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Abstract: Ionic liquid (IL) containing amino and vinyl terminated imidazolium cation and bis[(trifluoromethyl)sulfonyl]
imide anion-functionalized graphene oxide (GO) coating material was prepared and coated on a stainless steel wire by a
sol-gel technique for headspace-solid phase microextraction (HS-SPME). Its extraction performance was checked by HS-
SPME of polycyclic aromatic hydrocarbons (PAHs) coupled to gas chromatography with mass spectrometry (GC-MS).
The extraction capability of the IL-functionalized GO-coated fiber was comparable with that of the commercial fibers
of polydimethylsiloxane (PDMS) and polydimethylsiloxane/carboxen/divinylbenzene (PDMS/CAR/DVB). Under the
optimized conditions, such as extraction temperature, extraction time, and salting-out, the proposed HS-SPME-GC-MS
method presented a wide working range from 0.003 to 40 µg L−1 with a correlation coefficient higher than 0.996, low
detection limits from 1 to 5 ng L−1 , and good precision less than 7%. The fiber-to-fiber repeatability was in the range of
0.2%–6.9%. The recoveries for 8 PAHs using the novel and commercial fibers in tap and seawater samples were obtained
very close to each other and were in the range of 75.4% to 116.0%.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are formed of two or more aromatic rings and appear in the envi-
ronment during the pyrolysis of hydrocarbons at high temperatures. They are widely present as pollutants
in the atmosphere as well as in water and have carcinogenic and toxic effects for human health and the envi-
ronment. They are found in the atmosphere as well as in environmental water sources since petroleum, coal,
hookah smoke, and industrial smoke are common sources of them. The presence of very small amounts of these
substances in tap water may cause toxic and carcinogenic effects in the human body [1]. In nature over 100
PAH compounds are present because of incomplete combustion of coal, gas, rubbish, tobacco, etc. However,
only 16 of these are considered by the US Environmental Protection Agency (EPA) as priority pollutants [2].
The maximum residue limit of PAHs for the level of the most carcinogenic benzo[α ]pyrene in drinking water
established by the EPA is 0.2 µg L−1 for human consumption [3]. The sample preparation methods involving
clean-up and enrichment steps are often required before the chromatographic analysis of PAHs at subtrace levels
in environmental samples. The detection of PAHs in environmental water sources usually involves the use of
solid-phase extraction [4], stir bar sorptive extraction [5], dispersive liquid–liquid microextraction [6], and solid
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phase microextraction (SPME) coupled to gas chromatography (GC) or high-performance liquid chromatogra-
phy (HPLC) [7,8]. These extraction techniques have advantages such as speed, low cost, high enrichment factor,
and high recovery. However, SPME has been preferred because of its shorter analysis time and no requirement
for a clean-up step [9].

SPME is an equilibrium extraction procedure that is applied by a coated fiber to extract organic
compounds from the analytical matrices by direct-immersion or headspace technique. Headspace-SPME is
based on the interaction between the vapor phase of the sample and the fiber. In this mode, the fiber is not
inserted into the sample solution and so the fiber coating is protected from direct contact with the matrix, which
can cause contamination of the fiber surface. Compounds in the vapor phase of the sample reach the surface of
the fiber coating by diffusion or natural airflow [7]. In direct-immersion mode, the fiber is immersed in the sample
solution during extraction [8]. In addition, more volatile and hydrophobic compounds are preconcentrated at
the headspace of the sample and the extraction of semivolatile and polar compounds is accomplished by direct-
immersion mode. Following this, the separation and determination of retained compounds are generally carried
out by GC or HPLC. This technique is fast, simple, solvent-free, and suitable for automation [9]. One of the
most important parameters in SPME is the choice of sorbent material to be coated on the fiber. It is required
to fabricate new fibers with a fixed substrate and selective coating towards the target analytes in order to
obtain high extraction efficiency due to the extraction requirement of different trace environmental pollutants
[10]. Silica [11,12], chitosan [13], and graphene oxide [14] have been widely employed as coating materials for
SPME fibers. Graphene oxide has been used in analytical sample preparation due to its large surface area, high
affinity towards particularly aromatic hydrocarbons, high adsorption capacity, and good mechanical properties.
Because of the presence of oxygenated groups in GO, different functionalized GO materials have been prepared
and utilized in different extraction techniques [15]. Its selectivity towards organic molecules has been remarkably
increased by linking with ionic liquids [16].

