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Abstract

A pressure-controlled headspace solid-phase microextraction (PC-HS-SPME) setup was developed, by reconsidering the
strengths and weaknesses points of the similar reported systems. The new setup was coupled with gas chromatography—flame
ionization detection (GC—FID) for direct analysis of benzene, toluene, ethylbenzene and xylene (BTEX) in contaminated
soils, without any sample preparation step. The important experimental factors, affecting the performance of the method,
including volumes of extraction and vacuum vials, type of SPME fiber, extraction time and temperature, moisture content of
the sample, and sonication time were studied and optimized. Under the optimal conditions, good linearity of the calibration
curves (R? > 0.997) was obtained in the concentration range of 0.1-20,000 ng g~'. The limits of detections were found to
be 0.001-0.08 ng g~ . The relative standard deviations, for six repetitive analyses of 100 ng g~! BTEX, were obtained to be
5.7-12.3%. The PC-HS-SPME-GC-FID procedure was successfully applied for the extraction and determination of BTEX

in the polluted soil samples.
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Introduction

In recent decades, solvent-free microscale quantitative and
qualitative analysis methods, based on principles of green
chemistry, have attracted great attention because of their
green features [1]. Consequently, design of sustainable and
green microextraction strategies is currently a hot investi-
gating topic in a multidisciplinary area including analytical
chemistry, environmental monitoring, biology, medicine,
pharmacy and agriculture [2]. In this way, one of the most
effective efforts was carried out by introducing the solid-
phase microextraction (SPME) method in 1989 [3]. SPME
is a solvent-free sample preparation method which reduces
the steps, expense, waste and time of analyzes. Additionally,
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it can be easily automated and applied in biological studies
[4]. On the other hand, a lot of researches have been done
to improve its performance and applications, during recent
years [5]. Electrochemically enhanced SPME [6], micro-
wave-assisted SPME [7], ultrasonic-assisted SPME [8],
solvent-assisted SPME [9], total-vaporization SPME [10],
micelle-assisted thin-film SPME [11], electromembrane-
assisted SPME [12], purge-assisted headspace SPME [13],
as well as vortex-assisted magnetic dispersive SPME [14],
are new approaches that have recently been used to enhance
the efficiency of SPME.

The headspace sampling is the most common and use-
ful mode of SPME, which extracts analytes from the upper
atmosphere of sample, without contact to sample matrix.
HS-SPME has been widely used for the extraction of differ-
ent volatile and semi-volatile analytes from complex matri-
ces [15]. It occurs through a multi-step process including
partitioning of analytes between sample and headspace and
between the headspace and fiber. For most analytes, transfer
of analytes from sample into the headspace is the rate-limit-
ing step, which causes equilibrium process to be slow [16].
Agitation, sonication, microwave irradiation and heating of
the sample matrix are some of the proposed strategies to
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decrease the equilibrium duration in HS-SPME. One of the
successful innovations accomplished to promote the SPME
performance was cooling-assisted SPME, which is very effi-
cient in complicated matrices such as soil, sludge and clay,
with analytes tightly attached to their active sites [17-20].
Another efficient approach to reduce the equilibrium time
and reinforce the extraction efficiency is reduced-pressure
headspace SPME, which was firstly introduced in thin 2001
[21]. The second study was carried out in 2005 [22], by
evaluating of HS-SPME on the extraction of organotin com-
pounds by combining the effects of pressure and agitation
procedure. These studies were abandoned until 2011 that a
new HS-SPME report released about the recovery of phos-
phonate surface contaminants from glass using a vacuum
extractor [23]. This study showed that reduced pressure
reduces the boundary layer around the SPME fiber, which
reinforces analytes to trap on the SPME fiber. A research
entitled “vacuum-assisted headspace SPME” was reported
in 2012, in which the effects of Henry’s law constant on
PC-HS-SPME of polycyclic aromatic hydrocarbons (PAHs)
have been studied [24]. It demonstrated that vacuum sam-
pling significantly improves the extraction kinetics, espe-
cially for analytes with low Henry’s law constant (K};). The
PC-HS-SPME studies were continued by the extraction of
chlorophenols, as model of semi-volatile organic compounds
[25]. In another study, the PC-HS-SPME setup was down-
sized and used to extract low molecular weight PAHSs using
commercial fibers [26]. It was showed that humidity con-
tent of sample matrix decreases the extracted amounts of
PAHs with low or intermediate Ky, especially at elevated
sampling temperatures. In a recent research, a field vacuum
extractor, coupled with a portable fast-duty cycle gas chro-
matography—mass spectrometry (GC-MS), was used for
analyzing of organophosphonate compounds in vinyl floor
tile. The enhancement effect of reduced-pressure on sensitiv-
ity of HS-SPME has also been evaluated by the extraction
of aroma compounds from solid and liquid samples [27].
In a new research, the PC-HS-SPME procedure was used
to extract PAHs from solid matrices [28]. In another SPME
research, temperature-controlled HS-SPME was coupled to
PC-HS-SPME for the extraction of PAHs in sediment sam-
ples [29]. It should be noticed that in all aforementioned
studies [24-30], relatively the same PC-HS-SPME setups
have been used. This system suffers from a serious draw-
back, i.e, sample has to be directly exposed to the vacuum
condition, during the evacuation process. This phenome-
non impairs the extraction process by sucking off the lig-
uid sample or solid particles inside the vacuum system,
which causes serious errors in the results. To compensate
this effect, solid samples were necessary to be mixed with
water and taken as slurry mixtures, while water may inter-
fere with the extraction process by increasing the number of
competing molecules. Moreover, after each extraction, the
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vacuum vial must be removed and cleaned, which increases
the number of steps and time of the extraction. Therefore,
it is vital to design simple and easy-to-use PC-HS-SPME
systems, without these defects.

