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Abstract A polyacrylonitrile (PAN)/polydimethylsiloxane
(PDMS) coating was electrospun on the shaft of the
mechanical stir bar sorptive extraction (MSBSE) setup.
MSBSE equipped with the PAN/PDMS coating and cou-
pled with gas chromatography/flame ionization detector
(MSBSE-PAN/PDMS-GC/FID) was used to determine
some polycyclic aromatic hydrocarbons (PAHs) in non-
alcoholic beer samples. The effective parameters including
extraction time, desorption time, stirring speed and sample
volume were optimized by the response surface method-
ology (RSM) based on the central composite design
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(CCD). The optimum condition was obtained in 60 min of
extraction time, 10 min of desorption time, 1300 rpm of
stirring speed and 16 mL of sample volume. The calibra-
tion curves of PAHs were linear in the range
5-1000 ng mL~!. The limit of detections (LODs) was in
the range of 0.009-0.5 ng mL~" and the limit of qualifi-
cations (LOQs) was varied between 0.03 and 1.5 ng mL~L
The relative recoveries and enrichment factors were in the
range of 94-98% and 117-126, respectively, and the rel-
ative standard deviations (RSDs) were below 11.4%.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic
compounds that adversely affect human beings, and they
have raised many concerns over recent years (Mohamadi
et al. 2019; Saberi et al. 2018; Varjani et al. 2018). PAHs
can be found in various types of foodstuffs such as beers
(Singh et al. 2016). Alcohol is outlawed in some regions
such as Middle Eastern countries, so non-alcoholic beers
are very popular in these countries. Thus, the extraction
and determination of PAHs in that kind of drink are
important. There are various techniques to extract PAHs
from drinks such as liquid-liquid extraction (LLE) (Silva
et al. 2011), solid-phase extraction (SPE) (Londofio et al.
2015), soxhlet extraction (Fiedler et al. 2002), solid-phase
microextraction (SPME) (Robles-Molina et al. 2011), stir
bar sorptive extraction (SBSE) (Zuin et al. 2005). SBSE
was introduced in 1999 for the extraction of volatile and
semivolatile compounds from aqueous samples (Baltussen
et al. 1999). In SBSE, the analytes are eliminated from
aqueous solution and attracted to a coating by stirring. One
of the disadvantages of the method is the physical damage
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of the coating due to the friction between the container and
the coating (Jachero et al. 2014). In recent years, for
decreasing the coating deterioration, some methods such as
rotating disk sorptive extraction (RDSE), stir rod sorptive
extraction (SRSE) and mechanical stir bar sorptive
extraction (MSBSE) have been introduced (Luo et al. 2010;
Mollahosseini et al. 2016; Richter et al. 2009). In MSBSE,
the stirring system was developed to increase the longevity
of the coating and enhance the performance of the
extraction (Mollahosseini et al. 2016). Parameters includ-
ing stirring speed, sample volume, ionic strength, pH of the
solution, temperate, extraction time and desorption time
have significant effects on the extraction efficiency of the
SBSE method (Gorji et al. 2019; Jafari et al. 2018b).

One of the important parameters that plays a substantial
role in the extraction efficiency of SBSE is the coating type
because it can affect the partitioning coefficient of the
analyte between the coating and the sample (David and
Sandra 2007). Polydimethylsiloxane (PDMS) is broadly
used in SBSE as the coating since it is commercially
available (Prieto et al. 2010). However, introducing new
coatings has been taken into consideration over the last few
years (Jafari et al. 2018a; Jillani et al. 2018; Mollahosseini
et al. 2020; Taghvimi et al. 2019). Among different
methods to prepare coatings, electrospinning is one of the
versatile, simple and cost-effective methods (Castro-May-
orga et al. 2017; Cavaliere et al. 2011). PDMS has a low
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molecular weight, so it is not suitable for electrospinning
(Yang et al. 2009); in contrast, polyacrylonitrile (PAN) has
a suitable molecular weight that can be used as a carrier
polymer in electrospinning (Rahaman et al. 2007). PAN
and PDMS are resistant polymers; moreover, they are
inexpensive and widely used as membranes for chemical
separation (Liang and Chung 2018). Also, the m—n inter-
action can be formed between PAN and PAHs (Karbownik
et al. 2019).

