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Abstract: This article describes the collection and anal-
ysis of organic contaminants at depth without bring-
ing soil to the surface. A thermal extraction cone pene-
trometer (TECP) probe was used to extract soil-bound
semivolatile organics, transferring them to the sur-
face for analysis by ultrafast gas chromatography/mass
spectrometry (GC/MS). Findings showed that polychlo-
rinated biphenyls, polycyclic aromatic hydrocarbons,
chlorinated pesticides, and explosives could be col-
lected and analyzed in 5 min when the soil-water content
was <20% and in 15 min when it was between 20 and
35%. When the TECP was directly connected to the
GC/MS, trinitrotoluene (TNT) and four of its synthetic
precursors were speciated in 20 sec. Moreover, 51
VOCs were detected by membrane-inlet mass spec-
trometry in ~10 sec. Organics were “sniffed” from a vial

and identified using the lon Fingerprint Detection ™ soft-

ware. The algorithms provide the means to untangle
complex mass spectra making real-time, electronic nose
detection and identification by MS possible.
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Introduction
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site. Site-directed sample collection and analysis programs
translate into lower site characterization, cleanup, and mon-
itoring costst—3 One of our goals was to develop a system
that could collect subsurface soil contaminants quickly,
without bringing the sample to the surface. A second goal
was to match (as closely as possible) the sample-collection
rate with the analysis rate, while minimizing human involve-
ment as much as possible. Several different and ultimately
integrating technologies were developed and presented at the
2000 Pacifichem Conference in the session entitled “Recent
Developments in Field Analysis.”

Results produced by a thermal extraction cone penetrom-
eter (TECP) sample collection and analysis system were de-
scribed. The sampling probe is capable of extracting soil gas
and soil-bound volatile and semivolatile organic compounds
(VOC and SVOC) at depths of up to 25 m. An ultrafast gas
chromatography/mass spectrometry (GC/MS) system was
described. The GC module is temperature programmable
from 0.03 to 100°C/s. Sample introduction is made by sy-
ringe injection, TECP probe, or directly from soil or solid-
phase adsorbent without changing the GC inlet with the use
of a ballistically heated thermal desorption (TD) unit. Fi-
nally, the resolving and quantitative application of new mass

Field analytics can play a central role in environmentalspectrometry data-analysis software was illustrated. The de-
assessment, control, and monitoring. The closer the instriconvolution algorithms imbedded in the software uniquely
ment is to the sample, the better (more representative) thgentify structurally different organics in the presence of
data, and the faster information can be obtained about thgach other as well as other matrix interferents. Results were
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presented comparing data produced by the TECP, TD, and
soil-solvent extraction methods. Findings showed that the
quality of data was as good as that required by EPA stan-
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from the subsurface is dependent on geology and soil mois-
ture, whereas the rate of analysis is depen-dent only on
whether structural isomers must be distinguished.
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Experiment were made at TuftsOrganics were swept onto the capillary

The thermal extraction cone penetrometer was initiallyCOIumn by helium at 2 ml/min. The GC column was Restek’s