The aim of this study was to design, fabricate and evalu-
ate a new simple, low-cost PC-HS-SPME setup that can
prevent the sample to be exposed vacuum, during the pres-
sure reduction period. The developed setup is very simple,
operator-friendly and low-cost, with the possibility of ana-
lyzing of solid and liquid sample, without the water addi-
tion and slurry. Benzene, toluene, ethylbenzene, and xylene
(BTEX), which are among the most carcinogenic and muta-
genic species found in environment [31], were used as the
model VOCs analytes to evaluate the new proposed setup.
The PC-HS-SPME setup was coupled to gas chromatogra-
phy—flame ionization detection (GC-FID) and applied for
direct extraction and measurement of BTEX in contaminated
soils, without any sample preparation step.

Experimental
Chemicals and supplies

Pure benzene (> 99.9%), toluene (> 99.8%), ethylben-
zene (> 99.0%), and three isomers of xylene, i.e, meta-
(= 99.0%), para- (= 99.0%), and ortho-xylene (> 99.5%)
were purchased from Merck (Darmstadt, Germany). All of
the used organic solvents and slats were of the analytical
reagent grade, provided by Merck or Fluka. The standard
stock solution (1000 pg mL~!) was prepared by dissolution
of BTEX in ethanol. Fresh working solutions were pre-
pared daily by diluting the stock solution in ethanol. The
stock and working standard solutions were kept at 4 °C.
The standard sand sample was provided by the National
Water Research Institute of Canada (NWRI, Burlington,
Canada). Commercial polydimethylsiloxane (PDMS), car-
boxen/polydimethylsiloxane (CAR/PDMS), and carboxen/
divinylbenzene/polydimethylsiloxane (CAR/DVB/PDMS)
SPME fibers were obtained from Supelco (Bellefonte, PA,
USA). All SPME fibers were conditioned according to the
manufacturer’s recommendation prior to the first use. The
SPME experiments were performed using a manual fiber
holder supplied by Supelco. Glass SPME extraction vials
(10, 20 and 40 m) with screw cap and silicone—PTFE septa
were provided by Supelco. For the accurate transfer of small
volumes of solvents and solutions, 10-, 50-, 100- and 500-pL
microsyringes (Hamilton, Reno, NV, USA) were employed.

Instruments

Chromatographic separations and determinations were
carried out using a GC-2010 Plus AF Shimadzu gas



Journal of the Iranian Chemical Society (2018) 15:1051-1059

1053

chromatograph (Shimadzu, Kyoto, Japan) equipped with
a split/splitless injector (SPL-2010 Plus), a flame ioniza-
tion detector (FID-2010 Plus) and a GC solution software
(version 2.4). The separations were performed using a BP5
fused-silica capillary column (30 m X 0.32 mm X 0.25 pum).
Ultrasonic irradiation of the samples was conducted using an
18 kHz, 450 W ultrasonicator (PFO100 5RS Series, Sonica,
Italy), equipped with a temperature-controlled water bath. A
JB DV-42505 vacuum pump (J/B Industries Inc., USA), with
6 mbar ultimate vacuum power, was used for evacuation of
the vacuum chamber.

