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A novel gas chromatograph-mass spectrometer (GC-MS) based on a miniature toroidal ion
trap mass analyzer (TMS) and a low thermal mass GC is described. The TMS system has an
effective mass/charge (m/z) range of 50-442 with mass resolution at full-width half-maximum
(FWHM) of 0.55 at m/z 91 and 0.80 at m/z 222. A solid-phase microextraction (SPME) fiber
mounted in a simple syringe-style holder is used for sample collection and introduction into
a specially designed low thermal mass GC injection port. This portable GC-TMS system
weighs <13 kg (28 lb), including batteries and helium carrier gas cartridge, and is totally
self-contained within dimensions of 47 X 36 X 18 em (18.5 X 14 X 7 in.). System start-up
takes about 3 min and sample analysis with library matching typically takes about 5 min,
including time for column cool-down. Peak power consumption during sample analysis is
about 80 W. Battery power and helium supply cartridges allow 50 and 100 consecutive
analyses, respectively. Both can be easily replaced. An on-board library of target analytes
is used to provide detection and identification of chemical compounds based on their
characteristic retention times and mass spectra. The GC-TMS can detect 200 pg of methyl
salicylate on-column. n-Butylbenzene and naphthalene can be detected at a concentration
of 100 ppt in water from solid-phase microextraction (SPME) analysis of the headspace.
The GC-TMS system has been designed to easily make measurements in a variety of
complex and harsh environments. (J Am Soc Mass Spectrom 2008, 19, 1425-1434) © 2008
American Society for Mass Spectrometry

W hen exposure to hazardous compounds,
such as chemical warfare agents (CWAs)
and toxic industrial chemicals (TICs), is a

concern, the ability to rapidly detect and accurately
identify such chemicals in harsh environments is of
great utility. There is a need for field-portable, selec
tive, and sensitive detectors for military and emergency
first-responder operations and for on-site environmen
tal contamination measurement, to mention only a
couple of key applications. The development of field
portable devices directed toward fast, on-site analysis is
one of the most active research areas in analytical
chemistry.

Currently, several approaches for detection of CWAs
and TICs are utilized by military personnel, first re
sponders, and environmental scientists. They include
dye solubility (detection paper), enzymatic reaction,
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gas-solid-phase reaction, surface acoustic wave (SAW),
flame photometry (FPD), and ion mobility spectrometry
(IMS) [1-4]. These detectors, although small and rela
tively easy to use in the field, offer only limited chem
ical specificity and sensitivity, and they are prone to
false-positive responses [3]. They typically can confirm
only what is already believed to be present, but cannot
provide information about other possible harmful
agents [1, 5].

Combining results obtained from several individual
analytical techniques has been shown to be particularly
advantageous for detection of possible chemical threats
[6]. MS alone can be used to identify unknown com
pounds from their characteristic fragmentation pat
terns; however, for complex mixtures, compound iden
tification by MS alone can be challenging. MS coupled
with a separation technique such as gas chromatogra
phy (GC) can provide two-dimensional analysis, which
provides significantly greater power for identification
of compounds in complex mixtures. Analytical advan
tages of high sensitivity, high selectivity, and rapid
response time make GC-MS a preferred detection tech-
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nique for CWAs and TICs [7]. GC-MS remains the
standard for positive identification of unknown volatile
and semi-volatile organic compounds, and the pre-
ferred instrumentation for field detection and verifica-
tion of chemical agents [1, 8, 9].
Major efforts have been made to miniaturize capil-

lary GC [10–14] and most MS analyzers, including
time-of-flight (TOF) [15–17], quadrupole [18], magnetic
sector [17–19], Fourier transform ion cyclotron reso-
nance (FTICR) [20], and cylindrical [21–23], rectilinear
[24–26], and toroidal [27, 28] ion traps. Most of these
reports have concentrated on miniaturizing the GC
column or the mass analyzer. However, few groups
have focused on miniaturizing other system compo-
nents such as vacuum pumps, electronics, and consum-
able items required for truly portable (i.e., totally self-
contained) GC-MS systems [19, 24, 29, 30]. Even so, a
number of so-called portable systems have been com-
mercialized [9, 24, 29–37]. The most widely used por-
table GC-MS system by military and first-responder
personnel, for example, suffers from several limitations:
the analysis time for a sample is about 15 min [32, 36],
which is quite slow for field applications that require
immediate response; the use of a membrane sample
inlet limits the range of analytes that can be introduced
into the system [38]; the getter vacuum pump in this
system has a finite lifetime (30 days at 8 h/day opera-
tion) and must be replaced at the manufacturer’s facil-
ity; and field-portability requires taking along the sup-
port platform, which weighs about as much as the
GC-MS system.
The high demand for portable GC-MS is driving