developed as a stand-alone unit; see Figure 1(b). It consiste™™ MXT-5(0.28-mm i.d., with 0.5#m film thickness of
of a 20—40-ton truck, hydraulically lifted over 3-ft pipe sec- E_’% diphenyl, 95% dimethy| pqusﬂoxane), which was resis-
tions. The weight of the truck pushes the pipe into the earth'4Vely heated from 10 to 258 in 20 s. Column cool-down
surface. The collection probe reaches sampling depth bjfme was~5s. The GC module was connected to an Agilent
means of threading together the appropriate number of pipe§1odel 5972 mass spectrometer. The MS was scanned from
The TECP heated transfer line is woven through the pipeso to 450 amu at 3 scans/s. Agilent’s Chemstatlon software
prior to operation. It is connected on one end to a heate}/@S used to control the MS and to acquire data. The lon
sampling probe and on the other to the collection chambefingerprint Detectior (IFD) mass spectrometry data anal-
of the controller unit; see Figure 2. Details of the TECPYSIS software was developed at Tufts and commercialized
system have been published elsewHér@he probe tem- by lon Signature Technology. IFD was used to identify and
perature was maintained at 48D, which produced soil tem- guantify target compounds. Details of how the deconvolu-
peratures of-300°C. The system was operated at slightly tion and quantitation algorithms work were previously pub-
reduced pressures. Nitrogen was used as the carrier gas/tghed in this journal and elsewhete.
help transport the collected vapors to the surface, where they All samples were introduced through the same inlet;
were freeze trapped at10 °C in the collection chamber, therefore, the same 5-point calibration curve was used
and to backflush the system. All experiments were carriedor all analyses. TD analysis was made by packing known
out with the following system parameters: modified Rey-quantities of soil into an empty glass tube. The sleeve
nolds numberRe, = 6000; ratio of carrier-gas collection was inserted into the desorber by lifting the pressure-fitted
volume to system dead volum¥, = 32; and carrier gas lever that held the syringe injector in place; see Figure 3.
linear velocityw = 1.8 m/s. HPLC-grade solvents were used as received by the manu-
The thermal desorber (30C < 10 s) and ultrafast GC facturer.
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FIG. 1. Thermal extraction cone penetrometer (TECP) connected to the GC/MS (a) and as a separate unit (b).
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Sample Collection Chamber

FIG. 2. TECP controller unit and transfer line.

Results and Discussion temperatures 1—2 mm from the collection window increased

The dependence between the TECP sample collection e}(—) ~300°C over the next few minutes. These findings sug-

ficiency and soil temperature as a function of soil type WateF’est that the 5- and 15-min data are independent of water
y P X ! ype, content, except for those compounds susceptible to ther-
content, and collection time was studiedExperiments

howed that the “effective” soil extraction t ¢ mal degradation in the presence of metallic material or
showed that the "etfective” Soll extraction temperature var-gio 5 ) (e.g., DDT), as long as the specified procedure was
ied somewhat with soil type but more so with moisture CON-\;sed

tent, distance from the probe, and operating procedures. For TECP linear dynamic range experiments were carried

soils containing up to 20% water, only 5 min were needed, ; hetween the concentration range of 0.5 to 50 ppm for
to collect organics within the EPA-acceptable soil-solventpcgs paHs, chlorinated pesticides, and nitrated toluenes.

recovery range (see Table 1), whereas 15 min were needegoclor 1248 was used to study PCB response, with con-
for soils>20% and<35%. Soils this wet reach a maximum gener detection and quantification made by chlorination

temperature of 100C 1-2 mm from the probe, which is |evel. No attempt was made to separate PAH isomers
insufficient to volatilize and extract soil-bound SVOCs. Fur- phenanthrene and anthracene, Chrysene and benzo(a)anthra_
ther research showed that the water vapor produced duringene, and the benzo(b and k)fluoranthenes, because the goal
heating must be pushed away from the collection windowyas to match the analysis time with the dry soil collection

to improve SVOC recoveries. This led to a change in theime. Regression analysis reveal&d> 0.99 for all com-
procedure for collecting VOCs. For example, if the sample-pounds.