Fabrication of the PC-HS-SPME setup
A 250-mL vacuum Erlenmeyer flask was selected as the vac-

uum chamber (Fig. 1). It was fitted with a silicone stopper,
which had a proper hole in its center (suitable for a septum

Fig. 1 Schematic representation
of the PC-HS-SPME setup

Wire for Opening the Sample Vial

SPME Fiber

Sample

compatible with the needle of the SPME fibers). A 10-mL
SPME extraction vial was fixed at the bottom of vacuum
chamber using silicon adhesive, as the sample container.
Opening and closing of the sample container’s cap was done
by a stainless steel wire, which had been passed through the
stopper. Lateral exit tube of the vacuum chamber was con-
nected to the vacuum pump using a glass valve. Prior to the
first use, the vacuum chamber was purged with dry nitrogen
for 1 h to remove any possible contamination.

PC-HS-SPME procedure

For analysis of BTEX in a solid sample using the PC-HS-
SPME-GC-FID method, 2 g sample was placed into the
sample vial and its cap was closed. Then, the stopper of the
vacuum chamber was closed. The vacuum valve was opened
and the pump turned on to evacuate the chamber, while the

SPME Holder

Vacuum Control Valve

Vacuum Pump

Vacuum Chamber

Extraction Vial
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sample vial was closed and remained at atmospheric pres-
sure. After the complete air evacuation, the pump was turned
off. After that, the sample vial cap was opened using the
stainless steel wire. In this way, the pressure gradient caused
the analytes to effectively release from the sample matrix
and evaporated into the vacuum chamber. Thereafter, the
fiber’s protecting needle was injected into the vacuum cham-
ber and the fiber exposed to the headspace of the sample, for
10 min at 25 °C. Finally, the fiber was retracted and immedi-
ately injected into the GC—FID injection port for quantitation
of the analytes.

The main component of sand is silica that contains differ-
ent amounts of metal oxides. Therefore, it is very similar to
natural soil and can be used as the model matrix for optimi-
zation of soil analysis studies [17]. Accordingly, to optimize
the affecting experimental parameters, 2 g of standard sand
was placed into the sample vial and its cap was closed. A
proper volume of BTEX standard solution was spiked onto
the sand sample (to obtain the desired concentration) using
a microsyringe. Then, the sample was subjected to the PC-
HS-SPME-GC-FID strategy.

GC-FID analysis

For separation and quantification of BTEX using the
GC-FID instrument, temperatures of the injector and
detector were set at 250 and 280 °C, respectively. Nitro-
gen (purity > 99.999%) was used as the carrier gas at a
flow rate of 1 mL min~!. The flow rates of FID gases (zero
air and hydrogen) and make-up gas (nitrogen) were set at
300, 30 and 30 mL min~", respectively. The GC temperature
programming was started at 40 °C, ramped to 100 °C with
a rate of 10 °C min~! and held constant for 1 min. Then,
temperature was raised to 250 °C at a rate of 50 °C min~".
So, the total GC run time was 10 min. Quantification of the
analytes was performed using the external calibration curves
(R* > 0.99) obtained by direct injection of BTEX stand-
ard solutions with different concentration into the GC-FID
system.

Results and discussion
Type of fiber’s coating

To obtain the optimized extraction conditions, the important
experimental variables including fiber’s type, volumes of
the sample vial and vacuum chamber, extraction tempera-
ture and time, and sonication time were evaluated. Selec-
tion of fiber coating is generally the most important stage
in SPME studies, because a proper choice can improve both
the sensitivity and selectivity of the extraction. Three differ-
ent SPME fibers with PDMS, CAR/PDMS and CAR/DVB/
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PDMS extraction phases were used to extract BTEX from
solid samples. The CAR/DVB/PDMS fiber resulted in the
highest overall sensitivity and therefore was chosen to con-
tinue the study.

The effect of the extraction vial and vacuum
chamber volumes

To investigate the effects of extraction volume, 10-, 20- and
40-mL vials were evaluated. Another experiment was also
done without the extraction vial, in which the sample has
been placed at bottom of the vacuum chamber. As the results
show (Fig. 2a), the extraction efficiency varies inversely
with decreasing of the extraction vial’s volume. This fact
can be explained by considering the compensation effect of
sample vial’s volume on the applied vacuum. Each sample
vial entraps some air in it at atmospheric pressure. After the
evacuation and opening the sample vial, this air releases
into the vacuum chamber and decreases the vacuum level.
Therefore, the best extraction efficiency is obtained by the
least volume of the extraction sample (i.e., with no sample
vial), while use of sample vial is vital. If the sample is placed
directly in bottom of the vacuum chamber, the analytes or
sample will be pulled out of the chamber during the evacu-
ation. In other words, accurate analysis of solid samples
without the use of sample vial is not possible. Thus, 10-mL
SPME vial was chosen as the best choice for sample vial for
further studies.

