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Abstract

The use of capillary gas chromatography in conjunction with spectral detection has been utilized for several years for
both quantitative and qualitative analyses of environmental extracts. Unfortunately, in some extreme cases, chromatographic
peak overlap precludes the accurate identification of many of the components, and alternative separation strategies
employing multidimensional techniques must be utilized to improve the qualitative information. This study presents the
application of a valve-based, multiple parallel trap, multi-stage multidimensional gas chromatography—infrared spec-
troscopy—mass spectrometry system to qualitative analysis of extracts from water, clay and soil samples contaminated by
decades of old agricultural product dumping. The water and clay extracts were found to be fairly simple and required only a
single chromatographic stage for analysis. Water and clay contaminants identified by both infrared (IR) and mass spectra
included 1-chloro-4-methylsulfonyl-benzene, disulfoton, dieldrin, and several organophosphorus pesticides. In contrast, the
soil extract required 25 heartcuts and second-stage separations to obtain higher accuracy qualitative identifications or
classifications. Components identified by IR and mass spectra included 1-chlorooctane, dimethyl phthalate, phorate,
4,4'-dichlorobenzophenone, 3,4'-DDD, chlorobenzilate, 4,4’-DDD, and bis(2-ethylhexyl)phthalate. This study demonstrates
the system’s ability to perform equally well in both 1-D and 2-D configurations with these types of samples, and it also
illustrates some of the temperature-dependent limitations of the system.
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1. Introduction analyzing these samples require a high resolution

separation technique coupled with spectroscopic

Qualitative and quantitative study of environmen-
tal contaminants has been important for several
years. Investigations into atmospheric, water, and
soil contamination have utilized a wide variety of
chemical instrumentation but, due to the complexity
of most environmental extracts, typical methods for
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detectors. In the past, the most widely used method
for unequivocal identification and quantitation of
these hazardous substances has been gas chromatog-
raphy~mass spectrometry (GC-MS). However, in
the late 1970s to early 1980s, there was an increased
interest in the development of gas chromatography—
infrared spectroscopy (GC-IR) as an alternative or
supplement to GC-MS methods for environmental
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analysis [1-6]. With the advent of commercial linked
GC-IR-MS instruments, an economically feasible
method of obtaining complementary spectral infor-
mation using a single instrument became available,
and this subsequently led to its use in both target and
non-target environmental analysis [7-10]. However,
high accuracy qualitative identifications in non-target
analyses are dependent upon the purity of com-
ponents delivered to the detectors. In many en-
vironmental extracts, the analytes of interest are
overlapped with other analytes or matrix compo-
nents, so it is essential to utilize multidimensional
gas chromatography (MDGC) to improve the accura-
cy of the identifications in non-target methods.

In the past, the application of MDGC in en-
vironmental analysis has been primarily limited to
analysis of isomeric compounds, such as polychlori-
nated biphenyl congeners (PCBs). In these types of
applications, MDGC is typically used with electron
capture detectors because of the high sensitivity of
the detector towards chlorinated compounds [11,12].
However, some PCB congeners are more toxic than
others, and differentiation of the individual con-
geners is desirable. The combination of MDGC and
mass spectrometry has provided the best examples of
target qualitative and quantitative analysis of PCB
congeners [13,14]. However, due to the inherent
instrumentation restrictions of typical MDGC sys-
tems based on mechanical valves, Deans’ design
[15], or Schomburg’s ‘live-T” [16], the widespread
use of MDGC in non-target analysis applications has
been non-existent, and as mentioned above, applica-
tions such as PCB congener analysis are usually
targeted at the differentiation of a few congeners.
Therefore, the purpose of this study is to illustrate
the wider applicability of MDGC to comprehensive
qualitative environmental analysis by a novel
MDGC-IR-MS system with multiple parallel cryo-
genic traps and sample recycling ability [17-20].

