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Abstract

This research introduces a novel solid-phase microextraction technology, in which the features of heating of sample, cool-
ing of sorbent, and extraction under vacuum condition have been merged. Heating-, cooling- and vacuum-assisted solid-
phase microextraction (HCV-SPME) method was developed as an efficient solution for the direct extraction of volatile
and semi-volatiles species in complex solid samples. HCV-SPME was coupled with an in-needle capillary adsorption trap
(HCV-INCAT) and applied to the direct extraction of polycyclic aromatic hydrocarbons (PAHs) within soil samples. It
consisted of polythiophene/carboxylic acid modified multi-walled carbon nanotube nanocomposite, which was synthesized
and wall-coated within a platinized stainless-steel needle via electropolymerization. The influential experimental variables
(desorption conditions, sample temperature, adsorption temperature, sampling flow rate, and vacuum level) on the extraction
efficiency were optimized. The developed HCV-INCAT technique was used in conjunction with GC-FID and applied for the
extraction and determination of PAHs in contaminated soil samples, closely matching with those obtained using a validated
ultrasonic-assisted solvent extraction procedure. Under the optimal conditions, linear dynamic ranges, limits of detection,
and relative standard deviations were obtained 0.007-5 ug g~', 8-20 pg g~', and 7.1-12.1%, respectively, for direct extrac-
tion of naphthalene, fluorene, phenanthrene, fluoranthene, and pyrene from solid samples.

Keywords Heating-, cooling- and vacuum-assisted solid-phase microextraction - In-needle capillary adsorption trap -
Polycyclic aromatic hydrocarbons - Soil

Introduction

Relying on the unique features of solid-phase microextrac-
tion (SPME) as a solvent-less and green analytical method,
different configurations have been developed in recent years
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nanotubes (PANI/MWCNTSs) [8]. There is also a steadily
expanding range of sorbents for SPME being developed
utilizing conducting polymers, such as polypyrrole, poly-
aniline and polythiophene [9, 10]. Among these promising
conducting polymers, polythiophene has attracted consid-
erable interest over the past years in different applications,
owing to its high electrical conductivity and environmental
stability [11]. On the other hand, MWCNTs, have gener-
ated extensive research interest, because of their excellent
properties of high electrical conductivity, high surface area,
and mesoporosity [12]. In comparison with the commercial
SPME sorbents, CNTs exhibited better thermal stability and
longer life span. They can be coated as thin film directly onto
metal substrates, leads to better chemical and mechanical
resistance than fused silica.

Besides, proper functionalization of CNTs can and
improve their analyte selectivity.

Different methods have been introduced for preparation
of polymer/MWCNT composites, including solution/melt
processing and in-situ polymerization [13]. However, the
preparation of the polymer/MWCNT composites using elec-
tropolymerization of monomers is an economical approach,
which has recently gained popularity. This approach can
create a thin film of conductive polymer on the substrate
surface, which enfolds the other constituents of the compos-
ite [14]. The physical characteristics of the coating can be
controlled more easily using this procedure.

Broadly speaking, it is difficult to analyze solid samples,
such as soil, sediment, and plant due to the strongly adsorbed
nature of the analytes, within a solid and complex matrix.
For effective extraction, the analytes should be released from
the native sites, diffuse to the gaseous phase and concen-
trate on the extraction phase [15]. A few different solutions
have been proposed and few corresponding modifications
made in SPME to overcome this problem. One of the most
promising approaches is to cool down the extraction phase
and heat the sample matrix simultaneously. This can pro-
vide a wide temperature gap between the sample matrix and
the extraction phase. Heating of the sample improves the
release of analytes, while cooling of the sorbent enhances
their trapping [16]. Consequently, this enhances sensitivity,
lowers detection limits and increases extraction efficiency
of analytes, especially for more volatile species. Another
approach to promote the extraction efficiency and reduce the
equilibrium time is exposing the sample matrix to reduced-
pressure conditions [17]. During recent years, few reports
have demonstrated the significant positive effect of reduced-
pressure on the extraction efficiency of organic compounds
in liquid and solid samples [18].

