concentration values (283 ± 96/lg/g lipid) are much
lower than the true value (913/lg/g lipid) compared to results
of the analyses of mOE-I.

The reported values for petroleum hydrocarbons can be
explained as follows for the mOE-3 analyses. Column and
thin-layer chromatography as employed would exclude the
more polar fractions of the crude oil from the hydrocarbon
isolates. Also, the fraction of the crude oil which was obtained
for gas chromatographic analysis would not include volatile
low-boiling hydrocarbons which would be lost in the same
manner as the volatile components of the No.2 fuel oil in
IDOE-I. Furthermore, the fraction analyzed by gas chroma-
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Pristane
Resolved
Peaksa

Peaks and unresolved
complex mixtwe

Table V. Comparison or Results or IDOE·5 Analyses by One Laboratory V.ing Internal and External Standarda (l'lf
hydroearbons/g lipid)

Unresolved
complex
mixture

External standard method-6 subsample
analyses
lnle~nal standard method-4 subsamples

II Does not include pristane or squalene.

41 X 10' ± 7 X 10'

400 ± 83

58± 18

69± 28

35 X 10' ± 6 X 10'

331 ± 69

27 X 10' ± 3 X 10'

261 ± 24

sample. There are no large changes in the concentrations of
hydrocarbons as a result of two years' storage in the dark,
under N2• at 0 ·C. However, there appears to be a trend of a
small increase in the concentration of petroleum hydrocarbons
with time. The pristane concentration has remained constant
within the interlaboratory variability. One explanation is that
the bulk IDOE-5 sample has suffered some inhomogeneity
imposed during subsampling. We intend further analyses and
testing to establish if this trend is real.

Tuna Meal Measurements. The results of our analyses
of tuna meal samples as reported elsewhere (7) are presented
in Table IV. These analyses required extraction in addition
to the procedures of analysis previously described in this
paper. Despite this additional step, there is good agreement
for the measurement of the unresolved complex mixture hy.
drocarbons. The agreement for the analyses of resolved peaks
is not as good and is probably a result of the small ratio of peak
signal to unresolved complex mixture signal for many of the
peaks.

Comparison of Measurements Using Internal and
External Standards. During the program of analyses of
IDOE-5, we tested measurements of hydrocarbons by gas
chromatography using both internal and external standards.
Internal standards used for these experiments were the n·
alkanes, n -tetradecane, n -eicosane. n ·docosane, and n ·octa·
casane. The gas chromatogram Fill peak area of the internal
standard was compared with the areas of the sample hydro­
carbon peaks and unresolved complex mixture to quantitate
the sample hydrocarbons. The second method employed was
to analyze an accurately measured volume of a mixture of
known concentrations of even carbon number n-alkanes from
n·tetradecanc to n·oclacosane using the same gas chroma·
tographic conditions as those used for analysis of the sample.
The FID response is calibrated with the n·alkane standard
and used to quantitate the hydrocarbon peaks and unresolved
complex mixture signal of the sample.

A comparison of results obtained by analY2ing subsamples
spiked with an internal standard and quantitating hydro­
carbons using this standard with results obtained by quanti­
tation of hydrocarbons using external standards is presented
in Table V. The results compare quite favorably.

There are advantages gained in using an internal standard.
If the standard is added with a volumetric pipet under care­
fully controlled conditions, an accurate measurement of hy­
drocarbons in the sample to three significant figures is pos­
sible. In addition, the exact amount of sample injected into
the GC need not be measured. The external standard method
requires a more accurate measurement of the volume of ex·
ternal standard injected into the GC. The commonly used
IO-jtl Hamilton syringe or other similar syringes offer only
two-figure volume measurements, thus limiting the accuracy
and precision to two significant figures.

An additional advantage of the internal standard method
is that once the standard is well mixed into the sample, any
subsequent accidental losses do not negate the analysis. The
disadvantage of the internal standard method is tbat it reo

quires tbe analysis of a separate subsample without internal
standard or with a different internal standard to determine
which hydrocarbons present in the sample interfere with the
measurement of a given internal standard. An error of this
type results in calculation of a lower than true jtg/unit area of
peak. This disadvantage can be overcome by using "C·1abeled
hydrocarbon which would act as an internal standard for
manipulations prior to the GC analysis and not interfere with
FID-GC analysis due to the trace amount of label required_

GENERAL DISCUSSION

We have demonstrated the feasibility of interlaboratory
calibration for hydrocarbon analyses in marine tissues and
extracts. We have also shown that an intercalibration sample
of marine lipids spiked with petroleum hydrocarbons can be
stored for at least two years with minimal sample alteration
as far as concentrations of hydrocarbons in lipid are con­
cerned. The data suggest that after two years the sanlple may
begin to deteriorate. However, we think that storage of sub­
samples under N, in sealed ampules at O·C could overcome
this problem. We have stored tbe bulk sample under N, in a
brown bottle with Teflon-lined screw cap at 0 ·C in the dark.
Subsamples were withdrawn in batches and it may be that,
during the last subsampling, the homogeneity of the sample
was altered and resulted in the data for one of the June 1974
subsamples.

The results of the rust intercalibration effort confirms that
the present methodology we employ and which is employed
by others (1-4) has certain limitations. Some of these limi­
tations have been discussed in this paper.

The agreement among three laboratories for the mOE·5
and tuna meal samples was generally good and provides
guidelines for comparing data reported by any of the labora­
tories and allows a more comprehensive interpretation of
hydrocarbon biogeocbemistry in the marine environment.

Despite these advances, we have only focused on a rew as­
pects of the problem. A more thorough and widespread in·
tercalibration effort is needed to investigate precision and
accuracy from exuaction through the entire analysis up to and
including gas chromatography-mass spectrometry and other
instrumental methods employed in oil pollution studies (J).
Other methods of analyses for different molecular weight
ranges and types of molecules need to be interca1ibrated.
Analyses for specific petroleum components, such all known
carcinogenic polynuclear aromatic hydrocarbons, also need
to be intercalibrated. These efforts would best be served if
working intercalibration materials could be provided by an
organization such as the United States National Bureau of
Standards.
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Gas Chromatographic Separation of Lower Aliphatic Amines

Yasuyukl Hoshlka

Aichi Environmental Research Genter, 7-6. Tsuji-machl. Kita-ku, Nagoya-shl, A/chi, Japan

A mixture of 13 lower aliphatic amlnes were separated by a
TENAX-GC column In lemperature programming gas chro­
matography, Primary amlnes were converted Into COrre­
sponding Schiff bases by reaction wHh benzaldehyde. Resldual
secondary and tertiary amlnes were analyzed In the forms of
their free amlnes, The amlnes separated are eight primary
amlnes: methyl-, ethyl-, n-propyl-, lsopropyl-, n-butyl-, lso­
butyl-, n-amyl-, and lsoamylamlnes; three secondary amlnes:
dlmethyl-, dlethyl-, and dl-n-propylamlnes; and two tertiary
amlnes: trlmethyl- and trlethylamlnes.

Qualitative and quantitative analysis of ammonia and lower
aliphatic amines are problems commonly encountered in odor
pollution analysis, because these compounds have odor
threshold values at ppm or ppb levels in air (1-3).

Direct separation of the mixtures by gas chromatography
(GC) with Lubrol MO, paraffin and undecanol (4,5), THEED
and TEP (6), triethanolamine (7), PEG 1500 and 20 M (8),
Amine 220 (9), squalane and glycerine (10), Chromosorb 103
(11.12), Pennwalt (12) have been used. However, in general
when these columns are employed, the GC separation of the
mixtures of ammonia and lower aliphatic amines, such as
methyl-, dimethyl-, trimethyl-, ethyl-, diethyl-, triethyl., and
isopropylamines is poor.

In this study, to achieve complete chromatograms, sepa­
rations of the mixtures of free amines and Schiff base deriv­
atives of amines, the amines and derivatives were chromato­
graphed simultaneously using TENAX·GC (13) column
packing. Primary amines were converted into corresponding
Schiff bases by reaction with benzaldehyde (14); residual
secondary and tertiary amines were analyzed in the forms of
their free amines, since they do not react with benzaldehyde,
However, in this present method, ammonia was not analyzed,
because ammonia only reacted with benzaldehyde but did not
give the corresponding peak in the chromatograms,

EXPERIMENTAL

Reagenta. Ammonia (28%, wt % aq. soln) and dimethylamine (40%,
wt CJ6 aq. soln) were obtained (rom Katayama Chemicallnduslries,
Ltd., Osaka, Japan. Methyl. (40%, wt % aq. soln), trimethyl. (30%, wt

% aQ. soln), ethyl. (70%, \101. % aQ. 60In), diethyl-, triethyl-. and iso·
propylamines were obtained from Tokyo Kasei Kogyo Ltd., Tokyo,
Japan. n-Propyl. and n·butylamincs were obtained from Wako Pure
Chemical Industries, Ltd., Osaka, Japan. Isobutyl., n·amyl·, isoamyl·,
and di-n -propylamines were obtained from PolyScience Corp., Niles,
III. Benzaldehyde (95%. min.) was obtained from Wako Pure Chemical
Industries Ltd., Osaka, Japan, n-Propylbenzene was obtained from
Tokyo Kasei Kogyo, Ltd., Tokyo, Japan. n-Hexyl alcohol was ob­
tained from PolyScience Corp. All reagents used. were guaranteed or
reagent grade chemicals.

Preparation o( Schiff Base. The procedure for the preparation
of all the Schiff bases listed in Table I was as follows. The amines (1-6
X 10-4 mol) and benzaldehyde (5 X 10-3 mol) were mixed in 2 ml of
n -hexyl alcohol, at room temperature. The Schiff base formation
reaction was rapid and exothermic; therefore the reaction time also
was sufficient to form the derivatives of Schiff bases in a few min­
utes.

Apparatus. The gas chromatograph used was a Shimadzu Model
GC5AP5T (dual columns system) instrument equipped with on-col·
umn injection, a thermal conductivity detector (TCD), and a digital
integrator (Shimadzu Model ITG-2A) for the determination of the

Table I. Relative Retention Times (RtR) of Ammonia and
13 Lower Aliphatic Amines in the Free Fann, and the
Schiff Base Derivatives (n·Propylbenzene c 1.00)

Ilrimary amine
Compounds RIR Schiff bases RIR

Ammonia 0.07

Class

Primary in free
Methylamine 0.15 Methylamine 1.14
Ethylaminc 0,25 Ethylamine 1.19
n·Propylamine 0.41 n-Propylamine 1.28
lsopropylamine 0,33 Isopropylamine 1.20
n-Butylamine 0.58 n-Butylamine 1.40
lsobutylamine 0.53 Isobutylamine 1.32
n-Amy)amine 0.72 n-Amylamine 1.54
Isoamylamine 0.68 Isoamylamine 1.47

Secondary in free
Dimethy18mine 0.24
Diethylamine 0.48
Di·n-propyI8mine 0.74

Tertiary in free
Trimethylamine 0.29
Triethylamine 0.62
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relative retention times. The relative retention times of all the com­
pounds listed in Table I were calculated using n-propyJbenzene as
an,internalstandard. .

Chromatographic ConditioDS. The GC column consisted of a 3
m X 3 mm Ld. glass column, packed with TENAX·GC (made by Enka
nv Arnhem/Holland), obtained from Shimadzu Ltd., Kyoto. Japan,
6O/BO mesh, Lot No. 30704. The columns were preconditioned at 280
°C for 20 h with a constant flow of Nz (50 ml/min) through the col­
umns. before being connected with the TCD. The chromatographic
conditions for the analysis were: carrier gas (N2) flow rate, 50 ml/min;
column temperature (programming), holding for 1 min at 100 °C and
heating the column oven at a rate of 10 °C/roin from 100 to 250 °C.
main.taining this temJ.>e~at~re for 15 min and then cooling to the
starting temperature; lDJectlOn port and detector temperatures 250
°C: and bridge current, 66 rnA. •

Procedure. The sample 80lution was prepared by dissolving am­
monia and 13 lower aliphatic amines and n-propylbenzene (4 X 10-·
mol) as an internal standard, in 2 mt of n-hexyl alcohol. One ~l of
sample was injected with a 1O-J.l1 Hamilton microoyringe (701·N) into
the GC column. Benzaldehyde for Schiff base formation reactions was
introduced directly to the sample solution.

RESULTS AND DISCUSSION

The relative retention times of ammonia and 13 lower ali­
phatic free amines and the derivatives of Schiff bases are listed
in Table I. The retention time of n-propylbenzene was defined
as unity.

Complete separation ofammonia and 13 lower aliphatic free
amines were obtained. except for the overlap of n-amyl- and
di-n -propylamines peaks, and the incomplete resolution of
ethyl-, and trimethylamines. All primary amines were quan­
titatively converted to the corresponding Schiff bases by the
reaction with benzaldehyde. Only the secondary and tertiary
amines remained as free amines. The Schiff bases were re­
solved, except for the derivatives of etbyl- and isopropylam­
ines. Analytical times for the GC determination of this method
was about 25 min.

No evidence was found for the interference of water in the
analysis.

Ammonia in the solution reacted with benzaldehyde in the
mole ratio more than 2, quantitatively, but did not give the
corresponding peak in 25 min, in the chromatogram. This was
also confirmed from the chromatogram of the product by the
direct reaction of ammonia with benzaldehyde, which was not
used as solvent. It has been reported that aromatic aldehydes
in general reacted with aqueous or alcoholic ammonia at room
temperature to give the so-called "hydroamides" (I5). These
are high-melting, crystalline substances formed according to
the following equation:

3ArCHO + 2NH3 - Ar(N=CHArh + 3H20

Particularly, in the case of benzaldehyde, an intermediate,
crystalli'!e addition consisting of 2 mol of benzaldehyde and
1 mol of ammonia has been isolated.

2C.HsCHO + NH3 - CaHsCHOHNHCHOHCaH.

Therefore, it is sufficiently considered that, when warmed at
column temperature, the addition compounds break up into
"hydroamide", aldehyde, and water.

2C.H.CHOHNHCHOHC.Hs -
(C.H.CH=Nj,CHCaH. +CaH5CHO + 3H20

Therefore, in this present method, ammonia is not only
analyzed, but in the case of large amounts present along with
the amin~ mixtures may give the interfering effect. Because
the ammonia will disappear benzaldehyde will react with the
lower aliphatic primary amines. In such case in general, the
addition to the amine mixtures of benzaldehyde of large
amounts is necessary.
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Coupled Gas Chromatography-Atomic Absorption
Spectrometry for the Nanogram Determination of Chromium

Wayne R. Wolf

Nutrient Composition Laboratory, Nutrition Institute. Agricultural Research Service, U.S. Department of Agriculture. Beltsville, Md. 20705

A simple Inexpensive Interface to Introduce the eHluent Irom
a gas chromatograph directly Into the bumer 01 a commercial
atomic absorption spectrometer has been developed. Deter­
mination 01 chromium In the nanogram range by chelatlon­
extraction 01 volatile chelates has been demonstrated, with

a detection limit 01 1.0 ng. Analysis 01 single samples Is ob­
tained In less than 1 min Irom Injection Into the GC·AAS. The
use 01 this selective, relatively Interference-Iree detection
system was tested In recovery stuctlea and In the ctetermlnatlcin
01 chromium content 01 NBS SRM 1571 Orchard Leaves.
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The gas chromatographic analysis of metals by formation
of volatile metal chelates has been demonstrated for a wide
variety of metals and matrices (1,2). The analysis of chro·
mium particularly has lent itself to this method because of the
very stable, volatile chelates which are formed with the fluo­
rinated derivatives of acetylacetone (2,4-pentanedione).
Procedures have been reported for the analysis of chromium
in several types of materials including biological materials
(3-5). Because of the high sensitivity required in determina­
tion of naturally occurring chromium levels in biological
samples, the electron capture detector has been used in these
procedures. One major drawback to electron capture detection
for this analysis is the relative nonspecificity of the detector
to the metal, which- is the analyte of interest. Electron cap­
turing species extracted from the biological samples, or minor
degradation products of the fluorinated ligand which are ex­
tracted into the organic phase during the separation give a
detector response. This may r.sult in an interfering signal.
errors in analysis, and a very significant deterioration of the
usable sensitivity of the method. Sensitive and specific de­
tection of metals in gas chromatographic effluents by mass
spectrometry has been demonstrated (6). However, the high
cost,limited availability, and necessary minor modifications
of existing equipment restricts its use on 8 routine basis.

An analytical method for chromium in biological materials
by extraction with acetylacetone and analysis by flame atomic
abSorption spectrometry has been reported (7), but detection
limits and sensitivities have not been sufficient to optimally
meet the requirements of precise analysis at the naturally
occurring levels. Atomic absorption spectrometry with carbon
furnace atomization devices is a very sensitive, selective
method for determination of trace elements. However, anal­
yses with these devices have shown that many severe matrix
effects exist. Particularly, the determination of chromium by
carbon furnace atomic absorption has been shown to be very
dependent upon the chemical form and matrix in which the
chromium occurs (8, 9)_

In order to determine an accurate amount of each chemical
form of chromium in biological samples, it is necessary to have
a procedure-which will separate the form, and a detection
system which is 'sensitive, precise, and selective. Therefore,
I have examined the use of chelation-extraction and gas
chromatOgraphy coupled with flame atomic absorption

spect;ometry. This paper describes a simple inexpensive in·
terface which introduces- the effluent from a gas chromato­
graph directly into the burner of the commercial atomic ab·
sorption spectrometer. This modification leaves the spec­
trometer unchanged in regards to sample introduction by
aspiration which means that the instrument does not have to
be dedicated to the GC·AAS mode, but can be used concur·
rently for conventional analysis of solutions.

EXPERIMENTAL

Instrumentation. This method was developed using a mode) 303
atomic absorption spectrometer (Perkin·Elmer Corp., Norwalk,
Conn,) equipped with a model 56 recorder. Baseline stabilization was
accomplished with a model 102t electronic mter (Spectrum Scientific
Corp., Newark. Del., 19711) .with variable cut-off frequencies. The
gas chromatograph was fabricated from a hot plate oven (OVI06OO.
Thermolyne Corp.,Dubuque, Iowa) by drilling holes in the top and
side for injection Bnd exit ports. The injection porl was fabricated
from a lj,,·inch Swagelok Tee. Nitrogen carrier gas was introduced
through 8 flow meter into the stem of the tee. A septum was placed
in the Swage10k nul on one arm and the 'k-inch D.d. Teflon column
attached to the opposing arm. At the exit port of the oven, the effluent
was carried to the burner of the atomic absorption spectrometer by
lhi-inch o.d. copper tubing. The injection port, exit port, and copper
tubing were heated by wrapping heating tape around them, and the
temperature was controUed by a variable power source (Powerstat,
Fisher Scientific). Interface to the spectrometer was accomplished
by tapping a threaded hole in the center of the side of the burner head
tn accept a lfl6-inch gold·plated Swagelok union. Both the standard
4-inch single slot and a 2·inch nitrous oxide burner head were suc­
cessfully used with good results. Preliminary experiments with the
triple slot burner head gave a significant decrease in senSItivity. The
gas chromatographic column was 24 inches of 3-mm i.d. Teflon tubing,
packed with 0.28 g of 10% SE·30 on Chromosorb W.H.P. SOll00 mesh
(Hcwletl-Packard. Avondale, Pa.• 1931 I).

Reagents. Samples of pure chromium trinuoroacetylacetone
(Cr(tfa)3) were prepared by a previously published method (I) and
purified by vacuum sublimation; the purity was checked by melting
poinL Tri!luoroacetylacetone (Htfa) was obtained from a commercial
source (Pierce Chemical Company. Rockford. III.• 6U05), redistilled
before use, and stored in a polyethylene bottle at 4°C. Standard so·
lutions of Cr(tfal:! were prepared by dissolving weighed amounts of
the pure chelate in hexane or benzene and diluting volumetrically to
the desired concentration. Other chromium chelates were obtained
from commercial sources or had been prepared previously 0, 10).

Chelation and Extraction. Samples of NBS SHM 1571 Orchard
Leaves were digested in a renux apparatus using sulfuric acid and
hydrogen peroxide. This procedwe has been developed to ensure
quantita.live recovery of total chromium content. Details of this di·
gestion procedure will be described elsewhere. Aliquots oflhis digest
(t.OO ml) were placed in reaction tubes fitted with Tenon valves (IO
X 100 rom hydrolysis lUbes, Kontos Glass, Vineland. N.J., 08360). The
pH was adjusted to 5.&-6.0 with 8 concentrated solution of NaOH and
0.10 ml of Htfa added. The tubes were sealed and placed in an oven
at 105°C for 2 h. Tubes were removed from the oven and allowed to
set at room temperature at least overnight until ready for extraction.
The chelate was extracted into 0.500 ml of hexane, and aliquola of the
hexane solution were injected. into the GC-AAS for analysis. Up to
0.200-ml injections were used at times for samples of lower concen­
trations. Equal volume aliquots of various concentrations of the
standards were injected intermittently with the samples to calibrate
the system. Above 0.020 ml, there is a volume effect on observed peak
height. Therefore, volume of sample and standard must be equal.

Solutions of inorganic chromium were prepared by fusion of pure
Cr,03 (Alpha Inorganics, Beverly. M..... 01915) with Na,C03 and
dissolution with dilute acid. Chromium content of the solutions was
checked by both flame and graphite furnace atomic absorption. He·
covery studies were made with aliquots of these solutions carried
through the chelation-extraction procedure described above for the
Orchard Leaves digest.

RESULTS AND DISCUSSION

Preliminary trials were conducted with injection of solu·
tions of chromium chelates into the mixing chamber of the
AAS burner, by replacing the nebulizer with an injection port.
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Table I. Recovery oC Inorganic Chromium

Amount of First
Cr added, extraction, CI

Sample pg pg

Second
extraction, b

pg

Total
extracted,

pg
Recovered,

%

3.360
3.360
1.006
2.012
3.018
4.024

1.966
1.426
0.372
0.772
1.288
1.758

0.175
1.175
0.466
0.825
0.999
1.131

2.141
2.601
0.838
1.597
2.287
2.889

63.7
77.4
83.3
79.4
75.8
71.8

mean ± SEM 75.2 ± 2.8

o Hexane. " Hexane + internal standard ofCr{fodb.

Table II. Chromium Contcnt oC NBS Orchard Leaves (SRM 1571)

First Second Total Sample
extraction, extraction, extracted, weight,

Sample "g pg "g g

Concentration
measured,

pg/g

0.144
0.156
0.077
0.105

0.065
0.016
0.002

-0.01:1

0.209
0.172
0.079
0.092

0.0895
0.0895
0.0460
0.0460

2.34
1.92
1.72
2.00

mean ± SEM" 2.00 ± 0.13

" Mean is 76.9% or NBS value or 2.6 pg/g.

With chromium hexafluoracetylacetonate (Cr(hfahl chelate,
a precision of 4.2% relative standard deviation of 5.0 ng of Cr
injected, was observed for peak height response, giving a de­
tection limit of 0.4 ng Cr for twice the standard deviation..
However, some limit.ations of this approach were readily ap­
parent. The solvent passing through the flame gave a small
instrumental response due to light scattering and momentary
change of flame conditions. The magnitude of this response
was volume-dependent and usable injection volumes were
limited to 0.005 ml maximum. The solvent and chelate signals
were not separated as both entered the flame at the same time;
therefore, a correction had to be made for the solvent signal.
Use of Cr(tfah or less volatile chelates necessitated heating
the entire mixing chamber which is difficult to control.

Since the direct injections into tlie mixing chamber of the
AAS burner were moderately successful, the possibility of
separation of the solvent and chelate peaks in a gas chroma­
tograph and introducing the effluent into the AAS burner
became obvious. Therefore, the experimental setup described
above was constructed and tested. With this system, a sepa­
ration of Cr(tfab from the solvent and resolution of peaks for
a mixture of five different volatile chromium chelates was
realized as shown in Figure 1. In Figure I, the solvent peak
elutes at the same time as chelate A, which is Cr(hfab. Note
that fluorination of the chelates is not a prerequisite for de­
tection by this system. The Cr(tfah chelate (peak B in Figure
1) is most suitable for analytical work, and was further studied
for quantitation.

Peak height calibration curves for Cr(tfab were linear from
0_50 to 5.0 pg Crimi for 0.020-ml injection volumes, with cur­
vature above 5.0 pg CrimI due to peak broadening in the GC.
The calculated detection limit was 1.0 ng Cr injected, and
precisions of less than 6% relative standard deviation for three
or four injections of the same solution were routinely ob­
tained.

Recovery studies of inorganic chromium and analysis of
NBS Standard Reference Material SRM 1571 Orchard Leaves

were performed to test the use of this detection system for the
analysis of chromium in biological samples. The use of an in­
ternal standard in the organic phase and a measurement of
the ratio of Cr(tfab to the internal standard significantly
improved the quantitation and allowed more flexibility in the
extraction and injection volume used for the analysis. The
internal standard chosen was chromium-heptafluorodi­
methyloctandionate, (Cr(fodh) which elutes from the column
at a later time than Cr(tfah, (peak C in Figure I). With a
constant concentration of Cr(fodh in the organic phase added
to the extraction step and a varisble concentration of Cr(tCa)",
a calibration curve using the ratio of peak heights was gener­
ated. The curve is linear (r = 0.997) from 0.5 to 7.5 pg Cr/m!
as Cr(tfah at a concentration of 2.50 pg Cr/m! as Cr(fodh This
ratio was independent of amount of sample injected into the
GC-AAS, and calihration curves were reproducible from day
to day (slope =1.041 ± 0.017), intercept =0.048 :I: 0.013).
Multiple injections of the same solution routinely gave pre­
cisions of less than 6% relative standard deviation, and single
injections could be analyzed at the approximate rate of l/min,
giving a high speed system with good potential for automa-.
tion.

Results of recovery of inorganic chromium and of mea­
surement of chromium content of NBS Orchard Leaves are
listed in Tables I and II. With a fll'St extraction, the re<Xlveries
were low and, upon a second extraction, additional Cr(tfa)3
was observed. Total extracted inorganic chromium was 75.2
± 2.8% SEM, and the value ohtained for the Orchard Leaves
digest was 2.00 :I: 0.13 SEM, which was 76.9% of the NBS
certified value of 2.6 "gig, in excellent agreement with the
observed recovery of the inorganic standards. Thus, the de­
tection system is seen to be accurate and the low recovery is
in the chelation-extraction step. Subsequent experiments
showed that optimum re<Xlvery is dependent upon the volume
of the aliquot added to the reaction tube and that .multiple
extractions are necessary. Using 1.0-m! aliquota, adding a f",ad
amount of internal standard in the extraction step, extracting
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the reaction mixture with three aliquots of 0.250 ml of hexane,
and concentrating the combined extracts gave recoveries of
92.1 ± 2.5% SEM (n = 12). This procedure gave a value for the
Orchard Leaves of 2.41 ± 0.12 SEM (n = 6) which is92.7%of
the NBS value.

In conclusion, the feasibility of introducing the effluent
from a gas chromatographic column directly into the burner
of an atomic absorption spectrometer has been successfully
demonstrated. This selective detection system for the analysis
of chromium has been shown to have high sensitivity, some­
what better than flame analysis by aspiration of sample so­
lutions. This increased sensitivity is due mainly to the im­
proved efficiency of introducing the metal into the flame as
a volatile species. Although this system does not have the
extremely high sensitivity of graphite furnace atomization
systems, the freedom from interferences as a result of the
separation of the metal from the bulk matrix in the chela­
tion-extraction-chromatographic procedure is 8 very great
advantage in working with complex samples. While this sys­
tem has been developed for use in the analysis of the essential
nutrient chromium in foods and other biological samples, a
great number of other metals have previously been chroma­
tographed as volatile chelates and should readily be detected
by this system. Indeed, the entire area of metal analysis util­
izing volatile chelates should find use for this simple method

of obtaining a selective, sensitive, precise detection system
that can be used with the procedures already established.
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Optimization of Gas Chromatographic Analysis of Complex
Mixtures of Unknown Composition

R. J. Laub and J. H, Purnell"

DeparlmBnt of Chemistry. University College of Swansea, Swansea, Wales SA2 BPP

The method Is besed on the principle that II unknown mixtures
are chromatographed wllh columns 01 A, 01 S, and 01 their
mixtures, \he data polnts lor Indlvldualaolules must accord wllh
Equallon 1, I.e. values 01 KA musl be linear In 'l'A' Supple­
"*llary information such as peak helght, peak width, etc. can

.be used 10 complete unambiguous linking 01 peaks Irom
chromatogram 10 chromatogram. Subsequenlly, relallve re­
tenllons (a) can be calculated and, via Ihe preViously de­
scribed window diagram procedure, optimum column com­
posllion and length lor complete resolution can be calculated.
The method provides means to achieve resolution In Ignorance
ollhe nature ollhe mixture studied and can be applied to GLC
or GSC wllh any Iype 01 column. The analysis 01 an Induslrlal
stili residues sample 01 ten malor and 33 minor unknown
components Is used 10 Illustrate the method.

In a recent series of papers (1-4), we have established that
the general solution law

KR = 4>AKoHIA) + 4>sK°RIS) (1)

is obeyed for 400 systems described in the literature. Here, K R

is the infinite dilution partition coefficient of any solute be­
tween a solvent mixture (A +S) and the gas phase, KORIA) and
KORIS) are the corresponding quantities for. the pure liquids,
A and S, respectively, and 4> represents a volume fraction.
Self-evidently, Equation 1 must apply for a binary mixture
of adsorptive solids. Subsequently, we showed (5, 6) that
Equation 1 provides a quantitative basis for optimizing GC
separations of known mixtures. We now describe how the

method may be applied to optimize separations of complex
mixtures of unknown components.

METHOD

The technique we describe below is based on the general
validity of Equation I, and for illustration we use binary sta­
tionary phases, although ternary mixtures, at least, can also
be treated similarly (6). Briefly, the theory is that, for any
given solute eluted from A, S, and A/S mixtures, the corre­
sponding K,J4>A data must lie on a straight line.

First, two solvents, A and S, of differing type are chosen, and
chromatograms of the unknown mixture are obtained with a
column of each at some chosen and common temperature. The
suitability of the two solvents can be assessed immediately,
since, at this stage, the only matter of interest is to obtain
symmetrical peaks corresponding to reasonable numbers of
theoretical plates (N). If a satisfactory result, e.g., not less than
400 theoretical plates per foot with 100-120 mesh support, is
achieved, we then assess the suitability of the chosen tem­
perature from the point of view of both analysis time and of
overall capacity factors (k'). Having then decided on a working
temperature, the chromatograms are re-run. A standard solute
for which KOR(A) and KOHlS) are accurately known is included
in these and all subsequent runs which allows conversion of
retention times to Kit values.

Hypothetical chromatograms for pure A and S columns are
shown in Figure I, (a) and (e). In each, four peaks appear,
indicating, superficially, a four-component mixture, which
is satisfactorily separated. The sample is then hypothetically
run on three other columns containing, respectively, 2:1, 1:1,
and 1:2 (vollvol) mixtures of the two solvents, and chro-
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Figure 5. etvomatograms showing the majer constih*lts of en in­
dustrial stili residue mlxtu-e at 100 ·C with collmns of: (al d~n-nonyl
phthalate (DNNP); (bl squalene and DNNP (<p = 0.6276); (e) squalene
and DNNP (<p = 0.3315); (d) squalene

COlumns: ISO em X 0.4 em (I.d.) gloso. Support: Ctvomosorb G (AW-DMCS.
100-120 mesh). WI % DNNP: 4.4024: WI % aquaIane: 3.7719. Inlet 1"........:
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Figure 2. Plots of KR vs. 4>10. constructed from the data contained in
Figure 1

matograms (b )-(d) illustrate possible results. Oply three peaks
appear in (dl, but we cannot at this point assume that this is
the only case where overlap has occurred. (We recognize that
there will be changes in peak heights and areas which will be
indicative of identities, but we shall return to this matter
later.)

The data from Figure 1 are now represented as a plot ofK R

vs. <PA as shown in Figure 2, where each vertical set of points
refers, from left to right, to chromatograms (a)-(e), Straight
lines are drawn through the points, and we see for the first
time that there are, in fact, at least five components.

A window diagram (5, 6) may now be constructed, since K R

for each component is known as a function of ¢A and SOt a
values for all component pairs'can be calculated over the whole
range <PA = 0-1. Figure 3 shows the plot (window diagram) of
(X VB. <l>A wherein we see three almost equivalent optimum
windows at the indicated values of <PA and Q. Figure 4 shows
the skeletal chromatogram to be expected with columns of <PA
corresponding to each window peak composition, where, for
convenience, we assume the column dead volume to be neg­
ligible, The order of elution is determined by reading up the
window lines indicated in Figure 2. Further, each peak can
unambiguously be assigned an identification number,.even
though their chemical identities are unknown. For example,
we can now look back at Figure 1 and specify that the peaks
shown correspond, in order ofelution, to: (a) 1 + 2,4,3,5; (b)
1,2,3 + 4,5; (c) 1,2,3,4 +5; (d) 1 + 3 + 5, 2,4; and (e) 5,3, I,
2 + 4. It will be appreciated that the foregoing example illus­
trates a situation of highly complex retention behavior, a
feature which emphasizes the power of the technique.

(a)

(b)

(e)

(d)

--,'-----.

:~

l, .........~~

. II '
-.-It~·aJ.J~~1
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KR Pcak No. KH

39.2 7 155
74.8 8 168
98.0 9 268

102 10 384
125 Toluene 110
146

Tablc II. Partition Cocmcients for Pcaks of Figure 7 (</I"
= 0.0749)

Peak No.

5
6

particularly in the context of the prohlem cited above. Any
peak which is suspiciously broad, that is, shows a low valuc of
N with respcct to its neighbors, may indicate lack of separa·
tion. Finally, having optimized the separation, ancillary
techniques. such as mass spectrometry, can be used both for
identification and as an indication of lack of separation.

If, for any reason, it is still thought that the mixture may
not have hccn completely resolved, the whole procedure can
he repeated with other pairs of solvents. This is not a time·
consuming matter, since, once a laboratory has a set of
"standard" pure solvent columns, and has amassed the cor­
responding K Il data for the added standard solutes, the nee·
essar}' data can be obtained quickly. Indeed, any solvent pair
can be fully explored in a day or two for a mixture of almost
any degree of complexity.

We now consider the final choice of working temperature.
The foregoing procedure will have specified H column com·
position and length which will achieve complete separation
of the mixture at the working temperature. What, then, might
be the object of searching for an alternative temperature?
First, overall analysis time may be undesirably long unless low
solvent/support ratios are used. This however, may introduce
one or both of two significant problems: (a) unacceptable solid
and/or liquid surface adsorption effects and, even if these are
absent, (b) the increasing N requirement for separation as the
capacity factor (k') is reduced. Second, it is generally, although
not always, true that reduction of analysis temperature in·
creases a values which, in principle, allows separation with

Table I. Partition Coemcienls for Peaks of Figure 5

KHat"'" =

Peak No. 0.0000 0.3315 0.6276 1.0000

1 35.9 49.1 62.1 76.2
2 69.9 92.2 113 136
3 92.8 117 138 163
4 116 130 162 204
5 137 151 178 215
6 154 158 206 248
7 257 176 261 321
8 333 212 521 673
9 395 749 998
10 554

Toluene 108 117 127 138

Finally, Figures 3 and 4 indicate that a column of </IA = 0.65
(window C), of sufficient length to provide the number of
theoretical plates (N) required by the predicted window
maximum a value, will provide marginally, the best separa­
tion. Furthermore, reference to Figure 2 shows that it provides
the fastest analysis since the last emerging peak has the lowest
K R in this window.

It is recognized that from time to time a situation may arise
where two or more solutes have virtually identical values of
both KORIA) and KORIS) and so appear as a single peak at all
times, irrespective of </IA. However, this is not so difficult a
problem as might seem since much ancillary information is
contained in the original chromatograms. First, although it
is not relevant to the above problem, unlike the situation de·
picted in Figure I, all peaks will not be equal in height. For
instance, we can now see that had we assumed equal amounts
of components 1-5 in the data of Figure I, the areas of the
multiple peaks would have been: (0 i) = 2, (b iii) = 2, (c iv) =
2, (d v) = 3, and (e iv) = 2, all other peaks being of unit area.
Thus, inspection of the chromatograms will be a considerable
aid in making the assignments involved in Figure 2 and in
constructing Figure 3. Second, peak widths can also be useful,
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Figure 7. Chromatogram of the Industrial stJII residue with a column
of <l>0NNP = 0.0749; other conditions as specified In Figure 5
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Figure 8. Correc1 KR vs. <I>ONNP plot for the 10 unamblg.Jously identified
major components of the industrial still residue mixtU"9 at 100 °C

shorter columns. However, this corresponds to increased
values of KR which, since it means longer analysis times, takes
us back to, and to some extent, exacerbates, the first of the
problems listed. Thus, while we might consider repeating the
entire optimization procedure at a lower temperature, the
most profitable initial approach would be to carry out test runs
with the already-optimized column at lower temperatures.
The optimum volume fraction of the binary stationary phase
may vary slightly with temperature but unless drastic tem­
perature changes are used, this effect will be inconsequen­
tial.

Since a generally decreases with increased temperature, it
is unlikely that the optimized column will provide complete
(6u) separation at a temperature higher than the test tem­
perature, and so, only if column length is of no consequence
and all materials are well below the point of thermal insta­
bility, should a move in this direction be undertaken.

Although a quantitative procedure for temperature opti­
mization can be developed along the lines we indicate, we feel
it to be of little value to discuss it further here, since the
strategy is self-evident. We also note that the entire procedure
could easily be computerized.

,

',£,.,.j~,.
. , . .' .... , ,

II, •

Flguro 9. Window dlagam for solutes constructed from data contained
in Figure 8. Higlest windows OCCU" at <I>ONNP = 0.2940 (a = 1.081~ and
<I>ONNP =0.7340 (cr = 1.084)

Figuro 10. ClYomatogam showing COfT1llete resolution ot 100·C 01
the major """"""'" 01 the irdJs1riaI still _ rOOcI1nt with _

packing of <I>ONNP = 0.2940.

Coh,nVl: 360 em X 0.15 em (I.d.). All other oondIUons as in F9n.5 e:tcept use
01 Pye 104

EXPERIMENTAL

All chromatograms were obtained at 100 ·C with ailanixed glosa
columns which were packed witb lOO!l20·mesh Chromoaorb G
(AW-DMCS). Both a Perkin-Elmer Model F-ll and a Pye Unicam
Modellll4 gas chromatograph were employed. The "'lventa, "lualane
(S) and dion-nonyl phthalate (DNNP) (A), were reagent grade from
B.D.H. Ltd., and were used without further purification. Liquid
loadings for the pure ",Ivent columns were 3.77 wt'lf> (S) and 4.40 wt
'If> (A) and binary .tationary phases comprised mechanical mixtures
of these. The mixture analyzed below is an industrial.till residues
sample of composition unknown to us. Other details and procedure.
have been published elsewhere (5, 6).

RESULTS

Only very rarely does any mixture contain all components
at about the same concentration level. Whatever the ultimate
analy1ical objective, the frrst requisite is complete separation
of the major components. Thus, the most auitahle initial
strstegy is to work at detector attentuations which reveal only
the majors and keep them· "on scale" for accurate KR mea­
surement.

Figure 5 shows four chromatograms of the industrial still
residues mixture, only the major constituents being abown.
The DNNP column (Figure 50) yields 9 peaks, a oolumn ofq,A
• 0.6276 (Figure 5b) gives 9 peaks alao while one of q,A ­
0.3315 (Figure 50) gives 10 peaks and a pure squalane oolumn
(Figure 511) resolves only 8. Toluene was eluted from each of
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Figure 11. Ctvomatogram of the industrial stili residue mixture with column as specifj~d in Figure 10 at 75°C

All condlUons Identical, except sensitivity Increased by 8 factOf of 16 and inlet pressure reduced 10 15 psig. Numberlng now sequential

the columns and, since its K R for each was accurately known,
tbose for the unknowns were calculsted from relative retention
data. The data for all peaks and columns sre given in Table
I, and Figure 6a shows the K R values plotted vs. cPA. The
numbered data points in the figure correspond to the peak
numbers in Table I and Figure 5.

By inspection of the chromatograms in Figure 5 and the
points in Figure 6a, we can immediately draw several con­
necting lines between KOH(s) and KOR(A) values. As one ex­
ample, the data for the peaks numbered 8 (cPA = 0), 10 (cPA =
0.3315), 9 (cPA = 0.6276), and 9 (cPA = I) all lie on a single
straight line and, furthermore, the peaks have the same area.
Therefore, these peaks must be due to the same component.
In contrast, we can draw 8 line which connects data point No.
9 (cPA = 0.6276) with data point No.8 (cPA = I), but extrapo·
lation of such a line predicts a peak appearing after No. 10 at
cPA = 0.3315; since no such peak was found, we eliminate this
possibility.

Figure 6b shows the same data points as in Figure 6a, except
that now, those points which, by inspection (as outlined above)
have been shown to relate to 8 given component, have been
connected by straight lines. We see that 7 components have,
in this process, been unambiguously identified. We must now
turn to a consideration of the several points left over and, as
yet, unconnected. Clearly, the components involved must, at
some value or other of cPA, overlap others. To decide which
ones they overlap, all possible straight lines are drawn through
the various unconnected points such that each line has 4
points on it, as shown in Figure 6c. Previously-used points are
used again, ifnecessary_·We now see that there are 13 lines in
total, Le., 13 possible components.

Some of the lines in Figure 6c may be fictitious, that is, it
may be coincidental that a straight line can be drawn through
a set of points. To test this prospect, a column composition
is selected by consideration of Figure 6c, such that all (possi­
ble) components would be at least partially resolved if present.
Such a column composition occurs at cPA = 0.075; Figure 7
shows the corresponding chromatogram where, still, only 10
peaks are seen. The partition coefficients are given in Table
II, and are shown plotted in Figure 8, where the three fictitious
lines of Figure 6c have been eliminated.

We are now in a position to optimize the separation of these
10 components; Figure 9 shows the window diagram, where
the two best a values indicated arc 1.081 (cPA = 0.294) and a
= 1.084 (cPA = 0.734). Referring back to Figure 8, we find that
analysis times for the latter window will be considerably longer
than those for the first. Since the two windows are for all
practical purposes identical in terms of a, thus offering no real
choice on the basis of resolution, we choose the window at cPA
= 0.294. Figure 10 shows the chromatogram obtained with a

.column containing packing made up at the. indicated cPA value,

and of appropriate length to provide the number of theoretical
plates demanded by the relevant value of a where all 10
components are resolved in 52 min. If the window at cPA =
0.734 had been used, the corresponding analysis time would
have been about 80 min.

Finally, Figure 11 shows a chromatogram of the mixture
with the column of cPA = 0.294 operated at lower flow rate but
at a higher sensitivity setting at 75°C. There are now 43
clearly visible peaks.

In order completely to resolve the entire mixture, the op­
timi7.ation procedure would have to be repeated at the higher
sensitivity setting, but this is a relatively trivial task as was
indicated earlier.

We have now applied the above approach to a number of
complex mixtures of initially unknown composition with equal
success. It seems likely that the method will prove a powerful
addition to chromatographic technique since it can be applied
to GLC and GSC and for any type of column, provided only
that these can be accurately packed or coated.

We recognize, of course, that what we have provided is a
solution specific for mixtures of two particular packings.
Obviously, a better optimization might be achieved with some
other pair in the sense of requiring shorter columns, faster
analysis, or some other desirable feature. To some extent, the
judgment will be subjective; to a further extent, it may be
defined by physical limitations imposed by equipment. If, in
the end, an unsatisfactory solution is achieved, even though
it has provided the desired complete resolution, further
studies according to our method can be carried out until an
acceptable situation is found. As we have stated earlier, a hi·
nary packing can be exhaustively studied in a matter of days
so no great time is involved.

Finally, although we have so far (1-6) been unable to find
a solvent pair which does not behave in accord with Equation
I, the possibility exists and it might be argued that this de­
stroys the generality of our method. Mechanical mixtures of
packings of pure solvents always obey Equation 1; hence, their
use avoids any ambiguity arising on this account.
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High-Pressure Liquid-Liquid Partition Chromatography of Metal
Chelates of Tetradentate j3-Ketoamines

Enrico Gaetanl and Carlo F. Laurerl

Istltuto dl Chlmlca Farmaceutica e Tosslcologles, Unlversit8 dl Parma, 43100 Parma, llaly

Alessandro Mangla" and Giovanni Parolarl

Istituto di Chimlca Generale ed In<Xganles, Vnlversitil dl Parma, 43100 Parma, Italy

High pressure liquid-liquid partlllon chromatography was
applied to some metal chelates 01 the tetradentate (J-ke­
toamlnes: N,N' -ethylenebls(acetylac8tonelmlne), (H2(en)AA),
N,N' -trlmethylenebls(acetylacetonelmlne), (H2(tm)AA) and
N,N' -ethylenebls(ben2oylacetonelmlne) (H 2(en)BA). The
complexes Co", HI", Cu", PdD(en)AA, HI", Cu"(en)BA,
Cu"(tm)AA have been considered. Hickel and copper were
separated by using H2(en)AA and H2(en)BA on two dmerent
columns. Palladium was successfully separated Irom copper
but not Irom nickel. The dependence of the response 01 the uv
detector (254 nm) on the amount of metal In aqueous sofutJons

Is reported lor HI and Cu(en)AA. The detection limits are about
0.2 and 0.5 ng of metal Injected lor HI and Cu, respectively.

High-pressure liquid chromatography is most widely em­
ployed in organic chemistry, but some examples of its appli­
cation to inorganic and organometallic compounds have been
reported, Ion exchange technique has been used for separation
and determination of Fe lll (I), Sb lll , Billl , CrVl, Au"l, Hg",
Pd", Pt'V, Ru'v, TIIII, Snlv (2), Pb" (3), ThlV, Ca, Cu", Mnu,
Ni" (4), rare earths (5), and transplutonium elements using
di(2-ethylhexy1)orthophosphoric acid as a stationary phase
(6). With liquid-solid high-pressure chromatography, the
separation of Hg", Cu" (7), Sn" (8) has been achieved. The
partition liquid-liquid technique. with direct or reversed
phase, has been chosen for organometallic Crl" (9, /0) and
Fel" (I I) compounds and for the /J-diketonates of several
divalent and trivalent metals (12).

We applied the reversed phase liquid-liquid partition
chromatography to some metal complexes of the tetradentate
/J-ketoamines

Our aim was to study the behavior of metal chelates in high
pressure partition chromatography and to evaluate the pos­
sibility of using this method in the determination of metals.

The separation of Ni and Cu using the ligand H2(en)AA has
been briefly reported by us (13). Independently and at the
same time, other authors published the separation ofNi(en)·
AA and Cu(en)AA (14); in this case liquid-solid chromatog·
raphy was used, with microparticulate silica as a stationary
phase.

The present paper deals with the chromatographic behavior

of C9"(en)AA, Ni"(en)AA, Cull(en)AA, Pdll(en)AA,
Nill(en)BA, Cull(enlBA, Cull(tm)AA. The dependence ofUie
detector response on the amount of Ni and Cu in aqueous
solutions is also reported.

EXPERIMENTAL

Preparation of LigaDU and Metal Chelates.. Described proce·
dures were followed. in the preparation of H2(en)AA. H2(tm)AA,
H,(en)BA. Ni(enlAA. Cu(en)AA, Cu(tmlAA. Cu(en)BA (15) and
Pd(en)AA(l6).

Except for H2(tm)AA, the compounds were characterized by ele·
mental analysis. mp, and mass spectra. The mass spectra of the
complexes or H,(en)AA and H2(tm)AA &pee wiih tho&e reported (17).
The mass speetr. of Ni(en)BA and Cu(en)BA show the expeetA!<!
fragmentation patterns with parent ion peaks.

The cob.lt(lI) complex was not isolatA!<!, but prepared by adding
small excess ofcobalt acetate to the methanolic solution of H2(en)AA
in nitrogen atmosphere. The yellow solution obtained. was directly
used for the chromatographic analysis.

High-Pressure Liquid Chromatoeraplty. Apparatus. A Varian
Aerograph 8500. with a single wavelength uv detector (254 nm) was
used.; the full-scale sensitivity was 0.005 absorbance unit; flow cell
volume. 81-11.

Columns. The columns used were stainle:ss steel 25 em X 0.2 em i.d.
MicroP.k CH (Octadecylsilane on sillca gel H)·"", diameter), stainless
steel SO cm x 0.2 cm i.d. slurry packed. (18) with silica gel (lO·",.m di­
ameter) honded to 3-aminopropyltriethoxysilane (19) (-NH, column).
As moving phase. methanol~ X 10-3 M phosphate or borate buffer
mixtures were used.. The pH of the buffer solutions ranged. between
7.0 and 11.0. The flow rate of the eluent was 1 or 1.5 cm3 min- 1 at a
pressure of 2zs.-.300 atm. Spectroscopic grade solvents were used. Peak
areas were measured by a Varian CDS 101 integrator.

Mass Spectrometry. Mass spectra of ligands and chelates were
run on a Varian MAT CH5 spectrometer at the ionizing voltage of 70
eV. The solid samples were directly introduced iom the sowce by
means of a direct insertion probe. Source temperatwe was 220-240
·C.

Ultraviolet-Visible Speclromotry. Electronic spectra of the
chelutes were run on a Perkin·Elmer model 402 spectrophotometer.
Methanol and tetrahydrofuran (speclroscopic grade) were used. 85

solvents.

RESULTS AND DISCUSSION

N,N' ·Ethylenebis(acetylacetoneimine) and its analogues,
particularly the fluorinate ones, have been successfully em·
ployed in the gas chromatographic analysis (17, 20-22). Owing
to the high values of the stability constants of their complexes
(log K = 23 for Cu(en)AA (23)), which are soluble in medium
and low polarity solvents, these ligands are also suitable for
liquid-liquid partition chromatography; at higb pH, the values
of the total distribution coefficient of the metals are ap·
proximately coincident with those of the partition coefficient
of the complexes (12). Moreover the high values of the molar
absorptivities in the uv region allow good sensitivity with
photometric detectors. The low number of metals with which
they form stable complexes (24), reduces the problem of in·
terferences.

On the MicroPak CH column different moving phases were
used, varying the volume ratio between methanol and the
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FIgure 1. (a) Ssparatlon of H,(en)AA, Co~en)AA, Ni'~en)AA, CoJl(en)AA. Column: MicroPak CH 25 em X 0.2 em; moving phase: methanol/phosphate
buffer pH 7.8. 65/35 (v/v): flow rate: 1 cm3 min- 1. Theoretical plate number for Cu(en)AA: 480. (b) Superimposed chromatograms of Ni(en)AA
and Pd(en)AA. Moving phase: methanol/phosphate buffer pH 7.8, 45/55 (vlv); flow rate: 1 em3 min-I. (e) Separation: of Pd(en)AA and Cu(en)AA
at the same eondltion of b). Theoretical plate number for Cu(en)AA: 41Q

Figure 2. Soparation of Cu(en)AA, Cu(tm)AA. and Cu(en)BA. Column:
MlcroPak CH; mobile phase: methanol/phosphate buffer pH 7.8, 50/50
(v/v). Flow rate: 1 em3 min-I. Theoretical plate number for Cu(en)BA:
940

aqueous buffers and the pH value of the buffer. Separation
of a methanol solution of H 2(en)AA, Co, Ni, Cu(en)AA was
achieved by using a methanol/huffer volume ratio 65/35 and
pH 7.8 (Figure Ia). The resolution factors are 1.44 for CuI
Ni(en)AA, 2.85 for Ni/Co(en)AA, 4.25 for Cu/Co(en)AA. The
peaks were identified by injecting the single chelates. The
cobalt chelate decomposes in solution, even in N2 atmosphere;
the solution turns brown, and successive injections show a
second peak immediately after that attributed to Colen)
AA.

Separation of Ni(en)AA and Pd(en)AA was not successful,
Pd(en)AA being only slightly more retained (Figure Ib) for
every volume ratio between methanol and buffer solution. The
separation ofPd(en)AA and Cu(en)AA in methanolic solution
is shown in Figure Ie. The resolution factor for CulPd(en)AA
under the conditions quoted in the figure, is 1.94.

The behavior of CuenAA is not considerably influenced by
the pH of the buffer on the range 7.0-11.0 (phosphate buffers

Figure 3. (a) Superimposed chromatograms of Cu(en)BA and NI(en)BA.
Column: MicroPak CH; mobile phase: methanol/phosphate buffer pH
7.0.70/30 (v/v). Flow rate: 1.5 em3 min-I. (b) Separation ot Cu(en)6A
and NI(en)BA. Column: -NH, 50 em X 0.2 em; mobile phase: metha­
nol/phosphate buffer pH 7.8, 40/60 (vlv). Flow rate: 1 cm3 min-I.
Theoretical plete number tor NI(en)BA: 346

up to 8.0 and borate buffers between 8.0 and 11.0 were used):
in this pH range, the uncorrected retention time lengthens
from 1.7 to 1.9 min for a methanol/buffer volume ratio 70/30;
the area of the peak is constant for the same quantity of
complex. The copper chelates Cu(en)AA, Cu(tm)AA,
Cu(en)BA in THF solution are separated using a 50/50
methanol/buffer pH 7.8 mixture (Figure 2). The presence of
the phenyl ring in Cu(en)BA determines a major affinity of
the complex for the stationary phase and the retention time
increases sensibly. With this ligand, nickel and copper are not
separated; the superimposed chromatograms of Ni(en)BA and
Cu(en)BA in chloroform solutions are shown in Figure 3a. On

17.26 • ANALYTICAL CHEMISTRY. VOL. 48. NO. 12. OCTOBER 1976



Nt.nall,

(v.nall, I

I
I

_ l I--.J
300 350

Flgur. 4. Ultraviolet spectra of 5 X 10-' Msolutions ot Cu(en)8A and
Ni(en)BA In tetrahydrofuran

the contrary, Ni(en)BA and Cu(en)BA are separated on the
-NH2 column, using a' mobile phase with a volume ratio
methanol/buffer pH 7.8, 40/60 (Figure 3b).

Both these chelates are stable and have high absorption in
the uv region (Figure 4). Their molar absorptivities at 254 nm
(, '" 20300 and 26000 mol-' I. cm- I for Cu(en)BA and
Ni(en)BA, respectively) could allow a good sensitivity in the
chromatographic determination of traces of Ni and Cu.

The other complexes Ni, Cu, Pd(en)AA and Cu(tm)AA are
not separated on the -NH2 column for any composition of the
mobile phase; their retention times are influenced very little
by the volume ratio in the eluent mixture.

To estimate the possibility of an analytical application of
the liquid-liquid partition chromatography of tetradentate
ketoamines, the dependence of tbe detector response on the
amount of the metal was verified for Ni(en)AA and Cu(en)AA.
For this purpose, the MicroPak CH column was used; the
mobile phase was a methanol/borate buffer pH 10, 70/30
mixture. Calibration curves were set up both with solutions
of the pure chelates and starting from the metals in aqueous
solution. In the latter procedure, methanolic solutions of an
excess of the ligand (500-50 times) were added to equal vol­
umes of aqueous solutions of the metal acetates in the range
of concentration 0.2-2 and 10-100 ppm of metal, buffered at
pH 10. The reaction was carried out three times for each
sample; the mixed solutions were directly injected into the
column. The injections were replicated five times and the peak
area was determined by means ofan integrator. Figure 5 shows
a typical chromatogram of some injections of 5 ~I of a 0.5-ppm
solution of Ni2+, i.e., corresponding to 2.5 ng of metal. The
calibration curves obtained starting from the aqueous solu­
tions of the metals are linear in both ranges of concentration,
corresponding to 0.5-5 and 25-250 ng of metal injected; the
relative standard deviation of each mean value of the peak
area is about 2% in the higher range of concentration and be­
tween 3-6% in the lower one. The plots obtained by using
methanolic solutions of the two chelates coincide with those
obtained starting from the metals, within the experimental
errors. The detection limits, corresponding to a signal-to-noise
ratio 2:1, for Ni and Cu are about 0.2 and 0.5 ng. The lower
detection limit for Ni is attributable to the higher molar ab­
sortivity at 254 nm of the nickel chelate (J3) and especially
to its lower retention time. Moreover, it is noticed that the
metals can be extracted by means of a chloroform solution of
the ligand and the extracts can be concentrated; in this way,
it is possible to start from more dilute aqueous metal solu­
tions.

\

'It
I "I
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1 11m,"

Flgur. 5. Clvomatograms ot successive Injections of N~en)AA:

methanol/water solution of 0.5 ppm of matsl: 0.5-~1 ~Ies. Col.......:·
MicroPak CH; mobile phase: me1hanoIlbOfate buffer pH 10.70/30. Flow
rate: 1,5 em3 min- 1

The results obtained confirm the possibility of a useful
application of the HPLC to metal chelales; further studies on
liquid-liquid partition chromatography of the metal com·
plexes of p-ketoamines and other polydentate ligands are in
progress.
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Liquid Chromatography of Aromatic Hydrocarbons on lon­
Exchange Resins

David M. Ordemann and Harold F. Walton"

Department 0/ Chemistry. University 0/ Colorado. Boulder. Colo. 80309

Polycyclic aromatic hydrocarbons and halogenated hydro­
carbons, Including chlorinated biphenyls, are separated
chromatographically on columns of low-cross-linked poly­
styrene-type catlon-exchange resins. The counterlons a"eel
retention, doubIy- and lrfpIy-charged Ions being more effective
thsn slngly-charged. Best results were obtained with Ca and
Fe(III), using acetonitrile-water or methanol-water solvent
mldures.

lon-exchange resins based on polystyrene absorb uncharged
organic compounds, especially those having aromatic char­
acter. The charge type of the resin is of secondary importance.
In 1957, Sherma and Rieman (J) described the "solubilization
chromatography" of alcohols, esters, ketones, and aromatic
hydrocarbons on columns of anion- and cation-exchange
resins, using as eluents mixtures of water with methanol or
acetic acid. The proportion of nonaqueous solvent was in­
creased as elution proceeded. Recently Funasaka et al. (2)
studied the chromatography of several substituted benzenes
and naphthalenes on six different ion-exchange resins with
six different solvents. Anion-exchange resin columns were
used by Scott and others (3. 4) to analyze the polar organic
constituents of body /luids and contaminated waters.

Polycyclic aromatic hydrocarbons and their chlorinated
derivatives are of current interest because of their environ­
mental importance. Chromatography on bonded packings (5,
6) and on silica gel (7.8) has been used to analyze mixtures of
these compounds. A combination of gas and liquid chroma­
tography was used by May et al. (9) to analyze aromatic hy­
drocarbons in sea water. Gas chromatography on a liquid
crystal stationary phase (10) is very effective for distinguishing
isomers.

In our laboratory, we have studied the chromatography of
various polar aromatic compounds on anion- and cation­
exchange resins (I J. J2) and noted, among other effects, the
effect of the resin counlerions. We have now extended these
studies to polycyclic aromatic hydrocarbons and a few of their
chlorinated derivatives, using both anion- and cation-ex­
change resins of the polystyrene type. Experiments with
cation-exchange resins are described in this paper.

EXPERIMENTAL

Materials. Most of our work was done with the sulfonated poly­
styrene calion-exchange resins. Aminex SOW-X4, 20-30 P. and Ami­
nex A-7.11%cross-linked, 7-11~. both supplied by Bio-Rad Labors­
tories, Richmond, Calif. A custom-made copolymer of 2-methyl-S­
vinylpyridine with 99D divinylbenzcne was supplied by the same
company. The "anionic, macroporous styrene-divinylbenzene co­
polymer, Amberlit. XAD-2 (Rohm and Haas Co.• Philadelphia) was
also tested" Puce phenanthrene, biphenyl, and chlorinated biphenyls
were supplied by Analabs. Inc.• North Haven, Conn., and other hy­
drocarbons by Aldrich Chemica.l Co., Milwaukee. Wis. High·quality
solvents were used.
. Columns. Chromatographic Equipment, Procedure. Water­
Jacketed glass columns, 6.3-mm i.d., fitted with adjustable 'fenon
(PTFE) plungers and wl.rating pressures of 500-1000 psi (35-70 bars)
were supplied by Glenco S~i~ntific, Inc., Houston, Texas, and by
Laboratory Data Control, RIVlera Beach, Fla. injections were made
by septum or by sample-injection valves. Pumps were made by Waters

Associates. Milford, Mass., and by Laboratory Data Control. Ultra­
violet det.ectors were supplied by Spectra-Physics, Inc., Santa Clara,
Calif., and were used at 2M nm.

The columns were normally kept at 55-65 °C by circulating water
from"a constant-temperature bath. The resin beds were 18--35 em long.
Mixed solvents were used, one component being water and the other
either methanol, acetonitrile, or isopropyl alcohol. Solvent gradients
were sometimes used. Flow rates were between 12 and 30 ml/h, with
pressures up to 300 psi (20 bars). With the soft, 4% cross-linked resin,
it was important not to use excessive pressure, or the resin bed col·
lapsed, sometimes irreversibly. At moderate pressures, the columns
could be operated continuously.

RESULTS

Comparison of Ionic and Nonionic Resins. The ionic
functional groups of ion-exchange resins play no direct part
in the absorption of uncharged organic compounds. Their
main function is to become hydrated and cause the resins to
swell and become permeable. Comparing the retention of bi­
phenyl on a column of Aminex 50W-X4 ion-exchange resin
with that on a column of nonionict macroporous Amberlitc
XAD-2, we found much stronger retention on XAD-2. The
capacity factor, k', was 2.5 at 65°C with 80% acetonitrile as
the solvent, compared to 1.6 with 33% acetonitrile for the
ion-exchange resin (see Table IU). The bands were much
broader with XAD-2, because this resin was used in its normal
commercial form, as porous granules 0.5 mm in diameter.

Counterion Effects. The absorption of hydrocarbons by
cation-exchange resins depends on the counterions. Divalent
ions give considerably stronger retention than univalent. and
trivalent ions give somewhat stronger retention than divalent
ions. This effect was first noticed in batch equilibration tests
with 8% cross-linked resin in its sodium and calcium forms.
The distribution ratio of biphenyl in isopropyl alcohol-water
mixtures was almost twice as great for the calcium form of the
resin than it was for the sodium form. Column elution tests
confirmed this result. A selection from a large number of
elution data with different counterions is given in Tables I and
U.

Cross-Linking. Table U shows that the higher-cross-Iinked
resin retains hydrocarbons more strongly. The bands were
significantly broader with this resin, however. The effective
plate height for /luoranthene, for example. was more than 1.5
times as great for the 8% cross-linked resin than for the 4%
cross-linked resin with Mg as counterion. 'For this reason. the
4% cross-linked resin was chosen for more detailed study.

Comparison of Different Resins. The anion-exchange
resin. Bio-Had AGI-X4 37-75 microns, was tested. It retained
hydrocarbons roughly twice as strongly as calcium-loaded
Aminex 50W-X4, and the cWoride form gave slightly stronger
retention than the sulfate form. However, theplate height of
AG I-X4 was about five times as great as that of 50W-X4.

Cross-linked 2-methyl-5-vinylpyridine resin retained hy­
drocarbons some four times as strongly as Aminex 50W­
X4-Ca, but it, too, gave broad bands with marked reverse
tailing.

Solvents. Mixtures containing water and up to 60% of an
organic solvent were used. Acetonitrile and methanol gave the
narrowest bands, corresponding to tbeir low viscosities. Rel-
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Table L Elution of Phenanthrene Crom Amlnex 60W.X4"

Table II. Comparison of Counterions and Cro...Llnklnll"

Na 4.8 3.8 1.0
Ag 6.3 0.3
NH. 5.2 4.4 0.7
Ca 8.6 0.2 7.9 0.7 7.9 0.3
AI 9.1 0.3 7.4 0.8
Fe(II1) 11.1 0.4 8.2 0.5 8.4 0.3
Th 9.1 1.3
a Flow fate. 24 ml/h; temp. 60 °Cj h' :a: capacity factor"

H""' effective plate height, mm. • •

PHENANTHRENE
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Counterion

8% Mg 1.9 3.4
Zn 2.4

4% Na 0.9 1.8
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Ca 1.3 2.6

a Solvent. 50% CH)CN by volume; now rate, 24
temp. 55°C; Il' =capacity factor.
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Figure 2. lsocratic elution on Fe-toaded resin

Resin. Aminex 5OW-X~e: solvent. acetonitri$e. 37.5% (v/v); \er11). 60 ·C; now
rate. 2.. ml/h. Column dimensklns. 35 em X 0.63 em

COLUUN: Oa.... -~0.4·F•• 3e,,,, • 0.63('"

~:~Oml/hallr
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Figure 1. Capacity factor (column distribution ratio) and solvent corn-­
position

(+) lluoranthene; (e) pyrene; (0) phenanttvene. Resin, Amine. 50W·X4-Ca.
Temp. 65°C

Figure 3. Gradient elution on Fe-loaded resin

Resin. Aminex 50W·X-t-fe: sotvent. acetonitrile: gadient. 25% to 50% In 45
min: temp. 60 ·C: 'low rate. 30 mllh. Coll.W1Yl dimensions. 35 em X 0.63 an.
Ouantftles Injected (J.lgl: Indene 10. naphthalene 17. biphenyl 10. ftuc..-ene 7.
phenantlYene ". fluoranthene 2... pyrene 24

ative retention volumes of different hydrocarbons were almost
unaffected by the cboice ofsolvent, though we did notice that
chlorinated naphthalenes were poorly resolved in isopropyl
alcohol-water mixtures. compared to acetonitrile-water
mixtures. Chlorinated biphenyls were resolved nearly as well
in methanol-water (60% methanol by volume) as in acetoni·
trile-water (33% acetonitrile). Elution volumes were lower in
acetonitrile-water mixtures than in methanol-water mixtures
having the same proportion of organic solvent.

Elution volumes increased rapidly with decreasing pro·
portion of organic solvent. Figure 1 shows an almost linear
correlation between the logarithm of the corrected elution
volume an'd the proportion of acetonitrile by volume ("50%
by. volume" means that equal volumes of acetonitrile and
water 'were mixed). This is a common relationship, and shows
that the energy of transfer of solute from the .solution to a
standard state is proportional to the volume fraction of the
mixed solvents.

Elution Sequences and Separations. Two extended series
of tests were made with the resin Aminex 50W·X4. one with
Fe(IIl) counterions. the other with Ca(ll).

Iron-Looded Resin. With Fe(lIl). the solvents were made
0.01 M in nitric acid to prevent hydrolysis. A very small
leakage of iron from the resin was observed. but it was steady.
and stable baselines were obtained with the uv detector.
Figures 2 and 3 show chromatograms obtained with this col·
urnn.

With 20% acetonitrile as solvent. we separated a number
of single-ring and two·ring aromatic hydrocarbons. They were
eluted in this order: benzene, toluene. ethyl benzene. ortho·
xylene. meta· plus para· xylene (not resolved). indene.
naphthalene. biphenyl. Naphthalene and biphenyl were well
resolved with good baseline separation. AnthraL-ene and
phenanthrene were not resolved.