One area of environmental analysis which has
received considerable attention over the years con-
cerns the identification of pesticides and their metab-
olites or degradation products in environmental
matrices, such as soil, water, and plant material. The
comprehensive qualitative analysis of these types of
complex mixtures is complicated by the large num-
ber of components, the wide variety of polarities, and
the potentially wide range of component concen-

trations. However, because of the advances in
MDGC-IR-MS hardware previously applied to
other sample types [15,16], matrices contaminated by
agricultural products or any other source can be
much more easily analyzed. For the study described
here, samples of soil, clay, and water contaminated
by decades old experimental agricultural products
were analyzed as a test of the limitations and
advantages of the novel MDGC system. Before the
University of California, Riverside was established
in 1959, the area surrounding the current university
site was a Citrus Experiment Station. From the time
that the station was founded in 1906 to several
decades ago, waste generated from various experi-
ments with, for example, insecticides, herbicides and
defoliants, was discarded in a small gully behind
some of the station greenhouses. Years after the
dumping stopped, the area was declared a US
Superfund Hazardous Waste site. Unfortunately,
there are very few records of the compounds or
classes of compounds deposited in the dump. There-
fore, this type of sample is ideal for analysis by
MDGC-IR-MS because of the expected complexity
and variety of components and the requirement for
high accuracy component identifications.

Because no records were kept regarding the types
of agricultural products in the dump, it was initially
difficult to develop an analytical methodology for the
analysis. However, following an examination of the
general history of agricultural products [21], it was
clear that the discovery of several chlorinated pes-
ticides, such as DDT, p-dichlorobenzene and hexa-
chlorocyclohexanes (BHCs), and organophosphorus
(OP) pesticides, such as tetraethyl pyrophosphate
(TEPP), parathion and malathion, coincided well
with the developments and research at the Citrus
Experimental Station. It was expected that these
types of agricultural products could be present as
products, metabolites, or degradation products in the
dump site soil. Initial standard GC-IR-MS inves-
tigations confirmed the presence of several chlori-
nated and organophosphorus pesticides. Fortunately,
there have been several applications of GC~MS for
both qualitative and quantitative analysis of both
chlorinated and OP pesticides [22-29], so there was
ample analytical background to adapt to the novel
multidimensional GC~IR-MS instrument for the
analysis of contaminated environmental extracts.
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Additionally, these reports provided critical infor-
mation on identifications based strictly on EI mass
spectra when IR spectra proved insufficient, which is
the case with many OP pesticides.

2. Experimental section
2.1. Samples

As mentioned above, the samples of water, clay,
and soil were drawn from a Superfund agricultural
product dumping site located in the University’s old
experimental agricultural fields. The water was taken
from a monitor well near the site, and it had an odor
which was very similar to that of the clay. Approxi-
mately 500 g of a gray, sandy clay were taken from
approximately 0.5 m below the surface of the
dumpsite, and the sample was stored in a cleaned
glass bottle with a Teflon-lined cap. As with the clay,
approximately 250 g of dark brown soil were
removed from approximately 3 m below the dump
surface and stored in a cleaned glass boitle with a
Teflon-lined cap. All samples were extracted within
2 days of obtaining them.

2.2, Extraction techniques

2.2.1. Water analytes

The water extraction was based on the US En-
vironmental Protection Agency (EPA) Method
3510A [30]. This method is a simple separatory
funnel extraction, and methylene chloride was used
as the solvent because it was felt that it would extract
a sufficiently large number of the organic analytes.
The extraction was performed with 100 ml of water
and three 60-ml aliquots of CH,Cl,. The separatory
funnel was agitated for ~2 min for each aliquot with
periodic venting to prevent glassware breakage or
sample expulsion from the funnel. The CH,CI,
aliquots were then added together and reduced to
approximately 1 ml under vacuum. Because this
study was mainly concerned with the qualitative
analysis of the sample, no surrogate or matrix
standards were added, so no value on extraction
efficiency for the water was obtained.

2.2.2. Soil and clay analytes

The clay and soil extractions were based on the
US EPA Method 3550A [31]. This method utilizes
sample ultrasonication, and as described above,
methylene chloride was used as the solvent for
identical reasons. Clay extraction was performed
with 100 g of clay mixed with 100 g of dried
Na,SO, and three 100-ml aliquots of CH,Cl,, and
the soil extraction was performed with 30 g of clay
mixed with 60 g of dried Na,SO, and three 100-ml
aliquots of CH,Cl,. Na,SO, was added to each
sample to break up the clay and increase the surface
area of the sample exposed to the solvent and to aid
in the removal of excess water from the sample.
Each aliquot was sonicated in a bath at 100% for 3
min. For each sample, the CH,Cl, aliquots were then
added together and reduced to approximately 1 ml
under vacuum. As with the water extraction, no
surrogate or matrix standards were added, so no
values on the extraction efficiencies for the solid
samples were obtained.