In this research, the synergistic effects of three strate-
gies (i.e., heating of sample matrix, cooling of sorbent, and
expose sample matrix to vacuum) were merged into a novel
technique named heating-, cooling- and vacuum-assisted
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solid-phase microextraction (HCV-SPME). To evaluate the
reliability and performance of this method, an in-needle cap-
illary adsorption trap (INCAT) was prepared and applied
within the new HCV-INCAT format. To prepare the INCAT,
a PT/MWCNT-COOH nanocomposite was coated on the
interior surface of a platinized stainless-steel needle using a
flow-through in-situ electropolymerization method. Naph-
thalene, fluorene, phenanthrene, fluoranthene, and pyrene
(with boiling points located at the start, middle and end of
the boiling point range of PAHs) were chosen as the model
analytes. The HCV-INCAT setup was coupled to GC-FID
and applied for the extraction and measurement of the PAHs
in contaminated soil samples. The results demonstrated that
HCV-INCAT-GC-FID was a simple, sensitive, and robust
extraction method for the determination of the PAHs (with
a wide range of the boiling points) in complex solid sam-
ples. Low limits of detection, wide linear dynamic ranges,
short sampling time, and high extraction capability due to
dynamic extraction are some of the advantages of the devel-
oped procedure. Also, the results were in agreement with
those obtained by a validated ultrasonic-assisted solvent
extraction procedure [19].

Experimental
Reagents and Supplies

The PAHs (naphthalene, Nap; fluorene, Flr; phenanthrene,
Phe; fluoranthene, Flt; and pyrene, Pyr), with purities higher
than 99% were purchased from Sigma-Aldrich (Buchs,
Switzerland). All inorganic acids and bases and organic
solvents were of analytical reagent-grade and provided by
Merck (Darmstadt, Germany). MWCNTSs (purity > 90%,
110-170 nm diameter and 5-9 pm length) was purchased
from Sigma-Aldrich. Extra-pure thiophene (99.5%) and
potassium hexachloroplatinate (K,PtCls) were purchased
from Merck. Standard sand was provided by National Water
Research Institute of Canada (Burlington, Canada). A stock
solution (1000 pg mL~") was prepared by dissolving appro-
priate amounts of the PAHs in methanol. The working stand-
ard solutions were prepared by diluting the stock solution
weekly. The stock and working standard solutions were kept
at4 °C.

Instrumentation

A Shimadzu GC-2010 Plus/AF gas chromatograph
(Kyoto, Japan) was employed for separations and quan-
tification of the analytes of interest. The GC system
was equipped with a HP-5 fused silica capillary column
(I5 mx0.32 mm x 0.5 um), a flame ionization detec-
tion system (FID-2010 Plus) and a split/splitless injector
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(SPL-2010 Plus). It was run with GC solution software
(version 2.4). The chromatographic separations were con-
ducted using an optimized column temperature program.
It started at 100 °C and remained constant for 1 min.
Then, temperature was increased to 240 °C with a rate of
20 °C min~! and held constant for 2 min. Finally, the tem-
perature was raised to 280 °C with a rate of 30 °C min™!
and held constant for 3 min. The injector and detector
were set at 280 °C. The GC-FID runs were conducted in
split mode with a split ratio of 1/10. High purity nitro-
gen (99.999%) was used as carrier gas at a flow rate of
1 mL min~!. The flow rates of air, hydrogen, and makeup
gases were adjusted at 300, 30, and 30 mL min~!, respec-
tively. Stainless-steel needles (21-Gauge, 12 cm L,
0.7 mm 1.D., 0.9 mm O.D) were purchased from Vita
Needle Co. (Needham, MA, USA) and used for fabrica-
tion of the INCAT device. A side hole was created 3 cm
from the tip of the INCAT needle. The carrier gas enters
the INCAT via side-hole and carries the thermally des-
orbed analytes into the GC column. Fourier transform
infrared spectra were recorded by an FT-IR 8400 spec-
trometer (Shimadzu) in transmittance mode and employed
to characterize the functional groups of the nanomateri-
als. The surface morphology of the PT/MWCNT-COOH
nanocomposite was studied using a CM 120 Vega-Tescan
(Brno, Czech Republic) field-emission scanning electron
microscope (FE-SEM). The cooling setup was fabricated
as described previously [16]. To evacuate the vacuum
chamber a DV-42505 vacuum pump (J/B Industries Inc.,
USA) with 6 mbar ultimate vacuum was used. A Flexi-
flo Enternal peristaltic pump (Ross Products, Columbus,
Ohio, USA) was used for circulating the sample head-
space through INCAT.

