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A new dispersive vapor extraction (DVE) technique for rapid removal of selected volatile organic com-
pounds (VOCs) from gaseous mixtures was investigated. In this technique, less than 1.0 mL of a volatile
solvent was vaporized for 8 min in a 250-mL flask containing a gaseous mixture. The flask was then cooled
under running tap water for 2-3 min to induce condensation of the vapor and co-extraction of the VOCs
from the headspace. The technique was tested over a concentration range of 4-23 ppb, and resulted in
extraction efficiencies ranging from 80 to 97% for the VOCs tested. Because of its simplicity and the rela-
tively short sampling time, DVE could potentially lead to high sample throughput and rapid air analysis.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

There is a growing need for rapid analysis of volatile organic
compounds (VOCs) in ambient air. This is principally due to the
fact that airborne VOCs are implicated in everything from respira-
tory disorder and lung cancer to stratospheric ozone depletion and
global warming [1,2]. It is also driven by national security concerns
and the potential to compromise air quality through acts of terror-
ism. Because of the sensitivity limitations of most VOC detectors,
and the low levels of VOCs in the environment (mostly pgL-! to
wgL~1)[3], sample pre-concentration remains a critical step in any
VOC monitoring methodology. However, as Santos and Galceran
observed, the sampling bottleneck is the most protracted task in
the entire analytical scheme [4]. Most VOC pre-concentration tech-
niques involve some aspects of cryogenic trapping or adsorptive
sampling [1,3]. Despite its prevalence, cryogenic trapping of VOCs
from air must incorporate a pre-cooling and refocusing stage to
remove water vapor and refocus the VOCs [5]. Another limitation
is the logistic problems created by the low temperature (typically
—150to —170°C) of the cryogenic fluids [ 1]. Peltier-based cryogenic
techniques allow trapping to occur in the 10 to —30°C temperature
range, but not without the use of sorbent materials [6].

Solid sorbents are widely used as effective agents to trap VOCs
from air [7,8]. Porous organic polymers such as Tenax, graphi-
tized carbon such as Carbopack, carbon molecular sieves (CMS),
glass fiber (GF) filters, and carbon nanotubes are some of sorbent
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materials that are commercially available for this purpose [9-12].
However, if the sorbent capacity is exceeded or the collection rate is
too high, analyte breakthrough is likely to occur [13]. While higher
sampling rates could lead to a loss of the volatile components in
a mixture, a less than optimum sampling rate is known to have
caused poor retention of some analytes [10]. The high moisture
content associated with CMS and other sorbents is another setback.
Another concern with this method of VOCs enrichment is the high
temperature that is sometimes needed to desorb the analyte from
the solid phase. The process is slow and often requires some level
of analyte refocusing. A workable solution to this problem involves
the use of Peltier devices to reduce the sorption temperatures
of the solid phase. This reduces the amount of sorption material
needed for trapping, improves sorption capacity, and reduces the
desorption time. Another solution is to desorb the analytes into
a headspace vial for subsequent analysis by solid phase micro-
extraction (SPME) [14]. Some applications utilize polyvinylfluoride
bags in conjunction with SPME to collect the VOCs [15]. SPME is
a solvent-free enrichment technique that requires less sampling
time and is compatible with traditional VOCs detectors. While the
technique has been used to collect volatile and semivolatile organic
compounds [16-20], some setbacks remain. Among these are lim-
ited sorption capacity, poor retention of less volatile compounds,
bleeding of the SPME coating into the gas chromatograph (GC),
short fiber lifetime, artifact formation arising from sample carry-
over, and poor fiber-to-fiber reproducibility [21,22].