The purpose of this study is to introduce a PAN/PDMS
coating for the extraction of PAHs by the MSBSE method.
The PAN/PDMS coating was fabricated on the shaft of the
MSBSE device by the electrospinning technique. The
effective parameters on the extraction were optimized by
response surface methodology (RSM) based on the central
composite design (CCD). Afterward, the target analytes
including naphthalene (Nap), acenaphthylene (Acy), ace-
naphthene (Ace), phenanthrene (Phe) and anthracene (Ant)
were extracted from non-alcoholic beer sample. The ana-
lytes were detected by gas chromatography/flame ioniza-
tion detector (GC/FID), and the performance of MSBSE
coated with electrospun PAN/PDMS and coupled with GC/
FID (MSBSE-PAN/PDMS-GC/FID) was compared with
previous studies.

Materials and methods
Chemicals

Acetone (C3HgO), dimethyl formaldehyde (C3H,NO), Nap
(CyoHs), Acy (CioHg), Ace (Cy2H,0), Ant (C14H o) and Phe
(Ci14H;o) were bought from Merk Company, Germany.
PAN (C3H3N) and PDMS ((C,H¢OSi),, the viscosity of
1000 ¢S at 25 °C) were obtained from Nanomeghyas-Iran
and Kcc-Korea, respectively. For preparing the stock
solution, 10 mg of every analyte was dissolved in 100 mL
acetone. The obtained solution was stored at 4 °C to pre-
vent any unwanted chemical reactions.

Preparation of the coating

The PAN/PDMS coating was synthesized by the electro-
spinning technique. PAN was dissolved in dimethyl
formaldehyde 15% (w/v), and the mixture was continu-
ously stirred by a magnetic stirrer since a homogenous
solution was obtained. Then, 22% (w/v) PDMS was added
to the solution and again stirred to reach a homogenous
solution. The obtained solution was inserted in the syringe
for the electrospinning process. The electrospinning setup
consists of three parts: a 5 mL syringe, two electrodes and
a DC power. The syringe and the shaft of the MSBSE
device were connected to the positive and negative
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electrode of the electrospinning setup, respectively. The
effective parameters including applied voltage, the elec-
trospinning distance and electrospinning time were opti-
mized by the Taguchi design method in three levels
(Table S1). The obtained coatings were washed with
deionized water and then methanol to remove any
impurities.

The MSBSE method

The MSBSE setup (Fig. 1) employed during the present
study was firstly introduced in 2016 as a novel experi-
mental setup (Mollahosseini et al. 2016). The mini stainless
steel shaft (2 cm length and 3.3 mm diameter) of the setup
is coated with the PAN/PDMS coating.

The optimization of four parameters including extrac-
tion time (A), desorption time (B), stirring speed (C), and
sample volume (D) were conducted by CCD to obtain the
best response (Table S2). The concentration of 1 ppm of all
five PHAs (naphthalene, acenaphthene, phenanthrene,
anthracene, and acenaphthylene) was added to the real
sample (non-alcoholic beer), and the sum of the peak areas
is selected as the response (Table S3).

A determined volume of the sample was placed in the
20 mL container and the stainless steel shaft coated with
PAN/PDMS was completely immersed in the solution to
extract PAHs. In the second stage, stainless steel was
washed with 1.5 mL acetone to desorb the analyte. Then
acetone was completely evaporated with nitrogen purge;
afterward, 100 pL acetone was added, and 2 pL of the
added acetone was removed and injected to GC/FID.

