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Abstract A new simple, low-cost, reliable vacuum-
assisted headspace solid-phase microextraction (VA-HS-
SPME) device was fabricated and evaluated considering the
strengths and weaknesses of previously reported systems.
The device can be applied for analysis of solid and liquid
samples without sample loss or vacuum loss during the evac-
uation process, in contrast to similar setups. Additionally, it
is simpler, lower cost, and more operator friendly for direct
extraction of volatiles and semivolatiles from complicated
solid matrices. It was coupled with gas chromatography-
flame ionization detection (GC-FID) and applied for direct
extraction and determination of polycyclic aromatic hydro-
carbons (PAHs) in polluted soil samples, without any sample
preparation steps. Parameters affecting the performance of
the developed method, such as extraction temperature and
time, vacuum level, volumes of vacuum chamber and sam-
ple vial, and desorption condition, were investigated and
optimized. Under the optimal conditions, calibration curves
were linear over the range of 0.01-2 pg g~!' (R? > 0.996).
The limits of detection (LODs) were found to lie in the
range of 0.3-0.8 ng g~!, while the relative standard devia-
tions (RSDs) for six replicate analyses were 5.3-7.1%. The
developed VA-HS-SPME/GC-FID procedure was used for
ultrasensitive determination of PAHs in contaminated soil
samples; the results were statistically in agreement with
those obtained using a validated ultrasonic solvent extrac-
tion (USE) method.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a known class
of ubiquitous carcinogenic pollutants, generated primarily
by incomplete combustion of petrol, coal, and wood [1]. A
part of environmental PAHs originate from natural sources
such as open burning petroleum or coal deposits, forest
fires, and volcanic eruptions. However, major anthropogenic
sources of PAHs include petroleum, coal, and aluminum
industries, residential heating, and motor vehicle exhaust [2].
PAHs in the atmosphere are portioned between gas phase
and aerosols, which significantly affects their fate and how
they enter soil, water, and the human body [3].

Nowadays, chemical analysis is directed by green chem-
istry principles, so microscale solvent-free separation proce-
dures have attracted great attention from scientists [4]. Con-
sequently, design and development of sustainable and green
microanalysis strategies is currently a hot multidisciplinary
research topic in a broad range of scientific fields, including
analytical chemistry, environmental assessment and moni-
toring, biochemistry, pharmacology, and agriculture. In this
regard, the most effective step was the introduction of solid-
phase microextraction (SPME) in 1990 [5], as a solvent-free
sample preparation method, which reduces the number of
steps, cost, waste, and time of analysis. Additionally, this
method can be easily automated and used for in vivo biologi-
cal studies [6]. Moreover, fiber-SPME has been promoted
and its limitations addressed during recent years [7], leading
to many improvements in its performance and applications
[8]. Agitation, sonication, heating, and microwave irradia-
tion of the sample matrix have been proposed as strategies to
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decrease the equilibration time in the SPME technique [9].
During recent years, cooling-assisted SPME (CA-SPME)
[10-12], electrochemically enhanced SPME [13], micro-
wave-assisted headspace SPME [14], ultrasonic-assisted
headspace SPME [15], solvent-assisted SPME [16], total-
vaporization SPME [17], micelle-assisted SPME [18], elec-
tromembrane-assisted SPME [19], purge-assisted headspace
SPME [20], and vortex-assisted magnetic dispersive SPME
[21] have been applied to enhance the efficiency of SPME.