Ultraviolet differential absorption spectroscopy (UV-DOAS) is
cited in the literature as a technique that allows direct measure-
ment of VOC in air without sample enrichment [23-25], but it is
only applicable to a limited number of analytes.
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Table 1

A summary of the volumes and concentrations (conc.) for the analytes in the 2, 4, and 24 ppm gas standards.
Compounds Volume (L) Conc. (ppm) Volume (L) Conc. (ppm) Volume (L) Conc. (ppm)
Ethyl acetate 5.0 225 10.0 4.50 55.0 24.75
Isopropyl acetate 5.0 2.25 10.0 4.50 55.0 24.75
Toluene 5.0 2.15 10.0 4.30 55.0 23.65
p-Xylene 5.0 2.20 10.0 4.40 55.0 24.20
o-Xylene 5.0 2.20 10.0 4.40 55.0 24.20

Some applications utilize impingers and denuders to transfer
airborne VOCs to extracting solvents [1,26-30]. Impingers harvest
the VOCs from gaseous mixtures by dispersing or passing the air
through the extracting solvent. For applications using denuders, the
VOCs are pre-concentrated by dispersing the extracting solvent as
a flowing film along the inner walls of the extracting vessels, but
in a direction counter to the airflow. While these techniques are
amendable to a variety of solvents, their pre-concentration power
is limited. Kalnes et al. described a method for the removal of
polynuclear aromatic hydrocarbons (PAHs) from a hot vapor con-
taining a mixture of mono-, poly- and olefinic hydrocarbons [31].
The method is comparable to the denudation technique described
above in that it allows the hot vapor effluent to contact a cool lig-
uid stream flowing in the opposite direction. In the process of doing
so, a portion of the PAHs is transferred from the hot vapor to the
cool liquid. The mixture is then directed to a vapor-liquid sep-
arator to bring about separation between a vapor stream that is
richer in olefinic hydrocarbons, and a liquid stream that contains
mostly mono- and polynuclear aromatic compounds. If necessary,
the vapor stream can then be re-extracted. Other pre-concentration
techniques have been reported in the literature [32-36].

As an initial report, this paper describes the viability of a new
procedure called dispersive vapor extraction (DVE) for the rapid
removal of selected VOCs from gaseous mixtures. The procedure
adds 1.0mL of a suitable solvent to a sample chamber containing
a gaseous mixture, vaporizes it, and rapidly condenses the mix-
ture to extract the analytes from the headspace. DVE combines
the power of solvent extraction with the speed of SPME, while
using significantly less solvent than traditional extraction tech-
niques. The technique can potentially be automated and coupled to
a GC to allow real-time VOC monitoring. It is anticipated that use of
more efficient heating technology would lead to further reduction
in the heating and incubation time. Because of its simplicity and
the relatively short sampling time, rapid analysis and high sample
throughput would be possible.

2. Experimental
2.1. Reagent and apparatus

All solvents and VOCs used in this study had purity >99%, and
were obtained from either Sigma-Aldrich (Milwaukee, WI), or
Fischer Scientific (Fair Lawn, NJ). The 250 mL extraction flask, Ther-
mogreen half-hole septa, Mininert valve and needle-seal septa,
along with the 2-L static dilution bottle were purchased from
Supelco Inc. (Bellefonte, PA). Standard 100 and 500 mL round bot-
tom flasks were used for the extraction of 100 and 500 mL gas
samples, respectively. Suba seals for these flasks were obtained
from Aldrich (Milwaukee, WI). All syringes, including the 10 wL
fixed needle design and the 250 and 5000 p.L gastight samplelock
syringes, were obtained from Hamilton Company (Reno, Nevada).

2.2. Instrumentation

Samples were analyzed using a Shimadzu GC-17A gas chro-
matograph that was controlled by Class-VP Chromatography Data

Station, version 4.2. The GC was equipped with a split/splitless
injector, a flame ionization detector (FID), and a Restek Corpora-
tion capillary column (Rtx-1701, 30.0m x 0.53 mm i.d. x 1.0 DF).
The column temperature was initially set to 40°C for 2 min. Fol-
lowing this, the temperature was increased at a rate of 15°C/min
to a final temperature of 200 °C for 2 min. The carrier gas flow rate
was set to 10 mL/min. Both the injector and the detector were
held at a constant temperature of 225°C. The GC was operated
with air, Ny, and Hj, respectively set at 20, 40, and 50 psi. The
thermal energy required during solvent volatilization or standard
incubation was provided with a Fischer Scientific Isotemp standard
laboratory oven.

