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In this research, poly (ethylene glycol)-poly (ethylene glycol) grafted ﬂower-like cupric oxidenano
particles (PEG-PEG-g-CuO NPs) as a novel ﬁber coating of solid-phase microextraction (SPME) were
synthesized by using sol–gel technology. This ﬁber was successfully applied to extract and determine the ultra-trace levels of benzene, toluene, ethyl benzene and o-xylene in human hair using head
space-solid-phase microextraction (HS-SPME) coupled to gas chromatography-ﬂame ionization detector. Characterization and chemical composition of the nano particle was performed by Fourier transform
infrared spectroscopy (FT-IR), energy dispersion spectroscopy (EDS) and back scatter analysis (BSA).
These methods conﬁrmed the successful fabrication of PEG-g-CuO NPs. The surface morphology of
the ﬁbers were inspected by scanning electron microscopy. The scanning electron microscopy (SEM)
revealed many “crack-like” features and highly porous structure on the surface of ﬁber. The synthesized nanocomposites were used for preconcentration and extraction of benzene, toluene, ethyl benzene
and o-xylene (BTEX). The effects of operating parameters such as: desorption temperature and time,
extraction temperature, extraction time, stirring speed and salt effect were investigated and optimized.
Under the optimal conditions, the method detection limits and the limits of quantiﬁcation were between
0.00025–50.00000 pg mL−1 and 0.00200–200.00000 pg mL−1 , respectively. Linearity was observed over a
range 0.00200–200000.00000 pg mL−1 . The relative standard deviations for one ﬁber (repeatability; n = 5)
were obtained from 3.30 up to 5.01% and between ﬁbers or batch to batch (n = 3; reproducibility) in the
range of 3.63–6.21%. The developed method was successfully applied to simultaneous determination of
BTEX in human hairs, tap water and distillate water.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, nano scale metal oxides such as copper, iron, cobalt,
nickel and zinc were considered by the researchers because of their
fundamental and technological point of view [1]. Among all of the
metal oxides, cupric oxide nano particles (CuO-NPs) have attracted
a great deal of research interest because of their peculiar properties.
CuO-NPs can be used in some ﬁelds like catalysis, superconductors and ceramics as a kind of important inorganic materials [2–5].
Also they are applied as an additive in lubricants, polymers/plastics
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and metallic coatings because they can decrease friction and mend
worn surfaces. These nano particles can be mixed more easily with
polymers to prepared composites with unique chemical and physical properties [6].
There are various morphologies which have been reported
on CuO-NPs such as nano-rods, nano-wires, nano-platelets,
ﬂower-like, dendrites, cubes, spherical, star-like, octahedral and
so on [7].
In previous studies, several techniques have been employed to
synthesize nano-structures, such as wet-chemistry route, sonochemical preparation, alkoxide based preparation, hydrothermal
process and solid-state reaction in the presence of a surfactant, etc.
[8]. In addition to, CuO has been successfully synthesized through
different methods with or without the assistance of templates [9].
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Fig. 1. FT-IR spectra of (a) CuO NPs and (b) PEG-g-CuO NPs.

A CP-Sil 24 CB (50% phenyl, 50% dimethylsiloxane) capillary column, WCOT Fused silica, 30.00 m × 320.00 m i.d with
0.25 m stationary ﬁlm thickness (Chrompack, Middelburg, The
Netherlands) was employed for all separations.
Temperature programming was used to improve selectivity in
the GC separation of BTEX. For this purpose, the temperature of
column was held at 40 ◦ C for 5 min, raised to 100 ◦ C at a rate of
10 ◦ C min−1 and then was increased to 200 ◦ C at 20 ◦ C min−1 and
kept at this temperature for 1 min.
The optimum conditions of desorption were 260 ◦ C for desorption temperature and 20 s for desorption time. The detector
temperature was kept at 300 ◦ C.

