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This article discusses developments in environmental analytical
chemistry that occurred in the years of 2001 and 2002. References
were found by searching Current Contents and the Science Citation
Index. We highlight techniques that we think, based on our
experience, represent current trends and state-of-the-art technolo-
gies in the sampling, extraction, and detection of trace concentra-
tions, low-part-per-billion and less, of organic, inorganic, and
organometallic contaminants in real environmental samples. In
addition, we review new analytes of interest, the detections of
which are made possible by recently developed analytical meth-
ods.

When this review debuted more than a decade ago, chlorinated
organic compounds, including the notorious dioxins, furans, and
biphenyls, polynuclear aromatic hydrocarbons, pesticides, and
metals were contaminants of primary concern because of the
adverse human health effects associated with acute exposure to
these compounds. Analytical methods were developed to docu-
ment the presence of these pollutants in the environment and to
describe the extent to which an area was contaminated. The

monitoring of these pollutants in the environment continues to
be of interest to today’s scientists, who desire to understand the
long-term, health effects of chronic exposure to low concentrations
of pollutants. As instrumental detection limits improve and as
newer detection techniques, such as liquid chromatography/mass
spectrometry (LC/MS), become more widely used, polar envi-
ronmental contaminants, for example, pharmaceutical compounds,
water disinfection byproducts, and degradation products of
pesticides, are being discovered, identified, and quantified.

The methods used for sample extraction, sample preparation,
and analyte detection have improved greatly in comparison to
those that were available a decade ago. Now, the traditional
liquid-liquid extractions for aqueous samples and the Soxhlet
extractions of solids are quickly being replaced with solid-phase
extraction (SPE) and pressurized liquid extraction (PLE), respec-
tively. Solid-phase microextraction (SPME) has emerged as a
universal extraction technique that can be used with gaseous,
liquid, and solid samples. Gas chromatography (GC) is a mature,
and routinely used, separation technique. GCs coupled with flame
ionization, electron capture, atomic emission, and mass spectro-
metric detectors are commonplace. Despite its maturity, the
technique of GC continues to evolve as the fields of chiral
separations, fast separations, two-dimensional GC, and isotope
ratio measurement coupled with GC are explored. LC/MS has
become an essential tool for the determination of polar and
thermally labile compounds. Inductively coupled plasma/mass
spectrometry (ICPMS) has emerged as a preferred technology
to provide information about environmental concentrations of trace
metals. When coupled with the appropriate sample preparation
steps, ICPMS can also provide insight about metal speciation,
which is of particular importance to toxicologists. Nuclear mag-
netic resonance spectroscopy (NMR), at one time ignored by
environmental scientists because of the older instruments’ rela-
tively poor detection limits, has emerged as a powerful technique
to explore analyte-matrix interactions.

In our review, we will address the previously mentioned
techniques and the analytes that are currently of interest to
environmental scientists. The editors of Analytical Chemistry have
requested that we discuss only the “most important and significant
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developments” in environmental analysis. This necessitates a
critical, and not a comprehensive, review. Thus, we acknowledge
that we will not be able to mention all of the noteworthy
developments in the analysis of trace pollutants present in
environmental matrixes that have occurred since the beginning
of the year 2001. We encourage our readers to peruse the Water
Analysis and Air Analysis articles in this issue, as they provide
additional information about detection methods for various con-
taminants in water and air.

SAMPLE COLLECTION AND EXTRACTION
METHODS

Exhaustive Extraction of Water: Solid-Phase Extraction
of Organic Compounds. SPE continues to be the leading
technology for the exhaustive extraction of organic compounds
from aqueous samples. The commercial availability of a multitude
of broad spectrum and chemical class-specific solid phases and
the increasing availability of LC/MS and on-line SPE-LC/MS, in
particular, has led to a broadening in the types of organic
compounds that have been extracted from and measured in
aqueous samples in recent years. The result has been an increase
in the measurements of both polar and nonpolar current-use
chemicals of emerging interest in the aquatic environment. Some
of these analytes include consumer product chemicals, such as
alkylphenols and alkylphenol ethoxylates (A1, A2), bisphenol A
(A1, A2), phthalate esters (A2), dimethylbenzylammonium chlo-
ride (A3), perfluorinated surfactants (A4), caffeine (A2, G18), and
fragrance materials (A5). Antimicrobials and antibiotics such as
sulfonamides (A6), tetracyclines (A2, A6), fluoroquinolone (A7),
and triclosan (A2, A8), and pharmaceuticals, such as ibuprofen
(A2), codeine (A2), and estrogens (A1, A2, A9, A10), have been
studied. Also of interest are current-use pesticides (A11) such as
the triazine (A12, A13), phenylurea (A14), phenoxy acid (A15),
acetanilide, carbamate, organophosphorus (A2, A11), and pyridy-
lium pesticides (A16) and their metabolites. A wide range of
pharmaceuticals, hormones, and consumer product chemicals
were identified in rivers throughout the United States with the
use of SPE, LC/MS, and gas chromatography/mass spectrometry
(GC/MS), with and without derivatization (A2). Because many
of these compounds of emerging interest may be present in the
laboratory due to their use in consumer products, extreme care
must be taken to ensure that their detection is not a result of
laboratory or personnel contamination.

Depending on the objective of the analytical method and the
specificity required, two general approaches have been used in
the selection of solid phases for SPE. When the objective has been
to identify and quantify multiple analytes, with wide ranges in
polarity and chemical structure, broad-spectrum, mixed phases,
or tandem solid phases have been used. This approach has
included the use of broad-spectrum alkyl-silica or polymeric-based
solid phases in conjunction with the use of cation exchange solid
phases (A2) or a mixed-phase, mixed-mode, or multilayer cation
exchange/alkyl-based solid phase (A7, A16). However, this catch
all, broad-spectrum approach may result in the need for further
extract purification prior to analysis because of the coextraction
of analyte interferences.

When analytical methods that are based on the use of broad-
spectrum solid phases in conjunction with additional extract

purification techniques (such as SPE using silica or alumina) are
not sufficiently specific or the objective is to identify and quantify
a very limited list of analytes from a single chemical class without
additional extract purification, class-specific extractions using
molecularly imprinted polymers (MIPs) and immunoaffinity solid
phases have been used. Of these two types of phases, the use of
molecularly imprinted solid-phase extraction (MISPE) appears to
be growing most rapidly in the field of environmental analysis
and commercialization of MIP solid phases is beginning (A17).
Some recent applications of MISPE have been in the area of
pesticide detection in aqueous matrixes. Triazine herbicides have
been detected in river water samples using a restricted access
material followed by MISPE on-line to an LC/MS instrument
(A13). Triazine herbicides have also been measured in drinking
water, groundwater, soil, and corn using a propazine-imprinted
polymer solid phase and micellar electrokinetic chromatography
(A12). In addition, sulfonylurea and chlorinated phenoxyacid
herbicides have been extracted from surface water samples using
MISPE (A14, A15). Finally, 4-nitrophenol has been measured in
river water using on-line MISPE/reversed-phase high-pressure
liquid chromatography (HPLC) (A18, A19). The use of MISPE
in environmental analysis is likely to grow considerably as
prepackaged cartridges become increasingly commercially avail-
able.

Sorptive Extraction: Solid-Phase Microextraction, Stir
Bar Sorptive Extraction, and Semipermeable Membrane
Devices Applied to Water and Air. SPME and other extraction
techniques, such as stir bar sorptive extraction (SBSE) and
semipermeable membrane devices (SPMDs), which are based on
equilibrium or nonequilibrium partitioning (sorption) of the analyte
to a surface, continue to be important analytical tools for
environmental analysis. Some of the more novel recent uses of
these techniques include the measurement of freely dissolved
water concentrations (bioavailable concentrations) of contami-
nants, estimation of organism body burdens or total body residues
of pollutants using biomimetic extractions, and estimation of
sorption of organic compounds to humic substances.

Solid-Phase Microextraction. In recent years, conventional fiber
SPME has often been used as a rapid, and inexpensive, technique
to screen and quantify volatile and semivolatile organic compounds
in water and air samples because it is easily interfaced with gas
chromatography. A wide array of SPME fiber coatings is now
commercially available, increasing the range of compounds that
can be detected using these fibers. Fiber SPME has been used
to extract organochlorine (A20, A21) and organophosphorus
(A22) pesticides, biocides (A23), chlorinated paraffins (A24) and
methyl tert-butyl ether (A25) from water samples, as well as to
extract chlorophenols from landfill leachates (A26). Fiber SPME
continues to be used to measure organic compounds in the air.
Some of these recent applications include measurement of
fragrance material in air inside a photochemical reactor during
relative rate experiments (A27), the measurement of formaldehyde
in indoor air (A28), and the development of a field-portable SPME
device for measuring volatile organic compounds indoor air (A29).
Fiber SPME has also found increased use in the measurement of
trace elements and organometallic species (A30) in environmental
matrixes. These applications have included the measurement of
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Hg (A31, A32), Sn (A31, A33-A35), Pb (A35), Se (A30), and As
(A30).