further efforts to develop systems that are even smaller
and more rugged, with the goal of producing a truly
hand-portable GC-MS system. Among the different
types of mass analyzers, ion traps are ideal candidates
for miniaturization because of their simplicity, high
sensitivity, relatively high operating pressure, and less
stringent ion optic element alignment compared with
other types of MS analyzers [39]. Furthermore, ion traps
provide potential for tandem MS operation in a porta-
ble MS format. Lower power consumption can be
achieved by reducing the trapping volume radial di-
mension. One limitation to miniaturizing ion traps is
reduction in ion storage capacity. However, this reduc-
tion can be ameliorated by trapping ions in a toroidal
geometry [27, 28, 39].
Power reduction and short analysis time are the

main challenges for the GC component of portable
GC-MS. Microchip-based GC has certainly demon-
strated both reduced analysis time and reduced power
consumption; however, it has proven difficult to evenly
coat the separation channels and to connect them to
injection systems and detectors, and their separation
performance has not yet matched the high efficiency of
conventional fused silica capillary columns [12]. An-
other approach has been to use low thermal mass GC
that relies on resistively heating the capillary column
instead of using a bulky convection oven [11, 14,

40–42]. Resistive heating provides high heating and
cooling efficiency and speed. These qualities make low
thermal mass GC ideal for fast analysis with minimum
power consumption.
Two major challenges of any field analysis method is

the collection and subsequent transfer of a sample to the
analytical system. Many of the current CWA and TIC
detectors rely on vapor detection. This is a problem for
detection of less volatile CWAs and TICs, particularly at
low environmental temperatures where vapor pres-
sures of the target analytes are greatly reduced. Solid-
phase microextraction (SPME) offers a convenient
method for sampling gaseous, liquid, and dissolved
solid samples, concentrating the analytes, and transfer-
ring them to the injection port of a GC-MS. SPME
theory, methodologies, and applications can be found
elsewhere [43–45]. There are a number of reports that
validate the use of SPME for the analysis of CWAs in
air, water, and soil [46–51]. These studies include the
analysis of hydrogen cyanide [46], VX [50, 52], sarin
[48–50], soman [50], tabun [50], and mustard [51]. There
have also been reports describing the detection of
precursor chemicals and degradation products of
CWAs using SPME [52–55].
In this report a new, portable GC-MS system is

described, which is totally self-contained with carrier
gas supply and battery power source. Sample introduc-
tion is performed using SPME with a low thermal mass
GC injector for rapid desorption. Chromatographic
separation is performed using a low thermal mass GC,
and the mass analyzer consists of a miniature toroidal
ion trap mass spectrometer (TMS). Embedded software
performs data analysis during which TMS spectra are
matched with on-board library spectra for positive
identification of target compounds.

Experimental

GC-TMS Instrumentation

The portable GC-TMS system (Guardion-7, Torion
Technologies, American Fork, UT, USA) consists of a
low thermal mass injector, a low thermal mass GC, and
a miniature toroidal ion trap mass analyzer. The entire
system is a stand-alone instrument that can be used in
the field without additional electrical power, gas sup-
ply, or equipment for data analysis and identification.
The system is housed in a 47 � 36 � 18 cm (18.5 � 14 �
7 in.) Pelican case (Torrance, CA) and weighs about 13
kg (28 lb), including batteries (Figure 1a). The portable
GC-TMS can be fully operated without an external
computer system. A 6-in. liquid crystal display (LCD)
allows real-time monitoring of the chromatogram and
mass spectra. A graphical user interface (GUI) is used to
navigate via three buttons between different options
and windows that are displayed on the LCD. The
GC-TMS system uses spectral deconvolution software
(Ion Signature Technologies, North Smithfield, RI,
USA) to enhance compound separation and identifica-
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tion [56]. The peak deconvolution algorithm improves
the identification of poorly resolved GC peaks and
obscure trace components. After completion of a run,
accumulated data are deconvolved, and compounds
that are detected and identified are displayed in tabular
format on the LCD screen. Further data analysis can
also be performed using a laptop via Ethernet connec-
tion or after downloading data from a flash memory
card.
A 90-cm3 disposable helium (He) cartridge provides

the carrier gas to the GC-TMS system (Figure 1b).
Cartridges are pressurized to 2500 psig, providing
enough helium for about 100 analyses at a constant 25
psig column head pressure. The design of the GC-TMS
instrument allows for easy access and replacement of
the helium cartridges and batteries.
The peak power requirement of the GC-TMS is 80 W

when all heaters (injection port, column, and transfer line)
are utilized during the chromatographic analysis. This
power is supplied by two non-rechargeable 24 V, 7.5 Ah
lithium/sulfur dioxide (LiSO2) BA 5590 military-ap-
proved batteries, which allows roughly 50 consecutive
analyses before the batteries must be replaced. The system
could be modified for lithium ion rechargeable batteries