Headspace (HS) sampling is one of the most useful and
widely used modes of SPME, in which analytes are extracted
from the headspace of the sample without contact with the
sample matrix [22]. In this sampling mode, extraction occurs
during a multistep equilibrium including partitioning of ana-
lytes between the sample/headspace and headspace/fiber
coating. Usually, the transfer of analytes from the sample
into the headspace is the rate-limiting step, especially for
solid matrices, resulting in longer extraction times [23].
Among the aforementioned strategies for improving the
efficiency, simultaneous heating of the sample matrix and
cooling of the fiber coating is among the most successful
suggestions [24, 25]. Another efficient approach to reduce
the equilibrium time and enhance the extraction efficiency
is reduced-pressure HS-SPME, introduced in 2001 [26]. In
that study, the effect of pressure and temperature on the effi-
ciency of HS-SPME analysis of volatile organic compounds
(VOCs) was evaluated. The results revealed that reduction
of the headspace pressure significantly improved the amount
and number of VOCs extracted. Another study carried out
in 2005 [27] evaluated the effects of pressure and agitation
on the HS-SPME strategy. Another report in 2011 described
recovery of semivolatile organic contaminants by HS-SPME
using a vacuum extractor [28]; the results showed that use
of reduced pressure sped up the release of analytes from the
sample matrix and their partitioning into the headspace. It
was also revealed that reduced pressure reduced the bound-
ary layer around the sorbent and reinforced trapping of ana-
lytes on the SPME fiber. The term “vacuum-assisted HS-
SPME” (VA-HS-SPME) was first used by Psillakis et al.
[29], who studied the effect of the Henry’s law constant on
VA-HS-SPME of PAHs from aqueous samples. That study
demonstrated that vacuum sampling significantly improved
the extraction kinetics, especially for analytes with low Hen-
ry’s law constant (K;). The evaporation rate of such species
is mainly controlled by the mass transfer rate in the thin
gas boundary layer adjacent to the headspace/sample inter-
face. Further work on VA-HS-SPME investigated extraction
of chlorophenols under reduced pressure conditions [30],
with the formulation of a theoretical model for the pres-
sure dependence of the sampling under nonequilibrium
conditions. Moreover, in other research [31], the VA-HS-
SPME setup was downsized and used to extract low-molec-
ular-weight PAHs using commercial SPME fibers. It was
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demonstrated that humidity in the sample matrix decreased
the extracted amounts of PAHs with low or intermediate
Ky, especially at elevated sampling temperature with poly-
dimethylsiloxane (PDMS) fiber. In different research, a field
vacuum extractor, coupled with portable fast-duty-cycle gas
chromatography-mass spectrometry (GC-MS), was used to
analyze organophosphonate compounds in vinyl floor tiles
[32]. The enhancement effect of vacuum on the sensitivity of
HS-SPME was evaluated by extraction of aroma compounds
from solid (tobacco leaf) and liquid (black mulberry juice)
samples [33]. In another report, the previously mentioned
VA-HS-SPME system was used to extract PAHs from solid
matrices [34]. The vacuum effect has also been coupled to
ultrasonic-assisted extraction (UAE) of organophosphate
and halogenated flame retardants in food samples, before
GC-MS measurement [35]. The vacuum extractor setup was
improved and employed for HS-SPME of polychlorinated
biphenyls (PCBs) from spiked river water samples, using a
polydimethylsiloxane/divinylbenzene (PDMS/DVB) com-
mercial SPME fiber [36]. In a different study, Pawliszyn
et al. [37] compared the amounts of PAHs extracted (from
sand samples) using regular cold-fiber SPME (CF-SPME)
with results obtained by pressure-balanced CF-SPME. In
further research, VA-HS-SPME was coupled to gas chro-
matography with flame ionization detection (GC-FID) for
extraction of volatile free fatty acids and phenols, and the
results compared with those obtained using commercial
and polymeric ionic liquid-based SPME fibers [38]. The
VA-HS-SPME strategy was recently applied for analysis of
2-methylisoborneol and geosmin in water, at room tempera-
ture [39]. In recently published research, the influence of
surface sampling factors on the recovery of dimethyl meth-
ylphosphonate, spiked onto painted wallboard surfaces, was
evaluated by reduced-pressure SPME and solvent extraction,
using an accelerated diffusion sampler [40]. Recently, head-
space single-drop microextraction (HS-SDME) was carried
out, under vacuum condition, for extraction of short-chain
free fatty acids [41]. A tutorial review describing and sum-
marizing all reported vacuum-assisted methods has also
been published [42].

To summarize the cited literature, in early work on
reduced-pressure SPME [26, 27], the sample had to be
exposed directly to vacuum condition. This can interfere
with accurate measurements, by sucking off the analyte
and/or sample into the vacuum system. A handmade syringe
was also used to evacuate the vacuum extractor [28, 32, 37],
limiting the vacuum level to that obtainable using human
hand force. Additionally, this compartment was prone to loss
of analytes and vacuum level reduction, due to the mov-
ing parts in this system. An amended version of this setup
was also prepared, in which the vacuum was applied more
effectively using a hand-screw clamp [33]. The same issues
also apply for the accelerated diffusion sampler [40]. All
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new versions of the VA-HS-SPME setup [29-31, 38, 39,
41] were designed to analyze liquid samples, and some of
them still used a handmade syringe instead of a vacuum
pump for evacuation. In these setups, solid samples must be
mixed with water and taken as slurry mixtures. However,
presence of water can also impair extraction by increasing
the number of molecules competing with analytes. More-
over, the vacuum chamber must be removed and cleaned
(washed) after each extraction. This increases the number of
steps and also the time of analysis. A VA-HS-SPME setup
developed to analyze solid samples [34] also suffers from
the mentioned limitations, despite its ability to analyze solid
samples. Therefore, it is vital to design a new VA-HS-SPME
system in which these problems are solved.