Ionic liquids have physical properties such as high thermal stability, low volatility, low vapor pressure,
high ionic conductivity, and high miscibility with solvents. Different functional sorbents have been combined
with ILs by surface modification due to their superior physicochemical properties. These sorbents have been
used in separation and enrichment methods such as solid phase extraction and solid phase microextraction
[17,18]. They also ensure that the extraction methods are environmentally friendly.

In the present work, graphene oxide modified with 1-(3-aminopropyl)-3-vinyl imidazolium bis [(trifluo-
romethyl)sulfonyl]imide [H2N-C3vim+ ][TFSI− ] was prepared, coated on a stainless steel wire by sol-gel tech-
nique, and utilized for determination of 8 PAHs chosen as model compounds in aqueous samples at trace level
by HS-SPME-GC-MS. The aim was that the presence of hydrophobic ionic liquid would cause an increase in the
thermal stability of the coating material on the fiber and the selectivity towards the organic analytes. Extrac-
tion temperature, extraction time, and salting-out as experimental parameters affecting the extraction efficiency
were optimized. The extraction performance of the prepared fiber was compared with that of commercial SPME
fibers (PDMS and PDMS/CAR/DVB) and the proposed method was applied to the analysis of eight PAHs in
real water samples.
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2. Results and discussion
2.1. Characteristics of IL-functionalized GO and the surface of GO-[H2N-C3vim+ ][TFSI− ]-

coated fiber
The FTIR spectra of GO and IL-functionalized GO are given in Figure 1a. The FTIR spectrum of GO showed
a broad and intense O–H stretching vibration at 3310 cm−1 . Two absorption peaks at 1719 cm−1 and 1610
cm−1 are due to the stretching vibration of C=O and C=C groups in the aromatic parts. The peaks at
1410, 1265, and 1032 cm−1 correspond to the stretching vibration of the carbon skeleton and C–O of epoxy
and alkoxy groups, respectively [19,20]. In the FTIR spectrum of GO-[H2N-C3vim+ ][TFSI− ], the stretching
vibrations of C–H in the imidazole ring, vinyl, and aliphatic groups were observed at 3108, 2967, and 2844
cm−1 , respectively. The peaks at 1569 and 1451 cm−1 corresponding to C–N and C=N vibrations indicate the
presence of an imidazole ring in GO. Further, the peak at 1159 cm−1 corresponds to ring in-plane asymmetric
stretching from the imidazolium ring and (N)CH2 and (N)CH3 stretching. The peaks around 820–710 cm−1

correspond to ring in-plane bending vibrations of C–H and (N)CH2 and (N)CH3 [21,22]. These results proved
that ionic liquid is covalently bonded to graphene oxide.

The XRD patterns of GO and IL-functionalized GO are given in Figure 1b. The diffraction peak of
graphene oxide at 2θ = 29.92◦ corresponds to the (002) diffraction crystalline plane. The intensity of this peak
depends on the degree of oxidation [23]. The diffraction peaks between 30◦ and 45◦ , especially at 2θ = 39.5
and 40.5◦ , were based on the ionic liquid crystal structure and proved the preparation of GO-functionalized
material [24].

Thermal properties of IL, GO, and functionalized GO coating material were only studied up to 450 ◦C
because the novel SPME fiber was thermally desorbed at 250 ◦C in the GC injection port. As shown in Figure
1c, the weight loss in GO initially started and reached approximately 10% up to 100 ◦C, stayed stable at 180 ◦C,
and then gradually decreased to 65% until 450 ◦C. These losses are seen because of the water evaporation, and
the decomposition of functional groups containing oxygen, respectively. The decomposition of the synthesized
IL began at around 175 ◦C and the weight loss reached approximately 20%–25% at 450 ◦C. As a result, GO-
[H2N-C3vim+ ][TFSI− ] material showed better thermal stability than GO because of the presence of this ionic
liquid. The residual oxygenated groups and decomposition/deformation of the surface of GO attached to IL
caused weight loss above 200 ◦C at a lower degree with respect to GO [20]. This result showed that this coating
material was suitable for the SPME method coupled to GC.

The SEM images of the GO, GO functionalized with IL, and IL-functionalized GO-coated fiber are given
in Figure 1d. As seen in Figure 1d1, the SEM image of GO shows a wrinkled scaly structure. After ILs were
introduced into GO, the SEM image of GO-[H2N-C3vim+ ][TFSI− ] also showed a wrinkled and folded lamellar
structure (Figure 1d2). The prepared fiber was imaged after about 100 sorption/desorption cycles (Figure 1d3).
The coating thickness of IL-functionalized GO fiber was determined by SEM and was between 12 and 15 µm.