2.3. Instrumentation

A commercially available Hewlett-Packard (HP,
Palo Alto, CA, USA) GC-IR-MS system was
modified for multidimensional gas chromatography.
The system consisted of an HP 5890 Series II gas
chromatograph coupled in parallel with an HP 5965B
infrared detector and a HP 5970B mass selective
detector (Fig. 1). Details of the modification can be
found in previous reports [17-20]. Effluent output
from the lightpipe infrared detector was either vented
or collected into one of the five parallel cryogenic
traps. For the second stage of analysis, trapped
effluents were re-injected onto the higher-stage col-
umn by turning off the liquid nitrogen flow to the
selected trap, allowing the trap to achieve thermal
equilibrium with the external trap oven, and finally,
routing carrier gas flow to the trap with the selection
valves. In this configuration, the mechanical valve
switching and carrier gas pressure adjustments re-
quired for multistage experiments were accomplished
manually. Using the arrangement depicted in Fig. 1,
the parallel cryogenic trapping multidimensional
system did not interfere with normal operation of the
GC-IR-MS system, so both infrared and mass
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Fig. 1. Schematic diagram of the parallel cryogenic trap MDGC-
IR-MS system: A, splitless injection port; B, Rt -5 non-polar
first-stage separation column; C, HP 5970B MSD; D, HP 5965B
IRD; E, four-port two-way valve (300°C maximum temperature);
F, external auxiliary carrier gas; G, six-port selection valve (300°C
maximum temperature); H, stainless-steel cryogenic traps; I, three-
port two-way valve (300°C maximum temperature); J, Rt -1701
intermediate polarity column.

spectral data were obtainable for eluting components
resulting from any GC separation stage.

2.4. Mechanical valving system

Five mechanical valves were incorporated into the
design of the system. The two valves used for
cryogenic trap selection were Rheodyne Model 7060
selection valves with Vespel rotor seals (Rheodyne,
Cotati, CA, USA; 300°C maximum temperature), and
these valves resided in the external trap oven. Each
valve provides one common input/output line and
six selectable trap lines. The internal valve passages
are 0.41 mm in diameter, and the internal volume of
each of the valves is less than 2 ul. A three-port
two-position Valco Model 3N3WT valve (Valco
Instruments Co. Houston, TX, USA; 350°C maxi-
mum temperature) was used to switch flow from the
traps to either a vent or the higher-stage separation
columns. The last two valves in the system were
four-port two-position Valco Model 4C6WT valves
(Valco Instruments Co.; 350°C maximum tempera-
ture). The first of these valves was used to direct
flow from the lightpipe to either a vent or the
cryogenic trap array. The other valve was used to
control flow to either of the two higher-stage sepa-
ration columns. These remaining three valves were
placed inside the GC oven.

2.5. External trap oven heating system

The cryogenic trapping array [17-20] was situated
inside a small oven on top of the gas chromato-
graphic oven, and a 0.75 m X 0.53 mm LD.
deactivated MXT column (Restek Corp., Bellefonte,
PA, USA) was used as a transfer line to carry sample
from the valves in the GC oven to the external trap
array. Heating of the external trap oven was accom-
plished by three lengths of heating tape and variable
voltage regulators. The temperatures at the tips of the
valves were maintained at 280°C to help reduce
component condensation in the valve, and the trans-
fer line temperature was also maintained at 280°C for
identical reasons.