Apparatus

Fourier-transform infrared spectroscopy (FTIR-84008S,
Shimadzu, Kyoto, Japan) at a wavelength range of 400 and
4500 cm™' was used to identify the functional groups of
the PAN/PDMS coating. Moreover, a scanning electron
microscope (SEM-Vega II, TESCAN, Brno, Czech
Republic) was employed to observe the surface morphol-
ogy of coating fibers, and the Image J software (National
Institutes of Health, USA) was utilized to measure the
diameter of fibers. The concentration of the PAHs was
determined by GC/FID (GC/FID-2010, Shimadzu, Kyoto,
Japan) equipped with a BP-5 fused silica capillary column.
More details about the operating conditions of GC/FID are
available in our previous work (Mollahosseini et al. 2020).
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Fig. 1 The MSBSE setup

sample

The non-alcoholic beer

The mini stainless steel shaft
coated with PAN/PDMS

Results and discussion
Electrospinning optimization

The Taguchi method suggested nine different runs for the
electrospinning process (Table S4). The voltage was
changed from 7 to 15 kV. Increasing the voltage caused the
fiber diameter to decrease at first and to increase then. The
evaporation of the solvent also increased with increasing
voltage. These findings are in line with previous studies
(CHEN et al. 2006; Shao et al. 2015; Wang et al. 2013). To
achieve the minimum diameter of fibers followed by a
maximum specific surface area, which causes the extrac-
tion efficiency to enhance, the voltage of 11 kV was chosen
as an optimum voltage. The electrospinning distance was
optimized under three different distances between 10 and
20 cm. At the electrospinning distance of 15 cm, the sol-
vent had sufficient time to evaporate from the fibers, and
fibers had enough space to stretch. Therefore, 15 cm was
chosen as the optimum -electrospinning distance. The
electrospinning time was increased from 7 to 13 min. The
thicker coating was obtained by increasing the electro-
spinning time as reported in previous studies (Choi et al.
2019; Jang et al. 2019). In lower electrospinning time, the
fabricated coating was too thin; consequently, the
mechanical strength of the coating was not enough, and it
was deformed during the extraction by MSBSE. Further-
more, a direct relationship exists between the thickness of
the coating and its adsorption capacity. The low coating
thickness causes less amount of the adsorbate to adsorb and
consequently the preconcentration factor to decrease. In
higher electrospinning time, the uniformity of the coating
thickness decreased (Choi et al. 2019; Jang et al. 2019). In
electrospinning time of 10 min, a coating with relatively
uniform thickness and a strong structure was obtained; as a
result, 10 min was selected as the optimum electrospinning

time. Figure 2a presents the SEM image of the PAN/
PDMS coating, which was electrospun under the optimum
condition. The fibers were bead-free; moreover, the coating
had a uniform morphology (Fig. 2a). The average diameter
of PAN/PDMS electrospun fibers was about 300 nm, and
more than 40% of fibers had the diameters between 250 to
350 nm (Fig. 2b).

Coating FTIR

The FTIR spectra of PAN and PDMS polymers next to the
PAN/PDM coating were depicted in Fig. 3. In the PAN
spectrum, peaks detected at 1454 and 1733 cm™' are
attributed to C—H bending of —CH,— groups and C=0
stretching of carbonyl groups, respectively (Zhao et al.
2016). The peak at 2243 cm ™' is owing to C =N stretching
and at 2940 cm™' is related to C—H asymmetrical
stretching of —CH,— groups (Deng et al. 2003). In PDMS,
the peak at the region of 800 cm™' is due to Si—CHj
rocking, and peaks at 1020 and 1093 cm™" are because of
Si—-O-Si asymmetric stretching (Sankir et al. 2003).
Moreover, the band observed at 2962 cm™! is on account
of C-H stretching in methyl groups (Mollahosseini et al.
2019). The peaks of PAN and PDMS are present in the
PAN/PDMS coating spectrum, which is indicative of the
successful synthesize of the coating by PAN and PDMS.