Stainless steel needle

=

Stainless steel <
needle
PTRAIWONT ¢
suspension

Synthesis of the Nanocomposite and Fabrication
of the Microextraction Device

As the first step, the surface of MWCNT was modified by
functionalization with carboxylic groups. For this purpose,
MWCNTs were treated with concentrated nitric acid and
refluxed for 48 h along with constant stirring [20]. The
prepared MWCNT functionalized with —-COOH groups
(MWCNT-COOH) was then rinsed with pure water con-
secutively until its pH became neutral. Finally, it was dried
under vacuum condition for 12 h at 100 °C. According to
our previous experiences, the interior surface of the INCAT
needle was platinized to create a cohesive, porous, and
mechanically/chemically resistant coating’s substrate [21].
A two-electrode system coupled to a flow-through sys-
tem was carried out for electropolymerization of the PT/
MWCNT-COOH nanocomposite on the interior surface of
INCAT (Fig. 1). For this purpose, 0.1 g thiophene and 0.3 g
modified MWCNT was mixed in 30 mL acetonitrile, inside
a 40-mL vial with a plastic crimp cap and silicon/Teflon
septum. The vial cap was closed, and the mixture dispersed
using the sonicator. The tips of the platinized needle and a
similar normal needle were passed through the vial’s septum
and immersed into the suspension. The ends of two needles
were connected to the peristaltic pump. The INCAT needle
and normal needle were connected to a DC power supply
(2 V), as the working electrode and the counter electrode,
respectively. Then, the suspension was circulated through
the INCAT for 15 min at a flow rate of 7.5 mL min~'. The
suspension was continuously stirred during the electropoly-
merization process. Afterwards, INCAT was removed and
the electrodeposited coating of its outer surface was scraped,
and it was washed with water and methanol three times, to
remove any possible pollution and remaining monomers. In
the final step, the INCAT coated by PT/MWCNT-COOH

Fig. 1 Schematic representation of the flow-through electropolymerization setup (A) and the INCAT device (B)
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was conditioned under the nitrogen atmosphere for 1 h at
200 °C.

Characterization of the Synthesized Nanocomposite

The prepared nanocomposite was characterized using both
SEM and FT-IR. The SEM images of PT and PT/MWCNT-
COOH are shown in Fig. 2a—d. The tubular structures of
MWCNT-COOH and their irregular arrangement are clearly
depicted in Fig. 2c and d. As shown, MWCNTs are enfolded
into the PT layers, as the in-situ electropolymerization is
undergoing. The interactions between PT and MWCNTs
are mostly non-covalent, of the dipole—dipole type. Indeed,
intermolecular forces are caused by interaction between
—OH and —COOH groups of MWCNTs and bipolaron system
on PT, which is due to delocalization of electrons on sulfur
atoms in the thiophene rings [22]. On the other hand, the
modified MWCNT carries negative charges, and therefore
thiophene can be easily doped into the carbon nanotubes.
This makes the nanocomposite more porous and increases
its effective surface [23]. This structure is suitably selective

Fig.2 SEM images of the PT
(a, b) and PT/MWCNT-COOH
nanocomposite (c, d)

SEM HV: 15.0 kV
View field: 17.3 ym Det: SE
SEM MAG: 12.0 kx _ Date(m/dly): 10/11117