2.3. Preparation and secondary dilution of gas standards

Due to availability problems [3], the gas standards used in these
experiments were prepared in-house according to the basic guide-
line of (USEPA) method TO-15 [37]. A2-Lstatic dilution bottle (SDB)
retrofitted with a Teflon stir bar and a Mininert valve was purged
with a stream of nitrogen for 2 min. Helium and simulated air con-
taining 79% N, and 21% O, are alternative diluents that can be used
for this purpose [37,38]. The closed SDB was allowed to equilibrate
in an oven at 60°C for 15 min. To achieve the concentration range
shown in Table 1, the SDB was spiked with between 5 and 25 pL
of each of the targeted compounds. The SDB was then returned to
the 60° oven for a minimum of 1 h prior to use. The final concentra-
tion of each component in the mixture was determined using the
following equation:

mg\ Vsd

C trati —_— ) = =
oncentration ( L ) v,

where Vs is the volume of liquid standard in pL, d is the density of
the liquid standard in mg/u.L, and V is the volume of the SDB in L.

As a part of the daily protocol for using the gas standard, the SDB
was subjected to 15 min of heating along with 15 min of cooling and
mixing prior to sampling. In keeping with good laboratory practice
for using gas standards, single aliquots larger than 2% of the total gas
volume were not drawn. Also, the combined aliquots drawn from
the SDB did not exceed 50% of its total overall volume. Secondary
dilutions of the gas stock were prepared by purging the extraction
vessel as described above, adding the appropriate volume of the
stock standard, and equilibrating the mixture in the 60° oven for
15 min.

2.4. Extraction and analysis procedure

Each extraction vessel was retrofitted with a Suba seal or a Ther-
mogreen half-hole septum. These septa provided a tight enough
seal for the experimental conditions used in this study. Metal
retainers can be used if larger volumes and higher pressures are
required. A gastight syringe was used to transfer the required vol-
ume of the gas standard from the SDB to the nitrogen-purged
extraction vessel. The extraction vessel with the gaseous mixture
was then equilibrated in the 60° oven for 15 min. Before the extract-
ing solvent was added to the vessel, a gastight syringe was used to
secure 200 L aliquots of its headspace for GC characterization. As
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Table 2

Average daily area response (AR) and %RSD for analytes in the headspace of a 4 ppm gas standard (n=5). The last column shows the between-days (BD) %RSD (n=4). The data

was generated using injection volumes of 100 p.L of the headspace.

Compounds Day 1 AR %RSD Day 2 AR %RSD Day 3 AR %RSD Day 4 AR %RSD BD%RSD
Ethyl acetate 4443 3.1 4262 15 4175 1.0 4065 0.8 4
Isopropyl acetate 5180 1.8 5047 1.1 4971 0.8 4839 0.9 3
Toluene 11,202 2.1 10,902 15 10,762 13 10,454 0.8 3
p-Xylene 10,801 26 10,503 1.8 10,415 2.3 10,077 0.5 3
o-Xylene 11,370 2.7 11,078 1.7 10,991 1.8 10,662 0.7 3

a general rule, the syringe plunger was allowed to move up and 16

down for a minimum of five times before a final aspiration was

made. Once the pre-extraction analysis was completed and the & ¥

appropriate volume of extractant was added, the flask was placed 12 4 *

in the preheated oven for 8 min. The oven was preheated to 63 °C

for acetone, and 73 °C for methanol. This allowed solvent vapor to 10 A

saturate the headspace of the extraction vessel. To induce rapid 8 »

condensation and co-extraction of headspace analytes, the flask "f, 81 % -

was removed from the oven and placed under running tap water for & 6 -

2-3 min. Following a 1-2 min equilibration period, 200 pL aliquots

of the headspace were subjected to GC analysis. Prior to collection, 4

the condensate was swirled gently to ensure proper mixing with

the droplets. By gently swirling or rotating the flask, the conden- &7 Ad A A A

sate was allowed to mix with any droplets adhering to the walls of 0 2 : = . ; > :

the extraction vessel. The 250-mL extraction flask includes valved
outlet ports to facitate collection of the condensate. For the round
bottom extraction flasks, the condensate was siphoned off with a
syringe before removing the Suba seals. 1 L aliquots of the liquid
collected from each extraction vessel was then analyzed by GC.