Fiber SPME has not only been used to measure analyte
concentrations in water and air; its use has broadened to bring
new understanding to chemical and biological processes within
the environment. Because only a small volume of sorbent (up to
500 nL) is coated onto the surface of SPME fiber (A36), its
capacity for analyte sorption is limited. The sorption kinetics are
relatively fast, and exposure of the SPME fiber into an aquatic
system is unlikely to disturb the analyte’s equilibrium partitioning
between the aqueous and solid phases of the system. Termed
“negligible depletion solid-phase microextraction”, it has been
used to estimate freely dissolved or bioavailable concentrations
of two polycyclic musks in water during biodegradation and
sorption rate studies in activated sludge (A37), to estimate total
body residues of Chironomus riparius exposed to a variety of
chlorinated organic compounds (A38), and to measure sorption
of hydrophobic organic compounds to dissolved humic organic
matter (A39, A40). Finally, SPME fibers have been used as a
photoreaction support (photo-SPME) to study on-fiber photodeg-
radation of polychlorinated biphenyls (PCBs, ref A41) and p,p′-
DDT (A42) in an effort to understand photodegradation processes
in the environment.

To broaden the applicability of fiber SPME to nonvolatile or
thermally labile analytes, a SPME-HPLC interface has been
developed. In this application, the analytes are desorbed from the
SPME fiber with solvent and injected into the LC system.
However, in the field of environmental analysis, the use of in-
tube SPME rather than fiber SPME appears to be gaining faster
acceptance for interfacing with LC. During in-tube SPME, an
aqueous sample is passed through several centimeters of a coated
open tubular capillary GC column using a microflow pump and
the analytes of interest partition into the stationary phase (A43).
The analytes are eluted off the stationary phase with solvent and
introduced into the LC. In-tube SPME has some distinct advan-
tages over fiber SPME for LC applications. These advantages
include the availability of a wider array of stationary phases
(different GC column stationary phases), shorter equilibration
times, and automation (A43). Analyte extraction, desorption, and
injection can be done continuously with in-tube SPME using a
conventional LC autosampler (A43). Some recent applications of
in-tube SPME to environmental analysis include the measurement
of phthalates in water by HPLC (A44), chlorinated phenoxy acid
herbicides in water by LC/MS (A45), tributyltin in water by LC/
MS (A46), and the measurement of polycyclic aromatic hydro-
carbons and polar aromatic compounds in water using a polypyrrole-
coated capillary and HPLC (A47).

Stir Bar Sorptive Extraction. SBSE is a variation on SPME.
SBSE makes use of a poly(dimethylsiloxane) (PDMS)-coated stir
bar rather than a sorbent-covered retractable fiber. An aqueous
sample is extracted by stirring the coated stir bar in the sample.
The stir bar is then removed from the sample, and the analytes
are thermally desorbed for GC analysis or desorbed with solvent
for LC analysis. SBSE has a distinct advantage over SPME in that
it has a much higher phase ratio (ratio of the volume of the PDMS
phase to the volume of the water phase) because the sorbent
volume is as large as 100 µL (A36). This results in improved
analyte recovery and sensitivity, with the ability to measure a wider

array of compounds quantitatively (A36). The disadvantage of
SBSE is that it requires the use of a thermal desorption unit for
GC analysis, while fiber SPME is thermally desorbed directly in
the injection port of the GC. Recent applications of SBSE to
environmental analysis include the measurement of polycyclic
aromatic hydrocarbons in water by GC/MS (A48) and HPLC
(A49), the measurement of PCBs in human sperm (A50), and
the measurement of organotin compounds in water and mussels
by GC/ICPMS (A51). Finally, a PDMS-coated stir bar was
enclosed in a dialysis membrane bag and deployed as a passive
sampler for persistent organic pollutants, including polycyclic
aromatic hydrocarbons (PAHs) and polychlorinated biphenyls
(PCBs), during laboratory continuous-flow exposures (A52).

Semipermeable Membrane Devices. SPMDs continue to be
important tools for in situ, passive sampling of hydrophobic (log
Kow >2), nonionic pollutants in the environment (A53). Although
a variety of lipophilic phases have been investigated, the majority
of applications continue to use the triolein-containing SPMDs.
SPMDs can be used in the aquatic environment to estimate
organism total body residues and bioavailable water concentrations
of contaminants. Over the past few years, SPMDs have been used
in the aquatic environment to measure organic compounds of
emerging concern such as polybrominated diphenyl ether (PBDE)
flame retardants (A54) and methyl triclosan (A55), a transforma-
tion product of the bactericide triclosan.

There is a marked increase in the use of SPMDs as integrative,
passive samplers of atmospheric contamination in recent years.
The use of SPMDs, polyurethane foam, and organic-rich soil as
passive sampling devices for PCBs in the atmosphere has been
compared (A56), and SPMDs have been deployed in local and
regional studies to measure the atmospheric contamination of
PAHs (A57, A58), PCBs (A58, A59), hexachlorobenzene (A59),
and polychlorinated dioxins and polychlorinated furans (A58).
Another promising application of the principles of SPMDs, and
sorptive extractions in general, is the use of thin films of ethylene
vinyl acetate-coated glass surfaces to measure chemical fugacities
in biological tissues (A60).

Finally, a significant amount of recent effort in the field of
environmental analysis has been dedicated to validating SPMD
use and calibration in the aquatic environment. The effect of site-
specific variables, such as temperature (A61) and hydrodynamics
(A61-A63), on uptake kinetics has been investigated and SPMD
sampling rates have been determined for a number of organic
compounds (A61, A62). The use of performance reference
compounds, which are noninterfering organic compounds that are
added to the triolein prior to membrane enclosure, is recom-
mended to help account for these site-specific variables (A64).

Pressurized Liquid Extraction and Subcritical Water
Extraction of Solid Samples. The use of solvents (pressurized
liquid extraction, PLE) and water (subcritical water extraction,
SWE) at elevated, subcritical pressures and temperatures to
extract organic compounds from solid matrixes such as sediment,
soil, and biota is becoming routine in the field of environmental
analysis. These techniques are rapidly replacing conventional
solvent extraction, such as Soxhlet, Soxtec, and ultrasonic extrac-
tion, due to the short extraction times, decreased solvent con-
sumption, and decreased sample handling times (A65). Analyte
extraction recoveries using PLE and SWE have been found to be
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superior to the recoveries obtained using conventional extraction
techniques (A65). Commercial PLE instruments have been
available for purchase for a number of years.

Some recent applications of PLE in the field of environmental
analysis include the extraction of toxaphene from surface sedi-
ments and invertebrates (A66), PAHs from soil samples for carbon
isotope analysis (A67), organochlorine compounds from bird
plasma, gall bladder, and kidney (A68), triclosan from sludge and
sediment (A8), 4-nonylphenol and bisphenol A from sewage
sludge (A69), and organotin compounds from sediment samples
(A70, A71). Some researchers have combined the use of PLE with
new SPE techniques that include the use of restricted-access
materials and LC/MS to measure alkylphenolic compounds and
steroid sex hormones in sediment (A72), mixed-phase cation
exchange disk cartridges to measure fluoroquinolone antibacterial
agents in sewage sludge and soil (A73), and on-line SPE LC/
MS/MS using a polymeric reversed-phase SPE cartridge to
measure benzalkonium chlorides in sediment (A74). Several
researchers have shown that in situ extract purification (A75-
A77) or derivitization (A78), by the addition of solid-phase
sorbents or derivatizing agents directly into the PLE cell, is
possible.

In SWE, also termed pressurized hot water extraction, water
is used as the extraction solvent. It is heated to between 100 and
374 °C and pressurized so that it maintains a liquid state (A65).
By adjusting the extraction temperature, the dielectric constant
of water can be manipulated to facilitate the extraction of both
polar and nonpolar analytes (A65). Commercially available PLE
instruments can be used for SWE; however, numerous research-
ers have constructed their own systems. SWE has been used to
extract PAHs from sediment (A79, A80), soil (A79), and fish
(A79), brominated flame retardants from sediment (A81), and a
wide range of surfactants and their metabolites from sewage
sludge (A82). Given the environmental compatibility of water as
an extraction solvent, SWE is sure to show increased use in the
future for a wide range of analytes.

Integrated Sampling and Detection Systems for Analysis
of Air and Water. Air Analysis. Sampling of air using sorbents
and filters is performed routinely. The sorbents and filters,
containing the analytes of interest, must be returned to a
laboratory for extraction and analysis. In contrast to this approach,
the latest trend is the development of integrated systems that can
provide real-time (or near-real-time) information about contami-
nants and their concentrations. FT-IR has been demonstrated as
a feasible technology to detect PAH and to analyze diesel fuel
emissions in laboratory experiments (A83) and to measure
methane from landfill emissions (A84). Electrochemical detectors
coupled with a radiotelemetry system have been used to continu-
ously, and remotely, monitor phosphine (a fumigant) outside of
a warehouse. Data could be transmitted up to 3 km away from
the sensors, and the detection limit for phosphine was ∼0.03 ppm
(A85). An automated sampling and detection system incorporating
filter collection, diphenylcarbazide derivatization, and absorbance
detection has been developed to measure Cr(VI) in air at
concentrations as low as 5 ng/m3 (A86).

Mass spectrometric approaches to air analysis are gaining
popularity. An advantage of MS over the previously mentioned
detectors is its specificity. Direct introduction of ambient air into

an ion trap mass spectrometer (either photoionization or corona
discharge methods were used to create ions at atmospheric
pressure) allowed the detection of part-per-trillion concentrations
of volatile organic compounds (A87). A two-step laser MS method
was used to measure selected PAHs collected on a filter (A88).
Detection limits ranged from 50 to 300 pg, and this method did
not suffer the loss of PAHs that is problematic for methods that
use solvent extraction and GC/MS analysis (A88). The same laser
MS technique was used to characterize adsorbed PAH in
atmospheric aerosols from Jungfraujoch, Switzerland; data showed
that markers indicative of environmental tobacco smoke were
present in August, when the high-alpine research station received
the greatest number of visitors (A89).

