


tomoss 
.>:<- The Power of Original Thinking 

When Nermag set out to develop the premier Automated 
Benchtop GC/MS Workstation, we were aware there was a need -
YOllr need, for more analytical power. Power that is simple to use, 
yet flexible enough to tackle the toughest problems. A true research
grade mass spectrometer was required, uot a compromised mass 
analyzer camouflaged by glitzy game-show software. 

Introducing Automass, the benchtop mass spectrometer that 
only Nermag could build, and the only one of its kind in the world 
today. The basis of Automass is a state of the art quadrupole with 
plug-in prefilters and an optimized Ionization Source for EI, CI, 
and negative ions. Our original Off Axis Ion -Photon Conversion 
Detector and patented Resolver electronics are enhanced by a 
differentially pumped vacuum system for real CI spectra. 
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Automass is controlled by our exclusive LucyTM software. 
Lucy does window after window of instrument configuration 
setting, auto or manual tuning, calibration, mass spectra, 
chromatographic trace, and data reduction; while simultaneously 
examiuing the complete library and quantifying results. 
You'll Love Lucy. 

Automass can flawlessly perform routine analysis all day 
virtually unattended, or help you tackle the most difficult analytical 
problem. 

Automass advances Mass Specll'Ometry into the 90's. 

Powerfully. 
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Are you using 
the right chromatography column 

for your application? 
Chrompack helps you with a full range of Tailor-made columns. 

Tailor-made GC columns 
are available for: 

Amines 
C-Co Hydrocarbons 
C,-C, Hydrocarbons 
Dioxins 
Fatty Acid Methyl Esters 
Free Fatty Acids C2-(" 

Gasoline fuels 
Glycols 
Halocarbons [EPA 624] 
PCB's 
Optical isomers 
N" 0, CO, CO 2 , C,-C; 
Permanent gases 
Pesticides 
Simulated distillation 

Optimized and guaranteed for a specific application field. 

GCHROMPACK 
Chrompack Inc. 

1 j 30 Route 202, Raritan NJ 08869 
Tel to!1 free :800J 526-3687-New Jersey [20 1J 722-8930 

Telex 833290, Fax (201] 722-8365 

• Anions 
• Aromatic acids 
• Carbohydrates 
• Cations 
• Large biomolecules 
• Optical isomers 
• Organic acids 
• Pesticides 
• Petroleum products 
.. Polyaromatic hydrocarbons 

Free leafiecs are available for all Tailor-made columns, showing a number of specific applications, Chrompack columns are pretested and guararteed, 

_ FROM CHROMATOGRAPHERS - FOR CHROMATOGRAPHERS _ 

CIRCLE 26 ON READER SERVICE CARD 
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Adapt your GC for supercritical fluid 
applications, or get a complete packed
column system with absorbance detec
tion. Our SFC/SFE systems give you the 
advantages of Isco's field-proven 
syringe pump technology and the 
capability to optimize extractions and 
analyses with software-based pressure 
and density programming. 

CIRCLE 75 ON READER SERVICE CARD 

I 

A good detector is the key component you need to get 
started in HPCE, and our new cv4 variable wavelength 

UV absorbance detector is the ideal foun
dation for a versatile, modular system. 
CV4 gives you the flexibility of on-col
umn detection at any wavelength from 
190 to 360 nm with capillaries from 50 Jlm 
ID to 500 Jlm OD. Its exclusive optical 
design minimizes stray light to provide 
low noise and enhanced sensitivity. 

CIRCLE 77 ON READER SERVICE CARD 

Isco programmable chromatographs are robust, easy to 
maintain, and adapt readily to your changing 
application requirements. Unique pump and detector 
features provide convenient, uncluttered systems with 
reduced maintenance and operating costs. Chem
Research software add, PC-based data management 
and gradient controL 
And our Foxy 
programmable 
fraction collector 
is the smartest 
choice for any 
automated prep 
HPLC 

Because Isco syringe pumps feature high cali
bration accuracy and no detectable 
flow noise, they'll outperform any 
reciprocating pump in 
applications requiring 
high precision at very 
low flow rates. Three 
versions let you choose 
from pressure limits to 
10,000 psi, flow rates 
from 0.02 Jll/min to 
6.7 mllmin, and 
capacities to 
500mL All 
three pumps 
include inter
faCing for 
computer 
controL 

CIRCLE 78 ON READER SERVICE CARD 

All Isco instruments carry a three-year parts and labor warranty. To 
find out how affordable Isco quality can be, call toU;{ree now. 

Isco, Inc. 
P.O. Box 5347 

Lincoln, NE 68505 
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INSTRUMENTATION 1367 A 
Fluorescence diagnosis and pho
tochemical treatment of diseased 
tissue using lasers. In the first of a 
two-part series, Sune Svanberg and 
co-workers from the Lund Institute 
of Technology (Sweden) and the 
Lund University Hospital survey la
ser techniques for atomic and mo
lecular analyses of clinical samples 
and describe the use of tumor-seek
ing agents in combination with laser 
radiation for malignant tumor de
tection and treatment 

BRIEFS 

NEWS 

FOCUS 1381 A 
On the cover. Consortium on 
Automated Analytical Laborato
ry Systems. Scientists at the Na
tional Institute of Standards and 
Technology recently established an 
industry-government research con
sortium to accelerate the advance
ment of automated analytical sys
tems, improve efficiency and data 
quality, and promote the transfer of 
analytical methods. CAALS project 
manager Skip Kingston of NIST's 
Center for Analytical Chemistry de
scribes the consortium's philosophy 
and technical program 

1358 A 

1365 A 
The Society for Analytical Chemists seeks applicants for two research 
grants. ~ Researchers at Georgia Institute of Technology evaluate method to 
remove volatile organic pollutants from buildings. ~ Lawrence Berkeley 
Laboratory researchers discover that cerussite is a possible material for a new 
generation of scintillation detectors 

MEETINGS 1374 A 
Conferences, ~ Short courses and workshops, ~ Call for papers 

BOOKS 1376 A 
Critical reviews. Books on laser microanalysis, electrophoresis, and on-line 
process analyzers are reviewed 

NEW PRODUCTS & MANUFACTURERS' UTERATURE 1386 A 

AUTHOR INDEX 2689 
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BRIEFS -
Articles 

Quantitative Imaging of Boron, Calcium, Magnesium, 
Potassium, and Sodium Distributions in Cultured Cells with Ion 
Microscopy 2690 
A method for the generation of intracellular elemental con
centration information from ion micrographs of cryopre
pared cultured cells is detailed. Detection limits in the low
to sub-ppm dry weight range are estimated. 
Walter A. Ausserer, Yong-Chien Ling, Subhash Chandra, and 
George H. Morrison*, Baker Laboratory of Chemistry, Cornell 
University, Ithaca, NY 14853-1301 

Determination of Phosphorus in Zircons by Inductively Coupled 
Plasma Atomic Emission Spectrometry 2696 
Phosphorus is determined in zircons by ICP-AES. The low
est concentration determined is 1.8 I'g mL -1 P 20 5. Short
and long-term precision and method precision have relative 
standard deviations of 1.64,3.36, and 2.50%, respectively. 
J. C. Farinas, Departamento de Analisis QUlmicQ, Instituto de 
Ceramica y Vidrio, CSIC, 28500 Arganda del Rey, Madrid, Spain 

Phosphine-Ozone Gas-Phase Chemiluminescence for 
Determination of Phosphate 2699 
Gas-phase chemiluminescence generated by mlxmg 
phosphine and ozone is investigated. Phosphate is converted 
to phosphine by sodium tetrahydroborate. 
Kitao Fujiwara *, Faculty of Integrated Arts and Sciences, Hiroshi
ma University, Naka-ku, Hiroshima 730, Japan and Toshie Kan
chi, Shin-ichiro Tsumura, and Takahiro Kumamaru, Depart
ment of Chemistry, Hiroshima University. N aka -ku, Hiroshima 730, 
Japan 

Single Photon Counting Lifetime Measurements of Weak, Long
Lived Samples 2704 
The origin and elimination of some systematic errors in the 
determination of luminescence lifetimes by the time-corre
lated single photon counting method are discussed. 
Seth W. Snyder and J. N. Demas', Department of Chemistry and 
Biophysics Program, University of Virginia, Charlottesville, VA 
22901 and B. A. DeGraff, Department of Chemistry, James Madi· 
son University, Harrisonburg, VA 22807 

, Corresponding author 

-
Iterative Least-Squares Fit Procedures for the Identification of 
Organic Vapor Mixtures by Fourier Transform Infrared 
Spectrophotometry 2708 
Programs for the qualitative and quantitative analysis of 
vapor mixtures are evaluated using three mixtures contain
ing 5-11 components at approximately 2 ppm in zero air. 
Results are obtained using a set building method. 
Xiao Hong-kui, Steven P. Levine*, and James B. D'Arcy, School 
of Public Health, The University of Michigan, Ann Arbor, MI 
48109-2029, School of Public Health, Beijing Medical University, 
Beijing 100083, People's Republic of China, and Biomedical Science 
Department, Research Laboratories, General Motors Corporation, 
Warren, MI 48090 

Nanogram Nitrite and Nitrate Determination in Environmental 
and Biological Materials by Vanadium(lII) Reduction with 
Chemiluminescence Detection 2715 
Vanadium(III) is used as a reducing reagent for the determi
nation of nitrate (using 0.1-1.0 M HCI at 80-90 °C) and 
nitrite (at room temperature) in water, sediment, plant ma
terials, and human fluids. Nanogram detection limits are 
achieved. 
Robert S. Braman * and Steven A. Hendrix, Department of 
Chemistry, University of South Florida, Tampa, FL 33620 

Statistical Estimation of Analytical Data Distributions and 
Censored Measurements 2719 
By comparing analytical data to its normal cumulative prob
ability scale, shapes of unknown data distributions are nu
merically defined and expected values of censored data 
points are estimated. 
Kirk K. Nielson* and Vern C. Rogers, Rogers and Associates 
Engineering Corporation, P.O. Box 330, Salt Lake City, UT 84110-
0330 

Selective Detection of Carbon-13, Nilrogen-15, and Deuterium 
Labeled Metabolites by Capillary Gas Chromatography
Chemical Reaction Interface/Mass Spectrometry 2724 
A chemical reaction interface MS technique selectively de
tects 13C_, 15N_, and 2H-enriched phenytoin and its metabo
lites in urine following capillary GC at the low- to subnano
gram per milliliter level. 
Donald H. Chace and Fred P. Abramson', Department of Pharo 
macology, The George Washington University Medical Center, 
Washington, D.C. 20037 
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BRIEFS 

Decomposition of Peroxyacetyl Nitrate and Peroxypropionyl 
Nitrate during Gas Chromatographic Determination with a 
Wide-Bore Capillary and Two Packed Columns 2731 
For a residence time of 2 min on the GC column, 29% ofP AN 
is decomposed on the wide-bore column, 82% on the 
Carbowax 400 column, and 71% on the QF-l + diglycerol 
column. PPN yields similar results. The optimum column 
and ECD temperatures are also determined. 
Nikolaos Roumelis and Sotirios Glavas*, Department of Chemis
try, University of Patras, GR-26110 Patras, Greece 

Deconvolution of Nonequilibrium Band Broadening Effects for 
Accurate Particle Size Distributions by Sedimentation Field
Flow Fractionation 2735 
The distortion of particle size distribution for narrow disper
sity samples attributable to nonequilibrium band broaden
ing in sedimentation FFF is characterized. Two deconvolu
tion techniques are applied to remove this broadening from 
experimental fractograms. 
Mark R. Schure*, Digital Equipment Corporation, 200 Forest 
Street, MROl-3tr2, Marlborough, MA 01752 and Bhajendra N. 
Barman and J. Calvin Giddings, Department of Chemistry, Uni· 
versity of Utah, Salt Lake City, UT 84112 

Determination of Acrylonitrile in Stationary Source Emissions 
by Impinger Sampling and Gas Chromatography with Nitrogen
Phosphorus Detection 2743 
Evaluation of a sampling and analytical method through 
both laboratory and field testing is reported. An accuracy of 
4.6% and a precision of 3.3% are achieved. 
James N. Fulcher, Gary B. Howe*, R.K.M. Jayanty, and Max 
R. Peterson, Center for Environmental Measurements, Research 
Triangle Institute, P.O. Box 12194, Research Triangle Park, NC 
27709 and Jimmy C. Pau, J. E. Knoll, and M. R. Midgett, U.S. 
Environmental Protection Agency, Research Triangle Park, NC 
27711 

Separation of Cations by Open-Tubular Column Liquid 
Chromatography 2747 
Cations are separated using open-tubular columns (9.5, 5.4, 
and 4.6 /-<m Ld.) coated with a strong and weak cation ex
changer; 67-100% of the possible number of theoretical 
plates are obtained. 
Stephan R. Millier and Wilhelm Simon', Department of Organic 
Chemistry, Swiss Federal Institute of Technology (ETH), CH-8092 
Zurich, Switzerland, H. Michael Widmer and Karl Grolimund, 
Central Function Research, Ciba-Geigy AG, CH-4002 Basel, Swit
zerland, and Gerhard Schomburg and Peter Kolla, Chromatog
raphy Department, Max-Planck-Institut fUr Kohlenforschung, 
D-4300 Mulheim-Ruhr, FRG 

Determination of Regulatory Organic Compounds in Radioactive 
Waste Samples. Volatile Organics in Aqueous Liquids 2751 
Volatile organic compounds are determined at /-<g/L levels 
from an aqueous matrix containing mixed fission products 
using remote purge and trap followed by GC/MS in a nonra
dioactive laboratory. 
Bruce A. Tomkins*, John E. Caton, Jr., Marsha D. Edwards, 
Manuel E. Garcia, Robert L. Schenley, Lise J. Wachter, and 
Wayne H. Griest, Organic Chemistry Section, Analytical Chemis
try Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-
6120 

Radiochemical Neutron Activation Analysis of Zinc Isotopes in 
Human Blood, Urine, and Feces for in Vivo Tracer Experiments 

2757 
The use of stable 70Zn tracer for detecting Zn in humans is 
validated by the simultsneous use of radioactive 65Zn tracer 
in adult volunteers. Three stable Zn isotopes are observed 
via neutron-irradiation products after chemical separations. 
inci G. Gokmen, Namik K. Aras, and Glen E. Gordon*, Depart
ment of Chemistry and Biochemistry, University of Maryland, Col
lege Park, MD 20742 and Meryl E. Wastney and Robert L Hen
kin, Department of Pediatrics, Georgetown University Medical 
Center, Washington, DC 20007 

Observation of Kinetic Heterogeneity on Highly Ordered 
Pyrolytic Graphite USing Electrogenerated Chemiluminescence 

2763 
Electron transfer involving luminol is favored at defect-rich 
regions of highly ordered pyrolytic graphite. 
Robert J. Bowling and Richard L. McCreery', Department of 
Chemistry, Ohio State University, Columbus, OH 43210 and Chris
tine M. Pharr and Royce C. Engstrom', Department of Chemis
try, University of South Dakota, Vermillion, SD 57069 

Fumed Silica Substrates for Enhanced Fluorescence Spot Test 
Analysis of Benzol aJpyrene-DNA Adduct Products 2766 
Amorphous fumed silica enhances both the intensity and 
resolution of the emission, excitation, and synchronous fluo
rescence spectra of benzo[a]pyrene-r-7,t-8,9,10-tetrahydro
tetrol on a filter paper substrate. 
Randy W. Johnson and Tuan Vo-Dinh*, Advanced Monitoring 
Development Group, Health and Safety Research Division, Oak 
Ridge National Laboratory, Oak Ridge, TN 37831-6101 

Supercritical Fluid Extraction for the Rapid Determination of 
Polychlorinated Dibenzo-p-dioxins and Dibenzolurans in 
Municipal Incinerator Fly Ash 2770 
One-hour leaching of municipal incinerator fly ash with su
percritical nitrous oxide removes more than 90% of tetra
chlorodibenzo-p-dioxins from this matrix. Precision is bet
ter than that obtained with the Soxhlet method. 
Nick Alexandrou and Janusz Pawliszyn*, Department of Chem
istry, University of Waterloo, Waterloo, Ontario, Canada N2L 3Gl 

Thimble Glass Frit Nebulizer for AtomiC Spectrometry 2777 
An internally pressurized thimble glass frit nebulizer is de
veloped as a sample introduction system for atomic spec
trometry. The nebulization system consumes microliter 
quantities of test solution. 
R. H. Clifford and Akbar Montaser', Department of Chemistry, 
George Washington University, Washington, DC 20052 and S. A. 
Sinex and S. G. Capar, Division of Contaminants Chemistry, Food 
and Drug Administration, Washington, DC 20204 

Determination 01 Chloride and Available Chlorine in Aqueous 
Samples by Flame Infrared Emission 2785 
The direct determination of chloride and available chlorine 
in aqueous samples is achieved with detection limits of 1.59 
ppm (Cl-) and 1.61 ppm (CI2), average RSDs of 4.39% (Cl-) 
and 1.84% (CI2), and an accuracy of 2.97% (Clz in bleach 
when compared with iodometric titration). 
S. W. Kubala, D. C. Tilotta, M. A. Busch, and K. W. Busch', 
Department of Chemistry, Baylor University, Waco, TX 76798 

1360 A • ANALYTICAL CHEMISTRY, VOL 61, NO. 24, DECEMBER 15, 1989 



Acrodisc: The 
Difference 
isOear . 

. , ... ,u,,,, the Widest Selection. 
Gelman Sciences Acrodiscs® are available in a wide 

of membrane types, with O.2/Lm or 0,45/Lm 
and 13mm or 25mm diameters. 

~91P!;;;Htrl'V Identified. 
Acrodiscs are printed with identifying information, 
and are color-coded to the product packaging. 
Convenient tube containers allow you to see their 
contents at a glance. 

the Best Performance. 
Gelman Sciences is so certain you'll be satisfied ~ith 
the performanceof its Acrodiscsyringefi 
package is covered by a trA"·r~.nl"'''AI11, 
So order Gelman Sciences A"rnti,,,,,,, 
your local laboratory products 



rW!WHEATON 
1501 North Tenth Street 
Millv:lle, NJ 08332 USA 

Call Toil-Free: 1-800-225-1437, Ext. 2768 
TLX 55-12951WHEATON US] 

FAX 1-609-825-1368 

CIRCLE 177 ON READER SERVICE CARD 

ElFiIEiF!fii 

Structural Features of Aquatic Fulvie Acids. Analytical and 
Preparative Reversed-Phase High-Performance liquid 
Chromatography Separation with Photodiode Array Detection 

2792 
Characteristic repeated structural units are resolved in the 
hydrophilic and hydrophobic fractions of fulvic acids. The 
retention and UV -vis spectra of the resolved peaks are char
acteristic of aliphatic organic acids in the hydrophilic frac
tion and of conjugated aliphatic ketones and phenols in the 
hydrophobic fraction. 
Farida Y. Saleh* and Wenching A. Ong, Institute of Applied 
Sciences and Department of Chemistry, University of North Texas, 
Denton, TX 76203 and David Y. Chang, Burlington Research, Inc., 
Burlington, NC 21215 

Correspondence 
Generation 01 Chemiluminescence upon Reaction 01 Iodine with 
luminol in Reversed Micelles and Its Analytical Applicability 

2800 
Terufumi Fujiwara, Noriyuki Tanimoto, Jin-Jin Huang, and 
Takahiro Kumamaru*. Department of Chemistry, of Sci
ence, Hiroshima University, 1-1-89 Higasisenda-machi, 
Hiroshima 730, Japan 

Technical Notes 
Small-Volume Electrochemical Cell Designed for Rolaling lIisk 
Studies in Bioeleclrochemislry 21103 
P. N, Bartlett* and R, G, Whitaker, Department of Chemistry, 
University of Warwick, Coventry CV4 7AL, U.K. 

Thin-layer Microcell for Transmittance Fourier Transform 
Infrared Speclroelectrochemistry 2805 
Chao-Liang Yao, Fran~oise J. Capdevielle, Karl M. Kadish*, 
and John L. Bear*, Department of Chemistry, University ofHous
ton, Houston, TX 77204-5641 

Highly Stable Voltammetric Measurements of Phenolic 
Compounds at Poly(3-methyllhiophene)-Coated Glassy Carbon 
Electrodes 2809 
Joseph Wang'" and Ruiliang Li, Department of Chemistry, New 
Mexico State University, Las Cruces, NM 88003 
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Matheson has 

162 
Flowmeters 

Matheson has choices you didn't know you had. 
We are in the position of providing you with the right flowmeter for most 

research, analytical and process control applications. 

Electronic Mass Flow Controllers 
and Flowmeters 
... sense the mass flow of gas by measur~ 
ing the differential cooling between two 
points. They offer precise control andlor 
flow indication regardless of upstream or 
downstream fluctuations of 
temperature and pressure. 
Meter circuitry is solid state. 
There are over Sixty linear 
models ideal for use with 
integrators, totalizers and 
computer data reduction 
equipment. CIRCLE 100 

High Capacity Flowmeter 
7700 Series 
Matheson high capacity flowmeters are 
available in brass and stainless steel con~ 
struchon to solve a wide variety of flow 
measurement and control problems. 
Accuracy is ± 10% of full scale with flow 
ranges as high as 15 CFM or 500 LPM. The 
glass metering element, end blocks and 
fittings are all enclosed in a one-piece 
aluminum channel frame for maximum 
meter protection and safety. Eight standard 
flow ranges are available. 

CIRCLE 101 

150mm Multiple Tube Flowmeters 
7300 and 7400 Series •••• 
These fIowmeters can produce 2, 3, and 4 
component gas mixtures. All mixers are 
supplied with a single glass float and are 
back-pressure compensated by mounting 
the control valve on the outlet side of the 
tube. They also permit metering of separate 
streams of gases. The TUBE CUBE® for 
safe easy replacement is standard. All 
units are aluminum or 316 stainless steel 
and can be fitted with utility valves or 
high accuracy valves. o 

CIRCLE 102 

150mm Flowmeters 7600 Series 
Matheson's most versatile series includes 
24 models. They can be panel or bench 
mounted (or converted from panel to 
bench) with the valve on the outlet or 
inlet. Accuracy is 3% or 5% depending on 
the rate of flow. Two control valves are 
available including the high accuracy 
needle valve. This valve provides extremely 
accurate flow adjustment, non-reversing 
characteristics and excellent resolution in 
the low flow region for all tubes. 
The TUBE CUBE® is standard. 

CIRCLE 103 

Acrylic Purge Meters 7260 Series 
Accurate to 10% full scale, these econom
ical units are used with non-corrosive 
gases only. Protected by an aluminum 
frame, the acrylic body has a direct 
reading scale and is capable of measuring 
flows up to 60 SCFH. Pressure is rated at 
100 psig; temperature range is 40-150 oP. 
Four standard ranges are available. 

CIRCLE 104 

65mm Flowmeter 7200 Series 
This glass flowmeter is accurate to 5% of 
full scale. It has a single float and is 
calibrated to read directly in SLPM of air. 
Five standard ranges are available with 
direct reading scales from 0.05 to 25 SLPM 
maximum. Correction factors for many 
gases are available. Pressure to 200 psig; 
temperature to 250'F. The TUBE CUBE® 
is standard. Fittings of chromed brass or 
316 stainless steel are available. 

CIRCLE 105 

~------------~~!!'P~o~~~®-------------' World Leader in Specialty Gases & Equipment 

30 Seaview Dr., Secaucus, N.J. 07096 1587 



IN 
have a tradition of optical, 

nhntnmpjrir performancei the new Cary 1 
With excellent lineariTY, stability and 

the Cary's double beam design 
monochromator allows you to have complete 

in your results. No other instrument in this class 
deiivers the same level of performance. 

Application-Speciiiic Accessories 
You can mix and match a wide range of high performance 
accessories to fit any Programmable peltier heating 
anc cooling of 6x6 and sippers for kinetics and DNA 
melting curves. solids devices, reflectance 

and a selection are available. That's 
needs that Cary 

Unique Configurable Software 
Usee via a powerful Applications Development 
Language (AD'-) sets on the leading edge of scientific 
software. Configureble to applications, ADL fits the 
most unusual From routine measurements to 
accessing system contro! functions, ADL addresses any scien
tific experiment with ease. 

What's in a nama? When the name IS Cery, 
photometer that's designed for 
experimental 
results. Backed by a 
to qual,ty, the new 
new range of 
please call (800) 
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NEWS D _____ _ 

Analytical Chemistry Starter Grants 
The Society for Analytical Chemists of Pittsburgh is solic
iting applications for two $10,000 starter grants. The grants 
are designed to encourage innovative research by new as
sistant professors of analytical chemistry and to promote 
the training of graduate students. Analytical chemists who 
have accepted a U.S. college or university appointment 
since December 31, 1986, are eligible. For more informa
tion, contact Starter Grant Program, 300 Penn Center Bou
levard, Suite 332, Pittsburgh, PA 15235 (800-825-3221). 
Technical inquiries should be directed to Stephen Weber 
(412-624-8520). 

Building Bake-Off 
Preliminary data collected by researchers at the Georgia 
Institute of Technology suggest that one method being pro
posed to remove volatile organic pollutants from inside new 
or remodeled buildings may not work. The Georgia scien
tists found that heating some common building materials 
for several days failed to "bake-out" the organic pollutants. 

Volatile organics are considered a major source of indoor 
pollution. Builders have proposed driving out these chemi
cals by raising building temperatures and increasing venti
lation rates for several days. Pending legislation may actu
ally require builders to perform these "bake-outs." 

The Georgia researchers evaluated the idea in four sepa
rate tests with particleboard and modular office partitions. 
The products were aged for several days, then baked for 
three to five days at 30°C to 45 °C in an environmental 
chamber. "The total counts of volatile organics are about 
the same before and after bake out," explains Charlene 
Bayer, project head. She cautions that the results are pre
liminary and may not apply to other materials. 

However, even as volatiles are driven from some building 
materials, carpeting and wall coverings can reabsorb the or
ganics. The pollutants are then released over a long period 
of time. 

Bayer recommends "aging" materials and increasing 
ventilation to eliminate volatile organics. Unfortunately, 
the Georgia researchers observed that emissions from mod
ular office partitions only declined by one-half after four 
months, and it can take six months to remove noticeable 
odors from buildings. 

A Better Way To See the Light 
Following an exhaustive survey of likely candidates, re
searchers from the Lawrence Berkeley Laboratory (LBL) 
have discovered that a naturally occurring crystalline form 
of lead carbonate possesses superior scintillation proper
ties. The mineral, known as cerussite, could become the 
ideal material for a new generation of scintillation detec
tors. 

Substances capable of producing light when bombarded 
with ionizing radiation are rare. To date, fewer than 20 use-

ful scintillation materials have been identified. Most sub
stances dissipate ionizing energy as heat. 

The discovery that cerussite is a scintillator followed the 
screening of more than 200 powdered materials at Brook
haven National Laboratory's National Synchrotron Light 
Source. Those substances that showed promise when ex
posed to short, intense bursts of X-rays were retested in a 
crystalline form. The LBL researchers collected hard -to
find crystalline samples. Cerussite, for instance, came from 
a mine in Tsumeb, South Africa, near the Kalahari desert. 

Researchers conducting experiments with cerussite 
found that the lead carbonate crystal exhibited high radia
tion-stopping power, fast response times, and short "dead 
times" between responses. Cerussite could have response 
and rate capabilities 10 times faster than the bismuth ger
manium oxide detectors now used for positron emission 
tomography (PET) 
imaging. In addi
tion, cerussite is 
not hygroscopic 
like many other 
commonly used 
scintillators. 

Unfortunately, 
the lead mineral is 
generally found as 
tiny crystals sever
al millimeters in 
size, too small for 
commercial detec
tors. Therefore, 
development of 
this discovery will 
hinge on whether large crystals can be grown synthetically. 
Says LBL biophysicist Steve Derenzo, "It would be a chal
lenge for industry, but the rewards could be enormous." 

For Your Information 
Mark Wrighton has been selected as the first recipient of 
MIT's Ciba-Geigy professorship and research endow
ment. The chair was endowed by the multinational firm 
with a $3 million gift that will provide both salary and re
search support. 

The National Institute of Standards and Technology 
(NIST) has issued two new databases for personal com
puters. The first lists more than 13,000 critically evaluated 
X-ray photoelectron spectroscopic measurements in a for
mat that allows searching on photoelectron and Auger 
lines, chemical shift, line energy, and other variables. The 
database covers the literature through 1985. The other re
lease is an educational version of the DIPPR (Design Insti
tute for Physical Property Data) Data Compilation of Pure 
Compounds. This special database contains evaluated data 
on 39 properties of 100 frequently used classroom chemi
cals. For information on both databases, contact the Office 
of Standard Reference Data, NIST, A323 Physics Bldg., 
Gaithersburg, MD 20899 (301-975-2208). 
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Lasers are useful in many applica
tions in medicine and biology. Histori
cally, most laser use has involved heat 
generated in the interaction of the la
ser beam with the tissue. Today, how
ever, the spectroscopic aspects of this 
laser use are playing a more dominant 
role in a number of applications. 

In this two-part series, Sune Svan
berg and co-workers present illustra
tions of emerging clinical applications 
from cooperative work performed by 
the Lund Institute of Technology and 
the Lund University Hospital. Part I 
includes a survey of laser techniques 
for atomic and molecular analyses of 
samples of medical interest, spectro
scopic analysis of the laser-induced 
plasma obtained when a high-power 
pulsed laser beam interacts with tis
sue, and the use of tumor-seeking 
agents in combination with laser radi-

0003-27001 A361-1367/$01.5010 
© 1989 American Chemical Society 

ation to provide neW possibilities for 
malignant tumor detection and treat
ment. Part II, which will appear in the 
January 1, 1990, issue, describes the 
use of laser-induced fluorescence for 
tumor and plaque diagnostics. Differ
ent lasers have been used, and re
search efforts increasingly are being 
focused on excimer lasers and lasers in 
the IR region for the ablation of ath
erosclerotic plaques, cell layer by cell 
layer. 

Laser applications in biology and medi
cine constitute a rapidly growing field. 
Soon after the introduction of the laser, 

and 1 mm for the Ar+ laser (Aj = 
488 nm and 1.2 = 515 nm). 

Short, high-energy pulses from 
short-wavelength excimer lasers such 
as ArF (A = 193 nm), KrF (A = 248 nm), 
and XeCI (A = 308 nm) as well as from 
IR lasers such as the Er:YAG laser (A = 
2.94 I'm) and the CO2 laser give rise to 
ablation and plasma formation in their 
interaction with tissue. The mecha
nism for the UV pulsed light interac
tion with tissue is under debate. One 
proposed mechanism suggests that UV 
pulses may disrupt the tissue through 
molecular bond breaking. In such a 
case, two or more photons are neces-

INSTRUMENTATION ... • 
this new radiation source was used in 
clinical investigations_ Most laser use 
has involved heat generated in the in
teraction of the laser beam with the 
tissue (photothermal treatment) (1). 
Lasers are well known in surgery as ef
fective cutting tools, and surgeons find 
them especially useful when dealing 
with hypervascularized tissue because 
of the coagulating properties of the ra
diation. The penetration depth of laser 
light into tissue is largely determined 
by the absorption properties of water, 
hemoglobin, and the skin pigment mel
anin. The resulting effective surgical 
penetration in tissue is about 0.1 mm 
for the CO2 laser (A = 10.6 I'm), 4 mm 
for the Nd:YAG laser (A = 1.06 I'm), 

sary to break each bond-resulting in 
atomic and molecular ions-and plas
ma emission can be detected. 

The alternative mechanism suggest
ed is absorption of light in inhomogen
eously distributed chromophores. 
Thermal relaxation of these chromo
phores causes superheating of water, 
and microexplosions result in ablation. 
No plasma emission can be detected. 
IR light is absorbed in water, and the 
rapid vaporization of the water results 
in tissue ablation. The tissue is re
moved cell layer by cell layer, resulting 
in well-defined incisions with smooth 
tissue surface cuts; the surrounding tis
sue is not affected to any large extent. 
This ablative tissue interaction is use-
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ful in vascular surgery (2, 3) and in re
fractive surgery of the cornea (4). 

Although spectroscopic aspects in 
terms of absorption properties play a 
part in photothermal and photoabla
tive treatment, they are much more im
portant in the fields of laser photody
namic therapy and tissue diagnostics 
using laser-induced fluorescence (LIF). 
Laser interaction with tissue is re
viewed in References 5 and 6. Informa
tion on different aspects of laser use in 
medicine are given in three topical is
sues of the IEEE Journal of Quantum 
Electronics (7-9), and a useful review 
of the field with special emphasis on 
analytical and physical chemistry is 
given in Reference 10. For earlier re
views of our own work, see References 
11-14. 

In this two-part article, we will focus 
on spectroscopic aspects of laser use in 
emerging medical applications. In Part 
I, tumor therapy will be discussed and 
fluorescence investigations aimed at 
tumor detection will be described, il
lustrating the use of both natural tissue 
signals and hematoporphyrin deriva
tive (HPD) fluorescence. The spectral 
identification of atherosclerotic plaque 
in human vessels will also be illustrat
ed. Spectral emission diagnosis in con· 
nection with tissue ablation will also be 
covered, with examples from plaque re
moval and kidney stone fracture using 
pulsed laser beams. In Part II, we will 
demonstrate how the diagnostic poten
tial of LIF is increased by including the 
temporal characteristics of the fluores-

(a) 

(0) ,II -I~I 
.~-+-~ W,_ 

~ y-t reoomer 
CUtofffllter~ 
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cence decay. The extension of point 
monitoring to imaging measurements 
will be described together with impli
cations for practical clinical work. 

Laser techniques for medical atomic 
and molecular analysis 

Optical spectroscopic techniques such 
as atomic absorption and emission 
spectroscopy are used routinely to de· 
termine alkali ions or heavy metals (of 
interest from a toxicology perspective) 
in body fluids. Powerful laser spectro
scopic techniques have been developed 
with greatly extended sensitivity and 
selectivity. In several methods, ions or 
electrons obtained after selective laser 
excitation are detected, as illustrated 
in Figures la and lb. Such optogal
vanic methods are referred to as laser
enhanced ionization (LEI) spectrosco
py if flame ionization is used and if 
collisions play an important part in the 
ionization, or as resonance ionization 
spectroscopy (RIS) if photoionization 
in low-pressure samples is dominant. If 
a multiphoton process is used, the tech
nique is called resonant multi photon 
photo ionization (REMPI). The latter 
techniques can be combined with mass 
spectrometry (resonance ionization 
mass spectrometry, RIMS). Laser 
techniques for atomic analysis are dis· 
cussed in References 15-18. 

Liquid chromatography (LC) and 
electrophoresis, in which different mo
lecular species migrate at different 
rates in capillaries, are important 
methods for molecular analysis. The 

~~:' 
A'~# 
V CUtofffllter 

Photomultiplier tube 

Figure 1. Principles of four laser spectroscopic techniques for the determination of 
elements and molecular species in body fluids. 
(a) Laser-enhanced ionization (LEI) spectroscopy, (b) resonance ionization mass spectrometry (R!MS), 
(e) electrophoresis with laser-induced fluorescence (UF) detection, and (d) high-performance liquid chro
matography (HPLC) with UF detection. 
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sensitivity of such techniques has been 
greatly extended by employing LIF for 
the detection of different molecular 
compounds emerging from the separa
tive column. Additional selectivity can 
be obtained by analyzing the spectral 
distribution of the emitted fluores
cence. Electrophoretic and chromato
graphic techniques are schematically 
illustrated in Figures lc and Id. Laser 
detection of LC signals is reviewed in 
References 19 and 20. Capillary zone 
electrophoresis with fluorescence de
tection may be used in medicine to 
trace small amounts of important en
zymes, hormones, and peptides, as well 
as metabolic compounds of certain 
drugs (21, 22). An example of a high
performance liquid chromatography 
(HPLC) recording using nitrogen LIF 
for detection is shown in Figure 2 (23). 
Two recordings for different solvents 
obtained with a conventional refractive 
index (RI) detector are shown (left and 
right), as well as LIF recordings of the 
spectral contents for individual peaks 
(center). The different fractions of an 
HPD sample exhibit fluorescence with 
shifts toward the red for the more ag
gregated forms. 

Another class of medical analysis 
techniques using LIF is immunoassay 
and DNA sequencing with fluorescent 
tags. Such fluorescence tagging is also 
used in cytofluorometry and automatic 
cell sorting. (For a review of these as
pects, see Reference 24.) 

The laser energy regime where tissue 
ablation occurs is distinct from the one 
involving nonintrusive tissue fluores
cence. A hot plasma (100,000 K) can be 
formed, accompanied by strong light 
emission that can be used for tissue 
characterization and interactive con
trol of the material removed. This is of 
particular interest in connection with 
the removal of atherosclerotic plaques 
(25). The early stage of the plasma (t < 
300 ns) is characterized by a largely 
structureless continuum correspond
ing to high electron temperatures. As 
the plasma cools, sharp emission lines 
from ions and neutral atoms occur. 
These phenomena can be easily stud
ied with a time-gated optical multi
channel analyzer system (shown in Fig
ure 3). The plasma emission from a cal
cified human plaque is shown in Figure 
4 together with the spectrum obtained 
when directing the same excimer laser 
beam onto a piece of calcium metal 
(26). Emission lines of Ca and Ca+ can 
easily be recognized, and the spectra 
are very similar. In the tissue spectrum 
the sodium D line is as strong as the Ca 
lines and much more prominent than 
the corresponding sodium impurities 
in the calcium metal. The spectrum 
from normal tissue wall is much weaker 

Figure 2. Chromatograms of HPD. 
Left: sample suspended in 0.1 M NaOH and buffered to pH 7 with acetic acid, stirred 5 min, diluted in H20 
(2.4 times) and MeOH (5 times); flow rate: 0.7 mL/min; detection: RI at 360 nm. Right: sample suspended 
in H20, stirred 5 min. diluted in MeOH (5 times), stirred 5 min, and centrifuged; flow rate: 0.7 mUmin; de
tection: RI at 360 nm. Center: fluorescence spectra of peaks indicated in the left and right chromato
grams obtained with 337-nm laser excitation. 

Figure 3. Experimental arrangement for spectral diagnostics of laser-induced break
down plasma emission. 
(Adapted with permission from Reference 12.) 

and has less structure. Thus the evapo
ration of a calcified plaque can be 
stopped under computer control when 
the laser beam has penetrated through 
the calcified structure (25). 

Another interesting medical applica
tion of a laser-produced plasma is to 
induce stone fracturing in biliary and 
urinary calculi (gallstones and kidney 
stones). By forming the plasma at the 

surface of the stone submerged in a liq
uid, a shock wave with extremely high 
local pressures can be produced that 
will induce fracturing of the stone into 
small fragments (laser lithotripsy) (27, 
28). For this application a flashlamp
pumped dye laser is suitable, because 
hundreds of millijoules per pulse can 
be readily transmitted through a thin 
fiber. For the long pulses typical for 
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these lasers (II's), no damage is in
duced in the fiber. For a Q-switched 
Nd:YAG pulse with a typical length of 
10 ns, pulse energies well below 100 mJ 
must be chosen to avoid breakdown at 
the fiber surface. Again, the laser-pro
duced plasma can be spectrally ana
lyzed and differences in stone composi
tion detected. 

The techniques of urinary stone 
lithotripsy with spectroscopic detec
tion are illustrated in Figure 5. On the 
left, the fiber is shown in position in the 

ureter facing a urinary stone. On the 
right, an example of a urinary stone 
plasma spectrum is shown, as recorded 
in vitro (29). The composition of the 
stones has implications for the litho
tripsy procedure. Gallstones are either 
of the lightly colored cholesterol type 
or of the darker bilirubinate type. The 
former type is much harder to fracture 
than the latter type. To ensure that the 
fiber is aimed at a stone rather than at 
the tissue wall, the increased backscat
ter of a low-power laser beam can be 

(a) 

Na 

Wav81ength (nm) 

(b) 

Wavelength (nm) 

II ~ 1 11111 11 1 II ~ 1 
Ca 

Figure 4. Laser-induced breakdown plasma spectrum lor (a) a calcified plaque in an 
aortic wall and (b) a piece of calcium metal. 
The laser source was an XeCl excimer laser working at 308 nm with 20-ns-10n9 pulses. The spectra were 
obtained 500 ns after the excitation pulse. The Ca and Ca+ lines are indicated, and the insert at the top is 
a tissue preparation showing the laser ablation in a plaque resulting from 100 40-mJ pulses. (Adapted 
with permission from Reference 26.) 
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used. The acousto-optic signal from 
impinging laser pulses can also be ana
lyzed to ensure proper tip positioning 
before firing high-energy pulses. 

HPD-photodynamic therapy 
For some time, tumor-seeking agents 
such as HPD have been used in combi
nation with laser radiation to localize 
and treat malignant tumors. Recent 
progress in this field is described in the 
literature (14, 30-33). 

The basic principles for the HPDI 
laser technique are illustrated in Fig
ure 6 (14). HPD is intravenously inject
ed at a low concentration into the bio
logical system, where the agent spreads 
and is subsequently cleared out of the 
body through natural processes. How
ever, for reasons that remain partially 
unknown, the HPD molecules are se
lectively retained in the malignant tu
mor cells and in the endothelium cells 
in the tumor vascular system. The ma
jor absorption of HPD occurs in the 
Soret band, peaking at 405 nm. Fluo
rescence follows with a characteristic, 
dual-peaked distribution in the red 
spectral region. In tissue, the HPD flu
orescence is superimposed on the natu
ral tissue fluorescence spectrum (auto
fluorescence), as shown in Figure 6. 
The spectral fingerprint of HPD iden
tifies the tumor and allows standard 
biopsy specimens to be taken at the 
correct location. 

The excited HPD molecules can, al
ternatively, transfer their acquired en
ergy to oxygen molecules in the tissue. 
This transfer is mediated by the long
lived triplet HPD state to which radia
tionless transitions can occur. Triplet 
HPD molecules transfer their energy to 
oxygen molecules that are promoted 
from their ground X 3Lgstate to the It..g 

state. Singlet molecular oxygen is 
known to be a strong cytotoxic agent 
that violently oxidizes the surrounding 
(tumor) tissue. The laser-induced 
chemical process, which is referred to 
as HPD-PDT (hematoporphyrin de
rivative-photodynamic therapy), is 
normally performed with laser light at 
630 nm, where the HPD molecule has a 
minor absorption peak and where the 
tissue has a much better light transmis
sion than at shorter wavelengths. Al
though very small light doses are need
ed to induce observable fluorescence, 
efficient therapeutic action requires 
much more light, and normally a dye 
laser pumped by an argon ion laser or a 
gold vapor laser (A = 628 nm) is em
ployed. Encouraging results have been 
obtained in clinical trials using HPD
PDT. 

Because of the limited light penetra
tion in tissue, only thin superficial le
sions can be treated by direct surface 
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Figure 5. Principles of plasma spectroscopy in combination with laser lithotripsy. 
(a) Arrangement, including excitation laser, fiber delivery system, beam splitter, and spectroscopic detection system. (b) Plasma spectrum of a urinary stone in 
vitro under pulsed (50 mJ, 10 ns long) Nd:YAG laser irradiation. The spectrum was recorded 500 ns after the laser pulse. (Adapted with permission from 
Reference 29.) 

irradiation. Deeper lesions can be irra
diated by implanting fiber tips in the 
tumor mass through the lumen of a sy
ringe needle. Irradiation with the fiber 
inserted through the biopsy channel of 
an endoscope also substantially in
creases the applicability of the tech
nique. Finally, by irradiating the tumor 
bed after standard surgical removal, a 
more radical tumor eradication can be 
accomplished (e.g., in brain surgery). 

The result of an HPD-PDT treat
ment of a basiloma is shown in Figure 7 
(34,35). The tumor area was uniformly 
irradiated by 60 mJ/cm2 of 630-nm 
light. Because of the selective retention 
of HPD in the tumor, the necrosis (de
struction of tissue) is confined to the 
tumor area. In the right part of Figure 
7, the same area is shown three months 
after treatment. The only side effect of 
the HPD injection seems to be a hyper
sensitization to sunlight resulting from 
partial HPD retention in the skin. 
Therefore patients should be kept un
der low ambient light conditions for 
about four weeks. 

As the name indicates, HPD as pre
pared from hematoporphyrin accord
ing to the Lipson procedure (36) is a 
complex mixture of monomers and di
mers as well as aggregates of hemato
porphyrin. Recently, the therapeuti
cally active component was identified 
as dihematoporphyrin ether/ester 
(DHE) (37-39). This purified compo
nent is commercially available under 

New Solid Waste Reference Samples 
• Paint blasting waste 
• Paint sludge 
• Bag house dust 
When Precision is crucial... 
Depend on FisherChemical to 
ensure the accuracy of your 
analytical data. 

Validate your analyses with 
FisherChemical's latest Solid 
Waste Reference Samples 

(SWRS). Like other products in 
our line, these new samples are 
authentic wastes homogenized 
for consistency and tested by 
round robin analysis. Fisher~ 
Chemical SWRS satisfy your 
QA/QC requirements and help 
you evaluate your toughest 
analyses. 

For details, contact your local 
Fisher Representative. 

FlSherChemical 

Fisher Scientific 

CIRCLE 50 ON READER SERVICE CARD 

ANALYTICAL CHEMISTRY, VOL. 61, NO. 24, DECEMBER 15, 1989 • 1371 A 



INSTRUMENTATION 
XTiq£~~L'0'l"";"";"·l.TJWJ!_t.~n\LC;:::;:·' ~.=:'"~'l"'TY;l'i""Yl'!!:WiIIT"'ll:' 

Fluorescence diagnostics 

f~ 
LL i 400 500 600 700 
Excitation 

Wavelength (nm) 

OH 
I 

CH3 CH-CH3 

HC~CH 

~ N;C CH3 _ CH 3 

CH I.liN H HN - CH-CH 
1 2 N I 3 

CH, HC=Hl=CH OH I _ 

COOH 
CH2 CH3 
I 
CH2COOH 
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Figure 6. Schematic of the diagnostic and therapeutic use of photosensitizers in 
combination with laser radiation. 
A tissue spectrum exhibiting the fluorescence signature of HPD is shown for excitation at 337 nm. in-
serted photograph shows the necrosis of a basiloma 48 h after photodynamic therapy using 60 
an HPD dose of 2.5 mg/kg body weight. (Adapted with permission from Reference 14.) 

Figure 7. Photographs of basal cell carcinoma (left) 1 week and (right) 11 weeks 
after PDT. 
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the name of Photofrin Because 
monomers are known to have a much 
higher fluorescence yield than dimers, 
optimizing the conditions for therapy 
does not necessarily mean that tumor 
detection conditions 
The situation is 
the fact that the pOl'phymes 
in the living tissue 

Much research is now being 
to the development of new and more 
efficient sensitizers. Apart from 
photodynamically and 
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(LTH). His research interests include laser spectroscopy of free atoms, combus
tion diagnostics and remote sensing using lasers, and medical applications of LIF. 
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ing Physics degree from LTH in 1985. Since then he has been working as a Ph.D. 
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research is the medical application of LIF. 
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Conferences 

For information on the following Gor
don Conferences, contact Alexander 
M. Cruickshank, Gordon Research 
Center, University of Rhode Island, 
Kingston, RI02881 (401-783-4011 or 
3372) 

• Gordon Research Conference on 
Electrochemistry. Jan. 15-19. Ven
tura, CA 
• Gordon Research Conference on 
Isotopes in the Physical and Life 
Sciences. Jan. 22-26. Oxnard, CA 
• Gordon Research Conference on 
Bioanalytical Sensors. March 12-16. 
Ventura, CA 

• 12th International Conference 
on Cement Microscopy. April 2-5. 
Vancouver, Canada. Contact: Charles 
Buchanan, Jr., 409 Santee Dr., Santee, 
SC 29142 
• Oak Ridge Conference on Ad
vanced Analytical Concepts for the 
Clinical Laboratory. April 5-6. Tam
pa, FL. Contact: AACC, 2029 K St., 
N.W., 7th Floor, Washington, DC 
20006 (202-857-0717) 
• Royal Society of Chemistry An
nual Congress. April 9-12. Belfast, 
U.K. Contact: Royal Society of Chem
istry, Burlington House, London WI V 
OBN,U.K. 
• 1st International Congress on 
Electrophoresis, Supercomputers, 
and the Human Genome. April 10-13. 
Tallahassee, FL. Contact: H. Lim or R. 
McMullen, Florida State University, 
Tallahassee, FL (904-644-1010) 
• Meeting of the Materials Re
search Society. April 16-21. San 
Francisco, CA. Contact: MRS, 9800 
McKnight Rd., Suite 327, Pittsburgh, 
PA 15237 (412-367-3003) 
• 20th Annual Symposium on Ad
vances in Applied Analytical Chem
istry. May 2-3. Kenner, LA. Contact: 
Judy Timpa, SRRC, ARS, USDA, P.O. 
Box 19687, New Orleans, LA 70179 
(504-286-4360) 
• Southeastern Safety and Health 
Conference and Exhibition. May 8-
10. Atlanta, GA. Contact: Education 
Extension Service, Georgia Institute 
of Technology, Atlanta, GA 30332 
(404-894-2400) 

MEETINGS ---
• 3rd International Colloquium on 
Centrifugal Partition Chromatog
raphy. June 21-22. San Mateo, CA. 
Contact: Eleanor Cazes, Sanki Lab
oratories, 106 Folcroft East Business 
Park, Sharon Hill, PA 19079 
• Techniques, Instrumentation, 
Data Handling: UV Spectroscopy 
for the '90s. July 1-6. Yorkshire, U.K. 
Contact: T. Frost, The Wellcome 
Foundation Ltd., Temple Hill, Dart
ford, Kent DA1 5AH, U.K. 
• Meeting on Electrochemical 
Techniques in Speciation Studies. 
July 9-11. Liverpool, U.K. Contact: 
A. E. Bottom, Kent Industrial Mea
surements,Ltd., Oldends Lane, Stone
house, Glos. GLIO 3TA, U.K. 
• 2nd International Meeting on 
Spectroscopy Across the Spec
trum-Techniques and Applica
tions of Analytical Spectroscopy. 
July 9-12. Hertford, U.K. Contact: 
P. R. Brawn, Unilever Research, Col
worth Laboratory, Sharnbrook, Beds. 
MK44ILQ, U.K. 
• 5th Biennial National Atomic 
Spectroscopy Symposium. July 18-
20. Loughborough, U.K. Contact: J. R. 
Dean, Dept. of Chemical and Life Sci
ences, Newcastle upon Tyne Polytech
nic, Ellison Bldg., Newcastle upon 
Tyne NE1 8ST, U.K. 
• 43rd ACS Summer Symposium On 
Analytical Chemistry-Mass Spec
trometry. July 24-27. Oak Ridge, TN. 
Contact: David Donohue, ORNL, Ana
lytical Chem. Div., Bldg. 4500-S, Mail 
Stop 6142, Oak Ridge, TN 37831 
• 7th International Congress of 
Pesticide Chemistry. Aug. 5-10. 
Hamburg, F.R.G. Contact: Secretari
at, Bank Court Chambers, 2-3 Pound 
Way, Cowley Centre, Oxford OX4 
3YF, U.K. 
• 2nd International Symposium On 
Microcolumn Separation Methods. 
Aug. 20-22. Uppland, Sweden. Con
tact: Eva Mattsson, Swedish Chemical 
Society, Analytical Div., Wallingatan 
26 B, S-lll 24 Stockholm, Sweden 
• 12th International Symposium on 
Capillary Chromatography. Sept. 
11-14. Kobe, Japan. Contact: Kiyo
katsu Jinno, School of Materials Sci
ence, Toyohashi University of Tech
nology, Toyohashi 440, Japan 
• Symposium on Chemometrics 
with Environmental Applications. 
Oct. 30-Nov. 1. Las Vegas, NV. Con-
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tact: M. Stapanian, Lockheed Engi
neering & Sciences Co., 1050 E. Fla
mingo Rd., Las Vegas, NV 89119 
• 7th Montreux Symposium on Liq
uid Chromatography IMass Spec
trometry (LC/MS; SFC/MS; CZEI 
MS; MS/MS). Oct. 31-Nov. 2. Mon
treux, Switzerland. Contact: M. Frei
Hausler, Postfach 46, CH-4123 All
schwil2, Switzerland 

Short Courses 
and Workshops 

For information on the following 
courses, contact University of North 
Carolina, OSHERC, 109 Conner Dr., 
Suite 1101, Chapel Hill, NC 27514 
(919-962-2101) 

• Sampling and Evaluating Air
borne Asbestos Dust. Jan. 22-26, Feb. 
12-16, March 19-23, April 16-20, and 
June 25-29. Chapel Hill, NC 
• Asbestos Identification by Polar
ized Light Microscopy. Jan. 29-Feb. 
2 and March 26-30. Chapel Hill, NC 
• 10th Annual Occupational Safety 
and Health Winter Institute. Feb. 
12-16. St. Petersburg, FL 

For information on the following 
courses, contact Barbara Nowicki, 
Professional Analytical and Consult
ing Services, 409 Meade Dr., Coraopo
lis, PA 15108 (412-262-4222) 

• Courses on Basics of Gas Chro
matography and Thin-Layer Chro
matography. Jan. 22-25. Pittsburgh, 
PA 
• Courses on Quality Assurance of 
Chemical Measurements and Quali
ty Assurance of Environmental 
Measurements. Jan. 29-31. Pitts
burgh,PA 
• Courses on Spectroscopy Data 
Interpretation: Mass, Infrared, 
Near-Infrared, NMR, and 2D NMR. 
Feb. 21-25, Pittsburgh, PA 

These events are newly listed in the 
JOURNAL. See back issues for other 
events of interest. 



• Course on Sampling and Evalu
ating Airborne Asbestos Dust. Feb. 
5-9. Los Angeles, CA. Contact: Univer
sity of Southern California, Institute 
of Safety and Systems Management, 
Professional Programs, 3500 South Fi
gueroa St., Suite 202, Los Angeles, CA 
90007 (213-743-6523) 
• Bioseparations: Scale-Up and 
Design Workshop. Feb. 27-March 2 
and June 5-8. University Park, PA. 
Contact: Jim Shillenn, 519 Wartik 
Laboratory, Pennsylvania State Uni
versity, University Park, PA 16802 
(800-833-5533) 
• Quality in the Test Laboratory. 
March 13-14 and June 5-6. Warren, 
MI. Contact: Macomb Community 
College, Advanced Center for Manu
facturing Technology, 14500 Twelve 
Mile Rd., Warren, MI48093 (313-445-
7880) 

Call for Papers 
• 18th International Symposium on 
Chromatography. Amsterdam, The 
Netherlands. Sept. 23-28. The sympo
sium will cover fundamental aspects, 
instrumentation, new developments, 
and applications of chromatographic 
and related techniques, including LC, 
SFC, capillary GC, planar chromatog
raphy, field-flow fractionation, and 
capillary zone electrophoresis. Authors 
wishing to contribute oral or poster 
presentations should submit 400-word 
abstracts by Jan. 10 to Secretariat 18th 
ISC, RAI Organisatie Bureau Amster
dam bv, Europaplein 12, 1078 GZ Am
sterdam, The Netherlands. Instruc
tions for preparing abstracts are avail
able from the symposium Secretariat. 
• 3rd International Meeting on 
Chemical Sensors. Cleveland, OR. 
Sept. 24-26. The meeting will feature 
invited lectures and contributed paper 
and poster presentations dealing with 
chemical sensor and biosensor research 
and development, including sensing 
principles, fabrication techniques, ma
terials, and applications. Areas of in
terest include electrochemical, optical, 
chemical, and piezoelectric sensors; en
zyme sensors and immunosensors; IS
FETs and CREMFETs; biocompatibi
lity; in vivo sensors; immobilization 
and fixation of biomolecules for sensor 
applications; and interfacial phenome
na of biomolecules and biosensor ele
ments. Prospective authors should re
quest appropriate forms from Wen H. 
Ko or Chung-Chiun Liu, Electronics 
Design Center, Case Western Reserve 
University, Cleveland, OR 44106 (216-
368-2934). Deadline for submission of 
abstracts is Jan. 31. 

WorldOass 
()pp)rtuniti~. 

ARAMCO, the free world's largest producer and exporter of 
oil and gas, has the following opportunities available in Saudi Arabia. 

STABLE ISOTOPE CHEMIST 
Will serve as the stable Isotope Specialist with the company and 

will be responsible for setting up/operating/training personnel on a 
new stable isotope ratio mass spectrometer. Will consult with explora
tion geologists and provide appropriate data interpretation. BS in 
Chemistry, Advanced degrees preferred, with 15 years' of experience 
and 5 years' in stable isotope technology essential. 

ELECTROCHEMISTRY 
CORROSION CHEMIST 

Will be responsible for developing/maintaining state-of-theart 
electrochemical procedures and instrumentation utilized to evaluate 
oil field chemicals and corrosion mitigation programs. BS in 
Chemistry, with 8 years' experience in oil field electrochemistry and 
corrosion. PhD preferred, in Corrosion Electrochemistry. Additional 
experience will include A.C. impedance spectroscopy systems, 
potentiodyne, and computer controlled field potentiostats, 
microcomputers, high pressure compressors, and high pressure 
autoclaves. 

ANALYTICAL 
INSTRUMENTATION CHEMIST 

Will provide technical consulting services to refineries, gas/oil 
separation plants, and wet crude handling facilities in order to resolve 
field operational problems. BS in Chemistry advanced degrees 
preferred, with 10 years' experience in petroleum industry and 
knowledge in process chemistry essential. Additional working 
experience will include Perkin Elmer GCIFT·IR; fluorescence 
spectrometer; JEOL DX-300 gas chromatograph/mass spectrometer; 
Finnigan Incos 50 gas chromatograph/mass spectrometer; Phillips 
x ·ray powder diffractometer; JEOL scanning electron microscope; 
Kevex energy dispersive x-ray fluorescence spectometer; and Varian 
HPLC. 

Employment with ARAMCO will provide you with an 
interesting lifestyle in a multicultural environment, including 
comfortable family living arrangements, free medical care while in 
Saudi Arabia, fine schools and a broad spectrum of recreational 
opportunities, plus 36 calendar days of vacation annually, allowing 
for extensive travel. We provide an attractive compensation package 
which includes an expatriate premium. 

For immediate consideration, please send your resume/salary 
history to: ASC, Employment Dept. 06E-036-9, P.O. Box 4530, 
Houston, Texas 77210-4530. 

ARAMCO 
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SOOKS - -
Laser Microanalysis, On-Line Process 
Analyzers, and Electrophoresis 
Laser Micro Analysis. Lieselotte 
Moenke-Blackenburg. xvi + 288 pp. 
John Wiley & Sons, 605 Third Ave., 
New York, NY 10158. 1989. $70 

Reviewed by Carmen W. Huie, De
partment of Chemistry, State Univer
sity of New York, Binghamton, NY 
13901 

The ability of focused laser radiation to 
vaporize, dissociate, excite, Or ionize 
microquantities of matter from solid 
surfaces has provided the analytical 
chemist with a versatile method of di
rect chemical analysis of virtually any 
solid sample using either optical or 
mass spectrometry. Furthermore, the 
ability of the laser beam to be focused 
down to diffraction-limited spot size 
allows it to probe microscopic regions 
of the solid samples. Appropriately, the 
title of this book, Laser Micro Analy
sis, expresses some of the unique capa
bilities of this powerful analytical tool. 

This book can be divided essentially 
into two parts. Part I deals with various 
fundamental aspects of laser-surface 
interaction and points out the major 
problem facing laser microanalysis, 
which is the lack of reproducibility in 
the generation of neutrals and ions 
from the surface. Chapters 2-4 help the 
reader to appreciate that laser-surface 
interaction and the dynamics of the la
ser-generated microplasma are ex
tremely complex. By understanding 
these fundamental processes, a higher 
degree of precision and accuracy may 
be obtained by optimizing various laser 
parameters, using additional excitation 
sources, and ensuring proper prepara
tion and statistical testing of sample 
homogeneity. 

Part II is devoted to the discussion of 
instrumentation and application of la
ser microanalysis. Chapter 5 gives a 
comprehensive overview oflaser micro
probe-optical emission spectrometry, 
some of which is based on the author's 
own expertise in this area of research. 
Chapter 9 discusses another major top
ic that involves the combination of the 
laser microprobe and mass spectrome
try (LM -MS); of particular importance 

is the demonstration of the potential 
use of LM-MS for ultratrace and mi
crotrace analysis of specific isotopes 
and the speciation information provid
ed about elements present in complex 
and highly heterogeneous samples. A 
total of 448 references are presented in 
these two chapters. Chapters 6 and 10 
discuss the instrumentation and appli
cations of combining the laser micro
probe with inductively coupled plasma 
(ICP), microwave-induced plasma, di
rect-current plasma, and ICP-MS. 
These new techniques hold good prom
ise for providing lower detection limits, 
wider linear dynamic range, and rela
tive freedom from matrix effects. 
Chapters 7 and 8 briefly discuss the 
advantages and disadvantages of cou
pling the laser microprobe with absorp-

" ... a good 
introduction to the 
fundamentals ... 

with an emphasis on 
the analytical 

applications. .. , , 

tion and fluorescence spectrometry, 
and Chapter 11 compares the analyti
cal performances of laser microprobe 
techniques with various other methods 
of surface analysis. 

In summary, this book provides a 
good introduction to the fundamentals 
of laser-surface interactions with an 
emphasis on the analytical applica
tions of the laser-generated micro
plasma, and it gives an excellent review 
of both conventional and state-of-the
art laser microprobe techniques. In 
particular, I can recommend this book 
highly to researchers who are interest
ed in or are presently using the laser 
microprobe with optical emission and/ 
or mass spectrometry for direct solid 
analysis. Chapters 5 and 9 provide an 
excellent source of references for a 
large number of applications. One mi-
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nOr criticism is that some applications 
presented in the various tables are not 
listed in the index section, which makes 
it difficult to locate a specific applica
tion and the corresponding references 
from among a large number of exam
ples that are not presented in a specific 
order in each table. 

On-Line Process Analyzers. Gary 
Nichols. 300 pp. John Wiley & Sons, 
605 Third Ave., New York, NY 10158. 
1988. $55 

Reviewed by Robert E. Synovec, Cen
ter for Process Analytical Chemistry, 
Dept. of Chemistry, BG-lO, University 
of Washington, Seattle, W A 98195 

The book introduces readers to on-line 
process analysis by focusing primarily 
on existing analyzer or sensor technol
ogy. The book contains 12 well-organ
ized chapters comprising four distinct 
sections: fundamental instrumentation 
methods, derived instrumental meth
ods, sample systems, and process ana
lyzer project management. The author 
intended to have the text integrate the 
multidisciplinary field of on-line pro
cess analysis into an easy-to-read intro
duction for anyone with a college edu
cation in the physical sciences. Toward 
this goal, the author has succeeded. 
This review will briefly describe my 
opinion of the scope of the book, point 
out certain deficiencies, and highlight 
the primary merits. 

The author's 10 years of industrial 
experience have led to a coherent text 
that should be an excellent starting 
point for a scientist or technician who 
is interested in developing or learning 
about process analyzers. Nichols clear
ly points out that the pivotal point of 
on-line process analysis is the field of 
analytical chemistry, where the funda
mental concepts and issues of on-line 
analysis are addressed. Unfortunately, 
the text is limited in that the past is 
focused upon, and state-of-the-art and 
future directions are not indicated. 
This deficiency is also indicated indi
rectly by the limited integration of per-



tinent references. Essentially, the nu
merous examples are found in commer
cially available instrumentation. Thus, 
the field of on-line process analysis is 
described according to what exists, 
with limited discussion of new con
cepts, new directions, or shortcomings 
in the current technology. 

The author's discussion of existing 
analyzers borrows heavily from stan
dard instrumental analysis textbooks. 
An example of an obvious limitation is 
the omission of the role and integration 
of fiber-optic technology into on-line 
process analyzers. Another disappoint
ment is the lack of an example of an 
operating process analyzer with the 
subsequent data printout, which a pro
cess analyst would read and interpret. 
Essentially, the book contains only ver
bal discourses of various applications 
without any discussion of the actual 
data obtained by a process analyzer 
and how the data differ from a lab-top 
experiment. This would have been par
ticularly useful for the process gas 
chromatography chapter, for example. 

The author's experience does lead to 
many useful caveats concerning on-line 
process analyzer technology, in partic
ular the emphasis on pinpointing pro
cess-induced effects that will limit a 
given application. The discussion of 
sample systems was quite interesting 
and points toward one of the major 
problems in implementing a process 
analyzer. The various examples of pro
cess analyzers and process analysis is
sues are integrated with fundamental 
principles, at least as a starting point, 
for a reader to begin to learn about the 
subject. Altbough much of the discus
sion offundamental principles is avail
able in more detail in other textbooks, 
the material is helpful in putting the 
process analyzer technology into prop
er context. 

Advances In Electrophoresis, Vol. 2. 
A. Chrambach, M. J. Dunn, B. J. Ra
dola, Eds. ix + 456 pp. VCH Publish
ers, Suite 909, 220 East 23rd St., New 
York, NY 10010-4606. 1989. $115 

Reviewed by Robert Allen, Depart
ment of Pathology, Medical Universi
ty of South Carolina, 171 Ashley Ave., 
Charleston, SC 29425-2645 

This series would be better titled as a 
Review than as Advances in Electro
phoresis. With the exception of Chap
ter 1 and parts of Chapters 4, 5, and 6 
on methodological progress, one of the 
stated aims of the editors is not well 
achieved. 

It would have been timely to have 
included a chapter on DNA electropho-

retic methodology for the molecular bi
ologist rather than to devote the entire 
volume to protein separation and more 
than one-half of the book to two-di
mensional techniques. 

Chapter 1 deals with the use of im
mobilized pH gradients in electro
focusing and covers development in the 
field from its initiation to the present. 
The authors have done an admirable 
job of assembling methodological hints 
along with theoretical aspects in a 
manner useful to all biologists interest
ed in this type of separation. 

Chapter 2 is concerned with the the
ory of electrophoretic transport and 
covers all aspects of electrophoresis. 
However, it fails to mention effects 
such as the increased conductance 
found in gels cast with ampholytes as 
opposed to those prepared from "emp
ty" rehydratable gels. The review is 
comprehensive and well written, and it 
will help those entering the field to un
derstand much of the underlying the
ory of electrophoresis. 

The chapter on evaluation of mobil
ity data has been extensively reviewed 
from the author's laboratory over the 
past 15 years. Unfortunately, the au
thor provides no specific examples of 

the practical application of the tech
nique, nor does he discuss various buf
fer systems that may be used and dif
ferential unstacking effects. He also 
neglects to mention that persulfate 
polymerization in the presence of weak 
base buffers can lead to formation of a 
discontinuous zone system. The state
ment of 800 base pair DNA size limita
tion for separation is an error by almost 
an order of magnitude, based on recent 
reports. 

Chapter 4, on cultivars, is more suit
ed to a text on quality control in horti
culture. It appears that every pub
lished electrophoretic method has been 
reviewed, yet there is no attempt to 
indicate a unified approach or the 
problems involved in extraction of 
storage or other plant proteins. The 
suggestion of ultra-thin-layer isoelec
tric focusing in the future neglects the 
fact that this method was first de
scribed by Gorg in 1979 and has been 
extensively used over the last 10 years. 
Similarly, densitometry-with the res
olution and sensitivity the author sug
gests are required-has been available 
for 20 years, and programs for comput
erized output for at least five to seven 
years. The article is an excellent review 
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Since the first version appeared 25 years ago, the JANAF THERMOCHEMICAL 
TABLES have been among the most widely used data tables in science and engineering. 

You'll find: 

• Reliable tables of thermodynamic properties of substances of wide interest 

II A highly professional approach with critical evaluations of the world's thermochemical 
and spectroscopic literature 

• A concise and easy-to-use format 

This Third Edition presents an extensive set of tables including thermodynamic properties of 
more than 1800 substances, expressed in SI units. The notation has been made consistent with 
current international recommendations. 

There is no other reference source of thermodynamic data that satisfies the needs of such a broad 
base of users. 

Order your 2-volume set of the JANAF THERMOCHEMICAL TABLES today! You'll get over 
1890 pages of valuable information that is crucial to your research-in two hardback volumes. 

SUBSCRIPTION INFORMATION 

The JANAF THERMOCHEMICAL TABLES, THIRD EDITION is a two
volume supplement of Journal of Physical and Chemical Reference Data. 

1896 pages, 2 volumes, hardcover 
ISBN 0-88318-473-7 
Supplement Number 1 to Volume 14, 1985 

All orders for supplements must be prepaid. 

I 
U.S. & Canada $130.00 
All Other Countries $156.00 
(Postage included.) 

must be made in U.S. currency by international 
agency. For rates in Japan, contact four to six 

For more information, "'Tite American Chemical Society, lv1.arketing Communications Department, 1155 Sixteenth 
Street, NW, Washin~ton, DC 20036. 

In a hurry? Call TOLL FREE 800-227-5558 and charge your order! 

PublishL'CI by the American Chemical Society and the American Institute of Physics for the National Institute of Standards 
and Technology 

1378 A • ANALYTICAL CHEMISTRY, VOL. 61. NO. 24. DECEMBER 15, 1989 



Philips Analvtical 

Philips Analytical offers a choice of UVNIS instrumentation which can widen 
horizons. 

With a wider range of UV instruments than ever before, we can offer a solution tailored to your problem 

III Choose control via keyboard or mouse 

III Choose on-board or external processing 

III Choose colour or monochrome graphics and hard copy 

III Choose data formats including ASCII, SpectraCalc™ and Lotus 1 2 3™ 

Meet your requirements with a wider choice of accessories and software that includes 
Multicomponent Kinetics and Quant. 

UV, a solution to your problem is within your horizon. 
SpectraCalc ,s a r8gl~:er8d trader.l8rk of Gaiactic Industries Lotus 1 23 IS a registered trademark of L:)luS Developmen~ Corporation 

PHILIPS ANAL YTICAL - BIGGER IDEAS FOR BETTER ANAL YSIS 

iJV:::7a 

CIRCLE 125 ON READER SERVICE CARD 



Even for the successful 
chemist or scientist in an allied field, sometimes the 
best way to get ahead is to make a change. 

The ACS Employment Service offers the opportunity to 
investigate the possibilities discreetly-and at very low cost. 

Our Employment Service is free to all ACS members. 
If you request confidentiality from current employers or 
other designated organizations there is a nominal charge. 

For more information write, use coupon, or CALL TOLL fREE 800-227-5558 

t------------------------------1 
I Employment Servkes Office, : 
I American Chemical 1 
: 1155 Sixteenth : 
! Washington, DC ! 
: Yes. I am a member of ACS and I ! 
: would like to learn how the ACS I 
: Employment Service help me I 
: advance my career. 1 

I 
I 

~~~--~--------------: 
I 

~~~~---------------- : 
I 

7A~dd~"~"-------------------- i 
I 

------------------------ : 
I 

~C~ity---------------------- ! 
I 

C.SI~"~'----------ZmJP~-------- i 
L. _____ . ________________________ .1 



SlCCKS; 

of the field and is otherwise informa
tive. 

Chapters 5 and 6 are both excellent 
reviews on the use of two-dimensional 
electrophoresis for the separation of 
plant proteins and in protein analysis 
in cancer research. Both of these re
views are comprehensive and provide 
methodological considerations of the 
techniques as they are best practiced in 
the laboratory. 

Chapter 7 on the two-dimensional 
electrophoresis of nonhistone chromo
somal proteins deals with a less famil
iar subject in general electrophoretic 
literature, but less than 5% of the work 
consists of literature published in the 
last two years. The chapter gives a good 
overview of fractionation procedures 
and provides the reader with a broad 
base of information. 

This book will be of interest to both 
theoreticians and practitioners of sin
gle and multidimensional electropho
resis in the fields of protein separation. 

Books Received 
Trends in Analytical Chemistry, Vol. 7: 
Reference Edition. 402 pp. Elsevier Sci
ence Publishers, P.O. Box 882, Madi
son Square Station, New York, NY 
10159. 1988. $200 

This reference volume is a compila
tion of the material published in the 
regular monthly edition. Features, 
news, trends, computer articles, and 
others are listed by month. A subject 
and author index is provided, as well as 
a list of meetings, books, and software 
reviewed. 

Computational Methods in the Chemi
cal Sciences. A. F. Carley and P. H. 
Morgan. 337 pp. John Wiley & Sons, 
605 Third Ave., New York, NY 10158. 
1989. $115 

This volume is part of the Ellis Hor
wood Series in Chemical Information 
Science. The chapters are entitled 
"Some Fundamental Concepts and Ba
sic Methods," "Interpolation, Nu
merical Integration and Differentia
tion," "Solving Differential Equa
tions," "Fitting Straight Lines and 
Polynomials to Experimental Data," 
"Optimization Methods," and "Non
Linear Least Squares Minimization." 
Each chapter contains several pro
grams. The references are from the 
1970s and 1980s up to 1989. An index 
and a program index are provided. 

Spin labeling: Theory and Applications. 
Lawrence J. Berliner and Jacques Reu
ben, Eds. xix + 650 pp. Plenum Pub
lishers, 233 Spring St., New York, NY 
10013. 1989. $95 

This is volume 8 in the series Biologi
cal Magnetic Resonance. Chapter ti
tles include "Inhomogenously Broad
ened Spin-Label Spectra," "Nitrogen-
15 and Deuterium Substituted Spin 
Labels for Studies of Very Slow Rota
tional Motion," "Electron-Electron 
Double Resonance," "Spin-Label Oxi
metry," and "Magnetic Resonance 
Study of the Combining Site Structure 
of a Monoclonal Anti-Spin-Label Anti
body." References are from the 1970s 
and 1980s through 1987. An index and 
a listing of the contents of other vol
umes are also included. 

Infrared Microspectroscopy: Theory 
and Applications. Robert G. Mes
serschmidt and Matthew A. Harth
cock, Eds. xv + 282 pp. Marcel Dekker, 
Inc., 270 Madison Ave., New York, NY 
10016. 1988. $85 

This is volume 6 in the series Practi
cal Spectroscopy. The topics covered 
in the 18 chapters include imaging ca
pabilities, polymers, polarized infrared 
microscopy, semiconductors, pharma
ceuticals, and reflectance studies. Most 
of the references are from the 1980s up 
to 1987. An index is included. 

IF YOU CAN'T LIVE WITH 

OUR STANDARDS, 

WE'LL CHANGE THEM. 

X-ray Fluorescence Spectrometry. Ron 
Jenkins. x + 169 pp. John Wiley & 
Sons, 605 Third Ave., New York, NY 
10158. 1988. $60 

This is volume 99 in the series Chem
ical Analysis: A Series of Monographs 
on Analytical Chemistry and Its Ap
plications. The topics covered include 
industrial applications, diffraction, in
strumentation, sample preparation, 
and recent trends. The chapters aver
age 15 pages in length. The references 
date to 1987, and an index is included. 

An Introduction 10 Applications of Lighl 
Microscopy in Analysis. Diana Simp
son and W. Gordon Simpson. x + 
215 pp. Royal Society of Chemistry, 
Distribution Center, Blackhorse Rd., 
Letchworth, Herts SG61HN, England. 
1988. $63 

This book contains an introductory 
chapter, 13 applications chapters, and 
a concluding chapter. The applications 
chapters average 12 pages in length and 
cover such topics as mineralogy, alloys, 
plastics, materials, biologicals, water 
quality, foods, and forensics. Tables, il
lustrations, a bibliography, and an in
dex are also included. 

If you~ spectrometric analy- and concentrations of need, weill blend something 

special rust for you. SIS of metals in oils reqUires elements With minimal inter-

a blend of elements we ference and I"epeatable 

don't routmely offer- results For a complete list of 

we'll custom blend It for you Conostan slng!e and mult:-

Conostan custom blending 

allows you to test for 

unusual combinations 

element standards, write or 

call for our free brochure 

If you don't find what you 
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H. M. (Skip) Kingston 
Inorganic Analytical Research Division 
Center for Analytical Chemistry 
National Institute of Standards and 

Technology 
Gaithersburg, MD 20899 

Industry and government both depend 
heavily on analytical laboratory mea
surements. Although these measure
ments provide critical feedback in 
many situations, such as product quali
ty assurance, acceptance testing, and 
regulatory compliance, they are gener
ally viewed with mixed feelings. On the 
positive side, industry recognizes that 
improvements in product and process 
capability often depend on advance
ments in analytical measurement tech
nologies. A firm's competitiveness de
pends in part on the accuracy, sensitiv
ity, reliability, and controllability of 
its measurements and processes. The 
precision and control are reflected in 
the quality and cost of the firm's prod
ucts. On the negative side, analytical 
measurements are expensive because 
they are labor intensive, requiring 
high-cost personnel and expensive 
equipment. 

Scientists at the National Institute 
of Standards and Technology (NIST) 
project that during the next decade an
alytical measurement capabilities will 
experience technical growth equal to 

ThiS article not subject to U.S. Copyright 
Published 1989 American Chemical Society 

that of the previous three decades com
bined. Furthermore, NIST perceives 
that analytical measurement tasks are 
ripe for automation and that develop
ment of an automated analytical lab
oratory offers U.S. industry opportuni
ties for significant improvements in the 
quality and cost of analytical opera
tions. To accelerate development of 
these benefits and to provide a broad 
utilization base, NIST proposes the es
tablishment of an industry-govern
ment research Consortium on Auto
mated Analytical Laboratory Systems 
(CAALS). The purpose of the consor-

FOCUS 
tium is to accelerate the advancement 
of automated analytical systems, to im
prove efficiency and data quality, and 
to promote transferability of analytical 
methods so that U.S.-based industry 
enjoys a competitive advantage in 
chemical measurement technology. 

It has taken approximately nine 
months to form the consortium with 
the assistance of many industry leaders 
who have had significant input into the 
structure and proposed directions of 
CAALS. A committee composed of 
members from the Center for Analyti
cal Chemistry and other related areas 

of NIST was established to guide the 
formation of the consortium. 

Why a consortium? 

Can't each firm solve these problems as 
it sees fit? In NIST's view, a consor
tium format seems best for several rea
sons. 

• Generic benefits. The consor
tium solves a major problem for all par
ticipating firms. Variants of the same 
solutions need not be reinvented sepa
rately by each company via in-house 
programs. Needless duplication of re
search is avoided. 

• Standardized common inter
faces. Solutions once developed for 
many are more likely to be adopted as a 
standard for all. These solutions can 
provide design standards for instru
ment and software developers. 
Through technology, software, and 
other technical solutions, the consor
tium may be better able to develop 
common bases for instrument and soft
ware development. This standardiza
tion will help users, because they will 
find their equipment more compatible. 

• Mfordability. Several large U.S. 
and international organizations such as 
NIST have recognized the impact of 
automated analytical measurement 
systems on their competitiveness and 
have implemented internal programs 
to automate portions of their activities. 
However, most firms cannot afford to 
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PURPOSE 

To accelerate the advancement of automated analytical 
systems to improve efficiency and data quality and to 
promote transferability of analytical methods so that 
U.S.-based industry enjoys a competitive advantage in 
chemical measurement technology 

implement such extensive in-house 
programs. A consortium allows small 
and mid-sized businesses to become in
volved in chemical automation re
search and to enjoy the benefits of a 
research program of this scope at mod
est cost. Participants from large firms 
benefit by leaving the generic projects 
to the consortium's program and by 
using in-house talents to pursue pro
jects of interest to the company. 

• Broader talent pool. The consor
tium will draw its talent from member 
companies nationwide, from other in
terested government agencies, and 
from NIST (which has the greatest di
versity of analytical chemists in the 
world). Only qualified top talent will be 
encouraged (or accepted) to be part of 
the consortium's project teams. In ad
dition, the consortium will develop a 
pool of qualified graduate students 
who can fill voids in employment needs 
in this topic area. The result will be a 
group of individuals whose talents offer 
more diversity than could be assem
bled by a single firm. 

• Greater product breadth. The 
consortium will pursue automation 
technologies in many different areas of 
chemical analysis with the goal of de
veloping automated laboratory sys
tems. Through the consortium, it will 
be possible to pursue more projects si· 
multaneously than could be pursued 
through the efforts of a single corpora
tion. 

• Relevant participants. The con
sortium format is conducive to involv
ing diverse but relevant perspectives of 
various groups with vested interests in 
the consortium's research. These 
groups include users, instrumentation 
and software developers, regulatory 
agencies, and professional standard
setting organizations. 

Consortium philosophy 

The basic philosophy of this consor
tium is one of flexibility and shared 
decision making to evolve guidelines 
and functions through which the in
dustrial community and NIST work as 
partners to develop automated chemi-

cal analysis technologies. NIST be
lieves that "working shoulder to shoul
der" enriches everyone involved in the 
research effort. Active industrial in
volvement focuses the research on in
dustrial needs and accelerates the 
transfer of technology to member 
firms. 

This philosophy of active involve
ment is reflected in the consortium de
sign. The more a consortium member 
contributes to the active research of the 
consortium, the more benefits that 
member accrues. Members of the 
NIST consortium will share responsi
bility for setting the research agenda 
and research priorities; collaborating 
actively in the development of consor
tium technologies; sharing the intellec
tual property (publications and pat
ents) developed by the consortium; and 
accessing and participating in research 
seminars, workshops, and training ses
sions on consortium activities and 
products. 

The technical program 

Technical guidelines have been devel
oped to focus the efforts of the consor
tium. These guidelines define the scope 
of the consortium's research efforts 
within which specific projects will oc
cur; the specifics of the research direc
tions will be dependent on the desires 
of the consortium members. 

By definition, an automated analyti
cal laboratory system includes two 
main components: sample preparation, 
which is divided into analyte release 
and analyte separation components; 
and an analyte detection or identifica
tion and quantification component. 

Analyte detection components have 
been successfully automated over the 

CHEMICAL ANALYSIS SYSTEMS 

ANALYTE 
RELE.ASE 

I 

Microwave dissolution 

Fusion 

Solvation 

Solvent extraction 

Supercritical fluid extraction 

Solid-phase extraction 

ANALYTE 
SEPARATION 

I 

Gas chromatography 

Liquid chromatography 

Matrix modification 

Liquid-liquid extraction 
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'CP-OES elemental detection 

Atomic absorption 

'CP/MS elemental detection 

Flame ionization detection 

Spectroscopic detection 

Mass spectrometry 



years. Until recently, automation ef
forts neglected sample preparation, 
and errors in sample preparation were 
identified as a major cause of inaccu
rate chemical analysis. The CAALS re
search program will address all aspects 
of automating the chemical analysis 
system but will emphasize sample 
preparation. The technical program of 
the consortium will center on establish
ing definitive criteria for selecting 
chemical analysis components that are 
amenable to automation; optimizing 
the measurement quality of each chem
ical analysis system; and providing 
user-oriented computer programs for 
system selection, optimization, and 
control. Careful consideration will be 
given to the selection of the proper 
components for automation. Once 
promising components are selected, 
significant research and development 
effort will be expended to assure that 
they can be used effectively as compo
nents of an automated system. Exam
ples of each of the three categories are 
shown in the box. 

Once a set of components has been 
chosen, a substantial amount of addi
tional research and development will 
be done to optimize the performance of 
each of the components with respect to 
the automation. In general, the concept 
of modular design in all aspects of the 
component and system operation will 
be followed. All hardware and software 
components will be modular. To the 
fullest extent possible, these compo
nents will be made interchangeable 
and compatible. The concept currently 
used in object programming will also be 
used in the hardware design to simplify 
the assembly of components into a sys
tem. Computer control will be imple
mented in a hierarchical mode in which 
the lowest set of software modules will 
interact with specific components 
while a higher set of computer software 
modules (system software) will interact 
with the lower set to monitor and con
trol the overall operation of the auto
mated chemical analysis system. Ex
pert systems will be devised to assist 
the chemist in selecting the proper 
chemical analysis system, providing in
formation for the implementation of 
recommended procedures, and evalu
ating analysis results. 

The consortium will provide a useful 
service to its members by choosing 
practical, ubiquitous modular labora
tory components for applications and 
testing of automated methodology. 
The first phase in the logical develop
ment of an automated chemical analy
sis system is to automate each of the 
selected components individually 
while keeping in mind the ultimate goal 
of a fully automated chemical analysis 

FOCUS AND OBJECTIVES 

Develop and apply automated analytical techniques 

Develop standard methods for automated laboratory 
systems, transferability, productivity 

Train technical and professional staff 

Build chemical analysis expertise into the operation of 
the laboratory system 

Build quality assurance into the automated system 

system. During this development, 
members of the consortium will be able 
to use the individual components in 
their laboratories well in advance of the 
complete systems. The components 
and systems will be replicated in the 
laboratories of members who wish to 
use the system. This phase could in
volve collaboration with the instru
ment manufacturers. 

During the development of an ana
lytical system, research efforts will also 
be directed toward advanced integra
tion of automated systems. To accom
plish this, researchers must adhere to 
the following guidelines. 

• Build chemical analysis exper
tise. To provide a chemical analysis in
volving a specific material, set of ana
lytes, and analysis error, it is necessary 
for any given analytical system to de
velop specific operational protocols. 
These protocols generate the data nec
essary to achieve intelligent instru
ment contro!' With the appropriate 
computer software, the system will be 
"smart" as well as automated. Expert 
systems and other forms of artificial 
intelligence will be used to play appro
priate roles in guiding the various oper
ations of the chemical analysis. 

• Develop standard reference 
methods. These activities are neces
sary to replace common manual tech
niques, to establish their validity, and 
to aid in their implementation. Imple
mentation of these automated stan
dard methods will be accomplished 
with the active involvement of volun
tary standards organizations, profes
sional societies, and regulatory govern
ment agencies. 

• Build in quality assurance. The 
automated analytical system will be 
developed so that it will monitor and 
adjust the procedural conditions to 
provide a controlled environment for 
high-quality chemical analysis. These 

methods can be used to ensure repro
ducibility and transferability of the re
sults between laboratories. 

CAALS workshop 

On September 28, 1989, NIST held a 
workshop to describe CAALS to repre
sentatives of industry, government 
agencies, and universities. On the first 
day of the workshop, NIST scientists 
discussed areas of current expertise 
and described research programs that 
support automation efforts in inorgan
ic, organic, gas, and particulate analy
sis in the Center for Analytical Chemis
try. These areas include broad exper
tise in chemical analysis; access to 
experts in associated fields such as ro
botics, statistical engineering, and arti
ficial intelligence; expertise in quality 
assurance, including the certification 
of reference materials; ongoing com
mitment to data analysis; and continu
ing interactions with regulatory gov
ernment agencies and industry. 

In addition, direct benefits to con
sortium members were described. 
These include the ability to leverage 
costly R&D to accelerate the develop
ment of automated systems, promote 
collaboration between analytical in
strument users and their manufactur
ers, participate in any patent and copy
rights generated within the consor
tium, and affect long-term savings by 
manifesting the concept of standard in
terfaces, modular design, and versatili
ty in design of the fundamental build
ing blocks of an automated chemical 
analysis system. Although it will be the 
responsibility of the consortium mem
bers in collaboration with NIST staff to 
set the research agenda, NIST scien
tists presented their concept of the first 
automated system for inorganic trace 
element analysis consisting of micro
wave dissolution, liquid chromato-
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graphic separation, and rCP-optical 
emission detection. 

On the second day of the workshop, 
after a review of the important discus
sions and conclusions from the previ-
0us day, the first organizational meet
ing of the consortium was held. Pro
spective members took part in a 
spirited two-hour discussion of the re
search agenda, and a number of sugges
tions were made relative to the organic 
automated system. An extraction pro
cedure coupled to a chromatographic 
separation was suggested, and it was 
observed that an important aspect of 
these analyses is the minimization of 
toxic waste. It was also suggested that 
appropriate prototype projects relate 
to some EPA-mandated procedure. It 
was agreed that more input is needed to 
arrive at a demonstration project that 
best suits the needs of CAALS mem
bers, and suggestions were received 
from prospective members through 
November 1989. 

The concept of modular design and 
interconnectivity of subcomponents 
was discussed. Standardization of inter
faces was a high priority, and it was de
cided that the subcomponents should 
have "open architecture" to allow for 
expansion and interchangeability. 

Marie tI1ese dates 

A timetable of events was then estab
lished for signing charter members so 
that the work of the consortium can 
proceed expeditiously. Charter mem
berships will be accepted through Feb
ruary 1, 1990. 

The next meeting of CAALS mem
bers and prospective members will be 
held in March 1990 in conjunction with 
the Pittsburgh Conference in New 
York City. Potential CAALS members 
are invited to contact NIST for further 
information. 

Other members of the CAALS Com
mittee who contributed their unique 
expertise to the development of this 
consortium include Harry Hertz, Di
rector, Center for Analytical Chemistry 
(CAC); Barry Diamondstone, Deputy 
Director, CAC; James R. DeVoe, Chief, 
Inorganic Analytical Research Division 
(lARD); W. E. May, Chief, Organic An
alytical Research Division (OARD); 
Rance A. Velapoldi, Chief, Gas and 
Particulate Science Division; M. R. Ru
bin, General Counsel, NIST; W. F. 
Koch, Deputy Chief, lARD; Bruce 
Mattson, Manager, Technology Com
mercialization, Office of Research and 
Technology Applications, NIST; R. L. 
Watters, Jr., Supervisory Research 
Chemist, lARD; W. A. MacCrehan, Re-

search Chemist, OARD; Neomy Soffer, 
Guest Scientist, CAC; R. M. Colton, 
Robert M. Colton Associates, Consul
tant; and R. D. Kilmer, Center for 
Manufacturing Engineering, NIST. 

-. 
H. M. (Skip) Kingston is a supervisory 
research chemist and group leader in 
NIST's Inorganic Analytical Research 
Division. He received B.S. (1973) and 
M.S. (1975) degrees from Indiana Uni
versity of Pennsylvania and a Ph.D. in 
analytical chemistry from American 
University (1978). His research inter
ests include methods development for 
trace element analysis, microwave 
sample preparation, laboratory robot
ics, and nuclear waste stability. 

Heinrich Emanuel Merck Award 
for Analytical Chemistry 1990 

On your slateooo 
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THE PITTSBURGH CONFERENCE 
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In 1988 E. Merck, Darmstadt, has granted the Heinrich 
Emanuel Merck award for the first time. 
The award is endowed with OM 25,000 for the promotion of 
new developments in Analytical Chemistry, in particular for 
developing new methods in classical chemistry for sample 
preparation in trace analysis and their application in human 
environment. 
The next award will be granted in the scope of the 
European Conference on Analytical Chemistry which will 
take place in Vienna, August 1990. 

All young chemists up to the age of 45 are required to sub
mit an original paper to the following address; deadline will 
be the end of January 1990. 

Herrn Prof. Dr. Gunther Tolg 
Institut fUr Spektrochemie und 
Angewandte Spektroskopie 
Postfach 101352 
Bunsen-Kirchhoff-Str. 11 
0-4600 Dortmund 1 

The winner of this award will be chosen by an international 
jury of renowned analytical chemists. 