Compounds with larger molecules than pyrene were sepa·
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Figur. 4. Elution on Ca-loaded resin

ResIn. Amlnex 50W.X4-Ca; temp. 65°C: column dimensions. 18 em X 0.63
em. Peaks, In order of elution, 810: bIphenyl. 0.2 ~g: phenanttvene. 0.025 J.lg:
tluoranthene. 0.3 ,ug: pyrane. 0.6"'0. Cuves Cal and fbi. 50% acetonitrile (v/v):
(B}24 ml/h: (bl 12 mllh. Curve (e), 37.5% acetonitrile ('11'1). 24 ml/h

I
IOml

J~,
o 5

Figure 5. Biphenyl and chlorinated biphenyls

Resin, Aminex 50W·X4-Ga; lemp. 65°C: column dimensions. 18 em X 0.63
em; solvent, 33% acetonitrilo (",Iv): flow rate. 21.5 ml/h. Peaks, in order of
elution. are: 2,2'-bichlorobiphenyl. 31-19: 2-chloroblphenyl. 1 Jlg: biphenyl, 0.2
I-Ig: 4-chlorobiphenyl, 0.1 .ug; 4.4'-blchloroblphenyl,-O.1IJg

duced. Another consequence is reduced absorption of ultra­
violet light. Where no steric interference occurs, however, the
effect of chlorine substitution is to increase the retention by
the resin and also to increase the ultraviolet absorption. These
effects are seen in Table Ill.

The 3- and 3,3'-substituted chlorobiphenyls were reLained
somewhat more strongly than their 4- and 4.4'-isomers.

16500
5400
1000

32000
36000

Absorplivily
at 254 omk'Compound

Table ill. Err..,ts of Chlorine Substitution"

Biphenyl 1.60
2-Chlorobiphenyl 1.30
2,2' -Bichlorobiphenyl 1.03
4-Chlorobiphenyl 2.00
4,4'.Bichlorobiphenyl 2.85
Naphthalene 1.7
l-Chloronnphthalene 2.6
Anthracene 8.0 10 000
9,10·Dichloroanthracene 15.5 50000

a Resin. Aminex 50W·X4·Ca;solvent, 33% CHJCN by vol­
ume; temp. 65°C; k' =capacity factor. Molar absorptivities
are approximate.

fated with 8 solvent mixture consisting of acetonitrile, tetra­
hydrofuran, and water, in ratios 4:1:5 by volume. These elution
volumes were found at 55°C on the same column used for
Figures 1 and 2: fluoranthene 17, pyrene 19.5, chrysene 23.5,
benzola )pyrene 29.5, perylene 34 ml. Effective plate heights
were 1.5 mm at 24 mllh, which is to say that the bands for the
hydrocarbons beyond pyrene were undesirnbly broad.

A mixture of biphenyl, 4-bromobiphenyl, and 4,4'-dibro­
mobiphenyl was cleanly separated on a column 18 em X 0.63
em, with 37% CH3CN at 55 °C. Elution volumes were, re­
spectively, 8.0, 10.5, and 14.0 ml. The presence of a halogen
atom always increased the elution volume except in the case
of 2-substituted biphenyls (see below).

Calcium-Loaded Resin. The advanLage of calcium as a
counterion, compared with iron, is that it is not hydrolyzed
by water and there is no need to acidify the solvent. Retentions
and bandwidths are comparable.

Representative chromatograms of 8 hydrocarbon mixture
on a calcium-loaded 4% cross-linked resin are shown in Figure
4. They sbow the effects of solvent composition and flow rate.
With 50% acetonitrile at 12 mllh, accepLable resolution of
biphenyl, phenanthrene, fluoranthene, and pyrene was
achieved in 40 min. For fluoranthene, the plate number of the
18-cm column was 1050, and the effective plate number was
750.

A chromatogram of a mixture of chlorinated biphenyls and
biphenyl itself appears in Figure 5. It shows that chlorine
atoms in the 2 position decrease the retention rather than
increasing it. They cause the two phenyl groups to be twisted
out of their common plane, and as a result, ,,-electron overlap
is lost and atLachment to the aromatic resin polymer is reo

DISCUSSION

An interesting feature of these results is the effect of the
counterion. The stronger absorption found with divalent
counterions, compared with univalent, may simply be due to
the fact that one doubly-charged ion Lakes up less space than
two singly-charged ions, and leaves more room for absorbed
molecules. A more likely explanation is that el..,trosLatic fields
within the resin are stronger with doubly-charged ions. Their
position of maximum SLability is close to one of the singly­
charged fiXed ions, not midway between two of them. A strong
electrOSLatic field would induce a dipole moment in an aro­
matic molecule and strengthen its absorption.

Silver ions are known to form 1T-bonded coordina.tion
complexes with aromatic hydrocarbons, but the few tests that
we made showed little difference in retention between a sil­
ver-loaded and a sodium-loaded resin, probably because water
is present and the silver ions are hydrated.

The major cause of the binding of aromatic hydrocarbons
by polystyrene resins is, almost cerLainly, ,,-electron overlap.
The behavior of 2-substituted biphenyls supports this idea.On
a column packed with Cis-bonded silica, we found that 2­
chlorobiphenyl was reLained more strongly than biphenyl it­
self, whereas the reverse was true on the cation-exchange
resin.

As to the practical utility of the 4% cross-linked cation­
exchange resin for chromatography of these compounds, it
would seem that, in most circumstances, a Cis-bonded packing
would work better. Certainly this is true for molecules having
more than four aromatic rings, for the transfer of big mol..,ules
in and out of a resin is just too slow. Far molecules the size of
pyrene'and smaller, however, the resin may be a useful alter­
native. Resolution is as good as on the bonded packing, with
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5000 plates per meter and better. Elution peaks on the resin
are very symmetrical, even at high loadings, which makes it
easy to detect small amounts of c1osely·eluted impurities. We
found, for example, that our high.grade phenanthrene had a
small trace of an impurity which eluted 0.6 ml after the
phenanthrene peak.

The higher capacity of the resin makes it better for pre·
parative purposes than the bonded packing. Columns of 4%
cross-linked resin are casy to pack and to use. Chromatogra­
phy is slower than on Cls·bonded packings, but not much
slower, and if running times of 30-60 min are acceptable, resin
columns may be of practical value.
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Determination of Anhydrotetracyclines in Tetracycline by High­
Pressure Liquid Chromatography

Richard F. Lindauer,' David M. Cohen,' and Kevin P. Munnelly'

Pfizer Inc.. Quality Control Division, Brooklyn. N. Y. 11206

A method has been developed for determination of (45)·
anhydrotetracycllne (ATC) and (4R)·anhydrotetracycllne
(EATC) by high-pressure liquid chromatography. The method
uses a cation-eXChange column and a neutral 0.3 Methyl­
enedlaminetetraacetate buNer. Response Is linear and the
estimated limits of detection are 12 ng of ATC and 7 ng of
EATC. At 429 nm, the recoveries of ATC and EATC added to
tetracycline at the 0.6 % level were quanlllatlve with relative
standard deviations 0' 0.7% and 1.4%, respectively. Prepa­
ration and characterization 0' a suitable assay standard Is
described and possible application to other tetracyclines Is
discussed.

Commercial preparations of the broad·spectrum antibiotic
H8HetracycJine (TC) may develop varying levels of (48)·
anhydrotetracycline (ATC) and (4R)·anhydrotetracycline
(EATC) if stored under adverse conditions-e.g., high tem·
perature and humidity (I). Limits for EATC in TC bulks and
producL' have been established by the ~'ood and Drug Ad·
ministration (2). Because ATC and EATC are readiiy inter·
convcrtcd (3), accurate detcrmination of both epimers is de­
sirable. Resolution of ATC and EATC from TC has been
achieved by partition chromatography (I, 2, 4, ';), gel per·
mealion chromatography (6), and gas chromatography (7),
but thcse methods were not rapid. High-pressure liquid
chromat.ography (HPLC) with certain reverse-phase systems
gU\'e poor resolution of ATC from EATC (8, 9). Shorter
analysis times and good resolution of ATC, EATC. TC.
(4RHetracycline (ETC). and chlortetracycline have recently
been reported by isocratic reverse·phase ion·pair HPLC (10)
and by gradient·elution reverse·phase HPLC (I I); however,
no evidence was presented to rule out formation of ATC and
EATC by partial dehydration of TC and ETC in the highly
acidic mobile phases used. Reproducibility data were not given
for the ion·pair system. but in the gradient method the relative
standard deviation for EATC was only ±6%.

Several ion·exchange HPLC systems with short analysis

times and adequate efficiencies for the anhydrotetracyclines
nevertheless appeared unsuitable for our purposes since the
anhydrotetracyclines eluted on the tail of the main tetracy·
dine peaks (/2). However, a preliminary cation-exchange
HPLC system (13) in which k' values for the anhydrotetra·
cyclines were low appeared to be more promising. The latter
system, which used a dilute phosphate/ethylenediaminete·
traacetate (EDTA) huffer at pH 7 as the mobile phase, was
investigated and modified in an effort to develop a suitable
assay for ATC and EATC in TC bulks and products. This
paper describes both the resulting system and methods of
preparing and characterizing a suitable quantitative standard
for ATC and EATC.

EXPERIMENTAL

Apparatus. For determinations ot wQvelengths greater than 260
11m, a Du Pont Modcl8-l3 pump module .....as used in conjunction with
a Schoeffel Model SF 770 multiwnvelength absorbance detector and
a Spt'ctrum Scientific Model 1020 electronic filter (operat.ed at a
nominal cutoff frequency of 0.1 Hz). At 254 om,a Du Pont Model 840
liquid chromatograph was used. Injections were made with 8 (nomi­
nal) IO·plloop injector valve (Du Ponl No. 204590), and all connec­
tions were made with either stainless steel or Tenon capillary tubing.
The temperature of the c..'Olumn was maintained to within %0.2 °C by
n Varinn water jacket (No. 96·()()()()4g·00and No. 37-000324-00) and
II Laudn K-2/R circulator. Spectrophotometry was performed on a
Cary 14 recordinll spectrophotometer.

Column. Astraight 2.1·mm X I-m stainless steel column (Du Pont
No. 81098:mO~H was thoroughly cleaned with hot detergent solution,
rin!'cd with hut water. hot 30% nitric acid. hot deionized water, and
methanol. and dril'd. Stainless sleel column plugs (Du Pont: inlet
1~lrusity. lOpm: outlet porosity. 2 pm) were used, and the column was
pucked with Zipax sex (Du Pont No. 8209600(3) using the modified
tap-iii I procedure (1-1). A prepacked column of the same dimensions
(Du Pont No. 8209500(2) gave comparable results. Prior to first use.
columns were conditioned by elution with 150-200 m1 of the mobile
phase.

Mobile Phase. The nearly saturated mobile phase may be prepared
readily in the following manner. Add 229 g of disodium EDTA dihy­
drate (Fisher Cprtified) to 1.81. of 0.27 M aqueous sodium hydroxide
!It 70°C and stir to dissolve. Filter (I.2·lolrn membrane. Millipore type
RAWP) and cool to room temperature under V8CUum (lOO-ISOTorr)
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(I)

(2)

Table I. Effect of Temperature on System Performance for
EATCand ATC

Tempera·
ture,OC EATC ATC EATC ATC

25.0 1.18 2.77 8.5 12.0
27.5 1.08 2.45 7.2 11.2
30.0 0.95 2.17 6.4 9.4
32.5 0.86 1.90 5.3 8.7
35.0 0.79 1.72 4.8 7.5

Plate height H, mmCapacity factor k'

per J.lg injected), the response ratio Rd is P./{3t, and the area ratio RA

isA./A e.
An iterative procedure using arbitrary mixtures of ATC and EATC

was used to calculate Rtf- Two stock solutions (No.1 and 2) were
prepared so that RAI ~ 6 and RA2 O! 0.12. The ratio e l fC2 of the total
anhydrotetracycline concentrations C in the two stock solutions was
determined by epimerization in hot acetic acid (vide infra) and
spectrophotometry at 23; nm. A mixed solution (No.3) prepared from
equal volumes of the two stock solutions exhibited area raLio R.... :\.
Initially, it was assumed that R(j l::: I, giving PI =RAJ and P2 =R A2;

P3 was calculated by straightforward algebraic manipulation of C lfC2.
PIt and P2· Since Rd = R.... 3f P3. a revised value of Rrl could be calculated
and used to improve PI and P2; iteration was continued until succes..<;i\'e
values of Rd agreed to within 0.001. Two separate determinations of
R. gave 1.074 and 1.088 at 254 nm.

Using the mean value for Rd , quadruplicate determinations of R....
for the EATC/ATC standard gave p l::: 0.942 ± 0.005 for the mean ±
...

Partition Method. A slurry of 20 g of acid-washed diatomaceous
earth (4), 95 ml of 0.1 M EDTA (adjusted to pH 7.8 with ammonia),
and 5 ml of glycerin was dried to a free-flowing powder at 105 °e. For
each determination, .......2 mg of EATC/ATC standard was applied to
the top of a short column (l2-mm i.d.) containing 8 lightly tamped
5-cm bed of the EDTA-impregnated powder. ATe was eluted with
methylene chloride, and then EATC was eluted with 5% acetic acid
in methylene chloride. The two fractions were heated to dryness.
dissolved in 25 ml of 5% aqueous acetic acid, heated at 75-80 °C for
100 min to ensure equilibration, cooled, and dilut.ed to 50 ml with 5%
aqueous acetic acid. Spectrophotometry at 430 nm afforded the ratio
of absorbances for the two fractions and, hence. P for the EATCIATC
standard. Determination in quadruplicate gave P = 0.941 ± 0.023 for
the mean ± s.

Of the two procedures, the HPLC method is preferred because of
its greater precision and speed, once Rd has been determined. From
the combined analytical data, the EATCfATC standard was assigned
values of 48.5% ATe hydrochloride and 51.4% EATC hydrochloride
when dried for 2 h at 80°C under vacuum.

Procedure. With the column temperature at as °C and the flow
rate at 0.5 ml/min (inlet pressure ......700 psig), allow the baseline to
stabilize with the delector at -0.2 AUFS (275 nm) or -0.08 AUFS
(429 nm). On the day of use, prepare a 0.32-mg/ml solution of the
EATC/ATC standard in 0.1 N aqueous sodium hydroxide; store at
0-10 °C to stabilize the epimer ratio. Analyze the standard solution.
Prepare a 16-mg/mlsolution of tetracycline base or hydrochloride in
0.1 Nor 0.2 N aqueous sodium hydroxide, respectively; analyze the
sample solution within 1 h of preparation. Reanalyze the standard
solution. For each anhydrotetracycJine epimer. use the sample signal
and the average standard signal in the calculations.

RESULTS AND DISCUSSION

Optimization for ATC and EATC, Because TC is unsta­
ble at either low or high pH (3), the mobile phase was main·
tained at a nominal value of pH 7.00 during the optimization
studies. The usual formulas (16) for capacity faclor k', sepa·
ration factor at resolution Rl'ot effective plate number Neff, and
plate height H were used in the evaluations, and limits of
detection LD were estimated as twice the peak·to-peak noise
level.

Chromatographic Conditions. Increasing the EDTA con·
centration from 0.005 M to 0.3 M decreased k' for EATC,
ATC, and ETC, increased a for each epimeric pair, and sub·
stantially improved baseline stability at 254 nm. With 0.3 M
EDTA flowing at an arbitrary rate of 0.9 ml/min, increasing

t/ ..~+_"-
1 +p' 1 + p'

where the subscripts a and e refer to ATC and EATC, respectively.
In d.ilute hydrochloric acid, the values of (t (IS) at the longwave
maximum (.......7 X 1()3 at 427 nm) and at the shortwave minimum ( 15
X 1()3 at 238 nm) are similar to the corresponding values for ta, i.e., 7
X 10' at 432 run and-16 X Ill' at 237 run (16). As a resul~ 430nm and
237 nm may be taken as quui·isosbestic points. at which l will be
relatively insensitive to p'. Therefore, the latio of the total anhyclro­
tetracycline conrentrationa in two separate EATC/ATC mixtures can
be determined quite accurately without knowing the individual
concentrations if the mixtures are alJowed to epimerize under the
same conditions until p't ~ P'2 and if the absorbancesare then mea­
6Ured at one of the "isosbestic" points. In order to minimize systematic
errors in the comparison study, spectrophotometry was performed
at 430 om in the partition method. and at 237 om in the HPLC
method. peak areas being measured at 264 nm; however, 275 nm or
429 nm would be preferable for routine HPLC area measurements.

HPLC Method. If an aliquot of an EATCIATC solution is analyzed
by HPLC (vida infra) and the area A of each peak is determined p
for the mixture is given by: •

AJJ. R.
p~--.-

AJJ. R.
where fJ. and f3e are the individual detector response factors (peak area

to degas the viaoous liquid. Adjust to pH 7.00 with 5O'lb aqueous so·
dium hydroxide and dilUlA! to 2.00 I.

Qualitative Rererence 8tanclardl. Tetracycline hydrochloride
(USP Reference Standard), chlortetracycline hydrochloride (NF
Reference Standard), "anhydrotetracycline hydrochloride" (ATC),
and "4.epj·anhydrotetracycline hydrochloride" (BP Authentic
Specimens) were used directly. Doxycycline hydrochloride. metha­
cycline hydrochloride, and oxytetracycline were internal working
standards of Pfizer Inc. (4R)-Tetracycline ammonium salt monohy­
drate was prepared by the method of McCormick et al. (3).

Preparation or EATC/ATC Aasay Standard. Commercial
sources for pure ATe and EATC are virtually nonexistent, and the
BP Authentic Specimens are available in extremely limited quantities
outside the UK. The following procedure affords an assay standard
suitable for simultaneous determination of ATe and EATe.

With vigorous stirring 100 g of bulk tetracycline hydrochloride was
added during I min to 1.0 I. of 2 N hydrochloric acid at 80 ·C. Pre­
cipitation from the clear red-orange solution began within 5 min, and
the suspension was cooled to room temperature. The precipitate was
isolated by filtration and dried under vacuum (40°C, 12 Torr), af­
fording 97 g of crude anhydrotetracycline hydrochloride consisting
mainly or the (4S)·epimer (HPLC analysis).

A solution of 130 g of crude product in 2.61. of 5% aqueous acetic
acid was maintained at 75-80 °C for 75 min, cooled to .......10 °C during
the next 50 min, and added to 500 ml of cold 12 N hydrochloric acid.
The precipitate was filtered, air-dried, and freed from insoluble
matter by methanol extraction in a Soxhlet apparatus. The solvent
\\'as removed in vacuo and the solid was finely ground. Drying for 4
hat 55'C «I Torr) yielded 107 g ofthe standard mixture ofEATC
and ATC as the hydrochlorides.

Characterization of the Auay Standard. Inasmuch as neither
the bulk purities nor the epimer ratios are specified by the BP, neither
Authentic Specimen is suitable as a direct quantitative standard.
Accordingly, the composition of the mixed assay standard described
above had to be determined indirectly. HPLC analysis at 254 nm
detected no components other than ATC and EATC, each of which
exhibited the same retention volume and bandwidth shown by the
appropriate Authentic Specimen. The bulk purity of the EATC/ATC
standard was determined in quadruplicate by potentiometric titration
in acetic acid containing 0.6% mercuric acetate, the titrant being 0.05
N perchloric acid in glacial aretic acid; the mean value ± the standard
deviation s was 97.8 ± 0.3% as the hydrochlorides. Upon heating. the
EATC/ATC standard was epimerically stable for >5 h at 115 'C
(HPLC analysis). The volatile content of the standard mixture was
determined in quadruplicate by heating under vacuum for 2 h at 80
°C; the mean value ± s was 2.1 ± 0.1%.

Because suitable quantitative standards were not avaiJable. the
molar ratio P of ATC to EATC was determined by two alternative
methods in order to increase the reliability of the values. Each method.
depends on the observation that epimerization of tetracycline at C·4
is reversible and catalyzed by buffers such as acetate (3). Since each
epimer has a characteristic molar absorptivity t under a given set of
conditions, the molar absorptivity cof a mixture of ATC and EATC
under the same conditions will be given by;
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Table II. Linear Regression or Assay Response on Analate Concentration ror EATC and ATCa.b

Regreuion coefficients
Wavelength,

am Analale Slope Intercept
Standard error

of estimate, Syx
Corret.tion

coefficient, ,

254 EATC 0.982 0.034 0.050 0.998
254 ATC 0.985 0.003 0.016 1.000
275 EATC 0.991 0.018 0.019 1.000
275 ATC 0.998 -0.005 0.012 1.000
429 EATC 0.996 0.013 0.008 1.000
429 ATC 1.002 -0.014 0.012 1.000

Q1\."0 determination.s .for each analate at solution concentrations of 0.016,0.05,0.11,0.16, and 0.32 mg/ml a& the hydro­
chlorides: At the spec!fled assay concentration, these would be equivalent to 0.01, 0.03, 0.07, 1.0, and 2.0% of analate in a
hypothetlC:al tetracychn~ bulk. b Amount found = slope x amount added + intercept, values expressed as absolute percentage
of analate 10 a hypothetical tetracycline bulk.

FIgure 1. ClYomatogram 01 tetracycline hyaochlorida containing 0.6%
(4Rranhydrotetracycline and -0.75% (4S}-anhydrotetracycline, de­
tection at 429 nm

(A) Solvent peak: (8) (4R)-anhydrotetracycline: (e) (45)..ar;lydrotetracycline:
(0) (4R).-letracycline; (E) tetracycline

length of choice for general use in determination of the
anhydrotetracyc1ines.

Linearity and Accuracy for ATe and EATC. Prelimi­
nary studies of detector response at 254 nm showed compa­
rable results either by peak height or by peak area Accord­
ingly, linearity of response by peak height was investigated
at 254, 275, and 429 nm using ATC and EATC solutions io the
concentration range 0-0.32 mg/ml; these would be equivalent
to 0-2% of each epimer in a hypothetical tetracycline hydro­
chloride sample solution at 16 mg/ml. Two determinations
were made at-each of five concentrations, and the data were
analyzed by linear regression (Table II). The correlation
coefficients r were excellent at each of the three wavelengths,
but comparison of the standard errors ofestimate SY' and the
regression coefficients showed that 429 nm gave the best re­
sults. As expected from the spectral data, LD for either ATC
(0.012~g) or EATC (0.007 ~g) was lower at 275 run than at429
nm (0.04 ~g or 0.02 ~g, respectively).

Following the procedure outlioed in the Experimental. a
sample of tetracycline hydrochloride was analyzed before and
after having been spiked with 0.6% each of ATC and EATC
(Table III). A typical chromatogram of the spiked sample
(Figure 1) illustrates both the efficiency of the separation and
the selectivity for ATC and EATC afforded by detection at
429 nm. The average recoveries ± s were 99.4 ± 0.7% for ATC
and 101.0 ± 1.4% for EATC; neither average was statistically
significantly different from 100% at the 95% confidence level
(t-test).

Other Tetracyclines. In order to more fully evaluate the
capabilities of the system, k' was determined for several

the column temperature in the range 25-35 ·C had no sig­
nificant effect on the resolution of EATC and ATC (R. 0< 1.29)
but decreased k' and H markedly for both epimers (Table I).
However, at 50°C overalJ column performance was notably
poorer, and 35·C was chosen as the best compromise. Since
column efficiency and, hence, peak height per ~g injected vary
with temperature, the column should be operated isother­
mally. For accurate determination by peak height, main­
taining constant flow was also found to be important; de­
creasing the flow rate in the range 1.12-0.35 ml/min increased
N.rrfor EATC from 37 to 87.

Sample Preparation. Increasing the amount of TC injected
up to 250 ~g did not significantly increase the assay time (-30
min at 0.5 ml/min) as indicated by return to baseline, although
TC did begin to elute sooner as a result of the column being
overloaded for TC. For adequate sensitivity without inter­
ference to the ATC peak, tetracycline (hydrochloride) samples
were prepared at a concentration of 16 mg/ml in 0.1 N (0.2 N)
aqueous sodium hydroxide. TC and ETC are known U5, 16)
to undergo irreversible dehydrations readily under acidic
conditions, forming ATC and EATC, respectively. Use of the
alkaline solvent would be expected to minimize both anhy­
drotetracycline formation and interconversion of ATC and
EATC (3) prior to analysis. In fact, at5 ·C the standard so­
lution of ATC and EATC in 0.1 N sodium hydroxide is stable
for at least 10 h.

Detection lVauelength. In the mobile phase ATC and
EATC exhibit absorption maxima at 269 and 430 nm and at
268 and 428 nm, respectively. Since the absorptivities were
roughly three times higher at the ultraviolet maxima, detec­
tion was expected to be more sensitive at 269 nm than at 429
nm. However, background absorbance from the mobile phase
increases rapidly below 270 nm. The Du Pont unit used in the
original studies operated only at 254 nm, and, as a result, the
baseline was quite sensitive to flow variations and changes in
the mobile phase composition due to injection of the alkaline
solutions. The Schoeffel unit was unable to compensate for
the high background absorbance below 260 nm. Baseline
stability and short-term noise improved dramatically as the
wavelength was increased to 285 run, but response to ATC and
EATC decreased at wavelengths greater than -269 nm.

Selection of an analytical wavelength will depend on a va­
riety of factors including the availability of suitable detectors
and the presence of interfering substances in complex TC
samples. In our hands, detection at 275 nm afforded the best
compromise between noise and sensitivity. Commercial de­
tectors operating at 280 nm would probably give adequate
results for bulk TC samples. However, TC and many of the
excipients commonly found in TC dosage forms-e.g., ascorbic
acid, ethyl maltol, procaine or propyl paraben-absorb
strongly only in the ultraviolet. Detection at the visible max­
ima for ATC and EATC, although less sensitive than at 275
nm, would increase the selectivity for anhydrotetracycline
determination in such samples. Thus, 429 nm is the wave-
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Table Ill. Analysisa of Tetracycline Hydrochloride b Spiked
with 0.6% EATec and 0.6% ATec

Spike Recovered. %

Replicate No.

1
2
3
4
5

Mean t stand dey

EATC

100.6
98.9

101.0
102.1
102.4
101.0,1.4

ATC

99.7
98.2
99.5

100.0
99.4
99.4 , 0.7

given by the equations y = 1.003 x - 0.003 (ETC) and y =
1.004 x - 0.003 (TC); LV values were 0.06 ~g and 0.07 ~g, re­
spectively. However, TC begins to elute slightly before the
ETC maximum is reached. and low-level determination of
ETC in TC would be somewhat inaccurate. Nevertheless,
excellent quantitative results should be possible for TC with
little or no modification of the HPLC system.
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Q Detector at 429 om. now at 0.5 ml/rnin. column tem­
perature at 35.0 DC. bQuadruplicate analysis of the unspikcd
sample gave 0.146 , 0.004% ATC hydrochloride and 0.007
, 0.002% EATC hydrochloride. c As the hydrochlorides.

common tetracyclines using solutions of 0.5 mg/ml in order
to avoid overloading the column. Detection at 359 nm afforded
maximum sensitivity to TC with minimum response to either
ATC or EATC. Methacycline (k' = 0.87), oxytetracycline (k'
=1.39), and doxycycline (k' = 1.95) were well separated from
TC (k' = 7.3). ETC (k' = 4.7) exhibited adequate resolution
from TC (R, = 1.0) and was completely eluted before the TC
maximum was reached. Chlortetracycline (k' = 5.8) was sep·
arated but not well resolved from TC <R, = 0.4).

Potential usefulness as an assay for ETC and/or TC wa.' also
investigated. Both TC and ETC are slowly degraded in
aqueous alkali (3), but solutions of either one in om N sodium
hydroxide are suitable if analyzed within 5 min of preparation.
For both ETC and TC, peak heights were determined once at
each of five concentrations in the range 0.1-0.8 mg/ml, and
the data were analyzed by linear regression using the 0.8
mg/ml solution as the stand!ll"d. Each epimer showed excellent
linearity (r = 1.000), the concentrations found (mg/mll being
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Separafion and Quantitation of Diazonium Salts as
Heptanesulfonate Ion Pairs by High Pressure Liquid
Chromatography

Edward Fitzgerald

GAF Corporation. 25 Ozalid Road, Johnson City, N. Y. 13790

Quantltatl•• analysis 01 dlazonlum salts In lormulatlons Is
Important for the quality control of diazo r.prographlc products.
Quantltatl•• separations 01 ...eral dlazonlum salts were ob­
tained by r...... phase high pressure liquid chromatography
olth. h.ptanesullonat. Ion pairs. Chromatography was per­
lormed with an octad.cyl bonded phase column and a
bull.r-acetonltrll••Iuent using a u. d.tector. Th. pr.clslon
was 0.2 % standard deviation with good least squares linearity
(0.9988 coelllcl.nt 01 d.t.rmlnatlon) o••r a rang. 01 0.07 to
0.14 % dlazonlum sail. The cIvomatographlc syst.m pro.ldes
good routln. In-proc... quality control 01 dlazonlum salls and
coupl.rs In reprographlc lormulatlons.

Separation and analysis of diazonium sensitizers in repro­
graphie formulations requires an efficient chromatographic

system, especially in formulations containing more than one
diazonium salt. Reversc phase high pressure liquid chroma­
tography on octadecyl bonded phase columns has been re­
ported to perform good separations for a variety of compounds
(J, 2). This type of column yielded a good separation for a
mixture of typical diazonium salts except for the formation
of two peaks for one of the salts. This effect was not repro­
ducible and was particularly troublesome in quantitative
analysis of the diazonium salt. Reverse phase chromatography
of organic ions paired with heptanesulfonate has been recently
reported (3), and it was believed that this ion would form one
peak with the diazonium ion in question. One reproducible
peak was obtained using the heptanesulfonate permitting
good separation and quantitation.

'EXPERIMENTAL

Reagents. Acetonitrile was purchased from Burdick and Jackson,
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Figure 1. Separation of diazoniwn satts with acetonitrile-buffer eluent
on ~Bondapak Co18

Peaks (1. 2). p.N.N-diethylaminobenzenediazonium chloride; (3), 3-methyl-4­
pyrrolldinylbenzenediazonium chloride; (41, 2,5-di-fH)utoxy-4-morphollno­
benzenedlazonium chloride

Muskegon. Mich. The diazonium salts were commercial sensitizers
supplied by Philip Hunt and ABM Chemicals Ltd. and recrystallized
several times.

Apparatus. Chromatography was performed on a Waters C-900
3000 PSI pumping system with a Valco CV·6-HPAX sampling valve
and a Watcrs Model 440 ultraviolet detector. The column was a Wa­
ters 30 em X 5 mm ~Bondapak C-18 column. Chromatograms were
integrated with a Spcctra Physics Minigrator.

Procedure. One-percent solutions of the diazonium salts were
made up in water and stabili7.ed with 1% citric acid. They were diluted
5:f>O in acetonitrile along with a 1(}Jb toluene internal standard diluted
2:50 and injected in the 1O-~1 sample loop.

The buffer consisted of 2.5% potassium phosphate monobasic with
phosphoric acid added to obtain a PH of 3.

RESULTS AND DISCUSSION

2,5-Di-n-butoxy-4-morpholinobenzenediazonium chloride,
'I, (zinc chloride) and 3-methyl-4-pyrrolidinylbenzenediazo­
nium chloride, 'I, (zinc chloride) yielded sharp quantitative
peaks on the octadecyl column using 45 acetonitrile-55
aqueous PH3 buffer as eluent at a flow rate of 1.3 ml/min.
However, p-N,N-diethylaminobenzenediazonium chloride,
'I, (zinc chloride) yielded two peaks, as in Figure 1. Addition
of 0.005 M heptanesulfonic acid to the buffer-acetonitrile
eluent resulted in one sharp peak, as in Figure 2. The precision
was 0.2% standard deviation with good least squares linearity
(0.9988 coefficient of determination) over a range of 0.07 to

Figure 2. Separation of dlazonlum salts In acetonitrile-buffer with
heptanesulfonate added

Peak (1), p-N-N-diethylaminobenzenediazonium chloride: (2), 3-methyl-4-pyr.
rolidinylbenzenediazonium chloride. (3) 2,~i-n-butoxy.+morpholinoben­

zenediazonium chloride

0.14% diazonium salt after dilution. The quantitative data
were obtained by area ratio of the peak to the toluene internal
standard.

CONCLUSIONS

The diazonium ion probably exists as an ion pair in this
system and the double peak of the p-N,N-diethylaminoben­
zenediazonium salt may be the result of ion pairs with two
anions. Formation of the heptanesulfonate ion pair resulted
in one peak_ The retention time of the last salt, which was well
retained, was increased significantly when heptanesulfonate
was added as expected, but the first two salts which elute
rapidly were not significantly more retained as heptanesui­
Conales.

This system is also useful for separation of diazonium salts
and couplers in reprographic formulations. The degree of
quantitation is excellent for quality control application_
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Analysis of Solid Materials by Laser Probe Mass Spectrometry

R. A. Bingham

AEI Scientific Apparatus Ltd., Barton Dock Road. Urmston, Manchester, England

P. L. Salter·

Department of Applied Physics, University of Hull. Hull, Yorlcshire. England

Three types of laser have been examined as sources of Ion
production for trace element analysis of solid materials by
mass spectrometry. Comparison Is made between the lasers
and with the conventional rf spark source. Their analytical
qualities and potential are discussed for the examination 01
both conducting and nonconducting materials.

The conventional means of ionizing solid materials for the
analysis of trace elements in mass spectrometry is by the
radio-frequency spark (I). The laser has an appeal as a com­
petitor because of its inert nature and because it provides the
possibility of examining small regions of single specimens
without the need for special preparation. In the case of the
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Table I. Pulled Laser Parameters

Pulse length, ns
Energy, mJ
Q.swit<:hed
Wavelength, pm
Pulse repetition rate
Mode
Pulse reproducibility

CO,gas

>100
300

10.6
Uptol Hz
Multimode

Ruby

20
10

Dye-Vanadyl phthalocyanine
0.6943

10 s per pulse (max)
Single TEMoo

±15%

NdYAG

15
10

Pockells cell
1.06

Up to SO Hz
Single TEMoo

±5%

Figure 1. Mass spectrometer sexxce arrangement

,source
GlaS8

Specimen

Window

L:uscr t1cnm

.. Ion bean.!...

teracts with the sample. Material is removed early in the pulse
and the energy of the pulse is used in the efficient ionization
of the evaporated material (3). A highly ionized plasma is
produced which expands away from the sample surface. The
use of a high intensity short duration pulse is advantageous
for the following reasons. If the pulse length is long, the plasma
temperature increases and so do the ionization states resulting
in large numbers of multiply charged ions. Also, since the
plasma lifetime is long, radiation from the plasma can cause
local evaporation around the crater which can boil out volatile
elements. Furthermore, a low laser power density «lOsW
cm-2 ) can be shown to discriminate against higher boiling
point elements to the advantage of the volatile elements.

Our work has been carried out mainly in the power density
range 109_10 11 W cm-2 and, at these high fluxes, the laser is
found to be nonselective for a wide range of elements.

EXPERIMENTAL
spark source, a pair of electrodes must be prepared which are
electrically conducting. This can present problems for both
solid and powder samplea. ~'or solids, the aurfaces can be
contaminated from handling or from chemical reagents used
for et<:hing and cleaning the surfaces. In the case of noncon­
ducting powders, these have to be mixed with a high purity
conducting powder, usually graphite, silver, or aluminum. This
has two detrimental effects. First, the material for examina­
tion is atomically diluted by a function of the weight mix and
the atomic weights of the two materials involved, thus re­
ducing analysis sensitivity. Second, any trace elements in the
conducting powder will limit the analysis sensitivity ofthese
elements in the sample. The use of the laser as a means of
ionizing the material overcomes these problems as the speci­
men may be examined directly and in many cases without any
preparation. The electrical conductivity of the sample has
little influence on ion production.

INSTRUMENTAL

In a previous paper (2), we have demonstrated the quanti­
tative analytical capability of the ruby laser for solid materials
and shown that it provides not only a microanalytical surface
technique because of its small beam diameter capability but
also offers the possibilities of both bulk and surface analysis
with a focused or defocused beam. In this paper, we report on
work carried out using three types of high power pulsed laser
source; CO" ruby, and NdYAG; and we compare these with
the conventional spark source. We have not used any secon­
dary ionizing process in our work but have extracted ions di­
rectly from the laser-produced plasma into an AEI MS7 type
double-focusing mass spectrometer. This instrument is of the
Mattauch.Herzog design normally used with the spark source
which is capable of coping with the large ion energy spread
produced by the spark and it was expected to be more than
adequate for the anticipated energy spread from ions of a laser
plasma.

We have concluded that the ideal laser for materials anal­
ysis is a pulsed laser operated in the Q·swit<:hed mode. With
a Q.swit<:hed laser, a high intensity short duration pulse in-

Figure I is a schematic layout of the mass spectrometer source
housing and shows how it has been modified for the ruby and NdYAG
laser systems. The specimen is mounted with its plane normal to the
mass spectrometer and the laser beam is passed through a window
in the wall of the chamber, renected from a mirror through a lens
system to strike the specimen surface at an angle of approximately
45°. Both the lens and the specimen positions can be adjusted from
ouLRide the vacuum chamber to give control of the position of the
specimen and focUH of the heam. Generally, the focal point of the laser
beam is arranged to coincide with the specimen surface in line with
the optical axis of the mass spectrometer but this is not critical. As
will be explained in more detail later, the experimental arrangement
was slightly different when the CO2 laser was used as at the wave·
length of its radiation (~ = 10.6 Jim) germanium optical components
were necessary. A viewing system incorporating a microscope is a)so
fitted to the source chamber and provides a large field of view of the
region to be examined. The area for analysis is selected using a He-Ne
C.W.laser which is aligned along the same optical path as the pulsed
laser. This method of alignment is found to be quite accurate for se·
lecting small regions for analysis. Crater diameters down to 20 Jim
have been obtained with the ruby and NdYAG laser systems.

All results reported in this paper have been recorded on Ilford Q2
photoplaLes. These are ideal detectors for experimental work as they
can detect all isotopes over the mass range 6-240 simultaneously with
the MS7 and enable the effects on all types of ion species to be ob·
served. Photoplates do not have the sensitivity of electrical detection
techniques but are much more useful for overall assessment pur­
poses.

All three lasers used in the experiments produced large pulses of
ions (of the order of several amperes) and it was necessary to support
the accelerating voltage (25 kV) with capacitors. Shielding was nec­
essary to screen the plasma from earthed parts of the source chamber
to avoid accelerating voltage collapse which would reduce ion trans­
mission through the mass spectrometer. Space charge problems were
also experienced in the ion beam within the mass spectrometer and
this was overcome by closing the object slit of the mass spectrometer
(S3) down to 10'Jim width. The resolving power thus obtained with
aU three Jasers was similar to that of the spark source.

Details of the parameters of the three lasers are given in Table I.
CO2 Laser. The laser used was a CO2 solid cathode Transversely

Excited Atm06pheric gas laser. This type of laser has been described
by Pearson and Lamberton (4). The main discharge occurred across
two paraUcl electrodes with edges shaped to a Rogowski profile. Initial
ionization is produced by field emission from a fme trigger wire which
runs parallel to the two electrodes. Field emission induces a sheet
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discharge across the whole length of the electrodes. The laser was a
sealed unit having a discharge length of 28 cm. This meant that no
control over the output mode structure was possible. The multimode
output of the laser had a peak pulse of about 300 mJ. The pulse shape
as observed using a photon drag detector has a fairly narrow initial
peak (half width 100 ns) and along tail of between 1 and 4 JJ.s.

A considerable amount of energy occurred in the tail of the pulse.
The laser was not Q-switched but the maximum power density in the
initial peak of the pulse was of the order of lQ9 W cm-:!. As was noted
carHer, it was necessary to use germanium optical components to
transmit the radiation (>" = 10.6 JJ.m) into the mass spectrometer
source. The radiation was focused using a 1.5-in. (3.8-cm) foca1length
germanium lens and the crater sizes obtained were approximately 300
JJ.m in diameter (on mild steel). Typical crater depths were 10 JJm.
Because of thE: multimode output of the laser, the intensity distri­
bution across the focused beam was not uniform and ··hot spots" or
lobes occurred. The effects of these could be observed in the craters
produced.

Visual element sensitivity on the photoplale was 2000 ppm atomic
per laser shot from materials such as steel and was obtained from a
crater 300 IJ in diameter and 10 JJ.rn deep. By repeating a series of shots,
all superimposed on the same spectrum, a higher sensitivity is ob­
tained. Thus, 1000 shots produced sensitivity of 2 ppm and with a
pulse repetition rate cf 1 Hz the 1000 pulses took 16 min to record.

Using the c021aser under these conditions, volatile element.a were
found to be preferentially emitted and some substances, such as
copper, were low in ion production. This could be expected as copper
is known to be highly renective to the longer wavelengths.

Semiquantitative analysis could be carried out but the relative
sensiti\oity factors of the elements covered a wide range. These aspects
will be discussed later. The large amounts of material removed showed
an ionization efficiency of about 1% despite there being several levels
of multiply charged ion species present in the spectra.

Ruby Laser. Some of the work carried out with the ruby laser has
been reported in a previous paper (2). In this paper wc will present
further results and highlight its differences with the other laser
sources. The NdYAG and ruby laser are found to be very similar in
most respects and their parameters are given in Table I. The ruby
laser had a low pulse repetition rate of 1 pulse every 10 s and gave a
photoplate sensitivity of 1000 ppm per shot. So to fire 300 shots (the
largest number recorded) in order to reach a visual photoplate sen·
sitivity of 3 PPtn required a time of 50 min.

Sshols

FJgur. 2. Ruby laser craters

Table II. Ruby Laser Power Density

Focused spot
diameter jlm

500
160
50
20

ashols

Power, density,
Wcm-2

lOS
lOS
1010

10"

10 shots

The reproducibility of the pulse output was estimated to be ± 15%
using a photodiode measuring system. The amount of material
evaporated, for the same element sensitivity was considerably lower
with the ruby laser thsn with the Co., laser, This is to be expected for
a Q·switched laser (3). A single laser pulse on mild stee) evaporated
about lO-s g of sLeel compared with 6 X 10-7 g with the CO2 laser.

NdYAG Laser. This was a commercial laser system which had a
pulse repetition rate which could be controlled over the range from
single pulses to 50 Hz. This feature provided several advantages over
the other lasers. The major advantage was the greater speed of anal·
ysis, but it also offers the possibility of using electrical detection
methods for either spectrum scanning or peak switching. With the
higher pulse repetition rate, it was possible to use the ion monitor
signal on the MS7 as 8 measure of transmission, and it was reasonably
steady at repetition rates above 20 Hz. This stable signal made it much
easier to tune the mass spectrometer for optimum lransmission.

A single shot from the NdYAG laser gave a visual sensitivity on the
photoplate of 1000 ppm and the spectra showed good quantitative
features.

The power density at the specimen surface is a function of the focus
conditions for a fixed pulse energy, and Table II gives an indication
of the levels used in these experiments. Most work has been carried
out in the power density range lQ9-1011 W cm-2• Latest work has
shown that pulses of about IOU ions are produced in each laser pulse
and the ionization efficiency measured approaches 1()()qb.

Crater dimensions can be varied over the range 20--300 IJm diameter
with depths of 5""m at 20 ""rn diameter in steel down to 0.5""m at 300
""m. Figure 2 shows a set of six elecLron microscope photographs of
the ruby laser craters produced by increasing numbers of laser shots
on steel.

The laser beam is incident at an angle of 450 to the steel surface and
was "in focus" on the surface.

The output of both the ruby and NdYAG lasers is single mode. The
beam intensity profile is Gaussian and, therefore, the highest power
density occurs in the center of the laser produced crater. The power
density falls off at the edges of the beam and consequently there is
a region around the rim of the crater where only melting occurs. Ma­
terial which is explosively removed from the center of the crater also
re-solidifies around the edge of the crater. This is seen in the electron
miclO6COpe photDgraphs shown in Figure 2. The outer region produced.
by melting can be reduced by using an aperture in the laser beam. This
is illustrated in Figure 3 which shows a single shot ruby crater in steel.
The outer molten region has been almost completely eliminated. No
detectable reduction in ion pulse intensity was noticed using this
technique and it tended to confirm our observations that few ions are
produced from the outer regions of the crater.

It is not important for specimen surfaces to be nat. We have ex­
amined such things as irregular fractured rock surfaces selecting in­
dividual mineral grains with little loss in ion signal; but if the angle
between the specimen and the optical axis of the mass spectrometer
is large, then ion extraction does suffer. This aspect and also the amall
probe size enables very small specimens to be examined either em­
bedded in some other bulk material or mounted on the end of 8 pin
or rod.
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Figure 3. Single shot ruby I8aer crete< In aleel

Figure 4. Rock apeclmen of alale

With the ruby and NdYAG lasers, ion extraction is just as efficient
with electrically nonconducting as with conducting materials. Sub·
stances such as glass produce ion pulses of the same magnitude as
metallic samples, and no problems are encountered due to surface
charging as found in other probe techniques. We have also examined
solid organic materials directly although the lasers rapidly dig deep
holes.

We have obtained good spectra from rubber and have examined
plastics, wood, walnuts, and other similar substances. We have only
detected carbon and oxygen in these fairly pure organic materials.
This feature could open up new fields of application in the mass
spectrometry of organic solids.

Sensitivity of element detection is achieved by superimposing
several laser pulses on one spectrum. A single ruby or NdYAG laser
shot has a sensitivity of 1000 ppm and in the case of steel this removes
10-8 g of material. We have found this relationship to be linear up to
the maximum number of shots recorded of 300 pulses for the ruby
laser. Using the NdYAG system with a well focused beam over a large
number of shots, the ion signal falls as the crater deepens becaWie of
the angle between the laser beam and specimen surface with respect
to the optical axis of the mass spectrometer. Aa the crater deepens,
the ions expand back along the laser beam. With a defocused beam,
this effect is reduced; and extrapolating from our figures for a single
shot of 1 pulse removing 10-8 g for lOOO-ppm detection level, one may
expect that at 50 Hz then lOS pulses would remove 1 mg to give a
sensitivity of 0.01 ppm in 33 min. These figures are similar to that
currently achieved by the spark source for the same exercise. In
practice, it is unlikely to compare as favorably because of the cratering
effects previously discussed, but could certainly compete on shorter
less sensitive analyses.

Although electrical detection techniques have not yet been em·
ployed for analysis of the laser ion beams, a higher instantaneous
sensitivity for individual elements could be obtained giving up to a
factor 1()3 gain and providing a detection limit of llbout 1 ppm for a
single shot. With a repetition rate of 30-50 Hz, the spectrum could
be scanned over a large mass range or selected elements peak switched
in a similar manner to that currently used with the spark source and
with detection limits of the same order (0.1 ppm scanning; 0.01 ppm
peak switching).

RESULTS AND DISCUSSION

The spectra obtained with the laser sources are not as
complex 88 the spark source. and the resolving power is similar

.'.~ )
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Figure 5. Laser sensitivity of elements relative to matrix-steel

giving around 3000 at mass 60 (50% peak height definition)
under present conditions. Multiply charged ions are present
in the laser spectra but are at lower levels than the spark.

Figure 4 shows spectra over the mass range 1(}"150 obt8ined
from a specimen ofslate using spark, C02. and ruby laser ion
sources. Each set of spectra are from a separate photoplate,
each recorded in steps 1-3-10, etc. The spark spectra have
been recorded as charge over the range 0.01-3 nC, the CO2
laser spectra over the range 1-1000 shots, and the ruby laser
1-300 shots.

The dispersions of the three sets of spectra are not quite the
same and so have been lined up at mI. 40. It can be seen that
the spark spectra are rich in lines at the lower mass range
because of multiply charged ions compared with those of the
lasers. For example, the doubly charged ion species 39K and
41K found at mle 19.5 and mle 20.5 are very much less dense
in the laser spectra than the spark. Molecular species have
rarely been found in the laser spectra, even in such complex
substances 88 this rock indicating the high energy processes
taking place in the plasma.

Slate is a good example of a nonconducting complex mineral
mixture and demonstrates well the differences between these
sources. The major elements are oxygen, silicon, aluminum.
and potassium with smaller amounts of magnesium, sulfur and
iron. An interesting feature of these spectra is that the small
probe size of the ruby laser has picked out a small crystal of
iron pyrite (FeS). The second spectrum (3 shots) of the ruby
series shows strong 56Fe and 32S compared with their absence
in the single- and ten-shot spectra. The crystal must have
weighed less than 3 X lO-s g and been of the order of a 20-llm
cube in size. The C02 laser and spark sources cover a much
larger surface area and are 'unable to discriminate to such
small dimensions.

The CO2laser spectra show the typical thermal effects on
element selectivity of the more volatile elements as can be seen
for potassium (mle 39/41), rubidium (mle 85/87) and cesium
(mle 133). They are grossly enhanced in comparison with the
spark and ruby spectra and can be attributed to the lower peak
power density and long tail of the laser pulse.

The problem of element sensitivity (normally termed the
relative sensitivity factor) is a measure of the sensitivity of an
element with respect to the matrix element(s). For example,
a volatile element such as sodium in aluminum could show a
high value of sodium with respect to the aluminum, whereas
an element like tungsten could appear unexpectedly low. The
relative sensitivity factors for a range of elements in a steel
standard have been measured for the CO2•ruby, and NdYAG
lasers and are shown in Figure 5. To retain linearity of com­
parison the measurements below unity are reciprocals of the
value Calculated ValuelNominal Value used to obtain the
factors. It can be seen that the relative sensitivity factors for
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Table In. Vl.oual Analysio of NBS Steel Standard 467 with
the MS7/NdYAG Laser (ppm weight)

Concentrations

Element Given Calculated

Pb 6 11
W 2000 2300
Ta 2300 970
Sn 1000 1260
Mo 210 350
Nb 2900 1660
Zr 940 490
Ag 40 116
N. 1400 1340
Ge 30 77
Cu 670 1030
Ni 880 1580
Co 740 1050
Mn 2800 2950
Cr 360 460
V 410 460
Ti 2600 5150
S 100 57
B 2 0.7

Table V. Vl.oual AnalYll.o of NBS Glau Standard 611 with
the MS7/NdYAG Laser (ppm atomic)

Concentration

Element Given Calculated

U 117 80
Th 119 60
Pb 124 120
Ag 142 200
Sr 354 200
Rb 298 300
Zn 407 400
Cu 418 600
Ni 468 1000
Co 398 400
Fe 492 600
Mn 531 600
Ti 548 1000
K 712 1000
B 1920 600

Table vr. Visual Analysl.o or Steel Standard NBS 464 with
the MS7/CO, Laser (ppm atomic)

By using element correction factors and microdensitometry
of the lines, this accuracy should be improved.

Table IV gives the analysis figures obtained from a John­
son-Matthey copper standard CAO using the NdYAG laser
and recorded in the eame way as with the steel analysis. The
photoplate sensitivity taken was that estimated from the steel
analysis and no element correction factors were made.

Table V shows the visual analysis of a nonconducting ma­
terial, NBS glass standard 611 with the NdYAG laser. The
specimen was in the form of a solid disc and the laaer rued
directly onto the surface. The series of spectra were again re­
corded over the range 0.01-3 nC charge and plate sensitivity
taken from the steel analysis. No element correction factors
were used and it can be seen that the accuracy of the results
is similar to those of the metallic samples.

Analysis figures obtained with the ruby laser for the same
materials have been reported in a previous paper (2), and are
very similar in accuracy to those with the NdYAG laser. Table
VI gives the analysis results for NBS steel standard 464 using

Concentration

Given Calculated

Table IV. Visual Analysis or Johnson-Matthey Copper
Standard CAO with the MS7/NdYAG Laser (ppm
weight)

Concentration

Element Given Calculated

Bi 500 326
Pb 400 323
Sb 500 381
Sn 480 276
Ag 470 338
Ga 350 387
Cr 220 120

the ruby and NdYAG laaers are close to unity. They are very
similar to each other and to those obtained for the spark
source. However the CO. laser shows poor sensitivity for the
high boiling point elements, particularly niobium and tanta­
lum where the latter is over a factor of 100 down.

High relative sensitivity factors are not serious if they are
constant, and can be quantitative. But if they are due to
thermal processes wich are dependent on a plasma tempera­
ature which can vary, then they cannot form the basis for a
quantitative technique. In this respect, the CO. system tested
is not such a suitable analytical BOurce as the ruby and
NdYAG systems.

In order to 888eB8 the analytical capabilities of the technique
we have analyzed several well known standard materials.
Table III shows the results obtained by visual photoplate
analysis of NBS standard 467 using the NdYAG laser. The
series of spectra were recorded over the range 0.01-3 nC charge
as measured at the monitor of the ID888 spectrometer. This
gives a measure of the ions passing through the instrument
and is the conventional method of recording spectra with the
spark source.

The concentrations were calculated using an estimated
photoplate sensitivity obtained from the matrix isotope "Fe.
No element correction factors were used. Despite the' fact that
the analysis was made visually, which gives an accuracy of the
order of ±5096 with the line extinction method, it can be seen
that the elemental seOllitivities vary over at most a factor 3.

Element

Pb
W
Ta
Sn
Ag
Nb
Mo
Zr
As
Ge
Cu
Co
Ni
Mn
Cr
V
Ti
S
P
B

54
67

213
204

16
223
166
62

134
12

823
266

1280
13200

840
3240

47
350
307
255

<4
<6
<2

180
<4
12

<20
<4

200
25

500
300

1200
3000

600
400

15
400
300
200
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Flgur. 8. Layer analysis of gold plated brass

the CO, laser and shows again the poor comparison and lack
of sensitivity for many of the elements.

The resll1ts of these and other standard samples examined
show that the laser is capable of semiquantitative analysis of
many types of materials without a similar type of standard as
a comparison.

The reproducibility of element analysis for single laser shot
spectra has been measured to be *20% with the ruby laser
which compares fa\lOrably with a variation of *15% in the
peak power energy. For the NdYAG laser, reproducibility of
analysis was <10% for single shots compared with the manu­
facturers quoted peak power reproducibility of *5%. It would
be expected that the reproducibility of multiple shot spectra
would limit at that of the photoplate emulsion (about *4%).

In the results we have presented, we have not attempted to
demonstrate that the laser source is or can be superior in ac­
curacy to the spark source. This would involve considerably
more work to be carried out than has so far been undertaken
in these preliminary experiments. First, longer exposures of
spectra would be required to be able to densitometer the lines
(the human eye is far more sensitive in the detection of a weak
line than a photometer) and many more standards would need
to be run to determine accurate relative sensitivity f&ctors.
Using these methods, there is no reason to doubt that the laser
could analY2e to an accuracy at present attained by the spark
source of about *10% using photoplates. Electrical detection
could improve this further due to its higher sensitivity and
more precise measuring capability.

We have so far discussed the use oflaser probes mainly from
their semiquantitative analysis capability but it must be re­
membered that the amount of material removed to achieve
this accuracy is small. By defocusing the beam, thinner layers
can be removed down to approximately 0.2 I'm per shot, IEloy
et al. (5, 6))_ To demonstrate this, we have examined a speci­
men ofbr... sheet, which has a gold layer on the surface, with
the ruby laser. The beam diameter was adjusted to 200 I'm and
the erosion rate of the gold surface was measured to be 0.9 I'm
per shot. A series of spectra were recorded each spectrum
being composed of three laser shots.

Figure 6 sbows densitometer measurements of the gold and
copper as the laser eroded into the material. It can be seen
from the curves that the interface is about 27 I'm deep and,
by examination of the specimen cross section by microscope,
the mean gold depth was measured to be 29 I'm.

Each recorded spectrum of three shots gave an element
sensitivity of 300 ppm and so all elements present in the layer
removed for each spectrum could be detected down to this
level. The distribution of elements through surface layers
could be measured using this method.

Conversely by focusing the laser to a fine focus, spatial
analysis can be obtained across the specimen surface. Line
scans or area mapping can be obtained by recording a series
of spectra across the area of inlerest and the photoplate will
record all elements above 1000 ppm simultaneously for a
single shot. More than one shot in each position will increase

the sensitivity according to the number of shots. By using
electrical detection, individual elements could be monitored
to much lower detection levels and the surface analysis
method would be analogous to that undertaken at present by
the ion probe.

Solution analysis could be carried out by evaporating the
liquid on a flat surface of polythene. With a defocused laser
beam, the surface deposit would be analY2ed along with some
of the polythene but this would only contribute carbon and
oxygen lines (assuming high purity material) because of the
low molecular formations of the laser source. Higher element
sensitivity would be obtained than with the spark source be­
cause the liquid deposit would not require mixing with
grapbite as previously discussed. A moving tape with one or
seversl deposits on the surface could be run through the ion
source providing on-line analysis. The laser also offers the
possibility of multiple sample loading in the source chamber.
This is difficult with the spark source as two small electrodes
have to be carefully aligned with each other and the optical
axis of the mass spectrometer, and there is thus a danger of
contamination from sputtered material. However, with a
single specimen which only requires moving into a fixed po­
sition for analysis it should be possible to design a source
chamber capable of holding several specimens at one loading
and to move each one into the analysis position in turn. This
would speed up the analysis cycle by saving on the pumping
time normally necessary between each sample.

CONCLUSIONS

The laser can now take its place as an analytical source in
mass spectrometry for the examination of solid materials. It
has been shown to be capable of providing semiquantitative
analysis on different types of materials and can pwduce
spectra from unusual specimens such as organic substances.
It is yet to be seen if the latter can provide meaningful ana­
lytical results.

The laser source competes directly with the conventional
spark source in all respects and offers the further advantages
of surface analysis, analysis of nonconducting materials,
minimal sample preparation, negligible molecular contribu­
tions, and simple spectra.
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Concentration Instabilities in Liquid Chromatography

John C. Helmer

Varian Instrument Dlvl.lon, Palo Alto, Calif. 94303

Chromatography "'"h mixed solv.nta may produc. concen­
tration oac:lllaUone when the vtacoIlty of the mixture varlea with
tho conc.ntratlona olth•. llquld compon.nta. The charact.r·
Istlcs of th. oscillation d.p.nd on th. solv.nt syst.m. Two
kinds of solv.nt syst.ms hay. been Idf/ntlll.d, dep.ndlng on
wh.th.r the solv.nts ar. wat.r blis.d or non-aasoclatlng. A
math.matlcal mod.1 Is d.rlved which d.scrlbes th••xperl.
mentslly observed oac:lllationa In a duaJ-pump gradient system.
Syst.ms may be stabilized by sev.ral methods. These Include
using larg.r mix..., using a circuit d.slgn which utlllz.s the
IImlt.d fr.qu.ncy r.sponse of th. column, using a constant
pr.ssur. valv., and ualng pr......r. derlvatlv. feedback on \he
liquid flow rat.s.

lation exists as a wave traveling down the line between the
mixer and the column. If there is lSO° phase change in the
oscillation, between mixer and column, then the column will
see a reduced viscosity as the viscosity is increasing at the
output of the mixer. Then the condition that the pressure
decrease as the concentration of water increases (at the output
of the mixer) will be satisfied. In this case, it is the time delay
between mixer and the column which is the primary frequency
determining element of the fluid circuit.

In the following sections, we analyze the elements of the
fluid circuit. We put these elements together in a mathe·
matical model and derive the characteristics of the oscillation.
We examine the conditions for stability and present experi­
mental evidence in support of the theory.

We have aVlaL ~ A ~ cross section area, dL/dt ~ -u, and
aplap ~ kpo. where k is the compressibility of the fluid and
Po is its density. Thus Equation 1 becomes

(2)

(3)

(4)

dM ~ pAu _ pokY dP
dt dt

The volume flow rate is given by

Q ~! dM ~ Au _£!!kV dP
pdt p dt

For small fluctuations, it is sufficient to set p ~ Po- Also Au "
Qo ~ equilibrium flow rate, and Equation 3 becomes

MODELING THE CIRCUIT ELEMENTS

Syringe Pump. Figure 2 shows a syringe pump. We sup­
pose the pump is full and the piston is traveling inward with
velocity u. The volume V is a function of the lenglhL of the
cylinder, and the fluid density p is a function of the pressure
P. Thus the mass.flow rate out of the pump is given by

dM~_~(pV)~_paVdL_VapdP (1)
dt dt aL dt ap dt

Equation 4 shows that the flow rate out of the pump is in­
fluenced by pressure changes, due to the compressibility k of
the liquid and the volume V of the reservoir.

Although V is reduced in time due to the motion of iIle
piston, we make the approximation that the change in V is
negligible over a period of oscillation. In the oscillation anal­
ysis, V is taken to be constant, and, from this viewpoint, the
syringe pump appears as a reservoir of constant volume con­
nected to a pump which forces liquid through it at rate Qo as
in Figure 1.

Mixer. If two pumps containing different solvents are
connected to a mixer of volume Vm, as in Figure 3, how does
the output concentration change with pressure? Solventa 1
and 2 are input to the mixer at rates Q,(t) and Q2(t),respec.
tively. Mixing is instantaneous. Let c be the concentration of
Solvent 1 in the mixer. This is defined as the volume in the
mixer ofSolvent 1, divided by the volume of the mixer. We do
not know c, but we can calculata ita change <l.c in an interval
<l.t. In the derivative limit, this is given by

High sensitivity in high pressure liquid chromatography
(HPLC) requires a pulseless, constant flow rate from the
solvent delivery system. Problems in pulse damping on sys·
terns employing reciprocating pumps of small volume (less
than 1 ml) have led to the design of constant flow syringe
pumps of larger volume (e.g. 250 mI) (for example, the System
8500 HPLC, Varian Aerograph, Walnut Creek, Calif.) As used
in gradient elution, two syringe pumps containing different
solvents are connected to a mixer, such that the volume flow
rate out of the mixer is constant, while the concentration
varies according to a predetermined schedule. The mixer is
connected to a chromatographic column whose resistance to
flow depends on the viscosity of the liquid stream. When
solvents of different viscosity are mixed, it is evident that the
column resistance will vary with concentration of the mixture.
This effect, coupled to the compressibility of the reservoirs,
has been identified as the probable cause of oscillations oc·
casionally observed in using water-methanol gradients, (J,
2).

The effect of fluid compressibility on isocratic (single sol­
vent) HPLC has been previously treated by M. Martin et aI.
(3), and will not be discussed in this paper.

SINGLE RESERVOIR MODEL

Imagine a situation in which two fluids, 1 and 2, are mixed
and passed through a column, as in Figure 1. Fluid 2 is in­
compressible and is delivered to the mixer at a constant flow
rate. Fluid 1 is compressible in its reservoir, and the reservoir
fluid is replaced at a constant rate by a pump at its inlet. Fluid
2 is more viscous than 1, and 2's concentration after mixing
is 90% by volume.

The mechanism of instability is as follows. Suppose the
pressure across the column drops slightly. This will allow fluid
1 to expand out of the reservoir to increase the concentration
of 1 relative to 2. This produces a decrease in viscosity of the
mixture which can further lower the pressure across the col·
umn. The process may be cumulative and the composition of
the mixture may refuse to stabilize at the 90% 2, 10% 1 set­
point. The form taken by the concentration-pressure fluc­
tuations depends on the fluid circuit parameters which will
be analyzed.

The water-methanol instability is one in which 2 is meth·
anoland 1 is water, except the viscosity increases as the per·
cent of water increases. In this case, the concentration oscil-
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Figure 1. Modelle oscillator with single reservoir

Figure 2. Model of a syringe pump

Figure 3. Model of a fluid mixer

where k , and k, are the compressibilities of the two solvents,
and P is the pressure variation. Then from Equation 8, we
obtain,

(14)

Column. The pressure across the column varies because of
changes in flow rate and changes in concentration of the mixed
fluid passing through it.

- nap ap 0 -
p ='t aQ + e ac = Rd + QoR (13)

The term Rd = ap/aQ is the differential column resistance.
R is the variation in column resistance due to changes in
concentration e. If Ro = PolQo is the equilibrium column re­
sistance, we have from Equation 13

R = Ro (..!..-~) e = Robe, b ~ (1/Po)aPlac
Po ac Q"'const.

The constant b is a critical parameter, since the fluid system
can be unstable if Ib I> 1. The value of b depends on the op­
erating point on the curve of pressure vs. concentration.

In the glass bead columns used in the experimental part of
this work (Bio Glas-1500 A, 40-~ particles), the resistance to
flow rate is constant, Rd = Ro, and we will assume that this
condition holds.

Equation 14 will be used when changes in e are slow enough
in comparison to the void volume exchange time of the col­
umn, that e is approximately uniform throughout the column.
In general it is necessary to assume thate = e(t - xlv), where
v is the fluid velocity and x is a position along the length of the
column. If the column is homogenous, which we assume, then
b is constant along its length. Then the variation in column
resistance is given by

R=Rob rLe(t-~)~=Robf' e(T)~ (15)Jo v L t-r~"c

where c(t) is the concentration variation at the entrance to the
column, L is the column length, and.,c is the column void
volume exchange time.

Ife is a steady state oscillation represented by e = exp jw(t
- xlv), then from Equation 15, we have

- (sin wT,/2) . JR = Rob wTJ2 exp )w(t - T 2) (16)

We conclude that with steady-state oscillations, a distributed
column is equivalent to a point resistance with the following
properties. The resistor is located downstream from the col­
umn entrance by a time equal to T,/2, and the effective value
of b is reduced by the factor (sin UJT,/2)/wTJ2}. We note that
wl2rr = liT, is the cutoff frequency for the column response
to variations in concentration.

(5)

(8)

(7)

(9)

(10)

(12)

(11)

eo= _k,V,c,-k,V,cI. dP
Qo dt

dc Q, - C(Q, + Q,)
dt"= Vm

Each parameter is given an equilibrium value x plus a variable
value i. Thus

<!E+~ Q,c,-Q,c,_~
dt T m Vm f m

where Trn = VmlQo is the volume exchange time of the mixer
and c, = I - C,. In Equation 7 we find that

Co Q,c, - Q,c,
Qo

Q, =QIO + Q.. Q, =Q,o + Q" QIO + Q,o =Qo

QIO
C = c, + e, c, = QIO + Q,o (6)

When Equation 5 is expanded to first order in the variable
quantities, we obtain

is the concentration variation produced by a mixer of zero
volume, Vm= O.

Roughly speaking, an analysis of Equation 7 shows that, at
time t. the mixer outputs 8 concentration which is an average
ofall concentrations entering it in the time interval t - Tm to
t. The response to a delta function input is an exponential
exp(-t/Tm), and the response to a general input eo(t) is

i ' (T - t) dTe(t) = eO(T) exp -- -
T __ a> f

m
f

m

Double input ports for Q, and Q, are not conceptually nec­
essary, and a single port is sufficient to input the concentration
function eo(t}, previously generated by a mixer of zero vol­
ume.