The analysis of particles by aerosol MS has been recently
reviewed (A90). Aerosol time-of-flight mass spectrometry
(ATOFMS) has been developed to measure the size and chemical
composition of individual particles. Some instruments for ATOFMS
incorporate two time-of-flight mass spectrometers, allowing the
simultaneous detection of both positive and negative ions. ATOFMS
and another protocol using conventional impactor sampling were
compared for NH4

+ and NO3
- analysis (A91). Recently, it was

shown that aerosol MS could measure 20 part-per-million con-
centrations of trace elements when individual particle compositions
were ensemble averaged (A92). Laser ablation particle MS was
used to monitor the chemical composition of particles in Atlanta,
GA; these particles often contained sulfate, nitrate, ammonium,
halogens, metals (including Li, B, Na, Mg, K, Ca, Fe, Cu, Zn, V,
Sn, and Pb), hydrocarbons, and aluminosilicates (A93). In another
study, on-line laser ablation MS was used to characterize winter
aerosols in Toronto, ON. Using this technique, chemical changes
in the aerosols could be observed as atmospheric amines and
nitrates increased in concentration while Ca and hydrocarbon
particles decreased in concentration (A94).

In the wake of the terrorist attacks on New York City of
Septermber 11, 2001, there is a fear that biological warfare agents
could be released on an unsuspecting public. In response to this
perceived threat, one of the objectives of real-time atmospheric
monitoring has become the detection of biological warfare agents.
Pyrolysis GC coupled with ion mobility spectrometry was able to
discriminate been aerosols of a Gram-positive spore, a Gram-
negative bacterium, and a protein ovalbumin; during 42 aerosol
release trials, it was necessary to quickly (in 2 min) collect 2000
L of air in order to detect analyte (A95). In another study, infrared
laser desorption time-of-flight MS was used to measure ions from
bacteria with mass-to-charge ratios up to 19 050 Da. Different ions
were detected for different species of Bacillus; these ions could
be differentiated from background materials such as pollen and
road dust (A96).

Water Analysis. For the analysis of organic compounds in water,
the major approaches to on-line extraction and detection systems
have been (a) to couple SPE (A13, A18, A19) or in-tube SPME
(A44-A47) with LC separation followed by either UV or MS
detection and (b) membrane introduction mass spectrometry
(MIMS). Systems coupling SPE or SPME with UV or MS
detectors have been discussed earlier in this section. Flow
injection analysis coupled with MIMS allowed fast detection of
phenols in water. Acetic anhydride derivatization of the phenols
enhanced the method’s selectivity, and phenol detection limits
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ranged from 0.5 to 20 µg/L (A97). A cryotrapping step prior to
MIMS allowed the rapid detection of low part-per-trillion concen-
trations of organohalogens in water (A98). This versatile system
could also be used to determine, with detection limits of 0.1 µg/
m3, benzene, toluene, ethylbenzene, and xylenes in air (A98). For
MIMS, the composition of the membrane is importantssan allyl
alcohol membrane yielded detection limits for methanol (2 ppm
in water and 3 ppmv in air) that were approximately 3-fold better
than those obtained using a poly(dimethylsiloxane) membrane
(A99).

On-line measurement systems have also been applied to the
analysis of inorganic compounds. A flow injection/sequential
injection on-line preconcentration system interfaced with an
electrothermal atomic absorption spectrometer (ETAAS) was
developed to measure 0.02-1 µg/L concentrations of nickel and
other cations in water (A100). Flow injection displacement
sorption preconcentration in a knotted reactor was coupled with
ETASS to determine mercury concentrations as low as 6 ng/L in
water (A101). An in-line system was developed that used a MnO2-
coated acrylic fiber to concentrate radium isotopes from 20 to 200
L of water and that introduced them into a closed-air loop
connected to a radon-in-air monitor (which counts R-decays of
radon daughters, A102). Automated, and integrated, sample
preparation and analysis systems are advantageous because they
eliminate labor-intensive sample handling and improve the repro-
ducibility of measurements. We expect that such systems will
continued to be developed and applied to a greater number of
analytes and that they will evolve into systems for automated
monitoring of contaminants in remote locations.

IMPORTANT SEPARATION AND DETECTION
TECHNIQUES

Gas Chromatography. GC and GC/MS remain dominant
techniques for the detection of volatile and semivolatile organic
compounds in environmental matrixes. Recent trends include the
use of chiral separations, fast GC, two-dimensional GC, and unique
detectors, for example, isotope ratio mass spectrometers and
inductively coupled plasma mass spectrometers. In addition, large-
volume injection systems, which introduce several hundred
microliters of sample extract onto a capillary GC column (instead
of the typical 1-2-µL injection) improve detection limits and, in
some cases, eliminate the need for sample preparation prior to
analysis (reviewed in ref B1).

Chiral Separations. The ability to chromatographically resolve
the enantiomers of chiral compounds has found increased use in
the field of environmental analysis over the past few years (B2).
The majority of analytical methods have made use of a variety of
â-cyclodextrin GC columns because much of the focus of this
research has been on the analysis of chiral semivolatile persistent
organic pollutants. Recently, the enantiomer fractions of chiral
organochlorine compounds were measured in several standard
and certified reference materials in an effort to improve the quality
assurance and quality control of these measurements (B3). The
reporting of enantiomer fractions (EFs), rather than enantiomer
ratios, is preferred because of the relative ease of using EFs in
calculations.

The research utilizing chiral chromatographic separations in
the field of environmental analysis has been focused on the
biotransformation of chiral organochlorine compounds by aquatic

organisms and flow-through foodwebs, biodegradation by micro-
organisms, and determination of source enantiomer fraction
signatures for tracking chiral contaminant atmospheric transport.
Laboratory and field enantioselective bioaccumulation measure-
ments include the measurement of a chiral hexachlorobornane
in mummichog (small, minnow-like fish, B4), R-hexachlorocyclo-
hexane (R-HCH), trans-chlordane, and polychlorinated biphenyls
(PCBs) 95 and 136 in immature rainbow trout (B5), m- and
p-methyl sulfone chiral PCBs in rat (B6), and chiral PCBs in
bowhead whale (B7). Food web studies include the measurement
of R-HCH in the Arctic marine food web (B8) and chiral PCBs in
river and riparian biota (B9). Chiral separations have been used
to study microbial enantioselective degradation of chiral PCBs in
sediment (B9), R-HCH in northern and temperate aquatic systems
(B10), and the acetamide pesticide metalaxyl in soil (B11). Finally,
there is evidence that changes in EF signatures in air over time
can be used to track changes in potential sources of chiral
contaminants (B12, B13). Given the usefulness of this technique
in environmental analysis, the wide array of chiral stationary
phases that are being developed, and the ability to study in situ
degradation of chiral compounds, the use of chiral chromato-
graphic separations in the field of environmental analysis is likely
to grow to include the use of chiral LC stationary phases for the
separation of the enantiomers of chiral, nonvolatile organic
pollutants.

Fast Gas Chromatography. There has also been interest in
increasing the speed of GC separations to maximize the number
of samples that can be processed in a given time period. The
history, principles, and methods of “fast GC” (separations on the
order of minutes, with peak widths of 1-3 s) have been sum-
marized (B14). While the current trend is to couple time-of-flight
mass spectrometers (TOF-MS) with fast GC, quadrupole MS has
been found to provide sufficient scan speeds for proper recon-
struction of fast GC chromatographic peaks and to yield sufficient
detection limits (subnanogram) for the determination of pesticides
(B15). This approach was also used for the separation and
detection of PCBs (B16). Membrane introduction coupled with
fast GC/MS was able to detect part-per-trillion concentrations of
several trihalomethanes in water and to provide rapid (20 samples/
h), on-line monitoring of these compounds (B17). Fast GC coupled
with TOF-MS was used to separate PCBs (B18). Organochlorine
pesticides were separated with fast GC and detected by a pulsed-
discharge electron capture detector; detection limits for pesticides
were 250 ng/L (B19). Fast GC coupled with ICPMS was used to
separate and detect polybrominated diphenyl ethers in sewage
sludge extracts; low part-per-billion detection limits could be
obtained with analysis times of 10 min (B20).

As is the trend with other instruments, there is interest in
making fast GCs field-portable. A field-portable, dual-column, GC
has been developed that uses 100-µm-i.d. columns, can accom-
modate temperature ramps of up to 20 °C/s, uses less than 150
W power, and separates compounds with Kovatt’s retention indices
of up to 2500 in less than 1 min (B21). To perform GC in the
field, an instrument having a short capillary column ensemble (4.5
m of dimethyl polysiloxane coupled with 7.5 m of trifluoropropy-
lmethyl polysiloxane, both 0.25-mm i.d.) and that used air as a
carrier gas was developed. By keeping the end of the column at
vacuum, by tuning the pressure at the junction of the two columns,
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and by using a temperature ramp, 42 compounds, ranging in
boiling point from 50 to 250 °C, were separated in less than 7
min (B22). It is expected that fast GC will be an increasingly
useful tool for the analytical chemistsespecially in field studies
where quick analysis times are critical.

