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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by
the American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented
because their papers would be distributed among several
journals or not published at all. Papers are reviewed critically
according to ACS editorial standards and receive the careful
attention and processing characteristic of ACS publications.
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the
integrity of the symposia on which they are based; however,
verbatim reproductions of previously published papers are
not accepted. Papers may include reports of research as well
as reviews, because symposia may embrace both types of
presentation.
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PREFACE

THE PRESENCE OF ORGANIC CHEMICALS in drinking and natural waters
and their associated health hazards have long been a concern to the
scientific and engineering community. The public shares this concern as
shown by the passage of safe drinking water legislation in the United
States and other countries. Safe drinking water legislation in the United
States has led to the development of maximum contaminant levels
(MCLs) for volatile organic chemicals such as trihalomethanes and
several pesticides. In 1985, MCLs for more than 80 other chemicals were
proposed. Alternative or supplementary approaches being debated are
tiered toxicological screening tests on aqueous extracts (e.g., Ames
mutagenicity tests). Both approaches are dependent on quantitative
methods to properly sample, isolate, concentrate, and sometimes
fractionate trace organic chemicals from water.

This book will begin to answer some of the most important
questions concerning the sampling, isolation, and analysis methods used
to determine the chemicals of health concern that are in our drinking
waters, waste waters, and natural waters. The book presents several
schemes for isolating and concentrating trace contaminants. Viewpoints
on which analytical scheme is best are presented. Is it a broad spectrum
approach that attempts to determine everything that is present on the
basis of many different isolation methods? Is it an approach that
determines everything in a sample as the master analytical scheme
proposes? Is it an approach that selects specific chemicals such as
priority pollutants for quantitative isolation and analysis? Is it a
combination of these approaches that is best? Other questions about
sampling are presented. Should composite or grab sampling be the
choice? Which approach will best describe the extent of the problem,
temporally or spatially selected samples? What are the artifacts
produced while sampling?

In general, this book deals with developing analytical protocols for
concentrating organics for toxicity testing; isolating nonpolar and polar
organics from water; and using reverse osmosis, synthetic polymers, and
other methods for composite samples. The book is a modest effort to
explore the expanding amount of data from research on sampling,
isolating, concentrating, and fractionating organic chemicals from
natural and treated water for mutagenic, carcinogenic, and toxicity
testing. All of the analytical methods discussed are based on phase-

xiii
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transfer processes in which the compound is isolated by a second phase
(e.g., solvent or resin) or separated by a membrane phase.

Regulatory aspects of using biological testing are also presented.
Although the U.S. Environmental Protection Agency (USEPA) is
proposing MCLs for specific chemicals in drinking water (Federal
Register), the agency is still interested in seeing if a surrogate toxicity
measure can be used to replace specific chemical analysis for chemicals
of health concern. Also, the Denver Water Board is currently developing
a reuse water treatment system and is planning to isolate organics from
the drinking water for the purpose of biological testing. Denver projects
that it will use 10% direct drinking water reuse of reclaimed waste water
if the reuse water can be proved to be as healthy as its present water
supply.

A panel discussion at the end of the book describes the potential
biological hazards of drinking water and the needs and applications of
the analytical methods presented in the book. This panel discussion is
essential to the reader’s understanding of the often complex chemistry-
toxicology-water treatment-regulators interface. We hope that the
reader will enjoy the panel discussion, not only for the technical content,
but also for insight into the personal philosophies of the participants.
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Concentration Techniques
for Isolating Organic Constituents
in Environmental Water Samples

R. L. Jolley’ and I. H. Suffet?

'Oak Ridge National Laboratory, Oak Ridge, TN 37831
?Drexel University, Philadelphia, PA 19104

Solutions must be concentrated or the constituents must be
isolated before trace amounts of the various organics present as
complex mixtures in environmental water samples can be chemi-
cally analyzed or tested for toxicity. A major objective is to
concentrate or isolate the constituents with minimum chemical
alteration to optimize the generation of useful information. Fac-
tors to be considered in selecting a concentration technique in-
clude the nature of the constituents (e.g., volatile, nonvolatile),
volume of the sample, and analytical or test system to be used.
The principal methods currently in use involve (1) concentration
processes to remove water from the samples (e.g., lyophilization,
vacuum distillation, and passage through a membrane) and (2)
isolation processes to separate the chemicals from the water (e.g.,
solvent extraction and resin adsorption). Selected methods are
reviewed and evaluated.

THE SAGE OF BALTIMORE, H. L. Mencken, once said (1), “All compli-
cated problems have a simple. solution. It is usually wrong.”

Similarly, simple solutions may not be readily available to the
real-life problems of analysis and toxicity testing of environmentally
important waters. Many of these samples contain complex mixtures of
many organic compounds, some of which may be present at very low
concentrations. These aqueous solutions must be concentrated and/or
the constituents must be isolated before most of the various organic
constituents present can be chemically analyzed. This step is necessary
so that a sufficient mass of chemicals can be obtained for separation
and identification of individual components. An analogous situation

0065-2393/87/0214/0003%06.00/0
© 1987 American Chemical Society
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exists for determining the toxicity of such trace constituents (many
unknown) in waters of environmental or human-health concern.

For chemical identification and toxicity testing efforts to be mean-
ingful, a major objective of concentration methods must be the separa-
tion or concentration of the organic constituents with minimum chemi-
cal alteration. This objective is probably more important for toxicity
testing than for chemical identification because chemical identification
is often accomplished by fitting the pieces of information (e.g., func-
tional group analyses) together like a puzzle. Other factors to be
considered in the selection of a concentration method include the nature
of the constituents of interest (e.g., volatile, semivolatile, nonvolatile,
polar, nonpolar, acidic, basic), volume of the water sample, analytical
or toxicity test methods to be used, desired concentrate media (e.g.,
“pure” compound, aqueous solution, solvent solution), necessary purity
of concentrate (i.e., can solvent or salt concentration be tolerated?),
and stability of concentrate or isolated constituents during storage.

Kopfler (2) indicated several areas of concern in preparing
representative concentrates. For example, organic residues can change
during storage of concentrates between preparation and biological
testing or chemical analysis. In addition, humic material can bind lower
molecular weight organic substances. Therefore, their recovery is neces-
sary to ensure the integrity of the sample for such bound constituents.

Concentration Methods Used To Prepare for Chemical Analysis

Because of the large variety of chemical compounds present either
naturally or as industrial contaminants in water samples, no single
concentration method currently available is adequate for concentrating
all organic constituents in a water sample. Consequently, in an attempt
to concentrate or isolate as much of the organic matter as possible, most
researchers use several methods. The combinations can become quite
complex and are technically difficult to achieve (3).

Concentration methods used as preparation for chemical analysis
may be divided into two major groups (2):

1. Concentration. This group consists of those processes in
which water is removed and the dissolved substances are left
behind. Examples are freeze concentration, lyophilization
(freeze-drying), vacuum distillation, and membrane processes
such as reverse osmosis and ultrafiltration. A common disad-
vantage of these methods is that inorganic species are con-
centrated along with the organic constituents.

2. Isolation. This group consists of those processes in which the
chemicals are removed from water. Examples are solvent
extraction and adsorption on resins.
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Table I summarizes most of the practical methods used to achieve
the concentration of organic compounds from water samples and indi-
cates the utility of each method, the major advantages and disadvan-
tages, and selected reference citations (3-33). These methods have been
discussed previously in more detail (3). Although the methods focus
primarily on trace organic chemicals, many of the principles and con-
cerns apply to inorganic constituents as well.

Concentration Methods Used To Prepare for Toxicity Testing

Several of the methods listed in Table I have been used to prepare
concentrates for biological testing. Table II presents selected examples
of these methods, along with the principal biological test used and the
reference citation (3, 7, 10, 12, 34-43). Although the ability of the
method to concentrate all organic matter may be limited, significant
positive results were achieved in most of the studies. Major questions
arise as to whether a single concentration method or a combination of
methods can be developed to achieve concentration of all organic
matter in a water sample, or whether concentration of all organic matter
is necessary to obtain meaningful biological tests; that is, it may be
simpler and more economical to use several different concentration
methods to concentrate and isolate organic matter for biological testing.
This procedure, however, raises the possibility that a highly toxic
substance may be omitted because the concentration methods used are
not adequate to isolate a specific compound.

The selection of the concentration method must be based on the
toxicity test to be conducted. For example, a long-term feeding study
using mice could require organic material from many thousands of liters
of water; a study with rats might require even more. In addition, the
concentration method must be chosen on the basis of the chemical and
physical properties of the organic constituents to be tested. Because of
the technical difficulties involved, the toxicological testing of highly
volatile constituents has generally been done on specific chemical com-
pounds rather than on concentrates. Moderately volatile and less volatile
constituents may be tested as concentrates. The concentration of volatile
constituents by solvent extraction may be appropriate for the prepara-
tion of concentrates for biological testing. Apparently, reverse osmosis,
in combination with other methods as used by Kopfler et al. (12), is
currently the most useful method for preparing large quantities of
nonvolatile organic concentrates. However, if thousands of liters per
day must be processed, a simpler method should be developed. Thus,
XAD resin or other sorption systems may be preferred. However, XAD
resins must be meticulously cleaned and stored to avoid “bleeding” of
unpolymerized constituents and other contaminants. For toxicological
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Table II. Concentration Methods for Biological Testing

Water Type Concentration Method Biological Testing References
Drinking water reverse osmosis Ames test 12, 34-37
Drinking water reverse 0smosis initiation-promotion 37

study (SENCAR mice)
Drinking water reverse osmosis BALB-3T3 fibroblasts 38
Drinking water adsorption on XAD Ames test 39
Drinking water adsorption on XAD initiation-promotion 37
study (SENCAR mice)
Drinking water solvent extraction cytotoxicity, promotion 40
(combination)
Drinking water solvent extraction Ames test, cytotoxicity, 41
promotion
Waste-water effluents  lyophilization and Ames test 7,42
vacuum distillation
Waste-water effluents  ion exchange Ames test 43
(combination)
Waste-water effluents  ion exchange and Ames test 10
distillation
Paper-plant effluents  adsorption on XAD Ames test 4

NoTE: SENCAR means sensitive to carcinogens; BALB-3T3 means a cell line from the bag
albino mouse.
SOURCE: Adapted from reference 3.

testing, the concentration method can be tailored to isolate specific
classes or individual compounds. For example, humic acids can be
separated from water samples by alkaline extraction and acid precipita-
tion.

The usefulness of toxicological tests of organic concentrates to
estimate the hazards associated with water depends on the degree to
which the concentrate represents the organic materials actually present
in the water; that is, to estimate the total hazard, the organic concentrate
should be representative of all the organic substances present in the
water.

Practical Methods Recommended for Toxicity Testing

The procedures recommended in this section to prepare concentrates for
toxicity testing represent practical choices within stated limitations (45).
Two initial criteria are (1) not to concentrate volatile organics and (2)
to minimize salt formation for physiological reasons (i.e., if possible,
keep salt concentrations in the concentrates below 1%). Currently, it is
not practical to efficiently isolate volatile organics below a boiling point
of about 100 °C. However, these chemicals may be analyzed readily by
liquid-liquid extraction and by purge and trap methods coupled with
gas chromatography and gas chromatography-mass spectrometry
(46-48). If desired, the identified volatile constituents can be
reconstituted just before toxicity testing.
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Before beginning a toxicity testing program, each of the procedures
that are recommended must first be tested at the water-treatment site
(sample-collection site) to ensure the adequacy of the concentration
method (e.g., solubility of the components, minimization of artifacts,
development of a quality assurance program). A mass balance based
upon total organic carbon (TOC) is desired during this initial testing
phase.

Sample Volume <100 L, High Concentration Factors. Lyophiliza-
tion is a feasible process for concentrating limited numbers of 50-100-L
samples to relatively high degrees of concentration (e.g., 3000-fold to
dryness). Thus, it is one method of choice for the preparation of samples
for in vivo tests (including teratology tests).

Bacterial mutagenesis tests have been conducted with distilled
water solutions of the freeze-dried residues [concentrated up to 3000-
fold (7)] and partially freeze-dried samples [concentrated 10-fold (49)].
High salt concentrations in such concentrates may cause toxicity
problems in the bacterial tests. The use of dimethyl sulfoxide, methanol,
or supercritical carbon dioxide to extract the organics from the freeze-
dried residues for mutagenicity test purposes should be investigated.

Dialysis of concentrated solutions of the freeze-dried residues to
remove the high salt concentration may result in unacceptable loss of
low molecular weight organics. Ultrafiltration with 1000-MW cutoff
membranes will remove essentially all inorganic salts (50) but will result
in unacceptable loss of low molecular weight organics. The 200-MW
cutoff ultrafiltration membranes reject only 5% of the inorganic salts;
consequently, the concentrates would have to be diluted =20-fold with
distilled water during the ultrafiltration process (diafiltration) to desalt
the concentrate. This use of large volumes of distilled or deionized
water to “rinse” the concentrate may be unacceptable because of the
possible introduction of artifacts or toxic materials (39).

A second method of choice is adsorption or solid adsorbents.
Adsorption on XAD resins adequately cleaned to remove artifacts (28)
and extraction of the adsorbed organics with methanol or acetone
(51-54) may be conveniently used for 50-100-L sample volumes. In
addition to such solvents, some investigators use dilute acid and base
washes to facilitate the removal of adsorbed organics from XAD resins
followed by neutralization of the washes and ether extraction. However,
the recovery of organics from water samples by XAD adsorption is
limited (e.g., 5-20% of the TOC), although this recovery includes 60-80%
of the neutral organic compounds (49). The use of XAD resin followed
by activated carbon adsorption significantly increased the recovery of
soluble organics from several water samples (55).

The resin bed that is used should have sufficient capacity for the
sample to be concentrated. If this capacity is not carefully determined
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for a particular source water, the sample that is collected will only
contain the well-adsorbed species in the sample because of competitive
adsorption (56). The dechlorination of a sample by sulfite before the
application of the water to a resin column has been shown to decrease
the mutagenic activity of the sample (57). Therefore, the use of a
dechlorination agent before a resin bed must be tested versus the
artifact formation in a resin bed from the reaction of chlorine with the
resin matrix.

The use of solvent extraction also represents a potentially feasible
process. Solvent extraction is an engineering unit operation that is
adapted effectively to continuous processing. It has been used with
success for the isolation of nonpolar compounds of bp =100 °C (58).
Solvent extraction (continuous liquid-liquid extraction) may represent a
useful process for routinely concentrating 50-100 L of water. The major
problem with solvent extraction is the evaporation and recovery for
reuse of large volumes of the organic solvent. Other problem areas that
must be considered are purification of sufficient solvent and minimiza-
tion of artifact formation by heat.

Sample Volumes =100 L, Medium Concentration Factors. Long-
term daily concentration of large-volume samples (e.g., for lifetime in
vivo tests) requires that the concentration procedure be reliable, rela-
tively easy to maintain, and capable of being operated continuously for
long periods of time. Thus, because of proven use in industrial applica-
tions, ultrafiltration is one method of choice for concentrating large-
volume samples. It is particularly effective if the toxicity tests can be
conducted on concentrates of =1000-MW organic constituents. Ultra-
filtration with 1000-MW cutoff membranes and essentially complete
salt rejection can be used to routinely process large volumes of water
for the preparation of essentially salt-free concentrates (50).

The use of ultrafiltration membranes with increasingly lower
molecular weight cutoffs produces concentrates with increasingly higher
salt concentrations. For example, 200-MW cutoff membranes reject only
5% salt. Consequently, the concentrates can be diluted with distilled
water and ultrafiltered again. The diafiltration process is conducted
continuously but may require large-scale dilution or rinsing of the
concentrate. However, the use of very large volumes of dilution water
may be unacceptable.

Reverse osmosis is essentially the same process as ultrafiltration
with low salt rejection. Kopfler and co-workers (12) used reverse osmo-
sis in combination with solvent extraction and XAD adsorption. Solvent
extraction with pentane and methylene chloride was used to remove
organics from the reverse-osmosis concentrate (i.e., for desalting), and
XAD was used for adsorption of the intractables from the extracted
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concentrate (12). Although it is limited in the recovery of organics
(30-40%), this combination procedure has been used successfully to
concentrate large volumes of water.

The uses of both solid adsorbents (e.g., XAD) and solvent extrac-
tion represent feasible engineering processes for the concentration of
large volumes of water. However, scale-up, cleaning, and preparing
large quantities of solid adsorbent may be technically difficult to ac-
complish. As an engineering process, solvent extraction should be
readily applicable to the continuous processing of large-volume samples.
However, the caveats mentioned earlier are applicable particularly to
large-volume processing. More work is needed in this area.

General Considerations

Sampling. Composite or continuous sampling furnishes water
samples that are more representative than grab or batch samples. If
possible, such samples should be used and processed immediately to
avoid storage problems. However, the collection of small-volume
samples may be more easily accomplished by batch sampling.

Control and renovated water samples should be processed quickly
after sampling to avoid possible changes during storage. Should sample
storage for short periods prior to concentration be required, the sample
should be kept at 0 °C. For storage over long periods, the samples must
be frozen, preferably at —40 °C or lower. Long-term storage of large
samples should be avoided because of the considerable length of time
required to thaw 50-100-L samples.

Samples of Concentrates. Concentrates or dried organic residues
from extraction or lyophilization processes should be stored at —70 °C
or lower. Little information is available regarding the stability of
samples stored cryogenically. Thus, research should be conducted in
this area to determine the best method for the storage of such samples
to prevent the degradation and development of artifacts.

Recommendations

Efforts should be continued to develop simple but efficient methods
for concentrating all the organic materials actually present in water
samples. However, meeting this goal may not be technically possible at
present.

Methods to evaluate and compare different concentration tech-
niques should be developed and applied. This effort will require in-
creased emphasis on chemical analysis to identify much of the organic
material in the concentrates. Measurements of general parameters, such
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as TOC, cannot be used reliably to compare concentration techniques.
All concentration techniques should be compared by determining the
recovery of a series of compounds of various solubilities, selected to
include a range of chemical classes, functional groups, and molecular
weights (including aquatic humic substances). These same materials
should be measured before and after their reaction with chlorine.
Contaminants unique to the concentration process should be identified
and analyzed to determine their effects on the toxicity test and to permit
proper evaluation of the test on the concentrate itself. Possible artifact
production by the concentration methods should be evaluated. Experi-
ments should be performed to determine the source of these artifacts,
for example, whether they may result from the use of membrane
concentration techniques, from the reaction of constituents with
peroxides in the ether used for eluting adsorption columns, or from
other treatment steps. The stability of concentrates during storage
should also be studied. An appropriate quality assurance program for
sampling and concentration should be used to ensure the validity of
analyses and resulting data.

On the basis of the state of the art for concentration methodologies,
lyophilization is recommended for sample volumes <100 L. when con-
centrates with high concentration factors are necessary. Ultrafiltration
may also be used. For sample volumes >100 L when medium-range
concentration factors are required, successive ultrafiltration and dialysis,
or reverse osmosis, are currently feasible.
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Protocols for preparing six environmental sample types prior to
the Ames Salmonella assay were proposed at a recent panel
discussion sponsored by the U.S. Environmental Protection
Agency (USEPA) and the U.S. Army. Air particles, soil-sediment,
and solid waste are extracted with dichloromethane, con-
centrated, and solvent exchanged into dimethyl sulfoxide
(DMSO). Organics in water and waste water are absorbed onto
XAD columns, then eluted with hexane-acetone, solvent reduced,
and exchanged into DMSO. Nonaqueous liquids are assayed
directly and as concentrates before they are solvent exchanged to
DMSO. If bacterial toxicity or lack of dose response is observed
in the Ames assay of extracts, the extracts are fractionated prior
to solvent exchange. These are interim methods and have not
been subjected to policy review of the USEPA or the U.S. Army.

STANDARDIZED PROCEDURES for performing the Ames Salmonella
assay, a widely used short-term procedure for assessing the mutagenic
hazard posed by chemicals, chemical mixtures, and environmental
samples, were published (1) to foster comparability among laboratories
performing mutagenicity testing in support of, or in compliance with,
U.S. Environmental Protection Agency (USEPA) regulations. However,
those procedures do not include methods used in preparing environ-
mental samples for assay. This chapter reports protocols proposed for
sample preparation developed by a panel of experts (chemists and

0065-2393/87/0214/0015%$6.75/0
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genotoxicologists) during a meeting entitled, “Mutagenicity Sample
Preparation Protocols Panel Meeting”.!

The panel meeting was organized and conducted to facilitate
development of sample preparation protocols for mutagenicity testing
of six media: air, drinking water, nonaqueous liquid wastes, soils and
sediments, waste solids, and waste water. The meeting objectives were
established by the sponsors and were as follows:

1. Evaluate the adequacy and validity of the selected and re-
viewed sample preparation protocol for each medium.

2. Prepare revised sample preparation protocols in accordance
with review comments and recommendations from the panel
meeting participants.

3. Present a scientific basis for any disagreements or unre-
solvable issues.

4. Recommend additional research to support further develop-
ment of medium-specific sample preparation protocols.

General Issues, Definitions, and Limitations

A number of issues were addressed in the general sessions that were
common to all six of the proposed protocols. These included definitions
of each of the sample media, limitations of the protocols, guidelines for
the fractionation of samples found to be toxic in the Salmonella assay,
and analytical quality control considerations.

Media Definitions. Sample preparation media were defined by
the participants to assist laboratories in selecting the appropriate
protocol for a specific sample. These definitions were intended to
encompass the continuum of wastes and environmental materials, to
reduce overlap between individual medium definitions, and to reflect
the scope of the protocols. The following media definitions were
developed:

1. Air particulate matter: Particulates collected from the air that
are <20 um in diameter.

2. Drinking water: Water intended for human consumption.

3. Environmental waters and waste waters: Waters containing
<50% suspended solids by weight, including water from
lakes, ponds, lagoons, estuaries, rivers, streams, effluents, and
ground water.

"The meeting was cosponsored by the USEPA Environmental Monitoring Systems
Laboratory, Las Vegas, Nevada (EMSL-LV) and the U.S. Army Medical Bioengineering
Research and Development Laboratory (MBRDL). The meeting was held July 23-25, 1984,
in Palo Alto, CA.
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4. Nonaqueous liquid wastes: Liquids whose major component
is not water. These materials range from soluble organic
liquids (e.g., acetone) to insoluble organic liquids (e.g.,
dichloromethane) and liquids such as light to heavy oils.

5. Soil and sediments: Soils are the unconsolidated material on
the earth’s surface capable of supporting plant growth, and
sediments are soil material deposited and remaining in an
aquatic environment.

6. Waste solids: Waste or complex mixtures consisting of <50%
water and having relative firmness and coherence of particles
or persistence of form as matter that is not liquid or gaseous
at 25 °C. This category includes tarry material that is sticky
or viscous, such as coal tar, adhesive waste, sludge, airborne
particulates (e.g., re-entrained particles blown from a waste
site), and solids partitioned from waste water.

Examples and further elaboration of these definitions are contained in
each protocol.

Scope and Limitations of Protocols. Discussions to determine the
scope and limitations provided the following key points, requirements,
and resolutions for the protocols:

1. They must provide end products that meet minimal input
requirements for Ames mutagenicity testing.

2. They should be quantitative to enable evaluation of any
dose-response relationships.

3. They must be developed with consideration of the ultimate
user (i.e., comprehensive, stepwise procedures designed for
the inexperienced user).

4. They will be used to determine whether samples are
mutagenically active or nonactive (i.e., positive or negative
types of determinations).

5. They will be applied to screen large numbers of complex
mixtures within a variety of media.

6. Development and standardization of the protocols will be
dynamic processes that involve establishing interim procedures
that are to be optimized and modified as a result of valida-
tion testing.

Bacterial Toxicity. A variety of criteria are used by testing
laboratories to determine toxicity during the Ames test and when
additional sample preparation (i.e., fractionation) is required to separate
toxic components from potential mutagenic components of a complex
mixture. However, no uniform criteria are available or accepted. The
following criteria were proposed and accepted by panel meeting par-
ticipants as the appropriate conceptual basis for determining lack of
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toxicity during the Ames test: (1) a dose level of =1 mg/plate of residue
organic matter is achieved, (2) the background lawn is not affected,
and (3) spontaneous revertants are countable and comparable to control
plates.

When these criteria are met, the material is not toxic, and fractiona-
tion may not be required. Establishment of the 1-mg/plate level as the
definition of toxicity and the trigger for fractionation was arbitrary but
was considered the most reasonable choice by the panel meeting par-
ticipants. It was recommended that toxicity determinations be per-
formed with the entire set of bacterial strains (with and without en-
zymatic activation) being used. Concerns expressed regarding the above
criteria included the following: (1) possible misinterpretation by the user
that testing at the =1-mg/plate level is required to prove non-
mutagenicity and (2) limited applicability to the Air Protocol because
the resulting material may not be sufficient to allow dosing of =1
mg/plate with multiple strains and replicate plates.

Sample Fractionation. Although declining to recommend using a
high-performance liquid chromatographic (HPLC) technique in lieu of
the acid-base extraction procedure, the panel meeting participants
identified it as a potential sample preparation technique if toxicity is
detected. The available techniques to reduce or separate toxic activity
from potentially mutagenic components of a mixture included the
following: (1) liquid-liquid acid-base extraction fractionation, (2) thin-
layer chromatography (TLC), (3) magnesium silicate (Florisil) chroma-
tography, (4) low-pressure chromatography or cartridge column cleanup,
(5) dilution of neat material with dimethyl sulfoxide (DMSO), and (6)
HPLC fractionation.

The effect on reactive compounds and potential alteration of
mutagenic activity of the acid-base extraction procedure were major
concerns. The TLC method was not recommended because of possible
mutagen loss due to reactions on the plate. The Florisil and low-pressure
chromatographic methods were considered to be research methods.

The HPLC technique was viewed as the most recent technology
that may be a viable alternative to acid-base extractions. However, the
following issues were raised concerning HPLC: (1) time required to run
a solvent gradient, (2) ability to screen large numbers of samples, (3)
reliability and column life, (4) equipment downtime, (5) operating costs,
(6) training level of operator, and (7) incompatibility of certain com-
pounds to HPLC.

The panel meeting participants concluded that both the acid-base
extraction and HPLC techniques should be identified in the protocols,
and the choice of fractionation methods should be at the discretion of
the user.The HPLC technique is described in greater detail later in this
chapter.
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Quality Control. Quality control procedures must be incorporated
into each protocol to ensure comparability of interlaboratory testing
data. Each laboratory using these protocols should have a quality
assurance program based on guidelines set forth in “Good Laboratory
Practice Regulations” (2) and Handbook for Analytical Control in Water
and Waste Water Laboratories (3). As a minimum, the quality assurance
program should include the following:

1. Chain-of-custody records on all samples including the source
of the sample, date of collection, storage conditions, and
records of any subsampling (e.g., how samples were
homogenized, date, and technician’s name).

2. Development of written standard operating procedures for
any laboratory procedures used.

3. Maintenance of laboratory notebooks for recording all labora-
tory procedures and volumes and types of solvents used.

4. Determination of revertants per plate by using reagent con-
trol blanks.

5. Extraction and determination of samples spiked with positive
controls performed as quality control checks for each bioas-
say run.

6. Maintenance of an independent quality assurance unit within
the laboratory to be responsible for a master schedule,
sample receipt, and periodic inspections of the conduct and
reporting of each laboratory study.

The laboratory’s quality assurance staff should include, or have
immediate access to, a statistician experienced in the interpretation of
biological testing and chemical analytical data.

Summaries of Protocols

Air Particulates. The air protocol (Figure 1) is restricted to sample
preparation of particulate organic material (POM) and excludes vapor-
phase and volatile organic compounds. Mutagenicity testing of volatiles
and vapor-phase organics is an area of current research, and no routine
screening or monitoring method was identified by the panel par-
ticipants. The definition of air particulates, presented earlier, clarifies
the scope of the protocol.

The protocol focuses on the preparation of collected particulate
samples and provides guidance in the selection of a suitable collection
technique. Particulate collection methods were not specified because
the selection and implementation of those methods are source-depen-
dent. Potential air-sampling techniques include the standard high-
volume (Hi-Vol) samplers (4), massive-volume samplers (5), medium-
volume samplers, low-volume samplers, and ultra-high-volume sam-
plers (6).
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Collected air
particulate sample

Sample extraction with
Dichloromethane (Soxhlet
extraction or sonication)

Solvent evaporation (using
rotary-evaporator and/or
Kudema-Danish concentrator)

Solvent exchange
1.  Residual with DMSO
mass
determination
2. Chemical
analyses
Ar_chived Bioassay
aliquots
Toxicity or Yes
no dose
response
HPLC (Figure 6) or
No acid/base-neutral
fractionation (Figure 4)
Procedure
finished
Bioassay

Figure 1. Flow scheme for the preparation of samples of ambient air
particles.