2.5. Safety considerations

To minimize the safety risk from accidental breakage of pres-
surized glassware, large volumes of solvent should be avoided, and
the extraction flask should be wrapped with duct tape. To avoid the
inhalation of solvent or solute vapor, all procedure related to DVE
should be conducted in a fume hood. Also, the oven used to heat
the extractor should be equipped with a hood extractor.

3. Results and discussion
3.1. Gas standard reproducibility study

If the concentration of VOCs or the vapor load in the SDB is too
high, condensation of the less volatile components in the gas stream
is likely to occur. A state of high vapor load can persist if too many
analytes are added to the SDB. This could potentially impact the
relative concentration and the %RSD of each analyte in the gas stan-
dard. For this reason, a study was conducted to monitor both the
%RSD and the relative chromatographic response of each compo-
nent in the gas standard over the course of 4 days. It was clear from
the outset that a state of over saturation existed for the 24 ppm
standard, as some level of condensation was observed. This was
later confirmed by the GC data which yielded a %RSD (n=5) rang-
ing from 6.8% for ethyl acetate to 13.9% for o-xylene. Furthermore, a
plot of this data as a function of vapor pressure for the 24 ppm stan-

Table 3

0 10 20 30 40 50 60 70 80
Analyte Vapor Pressure (mmHg, 20 C)

Fig. 1. A plot of %RSD as a function of compound vapor pressure for the 4 ppm (a)
and 24 ppm (¢) gas standards.

dard (Fig. 1, upper trace), confirmed our expectation that the lower
vapor pressure analytes resulted in higher %RSD. It also suggests
that the %RSD is a useful indicator of gas phase integrity.

To test this premise, the study was repeated using a 4 ppm stan-
dard. Compared to the profile of the 24 ppm standard depicted in
Fig. 1, the %RSD of the 4 ppm standard appears to be less sensitive
to changes in vapor pressure. In the case of the latter, conden-
sation was not observed, the within-day %RSD was consistently
lower, and the process was repeatable from day to day (see data
in Table 2). It is reasonable to expect that any significant changes in
the equilibrium concentration of the analytes should be reflected
in a corresponding change in the relative area percent of the peaks
in the chromatogram. In this case, however, there were no substan-
tial changes in peak profile during the testing period (see Table 3).
Rather, the relative area percent for all analytes remained con-
sistent from run to run. These results confirm that at the 4 ppm
concentration level, the total vapor load in SDB is not high enough
to compromise the integrity of the analytes in the gas phase.

3.2. Solvent considerations

In a volume of air at standard pressure and ambient tem-
perature, the molecules would typically occupy approximately
0.2% of the overall volume, but as much as 50% of the volume
in the liquid phase [39]. Thus, one obvious advantage of a pre-

The relative area percent (RAP) for the compounds in the headspace of the 4 ppm gas standard (n=5). The GC data were generated over a period of 4 days using injection

volumes of 100 L.

Compounds RAP Day 1 %RSD RAP Day 2 %RSD RAP Day 3 %RSD RAP Day 4 %RSD
Ethyl acetate 103 2.3 10.2 0.6 10.1 0.6 10.1 0.3
Isopropyl acetate 121 1.2 12.1 0.5 12.0 0.9 12.1 0.2
Toluene 26.1 1.0 26.1 0.2 26.0 0.4 26.1 0.2
p-Xylene 25.1 0.7 25.1 0.3 25.2 0.7 25.1 0.3
o-Xylene 26.4 1.7 26.5 0.4 26.6 0.3 26.6 0.1
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Table 4

Extraction efficiencies (%EF) and area response (AREA) data for analytes in the
headspace of a 92 ppb gas standard before and after treatment with 0.60 mL of
acetone in a 250 mL extraction flask (n=3).

