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ABSTRACT
Materials that will be used to construct an in situ, on-line
purging system for the cone penetrometer were evaluated.
Transfer efficiencies for volatile organic compounds (VOCs)
through stainless steel, nickel, aluminum, and Teflon®
tubings were determined using a gas-phase mixture of VOCs
containing trichloromethane, tetrachloromethane, 1,1,1-
trichloroethane, tetrachloroethene, hexane, benzene, tolu-
ene, and 1,2-dimethylbenzene. The water content of the
gas stream had an insignificant effect on the quantitative
transfer of VOCs through Teflon® tubing but was critical to
efficiently transfer the compounds through metal tubing,
particularly nickel. Transfer efficiencies for all eight analytes
in moist gas streams through stainless steel were greater than
95%. Toluene, tetrachloroethene, and 1,2-dimethylbenzene
were transferred with 93%, 81%, and 80% efficiency, respec-
tively, when they were drawn through Teflon® PFA
(perfluoroalkoxy) tubing. In general, the retention of the
VOCs by Teflon® increases with decreasing aqueous solubil-
ity of the analyte. The efficiencies at which VOCs were
purged from aqueous standards in Teflon® PFA, Type 304
stainless steel, and glass vessels were similar. Stainless steel
was superior to nickel, aluminum, and the Teflon® poly-
mers as a material for an in situ, on-line purging system for
the cone penetrometer.

INTRODUCTION
The coupling of sampling technologies to a cone penetrom-
eter to obtain samples of groundwater, soil, and soil gas for
chemical analysis is a minimally intrusive, efficient, and cost-
effective means of obtaining information on the contamination

IMPLICATIONS
The interfacing of trace contaminant analytic techniques
with a cone penetrometer is the most recent advancement
in sampling technologies for the subsurface. This paper
describes a laboratory investigation of the materials that
we have used to construct an in situ, on-line purging sys-
tem to determine the levels of volatile organic compounds
(VOCs) in groundwater. The results of this study are not
only of value to the application of this specialized method-
ology for groundwater analysis but will also be useful to
researchers who are developing sampling and analytic
technologies for VOCs in air and soil.

of the subsurface environment.1-2 On-site chemical analysis
of samples collected by this method has been demonstrated
to facilitate the characterization of sites by making real-time,
interactive sampling decisions possible.3-4 However, to in-
crease the speed and accuracy of the chemical analysis, it
would be useful to incorporate devices into the cone pen-
etrometer that (1) isolate the contaminants from ground-
water and soil in situ, and (2) either are capable of performing
the chemical analysis in situ or are directly linked to analyti-
cal instrumentation at the surface.

The overall goal of our investigation is to interface a cone
penetrometer with methods and technologies that are com-
monly used in the laboratory to isolate volatile organic com-
pounds (VOCs) from water. The approach is to integrate a
miniaturized purge device with the cone penetrometer and
to directly transfer the VOCs from groundwater to the ana-
lytical instrument in the field.5 The critical aspect of this
approach is the quantitative transfer of VOCs from the
groundwater to the preconcentration device at the surface
through tubings that can approach 100 m in length.

This manuscript describes the evaluation of materials that
will be used to construct an in situ, on-line purging system
to determine the levels of VOCs in groundwater. The transfer
efficiencies of several VOCs through tubings consisting of type
304 and 316 stainless steel, nickel, aluminum, Teflon® PFA
(perfluoroalkoxy), polytetrafluoroethylene (PTFE), fluorinated
ethylene polypropylene (FEP), and PTFE-lined stainless steel
were evaluated. The performance of purging vessels constructed
of Teflon® PFA and type 304 stainless steel was also investi-
gated and compared with that of a glass purging vessel.