C

In this study, poly (ethylene glycol) (PEG) acts as a template for
the CuO ﬂower-nanostructures formation. It is a uniform polymer
which has an ordered chain structure. The hydrophilic groups in
the polymeric chain of PEG have been adsorbed at the surface of
metal oxide nanoparticles to prevent their aggregation [9]. So this
polymer plays an important role as growth-directing agent in the
current synthesis [10].
Liquid–liquid extraction (LLE) and solid-phase extraction (SPE)
are two kinds of the most widespread conventional extraction techniques. Recently, SPME is recognized as a rapid sampling technique
that is well adapted to gas chromatography (GC) analysis of volatile
and semi-volatile compounds. This method is based on the partitioning of the analytes between the ﬁber coating and the sample
environments [11].
Compared with traditional methods such as LLE and SPE, SPME
is a fast, simple, solventless, low-cost and more efﬁcient extraction
technique [12].
In this research, HS-SPME using the mentioned novel nanocomposite has been used as an excellent non-invasion sampling
technique for extraction and determination of BTEX in biological
samples.
Sol–gel technology provides surface-bonded hybrid advanced
organic–inorganic polymer which is used for ﬁbers coating in SPME
[13–17]. This method created a large number of novel sorbents with
large surface area, unique selectivity, solvent stability, and thermal
and chemical stability [18].
Benzene, toluene, ethyl benzene and o-xylene (BTEX) are important constituents in petroleum products. They are applied in the
manufacturing of paint, rubber products, agricultural chemicals
and chemical intermediates, etc. [19–21]. BTEX are relatively soluble in water [22] and have a toxic effect on the environment and
human health. Direct contact with BETX compounds causes sensory organ irritation and central nervous system incoordination,
etc. [23].
The aim of this study is introducing a novel ﬁber coating, PEGPEG-g-CuO-NPs for SPME technique. To achieve this, in the ﬁrst
stage PEG ﬂower-like CuO NPs were synthesized by using the
hydrothermal method. In the second the ordinary PEG ﬁber was
modiﬁed by applying the PEG-g-CuO NPs with sol–gel method.
Finally, the ability of this new ﬁber was successfully applied to
extract and determine the ultra-trace levels of BTEX from human
hair and water by gas chromatography-ﬂame ionization detector
(GC-FID) under the optimal conditions. The results of this study will
have an important impact on adsorbent characteristics and extraction efﬁciency of BTEX in the human hair, tap water and distillate
water samples.
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2.3. Synthesis of PEG-g-CuO-NPs
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This nano-particle was prepared by hydro-thermal method. In
this way, 3.159 g Cu (NO3 )2 ·3H2 O was dissolved in 25.0 mL deionized water. Then, Cu (NO3 )2 ·3H2 O solution was slowly added into
30.0 mL NH4 HCO3 solution (2.0 molL−1 ). Under vigorous stirring, an
intense blue precipitate was produced. The precipitate was ﬁltered
and washed repeatedly with distilled water and stirred for 90 min.
Then, it was transferred into 80.0 mL PEG (5 wt.%) solution under
constant stirring for 30 min at 60 ◦ C to ensure complete dissolution
of PEG.
The resulted solution, after complete reaction, was placed into a
teﬂon-lined stainless steel autoclave of 100 mL capacity. The autoclave was heated at 170 ◦ C for 24 h and then cooled down in room
temperature. The black precipitate was collected and washed with
deionized water and absolute ethanol several times and then dried
at 100 ◦ C for 6 h in air [24].

2. Experimental

2.4. Characterization and chemical composition PEG-g-CuO-NPs

R

2.1. Chemicals and materials

Poly (ethylene glycol) (PEG, MW 5000) was purchased
from Fluka (Busch, Switzerland, www.sigmaaldrich.com) and triﬂuoroacetic acid (TFA, 99%), methyltrimethoxysilane (MTMOS),
sodium chloride, copper(II) nitrate (Cu(NO3 )2 ), ammonium
bicarbonate(NH4 HCO3 ), methanol, dichloromethane, acetone, benzene, toluene, ethyl benzene and o-xylene were obtained from
Merck (Darmstadt, Germany).