The aim of this work is to introduce a low-cost, simple,
reliable VA-HS-SPME setup for all types of sample, consid-
ering all the strengths and weaknesses of previously reported
setups. The new system avoids exposure of the sample to
vacuum during the evacuation period. It also enables analy-
sis of any type of solid or liquid sample, with no need to
make slurry. To the best of the authors’ knowledge, such
a system has never been reported. The new VA-HS-SPME
setup was evaluated using extraction of PAHs (as model
compounds) from contaminated soil samples, followed by
GC-FID determination.

Materials and Methods
Chemicals

Naphthalene (Nap), acenaphthene (Ace), fluorene (Fln),
phenanthrene (Phe), anthracene (Ant), fluoranthene (Flt),
and pyrene (Pyr), all > 99.0% analytical standards, were pur-
chased from Sigma-Aldrich (Germany). All other chemicals
were of analytical reagent grade and provided by Sigma-
Aldrich or Merck (Darmstadt, Germany). Standard stock
solution (1000 pg mL™") of a mixture of the seven PAHs was
prepared by dissolution of appropriate amounts in methanol.
Standard working solutions were prepared daily by appro-
priate dilutions of the stock. All standard stock and work-
ing solutions were stored at 4 °C. PDMS commercial fibers
were obtained from Supelco (Bellefonte, PA, USA) and pre-
conditioned according to manufacturer’s recommendation,
prior to first use. SPME experiments were performed using
a manual fiber holder supplied by Supelco and glass SPME
extraction vials (10, 20, and 40 mL), sealed with aluminum
caps and Teflon-coated silicone septa. For accurate transfer
of low volumes of solvents and solutions, 10-, 50-, 100-,
and 500-pL microsyringes (Hamilton, Reno, NV, USA) were
used. Real sample solutions were filtered using 0.45-pm cel-
lulose acetate filters (Sartorius, Gottingen, Germany) prior
to analysis using the ultrasound-assisted solvent extraction

(UA-SE) method. A standard sand sample was kindly pro-
vided by the National Water Research Institute of Canada
(NWRI, Burlington, Canada).

Instruments

Chromatographic separations and determinations were per-
formed using a DANI Master GC-FID (Milan, Italy) system,
equipped with a Clarity workstation (version 3.0.02.244)
and a CP-Sil PONA CB fused-silica capillary column
(50 m x 0.25 mm I.D. X 0.5 um film thickness) from Varian
(Lake Forest, CA, USA). Nitrogen and hydrogen gases with
purity of 99.999% were purchased from Pars-Havaye Alborz
Company (Tehran, Iran). A diaphragm MD4CNT vacuum
pump (Vacuubrand GmbH and Co. KG, Wertheim, Ger-
many), with 1.5 mbar ultimate vacuum, was used to evacuate
air. The sample matrices were heated using a Stuart CD162
hotplate-stirrer (Staffordshire, UK).

GC-FID Separation and Determination of PAHs

To determine the best condition for separation and quanti-
fication of PAHs, different GC-FID temperature programs
were applied and the optimal program selected. The opti-
mum program started at 100 °C and remained constant for
1 min, then the temperature was raised to 265 °C at rate
of 25 °C min~! and held constant for 13 min. Hence, the
total GC run time was 20.6 min. GC runs were conducted in
splitless mode with the injector and detector set at 280 and
300 °C, respectively. High-purity (99.999%) nitrogen was
employed as carrier at constant flow rate of 0.8 mL min~".
The flow rates of N, (makeup gas), H, and air (FID gases)
were adjusted at 25, 40, and 350 mL min~!, respectively.