2.6. Chromatography

For separations, initial injections were 1.0-ul
splitless injections followed by an injection port
purge 55 s after injection. Two columns were
installed in the chromatograph: one first-stage sepa-
ration column and one higher-stage separation col-
umn. The first-stage column was a Restek Rt,-5
non-polar column (5% diphenyl-95% dimethyl poly-
siloxane, 30 m X 0.32 mm, 1.0 pwm film thickness),
and the higher-stage separation column was a Restek
intermediate polarity Rt -1701 column (14%
cyanopropylphenyl-86% dimethyl polysiloxane, 30
m X 0.32 mm, 1.0 um film thickness). This configu-
ration differs from that used in previous MDGC-IR-
MS studies [17,18,20] because the boiling point
range for the soil sample was expected to go above
the maximum oven temperature of the Restek Stabil-
wax column (Carbowax 20M, 240°C maximum
temperature, so the column was removed. The oven
temperature program used was 45°C then 4°C/min to
260°C for 30 min. Carrier gas linear velocities used
in all parts of the study were approximately 30 cm/s
at 70°C.

2.7. Spectroscopy

Infrared spectra were collected by the HP 5965B
infrared detector at a rate of 10 scans per spectrum
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with 16 cm ™' optical resolution, corresponding to a
rate of one spectrum per second. An HP infrared
vapor phase library with ~5100 spectra was used for
component identifications from the GC-IR data.
Mass spectra were recorded with the HP 5970B mass
selective detector in full scan mode scanning be-
tween m/z 40 and 350, corresponding to an acquisi-
tion rate of approximately one spectrum per second.
Two different methods were used for the analysis of
the GC-MS data. The first method used the HP
Pascal ChemStation probability-based matching
(PBM) searching algorithm [32-36] with ~41 000
electron ionization (EI) mass spectra, and the second
method used the program MassLib (Chemical Con-
cepts, Weinheim, Germany) running on a VAXstation
I computer (Digital Equipment Corporation,
Maynard, MA, USA). MassLib uses the SISCOM
searching algorithm [37-40], and approximately
71000 EI mass spectra were used in the data
analysis. All identifications made in this study were
supported by both the infrared and mass spectral
data.

3. Results and discussion
The first of the three samples analyzed was the

water extract. Fig. 2 is the total ion chromatogram of
the first-stage separation. It is clear that either there
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Fig. 2. First-stage total-ion chromatogram of the water—methylene
chloride extract. Peaks: 1=phosphorodithioate derivatives, 2=1-
chloro-4-methylsulfonyl-benzene; 3=phenol derivative.

were very few organic compounds present in the
water or the methylene chloride did not extract as
many components as anticipated. However, follow-
ing the extraction step, the water lost its distinctive
smell, and the methylene chloride extract had a very
strong odor similar to that of the original water.
Therefore, it was believed that the components of
interest were indeed extracted. After analyzing the
infrared and mass spectral data for the six main
components, the identifications or classifications
listed in the caption of Fig. 2 were made. The main
organic component of the water extract was 1-chlo-
ro-4-methylsulfonyl-benzene, and the other minor
components were phosphorodithioate pesticide and
phenol derivatives. Because of the apparently small
(<50 ng) quantity of material in the extract, accurate
identifications of the phosphorodithioate derivatives
could not be made, and no attempt to perform an
on-column enrichment step was made because classi-
fication was sufficient for this extract. On account of
the extract simplicity, it should be noted that only a
single chromatographic stage was required for the
separation and identification of these components.
The clay extract was the second sample to be
analyzed, and as shown in Fig. 3, this extract was
also fairly simple, with over 35 major and minor
components. Compared with the MS response shown
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Fig. 3. First-stage total-ion chromatogram of the clay—methylene
chloride extract. Peaks: 1=1,1-bis(methylthio)ethane; 2=0,0-
diethyl-S-vinyl phosphorodithioate; 3=0,0,S-triethyl phosphoro-
dithioate; 4=ethylthioethane isomer; 5=phosphorodithioate de-
rivative; 6=disulfoton; 7=dieldrin.
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in Fig. 2, it is obvious that the concentrations of
organic components are much higher in the clay
extract than the water extract. As with the water
sample, the strong characteristic odor of the clay was
completely absent from the extracted material fol-
lowing the extraction step and apparent in the
extract. The main organic component of the clay is
the organophosphorus pesticide O,O0-diethyl-S-[2-
(ethylthio)ethyl]phosphorodithioate or disulfoton.
With regard to the odor similarity between the water
and clay, disulfoton and 1-chloro-4-methylsulfonyl-
benzene do indeed have similar smells, but it is
obvious from the identifications that the source of the
water contamination is not due to the clay com-
ponents leaching into the soil. Several other com-
ponents in this extract were identified by their
infrared and mass spectra, and their identifications
are given in the caption of Fig. 3. The majority of the
components appear to be phosphorodithioate pes-
ticides or their degradation products.