SEM HV: 15.0 kV WD: 15.87 mm
View field: 8.30 ym Det: SE
SEM MAG: 25.0 kx Date(m/dly): 10/11/17
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for the adsorption of organic polar and semi-polar analytes.
The remarkable porosity and high surface area of the nano-
composite guarantee faster mass transfer and high adsorp-
tion capacity for trapping of PAHs. These characteristics
are enhanced by the platinization of the sorbent substrate,
as well its mechanical and chemical stability, more dura-
bility and longer lifetime. The functional groups of PT,
MWCNT and PT/MWCNT-COOH nanocomposite were
investigated by recording their FT-IR spectra in transmis-
sion mode (Fig. S1). The vibrational modes of ~3470 ~ 1743
and ~ 1647 cm™" in the MWCNT structure indicate the O-H,
C=0 and C=C bonds, respectively. The aromatic stretching
bands in the PT structure are observed at 1649, 1548, 1317,
and 1201 cm™'. The strong absorption bands, attributed to
the C—C vibration, are seen at 1122 cm™'. A very strong
absorption at 786 cm™! is assigned to the out of the plane
vibration of C-H in 2,5-disubstituted thiophene ring (due to
a-a' polymerization). The weak band at 724 cm™' ascribed
to the C—H out of plane vibration of the mono substituted
thiophene ring, which indicates a high degree of polym-
erization. The stretching vibration band attributed to C-S

WD: 15.82 mm

View field: 2.59 ym Det: SE 500 nm
SEM MAG: 80.0 kx  Date(m/dly): 10/11/17

MIRA3 TESCAN

Lorestan University Lorestan University

MIRA3 TESCAN| SEM HV: 15.0 kV WD: 15.88 mm MIRA3 TESCAN
View field: 3.77 pm Det: SE 1pm

SEM MAG: 55.0 kx  Date(midly): 10/11/17

Lorestan University Lorestan University
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bond appears at 629 cm™'. The peaks seen at 1740, 3397 and
1630 cm™! are related to the interaction of PT and MWCNT-
COOH in the PT/MWCNT-COOH structure. Comparison
of PT and PT/MWCNT-COOH spectra demonstrates that
the peaks 635, 1247, 1122 and 615 cm~! are assigned to
C=C asymmetric stretching vibration, C—H bending, C-H
in-plane deformation, and C—S—C ring deformation, respec-
tively, in the thiophene ring.

The Sampling Procedure

A 250-mL glass chamber with thick walls (suitable for
vacuuming) was fabricated as the vacuum chamber
(Fig. 3). It was equipped with two glass valves for cleaning
(by nitrogen flow) and vacuuming. Solid sample (5 g) was
placed inside a 10-mL SPME vial, as the sample container,
its cap was closed and fitted at the bottom of the vacuum
chamber. Opening of the sample container was done by a
special screw lever. Two holes, proper to accommodate
GC septum, were embedded in the upper cap of the vial
for injection of the INCAT and the normal needle. The
cap of the vacuum chamber, the screw lever and the fixing
base of the extraction vial were made of Teflon to avoid
unwanted adsorption of the analytes. The vacuum cham-
ber was purged with dry nitrogen for 30 min to remove
any possible contamination, prior to analysis. The cooling
capsule was fixed at the top of the chamber and INCAT
was fitted inside it. Then, the chamber was placed into a
sand-bath to control extraction temperature. The ends of
the INCAT and the normal needle were connected to the
peristaltic pump to recirculate the headspace of sample,
in the extraction step. To evacuate the chamber the glass

|— Air molecules

PAHs Open valve

Sample Temp. 25°C

Applying the vacuum, cool, heat

valve was opened, and the vacuum pump turned on. When
vacuum reached to its maximum level, the glass valve was
closed, and the pump turned off. Thereupon, the sample
vial’s cap was opened using the screw lever. In this way,
the analytes easily released from the solid sample and rap-
idly dispersed in the chamber. Then, the peristaltic pump
was switched on to recirculate the headspace through the
INCAT. After completion of the extraction, the peristaltic
pump was switched off and the INCAT was removed. It
was immediately capped with a septum and injected into
the GC injector for the separation and quantification of
the analytes.