EXPERIMENTAL PROCEDURES
Transfer Lines

The tubings (15-m x 0.160- to 0.216-cm ID) were purchased
from Alltech Associates, Inc. (Deerfield, IL) and Norton Per-
formance Plastics Corporation (Wayne, NJ). The tubings were
cleaned prior to use by flushing them at 100 mL min-1 with
6 L of ultra zero-grade air (AGA Gas Inc., Hammond, IN)
that was saturated with water at 25 °C using a gas washing
bottle. The efficacy of the cleaning procedure was determined
by analyzing 100 mL of air that was drawn through the
cleaned tubings. The levels of target analytes remaining in
the tubings were similar to the levels of target analytes in
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analytic procedure blanks.6 Transfer efficiencies for VOCs
through the tubings were evaluated at 25 °C by using a dy-
namic dilution system in which certified dry gas standards
(Scott Specialty Gases, Plumsteadville, PA) were mixed with
dry ultra zero-grade air and with ultra zero-grade air satu-
rated with water. The tubings were evaluated with the gas
stream containing two different concentrations and mix-
tures of VOCs: (1) 0.07 ng mL1 each of trichloromethane,
tetrachloromethane, and tetrachloroethene; and (2)
0.5-1 ngmL1 each of trichloromethane, tetrachloromethane,
1,1,1-trichloroethane, tetrachloroethene, hexane, benzene,
toluene, and 1,2-dimethylbenzene. The concentration of the
target analytes generated by the apparatus was determined
by the analysis of samples collected directly from the dilu-
tion manifold onto stainless steel sample cartridges
(7.62-cm x 0.635-cm OD) (Supelco, Bellefonte, PA) con-
taining 300-325 mg of 20/40 mesh graphitized carbon black
(Carbotrap™) (Supelco, Bellefonte, PA). The coiled transfer
line was then attached to the manifold, and five 100-mL
volumes of gas were drawn through the tubing at
25 mL min-1 by using a personal sampling pump (SKC Inc.,
Eighty Four, PA). Each aliquot was collected separately on a
Carbotrap™ cartridge. After the manifold was flushed with
ultra zero-grade air to remove any remnants of the diluted
gas standard, the tubing was reattached and purged with
two 100-mL volumes of ultra zero-grade air that were also
collected separately on Carbotrap™ cartridges. The transfer
efficiency was operationally defined as the total mass trans-
ferred through the tubing in the five volumes of the diluted
gas standard plus the two 100-mL volumes of purge air. The
air purge volume selected was 200 mL because this volume
should theoretically exchange 98-100% of the air within
the tubings that were evaluated.

Transfer efficiencies of the materials were further evalu-
ated by purging in succession with helium three 10-mL
aliquots of a 10-ppb aqueous standard of the VOCs directly
from a glass purging vessel through Teflon® PFA and type
316 stainless steel tubings at 40 mL min1 into a purge-and-
trap sample concentrator. An additional purging of the last
aliquot with 440 mL of helium was used to determine the
amount of the VOCs remaining in the transfer line. This
volume should be able to exchange 100% of the air in the
tubings evaluated.

Transport properties of the Teflon® PFA and type 316 stain-
less steel tubings were evaluated at various temperatures by
wrapping coils of the tubing with heat tape. The flame ion-
ization detector (FID) response of 100 mL of ultra zero-grade
air that was saturated with water and drawn through the
Teflon® PFA tubing at 30 "C, 60 °C, and 110 °C was mea-
sured. The transfer efficiency of the type 316 stainless steel
tubing was also measured at 110 °C by using the dynamic
dilution apparatus. Heat-traced 15-m lengths of the Teflon®
PFA and type 316 stainless steel tubing were also obtained
commercially (Temptrace®) (Parker Hannifin Corp., Parflex

Division, Ravenna, OH). The tubing has a 24 W ft1, 120-v,
braided constant-wattage heater and aluminum heat-trans-
fer tape that allows the tubing to be heated to 150 °C. The
product contains nonhygroscopic fiberglass insulation and
a Mylar® moisture barrier and has a urethane jacket. The
nominal OD of the heat-traced tubing is about 1.27 cm,
which makes it narrow enough to fit within the cone pen-
etrometer rods (2.54-cm ID) most commonly used.

Purge Devices
Teflon® and stainless steel were also evaluated as materials
for purging vessels. A metal purge vessel was made from a
75-mL type 304 stainless steel gas-sampling cylinder (Parker
Hannifin Corp., Huntsville, AL) and type 316 stainless steel
fittings. A 40-mL Teflon® purge vessel was constructed from
Teflon® PFA pipe (2.667-cm OD) and fittings (Cole-Parmer,
Niles, IL). Helium purge gas entered the base of the vessels
through a 20.0-|im type 316 stainless steel frit (Alltech Asso-
ciates, Inc., Deerfield, IL) that was pressed into a short length
of tubing (0.635-cm OD). Both vessels were designed and
constructed to attach to a purge-and-trap concentrator. Aque-
ous standards were purged for 11 min at 40 mL min1 ac-
cording to EPA methods 601 and 602.7 Recoveries were
determined and compared with those obtained with a
15-mL glass purging vessel.