Collected air particles (1 g) are extracted twice with dichloromethane
(100 mL) by either Soxhlet extraction (5-10 cycles/h for 16 h at 40 °C)
or sonication (at room temperature for 15 min each time) (7). The
dichloromethane extract is filtered through a 0.5-um filter (Millipore
Corporation or equivalent) into a round-bottom evaporating flask and
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concentrated to 10 mL by using either a rotary evaporator or a Kuderna-
Danish concentrator. One portion of this extract (5 mL) is saved for
mass determination by gravimetric analysis and chemical analyses. The
other portion of the extract (5 mL) is solvent exchanged with DMSO
(5 mL) under a gentle stream of purified nitrogen, and the final volume
is recorded. This DMSO solution may be further diluted as appropriate
for bioassay measurements.

The air samples should be stored in the dark at —20 °C, and the
solvent (dichloromethane or DMSO) extracts should be stored in am-
ber-colored, Teflon-lined, screw-capped bottles at —20 °C. These air
samples and solvent extracts should come to room temperature prior
to use.

No sample fractionation procedure is given in the protocol, but
several possible techniques were included in the literature review,
including acid/base-neutral extraction, solvent fractionation (8), col-
umn chromatography, TLC, and HPLC (presented elsewhere in this
chapter).

The panel meeting participants unanimously agreed that the air
particulates protocol is a proven method with an adequate data base to
demonstrate applicability to the preparation of air particulates for
mutagenicity testing. However, the participants agreed that several
areas require method validation.

Drinking Water. The drinking water protocol (Figure 2) is ap-
plicable for all types of finished drinking water and can measure the
mutagenicity of residue organics that are adsorbed on XAD resins and
recovered by solvent elution techniques. The protocol may not be
suitable for highly polar, ionic, highly volatile, nor low molecular weight
organic compounds that are not adsorbed or recovered from the collec-
tion apparatus described. The type of disinfection treatment (if any)
used on the water is not considered to be a critical issue. A glass wool
prefilter, a diatomaceous earth (Celite) column, and a bacterial filter
are incorporated into the sampler when waters contain more than 5%
solids, are not disinfected, or contain more than 20 ppm of total organic
carbon.

A sample of drinking water is passed through specially designed
accumulator columns containing polystyrene-divinylbenzene copolymers
and polymethacrylate polymer stationary phases at 30-35 Ib/in.%. After
passage of the sample through the columns, the residue organics are
eluted from the sampling system components with hexane:acetone
(85:15). The solvents are removed by rotary evaporation, and the
remaining nonvolatile residue organics are stored in acetone under
nitrogen at —20 °C until mutagenicity testing is conducted. If extract
fractionation of the extract is required, the HPLC technique discussed
later is recommended for these samples. Prior to Ames assay, the
extracts and/or fractions are solvent exchanged to DMSO.
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Sample pumped through
collection columns to
filter and absorb organics
onto resin columns

1

Elute organics with
Hexane-Acetone (85:15)

!

Reduce volume by
rotary evaporation

!

Exchange
aliquot into
DMSO

!

Bioassay

HPLC Fractionation
goowsodll N
Bioassay

Figure 2. Flow scheme for the preparation of drinking water samples.

The method described in this protocol is based on existing methods
used for the isolation of residue organics from drinking water (9-15).
These studies established operating parameters such as flow rates and
line pressures. The results of these studies show that the method
provides reproducible qualitative recoveries of mutagenic residue or-
ganics from a wide variety of drinking waters prepared from ground
and surface sources.

The resins used in this procedure, XAD-2 and XAD-7 (Rohm and
Haas), are available from numerous distributors. To avoid method
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interferences, they must be cleaned prior to use. After removal of the
fines, the moist resin is transferred to a glass extraction thimble fitted
with a fritted disc, and then the thimble is inserted into the Soxhlet
extraction apparatus. For each 500 g of resin, the following extraction
sequence is conducted by using 1 L of solvent for each extraction. First,
the resin is extracted with 1 L of methanol for 8 h, followed by a 14-h
extraction with an additional 1 L of fresh methanol. The 22-h
methanol extraction is followed by extraction with two 1-L portions
of dichloromethane, 8 h and 14 h, respectively. The 22-h dichloro-
methane extraction is followed by extraction with two 1-L portions of
hexane, 8 h and 14 h, respectively. Finally, the resin is extracted with
two 1-L portions of acetone, 8 h and 14 h, respectively. The resin is
rinsed from the thimble into an amber bottle with a fresh portion of
acetone. At this point, 20 mL of resin is taken for resin blank analysis;
the rest is stored under acetone.

The panel meeting participants unanimously agreed that the drink-
ing water protocol is a well-established method with a sufficient data
base to demonstrate the adequacy of its application to isolating residue
organics from drinking water for mutagenicity testing. This consensus
to recommend the drinking water protocol was made with cognizance
of the inherent limitation that highly polar and ionic species or highly
volatile, low molecular weight organics may not be recovered. The
panel meeting participants recommended that the protocol be subjected
to validation studies by various laboratories. Additional research on the
method was not considered necessary.

Environmental Waters and Waste Waters. This medium is multi-
phasic and covers a wide range of constituents, including aqueous and
nonaqueous liquids and dissolved and suspended solids. The protocol
(Figure 3) is limited to solvent-extractable organic compounds; however,
not all compounds will be recoverable and/or stable under the
protocol’s methods. An overall scheme was developed and incorporated
in the protocol to link the variety of components of this medium to the
other protocols.

Each discrete phase of this multiphasic medium is collected,
separated, weighed, and concentrated or extracted during sample
preparation. An initial gravity separation (24-h duration) of the sample
is used to separate the three possible phases (aqueous liquids, non-
aqueous liquids, and solids). The protocol for drinking water is used to
prepare aqueous liquids containing <5% solids (Figure 2). Aqueous
liquids containing >5% solids are prepared by either (1) liquid-liquid
extraction of the entire sample followed by concentration and solvent
exchange or (2) further separation of the aqueous fraction by using
filtration or centrifugation (the liquids are processed according to the
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drinking water protocol and the solids are processed according to the
waste solids protocol). The solid sediments from the initial 24-h gravity
separation are processed according to the protocol for waste solids.
Nonaqueous liquid wastes partitioned from the samples are processed
via that protocol.

The panel meeting participants unanimously agreed that the en-
vironmental waters and waste water protocol is a synthesized protocol
that assembles portions of a number of established methods. There is a
good indication that this combination of components will work together,
but a comprehensive data base demonstrating the efficacy of the
hybridized combination of methods needs to be generated and
evaluated.

Nonaqueous Liquid Wastes Protocol. Nonaqueous liquid wastes
were defined to include samples that range from water-soluble organic
liquids to immiscible oils. Only a limited amount of data are available
on the applicability of this protocol (Figure 4) to compounds other than
oils or petroleum products. This medium differs from other environ-
mental media because mutagenic materials are often concentrated in
organic liquids. Therefore, this protocol incorporates dilution steps
rather than the concentration techniques used in the other media
protocols. This protocol is also unique because of the opportunity to
test neat samples or samples diluted with DMSO rather than sample
components isolated with an absorbent or extracted with a solvent. For
this reason, samples treated with this protocol should contain polar
compounds and/or volatile compounds that would be lost when the
other protocols are used.

To determine the mutagenic potential of nonaqueous liquids as
measured by the Ames Salmonella/mammalian-enzyme assay, the fol-
lowing protocol is recommended for the sample preparation. In step 1,
the desiccator assay is performed on the neat material. The desiccator
assay allows the detection of volatile mutagens (such as chlorinated
solvents) that are often missed in the plate incorporation and pre-in-
cubation assays (16, 17). In addition, a suspension of the neat material
(20 mg/mL) is prepared by ultrasonication (5 min at room temperature)
in high-purity DMSO (18, 19) and tested in the normal plate incorpora-
tion assay as well as in a pre-incubation Ames assay (20). The pre-in-
cubation assay allows the detection of certain mutagens, such as
dimethylnitrosamine, that require additional time for activation by
mammalian or bacterial enzymes. A positive response in any of these
three assays indicates the presence of mutagenic components, and the
evaluation process is completed.

If a toxic response or a combination of toxic and negative responses
is observed in all three assays, the neat material is diluted and the assay
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is repeated. Dilutions of 10, 100, 1000, and greater fold are made until
a negative or positive response is observed.

If a negative response is observed in all three assays of step 1, then
the liquid is concentrated by rotary evaporation at 40 °C in step 2. These
conditions are gentle enough so that although most volatile solvents
(acetone, methanol, etc.) are removed, the integrity of concentrated,
thermally labile components is maintained. If the sample volume (or
weight) can be reduced by a factor of at least 10 by the evaporation
procedure, the concentrate is retested by using the plate incorporation
and the pre-incubation assays. If a solid residue is produced, then it is
dissolved in a minimum amount of DMSO prior to assay.

If the sample is not effectively concentrated by the evaporation
procedure or produces a negative response, it is partitioned into acidic,
basic, and neutral fractions in step 3 by using the fractionation scheme
given in Figure 4. Initially, the liquid is dissolved in dichloromethane
and extracted with 1 N HCIl. The aqueous phase (AQ,) is adjusted to
pH 11 with 1 N NaOH and extracted with dichloromethane to isolate
the basic compounds from the sample. This fraction is dried over
anhydrous sodium sulfate, filtered, and rotary evaporated at 40 °C to
yield an oil or residue, which is weighed and dissolved in a minimum
of DMSO (DMSO-bases fraction). The organic layer (O,) from the
initial acid extraction is extracted with 1 N NaOH to produce aqueous
(AQ;) and organic (O.) fractions. The AQ; fraction is adjusted to pH 2
with 1 N HCI and extracted with dichloromethane (Os). The Os; fraction
is dried over anhydrous sodium sulfate, filtered, and evaporated to a
residue. The residue is weighed and dissolved in a minimum of DMSO
(DMSO-acids fraction). The O, fraction is handled in a fashion similar
to that for the O; fraction and is worked up to become the
DMSO-neutrals fraction. All extractions are performed three times with
equal volumes of base or acid. The DMSO-acids, DMSO-bases, and
DMSO-neutrals fractions are then evaluated for mutagenicity in the
plate incorporation and the pre-incubation assays.

The liquid-liquid, acid-base fractionation method was preferred
over HPLC by the liquid waste panel members because it is a better
validated technique for the isolation of components that are toxic or
that might otherwise interfere with the assay. Also, the distribution of
activity in the acid, base, and neutral fractions provides a preliminary
estimate of the types of chemicals responsible for the mutagenicity.

The panel meeting participants unanimously agreed that the
nonaqueous liquid wastes protocol is a synthesized protocol that as-
sembles portions of a number of proven methods. There is a good
indication that the various hybridized components will be applicable to
a range of nonaqueous liquids; however, this observation is based on
data from the testing of discrete types of oily compounds. Further
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studies were recommended to evaluate applicability to a variety of
nonaqueous liquids and to determine the optimum solvent for separa-
tion or fractionation of these compounds.

Soils and Sediments. This protocol (Figure 5) was developed for
the preparation of soil and sediment samples for mutagenicity testing.
It was designed to provide samples that accurately represent the
mutagenic potential of the soil or sediment sample initially extracted
and, if necessary, sufficiently fractionate the original material to isolate
bioactive materials. Fractionation should be required only if the toxicity
of the crude extract prevents determination of the mutagenic potential.

Prior to extraction, soil and sediment samples should first be sieved
to remove primary particles >2 mm in diameter (it may be necessary
to break aggregates by dicing or crushing). Excess water in samples
should also be removed by filtration under a nitrogen blanket or by
centrifugation prior to extraction. If this water is to be analyzed, it
should be done by using the drinking water protocol (Figure 2). The
weight of the samples should be determined before and after serving,
filtration, or centrifugation.

The sample is extracted with dichloromethane by using one of three
techniques: Soxhlet extraction (10 g of sample with 300 mL of solvent
for 16 h), blender extraction (25 g of sample with sodium sulfate and
3 X 150 mL of solvent), or sonication (25 g of sample with sodium
sulfate and 3 X 150 mL of solvent) (21). Once the sample has been
extracted, the solvent volume is reduced by using either rotary evapora-
tion or a Kuderna-Danish apparatus.

The concentrated extract is then split. To one portion, 1.0 mL of
DMSO is added, and the dichloromethane is removed under a stream
of nitrogen. The resulting DMSO solution is used for the direct assay
of the extract. If fractionation of the remaining extract is required, the
investigator is given the option of using the acid/base-neutral extraction
scheme described in step 3 of the nonaqueous liquid protocol or the
HPLC technique described in the sample fractionation methods section.

There was consensus among the panel meeting participants that the
soils and sediments protocol is a synthesized protocol that assembles a
combination of well-established techniques. Further, the data base
demonstrating adequacy of components in this combination is not
extensive. There is a good indication that the protocol is applicable for
the preparation of both soils and sediments for mutagenicity testing.
One dissenting participant was concerned with the use of water-in-
soluble solvents for the extraction of soils and sediments. The recovery
efficiencies of methods using sodium sulfate or silica gel as drying
agents and extraction with dichloromethane are not well-documented
and were the basis of the disagreement. It was recommended that
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information be gathered on the effect of pH adjustment on the solvent
extraction efficiency of mutagens from soils and sediments during the
validation of this protocol.

Waste Solids. The scope of the waste solids protocol (Figure 5) is
limited to measuring the mutagenicity of organic components in waste
solids that are solvent extractable and that remain stable through the
sample preparation procedure. The protocol is based on well-es-
tablished analytical chemical methods that have been used extensively
to determine compositions of complex organic mixtures and environ-
mental samples. However, only limited data are available to demonstrate
the efficacy of such methods to prepare waste solids samples for
mutagenicity assays. Vapor-phase organics and inorganic components
of waste solids are, by intent, not addressed in the protocol.

Waste solids are defined as heterogeneous materials that range from
sticky, viscous, or tarry material to dry solid particulates. Special tech-
niques for the treatment of oily, gummy, and adhesive materials (e.g.,
addition of anhydrous sodium sulfate or silica gel) are specified in the
protocol. The gravity phase-separation procedure (24 h at 4 °C)
developed by the Environmental Waters and Waste Water Work Group
is incorporated by reference to address the removal of liquids from
waste solids samples. The waste solids protocol can also be applied to
solids partitioned from aqueous or nonaqueous liquids or from gaseous
media.

The preparation steps for waste solids samples are very similar to
those required for soil and sediment samples. The same flow scheme
(Figure 5) is used to illustrate the sample preparation requirements for
both soil-sediment and soil waste samples. However, some differences
are found between the methods. Freezing samples or adding dry ice,
prior to grinding waste solids to a maximum particle size of 2 mm or
less, is recommended to enhance the extraction of mutagens. Soxhlet
extraction is designated as the primary method for sample preparation,
but blender and sonication (21) techniques are acceptable alternatives.
Additional research is recommended to evaluate extraction efficiencies
and method equivalency of the three techniques as well as the possible
use of low-temperature (4 °C) extractions to reduce the degradation of
unstable compounds during work up. The addition of surfactants or
other compounds to improve extraction efficiency is not recommended
except in cases where supporting scientific data are available.
Dichloromethane is the recommended solvent, but the efficiency of
different individual solvents or mixtures of solvents for the extraction
of waste solids remains a research issue to be studied during method
development.

The Kuderna-Danish apparatus is the primary method for solvent
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removal to facilitate processing multiple samples. However, the rotary
evaporator may be preferable for some samples. The solvent DMSO is
used to redissolve an aliquot of the concentrated crude extract for direct
Ames assay. The rest of the extract will be redissolved by using ethanol,
acetone, or other solvents appropriate for the particular sample.

An overall testing scheme is presented in the protocol to clarify
decisions regarding the toxicity and implementation of fractionation
techniques. Initial applications of crude extract material at dose levels
ranging from 10 ng to 10 mg/plate are recommended for nontoxic
materials. Fractionation is recommended only in cases in which toxicity
is observed or characterization of specific mutagens is desired. The
liquid-liquid, acid-base extraction procedure is recommended, after
modification, to reduce the potential degradation of components in
complex mixtures. Modifications include (1) dissolving the sample in
dichloromethane prior to fractionation, (2) acid partitioning prior to
base partitioning, and (3) performing separations at 4 °C. Adjustment
of pH by hydrochloric acid is preferred to sulfuric acid to reduce
chemical decomposition. Although the Work Group acknowledges that
acid-base extraction can potentially alter sample components, im-
plementation of the alternative HPLC fractionation method is not war-
ranted because of a lack of suitable validation data for the intended
objective of evaluating the overall sample mutagenicity.

Storage at 4 °C or less is recommended for all samples, and storage
at —20 °C or less is recommended for crude and processed extracts.
The recommended containers are amber glass bottles with Teflon tops,
but Teflon containers may be used for particularly corrosive samples.
Stainless steel containers are not considered acceptable because of the
potential for sample contamination. Additional research to address
optimum storage conditions (temperature, time, and storage containers)
that preserve sample integrity is recommended. This study should
include research on the storage of raw samples, crude extracts, and
processed extracts.

The panel meeting participants unanimously agreed that the waste
solids protocol is a synthesized protocol that integrates a number of
well-established methods and offers a number of alternative techniques.
There is a good indication that these methods are applicable for the
preparation of soil and sediment samples for mutagenicity testing, but
there is a need for additional research comparing extraction techniques
(i.e., Soxhlet versus blender versus sonicator), choice of solvents (use of
DMSO for crude extract, single solvent, solvent series, etc.), and drying
techniques for extracts (silica gel versus sodium sulfate).

Sample Fractionation Methods. There was a consensus among
panel participants that each of the protocols shared areas where further
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method evaluation was required. The most discussed area was the
protocol of HPLC fractionation of sample extracts (Figure 6). The
participants recognized that although the traditional acid/base-neutral
extraction scheme (presented as part of the nonaqueous liquids protocol,
Figure 4) could cause chemical degradation of some mutagens, the
alternative of HPLC was more expensive and not as well-documented.

Organic extract to
be fractionated

|

Exchange solvent to Acetonitrile

!

Confirm that >75% peaks area
eluted after 80% water: 20% Acetonitrile

i

HPLC Fractionation

A 100% water

B 0-25% Acetonitrile

C 25-50% Acetonitrile
D 50-75% Acetonitrile
E 75-100% Acetonitrile

i

Dilute fractious C-E
with water

Collect the organics in each
fraction in a C,4 cartridge

!

Elute organics with Dichloromethane

!

Exchange solvent to DMSO

!

Bioassay

Figure 6. Flow scheme for the reversed-phase HPLC fractionation of
sample extracts.
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A protocol summary is offered for the HPLC fractionation, based on
procedures currently used for the determination of mutagenic hazards
associated with drinking and environmental waters (10-14, 22-27). This
procedure is developed more fully in Chapter 19 (23).

The sample extracts that show either toxicity or no dose response
on initial testing should be fractionated. An aliquot of the extract is
solvent exchanged to acetonitrile, and an initial analytical scale separa-
tion is made to assess the distribution of constituents in the sample. This
separation is accomplished by using a C,s reversed-phase system eluted
for 45 min with a linear gradient of 0-100% acetonitrile in water. If >75%
of the sample elutes after the solvent composition of 80% and 20%
acetonitrile, then the fractions are isolated by preparative reversed-
phase HPLC. Fraction A is eluted with 100% water; fraction B is eluted
with a linear mobile-phase gradient from 100% to 75% water and 25%
acetonitrile; fractions C, D, and E are eluted with gradients with final
compositions of 50%, 75%, and 100% acetonitrile.

The fractions are prepared for the Ames assay by dilution with
water, adsorption of the organics on a Cys cleanup cartridge, elution of
organics with 5 mL of dichloromethane, and exchange into DMSO.

For samples that are unsuitable for this reversed-phase separation
(>75% of the sample elutes before the solvent composition of 80% water
and 20% acetonitrile), a fractionation method involving normal-phase
HPLC eluted with hexane-dichloromethane is used (23, 24).

This HPLC fractionation technique should work for extracts of
samples from all of the environmental media discussed here, but the
method requires further validation. Because of the expense of HPLC
equipment, an alternative procedure using low-pressure or flash chro-
matography should also be investigated.

Other Areas Requiring Method Development. Several other tech-
niques common to all of the protocols require validation. These include
the following:

1. The best solvents to use for the extraction of samples. Most
of the protocols call for dichloromethane as an extraction
solvent because it was deemed the most commonly used
solvent by the panel participants. The comparative effective-
ness of dichloromethane needs to be evaluated against other
single- and mixed-solvent systems.

2. The best technique for reducing solvent volume, for ex-
ample, by rotary evaporation or with a Kuderna-Danish
apparatus.

3. The stability of samples and extracts under storage.

4. The identity of spikes and surrogates suitable for quality
control checks of these determinations.
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Conclusion

It was the consensus of the panel participants that the methods sum-
marized here represent the best available technology to prepare en-
vironmental samples for the Ames assay. These methods were chosen,
after group discussion, on the basis of the collective laboratory ex-
perience of the participants and a thorough review of the literature.
However, these are interim protocols subject to laboratory validation.
This validation effort has been initiated, and workers in the field of
environmental mutagenesis are urged to test these interim protocols in
their own laboratories.

The objective of this panel was to develop protocols that could be
used today with a minimum of methods development. The panel
members recognized that promising research is currently underway to
develop new techniques for sample preparation. However, procedures
such as supercritical fluid extractions or preparative ion chromatographic
separation of polar fractions are still considered to be in a research
phase and not yet ready for general laboratory application. The
procedures presented will be periodically reviewed and updated as the
state of available technology improves.
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Concentration Techniques Aimed
at the Assignment
of Organic Priority Pollutants

G. ]. Piet, J. A. Luijten, and R. C. C. Wegman

National Institute of Public Health and Environmental Hygiene, P.O. Box 150,
2260 AD Leidschendam, The Netherlands

Environmental research should preferably be effect-oriented to
assign and define priority pollutants and compound-directed to
control pollution within existing and projected legislation. In an
integral concept, concentration techniques and instrumental
measurement of organic priority pollutants must be appropriate
and available for various environmental compartments. Multi-
component concentrates derived from environmental samples
have been submitted to biological test systems to measure the
effect parameters followed by analytical-chemical characteriza-
tion. This chapter describes methodologies and criteria in assign-
ing priority pollutants, the interface and transit function of con-
centration techniques, and the criteria for concentration tech-
niques in these functions. As illustrative applications, toxicity and
mutagenicity of surface water, mutagenicity of fish bile extract,
and isolation and instrumental measurement of polychlorinated
dibenzofurans and polychlorinated dioxins are presented.

CONCENTRATION TECHNIQUES, applied to assign priority pollutants,
function as an interface between the environment, chemical analysis,
and bioassays. The transition of harmful pollutants in an environmental
system to multicomponent concentrates derived from that system is the
principal challenge of concentration techniques aimed at the assignment
of organic priority pollutants. A compatible combination of chemical
and biological methods must be used. These methods can vary from the
development of analytical procedures based on the observed biological
activity of fractions of an environmental concentrate to the toxicological

0065-2393/87/0214/0039$06.50/0
© 1987 American Chemical Society



Published on December 15, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1987-0214.ch003

40 ORGANIC POLLUTANTS IN WATER

assessment of multicomponent mixtures derived from the available data
on single compounds.

Prerequisites are (1) a biological test system that is capable of
registering the observed effect in an environmental system and (2) an
applied concentration technique that acts as an interface between the
environment and the test system. If biomonitoring indicates an unwanted
exposure to chemicals, it must be translated in chemical terms. This
chemical information can be used for control purposes to eliminate the
exposure, preferably to a real no-effect level, so that no risk evaluation
has to be made. This method requires a bioassay that is specific for an
effect in an environmental system and a concentration technique that is
specific for the collection and transition of compounds causing the
effect.

The urgent need of cooperation between analytical chemists and
toxicologists is thwarted in this respect by the complexity of environ-
mental systems, the limited potential of short-term tests to observe
effects in these systems, and the restrictions of a concentration technique
as a transmitting interface between the environment and applied bio-
assays. Because of the intricate nature of the problem, it can be ap-
proached by developing and applying a series of specific, short-term
bioassays with compatible, interfacing, concentration techniques. How-
ever, when priority pollutants are assigned, the results must be expressed
in terms suited for legislation and control purposes.

The selection and assignment of priority pollutants are the first
substantial steps in environmental control. The definition of priority
pollutants, however, is evolving from unwanted chemicals in a single
environmental system to a more integral concept. Therefore, analytical
procedures for the collection and measurement of priority pollutants
must be appropriate and available for different environmental systems.

This chapter deals with the assignment of priority pollutants, the
interface and transit function of concentration techniques in environ-
mental studies, and the criteria for concentration techniques in these
functions; recent illustrative results are presented.

Assignment of Priority Pollutants

In a description of environmental problems, the coherence between
processes in all compartments and organisms belonging to the compart-
ments should be considered. Environmental policy in the past was often
focused on a single compartment; there was no international agreement
on the selection of criteria for priority pollutants (I). This situation is
illustrated by the number of priority pollutants selected by authorities
in the European community and the U.S. Environmental Protection
Agency (USEPA). The European community lists 126 priority pol-
lutants, and the USEPA lists 114; 59 pollutants are common to both
lists (1).
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Table I. Organic Priority Pollutants (Integral Concept)

Source

Surface  Drinking

Pollutant Air  Soil Waste Water Water

Mineral oil, oil products ++  ++ ++ + ++
Chlorophenols ++ + ++ ++ +
Tetrachloroethane ++ + + + +
Polychlorobiphenyls and PCTs + ++ + ++
Polyaromatic hydrocarbons ++ 4+ ++ ++
Polychlorinated dibenzodioxins  ++ + ++ +
Chloroform ++ + + ++
1,2-Dichloroethane ++ + + +
Hexachlorocyclohexane ++ + ++

Vinyl chloride ++ + +
Chlorofluorohydrocarbons ++

NOTE: ++ means of major importance; + means less important, not neglectable.

When priority pollutants are selected on the basis of an integral
concept—a method that is currently proposed for strategic purposes in
The Netherlands (2)—the attention and research are focused on other
compounds and other compartments for which appropriate concentra-
tion techniques are required. Table I illustrates this tendency.

The choice and definition of selection criteria for priority pollutants
play a major role in developing suitable concentration techniques that
are problem-oriented. The research to this end must precede and
support legislation and enable the control of existing legislation. Con-
centration techniques are aimed at the measurement of compounds
because existing legislation is mainly based on standard settings for
chemicals. In this respect, a risk evaluation covers the combination of
adverse effects and the likelihood that these effects will actually take
place along the lines from emission to intake. Assessment of the risk of
a chemical then implies a comparison of the exposure levels of a
receptor organism with the separately established no-observed effects
or similar doses from toxicological studies, usually based on animal
experiments.

However, to assess risk according to an integral concept, the routes
of exposure have to be taken into account and the application of
concentration techniques must be route-directed. The selection criteria
should imply this concept as indicated in Table II.

Taking into account the trends in environmental concepts enables
chemists and toxicologists to make problem-oriented efforts to control
environmental pollution (see Table III).

Complexity increases with an integral concept because more
aspects must be taken into account. For a risk evaluation of chemicals
in the environment, an integral concept is a prerequisite (see Figure 1).
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Table II. Selection Criteria for Priority Pollutants

European
Criteria Community USEPA Integral
Known occurrence in water - +
Known suspected properties + +
Likelihood of human exposure - +
Propensity for bioaccumulation + +

Occurrence in other compartments
Occupational health
Major routes of human exposure

+++++++

NOTE: + means considered as criterion; — means not considered as criterion.

More than in the past, a systematic setting of priorities is advocated
by the authorities. Development takes place by two approaches: (1) an
effect-oriented approach and (2) a source-oriented approach. These
approaches are based on two issues: (1) Which effects are caused by
which products-processes? (2) Which sources emit-discharge which
products? In this regard, the scheme from emission to toxicological
effect must be traced and concentration techniques must be developed.
The close connection between chemical and biological characterization
must be strongly stressed in this respect.

Interface Function of Concentration Techniques
in the Environmental Policy Life Cycle

In the environmental policy life cycle, four phases can be discerned: 1,
calling attention to the problem; 2, definition phase; 3, formulation of
the solution and taking measures; and 4, control phase. The develop-
ment of concentration techniques with an interface and control function
is indispensable in phases 1, 2, and 4. This situation is illustrated in
Figure 2.

In the first two phases, the concentration technique must transfer
observed effects to concentrates compatible for bioassays so that the

Table II1. Trends in Environmental Concepts

Characteristics of Priorities

Aspects 1970 1985
Nature of the problem Sectoral Multisectoral
Nature of the effect Human health Human health and ecosystem
Reversibility of effects Relatively easy Relatively difficult
Scale of effects Local-regional International-global

Impact on economy Direct losses Substantial in course of time
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Figure 1. Risk evaluation of chemicals.

effect can be translated into chemical information to enable control of
compounds.

In transport and transformation studies dealing with less known or
unknown constituents, a severe demand on the ability of chemists to
apply contemporary knowledge in the design of concentration tech-
niques is made. Moreover, the effect-inducing compounds or precursors

SYSTEM
— COMPOUNDS ~~ ™ errecTS -7
i l
E:il&(s;fsl INTERFACE BIOASSAY

I STANDARD SETTINGS I

l

|

|

|

!

FOR COMPOUNDS |
|

| .