!fthe mixer is driven by two syringe pumps of volumes V,
and V" such that Co arises from the expansion of these res­
ervoirs during pressure changes, then Q, and Q, are obtained
from equations of the form of Equation 4. Thus

0, = -k,V, dP
dt

0, = -k,V, dP
dt
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the growth constant and '" the angular frequency. Thus, the
previous variables are represented by a set of complex am­
plitudes s, c, and co, such that

PPo = Re(seP'), C= Re(ceP'), Co = Re(coeP~) (26)

The u.rm Re means "real part of." When Equations 26 are
substituted into Equations 20, 21, and 24, we obtain

(29)

(27)f o dT
S = -pTs + bee-pTo ePT-

-'c Tc

Co
C= 1 + PT

m
' Co = -c,pT, (28)

When Equation 28 goes into Equation 27, we obtain an
equation which may be solved for p,

1 bcze- p " (1 - e-p ,,)--=1+--- ---
pT 1 + pTm pT,

This general equation includes the mixer-to-column time
delay TO, the mixer integration time T m. the column volume
exchange time T" and the sysu.m time constant T. Special
cases will now be examined.

General Solution to 1st Order in a. Equation 29 may be
rewritten

(17)

SYSTEM ANALYSIS

Pressure is uniform throughout the sysu.m preceding the
column, and it varies at the column according to Equation 13,
with Ii given by Equation 15. If c(t) is the concentration
output of the mixer, and there is a delay time TO between mixer
and column, then the concentration input to the column is c(1
- TO). Thus the preBBure variation is given from Equations 13
and 15 by

Length of TubiDg. We assume that 88 a circuit element a
length of tubing is represented by a simple delay time TO

equivalent to its volume exchange time. Thus if the concen­
tration enu.ring the tube is exp j",l, the concentration leaving
isexpj",(1 - TO). This assumption implies that plug flow ex­
ists in the tube.

The parameter TO is very useful in the inu.rpretation of
experimental observations. However, some degree of laminar
flow must exist, depending on the tube diameu.r and wall
finish. In relation to the present subject, the concentration
transfer equations for laminar flow are somewhat intractable
and, in any case, they do not seem to be necessary for inu.r­
pretation of the oscillations.

and from Equations 12 and 19, we obtain

Co = _ (hI V,Cz - hzVzCI) I... d? (22)
hi V, + kzVz Po dl

Equation 22 shows that expansion of the fluid in the reservoirs
produces no change in concentration if

Po = RoQo is the equilibrium condition, and we set Rd = Ro­
From Equations 10 and 11, we have

d!'
Q =Q, + Qz = -(h, VI + hzVz) dt (18)

When Equation 18 goes into Equation 17, we recognize the
system time constant

This condition will stabilize the sysu.m against oscillations,
but it is too restrictive on the operating conditions to be of
practical use in chromatography.

If Vz = 0 in Equation 22, it reduces to a form representative
of the single reservoir system shown in Figure 1.

Co = - czTd? (24)
Po dt

We will use this form because, without 1088 of generality, Cz
may also be employed to designau. the general u.rm,

h, V,Cz - hzVzCt (25)
C2- k t V

1
+k

2
V

2

Equations 20, 21, and 24 provide a complete system of equa­
tions which may be solved to obtain the transient response of
the sysu.m.

Analysis by Exponential Functions. We anticipate a
solution of the form exp (PI), where p = a + j"" with a being

(31).-p., = (I - aTo).-jBo

where 00 = WTo.

Mixer: Let Am = ,,11 + W2 T m
2• tan Om = WTm, then

1 + pTm = (Am + arm cos Om)

X exp j (8m - ::= sin 8m ) (32)

Reservoir: Let A, = VI + 1/(",21'2), tan 8, = V",T, then

1 ( a cos 8.) .( a sin 8.) )
1 + pT = A, + wZT eXPi -8, + ",zTA. (33

Column: Let A, = (sin 8,/2)/(8,/2),8, = WT" then

1 -.-"" = (A, - ~sin 8,/2)
pTe W

.(-8, a a cos 8<12) (34)
XeXPi 2+;:;-~

On substituting Equations 31-34 into Equation 30, it is re­
quired that the phases sum to give zero or a multiple of .., if
they are combined in the same exponenL

8,
n .. =80 +'2+ 8m - 8•

(

-Tm sin 8m sin 8, 1 cos 8.12)
+a ~+A,,,,2T-;:;+~ (35)

where n = 0, 1,2,3 ...
The a u.rm in Equation 35 represents a small correction to

the su.ady-stau. phase condition. This correction is of no
particular interesL Taking a = 0, we wriu. tan (80 + 8,/2 - n..)

( 1) (1 - '-P")0= (I + pTm ) 1 +- + bcze-p " --- (30)
pT pT,

Ifwe set p = jw and solve for "', we get the su.ady-stau. os­
cillation frequency together with the required value of bcz
such that" = O. To include the atu.nuation rau. a, we expand
each p function in Equation 30 about p = j", to first order in
a. If for a = 0, each function is represenu.d by an amplitude
and a phase, then a introduces a real expression which changes
the aroplitude and an imaginary expression which changes the
phase. Thus, we obtain the following quantities.

Time delay:

(23)

(20)

(21)

(19)T=Ro(h,V, +hzVz)

so the general form of Equation 17 is

dP i' dT?=-T-+Pob C(T-TO)-
dt l-,c Tc

At the output of the mixer, c(l) is given by

~+~=~
dt Tm 1m
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Figure 5. The phase angle WTc and attenuation per cycle for positive
b oscillations generated only by the column transit time T c. n = 1

(40)

(42)(
I - e-'''')O=I+bc, ---

pT,

We multiply through by pT, and separate real and imaginary
parts of Equation 42.

chosen to achieve stability. These parameters are WTm,wT, and
WTc•

An effective method of quenching the n = I mode of oscil­
lation is to minimize the volume of the mixer and the con­
necting tube such that TO + Tm « TJ2. Then Equation 38 gives
the frequency of oscillation by wT,/2 = 7r. But then (sin
wTJ2)/(WT,/2) = 0 and Equation 40 indicates stability for all
values of bc,.

For negative values of bc, in the n = 0 mode, the frequency
will tend to be so low that (sin wT,/2)/(WT,/2) "" I. If Tm » TO
+ T ,/2, then Equations 36 and 40 reduce to

I
W = vr;;;: Ibcd < I + TmlT (41)

This oscillation (as well as the previous one) is quenched
by increasing the volume of the mixer and reducing the volume
of the reservoir.

Exact Analysis of Column Oscillations for tbe n = I
Mode, (positive b) and TO = Tm = 0, T = "'. The previous
analysis of column damping violates the assumption of small
a. An exact treatment is possible when the column is tbe only
frequency dependent circuit element.

The non-steady state behavior is given by solution of
Equation 29 with Tm = TO = O.ln addition, we take T = ~,as

this is often a good approximation. Thus Equation 29 be­
comes

0= aT, + bc,\1 - e-n " cos WT,) (43)

0= WTc + bC2e-nT(' sin WTc (44)

By inspection, a particular solution is WTc = 311"/2, bC2 = -aTe

= 1.3. We can expand Equations 43 and 44 about this solution,
such that WT c = 3Jr/2 + 0. cos WTc = 0, sin WT c = -1. We then
eliminate 0 between Equations 43 and 44 to obtain a quadratic
solution for bC2 as a function of aTc. Given bC2 and aTc we can
then calculate 0 and WTc' This solution is given in Figure 5.

As expected, damping is obtained for all values of be,. As
bc, exceeds the value 3, the damping per cycle becomes rather
small and approaches zero as bc, - ~. At bc, "" 2, the ringing
amplitude is reduced by a factor of e in each successive cycle,
and the damping is very rapid for smaller values of bC2.

Especially if be, is not too large, the elimination of the
connecting volumes to make T m , TO ~ 0 is an effective way to
stabilize the system against n = I oscillations.

Analysis of Instabilities for n = 0 (negative be2 ) and
Large Damping. For n = 0, the frequency is very low and a
useful approximation is that e-P '. = I - PTO' We set PTc ""

0, and then Equation 30 yields the quadratic equation

(38)

• _ ( I ) 1/2 (37)
w- T(TO+Tm +TJ2)

The n = I mode may be observed under the conditions wT »
I, WTm < I; such that from Equation 35

(39)

Figure 4. Graphical solution for the oscillation frequency w. at a =
o

Undamped oscillation exists when a 2: O. Thus, the condi­
tion for stability is a < 0, or

Ibc,l < AmA, =~ vI + l!w
2T2

A, sin wTJ2

wTJ2

If the expected value of Ibc,l for different solvent systems
is known, then the parameters of the nuid circuit may be

= tan (0, - Om), from Equation 35. Thus, the steady-state
frequency of oscillation is given by

( + 12) (IlwT) - WTm (36)
tan WTo WT, = 1+ TmlT

Equation 36 has an infinite number of solutions for w, and the
graphical solution is indicated in Fig. 4. The even-order roots,
Il = 0, 2, 4, ... require that bc, be a negative quantity, whereas
the odd-order roots, n = 1,3,5, ... require that bc, be positive,
as shown below. These two sets of solutions correspond to the
two types of solvent mixtures, e.g., hexane-isopropanol
(negative b) and water-methanol (positive b).

There are two special cases of interest, because these arethe
oscillations which have been observed. These are the n = 0
(negative b) and n = I (positive b) modes. The n = 0 mode
gives very low frequency oscillations involving the system time
constant T. For WTo + wTJ2 < I and TmIT« I, Equation 36
gives the solution

The period of oscillation, 27rlw, is equal to twice the net transit
time, TO + Tm + TJ2,and the frequency is directly proportional
to now rate. This condition provides a simple test of the os­
cillation mechanism.

When the phase sum in Equation 35 is satisfied, then
Equation 30 is real and the coefficient of b is negative or
positive depending on the total phase, n7r. When the magni­
tudes of Equations 31-34 are multiplied in Equation 30, we
retain only 1st powers of a. This process yields the following
solution for a.
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Figure 6. The frequency w and attenuation a for negative b oscillations
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(47)

0= (1 + pTm)(p + lIT) + bc,p(1 - pTO)

or

p2(Tm-bc2TO)+P (1+~+bc2)+IIT=0 (45)

Figure 6 gives the solution for TO = 0, TmlT = 4, and also
gives the formulas for values of certain characteristic points
of the solution. Thus the region of undamped motion is de­
fined by bC2 ~ -(1 + TmIT). For any given solvent system
characterized by a maximum negative value of bC2, the mixer
volume may be chosen to give a value of T m such that the
transient motion of the system is damped.

In the non-oscillating regions, for bC2 < -(1 + .,;;;;:;T)2 and
bC2> -(1 - V Tm/T)2, the molion is characterized by two time
constants, both positive or both negative, respectively. At b
= 0, these correspond to the time constants T and Tm of the
reservoir and the mixer. Experimentally it is the longest time
constant (smallest a) which is observed, and this leads to a
clear distinction in the behavior of negative b vs. positive b
systems. Beginning in a stable region (small value of bC2), as
the concentration ratio is changed to take bC2 into an unstable
region, if bc',! is going negative the observed time constant will
get shorter, whereas if bC2 is going positive the time constant
will get longer.

Saluration Oscillations. For sufficiently negative values
of bC2, Figure 6 indicates a nonoscillating motion of un­
bounded exponential growth, which is physically impossible.
This growth is limited by "saluration" which reduces the ef­
fective magnitude of bC2. By setting TO = Tm = Tc = 0, we
eliminate all phase shifts which dominate the previous anal­
yses and expose the exponential instability that occurs when
bC2 <-1.

In general, the equilibrium pressure is a nonlinear function
of concentration, and the concentration is a nonlinear function
of Q. Thus Equations 13 and 18 should be written

:0 nf, an (&r ! = - fo~ (46)

where Po = RoQa is the equilibrium condition and the an's are
constants. The term a, correspands to 1 + bC2 in previous
notation. a2 gives rise to a shift in average pressure and the
generation of second harmonics. a3 is important for saturation,
since the effect.ive value of a ,QIQo can be taken from the 1st
and 3rd terms in the summation.

( Q) Q [ a, ( Q)2]01- =al- 1+- -
Qo oil. Qo a, Qo

If a:Ja, is negative, the Q2 term in Equation 47 has a dc
component which reduces the effective value of a, as the

amplitude Q increases. The physical situation with respect
to HPLC has not been analyzed in detail. We find that the
solution of Equation 46 with a 1 negative and OJ positive gives
rise to oscillation with a sawtooth waveform, in which the
amplitude is proportional to (-a,3/a,)1/2, and the period is
equal to 1.5 olT:

Experimentally, such oscillations would be most easily in­
vestigated by using a zero volume mixer, no time delay To. and
by replacing the column with a valve so that T, = O. Also, as
TO + Tm - 0 in the previous analysis, that solution must make
a smooth transition into the solution described here. This area
has not been experimentally investigated.

RESULTS

Water-Methanol Solvent Syslem. Water-methanol
mixtures have been described by Hettinger, Pertuit, and
Munk, U, 2). A measurement of normalized pressure vs.
concentration at constant flow rate is shown in Figure 7, which
is interpreted with the aid of Equation 14. The magnitude of
b in Equation 14 is maximum at the end points of the con­
centration scale. Ifc measures the concentration of methanol,
then b = IIPo(ap/ac) is maximum positive at c = 0% and
maximum negative at c = 1()()9b. However, both ends represent
a positive b instability in the single reservoir representation
of Figure 1. This is because the coefficient which multiplies
b, represented by C2 in Equation 25, changes sign in passing
from one end of the concentration scale to the other. In the
single reservoir model, the reservoir contains the minor fluid
component, and lhe sign of b is determined by the variation
of pressure with this minor component. The major fluid con­
centration is now designated by C2. and it can"be seen in the
term bC2 that the instability is enhanced by working at C2 ""

1. Thus, positive b oscillations are generated at 95% H2O-5%
MeOH or at 5% H20-95% MeOH.

Experiments were done with a Varian Model 8500 HPLC.
For V (H20) = 200 mI, V (MeOH) "" 20 ml, Qo = 100 mVh. Po
= 200atm, TO "" 1.5 min, Tm = 0.24 min, and a fluid composi­
tion of 5% H20-95% MeOH, harmonic pressure oscillations
are generated with a period of about 3 min. The influence of
the system time constant, T ~ 2 min in Equation 6, is negli­
gible and Equation 38 for the n = 1 mode applies. The fre­
quency of this mode is accurately proportional to flow rate,
as predicted by Equation 38. When C2 = c (MeOH) is varied
in stepwise fashion from 8 stable region at 50% toward 100%
MeOH, the active time constant increases in approaching the
unstable region, according to the discussion of Figure 6.

Equation 38 for the frequency of oscillation was verified by
placing various lengths of tubing between the mixer and the
column, to get various values of TO- The total delay time 7, =
TO + Tm + TJ2 from mixer to column was measured by intro-
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where

Flgur. 8. Pressure vs. concentration of isopropyl alcohol In hexanes
and acetone. at constant flow rate
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As the transit time 'To + T m + TJ2 is reduced towards zero;
the behavior of the n = 0 mode should pass progressively from
the oscillating condition expressed by Equation 37 to the
saturation oscillation described in the text. Further experi­
mental and theoretical work is warranted to describe this re­
gion of operation.

Higher Order Modes, n > I. The preceding sections de·
scribe observation of the n = 1 and n = 0 modes of oscillation,
respectively. In principle, one could observe the n = 0, 2, 4, 6,
... modes simultaneously, and the n = 1,3,5,7, ... modes
simultaneously. These higher order modes have not been seen,
and the reason is probably that the system picks that mode
with the highest gain and oscillates solely in that mode. The
higher order modes might be observable under brief, transient
conditions.

Examination of Equation 40 suggests that a higher odd­
order mode might be generated by minimizing the mixer
volume and increasing the transit time TO to lower the fre­
quency. This will increase the threshold value of bcz through
the term ilwzT2. At some point, the system will choose to re­
duce the threshold by jumping to a higher frequency at a
higher n value.

CONDITIONS FOR STABILITY

This text has shown that, under certain special conditions,
it is possible to obtain concentration oscillations in gradient
chromatography. Although observation of these oscillations
has been infrequent, it is worthwhile to have a system which
is stable under all conditions. Overall stability can be achieved
by the following means.

Usc of a Constant Pressure Valve. This technique was
first suggested by M. Munk (2). If an automatic valve is in­
stalled at the outlet of a reservoir, such that the reservoir
pressure is held constant, then dP/dt = o. This eliminates the
transient fluid flow described by Equation 4 and quenches all
oscillations. In addition, the use of a conslant pressure valve
enhances the general performance of the system (6).

Elimination of Connecting Volume between Mixer and
Column. As described in the text, if TO = 0, then the n = 1
mode in the water-methanol system will not oscillate. This
plumbing configuration has improved the gradient perfor­
mance of the system (6).

Pressure Derivative Feedback. Equation 40 shows that
the system may always be stabilized by reducing the reservoir
time constant T. One method would be to reduce the reservoir
volume. Another method is to feed back to the reservoir pis­
ton, a velocity which is proportional to both the pressure de­
rivative dP/dt and the reservoir volume V. In the right pro­
portion, this will introduce a transient flow which will cancel
the pressure generated transient flow in Equation 4. Complete
cancellation cannot be achieved because it is impossible to
measure the instant value of dP/dt. Some measuring time
delay Te is required, in which case the minimum achievable
reservoir time constant is about ~. This still allows a
significant reduction. It can be shown that this method is
equivalent to a reduction in the fluid compressibility.

Increase in Mixer Volume. Equation 40 also shows that
the system may be stabilized by increasing the mixer volume.
This technique is less desirable than the others because it
tends to introduce an unacceptable time lag between the
gradient program as delivered by the pumps and the gradient
program as received by the column.
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dueing a step change in concentration, and noting the time for
this step to reach the column and change the pressure across
it. Taking w as the observed frequency, we obtained in all cases
the value WT. ==: 11', in agreement. with Equation 38.

Theoretically a value b > 1 is necessary for undamped os­
cillation. Figure 7 shows that b values of 2.4 and 4.6 are
available at the ends of the scale_ Thus, undamped and
growing oscillations can be obtained. The proposal to damp
these oscillations with TO = 0, by connecting the mixer directly
to the column, as discussed in regard to Figure 5, was tested.
With a mixer of about 10-3 ml volume, no ringing could be
obtained (4).

Isopropanol-Hexane or Acetone Systems. Postive b
systems as described in the previous section apparently occur
only in water based mixtures in which there is a high degree
of molecular coordination. Isopropanol with acetone or hexane
forms a negative b system which is characteristic of non-as­
sociating (Kneser) liquids (5). In these systems, the viscosity
is always less than a linear extrapolation between the con­
centralian end points. This behavior can be described as a
linear combination of viscosities which are themselves a
function of concentration.

Let CI be the concentration of one liquid with viscosity ~II,

and Cz = 1 - CI be the concentration of the other liquid with
viscosity ~22. We have found that the total viscosity ~ of a bi­
nary mixture of Kneser liquids is approximately described by
the following relations.

.!. = .3. + cz, .!. = .3. + C2 (49)
'11 '111 '112 '12 7121 '122

and ~IZ = ~Zl is the intermolecular viscosity of liquid No.2
with respect to No. I. Equations 49 are suggested by gas phase
viscosity relations. Equations 48 and 49 may be fitted to ex­
perimental data to yield a value of ~IZ' For example, the slope,
d~/dcl at c, = 0, is given by ~lZ - ~lJ~zl. Given the value of
~22, the experimental slop~ determines ~12. This formulation
may be compared to the one by Herzfeld and Litovitz (5).

A measurement of normalized pressure vs. flow rate for
hexanefIsopropanol and acetone/isopropanol systems is shown
in Figure 8. Maximum negative b values of 1.6 and 2.9 are in­
dicated at 100% isopropanol. Weak oscillation may be ob­
tained with hexane, and stronger oscillation with acetone,
which has a higher b value. A period ofoscillation in excess of
8 min was measured with the shortest possible delay time
between mixer and column. The frequency predicted by
Equation 37 seems to be roughly correct, although no detailed
verification was made.

1746 • ANALYTICAL CHEMISTRY, VOL. 48, NO. 12. OCTOBER 1976



LITERATURE CITED

(1) J. Heninger and R. Pertutt, ~pU:llIshed work. Varian Associates, Palo Alto.
Calif.

(2) M. MlWlk and S. Relfsnelder. private C()mmunlcaUon, Varlbn Associates.
Walnut Creek. Calif.

(3) M. Martin, G. Blu. C. Eon. and G. Guiochon. J. Chromatogr. 112, 399
(1975).

(4) A. Abu-Shumays, private corTWnoolcation. Varian Associates, Palo Alto.
Calif.

IS) K. F. Herzfeld and T. A. L1tovltz. "AbsorpUon and OlspersJon of Uttrasonlc
Waves:' Academic Press. New York. 1959, pp 425-427.

(6) S. Abbott. J. Berg, P. Acnener. and R. Stevenson, J. ChromatO(T.• to be
published.

RECEIVED for review April 28, 1976. Accepted June 30,
1976.

Liquid Chromatographic Identification of Oils by Separation of
the Methanol Extractable Fraction

W. A. Saner,· G. E. Fitzgerald, and J. P. Welsh

u.s. Coast Guard Research and Development Center. Avery Point. Groton. Conn. 06340

A liquid chromatographic 011 spill Idenmlcatlon technique
employing dual ultraviolet detection was developed. The
methanol-extractable fraction was removed from the 011
samples and separated on a reverse-phase column using a
water/methanol gradient. Ratios 01 the peak heights 01 two
closely eluting bands (a =1.01; detector A=254 nm), com­
mon to all oils studied, were reproducible to within ±3.0%.
This ratio was used lor screening Improbable 011 spill source
samples. A series of Intra-chromatographlc peak-helght ratios
was then used to define a "fingerprint" region (detector A =
210 nm). The spill chromatogram was used as a standard to
which all suspects were compared for matching purposes. This
matching technique showed that, as an 011 weathered, the
standard error 01 the standard deviations between any two
chromatograms (weathered and unweathered) Increased
proportionately to exposure time. This permmed the calculation
01 an estimated time of spillage (±8 h) based on the linear
Increase of the standard error with time, for nine of the eleven
oils tested.

The potential of separating high moleculsr weight com­
pounds, which are presumably more resistant to weathering
than more volatile compounds separable by gas chromatog­
raphy, has msde liquid chromatography a powerful comple­
mentary technique to an oil spill source identification system
(1,2).

Carmin and Raymond (3) traced the historical development
and increasing use of chromatography in the petroleum in­
dustry. Oil analysis employing liquid chromatogrsphy has
primarily involved gel-permeation and straight-phase systems
(4-9). These separations, however, were generally applied to
classify oils by type or for class composition analysis of major
petroleu·m components. Applicstions of reverse-phase liquii:l
chromatography for separation of polyaromstics present in
oils has been demonstrated (10, 11). Other reverse-phase
separations of aromatics have been restricted to automobile
exhaust condensates and air pollution samples (12, 13).
Frankenfeld and Schulz (14) reported the solvent extraction
of petroleum with acetonitrile followed by reverse-phase liquid
chromatogrsphy of the solvent extract. Schulz (15) also re­
ported the effect of weathering on the reverse-phase liquid
chromatograms of extracted oils. Jadamec, Saner, and Porro
(16) reported the use of methanol for extracting petroleum;
the solvent extracts were chromatographed on s reverse-phase
column followed by fluorescence spectroscopic identification
of some major peaks. The methanol-extractables from the API

(American Petroleum Institute) No.2 fuel oil standard in­
cluded two and three fused-ring aromatics (nsphthslene, 2­
methylnaphthalene and fluorene were identified). In addition,
many peaks possessed comparable fluorescence emission·
spectra very similar to carbazole. Drushel and Sommers (17)
have demonstrated the presence of carbazoles, quinolines, and
indoles, using GLC in a light catalytic-cycle oil. McKay and
Latham (18) have identified carbazole and benzocarbazoles
present in the 400-500 °C distillates of Wilmington, Calif.• and
Wasson, Texas, crude oils by employing tbin-Iayer, gel per­
meation, and anion-exchange chromatography. The present
study was undertaken to evaluate the ability of reverse-phase
liquid chromatography to separate the methanol-extrsctable
aromatics from petroleum oils and to evaluate the specificity
of this oil fraction for "fingerprinting" spills. Although it was
realized that heterocyclic aromatics in general have some
solubility in water, and could diffuse into the aqueous layer
from an oil spill on water (19, 20) this condition was not found
to be serious.

EXPERIMENTAL

Apparatus. A Perkin-Elmer Model 1220 high pressure liquid
chromatograph with two screw-driven piston pumps capable of 3000
psi solvent delivery was interfaced with a Perkin-Elmer Model 250
Ultraviolet Absorption Detector and a Coleman Model 55 UV-Vis
Digital Spectrophotometer (variable wavelength). The methanol­
soluble fractions from petroleum oils were chromatographed using
gradient elution on two 0.64 X 30 cm columns packed with Waters
Associates Jl Bondapack Cia. This column packing has 8 monomole­
cular layer of octadecyltrichlorosilane chemicaUy bonded to small
diameter (21) «10 jlm) silica particles. The columns were connected
by reducing end fittings containing a 5-,.,.m stainless·steel frit and were
maintained isothermally in an air bath ot 60 ± 0.1 °C. Column effluent
was monitored at 254 .11m in a 12-,.,.1 cell. The detector signal (linear
from 0.01 to 0.5 absorbance units full scale) was recorded on a Per­
kin-Eimer Model 56 recorder. After passing through this uv photo­
metric cell. the column effluent was then transferred via 0.Ol5-in. i.d.
stainless-steel tubing to a Coleman Mode155 Spectrophotometer; its
8-,.,.1 photometric cell was monitored at 210 .11m and recorded on a
Perkin-Elmer Model 56 recorder.

Procedure. Asolution of degassed speclroquality methanol (MCB
MX475) and distilled water was used as the gradient-elution mobile
phase programmed for a linear 1% per minute increase in methanol
concentration from a starting mixture of SO/SO (v/v) methanoVwater
taken to 1()()% methanol (SO-min gradient time). A 1400-psi head was
developed at a now rate of 1.5 rnVmin. The oil samples were dried with
calcium sulfate. Methanol·extractables were removed from the oil
by a liquid-liquid exuaction using acidified methanol (0.4% acetic
acid/methanol by volume). The ratio of oil sample volume to ex­
tracting solution volume was unity. The oil-methanol mixture was
shaken on a vortex mixer for 1 min. then centrifuged at 1000 ReF for
10 min. The methanol phase was removed and retained. Sample
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Figure 1. Isocratlc separation of benzene and ethyl benzene

MINUTES--

Flgur. 3. Chromalograrna of two No, 8 fuel oils refined trom the same
feedalock

MINUTES--

FIgur. 2. Replicate ctrometogarnS of the AmerIcan Petro""'" institute
No, 2 fuel 011

Table I. Reproducibility of Retention Times (Minutes) of
Major Peaks on Replicate Chromatograms of the American
Petroleum Institute No.2 Fuel Oil Standard

Chromatoaram Peak 1 Peak 2 Peak 3 Peak 4 Peak 5

A 27.9 29.4 32.0 35,7 39.2
B 28.2 29.6 32.0 36.0 39.5

Mean 28.05 29.5 32.0 35.85 39.35
Maximum deviation 0.5'70 0.3'70 0'70 0.4'70 0.4'70

from mean ('70)

Table II. Repeatability of Peak Height Ratios of the
I '" 34·Minute Doublet for Replicate Injections with No
Weathering Differences

(Six)
x 100,

254 ratios Std dey %re1x (S) std dey

API No.2
fuel oil 0.83 0.89 0.86 0.04 4.7

Trinidad
fuel oil 1.08 1.07 1.06 1.07 0.01 1.3

Italy
fuel oil 1.28 1.33 1.31 0.03 2.4

Italy
fuel oil 1.15 1.10 1.125 0.035 3.1

Finland
fuel oil 0.83 0.84 0.835 0.007 0.8

Venezuela
fuel oil 1.19 1.18 1.185 0.007 0.6

Venezuela
fuel oil 0.83 0.84 0.835 0.007 0.8

No.5
fuel oil 0.96 0.98 0.97 0.014 1.4

Diesel oil 1.19 1.20 1.195 0.007 0.6
No.2

fuel oil 1.14 1.17 1.155 0.02 1.7

MINUTES--

I~254 nmI
~ ,
~ ,I' I, '5

~ I' '
cc: ~ ',' 'v' \...
::? I I '-----

§ , ;vJ

I r INJECT '-~':-------

utUlation was achieved by vacuum evaporation of the methanolic
extract at 60 °C to the point where visible oil droplets precipitated.
Four microliW1l of the sample was stop·flow injected throUib septum
using a 5'jll side port Auto Sanipler Syringe (Precision Sampling
Corp.).

Column Efficiency. Figure 1 shows the isocratic (nongradient)
separation of benzene and ethylbenzene using 50/50 methanoVwater
(vlv) as the carrier at 1.5 mVmin flow rate. Utilizing the benzene peak,
a value to 3600 plates was calculated representing HETP, H (cm) of
0,0167, The basic separation mode by this particular column packing
is reverse·phase liquid-liquid (RPLL) (22).

Reproducibility. Figura 2abows replicate chromatograms (254·nm
uv absorption) of the API No.2 fuel oil standard, utilizing gradient
elution. Retention timea for the five ~or peaks indicated in Figure
2are Hated in Table I. The variability ofretention time. ofth... duo
plicate runa is about :1::0.596. The major contributing factors to cause
this variability were the preciaion ofsolvent delivery by the dual pump
system (,1,1% of the indicated flow rate), and, of lesaar importance,
the precision of the air bath temperature (,1,0.1 ·C). A difference of
196 in flow rates between replicate chromatograms has lignificant
effect on retention volum.., particularly for peake eluting after sub·
stantialtime fraro..,
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Table III. Repeatability oC Peak Height Ratios of the t '" 34·Mlnute Doublet for Replicate Injections with Weathering
Differences

254 Ratios

Inttenln. weathering time-
%Rel

Sid dey std dey

1.30a 0.014 1.1
(29 May)

1.34 a 1.29 a
0.025 1.9(22 May) (23 May)

1.43 b
0.021 1.6(72 h)

1.22a
0.015 1.2(96 h)

0.019 1.9

0.014 1.2

0.007 0.6

0.007 0.7

0.02 2.2

0.014 1.2

0.028 2.4

UnweatheredOil simple number

1. Massachuaetts (Spill) 1.32a
(28 May)

2. New Hampshire (Spill) 1.32 a
(21 May)

3. Artificially weathered 1.42 1.39b
(4 h)

4. Artificially weathered 1.21 1.24 b

(96 h)
6. Artificially weathered 1.09 1.12 b

(36 h)
6. Artificially weathered 1.18 1.20 b

(40 h)
7. Artificially weathered 1.10 1.11 b

(24 h)
8. Artificially weathered 1.09 1.08 b

(24 h)
9. Artificially weathered 0.95 0.98b

(70 h)
10. Artificially weathered 1.18 1.20b

(48 h)
11. Artificially weathered 1.18 1.14b

(48 h)

a Weatherinll8ubstrate = sand. b Weathering substrate'" salt water.

Baseline drift is evident in these chromatograms. Although spec­
troquality methanol was used throughout, some absorption in the uy
was demonstrated due to impurities. The increasing methanol con­
centration in the eluting solvent as the gradient proceeded caused an
increasing uy absorption.

RESULTS
Distinguishing Oils: Comparing Peak Height Rstios

of a t = 34 Min Doublet (254.nm uv Detection). The liquid
chromatograms of two No.6 fuel oils are shown in Figure 3.
Both of these residual oils were manufactured by Gulf Oil from
the same Caribbean crude feedstock. The resulting 2S4·nm
chromatograms are very similar. However, the peak-height
reversal of the two closely eluting bands at about t = 34 min
is readily apparent. The separation factor (a) for these par­
ticular peaks is 1.01. Although this value is low, meaningful
resolution of peaks eluting with an a value as low as 1.05 has
been reported (23). (No attempt was made to compare directly
the peak heights of the t = 34 doublet interchromatographi.
cally since a relatively large quantitative error is introduced
with peak height measurements by incomplete peak separa­
tion, Rs < 1.)

Baseline drift was compensated by interpolating the
baseline between the start and fmish of both peaks, considered
collectively, as shown by the dashed line in Figure 3. Peak
height, rather than peak area was used because the height
measurement is both intrinsically simpler and more accurate
when resolution (Rs) is low. The reason for this is that peak
heights are much less affected by neighboring, overlapping
peaks than are peak areas (24). Furthermore, regardless ofthe
resolution between peaks, Janik (25) has shown that for
quantitative GC analysia, the variance for peak heights mea·
sured with a ruler and peak areas measured with an electronic
integrator are of the same order. The peak height measure­
ments provide ratios of 0.97 and 1.13 for the chromatograms
shown in Figure 3.

In order to determine both the range of this ratio for dif­
ferent oils and to estimate the precision of this calculation, ten
different oils were extracted and chromatographed. Three oils
were weathered before chromatographing. The remaining
seven oils were all unweathered. All replicates, regardless of

weathering history, were taken from the same methanolic oil
extracts. In this way, this set of experiments tested the pre·
cision of the instrumentation (and of septum injections by
hand) in reproducing the 264-nm ratio for oils with no
weathering differencea (toT = 0). Table II lists these data.
Examination of the range in the ratio ahows a low of0.83 and
a high of 1.33. The relative atandard deviations (Pearson's
coefficient of variation) for the ratios range from 0.6 to 4.7%.
The median relative standard deviation is 1.35%: two times
the median standard deviation (2.7 "" 3%) was taken as the
allowable error for the ratio. Because of both the limited range
of the ratio and the limits of its reproducibility (:1:3%) much
overlap between oils occurs. In fact, duplication of a ratio
(0.83-0.84) occurred for two distinct fuel oils manufactured
from Venezuelan and Finnish Crude feedstocks. It became
apparent that the ratio could, at best, only be used as a pri·
mary screening technique, since it lacked sufficient specificity
for oil spill identification.

Effect of Weathering on Peak Height Doublet RatiOi
(254.nm uv Detection). Although loss of the 34-min doublet
peak was noticed with increasing weathering time, if the peaks
decreased proportionally then the ratio of their heights should
remain constant to provide a suitable mathematical descrip­
tion of an oil for screening purposes.

In order to determine weathering effects on the ratio, a
second series of chromatograms was studied (Table ill).
Various types of oils were used, i.e., crude, No.6 fuel oil, No.
5 and No.4 fuel oil, No.2 fuel oil, and diesel oil The oils were
weathered outside in open containers on the rooftop of a
one-story building during the months of May, June, and July.
Because past experience demonstrated that 95% of all sig­
nificant oil spills were detected and sampled within 48 h of the
spill time, weathering exposure was limited to four days or
less.

Admadjian et aI. (26) found that natural weathering con­
ditions can be closely simulated by weathering oils in con·
tainers on land; generally high water temperatures reached
in the rooftop containers were found to cause accelerated oil
weathering, regardless of the oil type. Furthermore, Brown
et al. (27) have observed that the greatest change in the in·
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Flgur. 4. ClYomatogram of 8 No.4 fuel all

frared spectrum ofan oil takes place during the first two days
of weathering.

The preaent study corresponds to accelerated weathering
conditions which would hardiy be commonplace for most real
world spill situations. The acceleration of weathering by the
rooftop simulated weathering procedure has been estimated
to proceed at five to ten times the rate of natural weathering
in real world spill situations (28). As a result, the oils weath­
ered four days in the present study could represent oils
weathered between 20 and 40 days under more natural con­
ditions.

Examination ofTable III shows that there were no signifi·
cant changes in the ratios for any of the in-house weathered
oils regardless of whether sand or water substrates were used
for weathering. Furthermore, no significant changes were
detected in the ratios for any of the real world oil spill samples.
An error of 2.4% relative standard deviation was the maximum
ratio difference for all in-house weathered oils. This repre­
sented the standard deviation for the ratio of a No.2 fuel oil
weathered on water for 48 h vs. the unweathered oil. Fur­
thermore, the Massachusetts spill showed only a 1.1% stan­
dard deviation between samples weathered for x and x + 24
h. The New Hampshire spill demonstrated a 1.9% standard
deviation for the ratios among samples weathered y, Y + 24
h, andy + 48h.

The median relative standard deviation of 1.20% for these
eleven weathered oil ratios compares closely with the median
value of 1.35'16 relative standard deviation for ten unweathered
oil ratios (Table II). Any real differences in the ratios caused
by disproportionate losses of one peak relative to the other
were within the reproducibility limits for the ratio itself ir­
respective of the weathering variable. Therefore, any changes
in the ratios caused by weathering are less than 3% related to
the original unweathered oil. Even though this ratio demon­
strated stability through weathering, it could only be used to
indicata possible matches between spill and source oil sem­
pIes.

Matching Oils: Serial Ratioing of Peaks Eluting be­
tween 25 and 40 Min (210-nm uv Detection). In an effort
to expand the capability of this liquid chromatographic
technique for also assigning oil spill matches, a variable
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Figure 5. Ctvornatogram of diesel oll

wavelength uv detector monitoring column effluent at 210 nm,
was added behind the 254-nm uv detector. Figure 4 shows the
chromatograms of a No.4 fuel oil using both 254-nm and
210-nm uv detection. From inspection, it is apparent that for
some regions of the chromatogram, particularly for those
peaks eluting between 25 and 40 min, the 21O-nm absorption
trace showed an increased number of bands. In addition,
Figure 5 shows the chromatogram of a diesel oil using dual uv
detection. Those peaks absorbing at 210 nm which eluted
between approximately 25 and 40 min seem characteristic for
the oil. The 0- to 25-min regions of the chromatograms were
found to be grossly affected by weathering. For these above­
mentioned reasons, only those peaks which eluted between
25 and 40 min were investigated further for the purpose of
matching oils statistically.

Peak heights were utilized rather than peak areas due to the
incomplete separation of bands in the 25- to 40-min elution
range. Since the peak separation, however, throughout this
entire region is marginal at best, rather than direct inter­
chromatographic peak height comparisons for all bands, a
series of intrachromatographic ratios was generated for each
chromatogram by ratioing the first peak to the second, second
to the third, third to the fourth, etc. [i.e., n/(n + I), (n + 1)/(n
+ 2), (n + 2)/(n + 3)1 for these peaks (i.e., those peaks within
the 25-40 min range, eluting after the major naphthalene
peaks). Only those peaks with both a positive and a negative
slope and with a minimum peak height of 5 mm were consid­
ered. In this way, each 21O-nm chromatogram was reduced to
an ordered set of ratios which served as a numerical descrip­
tion of each oil. It was realized that substantial errors in
peak-height measurements were possible due to the fact that
small "rider" peaks present on larger peaks cause displace­
ment of the true hand centers of these smaller peaks. However,
if the chromatograms displayed constant repeatable peak
center displacements, then the error introduced into the peak
height measurement would be lessened. In addition, the ra­
tioing of directly adjacent peaks served to lessen further the
peak height error caused by band center displacement for
incompletely separated peaks. For instance, any two adjacent
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Table IV. Ratio Serie. for Replicate Chromatogram.
of a No.2 Fuel Oil

So = "'S..' + S,.,2 2rXYS,xS.., (2)

where S.. = standard error of chromatogram X, S.., = stan­
dard error of chromatogram Y, and rXY = coefficient.of cor­
relation between X and Y.

The standard error, S, (for the separata sets of serial ratios),
was calculated from:

(4)

(3)
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where x, represents the individual ratios in the series for peaks
eluting after napthalenes and between 25 and 40 min.

Figure 6 shows replicate chromatograms ofa No.2 fuel oil
indicating those peaks meeting the above-mentioned criteria
within the 25-40 min elution range, and baseline interpolation.
Table IV lists the two ratio series for these particular chr0­
matograms. The two series yielded a correlation coefficient
of (r = 0.994). The test of the standard errors of the standard
deviations, So, was 0.10. Furthermore, a replicated diesel oil
So value of 0.09 compared closely with the So of 0.10 calcu­
lated for replicate chromatograms of a second No.2 fuel oil.
The individual standard deviations, r values, and So values
are summarized in Table V. These results indicated that
minor differences existed between duplicate runs of the same
oil. These differences, however, were consistent. A perfect
match indicating no differences would, ofcourse, be zero. The
calculated value of 0.10 ± om, then, is a measure of tile in­
strumental precision. This value was accepted as the numer­
ical defmition of a match between two oils with no weathering
differences.

In-House Oil Spill Testing. The effect of weathering on
the So values was studied by a set of in-house oil spill identi­
fication tests developed by an independent team. These tests
consisted of weathering the "spill" oil sample from 24 to 96
h on both salt water and sand. Ali suspect sources provided
were unweathered. Various oils, No.2, No.4, No.5, and No.
6 fuel oils in addition to crude and diesel oils were used. The
oils were weathered in containers on the rooftop of a one-story
building, eaplained previously. In anyone test, the same type
of suspect oil and spill oil was supplied. In addition, the source
samples were chosen on the basis of physical and chemical
similarities (i.e., flash point, percent sulfur, viscosity, insol­
ubles, asphalt content) to the spill sample. Last, the majority

MINUTES--

Figure 6. Replicate ctvomatograms of a No.2 fuel oil

(1)

Replicate run

1.39
2.57
0.07
1.01
2.88
0.87
0.75
1.07
3.39
0.84
0.94

n:!:xy - :!:x:!:y

Orilln•• run

1.13
2.57
0.07
0.99
2.94
0.93
0.76
1.07
3.31
0.83
1.16

rXY = "'[n:!:x' (:!:x)'J(n:!:y' (:!:y)'j

where chromatogram X produces an ordered set of x's (in­
trachromatogram peak height ratios = n) and chromatogram
Y produces an ordered set of y's (intrachromatogram peak
height ratios = n). The correlation coefficient is then used to
test the hypothesis that the serial ratios of the X chromato­
gram and the Y chromatogram are not significantly differ­
ent:

peaks, eluting on either the front or back side ofa larger peak,
display band center displacements in the same direction. Since
the resulting peak-heigbt measurements would be overesti­
mates, then a series of ratios using adjacent peaks would tend
to minimize this error. Last, since tbe detector response is
variable for different compounds, the ratioing of even adjacent
peaks in 8 chromatogram is in no way a direct measurement
of the quantitative relationship of these peaks since their
molar absorptivities at 210 nm are unknown and probably
different. Rather, the above method of reducing a chro­
mstogram to a set of numbers was envisioned simply as a
p068ible means of reducing chromatographic data in order to
compare two oils objectively for matching purposes. A1J such,
the 25-40 min elution range of the spill oil chromatogram was
used to establish a typical profile as a standard.

It was realized that in order to study the reproducibility of
this series of ratios for a particular oil, it would be necessary
to study the reproducibility of each individual ratio in the
series. Because anyone oil generated between 10 and 15 peaks
'which eluted between 25 and 40 min, this alternative meant
studying the reproducibility of between 9 and 14 ratios per oil.
Instead ali ratios in the series were considered coliectively by
a statistical method.

Statistical Method of Comparing of Any Two Ratio
Series (210-nm uv Detection). This method compares any
two chromatograms and assigns a numerical degree of
"match". This method can be directly applied to ascertaining
the proaimity of a spill sample/suspect sample pair for
matching purposes. The procedure involves: 1) Computation
of the standard error of the standard deviations of tbe serial
ratios (coliectively considered) for any two oils, and 2) com­
putation of the correlation coefficient between the individual
ratios of the two oils.

For any two chromatograms (X and Y) the correlation
coefficient (29) (r) was calculated from the formula:
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Table V. Standard Deviations (So), Coefficients of Correlation (r), and Standard Errors of the Standard Deviations (So)
Calculated from Replicate Chromatograms

No.2 Fuel Oil (A)

I

Table VI. Paired Comparisons (So) for Spill Cases
with Two Spill Samples

Test 1
From water 0.10 0.21 2.07 X.
From sand 0.10 0.21 2.08 X·

Test 2
From water 0.51 Xa Xa X a 0.56
From sand 0.50 0.58 4.86 X. 0.10

Test 4
From water (A) 0.42 0.49 0.14 0.39 0.28 X·
From water (B) 0.35 0.14 0.37 0.50 0.49 xa
a Screened out as possible spill match on basis of 254-nm

doublet ratio .
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Flgur. 7. ComparIson of the 254-nm doublet ratios for seven In-house
011 spllliests

of suspect sources provided in any particular spilJ test was
from the same processor.

In the application of the ratio series for differentiating oils,
the spill samples provided were used as comparison standards
and only those suspects having a 2M-nm doublet ratio within
±3% of the spill sample were considered for ratio series com­
parisons. In this way, the 254 detection served as a means of
screening out improbable source samples. However, since
qualitative differences between spilJ and suspect chromato­
grams in the 25-to 40-min region of the 210·nm chromatogram
occurred frequently, the spill sample was arbitrarily made the
standard for comparison. Only corresponding peaks common
to both spill and suspect were used for the ratioing and cal­
culation of r and So. Extraneous peaks existing in tbe 2(;-.40
min elution range of the suspects were ignored in calculating
the series of ratios for that suspect if no such peak existed in
the spill chromatogram because these could be attributed to
losses as the result of weathering. In this way, zero values were
not included in the series of ratios for any of the spilJ or suspect
oils. Where more than one spill sample was provided in the
same spill test, each was considered as a distinct oil and used
separately as standards for comparison to the suspect samples
or remaining spill samples.

Figure 7 plots the 2M·nm doublet ratios for the spill and
suspect samples for the seven in-bouse oil spill tests. Any
suspect oil whose 254-nm peak ratio overlapped the spilJ ratio
is considered a potential match to be further evaluated by
means of the 210-nm peak ratio series. Conversely, any sample
whose rstio did not meet these requirements was considered.
a definite mismatch and was not evaluated further. It is ob­
vious that the ratios plotted in Figure 7 are clustered closely
to the spilJ samples for each test. Nevertheless, the minimum
percentage of suspects which were eliminated in anyone oil

spill test was 20%, while, in two cases, the 254 ratio screened
out 50% of the suspects.

Three of theoin-house spill tests provided more than one
spill sample; i.e., Tests I, 2, and 4. Tests 1 and 2 each provided
two spill samples, one on salt water and one on sand. Test 4
provided two spill samples, both of which were on salt­
water.

Table VI shows tbe results of the So calculations for these
multiple spills and the potential matches for them. The So
value of 0.10 between the spill on water and the spill on sand
for Test 1 indicates that these two samples were the same oil,
with no determinate weathering differences during 96 h of
exposure. Using either spill sample as the standard for com­
parison, the table also shows the suspect sample with the least
difference to the spill sample (So = 0.21) is Suspect 1. This
suspect was, in fact, the source of the spills.

On the other hand, the So falculations between the two spill
samples for Test 4 (0.42 and 0.35) indicated that they were
either different oils, or the same oil with weathering differ­
ences present. Additionally, the minimal So value for the
comparison of Spill 1 to all probable suspects is 0.14, indi­
cating a match to Suspect 2. Similarly, Spill 2 vs. Suspect 1
produced a minimal So value of 0.14. The conclusions,
therefore, were that the spill samples (l and 2) consisted of
different oils which matched Suspect 2 and Suspect I, reo
spectively.

Oil spill Test 2 (consisting of No.6 fuel oils) also provided
two spilJ samples, one on sand, another on salt water. The SD
value for these was large. The spilJ on sand va. Suspect 4 So
value of 0.10 was the minimal value possible for replicate
chromatograms of the same oil with no weathering differenoes.
The conclusions were that the spill samples consisted of dif­
ferent oils, and only the spill on sand was identical to Suspect
4. These results, however, were incorrect, probably due to
contamination. Suspect 4 had been used to generate both apill
samples. Table VII lists the SD values for the remaining spill
tests which provided one spill sample each (on salt water). In
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Because of the ±0.01 precision limit for So, the caIcula~

Figure 8 shows that for Spills 3 and 5, one nonmetching
suspect falls within the inconclusive So range, for each. Fur­
thermore two matching suspects (later shown to be the same
oil, So ~'0.20) for Spill 7 also fall in this So range. For this
reason, the range 0.22 ~ So ~ 0.26 is dermed as inconclusive
for spill matching purposes. Utilizing this inconclusive range
as the border between a match (So <0.22) an nonmatch (So
> 0.26), then of a possible eight unique positive correlations,
seven clearly fall within the match range for So; one, Test 7,
falls within the inconclusive range. This is equivalent to a
0.875 probability of correctly matching oils based solely on the
numerical value of So.

Figure 9 plots the So values of spill sample vs. matching
suspect for each of the seven oil spill tests, using the best fit
curve for defining the increase in So with time for different
oil types. Only the spill on sand VB. matching suspect for oil
spill Test 2 was used, since the spill on water was suspec.ted
of having been contsminated during the oourse of weathenng.
(See Table VI.) A value of 0.10 was taken as the minimal So
defining the reproducibility between chromatograms of the
same oil with no weathering differences. (See Table V.)

A range of ±0.0l has been indicated for each data point
established for the precision of the So calculation. This curve
shows that as weathering exposure time increases, the So
value for comparing the same oil unweathered VB. weathered
also increases. A limit of the 96 h maximum exposure time is
indicated in order that a weathered oil and its unweathered
source may be "matched" (So < 0.22). The equation

y ~ 0.5% + 10 (5)

defines this best·fit line. Correcting for differences in the
scales of %and y, this equation becomes

yl ~ (1.25 X 10-3) %. + 0.1 (6)

where y' ~ So, and %I ~ exposure time in h.
Solving for %. and substituting So for yl,

3 0.15 0.24 X' X'
5 0.25 0.19 X' 0.75 X'
6 0.17 1.58 1.44 X'
7 0.24' X' 0.24' 0.39 X'

Q Screened out as possible spill match on basis of 254·nm
doublet ratio. b Suspect 1 vs. Suspect 3, So value· 0.20.

Table VII. Paired Comparisons (So) for Spill Csses
with One Spill Sample

Figure 9. Best lit curve defining Increasing Sa with time
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each of these tests, the minimal So value predicted the correct
match hetween spill and source. Table VII, however, shows
that for Test 7, two source suspects (I and 3 with comparable
So values of 0.24) are equally good matches for the spill.
Furthermore, the So value for Suspect 1 vs. Suspect 3 w~
0.20. The So value for the same oil, with no weathering dIf­
ferences between replicates, is 0.10 ± 0.01. The observed value
of 0.20 for suspect samples 1 and 3 could possibly represent
differences in handling these two oil samples over 1'h years.
(Suspects 1 and 3 were the same oil, stored in different, but
identical containers.)

These oil spill tests provided a total of 47 possible spill/
sample correlations; 33 negative correlations (spill and spill
or spill and suspect do not match) and 14 positive conelations
(spill and spill or spill and suspect match). By employing both
the 254-nm doublet ratio to screen improbable matches and
the 21O-nm ratio s.ries to assign numerical differences be­
tween chromatograms, a total of 12 correct positive correla­
tions and 33 correct negative correlations between oils was
made. This is equivalent to 0.957 (45/47) probability for cor­
rectly matching oils. However, since this procedure is based
on a "best fit" method, that is, one which "matches" a spill to
whatever suspect happens to show the least difference to the
spill (minimal So), it would be highly dependent on complete
sampling of all possible pollution sources in real world
cases.

Because all real world spill cases do not include all possible
sources, it becomes necessary to assign a maximum limit to
the value of So for defining a suspect/spill match. The So
values from the seven oil spill tests are plotted in Figure 8. All
correct positive correlations between spill and source (solid
dots) are either equal to or less than 0.24. However, since the
So value f~r any two chromatOgrams is reproducible to ±0.01
(a fact due primarily to errors in hand measurement of PeB!'
heights), the recognition of a "gray area" (0.24 ± 0.01) IS

necessary. For any oil apill sampled within 96 h ofspillage, an
So value < 0.22 will define a match, while an So value> 0.26
will derme a mismatch.

SlA S2A 53 I 549
Sla S2B 54A 55 57

TEST SPILLS

Figure 8. Distribution of Sa values of all posslbl. sampl. pairs (I.•.•
splll/suspac1. spill/spill not .lImlnated by 254-Ml screening) 10< seven
In-house oil spill identification te~ts
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values for Xl are within ±B h. Consequently, for an unknown
oil spill sampled within 4 days of spillage, the S D value can,
alone, establish the identity of the spill. However, the calcu­
lation of x J will additionally assign an approximate time of
spillage. This information can be very useful as corroborative
evidence where a "passing ship in the night" is identified as
the spill source and yet is 4 days' steaming time distant from
the actual spill site. Additionally, as was pointed out above,
the artificial weathering scheme used to produoe "weathered"
oils for this set of in-house tests has been known to cause
greatly accelerated weathering of oils compared to actual real
world weathering situations. Consequently, the 96-h time limit
imposed on the weathering framework in order that SD values
remain less than 0.22 is a significant underestimate for real
world weathering situations.

Environmental parameters in real world situations are
unique; as such, the weathering of spilled oils will proceed at
various rates for different locations and for different times of
the year. This problem will be addressed in future work.
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Determination of the Specific Surface of Adsorbents by the
Dynamic Adsorption Method

Henryk Golka and Boguslawa Jezowska-Trzeblatowska·

Instltut8 of Chemistry, University of Wroclaw. WrOClaw, Poland

Logarithmic equations were derived for the adsorbate dlstrl­
bullon among the sequenllal adsorbent samples In a column
during the dynamic adsorption from tho flowing mixture 01
carrier gas and benzene. To cheek the equations, a series 01
benzene adsorption measurements on several AI,Os samples
were carried out_ It has been found that the derived equations
properly describe the adsorption course and that the specific
surfaces of examined samples determined by them are Iden­
tical to those determined by other methods.

Studies on the adsorption of volatile compounds of rhen­
ium, molybdenum, and selenium (J, 2) require a special
method for analysis of the adsorbate distribution along the
adsorbent packed in a column, because of the specific condi­
tions such as high temperature, adsorption at dynamic con­
ditions, and unusually long retention times. Theoretically
derived equations for the distribution of an adsorbate on an
adsorbent allowed: a) the determination of the specific surface
of solids and b) calculation of the dimensions of adsorption
columns at a fixed efficiency_

In order to check the accuracy of the derived equations,

adsorption measurements of benzene on adsorbents of known
surface were carried out at dynamic conditions.

EXPERIMENTAL

The measurements were carried out on the apparatus shown in
Figure 1. Its most imporlant element consists of 0 multisectional.
dismantable adsorption column (8, Figure I). At first, samples of
studied adsorbents(O.02--o.1 g) .....ere placed in each section. Samples
of AI~:l of different specific surfaces, made from ignited AI(OHb (3),
called AI,O,(I), AI,O,(II), AI,O,(III) and adsorbent B (I. 2) (MgO +
AI:z03) were used in our studies as adsorbents. The number of sections
in 8 column was usually 5-6. A neutral gas current (hydrogen, 20
mllmin) was passed through the column. The carrier gas flow was
maintained constant by use of a three-stage reducing valve (2a-e,
Figure O. Hydrogen was purified by passing through 8 column (3,
Figure I) packed with A-4 molecular sieve and a liquid nitrogen trap
(4. Figure I). Before starting the measurements, the adsorbent sam­
ples, placed in the column (&--e, Figure I), were heated for 1 hat 200
lie. After the impurities (4) were removed. from the adsorbent surface
and equilibrium in the system was reached (decay of the recorder
baseline drift), the column WQS cooled down to 25 lie. That temper­
at.ure WQS kept constant using an ultrnthermostat. Then t.he ther­
mostated column (8, Figure 1) was cut from the path I of carrier gas
(valve 6, Figure I) and put into the circuit of gas (path I) saturated
with benzene in a bubbler (7, Figure I). The volume of the gas which
was passed through the column was measured with 8 gas burette (l2a,
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Table I. Results of the Dynamic Adsorption Measurement of Benzene on AI,O, (I)

Sample
Peak area, mm 1 Adsorbed amount or benzene, N em.)

Section weighl, g ." 2" 3" ." 2" 3"

a 0.0704 3307 5140 5315 1.1582 1.7966 1.8564
b 0.0692 2016 1102 1484 0.7053 0.3852 0.5183
c 0.0641 837 438 868 0.2933 0.1504 0.3031
d 0.0407 187 81 460 0.0654 0.0283 0.1607
e 0.0870 4 43 316 0.0014 0.0151 0.1105

sum 0.3314 2.2246 2.3756 2.9490
a Corresponds to individual measurement series.

Table II. Results of the Dynamic Adsorption Measurement of Benzene on A1,O, (II)

Sample
Peak area, mm 1 Adsorbed amount of benzene. N em)

Section weight. g ," 2" 3" ," 2" 3"

a 0.0289 2060 2263 2323 1.689 2.105 2.528
b 0.0248 511 593 752 0.418 0.554 0.819
c 0.0256 449 414 605 0.368 0.386 0.658
d 0.0532 407 398 858 0.334 0.371 0.936
e 0.0503 132 128 596 0.108 0.119 0.649
f 0.0576 48 28 326 0.040 0.026 0.357

sum 0.2404 2.957 3.561 5.947

o Corresponds to individual measurement series.

2
abe

d

11

abc d t
Figure 1. Apparatus used for studies of the dynamic adsorption of
benzene

(1) Carrier gas container. (2) (8, b. C, d) reducing varves. (3) molecular sieve. (4)
liquId nitrogen trap, (5) comparative catharometer cell. (6) valve, (7) bubler
containing benzene. (8) (8. b. C, d. e) multisectlon adsorption colt.mn. (9)
calharometric measurement cell. (10) flow maiM. (11) gas bwene, (12) power
supply and recorder

Figure I). After a given amount of benzene-H2 mixture was passed
through, the adsorption column was connected again to path I. To
avoid any perturbation of measurements. which might be caused by
the adsorbed benzene migration, the column was cooled simulta­
neously to -72 °C (dry ice-EtOH). Nest. the column sections were
subsequently heated up to 100 °C in the following order-section Be.
·Bd. Bc. Bb. and Sa. causing fast and complete desorption of benzene
frum a given adsorbent sample. By passing various volumes of ben­
zene·saturated H2 through the column. various amounts of the ad­
sorbate were injected un the column and therefore (at a given amount
of the adsorbent) different amounts of benzene were adsorbed on
subsequent sections of the column. The amounts of adsorbed benzene
in individual measurement series are given in Tables I-IV (also see
Figures 3a and 4a). The benzene desorbed was determined quanti.
tatively using a Sorptiograph S·272 (made by ICSO Blachownla
Slaska-Poland), operating on a chromatograph principle. A
cathaTometer of 1000 mV/rog/ml sensitivity was used in this unit as
detector. The amounts of desorbed benzene were determined from
peak areas. The calibration indicated that the relation, P - f(n),
where P I:: peak area in mm2 and n =amount of benzene, is linear in
the applied concentration range. To fmd the total amount ofadsorbed
benzene. the determination of two calibration points for each mea­
surement series was sufficient. The results of benzene adsorption on

Table III. Results of the Dynamic Adsorption
Measurement of Benzene on A1,O, (III)

Adsorbed amount of

S3mple
Peak area, mm 1 benzene, N em)

Section weight. g ," 2" '" 2"

a 0.0468 9096 6512 7.959 5.696
b 0.0750 2800 2994 2.450 2.619
c 0.0983 1843 2211 1.612 1.934
d 0.1063 766 678 0.671 0.757
e 0.1140 110 126 0.096 0.141
f 0.0887 16 17 0.014 0.019

sum 0.5291 12.802 11.167

a Corresponds to individual measurement series.

Table IV. Results of the Dynamic Adsorption
Measurements of Benzene on Sorbent B

Adsorbed amount of
Peak area, mm1 benzene, N em)

Sample
Section weight, g I" 2" ," 2"

a 0.0204 1761 1952 1.5156 1.6798
b 0.0291 363 504 0.3120 0.4336
c 0.0254 138 315 0.1184 0.2711
d 0.0255 43 190 0.0374 0.1638
e 0.0340 30 74 0.0258 0.0637

sum 0.1324 2.0092 2.6120

a 0.0578 2858 0.9962
b 0.0525 1098 0.3833
c 0.0590 1062 0.3707
d 0.0549 636 0.2219
e 0.1082 123 0.0429

sum 0.3324 2.0151

a Corre-sponds to individual measurement series.

the adsorbents A1,O,(I), A1,O,(II), A1,O,(III), and B are given in
Tables I-IV. Figure 2 presents one of the chromatograma of benzene
distribution among the adsorbent B samples, placed in subsequent
column sections.

CALCULATION METHODS

In order to find mathematical relations in the eumined
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_ In (1 - XI) + bn:
,
= a~r I, (7)

At low partial pressures of the adsorbate, bnoXl/V .. O. To
prove this, Equation 7 was rewritten

where A = b·C, b • adsorption-desorption equilibrium con­
stant, and C = constant value at given experimental condi­
tions.

If gas pressures are differing from 1 atm, Equation 7 be­
comes

(8)

(9)

(5)

(6)

(10)

Y=AX+B

-In(I-x)=A.1

Integration of Equation 6 at limiting conditions:

P = Po, x • 0 at I=:O

P =: Pi, X =Xi at I =: II

I-x - n,lno

Defining % - ".Ino'

and since n. + "8 ="0
nodx ombno(l- x)

- -;:;:u .. V + bno(1- x)

results in

- N In (1 - XI) + bnoP"'" = ombporll (7a)

Equation 7a should be linearly dependent on the absolute
value of the total gas pressure.

However, if the pressure gradient along the column becomes
t>.pJt>.1 ;0< 0, Equation 7a should behave nonlinear. The in­
fluence of pressure gradients was not examined in detail.

The polylayer adsorption could be thought ofas a series of
parallel systems (5,6). Each of them could be defmed by the
reactions:

where Y =[In (1 - X/)]lxlo X =/,/x/o B .. bno/V.
Differences between the results obtained from Equation

7 at bnoX/V = 0 and Equation 8 were negligible. Therefore,
for further calculations Equation 7 was used in its simplest
form:

.,
sorbate + free surface~ single adsorption complex.-1

sorbate + single adsorption complex ::­.-,
double adsorption complex, etc.

where ki/k_ 1 = blo k./k_. = b., k3/k-3 = b3, etc. Usually, the
equilibrium constant bl for the finlt layer is remarkably higher
than bI, b3, ••• for the second and next layers, because the
sorbent-sorbate interaction is decreasing rapidly with in­
creasing distance. It is usually assumed that

jtcttqn5 ,
mr a o : ' d e!

11

I I

i I

#1 i
I'

t
J

FIgure 2. Chromatogram of benzene distribution among the sample
weights of the sorbont B, pieced In subsequent column sectIons, during
the thermal benzene desorption. The arrow Indicates the direction of
the gos mlxlure flow

process, and to fmd quantitative relations between the amount
of substance adsorbed in a given volume (dv) of an adsorbent
and its distance from the start of filling of the column, equi­
librium conditions of the adsorption and desorption processes
were assumed. Since the experiment was carried out a) at low
carrier gas flow rates and b) using short, lightly packed col­
umns, the following assumptions were made: 1) Carrier gas
pressure decay along the column is very small. 2) The ad­
sorption process is running under the equilibrium conditions.
3) The amount of substance adsorbed on the adsorbent sur­
face is determined only by the adsorption isotherm, For fur­
ther calculations the Langmuir isotherm was applied:

o = ombp (1)
1 + bp

The amount of substance adsorbed in each volume element
dv of the adsorbent packed in the column is given by

0= dn, (2)
dv

Balancing the adsorbed substance flowing through a given
volume element (dv = dx·dy·dz) of the filling, it should be
considered that, because of the gas phase flow forced in the
macroscopically favored direction, e.g., along the z axis, an
additional transfer of the sorbed substance along the two re­
maining directions x and y occurs. That transfer is caused by
the diffusion, convection, and turbulence of the main gas
stream. At limited cross sections of a column, these phenom­
ena lead to the decay of the adsorbate concentration gradient
in those two directions (x. y). That makes possible a balancing
of the adsorbate in one favored direction-the gas phase flow
direction.

Therefore,

The negative value was used to denote the decrease of the
amount of substance adsorbed in a given volume element at
an increasing distance from the beginning of the column.
Following Dalton's law, the partial pressure of adsorbate was
expressed by concentration. Since the total carrier gas pres­
sure in the column during the experiment was equal, p, =
const - 1 atm,

dn,
--=0

r-cll
(3)

(4)

In the case of multilayer, adsorption, the assumption of the
applicability of the Langmuir isotherm for each layer inde­
pendently, as in the BET theory,leads to the conclusion that
differences among the subsequent equilibrium constant values
(Equation 10) should influence the slope (A·b) of Equation
9 (if experimental date are presented as log (1 - x) vs. I). In
the'ideal case the plotoflog (1- x) \'S.l should be composed
of linked straight-line sectors of various slopes. Their joint
pointa called Lm (Figure 3.) ere situated at diatence 1min the
coordinate system, and should correspond to the adsorbent
coverage completion/heginning by adsorbate molecules within
a given monoenergetic surface section ofadsorbent. The layer
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and therefore

(I4)

(I5)

10 £

Xi = ~l + &c2 + . .. + dxj

dxj = nl/no

RESULTS
The results of the benzene adsorption measurements on

sorbents B, Al.03(1), Al.Os(lI), Al.03(ill) are listed in Tables
I-IV. For a convenient direct comparison, these results were
recalculated introducing the adsorption degree (x) and weight
fraction of the adsorbent (g,). The adsorption degree of the
examined compound at a given distance (II) of the column
packing is defined as the sum of ratios of adsorbate amounts
in subsequent layers to the total amount injected to the col·
umn:

The weight fraction of the ith layer of the adsorbent was de­
fined as the ratio of its mass to the total mass ofan adsorbent
in a column:

One may prove that the waight fraction IIi of the ith layer of
adsorbent is equal to the volume and length fractions of the
given layer, respectively:

Cj = ~Vi = .6li

~ II' = v, = I, - Ill, + Ill. + ... + Ill, (16)

The equivalence of the weight, volume, and length fractions
allowed the easy illustration of changes in the amounts of
adsorbed molecules along the column packing. It allows also
the use of the very illustrative term of distance of ith adsor­
bent layer from the column start.

Flgur. 4. Dynamic adsorption of benzene on AI,O. (I).

(a) Distribution of benzene among the aequentIaJ aorbent ump_1n the coIl.Wm
tor Injected benzene doses: (In Ncm') CD. 6.715. 0 • 7.189. Q .8.899. (b)
Appllcatlon of Equation 9 to deacrlbe the adsorption

to £

capacity at that point may be determined from the plot of a
vs. l. That dependence determines the adsorbate quantity
(calculated for the adsorbent mass unit) adsorbed in a given
element IlV on its distance from the beginning of a column.
The capacities of layers at distances 1m will be given by the
corresponding am values.

Because of the simultaneous existence of several adsorp·
tion-desorption equilibria (Equation 10.) the plot oflog (I ­
x) vs. I for experimental data would be a curve composed of
linear sectors. The distance 1m could in that case be evaluated
by the extrapolation of the straight-line sectors of that curve.
Differences in the slopes of those sectors should occur for those
layers only which differ in the equilibrium constants (Equa·
tion 10).

That method can be much simplified. Differentiation of
Equation 9, given in its exponential form and substituting
differentials by increments leads to Equations 12 and 13,
which relate directly the amount of adsorbed molecules in a
given layer element to its distance from the beginning of ad·
sorbent filling in the column:

1 - x = exp (A . b • I) (11)

d{I - x) = A· b· eAb1dl (I2)

In Ilx a A • b • I + const (I3)
iii

The slope of Equation 13 also contains the equilibrium con­
stant b and, hence, the plot of In (IlxliiI) vs. I should exhibit
a bending in the formation area of the completed adsorbata
layer on the adsorbent.