(BB 2590) by changing the instrument power supply
design. An AC-to-DC 24 V power converter can be used
when 110 V AC is available. The GC-TMS start-up time
from power-on to ready state for injection is about 3 min,
and the total sample anaylsis turnaround time is 5 min,
including time for column cool-down.

Mass Analyzer

The miniature toroidal radio frequency (RF) ion trap
mass analyzer has been previously described by Lam-
mert et al. [27]. Figure 2a and b show photographs of
the toroidal ion trap and Figure 2c shows a cross-
sectional drawing of the TMS, which includes the
electron-gun assembly, trapping region, and the detec-
tor assembly. The toroidal trapping region has a radius
(ro) of 2 mm and provides a storage capacity similar to
a conventional cylindrical ion trap of ro � 10 mm. A
nominal RF trapping frequency of 3 MHz is used with
a trapping amplitude of about 800 Vp-p. During mass
analysis, an ejection frequency sweep is applied to the
filament end-cap to perform resonance ejection. This
type of mass analysis provides better mass resolution
than the traditional linear amplitude RF scan. Further-
more, simpler electronics are needed, in that the RF
generator needs only a fixed-amplitude power supply.
During the scanning period, the ejection frequency is
scanned from ca. 1.4 MHz to approximately 100 kHz
with about 5 Vp-p amplitude over the course of 60 ms
(7500 Th/s) (see timing diagram, Figure 3). The electron
gun produces a gated electron beam (�70 eV) for
ionization of analyte molecules. Ions are detected with
a custom, continuous dynode electron multiplier detec-
tor (DeTech, Palmer, MA, USA) with an approximate
gain of 106 at 1300–1500 V. The electron multiplier
voltage is automatically set by monitoring the noise
level during the first few seconds of each run. Ioniza-
tion timing control is used to regulate the number of
ions that are trapped, preventing overloading and en-
suring optimal mass resolution. Ionization timing (Fig-
ure 3) is automatically controlled to values between 0.03
and 60 ms. The number of ions in the trap is monitored
for each 60-ms scan and kept below a specified level by
automatically adjusting the ionization time. Since ion-
ization timing control is used, the sampling rate of the
system varies from 8 to 16 scans/s, depending on the
sample concentration. Work is in progress to increase
the scan rate to allow for faster separations and shorter
analysis times.

Vacuum System

The GC-TMS pumping system consists of a miniature
dual-stage diaphragm roughing pump and a miniature
turbo-molecular pump (Figure 1b). The roughing pump
is a two-stage diaphragm pump (Model PU1781-N84.0-
8.05, KNF Neuberger, Trenton, NJ, USA) and the turbo-
molecular drag pump has a pumping capacity of 11
L/s, a rotation speed of 90,000 rpm, and can achieve

Figure 1. Photographs of the Guardion-7 GC-TMS showing (a)
dimensions and (b) internal components.
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pressures below 5 � 10�4 torr (Model TPD 011, Pfeiffer
Vacuum, Nashua, NH, USA). The assembled vacuum
system can achieve pressures below 1 � 10�3 Torr in 2
min with a 0.5 cm3/min of helium flow through the GC
column.

Low Thermal Mass GC

The low thermal mass GC column assembly is fabri-
cated by RVM Scientific (Santa Barbara, CA, USA) from
a 5 m� 0.1 mm i.d.� 0.4 �m df MXT-5 column (Restek,
Bellefonte, PA, USA). Various columns can be used
depending on user applications. The column is bundled
with a resistive heating wire and thermocouples for
temperature control. A small box fan is used for column
cool-down (Figure 1b). This GC assembly is mounted
on a fixture and connected to the low thermal mass
injector and to the TMS through a transfer line. Under
typical temperature programming conditions, the initial
temperature (40 °C) is held for 10 s before it ramps to a
final temperature of 250 °C at a ramp rate of 120 °C/
min. The low thermal mass injector and transfer line are

kept at 270 °C. Helium is used as the mobile phase with
a flow rate of 0.4 mL/min at 100 °C.