:
|

|

|

-l

|

CONTROL
~ COMPOUNDS

Figure 2. Interface function of a concentration technique.
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of these compounds must be deduced from bioassays, and a close
cooperation between several disciplines is needed for the definition of
and a final solution to the problem.

In an integral concept, the control function of a concentration
technique must be route-directed and applied to the selected compound
and all of its possible transformation products and byproducts. Figure
3 demonstrates the need for a great versatility of concentration tech-
niques applicable to diverse matrices. These techniques must be stan-
dardized and validated prior to use in the control phase.

The central dogma of control is “what you see depends on how
and in which direction you look”. This doctrine applies to any detection
system, whether it is of a biological or a physicochemical (instrumental)
nature. Both in toxicological research and in the chemical characteriza-
tion of environmental samples, an enrichment step is required to see
things. No active enrichment step is incorporated in epidemiological
research.

The strength of epidemiology is that it provides direct information
to show that a chemical or mixture of chemicals promotes a toxic effect.
However, its weakness is reflected by its insensitivity, unless an effect
rarely seen in a population system is revealed. Absence of hazards is
not automatically implied by the failure to detect a toxic effect in a
population. The same is valid for the absence of known toxic chemicals.

Two strategies can be followed to assess the health hazard of
organic chemicals occurring as contaminants in an abiotic or a biotic
matrix. In the chemical-oriented approach, compounds of known
toxicity are monitored and a toxicological examination of identified
organics of unknown toxicity is performed.

Merely listing compounds occurring in toxic fractions does not lead
to an appropriate solution because toxicological (carcinogenic) examina-

~-—-BY — PRODUCTS <« —m—— CHEMICAL o ., osses

, ~ PRODUCTION

|
| l
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Figure 3. Control function of a concentration technique: , original
compound; ----, derived product; and B, accessible for control.
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tion of all identified organics is extremely expensive. Alternatively,
organic extracts or concentrate fractions of interest can be selected by
biotest systems. Because of the complexity of concentrates, separation
and identification of the effect-inducing compounds in such a system
are not always possible, and the contribution of single compounds to
the total effect cannot always be estimated.

In legislation, however, compounds or classes of compounds are
selected for standard settings and imposed regulations. Suitable
methodologies within budgets, costs, personnel expertise, labor, and
degree of sophistication are developed as well as master schemes for a
general analytical approach. Legislation based on compounds develops
slowly because it is expensive. A study of the carcinogenicity of 10
major and chemically identified compounds present in coffee and tea
(single or in combination) by the relatively cheap and rapid Ames test
would take 1.5 billion plates and $10 billion. It would be a full-time job
for 10,000 people for 4 years (3). Even if our sense of insecurity and
our awareness of the risk of the carcinogenicity of coffee and tea were
substantial, we could not afford to examine the extent of this risk. In
practice we do not worry at all, however, because coffee and tea are
natural. Very stringent standard settings and even prohibitive regula-
tions for carcinogenic chemicals originate from our need to be protected
against frightful diseases. At the same time, we have to realize that
cancer mortality against the background of an integral concept will not
be substantially reduced by standard settings for single chemicals but
more by changing our habits and attitudes. Standard settings affect
human and industrial activities and restrict environmental pollution. For
this reason, in an integral concept, not only should chemists and
toxicologists cooperate, but sociologists, dieticians, and other experts
should cooperate as well. For specific carcinogenicity linked to apparent
carcinogens such as asbestos and vinyl chloride monomer, standard
settings can have a direct improving effect.

In selecting fields to be studied with priority, the complex pattern
of human exposure to unwanted factors will not always mean that all
responsible compounds must be known and identified. The knowledge
of compounds that inhibit adverse reactions as well as health-promoting
compounds is of substantial importance. Increased knowledge of the
structure-effect relation of chemicals enables scientists to direct and
limit their investigations to compounds of major interest.

Criteria for Concentration Techniques in Their Interface Function

By definition, concentration of a sample implies an alteration of its
composition, often aimed at a specific removal of the major matrix
constituent (water, soil material, air). A concentration procedure should
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not result in a qualitative and quantitative distortion of the organic
constituents of interest in view of the chemical or biological constituents
of interest and in view of the chemical or biological assay that follows.
This statement means that recoveries, particularly for compounds of dif-
ferent physicochemical natures, must be known. Irreproducible
recoveries must be avoided as well as transformation during collection.
The quantitative determination of substances at ultratrace levels can be
adversely affected by introducing unknown artifacts.

The medium submitted must be compatible with the detection
system, and costs of materials and labor are decisive for the screening
of large sample numbers. The capacity of a method can imperil the
application because sufficient material of a uniform composition is
needed for statistic reliability. Some basic criteria are mentioned in
Table IV.

The chemical composition of a concentrate can be deliberately
altered to improve the specific informative value by improving the
selectivity of the concentration method. The intensity to which con-
centrates require fractionating is determined to a large extent by the
information eventually required. Because interpretation of the results of
operational systems is required, a coherence should exist between all
phases prior to and after the concentration procedure, including sam-
pling, sample treatment, conservation, and fractionation. Both for
analytical and biological testing, the introduction of artifacts must be
watched, and biodirected fractionating steps must be controlled by
chemical analyses. In many cases, foreign materials introduced during
a sample-treatment procedure interfere and lead to erroneous results,
particularly when priority pollutants have to be measured at an
ultratrace level.

Table IV. Criteria for Concentration Techniques

Research
Chemical
Criteria Bioassay Assay Control
Representative for effects XX x X
Representative for compounds X X XX
Sufficient material for statistic reliability XX X X
Sufficient material for time series (trends) XX X x
Compatible with test system XX X x
Background and artifacts known X X XX
Problem oriented XX X XX
Maximum selectivity XX x XX

NOTE: xx means of major importance.
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Table V. Concentration Techniques for Organic Compounds

Compartment
Soil Surface  Tap Biol.
Methodology Air  Sediments Waste Water Water Sample In Situ

Bioconcentration X X X XXX
Adsorption-desorption  x X x X XXX
Cryogenic trapping b'e XXX
Electric fields X XXX
Membrane filtration X X x X XX
Ion exchange X X X
Centrifugation X x X
Liquid extraction X X b X X

Gas stripping X X X X X

Freeze techniques X b'e

Distillation X x X X

NOTE: xxx means very suitable; x means applicable.

Concentration techniques are applied in the analyzing laboratory
or in situ in the field. Field application enables progressive sampling
and facilitates the handling of large amounts of sample. Fewer problems
during transport over considerable distances are encountered. Con-
centration can take place by devices such as accumulator columns
but also by living organisms (bioaccumulation or bioconcentration).
Some major methodologies and fields of application are mentioned in
Table V.

Concentration techniques also can be listed according to the isolat-
ing mechanism so that properties of compounds such as volatility,
molecular size, and polarity are taken into account. Property-directed
concentration techniques are recommended when the complexity of the
matrices requires molecular sizing and polarity indexing of compounds.
Versatile and manifold adsorption techniques enable the isolation of
specific compounds. An example is shown in Figure 4.

The pentane extraction technique is comparable to a purging tech-
nique at 90 °C. Lipophilic compounds are extracted, however, up to
higher molecular weights (up to 1500). The XAD-4 isolation (pH 7) is
aimed at lipophilic and weak hydrophilic compounds having weak
polar substituents. At pH 2, moderately hydrophilic compounds such as
chloralcohols, hydroxyl ethers, and organic acids can be isolated. Figure
4 indicates that compounds of increasing molecular weight can be
present in water when the hydrophilic character increases. To increase
the selectivity of a technique, a sequential application, starting with gas
stripping, pentane extraction, XAD adsorption, activated carbon adsorp-
tion, ion exchange, and freeze-drying can be used. Solvents with in-
creasing polarity can be used, too. A substantial improvement is the
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Figure 4. Selectivity of isolation techniques for water. (Reproduced with
permission from reference 4.)

application of molecular sizing before further fractionation of subfrac-
tions takes place. This method enables the collection of classes of
effect-inducing compounds in relatively narrow fractions. When isola-
tion and fractionation systems are perpendicular to each other, selec-
tivity is enhanced. XAD adsorption with solvent elution is most selective
when it is followed by normal phase separation techniques (5-6).
Several classes of specific compounds can be selectively isolated from
a matrix when the isolation and subsequent fractionation technique are
based on separation according to polarity, as illustrated in Figure 5.

A general rule for concentration techniques in their transit function
is that selectivity of the transfer of a specific effect facilitates the
identification of responsible compounds. A so-called “general con-
centration procedure” with an optimal recovery of all organic com-
pounds turns out to be a utopian scheme in many cases. The interface
is too broad and too extensive to transmit clearly distinctive signals.
Such a broad interface, capable of transmitting simultaneously many
different signals, is of use when toxicities of different environmental
systems have to be compared with each other.

In the selection of a suitable isolation system, a deliberately
balanced strategy should be followed. The physical properties of ef-
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Figure 5. Relation between isolation techniques and physical properties.

fect-inducing compounds play a decisive role in the choice. If ap-
propriate biodirected concentration techniques must be selected, then
complementary methods, in which the enrichment step is irrespective
of the physicochemical properties of the chemicals involved, are used
(7). Complementary concentration procedures for the measurement of
toxicity of water from the Rhine River are the following (the concentra-
tion factors at which 50% of the guppy fish [Poecilla reticulata] died
within 48 h are given in parentheses): XAD-4:XAD-8, acetone elution
(175); pentane extraction (500); dichloromethane extraction (370); ethyl
ether extraction (117); and freeze-drying, elution with ether-acetone
(218).

In the study just mentioned, the XAD concentration procedure was
selected for monitoring on the basis of the comparison of the results of
complementary methods.

One of the intricate problems of the interface function of con-
centration techniques is to arrive at completely standardized tests, both
in technical and biological aspects. The mechanism of toxic action of
compounds can be different for different organisms because suscep-
tibility of many organisms is distinctly pollutant-specific. Consequently,
not only should a set of tests be carried out with different test systems,
but the concentration procedure must be a reproducible interface be-
tween the environment and the various test systems. This situation can
be achieved by careful analysis of all coherent steps in the whole
procedure from sampling to analysis.

Apart from the criteria for the concentration, equal attention should
be paid to steps of manipulation and steps preceding the concentration.
Important criteria for the biotests are: Where is the most pronounced
effect observed? What is the source? Is the object of the investigation
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treatment or sanitation? For the chemical test, the nature, stability, and
fate of the compounds are decisive for the method. These criteria stress
the need for quality control for chemical as well as biological test
systems.

Recent Studies

During the past 5 years, our institute has done extensive research on
biological and toxicological surface and drinking water quality assess-
ment and its relation to chemical pollution (8). Scientists discerned that
water, along with other sources, has become the victim of the indif-
ference of humans. One of the first multidisciplinary approaches of a
water contamination problem was introduced in the thesis, “Sensory
Assessment of Water Quality” (9).

Chemoreception indeed seems to function as a warning mechanism.
Acquired data from 20 drinking water production plants suggested that
a relationship may exist between taste assessment and the presence of
suspected carcinogenic, mutagenic, or teratogenic compounds in drink-
ing water when these compounds are accompanied by a wide range of
organic substances. This situation will generally be the case when
heavily contaminated surface water is used as a raw water source (10).

In situations where a single compound or a single source of con-
tamination is responsible for drinking water pollution, it is highly
unlikely that the increased level of toxic chemicals is accompanied by
a bad taste and smell of water. The absence of an adverse taste of
drinking water does not guarantee that the drinking water is without
potential health hazard.

To determine the chemical composition of drinking water, con-
centration by headspace, extraction, and XAD-2 adsorption were ap-
plied to acquire concentrates. Sensory-directed fractionation of these
concentrates has led to the identification of odor-intensive compounds
of industrial origin.

In recent years, large consumer panels have been employed for
sensory assessments of drinking water. As a result of these assessments,
water treatment methods have been adjusted.

Along these lines, other test systems in combination with concentra-
tion methods were developed and applied. Although most chemicals
have been introduced into the environment in ways that did not result
in immediate effects on the environment, the total load of chemical
pollutants has certainly contributed to observed changes in the structure
and function of aquatic ecosystems. We now rely on aquatic toxicology
to give reliable and proper information on the possible effects of
man-made chemicals. This information enables the protection of aquatic
ecosystems and, in particular, provides for the required scientific
guidance in legislation and enforcement.
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Organic concentrates of water samples from the Rhine River and
Meuse River were tested for toxicity by using a 48-h mortality test on
fish (Poecilla reticulata) at 3-month intervals for 1 year (11). The river
samples were concentrated by adsorption on XAD followed by elution
with acetone. Rhine water samples were more toxic than Meuse water
samples in most cases (7, 12, 13) (see Figure 6).

On examining one Rhine location on a weekly basis, toxicity was
found to vary with the seasons by more than a factor of 12 (14) (see
Figure 7).

A rapid and relatively simple method was applied to determine the
toxicity of water by using the concentration procedure prior to testing
with the Ames test (15). The organic compounds were isolated, after
filtering the water, on a mixture of XAD-4:XAD-8 (1:1). The acetone
in the XAD eluate was removed by a stream of purified nitrogen.

The XAD procedure was selected on the basis of the comparison
of results of complementary methods as mentioned earlier because it is
effective in concentrating toxic as well as mutagenic compounds from
Rhine water. The investigation demonstrates the application of short-cut
biological methods needed for water quality control and complemen-
tary to chemical monitoring techniques.

As shown in Figure 7, the lowest toxicity levels were observed in
winter (low water temperature and high river flow) and summer (high
water temperature and low river flow), whereas the highest toxicity
levels were noticed in early spring. The low toxicity in winter could be
explained by the elevated degree of dilution of toxicants, whereas the
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Figure 6. Toxicity and mutagenicity of the Rhine River and Meuse River
in The Netherlands: 1-3, the Rhine River at different locations; 4-5, the
Meuse River at different locations.
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low toxic levels in summer could be the result of an increased inactiva-
tion of toxicants by elevated degradation processes. Both periods of low
toxicity coincided with holiday periods during which the discharge of
effluents may have been decreased (14).

Another investigation concerned the accumulation of mutagenic
activity in bile fluid of Rhine River fish (16). Considerable mutagenic
activity can be detected in the bile of natural fish (bream Abramis
brama) from the Rhine River. Like the river water, organic mutagens
can be extracted from aqueous bile by adsorption on XAD resins. The
mutagenic activity of the fish bile in the Ames test resembles that of
the river water with regard to strain specificity (TA98 and TA1538) and
the effect of S-9 (enhancement). The activity in the bile is at least
10*-fold higher than in Rhine River water. The study shows the biologi-
cal significance of these yet unknown mutagens. Biliary excretion is
known to be an important route for xenobiotics and their metabolites.

No mutagenic activity could be detected in the bile of bream from
the Meuse River, which contains little activity in the water itself.
Seasonal changes in the level of Rhine water mutagenicity roughly
coincide with similar changes in the activity of bile from Rhine fish (see
Figure 8).

Short-cut bioassays of appropriate organic concentrates of water
can be used to show consistent differences between different surface
waters. When these are ranked in order of decreasing mutagenic
potency, the following sequence is obtained in The Netherlands: Rhine

200 Rhine water

2 100 ,/\,\.
©
RN
@ ‘\/;o/o\o-\o
§ 0 =~ -7
$ 200 Bieofbream o '
c
100
0
Inlo|ulerlmMlalm] gl
1981/1982

Figure 8. Variations in mutagenic activity of fish bile extracts of the Rhine
River: O——O0, without S-9; @&—@, with rat liver S-9. (Reproduced
with permission from reference 17.)
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River and branches > Lake IJssel > Meuse River > North Sea > Lake
Braassem (16) (see Figure 9).

Differences in mutagenic activity occur between the various loca-
tions. Local conditions may enhance self-purification processes of the
river. Dilution processes play an important role, as is shown for Lake
IJssel and the North Sea coast.
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Because mutagenic activity in the Rhine River and the Meuse River
usually does not change substantially after the rivers enter The Nether-
lands, most mutagenic pollution is of foreign origin.

By applying short-cut test systems in combination with suitable
concentration methods, the source of mutagenic pollution can be traced
and sanitation measures can be envisaged.

Studies on the bioaccumulation of xenobiotics should parallel the
chemical qualification of the environmental compartment surrounding
the organism. The concentration technique (natural and physicochemi-
cal) plays a crucial role.

For the quantitative determination of polychlorinated diben-
zodioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs),
sample treatment and conservation play crucial roles, too. Only some
of the 75 PCDD isomers and 135 PCDF isomers are highly toxic. The
collection and analysis of the hazardous compounds present at ultratrace
levels in environmental samples must preferably be isomer-specific. The
exposure routes for these compounds originate from combustion
processes (18-19).

In 1978, people of the Dow Company proposed the hypothesis that
PCDDs are byproducts of common combustion and, therefore, have
always been present in the environment. In one study (20), wood was
selected as a combustion fuel for a survey study of PCDD emissions.
This study suggested that additional research was necessary to confirm
this hypothesis and to characterize the magnitude of this newly defined
source. A recent review of the fire hypothesis is given in reference 21.

In another study (22), PCDDs were found in effluents from
laboratory combustion of pine wood at 600 °C in the presence of
hydrochloric acid vapor. In the presence of normal air, PCDDs and
PCDFs could not be detected.

A sample of dried sludge of a municipal sewage treatment plant,
which had been sealed in glass for exhibition purposes in 1933, was
analyzed (23). It showed a broad range of PCDDs remarkably similar
to that of more recent material.

All these investigations show that PCDDs and PCDFs can be
expected in air, soil, sediments, organisms, human tissue, etc. Thus, a
reliable concentration method for the quantitative recovery and deter-
mination of these compounds at ultratrace levels is necessary. The
choice of the method depends on the matrix to be analyzed and the
specificity, sensitivity, and degree of certainty required in the data.
During the past several years, an increasing interest has been shown in
the isomer-specific determination of dioxins and dibenzofurans.
Specificity for the determination at parts-per-trillion levels makes it
necessary to use sample preparation procedures and detection tech-
niques having high resolving power, for example, a high-performance
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liquid chromatograph for cleanup and fractionation, and a high-resolu-
tion gas chromatograph coupled to a low- or high-resolution mass
spectrometer. For a quantitative determination, isotopic dilution
methods must be used, that is, labelled dioxins and dibenzofurans. The
great number of different matrices makes it impossible to develop a
universal method.

For example, in eel, high concentrations of polychlorinated
biphenyls can be present and can interfere in the cleanup procedure.
Fly ash is difficult to extract. Drastic concentration and cleanup
procedures such as saponification can convert some isomers. Oc-
tachlorodibenzo-p-dioxin can easily be broken down during the cleanup
procedure. For each matrix a specific isolation technique is necessary.
The method has to be validated for all the isomers of the analytical
program (24).

Rappe (25) summarized all the literature with regard to the analysis
of polychlorinated dioxins and furans and concluded that, with the
standards now available, isomer-specific analyses can be performed for
all toxic PCDD and PCDF isomers. However, some attention still has
to be focused on characteristics of analytical and concentration tech-
niques that can be promising for the future (26).

If the combination of a high-resolution separation system with a
physicochemical detection principle is specific to properties of many
harmful (toxic) chemicals, then a straightforward approach may be
possible (27). Electron capture detection (ECD) registers electronega-
tive compounds. Since the early 1960s, Lovelock (28) has pointed at the
possible link between the ability of a substance to capture electrons and
its biological action.

Positive-negative-ion chemical ionization mass spectrometry enables
the detection of harmful compounds because of their reaction with
alkylating substances (29-30).

Experiments with negative-ion atmospheric pressure ionization
mass spectrometry has suggested that a high electron affinity and the
reaction with oxygen to form a neutral radical and a stable negative ion
are characteristics for a compound to have toxic effects. A perusal of
the USEPA list of priority pollutants reveals that of 114 organic com-
pounds, only 7 substances are not significantly electron capturing.
Apparently, many environmentally hazardous compounds have first
been identified because of their selective response in ECD, in advance
of epidemiological studies indicating the magnitude of some health risk.

The isolation and cleanup of biological macromolecules by means
of affinity chromatography form another typical example of specific
application of sample treatment. Affinity chromatography exploits
specific functional properties of molecules as retardation of specific
groups of solutes in the adsorption step takes place. Later on, adsorbed
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material can be removed by stepwise or gradient elution. The binding
of a substrate to the active site of an enzyme, the complex formation
between antigen and antibody, and the concentration of dilute solutions
of a biological substance are some typical examples of this selective
chromatographic technique.

Within the framework of the identification and analysis of priority
pollutants, organic group parameters can be indicative for industrial
pollution (31-33). Parameters such as extractable organic chlorine
(EOCI) and particularly adsorbable organic chlorine (AOCI) are useful
for screening and cleanup purposes (34). For some environmental
systems, a relation between AOCI] and mutagenicity exists (35). Many
compounds contributing to AOCI response have a polar character, are
of specific industrial origin, and behave persistently in the environment
(36). There is a tendency to consider AOCI as a water quality
parameter. In this respect, careful consideration and interpretation of
group parameters and appropriate concentration procedures are of
assistance for the selection of target compounds or groups of com-
pounds.

Indicator parameters can be valid only for a certain time period,
in a limited geographic area, and for a particular environmental system.
On the other hand, a parameter such as drinking water taste will have
more universal value as an indicative parameter (10).

For AOCI determination, the concentration method is of utmost
importance and has to be standardized (33).

Conclusions

A combination of problem-oriented chemical and biological methods is
strongly advocated as an approach to investigate adverse effects of
man-made pollution on the environment. Because of the complexity of
environmental systems, biodirected fractionation and analysis are ap-
plied to test relatively well-characterized fractions with appropriate
biological systems.

A series of short-term biotests in combination with specific con-
centration methods, which transmit effects, are required to give an
impression of the impact of pollution on an environmental system.

Although biotests do not always lead to unambiguous and easily
interpretable results, standardization of chemical and biological
procedures from sampling to final measurement will contribute to
increased reliability in the assessment of pollution impact on different
systems.

Standard settings and guidelines refer at this moment to com-
pounds. In most cases, however, a complex load of organic compounds,
among which are very hazardous constituents, is endangering the en-
vironment. Because of this complexity, legislation based on data of
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individual compounds requires expensive research, and major routes of
exposure must be known and taken into account. This situation implies
the application and development of concentration procedures.

Because of increasing knowledge of the fate of chemicals, struc-
ture-effect relations of chemicals, basic mechanisms leading to adverse
effects, routes of exposure from emission to intake, etc., both the
concentration method and the chemical tests with the short-term
biotests can be optimized in selectivity.

The development of concentration techniques for multicomponent
mixtures present in different environmental systems must be effect-
oriented in the first approach and compound-directed in the control
phase because of the existing legislation.

In the environmental policy life cycle (see Figure 10), the
availability of concentration techniques plays a crucial role to define the
nature, source, and extent of an observed problem before regulations
and law enforcement can be formulated.

A close cooperation between chemists and ecotoxicologists is advo-
cated to enable responsible authorities to formulate projects leading to
the solution and future control of major issues.
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Figure 10. The environmental policy life cycle. (Reproduced with permis-
sion from reference 2.)
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Analytical Methods for the
Determination of Volatile Nonpolar
Organic Chemicals in Water and
Water-Related Environments

James J. Lichtenberg, James E. Longbottom, and Thomas A. Bellar

Environmental Monitoring and Support Laboratory, U.S. Environmental
Protection Agency, Cincinnati, OH 45268

This chapter reviews state-of-the-art methods for the analysis of
volatile nonpolar organic chemicals that require monitoring as a
result of the Safe Drinking Water and Clean Water Acts. Methods
for the determination of purgeable volatile and semivolatile
organic priority pollutants and other organic chemicals identified
as hazardous or toxic are discussed. Recommended procedures
for sample collection, preparation, identification, and quantifica-
tion are presented. The emphasis is on compound-specific
methods such as gas chromatography employing packed and
capillary columns with conventional and mass spectrometric
detectors. High-performance liquid chromatographic methods
are also included. Accuracy, precision, and detection limit data
are presented or discussed for many of the analytes of interest.
Quality control practices recommended for proper application
of the methods are presented. Mandatory quality control prac-
tices related to proposed rule making under the Clean Water Act
are reviewed.

THE DEVELOPMENT OF ANALYTICAL METHODS for the specific organic
pollutants listed in the Consent Decree of 1976 between the U.S.
Environmental Protection Agency (USEPA) Administrator and several
environmental groups is reviewed in this chapter (I). Also discussed is
the current status of analytical methods for quantitative determination
of these pollutants as well as methods for the analysis of drinking waters
as required by the Safe Drinking Water Act (2).

This chapter not subject to U.S. copyright.
Published 1987 American Chemical Society
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A series of 15 test procedures was developed for 114 specific
organic priority pollutants and proposed for use in the National Pollu-
tion Discharge Elimination System (NPDES) permits program, for state
certifications, and for compliance monitoring under the Clean Water
Act (3). These procedures employ 11 conventional gas chromatographic
(GC) and two liquid chromatographic (LC) techniques for quantitative
measurement of specific organic compounds in effluents. In addition to
the relatively low-cost GC procedures employing conventional detectors,
three GC-mass spectrometric (GC-MS) procedures were also provided
for routine monitoring of a broad spectrum of pollutants. The high-per-
formance liquid chromatographic (HPLC) methods were proposed for
certain analytes not amenable to GC methods. Each method has been
evaluated for applicability to a variety of industrial and municipal
effluents, and interlaboratory validation studies have been carried out
on each of the methods to develop a formal definition of the accuracy
and precision of each and to define the method detection limit (4).

A summary of the initial priority pollutant methods development
and ongoing and proposed future methods development research is
presented in this chapter.

Initial Protocol

The initial analytical protocol (5) provided sampling procedures as well
as GC-MS methods for the determination of the 114 organic priority
pollutant compounds that were divided into two major classes of
compounds: purgeable volatiles and solvent-extractable semivolatiles.
Purgeable volatiles were further divided into halogenated and non-
halogenated purgeables; solvent-extractable semivolatiles were further
divided into pesticides, base-neutrals, and acids. The protocol was
written and used in the initial phases of the USEPA Effluent Guidelines
Division’s program to survey 22 industrial categories and was intended
primarily as a qualitative screening tool. However, estimates of the
pollutant concentrations found were reported.

Priority Pollutant Methods

The objective of the subsequent methods development by the Environ-
mental Monitoring and Support Laboratory-Cincinnati (EMSL-Cincinnati)
was to provide a series of methods that could reliably quantify the
results of the analysis of relevant waste waters, that is, waters where
known specific compounds were expected to be present. Because of
the relatively high cost of GC-MS analysis and its general lack of
availability in smaller laboratories in 1976 and 1977, efforts were directed
toward the more conventional GC methods. At that time, the state of
the art in capillary GC was still developing, and few analysts were
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equipped or able to use it on a routine basis. For these reasons, capillary
columns were not included in the initial developmental efforts.
However, in the interim between the initial work on these methods and
the present time, the state of the art in capillary column technology has
advanced greatly, and many laboratories now have the capability to use
these columns. Because of these advances, the USEPA now allows the
option to use capillary columns. To be acceptable, the analyst must have
data on file to demonstrate that the results obtained with the capillary
columns are at least as good as those reported for the approved method.

The list of 114 organic compounds was divided into 12 categories
as follows (the numbers in parentheses indicate the number of com-
pounds in the category: 1, phthalate esters (6); 2, haloethers (7); 3,
chlorinated hydrocarbons (9); 4, nitrobenzenes (3) and isophorone; 5,
nitrosamines (3); 6, 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD);
7, benzidines (3); 8, phenols (11); 9, polynuclear aromatics (16); 10,
pesticides and polychlorinated biphenyls (PCBs) (21); 11, halocarbon
purgeables (26) and aromatic purgeables (3); and 12, acrolein and
acrylonitrile. These categories are divided primarily along organic func-
tional group lines, although categories 4, 11, and 12 deviate somewhat
from this scheme. The methods fall into two major classifications: (1)
GC and (2) HPLC. With the exception of the method for 2,3,7,8-TCDD,
all of the GC methods employ conventional low-cost detectors. The
method for 2,3,7,8-TCDD requires the use of capillary column GC-MS.
Three of the methods use purge and trap GC and are modifications of
the technique reported by Bellar and Lichtenberg (6) in 1974. Two
methods require HPLC, and seven use various conventional, more or
less selective, GC detectors. One of the methods, that for phenols, also
includes a derivatization step. Tables I and II present summaries of the
methods.

The purpose of this chapter is not to give complete details for each
of the test methods but rather to give a summary of each to indicate
the scope and application.

Brief descriptions of each of the test methods are presented in the
following sections. The complete methods are available on request from
EMSL-Cincinnati. Sample collection procedures for purgeable volatile
analytes are unique and are described in the individual methods. Sample
collection procedures for analytes other than the purgeable volatiles can
be found in reference 7.

Purge and Trap Methods for Purgeable Volatiles

Three purge and trap methods are used to determine 29 halocarbons
(Method 601), seven aromatics (Method 602, including four of the halo-
carbons), and acrolein and acrylonitrile (Method 603). The three methods
are distinctly different in the sorbent trap materials, GC columns, and
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analytical conditions employed. In addition, the acrolein-acrylonitrile
method uses an elevated purge temperature of 85 °C, whereas the other
two methods use an ambient temperature. Table I summarizes the
analytical conditions for this group of methods. Problems with stability
of the trapping material, Porapak-N, prompted additional work on
Method 603, which was subsequently modified for final rule making (8).