Analysis
Carbotrap™ cartridges requiring analysis of volatile haloge-
nated organic compounds (VHOCs) were thermally desorbed
and analyzed by a cryogenic preconcentration/high-resolu-
tion gas chromatographic technique that has been described
in detail by Doskey et al.6 Briefly, the instrumentation in-
cluded a Chemical Data Systems (CDS) model 330 sample
concentrator (Autoclave Inc., Oxford, PA) that was inter-
faced to a high-resolution gas chromatograph (HRGC)
(Hewlett-Packard [HP] 5890, Palo Alto, CA) with an elec-
tron capture detector (ECD). The Carbotrap™ cartridges were
thermally desorbed at 200 °C and purged with 150 mL of
helium that flowed through the sample cartridge at 30 mL
min1. The analytes were cryogenically preconcentrated at
-100 °C on porous glass beads, thermally desorbed at 100
°C, and resolved on a 60-m x 0.32-mm ID fused-silica capil-
lary column coated with a 1.0-̂ im film of DB-1 (J &W Scien-
tific, Folsom, CA).

Carbotrap™ cartridges requiring simultaneous analysis of
both VHOCs and hydrocarbons in sorbent cartridges and
water samples were analyzed on a CDS Peakmaster sample
concentrator (Autoclave Inc., Oxford, PA) that was inter-
faced to an HRGC (HP 5890 Series II). Water samples were
purged at 40 mL min1 for 11 min, and Carbotrap™ cartridges
were thermally desorbed at 200 °C. The analytes were
preconcentrated on a VOCARB™ 3000 trap (Supelco,
Bellefonte, PA) at 20 "C. All connecting tubing in the sample
concentrator was Silcosteel® (Restek, Bellefonte, PA) and was

1082 Journal of the Air & Waste Management Association Volume 46 November 1996



Doskey, Aldstadt, Kuo, andCostanza

maintained at 225 °C in a heated valve oven. The analytes
were thermally desorbed from the VOCARB™ 3000 trap at
250 °C for 6 min. After desorption, the trap was cleaned by
heating it to 260 °C and purging with helium at
40 mL min1 for 15 min. The sample concentrator was con-
nected to the analytical column with an uncoated fused-silica
transfer line (1.2-m x 0.53-mm ID) that was maintained at
225 °C. A glass union was used to connect the transfer line to
a fused-silica capillary column (75-m x 0.53-mm ID) coated
with a 3-nm film of DB-624 (J&W Scientific, Folsom, CA).
The end of the column was split into an ECD and tandem
photoionization/FID (OI Analytical, College Station, TX) us-
ing a three-way glass union (J&W Scientific, Folsom, CA). The
temperature of the column was held at 35 "C for 8 min while
the sample was being desorbed and then was increased at 10
°C min1 to 200 °C, held for 3 min, then increased at 20 °C
min-1 to 230 °C, and then held for 5 min to clean the column
of high-molecular-weight organic compounds. The instru-
ments were calibrated with gas standards prepared in static
dilution bottles68 and with aqueous standards prepared ac-
cording to procedures outlined in EPA methods 601 and 602.7

RESULTS AND DISCUSSION
Transfer Efficiency in Dry and Moist Air

Transfer efficiencies for trichloromethane, tetrachlor-
omethane, and tetrachloroethene through aluminum and
nickel tubing at concentrations of 0.07 ng ml/1 were sensi-
tive to the amount of water in the gas stream, especially for

Table 1 . Transfer efficiencies for three VOCs at levels of 0.07 ng mL1

in ultra zero-grade air through metal and Teflon® tubings at
25 mL min-1 and 25 °C with a final ultra zero-grade air purge of 200 mL
using the dynamic dilution apparatus.

Tubing11

Type 304 ss

Type 304 ss

Type316ss d

Nickel

Nickel

Aluminum

Aluminum

PTFE-Iss

PTFE-Iss

PTFE

PTFE

PFA
PFA
FEPd

Relative
Humidity
(%)

0b

50°
50
0
50
0
50

0
50
0
50
0
50
50

Trichloro-
methane

97.3
98.4
99.6
0.2
89.8
94.1
98.2

92.4
92.9
88.3
93.1
96.1
95.2
87.8

Transfer Efficiency (%)
Tetrachloro-
methane

94.9
95.8
99.2
0.3
98.1
96.5
106

102
101
86.9
88.1
95.6
99.0
94.1

Tetrachloro-
ethene

101
101
103
0.2
1.90
93.0
96.9

85.8
86.2
62.2
62.1
79.0
80.6
86.9

ass = Stainless steel; and Iss = lined stainless steel.
b Dry ultra zero-grade air.
c Equal volume mixture of dry air (ultra zero-grade air and the dry gas standard)

and ultra zero-grade air saturated with water.
dTransfer efficiency not evaluated in dry ultra zero-grade air.