Figure 3. DynamIc adsorption of benzene on sorbent B

(8) DIstribution at benzene among the sequential sorbent samples In the cohxnn
for Injected benzene doses: (In Ncm 3 ) Q = 13.217.0.17.180.0.8.083.
(b) Application of Equation 9 to describe the adsofptlon.
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Table V. Determined Values or the Specific Surrace of Examined Samples
Specific surface determined, m2/g

62.0b

297 b

60.2"

116.0b

By other
methods

So

59.5

252.0

60.5
117.0

a'm So

From Eq. 13

5.07

5.15
9.88

21.4

Injected
amount of From Eq. 9
benzene,

Surbent NcmJ/g am So

AI,a, (1) 6.715 5.50 64.6
7.169 5.10 60.0
8.899 5.20 61.0

AI,a, (II) 12.290 9.76 114.9
14.813 9.76 114.9
24.798c 10.4 122.0

AI,a, (lll) 24.196 13.5 159.0
21.1 06 13.6 160.0

Sorbent B 6.063 5.20 61.0
5.17 60.7

13.5 159.0
5.15 60.6
5.19 61.0

13.217c 10.37 122.0
17.180c 10.4 122.0 10.30 121.2

a Specific surface determined by the classic BET method from the ?c~zel1e ~dsorption isother~. b Specific surface deter­
mined by the thermal desorption of nitrogen method (7,8). C Benzene Injected In excess VS. capacity of sorbent sample used.

DISCUSSION

The capacity am' of the layer determined from the Lm
points on logarithmic plots and, hence, calculated surface
occupied by the adsorbed benzene molecules proved to be
practically equal to the specific surface values of studied ad­
sorbents determined by another method (thermal desorption
of nitrogen (7,8». That agreement of specific surface values
for the examined samples seems to confirm our assumptions
and derived equations.

Determination of the Specific Surface from Equation
13. Equation 13 can be transformed:

log a; = a' I; + C' (18)

Examples of log ai vs. I; plots for the dynamic benzene ad­
sorption on AI,03(l) and on adsorbent B are given in Figures
5 and 6. These plots are not straight lines, according to as­
sumption. From the L m points, determined by extrapolation
of their linear parts, the log am' values were determined. The
calculated layer capacity a m' and, calculated from Equation
17, surface Co occupied by the adsorbed benzene molecules
are listed in Table V.

Extensive simplification of Equation 9, given by Equation
13, might lead to inaccurate results and therefore we would
recommend the use of Equation 9 to determine the 8 0

values.

On the basis of such calculated data, plots of x vs. I, showing
the mean increase x in sequentia1adsorbent layers for incre­
ments AI = 0.1, were drawn. The resulting averaged data were
used in the graphic solution of derived Equations 9 and 13.

Determination of the Specific Surface from Equation
9. From intersections of the extrapolated straight line sectors
of the log (1 - x) vs.1 plots, only the 1m distance of those points
rrom the start of the column packing were determined di·
rectly. The amount am' of adsorbed molecules at this Lm point,
at the distance 1m , was determined indirectly from plots ai vs.
Ii where ai = Ax;·nolAI;·m o. Examples of plots log (1 - Xi) vs.
I; and a; vs. I; for the dynamic benzene adsorption on A1z0 3(1) ,
and on adsorbent B are given in Figures 3 and 4. The X m and
am' values read from the diagrams and calculated on the basis
of surfaces occupied by the adsorbed benzene molecules are
listed in Table V; these values correspond to the cross-points
(L m ) ofstraight-line sectors of the log (I - x) vs. I dependence.
The surface occupied by the benzene molecules was calculated
from the formula:

/0 L

'.8

02

1.2

10

04

16

The results obtained indicate that the deflection areas of
logarithmic plots correspond to the formation of the complete
adsorbate layer on the adsorbent surface in the case of ben­
zene. The slope of straight·line sectors of a logarithmic plot
is proportional to the equilibrium constant of the sequential
adsorption stages. The deflection point on the log (1 - x) vs.
I plot appears at the change of equilibrium constant, i.e., at
transition from monomolecular to polymolecular adsorption.
The observed discrepancies of the specific surface values de­
termined for the A1z0 3(lII) adsorbent from thermal desorp·
tion and our method are most likely due to the molecular sieve
effect.

Figure 5. Dynamic adsorption of benzene on soment B

Application of Equation 15 to the determination of the specific surface of the
examined sample. for injected benzene doses: (in Ncm3) 0"" 13.217, Q a
17.180,0 =6.063

(17)8 =am·N.w
o 22,414
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Figure 6. Dynamic adsorption of benzene on sorbent Alz03 (I)

Application of Equslion 15 to the determination 01 the specific surface of the
examined sample for Injected benzene doses: (in Ncm3 ) 0 = 6.715. 0 = 7.169.
" = S.S99

The layer capacity am' determined from the deflection point
of the discussed plots is in some cases twice as large as nor­
mally observed. That was observed only if relatively large
amounts of benzene were injected to a column. It seems likely
that. in those cases, the deflection point appeared either as
the results of completion of the second layer or because of the
layer capacity increase. An increase of the layer capacity might
be due to the reorientation of adsorbed molecules. It seems
that the possibility of observing the deflection point on a
logarithmic plot at higher surface concentrations of adsorbed
molecules could be considered as a confirmation of the sen·
sitivity of our method.

The influence of the gas carrier flow rate on the slope and
L m distance makes some difficulty in application of that
method. The optimal setting of the carrier gas flow rate was
found at 20-80 cm'/min for our column (80-280 cm3/min·
cm

'
). For such flow rates, the most reproducible results were

obtained because the 1m values were ranging from 0.3 to 0.5.
Flow rates outside those limits are unfavorable because they
are leading to an increase of the cross-angle of extrapolated
straight-line sectors of logarithmic plots. The benzene dose
affects the accuracy as well. We have found that the dose of
benzene should be sufficient to find as small as possible, but
quantitatively detectable, amounts of benzene adsorbed in
the last column section (see Figure 2.). At this condition, we
found that am = am'. The appropriate dose is usually deter­
mined within 3 runs at varying amounts of the adsorbate.

At measurements of the dynamic adsorption of benzene,
an interesting phenomenon was observed: on the desorption
chromatogram of benzene, at higher carrier gas flow rates of
30 mllmin and for adsorbent samples of higher surface occu­
pancy, a splitting of peaks was observed. That splitting was
not observed at the benzene desorption from samples placed

in more remote column sections-at smaller surface coverages.
For those samples, the slopes of relations log a; va. I; and log
(l - x) vs. I differed from those determined for samples of
higher coverage. Those peak splittings are not due to benzene
impurities. The high purity of benzene used was confirmed
by gas chromatography. It seems that the peak splitting is
analogous to that described by Kuge and Yoshikawa (9). Ac­
cording to those authors, the peak splitting corresponds to the
point B on the Second Type Isotherm, following the Brunauer
classification (3).

It should be noted th&t unpublished results (10) on dynamic
adsorption of selenium(IV) and rhenium(VII) oxides indicate
that the appearance of a deflection point on log (l - x) V8. I
plots has to be interpreted as the ftlling of the monoenergetic
surface section on the adsorbent surface. and not as the for­
mation of a complete monolayer of the ad80rbate mole­
cules.

NOMENCLATURE

a = amount of 8 substance adsorbed in N cm3/g.
a i =amount of benzene adsorbed on the 80rbent sample in a given

column section per l·g sample.
am = monolayer capacity in N cm3/g.
am' = amount of adsorbed benzene in N cm3/g of the adsorbent de-

termined from L m points.
A =b·C.
(1 = slope, including the expression for the equilibrium constant b.
b =adsorption-desorption equilibrium constant.
C = constant value at given experimental conditions.
C' = constant. including also the expression for the equilibrium

constant b.
I =column I(>ngth.
Ii = distance of the sorbentsample from the beginning of the packing

in a column.
I In =distance of L m points from the packing start of the column.
Lr.l =cross point of the extrapolated straight-line sectors of the log

(I - x) vs. I dependence.
m o = total mass of a sorbent in the column.
mj = mass of ith analyzed sorbcnt sample in a given column sec­

tion.
flo = total amount of adsorbate injected in the column.
ni = amount of adsorbed substance on ith analyzed sorbent sample

in a given column section.
n~ = amount of adsorbed substance.
f1 i: = amount of adsorbate in gaseous phase.
N = Avogadro number.
w = the surface occupied by the benzene molecule.
p = pressure of the sorbed component.
r = cross section of a column.
So = specific surface of the examined sample in N cm3/g.
v =sorbent volume.
V = carrier gas volume.
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Correlation between Electron Capture Response and Chemical
Structure for Alkyl Halides

Tsuglo KoJima" and Yasukazu Tanaka
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Masaru Satouchl
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The dissociative electron capture reaction lor alkyl halides
was measured by .... of an electron capture detector and the
activation energy was obtained by me_ of the AntIenIus plot
01 Ihe electron capture coelflclenL The Ir.. electron In Ihls
reaction can be regarded as a nuc:IeoplIIIe and the halide anion
as a leaving group; then It Is considered that the dissociative
electron caplure reaction proceeds by a mechanism similar
to bimolecular nucIecltlhlllc substitution (5M2). The relatJonshlp
between the chemical _ ..e and the activation energy lor
alkyl halide. can be completely explained by assuming the
translllon stale of an SH2 reaction. A gas chromalograph­
electron capt... detactor system can alford the retention Index
and the activation energy simultaneously, and bolh closely
relale to lhe chemical structure 01 the sample molecule.
Therefore, It can be expected to lacilltale Ihe qualitative
analysis 01 alkyl halides by measuring these values.

Various organic compounds, containing a halogen, oxygen,
or sulfur atom, and polynuclear aromatic hydrocarbons ex­
hibit strong electron capture characteristics. By taking ad­
vantage of this property, the gas chromatographic trace
analysis of a wide variety of environmental pollutants such
as poly(chlorobiphenyl), alkyl mercuric chloride, and per­
oxyacetyl nitrate became possible with an electron capture
detector connected to a chromatographic column. The prin­
ciple of this detection metbod is summarized as follows.

The background current I b which is the current observed
when the detector is operating with no solute passing through
it, is proportional to the concentration of secondary electrons
produced through inelastic and elastic collisions between
primary electrons from the p-source and molecules or atoms
of carrier gas. When an electron-capturing solute entering into
the detector captures a near-thermal secondary electron, the
current across the cell decreases to Ie because of the con­
sumption of the free electron, and the difference in the de­
tector current, h - Ie, is observed as the output of the detector
on the recorder.

Wentworth and co-workers (1, 2) have described the elec­
tron attachment phenomenon on the basis of kinetic deriva­
tions using the steady-state approximation and related the
electron capture response to the concentration of a capturing
species in terms of the electron capture coefficient K. Ac­
cording to Wentworth's theory, the molecular electron affinity
or the activation energy for an electron attachment accom­
panying a bond dissociation is obtained from K.

A free electron in an electron capture detector can be re­
garded as the simplest nucleophile or radical, and then it is
possible to consider that the electron attachment is a kind of
organic reaction between the simplest reagent and a reactive
substrate, both suspended in an inert gas. Since the electron
affinity or the activation energy is the potential energy dif­
ference between the neutral state and the anion radical of a
sample molecule or the electron-attached transition state of

8 sample molecule, variations in these energies can be ex­
plained in terms of the stabilization of the anion radical or the
transition state through the inductive and resonance effects,
and the molecular strain. Since the effects are closely corre­
lated with the chemical structure of the samplc molecule, the
electron affinity and the activation energy obtained could bc
used as information for identification. It has been proved that
the structure of various compounds can be estimated by
measuring the .electron affinity and the activation energy
(3-5).

Although an electron capture detector is constructed from
very simple units compared with other instruments for
identification, it functions not only as a highly sensitive de­
tector but also as a qualitative detector.

This paper describes the correlation betwecn the activation
energy and the chemical structure of haloalkanes on the basis
of the transition state model analogous to that in an SN2 re­
action and proposes its applicability to qualitative analysis.

EXPERIMENTAL

The gas chromatograph used in this investigation was a modified
Shimadzu GC·2C model. The electron capture detector employed W85

a concentric type with 15 mCi nickel·63 as 8 radioactive source. Ap·
plied voltage was supplied 8S 8 pulse through 8 pulse generator with
an amplitude of 28 V, 8 pulse width of3.21-&5 and 8 puise time of 3200
$IS, and then electron capture reaction proceeded under field-free
conditions.

Glass columns (0.4 em X 240 em) were packed with Shimalite W
80/100 mesh, coated with 15% Apiezon L or 20% TCP for separation
of the chlorides and the bromides and their temperstures were
maintained at 80 °C or 100 Qe. For the iodides, 8 gla.~ column (0.4 em
X 100 em) was packed with Durapak (Carbowax 400lPorasil C) and
ils temperature was maintained at 70°C. Nitrogen was used as a
carrier gas. In most cases, methane at a concentration of 5-10% is
added to argon as 8 quenching gas for thermaJization of fast electrons.
Using methane, Wentworth ct aI. (6) estimated that an electron with
an energy of 10 keY was cooled to 109b above thermal energies (2-5
X 10-2 eV) in 0.076 Jot8. Although the activation energies obtained in
this study were somewhat smaller than those with argon-methane
hy Wentworth, it would not be unrcaMnable to assume that in the
time of 3200 lIS with no voltage applied, a near·thermal distribution
could be obtained.

Since van de Wiel and Tommassen have described that an oxygen·
molecule as an impurity in nitrogen gas captures 8 free electron (7),
the oxygen in the carrier gas was removed by passing it through an
absorption tube packed with cuprous chromate pellets. When this
tube is inserted between the cylinder of the carrier gas and the GC
inlet, an increase in the detector current is observed. Another tube
packed with Molecular Sieve 5A was used for the removal of mois·
ture.

The temperature of the detector cell was measured by insertion of
a thermocouple in the detector bath. The reagen15 used were all
commercially available and some of them were redistilled before use.
The sample solution was prepared by dilution with pentane, hexane.
or benzene to a concentration such that the detector current decreases
to about a half of the background current.

The electron capture coefficient K was calculated from the fol·
lowing equation derived by Wentworth (I, 2):

t:Sh-I'dx=Kn
S I.
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20 Table I. Activation Energies E* for Alkyl Halides

15

Figure 1. Arrhenius plots of electron capture coefficients for alkyl
chlorides

'" 10
c

1.5 2.0+.. 10) (dPg·')

2.5

Compound

Isopropyl chloride
n·Butyl chloride
sec·Butyl chloride
tert·Butyl chloride
n·Pentyl chloride
tert-Pentyl chloride
n-Hexyl chloride
Cyclohexyl chloride
n-Propyl bromide
Isopropyl bromide
n-Butyl bromide
sec-Butyl bromide
tert-Butyl bromide
n-Pentyl bromide
sec-Pentyl bromide
tert-Pentyl bromide
Ethyl iodide
n·Propyl iodide
n·Butyl iodide

Benzyl chloride
m-Methylbenzyl chloride
p·Methylbenzyl chloride

a Standard deviation.

E'

10.9. 0.3"
12.1 • 0.3
11.5. 0.3
10.0. 0.3
10.8. 0.3

9.1 • 0.3
10.7 • 0.3
9.6. 0.3
6.4 • 0.3
5.6. 0.3
5.7 • 0.3
4.6. 0.3
2.4 1 0.3
5.8.0.3
3.61 0.3
1.6 1 0.3
1.8 1 0.3
2.01 0.3
2.3 1 0.3

3.6. 0.1
3.4 1 0.2
3.2. 0.2

in kcaljmol

(1) Isopropyl chlortde. (2) n-butyl chloride. (3) sBc-butyl chloride, (4) t6r1-butyl
chloride, (5) n-pentyl chloride. (6) tert-pentyl chloride. (7) IHl8xyl chloride. (8)
cyclohexyl chloride

RESULTS AND DISCUSSION

According to Wentworth's theory, there are roughly two
reaction modes in an electron capture reaction; a nondisso­
dative reaction where an anion radical is produced from 8

Figure 2. Arrhenius plots of electron capture coefficients for alkyl
bromides and alkyl iodides

(1) n-Propyl bromide. (2) Isopropyl bromide. (3) n-pentyl bromide. (4) s6C1>8Otyl
bromide. (5) tert-pentyl bromide. (6) ethyl iodide, (7) n-propyl iodkie. (8) n-butyl
iodide

where F is the carrier gas flow rate in l./min, S is the chart speed in
em/min, n is the amount of sample injected in moles. Ib and Ie are the
detector current without and with a capturing species in lhe detector,
respectively. Since the detector signal proportional to (/b - Ie) was
converted to the signal proportional to {!b - Ie)l/e through an analog
convertor, the integral term of the above equation corresponds to the
peak area on the chromatogram.

In K7'3/2 = Z + EA/RT (nondissociative) (3)

In K = Z - E'/RT (dissociative) (4)

where EA and E' are the electron affinity and the activation
energy in kcal/mol, R is a gas constant, and T is the absolute
temperature in the dete<:tor. Z is a pre-exponential factor. The
Arrhenius plot of K may be linear with a positive slope of
EAIR for the nondissociative case or with a negative slope of
E'/R for the dissociative case.

The Arrhenius plots of In K for alkyl chlorides, alkyl bro­
mides, and alkyl iodides are shown in Figures 1 and 2. Since
all the plots are linear with negative slopes, it can soon be seen
that alkyl halides capture free electrons dissociatively. In
Table I are given the activation energies calculated by the
least-squares method. The activation energy for an alkyl ha­
lide evidently depends primarily upon the halogen species
contained, and secondarily upon the carbon skeleton. The
activation energies fall in the range ofabout 12 to 9 kcaVmol
for the chlorides, of about 7 to 2 kcaVmol for the bromides, and
of nearly 2 kcal/mol for the iodides. The activation energies
decrease in the order of the length of the carbon chain and in
the order of primary> secondary> tertiary and in the order
of chloride> bromide> iodide. This order is the same as that
of the dissociation energy for the carbon-halogen bond and
is contrary to the order of electron affinity for the halogen
atom. This fact shows that the activation energy is predomi­
nantly determined by the bond dissociation energy. Since the
magnitude of the activation energy is the measure of the
sensitivity of an electron capture detector to the sample
molecule, it will be concluded that if the dissociation energy

sample molecule and 8 dissociative reaction where an anion
and a radical are produced (J, 2).

AB + e- = AB- (nondissociative) (1)

AS + e- = A + B- (dissociative) (2)

Wentwurth and co-workers have correlated the electron
capture coefficient K to the electron affmity of a sample
molecule in the nondissociative reaction or the activation
energy for the dissociative reaction as expressed in the fol­
Jowing equations:

2520

+lllOJ (deg')

15

10

15

20
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Figure 3. Resonance structure in transition state

where t.E is the change in internal energy (the difference
between the dissociation energy of the C-X bond and the
electron affinity of group X). In this study, the relationship
between E' and t.E obtained is expressed by the following
equation.

jugation through the phenyl ring, it is also 8hown in Table I
that p-methylbenzyl chloride has greater reactivity in the
electron capture reaction than benzyl chloride or m-methyl­
benzyl chloride.

While the reactivity of alkyl halides with a free electron
decreases in the order ofterliary > secondary> primary, the
reverse order has been found to hold in SN2 reactions in so­
lution. This difference may be explained by considering the
steric hindrance between the alkyl groups around the a-carbon
atom and a nucleophile. Since such an effect is negligible when
a free electron is a nucleophile. the reactivity in the electron
capture reaction is influenced only by the electronic effect. On
the other hand, the steric hindrance between the alkyl groups
around the a-carbon atom and the leaving group X contrib­
utes to weakening the C-X bond in analogy with an SN2 re­
action.

In the dissociative electron capture reaction, the hyper.
conjugation also contributes to the stabilization of the re­
sulting radical. Then the factor contributing to the stabiliza­
tion of the product parallels that found in the transition state.
This fact is an explanation for the linear relationship between
the activation energy and the change in internal energy.

Our proposal on the mechanism of the electron capture
reaction will be helpful for understanding the relationship
between the activation energy measured and the chemical
structure of the sample molecule and then the identification
of a peak on the chromatogram in the GC-ECD system.

(5)

(6)

E' = t.E + 15.3

E' = 0.89 t.E + 14

of the A-B bond is low, a sample molecule AB containing an
electrophilic group B may be detected by an electron capture
detector with a high sensitivity even if the electron affinity of
group B is low.

Wentworth et aI. have described a linear relationship be­
tween the activation energy and the change in internal energy
with a slope of unity for some alkyl halides as expressed in
Equation 5 (8).

Since a standard error of about 2 kcal/mol is involved in the
C-X bond dissociation energy, it seems that this empirical
relationship is essentially identical with that obtained by
Wentworth. This is a very convenient relation for estimating
E· from t1E or vice versa.

As the activation energy is concerned with the difference
of the potential energy between the neutral state and the
transition state of a sample molecule, it is interesting to con­
sider the structure of the transition slate and to correlate the
stability of the transition state to the value of the activation
energy shown in Table 1. The dissociative electron capture
reaction of the alkyl halide could be assumed to be similar to
a bimolecular nucleophilic substitution in solution. According
to this assumption, the sp3 orbital on the a-carbon atom
should change to an spz orbital as a free electron is ap­
proaching. Therefore, the stability of the transition state de­
pends upon the extent to which the accepted odd-electron in
the p orbital on the a·carbon atom is delocalized by resonance.
In such a case, it can be considered that the resonance effect
is based on the hyperconjugation in which the hydrogen atoms
attached to the p-carbon atom participate (Figure 3).

From this model, it can be explained that the activation
energies for alkyl halides decrease in the order of primary>
secondary> tertiary. In addition, it is expected that the de­
localization of the odd electron on the a-carbon atom through
the phenyl ring in benzyl halide gives an additional resonance
energy and the activation energies for benzyl halides will be
lower than those for alkyl halides. This assumption, in fact,
was confirmed by comparison of the activation energies for
alkyl halides and benzyl chloride as shown in Table J. Because
of the contribution of the p-methyl group to the hypercon-

CONCLUSION

An extensive study has been made of the structural effects
on the electron capture reaction ofalkyl halides. We concluded
that the electron capture reaction of alkyl halides is a kind of
SN2 reaction. The reactivity in the electron capture reaction
of alkyl halides is fully interpreted on the basis of the mech­
anism for the SN2 reaction. The validity of the activation
energy for the estimation of the chemical structure was sug·
gested.

If an electron capture detector is used in gas chromato·
graphic analysis of alkyl halides, the activation energy E' and
the retention index I for each compound arc measured si­
multaneously. These values could conceivably aid in eluci­
dating the structure of an unknown component. For example,
the carbon number could be estimated from I, the kind of
halogen atom from !1l and E", the number and the kinds of
substituents on the a-carbon atom from :lJ and E-.
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Comparison of Positive Ions Formed in Nickel-63 and Corona
Discharge Ion Sources Using Nitrogen, Argon, Isobutane,
Ammonia and Nitric Oxide as Reagents in Atmospheric
Pressure Ionization Mass Spectrometry

I. Dzldlc. D. I. Carroll. R. N. Stillwell. and E. C. Homing'

Instillite for Lipid Research, Beylor College of Medicine, Houston, Texas 77025

Ions with a short resldence time were observed with an API
(atmospheric pressure Ionization) corona discharge source
by locating the dlsc:harge point 0.5 mm from the lampllng
aperture, Nitrogen Ions (N+ and N.+) and argon 10nl (Ar+)
were observed when nllrogen and argon (0.1 % In ultrahigh
purity helium) were reagents. The nitrogen Ion N.+ was the
major reactant Ion obeerved In nitrogen alone. 10nl with long
resldenc:e times In a corona source were observed by c:hangIng
the distance from the discharge point to the eempllng aperture
to 4.0 mm. The formation and reactions of l-e.H.+. NO+. and
NH.+ with eeveral organic compounds are described lor beth
corona discharge (4 mm) and "NI sources.

The technique of API (atmospheric pressure ionization)
mass spectrometry using a 63Ni or a corona discharge ioniza­
tion source has been described in previous publications (1-9),
Several methods of sample introduction have been employed,
Samples may be introduced hy direct injection in common
orgsnic solvents (1, 2), or in the effluent stream from s liquid
chromatograph (3,4,6). Under these conditions, the reactant
ion species are determined by the organic solvent. For exam­
ple, C.H.+ is the major reactant ion produced when isooctane
is used (6). The sample may also he introduced hy volatization
from a platinum wire probe inserted into the heated flowing
gas stream (5), or in the effluent stream from a gas chroma­
tograph. Previously, reactant ion species employed in the
absence of solvents were generated from water or oxygen
present as trace impurities in the carrier gas. As indicated in
this paper, the addition of small amounts of isobutane, am­
monia, or nitric oxide to the carrier gas yields the reactant ions
t-C.H.+, NH.+, and NO+, and these ions can be used in the
same manner at atmospheric pressure as in conventional
chemical ionization (CI) mass spectrometry at pressures
around 1 Torr. The order of hasicity is NH3 > C,Hs > H20.

It is possible to generate and to observe short lived reactant
ions in a corona discharge source of new design. This source
has an axially adjustable discharge point. Ion residence times
can be effectively controlled by adjusting the distance from
the discharge to the sampling aperture. With a distance of 0.5
mm, ions with very short residence times in the source can be
observed. This circumstance makes it possible to demonstrate
experimentally the presence of high energy reactant ions in
an API source, and to define in greater detail the sequence of
ion molecule reactions that are involved in the ionization of
organic compounds in these sources.

The work reported in this paper is primarily directed to
defining reactions and conditions leading to the formation of
useful reactant ions. It should be noted that product ions
observed with both a BSNi and a corona discharge source, when
the discharge is several mm distant from the aperture, are
identical. The product ions observed under these conditions
are stable and relatively long lived. With a corona discharge

source of appropriate design, however, initial, intermediate,
and product ionic species involved in API processes can he
detected.

EXPERIMENTAL

IlUJtrumentatioD. Details of the design and operation of the API
mass spectrometer under a variety of conditions have been publiahed.
(1-9). The spectra of high energy ions reported in thia paper were
obtained using a source designed for a gas chromatograpb-D1888
spectrometer-computer (GC-MS-COM) analyticalaystem. A sche­
matic diagram of this source is shown in Figure 1. For thiastudy, the
source was connected directly to the reagent gas supply, without an
intervening gas chromatograph. The distance from the corona dis­
charge point to the sampling aperture was 0.5 mm, the corona po-­
tential was 800-1000 V, and the discharge cunent was maintained
at 10-5 A. Under these conditions, the major reactant ion peaks sat·
urated the electron multiplier. Single ion cunents, measured using
the multiplier as a Faraday cup, were up to 10-10 A. The high energy
ion spectra were taken using the multiplier as a Faraday cup with a
full scale recorder deflection of 10-10 A.

The API source used for the comparison of 83Ni and corona dis·
charge spectra, for ions with relatively long lifetimes, wu designed
for use in a prototype liquid chromatograph-mass apectrometer­
computer (LC-MS-COM) analytical system (4). The reaction
chamber contained both a 83Ni and a corona discharge aoun:e. In thia
ilUltance, the distance of the corona discharge point to the sampling
aperture was 4 mm. Samples were introduced by platinum wire probe
(5). Spectra of the reactant ions t .C.H9+. NO+, and NH..+, and ionic
products from these ions, were determined in conventional manner
using pulse counting techniques (1).

Reagenta. Nitrogen or argon (0.1% in ultrahigb purity belium),
ammonia (0.01% in ultrahigh purity beJium), ulllabigb purity belium,
and high purity nitrogen were obtained from Linde Division, Union
Carbide Corp. Research grade isobutane (0.1% in high purity nitrogen)
was obtained from Matheson Gas Products. n.Heptylamine and 4·
heptano! were from Aldrich Chemical Co. Heptanoic·y·lactone was
from Pfaltz and Bauer, lnc. Nicotine was from Eastman Organic
Chemical Co.

RESULTS AND DISCUSSION

Nitrogen Ions in Nitrogen and in Nitrogen/Belium.
In the initial API study (1) it was proposed, primarily on the
basis of kinetic data (10), that the H+(H20). ions obserVed
as reagent ions in an API source (with nitrogen as the carrier
gas) were formed by a sequence of ion molecule reactions
originating with the formation of N2+ by electron bombard­
ment:

N2 + e - N2+ + 2e (1)

N2+ + 2N2 - N.+ + N2 (2)

N.+ + H20 - H20+ + 2N2 (3)

H20+ + H20 - H30+ + OH (4)

H30+ + H20 + N2 - H+(H20h + N 2 (5)

H+(H20).-1 + H20 + N2 - H+(H20). + N2 (6)

The ions N2+, N.+, and H20+ can be obeerved only if ion
residence times in the source are reduced to less than the half
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Figur. 1. Schematic diagram of 8 corona discharge source with an
adjustable distance between point end sampling eperture
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Flguta 3. Mess opectrum 01 0.1 % nitrogen In helium, obtained with the
corona discharge poInt locatad at a distance of 0.5 mm from the sam­
pling aperture. Source temperatU'8. 200°C

and the N+ and N,+ ions are produced by charge transfer:

The ions N3+ and N,+ are the products of subsequent reac­
tions of N+ and N,+ with N,. The equilibrium constant for
reaction 2, calculated as described from the observed (Figure
3) ion intensities for N,+ and N,+ indicates an effective
temperature of 570 ·C. This result is in agreement with ob­
servations made for nitrogen alone: the high energy, ahort

t _ I
1/' - 8 X 10-'9 IN,]'

where IN,] is the nitrogen gas density. At 2OO·C the density
is 1.6 X 1019 molecules cm-3,leading to a value for the reaction
half life of about 5 X 10-11 0. These relationships suggest that
at 200 ·C, and with a transit time of about 10-6 s, it should not
be possible to observe N,+ ions. If the equilibrium constant
for reaction 2 is calculated from Figure 2, using the equa­
tion:

K __1_,_
',' - I, X PN ,

where I, and I, are the observed ion intensities for N,+ and
N.+, respectiyely, PN2 is the pressure of the nitrogen carrier
gas (760 Torr), and K", is the equilibrium constant for
Equation 2 in Torr-I, the value is found to beO.1 Torr-I. The
data ofPayzant and Kebarle (12) give a value of K", = 0.1
Torr-I for a temperature (at thermal equilibrium) of 540 ·C.
The ions are evidently not in thermal equilibrium with the ion
sourcewalJs (which are at 200 ·C). The high energy of the ions
is probably due to the high electric field present in the dis­
charge which leads to high ion velocities and thus through
collisions to much higher vibrational and rotational energy,
i.e., "high effective temperature" of the ions. These ions have
ion lifetimes that permit their observation when transit times
of 10-6 to 10-6 a are attained through appropriate source de·
sign.

A convenient way to reduce the concentration of nitrogen
in the source is to use a nitrogen/helium mixture; this reduces
the concentration of N,+ ions, and N,+ and N+ ions become
the principal high energy reactant ions. Figure 3 shows the
positive ions observed for a 0.1% nitrogen in helium reagent
gas mixture. Tbe initial reactant ions are He+ and He,+:

(7)

(8)

(9)

(10)

He + e - He+ + 2e

He+ + 2He - He,+ + He

He+ + N, - N+ + He + N

He+ + N, - N,+ + He

C()R()'o,IA SOURCE
N..'" MTROGEN

life of the reactions in which they participate. Assuming that
the water concentration is 1 part per million (1.6 X 10" mol­
ecules cm-' at 200 ·C), and using the experimentally deter­
mined reaction rate constant (10) of 1.8 X 10-9 cm' mole­
cule-I S-I, the half life of reaction 4 is:

t = I = 3.5 X 10-6 s
1/2 (1.6 X 1013) X (1.8 X 10-9)

Thus, an experimental demonstration of the presence of H,O+
(the product of reaction 3) requires a sampling procedure that
will remove ions from the source chamber in about 10-6 s or
less. These conditions were achieved with a corona discharge
source of the design shown in Figure I, with a distance of 0.5
mm from the corona discharge point to the sampling aperture.
With nitrogen as the carrier gas, and with this source, the
major reactant ion at 200 ·C was observed to be N,+. The ions
present in the source chamber under this condition of opera­
tion are shown in Figure 2; N,+ is also present, along with some
Ns+.

It is generally assumed that ions formed at atmospheric
pressure are brought to thermal equilibrium very rapidly. This
may not be the case for a corona discharge. It is not possible
at this time to determine directly the rate of transfer of ions
from the corona point to the mass analyzer region, but esti·
mates can be made. If the field from the corona discharge
point to the aperture is uniform, the velocity of an N,+ ion
generated with an applied voltage of 103 and present in a field
of2 X 10' V em-I would be 5 X 10' cm S-I (1 n, and the transit
time from the corona point to the aperture would be about
10-6 s. This value can be compared with estimates for the half
life of reaction 2. The forward reaction rate constant is 8 X
10-29 cma molecule-' S-I (12), and the half life is:

'I
'Oz'

H o· NJ+'~L-~'------A-
, I I I I ,
II ,. n 41.1 ~

FIgure 2. Mess spectrum of nitrogen obtained with the corone discharge
point located at 8 distance of 0.5 mm from the sampling aperture.
Sotrce temperature. 200°C
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Figure 4. Mass spectrum of 0.1 % argon In helium obtalnad with the
corona discharge point located at a distance or 0.5 mm from the sam.
pIIng aperture. Source temperature. 200°C

lived reactant ions N+, N2+, and N,+ are not in thermal
equilibrium within the source.

These reactants will generate ions from any substance with
an ionization potential below that of nitrogen that is intro.
duced into the source. For example, Figures 2 and 3 show ions
due to impurities in the gases. The ions at 16 and at 32 amu
are due to 0+ and O2+; ions at 18 amu are due to H20+. The
ion at 46 amu was identified by Shahin (I3) as being due to
N02+.

Other llighly Reactive Ions. When a reagent/carrier gas
mixture of 0.1% argon in helium was employed, the major
reactant ion was AI+, as shown in Figure 4. Water was not
added to nitrogen or helium to provide additional reactant
ions, although this could be done. The initial ionic product
from water is H20+ (reaction 3).

Reactions of High Energy Ions. The use of 0.1% of ni­
trogen or argon in helium, as a reagent/carrier gas results in
a sequence of ionization reactions. The initial step is the for·
mation of helium ions (ionization potential, 24.6 eV) (reactiol!!
7 and 8). This is followed by ionization of the reagent to yield
argon ions (ionization potential, 15.7 eV) or nitrogen ions
(N2+, ionization potential, 15.6 eV). These highly reactive,
short lived ions will react by charge transfer with organic
compounds introduced into the source. It is not yet known if
argon charge transfer spectra will prove to be of practical value
in applications of GC-MS(API)-COM analytical systems.
Preliminary experiments with n-alkanes have shown thst
hydrocarbon radical ions can be observed, but this aspect of
API processes remains to be investigated.

Inorganic substances introduced into the source chamber
may also be ioni2ed under these conditions, but potential uses
of API mass spectrometry in inorganic chemistry have not
been investigated.

The introduction of appropriate organic or inorganic re­
agents has the effect of providing a new ion or group of ions
which in turn may serve as reactants. In these instances, the
carrier gas may be helium, argon, or nitrogen, and reagents of
current interest are isobutane, ammonia, and nitric oxide. The
ions derived from isobutane, ammonia, and nitric oxide are
relatively stable and long lived, but sufficiently reactive with
most organic compounds to provide product ions thst are also
relatively stable and long lived. An advantage gained in using
these reactants is that water, which is unavoidably present as
a trace impurity, is not ioni2ed to a detectable extent in the
presence of these reagents. The reagent and product ions are
in thermal equilibrium in 4-mm corona discharge and 63Ni
sources.

Formation of t-C,H,+ laDS in 0.1% Isobutane in Ni­
trogen. Figure 5 shows the reactant ions observed at 200 ·C
for nitrogen carrier gas containing 0.1% isobutane. The corona
discharge (4 mm) and 63Ni spectra are essentially identical,

),..; I.
-~--_--.:=:~

Figure 5. API mass spectra (S3N1 and 4-mm corona dlacherge) showing
reaetantlons obtained from Isobutane (0.1 % In nitrogen) at 200 ·C

~
/C.H'

MH'

"-.L- --'Ls. _
Figure 8. API mass spectra of reaction products 101: t>hepfylamlne and
heptanolc-r-1ectone In the presence of 1-e,Ho+ et 200 ·C (""NI
source)

but the corona spectrum shows in addition a low concentration
of the CoHo+ ion. This ion was also observed in the CI (l Torr)
spectrum of isobutane (14); it is a relatively stable ion. In both
sources the t -C,Ho+ ion is probably produced by charge
transfer with hydrogen radical loss:

N,+ + C,H IO - t-C,Ho+ + 2N2 + H (11)

The t -C,Ho+ ion is produced over a wide range of isohutane
concentrations. The upper limit of useful concentration de·
pends chiefly upon the impurities in the reagent; with research
grade isobutane, the upper limit is around I%. The lower limit
of useful concentration is determined by the water present in
the source. Reaction 3 forms H20+ ions from traces of water
present in the carrier gas. Assuming that the charge transfer
reaction rates for reactions 3 and 11 are of the same order of
magnitude, a useful limit would be about 102 above the water
concentration. For this reason, a range of isobutane concen­
tration from 0.01 to 1.0% is suitable for the generation of t­
C,Ho+ ions. The half-life of reaction 11 is approximately 5 X
10-7 s for a 0.01% concentration of reactant.

Reactions of t-C,H.+ Ions. The usual reaction observed
under conventional isobutane CI conditions with organic
compounds containing nitrogen or oxygen atoms is ionization
by proton transfer (15).

M + t-C,Ho+ - MH+ + CoHo (12)

This reaction is illustrated in Figure 6 for two compounds with
••3Ni source; identical corona discharge spectra were ob­
served. The t ·C,Ho+ ion will also participate in hydride ab­
straction reactions with saturated sliphatic hydrocarbons, and
will add to some compounds to form (M + 57)+ (15). These
reactions were not investigated.
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Figur. 7. API Mass spectra (""NI and 4-mm corona discharge) showing
reactant Jons obtained 'rom nitric oxide (0.1 % in helium) at 200°C " ..

Formation of NO+ Ions in 0.1 % Nitric Oxide in Helium.
Figure 7 shows the corona discharge and 63Ni spectra of 0.1%
nitric oxide in helium at 200 ·C. The NO+ ions are formed
directly or by charge transfer from He+ ions:

+OH
II

R,CHOHR, + NO+ - R,CR, + HNO (14)

This reaction is illustrated in Figure 8 for 4-heptanol.
Hydride transfer to NO+ from hydrocarbons has been

studied (23-25); when the hydrocarbon contains a tertiary
hydrogen atom, the reaction occurs readily.

Reaction by addition may also occur. In instances where the
reacting compound has a high dipole moment, NO+ may
add:

M + NO+ + He - NO+M + He (15)

The extent offormation ofNO+M depends upon the structure
of M and the source temperature; increasing the temperature
decreases the ion yield. An example of reaction 15 is in Figure
8 for heptanoic-'l'-lactone.

Charge transfer may also occur (J 7); relatively few examples
of this type have been studied. Identical spectra for aU reac­
tions were obtained with s3Ni and corona discharge
sources.

Formation of NH.+ Ions in Ammonia in Helium. For-

The ionization potential of nitric oxide (9.2 eV) is below thaL
of water (12.5 eV) so that charge transfer from H20+ would
also give NO· ions. The concentration range of nitric oxide
in helium is not highly critical; the lower limiL should be sev­
eral orders of magniLude greater than sample concentrations,
while the useful upper limit is set by dimer ion formation. In
the concentration range of 0.1 to 1%, the major reactant ion
species is NO+. The concentration of cluster ions NO+(H,O)n
will be dependellt upon the source temperature and the water
concentration. The expected ratios of NO+ to NO+H20 at
different temperatures and partial pressures of water can be
calculated from the data of French, Hills, and Kebarle (16).
The variation in ion intensities for N,/NO mixtures under CI
conditions (0.9 Torr, 100 ·C), as a function of NO concentra­
tion, was studied by Jelus, Munson, and Fenselau (17). A
similar study cannot be made with a 4-mm corona discharge
source, since the short lived nitrogen ions which are present
in the source are not observed.

Reactions of NO+ Ions. The use of NO+ ions in conven­
tional CI mass spectrometry has been recommended as a
means of identifying certain functional groups (18-22). For
example, hydride abstraction from a secondary alcohol leads
to (M-H)+:

(16)NH3+ + NH, - NH.+ + NH2

The cluster ion NH,+NH3 is formed by the reaction:

NH.+ + NH3 + He - NH.+NH3 + He (17)

Figw. 8. API mass spectra of reaction products fa< a secondary alcohol
and for a lactone in the presence of NO+ at 200°C (63Ni source)

K I_c _

0,1 - I X PNH3

where Ie is the cluster ion intensity, I is the NH.+ ion inten­
sity, PNH3 is the ammonia pressure in Torr and KO.1 is the
equilibrium constant in Torr-I. The equilibrium constant at
various source temperatures can be determined from the data
of PayzanL, Cunningham, and Kebarle (26). At 250 ·C, it is
100 Torr-I. Assuming an upper limit of 2:1 for the ratios of
NH.+NH3 to NH.+, as shown in Figure 9, the upper limit of
ammonia concentration is 27 ppm. At 200 ·C, the equilibrium
constant increases to 700 Torr- 1 and the upper limit would
be reduced to 4 ppm, just slightly above the lJ¥fullower limit.
Thus, in API studies, the useful range of ammonia concen­
tration is rather limited.

Reactions of NH.+ Ions. Figure 10 shows the ionization
of n-heptylamine and nicoLine by reaction with NH.+ ions.
The 63Ni and corona discharge spectra were identical.

Numerous examples have been published of the use of
NH.+ as a reactant ion in conventional CI mass spectrometry
(27-33). The proton affinities of amines (34-.m, amides (36),
pyridines (34, 35) and 80me ketones (29) are higher than
ammpnia, so that a variety of compounds can be ionized by
proton transfer from NH.+. Two examples of amine proton­
ation are in Figure 10.

The cluster ion NH,+NH3 has a proton affinity that is 24.8
Kcal greater than that of NH.+, and it is not suitable for
general use as a reactant ion species. For this reason, the
concentration of ammonia in the carrier gas must be held
within relatively narrow limits. The lower limit of concen­
tration is set by the requirements that reaction 16 be com­
pleted. Assuming a reaction rate constant for reaction 16 of
10-9 cm2 molecule- 1 S-l, and a reaction half life of 10-' s for
reaction 16, gives a lower limit of about 10'3 molecules cm-3

or about 0.6 ppm of ammonia. At this concentration, the ratio
of N~+NH3 to NH.+ ions can be calculated from the rela­
tionship:

mation at 250 ·C of the reactant ion NH.+, and the cluster ion
NH.+NH3, in helium containing approximately 30 ppm of
ammonia, is shown in Figure 9. This concentration was ob­
tained by dilution of 0.01% ammonia in helium. The 63Ni and
corona discharge spectra are identical. The initial ionization
reactions are assumed to involve charge transfer from He+ to
form NH,+, NH2+, and NH+ ions. The reactant ion NH.+ is
formed as a product of further reaction, for example:

(13)He+ + NO - NO+ + He
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Flgur. 9. API mass spectra ("'NI and 4-mm corona discharge) showing
reactant Ions obtained from ammonia (30 ppm In helium) at 250 ·C

API >,lASS Sl"(:;ll1"
IiI:OTl'OC
""'C

"H~I

__'-~JL . JL__6-"N'-'__

Figure 10. API mass spectra of reaction products for n-heptylamlne
and for nicotine In the presence of NH-4+ at 250°C (B3NI source)

The cluster ion NH..+NH3 is relatively unreactive, since
proton transfer from this ion is 24.8 Kcal/mol more endo­
thermic than proton transfer from NH, + (26); if the concen­
tration of NH,+ ions is greatly depressed by the use of 0.1%
ammonia in helium, the capability of ionization by NH..+ is
virtually lost.

Low Energy Ions as Reactants. No differences have been
observed in 63Ni and corona discharge (4 mm) spectra for re­
actions of relatively low energy ions with organic compounds.
Both reactant and product ions are less reactive than ions such
as N+, N~,/, or Ar+. The transit time from the corona point to
the sampling eperture is estimated to be about 10-' to 10-3
s. and highly reactive carrier gas ions. although present in the
source, are not detectable under these conditions.

Only a few representative reactions were studied; the results
are in accord with present knowledge of CI reactions. The
reactant ions t -C,H.+, NH,+, and NO+ should show the same
chemical properties in an API source as in 8 conventional CI
source,

Comparison of Sensitivity of Detection with Different
Sources. The sensitivity of detection observed with the usual
4-mm corona discharge source has been shown to be the same
as that of a G3Ni source (6). The sensitivity of detection with
the corona discharge source (0.5 mm) designed for studies of
high energy ions has not been determined. The ion residence
times are reduced, while the total ion current is increased by
about 102• It is expected that the sensitivity of detection at­
tainable with this source will probably be less than that ob­
served for 63Ni and 4-mm corona discharge sources; this
question is under investigation.

Use of Mixed Gases in API Sources. The use of mixed
gases in a conventional CI source has been proposed (38,39)
in order to provide a composite spectrum made up of charge
transfer fragmentation ions and one or more relatively stable

ions resulting from proton transfer. These spectra have been
recommended for use in structural studies.

The purpose of using mixed gases in API mass spectrometry
is entirely differenL Only small amounts of reagent are needed
to produce a suitable reactant ion concentration. The ion·
ization sequence is carrier gas - reagent - product ions, and
concentration~of 0.01-0.1% of reagent are adequate for thia
purpose. Other advantages in using a low concentration of
reagent are that cluster ion formation is reduced (this is an
important effect for ammonia) and that the effects of small
amounts of impurities are minimized. The upper limit of re­
agent concentration is usually determined by the impurities
in the reagent. There is no implication that a charge transfer
and a proton transfer spectrum should be observed in com­
posite form as a consequence of the use of mixed gases with
a fi:INi or 4-mm corona discharge source.

CONCLUSIONS

The reactant ions N2+ and N.+, whose formation in an API
source was originally proposed on the basis of kinetic data, can
be observed in a corona discharge source with a corona
point-to-sampling aperture distance of 0.5 mm. Other high
energy ions such as He+, He2+, Ar+, N+, 0+, and H20+ can
also be observed under these conditions. With a corona
point-to-sampling aperture distance of 4 mm or greater, the
ion residence times are longer and the corona discharge and
6:lNi spectra of reactant ions are essentially identical,

Ionization reactions in API mass spectrometry leading to
positive ions are not limited to water- or solvent-mediated ion
molecule reactions.

The reactant ions t-C.H.+, NH.+, and NO+ can be gener­
ated easily in "'Ni and corona discharge (4 mm) API sources.
Identical mass spectra of product ions were observed for these
two sources when positive ions were generated by reaction of
samples with reagent ions. Although only a limited number
of reactions were investigated, the results suggest that reac­
tions which have been observed under conventional CI con­
ditions employing the same reagents will also be observed
under API conditions.
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Large-Scale Mass Spectral Analysis by Simplex Pattern
Recognition

T. FaI Lam, Charles L. Wilkins,· Thomas R. Brunner, Leonard J. Sollzberg, and Steven L. Kaberline

Department of Chemistry. University o( Nebraska-Lincoln. Lincoln. Neb. 68588

In the presenl work, Ihe simplex optimization procedure Is
examined as a means of producing high quality linear discri­
minant functions for recognition of eleven functional group
categories from low resolution mass spectra. Classifier per­
formance is evaluated with test sets totaling over 1900 com­
pounds; and a new performance measure-the figure of
merit-Is employed In the evaluation. For linearly separable
data, slmplex-derlved weight vectors are not superior to those
obtained by the simpler error-correctlon-feedback methods_
For Inseparable data, however, a simplex wllh Inllial vertices
at weight vectors derived by error-correctlon-feedback does
Indeed generally converge on a set of weight vectors wllh
superior performance. It Is found that those weight vectors
showing poorest performance correspond to the more dllflcult
chemical discriminations.

Studies of chemical pattern recognition have shown the
promise of t.he method for eventual routine application to
spectral analysis (1-4). Previous work has been open to the
criticism t.hat it was based on relatively small data sets un­
representat ive of practical analytical problems. Therefore.
a primary objective of the work presented here was to inves­
tigat.e lhe applicability of linear discriminant analysis to a
lar~er data set.. Accordingly, 2140 mass spectra drawn from
a larger cullcction of 18806 spectra (5), were used in this
study.

BACKGROUND

The linear learning machine met.hod of pattern recognition
is an empirical approach to data analysis (6). Using error
correctiun feedback (7) and known training sets, weight vec­
tors are trained to make binary decisions. In principle, if
enough different. sets of sufficiently accurate weight vectors
were accumulated, they could be used to identify molecular
st.ructures from mass spectra, even in the absence of knowl­
edge of the theory of mass spectrometry. Thelinear learning
machine method has been used with some success in deter­
mining empirical formulas (8) and for some substructure
determinations (9), although with relatively small data sets.
However, one problem of the technique is its inability to deal
adequately with. linearly inseparable data. The particular

weight vector obtained is dependent in a complicat.ed way
upon the details of the feedback process and the order of
pattern presentation during training. In the case of insepa­
rable data, convergence to 100% recognition of the training
set iR impossible and, even worse, the final weight vector may
bear little relationship to class identities. Consequently, un­
reliable predictions can result.. Even for separable data, there
is no assurance that a vector giving perfect recognition of a
training set will yield optimum prediction results.

The simplex method, a procedure for optimization, has been
used in several areas of analytical chemistry such as experi­
mental design (10), data reduction (11), and automated in­
strument. control (12). More recently, this technique has been
found attractive for pattern recognition because it may pro­
vide a means for generating near·optimum linear discriminant
functions for inseparable data (13). Accordingly, it could be
a more reliable tool for obtaining these functions for use in
mass spectral interpretation than previous methods (13). In
this paper, that premise is examined using a large data set to
develop functions for eleven structural questions.

EXPERIMENTAL

Data Basc. For initial training and testing, a set of 1252 mass
spectra (Set A) was drawn from 8 computer-readable file of 18 806
spectra (5), These spectra were so selected that each compound rep­
resented contained only one of eleven functional groups chosen for
t.he development of weight vectors (an exception to this was the phenol
category, which obviously contains 8 substituted phenyl). Jo"'or each
of the elenn categories, a training set. containing up to 200 spectra
was chosen from the 1252 Hpectrum set. Wherever possible, training
sets were comprised of approximately equal numbers of class member
and nonmember spectra. The remaining spectra, unused in training,
were used as test sets 1.0 determine the prediction capabilities of the
weig:ht vectors developed. After weight vectors had been calculated,
additional spect.ra were drawn from the 18806 spectrum file to serve
as further unknowns. Spectra of deuterated compounds were rejected.
In this way, a set of 888 additional unknowns was obtained.

Computations. Programs for modified sequential simplex and
linear learning machine calculations were written in FORTRAN IV and
all computations performed using an IBM 360/65 computer. The
simplex method was that described previously (13), except that the
spanning constant, a, was 4000 for all questions except amine, where
it was 100.

Preprocessing and Feature Selection. Intensities in the master
file were encoded to 1 part in 9999, with the base peak in each spec­
trum being assigned the value 9999 and the others assigned values
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Table I. Composition of Training Sets Used"

Ketone/
Phenyl Aldehyde Ether Alcohol Phenol Acid Thiolb Esler Amine Amide Niltile

Training sel I 2 3 • 5 6 7 S " 10 II
Number in cia" 2'" 96 103 ISS 84 51 135 125 131 56 37

Cia..
1 100 31 31 18 32 40 28 30 30 40 35
2 12 56 13 12 14 15 10 10 12 15 15
3 11 16 60 11 16 15 11 12 12 15 15
4 18 19 16 100 20 25 15 18 18 15 20
5 8 15 12 6 44 15 10 10 10 15 15
6 8 8 10 8 10 30 8 8 8 15 25
7 12 15 15 14 16 15 80 17 17 15 15
8 9 13 13 9 12 15 12 80 13 15 15
9 12 15 14 12 16 15 13 13 70 15 15

10 6 8 10 6 10 10 7 7 7 30 10,
11 4 4 6 4 10 5 5 5 5 10 20

a Training sets are listed as co!umns; e.g., the training set for phenyl contained 100 phenyl compounds, 12 ketones and/or
aldehydes, 11 ethers, etc.. b Thioethers were also included in this category.

Table II. Comparison of Simplex and Linear Learning Machine Predictions for 1052 Monofunctional Unknowns

Functional group
Presence or absence (% correct)

Fea-
Merit (M)b

vector SIM REO·SIM LLM RED·LLM turesa SIM REO·SIM LLM RED·LLM M (av)

Phenyl 91.2 94.9"' 92.0 91.2 20 0.55 0.63 0.53 0.34 0.51
Aldehyde and ketone 88.9 89.3 95.4" 88.5 35 0.31 0.27 0.50 0.25 0.33
Ether 81.6 83.4 84.4" 88.1 45 0.23 0.20 0.21 0.07 0.18
Alcohol 87.1 79.4 88.5" 87.1 30 0.36 0.23 0.34 0.18 0.28
Phenol 91.7 94.8" 91.9 87.1 20 0.32 0.53 0.42 0.38 0.41
Acid 93.0" 90.9 91.3 86.3' 25 0.25 0.23 0.23 0.18 0.22
Thiol or thioethcr 93.9 94.4" 93.3 86.1 20 0.53 0.55 0.49 0.36 0.48
Ester 83.0 86.2" 90.5 82.4 25 0.26 0.23 0.15 0.14 0.20
Amine 87.9 95.1 " 94.4 77.8 20 0.49 0.55 0.57 0.09 0.43
Amide 86.3 90.2 94.3" 81.3 25 0.15 0.20 0.32 0.19 0.22
Nitrile 90.8 96.1 96.6" 94.3 25 0.33 0.42 0.49 0.36 0.40

a The number of fealures used in the reduced~featuresimplex and linear learning machine training, designated RED-SIM
and RED~LLM, respectively; 60 features were used, otherwise. bThe figure of merit, defined as the ratio of information
gain in bits to possible information gain in bits. See Equation 14. C The best weight vectors, selected by considering merit
figures and % correct prediction are indicated by •. Average percent correct for these is 92.59"0.

relative to that one. For this study, metastable peaks and those with
less than 1% relative intensity were not used. The square roots of in­
tensities of remaining peaks were used for subsequent calculations.
For computational convenience, feature selection (Le., choice of the
mle values to be used in weight vector development) was accom­
plished by selecting the 60 most frequently appearing peaks for each
of the eleven functional group categories. Following feature selection,
members of the training sets possessing peaks at none of the selected
mle values were elimiI1Qted. This resulted in elimination of 1spectrum
from each of four training sets, 2 spectra from one training set, and
10 spectra from one training set.

RESULTS AND DISCUSSION

It was a primary objective of the research to obtein, ifpos·
sible, reliable weight vectors capable of achieving reasonably
high levels of accuracy in detecting the presence or absence
of selected functional groups in molecules by examination of
their mass apectra. A second objective was to evaluate the
relative merit of the simplex and linear learning machine
approachea, both generally and for the present applications.
For these reasons, the training was conducted using both
simplex pattern recognition (J3) and the linear learning ma­
chine method on the preprocessed data selected for training.
It seemed logical to devolop weight vectors which could dis­
criminate between specific well-dermed classes (the functional
group categories) and all other classes. Accordingly, the
training sets were purposely comprised of apectra from com­
pounds whose spectra would be uncomplicated by the pres­
ence of more than one kind of functional group (with the ex­
ception of phenyl and phenol). Although this is certainly a

defensible strategy for training, use of such a set of spectra,
where ambiguity is minimized, is unlikely to provide realistic
tests of the prediction ability for actual unknowns, where no
such artificial restrictions exisL Therefore, in addition to
testing the prediction performance with monofunctional
compounds not used in training, 888 additional spectra (Set
B) arbitrarily selected from the master me, were employed to
evaluate the potential performance on realistic problems.
Table I shows the distribution of compound types for the
entire 1252 spectrum set (Set A) which served as the source
of training sets. Also included in Table I is the distribution of
compounds within each of the eleven training sets. Aa men­
tioned earlier, several of the training sets have alightly fewer'
than 200 members because of the elimination of compounds
having no peaka at the 60 mle positions chosen for the par­
ticular questions.

Table II summarizes the recognition and prediction per­
formance for all simplex and linear-learning machine weight
vectors developed in this study. In each case, all Set A non­
members of the respective training sets were used as predic­
tion set unknowns. Recognition of training set members was,
with three exceptions, 98% or better for the simplex and 60
feature linear learning machine weight vectors. Table V pre­
sents the prediction percentages of the weight vectors for the
additional 888 unknowns. 'Here, the percentege of correct
predictions is somewhat lower, as expected, and averages
82.3% correct, if the best vectors are considered.

For the present study, the Fisher ratio (14) feature selection
technique employed previously for mass spectral vector de-
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Table Ill. GO.Feature Simplex Recognition and Prediction Results, Percent Correct 1052 Monofunctional Unknowns· .

Weight vector 1 , 3 4 S 6 7 S 9 '0 11

Recognition 98,0 99.5 99.0 95.0 99.5 99.0 99.5 96.0 99.5 91.8 99.5

Class
86.8 96.8 94.3 95.61 94.6 97.2 98.2 99.1 82.9 98.1 98.6

2 98.8 82.5 78.3 92.9 98.8 96.3 91.9 83.7 70.9 95.1 92.6
3 88.0 83.9 83.3 59.8 100.0 94.3 78.3 76.9 89.0 88.6 88.6
4 91.6 86.7 62.0 87.1 95.8 91.9 94.7 83.2 89.8 94.7 92.7
5 46.1 95.4 100.0 92.3 77.5 98.6 97.3 86.5 94.6 97.1 95.7
6 90.7 86.0 92.7 72.1 100.0 71.4 93.0 44.2 83.7 66.7 97.2
7 95.1 88.3 88.3 91.7 92.4 92.5 92.7 67.8 94.9 94.2 91.8
8 96.6 87.5 64.3 67.2 86.7 73.3 94.7 87.3 91.0 86.4 72.7
9 98.3 86.2 72.4 99.2 98.3 99.1 99.2 98.3 100.0 52.6 87.1

10 96.0 85.4 80.4 94.0 95.7 89.1 100.0 93.9 57.1 65.4 91.3
11 100.0 87.9 100.0 81.8 81.5 84.4 71.9 90.6 37.5 66.7 88.2

Overall
prediction 91.2 88.9 81.6 87.1 91.7 93.0 93.9 83.0 87.9 86.3 90.8

Q The columns contain the detailed performance of the weight vectors for unknowns belonging to each of the classes.

l(A,B) = H(A) - H(A!B) (I)

l(A,B) = L L pli,k) log, pU,k) (2)
;·'-...j.n p(l)p(k)

information gain.l(A.B), be used as an objective measure of
performance. This quantity measures the amount by which
a classifier reduces the uncertainty in class membership and
is measured in bits.

Specifically, information gain is defined as difference in
entropy, H, before (H(A» and after (H(AjB» application of
the classifier (I 7). AB Rotter and Varmuza reemphasi7.ed (16),
the convenient formulation of Equation 2

allows easy computation of the quantity.
However. even this inforrnalion·theoretic approach retains

a measure of dependence on test set composition. Accordingly,
we have proposed an alternate measure of classifier perfor­
mance (I8) based on recognition of the fact thatthe maximum
possible information gain of a classifier is limited by the initial
uncertainty, H(A), which in turn depends on the composition
of the test set as shown in Equation 3. This new measure
(Equation 4), which we have called the figure of merit, M, is
the information gain relative to the maximum possible in­
formation gain imposed by the test set composition.

In the present study, we have calculated M for all 44 clas­
sifiers developed for the eleven functional group questions.
using for this purpose test sets of over 1000 spectra.

Prediction Reliability. When the results contained in
Tables II through V are considered, a number of interesting
facts are observed. First, if one compares the performances
tabulated in Table II, it is seen that, on the basis of percent
correct predictions for the 60 feature data sets, the linear
learning macbine (LLM) weight vectors were superior to the
simplex (SIM) weight vectors for 9 of the 11 questions and
only slightly worse for the remaining 2 questions. For these
separable or near-separable training sets, there is no pro­
nounced advantage from the use of the simplex method.
However, examination of the merit figures. M. in Table II
reveals that the case is not quite as clear-cut as prediction
percentages might suggest. Here, only six of the LLM cate­
gorizers had higher ratings than the simplex discriminants,
suggesting that prediction performance for members and
nonmembers was sometimes less balanced than might be
desired. For example, even though the overall prediction
performance for the ester question is over 7% better for the

(3)

(4)

H(A) = -p(1) log, p(2)

M = l(A,B)
H(A)

velopment (13) and in a parallel carbon-13 NMR spectra
study (15) was not used. Instead, features (mle positions to
be used for each weight vector) were selected simply on the
basis of the frequency of peak appearance within each training
set. That is, for each set, those 60 mle positions where peaks
(excluding metastables and those with less than 1% relative
intensity) were most often found, were selected as the features
to be used. This method gave significantly better results than
the use of Fisher ratios in a few trial comparisons.

In those cases where fewer than 60 features were used,
feature selection was accomplished by successively discarding
groups of five features from the frequency-ordered set of 60
features, until the data became linearly insepsrable in the
training sets within the computational constraints imposed.
AB before, the least frequently appearing features were dis­
carded first.

Because a primary objective of the study was to produce the
best possible weight vectors for incorporation into an on-line
pattern recognition system, methods of improving the simplex
weight vectors obtained were of interest. Additionally, it was
of interest to investigate the premise suggested by earlier work
(13,15) that simplex-derived weight vectors would be superior
for linearly inseparable data. It seemed possible that, in the
latter case, a preprocessing step to produce a beginning weight
vector via the linear learning machine method might provide
a better means for initializing the simplex process. To examine
these matters, the number of features used were reduced until
the training sets became inseparable, as described ahove.
Linear learning machine weight vectors obtained from these
reduced-feature training sets were then used as starting points
for each of the eleven simplex calculations, instead of the mean
value starting vectors (13) utilized for the 60 feature simplex
calculations.

Classifier Evaluation. In the past, the most common
single measure of prediction reliability for pattern recognition
predictions of functional group category from spectral data
has been the overall percent correct prediction. Because this
figure can aometimes obscure the performance when pre­
dicting class membership, as opposed to nonmembership,
percent correct performance on class and nonc1ass members
commonly has alao been reported. In a study, such as the
present one, with one objective being selection of the most
reliable of a number of binary classifiers, it is particularily
important to use an appropriate means of determining which
classifiers are the best for the application.

One matter of concern in applying the percent correct
performance criterion, especially when derived from a large
diverse test set, is the significant dependence of this measure
upon test set composition. In an effort to minimize this de­
pendence, Rotter and Varmuza (16) have proposed that the
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Table IV. 60·Feature Linear Learning Machine Recognition and Prediction Results, Percent Correct 1052
Monofunctional Unknowns.

Wei&ht vector I 2 3 4 S 6 7 8 9 10 II
Recognition 100.0 100.0 97.0 99.0 100.0 99.0 100.0 100.0 99.5 99.5 100.0

Cia..

1 92.0 99.1 94.0 97.8 84.3 99.0 95.5 97.3 97.7 99.5 97.2
2 97.6 87.5 80.7 89.3 93.9 96.3 100.0 90.7 94.2 96.3 95.0
3 100.0 96.6 76.7 65.2 98.9 84.1 79.4 75.8 97.8 94.3 100.0
4 99.4 97.6 76.3 82.4 98.8 90.0 99.4 87.4 100.0 98.2 97.0
5 53.3 98.6 94.4 94.9 90.0 95.7 90.5 96.0 96.0 100.0 95.7
6 100.0 88.4 92.7 90.7 95.1 71.4 88.4 79.1 88.4 91.7 96.2
7 99.2 99.2 90.0 97.5 89.9 95.8 90.9 99.2 94.1 100.0 98.3
8 99.1 92.0 52.7 75.0 86.7 80.0 84.1 50.9 100.0 99.1 95.5
9 78.2 89.7 91.5 95.0 99.1 96.6 99.2 98.3 95.1 69.0 93.1

10 92.0 87.5 97.8 90.0 97.8 84.8 100.0 98.0 65.3 73.1 100.0
11 90.9 100.0 93.6 72.7 70.4 68.8 84.4 100.0 62.5 96.3 88.2

Overall
prediction 92.0 95.4 84.4 88.5 91.9 91.3 93.3 90.5 94.4 94.3 96.6

a The columns contain the detailed performance of the weight vectors for unknowns belonging to each of the classes.

LLM discriminant, M for that discriminant is only 0.15, while
the M for the corresponding simplex discriminant is 0.26.
When the detailed performance tabulations ofTables 111 and
IV are compared, it is obvious that there is a large discrepancy
between class performance (row 8, column 8) and overall
prediction for the LLM discriminant. Of course, a judgment
of whether higher overall correct prediction or balanced pre­
diction is more desirable is only possible when considered in
terms of the proposed application. In the present context,
evaluating the discriminant for inclusion in an on-line pattern
recognition system, a somewhat lower overall prediction
performance appears to be the better choice if, thereby, better
prediction of class membership results. That is, we judge a
positive prediction about possible presence of a group more
useful to the spectroscopist than the suggestion of its ab­
sence.

Turning now to consideration of the results from the ce·
duced-feature data sets, where linear inseparability was
purposely introduced by systematic eliminAtion of features
from the training sets, it is possible to verify the earlier con·
clusion (13, 15) that, for inseparable data, the simplex-derived
weight vectors are, in general, superior to LLM weight vectors.
Here, when percent correct performance for the reduced
feature simplex vectors (RED-SIM) are compared with the
corresponding learning machine performances (RED-LLM),
it is seen that, for 9 of the 11 questions, the simplex perfor­
mance was better. In every case the merit figure was higher.
Even more revealing is the fact that for 7 of the 11 questions,
the reduced feature simplex vectors performed as well
(within 1%) as, or better than, the 60·feature LLM vectors.
Similar trends are displayed by their comparative merit fig·
ures. This reflects the success of the strategy of using the linear
learning machine weight vectors obtained from inseparable
data as the starting vectors, suitably modified by addition of
the spanning constant, a (13), for definition of starting sim­
plex figures, which are the basis of the reduced 8implex weight
vectors ultimately obtained. It is found that those weight
vectors are equal or superior to the original 60 feature simplex
vectors on either a percent correct prediction basis or if figures
of merit are considered. We interpret this as verification of tjle
importance of correct selection of the starting points for the
simplex optimization procedure, if local extrema in the re­
sponse surface are to be avoided (although it certainly could
be argued that the reduced feature space had a different and
more favorable response 8urface). Nevertheless, it is clear that
the 60 feature 8implex vector8 were those corresponding to
local response maxima, as recognition percentages for the
training sets (also listed in Tables 1lI and IV) e8tablish that

Table V. Prediction Percentages for 888 Unknowns

Presence or Absence (% Coneel)

60· 60·
Functional Feature Feature Red- Red-

group simplex LLM simplex Q LLMQ

Phenyl 83.8 80.3 82_8'b 76.7
Aldehyde or

ketone 79.4 87.8' 70.6 64.9
Ether 83.6 80.5' 72.2 71.8
Alcohol 79.8 79.6' 64.1 73.8
Phenol 63.3 61.4 64.8' 59.2
Acid 85.4' 82.5 80.4 80.5
Thiolor

lhioether 82.5 75.9 85.1' 80.8
Ester 71.9 85.7 74.6' 79.9
Amine 92.3 81.8 88.8' 60.1
Amide 75.2 91.4' 84.2 78_6
Nitrile 83.2 84.1' 83.8 77.8

Av 80.0 81.0 77.4 73.1
a For reduced-feature weight vectors, the numbers of fea-

tures used are those given in Table n. b Best weight vectors,
included in Appendix A, are indicated by *. Average per-
cent correct for these is 82.3%

the linear learning machine vectors were located at higher
response regions for the training sets in almost every case.
Reduced feature predictors behaved similarily when their
details were considered in the same way as in Tables III and
IV for the 60 feature predictors.