If you need more information please contact Prof. Dr. G. Tolg. 

E. Merck . Frankfurter Strasse 250 . 0-6100 Darmstadt 1 
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Need Nitrogen and Sulfur on the 
same sample? Now you you can do it! 
Couple the Antek Pyro-fluorescent™ 
Sulfur Detector with our Antek Pyro
chemiluminescent™ Nitrogen System. 

Autosamplers and data acquisition/ 
control systems are available for 
automated operation. 

Chromatography detectors available: 
Nitrogen Specific 
Su Ifur Specific 

28.1 ppm 10.3 

O.50ppm1O.01 

346ppm±1.0 

1.0ppm 10.1 

3.1ppm1O.1 

0.9ppm 10.1 
872ppm ±14 

1.8ppm 10.01 

Typical 
Results 
Water 

Naphtha 

Diesel 

Butane 

Propylene 

Polyethylene 

Coke 
Fish Oil 

Features 
• common pyroreactor for sample combustion and 

oxidation 
• analyze gases, liquids or solids 
• ppb to % range 
• analysis time 30 seconds for gases and liquids. 

Up to 10 minutes for solids 
Reduces the amount of sample prep required, the 
analysis time, and sample introduction by half. And, 
cut your instrument costs at the same time. Systems 
available for laboratory or process/online. 

Applications 
• petroleum liquids • coal 
• greases or residuals • foods 
• polymers • engine exhaust 
• biomedical samples • water/waste water 
• high purity gases (for semi-conductors, etc) 
• LPG or other hydrocarbon gases 
• atmospheric gases 

148ppm±1 

0.30ppm 10.01 

48ppm1O.5 

3.0ppm 10.1 

1.8ppm 10.1 

1.6ppm 10.4 

846ppm ±4 

4.1ppm ±O.4 

For more information on your application or for a price quote, contact us in Houston or Dusseldorf. 
In the USA, call toll free, (800) 365-2143 Patent Pending 

ANTEK(~INSTRUMENTS, INC. 
Antek Instruments, Inc. TWX: 910-881-1792 
6005 North Freeway Toll Free: 800/365·2143 
Houston, Texas 77076-3998 FAX: 713-691-5606 
Tel: 713/691-2265 

Antek Instruments, GmbH Tel: (0203) 74325/6 
Wacholderstrasse 7 TLX: 8551136 ANDU D 
4000 Dusseldorf Angermund 31 FAX: (0203) 741545 
Federal Republic of Germany 
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NEW PRODUCTS ,- ... ~--

Model 8100 autosampler provides more 
than three 1-ILL injections from 10 ILL of 
sample. The unit does not require rinsing 
or priming the syringe with sample prior 
to injection. Varian Associates 401 

LC. Model 801 molecular size detector 
provides information on both the size 
and purity of macromolecules eluting 
from a chromatograph. The system 
uses photon correlation spectroscopy 
to produce a rapid readout of the diffu
sion coefficient, from which it calcu
lates hydrodynamic radius and molec
ular weight. Oros Instruments 404 

Titration. Metrohm Karl Fischer ti
trator Model 701, which determines 
the titer, drift, or sample water concen
tration in 30 s, features a buret resolu
tion of 10,000 pulses and automatic 
drift compensation. All titration pa
rameters can be selected via an RS 
232C interface or alphanumeric dis
play. Brinkmann Instruments 405 

Concentrator. Model Rel0.l0 cen
trifugal vacuum concentrator is de
signed for preparation of samples prior 
to analysis by HPLC, TLC, GC/MS, 

electrophoresis, or other analytical 
techniques. A variety of rotors are ca
pable of handling sample containers 
from 0.5 to 50 mL. Jouan 406 

FT-IR. Galaxy 2020 system consists of 
a 2-cm-1-resolution spectrometer, deu
terated triglycine sulfate detector, sys
tem plotter, and IBM-compatible com
puter with high-resolution graphics. 
The software includes a 500-spectra li
brary, interactive spectral subtraction, 
and a spectral math package. Mattson 
Instruments 407 

Hydrogen. Model 8200 hydrogen gen
erator is designed for use with gas chro
matographs and sulfur monitors, and 
can be used for other laboratory appli
cations requiring a source of pure hy
drogen. The unit produces 99.992% 
pure hydrogen at a rate of 250 cc/min. 
Packard Instrument Co. 408 

Drug abuse testing. AU5121 random 
access chemistry analyzer performs 16 
separate analyses at a maximum 
throughput of 150 samples/b; AU5131 
performs 12 analyses at a maximum 
throughput of 300 samples/b. Proto
cols for a variety of methods are avail
able, including amphetamine, cocaine, 
methadone, opiate, phencyclidine, and 
barbiturates. Olympus Corp. 409 

GC. P200 portable gas chromatograph 
system, which contains two gas chro
matographs, a rechargeable carrier gas 
bottle, and battery pack, weighs 23 lbs. 
and measures 14.5 X 6 X 14 in. Each 
chromatograph is equipped with a 
thermal conductivity detector and 
sample injection system. Microsensor 
Technology 410 

Carbon dioxide. Model ZFP-9 moni
tor determines CO2 in ranges of 0 to 
3000 ppm, 0 to 1%, 0 to 5%, and 0 to 
10%. The unit, which contains a non
dispersive IR detector, responds within 
10 s to changing CO2 concentrations. 
Automated Custom Systems 411 

Photosynthesis. PNF -300 profiling 
natural fluorometer measures real
time underwater photosynthesis, tem
perature, and depth as well as surface 
irradiance. The system includes menu
driven software for data acquisition, 
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display, and analysis. Biospherical In
struments 412 

Software 
IR/FT-IR. QuickSearch includes both 
spectral and chemical/physical proper
ty search features as well as a compre
hensive 1125-compound spectral data
base with associated molecular struc
tures. All library spectral and 
structural displays can be plotted. 
Sprouse Scientific Systems 414 

Statistics. Goldspread Statistical is a 
Lotus-compatible software package 
that features spreadsheet, data man
agement, graphics, and statistics capa
bilities. Up to six sets of data can be 
plotted simultaneously. Dynacomp 

415 

Manufacturers' literature 
Newsletter. Pharmaceutical Notes, 
Vol. 1, No.1, contains information on 
dissolution testing and LC instrumen
tation. 8 pp. Waters Chromatography 
Division of Millipore 417 

Electrochemistry. Bulletin discusses 
the LCEC Educational System, de
signed to introduce students to con
temporary electrochemistry for LC de
tection. System components and the 
lab guide are described. EG&G Prince
ton Applied Research 418 

Spectroscopy. Brochure describes 
cells for UV /vis/near-IR, fluorescence, 
and dye-laser spectroscopy. Informa
tion is provided on transmittance of 
cell materials, pathlength, and dimen
sions. Minarad Scientific 419 

LC. Bibliography contains 280 refer
ences on HPLC of biomolecules using 
anion-exchange, cation-exchange, hy
drophobic interaction, reversed-phase, 
and size-exclusion chromatography. 
SynChrom 420 

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



Computer products. Brochure de· 
scribes data acquisition hardware, soft· 
ware, and accessories for IBM PC-XT, 
PC-AT, PS/2, and Macintosh comput
ers. Specifications are given on plug-in 
data acquisition boards for analog, dig
ital, and timing input/output func
tions. National Instruments 421 

Surface science. Surface/Interface 
Bulletin, which provides information 
on instruments and materials for suy
face and interface analysis, includes an 
article on adding Auger electron spec
troscopy to SEMs. Surface/Interface 

422 

Catalogs 
Chromatography. Catalog lists prod
ucts for GC, HPLC, TLC, ion chroma
tography, biochromatography, and 
sample handling. A variety of chro
matograms are included. A1ltech 424 

Software. Catalog features software 
for Macintosh computers, including 
packages for statistics, mathematics, 
modeling, and 3D graphics. Also de
scribed are color monitors and printers. 
D2 Software 431 

Evaporators. Catalog includes stan
dard, digital, micro, and pilot plant ro
tary evaporators. An evaporator selec
tion guide provides general informa
tion and highlights specific features for 
each of the products discussed. Buchler 
Instruments 426 

Analytical standards. Catalog fea
tures kits that contain 14-15 individual 
standards within a chemical series. Al
cohols, phenols, amines, hydrocarbons, 

-

ketones, aldehydes, and pesticides are 
included. 14 pp. PolyScience 430 

Instrumentation. Catalog includes 
thermometers; pH, m V, temperature, 
and conductivity meters; water quality 
analyzers; electrodes; multimeters; re
corders; and timers. Extech Instru
ments 428 

Safety. Catalog features products for 
personal and respiratory protection, 
chemical storage, regulatory compli
ance, electrical safety, liquid/solid 
sampling, and asbestos control. 600 pp. 
Lab Safety Supply Co. 433 

Immunology. Catalog lists more than 
300 monoclonal and affinity-isolated 
polyclonal antibodies. Included are a 
variety of enzyme, fluorochrome, bio
tin, and agarose conjugates. Caltag 
Laboratories 429 

Scientific products. Catalog includes 
balances, beakers, bottles, calculators, 
centrifuges, chromatography and elec
trophoresis supplies, containers, pipet
tors, racks, timers, and vials. PGC 
Scientifics 432 

Laboratory equipment. Catalog lists 
mixers, stirrers, and heaters, including 
constant-run and touch-activated mix
ers, magnetic stirrers, hot plates, ex
traction heaters, and heating mantles. 
16 pp. Lab-Line Instruments 425 

Computer products. Catalog includes 
instrumentation; communication in
terfaces; software; and frame grabber, 
image processing, and computer vision 
products for IBM PC-XT, PC-AT, 
PS/2, and Apple Macintosh computers. 
304 pp. MetraByte 427 

" (~-W 
~ 

011'-370 automatic digital polarimeter features microprocessor control, built-in print
er, and multiwavelength capabilities. Optical rotations of 0.0005° can be measured. 
Jaseo 402 

Polymers in 
Aqueous Media 
Performance Through Association 

This volume brings researchers up to date 
on a special class of polymers. those that 
are water soluble. Aqueous gels of val)!' 

chemical types are anaiyzed with respect 
to properties in numerous applications. 
Polyelectrolyte synthesis and fundamental as· 
pects of elongational viscosities are also 
discussed. 

Individual chapters present discussions on 
topics as diverse as the structure. swelling, 
polarity effects. stability, and diffusion of syn· 
thetic and biopolymers; spectroscopic studies; 
and associative thickeners as models with 
commercial potential. The structures of these 
diverse gels are addressed through complex 
rheological analysis. light scattering. and novel 
NMR approaches. 

Twenty·eight chapters are divided into six 
sections covering 
• water-swellab!e polymers 
• polarity effects and polymer stability 
• spectroscopy 
• mode! associative thickeners 
• associative thickeners with commercia! potential 
• commercially related associative thickeners 

This timely volume, written by ieaders in the 
field, will be of interest to industriai and aca· 
demic researchers in the area of water soluble 
polymers and aqueous gels. 
J, Edward Glass. Editor, North Dakota State 
University 
Developed from a symposium sponsored by the Divi
sion of Polymeric Materia!s: Science and Engmeering 
of the American Chemical Society 
Advances in Chemistry Series No. 223 
361 pages (1989) Clothbound 
ISBN 0-8412-1548-0 LC 89-15136 
US & Canada $99.95 Export $119.95 

800-227-5558 
(in Washington, 0,0 872·4363j and use your credit cardl 
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Galileo detectors for Mass Spectrometry 
and Electron Microscopy. 

What silicon chips did for computers, 
Galileo high-performance detectors are 
doing for GC/MS, MS and SEM analysis. 

Whether your projects involve environ
:nental or pharmaceutical analysis, analysis 
of organic compounds or general spec
croscopy applications, a Galileo detector 
will speed sample identification whiie pro
viding accurate and precise analysis. 

When research projects require frequent 
sample analysis over a long period oC time, 
you'll want the latest and best kchnology 
backing you up. Galileo is the innovator in 
analytical instrument detectors. Hyou de
mand high performance and arc con
cerned about down time, 

range and cost, 

ever got along without us. 

CIRCLE 60 ON READER SERVICE CARD 

Write us and ask how to ensure Jour 
instruments have Galileo scientific detectors. 

Galileo 
Scientific Detector 
P.O. Box 550, Dept. AA 
Sturbridge, MA 01566 
(508) 347-9191 

LABORATORY SERV CE CEN ER 

Acetylthiourea 3-Aminophthalhydrazide. p-Anisic Acid. L-Arabinose 
p-Chloranil • 3,3'-Diaminobenzidine 4HCI • 1,2-Dibenzoylethylene 

2,6-Dichloroindophenol, Sodium· 2,2-Dichloropropane • Diethylformamide 
Diiodomethane @ p-Dimethoxybenzene $ Dithizone @ Furfuryl Methyl Sulfide 

Furoic Acid & Methyl Ester 0 m-Hydroxybenzoic Acid· Janus Green B 
Levulinic Acid· 2-Methylcyclohexanol • Methyl Green· Neocuproine & HCI 
Oxamide· Sebacic Acid. Sodium Diethyldithiocarbamate • Suberic Acid 

L-Thyroxine, Na Salt. Toluidine Blue 0 • Tripalmitin. Vanillic Acid 

Write for our Products List of over 3,000 chemicals 

Tel: 516-273-0900 ~ TOLL FREE: 800-645-5566 Telefax: 516-273-0858· Telex: 497-4275 

EASTERN CHEMICAL P.O. Box 25QO I 
OEPT.AC 

A Division of UNITED-GUARDIAN, INC. SMITHTOWN, N.Y. 11187 

Laboratory Service Center (Equipment, Materials, Services, Instruments 
for Leasing), Maximum space - 4 inches per advertisement. Column 
width, 2-3/16/1; two column width, 4-9/16". Artwork accepted. No combi
nation of directory rates with ROP advertising. Rates based on number of 
inches used within 12 months from first date of first insertion. Per inch: 
- $165; 12" - $160; 24" - $155; 36" - $150; 48" - $145. 

CALL OR WRITE JANE GA TENBY 

ANALYTICAL CHEMISTRY 
500 Post Road East 

P.O. Box 231 
Westport, CT 06880 

203-226-7131/FAX: 203-454-9939 
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MULTINUCLEAR LIQUID or 
MULTIFIELD SCLiD STATE 
SPECTRAL DATA SERVICES, Il\c. 

818 Pioneer 
Champaign, lL 61820 

(217) 352-7084 

HELP WANTED ADS 

ROP display at ROP rates. Rate based 
on number of insertions within contract 
year. Cannot be combined for frequency. 

Unit 1-Ti 6-T1 12-Ti 

1" (25 mm) $190 $170 $160 

24-Ti 48-Ti 72-Tl 

$150 $140 $130 

CALL OR WRITE JANE GA TENBY 

ANALYTICAL CHEMISTRY 
500 I'osl Road Easl 

1'.0. BOl< 231 

Westpo,t, CT 06880 
203-226-1131 

FAX: 203-454-9939 





Learn the basics of the most popular 
analytical technique in the world ... 

2nd Edition Basic Gas 
Chromatography 
New ACS Video Course! 

Completely updated . .. 
covers new techniques .. 
revision of the best'selling 
first edition! 
Targeted for anyone just beginning in 
GC-or for those who want to brush up their 
skills or get an up-fa-date understanding 01 
this technique-this newly-revised bestselling 
video course fully explains the fundamentals 
of gas chromatography. All the essentials 
you need to know about GC and how to 
use it are colorfully Illustrated in this course 
through live-action lab demonstrations or 
with computer graphics. This introductory 
course consists of two parts, each approxi
mately 25 minutes long, and a manual 

Part 1 
Begin with a basic look at how and why 
GC works, including the partitioillng theory 
See how GC separates mixtures of gases, 
liquids, or solids in solution into their com
ponent parts, learn in detail the kinds of 
materials that are used in both packed 
and capillary columns, including stationary 
liquid phases, Understand the difference 
between packed and capillary columns 
and why and when to use one over the 
other, learn how to couple GC with other 
analytical techniques, such as mass spec
trometry. Know the advantages and dis
advantages of Gc. 

ORDER FORM 

Part 2 
Examine the equipment that is used in Gc' 
learning in detail the components of a GC 
system. See in live action the system in 
actual use, covering everything from turn
ing on the GC and setting the flow rate to 
injecting gases and liquids and installing a 
column Learn the difference between 
isothermal analYSis and temperature 
programming 

Course Study Guide 
The approximately 100~page Course 
Study Guide covers selected details about 
GC in greater depth and explains more 
system theory than tape alone. Also, un
familiar terms are defined, which makes 
the guide a useful reference for you to 
retain after viewing the tape. 

One videotape: 50 minutes 
(Catalog No. V·4000) 

Method of payment: 

Author Iinstructor 
Harold M McNair is Professor of Chemistry 
at Virginia TeCh, Blacksburg, VA, and one 
of the ACS's most highly rated short course 
Instructors. He has taught courses on GC 
and LC internationally for over 15 years. 

Cost 
Purchase price: $800 (US & Canada); 8960 
(export). One free copy of the Course Study 
Guide accompanies each purchase of the 
course, Additional guides: 830 each (US & 
Canada); S36 each (export), Rental price 
5320 (US & Canada only). 

Remember, your purChase is backed by 
the ACS Guarantee: if not completely satis
fied, return within 15 days for a full refund 
or credit. 

To order, complete the coupon below and 
mail with your payment or purchase order 
to American Chemical Society, Distribu~ 
tion Office Dept. 09, P.O. Box 57136, West 
End Station, Washington, DC 20037. Or 
call toll·free (800) 227·5558. 

Mail to American Chemical Society, Distribution 
Oflice Dept. 09, P.O. Box 57136, West End Station, 
Washington, DC 20037. 

Please send me Basic Gas Chromatography, 
2nd Edition (Catalog No V-4000). 

Accour~t~#~~~~~~~~~~~~~E~,p~,,~es~~~~~~~ Name of Cardholder 
Signature 
Phone 

1 To PURCHASE thiS course, complete the section below 

No. Units US & Can. Export No. Add'\ Guides US & Can. 

5800 5960 _____ S30 

2 To RENT thiS course, complete the section below 

Preferred play date Rental Price 

5320 
• US and Canada only 

Ple:ase specify video format Y2" VHS %" U·matlc 

Export Total 

S36 

Ship to: 
Name 
Address 

City, State. Zip 
Bill to: 
Name 
Address 
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Quantitative Imaging of Boron, Calcium, Magnesium, 
Potassium, and Sodium Distributions in Cultured Cells with Ion 
Microscopy 

Walter A. Ausserer,l Yong-Chien Ling,' Subhash Chandra, and George H. Morrison> 

Baker Laboratory of Chemistry, Cornell University, Ithaca, New York 14853-1301 

A method for the conversion of intensity information in ion 
micrographs of freeze-fractured, freeze-dried cultured cells 
to local dry weight elemental concentrations is presented. 
Homogenates generated from cultured cells are used as 
calibration standards. Ion microscope (I M) relative sensi
tivity factors for B, Ca, K, Mg, and Na with respect to the 
matrix element C are determined by the correlation 01 1M and 
Inductively coupled plasma atomic emission spectrometry 
analyses of the cellular homogenates. Alter calibration of the 
1M Imaging system, the relative sensitivity factors are used 
to determine local Intracellular concentrations of B, Ca, K, Mg, 
and Na in cultured Swiss 3T3 fibroblasts. Intracellular B was 
introduced through cellular uptake of Na2B'2H11SH, a candi
date therapeutic agent for boron neutron capture cancer 
therapy. The 1M Intracellular concentration results show good 
agreement with published electron probe X-ray microanalysis 
results. Estimated detection limits are in the low- to sub
parts-per-million dry weight concentration range. 

INTRODUCTION 
The ion microscope (1M) is a secondary ion mass spec

trometer with elemental imaging capabilities (1, 2). The 
distributions of many elements in biological samples are easily 
measured with the 1M, which produces real-time images of 
elemental (isotopic) distributions at a spatial resolution of less 
than 1.0 {lm. Analytical techniques that can perform highly 
sensitive elemental determinations in microscopic sample 
regions are needed for the study of elements in animal cells, 
because elemental concentrations are often tightly regulated 
in cellular subcompartments. Although the high elemental 
sensitivity and good spatial resolution of the 1M make it a 
promising tool for such studies, several analytical problems 
have prevented quantitative elemental imaging of biological 
soft tissue samples with the 1M from becoming routine. First, 
the sample preparation method must preserve native ele
mental distributions within the sample. Second, corrections 
for the influence of local matrix effect variations on local 
secondary ion signals must sometimes be made (3-5). Ad
ditionally, a quantification microstandard in which the matrix 
composition closely matches that of the sample must be 
available. 

Several recent biological 1M studies have employed thin 
sections of animal tissue (6-11), As an alternative to tissue 
work, a cryopreparation method for cultured animal cells has 
been developed in our laboratory (12). Cultured cells provide 
an excellent model system for the study of diverse physio
logical phenomena under well-controlled experimental con
ditions. Briefly, cells prepared by our method are cultured 
on high-purity silicon wafers and rapidly frozen to immobilize 

1 Current address: Life Sciences Division, SRI International, 333 
Ravenswood Ave., Menlo Park, CA 94025. 

2 Current address: Department of Chemistry, National Tsing Hua 
University, Hsinchu 30034, Taiwan, ROC. 

0003-2700/89/0361-2690$01.50/0 

diffusible intracellular ions. The frozen samples are then 
sandwich-fractured under liquid nitrogen and freeze-dried at 
-100°C prior to analysis, During the fracturing process, the 
apical cell surface and the adhering cell growth medium are 
removed, exposing the cellular interior for microanalysis, free 
from contamination. Previous 1M studies of cells prepared 
by this method (fractured cells) found that local matrix effect 
variations are typically undetectable, so that matrix effect 
correction schemes are not required (13, 14). The present 
study was undertaken to investigate the quantitative rela
tionship between secondary ion signals and local concentra
tions of Na, Mg, K, Ca, and B in fractured cells. 

There is widespread interest in the determination of in
tracellular levels of Na, Mg, K, and Ca because these are the 
major diffusible cations in biological systems. Our interest 
in the quantitative localization of intracellular B stems from 
recent progress in boron neutron capture therapy (BNCT), 
a promising strategy for the treatment of several types of 
human tumors (15). This therapy requires the selective in
corporation of lOB into tumor cells, with subsequent irradiation 
of the tumor with thermal neutrons. It is proposed that tumor 
cells can be selectively destroyed by the energetic products 
of the lOB(n,a)7Li reaction. The intracellular distribution of 
B is important in BNCT because cell-killing efficiency is 
believed to depend on the proximity of the lOB (n,a)7Li reaction 
to the genetic material of the cell. 

In the present study, quantification microstandards are 
generated from homogenates of cultured cells. Relative sen
sitivity factors (RSF's) for the analytes with respect to the 
matrix element C are determined by correlation of 1M and 
inductively coupled plasma atomic emission spectrometry 
(ICP-AES) analyses. Calibration of the 1M imaging system 
for quantitative work is described, along with the application 
of imaging mode RSF's for the determination of local intra
cellular concentrations of B, Na, Mg, K, and Ca in cultured 
3T3 fibroblasts. For B localization experiments, cells are 
incubated with Na2BI2HllSH, a candidate BNCT compound 
for the treatment of brain tumors. 

EXPERIMENTAL SECTION 
Sample Preparation. Quantification microstanclards were 

prepared from cultured Swiss 3T3 mouse fibroblasts and from 
NRK-49F normal rat kidney fibroblasts. Swiss 3T3 cells were 
obtained from the laboratory of Efram Racker at Cornell Univ
ersity and NRK-49f cells from the American Type Culture 
Collection. Both cell lines were cultured in Dulbecco's modified 
Eagle's medium with 10% fetal bovine serum, 20 mM Hepes, 20 
mM penicillin, and 100 I'g/ mL streptomycin (all from Gibco 
Laboratories). Cells were plated at a density of 1 X lOS cells/flask 
and cultured as monolayers in l50-cm2 flasks. When confluency 
was approached, cells from eight flasks were detached by treat
ment with 0.25% trypsin in Ca- and Mg-free Dulbecco's phosphate 
buffered saline (Gibco), transferred to 50-mL polypropylene 
centrifuge tubes, collected by centrifugation at 900 rpm (SorvaU 
HlOOOB rotor) for 5 min, and drained. To remove the adhering 
trypsin solution, cells were twice resuspended in 30 mL of 160 
mM NH,C2H30 2 and centrifuged as above. After thorough 
draining of the NH,C2H30 2 solution, the cell pellet was frozen 
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and finely ground with a cold mortar and pestle in a liquid nitrogen 
trough. The ground cellular material was transferred to a cold 
1.5-mL polypropylene tube, thawed, and spiked with B from a 
1 mM Na2B12HnSH (Callery Chemical Co.) solution. To maximize 
elemental homogeneity, the cellular material was twice passed 
through a cycle of thawing, vigorous mixing with a micropipet, 
rapid freezing, and regrinding. The ground cells were then lyo
philized. Being a volatile salt, the NH,C2H30 2 is removed from 
the sample during lyophilization, so that the remaining cellular 
homogenate was composed of relatively uncontaminated cellular 
material (16, 17). The lyophilized cell homogenate was mounted 
for 1M analysis by firmly pressing small particles of the homo
genate between the polished faces of two clean 1-cm2 silicon pieces 
(General Diode Corp.) with a Parr Instrument Co. Model 2811 
pellet press. 

The bulk of the lyophilized homogenate was analyzed by 
ICP-AES. Samples, approximately 15 mg dry weight, were di
gested to near dryness in HF cleaned quartz tubes with 0.2 mL 
of concentrated HN03 (J. T. Baker Chemical Co.), which had been 
double distilled and condensed in Teflon. The digestate was 
cooled and diluted with 0.15 mL of 37% HCl (Baker) and 2.85 
mL of H20. Digested samples were clear and contained no visible 
particulate matter. As verification of the digestion and ICP-AES 
procedures, NBS SRM 1571 (orchard leaves) and SRM 1573 
(tomato leaves) were digested and analyzed exactly as the cell 
homogenates. 

The preparation of fractured cell monolayers has been pre
viously described (12). Swiss 3T3 cells were plated onto 1-cm2 

polished silicon pieces in 5-mL culture dishes at a density of 5 
X 10' cellsl dish. The culture medium is described above. To 
facilitate the sandwich fracture, 30000 polystyrene beads (Duke 
Scientific Corp.) were added to each dish, with the bead diameter 
being 9.0 I'm. The freezing medium was Freon-22 slush (Air 
Products and Chemicals, Inc.). For B localization experiments, 
100 I'g/mL Na2B,,HllSH was added to the culture media 24 h 
after cell plating. Four days after plating, cells were frozen and 
freeze-fractured. Samples were freeze-dried at -100°C for 24 h 
and analyzed directly on the silicon substrates. 

ICP-AES Analysis. A Jarrell-Ash Model ICAP 61 Update 
was used for all ICP-AES measurements. A peristaltic pump 
operating at 2.5 mL/min introduced the samples into the spray 
chamber through a crossflow nebulizer. Calibration solutions were 
prepared in 5% HCI. Na, Mg, K, and Ca signals were calibrated 
from a multielement standard prepared from Na2C03 and K2C03 
(Grade 1 Puratronic, Johnson Matthey Chemicals, Limited), 1000 
ppm Mg and Mn atomic spectral standards (Baker), 99.999% Al 
powder, 99.999% NH,H2PO" 99.999% (NH')2S0" 99.995% 
CaC03, and 99.999% Fe203 (all from Aldrich Chemical Co.). The 
B signal was calibrated with a multielement standard prepared 
from 99.999% H3B03 (Aldrich), 99.999% Zn (Aldrich), and 1000 
ppm Si, V, Cr, Co, Ni, Cu, As, Se, Y, Mo, Cd, and Pb atomic 
spectral standards (Baker). The analytical emission lines were 
249.7 nm for B, 279.5 nm for Mg, 317.9 nm for Ca, 589.0 nm for 
Na, and 766.5 nm for K. All signals were blank and spectral 
interference corrected. 

Ion Microanalysis. A Cameca IMS 3f secondary ion mass 
spectrometer with a mass filtered 0,+ primary ion beam was used 
for secondary ion measurements. A primary beam diameter of 
50 I'm and a raster area of 250 X 250 I'm were used for all ex
periments. Except where noted, the spectrometer was operated 
with 150-l'm transfer optics, a 60-l'm contrast aperture, a 1.8-mm 
field aperture, a 130-e V secondary ion energy window, and positive 
secondary ion detection with a pulse counting electron multiplier. 

High-resolution mass scans (ml!1m ~ 5000) at nominal 
mass-to-charge ratios (mlz) of +10, +11, +12, +23, +24, +39, +40, 
and +41 were performed to check for mass interference compo
nents in the secondary ion signals from lOB+, 11B+, 12C+, 23Na+, 
24Mg+, 39K+, 40Ca+, and 41K+. For these measurements, a 750-,um 
field aperture was used in the spectrometer. Samples of Swiss 
3T3 homogenate (spiked to 1500 ppm B dry weight) and Swiss 
3T3 fractured cells (incubated with 100 I'g/mL Na,B12HllSH) 
were analyzed at each mlz. 

The energy distributions of secondary ions from Swiss 3T3 
homogenate and Swiss 3T3 fractured cell samples were recorded 
to study the effect of the secondary ion energy window on relative 
ion signals. Two sets of spectra were recorded from each sample 

type, one with a primary ion beam of 100 nA and one with a 
350-nA beam, resulting in four spectra for each mlz. The sec
ondary ion energy window was set at ",=,3 e V. 

RSF Determination. RSF's for the analytes with respect to 
the matrix element carbon were determined by the analysis of 
three cell homogenate samples, two produced from Swiss 3T3 cells 
and one from NRK-49F's. Electron multiplier detection was used. 
Preliminary analyses of a Swiss 3T3 homogenate sample with 
primary beam currents of 100,300, and 600 nA gave statistically 
identical RSF's for each analyte, so a 250-nA primary ion beam 
was used for all subsequent determinations. After samples were 
presputtered briefly to stabilize the secondary ion signals, signals 
at each mlz above were monitored cyclically for 1 s each for a 
total of 15 analysis cycles. RSF's for the relatively intense 23Na+ 
and 39K+ species were determined separately from the other 
analytes because of electron multiplier dynamic range consid
erations. In all cases, secondary ion signals were stable for the 
duration of the analysis. Values used for the calculation of RSF's 
were signals averaged over analysis cycles 6-15. 

The RSF has generally been defined as 

(1) 

where i is the secondary ion intensity, C is the elemental con
centration, f is the isotopic abundance, x indicates the analyte, 
and ref indicates the reference species (18, 19). The slope of a 
plot of i,1 i", versus CJ'! C"J", is therefore RSF'i"" The RSF's 
for the analytes with respect to the reference matrix element 
carbon reported here use a modified definition 

RSF*., = (i,ji",)j(f,C,) (2) 

so that RSF </<., is not a true elemental RSF, but a calibration 
factor relating secondary ion i,lire' ratios to C, values determined 
by the ICP-AES analyses. 

Ion Microscopy. Imaging experiments utilized the micro
channel plate-phosphor screen detector (MCP-PS) of the Cameca 
IMS 3f. Images were acquired for digital image processing with 
a Photometries, Ltd., Model CH220 CCD liquid-cooled camera 
head equipped with a Thomson-CSF TH7882CDA charge-coupled 
device (CCD). The CCD imager is not a video camera, but in
tegrates images directly on the CCD chip. Image integration time 
is controlled by an electronic shutter. A Photometries camera 
controller digitized the CCD output to 14 bits per pixel. 
Throughout this study, the CCD was operated in the 2 X 2 binning 
mode. The image processing system in our laboratory has been 
previously described (20). The ion pump for the 3f detector section 
was disabled during image acquisition to minimize stray ion 
background signal. The high sensitivity, wide dynamic range, and 
extremely linear response of scientific grade CCD imagers have 
been recently reviewed (21-23), and Mantus et al. (24) are pre
paring a paper that fully describes the performance of the CCD 
imager in ion microscopy. Single ion hits are easily detectable 
with this system because of its high sensitivity and very low noise 
level. The CCD imager exhibits near perfect response linearity 
over several orders of magnitude incoming light intensity and over 
integration times from 0.2 s to several minutes. 

Imaging System Calibration. For application of the 
above-determined RSF's to the 1M imaging system, calibration 
curves were constructed relating CCD pixel values to electron 
multiplier count rates for each mJ z of interest. Curves were 
generated for two commonly used MCP gains, 60% (1748 V) and 
70% (1956V). Gelatin films, doped with salts of the analyte 
elements, were deposited on 1-cm2 silicon pieces and used as 
laterally homogeneous calibration standards. An 1M magnification 
of 90X was used, so that the entire 1.35-cm-diameter ion image 
was centered on the 1.90-cm-diameter MCP-PS. Dark current 
corrected images were recorded at electron multiplier count rates 
of 1 X 103, 3 X 103, 1 X 10', and 3 X 10' counts/s for each mlz. 
In this signal range, the electron multiplier is essentially free from 
dead time. Calibration curves were constructed by plotting mean 
CCD pixel values per second (CCD,) versus mean electron 
multiplier counts per pixel per second (EM,). All curves were 
strongly linear and of the form 

CCD, = y,EM, + b, (3) 

No dead time effects of the MCP-PS were detectable under these 
conditions. 
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Table I. Contribution of Analyte Ions to Secondary Ion 
Signalsa 

% signal from analyte 

3T3 
fractured 

mlz analyte 3T3 homogenate cells 

10 lOB+ >99.9 b 
11 llB+ >99.9 b 
12 12C+ 99.8 (0.3) >99.9 
23 23Na+ >99.9 >99.9 
24 "Mg+ 96.9 (0.7) 98.5 (0.2) 
39 "K+ >99.9 >99.9 
40 4OCa+ 96.9 (0.7) 97.0 (0.2) 
41 41K+ 98.6 (0.6) 99.8 (0.0) 

aValues are reported as mean (standard deviation)j n = 3. 
b Insufficient signal for high mass resolution spectrum. 

Quantitative Imaging of Intracellular Elements. A pri
mary ion beam of 250 nA was used for the acquisition of ion 
micrographs of control and Na,B12HlISH-treated Swiss 3T3 fi
broblasts. After brief sample presputtering. lIB+, 12C+. 23Na+. 
"Mg+. '"Ca+, and 'IK+ micrograpba were recorded with the MCP 
gain fixed at 60%. Image acquisition times were 150.0 s for lIB+. 
60.0 s for I'C+, 0.4 s for 23Na+, 30.0 s for "Mg+, 30.0 s for '"Ca+, 
and 3.0 s for 'IK+. 'IK+ was monitored rather than the more 
intense 39K+ to avoid saturation of the CCD imager. The gen
eration of concentration information from these images required 
three operations: (1) spatial registration of the analyte image and 
the I'C+ reference image to permit ratioing of signals from exactly 
corresponding areas, (2) calculation of the mean CCD pixel values 
per second for identical sample features of interest in the analyte 
image (CCDx) and the I'C+ reference image (CCD"f), and (3) 
conversion of the signal ratio CCDx/CCD", to analyte dry weight 
concentration as shown below. 

Rearranging eq 2 and inserting EMx and EM"f for ix and i"f 
produce 

(4) 

Combining eq 3 and 4, one obtains 

ex = (CCDx - bx)Y"i/[(CCD"f- b"f)yJxRSFx;"d (5) 

In practice, bx and b"f are negligibly small as compared to CCDx 
and CCD"f' so eq 5 simplifies to 

(6) 

RESULTS AND DISCUSSION 

Ion Microanalysis. Table I lists the results of high-res
olution mass scans for Swiss 3T3 homogenate and Swiss 3T3 
fractured cell samples. Each value is the mean result of three 
scans. Mass scans from the homogenate and fractured cell 
samples are generally in close agreement, with the secondary 
ion signals being composed of >96% analyte ions in all cases. 
Although corrections for mass interference contributions to 
secondary ion signals can be incorporated in quantification 
algorithms, nO corrections have been employed in this study 
because the contributions are relatively small. 

Secondary ion energy distributions from Swiss 3T3 hom
ogenate and Swiss 3T3 fractured cell samples are shown in 
Figure 1. Energy spectra from the two sample types were 
indistinguishable, as were spectra produced with the different 
primary ion beam intensities. Each curve in Figure 1 is a 
smoothed point-by-point average of the four spectra recorded 
at each m / z, where the raw spectra were scaled to 2 X 106 total 
counts prior to averaging. The low-energy tails were all very 
weak and have been omitted. The resultant curves for 23Na+ 
and 39K+ were superimposable, as were the curves for "Mg+ 
and ,oCa+. The prominence of the high-energy spectral tail 
correlates with the chemical group of the element, being least 
prominent for the alkali metals and most prominent for 12C+. 

o 50 100 
energy (eV) 

Figure 1. Secondary ion energy distributions. Each curve is a 
smoothed average of four spectra as described in the text, scaled to 
2 X 106 total counts for ease of comparison. 
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Figure 2. Variation of analyte-to-carbon ratios as the spectrometer 
energy window is narrowed from 130 to 10 eV. Curves were gen
erated from the normalized data presented in Figure 1, so that a ratio 
of 1.0 is imposed at an energy window setting of 130 eV for each 
curve. 

The 1M secondary ion energy window is variable from 0 to 
130 eV, with image resolution generally improving as the 
window is narrowed. Because the different analyte ions exhibit 
different energy distributions, decreasing the energy band-pass 
will attenuate the different analytical signals non uniformly. 
The variation of signal ratios of 39K+, '"Ca+, and l1B+ to 12C+ 
as a function of energy window setting is shown in Figure 2. 
These curves were generated from the data plotted in Figure 
1, except that the spectra were scaled to the same total counts 
in a 130-e V energy window centered on the spectral peak. 
Note that analyte-to-carbon signal ratios can increase dra
matically as the energy window is narrowed. In this study, 
we have determined RSF's for the analytes ratioed to the 
matrix element C with the energy window set at 130 e V. 
Figure 2 demonstrates that these RSF values will be valid only 
when a 130-eV band-pass is used. 

RSF Determination. To validate the digestion and ICP
AES procedures, NBS SRM 1571 (orchard leaves) and SRM 
1573 (tomato leaves) were digested and analyzed exactly as 
the cell homogenates. The results are listed in Table II. Of 
particular interest were the B values, because loss of B during 
wet ashing is a well-known problem. The results in Table II 
indicate that significant loss of B did not occur during di
gestion. 

Table III lists 1M analyte-to-carbon ratio results (ix/i"f), 
ICP-AES concentration results (ex), and calculated RSFx/ref 
values from analysis of the cell homogenate samples. As 
anticipated, the 1M sensitivity decreases dramatically with 
increasing first ionization potential of the analyte. Because 
of imperfect elemental homogeneity, relatively large standard 
deviations are associated with the 1M results, particularly with 
the higher concentration Na and K values. The RSF xl'" values 
calculated from the three samples are identical for each analyte 
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Table II. Analysis of NBS SRM's for Validation of 
ICP-AES Procedures" 

analyte 

certified 
composition 

(dry wt) ICP-AES results (dry wt) 

NBS SRM 1571: Orchard Leaves 
B 33 (3) Mg/g 31.9 (0.1) Mg/g 
Na 82 (6) ~g/g 67 (1.3) ~g/g 

0.62 (0.02) % 0.678 (0.003) % 
1.47 (0.03)% 1.64 (0.01)% 

Ca 2.09 (0.03) % 2.23 (0.01) % 

NBS SRM 1573: Tomato Leaves 
K 4.46 (0.03)% 4.54 (0.02)% 
Ca 3.00 (0.03)% 3.20 (0.01)% 
Mg 0.7%' 0.731 (0.003)% 
B 30 ~g/ g' 32.6 (0.2) Mg/ g 

a NBS values are reported as mean (uncertainty) as defined in 
the NBS Standard Reference Material Catalog. ICP-AES values 
are reported as mean (standard deviation) for four analyses. 
b Noncertified values. 

within statistical uncertainty. 
In applying the RSFx;,,r values for the quantification of 

intracellular elemental concentrations, we have assumed that 
the RSF x/"[ values are not dependent on analyte concentra
tion. To test this assumption, the three homogenate samples 
were spiked with B levels of 359, 682, and 1329 ppm. Sta
tistically identical RSF X/"[ values were calculated for each, 
indicating a constant B RSF xlref over this concentration range. 
Further studies to determine linear RSF x/"[ ranges and 
cell-line-to-cell-line RSFx/,,[ variability are planned in our 
laboratory. 

Imaging System Calibration. Table IV lists typical fitting 
parameters for the calibration of CCD pixel values to EM 
count rates at MCP gains of 1748 and 1958 V (gains of 60% 
and 70%, respectively). All curves are strongly linear, with 
the slopes at 70 % gain being slightly more than twice the 
slopes at 60% gain. Lighter ions generally generate steeper 
calibration curves than heavier ones. The intercept values 
are very small compared to the maximum allowable CCD pixel 
value of 16383, a result of the low noise character of the 
MCP-PS-CCD image detector combination. Because of their 
small magnitudes, the intercept values were found to have no 
statistically significant impact on the image quantification 
results presented below; i.e. the intercept term in the CCD 
pixel value to EM count rate linear calibration equation can 
be justifiably omitted. 

Three calibrations were performed over a 6-week period to 
monitor calibration reproducibility. Individual calibration 
slopes varied significantly over this period, probably because 

Figure 3. 41K+, 40Ca+, 12C+, and 118+ ion micrographs from several 
Swiss 3T3 fibroblasts treated with 100 I'g/mL Na2B'2H"SH. The three 
boxed areas in the lowest cell of each micrograph are included to 
illustrate analytical areas. In each micrograph, the lower right box 
denotes a cytoplasmic area, the upper right box a perinuclear area, 
and the upper left box a cytoplasmic area. 

the responses of the EM and MCP-PS slowly degrade with 
use. For the image quantification scheme investigated here, 
however, variation of the analyte calibration slopes with re
spect to the calibration slope of 12C+ is the relevent calibration 
characteristic. Ratios of analyte slopes to carbon slope from 
the three calibration sessions are listed in Table V. No 
statistical difference was found between the two MCP gains. 
Reproducibility of analyte-to-carbon slope ratios is quite good, 
with relative standard deviations ranging from 1.1 % to 8.5%. 
In practical terms, this indicates that frequent system cali
bration is not critical. This is fortuitous, because completion 
of the calibration procedure requires several hours of data 
acquisition and analysis. 

Quantitative Imaging of Intracellular Elements. Ion 
micrographs of 41K+, 4OCa+, 12C+, and HE+ from several Swiss 
3T3 fibroblasts treated with 100 I'g/mL Na2B'2HnSH are 
shown in Figure 3. Cell nuclei are easily discernible in the 
,oCa+ micrographs because nuclear Ca signals are low relative 
to cytoplasmic levels. A region adjacent to one side of the 
nucleus (perinuclear) exhibited markedly elevated 4OCa+ sig
nals in nearly all of the Swiss 3T3 fibroblasts analyzed. 

Table III. Cell Homogenate Analyses: ICP-AES and 1M Results with Calculated RSFx;,,, Values' 

NRK1 NRK2 3T3 

analyte f, ix/iref C"ppm RSFx/ ref ix/iref ex,ppm RSFx/ ref ix/iref C" ppm RSFx/ ref 

IOB+ 0.20 2.4 (0.2) 359 (2) 3.4 (0.3) x 102 9.5 (0.9) 1329 (9) 3.6 (0.4) x 102 4.9 (0.5) 682 (4) 3.6 (0.4) x 102 

x 10-2 X 10-2 X 10-2 

llB+ 0.80 9.0 (0.8) 359 (2) 3.1 (0.3) x 102 3.6 (0.3) 1329 (9) 3.4 (0.3) x 102 1.8 (0.2) 682 (4) 3.4 (0.4) x 102 

x 10-2 X 10-1 X 10-1 

23Na+ 1.000 1.5 (0.4) 3790 (40) 4.1 (1.1) x 10' 1.7 (0.4) 4220 (30) 4.1 (0.9) x 10' 9.8 (2.3) 2200 (20) 4.4 (1.1) X 10' 
x 102 X 102 X 10' 

0.7899 3.5 (0.3) 1134 (6) 3.9 (0.3) x 103 3.7 (0.4) 1143 (5) 4.1 (0.5) X 103 1.8 (0.2) 586 (3) 3.8 (0.4) X 103 

0.9326 9.6 (2.4) 2010 (90) 5.1 (1.3) x 10' 8.9 (1.5) 1830 (60) 5.2 (0.9) X 10' bdlb 

X 10' X 10
' 40Ca+ 0.9694 7.4 (0,7) 83.6 (0.9) 9.1 (0.9) X 103 1.0 (0.1) 133.8 (0.1) 8.9 (1.0) x 103 8.8 (1.0) 98.0 (0.5) 9.3 (1.1) x 103 

X 10-1 X 10-1 

41K+ 0.0673 6.1 (0.9) 2010 (90) 4.8 (0.7) X la' 6.7 (1.3) 1830 (60) 5.3 (1.0) x 10' bdl' 

(I Values are reported as mean (standard deviation); n = 9 for ixliref entries; n = 4 for eX. entries. bbdl: signal below the ICP-AES detection 
limit. 
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Table IV. Linear Least·Squares Fitting Parameters for 
Typical Calibration Plots of CCD Pixel Values per Second 
versus EM Counts per Pixel per Second 

OMCP = 1748 V OMCP = 1956 V 
analyte slope intercept slope intercept 

llB+ 69.41 -0.8919 0.99996 146.6 -2.543 0.99946 
12C+ 65.42 -0.9896 0.99996 134.6 -.5563 0.99999 
23Na+ 49.31 -0.2677 0.99995 110.8 -1.594 0.99978 
24Mg+ 51.27 -0.0628 0.99995 113.8 .0694 0.99997 
4OCa+ 42.33 0.4099 0.99993 97.30 -0.9351 0.99982 
41K+ 43.24 -0.5682 0.99998 94.16 0.3785 0.99999 

Table V. Ratios of Analyte-to-Carbon Slopes from Three 
Calibrations of CCD Pixel Values to EM Count Rates 
Performed over a Six· Week Perioda 

analyte 

11B+ 
23Na+ 

"'Mg+ 
40Ca+ 
41K+ 

slope M+ / slope 12C+ 

OMCP - 1748 V OMCP - 1956 V 

1.07 (0.02) 
0.83 (0.06) 
0.85 (0.06) 
0.71 (0.06) 
0.71 (0.05) 

1.08 (0.05) 
0.82 (0.01) 
0.84 (0.01) 
0.73 (0.02) 
0.71 (0.02) 

a Values are reported as mean (standard deviation). 

Concentration data were therefore generated from three re
gions of each cell: nuclear, perinuclear, and cytoplasmic, 
These regions were identified by eye during image processing 
of the 40Ca+ micrographs and delineated with boxes. After 
image registration, identical areas within the llB+, 12C+, 23Na+, 
24Mg+, and 'lK+ micrographs were also delineated. Boxes 
indicating the analytical areas are shown on a single cell in 
each ion micrograph in Figure 3 to illustrate this process. Dry 
weight analyte concentrations from similar regions in each 
analyzed cell were generated from eq 6. These calculations 
used yxjy"f values from Table V and RSFxj"f values of 3.3 
x 10' for B, 4.2 X 10' for Na, 3.93 X 103 for Mg, 5.1 X 10' for 
K, and 9.1 X 103 for Ca. 

The concentration results are listed in Table VI. Levels 
of K were roughly an order of magnitude higher than those 
of Na, in agreement with basic electrophysiology. While K, 
Na, and Mg exhibited reasonably homogeneous distributions, 
both Ca and B were distributed quite heterogeneously. It is 
particularly interesting to note that although both Ca and B 
were concentrated mainly in the cytoplasm, B levels were 
relatively low in the Ca-rich perinuclear region. Further 
studies of the uptake of boronated BNCT agents by tumor 
cells are in progress in our laboratory. 

Because electron probe X-ray microanalysis (EPXMA) is 
currently the favored technique for cellular elemental mi
croanalysis, a comparison of the 1M data with published 
EPXMA values is warranted. A number of EPXMA studies 
of cultured cells have been published (e.g. ref 25-29), but most 

have used nonphysiological washing solutions such as NH,
C,H30 2, NH,N03, sucrose, or deionized water to remove the 
cellular nutrient medium. A recent study by Tvedt et al. 
avoided the use of washing solutions by using a perpendicular 
cryosectioning approach (30). Table VII presents comparison 
the EPXMA results of Tvedt et al. with our 1M results. As 
is accepted practice in the EPXMA literature, values are 
reported as mmoljkg dry weight (standard error of the mean). 
There is good agreement between the two techniques, except 
that the 1M Na levels are somewhat higher. 

Although the 1M is clearly an imaging technique with high 
elemental sensitivity, the estimation of detection limits for 
elements in the cellular matrix is problematic. Detection limits 
are typically defined as the concentration of an analyte that 
produces a signal equal to 2 or 3 times the standard deviation 
of the blank signal. Blanks for major physiological metals in 
the cellular matrix are not easily prepared. However, animal 
cells generally contain very little B, and so can be considered 
a suitable blank for the estimation of B detection limits. The 
standard deviation of pixel values from 20 X 20 pixel areas 
in three control Swiss 3T3 fibroblasts analyzed exactly as the 
other fibroblasts in this study averaged 15.3 pixel units (on 
a pixel unit scale of 0 to 16383). Raw llB+ signals averaging 
757 pixel units were used to generate the 563 ppm cytoplasmic 
B level reported for Na,B1,HllSH treated cells in Table VI. 
The B concentration that would give rise to a signal of 45.9 
pixel units (3 times the standard deviation of the blank signal) 
is therefore 34 ppm dry weight. By use of the relative ele
mental sensitivities listed in Table III, detector calibration 
slopes from Table V, a 15.3 pixel unit blank standard deviation 
value, and an image acquisition time of 150 s, dry weight 
detection limit estimates of 0.36 ppm K, 0040 ppm Na, 2.1 ppm 
Ca, and 4.0 ppm Mg can be calculated for the instrumental 
conditions used in this study. These values ignore spectral 
interferences and are presented only as very rough estimates, 
For comparison, an optimal detection limit of 1 mmoljkg dry 
weight is often quoted for biological EPXMA (31, 32). 

Several sources of uncertainty in our elemental quantifi
cation protocol should be pointed out. Our method assumes 
that the intracellular l'C concentration is proportional to the 
cellular dry weight concentration at each resolvable location 
within the cell. Considering the moderate spatial resolving 
power of the 1M, this is a good approximation. A second 
assumption is that the analyte signals are not dependent on 
the analyte's chemical state in the cellular matrix. This point 
is difficult to investigate, but the largely homogeneous 1M 
images of K+, Na+, Mg+, and C+ obtained from fractured cells 
suggest an absence of significant chemical-state effects. Ad
ditionally, we have reported previously that small cytoplasmic 
granules may possess sputter rates differing from that of the 
general cytosol (14), so that the quantitative uncertainty as
sociated with signals from small cytoplasmic structures is 
difficult to estimate. Because such structures are generally 
too small to be resolved by the 1M, the effects of this phe-

Table VI. Dry Weight Elemental Concentration Results from Nuclear, Perinuclear, and Cytoplasmic Cellular Regions of 
Swiss 3T3 Fibroblasts' 

K,% Na, % Mg, % Ca, ppm B,ppm 

Control, n = 38 
nuclear 4.65 (0.9) 0.55 (0.18) 0.17 (0.02) 255 (43) bdl' 
perinuclear 4.09 (0.9) 0.59 (0.16) 0.15 (0.02) 455 (71) bdl 
cytoplasmic 4.44 (1.0) 0.65 (0.19) 0.18 (0.03) 355 (58) bdl 

B Treated, n = 31 
nuclear 5.17 (1.3) 0.43 (0.12) 0.19 (0.03) 220 (46) 170 (40) 
perinuclear 4.68 (1.1) 0.50 (0.17) 0.17 (0.03) 499 (110) 254 (60) 
cytoplasmic 4.92 (1.1) 0.49 (0.12) 0.18 (0.03) 375 (89) 563 (160) 

(l Values are reported as mean (standard deviation). bbdl: below detection limit. 



ANALYTICAL CHEMISTRY, VOL. 61, NO. 24, DECEMBER 15, 1989 • 2695 

Table VII. Comparison of 1M Elemental Concentration 
Results with X-ray Microanalysis Results of Tvedt et al." 

K Na Mg Ca B 

Control, n = 38 
nuclear 1190 (38) 240 (12) 70 (1) 6.4 (0.2) bdl 
perinuclear 1150 (36) 260 (11) 62 (1) 11.4 (0.3) bdl 
cytoplasmic 1130 (43) 280 (14) 72 (2) 8.9 (0.2) bdl 

B Treated, n = 31 
nuclear 1320 (59) 190 (9) 76 (2) 5.5 (0.2) 16 (1) 
perinuclear 1200 (53) 220 (14) 69 (2) 12.4 (0.5) 23 (1) 
cytoplasmic 1260 (49) 210 (10) 75 (2) 9.4 (0.4) 52 (3) 

Tvedt et al.' 
1294 (37) 147 (31) 62 (3) -1.0 (1.0)' d 

"Values are reported as mean mmol/kg dry weight (standard 
error of the mean). b n = 43; whole cell concentrations were re
ported. C Not significantly different from zero. dNot reported. 

nomenon typically are not detectable. 
Tbe precision of our intracellular concentration results and 

their excellent agreement with values from the EPXMA lit
erature argue that the above shortcomings are not serious, and 
that the 1M is a reliable technique for cellular microanalysis. 
Strengths of the 1M technique include a simple and quick 
sample preparation method for cultured celis, broad elemental 
scope, high elemental sensitivity, and the intuitive advantages 
of data which is output directly as real time images. The 1M 
opens new avenues of biomedical research, because it can 
quantitatively image the distributions of many elements 
present in concentrations far below EPXMA detection limits. 
The capability of the 1M to perform isotopic analyses addi
tionally suggests exciting possibilities for the investigation of 
elemental homeostasis and transport with stable isotopes. 
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Determination of Phosphorus in Zircons by Inductively Coupled 
Plasma Atomic Emission Spectrometry 
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A method for phosphorus determination in zircons by induc
tively coupled plasma atomic emission spectrometry has been 
developed. Sample decomposition is achieved by means of 
Na.CO. + ZnO slnterlng in a platinum crucible at 950 °C for 
45 min and subsequent leaching with water of the attacked 
product. P Is separated from the matrix by means of yellow 
molybdophosphoric acid complex formation and isobutyl 
acetate extraction. The analyses are performed in an aque
ous phase after complex decomposition with (1 + 4) HNO. 
and evaporation of the organic extractant. The lowest 
quantitatively determinable concentration is 1.8 {.Ig mL-' P.O •. 
The method was tested on zircon BCS-388 with a certified 
P.O. value of 0.12%. Short- and long-term precision and 
method precision reached relative standard deviations of 
1.64 %, 3.36 %, and 2.50 %, respectively. The accuracy of 
the method is excellent. 

INTRODUCTION 
Zircon (ZrSi04) is a raw material widely used in the man

ufacture of ceramics and glass. Its technological relevance 
derives fundamentally from its high refractoriness (dissociation 
temperature = 1676 ± 7°C). Among its many applications 
the following should be mentioned as particularly important: 
in the ceramic and glass industry it is employed in roofs for 
tunnel and blast furnaces; in metal foundry it fmds application 
in continuous casting nozzles, in blast furnace bellies, and in 
refractory linings for casting ladles; in the field of new and 
advanced ceramic materials it is the fundamental raw material 
for the production of zirconia (Zr02)' The most important 
properties of zircon-based materials are the high thermal shock 
resistance and the high chemical resistance to alkali and slag 
attack. In addition and most essentially, zircon does not 
present any structural transformation below its dissociation 
temperature. 

The impurities that are generally found in zircon comprise 
major fractions of A120 3, Fe203, Ti02, and Hf02 and minor 
portions of MgO, MnO, NiO, Na20, K,O, and P,O.. The 
presence of these impurities can have a negative impact on 
the aforementioned properties of these materials, degrading 
them considerably. Hence, accurate and reliable analytical 
impurity control is indispensable. For instance P20., which 
is found in zircons in concentrations in the order of 0.1 %, is 
a component that must be rigorously quantified. Nevertheless, 
in the literature on chemical analysis of zircons (1-9) no 
phosphorus determination method is mentioned. The general 
literature on silicate materials, however, contains frequent 
references to the determination of this element. The most 
widely used method is spectrophotometric analysis, either 
through yellow molybdovanadophosphoric acid complex 
formation (10) or by means of the blue molybdophosphoric 
acid complex obtained from the respective yellow molybdo
phosphoric acid complex by reduction with either ascorbic acid 
(11-17), ferrous ammonium sulfate (18, 19) or tin(II) oxalate 
(20). The interference of Si, forming colored complexes 
analogous to those of P, has been eliminated by (a) HF attack 
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(10-13,19), (b) pH control (18), (c) pH control and limiting 
free molybdate ion concentration (16), (d) pH control and 
addition of Fe(III) in excess (20), and (e) tartaric acid addition 
(14). 

Kuroda et al. (21) applied flow injection analysis (FIA) in 
combination with blue molybdophosphoric complex spectro
photometric detection to P determination in silicate rocks. 

Riddle and Turek (22) described an indirect method for P 
determination in rocks through yellow molybdophosphoric 
acid complex formation, organic solvent extraction, complex 
decomposition, and determination of the molybdenum re
leased in the aqueous phase by atomic absorption spectrom
etry. 

Direct current plasma (DCP) and inductively coupled 
plasma atomic emission spectrometry (ICP-AES) were likewise 
utilized for P determination in silicates, in spite of the fact 
that this element possesses only scarce emission lines (23) 
which, in addition, are little sensitive, so that P is one of the 
elements that presents the highest detection limits in ICP (24). 
Bankston et al. (25) used the 214.914-nm line for P deter
mination through DCP after solubilizing the samples by LiB02 
fusion in a graphite crucible. Cook and Miles (26), Burman 
(27), and McLaren et al. (28) used the lines at 178.287, 213.618, 
and 214.914 nm, respectively, for P determination by ICP, 
solubilizing the samples with HF attack in a platinum or 
PTFE dish. In all cases the lines used were free of spectral 
interferences. However, the detection limits of this element 
are not reported in any of the publications mentioned. 

In a previous work, Farinas and Valle (29) studied impurity 
determination (AI, Fe, Mg, Ti, Ni, Mn, and P) in zircons by 
ICP. The zircon samples were dissolved by fusion in a 
platinum crucible of 0.2 g of zircon with 2 g of a mixture of 
Na2C03 + Na2B40,; the melt was solubilized in 10% HCI and 
diluted to 200 mL. Although the first six elements could be 
accurately quantified by ICP, P resisted analysis, as P con
centration was below the detection limit of any of its analytical 
lines. This was attributed to the considerable increase of the 
spectral background by the complex matrix resulting from the 
dissolution of the sample, together with the severe spectral 
interferences caused basically by Zr, rich in emission lines, 
as well as by other elements, such as Hf, Ti, and Cr. 

The aim of this research is to develop a convenient method 
for reliable and accurate P determination in zircons by ICP
AES. The procedure comprises several steps, starting with 
a preconcentration of the element and separation ofthe matrix 
containing the solubilized P by means of Na2C03 + ZnO 
attack, yellow molybdophosphoric acid complex formation, 
extraction with an organic solvent, followed by decomposition 
to transfer P to an aqueous acid phase, where this element 
is measured by ICP. 

EXPERIMENTAL SECTION 
Apparatus. A Jobin-Yvon Model JY-38 VHR sequential 

spectrometer with an ICP source was used. This is equipped 
with a 56-MHz radio frequency generator and a 1-m Czer
ny-Turner monochromator with a 3600 lines mm-1 grating. 
The output, induced, and reflected powers are 2200, 1600, and 
<5W, respectively. The reciprocal linear dispersion is 0.26 

© 1989 American Chemical SOCiety 
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Figure 1. Schematic diagram for Iep determination of phosphorus 
in zircons (Bu' AcO, isobutyl acetate; O.P., organic phase; A.P., 
aqueous phase). 

nm mm-I (first order) and the resolution is 0.0026 nm. The 
entrance and exit slits have a width of 30 p.m and a height 
of 20 mm. The photomultiplier is a Hamamatsu RI06. The 
spectral range is 170-500 nm. An Apple IIe with 64K byte 
memory is used for instrument control and analytical pro
cessing of intensity data. The torch is a Durr-JY /Plasmat
herm, demountable, with an alumina injector and a sheathing 
gas tube. The sample is introduced by use of a Meinhard 
TR30-C2 high salt concentric glass nebulizer with a humidifier 
on the argon aerosol carrier inlet. The spray chamber is a 
coaxial Scott type. A peristaltic pump from P.S. Analytical, 
Ltd., set at 2.1 mL min-I is used for sample delivery. The 
cooling, sheathing, and aerosol carrier gas flow rates are 16, 
004, and 0.3 L min-I of argon, respectively. The flow rate of 
the cooling water for the coils is 130 mL min-I. The mea
surement time is 3 integrations of 400 ms step-I. 

Reagents. A phosphorus standard stock solution (1000 p.g 
mL-I P20 5) was prepared by dissolving in water 1.9174 g of 
KH2PO, (Merck R.A.), which had been dried previously at 
70 °C for 1 h, and diluting it to 1000 mL. 

A solution containing 0.03% (m/v) Mo was prepared by 
dissolving 0.55 g of ammonium molybdate (Johnson Matthey 
Specpure) in water and diluting it to 100 mL. 

A 10% ammonium molybdate solution was obtained by 
dissolving 25.00 g of (NH,)6M07024·4H20 (Merck R.A.) in 
water and diluting it to 250 mL. All reagents used were Merck 
R.A. products. The water was distilled and deionized (> IS 
Mn). 

Procedure, The general procedure used for P determi
nation in zircons is exemplified in the scheme shown in Figure 
1. 

Decomposition of the Sample. A 0.5000-g portion of the 
zircon sample dried at 110 °C for 2 h was thouroughly mixed 
with 1.50 g of N a2CO, and 0.50 g of Zno in a platinum crucible, 
covered with a platinum cap and treated in a muffle furnace 
at 950 °C for 45 min. The mixture was allowed to cool slightly 
and then transferred to a vessel with 50 mL of hot water. The 
vessel was heated until all solids had been separated from the 
walls of the crucible. Then the mixture was heated to the 
boiling point and kept there for 10 min. Subsequently, the 
hot mix was filtered through a O.S-p.m Millipore filter and the 
residue washed out with three flushes of 10 mL of hot water. 

Yellow Molybdophosphoric Acid Complex Formation. 
Once the filtrate had cooled to room temperature, 20 mL of 
10% ammonium molybdate solution was added. The pH, 
measured by using a calibrated glass electrode, was adjusted 
to 1.0 by adding 4 N HCI. Subsequently, the solution was 
stirred for 5 min. 

Extraction of the Yellow Molybdophosphoric Acid Com
plex. The solution was treated 3 times with 30-mL portions 
of isobutyl acetate in a separatory funnel, under stirring for 

3 min during each treatment. The three organic portions were 
collected together and washed twice with 30 mL of (1 + 1) 
HCI. 

Decomposition of the Yellow Molybdophosphoric Acid 
Complex. The organic fraction was poured into a vessel 
containing 10 mL of (1 + 4) HNO, and was carefully heated 
until isobutyl acetate evaporation was complete. The resulting 
nitric solution was transferred to a 25-mL volumetric flask 
and diluted to volume with (1 + 4) HN03. 

Calibration and lCP Analysis. Calibration was done with 
two solutions containing 20 and 30 p.g mL-I P20 5 and prepared 
with (1 + 4) HN03 from the standard stock pbosphorus so
lution. Determination of phosphorus was performed directly 
in the nitric solution of the sample using the P I line at 253.565 
nm. 

RESULTS AND DISCUSSION 

Yellow molybdophosphoric acid complex formation in the 
presence of major quantities of Si has proved to be perfectly 
possible, as was shown by Riddle and Turek (22) with the 
method developed for P determination in silicates, for which 
these authors recommend a silicon to phosphorus ratio of ca. 
400:1 or less. For zircons with a standard content of 33% Si02 
and 0.1 % P20 5, this ratio would then be 350:1. Similarly, the 
complex was formed in solutions obtained through silicates 
fusion with LiB02 or Li2B,07 (14-16,20,25) or with Na2C03 
(18), which means that the presence of these flux agents in 
the solution does not inhibit yellow molybdophosphoric acid 
complex formation. 

To find out whether the presence of Zr in the sample so
lution had some effect, it was attempted, firstly, to dissolve 
the zircon with the aforementioned fluxes. LiB02 and Li,B,07 
fluxing was tested in a graphite as well as in a platinum 
crucible by attacking the fusion product with (1 + 9) HCI or 
(1 + 24) HN03, but in no case was sample solubilization 
attained. Fusion with Na2C03 in a platinum crucible did not 
succeed in dissolving the zircon. Even after HF attack in 
combination with a mineral acid (H2SO" HClO" and HN03 
+ HCIO,) in a platinum dish, the sample remained unaffected 
by the attack in all cases. In light of these results, Na2C03 
+ Na2B,07 flux was used, which had been used in a previous 
work by Farinas and Valle (29). With this latter attack, as 
was mentioned in the introductory section of this paper, zircon 
is completely dissolved. Nevertheless, addition of a 10% 
ammonium molybdate solution to the sample solution pro
duced an abundant white precipitate that could not but be 
attributed to the presence of Zr. This fact was effectively 
corroborated when adding the reagent to a Zr solution ob
tained through ZrOCI2·SH20 dissolution in water. This pre
cipitate is soluble only in either highly acid or extremely basic 
media but not in the vicinity of pH = 1 where yellow mol
ybdophosphoric acid complex formation occurs. Hence, it is 
absolutely necessary for P to be totally free of any presence 
of Zr. 

P has been separated from Zr in zircons through extraction 
by means of Amberlite LA-l and malonic acid (9) and by 
means of Amberlite LA-2 and chloroform (2, 3). However, 
in both cases it is necessary to start from small fractions of 
the sample solution containing ca. 50 p.g and 10 mg Zr, re
spectively, while it would be desirable to start from the largest 
sample amount possible, in order to obtain a solution with 
a maximum P concentration, to compensate for the poor ICP 
sensitivity of this element. For effective P separation, zircon 
sample was attacked with Na2C03 + ZnO in platinum crucible, 
which actually is a sintering or solid-state reaction, since the 
reagents do not achieve fusion. According to Debras-Guedon 
(30) this attack, which he used for B determination in different 
raw materials and industrial ceramic products, completely 
dissolves the elements F, CI, S, B, and P, while the major part 
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of oxides are retained in the insoluble residue, such as SiO" 
Al,03' and TiO,. Langer and Baumann (12) used this attack 
for F determination in silicates. The authors mentioned differ, 
however, about the working conditions: while the former 
treated 0.1 g of the sample, together with 0.3 g of Na,C03 and 
0.1 g of ZnO at 800°C for 30 min, the latter used 0.01, 0.44, 
and 0.11 g, respectively, at 800-850 °C for 15 min. In this 
research Debras-Guedon's conditions were used, since the 
Na,C03 and ZnO ratio to the sample is much lower. Nev
ertheless, at the temperature and treatment time used by this 
author for the attack, the solubilized P amount, which was 
determined following the procedure described in the Exper
imental Section, was hardly detectable, which may be due to 
the high refractoriness of the material. It was necessary to 
apply the atta~k at 950°C and for 45 min to achieve quan
titative solubilization of P. In addition, this treatment renders 
the Zr almost insoluble: ICP determination of Zr yielded only 
0.02% of solubilized ZrO" with the advantage that the 
problems of Zr precipitation with ammonium molybdate are 
avoided. The solubilized Si fraction, likewise determined by 
ICP, amounted to 8.8% SiO" which is equivalent to an Si:P 
ratio of ca. 95:1 and constitutes a favorable environment for 
yellow molybdophosphoric acid complex formation. ICP 
analysis of other oxides, such as Al,03 and TiO" showed that 
they are entirely retained in the insoluble residue. Another 
additional advantage is that when the attacked product is 
leached with water and not with acids as in fusion, a slightly 
alkaline solution is obtained, which is easy to bring down to 
pH = 1, when adding diluted HCI. As a consequence, this 
zircon decomposition method was chosen, since it allows in 
a single operation and simultaneously both quantitative P 
solubilization and its separation from practically the entire 
amount of Zr and from the major part of the Si. However, 
the solution obtained with this attack cannot be injected into 
the plasma due to its high saline component. 

P separation from the saline matrix was performed through 
yellow molybdophosphoric acid complex formation, following 
the conditions proposed by Riddle and Turek (22): reaction 
with a 10% ammonium molybdate solution and at pH = 1.0 
obtained with a 4 N HCl addition. This complex can then 
be separated selectively from the yellow molybdosilicic acid 
complex, which is likewise built up, using an organic extractant 
depending on the pH of the solution (31). The most common 
extractants used for complex separation are diethyl ether (31), 
isobutyl acetate (32), n-butyl acetate (31), isoamyl acetate (33), 
methyl isobutyl ketone (31), diethyl ether-l-pentanol (5:1) 
(22,31) or (3:1) (32), and chloroform-I-butanol (4:1) (31,34) 
or (3:1) (35). In this work isobutyl acetate was chosen as the 
extractant, as it allows for quantitative extraction of the yellow 
molybdophosphoric acid complex at pH = 1.0. Treatment 
of the organic extract with a (1 + 1) HCl solution removes all 
excess molybdate. 

The introduction of organic solutions into the plasma may 
cause instability problems. Hence an auxiliary gas is required 
(generally oxygen). In addition, it is necessary to prepare the 
calibration standard solutions in the respective organic me
dium, which is known to be laborious and messy. This is why 
it was preferred to decompose the complex and transfer it 
again to an aqueous solution, which can be done either by 
means of back extraction with an ammonium hydroxide-am
monium chloride buffer solution (22, 31) or by means of 
evaporation of the organic extractant in the presence of (1 + 
4) HN03 (36). The former of these treatments yields an 
alkaline solution, which proves to be less stable in plasma and 
which, in addition, has a high salt content with the conse
quential inconvenience of having to work with a high volume 
end solution (100 or 200 mL). The second treatment, on the 
contrary, gives rise to a diluted acid solution, which permits 
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Figure 2. Wavelength scans in the vicinity of the P I 213.618 (A), 
214.914 (B), and 253.565 (C) nm lines: ---, 25 I'g mL-1 pps in (1 
+ 4) HN03; "', 0.03% (m/v) Mo; --, sample solution. 

a high concentration of the final solution (25 mL), so that this 
method was considered the better option for yellow molyb
dophosphoric acid complex decomposition. 

The final solution only contains Mo as a potential source 
of interferences for the emission lines of P. Possible spectral 
interferences were studied by means of ±0.05 nm wavelength 
scans in the vicinity of the most sensitive P lines (23) per
formed with the sample solution, a 251'g mL-l P,05 solution 
and a 0.03 % (m/v) Mo solution (this latter level is approx
imately the Mo present in the sample solution). The P I line 
at 213.618 nm, which is the most sensitive one, is interfered 
with by the Mo II line at 213.606 nm, giving rise to a peak 
in the sample solution corresponding to the joint contribution 
of P and Mo, as shown in Figure 2A The P I line at 214.914 
nm presents, as shown in Figure 2B, a Mo emission at the 
same wavelength, not reported in the literature. Nevertheless, 
the P I line at 253.565 nm is not interfered with by the un
known Mo emission at ca. 253.538 nm, as can be seen in Figure 
2C. So this wavelength was chosen for analysis. It was found 
that, at this wavelength, the (1 + 4) HN03 has a depressing 
effect on the emission signal, whereas Mo does not exert any 
influence at all. To compensate for this matrix effect, the 
calibration standards were prepared with (1 + 4) HN03. The 
detection limit (concentration of analyte required to give a 
net signal equal to 3 times the standard deviation of the 
background) obtained experimentally is 0.36 I'g mV' P ,Os' 
The lowest quantitatively determinable concentration is 1.8 
I'g mV' P ,Os, calculated as five times greater than the de
tection limit (37), which refers to a realistic value for quan
titative analysis. This is equivalent to 0.009% P,05 in the 
solid sample (starting from 0.5 g of sample and arriving at a 
final volume of 25 mL). 

The precision and accuracy of the methodology developed 
were tested by analyzing zircon BCS-388 with a certified P ,Os 
value of 0.12%. Table I compiles the results obtained in 
short-term precision testing (10 consecutive determinations), 
long-term precision testing (10 determinations over 10 con
secutive days), and method precision testing (10 determina
tions on 10 sample specimens). For each assay the mean value 
(X), the standard deviation (8), and the relative standard 
deviation (RSD) are indicated. The precision and the accuracy 
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Table I. Phosphorus-Determination Results (% P,O,) in 
Zircon BCS-388 (Certified Value = 0.12% P,O,) 

assay X RSD 

short-term precisionCl 0.122 0.002 1.64 
long-term precisionb 0.119 0.004 3.36 
method precisionc 0.120 0.003 2.50 

a Ten consecutive determinations. b Ten determinations over 10 
consecutive days. cTen determinations on 10 sample specimens. 
Each determination is the mean of 10 400-ms integrations. 

levels obtained from the three test series can be considered 
as very satisfactory. 

Registry No. P, 7723-14-0; Zn, 14940-68-2. 
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Phosphine-Ozone Gas-Phase Chemiluminescence for 
Determination of Phosphate 
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Gas-phase chemiluminescence generated by mixing phos
phine and ozone has been Investigated. Various chambers 
for mixing ozone and phosphine were designed such as 
flashing ozone and phosphine in the opposite direction or 
Injecting phosphine Into ozone flow wHh the view of observing 
chemiluminescence: The noise power spectra in the chem
iluminescence emission occurring in different chambers were 
given by the fast Fourier transform analysis. The color of 
chemiluminescence varied according to the concentration of 
phosphine: emission appears In the spectral range from 500 
to 800 nm with peaks at 675 and 740 nm for introducing 
phosphine (concentration, about 15 %); emission appears 
from 350 to 700 nm with the peaks at 530 and 675 nm for 
Introducing phosphine (concentration, 103 ppm). For the 
quantitative analysis of phosphate, the sample solution was 
dried on the quartz boat, and then the aqueous NaBH. solution 
was applied to this dried phosphate and was dried again. 
Phosphine was generated by means of healing the dried 
mixture of phosphate and NaBH. at 480°C, which was de
tected by the ozone gas phase chemiluminescence. The 
detection limit was 1 ng of P as phosphate and the linear 
dynamic range extends up to 5000 ng of P. 

0003-2700/89/0361-2699$01.50/0 

Several advantages can be counted for developing the 
conversion techniques of phosphate to phosphine, i.e., ex
tension in applicable analytical method (1), elimination of 
sample matrix effects, and increase in sensitivity. In the 
previous papers (2-4), several methods have been proposed 
for phosphine generation, e.g., passing fine mists of aqueous 
solution of phosphate on a surface of heated graphite (3), or 
the solid phase reduction of phosphate by sodium tetra
hydroborate (4). Especially, the latter method reproducibly 
gave the phosphine and is rather simple when compared to 
the former method. 

In this paper, phosphine generated with the solid phase 
reduction of phosphate is detected by the gas-phase chemi
luminescence with mixing ozone. In ref 3, we have studied 
the chemiluminescence detection of phosphate. However, the 
generation method of phosphine adopted was lacking in 
precision, and the detection limit was rather poor due to the 
low conversion efficiency. Thus, the instrumental and ana
lytical conditions have to be reinspected for the gas-phase 
chemiluminescence detection of phosphine coupled with the 
solid-phase phosphine generation technique by sodium tet
rahydroborate. The simple and high sensitive detection 
method of phosphate has been established. 

© 1989 American Chemical Society 
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Table I. Summary of Instruments Used 

ozone generator 
spectrometer 
multichannel detector 

Nippon Ozone Co., Type 0-3-2 
Jasco, Type CT-25-C 

peD image sensor Hamamatsu, Type S2304-512Q 
detector Type C2327 

data processing unit Type C2890 
DMA interface Type M2891 
personal computer NEC, PC9801 VX 
printer PC-PR20IF2 
scope Trio, Type CSI577 (30 MHz) 

Fourier transformation and general spectral observation 
analyzer (recorder) Yokogawa, Type 3655E 
FFT module Yokogawa, Model 3659 20A 
de amplifier Keithley, Type 427 
de (A/V) amplifier NF Electronic, Type LI-76 
function generator NF Electronic, Model FG-121B 
PM power source Hamamatsu, C 488R 
PM (photomultiplier) Hamamatsu, R456 

determination of phosphate 
electric furnace 
digital thermometer 
PM housing with electronic cooler 
PM 
photon counter 
strip chart recorder 

Mitamura Riken, 400 W 
Nippo Electric, Type LM499 
Hamamatsu, Type C659-A 

Type R649 
Type C2130 

Hitachi, Model 056 

It is well-known that phosphine ignites in the atmosphere 
and emits visible light, which is called ignis fatuus or will
o'-the-wisp (the flickering lights seen in darkness over 
marshland, peat bogs, and swamps) (5), However this lu
minescence was not well elucidated. As the phosphorus 
chemiluminescence of the room temperature, only the lu
minescence with oxidizing p. with addition of H20 or D20 
has been previously reported by VanZee et al. (6). A spec
troscopic characteristics of the chemiluminescence occurred 
by mixing phosphine and ozone or oxygen was, therefore, also 
give in this paper. 

EXPERIMENTAL SECTION 

Reagents. Phosphorous acid (HaPOa) of analytical grade was 
purchased from Wako Chemical Industries, Ltd., for producing 
large amounts of phosphine. A cylinder of the standard phosphine 
at 103 ppm diluted with helium (produced by Nippon Sanso Co., 
Ltd.) was used for continuous measurement of phosphine chem
iluminescence. 

The standard aqueous solution of phosphorus was made by 
dissolving potassium dihydrogen phosphate of analytical grade 
(Wako). Sodium tetrahydroborate used in this study was a tablet 
type (Nissoh Benthoron Co., Ltd.) of the grade for atomic ab
sorption spectrometry. Selenium (Se02 in 0.5 mol/L HNOa), lead 
(Pb(NOa)2 in 0.1 mol/L HNOa), bismuth (Bi(NOa)a in 0.8 mol/L 
HNO,), germanium (K2GeOa in 0.2 mol/L KOH), antimony (SbCla 
in 2.8 mol/L HC!), arsenic (As,Oa in 0.05% NaCI and 0.2 mol/L 
HCI), and tin (SnCl, in 3 mol/L HC!) at 1000 ppm were purchased 
from Kanto Chemical Co., Inc., and were used for observing the 
effect of interferent ions. 

Apparatus. Equipment used in this paper is listed in Table 
1. 

An ozone generator was a silent discharge type operated at the 
applied electric voltage of 100 with flowing oxygen at the rate of 
100 mL/min. The concentration of ozone was 13 g/ma under this 
condition. 

Spectrometric Observation for Phosphine Chemilu
minescence. To observe the chemiluminescence of phosphine 
at high concentration (around 10%), a spectrophotometer 
equipped with a photodiode array was used for simUltaneous 
observation of wide wavelength emission. A personal computer 
was used for processing the multichannel signal from tbe pho
todiode array. To observe the chemiluminescence of phosphine 
at low concentration (less than a few hundred parts per million), 
the same spectrometer as employed in the above multichannel 
measurement was used with photomultiplier detection, where a 
mirror was set inside the spectrometer for switching the optical 
pathway from the diode array to photomultiplier. The output 
signal of the photomultiplier through a de amplifier was fed into 

a digital analyzing recorder which has a function to perform fast 
Fourier transform of input signal (frequency analysis of noise in 
the input signa!). Wavelength scanning of the spectrometer was 
done by a stepping motor which was controlled by a function 
generator. 

Determination of Phosphate Ion. The method for generating 
phosphine from aqueous phosphate solution, which was previously 
reported (4, 7), was improved for the chemiluminescence detection. 
Two types of the sample vessels (boat and half cylindrical types) 
were examined. A boat-shaped container made of quartz was used 
as a sample container instead of a half cylinder of quartz tube 
which was adopted in the previous paper. This vessel shape is 
convenient when a large amount of sample solution is applied. 

The generated phosphine was mixed with ozone in a chemi
luminescence chamber. Various types of chambers were designed 
and made in our laboratory. In the case of quantitative analysis 
for phosphate, a photon counting system with cooling photo· 
multiplier was adopted because of the low intensity of chemilu
minescence emission. The analog output of the photon counter 
was recorded on a strip chart recorder. 

Procedure. The recommended procedure for determination 
of phosphate is as follows: 10-2000 I'L of phosphate solution 
(sample) is placed in the sample vessel and completely dried. 
Then, 100 I'L of 6 % sodium tetrahydroborate is added to this 
vessel and dried again at a temperature below 45 °C in an oven 
for 2 h. This dried mixture is inserted into a phosphine generation 
tube made of quartz which is heated at 480-500 °C by a cylindrical 
Nichrom heater whose temperature is controlled and monitored 
by a digital thermometer. Helium is used as the carrier gas of 
the generated phosphine and continuously flows in the phosphine 
generation tube at a flow rate of 600 mL/min. Phosphine is 
trapped in a V-tube cooled at liquid nitrogen temperature for 2 
min. This trap is packed with a small amount of quartz wool. 
After collecting phosphine, the cold trap is soaked (warmed) in 
a water bath. Phosphine is, then, introduced into the chemilu
minescence chamber and mixed with ozone, which is supplied from 
a generator of silent discharge type through which oxygen flows 
at the rate of 150 mL/min. The peak height of the chemilu
minescence signal fed into a strip chart recorder is read for 
calculating phosphate concentration. 

Caution: Phosphine is a poisonous gas. The lowest published 
lethal concentration for hamsters is 8 ppm (8). It is also explosively 
flammable. When using the system shown in Figure 1 for 
measuring chemiluminescence spectra, the operator should obey 
safety guides. Especially in Figure lA, when a large amount of 
phosphine is collected in the trap, special caution for protecting 
against ignition and leaking of phosphine must be required. 
However, it should be noted that it the quantitative analysis of 
phosphate ion is not dangerous when using the system shown in 
Figure 4 because only a small amount of phosphate is applied and 
converted to phosphine. The poisonous effect of phosphine is 
smaller than that for arsine, which is commonly treated in atomic 
spectroscopy. 

RESULTS AND DISCUSSION 

Chemiluminescence Spectra of Phosphine. When 
phosphine at high concentration was exposed to air, the color 
of emission varied from white to red and reversed to white 
before termination. Sometimes, a greenish emission appears, 
which can be ascribed to HPO or (POlz, This fact shows that 
the chemiluminescence spectrum changes due to the con
centration of phosphine. 

Figure 1A shows the schematic diagram for observing 
chemiluminescence of phosphine at high concentration. Since 
the supply of highly concentrated phosphine is temporal, the 
chemiluminescence spectrum was observed with a multi
wavelength detection system. In the figure, phosphine was 
synthesized according to the reaction 

4HaPOa heat <200 oc, PHa + 3HaPO. 

Phosphorous acid (about 30 g) was heated in a distillation 
flask, which was heated in a mantle heater under temperature 
control. Helium flows in the flask to carry phosphine to the 
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Figure 1. Schematic diagrams for spectral measurement of gas-phase 
chemiluminescence of phosphine. (A) System at the high concentration 
of phosphine (about 15%): 0" oxygen cylinder; He, helium cylinder; 
(1) gas flowmeter, (2) cooling water, (3) ozone generator, (4) chemi
luminescence chamber, (5) phosphorus acid, (6) slide transformers, 
(7) spectrometer, (8) double neck flask, (9) heater, (10) trap for elim
inating water and byproducts (first trap), (11) phosphine reservoir trap 
(second trap), (12) trap for phosphine partitioned from the second trap 
(third trap), (13) trap for preventing backfire, (14) muitichannel detector, 
(15) data treating unit (interface), (16) personal computer, (17) display, 
(18) printer. (B) System at the low concentration (103 ppm): 0" 
oxygen cylinder; PH, phosphine cylinder; (1) gas flowmeter, (2) cooling 
water, (3) ozone ganerator, (4) chemiluminescence chamber, (5) alu
minum case, (6) spectrometer, (7) photomuitiplier, (8) stepping motor, 
(9) function generator, (10) motor controller, (11) power supply, (12) 
analyzing recorder, (13) dc amplifier. 

trap. The first trap, cooled at dry ice / ethanol temperature, 
is for elimination of water and diphosphine which are by
products of the above reaction. The second to forth traps, 
cooled at liquid nitrogen temperature, were for phosphine. 
The second trap was the reservoir of synthetic phosphine. For 
each chemiluminescence measurement, about 20 mg of 
phosphine was transferred to the third trap. The first and 
second traps were specially designed by Horibe (9). The third 
trap was a U-tube packed with quartz wool, and the forth, 
which was for protection for the second and third traps from 
backfire, was a simple U-tube. Because of the oxidation of 
a large amount of phosphine, there was a yellow and white 
elemental phosphorus deposit inside the chemiluminescence 
chamber. To prevent the window from being screened by 
elemental phosphorus, a type 4 chamber, shown in Figure 2, 
is designed and used for the measurement, where the inlet 
of phosphine in the chamber is distant from the window. 

The upper figure of Figure 3 shows the chemiluminescence 
spectra measured by the above-mentioned system. A broad 
peak of emission appears at 670 nm with a shoulder at 740 
nm. In this figure, the shoulder at 740 nm is rather small due 
to the reduction of figure size but reproducible in every ob
servation. This emission looks orange, and both ozone and 
oxygen can make luminescence at this concentration of 
phosphine. The concentration of phosphine at the present 
condition was calculated to be about 10-15%. Due to poor 
sensitivity, emission other than that shown in Figure 3 could 
not be observed by the present system. In the upper figure 
of Figure 3, the background (spectral signal observed without 
phosphine) completely coincides with the horizontal axis of 
the figure. 
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Figure 2. Schematic illustration of the chemiluminescence chamber. 
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Figure 3. Chemiluminescence spectra: (upper) spectrum for high 
concentration of phosphine (about 15 %) obtained by the system shown 
in Figure 16; (lower) spectrum of low concentration of phosphine (103 
ppm) obtained by the system shown in Figure lB; (A) spectra with 
phosphine, (6) spectra without phosphine (background). 

Figure IB shows the measurement system of chemilu
minescence for low concentrations of phosphine (less than a 
few hundred parts per million). Since the above-mentioned 
system with a photodiode array detection does not have ad
equate sensitivity, the regular photomultiplier detection 
system was adopted for low concentrations of phosphine, 
where phosphine at 103 ppm was continuously supplied from 
a cylinder. The phosphine chemiluminescence was done in 
the type 1 chemiluminescence chamber shown in Figure 2. 
The lower part of Figure 3 shows this emission spectrum. The 
emission obtained in this condition gives extremely broad 
spectra extending from 350 to 700 nm. Neither the sharp 
peaks in the visible region nor those due to PO at around 280 
nm could observed, which appear in the chemiluminescence 
of P 4 observed by VanZee and Khan (6). The peak of emission 
is located at 530 nm, and some can be attributable to HPO 
or (PO)2' When the concentration of phosphine (diluting 
phosphine by helium) was decreased to 20 ppm, a broad 
emission band between 400 and 700 was measured without 
any sharp peaks. It can be considered that the sharp peaks 
due to PO or HPO do not appear in the luminescence under 
atmospheric pressure like the present experiment as men
tioned in the case of arsine (10). The small but significant 
peak appears at 675 nm, which is the same one as observed 
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Figure 4. Schematic diagram of phosphine generation and chemilu
minescence detection systems: O2 , oxygen cylinder; He, helium 
cylinder; (1) gas flowmeter, (2) cooling water, (3) ozone generator, (4) 
chemiluminescence chamber, (5) aluminum case, (6) slide transformer, 
(7) phosphine generation tube, (8) digital thermometer, (9) heater, (10) 
phosphine trap wound by a Nichrom wire which heats the trap to expel 
the condensed moisture, (11) photomultiplier housing (photomultiplier: 
Hamamatsu type R649), (12) cooling unit, (13) photon counter, (14) 
recorder. 

at the high concentration of phosphine shown in the upper 
part of Figure 3. 

Quantitative Analysis of Phosphate, The system il
lustrated in Figure 4 was constructed for phosphate deter
mination, where peak height recorded in the strip chart re
corder was measured. The chemiluminescence chambers of 
types 1, 2, and 3 in Figure 2 were compared in regard to the 
quantitative measurement. To improve the precision, the 
phosphine generation method mentioned in ref 4 and 7 (in 
which phosphine was detected by flame photometric detec
tion-gas chromatography) was modified as follows; In the case 
where the volume of the phosphate solution exceeds 500 ,uL, 
the phosphate solution was dried at 50-70 cC in advance of 
the addition of the same volume of 6 % sodium tetrahydro
borate, and then the sample vessel with sodium tetrahydro
borate solution was dried at 35-45 cC for about 2 h, This 
procedure with separated drying of sample and tetrahydro
borate solutions make possible the generation of phosphine 
in up to 2 mL of phosphate solution in high precision. It has 
been confirmed that the signal intensity is independent of 
sample volume in its magnitude in the range between 20 ,uL 
and 2 mL. In ref 7, tetrahydroborate solution included 2-4 % 
sodium hydroxide as the stabilizer. However, in the present 
case, addition of sodium hydroxide increased only the blank 
signal and was not required. 

The dried sample and sodium tetrahydroborate were then 
heated at 460-480 cC under helium flow, and the generated 
phosphine was collected for 2 min in a U-tube that was half 
packed with quartz wool and cooled at liquid nitrogen tem
perature. In the cases where the temperature of the oven that 
heats the phosphine generation tube exceeds 490 cC, pro
duction efficiency of phosphine decreased. When the phos
phine was purged from the trap, the trap was warmed in a 
water bath, which gave about a 3-fold increase in peak height 
than that obtained from the trap at room temperature. 

The type 1 chemiluminescence chamber shown in Figure 
2 provides slightly stronger emission than the type 3 chamber. 
The shorter chamber (type 2) gave about 40% weaker chem
iluminescence emission. The flow rates of phosphine carrier 
(helium) giving the maximum chemiluminescence peak height 
were 650 and 850 mL/min for the type 1 and 3 chambers, 
respectively. In these helium flow rates, 150 and 100 mL/min 
of oxygen flow rates at the ozone generator rendered the 
maximum peak height of chemiluminescence for the type 1 
and 3 chambers, respectively. Namely, the type 1 chamber, 
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Figure 5. log-log plots of calibration curves: (upper) obtained by the 
no. 1 chamber in Figure 4; (middle) obtained by the no. 2 chamber in 
Figure 4; (bottom) obtained by the no. 3 chamber in Figure 4. 