2.2. Apparatus and instrumental conditions
In this work, a Chrompack CP9001 gas chromatography system
was applied for the analysis of BTEX compounds. It was equipped
with a split/split less injector and ﬂame ionization detector (FID).
Also, Helium (99.999%, Sabalan Co., Tehran, Iran) was used as the
carrier gas and was set at 1 mL min−1 .

Fig. 1b displays FT-IR spectra of PEG-g-CuO-NPs. Absorption
band between 417 cm−1 and 1030 cm−1 was attributed to the
asymmetric and symmetric stretching frequency of Cu O Cu
vibrational bands, respectively [25].
Several bands appeared in the FTIR spectrum at 597, 533, and
433 cm−1 are the characteristic for CuO [26].
Also, there are some peaks in the region of 800–3500 cm−1
that are all characteristic of PEG. The vibration bands at
3600–3200 cm−1 for O H was stretching and the absorbance band
at 2960–9850 cm−1 is due to alkane C H stretch vibrations mod.
The bands in the region from 1000 to 1450 cm−1 are attributed to
C O stretch and C H bending vibrations modes [27].
The obtained CuO-NPs was heated to 600 ◦ C at a rate of
1 ◦ C min−1 and then maintained at 600 ◦ C for 2 h in air [24].
FT-IR spectra of CuO-NPs was showed in Fig. 1a. Three weak
peaks at 428, 524 and 593 cm−1 were the characteristic peaks
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segment was burnt off using a naked ﬂame. Afterward, the net
fused silica ﬁber was cleaned with methanol and it was dried. In
order to expose the maximum silanol groups on the surface, the
ﬁber was dipped in a 1.0 mol L−1 NaOH solution for 60 min and
was cleaned with water. Then, the excess of NaOH was neutralized
by the immersion of ﬁber in a 0.1 mol L−1 HCl for 30 min solution.
Afterwards, it was washed again and dried in the oven.
The sol–gel coating was prepared as follows: 0.020 g PEG-g-CuO
NPs and 0.100 g PEG were added to 0.100 mL MTMOS in a 1.500 mL
an eppendorf tube and dissolved thoroughly by ultrasonic agitation
for 5 min. Then approximately 0.050 mL of TFA containing 1% water
was sequentially added to the resulting solution by ultrasonication
for 15 min. After that, to facilitate the formation of sol–gel coating
and its chemical bonding to the ﬁber substrate, treated ﬁber was
dipped vertically into the sol solution for 30 min [28].
For each ﬁber, this coating process was repeated three times
until the desired coating thickness was obtained. The coated ﬁber
was placed in a desiccator for 24 h at room temperature.
This ﬁber was conditioned in a GC injection port under helium
ﬂow rate of 1 mL min−1 , at100 ◦ C for 30 min, then 200 ◦ C for 60 min,
and ﬁnally 300 ◦ C for 60 min.
2.6. Surface morphology

C

SEM under different magniﬁcations was used to investigate the
morphology of the surface and cross-sectional characteristics of
PEG-PEG-g-CuO NPs ﬁbers (see Fig. 4).
From the part of Fig 4(b), it can be seen that, there are a lot of
PEG-g-CuO particles on the ﬁber surface. Due to the existence of
hydrophobic groups in the polymeric chain of polyethylene glycol,
PEG-g-CuO NPs was well dispersed in the sol–gel medium. So they
have been distributed uniformly on the surface.
In this research, PEG-g-CuO-NPs are important from two point
of views: (1) nanoparticles cause signiﬁcantly increase in the surface active area availability of the ﬁber and (2) the PEG molecules
grafted with CuO-NPs participated in the extraction and separation
of compounds from the sample which cause to enhance stationary
phase loading. On the other hand, there were many “crack-like”
features which are distributed throughout the surface of the ﬁber.
The synthesized sol–gel coating possesses a porous structure,
a lot of PEG-g-ﬂower-like CuO NPs and also cracks. It remarkably enhances the surface area availability of the ﬁber and further
provides an increase in the stationary phase loading and also the
extraction capacity and fast mass transfer.Furthermore, the ﬁlm
thickness of the coating was about 10 m. This thickness is 10 times
smaller than the conventional 100 m coating thickness of poly
(dimethylsiloxane) (PDMS) [29] which is applied on commercial
fused-silica ﬁbers. So, this feature caused: (1) higher mass transfer and thus lower equilibrium time; (2) a decrease in the memory
effect which leads to better precision.