One other question of interest is whether the resulta for
those questions where categorization was consistently more
difficult can be understood in chemical terms. One oonvenient
index of this is the average merit figure, M (Table 11), for all
categorizers applied to each particular que8tion. Because of
the lack of any dramatic spread in the value M among the
different discriminant functions for each question, a low value
for M indicates that they all encountered difficulty. Using M
values of below 0.30 as an arbitrary choice of "difficult"
categorization questions, we can examine Tables III and IV
containing the typical detailed results to ascertain whether
there are chemically reasonable bases for the difficulty in
classification. Five of the eleven questions are difficult by this
criterion: ether, alcohol, acid, e8ter, and amide are the func­
tional group categories involved. When the appropriate 8ec­
tions of the tables are examined, it is seen that significantly
lower than average prediction performance is found for alco­
hols and esters when encountered by the ether categorizer.
Conversely, the alcohol categorizer generally shows decreased
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performance when ethOl1l, esters, and nitriles are encountered.
Chemically and mass spectrometrically, this is neither sur­
prising nor totally unexpected. In fact, it provides further
assurance that the discrimination being achieved is a function
of mass spectral information, rather than being fortuitous. In
8 similar way. it can be seen that esters, amides, and acids are
confused with each other by their respective discriminant
functions. Once again, this is a kind of confusion which is
chemically understandable and, in fact, to be expected. An
understanding and verification of the specific sources of
confusion, as made possible by analysis of the kind presented
here, will permit design of machine-assisted interpretation
systems to circumvent the difficulties posed, and it is expected
that this will be done.

As a final test of the discriminant functions, they were ap­
plied to 888 unknowns (Set B) drawn at random from the
18 80G spectrum file, subject only to the restriction that they
not be deuterated compounds. Table V presents the results
of this trial. For all but two of the categories, the prediction
performance was worse than for the more specifically selected
Set A. For the one category where performance was far worse
than previously (phenols), the misclassification of other
phenyl compounds was primarily responsible for the poor
performance. Average prediction performance for the best
vectors (vide infra) was approximately 82%, irrespective of
whether class or nonclass unknowns were considered. As we
had hoped, performance of these vectors on this less care­
fully-selected test set paralleled that found earlier.

ImplicatioJ1ll for On-Line Mass Spectral Pattern
Recognition. It appears that among the weight vectors ob­
tained in the present study are ones sufficiently reliable for
incorporation in a mass spectral pattern recognition system
for routine use by analysts. We have therefore selected the
best weight vector for each functional group question, based
on the joint consideration of percent correct prediction on the
1052 spectrum test set and the figure of merit, M, for inclusion
in Appendix A, along with instructions for their use. In most,
but not all, of the cases, the classifier with the best percentage
prediction performance had a merit figure about as high
(within 0.02) or higher than other classifiers and was therefore
chosen. The two exceptions were the reduced feature LLM
classifier for ethers and the GO-feature LLM classifier for es­
ters, where low merit figures prompted selection of the second
best (by the percentage correct criterion) predictors. It is
worth noting that one of the eleven weight vectors chosen (that
for acid categorization) was a GO-feature simplex vector, five
were reduced-feature simplex vectors (those for phenyl,
phenol, thiol, ester, and amine), and the remainder were
GO-feature linear learning machine vectors.

It does not appear possible, at the present time, to develop
weight vectors which are perfect in their performance. How­
ever, that should not prohibit the effective use of linear
discriminant functions, including those presented here, as a
diagnostic aid to the practicing spectroscopist. Because of
the minimal computer storage requirements and the ease of
applying weight vectors to spectra obtained on computer­
controlled systems, it seems both realistic and practical to
incorporate such capabilities into existing laboratory mini­
computer systems. It is not expected that such developments
will immediately permit the fully automated computer in­
terpretation of unknown spectra. Rather, such a system will
offer the analyst suggestions which can be accepted or rejected
upon the basis of other information available; in this manner,
the task of interpretation will be assisted by the easy avail­
ability of guidelines which may point the way toward solution
of structure determination problems. It does seem self-evident
that, as multidata-80urce information becomes available (e.g.,
gas chromatography, NMR, and infrared spectra), it should
be possible to employ this information synergistically in on-

line pattern recognition systems to further aid the analyst.
Perheps then, the desirable objective of rapid, reliable, and
automatic analysis may be achieved.

SUMMARY

It has been shown that a selection of eleven weight vectors
derived by the simplex and linear learning machine methods
and tested with 1940 test spectra for prediction performance
can echieve an average of 88% correct prediction. This level
seems sufficiently high to warrant use of the vectors in an
on-line mass spectra interpretation system. It has also been
further verified that, when insepareble data seta are used for
training, simplex pattern recognition is to be preferred to the
linear learning machine epproach. Furthermore, a new
strategy for obtaining near-optimum weight vectors in such
cases by using the linear learning machine method as a pre­
processing step to provide a basis for the initial simplex, has
been shown effective. Additional work is under way to com­
pute more weight vectors for other important functional group
categories and to incorporate them in an on-line system.

APPENDIX A

This appendix contains the best weight vectors obtained
in this study (Teble VI); these correspond to the classifiers
marked with asterisks in Table II. The features correspond
to the mle values listed in the left hand column. Thus, feature
1 is associated with mass spectral peaks at mle = 18, and so
forth.

To classify a mass spectrum, the summation

L XiWi + (d + 1)

is carried out over all features. Here, Xi is the preprocessed
peak intensity corresponding to the ith feature, and Wi is the
corresponding weight vector component. A positive sum in­
dicates that the compound producing the spectrum contains
the functional group represented by the weight vector.
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Comparison of Continuum Models in Quantitative Diffuse
Reflectance Spectrometry

Harry G. Hecht

Department o( Chemistry. South Dakota Stale University. 8rooIclngs. S.D. 57006

Model systems containing soluble dyes In scallerlng media
are consklered In this article dealing with quantitative diffuse
reflectance spectroscopy In highly absorbing media. Several
continuum models are used to Interpret the data, Including
those of Kubelka and Munk, PIUs, and Rozenberg, as well as
exact solutions to the radiative trans/er equation for various
phase factors. ·The Pitts' formula Is a two-parameter repre­
sentation which gives a good fit to the experimental data. «
does, however, require the U88 of very anisotropic pha88
functions. The large deviations from the Kubelka-Munk and
similar formulas are due to the anisotropy of scalier. Thus, the
two-parameter formula Is not Just an empirical means of fitting
the data but has the potential of distinguishing between non­
linear eHects and Ins/rumental errors, and thus extending the
range of reflectance measurements for quanl«atlve analytical
purposes.

Numerous diffuse renectance theories have been proposed,
and thcy may be quite different depending on the interests
of the author(s). Astrophysicists have usually been concerned
with radiative transfer theory, whereas spectroscopists have
tended toward the use of various layer models. It has become
traditional to group the theories into two categories, the
continuum models and the statistical models. There are many
paralle)s which can be drawn between the theories, and these
have recently been reviewed (1).

In general, it may be stated that the statistical theories re­
quire the use of a rather specific model for the medium. By
summing contributions to the renectance from the individual
particles or layers, one can derive an expression for the re·
nectance from which the absorptivity can be determined. The
success of this approach depends, of course, on how clO5Cly the
model corresponds with reality.

The continuum theories, on the other hand, are more gen­
eral. They do not depend on a detailed knowledge of the me­
dium since the scattering and absorbing processes are de­
scribed by two phenomenological constants. The absolute
absorbance cannot be determined using continuum theories.
For analytical purposes, this is not 8 severe limitation, since
determinations are usually made from comparative mea·
surements.

Reflectance spectrometry is now recognized as a valuable
companion technique to transmission spectrometry (2). It is,
in fact, the preferred technique in some highly absorbing
media, and the only applicable technique for many surface
studies, color measurements, and in situ analyses of thin-layer
chromatograms.

The most widely used method of interpreting diffuse re­
nectance data on a quantitative basis is the Kubelka-Munk
theory (3-5). This theory was advanced in 1931 (6), but, in
fael, constitutes a re-discovery of the earlier treatment by
Schuster (7). The form given by Kubelka and Munk is con­
venient for analytical purposes, and this is probably ther~n
that spectrometrists continue to use it so widely and refer to
it as the K-M theory.

The K-M function can be applied for quantitative analysis

by renectance measurements in much the same way that the
Beer-Lambert law is applied to transmission measurements
(3-5). As is well known, the Beer-Lambert law is a limiting
law which is obeyed only in dilute solutions. The K-M function
should also be regarded as a limiting law for essentially the
same reasons (8).

In practice, it is found that the K-M function is valid only
over a very limited concentration range (9). The primary
reasons for this appear to be two basic assumptions which are
not valid. Namely, it is assumed that homogeneous scattering
layers are involved in which scatter and absorption are pro­
portional to the layer thickness. Differential equations are
then written for these layers, altbough one would not expect
them to be valid in the limit of small differential layer thick­
nesses (10). Furthermore, as the medium becomes more
strongly absorbing, anomalous dispersion effects should play
an increasingly significant role (11). Tbese effects would also
lead to deviations from the ideal K-M behavior, since they are
not included in the theory.

The K-M theory represents an approximate solution to the
radiative transfer equation for a medium which scatters iso­
tropically (2). The exact solution for this case has been given
by Chandrasekhar (12). An exact solution for scatter according
to the phase function "",(I + x cos a) is also available (12). "'"
is defined in terms of the absorption (a) and scattering (,,)
coefficients by "'" = "/(a + a), and is known as the albedo of
single scatter. a is the angle of scatter referred to the direction
of incidence assuming a radial distribution, and .t is a pa­
rameter representing the degree of anisotropy. The various
solutions have been put into a useful form by Giovanelli (13)
and compared with an approximate solution due to Pitts (14).
Another useful approximation is that of Rozenberg (15).

It appears that some of the other solutions mentioned above
might give a more accurate description of the renectance of
strongly absorbing media than the K-M function, and would
allow such measurements to be used for quantitative analyt­
ical purposes over a more extended concentration range. It is
felt that this approach is preferable to the use of the numerous
ad hoc relationships which have been proposed in the past to
linearize renectance data simply as an analytical expedient
(16), since these experiments have at least the potential of
suggesting reasons for departure from the simple K-M theory.
It is unlikely that a new relationship can be found which lin­
earizes renectance data much better than the K-M theory over
an extended concentration range, but the simple calculational
procedures which the other theories involve cannot be re­
garded as a serious deterrent in a modern analyticallabora­
tory.

Several model systems will be used to quantitatively com­
pare the various continuum reflectance theories in strongly
absorbing media. This paper reports the results for systems
of one type; namely, those containing a soluble absorbent in
a scattering medium.

EXPERIMENTAL

Tv.·o model systems were chosen for the present study: eosin B in
magnesia suspensions, and methylene blue in cow's milk. The samples
were prepared by qU8ntitati\'e addit.ion from stock dye solut.ions to
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Figure 1. Some representative dIffuse reflectance spectra fOf' samples
ot eosin B In milk 01 magnesia

Each sample contaIned 10 ml 01 Phillips' MIlk of Magnesia and was made up to
8 lotal volLme of 20 mi. The molar concentrations ot dye 'Of the various CU"VeS

(from top to bonom) are: ".06 X 10-1 , 1.62 X 10-5,4.06 X 10-5, 1.62 X 10- 4,

3.25 X 10-"

o.ool-----+----+--=:::=:=t=====¥"=----!
( llO·

Figure 3. Reflectance of eosin B in milk of magnesia suspensions at
the two wavelengths 411 nm (0) and 516 nm (C) as a function of the
reduced concentration, C

The dashed curves are least sQuares fits using an lsolroplc phase function
(EQuation 71. and the solid ctJ\Ies are least sQuares fits using the Pilts formula
(Equation 9)

sorption peaks involved are identified by their reflectance
maxima at ca. 411 and 516 nm.

The absorption and scatter of the samples are represented
by the two constants a and (J I respectively I where

The subscript 1 refers to the magnesia particles and the
subscript 2 refers to the dye molecules. It is assumed that "1

= 0 and a2 = O. The reflectance is expressed in terms of the
single independent variable C = CdC" where C1 is a relative
concentration determined by the dilution factor. The absolute
concentration ofscattering particles is not reported here. The
measured reflectance values as a function of C are shown in
Figure 3 for the two peaks at 411 nm (0) and 516 nm (0).

In Figure 4, the data are plotted according to the K-M
function f(R),

f(R) = (1 ;RR)2 = ~ =~ = 2'YC (3)

where 1''' ",la,. A least squares fit to the data is represented
by the solid lines whose slopes yield the parameters 'Y4l1 =
2534 and 1'516 =24168. The ratio 1'411/')'516 =0.104 is smaller
than the corresponding ratio of molar extinction coefficients
determined from the solution spectrum, 0.148. This is pre­
sumably due to the different magnitude of the scattering
constant at the two wavelengths, as previously mentioned. As
might have been anticipated, the K-M theory fails to give a
good account of the reflectance for the more intense band,
although that for the weaker band is satisfactory.

Rozenberg (17) has argued that models of the K-M type are
too crude to give anything but a fortuitous agreement with
actual reflectance data. Using methods developed by
Kuznetsov (18), Rozenberg (15) showed that the reflectance
is given by

..

.,L_-'-"-_-"-__-'-__L-_---'-__-'-_
'00

Figure 2. Transmission spectJun 01 8 8.12 X 10-6M aqueous solution
01 eosin B recorded with a Beckman Model DB spectrophotometer

suspensions which contained a (lIed volume of the scattering medium.
Commercial Phillips' Milk of Magnesia was used in the former case,
and fresh whole cow's milk in the latter.

Reflectance measurements were made using 8 Beckman Model
DK·2A spectrophotometer equipped with an integrating sphere re­
flectance attachmenl. Similar suspensions to which no dye had been
added were used 88 reflectance standards. Ten-mm sllica cells were
used. Il was verified that the condition of "infinite layer thickness"
was satisfied by noting that the reflectance was not altered by the
addition of a white backing. A dark current adjustment was made
before each measuremenL Periodic checks VB. the reflectance standard
showed that instrumental drift was no more than 1% throughout the
course of the measurements. Those renectances which were less than
0.1 R are reported as averages of several scans using an expanded
scale.

a = Clal + C2a2

(J = CIl"! + C2(J2

(1)

(2)

RESULTS

The Eosin B in Magnesia Model System. Some typical
reflectance curves are shown in Figure 1. By comparison with
the transmission spectrum of the dye solution (Figure 2), the
peak at shorter wavelength is considerably accentuated. This
effect is attributed to increased scatter at the shorter wave·
lengths. This same effect is probably responsible for some
apparent shifts in the peak positions as well. The two ab-

• ail

C;R = '~I (l + fJ)' (4)

where t is the multiplicity of scatter, C; is a parameter de­
scribing the polarization of the reflected radiation, and the
0;, are constants which depend upon the scattering indieatrix.
As fJ" "fa increases, terms of higher multiplicity become less
important. Ambartsumian (19) has shown that the mean
multiplicity of scatter in a semi-infinite turbid medium is in
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= 5964, and is shown by the dashed curves in Figure 3. The fit
is rather poor; the curvature is obviously not correct.

The exact solution for the phase factor wo( 1 + x cos 8) has
also been given by Giovanelli (13),

R(l) = 1 - H(Ilil - l<wo!2)(ao - cOl)1I (8)

---._0_-_0_­
.t. __O----

Figure 5. Rozenberg function for eosin B in milk 01 magnesia suspe~
sions al the two waveleogths 411 rvn (0) and 516 rvn (0) asa fUlCtion

01 the reduced concentration, C

The solid line is 8 least squates fit to the 516-nm data using Equation 5. and the
dashed cuve is: a least sqwrBS lit to the .11-rm data using the same fixed value
of 0 = 16.18fact given by vT+17i3, Thus when {j ~ 'I." a sufficiently ac­

curate solution is obtained by inclusion of terms up to second
or third degree. Assuming scatter to be independent of {j, the
reflectance is then given by

R o (I + {j)2

H= 1+~
Q

Figure 4. Kubelka-Munk function for eosin B In milk 01 magnesia sus-­
pensions al the Iwo wavelengths 411 nm (0) and 516 nm (0) as a
function of the reduced concentration. C. The lines are least squares
fits using Equation 3

where where

Q = 1 + f. 01,1+1
,_, 011(I + {jolt

is a constant characteristic of the scattering medium in the
absence of absorption (fl = fJo). Equation 5 can also be derived
in terms of a simple layer model (20), in which case

{j=_o_andQ=I+_t_ (6)
r+ t r + t

0, t, and r are the absorption, forward scatter, and reflection
constants of the layer, respectively.

Figure 5 shows the reflectances at 411 and 516 nm plotted
according to the Rozenberg formula (Equation 5). The solid
line is a least squares fit to the 516 nm peak with Q6'S = 16.18
and 1'5'S = 17687. The fit is seen to be quite satisfactory in
general, although there is an obvious trend in the data at low
concentrations which is not represented by the Rozenberg
curve. No convergence was obtained in an attempt to fit the
411-nm band. The curvature is 80 slight that Q is not uniquely
determined. If it is fixed at the value of the 516-nm band;·i.e.
at 16.18, a rather poor fit is obtained with 1'411 = 4125 (dashed
line).

An attempt was made to fit the reflectance data using the
exact solution to the radiative transfer equation for isotropic
scatter in the form given by Giovanelli (13) for our RO',D

measurements:

R(I) = 1 - H(I)(1 - woP" (7)

where wo = ul(a + u) and H(I) is an integral given by Chan­
drasekhar (12). The least squares fit gives 'Y411 = 1148 and 1'616

c = x(I - wo)wo[a,/(2 - wooo)]

and ao and al are moments of the H-integrals. It is generally
assumed that 0 ~ x ~ 1. An attempt was made to fit the data
of Figure 3 using x = 1. The result was somewhat better than
with x = 0 (isotropic solution), but still unsatisfactory. This
suggests that a fit with x > 1 might be better, but the necessary
integrals have been tabulated by Chandrasekhar (12) only for
x=Oandx=1.

It was shown by Giovanelli (13) that an approximate solu­
tion given by Pitts (14) is in excellent agreement with the exact
solution at x = 0 and x = 1. The Pitts formula is obtained
using the Eddington approximation and can be expressed in
the form,

R(I'O) = Wo I-x + 3 + (I - wo)x1 (9)
2VX + 3 - WOX 1 + I'OVX

where

x = (3-WOX)(I-wo)

This formula represents a convenient analytic expression for
non-integral x· values, and makes possible the investigation
of systems with very anisotropic scatter without the cum­
bersome calculation of H -integrals and moments. It will be
shown elsewhere (21) that the Pitts approximation is in very
good agreement with the exact solution for non· integral x
values, including those in range x > 1.

A nonlinear least squares fit of Equation 9 to the data is
shown by the solid curves of Figure 3. The parameters deter­
mined are 1'.11 = 127.5, X.11 = 2.52, "Y6'6 = 1278, and X516 =
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FJgure 7. Transmission spectrum of a 6.69 X 10-5 M aqueous soluHon
of methylene blue recorded wIth a Beckman Model DB spectropho­
tometer

-.-- --

Figure 8. Reflectance of methylene blue in milk suspensions at the
wavelangtlls 660 nm (D). 610 nm (0) and 390 nm (6) as a function of
the reduced concentration, C

The dashed clX\Ies are least squares fits using an Isotropic phase function
(Equation 7) and the solid cuves are least squares fits using the Pitts' formula
(Equation 9)

again the model is satisfactory for the weak band but gives a
very poor fit to the stronger bands.

The renectance data for methylene blue in milk are shown
in the Rozenberg form in Figure 10. A nonlinear least ~uares
fit to these data was convergent only for the 610·nm shoulder
for which 'ISIO = 2188 and QslO = 3.24. The other bands have
curvatures which are not consistent with the Rozenberg for­
mula (Equation 5).

A fit of the data with the exact solution for isotropic scatter
(Equation 7) is shown by the dashed curves of Figure 8. The
corresponding 'I-values are '1660 =1061, 'ISIO =468, and '1390

= 3.4. It is apparent once again that the curvature of the iso·
tropic solution is too small, and a better fit can be obtained
if anisotropic seatter is assumed. Using the Pitta formula
(Equation 9) with both 'I and % treated as parameters yielded

O-OO!----+--=::=~=:!~===!~~~~~~+_--.JCliO'

Figure 9. Kubelka-Munk function for methylene blue In milk al660 nm
(0).610 nm (0). and 390 nm (6) as a function of the reduced con­
centration, C, The lines are least squares tits using Equation 3

t------..i;;~O;-------...i;;!.;------:c..!,;;!.c------.J

600,l(",,,) 700

Figure 6. Some representative diffuse reflectance spectra for samples
of methylene blue In cow's milk

Each sample contained 25 ml ot fresh whole rrnlk to which varying voh,mes 01
a stock dye solution were added. The reduced molar concentrations for the
various cuves (top to bottom) are: 5.35 X 10-',2.67 X 10-5, 1.07 X 10-",5.35
X 10-", 2.67 X 10-3

2.06. The agreement is obviously quite good and the ratio
'(4) ,1'1516 = 0.0998 is very nearly the same as that determined
by the K-M theory.

The Methylene Blue in Cow's Milk Model System.
Analogous measurements were made for the second model
system. Some typical renectance curves are shown in Figure
6. Once again a comparison with the solution spectrum of
methylene blue (Figure 7) reveals some changes in intensity
and position which may be attributed to an increase in the
scattering constant at shorter wavelengths. Measurements
were made for the peak at ea. 660 nm, the shoulder at ea. 610
nm, and the small peak at ea. 390 nm. Renectonce values for
these three features are shown in Figure 8 by the symbols 0,
0, and 6, respectively. A relative concentration is once again
used, since the absolute concentration of seattering particles
has not been determined.

A plot of the renectance data according to the K-M theory
is shown in Figure 9. The least squares analysis gave the values
of '1660 =1911, 'ISIO =1490, and '1390 =8.5. The lines deter­
mined by these slopes are given also in Figure 9, and once
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Figure 10. Rozenberg function for methylene blue at 660 om (0),610
nm (O), and 390 om (l:t..) as a function of the reduced concentration,
C. The"solid line Is a least squares fit to the 610 nm data using Equation
5

the values 1'660 = 388, X660 = 1.61,1'610 = 112, and X610 = 2.02.
The least squares fit was nonconvergent for the weak band at
390 nm, showing in fact very little x-dependence. The solid
curves of Figure 8 show the optimum fit to the 660- and
610-nm bands.

CONCLUSIONS

Because the K-M theory leads to a simple one-parameter
equation (Equation 3), it is a very attractive model and is very
useful where applicable. In accordance with previous obser­
vations (3-5. 9), this study shows that it can be used to
quantitatively describe the concentration of an absorbing
species in scattering media only over a very limited concen­
tration range.

The Rozenberg formula (Equation 5) has been derived for
strongly absorbing media. and is claimed to give very good
agreement with reflectance data obtained using a filter-pho­
tometer system (22). Perhaps the crude rIlter system masks
some effects, for we find that the Rozenberg equation gives
a good description of the reflectance data in some cases. but
fails completely in others. It appears that the formula is of
little value for a weak band, because the slope is too small for
Q to be uniquely determined. An examination of Equation 5
shows that, at high concentrations, RoiR should become linear
in concentration with slope Q'Y. On the other hand. it appears
that additional difficulties are encountered for strong, over­
lapping bands 88 in the case of methylene blue. Because of
anomalous dispersion effects, these bands perturb one another
and they do not show the expected concentration-dependence
of an isolated band.

The magnitudes of the Q's which fit our data also raise some
questions about the general validity of the Rozenberg theory.
According to the approximate parameters of Chekalinskai
(Equation 6). we would expect 1 ;S Q ;S 2. since a + r + I = 1.

The value reported by U'ina and Rozenberg (22) for several
systems is 2.3. However. our values of 3.24 and 16.18 are too
.large to be given any reasonable physical interpretation.

The use of an exact solution to the equation of radiative
transfer for isotropic scatter offers no advantage over the
simple K-M theory. Thia is not surprising. 88 it has previously
been shown that the solutions differ very little (2). It is sig­
nificant to observe that solutions which are based upon an­
isotropic scatter give a much better account of the reflectance
of strongly absorbing media. The Pitts formula (Equation 9)
has been shown to be a convenient two-parameter equation
which fits our data well. It requires large x-values. whicb
implies that the scatter in these model systems is highly an­
isotropic.

In condensed media, the apparent scatter is a result of
multiple scattering processes, each of whicb is known to be
anisotropic. It is generally assumed that the net result can be
represented by an isotropic phase factor (see, for example. Ref.
17). This is apparently not true ofthe model systems studied
here.

It appears that quantitative analysis by diffuse reflectance
spectrometry is possible in strongly absorbing media if proper
account is taken of the anisotropy of scatter. Some variation
in the anisotropy of the bands reported in this study is ob­
vious. There is insufficient data at present to show whether
the degree of anisotropy correlates with the magnitude of the
absorbance and/or with the wavelength of the band. Further
measurements will be made in an attempt to clarify this point
and better define the scattering properties of the modelsys­
tems..It seems intuitively obvious that the degree of anisotropy
within a given elemental sample layer must depend upon the
absorbance of that layer. The present reflectance theories do
not include a concentration-dependent anisotropy of scatter.
but it is suggested that proper account of this effect might lead
to an improved model.
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Determination of Ammonia by Mercury-Sensitized
Luminescence

William Ho' and A. B. Harker

Science Cen/er, Rockwell/nternatlonal, Thousand Oaks, Ce/II. 9/360

A method using the principle 01 mercury-sensitized lumines­
cence was developed and demonstrated lor the detection and
quantitative anelyals 01 ammonia. The method Is based on
observing the emlaalon lrom the decay 01 a bound state 01 the
mercury-ammonla exclplex lormed by reacting ammonia wllh
metaatable S·P. mercury atoma. The emlaalon Is specific In
frequency lor ammonia. For samples containing low concen­
tratlona 0' Interfering gases such as O2, real-time measure­
ments were shown leaslble at sensitivities well below the pi­
cogram level. For ambient measurements, gas chromato­
graphic separallon techniques were used to Isolate the am­
monia samples and a aensJtlvlty 01 3 pg with a algnal-to-nolse
ratio 01 5 was achieved. In addillon, the Ilnearlly oItha emlsaJon
signal was established lor ammonia samples between 3 and
5000 pg.

Evidence is sccumulsting that ammonia, though present
in ambient air at low concentrations (0.1 to 100 ppb), plays a
significant role in the formation and stabilization of ambient
pollution aerosols, and that such aerosol particles can po­
tentially cause adverse health effects in humans. In response
to the need for a sensitive method of continuously monitoring
gaseous NH3 at ambient levels, a detection method has been
developed based on the observation of the emission intensity
from the decay of the excited mercury-ammonia complex
(exciplex).

The exciplex is produced by the reaction of NH3 with Hg
atoms in the excited metastable 63P O state which can be
formed by irradiating Hg vapor with 253.7-nm light in the
presence of N,. The emitted light from the exciplex is in a
continuum bimd centered at 345 nm with a half-width of ap­
proximately 20 nm. An extensive examination of the physics
and chemistry of the process has been carried out and the rate
constant of the exciplex formation reaction as well as the
lifetimes of the exciplex and Hg(63p o) atoms have been
measured (1,2).

In this previous study, it was found that the exciplex
emission is linear with concentration and for NH3 in N"
measurements can be made to well below the part-per-billion
by volume level. For ambient measurements, it was found that
specific gases, primarily molecular oxygen, lowered the sen­
sitivity of the method through the quenching of the excited
Hg atoms. Therefore, gas chromatographic techniques capable
of separating NH3 at ppb concentrations were developed and
used in conjunction with the exciplex emission detection
method for the purpose of measuring NH3 in ambient air.

Since other compounds also form emitting mercury exci­
plexes, this technique can potentially also be employed to
detect such species as amines, alcohols, hydr82ine, and
water.

PRINCIPLE OF DETECTION

Several investigators (3,4) have established that the met­
astable mercury (63P O) state forms an excited complex (ex­
ciplex) with ammonia in the gas phase which primarily decays

via the emission of light in a continuum centered at 345.0 nm.
This emission band is specific for the ammonia exciplex and
does not overlap any other known mercury exciplex emissions
such as those for water vapor, alcohols, or other amines.

Mercury (63PO) metastable atoms are created by the
quenching (usually by N,) of mercury in the 63P, state which
can be produced by irradiating mercury vapor with 253.7-nm
light. The proposed mechanism for the formation and decay
of the exciplex are given by the reactions:

Hg + hv(253.7 nm) - Hg(63P,) (la)

Hg(63P,) + N, - Hg(63PO) + N,' (lb)

Hg(63P O) + NH3 - (Hg· NH3)' (lc)

Hg(63PO) + NH, + N, - (Hg· NH3)' + N, (ld)

(Hg· NH,)' - Hg + NH3 + hv(345.0 nm) (Ie)

(Hg· NH,,)' + N2 - Hg + NH3 + N2' (10

(Hg. NH3)' + M - Products (lg)

Hg(63PO) + N2 - Hg + N2' (I h)

Hg(6'Po) + M - Hg + M' (Ii)

Hg(63P,) + M - Hg + M* (lj)

where M denotes any gas species present other than nitro­
gen.

The intensity of the emission produced in reaction Ie is
given by,

Emission (345.0 nm) = k,I(Hg. NH3)*J (2)

where the steady-state exciplex concentration for the mech­
anism given above can he expressed 8S,

I(H . NH )*J = (k, + kdIN2Il1Hg(63PO»)[NH3] (3)
g 3" k, + krIN,] + k.lMJ

At milliTorr Hg concentrations, the absorptivity is suffi­
ciently large such that in a few cm pathlength, virtually all
253.7-nm radiation is absorbed. Hence, the Hg(63P,) pro­
duction rate is proportional only to the incident 253.7-nm
light. This allows the spatial and time averaged steady-state
Hg(63PO) concentration in a flow reaction cell to be written
as,

[Hg(63PO»)..

\k h [N2] + k;{MJ + [NH3](k, + k dIN2])lIk b[N2] + kj[M]I
(4)

where ex is a constant of proportionality.
For low concentrations of NH3, kh[N,J + k;[MJ » (k, +

kd[N2])[NH3J. In addition, at high N2concentrations and low
impurity levels k blN2J»kj[MJ. Therefore, the expression for
the emission intensity of the exciplex can be approximated
by,
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EXPERIMENTAL

Table I. Quenchin, Rate Conotanto of Variou. Guo.
Reaetil1i with the Excited States of Mercury

TIH.6('P,1I

80-120 (/JS)

HI 6 ('Po) at 295 K
(From CaUear and

M'~(:~J6)}
molecule -1,-1)

Very small
1.8 X 10-"
5.37 X 10-"
2.51 X 10-"
1.035 X 10-"
3.1 X 10-u
Very small
4 39 X 10-"
1:12 X 10-"
5.9 x IO-u
4.2 X 10-10

8.88 X 10-"

T(He,NH ,)·

1.7 , 0.1 (I's)

Procedure UG

4.31 X 10-11

2.98 X 10-"
4.81 X 10-"
5.45 X 10-"
9.27 X 10-"
8.37 X 10-"
2.77 X 10-"
4.64 X 10-"
2.37 X 10-"
1.8 X 10-12

6.0 X 10-"
2.5 X 10-10

H'/NH,/N, system (l)

kd(cm'
molecule -')

,-I)

Bimolecular Rate Constantl

H, 6ePI) at 298 K
(From Cvetanovic (51)
k(cms molecule- l

.- )

Procedure 10'

3.02 X 10-"
2.08 X 10-"
3.36 X 10-"
3.85 X 10-"
6.48 X 10-"
5.91 X 10-"
1.94 X 10-"
3.25 X 10-"
1.66 X 10-"
1.3 X 10- 12

4.2 X 10-10

1.7 X 10-1)

kc:Ccm1
molecule-1 5-1)

3.1 X 10-1l 2.2::: 0.2
X 10-31

Q' The two procedures reviewed by Cvetanovic s:ive abio·
lute bimolecular quenching rate constants which differ by
about a factor of 1.43. The relative values are in good agree­
ment.

The experimental apparatus used for the measurements consisted
of a standard gas chromatograph column and injection system, and
an emission cell with its associated optica1system. A schematic of the
arrangements of the components is shown in Figure 1. The chroma·
togrophic system consists of a dual·coil microvalve suitable for on·
column injection. The column best suited to the present purpose was
experimentally determined to be a 1.5·meter, O.32-cm o.d. Teflon
column packed with 60-80 mesh Chrom06Orb 104 which was treated.
with a 10% by weight solution of tetrahydroxyethylethyJenediamine
(THEED). The injection valve and column were enclosed in a con­
.stant temperature oven maintained at 80 DC. Ultrapure grade N2was
used as the carrier gas and the £low rate through the column was aet
between 80 to 100 em3/min. The elution from the column was then
mixed with a 500 em3/min £low of N2 which was pa.ssed through a Hg
bubble saturator thermostated at 22 ± 1 DC. The column emuent and
saturator £low were then passed into a quartz (Suprasil) reaction cell
whose dimensions were 1.25 em in diameter and 5 cm long. The cell
was concentrically irradiated with three (Ultra-Violet Produeta)
low-pressure mercury pen-ray lamps.

It was observed in preliminary tests that during prolonged opera­
tion of the system, the walls of the cell become coated with producta
(primarily HgOl formed from reactions taking place within the cell
involving trace contaminants. However, it was experimentally dis­
covered that by introducing a very amall concentration of methanol

with NH3 in pure N2. It should be noted, however, that the
presence of O2 only decreases the sensitivity and does not
change the linearity of the emission intensity with NH3 con·
centration so long as the O2 concentration remains constant.
Therefore, the degree to which it can be tolerated is largely
dependent on the required sensitivity for a given applica­
tion.

A feasible method for separating NH3 from other gases in
ambient samples is by the use of chromatographic columns.
The described detection method can then be used as a highly
sensitive and specific detector in a gas chromatograpb for the
measurement of NH3as well as other species such as amines
and alcohols. It is in this context that the use of the proposed
technique for the detection of NH3 was most thoroughly in­
vestigated in a series of experiments.

Gas

N,
0,
H,
NO
CO
NH,
H,O
CO,
N,O
CH.
C1 H.
C1 H.

Ik. + k11N2] + k.[M]lIkh[N2] + k;[MII (5)

AIlJlrnativelv, EQuation 5 can be expressed in the form,

Emission (345.0 nm)

- k.(k, +kd[N2])[NH3)[al)T[Hg(63Po)]T(Hg' NH3)' (6)

where T(Hg(63PO)] is the lifetime of the metastable Hg atom
in the system, and TlHg. NH3)' is the lifetime of the exci­
plex.

These two expressions show that the exciplex emission in­
tensity is directly proportional to the ammonia concentration,
with its overall sensitivity controlled by magnitude of the rate
constants, incident excitation light intensity, and the level of
impurities, or M gases, existing in the reaction cell. Therefore,
for a given set of operating conditions and for a constant level
of trace contaminants, the emission intensity at 345.0 nm
provides a simple measure of the ammonia concentration
present.

The presence of impurities in the system influences the
observed ammonia exciplex emission primarily via the
quenching reactions Ij and Ii which reduce the steady-state
concentration ofthe Hg(63P,) and Hg(63po) atoms necessary
for the formation of the ammonia exciplex. From the data
given in Table I, the relative importance of these two processes
can be estimated.

For the first process, if it is assumed that less than 10% of
the Hg(63P 1l state produced is quenched to the ground state,
i.e., kj[Ml/k b[N2) ~ 0.1, then the maximum allowable con­
centrations for some common gases listed are: O2 :s: 1.4%; CO2

" 7.9%; H 2 " 3.3%; NO " 0.8%.
The estimates for the second effect, whereby the mercury

atoms in the 3PO state are quenched to the ground state, re­
quire a slightly different approach. Since the Hg(3PO) state
is metastable and the transition to the ground state is doubly
forbidden, the major mechanisms controlling the lifetime of
the Hg(3Pol state in a given system are quenching by trace
contaminants from outgassing and by wall reactions. What
one wishes to compare, therefore, is not the quenching rate
constant of various gases relative to NH3and N2. but rather
to compare them to the effective quenching rate in 8 clean
system which can be determined by measuring the lifetime
of the Hg(3PO) state.

The observed lifetime of the Hg(3PO) state for a typical re­
action cell containing I atm of pure N2was found to be of the
order of 100 liS corresponding to a first-order rate constant of
10' S-I for the quenching of Hg(3Pol to the ground state. Using
the data in Table I, the required concentrations for the various
gases in order to give a rate constant equal to or less than IQ-'
S-I ale given by: 0." 2 ppm; H." 6.5 ppm; NO" 1.5 ppm;
CO " 34 ppm; C2Hs " 3000 ppm; C2H, " 0.8 ppm. These
values correspond to the impurity level for 8 given contami­
nant gas such that the lifetime of the Hg(3Pol state, and
therefore the emission intensity of the ammonia exciplex, is
reduced by a factor of 2. For other atmospheric trace gases
such as S02 and N02, it is expected their quenching rate
constant would be comparable to that for O2, Consequently,
they can also be tolerated at the parts-per-million level. As can
be seen, the conditions imposed by the quenching of the
Hg(3Pol state by the impurity gases via reaction Ii are much
more critical than those for the quenching of the Hg(3P 1}

state.
For ambient monitoring, molecular oxygen removal is by

far the most critical problem, owing to its abundance and
relatively large quenching rate constant. Its concentration in
a sample obtained from ambient air must be reduced byap·
proximately a factor of lOS in order to maintain the same de·
tection sensitivity as that achieved in measurements made

Emission (345.0 nm)
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FIgura 1. Schematic diagram 01 8xperlmantal apparalus
Figure 2. Measured (Hg·NH3 )- emIssion spectra for a continuous flow
of N~ containing O. 1 and 0.05 ppm NH3 through the reaction cell at an
integration time of 1 s. The 348-nm filter was not used

content and intensity of the exciplex emission, as well as scattered
light background interferences. The signals was integrated for various
time intervals to establish the achievable sensitivity and the 8ignal~

to-noise of the system.
Known volumes of sample containing ammonia at various con·

centrations were also injected directly into the cell to study the time
dependence of the emission as a function of carrier flow rate and reo
action cell configUration. The data obtained were used to verify the
degradation in sensitivity due to trace gas contaminants.

Finally, using samples ofammonia in niuogen and ammonia in air,
and injecting known volumes into the cell through the column, studies
were carried out to test the feasibility of the system for ambient am·
monia concentration measurements, as well as the degradation of the
signal due to column effects such as incomplete separation, and loss
of material due to irreversible wall absorption.

RESULTS
Some typical data obtained with continuous flow of N2

containing various concentrations ofNH3 through the reaction
cell are shown in Figure 2. The upper curve represents the
measured emission spectrum for 0.1 ppm hy volume NH3 in
N2 while the middle curve is that (or 0.05 ppm. The bottom
curve is the hackground emission and scattered light signal
without the presence of NH3 and showa the presence of scat·
tered light emission from the photolysis lamp. The structure
on top of the emission spectra is not noise but, rather, emission
lines from the mercury atoms in the ceU due to its interaction
with the ammonia exciplex. Since this emission signal is also
proportional to ammonia concentration, it represents addi­
tional signal which enhances the sensitivity o( the detection
scheme. The real signal-to-noise ratio per channel of the op­
tical multichannel analyzer was measured and found to be 70
to 1 at 0.1 ppm, or 10 to 1 at 14 ppb. By placing the previously
mentioned 348-nm interference filter in the optical path be­
tween the ceU and' the monochromator, the background
scatteree! light interferences were greaUy reduced, and a fur­
ther improvement in the signal-to-noise ratio of an order of
magnitude or better was achieved.

The results obtained by injecting known volumes of samples
containing NH3 at various concentrations are shown in Figure
3. Figure 3a represents the real-time signal for a single channel
of the OMA corresponding to the peak frequency of the
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vapor into the main N2 flow, this product buildup can be virtually
eliminated. Presumably, methanol ncta as a gas phase scavanger of
reaction products which can combine to form condensable materials.
Since the exciplex emission from the (Hg·CH30H)· exciplex occurs
at 295 nm, it is isolated from the (Hg.NH3)· emission and does not
interfere with the measurements for the NH3. Therefore, 8 small
concentration of methanol vapor was added to the system with a
saturator which permitted very stable long term operation of the
system with no detectable degradation of the signal intensity.

The spectral emission from the reaction cell was measured with 0.

"-meter Jarrell-Ash grating spectrometer whose exit slit was mooified
in the standard manner to interface with 8 PAR mooel1205A optical
multichannel analyur (OMA). This 5QO-element multichannel ana­
Iyzer was set up to have 8 20-nm display width with a resolution of 0.04
nm per channel element. This system was chosen because it is capable
of performing simultaneous real-time, as well 08 integrated time·
average, sampling of the emission over the entire spectral region of
interest while maintaining sensitivity approaching that obtainable
by direct photon-counting techniques for each optical elemf:-nt.

To reduce the scattered light background from the Hg emission
lines in the photolysis lamp (see Figure 2), the em.isaion radiation from
the reaction cell was passed through an interference band·pass filter
centered at 348 om, with a 5~nm half~width. The resulting emission
signal detected for this experimental arrangement is the convolution
of the exciplex emiuion bandshape with the transmission charac­
teristics of the interference filter.

Gas samples containing ammonia at various concentrations were
prepared by pusing nitrogen or air over permeation tubes of various
lengths located in a constant temperature bath. Concentrations
ranging (rom 20 ppm to 100 ppb were generated by adjusting the
temperature and the flow rate accordingly. For the low concentrations
in the range of a few ppb, the flow from the permeation tube enclosure
was further diluted by mis:ing with additional clean gas. It was found
that after an initial equilibration period of about 1 h, the concentra­
tion of ammonia generated remained stable to within a few per­
cent.

For experiments performed with samples of ammonia in nitrogen,
Matheson ultrapure grade nitrogen gas was used. Further purification
of the gas as delivered from the manufacturer, performed by passing
the flow from the cylinder through a cryogenic trap cooled to liquid
argon temperature, produced negligible change in the resulta. For the
case of ammonia in air fNlJ11ples, both room air an~ zero gas were
used.

The described experimental apparatus were utilized ro make three
different types of measurements. The injection system was by-passed
and gas samples of ammonia in nitrogen generated by the permeation
tube were Oowed continuously through tha reaction cell. The resulting
real-time aignal displayed by the OMA were used to study the spectral
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Figure 4. Relative Intensity of measured emission as a function of in­
Jected NH3 mass lor direct injections of samples of NH3 in N2

Figure 5. Real-time and integrated signals from NH3 emissions tor in­
jections of NH3 In N2 and NH3 in ambient air ttvough the chromato­
graphic column

range of measurements, and 8 sensitivity of the order of a few
tenths of a picogram was achieved.

Extensive tests were carried out with injections of NHa in
N2 and in ambient air through the chromatographic column.
Figure 5 shows some typical real-time and integrated signals
for the two cases under similar conditions. As can be seen, the
retention time ofNH3 for the conditions used was about 1 min,
and the time necessary for complete elution of the NH3 peak
was of the order of 2 min. The retention for 0, is about 10 s,
which can be measured from the position of the strong nega­
tive signal caused by O2 quenching of the background Hg
fluorescence from the cell. A comparison of the two results
indicates that the emission signal is lowered by about a factor'
of 6 for air samples. This is most likely caused by residual O2

contamination of the system from the tailing of the air peak_
It was, however, found that, by the use of methanol vapor as
a gas phase scavenger, excellent repeatability can be obtained
for measurements made over long periods of time.

The integrated emission signals are also shown as a function
of frequency in Figure 5. Again, an enhancement of about a
factor of two orders of magnitude in signal was achieved over
the real-time single channel measurements. The integrated
areas under these curves are shown in Figure 6 for both sam­
ples of NH3 in N2 and in air. The signal was shown to be linear
for NH3 concentrations up to 5000 pg. The achieved sensitivity
in the present system for samples of NH3 in air is about 3 pg
(with a signal-to-noise of 5), which corresponds to a detection
limit of the order of 4 parts per billion in a 1 cm3 sample.

DISCUSSION

The results of this study have shown the technique of
mercury-sensitized luminescence to be capable of determining
ambient NH3 in the 1- to l00-ppb range with linearity in
concentration over three orders of magnitude. The ultimate
sensitivity of the method is limited by the stringent require­
ment on the level of allowable interfering gases such as mo­
lecular oxygen. For specific applications where these gases are

2.1PICor,.v."S
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Figure 3. Real-time single channel (348 om) emission signal and
time-Integrated Intensity of the NH3 emission band for direct injections
of samples of NH3 in N2 into the reaction cell

emission spectra. Figure 3b represents the intensity of the
emission band integrated over the residence time of the
sample while flowing through the detector cell. The shape of
these spectra is mainly dominated by the frequency response
of the measurement system. As can be seen by comparing the
areas under these curves, the frequency and time integration
enhances the emission signal by about two orders of magni­
tude. Figure 4 shows the relative intensity of the signals de­
tected as a function of NH3 concentration. The signal was
found to be linear in the mass of NH3 gas injected over the
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figure 8. Relative InteosilY 01 the measu'ed Integrated emission signal
as e function of Injected NH, mass for semples of NH, In N, BIld NH,
In emblent air through the chromatographic column LITERATURE CITED

in the near ultraviolet, allowing high-efficiency photomulti­
plier tubes to be used for the measurements. Third, the
emission is specific in frequency and the spectral information
may be used to distinguish the signal from emissions due to
various other gases which form excited mercury complexes.
Fourth, tbe exciplex emission reaction is proportional to the
total pressure of the system so that measurements can be
carried out at atmospheric pressures or higher. Finally, the
exciplex reection mechanism does not remove NH3 from the
system except via secondary product formation. Therefore,
with proper choice of reaction conditions, each NH3 molecule
can, in principle. react and emit many timest thus enhancing
the sensitivity of the method. For example, if the lifetime of
the Hg(6'Po) in a cell is 100 ~s and the incident photolysis
power density is 250 mW per em', then the NH3 exciplex
emission rate is of the order of 100 photons-molecule-' s-'.
Hence, for an average residence time in a reaction cell of 1 s,
a signal enhancement of 2 orders of magnitude can be realized
over other emission measurements involving degenerative
processes.

Work is currently being continued to utilize the method as
an analytical tool in jaboratory research programs as well as
to adapt the technique to the detections of other gas
species.
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not present, the potential sensitivity of the described tech­
nique for detecting NH3 exceeds that for other competitive
methods. For ambient air monitoring, the practical limitation
on sensitivity is determined by the degree with which chro­
matographic techniques can be developed to reliably separate
samples containing NH3 at concentrations below 1 ppb.

The detection principle itself has a number of fundamental
advantages. The mercury-ammonia exciplex has a high effi­
ciency for emission, with about 7006 of the exciplexes decaying
through dissociation with photon emission (3). Second, the
exciplex emission occurs in 8 relatively narrow spectral range
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Determination of p-Aminobenzoic Acid by Room Temperature
Solid Surface Phosphorescence

R. M. A von Wandruszka and R. J. Hurtubise"

Department of Chemistry. University of Wyoming. Laramie. Wyo. 82071

p-AmJnobenzolc ackl and several au- molecules were found
to phosphoresce at room temperature when adsorbed on so­
dium acetate. A unique phosp/lorimetrlc method Is described
for determining p-amlnobenzolc acid wllhout separation In
mullicomponent vllamln fablets. The reflected phosphores­
cence of p-amlnobenzolc acid adsorbed on sodium acetate
was measured In the quantllatlon step. The method Is rapid,
very selective, and senslllve for p-amInobenzoic acid. The limit
01 detection Is about 0.5 ng per sample spot and the relative
standard deviation Is 2.4 % at 5 mg per tablel. p-Hydroxy­
benzoic acid, folic acid, and the benzamlde 01 p-amInobenzoic
ecld also exhibited room temperature phosphorescence when
adsorbed on sodium acetate. Phosphorescence data on these
molecules are reported.

Room temperature phosphorescence of adsorhed ionic or­
ganic molecules was first reported by Schulman and Walling

(I. 2) and later by Payoters et aI. (3) who put the phenomenon
to its first analytical use. Also, Wellons et aI. have reported on
room temperature phosphorimetry of biologically-important
compounds (4). Some solid surfaces that have been used are
filter paper, silica, alumina, and asbestos. In all instances, it
was stressed that extensive drying of the surface was re­
quired.

p-Aminobenzoic acid (PABA) was found to phosphoresce
at room temperature when adsorbed on a surface of sodium
acetate, even when the system was in contact with a solution
of absolute ethanol.

The new method of PABA determination discussed in this
paper is insensitive to moisture and utilizes a thin-layer
densitometer for rapid, sensitive determinations. The method
is much more sensitive than the USP XVIII method (5) and
it can be used for samples to which the USP method is not
applicable. It compares favorably with a recently reported uv
absorption method (6).
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EXPERIMENTAL

Apparatua. PhOlphoreteence excitation and emiaaion lpectra and
phosphorescence lifetimes were determined with a Perkin-Elmer
MPF-2A Fluorescence Spectrophotometer with a phoophoreocence
accessory. The 80urce was a ISO-watt Xe arc and the detector a IP28
photomultiplier with 8-5 response. Quantitation was achieved with
a Scboeffel SD3000 Spectrodensitometer uaing a l50-walt Xe arc and
a IP28 photomultiplier. The samplea that were measured with the
densitometer were placed in a series of 12 circular depreaaiolll of
%6~inchdiameter and ~oo-inch depth that were milled into a bras.a
plate along a line parallel to the edge. The plate was blackened to a
dull, nonreflecting finish. In all aubsequentquantitative determina­
tions, it was placed on the moving stage of the densitometer.

Reagenu. Ethanol was purified by distillation as deacribed hy
Winefordner and Tin (7). Other solvents were reagent grade and used
without further purification. The PABA was reagent grade and pu­
rified by recrystallization from ethanol. The other compounds tested
were reagent glade and used without further purification. All PABA
solutions were prepared with absolute ethanol unless stated otherwise.
The vitamin B complex teblete analyzed were distributed by Plua
Products, Irvine, Calif., and purchased from a local bealth food
store.

Procedure. Standards and unknown samples were prepared as
(oUaws: 25-10'1 volumes of ethanol were introduced into -4 X 0.4 em test
tubes from 8 micropipet and 1-6,,1 volumes of standard or sample
solution were added from a 10-1£1 Hamilton syringe. The amounts of
PABA thu8 delivered to each tube ranged from 10 to 200 ng. A fixed
amount of sodium acetate was added to each tube with a measuring
spoon that had the same volume as the depressions in the plate de­
scribed above. The tubes were placed in an oven at 80 °C until all the
ethanol had evaporated. The dry solid was quantitatively transferred
to a small mortar and 8 pestle was used to gently break up conglom­
elate particles. The powder was then transferred to the depressions
in the plate and smoothed over with 8 spatula.

A stock PABA-containing solution was prepared from vitamin
tablets by grinding 20 tableta with a mortar and pestle and then ex­
tracting with ethanol for 1 h. The extract was filtered and the filtrate
diluted to 250 ml with ethanol. This solution was used to prepare all
other extract solutions used in subsequent PABA determinations.

After introduction of the powder into the depressions in the plate,
the latter was placed on the stage of the densitometer. The phos·
phorescence intensity was measured with the excitation monochro·
mator set at 290 run and the emission monochromator set at 426 nm.
The excitation monochromator was a prism, the emission mono·
chromator a wedge monochromator, and all measurements were ob·
tained in the single beam reflection mode.

Unless indicated otherwise for the phosphorescence excitation and
emission spectra and lifetime determinations, the powder was in·
troduced into a phosphorescence cell which was placed in the phos·
phorescence accessory of the fluorescence spectrophotometer.

RESULTS AND DISCUSSION

Sodium Acetate Suspension. The sodium acetate surface
was formed and 8uspended as a gelatinou8 precipitate in ab­
solute ethanol by addition of 0.5 ml of acetic anhydride to a
50-ml solution of ethanol saturated with sodium hydroxide
and containing 0.10 mg PABA. This mixture was shaken for
several minutes and a thick white precipitate of aodium ace­
tate was formed. Upon excitation with a uv lamp, the PABA,
presumably adsorbed on the 8uspended precipitate, was
visibly phosphorescent. This was indicated by a atrong blue
signal that persisted for several seconds after the uv lamp was
shut off. The precipitate was introduced into a ph08phores­
cence cell, and the phosphorescence excitation and emission
spectra were obtained using the phosphorescence accessory.
These spectra were identical to the room temperature phos­
phorescence spectra obtained for a PABA sample prepared
as described under Procedure. The excitation and emission
maxima obtained were 290 and 426 nm, respectively. Liquid
nitrogen temperature phosphorescence spectra of PABA in
ethanol showed an excitation maximum at 315 nm and an
emission maximum at 415 nm. Reported values are 310 nm
for the excitation maximum and 430 nm for the emission
maximum for ethanolic PABA solutions (8). The maximum
room temperature phosphorescence excitation and emission

."VlUJIiTM._

Figure 1. Tolallumlnescence emission spectn.rn ot PABA on sodlun
acetate. excitation wavelength, 290 rvn

wavelengths of PABA adsorbed on dried filter paper are re­
ported to be 273 nm and 426 nm, respectively (4).

Sodium Acetate Powder. The room temperature phos­
phorescence lifetimes of a PABA sample, prepared as de­
scribed under Procedure and measured following the de­
scription in the Hitachi N-619E phosphorimeter manual, was
found to be 3 s. The reported liquid nitrogen temperature
phosphorescence lifetime of PABA in ethanol is 3.2 5 (8). The
fluor~enceexcitation and emission rn.axima of an ethanolic
PABA solution are reported to be 290 nm and 350 nm, re­
spectively (9). The lifetime of the luminescence 8igna1 and the
position of the maximum emission wavelength from the solid
surfaces indicate that phosphorescence from PABA was ob­
served. With a PABA sample prepared as described and
placed in the brass plate, the total luminescence emission
spectrum was taken with the densitometer, using a scanning
grating emission monochromator. Figure 1 clearly shows the
fluorescence and the phosphorescence emission spectra of
PABA.

Sodium Acetate Crystal. In another experiment, a single
crystal of sodium acetate was grown from aqueous solution
and placed in an ethanolic PABA solution (50 llg/mI). Strong
blue phosphorescence, similar to that described above, was
observed from the crystal surface, using a uv lamp for exci­
ta tion. When the crystal was removed from solution and dried,
phosphorescence could be observed upon excitation with a uv
lamp even after the crystal was exposed to the atmosphere for
several days.

Sodium acetate is slightly soluble in ethanol and ita surface
is affected by this 80lvent. This was indicated by the
opaqueness that developed on the surface of the sodium ace­
tate crystal after it was placed in ethanol. Several other 801­
venta were used to prepare PABA 80lutions to be brought in
contact with a sodium acetate crystal surface. The solventa
tested were methanol, diethyl ether, isopropanol, isobutanol,
acetone, and water and the choice of solvent was found to be
of utmost importance. A crystal of sodium acetate, introduced
into a solution of PABA in diethyl ether, appeared to be un­
affected by the solvent and no phosphorescence was observed
from the crystal surface. Sodium acetate crystals exposed to
PABA dissolved in methanol, isopropanol, and isobutanol did
not give rise to phosphorescence on the crystal surface al­
though the crystal was affected to some extent by these 801­
venta. Relatively weak phosphorescence was observed in all
cases after the crystals were removed from solution and dried.
It disappeared after prolonged exposure w the atmoophere.
A sodium acetate crystal put in an acetone solution of PABA
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Table I. Tablet Ingredients

Ingredient

Vitamin B',
Vitamin B]
Vitamin B,.
Folic acid
PABA
Pantothenic acid
Niacinamide
Inositol
Choline bitartrate
Vitamin B I :2

Biotin

Qufntity per 6 lablets
(as labeled)

5 mg
5 mg
5 mg

0.1 mg
30 mg

100 mg
50 mg

1000 mg
1000 mg

15 JJg
25 JJg

'0 60 90 120 I~O 180
AMOUNT PABA, nQ

2'0
Table II. PABA in Vitamin Tablets

Table IJI. Percentage PABA Recovery in
Spiked Extract Samplesa

total
ml PABA total PABA

extract deter- PABA PABA deter-
in mined in added in present in mined in

IO-ml series I, series 2, series 2, series 2, Recovery,
solution ng/jl1 ng/jl1 ng/p) fig/pi %

0.1 4.2 49.5 53.7 54.2 101
0.2 8.0 49.0 57.0 57.0 100
0.3 11.5 48.5 60.0 61.0 102
0.4 16.2 48.0 64.2 62.9 98
0.5 20.5 47.5 68.0 70.0 103

Av 101%
a Average values from duplicate determinations.

scribed and a 0.2-ml aliquot of this solution was taken and
diluted to 10 ml with ethanol. Two-microliter volumes of this
final solution were introduced into the test tubes with a mi­
crosyringe and treated as described. The results of replicate
determinations are shown in Table II. The average amount
of PABA per tablet was found to be 5.0 mg.

Interferenees. A study was made to determine possible
interferences with PABA determinations by other tablet in­
gredien!.•. For this work, two series of aliquots ranging from
0.1-2.5 ml were taken from the extract. Each of the aliquots
in the first series was diluted to 10 ml with ethanol. In the
second series, the aliquots were diluted to 10 ml with a 50
jlg/ml standard PABA solution so that each of the resulting
solutions contained a different, known amount of PABA in
addition to the extract. It was found that in both series the

Figure 2. Calibration curve: phosphorescence intensity vs. amount of

PABA

showed no surface phosphorescence whatever. Sodium acetate
crystals grown from aqueoWl solution containing PABA did
not yield phosphorescent crystal surfaces.

Other species tested on a sodium acetate crystal surface
were benzoic acid, aniline, p-aminophenol, a-aminobenzoic
acid and m-aminobenzoic acid, all dissolved in absolute eth·
anol. The first four showed no phosphorescence; the m-ami­
nobenzoic acid gave a weak signal, but only after thorough
drying.

Other Surfaces. PABA was applied to a number of other
surfaces-silica gel, alumina, sodium carbonate, sodium io­
dide, potassium acetate, ammonium acetate, lead acetate, and
lithium carbonate-but the phosphorescence observed was
weak and the surfaces required thorough drying, notably in
the case of potassium acetate.

The phosphorescence effect described is highly specific with
respect to three factors: adsorbed molecule, adsorbent, and
solvent. Of the systems described above, only the combination
PABA-sodium acetate-ethanol gave rise to strong phospho­
rescence from the adsorbed PABA. Moreover, this combina­
tion presented the only case in which phosphorescence per­
sisted after the crystal was removed from solution, dried, and
exposed to the atmosphere for extended periods of time. Work
is continuing to explain these facts.

Quantitative Determinations. A series of 10 identical
PABA samples, each containing 100 ng PABA, was prepared
and the phosphorescence signals were measured with the
densitometer. The average peak height of the recorder re­
sponse was taken to represent 100 ng PABA. The amount of
PABA corresponding to each individual peak was computed
and the relative standard deviation of the series was found to
be 5%. A similar determination was made with a series of 10
ng samples of PABA and the relative standard deviation in
that case was 7%. The linear range of a typical calibration
curve extended from 0-200 ng PABA per sample. Above 200
ng, the curve became nonlinear (Figure 2), but was shown to
be reproducible, and analytically useful results could be ob­
tained up to 0.5 jig of PABA. The smallest amount of PABA
in a sample spot that gave a phosphorescence signal equal to
twice the background signal was 0.5 ng.

To demonstrate the analytical Wlefulness of this new phe­
nomenon, PABA was determined in vitamin tablets labeled
to contain 5 mg PABA per tablet. A list of tablet ingredients
is given in Table I. The PABA content of these tablets was
considerably less than the 94% specified in USP XVIII (5) as
the minimum content of tablets to which the USP method can
be applied. The tablet extract solution was prepared as de-

Determination

1
2
3
4
5
6
7
8
9

10
11
12
13

PABA per tablet, mg

5.1
5.0
4.8
4.9
5.0
5.0
4.9
5.0
5.0
4.8
5.2
5.1
5.1

Av 5.0 mg PABA/tablet
Std dev. 0=0.12
ReI std dey 2.4%
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spectively. The total luminel;cence emission spectrum of ex­
tract on sodium acetate obtained with the fluorescence spec­
trophotometer is shown in Figure 5. It is evident that the
phosphorescence peak at 426 nm corresponds closely to that
of pure PABA, whereas the fluorescence peak has shifted to
shorter wavelengths, indicating the presence of other fluo·
rescent species in the extracL The shoulder centered around
460 nm must also be due to other fluorescent species since
emission spectra of extract on sodium acetate obtained with
the phosphorescence accessory show a single peak with the
maximum at 426 nm.

Finally, an ethanolic solution containing 20 ng!1l1 PABA as
well as 200 ng/~I m-aminobenzoic acid and a solution con­
taining 20 ng/~1 PABA and 200 ng/~l a-aminobenzoic acid
were prepared and the PABA contents were measured. It was
found that the PABA determinations were in both cases free
from interference.

Other Molecules. In a preliminary study, p-hydroxy­
benzoic acid, folic acid, and the benzamide of PABA were
investigated. Phosphorescence excitation and emission spectra
were obtained for these molecules on sodium acetate and their
respective phosphorescence excitation maxima were 340, 320,
and 300 nm and the corresponding emission maxima 404, 465,
and 430 nm. Investigations into the behavior of other mole­
cules are continuing.

PABA could be determined accurately in the solutions con­
taining less than 1.0 mJ of extract per 10 ml of solution. For
the solutions more concentrated in extract, a strong reduction
in PABA phosphorescence intensity was noted. Also, the
amount of PABA determined no longer varied in accordance
with the amount of extract present in the solutions. To find
the range of extract concentrations that could be used without
leading to reduction in the PABA phosphorescence signal, a
number of solutions were prepared containing 0.1-5.0 ml of
extract, diluted to 10 ml with a concentrated standard PABA
solution and/or pure ethanol, such that all solutions contained
225 ng/~I PABA. One-microliter volumes of these solutions
were treated as for a PABA determination, and the PABA
phosphorescence intensities were measured. A plot ofPABA
phosphorescence intensity vs. amount of extract was made
(Figure 3). The resulting curve showed that extract volumes
greater than about 0.8 ml will give erroneous results.

In the two series of solutions described above, the PABA
contents were determined for the solutions containing 0.5 ml
of extract and less per 10 ml of solution. The percent recovery
of PABA was computed and the results are shown in Table
III.

It is clear from Figure 3 and the data in Table III that ac­
curate results can be achieved when the amount of ertract is
less than 5% of the volume of the final solution. This does not
present a problem as the sensitivity of the method allows for
the determination of extremely small amounts of PABA with
good precision. For example, test tubes containing 1.0 ~l of an
extract solution at 8 ng/ill PABA were spiked with 5.0, 10.0,
and 20.0 ng PABA in ethanol solution and the samples de­
termined for PABA. The PABA recovery was 100% in all three
cases.

To investigate the cause of the reduction in PABA phos­
phorescence intensity at higher extract concentrations, a re­
flection spectrum of extract on sodium acetate was taken with
the densitometer set in the double beam mode (Figure 4). It
can be seen that the extract absorbs at the phosphorescence
emission wavelength of PABA, which would be one factor
leading to the observed reduction in phosphorescence inten­
sity for the more concentrated extract solutions. Also, the
absorption of exciting radiation by other tablet ingredients
would cause a reduction in PABA phosphorescence intensity.
As indicated by Tables II and III, these factors are not im­
portant at the level of extract used in the analytical proce-
dure. .

Luminescence spectra of the extract on sodium acetate were
also taken with the fluorescence spectrophotometer. With the
phosphorescence accessory in place, the extract gave excita­
tion and emission spectra virtually identical to pure PABA
on sodium acetate, with maxima at 300 nm and 425 nm, re-
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Determination of Tin by Gas Phase Atomization and Atomic
Absorption Spectrometry

Prem N. Vllan' and Chris Y. Chan

Air Qualffy Lsboratory. Ministry 01 the Environment (Ontario). Toronto. Ontario. Canada

A eeml.ulom.ted method lor the determlnetlon 01 tin In sua·
pended elr p.rtlcul.te. m.ller la deac:rlbed. The dillolved tin
18 re.cted with aodIum borohydrlde lOIul1on and converted Into
gaI80UI hydrldea. The r...lling gaI80UI mixture II c:ombuIled
In a tube tum.ce .nd the .tomlc .bIorptlon ottln la me..ured
.t 288.3 nm. More th.n 20·lold concentratlona 01 copper,
nickel, .ntlmony, .nd ....nlc Intertere. The Interferencea .re
ellmln.ted by the .ddliion ot Iodlum oxalate to the aample
1OIulI0na or by prlor coprec:lpllallon wllh hydrated manganeae
dioxide. Filly HI·Vol air tIIters can be analyzed per d.y. The
rer.lIve at.nd.rd devlallon 01 Ihe method 18 6% with a aenal·
tlvlty 01 0.45 /lUll. and a detection limit 01 0.1 /lUll.

There is a need for a simple and sensitive method for mea­
suring tin concentrations in environmental, food, and geo­
logical materials. The colorimetric methods for the determi­
nation of tin are tedious, nonspecific and involve lengthy
distillation (J). The sensitivity of the conventional flame
atomic absorption methods for tin is approximately 0.5 pg/m1
which is insufficient for accurate analysis. Besides, they are
prone to chemical, spectral, and molecular interferences (2-4).
Tin belongs to a family of metals and metalloids that form
gaseous hydrides with a fair degree of ease. The research pa­
pers based on the use of gaseous hydrides for atomic absorp­
tion measurements by flame and nonflame atomization de­
vices have shown 8 considerable increase over the past few
years. Improvements of sensitivity by several orders of mag­
nitude have been reported compared with conventional atomic
absorption methods. Fernandez (5) reported an absolute
sensitivity of 7 ng/ml for tin in dilute hydrochloric acid solu­
tion using sodium borohydride pellets for hydride generation
and a balloon reservoir for collection. He used an argon­
hydrogen-entrained air flame and measured the atomic ab­
sorption signal at 224.6 nm.