Fabrication of VA-HS-SPME Setup

To fabricate a proper VA-HS-SPME setup that could
compensate for or eliminate the limitations of previously
reported setups and prevent exposure of the sample to the
headspace during the evacuation process, various innova-
tive strategies were examined. Preliminary tests were carried
out to investigate the reliability, simplicity, and construc-
tion costs of the designed setups. Finally, a 250-mL vac-
uum Erlenmeyer flask was selected as the vacuum chamber
(Fig. 1). It was fit with a silicone stopper, with a proper
septum hole in its center for injection of the SPME fiber
needle. Then, a 10-mL SPME vial was fixed at the bottom
of the vacuum chamber using silicone glue, as the sample
container. The cap of the sample container was opened and
closed using a stainless-steel rod, which had been passed
through the stopper. The lateral exit tube of the vacuum
chamber was connected to a vacuum pump through a proper
glass valve. The vacuum chamber was purged using hot dry
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Fig. 1 Schematic presentation
of the VA-HS-SPME setup; a
the sample vial cap is closed
and b the sample vial cap is
opened
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nitrogen for 24 h to remove any possible contamination and
glue volatiles. The vacuum chamber and its connections
were sealed based on Swagelok, USA qualitative standard,
to avoid any possible leak or vacuum loss.

VA-HS-SPME Procedure

To optimize the experimental variables for VA-HS-SPME
of PAHs from contaminated soil samples, standard sand
was used as model matrix. The main constituent of sand
is silica. It also contains varying amounts of different
metal oxides. Therefore, it is very similar to natural soil
and can be used as a model matrix for soil analysis stud-
ies [43]. Thus, 5 g of standard sand sample was poured
into the sample container; after closing the cap, it was
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(b)

fortified with 50 pL standard solution of PAHs to obtain
100 pg mL~! concentration, followed by proper mixing.
Then, the system was connected to the vacuum pump.
After complete air evacuation (60 s), the glass valve was
closed and the vacuum pump turned off. Thereupon, the
sample vial cap was opened using the stainless-steel rod.
Thereby, the analytes were easily released from the sam-
ple matrix and rapidly dispersed in the vacuum chamber.
Then, the SPME fiber was injected into the vacuum cham-
ber and exposed to the headspace of the sample for 20 min
at 60 °C. Finally, the SPME fiber was retracted and imme-
diately injected into the GC-FID injector for separation
and determination of PAHs. The fiber was held in the GC
injector for 60 s at 280 °C, for complete desorption of
extracted PAHs.
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Results and Discussion

After selection of the proper design and fabrication of the
VA-HS-SPME system, important experimental variables
affecting the efficiency of the VA-HS-SPME method were
evaluated and optimized. The experimental parameters
studied to determine the best extraction conditions included
extraction temperature, extraction time, desorption time,
evacuation time, vacuum level, and volumes of extraction
vial and vacuum chamber. Based on previously published
reports [34, 43], PDMS was selected as the best type of fiber
coating for extraction of PAHs.

Effect of Extraction Temperature

Extraction temperature has a bilateral effect in conventional
HS-SPME analysis. Thermodynamically, higher extrac-
tion temperature results in higher headspace concentration
of analytes, by increasing their partial vapor pressure and
Henry’s law constant. On the other hand, higher sample
temperature decreases the tendency of the fiber coating to
adsorb analytes. Therefore, there is generally an optimum
extraction temperature for HS-SPME [10], which is usually
not high enough for significant enhancement of the extrac-
tion efficiency, especially from solid samples with analytes
that are tightly attached to their native matrix. However, use
of the reduced-pressure condition can compensate for these
temperature-related problems in the HS-SPME procedure.
To study the effect of temperature on the extracted amounts
of PAHs, different VA-HS-SPME experiments were per-
formed, varying the temperature in the range of 25-80 °C.
The results (Fig. 2) demonstrated that the optimum tem-
perature for phenanthrene, fluoranthene, and pyrene (with
high boiling points) was 70 °C. In contrast, a decrease in
sensitivity was observed for naphthalene, acenaphthene, and

fluorene (with lower boiling points) with increasing sam-
ple temperature above 50 °C, while this effect occurred for
anthracene (with a medium boiling point) above 60 °C. Use
of high temperature could reduce the partition coefficients of
analytes between the headspace and fiber, because adsorp-
tion of PAHs on the fiber surface is an exothermic process.
Accordingly, 60 °C was chosen as the optimum extraction
temperature for further studies.