Analysis of Real Soil Samples Using
the Ultrasonic-Assisted Solvent Extraction Method

The developed HCV-INCAT-GC-FID procedure was
employed for the sampling and determination of PAHs in
contaminated soil samples and the results were compared
with a validated ultrasonic-assisted solvent extraction
method coupled with FC-FID (UA-SE-GC-FID) method
[24]. For this purpose, 5 g of soil sample was mixed with
5 g dry calcium sulfate. Then, 50 mL dichloromethane was
added. The mixture was sonicated for 10 min (50 °C) to sus-
pend the contents and release the analytes from the sample
matrix. The mixture was then transferred to a conical Teflon
tube and centrifuged for 10 min at 4000 rpm. The super-
natant solution was decanted and filtered using a 0.45 mm
membrane filter. Finally, the solution was made up to volume
in a 50-mL volumetric flask and stored at a fridge until the
chromatographic analysis.

INCAT Temp. : 0 °C

Close valve

Sample Temp. : 60 °C

Fig.3 The schematic diagram of the CHV-INCAT-ME setup in evacuation and extraction positions
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Results and Discussion
Optimization of the Experimental Variables

Sand contains different amounts of various metal oxides
and its composition is like soil and sediment. Conse-
quently, it can be used as a suitable model matrix prior to
the analysis of soil samples [25]. Therefore, to optimize
the experimental variables standard sand was used as the
model matrix and spiked with predetermined volumes of
the PAHs standard solutions for the optimization process.
For this purpose, the sample was placed inside the extrac-
tion vial and its cap was closed. Then, a certain volume
of the standard solution (1000 ppm) was injected into the
vial. After manual shaking for 1 min, the vial was left
in room temperature for 24 h for complete equilibration
between the model sample matrix and the analytes.

To achieve the highest possible efficiency, the main
parameters influencing the HCV-INCAT performance,
including desorption conditions, sample temperature
(heated zone), temperature of the INCAT (cooled zone),
sampling flow rate, and extraction time were investigated.
Desorption conditions have a remarkable influence on
sorbent lifetime and carryover effects. Therefore, first the
desorption temperature and time were optimized to ensure
the complete desorption of analytes from the sorbent, as
well as to have access to the highest possible recovery.
Desorption temperature was evaluated at 200, 240, 260,
and 280 °C. The results indicated that 280 °C led to sat-
isfactory results with RSDs less than 3%. Subsequently,
evaluation of desorption time was carried out at 1, 2, 3 and
4 min. The results demonstrated that the complete desorp-
tion occurred within 2 min.

Influence of Sample and Sorbent Temperatures

Sample matrix temperature is a key parameter that affects
the performance of headspace-based sampling methods.
Therefore, the HCV-INCAT efficiency was studied by
changing sample temperature in the range of 25-100 °C,
while the temperature of the INCAT was kept constant
at 0 °C. According to the results (Fig. S2), the extraction
recovery increased by raising temperature from 25 to 60 °C
and then remained constant. This trend can be explained
when simultaneously considering the heating, cooling, and
vacuum effects. The INCAT sampling involves equilibra-
tion of the analytes between sample matrix/headspace and
headspace/INCAT sorbent with the partition coefficients
of Kgys and Kygncat> Tespectively. Increasing sample
temperature enhances Kg,;g by improving the release of
analytes from sample matrix, while it has a bilateral effect
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on Kygncar- Rising temperature increases the extraction
efficiency of the INCAT sorbent by increasing concentra-
tion of analytes in the headspace, while further increase in
temperature heats the sorbent and decreases its tendency
to adsorb analytes, due to exothermic nature of adsorp-
tion. Therefore, in the temperature profile of conventional
headspace sampling, there is usually an ascending region,
a maximum point and a descending part, respectively [26].
In contrary, the temperature profile of cooling-assisted
sampling has a continuously ascending trend due to cool-
ing of the sorbent. In fact, cooling-assisted strategy was
developed to overcome this limitation and has made pos-
sible the use of high temperatures in headspace sampling
[27]. However, in this case, the temperature profile showed
a constant region after the increasing zone that seems to be
related to the vacuum effect. Applying a vacuum improves
the diffusion rates of the analytes and their release of ana-
lytes from the matrix, as well as trapping efficiency of the
sorbent by removing the air’s interfering molecules. There-
fore, it seems that vacuum provides a synergistic effect
with both cooling of the sorbent and heating of the sample,
and so improves their effectiveness. The temperature of the
INCAT was optimized over the range of —10 to+ 10 °C,
under the reduced pressure conditions. The experimental
results showed that 0 °C resulted in the maximum peak
area for all PAHs (Fig. S3). Applying temperatures lower
than — 10 °C caused ice particles to appear on the surface
of INCAT and reduced the analyte extraction, especially
for soil samples with high moisture contents. Thus, 0 and
60 °C were selected as the optimum temperatures of the
sample and INCAT for further experiments.