A

Fig. 2. EDS image with elemental spectra of (a) PEG, (b) PEG-g-CuO NPs and (c)
PEG-PEG-g-CuO NPs SPME ﬁber.
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of CuO. The similarity of the two spectra indicates that the PEG
attached to the copper nanoparticles.
The chemical composition of PEG-g-CuO-NPs was obtained by
energy dispersion spectroscopy (EDS) and back scatter analysis
(Figs. 2 and 3).
As seen in Fig. 2b, the Cu, O and C peaks conﬁrm the successful
fabrication this nano particle.
The image of back scatter of PEG-g-CuO-NPs (Fig. 3b) displays
some bright and dark areas which are related to CuO-NPs and carbon atoms, respectively.
2.5. Preparation of the sol solution

R

Prior to sol–gel preparation, a 3.0 cm length of fused-silica ﬁber,
with protective polyimide coating, was selected and 1.0 cm of the

Fig. 3. BSE images of PEG-g-ﬂower-like CuO NPs.
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Fig. 4. Scanning electron microscopy of PEG-PEG-g-CuO NPs SPME ﬁber at a magniﬁcation of (a) and (b) 1000-fold and (c) 20,000-fold.

2.7. SPME procedure

solid matrix was separated consequently it was ﬁltered and rinsed
with 0.5 mL ethanol and both fractions were evaporated to dryness
at 40 ◦ C under a nitrogen atmosphere. The remaining was diluted to
10.0 mL with deionized water and the extract used to investigation.
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Also, the EDS spectra of the PEG-PEG-g-CuO NPs SPME ﬁber was
seen in Fig. 2c.
The Cu, O and C peaks conﬁrm the successful fabrication the new
SPME ﬁber coating.

3. Results and discussion

3.1. Extraction procedures optimization

The extraction efﬁciency depends on several variables such as
extraction temperature, extraction time, stirring speed and salt
content. Also, some instrumental parameters such as column temperature programming, desorption time and temperature have an
effect on HS-SPME-GC method.

C

Stock solutions (1000 ppm) of BTEX were prepared in ethanol
and stored in the dark at 4 ◦ C. The stocks were diluted with
ultrapure water for working solutions. HS-SPME procedures were
accomplished as follows: At ﬁrst, 1.5 mL sample solution was
poured into a 2.5 mL glass vial, then 6 g NaCl was added and a magnetic stirring bar was put into the vial. This vial was sealed with
rubber septum to prevent sample evaporation.
Afterwards, the stainless steel needle, where the ﬁber is housed,
was pushed through the vial septum and then the ﬁber was pushed
out to the headspace above the sample at the optimal conditions.
In order to control the extraction temperature, the vial was
put in a water bath providing a temperature control system. The
extraction was performed by head space at 35 ◦ C for 45 min under
magnetic stirring (1000 rpm). Once the extraction period was over,
the ﬁber was drawn back into the needle, then it was removed from
the vial and ﬁnally placed into the hot injection port of the GC at
260 ◦ C for desorption immediately. Each sampling was carried out
in triplicate.
In order to assure complete cleaning, ﬁber was held in the injection port for an additional 5 min.
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3.1.1. Desorption condition
In SPME, the highest possible desorption temperature, without
damaging the ﬁber coating should be used on the ﬁber in order to
avoid the carrying over of the analyte during the extraction process.
So, thermal desorption from the thermally stable sol–gel based
ﬁber was investigated at temperature range of 170–300 ◦ C for
0–80 s. It was found that desorption at 260 ◦ C for 20 s was sufﬁcient
and no carry over was observed.