SPME and SPME Holder

SPME is an excellent solvent-free extraction method
that combines extraction and concentration into a single
step for the analysis of gases and liquid samples [57].
These features make SPME a convenient sampling
method for on-site analysis. Because the GC-TMS sys-
tem is designed for use in the field, a new SPME holder
was developed to be easily operated with one hand
while wearing bulky personal protective equipment.
Figure 4, shows photographs of the new SPME holder.
The push-button trigger (similar to the mechanism
common to ballpoint pens) on top of the syringe enables
the SPME fiber (65 �m PDMS-DVB, Supelco, Bellefonte,
PA, USA) to be extended from or withdrawn into a
protective metal needle after sampling and while being
inserted into the injection port of the GC-TMS. The SPME
holder has a weight of 34.7 g (1.22 oz) and a length of 18.5
cm (7.2 in.) when the fiber is retracted. The active sample

Figure 2. Miniature toroidal ion trap mass spectrometer. (a) Photograph of ion trap electrodes with
top end-cap removed to show the ion storage region. (b) Photograph of ion trap stack and detector
board assembly. (c) Cross-sectional diagram of toroidal ion trap mass analyzer showing major
components. The end of the GC column (not shown) is placed between the filament end-cap and outer
ring of the toroidal ion trap assembly.
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collection surface of the SPME fiber is 1–2 cm long and is
coated with a 7- to 100-�m polymer film. Previous
studies have indicated that polydimethylsiloxane-divi-
nylbenzene (PDMS-DVB) is the preferred commercially
available SPME coating for CWAs [46–55]. The GC
temperature program and data acquisition automati-
cally start when the SPME holder contacts the injection
port. The SPME holder contains a miniature electronic
board with a microchip that has the potential for
receiving and storing sample related metadata.

Low Thermal Mass Injector

The resistively heated split/splitless injector was spe-
cifically designed for SPME with a low volume to
minimize band broadening during injection [58–60].
The custom-made injector was constructed from 0.31
mm i.d. stainless steel tubing wrapped with Nichrome
80 heating wire (Pelican Wire, Naples, FL, USA). No
liner was utilized in the design because SPME allows
sampling of dirty matrices with minimal contamination
of the injection system. However, possible adsorption of
analytes was reduced by Sulfinert treatment (Restek) of
the injector. If the injector does become contaminated,
the injector assembly can be removed and cleaned.
Because of its low thermal mass, the injector can be
heated from room temperature to 270 °C in less than 3
min using less than 9 W of power and consuming only
6 W to maintain operating temperature. The use of
Merlin Microseal septa (Restek) allows up to 2500
injections before replacement of a septum. For this
work, splitless injections were performed by opening
the split valve between 0.5 and 7 s after injection. The
split ratio is nominally 20:1 when the split valve is open.
The injector is also equipped with a septum purge that

is typically operated at 1.0 mL/min continuous flow
rate.

Data Analysis

Quantitative deconvolution software (Ion Signature) is
used for target compound identification. This software
is embedded in the operating system of the GC-TMS. It
uses both retention times and key mass spectral data to
identify compounds. The data collected by the GC-TMS
system are processed in near real time and matched
against characteristic retention times and ion abun-
dances for target analytes that are preloaded into the
internal compound library. Identified compounds are
listed on the LCD screen, along with hazard classifica-
tion and match confidence level shortly after complet-
ing the analytical run.

Chemicals and Standards

All chemicals used were commercially available. Dieth-
ylphthalate (99.5%), n-butylbenzene (99
%), and 2-
chloroacetophenone (98%) were obtained from Sigma–
Aldrich (Milwaukee, WI, USA). Benzene (HPLC grade)
was obtained from Spectrum Chemicals and Laboratory
Equipment (Gardena, CA, USA). Toluene (HPLC grade)
and methyl salicylate (99%) were purchased from
Fisher Scientific (Fairlawn, NJ, USA). Decafluorotriph-
enylphosphine (DFTPP) was obtained from Supelco,
and naphthalene (Baker Analyzed Grade) was obtained
from JT Baker (Phillipsburg, NJ, USA). The 624 EPA
volatile halocarbon mix (2000 �g/mL in methanol) was
obtained from Restek. Disposable 90 cm3 high-purity
helium cartridges were custom packaged by Leland
(South Plainfield, NJ, USA).