Table II. Signals Given by Diverse Ions 

P 
As 
Se 
Pb 

100" 
32 ± 4 
0.28 ± 0.07 
0.14 ± 0.06 

Bi 
Sb 
Sn 
Ge 

0.11 ± 0.04 
0.07 ± 0.02 
0.07 ± 0.03 
0.03 ± 0.01 

aThe signal given by phosphate ion is referred to as 100. The 
applied chemical form of each element is noted in Experimental 
Section. The applied amounts of elements are 20 j.Lg. 

where phosphine was injected in the ozone, needs a higher 
flow rate of phosphine carrier with lower flow rate of ozone 
for obtaining the maximum luminescence in comparison with 
the case of the type 3 chamber in which the carrier and ozone 
directly collide with each other. 

Figure 5 shows log-log calibration plots obtained with using 
the type 1, 2, and 3 chambers. Both type 1 and 3 chambers 
give the same detection limits of about 1 ng, and the linear 
dynamic ranges are from 2 to 5000 ng for the type 1 and from 
10 to 5000 ng for the type 3. The type 2 chamber shows a 
detection limit of 3 ng with a linear dynamic range of 50-1000 
ng. The narrow dynamic range of the type 2 chamber can be 
explained by its short length between the entrance and ex
haust gases. 

Interferences, Table II shows the signal intensity when 
the diverse ions giving volatile hydride are applied to the 
present measurement, in which the signal due to 500 ng of 
P as phosphate ion is referred to as 100. In the table, most 
of elements such as Se, Pb, Bi, Sb, Sn, and Ge do not give the 
strong interference that As does. The present hydride gen
eration-chemiluminescence technique is fundamentally 
suitable for phosphate analysis, but the selectivity against 
arsenic (ratio of signal intensities of P to As) is rather poor, 
i.e., about 3-5. In the analysis of a sample coexisting with 
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Figure 6. Transient peaks of phosphorus and arsenic when applying 
a mixed solution of phosphate and arsenate to the system shown in 
Figure 4. 

arsenic, some separation methods are indispensable. 
Figure 6 shows the peak separation of phosphorus (1 /Lg) 

and arsenic (5 /Lg), which was obtained by leaving the hydride 
trap at room temperature. Differential vaporization from the 
trap (an U-tube packed with quartz wool) at room temperature 
is effective for observing the coexistence of arsenic. However, 
an introduction of the gas chromatographic tube into the gas 
flow line is required for the complete separation of phosphine 
(bp -87 ec) and arsine (bp -55 ec) as mentioned in our 
previous paper (11). In most samples, such as natural waters, 
the concentration of phosphorus (phosphate) is more than 
1000 times higher than that of arsenic. The interference of 
arsenic is, therefore, not serious in general: It should be noted 
that the arsenic interference in the molybdenum blue colo
rimetry appears at the same magnitude as the present method, 
which is referred to as the standard method of phosphate 
analysis (12). 

Fast Fourier Transform Analysis for Noise Power 
Spectrum Measurement of Chemiluminescence Emis
sion. Figure 7 shows the noise power spectra of chemilu
minescence emission obtained by using the type 1 and 3 
chambers (see Figure 4). Rising time of the de amplifier 
inserted between the photomultiplier and the analyzing re
corder was set at 0.01 s. A similar result shown in Figure 7 
was also obtained by using a current input preamplifier (Model 
LI-76, made by NF Electronic Instruments Co., frequency 
response is proven within 2 kHz at the present gain), which 
is driven by a battery, as a substitute for the de amplifier. A 
peak at 120 Hz appearing in the figure is an artifact due to 
the present photodetection system and not attributed to the 
chemiluminescence emission. It can be noted that the 1/ f 
component in the emission noise due to the type 1 chamber 
is slightly larger than that due to the type 3 chamber. It can 
be considered that the mixing pattern of phosphine and ozone 
causes the difference in the noise frequency. 

The present method is superior to the previous chemilu
minescence (3) in terms of its simplicity, reproducibility, and 
sensitivity. Although arsenic interference is rather serious in 
comparison to atomic spectroscopy (13), peak deconvolution 
might be possible for determining phosphate with isolating 
from arsenic by measuring the differential vaporization. In 
conclusion, the type 1 chemiluminescence chamber is better 
than the type 2 or 3 chamber with respect to the capacity to 
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Figure 7. Noise power spectra in the chemiluminescence emissions. 
Spectra noted 1 and 2 were from the no. 1 chamber (Figure 2), and 
those noted 3 and 4 were from the no. 3 chamber (Figure 2). The 
ordinate of the figures is in log scale. The measurement was done 
by the system shown in Figure 6 with elimination of the spectrometer 
(direct detection of emission by the photomultiplier without the spec
trometer). 

give higher sensitivity and wider dynamic range. 
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The time-correlated single photon counting (SPC) lifetime 
technique Is commonly used to investigate complex kinetics 
of shorl-lived organic species. Longer-lived luminescent 
transition-metal complexes In heterogeneous environments 
have complicated decays that require the wide dynamic 
range of an SPC instrument for proper analysis. As their 
luminescence lifetimes are 2-3 orders of magnitude longer 
(hundreds of nanoseconds to microseconds) than the 3-5 ns 
full width at half maximum flash excitation profile, it seemed 
that by filling the data at times well beyond the flash spike, 
we could neglect the flash. We describe several significant, 
rarely discussed problems ariSing from accurately sampling 
lamp excitation profiles, which can invalidate lifetime deter
minations. O2 and H2 lamps with 3-5 ns wide lamp profiles 
have low amplitude tails that last for microseconds. These 
tails distorl decays and make deconvolution necessary for 
accurate lifetime measurements in the 100 ns to microsecond 
range, even for Single exponential decays. Additional prob
lems arise for weak emillers, where the more intense N2 filled 
lamp was required. The lamp profiles were strongly wave
length and geometry dependent, and it was difficuH to obtain 
accurate lamp profiles needed for deconvolution. We de
scribe these effects and their minimization or elimination. 

INTRODUCTION 
The time-correlated single photon counting (SPC) method 

is a powerful technique for measuring excited-state lifetimes, 
r, in chemistry and biochemistry (I-3). Traditionally, SPC 
was used to investigate fluorescent organic molecules with r's 
in the high picosecond and low nanosecond ranges. SPC's 
intrinsic wide dynamic range (3-4 orders of magnitude) makes 
it useful in treatments of complex decays (e.g. multiple ex
ponential decays or Forster kinetics). 

While the majority of r's measured by SPC methods are 
in the low nanosecond range, r values several orders of 
magnitude longer are amenable to measurement. Since there 
should be 5-10 sample r's between flash pulses, the common 
50-kHz flash rate allows measurements of r to about 2-4 I's. 

We study luminescent complexes of the platinum metals 
(e.g. Ru, Os, Re, and Ir), such as tris(2,2'-bipyridine)ruthe
nium(II) (Ru(bpy),'+), in microheterogeneous environments 
where r values are typically 0.1-5I's (4,5), and luminescence 
quantum yields are significantly smaller than for many organic 
compounds. In heterogeneous environments, their decays are 
usually multiexponential and information rich; the wide dy
namic range of SPC is necessary for analysis. Here we discuss 
experimental pitfalls and ways to avoid them for successful 
application of SPC techniques to long-lived, weakly emitting 
metal complexes. 

Specifically, flash lamps suffer from several problems: (1) 
Gas-phase reactions can yield long lamp afterglows; the long 
tails can continue to excite samples and distort the decays of 
even very long lived emitters. (2) The temporal dependence 

0003-2700/89/0361-2704$01.50/0 

of the lamp profile can depend on wavelength, which makes 
sampling the lamp profIle for deconvolutions difficult. (3) The 
lamp discharge is spacially inhomogeneous, which requires 
care in imaging and in sampling the excitation profile. We 
show the extent of these effects and their elimination for 
long-lived samples, 

EXPERIMENTAL SECTION 
Equipment, The SPC system was largely based on Photo

chemical Research Associates (PRA) components in a standard 
configuration (6-9). The lamp was a PRA 510B (5-6 kV, '/2 atm 
of N2, D2, or H2, 43-44 kHz flash rate, and 2-3 mm electrode 
spacing). The sample compartment was home built. Optics were 
UV-grade quartz or Suprasil. A saturated CuSO, solution and 
a 7-54 (9863) Corning excitation filter eliminated stray visible and 
IR radiation from the excitation. For N2 fills, a Corion 337-nm, 
12 nm fwhw interference filter isolated the major lamp line. 
Sample solutions were contained in l-cm cylindrical cuvettes at 
25 ± 0.5 °C (10). The emission was focused into a J-Y HV-1O 
f3.5 emission monochromator (4-16 nm band-pass). The 
monochromator isolated specific emitting species in microhet
erogeneous environments, and its removal from the detection path 
was inconvenient. A l-cm saturated NaNO, solution filter re
moved scattered UV flash lamp light for sample decays. 

The flash (start) PMTsignal was sent to a PRA 1718100-MHz 
discriminator, which was connected to the start input of a PRA 
1701 TAC. The emission was detected with a cooled Hamamatsu 
R928 PMT (dark counts of about 5 Hz). The sample signal stop 
pulse was shaped with a PRA 1716 constant fraction discriminator, 
delayed, and sent to the TAC stop input. Successful TAC con
versions were sent to a Tracor Northern TN-7200 MCA. The 
MCA was calibrated with a home-built time calibrator or an Ortec 
425 calibrated delay. 

After transient collection, the MCA histogram was transferred 
to either an AT&T PC6300 or an AT-clone microcomputer with 
a math coprocessor. All data processing used Turbo Pascal 5 
programs. Deconvolutions used either a fast phase plane (PP) 
method with scattered light corrections (2, 11-13) or a Marquardt 
nonlinear least squares, NLS, method adapted from the FOR
TRAN routines of O'Connor and Phillips (1, 13, 14). The NLS 
method included phototube time shift corrections and could fit 
a sum of up to four exponentials. 

Samples. Ru(bpY)3CI2 (GFS Chemical Co.) was recrystallized 
from methanol. Aqueous solutions (10 I'M) were monitored at 
600 nm. Anthracene (Aldrich, puriss 99.9%) was recrystallized 
from methanol. Fresh solutions (10 I'M) in B&J spectroscopic 
grade cyclohexane were monitored at 400 nm. Water was doubly 
distilled from alkaline KMnO,. D(t)'s were collected to about 
10 000 counts peak. Deoxygenation was by purging with sol
vent-saturated N2 for at least 20 min. E(t)'s were collected by 
scattering off of a starch solution or from a Suprasil rod. 

RESULTS AND DISCUSSION 
Flash Tail Effects. As our sample r's were orders of 

magnitude longer than the width of E(t), we expected that 
E(t) would approximate a delta function and r information 
could be extracted without deconvolution. However, because 
of lamp afterglow, deconvolution was always necessary. 

For oxygen-free Ru(bpy),'+ solutions, a well-characterized 
single exponential decay, linear least squares (LLS) fits to In 

© 1989 American Chemical Society 
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Table I. Unsuccessful SPC Fits of Ru(bpy),Clt 

purge fit 
gas' T, ns x,' methode conditions 

N2 689 2.42 LLS fit range 1Q(}-500d 

N2 714 1.12 LLS fit range 25(}-500 
N2 734 0.886 LLS fit range 35(}-500 
air 324 6.49 NLS flash collected from Suprasil 

rod scatter 
N2 588 1.43 NLS flash iris adjusted between 

flash and sample 
air 373 1.66 pp flash iris adjusted between 

flash and sample 
air 371 1.56 pp flash collected at A = 384 nm 

a All measurements were made with a N2-filled flash lamp, a 
flash profile collected off of a starch scattering solution, at A = 337 
Dm, unless otherwise noted. b Purge gas is indicated for all solu
tions. C Fit methods are: LLS. linear least squares; NLS, nonlinear 
least squares deconvolution; PP, phase plane deconvolution. 
dData channel fit range on a 2-,u.s decay of a 512-channel file. 
Flash peak was in channel 37. 
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Microseconds 
Figure 1. (a) Flash profile for a N2-filled lamp collected at 337 nm off 
of a starch scattering solution collected under the conditions outlined 
in the experimental section. (b) The logarithmic plot of the same flash 
profile, revealing the long-lived tail. (c) The integration of the flash 
profile. 

(D(t)) versus t yielded unacceptable results. The first three 
entries of Table I illustrate the failure of LLS fits. The ob
served 7'S were 650-750 ns even if fitting started more than 
a microsecond after the 3-6 ns wide D2 or N2 flash pulses; the 
accepted 7 is 584-600 ns (15). Also, the x,"s for fitting over 
the entire decay were statistically unacceptable, and the 
weighted residuals plots showed strong systematic biases. As 
we will show, this failure arises from a low-amplitude, but not 
negligible, tail on E(t). 

E(t) (Figure 1) shows a very long low-amplitude tail. Figure 
1c shows the integral of E(I). The tail amplitude is orders 
of magnitude less intense than the peak but accounts for a 
significant fraction of the integrated flash intensity-about 
10% in Figure 1. 

The tail appears to be a lamp afterglow that lasts the entire 
period between flash pulses and contributes 10-20% of the 
total emitted photons with all fill gases investigated, although 
each had a different profile. With 10-20% of the sample 
excitation occurring during the decay, deconvolution is nec
essary even for microsecond lived samples. 
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Figure 2. An unsuccessful fit of Ru(bpy)/+ in an air-purged solution: 
(.) data with only every fourth point plotted; (- -) calculated best fit. 
The flash profile was collected at a different lamf: iris setting than for 
the decay. 7:;;; 362.9 ns, r/ :;;; 1.56. The weighted error residuals 
for the fit is shown above the data. 

Low Light Effects. Our samples are largely weak, red 
emitters, and we needed an emission monochromator. This 
necessitated using a N2 fill gas, which is about 50 times 
brighter than D2 (9). However, this configuration yielded 
deconvolution problems that were traced to spacial and 
wavelength sampling of the time dependence of E(t). These 
effects are present whether filters or a monochromator are 
used to isolate the emission. 

The last entries of Table I show the results of several un
successful deconvolutions arising from geometry and wave
length effects. Figure 2 shows a poor fit that arose from the 
adjustment of the flash lamp iris between measuring E(t) and 
D(t). While the fit to D(I) in Figure 2a appears reasonable, 
the weighted residuals plot (Figure 2b) is unacceptable. 
Further, both x,' and the calculated 7'S depend strongly on 
the region fit. Also, PP and NLS deconvolutions gave different 
7'S, and the scatter coefficient of the PP method and the time 
shift parameter of the NLS method were physically unrea
sonable. 

There was little doubt that the measurement was at fault 
and that a single exponential model is in fact correct. The 
literature and our own laser measurements indicate that the 
Ru(bpy),"+ decay is a single exponential, and extensive pu
rification of the complex did not correct the problem. 

The most likely source of the difficulty is that the observed 
E(t) is not the true one. An upward curved residuals plot (Y"",t 
> ¥oolJ at longer times can arise if the observed E(t) falls below 
the true E(t), and downward curvature if the observed E(t) 
is too large. To adjust for these errors, the fitting parameters 
are skewed by the different modeling methods to best adjust 
for the incorrect E(t). We now show that this interpretation 
is correct and that the incorrect E(t) arose from wavelength 
effects in the lamp and the sampling of the excitation beam. 

Wavelength Effects. The different lines of the N2 spec
trum have different temporal E(t)'s. For determining E(t), 
we set the monochromator to the most intense 337-nm line, 
but the remaining lines contributed significant sample exci
tation intensity. Our samples absorbed differently at the 
different excitation lines. The "effective" E(t) needed in 
deconvolutions is then the sums of the E(t)'s from each line 
weighted by the fraction of each line absorbed by the sample. 
Since the emission monochromator samples only one wave
length at a time, it is virtually impossible to get a good 
"effective" E(t). We even tried measuring E(t)'s at different 
wavelengths and generating an intensity weighted average of 
the different curves; while the results were better, the x,"s 
and residuals plots were still unacceptable. 
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Figure 3. Logarithm of E(t) for a N2-filled lamp (337 nm) at different 
lamp iris settings. The differences in the tail caused the problems in 
deconvolution in Figure 2. The larger tail corresponds to the larger 
aperture. 

The only way that we found to obtain good E(t)'s was to 
restrict the excitation to the single intense 337-nm line with 
an interference filter. The observed E(t) measured by setting 
the monochromator to 337 nm then is the "effective" E(t) once 
geometric effects are eliminated. 

Geometric Effects. To measure E(t), we originally scat
tered excitation into the emission monochromator from a 
fluorescence-free Suprasil rod. The count rate for E(t) was 
matched to D(t) by moving the rod to scatter a similar amount. 
This procedure yielded erratic deconvolutions. We found that 
the problem arose from the strong dependence of E(t) on the 
sampled portion of the excitation beam. Slight differences 
in rod position gave different E(t)'s and good or poor de
convolutions depending on whether a good E(t) resulted. 
Different E(t)'s were easily detectable by comparing scattering 
from the bright central beam to the surrounding halo; the 
peak/tail ratios were quite different. Since the primary in
tense peak shape was less affected, this sampling problem 
would be less noticeable for short-lived species. Geometric 
effects have been observed in phase-resolved measurements 
(16). 

The commonly recommended procedure of using a starch 
scattering solution to sample E(t) should have corrected the 
sampling problem. If the optical density and geometry are 
similar for the sample and the starch solution, then the de
tector samples E(t) and D(t) similarly and errors cancel out. 

As we discovered, the problem is more complex. Our sam
ples were generally much weaker than the scatter signal, and 
we attenuated the scattered beam to rLtch the E(t) and D(t) 
count rates. Initially, we used the convenient procedure of 
varying the iris diameter on the PRA lamp's collection lens 
to reduce E(t). While it seemed reasonable that the lens 
sampling of the arc image would be very similar for different 
iris openings, deconvolution failures proved this assumption 
wrong (Figure 3). The measured E(t) varies strongly with 
iris setting and is worse with the largest iris. This is under
standable since the larger iris collects more of the long-lived 
halo. Thus, a suitable E(t) for deconvolution had to be ob
tained at the same iris setting as was used to collect D(t). 
Acceptable ways to attenuate E(t) were to insert neutral 
density filters in the optical train or adjust the emission 
monochromator slit height. 

Successful Deconvolution. Using these procedures, we 
were able to successfully and routinely deconvolute. For 
example, we repeated the experiments for deaerated and 

Table II. Successful SPC Fits" 

sample purge gas T, ns x,' fit methodb 

Ru(bpY)3CI2 air 363.50 ± 0.35 1.1481 NLS 
Ru(bpY)3Ci2 air 362.71 1.165 PP 
Ru(bpY)3CI2 N2 580.05 ± 0.73 1.087 NLS 
Ru(bpY)3Ci2 N, 579.23 1.165 PP 
Ru(bpY)3CI,' air 354.5 ± 0.67 1.069 NLS 
anthracene air 4.143 ± 0.022d 1.023 NLS 
anthracene air 4.136d 1.044 PP 
anthracene N, 5.135 ± 0.020' 1.087 NLS 
anthracene N, 5.053' 1.360 PP 

a All measurements were made with a N2-filled flash lamp, a 
flash profile collected off of a starch scattering solution, at A = 337 
nm, unless otherwise noted: [Ru(bpy),CI2] = 10 MM; [anthracene] 
= 10 JlM. b Fit methods are: NLS, nonlinear least squares decon
volution; PP, phase plane deconvolution. '[Ru(bpy),CI,] = 100 
.uM. D2 filled lamp. d In air-saturated cyclohexane, anthracene has 
a reported lifetime of 4.10 ns (17). ern N2-saturated cyclohexane, 
anthracene has a reported lifetime of 5.23 ns (17). 

Table III. Deconvolution of Multiexponential Decays of 
Ru(bpy),CI," 

purge weighting Durbin- fit 
gas factor T, ns X,2 Watson typeb 

0, 6.417 ± 0.01l 157.21 ± 0.17 1.ll4 1.81 Single 
O2 6.452 157.05 1.169 PP 

air 3.246 ± 0.004 363.50 ± 0.35 1.148 1.85 Single 
air 3.256 362.71 1.165 PP 

N, 1.854 ± 0.0025 580.05 ± 0.73 1.087 1.98 Single 
N, 1.859 579.23 1.098 PP 

O2 6.339 ± 0.046 152.51 ± 1.19 1.150 1.91 Double 
air 3.410 ± 0.056 359.03 ± 1.80 

0, 6.438 ± 0.016 156.19 ± 0.72 1.161 1.86 Double 
N2 1.865 ± 0.017 578.93 ± 2.64 

air 3.285 ± 0.003 359.94 ± 0.28 1.205 1.92 Double 
N, 1.858 ± 0.002 585.35 ± 0.47 

0, 6.63 ± 0.23 156.1 ± 3.15 1.237 1.92 Triple 
air 3.17 ± 0.57 377.5 ± 31.1 
N, 1.80 ± 0.65 575.1 ± 35.0 

a The O2, air, and N2 decay profiles were mathematically added 
together to simulate a triple exponential decay of known lifetimes 
and weighting factors with real instrument response. bThe fit 
methods are as follows: PP, phase plane; Single, Double, Triple, 
single, double, and triple exponential nonlinear least squares, re
spectively. 

air-saturated Ru(bpy)s'+. The fits and residuals were all 
excellent with fitting starting at the flash peak. Table II 
summarizes several successful single exponential fits using 
both the PP and NLS methods. Experiments were done by 
using both N, and D, filled flash lamps with Ru(bpy)r and 
anthracene samples. In contrast to the data taken using 
incorrect sampling, the same r's are obtained by both the NLS 
and the PP methods, the scatter Or time shift factors were 
all reasonable, the X,2'S were acceptable, and the residuals plots 
showed no bias. All values agreed well with the literature. 

Table III and Figure 4 demonstrate the use of our instru
ment and methodology for deconvoluting double and triple 
exponential decays. The double and triple decays were gen
erated by adding two or three separate data files for oxygen-, 
air-, and nitrogen-saturated solutions. This allows verifying 
the accuracy of parameter extraction of multi exponentials. 
The extracted parameters for the two- and three-component 
systems should match those for the single-component samples 
that went into the summation. In all cases the agreement is 
excellent; as expected precision as estimated by the NLS 
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Figure 4. Triple exponential decay (0) and fit (--) of D(t) composed 
of three decays of Ru(bpy),'+ in air-, 02-' and N2-purged solutions. The 
results are summarized in Table III. The weighted error residuals for 
the fit are shown above the data. 

algorithm falls rapidly with increasing numbers of exponen
tials. 

An alternative approach to eliminating problems in the 
spacial sampling of E(t) is to replace the starch with a ref
erence emitter of known T; from the reference decay and T, 
E(t) is derived. This E(t) is then used in subsequent decon
volutions with D(t) (6-8). This method is most useful where 
color effects are present, but they are not a problem with 
long-lived emitters and an R928 PMT. The calculation of E(t) 
is generally a derivative method that introduces noise onto 
E(t) and degrades the quality of the results. Further the 
reference flurophore does not solve the problem of the varying 
time dependences with wavelength in broad-band excitation; 
the reference in general has a different spectrum than the 
unknown and, thus, samples the regions differently. There
fore, in the absence of color effects, maximum precision for 
complex decays will be obtained by avoiding the use of a 
reference emitter. 

CONCLUSIONS 
Special precautions are necessary to successfully apply SPC 

techniques to long-lived, weakly emitting materials. When 
flash lamp excitation is used, deconvolution is required for 
all time scales, even for T'S orders of magnitude longer than 
the 3-6 ns fwhm excitation flash width. More subtle effects 
arise from the dependences of E(t) with monitoring geometry 
and excitation wavelength. 

These results are especially germane for those analyzing 
complex kinetics. Only by careful minimization of instru
mental distortions will extracted parameters have meaning 
in complex decays. In the presence of small instrumental 
distortions, multiple decays can be fit, but the xl's and 
weighted residual plots are no longer good criteria of a sat
isfactory model and erroneous parameters may be accepted 
as correct. Using the above described sampling techniques, 
we have successfully extracted complex decay parameters for 
double, triple, and even quadruple exponential decays span
ning the nanosecond to microsecond range. Satisfactory x,"s 
and residual plots, as well as chemically meaningful param
eters, are obtained. 
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Least-squares filling (LSF) was applied to the qualitative 
analysis 01 I R spectra based on comparing standard refer
ence spectra with the sample mixture spectrum. Identifica
tion of compounds In the sample was made by judging the fit 
level of the spectrum of each compound with the sample 
spectrum. An iterative procedure was de. eloped to eliminate 
compounds with the worst fit levels In order to approach an 
optimal fit for the sample spectrum. The qualitative analysis 
results obtained from the optimal fit were further used for 
quantitative analysis. 

INTRODUCTION 
Recently, much attention has been focused on computerized 

processing of infrared (IR) spectral information for qualitative 
and quantitative analysis of mixtures. A number of programs 
have been developed to assist the chemist in the identification 
and quantitation of unknown compounds. Many approaches 
to automated spectral interpretation have been developed such 
as pattern recognition, factor analysis, hierarchical clustering, 
and expert systems (1-18). Summaries of recent literature 
in this and related subjects are available in symposium pro
ceedings (19,20). 

Most of these systems make decisions principally based on 
information of peak position, uniqueness, and intensity for 
structural elucidation of compounds in the condensed phase. 
However, the IR spectra of compounds present in the vapor 
phase at trace concentrations are different from those in the 
condensed phase. This is due to a lack of effects from changes 
in hydrogen bonding, the dielectric constant of the medium, 
and nonpolar solvent-solute interactions. 

Many of the systems for interpretation of condensed-phase 
IR spectra cannot be readily applied to gas or vapor systems. 
A successful application of an expert system to the inter
pretation of the IR spectra of pure compounds in the vapor 
phase was accomplished with PAIRS (14). A computerized 
interpretation system, MIXIR, has also been developed, which 
shows promise for application to the interpretation of the IR 
spectra of vapors (21). This system is in the early stages of 
development of testing on such spectra. 

In the workplace, the concentration of most toxic organic 
compounds may be below one-tenth the occupational exposure 
limit. frequently expressed as the threshold limit value (TL V) 
or the permissible exposure limit (PEL) (22). When the 
concentrations of organic vapors are as low as 1 ppm, and the 
composition of the sample is complex, spectral peaks may be 
overlapped. In this circumstance, it is extremely difficult to 
interpret IR spectra by using computerized techniques that 
depend on picking peaks. This is due to low peak intensities, 
"chemical noise", and electronic noise (23-27). 

* Author to whom correspondence should be addressed. 
1 The University of Michigan. 
2 Beijing Medical University. 
3 General Motors Corp. 
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In this context, "chemical noise" may be considered to 
consist of components of the vapor-phase mixture that are 
outside the reference library, and of little or no interest to the 
analyst. For example, in the workplace, this may include low 
concentrations of low molecular weight hydrocarbon gases, 
along with oxides of sulfur and nitrogen. Because of the 
problems associated with noise, overlap of spectral features, 
and low peak intensities, no computerized software is currently 
available for the qualitative interpretation of the IR spectra 
of mixtures of gases and vapors in low concentration. 

In this study, least-squares fitting (LSF), sometimes called 
classical least squares (CLS), was applied to the qualitative 
analysis of IR spectra based on comparing standard reference 
spectra with the sample mixture spectrum. Identification of 
compounds in the samples was made by judging the fit level 
of the spectrum of each compound with the sample spectrum. 
An iterative procedure was developed, and manually applied, 
to eliminate compounds not meeting predetermined worst-fit 
criteria. The qualitative analysis results thereby obtained from 
the optimal fit were further used for quantitative analysis 
using LSF. 

For traditional quantitative applications, where the iden
tities of the components of the mixture are known, LSF ap
proaches have been used with good success (23-27). As ex
pected, Warner and co-workers found that the results of an 
analysis using LSF can be strongly affected by not including 
all components in samples. They reportsd the results obtained 
when using nonnegative least squares and linear programming 
for unknown samples (28). Haaland and Easterling ap
proached the problem of quantitation of components in a 
mixture by selecting spectral regions that yield the best fit 
for reference spectra and then combining the results from all 
spectral regions in a statistieally efficient manner. These 
methods were first reported in a seminal paper by Haaland 
(29) and then in later publications (30,31). Later, they applied 
partial-least-squares (PLS) methods for quantitative IR 
spectroscopy (32). 

In this paper we present the results obtained when using 
a commercially available version of the LSF program devel
oped by Haaland (29-31) for the qualitative and quantitative 
IR spectral analysis of trace organic vapors in impurity- and 
moisture-free air. Interpretation of data is presented that 
yields optimal approaches to the analysis of samples of un
known composition and concentration. 

EXPERIMENTAL SECTION 
Samples. Three air mixture samples containing five to 11 

compounds in zero air were provided by T. Pritchett, U.S. En
vironmental Protection Agency (EPA). The concentration of 
compounds was verified by EPA using gas chromatography (GC). 
Forty-seven reference standard vapor IV spectra were acquired 
as a reference library with the use of GC-certified gas cylinders 
(Scott Specialty Gas Co.). 

Hardware. A Nicolet 20 SXB Fourier transform infrared 
spectrometer was used with a liquid nitrogen cooled HgCdTe-InSb 
sandwich detector and 10-m Hanst gas cell. Interferograms were 

© 1989 American Chemical SOCiety 
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collected to yield spectra of from 0.5 to 8.0 cm-! resolution through 
deresolution of the 0.5-cm-! interferograms by the method de
scribed in previous papers (23-27). 

Software. For the detailed theory of LSF software, see papers 
by Haaland et al. (29-31). Detailed discussions of the application 
of LSF software to quantitative analysis of trace gases in ambient 
air have also been published (23-27). 

METHODS 
The least-squares fitting method III, which assumes a linear 

base line over the width of the peak, was adopted for this 
study. With method III, more than one peak, and therefore 
more than one base line, can be present within a window. 
From ref 29, the best fit in a least-squares sense is obtained 
by minimizing the expression L[A,; - kA,,)2, where A,; is the 
sample absorbance at frequency i, A,i is the reference ab
sorbance at frequency i, and k is the ratio of sample and 
reference concentrations. 

The efror variance, (1"2, is estimated from 

2 Li(A'i - kA'i)2 
(1 = 

n-l 

where n is the total number of observations. 
For large n (typically n > 400) a 95% confidence interval 

on the true concentration in the sample is C, ± 1.96[SE(C,)], 
where 

a-C, 
SE(C,) = (LA,;')!!2 

and C, is the least-squares estimate of the sample concen
tration, C, is the known concentration of the reference, and 
SE(C,) is the standard error of the estimated concentration 
(29). 

The reference spectra in a selected region were fitted with 
the sample spectra. The lack of spectral fit was expressed in 
terms of an estimated error variance. If the concentrations 
of the reference spectra are known, concentration errors could 
be expressed as the standard error of the estimated concen
tration, or as the 95 % confidence interval of the estimated 
concentration. 

The infrared spectral interpretation procedure described 
herein is designed to report the presence of each compound 
chosen from a reference library of compounds on the basis 
of a comparison of the reported concentration and 1.96 times 
the standard error, which was used to calculate the 95% 
confidence interval. 

Two methods of data analysis were evaluated in this study. 
The first method attempted to eliminate compounds from the 
library of compounds by analyzing the spectra in one group 
of 47 compounds, or in groups of 16. The second method 
attempted to build a set of possible compounds by fitting the 
reference spectra one at a time to the sample spectrum. 

Method I (Set Reduction Method (SRM)). First, in 
order to provide a point of comparison for all iterative pro
cedures, the Nicolet LSF software was altered to allow the 
use of a reference set of up to 48 compounds, rather than the 
16 compounds that are normally the maximum allowed by the 
software. This method is referred to as SRM-47, since 47 
compounds were used in this study. After the first iteration, 
all positives are kept for the second iteration. At this point, 
this method becomes the same as the SRM detailed imme
diately below. 

Secondly, in order to institute the iterative LSF set re
duction approach using the commercially available version 
of the Nicolet LSF software, the library had to be divided into 
subsets of 16 compounds each from the library of 47 com
pounds. To accomplish this, the reference standard spectra 
were divided into three categories: aliphatic hydrocarbons, 
aromatic compounds, and oxygenated compounds. The IR 

window for each compound was then selected. The window 
can be either a narrow window chosen specifically for that 
compound or a "general" window covering the fingerprint 
and/or the C-H stretch region(s). If sufficiently wide windows 
are chosen, the results may, in some circumstances, be ap
proximated by the use of a "general" window, since the 
overlapping windows merge into a single region for LSF 
analysis. 

Sample spectra were then analyzed by the LSF program, 
which yielded the concentration and a value of 1.96 times the 
standard error, which was used to calculate the 95% confi
dence interval for each compound. Judgment was made by 
the manual comparison of each compound's concentration and 
95% confidence interval. Those compounds whose reported 
95% confidence interval did not include a concentration of 
zero were kept and combined to form a new data set for the 
next LSF analysis. The remaining compounds were elimi
nated. 

This procedure was repeated until no further compounds 
were eliminated, and the standard error for each analyte 
stayed essentially constant. This took between three and four 
iterations. All compounds remaining were then reported as 
positive identifications. 

Method II (Set Building Method (SBM)). A specific 
IR window was selected for each compound. Compounds were 
then entered, one reference standard spectrum at a time, into 
the LSF program fIle' for analyzing the sample spectrum. This 
procedure was repeated with each compound in the library 
(a 47-compound library in this example). Compounds were 
reported as not present according to the same criteria as in 
method I. In the case in which only one compound would be 
reported as present, analysis of the data would have stopped 
at this point. 

In cases in which more than one compound was reported 
as being present when the SBM was used, then the compounds 
selected formed a set of reference spectra for the ILSF analysis 
of the sample using the SRM. Compounds were then elim
inated by iteration using method I. 

Both of the ILSF methods were performed manually, with 
data from each cycle of the LSF software reentered by hand. 

Quantitative Analysis. For both the SRM and the SBM, 
the iterative LSF (ILSF) analysis yielded results that are 
considered to be quantitative when the final iteration was 
completed. Data obtained by using the ILSF methods were 
compared to that obtained when the spectra of known com
pounds were entered as reference spectra into the LSF pro
gram file for quantitative analysis. 

RESULTS AND DISCUSSION 

For each step of the investigation, results are shown only 
for an illustrative fraction of the complete data set. This is 
done to conserve space, since a full reporting of the data would 
not add to the information content of the results or the 
generalizability of the conclusions. The full data set is 
available upon request. 
. Assumptions in the Use of ILSF Methods. When one 
is using ILSF methods, it is important to understand the 
assumptions implicit in the use of the estimated concentration 
and its relationship to the 95% confidence interval as a critical 
value on which to base decisions of the presence or absence 
of compounds in the spectrum of a mixture (33). (The rela
tionship of the standard error to the 95% confidence interval 
is explained in the Methods section.) These assumptions are 
(1) spectral errors are normally distributed for the sample 
spectra; (2) there are no errors or noise in either the reference 
spectra or the concentrations of the reference spectra; (3) there 
are no model errors (Beer's law is followed, the method III 
linear base-line assumption across each peak is correct, and 
temperature, pressure, and pressure broadening must be 
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Table I. Summary of Qualitative Results Obtained for Samples I-III by Using tbe Set Reduction Methods (SRM) and the 
Set Building Method (SBM) 

sample I iteration sample II iteration sample III iteration mean of 
1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th final iteratn' 

SRM-General Windows' 
true pos 6 6 6 5 
false pos 8 1 1 12 
true neg 33 40 40 30 
false neg 0 0 0 0 
sensitivityd 100 100 100 100 
specificity!.' 80 98 98 71 

5 5 4 
3 1 1 

39 41 41 
0 0 1 

100 100 80 
91 98 98 

8 7 
10 3 
26 33 
3 4 

73 64 
72 92 

7 
3 

33 
4 

64 
92 

81 
96 

SRM-47 
true pcs 5 5 5 5 5 
false pos 11 6 5 21 11 
true neg 30 35 36 21 31 
false neg 1 1 1 0 0 
sensitivity 83 83 83 100 100 
specificity 73 85 88 50 74 

5 5 10 
6 2 22 

36 40 14 
0 0 1 

100 100 91 
86 95 61 

10 10 
6 4 

30 32 
1 1 

91 91 
83 89 

10 
3 

33 
1 

91 
92 

91 
92 

SRM-Specific Windows 
true pcs 6 6 6 5 
false pos 8 1 1 16 
true neg 33 40 40 26 
false neg 0 0 0 0 
sensitivity 100 100 100 100 
specificity 80 98 98 62 

5 5 5 
4 2 2 

38 40 40 
0 0 0 

100 100 100 
90 95 95 

8 8 
9 7 

27 29 
3 3 

73 73 
75 80 

8 
3 

32 
3 

73 
89 

8 
3 

32 
3 

73 
89 

91 
94 

SBM-Specific Windows 
truepos 6 6 6 6 5 5 5 5 9 9 9 9 
false pos 15 7 0 0 11 3 1 1 15 5 2 2 
true neg 26 34 41 41 31 39 41 41 21 31 34 34 
false neg 0 0 0 0 0 0 0 0 2 2 2 2 
sensitivity 100 100 100 100 100 100 100 100 82 82 82 82 94 
specificity 63 83 100 100 74 93 98 98 58 86 94 94 97 

'650-1350 cm- l for fingerprint, 2900-3200 cm-l for C-H stretch region. 'Mean values were based on the results of the final iteration. 
cWhen two iterations yield identical results, no further iterations were performed. dThe percentage of compounds actually present in the 
mixtures and identified as such. eThe percentage of compounds actually not present in the mixtures and identified as such. 

constant); (4) if analysis is performed by using specific fre
quency windows for each analyte, and these windows, in the 
case of overlap, are pooled by LSF, spectral error variance is 
constant in all bands pooled; (5) there are no components of 
the mixture not initially included in the set of reference 
spectra. Thus, for actual samples of mixtures, the confidence 
interval will be underestimated (33). 

Protocol Designation. Four separate protocols were 
performed for each of the three samples using the library of 
47 spectra. The tests included (1) ILSF set reduction method 
starting with up to 48 compounds in a single iteration and with 
the use of broad, or "general", frequency windows (SRM-47), 
(2) ILSF set reduction method starting with three sets of 16 
compounds and with the use of broad, or "general", frequency 
windows (SRM-G), (3) ILSF set reduction method starting 
with three sets of 16 compounds and with windows optimized, 
or "specific", for each component (SRM-S), and (4) ILSF set 
building method with windows optimized, or "specific", for 
each component (SBM-S). 

In method SRM-47 and SRM-G, broad windows were used, 
encompassing both 29(){}-3200 cm-I for the C-H stretch region 
and 650-1350 cm-I for the fingerprint region. In the other 
two methods, all windows were in the fingerprint region be
tween 650 and 1350 cm-I , except for hexane and cyclopentsne, 
for which peaks in the C-H stretch region (2900-3200 cm-I ) 

were used. 
Sensitivity and Specificity. In this text and in Tables 

I and II, nomenclature is used in which the terms "sensitivity" 
and "specificity" are defined in a manner consistent with use' 
in the health sciences and with use in a prior publication in 
this journal (16, 17). "Sensitivity" is a measure of true positive 
resuIts and is defined as the percentage of compounds actually 
present in the mixture and identified as such. For example, 

in Table I, for the results obtained for sample III by using 
the SRM-general method 

sensitivity = 
true positives (7) 

--------"--,----------,- = 64% 
[true positives (7) + false negatives (4)] 

Similarly, "specificity" is a measure of true negative resuIts 
and is defined as the percentage of compounds actually not 
present in the mixture and identified as such. In the same 
example as above 

specificity = 
true negatives (33) 
- () fl" () = 92% [true negatives 33 + a se positives 3 1 

Comparison of Results. The data show that, for the 
six-component mixture in sample I, resuIts were approximatsly 
equivalent for the SRM-general and SRM-specific tests, but 
improved to the point that there were neither false positives 
nor false negatives with the SBM-specific approach. The 
SRM-47 method produced results that had lower sensitivity 
and specificity than that of the other methods_ 

For the five-component mixture in sample II, the SBM
specific results were equivalent in specificity to the SRM
general results, but better than those obtained with the 
SRM-specific and SRM-47 approaches. For sensitivity, the 
SBM, SRM-47, and SRM-specific methods were equivalent 
and were better than the SRM-general results. 

For the II-component mixture in sample III, the SBM
specific was better than either of the SRM results in both 
sensitivity and specificity, except for the high sensitivity 
achieved with the SRM-47 method. 
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Table II. Qualitative Analysis of Three Samples Using the Set Building Method with Specific Windows (SBM-S) 

acetaldehyde 
butyl acetate 
2-ethoxyethyl acetate 
ethyl acetate 
n-butyl alcohol 
ethoxyethanol 
l·propanol 
2-propanol 
ethyl ether 
bis(chloroethyl) ether 
ethylene oxide 
l,4-dioxane 
tetrahydrofuran 
propylene oxide 
acetone 
methyl ethyl ketone 
methyl propyl ketone 
methyl amyl ketone 
methyl isobutyl ketone 
cyclopentane 
hexane 
benzene 
ethylbenzene 
styrene 
toluene 
m-xylene 
a-xylene 
p-xylene 
carbon tetrachloride 
chloroform 
methylene chloride 
vinyl chloride 
3-chloropropene 
l,l-dichloroethane 
1,2-dichloroethane 
1,I-dichloroethylene 
1,1,1-trichloroethane 
1,1,2-trichloroethane 
trichloroethylene 
tetrachloroethylene 
chI oro benzene 
o-chlorotoluene 
Freon-ll 
acetonitrile 
acrylonitrile 
dimethyl disulfide 
pyridine 

sensitivitye 
specificity 

sample I iteration 

window, cm-l 1st 2nd 3rd 4th 

1029-1189 
990-1330 

1011-1310 
1000-1145 
880-1150 
970-1310 
924-1155 

1031-1200 
976-1240 

1077-1273 
764- 954 
832-1177 
840-1144 
700-1197 

1160-1260 
872-1241 
866-1257 

1087-1255 
896-1312 

2802-3052 
2799-3025 
620-1075 

1152-1291 
878-1032 
996-1143 
958-1165 
840-1190 
961-1161 
712- 841 

1188-1250 
1219-1309 
819-1066 
850-1126 
670-1324 

1180-1340 
1040-1173 
981-1138 
866- 983 
754- 973 
734- 942 
994-1148 
710-1161 
809-1066 
862-1120 
862-1046 
917-1347 
958-1245 

TN" 
FP 
TN 
FP 
TN 
FP 
FP 
FP 
TN 
TN 
TN 
TN 
TP' 
TN 
TN 
TN 
TN 
TN 
TN 
FP 
FP 
TP 
TP 
FP 
FP 
FP 
TN 
TN 
TN 
TN 
TP 
TN 
TN 
TP 
FP 
TN 
TP 
FP 
TN 
FP 
FP 
FP 
TN 
TN 
TN 
TN 
TN 
100 
63 

TN 

TN 

TN 
FP 
TN 

TP 

TN 
TN 
TP 
TP 
TN 
FP 
FP 

TP 

TP 
FP 

TP 
TN 

FP 
FP 
FP 

100 
83 

TN 

TP 

TP 
TP 

TN 
TN 

TP 

TP 
TN 

TP 

TN 
TN 
TN 

100 
100 

TP 

TP 
TP 

TP 

TP 

TP 

100 
100 

sample II iteration 

1st 2nd 3rd 4th 

FP' 
TN 
TN 
TN 
TN 
TN 
TN 
TN 
TN 
TN 
TN 
TN 
FP 
TN 
TN 
TN 
TN 
TN 
TN 
TN 
FP 
FP 
TN 
FP 
TP 
TN 
TN 
FP 
TN 
TN 
TN 
TP 
FP 
TN 
TN 
FP 
FP 
FP 
TP 
TP 
TP 
TN 
FP 
FP 
TN 
TN 
TN 
100 
74 

TN 

FP 

FP 
FP 

FP 
TP 

TN 

TP 
TN 

TN 
TN 
TN 
TP 
TP 
TP 

TN 
TN 

100 
93 

TN 

FP 
TN 

FP 
TP 

TP 

TP 
TP 
TP 

100 
98 

FP 
TP 

TP 

TP 
TP 
TP 

100 
98 

sample III iteration 

1st 2nd 3rd 4th 

FP 
FP 
FP 
TP 
TN 
FP 
FP 
TP 
TP 
FP 
TN 
TN 
FP 
FP 
TN 
TN 
TN 
TN 
TN 
TP 
FP 
TN 
TP 
FNd 
FP 
TN 
TN 
TN 
TP 
TN 
TN 
TN 
FN 
TP 
FP 
FP 
FP 
TP 
FP 
TN 
TN 
TN 
TP 
TN 
FP 
TN 
TN 
82 
58 

TN 
TN 
TN 
TP 

TN 
TN 
TP 
TP 
TN 

FP 
FP 

TP 
TN 

TP 

FP 

TP 

TP 
FP 
FP 
TN 
TP 
TN 

TP 

TN 

82 
86 

TP 

TP 
TP 

FP 
TN 

TP 

TP 

FP 

TP 

TP 
TN 
TN 

TP 

TP 

82 
94 

TP 

TP 
TP 

FP 

TP 

TP 

FP 

TP 

TP 

TP 

TP 

82 
94 

°TN: true negative. bFP: false positive. cTP: true positive. dFN: false negative. eSee Table 1. 

In sample III, cyclopentane is present. Both cyclopentane 
and n-hexane are present in the lihrary of reference spectra 
used in this study. Cyclopentane was detected hy the SBM 
on the first iteration, as was n-hexane. By the second iteration, 
n-hexane was eliminated. (This is illustrated in Tables II and 
III.) This is because, on the first iteration using the SBM, 
the hexane spectrum is matched with the sample spectrum. 
Since the sample spectrum contained cyciopentane, the peaks 
of the sample spectrum in the C-H stretch region contained 
features similar to that of the spectrum of hexane. At this 
point, since the LSF file of the sample did not yet contain 
cyclopentane as a known constituent, the false positive result 
was given for hexane. 

However, in the second iteration, cyclopentane had been 
added to the reference file set with hexane, and the LSF result 
showed that the peaks in the C-H stretching region were 
attributed to cyclopentane. Therefore, the remaining spectral 
features did not fit that of hexane. At this point, the 95 % 
standard error for the fit of the cyclopentane was reduced from 

0.29 to 0.12, thereby indicating an improved fit. This per
formance was paralleled by that of the two SRM tests in which 
n-hexane was rejected in the second iteration when general 
windows were used and in the third iteration when specific 
windows were used. (These data are not shown, but are 
available upon request.) 

Note that in these methods, when the results of two suc
cessive iterations are identical, no further iterations are 
performed. This does not mean that the results are more 
accurate when the convergence rate is higher. While this may 
be the case, it has not been systematically investigated. 

In most cases, the SRM-specific results were better than 
those obtained by using the SRM-general method. This is 
because the use of a wide frequency window for all compounds 
in many cases includes "no information" regions that will, at 
the concentrations studied here, contain significant noise 
and/or cause the base lines to be improperly drawn for peaks 
used for the identification and quantitation of target analytes. 
The linear base-line assumption will be more accurate over 
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Table III. Results of Analyses of Samples I-III Using tbe Set Building Method with Specific Windows 

1st iteration 2nd iteration 3rd iteration 4th iteration 

conena SE' conen SE conen SE conen SE 

Sample I 
tetrahydrofuran 5.96 0.28 3.17 0.27 1.20 0.32 2.25 0.38 
l,l·dichloroethane 4.28 0.65 3.01 0.41 2.34 0040 2.45 0040 
benzene 4.47 0.92 6.32 0042 6049 0.35 6.31 0.32 
ethylbenzene 5.70 0.27 2.63 0.54 2.89 0.11 2.65 0.07 
methylene chloride 2.02 0.18 2.23 0.30 2.11 0.31 2.33 0.23 
1,1,1-trichloroethane 3.52 1.96 2.57 0.10 2.79 0.26 2.68 0.12 

Sample II 
vinyl chloride 11.03 2.37 2.46 0.09 2.44 0.08 2.52 0.08 
trichloroethylene 2.07 0.54 2.82 0.36 2.72 0.20 2.71 0.02 
toluene 13.06 2.92 2.88 0.26 2.29 0.17 2.27 0.14 
chlorobenzene 2.36 0.11 2.61 0.08 2.46 0.06 2.43 0.06 
tetrachloroethylene 2.27 0.27 2.45 0.02 2.39 0.02 2.39 0.02 
styrene (FP), 6.91 2.48 2.29 0.07 0.17 0.07 0.19 0.07 

Sample III! 
Freon-lId 12.12 0.25 9.03 2.65 4.19 0.06 
cyclopentane 2.98 0.29 1.46 0.12 1.30 0.08 
1, 1,2~ trichloroethane 5.62 0.74 5.04 2.34 1.44 0.19 
ethylbenzene 11.35 0.62 4.57 0.83 5.67 0.97 
2-propanol 6.25 2.63 4.87 0.59 1.98 0.50 
styrene (FN)' 0.67 0.88 
3-chloropropene (FN) -2.14 3.03 
carbon tetrachloride 1.34 0.23 1.59 0.31 1.66 0.05 
ethyl ether 1.86 0.39 3.30 0.29 2.76 0.15 
1,1-dichloroethane 1.19 1.12 2.05 1.07 0.98 0.32 
ethyl acetate 1.54 0.85 2.20 1.14 1.34 0.06 
tetrahydrofuran (FP) 4.20 2.23 8.92 2.19 0.42 0.27 
toluene (FP) 31.12 14.90 4.35 0.31 0.80 0.49 

'1.96 X standard error. Calculate the confidence interval as shown in the Methods section. aConcentration (ppm (v/v)) in zero air. 
cFalse positive {indicated concentration> standard error}. dThe concentration of Freon-ll was not certified with a certified gas cylinder 
standard. eFalse negative (concentration is negative, or < standard error). 'No improvement in results obtained after third iteration. 

a narrower spectral range. However, in cases in which the 
frequency window is chosen poorly, results obtained with the 
specific window methods may degrade. (This will be discussed 
below.) 

The data shown in Table I also demonstrates that the SBM 
was almost always better than or equivalent to the SRM 
methods in sensitivity and specificity. This is illustrated by 
reference to the mean value of the sensitivity and specificity, 
obtained from the final iteration for each method. 

In some cases, the results obtained for specific analytes vary 
with each method. For example, as can be seen from Tables 
II and III, styrene is reported as a false negative in sample 
III by all methods except for the SRM-47 method. The 
SRM-47 method correctly identifies styrene, as well as 2-
propanol and ethyl ether, but then Freon-ll is missed. These 
changes in results are, undoubtedly in large part, due to the 
interaction between changes in spectral windows, base-line 
assumptionsl and the ILSF method chosen. These factors are 
the subject of continuing investigations. 

The operation of the SBM is further illustrated in Table 
II, in which each of the iterations for each of the samples is 
shown. For example, for sample I, styrene is reported as a 
positive in the first iteration, but is correctly identified as a 
true negative by the second iteration. In contrast to that, for 
sample III, styrene is incorrrectly identified as a negative in 
the first iteration. Succeeding iterations do not contain styrene 
in the sample set. 

As an illustration of the complexity of the spectra of the 
mixtures used for this investigation, Figure 1 shows the spectra 
of the mixture and its components, as well as of 2-ethoxyethyl 
acetate, which is the false positive result for sample I obtained 
by using SRM-G and SRM-S. 

Confidence Interval and Number of Iterations. The 
95 % confidence interval of the concentration results obtained 
from LSF is the critical value in the ILSF qualitative analysis. 

Based on the comparison between the concentration and its 
confidence interval, expressed in the tables in terms of 1.96 
times the standard error, the lack of fit of standard reference 
spectra to the sample spectrum was calculated. With this 
information, a judgment was made of whether or not each 
compound existed in the sample. 

As shown in Table III, by reference to the results obtained 
for sample III, the value of the standard error strongly affects 
the positive or negative classification of each target analyte. 
When the SRM-specific method is used (results not shown), 
ethyl ether is classified as being a false negative. This is 
because the 95% confidence interval includes zero, and the 
reported result is therefore "not present" for ethyl ether. If 
a value of the confidence interval of less than 95% had been 
used, ethyl ether would have been accurately reported as 
present. However, as shown in Table II, ethyl ether is reported 
as a true positive when one uses the SBM. 

Similarly, for sample III in Table II, the styrene is reported 
as "not present". Once again, had the standard error been 
set at, for example, 90% rather than 95 %, the confidence 
interval would not have included zero, and the compound 
would have been reported as present. 

However, in that situation, the false positive results might 
have increased as well. Therefore, these is always the risk of 
losing sensitivity while improving specificity. 

Spectral Regions. In the mixtures used for this study, 
it is rare to find a compound that has spectral features that 
are completely resolved from those of other compounds. 
However, in the gas phase under conditions of ambient tem
perature and pressure, the peaks neither shift nor change 
shape. Therefore, the selection of optimal frequency windows 
becomes important. 

Frequency regions chosen for each compound for use with 
the SBM are given in Table II. However, this may be 
somewhat misleading since the LSF program will combine 



ANALYTICAL CHEMISTRY, VOL. 61, NO. 24, DECEMBER 15, 1989 • 2713 

I:~~ 
iLALl 
It~ l 
ItL~ 
I:,l J 
I'~L~ 
I~Lu 
I~r II 
m7~~ 

3400 J2X) 30lIO 2tIIO znI) 255023101350 1220 I. Ie:) CIO 100 5711 

WA""--R 

Figure 1. Portions of the infrared spectra of standard reference 
compounds and sample I (600-1350 cm-" 2400-3300 cm-'). All the 
standard reference spectra selected are based on the results of it
erative least-squares set reduction method-specific. Traces: (A) 100 
ppm tetrahydrofuran, (8) 50 ppm 1, l-dichloroethane, (C) 49.1 ppm 
benzene, (D) 51.2 ppm ethylbenzene, (E) 49.1 ppm methylene chloride, 
(F) 49.6 ppm 1,1, l-trichloroethane, (G) 10.6 ppm 2-ethoxyethyl acetate, 
(H) sample mixture I. 

overlapping windows in each iteration. The spectral region 
thus used will vary for each mixture depending on the degree 
of overlap of the individual windows. 

Selection of appropriate IR frequency windows for LSF was 
discussed at length by previous authors (23-27). However, 
the most optimal IR window for each compound selected for 
one mixture may not be appropriate for other mixtures (26). 
As further evidence of this, sample I was analyzed by using 
a set of reference spectra consisting only of the compounds 
known to be present in the sample. No iteration was per
formed. 

When sample I was analyzed by LSF using either specific 
windows within the fmgerprint region or the entire fingerprint 
region, both benzene and ethyl benzene were reported at 
concentrations significantly greater than those reported by 
GC analysis (Tables IV and V). 

These results were improved significantly when alternate 
windows in the C-H stretching region were used for these two 

Table IV. Comparison of Results Obtained for the Analysis 
of Sample I Using FTIR and GC Methods 

concentration,a ppm 

FTIR 
SRM-G SRM-S SBM-S SRM-47' LSF GC' 

tetrahydro- 2.92 2.32 2.30 FNd 2.30 2.3 
[uran 

1,I-dichloro- 1.51 2.33 2.57 2.00 2.57 3.46 
ethane 

benzene 4.04 2.34 2.27 1.14 2.27 2.30 
ethylbenzene 4.35 2.60 2.65 2.87 2.65 2.11 
methylene 1.60 2.38 2.44 2.34 2.44 2.40 

chloride 
1,1,1-trichloro- 0.30 2.70 2.70 2.89 2.70 2.47 

ethane 

a Data for SRM-G, SRM-S, and SBM-S were obtained from the 
final iteration of each method. Reference spectra for the LSF col
umn were based on the results obtained by GC analysis. b The 
sensitivity of SRM-47 for all samples was 91 % (Table I). This 
example should not be interpreted to imply that the use of SRM-
47 results in a greater incidence of FN results. C GC results are not 
certified. These results are shown for comparison purposes only. 
d False negative. Compound was identified by the GC method, but 
not by this FTIR method, and was included in the reference set for 
LSF analysis. 

Table V. Effect of Windows on the Results Obtained by 
FTIR for Sample I 

window, cm-1, and concentration, 
ppm GC 

compound window I concn window II concn results 

tetrahydro- 840-!144 2.22 840-1144 2.30 2.3 
furan 

1,I-dichloro- 670-1324 1.71 670-1324 2.57 3.46 
ethane 

benzene 620-1075 6.11 2650-3200 2.27 2.30 
ethylbenzene 1152-1291 3.76 2650-3200 2.65 2.11 
methylene 1219-1309 2.48 1219-1309 2.44 2.40 

chloride 
1,1,I-trichloro- 981-1138 2.71 981-1138 2.70 2.47 

ethane 

analytes. This is shown in Table V. Illustration is also given 
in Figure 1, in which the spectra are shown in both the fin
gerprint and the C-H stretch regions for sample I and for the 
components of the sample. 

Results may also have been improved if windows had been 
used for these analytes in both the fingerprint and C-H regions 
simultaneously. However, this was not tested. 

For the 2-propanol in sample III, which has strong C-H 
stretching peaks, after its IR window was changed from the 
fingerprint region to the C-H region, the results were un
changed (actual data not shown). The results given for 
benzene, ethyl benzene, and 2-propanol indicate that, for those 
compounds which have strong peaks in the C-H stretching 
region and weak peaks in the fingerprint region, the results 
may be improved by selecting an IR window for LSF analysis 
in the C-H stretch region. This, in some cases, would also 
avoid the complicated overlapped peak envelopes in the fin
gerprint region of the spectra of certain mixtures. 

Noniterative Procedure. Table IV summarizes the 
quantitative aspects of the LSF-based methods used for the 
analysis of these samples. Data is shown only for sample L 
The data column labeled "LSF" shows the results of analysis 
where only those compounds known to be present from the 
GC results were included from the beginning in the LSF data 
set, and no iteration was performed. 

These data indicate that results obtained by using the LSF, 
SRM-47, SRM-specific, and SBM-specific methods are in good 
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agreement with the results of GC analysis of the samples. The 
results obtained by using the SRM-general method are not 
as accurate. Note that no information is available certifying 
the absolute accuracy of the GC results, so these data are given 
for comparison purposes only. Therefore, it is clear that, for 
the compounds and mixtures, at the concentrations evaluated 
in this study, LSF-based methods are usable for the quan
titation of complex mixtures of unknown composition of traces 
of organic vapor in zero air. 

Resolution, Previous studies have shown that, for analysis 
of trace concentrations of vapors in ambient air, 2-cm-1 res
olution was adequate (23-27). It is important that a resolution 
be chosen that can both provide the required information and 
not require the use of excessive computer time and/ or higher 
performance instruments. This is because the ultimate ap
plication of this research is to real-time and/or portable 
Fourier transform infrared (FTIR) systems for occupational 
health use (22). 

The effect of resolution on quantitative aspects of the 
analysis of this data set was studied for all three sample 
mixtures. There was no demonstrable difference in accuracy 
when the resolution was varied from 0.5 to 4 cm-I . Thus, 
2-cm-1 resolution was used in this study. 

Analysis Time, Consideration of time of data analysis is 
important. For these samples, the average computation time, 
including printing of results, was 4 h for the SRM-47 method, 
but only 1 h for each of the other methods. Actual compu
tational time for the SBM is less than for the SRM because 
a higher fraction of the total time is taken by the SBM for 
printing of intermediate results. Since this will not be a factor 
in the fully automated software, it is estimated that the SBM 
will be faster than the SRM by approximately a factor of 2. 

It is recognized that the Nicolet 1280 computer is not ideal 
for this type of analysis. Indeed, a DEC V AX system is 
generally recommended for such applications. However, we 
are automating this approach with a 20-MHz PC-DOS 
80386-387 system. With this system, we expect computational 
time to be decreased by a factor of almost 2 orders of mag
nitude when compared to that required by the Nicolet system. 

CONCLUSIONS 

Iterative least-squares fit (ILSF) methods based on a com
mercially available version of the LSF program written by 
Haaland were developed for qualitative and quantitative 
analysis of complex mixtures of vapors at trace concentrations. 
These programs were evaluated for three mixtures containing 
five to 11 components at approximately 2 ppm in zero air, The 
results indicate that the ILSF method is very promising as 
a tool for the interpretation of IR spectra of mixtures. 

Generally, performance of the ILSF methods, as measured 
by ·sensitivity" and ·specificity", were in the following order: 
set building method-specific, better than set reduction me
thod-47, approximately equal to set reduction method-specific, 
better than set reduction method-general. Both qualitative 
and quantitative results were improved by using specific 
frequency windows for each compound and by using the set 
building method rather than the set reduction method. 

The standard error after LSF for each compound played 
an important role in qualitative analysis. The "sensitivity" 
and ·specificity" obtained by each method for each component 
will be, in part, a function of the set point chosen for the 
percentage value of the standard error, and thereby for the 
size of the confidence interval. In general, for a given method, 
specificity can only be improved at the expense of sensitivity 
(and vice versa). Investigation is under way into the idea of 
a programmable confidence interval set point for each itera
tion. 

Work is continuing in this study. Efforts are centered on 
fully automating the ILSF procedures, on testing the effects 
of false positive and false negative components on accuracy, 
on specifying the presence of certain compounds and com
pound classes, on investigating approaches to base-line 
problems, and on testing these procedures on sample mixtures 
in ambient air. 
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Nanogram Nitrite and Nitrate Determination in Environmental 
and Biological Materials by Vanadium(I I I) Reduction with 
Chemiluminescence Detection 

Robert S. Braman" and Steven A. Hendrix 

Department of Chemistry, University of South Florida, Tampa, Florida 33620 

Nitrite In environmental water samples is reduced at room 
temperature to nitric oxide in acidic medium containing va
nadlum( II I). Nitrate Is also rapidly reduced after heating to 
80-90 °C. Nitric oxide Is removed from the reaction solution 
by scrubbing with helium carrier gas and Is detected by 
means of a chemiluminescence NOx analyzer. Nanogram 
detection limits are obtained. The method has the advantage 
of not requiring highly acidic solutions for nitrate reduction and 
has been applied to the analysis of a variety of environmental 
waters, sediment, plant materials, and human urine and blood 
serum. 

INTRODUCTION 
The chemiluminescence detector-based method for trace 

nitrites and nitrates in aqueous samples was first reported by 
Cox (1) and was later applied to analyses of seawater by 
Garside (2, 3). Because of the sensitive nature of the detector, 
it was possible to analyze samples containing nanomolar 
concentrations or nanogram amounts of nitrite and nitrate 
ions. The chemiluminescence analysis method, then, is of 
importance in enviromnental analyses, chemical oceanography, 
and other applications where trace nitrite and nitrate data 
are needed. Parts-per-billion concentrations can be analyzed 
with milliliter sample volumes while parts-per-million and 
higher concentrations can also be determined by using mi
croliter range sample sizes or by dilution. 

The earlier methods (1,2) used an acetic acid-potassium 
iodide mixture at room temperature for nitrite reduction to 
nitric oxide. Ferrous ammonium sulfate with ammonium 
molybdate in hot, approximately 50% concentrated sulfuric 
acid, was used for reduction of nitrate plus nitrite. Nitrate 
was determined as the difference between analyses of the same 
sample by the two methods. Extensive trapping of the analyte 
carrier gas was needed to prevent introduction of acidic gases 
into the NO, detector. 

REDUCTION METHODS 
We have studied the use of vanadium(III) as a reductant 

for nitrate and find that it has substantial advantages. It is 
more reactive as a reducing agent than iron(II)-molybdate 
and can be used at far lower acidities. As was found, se
quential, multiple large volume water samples (10-100 mL) 
can be analyzed by using the same reduction solution, a feature 
not achieved by the iron(II)-molybdate reduction method 
which requires fresh, blanked reduction solution for each 
sample of substantial volume. Addition of large water samples 
reduces the acidity of the iron(II)-molybdate reagent to the 
point that it no longer reduces nitrates. 

Vanadium(II) was mentioned as a possible reducing agent 
in the initial work by Cox (1), making reference to work by 
Hassan and Zaki (4) who reported that it reduces nitrate to 
nitric oxide. As will be shown, our work indicates that this 
is incorrect. Vanadium(III), not vanadium(II), reduces nitrate 
to nitric oxide. The earlier work (4) did not verify the presence 
of vanadium(II) in the reducing agent nor the presence of NO 
as the gas evolved. 

0003-2700/89/0361-2715$01.50/0 

Our work agrees with that of Ellis and Vogel (5) who report 
reduction of nitrates to ammonium ion by carefully prepared 
vanadium(II) in hot acidic solutions protected from air oxygen. 

The stronger reducing agents such as chromium(II) (6) and 
alkaline titanium (III) (7) apparently also reduce nitrates to 
ammonium ion. In our work, solutions containing vanadi
um(II) mixed with vanadium(III) did not produce NO from 
nitrates or nitrites. 

Use of vanadium(III) as the nitrate reducing agent is ex
amined here and applied to the analysis of a variety of en
viromnental samples and human fluids. Comparison is made 
to the acidic iron(II)-molybdate reduction method (1-3), 

EXPERIMENTAL SECTION 
Apparatus. Solutions being analyzed for nitrites or nitrates 

by reduction reactions producing NO were degassed by using 
helium which was then passed into a Bendix Model 8101 chem
iluminescence analyzer. The apparatus arrangement used is shown 
in Figure 1. The analyzer inboard flow rate was controlled by 
a micrometering valve set to approximately 200 mL/min. The 
helium degassing flow rate was set at approximately 120 mL/min, 
while oxygen make-up gas to the "T" was set at 100 mL/min. A 
single bubbler containing 1-2 M NaOH at room temperature was 
used to remove any acidic gases from the inboard flow into the 
detector. The "T" system avoids the problem of matching the 
flow of the analysis stream from the reaction chamber to the 
inboard flow demanded by the detector. 

Cold trapping is not necessary in this apparatus arrangement 
because the mix of dry make-up gas with the saturated carrier 
gas produces a relative humidity near 60%. Chemiluminescent 
analyzers were originally designed for use in continuous analyses 
of ambient air and so can accommodate high-humidity air. The 
detector was used in the NO only mode. The output signal was 
recorded by means of a Linear Instruments, Inc., Model 252A 
integrating recorder. 

Several sizes of reaction chambers were used in the development 
of the method ranging in size from a 50-mL microimpinger to a 
300-mL round-bottomed flask. Flasks in the 50-100-mL range 
gave the most rapid responses. Volumes of reducing reagent 
needed varied from 20 to 50 mL depending upon the amount 
necessary to cover the bubbler frit. 

Reducing Reagents, Solutions of vanadium(IIl) approxi
mately 0.10 M, also 1-2 M in HCI, were produced by reduction 
of acidic 0.10 M solutions of vanadyl sulfate using a Jones reductor. 
Generally, the solution developed a pink-purple color during this 
step indicating the presence of vanadium(II). Redox titration 
of the reduced solution using standard cerium(IV) confirmed that 
approximately 10-90% of the vanadium present was vanadium(II) 
depending upon the contact time of the vanadium solution with 
the reductor. Figure 2A is a typical titration of a reduced va
nadium sample. The vanadium(II) was converted to vanadium
(III) by bubbling air or oxygen through the solution. Figure 2B 
gives the titration curve for the vanadium (III) solution thus 
prepared. The absence of vanadium(II) in the solution can be 
determined by measuring the solution potential with the stronger 
reducing vanadium(II/III) couple having a potential of EO ~ 
-0.256 V versus standard hydrogen electrode and the weaker 
reducing vanadium(III/IV) couple having a solution potential of 
EO ~ +0.359 V versus standard hydrogen electrode or, more 
simply, by determining the response of the system to nitrate. 
Solutions containing vanadium(JI) did not produce NO from 
nitrite or nitrate standards added using the analysis procedure. 

© 1989 American Chemical SOCiety 
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Figure 2. Poten1iometric titration of (A) vase, solulion after passage 
1hrough a Jones reductor and (B) vanadium(II) solulion after exposure 
to oxygen. 

Vanadium(lI) is reported to reduce nitrates to ammonia (7) in 
earlier work using this as a reducing agent for titrimetric analysis 
of nitrates. Acidic solutions of vanadium(IV) did not reduce 
nitrate to NO, consequently, vanadium(III) is the active reducing 
agent. 

Prepared solutions of vanadium(IlI) appeared to maintain their 
reducing character over at least several months. The initial 
potentiometric assay was 0.0704 M versus 0.0654 M 7 months later. 

The acidic reducing agents used by Cox (1) and Garside (2) 
were also prepared in order to compare the two methods. These 
were concentrated sulfuric acid, 4 % ferrous ammonium sulfate, 
and 2% ammonium molybdate. To 5 mL of sample was added 
5 mL of concentrated sulfuric acid, 2 mL of 4% ferrous ammonium 
sulfate, and 2 mL of 2% ammonium molybdate. This solution 
was degassed in a hot water bath at 8(}-90 DC. Successive samples 
of microliter range amounts can be analyzed by using the hot acidic 
iron(II)-molybdate reductant. If larger water volumes are to be 
analyzed, i.e. 5-10 mL, then new blank reagent solutions must 
be used for each sample to avoid loss of response by decrease in 
acidity through dilution. 

Procedure-Nitrites. Nitrites are rapidly reduced to NO at 
room temperature by the vanadium(IIl) reagent. Nitrates are 
only very slowly reduced at room temperature. Consequently, 

nitrite samples are added to the degassed reducing solution at 
room temperature and are then degassed until all is removed. A 
series of samples can be analyzed by using the same vanadium(lIl) 
solution despite dilution of the vanadium(III) as the samples are 
added. 

Procedure-Nitrite + Nitrate. Nitrates are rapidly reduced 
by vanadium(lIl) at 8(}-95 DC. Consequently, the vanadium(III) 
reagent is added to a reaction flask and heated to this temperature 
range until the residual nitrate is removed. Samples are then 
added to the blank solution and the NO signal is recorded. Since 
nitrites are also reduced, this analysis gives nitrites + nitrates. 

Procedure-Nitrite and Nitrate. Nitrites can be separately 
determined at room temperature and the results subtracted from 
the analysis of nitrite + nitrate. Alternatively, a hot degassed 
vanadium(lIl) solution can be cooled to room temperature and 
the sample added. This analysis gives nitrite only. The solution 
is then placed in the hot water bath with no helium carrier gas 
flowing for 2 min and is then degassed while heating to obtain 
the nitrate signal. The vanadium (III) solution can then be cooled 
in an ice bath to be ready for the next sample. This temperature 
cycling procedure provides for direct analysis of both nitrite and 
nitrate in the same sample. 

Procedure-Sediment Analysis. Samples of essentially 98% 
calcium carbonate ocean sediments were analyzed directly for 
nitrite + nitrate. In this case, the vanadium(III) reagent was 
prepared in 4 M HCl to allow for depletion of the acid by reaction 
with carbonates during analysis. Sediment samples of 100-300 
mg were weighed and added to the blanked, hot reducing solution 
directly through the top of the reaction flask. The apparatus was 
immediately reassembled and the analysis performed. The 
carbonate dissolved quickly with no significant change in response 
time. The carbon dioxide produced did not give a signal in the 
NO, detector with most probably being removed by the NaOH 
bubbler trap. Some 34 sediment samples were analyzed in se
quence utilizing the same vanadium(IlI) reductor solution. Nitrate 
calibrations performed following these analyses showed no deg
radation in response. 

Procedure-Human Fluids, Leaves, and Tobacco. Urine 
and serum responded in a manner similar to that of other fluids. 
Since nitrite and nitrate samples are in the parts-per-million 
concentration range, samples of 1(}-100 ILL can be injected directly 
into a blanked, hot vanadium(llI) reduction solution or into a 
blanked room temperature vanadium(III) solution. 

Plant leaves were simply dipped into the reduction solution 
and then removed. The apparatus was then reassembled and 
degassed for analysis. A single dipping was sufficient to remove 
90% of the surface nitrate present on a leaf. 

Tobacco samples in the 1-5 mg range were added directly to 
the reducing solution for analysis. Alternatively, samples were 
weighed and soaked in water in a 100-mL volumetric flask and 
small volumes of the solution injected or pipetted into the reaction 
flask for analysis. 

RESULTS AND DISCUSSION 
Vanadium(III) Concentration Study. The effect of 

vanadium(III) concentration on the reduction of nitrate was 
determined by analyzing stendard nitrate samples over a range 
of vanadium(III) concentrations produced simply by diluting 
the starting 0.066 M reduction solution with deionized water. 
Results indicate that reduction occurs at a reasonable rate (4-5 
mini analysis) down to approximately 0.001 M vanadium(III). 
A similar response effect was obtained for nitrite at room 
temperature. Table I gives the results for these sets of 
analyses. 

Temperature Effect Study. The effect of temperature 
on the rate of nitrate reduction was determined by analysis 
of a series of standards at varying water bath temperatures, 
the results of which are given in Table II. The indication 
is that water bath temperature should be approximately 85-95 
°C for rapid reaction. Under these conditions analyses require 
2-5 min per sample. Typical responses for nitrite + nitrate 
at varying water bath temperatures are shown in Figure 3. 
Nitrite reacts at room temperature and equally well at the 
elevated temperatures. 
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Table I. Effect of Vanadium(III) Reductor Solution 
Concentration on Nitrite and Nitrate ResponseG 

[V3+], M NO,--N,ng N03--N, ng timeb 

0.063 77.13 72.22 1.5,1.5 
0.043 74.71 76.54 1.6, 1.6 
0.0315 73.56 77.10 1.6,2.0 
0.0210 89.14 77.10 2.1,1.6 
0.0145 79.49 84.69 2.1,2.7 
0.00741 73.49 75.42 1.6,3.2 
0.00394 75.16 64.71 2.0,3.9 
0.00091 78.05 83.42 2.2,6.2 

N= 8 N= 8 

77.59 ± 5.14 76.41 ± 6.26 

a IOR.uL injections of 8.00 ppm standard solution. bIn minutes, 
measured base line to base line; N02-, NOa-. 

Table II. Effect of Water Bath Temperature on Nitrate 
Reduction 

water bath response water bath response 
temp,OC timeG temp,OC timeG 

60 7.7 85 3.0 
66 7.8 90 2.4 
71 6.5 98 2.1 
79 4.2 

a In minutes, measured base line to base line, 10-.uL injections of 
8.00 ppm standard nitrate solution. 

Figure 3. Effect of water bath temperature on NO,- + NO,- response 
time. 

Vanadium(III) Acidity Effect Study. The acidity ofthe 
vanadium(III) reductor solution was adjusted to several dif
ferent values by addition of 2 M NaOH. The solution was 
then used to analyze standard nitrite and nitrate solutions 
in order to determine the effect on response. Nitrite standards 
were analyzed by use of room temperature vanadium(III) 
solution while the nitrate standards were analyzed by use of 
hot vanadium(III) solution. The results, given in Table III, 
indicate that nitrate response diminishes beginning at ap
proximately pH 1 and disappears altogether at pH 2 and 
higher. Nitrite response begins to diminish at approximately 
pH 2. Adjusting the vanadium(III) reductor solution to pH 
0.6 required the addition of approximately 20 mL of 2 M 
NaOH doubling the initial vanadium(III) solution volume. 
This and further additions of 2 M NaOH did not reduce the 
vanadium(III) concentration to the point where its activity 
was significantly decreased. Nitrate and nitrite response can 
be restored by the addition of HCI to the reductor solution. 

Interferences. The possibility of nitro-organic compounds 
producing a positive nitrite or nitrate response was investi
gated by analyzing several of these compounds using the nitrite 
+ nitrate procedure. N-Nitrosodimethylamine, I-nitroso
pyrrolidine, 4-nitrosophenol, 2-nitrosotoluene, and nitro-

Table III. Effect of Vanadium(III) Reductor Solution 
Acidity on NOa- and N02- ResponseG 

pH [V3+]b NOs-N,ppm NO,--N,ppm 

0.6 0.033 8.41 ± 0.30 8.01 ± 0.05 
1.0 0.031 5.27 ± 1.23 8.49 ± 0.17 
2.0 0.030 7.79 ± 0.11 
3.0 0.029 6.39 ± 0.15 

a Average of duplicate 8.00 ppm standard NOa- injections, hot, 
aud 8.00 ppm standard NO,- injections, cold. b After dilution with 
2 MNaOH. 

Table IV. 

a. Determination of NOs- + N02- as Nitrogen in Hillsborough 
River Water 

total solution vol, mL NO,- + NO,--N, ppm timeG 

70 0.13 4.5 
90 0.13 4.1 

110 0.13 4.3 
130 0.13 3.9 
150 0.13 4.0 
170 0.13 4.0 
190 0.12 4.0 
210 0.12 3.4 
230 0.10 3.2 
250 0.11 3.0 

b. Determination of N02 - as Nitrogen in Tampa Bay Seawater 

total solution vol, mL NO,--N, ppb timeG 

75 1.56 6.0 
100 1.65 5.6 
125 1.69 5.2 
150 1.68 5.0 
175 1.57 4.4 
200 1.56 4.2 
225 1.77 4.0 
250 1.73 3.6 
275 1.69 3.4 
300 1.66 3.4 

G In minutes, measured base line to base line. 

benzene produced no detectable response. Also, no degra
dation of sample materials (Le. vegetation or human fluids) 
to produce volatile organic compounds or other gases de
tectable by the NOx analyzer was observed. 

Response Curves and Detection Limits. The response 
curves for nitrite and nitrate are the same within statistical 
variation. Two curves obtained by using the same reduction 
solution are 

N03- as N (ng) = 7.997(x) - 0.075 
Sb = ±0.04S, S, = ±0.514 (N = 4) 

N02- as N (ng) = 7.59S(x) + 0.549 
Sb = ±O.lSl, S, = ±2.130 (N = 4) 

where (x) is the integrator count per response, Sb is the 
standard deviation of the slope, and S, is the standard de
viation of the residuals. 

A lower detection limit of 2-3 ng of nitrate or nitrite-ni
trogen was found. 

Sequential Analyses of Large Water Samples. Two sets 
of sequential analyses were performed to further determine 
the effect of dilution on analysis response. The possibility 
of analyzing, in sequence, a series of large volume water 
samples was demonstrated by using 20-mL samples of 
Hillsborough River water (Tampa, FL). The nitrite + nitrate 
procedure was used. A 300-mL reaction flask was used starting 
with 50 mL of 0.0645 M vanadium(III). Ten samples were 
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Table V. Comparison of the Iron(I1) Molybdate Method 
and the Vanadium(III) Method in Analysis of Various 
Environmental Samples 

iron(II) molybdate' vanadium(III)' 

sampleQ NO,- + NO,- NO,- NO,- + NO,- NO,-

A 
B 
C 
D 

9.5 2.3 
SOS.6 10.6 

2.4 0.1 
735.S 6.6 

9.2 2.5 
774.7 13.0 

2.3 0.2 
725.5 9.1 

'Samples: (A) 2-mL samples from Tampa Bay; (B) 2-mL sam
ples from USF golf course pond; (C) 4-mL samples from Lake 
Carroll, Tampa, FL; (D) 4-mL samples from Hillsborough River, 
Tampa, FL. b jjg/L as N, average of two to three samples. 

Table VI. NO,- + NO,- in Various Samples 

human blood seruma 

human urineb 

domestic beerc 

imported cigaretted 

domestic cigarette€ 
sediment! 
nondairy creamg 

corD flakeh 

response 

17.4 ± 0.3 ng (N = 2) 
146.0 ± 15.0 ng (N = 2) 
52.1 ± 3.6 ng (N = 2) 
0.056 ± 0.002% (N = 3) 
1.30 ± 0.03% (N = 3) 
0.13 ± 0.03 ppm (N = 4) 
0.75 ± 0.07 ppm (N = 2) 
0.26 ppm (N = 1) 

Q25-j,LL injections, as N. b6-,uL injections, as N. c20-JLL injec
tions, as N. d,eMicroliter injections of solution containing whole 
cigarette, minus filter, weighed and placed in lOO-mL volumetric 
flask, expressed as % KNO,. 'Wet sample basis. g 25-I'L injec
tions, as N. h 115-mg sample, as N. 

analyzed by using the original reduction solution. Table IVa 
gives the analysis data and response times. A similar series 
of ten analyses was performed using 25-mL samples of sea
water from an area near the mouth of Tampa Bay. In this 
case, the nitrite-only procedure was used. Table IVb gives 
the results and response times for these analyses. Note that 
even with the addition of up to 250 mL of sample solution 
to the original 50 mL of vanadium(III) reagent in the reaction 
flask, no decrease in response or increase in analysis time is 
observed. 

An interesting aspect of the analyses obtained by using the 
vanadium(III) method was that the response times decreased 
with added sample volume. This was likely due to the de
crease in headspace volume of the analysis chamber with the 
addition of samples and the simultaneous decrease in the time 
required to sweep out the NO produced. 

Comparison of Vanadium(III) to Iron(II)-Molybdate 
Method. Several different sources of environmental waters 
were analyzed using the two reduction methods. Results are 
given in Table V. Note that the vanadium(III) method and 
the iron(II)-molybdate method give equivalent results. 

Sediment, Vegetation, Tobacco Leaf, and Human Fluid 
Analyses. This series of analyses was done to demonstrate 
the range of sample types that can be examined for nitrite 
and nitrate using the vanadium(III) reduction method. Table 
VI gives results of some of the various analyses. All responses 
were typical in shape for nitrate responses in hot vanadium
(III) reduction solutions. Figure 4 shows some of these re
sponses for the different samples. Since in all of these cases 
only small samples were involved, many sequential analyses 
are possible without changing the vanadium(III) reducing 
solution. The response of nitrate standards before and after 
many sample analyses was the same in all cases. 

1 min. 1 min. 

A 

1 min. 

1 min. 

C D 

l 
Figure 4. NO,- + NO,- in various samples: (A) human blood serum, 
25 ILL, 2.12 ppm; (B) mangrove leal, 14 ng/leal; (C) domestic beer, 
20 ILL, 2.70 ppm; (D) hUman urine, 10 ILL, 10.30 ppm. 

CONCLUSIONS 
The vanadium (III) reduction method is shown here to be 

applicable to the analysis of a variety of sample types. the 
reduction reagent is active at low concentrations and at 
moderate (down to 0.1 M) acid concentrations. A series of 
water samples can be analyzed sequentially, even at 20 mL 
per sample, if very low concentrations are encountered without 
loss of response. The response time was as rapid as 1 min per 
sample when a small heads pace volume was used in the re
action flask. For most analysis conditions, the response time 
was 2-4 min per sample. Modifications of the technique 
provide for nitrite analysis only, nitrite + nitrate, or nitrite 
and nitrate in the same sample using temperature cycling. 

The apparatus arrangement needed is much simpler than 
that reported for the iron(II)-molybdate method. The re
sponse and range of uses are superior to those of the earlier 
methods largely because of the milder acidity conditions 
needed for analyses. 

Analysis of human fluids and plant materials demonstrates 
the range of applications to analysis of complex materials. 
Since only small amounts of sample are needed in urine or 
serum analysis, the technique can be used for the analysis of 
a large number of samples sequentially without the necessity 
of sample prereduction or other preparation. This makes the 
vanadium(III) method superior to many other trace nitrate 
methods. 
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Statistical Estimation of Analytical Data Distributions and 
Censored Measurements 

Kirk K Nielson' and Vern C. Rogers 
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A numerical method was developed for estimating the shapes 
of unknown distributions of analytical data and for estimating 
the expected values of censored data pOints. The method is 
based conceptually on the normal probability plot. Data are 
ordered and then transformed by using a power function to 
achieve approximate linearity with respect to a computed 
normal cumulative probability scale. The exponent used in 
the power transformation is an index of the distribution shape, 
which covers a continuum on which normality is defined as 
d = 1 and log normality is defined as d = o. Expected 
transformed values of censored points are computed from a 
straight line fitted to the transformed, accepted data, and 
these are then back-transformed to the original distribution. 
The method gives improved characterization of analytical data 
distributiOns, particularly in the distribution extremities. II also 
avoids the biases from improper handling of censored data 
ariSing from measurements near the analytical detection limit. 
Illustrative applications were computed for atmospheriC SO. 
data and for mineral concentrations in hamburgers. 

INTRODUCTION 

In environmental surveillance of chemical compounds, trace 
elements, and radionuclides, analytical measurements often 
span very wide ranges, but still may represent a single pop
ulation. To represent the population by its measured pa
rameters, a central value (mean, median, etc.) and distribution 
width (standard deviation, range, etc.) generally are sought 
for simplicity and convenience in statistical analyses. Two 
common causes of subjective bias in representing the popu
lation are the choice of distribution attributed to it and the 
method of dealing with censored data points. The distribution 
often is simply assumed to be normal or log-normal, even 
though it may have an intermediate or alternative shape. Even 
when distributions are analyzed by using normal or log-normal 
probability plots, their shapes still are usually assessed sub
jectively for linearity and for approximation to normality or 
log normality. While the biases resulting from inaccurate 
distribution assumptions affect both central value and width 
estimates, they can be particularly misleading when one is 
making decisions about confidence intervals or compliance 
with prescribed limits. 

The problem of censored data points also is common in 
environmental surveillance, where vanishingly small concen
trations frequently lead to observations that are less than the 
analytical limit of detection (LD). As concentrations approach 
zero, the combined measurement uncertainties in samples and 
blanks can even cause a fraction of observations to be negative. 
Although there are numerical definitions of the appropriate 
LD for data acceptability (1-4), there is less consistency in 
reporting and interpretation of the lower, censored mea
surements. They variously are ignored or reported as zero, 
as <LD, as the numerical LD, or as the measured values. 
Reporting the numerical LD and the total number of mea
surements is particularly important. 

0003-2700/89/0361-2719$01.50/0 

To interpret the resulting left-censored distributions, special 
methods are required to avoid biased estimates of the central 
value and width of the distribution. Although the lower limit 
of the data range usually is ignored, several numerical and 
graphical methods have been reported (5-10) to estimate the 
means and standard deviations of censored distributions. The 
numerical methods sometimes are limited by their allowable 
fraction of censoring, assumed distribution shape (normal, 
log-normal, etc.), computational complexity, use of lookup 
tables, and difficulty in being understood by the nonstatist
ician. Graphical methods involving probability plotting are 
easier to understand and provide more insight into the data 
distribution, but may lack numerical precision, accuracy, and 
convenience. 

This paper describes a least-squares regression method, 
related to probability plotting, to estimate numerically the 
shape of an unknown distribution and the expected values 
of censored data points. These can serve in turn to compute 
unbiased statistics such as medians, confidence intervals, 
ranges, and proximity to normality, log-normality, or other 
distribution shapes. The method assumes that the analytical 
data come from a single population and that they are trans
formable to a normal distribution. It requires a constant point 
of censor (LD) for all observations, so that all censored values 
are known to be less than the lowest accepted (noncensored) 
value. The method is well-suited to interactive use on personal 
computers, where the nature of the data distribution can be 
visually examined and interpreted. Although the distribution 
shape need not be known, the precision of censored value 
estimates is greatly increased if it is known. The method is 
evaluated empirically by using fixed and random distribution 
shapes, with varying fractions of censoring. It is applied here 
to environmental and trace-element observations. 

THEORY 

The use of probability plots to examine the normality or 
log normality of data distributions is described in many sta
tistics textbooks. In some cases (8, 9, 11), straight lines have 
been drawn or fitted to the cumulative probability plots to 
define the median (intercept at the P = 0.5 point) and 
standard deviation (slope), even if some of the data points are 
censored. Figure 1 illustrates such a case. The ability to 
obtain an unbiased median and standard deviation despite 
censoring depends on knowledge of the total number of ob
servations, n, from which the probability plotting position, 
Pi, for each point is computed. To compute Pi, the accepted 
data first are ordered by numerical value. The sequence 
number, i, for each point then is used in computing Pi as 

Pi = (i - O.5)/n (1) 

An alternative function to eq 1 for computing the probability 
plotting position also has been used (12) for better consistencv 
with certain theoretical considerations: -

Pi = i/(n + 1) (2) 

In empirical comparisons, only eq 1 defined probability 
positions such that the slope of a straight-line normal prob-

© 1989 American Chemical SOCiety 
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Figure 2. Comparison of the shapes of five frequency distributions, 
each composed of 500 pOints with median = 100 and standard de
viation = 32. 

ability plot was equal to the standard deviation of the numbers 
being plotted. Therefore eq 1 was used throughout this work 
for computing probability plotting positions. 

The linear reduced variate scale, z, shown in Figure 1 in 
standard deviation units, is related to the cumulative prob
ability scale by the areas under the standard normal distri
bution curve, as tabulated in standard statistics tables and 
texts. The slope must be defined in terms of the linear (z) 
scale in order to directly define the standard deviation of the 
plotted distribution. For generating the probability plots on 
a computer and for least-squares fitting of the probability 
distribution, the transformation of probability fractions to the 
reduced variate scale utilizes the relation (13) 

where 

ao + alti + a2tl 
Zi = ti - 2 3 

1 + blti + b2ti + b3ti 

ti = [In (l / p?) ]1/2 

ao = 2.515517 

al = 0.802853 

a2 = 0.010328 

0< Pi::; 0.5 

bl = 1.432788 

b2 = 0.189269 

b3 = 0.001308 

(3) 

Plotting data points versus their z values defined by eq 3 
yields a straight line for normally distributed data, and thus 
also for the logarithms of log-normally distributed data. 
Skewness causes curvature in a normal probability plot, and 
the degree of curvature is consistent with the deviation from 
the normal distribution and with the approximation of an 
alternative distribution. For example, normal and log-normal 
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Figure 3. Comparison of the normal cumulative probability plots of 
five distributions, each composed of 500 points with median = 100 
and standard deviation = 32. 
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Figure 4. Comparison of plotting scales for seven different frequency 
distributions. Equivalent points are connected by the dashed lines. 

distributions are compared with the intermediate square-root 
distribution and with more negatively and positively skewed 
distributions in Figure 2, and their corresponding normal 
probability plots are illustrated in Figure 3. These graphs 
also illustrate the continuum of possible distributions that may 
represent natural systems, on which the normal and log
normal shapes represent two discrete points. A numerical 
classification of the distributions in Figures 2 and 3 can be 
written as a distribution index, d, which is the exponent that 
can be used to transform the given data, Yj, to a normally 
distributed equivalent, Yni = Yid• To preserve the median, 
Y, and nominal width of the original data distribution, the 
transformation 

¥ni = Yl1 + [(¥i/W -lj/dj (4) 

is found empirically to yield an equivalent normalized 
transformed data set. The distribution indices, d, describe 
a continuous set of distributions except for a discontinuity 
at d = 0, which corresponds to the log-normal transformation. 
Distributions defined by Idl ::; 0.001 approach log normality. 
The transformations provided by various values of dare 
compared graphically in Figure 4 to further illustrate the 
continuum of distributions described by eq 4. 