The difference in the trap sorbent materials is required because of
the variable capacity of the sorbents to retain the compounds of interest.
EMSL-Cincinnati studies showed that the purge and trap method, as
originally published, was not capable of trapping the very volatile
priority pollutant compounds such as vinyl chloride and dichlo-
rodifluoromethane, which are gases at room temperature. It was ex-
perimentally determined that activated carbon and silica gel were
required to successfully trap the freons. The trap composition and
dimensions, beginning with the inlet end, are as follows: 1 cm of 3%
OV-1 on Chomosorb-W, 7.7 cm of Tenax-GC, 7.7 cm of silica gel, and
7.7 cm of activated charcoal. A trap containing 1 cm of the 3% OV-1
material and 23 cm of Tenax-GC was found to be satisfactory for
trapping the aromatic compounds.

The higher polarity and thus higher water solubility of acrolein and
acrylonitrile required an elevated purge temperature (85 °C) to produce
acceptable recoveries. The trap composition was initially 24 cm of the
porous polymer, Poropak N. It was subsequently changed to 1 cm of
3% OV-1 on Chromosorb W and 23 cm of Tenax-GC.

Other important parameters in providing successful GC are the
column packing, temperature conditions, and selection of a detector as
specific to the analyte as possible. Maximum resolution of the halocar-
bons is achieved with an 8-ft X 0.1-in. i.d. column of Carbopack-B
coated with 1% SP-1000. The initial temperature of 45 °C is held for 3
min and then programmed at 8 °C/min to 220 °C. An organohalogen
detector (OHD) is used. The aromatics are best resolved with a 6-ft
X 0.085-in. i.d. column of Supelcoport coated with 5% SP-1200 plus
1.75% Bentone-34. They are measured with a photoionization detector.
The temperature conditions are as follows: 50 °C for 2 min then
programmed at 6 °C/min to 90 °C. A 10-ft X 2-mm i.d. Porapak-QS
(80-100 mesh) column at a temperature of 110 °C for 1.5 min and
rapidly heated to 150 °C is now used for acrolein and acrylonitrile. This
method employs a flame ionization detector (FID).

Methods for Semivolatile Organic Priority Pollutants

Table II summarizes the methods for the semivolatile organic com-
pounds. A brief description of these methods follows.
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Phenols (Method 604). Two approaches are given for the deter-
mination of phenols and, although we believe these to be state-of-the-art
methods, some problems remain to be solved. The sample is extracted
under basic conditions to remove potential interferences. The water
phase is then acidified and extracted three times with methylene
chloride. The extract is concentrated and analyzed by FID-GC by using
a 1.8-m X 2-mm i.d. column packed with Supelcoport 80-100 mesh
coated with 12 SP-1240 DA. The column temperature is programmed
from 80 to 150 °C at 8 °C/min. The resolution provided by this column
is not adequate to separate all 11 of the phenols; if all are present, the
second approach, derivatization and electron capture-GC (EC-GC),
must be used. After conversion to their pentafluorobenzyl bromide
derivatives and silica gel column chromatographic cleanup, the phenols
are analyzed on a 1.8-m X 2.0-mm i.d. glass column containing Chromo-
sorb W-AW-DMCS coated with 53 OV-17 at 200 °C. Neither approach
is 100% successful for resolving all of the phenols. Poor chromatographic
resolution is achieved between 2-chlorophenol and 2-nitrophenol, 2,4-
dimethylphenol and 2,4-dichlorophenol, and 2,4-dinitrophenol and 4,6-
dinitro-3-methylphenol.

Benzidines (Method 605). The method chosen for the determina-
tion of benzidine and 3,3'-dichlorobenzidine uses HPLC. Lichrosorb
RP-2 (5 um) is used as the analytical column, and acetonitrile and an
acetate buffer are used as the mobile phase. A relatively selective
electrochemical detector is used to detect and measure the benzidines.
The instability of 1,2-diphenylhydrazine, which decomposes to azoben-
zene, caused it to be eliminated from consideration.

Phthalate Esters (Method 606). These compounds are extracted
with methylene chloride, concentrated, and solvent exchanged to
hexane for Florisil or aluminum oxide column cleanup and EC-GC
determination by using a mixed phase columnn of 1.5% SP-2250 and
1.95% SP-2401. This method is essentially the same as that for or-
ganochlorine pesticides.

Nitrosamines (Method 607). The nitrosamines are extracted with
methylene chloride, treated with HC1, concentrated, and solvent ex-
changed to methanol for direct nitrogen-phosphorus or thermal energy
analyzer (TEA) detection. Provision is made for Florisil or aluminum
oxide column cleanup prior to GC analysis. The GC column liquid
phase is 10% Carbowax 20 M plus 2% KOH. N-Nitrosodiphenylamine
thermally degrades to diphenylamine in the GC and is measured as
diphenylamine after prior removal of any diphenylamine occurring, as
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such, in the extract. Florisil or aluminum oxide column cleanup is used
for this purpose.

Pesticides and Polychlorinated Biphenyls (Method 608). The
methods for organochlorine pesticides and polychlorinated biphenyls
(PCBs) differ from earlier 304(h) methods only by the extracting solvent
employed. Methylene chloride is used instead of the mixed solvent (15%)
methylene chloride in hexane. The CG columns, conditions, and detec-
tor are very close to the same.

Nitroaromatics and Isophorone (Method 609). The GC column
used for determination of these compounds is essentially the same as
that used for the pesticides and PCBs. Nitrobenzene and isophorone are
determined at 85 °C by using a FID. 2,6-Dinitrotoluene and 24-
dinitrotoluene are determined at 145 °C by using an EC detector.

Polynuclear Aromatic Hydrocarbons (Method 610). The poly-
nuclear aromatic hydrocarbons (PAHs) are analyzed by HPLC by
using a reverse-phase HC-ODS Sil-X column with UV and fluorescence
detectors in series. The option to use FID-GC is given. The column is
1.8-ft X 2-mm i.d. containing Chromosorb W-AW-DCMS coated with
3% OV-17. It is operated isothermally at 100 °C for 4 min and then
programmed at 8 °C/min to 280 °C.

Haloethers (Method 611). Bis(chloromethyl) ether is known to
have a very short half-life in water (38 s). Therefore, it was eliminated
from the priority pollutant list and from consideration in EMSL-Cincinnati
method studies. Some of the other haloethers are very volatile, and care
must be taken to prevent their loss during the concentration step. The
haloethers are determined by OHD-GC by using a 1.8-m X 2-mm i.d.
glass column containing Supelcoport coated with 3% SP-1000. The
temperature is held at 60 °C for 2 min and then programmed at
8 °C/min to 230 °C.

Chlorinated Hydrocarbons (Method 612). These include
chlorinated compounds other than those classified as pesticides, PCBs,
or purgeables. One of these compounds, hexachlorocyclopentadiene,
has been found to be unstable in the extracting solvent, methylene
chloride. Thus, recoveries for this compound are variable and low. The
chlorinated hydrocarbon compounds are determined by EC-GC by
using a 1.8-m X 2-mm i.d. glass column containing Supelcoport (80-100
mesh) coated with 1.5% OV-1 plus 2.4% OV-225. The oven temperature
for six of the earlier eluting compounds is 75 °C. For two later eluting
compounds, the oven temperature is 160 °C. Hexachlorocyclopen-
tadiene is chromatographed at 100 °C.
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2,3,7,8-TCDD (Method 613). 237 8-TCDD is a very hazardous
compound. Special handling facilities are required when working with
the standard material or samples containing 2,3,7,8-TCDD. A section on
safe handling practice for 2,3,7,8-TCDD, issued by the Dow Chemical
Company (9), has been included with this method. The sample is
extracted with methylene chloride and solvent exchanged to hexane.
Cleanup is accomplished by washing the extract with sodium hydroxide
followed by sulfuric acid and water. The extract is concentrated and
further cleaned by using either of the optional column chromatographic
procedures: silica gel or aluminum oxide. These may be used indepen-
dently or in series as needed.

Determination of 2,3,7,8-TCDD is by capillary column GC-selective
ion monitoring MS. The capillary column is 60-m X 0.25-mm i.d. glass-
fused silica coated with SP-2330 to a thickness of 0.2 um. This column
gives a unique separation of 2,3,7,8-TCDD from the other 21 tetra-
chlorodibenzodioxin isomers.

Broad Spectrum Methods (Methods 624 and 625). Two broad-
spectrum GC-MS methods, Method 624 for purgeable volatile organics
and Method 625 for semivolatile organics, were included in the develop-
ment and evaluation studies. They were the successors of the “Sampling

and Analysis Procedures for Survey of Industrial Effluents for Priority
Pollutants™ (5).

METHOD 624 FOR PURGEABLE VOLATILES. This method, similar
to Methods 601 and 602, simultaneously determines the chlorinated
aliphatic and aromatic purgeable priority pollutants. The sorbent trap
employed here consists of 1 cm of 3% OV-1 coated solid support, 15
cm of Tenax-GC, and 8 cm of silica gel. The GC column is 6-ft X 0.1-in.
i.d. packed with 1% SP-1000 Carbopack B (60-80 mesh) operated under
the following oven temperature conditions: initial temperature of 45 °C
for 3 min, then programmed at 8 °C/min to 220 °C.

The analytes are determined by acquiring a full mass scan and
obtaining the extracted ion current profiles (EICP) for the primary
mass-to-charge ratio and at least two secondary masses of each analyte.
Ions recommended for this purpose are listed in the EMSL methods.

METHOD 625 FOR SEMIVOLATILES. This method is a solvent ex-
traction method intended to determine as many of the organic semivola-
tile priority pollutants as possible. To accomplish this, the sample is
serially extracted, first at a pH greater than 11 and then at pH 2. Figure 1
shows a flow diagram of the procedure. The two fractions, base-neutrals
and acids, are independently determined by using two separate GC
columns. The base-neutrals are determined on a 1.8-m X 2-mm i.d. glass
column packed with Supelcoport (100-120 mesh) coated with 3%
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ADJUST TO PH 11, EXTRACT WITH MeCL,

|

MeCL, PHASE AQUEOUS PHASE
DRY, ADD ACETONE, ADJUST pH TO 2.
CONCENTRATE EXTRACT WITH MeCL,
BASE-NEUTRAL FRACTION DRY., ADD ACETONE.

CONCENTRATE

ANALYZE BY GC-MS ACID FRACTION

ANALYZE BY GC-MS

Figure 1. Extraction of a sample for base-neutral and acid compounds.

SP-2250 under programmed temperature conditions at an initial tem-
perature of 50 °C for 4 min, then 8 °C/min to 270 °C. The acids are
determined on a 1.8-m X 2-mm i.d. glass column packed with Supel-
coport (100-120 mesh) coated with 1% SP-1240 DA under programmed
temperature conditions. The initial temperature of 70 °C is held for 2
min and then is programmed at 8 °C/min to 200 °C.

The analytes are determined in a manner similar to Method 624 by
using EICP of the primary characteristic mass-to-charge ratio and the
internal standard approach for quantification. Characteristic ions for the
analytes and internal standards are provided in the method.

Method Revisions

The foregoing methods, non-MS and MS, were first published in the
Federal Register as proposed rule making in December 1979 (3). As a



Published on December 15, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1987-0214.ch004

4. LICHTENBERG ET AL. Volatile Nonpolar Organic Chemicals 73

result of public review and comment following that proposal, many
significant comments were received. USEPA considered these com-
ments, and, as a result, a number of significant revisions were made to
the methods. The revised methods were published for final rule making
on October 26, 1984 (10). These methods supplement those approved
earlier (1973), which have been updated and which are being
reproposed in the current rule making. The initial series of eight USEPA
methods [304(h) methods] and the parameters measured are the follow-
ing (the numbers in parentheses indicate the number of compounds
included in the method): 614, organophosphorus pesticides (8); 615,
chlorinated herbicides (5); 616, benzidines (2); 617, organochlorine pesti-
cides and PCBs (36); 618, chlorinated solvents (26); 619, triazine herbi-
cides (11); 620, O-aryl carbamates (5); and 621, N-aryl carbamates and
ureas (12). Six of the methods are for pesticides and herbicides, whereas
the other two methods are for PCBs and organochlorine solvents. The
methods for organochlorine and organophosphorus pesticides, PCBs,
and chlorinated phenoxyacid and triazine herbicides are solvent-extrac-
tion GC methods. The methods for carbamates and ureas are thin-layer
chromatography. A colorimetric method (Chloramine-T), formerly ap-
proved for benzidine and its salts, will be withdrawn.

Isotopic Dilution Methods (Methods 1624 and 1625)

In the interim between the initial development and application of
Methods 624 and 625, the Effluent Guidelines Division, under contract,
developed isotopic dilution methods for purgeable volatiles and semi-
volatile priority pollutants (I11). The primary difference between
Methods 624 and 625 and their 1624 and 1625 counterparts is that stable,
isotopically labeled analogs of the compounds of interest are added to
the sample prior to extraction, and quantitative determination is made
by using the isotope ratio values for the compounds determined relative
to their labeled analogs. In addition, Method 1625 is designed as a
capillary column method and uses a 30-m X 0.25-mm silicone-bonded-
phase fused silica column (J&W DB-5). Method 1624 uses the same
column materials as Method 624. Methods 1624 and 1625 are presented
as acceptable alternatives to Methods 624 and 625.

Additional methods considered for 304(h) rule making and the
parameters measured are the following (the numbers in parentheses
indicate the number of compounds included in the method): 622,
organophosphorus pesticides (19); 623, 4,4'-methylene bis(2-
chloroaniline); 626, acrolein and acrylonitrile (2); 627, dinitroaniline
pesticides (5); 628, carbofuran; 629, cyanazine; 630, dithiocarbamates
(15); 631, carbendazim and benomyl; 632, carbamate and urea pes-
ticides (7); and 633, organonitrogen pesticides (7). Most of these are
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associated with point-source pesticide regulations and were cited in the
Federal Register 40 CFR Part 455, November 1982 (12). They are a
mixture of conventional GC and HPLC methods.

Interlaboratory Validation Studies

Each of the analytical methods directly associated with the Consent
Decree, except Methods 603 and 1624, have been subjected to an
interlaboratory study to define their accuracy and precision for each of
the analytes of interest.

The interlaboratory method validation studies (IMVS) were
designed according to the approach of Youden (13) in which pairs of
samples having slightly different spiked concentrations of the com-
pound of interest are analyzed. The IMVS were conducted by the
Quality Assurance Branch of EMSL-Cincinnati. For each method, 15-20
laboratories were subcontracted through a prime contractor to perform
the analyses. Six sample types were studied for each method: distilled
water, drinking water, ambient surface water, and three relevant in-
dustrial waste effluents. The participating laboratories furnished the first
three types from local sources. The prime contractor furnished the
effluent samples. Each sample type was spiked at three concentration
levels by using the Youden pair approach at each level. The individual
spike of each Youden pair was similar to but measurably different from
the other. The lower Youden pair was selected so that the concentration
would be above the minimum detection limit of the method. The mean
values of the three pairs were designed to spread over a usable and
realistic range of concentrations for the method.

The results of these interlaboratory studies are reported in USEPA
Method Validation Studies 14 through 24 (14). The data were reduced
to four statistical relationships related to the overall study: 1, multi-
laboratory mean recovery for each sample; 2, accuracy expressed as
relative error or bias; 3, multilaboratory standard deviation of the spike
recovery for each sample; and 4, multilaboratory relative standard
deviation. In addition, single-analyst standard deviation and relative
standard deviation were calculated.

The interlaboratory studies supported the beliet that, if a laboratory
performs well with the methods using distilled water, it should be able
to obtain good results with surface waters and industrial waste waters.
On the basis of these studies, the multilaboratory regression equations
for accuracy and single-analyst overall precision for distilled or reagent
water have been incorporated into the quality assurance and quality
control provisions of Methods 601, 602, 604-613, 624, and 625. These
provisions will be discussed later.
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Drinking Water Methods

A series of methods designed specifically for the analysis of drinking
water has also been developed. Primary among these are the purge
and trap and liquid-liquid extraction methods for trihalomethanes
(THMs) (15, 16). These methods were prepared by EMSL-Cincinnati
through the collaborative efforts of chemists from the Municipal En-
vironmental Research Laboratory-Cincinnati (MERL-Cincinnati) and
the Office of Drinking Water, Technical Support Division. They were
published in the Federal Register as part of an amendment to the
Interim Primary Drinking Water Regulations (2).

The analysis of THMs is reviewed below to point out general
principles of analysis for specific pollutants. Precision and accuracy
are specified where possible. The THMs of primary concern in drink-
ing water consist of chloroform, dichlorobromomethane, dibromo-
chloromethane, and bromoform. USEPA methods for the analysis
of drinking water and the parameters measured are the following
(the numbers in parentheses indicate the number of compounds
included in the method): 501.1, THMs—purge and trap GC (4); 501.2,
THMs—liquid-liquid extraction GC (4); 501.3, THMs—purge and trap
GC-MS (4); 502, chlorinated hydrocarbons—purge and trap (47); 503,
aromatic hydrocarbons—purge and trap (33); and 524, chlorinated and
aromatic hydrocarbons—purge and trap GC-MS (28). Methods 502, 503,
and 524 have been revised as methods 502.1, 503.1, and 524.1 and are
cited in the proposed National Primary Drinking Water Regulations.
Routine monitoring methods employ batch analyses and include the
purge and trap procedure (6, 17), liquid-liquid extraction (18-22), and
direct water injection. The limitations of direct water injection have
been documented by Pfaender et al. (23). THMs are now routinely
measured in many laboratories, primarily by the purge and trap and
liquid-liquid extraction methods.

Keith et al. (24) reported that, by using the purge and trap method,
most of the analyses of both 10-ug/L and 1-ug/L THM standards agree
within 30% of the calculated values. The variances due to instrument
background during routine monitoring were judged to be 0.6 and 1.7
ug/L for chloroform and bromodichloromethane, respectively. Reding
et al. (25) obtained comparable results regarding the overall precision
of the purge and trap and liquid-liquid extraction methods for routine
monitoring of THMs in drinking water at levels less than 1 ug/L. Single
laboratory precision and accuracy developed by Beller (16) are sig-
nificantly better than this value.

Results of interlaboratory studies conducted by the American
Society for Testing and Materials (ASTM) Committee D-19 for the
purge and trap technique (26) and liquid-liquid extraction (27) have
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been summarized (28) for chloroform, 1,23-trichlorobenzene, and
chlorobenzene (benzene and ethylbenzene were also included in the
study). For the purge and trap technique for the range 2.5-450 ug/L,
the recoveries were generally 1004 + 20%. Single operator precision
varied from 20-40% at the lowest concentration levels to 6-15% at the
highest concentration levels.

The liquid-liquid extraction procedure was also subjected to an
interlaboratory study by the ASTM Committee D-19. Two water
matrices were used: a purified water and a matrix water (a water
simulating natural conditions). Bromoform, bromodichloromethane,
chlorodibromomethane, chloroform, tetrachloroethylene, and 1,1,1-
trichloroethane were studied. For the range 1.9-99 ug/L, recoveries
were from 90% to 120%. The relative standard deviation ranged from
10-27% at the lowest concentration to 3.8-8.0% at the highest concen-
tration.

In addition to the THM methods, EMSL-Cincinnati has developed
purge and trap methods for selected halogenated (29) and aromatic (30)
compounds that are considered to be chemical indicators of industrial
contamination. The methods are applicable to 47 halogenated com-
pounds (Method 502) and 33 compounds that have ionization potentials
less than 10.2 eV and that are aromatic or contain a doubly bonded
carbon (Method 503). Seven of these compounds are halogenated and
are also included in the method for halogenated compounds. Another
method, Method 524 (31), provides for GC-MS determination of 28
purgeable volatiles. Single laboratory precision and accuracy data for
these compounds are provided in the EMSL methods.

The halogenated method employs a packed column of 1% SP-1000
on Carbopak-B (60-80 mesh) as its primary analytical column. The
column is 8-ft X 0.1-in. i.d. It is operated at a helium flow rate of
40 mL/min under programmed temperature conditions of 45 °C isother-
mal for 3 min, then 8 °C/min to 220 °C, and then held at 220 °C for
15 min or until all compounds have eluted. An electrolytic conductivity
detector operated in the halide-specific mode is used for measurement.

The aromatic method uses as its primary analytical column a
packed column of 5% SP-1200 + 1.75% Bentone 34 on Supelcoport
(100-120 mesh). The carrier gas is helium at a flow rate of 30 mL/min.
The temperature is programmed as follows: (for lower boiling com-
pounds) 50 °C isothermal for 2 min, then 6 °C/min, then 6 °C/min to
90 °C, and then held until all compounds have eluted; (for a higher
boiling range of compounds) 50 °C isothermal for 2 min, then 3 °C/min
to 110 °C, and then held until all compounds have eluted. A photoioniza-
tion detector with a 10.2-eV lamp is used for measurement.

Additional methods for pesticides and herbicides in drinking water
are available (32).
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In addition to the specific methods just discussed, EMSL-Cincinnati
has developed or evaluated additional methods for the determination
of toxic and hazardous organic chemicals in water and waste waters.
Together, these methods are applicable to approximately 390 com-
pounds, including 169 pesticides.

Analytical Quality Control

Analytical quality control is an important aspect of any environmental
analysis. It is particularly important when the data generated are to be
used in determining the health effects of the compounds measured,
effectiveness of a treatment process, or compliance with regulations
limiting discharge in waste waters or allowable concentrations in drink-
ing waters. The quality of the data produced, that is, the accuracy and
precision with which the measurements are made, must be known and
of the highest quality possible in order to reach sound decisions in these
areas. This requirement is well-recognized in the environmental analyti-
cal community. Thus, it is no surprise that public comment on the
December 1979 proposed rule making strongly agreed, in principle,
with USEPA’s proposal for mandatory quality control when analytical
methods are used for regulatory purposes. The program should consist
of both intralaboratory and interlaboratory quality control and should
be cost effective.

Intralaboratory Quality Control. In its efforts to establish mini-
mum intralaboratory quality control, the USEPA has incorporated cer-
tain mandatory quality control practices into each of the 600-series
organic methods promulgated as part of final rule making on October
26, 1984 (10). These quality control practices are found in Section 8 of
each EMSL method.

Laboratories using these methods for regulatory purposes are re-
quired to operate a formal quality control program. The minimum
requirements of the program consist of an initial demonstration of
laboratory capability and an ongoing analysis of spiked samples to
evaluate and document data quality. The laboratory must maintain
records to document the quality of data that is generated. Ongoing data
quality checks are compared with established performance criteria to
determine whether or not the results of analyses meet the demonstrated
performance characteristics of the method. When results of spike
sample analyses indicate atypical method performance, a quality control
check standard must be analyzed to confirm that the measurements
were performed in an in-control mode of operation.

INITIAL PHASE OF THE PROGRAM. As an initial or start-up test, the
analyst must use the method to analyze four spiked distilled or reagent-
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water samples to demonstrate the ability to generate acceptable ac-
curacy and precision.

Acceptability is determined for each parameter by comparison of
the standard deviation (s) and the average recovery (X) with the
corresponding acceptance criteria for precision and accuracy as
published in the method for the analytes of interest. If s and X for all
parameters of interest meet the acceptance criteria, the system perfor-
mance is acceptable and analysis of actual samples may begin. If any
individual s exceeds the precision limit, or if any individual X falls
outside the range for accuracy, the system performance is unacceptable
for that parameter. The analyst must locate and correct the source of
the problem and repeat the test for all parameters that failed.

ONGOING QUALITY CONTROL. The laboratory is required to carry
out an ongoing quality control program with a requirement to analyze a
method blank each time a set of samples is extracted or when a change
of reagents occurs. There is an additional requirement to assess accuracy
by spiking and analyzing at least 10% of the samples from each site being
monitored. This requirement means analyzing at least one spiked sample
for every sample or set of samples of 10 or less. The spiked concentra-
tion should be at the regulatory concentration limit or 1-5 times the
background concentration in the sample, whichever is higher.

To assess the accuracy of the measurement, the analyst should
compare the recovery (P) for each parameter with the corresponding
quality control acceptance criteria published in the method for each
analyte of interest. The analyst must use either the published quality
control acceptance criteria or the optional quality control acceptance
criteria as defined in the Federal Register (10).

If any individual P falls outside the designated range for recovery,
that parameter has failed the acceptance criteria. When this situation
occurs, a quality control check standard containing each parameter that
failed the criteria must be analyzed independent of the matrix, that is,
spiked reagent water, to demonstrate that the laboratory is operating in
control. If this second test is failed, the sample results for those
parameters are judged to be out of control, and the problem must be
immediately identified and corrected. The analytical results for those
parameters in the unspiked sample are suspect and may not be reported
for regulatory purposes.

As another phase of the ongoing quality control program, method
accuracy for waste water samples must be assessed and records must
be maintained. After the analysis of five spiked waste water samples as
in the accuracy check just described, the average (P) and the standard
deviation of the percent recovery (s,) are calculated. The accuracy is
expressed as a percent interval or range from P — 2s, to P + 2s,. The
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accuracy assessment of each parameter of interest is updated on a
regular basis, for example, after every 5-10 additional accuracy
measurements.

An additional quality control check that consists of the spiking of
all samples with surrogate standards is required for Methods 624 and
625. Surrogate standards may be labeled or unlabeled compounds
similar in structure and chemical and chromatographic behavior to the
parameters of interest. Examples provided in the methods are
deuterated and fluorinated compounds. A minimum of three surrogate
compounds should be selected to cover the retention time range of the
parameters being determined. The percent recovery for each surrogate
is calculated and records are maintained. To date, no performance
criteria or required action have been set for the surrogate results.

The foregoing mandatory quality control requirements represent a
minimal formal program that should be applied only after the
laboratory-analyst has performed all of the usual standard operating
procedures for eliminating or, to the extent possible, minimizing sources
of determinate errors including proper cleaning of glassware and
calibration of analytical instruments or systems. It is recommended that
the laboratory adopt additional quality assurance practices, such as the
analysis of field duplicates, to assess the precision of the sampling
process.

Interlaboratory Quality Control. In addition to the mandatory
quality control practices just outlined, the laboratory is encouraged to
participate in interlaboratory programs such as relevant performance
evaluation (PE) studies, analysis of standard reference materials, and
split sample analyses. Participation in interlaboratory analytical method
validation studies is also encouraged.

In keeping with this recommendation, the EMSL-Cincinnati in
cooperation with the USEPA Office of Water Enforcement conducts a
quality assurance program to evaluate the performance of laboratories
doing analyses required in major NPDES permits. The studies con-
ducted under this program are referred to as Discharge Monitoring
Report-Quality Assurance (DMR-QA) studies (33). Under the NPDES,
major permit holders who generate self-monitoring data are required to
participate in this program. Participants are provided with sample
concentrates (reference standards in solution) that are diluted to a
prescribed volume in reagent water for analyses. The results are used
to identify laboratories having significant analytical problems that need
to be corrected.

The EMSL-Cincinnati conducts other PE studies under the USEPA
Mandatory Quality Control Program for drinking water analysis cer-
tification and general water analysis.
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Application of the Master Analytical
Scheme to Polar Organic Compounds

in Drinking Water

A. W. Garrison! and E. D. Pellizzari’

5

"Environmental Research Laboratory, U.S. Environmental Protection Agency,

Athens, GA 30613
Research Triangle Institute, Research Triangle Park, NC 27709

The U.S. Environmental Protection Agency Master Analytical
Scheme (MAS) for Organic Compounds in Water provides for
comprehensive qualitative-quantitative analysis of gas
chromatographable organic compounds in many types of water.
This chapter emphasizes the analysis of polar and ionic organic
compounds—the more water-soluble compounds in the MAS
repertoire—in raw and treated drinking water. Mean recoveries
from drinking water made by using the MAS protocols that
handle polar and ionic compounds were as follows: 84% for neu-
tral water-soluble organic compounds (25 compounds spiked at
1 pg/L), 89% for extractable semivolatile strong acids (24 com-
pounds spiked at 50-100 ug/L), 82% for volatile strong acids (18
compounds spiked at 0.3 ug/L), and 81% for strong primary and
secondary amines (11 compounds spiked at 35 ug/L). The proto-
col for nonvolatile acids has not yet been applied to spiked drink-
ing water, but recoveries should be higher than the average of 85%
(14 compounds spiked at 50 ug/L) obtained for these acids in
industrial-municipal effluents.

ORCANIC CONTAMINANTS IN WATER can be divided into three groups:
1, volatile (gas chromatographable) nonpolar; 2, polar of intermediate
volatility; and 3, nonvolatile polar. This grouping roughly parallels
Neal’s (1) division of contaminants into three classes: 1, lipid soluble
with molecular weight (MW) < 500; 2, more water soluble with MW <
500; and 3, lipid soluble and water soluble with MW > 500. Any
differences in categorization are the result of current analytical opera-
tional limitations; for example, most contaminants in Neal’s first group

0065-2393/87/0214/0083%$06.00/0
© 1987 American Chemical Society
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are best separated by gas chromatography (GC), but as the MW
increases from 300 to 500, volatility decreases so that high-performance
liquid chromatography (HPLC) often becomes the preferred technique.
The third groups in both classification schemes are limited to HPLC
separation.