Sampling Methodology

Sample solutions were placed in 15- to 20-mL vials with
septum caps. The SPME needle was pushed through the
septum in the vial cap and the SPME fiber was exposed
to either the solution or head space. The exposure
period was 30 s and 5 min for liquid and head space
sampling, respectively, at room temperature with vial
agitation. The SPME exposure time was chosen to
simulate realistic field sampling protocols. The sample

Figure 3. Timing diagram for the toroidal ion trap. The ejection
frequency decreases with time according to 1/f to linearize the m/z
scale; the filament gate is variable from 60.0 to 0.03 ms to control
ionization; and the maximum ionization time is indicated.

Figure 4. Photograph of SPME fiber holder syringe with mem-
ory chip for metadata storage.
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was desorbed from the SPME fiber for about 8 s at
270 °C after insertion of the SPME needle into the
injection port of the GC-TMS.

Results and Discussion

Mass Calibration

Routine mass calibration is performed automatically by
the GC-TMS by introducing a standard mixture of com-
pounds with known GC retention order and fragment
peak abundances. Any compound can be used for mass
calibration as long as retention time and selected m/z
values are provided. During mass analysis, an ejection
frequency is applied so that masses are scanned from 35 to
535 m/z. To calibrate the mass scale for the acquired data,
a scan index is used. The scan index is obtained by
dividing the electron multiplier signal during the mass
analysis scan (60 ms) into 4000 discrete indices (15 �s
each). The signal for each 15-�s scan is summed and
stored in the appropriate index. The automated mass
calibration algorithm software looks for mass fragment
peaks at the retention time specified and assigns a scan
index to the mass. A linear plot of the m/z versus scan
index is then used as the mass calibration for the
instrument [61]. A seven-component mixture consisting
of benzene, toluene, n-butylbenzene, naphthalene,
2-chloroacetophenone, diethylphthalate, and decafluo-

rotriphenylphosphene in water (10 ppm each) was used
in this work for calibration. After sampling for 30 s,
compounds were thermally desorbed into the GC-TMS
injector. The ions selected for automatic calibration
were m/z 78 from benzene, m/z 65 and 91 from toluene,
m/z 105 from 2-chloroacetophenone, m/z 128 from naph-
thalene, m/z 134 from n-butylbenzene, and m/z 149, 177,
222 from diethylphthalate, and m/z 275 and 442 from
decafluorotriphenylphosphine. An automated mass cal-
ibration plot using this mixture can be seen in Figure S.1
in the Supplementary Information, which can be found
in the electronic version of this article. A least linear
squares curve fit provided an R2 value of 0.99994 for a
mass range of 65 to 442 m/z. Automatic mass calibration
is simple to perform and allows the GC-TMS instru-
ment to be rapidly and frequently calibrated to ensure
mass accuracy during field measurements.

Mass Spectral Resolution

Toluene, dibromochloromethane, and diethylphthalate
were used to determine the mass spectral resolution of
the TMS. Samples of these compounds were prepared
at the same concentration and sampled using the same
procedure as previously described for automatic mass
calibration. The mass spectral resolution of the GC-TMS
instrument at full-width half-maximum (FWHM) was
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Figure 5. Mass spectra showing resolution of toluene and dibromochloromethane ions.
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0.42, 0.68, and 0.80 for toluene (m/z � 91), dibromochlo-
romethane (m/z � 127), and diethylphthalate (m/z �
222), respectively. Spectra for toluene and dibromochlo-
romethane are shown in Figure 5. The fragment ions
and isotope ratios in these spectra are in close agree-
ment with theoretical (isotope ratios) and library refer-
ence values. Better than unit mass resolution was ob-
tained for the m/z range from �100 to �200, which is
comparable to the resolution achieved by most bench-
top MS systems.

Detection Limits

GC-TMS detection limits were determined from both
direct liquid injection and SPME headspace sampling.
Direct liquid injections of chemical agent simulants
(di-n-butylsulfide and methyl salicylate) were per-
formed to determine the minimum quantity of com-
pound introduced into the GC column that could be
detected. Ethanol solutions with concentrations from
1.6 to 1600 ppm were prepared. Direct liquid injections
of 0.1 �L were performed using a 0.5 �L SGE syringe
(Austin, TX, USA). Detection limits corresponding to a
total ion signal intensity that was 3 above the back-
ground uncertainty from blank replicates were found to
be 200 and 300 pg for methyl salicylate and di-n-