The distribution index is useful in numerically defining 
unknown data distributions, but more importantly, it provides 
a basis to transform data to normal distributions and thereby 
obtain unbiased estimates of distribution parameters and 
censored values. The method for obtaining the unbiased 
estimates involves fITSt finding the distribution index, and then 
transforming the data to a normal distribution by using eq 
4. Unbiased confidence intervals, censored values, and other 
parameters then are computed from the transformed data, 
after which each is back-transformed to the original distri
bution by using the inverse of eq 4. 
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To compute the index, d, of an unknown distribution, the 
reduced variates for the data set first are defined by using eq 
1 and 3. The value of d then is sought that transforms the 
data to yield a straight cumulative probability plot (solid line, 
Figure 3). The value of d is iteratively estimated from trial 
values, dj , which are tested by trial transformations of the 
original data using eq 4. The normality of each transformed 
distribution is measured by fitting the transformed data by 
least squares to a quadratic function of the reduced variate 

(5) 

to estimate its curvature. The fitting coefficients define the 
transformed distribution median as Co, its relative width as 
c!ico, and its relative curvature as C,/C" 

The curvature obtained with each trial index is used to 
improve further estimates of dj until a near-zero curvature 
(normal distribution) is obtained. Initial trial values of d, = 
1 and d, = -0.5 are used to define corresponding curvatures 
c,/c , according to eq 4 and 5. Each successive trial index, dj , 

is computed from a least-squares fit of all preceding values 
and their associated curvatures, (C,/C')j' to the quadratic 
function 

dj = fo + f,{C,/C')j + f,{c,/c1)l (6) 

where fo, f" and f, are the fitting coefficients. The next trial 
index is computed from eq 6, for zero curvature, as dj = fo. 
This approach converges to within 1 % of the final value of 
d in about six iterations and to within about 0.1 % in nine 
iterations. 

It should be noted that although the least-squares fitting 
of eq 5 to experimental data utilizes conventional methods 
(14), the conventional statistics describing goodness of fit (i.e., 
the correlation coefficient, r; standard error of the estimate, 
Syx) cannot be interpreted or used in the usual way owing to 
the ordering of the observations prior to fitting. These sta
tistics indicate much lower, nonrandom variation. However, 
they still can be used as a relative index of fitting precision. 

Unbiased estimates of confidence intervals and censored 
values are made on data that have been transformed to a 
normal distribution by using the distribution index d in eq 
4. Confidence intervals are computed from eq 5, using eq 3 
to obtain the reduced variates Zj from the desired probability 
fractions. The resulting confidence intervals then are 
transformed back to the original distribution by using the 
inverse of eq 4. Censored values similarly are computed from 
a fit of all accepted transformed values to eq 5, defining Co, 
c
" 

and c,. The reduced variate of each censored point is 
computed from eq 1 and 3 and is used in eq 5 to estimate the 
transform of the expected value of the censored point. The 
expected values finally are transformed back to their original 
distribution by using the inverse of eq 4. Unbiased estimates 
of other statistics can be computed similarly from the nor
mal-transformed data and then back-transformed to the or
iginal distribution. Any negative extrapolated values of Yni 
are undefined in the reverse transformation from eq 4, but 
are considered to be zero for defining the distribution shape. 

NUMERICAL EVALUATION OF 
UNCERTAINTIES 

The accuracy of defining the distribution index, d, was 
evaluated by testing the method defined by eq 1 and 3-6 on 
known distributions with varying indices of d = -0.5 to d = 
+ 1.5. The computed values of d consistently were within less 
than 0.01 % of the known value. To evaluate the precision 
of the distribution indices, a computer program was written 
to generate random normal distributions with prescribed 
medians, Y, and standard deviations, Sy. The random dis
tributions were generated on a micro Vax II computer using 
random numbers, Ri (a unit rectangular variate), generated 

by the micro VMS operating system, with the normal distri
bution approximation (15) 

k 
Yi = Y + sy[CLRij) - k/21/{k/12)'/' (7) 

j=l 

A value of k = 48 was used in eq 7, as a trade-off between 
computational speed and bias of the resulting normal dis
tributions. Higher order summations in eq 7 did not alter 
significantly the resulting distributions. 

The program transformed the normal distributions by using 
the inverse of eq 4, and in the case of the log-normal distri
bution, an approximate value of d = 0.0001 was used. It then 
ordered the data and computed its cumulative probability 
variate, Zi, using eq 1 and 3. For evaluating distribution 
indices, d, the program iteratively used eq 4-6 as described 
above. Through repetition of this process for many known 
random distributions, a mean and standard deviation of d were 
computed for normal, log-normal, and other distribution 
shapes. The means corresponded to the known transform 
values used in generating the distributions. The standard 
deviations of the distribution indices, Sd, were dependent on 
the number of points in the random distributions, on their 
widths, and on the fraction of data points that were censored, 
fo but not on the distribution shape. log-log plots of sd versus 
the number of data points were approximately linear for values 
of Sd ::; 1, indicating an exponential decrease in the uncertainty 
of the estimated value of d with the number of points in the 
distribution. Increased relative widths of the distributions, 
expressed as Sy/ Y, lowered Sd as the inverse of the relative 
width, and censoring of the low end of the distribution raised 
Sd linearly. From empirical combinations of the fitting pa
rameters of Sd for 10-500 data points, Sy/Y ranging from 0.1 
to 1.0, and!, ranging from 0 to 0.7 (atsy/Y = 0.5), the standard 
deviation of d was found to vary approximately as 

sd = (1.3 + llf,)n-o·58Y / Sy (8) 

From this relation, it can be observed that an unknown dis
tribution cannot be distinguished confidently to be normal 
(d = 1), as opposed to log-normal (d = 0), if the number of 
points is small (n ~ 10) and the width is narrow (Sy/Y::; 0.5). 
However, it can be characterized with increasingly greater 
confidence as the number of points is increased and as its 
width is increased. 

The precision of estimating the expected values of censored 
data points also was evaluated by using random normal dis
tributions defined by eq 7. Only normal distributions were 
used because other distributions can be transformed to become 
normal. Censoring was accomplished for each distribution 
after ordering of its randomly chosen values by removing all 
values below a prescribed LD. The remaining values then were 
fitted by least squares either to a straight line or to a quadratic 
as in eq 5, and the expected values of the censored points were 
computed from the fitted function. The straight-line function 
was used to simulate cases in which the distribution is pre
viously known to have a given shape, either normal or one that 
can be transformed to become normal. It thus yields un
certainties that are smallest, since random variations in the 
numerical distributions are forced to conform to the prescribed 
shape. The quadratic curve was used to simulate cases in 
which the distribution shape is unknown, and hence any 
random curvature in the numerical distributions can be in
terpreted as possible curvature in the cumulative probability 
plot. Hence extrapolations of expected censored values may 
have a wider range of variation due to random curvature in 
the uncensored portion of the data. Resulting distributions 
were averaged over repeated trials to establish the mean ex
pected values and their variability. 

The mean values and their confidence intervals for the 
rOO-point distribution 100 ± 10 are illustrated in Figure 5 for 
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Table I. Standard Deviations of the Expected Minima of Distributions with Varying Censored Fractions, ic, Assuming 
Known and Unknown Distribution ShapesO: 

known distribution shapeb unknown distribution shapec 

nd t, = 0 t, - 0.1 t, - 0.3 t, - 0.5 t, - 0.7 t, - 0.9 t, = 0.1 t, - 0.3 t, - 0.5 t, - 0.7 t, - 0.9 

10 6.0 5.3 6.8 9.6 16 8.0 14 25 53 
20 4.9 4.2 5.6 7.8 11 5.9 11 18 40 
50 4.4 3.1 4.1 5.4 8.0 17 5.5 10 17 27 113 

100 3.8 2.5 3.5 4.4 6.5 14 4.3 8.9 15 24 61 
200 3.4 1.6 2.2 3.0 4.7 11 3.4 7.0 13 22 51 
500 2.5 1.3 1.8 2.3 3.3 7.0 2.9 5.7 8.7 15 34 

1000 3.6 1.0 1.3 1.9 2.7 4.8 2.7 4.4 6.9 12 29 

a Normal distribution, 100 ± 10. b Linear fit to normal probability plot. C Quadratic fit to normal probability plot. d Number of points in 
the distribution (100 distributions averaged for n = 10,20,50; 50 distributions averaged for n = 100, 200; 30 distributions averaged for n = 
500; 20 distributions averaged for n = 1000). 'Insufficient data for fitting. 
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Figure 5. Mean expected values (dots) and 1a confidence intervals 
for the normal distribution 100 ± 10 with five different fractions of 
censoring. 
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Figure 6. Mean expected values (solid line) and 1 a confidence intervals 
for the half-censored normal distribution 100 ± 10, containing varying 
numbers of data points. 

varying fractions of censoring and a linear (known) distribution 
shape. The confidence intervals increase in magnitude with 
the fraction of points censored and with distance from the 
median. Figure 6 illustrates the corresponding variations of 
the half-censored 100 ± 10 distribution when it contains 
varying numbers of data points. The widths of the confidence 
intervals decrease as the number of data points is increased. 
In both cases, the confidence intervals vary nearly linearly 
with z, in contrast to the confidence intervals about uncen
sored distributions, which exhibit greater curvature near the 
extremes of the distribution. 

The precision of computing expected values of censored 
points for unknown distributions (quadratic fit) is compared 
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Figure 7. Comparison of three-parameter log-normal (0.0245 ppm 
offset) and power-transformed normal (d = 0.301) distribution fits to 
grouped atmospheric sulfur dioxide data. 

with that for known distributions (linear fit) in Table I for 
the lowest values (minima) of the 100 ± 10 distribution. The 
uncertainties of the minima are relatively small in either case 
until censoring becomes severe. For example, the uncertainty 
in Table I of 4.4 for a 100-point distribution with 50% cen
soring indicates that the lowest value for this distribution 
(approximately 75, as shown in Figure 5) is uncertain by less 
than 6%. The corresponding uncertainty of 15 for the un
known distribution in Table I indicates the same minimum 
value is uncertain by about 20% if the distribution shape is 
unknown. The uncertainties of the minimum points in the 
known distribution are even smaller with t, = 0.1 than for the 
uncensored distribution due to the averaging caused by com
puting the expected values from the fitted line. Uncertainties 
for the unknown shape, computed from the fitted quadratic, 
show a similar trend only for the 1000-point case. These are 
consistently greater than values from the linear fit because 
of random curvature in the distributions being averaged. 

EXAMPLE APPLICATIONS 
The statistical methods presented here for estimating 

distribution shapes and censored values are applied to two 
test data sets that illustrate their use, characteristic results, 
and interpretation. One application was to published envi
ronmental air quality monitoring data that had been previ
ously analyzed by fitting to a three-parameter log-normal 
distribution (I6). Although the previous analysis was itself 
a great improvement over earlier log-normal analyses (17), the 
present analysis gave slightly better fit overall, and signifi
cantly improved fit in the distribution extremities. 

A set of 43000 S02 measurements, represented by 11 
grouped data points in Figure 2 ofref 16, was distributed over 
symmetric frequency intervals to obtain the weighting values, 
ni, shown in Figure 7. The resulting data then were fitted 
by weighted least squares to the reported three-parameter 
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Table II. Measured Parameters and Fitted Distribution Statistics for MineraI Concentrations in 112 Hamburger Samples 

power-transformed fit param 

measd param 
reI fite 

log-normal fit param uncert, 
elem LD" n> LD' meane ± SD distribn indexd % medianc slopec medianc slopec 

Al 110 92 163 ± 37 0.6 ± 0.7 1.7 147 44 146 41 
Si 50 36 79 ± 39 -D.1 ± 0.5 8.9 37 21 35 23 
P 40 112 1920 ± 350 0.6 ± 0.5 1.9 1900 350 1880 350 
S 30 112 2100 ± 280 1.8 ± 0.6 2.9 2120 270 2080 290 
CI 100 112 11800 ± 1800 -2.3 ± 0.7 1.9 11400 1400 11700 1600 
K 60 112 3190 ± 780 -1.6 ± 0.5 1.9 3030 540 3120 620 
Ca 30 112 1490 ± 450 1.2 ± 0.3 12.3 1500 430 1420 450 
Mn 2 109 4.3 ± l.2 0.1 ± 0.4 3.0 4.1 1.1 4.1 1.1 
Fe 2 112 45 ± 8 0.2 ± 0.5 1.3 45 8 44 8 
Cu 0.8 46 1.3 ± 0.5 -D.1 ± 0.8 5.3 0.7 0.4 0.7 0.4 
Zn 0.8 112 34 ± 9 0.2 ± 0.3 2.5 32 9 32 9 
Br 0.6 112 30 ± 11 1.1 ± 0.2 18.9 30 11 28 12 
Rb 0.6 112 3.7 ± 2.3 -D.5 ± 0.2 7.4 3.1 1.3 3.3 1.4 
Sr 1 112 5.4 ± 2.3 -D.9 ± 0.3 14.1 4.8 1.6 5.0 1.8 

a20" analytical limit of detection based on X-ray peak counting statistics. bNumber of measured values above the LD. C Concentrations 
and standard deviations in ppm dry weight. dComputed from eq 4-6 and 8. 'Computed as iL:[(Y - Yfit)jYl'j(n - 1)jO-'. 

log-normal distribution and to a normal distribution that was 
transformed by using the distribution index d = 0.301 in eq 
4. The distribution index was determined iteratively by using 
eq 4-6. with the same point weighting indicated in Figure 7. 

The computed distribution index indicates the data actually 
have a distribution shape that is intermediate between log
normal (d = 0) and normal (d = 1). Although the offset used 
in the three-parameter log-normal analysis (16) facilitates a 
quasi-log-normal fit to the data with similar medians (0.032 
for 3P log versus 0.031 for power-transformed normal), the 
resulting fit, shown in Figure 7, is considerably different in 
the extremities of the distribution. At the low end, the 
negative values suggested by the three-parameter log fit are 
reduced by the power-transformed fit, and at the high end, 
the maximum values are predicted to be lower by the pow
er-transformed fit. If data as in Figure 7 were used to estimate 
compliance with an SO, standard of 0.4 ppm, the three-pa
rameter log-normal distribution would indicate noncompliance 
about 3 times as often as the power-transformed normal 
distribution. 

In an application to tbe analysis of mineral concentrations 
in fast foods, the method was used to estimate distribution 
shapes and censored data ranges. X-ray fluorescence analyses 
of 14 minerals in 112 commercially obtained hamburger 
samples yielded the means and standard deviations presented 
in Table II for all measurements above the LD. The distri
bution indices given in Table II were computed for each el
ement by subjecting these data to the distribution analyses 
defined by eq 4--6. Censored values of AI, Si, Mn. and Cu were 
computed from fits to the power-transformed data, and the 
resulting fitted values were transformed back to the original 
data distributions. The computed minimum values in these 
distributions were 49, 10, 1.9, and 0.2 ppm for AI, Si, Mn. and 
Cu, respectively. 

The wide variation in distribution indices for different 
elements in Table II results from the different modes of oc
currence of the minerals and the different populations to 
which they belong. Bromine and calcium are approximately 
normally distributed (d ~ 1), whereas Si, Mn, Fe, Cu, and Zn 
are nearly log-normally distributed (d ~ 0). Distributions of 
CI, K, Rb, and Sr are skewed positively even more than a 
log-normal distribution, and S is skewed negatively from a 
normal distribution. The distributions of Al and P are in
termediate between normal and log-normal distributions. 

For comparison with the arithmetic means and standard 
deviations. the fitted intercepts (medians) and slopes (standard 
deviations) of the data also are presented in Table II. For 

the 10 elements with ranges above the LD, the fitted median 
values are similar to the means, and the fitted slopes are 
similar or slightly less then the standard deviations. For the 
four elements with ranges partly below the LD, the fitted 
medians are lower than the means due to inclusion of addi
tional data points on the low end of the distribution. Their 
fitted slopes are generally slightly lower due to the improved 
distribution fit, despite a contribution toward higher values 
from the additional points at the low end of the distributions. 
The fitting uncertainties indicate very high values for several 
elements (Si, Ca, Br, Sr). Visual examination of their cu
mulative probability plots indicates significant nonlinear 
structure that results from more than one population. Thus 
the high fitting uncertainties are explained, and the single
population representation for these elements is not appro
priate. 

For comparison with the power-transformed medians and 
slopes (standard deviations). corresponding log-normal dis
tribution fit parameters also are presented in Table II. For 
the 10 completely measured distributions. the median of the 
log-normal fit (geometric mean) is lower than the power
transformed median when the distribution index is positive 
(d ?: 0.2) and higher when the distribution index is negative 
(d :5 -0.2). Slopes are similar to or exceed the power-trans
formed slopes. indicating unexplained curvature (skewness) 
in the log-normal fits. These comparisons illustrate the im
provement obtained when single-population distribution 
shapes are defined numerically instead of by an assumed 
shape. Due to the relatively narrow widths of all these dis
tributions, however, the log-normal parameters also give 
reasonable values in many cases. This is consistent with the 
uncertainty relationship in eq 8, that distinctions between 
distribution shapes become increasingly important for dis
tributions that are wide and that are defined by large numbers 
of data points. 
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Selective Detection of Carbon-13, Nitrogen-15, and Deuterium 
Labeled Metabolites by Capillary Gas 
Chromatography-Chemical Reaction Interface/Mass 
Spectrometry 

Donald H. Chace and Fred P. Abramson' 

Department of Pharmacology, The George Washington University Medical Center, Washington, D.C. 20037 

We have applied a new chemical reaction interface/mass 
spectrometer technique (CRIMS) to the selective detection 
of '''<:-, 15N_, and 2H-labeled phenytoin and Hs metabolites in 
urine fOllowing separation by capillary gas chromatography. 
The mlcrowave-powered chemical reaction Interface converts 
materials from their original forms into small molecules whose 
mass spectra serve to Identify and quantify the nuclides that 
make up each analyte. The presence of each element is 
followed by monHorlng the isotopic variants of CO2, NO, or H2 
that are produced by the chemical reaction interface. Chro
matograms showing only enriched 13C and 1sN were produced 
by subtracting the abundance of naturally occurring isotopes 
from the observed M + 1 signal. A selective chromatogram 
of 2H (D) was obtained by measuring HD at m/z 3.0219 with 
a resolution of 2000. Metabolites representing less than 1.5 % 
of the total labeled compounds could be identified in the 
chromatogram. Detection limits from urine of 380 pg/mL of 
a 15N-labeled metabolHe, 7 ng/mL of a 13C-labeled metabolite, 
and 16 ng/mL of a deuterium labeled metabolite were de
termined at a signal to noise ratio of 2. Depending on the 
Isotope examined, a linear dynamic range of 250-1000 was 
observed using CRIMS. To identify many of these labeled 
peaks (metabolites), the chromatographic analysiS was re
peated with the chemical reaction Interface turned off and 
mass spectra obtained at the retention times found in the 
CRIMS experiment. CRIMS is a new analytical method that 
appears to be particularly useful for metabOlism studies. 

INTRODUCTION 
The stable isotopes 13C, l5N, and 2H (D) are utilized often 

in biochemical and pharmacological applications (1), partic
ularly in the study of xenobiotic biotransformation (2). In
corporation of a stable isotope is intended to make a drug and 
its labeled metabolites unique. Numerous mass spectrometric 
methods have been utilized in their detection. The most 
common of these methods has been the twin ion or ion cluster 
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GC /MS technique for the detection and structural identifi
cation of drug metabolites in complex biological samples (2, 
3). In such a method, the mass spectrum of each chromato
graphic peak is examined for a characteristic ion pair or 
cluster, such as M+ and [M + 3]+. However, these techniques 
are tedious, structure dependent, and therefore lack generality. 
Due to the large number of chromatographic peaks in bio
logical matrices, labeled compounds in low amounts may not 
be detected due to interference of overlapping mass spectra 
from other compounds. In contrast, radiolabels, i.e. 14C or 
3H, have been used in metabolism studies because their 
methods of detection are not structure dependent. The 
presence of a radiolabel in a chromatogram, whether gas, 
liquid, or thin layer, directs the analyst to further investigation 
of the fractions containing the label, thereby greatly simplyfing 
the investigation. We wished to develop a method that de
tected stable isotopes in a structure-independent manner 
similar to the way radiolabels are used. The goals for this 
method were to preserve the high chromatographic resolution 
characteristic of capillary columns while being sensitive, highly 
selective, versatile, and reliable. To this end, we used a 
chemical reaction interface/mass spectrometer technique 
(CRIMS) to detect the most commonly used isotopes, 1"C, 15N, 
and D. 

Markey and Abramson (4, 5) developed the chemical re
action interface, a microwave-powered device that completely 
decomposed a complex molecule to its elements in the pres
ence of helium. The addition of a reactant gas, for example, 
oxygen, formed stable oxidation products (C02, S02, H20, etc.) 
which reflected the elemental composition of the original 
analyte and which were detected by a conventional quadrupole 
mass spectrometer. This technique is different from induc
tively coupled plasma mass spectrometry which attempts to 
directly sample the components in the plasma. CRIMS is 
different in that the inlet of the MS is some distance down
stream from the microwave cavity. This allows time for re
active intermediates to form stable products, a process which 
is enabled by the presence of a reactant gas, otherwise py
rolysis and only partial conversion to volatile products would 

© 1989 American Chemical Society 
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Figure 1. Schematic of capillary gas chromatograph-chemical re
action interface/mass spectrometer. 

result. The general characteristics of this process, although 
greatly simplified, are illustrated in eq 1. 

C 

ABCD + 4X - ~ X B ~ - AX + BX + CX + DX (1) 

D 

Any complex molecule composed of elements represented 
by the letters, A, B, C, and D, is mixed with an excess of 
reactant gas, X, in a stream of helium. In the high-energy 
region of the chemical reaction interface, the molecules are 
decomposed completely. The stable products that represent 
the elemental composition of the original analyte are detected 
by the mass spectrometer. For example, element B can be 
monitored with a characteristic mass from BX. The com
bination of capillary gas chromatograph (GC) and a chemical 
reaction interface/mass spectrometer (GC-CRIMS) allows the 
analyst to selectively detect stable isotope labeled substances 
as they elute (6). 

Heppner (7) described a microwave-induced plasma/gas 
chromatograph-mass spectrometer (MIP /GC-MS) method 
which was mechanically different but similar in principle to 
CRIMS. A high-energy plasma coverted compounds eluting 
from a gas chromatograph to stable molecules in the presence 
of hydrogen. CH4, C,H" C,H4' and C,Hs were products of 
carbon, HCN was formed from nitrogen, and CO and H,O 
were products of oxygen. These were detected by a mass 
spectrometer and used to calculate the elemental C/O and 
C /N ratios of analytes. Other methods that detect 13C_ or 
l5N-labeled compounds in a structure-independent way use 
a mass spectrometer following gas chromatography and com
bustion in a cupric oxide furnace (8-10). The combination 
of a direct introduction probe with CRIMS was applied in this 
laboratory to the analysis of sulfur in a variety of proteins (11). 

We have expanded and generalized our earlier detection 
scheme (4,5) and now report the ability of GC-CRIMS to 
selectively detect compounds labeled with "c, l5N, and D in 
a biological matrix. We have established the utility of CRIMS 
by identifying major and minor metabolites of phenytoin, a 
drug whose metabolic profile has been well investigated 
(12-15). 

EXPERIMENTAL SECTION 
Apparatus. A schematic of the capillary gas chromato

graph-chemical reaction interface/mass spectrometer is shown 
in Figure 1. The microwave power is transmitted by a Bowman 
cavity of a design previously reported (4-6). The cavity, which 
is placed inside the gas chromatograph column oven, is powered 
by a 100-W, 2450-MZh Opthos (Rockville, MD) Model MPG-4 
microwave supply and operates at approximately 70 W of forward 
power and reflected power of 15 W or less. A Varian Model 3300 
gas chromatograph equipped with a Varian Model 1075 split/ 
splitless injector was used with a 30-m DB-5, 025 mm i.d., 0.25-l'm 
film thickness, capillary column (J & Wi. This capillary column 
was connected to a 1/16 in. stainless steel Swagelok "T" using 
Vespel/graphite ferrules. The remaining ends of the "T" were 
connected to a reactant gas supply using a 1/16 in. o.d., 0.01 in. 
i.d. stainless steel tube and to a 4 in. piece of 1 j 4 in. o.d., 0.125 
in. i.d. ceramic tube (Scientific Instrument Services) using 

Swagelok hardware and 5% Vespel/graphite ferrules (Alltech 
Associates). The tip of the column traverses the stainless steel 
"T" and extends approximately '/4 in. into the ceramic tube which 
passes through the microwave cavity. The chemical reaction 
interface was connected to the mass spectrometer using a 14 in. 
section of 0.53 mm i.d., deactivated, uncoated fused silica tubing 
(J & W) housed in a heated (250°C), '/4 in. o.d. stainless steel 
tube. The flow of reactant gas was adjusted with a Granville
Phillips Series 203 variable leak. A Telsa coil (vacuum leak 
detector, Fisher Scientific) was occasionally required to initiate 
the microwave plasma. 

Ultrapure carrier grade helium (Air Products) was fitted with 
a high-purity stainless steel regulator (Matheson) and was operated 
at a pressure of 38-40 psi, producing a helium flow of 1-2 mL/min. 
A standard grade of SO, available from most manufacturers 
contains greater than 1 % air. This was undesirable so we obtained 
a higher purity sulfur dioxide (Matheson) prepared in part by 
preevacuation of the cylinder prior to addition of the gas. The 
air content present in this tank was less than 1 %. Carrier grade 
hydrogen was also obtained and connected to a high-purity brass 
regulator with a stainless steel diaphragm. To avoid actual and 
virtual leaks, all GC flow controls were bypassed and the carrier 
and reactant gas lines and regulators were preevacuated prior to 
use in order to remove air and contaminants. 

Du Pont 21-491 and Du Pont 21-492 mass spectrometers were 
used. The 21-491 was pumped by 3-in. NRC diffusion pumps 
at the source housing and the analyzer. The 21-492 was pumped 
at the source housing by a 6-in. NRC diffusion pump and a 2-in. 
CVC diffusion pump at the analyzer. The mass spectrometers 
were equipped with Analytical Specialities (St. Louis, MO) Model 
667 power supplies, which had a maximum output of 5000 V for 
acceleration and ±500 V for the electric sector with rapid voltage 
switching and settling times of less than 5 ms which allowed 
multiple ion recording. This device is also available from Va
cumetrics (Ventura, CAl. The power supply was controlled by 
a Teknivent data acquisition interface, and accompanying soft
ware, and an IBM XT Model 286 computer. 

For all studies, the settling times of the mass spectrometers 
were 1, 1, and 5 ms for mass changes of 0.1, 1, and> 1 amu, 
respectively. For the linearity and reproducibility studies of l5N, 
five samples for each mass were needed to capture the peak apex 
due to instability of the magnet power supply of the Du Pont 
21-491 MS. Each mass was integrated for 5 ms and averaged 3 
times, which yielded acquisition time of 100 ms per mass. The 
selected l5N chromatograms presented were obtained on the Du 
Point 21-492 which has superior magnet stability so that only three 
samples surrounding each mass were needed. Each sample 
surrounding each mass was integrated for 4 ms, and averaged 10 
times yielding an acquisition time of 151 ms per mass. For all 
13C analyses, the Du Pont 21-491 required three samples sur
rounding each mass which were acquired with an integration time 
of 17 ms and averaged 4 times resulting in an acquisition time 
of 212 ms per mass. At the 2000 resolution used for HD, the Du 
Pont 21-492 required five samples, each integrated for 16 ms and 
averaged 5 times giving an acquisition time of 410 ms. 

Materials and Methods. A male beagle dog was placed in 
a metabolic cage 24 h prior to administration of labeled phenytoin 
during which time urine was collected, filtered, and frozen until 
analyzed. All of the isotopes used in this study were checked for 
purity by using HPLC and for isotopic purity by GC/MS and/or 
GC-CRIMS. The determined atom percent incorporation for all 
isotopes were essentially equivalent to the values listed by the 
manufacturer. For ethyl-ds-primidone, the area of the single 
HPLC peak detected at the appropriate retention time was 50% 
of that from an equal weight of pharmaceutical primidone. 

Fifty milligrams of [2-13C, 1,3-l5N,l- (99 atom %, Cambridge 
Isotopes), [2,4,5-13Csl- (90 atom %, Cambridge Isotopes), or 
[ring-dlOl (99 atom %, MSD Isotopes) phenytoin was prepared 
for intravenous injection by dissolving 50 mg of the drug in 2 mL 
of a solution which contained 40% propylene glycol, 10% ethanol, 
and 50% deionized distilled water adjusted to pH 12.5 with 14 
N NaOH. The phenytoin solution was drawn through a Milex-GS 
0.22-,um filter unit into a 3-mL syringe. The labeled phenytoin 
was administered through a Y~tube into a saline solution, which 
was flowing at a rate of 1 mLjmin. The phenytoin solution was 
injected intravenously into the dog over a period of 2 min. Urine 
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was collected for 48 h following the injection of labeled phenytoin, 
filtered, and frozen until analysis. 

Five micrograms of [2_13C-, 1,3-'5N2]phenobarbital (99 atom 
%, Cambridge Isotopes) or 2.51'g of [ethyl-d5] primidone (98 atom 
%, KOR Isotopes) was added as an internal standard to a 1 % 
aliquot (12-20 mL) of the total volume of urine collected. The 
pH of the urine was adjusted to 4.7 with 0.2 M acetate buffer and 
was enzymatically hydrolyzed by 100000 Fishman units of {3-D
glucuronidase IEC 3.2.1.31] and 800000 Roy units of sulfatase IEC 
3.1.6.1] isolated from Helix Pomatia (Boehringer, Mannheim) for 
20 h at 37°C. This hydrolysate was added to a 4.5 in. by 1 I , in. 
column containing XAD-2 resin (Alltech Associates), rinsed with 
30 mL of distilled water and sequentially eluted with 20 mL of 
a 3:1 chloroform-2-propanol (v:v) mixture followed by 20 mL of 
methanol. All solvents were Optima grade (Fisher Scientific). 
The total combined organic eluate was dried at 50°C under a 
stream of nitrogen. 

The samples were derivatized by extractive alkylation. 
Ethylation was chosen in preference to methylation in order to 
detect metabolites which underwent methylation, a common 
biochemical pathway (I6). The reaction was carried out by ad
dition of 3 mL of 0.2 M tert-butylammonium hydroxide (TBAH, 
Fisher Scientific) in 0.15 M NaOH to the dry residue. This was 
followed by addition of 3 mL of 3:1 (v:v) methylene chloride-ethyl 
iodide (Sigma) and shaken in a 50°C water bath for 20 h. AIter 
removal of the aqueous layer, the organic layer was dried at 80 
°C under a stream of nitrogen. Al mg/mL silver nitrate solution 
in 0.1 N hydrochloric acid was heated in a boiling water bath and 
a 2-mL aliquot was added to the dry residue in order to remove 
TBA salts. The derivatives were extracted with 1 mL of toluene 
and dried in a conical reaction vial under a stream of nitrogen. 
Following this half of the derivatization, the dried samples were 
acylated by using 50 ~ of trifluoroacetylimidazole (TF AI, Alltech 
Associates). Unreacted TF AI was removed under a gentle stream 
of nitrogen and the residue reconstituted in 100 I'L of toluene. 
One microliter of this mixture was injected by splitless injection. 
The injector temperature was 265°C and the column was 80°C. 
The chromatograph was programmed to 130°C at 50 °C/min at 
the start of the run and then at 10, 4, and 3 °C/min to 160, 220, 
and 250°C, respectively. The analysis began at 5 min into the 
column temperature program when the solvent had eluted. 

Operation of the Chemical Reaction Interface. The 
pressure in the chemical reaction interface and the quantity of 
helium are important parameters for successful operation. The 
quantity of helium required to sustain the plasma was 1-2 
mL/min. Our instrumentation has no provision for measuring 
the pressure either in the reaction interface or in the ion source. 
We adjusted the pressure in the chemical reaction interface by 
monitoring the indicated helium pressure in the source housing. 
Using a Penning ionization gauge (CVC), a pressure of approx
imately 3 X 10-5 Torr for the Du Pont 21-492 mass spectrometer 
or 1 x 10'" Torr for the Du Pont 21-491 mass was measured. In 
addition to the carrier gas flow, the pressure in the chemical 
reaction interface was also dependent upon the length and inside 
diameter of the transfer line. The day to day operation of the 
chemical reaction interface is very reproducible once these pa
rameters are optimized. 

GC-CRIMS Using S02 or H2. Only a small amount of S02 
was optimal since a change of greater than 5% (the readability 
of the Penning gauge) pressure was not observed with either mass 
spectrometer. We do not have direct knowledge of the actual 
reaction interface pressures. Grossly. the quantity of S02 added 
was determined by the glow from the chemical reaction interface 
which changed from a pale peach color, which was characteristic 
of helium, to a pale blue tint. A lavender hue indicates the 
presence of excessive nitrogen, usually from a leak, but also from 
less than ideally pure S02' The quantity of S02 added to the 
chemical reaction interface was optimized by monitoring the 
isotopes of S02 at mlz 65 or 66 since S02 at mlz 64 was always 
off scale. If a decrease of more than 20% of the ion signal rep
resenting S02 was observed for 500 ng or less material on column, 
then more reactant gas is added until only a small decrease was 
noted. 

As with S02' a pressure change of greater than 5 % as measured 
in the source housing was not detected upon addition of H2 to 
the chemical reaction interface. The quantity of H2 was grossly 

detennined by the appearance of a pale red plasma in the chemical 
reaction interface. The quantity of H2 added to the chemical 
reaction interface was optimized by monitoring H3 + at m I z 3.0235. 
If any decrease of the ion signal representing H2 (i.e. H3 +) was 
observed for 500 ng or less material on column, then more reactant 
gas was added. 

Too much reactant gas lowers the energy level of the plasma, 
thus preventing complete dissociation of the analytes. Compounds 
present at greater than Il'g on column should be avoided as they 
may alter the chemical reaction interface chemistry causing er
roneous results (loss of selectivity) or malfunction (soot formation, 
quenching of plasma). 

Selective Detection of Specific Isotopes. The choice of S02 
as a reactant gas was based upon several considerations. Initially, 
oxygen was selected due to simplicity of products anticipated. 
However, the destructive characteristics of this gas on filament 
materials led us to consider alternative sources of oxygen atoms. 
The spectrum of S02 as a reactant gas indicates O2, SO, and S03 
are created by the chemical reaction interface. Also, S02 was 
found to be more effective than O2 as a reactant gas because NO 
was produced in greater quantity, thus improving our sensitivity. 
It should be noted that NO is not an inert product. A chroma
togram of NO at mlz 30 contains both positive deflections and 
negative deflections (data not shown). The positive deflections 
are associated with the presence of nitrogen in an analyte. 
Negative deflections are associated with large amounts of a ni
trogen-free substance in the chromatographic effluent, similar 
to the decrease in mlz 65 or 66 noted previously. It is important 
to use high-purity reactant gases and to have a leak-free GC and 
CRI system in order to decrease the base-line quantity of NO 
produced by the chemical reaction interface. A large air leak raises 
the nitrogen background at mlz 30 and mlz 31 and results in 
decreased ability to detect enriched 15N-Iabeled metabolites. 

Selective detection of 13C was achieved by using S02 as the 
reactant gas and monitoring "C02 at mlz 44 and 13C02 at mlz 
45. We derme enriched as the measured isotope minus its natural 
abundance. Since the isotopic contribution of "C"02 and 
"C170 '60 at mlz 45 from unenriched material is 1.19%, a 
chromatogram showing only 13C-enriched substances can be 
generated by using eq 2. 

enriched m I z 45 = 
measured mlz 45 - [0.0119 X measured mlz 44] (2) 

To improve the dynamic range of our data system, the output 
of the ion signal at mlz 45 was fed into an amplifier with ap
proximately a lO-fold higher gain. If the ion intensity ofmlz 44 
is greater than the dynamic range of the data system, eq 2 will 
not properly correct for the natural abundance of 13C. Although 
CO at mlz 28 was a more abundant product than CO2 using S02, 
it was not chosen because of interference from N2 at the same 
mass. 

Selective detection of 15N was achieved by monitoring "NO 
at mlz 30 and 15NO at mlz 31. Since the isotopic contribution 
of '5N'60 and "N'70 at mlz 31 from unenriched material is 
0.403%, a chromatogram showing only 15N-enriched substances 
can be generated by using eq 3. 

enriched mlz 31 = 
measured mlz 31 - [0.00403 X measured mlz 30] (3) 

Selective detection of deuterium was achieved by using H2 as 
the reactant gas and monitoring HD at mlz 3.0219 with a reso
lution of 2000. A high repeller voltage was used to minimize the 
production of H3 +. A calculation such as eq 2 or 3 could not be 
generated from D because H2 was the reactant gas and thus mlz 
2 was always off-scale. However, the low natural abundance of 
deuterium (0.015%) means that HD is inherently selective. A 
reactant gas other than hydrogen might be preferable in order 
to generate isotope ratio data, but the sensitivity for deuterium 
was best with H2. Although H2 and HD were produced using 
nitrogen as the reactant gas, the sensitivity and chromatography 
were poorer. 

In the chromatogram for each isotope the sensitivity of CRIMS 
was evaluated from the ratio of the area of the smallest detectable 
peak to the area of the internal standard, which is present at a 
known concentration. For l3C, the concentration of the internal 
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standard, [2-13C]-, [1,3-15N,]phenobarbital, was divided by 3 to 
adjust for its one 13C atom compared to the three in phenytoin. 
Likewise, for D, the internal standard concentration was divided 
by 2 in order to correct for labeled D present in ethyl-d,-primidone 
as compared to phenytoin, and no correction was necessary for 
I'N analysis since both the internal standard and phenytoin have 
two labeled nitrogens. In these estimations, it was assumed that 
the metabolites retained the same number of enriched atoms as 
phenytoin. Mass spectrometric examination of these metabolites 
showed that this assumption was true except for ring-modified 
deuterated phenytoin. 

Linearity and Reproducibility. The linearity and repro
ducibility for the detection of each isotope were tested by the serial 
dilution of urine collected after the administration of each isotope 
with control urine. These diluted urines were processed and 
analyzed in the manner described above. The samples from each 
isotope study were analyzed on three separate days. The ratio 
of area under the largest labeled peak in the chromatogram of 
enriched isotope (retention time (r.t.) ~ 22.7 min.) to the internal 
standard was calculated. This ratio was plotted against the 
calculated dilution. The data collected from each of three separate 
days was pooled and a regression analysis performed by using a 
weighting of l/y'. 

RESULTS AND DISCUSSION 

The microwave plasma provides sufficient energy to 
chemically convert all of the molecules that enter it; however, 
it is not necessary to know or account for the chemical 
structures of all the intermediates. It should be noted that 
we have no reason to believe that CRIMS chemistry depends 
upon a particular design of microwave cavity, although the 
useful operating parameters may vary. We have shown (4--{i) 
that, in the presence of an excess of reactant gas such as 
oxygen or hydrogen, the nature of the products produced by 
the chemical reaction interface is characteristic of the reactant 
gas chosen and is reproducible. In general, gases that contain 
oxygen, i.e. 0" SO" and CO" produce oxidation products such 
as CO and CO, from carbon, NO and NO, from nitrogen, and 
H,O from hydrogen for molecules containing these elements. 
Use of hydrogen as a reactant gas results in fundamentally 
different chemical reaction interface products; i.e. carbon is 
converted to CH, and C,H" nitrogen to HCN, NH3, and 
(CN)" and oxygen to H,O. Other reactant gases that have 
been examined include nitrogen and HC!. Manipulation of 
a desired product by choice of the reactant gas to suit a 
particular elemental/isotopic analysis makes CRIMS a ver
satile method. 

Since all of the elements in the plasma appear to be in 
equilibrium, contaminated reactant or carrier gases, leaks in 
the chromatographic system, or too large a sample can change 
the products produced in the chemical reaction interface. 
Because septa are being punctured, air leaks are unavoidable, 
but we use longer columns (e.g. 30 m) rather than shorter 
columns and their necessarily higher head pressure to limit 
septum leakage. To minimize the background levels of N, 
and 0" we preevacuate all gas lines and regulators, remove 
unnecessary GC flow regulators and use high-purity reactant 
and carrier gases. 

The characteristic high chromatographic resolution obtained 
by using a capillary column was exhibited by symmetric peaks 
with widths at half height of approximately 6 s. This high 
resolution was preserved by CRIMS because the volume of 
the ceramic tube, 0.82 cm3, is under subatmospheric pressure 
which produces a low apparent dead volume. The helium flow 
required to optimize the chemical reaction interface was 1-2 
mL/min, which is a typical value for 0.25 mm i.d. capillary 
columns. 

13C Detection. Carbon-containing molecules were con
verted to I'CO, at m / z 44 and 13CO, at m / z 45 by the chemical 
reaction interface using SO, as the reactant gas. These 
particular products of carbon were chosen because they were 

abundantly produced by the chemical reaction interface, the 
background at m/z 44 and 45 was small, and other CRI 
products produced under optimum condition did not interfere 
with detection at these masses. 

If samples sizes of greater than 1 p.g on column are present, 
the chemical reaction interface chemistry is altered so that 
another ion at m/z 44 is produced, i.e. CS which is either itself 
a product or a fragment of CS,. Because the natural abun
dance of 13C32S and I'C33S at m I z 45 is greater than the natural 
abundance of 13CI60, and I'CI70 160 at mlz 45, the net en
riched calculation (eq 2) does not correct for the natural 
contribution of m/z 45 from mlz 44. This produces a peak 
that could be confused with 13C. However, under proper 
operation, this is not a problem as this false signal is associated 
with particularly large chromatographic peaks (1 p.g or more 
on column) in the analysis which are readily noted as sig
nificant dips in what are generally constant signals from the 
reactant gas or one of its background products such as NO_ 

Figure 2A shows a nonselective chromatogram which is 
produced by monitoring I'CO, at mlz 44, similar to what 
would be obtained by a flame ionization gas chromatographic 
detector. A chromatogram of 13CO, at mlz 45 is shown in 
Figure 2B. This chromatogram is generally nonselective due 
to the natural abundance of 13C, although highly enriched 13C 
compounds are readily apparent. Since the isotopic contri
bution to M + 1 from M for CO, is known, the use of eq 2 
generates a chromatogram of enriched 13C, Figure 2C, which 
now selectively detects that 13C which is present at amounts 
above the natural abundance. Each positive deflection in this 
derived chromatogram represents a compound that is labeled 
to some extent with 13C. The high level of selectivity of the 
analysis has been demonstrated (6) in a chromatogram of 
enriched 13C for urine collected from the dog prior to drug 
administration. Despite the presence of more than 125 peaks 
(as shown in Figure 2A), nothing was detected other than 
[2-13C-l,3-I'N,]phenobarbital, the internal standard (333 
ng/mL of urine). 

I'N Detection. Nitrogen-containing molecules are con
verted substantially to NO when SO, is used as the reactant 
gas. The presence of I'N-enriched substances is determined 
using eq 3. As shown previously (6), this procedure eliminated 
most chromatographic peaks and provided an isotope-selective 
chromatogram. 

Deuterium Detection. Deuterium-containing molecules 
are converted to HD when hydrogen is used as the reactant 
gas. A resolution of 2000 was obtained by using the Du Pont 
21-492 mass spectrometer to separate HD (m I z 3.0219) from 
H3+ (mlz 3.0235). H3+ was formed in the mass spectrometer 
source from H,. Its formation could be reduced to a constant 
level but not eliminated. Signal to background, but not se
lectivity, was impaired when lower resolution was used. The 
higher resolution is needed to eliminate the contribution of 
the H3 + background to HD detection. The selectivity provided 
by a chromatogram of HD at mlz 3.0219 of urine from a dog 
administered [ring-'HlO]phenytoin has been demonstrated 
previously (6). 

Figure 3 expands the time scale between 25 and 30 min as 
well as the y axis in order to demonstrate selectivity. In this 
region of the chromatogram, minor metabolites elute. This 
figure shows overlays of Figure 2A, which is a chromatogram 
of I'CO, representing nonselective detection, with the calcu
lated chromatograms showing enriched 13C, "N, and D for 
treated and control urine. The high selectivity and sensitivity 
of each isotopic analysis using CRIMS result in detection of 
minor 13C_, I'N_, and D-labeled compounds which could not 
be completely resolved from other urine components in the 
nonselective chromatogram. For example, only the leading 
shoulder of the peak at r.t. 26.9 min is enriched with 13C, I'N, 
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Figure 2. CRIMS capillary gas chromatograms of a derivatized extract 
of urine from a dog receiving 50 mg of [2.4,5-"C3]phenytoin. The 
internal standard [1.3-15N,. 2-"C]phenobarbital (r.t. 11 min). is at a 
concentration of 333 ng/mL in urine. The yaxis represents ion intensity 
and the x axis represents time. Panel A: Nonselective chromatogram 
obtained by monitoring 12C02 at m / z 44. Panel B: Nonselective 
chromatogram of"C obtained by monitoring "CO, at miz 45. Panel 
C: Selective chromatogram showing enriched "c using eq 2. Adapted 
from ref 6 with permission of the publisher. 

or D. While in the chromatograms presented in Figure 2, the 
apparent resolution is low because of the limitations in plotting 
the time axis, a true representation of the chromatography 
is present in Figure 3 in which the x-axis expansion was made. 
Each peak eluting between 25 and 30 min represents less than 
1.5 % of the total enriched isotope present in the chromato
gram. The peak at r.t. = 25.3 min in the calculated 13C 
chromatogram reflects a concentration of 16 ng/mL in urine. 
The signal to noise ratio for this peak is 4.5, indicating that 
a metabolite present at a lower concentration may be detected 
The small shoulder at r.t. = 28.7 min in the calculated 15N 
chromatogram represents a concentration of 770 pg/mL in 
urine. The signal to noise ratio for this peak was 4, indicating 
somewhat lower concentrations of metabolites may be de-

treated 
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Figure 3. x-axis expansion and overlays of nonselective carbon 
chromatogram from Figure 2 and calculated chromatograms from 
control and treated urine for each isotope. Note the ability of CR IMS 
to detect an enriched peak for each isotope at r.t. = 26.75 min which 
in the nonselective chromatogram is the small shoulder of the peak 
at r.t. 26.9 min. 

tected. In the HD chromatogram, a concentration of 16 
ng/mL in urine was detected at r.t. = 27.3 min. The signal 
to noise ratio was 2, indicating that a metabolite present at 
a lower concentration may not be detected. 

Linearity and Reproducibility. To evaluate the linearity 
of 13C analysis, a plot of the ratio of metabolite (r.t. 22.7 min) 
to the internal standard, ISC-labeled phenobarbital (r.t. 11 min) 
against the calculated dilution was generated over a range of 
250-fold. These data are shown in Figure 4A. The intraday 
variation of slopes was 7%. The correlation coefficient of the 
entire data set was 0.87 with an average coefficient of variation 
(CV) of 34%. These data indicate that detection of 13C is 
linear but the precision is poor. 

As with carbon, urine containing 15N-labeled metabolites 
was diluted and analyzed on three separate days. The linearity 
of 15N analysis was determined by a plot of the ratio of the 
metabolite at r.t. = 22.7 min to the internal standard, 15N_ 
labeled phenobarbital (r.t. 11 min) against the calculated 
dilution which was up to 1000-fold. These data are shown 
in Figure 4B. The intraday variation of the slope was 20%. 
The correlation coefficient of the entire data set was 0.72 with 
an average CV of 43 %. These data indicate 15N analysis is 
somewhat less linear and less precise than 13C. 

Once again, urine containing D-labeled metabolites was 
diluted 250-fold and analyzed on three separate days. The 
linearity of deuterium analysis was determined by a plot of 
the ratio of the metabolite at r. t. = 22.7 min to the internal 
standard, [D5]pyrirnidone (r.t. 14.3 min) against the calculated 
dilution. These data are presented in Figure 4C. The intraday 
variation of the slope was 7%. The correlation coefficient of 
the entire data set was 0.95 with an average CV of 16%. These 
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FRACTIONAL DILUTION 

Figure 4. Plot of the ratio of metabolite (r.t. 22.7 min) to the internal 
standard against the calculated dilution. Each set of symbols repre
sents the results of an analysis on one of 3 days for: panel A, 13C; 
panel B, 15N; and panel C, deuterium. 

data indicate that detection of deuterium is linear and re
producible. 

Identification of Labeled Unknowns. Each chromato
gram presented shows that the chemical reaction interface 
selectively detects the commonly used isotopes, l3C, 15N, and 
D. Phenytoin metabolites that retain the label are easily 
detected by using the chromatogram of enriched isotope and 
their retention times can be recorded. This method is 
analogous to detection of a radiolabel which locates a sub
stance regardless of its specific chemicai form. While not 
structuraily informative, CRIMS directs the anaiyst to more 
defmitive studies such as conventionai mass spectrometry. A 
unique and powerful advantage of CRIMS is that the method 
of label-selective detection uses the same instrument and gas 
chromatographic conditions by which conventional GC JMS 
identification can be obtained. Each labeled peak may be 
identified with conventionai scanning GC JMS by turning off 
the power of the chemicai reaction interface, reinjecting the 
sample, and obtaining spectra at the retention times of the 
labeled materiais found by using CRIMS. 

For each type of stable isotope label, metabolites repre
senting less than 1.5% of the drug-related compounds in urine 
were detectable by using 1 % aiiquots of urine. Over 20 peaks 
were detected in the 15N net enriched chromatogram; nine or 

more labeled peaks were found with l3C or D. More sensitive 
detection was reaiized for 15N-Iabeled metabolites because of 
the low natural abundance of 15N, the presence of fewer ni
trogen-containing substances in the urine extract as compared 
to carbon, and the relatively clear masses at mjz 30 and 31. 
Fewer metabolites were found by using l3C because of its 
higher natural abundance and the greater number of en
dogenous compounds in urine, which give a high background 
and low signai to noise ratio in the net enriched chromatogram. 
Another contribution to the lower limit of detection was the 
necessarily limited integration time to keep mjz 44 on scaie. 
A longer integration time at mjz 45 relative to mjz 44 would 
improve our signai to noise ratio and likely improve sensitivity. 
Deuterium detection was similar to 13C. The higher resolution 
at which HD was monitored reduced sensitivity but enabled 
HD to be a mass channel of unambiguous composition, thus 
reducing the background and ailowing a longer integration 
time. 

In CRIMS, the number of labeled atoms present in a 
molecule is linearly related to its detection, i.e. three 15N atoms 
present in a metabolite rather than one increases the apparent 
detection limits by 3. In standard GCjMS techniques, the 
number of labeled atoms is not linearly related to its detection 
due to naturai isotope cluster abundances. For example, 
detection of a trilabeled compound at M + 3 as compared to 
a monolabeled compound at M + 1 results in a much greater 
than 3-fold increase in sensitivity. Furthermore, many com
pounds may not have an M+ or useful masses to do cluster 
identification at all. 

A comparison of the enriched isotope chromatograms shown 
in Figure 3 reveals that many peaks representing enriched 
metabolites were common to all three isotopes. This dem
onstrates the versatility of CRIMS, where studies do not have 
to be limited by the choice of stable isotope. 

Using full scan spectra at the retention times determined 
by CRIMS, we have identified much of the metabolic profile 
of phenytoin which has been reported in the literature (12-15). 
The compounds include phenytoin (r.t. 18 min), m-hydroxy
phenytoin (r.t. 22.7 min), p-hydroxyphenytoin (r.t. 24.7 min), 
catecholphenytoin (r.t. 27.3 min), and O-methylcatechol
phenytoin (r.t. 26.8). 

CONCLUSIONS 

The data presented are the first applications of GC--cRIYlS 
for stable isotope anaiyses in drug metabolism. This method 
detects the presence of l3C, 15N, and D in a compound-inde
pendent manner and is seemingly perfect in its selectivity. 
Detecting the enriched isotope in a caiculated chromatogram 
directs the anaiyst to further identification by MS. The ability 
to identify each labeled peak by simply by turning off the 
chemical reaction interface power and repeating the chro
matographic anaiysis makes CRIMS particularly versatile. 
The device does not need to be disassembled for each type 
of application of GC-MS or GC--cRIMS and provides the high 
resolving power of capillary chromatography. Another speciai 
ability of CRIMS is to identify more than one label in an 
anaiysis. For example, l3C and l5N can be detected by 
monitoring CO, and NO simultaneously. 

We believe CRIMS provides a powerful tool in the quali
tative investigation of the metabolism of labeled molecules, 
aithough we did not demonstrate the precision of CRIMS for 
l5N and 'ac detection sufficient for high-quality quantification. 
The cause of poor precision was the result of magnet instability 
in our mass spectrometers at the time the experiments were 
carried out. More recent (unpublished) results have shown 
that the precision of CRIMS for all of the isotopes investigated 
has improved to 3-6% when a mass spectrometer with better 
stability was used. Phenytoin was chosen as the model drug 
because its metabolism has been well characterized and we 
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wanted to demonstrate the ability of CRIMS to assist in the 
determination of metabolic profile by comparing our results 
with several studies in the literature. We believe that the 
analysis of this substance and its metabolites in urine, using 
only a simple purification and derivatization scheme, is a very 
stringent test of the method. With this approach we have 
demonstrated that CRIMS provides sensitive, selective, and 
reproducible results. GC-CRIMS should simplify the search 
for the metabolites of a substance whose profile is unknown 
by providing direction to the analyst. Furthermore, the ability 
to detect subnanogram per milliliter quantities of labeled 
metabolites in complex matrices may result in the detection 
of new metabolites of drugs whose profiles have been previ
ously only partly characterized. 
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A fused silica cross-linked methyl silicone 0.53-mm column 
was used for the analysis of PAN and PPN. Relative to CHCI3 

this column exhibited a 37% PAN destruction on the column 
when the retention time, t., Increased from 0.72 to 3.10 min. 
In comparison, the PAN destruction observed on packed 
columns filled wHh two most often used packing materials was 
found to be 99 % for the 5 % Carbowax 400 on a Chromosorb 
W column, wHh at. Increase from 1.16 to 4.54 min, and 81 % 
for the 4.8% OF-l + 0.18% dlglycerol on a Chromosorb G 
column, with a t. Increase from 0.62 to 2.72 min. On the 
basis of flrst-order kinetics for PAN destruction on the column, 
we have calculated a destruction of 29 % on the wide-bore, 
82% on the Carbowax 400, and 71% on the OF-1 + dl
glycerol column for the same residence time of 2.0 min on all 
columns. Clearly, the wlde-bore column Is a betler choice for 
the analysis of these two air pollutants. In addHlon the effect 
of the temperature of the column and the detector on the PAN 
destruction was studied, wHh best resuHs obtained at 30 and 
45 ° C, respectively. Similar results were obtained for the 
higher PAN homologue peroxyproplonyl nitrate. 

INTRODUCTION 

For the determination of peroxyacetyl nitrate (PAN) in 
ambient air as well as in laboratory studies, gas chromatog
raphy with electron capture detection is used almost exclu
sively. A review of the literature reveals that packed columns 
are usually used with the stationary phases 5-10% Carbowax 
400 (1-5), 10% Carbowax 600 (6-8), and 4.S% QF-1 + O.lS% 
diglycerol (9-11). These columns are usually made of glass 
in various lengths, although the use of Teflon tubing has also 
been reported (5). Since the thermal decomposition of PAN 
is given, low temperatures of the injection port, the oven, and 
the detector are used, which vary from 17 °C in the oven up 
to SO °C in the detector (4, 8). 

In an earlier study of ourS (12) PAN was separated on a 
60-cm-Iong quartz column filled with 4.S% QF-1 + 0.1S% 
diglycerol on Chromosorb G and then converted to NO on a 
Mo converter. The resulting NO was detected from its 
chemiluminescence with ozone. Using this system and on the 
basis of first-order kinetics for PAN destruction on the column, 
we obtained a preliminary evaluation of PAN destruction of 
25% for a tR of 2.1 min relative to zero retention time. 

These indications and the known instability of PAN 
prompted us to examine the use of a fused silica wide-bore 
column, which inherently is more inert than the packed 
columns. For the evaluation of a 5-m-Iong HP-1 cross-linked 
methyl silicone 0.53-mm wide-bore column and for its com
parison with two of the more widely used packed columns, 
namely the 5% Carbowax 400 on SO/100 Chwmosorb W
AW-DMCS and 4.S% QF-1 + O.lS diglycerol on SO/100 
Chromosorb G-AW-DMCS, we used an electron capture de
tector (ECD). Since an ECD is extremely sensitive to flow 
variations, we studied the PAN destruction relative to chlo-

0003-2700/89/0361-2731$01.50/0 

roform, a stable electron-capturing substance. 
We found that peroxypropionyl nitrate (PPN), the next 

higher PAN homologue, behaved similarly to PAN, and results 
for PPN are also presented. 

In addition to column choice, operating parameters such 
as oven and detector temperature, as well as carrier gas flow 
rate, were also studied for each of the above columns used. 
We finally determined the detection limits attained by each 
column. 

EXPERIMENTAL SECTION 
All mixtures of PAN and CHCl3 as well as PPN-CHCI3 mix

tures were prepared at room temperature in a 4.5·L glass flask, 
equipped with two septa ports and a Teflon stopcock and con
nected to a vacuum line provided with Teflon stopcocks. From 
the anhydrides of acetic and propionic acids, the corresponding 
peroxyacids were synthesized according to the method of Nielsen 
et al. (13), and next the procedure of Gaffney et al. (14) was 
followed for the preparation of pure liquid PAN and PPN. PAN 
and PPN were kept in different small vials at -10 oC, and only 
one portion per vial was removed when needed after thawing. 
Freshly prepared PAN and PPN were used in all cases, and thus 
the peaks of their thermal decomposition products, methyl nitrate 
and ethyl nitrate, respectively, were insignificant. Carlo Erba 
chromatographic grade CHCI3, distilled at 61 °C to remove the 
ethanol, was used. PAN, PPN, and CHCl3 were introduced into 
the 4.5-L flask along with the air or nitrogen matrix, making 
typical mixing ratios of 120 ppb PAN, 120 ppb PPN, and 1200 
ppb CHCI3• For the study of PAN and PPN destruction on the 
column, as well as for the study of the effect of column and 
detector temperature, nitrogen 4.5 was the matrix atmosphere 
at 1000 mbar in order to avoid possible integration errors of CHCI3, 

which elutes a little earlier than PAN and thus could interfere 
with the air peak. The experiments for the detection limit were 
carried out in air to emulate atmospheric conditions. 

All analyses were carried out with a Hewlett·Packard 5S90A 
gas chromatograph equipped with a saNi electron capture detector, 
operated in the constant current variable frequency mode. The 
integrator used was a HP Model 3396 A. 

The columns used in this comparison were (1) a HP-15-m-long 
fused silica cross-linked methyl silicone gum, 0.53-mm Ld., 2.65-1illl 
film thickness; (2) a 45·cm·long glass column, 2-mm Ld., filled 
with 5% Carbowax 400 on Chromosorb W-AW-DMCS (SO/lOO 
mesh); and (3) a 45-cm-long glass column, 2-mm i.d., filled with 
4.S% QF-1 and O.lS% diglycerol on Chromosorb G-AW-DMCS 
(SO/lOO mesh). The carrier and the makeup gas were 10% 
CH,/ Ar. In some experiments with the wide-bore column, helium 
was also used as carrier gas, with CH,/ Ar being the makeup gas. 
Except for an increased resolution between PAN and CHCI3, He 
yielded the same results as those obtained with the 10% CH,/ Ar 
carrier gas, as will be presented later. A 0.5-mL sample for the 
capillary column and 1 mL for the packed columns were manually 
injected into the GC by using appropriate gastight syringes 
equipped with Teflon plungers. Each point represents the average 
of four repetitions. The precision of the manual injections was 
±5'70. The injector temperature was always set at 30 °C except 
for the varying column temperature experiments. 

RESULTS AND DISCUSSION 
All results reported below for PAN were corrected by a 

factor of 1.5 ± 0.5% per hour to account for the thermal PAN 
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Figure 1. Absolute PAN and CHCI3 ECD signals as well as their ratios 
vs retention time for (a) wide-bore. (b) 5% Carbowax 400. and (c) 
4.8% QF-l + 0.18% diglycerol columns. Key: l>.. PAN; 0, CHCI3; 

0, PAN/CHCI3. 

decomposition in the 4.5-L flask. Similarly, PPN values were 
corrected by 2.0 ± 1 % per hour. CRCI3 did not exhibit any 
significant variation. In all experiments better than base-line 
resolution was attained between PAN and CRCI3 with typical 
values of R <:: 2, and thus no errors were introduced in the 
measurement of the peak area counts with the integrator. 

PAN and PPN Destruction on the Column. To evaluate 
the PAN and PPN destruction On the three different columns, 
the oven and detector were kept at 30°C. The residence time 
of PAN on the column, as indicated by its retention time, was 
varied by changing the carrier gas flow rate. 

The experiments with the wide-bore column were carried 
out both at constant carrier/makeup gas ratios while the 
carrier gas flow rate was varied, and at varied carrier gas flow 
rates while the total flow of carrier plus makeup gas was held 
constant. We assume that the change in response of the ECD 
due to the change of the flow rate of the carrier gas (and 
makeup gas) follows the same pattern for PAN, PPN, and 
CRCI3• Figure 1 shows the absolute PAN signal, as well as 
the CRCI3 area counts, plotted as a function of the carrier gas 
flow rate and the retention time of PAN for the packed 
columns used, whereas the wide-bore experiments are plotted 
vs carrier gas flow rate at a constant carrier to makeup gas 
ratio. 

Two factors determined the shape of the obtained curves 
of PAN and CRCI3 vs carrier gas flow rate and therefore vs 
retention time of PAN. The first factor was the effect of 
carrier gas (and makeup gas) flow rate on the response of the 
ECD. We had expected a larger ECD signal at lower flow 
rates, and this was indeed the case at all times for CRCI3• The 
second factor was destruction of the analyte on the GC col
umn. In the case of CRCI3 the second factor did not seem 
to be operative, or if it was, it was overwhelmed by the in
creased sensitivity of the ECD, due to the decrease of the flow 
rate; thus, overall, the signal became larger as the flow rate 
of the carrier gas was lowered. In the case of PAN, however, 
and only for the packed columns, the destruction on the 
column overwhelmed the expected higher sensitivity at lower 
flow rates; thus the absolute PAN signal decreased. These 
two opposing factors reached an optimum of PAN signal, 
which for the QF-1 column occurred at 20 mL/min and for 
the Carbowax 400 column at 55 mL/min, corresponding to 
retention times of 1.50 and 2.00 min, respectively. Unlike the 
form of the curves for the packed columns, the PAN curve 
with the wide-bore column showed PAN values increasing with 
decreasing flow rates. 

A more quantitative evaluation of this phenomenon was 
possible if one considered the PAN/CRCI3 area count ratios, 
rather than the absolute PAN values, assuming that CRCI3 
is not destroyed on the column. Using PAN/CRCI3 ratios 
removes the factor of the carrier gas flow rate on the response 
of the ECD. These PAN/CRCI3 area count ratios for the three 
columns vs carrier gas flow rate are also plotted in Figure 1. 
By use of the values of the PAN/CRCI3 area count ratios for 
the capillary column that correspond to a 4.3tR increase, from 
0.72 to 3.10 min, the PAN destruction on the column was 
calculated to be 35%. Similarly, for the Carbowax column 
and for a 3.9tR increase, the PAN destruction was 91 %, and 
for the QF-1 column and for a 4.4tR increase, the value was 
81 %. When Re is used as the carrier gas, the same flow rates 
are used as for the CR,/ Ar carrier gas, and the total carrier 
plus makeup gas is kept constant at 62 mL/min, the PAN 
destruction on the wide-bore column for the same as above 
4.3tR increase was calculated to be 38%, in reasonable 
agreement with the earlier result of 35 %. 

Similar results were obtained for PPN. On the wide-bore 
column and with a tR increase of 4.9 times, PPN decreased 
by 46%; whereas on the Carbowax column and for a 4.ltR 
increase, PPN decreased by 95 %; and on the QF -1 column 
and for a 4.ltR increase, PPN decreased by 70%. 

Alternatively, it was possible to determine the PAN de
struction on each column and thus compare the columns used, 
at a specific retention time relative to zero retention time. If 
PAN were destroyed on the column via first-order kinetics, 
then a plot of In [PANlt![PANlo vs time should yield a 
straight line. [PANl, is the amount of PAN that arrives at 
the detector after retention time t, and [P ANlo is the amount 
of injected PAN. This In [PANlt! [PANlo vs time (t) plot is 
equivalent to a plot of In PAN/CRCI3 vs time, where 
PAN/CRCI3 is the determined area count ratio. As seen in 
Figure 2A, good linear fits were obtained for all three columns. 
From the slopes of these plots the PAN destruction for a 
residence time of 2 min on each column was calculated to be 
29%,82%, and 71 % on the wide-bore, the Carbowax, and the 
QF-1 columns, respectively. Rowever, a more realistic figure 
of necessary corrections of PAN destruction on the column 
could be given when tR values obtained under optimum 
operating conditions (maximum absolute PAN signal) were 
used, as seen in Figure 1. For the capillary column tR was 
chosen at 1.33 min; for the Carbowax, 2.00 min; and for the 
QF-1 column, 1.50 min. The corresponding PAN destruction 
percentages were then 20%, 82%, and 61 %, respectively. 
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Figure 2. First-order plots of (A) PAN and (B) PPN destruction on the 
column for (a) wide-bore, (b) 5 % Carbowax 400, and (c) 4.8 % OF-l 
+ 0.18 % diglycerol columns. 

Similarly, PPN destruction on the column followed first
order kinetics, as seen in Figure 2B. From the slopes of the 
straight lines and taking a residence time of 3.0 min on all 
columns, the PPN destruction on the column was 23%, 87%, 
and 58% for the wide-bore, Carbowax, and QF-l columns, 
respectively. 

Effect of Column Temperature. Since the PAN thermal 
sensitivity is known, the oven temperatures reported in the 
literature are always low, ranging from 17 to 33°C. To 
evaluate this factor more quantitatively, we conducted ex
periments at oven temperatures of 30,40, and 50°C, main
taining however the retention time of PAN at all three tem
peratures constant as much as possible (less than 1.5% var
iation) by varying the carrier flow rate. Thus we avoided the 
factor of PAN destruction on the column presented earlier. 
Simultaneously to exclude the effect of carrier gas flow rate 
on the ECD sensitivity, chloroform was used as a reference 
compound. The ratios of PAN/CHCla absolute area counts 
obtained for the three different columns are presented in 
Figure 3. From these PAN/CHCla ratios, the PAN de
struction at 50 relative to 30°C was calculated to be 48 % on 
the wide-bore column with CH4/ Ar and 53% with He carrier 
gas, 95% on the 5% Carbowax 400 column, and 79% on the 
QF-l column. Although the phenomenon is purely thermal 
and similar results for all columns should be expected, this 
was not found to be the case. Possibly the higher reactivity 
of the packed columns compared to that of the capillary 
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Figure 3. Plots of absolute PAN and CHCI, ECD signals and their ratios 
vs column temperature, under constant retention time of (a) 1.30 min 
for the wide-bore, (b) 1.90 min for the 5% Carbowax 400, and (c) 1.27 
min for the 4.8% OF-l + 0.18% diglycerol columns. Key: .6., PAN; 
0, CHCI,; 0, PAN/CHCI,. 

column differentiated an otherwise purely thermal effect. 
The results obtained with PPN, for the same variation of 

column temperature from 30 to 50°C, were 56% on the 
methyl silicone wide-bore column with CH4/ Ar and 62% with 
He carrier gas, 96 % PPN destruction on the Carbowax col
umn, and 85% on the QF-l column. 

All experiments reported in this section were carried out 
at both injector and detector temperatures for all columns set 
at 60°C, because the GC oven temperature determines the 
minimum temperature of the injection port and the detector. 

Effect of Detector Temperature. Unlike the universally 
accepted low oven temperatures for PAN analysis, the detector 
temperature selected by workers in this field varies greatly 
from 30 (5) to 80°C (8). In our experiments the oven tem
perature was constant at 30 °C; the carrier gas flow rate was 
at the previously determined optimum conditions for the 
packed columns, and for the capillary column the rates were 
7 mL/min carrier gas and 55 mL/min makeup gas. The 
detector temperature was varied from 30 to 80 °C. Chloroform 
was used again as reference, and we assumed that it responded 
to the ECD the same way as PAN did. As the temperature 
of the detector increased from 30 to 45°C the PAN de
struction was less than ~ 10% for all three columns. As the 
detector temperature increased, however, to 80 °e, the PAN 
destruction reached 41-46% for all columns used, again as 
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Figure 4. Plots of absolute PAN and CHCI3 ECD signals and their ratios 
vs detector temperature under constant column temperature at 30°C: 
(a) wide-bore; (b) 5% Carbowax 400; (c) 4.8% OF-l + 0.18% di
glycerol columns. Key: "", PAN; 0, CHCI3; 0, PAN/CHCI3 . 

obtained from the ratio of PAN ICHCI3 at 80°C, in relation 
to the PAN/CHCI3 ratio at a detector temperature of 30°C. 
For an analyst who is interested in obtaining the maximum 
absolute PAN signal, the choice temperature should be 45°C, 
as seen in Figure 4, since that is where the maximum absolute 
PAN signal appears to be. In addition, at this temperature 
the detector is maintained with less condensation while the 
standing current remains approximately the same as at 30°C. 

Similar results were obtained for PPN. The PPN de
struction at a detector temperature of 80 vs 30°C, obtained 
from the respective PPN/CHCI3 area count ratios, was for 
all columns 38-47%. 

Detection Limits. The three most important parameters 
that determine the detection limit, that is, the absolute PAN 
signal-namely column and detector temperature and carrier 
gas flow rate-were examined above. Thus for the deter
mination of the detection limits using all three columns, the 
oven temperature was set at 30°C and that of the detector 
at 45 °C. The results reported below were not corrected for 
the up to 10% destruction on the detector due to its setting 
at 45 vs 30°C. The carrier flow rates were set at the optimum 
conditions mentioned earlier. In addition to the above, the 

resolution of the PAN peak from the earlier peaks, that is, 
the air peak, was a significant factor in achieving the lowest 
detection limit. This pertained mainly to the QF -1 and the 
capillary columns because with the Carbowax column PAN 
was much better resolved from the air peak. The detection 
limits obtained for a 1-mL sample injected were 0.06 ppb PAN 
for the wide-bore, 0.16 ppb for the Carbowax, and 0.12 ppb 
for the QF -1 column. These detection limits were established 
by repeated evacuations of a sample containing initially 20 
ppb PAN in air, following addition of pure air up to 1000 
mbar. It was assumed that the detector responded linearly 
within this range of 20--0.06 ppb. The calibration of the ECD 
was carried out by injecting 2 mL of the 20 ppb PAN con
taining sample into a GC-NOx chemiluminescence detector, 
which in turn was easily calibrated with standard NO, as 
discussed in more detail elsewhere (11). Since overloading 
is a matter of concern with the wide-bore columns, linearity 
in the response of the ECD was observed for up to 3-mL PAN 
samples injected. 

Conclusions. Because of the inherent inertness of the 
fused silica column, the PAN and PPN destruction on this 
column was significantly less than with the packed ones. The 
results of this work suggest that a correction should be applied 
to the PAN and PPN values obtained with GC due to the 
compounds' destruction on the analytical column. The greater 
the retention times of PAN and PPN, the greater is this 
correction. With the ease and low cost of packed to wide-bore 
conversion, it is surprising that the use of wide-bore columns 
for PAN and PPN analysis has not been reported in the 
literature. After the submission of this paper, correspondence 
(15) was published on the use of capillary columns for the 
analysis of PAN and PPN. 
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Two different deconvolution methods, Fourier and iterative, 
are applied to experimental fractograms from sedimentation 
field-flow fractionation In order to obtain accurate particle size 
distributions by removing nonequilibrium band broadening. 
These methods are compared In effectiveness and ease of 
application. The Heratlve method, aHhough slower, is gen
erally superior by virtue of Hs abilHy to remove variable levels 
of zone broadening from different parts of the fractogram as 
required by FFF theory. The conditions under which decon
volution is useful for the removal of nonequilibrium band 
broadening effects are examined. Deconvolution is particu
larly recommended for the resolution enhancement of small 
particles eluting at low retention and for fractograms obtained 
under high-speed conditions. 

INTRODUCTION 

Field-flow fractionation (FFF) is a relatively new analytical 
methodology applicable to the separation of particles, poly
mers, and macromolecules in solution (1,2). Recent efforts 
have shown that sedimentation FFF is particularly effective 
for the separation of a wide variety of particulate species (1-3). 
Because of the simple correspondence between experiment 
and theory, the particle size distribution is readily calculated 
from experimental fractograms (4-7). 

An accurate particle size distribution is essential but often 
difficult to achieve for detailed particle characterization. 
Sedimentation FFF is an effective method for this purpose 
because of its high selectivity and resolution, but even here 
a number of distortions may exist in the experimental frac
tograms leading to inaccuracies in the acquired particle size 
distributions. One distortion, unrelated to the FFF process 
as such, is due to light scattering rather than simple absorption 
when detection is based on light attenuation. The resulting 
signal is a complex function of the particle size when the 
particle size is in the vicinity of the wavelength of light used 
in the detector. Using the theory of Mie scattering (8), both 
Kirkland et al. (3) and Yang et al. (5) have demonstrated that 
correction to the light scattering intensity as a function of 
particle size can yield a compensated size distribution and thus 
largely eliminate this distortion. 

A more universal distortion (not dependent on a specific 
detector type) is due to zone broadening mechanisms in FFF 
that lead to the artificial broadening of the size distribution 
curves obtained. These broadening mechanisms include the 
nonequilibrium effect (9-11) and extracolumn effects such as 

* Author to whom correspondence should be addressed. 
1 Present address: Rohm and Haas Co., Computer Applications 

Research, 727 Norristown Rd., Spring House, PA 19477. 

detector and injector dead volumes and flow irregularities in 
the channel. In other elution techniques such as size-exclusion 
chromatography (SEC), many numerical methods have been 
devised to correct for these distortions. However, due to the 
theoretical intractability of the SEC process, standards must 
be used to quantitate nonequilibrium and extracolumn 
broadening. Unfortunately, the polydispersities of the polymer 
standards needed for SEC are generally not well characterized 
(12). 

Traditionally, polydispersity estimates in sedimentation 
FFF are obtained from the intercept of an H (plate height) 
versus (v) (linear velocity) plot. This method has the ad
vantage that it does not rely on a quantitative nonequilibrium 
theory. However, this method provides an estimate of the 
upper limit of the sample polydispersity since all other zone 
broadenings that are not dependent on a linear flow velocity 
and sample polydispersity are assumed to be negligible. Two 
other shortcomings with this method are (a) multiple ex
periments are necessary, and (b) this method works well for 
well-separated Gaussian peaks of narrow dispersity only, since 
inaccuracies in the estimation of apparent H are possible when 
fused peaks are present or if the sample is broad. In the latter 
case, earlier eluting components will experience more band 
spreading than the later eluting components. 

In FFF the contribution of nonequilibrium, the dominant 
mechanism of zone broadening, has been well characterized 
and verified in a series of papers (4, 11, 13, 14). The none
quilibrium broadening can be obtained readily from theory 
due to the open channel design used in FFF separations. 

In principle, one could simply obtain the particle size 
distribution from an experimental fractogram and subtract 
out the contribution due to nonequilibrium broadening using 
theory. This approach will work for well-separated Gaussian 
peaks of narrow dispersity. As will be demonstrated in this 
paper, it is much more convenient to use a formal convolution 
theory that does not require well separated Gaussian zones 
so that any zone shape could be incorporated for the reliable 
estimation of the true particle size distribution. 

In order to examine the deconvolution of nonequilibrium 
band broadening in sedimentation FFF at a fundamental level, 
simple experimental fractograms of well-characterized samples 
using constant field and low flow conditions will be used. The 
effectiveness of deconvolution procedures will be tested on 
the fractograms obtained at different field and/ or flow con
ditions. By such choice, we are able to minimize the com
plications arising from field or flow programming, steric effects 
(important for >O.5-I'M particles), and lift forces (significant 
for large particles and high flow conditions). 

We will examine the extent of nonequilibrium distortion 
and evaluate two methods for the removal of nonequilibrium 
zone broadening from particle size distributions in this paper. 
A light scattering correction will also be applied to gain an 
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improved accuracy in particle size distributions by sedimen
tation FFF. Although we will focus on experimental fracto
grams taken from sedimentation FFF, this methodology may 
be used for other FFF techniques as well. 

THEORY 
While the theory of sedimentation FFF has been previously 

presented (4, 11, 13, 14), a few essential elements will be given 
here for continuity of treatment. 

The basic retention equation common to most FFF methods 
relates R, the retention ratio, to the dimensionless mean layer 
thickness X by (4) 

R = 6X[coth (1/2X) - 2X] (1) 

The retention ratio is simply the ratio of the column void time 
to to the mean retention time t, of the component of interest. 
For high levels of retention (t, » to) the following approxi
mation is valid: 

R = 6X (2) 

For sedimentation FFF, X is expressed in terms of the 
particle diameter d and particle density p, by 

X = __ 6_k_T __ 
7rd3Gwlp, - pi 

(3) 

where k is Boltzmann's constant, T is temperature in K, G 
is the acceleration due to the spinning of the channel, and w 
and p are the channel thickness and carrier density, respec
tively. For nonspherical particles, d is the effective spherical 
diameter. 

The zone broadening of narrow particle distributions is 
measured by plate height H and can be cast in the simple form 

2D xw2(v) 
H = R(v) + -D- + ~Hk + Hp (4) 

where D is the diffusion coefficient of the particles and (v) 
is the average linear velocity of the fluid. The first term of 
eq 4 is the plate height contribution due to longitudinal 
diffusion. The second term is the plate height contribution 
due to nonequilibrium, in which X is the X-dependent none
quilibrium coefficient (11). The third term is the sum of 
instrumental contributions from injection, detection, system 
dead volumes, and flow irregularities (15-17). The fourth 
term, H p, is the contribution of particle size polydispersity 
to the plate height. The value of Hp is obtained from (13) 

Hp = 9L( ~ ~: ~ r( ~ r (5) 

where <Td is the standard deviation of the particle size dis
tribution and L is the channel length. Equation 5 can be 
reduced to a still simpler form (13) in the limit of X - 0 

(6) 

Note that Hp' unlike the other H terms, represents the width 
of the particle size distribution (<Tdl d) and as such approaches 
zero for monodisperse samples. It does not, therefore, rep
resent an intrinsic band broadening process in the system. 

The observed plate height may be obtained from an ex
perimental fractogram by using the relationship 

<Tt
2 

H=-L 
t,2 

where <Tt2 is the variance of a peak in time units. 

(7) 

Apparent Polydispersity. One of the goals of sedimen
tation FFF theory is to provide a simple method for the 
evaluation of particle polydispersity for samples of narrow size 

0.3 r------,-----,--,------,---~--__, 

0.2 

0.1 

O~~~ __ L__~_~L--~--~ 
o 0.3 0.4 0.5 

R 

Figure 1. Apparent polydispersity as a function of retention ratio R. 
CondITions are L = 90 cm, T = 296 K, ~ = 1 cP, W = 0.0127 cm, 
breadth b = 2.0 cm. Solid lines represent (v) = 0.656 cm/s (flow 
rate = 1 mLlmin). Dashed lines correspond to (v) = 0.984 cm/s 
(1.5 mL/min). 

distribution. For this purpose, system band broadening must 
be subtracted from the experimental fractogram. It is useful 
in this regard to examine the "apparent" polydispersity that 
would be assigned to a monodisperse particle population if 
the system band broadening was attributed to a finite poly
dispersity. Thus we imagine an experiment with monodisperse 
particles in which the system zone broadening mechanisms 
act to artificially broaden the otherwise infinitely narrow peak, 
said broadening then being calculated as though it were a 
polydispersityeffect. Toward this end we set plate height due 
to polydispersity, Hp from eq 5, equal to the nonequilibrium 
plate height contribution given in eq 4. (We will neglect the 
contributions of longitudinal diffusion, which is generally 
negligible in sedimentation FFF, and also the extracolumn 
contributions, I:.Hk.) This yields 

xw
2
(v) = (d In R)2(~)2 

D 9L d In X d 

By substituting the Stokes-Einstein equation 

D = kT/37rT/d 

(8) 

(9) 

into eq 8 for D (where ~ is the solution viscosity) and rear
ranging, we obtain 

(~) =wdlnA(7rX~(V)d)I/2 (10) 
d spp d In R 3kTL 

The ratio (<Tdl d),pp calculated in this way is referred to here 
as apparent polydispersity and is evaluated in Figure 1 for 
four particle sizes and two flow rates. The X and d In XI d 
In R quantities are calculated via computer methods; the 
formula for X is given as eq 26 in ref 11. Figure 1 shows that 
the apparent polydispersity is predicted to be quite large when 
particles elute in less than 5 column volumes (R > 0.2) at a 
typical flow rate of 1.0-1.5 mL/min; however, the apparent 
polydispersity rapidly diminishes for even the larger particles 
at higher retention levels (R < 0.2). 

The curves shown in Figure 1 would normally be realized 
by changing the field strength so as to vary X (and hence R) 
in eq 10. By substitution of the approximations X = 24X3 and 
d In XI din R = 1 (both valid for small R) into eq 10 and use 
of the dermition of X given in eq 3, the apparent polydispersity 
is given approximately as 

(

<Td ) 24kT (317(V»)1/2 
d spp "" 7rd4(GIt:.pP3/2 Lw (11) 

Examination of this equation shows that at constant field 
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Figure 2. Artificial fractograms in time and size domains showing 
peaks with (outer peak) and without (inner peak) nonequilibrium zone 
broadening: top peaks, (Jd/d; 0.04; bottom peaks, (Jd/d; 0.02. 
Conditions are the same as given in Figure 1 with G = 1510 g and (v) 
; 0.656 cm/s. Void time to ; 2.29 min. R values (left to right) are 
0.210, 0.098, 0.0529. 

strength G the apparent polydispersity decreases as d-4; larger 
particles have a much lower apparent polydispersity than small 
particles in a constant field experiment. 

Both eq 10 and 11 indicate that apparent polydispersity 
will increase with flow velocity. Therefore, the removal of 
nonequilihrium band broadening becomes increasingly im
portant if the fractograms are obtained under high-speed 
conditions. 

We now examine some representative cases where the actual 
polydispersity is varied in an attempt to elucidate the effect 
of apparent polydispersity. For a slightly polydisperse sample 
the system band broadening will further expand the peak 
width arising solely from the size distribution. To evaluate 
this additional effect, artificial fractograms are created with 
a computer. First, a size distribution is established and the 
fractogram with no broadening is calculated directly from the 
size distribution by using eq 1 and 3. Next the elution time 
fractogram is broadened with nonequilibrium effects using 
the convolution relationship given in the next section. The 
"broadened" size distribution is then calculated directly from 
the broadened elution time fractogram. 

The results of these calculations for three particle sizes 
under constant field conditions and two polydispersities are 
given in Figure 2 for both the time-based fractogram and the 
resulting particle size distribution. As can be seen from Figure 
2 the more retained, larger particles show little increase in 
polydispersity. However, the smallest particles shown in 
Figure 2 have an apparent polydispersity approximately twice 
that of the true polydispersity. These results suggest that 
deconvolution can be advantageous for small particles eluting 
early in the fractogram where the polydispersity may otherwise 
be largely overestimated. 

Zone Broadening as a Convolution Process. Zone 
broadening may be modeled as a convolution process in the 
time domain in which the elution curve, represented by re
sponse F(t), may be expressed as 

F(t) ; i: G(t,/1W(t) dt' (12) 

where W(t) is the ideal elution response curve that would be 
obtained for the sample with no zone broadening mechanisms 
present and G(t,t) is the response due purely to all the 
mechanisms of zone broadening except polydispersity. In this 
treatment t is time and t'is a dummy time variable. Equation 
12 may be written in a shortened form 

F(t) ; G(t,t)*W(t) (13) 

where the asterisk (*) operator denotes a convolution process. 
The time (t) domain is used because G is known to be close 
to Gaussian shape (I8) when expressed in the time rather than 
in the retention ratio (R) domain. 

For the case of Gaussian zone broadening, eq 13 may be 
written explicitly in discrete form as 

N 
F(t i ) ; AoL: W(t} exp[-(ti - t}' /2(Jt/] (14) 

J=l -
(ftj 

where F(t;l is the amplitude (concentration) of a fractngram 
at time ti, N is the number of data points in the discrete 
fractogram, Ao is a normalization factor, W(t} is the ideal 
fractogram, and (Jt' is the broadening function variance for 
a monodisperse p~rticle population (Hp ; 0) obtained by 
combining eq 4 and 7 

[ 

2Dj XjW'(v) ] 
--+--+L:H 
Rj(u) D j k k 

(Jt/ ; L t/ (15) 

The problem requiring solution is to obtain W for a given 
F (from the experimental fractogram), utilizing the G term 
obtained from theory as written above. This problem, known 
commonly as an inverse problem, has been extensively studied 
in chromatography and spectroscopy. A variety of numerical 
methods have been used in the solution of th inverse problem 
including Fourier transform methods (19,20), the singular
value decomposition method (21), an iterative solution method 
(22-25), and the Kalman filter approach (26). Some of these 
approaches are summarized in a recent book by Jansson (24). 
In this paper we will compare the Fourier transform and 
iterative relaxation methods; details of each method are given 
below. The technique of fractogram deconvolution for one 
type of iterative relaxation method was recently presented for 
sedimentation FFF (22) and thermal FFF (23). 

DATA ANALYSIS 
The data used in this paper were taken from original strip 

chart recordings and carefully digitized with a hand-held 
digitizing tablet connected to the computer system described 
below. About 150 points were obtained across each fracto
gram. The data were then numerically interpolated to produce 
equispaced data and simultaneously smoothed by using a 
polynomial least-squares algorithm (27) with subsequent 
production of 1000 data points. 

The presence of noise in the fractograms is a serious 
problem with the iterative deconvolution but not with the 
Fourier method since in the latter Case most noise shows up 
at frequencies higher than the selected cut-off frequency (see 
later). However, if a noisy fractogram is used, it must be 
carefully prefiltered before the iterative deconvolution method 
is attempted. 

The initial data treatment is the same for both deconvo
lution procedures. First the experimental conditions of 
channel length, thickness, breadth, void volume, field strength, 
flow rate, particle density, and refractive indices are entered 
from a disk file along with the data stored as time-detector 
amplitude pairs. Next, optional digital filtering (28-30) and 
base-line correction are performed. The retention ratio R is 
then calculated for all data by dividing the channel volume 
by the retention volume at each time value. By use of a 
recently devised algorithm (31), the A value at each data point 
is calculated from each R value when R < 1.0. Note that the 
standard FFF theory used here is a long-time asymptotic 
theory (18), where the highest R value for a zone center is 
unity. Following these procedures the particle diameter and 
broadening parameter (Jt, are calculated for each data point. 
An array of extinction cross sections used in the light scattering 
correction is then calculated for each data point (particle 
diameter) from the refractive indices of the particle-carrier 
system by using a computer program given in ref 32; details 
of the light scattering correction will be given below. The 
specific method of deconvolution is then begun. Upon com
pletion of the deconvolution step the particle size distribution 
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is analyzed via moment analysis using interactive graphics to 
manually establish the limits of integration. All computer 
programs used in this study are written in FORTRAN-77 and 
were run on a VAXlab/GPX computer (Digital Equipment 
Corp., Maynard, MA) utilizing the VAXlab software library 
for graphics and signal processing. 

Fourier Deconvolution. The W term in eq 13 may be 
recovered by means of the following treatment. Taking the 
Fourier transform of both sides of eq 13 yields 

F(f) = G(f)· W(f) (16) 

where f refers to the frequency domain. Note that taking the 
Fourier transform of a convolution pair yields an ordinary 
product in the frequency domain (33,34). Equation 16 can 
be rearranged and inverse transformed 

The G term may be explicitly written in both the time and 
frequency domains if a Gaussian form is used for the broad
ening function 

1 
G(t,O = --- exp[-(t - t)2/2oil (18) 

(27r)'/2"t 

and 

(19) 

In eq 19 it is assumed that the dummy variable t'is zero in 
eq 18, which is the appropriate centering for deconvolution 
(20) of the broadening function. In addition, eq 19 does not 
include a normalization constant which is ultimately absorbed 
into the Ao term in eq 14 (20). 

There are both advantages and disadvantages in using the 
Fourier deconvolution technique for FFF. The primary ad
vantage is speed; deconvolution can be accomplished at a 
speed approximately 2 orders of magnitude faster than that 
attainable with the iterative method. A corresponding dis
advantage is that only one unique "t may be specified in the 
broadening function, i.e., G(f) is independent of time. For 
our purposes, we choose (Jt at the point of highest amplitude 
in the fractogram. This approach should work well for 
moderately narrow distributions. 

Another disadvantage of the Fourier deconvolution method 
is that the G(f) term falls to zero much more rapidly than does 
F(f), in which case the quotient in eq 17 takes on very large 
values at high frequencies. This situation can be bypassed 
if F(f) / G(f) is constrained to be a constant after an arbitrary 
number of terms of the quotient. The constant is chosen by 
inspection of the power spectrum of F(f) which can be esti
mated by the product F(f)F*(f), where F*(f) is the complex 
conjugate of F(f); the constant is that value which lies on the 
noise threshold. This will be shown in more detail in the 
results section. 

Iterative Relaxation Method. This method is described 
in detail elsewhere (24). We will provide the essential elements 
here as they pertain to zone broadening. We can approximate 
the solution of eq 12 by the iterative expression 

where the superscript indicates the iteration number and 
r[~k)(ti)l is the relaxation parameter. For practical purposes, 
this treatment proceeds by scaling all F(t,) values between 0 
and 1. 

Although a number of different functional forms exist for 
the relaxation parameter (24), we have used 

r[W<k)(ti)l = roWCk)(t;)[1 - WCk)(t;)l (21) 

with ro equal to 2 for the iterative deconvolution results shown 
in this paper (24). For the first iteration where k = 1, the 
function W«t,) is set equal to F(ti); hence each successive 
iteration should cause ~k+1)(ti) to be less broad as convergence 
is approached. Convergence is reached when the root
mean-squared (RMS) error changes by less than 1 X 10--4. The 
RMS error is calculated by summing the square of the 
quantity in braces ((I) in eq 20 over all ti values, dividing by 
the number of such values, and taking the square root of this 
quotient. Typically 40 to 50 iteractions are required for 
convergence to be reached. 

Light Scattering Correction and Scale Change. The 
detectors most commonly used in sedimentation FFF are 
commercial liquid chromatographic detectors that monitor 
UV light attenuation in a small cell at 254 nm. Because the 
size of particles that commonly elute from sedimentation FFF 
channels is the same order as the wavelength of the light used 
in the detector cell, the primary response of the detector 
results from light scattering. Due to the particle size de
pendence of the detector signal, compensation must be applied 
to obtain a response proportional to particle concentration 
over the particle size range of study. 