Compounds AREA before  %RSD  AREA after %RSD  %EF  %RSD

Ethyl acetate 156 1 24 5 85 1

Isopropyl acetate 207 4 22 12 89 1

Toluene 380 1 33 10 91 1

p-Xylene 361 1 14 11 96 0

o-Xylene 384 2 11 17 97 1
Table 5

Extraction efficiencies (%EF) and area response (AREA) data for analytes in the
headspace of a 92 ppb gas standard before and after treatment with 0.60 mL of
methanol in a 250 mL extraction flask (n=3).

Compounds AREA before  %RSD  AREA after %RSD  %EF  %RSD
Ethyl acetate 158 3 31 2 80 1
Isopropyl acetate 210 2 30 12 86 2
Toluene 399 2 75 4 81 1
p-Xylene 377 1 33 5 91 1
o-Xylene 404 1 28 11 93 1

concentration scheme based on a gas-to-liquid transition is that
it could lead to significant and efficient pre-concentration of air-
borne analytes. However, the choice of solvent is critical to the
success of DVE. In addition to solubility considerations, the extract-
ing solvent should produce a high enough vapor pressure to satisfy
the high partial pressure and the high saturation level required
for condensation. Also, the chromatographic profile of the solvent
should be such as not to interfere with the other peaks in the chro-
matogram. While other solvents can be used to harvest the VOCs,
acetone and methanol are two solvents that meet the above cri-
teria without causing significant chromatographic interference or
significant safety risk. However, since acetone resulted in higher
overall extraction efficiencies (see Tables 4 and 5) than methanol,
most of the activities in this feasibility study was centered around
acetone. To optimize the volume of acetone needed for dispersive
vapor extraction of the headspace, a 92 ppb standard was pre-
pared by diluting 10.0 mL of the 2.3 ppm gas standard in a flask
containing 250 mL of nitrogen. This mixture was treated and ana-
lyzed according to the extraction and analysis procedure outlined
in this paper. A graph of the area response of headspace analytes
as a function of acetone volume is shown in Fig. 2. The graph
shows a progressive decrease in area response of headspace ana-
lytes with increasing acetone volume, up to about 500 p.L. Beyond
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Fig. 2. The effect of acetone volume on the removal of the ethyl acetate (#), isopropyl
acetate (M), toluene (a), p-xylene (*), and o-xylene (®) from the headspace of a
92 ppb gas standard in a 250-mL extraction flask.
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Fig. 3. The effect of acetone volume on the removal of the ethyl acetate (#), isopropyl
acetate (M), toluene (a), p-xylene (*), and o-xylene (O) from the headspace of a
1.3 ppm (1.6 for p-xylene) gas standard in a 500 mL extraction flask.

this point, the response begins to plateau, as the optimum volume is
approached. Prior to this, the volume of acetone is too small to bring
about vapor saturation and condensation. Consequently, very little
extraction occurs. For safety reasons, volumes larger than 700 pL
were not used. A pressure-reinforced vessel is needed to capital-
ize on the benefits of larger extraction volumes. However, given
the flatness of the response in this region of the curve, and the
extraction efficiencies shown in Table 4, the modest gains from the
additional volume is not worth the potential safety risk. It should
also be noted that the flat region of the curve represents the equi-
librium limit of the system, not the solubility limit of the solvent.
If necessary, it would be more practical to remove the condensate
and re-extract the headspace, but the overall extraction efficiency
must be weighed against possible dilution effect from the combined
extract.