2.2. Optimization of the SPME method for PAHs

To achieve high extraction efficiency using the prepared GO-[H2N-C3vim+ ][TFSI− ]-coated fiber several pa-
rameters including extraction mode, extraction temperature, extraction time, and salting-out were optimized.
For this, the extraction was realized with different temperatures, times, and salt concentrations and the extrac-
tion efficiency was determined after each extraction for eight PAHs. The maximum extraction efficiency for
each parameter was considered the optimum value.
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Figure 1. FTIR spectra of GO and GO-[H2 N-C3 vim+ ][TFSI− ] (a); XRD patterns of GO and GO-[H2 N-
C3 vim+ ][TFSI− ] (b); thermogravimetric analysis of GO and GO-[H2 N-C3 vim+ ][TFSI− ] (c), SEM images of GO
at 500× (d1), GO-[H2 N-C3 vim+ ][TFSI− ] at 500× (d2), and GO-[H2 N-C3 vim+ ][TFSI− ]-coated fiber at 500× mag-
nification (d3).

2.2.1. Extraction mode
In the optimization of the SPME method, both SPME modes, headspace and direct immersion (DI), were
compared using homemade SPME fiber for eight PAHs of low molecular weight. As seen in Figure 2, higher
extraction efficiencies were obtained with the HS mode. Furthermore, the use of headspace is preferred to direct
immersion as the compounds have poor water solubility and good volatility. Volatile and light hydrophobic
compounds like PAHs are more easily transported to HS than more hydrophilic and less volatile compounds
[25]. Consequently, further optimization conditions were studied in HS mode.

2.2.2. Extraction temperature
Extraction temperature is an important parameter that influences extraction efficiency because it affects the
transportation of analytes from aqueous solution to HS and then to the fiber coating. In order to determine the
optimum extraction temperature, the HS-SPME method was carried out from 25 to 75 ◦C (Figure 3a). It was
seen that the extraction efficiencies of PAHs were increased by increasing the extraction temperature up to 60
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Figure 2. Effect of extraction mode in the extraction efficiency of GO-[H2 N-C3 vim+ ][TFSI− ]-coated fiber. Conditions:
CPAH , 10 µg L−1 ; extraction time, 30 min and extraction T, 50 ◦ C, for DI; extraction time, 15 min and extraction T,
60 ◦ C for HS.

◦C, but above this temperature a decrease in efficiency was observed. This result can be explained by first the
kinetic effect of high temperature for mass transfer from the aqueous phase through the fiber coating and later
the thermodynamic effect of high temperature for decreasing partition coefficients in the exothermic adsorption
system [25]. Thus, the optimal extraction temperature was chosen as 60 ◦C for further investigations.

Figure 3. Effect of extraction temperature (a), extraction time (b), and NaCl concentration (c) on the extraction
efficiency of GO-[H2 N-C3 vim+ ][TFSI− ]-coated fiber, (n = 3). Conditions: CPAH , 10 µg L−1 .
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2.2.3. Extraction time

The maximum amount of analyte must be extracted on the SPME fiber at the extraction time. Therefore, the
optimization of extraction time is another important parameter affecting extraction efficiency. The effect of
extraction time was investigated in the range of 10–60 min and the results are given in Figure 3b. The peak
areas of PAHs were increased up to 15 min and then decreased slightly at 30 min and became stable up to
60 min. This showed that PAHs could be extracted from the aqueous phase to IL-functionalized GO-coated
fiber in a short time and the equilibrium was reached quickly. This fast equilibration can be explained partially
by the film thickness and coating material. The thinner film thickness of GO-[H2N-C3vim+ ][TFSI− ] fiber
(12–15 µm) can ensure shorter analysis time than PDMS fiber and DVB/CAR/PDMS fiber. The TFSI− anion
enhanced the hydrophobicity of IL-functionalized GO and the vinyl group in the H2N-C3vim+ cation caused
an increase in the π–π interaction with PAHs [26]. Thus, the extraction time was selected as 15 min for the
subsequent studies.

2.2.4. Salt concentration

Ionic strength affects the solubility of organic analytes in an aqueous solution because of the salting-out effect.
The salt effect on extraction was investigated by adding various concentrations of NaCl (0–35 wt.%) in 15 mL
of water containing PAHs at 10 µg L−1 at the optimized extraction temperature and time. It was seen that
the peak areas of all studied PAHs increased with the concentration of NaCl up to 30 wt.% and then decreased
with the concentration of NaCl at 35 wt.% (Figure 3c) Thereby, the subsequent extractions were carried out
with 30 wt. % NaCl solution.