When the concentration of particles is sufficiently low that 
secondary scattering is minimized, the following relationship 
holds (8) 

(22) 

where T is the detector response (turbidity) due to nv particles 
per unit volume, each with extinction cross section (Joxt(d), in 
a detector cell with path length b. The extinction cross section 
is the sum of the scattering component "sca(d) and the ab
sorption component (Jabs (d) (8, 32). 

The scattering correction is applied in different ways to the 
two methods of deconvolution described above. In the case 
of the Fourier method the deconvolved time domain fracto
gram is converted to a relative number concentration dis
tribution as a function of particle diameter by a simple change 
in abscissa, as given by eq 1 and 3. The relative number 
concentration is then corrected for scattering by dividing by 
"oxt(d). This method is also used for the undeconvolved 
fractograms. In the case of the iterative method the convo
lution of G*WCk) in eq 20 in multiplied by "oxt(d) at each 
iteration; hence ~k) is proportional to nv given in eq 22. This 
allows for the easy mathematical construction of the exper
imental (turbidity-based) fractogram. When convergence is 
reached, WCk) in the time domain is converted to a relative 
number concentration distribution as a function of particle 
diameter by the abscissa change mentioned above. 

Finally, the number concentration distributions nv vs d from 
both deconvolution methods can be cast into the differential 
form, on/od (where 0 is the differential operator), by applying 
the following treatment. Let on be the number of particles 
that elute between retention volume V, and V, + b V,. Then 

on = nv bY, (23) 

The quantity on will also be equal to the number of particles 
eluted between particle diameter d + od, provided that oV, 
corresponds to the particle diameter increment bd. Hence 

on = nd od (24) 

where nd is the number concentration of particles per unit 
diameter. Combining the two equations above yields 

on bY, 
bd = nv Tri (25) 

The quantity bV,/od is calculated by curve fitting local data 
of V, (from t,), d pairs and numerically differentiating. We 
have chosen to use the quantity on / od for all of the particle 
size distributions given in this paper. 
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Table I. Experiment Summarya 

field injection 
flow rate, strength, volume, 

experiment mL/min gravities sonication I'L 

A (PMMA) 1.13 57.6 no 40 
B (PMMA) 1.73 42.8 yes 20 
C (PMMA) 1.23 42.8 yes 15 
D(PMMA) 0.440 42.8 yes 14 
E (polystyrene) 1.46 61.6 no 15 
F (polystyrene) 0.640 61.6 no 15 
G (polystyrene) 0.369 61.6 no 18 

"PMMA: It-pi = 0.21 g/mL, sample RI = 1.485 (real), 0.0 (im-
aginary), Polystyrene: It-pi = 0.051 g/mL, sample RI = 1.7685 
(real), 0.69 (imaginary). For both samples the carrier (water) has 
RI = 1.3702 (real), 0.0 (imaginary). 

EXPERIMENTAL SECTION 
Two samples are used in this study. The first sample is a 

poly(methyl methacrylate) (PMMA) latex (Seradyn, Indianapolis, 
IN) having various degrees of aggregation of single spherical 
particles; the primary singlet size is approximately 0.213 I'm and 
the density is 1.21 g/mL. The extent of aggregation of particles 
into doublets, triplets, and higher order aggregates can be varied 
by sonication. The second sample is a mixture of two polystyrene 
latex standards (Seradyn) with nominal diameters of 0.327 and 
0.551 I'm and density 1.05 g/mL. 

All data were obtained by using a laboratory-built apparatus 
with construction features similar to those of the Model S101 
SdFFF Colloid/Particle Fractionator (FFFractionation, Inc., Salt 
Lake City, UT). The system has a channel length (tip to tip) of 
90.5 cm, thickness 0.0254 cm, breadth 2.00 cm, radius of rotation 
15.3 cm, dead volume 0.1 mL, and void volume 4.50 mL. The 
carrier used in all experiments was water containing 0.05% (w/v) 
sodium dodecyl sulfate and 0.01 % (w/v) sodium azide. 

RESULTS AND DISCUSSION 
Four fractograms of the PMMA samples are shown in 

Figure 3; the conditions used for separation are given in Table 
l. Note that the fractograms clearly display the extensive 
particle aggregation; the successive peaks represent single 
particles, doublets, triplets, etc. (35). The broad undefined 
peak to the right of fractogram A in Figure 3 represents the 
sum of higher-order aggregates. By sonication of the sample 
prior to injection, the larger aggregates are broken up as shown 
by the disappearance of this broad peak in fractograms B 
through D of Figure 3. Note also that as the flow rate is 
decreased from fractogram B through D, which are run under 
identical field strength, both the run time and the resolution 
increase dramatically. 

Both the Fourier and the iterative relaxation deconvolution 
methods were applied to the fractograms in Figure 3 in an 
attempt to remove the contribution of nonequilibrium zone 
broadening. The results of these deconvolutions are shown 
in Figure 4 for the Fourier method and the iterative relaxation 
method along with the size distributions obtained from the 
fractograms prior to deconvolution. These figures show that 
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Figure 3. Experimental PMMA fractograms. Experimental conditions 
for A, B, C, and D are given in Table I. 

SIZE (jtm) 

Figure 4. Particle size distributions of experiments A through 0 with 
and without deconvolution. Light scattering correction and scale 
change are used in all distributions. 

a large increase in resolution is offered by deconvolution, the 
iterative relaxation method producing the largest increase. For 
experiment B where the high flow rate leads to strong peak 
overlap, deconvolution offers essentially base-line resolution 
in the size distribution. 

The effective particle sizes that are produced from the 
deconvolution methods are given in Table II along with the 

Table II. Mean Particle Diameters (in SLm) from the PMMA Experiments 

experimenta 

peak no. A B C D d' % RSD' dn' 

1 0.218, 0.218, 0.220 0.215,0.217,0.217 0.200, 0.200, 0.200 0.209, 0.210, 0.209 0.211 3.6 0.213 (1) 
2 0.267, 0.267, 0.266 0.258, 0.263, 0.266 0.249, 0.252, 0.254 0.255, 0.257, 0.256 0.259 2.5 0.268 (2) 
3 0.297, 0.297, 0.297 0.289, 0.292, 0.293 0.285, 0.287, 0.286 0.288, 0.288, 0.287 0.291 1.6 0.307 (3) 
4 0.320, 0.320, 0.320 0.314, 0.314, 0.315 0.310,0.310,0.311 0.313, 0.313, 0.313 0.314 1.2 0.338 (4) 
5 0.336, 0.335, 0.335 0.332, 0.332, 0.332 0.330, 0.329, 0.329 0.332, 0.332, 0.331 0.332 0.69 0.364 (5) 
6 0.347,0.350,0.349 0.346, 0.346, 0.346 0.347,0.347,0.347 0.348, 0.348, 0.348 0.347 0.36 0.387 (6) 
7 0.361, 0.360, 0.360 0.407 (7) 

a First number: no deconvolution, second number: Fourier deconvolution, third number: iterative deconvolution. b Calculated particle 
diameter based on number (n) of aggregated singlets. C Calculated from the 12 particle diameters. 
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Table III. The ad Values (in nm) Estimated from the PMMA Experiments 

experimenta 

peak A B C 

1 11.7,7.79,2.63 28.9, 13.5, 3.79 20.3, 12.3, 2.69 
2 7.24,4.92, 1.26 b, 6.60, 1.67 9.47,6.65,1.35 
3 4.88, 3.18, 1.18 b, 5.62, 2.53 6.26, 4.10, 1.54 
4 3.91, 2.51, 0.916 b, 4.87, 3.23 5.11,3.79,1.89 
5 3.62, 2.32, 1.39 b, 3.50, 3.49 4.20, 2.35, 2.25 

D 

13.9,9.18, 2.78 
6.92, 5.08, 1.76 
5.45, 3.92, 3.02 
4.03, 2.83, 2.92 
3.31,2.35,2.74 

ifd per method 
between 

fractograms B, C, 
andD 

21.0, 11.6, 3.09 
8.2, 6.11, 1.59 
5.86, 4.55, 2.36 
4.57, 3.83, 2.68 
3.76,2.73,2.82 

% RSD per 
method between 
fractograms B, C, 

and D 

35.8, 19.1, 19.8 
22.0, 14.6, 13.5 
9.78, 20.5, 31.9 

16.7,26.6,26.2 
16.8, 24.3, 22.1 

aFirst number, no deconvolution; second number, Fourier deconvolution; third number, iterative deconvolution. bpeak quantitation is 
unreliable due to fused peaks. 
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Figure 5. The broadening parameter O't for ali fractograms from eq 
15. The solid circles indicate values of O't used in the Fourier decon
volution for each fractogram. 

particle sizes obtained without deconvolution. Also given in 
Table II is the theoretical particle diameter do> equal to the 
effective particle diameter for doublets (n = 2), triplets (n = 
3). and higher order aggregates. Assuming that each singlet 
particle contributes a volume of "dI

3/6 to the aggregate, the 
volume equivalent (effective) diameter of the aggregate is dn 
= nl / 3dl where dl is the diameter of the singlet particle. 
Assuming that dl is 0.213 I'm (SEM analysis yields dl = 0.213 
± 0.013 I'M), good agreement between experiment and the 
calculated dn is found for the effective doublet and triplet 
diameters d2 and d3• The higher order aggregates show in
creasing departures in effective diameter; the onset of sterie 
and hydrodynamic effects for the relatively elongated ag
gregates are most likely responsible for this observed behavior 
(35--37). Other sources of error must be considered here such 
as the light scattering and diffusivities, which are based on 
the explicit assumption of spherical particles; the deviation 
of these quantities for aggregated particles requires further 
investigation. 

As shown in Table II, deconvolution by both methods yields 
mean effective particle diameters that are very close to the 
diameters obtained without deconvolution. This suggests that 
deconvolution offers little gain (or distortion) for the deter
mination of the mean effective particle diameter. However, 
observation of Table III and Figure 4 shows that deconvolution 
offers a large gain in removing the nonequilibrium zone 
broadening contribution, which is useful when accurate po
lydispersity (size distribution) quantitation is desired. 

Table III along with Figure 4 shows that a smaller degree 
of effective band broadening is removed by the Fourier me
thod as compared to the iterative method. There are two 
reasons for the differences in the two approaches. First, as 
mentioned previously, one unique O't must be used for Fourier 
deconvolution. As shown in Figure 5, 0', varies for each 
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Figure 6. The logarithm of the power spectrum of the time domain 
data for fractogram A (--) and the Fourier deconvolved time domain 
(---). 

fractogram over a large range so that one region of the frac
togram may be accurately deconvolved and another not. One 
observes the appearance of oscillations in regions of overde
convolution (more broadness is removed than is physically 
allowed). To compensate for these oscillations, the power 
spectrum is held constant, as shown in Figure 6, in the fre
quency region of oscillation. Occasionally the base line will 
become slightly negative with this approach. In those cases 
the negative segments are set equal to zero. Although this 
scheme is functional, the fidelity of deconvolution is ques
tionable because of the substantial change of 0', over the 
fractogram. 

The relative accuracy of the two deconvolution methods 
is difficult to judge without absolute polydispersity values. 
Some approximate polydispersities are available from previous 
sedimentation FFF results. These values, obtained from plate 
height versus flow velocity plots, are as follows (35,37). For 
singlets, doublets, and triplets the calculated O'd values are 4.9 
± 1.9 nm, 3.8 ± 2.3 nm, and 3.1 ± 1.5 nm, respectively. 
Comparing these values with those from Table III (3.09, 1.59, 
and 2.36 nm) for the iterative method, it can be seen that the 
mean O'd values from plate height measurements are higher 
than those from the iterative deconvolution (but comparable 
in terms of the statistical significance). However, they are 
smaller than the O'd values obtained by using the Fourier 
method of deconvolution (11.6, 6.11, and 4.55 nm). Because 
of the reasonably close agreement of the iterative method and 
plate height "d values, it appears that the iterative method 
is superior in performance to the Fourier method. 

An indirect criterion of the effectiveness and accuracy of 
deconvolution is provided by comparison of the resolution and 
peak areas obtained for different particle populations, such 
as those shown in Figure 4. For all four experiments (A, B, 
C, and D), the resolution between successive peaks should be 
identical even though the experimental conditions vary. 
Figure 4 shows that the resolution between successive peaks 
obtained by the iterative method is comparable in the four 
experiments. The Fourier method provides similar levels of 
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Table IV. Mean Particle Diameters (in /Jm) from the Polystyrene Experiments 

experimentG 

peak no. E F 

0.180. 0.201. 0.192 0.170. 0.200. 0.185 
0.327, 0.329, 0.328 0.326, 0.325, 0.327 
0.483, 0.484, 0.484 0.489, 0.489, 0.489 

G 

0.164,0.163.0.175 
0.322. 0.322. 0.320 
0.493, 0.493, 0.490 

db 

0.181 
0.325 
0.488 

% RSDb 

8.0 
0.95 
0.77 

GFirst number, no deconvolution; second number, Fourier deconvolution; third number, iterative deconvolution. bCalculated from the 
nine particle diameters. 

Table V. The Ud Values (in nm) Estimated from the Polystyrene Experiments 

experimentU 
O'd per method 

between % RSD per method 
peak E F G fractograms between fractograms 

22.6, 28.9, 11.9 20.5, 20.1, 9.87 30.9,30.7,14.0 24.7,26.6,11.9 22.3,21.3,17.3 
35.3, 23.9, 5.75 30.0, 19.4, 4.33 25.7, 24.S, 5.15 30.3, 22.7, 5.0S 15.S, 12.7, 14.0 
10.6, 7.26, 2.S7 S.03, 5.0S, 2.10 S.75, 6.S5, 3.42 9.13, 6.40, 2.S0 14.5, 18.1, 23.7 

a First number, no deconvolution; second number, Fourier deconvolution; third number, iterative deconvolution. 
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Figure 7. Experimental fractograms for polystyrene latex mixture. 
Conditions are given in Table I. 

resolution in experiments A, C, and D, but a lesser resolution 
is found for experiment B, whicb is the most challenging of 
tbe experiments because of its greater degree of band 
broadening arising from high flow conditions. 

We note in addition that the relative heights and areas of 
the successive peaks after deconvolution should be identical 
in experiments B, C, and D (but not A). Both deconvolution 
methods perform satisfactorily in this regard noting that the 
results, as given in Figure 4, are presented with arbitrary 
concentration scales. 

The raw fractograms from three experiments obtained by 
using tbe polystyrene mixture are shown in Figure 7. The 
fIrst peak in these fractograms is due to a small-sized impurity 
(nominal diameter 0.225 )Lm) that was known to be present 
with the larger particle fractions of the mixture. Also present 
in the first peak is the void response. 

Tbe results of deconvolution of the particle size distributions 
for the polystyrene samples are shown in Figure 8. As can 
be seen from this fIgure, the variation in results between the 
two deconvolution methods is quite pronounced althougb good 
agreement is again found between the metbods with respect 
to the mean diameter of the component particles as shown 
in Table IV. Similar to Table III for the PMMA experiments, 
the tabulated ~d values for the polystyrene experiments are 
given in Table V. Again, tbe iterative relaxation method 
reduces the broadening beyond that achieved by the Fourier 
deconvolution method. 
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Figure 8. Particle size distributions of experiments E, F, and G with 
and without deconvolution. Light scattering correction and scale 
change are used in aU distributions. 

Tbe accuracy of the deconvolution metbods may be com
pared with the results from microscopic observations and plate 
height measurements. The 0.327 -)Lm polystyrene standard 
was subject to characterization by the supplier where 231 
particles were measured by transmission electron microscopy 
(TEM) (38). The particle sizes were obtained by reference 
to a grid; results of computer analysis gave a standard devi
ation ~d of 7.61 nm. Tbis compares witb the resulting mean 
~d for tbree experiments of 5.08 nm using iterative deconvo
lution. Although not sbown here, the particle size histogram 
from TEM analysis is very jagged, indicating a distinct un
dersampling of the particle population. The plate height 
measurements provided a ~d value of 21.8 ± 6.2 nm for the 
0.327-)Lm polystyrene standard, which bears considerable 
uncertainty. This value is slightly less but comparable to 22.7 
nm obtained by the Fourier deconvolution method. For tbe 
0.551-)Lm polystyrene standard, tbe ~d value of 8.8 ± 1.5 nm 
obtained by plate height measurements is again comparable 
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to 6.4 nm obtained by the Fourier deconvolution method. In 
this case, the iterative deconvolution method provided a much 
lower "d value of 2.8 nm. 

Although the iterative method of deconvolution appears 
to be the method of choice for deconvolution of sedimentation 
FFF fractograms, this method puts stringent requirements 
on the theory of retention and of zone broadening. This may 
explain some of the variability seen in "d between experiments, 
This may also explain some of the rather odd peak shapes 
found when the iterative method is used in the low retention 
regions of the fractograms. Some of the squareness of these 
earlier peaks may be reduced by applying filtering on each 
iteration to Wlk+1)(t i); however, this causes additional broad
ness as measured by "d' Other sources of distortion may 
include detector nonlinearity and the error from strip chart 
recorder transcription. 

As the results presented here indicate, significant reduction 
in the experimentally determined "d value can be realized with 
deconvolution. The iterative relaxation method appears to 
perform much better than the Fourier method except for its 
increased computation time, typically a few minutes when the 
G broadening matrix is stored in computer memory as a 
banded array with sparsity removed. In addition, the iterative 
relaxation method utilizes the theoretical relationships more 
effectively because there are very few assumptions made re
garding "tj. 

Although we have shown here the results of particle size 
distributions using deconvolution for samples where each peak 
has a relatively narrow distribution, thus maximally chal
lenging the deconvolution process, deconvolution has been 
applied to a variety of experimental fractograms. For the case 
of a wide size distribution such as found for a safflower oil 
emulsion (6), deconvolution carried out under conditions of 
high resolution offers little enhancement because the intrinsic 
broadness of the size distribution is large compared to the 
nonequilibrium broadening. This is consistent with the 
theoretical results given in Figure 2. However, experiments 
with polydisperse samples can be carried out at high flow 
conditions where significant nonequilibrium band broadening 
will occur, and it should be possible for the resolution (ac
curacy) to be recovered by deconvolution. It remains for 
future work to explore the extent to which accuracy and 
separation speed can be optimized. 

The results of deconvolution presented here have been 
performed on constant field fractograms. Field programming, 
which has been utilized with great success in sedimentation 
field-flow fractionation, is a prime candidate for the decon
volution technique because there is an inherent loss of reso
lution as the field strength is decreased, In this respect it may 
be anticipated that experiments (programmed or nonpro
grammed) can be carried out in shorter time and the resolution 
restored mathematically, as demonstrated for experiment B. 
Also flow programming may be useful in this regard with 
resolution restored by means of deconvolution, The accuracy 
of deconvolution from programmed field experiments needs 
to be examined in extending the deconvolution methodology 
because secondary relaxation effects (39-41), which complicate 
the retention theory for programmed-field operation, may be 
difficult to incoporate into a programmed-field zone broad
ening theory (42, 43), Some aspects of deconvolution for 
programmed runs will be presented in a subsequent paper. 

The deconvolution techniques place a tremendous burden 
on the accuracy of theory as the retention ratio approaches 
unity. In a recent paper (18) it is suggested that large de
viations from standard retention theory exist near the void 
peak (R = 1); this is unfortunate since this region can benefit 
greatly from resolution enhancement. Although empirical 
equations can be produced for retention and zone broadening 

in this region, it is preferable to design experiments such that 
the first peak elutes after four channel volumes. This may 
be impractical, however, for very broad particle dispersions. 
As shown in this paper, the iterative relaxation method of 
deconvolution tends to perform poorly in the region near the 
void peak. In this regard it may be desirable to limit the 
retention ratio range over which deconvolution is applied. 

Finally, we note that sedimentation FFF with deconvolution 
may be useful for very high accuracy in particle size deter
mination. With deconvolution, the sedimentation FFF 
technique may yield an accuracy that approaches or exceeds 
that of electron microscopy as a particle sizing technique. Due 
to the large number of particles that need to be counted for 
statistical accuracy, the possible disturbances caused by re
moving particles from their normal environment, and the 
possibility of particle shrinkage in the electron beam, sedi
mentation FFF may assume a complementary role for the 
accurate determination of colloid particle size distributions. 
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NOMENCLATURE 

Ao, detector signal normalization constant 
b, detector path length 
D, diffusion coefficient 
d, particle diameter 
F-', inverse Fourier transform operator 
F(j), detector signal in frequency domain 
F*(j), complex conjugate of F(j) 
F(t), detector signal in time domain 
G, field strength (acceleration) 
G(j), detector signal in frequency domain due only to none

quilibrium zone broadening 
G(t), G(t,t), detector signal in time domain due only to 

nonequilibrium zone broadening 
H, total plate height 
H k, plate height from instrumental contributions 
Hp' plate height due to polydispersity 
k, Boltzmann's constant 
L, channel length 
n, nv, nd, number concentrations 
R, retention ratio 
ro, relaxation constant 
r[W1k)(t i)], relaxation parameter 
T, absolute temperature 
t, til til t', time 
tr, retention time 
to, void time 
(v), average flow velocity 
Vr, retention volume 
W(j), detector signal without zone broadening in frequency 

domain 
W(t), detector signal without zone broadening in time domain 
w, channel thickness 
1], viscosity 
A, dimensionless layer thickness 
p, density of carrier liquid 
p" density of sample particles 
"t, "t, standard deviation of Gaussian peaks in time domain 
"d, standard deviation of particle size distributions 
("d/ d)app' apparent polydispersity 
(Jexb extInction coefficient 
x, nonequilibrium parameter 
T, turbidity 
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Determination of Acrylonitrile in Stationary Source Emissions 
by Impinger Sampling and Gas Chromatography with 
Nitrogen-Phosphorus Detection 
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Research Triangle Park, North Carolina 27709 

Jimmy C. Pau, J. E. Knoll, and M. R. Midgett 

u.s. Environmental Protection Agency, Research Triangle Park, North Carolina 27711 

Acrylonitrile (AN) has been identified as a suspected carci
nogen and may be regulated in the future as a hazardous air 
pollutant under Section 112 01 the Clean Air Act. A method 
lor sampling and analysis 01 AN in stationary source emissions 
has been developed and evaluated through both laboratory 
and field testing. In this method, a midget impinger containing 
methanol followed by a back-up sorbent tube containing ac
tivated charcoal Is used to trap AN vapor. Analysis is per
formed by capillary column gas chromatography with a ni
trogen-phosphorus detector (NPD). The percentage accu
racy 01 the method is 4.6% based on laboratory tests cov
ering the range of 10.6-1038 ppm AN and 0-40% moisture 
by volume at 100 °c. The precision 01 the method in labo
ratory tests, expressed as a pooled relative standard devia
tion, was 3.3 %. The precision 01 the method in lield tests at 
two dillerent sites was 1.9 % and 2.4 % (pooled relative 
standard deviation), respectively. The instrumental limit 01 
detection lor acrylonitrile in methanol was determined to be 
0.051 ng/iLL. 

INTRODUCTION 
The U.S. Environmental Protection Agency (USEPA), 

0003-2700/89/0361-2743$01.50/0 

Research Triangle Park, NC, has a program to evaluate and 
standardize source testing methods for hazardous pollutants 
in anticipation of future regulations. The Research Triangle 
Institute (RTI) was recently contracted by the USEPA to 
develop and evaluate a sampling and analysis method for 
acrylonitrile (AN) emissions from stationary sources. A test 
method based on National Institute for Occupational Safety 
and Health (NIOSH) Method 1604 (1) was developed earlier 
by another EPA contractor (2). This method used charcoal 
tubes to adsorb the compound during sampling, followed by 
solvent desorption and gas chromatographic analysis with 
flame ionization detection (GC/FID). Hydrocarbon inter
ference and the presence of water vapor in the source have 
been detrimental to the effectiveness of the method, reflected 
primarily in poor accuracy at low concentrations of AN. Poor 
accuracy and recovery at low levels of acrylonitrile on charcoal 
have also been documented in other work (3). In the present 
study, two modifications were investigated. The first was the 
use of an impinger to remove most of the water from the 
sample stream before it reaches the charcoal tube. The second 
modification was the use of a nitrogen-phosphorus detector 
(NPD), rather than an FID, in the analysis of the samples. 
The NPD was chosen for this study because it responds se
lectively to nitrogen- and phosphorus-containing compounds 

© 1989 American Chemical Society 
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/ Nut & Ferrule 
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\ 'Tygon Tube 

1/4" Teflon Tube 

Dewar and Ice 

Figure 1. Acrylonitrile sampling apparatus. 

(4). Generally, a very weak response is obtained with com
pounds that do not contain these elements. The new method 
was evaluated initially in the laboratory to determine the 
precision, accuracy, and detection limits. After the laboratory 
evaluation, the method was tested in the field at two different 
sites. The first field test was conducted at an acrylic fiber 
manufacturing plant (site A) where AN was used as a raw 
material. The second test was performed at an AN manu
facturing facility (site B). Samples were collected over a 
two-day period at each location. 

This paper describes the development of this method in 
both laboratory and field studies. Further details of the 
evaluation are contained in a project report (5). 

EXPERIMENTAL SECTION 

Apparatus. Test mixtures of acrylonitrile in dry or humidified 
nitrogen were produced for use in the present study. These 
mixtures were generatsd with a dynamic dilution system consisting 
of a pressurized stainless steel sphere of AN in dry nitrogen 
(100-3000 ppm), a heated glass mixing bulb, a heated glass sam
pling manifold, and mass flow control of diluent nitrogen and AN 
in nitrogen gas flows. When required, a three-neck flask contsining 
organic-free water and housed in a heating mantle was used to 
humidify the diluent nitrogen. 

The pressurized sphere of AN vapor in nitrogen was produced 
at RTI using a gas standard preparation system. This system 
consists of a six-port rotary valve fitted with a calibrated volume 
stainless steel loop for injecting pure AN liquid, a high-precision 
bourdon-tube vacuum/pressure gauge (Heise Model CMM), a 
vacuum pump, and a high-pressure cylinder of clean, dry nitrogen. 
The accuracy of this system in producing gas standards has been 
established previously and is described in a separate publication 
(6). 

Sampling apparatus consisted of a 25-mL midget impinger, a 
coconut charcoal tube with an 800-mg front section and a 200-mg 
back section, and a low flow air sampling pump (SKC Model 
222-3). A schematic of the acrylonitrile sampling train is shown 
in Figure 1. The sampling trains were connected to the sampling 
manifold during laboratory testing with '/4 in. o.d. Teflon tubing. 
During field testing a site A, '/8 in. o.d. stainless steel tubing was 
used as a sample probe for each sampling train. A stsinless steel 
manifold was used at site B and sample trains were connected 
to the manifold with '/4 in. o.d. Teflon tubing. 

Samples were analyzed with a Hewlett-Packard Model 5880A 
gas chromatograph equipped with a nitrogen-phosphorus detector 
and a split/splitless capillary injector. Laboratory samples and 
site A samples were injected onto a 30 m x 0.25 mm i.d. DB-WAX 
fused silica capillary column (0.5-l'm fihn thickness). Site B field 
test samples were injected onto a 30 m X 0.55 mm i.d. DB-WAX 
fused silica capillary column (1.0-l'm film thickness). 

Procedure. Tests of the precision and accuracy of the proposed 
method were performed in the laboratory by using test mixtures 
generated with the dynamic dilution system. The mixtures ranged 
in acrylonitrile concentration from 10.8 to 1038 ppm and in watsr 
vapor concentration from 0 to 40% by volume at 100 °C. During 

a given test, concentrated acrylonitrile in dry nitrogen from a 
pressurized canister was metered into a spherical1-L glass mixing 
bulb located in a heated enclosure. Diluent nitrogen was metered 
into the bulb simultaneously, and the concentration of AN in the 
dilution system manifold was calculated from the two flow rates 
and the concentration of the gas in the source canister. For some 
tests, water vapor was introduced to the test mixture by passing 
the diluent nitrogen through a heated flask containing organic-free 
water. The water vapor concentration was calculated from two 
gas flow rates and the water temperature. 

During each test, three samples were collected simultaneously 
from the glass manifold. Each sampling train consisted of an 
impinger containing 25 mL of chromatographic grade methanol, 
a charcoal tube, and a sampling pump in series. The impingers 
were placed in Dewar flasks containing ice water. Prior to sam
pling, the dilution system was allowed to equilibrate. Following 
this, sampling was carried out for 1 h at a nominal rate of 50 
mL/min. Flow rates were measured with a soap-fihn flowmeter 
before and after each test. After sampling, the charcoal tubes 
were removed and capped, and the impinger solutions were 
transferred to glass storage vials with several solvent rinses. 

Before analysis, 5 I'L of valeronitrile was ad.ded as an internal 
standard to each impinger solution. Charcoal tubes were desorbed 
with 10 mL of 2 % formic acid in methanol. The desorbing 
solutions were also spiked with the valeronitrile internal standard. 
Samples were analyzed by gas chromatography with nitrogen
phosphorus detection. Helium carrier gas was supplied at a flow 
rate of 1.3 mL/min (measured at 60 °C column temperature). 
Detector hydrogen and air were supplied at 6.5 and 85 mL/min, 
respectively. A helium flow of 30 mL/min was used for carrier 
make-up gas. The detector temperature was 240 °C and the 
injector temperature was 250 °C. Injections of 1-I'L sample 
aliquots were performed with a split ratio of 60:1. The column 
temperature program was 60 °C for 3 minutes, 5 oC/min to 100 
°C, 100 °C for 1 min. Detector linearity was evaluated for 
acrylonitrile over a range of concentrations (10-3840 ppm) and 
was found to be excellent (log area vs log concentration yielded 
a slope of 1.006 and a correlation coefficient of 0.99992). 

The instrumental limit of detection (LOD) was determined by 
using the single sample method (7). A solution of AN at a con
centration of approximately twice the estimated limit of quan
titation (obtained from literature values) was analyzed nine 
consecutive times. The standard deviation of the detector re
sponse was then multiplied by 3 to obtain the response at the 
LOD. The LOD was calculated by applying the detector cali
bration factor to this response. 

The procedure for sample collection and analysis during field 
testing was similar to that of the laboratory evaluation. Six 
sampling rUllS were performed on each of two days at site A with 
four samples collected in parallel during each run. Source gas 
containing acrylonitrile vapor was introduced into each sample 
train through a '/8 in. o.d. stainless steel probe inserted through 
the wall of an exhaust vent on the plant roof. After sampling, 
impinger solutions and charcoal tubes were stored on ice during 
return to the laboratory for analysis. Each impinger sample was 
analyzed as described previously and one charcoal tube was se
lected at random from each run for analysis. 

At site B, source gas effluent from a wet scrubber was pumped 
to a stainless steel sampling manifold to which four sampling trains 
were connected. Seven sampling runs were performed on the fmt 
day and six on the second day. Sample analysis procedures were 
identical with those used for Site A field samples except that a 
wide-bore capillary column was used to increase injection volume 
capacity and allow measurement of the lower concentrations. 
Chromatographic conditions were the same as those used with 
the narrow bore column except for a helium carrier gas flow rate 
of 5.6 mL/min and the use of a split/splitless injection technique. 
The splitless period was 1.2 s and the injector liner was purged 
during the split mode with 120 mL/min of helium. 

RESULTS AND DISCUSSION 

Accuracy and Precision Tests. The results of laboratory 
tests to determine the accuracy and precision of the proposed 
method are shown in Table 1. The measured acrylonitrile 
concentrations are based on calculations from the impinger 
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Table I. Accuracy and Precision Test Results 

H20 vapor true AN measured AN corren, ppm 

run no. conen,% conen, ppm imp A 

1 0 10.8 9.72 
2 0 1000 980 
3 30 10.7 9.95 
4 20 10.6 10.1 
5 30 10.7 9.63 
6 33 10.9 10.4 
7 32 107 107 
8 32 101 104 
9 32 98.6 104 

10 40 513 508 
11 32 1038 996 

Table II. Site A Field Test Results 

AN Source COllen, ppm 

run no. imp A impB impC impD mean std dev % RSD 

1 105 112 111 107 109 3.3 3.04 
2 108 108 112 108 109 2.0 1.83 
3 109 109 111 109 110 1.0 0.91 
4 109 111 109 110 1.5 1.39 
5 111 109 111 110 110 1.0 0.87 
6 110 113 114 110 112 2.1 1.84 
7 84.0 82.8 85.7 82.5 83.8 1.4 1.73 
8 83.8 85.1 87.4 86.9 85.8 1.7 1.93 
9 83.2 83.5 85.4 81.7 83.4 1.5 1.82 

10 84.3 80.2 85.1 84.4 83.5 2.2 2.67 
11 74.9 73.8 76.8 74.1 74.9 1.3 1.80 
12 102 102 104 101 102 1.3 1.23 

solution analysis and sample gas volume collected. Analysis 
of the desorbed charcoal tube samples showed insignificant 
(less than 1 %) breakthrough of the impingers. The percentage 
accuracy of the mean concentration is shown for each run. The 
overall average percentage accuracy is 4.6 %. 

The relative standard deviation of the triplicate samples 
ranged from 0.6 to 8.9%. The overall method precision, ex
pressed as the pooled relative standard deviation, is 3.3 %. 

To test the effect of moisture on precision and accuracy, 
logarithmic transformations were carried out, and means, 
standard deviations, and deviations from the prepared values 
were calculated. Linear regression of the standard deviations 
on the meanS showed that the standard deviations were not 
level dependent (calculated t statistic, 0.32; critical value, 2.62). 
Linear regression of the deviations from the prepared values 
on the H20 concentrations failed to show any correlation 
(calculated t statistic, 1.27; critical value, 2.62). Application 
of the Bartlett test (8) to the standard deviations showed that 
the variances were not homogeneous (calculated x2 statistic, 
3.09; critical value, 16.9). The pooled standard deviation 
calculated from the remaining data was 0.0086, which corre
sponds to a coefficient of variation of 0.9 %. The lack of 
correlation of the deviations with moisture content and the 
constancy of the variances are indications that moisture did 
not affect the measurements significantly. 

A test of the mean of the transformed deviations yielded 
a t-statistic value of 7.49, which when compared with the 
critical value, 2.20, indicated that the mean was significant 
at the 95% confidence level. It corresponded to a negative 
bias of 2.2%. 

Limit of Detection. The average concentration of 
acrylonitrile determined for a low concentration solution of 
acrylonitrile in methanol based on nine injections was 0.459 
ngj ILL with a standard deviation of 0.017 ngj ILL. The limit 
of detection is then 0.051 ngj ILL which is equivalent to 0.192 
ppm in air for a 3-L air sample with AN collected in 25 mL 
of methanol. 

impB impC % accuracy % RSD 

9.72 9.94 -9.3 1.3 
980 990 -1.7 0.6 
10.0 10.2 -6.1 1.3 
10.2 10.3 -3.8 1.0 
9.63 9.74 -9.7 0.7 
11.6 10.9 0.6 5.5 
125 108 5.9 8.9 
103 106 3.3 1.5 
102 104 4.8 1.1 
503 503 -1.6 0.6 
986 1007 -4.0 1.0 

Table III. Site B Field Test Results 

AN source conen, ppm 

run no. imp A imp B imp C imp D mean std dev % RSD 

23.2 22.5 23.5 23.3 23.1 0.46 2.0 
2" 15.7 17.5 20.6 
3" 26.3 19.3 25.9 25.7 
4 28.3 27.0 28.2 27.8 27.8 0.58 2.1 
5 28.0 26.5 26.0 26.7 26.8 0.86 3.2 
6 27.4 26.3 26.9 27.2 27.0 0.46 1.7 
7 33.6 30.6 32.7 33.6 32.6 1.40 4.3 
8 32.9 31.5 32.9 32.3 32.4 0.65 2.0 
9 38.2 38.1 38.6 38.5 38.4 0.27 0.7 

10 43.5 44.9 41.5 41.3 42.8 1.74 4.1 
11 42.4 41.0 42.4 41.4 41.8 0.71 1.7 
12 44.1 43.4 43.6 43.4 43.6 0.30 0.7 
13 46.6 46.0 46.6 46.0 46.3 0.32 0.7 

a Results discarded due to problems with sampling manifold flow 
during sample collection. 

Site A Field Test. The results of analyzing impinger 
samples from site A are shown in Table II. Excellent method 
precision was achieved with the highest relative standard 
deviation of 3.04 % occurring in run no. 1. Linear regression 
of the standard deviations versus the means showed that the 
values were not level dependent. Application of the Bartlett 
test showed that the standard deviations were homogeneous; 
therefore, it was possible to calculate a pooled standard de
viation that was more representative of the data than the 
standard deviation of any single run (6). This value was 1.8 
ppm (1.9% relative standard deviation). 

Concentrations determined from analysis of one charcoal 
tube from each sampling run were 1 % or less of the total 
concentration measured. This agrees well with the results 
obtained in the laboratory evaluation. 

Site B Field Test. Results of the analysis of impinger 
samples from site B are shown in Table III. Excellent pre
cision was again achieved with the highest percent relative 
standard deviation at 4.3% for run no. 7. Application of the 
statistical methods cited above showed that the standard 
deviations in Table III were also homogenous; the pooled 
standard deviation was 0.84 ppm (2.4 % relative standard 
deviation). 

Concentrations determined from analyzing charcoal tubes 
from selected runs were again less than 1 % of the total con
centration. 

Stability Study. A study of acrylonitrile stability in 
methanol was performed by preparing and analyzing four 
solutions containing AN at levels near that observed in the 
site A field test samples. Two of the solutions contained 36 
ppm of 4-methoxyphenol as an inhibitor to AN polymeriza
tion. Each solution was analyzed immediately after prepa
ration, after 2 days, and then after 2 weeks. The study results 
are shown in Table IV. The data indicate that AN in 
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Table IV. Acrylonitrile in Metbanol Stability Study 
Results 

solvent 

methanol 
methanol 
methanol with inhibitor 
methanol with inhibitor 

measured acrylonitrile 
coneD, ng/,uL 

initial 2 days 2 weeks 

33.7 
33.4 
33.9 
34.3 

34.1 
34.6 
34.4 
34.4 

34.7 
34.5 
33.8 
34.9 

methanol at about 35 ngj I'L, either with or without inhibitor, 
is stable for at least two weeks. 

CONCLUSIONS 

A simple, inexpensive, and accurate method for the de
termination of AN emission from stationary sources has been 
developed. The method has demonstrated a high level of 
precision that appears to be unaffected by moisture levels as 
high as 40% by volume at 100 °C and is applicable over a wide 
range of AN concentrations (10-1000 ppm). Acrylonitrile in 
methanol either with or without inhibitor was found to be 
stable for at least two weeks. 

There are two major advantages of this new method. First, 
acrylonitrile is trapped in methanol contained in an impinger 
instead of a charcoal tube, avoiding the problems with poor 
trapping efficiency and low analytical recovery of acrylonitrile 
sampled with charcoaL The backup charcoal tube specified 
in this new method is used only as an indicator of impinger 
breakthrough and could possibly be omitted or substituted 
with another impinger. Second, the specificity of the NPD 

avoids the problem of hydrocarbon interference with detection 
by FlD. 
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The band broadening In open-tubular column liquid chroma
tography with capillaries of 9.5, 5.4, and 4.6 jLm Inner diam
eter coated with poly(butadlenesulfonic acid) or poly(buta
dlene-malelc acid) Is measured and compared with results 
from the Golay equation. For a capillary column of 9.5 jLm 

l.d.lO.58 m length, coated with the strong cation exchanger, 
210000 and 47100 theoretical plates for k' = 0 and k' = 
1.65, respectively, at the optimal flow rates were obtained. 
These values correspond to about 99 % and 67 %, respec
tively, of the theoretical ones. For the capillary column of 4.6 
jLm Ld.lO.90 m length, coated wHh the weak cation exchan
ger, 680000 and 246000 theoretical plates for k' = 0 and k' 
= 0.16, respectively, were obtained at the optimal flow rates. 
These values correspond to about 100% and 89%, respec
tively, of the theoretical ones. For both capillary columns 
about 91-100 % of the theoretical plate numbers were ob
tained at higher flow rates (3·v ... ). Separations of alkali
metal/ammonium Ions within 6 min and of the alkali-metal 
Ions within 3 min with detected quantities in the 10-15 mol 
range (9.5 jLm I.d. capillary), as well as of ammonium, alkali, 
and alkaline-earth metal Ions In 4 min (4.6 jLm I.d. capillary) 
with quantities of 0.2 to 20 X 10-15 mol were achieved. 

INTRODUCTION 
To realize acceptable analysis times in high-resolution 

open-tubular column liquid chromatography, column diam
eters ::::10 I'm have to be used (1-3). For such separation 
systems, both the injection and detection processes frequently 
are limiting factors to the resolution power of the chroma
tographic system (4). On-column electrochemical detectors 
are of special interest to obtain small detection volumes and 
fast response (5-13). Utilizing a pressure pulse-driven stop
ped-flow injection system (8) and an on-column potentiometric 
detector (7), 106 theoretical plates were obtained for nonre
tained components in 220 s with a column of 1.30 m length 
and 3.5 I'm inner diameter (Ld.) (7). This corresponds to a 
loss of 25 % in the theoretically possible number of theoretical 
plates (7). There are very few reports quantitating the loss 
of resolution in realistic liquid chromatographic separations 
in open-tubular columns of a diameter::::lO I'm (13-21). Here 
we report on the chromatographic resolution observed in the 
separation of cations utilizing capillaries of 9.5, 5.4, and 4.6 
I'm i.d. taking theoretically care of the diffusion of components 
in the stationary phase (14-16). 

EXPERIMENTAL SECTION 
Chromatographic System. The chromatographic system used 

has been described previously (5-8). It consists of the components 
shown in Figure 1: A constant flow high precision pump, Model 

0003-2700/89/0361-2747$01.50/0 

Figure 1. SchematiC diagram of the open-tubular column liquid 
chromatograph. 

P-500 (:0040 bar, Pharmacia Fine Chemicals AG, Uppsala, Sweden), 
for the pressure pulse and rinsing procedure, a helium cylinder 
(:00200 bar, PanGas, Zurich, Switzerland) and a high-pressure 
autoclave equipped with a Teflon liner (:00200 bar, 0.75 L, Berghof 
GmbH, Eningen, FRG) for the elution process, a titanium tube 
(1 m, Pharmacia Fine Chemicals AG, Uppsala, Sweden) and three 
VICI switching valves, Model C6W, with electric actuators 
(switching time <200 ms, Valco Instruments Co., Inc., Houston, 
TX) as a stopped-flow injection system (8) now controlled by a 
TTLout Apple II+ (Apple Computer, Inc., Cupertino, CAl system, 
and a piezoresistant pressure gauge (Model EDR 212, Haenni 
Messgeriite, Jegensdorf, Switzerland). 

Detector. The detector cell and the position control system 
for the microelectrode and the fused silica capillary columns used 
were described previously (6). To reduce the noise, a reference 
electrode of the free-flowing free-diffusion liquid-junction type 
was used (22). The cell assembly was the following: 

Hg; Hg2C12, KCl(satd.)13 M KCllmobile phasel ,-----.... ./ 
reference electrode 

mobile phase, sample components Imembranel3 M KCl, AgCl; Ag , ,,~----~/ 
ion-selective microelectrode 

The membrane contained 3% (w /w) potassium tetrakis(4-
chloropheny])borate in 2,3-dimethylnitrobenzene (both Fluka 
Chemie AG, Buchs, Switzerland). The potential difference be
tween the ion-selective microelectrode and reference electrode 
was measured as described earlier (23) and recorded (Kontron, 
W+W Recorder Model 314). The peak widths and the retention 
times were measured manually from the chromatograms. 

Capillaries. The inner diameters of the fused silica capillary 
columns of nominally 10 (one batch) and 5 I'm i.d. (two batches; 
Polymicro Technologies, Phoenix, AZ) were measured by the 
method described by Guthrie et al. (24). The results were 9.5, 
5.4, and 4.6 I'm i.d., respectively. 

Stationary Phases, Prepolymers. As stationary phases two 
prepolymers were used: The strong cation exchanger poly(bu-

© 1989 American Chemical Society 
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AEMFr----------------------------------------, 
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N '" 25000 

5 TIME[mln1 

Figure 2. Separation of 75 pL of alkali metal/ammonium ions (15-500 
f.Lmol L-') in a 9.5 I'm Ld. open-tubular column (0.58 m) coated with 
a strong cation exchanger (poly(butadienesulfonic acid); d, "" 0.1 I'm). 
1.4 mM formic acid (43 nL min-') as a mObile phase. and an ion-se
lective microelectrode as detector. 

tadienesulfonic acid) was synthesized at the Max-Planck-Institut 
fur Kohlenforschung. Mulheim-Ruhr, FRG (25, 26). The weak 
cation exchanger poly(butadiene-maleic acid) (Polysciences, Inc., 
Warrington, PA, 42% solids in water) was first diluted with water 
(1:3) and then refluxed during 3 h. The water was then evaporated 
under vacuum and the rest was dried during 15 h at room tem
perature and 1.3 X 10-5 bar. With this method a complete hy
drolysis of possibly existing poly(butadiene-maleic anhydride) 
is obtained. This procedure was necessary because the poly
(butadiene-maleic acid) is produced from the anhydride. Both 
prepolymers can easily be cross linked with a radical starter and 
have also been used tc coat silica gel for cation exchange chro
matography (25-27). 

Coating of the Open-Tubular Capillary Columns. A static 
coating procedure was used. All fused silica capillary columns 
were first rinsed with HF /HN03 (2.26% (v Iv) /2.15% (v/v)) and 
then with 1 % (w Iv) HCI for 10 min each. The obtained hy
droxylated surface offers good adhesion for the relatively polar 
prepolymers and leads to homogeneous films. Subsequently the 
capillary columns were washed with distilled water and methanol 
and were finally filled with a solution of the prepolymer and 5% 
(w /w) (relative to the prepolymer) dicumyl peroxide (Peroxid
Chemie GmbH, Hoellriegelskreuth, FRG) in methanol. The 
prepolymer concentrations were as follows: 4% (w Iv) of poly
(butadienesulfonic acid) for the 9.5 I'm Ld. capillary column, 7.5% 
(w Iv) and 8.5% (w Iv) of poly(butadiene-maleic acid) for the 5.4 
and 4.6 I'm i.d. capillary columns, respectively. One end of each 
of the filled capillary columns is dipped into Woods Metall (Fluka 
Chemie AG, Buchs, Switzerland) at 80°C, then cooled so that 
the capillary columns were sealed. Later the capillary columns 
were put into a desiccator, which is evacuated to 1.3 x 10-5 bar. 
Six weeks later they were removed from the desiccator and the 
pre polymer is cross linked in a gas chromatograph with a slow 
flow of helium (3 bar) during 2 h at 160°C. This way a calculated 
(assumed density of the prepolymer, 1 g/mL) film thickness of 
0.1 I'm was obtained. 

Chemicals. The chromatcgrams were obtained by using formic 
acid, tartaric acid, or tartaric acid and 2,6-pyridinedicarboxylic 
acid (Fluka AG, Buchs, Switzerland) and doubly quartz distilled 
water as mobile phase. To regenerate the 9.5 I'm i.d. capillary 
column, 0.1 M hydrochloric acid (E. Merck, Darmstadt, FRG) 
was used. The ammonium, alkali, and alkaline-earth metal 
chlorides, amino acids, nucleosides/bases. and neurotransmitters 
were from E. Merck, Darmstadt, FRG, or Fluka AG, Buchs, 
Switzerland. 

RESULTS AND DISCUSSION 
The previously described strong cation exchanger poly

(butadienesulfonic acid) (25,26) was used to successfully coat 
(28) fused silica columns of 9.5 I'm bore and 0.58 m length. 
Figure 2 shows a separation of alkali metal/ ammonium ions. 
For NH/, 25000 theoretical plates at a capacity ratio k' of 
1.4 are obtained. Depending on the history of the column 
(loading of the cation exchanger with alkaline-earth metal 

log h ,------------------------------, 

-k'=165 
Os= 8.10-9cm2 

5-
1 

-*---- k': 165 
LAST TERM NEGLECTED 

- k' = 0 

T 

-,+------.------r-----,----~-------~ -, log y 

Figure 3. Reduced plate height as a function of the reduced linear 
velocity. (Top) For a sample of 75 pL of water (e. k' = 0) and 
ammonium chloride (0. k' = 1.65; 30 j.<mol L-') in a 9.5 I'm Ld. 
open-tubular column (0.58 m) coated with a strong cation exchanger 
(poly(butadienesulfonic acid); d, "" 0.1 I'm). 1.4 mM formic acid as a 
mobile phase and an ion-selective microelectrode as detector. 
(Bottom) For a sample of 10 pL water (e. k' = 0) and potassium 
chloride (0. k' = 0.16; 25 f.Lmol L-') in a 4.6 I'm Ld. open-tubular 
column (0.90 m) coated with a weak cation exchanger (poly(butadi
ene-maleic acid); d, "" 0.1 I'm). 2.0 mM tartaric acid as a mobile 
phase, and an ion-selective microelectrode as detector. 

cations), variable k'values may be obtained for the same cation 
under apparently identical experimental conditions. 

In Figure 3 (top) the reduced plate height h as a function 
of the reduced linear velocity v is given for a nonretained (k' 
= 0, water) and a retained (k' = 1.65, NH4 +) component for 
the 9.5 I'm Ld. column. The plate heights for a nonretained 
component were obtained by injecting a sample of water. In 
contrast to the signal at t = 0 in Figure 2 this water injection 
leads to a fully symmetrical elution profile. The curves in 
Figure 3 were calculated by using the Golay equation (29) 

2 1 + 6k'+ 11k'2 2k' (dr )2Dm 
h = ; + 96(1 + k')2 v + 3(1 + k')2 d; D, v 

where d, is open-tubular column inner diameter, dr is the film 
thickness of stationary phase, Dm (NH/, 1.6 x 10-5 cm2 S-1 

(30)) and D, are the mean diffusion coefficients of the com
ponents in the mobile and stationary phase, respectively. To 
obtain the diffusion coefficients in the stationary phase, D, 
was computed from the Golay equation for each pair of ex
perimentally determined values h and v, utilizing the known 
parameters k', dO' dr, and Dm. Numbers thus obtained for D, 
were between (2 and 16) X 10-9 cm2 8-1 so that a mean of 8 
X 10-9 cm2 S-1 was used. Since D, was therefore adjusted to 
8 X 10-9 cm2 S-1 to calculate the top curve in Figure 3, the 
correlation between experimental and predicted data may look 
trivial. The diffusion coefficient is however the only parameter 
adjusted to a set of 29 experimental values and the resulting 
diffusion coefficient is realistic. It is in the same range as for 
plasticized PVC membranes with 0.4 wt % PVC (31) and other 
reported diffusion coefficients for stationary phases (immo
bilized silicon rubber) in open-tubular columns (16). The data 
in the table and Figure 3 suggest that there are no major 
extracolumn contributions to signal broadening at least at high 
flow rates. The volumes of the sample injected were 75 and 
10 pL for the columns of 9.5 and 4.6 I'm Ld., respectively. 
These values correspond to approximately half and one-third 
of the values that can be tolerated according to the calculation 
presented by Knox and Gilbert (1) (see also ref 8). For re-
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Table I. Parameters for Two Open-Tubular Columns with 
a de of 0.1 ~m and a Dm of 1.6 x 10-' em' .-1 (30) 

operation 
conditions I parameters 

number of theoretical plates 

Golay eq expt % of theory 

L = 0.58 m; 9.5 ~m i.d.; D, = 8 x 10'" em' .-1 
k' = 0 'opt = 13.86 211500 210000 -99 

, = 87.83 65100 61000 -94 
k' = 1.65 'opt = 4.58 69900 47100 -67 

, = 33.28 18900 19000 -100 

L = 0.90 m; 4.6 ~m i.d.; D, = 13 X 10'" em' 8-1 

k' = 0 'opt = 13.86 678000 680000 -100 
,= 40.82 413000 376000 -91 

k'= 0.16 'opt = 5.61 275000 246000 -89 
, = 40.82 74100 72700 -98 
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Figure 4. Separation of 75 pL of amino acids (20-110 I'mol L-') in 
a 9.5 I'm Ld. open-tubular column (0.58 m) coated with a strong cation 
exchanger (poly(buladienesulfonic acid): d, "" 0.1 I'm), 0.6 mM fomnic 
acid (15.4 nL min-f) as a mobile phase, and an ion-selective microe
lectrode as detector. 

~EMF'---------------------; 

[mY] 

30 60 90 TIME[s] 

Figure 5. Separation of 15 pL of alkali metal/ammonium ions 
(12-1300 I'mol L-') in a 4.6 ~m Ld. open-tubular column (0.90 m) 
coated with a weak cation exchanger (poly(butadiene-maleic acid), d l 
"" 0.1 I'm), 2.0 mM tartaric acid (12.7 nL min-') as a mobile phase, 
and an ion-selective microelectrode as detector. 

tained components (k' = 1.65, NH/) and the optimal flow 
rate (, = 4.58) a loss of 33% in the number of theoretical plates 
is obtained. At higher flow rates (v = 33.28, k'= 1.65) 100% 
of the possible number of theoretical plates were obtained. 

As discussed in detail earlier, neither the sample injection 
(8) nor the detection (7) or the positioning error of the detector 
at the exit end of the open tubular column (6) contribute by 
more than about 15 % to the loss in the number of theoretical 
plates for the experimental parameters used here. We have 
no convincing explanation for the better adherence to the 
theoretical efficiency at higher mobile phase flow rates shown 
in Figure 3 (top) and Table L 

Since the signals in Figure 2 are rather symmetrical, it does 
not indicate an overloading of the column. Assuming an 
injected sample volume of 75 pL, which can be calculated from 
the product of pressure and time (8), the elution profile for 
Cs+ corresponds to about 10-15 mol. 

6EMF,---------------------, 
[mY] 

TIME[mlnJ 

Figure 6. Separation of 15 pL of alkali, ammonium, and alkaline--earth 
metal ions (12-1300 I'mol L-') in a 4.6 I'm Ld. open-tubular column 
(0.90 m) coated wtth a weak cation exchanger (poly(butadiene-maleic 
acid), d, "" 0.1 I'm), 2.0 mM tartaric acid, 0.4 mM 2,6-pyridinedi
carboxylic acid (11.4 nL min-f) as a mobile phase, and an ion-selective 
microelectrode as detector. 

6EMF,---------------------, 
[my] 

0.5 mV CYTDINE 
CYTOSINE 

TIME [minJ 

Figure 7. Separation of 15 pL of nucleosides/bases (70-300 I'mol 
L-' in 5 mM HCI) in a 4.6 I'm Ld. open-tubular column (0.90 m) coated 
with a weak cation exchanger (poly(butadiene-maleic acid), d, "" 0.1 
I'm), 2.0 mM tartaric acid (13.4 nL min-') as a mobile phase, and an 
ion-selective microelectrode as detector. 

6 EMF r----------------------------------------, 
[mY] 

1 DL - NORADRENALINE 
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\ ~ ~~~~~CN~~~INE 
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o 3 TIME[min] 

Figure 8. Separation of 10 pL of neurotransmitters (240-1370 I'mol 
L-' in 5 mM HCI) in a 4.6 I'm Ld. open-tUbular column (0.90 m) coated 
with a weak cation exchanger (poly(butadiene-maleic acid), d, "" 0.1 
I'm), 2.0 mM tartaric acid (13.4 nL min-') as a mobile phase, and an 
ion-selective microelectrode as detector. 

Figure 4 shows further cation separations. Six different 
amino acids can be separated within 4.3 min by the same 
capillary column and detected with an ion-selective microe
lectrode. The amounts detected are in the range of (1.5-8.3) 
x 10-15 mol. 

The commercially available pre polymer poly(butadiene
maleic acid) was used to coat two different fused silica capillary 
columns (5.4 I'm i.d., 0.62 m length; 4.6 I'm i.d., 0.90 m length) 
with a weak cation exchanger. With the 5.4 I'm Ld. column 
a separation of ammonium, alkali, and alkaline-earth metal 
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ions in 7 min was obtained. In Figures 5-8 different rather 
fast separations of cations with the 4.6 I'm i,d. capillary column 
are presented. The amounts of eluted sample were in the 
range of (0.2-20) X 10-15 mol. 

Figure 5 and 6 corroborate the fastest so far reported sep
arations of ammonium, alkali, and alkaline-earth metal ions. 
Because of the complexation by 2,6-pyridinedicarboxylic acid, 
an addition of this complexation agent changes the sequence 
of elution of alkaline-earth metal cations (see also ref 32). In 
comparison with commercially available systems (Dionex 
Corp., Sunnyvale, CA, IonPac Fast Cation I and IonPac Fast 
Cation II (33)) ours is 6 times faster (Figure 6). 

Figure 3 (bottom) gives a comparison of experimentally 
obtained plate heights with those calculated by the Golay 
equation for the 4.6 I'm i.d. column. The calculated diffusion 
coefficents of components in the stationary phase are between 
(5 and 25) X 10-9 cm2 S-1 for ammonium and alkali-metal ions. 
The curve representing the reduced plate height as a function 
of the reduced linear velocity (Figure 3 (bottom): potassium 
ion; Dm = 1.6 X 10-5 cm2 S-1 (30); D, = 13 X 10-9 cm2 S-1 (mean), 
only parameter adjusted to a set of 24 experimental data) is 
in good agreement with the prediction by the Golay equation. 
A loss of 11 % only in the number of theoretical plates is 
obtained at the optimal flow rate (k' = 0.16, v = 5.61, Table 
I). There are no obvious extracolumn contributions to signal 
broadening (see Table I (k' = 0) and Figure 3). 

In a comparison of experimentally obtained numbers of 
theoretical plates with those calculated by the Golay equation, 
van Berkel et al. (16) (capillary column: 5 I'm i,d., 1 m length, 
dr = 0.028 I'm (PS-255)) and Folestad et al. (14) (capillary 
column: 11.7 I'm i.d., 1.97 m length, dr = 0.15 I'm (PS-255)) 
also reported a loss in theoretical plates of 20% and 7% for 
9-methylanthracene (k' = 0.8; D, = (0.5-2.7) X 10-9 cm2 S-1) 

and 9-cyanoanthracene (k' = 0.16; D, = (0.01-0.22) X 10-9 cm2 

S-1), respectively. 
In contrast Dluzneski (19) reports a chromatogram for 

which we calculate a loss of 90.5% and 93.9% in the number 
of theoretical plates for riboflavin (k' = 0, N = 82000) and 
perylene (k' = 0.47, N = 43000), respectively, in an open
tubular capillary column of 1.7 I'm i.d. (0.65 m length) neg
lecting the third term in the Golay equation, 

The 9.5 and 4.6 I'm i.d. capillary columns have been in 
operation for 10 and 5 months, respectively, and both are still 
performing well. 
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Determination of Regulatory Organic Compounds in Radioactive 
Waste Samples. Volatile Organics in Aqueous Liquids 
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Regulatory target volatile organiC compounds may be iden
tified. and quantitated In radioactive aqueous samples con
taining mixed fission products by using a modified version of 
the Environmental Protection Agency (EPA) purge-and-trap 
procedure for nonradioactive samples. The volatile organic 
species are sparged in a glovebox (radioactive zone) and 
collected on a three-stage sorption trap (nonradioactive 
zone). Because the trap Is not contaminated in this proce
dure, H may be taken to a nonradioactive analytical laboratory 
and analyzed by gas chromatography/mass spectrometry. 
Recoveries of three surrogate and five matrix spike standards 
are comparable to those achieved for nonradioactive aqueous 
samples using the conventional EPA method. The concen
trations of 10 frequently occurring volatile species are pres
ented for aqueous samples drawn from six nuclear waste 
storage tanks. 

The U.S. Environmental Protection Agency (EPA)-man
dated closure and decommissioning of Department of Energy 
nuclear waste storage tanks requires the chemical charac
terization of highly radioactive aqueous liquids to determine 
their regulatory status and to select appropriate treatments 
and disposal. Included in this characterization is the deter
mination of regulatory volatiles, which are organic compounds 
that can be removed from an aqueous sample with an inert 
sparge gas. 

The EPA has produced an extensive volume of tested 
methods for nonradioactive wastes in its Solid Waste Manual 
846 (1) and lists the regulatory organic compounds in its 
Appendix VIII (2). EPA SW-846 Method 5030, "Purge and 
Trap" (1), describes the purging of regulatory volatile organic 
compounds from aqueous samples onto solid sorbent traps 
for determination by gas chromatography Imass spectrometry 
(GC/MS), Method 8240 (1). The direct application of these 
procedures to the characterization of radioactive wastes would 
result in the contamination of expensive instrumentation and 
the potential exposure of laboratory staff to unsafe levels of 
radiation. 

This paper describes modifications to Methods 5030 and 
8240 that allow the purge and trap step to be performed safely 
in a remote glove box and permit the final determination to 
be performed in a nonradioactive GC IMS laboratory. The 
performance of the modified procedure, based upon surrogate 
standards, matrix spikes, and blanks, is comparable to that 
achieved for nonradioactive groundwater by the two afore
mentioned EPA methods. 

EXPERIMENTAL SECTION 
Sample Collection. The aqueous radioactive waste samples 

were collected as described in detail elsewhere (3). Briefly, a small 
vacuum pump was used to draw the sample from a particular 

* To whom correspondence should be addressed. 
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depth in the waste tank into a precleaned 250-mL wide-mouth 
jar (I-Chern, Hayward, CAl. Approximately 15-25 mL of 
headspace was left in the jar. All samples were screened and 
tagged in the field for" and {3 h radiation before transferring 
to a lead pig and shipping to the analytical laboratory. 

Caution: The samples described in this work are highly ra
dioactive, contain substantial quantities of radiotoxic materials, 
and are extremely hazardous. Only laboratories that possess 
appropriate equipment and can ensure the safety of its chemical 
operators should attempt the operations described in the Ex
perimental Section. 

Sparging Equipment_ The collection of volatiles was per
formed with equipment custom-made at the Oak Ridge National 
Laboratory and arranged as shown in Figure 1. A special Teflon 
sampling head, detailed in Figure 2 and equipped with a Tef
lon-faced silicone rubber septum, screwed snugly onto a 40-mL 
volatile organics analysis (VOA) vial (Shamrock Glass, Co., 
Seaford, DE, part no. 6-06K). These vials were precleaned ac
cording to EPA standard protocols (4,5) and were used as re
ceived. The head provided a 10/32 screw port for a reusable 
"Fingertight" fitting, manufactured by Upchurch Scientific (Oak 
Harbor, WA). A length of capillary Teflon ('/16 in. o.d. X 0.3 mm 
i_d.) passed through the fitting into the 40-mL vial. The other 
end of the tubing was connected to a 'iI, in. to '1, in. male 
bulkhead fitting mounted on the glovebox wall, as shown in Figure 
1. The head provided an additional port for a '/, in. to '1, in. 
Swagelok union. One end of the union was screwed into the 
sampling head; the other was connected to '1, in. o.d. Teflon 
tubing, which in turn was connected to a bulkhead union in the 
glove box wall. The sampling head was supplied with nitrogen 
sparge gas (30 mL/min) through a needle valve and a 'I, in. o.d. 
copper line connected to all, in. bulkhead union. 

Traps designed for EPA Method 624 (4) (Supelco, Inc., Bel
lefonte, PA, part no. 2-0293) were used for collecting volatiles. 
These traps, which were baked at 215°C with a helium (99.996% 
purity) purge (30 mL/min) overnight before use, were 30.5 X 0.33 
em o.d. and contained 1 em of 3% SP-2100, 15 em of Tenax GC, 
and 8 em of grade 15 silica gel. One end of the trap was connected 
to all, in. bulkhead union on the outside of the glovebox, as shown 
in Figure 1; the other was connected to a ball rotameter. The 
gas flow rate was monitored continuously throughout an exper
iment. 

Surrogates and Spikes. The contents of an ampule of 
Purgeables Surrogate Standard Mix-CLP (Supelco, catalog no. 
4-8876), containing 250 I"g each of 1,2-dichloroethane-d., tolu
ene-d" and 4-bromofluorobenzene, was diluted to 10 mL with 
Purge & Trap methanol (Baxter Healthcare, Corp., Burdick & 
Jackson Division, Muskegon, MI). This diluted surrogate standard 
solution (final concentration 25 I"g/mL) was transferred imme
diately with no headspace to 1.5-mL amber screw-cap vials. New 
standards were prepared weekly. 

A matrix spike stock solution containing ca. 10 mg/mL each 
of toluene, benzene, 1,1-dichloroethylene, chlorobenzene, and 
trichloroethylene (all from Supeleo) was prepared in Purge & Trap 
methanol. A 25-I"L aliquot was diluted with Purge & Trap 
methanol to 10 mL, then transferred to 1.5-mL amber screwcap 
vials in the same manner as the surrogates. The diluted matrix 
spike solution (final concentration 25 I"g/mL) was also prepared 
weekly. 

A test mixture containing 25 I"g/mL each of the regulatory 
volatile organic target compounds from the Contract Laboratory 
Program Purgeable Mixture A (200 I"g/mL of each of 13 com-

© 1989 American Chemical Society 
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Figure 1. Layout of volatile organics sampling equipment in and around 
the glovebox: (a) n~rogen cylinder with two-stage regulator; (b) needle 
valve; (c) 'I. in. o.d. copper line; (d) and (e) 'I, to '/16 in. bulkhead union 
mounted in the glovebox wall; (f) capillary tubing '/ 16 in. o.d. X 0.3 mm 
i.d.; (g) Teflon sampling head and 40-mL VOA vial detailed in Figure 
2; (h) 'I, in. o.d. Teflon tubing; (i) 'I, in. to 'I, in. bulkhead union 
mounted in the glovebox wall; Ol EPA Method 624 three-stage trap for 
volatiles; (k) flow rotameter. The two glove ports (1) and bag-in/bag-out 
port (m) are fixed features of the glovebox. 

Figure 2. Teflon sampling head used for the collection of volatile 
organics: (a) capillary Teflon tubing '1,6 in. o.d. X 0.3 mm i.d.; (b) 
fingertight fitting; (c) 10/32 screw port; (d) Teflon-faced rubber septum 
with hole; (e) 40-mL VOA vial; (f) Swagelok 'I, to 'I, in. union fitting; 
(g) 'I, in. Swagelok nut; (h) 'I, in. o.d. Teflon tubing. Details are given 
in text. 

ponents). Purgeable Mixture B (200 !,g/mL of each of 11 com
ponents), and Hazardous Substances List (HSL) Volatile Standard 
Mix (2000 !,g/mL of each of eight components) (Supelco, catalog 
no. 4-8851, 4-8852, and 4-8920, respectively) was prepared in Purge 
& Trap methanol. A 0.8-mL total volume contained 100 !'L each 
of purgeable A and Band 10 !'L of the HSL volatiles mix and 
was used to test the recovery of selected purgeables using the 
glovebox procedure. 

A supplementary standard solution containing 250 !,g/mL each 
of the following compounds listed in EPA Appendix VIII (2) was 
prepared in Purge and Trap grade methanol (Baxter): 1,2,3-
trichloropropane; dibromomethane; trans-1,4·dichloro-2-butene; 
fluorotrichloromethane; methacrylonitrile; methyl methacrylate; 
acrylonitrile; iodomethane; 2-picoline; and pyridine. These ma
terials were purchased from either the Aldrich Chemical Co. 
(Milwaukee, WI) or Chern Service, Inc. (West Chester, PAl, in 

95% Or greater purity and were used as received. A 1-mL volume 
of this standard was diluted to 10 mL (final concentration 25 
!,g/mL) with Purge & Trap methanol and then transferred im
mediately to 1.5-mL amber screw-cap vials without headspace. 
This diluted standard solution was used for only one set of re
covery studies; hence, there was no need to replace it routinely. 

Sparging System Test Procedure. The sampling head, VOA 
vial, trap, and ball rotameter were assembled as shown in Figure 
1. Nitrogen (99.997% purity) was passed briefly through the 
system, usually for less than 1 min, to ensure that there was free 
gas flow through both the sampling head and the trap. A gas flow 
of approximately 20 mL/min, manually observed on the flow 
rotameter, was sufficient to "pass test". 

Sparging Procedure for Volatile Organics Present in 
Radioactive Waste Tank Liquids. Immediately following (and 
using exactly the same pieces as) the sparging system test pro
cedure, the liquid contents of the 250-mL jar were sampled in 
the glovebox for volatile organics. In this procedure, the "blank" 
sample was distilled water that was spiked as described below. 
The "matrix spike" and "matrix spike duplicate" were radioactive 
aqueous samples taken from the 250-mL jar and spiked as de
scribed below. The following steps were executed sequentially 
within 30 s: 

(a) The jar was opened and a 5-mL aliquot was transferred to 
the VOA vial with a calibrated variable-volume 5-mL-capacity 
pipettor (Pipetman, Rainin Instrument Co., Woburn, MA). 

(b) A 25-!'L-capacity syringe (Hamilton Co., Reno, NV) was 
rinsed, and 10 !'L of the Purgeables Surrogate Standard was added 
to the sample (all samples, matrix spikes, matrix spike duplicates, 
and blanks). 

(c) A second 25-!,L-capacity syringe (Hamilton) was rinsed, and 
10 !'L of the Matrix Spike were added to the sample (matrix spike 
and matrix spike duplicate samples only). 

(d) The VOA vial was screwed into the sampling head. 
The sample was then sparged for 11 min at 30 mL/min with 

nitrogen. At the end of the sampling period, the trap was dis
connected from the glovebox wall, sealed, checked for radioactivity 
with standard probe and smear techniques, and transferred to 
a noncontaminated laboratory for quantitation of volatile organics 
by GC/MS (described below). 

A second 5-mL aliquot was drawn from each sample bottle and 
treated as described above, thereby forming the "backup" sample. 

GC/MS Quantitation of Volatiles. The volatiles were an
alyzed by use of a procedure based upon EPA Method 8240 (1); 
however, modifications were introduced to allow the volatile 
analytes to be desor bed directly from a Method 624 stainless steel 
trap. The volatiles present on an adsorbent trap were first 
thermally desorbed in a tube furnace held at 182 °C while helium 
passed through the trap at 35 mL/min for 11 min. The effluent 
stream was bubbled through 5 mL of laboratory distilled water 
held in a conventional purge and trap vessel in a Model LSC-2 
Tekmar liquid sample concentrator (Tekmar Co., Cincinnati, OH). 
The water contained exactly 250 ng each of bromochloromethane, 
1-chloro-2-bromopropane, and 1,4-dichlorobutane from a 
Purgeables Internal Standard Mix-CLP (Supelco, part no. 4-8885). 
The volatile compounds thermally desorbed from the Method 624 
trap and the internal standards in the water were collected in the 
internal trap of the Tekmar apparatus. The components were 
then desorbed from the internal trap by heating to 110 °C with 
a helium flow of 30 mL/min for 4 min and were swept onto the 
head of a 200 X 0.64 cm o.d. (6.6 ft X '/4 in. o.d.) glass column 
packed with Carbopack B coated with 1 % SP-lOOO (Supelco) 
located in a Hewlett-Packard Model 5995 GC /MS. The oven 
temperature was programmed from 45 °C (hold for 3 min) to 180 
°C (hold for 45 min) at a rate of 8 °C/min. The analytes were 
detected by the mass spectrometer, which operated at 70-e V 
ionization potential, mass range 35-260 amu, and a scan time of 
0.24 scan/so 

Method calibration was performed according to the EPA 
Contract Laboratory Program (CLP) procedure (7), using five 
standards (20,50, 100, 150, and 200 )'gIL) containing the analytes 
present in Purgeable Mix A, Purgeable Mix B, and the Hazardous 
Substances List Mix described earlier. The calibration curves, 
which were linear as defined by EPA methods described in 
SW-846 or the CLP (1, 7), were checked daily with a single check 
standard. If the daily calibration check showed significant drift, 
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as defined by the EPA methods, the instrument was immediately 
recalibrated. The detection limits were typically 5-10 iJ.g/L, as 
defined by the EPA methods. Analyte concentrations exceeding 
200 iJ.g/L are considered estimates only and are flagged (7) with 
the "E" qualifier. 

Method Performance Evaluation. Method performance was 
evaluated through the use of surrogate standards, matrix spikes 
and matrix spike duplicates, water blanks, and trip blanks, as well 
as the evaluation of individual compound recoveries by using the 
mixtures of purgeable organic compound standards and the di
luted supplemental standard. A matrix spike and matrix spike 
duplicate accompanied every lot of samples prepared on a given 
day. A blank sample, consisting of 5 mL of Burdick & Jackson 
Distilled in Glass water was also prepared daily. The trip blank 
was a trap that was carried into the radiochemical laboratory and 
accompanied each group of sample, matrix spike and matrix spike 
duplicate, and blank traps to the GC/MS laboratory, but it was 
not spiked in the radiochemical laboratory, nor was it subjected 
to the collection of volatiles described above. In general, a blank, 
matrix spike, and matrix spike duplicate accompanied every three 
to six radioactive waste samples. Surrogate standards were added 
to each sample and water blank, as described previously. Each 
blank, matrix spike, and matrix spike duplicate was subjected 
to the identical analytical procedure described above in "Sparging 
Procedure for Volatile Organics Present in Radioactive Waste 
Tank Liquids". 

The recoveries of the regulatory target volatile organic com
pounds, as well as the components of the supplemental standards 
selected from Appendix VIII (2), were evaluated by spiking a 5-mL 
Distilled in Glass water sample with 10 iJ.L of the appropriate 
standard solution in the glove box and then proceeding with the 
usual sparging conditions. Each recovery was evaluated in trip
licate. 

RESULTS AND DISCUSSION 
The aqueous radioactive waste samples analyzed in this 

study have been stored in underground waste storage tanks 
with headspace for up to 40 years. The major radionuclides 
present were the usual products of uranium fission, viz. 137CS 
and 9OSr, exhibiting activity up to 6 x 1()5 and 1 x 10' Bq/mL, 
respectively. Other radionuclides, such as 6OCo, '33U, and 3H, 
were commonly observed, but at hundredfold less activities. 

A number of inorganic anions and cations were also ob
served in the aqueous waste samples. The pH of each sample 
ranged between 0.5 and 13, with the great majority exceeding 
8. Nitrate and sulfate were the dominant anions with con
centrations up to 31000 and 83000 mg/L, respectively. The 
concentrations of sodium and potassium have not yet been 
measured but are expected to range from milligrams per liter 
to grams per liter. The major cation measured was uranium 
(up to 4000 mg/L). Lower concentrations of 10 pollutant 
metals specified in the Resource Conservation and Recovery 
Act of 1976 were occasionally observed, particularly chromium 
and mercury. 

The very high radiation fields and small tank access ports 
limited access to the tank contents, and the high specific 
activity of the tanks precluded the collection of samples using 
the standard EPA protocols. Compromise procedures had to 
be utilized, as described in detail elsewhere (3). Briefly, the 
radioactive liquid was pumped from the tank into a 250-mL 
wide-mouth jar to a level approximately 1 cm from its lip (ca. 
15-25 mL headspace). The jar was then sealed and placed 
in a lead pig. In all cases, a single 250-mL sample was drawn 
from each tank and depth specified. Because several analytical 
groups shared each sample, the sampling of the jar liquid 
contents for the analysis of regulatory target volatile organic 
compounds was always performed first, usually within 2 days 
of receipt of sample. This arrangement also satisfied regu
latory holding time requirements for aqueous samples ana
lyzed for volatiles. EPA SW-846 specifies a holding time of 
14 days from time of receipt (1), while the CLP protocol 
specifies 10 days (7). 

Even small aliquots of these samples were sufficiently ra
dioactive to preclude chemical manipulations on the open 
bench or even a radiochemical hood (6), and sample prepa
ration had to be conducted in a contained area such as a 
glovebox. The glovebox also provided an important additional 
advantage based on its previous usage: It contained a con
trolled atmosphere which did not contain traces of common 
volatile organic solvents. The aqueous tank samples occa
sionally foamed upon sparging; hence a very small and narrow 
sparging vessel, such as that described in EPA Method 5030, 
was inappropriate. The sparging vessel must be sufficiently 
large and wide to permit the foam to rise and disperse natu
rally to minimize the equipment contaminated. 

The custom-designed sampling head and 40-mL VOA vial 
are designed to replace the expensive volatile sparger usually 
employed with conventional purge-and-trap equipment. The 
precleaned VOA vials are inexpensive and are discarded after 
each use. The head itself has been reused over 200 times with 
no observable degradation in purging efficiency. It is, of 
course, possible for the head to become accidentally contam
inated. In that case, this inexpensive piece and its related 
components may also be discarded without significantly in
creasing the cost of a series of analyses. The dimensions of 
the 40-mL VOA vial are quite different than those specified 
in EPA Method 5030, resulting in a smaller liquid sample 
depth (1 cm) and total volume (40 mL) than that approved 
for a 5-mL sample (3 cm and 15 mL, respectively). On the 
other hand, the recovery of most regulatory target volatile 
organic compounds does not appear to be adversely affected 
by the additional dead volume (see discussion below). Fur
thermore, even when some of the waste samples foamed during 
sparging, the connecting tubing and sorbent trap did not 
become contaminated. 

The major disadvantage of the new sampling head is that 
the sample and appropriate spikes must be added to an open 
vessel. The addition of these liquids to the VOA vial, usually 
within approximately 15 s, was therefore achieved as quickly 
and as smoothly as possible to minimize the inevitable losses 
of volatile analytes. The heavy, bulky latex gloves with cotton 
liners used in radiochemical glovebox work compounded the 
problem; handling the delicate 25-I'L glass syringes became 
a cumbersome, unwieldy operation. In spite of the obvious 
physical disadvantages, an experienced operator can usually 
minimize the loss of surrogates, matrix spikes, and sample 
volatiles by rapid and smooth manipulations, thereby 
achieving a respectable recovery for each. 

The ultimate goal of the sample preparation is to transfer 
the regulatory target organic volatiles quantitatively to a 
sorbent trap, which remains noncontaminated, and may be 
analyzed in a nonradioactive GC /MS laboratory. During the 
course of this work, over 200 traps were examined by health 
physicists for" and fJ h radioactive contamination using both 
probe and smear techniques before transfer to such a labo
ratory; radioactive contamination was never detected. 

In the present procedure, the Purgeable Surrogate Standard 
compounds are added to every waste sample or blank before 
purging in the glovebox. The Purgeables Internal Standard 
Mix-CLP is added to the water in the purge-and-trap vessel 
of the Tekmar apparatus just prior to desorbing the Method 
624 trap through the Tekmar vessel and onto the internal trap 
of the Tekmar. This latter step occurs just prior to thermal 
desorption of the internal trap in the Tekmar apparatus and 
subsequent GC/MS quantitation of volatiles. This practice 
is at variance to the single-stage procedure described in EPA 
Method 5030, in which both surrogates and internal standards 
are added to the sample at the same time. The analysis of 
volatiles in aqueous radioactive samples requires a two-step 
procedure conducted at two completely separate locations. 
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The quantitation of the Purgeable Surrogate Standard com
pounds allows a calculation of the recovery of these materials 
taken through the entire procedure (glovebox, purge-and-trap, 
and thermal desorption purge-and-trap GC/MS), while that 
of the Purgeables Internal Standard Mix compounds allows 
a calculation of the recovery of the materials taken only 
through the Tekmar purging vessel and internal trap, then 
delivered to the GC /MS. The present method therefore allows 
a thorough evaluation of recovery and permits problems in 
recovery to be pinpointed to the purge-and-trap step either 
in the glovebox or prior to GC /MS. In practice, the response 
factors determined by using only the purge-and-trap instru
ment associated with the GC /MS were evaluated daily with 
a 50 p.g/L standard mixture containing all of the test volatile 
organic compounds. The response factors of these compounds 
always agreed with those observed from the original five-point 
calibration curve, within the limits dictated by EPA SW -846. 
On that basis, the recovery of volatile organics from the 
purging vessel and internal trap of the conventional Tekmar 
apparatus to the GC/MS may be taken as unity. Variations 
in recovery values for individual analytes are therefore 
properly attributed to the performance of the remote 
purge-and-trap operation performed in the glovebox. 

The three volatile surrogate standards were recovered in 
reasonable yield both from the aqueous radioactive waste tank 
samples and from water blanks prepared inside the glovebox. 
By use of a database of 65 waste tank samples, the recoveries 
(mean ± standard deviation, %) of toluene-d8, bromofluoro
benzene, and 1,2-dichloroethane-d. were 89 ± 17, 59 ± 15, and 
81 ± 11, respectively. Both the average and precision of the 
recoveries are acceptable at the 50 p.g/L level in this hostile 
matrix. The mean values observed were similar to the Quality 
Control Acceptance Limits specified by EPA Method 8240 
for groundwater samples, viz. 88-110% for toluene-d8, 

86-115% for bromofluorobenzene, and 76-114% for 1,2-di
chloroethane-d. (1), The recoveries (same conventions) of the 
surrogates from seven water blanks for toluene-d8, bromo
fluorobenzene, and 1,2-dichloroethane-d. were 91 ± 11,61 ± 
12, and 86 ± 13, respectively. Data from the remaining four 
blanks were discarded because of a technical laboratory error. 
The exact reasons for the reduced recoveries of bromo
fluorobenzene compared with those expected from the EPA 
Quality Control Acceptance Limits for both blank and real 
samples are unknown, We suggest that this surrogate has the 
highest boiling point (and is therefore the least volatile) of 
the three surrogates, and the sparging conditions employed 
may not be vigorous enough to transfer it quantitatively to 
the sorbent trap. 

The recoveries of the five matrix spike compounds were 
evaluated by using ten pairs of matrix spikes and corre
sponding matrix spike duplicates. The agreement between 
the recovery of any given compound for a given sample pair 
was typically within about 10%, The recoveries of the spike 
compounds were as follows (mean ± standard deviation in %, 
n number of samples); 1,1-dichloroethene (105 ± 18, 20); 
trichloroethene (87 ± 14, 20); benzene (89 ± 15, 19); toluene 
(81 ± 20, 15); and chlorobenzene (67 ± 13, 19). Some of the 
raw data values were deleted from the evaluation because they 
either exceeded 150% recovery (one for benzene, two for 
toluene, one for chlorobenzene) or they were inexplicably zero 
when all other matrix spike compounds were recovered at 
reasonable levels (two for toluene, comprising one pair). The 
recoveries of all five matrix spike compounds generally fell 
within the ranges specified (7) for groundwater analyses by 
the U.S. EPA Contract Laboratory Program, which are typ
ically between 70% and 130%. SW-846 does not list Quality 
Control Acceptance Limits for matrix spikes. 

Table I. Comparison of Supplementary Volatile Organic 
Compound Standard Analyses with Purge and Trap in the 
Glovebox and the GC/MS Lab 

compound 

concentration,G Jlg/L 
determined w /P&T in 

GC/MS 
actual glovebox lab 

CLP Purgeable Mixture A, B, and Hazardous Substances List' 
methylene chloride 50 137 ± 5.8B 53B 
acetone 50 56 ± 15B 37B 
carbon disulfide 50 96 ± 3.6 63 
l,l-dichloroethene 50 70 ± 1.7 52 
l,l-dichloroethane 50 57 ± 1.5 50 
l,2-dichloroethene (total) 50 54 ± 2.5 50 
chloroform 50 56 ± 2.5 48 
1,2-dichloroethane 50 43 ± 2.5 50 
2-butanone' 50 12 ± 1. 7 43 
1,1,1-trichloroethane 50 49 ± 1.5 48 
carbon tetrachloride 50 53 ± 1.5 50 
vinyl acetate 50 20 ± 1.6 18 
bromodichloromethane 50 43 ± 2.1 49 
l,2-dichloropropane 50 50 ± 1.5 54 
cis-l,3-dichloropropene 50 36 ± 4.0 50 
trichloroethene 50 53 ± 1.5 56 
dibromochloromethane 50 38 ± 4.5 54 
l,I,2-trichloroethane 50 37 ± 3.1 54 
benzene 50 51 ± 1.5 50 
trons-l,3-dichloropropene 50 41 ± 3.1 49 
bromoform 50 23 ± 4.6 5 
4-methyl-2-pentanoned 50 13 ± 2.1 52 
2-hexanone 50 9 ± 1.0 40 
tetrachloroethene 50 44 ± 3.5 56 
1,1,2,2-tetrachloroethane 50 19 ± 5.1 56 
toluene 50 49 ± 1.0 50 
chlorobenzene 50 43 ± 3.5 51 
ethylbenzene 50 37 ± 4.6 48 
styrene 50 33 ± 5.7 42 
xylenes (total) 50 35 ± 2.5 47 

Appendix VIII Supplementary Standards' 
1,2,3-trichloropropane 55 11' 21 
dibromomethane 50 ND ND 
l,2-dibromoethane 50 12 ± 0.6 14 
trans-I,4-dichloro-2-butene 51 6' 10 
fluorotrichloromethane 60 43 ± 3.6 40 
methacrylonitrile 50 ND ND 
methyl methacrylate 50 ND 8 
acrylonitrile 50 ND ND 
iodomethane 50 33 ± 4.7 28 
2-picoline 50 ND ND 
pyridine 51 ND ND 

Alcohol/Ketone Standards! 
methyl alcohol 20000 ND ND 
ethyl alcohol 22600 5600 ND 
acetone 21900 9100 4700 
isopropyl alcohol 21700 ND ND 
allyl alcohol 19900 ND ND 
2-butanone' 20500 1000 6200 
isobutyl alcohol 20500 ND ND 
n-butyl alcohol 20800 ND ND 
4-methyl-2-pentanoned 21800 1600 3700 

" ND, not detected; B, also detected in blank. b Average ± 
standard deviation for n = 3 in glovebox preparation; single prep
aration in GC/MS lab. 'Also named methyl ethyl ketone. d Also 
named methyl isobutyl ketone. 'Detected in two samples, average 
listed. f Average of duplicate preparation in glovebox; single prep
aration in GC/MS lab. 

Eleven water blanks were evaluated during this study. The 
most common contaminant was methylene chloride, which was 
present in all samples except one at concentrations less than 
20 p.g/L. In the remaining blank, the unusually high con
centration of methylene chloride, 880 p.g/L, was attributed 
to storage of the trap in the analytical laboratory while 
awaiting GC /MS analysis, When traps were analyzed 
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Table II. Concentrations of Regnlatory Target Volatile Organic Compounds in Selected Radioactive Aqueous Waste Tank 
Samples 

concentration, ~g/L 

methyl methyl tetraR 

chloro- methylene isobutyl total ethyl chloro- trichloro-
tank sample no. acetonea forma tolueneo chloridea ketone xylenes benzene ketone ethene ethene 

T-4 044 400' 
045 200' 
III 72 

T-2 038 20 
039 22 
Il2 17 

TH-4 055 22 
056 600' 

057N 71 
057B' 54 

Il6 150 
Il7 16 

W-6 077 67 
078 44 
079 111 

W-4 022 <5 
023 55 
Il9 <5 

WI0 094N <5 
094B' <5 

095 97 

170 
160 
120 

300' 
400' 
300' 

6 
11 

7 
5 

<5 
4 

5 
9 
3 

<5 
<5 
<5 

<5 
<5 

16 

78 
98 
60 

12 
7 
8 

4 
18 

21 
23 

13 
79 

6 
10 
10 

13 
14 
46 

12 
<5 

26 

12 
14 
12 

1000' 
800' 
900' 

7 
6 

6 
200' 

10 
10 
10 

13 
19 

12 

11 <5 7 <5 <5 <5 
10 170 10 <5 <5 3 
<5 36 7 <5 <5 <5 

<5 <5 3 <5 <5 <5 
<5 <5 <5 <5 <5 <5 
<5 <5 <5 <5 <5 <5 

<5 <5 3 <5 <5 <5 
3000' <5 149 85 <5 <5 

400' 10 115 <5 <5 <5 
200' 22 118 <5 <5 <5 

300' <5 10 <5 <5 5 
9 <5 21 <5 <5 <5 

<5 <5 <5 <5 47 13 
9 <5 2 <5 158 24 

91 <5 10 75 500' 82 

<5 <5 <5 <5 <5 <5 
1000' <5 3 <5 <5 49 

3 <5 2 <5 <5 14 

<5 <5 6 <5 21 27 
<5 <5 38 <5 <5 <5 

23 <5 22 <5 48 81 

"Detected in the blank, usually at levels below 20 !"g/L. 'Estimate only; value exceeds highest calibrated standard value. 'Field sampling 
duplicates. 

promptly, usually within 48 h, the analytical blank remai.ned 
below 20 I'g/L. Acetone was not observed in two blanks, but 
it was present in eight blanks at levels less than 40 I'g/L and 
in one at 150 I'g/L. Toluene was also not detected in two 
blanks, but it occurred in eight blanks at levels less than 20 
I'g/L, but in one at 43 I'g/L. Seven other volatiles were 
detected in less than five blanks at concentrations generally 
less than 20 !"g/L: bromodichloromethane, benzene, 4-
methyl-2-pentanone, tatrachioroethene, trichioroethene, total 
xylenes, and carbon tetrachloride. In general, the blank levels 
for the volatiles were deemed low enough, and the number 
of contaminant species few enough, for further work to pro
ceed; however, the quantitative data for these compounds in 
waste samples were flagged with a "B" qualifier, signifying 
that the analyte had also been detected in the blank with that 
set of samples. 

Table I shows the recovery of the contract laboratory 
program (CLP) test volatile analytes taken from purgeables 
A and B and the HSL mixtures when performed both in the 
glovebox and by using the standard EPA Methods 5030/8240 
procedure. In general, the species that are immiscible with 
water were recovered at 75% or better at the 50 !"g/L level 
using either the glovebox or EPA Method 5030 equipment. 
Species that are freely miscible with water were invariably 
recovered less efficiently from the glovebox than with the more 
standard procedure. These species included acetone (some 
analyte contributed by the normal blank level), 4-methyl-2-
pentanone, 2-butanone, and 2-hexanone. 

Table I also shows the recoveries of various supplementary 
standards from appendix VIII. The same trends were ob
served as for the CLP compounds described above. Several 
of these compounds (e.g., pyridine and acrylonitrile) are not 
recovered well even using the conventional purge and trap 
methodology, and special analytical procedures (1) are re
quired. These compounds were included in this study to 

determine if their presence could be detected in waste samples. 
The remote purge-and-trap performed as well as the con
ventional method, but neither collected all of the test com
pounds. 

The exact reasons for the losses of the water-immiscible 
analytes are not known. However, we postulate that the losses 
of the water-soluble analytes are caused by insufficient 
sparging in the glove box apparatus. As a further test, a 
standard containing 20 mglL (the maximum concentration 
observed in some waste samples) of water-soluble analytes was 
also tested on both apparatus, as shown in Table I. Both 
2-butanone and 4-methyl-2-pentanone were recovered less 
efficiently by the present method than by the standard pro
cedure; ethyl alcohol and acetone were recovered more effi
ciently in the glovebox; and the remaining analytes were not 
observed by using either method. 