An analysis of the graph in the region from 0 to about 400 p.L
shows that the slopes are steeper for the less volatile compounds,
suggesting that the method would be more sensitive to less volatile
analyte if the solvent volume is inadequate. However, that discrim-
ination breaks down between 500 and 700 wL where the slopes
flatten and begin to converge. This suggests that if larger volumes
(and possibly higher pressures) are used, and the point of total con-
vergence is achieved, the method should be equally sensitive to the
type of compounds itis designed to extract. As Fig. 3 shows, a similar
trend was observed for a 500 mL flask in which a 1.3 ppm stan-
dard (1.6 ppm for p-xylene) was extracted and 500 L aliquots were
analyzed. While the trend appears to be independent of concentra-
tion and the slopes did flatten out as anticipated, the convergence
was not as noticeable, a subtle hint to the superiority of smaller
extraction flasks. Similar optimization profiles were obtained for
methanol in a 250 mL flask. Changing the flask size required a pro-
portionate change in the solvent volume.

The above observations are consistent with expected distribu-
tion of VOCs between a liquid and gas. At low concentration, the
partitioning of VOCs between the solvent and the gas phase is gov-
erned by Henry’s law:

Sy = KP4

where S, is the solubility of solute A in solution, K4 is Henry’s
constant for solute A, and Py is the partial pressure of solute A. More-
over, the mole fraction for a given VOC in the gaseous mixture can
be predicted using the relationship:
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where ny is the mole of solute A, n is the total mole, and P is the
total pressure. By combining these equations as shown below:

_ KanaP

!

Sa

the solubility of the analyte in the solvent can be expressed in terms
of the total overall pressure. Based on this combined relationship,
the solubility of the solute is expected to increase as the overall
pressure increases. Since the solvent s the largest contributor to the
overall pressure of the gas, the increased solubility would largely
be the result of the vapor pressure of the solvent. Therefore, at low
solvent volumes where the vapor pressure is not particularly high,
the extraction efficiency is observed to be relatively low. Under the
given experimental condition, the highest extraction is achieved
when the volume of the solvent is large enough to saturate the gas
phase.

3.3. Cooling consideration

The flask is cooled with running tap water for about 2 min to
remove the latent heat from the vapor, and bring about vapor sat-
uration and condensation. When sufficient cooling has occurred,
aerosol-like nuclei or possibly microscopic solvent droplets are
formed within the vapor. Once formed, these entities can induce
condensation and co-extraction of airborne VOCs at much lower
partial pressure than is normally required for the pure VOCs. Inter-
action of the solvent aerosol with the bulk vapor would eventually
lead to mass transfer of VOCs to the solvent, and aggregation of
the small droplets into larger ones. It is important that a state of
saturation/over saturation is maintained if the aerosol nuclei are to
survive. If the vapor is unsaturated because the volume of solvent
it less than ideal, the nuclei will evaporate when the flask returns
to ambient temperature, and very little VOCs will be removed from
the headspace.

3.4. Extraction efficiency

The headspace extraction efficiency was determined by ana-
lyzing the headspace composition of the analytes before and after
treatment with either acetone or methanol. All standard were pre-
pared and analyzed according to the procedure described in this
paper. Tables 4 and 5 summarize results obtained using a 92 ppb
standard in the 250 mL flask and 0.60 mL of solvent. The extrac-
tion recoveries ranged between 85 and 97% for acetone, and 80
and 93% for methanol. Acetone appears to be more effective at
removing analytes from the headspace. This is partly due to better
solvent-solute interaction, and higher solvent vapor pressure. The
high volatility of acetone allows it to saturate the headspace above
the condensate and, as a corollary benefit, minimize the amount
of analyte returning to the headspace. While other solvents may
just be as effective at dissolving the solute, vapor pressure and
chromatographic concerns may limit their usefulness. The chro-
matograms in Fig. 4 were generated using a 40 ppb standard. They
show the typical profile of the analytes in the headspace before and
after treatment with acetone. Using this solvent for DVE resulted in
a significant reduction of the analytes in the headspace. For com-
parison purposes, 1 pL of the condensed phase was also analyzed.

Table 6

Microvolts

25 5.0 75
Time (min)

Fig. 4. Typical chromatograms of a 40 ppb mixture showing headspace analyte
response before (upper trace) and after (lower trace) acetone treatment. The ana-
lytes are ethyl acetate (1), isopropyl acetate (2), toluene (3), p-xylene (4), and
o-xylene (5).