Effect of Sampling Time and Flow Rate

Sampling flow rate is a compromising factor between sam-
pling time and sorption kinetics in dynamic sampling. The
effect of sampling flow rate on the extraction efficiency of
the HCV-INCAT method was investigated over the range
of 1.0-22.3 mL min~'. It was seen that increasing sam-
pling flowrate up to 6.25 mL min~"' raised the extraction
efficiencies, while further increase in flowrate caused a
slight decrease in the peak areas for most of the analytes
(Fig. S4). Therefore, 6.25 mL min~! was selected as the
optimal sampling flow rate. This amount can rationally be
considered as the breakthrough volume (BTV) for the HCV-
INCAT sampling strategy. To investigate the effect of extrac-
tion time, the HCV-INCAT approach was evaluated using
different sampling times over the range of 1-30 min. The
results revealed that the peak areas increased by increasing
of extraction time up to 10 min and then remained constant
(Fig. S5). Compared to the similar studies this sampling time
is remarkably low for soils samples, which demonstrated
a considerable advantage in routine extraction laboratories
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[7]. It can be deduced from the results that the reduced pres-
sure conditions, along with the heating/cooling processes
dramatically improved the extraction kinetics and reduced
the equilibration time. Based upon these results, 10 min was
chosen as the optimal time for the extraction of PAHs using
the HCV-INCAT-GC-FID method.

Comparison of the Developed Method
with the Traditional Sampling Procedures

To investigate the credibility and applicability of the HCV-
INCAT method, it was compared with conventional INCAT,
VA-INCAT, and CA-INCAT procedures for analysis of
PAHs in solid samples. The results showed that the extracted
amounts of analytes using HCV-INCAT are on average two
to three times higher than the other methods, due to the use
of three reinforcement factors of cooling of the sorbent, heat-
ing of the sample, and extraction under vacuum condition
(Fig. 4). This represents a significant improvement in these
well-developed individual approaches. As the results show
CA-INCAT and VA-INCAT procedures more efficient than
conventional INCAT method. The CA-INCAT is basically
used for the analysis of volatile compounds in solid samples,
while VA-INCAT it more suitable for semi- and non-volatile
analytes. Therefore, it can be concluded that HCV-INCAT
sampling strategy is efficient for the analysis of organic ana-
lytes with a wide range of volatility in complicated solid
matrices, as demonstrated herein for the five PAHs (the rep-
resentative of PAHs with a wide range of boiling points).

[u—y
(]
J

mNap = Flr Phe

[
=]
1

x 100000

Peak Area (a.u.)

INCAT VA-INCAT

Additionally, to survey the extraction ability of the PT/
MWCNTs nanocomposite, it was compared with PDMS and
C,g (as the most commonly used commercial sorbents), as
well as PT. The results (Fig. S6) showed that the proposed
nanocomposite sorbent is more efficient than the tested
commercial sorbents for the extraction of PAHs using the
HCV-INCAT. The analytes of interest, can interact with
MWCNTs and functional groups on polythiophene in the
sorbent structure through n—x and polar—polar interactions
[28]. Additionally, possessing a porous structure provides
higher specific surface area and loading capacity. These fea-
tures make the coating more capable to contribute in t—x and
polar—polar interactions.