2.3. Comparison of GO-[H2N-C3vim+ ][TFSI− ]-coated fiber with sol-gel-coated fiber, GO-coated
fiber, and commercial fibers

The GO-[H2N-C3vim+ ][TFSI− ]-coated fiber was compared with only sol-gel-coated fiber and only GO-coated
fiber for the HS-SPME method of PAHs. As shown in Figure 4, the extraction efficiency of the proposed fiber
was considerably higher than that of the sol-gel-coated and GO-coated fibers.

The extraction efficiency of the GO-[H2N-C3vim+ ][TFSI− ]-coated fiber was compared with that of
commercial fibers (PDMS and PDMS/CAR/DVB). The HS-SPME method was also realized with commercial
fibers for optimization of extraction conditions. The best NaCl concentration was determined likewise as 30
wt.% and the highest extraction efficiency was obtained above 60 ◦C for both commercial fibers. The extraction
performances of those commercial fibers were checked at 10, 15, 30, 45, and 60 min to determine the optimum
extraction time. In the optimization experiments, the equilibrium was reached at 45 min and 60 min with PDMS
fiber and DVB/CAR/PDMS fiber, respectively, for PAHs. In the comparison of the extraction performances
of GO-[H2N-C3vim+ ][TFSI− ]-coated fiber and commercial fibers, the HS-SPME method was performed for
10 µg L−1 PAHs at the optimized conditions. As seen in Figure 5, GO-[H2N-C3vim+ ][TFSI− ] fiber exhibited
a higher extraction efficiency for the PAHs than the PDMS and DVB/CAR/PDMS fibers due to the enhanced
π–π interaction with the vinyl group and imidazolium ring of the IL besides GO. Moreover, faster extraction
was provided by IL-functionalized GO-coated fiber than by the PDMS and the PDMS/CAR/DVB commercial
fibers.
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Figure 4. Extraction ability of GO-[H2 N-
C3 vim+ ][TFSI− ]-coated fiber and the commercial
fibers.

Figure 5. Comparison of representative chromatograms
for PAHs after HS-SPME using (a) sol-gel-coated fiber,
(c) GO-coated fiber, and (c) GO-[H2 N-C3 vim+ ][TFSI− ]-
coated fiber.

2.4. Method validation

The analytical performance of the proposed HS-SPME method with the prepared IL-functionalized GO fiber for
PAHs was evaluated under the optimized conditions. Analytical parameters including linear ranges, correlation
coefficients, limits of detection (LODs), single fiber repeatability, and fiber-to-fiber reproducibility were deter-
mined for each PAH (Table 1). The LODs were calculated by decreasing the concentration of analyte a little
lower than that of the lowest calibration level until obtaining three times the signal to noise ratio. The linearity
was tested up to 50 µg L−1 of each studied PAH. The linear ranges varied from 0.003 to 40 µg L−1 with
correlation coefficients ranging from 0.996 to 0.999. For the commercial fibers, the linear ranges varied between
0.05 and 40 µg L−1 and the LODs were in the range of 0.01–0.05 µg L−1 (Table 1). The precision (as relative
standard deviation (RSD)) of the proposed method was determined by three repetitions of each concentration
used to constitute the calibration curve for each PAH by the single fiber. The RSD values ranged from 0.2%
to 6.9%, which were lower than those obtained with the commercial fibers (PDMS, PDMS/CAR/DVB). The
reproducibility of the proposed method was checked using three different fibers prepared in the same process
and the RSDs were in the range of 1.4%–5.5%. Furthermore, the extraction/desorption cycle was carried out for
more than 100 cycles with no considerable loss in extraction efficiencies by the IL-functionalized GO fiber. As a
result, it could be concluded that the homemade SPME fiber exhibited long lifetimes with this IL-functionalized
GO coating.
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Table 1. Analytical parameters for HS-SPME using GO-[H2N-C3vim+ ][TFSI− ] -coated fiber and commercial fibers.