Two-Dimensional Gas Chromatography (GC×GC). The peak
capacity of a GC system with a single column can be improved
by adding a second GC column, which provides another dimen-
sion of chromatography. GC×GC offers a 10-fold improvement
in peak capacity over one-dimensional GC, resulting in an
improved capability to resolve a large number of compounds
(B23). Principles and applications of GC×GC have been reviewed
recently (B24), and applications for its use in environmental
forensics have been discussed (B25). The major technical hurdles
to successful GC×GC involve using heated sweepers, cryofocused
modulators, and valve switching to introduce analytes onto a
second GC column (reviewed in ref B26) and the development
of computer algorithms to assist in data reduction. GC×GC has
been used to separate and identify biomarkers in crude oil (B27),
to investigate the fate of petroleum hydrocarbons in sediments
(B28), to identify 100 volatile organic compounds in air in less
than 10 min (B29), to identify 150 monoaromatic compounds in
urban air (B30), to study components of cigarette smoke (B31),
and to separate pesticides (B32, B33). PCBs have been the focus
of several GC×GC studies. Separation of PCB congeners has been
accomplished using a combination of a permethylated â-cyclo-
dextrin column and a liquid crystal column (B34). GC×GC-
separated PCB have been detected with a microelectron capture
detector (B35) and detected and quantitated, along with polyaro-
matic hydrocarbons, using flame ionization and electron capture
detectors (B36). In addition, GC×GC has been used to analyze
the enantiomers of sarin (B37) and limonene (B38).

Some attention has been paid to data quality assurance issues
in GC×GCsa method of generating a retention index database
has been proposed (B39) and an intralaboratory study has
documented GCxGC retention time reproducibility (B40).

In an interesting experiment, an instrument was developed that
split the effluent from a primary GC column onto two different
GC columns, resulting in a pair of two-dimensional chromatograms
for each run, which increased separation efficiency and facilitated
analyte identification (B41). It will be interesting to learn the future
of this technique.

Detectors. GC continues to benefit from its coupling with
detection techniques, for example, Fourier transform infrared
spectroscopy (FT-IR) and atomic emission detection (AED), that
provide insight into the chemical structure of the molecules being
detected. Strategies for coupling GC and FT-IR, including continu-
ous scanning of the GC effluent in a heated flow cell and the
storage technique of cryofocusing, and GC/FT-IR’s various ap-
plications have been reviewed (B42). When used in concert with
GC/MS, both GC/FT-IR and GC/AED are helpful in elucidating
the structure of unknown compounds. In addition, AED allows
quantification for a series of related compounds without the need
for a suite of analytical standards because the AED process breaks
analytes into their constituent atoms and the response per unit
mass of an element is, to a first approximation, independent of
analyte structure. Some of the most commonly detected atoms
for environmental applications are N, Cl, S, P, Br, and F, which

permit the detection of pesticides, chemical warfare agents,
sulfonated polynuclear aromatic compounds, and polychlorinated/
brominated biphenyls (see reviews of refs B43 and B44). Because
conventional AEDs are relatively large and costly, a new spectro-
chemical excitation source, the stabilized capacitive plasma, has
been developed and used in a micro-AED system. This system
provides detection limits for chlorinated compounds of ∼10 pg
(B45).

Inductively coupled plasma time-of-flight mass spectrometry
has been coupled with GC and used to determine various
organolead species (as tetrapropylborate derivatives) at detection
limits as low as 10 fg (B46). MS, AES, and ICP/TOF-MS were
evaluated as detectors for organolead speciessof these detectors,
ICP/TOF-MS provided the best detection limits at 15 fg (B47).
GC with a thermionic ionization detector has been used in a field-
portable system that can detect low part-per-billion concentrations
of nitrogen-containing explosives in soil extracts (B48). Field-
portable systems based on GC/MS and their application to
environmental and forensic problems have been discussed (B49)
in a special issue of the Journal of the American Society for Mass
Spectrometry that focuses on field-portable and miniature mass
spectrometers.

Isotope Ratio Measurements. While the idea of measuring
isotopes of various elements to provide data about environmental
systems is not new, its application to problems of identifying
organic contaminant source plumes and of monitoring organic
compound degradation is fairly recent. The availability of instru-
ments that couple capillary GC and isotope ratio mass spectrom-
eters (IRMS) has opened this new area of study and has allowed
the measurement of carbon isotope ratios of individual com-
pounds. In these systems, compounds are introduced into the GC
as liquid extracts, gaseous headspace samples, or with SPME
fibers, are separated on a capillary column, and are combusted
to CO2 in a furnace, which serves as the interface with the IRMS.
We will use the abbreviation “GC/C/IRMS” when referring to
any system that couples GC to IRMS via a combustion interface.
The IRMS, usually an electromagnet-based system, accurately
measures the 13C/12C ratio for the CO2 that was produced from a
single compound’s combustion. This 13C/12C ratio should be
comparable to that of the original organic compound. The critical
steps to obtaining accurate isotopic measurements include careful
system calibration, sample processing that either does not affect
the 13C/12C ratios of the compounds being measured or that affects
the 13C/12C ratios in predictable (and reproducible) manners,
meticulous sample cleanup, and excellent chromatographic sepa-
rations of the compounds being detected.

Measurable changes in isotope ratios have been shown to
occur during biodegradation of organic compounds. GC/C/IRMS
was used to measure 13C enrichment of tetrachloroethene (PCE)
and trichloroethene (TCE) as it underwent reductive dechlorina-
tion at a field site in Dover, DE. Intrinsic biodegradation was
shown to occur as TCE in groundwater at downgradient wells
showed δ13C values as enriched as -18% (source δ13C values for
TCE were only -25 to -26% enriched); PCE 13C isotopic
enrichment was not as pronounced as that of TCE (B50). Other
authors have also reported 13C enrichments during TCE degrada-
tion (B51). Another study suggested that δ13C values could be
used to monitor the progress of remediation by permanganate
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oxidation of chlorinated ethylenes (B52). In laboratory studies
using GC/C/ITMS, methyl tert-butyl ether (MTBE) showed 5-7%
13C enrichment (relative to its starting composition) when it was
almost completely degraded (B53). Decreases in MTBE concen-
trations in anaerobic groundwater were attributed to degradation,
and not dilution, processes using data provide by a purge-and-
trap GC/C/IRMS, which required only 25 ng of MTBE for
accurate isotopic measurement; δ13C enrichments of ∼30% for
degraded MTBE were observed (B54).

It has been suggested that isotope ratio measurements can
also be used to aid in contaminant source identification. GC/C/
IRMS was used to show that n-alkanes (C16-C30) and phenan-
threne compounds in crude oil showed no significant carbon
fractionation after a week of biodegradation. This indicated that
the isotopic composition of these hydrocarbons could be used to
aid in source identification of oil contamination (B55). In fact, the
molecular isotopic composition of these hydrocarbons and phenan-
threnes (along with information regarding their relative concentra-
tions) were measured and used to distinguish oil residues from
the Erika oil spill, which occurred on the Atlantic coast of France
in 1999 (B56). δ13C values for perylene suggested that biogenic,
and not anthropogenic, sources of this compound were respon-
sible for its presence in tropical soils (B57). In this study, a
minimum of 5 ng of perylene was needed for accurate 13C/12C
measurement by GC/C/IRMS. This corresponded to an original
sample size of 25-500 g of soil. In addition, it was observed that
δ13C values were dependent on analyte concentration, underscor-
ing the need for meticulous calibration when measurements of
the 13C/12C were made (B57). Sixteen compounds in 19 different
gasoline samples were analyzed by GC/C/IRMS; differences in
δ13C values could be used to distinguish the samples (B58).
Chloroacetic acids (CAA) were derivatized to methyl chloroac-
etates prior to GC/C/IRMS analysis; 13C/12C of CAA from different
sources varied; thus, it might be possible to distinguish sources
of environmental contamination (B59). GC/C/IRMS analyses of
1-mL headspace samples were used to determine δ13C values for
chloromethane produced by various plant species and a fungus
(B60). In the future, it is hoped that, as more emission sources
for chloromethane are characterized, GC/C/IRMS will be a useful
tool to characterize the sources of atmospheric chloromethane,
only half of which are currently unknown.

In addition to carbon isotopic measurements, hydrogen isotopic
measurements might also prove to be useful in understanding
environmental processes. SPME coupled with GC/C/IRMS was
used to determine that 2H enrichments (values of -11 to -13%)
were observed during laboratory experiments in which benzene
was biodegraded aerobically. 13C enrichments were also observed
but were not as pronounced (values of -1.5 to -3.5%). For this
reason, both hydrogen and carbon isotopic data should be
considered when tracing contamination sources and monitoring
biodegradation (B61). In another study, hydrogen isotopic (2H)
enrichment was also more pronounced than carbon isotopic (13C)
enrichment during MTBE biodegradation in laboratory micro-
cosms consisting of water and sediment (B62). SPME/GC/C/
IRMS was used to determine that when MTBE was 90% degraded,
2H enrichment of the residual MTBE was ∼80%; 13C enrichment
of the residual MTBE was only ∼8% (B62). Approximately 1 mg/L
concentrations of MTBE were necessary in order to make accurate

isotopic measurements (B62). Hydrogen isotopic data combined
with carbon isotopic information provided a strong basis for
assessment of benzene and ethylbenzene biodegradation in
groundwatersδ13C and δ2H values of these contaminants were
enriched by ∼2 and 30-50%, respectively, compared to those of
undegraded materials (B63).