Effect of Extraction Time

The effect of the exposure time of the SPME fiber to the
headspace was evaluated by using different extraction times
in the range of 5-40 min (Fig. 3). The results showed that
the extracted amounts increased with increasing time up
to 15 min for naphthalene and acenaphthene, 20 min for
fluorene and anthracene, and 30 min for fluoranthene and
pyrene, then remained constant. These results show that the
equilibrium times required for complete extraction of the
PAHs increased with their boiling point. To choose a proper
extraction time, both volatile and semivolatile analytes
should be considered. Consequently, 20 min was selected
as the optimal value, suitable for all seven PAHs with dif-
ferent volatilities.

Effect of Desorption Conditions

To assess the best conditions for complete desorption of
extracted PAHs from the SPME fiber, we investigated des-
orption time in the range of 10-600 s and desorption tem-
peratures in the range of 260-300 °C. The results revealed
that 60 s at 280 °C was a suitable condition for complete
release of all analytes from the fiber.

Fig. 2 Dependence of the 1400 -
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Fig. 3 Effect of extraction time 1400 -
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Effect of Vacuum Level and Sample Vial Volume

The power of the vacuum pump was constant and could not
be controlled at different levels, but the evacuation time was
controllable. Therefore, to determine the optimal vacuum
level, we studied different evacuation times over the range
of 10-300 s. The results showed that the vacuum chamber
reached the maximum vacuum level after 30 s of pump oper-
ation. However, to obtain more reliable results, 60 s was
considered to be the best evacuation time.

To investigate the effect of the extraction vial volume,
sample vials with volume of 10, 20 and 40 mL were evalu-
ated for use in VA-HS-SPME of PAHs from sand samples.
The results demonstrated that the extraction efficiency was
inversely proportional to the volume of the extraction vial,
with the 10-mL vial showing the highest extraction effi-
ciency for all analytes. This effect can be explained base
on the effect of the sample volume on the vacuum level.
Each sample vial contains some air, which remains unaf-
fected during the evacuation because the cap of the sam-
ple vial is closed. After opening the cap of the sample vial,
this air (depending on the volume of the vial) enters the
vacuum chamber, decreasing the level of vacuum. Thus, the

10 20 30 40
Extraction time (min)

10-mL SPME vial was selected as the best choice for the
extraction vial. Similar studies were conducted to investi-
gate the effect of the vacuum chamber volume. The results
showed that the VA-HS-SPME efficiency varied in the order:
250 > 500 > 1000 ml. Therefore, 250 mL was chosen as the
best vacuum chamber volume. It is clear that decreasing the
vacuum chamber volume (which can be considered to be the
headspace volume) will increase the extraction efficiency,
similar to in traditional HS-SPME. However, it was neces-
sary to use a vacuum chamber to prevent exposure of the
sample to vacuum during the evacuation period. Addition-
ally, vacuum chambers with lower volume (< 25 mL) suffer
from mechanical limitations when fixing the extraction vial
within. Therefore, a 250-mL flask was selected as the best
vacuum chamber.

Analytical Figures of Merit

To evaluate the analytical performance of the VA-HS-
SPME/GC-FID method, linear dynamic ranges (LDRs),
limits of detection (LODs), and relative standard deviations
(RSDs) for extraction of PAHs from solid samples were
investigated, using the optimized conditions (Table 1). The

Table 1 Analytical

performance of VA-HS-SPME/ PAH LOD (ng g™ LDR (ng g} Regression equation R? ES_D6§%,
GC-FID method for extraction
and measurement of seven Nap 0.4 1.2-2000 y=0610.2x — 7.748 0.996 6.8
Egﬂ;‘;;‘f(‘igi?;ﬂlses’ under Ace 0.3 0.9-2000 y=1187x + 3.549 0.998 53

Fln 0.3 0.9-2000 y=1179x + 1.076 0.998 5.6

Ant 0.3 0.9-2000 y=4413x +3.702 0.997 6.4

Phe 0.6 1.8-2000 y=92.24x + 5.726 0.996 6.6

Flt 0.8 2.4-2000 y =44.35x + 3.697 0.996 6.8

Pyr 0.7 2.1-2000 y=46.40x + 3.983 0.996 7.1
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Table 2 Extraction and determination of PAHs in polluted soil samples using VA-HS-SPME/GC-FID and a validated UA-SE/GC-FID method