nickel tubing (Table 1). All three analytes were totally
adsorbed from a dry gas stream by the nickel tubing. Trans-
fer efficiencies for trichloromethane and tetrachloromethane
through nickel improved to greater than 90% in moist air,
but they remained less than 5% for tetrachloroethene. The
three analytes were transported in moist air with greater than
95% efficiency when they were drawn through the alumi-
num and stainless steel tubings. Water had no effect on the
efficiency of VHOC transfer through the Teflon® tubings.
Transfer efficiencies for t r ichloromethane and
tetrachloromethane through Teflon® PTFE-lined stainless
steel tubing and Teflon® PFA and Teflon® FEP tubings were
greater than 90%, but the values were lower for tetrachloro-
ethene. Tetrachloromethane and tetrachloroethene were
transported less efficiently through Teflon® PTFE tubing with
a wall thickness of 0.158 cm than through stainless steel with
a l»nm-thick film of PTFE deposited on its interior surface.

Transfer efficiencies were greater than 90% for all of the
analytes at levels of 0.5-1 ng ml/1 in moist air through type
316 stainless steel at 25 °C (Table 2). Trichloromethane, tolu-
ene, tetrachloroethene, and 1,2-dimethylbenzene were trans-
ported with 80-95% efficiency when they were drawn
through Teflon® PFA tubing at 25 "C. Transfer efficiencies
for the other analytes were greater than 95%. Increasing the
volume of purge air to 500 mL improved the efficiencies for
tetrachloroethene, toluene, and 1,2-dimethylbenzene to
greater than 94% for the Teflon® PFA tubing. Tests in which
three 10-mL aliquots of a 10-ppb aqueous standard were
purged in succession from a glass purging vessel through
the type 316 stainless steel and Teflon® PFA transfer lines
indicated that tetrachloroethene, toluene, and 1,2-
dimethylbenzene were transferred with 94-96% efficiency
through the Teflon® tubing, confirming the results obtained
with the dynamic dilution apparatus (Table 2).

Results from these experiments indicate that stainless steel
is superior to the Teflon® polymers as a transfer line mate-
rial. These results are similar to those obtained by Meyers et
al.9 Our results indicated that toluene, 1,2-dimethylbenzene,
and tetrachloroethene partition into Teflon® polymers. These
VOCs and hexane are the least water soluble of the analytes
tested. Hexane, the least water-soluble compound of this
group, was not retained, but hexane is also the least polar.
Consequently, predictions of the sorption of VOCs by Teflon®
cannot be based solely on the compounds' aqueous solu-
bilities. The uptake is reversible, and the amount of air nec-
essary to purge the VOCs from Teflon® depends on the
surface area and thickness of the polymer. Unlike the rela-
tively nonspecific sorption of the analytes by Teflon®, active
sites on metal surfaces appear to be responsible for sorption
of VOCs. The sites apparently have a greater affinity for wa-
ter because sorption of the VOCs can be reduced by adding
water to the gas stream. These results are similar to those
reported for the storage of VOCs in aluminum and stainless
steel canisters.1012
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Transfer Efficiency in Heated Gas Streams
The Teflon® PFA tubing was also heated in an attempt to
improve the transfer efficiencies of the VOCs. A complex
mixture of compounds with boiling points less than approxi-
mately 60 °C was emitted from the tubing. The contami-
nants saturated the ECD over the entire elution range of the
analytes on a DB-624 capillary column, indicating that they
were probably VHOCs and making it impossible to evaluate
transfer efficiencies of the target analytes at 30-110 °C. The
FID response factors of hexane and trichloromethane were
used to estimate the amounts of the individual contami-
nants that were volatilized from the tubing. Levels of indi-
vidual VOCs in 100 mL of purge air increased from about
1 ng to 5 ng as hexane and from 5 ng to 50 ng as trichlor-
omethane when the temperature of the tubing was
increased from 30 °C to 110 °C.

The analytes were transferred through the type 316 stain-
less steel tubing at 25 °C and 110 °C with nearly the same
efficiency (Table 2). The efficiencies at 110 °C were all greater
than 100% and may indicate that a larger volume was
sampled at the elevated temperature. The ability of the

stainless steel tubings to efficiently transfer VOCs at 25°C
and 110 °C with no outgassing of contaminants is a distinct
advantage over the Teflon® tubings. Some field applications
will require that the transfer line be heated to prevent the
condensation of water within the tubing. If the Teflon® tub-
ing is heated, our results indicate that a mass-selective de-
tector will be necessary to identify and quantify the target
analytes because of the complex mixture of contaminants
that are outgassed from the tubing.