While the recoveries of certain analytes could probably by 
improved by increasing the gas flow going into the glovebox 
apparatus, and therefore increasing the degree of agitation, 
such a change could prove most detrimental if the sample itself 
began to foam (some did). Gentle sparging within the 40-mL 
VOA vial permitted the foam to disperse easily before 
reaching-and contaminating-the Teflon sampling head and 
the associated tubing. More vigorous sparging unquestionably 
would have contaminated the sparging apparatus, and possibly 
the glovebox itself. For these reasons, we elected to leave the 
gas flow unchanged but to note the problems wit.h water
miscible analytes, and to supplement measurements of these 
species at milligram per liter concentrations with a direct 
injection aqueous gas chromatographic analysis patterned after 
EPA Method 8015, "Nonhalogenated Volatile Organics" (1). 

Table II reports the concentrations of the ten most com
monly observed regulatory target volatile organic compounds 
in six representative waste tanks. In four of these tanks, the 
most concentrated species were one or more of the analytes 



2756 • ANALYTICAL CHEMISTRY, VOL. 61, NO. 24, DECEMBER 15, 1989 

which had been observed routinely in the blanks, viz. acetone, 
chloroform, toluene, and methylene chloride. Concentrations 
of these four materials should not be considered significant 
unless they exceed the blank level, which was approximately 
20 I'g/L. The remaining six analytes were not detected rou
tinely in the blanks; concentration levels are therefore sig
nificant if they exceeded the normal reporting level for each 
compound, which is typically 5-10 I'g/L. In several cases, the 
observed concentration exceeded the highest calibration 
standard concentration, which was 200 I'g/L. In such cases, 
the value displayed in Table II is an estimate, and is so 
designated. 

Several conclusions may be drawn from Table II. First, the 
liquid present in most of the radioactive liquid storage tanks 
is certainly not homogeneous. Tank T-2 appears to be the 
only vessel whose contents may be reasonably uniform; all of 
the other tank wastes display significant differences with 
changing sampling depth. Second, the contaminants observed 
are either common laboratory solvents or industrial degreasers. 
Third, the sampling procedure employed does permit repro
ducible samples to be obtained at a given depth. Two pairs 
of samples were drawn sequentially from the same level in 
tanks TH-4 and W-10 and may be considered field duplicates 
within the usual errors of sampling. In both cases, the 
agreement between the field duplicates for a given tank was 
quite reasonable, particularly when both the trace level of 
analyte and the properties of the sample matrix are considered. 

The performance of this modified EPA methodology, as 
defined by surrogate standards, matrix spikes, blanks, and 
field duplicate samples, shows that volatile organic compounds 
present in highly radioactive samples can be determined 
confidently by using remote purge-and-trap technology fol
lowed by GC/MS analysis in a nonradioactive analytical 
laboratory. 
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Enriched stable isotopes are being increasingly used for study 
of trace element nutrition in humans who cannot be studied 
by use of in vivo radioactive tracers (e.g., subjects under age 
18 and pregnant women). Zinc metabolism in these subjects 
can be evaluated by administration of Zn enriched to 65 % in 
the minor isotope, 70Zn (0.6% natural abundance). The en
hanced 70Zn is detected later in red blood cells, plasma, urine, 
and leces by measuring 70Znt"4Zn or 70Zn'··Zn ratios. Stable 
isotope concentrations are measured by neutron activation of 
the samples and observation of their products: 244-day "Zn, 
14-h •• mZn, and 4-h 71mZn. Zinc-65 can be observed in these 
samples without chemical separations 3 weeks after irradia
tions, but large amounts of 24Na and other short-lived speCies 
preclude direct observation of the short-lived Zn activities. 
Preirradiation chemistry was developed to remove most in
terferences, the major steps being to place the sample on 
Chelex resin, elute alkali metals and alkaline earths from it, 
and irradiate the resin containing the Zn. 'Y-Rays of 69mZn can 
be observed on the irradiated resin, but addHional precipitation 
and solvent extraction steps are needed to remOve .8Mn and 
"Cu for clear observation of 71mZn and "Zn within hours after 
irradiation. Yields for pre- and postirradiation separations are 
typically 85% and 70%, respectively. The stable isotope 
tracer method was validated by simultaneous in vivo traCing 
with radioactive 8'Zn in four subjects. 

Marginal Zn deficiency in humans has been reported to be 
common throughout the world, including the United States 
(1). High nutritional requirements for Zn are found in growing 
children, pregnant women, and preterm infants and some 
postoperative patients, the last two groups often being fed by 
total parenteral nutrition. With present nutritional practices, 
each of these groups may be at risk of deficiency. Radioactive 
nuclides have been helpful in understanding several aspects 
of human nutrition and metabolism (2-4), but they cannot 
be used to study pregnant women, subjects under age 18, and 
postoperative patients from whom informed consent cannot 
be obtained. An alternate approach for obtaining information 
about Zn metabolism is stable isotope tracing (5, 6). Zinc 
enriched to about 65% in 7OZn, a minor isotope with 0.62% 
natural abundance, is administered to subjects. Samples of 
blood, urine, and feces are collected at several times after 
administration. The appearance of the tracer is observed as 
an enhanced ratio of 70Zn/64Zn or 70Zn /68Zn (5-11). Our 
objective was to develop a method for observing the enhanced 
Zn ratios and to validate the stable isotope method by si-

1 Current address: Department of Chemistry, Middle East Tech~ 
nical University, Ankara, Turkey. 

2 Current address: Center for Molecular Nutrition and Sensory 
Disorders, Washington, D.C. 20016. 
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Table I. Nuclear Properties of Isotopes of Zinc and 
Interfering Elements That Lead to Observable Radioactive 
Species after Chelex Separation and Neutron Irradiation 

thermal energy of 
neutron major 

target abundance,a,b cross 'Y·raY,a 
nuclide % section,a b product keY 

64Zn 48.6 (15.84) 0.78 244-day 65Zn 1115.5 
{13.8-h 69mZn 438.7 

68Zn 18.8 (8.38) 0.072 
56-min 69Zn weak r·008 3.9-h 7lmZn 386.3 

70Zn 0.62 (65.51) 
0.09 2.4-min 7lZn 512 

23Na 100 0.10 15-h "Na 1368.5 
37CI 24.2 0.43 37.2-min "CI 1642 
4lK 6.73 1.46 12.4-h "K 1525 
55Mn 100 13.3 2.6-h "Mn 847,1811 
63eu 69.2 4.4 12.7-h "Cu 1346 

a Reference 13. bNumbers in parentheses are the percent abun
dances in Zn enriched in 70Zn; ref 14. 

multaneous use of radioactive 65Zn tracer. 

METHOD 

The isotopes 64Zn, 68Zn, and 70Zn can be observed by mass 
spectrometry (9-11) or, as in this work, by neutron activation 
analysis (NAA) to observe 244-day 65Zn, 14-h 69mZn, and 4-h 
7lrnZn, respectively, whose nuclear properties are listed in Table 
I. Zinc-65 can be observed by instrumental NAA from ')'-ray 
spectra taken three weeks after irradiation (12), but half-lives 
of 7lmZn and 69rnZn are so short that their radiations are ob
scured by the enormous activities of 15-h 24Na, 35-h s'Br, 
37-min 3sCI, and other short-lived species. Thus, it was 
necessary to develop a separation procedure to remove in
terfering activities. 

Postirradiation separation is desirable for avoiding con
tamination, but levels of 24Na and other short-lived species 
are so high in activated biological samples that it is impractical 
to work with them quickly enough to observe 7lmZn. Thus, 
we developed a radiochemical NAA procedure involving a 
minimum of preirradiation separation to remove most in
terfering species, followed by postirradiation chemistry for 
further cleanup. With the use of high-purity chemicals one 
can achieve acceptably low blank values so that the preirra
diation chemistry does not contaminate the Zn samples with 
Zn of natural isotopic abundances. 

EXPERIMENTAL SECTION 

Preparation of Tracer. We tested the stable isotope method 
by simultaneously performing radioactive tracer studies in adult 
volunteers using 65Zn. The radioactive and stable tracers were 
administered simultaneously to ensure that all conditions were 
identical. Preparation of 65Zn tracer by neutron irradiation of 
the enriched 70Zn tracer ensures that the chemical forms of the 

© 1989 American Chemical Society 
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two tracers are identical. Other advantages were that no purchase 
of carrier-free 65Zn was required and the 65Zn in the collected 
samples could be used for chemical-yield determinations. Cal
culations indicated that 65Zn in vivo tracer would cause insig
nificant interference with 65Zn produced in NAA. 

Zinc enriched to 65.5 % 70Zn was obtained as ZnO from the 
Stable Isotopes Division, Oak Ridge National Laboratory. Isotopic 
compositions of natural and 7oZn-enriched Zn are listed in Table 
r. Enriched ZnO was irradiated at the National Bureau of 
Standards (NBS) reactor for 8 h at a flux of 5 X 10'3 n/(cm2 s) 
together with two standards, each of which contained 161 f.Lg of 
Zn. The tracer was allowed to decay for 2 weeks, dissolved by 
addition of 0.5 mL of Ultrex HCl, and diluted to 100 mL with 
addition of high-purity water from NBS. The acidity was adjusted 
to pH 7 with addition of concentrated NH,OH. The Zn con
centration was determined by comparing )'-ray spectra of three 
100-)lL subsamples with that of a Zn standard. The concentration 
of the tracer solution was found to be 181 ± 14 )lg/mL. 

The activity of the solution was determined with a Ge(Li) 
detector whose efficiency was calibrated with NBS radioactivity 
standard, SRM 4216E (15). It was found that 11.0 mL of the 
prepared solution contained 2.02 ± 0.04 )lCi of 65Zn )' activity as 
a tracer. As the 1115-keV ),-ray is emitted in only 51 % of decays 
(13), the total activity is 3.96 ± 0.07 !LCi. The mass of Zn in each 
11.0-mL portion administered to subjects was 1.99 ± 0.16 mg. 

Administration of Tracers and Sample Collection. Tracers 
were administered orally, after an overnight fast, to four normal 
volunteers. Samples of blood, urine, and feces were then taken 
from the subjects, and NaI spectra were taken by external counting 
over the thigh and liver areas and whole body to monitor in vivo 
65Zn as described previously (16, 17). 

Blood. Samples were collected at about 30-min intervals for 
the first 2 h of the study, then at 3, 5, 24, and 72 h after ad
ministration, and then weekly, as previously described (17), al
though not all of the samples collected were analyzed for stable 
Zn isotopes. Blood samples were taken from a vein in the an
tecubital fossa by using a stainless steel needle and Leur-Lok top 
30-mL plastic disposable syringes. Aliquots (10 mL) were placed 
into three tubes for the following procedures: (1) For 70Zn 
measurements, 10 mL of blood was added to an acid-cleaned 
polystyrene tube to which 0.1 mL of 0.1 % sodium citrate solution 
was originally added prior to blood collection to prevent clotting 
(later increased to 0.4 mL, as some clotting was observed). Blood 
samples were centrifuged at 3000 rpm for 10 min. Plasma for 
the 70Zn study was transferred to acid-cleaned polystyrene tubes 
by using acid-cleaned 1-mL plastic pipets. The remaining red 
blood cells (RBC) were washed three times with Zn-free NaCI, 
and 70Zn was measured as described below. (2) For 65Zn mea
surements, 10 mL of blood was placed in a 16 X 100 mm glass 
tube with 14 mg of disodium ethylenediaminetetraacetic acid as 
anticoagulant and centrifuged at 3000 rpm for 10 min. Plasma 
for the 65Zn study was transferred to glass tubes, the RBC were 
washed three times with Zn-free NaCI, and 65Zn was assayed by 
)'-ray spectrometry (18). (3) For independent measurement of 
total Zn concentrations, the third aliquot of blood was placed into 
a metal-free glass tube containing 10)lL of heparin (1:1000) with 
low Zn. After the blood was centrifuged at 3000 rpm for 10 min, 
plasma was transferred to polystyrene tubes and Zn determined 
by flame aspiration atomic absorption spectrophotometry (AAS) 
(18). 

Urine. Entire samples were collected over consecutive 24-h 
periods for the first 7 days of the study and then at weekly 
intervals. Samples were collected in plastic-lined cardboard 
containers, weighed, and assayed for 65Zn by placing the container 
on a Nal detector (18). Aliquots (10 mL) were transferred into 
acid-cleaned 4-dram polyvials with 100mL acid-cleaned polystyrene 
plastic pipets for stable Zn measurements. 

Feces. Entire samples were collected daily in polyethylene bags 
for the first 7 days after isotope administration, placed in tin 
containers, and assayed for 65Zn activity by methods previously 
described (18). 

Sample Preparation. Plasma, RBC, and lO-mL urine sub
samples were assayed for 65Zn activity to be used for yield de
termination of preirradiation separations. All collected plasma 
(2.0-2.7 mL) and weighed portions of RBC that correspond to 
0.4-1.9 mL were transferred into Teflon containers of Parr acid 

digestion bombs (19) and digested with 2.0 mL of NBS HN03 
at 130°C for 1 h. 

Fecal samples were weighed, frozen in poly bags by immersion 
in liquid nitrogen, and placed on preweighed plastic weighing 
dishes. They were freeze-dried from 15 to 24 h and transferred 
to clean polybags. Later they were homogenized in Teflon ball 
mills (20), which were placed on a motor-driven shaker (3-4 min). 
Homogeneity of samples was checked by assaying 65Zn activity 
of four subsamples (200-300 mg) taken from the same sample, 
and 5% variation was found. From each fecal sample, 200-300-mg 
subsamples were placed inside polybags and assayed for 65Zn 
activity and acid-digested under the same conditions as for blood 
and urine samples (2.0 mL of NBS HN03 at 130°C for 1 h in 
an acid digestion bomb). 

Chelex Separation. Chelex-l00 resin is frequently used as 
a preconcentration medium for trace elements in estuarine and 
seawater samples (21-29) and has also been used for biological 
and environmental matrices (30,31). Decontamination factors 
of 20107, 20105, and 20103 were obtained for Na, CI, and Br, re
spectively, by using Chelex-100 as a preirradiation separation 
medium for NAA determinations (28, 29). The procedure de
veloped by Kingston (27) for transition-metal analysis of high
salinity waters using Chelex-l00 was used with some modifications 
(32). 

Chelex-l00 resin, 200-400 mesh size, in Na form, was purchased 
from Bio-Rad Laboratories. Polypropylene columns with porous 
polyethylene resin supports (QS-Q), 12-mL extension funnels 
(QS-R), and bottom closures (QS-B) were obtained from Isolab. 
Nitric acid, acetic acid, and the water used to prepare the reagents 
were NBS high-purity reagents prepared by sub-boiling distillation 
(33). Ammonium hydroxide was prepared by bubbling filtered 
NH3(g) through high-purity water until saturation was achieved 
(34). 

All bottles and beakers were made from FEP (fluorinated 
ethylene propylene) Teflon and the pipets from polypropylene. 
These were cleaned by keeping them 1 week in 1:4 HCl and 
another week in 1:4 HN03 and rinsing twice with water. Dilute 
reagents of 2.5 M HN03 and 2.0 M NH,OH were prepared by 
dilutions of concentrated solutions. They were prepared in po
lypropylene volumetric flasks and transferred and stored in FEP 
Teflon bottles. Ammonium acetate buffers, 1 and 8 M, were 
prepared by mixing known volumes of glacial acetic acid and 
saturated NH,OH and diluting them to appropriate volumes. The 
acidity of the buffers was adjusted to pH 5.1-5.4 by slow addition 
of NH,OH or CH3COOH. 

The Chelex-100 separation scheme was performed in a Class 
100 clean room. About 400 mg of dried Chelex-100 was mixed 
with 10 mL of water and the slurry transferred into a plastic 
column. After the water level dropped to the top of the resin, 
three 5-mL portions of 2.5 M HN03 were added to the column 
to elute trace elements from the resin. The resin was washed with 
two 5-mL portions of water to remove excess acid and converted 
to NH,+ form by addition oftwo 5-mL portions of 2.0 M NH,OH. 
After the last few drops were checked for basicity, the residual 
NH,OH was removed with two 5-mL portions of water. The NH, + 
form of Chelex-100 is more effective than the H+ form in retaining 
the transition-metal elements. 

Digested plasma, RBC, fecal samples, and 10-mL urine sub
samples were transferred into Teflon beakers with 10-mL water 
rinses. Acidity was adjusted to pH 5.2-5.7 by slow addition of 
2.0 M NH,OH to maximize transition-metal binding and minimize 
binding of alkali metals and alkaline earths. A few drops of 8 
M NH, COOCH3 were added to buffer the system. A small volume 
of sample solution was poured into the column and more solution 
added after the Chelex completed its shrinkage. After the sample 
had passed through the resin, the resin was washed with two 5-mL 
portions of water. Then alkali and alkaline-earth elements were 
removed by washing the resin with five 10-mL portions of 1.0 M 
NH,COOCH3 solution. 

The resin was dried at 50°C in the plastic columns in an oven 
in the clean room. The resin shrinks upon drying and becomes 
about a I-em-long solid mass, which can easily be transferred to 
a polybag. The polybag was heat-sealed and placed inside another 
bag, and all samples were assayed for 65Zn activity. The com
parison of this assay with the one obtained before Chelex sepa
ration gives the chemical yield, Y. 
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Irradiation. Urine, plasma, and RBC samples were irradiated 
3 h and feces samples (which contained more Zn) for only 0.5-1 
h at a flux of 5 X 1013 n/(cm2 s). Usually six samples of plasma, 
urine, or cells or 8-10 fecal samples were irradiated together with 
two Zn standards and two Co· flux monitors in the same plastic 
pneumatic tube sample carrier ("rabbit"). 

Postirradiation Separation. The Chelex procedure removes 
many activities with very large decontamination factors, including 
alkali metals; however, Mn and Cu remain on the resin, and they 
have more favorable activation properties than Zn does (Table 
I) and must be removed by postirradiation separation to observe 
the three Zn isotopes clearly. 

After irradiated samples decayed for about 30 min, bags were 
changed and -y·ray spectra were collected at 20-25 cm from the 
detectors (count 1). As the samples contained high levels of 
interfering activities, it was not possible to collect the -y-ray spectra 
with the samples closer to the detectors. Counting time was 30 
min for fecal samples and 3 h for other matrices. The only Zn 
line observable in this count was the 438-keV -y-ray of 69mZn. The 
magnitude of its peak area relative to that of the same line in a 
Zn standard irradiated simultaneously with the sample was used 
to determine the mass of Zn on the resin, T. 

As Chelex resin becomes hard upon drying after the first 
separation, it was crushed inside of the bag and transferred to 
a beaker to whicb 5 mL of 2.5 M HNOa was added. The slurry 
was then poured into a polypropylene column. After the resin 
settled and the level of solution dropped to the top of it, three 
5-mL portions of 2.5 M HNOa were added. The eluent was 
collected in a large test tube containing 10 mg of Mn and 1 mg 
each of Zn and Cu carriers and about 100 mg of KBrOa as an 
oxidant. The tube was heated over a Bunsen burner with swirling 
until a dark brown Mn02 precipitate formed (35). The test tube 
was centrifuged and the solution transferred into a clean tube. 
The Mn precipitation was repeated by addition of 10 mg of Mn 
carrier and 100 mg of KBrOa to remove remaining Mn. 

Copper was also eluted with Zn and Mn from the resin with 
2.5 M HNOa. Copper-64 has two -y-rays, a weak one at 1346 keY 
and strong annihilation radiation at 511 keY (13). The former 
was not observable in the presence of 1811-keV -y-rays of "'Mn. 
Originally, we thought that "Na was responsible for the peak at 
511 keY, but removal of "Na did not remove the 511-keV peak, 
so we suspected Cu. 

Copper was removed by dithizone extraction (36). Although 
extraction with dithizone might carry some Zn, extraction at pH 
1 was suggested to eliminate Cu interference from Zn (37). After 
Mn02 was precipitated twice, the acidity of the solution was 
adjusted to pH :OSl with concentrated HNOa. Then the solution 
was transferred into a 125-mL separatory funnel, and 30 mL of 
1 % dithizone in CHCla was added. The separatory funnel was 
shaken for 2 or 3 min and the CHCla layer discarded. The re
maining solution was made basic by addition of 5 mL of con
centrated NH,OH. The contents of the funnel were mixed, and 
Zn was extracted by addition of 0.2% dithizone in CHCla. Two 
30-mL portions of the reagent were usually sufficient to obtain 
a green endpoint of extraction. The CHCla phase was transferred 
into a clean separatory funnel, and Zn was back-extracted into 
30 mL of 1.0 M H2SO, solution. 

To avoid spectrometry of a large liquid volume, the Zn was 
precipitated as ZnHg(SCN), (37). One milliliter of Zn carrier (10 
mg ofZn/mL) was added to the back-extracted solution (30 mL 
of 1.0 M H2SO,) that contained Zn, and 5 mL of NH,SCN-HgCI2 
reagent was added. The reagent was prepared by dissolving 64 
g of NH,SCN and 54 g of HgCI2 in 1 L of H20 and filtering any 
precipitate formed. After addition of reagent, the solution was 
cooled under running water and stirred with a glass rod. The 
precipitate was filtered on a 2.4-cm-diameter Whatman glass-fiber 
filter. 

The filter was sealed in a polybag, and the -y-ray spectrum was 
collected at 3-5 cm from the detector (count 2). All -y-rays of the 
three Zn isotopes were observed during this count. Portions of 
the spectra of the same fecal sample obtained after irradiation 
following Chelex separation and after postirradiation removal of 
Mn and eu are shown in Figure 1. 

After spectra of the samples were collected, those of the 
standards were taken for 0.5-1 h at 3-5 cm from the detectors 
(same positions as in count 2 above). Spectra were stored on disks 
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Figure 1. Portion of -y-fay spectrum of freeze-dried, Chelex-separaled 
feces, observed on the irradiated resin for (top) 23 min after 1-h 
neutron irradiation and 2-h cooling and (bottom) 1 h after 1-h irradiation 
and postirradiation chemistry. 

and later analyzed with a program that allowed peak fitting to 
be done manually. The program fitted peaks produced by the 
species of interest ("Na asCI 56Mn "Cu s2Br 65Zn 69mZn and 
71mZn). Each peak was displ~yed o~ the 'cath~de-ra~ tUbe'with 
25 channels on both sides of the peak. The net peak area was 
found by subtracting the background counts from the total area. 
The program performed decay corrections and compared the 
decay-corrected count rates with corresponding count rates of the 
standards. 

Blanks. Zinc concentrations in materials were measured by 
instrumental neutron activation analysis (INAA) to determine 
the blank levels. Where feasible, e.g., plastic bags irradiated with 
samples, blank levels were subtracted from total Zn values to 
obtain net values for the samples. The total procedure blank was 
determined by running ultrapure or Chelex-cleaned water through 
the entire procedure and activating the Chelex resin. In the case 
of blood samples, saline solution was used to simulate blood and 
put through the procedure, including drawing it through the same 
type of needles as those use for blood collection. The procedure 
blank was about 0.12 Ilg of Zn except for blood samples. For the 
latter, the sodium citrate anticoagulant adds 0.02-0.08 J.Lg of Zn 
for 0.1-0.4 mL of the solution added, raising the total blank to 
0.14-0.20 J.Lg. The use of the stainless steel needle caused no 
significant increase in the Zn blank levels. 

Observation of Stable Tracer. The objective of the experiments 
is that of determining the fraction, F, of the stable tracer present 
in each of the pools under study. From the spectra such as that 
shown in the lower panel of Figure 1, we obtain the areas of peaks 
of -y-rays from the three Zn isotopes for the samples and a normal 
Zn standard irradiated simultaneously. From ratios of the ap
propriate peak areas in the sample and standard spectra, corrected 
for decay between counting periods, we obtain the enrichment 
factor of the enriched isotope with respect to nonenriched isotopes, 
"Zn or 6.'lZn: 

EF6s = ('oZn/6.'lZn),pl/('oZn/6.'lZn),td (1) 

with a similar relationship for 64Zn. To a good approximation, 
the EF value for a sample is given by 

EF6s = 1 + (FnA 70*)/(PA70) (2) 
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Table II. Comparison of Zinc Concentrations in Various Biological Matrices As Measured by NAA and AAS 

sample type 

plasma 

RBC 

urine 

sample type 

feces 

subjectG 

CL (9) 
BE (9) 
IN (9) 
ZC (7) 
CL (9) 
BE (6) 
IN (7) 
ZC (8) 
CL (7) 
BE (7) 
IN (7) 
ZC (7) 

subject 

CL (7) 
BE (6) 
IN (5) 
ZC (5) 

yield, % 

74 ± 5 
73 ± 11 
97 ± 4 
97 ± 5 
85 ± 20 
68 ± 31 
90 ± 8 
91 ± 10 
78 ± 15 
70 ± 13 
75 ± 17 
79 ± 15 

yield, % 

94 ± 6 
94 ± 5 
95 ± 3 
93 ± 4 

Zn concentration, ,ug/mL 

NAAb AASb literature 

1.13 ± 0.23 0.89 ± 0.13 0.8-1.1"d 
0.93 ± 0.08 0.86 ± 0.04 0.86-1.16d" 

0.80 ± 0.28 0.71 ± 0.06 
0.66 ± 0.10 0.76 ± 0.06 

10.5 ± 2.3 9.2-12.8d" 

10.8 ± 2.1 11.51 
9.2 ± 2.3 

10.9 ± 2.0 
0.39 ± 0.16 0.31 ± 0.05 0.4-0.6' 
1.05 ± 0.41 0.89 ± 0.17 0.33-0.66'" 
0.23 ± 0.05 0.28 ± 0.06 
0.18 ± 0.16 0.16 ± 0.05 

Zn concentration, ,ugj g 

NAAb AASb literature 

0.51 ± 0.09 0.45' 
0.54 ± 0.07 
0.45 ± 0.20 
0.60 ± 0.06 

a Subjects CL and BE are males and IN and ZC are females. Numbers in parentheses are the numbers of samples. b Zinc concentrations 
are given as the average of the number of samples analyzed plus or minus the standard deviation for both techniques. Only Zn concen
trations for 24-h urine samples are given in the table. cReference 38. dThe interval represents a range of means from many studies. 
eReference 39. IReference 40. gReference 41. 

where A,o and A,o' are the isotopic abundances in natural Zn and 
of Zn enriched in 'oZn, respectively; n is the mass of Zn tracer 
administered; and P is the mass of Zn in the pool in question. 
(The simple equations ignore 'OZn contributed by natural zinc 
and the fact that the chemical atomic mass of the enriched Zn 
is about 5% greater than that of normal Zn. The P and F values 
were calculated by using the rigorous equations.) Rearrangement 
of eq 2 yields F: 

F (%) = 100(EF -l)PA,o/nA,o' (3) 

Inserting the values A,o = 0.62% and A,o' = 65.5% and n = 1.99 
mg, we obtain the equation specific to our experimental design: 

F (%) = 0.476(EF -l)P (4) 

The mass of Zn (in milligrams) in the pool, P, is given by 

P = 1000TM/(my) (5) 

where T is the mass of Zn on the Chelex resin after irradiation 
(in micrograms), as determined from the 69mZn in count 1, M is 
the total mass (or volume) of the pool, m is the mass (or volume) 
of the sample taken for analysis, and Y is the chemical yield of 
the preirradiation chemistry. For feces and urine, M is the total 
sample collected and m is that of the subsample analyzed. For 
blood samples, M was calculated by using the body hematocrit. 
Zinc concentrations were measured in all types of samples by 
neutron activation analysis (NAA) and, independently, in plasma 
and urine, via AAS. Note that the measurement of F requires 
two independent measurements: the value of EF from the ratios 
of peak areas in spectra displaying ')'-rays of irradiation products 
of the three Zn isotopes (or which could be obtained from mass 
spectra of the stable isotopes) relative to the same ratios for natural 
Zn and the total Zn in the subsample of the pool, which can be 
measured by NAA, AAS, or any other appropriate chemical 
method. The chemical yield of the postirradiation separation does 
not enter into the calculation of F, but it influences the counting 
rates and, thus, the statistical uncertainties of peak areas in the 
spectra collected to determine the EF values (count 2). Yields 
for postirradiation chemistry averaged about 70%, as determined 
from the 69mZn count rates in count 1 and count 2 after correction 
for the different geometries with the Zn standard irradiated with 
the sample. 

RESULTS 

Results of the chemical analyses of the four types of samples 
in the four subjects are listed in Table II. For the samples 

Table III. Total Daily Zinc Excreted via Urine and Feces 

Zn, mg/day 
pool subject NAA AAS literature 

urinea CL 0.47 ± 0.14 0.46 ± 0.08 0.04-1.25b" 

BE 1.18 ± 0.48 0.88 ± 0.18 0.33-0.66"d 
IN 0.26 ± 0.04 0.28 ± 0.04 0.45' 
ZC 0.33 ± 0.08 0.39 ± 0.12 

feces CL 13.4 ± 2.6 10-15'/ 
BE 14.1 ± 2.9 8-12' 
IN 11.2 ± 6.3 
ZCft 23.3 ± 11.9 

a Only 24-h urine results are used. b Reference 42. C Ranges of 
mean values from various large studies. dReference 39. Calculated 
from Zn concentrations in urine assuming the average person ex
cretes 1.2 L daily of specific gravity 1.015. 'Reference 38. Typical 
averages for Western populations. fReference 43. 'Subject ZC 
was taking a 15-mg Zn supplement daily. 

analyzed by both AAS and INAA, there is good agreement 
of results between methods (as shown by paired t-tests) except 
for urine samples for subject BE. There is also good agreement 
with Zn concentrations from the literature. Our values tend 
to be toward the low end of the ranges from the literature, 
as expected, as the literature includes older measurements that 
may not have excluded contamination as well as those in 
recent studies. 

In Table III we list the average amounts of Zn excreted per 
day in urine and feces for each subject, calculated from the 
concentrations in Table II and the masses of urine and feces 
collected per day. There was considerable fluctuation from 
sample to sample. With the possible exception of subject BE, 
the daily values for Zn via urine are within the ranges of 
previous values. The amount of Zn excreted via feces is almost 
constant for subjects CL and BE, but large fluctuations are 
observed for subjects IN and ZC. One reason for this fluc
tuation is unavailability of daily feces samples. Except for 
subject ZC, who was taking 15-mg Zn supplements daily, the 
total fecal Zn amounts are comparable with literature values. 

In Table IV, we have summarized the major sources of 
errors in the determination of the fraction F of tracer Zn 
appearing in the various fractions. Note that there are two 
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Table IV. Major Sources of Error in Determination of Fractions of Enriched 70Zn in Body Pools 

av mass of Zn averror expected error in F at 

on resin (T), averror in yield, av Zn in error in P, averror half max, % 

pool gg in T, % % pool (P), mg % av EF inEF, % 70Zn "Zn 

plasma 1.6 12 18 2.8 
RBC 7.6 5 14 23 
urine 3.4 8 17 0.5/day 
feces 79 3.4 3 18/day 

distinct parts to the measurement of F, the mass of Zn in the 
pool, P, and the enrichment factor, EF, of the enriched isotope 
relative to the nonenriched isotopes. The major contributions 
to the error in P over which we have control are the uncer
tainties in the yield, Y, the average error ranging from 19% 
for urine to 3 % for feces, and in the determination of Zn on 
the Chelex resin. There was considerable redundancy in the 
experiments, because we could observe irradiation products 
of three isotopes of Zn, whereas only two are required for 
observation of the enrichment. As count rates of 69mZn 438-
keV ')'-rays in the final spectra were much greater than those 
of the 65Zn 1115-keV ,),-rays, the former yielded greater ac
curacy, so all EF values quoted in the tables are based on -Zn 
rates. The EF values based on 65Zn count rates generally 
agreed with those based on 69mZn, but uncertainties of the 
latter are much smaller. 

An uncertainty over which we had no control was that of 
total blood volumes, which were calculated from the subjects' 
body weights as V (mL) = 71.4 x body weight (kg) for males 
and 65.0 X body weight (kg) for females (14). The calculated 
blood volumes were divided into RBC and plasma by using 
the body hematocrits (packed cell volumes) obtained from the 
measured hematocrits multiplied by a factor of 0.874 to correct 
for trapped plasma and the lower hematocrits of small vessels 
from which the blood was collected (17). Obviously it would 
have been preferable to have obtained experimental values 
of the blood volumes, but that was not possible along with 
the many other measurements being done. We have arbi
trarilyassigned errors of 10% to the total volumes of the RBC 
and plasma pools. 

If one ignores small errors in the terms included in the 
constant, 0.476, in eq 4, the expected error in F is given by 

(UF/F)' = I(up/P)' + kEF/(EF -1)]'11/
2 (6) 

Thus, errors in P contribute in the usual way, but those in 
EF are greatly magnified by (EF - 1) in the denominator when 
EF is only slightly greater than unity. In Table IV are listed 
average EF values over all samples of each kind collected, 
which show why errors are often large when averaged over all 
samples collected. The average error in F over all samples 
is almost meaningless because the error is infinite when no 
tracer is present, i.e., EF = 1.00, but drops sharply with in
creasing F, asymptotically approaching a constant value. 
Thus, in Table IV, we have listed the percent error in F at 
half of the maximum F value for the particular pool, which 
is a representative value, for both the stable and the radio
active tracer. The accuracy for the radioactive tracer is better 
than for the stable tracer, as the former is determined almost 
entirely by counting statistics in the samples from the various 
pools. 

Measurements of F in each pool present unique problems, 
as illustrated by the plots of F vs time for subject IN in Figure 
2. Zinc in plasma rises quickly to a maximum of F = 4-6% 
at about 2 h and quickly falls to ~ 1 % or less by a few hours 
later. The Zn concentration is quite low and the sample size 
is limited, so errors in both P and EF are often large. On the 
other hand, the average EF is the highest among the pools 
investigated (see Table IV), which tends to reduce the errors. 
The Zn concentration in RBC is about 10-fold greater and F 

24 2.29 9 18 10 
20 1.29 4.5 23 10 
19 1.61 6 18 8 
6 1.78 6.6 14 7 

is much greater after a few hours, but greater normal con
centrations of Zn in RBC cause the EF values to be generally 
lower than for plasma, thus magnifying the contribution of 
errors in EF to those of F, the result being that overall ex
pected errors for RBC are somewhat greater than those for 
plasma. Because of the much greater concentration of Zn and 
the generally greater F values for RBC, plasma must not be 
contaminated by RBC. This was not a problem in the samples 
reported, as the standard deviations of Zn concentrations in 
plasma from three of the four subjects were less than the 
expected error of measurement. One plasma sample from IN 
yielded a Zn concentration about twice as great as the average 
for the subject, suggesting possible contamination. 

Quantities of urine samples are virtually unlimited, but the 
Zn concentration is low and little of the tracer appears in the 
pool. The easiest pool for these experiments is feces, as the 
sample size is unlimited and major portions of the tracer are 
present in it, much of it being unabsorbed Zn. The errors are 
rather high because the large natural concentration of Zn in 
feces causes the EF to be rather low except when the large 
pulse of mostly unabsorbed Zn tracer is present. 

Procedure blanks for all samples are about 0.12 )Lg, with 
an additional 0.02-0.08 )Lg for blood samples, depending on 
the amount of sodium citrate used as the anticoagulant. 
Appropriate blank values were subtracted prior to calculation 
of Zn concentrations and total masses of Zn in the pools. It 
was not necessary to correct EF values for the blanks, as the 
values are insensitive to blanks that, being natural Zn, contain 
very little 70Zn. 

The objective of the experiment was the validation of stable 
isotope tracing of Zn in human nutrition studies by comparison 
with results of simultaneous tracing with in vivo radioactive 
65Zn, as shown for subject IN in Figure 2. Paired t-tests of 
65Zn and 70Zn data of all tissues of each subject showed no 
significant differences between the tracers except for fecal data 
of one subject (CL, p < 0.05). Detailed kinetic analyses of 
the tracer data of the four subjects are given in ref 44. 

DISCUSSION 
The radiochemical procedure developed allowed us to ob

serve ')'-ray spectra of irradiation products of 64Zn, 68Zn, and 
70Zn free of serious contamination soon enough after irradi
ation to obtain good statistics for the peak areas needed to 
calculate the enrichment factors of ratios of 70Zn/68Zn and 
70Zn/64Zn relative to those of natural Zn. Furthermore, within 
the limits of error of results based on the stable and radioactive 
Zn tracers, the use of Zn stable isotope tracers was verified 
for four subjects. An important aspect of the design of the 
experiment was the fact that the 65Zn activity of the in vivo 
tracer was low enough in samples collected that it did not 
interfere with determination of 64Zn levels in the samples via 
the "Zn(n,')')65Zn reaction. This allowed us to validate the 
stable isotope method against the radioactive tracer in the 
same subjects at the same time, eliminating uncertainties that 
would have arisen had the stable and radioactive tracer ex
periments been done at different times. 

The experimental design could be improved. The largest 
uncertainties in determining masses of Zn in the pools are 
those of the chemical yield, which arises from the use of in 
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Figure 2. Fraction of the 65Zn and 70Zn tracers appearing in the four 
pools vs time. The data are those for subject IN. Closed circles 
represent the data obtained wtlh "Zn and open circles are those from 
the 70Zn tracer. Note that different time scales are used for the various 
pools. Uncertainties represent expected standard deviations from 
analysis of errors in the various steps of the experiments. 

vivo 65Zn tracer to determine the yield. The low activity of 
65Zn in samples taken from the body caused large statistical 
errors in the count rate of the 11l5-keV l'-ray peak in the 
spectra. One cannot increase the exposure of subjects to 65Zn 
radiations just to improve the accuracy of yield determina
tions. The determination of the mass of Zn on the Chelex resin 
has large uncertainity because of the high activity from con
taminants on the irradiated resin, which makes it necessary 
to place the sample far from the detector for the initial count. 

As determination of the fraction of the tracer, F, in each 
pool is separable into the determination of the mass of Zn in 
the pool, P, and that of the enrichment factor, EF, of the 
enriched isotope, Zn in the pool could be determined either 
chemically, e.g., by AAS, or by activation of a portion of each 
sample separately from the determination of EF. As activation 
analysis could be done using long-lived 65Zn, no chemical 
separation would be needed, as one could wait for interfering 
radiations to decay before taking spectra. This would elim
inate substantial errors in chemical yields and greatly reduce 
the error in P resulting from errors in T. 

The other problem in our experiments, which caused a loss 
of some samples, was the unreliability of sodium citrate as 
an anticoagulant. As blanks caused by Zn of natural isotopic 
abundances introduce very little of the enriched isotope, one 
can use heparin. Various commercial heparins differ greatly 
in their Zn levels, so one has to test various supplies to find 
those of acceptably low Zn levels, which we have since iden
tified. 
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Observation of Kinetic Heterogeneity on Highly Ordered 
Pyrolytic Graphite Using Electrogenerated Chemiluminescence 

Robert J. Bowling and Richard L. McCreery* 

Department of Chemistry, Ohio State University, Columbus, Ohio 43210 

Christine M. Pharr and Royce C. Engstrom* 

Department of Chemistry, University of South Dakota, Vermillion, South Dakota 57069 

Klnellc heterogeneity on highly ordered pyrolyllc graphite 
(HOPG) electrodes was characterized by using electrogen
erated chemiluminescence Imaging. The reaction of lumlnol 
In alkaline peroxide was used with a sensitive mlcroscope
based Imaging system to monitor the course of electron 
transfer at various regions on the HOPG surface. The abllHy 
to Image with temporal resolution provided for the construc
tion of local voltammograms, so that estimates of kinetic 
differences between basal plane and defect-rich HOPG could 
be obtained. Electrochemical pretreatment of basal plane 
HOPG produced a surface electrochemically similar to a de
fect-rich surface. 

INTRODUCTION 
The complex surface structure of glassy carbon (GC) 

electrodes has resulted in numerous attempts to understand 
its relationship to heterogeneous electron transfer. A variety 
of analytical techniques has been used to characterize carbon 
electrode surfaces, often accompanied by pretreatment pro
cedures designed to generate reproducible electrochemical 
behavior. Attempts have been made to correlate the existence 
of catalytic moieties such as oxygen functional groups or the 
effects of surface cleaning with the observed electron transfer 
rate (1-13). Unfortunately, it is difficult to deconvolute the 
effects of surface cleanliness, electrocatalytic functional groups, 
and carbon microstructure on kO for a given redox system. 
For example, the dependence of electroactivity on surface 
oxygen content remains unclear. X-ray photoelectron spec
troscopy (XPS) on polished GC showed an increase in the 
oxygen to carbon ratio (O/C) from 0.084 to 0.22 upon elec
trochemical activation (11). An increase in O/C to 0.221 upon 
oxygen plasma activation has also been reported (13) for GC. 
However, vacuum heat treatment (8) and intense laser pulses 
(3-5) reduce the surface oxygen content to 0.06 and 0.04, 
respectively, while activating the electrode toward electron 
transfer. While it is likely that surface oxygen may have an 
important role in the electroactivity of certain specific redox 
system such as hydrazine (10), it is difficult to assess its 
importance until better ways of controlling the other afore
mentioned variables are devised. 

This work is an attempt to understand the role of carbon 
microstructure on the heterogeneous electron transfer kinetics 
at highly ordered pyrolytic graphite (HOPG). The advantage 
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of using HOPG as an electrode for this work is its atomically 
clean surface as measured by scanning tunneling microscopy 
(14) and XPS (13). HOPG also has a well-defined layered 
structure with microcrystallite sizes on the order of 1 or 2 !lm 
(15), making it well-suited for studies of heterogeneous electron 
transfer at edge versus basal plane carbon. Previous reports 
on HOPG have shown that increases in kO for ferrocyanide 
and dopamine correlate with an increase in edge-plane carbon 
as measured by Raman spectroscopy (16-19). 

In this work, the technique of electrogenerated chemilu
minescence (ECL) imaging has been used to characterize the 
HOPG surface. In ECL imaging, the light from an electro
chemically initiated ECL reaction is collected and used as a 
representation of the local current density on an electrode 
surface. ECL imaging has previously been used to study the 
distribution of electrochemical activity on heterogeneous 
electrodes (20, 21) and to characterize nonuniform current 
density on disk electrodes due to diffusional mass transfer (22, 
23). In the present work, the potential dependence of the ECL 
reaction of luminol in alkaline peroxide has been used to 
obtain microscopically local kinetic information on HOPG 
electrodes in an attempt to correlate the presence of edge plane 
carbon with heterogeneous electron transfer kinetics. An 
imaging system consisting of an optical microscope, a low-lag 
vidicon camera with a microchannel plate intensifier, and an 
image-processing computer was used to acquire ECL images 
with spatial resolution in the submicrometer range and tem
poral resolution of '1 30th of a second. The temporal resolution 
allowed collection of light intensity from local regions of the 
electrode surface during the course of a potential scan, pro
viding a correlation between electrochemical behavior and 
physical microstructure of the surface. 

EXPERIMENTAL SECTION 
Apparatus. The HOPG electrode was mounted in a holder 

as described previously (16, 17) and was placed on the stage of 
a Zeiss Standard 16 microscope (Thornwood, NY). The electrode 
surface was immersed in a solution containing 2 mM luminol, 5 
mM hydrogen peroxide, and 0.5 M sodium borate, adjusted to 
pH 10.5 and placed with the surface facing upward for viewing 
through the microscope. A platinum wire auxiliary and a saturated 
calomel reference electrode were used. The microscope was op
erated with either a 25X or 63X Plan Neofluar objective and a 
lOx ocular. 

The imaging system was a Hamamatsu Argus 100 video in
tensified microscopy system (Photonics Microscopy, Oak. Brook, 
IL). The camera, consisting of a low-lag vidicon with a micro-

© 1989 American Chemical Society 
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Figure 1. ECl images of scratched HOPG surface during a potential 
scan. First panel was taken with external illumination with no applled 
potential, showing the defect created by mechanical scratching. Re
maining panels are Eel images collected at 50-mV increments, with 
pane! 2 taken at 0.25 V. Each panel in the figure represents a viewing 
area 400 tLm on a side. See text for details of so!ution conditions. 

channel plate intensifier (24), was mounted on the microscope. 
The microscope and camera were housed in a dark-box which was 
in turn mounted on a vibrationally damped table (Newport 
Stabletop, Fountain Valley, CA). Signals from the camera were 
recorded by an image-processing computer, which displayed im
ages on a monitor. Software treatment of the images will be 
described in the appropriate sections under Results and Dis
cussion. Photographs shown in this paper were taken from the 
monitor SCreen with a 35-mm camera and Kodak Tri-max black 
and white film (Rochester, NY). 

Reagents, Luminol (5-amino-2,3-dihydro-l,4-
phthalazinedione) was obtained from Eastman Kodak (Rochester, 
NY). All other chemicals were reagent grade. Solutions were 
prepared in water purified on a Sybron Bamsted Nanopure system 
(Boston, MA). HOPG was a gift from Arthur Moore (Union 
Carbide, Parma, OH). 

Procedure. A fresh basal plane surface of HOPG was exposed 
before each experiment by removal of the old surface with adhesive 
tape. Exposure of edge plane carbon was achieved by creating 
a defect in the basal plane surface with a razor edge, or with a 
clean, broken tip of a pasteur pipet. In those experiments in
volving electrochemical pretreatment (ECP), the electrode po
tential was held at 2.0 V in 0,1 M KNOs for specified periods of 
time, as described previously (12, 13) prior to obtaining ECL 
images. 

RESULTS AND DISCUSSION 
Electrochemical Activity of Defects. Previous Raman 

spectroscopic studies have indicated that electron transfer in 
the ferrocyanide and dopamine systems is facilitated at edge 
orientation relative to basal plane orientation (16-18), The 
importance of edge orientation to luminol electrochemistry 
was determined by deliberately creating defects in the basal 
plane structure through mechanically scratching its surface, 
The first panel in Figure 1 is an optical micrograph of the 
scratched region taken under external illumination at 63X. 
The dark, irregularly shaped feature is the scratch region, 
while the brighter, relatively homogeneous background is 
undisturbed basal plane. The remaining panels of Figure 1 
represent a time-sequence of images captured during a po
tential-scan experiment in the presence of luminoL The po
tential scan was from 0,20 to 0.95 V at a rate of 50 m V /s. 
Images were captured at I-s intervals, so each panel represents 
a 50-m V increment in applied potentiaL The results show 
clearly that the defect region generates ECL intensity at less 
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Figure 2. ECL intensity-potentia! profiles taken from Figure 1 from 
(a) the soratcr. region and (b) the undisturbed HOPG region. Scan rate 
was 10 mV/s. 

a 

b 
Figure 3. ECL images during a potential scan Clf fresh HOPG 
surface and (b) HOPG surface after electrochemicai oretre"iment (see 
text for details). Conditions are given in Figure 1. 

positive potentials than the surrounding region, 
electron-transfer kinetics of the luminal system are 
tially more favorable in the defect-rich region, The 
current at potentials beyond the peak, as expected 
classical potential sweep is observed a de-
crease in light at more 
decay will be observed the 
to (Dt)'!'-

A more qULlli1;itcLti,'e comparison of electron-transfer facility 
can be by constructing ECL intensity-potential curves 
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Figure Eel intensity-potential profiles from Figure 3 of (a) the fresh 
surface and (b) the pretreated surface. Scan rate was 10 mV Is. 

for the two regions. Such curves can he likened to a local 
voltammogram, since ECL intensity is proportional to local 
current Thus, local current-potential relati<)ns:hil)S 
can be and related to local structural effects. 

area defined to be 10 )lm on a side was selected both 
the scratch region and on the undisturbed surrounding 

The total intensity within the square regions was 
from each ECL frame in Figure 1. Those intensities 

were plotted against applied potential in Figure 2. The 
current-potential curve for the scratch region out at 
aDDfI)xim"te.lv 0.45 V whereas the surrounding plane 

at approximately 0.78 V. The transfer coefficient for 
luminal system has been estimated to be a!l!lHJXLLU<LCeJ:Y 

0.36 from work (23,25). By use of value 
classicai kinetics, the standard heterogeneous 
rate constant in the defect region is over 100 times that of the 
undisturbed basal plane. The decreased peak within 
the defect region as compared to the surrounding llnni,:hrrhe:n 
region may result from decreased mass transfer to the scratch, 

which lies below the level of the surrounding region. 
Electrochemical Treatment of HOPG. A fresh surface 

of HOPG was subjected to electrochemical pretreatment by 
application of +2.0 V for 2 min, followed by -0.1 V for 30 s. 
Through the microscope, the surface was observed to undergo 
considerable cracking during both the positive and negative 
phases of the pretreatment. Time-sequenced ECL images 
taken at 50-m V increments during a scan of HOPG 
from 0.200 to 0.995 V before and such treatments are 
shown in 3. The behavior between 
0.200 and showing that the 
pretreated surface to defect region de-
scribed in the preceding section. peak potential for the 

which is similar to that described 
for the mechanical 

It should be pointed out that the intensity-potentiai 
of the pretreated surface shifts to less positive values, 

absolute peak on the pretreated surface is sig-
nificantly lower than on the undisturbed basal plane 
or the mechanical defect area. The decrease in intensity seems 
to become more severe the longer the electrode is made to 
undergo ECL. It is suspected that some specific interaction 
between luminol and the oxidized HOPG surface occurs, in
terfering with either the electron-transfer or the light-emitting 
mechanism of luminol. For electrochemical pre-
treatment of GC has been shown to a layer of graphite 
oxide (26) that could with luminol. 

Additionai into the between defects and 
electron-transfer can be by higb-resolution 
imaging of the pretreated surface. Figure 5A shows the 
pretreated surface under external illumination at 630x, 
making visible the details of the referred to above. 
An ECL of that same surface, at an applied 
potential of V, is shown in Figure 5E. At that applied 
potential, which is on the portion of the luminol oxi
dation wave, subtle differences electron-transfer kinetics 
should be most evident. The ECL image has undergone 

lFigure 5. High magnification (630X) images of electrochemically pretreated HOPG shown (a) under external illumination and (b) undergoing Eel 
at 0.35 V. Each image represents a viewing area 160 Jrn on a side. Images have been contrast-enhanced (see text). 



2766 Ana/. Chem. 1989. 61. 2766-2769 

contrast enhancement through the application of a sigmoid
shaped look-up table, in which high-intensity regions are 
further intensified and low-intensity regions are deemphasized. 
The contrast enhancement makes it possible to observe a 
correlation between microscopic cracks and ECL intensity. 
For example, the arrows in Figure 5 point to cracks on the 
externally illuminated image and corresponding regions of high 
intensity on the ECL image. 

CONCLUSION 
Results presented here give direct evidence that the elec

tron-transfer kinetics of luminol oxidation are enhanced at 
regions rich in defects over undisturbed basal plane HOPG. 
Quantitatively, the electron-transfer rate constant differs 
between the two regions by over 2 orders of magnitude. 
Electrochemical pretreatment produces a surface that is visibly 
rich in defects and that behaves electrochemically in a manner 
similar to a surface possessing obvious mechanical defects. 
The correlation between defects and electron transfer activity 
on electrochemically pretreated surfaces reinforces the con
clusion that activation during oxidation/reduction pretreat
ment is due to fracturing of the graphite lattice and formation 
of edge plane defects, rather than being due to oxide formation 
(18). At least for the current case of luminol, it is unnecessary 
to invoke surface oxides to explain enhanced activity. 

Registry No. KNO" 7757-79-1; graphite, 7782-42-5; luminol, 
521-31-3. 
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Fumed Silica Substrates for Enhanced Fluorescence Spot Test 
Analysis of Benzo[a ]pyrene-DNA Adduct Products 
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Amorphous fumed silica has been found to enhance both the 
Intensity and resolution of the emission, eXCitation, and syn
chronous fluorescence spectra of benzo[a]pyrene-r-7,t-
8,9,10-tetrahydrotetrol (BPT) on a filter paper substrate. 
Experimental parameters Including the type and concentration 
of fumed silica were investigated as well as the method of 
application. The use of fumed silica as an enhancing agent 
In luminescence detection of polynuclear aromatic hydro
carbons Is attractive since the procedure is simple, rapid, and 
cost-effective, and therefore suitable for routine analysis. 

INTRODUCTION 
Polynuclear aromatic (PNA) compounds are generally 

recognized as potential carcinogens and mutagens. The 
process is believed to be initiated by conversion of these 
compounds via chemical or metabolic activation into highly 
reactive electrophiles which undergo attack by nucleophilic 

* Author to whom correspondence should be addressed. 
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centers in DNA (1,2). The formation of complexes between 
electrophiles and specific sites in DNA may lead to induction 
of mutation and consequently other manifestations of genetic 
alterations. Benzo[aJpyrene and (BP) has often been inves
tigated as the model compound for the carcinogenic PNAs. 
It is metabolized to a number of oxiranes, phenols, and 
quinones (3-5). The ultimate carcinogenic product of BP is 
believed to be BP-7,8-dihydrodioI9,10-epoxide (BPDE) which 
binds to DNA (6). Methods for the measurement of BPDE
DNA complexes are therefore important for biomonitoring 
of human exposure to genotoxic PNA chemicals. 

The highly fluorescent aromatic nucleus of the PNA 
molecule has allowed the detection of BPDE-DNA adducts 
by luminescence. Extremely sensitive assays are required due 
to the low levels of environmental exposure, which lead to low 
levels of adduct formation. Radioactive methods such as the 
32p postlabeling technique can detect DNA adducts of PNA 
at extremely low levels (7). Nonradioactive techniques such 
as surface-enhanced Raman scattering (SERS) spectrometry 
(8), fluorescence line-narrowing (FLN) spectroscopy (9), room 
temperature phosphorimetry (RTP) (10), and fluorometric 
detection for liquid chromatography (11) have been utilized 

© 1989 American Chemical SOCiety 
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to detect minute amounts of BPDE-DNA adducts. The 
synchronous luminescence (SL) technique has been used for 
the selective characterization of mixtures of different PNAs 
(12-14). The SL technique involves scanning excitation and 
emission synchronously with a fixed wavelength difference 
(1),,). A signal is seen only when 1>" matches the interval 
between one absorption and one emission band; in many cases, 
a single peak is observed. Since DNA quenches the fluores
cence of the covalently bound BPDE, acid hydrolysis induced 
removal of the pyrenyl moieties from the DNA as tetrols is 
generally required with each of these luminescence assays with 
the exception of the FLN, SERS, and RTP techniques. In 
this paper we report a simple technique for increasing the 
sensitivity of fluorescence detection for the benzo[aJpyrene 
tetrol (BPT) derivative. 

In previous studies, sensitized luminescence by energy 
transfer has been extensively investigated (15-19) for im
proving the sensitivity of luminescence analysis. In this work 
we now report the development of a simple method for 
fluorescence enhancement of a PNA compound (BPT) on 
filter paper by a substance with no intrinsic fluorescence
fumed silica. There have been many diverse applications of 
silica and its derivatives in analytical spectroscopy. The use 
of silica and its derivatives as absorbants of analyte compounds 
has been widely documented (20-25). A CIs-derivative 
chromatographic silica was used to preconcentrate pyrene from 
methanol-water solutions (26). The hydrophobic interactions 
between the PNA and the silica surface largely determine the 
amount of preconcentration. Utilizing a sensitive laser fluo
rometric system, Kirsch and co-workers (27) were able to 
achieve a detection limit of approximately 8000 molecules of 
Rhodamine 6G adsorbed onto the surface of small silica 
spheres. They point out two major advantages: (1) there is 
no solvent fluorescence or Raman scatter and (2) the particles 
are viewed from a stationary position. Cellulose substrates 
generally have highly reflective surfaces and can produce 
scattered light. Front surface illumination/ detection geometry 
used with a solid surface can produce higher levels of scattered 
light than do solution measurements where a right-angle ge
ometry is used. 

In this paper we report the effectiveness of fumed silica as 
a fluorescence enhancer on a paper support utilizing the bi
ologically important compound BPT as a modeL Experi
mental factors such as the type and concentration of fumed 
silica and method of application are discussed in detaiL The 
results indicate that fumed silica induces an efficient en
hancement of the fluorescence emission signals from BPT on 
a filter-paper background and is therefore potentially useful 
for the luminescence detection of PNA-DNA adducts. 

EXPERIMENTAL SECTION 
Instrumentation. All fluorescence spectra were obtained with 

a Perkin-Elmer 650-40 luminescence spectrometer equipped with 
a 150-W xenon lamp excitation source and an R928 Hamamatsu 
photomultiplier tube. An IBM-XT personal computer was linked 
to the spectrophotometer through a RS-232 interface and ap
propriate software was written to control the spectrophotometer, 
collect and process the data, and display the results in graphic 
forms. Special laboratory-constructed sample holders were used. 
These interchangeable, finger-type sample holders allow frontal 
excitation and right-angle detection (28). 

Procedure. Two different procedures were investigated to 
obtain enhanced fluorescence. In the first method, equal volumes 
of 1 X 10-5 M benzo[a]pyrene-r-7,t-8,9,1O-tetrahydrotetrol (BPT) 
in ethanol and 10% (w /w) aqueous suspensions of fumed silica 
were combined and thoroughly mixed. With a Gilson micropipet, 
2.5 mL of this solution was applied to filter paper (within the 
sample holder) and allowed to dry for approximately 2 min prior 
to measurement. In another procedure, fumed silica or analyte 
solution was applied to the filter paper first and upon drying the 
BPT solution was spotted onto the pretreated paper substrate. 
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Figure 1. Excitation scan of 1 X 10-5 M ethanoiic BPT mixed with an 
equal volume of aqueous 10% (w/w) grade LM 190 fumed silica (-) 
compared to the excitation scan of 1 X 10-5 M BPT mixed with an 
equal volume of water (---) on filter-paper substrate. 
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Figure 2. Emission scan of 1 X 10-5 M ethanoiic BPT mixed with an 
equal volume of aqueous 10% (w/w) grade LM-130 fumed silica (-) 
compared to the emission scan of 1 X 10-5 M BPT mixed with an equal 
volume of water (---) on filter-paper substrate. 

In either case, the fluorescence of BPT without sensitizer was 
measured for comparison. Appropriate background spectra were 
obtained and subtracted for all measurements. For excitation 
measurements, the emission wavelength was set at 380 nm; for 
emission measurements, the excitation wavelength was set at 349 
nm. For synchronous luminescence analyses, 6.)" was set at 17 
nm. Spectral resolutions were set at 1.5 nm for excitation, 
emission, and synchronous scans. 

Materials. Amorphous fumed silica (grades EH-5, LM-130, 
L-90, and M-5) was graciously provided by the CABOT Corp. 
BPT was acquired from the National Institues of Health Repo
sitory. Spectral-grade ethanol was purchased from Warner 
Graham Co., and distilled water was purchased from American 
Scientific Products. Grade 2043A filter paper from Scheicher and 
Schuell, Inc., was used for all measurements. 

RESULTS AND DISCUSSION 

Enhanced Fluorescence Spectra. The experimental 
parameters investigated in luminescence enhancement by 
fumed silica included both the type and concentration of the 
fumed silica as well as the method of application. The effect 
of these parameters on the fluorescence of BPT was deter
mined. 

Figures 1, 2, and 3 show the excitation, emission, and 
synchronous spectra of ethanolic 1 X 10-5 M BPT premixed 
with an equal volume of aqueous 10% grade LM-130 fumed 
silica (final BPT concentration 4 X 10-9 g) prior to application 
onto filter paper. For comparison, spectra obtained with BPT 
on paper substrate without fumed silica are also shown 
(dashed curve). It was observed that premixing the sample 
with fumed silica significantly enhanced the fluorescence of 
BPT by almost 1 order of magnitude. In all cases, the signal 
has been increased ~ 5 times. The limit of detection for BPT 
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Figure 3. Synchronous scan of 1 X 10-5 M ethanoic BPT mixed with 
an equal volume of aqueous 10% (w/w) grade LM-130 fumed silica 
(-) compared to the emission scan of 1 X 10-5 M BPT mixed with 
an equal volume of water (---) on filter-paper substrate. LlA as set 
to 17 nm. 

Table I. Fluorescence Intensity as a Function of Fumed 
Silica Sizeu 

fluorescence 
fumed surface nominal intensity,C 
silica area,b particle arbitrary 
typeb m2/g diameter. b J.Lm units 

L-90 100 ± 15 0.027 5.95 ± 0.86 
LM-130 160 ± 15 0.017 9.24 ± 0.45 
M-5 200 ± 25 0.014 9.59 ± 0.72 
EH-5 380 ± 30 0.007 8.60 ± 1.84 

a Fumed silica materials were suspended in aqueous solution to 
give 10% solutions and were premixed with equal volumes of 1 x 
10-5 M ethanolic BPT solution prior to application onto filter pa
per. bData supplied by vendor. CMeasured at 380 nm with Aex = 
349 nm. 

is 2 pg. The dynamic range is approximately 2-3 orders of 
magnitude. The relative standard deviation of the mea
surement technique is approximately 10%. Figure 3 also 
illustrates the utility of the SL technique. While the emission 
and excitation spectral profiles of BPT are relatively broad, 
the synchronous spectrum exhibits narrower bandwidths, 
thereby simplifying detection of BPT in a mixture of PNA 
or other compounds with significant emission overlap. The 
synchronous spectra also show the presence of a small im
purity, as indicated by the peak at 395 nm. It is noteworthy 
from Figures 1 and 2 that besides the intensity enhancement, 
the spectral characteristics of BPT in the presence of fumed 
silica are very similar to those in the absence of fumed silica. 
The lack of significant structure alteration in the fluorescence 
excitation (Figure 1) and emission (Figure 2) spectra indicates 
that spectral changes due to absorption onto fumed silica are 
minimal for the excited singlet and ground state. 

The different commercially available grades of fumed silica 
vary according to surface areas and nominal particle diameters, 
For the grades used in this study, the surface areas ranged 
from 100 to 380 m' / g and nominal particle diameters from 
0.007 to 0.027 mm (Table n. Figure 4 depicts the fluorescence 
intensity of 1 X 10-5 M BPT measured at 380 nm (Aox = 349 
nm) when premixed with equal volumes of 10% (w /w) of each 
of the four grades of fumed silica utilized in this study. Grade 
L-90 with the largest particle diameter (0.027 !Lm) and smallest 
surface area (100 m' / g) gives the weakest fluorescence signal, 
while the other grades give statistically equivalent signals. It 
is interesting to note that in previous investigations of sil
ver-coated fumed silica as a substrate for surface-enhanced 
Raman scattering (SERS), Grade L-90 with the largest particle 
diameter provided the maximum SERS intensity while the 
smaller silica sizes gave weaker signals (29). 
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Figure 4. Comparison of the emission spectral intensities of 1 X 10-5 
M BPT premixed with equal volumes of 10% solutions of different 
grades of fumed silica: curve A, grade M-5; curve B, grade EH-5; curve 
C, grade LM-130; curve D, grade L-90. Excitation wavelength was set 
to 349 nm. 

Table II. Fluorescence Intensity as a Function of Fumed 
Silica Concentrationa 

% fumed silica 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 

fluorescence intensity,b 
arbitrary units 

LM-130' EH-5d 

2.21 
2.03 
1.88 
1.87 
2.44 
1.84 
2.62 
2.10 
2.37 
2.10 

2.53 
2.17 
1.80 
1.70 
1.72 
1.90 
1.42 
1.73 
1.92 
1.69 

a Fumed silica materials were suspended in aqueous solution to 
give 5% solutions and applied to filter paper. Upon drying, 2.5 ~L 
of 5 x 10-' M ethanolic BPT was applied to the same spot. 
h Measured at 380 nm with "'ex = 349 nm. C Relative standard de
viation = ± 9.8%. dRelative standard deviation = ± 11.8%. 

The fluorescence intensity of 5 X 10-' M BPT (applied on 
top of dried silica spot) with different concentrations of grades 
LM-130 and EH-5 fumed silica was measured at 380 nm (Aox 
= 349 nm). The concentrations ranged from 1 % to 10% 
(w /w). Use of higher concentrations was prohibited due to 
aggregate formation of fumed silica particles. While Alak and 
V 0-Dinh (29) found an optimum concentration of 3 % for 
SERS enhancement, the fluorescence signals from 1 % to 10% 
on paper varied by only 10-12% and no clear pattern was 
observed (Table II). 

Effect of Sample Preparation and Delivery, While the 
nominal particle size of the fumed silica (as indicated by grade) 
and the concentration (from 1 % to 10%) appeared to play 
minor roles in fluorescence enhancement of BPT, the method 
of sample preparation and delivery seemed to be a key factor. 
Figure 5 shows the emission spectra of 1 X 10-5 M BPT 
premixed with equal volumes of grade LM-130 fumed silica 
prior to application (curve A), application of fumed silica to 
the filter paper substrate prior to BPT (curve B), and ap
plication of of BPT to the paper substrate prior to fumed silica 
(curve C). For comparison, the emission spectra obtained with 
BPT on paper substrate without fumed silica is shown (curve 
D). Premixing equal volumes of enhancing agent and analyte 
solution gave the best enhancement of the BPT fluorescence 
signal, followed by application of analyte onto previously 
applied enhancing agent. Application of fumed silica onto 
analyte gave a comparatively small enhancement of fluores
cence signal. The two most effective methods, premixing of 
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Figure 5. Comparison of the emission spectral intensities produced 
by different sample application methods: curve A, 1 X 10-5 M etha
nolic BPT premixed with 10% (w/w) aqueous grade LM-130 fumed 
silica; curve S, 5% (w/w) aqueous fumed silica applied first to filter 
paper with 5 X 10-6 M BPT spotted on top; curve 5 X 10-6 BPT 
applied to filter paper first with aqueous fumed silica on top; curve D, 
5 X 10-6 M BPT solution applied without fumed silica. Excitation 
wavelength was set to 349 nm. 

analyte and enhancing agent solution and application of fumed 
silica preceding analyte application both allow the agent to 
have extensive contact with the paper. When the fumed silica 
is applied onto the analyte, incident light is prevented from 
fully reaching the BPT, thus weaker fluorescence enhance
ment is observed. 

Fumed silica has no intrinsic fluorescence of its own; 
therefore, it is not functioning in the same manner by which 
anthracene or naphthalene enhances luminescence: that is, 
a transfer of excitation energy. While further investigation 
is underway to more fully explain the phenomena, several 
possibilities exist. As a manifestation of the chromatographic 
effect as noted in preconcentration studies (26), the fluores
cence enhancement might be due to improved adsorption of 
the BPT onto the surface treated with fumed silica. Fumed 
silica can also retain more BPT molecules onto the surface. 
The microstructure of fumed silica particles might also induce 
surface-enhanced mechanisms in fluorescence emission. This 
latter possibility is under current investigation. 

The use of amorphous fumed silica as a luminescence 
sensitizing enhancing in this type of analysis is attractive for 
several reasons. One of the problems related to analysis of 
complex mixtures by the sensitized (energy transfer) technique 
is that not all compounds will be sensitized. The degree of 
sensitization is determined by the amount of spectral overlap 
between analyte and sensitizer. Since fumed silica is inducing 
an increase in fluorescence signal in another manner, spectral 
overlap between sensitizers and analyte molecules is not re
quired and the applicability of the technique is more general. 
The potential exists therefore for the resolution of minute 
quantities within a multicomponent mixture of PNA com
pounds. As demonstrated, fumed silica enhances both in
tensity and resolution of luminescence on filter paper. It is 
inert and gives no interfering fluorescence emission. Very 
small amounts of sample are required (4 X 10-9 g final con
centration on paper). The procedure is simple, fast, and 

cost-effective and therefore suitable for routine analyses. 
Fumed silica is an inexpensive, easy-to-handle material. We 
have demonstrated the application of fumed silica enhance
ment of fluorescence for BPT and are currently investigating 
its utility for the detection of a number of PNAs. This 
technique also has potential for other analytical applications 
where detection of minute concentrations is required, such 
as DNA sequencing utilizing fluorophores (30). 
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Polychlorinated Dibenzo-p-dioxins and Dibenzofurans in 
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The use of supercrltlcal fluids yields rapid and quantitative 
extraction of polychlorinated dlbenzo-p -dioxins and dibenzo
furans from municipal Incinerator fly ash. One hour of 
leaching with nitrous oxide at 400 atm lil1d 40°C removes 
over 90 % of tetrachlorodlbenzo-p -dioxins from this matrix 
compared to 20 h of extraction time for the Soxhlet method. 
Extraction time can be even shorter when higher pressures 
are applied. Pure carbon dioxide does not extract dioxins and 
therefore can be used effectively in the cleanup step to re
move weakly absorbed organic material. However, this 
nonpolar fluid Is able to remove quantHatively polychlorinated 
dioxins and furans when 10 % of benzene is added to the 
fluid. Isolation of these pollutants can also be ensured by 
destroying the fly ash matrix by etching with acid first and 
then removing the released organics wHh carbon dioxide. The 
dramatically different extraction properties of nitrous oxide 
and carbon dioxide fluids, structurally similar molecules, are 
discussed. The extraction rate appears to be limited by ki
netics of desorption rather than solubllHles. The supercrHical 
fluid extraction process was conducted with an inexpensive 
fluid delivery system based on a high-pressure vessel. 

INTRODUCTION 

Incinerators are used in large cities throughout the world 
to deal with the problem of waste. As the trash is burned, 
inorganic compounds in the combustion zone of the incinerator 
form small particulate matter known as fly ash. Thousands 
of tons of fly ash are produced in this process and require 
disposal. The fly ash composition consists of approximately 
75-90% inorganic matter. In addition, some 600 organic 
compounds are present, among them hydrocarbons, polycyclic 
aromatic hydrocarbons, and polychlorinated organics. For 
example, polychlorinated dibenzo-p-dioxins (PCDD) and 
polychlorinated dibenzofurans are two of the groups present 
and known to be highly toxic (1). There are 75 isomers present 
in PCDD and 135 in PCDF. The major compound of concern 
is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which is the 
most toxic and has shown carcinogenic effects in animals. 
Between 1 and 2 % of the fly ash escapes into the atmosphere 
through the stack emission. However, most of it is isolated 
by an electrostatic precipitator and is disposed of by either 
dumping it or burying it in landfill sites. This poses a threat 
to Our soil and water supply. For instance, dioxins have been 
found in fish tissue and pulp and paper effluents. 

The first step in chromatographic analysis of environmental 
samples, such as fly ash, involves separating the organic 
components of interest from the matrix. This process is 
achieved traditionally by using liquid extractions. Solid 
samples such as fly ash are leached with an organic solvent 
in a Soxhlet apparatus. Methods based on solvent extraction 
are often time-consuming, due to small diffusivities in the 
liquids, and are very expensive since they require high-purity 
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organic solvents and waste disposal fees. In addition to the 
long extraction times and usually high toxicity of the organic 
liquid, these extraction processes are highly nonselective. 
Therefore, sequential chromatographic techniques must often 
be used to separate complex mixtures after extraction (2). 
This significantly increases the time and cost of overall 
chromatographic analysis of environmental samples. For 
example, analysis of polychlorinated dibenzo-p-dioxins and 
dibenzofurans often take days to complete. A promising 
technique, which can significantly increase speed and simplify 
the isolation process, is supercritical fluid extraction (SFE). 

Supercritical fluid extraction processes are well accepted 
by chemical engineers (3-7). This method exploits the 
properties of the gas at temperatures and pressures near the 
critical point. It combines both distillation and extraction 
in a single process since both vapor pressure and phase sep
aration are involved. In the food industry, the nontoxic 
properties of supercritical carbon dioxide and low extraction 
temperatures have been recognized (8). The speed, selectivity 
and low energy cost of supercritical fluid extraction have 
allowed many important industrial applications such as coal 
extraction (9) and the regeneration of activated carbon beds 
used in wastewater treatment (10). 

The interesting properties of suilercritical extraction can 
contribute significantly to an increase in analytical separations 
performance. The first descriptions of such a process were 
published in 1976 (11), where solvent-free microanalytical 
supercritical extraction was followed by thin-layer chroma
tography. However, more numerous applications of this 
method were not reported until quite recently. Most of these 
analytical investigations were focused on samples similar to 
those already explored in engineering applications such as 
determination of caffeine from coffee (12), the extraction of 
oils from natural products (13), and the removal of pesticide 
residue from plant sources (14) or organic pollutants from 
environmental sorbents, such as Tenex-GC (15), XAD resins 
(16), and polyurethane foam (16, 17). Only a limited number 
of studies have been done on direct extraction of environ
mental solids such as fly ash (18), river sediment (18, 20), 
urban dust (18-20), and diesel exhaust partiCUlates (15). 
Isolation of organic pollutants from these solids is often 
difficult since in many cases they are strongly bound to the 
matrix. For example, it is proposed that polychlorinated 
dibenzo-p-dioxins and dibenzofurans are produced during the 
formation of municipal incinerator fly ash (21). 

In this paper we discuss application of the supercritical fluid 
extraction method to the recovery and the analysis of these 
important pollutants present in the municipal incinerator fly 
ash. 

EXPERIMENTAL SECTION 
Distilled in Glass Grade solvents (benzene, methanol, hexane, 

and dichloromethane) used in this study were purchased from 
BDH Chemicals, Toronto, Ontsrio. The liquified, bone-dry carbon 
dioxide, nitrous oxide, helium, and nitrogen were acquired from 
Inter City Welding, Kitchener, Ontsrio. The fly ash was supplied 

© 1989 American Chemical Society 
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by the Ontario Ministry of the Environment from an electrostatic 
precipitator of a municipal incinerator in Toronto, Ontario. 13C 

labeled 2,3,7,8-tetrachlorodibenzo-p-dioxin was obtained from 
Cambridge Isotope Laboratories (Woburn, MA). 

All glassware, vials, and extraction vessels were washed with 
Sparkleen laboratory detergent in an ultrasonic agitation bath 
for 1 h. They were dried at 100°C for 30 min followed by 2 h 
at 220°C in a Fisher Isotemp Model 350 oven. The appropriate 
solvent was used in rinsing the glassware prior to its use. The 
stainless steel tubing was cleaned, under vacuum, using di
chloromethane. The tubing, with nitrogen flowing through it, 
was then dried in the oven at 210 °C for 2 h. 

The fly ash to be extracted was sieved to 150 I'm. Approxi
mately 10-g samples were Soxhlet extracted with benzene (300 
mL) for 40, 20, 6, and 2 h. Coarse porosity glass fritted extraction 
thimbles were used in the extractions. The solutions were reduced 
in volume by rotary evaporation (Buchi Rotovapor-R), transferred 
to a 25-mL pear flask for further concentration and then con
centrated, in a vial, to 500 I'L by a gentle stream of nitrogen. The 
samples were stored in a refrigerator to prevent evaporation and 
for future analysis with gas chromatography (GC) and gas 
chromatography/mass spectrometry (GC/MS). 

High-pressure vessels were used to supply supercritical fluid 
for extraction. These vessels were constructed of stainless steel 
in the Science Machine Shop at the University of Waterloo (22) 
or were purchased (High Pressure Equipment Co., Erie, P A, Model 
OC-2). Their volumes are about 200 mL and the vessels are made 
to withstand pressures in excess of 20000 psi. The vessel is 
equipped with a safety valve that contains a disk which ruptures 
at 7000 psi. This type of safeguard is extremely important to 
protect the operator in the case of manual and/or electronic 
temperature control failure. The 0.25 in. i.d. copper tubing coil 
is soldered to the outside surface of the vessel. This system is 
used to pass liquid nitrogen just before filling it up with high
density liquid fluid. Liquid nitrogen is supplied from a pressurized 
stainless steel thermos. The vessel is heated with the beaded 
heater (Cole, Palmer Chicago, IL). The pressure is monitored 
electronically by a pressure transducer (Model AB, Data In
struments, Lexington, MA). The temperature in the high-pressure 
vessel and extraction vessel is monitored with thermistors (Radio 
Shack, Barrie, Ontario). The pressure and temperature in the 
extraction system are controlled electronically (22). Switching 
the heater on and off is done with the help of a solid-state relay 
(Model EOM-lDA42-3/32, Potter and Brumfield, Princeton, IN). 
Operation of the high-pressure fluid source based on the heated 
pressure vessel consists of two steps. In the first step, the 
high-pressure container is cooled to below the critical temperature 
of the fluid (for CO2, t, is 32°C), using a source of coolant (liquid 
nitrogen). The vessel is then filled with liquid fluid from a 
high-pressure cylinder. In the next step, the vessel is heated, which 
significantly increases the pressure in the vessel. Supercritical 
fluid at a well-regulated pressure is then supplied to the extraction 
vessel. 

Refilling of the high-pressure vessel takes about 25 min. The 
fully charged vessel (cooled to -15°C) is able to provide fluid for 
5 h of continuous supercritical extraction at 400 atm. If an 
uninterrupted supply of the supercritical fluid is required, then 
two vessels can be used simultaneously, one operating while the 
other is being serviced. 

It should be emphasized that the fluid density in the extraction 
vessel and therefore the solubility (extraction) properties are 
independent from that which exist in a high-pressure container. 
Only the extraction pressure is determined by the conditions in 
the larger volume vessel. The extraction temperature, which 
determines density of the fluids, is regulated independently by 
using a heater attached to the extraction vessel. 

The extraction vessels, capacity 0.8 g of fly ash, were constructed 
of Swagelok 316 stainless steel fittings and 5 cm 1/4 SS tubing. 
the 1/16 in. stainless steel tubing leading from the extraction vessel 
was connected to a Swagelok zero dead volume connector. A fused 
silica capillary, 20 cm X 20 I'm, was connected to the zero dead 
volume connector and was used as a restrictor to maintain the 
pressure in the system. The capillary was directed into a 1.5-mL 
vial with septum and vent containing approximately 1.0 mL of 
hexane. A measured flow rate of approximately 120 mL/min of 
the depressurized gas was obtained at 400 atm. The samples were 

concentrated to 100 I'L by directing a gentle stream of nitrogen 
into the vial. These samples were also stored in a refrigerator 
to prevent evaporation and for future GC and GC /MS analysis. 

Two methods were used to extract aliphatic hydrocarbons from 
fly ash. With the use of a disposable pipet 5% (by volume) hexane 
was added to the high-pressure vessel while being cooled. The 
high-pressure vessel was filled with CO2, The fly ash in the 
extraction vessel was extracted for 1 h at 80°C and 400 atm for 
the removal of the hydrocarbons. Hydrocarbons were also ex
tracted with CO2 at 325 atm for 2 hand 40°C. The extraction 
of the PCDDs/PCDFs was accomplished in three different ways. 
Benzene (10% by volume) was added to the CO2 in the high
pressure vessels. A pressure of 400 atm was used to extract the 
PCDDs/PCDFs at 60°C for 2 h. Secondly, nitrous oxide (with 
no modifier) was used as the supercritical fluid. The temperature 
of the extraction was 40°C for 2 h at an extraction pressure of 
400 atm. The fly ash was treated with 1 N HCl to break down 
the matrix and facilitate the ease of the extraction of the 
PCDDs/PCDFs. The fly ash was then stirred for 2 h in 1 N HCl, 
centrifuged, washed with a copious amount of distilled water, and 
air-dried. CO2 was used to extract it at 400 atm for 2 hand 40 
°C. This fly ash was also extracted with nitrous oxide at 400 atm 
for 2 hand 40°C. In the above SFE procedure, approximately 
0.5 g of fly ash was extracted. 

A Varian 3500 capillary gas chromatograph, equipped with an 
on-column capillary injector, an electron capture detector (ECD), 
flame ionization detector (FID), and 30 m X 0.25 I'm fused silica 
capillary column (DB-5) (J & W Scientific, California) was used 
for chromatogaphic analysis. Nitrogen, with a flow rate of 1.2 
mLjmin, was used as the carrier gas. The temperature program 
consisted of an initial oven temperature of 65 °C for 1 min, 
programmed to 230°C at 15°C/min, held there for 1 min, 
programmed to 300°C at 3°C/min, and held there for 30 min. 
The ECD temperature was 325°C. The temperature program 
of the on-column injector consisted of an initial temperature of 
65°C, held for 1 min., programmed to a final temperature of 300 
°C at 100 °C/min, and held for 60 min. The on-column injections 
consisted of a 1-I'L solvent plug along with a 1-I'L sample. The 
gas chromatograph was interphased with INTEL 386 computer 
(EMJ Data Systems, Guelph, Ontario, Canada) using Lab-Master 
DMA data acquisition card (Scientific Solutions, Columbus, OH) 
and ASYST software (ASYST Software Technologies, Inc.). 

Quantitation of the extracted polychlorinated dibenw-p-dioxins 
and dibenzofuranas (PCDDs/PCDFs) was achieved with a 
Hewlett-Packard HP5890 GC/MSD system. An ionization voltage 
of 70 e V and ion source temperature of 300 °C were used. Before 
each set of analysis, the instrument was tuned with the compound 
perfluorotributylamine (PFTBA). This compound was used since 
it is stable and produces fragments throughout the entire mass 
range. Three such peaks at m/z 264.00, 413.95, and 501.95 were 
used since they are close to the ion masses of the PCDDs and 
PCDFs. Since the mass of the PCDDs and the PCDFs are known, 
selected ion monitoring (SIM) was used. SIM of the (M - COCl)+, 
M+, and (M + 2)+ ions for the TCDD /TCDF through to the 
H,CDD/H,CDF were used for identification. The (M - COCn+, 
(M + 2)+, and the (M + 4)+ ions were monitored for the 
OCDD /OCDF. M denotes the parent molecule. To ensure correct 
identification and quantitation of PCDDs and PCDFs, a standard 
mixture of these compounds was injected before a new set of 
unknowns was analyzed. The capillary column and temperature 
program were identical with the ones used for GC /ECD analysis. 
The helium carrier gas flow rate was 2.0 mL/min. 

The analysis of fly ash in most cases was performed in triplicate 
extractions. In some cases where the variance is discussed in the 
text, a series of six samples were analyzed. 

RESULTS AND DISCUSSION 
Table I shows Soxhlet extracton data of polychlorinated 

dibenzo-p-dioxins and dibenzofurans from municipal incin
erator fly ash as a function of leaching time. Benzene was used 
as solvent since it gives the highest extraction efficiency and 
recoveries of dioxins from this matrix (23). The pollutants 
of interest are divided into groups containing the same number 
of chlorines in the single molecule. For example, T 4CDD 
stands for tetrachlorodibenzo-p-dioxins to which the most 
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Table I. Extraction Data of Polychlorinated 
Dibenzo-p-dioxins and Dibenzofurans from Municipal 
Incinerator Fly Ash Using Soxhlet Extraction with 
Benzenea 

20 h 6h 2h 
GCjMS 

PCDD 40 h analysis 
PCDF x x s, % x s, % x s, % s, % 

T,CDD 107 90 13 64 19 52 6 4 
P,CDD 139 135 30 83 18 63 19 4 
H,;CDD 87 87 6 51 10 41 2 3 
H7CDD 77 79 6 48 8 38 5 4 
O,CDD 18 20 35 12 8 11 1 2 
T,CDF 42 44 18 29 17 24 13 1 
P,CDF 159 155 10 99 10 41 1 4 
H,CDF 119 124 2 84 4 56 7 3 
H7CDF 140 151 20 94 12 77 5 3 
O,CDF 16 19 16 5 40 31 33 3 

'The units are in ngj g of fly ash. Estimated standard devia-
tions are expressed in percent of mean i. 

toxic 2,3,7,8-tetrachlorodibenzo-p-dioxin congener belongs and 
T 4CDF stands for tetrachlorodibenzofurans. 

Results in Table I indicate that only about 50% of dioxins 
and furans are removed from the matrix in the first 2 h of 
extraction. In order to complete the extraction, the process 
should continue for 20 h. Results corresponding to 40 hare 
not statistically different compared to a 20-h leaching time. 
Also complete recoveries (93 ± 13%) of l3C labeled tetra
chlorodibenzodioxin standard were observed after 20 h of 
leaching time. 

Soxhlet extraction results are characterized by large 
standard deviation, approaching in some cases 35 % of total 
value. This poor precision is not associated with GC/MS 
analysis since the standard deviation in this case is only a small 
percentage, as would be expected (see Table I). One source 
of variance might be generated by the variation in sample or 
injection size. However, this source will affect all components 
to the same degree. Therefore, estimated standard deviation 
should be similar for all components. Analysis of variance 
(ANOVA) (24) performed on sets of data does not show any 
correlation between the sample number and results being 
consistently high or low. Another source of variance might 
be high inhomogeneity of fly ash. However, this is not sup
ported by the super critical fluid extraction results using the 
same fly ash where the estimated standard deviations are 
significantly smaller (see Table II). 

Another source of variance might be associated with a 
number of fillings within the same period of time. However, 
a special effort was made to ensure the uniform condition of 

the Soxhlet leaching process, including the number of fillings. 
The relative variance associated with this effect should be 
independent of the extraction time. However, the relative 
variance in Table I increased with time of the extraction. This 
trend is particularly visible when comparing 2-h with 6-h 
results. There are two possible explanations for this large 
standard deviation. Aggragation of the small fly ash particles 
occurs during the extraction process which limits access of 
the solvent to the solid matrix. This aggregation process 
increases with time. The fly ash cake becomes progressively 
more dense with the time of extraction. This random process 
traps a portion of organics present in the fly ash. The me
chanical stirring can break down these aggregates and release 
the pollutants. The stirring process is very inconvenient 
considering toxic benzene fumes and long extraction times. 
In addition, the Soxhlet extraction process is performed at 
temperatures close to the boiling point of the solvent, in Our 
studies about 80°C. At these elevated temperatures the 
synthesis of additional amounts of polychlorinated dioxins 
and furans on active sites located on fly ash matrix is possible. 
The other major concern when applying Soxhlet extraction 
is the use of toxic solvents. The replacement of benzene with 
other less toxic solvents results in lower extraction efficiencies 
(23). 

Considering the serious limitations of Soxhlet extraction 
in the analysis of dioxins in fly ash (toxic solvents, long ex
traction times, high extraction temperatures, and poor pre
cision), we decided to apply supercritical fluids in this ap
plication. Table II summarizes the results obtained. The 
extraction efficiencies are expressed relative to 20-h Soxhlet 
extraction results. 

Initially, we explored the application of the most common 
and least expensive fluid, carbon dioxide. Our initial results 
with this solvent were very discouraging. No significant 
amount of dioxins were extracted by the pure solvent even 
at 400 atm (see Table II). Only a small amount of furans were 
found in the extraction mixture. The negative result could 
be due to poor solubility of dioxins and furans in carbon 
dioxide. However, we were able to quantitatively extract a 
standard of heptachlorodibenzo-p-dioxin and l3C labeled 
tetrachlorodibenzo-p-dioxin from an empty extractor tube and 
also when it was deposited directly onto fly ash. These results 
indicate that the solubility is not a limiting factor but rather 
that the pollutants of interest are strongly absorbed onto the 
matrix and cannot be removed with carbon dioxide at 400 atm. 
In order to release them, it is necessary to use a stronger 
solvent which is able to break this specific interaction. This 
observation emphasizes the differences between the engi
neering applications of the supercritical fluid extraction where 

Table II. Extraction Data of Polychlorinated Dibenzo-p-dioxins and Dibenzofurans from Municipal Incinerator Fly Ash 
Using Supercritical Fluid Extraction with Different Fluids at 400 atm' 

co, + 10% CO, 
benzene CO, + 10% acid-treated N,O 

CO, 60 'C toluene fly ash 40 'C 
PCDD 40°C 2h 60°C 40 'C 2h 
PCDF 2hx x S, % 2hx 5, % x s, % 

T,CDD 117 12 49 96 25 98 7 
P,CDD 96 13 54 90 4 83 8 
H,CDD 96 11 57 87 8 81 2 
H7CDD 78 7 91 83 3 74 1 
O,CDD 75 6 35 75 17 81 6 
T,CDF 19 88 5 53 92 5 83 5 
P,CDF 9 97 5 48 114 5 87 1 
H,CDF 19 97 5 54 111 7 88 4 
H7CDF 79 48 65 100 17 89 4 
O,CDF 94 6 16 65 18 91 6 

'The units are in percent of extraction compared to 20 h of Soxhlet extraction. Estimated standard deviation s is expressed in percent of 
x. 
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Figure 1. Extraction rates of octachlorodibenzo-p-dioxins/oclachlorodibenzofuran from (O,CDD/O,CDF) municipal incinerator fly ash using various 
methods of supercritical fluid extraction: (a) dynamic method at 400 atm with nitrous oxide of untreated fly ash; (b) dynamic method at 400 atm 
with carbon dioxide of acid treated fly ash; (c) static method with nitrous oxide at 400 atm for 2 h followed by dynamic leaching of pollutants with 
the fluid. (See details in text.) Recoveries are given in percentage of total amount extracted with nitrous oxide. 

relatively large amounts of the product is dissolved in the fluid 
and transferred to the collection vessel, and the trace analysis 
applications where minute quantities of specifically adsorbed 
material are needed to be removed quantitatively from the 
matrix. In order to achieve the engineering goal, it is, in most 
cases, sufficient to ensure that the material of interest is 
soluble in the supercritical fluid, while to ensure quantitative 
removal of pollutants, it is necessary to use a strong solvent 
that will remove organic components from the matrix. 

It was shown that the addition of a polar modifier, such as 
methanol, to the supercritical solvent, can increase the re
covery of polar compounds adsorbed on environmental sor
bents (15). However, even 10% concentration of methanol 
by volume did not improve the recovery rates compared to 
pure carbon dioxide. In the next step, we used benzene as 
the modifier. As discussed above, benzene is a solvent of 
choice for Soxhlet extraction. Indeed, addition of 10% of 
benzene to the fluid produced over 95 % recovery of toxins 
compared to 20-h Soxhlet extraction (see Table II). The time 
of extraction was only 2 h but still a significant amount (about 
4 mL) of toxic benzene was used in this process. Our efforts 
in replacing this toxic solvent with toluene, or partially with 
methanol, resulted in lower recoveries (see Table II). The 
amount of benzene used can be reduced to about 0.5 mL if 
it is placed directly into the extractor together with the fly 
ash sample prior to analysis. This approach is more con
venient since it does not require preparation of the super
critical fluid mixture containing 10% benzene. The extraction 
of fly ash/benzene mixture is performed with pure carbon 
dioxide. 

At this point we decided to try a different approach. Since 
the polychlorinated dibenzo-p-dioxins and dibenzofurans are 
dissolved in carbon dioxide, they can be removed by this fluid 
if the pollutants are released from the matrix. One way to 
achieve this goal would be to destroy the fly ash matrix by 
exposing it to a strong acid. The results related to this analysis 
are shown in Table II. Removal of dioxins in this way is 
quantitative in most cases, approaching 90% recoveries. In 
the procedure, we added small quantitites of 1 N hydrochloric 
acid to the sample before separating solids with the help of 

centrifuge. If filtering was used in place of centrifuging, the 
recoveries were significantly lower indicating that small 
particles together with adsorbed dioxins were trapped in the 
filter paper. The results obtained are very encouraging con
sidering that no organic solvent was used in this process. 
However, this procedure requires an extra step involving acid 
etching, which significantly increases the cost and time of 
overall analysis. Also, precision of the results is poor as in
dicated by the high estimated standard deviation of the ex
perimental results and is comparable to Soxhlet extraction 
values. This variance can be associated with highly inho
mogeneous material produced after etching of municipal in
cinerator fly ash. This situation could be significantly im
proved if a proper sampling procedure is developed. 