Sample Method PAHs determined (ug g™)
Nap Ace Ant Phe Flt Pyr
Soil# 1 VA-SPME/GC-FID 190.2 (7.8)* 170.9 (6.4) 80.3 (6.7) 130.9 (7.3) 21.1(5.9) 429 (8.4) 118.6 (9.1)
UA-SE/GC-FID 232.9 (8.0) 146.9 (7.4) 59.1 (8.1) 101.6 (7.5) 29.7 (7.0) 59.6 (6.1) 139.9 (10.2)
Soil# 2 VA-SPME/GC-FID 11.8 (9.2) 14.5 (7.5) 12.2 (6.4) NF° NF NF NF
UA-SE/GC-FID 13.6 (7.1) 4.1 (7.5) 2.1(7.9) NF 0.7 (7.7) NF NF

#Numbers in parentheses are RSDs of three replicate analyses
"Not found

RSDs for six replicate analyses of seven PAHs (1 pg g7')
were found to be 5.3-7.1%. The LDRs were found to lie
in the range of 0.9-2000 ng g~!, with determination coef-
ficients (R?) higher than 0.996. The LODs, corresponding to
the amounts of analyte for which the signal-to-noise ratio is
equal to 3, were found to lie in the range of 0.3-0.8 ng g~!
for the examined PAHs [44]. These results demonstrate the
good performance, acceptable precision, and high sensitivity
of the VA-HS-SPME/GC-FID procedure for extraction and
determination of PAHs in complex solid samples.

Analysis of PAHs in Real Soil Samples

As the most critical part of the study and to assess the appli-
cability of the VA-HS-SPME/GC-FID strategy for analysis
of complicated solid matrices, it was applied for extraction
and determination of PAHs in real soil samples. The results
were also compared with those obtained using a validated
UA-SE procedure [45]. The samples were collected from
different areas of a fuel station in Lorestan Petrochemical
Company in Khorramabad (located in the west of Iran). The
results, which are summarized in Table 2, showed that the

Fig. 4 GC-FID chromatograms [mv]

of seven PAHs extracted from 60 1 (a)
a real sample by a the conven-

tional HSSPME method, and S0

b the proposed VA-HS-SPME
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Time L
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150 { (b)
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&
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concentrations of PAHs obtained using the VA-HS-SPME/
GC-FID method were statistically in agreement with those
obtained using the UA-SE/GC-FID procedure. To compare
the results of the proposed VA-HS-SPME method and those
obtained by the UA-SE procedure, t test was applied. Based
on the values of ¢, for n = 3, significant differences were
not observed between the results. This demonstrates that
UA-SE is a powerful procedure for release and extraction of
VOC:s from solid matrices. However, in the VA-HS-SPME
method, interfering air molecules are evacuated (removed)
form the headspace of the sample and at the same time
release of analytes from the sample matrix is enhanced by
the vacuum. These two simultaneous phenomena signifi-
cantly improve release of analytes from sample, their quick
diffusion into the headspace, and consequent sorption by
the SPME fiber.

To demonstrate the superiority of the proposed strat-
egy over the traditional HS-SPME/GC-FID method, the
two procedures were applied for analysis of PAHs in a
real soil sample. The results showed that the VA-HS-
SPME/GC-FID method was more sensitive, precise, and
accurate. Additionally, the peaks of the PAHs obtained
by the VA-HS-SPME/GC-FID procedure had higher area
and better resolution and were sharper. These features are
clearly observable in the chromatogram, in comparison
with that obtained using the conventional HS-SPME/GC-
FID method (Fig. 4). Therefore, it is concluded that the
proposed VA-HS-SPME/GC-FID methodology can be suc-
cessfully applied for direct analysis of PAHs in compli-
cated solid samples, without any sample preparation steps.

Conclusions and Future Prospects

A simple, low-cost, reliable VA-HS-SPME device was
fabricated and evaluated for direct extraction and sensi-
tive determination of PAHs in complex solid samples. It
can be easily applied to analyze solid and liquid samples
without sample/analyte loss during the evacuation process.
Also, it does not require a slurry to be made for analysis of
solid samples, in contrast to previously reported methods.
The evacuation process is conducted using a pump with
high evacuation power and high reproducibility. Addi-
tionally, the possibility of vacuum and sample loss during
the evacuation and extraction process is nearly zero. The
reduced-pressure condition enhances release of analytes
from the sample matrix while simultaneously improving
their adsorption by the extraction phase. This effective
analyte preconcentration enables low LODs, providing a
powerful and reliable ultrasensitive method for extraction
and determination of VOCs in contaminated solid samples.
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