The soil extract was expected to be the most
complex of the analyzed samples and, as shown in
Fig. 4, there are many more components in a wider
concentration distribution than either of the two
previous samples. Upon examination of the infrared
and mass spectral data and chromatographic data, it
was obvious that an additional separation stage
would be required to improve the qualitative identifi-
cations. The peak labels in Fig. 4 correspond to
several of the identifications shown in Table 1. These
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Fig. 4. First-stage total-ion chromatogram of the soil-methylene
chloride extract. Peak numbers correspond to the identifications in
Table 1.

Table 1
Soil extract component identifications by infrared and mass
spectral analysis

Peak number Identification

1 1,4-Dioxane

2 1-Octene

3 1-Chlorohexane

4 1-Chlorobenzene

5 Butyric acid

6 1,3-Dimethylbenzene

7 Cyclohexanone

8 Sulfonyl-bis-methane

9 1-Decene

10 2-Ethyl-1-hexanol

11 1-Chlorooctane

12 Heptanol

13 Phosphoric acid, triethyl ester

14 Triethyl phosphorothioate

15 2.4-Dichlorophenol

16 1-Chlorodecane

17 Phosphorothiolate derivative

18 3-Methyl-5-propyl-nonane

19 0,0-Diethyl-S-methyl phosphorodithioate
20 0,0,8-Triethyl phosphorothiolate
21 4-Chloro-2-methy! benzenamine
22 4-(1,1-Dimethylethyl)-phenol

23 0,0,8-Triethyl phosphorodithioate
24 2,6-Dimethyl naphthalene

25 2,4,5-Trichlorophenol

26 Dimethylnaphthalene isomer

27 Dimethyl phthalate

28 Trimethylnaphthalene isomer

29 Cyclohexanone

30 1-[4~(1,1-Dimethylethyl)- phenoxy]-2-propanol
31 Phorate

32 a-Hexachlorocyclohexane

33 Bis( p-chlorophenyl)-methane

34 Phosphorodithioate derivative

35 4,4'-Dichloro-benzophenone

36 1,1"~(Chloroethenylidene)-bis[ p-chlorobenzene]
37 3.4'-DDD

38 Chlorobenzilate

39 4,4’-DDD

40 Bis(2-ethylhexy!)phthalate

41 Chlorodiphenylmethanol derivatives
42 Chlorodiphenylmethane derivatives

components were identified so that they could be
used as heartcut markers, and with them, the accura-
cy of the heartcuts could be monitored. Because the
MDGC system was equipped with five cryogenic
traps, the chromatogram in Fig. 4 was broken up into
several areas of five heartcuts each. Fig. 5 shows the
heartcut map on an expanded first-stage chromato-
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Fig. 5. Expanded first-stage total-ion chromatogram of the soil—
methylene chloride extract showing the five heartcut areas as well
as the individual heartcuts. Heartcut overlap between the ex-
perimental areas was done to ensure comprehensive heartcutting.

gram of the soil extract. Initially, five areas of five
heartcuts were taken from the first-stage separation,
but difficulties were encountered in the last two areas
and will be addressed later. Additionally, a slight
overlap between the first and last heartcut of an area
was performed to ensure comprehensive heartcutting
of the sample.