2.8. Hair samples treatment

R

The hair samples were collected from a person who has been
exposed to some substances like BTEX used in the organic lab
(chemistry group, University of Ferdowsi, Mashhad, Iran). Hair
samples were cut about 0.05 cm in diameter from the vertex posterior region of the scalp. Hair samples which had a length of
2.00–4.00 cm were selected.
Fat and other surface contaminations such as sweat and sebaceous secretions, dust, and beauty treatments such as shampoos,
conditioners, permanent waves, bleaches, and hair spray on the
hair should be removed. These contaminants can make hair analysis highly inaccurate. So, the hair should be washed before analysis
[30].
The sample (2.0 g) washing was conducted by 20.0 mL
dichloromethane, 15.0 mL acetone, 15.0 mL methanol, 10.0 mL
methanol (5 min each), respectively, and then it was dried. The last
washing solvent was tested with GC analysis for residual content
of BTEX.
For the digestion, sample was prepared by accurately weighing
0.050 g of hair in 10.0 mL screw-cap tube, then 2.0 mL methanol as
an extracting solvent was added to it. The pH value of prepared
extracts was regulated to 7.4 by phosphate buffer solution. The
sample was incubated at 50 ◦ C for 5 h [31,32]. Finally, the remaining

3.1.2. Extraction temperature and time
During the HS-SPME procedure, distribution and adsorption
equilibrium of the analytes should be instated between the aqueous
and gaseous phase, and also between the gaseous and solid phase.
The amount of analyte extracted at equilibrium (ne) can be calculated based on the following equation for HS extraction modes
[33]:
ne =

Kfs Vf Cs Ve
Kfs Vf + Khs Vh + Ve

ne is proportional to the distribution coefﬁcient of the analyte
between the coating and sample matrix (Kfs ), volume of the extraction phase (Ve ), analyte concentration in the sample matrix (Cs ),
ﬁber coating volume (Vf ), gas/sample matrix distribution constant
(Khs ) and the volume of HS (Vh ).
The extraction efﬁciency in SPME techniques can therefore be
increased via two different approaches: (1) enhancing the magnitude of Kfs and (2) increasing the volume or active surface area of
the extraction phase. So, the coating type of SPME has an effect on
the both of Kfs and active surface area of extraction [33].
So, the various factors, such as the nature of the ﬁber, the identity
of the analytes, the extraction time and the extraction temperature
have an effect on this equilibrium.
Extraction time is an important factor which has a direct relationship with the type of ﬁber and the amount of extracted analyte;
it also determines the sensitivity and reproducibility of the proposed method.
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Fig. 5. Effect of optimization factors on the extraction efﬁciency of BTEX. Extraction (a) time and (b) temperature.

The effect of the stirring speed on the responses of the target
compounds was studied from 200 to 1000 rpm. A stirring rate of
1000 rpm was ﬁnally chosen as the optimal rate for the subsequent
evaluations.

3.1.4. Ionic strength
The ionic strength affects the solubility of analytes in solution by
reducing the amount of water molecules available to dissolve solute
molecules. So, increased salt, usually sodium chloride (NaCl), leads
to alter ionic strength that is effective on the presence of analytes
in headspace of solution and therefore the extraction recovery is
changed.
The inﬂuence of ionic strength was evaluated by adding different
amounts of sodium chloride (ranging from 0 to 40 (w/v %)). 40% w/v
of sodium chloride as the optimal amount was accepted.

C

The extraction time was optimized between 5 and 90 min. It can
be shown in Fig. 5a that extraction efﬁciencies for all compounds
under investigation have been increased up to 45 min. So, this time
was accepted as the optimal extraction time.
Raising extraction temperature could enhance the
headspace/sample partition coefﬁcient of the analyte. Also
an increase in the temperature leads to a decrease in ﬁber
coating/headspace partition coefﬁcient. So, as was shown in
Fig. 5b, the effect of the temperature was investigated within
15–50 ◦ C. Therefore, 35 ◦ C was adopted as the optimum extraction
temperature.
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3.1.3. Stirring speed
Headspace microextraction of aqueous sample normally needs
agitation to facilitate mass transport between the bulk of aqueous
sample and the ﬁber.
The boundary-layer model can be used for understanding SPME
process kinetics. In this model, around the ﬁber exists a thin boundary layer of unstirred ﬂuid. The thickness of the boundary layer
is obtained by the viscosity of the ﬂuid and the agitation conditions. When the extraction rate is determined by the diffusion in
the boundary layer, equilibrations time and the initial extraction
rate by the ﬁber. Equilibrations time (te ) can be calculated based
on the following equation [33]:
te = 3