collection system was turned on during the first 5 min of The TECP and ultrafast TD-GC/MS were brought to a
heating, VOC recoveries increased 1$0% over the con- manufactured gas plant and evaluated for field ruggedness
centrations shown in the table. Then, SVOCs were collectednd data quality. Pushes were made, with samples collected
after back-flushing the “local” environment for 5 min. Soil and analyzed at several locations. Soil was also brought to
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the surface from several sampling points and analyzed btified with 50 ppm of nitrated toluenes. To obtain these data,
TD-GC/MS and by a commercial laboratory. A laboratory the soil was heated for 2 min by the sampling probe until it
control check sample was prepared from soil obtained at theeached 175C. Then, the soil was “sniffed” for 30 s, with
site to simulate one of the low-level coal-tar samples; se¢he vapor collected and desorbed onto the column for anal-
Table 2. Measurement accuracy for the TECP and TD resultgsis. After desorption, the probe was lowered.5 cm,
was generally<10%, whereas for the TECP and lab resultswhere the next depth location was sniffed. The total cycle
the accuracy was 15%; well within the data-quality objec- time for sample collection and analysis waS0 s. The sam-
tive of <60% RPD established by the EPA for hazardous-pling loop was cooled during analysis as the next soil depth
waste site investigations. Similarly, the fortified sample datavas probed. The figure insert shows the expanded recon-
fell inside the 70—-130% recovery range required by EPAstructed ion current (RIC) chromatogram for each compound
for PAH compounds. These results are based on the TECIR peak 5. Despite the extremely fast temperature program-
and TD-GC/MS systems operating as two separate units. ming rate of 12°C/s, target compounds were sufficiently
On-line measurements were made by connecting theeparated and easily identified by the IFD software. As ex-
transfer line directly to the GC/MS instrument; see Figurepected, analyte recoveries varied with probe temperature. At
1(a). Soil vapor was trapped in a Peltier-cooled Silcosteel75°C, 2,4,6-trinitrotoluene was- 2,4-dinitrotoluene> 2-
sampling loop (120 cnx 1.56 mm, i.d. 1.02 mm) at 3C,  and 3-nitrotoluene nitrobenzene. At lower temperatures, the
which also served as the GC inlet. The sampling loop waseverse order was observed. The average recovery for all
ramped from 3 to 306C in <5 s. Figure 4 illustrates system compounds was 86 35% when the temperature was be-
reproducibility for eight consecutive analyses of a soil for-tween 150 and 178C. The results are remarkable given that

- gssspERETEARIARS

FIG. 3. Ultrafast GC/MS system with thermal desorber unit.
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TABLE 1. TECP recovery as a function of soil heating time and water content

5 min 5 min 15 min
<15% water  25% water 25% water
Compound (50 ppm each) %R, (%RSD) %R, (%RSD) %R; (%RSD) Ry/R,
PCBs, Aroclor 1248 95 35 93 98
PAHs
Naphthalene 85 (15) 15 (19) 38 (25) 45
Acenaphthylene 88 (10) 24 (15) 46 (20) 52
Acenaphthene 88 (10) 20 (20) 51 (28) 58
Fluorene 87 (8) 28 (14) 70 (18) 80
Phenanthrene and 86 (12) 22 (15) 76 (15) 88
Anthracene
Fluoranthene 81 (11) 22 (18) 85 (12) 105
Pyrene 86 (11) 28 (10) 84 (13) 98
Chrysene and 82 (19) 21 (13) 76 (16) 93
Benzo(a)anthracene
Benzo(b and 92 (14) 18 (12) 87 (15) 95
k)fluoranthene
Benzo(a)pyrene 81 (10) 18 (18) 83 (11) 103
Indeno(1,2,3-cd)- 80 (12) 10 (21) 88 (14) 110
anthracene
Dibenz(a,h)anthracene 83 (10) 12 (23) 75 (18) 90
Benzo(g,h,i)perylene 80 (9) 10 (15) 82 (10) 102
Cl- pesticides
Aldrin 70 (15) 30 (20) 66 (22) 95
a-BHC 87 (10) 25 (18) 84 (18) 97
B, y-BHC 80 (15) 27 (20) 78 (15) 98
8-BHC 82 (12) 25 (20) 85 (20) 103
Chlordane 65 (10) 17 (28) 58 (17) 89
4,4 DDD 82 (17) 32 (18) 51 (25) 62
4,4 DDE 75 (16) 26 (15) 71 (18) 95
4,4 DDT 80 (20) 25 (20) 60 (25) 75
Dieldrin 70 (12) 35 (35) 42 (25) 52
Endosulfan | 72 (18) 25 (15) 68 (15) 95
Endosulfan Il 88 (15) 25 (15) 92 (17) 105
Endosulfan sulfate 85 (18) 30 (27) 91 (17) 107
Endrin 83 (13) 27 (30) 33 (30) 40
Endrin aldehyde 87 (10) 35 (28) 44 (30) 50
Endrin ketone 90 (13) 29 (30) 38 (31) 42
Heptachlor 90 (15) 22 (25) 81 (14) 92
Heptachlor epoxide 88 (12) 29 (21) 89 (16) 101
Methoxychlor 80 (12) 35 (27) 67 (20) 87
Explosives
Nitrobenzene 75 (18) 10 (35) 37 (33) 49
2-Nitrotoluene 85 (20) 9 (40) 34 (33) 40
3-Nitrotoluene 88 (18) 12 (33) 32 (30) 36
2,4-Dinitrotoluene 95 (12) 30 (25) 84 (22) 88
2,4,6-Trinitrotoluene 90 (10) 27 (22) 81 (15) 90
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FIG. 4. TECP-TD GC/MS on-line chemical analysis of nitrated toluenes from soil; eight repetitive analyses. Insert shows the RIC chromatograms for
target compounds in peak 5.
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TABLE 2. Comparison of TD, TECP, and solvent-extracted results for fortified and coal tar samples