Analyte GO-[H2N-C3vim+][TFSI−] –
coated fiber

PDMS-
coated fiber

DVB/CAR/PDMS-coated fiber

Linear
range
(µg
L−1)

Rb LOD
(µg
L−1)

RSDc

(%)
Linear
range
(µg
L−1)

R LOD
(µg
L−1)

RSD (%) Linear
range
(µg L−1)

R LOD
(µg
L−1)

RSD
(%)

NAP 0.01–
40

0.998 0.005 0.2–
1.5

0.1–
40

0.996 0.05 1.4–5.9 0.05–40 0.998 0.01 1.0–
6.4

ACE 0.01–
40

0.999 0.005 0.7–
1.6

0.1–
40

0.996 0.05 1.7–5.6 0.05–40 0.999 0.01 1.3–
7.2

FLU 0.01–
40

0.997 0.005 0.6–
1.6

0.1–
40

0.997 0.05 133–6.0 0.05–40 0.996 0.01 1.4–
8.1

ANT 0.003–
40

0.996 0.001 0.4–
4.2

0.05–
40

0.995 0.01 1.3–6.9 0.05–40 0.996 0.01 1.8–
4.7

PHE 0.003–
40

0.997 0.001 1.2–
6.9

0.05–
40

0.995 0.01 1.9–5.9 0.05–40 0.995 0.01 1.4–
5.8

FLUR 0.003–
40

0.998 0.001 0.7–
4.9

0.05–
40

0.996 0.01 2.5–6.5 0.05–40 0.997 0.01 2.1–
6.8

PYR 0.003–
40

0.999 0.001 0.4–
5.0

0.05–
40

0.998 0.01 1.4–6.7 0.05–40 0.998 0.01 2.1–
6.8

CHY 0.01–
40

0.997 0.005 0.4–
5.0

0.1–
40

0.995 0.05 1.1–5.9 0.05–40 0.999 0.01 1.5–
5.3

aError of the slope for n = 10 calibration levels.
bCorrelation coefficient.
cBased on five extractions within a day precision.

2.5. Sample analysis

The proposed HS-SPME method was applied to the determination of eight PAH compounds in seawater and
tap water using the IL-functionalized GO-coated fiber and the commercials fibers. The PAHs studied were not
detected in the tap or seawater samples. The accuracy of the proposed method was examined by spiking real
water samples with 1 and 5 µg L−1 PAH mix standard solution. Typical chromatograms of tap and sea waters
achieved after the HS-SPME method are shown in Figures 6 and 7. The recoveries were in the range of 75.8%–
116.0% by IL-functionalized GO-coated fiber and 75.4%–114.0% by commercial fibers for the studied PAH
analytes (Table 2). The results showed that reliable quantification results were acquired for analysis of PAHs
in real samples using the proposed HS-SPME method with the prepared GO-[H2N-C3vim+ ][TFSI− ]-coated
fiber.

2.6. Comparison with other SPME methods for PAHs
The developed HS-SPME-GC-MS method with IL-functionalized GO-based fiber for the determination of PAHs
was compared with other SPME methods with respect to linear range, LOD, recovery, and extraction time.
As seen in Table 3, linear range and LODs of the proposed method were similar or better than the reported
ones. The results showed that the proposed IL-functionalized GO fiber was capable of competing with SPME
fibers coated with different materials, especially poly-IL-based GO coating [27], for the determination of PAH
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Figure 6. Chromatograms of extracts of PAHs (1;
NAP, 2; ACE, 3; FLU, 4; ANT, 5; PHE, 6; FLUR, 7;
PYR, 8; CHY) from (a) blank tap water sample, (b)
tap water spiked at 1 µg L−1 , (c) tap water spiked
at 5 µg L−1 PAHs standard solution using GO-[H2 N-
C3 vim+ ][TFSI− ]-coated fiber.

Figure 7. Chromatograms of extracts of PAHs (1; NAP,
2; ACE, 3; FLU, 4; ANT, 5; PHE, 6; FLUR, 7; PYR, 8;
CHY) from (a) blank seawater sample, (b) seawater spiked
1 µg L−1 , and (c) seawater spiked 5 µg L−1 PAHs stan-
dard solution using GO-[H2 N-C3 vim+ ][TFSI− ]-coated
fiber.

compounds. Besides the demonstrated wide linear ranges and low LODs, the extraction time obtained with
the vinyl-terminated imidazolium cation and bis[(trifluoromethyl)sulfonyl]imide anion-functionalized GO-coated
fiber is much shorter than the other reported ones.

2.7. Conclusions
The IL-functionalized GO, GO-[H2N-C3vim+ ][TFSI− ], has been used as SPME coating material to extract
PAHs. The GO-IL coating was designed to have a TFSI− anion of hydrophobic character and a vinyl terminated
imidazolium cation enhancing π -electrons and was able to provide van der Waals and π–π interactions with
PAH compounds. Under optimized experimental conditions, this fiber demonstrated wide linear ranges, low
LODs, and good recoveries for water samples. The prepared IL-functionalized GO coating has a long lifetime,
high thermal stability, and good repeatability and reproducibility. The GO-[H2N-C3vim+ ][TFSI− ] fiber
showed faster adsorption behavior than the PDMS and PDMS/CAR/DVB commercial fibers.