Heated quart2 tubes are stable atomizers as compared with
flames. They do not require the use of high pressure gases and
are better suited for unattended operations (6). Schmidt et
al. (7) have briefly listed the advantages of the automated
approach. They used an argon-hydrogen-entrained air flame
to establish the precision and the detection limits for arsenic,
selenium, bismuth, antimony, and tin in aqueous solutions.
Pierce et aI. (8) applied the same idea to the' determination
of selenium and arsenic in surface waters using a tube furnace,
as in Ref. 6, together with a stripping column used by Goulden
et aI. (9).

Smith (10) carried out a systematic study of the interfer­
ences encountered in the determination of volatile hydride-

forming elements using the manual method and the argon­
hydrogen flame. Very little work, however, was done on tin,
and large blanks were obtained. No attempt has been made
to investigate the elimination of these interferences.

Burke (J 1) successfully used the scavenging properties of
the oxide of Mn(IV) for quantitative coprecipitation of traces
of antimony, bismuth, lead, and tin from solutions of nickel
prior to their determination by atomic absorption spectrom­
etry.

The present paper describes a method for determination
of tin in airborne dust collected on a glass fiber filter, and a few
other matrices by a continuous hydride generation technique
with special emphasis on the study and elimination of inter­
ferences.

EXPERIMENTAL

Apparatus. A Techtron Model AA·S atomic absorption spectra·
photometer was used to obtain all the data. The analytical wavelength
used was 286.3 nm and the light source was 8 tin hoUow cathode tube
(Westinghouse) operated at recommended current. Argon gas now
rate was regulated at 240 ± 30 ml/min by means of a calibrated flow
meter. An electrically heated open ended quartz tube, 10 em long and
IO·mm Ld. with a 4·mm diameter inlet tube was used for atomizing
tin in the gaseous stream. The temperature of the tube furnace was
controlled by a Variac transformer. A Technicon sampler, propor­
tioning pump, and manifold were used in conjunction with a 10-mV
variable range recorder for achieving an automatic operation as pre­
viously reported (6). The system diagram is shown in Figure 1. The
optimum instrumental parameters are summarized in Table I.

Reagents. Tin standard solutions were prepared by diluting 1000
ppm stock solution (BDH) and 1% He!. (All other acids and salta used
were reagent grade.) A 1% solution of sodium borohydride (98% Fisher
Scientific) was used for hydride generation. Demineralized distilled
wster was used for preparing aU the reagent and sample solutions.

Procedure. Sample Decomposition. Hi-Vol Filters. Circular filter
disks measuring 5 cm2 were cut from 33 exposed Hi-Vol glass fiber
filters by means of a stainless steel punch. They were placed in 18 X
ISO-mm test tubes held in a 40-hole aluminum heating block. Seven
blank disks were placed in the remaining test tubes and 0, 0.05. 0.10,
0.20, 0.30, 0.50, and 1.00 ml of 15 .g/ml tin solution were added by
means of a microbureL Two-ml ponions of concentrated. hydrochloric
acid were added to each test tube. The loaded aluminum block was
transferred to a hot plate and the contents of the test tubes were
maintained at near boiling temperature for 2 h. The digestates were
diluted to 15 ml with demineralized distiUed water and mixed thor·
oughly. The test tubes were centrifuged and 1:10 dilutions of the clear
solutions were transferred to the 8ampling cups for automated tin
analyTlis. The final solutions contained approximately 1% hydrochloric
acid. If lower reportable limits are desired, the dilution step is elimi·
nated and instead the sample digestates are neutralized with sodium
hydroxide. reacidifled with 1.5 ml of 10% hydrochloric acid and made
up to 15 ml with distilled water using one drop of phenolphthalein as
indicator.
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Table I. Optimum Instrumental Parameters

baseline. A draught· and smoke·Cree environment around the
ends of the quartz tube, and a minimum opening of the ex·
haust pipe damper were necessary ID reduce the baseline drift
to half a chart paper division (0.001 absorbance). A sudden
drop in sensitivity was always attributed ID either the condi·
tion of the quartz cell or the manifold tubes. After a prolonged
use, a greyish powdery deposit built up on the inner walla of
the cell, possibly due ID a reaction between quartz and hy·
drogen at high temperature. This affected the performance
of the system. An occasional brushing with a mild detergent
and heating the quartz tube to a high temperature restored
its performance. The manifold tubes required occasional reo
placement or cleaning with hydrochloric acid.

Introduction of air inlD the system was necessary. Complete
blockage of air tubes produced signal peaks which were ir·
regular in shape and took a longer time ID return to the base·
line. Use of two manifold tubes for air supply gave slightly
better performance than one tube. The system was found.to
be quite rugged and trouble free over an operating period of
3 to 4 months. The presence of sulfuric acid dryer was not
essential but was desirable because it prevented the conden·
sation of water vapor in the gas delivery tube.

Corrier Gases. The optimum argon flow rate was between
220 to 280 ml/min depending on the size of the quartz cell. A
continuous decrease of argon flow rate from 600 mVmin ID 100
ml/min increased the signal progressively by approximately
60%. However, lower flow rates produced dislDrted peaks with
unstable baseline and higher flow rates decreased sensitivity
partly due to dilution and partly due to the shortened resi­
dence time in the heated alDmizer. The use of nitrogen as
sweep gas at the same flow rate as argon gave approximataly
the same response (J2).

Atomizer Temperature. The temperature of the quartz
tube was 850 ± 10·C for maximum sensitivity and precision.

,-J -;;n.:..: -1-I··coo.u I
I HUn.O QtwnJ: au I
L -.J

u anC1ltOI'MOTOIIlEnIl

Figure 1. AutoAnalyzer-AAS system for tin

Minerals. The samples were fused ""ith soct"ium peroxide in vitreous
carbon crucibles. The fusions were dissolved in 1:1 hydrochloric acid
and diluted to known volumes. The prepared solutions were further
diluted with 1% hydrochloric acid to bring their concentrations within
the optimum range of working standards.

Rocks. About 100 mg of accurawly weighed sample was heated with
2 ml of 5:2:10 mixture of H2SO.. :HNO:J:HF in a 25·ml Teflon beaker.
The contents were taken to fuming. The residue was diSsolved in
distilled woter and neutralized with 5% sodium hydroxide until a
precipitate appeared. The solution was acidified with 1 ml of 1:1 hy.
drochloric acid and the \'olume was made up to 50 ml with distilled
water.

Sludges. About 100 mg of accurately weighed sample was digested
with 2 ml of 1:4 perchloric-nitric acid mixture in a covered" 25·mJ
beaker. The contents were heated until white fumes appeared. The
digestate was made up to 100 mJ with 1% hydrochloric acid. The
prepared solution was further diluted with 1% hydrochloric acid as
required,

Liquid Food and Water Samples. No sample preparation was re­
quired. Samples were diluted with 1% hydrochloric acid and analyzed,
For solid foods, decomposition procedures recommended by Sandell
(I) may be used.

Coprecipitation with Hydrous Manganese Dioxide. A suitable
aliquot of the prepared sample solution containing 0,3 to 1.0 ~g of tin
was transferred to an 18· X 150-mm test tube and diluted with 10 to
12 ml of distilled water. One-ml volume of 1%manganese sulfate so·
lution. was added and the contents were heated to boiling, A half·ml
portion of 0.25% potassium permanganate solution was added drop­
wise to the contents of the test tube and heated to boiling again. The
tcst tube was set aside for 30 min at room temperature, The precipi­
tated manganese dioxide was filtered, under gentle suction, through
8 disk of glass fiber or Whaunan 40 filter fitted into a Gooch crucible.
The test tube was rinsed 3 to -4 times with small volumes of distilled
water and the rinsings were passed through the same Gooch crucible.
The precipitate was wetted with 0,3 ml of 6 M hydrochloric acid fol·
lowed by 2 ml of 10% hydrogen peroxide to dissolve it completely. The
solution was received in the same test tube in which the precipitation
was performed, The filter and Gooch crucible were washed several
times with small quantities of water 50 as not to exceed the volume
or 15 mt. The final volume was made to the 15-ml mark on the test
tube.

RESULTS AND DISCUSSION

Effects of Experimental Parameters. Monifold Design.
The tube sizes required ID build the manifold shown in Figure
1, were determined by the trial and error method ID provide
optimum flow rates of various reagents. Use of a two· lobe
sampler cam allowed 1 min for sampling and 2 min for wash
cycles. These intervals were best suited for obtaining well
fonned signal peaks returning smoothly ID a reasonably stable

Damping
Wavelength
Slit width
Sample time
Wash time
Recorder span
Recorder speed
Atomizer temp.

Maximum (D)
286.3nm
lOO~m

1 min
2min
5-mV FuUscale
0.5cm/min
850·C
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Figure 3. Effect of acid concentration on the stability of a standard
solution of tin (0.1 JIg per ml)
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Figure 2. Effect of acid concentration on the absorbance signal of
tin; (-) sample acid concentration Y5. absorbance; (- - - -) background
acid concentration ys. absorbance

Table II. Effect of ForeigD ElemeDto OD Recovery of TiDa

% Recovery

Raising the temperature to 950 'C caused progressive re­
ductioD in response by 25% and lowering the temperature to
700 'C increased the sensitivity slightly but caused peak
diatortion and baseline instability. A 10- X loo-mm quartz
tube was Cound to be twice as sensitive as an 18- X l40-mm
tube.

Sodium &rohydride Solution Concentrotion. The increase
oC sodium borohydride solution concentration Crom 0.5% to
5%, wlv, did not change the sensitivity significantly. A 1%
concentration chosen Cor this work allowed Cor some sponta­
neous decomposition oC the reagent solution without affecting
the calibration. A fresh solution was prepared beCore use. The
solution oC sodium borohydride stored overnight at room

Ni 0.5 100 100 100
2.0 90 100 100
5.0 60 100 100

10.0 30 100 100
Cu 0.5 100 100 100

2.0 85 100 100
5.0 75 100 85

50.0 50 100 65
AB' 0.3 100 100 100

0.5 82 100 82
5.0 50 98 50

a All solutions coDtained 0.03~ ml- 1 tin in 1% HCl. 10 000 ~g

ml-1 Na, K; 1000 ~g ml- 1 PO,3-, 50,2-, N03-, CI-; 40 ~g ml- 1

Pb, Ca, Mg, ZD, Fe, AI; 5 ~g mi-1 Se, Cr, Mo do not interfere.
• 1000~mi-1 ofCu, Ni, Cr, Zo, Fe, AI gsve 100% recoveries. ' Sb
behaves similarly.

Interfering
element

Amount
added,
~gml-'

With
Direct copptn b

With
Na:zC204,

600 ~g ml- 1

temperature produced a lower response. Storage in a refrig­
erator maintained the strength of this solution.

Acid Concentration. The sensitivity of the present method
was found to be strongly dependent on the concentration of
hydrochloric acid present in the sample and of the acid
pumped through line 2 of the manifold diagram. This rela­
tionship is illustrated in Figure 2. The small plateau of the
curve allows some variation in the ~cidity of the sample so­
lution without adverse effect on the quality of results. Pres­
ence of some acid is essential for initiating the reaction. The
background acid (line 2 of manifold) was necessary to obtain
good signal peaks with stable baseline and to continuously
subtract the reagent blank by setting the recorder pen to zero.
On substituting distilled water for 0.5N hydrochloric acid in
line 2, a reagent blank signal peak corresponding to 1.2 ng per
ml tin was obtained. This peak was confirmed to be due to tin
by the use of a neighboring 284.0-nm non-absorbing line
(Figure 2). Acids such as nitric, hydrochloric, sulfuric, per­
chloric and t.heir mixtures of equivalent concentration gave
equal absorbance signals Cor 0.1 ~g per ml tin.

Matrix Elfects. The effect of several matrix elements likely
to occur in Hi-Vol filters and other samples was investigated.
Of the common elements studied only nickel, copper, anti­
mony and arsenic interfered. Up to 20-fold concentrations of
these Cour elements did not suppress the signal. The amounts
of nickel, copper, antimony and arsenic present in air, in excess
of 0.5, 2.5, 1.0 and 2.0 /lg/m3 respectively, would interfere.
These concentrations are uncommon in typical air samples.
Interference due to higher amounts of nickel and copper was
effectively removed by the use of coprecipitation procedure
and to a lesser degree by providing 600 /lg per ml of sodium
oxalate in the final sample solutions. The results are sum­
marized in Table II. Tin impurity was not detected in 600 ~g

per ml solution of sodium oxalate. All results reported in this
paper were obtained without the use of coprecipitation or
addition of sodium oxalate. The inherent sensitivity of the
method allows very high dilutions of the sample solutions
thereby reducing the concentration of interferents to a point
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Table IV. Determination otTln in W-Vol Filter SamplM
by Two Methods

Meso of Duplicates

Present method (Ilglm')

206.\ ,I, 0
20.6,1, 0
183.1,1, 7.0
260.7,1, 0
104.3,1, 4.2
15\.6,1,0
104.9,1, \.2

11 Nitrous oxide-acetylene.

Flame AASo (Ilglm')

215.2,1, 2\.2
20.0,1, 0
184.9,1, 9.1
266.8,1, 0
97.0,1, 0
145.5,1, 0
106.1,1, 3.0

Table V. Determination of Tin in Dirrerent Sample
Matrices

Sludges Prescnt method, IJg ml- I Emission spec, IJg ml-1

2.9 3.0
4.6 4.8

Manufacturer t, Manufacturer II,
Foods Ilg m1- 1n Ilg 001- 1

Orange juice 55 66 0.15 0.15
Apple juice 4.2 4.2 <D.I <0.1
Apple cherry juice <0.1 <0.1 1.40 1.35
Apple pineapple juice 50 62 <0.1 <0.1
Orange banana juice 70 55 2.0 \.8
Mixed fruit juice 30 50 \.9 2.1
Tomato juice 89 90 50 52
Cola 0.5 0.6 0.3 0.3
Tap water OO8סס.0

Certified valueFoundRocks and minerals

Sample No. II III

No. of detns 12 12 12
Mean (ng ml- I ) 2\.3 48.2 24.3
Mean (llg/m3) 0.126 0.285 0.143
Std dev 0.86 2.86 \.30
Std error 0.25 0.83 0.38
ReI std dev 4.06 5.94 5.37

FIgure 4. Typical recorder tracings 01 Un; (A) triplicate peaks lor satT1'1e
No.1; (B) triplicate peaks lor sample NO.2

•
~

Table III. Precision Data for Determination of Tin in
Three Hi-Vol Filters

a The two sets of results shown under each manufacturer are
not duplicates but values obtained on two different cans.

hydrochloric acid gave constant but lower signal peaks due
to the effect of increased acidity (Figure 2).

Sensitivity, Detection Limits, Precision and Accuracy.
Figure 4 shows the typical recorder tracings obtained for the
calibration curve. The curve is linear up to 0.04 Ilg per ml tin.
Sensitivity and detection limit (signal equal to twice the
standard deviation of blank) of the method were 0.45 ng per
ml and 0.05 ng per ml respectively. The triplicate sample
peaksfor two different Hi-Vol filters (Figure 4) give a visual
indication of the repeatability of the method. The sensitivity
m.easured at 224.6 nm was 66% higher hut the baseline drift
increased considerably.

The precision of the method was measured by replicate
analysis of three typical Hi-Vol ruter samples. The results are
shown in Table III. A relative standard deviation of ""tween
4.06 and 5.94% was obtained at the concentrations shown.

Recoveries of tin added to six different Hi·Vol samples
averaged 99% with a relative standard deviation of 6.0%.

A'set of Hi-Vol filters cOntaining high concentrations of tin
Were analY2ed by the present method and by flame atomic
ahsorption method using nitrous oxide acetylene flame. The
results ohtained are summerized in Table IV. The results also
indicate that in spite of high dilution of the prepared sample
solutions the precision and accuracy of the present method
are quite satisfactory.

The use of concentrated nitric acid, concentrated sulfuric

of insignificance. Tolerance of high concentrations of sodium
and potassium permits neutralization of the digested samples
for proper adjustment of their acidity. No molecular absorp­
tion effects were noticed in this study.

The coprecipitation of tin with hydrated manganese dioxide
was very effective in removing interferences. Standard solu­
tion oftin (0.1 Ilg per ml) taken through the coprecipitation
procedure produced absorbance peaks which were equal in
height to those produced by untreated solution. The copre­
cipitation procedure used was essentially that of Burke (II)
except for a slight modification. He performed coprecipitation
in nitric. perchloric and sulfuric acid solutions but in our
hands hydrochloric acid was found to work just as well. Hy­
drochloric acid was chosen because it was the preferred solvent
for tin in air particulate matter as well as other matrices. The
acidity of the sample solution before coprecipitation was found
to be very critical and must be maintained below 0.16N.
Higher acidity caused the precipitated MnO, to redissolve
resulting in low and imprecise recoveries of tin. The use of up
to 0.3 mI of50% hydrochloric acid for dissolution of manganese
dioxide, resulted in an optimum acidity of the prepared so­
lution. Strict adherence to the procedural details were nec­
essary to obtain good results.

Stobility. The stability ofO.1llg per ml tin solutions pre­
pared in different concentrations of hydrochloric acid was
investigated. The results are depicted in Figure 3. Standard
solutions of tin containing 0.5% hydrochloric acid were found
to be stahle for more than 80 days. Those prepared in 0.01%
hydrochloric acid lost tin to the walls of the container within
a few hours. Storage in glass and polyethylene containers were
found to be equally good. Nitric acid gave results similar to
hydrochloric acid. Standard solutions prepared in 2% and 3%

USGS·W-I rock
CCRMP-KC-I
CCRMP-II1P-I

3.0 ,I, 0.33 ppm
0.68,1, 0.20%
2.43,1, 0.15%

3.2 ppm
0.68%
2.50%
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acid, 1:1 hydrochloric:hydrofluoric acid mixture for digestion
of Hi·Vol samples gave results which agreed within 3% of those
obtained by concentrated hydrochloric acid. Unexposed glass
fibre filters from different lots showed no detectable amounts
of tin. The average tin concentration of urban air around
Toronto was found to be 18)lg per thousand cubic meters,
based on analysis of32 Hi·Vol filters, with a maximum of 122
J.lg and a minimum of 3 J.lg per thousand cubic meters.

The concentrations of tin were higher in air particulate
matter in and around lead refineries and can manufacturing
operations. The lead:tin ratio in these areas was about 300 as
against 50 for traffic locations. As low as 0.5)lg tin per thou·
sand cubic meter. of air can be measured by this method. Up
to 50 samples can be easily analyzed in one man·day.

Application to Other Materials. The results of tin de·
termination in a few other sample matrices are listed in Table
V. The certified tin concentrations in the Canadian Certified
Reference Materials Project (CCRMP) Samples KC·I and
MP·1 and USGS W·1 rock sample show close agreement with
the results obtained by the present method. The CCRMP
samples are minerals containing vcry high levels of nickel,
copper, iron, sulfur etc., and yet did not require either

coprecipitation of tin or addition of sodium oxalate before
analysis. Food samples were appropriately diluted with 1%
vlv, hydrochloric acid and analyzed.
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Studies on the Mechanism of Atom Formation in Graphite
Furnace Atomic Absorption Spectrometry

R. E. Sturgeon, C. L. Chakrabartl,· and C. H. Langford

Metal Ions Group, Department of Chemistry, Garleton University, Colonel By DriVB, Ottawa. Ontario, Canada K 15 586

The mechanism 01 atom formallon lor a number 01 elements
In a Perkin-Eimer HGA 2100 has been studied using a com­
bined thermodynamic and klnellc approach. Assuming that
an analyte surfac8-flas phase equilibrium exists within the
lurnace and U.e production 01 observable atoms Is charac­
terized by a unlmolecular rale constant, a plot 01 the logarllhm
of the absorbance as a lunctlon of the Inverse of the absolule
temperature yields a straight line 'rom which the acllvallon
energy, E., 01 the IImlllng step In the atomization pathway can
be obtained. These E. values reveal that three major atom­
Izallon mechanisms are operallve: thermal dissociation 01 the
analyte oxide Of halide, and carbon reduction of the oxide
lollowed by atomlzallon 01 the free metal.

The formation of analyte atoms in various flames has been
discussed by many workers. As convenient cells for the study
of high· temperature reactions, flames have been used to ob·
tain spectroscopic evidence of reaction intermediates and
bond dissociation energies of stable species (1-10). However,
little has been reported regarding the atomization processes
in graphite furnace atomizers. Whereas it is generally con­
ceded that local thermodynamic equilibrium exists at various
points throughout a flame (1), it may be questionable to as·
sume that equilibrium is attained in electrothermal atomizers.

. The possibility of high thermal gradients, the rapid rates of
rise of temperature and the transient signals generated by
these atomizers (11, 12) may not allow adequate time for
physical and chemical processes to reach equilibrium before
the atomic species have been lost. Despite the possibility that
equilibrium may not be attained in electrothermal atomizers,
several researchers have attempted to gain insight into the

dominant processes of atom production based on the as·
sumption that equilibrium has been attained. For example,
Campbell and Ottaway (I3) have assumed that reduction of
metal oxides by carbon is rapid, and have correlated the ap­
pearance temperature (the temperature at which atom for­
mation is first observed (Il) with the temperature at which
,eduction of analyte oxides with solid carbon (the surface of
the graphite cell) becomes thermodynamically favorable
(j,G~tacti,,".:5 0):

Their study suggests that a large number of analyte species
produce gaseous atoms through such 8 reduction reaction.
Although correlation between the temperature and t!.Go of
the above reduction reaction was observed for 18 of the 27
elements investigated, their data for the appearance tem­
perature reflects the temperature of the cell wall at the point
in time at which the peak, rather than the beginning, of the
analyte signal occurs. Many of their appearance temperature
values therefore tend to be too high. The difference between
their reported temperature and the true appearance tem­
perature for each element is a function of the heating rate of
the graphite cell, the geometry of the cell, and the analyte
species. On the other hand, Aggett and Sprott (I4) have
compared the appearance temperatures of various analytes
in both graphite and tantalum atomizers. Comparison of these
two appearance temperatures from each atomizer for the same
analyte species indicates whether or not oxide reduction plays
a role in the formation of analyte atoms. Lower appearance
temperatures from the graphite atomizer are indicative of a
reduction process. The free energy change for Equation I was
evaluated at the appearance temperature to determine if reo
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duction was thermodynamically possible. Of the 16 elements
studied, only 4 (Fe, Ni, Co, and Sn) offered evidence of a re­
ductive mechanism. These authors (14) have implicitly as­
sumed the surface of the tants!um atomizer to be coated with
an inert Ta,o, layer. Thermodynamically, tants!um reduction
of analyte oxides at the temperatures employed is highly fa­
vorable:

The assumption that this reduction reaction can be ruled out
is valid only ifTa20. forms a coherent stable film on the sur­
face of the metal. It has been determined (15, p 339) that
growth of the surface oxide proceeds by a mechanism of dif­
fusion of the metal through the film to the surface. Provided
this step is slow in comparison to the atomization time of the
analyte, reduction by tants!um is not likely to occur. The fact
that a change in the appearance temperature was noted can
be interpreted as confirmation of the fact that the reduction
of analyte oxides by Ta is hindered by the presence ofa surface
film of Ta20, (assuming that accurate measurements of the
temperature were obtained for both atomizers). Fuller (16,17)
has criticized the thermodynamic approach to atom produc­
tion because it does not explain the fact that several elements
may form thermodynamically stable carbides at and below
the temperatures at which LlC;eduction for Equation 1 is zero.
In addition, the thermodynamic approach cannot give any
indication of the rates of atomization and, consequently,
predict absorbance peak shapes. As a result, he has attempted
to explein the dynamics of these transient signals using a ki­
netic approach. With copper as a working model, he obtained
rate constants for the production and dissipation of atoms in
a heated graphite atomizer and assigned an activation energy
of 13.8 X 10"' J mol-I (33 kcal mol-I) to the production of
copper atoms. Whereas such treatment has the potential for
predicting peak shapes and activation energies governing the
production and dissipation of atoms, it is a necessary condition
that an isothermal environment exist within the atomizer,
preferably throughout the entire duration of the signal. In
addition, accurate atomic vapor temperatures are required.
Commercially avaBable atomizers cannot provide an iso­
thermal environment over the entire duration of the absorb·
ance pulses (11, 12). As a result, a purely kinetic treatment of
the entire absorption pulse is very difficult. In addition, Fuller
(16, 17) has implicitly assumed that the atomic vapor tem­
perature is equal to that of the graphite surface. Deviations
from thermal equilibrium will cause large errors in tbe esti­
mation of late constants and activation energies, particularly
when activation energies of the order of 100 kcal mol- 1 are
involved. Johnson etal. (18) have examined the nature ofatom
production from 8 nonmechHnistic viewpoint. By assuming
that a simple Boltzmann factor governs the vaporization of
solid analyte and, hence, the equilibrium concentration of
gaseous analyte species, these authors have succeeded in
modeling a single transient signal (molybdenum) arising from
atomization with a West-type carbon filament atomizer.
Unfortunately, poor agreement was obtained for those metals
which vaporized at low temperatures. These authors (18) have
implied that various energies are associated with the vapor­
ization process, these energies being characteristic of the an­
alyte and related to either the heat of vaporization of the mets!
or the metal oxide bond dissociation energy, whichever is
larger. A comprehensive kinetic model for atomization de­
veloped by Torsi and Tessari (19--22) details the determina­
tion of such atomization energies using a filament type device.
These authors have obtained an activation energy of 405 kJ
mol-1 (96 kcal mol-I) for the production of Ni atoms,
suggesting that the atomic species arises as a result of subli­
mation of the metal.

The major problem with such studies is that electrothermal
atomizers do not function as cuvettes (with the exception of
those used by L'vov (23) and Woodriff (24)) in which iso­
thermal conditions exist, but rather as furnaces in which an
isothermal environment cannot be achieved over the time
required for the production of the signal (11,12). As such, the
characteristics of the transient signals are largely determined
by kinetic parameters (rates of production and dissipation of
atoms) as is evidenced by the magnitude of the effect of the
heating rate on the resulting peak absorption (II, 12, 18, 19).
Despite this limitation, it is intereating to examine the results
of those models for atom formation which are based on the
assumption that thermodynamic equilibrium exists. From
such studies, however, only indirect evidence of the possible
dominant reactions which lead to free atom formation has
been provided, and no evidence of any intermediates in such
reactions has been published.

It is important to establish the relationship ofsuch energy
values, as arise from the above models (16-22) to the nature
of the atomization processes, and to quantitatively evaluate
their magnitudes from the measurement of basic system pa­
rameters. This paper attempts to provide some evidence as
to the nature of the major atomization processes for a number
of elements in a heated graphite atomizer (HGA-2100).

THEORY

Mter studying the model presented by Fuller (16, 17), it was
decided that the absorbance signals arising from analyte at­
omization in the HGA-2100 cannot be properly handled by
8 kinetic technique, since 8 knowledge of accurate vapor
temperatures is required. The model developed by Torsi and
Tessari (19--22) is applicable only to those atomizers in which
the region above the vaporizing analyte behaves as an infmite
sink for atomic species, Le., an open system. No provision has
been made in their model for analyte condensation and suh­
sequent reevaporation, which occur in tube-type furnacea used
in commercial apparatus. As a result, their treatment is ap­
plicable only to those cases in which atomization occurs from
a rod or filament device. With tube-type atomizers, such as
the Perkin-Elmer HGA-2100 employed in this study, analyte
condensation and reevaporation can be shown to occur. It is
for this reason that an entirely new approach to the problem
was undertaken. The model presented here was designed to
account for both the thermodynamic and kinetic aspects of
atomization in a Perkin-Elmer HGA-2100.

There are a number of potential pathways by which gas
phase atoms may be formed. When the sample is in the form
of a nitrate or sulfate, the mets! oxide usually results on
heating; even when the sample is in the form ofa halide, this
may still be true, since hydrolysis to oxygen-eontaining species
frequently occurs. The majority of precursors to gas phase
atoms are therefore either mets! oxides (generally monoxides
(23, p 129) or halides which, in the most general cases, may
partake in such reactions as the following:

M~O-"'l' ~ M.O...,. - .I'Mu:. + yOUII (2)

1Io'i r O.•I .., .. + yChl - xMl .. 11 + yCOlrl

1~
xI2M~'1Il - xM1'1 (3)

MXlTlU'll ~ MX'TWll - MIll + mXIII (4)

in the heated graphite atomizer. We will use these equations
to form our simplified model. The validity of this model will
be tested, finally, by its ability to make predictions and to
produce numbers coherently related to other experiments.

The oxygen and halogen atoms resulting from the disso­
ciation of the mets! compounds in Equations 2 and 4 have
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been shown in the monatomic form. The reason for this is that
the partial pressures of these species (as well as the metal) in
the gas phase are exceedingly low. Since the analyte masses
atomized are of the order of 10-9 g, the partial pressure ex­
erted by any liberated oxygen or cblorine within the fumace
at a temperature of 1500 K is approximately 10-7 atm. Over
the initial portion of the signal, where measurements are
taken, these partial pressures are closer to IO-s atm. As such,
the probability of collision of analyte fragments and their
resulting reoombination is negligible. The reactions postulated
in Equations 2-4, and throughout the remainder of this paper,
are therefore not written with the conventiona! double-headed
reversible equilibrium arrow. It has been assumed tbat equi­
librium with respect to bimolecular gas phase collisions does
not exist (i.e., there is no formation of Cl" O2, etc.). Gas
phase-rondensed phase equilibria are assumed to be estab·
Iished for such species as M,O" MXm , and M,./ll-M2,"> (the
latter system will be further discuased in a subsequent sec­
tion). The gas phase-eondensed phase equilibrium should
more properly be labeled a quasi-equilihrium. Such eqUilibria
(Equations 2-4) may be written as (using Equation 2 as a
typical example):

where k,/kb is simply the equilibrium constant for the phase
equilibrium, and kd has been introduced to account for dif­
fusionallo88es of gas phase molecules. The viability of the
model presented here rests on the assumption that kb com­
petes favorably with kd. This is not an unreasonable as­
sumption when one considers the total internal area of the
furnace walls on which condeD88tion and reevaporation of MO
may occur as compared to the velocity and mode of permanent
molecular 1088 from the analysis volume (limited to diffusional
10.... to relatively cool condensation points within the fur­
nace).

At this point, it is convenient to introduce an additional
concept closely related to the above argument. It is implicitly
a88umed throughout the remainder of this paper that gas
phase molecular species have a longer lifetime in the furnace
than the corresponding metal atoms. This is due to the latter's
intrinsically higher reactivity towards the hot carbon (leading
to carbide formation (25» and any gas phase scavengers
present in this system.

It can be shown that the energy associated with the pro­
duction of free atoms of the analyte may be obtained directly
from atomic absorption measurements. Nikolaev and Nemets
(26), for example, have determined the heats of sublimation
of Ti and Mo from measurements made with a graphite cu­
vette. By lining the cuvette with a thin layer of metal foil of
the appropriate element and allowing equilibrium to be at­
tained at each temperature, the heat of sublimation of the
metal was calculated from the alope of a plot of the logarithm
of the absorbance as a function of the inverse of the absolute
temperature. Although these were Ustatic" measurements,
made with a graphite cuvette which is capable of maintaining
an isothermal environment, it will be shown in the following
sections that this same information may be obtained from
Udynamicll measurements of the absorbance by metal vapors
produced in a commercial graphite furnace whose temperature
is constantly rising.

Consider the most general atomization processes illustrated
by Equations 2-4. If the final step in the atomization processes
is characterized by a unimolecular rate constant k" then,
according to Equation 2, the rate of production of M,.) at any
temperature is given by:

(5)

(6)

where K p = PM.Oy~,10., a, is the activity of the condensed
phase on the surface of the carbon furnace, and P is the partial
pressure of the species denoted by the subscript of P. The
activity of the surface phase will be maintained as a variable
throughout the remainder of this model, since it is quite
conceivable that the activity of the surface phase will vary with
both temperature and analyte mass. For small analyte masses,
the sample can penetrate the pores of the graphite surface. In
such cases, the activity of the surface phase will be different
from that which would result if sufficient analyte mass were
introduced to both saturate the porcs and form a homoge­
neous surface layer. Under these conditions, it is also easy to
visualize variations of a. with temperature. As the tempera­
ture rises, the surface layer is stripped off, exposing the sub·
surface layer of different activity,

The 1088 of atomic vapor from the furnace is associated with
a number of different processes. Among these must be in­
cluded the diffusive and convective losses of vapor through
the injection port, diffusive loss through the porous walls of
the furnace, expulsion of excess atomic vapor from the fur­
nace, and loss of vapor due to condensation on the cooler parts
of the furnace (at the ends where the water-cooled cones make
electrical contact with the furnace tube). The expulsion of
excess vapor from the furnace may he ignored because of the
small volume occupied by nanogram Quantities of the atomic
vapor compared with the volume of the fumace. Convectional
and diffusional losses of vapor through the injection port of
the furnace account for only about 10% of the total vapor loss
(the results will be presented in a subsequent publication) The
process of diffusion of atomic vapor through the relatively
porous furnace walls, as in many cases of this nature, is gen­
erally governed by an activation energy barrier (27). As a re­
sult, this type of vapor loss will have minimum influence at
low temperatures, whereas loss due to condensation of the
vapor on the cooler ends of the furnace occurs at all temper­
atures. Consequently, the net rate of appearance of metal
vapor, as given by Equation 6, must be modified to account
for such diffusive losses, i.e.,

where RD is introduced to account for such losses. The dis­
tribution of atomic vapor within the graphite tube is governed
by Fick's second law-there is a roughly Gaussian distribution
of atomic vapor along the axial length of the tube. By making
the simplifying assumption that the vapor density falls lin­
early from its maximum at the center of the fumace where the
sample is atomized, to zero where, the vapor leaves the
graphite tobe (by condeD88tion at either end), it can be shown
(23, p 204) that the rate of diffusional 1088 from the furnace
may be approximated by a simple first order proce88:

in which k D is a (slightly temperature dependent) rate con­
stant for 1088 of vapor. Under conditions sucb as these, the
atomization process in the furnace may be likened to a reac­
tion in a flow system in which reactants (M,O".,) enter the
reaction volume continuously while the product mixture (MiJ<)
and 0,.) is withdrawn. During the short period when 0, is
nearly constant, a steady state is achieved in which the num­
ber density of all species no longer changes with time. Equa­
tion 7 may thus be written as (at any given temperature):
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the fact'that k A '" TO·7 (23, p 221». This last assumption is a
reasonable approximation based on the different tempera­
ture-dependencies reported for gas phase diffusion (i.e., 1"/2
- 7'312).

Although the slope of the log AT VB. l/T plot yields an ac­
tivation energy, the magnitude of E. is an excellentapprori.
mation to the bond dissociation energies of gaseous species
(30), and throughout this paper will be so identified.

The above model for atom production, whicb leads to the
energy relationship expressed in Equation 16, is based on re­
action sequence 2. It is straightforward to see that consider­
ation of either reaction sequence 3 or 4 wiJllead to an identical
equation. Treatment of the absorbance dste is therefore quite
generalized-it is not necessary to know the reaction sequence
a priori. By correlating the energy value obtained from the log
AT vs. liT plot with a very limited set of possible primary
steps in the atomization sequences (Equations 2-4), the utility
of the model may be tested and the major precursors to free
analyte atoms identified. More specifically, the energy term
may be correlated for best agreement with one of the following
values: (a) the dissociation energy of the metal oxide, which
would imply that gaseous free atoms of analyte arise pre­
dominately from the thermal dissociation of an oxide inter­
mediate; (b) the dissociation energy of metal halide; (c) the
heat of atomization of the metal, which would infer that car­
bon reduction of a metal oxide intermediate has occurred to
yield a solid or liquid metal species that may proceed througb
reaction sequence 3; (d) the metal-metal bond dissociation
energy, which would imply a reaction sequence similar to that
described above in (c) with an appreciable formation of di­
meric metal species, or (e) the metal-carbon bond dissociation
energy, which would require that carbide formation has oc­
curred. Throughout the remainder of this paper the log AT vii.
liT plot will be referred to as an E. plot, and the associated
energy obteined from the slope will simply be identified, for
convenience, as E •.

At this point, it is necessary to examine the behavior of the
E. plot in more ddail. From 8 consideration of reaction se·
quences which involve more than one potential source of Millo
such as that outlined in Equation 3, it becomes evident tbat
as the temperature of the system is increased, certain steps
in the path to M<g) will be replaced by others and hence dis­
appear from the E. plot. As a result, tbe E. plot may appear
as 8 composite of two or more intersecting straight line seg·
ments of different slope, reflecting the transition which occurs
when the major supply of M(II changes from one species to
another. Consider, once again, reaction sequence 2

(9)

(3)

(1~)

(12)

(0)

(oinK,) CiH'
iJOrn --l/

f'

log K, - -CiHo/2.3RT + C

In atomic absorption spectroscopy, the measured absorb­
ance is directly proportional to tbe concentration of atomic
vapor, hence:

where CJ.HD is the stendard enthalpy change accompanying
the phase transition (reactants and products at I atrn). In the
integrated form, using common logarithms, Equation 13 may
be written as

where k and h are Boltzmann's and Planck's constants, re­
spectively, and the quantities .6.G°'*'t d,S0*, and tiH°* are the
free energy, the entropy, and the enthalpy of activation, re­
spectively. To a first approximation, the enthalpy of activation
may be equated to the activation energy E. for the reaction
(28). Not only is k l a function of temperature, but so also is
K p , the equilibrium constent for the gas-condensed phase
equilibrium. The relationship of K. to temperature is given
by the well-known van't Hoff equstion (29)

where C is an integration constant, and t:Jfo has been as­
sumed to be temperature-independent (i.e., the product
CiTCiC. is small compared to CJ.HD). Substituting Equations
12 and 14 in 10 yields:

where AT is the absorbance by metal vapor at any temperature
T and k A is simply the proportionality constant relating ab­
sorbance to metal vapor concentration. According to transi­
tion-stete theory, the rate constent k, can be formulated in
thermodynamic terms by introducing the standard free energy
change for the reaction:

which upon rearrangement yields:

v .. log A E. + CiHo CiSol 10' kAQ,kTxC' (1;)
. 'n. T - -~ + 2.3R + g ""~ v

t% J ..... l~H -

Equation 16 expresses the relationship of the measured ab­
sorbance to the energy associated with the production of
atomic vapor as a function of temperature. A plot of the log­
arithm of the absorbance as a function of the inverse of the
absolute tem~'fture should yield a straight line with a slope
of -(E. + CJ.H"fl.3R and an intercept of Ao- In addition to the
basic assumptions of this model which have been introduced
up to this point, the construction of a log AT vs. liT plot re­
quires that the temperature of the gas phase be equal to that
of the surface of the graphite tube over tbe date range em­
ployed, that atomization of the analyte is of a thermal nature
only, that E. (as well as CJ.HD) is approximately independent
of the temperature over tbe temperature range employed in
the above plot, and that the temperature-dependence of ko
is sufficient to compensate for that introduced by the last term
in Equation 15 (i.e., the linear T factor and that arising from

E. + CJ.H 0

- - 2.3RT + Ao (16)

At relatively low temperatures, when little of the oxide has
been vaporized and 0. may be considered a constant, pro·
duction of M<I) arises by wsy of the following path;

I +
M~O'h,h ~u'll:: M.O,Y(I' .._+ xM1" + yq'l

the energy associated with M<I) production being the com­
bined energies of vaporization (the contribution from the K p
term, i.e., CJ.HD) and dissociation (the contribution from k L
i.e., E.) of the oxide. At higher temperatures, wben almost all
of the surface phase oxide has vaporized (a. - 0), the major
supplier of M<II becomes M.OY<ll;

M.O""I- :c:M" J + yO"1

with the result that the energy now associated with ~I) pro­
duction is that arising only from oxide dissociation (i.e., the
contribution from kl)' It is evident, from thia simplified dis­
cussion, that as the temperature of the system increases,
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Figure 1. Energy level diagram tor the sublimation or a metal

.:1Ht.lls the heal 01 vaporIullon 0' the monomeric species, 6~ !he heal 01
V8pol"Izatlon 01 the dlmerlc specIal and ~'I tha dl8loclatlon energy of M21il

certain atepo in the sequence to ~) may "fall out", just as the
temperature depencence of K p was lost when a sufficiently
high temperature was reached to vaporize the surface oxide.
It can also be appreciated, that, in this simple model, if the
sample m888 is greatly increased, such that the M.O,c'l =
M.O,(,) equilibrium is maintained over the full range of
temperature employed in these studies (I.e., the saturated
vapor pressure of M.O, is attained within the graphite tube
over the temperature range in which measurements are made),
then the temperature dependence arising from both the K p

and k 1 terms will be measured. This concept of energy terms
being lost at high conversion of the reaction may be further
illustrated by considering reaction sequence 3. The first step
of the sequence in this reaction, carbon reduction of the metal
oxide, leaves the free metal on the surface of the furnace in a
physical state (prior Ul aUlmization) that is determined by the
temperature of the graphite tube. The energy involved in this
step is obviously not observable by the proposed technique.
At the f1l'8t appearance of free metal, the following equilibrium
is immediately established, the concentrations of the vapor
phase species being determined by the temperatures:

initially, the concentration of M,c,) is very low and the mea­
sured energy corresponding to the production of Mc,) is the
heat of aUlmization of M(,m. I.e., Ml,m - Mc,). When the
temperature has reached a sufficiently high value such that
the bulk of ~,m has been evaporated and the dominant
precursor Ul MI,) is the dimer, the production of Mc,l arises
predominately from the reaction M'(r) - M(rh the measured
energy corresponding to the dissociation energy of the dimer.
As a net result, the log AT vs. lIT plot will appear as a com·
posite of two intersecting straight lines of different slope. It.
is obvious that those energy steps which drop'out of the at­
omization process as the temperature is raised (or those which
do not appear at all, e.g., reduction) are those for which reac·
tion equilibria, as written, lie so far Ul the right that equilibria
no longer exist.

The formation of gaseous metal dimers upon evaporation
of metala has been well documented (31-33). Honig (31) has
shown that formation of dimeric and larger clusters of atoms
in the gas phase must take place during the evaporation pro­
cess itself; they are not restricted to forming in the gas phase
at high monomer partial pressures. Figure 1 presents the en­
ergy level diagram for the sublimation of a metal (32). For
M(oIIh M(r)' and M'I,) in equilibrium,

dlnPw t1Hw dlnPo
d(l/T) - - R" and d(lIT)

If t1Ho > t1HM, the dimer may be present in small amount at
low temperatures but will become increasingly important the
higher the temperature. Thus, unstable molecules with little
probability of forming at low temperatures can become sig­
nificant at high temperatures (32).

Just as energy steps may be lost from the reaction sequence
because of high conversion of the reactants to another form,

new reaction pathways may arise because of low conversion.
An example of such a case is the carbon reduction of metal
oxides followed by sublimation of the element. This is the
result of the low "conversion" of the oxide to the gas phase
below tbe temperature at which the reduction reaction be­
comes thermodynamically favorable.

Having obtained a value of E. and a possible aUlmization
sequence, it is necessary Ul make sure that the resulting in·
termediate also satisfies additional physicochemical criteria.
For example, if it is implied (from the E. data) that the free
metal was the immediate precursor Ul gaseous analyte atoms,
then reduction by carbon of the metal oxide must have oc­
curred. The reduction reaction must therefore be thermody­
namically favorable at or prior Ul the temperature at which
the aUlmic absorption commences (called the appearance
temperature (11, 12)-the corresponding time is called the
appearance time). Often accurate, high temperature ther­
modynamic data are lacking and, at best, only approximate
agreement between calculated and experimental results can
be expected in many cases. In addition, the selected reaction
sequence (Equations 2-4) ffiust reflect the physical and
chemical form of the analyte at the appearance temperature,
as indicated by melting and boiling point data and results of
differential thermal analysis.

The second parameter arising from the above model is the
intercept (log Ao) of the log AT VB. lIT plot, which, according
to Equation 15, contains a number of physical constants, the
largest being the entropy factor for production of aUlmic
vapor. Since the intercept also includes temperature-depen- V. r),.
dent parameters (kA,kAo" and T), its magnitude cannot be ~ ..J."l
evaluated by a linear extrapolation ofthe log AT VB. lIT curve 11 n
(i.e., l/T - 0 as T - ~). As a result, this term will not be
considered further in this discussion.

EXPERIMENTAL

Apparatus. Details of the apparatus have been presented in a
previous publication (J2). A Perkin-Elmer heated graphite atomizer,
HGA·2100, was used throughout this study. AU surface temperatures
were measured with an automatic optical pyrometer ([roon Inc., Niles,
Ill., series 1100) calibrated by the manufacturer and confirmed by
measurements with thermocouples and by the melting points of se·
lected pure metals to cover the entire range of temperature used. A
WOO-walt xenon·arc lamp (Hanovia, Canrad Precision Ind., Model
976C·l) was employed for measurement of the atomic vapor tem­
peratures.

Reagents. All chemicals used were of certified ACS grade or of the
highest purity commercially available. The stock solutions of metal
standards were prepared as follows for each metal separately, and
contained 1000 IJ.g/ml of that metal only. Solutions ofCu, Sn, AI, Zn,
Ni, Mg, Mn, Fe, Cr, and Co were prepared from the metals; Cd, Pb,
and ea from their carbonates, and Mo and V from molybdenum
trioxide and vanadium pento3:ide, respecti ....ely. The above metals or
their compounds were dissolved in pure acids or bases where required
and diluted with ultrapure water obtained direct from a Milli-Q water
system (Millipore Corporation). AU test solutions were prepared
immediately prior to their use by dilution with ultrapure water.
Polyslyrene-2% divinylbenzene copolymer beads (200-400 mesh,
Eastman Kodak Co.), anhydrous oxalic acid (Fisher Scientific) and
triply.distilled mercury were employed as matrices for "dilution" of
solid samples.

GIlICI. Except where noted. otherwise, argon gas (99.959b purity)
was employed to sheath the atomizer. Nitrogen gas (99.95% purity)
was elso used for some selected studies.

Procedure. Temperature-time curves of the HGA·21oo graphite
surface were obtained using the automatic optical pyrometer. AB the
heating rate of the atomizer is dependent upon the Quality of the
electrical contacts between the graphite tube and the cones, care WeB
taken to ensure a reproducible temperature profile by measuring the
furnace resialance prior to each study and maintaining it at a set ar­
bitrary value of 22 mO by suitably adjusting the contact tension be·
tween the cones and the tube. It WeB noted that, as the graphite tube
aged, the resistance increeBed up to a value of 26 mO. Atomic vapor
temperatures were measured according to the method prescribed by
L'vov (34, 35) using Fe and Sn as the thennometric species with their
respective hollow cathode lamps as radiation sources, and also by the
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Flgur. 2. Typical absorbance-time prom. with tho Inset Indicating tho
magnified portion of the curve over which the data was taken ..
two·line absorption method of Browner and Winefordner (36) using
In and Ga as the thermometric species and the xenon·arc continuum
as the radiation source.

Aqueous test solutions of Cd, Zn, MD, Ni, So, Pd, Cr, Cu. Fe, Co,
Ca. AI, and Mg taken as the chlorides containing 5% (v/v) HCl, and
aqueous solutions of Cd. Zn, MD, Ni, Cr, Pb, Cu, Fe. Co. Ca, AI, and
Mg taken as the nitrates containing 5% (v/v) HNOs were prepared.
Aqueous test solutions of So and V in 5% (v/v) NaOH and Mo in 5%
(v/v) NH..OH were also prepared. Allaqueou8 samples were intro­
duced in 5·~1 volumes into the atomizer with an Eppendorf pipet
fitted with disposable plastic tips.

A copper amalgam was prepared by saturating triply-distilled
mercury with copper metal. A lead amalgam was prepared following
the procedure givan by Vogel (37). After further dilution of these
"stock amalgams", sampling was accomplished in the same manner
as for aqueous solutions.

Solid samples of various copper and aluminum compounds were
also atomized in the HGA-21oo furnace. Copper was taken in the
following compound forms: CuI, CuBr" CuC!" Cu,O, CuSO"
Cu(NO,h, and CuCN. Aluminum was taken as AlCl" A!,O" and
A12(SO.h. Polystyrene beads were acid-leached free of copper and
mixed with the above copper compounds as an inert matrix to provide
a l06·fold dilution for the test p,ample introduced into the atomizer
(at the ng level). This was accomplished by homogenizing a mass of
each compound containing a mg of the metal into 1 g of matrix. A mg
portion of this sample was further "diluted" with an additional 1 g
of matrix, thus ensuring a l()6-fold dilution. As the polystyrene beads
could not be acid washed fret of AI, an oxalic acid matrix was em­
ployed for sampling the solid AI compounds. The oxalic acid was
purified by sublimation under vacuum and mixed with the aluminum
samples in a manner identical to that described above for eu in
polystyrene. Sampling W8.B accomplished by placing approximately
1 mg of this m.i.J:ture into the center of the furnace by removing an end
window cap from the atomizer and introducing the aample with a
microspatula. The 217.9·nm and 256.8-nm lines were used for copper
and alwninum solid sampling analysis, respectively-these lines were
employed instead ofthe more sensitive lines because the latter gave
high absorbance signals.

Absorbance-time profiles for each of the elements: studied were
obtained in the following manner: using a storage osCilJ08COpe for
signal recording and a sufficient mass of each ana1yte to obtain a peak
absorbance of approximately 1, a high sensitivity (0.05 absorbance/
em), fest·scan 20-50 rns/cm) absorbance-time trace W8.B photo­
graphed. From this trace and the temperature-time profile of the
furnace, a plot of the logarithm of the absorbance VB. the reciprocal
of the absolute temperature over a range of 100-300 rns (depending
on the element) beyond the appearance time (covering absorbance
values SO.25) was drawn. The activation energy, E., was evaluated
from the slope of this plot by a least squares analysis. The E. data
reported in this study are the average of at least three separate de·
terminations for each element.

Except where otherwise stated, all absorbance traces were obtained
under the following temperature program, 88 indicated by the tem­
perature setting on the HGA·2100 control unit dry, 100; ash, 300; and
atomize, 2700. When copper solid aamples were atomized, the tem·
perature setting of the ash stage was increased to 500 in order to re­
move completely all traces of the polystyrene matrix. The owc acid
used for aluminum solid sampling was completely removed prior to
atomization at the temperature setting 300 for the ash stage. In all
cases, the HGA·2100 was operated in the internal purge gas interrupt
mode during atomization.

Anominal spectral bandpasa of 0.08 om was used for aIIelementa

Flgur. 3. E. plot lor 5.0 X 10-0 g Iron taken aa tho chloride under
atomize conditions of: dry 100 OCt ash 300°C; atomize 2700 °C

OscilloscopIc trace of absorbance-time data used: verUcaJ scale: absorbance.
O.OS/scale unIt. Horizontal scale: sweep speed. 50 ms/scale unit

except calcium, cobalt, and tin, for which 0.16 nm was used (to
maintain a suitable signal-to-noise ratio at the high recording sensi.
tivities used). The following resonance lines were Uled for meuure.
ment (om): AI 309.3, Ca 422.7, Cd 228.8, Co 240.7, Cu 324.7, Cr 357.8,
Fe 248.3, Mg 285.2, Mn 279.5, Mo 313.3, Ni 232.0, Pb 283.3, Sn 224.6,
V 318.4, Zn 213.9.

RESULTS AND DISCUSSION

Atomic vapor temperatures obtained with Fe, Sn, In, and
Ga as thermometric species (38) indicated that over a range
of 200-300 ms beyond the appearance time, there is no lag in
the temperature between the atomic vapor and the atomizer
surface. Beyond this range, however, the atomic vapor tem·
perature deviated linearly from the surface temperature aa
the time increased, the deviatinn reaching up to 900 K toward
the end of tbe absorbance trace. This pattern waa observed
for each of the thermnmetric species. Similar atomic vapor
temperature-time behavior has recently been reported by
Adams and Kirkbright (39). Provided efficient thermal con·
tact exists between the condensed phase and the furnace wall,
thermal energy is rapidly transferred throughout a condensed
phaae by vibrational interaction involving frequency factors
of the order of 1012 a-I (40). The rapidity of this energy
transfer atep is greatly facilitated when the analyte is present
aa a surface layer. Once such intimate thermal contact with
the furnace wall is lost (i.e., on the completion of analyte
evaporation), the atomic vapor temperature begins to lag
behind that of the atomizer surface. Since the ability of the
model to predict is based on the requirement of the surface
temperature of the atomizer being equal to the atomic vapor
temperature (and the fact that reaction equilibria will shift,
once the surface temperature has become high enough for I1s
to become very small), absorbance measurements were re­
stricted to the initial few hundred lOll of the absorption pulse.
For example, a typical absorbance profile (J1, 12) with respect
to time arising from sample atomization in the heated graphite
atomizer is presented in Figure 2. Also shown is the expanded
initial portion of such a curve covering the first 200-300 ms
of the profile following the appearance of the signal. From the
temperature-time characteristics of the atomizer surface, the
temperature of the atomizer surface at each point in time over
the absorbance profile may'be obtained. The temperature of
the atomizer surface at the delay time (J 1, 12) in Figure 2 is
called the appearance temperature.

Figure 3 is a typical E. plot oflog AT VB. liT obtained from
the atomization of 5.0 ng of iron taken as the chloride. As
predicted by the theory, a straight line relationship is observed
from which E. is evaluated.
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Flgur. 4. E. plots for varying masses of manganese (taken as the nl·
trate) under atomize condlt/ons of: dry 100°C: ash 300 °C: atomize
2700 ·C

(0) 2.5 X 10- 10 g. (.0.)3.0 X 10- 10 g. Ie) 7.5 x 10- 10 g

As expected from Equations 15 and 16, the E. values were
found to be independent of both the initial mass of the sample
atomized and the rate of atomization (Le., the rate of rise of
temperature of the atomizer (I1, 12)). Figure 4 is a E. plot
obtained for the atomization of0.25,0.30, and 1.0 ng of man­
ganese (taken as the nitrate). Within tbe standard deviation
of the slopes, the E. values are equal. Below a certain critical
analyte mass (""0.1 ng for Mn), accurate quantitative mea­
surements could not be made. Under such conditions, the
absolute mass ofanalyte is too small to provide a substantial
atomic population for measurement before curvature of the
E. plot becomes appreciable. A further discussion of the in­
fluence of mass on these measurements will be presented in
8 subsequent section.

Figure 5 is a E. plot obtained by atomizing 0.4 ng Mg (taken
as the nitrate) using meter settings of 2700, 2500, and 2100 on
the HGA control unit. These arbitrary settings correspond to
initial furnace heating rates of 1.23, 1.06, and 0.74 K ms- I .

Within the standard deviation of the slopes, the E. values are
independent of the rate of heating of the atomizer. It can be
seen from this plot that at the higher absorbance values,
toward the higher temperature portion of the plot, the straight
line begins to show negative curvature. This bending, char­
acteristic of all these plots, may be the result of a number of
factors, including the fact that the atomic vapor temperature
begins to deviate from the graphite surface temperature, the
variation with temperature of the activity of the analyte on
the surface of the furnace, the decrease in the flux of material
entering the vapor phase as the area of the evaporating surface
decreases with time, i.e., with increasing temperature, and the
possibility that E. is not a temperature-independent pa·
rameter I as assumed.

In order to consider the possible role of reduction reactions
in the production of free atoms, the overall free energy change
per mole of metal, ~G;••<1Jon, for the reduction of the oxide at
the uappearance temperature" for each element was calcu·
lated. The required thermodynamic data were obtained from
a number of sources (41-44). The results of these calculations
are presented in Table 1. The subscript given to each of the
~G;.*"",,,values is the temperature closest to the appearance
temperature for which the calculation was made. The final
physical state of the reduced metal was, in contrast with the
treatment given by Campbell and Ottaway (13), considered
as being governed solely by the temperature of the furnace and
the melting and boiling points of the element in question. Only
in those cases for which ~G:..ro.. s °is the reduction reaction
thermodynamically feasible at the appearance temperature.

Figure 5. E. plots for 4.0 X 10-10 g of magnesh,m taken as the nitrate
under atomize condltlons of: dry 100°C; ash 300 °C; atomize,

(e) 2700 °C. (.0.)2500 °e. (0)2100 °C

It should be noted that although the standard free energy
change, ~G·, was evaluated assuming the solid components
to be at unit activity and gases at unit fugacity, this is not the
case in the furnace (where the partial pressure of CO is not 1
atmosphere). As a result, the ~G· values, as written, should
be much more favorable than indicated. It is for this reason
that the standard state free energy change ~G· s °should not
be used as the criterion for spontaneity, but simply ~G SO.
The equilibrium constants (calculated from the relationship
GT= -RT In K p ) have also been listed in Table I. The mag­
nitudes of the.. constants enable one to appreciate more easily
the extent to which such reduction reactions occur. Thermo­
dynamic calculations, however, provide no information as to
the rates of the reactions involved. A slightly favorable reac­
tion, in the context of reaction energetics. may actually prove
to be unfavorable because of kinetics and, hence, the extent
of the reaction may be limited.

Experimentally, it has been found that the "appearance
temperature" of each analyte is a characteristic of that analyte
and is independent of the analyte mass (J 1, 12). These ob·
servations are only to be expected as a natural consequence
of the model presented. A minimum temperature must be
attained for extensive dissociation of the analyte to occur, this
temperature being independent of the analyte mass but de­
pendent upon the activation energy for the process.

Table U lists the E. values obteined for the elements ato·
mized from aqueous solutions, the appearance temperature
for each element and the corresponding literature values for
the dissociation energy. The E. values have a standard de­
viation of the order of &-10%, which represents the sum of the
uncertainties in the measurement of temperature (",,2.5%),
the absorbance signal with respect to time (<><1-2%), and the
least square slope of the E. plot (<><5%). For those cases in
which the sequential proce.... contributing to the production
of atomic vapor were measurable, the resulting E. values and
selected intermediates have been presented in Table U as
being separated by a slash.

The activation energies obtained in these studies arise from
the fact that a unimolecular rate constant governs the pro­
duction of observable atoms. Under normal circumstances,
rate constant data are obtained from a number of discrete
isothermal runs in which total vibrational, rotational, and
dissociation relaxation is maintained. In the present system,
isothermal data points cannot be plotted because the tem­
perature is continuously rising at a high rate. Even under
conditions such as these, however, it is probable that thermal
equilibrium at each temperature over all degrees of freedom
is approximately established (indeed, the data indicate that
this must be the case). nata obtained from measurements in
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Table I. Free Energy or Reduction Reactions

Element Compound Appearance aG 0 reaction, Form of
Oxide mp,K bp, K mp,K bp,K temp, K kcaJ mo]-I logK... metal
CdO 594 1038 d 1173 subll832 720 3700 -0.9 Liquid
ZnO 693 1180 2248 1140 61100 -1.2 Liquid
PbO 601 2013 1161 1040 -221050 4.6 Liquid
CuO 1356 2848 1599 1270 -44 I;'\()() 7.4 Solid
CoO 2690 3143 2208 1430 -24 1400 3.7 Solid
MnO 1517 2235 >1923 1480 7",00 -1.0 Solid
FeO 1808 3023 1693 1500 -161500 2.3 Solid
FeaO.. 1808 3023 d 1811 1500 -271fJOO 3.9 Solid
MgO 922 1363 3073 3873 1510 43 1!'.:'OO -6.3 Gas
SnO, 505 2543 1400 subl2073 1560 -691f.oo 9.5 Liquid
NiO 1728 3005 2263 1590 -37";00 5.1 Solid
Cr203 2163 2755 2708 4273 1660 -12\700 1.6 Solid
CaO 1112 1757 2853 3123 1&';0 35 1900 -4.0 Gas
AI,O, 93:1 2740 2318 3253 2080 16:1I00 -1.7 Liquid
MoO" 2890 4885 1068 subl1428 2100 - 1542100 16.0 Solid
V,O" 2163 3653 2243 2200 -26,-lOO 2.6 Liquid

Table II. Heats of Atomization of the Elements

Appearance Ea. Selected literature values
Element/form temp., K kcnl mol-I Intermediatc O Energy, kenl mol- 1 Ref.

Pb/HCI } 1040 46/28 Pblll/Pb-Pb 42.5/24 (77)
Pb/HNO"
Cu/HCI } 1270 77/44 CUlt·,/eu-cu 80.7/46.6 (77)
Cu/HN03

Co/HCI } 1430 97/44 CO{cl/Co-CO 102.4/40 (77)
Co/HNO"
Sn/HCI } 1560 74/47 Snlel/Sn-Sn 72.2146.7 (77)
Sn/NaOH
Ni/HCI } 1590 99/50 Ni/cl/Ni-Ni 102.8/55.5 (77)
Ni/HNO"
Mu/NH,OH 2100 165 MOle) 157.3 (77)
VlNaOH 2200 153/116 V·ONn. 154/109.9 (77)
Fe/HNO" 1500 97 Fe/c) 99.3 (77)
Cr/HNO" } 1660 99 Crld 95 (77)
Cr/HCI
Mg/HCI } 1510 90 Mg-O 94 (33)
Mg/HN03
Cd/HNO, 720 65 Cd-O 67 (77)
Zn/HNO" 1140 65 Zn-O 66 (77)
Mn/HCI } 1480 92 Mn-O 96 (77)
Mn/HNO"
Ca/HCI } 1850 90 Ca-O 84 (77)
Ca/HNO,
AI/HCL } 2080 234/114 h,:,}[ ,/AI-O '2211116 (68)
AI/HNO"
Cd/HCI 670 50 Cd-CI 49.9 (77)
Zn/HCI 9·10 48 Zn-CI 49 (33)
Fe/HCI 1400 86 Fe-CI 84 (77)

° Subscript (c) denotes tbe heat of atomization of the element from its standard st.ate at 298 K. Subscript (I) denotes the heat of.
vaporization of the element. h~Ht is the heat of reaction: Alz03rol - AIl!:l + OZ(I.:) + AIOh:,.

shock tubes (45, 46) on the vibrational and rotational relax·
ation times of many moleeular species indicaw that chemical
equilibrium can be established despite the extreme raws of
rise of wmperature that accompany the shock wave. Disso·
ciation relaxation times for many molecules are on the JL5 time
scale (45, pp 189-212), while the maximum raw of rise of
wmperature employed here is only 0.001 K ~S-I.

MECHANISMS FOR ATOMIZATION OF THE
ELEMENTS

Three major pathways leading to gaseous free atoms have
been identified: carbon reduction of the analy!<! oxide with
subsequent sublimation of the metal, thermal dissociation of

the metal oxide, and thermal dissociation of the metal chlo·
ride. Examples of the three mechanisms are given in the fol­
lowing sections. No atwmpt bas been made to maintain mass
balance with respect to the physicochemical transformations
in the equations given. Only products for which evidence is
available appear.

Carbon Reduction-Vaporization. Lead. Two sequential
atomization energies have been obtained for lead, 46 and 28
kcal mol-I, regardless of whether the analy!<! is taken as the
nitrate or chloride. Figure 6 is the E. plot for lead. It may be
decomposed into two straight· line s~gmentswhich intersect
at a wmperature of approximawly 1160 K. In the low tern·
perature region, the slope corresponds to an E. value of46 kcal
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FlgIlI'e 6. E. plot for 2.0 X 10-9 9 lead taken 85 the nitrate under atomize
conditions of: dry 100°C; ash 300 °C; atomize 2700 °C

Oscllloscopk: trace 01 obsorbonce-Ume data used; vertical scale: absorbance.
C.OS/scale unit Horizontal scale: sweep speed, 50 ms/scale unit.

mol-I. [n the higher' temperature regions, a value of28 kcal
mol-I is obtained. These energies can be attributed to the heat
of vaporization of lead and the bond dissociation energy of
Ph-Pbl,), having values of 42.5 and 24 kcal mol-I, respectively.
The appearance temperature recorded for Pb(N03), and
PbCl, is 1040 K. Below this temperature, PbOl,1 (mp = 1161
K) is present as a result of decomposition of the nitrate (47):
Pb(N03),(.) - (925 K) PbOI.). Hydrolysis of lead chloride may
also lead to production of the oxide. In the absence of reducing
agents, PbOI.) is known to sublime to PbOII, (48). Therefore,
in the present system Pbll) must be formed from reduction
of PbOt.). This is a favorable reaction at 1050 K (Table I).
Atomization of the lead is therefore a sequence of two pro­
cesses: the energies, in kcal mol-J• associated with each of the
processes are shown above or below the lines.

PbOc••~ Pb/II ~ Pb,!,r'~ Pb..l
, t, ,!. J

4<;

Consideration of the AHM and AH0 values for Pb suggest that
there is an increase in Pb2(11 species with increasing temper­
ature. The existence of Pb,~, in equilibrium with Pb(l) has also
been confirmed mass-spectrometrically (31, 32, 49, 50).

Introduction of lead as an amalgam does not change its
atomization characteristics (Table Ill).' The appearance
temperature (or lead in the amalgam, however, is approxi­
mately 100 K lower than that obtained for the nitrate or
chloride. This may be due to the fact that a reduction reaction
is not required in this system to form Pbll), this species being
present as 8 surface layer having an activity different from
that of Pb(1) resulting from oxide reduction (51, cf. Equation
15).

Copper. The atomization of copper proceeds in a manner
similar ta that for lead. For both the nitrate and the chloride
forms of copper, a single appearance temperature of 1270 K
and E. values of 77 and 44 kcal mol-I, corresponding to the
heat of atomization o[ copper and the Cu-Cu bond energy,
respectively, were obtained. The temperature at the point of
intersection of the two slopes of tbe E. plot is approximately
1400 K. Below the appearance temperature, CUOI') is formed
(47): CuCI..2H20 I.) - (1000 K) CuOt,); Cu(N03),.6H,Ot,)­
(1220 K) CUOI,)' Brewer and Mastick (48) have reported that
CuOt,) is the gas phase species in equilibrium with CUOI.1 in
the temperature range 873-1223 K. The production of CUll),
therefore, may be accounted for only by a reductive decom­
position of the solid oxide (mp 1600 K), which is a favorable

Tablc III. Heats oC Atomization oC Solid Samples

Selected Literature Values

Appearance E•• kca1 Inter· Energy,
Compound temp.,K mol- J mediatea kcal mol-I

Cui 1300 87/48
CuBr, 1310 83/43
CuCl, 1250 86/40
Cu,O 1310 88/46 CUld/CU, 80.7/46.6
CuSO. 1300 76/43
CU(N03h 1310 89/39
CuCN 1310 85/43
Cu/Hg 1510 89/- CUte) 80.7
AI,O, 2190 202/111
AI,(SO.la 2010 193/109 bl1H,/AIO b221/116
AICh 2150 211/115
Pb/Hg 930 52.28 Pb(1)/Pb, 42.5/24

a Subscript (c) denotes the heat of atomization of the element
from its standard state at 298 K. Subscript (I) denotes the heat
of vaporization of the element. bt:J{r is the heat of the reaction:
AI,O",., - AlII) + 0"., + AlOI'"

reaction at 1200 K (Table I). The proposed atomization
mechanism for copper is therefore:

TI.-------------...,, ,
CUO(_l~ CUI _ 1~ CU:.I[lu~ C

t
l1lll

The existence of CU'w is well documented in the literature (49,
52,53) and has been observed in emission from a King furnace
(52).