Percent recovery

Fortified sample Coal tar sample Coal tar
sample method Com lab and
PAHs TD TECP RPD TD TECP RPD 8270 TECP RPD
Naphthalene 18 12 10 16 11 9 18 12
Acenaphthylene 69 60 3 57 50 3 60 5
Acenaphthene 79 70 3 66 55 5 75 8
Fluorene 77 69 3 62 50 5 70 8
Phenanthrene and Anthracene 85 70 5 65 41 11 60 9
Fluoranthene 0.46 0.46 0 0.48 0.57 -4 0.60 1
Pyrene 82 72 3 72 58 5 80 8
Chrysene and 68 52 7 60 50 5 75 10
Benzo(a)anthracene
Benzo(b and k)fluoranthene 52 45 4 40 42 -1 50 4
Benzo(a)pyrene 64 57 3 49 42 4 55 7
Benz(a,h)anthracene 39 29 7 27 17 11 30 14
Indeno(1,2,3-cd)pyrene 39 25 11 26 18 9 30 13
Benzo(g,h,i)perylene 26 21 5 19 23 -5 22 -1
a Fortified soil sample made to the same approximate concentration as the coal tar sample.
b Coal tar soil sample collected from manufactured gas plant.
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FIG. 6. The 1,1,1- and 1,1,2-trichloroethane isomers were identified from the RIC chromatograms by extracting and comparing the relative abundances

of one different and two common fragment ions.

they include the thermal extraction collection efficiencytadiene, which produced a nondetect response by the soft-
from soil as well as the loss of volatiles between the timeware. Because no target ions were extracted from the total
the soil was spiked and actually analyzed. The data are corsignal, it is presumed that this compound did not make it
sistent with the findings shown in Table 1, with precisioninto the instrument. Research is in progress to determine the
and accuracy within the EPA prescribed levels. guantitative quality of the data.

The resolving power of the software was illustrated inan  In summary, the research presented illustrates two differ-
experiment where 51 VOCs were identified in the presencent applications of MS as an electronic nose. The TECP
of each other in seconds. The data were produced with themethod makes remote, real-time chemical measurements of
use of a membrane-inlet mass spectrometer from Bruker Inrsemivolatiles possible. The combination of a 25-m heated
struments. A standard solution was prepared containing 5&ansfer line with ultrafast GC/MS makes speciation possible
VOCs, passed by the inlet and “sniffed” forl0 s. The vial  for an unprecedented range of target compounds. IFD, with
was removed and then sniffed again for 10 s. Figure 5 showsither ultrafast GC/MS or direct MS, should provide oppor-
the total and reconstructed (quant) ion current chromatotunities when making real-time, on-line chemical measure-
grams and a partial list of those compounds found in thenents in environmental, forensic, national security, process,
vial. Figure 6 illustrates the overlapping RIC scan signal forand quality control applications as well as the monitoring of
the three ions used to identify 1,1,1- (117, 99, 97) and 1,1,2freshness in food and beverages.
trichloroethane (83, 97, 99). The algorithms extract the tar-
getions and computed relative ratios, and compare the signgj
against library values. The output is shown in the figure.
Identification is made when at least six consecutive scans The authors appreciate the donation of the Agilent mass
through the chromatogram possess the correct relative abuapectrometer, and the data from Bruker Daltronics used to
dances. In contrast, no ions were found for hexachlorobudemonstrate the membrane inlet VOC results.
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