butylsulfide, respectively. A linear response was ob-
served for concentrations ranging from 0.2 to 160 ng
with an R2 value of 0.995 for di-n-butylsulfide (Figure
S.2 in the Supplementary Information).
Headspace sampling was performed to determine

the method detection limits. A four-compound mixture
(benzene, toluene, n-butylbenzene, and naphthalene)
was used, and aqueous solutions ranging in concentra-
tion from 0.1 to 100 ppb were prepared. A 15-mL
aliquot of each solution was placed in 20-mL vials with
septum caps. Headspace SPME sampling was per-
formed for 5 min and then desorbed in the GC injector.
The method detection limits were 0.1 ppb for n-butyl-
benzene and naphthalene, 1 ppb for toluene, and 10 ppb
for benzene.

Analysis of Chemical Warfare Agents

CWAs are substances that are intended for military
purposes to be lethal, seriously injure, or incapacitate
target individuals because of their physiological effects.
Spectra were obtained using the GC-TMS for research
development test and evaluation standards (50 �g/mL
each in isopropanol) of the nerve agents sarin (GB),
soman (GD), cyclosarin (GF), and VX, as well as the
blister agent mustard (HD). Figure 6 shows mass spec-

Figure 6. Mass spectra of HD blister agent and GB and VX nerve agents.
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tra for HD, GB, and VX. The ion fragments in these
spectra are in close agreement with theoretical and
library reference values. These analyses demonstrate
the capability of the portable GC-TMS instrument for
the detection of CWAs.

Analysis of EPA Method 624 Volatile Halocarbon
Compounds

EPA Method 624 is used for the chemical analysis and
determination of volatile organic compounds in munic-
ipal and industrial wastewater [62]. A standard mixture
of the EPA Method 624 volatile halocarbon compounds
was diluted to 20 ppm in water, and SPME sampling
was performed as previously described. Separation of
the mixture was achieved in �65 s (Figure 7). Com-
pounds that are not completely resolved chromato-
graphically can be resolved and identified using the
deconvolution software described in the experimental
section. Examples of spectra for tetrachloroethene and
bromoform are given in Figure 7. This separation shows
the ability of the portable GC-TMS system to rapidly
separate and identify organic compounds in complex
mixtures.

Conclusions

The field-portable GC-TMS system described herein
performs automatic linear mass calibration, achieves
better than unit mass resolution for the mass range up
to 220 m/z, and provides good chromatographic resolu-
tion of complex volatile organic samples. The system is
truly portable with a weight of 13 kg, battery power,
on-board carrier gas supply, and full operation without
an external computer. The instrument detection limits
were determined to be in the low picogram range (200
pg for methyl salicylate). The method detection limit for
headspace sampling using SPME was 100 ppt for aque-
ous solutions of n-butylbenzene and naphthalene. The
embedded software, target compound library, and sam-
pling methods are constantly being enhanced to ad-
dress an expanding range of threat agents, hazardous
compounds, environmental contaminants, and other
target compounds of interest. The analytical perfor-
mance of the portable GC-TMS approaches that of
conventional bench-top GC-ion trap mass spectrome-
ters. Portability, simple operation, and high perfor-
mance make the GC-TMS instrument a valuable tool for
field applications.

Figure 7. Total ion chromatogram of a 26 component EPA Method 624 volatile halocarbon
compound mixture (20 ppm in water) with mass spectral inserts for tetrachloroethene (peak 19)
and bromoform (peak 22). GC temperature program: 40 °C for 10 s, then 120 °C/min to 250 °C and
hold for 10 s. Peak identifications: (1) 1,1-dichloroethane, (2) methylene chloride, (3) trans-1,2-
dichloroethene, (4) 1,1-dichloroethane, (5) chloroform, (6) 1,2-dichloroethane, (7) 1,1,1-trichloroethene,
(8) benzene, (9) carbon tetrachloride, (10) 1,2-dichloropropane, (11) trichloroethylene, (12) bromodichlo-
romethane, (13) 2-chloroethylvinyl ether, (14) cis-1,3-dichloropropene, (15) trans-1,3-dichloropropene, (16)
toluene, (17) 1,1,2-trichloroethene, (18) dibromochloromethane, (19) tetrachloroethene, (20) chlorobenzene,
(21) ethyl benzene, (22) bromoform, (23) 1,1,2,2-tetrachloroethane, (24) 1,3-dichlorobenzene, (25)
1,4-dichlorobenzene, (26) 1,2-dichlorobenzene.
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