The measurement of hydrogen isotope ratios in specific
petroleum hydrocarbons was found to be a more powerful
technique than the measurement of carbon isotope ratios to
identify the source of a contaminant plume. Using sample sizes
as small as 300 ng and a GC/C/IRMS, it was determined that
hydrogen isotope ratios of individual C19-C27 n-alkanes were
conserved during aerobic biodegradation. Therefore, δ2H values
of these n-alkanes could be use to correlate the oil contamination
with its source (B64). However, in this same study, deuterium
enrichment of 12-25% occurred for the C15-C18 n-alkanes during
biodegradation, suggesting that δ2H values for these compounds
could be used to monitor natural attenuation of crude oil (B64).
We are only now beginning to understand the potential that GC/
C/IRMS offers us to help explore contaminant biodegradation and
the identification of contamination sources. Thus, work in GC/
C/IRMS is expected to continue.

Liquid Chromatography/Mass Spectrometry. LC/MS has
found its place as a routine analytical technique for the analysis
of environmental samples, as evidenced by the fact that it was
used in a comprehensive study of contaminants, including
pharmaceuticals and hormones, in United States surface waters
by the United States Geological Survey (A2). The uses of and
obstacles encountered during LC/MS analyses using atmospheric
pressure ionization have been reviewed (C1). Over the past two
years, the major change in this technique has been the develop-
ment and availability of new stationary phases for liquid chroma-
tography that have improved compound separations and LC
column stability (C2). As LC/MS matures, as its detection limits
improve, and as it continues to be applied to the analysis of
environmental samples, new contaminants of concern have
emerged. LC/MS with positive ion electrospray has been used
to detect sulfonamide and tetracycline antimicrobials, at limits of
quantitation of 0.1 µg/L in extracts of groundwaters and surface
waters (A6) and tetracycline residues in soil residues (C3).
Detection of low parts-per-trillion (ng/L) concentrations of phar-
maceutical compounds are possible with electrospray LC/MS
(C4). Fluorinated organic compounds, including perfluorooc-
tanoate, perfluorooctanesulfonate, perfluorohexanesulfonate, and
perfluorooctanesulfonylamide were detected (method detection
limit of ∼1 ppb) in human sera samples by negative atmospheric
pressure chemical ionization LC/MS/MS (C5). Perfluoroalkane-
sulfonates have also been detected by LC/MS/MS in surface
water and biota (A4). Several methods have emerged to detect
and quantify nonylphenol ethyoxylates (C6-C8), their haloge-
nated derivatives (C9), and alcohol ethoxylate surfactants, includ-
ing fatty alcohols (C10). Electrospray LC/MS could detect ∼1
ng/L poly(naphthalenesulfonate) monomer (used as a concrete
plasticizer) in water samples (C11). LC/MS/MS with positive
electrospray ionization has been used to understand the fragmen-
tation pathways of organoarsenical compounds (C12). LC/MS,
with both negative electrospray ionization and negative atmo-
spheric pressure chemical ionization, was used to study the
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explosives pentaerythritol tetranitrate, nitroglycerine, and ethylene
glycol dinitrate; mobile-phase modifiers were found to be useful
in the creation of adduct ions, which allowed positive identification
of these explosives (C13).

Because LC/MS techniques allow the analysis of polar com-
pounds, they have been instrumental in detecting degradation
products of environmental contaminants and in monitoring the
progress of remediation efforts. LC/MS/MS was used to study
degradation products of alkyl ethoxylates and nonylphenol poly-
ethoxylates (C14), low nanogram per liter quantities of the
degradation product of Irgarol 1051, an antifouling paint, in
seawater and sediment (C15), and acetanilide herbicide degrada-
tion products in water (C16). LC/MS/MS was used to study the
aerobic bidegradation of nonylphenol ethoxylates, not only to
detect degradation products but also to elucidate the pathway by
which they degraded (C17). An electrospray MS/MS method was
developed to measure benzylsuccinic acid and methylbenzylsuc-
cinic acid (indicators of toluene and xylene metabolism) in
gasoline-contaminated groundwater; no sample extraction or
concentration was required to obtain 0.3 µg/L detection limits
(C18). A similar method was used to identify degradation products
observed during intrinsic biodegradation of the explosive RDX
(C19).

While the world of environmental LC/MS has not experienced
the exponential growth and development that has occurred in the
biomedical/pharmaceutical realm, there have been some incre-
mental improvements in LC/MS as applied to environmental
analyses. As with biomedical MS, there has been some movement
in the direction of using microbore LC. The advantages of
microbore LC (column of 1-mm i.d.), as compared with conven-
tional LC (columns of 2-4-mm i.d.) include greater separation
efficiencies, greater sensitivities, reduced solvent use, and lower
operating costs. Microbore LC has been coupled with positive ion
electrospray MS to determine carbamate, urea, and thiourea
pesticides and herbicides in water, with detection limits of ∼200
ng/L (C20). A new interface, called the “direct-electron ionization
interface” that couples nano-HPLC directly with the ionization
source of a mass spectrometer to has been shown to detect low
part-per-trillion concentrations of organophosphorus pesticides and
to provide library-matchable electron ionization spectra (C21).
Methods to couple capillary-scale LC and MS have been reviewed
(C22). New methods have sought to couple ion chromatography
with MSsapplications include the determination of bromate,
perchlorate, haloacetic acids, and selenium species in water (C23).
It is expected that, in the future, LC/MS use for environmental
analyses will continue to increase and the technique will evolve
to obtain the maturity currently enjoyed by GC/MS.

Inductively Coupled Plasma Mass Spectrometry. Instru-
mentation. ICPMS is one of the most important tools for the
analysis of trace elements in environmental samples. Two signifi-
cant advances in ICPMS instrumentation that have made this
technique so useful are (a) the emergence of multicollector sector-
field instruments to improve elemental isotope ratio measurements
and (b) the use of reaction gas kinetics in collision cells to reduce
isobaric molecular and atomic interferences and to improve
sensitivity. These innovations have lead to many productive areas
of research. A number of papers in this review use one or both of
these technologies.

Multicollector sector-field ICPMS has opened new fields in
environmental science by allowing the precise determination of a
number of environmentally significant metals and by permitting
the quantification of small changes in isotopic composition that
result from natural processes or from experiments employing
stable isotope spikes. In the last two years, high-precision
multicollector methods have been published for the determina-
tions of Sn (D1), Hg (D2, D3), Tl (D4), and Pb (D5). A high-
precision, single-collector magnetic-sector method was published
for U and Th for use in U-series disequilibrium studies (D6).

Another avenue to improved isotope ratio accuracy and
precision is the octopole or hexapole collision cell interface, which
results in higher ion transmission, enhanced thermalization of the
ion beam and reduction of molecular interferences (D7). Much
current work is focused on understanding reactant gas dynamics;
the knowledge gained from these studies will be applied to the
analysis of environmental samples within the next several years.
Collision cells are being increasingly used to eliminate matrix
problems associated with laser ablation sample introduction (D8).
Collision cell interfaces have been used to reduce molecular
interferences associated with seawater and to allow the determi-
nation of transition metal concentrations in diluted or undiluted
seawater (D9, D10). Collision cell interfaces have also been used
to accurately determine three arsenic species in seawater, a
particularly challenging application because As is monoisotopic
and suffers from a strong ArCl+ isobaric interference. This
application used on-line ion-exclusion liquid chromatography and
an octopole reaction cell (D11).

Hyphenated Techniques. A recent innovation in the application
of atomic spectroscopy to environmental analysis is the develop-
ment of hyphenated techniques that provide on-line preconcen-
tration, matrix elimination, and speciation prior to analysis.
Ammann developed an on-line method to determine the concen-
tration of metal-chelate complexes in environmental waters using
anion exchange chromatography coupled to ICPMS (D12). Beck
et al. used flow injection magnetic-sector ICPMS to determine Cd,
Cu, Ni, Zn, and Mn in estuarine waters (D13). The on-line
preconcentration system used Toyopearl AF-Chelate 650-M, a
chelating resin that is becoming increasingly popular for these
applications, and was validated with an estuarine water standard
reference material (SLEW-2). Siripinyanond et al. used an on-line
flow field-flow fractionation ICPMS to determine trace metal
associations with different colloidal and particulate size fractions
(D14). They also used the system to perform on-line sequential
extractions with acetic acid and hydroxylamine hydrochloride to
determine exchangeable and reducible metal fractions.

In organometallic speciation studies utilizing ICPMS, Hg and
Sn are still active areas of research. A significant step in metalloid
speciation studies is the increasing use of hyphenated ICPMS
techniques with species-specific isotope spikes and isotope dilution
to calibrate methods, certify standards, and determine speciation
in environmental samples. Demuth and Heumann used 201Hg-
enriched methylmercury in a variety of environmental aquatic
samples to verify a commonly used GC derivatization method and
to demonstrate the flexibility of isotope dilution GC/ICPMS in
speciation studies using different derivatization schemes (D15).
The use of isotopic methods to calibrate speciation methods is
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important. As an example, in sediment samples, methylmercury
levels typically represent only a few percent of total Hg; thus, even
a small degree of conversion to methylmercury during an
analytical procedure will result in large errors in concentration
determinations. Lambertsson et al. developed an isotope dilution-
based GC/ICPMS approach to simultaneously determine meth-
ylmercury concentrations and the degree of methylation of
inorganic mercury in sediment samples; the extraction procedure
used resulted in less than 0.05% conversion of Hg to methylmer-
cury (D16). Species-specific isotope dilution has also been used
in an innovative approach to determine total Hg and methylmer-
cury in solid samples using electrothermal vaporization ICPMS
with no sample preparation (D17).