3. Experimental

3.1. Chemicals and materials
The reagents 1-vinyl imidazole, 3-bromopropylamine hydrobromide, bis(trifluoromethane) sulfonimide lithium
salt (LiTFSI), tetraethylorthosilicate, polydimethylsiloxane hydroxy-terminated, N,N-dimethylformamide (DMF),
trifluoroacetic acid (TFA), acetonitrile, graphene oxide (2 mg/mL), and naphthalene (NAP), phenanthrene
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Table 2. Relative recovery and intraday precision of PAHs in water samples (n = 3).

GO-[H2N-C3vim+][TFSI−] PDMS DVB/CAR/PDMS
Sea water Tap water Sea water Tap water Sea water Tap water

PAH Added
(µg
L−1)

Recovery
(%)

RSD
(%)

Recovery
(%)

RSD
(%)

Recovery
(%)

RSD
(%)

Recovery
(%)

RSD
(%)

Recovery
(%)

RSD
(%)

Recovery
(%)

RSD
(%)

NAP 1 95.4 5.9 80.0 1.1 106 3.9 107 1.9 107 3.4 96.5 3.6
5 98.0 1.3 94.4 3.1 101 2.5 107 10.8 93.9 1.7 85.9 5.0

ACE 1 89.7 3.8 92.5 2.4 94.4 3.9 92.1 6.7 102 9.5 106 4.1
5 95.4 1.4 93.8 3.3 96.7 2.7 95.3 8.7 98.3 9.5 102 2.4

FLU 1 97.5 3.0 106 1.8 111 3.3 102 5.3 89.1 9.7 104 2.4
5 95.0 2.2 75.7 1.8 103 2.4 80.3 6.2 110 2.9 102 1.0

ANT 1 87.8 3.8 85.2 2.8 90.2 6.1 87.6 9.6 94.2 6.6 93.7 0.4
5 98.8 5.5 98.5 3.4 92.2 3.3 94.7 3.2 92.6 7.3 84.3 6.8

PHE 1 104 6.4 103 2.5 88.2 6.1 103 1.1 111 5.2 101 3.5
5 101 6.4 90.4 1.5 96.3 9.2 80.3 1.4 92.8 2.4 86.7 1.1

FLUR 1 111 10.1 99.1 3.3 100 7.9 102 7.4 108 3.9 106 2.2
5 103 0.9 104 3.8 86.9 5.1 103 4.1 112 3.7 100 10.5

PYR 1 80.2 2.3 79.4 3.6 100 8.6 110 6.3 81.8 6.6 88.6 2.6
5 84.5 14.8 83.5 1.6 84.5 11.0 101 1.4 101 3.2 102 2.2

CHY 1 92.0 1.7 97.7 8.0 101 10.7 110 1.8 95.2 3.9 90.0 2.3
5 95.2 7.3 87.4 3.7 81.4 11.2 94.4 4.4 101 1.2 103 9.1

(PHE), and chrysene (CHR) (analytical standard grade) were purchased from Sigma-Aldrich (Switzerland).
Ethanol, methanol, and ethyl acetate were purchased from Merck (Germany). Acenaphthene (ACE), fluorene
(FLU), anthracene (ANT), fluoranthene (FLUR), and pyrene (PYR) (analytical standard grade), polydimethyl-
siloxane (PDMS, 7-µm thickness) and polydimethylsiloxane/carboxen/divinylbenzene (PDMS/CAR/DVB,
50/30-µm thickness) fibers, a manual SPME holder, and transparent amber glass vials (20 mL) with poly-
tetrafluoroethylene (PTFE)/silicone septum and caps were obtained from Supelco (USA). The commercial
fibers were preconditioned before use according to the manufacturer’s recommendation (1 h at 250 ◦C). The
stainless steel wire (O.D., 0.15 mm) was supplied from a local market (Turkey) and 5-µL microsyringes used
to assemble the homemade SPME device were obtained from Hamilton (USA).