The five second-stage total ion chromatograms for
Area 1 are shown in Fig. 6. These cuts primarily
contain smaller molecules which are probably metab-
olites or degradation products of the pesticides

1.1E+6
]
1.8E+67
21.9E+3:
a.9Ers
7.QE+S

g
gﬂ.t‘s
g

S.8E+S:

4.@E+S 8
3 H

3.2€+5

9 L 10
20E051q A 511 14 o A LB [
1064 110, |12
N N A .~ A
o.eere 5. L . |ll “‘rll 14 18 18 lu lu 2+ 28 ze 30
Time (min )

Fig. 6. Second-stage total-ion chromatograms for Area 1 of the
soil-methylene chloride extract. Peak numbers correspond to the
identifications in Table 1.

identified in the later heartcuts. One interesting
feature that the multi-trap system has is providing the
ability to identify possible chromatographic problems
in the first-stage separation. Notice how butyric acid
(peak 5) was detected in all five of the heartcuts at
the same retention time as the main peak in Cut 1.
The appearance of these five peaks leads to the
conclusion that either the butyric acid tailed in the
first stage or deleteriously interacted with the valve
system, or it could be due to a combination of the
two. As mentioned above, several first-stage chro-
matographic components were identified for marker
purposes, and the marker compound 1-chlorooctane
(peak 11) appears in Cut 5. From Fig. 4 and Fig. 5 it
is clear that the marker is eluting in the expected area
and heartcut, so for Area 1, it appears that all of the
intended heartcuts were obtained.

As shown in Fig. 7, the second-stage separations
of the five heartcuts are well resolved and provide
much better spectra than the first-stage separation.
However, it is also in this region that a significant
problem with the system was first encountered. Two
large broad peaks can be seen in Cut 3 after 30 min,
and these two peaks appeared to have IR and mass
spectra indicative of some of the late eluting com-
ponents. Additionally, it was not clear why these
broad peaks would appear in the second-stage sepa-
ration of one cut and not the others. Inspection of the
other second-stage chromatograms in Fig. 10 and

|

2 25
et

” 34 E L)

»
Time (min )

Fig. 7. Second-stage total-ion chromatograms for Area 2 of the
soil-methylene chloride extract. Peak numbers correspond to the
identifications in Table 1.
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Fig. 11 shows similar large broad peaks with spectra
similar to the late eluting components. However, in
Fig. 10 and Fig. 11, the peaks appear in Cut 1 rather
than Cut 3, so it can be inferred that the broad peaks
are not due to heartcutting problems. After examin-
ing the system depicted in Fig. 1, it became clear that
this phenomenon was caused by the lack of flow
balancing at the junction between the higher-stage
column (J) and the first-stage column (B). Because
the flows were initially balanced at 100°C and the
temperature program went up to 260°C, the change
in helium viscosity at the higher temperature was
enough to allow the late eluting compounds to
accumulate in the end of the higher-stage column.
When the oven was cooled down for the second-
stage separations, the late eluting components stayed
in the end of the column until the second-stage
temperature program reached a temperature which
was high enough to volatilize these components.
Therefore, in the case of Fig. 7, the temperature
program reached its critical temperature during the
separation of Cut 3. In Fig. 10 and Fig. 11, this
temperature was reached during the second-stage
separation of Cut 1. One way to overcome this
problem is to equilibrate the second-stage column at
260°C for several minutes before initiating the
second-stage separations. However, a less primitive
and more time-saving method involves the use of
computer pressure or flow control which can com-
pensate for the viscosity change as a function of
temperature and can more accurately balance the
flows at this junction. Unfortunately, the latter
method is considerably more expensive than the
former, which is the primary reason for the lack of
its implementation in this system.

Area 2 also contains a good example of why it is
necessary to have both infrared and mass spectral
detection. Cuts 4 and 5 in Fig. 7 have a few
organophosphate pesticides present (peaks 19, 20,
and 23), but after the initial computer-based spectral
searches of both the IR and MS data, the classifica-
tion as OP pesticides was the only identification that
could be obtained. Fig. 8 shows the infrared spectra
taken from these three peaks, and it is clear that their
structures are ali very similar. The spectra indicate
the presence of aliphatic C—H stretching modes from
the bands at 2800-3000 cm ' and strong CH,-O-
(P or S) stretching modes from the bands at 900-
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Fig. 8. Infrared spectra taken from heartcuts 4 and 5 in Area 2. All
spectra show the common C-H stretching bands at 2800-3000
cm”', and all three also have a strong CH,—O—(P or S) stretching
bands at 900-1100 cm™'. A: 30.3 min in both cut 4 and cut 5
(Peak 20); B: 31.0 min in cut 4 (Peak 21); C: 32.2 min in cut 5
(Peak 22).