This chapter is limited to compounds in group 2 of both classifica-
tions, that is, polar, even ionic, water-soluble compounds of MW < 500
that are less lipid-soluble than those of group 1. These polar compounds,
in most cases, are volatile enough for GC separation or can be made
volatile enough by derivatization. However, some of MW < 500 are still
not volatile enough for GC under any conditions; these must be
separated by HPLC. These compounds are covered elsewhere in this
book (2).

The U.S. Environmental Protection Agency (USEPA) Master
Analytical Scheme (MAS) for Organic Compounds in Water (3)
provides for comprehensive qualitative-quantitative analysis of most
gas chromatographable organic compounds in many types of water.
These compounds include the purgeable and solvent-extractable, rela-
tively nonpolar, lipid-soluble compounds. They also include the more
water-soluble polar and ionic compounds that usually cannot be isolated
from water with conventional solvent extraction and are usually not gas
chromatographable without derivatization. Again, this chapter is limited
to polar and ionic compounds, in raw and treated drinking water, that
are amenable to MAS analysis.

MAS Protocols

Figure 1 is a flow diagram of MAS procedures. The polar compounds
discussed here are covered by six protocols:

1. NEWS: neutral, water-soluble, low-molecular-weight com-
pounds concentrated by azeotropic distillation then isolated
by a heated purge and trap procedure (alcohols, aldehydes,
nitriles, etc.).

2. ESSA: extractable, semivolatile, strong acids extracted at pH
1 (less volatile carboxylic acids, strong phenols, etc.).

3. VOSA: volatile, strong acids isolated on anion-exchange resin
(volatile carboxylic acids, generally <C-9).

4. NOVA: nonvolatile, strong acids isolated on anion-exchange
resin (certain carboxylic acids, sulfonic acids, etc.).

5. SAM-PT and SAM-S: strong amines isolated on cation-
exchange resin (primary, tertiary, and secondary amines,
primarily aliphatic).

6. WABN-SC: weak acids, bases, and neutrals isolated at pH
8.0 on XAD-4 resin (weak phenols, anilines, and a wide vari-
ety of neutral compounds).
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All protocol extracts or isolates are analyzed by capillary column
GC-mass spectrometry (GC-MS); all except the NEWS and WABN
must be derivatized before analysis.

Recovery, Precision, and Sensitivity

During development of the MAS, extensive recovery studies were
conducted to verify protocols and to form a data bank for future use
in quantitative analysis. Two hundred and seventeen different model
compounds from a wide variety of chemical classes and physical
property groups were dosed into drinking water; accuracy (recovery)
and precision were determined for each compound and for each class
of organic within each analytical protocol. [Recovery data for 327
organics in several types of water obtained by using all of the MAS
protocols were presented at the 186th meeting of the American Chemi-
cal Society in Washington, DC, in September 1983 (4).]

Table I shows the summarized recovery data with spiking levels
and precision. This table includes, for purposes of comparison with
polar compounds, some data for nonpolar compounds [volatile organics
(VO) and the neutrals in WABN]; also, the recoveries for NOVA are
not for drinking water. The mean recovery for 217 compounds was 82%;
the mean relative standard deviation (RSD) (for three or more measure-
ments) was 12%. Several observations can be made in regard to these
data: (1) The best recoveries and precision are obtained for VO and
ESSA compounds. (2) NEWS organics, a new class of analytes, are

Table I. Summary of MAS Recovery Data for Organics in Drinking Water
by Protocol Class

Nominal
Spiking  Spiking Mean Mean
No. of Range Level Recovery RSD
Protocol Class Compounds (ppb)*® (ppb)° (%) (%)
VO 52 02-18 1 90 10
NEWS 25 08-1.2 1 84 16
WABN-SC 87 0.5-5 1 74 12
ESSA 24 50-100 55 89 9
VOSA 18 0.3 0.3 82 10
SAM-PT and SAM-S 11 35 35 81 12
Total 217 - — 82b 12b
NOVA 14 50 50 85 20

NoTE: For all protocol classes except NOVA, triplicate determinations were made from
d}'fi_lnking water. For NOVA, triplicate determinations were made from industrial-municipal
eftluents.
¢ Values indicate level spiked into water sample.

These mean recoveries and mean RSDs were calculated from the individual values for the
217 compounds.
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recovered well with adequate precision. (3) The three classes of
ionizable compounds that are isolated on ion-exchange resins (VOSA,
SAM, and NOVA) are recovered well with adequate precision. (4) The
lowest recoveries are for the MAS protocol fraction containing the
largest number of compounds—WABN-SC.

Comparisons can be made with recoveries from other matrices,
especially industrial and municipal effluents. For example, recoveries of
VO and NEWS compounds are practically the same for drinking water
and for effluents; this result indicates the lack of matrix effects. On the
other hand, the two classes of ionizable organics, VOSA and SAM, that
were studied in both matrices were recovered significantly better and
with better precision from drinking water than from the effluents. Thus,
we deduce that the recoveries of NOVA compounds will be even better
in drinking water than the 85% average recovery from effluents. Finally,
the relatively poor recovery and precision (74% with RSD of 12%) of
WABN organics from drinking water, by using the prescribed ac-
cumulator-column isolation technique for added sensitivity, are still
better than those from the effluents (69% with RSD of 20%), where batch
liquid-liquid extraction is used.

Recovery data for the separate chemical classes in each MAS
protocol are given in Table II. Data are included for all protocols,
including those for nonpolar compounds. These data are for all types
of water studied, not just drinking water; footnotes to Table II give
information on sample matrices and spiking levels. Chapter 1 of the
MAS protocols (3) gives recovery values for each individual analyte,
including separate values for each analyte in drinking water for each
protocol except nonvolatile acids. The MAS protocols (3) and ex-
perimental reports (5) provide some insight into experimental dif-
ficulties that may cause some of the poorer recoveries and precision
values of Table II.

Nominal detection limits for the MAS as applied to drinking water
range from 0.1 ug/L for VO and NEWS compounds to 5 ug/L for
ESSA compounds.

Conclusions

Application of the MAS to drinking water should considerably broaden
the scope of organic compounds detected and measured, relative to
previously available analytical methods. This conclusion is especially
true for the polar compounds of relatively low MW (<500); however,
a few of these compounds are not recovered well by the MAS extraction
and isolation techniques or are not gas chromatographable, even after
derivatization. HPLC methods offer the most promise for separation
and analysis of these compounds as well as those of high molecular
weight.
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High-Performance Liquid
Chromatography for Determination
of Trace Organic Compounds

in Aqueous Environmental Samples

Assessment of Current and Future Capabilities

Jeffrey A. Graham

Monsanto Agricultural Company, Life Sciences Research Center, St. Louis,
MO 63198

A review of high-performance liquid chromatographic (HPLC)
instrumentation, techniques, and methodologies for the deter-
mination of trace organic compounds in water is presented. The
review includes approaches to sample cleanup or analyte isola-
tion for those compounds likely to be candidates for analysis by
HPLC. Column technology, as it contributes to the use of HPLC
for trace organic analyses, is discussed. Finally, various tech-
niques for quantitative and qualitative detection of analytes are
discussed.

(44
WHAT IS IN THIS WATER?” This seemingly simple, yet horrendously
complex question is being posed by increasing numbers of well-in-
formed and not so well-informed individuals. In the recent U.S. Envi-
ronmental Protection Agency (USEPA) report, “National Water Quality
Inventory Report to Congress”, two issues of national concern were
identified: (1) pollution resulting from toxic substances and (2) con-
tamination and depletion of ground water. More than half the states
reported ground water problems stemming from waste disposal, landfill
seepage, and excessive depletion of ground water supplies. A diverse
collection of highly skilled scientists and engineers will be needed to
effectively address these ubiquitous problems and to provide meaning-
ful answers to the question “What is in this water?”
As more people ask this question, a greater burden will fall on the

0065-2393/87/0214/0097$10.50/0
© 1987 American Chemical Society
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shoulders of the chemist. The quality and quantity of the information
that the chemist will be able to provide not only depend upon integrity
and ability, but also upon the tools available to perform the task at
hand. High-performance liquid chromatography (HPLC) is readily
available to solve many of the problems encountered in providing
reliable information on the identity and quantity of organic compounds
in aqueous environmental samples.

The use of modern HPLC technology for the analysis of trace
organic compounds in aqueous environmental samples has been steadily
increasing. The mode of use primarily has been to quantify a single
organic compound or group of closely related compounds. Thus far,
the technology has not been commonly used to determine organic
compounds in a given sample in a broad nonspecific sense. However,
gas chromatography-mass spectrometry (GC-MS) has been used in this
way. This situation exists because currently no detection system can be
readily employed on-line with HPLC that can provide adequate sensi-
tivity and structurally interpretable data.

In this chapter, the current and future capabilities of HPLC for the
determination of trace organic compounds in aqueous environmental
samples will be assessed. This assessment will include approaches to
sample cleanup or analyte isolation for those species likely to be candi-
dates for analysis by HPLC. Column technology, as it contributes to the
use of HPLC for trace organic analyses, will be surveyed. Finally, detec-
tion of the compounds eluting from the system will be examined. The
ultimate detector will always adequately identify and measure the
compounds of interest. :

Throughout this chapter, continued reference will be made to the
article, “Principles of Environmental Analysis”, by Keith et al. (1), which
should be read by those who request that a method be developed or
an analysis be performed. Without elaborating upon the contents, the
two most important points of the article are the following: (1) “It cannot
be assumed that the person requesting an analysis will also be able to
define the objectives of the analysis properly.” (2) “Analytical chemists
must always emphasize to the public that the single most important
characteristic of any result obtained from one or more analytical
measurements is an adequate statement of its uncertainty interval (2).”

Sample Cleanup and Analyte Isolation

Assuming a properly preserved aqueous sample has been received from
a particular location, and assuming that the sampling program has been
designed to provide an adequate number of representative samples (1),
what steps are necessary to prepare the sample for analysis by HPLC
and associated detection systems? The answer depends upon that nature
of the compounds that are targeted for the analysis as well as the
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characteristics of the matrix. Concentration or isolation techniques that
exploit volatility, for example, purge and trap, headspace sampling, or
closed-loop gas stripping, will unlikely be used because compounds
amenable to these isolation modes should be more than adequately
determined by gas chromatography (GC). Some form of isolation from
the aqueous matrix is generally performed, and proper design of the
step can serve to selectively or nonselectively concentrate the com-
pounds of interest (3, 4). Rosenfeld et al. (5) recently reported an
approach to the simultaneous extraction and derivatization of organic
acids from water. By using XAD-2 macroreticular resin impregnated
with pentafluorobenzyl bromide, carboxylic acids and phenols could be
extracted from water and derivatized with the products retained upon
the resin. Innovative designs of methods using integrated steps such as
this one serve to reduce the cost per analysis as well as to eliminate
sample handling steps that can only contribute additional imprecision.

Liquid-liquid extraction and sorbent accumulation are the most
commonly employed isolation-concentration methodologies. In their
ideal forms, these methods readily extract or accumulate relatively
hydrophobic compounds such as polynuclear aromatic hydrocarbons
(PAHs) or polychlorinated biphenyls. However, when HPLC is likely
to be the method of choice, the compounds are likely to be highly polar
or ionic. In these common cases, adaptation of the traditional methodol-
ogy can readily serve to carry out the necessary isolation.

Liquid-liquid extraction is used extensively and successfully (6). If
the analytes are acidic or basic, as is often the case when HPLC is the
analytical method selected, appropriate ionization suppression can be
employed to affect the desired extraction. Back extraction of the
analytes into an appropriately buffered aqueous volume can then serve
to isolate and concentrate. Anionic and cationic surfactants, or so-called
ion-pairing reagents, can be added prior to extraction to increase the
partition coefficients of the trace organic ionic compounds.

The highly manual nature of the liquid-liquid extraction process
has been one impetus for the development of alternative isola-
tion-extraction techniques such as sorbent accumulation (7-10). Junk
and Richard (11) noted that methodology for the accumulation of highly
hydrophilic compounds has not kept pace with that associated with
hydrophobic compounds. They modified XAD-4 resin to produce an
anion exchanger and applied this resin to the accumulation of anionic
and neutral organic compounds. Among their conclusions was that the
anion-exchange resin was more convenient and efficient than either
solvent extraction or neutral resin sorption. However, they also noted
that because of the finite number of exchange sites, extremely large
volumes of water could not be accumulated as has been done with
neutral resins such as XAD-2, -4, and -7.

Many different ion-exchange materials are readily available and can
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be efficiently applied to the accumulation, isolation, or cleanup of water
samples prior to analysis. The box below lists ion exchangers available
from Bio-Rad (Richmond, CA). The wide variety of exchange moieties
allows great flexibility in choosing a material with the optimum selec-
tivity necessary for isolating a given analyte from a particular matrix.
Most of the resins listed are based upon a relatively hydrophobic
polymer backbone. This structure can either help the situation, as was
the case reported by Junk and Richard (11), or it can present serious
difficulties. If difficulties are encountered, the use of cellulose- or silica-
based exchangers can generally solve the problem. Recently, silica
derivatized not only with ion-exchange moieties but also with a wide
variety of other useful ligands has become available.

Derivatized-silica bonded phases are available in disposable 1-, 3-,
and 5-mL columns as follows: nonpolar phases (ethyl, octyl, cyclohexyl,

Ion-Exchange Resins Available from Bio-Rad

Resin Type Active Group
AG 1 (strongly basic, AX) @ — CH,N*"(CHj);
AG 2 (strongly basic, AX) @— CH;N*(CH;),
C,H,0H
Bio-Rex 9 (strongly basic, AX) /CHSCI—

N+

<C:>>—CH3

Bio-Rex 5 (intermediate basic, AX) R — N(CHj3):HCl and
C;H,OHR — N(CHjs),

AG 3-X4A (weakly basic, AX) @— CH,N*(R),Cl-

AG 50 or 50W (strongly acidic, CX) @—SO;

Bio-Rex 70 (weakly acidic, CX) R—COO~
_CH,CO0"
Chelex 100 (weakly acidic, CX) @ CH, —l\{
CH,COO"

AG 11 A8 (strongly basic, AX
+ weakly acidic, CX) @— CH,N*(CH,),

+ RCH,COO~

NoOTE: AX = anion exchanger, CX = cation exchanger, and @= polymer lattice.
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phenyl, octadecyl); polar and weak ion-exchange phases (cyanopropyl,
aminopropyl, propylcarboxylic acid, diol, nonbonded silica); and
strong ion-exchange phases (benzenesulfonic acid, quarternary amine).
These columns are mounted in a vacuum manifold capable of process-
ing 10 columns simultaneously. The manufacturer claims a 75% reduction
in the time it takes to carry out liquid-liquid extraction. Uniform
derivatization of the silica, which also has a narrow particle and pore
size distribution, yields consistent and reproducible extractions and
cleanups. West and Day (12) used octadecylsilica (ODS) for extraction
of the herbicide fluridone, 1-methyl-3-phenyl-5-(3-trifluoromethylphenyl)-
4-(1H)-pyridinone, in pond water from 1-100 ng/mL. Recoveries aver-
aged better than 94% throughout the range. In similar work, Saner
and Gilbert (13) compared liquid-liquid extraction to accumulation
of the pesticide Dursban, O,0-diethyl-O-(3,5,6-trichloro-2-pyridyl) phos-
phorothioate, from contaminated environmental waters. Figure 1
shows the chromatograms of the water samples enriched on ODS
and extracted with methylene chloride. The disparity in the chro-
matograms was explained by the presence of a large fraction of clay
particulates contained within these samples. The drastically higher
concentration of Dursban found with the ODS enrichment of sample
number 3 in Figure 1 was explained by the fact that the enrichment
cartridges acted as mechanical filters so that the clay particulates could
effectively accumulate at the head of the cartridge. The subsequent
methanol rinse, which was designed to elute the Dursban that was
enriched on the ODS, also served to co-extract the Dursban adsorbed
on the clay particulates.

Kirkland (I14) described the reduction in detectable quantities for
HPLC-based analyses by loading large samples on the analytical
column. Later Little and Fallick (15) used this concept and concentrated
nonpolar organics from river water directly on the analytical column.
The term trace enrichment was coined to describe the injection-sampling
technique. Since then, trace enrichment has been used to describe a
wide variety of accumulation techniques, both directly on the analytical
column and off-line on disposable columns such as those described
earlier. Saner (I6) extensively reviewed trace-enrichment techniques
that were classified as direct injection, off-line enrichment, or on-line
enrichment. Direct injection of a larger than typical volume on the
analytical column has as its primary goal greater sensitivity. Off-line
enrichment serves to concentrate the analytes as well as to provide a
certain degree of cleanup. Off-line enrichment is readily carried out
with the derivatized-silica disposable extraction columns described ear-
lier. It is not limited to these by any means. The off-line enrichment
could be carried out with a column inserted in line with the analytical
column at the appropriate time. On-line enrichment has as its goal
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Figure 1. Sep-Pak adsorption and methylene chloride extraction of Dursban
(see arrows) from water samples 2 and 3. (The 10X denotes the concentra-
tion factor for Dursban above the original concentration in the water

samples.) (Reproduced with permission from reference 13. Copyright 1980
Marcel Dekker.)

automation of the loading of the sample into the HPLC instrumentation,
sample concentration, analyte isolation, and removal of interferences.
The extensive time-cost savings, as well as the reduction in systematic
error due to substantially minimized operator sample handling, have
many implications.

Graham and Garrison (17) evaluated on-line trace enrichment for
the determination of trace organic compounds in aqueous environmental
samples. These workers were primarily interested in nonvolatile and
thermally labile compounds that were not readily analyzed by GC
methodology. A 2-mm i.d. X 70-mm long stainless steel precolumn was
packed with 30-75 um diameter octadecyl-derivatized silica. This
precolumn was substituted for the sample loop in a conventional,
high-pressure, six-port valve. Water samples, 10-100 mL, were pumped
directly on the precolumn. After loading, the valve was switched to
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Figure 1. Continued.

place the precolumn in series with the solvent delivery system and the
analytical column. Gradient elution was used for the subsequent analyti-
cal separation, and UV spectrometric absorption at two wavelengths
was used for detection. Figure 2 shows results obtained from fortified
and blank drinking water (Athens, GA). Recoveries from the drinking
water for five of the seven fortified compounds were not statistically
different from the recoveries obtained when the same compounds
were fortified in distilled-deionized water. The other two compounds
were completely lost. Graham and Garrison (17) also evaluated an
approach to enrich ionic organic compounds. Acidic organic com-
pounds could be efficiently recovered from water samples with the
same ODS precolumn if tetrabutylammonium phosphate and an ap-
propriate buffer were added to the water sample prior to loading of
the precolumn. By using model compounds, such as m-chlorobenzoic
acid and o-chlorophenylacetic acid, recoveries typically decreased with
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Figure 2. A, chromatogram from elution of 100 mL of enriched drinking
water (Athens, GA) fortified with 1, 0.26 ug of caffeine; 2, 0.050 ug of
m-nitroaniline; 3, 0.44 ug of atrazine; 4, 0.75 ug of 2,6-dichloroaniline; 5,
0.43 ug of N-nitrosodiphenylamine; 6, 0.85 ug of decafluorobiphenyl (not
detected); and 7, 041 ug of disperse red dye 13. B, chromatogram from
elution of 100 mL of enriched drinking water (Athens, GA). Conditions for
both enrichments: 100-mL samples enriched on an ODS-packed precolumn
at 5 mL/min. Analytical separation was on Partisil-10, ODS-2, 250-mm X
4.6-mm i.d. column. Mobile-phase gradient was 10% to 90% (v/v) acetonitrile
in distilled-deionized water at 5%/min, and flow rate was 1.0 mL/min.
Detection was at 254 nm. (Reproduced with permission from reference 17.
Copyright 1981 Ann Arbor Science.)

real samples compared with fortifications in distilled and deionized
water.

Miller et al. (18) evaluated an approach to simultaneous on-line
enrichment of neutral, acidic, and basic organic compounds by serially
connecting three precolumns containing ODS, a strong anion-exchange
derivatized silica, and a strong cation-exchange derivatized silica,
respectively. Table I lists the recoveries of representative compounds
that were fortified into 10 mL of drinking water (Athens, GA) and river
water (Oconee River) and subsequently on-line enriched on the three
serial precolumns. Also listed in Table I are the deviations found with
each matrix with respect to the recoveries obtained from fortified
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distilled-deionized water. Chromatograms of elution of each of the
three precolumn types are shown in Figures 3, 4, and 5. Dis-
tilled-deionized water, to which fulvic acid had been added at a level
of 5 mg of carbon per liter of water, was also used as a test sample
matrix. Recoveries of the various compounds from fortified water
containing fulvic acid are listed in Table II, and a representative
chromatogram is shown in Figure 6. The interference of the fulvic acid
was minimal. Corresponding limits of detection were calculated for
each test compound on the basis of the recoveries obtained with both
distilled-deionized water and fulvic acid fortified water. These are
listed in Table III.

Goewie et al. (19) developed an organometallic-silica bonded phase
for the selective retention of phenylurea herbicides and anilines from
water. Seven-micrometer diameter silica was derivatized with 2-amino-
1-cyclopentene-1-dithiocarboxylic acid (ACDA), resulting in Structure 1.
Capacity factors of phenylurea herbicides and corresponding anilines
were measured on the ACDA-silica and ACDA-metal-loaded silica. The
platinum-loaded material was found to selectively retain the anilines.
Anilines could be eluted with acetonitrile, but not with methanol or
tetrahydrofuran, because of the strength with which acetonitrile forms
complexes with platinum and thus displaces the anilines. Application of
the ACDA-Pt precolumn in series with an ODS-silica precolumn for

Table II. Recoveries of Standards from Water in the Presence of 5 mg
of Carbon per Liter as Fulvic Acid

AD from
Standard (Level) Recovery® DDIW Water®

ODS Group

Pyrene (5.5 ppb) 79 (3) +3

Caffeine (14 ppb) 97 (4) —4

Atrazine (15 ppb) 82 (3) 0

N-Nitrosodiphenylamine (14 ppb) 93 (2) —4

2,6-Dichloroaniline (26 ppb) 90 (3) +2
SCX Group

Quinoline (42 ppb) 92 (2) -5

p,p’-Methylenedianiline (7 ppb) 82 (2) +7

Aniline (38 ppb) 88 (5) =5
SAX Group

Pentachlorophenol (15 ppb) 79 (1) -10

Phenoxyacetic acid (98 ppb) 90 (5) +3

p-Chlorobenzoic acid (44 ppb) 95 (1) +8

2-Naphthalenesulfonic acid (32 ppb) 91 (2) -1

NoTe: All values are percentages.
? Values in parentheses are standard deviations.

AD denotes absolute deviation, and DDIW denotes distilled-deionized water.
SOURCE: Reproduced with permission from reference 18.
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Figure 3. Standards recovered from 10 mL of distilled-deionized water on
an ODS precolumn. Peak identities: 4, 0.14 ug of caffeine; 5, 0.20 pg of
pentachlorophenol; 7, 0.061 ug of m-nitroaniline; 8, 0.15 ug of atrazine; 9,
0.40 pg of quinoline; 10, 0.26 ug of 2,6-dichloroaniline; 11, 0.14 pg of N-
nitrosodiphenylamine; and 12, 0.055 ng of pyrene. Conditions for concen-
tration: 10-mL sample enriched on an ODS-packed precolumn. Analytical
separation was on Zorbax ODS, 250-mm by 4.6-mm i.d. column. Mobile-
phase gradient was 100% pH 7, 0.1 M acetate buffer for 2 min followed by
ramp to 90% acetonitrile/10% pH 7, 0.1 M acetate buffer (v/v) in 20 min at
1.0-mL/min flow rate. Detection was at 254 nm. (Reproduced with
permission from reference 18.)
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Figure4. Standardsrecovered from 10 mL of distilled-deionized waterona
strong-cation-exchanger packed precolumn. Peak identities: 4, 0.14 pg of
caffeine; 5, 0.20 ug of pentachlorophenol; 6, 0.42 ug of aniline; 7, 0.061 ug of
m-nitroaniline; 8, 0.15 ug of atrazine; 9, 0.40 ug of quinoline; 10, 0.26 ug of
2,6-dichloroaniline; 11, 0.14 ug of N-nitrosodiphenylamine; and 12, 0.055 ug
of pyrene. Conditions for concentration, analytical separation, mobile-phase
gradient, and detection were the same as in Figure 3. Reproduced with
permission from reference 18.)
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Figure 5. Standardsrecovered from 10 mL of distilled-deionized water ona

strong-anion-exchanger packed precolumn. Peak identities: 1, 0.87 ug of

phenoxyacetic acid; 2, 1.2 ug of p-chlorobenzoic acid; 3, 0.33 ug of

2-naphthalenesulfonic acid; and 12, 0.055 ug of pyrene. Conditions for

concentration, analytical separation, mobile-phase gradient, and detec-

tion were the same as in Figure 3. (Reproduced with permission from
reference 18.)
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Figure 6. Standards recovered from 10 mL of distilled-deionized water

containing 5 mg/L carbon as fulvic acid on a strong-anion-exchanger packed

precolumn. Peak identities: 1, 0.87 ug of phenoxyacetic acid; 2, 1.2 pg of

p-chlorobenzoic acid; 3, 0.33 ug of 2-naphthalenesulfonic acid; 5, 0.20 ug of

pentachlorophenol; and 12, 0.055 ug of pyrene. Conditions for concentration,

analytical separation, mobile-phase gradient, and detection were the same as
in Figure 3. (Reproduced with permission from reference 18.)
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Table III. Method Detection Limits
5 mg of Carbon/L of

DDIW Water Fulvic Acid
Standard (ppb)° (ppb)

ODS Group

Pyrene 0.01 0.04

Caffeine 0.02 0.06

Atrazine 0.1 0.1

N-Nitrosodiphenylamine 0.03 0.05

2,6-Dichloroaniline 0.06 0.2
SCX Group

Quinoline 0.07 0.2

p,p’-Methylenedianiline 0.02 0.1

Aniline 02 0.5
SAX Group

Pentachlorophenol 0.1 0.1

Phenoxyacetic acid 1 1

p-Chlorobenzoic acid 0.3 0.7

2-Naphthalenesulfonic acid 0.2 0.2

“DDIW denotes distilled-deionized water.
SOURCE: Reproduced with permission from reference 18.

the enrichment of the phenylurea herbicides and anilines in river water
was demonstrated.

Analytichem International has taken trace enrichment a step fur-
ther with the development of the Analytichem Automated Sample
Preparation LC Module, AASP LCM. This unit uses derivatized silica
in specially configured cassettes on which the sample is off-line enriched
by using an inexpensive vacuum manifold. After enrichment, the cas-
sette is placed in the unit, which holds up to 10 cassettes containing 10
samples each, and the enriched samples are eluted directly on the
analytical column. Provisions allow for early- and late-eluting bands to
be switched to waste. The unit also provides for external control of

NH

-

NH -

\/_/_ o

Structure 1.



Published on December 15, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1987-0214.ch006

112 ORGANIC POLLUTANTS IN WATER

other ancillary equipment, for example, integrators, auto-zero controls
on detectors, and data acquisition systems.

The sample cleanup or analyte isolation step is often the major
contributor to the overall systematic error of the analysis. In most cases,
the variation in the recovery of the analyte, or class of analytes,
determines the magnitude of the precision of the analysis. Thus, these
steps must be adequately validated (I). Because check material is
usually unavailable, fortifications to determine the effect of the matrix
on recovery have to be made. This procedure generally requires
prescreening a sample to determine an approximate analyte level so that
the fortification level is not drastically greater than or less than the
analyte level. Validation of the spiking or fortification procedure is
sometimes necessary.

Analytical Separation

The column is the heart of any chromatography-based analytical
method. Developments in column technology during the past 15 years
have contributed to the high performance of HPLC. Initial develop-
ments focused upon reduction of the mean particle diameter to achieve
the column efficiencies predicted by Giddings (20). The trend toward
smaller particles still exists. For example, in the recent review on liquid
chromatography (LC) by Majors et al. (21), the reviewers examined the
use of various particle diameters reported in 369 randomly selected
articles in 10 popular chromatographically oriented journals published
in 1982-83. This survey found that 2.6% of the papers reported using
particle diameters greater than 10 um, 54% reported using 10-um pack-
ing, 7.5% reported using 7.5-um packing, 35% reported using 5-pm
packing, and 1.4% reported using 3-um packing. The reviewers noted
that the 10-um diameter packings were the workhorses, but the 5-um
diameter packings were gaining popularity. This trend should continue,
but many using the 5-um diameter packings may change to the 3-um
diameter packings for various reasons. What impact does particle
diameter, as well as other column dimensions and various operating
parameters, have on using HPLC for trace analysis? Examination of eq
1 derived by Karger et al. (22) for the dependence of various HPLC
operating parameters on the lower limit of detection provides some
useful insight:

LDC = 5(+/27)(1/N)(1/SNR)(1/V)[V.(1 + k)] (1)

where LDC is the lowest detectable concentration, N is the number of
theoretical plates, SNR is the ratio of the signal produced by the
detection of the solute band to the root mean square noise of the
detection system, V; is the volume of sample injected, V, is the void
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volume of the column and associated tubing, and k’ is the capacity
factor of the eluting solute band. Eq 1 assumes isocratic separation, a
Gaussian profile solute band, no interfering or coeluting bands, and a
minimum detectable signal of five times the root mean square noise of
the detection system.