A stock solution of each PAH standard as 5000 mg L−1 was prepared in acetonitrile. An intermediate
stock solution including all studied PAHs was prepared weekly from the stock solution of each PAH at 10 µg
L−1 with acetonitrile and used to prepare diluted working solutions with ultrapure water obtained from a
Milli-Q water purification system (USA). Seawater was collected from the Urla coast of the Aegean Sea at İzmir
(Turkey). Tap water was collected from Dokuz Eylül University, Chemistry Department laboratory (Turkey).
Seawater samples were stored in amber glass bottles at 4 ◦C in darkness before use.
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Table 3. Comparison with other sampling methods for the determination of PAHs.

Fiber coating & de-
tection system

Matrix Extraction
time
(min)

Linear
range
(µg L−1)

LOD
(µg
L−1)

Recovery (%) Ref.

Graphene-HS-
SPME-GC-MS

Water and soil samples 40 0.005–0.5 0.002–
0.003

72–102 [32]

(OH)12Q[6]/PDMS-
HS-SPME-GC-FID

Water samples 40 0.1–1000 0.03–
0.15

90.2–109.5 [7]

Home-made
PDMS-HS-SPME-
GC-MS

Leather samples 60 0.1–50 0.01–
0.12

81.7–124.9 [33]

Ethoxylated
nonylphenol-HS-
SPME-GC-MS

Water samples 25 0.05–200 0.01–
0.5

79–104 [34]

GO/PDMS-DI-
SPME-GC-FID

Water samples 50 0.05–200 0.005–
0.08

84.5–118.2 [35]

TiO2/NiO@MPS-
Ph-SPME-HPLC-
UV

Water samples 35 0.02–500 0.004–
0.005

89.4–102 [36]

Poly(VHIm+NTf−2 )-
GO-HS-SPME-
GC-FID

Potato peel samples 40 0.05–50 0.015–
0.025

78.3–101.7 [16]

PoPD-co-
PoT/MCNTs

Water samples 60 0.01–100 0.001–
0.006

88.3–102.5 [37]

GO-[H2N-
C3vim+][TFSI−]-
HS-SPME-GC-MS

Water samples 15 0.003–40 0.001–
0.005

75.7–115.9 This work

3.2. Instrumentation

A Thermo Fisher Scientific (USA) QP2010 GC-MS with a single quadrupole mass spectrometer detector was
used. A TG-5MS capillary column (30.0 m × 0.25 mm I.D., film thickness 0.25 µm) was supplied by Thermo
Scientific (USA). Ultrapure helium was used as the carrier gas, at a flow rate of 1.2 mL min−1 . The injector
port temperature was set to 250 ◦C for desorption of fibers under splitless mode with 5-min sampling time in all
studies. The following temperature program was applied to separate the PAHs. The GC oven was initially held
at 80 ◦C for 2 min, then increased to 220 ◦C at a rate of 8 ◦C min−1 for 2 min, and then further increased to
250 ◦C at a rate of 15 ◦C min−1 and held for 5 min [27]. The MS ion source and interface temperatures were
set to 250 ◦C and 280 ◦C, respectively. Detection of PAHs was carried out using the total-ion chromatogram
(TIC) mode (full-scan 50 to 650 m/z) at a scan rate of 0.2 scans per second in the developing method. The
retention times (min) obtained for the PAHs studied were 7.73 for NAP, 12.76 for ACE, 14.25 for FLU, 17.04
for ANT, 17.17 for FLUR, 20.68 for PHE, 21.48 for PYR, and 25.23 for CHR.

Fourier transform infrared (FTIR) spectra were obtained using a Thermo Scientific Nicolet iS10 model
FTIR spectrometer (USA) with an attenuated total reflectance accessory in the range of 4000–650 cm−1 . Proton
nuclear magnetic resonance (1H NMR) spectroscopy was performed on a Varian Mercury Plus-400 model NMR
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spectrometer (USA). Thermal properties were investigated by PerkinElmer Diamond model thermogravime-
try/differential thermal analyzer (USA) under a nitrogen atmosphere by heating from room temperature to 450
◦C at 10 ◦C min−1 . Scanning electron microscopy (SEM) images were obtained using a Carl Zeiss 300 VP
model (Germany) scanning electron microscope at 5 kV acceleration voltage. All X-ray diffractometer (XRD)
measurements were made by a Philips X’Pert PROBE model (USA) with a monochromatic Cu-Kα X-ray source
with a voltage of 40 kV and current of 30 mA at 2θ s−1 from 10◦ to 60◦ .