Isotope dilution is also being widely used in Sn speciation
studies. Yang et al. have used species-specific isotope dilution to
determine tributyltin in NRCC sediment CRM PACS-2 using
HPLC/ICPMS (D18) and SPME-GC/ICPMS (D19). In both
applications, the use of species-specific isotope dilution dramati-
cally improved precision relative to a standard additions technique.
Encinar et al. used a mixed spike containing 119Sn-enriched
monobutyltin, dibutyltin, and tributyltin to determine butyltin
compounds in sediments and in seawater with GC/ICPMS (D20).
Reverse spiking was used to assess species transformations during
derivatization. The same group used a similar approach to evaluate
butyltin extraction techniques for marine sediments (D21).

The study of selenium and arsenic remains of interest. High-
resolution and hydride generation ICPMS have been used in the
round-robin certification of Se in the IMEP-14 sediment standard
(D22). A quick technique to determine four arsenic species by
HPLC/ICPMS and total As by flow injection ICPMS was described
and applied to As speciation and occurrence in groundwaters from
India (D23).

Radionuclides. The use of mass spectrometry to characterize
radionuclide contamination in environmental samples continues
to expand, with U and Pu being the most common analytes
considered in the development of new techniques. Several
technique and application studies have focused on 236U as an
indicator of anthropogenic uranium in the environment and to
elucidate the source of depleted U in munitions (i.e., from
reprocessing or enrichment cascades). One promising develop-
ment is the use of accelerator mass spectrometry to determine
236U at ultratrace levels in environmental samples (D24). Boulyga
et al. characterized different ICPMS configurations for determi-
nation of 236U/238U ratios at trace levels using standards and
Chernobyl soil (D25); the same group also used sector-field
ICPMS to characterize 236U/238U and 240Pu/239Pu in soil and
munitions from Kosovo (D26). Soil 240Pu/239Pu determined by
ICPMS has also been used to map the range and extent of nuclear
fallout from atmospheric testing in the Pacific (D27). Ketterer et
al. have demonstrated the ability of a quadrupole ICPMS system
with enhanced interfacial vacuum (to increase sensitivity) to date
recent aquatic sediments by quantifying the concentration and
isotopic composition of fallout Pu in sediment cores (D28). With
multicollector sector-field ICPMS, accurate determination of 240-
Pu/239Pu and 242Pu/239Pu at femtogram levels is possible (D29).

The temporal trend in post-World War II tropospheric uranium
was investigated in a dated Mont Blanc ice core using sector-

field ICPMS (D30); sources and distribution of atmospheric
uranium in northern England were investigated with ICPMS by
sampling tree bark at various geographic locations (D31). The
importance of resuspension of Pu mobility near an actinide
repository was studied with high-volume aerosol samplers and
R-spectrometry (D32).

Other innovative approaches to contaminant radionuclide
characterization included the use of secondary ion mass spec-
trometry (SIMS) to map the in situ distribution of 137Cs and U
isotopic composition in volcanic tuffs from underground nuclear
tests (D33), the use of isotope dilution and HR-ICPMS to
determine 241Am in sediments (D34), the application of a new
autoradiography approach that distinguishes natural U, 239+240Pu,
and nonfissile R-emitters in contaminated soil profiles (D35), a
new radiochemical separation and ICPMS protocol for determining
99Tc in seawater (D36), and coupling of a high-performance
chelation ion chromatography system to a sector-field ICPMS to
determine actinides in environmental and biological samples
(D37).

Monitoring Applications. The high-sensitivity and multielement
capabilities of ICPMS have been applied in a number of innovative
environmental monitoring approaches. Moss has been used as
an air pollution biomonitor; 22 trace elements were determined
by ICPMS in 563 moss samples collected in France (D38). In a
similar study, 598 moss samples from the central Barents region
were characterized for 16 trace elements using ICPMS and ICP-
AES (D39). A cold vapor isotope dilution ICPMS method was
developed to determine total mercury in seabird eggs and applied
to 41 eggs collected from the Gulf of Alaska region (D40). A
semiquantitative ICPMS method was developed to allow fast
environmental impact assessment using bivalve tissue (D41).
Esser and Volpe took a single-collector quadrupole ICPMS to sea
and surveyed surface seawater Ba and toxic metals with high
spatial resolution in the coastal ocean (D42,D43).

Several studies focused on temporal trends in metal pollution.
Seasonal variations in atmospheric Ni and V over the past several
decades are recorded in Mont Blanc ice cores and were character-
ized using sector-field ICPMS (D44). Pronounced variations were
observed and were ascribed to local climatology, and to seasonally
variable pollutant sources. Brackish water ferromanganese nod-
ules in the western Baltic Sea grow rapidly and accumulate metals.
High-resolution profiles determined using laser ablation ICPMS
indicate increasing Zn loading to the Baltic commencing in the
late 19th century (D45). Laser ablation ICPMS was also used to
determine Cu, Pb, and Zn in horse mussel shell growth bands
and develop a 35-year contaminant history for an impacted
dumpsite in the North Sea (D46). A 350-year history of environ-
mental change is recorded in a large Ponderosa pine in the U.S.
Pacific Northwest; profiles of Cu, Cr, Zn, Cd, and other metals
were determined using ICPMS and record both local and historical
events (D47). The layered aragonite deposits in the otoliths of
teleost fish retain a chemical signal reflecting the life history of
fish. SIMS, laser ablation ICPMS, and high-resolution sampling
followed by ICPMS analyses of otoliths have been used in previous
years to reconstruct fish migratory patterns and contamination
in fish habitats (D48). Arslan and Paulson (D48) have developed
a flow injection ICPMS method for the determination of trace
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metals in small samples of biogenic carbonate; the technique uses
an iminodiacetate chelating resin, Toyopearl AF-Chelate 650M,
to allow a 25-fold, on-line preconcentration of analyte metals and
was used to determine trace metal concentration in juvenile bluefin
tuna from the Western Pacific.

Metal Cycle Studies. The use of enriched stable isotope tracers
in environmental studies has been productive. In METAALICUS
(Mercury Experiment to Assess Atmospheric Loading in Canada
and the United States), a whole ecosystem study, a tracer enriched
in 202Hg was sprayed onto a boreal forest to monitor the fate of
“new” mercury and assess the likely impact of source mitigation
on ecosystem inventories of bioavailable mercury. The study
involved development of high-precision methods to determine
mercury isotopic composition using multicollector ICPMS (D2),
and the first results from the ecosystem experiment were
published in 2002 (D49).

Stable isotope tracers have also been used to examine metal
cycling on smaller scales. Gee and Bruland used 61Ni, 65Cu, and
68Zn in waters collected from San Francisco Bay to trace the
kinetics of Ni, Cu, and Zn exchange between dissolved and
particulate phases over the course of two weeks (D50). Their
technique involved an organic ligand sequential extraction fol-
lowed by analysis with high-resolution ICPMS. A similar approach
was used to examine partitioning of 66Zn, 111Cd, and 207Pb between
seawater and various organ reservoirs in Mylitus galloprovincialis,
a mussel commonly used in environmental surveys (D51). The
ability of ICPMS to accurately measure isotopic composition of
transition metals at low concentrations in environmental matrixes
makes the relatively new approach of using nonradioactive metal
tracers possible.

Natural variations in metal isotopic composition can con-
strain metal cycling and metal sources. Hyphenated ICPMS
techniques are beginning to be used in compound-specific iso-
topic composition studies. Lead isotopic composition is indicative
of source. A multicollector magnetic-sector ICPMS was coupled
to capillary gas chromatography to determine lead isotope ratios
in volatile Pb species with high precision using Tl to correct
for mass bias (D52). A single-collector quadrupole GC/ICPMS
was used to determine lead isotope ratios in five butylated
lead compounds in a reference material (BCR CRM 60 urban
dust sample) and in airborne particulate matter; significant
differences were seen in isotopic composition between different
species (D21). Natural variations in isotopic composition are also
indicative of processes controlling metal cycling in the environ-
ment. Herbel et al. used thermal ionization mass spectrometry in
conjunction with off-line extraction to determine the isotopic
composition of Se in different Se species; the mechanisms
controlling the transformation of oxidized, aqueous forms of Se
to reduced, insoluble forms in contaminated sediments was
discerned (D53).