The resulting chromatogram is shown in Fig. 5. The upper trace rep-
resents the analytes in the condensed phase. The lower trace is a
profile of the analyte remaining in or returning to the headspace.
From these chromatograms it can be shown that a reduction of
analytes from the headspace resulted in a corresponding increase
of the same analytes in the condensed phase.

3.5. Calibration and flask volume consideration

The calibration study was conducted using the 250 and 500 mL
extraction flasks. Each flask was spiked with a proportionate
amount of solvent, and analyte, and then subjected to the experi-
mental protocol described in this paper. On closer examination of
the calibration data in Table 6, it can be seen that the slope sen-
sitivity increased with decreasing vapor pressure and decreasing
flask volume. Similar trends were observed in preliminary data
generated using a 100 mL flask. The vapor pressure trend is not
unexpected since analytes with lower vapor pressure would con-
dense first. The flask volume trend points to a space dependence
effect. The smaller flask lends itself to more rapid heat reduction,
with proportionately more of the vapor being condensed. Also,
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2 L 2
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Fig. 5. Typical chromatograms of a 40 ppb mixture showing the analytes in the
condensed phase (upper trace) and the headspace (lower trace) following acetone
treatment. The analytes are ethyl acetate (1), isopropyl acetate (2), toluene (3), p-
xylene (4), and o-xylene (5).

A summary of the calibration and vapor pressure data for analytes extracted in the 250 mL flask (F250) and the 500 mL flask (F500).

Compounds Vapor pressure (mm Hg, 20°C) F250 slope F250 R-squared F250 intercept F500 slope F500 R-squared F500 intercept
Ethyl acetate 73 18.953 0.9968 -61.386 14.946 0.991 —-7.625
Isopropyl acetate 43 22.724 0.9922 —40.829 19.152 0.9624 4.45

Toluene 22 56.096 0.9942 —42.243 33.598 0.9924 93.35
p-Xylene 9 40.686 0.9939 —108.06 26.913 0.9927 0.85
o-Xylene 7 42.031 0.9908 —90.943 28.163 0.9927 9.975
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Fig. 6. Graph of headspace analyte response as a function of time following
methanol extraction. The analytes include ethyl acetate (¢), isopropyl acetate (O),
toluene (A), o-xylene (*), and p-xylene (O).

because condensation is initiated on the walls of the extracting ves-
sel, a smaller flask facilitates faster transport and uptake of analytes
into the droplets. These findings suggest that temperature reduc-
tion and vapor condensation are critical factors in the dispersive
vapor extraction cycle. Future efforts would be directed to cre-
ating a series of smaller extraction vessels in which air samples
can be extracted and the extract combined. It is anticipated that
use of more efficient heating and cooling technology would reduce
analysis time and enhance sensitivity.

3.6. Other considerations

Concerns about whether or not the condensate was losing sig-
nificant amounts of analytes to the headspace following extraction
were ruled out by the work illustrated in Fig. 6. This experiment
was conducted over a longer period of time than is required to
process the sample. However, if a leak occurs in the extraction ves-
sel or the headspace pressure decreases substantially before the
condensate is removed, some loss can be realized as equilibrium is
re-established. It is therefore important that the system is routinely
and carefully checked for leaks.

4. Conclusion

The foregoing study demonstrates that DVE is a feasible extrac-
tion procedure for the removal of selected VOCs from gaseous
mixtures. Compared to traditional solvent extraction procedures,
DVE provides an alternative technique for the rapid and efficient
removal of VOCs from gaseous matrices, without the use of large
volumes of solvents. The technique resulted in extraction efficien-
cies between 80 and 97% for the analytes tested. Because of its
simplicity and the relatively short sampling time, rapid analysis
and high sample throughput would be possible. Also, because the
general trend in slope sensitivity favors analytes of lower vapor

pressure, the application would be broadened to include more semi
volatiles organic compounds (SVOCs). These studies will include
the quantitation of simulated and real-world samples.
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