In contrast to this mechanism, Aggett and Sprott (I4) have
concluded from their study that, despite a favorable l1Go re­
action for the carbon reduction of the oxide at the appearance
temperature, CUI,) results from the thermal dissociation of
the oxide. This conclusion has been based on their observation
that tbe appearance temperature for copper is higher with a
graphite than with a tantalum atomizer and the assumption
that the reduction kinetics are slow relativc to that for the
thermal dissociation.

Table III presents the E. results obtained for tbe atom­
ization of various solid copper compounds, the average values
being 85 and 43 kcal mol-I. Thermogravimetric data (47) for
the following compounds: Cu,O, CuCI" CuI, CuSO., and
Cu(N03), indicate that CUOI.) is the common decomposition
product below a temperature of 1250 K. [t may therefore be
concluded that copper salts are also atomized as described
earlier, aqueous sampling playing no recognizable physico­
chemical role in the processes.

When copper is introduced as an amalgam, an E. value of
89 kcal mol-I is obtained, which corresponds to the heat of
atomization of solid copper. In this case, only a single E. value
was observed over the temperature range studied. Because of
the large mass of Cu present, vaporization of the surface de­
posit was not completed iit the temperature range studied. A!!.
a result, the transition from condensed phase metal to gaseous
dimer as the major supplier of CUIK! did not occur. No expla­
nation can be offered for the iocrease in the appearance
temperature observed for the atomization of the copper
amalgam.

Cobalt. Two E. values have been obtained for Co, 97 and
44 kcal mol-I, corresponding to the heats of atomization of
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solid cobalt metal and the dissociation energy of C<>-Co, re­
spectively. These values are identical for both the nitrate and
chloride forms of the analyte. Below the appearance tem­
perature (1430 K), the nitrate and chloride are converted to
the oxide (47): Co(NOs),-6HzOl.) - (970 K) COO(O); CoCI,.
6HzO(.) - (430 K) COOl.)' Reduction of CoO(.) to CO(.) is fa­
vorable at the appearance temperature (Table I). Thus, a1­
omization ofCo occurs in a manner similar to that for lead and
copper:

conclude, therefore, that Nils) arises from the following re­
action sequence:

9S...------------1, ,
I ,

N~" ~ ~ill.) - ~~'l
I ,I ...!

50

Co2,., has been observed, mass-spectrometrically, as a vapor
phase species effusing from a Knudsen cell containing CO(l)
(54).

Tin. Two sequential atomization energies bave been ob­
tained for tin, 74 and 47 kcal mol-I, irrespective of whether
it is taken as the chloride or hydrous oxide. These energies
correspond to the heat of atomization of the metal and the
Sn-Sn bond dissociation energy, respectively. Snz", has been
widely observed (31, 49, 50) in the gas phase above Sn(l).

Below the appearance temperature the following reactions
occur (47): SnOZ·HZOl.) - (1110 K) SnOz,.,; SnCI,·2HzO(.)­
(780 K) SnCIZ·SnOl.). In neutral media, over the temperature
range 994-1166 K, Sn0ls) is the gas phase species in equilib­
rium with SnOl,) (48); consequently, Snls) must be accounted
for by the reductive decomposition of SnOz(l) (mp 1400 K).
The date in Table I show that at the appearance temperature,
carbon reduction of the oxide is very favorable. The following
mechanism for the production of Sn(s) is therefore postu·
lated:

Aggett and Sprott (14) have also indicated that carbon re­
duction plays a major role in the production of Snls)' These
authors reported a 260 K lower appearance temperature for
the atomization of tin from a graphite atomizer as compared
to that from a tantalum atomizer.

At the appearance temperature, tin is in the liquid state.
It would be reasonable to expect the E. to correspond to the
heat of vaporization of Sn(l) and not the heat of atomization
of Snl,). If the enthalpy change involved in heating the liquid
from the appearance temperature to ita boiling point is added
to ita heat of vaporization, an atomization energy of 63 kcal
mol-I is obtained. This is in reasonable agreement with the
observed E. value.

Nicke/. Two sequential atomization energies have been
obtained for nickel, 99 kcal mol- I and 50 kcal mol-I, in close
agreement with the heat of atomization of Nil') (Nil.) - Nils);
lJ.Ho = 102.8 kcal mol-I) and the dissociation energy of the'
dimer, Ni.." (55.5 kcal mol-I). Niz", has been observed
mass-spectrometricaJly in the gas phase (55). The temperature
at the intersection point of the two segmenta of the E. plot is
approximately 1690 K.

Below the appearance temperature (1590 K), NiOl,) resulta
from the thermal decomposition of the nitrate (47): Ni·
(NOs),·6HzO(,) - (615 K) NiOl.). NiOl,) is also formed by the
hydrolysis of the chloride, since no difference was observed
in the appearance temperature of nickel taken as either the
chloride or nitrate. NiOl,) is readily reduced (Table I) at a
temperature of 1600 K to produce Ni(,). It is reasonable to

reduction
5n041,-

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

Sn,1I ~ Sn~.- S~11, .
I ,L ..J

"

It is appropriate at this point to reconsider the assumption
made in the model concerning the establishment of a gas
phose-<:ondensed phase equilibrium. The activatio1'J energy
for Ni reported by Torsi and Tessari (405 kJ mol-I, (22)) is
in agreement with that obtained in this study for the heat of
atomization of the.metal. Torsi and Tessari (22) however, have
not reported any energy values relating to the dissociation of
Niz"" the reason being that condensed phase-gas phase
(dimer) equilibrium cannot be attained in their open filament
system, but is established in the HGA-2100.

Molybdenum. The E. value obtained for molybdenum (165
kcal mol-I) is in agreement with the heat ofatomization of the
element, 157.3 kcal mol-I.

M:~)[~MOz,J-~o("
L .J

165

Unlike Pb, Cu, Co, Sn, and Ni, the dimeric metal species (Le.,
Me->,.,) written into the above atomization sequence has been
enclosed in bracketa because no E. value could be obtained
from the high temperature region of the E. plot (because of
curvature of the plot as a result of factors discussed earlier)
corresponding to the dissociation of MOzw. This lack of ob­
servation, however, does not preclude the possibility of the
presence of the dimer; it simply means that not all of the MO(,)
vaporized within the measurement period. As a result, only
the energy associated with the heat of atomization was ob-
tained. •

Table I indicates that reduction of molybdenum trioxide
is a thermodynamically favorable process well below the ap­
pearance temperature. In fact, reduction of the trioxide may
be shown to be possible below ita sublimation temperature
(1428 K). Ifthis were not the case, sublimation of the trioxide
would result in polymeric gas phase species (56), making re­
duction quite improbable even at higher temperatures.

The magnitude of the E. value does not rule out the for­
mation of an involatile molybdenum carbide species over the
initial temperature range studied. Runnels et at (25) however,
have determined, by energy dispersive x-ray analysis, that Mo
does form a carbide through surface reactions with the
graphite of the furnace wall. The E. value obtained for Mo
does suggest, however, that any carbide that has formed is not .
dissociated to an appreciable extent througbout the temper­
ature range used in this study «2350 K).

One thousand-fold increases in sensitivity have been re­
ported for molybdenum in graphite atomizers as compared
to tantalum- and tungsten·lined atomizers (57). It is possible
that, in the latter cases, an involatile alloy between molyb­
denum and tantalum or tungsten may be formed (58; 15, p
462).

Vonadium. Two E. values-are reported for vanadium,153.
kcal mol- I in the low temperature portion of the E. plot
(2200-2360 K) corresponding to the V-O energy, and 116 kcal
mol-1 above 2360 K corresponding to the heat of vaporization
of the metal.

Above 2020 K. VZO'Io' decomposes to V203,., (mp 2240 K).
On further heating, Vz03(" decomposes (59): VzO"", - 2VOW
+ 0"" liberating VOW, Subsequent dissociation of VOW will
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o Sprott (14) have observed a 220 K decrease in the appearance
temperature of iron from a graphite atomizer as compared to
that from a tantalum atomizer. These data strongly suggest
that atomic iron must result from the sublimation ofsolid iron,
and the observed E. value of97 kcal mol- Icorresponds to the
energy of the reaction:

FeO,.,~ Fe [~F ]-Fe,
.11) - ~,., .'1
l -'

!l7

.. ..
04/T.I("1

Figure 7. E. plot lor the atomization of chromium under atomize con­
ditions of: dry 100°C; ash 300 °C; atomize 2700 °C

(A) 2.5 X 10-\1 g Cr at 357.8 nm; E. = 99 kcal mol-I, (B) 2.5 X 10-7 9 Cr at
520.8 nm: E. "" 120 kcal mol- 1

yield an E. value equal to the V-O bond energy, as ob­
served:

VOl: l

The data in Table I indicate that reduction of V20",., at the
appearance temperature (2200 K) is a thermodynamically
favorable reaction. It would appear from the above data,
however, that the reduction kinetics are slow. Only above 2360
K is an E3 value obtained which is in agreement with the heat
of vaporization of liquid vanadium:

VOI.I~ VII, l~V.!,.J- VII:I

L ..!
110

As in the case of Mo, an energy value corresponding to the
dissociation of V2«" was not obtained because all of the con·
densed phase had not vaporized within the time interval of
the measurement. At 2360 K, the metal, if pure, should be in
the liquid form (mp 2163 K).lt is known (60), however, that
small amounts of interstitial carbon can greatly increase the
melting point of V (10% C increases the mp by approximately
1000 K). As a result, V(.) can justas likely (in the present cir­
cumstances) be substituted for V(i) in the above equation.
Although this necessitates reinterpretation of the E. value as
the heat of atomization of the solid metel (123 kcal mol-I), the
uncertainty of the experimental results (±10%) does not rule
out such 8 correlation.

As with molybdenum, no dissociation of involatile vana­
dium carbide was observed over the initial temperature range
studied. This, of course, does not rule out its formation.

Iron. As indicated in Table II, two E. values have been
obtained for the atomization of iron: 97 kcal mol- I and 86 kcal
mol- I for iron taken as the nitrate and chloride, respectively.
The atomization behavior of the chloride will be discussed in
a later section. When iron is taken as the nitrate, the E. value
may represent either the dissociation energy of Fe-O (96 kcal
mol-I) or the heat of atomization of iron (Fe,.) - Fe(,,: tlH~
= 99.3 kcal mol-I). The correct choice must be based on the
physicochemical behavior of the analyte, as follows. Below the
appearance temperature (1500 K), Fe(N03h is converted to
the oxide (47): Fe(N03h·9H,O(.) - (585 K) Fe30"" E (FeO·
Fe,03)' Table I indicates that carbon reduction of both FeO
and Fe30. at 1500 K is very favorable. In addition, Aggett and

Because all of the iron on the surface of the furnace did not
vaporize during the time taken in the measurement, no E.
value corresponding to the dissociation energy of Fe21c) was
observed.

Chromium. The E. value of 99 kcal mol- l obtained for
chromium (taken as either the chloride or nitrate) is in
agreement with the heat of atomization of the element, 95 kcal
mol-I. Below the appearance temperature of 1860 K, Cr,03,.,
is the most stable oxide of chromium (47). Carbon reduction
of the oxide is highly favorable at the appearance temperature
(Table I). Atomization of the elemental metal is therefore to
be expected:

ruiuction
Cr20~,,, __ Ct(.l[~Cr2,J-~r(1I

l ..l

99

As in the cases of Mo. V, and Fe, no dimeric Cr2(I) species was
observed.

To gain greater insight into the processes which are actually
being investigated and the energy values obtained from this
type of measurement, the energy required to produce gaseous
metal atoms in an electronic excited state was measured. All
of the elements examined in this study were monitored with
electronic ground state lines. The energy so measured was that
required to produce the atomic vapor in its electronic ground
state. If the atomic population in an electronic excited state
is monitored, the energy measured should equal the sum of
the energies for the formation of atomic vapor and the energy
of the electronic excited state. Such a determination may only
be made with an element which possesses a transition from
an electronic nonground state line of energy not less than 20
kcal above the electronic ground state (in order that this en­
ergy difference can be reliably measured). Such a precaution
is necessary because of the ±10% uncertainties in the mea':
surement methods. Additional requirements of the transition
selected are that the line be strong in emission (from the
source hollow-cathode lamp), must have an appreciable gf
value and not be much above 20 kcal in energy (or else the
population of the electronic excited state would be too small).
Finally, elements which meet these criteria must also satisfy
the temperature requirement as follows. The atomization of
the element must take place at such a sufficiently high tem­
perature that the electronic excited.state is adequately pop­
ulated. Elements that have an appearance temperature of
1000 K are poor choices for this reason, even though all other
criteria may be satisfied. All of these criteria are satisfied by
the chromium 520.8-nm line (at 7593 cm- l , 21.7 kcal above
the electronic ground state). Figure 7 is an E. plot obtained
from the atomization of chromium. Curve A represents the
production of the electronic ground state atoms at 357.8 nm
(E. = 99 kcal mol-I), whereas, curve B represents the pro­
duction of the electronic excited state atoms (21.7 kcal above
the electronic ground state) at 520.8 nm (E. = 120 kcal mol-I).
The observed 21 kcal mol- I energy difference is in excellent
agreement with the expected 21.7 kcal mol- I energy differ­
ence. This observation lends support to the credibility of the
energy measurements obtained by this technique and also to
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the assumption that a Boltzmann distribution of population
has been attained. Recently, Ottaway and Shaw (61) have
described a graphite furnace atomic emission spectrometric
technique in which elemental detection limits were found to
vary in the expected Boltzmann order with respect to the
wavelength and the temperature.

Oxide-Dissociation. Magnesium. The energy of atom­
ization obtained for magnesium is 90 kcal mol-I, regardless
of whether the chloride or the nitrate is taken for analysis.
This value correlates well with the bond dissociation energy
of Mg-O (94 kcal mol-I). Thermogravimetric analysis (47)
indicates that MgO(.) (mp 3073 K) is a common intermediate
in the decomposition of both the chloride and the nitrate
below the appearance temperature (1510 K): MgC!>·5H20(.)
- (890 K) MgOI.); Mg(N03),-6H20(.) - (750 K) MgOI.).
Carbon reduction of MgO(.) at 1500 K is very unfavorable
(Table I), suggesting that the presence of Mgl,) is due to
thermal dissociation of the oxide in the gas phase. It is known,
however, that Mgl,) and O2,,, are the principal gas phase
species in equilibrium with MgOh ) (62). This type of subli­
mation process often occurs when the heat of sublimation of
the oxide is greater than the dissociation energy of the oxide.
In order to establish the kind of transition undergone by a
compound upon vaporization, it is necessary to compare the
changes in the free energy of formation of the compound from
the gaseous components with the free energy of vaporization.
To a first approximation, the hond energy of the gaseous
compound may be compared with the heat of vaporization of
the compound. If the bond energy is much higher than %of
its heat of vaporization, the substance may be expected to
vaporize without undergoing dissociation. If the bond energy
is much less than the heat of vaporization, the compound will
be partly or wholly dissociated in the gas phase, depending on
the relative magnitudes of these two energies (63. p 38). The
high heat of sublimation of MgOI•h 158 ± 4 kcal mol- I (62),
accounts for its dissociation upon vaporization. \Vith the
knowledge that MgO dissociates upon vaporization, it remains
to rationalize the En value of90 kcal mol-I, which is in close
agreement with the Mg-O bond energy. It would be reason­
able, in light of the above, to expect the atomization energy
to correspond to the negative of the heat of formation of
MgO,,) at and above the appearance temperature (1510 K),
i.e., 175 kcal mol- I (calculated from (44) for MgO(.) - Mg(,)
+ Ill 0 2", at 1600 K}. When excessively high masses of the an­
alyte were atomized (lOO-fold larger than those used to obtain
the above data), an E. value of 174 kcal mol-' was obtained.
The only reasonable explanation for these observations in­
volves the equilibrium vapor pressure of MgO at and above
the appearance temperature. Vapor pressure data (64) reveal
that, at the appearance temperature and with the analyte
masses used in this study (approximately 10- 10 g for Mg), all
of the oxide has vaporized. As a result, vapor phase magnesium
atoms are formed by the gas phase dissociation reaction:

leading to the observed agreement between the Mg-O bond
energy and the E. value. If high concentrations of analyte are
atomized, however I then the partial pressure of MgO(g) may
equal its saturated vapor pressure. Under such conditions, the
atomization behavior of MgO is similar to that discussed
earlier for lead:

~o..,
MgO,,, '"""" MgO,,,----.......

I M~"
l-----cn:-.---« Y,O""

The E. value should correspond to the negative of the heat
of formation of MgO"h as is experimentally observed. At
higher temperatures, when almost all of the MgOl.) has
vaporized, the E. value should simply correspood to the Mg-O
bond energy. It is of particular interest to point out that the
predictive ability of tbe model now stands verified by the
above result, which also coniU'ms the assumption of gBS-<lOlid
equilibrium made earlier.

Cadmium. Two values for E. have been reported in Table
U (50 and 65 kcal mol-I), depending on whether the metal is
taken as the chloride or the nitrate. These values are in
agreement with the Cd-Cl and Cd-O bond dissociation
energies, respectively. The discussion of the chloride system
will be presented in a later section. At the appearance tem­
perature of the signal (720 K), CdO(.) is formed when the an­
alyte is taken as the nitrate (47): Cd(N03h-4H20(.) - (617
K) CdO I.). It is evident from Table I that, at the appearance
temperature, carbon reduction of CdOI.) is not thermody­
namically favorable. Aggett and Sprott (J4) have also shown
that there is no significant difference in the atomization be­
havior of cadmium from carbon and tantalum atomizers.
Reduction reactions with graphite may therefore be ruled out
(the possibility of the reduction of the ana1yte by Ta has been
discussed earlier). Gaseous Cd may therefore be accounted
for only by dissociation of the oxide. Brewer and Mastick (48)
have reported that, in the absence ofa reducing atmosphere,
Cd(,) and O2,,, are the major gas phase species in equilibrium
with solid CdO. The atomization behavior of CdO is identical
to that encountered for MgO. It would be expected from the
above that the atomization energy should correspond to the
sum of the energies of the negative of the heat of formation
of CdOI.) (at the delay temperature of700 K) and the heat of
vaporization of Cd(l), these being approximately 62.5 (calcu­
lated from (44» and 23.9 kcal mol-t, respectively, corre­
sponding to the reaction:

86.,
~-----------------.,
1 1
1 t

CdOe, ) - ~O"l(r) + Cd;ll --+ C<\'J

As in the case of MgO, it is unlikely that the masses ofana1yte
used in this study were sufficient to yield the equilibrium
partial pressure of the analyte within the graphite tube. When
very large masses of analyte were introduoed (SOO-fold larger
than that normally employed) into the graphite tube, an E.
value of 81 kcal mol- I was obtained corresponding to the
fl}{;oo of the above reaction (86.4 kcal mol-I, calculated from
data in (44)J.1t is evident from such studies that, at low ana­
lyte concentrations, all of the analyte has been transferred to
the gas phase below the appearance temperature. As a result
the measured E. value corresponds to the gas phase disso­
ciation of CdOt,):

Zinc. The heats of atomization obtained for zinc are 65 and
48 kcal mol- I when the analyte is taken in the nitrate or the
chloride form, respectively. These values are in close agree­
ment with the Zn-O and Zn-Cl bond dissociation energies,
respectively. The atomization behavior of the chloride will be
presented in a later section. .

Thermogravimetric analysis (47) of Zn(N03h indicates that
the monoxide is formed below the appearance temperature
(1140 K): Zn(NOsh·6H20 I.) - (623 K) ZnO(.). Carbon re­
duction of the oxide is unfavorable below the appearance
temperature; Znl,) must therefore be formed from oxide dis­
sociation. As in the case of MgO and CdO, Zno is decomposed
upon vaporization. ZnlJ) and 02{,) are the major gas phase
species in equilibrium with ZnO(.) (48, 65). The agreement of
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E. with the Zn-O bond energy, when Zn is taken as the nitrate,
can he rationalized only hyan argument identical to that in­
voked for CdO. The production of Znl,) directly from ZnO(,)
would require not only the energy equal to the negative of the
heat of formation of ZnOI,) at lloo K but alao the heat of va­
porization of Zn(l)t i.e.,

msr--.----------------.
, I, ,

ZnOI., ---+ Yz02111 + ZJ'1(1I ----+ Zl\1I

the total of such energy,IlH;,oo c 1ll.8 kcal mol-I. As in the
cases of MgO and CdO, atomization of very large masses of
Zno yields an E. of 103 kcal mol-I, in agreement (within ex­
perimental uncertainty) with the above t>H;,oo- It can be
shown that the maMes of Zn analyte normally employed in
this study are too low to yield a saturated partial pressure of
ZnOIJ) within the graphite tube at 1100 K (from vapor pres­
sure data, (64)). As a result, all of the Zno is transferred to the
gas phase where dissociation occurs:

Manganese. The energy of atomization obtained for man­
ganese is 92 kcal mol-I, corresponding to the bond dissociation
energy of MnO. Below the appearance temperature, MnOI.)
is present on the graphite surface irrespective of whether it
has been introduced as the chloride or the nitrate (47):

R143bK

MoDi "

Mn(NOJh-6H.,o~ MnOl,..~ MnJO~ •.~ Mo01f)

Brewer and Mastick (48) have reported that at a temperature
of 1767 K, MnlJland 0"" are the major gas phase species in
equilibrium with MnOI,)' The heat of vaporization of MnOI,)
is 121.4 kcal mol-I (63, p 177). As in the cases of MgO, CdO,
and ZnO, the monoxide molecule (MnO) is expected to be a
minor species in the gas phase compared to its dissociation
products. In such circumstances, the atomization energy
would be expected to correlate with the sum of the energies
of the negative of the heat of formation of MnOI,) at 1500 K
and the heat of vaporization of the metal, i.e.,

146r-----------------1, ,
MoOl.. - ~Ol, .. + Mnu, - MI:\.1

corresponding to a 1lH;"", of 146 kcal mol-I. When very large
masses of the analyte were atomized, an E. of 155 kcal mol-I
was obtained, in agreement with the above value. As has been
the case with metal oxides discu55ed earlier, the normal ma55es

of analyte employed in this study are too small to yield the
equilibrium partial pressure of the oxide in the gas phase (64);
consequently, all of the analyte is transferred to the gas phase
below the appearance temperature, wbere subsequent diMo­
ciation occurs leading to the agreement between the observed
E. and the Mn-O bond energy:

At high analyte masses, the equilibrium partial pressure of
Mn~IJ) may be attained but the formation of atomic Mn(,)
reqUires the total energy of 146 kcal mol-I, as discussed
above:

At higher temperature (where the data cannot be obtained by
the technique presented here because of obvious constraints)
when almost all of the surface phase Mo0l.) has diaappeared,
it is expected that the atomization energy will correspond to
only the Mo-O bond energy as indicated earlier.

Calcium. The observed energy of atomization of calcium,
90 kcal mol-I, is in reasonahle agreement with the Ca-O bond
dissociation energy of 84 kcal mol-I. Below the appearance
temperature (1850 K), CaOI,) is formed hy thermal decom­
position of the nitrate (47): Ca(N03)rlH,O - (700 K) CaOI,)'
Hydrolysis of the chloride can alao form the oxide. Since
carbon reduction of CaOI,) is not favorahle at 1900 K (Table
I), it must be concluded that Call) is formed hy thermal dis­
sociation of CaO. The heat of vapOrization of CaO is 147 ± 15
kcal mol- I.(66), and as a result CaOC,), compared to the gas­
eous products of its dissociation, is a minor gas phase species
in equilihrium with CaO(o) (63). As found in the cases of the
oxidesofZn, Cd, Mg, and Mo, it is to be expected that, under
these conditions, the atomization energy of CaO should cor­
respond to the negative of the heat of formation of CaOI,) from
the elements in their standard states at 1900 K, i.e., CaOI,) ­
Cal" + \1,0",,; 1lH;900 = 188 kcal mol-I. At high analyte
masses, an E. of 184 kcal mol-I was ohtained. These E. values
may, again, be rationalized by considering that, at low analyte
masses, all of the CaO has been transferred to the gas phase
where dissociation occurs:

resulting in an atomization energy corresponding to the Ca-O
bond energy. Under the conditions of high analyte masses the
following reaction occurs:

At higher temperatures, when almost all of the CaOI.1 has
disappeared, the E. value should correspond to the Ca-O
hond energy.

Aluminum. Two sequential atomization energies have been
obtained for AI, 234 kcal mol-I and 114 kcal mol-I. Below the
appearance temperature, AI,03 is the common intermediate
for the nitrate and the chloride (47): AI(N03h·9H20 C.) ­
(l020-1270K) AI,03,.,; AlC,"-6H,OI') - (770K) AI,O",.,. Since
reduction of this oxide is not thermodynamically favorable
at the appearance temperature, All,) must be formed hy the
thermal decomposition of an oxide. This conclusion is sup­
ported by observations hy Aggett and Sprott (14) that the
appearance temperature for atomization of aluminum is the
same from both a carhon and a tantalum atomizer. A rea­
sonable interpretation of the results is based on the following
reaction:

A.J.20J,II::;:=:!:: Alz03011~ AL'I + AlOI" + 021IJ

J
Ib,
n,

All ' l + Q'l

Initial formation of Al occurs through sequence (a). The beat
of this reaction, calculated from the heat of sublimation of
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Al20",., (67) and the bond energies of Al0!r) (66, 68) and 0"",
is 221 kcal mol-I, in good agreement with the observed E.
value. When most of the AI20s,., has vaporized, thereby de­
pleting the supply of Al20s~" AlOro) becomes the dominant
precursor of AI!r)' The heat of this reaction is simply the bond
dissociation energy of Al0!r), i.e., 116 kcal mol-I, in agreement
with the observed E. value. It is important to empbaaiza that
the above reaction sequences leading to the 6Xperimental E.
values, result in two well-dermed slopes in the E. plot and do
not require any bimolecular gas phase recombination reac­
tions.

It is also of interest to eumine the resulla of atomization
of some selected aluminum compounds introduced into the
atomizar in an oxalic acid medium. The resulla are presented
in Table III. As in the case of the chloride and the nitrate, the
sulfate also is converted to the oxide below the appearance
temperature (47): Al2(SO,ls·16H20r.) - (88(}...1270 K)
AIsOs,.,. The heala of atomization of the solid compounds are
consistent with the atomization pattern described above.

In all these atomization studies, argon gas baa been used as
a sheath gas. When nitrogen gas is substituted for argon gas,
the peak and integrated sensitivities for aluminum decrease
by a factor of three, as indicated in Figure 8. Sensitivity losses
such as these cannot be simply ascribed to an increase in the
rate of diffusional loss in nitrogen gas as compared to argon
gas. Formation of an appreciable amount of aluminum nitride
at high temperatures, however, may account for this effect.
Atomization of aluminum from tantalum- and tungsten-lined
atomisers equa!i2es the sensitivities obtained in argon and
nitrogen gases, whereas substitution of pyrolytic graphite for
regular graphite decreases the above difference by 25% (57,
69). The above studies indicate that carbon plays a role in the
formation of the nitride:

This reaction is thermodynamically favorable because carbon
forms a stable volatile oxide (CO) hut does not form as stable
a compound with aluminum as does nitrogen (70). The above
reaction is generally carried out at a temperature of 1973-2273
K (7I). the AlNr.) formed being stable in the solid phase up
to 2500 K (72). It is evident that the nitride is not formed in
tungsten or tantalum atomizars, and the extent of the nitride
formation may possibly be reduced in pyrolytic graphite at­
omizers, prohably as a result of the denser structure of this
material as compared to regular graphite. However, this lattar
explanation is only a speculation. An energy of atomization
for aluminum corresponding to dissociation of AlN!r) baa not
been observed in these studies because AlN!r) is not produced
in a measurable quantity as a result of the stability of AlN(.)
in the solid phase. Since very little AlNr.) is vaporised until
the temperature exceeds approximately 2500 K (mp > 2473
K), the range of temperature required for the study of AlN(.)
is beyond the capability of the technique used in thia study.
For this reason, the E. values obtained for AlsOs in both argon
and nitrogen sheath gases are identical.'

Chloride-Dissociation. Cadmium. When Cd is taken as
the chloride, an E. value fa 50 kcal mol-I was obtained, in
agreement with the Cd-CI bond energy of 49.9 kcal mol-I. At
the appearance temperature of the signal (720 K), cadmium
is present as the chloride if it is introduced into the atomizer
as a solution in 5% (v/v) hydrochloric acid (47): CdCl".sH20r.)
- (873K) CdO(.). Mass spectrometric studies of the vapor
above liquid CdCl2 over the temperature range 785-838 K
indicate that Cdrl), CdCl~" and CdCllf) are the 1W\i0r species
(73). The formation of CdCI(I) was accounted for by disso­
ciation of CdCI2", by ion-source electron impact and, as such,
was not considered to be a direct sublimation product. The
resulla of the present study can be rationa1ized only by as-

Figur. 8. Oscilloscopic trace of the absorbance-time profile for 1.5
X 10-11 g aluminum taken as the nitrate under atomize conditions of:
dry 100°C; ash 300 °C; atomize 2700 °C

VertIcal scale: absorbance O.lO/scale .....It. Horizontal scale: sweep speed 500
m/scale unit. (A) Argon sheath: (B) Nitrogen sheath

suming that CdCl(l) is a direct evaporation product of CdCl2m
since gas-phase dissociation of CdCI2!!' should yield an E.
value twice as large as that obtained. The authors can offer
no satisfactory alternative interpretation.

Zinc. When zinc is atomi2ed from hydrochloric acid media,
an appearance temperature of 940 K is obtained. Although
thermogravimetric data were not available, the 200 K decrease
in the delay temperature with respect to that of the nitrate is
indicative of a radical change in the atomization behavior;
hence, the atomization appears to proceed via thermal dis­
sociation of the chloride. The agreement obtained between
the E. value and the Zn-CI bond energy can only be accounted
for hy the gas pbaae dissociation of ZnCI!r)' As in the case of
cadmium chloride, this reaction presupposes the existence of
ZnCl(l) in the vapor above ZnC12(l)' However, mass spectro­
metric studies (74) of the equilibrium vapor above ZnCl20l
have not reported ZnC~I) as a major species.

Iron. Atomization of the chloride commences at 1400 K with
an E. value of 86 kcal mol-I, in close agreement with the re­
ported Fe-Cl bond energy. At a temperature of approximately
590 K (75), FeC!,., is reduced to FeCI...,. Above 674 K, FeCI...,
sublimes. It baa been reported (76) that the major gas pbaae
species in equilibrium with FeCI2., are FeC12w and (FeCI,)"".
Despite this fact, the only reasonable explanation of the ob­
served E. is that FeCl!r) must be present in the gas phase over
FeCI2",. The E. value obtained in this study could only be
achieved by atomising large masses of the analyte (i.e., above
10 ngFe).

RELATIONSHIP OF THE APPEARANCE
TEMPERATURE TO E.

In agreement with the findings of Jobnaon et al. (I8), a
linear relationship between the appearance temperature and
the heat of atomization of the analyte was observed. The slope
of such a plot, shown in Figure 9, is approximately 0.06 kcal
mol- l K-I and is in agreement with that calculated from the
data of Johnson et al. (I8). No point is shown for AI in this
figure because ila coordinates (2080 K, 234 kcal mol-I) are
anomalous with respect to the linear relationship observed
with the other e1emente. Atomization of AI Oow analyte mass)
occurs prooominately hy a solid-state decompoaition reaction.
When the coordinates for AI (2080 K, 234 kcal mol-I) are
plotted on a graph containing the data for CdO, Zno, MnO,
MgO, and CaO which were obtained using high analyte
maases,a straight line of slope 0.1 kcalmol-1 K-l resulte. The
oommon feature to each of these oxides is that atom formation
is the result of a solid-state oxide decomposition. Figure 9 is
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useful for the purposes of prediction. In those cases where the
activation energy barrier to analyte vaporization is small (i.e.,
for the sublimation of metals or for smaIl masses of analyte
oxides where all of the monoxide is transferred to the gas
phase), there is a linear relationship between the atomization
energy and the appearance temperature of the analyte. The
conditions stipulated above are those normally operative in
atomic absorption analysis. and the predictive power of this
relationship is thus limited to the atomization of smaIl analyte
masses. With a knowledge of the experimental appearance
temperature of the anlayte, an atomization energy may be
obtained. By correlating this energy with that of some possible
atomization processes, as outlined earlier, a reasonable guess
as to the identity of the immediate precursor to analyte atoms
may be made. The correlation between the atomization energy
and the appearance temperature also appears to be inde­
pendent of the type of atomizer used (cf. the data of Johnson
et aI. (I8), as reported above in which anaIyte atomization was
carried out in a carbon filament atomizer). It is possible that
the correlation between the appearance temperature and the
atomization energy is universal.

From the data presented, it is possible to formulate some
general mechanisms of analyte atomization in a graphite
furnace, based on those trends which have emerged here.
From a consideration of the physiochemical properties of the
analyte, coupled with available thermodynamic data and the
appearance temperature of the anaJyte, a reasonable mecha­
nism for atomization may be postulated. The first point which
must be considered is the thermal behavior of the analyte as
it crystallizes from the test solution during the dry and ash
heating periods. Here, it is necessary to examine available
thermogravimetric data for the analyte and its matrix (e.g.,
nitric or hydrochloric acid media) to determine whether or not
hydrolysis to oxides or oxygen-containing species occurs below
the appearance temperature. For example, if hydrolysis in
hydrochloric acid medium does not occur, atomization of the
analyte will likely proceed through dissociation of the chloride.
On the other hand, if an oxide is formed, two alternate at­
omization mechanisms are likely: dissociation of the metal
,oxide or carbon reduction of the oxide followed by vaporiza­
tion of the elemental metal. This latter possibility may be
conveniently checked by considering the free energy of the
carbon reduction reaction. If AG reaction .:S a, the reaction is a
thermodynamically favorable process. However, thermody­
namics gives no indication of the kinetics of such reactions.
Barring slow reactions, however, one may be reasonably

confident in assuming that reduction has occurred at the ap­
pearance temperature, or will occur at a slightly higher tem­
perature, particularly in those cases having large negative
values for free energy changes. Under such conditions, the
reduced metal (whose state of aggregation is determined by
the appearance temperature) may vaporize directly into the
gas phase predominantly as the monomer or substantial
quantities of the dimer may also be formed. This possibility
may be considered by examining the energetics of such a
process, as illustrated in Figure 1. In such cases where carbon
reduction proves unfavorable, dissociation of the oxide occurs.
Here again, however, there are two alternative mechanisms
of atomization available. For those oxides whose heats of va­
porization are substantially lower than their dissociation
energies, the substance is vaporized without being dissociated_
In such cases, gas phase dissociation of the oxide will pre­
dominate. For those oxides whose dissociation energies are
lower than their heats of vaporization, vaporization will occur
with dissociation, giving rise to a solid-state dissociative
process. FinaIIy, by reference to an energy \'S. temperature plot
whose slope is approximately 0.06 kcal mol-I K-', a reason­
able estimate ofE. may be obtained simply from a knowledge
of the appearance temperature of the species. The E. value
may then be correlated with that which would arise from tbe
suspected process. At this point, the resources for prediction
are exhausted. The final solution to a still unresolved mech­
anistic problem must be found by further experiment:al in­
vestigation by methods including those outlined in this
paper.

CONCLUSIONS

Quantitative evidence has been presented regarding the
mechanism of atomization of a number of elements. The major
pathways leading to gaseous atoms have been found to be
thermal dissociation of the metal oxide, carbon reduction of
the oxide followed by atomization of the free metal, and
thermal dissociation of the metal halide.

The energy values obtained by the methods outlined in this
study provide information only as to the major suppliers of
gas phase atoms over the initial states of signal production.
Generation of atoms by other species at significantly higher
temperatures, not handled by this technique, (e.g., carbides
of Fe, Cr, Ni, Mo, V, etc., which may give rise to the chnrac­
teristically long decay regions associated with these signals)
cannot be investigated and, consequently, formation and
decomposition of other species cannot be ruled out.

Further experimental work is reqwred to substantiate many
of the conclusions drawn. In this respect, it would also be of
interest to obtain experimental confirmation of some of the
suggested gas phase molecular species and their concentra­
tion-time profiles for correlations with atomic absorption
profiles. It would be also of interest to study atomization in
tungsten and tantalum atomizers in order to evaluate the
relative importance of suggested reduction reactions.

Determination of the energies of atomization in those cases
where solute vaporization interferences or chemical inter­
ferences are present, will provide energy values which may
serve as quantitative measures of such effects.
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ICORRESPONDENCE

Sulfate Formed by Interaction of Sulfur Dioxide with Filters and
Aerosol Deposits

Sir: There is concern and some evidence (I, 2) that atmo­
spheric aerosol samples collected on filters contain spurious
sulflite as a consequence of S02 oxidation in the filter and/or
the sample deposit. We report here a simple technique by
which we show that 1) poly(tetrafluoroethylene) membrane
filters and pH-neutral quartz-fiber filters cause very minor
S02 conversion to sulfate, 2) glass·fiber filters and alkaline
quartz-fiber filters cause considerable S02 conversion to
sulfate, and 3) the aerosol deposit itself causes-in four
tests-very little S02 conversion to sulfate.

The experiments were conducted in 1974, 1975, and 1976
in the Allegheny Tunnel of the Pennsylvania Turnpike and
in the rural air near the tunnel as a part of programs reported
elsewhere (3-6) and preparatory to a field study of sulfuric
acid emissions from catalyst-equipped vehicles in this tunnel.
For our purpose, it was important to address the question of
spurious sulfate at the site that was of interest to us, with its
particular gas composition and so forth, rather than i the
laboratory. However, to lend some generality to our results,
some experiments were conducted also in the ambient air near
the tunnel. Since it was anticipated the water absorbed on the
filter and/or aerosol deposit might promote S02 oxidation, the
relative humidity was monitored; it was found to range from
34 to 97% in the tunnel and in the ambient air (all years
combined). Temperature was 1 to 23 ·C.

(There is also a possibility that S02 could be adsorbed and
oxidized to spurious sulfate not immediately but rather during
the analysis; in the experiments to be described, this pathway
to spurious sulfate is indistinguishable from the other, and our
results should be taken to refer to the sum of the two. Because
the extent of oxidation of adsorbed S02 during analysis can
depend on the analytical method, our results should be con·
sidered in the context of our chemical procedures to be de­
scribed later.)

Method. An efficient nIter which is reasonably inert to S02
conversion is placed upstream. of the filter to be tested. The
upstream filter removes the particulate matter and allows the
gases, including most or all of the S02, to reach the second
filter. The extent to which the S02 can react on the second
filter to form spurious sulfate can be determined subsequently
by sulfate analysis. If, in addition, the second filter has an
aerosol deposit on it, the S02 can react also on this particulate
matter to form spurious sulfate.

The following experimental procedure was used to deter·
mine the amount of spurious sulfate formed by both processes:
a) Mount a pH-neutral quartz-fiber filter (which is a very ef·
ficient filter and also proves to be reasonably inert with respect
to S02 conversion) on top of the filter to be tested in a stan­
dard HiVol sampling unit. Sample for a period t,. Remove the
top filter, lay a thin polyethylene sheet over one half of the
bottom filter, and lay a new pH-neutral quartz-fiber fllter over
both halves. Sample for a period t2. b) Simultaneously, in a
second HiVol, collect a particulate sample on the filter to be
tested in the usual way for the period t ,. Cover one half with
a thin polyethylene sheet and lay a new pH:neutral quartz
filter over both halves. Sample for period t2. c) Determine
ambient S02leveis during t I and t2 using H20 2 impingers.

The sulfate (minus blank correction) found on the bottom
filter of procedure (a) above (i.e., the bottom filter which had

not been exposed to particulate matter) will be the spurious
sulfate formed by reaction with the filter alone, all particulate
matter having been stopped by the upstream filter. For the
half under the polyethylene mask, the sulfate will be formed
during t, and for the other half, it will be formed during t I and
t 2. The difference between the two halves will be the spurious
sulfate formed during t2-that is to say, on a filter which al­
ready had been exposed to S02 for t ,. In this way, especially
with the repetition of the experiment with different values of
t I and t 2, the conversion Tate as 8 function of time can be
measured.

The sulfate (minus blank correction) found on the bottom
filter of procedure (b) above (i.e., the bottom filter which had
been exposed to particulate matter) will be the spurious sul­
fate formed by reaction with the filter plus particulate mat­
ter-together with the "honest" sulfate present in that par­
ticulate matter. Under the polyethylene, the sulfate will be
that fO\lnd by the usual method of sampling, i.e., particulate
sulfate plus sulfate from S02-filter reaction and S02-partic­
ulate reaction (during t I). The sulfate on the half not covered
with polyethylene will be that found by the usual method
during t I plus that due to further exposure to S02 alone during
t2. A comparison of the results from the two HiVols yields the
amount of spurious sulfate formed during t2 by the reaction
with the particulate matter alone, since the spurious sulfate
formed in the filter during t 2, and the particulate sulfate plus
all spurious sulfate formed during t .. both will have been
measured.

It should be noted that this method requires that the filters
be uniform over their entire collection surface. Uniformity in
flow characteristics is necessary so that the S02 (and/or the
SO,2-) exposure per unit of filter area is uniform across the
filter in period t I; and uniformity in chemical composition is
necessary so that uniform 802 exposure results in uniform
spurious sulfate formation. The uniformity was checked by
determining the sulfate found on replicate quarters of 52
HiVol filters collected in the usual way. The standard devia­
tion between quarters for quartz-fiber filters was 2% of the
sulfate found on a quarter, i.e., too small to be a problem in
this work.

To recapitulate, the strategy outlined above gives: (1) the
spurious sulfate formed by S02 exposure of particulate matter,
subsequent to collection of the particulate matter; (2) the
spurious sulfate formed by S02 exposure of a filter already
exposed to S02; and (3) the spurious sulfate formed by S02
exposure of a virgin filter. The strategy does not give the
spurious sulfate formed by S02 exposure to a fresh. aerosol
.deposit, although in principle one could approach this con­
dition to any arbitrary degree.

The procedures for chemical analysis in this work were as
follows. The sulfate in the filters was extracted with water in
the presence of strong·acid cation exchange resin at 60 ·C for
2 h, and determined hy Ba(CIO,)2 titration to the Thorin
dye-indicator endpoint (7,8) with photometric endpoint de­
tection (9); the function of the resin was to remove cations
from the sample and thus bring out dissolution of all sulfate
including those of Ba, Pb, etc_ (10). Sulfur dioxide, oxidized
to sulfate in the H202 impingers, was determined straightaway
on the impinger solutions by Ba(ClO,)z-Thorin titrimetry.
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Table I. Data on SO, - 80,'- Conversion in pH-Neutral Quartz-Fiber Filters

Tunnel aerosol Rural aerosol

Run 1 Run 2 Run 3 Run 4
First exposure period (t I)

Minutes 183 729 183 737
802 concentration, IJ.g/m3 150 «7?)
Sulfate concentration,a pg/m3 14.8 12.2 12.5 6.7
Spurious sulfate formed in bottom filter:

IJg per em2 filter 0.62 0.61 0.48 0.60
Equivalent Jlg/m3 1.6 0.41 1.2 0.37

S02 exposure; IJg per em2 filter 225 «20?)

Second exposure period (t z)

Minutes 730 1648 730 1645
S02 concentration, p.g/m3 129 67 <10
Sulfate concentration,a p.g/m3 8.0 19.3 4.3 21.1
Spurious sulfate formed in bottom filter: b

pg per em2 filter 0.17 0.088 0.34 0.19
Equivalent JJg/m 3 0.076 Om8 0.11 0.025

S02 exposure, J.l.g per em:! filter C 290 329 <75

Combined exposure periods (t I + t 2)

Spurious sulfate in bottom filter,
lie per em:! filter 0.79 0.69 0.82 0.79

I Sulfate found in top filter. b Sulfate increment during l2_ C Exposure during t2_

Table 11. Data on Filter Efficiency for pH-Neutral
Quartz-Fiber Filters

glass·fiber filters, cannot distinguish between penetration and
S02 conversion, and we suspect that the latter, together with
possible loss of the largest particles by impaction on the inlet
louvers of the fIlter housing as suggested by First (12), is the
real cause of the reported "penetration".

Conversion of S021n Aerosol Deposita. During the same
t 1 periods and at the same locations as those depicted in Table
J, aerosol deposits also were collected on quartz·fiber fIlters
in a second HiVo!. For the t2 period, one half of the aerosol
deposit was covered with polyethylene and both halves of the
filter were covered with a second quartz-fiber fIlter, as de­
scribed above. The data, shown in Table m, show that the
halves which were exposed to the S02 during t2 have less
sulfate than would be expected if the S02 did not react with
the deposit to form sulfate. There was a problem of transfer
of the particulate matter from the bottom fIlter to the top one
by contact, with a corresponding transfer of .....(l.5 pg sulfata
per cm'. (This was checked by the following experiment in the
Allegheny'!\mne!: A quartz-fiber fIlter with an aerosol deposit
containing 20.4 pg sulfate per cm' was used as the third fIlter
of a 3-filter stack in a subsequent run. The transfer was eval­
uated by sulfate analysis of the middle filter taking S02 in·
teraction with the middle filter into account.)

Even with transfer taken into account. the estimate of
spurious sulfate formed in the deposit during t2 (i.e., the sul­
fate found minus the minimum sulfate expected, Table Ill)
is greater than zero in only half of the runs. Apparently there
is a 5% random error between sulfate found and the minimum
expected; part of the error consists of the ±2% error due to
filter nonuniformity. Because of the uncertainty in the amount
of sulfate transferred in the four runs, it cannot be asserted

Conversion of S02 in Quartz-Fiber Filters. It has been
pointed out that the top filters in these experiments were
pH~neutra1 quartz fiber to minimize S02 conversion therein.
The inertness of these filters toward SO, was demonstrated
by the procedure described above, using quartz·fiber filters
for the top and bottom filters. The results of four tests are
shown in Table I. Two of the the four tests were conducted
inside of the Allegheny Tunnel where S02 levels on the order
of 100 pg/m3 are encountered. The other two tests were run
in the ambient air near the tunnel where the S021eveis were
substantially lower (:510 pg/m3 ). Initially the filter is quite
active for SO, conversion and the spurious sulfate builds up
with a time constant depending on the SO, available until a
level of about 0.7 to 0.8 pg per cm' of filter is reached. From
then on,little or no further SO, is converted. If the sampling
time is only a few hours or if the true sulfate level is low, the
spurious sulfate from this cause can be considerable (e.g., 10%
of the total sulfate in the t, period of Runs 1 and 3, Table I).
For protracted exposures, the spurious sulfate from this cause
would be insignificant (-300 pg in the case of a standard 8-in.
X IO-in. HiVol filter) compared to the true sulfate or the S02
exposure.

Implicit in these experiments is the premise that none of
the sulfate found on the bottom filter was due to aerosol
penetration of the top filter, i.e., that the filtration efficiency
of the quart2.fiber filter is essentially 100%. This premise was
verified by running three quartz.fiber filters in a stack on one
Hivo!. If the sulfate on the second filter is due to penetration,
there should be very much less sulfate found on the third filter.
However, if the sulfate found on the second filter is due to SO,
conversion, the third filter should have approximately the
same amount of sulfate as the second (provided that the sec­
ond filter has not removed a large fraction of the S02 reaching
it).

Table II sbows that the third filter has about as much sui·
fate as the second, implying that aerosol penetration is un­
important. This result, at a linear flow velocity of 37 cm/s or
a volume flow rate of 0.9 m3/min, does not support the claim
(1 J) of substantial penetration by submicron aerosols througb
fiber filters at high flow rates. The data of Reference 11. on

Top filter
Middle filter
BoUom ruter

Sulfate found,
J,lg per cm2 filter

46.85
0.38
0.45
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TableUI. Data OD SO, - SO,'- CODvenioD in Aerosol De_Ita

Tunnel aerosol Rural aerosol

Run I Run2 Run3 Run 4

9.0

219
10.0
«IO?)

5.1

85
5.0

303
20.2
224

19.1

126
6.7

6.5

Aerolol collectioD period (I I)

Particulate deposited, ~g/cm'
Sulfate found, ~g/cm'
SO, exposure, ~g/cm'

Aero80l.deposit SO: c)[poJurc period (t 2)

Sulfate found, ~g/cm'
Sulfate expected,· ~g/cm':

Maximum" 6.9 20.3 5.3 10.2
Minimum' 6.4 19.8 4.8 9.7

SO, exposure, ~g/cm' 293 321 <62

lJ Sulfate expected on the assumption that no spurious sulfate was formed in the deposit during 12_ b Consists of the sulfate found
for period t I (above) plus the spurious sulfate formed in the nIter during t2 (see Table I). C Minimum equals maximum minus allowance
for the possibility that 0.5 pg sulfate per cm2 was transferred to the top filter during 12.

Table IV. Data on S02 - 80,2- Conversion in Various Filters

pH.neu.
tral Strengthened Membraned

ql1srtz quartz Cellulose
fiber" fiber b Glass fiberl" Ester" Fluoropore f

Sampling site Tunnel Tunnel Tunnel Tunnel Rural Rural Tunnel Tunnel Rural
Sampling time, min 605 393 5816 5697 5858 5873 633 8301 7778
Sample volume, m3 547 391 3294 4712 5308 5571 28.3 509 467
SOz concentration, ",g/m3 136 143 125 125 12 16 187 ISS 26
Sulfate concn', ",g/m 3 34.8 24.9 13.2 13.2 10.5 8.7 19.1 10.0 7.3
Gross porticulate,J: ",g/m3 313 320 154 154 23.4 26.1 284 141 37.7
Spurious sulfate formed:

ilg per cm2 filter 0.42 h 15.2 4.3 2.0 14.6 33.7 -.{l.8' 0«0.07)i 0.04
Equivalent ~g/m3 0.31 h 15.8 0.53 0.18 1.12 2.46 -2.8' 0«0.013)i 0.008

802 exposure, ilg per cmz filter 183 137 1011 1449 160 216 54.6 815 125
pH of blank filter 5.6' 9.7' 9.9' 9.9' 9.9' 9.9' 6 -, 5.6"' 5.6"'.0

• Tissuquartz 2500 QAO, PallOex Corp., standard 8·in. X 10·in. HiVol filter, deposit area 406 em'; second and third filters of a 3-filter
stock of pH-neutral quartz-fiber filters. b Tissuquartz 2500 QAOS, PaUOex Corp., standard 8-in. X IO-in. HiVol filter, deposit area
406 em'; third filter, behind two pH·neutral quartz-fiber filters in a 3·filter stock. ' Gelman Type A standard 8·in. X 10-in. HiVol
filter, deposit ares 406 cm2; second filter oC a 2-fiIter stack; top filter is pH-neutral quartz fiber. All 4 runs .....ere during the same period
in 1974. d 142-mm diameter filters, O.2-pm pore flow diameter, MHlipore Corp.j deposit area 97 cm2... Second of two mixed cellulose-ester
filters. I Third, or second and third avernged, of three stocked Fluoroporc filters. "Fluoropore" is MiUipore Corp. trademark Cor filters
of poly(tetraOuoroethylene) (TeOon) backed with polyethylene. G By analysis of the first filter of the stack. h Average of the second
and third filters oCthe 3-filter stack. i Average of 4 determinations. Uncertainty is 509b of the number shown. j From 3 determinations.
Ie Whole 8-in. x-tO in. filter extracted with 200 ml deionized water oC pH 5.9. I \Vhole 142-mm filter extracted with 100 ml deionized
water of pH 5.9. "' Whole 142-mm filter extracted with 100 ml deionized water of pH 5.5.

that no SO,-la-sulfate conversion occurred in the aerosol
deposits; but it can be aaid that the data show no evidence of
such conversion.

For the teata conducted in the Allegheny Tunnel, the aerosol
deposit is typical of that from vehicle (both gasoline and die­
sel) traffic (6). The other testa deal with a ruralaeroso!. The
conclusion that 502 conversion on the aerosol deposit is un­
important should hold for aerosols ill other locations that are
similar. It should be noted, however, that the low SO. levels
in the rural air render the null result less definitive than it
could have been if higher SO, levels had been encountered.

CODvenioD of SO. in Other Typea of Filters, By in­
cluding various filter types as backup filters in regular aerosol
sampling runs, behind a pH-neutral quartz-fiber filter or a
membrane filter, other filter types were evaluated with the
results shown in Table IV. Conversion in pH-neutral
quartz-filters is again seen (perhaps 1... than before, judging
from the ~g per em. of filter). The cellulose-ester membrane
mUlr appears comparable in terms of ~g per em. of mter, but

the spurious effect seems greater as a Craction of the actual
sulfate or the SO, exposure, owing U> the flow-rate penalty of
the membrane filter; this should be checked further, as the
uncertainty is large.

The spurious conversion is at a minimum in the case of the
poly(tetrafluoroethylene) (TeOon) membrane filters. The
advantage over pH-neutral quartz is less than meets the eye
because of the flow-rate penalty but it is still true that TeOon
membrane filters (Fluoropore) give the least conversion ofSO,
la spurious sulfate of all mter types tested. (It should be added
that sulfate penetration in the 0.2-~m pore size Fluoropore
filters was found la be effectively zero, by use of the 3-filter­
stack technique described earlier for the pH-neutral quartz­
fiber filters.)

One of the glass-fiber filters gave good resulta on a ~g/m:l

basis (0.18), but apparently only because of the protracted
sampling; the spurious sulfete per cm2 (2.0 ~g) would be se­
rious in 8 run of, say, 12 h. \Ve have sought to rationalize the
incoherent pattern of spurious sulfate formation on glass-fiber
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filters as seen in Table IV. One can imagine that a difference
in the trace-gas composition in the tunnel relative to the
ambient air might result in the obvious greater propensity to
spurious sulfate formation in the ambient case. We have no
rationale for the other anomalies in the glass-fiber results.

In some of the instances shown in Table IV, the amount of
spurious sulfate renders the glass-fiber mter unacceptable not
only for sulfate but even for gross mass determination. The
strengthened quartz-fiber filter is as bad or worse; spurious
sulfate can be seen to have been 64% as much as the true sui­
fste and 5% as much as the amount of gross particulate matter,
by virtue of conversion of 7% of the SO. to which the filter was
exposed.

The data suggest that egregious amounts of spurious sulfate
are a con..quence of filter alkalinity. This should be studied
further, because certain procedures (13) for imparting
strength to glass- or quartz-fiber filters involve treatment with
alkali. The filter types that give the most spurious sulfate
(Tsble IV) are also the ones that give aqueous extracts that
are alkaline.

Summary. We find that the formation of spurious sulfate
in filter sampling can be quite minimal or can be quite ex­
tensive. It has to do primarily with the filter medium and not
the aerosol deposit. The amount formed depends very much
on the type of filter. Of the types evaluated, poly(tetrafluo­
roethylene) membrane and pH-neutral quartz fiber filters are
the best. At least in the case of the latter type of filter, a sst­
uration effect seems to exist so that, given the opportwlity for
a sufficiently long sampling period, the error relative to the
true sulfate can be brought within bounds.
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Modified Buffer for Use with Fluoride-Selective Electrodes

Sir: The addition of a total· ionic strength buffer (TISB)
containing Na salts (1.9 Mj to solutions when estimating F­
using a fluoride-selective electrode is now a well-established
procedure (1). The purposes of this buffer are: (i) to provide
a background of high-ionic strength, (ii) to adjust the pH, (iii)
to release any fluoride bound to metals by the inclusion of a
stronger complexing agent (trans-1,2-diaminocyclohexane­
N.N,N',N' -tetraacetic acid (CDTA». However, several
workers (2--4) have measured association between Na+ and
F- and their results would suggest the formation of an ap­
preciable concentration of NsF" in TISB, thus partially ne­
gating some of the decomplexing function. The degree of as­
sociation between K+ and F- is mucb less than with the Na
salt (2) so that replacement of Na salts by K salts in TISB
should be an improvement. To assess the degree of ion·pairing,
measurements were made with an Orion Research Inc. fluo­
ride-selective electrode (94·90) and double-junction reference
(90-02-00) 3.5 M KCI in outer compartment, immersed in
TISB made to the following compositions: XCI = 1.0 M, acetic
acid =0.25M,X acetate =0.75M,CDTA =0.011 M, with X
= Na or K buffers were mixed with an equal volume of NsF
solutions to give concenirations 5 X 10-7-5 X 10-3 M. Other
measurements were alao made in solutions 5 X 10-4 M without
buffer but containing 4 M NaCI or KCI because it should be
easier to detect ion-pairing at these high concentrations.

For concentrations 5 X 10-5-5 X 10-3 M NsF, an excel1ent
fit to the Nernst equation was found with both buffers (see
Figure 1). There was a shift between the two lines with EN.
- EK = 6.0 :I: 0.4 mV. A larger difference was observed be­
tween the emfs in 4 M NaCI and KCI with EN. - EK = 19.7
:I: 0.4 mV_ The sign of the.. differences is consistent with
greater ion-pairing in the Na salt solutions than in the K salt
solutions. By making some reasonable assumptions about
activity coefficients, the magnitude of these differences can
be shown to be in agreement with previous estimates of as­
sociation constant and suggest that 15-20% of total fluoride
is present as NsF" in TISB prepared from Na salts. Mea­
surements made at concentrations below 5 X 10-5 M were of
lower precision because of slow equilibration of the electrode.
The time to reach a slow drift (0.1 mVl5 min) often exceeded
30 min and there was no significant difference between the Na
and I{ buffers in this respect. Omission of CDTA from the
buffers did not reduce this time markedly. At concentrations
below 5 X 10-5 M in tbe Na buffer, the results deviated from
the linear graph (see Figure 1). This deviation was much less
for results from the K buffer. Other workers have noted a
similar nonlinearity using TISB and have attributed the effect
to the presence of F as an impurity in the buffer salts (5, 6).
To estimate the impurities, measurements were made in
buffers diluted with an equal volume of water not containing
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the nominal concentrations have been corrected for the presence 01 F IlT'IplIity

In the butler

intentionally·added F. By extrapolation of the linear portion
of the graphs values of 4 X 10-6 and 1 X 10-6 M were derived
8S the contributions from impurities in the Na and K buffers,
respectively. "'hen correction was made to the nominal con-

centrations, the linear region of the graph was extended down
to 10-. M. Although a generalization cannot be made on the
basis of results with one batch of salts, it may be noted that
Mesmer (6) in a similar experiment found less F in 1 M KCI
than in 1 M NaCI.

It follows from this comparison that in order to avoid pos­
sible complications from ion·pairing and to be consistent with
the use of KF as primary standard (2) that TISB or other
high· ionic strength solutions be prepared from K salts rather
than Na salts. As a possible additional benefit from this
change, K salts may introduce lower F impurity than Na salts
resulting in an extended linear calibration and reduction in
the minimum detectable concentration.
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Chromatographic Analysis of Gaseous Products from Pyrolysis of
Organic Wastes with a Single Column

acid.
Method. The separation was carried out as follows: prior to sample

injection, the oven was cooled to room temperature (-26°C). This
was best achieved by opening the oven door and leaving it open

Sir: The operation and optimization of a pilot plant at
which organic wastes, such as wood shavings, solid municipal
waste, or rice hulls are pyrolyzed requires a method of analysis
of the gaseous products. The gases detected were H2, N 2, CO,
CO2, H20, CH., C2H., C2H6, C.H6, and C,Hs. Our objective
was to obtain a method of determination for these gases as
simply and rapidly as possible.

A search of the literature failed to show a simple separation
of this particular combination of gases. Hollis and Hayes (I)
showed that H2, N2, O2, Ar, and CO could be separated at -78
·C on a Porapak Qcolumn. In the same paper, they indicated
that the column could also separate H2, air, CO, CH., CO2,

C2H., C2Ho, and H20 in that order at room temperature. This
separation was made by Cross (2). Papic (3) later separated
C I through C. hydrocarbon6, also on a column of Porapak Q.
Many people have combined columns to achieve better sep­
arations (4-7). Stufkens and Bogaard (8) made a separation
of N2, O2, CO2, C2H6 and heavier hydrocarbons, including
C.H. and C7H6 using a Porapak R column operated between
- 10 ·C and 230 ·C. This correspondence describes a method
whereby the above mentioned gases may be separated for
determination employing a single column.

EXPERIMENTAL

ApparatUll. AHewlett·Packard 5750 gas chromatograph equipped
with temperature programming and a 0.5·ml gas sampling valve was
used. The dUlll.tainl... steel columns (10 ft X '" in. i.d.) were packed
with ro-ao mesh Porapak QS snd modified with 2% terephtholic

Table I. Analytical Conditions

Sample
Size:

Column
Length:
Diameter:
Material:
Packing:
Packing size:
Packing modifier:
Carrier gas:

Temperatures
Column:

Primary isothermal period:
Programming rate:
Final isothermal rate:
Injection port:
Detector:
Sample loop:

Recorder
Chart speed:

Detector
Type:
Bridge current:

0.5 ml

10 ft
I{,-in. Ld.
Stainless steel
Por.psk QS
50-80 mesh
2% Terephthalic acid
Helium

Room temperature (- 26 (Ie)
to 200'C

2 min
60°Ctmin
Balance of analysis
230 'C
260'C
Room temperature (-26°C)

2.00 in./min for 4 min
0.25 in./min for balance

Thermal conductivity
160 rnA
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Table II. Individual Analyses (mol %)

Sample H, N, CO CH. CO, C , H 4 C2H. C.H, C,H.

120275 Rl 17.7 1.3 37.6 17.9 25.0 3.8 0.9 1.2 0.3
120275 R2 19.8 0.5 39.6 19.4 22.4 3.7 0.9 1.3 0.3
120275 R3 U.5 0.8 41.8 18.8 20.9 3.6 0.8 1.0 0.2
120375 Rl 18.0 0.7 30.1 18.6 19.4 3.5 0.8 1.2 0.2
120375 R2 19.0 0.6 34.4 17.9 19.7 3.6 0.9 1.4 0.3
120375 R3 19.5 0.7 33.8 19.1 21.6 3.5 0.9 1.3 0.3

Figure 2. Typical chromatogram of pyrolysis gas

Peak identificatIon: (1) hya-ogen. (2) nitrogen (includes oxygen), (3) carbon
monoxide. (4) methane. (5) carbon dioxide. (61 ethylene. (7) ethane. (8) water.
(9) benzene, (10) toluene

HEC.AT....E
PEAK HEIGl--l

(INtI-iE!ol

10 cO

MOLE - ~

Figure 1. Typical negative peak height curve

'0

'"

'"

. I ·

"JL', '0

'1(9 II'

throughout the initial isothermal period. The gas sample, collected
at the pilot plant in a 40·ml Whitey stainless steel gas sampling bulb,
was allowed to purge through the O.5·ml gas sampling "alve until the
system came to atmospheric pressure. The sample was then quickly
injected.

The oven was held at room temperature with the oven door open
for 2 min. Temperature was then raised at 60 °C/min to a maximum
of 200 °C. In order to save paper, the chart speed which had been run
at 2 in.lmin was reduced to 0.25 in./min 4 min into the analysis.
Complete analytical conditiuns may be found in Table I.

Calibration. The system was calibrated by analyzing a purchased
(Union Carbide Corporation, Linde Division Primary Standard)
calibration mixture. The relationship between peak area and mole
percentage was found using the cut and weight method (9). Because
of the nonlinearity of the hydrogen response (lO), a calibration curve
was made for this gas employing separate standards (Alltech Asso­
ciates Calibration Gas). The relationship between the negative peak
height (10) and the mol % was plotted, as shown in Figure 1, and
compared to samples. Finally, aromatics were calibrated using a 3·JL1
injection of a solution of benzene (SO mill.) and toluene (10 mill.) in
chloroform. A relationship between liquid volume and mol % was
developed employing the ideal gas law. Water was neither calibrated
nor calculated for.

RESULTS
A typical chromatogram is shown in Figure 2. Resolution

between peak 2 (nitrogen) and peak 3 (carbon monoxide) is
increased as the room temperature is lowered. Results of the
analysis of some samples collected from the pyrolysis of rice
hulls are shown in Table II.
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Free Energy Correlations with Solvatochromic Red Shifts for Indicators
in Aprotic Solvents

Sir: In a recent communication to this journal (1), experi­
mental evidence was presented for empirical correlations
between the red shifts for a set of solvatochromic indicators
and the Gibbs free energy values (AGr) for the equilibrium in
Equation I.

p-FCsH,OH.+ :B =p-FCsH,OH ... :B (in CCI, soln)
(1)

It was suggested that the observed trend can be interpreted
in terms of a systematic response of the solvatoehromic dye
to changes in the Lewis basicity for polar aprotic species (:B).
Since the completion of that project, related reports have
appeared elsewhere which necessitate an extension of my
preceding discussion and conclusions.

Kamlet and Taft (2) have identified relationships between
solvalochromic shifts for 4·nitroanilines and 4-nitrophenols
interacting with a wide range of hydrogen bond donor-ac­
ceptor pairs (HBA) in equilibrium 2.

X-CsH,-NHz + HBA = X-CsH,-NHz ... HBA (2)

They found that their /l-scale for solvent basicities derived
from Equation 2 is linearly related to pKr values for the same
equilibrium. However, by using published data for borho­
chromic dyes (i.e., Phenol blue, Nile blue A oxazone, and
Brooker's dye VTIj in 22 solvents, it can be verified that no
general correlation exists between the transition energies (ET)
of the indicators and the /l-values of Kamlet and Taft. It
should be noted that a nonlinear increasing trend does occur
between ET for Brooker's dye VII and /l for five hydrogen
bond donor solvents (i.e., the lower alcohols and dimethyl­
formam ide).

A second paper which more closely relates to my previous
communication is the report ofSpencer, Harner, and Pentu­
relli (3) on the determination of thermodynamic differences
attributable to solvation effects upon the hydrogen bonding
equilibrium in Equation 3.

CsH.OH ... SA + (CH,)zSO
=C6H.OH ... OS(CH3h +SA (3)

They concluded that detectable specific interactions by the
acceptor solvent (SA) occur in all instances, including cyclo­
hexane and carbon tetrachloride. Their choice of DMSO as

the reference base appears to have been an excellent one since
the results of Arnett, Mitchell, and Murty indicate that the
alkyl sulfoxides and phosphates are among the stronger Lewis
bases in hydrogen bond donor-acceptor equilibria (4): and
likewise, for a given batl.ochramic indicator, the lowest ET
value was recorded in DMSO among all of the aprotic solvents
investigated to date (I). However, Spencer, Harner, and
Penturelli (3) found no general trends between all, AS, or K r
for Equation 3 and the dielectric constant or other macro­
scopic properties of the solvent (SA).

Equilibrium constant values for Equation 3 are listed in
Table I along with the transition energies (ET) for Phenol blue
and related solvatochromic indicators in each of the six apratic
bases as SA. The graphs in Figure 1 were derived from those
data but expressed as ET vs. -/lG,. Slopes for the lines range
from as low as 1.18 for Phenol blue derivatives to 1.65 for
Phenol blue and 2.72 for Brooker's dye VII.