Miscellaneous. In this section, we briefly mention techniques
that continue to be used and developed for the analysis of
environmental contaminants. One of the techniques that is useful
for rapid screening and routine monitoring applications is immu-
noassay. Despite the limitation that immunoassays are prone to
cross-reactivity with compounds that are similar in structure (thus,
causing false positive detections), immunoanalytical techniques,

when validated by other techniques such as GC/MS, are useful
in many monitoring applicationssespecially when the sample
matrix has been well characterized (E1). The explosives TNT and
RDX were detected in soil using a field-portable, continuous-flow
immunosensor; in most cases, quantitative results were in good
agreement with those produced by HPLC analyses (E2). An
enzyme-linked immunosorbent assay (ELISA) was developed for
the detection of microcystins and nodularins in water; limits of
quantitation ranged from 0.02 to 0.07 µg/L (E3). An indirect ELISA
assay was developed to specifically, and quantitatively, determine
metolachlor, alachlor, and acetochlor in water and soil extracts,
at detection limits of 0.06, 0.3, and 0.4 µg/L, respectively (E4).
There also is some thought that it might be feasible to replace
the antibodies used in ELISA with molecularly imprinted poly-
mers; a demonstration of this concept was used to detect 500 ng/L
concentrations of 2,4-dichlorophenoxyacetic acid (E5). Other
techniques that are useful for the analysis of environmental
compounds have been summarized in Table 1. As we are unable
to explore each technique in depth, we have cited relevant review
articles whenever possible.

EMERGING DETECTION TECHNIQUES
Nuclear Magnetic Resonance. While at one time older

instrument systems lacked the sensitivity to be useful for
environmental analyses, the development of NMR instruments
with improved sensitivity has allowed NMR to find a niche in
environmental analysis (F1). Although humic acids play important
roles in environmental processes, spectroscopic techniques to
explain their structures and behaviors had previously been lacking.
NMR, in particular, 1H-13C heteronuclear cross-correlation solid-
state NMR, has been used to characterize the structure of a peat
humic acid. NMR data suggested that several previously proposed
models for humic acid were not correct (F2). 1H-13C correlated
NMR was also used to elucidate the substructure of humic
substances that were fractionated in size using ultrafiltration (F3).
NMR can also be used to elucidate the interactions between
contaminants and soils. Solid-state, 15N NMR was used to study
the interaction between five 15N-labeled degradation products of
2,4,6-trinitrotoluene (TNT) and soil reference humic acid; the
reduced amines underwent nucleophilic addition with carbonyl
groups of the humic acid to form heterocyclic and nonheterocyclic
condensation products (F4). The binding of TNT to soil (loaded
at 5 g of TNT/kg of soil) was studied with 2H magic angle spinning
NMR (F5). High-resolution 1H magic angle spinning NMR has
also been used to probe associations of organic compounds at
the soil-water interface. Fatty acids, aliphatic esters, and ethers/
alcohols were prominent species at the water-soil interface, while
aromatic compounds were protected in hydrophobic regions of
the soil (F6). 1H NMR was used to characterize water-soluble
organic compounds, 12 of which could be identified, in urban
atmospheric particles that were separated by size (F7). We expect
that NMR will allow analytical chemists to explore questions that
previously could not be addressed because appropriate experi-
mental techniques were lacking and that NMR will continue to
provide data that will aid our understanding of the fate of
environmental contaminants.

Mass Spectrometry. MS is one of the most powerful tech-
niques for the detection of both inorganic and organic compounds
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in environmental matrixes; as such, it is fitting that this technique
continues to evolve. New MS techniques are providing detection
of analytes that previously were not amenable to MS analysis. The
availability of easy-to-handle, tunable solid-state laser systems has
fueled progress in the field of resonant laser ionization mass
spectrometry (RIMS). The status of RIMS as a specialized
analytical technique for the field of atomic ultratrace determination
has been reviewed; the application of RIMS to the investigations
of stable and radioactive isotopes, alkali metals, and actinides has
been discussed (F8). Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI/TOF-MS) is a useful
technique to study large molecules (>1 kDa) that are not
amenable to analysis by GC/MS. MALDI is a “soft” ionization
technique (i.e., the ionization process leaves intact molecular ions),
which offers short analysis times. MALDI/TOF-MS has been used
to study the biodegradation and fate of water-soluble poly-
(vinylpyrrolidone) (PVP), which is a polymer with mass distribu-
tions above 2 kDa. Results of this study suggested that PVP on
simulated sewage sludge is recalcitrant (F9). Electrospray ioniza-
tion coupled with Fourier transform ion cyclotron resonance
mass spectrometry (ESI-FT-ICR-MS) has the potential to be a
valuable tool for structural characterization of polar and thermally
labile compounds. Because FT-ICR-MS provides ultrahigh mass
resolution, the exact elemental composition of ions can be
determined and matrix interferences can be eliminated easily. ESI-
FT-ICR-MS has been used to characterize humic acids and
petroleum products (F10). Currently, the major disadvantage of
ESI-FT-ICR-MS instruments is their high cost. It is expected that,
as more ESI-FT-ICR-MS instruments become available, this will
become an increasingly important technique in environmental
analysis.

ANALYTES OF EMERGING INTEREST
As evidenced by several recent reviews, there remains much

interest in methods to analyze contaminants that have been long
known to cause environmental problems and adverse human
health effects. Such compounds include chlorinated dioxins (G1),

pesticides (G2), heavy metals (G3), trace elements (G4), and
organometallic compounds (G5). The events of September 11,
2001, have reminded us of the importance of maintaining, and
improving, the ability to monitor well-known contaminants in the
atmospheresas it has been shown that metals, asbestos, polycyclic
aromatic compounds, pesticides, brominated diphenyl ethers, and
many other compounds were released into the air during the
explosion and collapse of the World Trade Center in New York
City (G6). However, as analytical methods improve and as new
analytical techniques are developed, new compounds of potential
concern emerge. Table 2 summarizes some environmental con-
taminants that have been detected over the past several years and
the analytical techniques and methods that have made their
detection possible.
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Table 1. Selected Miscellaneous Techniques for the Separation and Detection of Environmental Contaminantsa

analytical technique comments refs

amperometric enzyme biosensor proposed for determination of organophosphate nerve agents;
concept tested with the determination of paraoxon and methyl
parathion in water; dl ∼20 nM, with 2-min analysis time

E6

AAS application to analysis of inorganic compounds reviewed E7
AAS, specifically laser-induced breakdown

spectrometry and tungsten coil AAS
use in field-portable systems for the detection of metals reviewed;

techniques compared with competing technologies
E8

capillary electrophoresis review of application to the speciation of metal ions E9
capillary electrophoresis basic principles, improvements, and applications to pesticide

analysis reviewed
E10

capillary electrophoresis coupled with ICPMS to measure arsenic, antimony, and selenium
species; dl ∼1 µg/L

E11

chemiluminescence, bioluminescence potential for application to detection of organic compounds reviewed E12
laser-excited time-resolved Shpol’skii

spectroscopy
used to detect low part-per-billion concentrations of PAH in

solvent fractions from HPLC separations; PAH identifications were
determined by consideration of excitation and emission wavelengths

E13

X-ray absorption near-edge structure,
extended X-ray absorption fine structure

application to analysis of inorganic compounds reviewed E14

XRF application to analysis of inorganic compounds reviewed E15
XRF theory and use in a field-portable systems reviewed; detection

of metals in soils and sediments and lead in paint discussed
E16

a Abbreviations: AAS, atomic absorption spectrometry; dl, detection limit; HPLC, high-pressure liquid chromatography; ICPMS, inductively
coupled plasma mass spectrometry; PAH, polycyclic aromatic hydrocarbon; XRF, X-ray fluorescence.
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Table 2. Analytes of Emerging Environmental Interesta

compound
sample preparation

method
analyte detection

technique matrix comment ref

arsenic speciation of arsenic
in environmental samples

reviewed

G7

arsenic, several species ion exclusion
chromatography
coupled with ICPMS

seawater dl ) 3 ng of As/L with
hydride generation prior
to ICPMS

G8

arsenic, several species CE/ICP/SFMS and
IC/ICP/SFMS
compared

soil, soil water
extracts

dl ) 0.04-0.08 ng/g by
IC/ICP/SFMS; dl 100×
worse if CE/ICP/SFMS used

G9

arsenic, several species ultrasonic extraction in
HCl, oxidation of extract
by sonozone (sonolysis-
ozonolysis)

hydride generation
AAS

various CRMs,
sediment, soil,
fly ash, plant

new method avoids use
of conc acids;
dl of As ) 0.2-3 µg/g

G10

arsenic and selenium
species

soils extracted with
multiple aqueous
solutions of varying pH

IC/ICPMS groundwater,
soil extracts

dl ) 0.4-0.8 µg/L for
As species, dl ) 4 µg/L
for Se species

G11

benzalkonium chlorides PLE SPE/LC/MS/MS sediment linear from 10 to 300
µg/kg; dl ) 0.2 µg/kg;
concns of 20-200
µg/kg found in river
sediments

A74

brominated diphenyl
ethers

extracted with hexane/
MTBE; cleanup with
H2SO4 and silica

GC/MS, electron
capture negative
ionization mode

human blood median concns
of individual congeners
ranged from <1 to 1
pmol/g of lipid

G12

brominated diphenyl
ethers

enhanced solvent
extraction with

CH2Cl2 (100 °C, 68 atm)

GC/ELCD and
GC/MS

fish from Virginia measured concns
were <5-50 000 µg/kg

G13

brominated diphenyl
ethers

extraction with
CH2Cl2/hexane

GC/HRMS gull eggs from
Great Lakes

measured concns were
200-1400 µg/kg

G14

brominated diphenyl
ethers

extraction with hexane/
acetone; cleanup with
H2SO4 and silica

GC/MS, negative
ionization mode

invertebrates
and fish

dl ) 0.6 ng/g lipid
for most congeners;
results of survey of
various species in the
North Sea presented