Optimization
The optimization of affecting variables was performed by

CCD. Equation 1 reveals the quadratic equation obtained
from the coded data.
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Fig. 2 a The SEM images of the PAN/PDMS coating electrospun under the optimum condition. b The fiber diameter distribution of the PAN/

PDMS coating
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Fig. 3 The FTIR spectra of a PAN, b PDMS, ¢ PAN/PDMS coating

Peak area = 547000 + 96589.75A + 58843.50B
+ 29183.75C + 42862.75D
— 55407.75AB — 16030.25AC
— 56199.50AD — 32576.75BC
— 42813.25BD — 3146.25CD
— 15077.67A% + 4022.70B>
—12029.42C% + 9346.92D? (1)

The analysis of variance (ANOVA) was carried out to
estimate the interactions and the significance of each factor
(Table S5). The lack-of-fit over 0.05 and the P-value below
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0.05 were considered to be statistically significant. The
model can satisfactorily predict the response because the
P-value was below 0.0001, and the F-value was 180.49.
Also, the coefficient of determination (Rz) was 0.9554, and
the lack-of-fit (P-value = 0.3658) was not significant.
Therefore, the developed model properly fits all data.

The effect of two variables on the response was inves-
tigated by three-dimensional (3D) graphs. Fig. S1 indicates
that increasing the desorption time and the extraction time
caused the performance of the extraction to improve;
however, at higher extraction time, changing the other
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parameter did not have a significant effect on the extraction
efficiency. A similar trend was observed for the interactive
effect of stirring speed and the extraction time on response
(Fig. S2), and the simultaneous change of the sample
volume and the extraction time on efficiency (Fig. S3).
Fig. S4 and Fig. S5 pinpoint there is a direct relationship
between the combined effect of the two assessed parame-
ters (Stirring speed-desorption time and sample volume-
desorption time) and the response, but at higher desorption
time, the extraction efficiency is almost constant with
stirring speed and sample volume changes. It is evident
from Fig. S6 that the extraction of the target analytes
enhanced when stirring speed and sample volume
increased. Taken together, the overall results of the opti-
mization indicated that the optimal condition was the
extraction time of 60 min, desorption time of 10 min,
stirring speed of 1300 rpm and the sample volume of
16 mL.

Method validation

The wvalidation of MSBSE-PAN/PDMS-GC/FID was
investigated according to some criteria including precision
(repeatability and reproducibility), recovery, linearity, the
limits of detection (LOD) and limits of qualification (LOQ)
under the optimum conditions. Knoll’s method was used to
calculate LOD and LOQ (Knoll 1985). The figures of merit
were listed in Table 1. The calibration curves were linear in
the appropriate concentration range of 5-1000 ng mL ™"
with R? over 0.9438 for all target analytes. The obtained
LOD at a signal-to-noise ratio (S/N) of 3 was between
0.009 (Nap) and 0.51 ng mL™! (Acy), and LOQ at S/N of
10 was 0.03-1.5 ng mL~!, which the lowest value was
related to Nap and the highest value was for Acy. The
interday and intraday relative standard deviations (RSDs)
were less than 11.4% and 10.2%, respectively. The
enrichment factor (EF) of Nap, Acy, Ace, Ant, Phe was
126, 117, 124, 120 and 120, respectively.

Real samples analysis

The applicability of MSBSE-PAN/PDMS-GC/FID was
evaluated by the extraction and determination of PAHs in
non-alcoholic beer under the optimum condition. The
brand of non-alcoholic beer used in this study was JoJo,
which has been produced by Tehran Govar Food & Bev-
erage Industries. The real sample was provided from the
city markets of Tehran, located in Iran. As Table 2 shows,
the identified concentration of the target analytes in the real
sample ranged between 5.1 and 84 ng mL~". The highest
concentration was related to Nap and Phe had the lowest
concentration in the real sample between the studied ana-
lytes. The real samples were spiked with two concentration
levels (60 and 700 ng mL™") of the target analytes. The
relative recoveries obtained by the proposed method were
in the range of 94-98%. The results show that changing the
concentration of the target analytes in the real sample has
no significant effect on their relative recoveries achieved
by the proposed method.