The effect of the vacuum chamber volume on the extrac-
tion efficiency was also studied by using 250-, 500- and
1000-mL vacuum flasks for PC-HS-SPME of BTEX. The
results show that the extraction efficiency increases with
decreasing of the chamber volume (Fig. 2b). This variable
may be considered as the actual volume of the sample head-
space. Therefore, any decrease in its volume will increase
the concentration of analytes and consequently the extraction
efficiency. These results are in agreement with those previ-
ously reported for the conventional HS-SPME studies [32].

Effect of extraction temperature and time

Extraction temperature has a bilateral effect on the effi-
ciency of HS-SPME experiments. Higher extraction tem-
peratures thermodynamically result in higher headspace
concentration of analyte due to increasing of its partial
vapor pressure. On the other hand, higher sample tempera-
tures decrease the affinity of the fiber coating to adsorb
analytes. Therefore, the extraction temperature profiles
of conventional HS-SPME methods usually have an opti-
mum point [33, 34]. This optimal temperature is usually
not enough to obtain reasonable extraction efficiencies
especially in solid samples, with their analytes tightly
adsorbed to their native matrix. The reduced-pressure



Journal of the Iranian Chemical Society (2018) 15:1051-1059

1055

Fig.2 a The effect of sample
vial volume on the extraction
efficiency of PC-HS-SPME
procedure (sample: 2 g sand
containing 0.5 pg g~! of each
BTEX; vacuum chamber:

500 mL; extraction temperature:
25 °C; extraction time: 10 min)
and b the extracted amounts

of BTEX related to volume of
the vacuum chamber (sample:
2 g sand containing 0.5 pg g~!
of each BTEX; sample vial:

10 mL; extraction temperature:
25 °C; extraction time: 10 min)
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Peak Area

No vial

x 10000
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condition was anticipated to positively affect this trend,
because of its same effect as the temperature raise. There-
fore, different PC-HS-SPME experiments were performed
with varying temperatures over the range of 25-125 °C
(Fig. 3). A significant decrease in the sensitivity was
observed with increasing of sample temperature from 25
to 125 °C. These observations are on general agreement

Fig.3 Dependence of the 60
extraction efficiency on the
sample temperature (conditions:
2 g sand sample containing

0.5 pg g7! of each BTEX;
sample vial: 10 mL; vacuum 40
chamber: 250 mL; extraction
time: 10 min)

x 10000

Peak Area

20
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with the aforementioned descriptions. In PC-HS-SPME,
the interfering air molecules are evacuated from the head-
space and at the same time releasing of analytes form the
sample tissue is enhanced. These two simultaneous phe-
nomena significantly improve the release of analytes from
the sample matrix and their effective adsorption by the
SPME fiber. Therefore, raising sample temperature cannot
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further increase the analytes’ release from the matrix. On
the other hand, higher temperatures can reduce the parti-
tion coefficients of analytes between the headspace and the
fiber. This effect will be possibly smaller, in the case of
heavier and less-volatile analytes such as PAHs compared
with BTEX. Accordingly, 25 °C was chosen as the optimal
extraction temperature for further studies.

The exposure time of the fiber to the headspace was also
evaluated by using different extraction times (1-60 min).
The results revealed that the extracted amounts of BTEX
increased with increasing of extraction time up to 10 min
and then remained constant (Fig. S-1). Therefore, 10 min
was selected as the extraction time for further PC-HS-
SPME experiments.

Comparison of the PC-HS-SPME procedure
with conventional HS-SPME

In order to provide the experimental evidences on
improvement of the HS-SPME efficiency, under the
reduced-pressure condition, different samples containing
varying amounts of BTEX were analyzed using the devel-
oped method in both atmospheric- and reduced-pressure
conditions (Fig. 4). The results show that amounts of the
extracted analytes using PC-HS-SPME are on average
nearly two times higher than those obtained by the con-
ventional HS-SPME method.

Fig.4 Comparison of the
PC-HS-SPME method with
traditional HS-SPME for the
extraction of BTEX firm solid
samples, under the similar

x 10000

Analytical performances

To evaluate the quantitative figures of merit of the PC-HS-
SPME-GC-FID method, linear dynamic ranges (LDRs),
limits of detection (LODs) and relative standard deviations
(RSDs) were investigated under the optimized experimen-
tal conditions (Table 1). RSDs for six replicate analyses
(100 ng g~! of BTEX) were found 5.7-12.3%. LDRs and
LODs were obtained to be 0.1-20,000 (R > 0.99.) and
0.001-0.08 ng g~ !, respectively. Fig. S-2 shows the calibra-
tion curves for extraction and determination of BTEX using
the PC-HS-SPME-GC-FID method.