Method Validation

The performance and practical applicability of the HCV-
INCAT-GC-FID method for extraction and analysis of
PAHs under the optimized experimental conditions were-
investigated. To evaluate figures of merit of the proposed
method, linear dynamic ranges (LDRs), limits of detection
(LODs), limits of quantitation (LOQs), and relative standard
deviations (RSDs) were calculated (Table S1). RSDs for six
replicate analyses (1 pg g~! of the PAHs) were calculated
7.1-12.1%. Linear dynamic ranges (LDRs) were obtained
over the range of 0.007-5 ug g~!, with determination coef-
ficients (R?) higher than 0.99. The LODs and LOQs were
found to be 8-20 pg g~! and 0.007-0.09 pg g~!, respectively.

m Flit m Pyr
I
I
CA-INCAT CHV-INCAT

Fig.4 Comparison of CHV-INCAT with CA-INCAT, VA-INCAT and conventional INCAT methods under the optimal experimental conditions
(separation and determination of the analytes was done using GC-FID, All experiments have been repeated at least three times)
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Analysis of Contaminated Soil Real Samples

To evaluate the applicability of the HCV-INCAT-GC-FID
procedure for the direct extraction and determination of
PAHs in solid samples, it was used for the analysis of three
real soil samples, collected from the areas of storage stations
of oil products in Lorestan Province (West of Iran). The real
samples were also analyzed using a validated ultrasonic-
assisted solvent extraction method coupled to GC-FID (UA-
SE-GC-FID). To more ensure the reliability of the method,
each of the samples was also spiked with 0.5 pg g~! of the
analytes and subjected to the HCV-INCAT and UA-SE pro-
cedures, three times (Table 1). To certify the agreement
between the results of the two methods, statistical ¢ tests
were done. The results demonstrated no significant differ-
ences between the obtained results at 95% confidence limit
(p=0.05). Generally, matrix effect influences RSDs values

in all complicated real samples. However, in this work the
matrix effect did not affect the results significantly, except
few cases for more volatile analytes. Figure 5 shows a typi-
cal GC-FID chromatogram, obtained after HCV-INCAT
extraction of the PAHs from a soil sample in spiked and
non-spiked conditions.

Comparison of the Proposed Procedure
with Published Reports

To assess the reliability of the HCV-INCAT-GC-FID pro-
cedure, its analytical performances (including sorbent type,
extraction time, sample temperature, LOD, LDR and RSD)
were compared with the other important previously pub-
lished reports [7, 16, 18, 25, 29-32] for the extraction and
determination of PAHs (Table 2). Among the studied meth-
ods, HCV-INCAT has wider linearities for the examined

Table 1 Direct determination of PAHs in real soil samples using the CHV-INCAT-GC-FID and the validated UA-SE-GC-FID methods

Sample Added (ug g~') PAHs determined (ug g~")

MAR-INCAT-GC-FID UA-SE-GC-FID
Nap Flt Phe Flr Pyr Nap Flt Phe Flr Pyr
Soill 0O 0.7(104) 1.1(3.6) 1.33(16.0) N.FE* 1.5(117) 05@3.5) 1.0@3.6) 1.7(38) NF 1.1 (1.7)
0.5 1.1(6.8) 1429 19(203) 0562 2108 1046) 14@21) 2308 0454 1.7(1.8)
Soil2 0 1.8(6.2) 0903 11(10.7) NF N.F 1.4(6.5) 09@23) 08(0.7 NF N.F
0.5 25(122) 1.6(12.7) 140.1) 04(.2) 05133 1.722) 137 15(.1) 0442) 04(.3)
Soil3 0 05(11.7) 1.6(18.7) NF 1.3(10.3) NF 0.7(.7 1347 NF 1.9(.3) NF
0.5 08099 24@82) 040.1 1970 04122) 1329 2042 06@3.1) 23359 05812
*Not found
o W{x10.000)
[omsbogea
] T B O e B T T e PP PP EOEE
Phe
20 it Flr i
e o]
10 a<—
00 L 2