Eq 1 predicts the LDC to decrease inversely proportionally to the
volume of sample injected. Trace enrichment, discussed earlier, has as
one of its primary goals the effective increase of V; by accumulation of
large volumes and direct elution of the total accumulated sample onto
the analytical column. This job must be achieved without substantially
increasing the variance of the injection band contribution to the overall
solute band variance. Solute bands with small capacity factors, k’, result
in greater sensitivity. For complex multicomponent separations, greater
detectability for late eluting solute bands is achieved by using gradient
elution for which the effective k’ of all but the most strongly retained
solutes is small when the solute band elutes (23, 24). Also, a substantial
reduction in the time for separation occurs with respect to isocratic
elution. In most cases, the signal-to-noise ratio for a particular detection
system is set, and little can be done to substantially affect greater
sensitivity for a given analyte or class of analytes. However, use of post-
and precolumn reactions to produce a solute with greater sensitivity for
a given detection system appears to be increasing.

Before column efficiency, N, and V, are discussed, eq 2 will be
introduced:

o(total) = o(inj) + o(col) + o(det) + o(tub) + o(elec) + o(da) (2)

Eq 2 states that all components of the system—injector, column,
detector flow cell, associated tubing and fittings, detector electronics,
and associated signal recording and/or data acquisition systems—
contribute to the total solute band variance or width. This equa-
tion also indicates that improvements in all areas must be made to fully
realize an overall improvement. Thus, use of 3-um packings is often
pointless unless these highly efficient columns are connected to ap-
propriate injection, detection, and data recording or acquisition systems.
As a result, manufacturers of HPLC instrumentation are producing new
systems designed to operate with the smaller diameter packings or
microbore columns or are providing retrofits for previously designed
instrumentation. This situation may be one reason a relatively low per-
centage of researchers reported using the 3-um diameter packings (21).

What can be done with HPLC columns to optimize the parameters
N and V, to achieve the lowest detectable concentration limits? The
answer is not simple or straightforward because of the interaction of
other components in the system. This interaction is one reason why
many have the mistaken conception that microbore columns, with very
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low V,, offer operating conditions that provide lower limits of detection
than the more conventional 4.6-mm i.d. columns. The detectability
comparison must be made with careful control of many parameters, for
example, sample injection volume, mobile-phase flow velocity, detector
flow-cell geometry, band variance, detector-cell path length, and sig-
nal-to-noise ratio. Cooke et al. (25) recently made a critical comparison
of microbore to standard HPLC columns with respect to sample detect-
ability using UV-absorbance detectors. Cooke et al. (25) showed that
for the case in which the sample size is exceedingly small, that is, less
than approximately 15 uL, microbore columns can provide three to six
times lower limits of detection. Figure 7 shows three series of three
chromatograms from Cooke et al. (25) that illustrate when the sample
injection volume is held constant at 0.5 uL, the 1-mm i.d. column
provides six times the sensitivity of the 4.6-mm i.d. column. The volume
of the detector flow cell used to record each chromatogram should be
noted. The 1- and 2-mm i.d. columns need to use a smaller volume
detector cell to realize the greater response. This situation relates back
to eq 2 because in cases in which the flow cell was standard (first series
of chromatograms in Figure 7), the variance contribution of the flow
cell was a much greater amount relative to the overall solute band
variance. As such, the small solute band variances produced by the 1-
and 2-mm i.d. columns were negated by the larger solute band variance
contribution of the standard flow cell. When the detector flow-cell
variance is reduced to a contribution in line with those contributions
from the 1- and 2-mm i.d. columns, substantial improvement in the total
solute band variance or width is realized (second series of chromatograms

4.6-mm column 2-mm column 1-mm column
20-ul flow cell 20-4l flow cell 20-ul flow cell I
A B c I !

|
R
Ly oo ! ﬂ L RN

0O 4 81216200 4 8 1216200 4 8 12 16 20
Time (min) Time (min) Time (min)
Figure 7. Detectability comparisons among 4.6-mm, 2.0-mm, and 1.0-mm
i.d. columns using 20- and 5-uL flow cells at a full-scale detector range of
0.05 absorbance units. The same seven-component sample was used for
all injections but was diluted by one-half for chromatograms A, B, and
C. (Reproduced with permission from reference 25. Copyright 1984
LC Magazine.)
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Figure 7. Continued.

in Figure 7). However, this improvement requires reduction of the
detector flow-cell optical path length by one-half.

What happens when the sample injection volume constraint is
removed? Calculations can be made from the data presented by Cooke
et al. (25). For these calculations, the data required is that relating to
the maximum sample volumes that can be injected on the various
columns while a given number of theoretical plates is maintained. This
data, shown in Table IV, was calculated by using eq 3:

where V,,; is the maximum injection volume maintaining a constant
given efficiency, Q is the fractional loss in plates resulting from the
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Table IV. Maximal Injection Volumes
Column i.d. (mm) N, = 20,000 N, = 10,000 N, = 5000

1 np 7 14
2 12 36 60
4.6 85 200 320

NOTE: N, is the number of plates necessary for the separation; np denotes not possible. All
values, except column i.d., are given in microliters.
SOURCE: Reproduced with permission from reference 25. Copyright 1984 LC Magazine.

maximized injection volume, N, is the number of plates necessary for
the separation, k’ is the solute capacity factor, V, is the column void
volume, and B is a parameter relating the profile of the sample injection.
Eq 3 is derivable from an equation that expresses extracolumn solute
band broadening by using component variances (26). Table IV also
shows the maximum injection volumes allowed on the various columns
by assuming a solute capacity factor of 4, k' = 4, and B = 2.45 (25, 27).

By assuming that a proportional increase in the amount of sample
injected results in a proportional increase in the detector response for
the solute band of interest, the detector response for chromatogram I
in Figure 7 will increase 14 times when the maximum sample volume
of 7 uL is injected. However, for the 4.6-mm i.d. column, the detector
response will increase 400 times when the maximum sample volume of
200 uL is injected. By taking into account the relative detector responses
for the 0.5-uL injection, at the maximum sample injection volumes, the
4.6-mm id. column with the 20-uL detector flow cell will produce
approximately five times the detector response of the 1-mm i.d. column
with the 5-uL flow cell. In most cases, studies can be designed to
provide excess sample because aqueous environmental samples are
seldom limited with respect to volume.

When one is deciding what column geometry is optimal for trace
analysis with unlimited sample volume, two additional points should be
evaluated. First, to what extent does the analysis require accurate and
reproducible injections? Strict performance specifications may eliminate
microbore columns from consideration. The accuracy and reproducibility
of injection systems that deliver 0.1-, 0.2-, and 0.5-uL samples have not
been adequately characterized. Second, if the analyte of interest re-
quires postcolumn derivatization, construction of a postcolumn reaction
system that is compatible with the exceedingly small band volumes
characteristic of microbore columns may be extremely difficult, but not
impossible. Apffel et al. (28) developed and evaluated both packed-bed
and open tubular postcolumn reactors for use with 1-mm i.d. analytical
columns. Catecholamines were postcolumn derivatized with o-phthal-
aldehyde and detected spectrofluorometrically. The 5-um particle
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diameter packed beds were found to have variance contributions be-
tween 50- and 100-um i.d. open tubular reactors. The reaction times for
50-um i.d. open tubular reactors were reported to be prohibitively high,
even for short reactions, whereas the 5-um particle diameter glass beads
packed in the bed reactor had to be replaced every 40-50 h because of
their solubility in the high pH solution, the o-phthalaldehyde reaction
solution. Because the other components of the HPLC system had nonop-
timized variance contributions, no significant decrease in resolution was
apparent when the open tubular reactor was compared with the packed-
bed reactor, which had three times greater V,,.

However, by no means are microbore HPLC columns nonoptimal
when sample volumes are limited. Because of the substantially reduced
mobile-phase volumes necessary to carry out a given separation,
microbore columns are more easily interfaced to many useful detection
systems, for example, electron-capture detectors, nitrogen-specific
thermionic detectors, and mass spectrometers.

Additionally, the combination of trace enrichment and microbore
columns can effectively increase the maximum sample volume injec-
table without seriously degrading efficiency. Slais et al. (29) evaluated
this combination for the determination of polynuclear hydrocarbons and
chlorinated phenols in water. By using reversed-phase HPLC and am-
perometric detection, Slais et al. (29) reported lower limits of detection
from 20 to 280 ng/L of water (parts per trillion) when 1-mL sample
enrichments were carried out directly on the analytical microbore
column.

The wide variety of bonded stationary phases that are available to
carry out a given HPLC separation allows tremendous amounts of
flexibility. In the recent review of column LC by Majors et al. (21), the
reviewers examined the different modes of usage by randomly examin-
ing articles in nine scientific journals traditionally containing chro-
matographic methodology. Table V lists the results for the periods
1980-81 and 1982-83. The most drastic change observed was a 6%
reduction in the usage of ion-exchange columns and an 11% increase in
the use of reversed-phase columns. The reviewers noted that these two
important points may indicate that reversed-phase ion-pairing tech-
niques may be making a strong intrusion into the separation of ionic
and ionizable compounds.

Most of the articles in the scientific literature dealing with analytical
methods using HPLC technology for the analysis of aqueous environ-
mental samples employ the reversed-phase mode. This finding is not
surprising, as the data in Table V attest to. The flexibility of the
reversed-phase mode suits environmental analyses. Many metabolites of
environmentally important organic compounds are ionic or ionizable
and ideally suited to separation by ion-pair techniques. A variety of
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Table V. HPLC Column-Mode Use

Column Usage (%) Column Usage (%)

Chromatographic Mode (1982-83) (1980-81)
Reversed phase 72 61
C-18 54 48
C-8 9.6 8.7
C-2 2.5 1.0
Phenyl 2.1 11
Other 3.2 1.7
Normal bonded phase (cyano, amino) 59 6.8
Liquid solid (adsorption) 10 14
Ion exchange 6.3 12
Cation 2.3 5.7
Anion 4.0 6.5
Size exclusion 5.5 6.0
Organic 1.9 2.2
Aqueous 3.6 38

Source: Reproduced from reference 21. Copyright 1984 American Chemical Society.

organic modifiers are compatible with the reversed-phase mode.
Methanol, acetonitrile, and tetrahydrofuran are the most popular
because of low absorbance in the UV. These three organic compounds
can be combined in different ratios to provide separation selectivity
unattainable with a single solvent.

Identifying the optimal mobile-phase composition for a given
separation problem can be a frustrating experience for the inex-
perienced chromatographer. If the separation problem involves many
components, identifying the optimal composition necessary to obtain
acceptable resolution of all components may be trying for even the most
experienced chromatographer. As a result, many workers have focused
efforts upon development of statistically based optimization procedures.
These procedures ideally could be carried out with automated in-
strumentation. Berridge (30) has reviewed many of the techniques for
automated optimization of HPLC separations. These procedures are
not without problems. Many require that the identity of each peak be
known. This requirement can be impossible to achieve when the separa-
tion problem involves a complex matrix with hundreds of unidentified
components, as is so often the case with environmental samples. All
optimization approaches require that the resolution of the components
of interest be measured in some way so as to quantify the quality of
the chromatogram. Debets et al. (31) reviewed quality criteria for
two-component and multicomponent chromatographic separations used
in optimization schemes during 1963-83 and concluded that all suffer
from severe shortcomings in expressing the quality of multicomponent
chromatographic separations.
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Nonetheless, these optimization techniques can be quite useful. The
approach developed by Glajch et al. (32) is based on the solvent-selec-
tivity triangle developed by Snyder (33) and a statistical Simplex design.
The initial solvent strength is estimated from the results of a linear
water-to-methanol gradient. Then, seven combinations of mobile phases
having different selectivities but the same solvent strength are run by
using a Simplex design. On the basis of the results of the seven
experiments, an overlapping resolution map is constructed, which al-
lows selection of the optimum mobile-phase composition. This op-
timization approach can be carried out for both reversed- and normal-
phase isocratic modes, as well as gradient-elution modes. Goldberg and
Nowakowska (34) adapted the overlapping resolution map approach of
Glajch et al. (32) to the separation of ionic organic compounds by
reversed-phase ion-pairing HPLC. This approach is useful because of
the complicated dependence of retention volumes on the mobile-phase
variables in ion-pairing separations, that is, concentration of ion-pair
reagent, pH, and ionic strength. This optimization scheme has been
incorporated in the Du Pont Instruments Sentinel System, which carries
out the seven mobile-phase selectivity experiments unattended. Subse-
quent calculations are performed, and the optimum mobile-phase com-
position is presented.

Detection

In most situations, sensitive and selective detection of eluting solute
bands is a necessity for successful environmental analysis. Unfor-
tunately, such detection is currently the weakest link in HPLC technol-
ogy. As mentioned earlier, this situation has resulted in a somewhat
limited application of HPLC to the analysis of aqueous environmental
samples (3). The role of HPLC technology in recent years has been to
provide separation and detection of a specific analyte or class of
analytes. Thus, HPLC technology cannot readily answer the question
“What is in this water?” Instead, HPLC technology has been delegated
to answer questions such as “Is aldicarb in this sample of ground water
at a concentration greater than 5 ug/L?”

In the recent review on column LC by Majors et al. (21), a survey
on the use of detector types was carried out in the same manner as that
for the use of the various separation modes already mentioned. The
results, shown in Table VI, were tabulated for the periods 1982-83 and
1980-81. The increased use of electrochemical and refractive index
detectors is significant in these data. The authors speculated that the
increased use of refractive index detectors resulted from the increased
number of publications on the separation of carbohydrates. The in-
creased use of electrochemical detection is probably a function of many
different factors: cell designs that are easier to use, expanding sales
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Table VI. HPLC Detector Use

Use (%) Use (%)
Detector Type (1982-83) (1980-81)
Absorbance 67 71
UV fixed 22 28
UV filter 74 8.7
Spectrophotometric 37 A
Diode array 0.2 —
Fluorescence 14 15
Filter 5.6 15
Spectrophotometric 8.4 —
Refractive index 7.2 5.5
Electrochemical 9.1 4.4
Other 2.6 4.4

SOURCE: Reproduced from reference 21. Copyright 1984 American
Chemical Society.

forces, and the never-ending search for greater sensitivity and selec-
tivity.

Not surprisingly, the UV-absorption spectrometric detector was
reported as being cited the most. New developments by HPLC instru-
ment manufacturers have led to improved signal processing electronics
providing better signal-to-noise ratios, flow cells and electronic time
constants compatible with microbore and 3-um particle diameter
packed columns, better detector and lamp power supply designs, and
microprocessor control providing programmable wavelength changes as
well as partial spectrum recording on-the-fly of eluting peaks. A good
example of some of these developments is the diode array HPLC
detectors produced by a variety of manufacturers. The nature of the
diode array is such that its signal-to-noise ratio for a small band, that
is, 6 nm, is not as great as the conventional single-wavelength detec-
tors. The great use of the diode array is a result of its ability to acquire
a UV or UV and visible spectrum. Thus, the suspected identity of a
specific solute band in a multicomponent chromatogram can be readily
confirmed. Fell and Scott (35) recently reviewed the applications of
rapid-scanning multichannel detectors in HPLC and thin-layer
chromatography (TLC). The potential uses of three-dimensional projec-
tions of absorbance, wavelength, and time were discussed in the context
of applications to pharmaceutical, bioanalytical, and forensic fields.
Figure 8 is an example of the type of data readily obtained from the
commercially available Hewlett-Packard Model 1040A diode array
HPLC detector.

If appropriate cleanup is accomplished and if the analyte or
analytes have sufficient absorption, UV-absorption detection is a highly
reliable method of quantification. However, the UV-absorption detector



HPLC Determination of Trace Organic Compounds 121

6. GRAHAM

*4219w04303ds uoydiosqo fiviiv apop VopOI

19PON P40YoD -112]M Y D YRM Witk )0p—(0F P SDM U0I2}(T "uruL/TuL () [ 30 (2 /a) [0UDYIIUL H)6 PUD L230M ZOT ‘Y 09 DdD }sD40d0LNN
“Aiydpi3030W0IYO UOISNIOXI-IZIS SUOIIPUOD [DIUIWNLISU] ‘JUDIODINS |DIJIZWUL0D D O WDIFOIDULOLYD [DUOISUIULP-224Y ] 'Q 24n3L]

[utw] Bwtgj
L p1 1?82 SE€ 2
l | L -
3 SN Sa3a3as 3 08€
= 2 S 3 = > 09€
SN NN =X N.. > ovE (wuj ysbusanop
0ce
0€E
08¢
092
ove
022
>
T
®
o
3
o
e}
3
3]
0
g
>
h
-9 11

900U2"'¥T20-/86T-84/TZ0T 0T :10p | Bi0°sIe'sgnd)/:diy uo 986T ‘ST Lguiedaq uo paus!iand



Published on December 15, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1987-0214.ch006

122 ORGANIC POLLUTANTS IN WATER

typically does not provide adequate selectivity unless the analyte or
analytes have sufficient absorption at wavelengths greater than ap-
proximately 280 nm. Otherwise, chromatograms typically appear with
large unresolved humps having protruding analyte peaks, especially
when extremely low limits of detection are the goal, that is, less than
10 pg/L. A good example of application of UV-absorption detection
for a wide variety of compounds is that reported by Pinkerton (36).
Thirty-two priority pollutants, mostly common solvents, phthalates, and
PAHs, were determined by direct injection of 2 mL of a filtered water
sample, gradient elution from a reversed-phase column, and UV detec-
tion at 202 nm. Recoveries from a water sample fortified with 19 of the
32 compounds at 80-100 ug/L (ppb) ranged from a low of 71% for
benz[a]anthracene to 103% for dimethyl phthalate. The overall average
recovery was 92%; the relative standard deviation was 8%. Lower limits
of detection were reported to be 10 ug/L for some compounds.

Fluorescence detection, because of the limited number of molecules
that fluoresce under specific excitation and emission wavelengths, is a
reasonable alternative if the analyte fluoresces. Likewise, amperometric
detection can provide greater selectivity and very good sensitivity if the
analyte is readily electrochemically oxidized or reduced. Brunt (37)
recently reviewed a wide variety of electrochemical detectors for
HPLC. Bulk-property detectors (i.e., conductometric and capacitance
detectors) and solute-property detectors (i.e., amperometric, coulo-
metric, polarographic, and potentiometric detectors) were discussed.
Many flow-cell designs were diagrammed, and commercial systems
were discussed.

Two analytical methods for priority pollutants specified by the
USEPA (38) use HPLC separation and fluorescence or electrochemical
detection. Method 605, 40 CFR Part 136, determines benzidine and
3,3-dichlorobenzidine by amperometric detection at +0.80 V, versus a
silver/silver chloride reference electrode, at a glassy carbon electrode.
Separation is achieved with a 1:1 (v/v) mixture of acetonitrile and a pH
4.7 acetate buffer (1 M) under isocratic conditions on an ethyl-bonded
reversed-phase column. Lower limits of detection are reported to be
0.05 ug/L for benzidine and 0.1 ug/L for 3,3-dichlorobenzidine. Method
610, 40 CFR Part 136, determines 16 PAHs by either GC or HPLC. The
HPLC method is required when all 16 PAHs need to be individually
determined. The GC method, which uses a packed column, cannot
adequately individually resolve all 16 PAHs. The method specifies
gradient elution of the PAHs from a reversed-phase analytical column
and fluorescence detection with an excitation wavelength of 280 nm and
an emission wavelength of 389 nm for all but three PAHs: naph-
thalene, acenaphthylene, and acenaphthene. As a result of weak fluores-
cence, these three PAHs are detected with greater sensitivity by UV-
absorption detection at 254 nm. Thus, the method requires that fluores-
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cence and UV-absorption detectors be used in series. Lower limits of
detection for the HPLC-fluorescence-UV method range from 5 ug/L
for acenaphthylene to 0.04 ug/L for benzo[a]pyrene, benz[a]anthracene,
benzo[k]fluoranthene, and benzo[b]fluoranthene.

Quite often, neither of the three aforementioned detection systems
will provide adequate sensitivity and selectivity to complete the analysis
with specified lower limits of detection. In these cases, an increasingly
popular trend has been to either pre- or postcolumn derivatize the
analyte or analytes to convert them to species that can be adequately
detected with reliable and commercially available detectors. Tables VII
and VIII list a variety of reagents for the derivatization of specific
organic moieties that provide increased UV absorption and fluorescence,
respectively (39).

Derivatization reactions for enhanced UV-absorption detection
generally rely upon a shift of the absorption toward the visible region
where greater specificity can generally be found. Lauren and Agnew
(40) determined 24-dinitrophenyl ether derivatives of the phenolic
metabolites of carbofuran, 2,3-dihydro-2,2-dimethyl-7-benzofuranyl
methylcarbamate, by reversed-phase HPLC and UV-absorption detec-
tion at 280 nm. Derivatization to produce easily oxidized or reduced
products that can be electrochemically detected either coulometrically
or amperometrically is becoming increasingly popular. Tanaka et al. (41)
reported a novel ferrocene reagent for the precolumn labeling of amines
for electrochemical detection.

Precolumn derivatization is readily carried out in miniature
glassware designed specifically for this purpose. Another approach to

Table VII. Derivatization Reagents for UV Detection

Functional Group Reagent
Acids, carboxylic acids O-p-Nitrobenzyl-N,N’-diisopropylisourea
(PNBDI)
p-Bromophenacyl bromide (PBPB)
Alcohols 3,5-Dinitrobenzoyl chloride (DNBC)
Aldehydes p-Nitrobenzyloxyamine (PNBA)
Amines, primary and N-Succinimidyl-p-nitrophenylacetate
secondary (SNPA)
3,5-Dinitrobenzoyl chloride (DNBC)
Amino acids N-Succinimidyl-p-nitrophenylacetate
(SNPA)
Isocyanates p-Nitrobenzyl-N-n-propylamine
hydrochloride (PNBPA)
Ketones p-Nitrobenzoylamine hydrochloride (PNBA)
Phenols 3,5-Dinitrobenzoyl chloride (DNBC)

Thiols 3,5-Dinitrobenzoyl chloride (DNBC)
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Table VIII. Derivatization Reagents for Fluorescence Detection

Functional Group Reagent

Acids, carboxylic acids  4-Bromomethyl-7-methoxycoumarin (Br-MC)
Aldehydes, hydrazine  1-Dimethylaminonaphthalene-5-sulfonyl
hydrazine (dansyl hydrazine)
Amines, primary and 7-Chloro-4-nitrobenzo-2-oxa-1,3-diazole
secondary (NBD chloride)
1-Dimethylaminonaphthalene-5-sulfonyl chloride
(dansyl chloride)
o-Phthalaldehyde (OPA)
Ketones 1-Dimethylaminonaphthalene-5-sulfonyl
hydrazine (dansyl hydrazine)
Phenols 1-Dimethylaminonaphthalene-5-sulfonyl chloride
(dansyl chloride)
Thiols 7-Chloro-4-nitrobenzo-2-oxa-1,3-diazole
(NBD chloride)

precolumn derivatization is the application of some automated device
to carry out the reaction without manual manipulation of the samples.
Hodgin et al. (42) designed and evaluated a device that simultaneously
mixes o-phthalaldehyde with a sample containing amino acids and
immediately injects the fluorescent products into an HPLC. Separation
of the amino acids is completed in 30 min with a peak-area precision
of better than +2.00% relative standard deviation. Calibration curve
linearity extended from 10 to 500 pmol of injected sample. A lower limit
of detection of 100 fmol of injected sample was reported.

Precolumn derivatization with a solid-phase derivatizing precolumn
has also been reported. Xie et al. (43) applied polymeric permanganate
oxidations of alcohols and aldehydes for the production of UV-absorb-
ing species.

Precolumn derivatization is often inadequate for dirty samples. In
these cases, application of a postcolumn reaction detection system will
often suffice. Deelder et al. (44) and van der Wal (45) have examined
different configurations for postcolumn reactors and defined optimal
selections on the basis of reaction time and type and effect on resolution
and sensitivity. Both studies preferred the packed-bed reactor to the
open tubular reactors when conventional column geometries were
employed for separation, that is, 4.6 mm i.d. X 15 or 25 cm.

Nondek et al. (46) reported an innovative approach to the analysis
of N-methylcarbamates in river water using postcolumn reaction detec-
tion. Separation of the underivatized N-methylcarbamates was carried
out on a reversed-phase column hooked directly to a bed reactor
packed with Aminex A-28, a tetraalkylammonium anion-exchange resin.
The packed bed catalytically base-hydrolyzed the carbamates and



Published on December 15, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1987-0214.ch006

6. GRAHAM HPLC Determination of Trace Organic Compounds 125

liberated methylamine, Figure 9. Liberated methylamine was subse-
quently derivatized with o-phthalaldehyde to produce a fluorophore,
which was detected fluorometrically. Precision better than 2% relative
standard deviation and subnanogram lower limits of detection were
reported. Figure 10 shows chromatograms of river water and river
water fortified with five different N-methylcarbamates.

EICP 17 MAJOR IONS

EICP m/z 151181

TICP m/z 86-305

UV 220 nm

1 1 1 |
10 20 30 40

gL

Time (min)

Figure 9. Illustration of the use of extracted ion-current profiles obtained

with LC-MS, moving-belt interface, for the detection of carbamate and

other pesticides. Top, extracted ion-current profile for 17 major ions; second

from top, extracted ion-current profile for m/z = 151 to m/z = 181; third

from top, extracted ion-current profile for m/z = 86 to m/z = 305; bottom,

UV absorption detection at 220 nm. (Reproduced with permission from
reference 53. Copyright 1982 Preston Publications.)
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Figure 10. Reaction chromatograms for A, Amstel river water and B, Amstel
river water fortified with 3 ng of aldicarb (peak 1); 3 ng of methomyl
(peak 2); 5 ng of propoxur (peak 3); 5 ng of carbaryl (peak 4); and 10 ng
of methiocarb (peak 5). Conditions: 150-mm X 4.6-mm i.d. column packed
with Spherisorb ODS; mobile phase of 50% water and 50% methanol (v/v)
at a flow rate of 1.0 mL/min; 60-mm X 4.6-mm i.d. reactor column packed
with Aminex A-28; reaction temperature of 100 °C; OPA reagent flow rate
of 30 uL/min; detection with Perkin-Elmer Model 204A fluorescence
spectrometer; excitation wavelength of 340 nm; emission wavelength of
455 nm. (Reproduced with permission from reference 46. Copyright 1983
Elsevier Scientific Publishers.)

Postcolumn photochemical reactions are another approach to the
detection problem. High-intensity UV light, generally provided by a Hg
or Zn lamp, photolyzes the HPLC effluent, which passes through a
Teflon (47) or quartz tube. The photolysis reaction determines the
nature of the subsequent detection. If the compound has a UV
chromophore, such as an aromatic ring, and an ionizable heteroatom,
such as chlorine, then the products of the reaction can be detected
conductometrically. Busch et al. (48) have examined more than 40
environmental pollutants for applicability to detection with photolysis
and conductance detection. Haeberer and Scott (49) found the
photoconductivity approach superior to precolumn derivatization for
the determination of nitrosoamines in water and waste water. The
primary limitation of this detection approach results from the inability
to use mobile phases that contain ionic modifiers, that is, buffers and
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ion-pairing reagents. This approach also requires the use of an aqueous
organic mobile phase; thus, normal-phase mode operation is eliminated.
Therefore, the separation chemistry that can be employed is extremely
limited.

Postcolumn photochemical reactions that detect photolysis products
by modes other than conductivity have been reported. Werkhoven-
Goewie et al. (50) determined chlorophenols by photolytic dehalogena-
tion to fluorescent products. Chlorophenols in river water were on-line
preconcentrated on PRP-1, a styrene-divinylbenzene copolymeric sor-
bent packed precolumn. The effluent of the analytical column was
passed through Teflon tubing and photolyzed with a 200-W Xe-Hg
lamp. The photolysis products flowed directly into the spectrofluorometer
for detection. Figure 11 is a diagram of the system that was used by
Werkhoven-Goewie et al. (50). Graham (51) developed a postcolumn
photochemical reaction detector specific for photolabile organofluorine
compounds. The system used air segmentation of the column effluent,
which was pumped through a 1-m quartz coil that encircled a 450-W
high-pressure Hg lamp. Photolyzed fluoride was detected colorimetri-
cally with an alizarin-lanthanum complex. Ding and Krull (52)
developed a system to selectively detect organic thiophosphate agricul-
tural chemicals such as malathion and parathion. Detection of the
photolysis products was accomplished amperometrically with dual,

eluent
uviiIsS
anal.column detector| |
Y
fluori- photo-
waste «— meter —<chemical
reactor
¥ v
1: selector - valve <<
2: switching - valve _\'\r -
m recorder

Figure 11. Diagram of system used to carry out automated preconcentration

and analysis of water samples. Detection accomplished with UV absorption

and photochemical dehalogenation with subsequent fluorescence detection

of the photochemical reaction products. (Reproduced with permission from
reference 50. Copyright 1982 Vieweg.)
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parallel, glassy carbon electrodes. None of the photolysis products were
identified. Lower limits of detection were reported for a number of
agricultural chemicals and ranged from 20 to 80 ug/L. However,
because of the excessive variance contribution of the Teflon tube used
as the photoreactor, it was estimated that the photolysis-electrochemical
detector produced peak heights from one to two orders of magnitude
smaller than those produced by a UV detector.