Analysis of contaminated soil real samples

The developed setup was applied for the extraction and
determination of BTEX in three contaminated soil samples.
The samples were collected from the area of a gas station
in Khorramabad City (Lorestan, Iran). The results were
also compared with those obtained by an validated ultra-
sonic-solvent extraction method coupled to GC-FID (USE-
GC-FID) [35]. The statistical tests showed that the results
of the PC-HS-SPME-GC-FID procedure are in agreement
with those achieved by the USE-GC-FID method (Table 2).
A sample GC-FID chromatogram of BTEX, extracted from
a contaminated soil sample (real sample No. 2) using the
PC-HS-SPME procedure, is shown in Fig. 5.

conditions
©
o
<
-
©
[}
(-9
VA-HS-SPME HS-SPME
Sampling Method
Table 1 Analytical figures Analvt Eaquati LDR -1 R? LOD -1 RSD% (n=6
of merit for BTEX extracted natyte quation (ngeg™) (ngeg™) 6 (n )
from solid samples using the B y=7402.1x + 10297  1-20,000 0.9982 0.01 95
PC-HS-SPME method under T y = 4804.2x + 3702 1-20,000 0.09978  0.02 5.7
the optimized conditions
E y = 3025.8x + 9561 1-20,000 0.9976 0.08 73
m,p-X  y=4140.4x + 8476 0.1-20,000 0.9958 0.001 12.3
o-X y=2850.5x + 11953 0.1-20,000 0.9956 0.001 8.9
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Table 2 Extraction and determination of BTEX in contaminated soil
method

samples using PC-HS-SPME-GC-FID and a validated USE-GC-FID

Sample Added Determined (ug g~") by

(ngg™

Soil 1

Soil 3

PC-HS-SPME-GC-FID USE-GC-FID

B T E m, p-X 0-X B T E m, p-X 0-X
0 0.7 (3.6)* 2.7 (4.3) 11.5(5.1) 15149 56(0.1) 06(72) 25(74) 100(74) 16009.7) 6.0(12.2)
1 1.5(4.8) 3.3(6.1) 13(9.3) 159(9.3) 69(7.7) NP NF NF NF NF

Soil 2 0 1.8(7.8) 1.1(5.9) 2447 3149 3815 177 0942 21005 340.1) 410117

1 2643) 23(104) 3.1(6.00 29(7.1) 4.1(6.8) NF NF NF NF NF
0 0.79(9.9) 28(5.3) 72(6.8) 6.7(5.0) 6.7(12.1) 0.6(8.5) 3.0(83) 68(6.9) 54(6.8) 6.1(4.38)
1 0967 41@®8.7) 85(43) 79@.6) 75(11.0) NF NF NF NF NF

4RSD based on three replicated experiments
*Not found

u¥ix1.000)

b B R

m,p-X =

ERELREBE&GE

-
tn

-
b

. LA

25 5D 75 10D

&

Fig.5 GC-FID chromatogram of BTEX in a contaminated soil (real
sample No. 2), extracted by the PC-HS-SPME procedure

Conclusion and future remarks

By reconsidering the strengths and weaknesses points
of the reported systems, a simple, low-cost, and effec-
tive PC-HS-SPME setup was fabricated. It was coupled
to GC-FID and evaluated for the direct extraction and
ultrasensitive determination of BTEX in soil samples,
without any sample pretreatment step. On the contrary to
the developed PC-HS-SPME systems, the new device is
able to analyze both liquid and solid samples, without loss
during the evacuation process. It may be easily coupled
with different SPME configuration such as fiber SPME
with commercial fibers or handmade nanofibers, needle
trap device (NTD), inside needle capillary adsorption trap
(INCAT) device, fiber-in-needle SPME, as well as different

liquid-phase microextraction (LPME) modes. The PC-HS-
SPME-GC-FID setup provides a reliable and reproducible
ultrasensitive method for the extraction and determina-
tion of VOCs in complicated solid samples. However, the
results showed relatively high RSDs for methodology. It
was successfully applied to measure BTEX in polluted
soil samples and the results showed good agreement, com-
pared with those obtained by a validated USE-GC-FID
procedure.
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