In our final attempt we used a different fluid, nitrous oxide, 
which has been reported to extract polyaromatic hydrocarbons 
with higher efficiency from various matrixes (20). Although 
its molecular structure is similar to carbon dioxide, N20 has 
a small dipole moment and weak basic properties (25). This 
small molecular difference between N20 and CO2 produced 
a dramatically different outcome in extraction results. As 
Table II shows, the extraction efficiencies at 400 atm are close 
to 100% for tetrachlorodibenzo-p-dioxins and approach 90% 
for all others. This result is substantially different compared 
to extraction with carbon dioxide when no significant removal 
of the toxins were observed. In addition, precision of the 
results is significantly better and is close to that expected for 
GC /MS analysis. Estimated standard deviations are in a few 
percent range. They are similar to values from Table I cor
responding to precision of chromatographic analysis. A strong 
relationship between type of solvent and extraction efficiencies 
was already observed for Soxhlet extraction of furan samples 
(23). 

Time of supercritical fluid extraction with N20 was 2 h, 
one-tenth of that for the Soxhlet method; however, it is still 
quite significant. Therefore, in the next step of our investi
gations we looked at the dynamics of extraction process. 
Figure 1a shows the amount of sample removed from the 
matrix at five 30-min time intervals. It is clearly visible that 
extraction rates are initially high for the first two periods and 
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then fall dramatically in the last three. Figure lA shows only 
the results related to octachlorodibenzo-p-dioxinsj dibenzo
furans, but very similar results were obtained for other con
geners. About 90% of pollutants were removed in the first 
hour and less than 10% in the second hour. Therfore, the 
extraction time of municipal incinerator fly ash can be reduced 
to 60 min without significant loss in efficiency. Extraction 
for an additional 30 min beyond second hour does not produce 
removal of additional dioxins and furans. Even the increase 
in density of N,O by elevating pressure to 450 atm did not 
remove additional toxins. Reextraction of fly ash with benzene 
in 20-h Soxhlet extraction did not remove a significant amount 
of toxins. Therefore, we concluded that the extraction was 
complete after 2 h. Two-hour extraction produced above 85% 
recoveries of 13C-labeled dioxin standards. We also investi
gated the possible loss of analytes to the atmosphere through 
aerosol formation (26). However, our studies involving a 
double trap did not reveal the presence of the dioxins or furans 
in the gas flow from the collection vial. 

Figure lB provides information related to the removal of 
dioxins and furans from acid-treated fly ash matrix with 
carbon dioxide. Again the removal of most of these pollutants 
occurs in the first hour. The efficiencies are somewhat smaller 
compared to extraction with nitrous oxide, probably due to 
incomplete destruction of the fly ash matrix by the acid. This 
result is consistent with data reported in Table II for 
0sCDDjOsCDF. This indicates that solubilities of chlorinated 
dioxins and furans are not dramatically different in super
critical CO, and N20 (Figure lA,B). Therefore, the unique 
capability of nitrous oxide to remove these pollutants must 
be associated with its strong, specific interaction with matrix 
or adsorbed molecules, which allows its release. 

Figure lC shows static extraction results compared to the 
dynamic method used in most of the experiments described 
in this paper. In this approach, the fused silica capillary 
restrictor is first sealed. The extractor with the fly ash sample 
is then pressurized with nitrous oxide to 400 atm for 2 h. 
Then, the capillary is broken open and the appropriate 
fractions are collected. In this process over 90% of dioxins 
and furans have been removed from the fly ash in the first 
half hour after the restrictor was open. Over 60% of the toxins 
eluted from the extractor in the first 10 min. It must be 
remembered, however, that the total extraction time, including 
the initial static period, is over 2 h. However, this experiment 
clearly indicates that the solubilities of dioxins and furans are 
not a limiting factor in the removal of these pollutants from 
fly ash since the fluid can carry much larger amounts of these 
compounds than dynamic extraction results would indicate 
(Figure 1A,B). Rather, dynamics of mass transport from the 
surface of the fly to the bulk of the fluid is likely responsible 
for slow extraction of the toxins. This process consists of three 
distinct steps. The first one involves the desorption of pol
lutants from the surface followed by solvation of the material 
in the fluid and diffusion of it to the bulk of the solvent. 

Careful analysis of results from Figure 1 support the notion 
of slow extraction dynamics. Amounts of the toxins extracted 
in the first half hour period using nitrous oxide (Figure 1A) 
and carbon dioxide (Figure 1B) are lower compared to the 
second period. This can be explained by the slow desorption 
of the pollutants from the surface. Therefore, it takes time 
to build up the high concentration of the toxins in the fluid. 
In fact, the fraction collected within the first few minutes after 
beginning the extraction process does not contain significant 
amounts of the pollutants. This effect is not observed for a 
static approach (Figure 1 C) since the sample is allowed to be 
exposed to the fluid for a period of 2 h prior to the leaching 
procedure. 

In order to better understand the factors involved in ex
traction dynamics, let us consider the interface between the 
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Figure 2. Extraction rates vs pressure for various extraction conditions: 
(a) nitrous oxide and untreated fly ash; (b) nitrous oxide and acid-treated 
fly ash; (c) carbon dioxide and acid-treated fly ash. Extraction rates 
correspond to the amount of O.CDD/O.CDF removed in the first 30 
min of leaching at given pressure. 

fly ash surface and the fluid. It is expected that the super
critical fluid solvent molecules form a thin layer of condensed 
liquid at the solid surface (27). The properties of the layer 
will determine the dynamics of the extraction process. The 
density, thickness, and elution strength of this liquid increase 
with pressure. Therefore, we investigated the rates of ex
traction as a function of pressure. Figure 2 summarizes the 
results obtained. Figure 2A corresponds to the extraction of 
untreated fly ash with nitrous oxide while parts B and C of 
Figure 2 correspond to acid-treated matrix leached with N 20 
and CO2, respectively. Extraction rates of dioxins and furans 
from acid-treated fly ash increase gradually with pressure 
when carbon dioxide is used. The change is more significant 
for nitrous oxide. The most dramatic changes are observed 
when untreated fly ash is extracted with this fluid. An in
teresting feature of this curve is that at higher pressures it 
coincides closely with curve corresponding to the extraction 
of acid-treated fly ash by the same fluid. However, at pres
sures below 320 atm, it shows significantly slower extraction 
rates. This indicates that at pressures below 320 atm the 
removal rate is determined by the desorption process form 
the active sites present in raw fly ash and absent in acid
treated matrix. A significant increase in extraction rates 
between 320 and 400 atm suggests that increase in density 
of the liquid layer, which enhances its desorption and solu
bilizing properties toward dioxins and furans, is more im
portant than the increase in thickness of the liquid layer in 
the vicinity of the surface. The thicker layer produces slower 
transport rates of these toxins from the surface to the bulk 
of supercritical fluid. This conclusion is also supported by 
initial temperature and flow rate studies discussed below. 
Increases in the extraction temperature will significantly re
duce the thickness of the liquid layer present in the vicinity 
of the fly ash surface. This will speed up the transport of the 
organic material from the surface to the bulk of the fluid. 
However, experimentally measured rates at 400 atm are 
smaller when extraction at 50 °C is performed compared to 
40 °C. This is likely due to significant loss in density of the 
fluid. Higher velocity in the bulk of the fluid should increase 
the mass transfer rate through the liquid film due to the 
increase in difference of analyte concentration in the bulk of 
the fluid and the layer. However, increase of the flow rate 
of the fluid from 120 to 300 mLjmin of expanded gas did not 
improve extraction rates. 

There are only a few differences between nitrous oxide and 
carbon dioxide, which have similar solubility parameters (28). 
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The differences are associated with a small dipole moment 
in the N20 molecule and its weak basic and oxidating prop
erties compared to a lack of these features in carbon dioxide. 
These small differences produce dramatically dissimilar su
percritical fluid extraction behavior toward dioxins and furans 
present in the fly ash matrix. In our research we found no 
evidence of oxidation of extracted material. Also, replacement 
of benzene with more basic pyridine in supercritical fluid 
extraction with CO, and Soxhlet extraction did not improve 
extraction efficiencies. 

A small dipole moment is likely to play an important role 
in desorption of polychlorinated dibenzo-p-dioxins and di
benzofurans from the fly ash matrix. However, on the basis 
of limited experimental data, the way this molecule interacts 
with the matrix and compounds of interest is difficult to 
speculate. We are currently conducting more detailed in
vestigations of this interesting phenomenon. Naturally, the 
extraction properties of the fluid are not related to the size 
of the dipole moment of its molecules. The presence of 
methanol added to carbon dioxide did not help remove the 
toxins. Also, the pollutants are not soluble in water. It is likely 
that in addition to solubility prerequisite a small dipole, to
gether with appropriate polarizability of the solvent molecules, 
is required to desorb the dioxins and furans. 

Figure 2 shows a rapid increase in extraction rates with an 
increase in pressure. It can be concluded by extrapolating 
from this graph, that an increase in pressure should result in 
faster isolation of the organic material from fly ash. 

Poor extraction capabilities of carbon dioxide toward di
oxins and furans, as shown in Table II, can be used effectively 
to cleanup fly ash prior to extraction of the toxins. This step 
removes weakly bonded organic molecules in the matrix. This 
step can be followed by removal of compounds in interests 
with nitrous oxide. Figure 3 summarizes the extraction results 
reported in this paper by showing ECD chromatograms of each 
sample mixture. The time windows corresponding to various 
dioxins and furans are marked on the graph. Figure 3A 
corresponds to 2o-h Soxhlet extraction, which was used in our 
comparative studies. Extraction with CO2 removes chlorinated 
compounds, which elute early (Figure 3B). They are likely 
to be lower molecular weight or less polar compounds com· 
pared to the polychlorinated dioxins and furans. Extractions 
of acid etched fly ash with CO2 (Figure 3D) and untreated fly 
ash with N,O (Figure 3E) give results similar to those cor
responding to Soxhlet extraction with benzene. The N,O 
chromatogram is significantly cleaner in the low retention time 
region since extraction with this fluid is preceded with CO, 
extraction at 325 atm. In the cleanup procedure we dropped 
the density of carbon dioxide by lowering the pressure of 
extraction compared to conditions corresponding to quanti
tative results reported in Table II. This was done to limit the 
loss of polychlorodibenzofurans (PCDF) to a few percent, since 
its presence might be of interest to analytical chemists. 

CONCLUSIONS 

The time required to perform the analysis of municipal 
incinerator fly ash can be reduced substantially by replacing 
the Soxhlet solvent extraction step with an isolation step based 
on super critical fluid extraction. The amount of fly ash re
quired for analysis using supercritical fluid extraction is much 
smaller when compared to the Soxhlet extraction process and 
can be decreased even more if direct on-column deposition 
is performed (20, 25). The initial cost of supercritical fluid 
extraction instrumentation is significantly reduced if a heated 
high-pressure vessel is used for delivery of fluids in place of 
the pumps. Our results indicate that estimation of extraction 
efficiencies of native dioxins and furans in fly ash using re
covery data corresponding to 13C labeled standard should be 
employed with caution. Good recoveries (within experimental 
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Figure 3. Gas chromatographic separations with EGO detection of 
various extraction mixtures: (a) 20 h of Soxhlet extraction with 
benzene; (b) 2 h of SFE with carbon dioxide at 325 atm of untreated 
fly ash; (c) 2 h of SFE with carbon dioxide and 10% benzene at 400 
atm of untreated fly ash; (d) 2 h of SFE w~h carbon dioxide at 400 atm 
of acid-treated fly ash; (e) 2 h of extraction with nitrous oxide at 400 
atm of fly ash obtained after extraction with carbon dioxide as indicated 
in (b). Retention time ranges marked by 4, 5, 6, 7, and 8 above Figure 
1a correspond to the windows where the tetra-, penta-, hexa-, hepta-, 
and octachlorodibenzo-p-dioxins/dibenzofurans are expected to ap
pear. This figure should be used for qualitative comparison only_ 
Different amounts of furans were extracted in each method. 



2776 • ANALYTICAL CHEMISTRY, VOL. 61, NO. 24, OECEMBER 15, 1989 

error) were obtained not only for methods which remove the 
native polutants but also when sample was extracted with pure 
carbon dioxide. 

Precision of determination of polychlorinated dibenzo-p
dioxins and dibenzofurans is limited by the high variance of 
the extraction process ST2 = SE2 + SA2, where ST2 is a total 
variance and SE2 and SA 2 are variances associated with the 
extraction process and analysis, respectively. In our situation 
SE2» SA2. This is particularly true when Soxhlet extraction 
is used. In this situation, running a small number of parallel 
determinations is not an optimum approach to increase pre
cision since the variance is then 

ST2 SE2 SA2 SE2 
-=-+-~-
N N N N 

since SE2 » SA2. Similar precision can be obtained by running 
the same number of extractions, then mixing together the 
extracts and analyzing the produced mixture. In this case 

ST2 
SE

2 
SE

2 

N=N+SA2~N 

since SE2 » SA2 and N is small. This approach will save time 
and expensive GC jMS instrumentation. Supercritical fluid 
extraction has a smaller variance and therefore the number 
of extractions needed to be performed to achieve required 
accuracy is significantly reduced compared to Soxhlet ex
traction. 
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A thimble-shaped glass frlt nebulizer has been developed for 
atomic spectrometry. The thimble glass frit was pressurized 
Internally by gases such as helium (He) or argon (Ar) while 
the test solution was applied externally to the frit. The 
pressurized gas exited through the pores of the glass frlt and 
shattered the thin liquid film flowing on the surface of the 
thimble-shaped device to form small droplets. A small spray 
chamber surrounded the nebulizer to remove the large dro
plets. Small droplets were then introduced into inductively 
coupled plasmas (ICP) sustained in either Ar or He. To re
duce the memory effect noted in the frit-type nebulizers, a 
clean-out system was also devised. Detection limits, sig
nal-to-background ratios (SIB), precision, memory effects, 
noise power spectra (NPS), and particle size distributions 
measured with the new nebulizer were compared to those of 
disk and cylindrical glass frit nebulizers and the commonly 
used pneumatic nebulizer for Ar I CP atomic emission spec
trometry (AES). Analy1lcal performance was also measured 
for He I CP by using frlt-type nebulizers and an ultrasonic 
nebulizer. 

INTRODUCTION 
In atomic spectrometry, a nebulizer is used to convert 

sample solutions into an aerosoL The most commonly used 
solution nebulizers (1) are (a) cross-flow and concentric 
pneumatic nebulizers, (b) Babington nebulizers, (c) ultrasonic 
nebulizers, and (d) glass frit nebulizers. In general, pneumatic 
nebulizers are extremely inefficient because the majority of 
the solution is directed to the drain. For example, only 1-2% 
of a solution is transformed into aerosol suitable for atomic 
and mass spectrometry (2,3). Because very small capillaries 
are used in the construction of pneumatic nebulizers, these 
devices are subject to clogging if the test solution is not free 
from small particles. Although the use of a Babington neb
ulizer eliminates the clogging problem, this device is inefficient 
in aerosol production. For ultrasonic nebulizers the efficiency 
of aerosol transport is improved by a factor of approximately 
10 when the test solution consists of a simple matrix. How
ever, such an advantage is eliminated when 10% sulfuric acid 
solution (commonly used to solubilize food) is nebulized. 
Moreover, the present ultrasonic nebulizers are much more 
expensive than the other nebulizers. 

To eliminate these problems, two basic types of glass frit 
nebulizers (see Figure lA,B) were investigated earlier. Layman 
and Lichte (4) used a porous disk-shaped glass frit as a neb
ulizer. The nebulizing gas was directed from the top onto the 
frit and the test solution was introduced on the underside of 
the disk to generate the aerosoL These and other investigators 
(4-10) concluded that the nebulizer was highly efficient at low 
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uptake rate (e.g., typically 30-150 ILL/min) but that it had 
the following disadvantages: (a) deterioration of concentration 
detection limits compared with other types of nebulizers, (b) 
slow equilibration time, (c) memory effects, and (d) the 
clogging of the pores of the porous glass frit. 

Apel and co-workers (11,12) used a cylindrical glass frit, 
shown in Figure lB, as the nebulizer instead of a glass frit disk. 
With this device, called externally pressurized cylindrical glass 
frit nebulizer (EPCGFN), the test solution was introduced 
onto the inside surface of the glass frit cylinder while the 
nebulizing gas pressure was applied externally to the fritted 
cylinder. In contrast, for the thimble glass frit nebulizer 
presented in this report, solution was introduced externally 
while the nebulizing gas was applied to the inside surface of 
a fritted thimble (Figure lC). Thus, this new nebulizer will 
be referred to in this report as internally pressurized thimble 
glass frit nebulizer (IPTGFN). 

Comparison of the geometries of the cylindrical frit with 
the thimble frit reveals two limitations for the former as a 
nebulizer. First, the EPCGFN (11, 12) is cylindrical and has 
an inactive nonporous glass at one end. Test solution is 
introduced internally to the upper surface of the cylinder, and 
the cylinder acts as both the nebulizer and the spray chamber. 
For the IPTGFN, no inactive nonporous surface is present, 
test solution is applied to the external surface of the thimble 
to form a thin, uniform liquid film, and a small spray chamber 
surrounds the thimble to remove the large droplets. This 
arrangement allows the analyst to observe liquid delivery to 
the nebulizer and the subsequent aerosol generation process 
and also enhances nebulization efficiency while reducing 
memory effects associated with frit-type nebulizers, as dis
cussed later in this report. 

Another limitation of the EPCGFN is that both upper and 
lower gas-permeable membranes have surfaces oriented in 
opposition to one another (11). With this configuration, larger 
droplets deposited on the lower surface may form large pools 
of solution, thereby reducing the efficiency of the nebulization 
by a spitting process. In contrast, the IPTG FN uses only one 
gas permeable membrane and permits the fluid to roll down 
the thimble to the drain, thus inhibiting production of a 
supersaturated frit. The IPTGFN is operated vertically, in 
order to enhance formation of a thin film of solution over the 
entire surface area, which should lead to more efficient neb
ulization. Excess solution will not form puddles on the frit 
surface because gravity ensures smooth drainage of excess 
solution. 

Because of these limitations of the EPCGFN (11, 12), an 
investigation of the analytical potentials of IPTGFN seemed 
relevant. To reduce or eliminate the memory effect noted in 
frit-type nebulizers, a clean-out system was also devised. The 
new nebulizer was compared to disk and cylindrical glass frit 
nebulizers and the commonly used nebulizer for atomic 
emission spectroscopy (AES) with respect to detection limits, 
signal-to-background ratios (S/B), percent relative standard 
deviation (% RSD) of background, memory effects, particle 
size distributions, and noise power spectra (NPS). Analytical 

© 1989 American Chemical SOCiety 
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Figure 1. Configuration of the disk-shaped glass frit nebulizer (A), the 
externally pressurized cylindrical glass frit nebulizer (B), and the in
ternally pressurized thimble glass frit nebulizer (C). The symbols a, b, 
e, d, and e refer, respectively, to the sample delivery tube, injector gas 
inlet, drain tube, ball joint for connection to the Iep torch, and back
wash inlet tube for the frit. 

results were obtained for both the Ar inductively coupled 
plasma (rCP) (1) and the He ICP as developed by Montaser 
and associates (13-19). 

EXPERIMENTAL SECTION 

Thimble Glass Frit Nebulizer and Other Nebulization 
Systems, Figure 1 C shows a diagram of the tbimble glass frit 
nebulizer surrounded by a small spray chamber. The original glass 
frit as delivered (part number R-18-12-P5, Witeg Scientific, 
Garden Grove, CAl was attached to a glass tube, and was in the 
form of cylinder with a closed end that has been cut with a glass 
cutting wheel to produce the shape of a thimble 13 o.d. by 25 mm 
high. The thimble glass frit was placed inside a small spray 
chamber (total volume 25 cm3) having an 8 mm i.d. drain tube 
and a solution delivery tube 5 mm o.d. and 0.4 mm i.d, The top 
section of the spray chamber was connected to the rcp torches 
via a female 18/9 ball joint. 

Thus far, the pore size of all effective frit-type nebulizers has 
been in the range of 4-10 I'm (4-12), A pore size of 1-1.6 I'm was 
used for the thimble glass frit to increase the velocity of gas 
through the pores, thereby producing a more efficient nebulizer. 

The disk-shaped glass frit nebulizer (DGFN) was made from 
a fritted disk (part number 2.350,20, Witeg Scientific) 20 mm 
diameter by 2 mm thick; 1-1.6 I'm pore size. The disk-shaped 
frit was mounted at an angle of 300

, surrounded by a spray 
chamber similar to that used for the IPTGFN. For the EPCGFN, 
the cylindrical frit (special order, ACE Glass, Inc., Vineland, NJ) 
had an an inside diameter of 1.2 the em, a length of 5 em, and 
a pore size of 4-8 I'm. A smaller pore size material for the cyl
indrical frit was not commercially available. A more complete 
description of this nebulizer is given elsewhere (11, 12), 

The pneumatic nebulizer used was the concentric glass nebulizer 
(Type TR-30-A3, J, Meinhard Associates, Santa Ana, CAl with 
an ARL conical spray chamber (Applied Research Laboratories, 
Valencia, CAl, An ultrasonic nebulizer and the associated de
solvation system (Table I) was used only for the He ICP, A 
peristaltic pump (Minipulse 2, Gilson Medical Electronics, 
Middleton, WI) was used to deliver test solution to all nebulizers. 
A mass flow controller (Model 8200, Matheson Gas Products, East 
Rutherford, NJ) was used to control the injector gas flow, 

Clean-Out System for Frit-Type Nebulizers, In contrast 
to other nebulizers, the transport efficiency of frit-type nebulizers 

ANALYSIS CYCLE 

CLEAN-OUT CYCLE 

FRIT-TYPE 
NEBULIZER 

(3Um",) 

TORCH 

t~ ~ 
! 

I NO 

Figure 2. Clean-out system for the frit-type nebulizers. The ports to 
the valves are either normally closed (NC) or normally open (NO). 

increases with injector gas flow rate. This principle was used to 
develop a clean-out system (Figure 2) for reducing the extent of 
memory effects for frit-type nebulizers, The system consisted 
of two solenoid valves (Fluorocarbon, Anaheim, CAl, a two-way 
(Model DV2-144-NC-A1) and the other a three-way (Model 
DV3-234-A1), connected between the nebulizer and the torch for 
controlling two cycles, The valves were turned on and off elec
tronically from a single switch, During analysis, the nebulized 
aerosol proceeded directly to the torch while channels for the drain 
and the supplement gas were closed. During the clean-out cycle, 
the nebulizer gas flow was switched to the drain, and the gas flow 
was increased to 3 L/min by the mass flow controller, The 
supplemental gas was used as injector gas during the switch over, 
This process allowed the plasma to remain under the same con
ditions as during measurement, thus preventing the burning of 
the injector tube, and also reduced the memory effects because 
the analyte was blown out of the frit pores more rapidly by 
increasing the nebulizer gas flow. 

Measurement of Transport Efficiency of the Nebulizer, 
Transport efficiency is defined as the ratio of the amount of 
analyte converted into the aerosol for injection into the plasma 
to the amount of analyte aspirated, expressed as percent. Three 
procedures are used (2, 3) to measure transport efficiency: cascade 
impactor, collection of aerosol on a fiberglass filter of 0.3 I'm pore 
size, and the silica gel procedure, The procedures involving 
cascade impactor and fIlter collection measure transport efficiency 
of analyte with good accuracy and acceptable precision, and with 
no significant bias between the two. The silica gel method (2, 
3) measures solvent rather than analyte transport efficiency, and 
the results have been known to have a positive bias. However, 
measurement by silica gel collection is quite simple compared to 
other procedures, and it was adopted for our measurements. The 
transport efficiency was then used to estimate the mass of aerosol 
(pure water, not analyte) reaching the plasma per minute. 

Transport efficiency was obtained by collecting the aerosol 
emerging from the spray chamber onto 6-16 mesh silica gel and 
determing the moisture content tbrough mass difference, Al
though collection of aerosol at the torch exit could provide more 
realistic information on transport properties, it was not adopted 
for our measurements because the sizes of the injector tubes for 
Ar and He ICP torches were 1.5 and 0.5 mm, respectively, and 
at high uptake rates, aerosol accumulated at the cold tip of the 
injector tubes without transfer to the silica gel container. 

Because water collected on silica gel results from water aerosol 
and water vapor, it is important to subtract contribution of water 
vapor (23-27) to measure transport efficiencies and mass transport 
rates accurately. The data on transport efficiencies and mass 
transport rates measured in this work could not be corrected for 
contributions due to water vapor because the extent of water 
evaporation for our frit nebulizers-spray chambers could not be 
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Table I. Experimental Facilities and Operating Conditions 

radio frequency generator 

Ar ICP torches 

sample introduction system 

spectrometer 

detection system for NPS 
measurements 

radio frequency generator 

He ICP torch 

sample introduction system 

imaging optics 

optical filter 

spectrometer 

detection system for detection 
limit measurement 

detection 
system for NPS measurements 

System I 
2.5-kW, 27.12 MHz crystal-controlled generator (Henry Electronics, Los Angeles, CAl with auto power 

control. The automatic matching network is described elsewhere (20) 
Extended tangential flow torch with side arm (Applied Research Laboratories, Valencia, CA). See Table 

II for operating conditions. A 3.5-turn, shielded load coil was used (21) 
See text. For detection limit studies, a multielement solution of the elements (each at 10 ,ug/mL) shown 

in Table III was prepared in 1 % nitric acid solution. For studies involving the noise power spectra, a 
10 ,ug/mL Mn solution was prepared in 1 % nitric acid 

I-m focal length direct-reader in a Paschen-Runge mounting (Model 3580, Applied Research 
Laboratories, Valencia, CA) with a 1080 grooves/mm grating, and 21- and 20~,um entrance and exit slit 
widths, respectively. Slit height was 10 mm. A 1:1 image of the plasma was formed on the entrance 

The sequential spectrometer (Model 35S0, Applied Research Laboratories, Valencia, CA) was used, 21-
and 20~.um entrance and exit slit widths, respectively. Slit height was 10 mm. A 1:1 image of the 
plasma was formed on the entrance. Current output from the photomultiplier (Type RI06 UH, 
Hamamatsu Corp., Bridgewater, NJ), operated at the same voltage for all measurements, was 
amplified by a linear current-to~voltage converter (Model 427, Keithley Instrument, Inc., Cleveland, 
OH). The data acquisition system consisted of a Labmaster ADC (Tecmar, Inc., Cleveland, OH) 
installed on a IBM-PC-AT microcomputer. ASYSTANT+ (Asyst Software Technologies, Inc., Rochester, 
NY) was used to acquire the noise power spectra; see ref 21 

System II 
5-kW, 27.12-MHz crystal-controlled generator (Model HFS-5000D, RF Plasma Products, Kresson, NJ) 

with auto power control. The automatic matching network is described elsewhere (20) 
A low-gas flow torch was used for He ICP (14). See Table II for operating conditions. The plasma torch 

and the matching network were mounted on an X-Y-Z translation stage for moving them with respect 
to the spectrometer. A 4.5-turn, shielded load coil was used. The top turn of the load coil was 
grounded (18) 

See text. A water-cooled ultrasonic nebulizer (Model UNPS-1, RF Plasma Products, Kresson, NJ) with 
a desolvation chamber was used for tangential-flow He ICP. The nebulizer was operated at 1.4 MHz 
with a forward power of 45 W. 1 mL/min analyte solution was nebulized into plasma. The 
concentrations of CI, Br, and I were 500 ,ug/mL for detection limit studies with He Iep 

5 cm diameter, 20 cm focal length, spherical plano~convex quartz lens projected a 1:1 image of the 
plasma onto the entrance slit. The lens aperture was 25 mm 

A sharp-cut-off, yellow filter (catalog no. CS3-713385, Corning Glass Works, Corning, NY) was used to 
eliminate possible interferences from second- or third-order spectra 

1-m focal length Czerny-Turner monochromator (Model 2061, GCA/McPherson Instrument, Acton, MA) 
with a 1200 grooves/mm holographic grating blazed at 300 nm, 50 .urn entrance slit width and 4 mm 
slit height. The reciprocal linear dispersion is 0.S33 nm/mm 

1024-pixel intensified linear photodiode array (Model 1420R, EG&G Princeton Applied Research, 
Princeton, NJ) with a detector controller (Model 1218) and a system processor (Model 1215-0MA-2). 
The size of each pixel is 25 ~m x 2.5 mm. The detector was cooled to -20°C 

Type 9558QB PMT (EMI Electronics, Ltd., Middlesex, England) 
Cooled to -20°C and operated at -SOO V. Current ouput was amplified by a linear current-to-voltage 

converter (Model 427, Keithley Instrument, Inc., Cleveland, OH). The data acquisition system 
consisted of a Labmaster ADC (Tecmar, Inc., Cleveland, OH) installed on an IBM-PC-XT 
microcomputer. ASYSTANT+ (Asyst Software Technologies, Inc., Rochester, NY) was used to acquire 
the noise power spectra; see ref 22 

ascertained accurately. For example, a typical water loading of 
38.5 mg of water per liter of Ar injector gas was measured for an 
Ar ICP equipped with a Meinhard nebulizer and dual tube Scott 
spray chamber (26). For the same measurement, the mass 
transports of water vapor and water aerosol were 27.2 and 11.3 
mg/L Ar, respectively (26). Under such conditions, the Ar injector 
gas is saturated with water vapor (23-27). This observation on 
saturation of injector gas with water vapor is not necessarily valid 
for the frit-type nebulizers, especially at very low uptake rate. 
For these nebulizers, a contribution from water vapor is certain, 
yet the extent of such a contribution from water vapor is uncertain 
at this time. Thus, the readers should note that the transport 
efficiencies and mass transport rates presented in Figures 3 and 
4 could not be corrected for the contribution due to water vapor. 

chamber. Direct connection between the sensor and the spray 
chamber was not possible because aerosol was drawn by the 
vacuum system at 28.4 L/min, a much higher rate than tbe typical 
gas flow of ICP nebulizers. The additional air sucked into the 
particle counter should cause solvent to evaporate, similar to the 
effect with the typical cascade impactors (2, 3), resulting in bias 
toward smaller drop sizes. Relatedly, the background particles 
drawn with the vacuum system can change droplet size distri
bution. To minimize the latter, all data reported here have been 
corrected for the background count in successive measurements. 
All measurements were the average of three 60-s integrations. 

The particle size range of Model 4101 was 0.5 p.m and greater, 
and six user-settable size channels were available. For preliminary 
studies, the channels were set at 0.5, 1.5, 3, 5, 10, and 15 p.m, but 
the number densities measured above 3 p.m were quite low for 
frit-type nebulizers. Thus, for all results presented in this report, 
the size channels were set at 0.5,0.7,1.1,1.5,2.0, and 2.5 ~m to 
compare the relative number of droplets produced by the various 
nebulizers. 

Aerosol Particle Counting System. The techniques (2, 3) 
used to estimate droplet diameter include measurement with 
microscopes, horizontal elutriators and cascade impactors, and 
devices based on optical scattering. Cascade impactors have often 
been used in droplet sizing (3) but require more time than the 
optical scattering techniques. 

For this work, an aerosol particle couting system (Model 4101 
counting system and Model 1100 sensor, Hiac/Royco Instrument 
Division, Smithtown, NY), developed for airborne particle 
counting, was used to measure the size and the number of droplets 
produced by the various nebulizers. In this system, a vacuum 
pump drew the aerosol into the sensor to measure the number 
of droplets by near forward scattering. Droplets were drawn into 
the sensor at a height of 8 mm above the outlet of the spray 

RESULTS AND DISCUSSION 

Operational Characteristics of the Thimble Frit 
Nebulizer vs Other Devices. Effect of Uptake Rate on 
Transport Efficiency and Mass Transport Rate. Frit-type 
nebulizers are known to posses higher transport efficiencies 
than the commonly used pneumatic nebulizers (4-12). Parts 
A and B of Figure 3 show percent transport efficiencies 
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Figure 3. Percent transport efficiencies (A, B) and mass transport rate 
(C, D) measured with the silica gel procedure for the IPTGFN and 
EPCGFN using argon and helium injector gas. The injector gas flow 
rate was 1 Llmin. See Experimental Section for contribution due to 
water vapor. 

measured for IPTGFN vs EPCGFN by using Ar and He 
injector gases at 1 L/min. As discussed in the Experimental 
Section, these data could not be corrected for contribution 
due to water vapor (23-27). In general, the IPTGFN was more 
efficient than the EPCGFN in aerosol production, especially 
when He injector gas and low uptake rate were used. The 
greater efficiency of the IPTGFN vs the EPCGFN may be 
partly attributed to the smaller pore size (1-1.6 I'm) of the 
IPTGFN. For an identical EPCGFN at an uptake rate of 0.07 
mL/min, Apel and co-workers (12) reported efficiencies of 
44-50% and 25-33% for Ar and He injector gases, respec
tively, compared to 15 % and 20% measured in this study. 
Discrepancies between the results may be attributed to the 
method of measurement. Our measurements were based on 
aerosol collection for periods ranging from 5 to 60 min for the 
high and low uptake rates, respectively. No such data were 
reported by Apel and co-workers (12). 

Although transport efficiencies decrease at higher uptake 
rate, it would be more useful to compare the mass of aerosol 
(solvent in these studies) exiting from the spray chamber per 
minute. For the EPCGFN, the mass of the aerosol exiting 
from the spray chamber per minute increased, as shown in 
Figure 3C,D, by a factor of approximately 1.8 and 1.2 as the 
uptake rate was changed from 0.05 to 0.45 mL/min, respec
tively, for Ar and He injector gases. The mass transport rate 
increased by a factor of approximately 1.2 when the IPTGFN 
was operated with either Ar or He. These results suggest that 
the use of uptake rate greater than 0.05 mL/min for the 
IPTGFN tested in this work should not enhance the sensitivity 
of determination significantly, and therefore, the IPTGFN 
can be considered as a low-consumption nebulizer. 

Effect of Injector Gas Flow Rate on Transport Efficiency 
and Mass Transport Rate. The data presented in the previous 
section were obtained at an injector gas flow of 1 L/min, the 
rate typically used for Ar and He ICP discharges (1-19). 
Figure 4 presents the effect of the injector gas flow on 
transport efficiency and mass transport rate measured at the 
outlet of the spray chamber for IPTGFN, EPCGFN, and 
DGFN with Ar and He as injector gases. Again, as discussed 
in the Experimental Section, these data could not be corrected 
for contribution due to water vapor (23-27). In general, higher 
transport efficiencies were noted at higher injector flow. At 
0.05 mL/min, both the transport efficiency and the mass 
transport rate increased by a factor of approximately 3 as the 
injector gas flow was increased from 1 to 3 L/min for IPTGFN 
and EPCGFN. The same variation for DGFN enhanced the 

INJECTOR GAS FLOW (Wmln) 

Figure 4. Effect of injector gas flow on transport efficiency (top) and 
mass transport rate (bottom) for IPTGFN, EPCGFN, and DGFN with (A 
and C) argon and (B and D) helium injector gas. The uptake rate was 
0.05 mLlmin. See Experimental Section for contribution due to water 
vapor. 

mass transport rate by only a factor of 2. 
Transport efficiencies and mass transport rates presented 

in Figure 3 and at 1 L/min and 0.05 mL/min were not the 
same as those shown in Figure 4 at the same conditions. These 
variations in the cited properties may be associated with 
changes in the porosity of the glass frit as the result of partial 
clogging. The pore sizes for the thimble frit and the cylindrical 
frit were in the range of 1-1.6 and 4-8 I'm, respectively. The 
data presented in Figure 3 were obtained in the early stage 
of this study whereas those shown in Figure 4 were acquired 
toward the end of this work. It is possible that the thimble 
frit was highly efficient in the earlier experiments because of 
its small pore size but gradually lost its efficiency due to partial 
clogging. This gradual clogging could have also occurred for 
the cylindrical frit, but because pore size decreased from 4-8 
I'm toward the 1-1.6 I'm range, the cylindrical frit became 
more efficient. Thus far, cleaning in concentrated acids to 
leach out the minerals causing the blockage has not restored 
the original performance of the frit-type nebulizers. Scanning 
electron microscopy on new and old glass frits will be used 
in future studies to account for the changes in pore size. 

The enhancement noted in transport efficiency and mass 
transport rate with injector gas flow may be used to reduce 
the extent of memory effect in the frit-type nebulizer. 

Effect of Injector Gas Flow Rate on Memory Effect of 
Frit-Type Nebulizers. To reduce the extent of the memory 
effect noted in frit-type nebulizers, the clean-out system shown 
in Figure 2 was used. An evaluation of memory effects for 
three frit-type nebulizers is presented by the intensity-time 
profiles shown in Figure 5A-C. The concentration of analyte 
was 1000 I'g/mL Fe. The clean-out cycle was limited to the 
time shown between points a and b in Figure 5A-C. During 
the period a-b, which was 60 s, the nebulizer gas flow was 
increased to 3 L/min to blowout the analyte from the frit 
into the drain while approximately 1 L/min dry Ar was in
jected into the axial channel. Without the clean-out system, 
Fe signal could not be reduced to the 1 % level in less than 
4 min for most frit nebulizers. Memory effects were the least 
for DGFN and the most for EPCGFN, probably because the 
surface areas of the frits were the smallest and the largest, 
respectively. As shown in Figure 5D, the dependence of the 
wash-out time (required to reduce the signal to the 1 % level) 
on the surface area of the frit could be minimized when the 
clean-out system was used. For EPCGFN, the use of the 
back-wash (at 2.7 mL/min) decreased the extent of memory 
effect, but it was not as effective as the clean-out system. Even 
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Figure 5. Memory effect of (A) IPTGFN, (B) EPCGFN, and (C) DGFN with and without the use of clean-cut system and (D) the influence of surface 
area of the glass frit on the memory effect. The concentration of Fe was 1000 I'g/mL and the uptake rate was 0.4 mL/min. Distilled water 
was used at 2.7 mLlmin to wash the exterior surface of the frit used in EPCGFN. 

with the clean-out system, the signal level for EPCGFN did 
not return to the original background level after approximately 
6 min of cleaning. Such a problem was not noted for the 
IPTGFN and DGFN, yet the wash-out time was still long 
(approximately 2 min) for IPTGFN and DGFN, compared 
to 45 s measured for the pneumatic nebulizer equipped with 
the ARL spray chamber. Optimization of the clean-out period 
a-b and gas flow may reduce the wash-out time. 

Aside from the trend noted for wash-out time, it is necessary 
to compare signal equilibration time for the frit-type nebu
lizers. This parameter was also a function of the surface area 
of the frit. The equilibration times were 83, 105, and 225 s 
for DGFN, IPTGFN, and EPCGFN, respectively, longer than 
the 15 s measured for the pneumatic nebulizer equipped with 
the ARL spray chamber. The duration of the equilibration 
time for the frit-type nebulizers may be reduced by a faster 
solution delivery to the nebulizer prior to analytical mea
surements. 

Particle Size Distributions for the Thimble Frit 
Nebulizer vs Other Nebulization Devices. The most 
appropriate term to describe droplet distribution of a nebu
lization device used in analytical spectrometry is the mass 
median diameter, with a value approximately the same as the 
Sauter mean diameter (volume-to-surface-area ratio diameter) 
for pneumatically produced aerosol (2, 3). For the particle 
counting system available for this study, only the number of 
droplets of six user-settable sizes could be measured to produce 
the numerical count distribution. Previous ICP-AES studies 
(2, 3) have documented that the numerical median diameter 
has a smaller magnitude than the mass median diameter. 
Because frit-type nebulizers are known to produce smaller 
droplets (4) than pneumatic nebulizers, numerical count 
distributions of these devices are compared in Figure 6 for 
both Ar and He injector gas flows at 1 L/min. The uptake 
rate was 0.11 and 1 mL/min for the frit-type nebulizers and 
the pneumatic nebulizer, respectively. For the Ar injector gas, 
the Meinhard nebulizer-ARL spray chamber produced the 
largest number of droplets having diameters between 0.5 and 
2.5 I'm. Among the frit-type nebulizers, the EPCGFN and 
the DGFN were the most and the least efficient, respectively. 
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Figure 6. Numerical droplet count distribution of frit-type nebulizers 
and Meinhard nebulizer using (A) argon and (B) helium injector gas. The 
injector gas flow rate was 1 Llmin. The uptake rate was 0.11 and 
1 mL/min, respectively, for the frit-type and the Meinhard nebulizers. 

In contrast to the trend noted above, the numerical count 
distributions for the cited devices were quite different when 
He was used as the injector gas (Figure 6B). The number 
of droplets produced by the frit-type nebulizers were 3 orders 
of magnitude larger, especially for smaller droplets, than those 
produced by the pneumatic nebulizer. Relatedly, the nu
merical count distributions for the frit-type nebulizers were 
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approximately the same. At higher injector gas flows, the 
pneumatic nebulizer may operate more efficiently (28). 

Figure 7 shows numerical count distributions for the frit
type nebulizers for the uptake rate of 0.05-1 mL/min. In all 
cases, larger numbers of droplets were produced with the He 
injector gas. Except for DGFN, increased sample delivery to 
the frit did not change the numerical count distribution sig
nificantly. These results clearly documented that the 
IPTGFN was approximately 10 times as efficient in the 
production of small particles with He as injector gas as with 
Ar and that the efficiency of small-particle production for the 
IPTGFN and EPCGFN nebulizers did not change signifi
cantly as the uptake rate was increased from 0.05 to 1 mLI 
min. 

Noise Power Spectra of Plasma for the Thimble Frit 
Nebulizer vs the Meinhard Nebulizer. One major ad
vantage of frit-type nebulizers over the pneumatic nebulizers 
is their greater efficiency in generation of droplets with di
ameters in the range of 0.1-1 I'm (4). The smallest droplet 
diameter that could be measured with our particle counting 
system was 0.5 I'm. If the fraction of droplets with diameters 
less than 0.5 I'm is significantly larger for the frit-type neb
ulizers than for the Meinhard nebulizer, it would be reasonable 
to assume that the noise power spectra of the plasma fed by 
the former would be less complex. This assumption is partly 
supported by the noise power spectra shown in Figure 8 for 
the IPTGFN and the Meinhard nebulizers when Mn II 
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Figure 8. Noise power spectra (0-7 Hz) of Ar ICP using a IPTGFN 
nebulizer (top) and a Meinhard nebulizer (bottom). Spectra were re
corded at Mn II 257.610 nm (A. C) and Ar 1 355.431 nm (6. D). A 
total of 64 scans. each 1024 points long. were averaged. See ref 21 
for other details of NPS measurements. 

Table II. Plasma Operating Conditions for Ar and He ICP 
Discharges 

parameters Ar lCP HelCP 

outer flow, L/min 12 7 
inter. flow. L/min 1 
injector flow, Ljmin 1 1 
uptake rate, mLjmin 0.05-1 0.05-1 
forward power, W 1150 1500 
reflected power, W <5 <5 
observation height, mm 15 25 

257.610 and Ar I 355.431 nm spectral lines were monitored. 
The procedures for acquiring noise power spectra are described 
elsewhere (21,22). These data clearly revealed that frit-type 
nebulizers produce less low-frequency noise fluctuation in the 
Ar plasma than does the Meinhard nebulizer. Similar results 
are expected for He ICP discharges. The lower white noise 
level exhibited for the Meinhard nebulizer is associated with 
cooling of the axial channel as a result of larger uptake rate. 

Analytical Performance of the Thimble Frit Nebulizer 
vs Other Devices. In this section, net analyte emission 
intensities, SIB ratios, % RSD of background, and detection 
limits measured with the frit-type nebulizers are reported for 
Ar and He ICPs. For the Ar ICP, analytical results were 
obtained simultaneously for 14 elements by a direct-reader 
spectrometer. Analytical results for He ICP were obtained 
for three elements by a sequential spectrometer. Detection 
limit was defined as the analyte concentration giving a signal 
equivalent to 3 times the noise, calculated from the standard 
deviation of 11 repetitive 10-s measurements of the back
ground intensities. All analytical conditions are listed in 
Tables I and II. 

Table IlIA shows background intensities, net emission in
tensities, SIB, % RSD, and detection limits of elements 
measured with Ar ICP by three frit-type nebulizers and a 
Meinhard nebulizer. In general, the background intensities 
measured for the various nebulizers were comparable. Similar 
trends were noted for the % RSDs of the background. 

Among the frit-type nebulizers, IPTGFN yielded the 
highest net intensities for all elements tested. The results 
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shown in Table III for IPTGFN were obtained with the new 
thimble frit which had a pore size of 1-1.6 !Lm. The efficiency 
of the thimble in aerosol production, as shown by the density 
of fog produced, was reduced after repeated use, indicating 
partial clogging. For example, the relative net intensities of 
the Fe 259.9 nm lines were 1.4 and 17.6 when a 10 !LglmL 
solution was nebulized with the EPCGFN and IPTGFN, re
spectively. The data shown in Figure 5 indicate that relative 
net intensities of approximately 600 were obtained when a 
1000 !LglmL Fe solution was aspirated with the same nebu
lizers. If the nebulizer performance is assumed to be linear 
with concentration, and if no clogging has occurred, net in
tensities of 140 and 1760 could be expected for EPCGFN and 
IPTGFN. Thus, it may be argued the pores of both the 
cylinder and the thimble had gradually become clogged, but 
in this process, IPTGFN lost its original efficiency because 
its pore size was quite small (1-1.6 !Lm) while EPCGFN be
came more efficient because the original pore size (4-8 !Lm) 
was large. The validity of this hypothesis will be investigated 
by scanning electron microscopy in future studies. 

In general, detection limits measured with the IPTGFN 
were within a factor of 2-5 of the results obtained by the 
pneumatic nebulizer. In contrast, the use of EPCGFN and 
DGFN with the ICP-AES technique yielded detection limits 
that were inferior to those of the pneumatic nebulizer by a 
factor of 3-24. Apel and co-workers (12) reported that de
tection limits measured for their EPCGFN were inferior to 
the ICP-AES results obtained with a pneumatic nebulizer by 
a factor of 3-10. 

Table IIIB shows net emission intensities, SIB, % RSD of 
background, and detection limits of Cl, Br, and I measured 
with He ICP by three frit-type nebulizers and an ultrasonic 
nebulizer. Because the pneumatic nebulizer used in this work 
did not operate efficiently with He as injector gas, analytical 
performance was compared with an ultrasonic nebulizer 
equipped with a desolvation chamber. In general, the de
tection limits measured with the frit-type nebulizers were 
comparable. Detection limits with the ultrasonic nebulizer 
were superior to those obtained with the frit-type nebulizers 
by a factor of 2-4 for He ICP. 

CONCLUSIONS 

An internally pressurized thimble glass frit nebulizer 
(IPTGFN) was developed as a new sample introduction 
system for atomic spectrometry. The thimble was pressurized 
internally while the test solution was applied to the external 
surface of the glass frit. The new device was 10 times as 
efficient in aerosol production (for particle sizes in the ranges 
0.5-2.5 !Lm) when helium rather than argon was used as the 
nebulizing gas. On concentration basis, detection limits 
measured with IPTGFN were superior to those obtained with 
the previous frit-type nebulizers, and were within a factor of 
2-5 of the results achieved with a pneumatic nebulizer used 
in Ar ICP-AES. Detection limits measured for the He ICP 
with the IPTGFN were inferior to the results obtained with 
an ultrasonic nebulizer used in conjunction with a desolvation 
system by a factor of only 2-3 times. Obviously, on absolute 
basis, the detection limits are comparable because the volume 
of sample used with IPTGFN is smaller than that of pneu
matic and ultrasonic nebulizers. 

The extent of the memory effects commonly encountered 
with frit-type nebulizers was reduced by devising a clean-out 
system. The wash-out time (required to reduce signal intensity 
to 1 %) was approximately 2 min for the IPTGFN compared 

to 45 s for a pneumatic nebulizer. At the present time, the 
most glaring disadvantage of this new glass frit nebulizer is 
the reduction in aerosol production as a result of repeated 
usage. If this problem can be eliminated, IPTGFN may be 
considered as a viable, low cost nebulization system that 
consumes a microliter quantity of test solution. Conditions 
leading to the degradation of efficiency of thimble frit are 
currently being investigated. 
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Determination of Chloride and Available Chlorine in Aqueous 
Samples by Flame Infrared Emission 
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Department of Chemistry, Baylor University, Waco, Texas 76798 

A specially designed system, using a flame infrared emission 
(FIRE) detector, was developed to permH the determination 
of chloride (Cn in water and available chlorine (CI2, HOCI, 
and OC;-) in liquid bleach. Chloride ion was converted to 
molecular chlorine (CI2) by addition of concentrated sulfuric 
acid and a saturated solution of potassium permanganate. 
Bleach samples were treated wHh sulfuric acid to convert all 
hypochlorite and hypochlorous acid to C12 . After treatment, 
molecular chlorine was purged from solution with He and 
introduced into a hydrogen/entrained-air flame. A portion of 
the HCI emission intensity at 3150-2425 cm-1 was monitored 
by using a lead selenide detector in conjunction wHh a 3.8-/Lm 
optical band-pass filter. Peak emission intensity measure
ments from repeated injections of aqueous NaCI standards 
gave a relative standard deviation of 3.34 %, and calibration 
curves were linear up to the maximum concentration of 
chloride investigated (10 mM NaCI). The average relative 
standard deviations of the chloride and available chlorine 
determinations measured with the FIRE system were found 
to be 4.39% and 1.84%, respectively. The accuracy of the 
FIRE technique was determined by comparing the available 
chlorine results wHh those obtained by iodometric IHration for 
three commercial bleach samples and was found to be 
2.97 %. The detection limit for chloride and available chlorine 
was found to be 1.59 ppm (4.49 X 10-2 mM Cn and 1.61 
ppm (2.27 X 10-2 mM CI2), respectively. Elevated levels of 
bromide produced a negative interference in the determination 
of chloride with the FIRE system, but iodide and phosphate 
did not interfere. 

INTRODUCTION 

The element chlorine is widely distributed in nature and 
is used extensively in its various oxidation states (1). Aqueous 
molecular chlorine (CI2) and hypochlorite (OCn, for example, 
are employed as bleaching agents (2) and as disinfectants to 
prevent the spread of waterborne diseases (3). Because of the 
reactivity of the higher oxidation states of chlorine, the ele
ment occurs in nature primarily as the chloride ion (Cl-) and 
is one of the major inorganic constituents of surface waters, 
groundwaters, and wastewaters. In seawaters, chloride levels, 
expressed as chlorinity, are approximately related to salinity 
and can be used to determine the concentrations of all other 
biounlimited elements present in a sample (4). Chloride 
concentration is also used as an indicator of water condition. 
For example, elevated chloride concentrations in the sewerage 
of coastal areas may signal seawater intrusion into the system, 
while in potable water they are often associated with waste
water contamination (5). In process waters, chloride con
centrations are monitored regularly since elevated levels are 
generally associated with increased deterioration of metallic 
pipes and structures (5), while in cooling water, they are used 
to indicate the cycles of concentration (6). 

Because of the widespread use and occurrence of the many 
forms of chlorine, analytical methods for their determination 
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are of great importance. A large number of methods exist for 
the determination of chloride ion and chlorine in aqueous 
samples. These include chromatographic (7-11), spectrometric 
(12-2]), potentiometric (22-28), and titrimetric (29, 30) pro
cedures, with the most widely used methods involving titration 
of the sample. 

For the titrimetric determination of aqueous chloride, 
various argentometric methods exist, which use either indi
cators (29-3]) or potentiometers (27, 28) to detect the end
point. Alternatively, mercuric nitrate can be used to titrate 
chloride ion with the use of diphenylcarbazone as an indicator 
(5). 

For the determination of chlorine in bleach bath liquors 
and natural and treated waters in concentrations greater than 
1 mg/L (5), iodometric titration is the method of choice. For 
chlorine levels less than this amount, amperometric titrations 
are preferred (5), but require greater operator skill to avoid 
loss of chlorine through mechanical stirring. Poor endpoints 
are also a problem unless the electrodes are properly cleaned 
and conditioned. Alternatively, N,N-diethyl-p-phenylene
diamine (DPD) can be used to determine dissolved chlorine 
colorimetrically or titrimetrically with ferrous ammonium 
sulfate (5). 

All of these titrimetric methods suffer severe interference 
by a variety of species including such anions as bromide, 
iodide, cyanide, sulfide, and orthophosphate (for chloride) and 
other oxidizing agents (for chlorine). Because of the problems 
associated with existing procedures, new analytical methods 
for the determination of chloride ion and chlorine in aqueous 
samples could be of great importance in a number of disci
plines. 

The potential of flame infrared emission (FIRE) spec
troscopy as a means of quantitative analysis has only recently 
become apparent (32-35). Previous work in this laboratory 
has shown that the discrete infrared emission band at 4.42 
p.m (2262 em-I) produced by vibrationally excited carbon 
dioxide is useful analytically as a means of detecting organic 
materials introduced into the flame (33, 34) and also for de
termining total inorganic carbon (TIC) in aqueous samples 
(35). Spectroscopic studies in this laboratory using Fourier 
transform techniques have also demonstrated that other 
discrete infrared emission bands can be observed in a hy
drogen-air flame due to the presence of vibrationally excited 
molecules (32). For example, combustion of chlorine-con
taining compounds in the flame produces HCl, and under 
high-resolution conditions, the P and R branches of the HCl 
infrared emission can be easily detected above the flame 
background in the region 3200-2400 cm-l Since the HCl 
emission band lies between the water emission band at 
3800-3200 cm- l and the carbon dioxide emission band cen
tered at 2262 cm- l (32), the strong, well-resolved infrared 
emission from HCl should also be useful analytically for the 
determination of Cl in a variety of chlorine-containing samples. 

Since chlorine gas reacts rapidly with hydrogen under flame 
conditions to form HCl 

H2 + Cl2 -, 2HCl (1) 

any reaction that generates molecular chlorine in a quanti-
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tative manner could serve as the basis of an analytical pro
cedure employing FIRE as a highly specific means of detec
tion. As one example, samples containing dissolved chloride 
ion could be oxidized to molecular chlorine according to the 
following half-cell (EO = -1.36 V) 

2CI- ~ CI,(aq) + 2e- (2) 

using such strong oxidants as permanganate ion (EO = +1.51 
V in acid solution), peroxide ion (EO = +1.77 V in acid solu
tion), or peroxydisulfate ion (EO = +2.01 V). The resulting 
chlorine gas could then be purged from solution by using an 
inert gas and introduced into a hydrogen/ air flame to form 
excited HCI, which could be detected by means of its infrared 
emission. 

A second example of an analysis that could be carried out 
in this manner is the determination of available chlorine in 
bleaches prepared from molecular chlorine and hypochlorite. 
In solution these species produce hypochlorous acid (pK. = 
7.60 at 25 ec) according to eq 3 and 4, respectively, and the 

CI, + 2H,O ~ HOCI + H30+ + CI- (3) 

OCI- + H,O ~ HOCI + OH- (4) 

term available chlorine refers to the total oxidizing power of 
the solution due to chlorine, hypochlorous acid, and hypo
chlorite ion, expressed in terms of an equivalent quantity of 
CI, (36). (The distribution of CI between these three species 
is temperature- and pH-dependent.) Since eq 3 is readily 
reversible (K",-l = 2.2 X 103 at 24 ec), addition of acid leads 
to the rapid generation of dissolved molecular chlorine, which 
can be purged from solution, converted to HCI in the flame, 
and detected by infrared emission as described previously. 

This paper reports the development of a new chlorine
specific method for the direct determination of chloride and 
available chlorine in aqueous samples based on the principle 
of flame infared emission (FIRE). The FIRE-chlorine ana
lyzer described in this paper consists of two commercially 
available purge devices coupled to a FIRE detector. Aqueous 
chlorine-containing samples are treated chemically to convert 
the chloride or hypochlorous acid present into molecular 
chlorine (CI,), which is then purged from the sample cell by 
using an inert carrier gas and introduced into a hydrogen/ 
entrained-air flame to produce vibrationaliy excited HCI. The 
FIRE detector consists of a miniature capillary-head burner 
that supports the hydrogen/ entrained-air flame, an optical 
collection lens, a band-pass filter to isolate the HCI emission 
band, and a PbSe photoconductive detector. 

EXPERIMENTAL SECTION 
Apparatus. The FIRE-chlorine instrument shown in Figure 

1 consists of two major sections: (A) the chlorine generation and 
purging apparatus and (B) the FIRE detection system. The 
purging apparatus has been described previously (35) and consists 
of two demountable purge tubes connected in parallel with 
polyethylene tubing and two, three-way switching valves. One 
of the purge tubes serves as the sample chamber while the second 
serves as the reference chamber. 

Each purge device consists of a 5-mL demountable purge tube 
that can be disconnected for sample introduction and cleaning. 
A septum located at the top of each purge tube allows the samples 
and reagents to be introduced by syringe (sulfuric acid syringe: 
Model No. 2300, Becton-Dickson & Co., Rutherford, NJ; KMnO. 
syringe: Model No. 1001, Hamilton Co., Reno, NV; water sample 
syringe: Model No. 1002, Hamilton Co.). 

Helium gas, maintained at a flow rate of 130 mL/min, was used 
to purge evolved CI, from the aqueous solution into the flame of 
the FIRE detector. The optimum flow rate of hydrogen in the 
capillary-head burner was determined to be 324 mL/min with 
combustion supported only by entrained air. The supply pressures 
of the helium and hydrogen were regulated at 0.75 atm by using 
triple-stage regulation (35). 
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Figure 1. Schematic diagram of FIRE instrument for determination 
of chloride and available chlorine in aqueous samples, showing (A) 
purge section and (8) FIRE detector. Key: He, helium cylinder; H2, 

hydrogen cylinder; PbSe, lead selenide detector; V, three-way valve. 

The optical system of the FIRE detector was modified from 
that described previously by tbe addition of a 5-cm-focal-Iengtb, 
t/1 concave mirror (Model No. 44340, Oriel Corp., Stratford, CT) 
installed behind the hydrogen/air flame. This back collection 
mirror, in conjunction with the CaF,lens, directed the infrared 
emission from the flame onto the PbSe detector. 

In addition to the installation of the back collection mirror, 
the FIRE detector was also modified by replacing the 4.4-l'm CO, 
optical band-pass filter with a 3.B-l'm optical band-pass filter 
(Model No. S-902-079, Spectrogon, Secaucus, NJ) to spectrally 
isolate a portion of the HCI emission consisting of most of the 
more intense part of the P branch. This optical band-pass filter 
possessed a full width at half-maximum (fwhm) height of O.lB 
I'm and was placed immediately in front of the detector. 

The flame infrared emission was detected by using a PbSe 
photoconductive cell operated at room temperature with a bias 
potential of 45 V. The detector preamplifier circuit, lock-in 
amplifier, and recorder/integrator have been previously discussed, 
and except for a slight change in the preamplifier circuit to allow 
for a larger bias voltage, these components were used without 
modification (33, 34). 

Reagents. All chemicals were of ACS reagent grade and were 
used without further purification. A stock solution of 100 mM 
NaCI (Mallinckrodt, Inc., St. Louis, MO) was prepared by dis
solving NaCI, dried at 120 ec for 24 h, in deionized water. 
Standard NaCI solutions, having concentrations of 0.1,0.5, LO, 
2.0, 5.0, B.O, and 10 mM, were prepared before use by diluting 
aliquots of the stock solution to the appropriate volumes. 

A saturated solution of KMnO. (Mallinckrodt) used in con
junction with concentrated H,SO. (Mallinckrodt) served as the 
oxidizing agent for the aqueous chloride determination. The 
saturated KMnO. solution was boiled and filtered to remove any 
MnO, that might be present. Aqueous solutions of AgN03 (Thorn 
Smith, Inc., Beulah, MI) and Na2S,03 (Sargent-Welch Scientific 
Co., Skokie, IL) were used in the titrimetric analyses of aqueous 
chloride and available chlorine, respectively. 

Procedure. Prior to use, the flame in the FIRE system was 
ignited, and the instrument was allowed to warm up until a stable 
base line was obtained on the chart recorder. As part of the 
warmup procedure, He purge gas was directed through the dry 
reference purge tube and into the flame. When the instrument 
had stabilized, the analysis for aqueous chloride or available 
chlorine was carried out according to the appropriate procedure 
indicated below. 

Aqueous Chloride. To construct a calibration curve for chloride 
by using the FIRE system, the sample purge tube was discon
nected, a 1.0-mL volume of an aqueous chloride standard was 
placed on the glass frit, and a 0.5-mL volume of concentrated 
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H2S04 was added with a syringe. The purge assembly was then 
reconnected, and the He flow was switched from the reference 
purge tube to the sample purge tube by using the dual, three-way 
valve system. The acidified standard solution was purged for 
approximately 70 s. A O.l-mL aliquot of the saturated KMn04 
solution was injected through the septum and into the sample 
chamber with a syringe. The chlorine gas produced from the 
resulting oxidation of the aqueous chloride in the sample was 
purged from the solution and introduced into the flame where 
it formed vibrationally excited HCI. 

After the resulting HCl infrared emission peak had been re
corded, the He flow was switched back through the reference purge 
device. The sample purge tube was then disconnected and rinsed 
thoroughly with deionized water to remove excess reagents. This 
process was repeated for all chloride standards to construct a 
calibration curve of peak intensity versus chloride concentration. 

Several natural water samples were collected from sources 
around the Waco, TX, area and stored according to standard 
procedures (5). One-milliliter volumes of these natural water 
samples were treated by using the same procedure as outlined 
for the preparation of the chloride calibration curve, and the 
resulting infrared emission signal was recorded. Aqueous chloride 
concentrations in these natural water samples were read from the 
calibration curve by using measured peak heights. For comparison 
purposes, aqueous chloride in these samples was also determined 
by argentometric titration using 0.0136 N AgN03 with potassium 
chromate as an indicator according to procedures outlined in ref 
5. 

Available Chlorine. Calibration curves for available chlorine 
(CI2, HOCl, and ocn were constructed by using aqueous chloride 
standards as described previously. Bleach sample concentrations 
were read as chloride concentrations from the chloride calibration 
curve and converted into available Cl2 concentration according 
to the relationship 1 j,[CI-] = [CI2]. 

To determine available chlorine in bleach by using the FIRE 
system, a O.5·mL aliquot of concentrated H2S04 and a 1.0-mL 
volume of deionized water were added to the disconnected sample 
purge tube as described for the aqueous chloride determinations. 
The sample purge device was then reconnected and the He purge 
gas flow switched from the reference purge device to the sample 
purge device. After this acidified deionized water solution was 
purged for approximately 70 s, a O.l-mL aliquot of a bleach sample, 
diluted by a factor of 20 with deionized water, was introduced 
through the septum with a syringe. The CI2 gas generated from 
the acidification ofthe bleach sample was purged from the solution 
into the flame where it formed vibrationally excited HCI. After 
the HCI infrared emission peak had been recorded, sample cleanup 
was performed as described previously. 

Three commercially available bleach products were selected 
for the determination of available chlorine. For comparison 
purposes, available chlorine in these samples was also determined 
by iodometric titration using 0.151 N Na2S203 according to the 
procedure outlined in ref 5. 

RESULTS AND DISCUSSION 

Instrumental Configuration. The FIRE detection sys
tem used in this paper for the determination of chloride and 
available chlorine is similar to the system that has been 
previously described for use in total inorganic carbon (TIC) 
determinations (35). However, since the HCI infrared emission 
band occurs in the 3.17-4.24-ILm spectral region of the hy
drogen flame (Figure 2B), the 4.4-ILm optical band-pass filter 
used to isolate the CO2 emission (35) was replaced with a 
3.8-ILm band-pass filter. 

The spectra shown in Figure 2 were obtained on a Mattson 
Cygnus 100 Fourier transform infrared spectrometer under 
resolution conditions sufficient to reveal the rotational fine 
structure associated with the P and R branches of the HCI 
emission band (Figure 2B). As shown in Figure 2A, the 3.8-ILm 
band-pass filter optically isolated the 3.64-4.03-ILm portion 
of the P branch of the HCI emission band. The corresponding 
flame background spectrum (Figure 2C) shows that this region 
of the spectrum should be ideal for the detection of hydrogen 
chloride. A comparison of Figure 2B and Figure 2C also 
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Figure 2. Fourier transform infrared spectra from 4000 to 1800 cm-1 

plotted on the same relative intensity scale (not corrected for instrument 
response): (A) transmission spectrum of the band-pass filter used in 
the FIRE detector (maximum transmission at 3.8 ILm 75% T, <0.10% 
elsewhere); (8) flame infrared emission from a hydrogen/entrained-air 
flame containing hydrogen chloride showing the strong HCI stretching 
vibration centered at 2900 cm-1

; (C) flame infrared emission from a 
hydrogen/entrained-air flame in the absence of hydrogen chloride 
showing the background emission from water. 

indicates that a filter with a somewhat wider band-pass could 
have been used and would have been desirable from the 
standpoint of enhancing the total HCI emission received by 
the PbSe detector. However, to our knowledge, the filter 
selected for this study possessed the widest spectral band-pass 
of any that were commercially available. 

In contrast to the intensity of the water emission bands lying 
within the band-pass of the 4.4-ILm CO2 filter (35), the water 
emission bands occurring within the band-pass of the 3.8-ILm 
HCI filter are relatively weaker (Figure 2C) and produce a 
background signal approximately 12 times lower than in the 
case of CO2 detection. Since the intensity of the HCI infrared 
emission band transmitted through the 3.8-ILm optical filter 
is also weaker in comparison to the intensity of the CO2 in
frared emission band transmitted through the 4.4-ILm optical 
fIlter, a detector-noise-limited situation was encountered; i.e., 
the noise amplitude was independent of the flame. 

In order to increase the signal at the detector and, thus, 
improve the signal-to-noise ratio (SNR) of the system, two 
additional instrumental modifications were made. First, the 
detector bias voltage was increased from 30 to 45 V to enhance 
the detectivity of the PbSe detector (37). Second, a back 
collection mirror (Figure 1) was added behind the burner to 
increase the light throughput of the optical system. The 
location of this mirror was determined experimentally by 
adjusting the mirror position until the signal from the flame 
background water emission was maximized at the detector. 
Use of the mirror enhanced the light throughput by a factor 
of 2.5. Both of these modifications resulted in improved SNR's 
and lower detection limits. 

Sample Introduction. The purging apparatus (Figure 1) 
consisted of two separate chambers, one for sample intro
duction and chlorine generation and a second that served as 
a reference. Two, three-way valves permitted the He purge 
gas flow to be switched from one chamber to the other between 
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sample determinations. In the previous study (35), degassed 
water was used in the reference purge tube to maintain a 
constant flow of He saturated with water vapor to the flame. 
However, due to the corrosive nature of Cl2 gas in the presence 
of water, it was found necessary to flow dry He through the 
reference chamber and the sample introduction system be
tween sample determinations. This removed residual moisture 
from the walls of the sample introduction system and reduced 
corrosion of the burner and plugging of the sample intro
duction capillary. Therefore, in contrast to the FIRE-TIC 
procedure (35), the FIRE-Cl procedure employed a dry ref
erence purge tube. 

Excitation Conditions. Because the FIRE system func
tions as a mass flow rate detector (34), the intensity of the 
signal arising from the vibrational excitation of HCl in the 
hydrogen flame is a function of both the He flow rate and the 
hydrogen/ air ratio. Although higher He flow rates resulted 
in increased peak heights and therefore increased signal-to
noise ratios, a practical upper limit was reached when the 
sample was forced out of the purge tube. A He flow rate of 
130 mL/min was determined to represent the best compromise 
condition for maximizing the signal-to-noise ratio without 
sample loss. 

Because chlorine gas must be reduced by H2 at flame tem
peratures to produce HCl (eq 1), a fuel-rich flame was expected 
to enhance HCl emission and improve detection limits. As 
anticipated, a pure H2 flame, supported only by entrained air, 
afforded SNR's that were approximately 2.5 times greater than 
those obtained under fuel-lean flame conditions. 

Oxidizing Conditions. To perform chloride determina
tions using the FIRE system, the chloride ion must first be 
oxidized to chlorine gas in the sample chamber. The gener
ation of chlorine gas from aqueous chloride samples requires 
a suitable oxidizing medium. To be satisfactory for use with 
the FIRE detector, the oxidizing agent must meet two basic 
requirements. First, it must have a reduction half-cell po
tential sufficient to oxidize chloride ion to chlorine (in excess 
of + 1. 36 V under standard conditions.) Second, the kinetics 
of the oxidation must be fast. If generation of chlorine gas 
does not proceed rapidly, broad peaks will be obtained which 
adversely affect the sensitivity of the system. 

Several oxidizing agents were investigated, including con
centrated solutions of acidified potassium peroxydisulfate, 
manganese dioxide, and potassium permanganate. While 
acidified solutions of both potassium peroxydisulfate and 
manganese dioxide have suitable half-cell potentials for the 
reaction, the rate of chlorine production was too slow to be 
useful for the analysis. By contrast, saturated aqueous KMn04 
and concentrated H2S04 generated chlorine rapidly and 
quantitatively, permitting analysis by the FIRE system with 
good detection limits. 

More extensive investigations also showed that the sulfuric 
acid played a role beyond that of supplying hydrogen ions for 
the reaction, which in excess permanganate is 

2Mn04- + 6Cl- + SHaO+ ~ 3Cl2 + 2Mn02 + 12H20 
(5) 

By introduction of the chloride-containing solution onto the 
glass frit of the purge tube and subsequent addition of con
centrated sulfuric acid, considerable heat was generated. This 
heat was found to be critical for promoting the rapid gener
ation of Cl2 in the next step of the procedure when per
manganate was added. 

Acidification Conditions. Sulfuric acid and deionized 
water were first introduced onto the frit, a stable base line 
was reestablished (about 70 s), and finally the bleach sample 
was introduced onto the hot, degassed acid. This procedure 
produced sharp peaks with good reproducibility. Although 
the reverse procedure (acid added to the degassed bleach) was 
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Figure 3. Hydrogen chloride signal profiles obtained by (A) treatment 
of an acidified 1.0-mL aliquot of 8.00 mM NaCI solution wtth saturated 
KMnO, and (B) treatment of concentrated sulfuric acid with a 0.1-mL· 
aliquot of bleach sample, diluted 20-foid (4.0 I'mol of available chlorine). 

not tested, degassing the bleach was avoided since the pro
cedure could result in loss of dissolved chlorine (CI2) from the 
sample and degrade the accuracy of the analysis. 

System Performance. The total time required for signal 
acquisition from an aqueous sample was approximately 3.5 
min (from initial acid injection to purge tube disconnection 
and cleanup). By judicious selection of the oxidizing medium 
(for chloride) and proper ordering of reagent addition, good 
peak profiles were obtained (Figure 3). Since both the ox
idation of chloride by permanganate and the formation of 
chlorine gas from hypochlorite by acidification tend to be slow 
at room temperature, the heat supplied by the hydration of 
sulfuric acid is a critical factor in controlling the kinetics of 
the reactions and, hence, the shape of the peak profiles. 

The reproducibility of the FIRE procedure was studied by 
recording the signals obtained from oxidizing eight 1.0-mL 
aliquots of a 5 mM NaCI standard. The relative standard 
deviation (RSD) was determined to be 3.34% for peak height 
measurements and 5.08% for peak area measurements. The 
difference in reproducibility between the peak height mea
surements and the peak area measurements most probably 
occurs in the trailing edge of the peak profile. Since peak 
height measurements also gave better reproducibility than 
peak area measurements in the determination of total inor
ganic carbon where CO2 was the emitter (35), the origin of 
tailing in the HCl peaks probably involves the purging step 
in the analysis, rather than the kinetics of the formation of 
C12• 

Since the peak height measurements were consistently more 
reproducible for the standards and aqueous samples used in 
this study, peak height measurements were used exclusively. 
The root-mean-square signal-to-noise ratio (SNR".,) was ap
proximately 223:1 for the HCl signals obtained from the ox
idation of the 5.0 mM NaCl standard. 

Calibration curves were prepared by oxidizing 0.10-10 mM 
NaCI standards and were found to be linear (correlation 
coefficient of 0.9997). The linear regression equation for a 
typical calibration curve possessed a slope of 11.46 mm/mM 
and a y-intercept of -0.09 mm. The detection limit for Cl
with the FIRE-chlorine system, defined as a concentration 
of Cl- producing a signal equivalent to twice the root-mean
square noise, was found to be 1.59 ppm (4.49 X 10-2 mM Cl-). 
The detection limit for available C12, based upon the Cl
calibration curve (and defined at twice the root-mean-square 



ANALYTICAL CHEMISTRY, VOL. 61, NO. 24, DECEMBER 15, 1989 • 2789 

Table I. Comparison of Chloride Determined by FIRE and by 
Argentometric Titration for Selected Water and Oil Brine 
Samples 

sample 

Hewitt tap 
Waco tap 
Bosque River 
Brazos River 
Lake Brazos 
Woodbine brine 
Nacitoch brine 

titration,a ppm 

61.4 ± 0.1 
23.4 ± 0.1 
17.1 ± 0.4 
38.2 ± 0.5 
32.0 ± 0.2 

(41.4 ± 0.1) X 10' 
(17.3 ± 2.0) X 10' 

FIRE," ppm 

60.6 ± 2.5 
25.1 ± 1.8 
15.2 ± 1.2 
35.0 ± 0.5 
30.6 ± 1.7 

(43.0 ± 1.2) X 103 

(17.0 ± 0.3) X 103 

% reI error 

-1.30 
+7.26 

-11.1 
-8.38 
-4.38 
+3.86 
-1.73 

a Average and standard deviation of four sample determinations. 

noise), was found to be 1.61 ppm (2.26 X 10-2 mM CI2). 

Precision and Analytical Accuracy. Aqueous Chloride. 
Natural water and oil brine samples were used to evaluate the 
analytical performance of the FIRE-chlorine system for the 
determination of aqueous chloride. The natural water samples 
included tap water from the Texas cities of Waco and Hewitt, 
surface waters from Lake Brazos and the Bosque and Brazos 
Rivers, and brine samples from oil· bearing rock formations. 
The brine samples were obtained from the Van oil field located 
in Northeast Texas (Woodbine formation (975 m) and Na· 
citoch formation (366 m)) and were separated from the as· 
sociated crude oil by slight heating (80 °C) and centrifugation. 
A 200-fold dilution of these brine samples was necessary in 
order to provide a concentration in the linear range of the 
calibration curve. 

Table I compares the chloride values determined by ar
gentometric titration using potassium chromate as an indicator 
with chloride values obtained with the FIRE detector. Each 
measurement in the table is an average of four replications. 
Although the tap water samples used in this study were 
chlorinated, the concentrations of available chlorine as de
termined by iodometric titration were below the detection 
limit of the FIRE detector. As a result, no interference from 
available chlorine was encountered in the determination of 
chloride ion for the tap water samples used in this study. 
However, even if the sensitivity of the FIRE system were 
improved to the point where available chlorine levels in tap 
water could be detected along with chloride when the FIRE 
system is used, interference from available chlorine would be 
eliminated by the acidification and sample purging step prior 
to addition of the KMnO, solution_ 

As shown in Table I, the precision of the results obtained 
with the FIRE system is quite good (average relative standard 
deviation (RSD) 4.39%). The percent difference between the 
results obtained with the FIRE system and those obtained 
by argentometric titration (Table I) cannot be ascribed simply 
to inaccuracies in the FIRE method because the titration 
method for chloride is subject to interference from such 
common ions as bromide, iodide, and phosphate. (This will 
be discussed more fully in the next section.) It is interesting 
to note that for the three surface water samples (Bosque River, 
Brazos River, and Lake Brazos) the titration method gave 
results that were all higher than those obtained by using the 
FIRE system. High results obtained by argentometric titra
tion may be indicative of interference from such ions as 
phosphate which are present in these surface waters. From 
Table I, the average percent relative difference for the seven 
natural water samples is 5.43 %. The agreement between the 
results obtained with the FIRE detector and those from the 
titration method is very good, considering that the titration 
method is not totally error-free. 

Available Chlorine. Three commercial bleach products 
were used to test the performance of the FIRE system for the 
determination of available chlorine. Bleach samples were 
diluted 20-fold to give a concentration within the linear range 

Table II. Comparison of Available Chlorine Determined by 
FIRE and by Iodometric Titration for Selected Bleach Samples 

bleach sample titration,a ppm FIRE," ppm 

Brand X 
Brand Y 
Brand Z 

(57.2 ± 0.9) X 103 (60.7 ± 0.8) X 103 

(53.5 ± 0.1) X 103 (52.4 ± 0.7) X 103 

(55.5 ± 1.2) X 103 (55.9 ± 1.6) X 103 

% reI error 

+6.12 
-2.06 
+0.72 

a Average and standard deviation of four sample determinations. 

of the FIRE calibration curve. 
Table II compares the resuIts obtained for available chlorine 

by iodometric titration with those obtained by using the FIRE 
detector and shows that the average precision obtained with 
the FIRE detector is quite good (RSD 1.84 %). Taking the 
iodometric titration as a reference method, the average relative 
error for the three bleach samples is 2.97%. The close 
agreement between available chlorine as determined by the 
FIRE detector and as determined by iodometric titration 
demonstrates the feasibility of using chloride to prepare the 
FIRE calibration curve. 

Interferences. Interferences with the FIRE-chlorine 
analyzer can be classified into two major types: chemical and 
spectral. Spectral interferences in the FIRE detector will occur 
whenever purgeable contaminants present in the sample are 
capable of existing as stable molecules or fragments at flame 
temperatures and emitting infrared radiation within the 
band-pass of the filter. Because of the specificity of infrared 
emission and the judicious selection of notch filters, however, 
the chance of severe spectral interference (i.e., direct overlap) 
is not particularly likely_ 

A more subtle form of spectral interference can resuIt from 
filter imperfections (or filter bleed). Interference filters of 
the type used in the FIRE-chlorine analyzer have a smalI, but 
finite, transmittance at wavelengths well removed from the 
peak transmission wavelength_ The filter used in this study, 
for example, had a 0.1 % transmittance in the vicinity of the 
4.42-",m CO2 emission band. While this transmittance seems 
smalI, optical leakage of the CO2 band can produce measurable 
signals in the presence of large amounts of carbon-containing 
interferents. 

Chemical interferences can occur with the FIRE-chlorine 
analyzer in a number of ways, such as altering the oxidation 
process (in the case of chloride) or retarding the purging of 
chlorine (CI2) from the sample chamber. Thus, any concom
itant that produces a volatile chlorine-containing compound 
that either does not bum readily in the flame or does not form 
HCl as a combustion product will depress the signal. Chemical 
interference can also occur if a nonvolatile chlorine-containing 
compound is produced instead of Cl2 or if a purgeable con
taminant reacts with Cl2 in the purge gas stream and reduces 
the amount of Cl2 reaching the flame. 

Anionic Interferences. One commonly employed standard 
method of chloride determination in neutral or slightly alkaline 
solution is argentometric titration using potassium chromate 
as an indicator (the Mohr method (5». Interferences in this 
method include bromide, iodide, and phosphate, all of which 
introduce positive errors in the titration_ Since these anions 
can be present in natural waters at concentrations as high as 
1 mg/L (Br (5)), 0.1 mg/L (I (5», and 0.4 mg/L (P (38)), the 
effect of these species as possible interferences in the deter
mination of aqueous chloride using the FIRE system was 
investigated. 

To determine the extent to which these anions interfere 
with chloride determinations performed with the FIRE de
tector, chloride determinations were using 5 mM NaCl 
standards that had been spiked with concentrations of 
bromide, iodide, and phosphate equivalent to about 10 times 
the maximum concentration expected for natural waters (5, 
38). The signals obtained from the spiked solutions were then 
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Table III. Comparison of FIRE Results with Those from 
Argentometric Titration for Chloride Determination in the 
Presence of Selected Interferences 

sample FIRE,' ppm titration,a ppm 

blank' 177±7.38 177 ± 1.04 
bromidec 108 ± 2.60 197 ± 0.628 
iodide" 176 ± 4.37 196 ± 1.04 
phosphate' 178 ± 5.00 197 ± 2.72 

'Average and standard deviation of four sample determinations. 
'5.00 mM (177 ppm) Cl-. '5.00 mM Cl-, 0.595 mM Br- (equivalent 
to 21.1 ppm Cn "5.00 mM Cl-, 0.595 mM 1- (equivalent to 21.1 
ppm Cl-). '5.00 mM Cl-, 0.223 mM PO,3- (equivalent to 23.7 ppm 
Cn 
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Figure 4. FIRE signal versus bromide ooncentration for 1.D-mL aliquots 
of 5.00 mM NaCI spiked with NaBr. 

compared to that from an unspiked 5 mM NaCI standard. 
Table III shows that the presence of bromide. iodide, Or 

phosphate resulted in a large positive error in the argento
metric titration method, with the apparent chloride concen
tration being given by the sum of the true chloride concen
tration (177 ppm) and the concentration of the interfering 
anion, expressed as its chloride equivalent (about 21 ppm). 
Although no observable difference in peak height occurred 
in the presence of iodide and phosphate for the FIRE detector 
(Table III), a 39% suppression of the HCI signal occurred in 
the presence of bromide. To quantify this effect, 5 mM NaCI 
solutions having different bromide concentrations were pre
pared and analyzed. A plot of signal versus bromide con
centration (Figure 4), although not linear, did indicate an 
increasing suppression of the HCI signal as bromide ion 
concentration was increased. 

While no attempt was made to identify the exact mecha
nism responsible for bromide interference in the chloride 
determination using the FIRE system, the factors involved 
are almost certainly chemical in nature. (Direct spectral 
interference by HBr seems unlikely since HBr emission is not 
observed under these flame conditions (32).) The oxidation 
chemistry of the halides is complicated by the large number 
of higher oxidation states available to the halogens, and 
half-cell potentials provide only an approximate guide because 
the kinetics of the reactions are often slow (1). However, 
permanganate and bromine half-cell potentials (adjusted for 
conditions of the analysis, i.e., approximately II M acid) 
indicate that in the presence of excess permanganate, bromide 
can be oxidized to both Br2 and Br03-' While bromate would 
remain in solution, any elemental bromine would be expelled 
along with elemental chlorine during the purging process. 
Since the molar solubilities of both CI2 and Br2 are relatively 
high (9.1 x 10-2 and 0.21 mol/L at 25 °C, respectively (I)), 
both would probably dissolve to some extent in the moisture 
that condenses between the chlorine generation chamber and 
the burner. Introduction of chlorine into bromine water under 

Table IV. Comparison of FIRE Results for Chloride 
Determination in the Presence of Bromide for Several 
Sample Pretreatment Methods 

sample 

chloride' 
chloride/IOg' 
Chloride/bromide"·' 
Chloride/bromide"! 
chloride /bromide"~ 

FIRE, ppm 

177 ± 9 
175 ± 10 
170 ± 10 
168 ± 11 
95 ± 7 

% difference4 

o 
-1.1 
-4.0 
-5.1 

-46.3 

'Percent difference compared to chloride (177 ppm) in the ab
sence of bromide. '5.00 mM (177 ppm) Cl-. '5.00 mM Cl-, 4.70 
mM KIO,. "5.00 mM Cl-, 4.70 mM KIO" 0.60 mM Be 'Bromine 
expelled by boiling the solution prior to analysis. fBromine ex
pelled by purging in the sample chamber prior to analysis. 
g Bromine and chlorine purged together during analysis. 

neutral conditions is known (39) to result in the formation 
of bromate ion, Br03 -, and chloride ion: 

Br2 + 5Cl2 + 6H20 ~ 2Br03- + 10CI- + 12H+ (6) 

Any chloride ion that is not swept out of the condensed 
moisture as HCI during the 15-20-s period required to record 
the FIRE signal would contribute to a negative interference. 

In the case of iodide, half-cell potentials suggest that re
action with excess permanganate is even more likely to pro
duce higher oxidation states (iodate and possibly periodic acid 
(40)) that would remain in solution. Moreover, any 12 that 
might form is also relatively insoluble in water (1.3 x 10-3 M 
(1)) and is much less likely to be purged along with CI2 in 
sufficient quantities to act as an interferent. Further support 
for the proposed mechanism for bromide interference is the 
observation that increased corrosion and clogging of the 
stainless steel capillary tube (used to introduce the sample 
into the burner) occurred during the analysis of samples 
containing bromide. The presence of these deposits also 
resulted in some loss of precision for the chloride results as 
shown in Table III. 

One method of dealing with bromide interference in the 
determination of chloride by argentometric procedures is to 
pretreat the sample by using iodate ion in acid solution (41). 
The reaction 

103- + 6Br- + 6H+ ~ 1- + 3Br2 + 3H20 (7) 

produces bromine, which can be expelled by boiling the so
lution, and iodide ion, which is not expected to interfere in 
the FIRE procedure (Table III). The feasibility of using iodate 
to eliminate bromide interference in the FIRE analyzer was 
investigated, and the results are shown in Table IV. 

As shown in Table IV, pretreatment of 1.0 mL of a 5 mM 
chloride solution with KI03 and permanganate did not alter 
the FIRE results for chloride within experimental error. 
However, the presence of both iodate and bromide ion in the 
sample resulted in a 46.3 % suppression of the FIRE signal, 
compared with chloride solutions containing no bromide. This 
negative interference is even greater than the 39% suppression 
observed for bromide-containing samples that were not pre
treated with iodate (Table III) and may indicate that Br2 
makes up a greater percentage of the bromide oxidation 
products when iodate is added prior to treatment by per
manganate. In contrast, considerably less suppression of the 
HCI signal occurred when the bromide-containing solution 
was pretreated with iodate and then boiled before introduction 
into the purge tube (-4.0%) or purged directly in the purge 
tube (-5.1 %) to expel bromine prior to addition of per
manganate. (Again, precision was somewhat degraded due 
to deposits that formed in the capillary tube during the 
analysis.) These results, although preliminary, indicate that 
aqueous chloride solutions can be successfully pretreated with 
iodate to remove bromide interference in the FIRE procedure. 



ANALYTICAL CHEMISTRY, VOL. 61, NO. 24, DECEMBER 15, 1989 • 2791 

Chlorination Species. As discussed previously, the FIRE
chlorine procedure is capable of detecting available CI2 in 
aqueous samples. Since many municipalities add CI2 or a 
chlorine-containing compound (chloroamines) to tap water 
for disinfection, available chlorine may interfere in the de
termination of aqueous chloride. Thus, the initial purging 
step of the acid/sample mixture before oxidation of the 
aqueous chloride is useful in removing any available CI, that 
may be present in the water sample. 

TIC and Purgeable Organic Compounds. Carbon dioxide 
can be present in the flame as a result of purging CO2 from 
an acidified carbonate-containing solution (35) or combusting 
a purgeable organic compound (33, 34). Because the trans
mission characteristics of the 3.B-l'm HCI band-pass fIlter allow 
for slight fIlter bleed in the region of the CO, infrared emission 
band (centered at 4.42 I'm (35», carbonates and purgeable 
organics could act as spectral interferences in the determi
nation of aqueous chloride and available chlorine. To de
termine if this potential interference is detected by the 
FIRE-chlorine system, 2-I'L injections of cyclopentane were 
introduced into the purge tube in a manner similar to the 
procedure outlined for the determination of available chlorine 
(cyclopentane added to hot acid). Although the results were 
not quantified, they did indicate that a slight, but detectable, 
amount of filter bleed from the CO2 emission band occurred 
in the transmission of the 3.8-)Lffi HCI optical band-pass fIlter. 
Thus, in chloride determination by the FIRE system, the 
procedure sequence allowing for sample degassing prior to 
addition of permanganate is important for removing carbonate 
and volatile organic interferences before the chlorine gener
ation step. 

Nonvolatile Inorganics and Organics. Other possible in
terferences in the FIRE-chlorine method for chloride are those 
species that are not purged from solution, but are oxidized 
to CO, under the conditions of the FIRE procedure. Per
manganate, however, is not a sufficiently strong reagent to 
oxidize the majority of organic compounds to CO2 (42), and 
with the exception of a few species such as oxalates and oxalic 
acids, nonvolatile inorganic or organic species are not expected 
to produce a chemical interference of this type. 

CONCLUSIONS 

The FIRE detection system described in this paper has been 
shown to be a sensitive, reproducible, accurate, and direct 
means of determining chloride in water and available chlorine 
in liquid bleach. It is easy to use and requires only a 1-mL 
sample for each determination. In its present stage of de
velopment in this laboratory, the time required for signal 
acquisition from a sample is 3.5 min from sample injection 
to purge-tube disconnection and cleanup. The system is easily 
amenable to automation, however, and a multiple purge-tube 
version can easily be envisioned. 

Although only aqueous chloride and liquid bleach samples 
were investigated, it should be possible to apply the FIRE 
method to the determination of chlorine in any sample that 
can be pretreated to form molecular chlorine or hydrogen 
chloride gas in the sample chamber or contains purgeable 
chlorine-containing compounds that can be combusted to 
hydrogen chloride in the flame. Thus, determination of such 
species as chlorites, chloroamines, chlorine dioxide, and volatile 
organic chlorides should be feasible. A special advantage of 
the FIRE method is its lack of interference from iodide and 
phosphate, two ions that cause large positive errors in the 

determination of chloride by argentometric titration. The 
interference caused by bromide ion in the FIRE method 
should be amenable to elimination by sample pretreatment 
using iodate, and we are currently refining this procedure. 
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Stepwise fractionation of aquatic fulvlc acids by preparative 
and analytical high-performance liquid chromatography (HP
LC) was successful In separating constituents of the macro
molecule, Suwannee River fulvic acids (FA) were separated 
by preparative reversed-phase HPLC (RP-HPLC) Into hydro
philic and hydrophobic fractions, The hydrophilic constituents 
represent about 40 % of the total sample and can be resolved 
Into at least six peaks, all of which exhibit featureless ultra
violet-visible (UV-vls) scans with x..... between 211 and 212 
nm, The hydrophobic constituents represent about 30 % and 
can be resolved into 12 peaks as illustrated by the analytical 
chromatograms. The UV-vis scans of the peaks indicated the 
presence of repeated peaks with similar UV-vis spectra, The 
retention and UV-vis spectra of the resolved peaks were 
characteristic of aliphatic organic acids in the hydrophilic 
fraction and of conjugated aliphatic ketones and phenols in 
the hydrophobic fraction, Vanillic acid structures were de
tected as two minor peaks in the analytical chromatograms 
of the total sample but not the fractions, 

INTRODUCTION 

Aquatic fulvic acids (FA) represent up to 80% of the soluble 
organic carbon and are known to play an important role in 
several environmental and geochemical reactions. Despite 
their extensive investigation by spectroscopic and chemical 
degradation methods, detailed structural information on FA 
is still largely unknown (1-5). 