The ultimate detector for any chromatographic technique provides
high sensitivity and qualitative information regarding the nature of the
eluting solute. GC-MS has been the mainstay of trace organic analysis
for the past decade. Many researchers have sought to interface MS with
HPLC in the past few years. However, the incompatibility of liquids
with the operating conditions of MS has presented serious problems.
The earliest successful attempts at interfacing LC and MS were ob-
tained by depositing the LC effluent on a moving belt, evaporating the
excess solvent, and ionizing the nonvolatile material that remained on
the belt. Wright (53) evaluated this technique for the detection of
carbamate pesticides separated by HPLC. However, even in the selec-
tive ion-monitoring mode, limits of detection were generally lower with
UV-absorption detection. Figure 9 shows a comparison of chromatograms
obtained for the carbamates displayed as extracted ion-current profiles
(EICP), total ion-current profiles (TICP), and UV-absorption detection.
The identities of the individual peaks are shown in the TICP
chromatogram in Figure 12.

The solvent elimination problem became less of a problem with
the commercialization of microbore columns. Hayes et al. (54) studied
gradient HPLC-MS using microbore columns and a moving-belt inter-
face. The heart of the system was the spray deposition device designed
to be compatible with microbore-column flow rates. Nebulization of
the eluent was found to be applicable to a variety of mobile-phase
compositions and thus was readily compatible with gradient elution.
Figure 13 shows a comparison of UV detection with that obtained with
the HPLC-MS system. Applications of this system were demonstrated
on water from coal gasification processes.

The next major advance in LC-MS interfacing was developed by
Blakely and Vestal (55, 56). To circumvent the solvent elimination
problem, Blakely et al. (55) developed the thermospray interface that
operates with aqueous-organic mobile phase at typical 4.6-mm i.d.
column flow rates, 1-2 mL/min. The thermospray technique works well
with aqueous buffers. This feature is an advantage when the versatility
of the reversed-phase mode is considered. In fact, with aqueous buffers,
ions are produced when the filament is off. A recent improvement in
the thermospray technique is the development of an electrically heated
vaporizer that permits precise control of the vaporization (56). This
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Figure 12. Total ion-current profiles obtained with LC-MS, moving-belt
interface, for the detection of carbamates and other pesticides. (Reproduced
with permission from reference 53. Copyright 1982 Preston Publications.)

vaporizer is also readily adaptable to any quadrupole MS that is
equipped to operate under chemical ionization conditions.

Recently, Willoughby and Browner (57) reviewed the combination
of LLC with MS. They commented that the trend of future developments
would be (1) simple inexpensive interfaces compatible with many
different MS systems and (2) specialized LC-MS systems designed
around new ionization sources intended for relatively nonvolatile com-
pounds.

A number of other detection systems have been engineered for
compatibility with microbore and open tubular columns. McGuffin and
Novotny (58) developed a dual-flame thermionic detector for use with
microbore columns, packed capillary columns, and open tubular
columns. The total microcolumn effluent is aspirated into the primary
flame. Nitrogen- and phosphorus-containing compounds are then selec-
tively detected by the change in the conductivity of the secondary flame
in the presence of a glass bead with a high rubidium content. Figure
14 shows a comparison of the detection of three organophosphorus
pesticides by the thermionic detector and a UV-absorption detector.
Sepaniak et al. (59) applied laser-excited fluorescence and thermal-lens
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Figure 13. Comparison of UV and MS chromatograms using a 1.0-mm i.d.
column packed with a 5-um diameter Supelcosil C-18. LC-MS interface
used aerosol spray deposition on a moving belt. Peaks correspond from left to
right to 0.2 ug each of resorcinol, 1,5-dihydroxynaphthol, and 2-methyl-
phenol. Conditions: 41% acetonitrile and 59% water (v/v) with 0.1% trifluoro-
acetic acid at a flow rate of 40 uL/min. A, UV trace at 280 nm, 0.015 AUFS;
B, MS trace, selected ion chromatogram. (Reproduced from reference 54.
Copyright 1984 American Chemical Society.)
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Figure 14. Chromatograms of organophosphorus pesticides obtained from
a small-bore fused silica column (0.2 mm i.d., 1 m long) packed with 5-um
Spherisorb ODS. A, UV detection at 254 nm and B, dual-flame thermionic
detector. Peaks correspond to 1, solvent containing phosphorus impurities;
2, guthion, 89 ng of phosphorus; 3, zolone, 71 ng of phosphorus; and 4, ethion,
144 ng of phosphorus. Mobile-phase conditions: 15% water and 85% methanol
(v/v) at a flow rate of 1.6 uL/min. (Reproduced from reference 58.
Copyright 1983 American Chemical Society.)



Published on December 15, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1987-0214.ch006

132 ORGANIC POLLUTANTS IN WATER

calorimetry (60) to the detection of solutes separated by open tubular
column LC. Picogram sensitivities were obtained for fluorescent detec-
tion of 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD) derivatives of
alkylamines and thermal-lens detection of three nitroanilines. Figures 15
and 16 show the chromatograms obtained with each of these detection
methodologies.

Conclusion

In the past 5 years the frequency of reports on the use of HPLC
technology for the determination of trace organic compounds in
aqueous environmental samples has been steadily increasing. Many
innovative approaches to sample cleanup and analyte isolation have
been reported. Reversed-phase separation, with its many mobile-phase
adaptations, has been and continues to be the most popular HPLC
separation mode. The development of fast columns and microbore
columns should provide optimal configurations for particular applica-
tions. The operating characteristics of microbore columns also make

UL._A_JL

L 1 1 1
0 20 40 60
Time (min)

Figure 15. Open tubular liquid chromatography of amine-NBD derivatives

using on-column fluorescence detection. Peaks correspond from left to right

to ethylamine, n-propylamine, n-butylamine, cyclohexylamine, and n-

hexylamine. Conditions: 20-um X 8.3-m column with C-18 bonded phase;

20% acetonitrile and 80% water (v/v) mobile phase at a linear velocity of

0.50 cm/s; on-column injection of 5 nL. (Reproduced from reference 59.
Copyright 1984 American Chemical Society.)
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Figure 16. Open tubular liquid chromatography of nitroanilines using
thermal lens detection. Peaks correspond from left to right to 410 pg of
o-nitroaniline, 310 pg of 4,5-dimethyl-2-nitroaniline, and 3600 pg of
N, N-dimethyl-3-nitroaniline. Conditions: 20-um X 7.5-m column with C-18
bonded phase; 40% methanol and 60% water (v/v) mobile phase at a linear
velocity of 0.50 cm/s; on-column injection of 5 nL. (Reproduced from
reference 59. Copyright 1984 American Chemical Society.)

possible the application of many traditional detection methodologies
not readily compatible with the flow rates typical of conventional
HPLC columns. Commercially available detection systems, such as
diode array detectors, continue to improve as well as provide new
operating capabilities. Pre- and postcolumn reaction detection systems
tailored to the physiochemical properties of the analyte can be readily
developed to address the selectivity problems commonly encountered
with complex matrices. MS and highly sensitive laser-based detection
methodologies continue to evolve. Many developments are necessary
before these detection methodologies can be routinely used as HPLC
detection systems. However, the extraordinary detection capabilities
will continue to drive the development of cost-effective and reliable
systems for routine use.

An attempt has been made to survey the current status of technol-
ogy in HPLC as it applies to the analysis of trace organic compounds
in aqueous environmental samples. No doubt, some developments rela-
tive to this topic have been overlooked, but the overall assessment
should provide a glimpse of what has been done and also of what is
possible.
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A Fundamental Approach

to Reverse-Osmosis Concentration and
Fractionation of Organic Chemicals

in Aqueous Solutions

for Environmental Analysis

T. D. Nguyen, Takeshi Matsuura, and S. Sourirajan

Division of Chemistry, National Research Council of Canada, Ottawa, Ontario,
K1A 0R9 Canada

The preferential sorption-capillary flow mechanism and its quan-
titative expression given by the surface force-pore flow model
together offer a fundamental approach to the reverse-osmosis
concentration of organic chemicals in aqueous solutions for en-
vironmental analysis. On the basis of this approach, the attractive
and repulsive forces prevailing at the membrane material-aqueous
solution interfaces, together with the average pore size and pore
size distribution on the membrane surface, govern reverse-
osmosis separations. Data on interfacial interaction force parameters
and also data on average pore size and pore size distribution on
the membrane surface have been experimentally determined
with particular reference to a selected number of organic solutes,
a cellulose acetate membrane, and an aromatic polyamidohydrazide
membrane. The use of such data for the calculation of parameters
relevant to the concentration process is illustrated.

THE SEPARATION, CONCENTRATION, AND FRACTIONATION of organic
solutes in aqueous solutions by reverse osmosis are of practical interest
from the points of view of water purification and collection of samples
for environmental analysis. Although many experimental data on the
separation of organic solutes are available in the literature (1-2), very
few fundamental works have been accomplished so far. We have been
studying this subject in the framework of the preferential sorp-

0065-2393/87/0214/0139$06.75/0
Published 1987 American Chemical Society



Published on December 15, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1987-0214.ch007

140 ORGANIC POLLUTANTS IN WATER

tion-capillary flow mechanism of reverse osmosis and its quantitative
expression represented by the surface force-pore flow model. Accord-
ing to this mechanism, the transport of organic solute and solvent water
through the membrane is governed by the interaction forces working
in the solute-solvent membrane material system and the average pore
size and the pore size distribution on the membrane surface. Therefore,
the determinations of both the interfacial interaction forces and the pore
size distribution on the membrane surface are of vital importance in our
approach. Methods have been developed in our laboratory for these
determinations as illustrated in this chapter. Furthermore, the interfacial
interaction forces and the pore size distribution are incorporated into
the transport equations on the basis of the surface force-pore flow
model, which enables the prediction of the solute separation for a wide
variety of organic solutes involved in the environmental analysis. These
transport equations are applicable for the cases in which either solvent
water or the organic solute molecule is preferentially sorbed at the
membrane material-solution interface. For many organic solute com-
pounds in sample waters, the solute may be weakly or strongly ad-
sorbed to the membrane material and thereby give rise to the preferen-
tial sorption of solutes at the membrane material-solution interface.
Therefore, the applicability of the transport equation to the preferential
sorption of solutes is illustrated and the special features in the separation
and concentration of such solute molecules by reverse-osmosis processes
are discussed in this chapter.

Among the many organic solutes treated by reverse-osmosis
processes, some may be highly separated, whereas others may permeate
through the membrane to different extents depending on experimental
conditions. Thus, the fractionation of organic solutes sometimes be-
comes very important to accomplish the concentration of selected or-
ganic solutes of interest. Because the solute separation is governed by
the interfacial interaction force and the pore size distribution, and the
interfacial interaction force is subject to change with a change in the
chemical nature of the polymer membrane material, the optimization
of membrane material and the pore size distribution may naturally be
expected to solve a given fractionation problem effectively; this aspect
of the subject will also be discussed in this chapter. Such optimization
provides guidelines for selecting the polymer membrane material and
for adjusting the membrane casting procedure to produce the membrane
with the required pore size distribution. Thus, this approach contributes
to rational membrane design for applications involving reverse-osmosis
separation, concentration, and fractionation.
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Experimental

Chromatography Experiments. The liquid chromatography (LC) model
ALC202 of Waters Associates fitted with a differential refractometer was used in
this work. The method of column preparation and the general experimental
technique were the same as those reported previously (3). Briefly, solutes were
injected into the solvent water stream that flows through a column packed with
membrane polymer powder. The particle size was kept in the range of 38-54 um
by sieving, and the column length was 60 cm. Ten microliters of sample solution
(1 wt% solute) was injected into the column, and the retention volume was
determined. In the case of heavy water, 10 wt% solution was used as the sample.
From the experimental retention volume of a solute A (V%,) and of heavy water
(V ), the specific surface excess (I'x/cap) of the solute A was calculated:

Ta/cab = (Vi) = (Viwue)/Ap )
where A, denotes the total surface area of the polymer membrane material in
the chromatography column. The specific surface excess determined shows the
nature and magnitude of the interfacial interaction force between solute and
membrane material.

(
Rwater

Reverse-Osmosis Membranes. Laboratory-made cellulose acetate (CA)
membranes were used in this study. The method of membrane fabrication was
the same as that described by Kutowy et al. (4). Briefly, CA (E-400-25 supplied
from Eastman Chemicals) was dissolved in an acetone-water-magnesium
perchlorate mixture and gelled in a gelation medium after a very short solvent
evaporation period. Some of the membranes so produced were further shrunk at
the shrinkage temperature ranging from 80 to 85 °C. The casting solution
composition, in weight percent, was as follows: CA (E-400-25), 14.8; acetone,
63.0; magnesium perchlorate, 2.3; and water, 19.9. The casting solution and
casting atmosphere were at ambient temperature, the humidity of the casting
atmosphere was 35%, and the solvent evaporation time was <5 s. The gelation
medium was an ethanol-water mixture at 25 °C, and the gelation period was 15
min in the gelation medium followed by a more than 1-h immersion in ice-cold
water. All the membranes thus produced are characterized in Tables I and II
together with CA-398-316-82 and aromatic polyamidohydrazide (PAH-09) films
that were produced and characterized as reported in our previous work (5-6).

Reverse-Osmosis Experiments. All reverse-osmosis experiments were per-
formed with continuous-flow cells. Each membrane was subjected to an initial
pure water pressure of 2068 kPag (300 psig) for 2 h; pure water was used as feed
to minimize the compaction effect. The specifications of all the membranes in
terms of the solute transport parameter [ (Day/K8)xnac1], the pure water perme-
ability constant (A), the separation, and the product rate (PR) are given in Table
I. These were determined by Kimura-Sourirajan analysis (7) of experimental
reverse-osmosis data with sodium chloride solution at a feed concentration of
0.06 m unless otherwise stated. All other reverse-osmosis experiments were
carried out at laboratory temperature (23-25 °C), an operating pressure of 1724
kPag (250 psig), a feed concentration of 100 ppm, and a feed flow rate >400
cm®/min. The fraction solute separation (f) is defined as follows:
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Table I. Reverse-Osmosis Membrane Specifications

NaCl Data“

A X 107 S PR X 10°
. o (kg-mol/ (Dam/K8) g epn
Film No. Film Code m?-s-kPa) x“lh(ly (m}vs)cz @) (kg/h)

— CA-398-316-82° 2.120 1.684 96.1 26.8

— PAH-09¢ 1.104 1.502 94.0 13.34
1 CA-400-15-854 0.971 1.534 92.9 11.22
2 CA-400-15-0¢ 3.737 31.90 72.0 478
3 CA-400-5-85¢ 2.089 4.879 90.8 26.0
4 CA-400-10-85¢ 1.321 2.543 91.9 16.27
5 CA-400-25-0¢ 3.737 43.64 62.8 48.0
6 CA-400-20-0¢ 1.112 10.67 71.4 14.4
7 CA-400-25-0¢ 1.817 22.14 63.2 235
8 CA-400-20-0¢ 2.353 28.41 61.3 30.2
9 CA-400-20-80¢ 0.990 11.93 68.1 13.0

10 CA-400-10-04 3.899 131.8 432 53.4

:Effective film area = 13.2 em?; data at 1724 kPag and 0.06 m.
The first, second, and third numbers indicate acetyl content, membrane batch, and
shrinkage temperature, respectively. Film is specified in reference 5.
°The number indicates the evaporation perio (min?. Film is specified in reference 6.
The first, second, and third numbers indicate acetyl content, volume percent of ethanol in

gelation bath, and shrinkage temperature, respectively. A zero as the third number means
no shrinkage.

f = (ppm in feed solution — ppm in product solution)/ppm in feed solution

The value of f, PR, and the pure water permeation rate (PWP) for a
given area of film surface (13.2 cm® in this work) were determined under the
specified experimental conditions. The data on PR and PWP are corrected for
25 °C. Concentrations of NaCl were determined by conductance measurement,
whereas concentrations of organic solutes were determined by the Beckman
total carbon analyzer model 915-A.

Theoretical

Determination of Interfacial Interaction Force Constants. The
transport equations based on the surface force-pore flow model; the
procedure for the calculation of f, PWP, and PR, which are obtainable
by reverse-osmosis experiments; the procedure for the determination of
the interaction force constants from the LC data; and the procedure for
calculating the average pore size and the pore size distribution on the
surface layer of asymmetric reverse-osmosis membranes have all been
described elsewhere (8-10). For the clarification of symbols used in this
chapter, however, the framework of the theory is outlined in the fol-
lowing discussion.

The quantities obtainable from reverse osmosis such as f and PR
can be calculated when data on PWP, pore size distribution, and



Published on December 15, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1987-0214.ch007

7. NGUYEN ET AL. RO Concentration and Fractionation 143

Table II. Average Pore Size and Pore Size Distribution on Membrane Surfaces

Film Ry X 10 Ry X 107 _

No. Film Code (m) a1/Rp1 (m) o/Rp2  he
— CA-398-316-82 75 0.002 36 0.195 0.001
— PAH-09 4.6 0.001 — — 0

1 CA-400-15-85 8.6 0.001 — — 0

2 CA-400-15-0 9.6 0.001 — — 0

3 CA-400-5-85 8.4 0.040 51 0.050 0.001

4 CA-400-10-85 8.6 0.003 51 0.050 0.001

5 CA-400-25-0 9.4 0.001 42 0.050 0.002

6 CA-400-20-0 9.0 0.050 55 0.100 0.003

7 CA-400-25-0 9.6 0.001 40 0.050 0.004

8 CA-400-20-0 9.6 0.001 40 0.050 0.005

9 CA-400-20-80 8.6 0.050 59 0.050 0.005
10 CA-400-10-0 9.1 0.001 50 0.050 0.006

interfacial interaction force constants are given under the operating
conditions of the experiment such as feed concentrations, operating
pressure, and feed flow rate (5). The pore size distribution is expressed
in terms of one or more Gaussian normal distributions. For describing
such pore size distributions, the distribution function of the ith distribu-
tion given as

Y:(Ry) = (1/0; 2m) exp {— (R, — Ry:)*/20%} (2)
and a quantity defined as
h; =n;/n, (3)

are necessary, where R, is the pore radius, and Ry, o, and n; denote
the average pore size, the standard deviation, and the number of pores
that belong to the ith distribution, respectively (5). Also, by definition,
R, becomes progressively larger as the number i increases.

With respect to nonionized organic solutes in aqueous solutions, the
interfacial interaction force constants were expressed as constants that
define the interfacial potential function as follows:

very large  whend <D
¢(d) =l—(B/d“) RT whend>D (4)

where d is the distance between the polymer surface and the center of
the solute molecule, D is a constant associated with the steric hindrance
(distance of steric repulsion), B expresses the nature and the magnitude
of the van der Waals force, R is the gas constant, and T is the absolute
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temperature. The quantity D is always positive, and when the solute
shape is assumed spherical, it can be approximated by the molecular
radius such as the Stokes’ law radius. The quantity B may be either
positive (corresponding to an attractive force) or negative (correspond-
ing to a repulsive force). The parameters associated with the pore size
distribution (R,;, o;, and h;) and the interfacial interaction force
parameters (B and D) are related to I'4/cap, obtainable from the
chromatographic experiment, and f, obtainable from reverse-osmosis
experiments, by the following equations:

(Ta/cas) = {g(B.D)}, ®)
fi = {h(Ry;, &, hi, B, D) under given operating conditions};  (6)

where the subscript j indicates the jth solute, and g(...) and h(...) are
some functional forms established in the surface force-pore flow model
(9, 11). By using these equations, the numerical values for the pore size
distribution parameters and the interfacial interaction force parameters
can be determined as follows.

CASES IN WHICH A UNIFORM PORE SIZE DISTRIBUTION Is IN-
VOLVED. Step 1 Calculation. Determination of B and D values for a
reference solute: Only one reference solute is considered; therefore,
i = 1. For this solute, D is approximated by the Stokes’ law radius of the
solute. The numerical value for B can then be obtained from eq 5 by
using experimental values of I'y/c,, for the reference solute.

Step 2 Calculation. Determination of the average pore radius R,;:
Only a uniform pore of R,; is considered. R,;>), o, and h; can be
considered to be equal to zero. Because B and D values are known from the
first step, R, can be immediately calculated from eq 6 by using available
data of f,.

Step 3 Calculation. Determination of Band D values for solutes other
than the reference solute: Once R, is known, Band D values for the solutes
other than the reference solute can be obtained by simultaneous solution
of eq 5 and eq 6 for each solute such that experimental 'y /¢4, and f data
can be satisfied.

CASES IN WHICH TwWO NORMAL PORE SIZE DISTRIBUTIONS ARE
CONSIDERED. In two normal distributions, five parameters, namely
R,., o1, Rys, o, and h,, are necessary to characterize the pore size
distribution on the membrane surface. Five or more reference solutes
are necessary for obtaining such parameters. Let us use eight reference
solutes. By setting eq 5 and eq 6 for each reference solute, we have
eight eq 5’s and eight eq 6’s, corresponding to j = 1,2,3...8.

Step 4 Calculation. Determination of B and D values for reference
solutes: Again, by setting D; equal to the Stokes’ law radius of the jth
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reference solute, B; can be calculated from eq 5 established for the jth
solute so that experimental (I'41/ca,); can be satisfied.

Step 5 Calculation. The five pore size distribution parameters
mentioned earlier can be calculated by nonlinear regression analysis of
eight eq 6’s by using the B and D values obtained for each reference
solute.

Calculation of Solute Separation and Product Rate. Once the pore
size distribution parameters R,,, o), Rys, 02, and h; are known for a
membrane and the interfacial interaction force parameters B and D are
known for a given system of membrane material-solute, solute separa-
tion f can be calculated by eq 6 for any combination of these
parameters. Furthermore, because the PR-to-PWP ratio (PR/PWP) can
also be calculated by the surface force-pore flow model (9), PR is
obtained by multiplying experimental PWP data by this ratio.

Calculation of Processing Capacities. The processing capacity of a
membrane (V,;/St) is defined as the volume of charge (feed solutions)
that 1 m® of film surface can handle per day in a batch concentration
process to increase the solute weight fraction from z; to z; at a given
operating pressure. The following relationship has been derived by
Sourirajan and Kimura (12):

v _|, f"’U z—a}

St Zi G(z —a)

(7)

where z and a denote weight fractions of solute in the solution at the
high pressure side of the membrane and product, respectively, and (p,);
and G are the density of the solution and product permeation flux,
respectively. Subscripts i and f represent the initial and final states,
respectively, of the given feed solutions on the high pressure side of the
membrane. Eq 7 allows the calculation of the processing capacity by
performing the numerical integration of the right side of the equation
from z = z, to z = z; because G versus z data as well as a versus z data
become available from the foregoing calculations. As can be seen from
eq 7, the processing capacity can be given as a function of z/z;.

Results and Discussion

Determination of B and D Values for Solutes Relevant to Membrane
Concentrations of Organic Pollutants. A compilation of the data on
B and D values for a large number of organic solutes was made (11)
in which glycerol was chosen as a reference solute for both CA and
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aromatic PAH or PPPH8273 materials in the step 1 calculation. The
average pore size on the membrane surface was further determined for
each membrane by the step 2 calculation. Then the values for B and D
were determined by step 3 for solutes other than the reference solute.
Some of the results with respect to solutes relevant to the membrane
concentration of organic pollutants are listed in Table III.

Determination of Pore Size Distributions on the Surface of CA
Membranes and Aromatic PAH Membranes. The organic solutes
listed in Table IV were chosen as reference solutes, and then D and B
values with respect to CA-398 and PAH materials were obtained by
step 4. The results are listed in Table IV. Then, by using these B and
D values, the average pore size and the pore size distribution on
surfaces of membranes under study were calculated by following step
5. In these calculations, B and D values for CA-400 material were
assumed to be equal to those of CA-398 material because of the
closeness of acetyl content. The results are listed in Table II.

Process Calculation of the Reverse-Osmosis Concentration of Or-
ganic Solutes. For this study we have chosen several interfacial inter-
action force parameters corresponding to different combinations of
several chosen organic solutes with either CA-398 material or aromatic
PAH material. Such parameters are summarized in Table V. For both
membrane materials, solutes are numbered so that the attractive inter-
action force given as LC retention volume increases as the solute
number increases. By using the pore size distributions of CA-398-316-82
and PAH-09, both listed in Table II, and the interfacial interaction force
parameters given in Table V, the separations of each solute by the
membranes were calculated at pressures ranging from 1724 kPag (250
psig) to 10342 kPag (1500 psig) and at concentrations ranging from 100
to 1000 ppm. The results are illustrated in Figures 1 and 2 for CA and
PAH membranes, respectively. The mass transfer coefficient k = o was
used for the calculation of the separation by the CA membrane, whereas
k =22 X 107 m/s was used for the calculation with respect to the PAH
membrane. PWP values of 32.4 X 102 and 10.4 X 10~ kg/h were used
for CA and PAH membranes, respectively, at the operating pressure of
1724 kPag (250 psig) with the assumption of a linear relationship
between operating pressure and PWP.

Several features of reverse-osmosis separations are revealed by
these calculations; some of them are the following:

1. Solute concentration does not affect solute separation sig-
nificantly in the concentration range studied.

2. Positive separations are obtained in all cases except in cases
V and VL
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Table III. Data on Interfacial Interaction Force Parameters for Some
Potential Water Pollutants

PAH (PPPH8273)
CA-398 Polymer Polymer
Stokes’ Law
Radius X 10'° D X 10" B X 10* D X 10" B X 10¥
Solute (m) (m) (m?) (m) (m?)

Methanol 1.45 1.85 8.31 141 5.71
Ethanol 2.05 2.03 2154 194 21.99
1-Propanol 2.12 2.15 3777 213 36.40
2-Propanol 2.26 245 3840 3.06 89.74
1-Butanol 2.33 2.10 4727  2.57 95.50
2-Butanol 2.33 245 62.15 3.14 134.6
2-Methyl-1-propanol 3.05 2.75 95.57 3.78 243.6
2-Methyl-2-propanol 3.35 3.67 134.3 3.79 132.2
1-Pentanol 2.63 — 375 361.3
1-Hexanol 1.97 1. 97 56.76 — —
Acetone 1.91 1.91 26.90 2.22 47.16
Methyl ethyl ketone 1.92 1.92 3587 239 71.38
Methyl isopropyl

ketone 2.59 2.45 83.67  4.02 360.9
Methyl isobutyl

ketone 2.86 2.45 97.88 — —
Cyclohexanone 277 272 120.8 — —
Diisopropyl ketone 311 2.62 131.7 — —
Methyl acetate 2.05 1.73 2788 258 85.88
Ethyl acetate 2.39 1.83 3641  2.90 132.7
Propyl acetate 2.68 — 346 265.3
Ethyl propionate 2.68 1.88 45.63 — —
Ethyl butyl ether 2.93 2.53 86.45 — —
Ethyl tert-butyl ether 2.93 5.30 901.2 — —
Isopropyl tert-butyl

ether 3.18 5.60 918.2 — —
Propionamide 2.24 1.98 19.13 — —
Acetonitrile 1.47 1.78 28.49 — —
Propionitrile 1.85 1.78 34.20 — —
Nitromethane 1.65 1.80 36.00 — —
1-Nitropropane 2.00 2.05 65.76 — —
Phenol 2.10 1.71 45.39 — —
2-Chlorophenol® 2.58 2.58 126.4 — —
3-Chlorophenol 2.58 1.50 75.0 2.35 130
4-Chlorophenol’ 2.58 2.58 124.7 — —
4-Nitrophenol® 2.69 2.69 135.1 — —
2,4-Dimethylphenol’ 2.90 2.90 1138 — —
3,4-Dimethylphenol® 2.90 2.90 107.3 — —
Dichlorophenols 2.80 1.66 300 — —
Resorcinol 2.74 1.73 45.16 — —
Aniline 2.42 1.80 48.98 — —
Dimethylaniline 2.99 2.50 125.8 — —
1,2-Ethanediol 2.11 2.20 —16.82 — —
Glycerol 2.30 2 30 —-52.30 2.30 —2.99
2,3-Butanediol —-11.97

American Chemical Societfpntinued on next page
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Table III. Continued

PAH (PPPHS8273)

CA-398 Polymer Polymer
Stokes’ Law
Radius X 10" D X 10" B X 10° D X 10" B X 10*
Solute (m) (m) (m®) (m) (m®)

Xylitol 3.00 3.30 —135.0 —_ —
1,2,6-Hexanetriol 3.07 2.82 —16.95 — —
Dulcitol 3.31 — — 216 —104.4
D-Sorbitol 3.30 4.64 —180.2 — —
D-Glucose 3.66 3.36 —203.1 2.29 —67.9
D-Fructose 3.22 4.51 —181.8 — —
Sucrose 4.67 5.11 —343.2 — —
Maltose 498 4.98 —346.0 — -

D was assumed equal to Stokes’ law radius.