3.3. Synthesis of ionic liquids

The ionic liquid, [H2N-C3vim+ ][TFSI− ], was synthesized according to the method given in the literature [28].
Firstly, 1-vinyl imidazole was refluxed with 3-bromopropylamine in ethanol at 80 ◦C for 24 h under nitrogen
atmosphere. The resulting product, (1-(3-aminopropyl)-3-vinyl imidazolium bromide [H2N-C3vim+ ][Br− ],
was crystallized by cold ethyl acetate and dried in a vacuum oven at 60 ◦C overnight prior to use. Then, for the
preparation of IL, [H2N-C3vim+ ][Br− ] was mixed with LiTFSI in methanol and stirred at room temperature
for 24 h. Then the product was separated from the methanol phase and washed several times with deionized
water until the aqueous part was free from bromide. Finally, [H2N-C3vim+ ][TFSI− ] was dried in a vacuum
oven at 60 ◦C for 3 days for complete removal of water. It was characterized by FTIR and 1H NMR; [H2N-
C3vim+ ][TFSI− ] FTIR (cm−1) : νN−H = 3382, ν=C−H = 3149, νC−H = 2957–2842, νC=N = 1571, νC=C =
1554, νC−F = 1451, νC−N = 1185, νC−C = 1131, νS=O = 1054, νC−S = 741. 1H NMR (CD3OH) δ : 7.92 (s,
1H), 7.51 (d, 1H), 7.28 (d, 1H), 5.95 (d, 2H), 5.36 (t, 1H), 4.63 (t, 2H), 3.01–2.97 (m, 2H), 2.48 (p, 2H), 1.34
(broad s, 2H).

3.4. Preparation of GO-[H2N-C3vim+ ][TFSI− ] coating material

First 10 mL of homogeneous and transparent GO dispersion in water (0.5 mg mL−1) was mixed with 10 mg
of [H2N-C3vim+ ][TFSI− ]. To this turbid mixture was added 10 mg of KOH followed by homogenization at
room temperature for 30 min using an ultrasonicator. After this epoxide ring-opening reaction, a homogeneous
solution was obtained and strongly stirred at 80 ◦C for 24 h. The obtained GO-[H2N-C3vim+ ][TFSI− ]
material was centrifuged, washed with ethanol and distilled water, and it was dried in a vacuum oven at 60 ◦C
overnight [29].

3.5. Preparation of GO-[H2N-C3vim+ ][TFSI− ]-based SPME fiber

Firstly, 1.5 cm bare wire tip of stainless steel wire was washed with acetone, ethanol, and water to remove
contaminants. For etching, 1 cm tip of stainless steel wire was immersed in aqua regia:water (1:1, v/v) solution
for 30 min and dried at room temperature. Secondly, the surface of a stainless steel wire was modified by
OH groups. For this, 1.0 cm of the etched steel wire end was firstly washed with distilled water and dried in a
desiccator at room temperature. Then it was dipped into 2 mol L−1 NaOH overnight and rinsed with water and
dried under a nitrogen atmosphere. The outer surface of the modified stainless steel wire was left in 0.01 mol
L−1 HCl solution for 30 min [30]. By the sol-gel coating technique, 2 mg of GO-[H2N-C3vim+ ][TFSI− ] was
homogeneously dispersed using 100 µL of DMF in a 1.5-mL microcentrifuge tube and the tube was sonicated
for 2 h. Then 350 µL of TEOS and 50 µL of PDMS were added to this mixture and it was sonicated for 20
min again. Finally, 50 µL of TFA (95%, v/v) solution was added followed by stirring for 5 min [31]. Finally,
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the modified stainless steel wire end was vertically dipped into the prepared sol-gel composite for 1 h and
dried at room temperature for 20 min. To get the desired thickness of the prepared fiber (≈10–12 µm), the
coating process was repeated several times. Later, the coated fiber was dried at room temperature for 24 h and
conditioned 6 times at 250 ◦C for 5 min in the injection port of the GC.

3.6. HS-SPME procedure
For the extraction of PAHs in aqueous solution, HS-SPME experiments were carried out in a 20-mL sampling
vial containing 15 mL of working standard solution spiked at ten different concentrations of PAHs in the range
of 0.001–50 µg L−1 or a sample solution. Extractions were realized at optimized conditions with a fiber using
a metallic block and a heater at a constant stirring rate of 750 rpm. After extraction, the IL-functionalized
GO-coated fiber was retracted into the needle and then inserted into the GC injection port for 5 min at 250 ◦C
for desorption of PAHs. After each analysis, the fiber was subjected to a second empty GC injector for 5 min
at 250 ◦C to eliminate carry-over effects. All experiments were carried out in triplicate.
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