80 9 100 110 120 130 M0 ma

Fig.5 GC-FID chromatogram of PAHs extracted form a contaminated soil (real sample No. 3), extracted by the CHV-INCAT procedure, a) real

sample and b) real sample spiked with 0.5 pg g=! of the analytes
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Table 2 Comparison of the CHV-INCAT-GC-FID analytical performances with other similar methods for the extraction and determination of

PAHs
Method Sorbents LOD LDR Ext. Ext. temp. (°C) RSD (%) References
time
(min)
CA-INCAT-GC-FID* PANI/MWCNTs  0.002-0.02 ng g™! 0.1-30,000 ng ¢! 10 100 7.7-11 [7]
CHA-HS-SPME-GC-FID* PDMS 0.47-0.89 ng g~ 0.0015-10ngg™! 10 150 5.9-104 [16]
VA-HS-SPME-GC-MS*® PDMS 0.013-0.027 g L™ 0.01-0.03 pg L™ 30 25 1.3-5.8  [18]
VA-SPME-GC-FID PDMS 0.3-0.8 ng g~ ! 0.9-2000 ng g~! 20 60 53-7.1  [25]
INCAT-GC-MS! PA/SBA-15 0.001-0.005 ng mL ™! 0.01-20 ng mL~! 20 55 42-10.2 [29]
CF-HS-SPME-GC-FID® PDMS 0.3-3.0pg g~ 0.001-1000 pg g~! 40 150 7.5-21.5 [30]
HS-SPME-GC-MS PPy/SBA15 3-20 pg mL~! 0.01-10 ng mL~! 20 70 5.0-93 [31]
CHaME-NTD-GC-FID! Am-Si/GO/Cot  0.005-0.038 ng g 0.0012.0ug g™ 20 130 6.2-9.8  [32]
CHV-INCAT-GC-FID PTh/MWCNTs 820 pg g~ 0.007-5 pg g—1 10 60 7.1-12.1  This work

4Cooling-assisted in-needle capillary adsorption trap coupled with GC-FID

bCooling/heating-assisted headspace solid-phase microextraction with GC-FID

“Vacuum-assisted headspace solid-phase microextraction with GC-MS
YIn-needle capillary adsorption trap coupled with GC-MS

¢Cold-fiber headspace solid-phase microextraction coupled with GC-FID

fCooling/heating-assisted microextraction instrument using a needle trap device coupled with GC-FID

PAHs. Lower limits of detection, shorter sampling time,
and lower extraction temperature are other features of the
developed strategy.

Concluding Remarks

A simple, reliable, and ultrasensitive HCV-INCAT setup and
strategy was developed and evaluated for the direct extrac-
tion of PAHs in complicated solid samples. To enhance the
release of analytes from the sample matrix it was heated,
while the sorbent was simultaneously cooled to improve the
trapping of analytes. Additionally, the extraction was per-
formed under the reduced-pressure condition to remove the
interfering molecules and enhance the release of analytes.
The developed method showed 2-3 times higher efficiency
compared with CA-INCAT, VA-INCAT and conventional
INCAT for the analysis of solid samples. The HCV-INCAT-
GC-FID procedure was successfully carried out for analysis
of PAHs in contaminated soil samples without any sample
pretreatment step and the results were seen to be in a good
agreement with those obtained by a validated UA-SE-GC-
FID method. LODs, LOQs, RSDs and extraction time of
the proposed method were lower or comparable with the
similar methods reported in the literature. HCV-INCAT
can be coupled to GC-MS and it will assuredly further
increase its sensitivity. The results demonstrated that HCV-
INCAT sampling strategy can be applied for ultrasensitive
and precise analysis of a variety of volatile, semi-volatile
and non-volatile analytes in complex solid matrices such

as soil, sediment, food, and plants, directly and with mini-
mal sample manipulation. Additionally, it provides an easy,
rapid and low-cost method for the analysis of organic pollut-
ants in environmental samples with enough reliability and
reproducibility.
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