It is not fully unexpected that the empirical linear free en­
ergy (LFE) plots in Figure 1 would include within the same
function the broad range of solvent types from nonpolar to
polar apratic Lewis bases as well as the weak hydrogen bond

E
T

3
-"G

Figure 1. Correlation of the transition energy (Erl for the Indicators
In Table Iwith the AG, tor the C.H.OH:OMSO complex In the solvents:
chloroform; 1.2-dlchloroethane; benzene; carbon tetrachloride; carbon
disulfide; cyclohexane

Table I. Summary DC Data Used in CorrelatioDs with Hydrogen Bonding Donor-Acceptor Equilibria

Transition Energies (keel/mol) in the solvents

48.58

CICH,CH,CI

51.61

CHCI:.

48.1350.60

CCI,

50.87

CS,

49.72

Bathochromic dye

Phenol blue (PB)·
PB derivatives: N-(4-8ubstituted phenyl)quinone

monoimimesb

-NHz (4) 55.2 56.3 56.7 55.2
-3,5-R,R-NHz (5) 52.6 53.4 53.8 52.4
-NHCH, (3) 53.5 53.8 54.3 52.7
-N(CH3hl (2) 51.1 52.1 52.7 50.7

Nile blue A OX82one (NBAO)' 54.87 55.58 55.09 53.24 55.78 53.54
Brooker's dye VII" 46.9 48.7 44.2 50.0 45.0
K r for CsH.OH-DMSO complex in solv." 106 381 215 19.4 811 33.0

• Data from J. Figueras (5) except new exptl value in CSz. b Derivatives numbered (2-5) as designated by Figuerss (5). ' Results
obtained by M. Davis and H. Hetzer, Anal. Chern., 38,451 (1966). " Values from L. Bl'ooker et aI., J. Am: Chern. Soc., 87,2443 (1965).
, Formation Constants (at 20 ·C) reported by J. Spencer et aI. (3).
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donor, CHCla. The fundamental work on Phenol blue by
Figueras (5), as well as ours (6), has demonstrated that the
solvent polarity contrihution to the free energy transition (ET )

of the dye can be derived from the two·parameter McRae
equation; and the influence of a given hydrogen bond donor
(m-cresol or CHCla) conforms to a simple additivity as a
perturbation energy contribution. However, in equilibrium
3, chloroform serves as an acceptor (HBA) toward phenol and
shows the regular behavior in the LFE function of the sprotic
solvents. Because of the high correlation coefficients between
the E.,. values for all of the structurally related dyes in Table
i, it appears that this whole series of bathachromic dyes may
share a common phenomenological response to the Lewis
basicit.y of the solvent.

Finally, it should be clear that the equilibria in Equations
1and 3 are nonequivalent chemical processes and should have
dissimilar E,. vs. JlG r plots. The solvent displacement rcaction
with DMSO a<;signs a measurable Lewis base strength to CCL.
with reference to phenols as hydrogen bond donors. The
available thermodynamic data for the two equilibria are not
overlapping so that direct comparisons of solvent basicity
beh..'cen the two processes cannot be made at the present time.
\\Then a weaker Lewis base (Le., pyridine) is substituted for
DMSO io equilibrium 3, the two hydrogen bond donor 501-

vents, chloroform and 1,2-dichloroetbane, compete more ef­
fectively with phenol to interact with the HBA; and the LFE
relationship fails (7). Although the LFE function for reaction
3 includes only the weaker aprotic bases, similar correlations
have not been observed between thermodynamic parameters
related to solvent basicity and the blue shift scales proposed
in the past 8S measures of solvent polarity in aprotic media.
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Application of a Vidicon Tube as a Multiwavelength Detector for Liquid
Chromatography

Mnm)
Figur. 1. Absorption spectra of lI"lc acid, theophylline, and pheno­
barbltsl.

All compounds were added to and eluted from the caUon exchange column
separatety. Eluting reagent was 0.1 Manwnonla buffer at pH 10. ta) lkic acid
(5 .g) al220 s. (b) Theophylline (2 .g) at 330 s. and (c)_ital (2 .g)at
350s

Sir: In this report, we describe preliminary data for the
application of a silicon target vidicon as a multiwavelength
detector for liquid chromatography (LC). Most photometers
currently used as uv detectors in LC are limited to one or two
wavelengths. For these systems, the selectivity of any analysis
is limited to that which can be obtained via the chromato­
graphic process, and the analytical wavelength is seldom op­
timized for all components to be detected. The vidicon de­
tector, when used with appropriate optics, is capable of
monitoring many wavelength resolution elements simulta­
neously (1-3), and as such should serve as a very versatile
detector for liquid chromatography (4, 5).

The vidicon spectrometer system used in this work has been
described in detail previously (1, 2). The liquid chromatograph
was assembled from commercially available components and
is similar to that described earlier (6) except that the flow cell
from a stopped-flow mixing system (Aminco-Morrow Model
B30-68109; American Instrument Co., Silver Spring, Md.

. 20910) modified by replacing t.he Teflon input chamber by a
Teflon exhaust chamber, was used as the observation ceU. No
attempt was made to optimize the performance of the chro­
matographic system. Spectral data were collected, processed,
and displayed by an on·line computer.

An aqueous mixture of uric acid, theophylline, and phe­
nobarbital was selected as an illustrative example (7). Uric
acid is an important biological compound and phenobarbital
is often included in theophylline preparations. These com­
pounds were eluted from an anion exchange column with an
ammonia buffer at pH 10. The performance of the column had
been degraded by previous operation. Spectra in the range of
225 to 450 nm were recorded every 10 s. Figure 1 represents
the spectra after 220, 330, and 350 s for uric acid, theophylline,
and phenobarbital, respectively, added to and eluted from the
column separately. Figure 2 represents the absorbance mea­
sured at lO·s intervals at the absorbance maximum for each
of tbe respective components. The spectra show that there is

no wavelength within this range at which pbenobarbital is free
of interference from the other two components and, similarly,
that there is no wavelength at which theophylline is free of
interference from uric acid. The elution peaks show that uric
acid is reasonably well separated from the other two compo­
nents, but that the two drugs are poorly separated. These
observations will be useful in interpreting data presented
below.

Figures 3A and 3B represent spectra at selected times
during the elution of a mixture (0.83 ~g each) of the compo-

A A
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time(s)

FJgur. 2. Absorbance V$. time for elution of pure samples at uric acid.
theophylline. and phenobarbital

(s) Uric acid monilOfod al 290 nm, (bl Theophylline monilored at 275 nm. and
(C) Phenob8lbltal monllorod at 245 nm

nents. The spectra at 220 and 300 s in Figure 3A correspond
closely to the spectra of uric acid and theophylline in Figure
1, suggesting that reasonably pure components are eluting at
these times (see Figure 2). Figure 38 represents spectra at
times when theophylline and phenobarbital are eluting to­
gether. The peak near 275 nm results almost exclusively from
theophylline (see Figure 1) while the absorbance at shorter
wavelengths result from both drugs.

Figures 4A and 48 represent absorbance vs. elution time
at selected wavelengths. Figure 4A represents the absorbance
at 290 nm (curve 0) and at 275 nm (curve b). Curve 0 is re­
corded at the absorption maximum for uric acid and curve b
is recorded at the absorption maximum of theophylline where
phenobarbital does not interfere. Thus, uric acid could be
determined with maximum sensitivity from the first peak in
curve a and theophylline could be determined from the second
pesk in curve b without interference from phenobarbital even
though the two drugs are not well separated. Ifeither 275 or
290 nm were selected for both uric acid and theophyUine, then
small fluctuations in wavelength settings would have greater

A

effects on one of the components than is the case when ab­
sorption maxima are uaed. Figure 48 represents the elution
curves recorded at 245 nm where all components absorb. Uric
acid could be quantified from the first peak, and some func­
tions of the sum of the two drugs could be quantified from the
second peak. Actually, since tbeophylline could be determined
at esch point from the peak at 275 nm in Figure 4A, the second
peak in Figure 4B could be "corrected" for absorbance due to
this component, lesving at least an estimate of the absorbance
due to phenobarbital. These data were not treated in this
fashion because the concept is relatively straightforward, but
more importantly because we do noL feel it would represent
the best use of the data which are available from this type of
experiment.

It should be noted that the data displayed in Figures 3 and
4 were selected from a large volume available in the computer.
In other words, during a 4oo-s run, we would have collected
40 complete spectra and these spectra would be more effective
in differentiating quantitatively between the two drugs than
would tbe simpler two-wavelength approach mentioned above.
For example, we have used multiwavelength data and matrix
aJgebra to resolve two-, three· and four-component mixtures
of compounds whose spectra overlap significantly (8). We
suggest that the most effective use of the data available from
the experiments described above, would be to use such a
multiwavelength approach to resolve the effluent quantita­
tively at different points in time and then to use numerical
integration methods to quantify each component in the
original sample. In fact, if one were attempting to resolve these
components in an otherwise clean matrix, then there would
be little advantage in attempting to separate them on the
ion-exchange column used in this work. On the other hand,
if they were in a complex matrix, then the separation step
could be useful in isolating the drugs into a two-component
mixture and the multiwavelength detector could alleviate the
need for a complete separation. We are presently working on
software which will permit us to combine the mutliwavelength
approach with numerical integration methods for chromato·
graphic applications.

We have already suggested that one potential advantage
of the rapid scanning detector for components which are well
separated from others is the ability to monitor these compo­
nents at or near their absorption maxima. We believe there
are other useful features of the multiwavelength data.
Kissinger et aI. (9) have suggested that liquid chromatography

A

A(nm) A

A

).(nm) B

Flgur. 3. Ahsorptlon spectra during elu1loo of a mixture of uric acid, theophyllloe•.and phenobarbital (0.831'9 each)

(A) Spectra a' 220 (al and 308 (b) s and (S) Spectra at 330 (a). 350 lbl. and 38a Ie) s
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A A

time(S) A time(s) 8

Figure 4. Elution peaks for a mIxture of lJ"ic acid. theophylline. and phenobarbital

(A) Peaks monitored at 290 (8) aod 275 (b) nm and (8) Peaks monItored 81 245 nm

with electrochemical detection (LCEC) may represent a good
choice 85 8 reference method. for uric acid. We believe multi·
wavelength spectral detection could represent 8 comple­
mentary approach because the spectral data could be used to
evaluate the purity of the aliquots which were being monitored
in the effluent. For example, if one selected some wavelength
in the uric acid spectrum (e.g., 290 nm) as a reference, then the
ratio of the absorbance at any other wavelength to that at the
reference wavelength (or the difference in log A) should be a
concentration independent constant for pure uric acid. Such
ratios (or differences) evaluated at multiple wavelengths
should prove very useful in evaluating the efficiency of B

separation process. Such procedures could be useful both in
semiroutine applications and in more basic chromatographic
studies.

We do anticipate some limitations to this approach. The
detection system, including the requirement of computing
equipment to take full advantage of it, will certainly be more
expensive than a single wavelength detector monitored by a
strip-chart recorder. More important, there is little chance
that a rapid scanning multi\.\'avelength detector can be oper­
ated with the same reliability as the well regulated single
wavelength detectors (lO, 11). Accordingly, detection limits
will most certainly be less impressive for multiwavelength
detectors than with highly regulated single wavelength de­
tectors. Accordingly, we view these as complementary ap­
proaches which will fill different needs for different work­
ers.
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Determination of Low Concentrations of Hydrogen Chloride In Moist Air

R. R. Bailey, P. E. Field, and J. P. Wightman'

Department o( Chemistry, VirgInia Polytechnic Institute and State University, Blacksburg. Va. 24061

Hydrogen chloride, while not considered a major air pol­
lutant, has received considerable attention recently 88 regards
its effect on the environment (1-4). The quantitative detec­
tion of hydrogen chloride present in the atmosphere at ppm
levels is important for several re880ns including the assess­
ment of environmental impact on such events as solid rocket
launches (4), incineration of chlorinated hydrocarbons (5),
and manufacture of products resulting in hydrogen chloride
as a by-product or air pollutant (5). Analysis of low concen­
trations of HCl is a formidable experimental problem due to
the chemical reactivity of hydrogen chloride in the presence
of ambient moisture. Many techniques (6, 7) and instruments
(8) have been used for the analysis of hydrogen chloride in­
cluding selective ion electrode (9), chemiluminescence (10),
correlation spectrophotometry and coulometric methods (J1).
These techniques for HCl analysis, while useful for many
analysis problems are not applicable for ultra-low doses of HCl
when a large number of monitoring stations are needed. In·
expensive collection methods employing pre-evacuated grab
sample containers, condensation traps, adsorption tubes
and/or plastic grab bags, commonly used for atmospheric gas
analysis, are not suitable to HCI analysis because of sample
loss prior to analysis (8). This paper describes an inexpensive,
simple collection technique for the quantitative analysis of
ppm level concentrations of hydrogen chloride in moist air.

EXPERIMENTAL

Instrumentation. A microcoulometer (Dohrmann Model C 2008)
was used to analyze the 1-10 pi chloride samples. The microcoulo·
meter consisted of an electrochemical titration cell, a differential
amplifier, and recorder. The titration cell contained two pairs of silver
electrodes. One pair monitored the titrant ion concentration (Ag+)
and the other pair replenished the silver ion lost by reaction with
chloride entering the cell. The coulombs required to restore the
original silver ion concentration were recorded and related to the
amount ofchloride introduced into the cell. A typical calibration curve
obtained by the direct injection of NaCI standard solutions into the
cell is shown in Figure l.

HydJ'ogeD Chlorid&-A1r Mixture. A Matheson hydrogen chloride
(42 ppm)-nitrogen mixture was further diluted with wet air in the flow
system shown schematically in Figure 2. The effluent Hel concen·
tration was typically 4.2 ppm. Wet. air was produced by passing cyl·
inder air (A1rco) through a bubbler (B) containing distilled water. The
He) and air lines were Teflon and Tygon, respect.ively. The wet air
flow was 11. min-I while the HCI + N2 flow was lOOcm3 min- t • The
bulk of this mixt.ure was vented to the atmosphere via a Teflon tee
(1'). The now lines were passivated by flowing the Hel-air mixture
for at least. 30 min before 8 collector tube (CT) was placed in the sys­
tem. The Hel sample was introduced into the collector tube by
opening valve (V) to an air diaphragm pump (Universal Electric Co.)
(P). The now (99.3 em' min-I) through tbe collector tube wss con­
trolled by the needle valve (NV) and messured by the now meter
(FM3). The concentration of HCI in the gss stream was calculated
from the measured flow rates. After dosing, the collector tube was set
aside for later analysis.

CollectorTubeo. The 1-m Pyrexcollector tubes (1.04 ± 0.01 mm
i.d.) were cleaned using coned HNOs•detergent, and then rinsed with
t.riple deionized water. The t.ubes were coated by repeated wetting
with 10-2 M NaNOs solution, drained in a vertical position, and al·
lowed to dry at ambient temperature overnight.. The tubes were then

placed in a 68% relative humidity (RH) chamber (maintained by 8

sat.urated KNOa solution) for at least 24 h prior to use.
HCl Analysis. The end of the HCI-doeed collector tube nearest the

source was dipped into triple deionized water. The height. of the water
column (via capillarity) (1.5-3.5 em) was measured precisely. The tube
was alternately tilted to allow the column to t.ransverse the tube re·
peat.edly. A microsyringe was inserted to withdraw a measured sample
which was then injected directly into the microcouJometer.

RESULTS AND DISCUSSION

The results for the analysis of 5 NaN03-coated tubes each
loaded with 189 ng of chloride are shown in Table I. This
loading was achieved by passing 4.2 ppm HCl (in moist air)
through a collector tube for 20 s at a flow rate of 100 cm3

min-I. The height refers to the water column prior to analysis.
The chloride concentration in ng/lLl was determined using the
calibrated microcoulometer_ The amount of chloride on the
tube was taken as the product of the measured concentration
and the volume of water column. Th~ relative accuracy of the
technique is 0.1 and the relative standard deviation is 3%. For
comparison, 15 ng of chloride were obtained for coated tubes
not dosed with HCI which represents a minimal background
contribution. A standard deviation of 8 ng was obtained for
these blank tubes.

Further investigations of the effects of temperature, hu­
midity, and time were made. Eight tubes were capped with
rubber septums and stored in the laboratory from 2-14 days
prior to dosing with HCl (189 ng of chloride). Subsequent
analysis showed no time dependence of measured chloride on
the storage time of the capped, coated tubes. An average value
of 176 ng chloride with a standard deviation of 24 ng was ob­
tained. Thirteen tubes were placed in the laboratory uncapped

'00

-,- eo
"c
~

~

"~
~
~

o RANGE ~OQ

o RANG[ eon

_0 60 eo
THEORETICAL CI- (no)

Figural. Callbfallon of mlcrocoulometer

Error lines represent devlation from theoretk:al peak ar88 calculated by using
[er]. A (4.4 X 'O')JllJ_. [Cl-l"theamounto'chIoride'n1rOCklced Into
the cell. A'is the area 01 the peak produced. and nand 4.4 X 1()2 are factora
baled on the gain aettIng of the Inolrumenl

1818 , ANALYTICAL CHEMISTRY. VOl. 48, NO. 12, OCTOBER 1976





Determination of Methacryllc AcId by Coulometrlc Titration

D. H. Grant" and V. A. McPhee

Department 01 Chemistry, Mount Allison University, Sackvllle, N.8.• Canada EOA 3CD

For a projected study of the pyrolysis of poly(methacrylic
acid), we required a method of analyzing sub-milliliter samples
of aqueous poly(methacrylic acid) solutions to determine their
monomer concentration, expected to be about 10-2 F.

Although gas chromatography can be used to determine
monomer during poly(methyl methacrylate) pyrolysis in so­
lution (I), we rejected this method on the following grounds:
polymer build-up at the injection port is always a nuisance,
preliminary esterification would probably be necessary, and
solvent-solute peak separation would be much more difficult
in the present situation.

On 8 macro-scale, "bromine titration" is a routine method
for determining residual monomer in polymers and is appli­
cable to methacrylates (2). More often than not the term is
misleading, as the actual titration is an iodine/thiosulfate
determination of the excess bromine remaining after it has
been allowed to react with the unsaturated species.

Coulometric titration using electrogenerated bromine
seemed to offer a suitable micro-scale adaptation, particularly
8S there is an appropriate bi-amperometric method of end­
point detection (3). It seemed likely that up to a 1000-fold
dilution of sample between reaction vessel and titration cell
could be t"lerated.

Such monomers as styrene, a-methyl styrene, and vinyl
acetate (4) and methyl vinyl ketone (5) have been determined
satisfactorily by coulometric titration by bromine.

EXPERIMENTAL

The constant current power supply used was constructed sub­
stantially to Stock's design (6). It provides currents of either 9.65 or
0.965 rnA. The bi·amperometric polarizing voltage was 150 mY.

Methacrylic acid (Matheson, Coleman Bnd Bell) was re-distilled
before usc, Stnndard dilute solutions in electrolyte/solvent were
prepared on a weight basis. BDH Reagent Grade glacial acetic acid
was u!>ed. Putassium hydrogen phthalate and all inorganic reagents
were of Fisher Certified Heagent quality.

The conventional technique of coulometric titration was followed.
The electrolyte/solvent was pretitrnted until a specific galvanometer
reading was reached, significantly above fluctuations about zero, Then
the sample was added and the titration continued till the same gal·
vanometer reading was reached. Further samples can be added to the
same hatch of electrolyte and the titrations repeated.

RESULTS AND DISCUSSION

Crucial to the development of a satisfactory coulometric
titration procedure is the selection of an electrolyte/solvent
system.

As a starting point, we used the typical system of 0.2 F KBr
in 50% aqueous acetic acid (7), but found it unsatisfactory
because the rate of bromine addition is too slow. No significant
improvement was observed in the presence of AICI" AlBr",
HgCl" FeCI", NiCI" LiCI, or LiBr, all of which are reported
to catalyze bromine additions. More promising, but still un­
satisfactory, results were obtained in 1 F HCI in 80% acetic
acid where the electrogenerated species is presumably chlorine
(8).

Relatively slow bromine addition is less of a problem in
those macro-scale methods where the actual titration involves
iodine/thiosulfate. While comparable "back titration" pro-

cedures can be developed for coulometry, they can result in
a loss of some of its advantages. It seemed preferable to try to

increase the rate of bromination.
According to Ingold (9), halogen addition to the double

bond in methacrylic acid is slowed by the electron-with­
drawing character of the carboxylic -COOH group. Since the
carboxylate -COO- group is electron-releasing, addition to
the methacrylate anion is much more rapid. Only Critchfield
(IO) seems to have modified macro-scale analytical procedures
to take advantage of this. Even his method still has a final
iodine/thiosulfate step.

The pKA of methacrylic acid is 4.66 (I1). Methacrylate
anions will therefore be the predominant species at a pH over
4.7. However, solutions that are much more alkaline must also
be avoided. Bromine reacts with hydroxide to form hypo­
bromide. One result that has been reported is that the bi­
amperometric detection method becomes unsatisfactory (J2).
A pH in the range 5 to 6 therefore seemed the best compro­
mise.

The electrolyte that we found to be satisfactory was 0.05 F
in potassium hydrogen phthalate, 0.035 F in sodium hydroxide
and 0.2 F in potassium bromide. It has a pH of 5.5. No added
catalysts are necessary; the bromine addition is sufficiently
fORt that either generator current can be used. Blanks are
low.

Eleven samples ofmethacrylic acid between about 0.2 and
:3.0 mg in 150 ml of electrolyte were titrated with an average
error of +0.029 ± 0.013 mg at a current of 9.65 rnA. This cal­
culation assumes lO()<,l6 efficiency of bromine generation and
addition. Similarly, at 0.965 rnA, with 20 samples between
about 0.02 and 0.70 mg, the average error was -0.009 ± 0.015
mg.

Additions of pure poly(methacrylic acid) do not interfere
with the analyses.

It cannot be assumed that the method will be easily appli­
cable to all ",/1 unsaturated acids. We found that acrylic acid
does not brominate fast enough, and that with cinnamic acid,
although the titration is possible, the precision is substantially
less.
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Performance Test for Direct Reading Balance

Don H. Anderson" end N. B. Woodall
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RelUd
dev.%

0.00351
0.001 26
0.00062
0.00054

0.00049
0.00037
0.00035
0.00054

13.9565
29.4151
56.4625
99.8343

Av (rom 2S
balances,
wi in S SId dev,l

until all balances were checked. Wben the data for each bal­
ance had been compared witb the mean, the balance closest
to the mean was used to weigh the National Bureau of Stan·
dards certified weights and thus by handling these calibrated
weigbts only once, the entire lot of balances was checked.

Table I summarizes the data for 25 balances.
A malfunctioning balance is quickly detected. It is a tribute

to contemporary balance design that, out oftbe 25 balances
checked, only 2 were suspect and required attention. Some of
the balances have been in use for 15 years. In general, we are
quite pleased with their overall performance.

A. First weight
B. Second weight
C. Third weight
D. 3 Weights simul·

taneouslylJ
E. Sum of 3 weights" 99.8341

Q The difference between D and E provides an estimate of
the linearity of the balance.

Table I. nata for 25 Balances
Although our analytical balances are maintained on a reg·

ular basis by a service group, it is still the laboratory's reo
sponsibility to be sure that the day·to·day measurements are
correct. To this end, a fast, simple way to evaluate direct
reading balances has been developed. The direct reading
balance has obviated the necessity of handling weights and
this improvement has unfortunately reduced the operator's
awareness of the need for cbecking calibration. We bave over
25 balances in our laboratory areas; and since we operate 15
remotely located service laboratories, our needs to assure
uniform quality testing are especially critical. The use of
National Bureau of Standards calibrated sets of weights is
time consuming and the repetitive handling poses the danger
of wear and damage to the calibrated reference weights.

The method devised serves to check the linearity of the
balance, provides a direct intercomparison with all balances,
and relates all balances to a Bureau of Standards reference.
This is accomplished using the regular balance operators and
results in 8 minimum of handling of our National Bureau of
Standards reference weights. The entire operation is aeeom·
plished in a short period of time and makes no unusual de·
mands on the laboratory staff. Three test objects were pre·
pared by drilling out random amounts of metal from the
bottoms of some old weights. These gave us a set of test objects
weighing about 14, 29, and 56 g. They were carried to each
balance station where an operator who normally used the
balance weighed them individually and collectively. The data
from each balance were recorded and no calculations made

Sniffer to Determine the Odor of Gas Chromatographic Effluents

T. E. Acree: R. M. Butts, R. R. Nelson, and C. Y. Lee

Department of Food Science and Technology, Cornell University, New York StatB Agricultural Experiment Station, Geneva, N. Y. 14456

Flgur. 1. Diagram 01 the anlHer constructed from a laboratory II~...
pump

Figure 1 shows a diagram of a sniffer constructed from a brass
laboratory filt<lr pump (Al. The air supply is deoderized b)' an in·line
charcoal (Pittsburgh activated, 12-40 mesh) filt<lr (H) and humidified
by passing the air over the surface of distilled water in a half filled

Sniffing the effluent of a gas chromatograph (GC) is the
most useful means of determining which components of a
complex mixture of volatiles have odor. Altbougb such a
bioassay procedure is both qualitative and subjective, it is the
only simple procedure for selecting tbose volatiles to isolate,
identify, and evaluate for odor significance (I). Unfortunately,
sniffing the effluent of a GC is both uncomfortable and inac·
curate because of the irritating effects of tbe hot dry carrier
gas and the lingering presence of strong odors in the envi­
ronment of the GC outpuL Although the dryness of the carrier
gas can be reduced by adding water to it upstream of the GC
(2), this procedure limits the flexibility of the chromatogra·
phy. This communication describes a simple inexpensive
"sniffer" which improves the comfort and accuracy of sniffmg
GC effluents. The principle is to mix the GC effluent with a
larger volume of rapidly moving humid air.

EXPERIMENTAL

The gas chromatography was done in a 4 m X 2 mm glass column
packed with 5% SP 1000 on 100/120 mesh Chromasorb W installed
in a Packard model BOO gas chromatograph. The column was operated
isothermally at 100 °C and with a helium carrier gas flow of20 mVmin.
A nominal 50 to 1 splitter was installed in the flame ionization detector
oven with the larger portion ofthe effluent going to the sniffer.

t
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++
++

Amount
injected, ng Method n-Hexylacetate

100 Sniffer ++
Direct ++

10 Sniffer 0
Direct +

Table I. Comparison between the Detection of Odors Using
the Sniffer and by Directly Sniffing the GC Output"

o
o

Sniffer 0 0
Direct 0 0

Q ++ indicates the compound was clearly detected; +, only
faintly detected; and 0, no detectable odor."

.
•

~\
II-----" ,l,J-

10

TIME IN MINUTES

Flgure 2. Gas chromatogram of rHl8xyiacetate (a) and 2..oeptanol (b).

The event marks (c) represent the tirst detection ot odor while the mar1<s
(d) represent the dIsappearance of detectable odor

gallon jug (G). A piece of JAa,in. stainless steel tubing from 8 nominal
50 to 1splitter in the flame ionization detector oven extends 1 em into
the room and 2 mm into the vacuum port (8) of the filter pump. A
%-inch male Swage10k fitting was threaded into the filter pump at
D to facilitate plumbing, and the ball check valve in the vacuum port
was removed. Nylon tubing ('I.·in. c.d.) (F) was used to connect the
components and a Whi"'y B·1RS4 (Whi"'y Co., Oakland, Calif.) valve
was installed at E to control the air flow.

RESULTS AND DISCUSSION

Good resullJl were achieved with a 121./min air flow through
the filter pump and this caused 250 ml/min room air to flow
into the vacuum port at C. Although this represented a 500·
fold dilution of the gas chromatographic effluent, it did not
appear to result in 8 seVere reduction in odor intensity as
compared to directly sniffmg the eCOuen!. Without the sniffer,
the low velocity of the effluent carrier gas was subjected to
room draflJl which complicated the detection of peak odors.
Figure 2shows a gas chromatogram of n·hexylacetate (0) and
2·heptanol (b) which were simultaneously sniffed blindly.
Each peak represented approximately 51"!! of material and the
event marks (c) represent the first detection of odor and (d)
the last detectable odor. This sniffer resullJl in a marked im­
provement in the sensory resolution of gas chromatographic
peaks compared with sniffing the effluent directly. Table I
shows a comparison between the sensitivity of the sniffer and

sniffing the GC output directly. Both methods yielded an
apparent threshold of approximately 10 ng for both n-hex·
ylacetate and 2·heptanol with less than a factor of 10 differ·
ence between them.

When certain odorous compounds were present in high
concentrations in the gas chromatographic effluent (e.g.,
phenyl ethyl alcohol in grape essence) or had an extremely low
odor threshold (e.g., geosmin in beetsl, the sniffer became
contaminated and it was necessary to clean the filter pump.
Washing with water followed by isopropyl alcohol and then
1,1 ,2·dichloro·l,2,2,·difluoroethane (i.e., Freon 113) worked
well. Contamination of the sniffer was also minimized by re­
moving the sniffer from over the gas chromatographic eCOuent
when strongly absorbant peaks emerged or by replacing it with
a clean duplicate.

The sniffer worked equally well when attached to the ef­
fluent from a Llewellyn (3) type helium separator on a gas
chromatograph-mass spectrometer interface.
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Modification of Graphite Furnace Power Supply to Allow Interruption of Analytical Cycle

E. W. Cooper· and J, V. Dunckley

Electronic Engl"""rlng Department, Dunedin Hospital, Dunad/n, New Zealand

The graphite furnace is now well established as a useful
atom generator for the analysis of cations by atomic absorp·
tion spectrometry (1-3). Some of the variety of experimental
furnaces described in the literature (4-17) have been devel·
oped and marketed by manufacturers of atomic absorption
spectrometers either as an integral part of the instrument or,
more commonly, as an uadd on" accessory. These usually
operate by automatic sequential switching of the furnace
power in accordance with a preset program, generally in three
or more steps with increasing current loadings for specific time
intervals. For adequate control of the analytical process, it is
desirable that time, temperature, and rise rates be repro·
ducible.

A common operating sequence is dry-ash-atomize wherein
the sample (e.g., 5 1'1 of solution) is applied to the furnace,

dried at low temperature, ashed at a higher temperature, and
finally atomized. It seemed that tho graphite furnace had
considerable unexploited potential as a chemical reaction
vessel. This was realized by placing switches to interrupt the
analytical cycle at the end of the drying and ashing cycles. One
of these switches (Sx) at the end of the drying cycle would
allow for multiple sample application to the furnace as well
as the application of reagents to the dried specimen, while a
further switch (Sy) to interrupt at the end of the ash cycle
would allow for the addition of a variety of reagenlJl to render
ash constituents more or less volatile, or to modify the influ­
ence of matrix cations. Thus, in operation the sample would
be placed in tbe furnace, the selected cycle interrupt switch
closed, and the cycle "start" button pressed. The analytical
cycle would then proceed automatically to the interrupt stage
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Figure 1. Circuit modifications which permit Int~ionof the anatytical
cycle are enclosed within dotted lines

and then shut down. On again pressing the start button, this
sequence would be repeated. After opening the interrupt
switch and pressing the start button, the full analytical se­
quence will take place.

The power supply-Varian Techtron Model 63-was
modified as follows: Timer Board Assembly (Instruction
Manual Figure 5-3.4c) was altered as shown in Figure 1. The
operating sequence is commenced by pressing the START
button which completes the circuit for a pulse from capacitor
C28 (0.047 ,,0 to trigger the two SCR's 011 and 012, thus
energizing relays A and B whose contacts BI of relay B close,
the timing sequence is commenced for the period as set by the
DRY time control. At this same instant, relay A is energized,
switching on the transistor Q10 (Figure 5-3.2 block diagram)
to complete the circuit for the rectified pulses from T2 to
operate the triac control for the carbon rod voltage from
transformer t T3.

On completion of the DRY time cycle, the positive pulse
from the differential output of MA2 is applied to the base of
Q2, which switches off the SCR 012, thus de-energizing relay

B, while at the same time Q3 is turned on resetting the ramp
generalar MAl whose output will return to zero.

Without interruption by the switch Sx (Figure I), the pulse
at the output of MA2 would switch on the SCR 014 for the
analysis to proceed. Because of the similar circuitry used for
the ASH timing circuit, a corresponding modification has been
applied in the circuit immediately following the I.C. MA4.

Two switches were interposed in the circuit., the first (Sx)
at the junction of RI4, R28, and the gate ofSCR 014,leaving
R28 and the gate connected at all times, but allowing the cir­
cuit to be broken at this point to prevent the pulse from
switching on D14. The second break is made by switch Sy at
the junction between C12, R27, and the RAMPISTEP switch,
but again allowing R27 and the RAMPISTEP switch to remain
in normal circuit. These two switches allow each step in the
analysis to be interrupted to allow chemical manipulation of
the analytical environment.

It is likely that the power supply-timer units of other
manufaclurers' furnaces may be similarly modified to extend
their analytical capability in like manner.
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External Reference Signal in X-ray Energy Spectrometry

P. J. Van Espen and F. C. Adams·

Department of Chemistry, University of Antwerp (U.I.A.), 82610 Witrijk. Belgium

The precise and accurate analysis by x·ray fluorescence
spectrometry requires a well stabilized high voltage supply
to ensure a constant and easily reproducible fluorescing beam
intensity, This condition is generally fully recognized in
wavelength dispersive fluorescence spectrometry. Most gen·
erators used in energy.dispersive systems are much less sta­
bilized. The rationale for this is that a very high precision
cannot be reached anyway with this type of instrument. The
reasons cited are lower counting rates and thus higher sta·
tistical errors and the occurrence of increased background
levels and interferences. In many situations, the generator
instability is the dominant source of error and, hence, repre­
sents the major limitation on precision and the accuracy. The
remedy to this situation is quite simple. if one is willing to
exchange the generator for a better stabilized one and, con·
sequentl)', to considerably increase the total cost of the system.
As an alternative, methods have been proposed which rely on

the measurement of a spectral component which bears a
relation to the primary beam intensity. The coherently and
incoherently scattered primary beam have been proposed for
this. It can only serve the purpose, however, when the sample
is either infinitely thick or of strictly the same weight and
composition because the scattered intensity is proportional
to the primary beam intensity times the number of scattering
atoms in the beam, Alternatively. an internal standard in·
corporatkd into the sample can be used, as is often done in ion
induced x-ray emission (I). This is not possible when the
sample has to be measured nondestructively without any
preseparations or pretreatment. Moreover. the internal
standard should be distributed very homogeneously
throughout the sample.

We have successfully solved the stability problem by using
a thin wire as an external standard which is reproducibly po­
sitioned in the radiation path just below the sample. Similar
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Tim~ lhrs)
Figure 3. Fluorescence spectrum of aerosol loaded filter with molyb­
denum excitation and zirconium external reference
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Figure 4. Fluorescence spectrum of aerosol loaded filter with titanium
excitation and nickel external reference

to warm up for 2 h before each series of measurements, The
short time instabilities over 50 min were investigated with the
multichannel analyzer in the multiscaling mode at 0.9 s per
channeL The integral radiation intensity was counted in this
case. For longer time periods, repetitive measurements were
performed and the intensity of the Br Ka peak was used with
correction for the continuum radiation background, The mean
square successive difference method (6) introduced by Hooton
and Parsons was used on the repetitive measurements. The
results shown in Figure 1 indicate that the spectrometer is
highly unstable and subject to drift and to oscillations, Sudden
increases or decreases of the intensity which are readily ap­
parent from the graphical display do not appear to be corre­
lated with any working condition in the laboratory, It ap­
peared, however, that tbe intensity variations were roughly
proportional to the current indication of the high voltage
supply,

A suitable element can be selected in a physical form with
appropriate dimensions and weight to provide an easily rec­
ognizable calibration peak in the spectrum for the correction
of the primary radiation intensity nuctuations, For excitation
with radiation from a molybdenum secondary target, a pure
zirconium metal wire with a diameter of 50 I'm was selected
(Goodfellow Metals Ltd" Cambridge Science Park, Cam­
bridge CB44DJ, England), When positioned reproducibly at
1,5 mm below the sample surface, a section 7-mm long is
readily excited and ita fluorescence radiatio/l is measured
sensitively, It gives rise to Ka/Kil fluorescence radiation
corresponding to U I'g of zirconium in the sample_ It does not
interfere with the detection of the other elements except by
a 20% increase in the detection limit for a 10 mg/cm2 sample.
The primary or secondary radiation absorption due to the
presence of the wire is obviously neglible, Figure 2 shows
schematically how the wire is positioned.

Zirconium was an obvious choice because: 1) It is very ef­
ficiently excited 80 that a very thin wire can be used which

,,,
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Figure 2. Schematic of external wire. (a) Location; (b) wire holder

Figure 1. Intensity fluctuations at Br Ka as a function of time after 2-h
warmup of the spectrometer.

normalization procedures have been used in wavelength dis·
persive nuorescence analysis, Jones (2) employed an iron rod
which was attached to the cover of a standard Philips sample
holder, Burke et aL (3) and Gunn (4) suspended disks of an
appropriate reference element within the sample, The tech­
nique is used in these cases as an internal reference for the
sample and serves the purpose of correcting for absorption
effects and interelemental effects,

RESULTS AND DISCUSSION

The stability of the spectrometer was tested by measuring
repeatedly the same sample which was placed in one position
of the sample changer, over periods ranging from 50 min to
several days, The sample used consists of 64 I'g of CsBr vac­
uum deposited onto Mylar foil. The spectrometer was allowed

The fluorescence spectrometer includes a Kevex x-ray system
consisting of a tungsten anode water-cooled x-ray tube (Siemens
Kristallonex 2), 8 set of secondary targets, and a sample changer. The
spectrum is measured with 8 high-resolution SHLi) detector and as­
sociated electronics for amplification and storage. The equipment is
fully described elsewhere (5). The Kristallonex 2 generator is mag­
netically stabilized. It was originally developed for x-ray diffraction
and is of the least stable type in use for fluorescence work.
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Figure 5. Data of F9Ie 1 after normalizatton ttY~ zlrconh.rn external
reference

does not obstruct the radiation beams. Ita L radiation is of
sufficiently low energy around 2 keY and does not interfere
with the detection of the elements from Z = 17. Its K radiation
is only slightly below the Compton scatter peak in energy and,
hence, also gives rise to few interferences. 2) It is available with
a high purity as a metal except for possible niobium and haf­
nium impurities. 3) It can safely be assumed to be present at
very low concentration in most samples to be measured, and
especially in the environmental type samples for which the
XES-method is particularly suited (5).

A nickel wire of the same diameter can be used in the case
of germanium and titanium excitation. In the latter case, its
K fluorescence is excited by the Bremsstrahlung continuum
of the primary radiation. The spectrum of an aerosol loaded
filter paper obtained with molybdenum excitation and the
zirconium wire reference and that obtained with titanium
excitation and nickel wire reference are shown in Figures 3 and
4.

The internal reference peak obtained in the manner fulflis
several very useful functions: I) It allows an easy and accurate
correction for the spectrometer instabilities due to the high­
voltage generator. Also, the frequent resetting of the x-ray
tube current to some calibrated position becomes unneces­
sary.

The intensities shown in Figure I were corrected with the
integral intensity of the zirconium Ka radiation and are shown
in Figure 5. The analysis of these results shows that oscilla­
tions and instabilities are now absent to within the counting
statistics which amount to 0.3% but that there remains a small
statistically significant drift contribution ofO.2%/h as obtained
through least squares fitting through the data. This drift
proved relatively reproducible for a number of measurements.
This increase in stability of the normalized counting rate
proves that the high voltage generator is subject to instabilities
of the anode tube current and to a much lesser extent of the
high voltage. Indeed, the correction by norma1ization through
the reference peak can be expected to be applicable fully for
the first type of instability but only partially for the latter
type, as the deviations of the high voltage change the primary
radiation spectrum and, oonsequenUy, the seoondary radiation
production efficiency as a function of atomic number.

The dependence of the normalized radiation intensity of
the elementa titanium, copper, and bromine with the high
voltage setting of the instrument Was determined at 40 kV.
The mean deviation of the intensity amounta to ca. +7% per
kV and drops to - 0.3% per kV after normalization. This in­
dicates roughly a decrease of the generator high voltage hy 1
kV over the 45-h period.

The ultimate precision of the analysis has been increased

Standard de- 0.35 0.84 0.22 1.19 0.84
viation (5 %)

Counting sta· 0.38 0.82 0.31 1.09 0.72
tistics (0 %)

Chi-square'> 8.66 10.37 4.85 11.98 13.76

° Supposed equal to 52 - a!. b with Xlo.u (-,10) "" 18.31.

CONCLUSION

with the wire internal reference from about ± 3% to better
than 0.3% (one standard deviation). This appears readily from
the results of a daily repeated analysis of the aerosol filter of
Figures 3 and 4 over a 10·day period shown in Table I. The
first part of the table lists the results and the precision after
the analysis of a number of elements. In the second part, the
results are corrected with the aid of the zirconium stan­
dard.

2) A correction for counting rate losses is automatically
applied because the losses in the reference peak should ac­
curately match those in the other peaks. This allows the safe
use of the maximum aUowable fluorescence counting rates
with the result of increased counting statistics and a higher
precision of the analysis. This is an interesting feature because,
even when pulse pileup rejection and dead time correction
circuits are used, inaccuracies may easily remain undetected.
These, then, give rise to high and irreproducible errors. The
external reference radiation serves the same purpose as a
purely random pulse generator (7).

With the wire holder shown in Figure 2, it became possible
to reposition the zirconium wire with a precision of 0.33%.

Fe Ka Cu KQ Zn Ko: B, Ka Pb Lp

Mean inten- 95360 18946 166785 12967 27661
sity (counts!
3000 s)

Siandard de- 2.73 2.73 3.07 3.00 2.87
viation on
onc mea·
surement
(s %)

Counting sta- 0.33 0.80 0.25 1.06 0.68
tistics (0 %)

Standard dc- 2.71 2.61 3.06 2.81 2.79
viationO due
to instabil-
ities

Element :and radiation used
(normalized to Zr wire)

Table I. Reproducibility of Analysis of AerolOl Sample
Shown in Figures 3 and 4 (11 Meuurementa)

Dement and radiation used (direct results)

Energy dispersive x-ray equipment is especially prone to
generator output fluctuations. It appears that this source of
error if it is due to current fluctuations, can be accurately
corrected by the use of a thin wire external reference which
gives rise to a reference photo peak in the spectra. The total
galn in precision depends on the characteristics of the x~ray

equipment used, namely, on the relative proportion of current
and voltage instability which proved to be favorable with the
instrumentation used. \Vhen pure bichromatic secondary
target radiation could be used for excitation of the sample, all
instabilities should be removed with the method even when
the generator is highly unstable in regards to voltage.

For the automatic data reduction using computer calcula­
tions, the reference peak may serve a number of valuable di­
agnostic functions: easy recalibration of the energy and a
check for an abnormal counting time of a sample. Also, useful
spectral characteristics such as energy resolution and peak

........

Time (hrs)

....: .....• ....:. ....:"... --:-.:.~.
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symmetry are easily measurable. In combination with co­
herentlyand incoherently scattered radiation, it may be uaed
to detect samples of abnormal size and samples placed at an
incorrect measurement geometry.
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Dual Column Operation for Gas Chromatograph-Mass Spectrometer

Leo Kaz~ak

Division of Biochemistry, Walter Reed Army Institute of Research. Washington. D.C. 20012

Flgur. 1. Dual column arrangement

duced the 1086 of components transferred through the mo­
lecular separator to the analyzer tube of the mass spectrom­
eter. Since make-up gas was necessary to improve the amount
of component transported through the separator, and no ap­
parent loss resulted in the resolution of those components
during separation, it seemed reasonable to expect that carrier
gas passing through a packed gas chromatographic column
could ljerve as well to provide the make-up gas for a capillary
column. In the manner suggested by Linnarson and
Blomkvist, a Swagelok reducer fitting was drilled to accom­
modate a short length of J.6-mm stainless steel capillary
tubing that was silver soldered in place. Tbe stainless steel
capillary tubing formed a "tee" junction to merge the effluent
from the packed column into the e(fluent from the capillary
column. The columns were assembled (Figure 1) so that the
packed column provided a frame and reinforcement for the
more fragile capillary column as well as to supply the necessary
carrier gas make-up. A few pieces of copper wire were uaed to
fasten the columns togetber. To regulate carrier gas to the
capillary column, a separate flow controller (Condyne Model
200, Condyne Instruments, La Canada, Calif. 91011) was in­
stalled. With this arrangement, either packed or capillary
columns could be used at any time without changes or alter­
ations.

Contrary to conventional applications of capillary columns,
carrier gas stream splitting at the inlet was not used in our

CAPILl. ...Ry
COLUMN
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: II II :
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DISCUSSION

Linnarson and Blomkvist, in the application laboratory of
LKB Produktor AB, studied the use of capillary columns in
the LKB 9000 gas chromatograph-mass spectrometer. They
described a modification whereby the addition of carrier gas
to the column effluent at the terminal end of the column
(make-up gas) permitted the instrument to be used without
removal of the molecular separator (8). The make-up gas re-

At no other time, since the concept was introduced by Golay
in 1958 (I), have capillary gas chromatographic columns been
used more extensively than during the past few years. This
new interest may be due, in part, to the comparatively inex­
pensive support-coated open tubular (SCOT) glass capillary
columns that are quite easy to produce with the commercially
available Hupe-Busch apparatus (Hewlett-Packard Co.,
Avondale, Pa.). A number of publications (2-4) give complete
instructions on how to coat the inner surface of glass capillary
tubing with a liquid phase and, in general, the procedure is
fairly simple for nonpolar liquid phases such as SE-30 (or
OV-!). With a little care and attention to detail, 50-meter
columns with at least 30 000 to 50 000 theoretical plates can
be made without much difficulty.

No matter how effective capillary columns may be, and
regardless of how convincing the argument is to promote their
use, it would be unrealistic to assume that there would be no
further need of packed columns or to expect anyone to com­
pletely exclude them in favor of capillary columns. Never­
theless, the laboratory investigator with a gas chromato­
graph-mass spectrometer who decides to use capillary col­
umns is confronted with this dilemma. Unlike the more
common situation where several gas chromatographs exist in
a laboratory and both types of columns could be utilized si­
multaneously, very few laboratories are equipped with more
than a single combined gas chromatograph-mass spectrom­
eter. Admittedly, columns can be exchanged (5,6) to satisfy
the requirements for one or the other, but capillary columns
can be a nuisance to connect properly. However, the option
to interchange coiumns is not very much of an inducement to
use them. To be able to operate both types of column at the
same time, by merely switching from one to the other without
removing either column, would be more desirable. Thompson
and Goode described such a modification (7) for two packed
columns in a gas chromatograph-mass spectrometer. In our
laboratory, a much simpler modification was devised for a
capillary and a packed column in the LKB 9000 gas chroma­
tograph-mass spectrometer, and quite possibly this adapta­
tion can be made in similar equipment of other manufactur­
ers.
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Figure 2. Comparetive chromatograms of (I) 2-methyl-3- [2-{lrlmethylsllyloxymethyl)phenyll-4(3H)-qulnazollnone. (II) 2-{trimethylsilyloxymethyll­
3-o-tolyl-4(3H)-quinazollnone. (III) 2-methyl-3-[2-methyl-3-trimethyloxylPhenyll-4(3H)-quinazolinone. (IV) 2-methyl-3-[2-methyl-4-{trimethylsil­
yloxy)phenyl ]-4(3H)-qulnazollnone, and (V) 2-methyl-3-o-tolyl-6(trimethylsllyloxy)-4(3H)-quinazolinone

applications. Many procedures are not amenable to stream
splitting where injection volumes are considerably reduced
before they enter the column. In Figure I. the injection port
and inlet design is shown that is recommended for nonsplitting
injections of up to 1 ~I of sample.

Very simply, the inlet is little more than 6-mm (o.d.) glass
tubing with an inside diameter of 2 mm and a length of 15-20
em. The tip is drawn to a capillary to be easily connected to
the SCOT column with Teflon tubing. An alternative to

drawing the end of the tube into a capillary is to use a
Swage10k reducing union if leak-tight connections can be
maintained between the glass inlet and the capillary col­
umn.

If the aluminum heating block can be replaced with one that
accommodates a second inlet, the modification will be neater,
and the heat to the inlet can be better controlled and more
evenly distributed along the entire body of the tube. Other­
wise, the glass inlet can be wrapped in three or four thicknesses
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Table I. Replication of Peak Areas

Sample A Sample D, Sample C. 53mple D,

Metabolite (nleEratar counts Mean and sid dey integrator counts integrator counls integrator counlS

88840
92120
92370 126400 60490 25060
86610 89618. 2532 132000 59580 24690
88160

II 48870 2183 6991
48300 2057 7174

III 45400
47690
46760 41640 51960 3 201
42060 44 754 • 2678 43290 50440 3 416
41 860

IV 86070
89590
87400 72690 19540 49400
86190 87490. 1 469 73 230 19490 46540
88200

V 126000
130400
128200 26480 17890 345
126500 128180. 1945 26430 17 600 338
129800

of aluminum foil and secured to the existing heating block
with glass heat·resistant tape. Enough heat is conducted to
the inlet to maintain a temperature fairly close to that of the
heating block, and sufficient to produce the necessary va­
porization of the sample.

Apparently, the capacity of SCOT capillary columns is
much greater than previously anticipated (9), and it was found
that injections of up to 2 1'1 did not adversely affect the per·
formance or tbe condition of the column. In the interest of
optimum resolution and efficiency, however, the smallest
sample volume injection is always to be preferred, and 11'1 is
considered adequate. Witb injections of this magnitude, the
columns can withstand continuous use of several months
without noticeable deterioration. By continuous use is meant
an average time cycle of I h for a chromatographic run, and
sample injections are repeated automatically throughout a
24-h period for up to 5 days at a time. When column deterio­
ration was evident, the column was removed and rejuvenated
with a new coating of the liquid phase (2 g ofSE-30 in 100 mI
of isooctanel. The recoated column was good for several more
months of continuous operation.

Although some efficiency may be lost as a consequence of
larger sample injection volumes, the precision is better than
that of many stream splitting inlets. In Table I, sample A
represents a synthetic mixture of methaqualone metabolites,
and samples B, C, and D are extracts of human urine that
contained these metabolites. Since the quantities of urine
specimens were limited, duplicate analyses only were per­
formed, wbereas the synthetic sample was run repeatedly to
demonstrate the reproducibility of the peak areas. (Synthetic
metabolite II was not available, and for that reason was not
included in the synthetic metabolite mixture.) The more im­
portant consideration is the advantage of a larger sample
volume for those applications wbere the sample has been
dissolved in a solvent, and constitutes only a small fraction
of tbe entire injection volume. Stream splitting tends to di·
minish the actual concentration of the sample on column to
the point where it might not be detected. In effect, nonsplit­
ting improves the sensitivity of a procedure or application,
since more of the sample is available to the detector.

Figure 2 shows chromatograms of the same specimen that
was injected first into a I-m, 5% OV-l packed column, and
followed by a similar injection in a SCOT capillary column

coated with SE-30. Both columns were connected in the LKB
9000 gas chromatograph-mass spectrometer as described. The
carrier gas of the packed column provided the make-up gas
for the capillary column. The oven temperature was increased
10·C (200 ·C) for the capillary column to reduce the length
of time for the run. These chromatograms represent com­
parative separations of an extract of hydrolyzed urine from
an individual who had ingested a therapeutic dose of metha­
qualone. The peaks indicated are trimethylsilyl ether deriv­
atives of the five principal methaqualone metabolites. The
first two metabolites have coalesced into a single peak on the
packed column chromatogram. In the same manner, the sec­
ond large peak corresponds to the last three metabolites. In
marked contrast, all five metabolites are well separated on the
SCOT capillary column. Before capillary columns were at·
tempted for these metabolite separations, packed columns of
up to 1.5 m were employed without success.

Although the superiority of capillary columns is not difficult
to demonstrate where resolution is a matter of concern, the
prospect of having to change columns when packed columns
are required. and the limitations of sample injection volume
associated with stream splitting often discourages tbeir use.
The alternatives that have been presented here are simple and
effective solutions to these problems. More importantly. these
transformations can be accomplished easily without extensive
alteration to the equipment involved.
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Gas Chromatograph-Mass Spectrometer with Dual Electron Impact/High Pressure Ion
Source

Ragnar Ryhage

Laboratory for Moss Spectrometry. Karollnska Instltuta. 5-104 01 Stockholm 60. SwtKIen

Many applications of chemical ionization have been de­
scribed since Munson and Field published their first paper
in 1966 (1, 2). The construction of ion sources has changed
slightly since that time, but experiments with many different
reagent gases have been made by chemists working in the field
of mass spectrometry, which has resulted in a more versatile
and comprehensive application of this method for ioniza­
tion.

Magnetic sector instruments, in which the ion source is at
high potential, were mainly used in the first work with
chemical ionization and the sample was introduced by the
direct insertion probe or via the heated inlet system (3-5).
However, during recent years, several articles have been
published where gas chromatography-chemical ionization­
mass spectrometry has been used (6, 7). Quadrupole mass
spectrometers have frequently been used both for direct in­
sertion probe and GC·CI-MS operation (8, 9). Some authors
have used single ion sources designed for CI operation to
produce EI spectra where helium was used as the reagent gas.
These spectra show similar fragroentation as normal EI
spectra (10). Because of the amall aperture of the exit slit and
of the electron beam entrance hole, EI mass spectra of optimal
sensitivity cannot be obtained using CI ion source conditions.
Other publications describe a fast changing EIICI mode of
operation (l1). In this case, two ionization chambers with
different slit widths were used to obtain optimalsensivity.

The work reported here illustrates how a GC-MS instru­
ment for EI is modified to produce optimal conditions both
for the EI and CI mode and to show the advantage in using two
different reagent gases when the instrument is operating in
the CI mode.

EXPERIMENTAL

Instrumentation. All experiments were performed with an LKB
2091 GC·MS instrument. The ion source and inlet system were
modified as follows: A new ion source was constructed (patent applied
for) 80 thet the apertures of the ion exit slit, the electron beam en·
trance, and the exit to trap, which are included on a movable, gold·
plated stainless steel band (8 X 0.03 mm), could be changed to permit
either the electron impact or chemical ionization mode of operation.
The slit size for the ion exit in the EI mode is 5 X 0.3 mm; for the
filament electron entrance, 2 X 1 mm; and for the electron exit to trap,
2 X 2 mm. In the CI mode, the dimension of the exit slit is 3 X 0.03
mm; for the electron entrance holes, 0.3 mm in diameter; and there
is no exit to the trap. Figure 1 shows the operational principle of the
new ion source in the CI mode. By moving the band 21 mm to the
other slit dimension, the ion &Durce is ready for operation in the EI
mode. It is important that the ion source is gas tight and that leaks
around the movable band are small as compared to the apertures in
the band. For this reason, the ionization box has been given suitable
radii and the surface is well polished.

Adifferential pumping system is used which employs Edwards high
vacuum pumps Ed 300 and Ed 150 at the ion source housing and the
analyur, respectively. The pumping speed around the ion source is
about 200 Jls for a pressure of about 10-4 Torr and the pressure in the
analyur is about 10-6 Torr for an ion source pressure of about 0.5
Torr. By installing a cold trap at the top of the ion &Durce housing and
by using liquid nitrogen, the pumping speed will increase and the
pressure for isobutane in the ion aource housing drops to 10-6 Torr
for an ion source preasure of 0.5 Torr. The pressure in the ion source
is measured by a Pirani gauge connected to a special probe made of
glass wbich can be used in the same position .. the direct probe inleL
The emission conuol unit for the dual EIIeI &Durce consists of two

regulating circuits, one for the trap cunent (25 to 200~)and one for
the total electron emil8ion tunent (0.25-4 mA) in the EI and CI
modes, respectively. The ion source baa two enraction.platel and tWo
repellen. The voltage potentials on the extraction platellllDd the two
repeUen are adjusted leparately for EI and CI and are lwitched, to­
gether with the electron energy, between the two modes of operation.
The electron voltage can be continuously changed from 10 to 100 eV
for El and by steps from 50 to 600 eY in the CI mode. An in~ator
is connected to the galvanometer amplifier at the collector of the mass
spectrometer. The circuit has start/stop integrate option programmed
to sum up the ion intensities within a chosen masa range. The lean
of the m8S8 spectrometer can operate independent of the integrator
and the output from the integrator produces the ion current gas
chromatogram.

Operation. Figure 2. shows a schematic diagram oftbe combined
gas chromatograph-mass spectrometer fot EVCl operetion. Megnetic
valves are used for the selection of the reagent gas along with a needle
valve and glass capillary to limit the gas flow. Each reagent gas con­
tainer has a separate pressure regulator, and a gas flow of 1 to 2 mVmin
is sufficient to keep the pressure in the ion &Durce between 0.4 and 0.8
Torr. In the EI mode, magnetic \·alves 1 and 2 are open and the other
magnetic valves are cloaed. In the CI mode, valves 1 and 2 are closed
and one of the valves to the reagent gases, 5, 6, or 7, is open. The
pressure of the reagent gas in the ionization chamber can also be ad­
justed by needle valve 3. To reduce the time required to reach the
operating pressure in this case, a magnetic valve, 4, can be opened for
short periods which are determined by the setting of a timer.

The exchange of reagent gases during continuous operation can be
done as follows: As soon as a scan of a mUll lpectrum with the f1l'lt
reagent gas is completed, the magnetic valves 1 and 2 are opened and
the inlet line is evacuated in less than 0.51. Immediately afterNards,
these valves are closed and another reagent gas is introduced into the
ionization chamber and. after 0.5 s, when this gas baa reached the
operating pressure, a new mass spectrum can be taken in 1.51 covering
a mass range of mle~ (12). In this way, the GC-MS instrument
can be operated in the CI mode and two complete 1.5-1 aca.n lpectra
would then take about 5 s. To obtain both El and Cl maas spectta of
the same GC peak, a proper timing of the required adjustments is
necessary. The slita must be changed between scans which takes about
35 and, at the same time, a readjustment of the electrical parameters
must be made. The required time for two complete 1.6-8 &CAn spectra
would them be 7 to 9 s. For the results presented here, methane and
isobutane were used as reagent gases with helium as carrier gas
through the gas chromatographic column with a flow rate of 10-20
mUmin for all experimental studies. The mass spectra were recorded
on uv paper since no computer was available for this project.
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Figur. 1. Schematic drawing 01 the combined EIICIInn llOU'C8
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Figure 2. Schematlc diagram of the combined gas chromatograph-mass spectrometer and reagent gas inlel system for El/el operation

RESULTS AND DISCUSSION

As a demonstration of the switching time from the con·
ventional El mode to the CI mode and vice·versa, and of the
exchange of reagent gases in the CI mode, 2 Ilg of pentobar.
bitone were injected into the SE·30 column. The retention
time for pentobarbitone was adjusted to be approximately 1
min. Figure 3 shows the GC peaks of the integrated ion current
where a and b correspond to the El and Cli_bu' modes of op·
eration. No mass apectra were recorded for these peaks. The
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width of the GC peaks at half·height are about 7 to 9 sand,
during this time, two complete mass spectra, one for each
mode of operation, could be recorded for each GC peak. GC
peaks c to f were checked to determine if any cross·residual
effect could be observed from one mode of operation to an·
other. Mass spectra of GC peak c were recorded in the Cl
mode with isobutane as the reagent gas, Cl, and in the El
mode, C3. After the Cl spectrum was recorded(C!), the reo
agent gas was switched off and the electron energy, repeller.
and extraction voltages were switched over to the El position
as well as the movable band for a change to a larger exit slit
and electron entrance hole into the ion source. After the El
mass spectrum (C3) was recorded, the voltages and movahle
band were reset for the Cl mode. GC peak d was recorded in
reversed mode, E[ to Cli-but. Two C[ mass spectra were reo
corded for GC peaks e and f. The first mass spectrum of peak
e was recorded with methane and the second with isohutane
as a reagent gas. Peak f was first recorded with isohutane and
then methane as the reagent gas.

The mass spectra of GC peaks c and d in Figure 3 are shown
in Figure 4. The E[ and C[i_bu, spectra show that even a fast
change of the operating mode does not indicate any differ·
ences in the fragmentation pattern. [n both cases, the E[
spectra have a hase peak at mle 156 and in the Cl mode mle
227 (M + 1) is the base peak. No cross contamination was
observed in the mass spectra ofGC peaks e and f in Figure 3.
Figure 5 shows the switching time for GC·MS analysis for
benzophenone between the E[ and C[i .bu' modes which was
checked through the use of a multiple ion detector (MID)
LKB 2091·710. The molecular ion' (mle 182) and the (M +
H)+ ion at mle 183 with the isotope peak at mle 184 were fo·
cused on the MID. As soon as the peak appeared for a few
seconds in the El mode, the movable band and the ion source
voltages were changed to the Cl mode. This procedure was
repeale!! during the time the GC peak eluted from the column.
The mode of operation was changed from El·CI·EI·CI in
about 15 s. During this time, it should be possible to obtain
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Figure 4. Mass spectra of pentobarbitone obtained from GC peaks c and d (Figure 3)
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as a function of the recording and swhchlng lime batw_ the EJ-CI-EI-CI
modes

three complew 1.5-5 scan mass spectra To check the switching
time of the reagent gases. the reactant ions mle 17 (CH.+) and
mle 57 (C,H.+) were focused on the MID. The intensity of
these ions was recorded when the reagent gases used were
methane, isobutane, and methane, consecutively. Figure 6
shows the inwnsity of these ions as a function of the switching
and recording time. After the first mass spectrum was taken,
the reagent gas methane was switched off and a pumping time
of 2 s was aHowed before isobutane was introduced into the
ion source. Thus, during a period of about 5 s, two CI mass
spectra could be obtained. When methane was introduced a
second time. a sharp peak of isobutane was seen, which means
that the inlet line contained a small amount of isobutane.
However, this did not influence the mass spectra obtained
with methane as the reagent gas.

From these experiments it could be concluded that, through
a reduction in volume of the reagent gas inlet line, the influ­
ence of the remaining gas from the prior operation will be
negligible. Furthermore, a reduction of the time required for
two 1.5-s scan mass spectra using different reagent gases can
be accomplished if proper synchronization of scan initiation
and gas switching is made. Then the required time would be

c",'

m/tt7

FIgure 6. Intensities of the reactant Ions Clio+ and C,Ho+ in the Cl mode
as a function of the recordIng and switching time when methane or
isobutane. respectively, was used as a reagent gas

about 4 s as compared to 5 s with the semiautomatic procedure
reported above. Similarly, the required time to obtain two
1.5-s scan mass spectra can be reduced to 6 s as compared to
7 to 9 s if automatic control of EI/CI switching and scan ini­
tiation were employed. The moveable band which permits
rapid changing of the operation mode can easily be exchanged
for one having smaller or larger slits suitable for the type of
samples to be studied and the reagent gas used.

It is advantageous to run the mass spectromewr in the
EI/CI mode of ionization for most of the compounds which
show a low molecular ion intensity in the EI mode. A fast
change of the ionization mode is advisable when such samples
are flashed from the direct probe inlet or when special com­
ponents in a gas chromatographic analysis must be thoroughly
investigawd. Additional mass spectrometric data which can
be ohtained from such an instrument will greatly increase the
certainty of identification. In particular. this could be of im­
portance in molecule identification when computerized "li_
brary search" routines are used to assist analysts in obtaining
correct answers.

Since the GC-MS instrument used for this experiment is
one of the first prototypes of LKB 2091, no time was spent on
determing the maximum sensitivity and resolution. However,
similar modifications which were made on this instrument
have later been used for other LKB 2091 instruments. The
specifications fo. these instruments regarding resolution and
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sensitivity are similar to the standard model in the EI mode.
In the CI mode, the resolution is the same as in the EI mode
but the sensitivity has not been established.
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Self-Positioning Anti-Vortex Plug for Nuclear Magnetic Resonance Sample Tubes

LeRoy F. Johnson

Nicolet Technology Corpore/Ion, Mountain View. Gelil. 9404 t

\Vhen it is desired to use a minimum volume ofsolution in
an NMR sample tube, anti-vortex plugs are generally used to
prevent formation of a vortex when the sample tube is spun.
This is particularly important when sample tubes of diameter
near 20 mm are used (I). Commercialanli-vortex plugs (such
as made by Wilmad Glass Co.) are designed to be a press-fit
through action of pliable fins on the central part of the plug.
The plug, which has an axial hole for air escape, tapped at one
end, is positioned in the tube with the use of a threaded
rod.

When used with large diameter (15-25 mm), thin wall (0.5
mm) tubes, a press-fit plug can rather easily break the lube
during insertion. Also, variable temperature operation is a
problem because expansion of the plastic plug during high
temperature operation can break the tube, while contraction
of the plug during low temperature operation can cause the
plug to slide to the bottom of the tube.

An anti-vortex plug which overcomes the problems men­
tioned above is illustrated in Figure I. A cylinder of Teflon of
length aboul35 mm is machined to a smooth diameter about
0.2 mm less than the inner diameter of the sample tube. The

HIIlM SAIIlPlE TUBE

'\~""f--ANTI· ... OM1E x PlU!;

ACTIVE SAIIlPlE VOlUIIlE

Figure 1. Diagram of anl~vortex plug In an NMR sample tube

top iO-mm section of the cylinder is turned-down to a diam­
eter of about 5 mm and a small radial hole is drilled through
this section. The bottom of the plug is made slightly con­
vex.

The sample tube is spot-healed using a torch with a very
small flame at an appropriate distance up from the bottom,
and dimpled using a small metal rod. In use, the sample tube
is filled to a depth jusl higher than the dimpled spot. The plug,
inserted in the sample tube, will float down to the point where
it rests on the indented spot. Any trapped air bubbles can he
moved out of the active sample volume by shaking the sample
tube as if it were a clinical thermometer. To remove the plug,
along piano wire with 8 90° hook at the end is inserted in the
radial hole of the plug.

In extended use, the anti-vortex plug described here has
proved to be very convenient to use. Spin rates up to 100 rps
have been used without formation of an air bubble below the
plug. Dynamic balance of the loaded sample tube is not ap­
preciably affected since lhe dimple region is quite small
compared to the overall sample volume. Although initially
conceived for use with 18-25 mm tubes, this plug design has
also been quite practical with 12-mm tubes as well. Of course,
with smaller diameter tubes, care must be exercised in gen­
erating the dimple in the tube so as to not distort the
straightness of the tube.
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CORRECTION

Kinetically Assisted Equilibrium Based Repelltlve Determi­
nations ollron(lI) with Ferrozlne In Flow-Through Systems

The authors of this article IV. V. S. Eswara Dutt, A. Es­
kander-Hanna, and H. A. Mottola, Annl. Gllem .. 48, 1207
(1976)] would like to point out the omission of a necessary
assumption for Equations 7 and 8 to be valid. Conditions
leading to lhese equations require thatk.» k_ 1 as well as the
staled k , » k_,.
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