Method performance

The results obtained from MSBSE-PAN/PDMS-GC/FID
were compared with other methods (Table 3). The analytes
could be detected in a wider linear range by the MSBSE-
PAN/PDMS-GC/FID method compared with the MSBSE-
PPY/PANI-GC/FID. Also, the obtained LODs for Nap, Ant
and Phe by the proposed method were lower than MSBSE-
PPY/PANI-GC/FID. The highest value of LDR achieved
by MSBSE-PPY/PANI-GC/FID was 1000 ng mL ™", which
is much higher than the previously proposed methods. The
RSDs of the MSBSE-PPY/PANI-GC/FID method were
< 11.4% that is in an acceptable range in comparison with
the listed methods in Table 3. To sum up, MSBSE-PPY/
PANI-GC/FID is an efficient method to extract the PAHs
from drinks.

Table 1 The merit figures of
MSBSE-PAN/PDMS-GC/FID
for PAH extraction

Analyte LOD" LOQ"

LDR" R? RSD %

Interday Intraday

10 500 900 10" 500" 900"

5-1000 0.9438 59 11.4 5.6 59 4.9 3.7
5-1000 0.9823 6.6 9.3 10.2 4.1 32 9.9
5-1000 0.9890 6.8 10.8 8.1 6.0 10.2 8.0
5-1000 0.9745 10.6 7.3 8.7 10.2 7.0 8.0
5-1000 0.9665 9.9 9.1 9.3 9.8 9.0 9.1

Nap 0.009 0.03
Acy 0.51 1.5
Ace 0.43 1.2
Ant 0.18 0.5
Phe 0.10 0.6
*ng mL™!
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Table 2 The concentration (ng

mL_l) and relative recovery Sample Analyte Primary value Spiked amount Recovery percentage
(%) of PAHs Non-alcoholic beer Nap 84 60 95
700 94
Acy 6 60 98
700 97
Ace 5.5 60 94
700 96
Ant 43 60 96
700 95
Phe 5.1 60 97
700 96

Table 3 Analytical parameters of the proposed method and comparison of the model with other methods

Analyte LOD (ng LDR (ng RSD Method Coating References
mL™h mL™ (%)
Nap 0.0093 5-1000 3.7-11.4 MSBSE PAN/PDMS Present work
Acy 0.51 5-1000 3.2-10.2  GC/FID
Ace 0.43 5-1000 6.0-10.8
Ant 0.18 5-1000 7.0-10.6
Phe 0.10 5-1000 9.0-9.9
Nap 0.04 40-400 96 MSBSE PPY/PANI (Mollahosseini et al. 2016)
Acy 0.03 40-450 10.0 GC/FID
Ace 0.02 40-350 1.6
Ant 1.03 40-450 3.0
Phe 1.1 40-400 1.9
Nap 0.044 0.1-500 <3 SBSE/MD PEG/g/ (Ekbatani Amlashi and Hadjmohammadi
Ant 0.046 0.1-400 HPLC/UV MWCNTs 2016)
Phe 0.013 0.05-500
Nap 0.010 0.007-0.022 3-17 SBSE PDMS (Barco-Bonilla et al. 2011)
Acy 0.010 0.007-0.022 2-15 GC/QqQMS/
Ace 0.010 0.007-0.022 10-13 Ms*
Ant 0.002 0.007-0.022 4-16
Phe 0.002 0.007-0.022 4-21
Nap - 0.005-0.450 14 SBSE PDMS (Guart et al. 2014)
Acy - 0.005-0.450 15 GC/MS/MS
Ace - 0.005-0.450 10
Ant - 0.005-0.450 5
Phe - 0.005-0.450 7

4Gas chromatography triple quadrupole mass spectrometry

Conclusion

The MSBSE-PAN/PDMS-GC/FID method was developed
to determine PAHs in non-alcoholic beer samples. A PAN/
PDMS coating was electrospun on the shaft of the MSBSE
device. Then, the performance of the proposed method has
been examined by extracting and determining PAHs in the
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non-alcoholic beer sample by MSBSE-PAN/PDMS-GC/
FID. The results indicated that the method can detect PAHs
in a broad range of concentrations. In addition, the method
has advantages such as high enrichment factor, high rela-
tive recovery, repeatability (RSD < 11.4%). The perfor-
mance of MSBSE-PAN/PDMS-GC/FID also is
acceptable in comparison with the previously proposed
methods.
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