G15

brominated diphenyl
ethers

extraction with hexane/
acetone; cleanup
with silica and
alumina columns

GC/HRMS arctic ringed seal
blubber

total PBDE increased
from 0.6 ng/g in 1981 to
4 ng/g in 2000, similar to
worldwide production
of PBDE

G16

brominated diphenyl
ethers

dialysis, alumina and
carbon
fiber columns

GC/HRMS SPMDs 13C PCDE surrogate
recoveries 40-120%

A54

brominated flame
retardants

pressurized hot water
extraction, adsorbed to
solid-phase trap

LC/GC/FID (LC
cleanup coupled
directly with
GC/FID)

sediment linear from 0.01 to 3 µg,
dl ) 0.7-1 ng/g, LOQ
6-12 ng/g

A81

BW pyrolysis GC/MS atmospheric
particulate

MS fingerprints for
microbes affected by
instrumental conditions
and environment

G17

caffeine SPE GC/MS and
GC/MS/MS

waste and
surface waters

surface water dl ) 2 ng/L
and wastewater dl ) 10 ng/L

G18

CW various GC/MS, LC/MS
NMR, CE

various analytical strategies
and procedures resulting
in unambiguous
identification of compounds
listed in the Chemical
Weapons Convention
described

G19

CW, (paraoxen and
methyl parathion used
as test surrogates)

flow injection
amperomethric
enzyme biosensor

water dl ) 20 nM G20

CW, including sulfur
mustard, Lewisite,
nerve agents

various various various review of methods
available to detect
exposure to CW agents

G21

CW, specifically VX 1-mg particles directly
into instrument

ion trap secondary
ion MS

concrete detection of analyte
studied at 0.5 monolayer
coverage

G22

explosives several detection
methods

review article with 49
references

G23

explosives, 2,4-
dinitrotoluene

none surface-enhanced
Raman spectroscopy

soil, water dl ) 5 ppb on field-
portable system

G24

explosives, 2,4-
dinitrotoluene

custom vapor sampler array of sensory
polymers attached
to fiber optics;
fluorescence
measured

soil, water dl ∼100 ppb G25

fluoroquinolone
antibacterial
agents

SPE with mixed-phase
cation exchange resin

LC/UV waste and surface
waters of Glatt
Valley Watershed
(Switzerland)

dl ) 10 ng/L G26

fragrance materials SPE isotope dilution
GC/MS

wastewater, U.S.
and Europe

LOQ ) 1-3 ng/L A5
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Table 2. (Continued)

compound
sample preparation

method
analyte detection

technique matrix comment ref

fragrance materials SPME, sorption to
Tenax TA

GC/MS air inside photo-
chemical reactor

relative rate
constants measured
for reactions of
fragrance materials
and OH radicals, NO3
radicals, and O3

A27

methylmercury derivatization,
MAE, SPME

GC/MIP/AES biological samples dl ) 0.1-0.9 ng/mL,
LOQ ) 0.4-3 ng/mL

A32

organotin compounds SBSE, derivatization TD-GC/ICPMS surface water,
mussels

instrumental dl ) 10
fg/L, procedural
dl ) 0.1 pg/L

A51

organotin compounds ethylation, SPME multicapillary
GC/AES

seawater dl ) 1-5 ng/L A34

organotin compounds ethylation, SPME isotope dilution
GC/MS

sediment dl ) 0.2 ng/L A33

organotin compounds PLE, ethylation isotope dilution
GC/ICPMS

sediment extraction of certified
reference material
sediment

A70

organotin compounds ethylation, liquid-
liquid extraction, PLE

isotope dilution
GC/MS

water and
sediment

dl ) 0.3-1.5 ng/L
water and 0.4-2 ng/g
sediment

A71

organotin compounds
and methylmercury

derivatization,
MAE, SPME

GC/MIP/AES marine biota
and sediment

methylmercury dl )
100 ng/L, butyltins
dl )10 ng/L

A31

perfluorinated
surfactants

SPE LC/MS/MS, 19F NMR surface water LC/MS/MS LOQ )
9-17 ng/L, 19F NMR
dl ) 10 µg/L

A4

perfluorooctane-
sulfonate

extraction with MTBE LC/MS/MS bird tissue, blood,
eggs from various
U.S. sites

measured concns
of 3-2000 ng/mL in blood

G27

perfluorooctanesulfonate
precursors

solvent extraction of
polyurethane foam
and XAD resin

GC/MS with
positive and
negative chemical
ionization

ambient air dl ) 0.4-6 pg/m3 G28

perfluorooctane sulfonate
and related compounds

extraction with MTBE LC/MS/MS mink and river
otters

LOQ ) 5-75 ng/g of
wet weight

G29

pharmaceuticals,
hormones,
and other consumer
product chemicals

SPE, continuous liquid-
liquid extraction

LC/MS, GC/MS
(with and without
derivatization)

river water 82 of 95 target analytes
identified, reporting
levels 0.005-2.5 µg/L

A2

pharmaceuticals SPE, derivatization GC/MS, LC/MS various methods providing
sub-ng/L detections
reviewed

G30

pharmaceuticals
(acidic and neutral)

SPE (Oasis HLB sorbent),
derivatization with
diazomethane

GC/MS surface and
wastewaters

dl ) 1-10 ng/L; target
analytes at 5-3500
ng/L in surface waters

G31

polycyclic musks SPME, liquid-liquid
extraction

GC/MS activated sludge sorption and
degradation
kinetics measured

A37

selenium species microwave digestion and
derivatization with
2,3-diaminonaphthalene

LC with fluores-
cence detection

water dl ∼ 1 µg/L G32

selenium species state-of-the-art
analytical techniques
reviewed

G33

sulfonamide and
tetracycline
antimicrobials

SPE LC/MS groundwater
and surface water

LOQ ) 0.1 µg/L A6

triclosan SPE, PLE GC/MS, GC/MS/MS wastewater,
surface water,
sludge, sediment

water LOQ ) 5 ng/L,
water dl ) 2 ng/L;
sediment LOQ )
5 ng/g of dry weight

A8

triclosan and methyl
triclosan

SPE, dialysis, GPC,
derivatization

GC/MS surface water,
SPMDs

surface water dl
< 0.4 ng/L, wastewater
dl < 1-2 ng/L, SPMD
dl <1-2 ng/g

A55

triclosan and methyl
triclosan

SPE, SFE, derivatization GC/MS, GC/HRMS wastewater, sludge wastewater LOQ )
0.1 µg/L, sludge LOQ
) 0.07 µg/g

G34

triclosan SPE GC/MS lake water dl ) 1 ng/L G35
trifluoroacetate extracted with MTBE,

derivatized with
pentafluorophenyl-
diazoethane

GC/MS (negative
ionization)

ocean water LOQ ) 32 ng/L; 200
ng/L in samples from
Mid-Atlantic Ocean

G36

a Abbreviations. AAS, atomic absorption spectrometry; AES, atomic emission spectrometry; BW, biological warfare agent; CE, capillary
electrophoresis; CRM, certified reference material; CW, chemical warfare agent; dl, detection limit; ELCD, electrolytic conductivity detector; FID,
flame ionization detector; GC, gas chromatography; GPC, gel permeation chromatography; HRMS, high-resolution mass spectrometry; IC, ion
chromatography; ICP, inductively coupled plasma; LC, liquid chromatography; LOQ, limit of quantitation; MAE, microwave-assisted extraction;
MIP, microwave-induced plasma; MS, mass spectrometry; MTBE, methyl tert-butyl ether; NMR, nuclear magnetic resonance spectroscopy; PBDE,
polybrominated diphenyl ether; PCDE, polychlorinated diphenyl ether; PLE, pressurized liquid extraction; SFE, supercritical fluid extraction; SFMS,
sector-field mass spectrometry; SPE, solid-phase extraction; SPMD, semipermeable membrane device; SPME, solid-phase microextraction; TD,
thermal desorption; UV, ultraviolet detector; VX, O-ethyl-S-2-diisopropylaminoethyl methylphosphonothiolate.
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(G5) Gómez-Ariza, J. L.; Morales, E.; Giráldez, I.; Sánchez-Rodas,
D.; Velasco, A. J. Chromatogr., A 2001, 938, 211-224.

(G6) Lioy, P. J.; Weisel, C. P.; Millette, J. R.; Eisenreich, S.; Vallero,
D.; Offenberg, J.; Buckley, B.; Turpin, B.; Zhong, M.; Cohen,
M. D.; Prophete, C.; Yang, I.; Stiles, R.; Chee, G.; Johnson,
W.; Porcja, R.; Alimokhtari, S.; Hale, R. C.; Weschler, C.; Chen,
L. C. Environ. Health Perspect. 2002, 110, 703-714.

(G7) Kumaresan, M.; Riyazuddin, P. Curr. Sci. 2001, 80, 837-846.
(G8) Nakazato, T.; Tao, H.; Taniguchi, T.; Isshiki, K. Talanta 2002,

58, 121-132.
(G9) Koellensperger, G.; Nurmi, J.; Hann, S.; Stingeder, G.; Fitz,

W. J.; Wenzel, W. W. J. Anal. At. Spectrom. 2002, 17, 1042-
1047.

(G10) Capelo, J. L.; Lavilla, I.; Bendicho, C. Anal. Chem. 2001, 73,
3732-3736.

(G11) Vassileva, E.; Becker, A.; Broekaert, J. A. C. Anal. Chim. Acta
2001, 441, 135-146.
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