3. Solute separation increases with an increase in operating
pressure, except for cases IV, V, VI, and XI (see Table V);
all these cases are characterized by high B values among the
solutes considered.

4. When the feed concentration is as small as those considered
in this study, the osmotic pressure of solutions is negligible.
Therefore, PR/PWP may be expected to be nearly equal to
unity. However, for cases V and VI, in which strong attrac-
tive forces work between membrane and solute, PR/PWP

Table IV. Some Surface Parameters Pertinent to Reference Solutes and CA and
Aromatic PAH Materials

Aromatic PAH

CA-398 Material® (PPPH8273) Material®
DXI10°  BXI10®  DXI0®  BXI0®
Solute (m) (m?) (m) (m®)
Methanol — — 1.41 5.71
Ethanol — — 1.94 21.99
Trimethylene oxide 1.83 32.89 2.30 50.30
1,3-Dioxolane 1.96 42.43 241 55.60
p-Dioxane 2.23 53.87 2.80 5.76
Oxepane 2.53 46.70 —_ —
12-Crown-4 3.19 28.68 4.00 -1.16
15-Crown-5 3.77 —-321.8 — —_
18-Crown-6 4.29 —202.6 — —
Glucose 3.36 —203 — —

%Data are taken from reference 17.
Data are taken from reference 6.
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Table V. Interfacial Interaction Force Parameters Used

Case D X 10" (m) B X 10% (m%) Solute
CA-398 Material
I 3.36 —203 glucose
II 2.45 384 2-propanol
I11 2.15 378 1-propanol
v 5.60 918 isopropyl tert-butyl
ether
\% 1.50 75.0 3-chlorophenol
VI 1.66 300 dichlorophenols
Aromatic PAH Material
VII 2.29 —67.9 glucose
VIII 1.94 22.0 ethanol
IX 3.06 89.4 2-propanol
X 2.13 36.4 1-propanol
XI 2.35 130 3-chlorophenol

was calculated to be ~0.7 at the feed concentration of 100
ppm. Thus, a strong attraction between the solute and the
membrane surface reduces the ratio significantly.

All these features are essentially the same as those obtained by
assuming a uniform pore size distribution (13); therefore, the major
trend of the performance data with the change in the operating vari-
ables does not change by the pore size distribution. However, the
absolute values of solute separation and PR/PWP do change with a
change in average pore size and the pore size distribution (13-14). Later
in this chapter this aspect will be investigated in more detail with
respect to membranes with two normal distributions.

Processing Capacity. On the basis of the data on solute separation
and product rate calculated in the foregoing section, the processing
capacity was obtained with respect to all cases involved in Table V.
The results are shown in Figures 3 and 4 for the CA-398-316-82 and
the aromatic PAH-09 membranes, respectively. Because both the solute
separations and the product rate are practically unchanged in the
concentration range under study, the processing capacity given as
function of parts per million in the concentrate solution per parts per
million in the initial feed solution, which corresponds to z;/z; in eq 7,
is applicable to the entire range of initial concentrations indicated in the
figures. Although the generally higher processing capacities of the CA
membrane reflect the higher permeation flux through the CA membrane
than through the aromatic PAH membrane considered in this study, the
concentration ratio of the CA membrane is lower than that of the
aromatic PAH membrane. This result is obtained because the organic
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Figure 1. Effect of the operating pressure on the solute separation
calculation based on k = % and PWP = 32.4 X 1073 kg/h at 1724 kPag (250
psig). The membrane codes are the same as those given in Tables I and 11, the
case numbers are the same as those given in Table V. Membrane:
CA-398-316-82; feed concentration = 0.1-100 ppm.

solute separation by the CA membrane is smaller than that by the
aromatic PAH membrane. Interestingly, concentration ratios of 3-
chlorophenol and dichlorophenols can only be less than unity, regardless
of the processing capacity, with the CA membrane used in this study.
This finding reflects the negative separations of these solutes under the
operating pressure of 1724 kPag (250 psig).

Fractionation of Glucose and tert-Butyl Isopropyl Ether Solute by
Cellulose Acetate Membranes. The fractionation of glucose and tert-
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Figure 2. Effect of the operating pressure on the solute separation

calculation based onk =22 X 107 m/s and PWP =10.4 X 1073 kg/h at 1724

kPag (250 psig). The membrane codes are the same as those givenin Tables I

and II; the case numbers are the same as those given in Table V. Membrane:
PAH-09; feed concentration = 0.1-100 ppm.
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butyl isopropyl ether by CA membranes was studied in detail both
theoretically and experimentally. The reason for this detailed study is
twofold: both glucose and tert-butyl isopropy! ether possess relatively
large sizes among the organic solutes that constitute potential water
pollutants, as indicated by large D values of case I and case IV solutes
in Table V. On the other hand, water is preferentially sorbed in the
case of glucose solute, whereas the solute is preferentially sorbed in the
case of tert-butyl isopropyl ether solute, as indicated by the large
negative B value of case I solute and by the large positive B value of
case IV solute in Table V. Thus, these solutes are good examples to
demonstrate the contrast between solute separations when water is
preferentially sorbed and when solute is preferentially sorbed at the
membrane-solution interface. Both the theoretical and experimental
solute separations as well as product rate data were obtained in this
study with respect to the single solute systems. This method was used
because separation and product rate data are unaffected by mixing
solutes when they are undissociated polar organic solutes and the
solution is maintained dilute (I15). Because this study is on the fractiona-
tion of glucose and tert-butyl isopropyl ether by CA membranes,
glucose will be called case I solute and tert-butyl isopropyl ether will
be called case IV solute hereafter according to the listing of these solutes
in Table V.

"~ Figure 5 shows the results of some parametric studies on the
separation of both case I and case IV solutes. In this calculation R,
01/Ry.1, and 0:/R,, 2 values were fixed at 50 X 107° m, 0.001, and 0.05,
respectively, whereas R,, and h, values were changed. Furthermore,
PR/PWP was forced to be equal to unity to facilitate the computer
calculation. Thus, the calculation corresponds to the dilute solution. This
assumption is not always valid particularly for case IV solute which is
preferentially sorbed to the membrane polymer material. However, the
general conclusion obtained from the calculated separation data is
unchanged (13) on the basis of this assumption.

As shown in Figure 5a, the separations of case I solute are positive
regardless of the R,, and h;, values. This result is obtained because the
rejective force is working between the membrane material and the
solute (I13). For an h, value of 0.2, solute separation increases as R,
increases, passes through a maximum at R,, = 13 X 107'° m, and starts
decreasing thereafter. The initial increase of solute separation with the
increase in R,, is due to the increased contribution to the overall
membrane separation from the solution that permeates through the
pores belonging to the first (smaller) pore size distribution. Because
solute separation by the pores of the first distribution is significantly
higher than that by the pores of the second distribution, the increase in
the contribution of the flow through the pores of the first distribution
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increases the overall solute separation. When the size of the pores of
the first distribution increases even further, however, the solute separa-
tion by the first pore tends to decrease. Therefore, the maximum found
in the solute separation versus R,, curve is the result of the superim-
position of the opposing tendencies.

Figure 5a also indicates that the R,, value corresponding to the
maximum solute separation of case I solute shifts gradually to the
smaller value as the h; value decreases and ultimately disappears when
h2 =0.

The separation for case IV solute shown in Figure 5b is different
from that for case I solute in several aspects. Comparing the separation
data of both solutes at h, = 0.2, the separation of case IV solute is
negative. This result reflects the strong attractive force working be-
tween the membrane material and solute as indicated in Table V by the
large positive B value of case IV solute. On the other hand, the
maximum in the separation of case IV solute shifts toward the larger
Ry, value in comparison to case I solute at each level of h,. This result
reflects the larger size of case IV solute, which is again indicated in
Table V by a larger D value of case IV solute than that of case I solute.
As a result, in some range of the large R,, values, the separation of
case IV solute may surpass that of case I solute. Furthermore, as hy
decreases, the R, , value corresponding to the maximum separation of
case IV solute also decreases. Interestingly, the tendency to exhibit a
maximum separation is preserved in the form of an inflection point at
Ry, =9 X 107° m, even when hy = 0.

The separation data of both case I and case IV solutes shown in
Figure 5a and Figure 5b were then amalgamated into Figure 6. In Figure
6, the separation data approaches the left-bottom corner as h, increases.
This behavior is not surprising because the increase in the average pore
size (of the total pores on the membrane surface) caused by an increase
in h; decreases the separation of both solutes. When h, = 0.2, separa-
tions of both case I solute and case IV solute increase as R, increases.
At R,; =13 X 107 m, the separation of case I solute starts decreasing,
whereas that of case IV solute continues to increase. Furthermore, at
Ry1 =21 X107 m, separations of both solutes tend to decrease. As h;
decreases, the general pattern of the curve is preserved, although the
R,, value at which the separation of case I solute starts decreasing
decreases from 13 X 107° m at h, = 0.2 to 9 X 107° m at h, = 0.003.
When h, = 0, separations of both case I and case IV solutes tend to
decrease monotonically as R, increases. Figure 6 indicates that the
fractionation of case I solute and case IV solute is possible by CA
membranes under the given operating conditions at any point in the
region surrounded by the triangular envelope generated by assembling
all data points corresponding to different h, and R,, values. Such an
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Figure 6. Separations of case I and case IV solutes at various Rb 1 and hy
values with respect to CA membranes. Ry, 2 =50 X 107 m; 0,/Ry, 1 = 0.001;

0s/Rue = 0.05; operating pressure = 1724 kPag (250 psig); solute
concentration =100 ppm; k=22 X 10~ m/ s. The case numbers are the same
as those in Table V. Key: O, experimental points; , calculated values.

assembly of data points will be called a data bank hereafter. The
separation of case I solute may range from 30% to 82% at a given
separation of case IV solute of 60%. Thus, the separation of case I solute
may be more or less than that of case IV solute depending on the nature
of the pore size distribution on the membrane surface. The upper limit
of the data bank is constituted by the points corresponding to low R,
values, whereas the lower limit corresponds to high R, values. Because
the R, » value is fixed at 50 X 107 m in this calculation, a higher value
of R,, means a more uniform pore size distribution. Therefore, the
more uniform the pore size distribution, the less the separation of case
I solute expected for a given separation of case IV solute. As the furthest
extreme of this tendency, the correlation corresponding to the most
uniform pore size distribution (h; = 0) constitutes the lower limit of the
entire data bank.

Some of the calculated values shown in Figure 6 were experimentally
verified by using films 1, 3, 6, 7, 8, and 10. As shown in Table II, R,
values of these membranes were in the range from 40 X 107 m to
approximately 55 X 107'° m, ¢,/R,, was 0.001 except for membranes 3
and 6, and ¢o/ ﬁb.z was 0.05 except for membrane 6; thus, films 1, 7, 8,



Published on December 15, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1987-0214.ch007

158 ORGANIC POLLUTANTS IN WATER

and 10 particularly satisfy the restriction under which Figure 6 was
produced. On the other hand, R,, was in the range from 8.4 X 107 to
9.6 X 107, whereas h, was in the range from 0 to 0.006. As expected
from the relatively low R, values, the experimental points should fall
close to the upper envelope of the data bank; this situation was the case
as indicated by experimental points in Figure 6. Furthermore, in Figure
6, the experimental points are connected by arrows to the corresponding
values calculated on the basis of the pore size distribution given in Table
II. The agreement between calculated and experimental fractionation
data is indeed good considering the many variables involved in the
calculation. Unfortunately, our capability of adjusting the pore size
distribution in the real membrane is rather limited at present, and hence
the experimental data points corresponding to the lower envelope of the
data bank were not achievable. As mentioned earlier, a more uniform
pore size distribution with larger R, values is necessary for this purpose.
The experimental data, however, indicate that the existence of a dual
pore size distribution is necessary to explain thé experimental data on
the separations of case I and case IV solutes by the transport model
employed in this study and the associated numerical parameters.

Our next study is concerned with the fractionation of glucose and
3-chlorophenol by CA membranes. 3-Chlorophenol was chosen for the
study particularly because of its low D value and high B value, the
combination of which often leads to the negative separation of the
solute. Furthermore, 3-chlorophenol may represent the entire chloro-
phenols that are regarded as typical water pollutants (16). According to
Table V, the system involving 3-chlorophenol and CA-398 material is
called case V solute system. A parametric study was conducted again by
fixing Ry, 0,/R;,, and 0s/R, s values at 50 X 107 m, 0.001, and 0.05,
respectively, and by changing R, and h, values. Again, the PR/PWP
ratio was assumed to be unity to facilitate the computation. The calcu-
lated results are shown in Figure 7. At the h, value of zero, Figure 7
shows that the separation of case I solute decreased from ~100% to
nearly equal to 20% when R,, was changed from 5 to 23 X 107'° m,
whereas the separation of case V solute decreased from +10% to —10%
under the given conditions. When h, was 0.001, the separation of case I
solute first increased with an increase in R, , passed maximum when R,
=9 X 107° m, and further decreased to approximately 20% at the R,
value of 23 X 107 m. Case V solute, on the other hand, decreased from
+8% to —10% as R,, increased from 5 X 107 m to 23 X 107'® m. The
main feature of the curve corresponding to h; = 0.001 is preserved for
the higher h; values. As a result, all the calculated points are bounded by
the curve corresponding to h; = 0. Besides, at any h; value, the data for
R,,, values larger than 11 X 107!° m are expected to fall on the boundary
of the data bank, whereas the data are expected to move away from the
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Figure7. Separations of case I and case V solutes at various Ry, ; and hp values

with respect to CA membranes. Ry 2 =50 X 107 m; 01/Ry, ; = 0.001; 02/Ry 2

=0.05; operating pressure = 1724 kPag (250 psig); solute concentration = 100

ppm; k=22 X 108 m/s. The case numbers are the same as those in Table V.
Key: O, experimental points; , calculated values.

boundary to the right (further toward the inside of the data bank) as Ry,
decreases. No data can be on the left side of the boundary as far as CA
membranes are used under the specified experimental conditions.

In Figure 7 the experimental data are also plotted. The plot of such
data is justified because membranes 2-7, 9, and 10, which were con-
sidered in the study, possess R, values in the range of 40~55 X 107'° m,
01/Ry) value of <0.01 (except membranes 3 and 6), and o2/Rs; value of
0.05 (except membrane 6). Thus, membranes 2, 4, 5, 7, 9, and 10
particularly satisfy the conditions that were assumed when the calculated
data in Figure 7 were produced. Attention has to be paid to the two
main features of these experimental points. First, experimental data
were connected by arrows to the values calculated on the basis of the
pore size distribution data given in Table II. The agreement of experi-
mental and calculated data is again generally good. The data corre-
sponding to membranes 2, 5, and 7 fall on the left side of the boundary
of the data bank, whereas data from membranes 3, 4, 6, 9, and 10 fall on
the right side of the boundary. R, values of membranes 2, 5, and 7 are
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more than or equal to to 9.4 X 107° m. On the other hand, R, values of
membranes 3, 4, 6, 9, and 10 are less than or equal to 9.1 X 107 m.
Therefore, membranes 2, 5, and 7 possess distinctively higher R, values
than membranes 3, 4, 6, 9, and 10. As predicted by numerical calculation,
the data should move toward the right into the data bank such as shown
in Figure 7 as R,, decreases. The actual experimental data indicate the
predicted trend.

By defining the optimum fractionation of case I solute and case V
solute as the maximum of the value (f; — fv)?, the optimum membrane
pore size distribution that corresponds to the maximum fractionation can
be searched for. For example, the optimum fractionations are repre-
sented in Figure 7 by a circular region located at the left-top corner of
the fractionation data bank. The necessary pore size distributions for
achieving such optimum fractionations were produced because mem-
branes 2, 3, and 4 and experimental data from the membranes fell
precisely into the circular region. Thus, the fractionation of case I and
case V solutes can be optimized by a proper design of the pore size and
pore size distribution by computer analysis and the formation of mem-
branes that possess the calculated pore size distributions.

Conclusion

The interfacial force constants available in the literature for many
organic solutes that constitute potential pollutants in water enable one to
calculate the separation of such solutes at various operating conditions
by a membrane of a given average pore size and pore size distribution
on the basis of the surface force-pore flow model. The product rate of
the permeate solution can also be calculated. Such data further allow us
to calculate the processing capacity of a membrane to achieve a preset
ratio of concentration in the concentrate to concentration of the initial
feed solution.

This approach also enables the design of the pore size distribution
that optimizes the fractionation of different solutes. Furthermore, the
correlation of the process of the membrane formation to the average
pore size and the pore size distribution produced on the membrane
surface enables one to produce membranes that are most appropriate
for the fractionation of a given set of solutes. Therefore, this approach
contributes to the rational design of membranes for the concentration of
water pollutants of particular interest.
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List of Symbols

A pure water permeability constant (kg-mol/m?-s- kPa)

A, the surface area of polymer powder in the
chromatography column (m?)

a weight fraction of the solute in the product solution
(ppm)

B constant characterizing the van der Waals attraction
force (m3)

Cab bulk concentration (mol/m?)

D constant characterizing the steric repulsion at the
interface (m)

(Davi/K8)xar  transport parameter of reference sodium chloride in
water (treated as single quantity) (m/s)

d distance between polymer material surface and the
center of solute molecule (m)

fraction solute separation based on the feed

concentration

G product permeation flux (kg/m?- day)

h; ratio defined by eq 3

n; number of pores belonging to the ith normal
distribution

PR product rate through given area of membrane surface
(kg/h)

PWP pure water permeation rate through given area of
membrane surface (kg/h)

R gas constant

R, pore radius (m)

R,; average pore radius of the ith distribution (m)

S area of membrane surface (m?)

T absolute temperature (K)

t operation period (days)

Vi volume of charge on the high-pressure side of the
membrane at t = 0 in the batch process (m?)

Vg4 chromatography retention volume of solute A (m?)

z weight fraction of solute in the selection on the high-
pressure side of the membrane (ppm)

| DA surface excess of solute A (mol/m?)

o1 density of the solution (kg/m3)

o; standard deviation of the ith normal pore size
distribution (m)

1) potential function of interaction force exerted on the

solute from the pore wall (J/mol)
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Concentration of Selected Organic
Pollutants: Comparison of Adsorption
and Reverse-Osmosis Techniques
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'Environmental Health Directorate, Health and Welfare Canada, Ottawa,
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Polar organic pollutants such as 2,4-dichlorophenol, 2,4,5-
trichlorophenol, 4-chloroaniline, and 3,3'-dichlorobenzidine and
nonpolar organics such as a-hexachlorocyclohexane and bis(2-
ethylhexyl) phthalate in aqueous solutions were concentrated by
an adsorption-desorption technique using XAD-2 and XAD-4
resins and carbon-impregnated polyurethane foam. By using
concentrations ranging from parts-per-million to parts-per-trillion
levels, both resins behaved similarly in their concentration effi-
ciency; however, the modified polyurethane foam was inadequate
for 4-chloroaniline. Also compared was the reverse-osmosis tech-
nique as a potential method for concentrating the same organic
pollutants from aqueous solutions. This study reemphasizes the
general ineffectiveness of cellulose acetate membranes for reject-
ing small organic molecules in low concentrations, whereas
polyamide hydrazide and polybenzimidazolone membranes
seem to show promise for rejecting such compounds.

THE CONCENTRATION AND ANALYSIS of organic pollutants in envi-
ronmental aqueous samples have been the focus of many studies (1-6).
Included in these studies are (1) the large number of organic com-
pounds and their functional diversity; (2) the variation in their levels;
(3) the variety of methods to concentrate or separate these compounds
from an aqueous matrix; and (4) techniques for detection, identification,
or analysis. However, it is rather difficult to find many comparative
studies involving all these factors.

We have attempted to provide a comparison of concentration and
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analytical methods that include six common priority organic pollutants
representing acidic functionalities [2,4-dichlorophenol (DCP) and 2,4,5-
trichlorophenol (TCP)]; basic functionalities [4-chloroaniline (CA) and
3,3'-dichlorobenzidine (DCB)]; and neutral functionalities [a-1,2,3,4,5,6-
hexachlorocyclohexane (BHC) and bis(2-ethylhexyl) phthalate (DEHP)].
Concentration procedures involving three of the more commonly
used solid adsorbents (7-9) were compared to the reverse-osmosis
(RO) technique. The solid adsorbents in this study were XAD-2 (10)
and XAD-4 (11) macroreticular resins and polyurethane foam impreg-
nated with 1% activated carbon (12, 13). For the RO studies, the
membranes employed were cellulose triacetate (CAc), polyamide hy-
drazide (PA), and polybenzimidazolone (PBI) (14-18). This study also
includes results from two types of analytical methodology, namely,
capillary gas chromatography (GC) (2, 19-21) and reverse-phase high-
performance liquid chromatography (HPLC) (3, 22). Furthermore, GC
analysis of two field samples of drinking water and GC-mass spec-
trometric (GC-MS) identification of some of the compounds found in
these water samples are also reported in this chapter.

Experimental

Materials and Reagents. All glassware was washed with chromic acid and
thoroughly rinsed successively with water, glass-distilled acetone, and purified
hexane (23). Selected organic compounds for this study were commercially
available: DCP, TCP, CA, and DEHP (Aldrich Chemicals); DCB (Supelco);
and BHC (Analabs). These compounds were purified, if necessary; checked for
purity by IR, UV, GC, HPLC, and 'H and 3C NMR; and shown to be =97%
pure. Anhydrous NaySO;, (pesticide grade, Canlab) was prerinsed with purified
solvents before use.

ADSORBENTS. Macroreticular Amberlite resins XAD-2 and XAD-4 (20-50
mesh; Lots 90721 and 89829, respectively) were obtained from BDH Chemicals
Ltd. Polyurethane foam (upholstery grade, Woodbridge Foam Co.) and
vegetable charcoal (Darco G-60; Lot 363-53; Matheson Canada Ltd.) were
purchased.

MEMBRANES. Flat sheets of CAc, PA, and PBI membranes were cast at
the National Research Council of Canada by using published procedures (24)
and were selected to obtain two different porosities as determined by percent
NaCl rejection. The membrane sheets (ca. 400 um thickness) were cut into
circles approximately 7.5 cm in diameter.

SOLVENTS. Hexanes (distilled in glass, Caledon Laboratories Ltd.) were
purified by treating them with Hy;SO4 and KMnO, as previously described (23).
Acetonitrile and acetone (HPLC grade, Caledon Laboratories Ltd.) were used
as received.

GLASSWARE. All special borosilicate glassware was fabricated in-house.
Kuderna-Danish (K-D) evaporators and the modified Snyder columns were
constructed as per the design described previously (25); adsorption glass
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columns (60-cm X 1.l1-cm i.d.) were fitted with coarse glass frits,
polytetrafluoroethylene (PTFE) polymer stopcocks (2 mm), and ground glass
standard-tapered  24/40 joints; reservoirs for the columns were 1-L separatory
funnels with ground glass 24/40 joints and PTFE polymer stopcocks (4 mm);
effluent receivers were 1-L Buchner filter flasks fitted with ground glass  24/40
joints. A 4-L reservoir for the RO system was provided with a ground glass
joint 40/50 and an outlet on the side near the bottom of the reservoir.

Equipment. RO cells (Figure 1) were constructed of 316 stainless steel at
the Science Technology Centre, Carleton University, Ottawa, Canada, as per
design described by Matsuura et al. (26). The RO system consisted of six cells
(assembled as shown in Figure 2), a variable-flow circulating pump and motor
with 316 stainless steel valves, Viton diaphragm (BIF no. 1731-12-9820, rated at
13 gal/h at 950 psig), a surge tank with Viton diaphragm (Greer, 1 pt; Dynesco
Equipment Sales), miscellaneous valves and gauges, and the 4-L borosilicate
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Figure 1. Exploded view of RO cell (to scale). The various components of
the cell fit together, are compressed by machine bolts, and are sealed with
Viton O-rings. The membrane (effective diameter = 3.8 cm) is compressed
against a porous steel plate (1/16 in., porosity = 25 um) and flushed with feed
solution. A certain amount of water penetrates the membrane and is collected
as the permeate water (D). The feed solution enters the cell (A) and washes
across the membrane (B) before being forced out of the cell (C).
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reservoir. The connecting tubing was made of either 316 stainless steel or PTFE
polymer.

Instrumentation and Analytical Procedures. GAS CHROMATOGRAPHY. A
Vista 6000 (Varian) instrument equipped with a fused silica capillary column
(DB-5, ] & W Scientific, 14 m X 0.25 mm), a flame ionization detector (FID,
1 X 107" amperes full scale [AFS]), and an electron capture detector (ECD,
Range 10) were used. The detectors were used as required. A splitless injection
configuration with a purge flow of 40 mL/min was used at all times. Typical
parameters were as follows: carrier gas, ultra-high-purity (UHP) helium (flow
adjusted to give a linear velocity of 25 cm/sec for butane); makeup gas to the
detector, nitrogen (zero gas, <0.5% hydrocarbons), 26 mL/min; injector, 280 °C;
detector, 300 °C. A typical column oven temperature program was 50 °C, (hold
for 1 min) to 75 °C at 20 °C/min; hold at 75 °C for 5 min; 75-250 °C at 10 °C/
min; hold at 250 °C for 10 min. Under these conditions, the following retention
times were observed: 9.3 min for DCP, 10.4 min for CA, 13.6 min for TCP,
18.3 min for BHC, 26.1 min for DCB, and 27.0 min for DEHP. One-microliter
samples of concentrates or the working standard were injected with appropriate
attenuations.

GAS CHROMATOGRAPHY-MASS SPECTROMETRY. A Finnigan 4500/Incos in-
strument with a 30-m X 0.32-mm i.d. capillary column coated with SP-B-5 was
used. The GC parameters were as follows: injector, 270 °C; column oven
temperature programmed, 50 °C (0.1 min, hold); 15 °C/min to 100 °C, 5 °C/min
to 270 °C; internal standard, anthracene-d,o; helium flow, 3.0 mL/min; sample
size, 3.0 uL. MS conditions were as follows: EI, 70 eV; scan (m/z), 35-650
daltons; source temperature, 250 °C; filament current, 0.5 A; sensitivity, 1078
A/V. (NOTE: When the name of a compound is followed by “(confirmed)”, it
means that the standard material was analyzed for confirmation under condi-
tions identical to those of the sample; when the name is followed by “(tenta-
tive)”, it means that the mass fragmentography showed the best fit (>80%) based
on the National Bureau of Standards [NBS] library computer search.)

LIQUID CHROMATOGRAPHY. A model M 6000A (Waters) instrument was
used with a manually variable UV-vis detector (Schoeffel Instruments Co.) and
a U6K injector, both supplied by Technical Marketing Associates. A Hamilton
PRP-1, reverse-phase resin, 150-mm X 4.1-mm (10 um) mesh column packing
was used under the following conditions: mobile phase, acetonitrile/water (4:6
v/v); flow rate, 1 mL/min. The retention times were as follows: 5.35 min for
CA (A = 243 nm), 7.3 min for DCP (A = 243 nm), and 13.4 min for TCP
(A = 257 nm). The composition of mobile phase was altered to 20% water in
acetonitrile to give a retention time of 3.1 min for DCB (A = 213 nm) at the flow
rate of 2.0 mL/min. Injection volumes of actual samples and working standards
and attenuations were varied as necessary. An electronic integrator (Spectra-
Physics Minigrator) and a 1-m V strip chart recorder (Fisher Recordall 5000)
were routinely employed in this study.

PREPARATIONS AND PURIFICATION. Purified water was prepared by pass-
ing distilled water through two borosilicate glass columns, each separately
containing purified XAD-2 and XAD-4 resin (75 cm X 3 cm) connected in
series. The resin-treated water was redistilled in glass from an alkaline KMnO,
solution by using a Vigreux column (2 m) and was collected in precleaned
amber-colored bottles with PTFE polymer-lined caps.
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STOCK SOLUTIONS. Aqueous stock solutions (1-10 ppm) of the polar
organic compounds were prepared by adding known weights of pure com-
pound(s) to an appropriate volume of purified water in a thoroughly rinsed
12-L round-bottomed flask. The mixture was heated to 50 °C and stirred with
a PTFE polymer-coated magnetic stirrer for 24-48 h; it was then cooled, while
being stirred, to room temperature for 24-48 h before it was filtered through a
precleaned Millipore filter (HA, 0.4 pum) (25). The exact concentrations of
organic compounds in these solutions were determined on the basis of peak
heights of the compounds in samples and in working standards. The stock solu-
tions of the nonpolar compounds (BHC and DEHP, 50-100 ppb) were prepared
by adding aliquots of concentrated solutions of known concentrations of these
organic compounds in acetone to the required volume of water.

ADSORBENTS. The macroreticular resins XAD-2 and XAD-4 were
separately suspended in distilled water, and the suspensions were stirred to
leave the fine particulates floating. These fines<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>