Purging Efficiency of Stainless
Steel and Teflon® Vessels

The purging efficiencies of aqueous standards of the analytes
in vessels constructed of glass, Teflon®, and stainless steel
were similar, with the exception of tetrachloroethene, which
was purged about 5% less efficiently with the Teflon® vessel
(Table 3). The results of the transfer line experiments sug-
gested that retention of tetrachloroethene by the Teflon®
vessel might be large; however, the VOCs are exposed to a
Teflon® surface in the purging vessel that is seven times
smaller in area than the interior surface of the Teflon® PFA

Table 2. Transfer efficiencies for VOCs in a gas standard and in the purge gas from an aqueous mixture of VOCs that were drawn through Teflon®
and stainless steel tubings.

Analyte

Trichloromethane
1,1,1-Trichloroethane
Tetrachloromethane
Tetrachloroethene
Hexaned

Benzene
Toluene
1,2-Dimethylbenzene

25°Cb

87.5
97.3
104
80.6
96.5
94.9
88.7
80.2

Teflon® PFA

Purged0

98.4 ±5.99
99.1 ± 10.6
99.5 ±5.14
93.8±2.19

_d

100 ±6.04
95.9± 4.38
95.3 ± 2.28

Transfer Efficiency (%)

25°Cb

92.8
95.7
102
96.8
92.8
95.7
102
96.8

Type 316 ssa

110Vb

113
109
118
114
113
113
115
112

Purged0

99.3 ±5.23
99.2+10.3
100±5.10
98.6 ±3.29

_d

100 ±6.29
99.0 ±4.00
98.1 ±3.14

ass = Stainless steel.
b Transfer efficiencies for eight VOCs at levels of 0.5-1 ng mL1 in moist ultra zero-grade air through the tubings at 25 mL min-1 and 25 °C and 110 °C using the dynamic

dilution apparatus. The volume of the final ultra zero-grade air purge of the tubing was 200 mL.
c Transfer efficiencies for successive purgings of three, 10-mL 10-ppb aqueous mixtures of the VOCs in a glass purge vessel with helium at 40 mL min-1 and 25 °C through

the tubings. The volume of the final helium purge of the tubing was 440 mL.
d Hexane was not included in the aqueous mixture of analytes.

Table 3. Average recoveries for seven VOCs that were purged with helium at 40 mL min-1 and 25 °C from five 10-mL aliquots of a 10-ppb
aqueous mixture in vessels made of three different materials.

Recovery (%)
Analyte Glass Teflon® PFA Type 304 ssa

Trichloromethane
1,1,1-Trichloroethane
Tetrachloromethane
Tetrachloroethene
Benzene
Toluene
1,2-Dimethylbenzene

98.3 ±9.84
98.2 ±5.71
99.1 ± 3.23
95.0 ±2.35
99.2 ± 1.20
98.5 ±2.50
96.6 ±2.05

95.0 ±5.93
97.6 ± 1.94
97.1 ±8.28
89.3 ± 2.22
97.3 ±5.06
94.5 ±4.44
93.1 ±3.28

94.9 ± 3.03
97.3 ±6.42
98.6 ±5.22
94.9 ± 1.74
96.4±5.13
95.5 ±6.17
93.2+3.87

ass = Stainless steel.
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transfer line. Furthermore, a larger volume of gas is used to
purge the sample in the vessel (440 mL) than was used to
calculate transfer efficiencies (200 mL) when the dynamic
dilution apparatus was used.

CONCLUSIONS
Both type 304 and type 316 stainless steel are superior to
the Teflon® polymers as materials for an in situ, on-line purg-
ing system for the cone penetrometer. Transfer efficiencies
of several VOCs through stainless steel were nearly 100%.
In general, the transfer efficiencies of the VOCs through
Teflon® decreased with decreasing aqueous solubility of the
analyte. The sorption of VOCs by Teflon® is reversible; how-
ever, the volume of gas required to completely recover the
analytes greatly exceeds the internal volume of the tubing
and will decrease the speed of sample collection, produce
carryover of analytes to subsequent samples, and compli-
cate the preconcentration of VOCs at the surface in an on-
line analytical system.
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