1100 cm ™', but other than those bands, there is very
little specific structural information available. One
exception is the P=0 stretch at approximately 1250-
1300 cm ™' in Fig. 8B which indicates the possibility
of a phosphorothiolate rather than a phosphor-
odithioate. The mass spectra shown in Fig. 9 have
much more structural information than the IR spec-
tra, and structural confirmations could be made by
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Fig. 9. Mass spectra taken from heartcuts 4 and 5 in Area 2. A:
30.3 min in both cut 4 and cut 5 (Peak 20); B: 31.0 min in cut 4
(Peak 21); C: 32.2 min in cut 5 (Peak 22). Mass labels and
molecular structures are shown for several fragment ions.
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comparing the molecular and fragment ions with
known fragmentation pathways of these pesticides
[41]. The mass spectra and the corresponding molec-
ular structures for the molecular ions are shown in
Fig. 9. It was only after utilizing the complementary
information of both the IR and the mass spectra that
the identification of these three components could be
made. Additionally, this illustrates the well-known
limitations of library search methods, and it is clear
that either very specific libraries must be constructed
for each compound class or alternative computer
analysis methods must be devised.

Fig. 10 shows the five second-stage total ion
chromatograms for Area 3. It is obvious from this
figure that the second-stage resolution was much
better than that obtained in the first stage, but the
identifications were primarily limited to general
classifications due to the lack of requisite library
spectra. Additionally, the large, broad peaks visible
at the end of the Cut 1 chromatogram were due to
the previously described flow imbalance. Another
curious problem with the system hardware is also
evident in this series of chromatograms. Dimethyl
phthalate (peak 27) was identified in the first three
heartcuts, but the retention time of the dimethyl
phthalate peak in Cut 1 is approximately 1.5 min less
than the other peaks. This phenomenon can also be
seen in Fig. 11, but it is not apparent in either of the
first two areas. The reasons for this are not fully
understood. However, it may be related either to GC

1.1EvE°
1. “*‘1
sag+es] 28
8.9E+5:
?.@E+5

5. 9EeS:

b
<
§‘I.IZ*5
-4
@
[%2]
2

4.8E+s:

3.8E+5:

2.9E+5

1.0€+S:

2. 8EeD
3435 36 37 30 33 4B 41 4B 43 44 43 46

Time {min )
Fig. 10. Second-stage total-ion chromatograms for Area 3 of the
soil-methylene chloride extract. Peak numbers correspond to the
identifications in Table 1.
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identifications in Table 1.

oven temperature or column flow differences be-
tween the first-stage separation and the initial sec-
ond-stage separation of less volatile components or
to second-stage column inefficiency due to overload-
ing by the high concentration components. Neverthe-
less, the IR and mass spectra can be used to identify
the presence of shifted peaks and minimize inaccu-
rate identifications based strictly on retention times.

All of the previous problems associated with the
system are again apparent in Fig. 11, and it should
also be noted that there are far fewer components in
these heartcuts compared with the previous cuts.
However, it is in these late eluting areas that the true
evidence of the pesticide contamination become
apparent. Two of the metabolites of DDT were
detected and identified in Cuts 4 and 5 (peaks 35 and
36). Unfortunately, in comparison with the first-stage
chromatogram heartcuts in Fig. 5, the concentration
of the components present in the second-stage chro-
matograms was significantly less than was expected.
The reason for this, as will be discussed in more
depth shortly, was cold-spot formation in the transfer
line of the external trapping oven. The increasing
peak areas of the 4,4'-dichlorobenzophenone (peak
35) in Cuts 4 and 5 were indicative of peak fronting
in the first-stage separation, and the peak shape of
peak 35 in Fig. 4 confirmed that assessment. None-
theless, the differences between the expected and
actual peak areas were much greater than they should
have been, and the differences could not be com-
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pletely attributed to fronting or cycle-to-cycle sample
loss. Furthermore, this problem was found to be
more pronounced in the heartcuts taken from Area 5.