Reversed-phase high performance liquid chromatography 
(RP-HPLC) has been successful in the separation of many 
naturally occurring compounds (6, 7), However, in fulvic acid 
research, success in the separation of FA molecular consti
tutents by any of the HPLC modes has been modest (8-17). 
It is generally accepted that FA is a polymeric material with 
extensive internal bindings. If this concept is accepted, it 
should be possible to identii'y orderly repeated structural units 
in FA macromolecules. However, to date, the polymeric nature 
of FA has not been unequivocally verified (18). 

Two high-efficiency Hypersil ODS and WP-300 ODS mi
crocolumns with single UV wavelength detection were recently 
applied to the separation of FA (19, 20). Chromatograms 
showed several poorly resolved peaks. The authors implied 
that better separation could be obtained with high-efficiency 
columns. 

This paper presents the results of an investigation of the 
semi preparative and analytical separation of aquatic fulvic 
acid components by RP-HPLC and ultraviolet-visible (UV
vis) DAD detection. The approaches used in the research were 

0003-2700/89/0361-2792$01.50/0 

to use stepwise fractionation to optimize the separation and 
to use purified fulvic acids as a starting material in the 
preparative experiments. 

EXPERIMENTAL SECTION 

Instrumentation. Waters Model20l HPLC, equipped with 
a fixed UV detector (Beckman Model 160) and fluorescence de
tector (Schoeffel Model 970), was used in the first preparative 
experiment. A Hewlett-Packard HPLC Model 1090 with Model 
DR-5 pump and UV-vis photodiode array detector (DAD) was 
used in all the other experiments. 

Samples, The fulvic acids samples were water reference Su
wannee River FA prepared by the International Humic Substances 
Society (20). 

Reagents and Solvents. All reagents were ACS chemicals 
of highest purity. Pure HPLC water was obtained from the MilliQ 
system and the solvents were all HPLC grade. Twelve model 
compounds were all high-purity ACS reagents and included seven 
carboxylic acids, two ketones, and two phenols. 

Methods. Preparative RP-HPLC. Two preparative HPLC 
experiments were carried out using reference Suwannee River FA. 
In the first experiment a semipreparative HPLC column of 50 
cm X 22.5 mm i.d. dry packed with 25 I'm ST jC,s (Scientific 
Technology) was used. A water-methanol binary solvent system 
was used under stepwise gradient conditions, Solvent A-I con
sisted of 1 % methanol in water and solvent B-1 consisted of 85 % 
methanol. An aqueous solution of 1 mgjmL Suwannee River 
reference FA in pure water was used for the separation. The 
sample capacity of the column was experimentally determined 
as 1 mL per injection. From each injection, two fractions were 
collected. The hydrophilic fraction contained solutes eluted with 
solvent A-I. The hydrophobic fraction contained solutes eluted 
with solvent B-1. Fractionation was made in batches of 10 mg 
each. Fractions were freeze-dried to 10 mL solution, centrifuged 
to remove particulates, decanted, lypholized, and desiccated to 
a constant weight. A procedure blank for HPLC reinjection 
involved the collection of the same amounts of solvents A-I and 
B-1 concentrated to the originailO-mL volume of the sample, A 
total of 80 mg of reference SR-F A was fractionated in the first 
experiment. The efficiency of separation in each batch was 
checked by reinjecting aqueous or methanolic solution of the 
fractions into the analytical RP column. Only batches that showed 
efficient separation were combined for further spectroscopic 
characterization. 

In the second experiment, a custom-made preparative column, 
NovaPak C,s 30 mm x 7.8 mm i.d. was used with solvent program 
III. The column characteristics and solvent program III are shown 
in Table I. Methods of sample preparation and fraction collection 
were similar to the forementioned methods. A total of 40 mg of 
reference SR-FA was fractionated, 

Analytical RP-HPLC Separation. Table I also lists the col
umns, mobile phases, and the gradient programs used in the 
analytical separations. Gradient program I consisted of water, 
acetonitrile, and acetic acid at pH 4. Samples included Suwannee 
River FA, the two preparative fractions, and 12 model compounds. 

© 1989 American Chemical Society 
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Figure 1. Preparative experiment 1, analytical chromatogram of total SR-FA and HPLC fractions: column, Novapak G-18 5 I'm, 15 cm X 4 mm 
i.d., stepwise gradient; mobile phase, water-methanol; flow rate, 1 mLlmin; detector, fluorescence. 

Table I. Continuous Gradient Programs and Types of Columns and Samples Used with Each 

gradient pH at 
program mobile phase 25°C gradient %A %B column types samples 

A: H20 + 0.01 % AcH 4.0 to min 99 Novapak C18 5 I'm, 100 mm length X 3.9 mm i.d.; flow, SR-FA, HPLC 
0.5 mL/min fractions, 

model 
compounds 

B: CH,CN t2min 70 30 Hypersil ODS C18, 200 mm length x 2.1 mm i.d.; flow, SR-FA, HPLC 
tIS min 15 85 0.3 mL/min fractions 
t20 min 15 85 

II A: H20 (He purged) 7.0 to min 99 1 Novapak C18 5 I'm, 100 mm length X 3.9 mm i.d.; flow, SR-FA, HPLC 
0.5 mL/min fractions, 

model 
compounds 

B: CH,CN t2rnin 70 30 Hypersil ODS C18, 200 mm length X 2.1 mm i.d.; flow, SR-FA, HPLC 
tIS min 15 85 0.3 mL/min fractions 
tw min 15 85 

III A: H20 (He purged) to min 99 1 custom made Novapak C18 4 I'm, 300 mm length X 7.8 SR-FA second 
mm i.d.; flow, 1.5 mLJmin preparative 

experiment 
B: CH,OH tao min 99 1 Novapak C18 5 I'm, 150 mm length X 4 mm i.d. SR-FA, HPLC 

t,. 15 85 
t45 min 15 85 
too min 15 85 

Fulvic acid samples were either dissolved in MilliQ water or pH 
7 phosphate buffer. Gradient program II consisted of water and 
acetonitrile at pH 7 and no acetic acid was added for pH ad
justment. Because the solvents were purged with He, the pH of 
the MilliQ water was maintained at 7.00. The 12 model com
pounds were tested with both gradient programs I and II using 
a C18 Novapak column. 

RESULTS AND DISCUSSIONS 

Preparative Experiments. Figure 1 shows a typical 
HPLC chromatogram of the unfractionated FA and the HPLC 
fractions A-I and B-1, from the first experiment. Total re
covery of FA and contribution of each fraction are shown in 

fractions 

Table II. In the first experiment, the combined recoveries 
of both fractions averaged to 64.5% of the total FA used. In 
the second experiment, the combined recoveries of both 
fractions averaged to 69% of the total FA used. It is important 
to point out that the percentages of B-1 fraction in the first 
and second experiments are 27 and 31, respectively. Con
sidering that the experiment was run by two different graduate 
students and on two different columns, the results are very 
reproducible. The incomplete recovery may be due to irre
versible adsorption of some of FA constituents or due to 
mechanical loss. However a yield of 70% for such biopolymers 
is excellent compared to the yields by other chemical and 
thermal degradation methods which do not exceed 25 %. 
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Table II. Preparative Experiments 1 and 2, Percent Recoveries of Fractions 

preparative experiment 1 
combined batches (1-5) 
combined batches (6-S) 
total from experiment 1 

preparative experiment 2 
combined batches (1-2) 
combined batches (3-4) 
total from experiment 2 

mean recoveries 
experiments 1 and 2 

initial total 
wt, mg 

50 
30 
SO 

20 
20 
40 

wt of A-I 
fraction, mg 

19.0 
11.20 
30.20 

7.91 
9.29 

17.20 

The preparative separations of complex solutes are asso
ciated with several inherent problems, which can be sum
marized as follows: (i) chemical changes to the original ma
terial during the separation process; (ii) contamination from 
the mobile phase, solid support, or the instrument compo
nenta; (iii) loss of resolution due to repeated injections; (iv) 
irreversible adsorption of some of the sample constituents; 
(v) the usually small amount of purified fractions. Some of 
these problems were alleviated by careful selection of the 
separation conditions and by examination of the retention 
mechanisms and the possible solvent-solute interactions. 

It is important to remember that the mobile-phase com
position reflects a wide range of solvent polarities. Such 
conditions are ideal for FA since the macromolecule is known 
to contain both hydrophilic and hydrophobic constituents. 
To allow for the separation of the hydrophobic constituents 
from the acidic ones, neutral pH was selected for the prepa
rative separation. At pH 7, acidic constituents in FA are 
dissociated and thus poorly retained on the column. Another 
advantage of the water/methanol mobile phase is the ability 
to predict possible interactions with FA constituents, Two 
reactions are possible, One is hydrolysis and the second is 
methylation. Indeed both reactions seemed to occur. Hy
drolysis was indicated by an increase in the hydrophilic 
constituents in samples stored in aqueous solutions for about 
1 year. Methylation in the hydrophobic fraction was clearly 
indicated by detection of well-defined gas chromatographic
flame ionization detection (GC-FID) peaks in the B-1 frac
tions. These peaks could not be detected in the total sample 
or fraction A-I but were only detectable in the methylated 
FA (21). These results suggest partial methylation of some 
of FA constituents, upon elution with 85 % methanol. 

Trace polyvalent metal ion contamination from the HPLC 
metallic components has been reported in the literature (22). 
This problem can be minimized by passivating the system by 
washing the pump with a 0.1 M HN03 for 2 h before the 
separation, Solubilized trace metals are likely to complex with 
carboxylic and phenolic components of FA and can be de
tected in the electron spin resonance (ESR) and Fourier 
transform infrared (FT-IR) spectra (23). 

Loss of resolution due to repeated injections was not ex
pected to cause major problems in our case since the two 
fractions were distinctively separated. This problem, however 
is more serious in the analytical separations of FA. Irreversible 
adsorption of some FA constituents seemed to occur during 
the separation, but to a limited extent. The combined re
coveries of the fractions in the two preparative experiments 
were 64.5 % and 69.4 %, respectively. These are much higher 
yields than those obtained by chemical or thermal degradation 
methods. 

An additional problem in preparative HPLC is caused by 
the release of fragments of the packing material. Such a 
problem was alleviated by using special filters as end columns 

wt of B-1 
fraction, mg 

% total 
recovery 
A+B 

% of A-I 
recovery from 

total FA 

% of B-1 
recovery from 

total FA 

11.6 61.2 3S.0 23.2 
9.S 70 37.3 32.7 

21.4 64.5 37.S 26.S 

6.51 72.1 39.6 32.6 
5.98 76.4 46 29.9 

12.49 74.2 43.0 31.2 

69.4 40.4 29 
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Figure 2. Chromatogram and UV-vis scans of 50,uL 0.02% SR-FA 
dissolved in MiIIiQ water: gradient program I, Novapak C'8 column. 

and by centrifugation of the liquid fractions at high speed 
followed by decantation. 

The small amount of purified HPLC fractions continue to 
pose some limitations to the spectroscopic characterization. 
However, modern instruments are well adapted to handle 
small amounts of samples. The approach to analyze total 
sample, fractions and blanks allowed us to distinguish the 
original constituents in the sample from the newly formed ones 
or the artifacts. 

Analytical RP-HPLC. In successful chromatograms the 
UV-vis absorption data points were accumulated and stored 
in the HP 85-B PC memory. Each separated peak was 
scanned between A 200 and 600 nm at three points repre
senting peak maximum, slope upward, and slope downward. 
Overlap of the spectra collected at these three points is con
sidered as an indication of peak purity and or homogeneity. 
This approach allowed the development of a UV-vis spectral 
catalog of FA constituents and several other model com
pounds, under different gradient programs (22). 
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Figure 3. Chromatogram and UV-vis scans of 50 ILL 0.02% SR-FA 
and 50 ILL 0.02% vanillic acid in pH 7 buffer: gradient program I; 
Novapak C18 column. 

Gradient Program I-Novapak CIS Column. Figures 2 
and 3 show the chromatograms and UV-vis scans of SR FA 
samples dissolved in MilliQ water or in pH 7 buffer. The 
experimental conditions in the two chromatograms were ex
actly the same. Both chromatograms show the resolution of 
six UV-vis absorption regions. However, peak intensities and 
elution order are different. In Figure 2, the total elution time 
in the aqueous sample is about 15 min whereas in the buffered 
sample, it is only 10 min. This can be attributed to the fast 
equilibration time in the case of the buffered sample. Also, 
it is noted that the intensities of the early eluting peaks in 
the buffered samples in Figure 3 are higher than those in 
Figure 2. This effect can be attributed to the electrolyte 
ionization effect on FA components at pH 7, in contrast to 
the protonated form in the case of the aqueous sample at pH 
4. 

The scans of the first two peaks in Figure 2 are featureless 
and showed gradual decrease of absorbance with increase of 
wavelength. Peak no. 3 in the water-soluble sample is broad 
and its retention time (tal extends from 5.5 to 8.5 min. The 
UV -vis scans of this peak show several minor shoulders at 
A 244, 270, 315, 355, 395, 485, 575, and 590 nm. The scans 
indicate less purity, suggesting that this peak corresponds to 
a larger fragment of aquatic FA, which contains both chro
mophores and auxochrome structures. The UV-vis scans of 
the fourth and fifth peaks show well-defined features. Both 
spectra show two distinct absorption lines at A 260 and 290 
nm. These two lines are characteristic of vanillic acid 
structure. Chromatographic peak 6 in Figure 2 is broad and 
elutes over a period of 2 min. Its UV -vis scan is similar to 
peak 3 and is likely due to another large molecular fragment 
containing chromophores and auxochromes. 

In the buffered sample (Figure 3) scans of peaks 1, 2, 3, and 
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Figure 4. Chromatogram and UV-vis scans of 50 ILL 0.02% hydro
philic fraction A-1: gradient program I; Novapak C18 column. 

4 are similar to those of peaks 1, 2, 3, and 6 in Figure 2. The 
last two peaks in Figure 3, i.e. peaks 5 and 6, exhibit the 
predominant absorption lines of vanillic acid structures noted 
in peaks 4 and 5 of Figure 2. The tR and the UV scans of 
vanillic acid standard solution (peak 7 in Figure 3) has the 
same tR as peak 5 of the sample. This may be the first de
tection of vanillic acid structural units in FAvia HPLC 
analysis. It is important to note that V A structural units 
occurred in two chromatographic peaks which differ in tR by 
0.4 min in Figure 2 and by 1 min in Figure 3. Detection of 
additional weak UV and visible absorption lines in the scans 
suggests that VA structures are not present in the pure acid 
form. 

The analogy between the UV -vis scans of vanillic acid (VA) 
and those detected in aqueous or in buffered FA solutions 
leaves little doubt regarding the presence of vanillic acid 
structure as an integral part of the FA macromolecule. As 
discussed below, it is interesting to note that the vanillic acid 
structures were not detected in the chromatograms of either 
fraction A-I or B-I. A possible explanation is that vanillic 
acids are only intermediates formed by the slow degradation 
from lignin precursors. Once the macromolecule is fractured 
by the HPLC interactions, V A may undergo further degra
dation to simpler carboxylic or phenolic compounds. 

Figure 4 shows the chromatogram and the UV-vis scans 
of the hydrophilic fraction A-I. Six regions of UV absorption 
can be identified. The total elution time is only 71/ 2 min. The 
UV-vis scans of all the six peaks are all similar and all fea
tureless, except for weak shoulders at A 255 and 365 nm. The 
scans of the hydrophilic peaks are comparable to the first three 
peaks in total FA (Figure 2). 

Figure 5 shows the chromatogram and UV -vis scans of the 
hydrophobic fraction of B-I. As may be expected, the total 
elution time is extended to 19 min. Most of the peaks appear 
after 6 min, indicating strong hydrophobic interactions. Scans 
of peaks 1 and 2 are essentially similar except for minor 
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FIgure 5. Chromatogram and UV-vis scans of 50 ILL 0.02% hydro
phobic fraction B-1 dissolved in methanol: gradient program I, No
vapak C" column. 

impurities. Both peaks had Amax at 212 nm and probably 
correspond to aliphatic structures. The third peak contains 
more impurities which may be colored. The fourth chroma
tographic peak is broad and elutes between 6 and 9.5 min. Its 
scan is featureless and is similar to peaks 3 and 6 detected 
in total FA in Figure 2. The UV -vis scans of peak 5 have a 
maximum at A 220 nm and weak shoulder at A 265 nm. These 
absorption features correspond to conjugated ketones (7). 
Peak 6 shows a characteristic featureless spectrum with minor 
shoulders at A 250 and 280 nm. 

Gradient Program I-Hypersil CIS Column. Figure 6 
shows the chromatogram and UV-vis scans of 50 ILL of 
aqueous 0.02% SR-FA and the hydrophilic fraction A-I. The 
chromatograms show modest resolution of three absorption 
regions. The first two occurred within the first 3 min. The 
third peak is broad and extends from 7 to 10 min. The UV -vis 
scans of the first and second peaks were both featureless and 
similar to the scans of the early eluting peaks with the No
vapak column. Peak 3 is also featureless, but showed some 
absorption lines in the visible region indicating the presence 
of chromophores and auxochromes. This scan represents the 
predominant polymeric structure in FA. It is likely to consist 
of two or three structural units containing aliphatic and 
substituted aromatic structures. 

Figure 7 shows the chromatogram and scans of the hy
drophobic fraction B-1. The chromatogram was monitored 
at A = 230 nm. The scans of the early eluting peaks in the 
first 2 min are similar to those present in the total sample and 
hydrophilic fractions. Peaks 2-12 occurred between 6 and 18 
min with only peak 2 indicating a broad signal with a scan 
characteristic of the predominant colored fragment of FA. 
Peaks 3, 5, 6, 7, and 8 showed a distinct absorption line at A 

~~.I~I l~' I I c~ 
200 San .. SOO 200 SOnm 600 200 SOn", 600 

~ 

A-' 

SR-FA 

TIIII~ [min] 

Figure 6. Chromatogram and UV-vis scans of 20 ILL of 0.02% SR-FA 
and 20 ILL of 0.02 % A-1 fraction dissolved in MilliQ water: gradient 
program I; Hypersil ODS column. 

= 226 nm and a weak line at A 265 nm. The similarities and 
intensities of these peaks are the first indication of the 
presence of repeated structural units in FA macromolecular 
structure. It should be remembered that these peaks occurred 
between tR 8.62 and 11.42 min i.e. within 2.8 min in the hy
drophobic region. It is suspected that these peaks correspond 
to a conjugated ketone structure. Peaks 4, 9, and 10 are similar 
and contain a defined additional absorption line at A 275 nm; 
such spectra are characteristic of phenolic compounds. In peak 
11 the A 275 nm line is barely detectable, but a well-defined 
line at A 221 nm is noticeable. Peak 12 occurred at 17.2 min 
and tR shows several absorption lines at A 209, 235, 260, 275, 
and 285 nm. These lines are characteristic of the polynuclear 
aromatic structures. 

The chromatogram of fraction B-1 on a Hypersil column 
represents one of the most successful chromatographic sep
arations of FA. The UV-vis scans provide the first evidence 
of the presence of structurally similar units in FA. The effect 
of storage of the B-1 solution was evaluated by injecting the 
same sample under the same conditions, after storage at 4 DC 
for 5 months. Chromatograms showed essentially the same 
resolution and the UV-vis scans. The only detectable dif
ference was the increase of the magnitude of the phenolic 
peaks and the decrease in the magnitude of the conjugated 
ketone peaks. 

Gradient Program II-Hypersil CIS Column. Because 
the solvents were purged with He, the pH of the MilliQ water 
was maintained at 7.00. Figures 8 and 9 show chromatograms 
and UV-vis scans of the total samples and fractions. In Figure 
8 the early eluting peaks (the first 3 min) are stronger than 
in the case of gradient program I, Figure 7. This can be 
attributed to secondary chemical equilibrium influencing the 
retention behavior of organic acids. This behavior was noted 



ANALYTICAL CHEMISTRY, VOL. 61, NO. 24, DECEMBER 15, 1989 • 2797 

Df:]OCD 
Ofh"jDCD 

200 '" nM .. 00 ~o" ""..... tlOO ~OO 50 n~ eoo 200 50 n~ 1100 "00 50 nO> 600 

10 
9 

DB:J 
~Oo So n.. noo "CO 50 n., ",,0 

Figure 7. Chromatogram and UV-vis scans of 50 ilL of 0.02% 
aqueous hydrophobic fraction 8-1 dissolved in methanol: preparative 
experiment 1; gradient program I; Hypersil ODS column. 
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Figure 8. Chromatogram and UV-vis scans of 50 ilL of 0.02% SR-FA 
and 50 J.LL of 0.02 % A-1 fraction dissolved in MilliQ water: gradient 
program II; Hypersil ODS column. 
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Figure 9. Chromatogram and UV-vis scans of 20 ilL of 0.02% hy
drophobic fraction B-1 dissolved in methanol: gradient program II; 
Hypersil ODS column. 

earlier under stepwise gradient conditions (24). It is interesting 
to note the similarity between the chromatograms of the 
hydrophobic fraction in Figure 9 with the one using gradient 
program I shown in Figure 7. These results can be taken as 
evidence of the neutral and hydrophobic nature of the con
stituents in this fraction. The scans of the peaks eluted in 
the hydrophobic fraction are essentially similar to that ob
tained at pH 4 with gradient program L 

Model Compounds-Gradient Programs I and II. The 
retention behavior and the UV -vis scans of 12 model com
pounds using gradient program I and II are shown in Table 
III. The reduced UV -vis spectra of all the compounds are 
shown in Figure 10. Under both gradient conditions, five 
acidic compounds were eluted in the hydrophilic region and 
seven in the hydrophobic one. Compounds eluted in the 
hydrophobic region included methyl vinyl ketone, resorcinol, 
vanillic acid, crotonaldehyde, and cresol. 

As shown in the table, only the retention times of organic 
acids were shifted toward shorter retention time at pH 7. The 
retention times of the phenols were slightly shifted. As ex
pected, the retention times of methyl vinyl ketone and cro
tonaldehyde did not change with a change of pH from 4 to 
7. 

The model compounds maleic acid, tricarballylic acid, adipic 
acid, and 1,2,4-benzenetricarboxylic acid all exhibited frea
tureless spectra and occurred within the same retention times 
as the hydrophilic fraction. Thus, it can be concluded that 
the hydrophilic fraction of FA contains several aliphatic 
carboxylic acids and a few aromatic acids. Results from 
spectroscopic characterization are supportive of this conclu
sion. The retention times and UV-vis spectra of the model 
compounds crotonaldehyde, resorcinol, and a-cresol were 
similar to the separated peaks in the hydrophobic fraction. 
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Figure 10. UV-vis scans of 20 ILL of 0.02% individual model compounds dissolved in water or methanol. 

CONCLUSIONS 

The preparative and analytical Rp·HPLC separation ex· 
periments have shown that the FA macromolecule consists 

of at least two polymeric fractions. each of which can further 
be separated into individual constituents. The homogeneity 
of the major fractions in FA was demonstrated by the peak 
purity tests using the UV DAD detector. Stepwise fraction· 
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Table III. List of Model Compounds Structure and Retention on Novapak Column with Gradient Programs I and II 

compound structure 
tRminI 
Novapak 

tr min II 
Novapak 

1. 1,2,4-benzenetricarboxylic acid, 
ph,' = 2.52, ph, = 3.84, 
ph, = 5.20 

~COOH 
COOH 

1.95 1.75 

2. alanine, phb = 9.87 
3. maleic acid, ph, = 1.91, 

ph, = 6.33 

CH3CH(NH,)COOH 
HOOCCH~CHCOOH 

2.23 
2.32 

2.00 
1.70 

4. 2,4,6-trihydroxybenzoic acid, 
ph, = 1.68 

2.38 1.50 

5. tricarballylic acid, ph, = 4.42, 
ph, = 5.41 

6. methylsuccinic acid, phI = 4.13, 
ph, = 5.62 

7. adipic acid, ph, = 4.418, 
ph, = 5.412 

8. methyl vinyl ketone 

HOCCHCH(COOH)CHCOOH 

HOOCCH2CH(CH3)COOH 

HOOC(CH2)4COOH 

CH2~CHCOCH3 

2.45 2.20 

6.40 5.71 

6.68 6.05 

6.68 6.8 

9. resorcinol, ph = 5.2 

10. vanillic acid, ph = 4.335 
c&OH 

~OCH3 
OH 

6.91 6.8 

7.07 6.2 

11. crotonaidehyde CH3CH~CHCHO 7.31 

9.48 

7.20 

9.54 12. a-cresol, ph = 10.26 

'ph in H,O at 25°C. 

rCY
CH3 

~OH 

ation of FA is a successful approach to unfold the macro
molecule into several constituents, as illustrated by the ana
lytical chromatograms of the fractions. The UV-vis scans of 
the separated peaks indicated the presence of several repeated 
or similar structures in each of the FA fractions. Vanillic acid 
structures were detected in chromatograms of total FA but 
not in the HPLC fractions. This may indicate that these 
structural units are chemically changed during the separation 
processes. 

The hydrophilic constituents of FA represent about 40% 
of the total sample and exhibit featureless UV-vis scans. The 
hydrophobic constituents of FA represent about 30% of the 
total sample and can be resolved into 12 constituents as il
lustrated by the analytical chromatograms. The UV -vis scans 
of the peaks indicated the presence of repeated structurally 
related units. This is one of the first resolutions of FA in
dividual constituents without chemical or thermal degradation. 
The UV -vis scans of the repeated units were characteristic 
of conjugated aliphatic ketones and phenolic compounds. 

For years, HS researchers have argued regarding the purity 
and polymeric nature of FA and HA. The results reported 
in this paper provide experimental evidence to answer both 
questions at least in relation to aquatic FA. Using reference 
Suwannee River aquatic fulvic acids in the preparative HPLC 
separation allowed a well-defined starting material. Then, 
obtaining a yield of about 70% of the initial sample after the 
preparative chromatographic separation provided more rep
resentation of the macromolecule than the yields in chemical 
or thermal degradation methods which do not exceed 25%. 
Additional evidence of the structural features of FA macro-

molecule was obtained from the application of 'H and l3C 
NMR, FT-IR, and ESR on total sample and fractions (21). 
The detection of several structurally related or repeated units 
in both of FA fractions can justify the claim that FA is of 
polymeric nature even though several different monomers may 
participate in the formation of the macromolecule. 
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Generation of Chemiluminescence upon Reaction of Iodine with 
Luminol in Reversed Micelles and Its Analytical Applicability 

Sir: Since iodine is often the focus of biomedical and en
vironmental studies, improved analytical methods for the 
determination of trace amounts of iodine are important. 
Chemiluminescence (CL) methods are very sensitive for a 
variety of organic and inorganic analytes (1). A first study 
of the iodine-luminol system in aqueous solutions was re
ported by Babko et al. (2) and the CL reaction was studied 
quantitatively by Seitz and Hercules (3) and then by Lutgens 
et al. (4). In addition, another CL reaction of iodine with a 
hydrogen peroxide-;;odium hypochlorite mixture was reported 
(5). However, the analysis of iodine in aqueous solutions has 
some handicaps: the pH- and concentration-dependent 
equilibria of 12 with lOH, 1-, 13-, etc., and the irreversible loss 
by iodate formation in alkaline solutions (3,4). Moreover, 
several metal ions in aqueous solutions may interfere with the 
iodine determination by using the luminol CL reaction (6). 
If so, separation of the interferences would be needed; for 
example, the technique of solvent extraction or ion chroma
tographic separation as described in a previous paper could 
be used (7). 

Although the analytical applications of CL systems have 
generally included use of conventional aqueous solutions, 
considerable attention has been paid in recent years to use 
of micellar media to enhance CL signals (8, 9). Recently, 
reversed micelles as a medium in CL measurements have been 
used to amplify the CL of the H20 2-luminol system at mild 
pH in the absence of any catalyst and to determine H20 2 (10) 
and glucose or glucose oxidase activity (11). In this work, we 
found that iodine causes CL upon mixing with the reversed
micellar solution of luminol alone: The CL intensity was 
proportional to iodine concentration and a detection limit (DL) 
of 2 x 10-10 M iodine was achieved. Further, the CL gener
ation from the iodine luminol reaction performed in the re
versed micellar medium allowed us to develop a new method 
for iodine determination by a coupling of solvent extraction 
and CL detection. When solvent extraction is used first to 
separate from some interferences as mentioned above, a 
technique of subsequent separation from the solvent such as 
back extraction (12) or evaporation of the solvent (13) is 
required usually for CL detection in the conventional aqueous 
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Figure 1. Flow diagram for the determination of iodine with CL de
tection. 

solutions. On the other hand, our approach may have the 
advantage that such an additional separation scheme is not 
needed in the analysis. Accordingly, the present method was 
found potentially useful for the selective CL determination 
of iodide where oxidation of 1- to 12 and solvent extraction of 
12 were simultaneously carried out prior to CL analysis; the 
extraction procedure was effective in separating iodine from 
the reactants, oxidant, and acid, which could interfere with 
the iodine determination. 

EXPERIMENTAL SECTION 

Reagents and Solutions. All reagents were of reagent grade 
and used without further purification. All aqueous solutions were 
prepared with water from an Advantec Toyo (Tokyo, Japan) 
Model GSU-901 water purification system. A 6:5 (v Iv) chloro
form-cyclohexane (both Wako HPLC grade) mixture containing 
0.260 M hexadecyltrimethylammonium chloride, CTAC (Tokyo 
Kasei), was used as a reversed micellar bulk solvent to prepare 
reversed-micellar solutions of luminol (Aldrich) according to the 
literature (10), but the reagent conditions were optimized for the 
iodine determination: A 2.5 X 10-3 M aqueous solution of luminol, 
prepared daily in a buffer solution of 0.2 M sodium carbonate 
(pH 11.5), was used (the luminol concentration calculated on a 
final volume total solution basis was 1.00 X 10-4 M) and a 
water:surfactant molar ratio, R = [H20l/[CTAC], of 10.1 was 
chosen as optimal. 

© 1989 American Chemical Society 
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Figure 2. Peak shape for a CL signal observed from the iodine-luminal 
reaction system in a CTAC reversed micellar medium under the op
timum conditions for 100 n9 mL-1 iodine. 
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Figure 3. Absorption spectra of iodine species in various media: (a) 
CTAC reversed micellar solution (R = 10.1) of 0.2 M sodium carbonate 
buffer ([I,J = 1 X 10-4 M); (b) 6:5 (v/v) chloroform-cyclohexane 
mixture ([I,J = 1 X 10-' M); (c) aqueous solution of 2 X 10-' M 
potassium iodide ([ i,J = 1 X 10-5 M). 

A 1000 I'g mL-l stock solution of iodine was prepared daily by 
dissolving solid iodine in cyclohexane. Working solutions of iodine 
were prepared in cyclohexane daily by serial dilutions from the 
1000 I'g mL -1 I, solution. All glass sample vessels used for iodine 
solutions were wrapped with aluminum foil to prevent the solu
tions from exposure to sunlight or to avoid any photochemical 
reactions. 

Apparatus and Procedures. A Hitachi Model F-2000 
fluorescence spectrometer (Tokyo, Japan) with a l-cm cell was 
used to obtain the CL intensity as a function of time. With a 
dispensing syringe, 0.5 mL of the I, cyclohexane solution was 
injected through a rubber septum into the cell in which 0.5 mL 
of the reversed micellar luminol solution was initially placed. The 
injection needle had to dip into the reaction mixture near the 
bottom of the cell, and the I, solution had to be injected quickly 
for optimal mixing of the reactants. 

UV-vis absorption measurements for I, in the CTAC reversed 
micellar medium of the carbonate buffer alone, in the chloro
form-cycIohexane mixture, and in a normal aqueous solution of 
2 X 10-4 M potassium iodide for comparison, were made in the 
conventional manner on a Hitachi Model 228 A spectrophotometer 
(Tokyo, Japan) using a 5-cm cell. 

Figure 1 shows a manifold of the flow system used for the iodine 
determination. A Hitachi Model K-IOOO flow injection analyzer 
(Tokyo, Japan), equipped with a 16-port, rotary injection valve 
which serves as introduction loops of the 12 sample and the re
versed micellar luminol reagent, was used. The programmed 
automatic injection valve was used to insert slugs of the 12 sample 
and the luminol reagent into the respective flow lines of cyclo
hexane driven continuously by two pumps of the device. After 
an optimization study of their sizes, the 60- and lOO-.uL injection 
loops of the sample and the reagent were chosen, respectively. 
In this flow system, the sample is mixed with the luminol solution 
just before entering a spiral flow cell (70 .uL) mounted directly 
in front of the photomultiplier tube in conjunction with a Niti-on 
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Figure 4. CL-time responses for various concentrations of iodine 
obtained under the optimum conditions: (a) the blank, 0; (b) 50; (c) 
100 pg mL-1 iodine . 

Model LF-8oo photometer system (Tokyo, Japan) used to detect 
CL signals. A strip-chart recorder was used to observe peak height 
and shape. The flow rate of 2 mL min-1 for both the streams was 
determined to be optimal. PTFE tubing (0.5-mm i.d.) was used 
between all components in the flow system. 

RESULTS AND DISCUSSION 

When a cyclohexane solution of 12 was mixed with a re
versed-micellar solution of luminol at room temperature, CL 
was observed for a few seconds, quickly decreasing in intensity 
as shown in Figure 2. Also, the mixture was found to change 
in color from violet to brownish yellow immediately upon 
mixing. As presented in Figure 3, absorption measurements 
for 12 dissolved in the three different media show that the 
visible absorption band at 517 nm for I, in the chloroform
cyclohexane mixture alone does not appear on the spectrum 
in the reversed-micellar solution of the carbonate buffer (pH 
11.5), while in the latter medium there is an alternative ab
sorption peak at 352 nm, quite analogous to that in the normal 
aqueous K1 solution, indicating that upon mixing the 13- ions 
were generated under the conditions of the reversed-micellar 
solution. These results demonstrate that the following re
actions upon mixing occur in CT AC reversed micelles con
taining the basic buffer (or OH-): 

I, + OR- <=' IOH + 1-, 1- + 12 <=' 13-

As a result of the reactions, 12 should enter almost completely 
into aqueous cores or water pools of the reversed micellar 
system to form 10- and 13-, On the other hand, I, was almost 
insoluble in normal aqueous solution of the buffer (pH 11.5), 
and such a change in color was not observed appreciably. This 
limitation was overcome by the use of the reversed micellar 
reaction medium, which allowed 12 to undergo the reactions. 
Since a decrease in ion hydration number, that is, dehydration 
has been reported for ions in reversed micelles (14), the present 
effect of reversed micelles on the reactions may be attributed 
to the dehydration process, which could lead to an increase 
in activity of the OH- ion in reversed micelles. Enhanced 
activity of the water pools appears to contribute to the re
actions or the solubilization of 12 in the CT AC reversed mi
celles containing luminol. This process permits the reaction 
of iodine with luminol in the water pools to generate CL upon 
mixing directly (without any separation of 12 from the cy
clohexane solution), implying that the use of reversed micelles 
as a medium may be advantageous in CL measurement fol-
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Figure 5. log-log calibration curve for the determination of iodine by 
using the luminal CL reaction performed in the reversed micellar me
dium. 

lowing solvent extraction separation of 12 from interferents 
in aqueous solutions. In addition, 12 concentration effect can 
be achieved by entering into a small volume of water pools 
and thus association of luminol with 12 or the generated IOH, 
followed by the CL reaction, seems to be enhanced in reversed 
micelles. 

The CL generation observed in this work may be explained 
by a mechanism proposed for the iodine-luminol reaction in 
normal basic aqueous solution (3), if it is assumed that in the 
reversed micelles the 10- generated by the above reactions 
of 12 reacts with luminol to form an azaquinone intermediate 
necessary for CL. However, at this time we have no obvious 
evidence supporting such a mechanism and are performing 
further experiments that, it is hoped, will clarify the situation. 

Some CL emission resulted even when pure cyclohexane 
was used in place of the analyte to determine a blank signal. 
For luminol CL, it has been noted that the presence of oxygen 
is required (6). Conventionally, solutions were run without 
deaeration in this work and therefore the solutions contsined 
oxygen from the air. This may make our observation of the 
spontaneous emission by the luminol reagent alone in the 
reversed-micellar solution. Figure 4 illustrates typical CL 
emission intensity vs time profIles obtained for the blank and 
the 12 samples under the optimum operating conditions. An 
analytical signal was taken as the difference in observed peak 
heights for the analyte and the blank. As shown in Figure 
4, the determination of iodine had a DL of 2 X 10-10 M (sample 
b, 50 pg mL-I); the minimum detectable amount of 12 was 12 
fmol when a 60-IlL sample injection volume was used. The 
DL was given as the concentration for which the analytical 
signal is 3 times the noise of base line; the magnitude of the 
typical base-line noise can be also seen in Figure 4. Typical 
relative standard deviation of the CL signals (four replicate 
measurements) was 3 %. The detection of low iodine con
centrations with luminol CL in aqueous alkaline solution alone 
has been reported (3). For comparison, a similar attempt was 
made to perform the iodine determination by the luminol CL 
reaction in the aqueous buffer solution used here. However 
the blank CL signal of the luminol reagent (1.0 X 10-4 M) alon~ 
was observed to be larger by a factor of 102 in the aqueous 
solution alone compared to that in the reversed micellar 
medium, implying that the background problem associated 
with using normal aqueous solutions conventionally in CL 
analysis may be troublesome for obtaining reproducible peak 
heights over a low iodine concentration range. Although the 

blank CL generation should be associated with the presence 
of oxygen in the solutions as mentioned above, the lower blank 
signal in the reversed micellar system may be explained by 
assuming the oxygen gas to tend to escape from the water 
pools, in which the CL reaction occurs, into the disperse 
medium, that is, the reversed micellar bulk organic solvent, 
because the solubility of a given gas in water is usually lower 
than in typical organic solvents (15). Figure 5 presents a 
log-log calibration curve for 12 obtained with the optimum 
conditions established here: The plot had a slope of 1.5 from 
the DL of 50 pg mL-I up to 10 ng mL-I and that of 1.0 above 
20 ng mL-1• Also, all preliminary calibration data showed such 
a discontinuity in the slope around the concentration of 20 
ng mL-' . Surfaces of Teflon tubes used here adsorb and 
desorb iodine readily as noted in the literature (3). Thus, the 
deviations at low 12 concentrations (below 20 ng mL -I) from 
the linear first-order response may arise through 12 loss due 
to adsorption of 12 on the Teflon surface which takes place 
upon each delivering of the sample injected in the flow system. 
Although several types of adsorption processes have been 
classified in the literature (16), the adsorption described by 
the Langmuir isotherm applicable to monolayer adsorption 
seems most likely for the present behavior; if the adsorbed 
12 can occupy only a limited number of the surface sites, a 
condition of surface saturation is reached at high concentra
tions of the 12, which might be more than 20 ng mL-I. At this 
time we have no evidence of confirmation of the adsorption 
and hope to clarify this point in later communications. 

In connection with the analytical advantage described 
above, the present CL method was applied to the determi
nation of iodide by using solvent extraction which was carried 
out simultaneously with oxidation of 1- to 12 prior to analysis. 
The oxidation and extraction involved transfer of 10 mL of 
the 1- sample to a 100-mL separatory funnel which held 10 
mL of 0.5 M H2S04 solution of 1.7 X 10-s M K2Cr207 and 10 
mL of cyclohexane. After the sample was shaken for 30 s, the 
layers were allowed to separate and the organic layer was 
analyzed in the same manner as the cyclohexane solution of 
the 12 sample described above. A calibration curve, obtained 
with standard solutions of 1- prepared in pure water from a 
1000 Ilg mL-I standard solution of potassium iodide by serial 
dilutions, was very similar to that given in Figure 5. The 
satisfactory results verified that the extraction procedure 
permits effectively the separation of iodine from the oxidant 
and acid which could interfere with the iodine determination 
by the luminol CL method; the present technique should be 
applicable for such interference problems. In addition, 
bromide ions may behave in a manner similar to the iodide 
ions. However, it was confirmed that there was no apparent 
interference with the determination of iodide at a concen
tration of bromide in 800-fold excess over that of iodide under 
the optimum conditions used here. 

This CL method also could be applied to the determination 
of iodate with solvent extraction which would be performed 
simultaneously with reduction of IOs - to 12 prior to analysis, 
and further work is currently under way on this possibility. 
To provide automated, rapid, and reproducible analyses of 
aqueous samples of iodine, iodide, and iodate, a further in
vestigation is also undertaken to incorporate a membrane 
phase separator into the manifold of the flow injection 
analysis. 
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Small-Volume Electrochemical Cell Designed for Rotating Disk Studies in 
Bioelectrochemistry 

p, N, Bartlett* and R. G. Whitaker' 

Department of Chemistry, University of Warwick, Coventry CV4 7AL, U.K, 

In the electrochemical study of biological redox couples, 
such as redox proteins, redox enzymes, or coenzymes, it is 
frequently advantageous to be able to apply rotating disk or 
ring disk techniques, These enable steady-state measurements 
to be used to investigate both the heterogeneous and homo
geneous kinetics of the biological electron transfer reactions. 
For such studies the use of small solution volumes is imper
ative due to the cost and/ Or difficulty in obtaining purified 
biological material. 

For many bioelectrochemical investigations it is also im
portant to exclude all traces of atmospheric oxygen from the 
analyte solution, The presence of even low concentrations 
of molecular oxygen can interfere with the measurements in 
two ways. Firstly, since oxygen is electroactive below 0 V vs 
SCE, it will interfere in studies of bioelectrochemical reactions 
at these potentials. This problem is exacerbated by the high 
diffusion coefficient for molecular oxygen (1) as compared with 
the low diffusion coefficients for the redox enzymes or proteins, 
In such a case it may be possible to measure the background 
current, in the presence of oxygen, and then to subtract this 
from the current obtained in the presence of the analyte, 
However, this is frequently an unsatisfactory procedure be
cause it neglects the effects of adsorption of the biological 
species at the electrode surface upon the oxygen reduction 
kinetics, 

Secondly, molecular oxygen is a natural redox partner for 
many redox enzymes and so homogeneous reactions with 
oxygen are also a problem. A great deal of work is in progress 
to study the reaction of redox enzymes with artificial electron 
donors/acceptors (2-4) with a view to the development of 
biosensors, In such studies it is essential to exclude oxygen 
from the electrochemical cell. Failure to do this adequately 
may result in competition between oxygen and the mediator 
for the reduced form of the enzyme (2), 

In this communication we describe a covenient design for 
a small volume electrochemical cell which is compatible with 

1 Present address: EMS Ltd" Old Fellows House, 2 Queen Vic
toria Rd., Coventry, U.K. 
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the requirements of the rotating disk hydrodynamics and the 
exclusion of oxygen, We present data for the use of such a 
cell for the determination of diffusion coefficients, for cou
lometric titrations, and for rotating electrode studies of simple, 
reversible redox couples, 

EXPERIMENTAL SECTION 

Cell Design and Construction. The cell is machined from 
clear Perspex, Figure 1, and has a sample volume of between 3.5 
and 4 cm', The cell is made in two main parts which screw 
together, It is designed so that there are no protrusions into the 
sample compartment to disrupt the rotating disk hydrodynamics, 
The silver/silver chloride wire reference electrode is retained 
behind a glass frit sealed into the cell walL A spiral platinum 
wire counter electrode is located in a second compartment at the 
base of the cell, this is separated from the working electrode 
compartment by a porous glass frit which forms the bottom of 
the working electrode compartment and defines the sample 
volume. The counter electrode compartment holds approximately 
1.5 cm' of electrolyte solution, 

The cell is also provided with a detachable cylindrical Perspex 
sleeve which fonns a seal with the top of the cell and the electrode 
rotator block. This sleeve has inlets/outlets for the passage of 
oxygen-free nitrogen over the sample solution during the course 
of an experiment, The sleeve is sealed to the cell and rotator block 
by tight fitting silicone rubber "0" rings, The sleeve also ensures 
that the rotating disk is always at the same vertical position within 
the cell. Although this cell was designed to be used in conjunction 
with a standard Oxford Electrodes rotating disk system, the same 
ideas could be adapted for other electrode types. 

The internal geometry of the working electrode compartment 
is shaped in such a way that it is compatible with the flow setup 
in the cell by the rotating disk. This is achieved by ensuring a 
smooth contour for the inside of the working electrode com
partment and also by cutting the internal walls at an angle of 45° 
to the glass frit at the bottom of this compartment. Our cell differs 
in this respect from those described by Miller and Bruckenstein 
(5) and by Eggli (6) who both used cylindrical cells, 

Equipment and Chemicals. All measurements were made 
by using purpose built modular instrumentation. Rotating disk 
electrodes and rotator were purchased from Oxford Electrodes. 
For the coulometric titrations a large area platinum gauze {12.5 

© 1989 American Chemical Society 
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Figure 1, Diagram of the electrochemical ce'l showing the various 
components and the details of cell construction, 

cm') was placed in the bottom of the wor:Cing electrode com
partment. 

Solutions were deoxygenated with oxygen-free nitrogen pro
duced by passing nitrogen through a train of Dreschel bottles 
containing a caustic solution of anthraquinone-2-sulfonate, All 
chemicals were AnalaR grade except where otherwise stated, 
Ferrocene acetic acid was a gift from MediSense, Inc, 

All experiments were carried out at ambient temperature, 22 
± 2°C, 

RESULTS AND DISCUSSION 
We begin by considering the rotation speed dependence of 

the mass transport limited current to determine whether the 
cell walls perturb the rotating disk hydrodynamics, The mass 
transport limited current for potassium ferrocyanide (LOO 
mmol/L) oxidation in potassium chloride electrolyte (0,25 
mol/L) at a platinum rotating disk electrode (area 0,385 cm') 
held at 0,5 V vs Ag/ AgCl was recorded as a function of rotation 
speed, A plot of the limiting current as a function of the 
square root of the rotation speed gives an excellent straight 
line passing through the origin with a slope of (4,32 ± 0,02) 
X 10-6 A HZ-II', From the Levich equation (7) the slope of 
this plot is given by 

(1) 

where n is the number of electrons transferred, F the Faraday, 
D the diffusion coefficient, v the kinematic viscosity, and Cw 

the bulk concentration, From our measured slope we obtain 
a value for D, the diffusion coefficient for ferrocyanide in our 
electrolyte solution, of (6.48 ± 0,05) X 10-6 cm' S-I, This is 
in excellent agreement with the literature value for the same 
electrolyte of between 6,39 X 10-6 and 6,50 X 10-6 cm' S-I (1), 
Since the Levich plot is linear and passes through the origin, 
and since the slope is in excellent agreement with the calcu
lated value, we conclude that the hydrodynamic flow of the 
rotating disk is not perturbed by wall effects in the working 
electrode compartment. Miller and Bruckenstein (5) found 
similar behavior for their cylindrical cells, although in their 
case the rotating disk electrodes used were of much smaller 
diameter than the cell. 

As a further, more stringent, test of the hydrodynamics in 
the working electrode compartment, and also to determine 
a suitable cell solution volume for use with the cell, the dif
fusion coefficient of the ferrocyanide ion was determined by 
using the method of Albery and Hitchman (8). In this ex
periment the decay of limiting current with time is recorded. 
A variety of combinations of solution volume and rotation 
speed were investigated. In each case very similar results for 
the diffusion coefficient were obtained. 

Figure 2 shows a typical set of results for the logarithm of 

°OL--------4~OO--------~80LO--~ 

tis 

Figure 2. Plot of the logarithm of the limiting current at 25 Hz as a 
function of time for potassium ferrocyanide 1.0 mmol/l in 0.25 molll 
potassium chloride solution. 

Table I. Diffusion Coefficients for Ferrocyanide 
Determined by the Method of Albery and Hitchman (8) 

solution vol,G em3 rotation speed, Hz caIed D X 106, cm2 8-1 

4.0 
3.5 
3.5 

16 
16 
25 

6.60 (±0.10) 
6.48 (±0.10) 
6.42 (±0.12) 

a Volume in working electrode compartment only. 

the limiting current plotted as a function of electrolysis time 
at a fixed rotation speed. According to the theory the slope 
of such a plot is given by 

slopeAH = 1.554A W'/2D2/3 / (V I/6V) (2) 

where W is the rotation speed of the electrode in Hz and V 
is the solution volume in cm-3• Values for D obtained in this 
way are given in Table I; once again the agreement with the 
literature value is excellent. On the basis of these experiments 
a solution volume of between 3.5 and 4 cm3 was found to be 
suitable. 

The Albery Hitchman technique has the advantage that 
D can be determined without knowledge of either n, the 
number of electrons transferred, or Cw the bulk concentration. 
Note that the combination of a high rotation speed, a small 
sample volume, and a large electrode area is an advantage in 
this experiment since they lead to a faster decay of limiting 
current with time. Thus this cell design is particularly well 
suited to this type of measurement. 

Finally the cell was tested by carrying out a coulometric 
titration to ensure that there were no problems with dead 
volume or mixing between the working and counter electrode 
compartments. A 3.5-cm3 portion of a deoxygenated solution 
of ferrocene acetic acid (0.705 mmol/L) in 0.2 mol/L NaCI 
was placed in the working electrode compartment. The fer
rocene derivative was chosen, in preference to the ferri/fer
rocyanide couple, because the oxidized form is an intense blue 
and could therefore be used to observe any dead volume in 
the cell or any leakage between working and counter com
partments. 

A large platinum gauze generator electrode poised at 0.35 
V (vs Ag/ AgCI) was used to oxidize the ferrocene derivative 
and the current was recorded as a function of time. The total 
charge passed to oxidize all the ferrocene acetic acid in the 
cell was found to be 254 mC. This compares with a calculated 
value of 238 mC based on the number of moles of ferrocene 
acetic acid present, corresponding to the consumption of L06 
electrons per molecule of ferrocene acetic acid present in the 
working electrode compartment. This demonstrates that 
mixing between the working electrode and counter electrode 
compartments was minimal over the course of the experiment 
(130 min). 

At a number of points during the titration, polarograms 
were recorded, using a rotating disk electrode, to monitor the 
ratio of oxidized to reduced ferrocene acetic acid present. 
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Using these data, we can construct a Nemst plot showing the 
progress of the titration. The observed slope of 63 m V / decade 
is close to that expected for a reversible one-electron couple 
at 25°C (59.19 mV). 

We have routinely used the cell to study the electrochem
istry of biological redox couples in the absence of oxygen, 
including studies of mediated oxidation of glucose oxidase and 
diaphorase. Most recently the cell has been used in rotating 
disk studies of the electrochemistry of glucose oxidase mod
ified by the covalent attachment of ferrocene monocarboxylic 
acid or ferrocene acetic acid where the combination of low 
sample volume, exclusion of oxygen, and good rotating disk 
hydrodynamics is a great advantage (9). This work will be 
reported in a subsequent publication. 

CONCLUSIONS 

This design of electrochemical cell is convenient and suitable 
for use with rotating disk electrodes where a small working 
volume is required and where it is desirable to exclude oxygen. 
The cell can be used for the determination of diffusion 
coefficients, either by using the variation of limiting current 
with rotation speed or by following the decay of current with 
time at a fixed rotation speed, and for coulometric titrations. 
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Thin-Layer Microcell for Transmittance Fourier Transform Infrared 
Spectroelectrochemistry 

Chao-Liang Yao, Fran<;oise J. Capdevielle, Karl M. Kadish,* and John L. Bear* 

Department of Chemistry, University of Houston, Houston, Texas 77204-5641 

Various cells for external reflectance infrared spectroelec
trochemistry have been designed to study electrochemical 
phenomena at the electrode/electrolyte interface (1-14). A 
number of cells have also been designed for monitoring IR 
spectra of producta formed during electrode reactions (15-19). 
These latter thin-layer transmittance cells adopt a "sandwich" 
configuration originated by Heineman et al. (15) and may have 
two major problems. The first problem is leakage, which is 
minimized by the use of mechanical spacers and/or O-rings 
to hold the windows together under pressure. Adhesives may 
also be used, but these are susceptible to solvent attack. An 
additional problem with these cells is their fragility because 
of the weak mechanical strength of most IR window material. 

A recently reported Fourier transform infrared (FTIR) cell 
design eliminated the mechanical spacer by hand-cutting a 
thin-layer IR chamber directly into a rectangular NaCI window 
material, which was then attached with Teflon film pressure 
seal to the bottom of a Teflon compartment (20). Another 
design also eliminated the use of spacers by utilizing a 
transmittance IR cell with silicon windows, which were directly 
flame sealed into Pyrex glass (21). However, both of these 
cells, as well as other "simple" cells described in the literature 
(15-19), are somewhat difficult to construct, and their use has 
therefore been limited mainly to the individual laboratory that 
designed them. 

This note describes the construction and characteristics of 
a new thin-layer IR transmittance spectroelectrochemical cell 
that is simple to construct, durable, and completely avoids 
the problem of leakage. The cell is constructed from a com
mercially available microcavity IR cell, which has a 34-I'L total 
cell volume. Applications of the spectroelectrochemical mi
crocell are given by monitoring CO or C==CH frequencies of 
the species generated by electrooxidation or electroreduction 
of Rh2(dpf),(CO), Rh2(ap),(CO), and Rh2(ap),(C==CH) in 

0003-2700/89/0361-2805$01.50/0 

CH2CI2, where ap = 2-anilinopyridinate and dpf = N,N'-di
phenylformamidinate ion. The thickness limit of the trans
mittance IR spectroelectrochemical cell is demonstrated by 
using measured spectra of CH2CI2, 0.1 M TBAP with and 
without the dirhodium complexes. 

EXPERIMENTAL SECTION 
Reagents and Instrumentation. Rh2(ap),(CO) and Rh2-

(dpf),(CO) were generated by bubbling CO into a CH2Cl2 solution 
containing Rh2(ap), or Rh2(dpf), (22,23). Rh2(ap),(C==CH) was 
prepared by reaction of Rh2(ap),CI with NaC==CH in tetra
hydrofuran (24). Spectroscopic grade CH2Cl2 was distilled over 
CaH2 under Ar. The supporting electrolyte was tetra-n-butyl
ammonium perchlorate (TBAP) and was twice recrystallized from 
ethanol. 

An IBM Model 225 voltammetric analyzer was used for both 
thin-layer voltammetric measurements and controlled potential 
electrolysis. IR spectra were recorded with an IBM Model IR / 32 
FTIR spectrophotometer. 

Cell Design and Method. The design of the thin-layer 
spectroelectrochemical cell is shown in Figure 1. The cell chamber 
is formed directly from a commercial microcavity IR cell, which 
was purchased from Aldrich Chemical Co. (No. Zll,229-1). The 
cell consists of a single block KBr crystal of dimensions 10 X 15 
X 25 mm with a snap-in cell holder and spring clip. The cell cavity 
is formed by ultrasonic machining. KBr and NaCl cells with path 
lengths of 0.1,0.2, and 1.0 mm are also available from the man
ufacturer and can also be utilized. The cell described in this 
present paper has a path length of 0.2 mm and a volume of 34 
I'L. The top section of the cell is enlarged slightly by a blade to 
give a total cell volume of 40 I'L as compared to 6 I'L for the 
working electrode compartment volume. 

The FTIR cell utilizes a three-electrode configuration. The 
working electrode is a 52-mesh platinum gauze (120 I'm i.d.) 
(Johnson Matthey, Inc.), which is folded to add mechanical 
strength and has dimensions of 3 X 10 mm (cells with a path length 
of 0.1 mm can also be used and in this case a lOO-mesh platinum 

© 1989 American Chemical Society 
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Figure 1. Schematic illustration of KBr cell chamber (top and front 
views) and the electrode (with the cell cap): (i) KBr cell body, (iI) Teflon 
cell cap, (iii) Tefzel film, (iv) platinum working electrode gauze; W, 
working electrode; C, counter electrode; R, silver wire pseudoreference 
electrode. 

gauze would be utilized to reduce the electrode thickness). The 
transparency of this platinum electrode is about 50% as measured 
by the intensity of the IR interferogram. 

The electrode is inserted into the thin-layer chamber to form 
a "sandwich' configuration. The working electrode connection 
is made through a 0.25-mm platinum wire and is insulated from 
the solution by a welded Tefzel film (E. 1. du Pont de Nemours 
& Co.). The reference electrode is a silver wire. A carefully 
machined Teflon plug is used as the cell cap and the connection 
to the copper electrode conducting wire is made through three 
holes in the cap. 

Transfer of deoxygenated solutions into the IR cell is done with 
a 100 ,uL syringe using Schlenk techniques. Generally, 64 ac
quisitions of IR interferograms are recorded for each spectrum 
and give a resolution of 2 cm-1• The empty cell containing the 
working electrode is used to obtain the background, and a solution 
of CH,CI" 0.1 M TBAP is used as the reference spectrum. IR 
spectra are displayed in an absorbance or transmittance mode 
after subtraction of the reference spectrum. 

Spectroelectrochemical data can be recorded in either a 
time-resolved or potential-resolved mode. The former method 
is commonly used, but the latter method can also be utilized (J 6, 
18). A difference FTIR spectrum is obtained by subtracting 
spectra at two different potentials in potential-resolved experi
ments or, alternatively, by subtracting spectra at two different 
time frames in time-resolved experiments. Both methods are 
reported in this present paper. A potential was not applied to 
the working electrode during collection of the FTIR interfero
grams. 

RESULTS AND DISCUSSION 
Electrochemical Characterization of the Celt The 

thin-layer behavior of the IR cell is demonstrated by the 
oxidation of ferrocene to ferrocenium ion in CR,CI" 0,1 M 
TBAP. A c~clic voltammogram of 1.0 mM ferrocene is shown 
in Figure 2a. At a scan rate of 7 m V / s, the peak to peak 
separation is 50 m V, indicating a small solution resistance 
across the thin-layer chamber. Some edge effects are present 
as evidenced by the fact that the current does not return to 
the base line after electrooxidation, The double potential step 
current-time curve for this solution is shown in Figure 2b. 
Complete electrolysis of the electroactive species is achieved 
in less than 40 s. Integration of the current-time curve gives 
an average 6 ,uL thin-layer solution volume for five replicate 
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Figure 2. (a) CycliC voltammogram and (b) current-time curve during 
controlled potential oxidation and rereduction of 1.0 mM ferrocene in 
CH,CI" 0.1 M TBAP in the 0.2 mm path length IR microcell. 
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Figure 3. Transmittance IR spectra of Rh,(dpf),(CO) in CH,CI" 0.1 
M TBAP during controlled potential oxidation at 0.90 V for (a) 05(---), 
10 s (-), and 30 s ( ... ) and for (b) 30 s ( ... ), 60 s (-), and 120 
s (---). 

experimenta assuming a 100% current efficiency. 
Case I: Monitoring the CO Band of a Stable Elec

trooxidation Product. The oxidation of Rh,(dpf).(CO) in 
CR,CI, 0.1 M TBAP under 1 atm CO occurs as shown 

RhMpf).(CO) "" [Rh2(dpf).(CO)J+ + e- (1) 

The E'l' for the above reaction is 0.37 V and the generated 
[Rh,(dpf).(CO)]+ is relatively stable in solution (23). 

The IR spectrum of Rh,(dpt).(CO) in CR,CI" 0.1 M TBAP 
is sbown in Figure 3a. The bands between 1650 and 1300 
cm-1 correspond to the bridging dpf ligands, while the intense 
band at 2050 cm-1 corresponds to the axially bound CO 
stretching frequency of Rh,(dpf).CO. This band decreases 
during electrooxidation at 0.90 V while a new band of [Rh,
(dpt).(COW appears at 2100 em-1• As the controlled potential 
electrolysis proceeds, the intensity of this band decreases 
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Figure 4. Transmittance IR spectra of Rh,(ap),(CO) in CH,CI" 0.1 M 
TBAP during controlled potential oxidation at 0.50 V for (a) 0 s (---), 
10 s (--), and 30 s ( ..• ) and for (b) 30 s (oo .), 60 s (--), and 120 
s (---). 

slightly from its maximum value (see Figure 3b), due to a 
diffusion of electrogenerated [Rh,(dpf),(CO)]+ away from the 
working electrode chamber. A steady-state value is reached 
in about 3 min. 

Case II: Monitoring the CO Band of an Unstable 
Electrooxidation Product. The 2,2-trans isomer of Rh,(ap), 
undergoes two reversible oxidations at Ell' = 0.82 and 0.08 
V vs SCE in CH,Cl, under N" but under a CO atmosphere, 
the values of Ell' for these reactions are shifted to 0.80 and 
0.25 V (22). The large (170 m V) potential shift for the first 
oxidation and the small (20 m V) shift for the second oxidation 
provide evidence that CO is lost after formation of the singly 
oxidized species as shown in eq 2. The ultimate product of 

Rh,(ap),(CO) ~ [Rh,(ap),(CO)( + e- (2) 

'---...... - [Rh,(ap),( + co 

eq 2 is [Rh,(ap),]+. However, [Rh,(ap),(COW is present in 
solution as a transient intermediate for short time periods and 
was monitored in this present study. 

Figure 4a illustrates the FTIR spectra obtained from 0 to 
30 s during the controlled potential electrolysis of Rh,(ap),
(CO) at 0.50 V. The bands at 1607, 1589, 1537, and 1510 cm-l 

are due to the bridging ap ligands and are similar for Rh,
(ap),(CO) and Rh,(ap),. These bands decrease in intensity 
upon oxidation while the peak at 1481 cm-l remains un
changed. The formation of a transient intermediate in re
action 2 was ascertained by monitoring the CO bands of both 
the reactant and the products formed during electrooxidation. 
The initial CO band of Rh,(ap),(CO) at 2044 cm-l decreases 
in intensity, while a new IR band appears at 2085 cm-l (see 
Figure 4a). The 2044-cm-1 band continues to decrease as the 
electrolysis proceeds. At electrolysis time longer than 30 s, 
the band at 2085 cm-l also begins to decrease (Figure 4b), and 
after 2 min of electrolysis, no bands corresponding to a CO 
adduct remain. 

The transient 2085-cm-1 band corresponds to the "co fre
quency of [Rh,(ap),(CO)]+, which is generated as an inter
mediate during reaction 2. The concentration of this complex 
will depend upon both the rate of its formation and the rate 
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Figure 5. IR spectra of [Rh,(apl.{C==GH)]" (where n = +1, 0, or -1) 
in CH,CI" 0.1 M TBAP: (a) inttial FTIR spectrum of Rh,(apl.{C==CH), 
(b) difference FTIR spectrum of neutral and singly reduced Rh,(ap),
(C==CH), and (c) difference FTIR spectrum of neutral and singly ox
idized Rh,(ap),(C==CH). 

of CO dissociation from electrogenerated [Rh,(ap),(COW. 
When the electrolysis potential was stepped to 0.0 V after 
complete oxidation, the IR spectrum then corresponded to 
neutral Rh,(ap)" which was formed upon reduction of 
[Rh,(ap),]+. The short lifetime of [Rh,(ap),(COW compared 
to [Rh,(dpf),(CO)]+ is consistent with a faster rate of CO 
dissociation for the former complex. 

Case III: Monitoring the C==CH Band of a Stable 
Species during Electrooxidation/Reduction. Rh,(ap),
(C==CH) undergoes two reversible oxidations at Ell' = L03 
and 0.38 V and a single reversible reduction at -D.52 V. These 
reactions are shown by eq 3-5 (22). The VO=CH band of neutral 

Rh,(ap),(C==CH) + e- <=' [Rh,(ap),(C==CH)]- (3) 

Rh,(ap),(C==CH) <=' [Rh2(ap),(C==CHW + e- (4) 

[Rh,(ap),(C CHIt ~ [Rh,(ap),(C CH)]'+ + e- (5) 

L decomposition products 

Rh,(ap),(C==CH) in CH,Cl" 0.1 M TBAP is located at 1954 
cm-l (see Figure 5a). The difference spectrum of this com
pound during reduction (reaction 3) is shown in Figure 5b. 
The positive band at 1954 cm-l is due to the neutral reactant 
while the negative one at 1922 cm-l is due to the [Rh2(ap),
(C==CH)]- reduction product. This electroreduction is re
versible and the original IR spectrum of Rh,(ap),(C==CH) 
could again be obtained when the applied potential was 
stepped back to 0.0 V. 

The difference IR spectrum obtained during the first ox
idation of Rh,(ap)4(C==CH) (reaction 4) at 0.70 V is shown 
in Figure 5c. In this spectrum, the IR absorption band is 
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Figure 6. IR spectra (a) of CH,CI" 0.05 mM TBAP in the cell with 
0.1-mm path length, (b) of 2 mM Rh,(dpf).(CO) in CH,CI" 0.1 M TBAP 
in a cell with 0.2 mm path length, and (c) difference IR spectrum of 
neutral and singly oxidized Rh,(dpf).(CO) in a cell with 0.2 mm path 
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shifted from 1954 to 1972 cm-! as Rh2(ap)4(C==CH) is con
verted to [Rh2(ap)4(C==CH)j+. Finally, a further oxidation 
of [Rh2(ap)4(C==CH)]+ at 1.2 V (reaction 5) results in the 
complete disappearance of the C==CH band as well as most 
other bands in the spectrum. This is consistent with other 
electrochemical data which show a multi electron transfer 
process on the time scale of controlled potential electrolysis 
where a decomposition of the complex occurs (24). 

The FTIR spectroelectrochemical cell can be used in this 
case to monitor the C==CH stretching frequencies of [Rh2-

(ap)4(C==CH)]n, where n = +1,0, or -1. All three species are 
stable, and their IR spectra can be recorded from the same 
solution by applying appropriate electrolysis potentials. 

Thickness Limit of the Transmittance Spectroelec
trochemical Cell. The scaled absorbance subtraction method 
is commonly used in FTIR spectroelectrochemical experiments 
(25). FTIR spectrophotometers usually have a maximum 
absorbance at A = 4.0 and above this value, data overflow will 
occur. On the other hand, it has been shown that the max
imum absorbance for accurate difference spectrometry should 
be less than 0.7 unit (26). When the maximum absorbance 
is between 0.7 and 3.5 units, inaccurate subtraction may result 
in deviation from Beer's law behavior. This is illustrated for 
the IR spectra of Rh2(dpf)4(CO) in CH2CI2, 0.1 M TBAP. 

CH2CI2 has two strong absorbance bands at 1264 (, = 563) 
and 740 (, > 600) cm-! and two weaker bands at 1424 (, = 12) 
and 896 (, = 14) cm-! (27,28). The CIO.- counterion ofTBAP 
has a strong absorbance band at 1100 (, = 4000) cm-!. Molar 
absorbtivities of the bands at 1264, 1424, 896, and 1100 cm-! 
were calculated with a O.I-mm IR cell for a CCl4 solution 
containing various concentrations of CH2CI2 and 0.05 M 
TBAP. All of these bands will determine the thickness limit 
for an IR cell where one may obtain a satisfactory subtraction 
of the sample and reference spectra. 

The preferred cell thickness for A ::; 0.7 at the above ab
sorbance wavelengths would be 3 X 10-2 (896 cm-!), 2 X 10-2 

(1424 cm-l), 2 X 10-2 (1100 cm-!) and 8 X 10-4 (1264 cm-!) mm 
for a solution containing CH2CI2 and 0.1 M TBAP. However, 
it is virtually impossible to design a transmittance cell with 
a path length of 10-4 mm, and one therefore cannot obtain 
an accurate subtraction by using the absorbances at 1264 or 
740 cm-! (bands with asterisks in Figure 6). There are also 
problems with the other bands at 896, 1100, and 1424 cm-! . 
A transmittance cell with a path length of 10-2 mm is tech
nically difficult to achieve and, if constructed, would give a 
large solution resistance. On the other extreme, one can 
calculate cell thickness values for A ::; 3.5 with the same 
solvent system. These values are 0.2, 004, 0.1, and 0.004 mm 
at the above four wavenumbers. 

Most transmittance IR cells reported in the literature have 
0.1 to 0.5 mm path lengths. Consequently, the absorbance 
bands shown as cross-hatched bands in Figure 6a may be 
subtracted but the final spectrum will almost always contain 
residual positive or negative components. This is illustrated 
in Figure 6b for a solution containing 2 mM Rh2(dpf)4(CO) 
in CH2CI2, 0.1 M TBAP after subtraction of the blank solution 
reference. The cross-hatched bands in this figure result from 
a failure in Beer's law behavior and are not real bands of the 
complex. The difference spectrum for neutral and oxidized 
Rh2(dpf)4(CO) (Figure 6c) also shows similar residual com
ponents over wavelength ranges where either the solvent or 
the supporting electrolyte strongly absorb. 

Summary. The IR spectroelectrochemical cell reported 
in this work is constructed from a single block of material and 
requires neither adhesives, spacers, nor O-ring pressure seals. 
For this reason the cell is easily reproduced, requires little 
maintenance, and has no leakage problems. The cell thickness 
is also reproducible. However, care must be taken to avoid 
misinterpretation of the resulting IR data in those regions 
where there are strong absorbances from either the solvent 
or the supporting electrolyte. 
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Highly Stable Voltammetric Measurements of Phenolic Compounds at 
Poly (3-methylthiophene )-Coated Glassy Carbon Electrodes 
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The determination of phenolic compounds is of great en
vironmental, industrial, and clinical significance. Since most 
phenols are oxidized at easily accessible potentials, voltam
metry and amperometry may serve as highly sensitive tools 
for their quantification. Unfortunately, the oxidation of 
phenolic compounds at solid electrodes produces phenoxy 
radicals which couple to form a passivating polymeric fIlm on 
the electrode. A decrease in the response is thus observed 
upon repetitive scans, the rate of which is concentration de
pendent (as expected for a dimerization reaction). Conse
quently, conventional electrodes are usually unsuitable for 
reliable voltammetric measurements of phenolic compounds. 
Various strategies have been proposed to address this fouling 
problem. Anodic polarization in an acidic solution of ferric 
chloride was employed by Koile and Johnson (1) to remove 
phenolic films from platinum surfaces. Wang and Lin (2) 
described a repetitive electrochemical treatment for renewal 
in situ of glassy carbon electrodes in the presence of phenolic 
compounds. Laser activation was explored by Poon and 
McCreery (3) as a means to repeatedly renew solid electrode 
surfaces in the presence of phenols. Treatment with a flame 
(4) was also suggested to restore the surface activity. Such 
reactivation schemes are often time-consuming andlor require 
additional (high cost) instrumentation. 

A more attractive avenue for voltammetric measurements 
of phenols is to eliminate the passivation problem in the first 
place (rather than exploring means for surface reactivation). 
A deliberate modification of electrode surfaces may be very 
advantageous for this purpose. The objective of the research 
described in this note is to illustrate the unusual stable re
sponse of phenolic compounds at poly(3-methylthiophene) 
(P3MT) coated electrodes. Electroactive conducting polymers 
have received a great attention in the modification of elec
trodes because of potential application for energy storage or 
electrocatalysis and as electrochromic displays or "ion gate" 
membranes. Among these, films prepared by electropolym
erization of thiophene derivatives have attracted considerable 
interest (5). In the course of our work on permselective 
electropolymerized films, we found that P3MT electrodes 
exhibit excellent resistance to fouling in the presence of high 
concentrations of phenolic species. The high stability is ac
companied by enhanced sensitivity and selectivity. We wish 
to report these observations in the following sections. 

0003-2700/89/0361-2809$01.50/0 

EXPERIMENTAL SECTION 
Apparatus. The 10-mL electrochemical cell (Model MF 1052, 

Bioanalytical Systems (BAS» was joined to the working electrode, 
reference electrode (Agi AgCI) (3 M NaCI) (Model RE-l, BAS), 
and the platinum wire auxiliary electrode through holes in its 
Teflon cover. The three electrodes were connected to an EG&G 
PAR Model 264A voltarnmetric analyzer, the output of which was 
displayed on a Houston Instruments X-Y recorder. Flowex
periments employed a glassy carbon thin-layer amperometric 
detector (Model TL-5, BAS) and a 100-!lL injection loop. The 
flow injection system was described previously (6). 

Reagents. All aqueous solutions were prepared in double
distilled water. 3-Methylthiophene, acetonitrile (LC grade), 
m-nitrophenol, p-chlorophenol (Aldrich), acetaminophen, dop
amine (Sigma), phenol (Fisher), p-cresol (Kodak), and ascorbic 
acid (Baker) were used without further purification. The sup
porting electrolyte was 0.05 M phosphate buffer (pH 7.4). 

Procedure. Prior to its coating, the glassy carbon electrode 
was polished with 0.05-!lm alumina slurry, rinsed with double
distilled water, and sonicated in a water bath for 2 min. The 
electrochemical polymerization was carried out in deaerated 
acetonitrile solution, containing 0.1 M sodium perchlorate and 
0.05 M 3-methylthiophene. For this purpose the potential was 
cycled three times between 0.0 and 1.7 V (vs Agi AgCI) at a rate 
of 20 m V Is; the polymerization was terminated during the third 
cycle by holding the potential at +0.7 V for 10 min. A film 
thickness of about 1 !lID was estimated. Prior to phenol mea
surements the modified electrode was pretreated in the phosphate 
buffer blank solution by repetitively scanning the potential be
tween 0.0 and +0.7 V (10 cycles) until a stable background was 
obtained. 

RESULTS AND DISCUSSION 
The unusual stability of P3MT -coated electrodes will be 

illustrated in the presence of several phenolic compounds that 
exhibit rapid surface fouling at conventional electrodes. Figure 
1 compares repetive cycle voltammograms for 2 X 10-4 M 
p-cresol obtained at 50 mV Is at the P3MT-coated (A) and 
bare (B) glassy carbon electrodes. An irreversible oxidation 
process is observed at both electrodes. The inhibitory layer 
formed at the bare electrode results in disappearance of the 
peak after the third scan. In contrast, no degraded response 
is observed for the entire series at the P3MT electrode. 
Voltammograms of 2 X 10-4 M chlorophenol (Figure 2), phenol, 
or m-nitrophenol (not shown) exhibit similar observations, 
with complete fouling of the glassy carbon surface within four 

© 1989 American Chemical Society 
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Figure 1. Successive (a-f) cyclic vo~ammograms for 2 X 10-4 M 
p-cresol at P3MT-coated (A) and bare (B) glassy carbon electrodes: 
scan rate. 50 mV/s; electrolyte. 0.05 M phosphate buffer (pH 7.4). 
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Figure 2. Successive (a-f) cyclic voltammograms for 2 X 10 .... M 
chlorophenol at P3MT-coated (A) and bare (8) glassy carbon elec
trodes. Other conditions are given in Figure 1. 

scans and a highly stable response at the P3MT surface. The 
voltammograms of Figure 2A are a part of a series of 140 
repetitive runs, that yielded a reproducible chlorophenol peak. 
The excellent behavior after numerous voltammetric scans 
implies negligible accumulation of reaction products. Such 
a high state of surface cleanliness is attributed to the use of 
a different substrate material (conducting polymer rather than 
glassy carbon) at which the phenoxy products do not deposit, 
and thus do not block the surface. It is possible that the 
microporous structure of the film (discussed in the following 
section) results in sterie hindrance to the dimerization of the 
phenoxy radicals. The high stability implies that repetitive 
surface renewal schemes are no longer necessary when vol
tammetry of phenolic compounds is concerned. 

The observation that the P3MT electrode yields a highly 
stable response in the presence of phenolic compounds can 
greatly benefit the detection of such compounds by liquid 
chromatography or flow injection analysis. Amperometric 
detection has been widely used for monitoring phenols in 

f------4 
- 3min 

Time 

Figure 3. Detection peaks for repetitive injections of a 3 X 10--4 M 
phenol solution at the bare (A) and P3MT -coated (8) electrodes: applied 
potential, +0.70 V; flow rate. 1.0 mL/min; injections of 100 ILL sam
ples. Electrolyte and carrier. 0.05 M phosphate buffer (pH 7.4). 
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Figure 4. Cyclic voltammograms for 2 X 10 .... M acetaminophem at 
P3MT -coated and bare. glassy carbon electrodes (solid and dotted lines. 
respectively): scan rate. 10 mV/s; electrolyte 0.05 M phosphate buffer. 

environmental, industrial, clinical, and food samples. Similar 
flow measurements have been explored in electrochemical 
immunoassays (based on the conversion of phenyl phosphate 
to a detectable phenol) (7). Under flow injection or liquid 
chromatography conditions, the fouling problem is not as 
severe (as in voltammetric, batch, experiments), because of 
the small amount of product that is electrogenerated. This 
is, in particular, the case for work at low concentrations (10-9 
to 10-5 M). Electrode fouling, however, is evidenced at higher 
concentrations. For example, for a series of 15 repetitive flow 
injections of samples containing 3 X 10-4 M phenol, an ap
preciable (37%) loss of electrode activity is observed (Figure 
3A). In contrast, a highly stable phenol detection peak is 
observed when the P3MT detector is used (Figure 3B). No
tice, however, that while both electrodes exhibit a fast response 
time. the recovery time is slower at the P3MT detector 
(probably due to trapping of the analyte within the surface 
micropores). 

Another observation that accrues from the surface alteration 
is the overall appearance of the voltammogram. Figure 4 
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Figure 5. Differential pulse voltammograms for acetaminophen solu
tions of increasing concentration, (2.5-7.5) X 10'" M (a-c) at bare (A) 
and P3MT-coated (B) electrodes: scan rate, 10 mV Is; amplitude, 25 
mV; electrolyte, 0.05 M phosphate buffer (pH 7.4). 

compares cyclic voltammograms for 2 X 10-.4 M acetaminophen 
recorded at 10 m V / s at P3MT and ordinary glassy carbon 
electrodes (solid and dotted lines, respectively). Well-defined 
symmetrical peaks are observed at the coated electrode; the 
value of AEp is only 34 m V. Such response is consistent with 
a thin-layer elec ~rochemical behavior and is attributed to 
solute depletion within the micropores of the P3MT. The 
large surface area provided by the three-dimensional porous 
structure greatly increases the faradaic current (VB the ordinary 
electrode). Analogous changes in the nonfaradaic residual 
current are also observed. Note, for example, the marked 
increase in the cyclic voltammetric background current en
velope (e.g., Figures 1 and 2) that reflects the corresponding 
change in the double layer capacitance. Such changes were 
observed also in analyte-free electrolyte solutions (not shown). 
Adsorptive accumulation of acetaminophen may also account 
for the shape of the voltammogram shown in Figure 4. 
Analytical advantages accrue from the use of pulse voltam
metric procedures aimed at compensating the high background 
currents. For example, Figure 5 illustrates differential pulse 
voltammograms, recorded at bare (A) and P3MT (B) elec
trodes, for successive standard additions of acetaminophen 
«2.5--7.5) X 10'-5 M (a-c)). Significantly larger oxidation peaks 
are observed at the coated electrode. (Note the different 
current scales.) The effective correction of the charging 
current contribution results in similar (flat) base lines. The 
three peaks of Figure 5 are a part of eight concentration 
increments, up to 2 X 10-.4 M. At both electrodes, linearity 
prevailed over the lower «1 X 10-4 M) concentration range 
(slopes of 16 (bare) and 71 (P3MT) (I'AjmM). 

The use of a conductive polymeric surface may benefit also 
the selectivity of voltammetric measurements. One example 
of relevance to clinical analysis is the determination of ace
taminophen in the presence of ascorbic acid. At the bare 
glassy carbon electrode these compounds yield partially ov
erlapped oxidation peaks of similar size (Figure 6A); thus, 
convenient quantitation of the drug in the presence of ascorbic 
acid is not feasible. The P3MT surface, in contrast, exhibits 
a diminished response to ascorbic acid and hence greatly 
enhances the selectivity toward acetaminophen (Figure 6B). 
Similar selectivity improvements, of relevance to neuro
chemical studies (8), were obtained in measurements of 1 X 

10-.4 M dopamine in the presence of 4 X 10-.4 M ascorbic acid 
(not shown). Such behavior is attributed to preferential ad-

00 0 
Potential (V) 

Figure 6. Differential pulse voltammograms for a solution containing 
4 X 10 .... M ascorbic acid and 1 X 10 .... M acetaminophen at bare (A) 
and P3MT-coated (B) electrodes. Also shown (dotted lines) is the 
response for acetaminophen alone. Other conditions are given in 
Figure 5. 

sorption of phenolic or catechol compounds. 
In conclusion, the present study illustrates that coverage 

of glassy carbon electrodes with a P3MT film greatly extends 
their lifetime for the voltammetry of phenolic species. The 
resistance to fouling is attributed to the use of a different 
surface at which phenoxy products do not deposit. This 
observation represents a new, highly useful, sensing application 
of conducting polymeric films. The prevention of passivation 
is accompanied by enhanced sensitivity and selectivity and 
thus holds great promise for routine sensing applications or 
flow analysis. P3MT, or other conducting polymers, may be 
useful for addressing electrode fouling problems in the 
presence of additional classes of otherwise deactivating organic 
compounds. Additional work is desired to fully characterize 
the surface chemistry and redox processes involved in the 
improved stability reported in this work. 

Registry No. P3MT, 84928-92-7; p-cresol, 106-44-5; phenol, 
108-95-2; m-nitrophenol, 554-84-7; acetaminophen, 103-90-2. 
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... To keep up the pace 
with current changes. 
Today, trade publications available to in
dustrial chemists concentrate on either 
chemistry-or chemical engineering-not 
both. Even though these fields are inter
-elated. And even though your work 
depends on your success in knowing what 
the guy next door is doing. Of course, 
everyone who wants to keep pace with his 
own field needs to read the single
discipline journals. But who's got the time 
to read much more than that? 

That's where CHEMTECH comes in. 

CHEMTECH is published especially for 

the busy professional who wants to come 
up to speed on key developments in the 
chemical world-up and down the line 
from where he or she is. CHEMTECH 
helps you solve problems before they 
become red ink at the bottom of the 
balance sheet. 
How does CHEMTECH do it? 
• By bringing you topics vital to your 

work. Not just chemical science, but 
data correlation; economics ... energy, 
engineering ... management, materials, 
regulations, and more! 

• By bringing concepts to you straight 
from the experts-articles and abstracts 
written by R&D directors, CEO's, 
distinguished professors, high-level 
government officials, and by shirt
sleeves lab and plant people who know 

what's happening-because 
the forefront making it 

"And by this 
tion to you a 
as entertaining as is HHUl111aLlve. 
CHEMTECH's scope of coverage will 
truly stimulate your thinking. 
you'll see. 

Keep informed CHEMTECH 
CALL TOLL FREE 800/227-5558 
Outside U.S. 202/872-4363 
Telex: 440159 ACSP VI 89 2582 
ACSPUBS 

I:HEmTEI:H 
American Chemical Society 
1155 16th St., N.W., Washington, D.C. 20036 
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FOR A BROAD PERSPEOIVE IN THE SCIENCE OF NON· NUCLEAR FUELS 

III 
Editor John W. Larsen, Lehigh university 

Associate Editor Thomas R. Hughes, Chevron Research Company 

Ideas • • • Innovations • • • DiscO\'eries . . . 
ENERGY & FUELS is the bimonthly journal that delivers an abundance of highly 

readable reports on topics covering the transformation, utilization, formation, and 
production of fossil fuels. 

Each issue features reports on all aspects of the chemistry of non-nuclear energy 
sources-including petroleum research, coal chemistry, oil shale, tar sands, C, 
chemistry, organic geochemistry and biomass research. 

Plus, ENERGY & FUELS gives you a dynamic vision on how the field is develop
ing. You'll find a wealth of information on ... 

• the formation of, exploration for, and production of fossil fuels 
• the properties and structure or molecular composition of both raw fuels and refined 

products 
III the chemistry involved in the processing and utilization of fuels 
• the analytical and instrumental techniques used in energy and fuels investi.gations 
• research on non-fuel substances that elucidates aspects of fuel chemistry 
• and much more! 

ENERGY & FUELS publishes more than research papers. You'll find Communi
cations, Book Reviews, and invited feature essays by major figures in the field. In 
these, developments in active areas of research are made accessible. to chemists 
involved in other branches of the discipline. 

Contributing Authors-
Look to ENERGY & FUELS for Rapid Publication! 
The editors are working toward a timely turnaround from submission to publica
tion. For further information on composition and submission of manuscripts write: 
John Larsen, Editor, ENERGY & FUELS, Department of Chemistry, Lehigh Univer
sity, Bethlehem, PA 18015. Or call (215) 758-3489. 

In a hurry? Call Toll Free 800-ACS-5558 and charge your 
subscription! (U.S. only.) 

1989 Subscription Information 
1989 Volume 3 ISS~: 0887·0624 Coden: E,\FUEM 

u.s. 
Canada & 
Mexico 
Europe" S58 5106 S299 
All Other I 
C",o:.:u:::nt:cd=es=-·_·_S:..:6:..:4--,-_S:..:1=18,,--~ 

°:'t1ember rate is for personal use only. 
•• Air service included. 

ENERGY & FUELS is a journal of the American 
Chemical Society. For information write: Ameri
can Chemical Society, Marketing Communications 
Department, 1155 Sixteenth Street, NW, Wash
ington, DC 20036. 

Foreign orders mllst be paid in U.s. currency by 
international money order, UNESCO coupons, or 
U.S. bank draft; or order through subscrip· 
tion agency. For nonmember rates Japan, 
contact Marozen Co., Ltd. 

This publication is available on microfilm, micro
fiche, and online through CJO on ST:-.J Interna
tional. 



He~e;s Why Two Esteemed, Technical Societies Want Your Expertise ... 
h~ f%1;\~~';:tr~'l~"" L, y 1 1 II 1i ~ • ;; 0< 

The American Chemical Society & American Institute of Chemical Engineers 
Announce their 1990 co-publication of 

BIOTECHNOLOGY 
PROGRESS 

Editor, Jerome S. Schultz, University of Pittsburgh 

SUBMIT YOUR PAPERS NOW TO THIS 
IMPORTANT "NEW" PUBLISHING 
MEDIUM 

Beginning January 1990 BIOTECHNOLOGY PROGRESS, 
a well-established journal of the American Institute of 
Chemical Engineers, will become a joint publication of the 
American Chemical Society and AIChE. As a collaborative 
effort, several significant changes will occur, providing 
enhanced editorial coverage and expanded readership. 
These include: 

• Accelerated frequency - lram quarterly to bimonthly 
issues! 

• A redesigned format which will better meet the needs of 
both new and current subscribers. 

• A redefined editorial focus guaranteed to attract: 
1) additional topical papers and primary research 

findings 
2) an audience comprising the very experts you want 

to reach! 

ATTENTION CHEMISTS, 
LIFE SCIENTISTS, AND ENGINEERS! 

In bimonthly issues, BIOTECHNOLOGY PROGRESS will 
provide the latest concepts - in genetics ... microbiology and 
biochemistry ... molecular and cellular biology ... chemistry and 
chemical engineering - as they apply to the development of 
processes, products, and devices. Emphasis will be placed 
on the application of fundamental engineering principles 
to the analysis 01 biological phenomena involved. 

BIOTECHNOLOGY PROGRESS will be of particular interest 
to practitioners of R&D in process development, product 
development, and equipment/instrumentation design for 
the biotechnology/bioprocess industry. Its coverage will 
encompass lood, pharmaceutical, and biomedical arenas. 

LOOK FOR HIGHLY TARGETED TOPICS 
LIKE THESE 

• Applied Biochemistry: Equilibrium data, protein 
conformations in solution, mapping of molecular surfaces. 

• Applied Molecular Biology: Cell physiology, gene 
expression, protein transport, metabolic engineering. 

• Bioreactor Technology: Reactor engineering, mechanical 
engineering, materials science, process control, 
biosensors. 

• Biocatalytic Processes: Site specific mutagenesis, 
enzyme minetics, cofactor regeneration, applied 
pharmaceutical minetics. 

• Formulation and Product Delivery. 

• Bioanalysis: Online monitoring, containment, containment 
monitoring, offline analysis, statistical analysis (nonlinear 
regression, multifactor analysis). 

• Bioseparations. 

ADDRESS YOUR MANUSCRIPT 
SUBMISSIONS & AUTHOR INQUIRIES TO: 

Jerome S. Schultz 
Editor, BIOTECHNOLOGY PROGRESS 
Center for Biotechnology and Bioengineering 
University of Pittsburgh 
911 William Pitt Union 
Pittsburgh, PA 15260 
Telephone: 412/648-7956 Fax: 412/624-7145 

To receive editorial updates please write: 
American Chemical Society, Marketing, 
BIOTECHNOLOGY PROGRESS, Room 609, 
1155 Sixteenth St., N.W., Washington, D.C. 20036 
FAX: 202/872-6005 
Telex: 440159 ACSP UI or 89 2582 ACSPUBS 



Premiering January/February 1990! 
A long-awaited unifying medium for virtually any practitioner of conjugation chemistry 

Bioconjugare 
(hemistIY* 
Editor: Dr. Claude F. Meares 
Dept. of Chemistry, Univ. of California, Davis 
Davis, CA 95616 (916/752-3360) 

Centralized Access Is Here! 
In bimonthly issues, Bioconjugate Chemistry will 
bring together important research findings in the 
fast-developing discipline of conjugation 
chemistry. Now-in a single, time-saving 
source-you'll find information which otherwise 
might be scattered throughout broader-focus 
scholarly journals. 

The central theme of Bioconjugate Chemistry is 
the joining of two different molecular functions by 
chemical or biological means. This includes: 

Conjugation of ••• 
antibodies (and their fragments) 
nucleic acids and their analogs (a-anomers, 

phosphonates, .. ) 
liposomal components 
other biologically active molecules (receptor

binding proteins, hormones, peptides, ... ) 

with each other or with any molecular groups 
that add useful properties ••• 
drugs, radionuclides, toxins, fluorophores, 
photoprobes, inhibitors, enzymes, haptens, 
ligands, etc. 

There is no journal with this precise focus 
published today. 

The Leading Edge In Biomedical 
Advances 
Bioconjugate Chemistry will publish research at 
the core of many biotechnology enterprises, as 
well as of specific interest to biomedical firms, 
drug companies, and chemical laboratories. 

Topics will emphasize the chemical aspects of 
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between conjugation chemistry and the biological 
properties of conjugates. 
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frontiers 
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Now GC detection is 
more elemental. 

HP's new bench top atomic emis
sion detector enables you to selec
tively identify multiple elements 
in GC effluents. Even some that 
were previously difficult or impos
sible to detect. Like carbon. And 
organometallics. And it's the lirst 
GC detector to peli'orm both quali
tative and quantitative analysis 
of oxygen. 

·t ~ 1989 The i-iewI1'11-l'a,kard l ompan,\ 
A(;O' I~I()r) 

What's more, up to four elements 
may be simultaneously detected 
from a single ir\iection. And se
quencing through any number of 
elements is pelfonned automati
cally. To confirm MSD or IRD 
library searches, HP's AED 
provides elemental information, 
wit.h the convenience of single
instrument setup. 

CIRCLE 63 ON READER SERVICE CARD 

Ask for a free brochure on this 
exciting new product. Just call 
1 800 556-1234, Ext. 10213. In 
California, callI 800 441-2345, 
Ext. 10213. 
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