The original five heartcuts taken from Area 5 had
peak areas much smaller than expected, but there
was a continuous increase in the areas as the heartcut
second-stage separations progressed from the first to
the fifth. It was clear from this observation that there
was a possible problem with the transfer of low
volatility components from the GC oven to the
cryogenic traps. The external trap oven air tempera-
ture was maintained at 280°C, but because the
transfer line before the first trap selection valve
passed near cooled traps, some localized cold spots
along the line may have been formed. If this were
the case, low volatility effluents would partially
condense in the cold spots and be transferred to the
traps at a slow rate. Fig. 12 shows the results of the
experiment that confirmed the hypothesis. Fig. 12A
is the first-stage chromatogram of Area 5 with three
extended heartcuts shown, and Fig. 12B shows the
three second-stage chromatograms obtained from the
three heartcuts. The second-stage separation of Cut 1
shows evidence of a large amount of 4,4'-dichloro-
benzophenone (peak 35), which was expected, but
the concentration of chlorobenzilate (peak 38) was
much lower than it should have been, had there been
no transfer problems. The second-stage separations
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Fig. 12. First- and second-stage total ion chromatograms for Area
5 of the soil-methylene chloride extract. A: First-stage separation
showing the three selected heartcut regions. B: Three second-stage
separations for each of the heartcuts in A. Peak numbers corre-
spond to the identifications in Table 1.

of Cuts 2 and 3 show the slow decrease in the
amount of 4,4’-dichlorobenzophenone (peak 35)
while the amount of chlorobenzilate (peak 38)
continues to increase into Cut 3. Another piece of
evidence which supports the hypothesis was the
complete lack of the bis(2-ethylhexyl) phthalate
(peak 40) in the second-stage heartcuts. Because the
chlorobenzilate peak area was still increasing after
approximately 28 min of trapping and none of the
bis(2-ethylhexyl) phthalate appeared in any of the
cuts after approximately 12 min of trapping, it
appeared that the cold spot problem was quite
significant for low volatility components. Possible
system improvements to overcome this problem
include a single high temperature trapping valve with
a new cryogenic trap design and heating arrangement
or a stainless steel clad fused silica capillary which is
resistively heated. Regardless, it was clear that not
many more components were revealed by a second
stage of chromatography on this area, and the
detected components were easily identified or classi-
fied.

With regard to all of the components identified in
the soil extract, several of the expected OP and
chlorinated pesticides were identified, along with
many of their possible metabolites and degradation
products. In addition to the anticipated components,
several other components were identified, including a
high concentration of bis(2-ethylhexyl) phthalate.
The presence of this component in the soil was
attributed to its leaching from many of the plastic
carboys used to store the waste, before it was
eventually buried. As for the other components, it is
difficult to determine the precise source of contami-
nation. Some of the components may indeed be
metabolites while others may be the original agricul-
tural products. Nevertheless, as an initial study of a
sample taken from one small area of the site, the data
helped to identify some of the possible original and
current contaminants.

4. Conclusions

Due to the range of components, volatilities, and
concentrations, this ‘real-world’ study was one of the
most stringent tests of the advantages and limitations
of the MDGC-IR-MS system. It is clear from the
results that the system can operate equally well in
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both 1-D and 2-D configurations by simply switching
valves, and, as expected, accurate identifications or
classifications of many components could be made
from the various sets of IR and mass spectral data.
Although the retention times of the early eluting
components could be used for an initial qualitative
identification, it is clear that the system was more
amenable to the analysis of volatile and semi-volatile
extracts than the later eluting low volatility com-
ponents, but with the changes suggested above, the
temperature limitations may be removed. In spite of
the limitations recognized in the study, the system
was able to detect and accurately identify several
environmental contaminants in extracts from several
sample matrices, and this clearly demonstrates the
potential qualitative power of the novel multi-trap,
recycling MDGC-IR-MS system for these types of
analyses. These results also provide much more than
proof of the system’s utility; it is anticipated that the
information generated from these experiments as
well as any future experiments could be used to help
with possible remediation and disposal efforts. Addi-
tionally, it is information such as that obtained here,
that may help to both correct past and identify
further contamination of the environment, and with
the future improvements in analytical hardware and
software, this high accuracy information may be
generated easier and faster than previously thought
possible.
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