ı Kfs (b − a)
Ds

R

where (b − a) is the ﬁber-coating thickness, ı is the thickness of
the boundary layer and Ds is the diffusion coefﬁcient of the analyte
in the sample ﬂuid. These equations indicate that reduction the
boundary layer and coating thickness can accelerate the extraction process. The agitation conditions affect the thickness of the
boundary layer.
Usually, agitation would decrease the time to reach equilibrium
and increase the extraction efﬁciency.

3.2. Life time of the coating
The life time of the coating was also investigated. The coating
layer of SPME is used for practical applications which damaged
mainly by its exposure to high temperatures, organic solvents,
strong acidic and basic solutions. No obvious decline was showed,
which indicated that PEG-g-PEG-CuO NPs ﬁber was still stable and
usable at least for 160 times.
Some experiments have shown that there was a decrease in
signal intensity, when SPME ﬁber used more than 160 times.
A long lifetime is because of strong chemical bonding between
the sol–gel generated composite coating and silica ﬁber surface.

4. Analytical evaluation
In order to validate the method, analytical ﬁgures of merit
including precision, linearity and limit of detection (LODs) and limits of quantitation (LOQs) were evaluated by determining the BTEX
under optimized conditions. As can be shown from the Table 1,
excellent results were acquired with LOD and LOQ and linear range.

Table 1
Figures of merit of the proposed method.
Analyte

LOD (pg mL−1 )a

LOQ (pg mL−1 )b

Linear range (pg mL−1 )

RSDc (%) one ﬁber
(repeatability) (n = 5)

RSDc (%) batch to batch
(reproducibility) (n = 3)

Benzene
Toluene
Ethyl benzene
o-Xylene

50
0.2
0.0005
0.00025

200
0.8
0.008
0.002

200–200000
0.8–200000
0.008–200000
0.002–200000

4.62
3.30
5.01
4.18

5.46
3.63
6.21
5.73

a
b
c

Limit of detection.
Limit of quantiﬁcation.
Relative standard deviations.
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Table 2
Concentration of BTEX in real sample.
Human hair

Tap water

Distilled water

Benzene

Ra
Mean (q g−1 )
RSD (%)
Relative recovery (%)

0.988
1.22
5.20
85.02

0.975
8.04
6.12
96.50

0.991
14.01
5.81
103.31

Toluene

Ra
Mean (q g−1 )
RSD (%)
Relative recovery (%)

0.986
1.23
6.73
93.21

0.995
6.40
4.78
101.34

0.980
n.q
7.31
95.56

Ethyl benzene

Ra
Mean (q g−1 )
RSD (%)
Relative recovery (%)

Ra
3.10
7.27
87.43

0.993
5.06
3.21
96.05

0.980
3.65
4.18
97.33

o-Xylene

Ra
Mean (q g−1 )
RSD (%)
Relative recovery (%)

0.996
9.38
4.31
94.75

n.q: not quantiﬁed: GC-FID did not detect analytes in real sample.
a
Correlation coefﬁcient.

0.995
n.q
3.27
102.02

0.987
n.q
5.43
97.82

from a person who had been in contact with BTEX in an organic lab
(Chemistry Dept., Ferdowsi University of Mashhad, Iran).
The results are shown in Table 2. The results showed that the
relative recoveries of BTEX (n = 3) ranged from 85.02 to 103.31%
and the RSDs were between 3.27 and 7.31%.
A typical chromatogram obtained for BTEX in human hair with
the sol–gel PEG-PEG-g-CuO NPs ﬁber, is shown in Fig. 6.

C

LODs and LOQs were between 0.00025–50.00000 pg mL−1 and
0.00200–200.00000 pg mL−1 , respectively. Linearity was observed
over a range 0.00200–200000.00000 pg mL−1 . The repeatability of
the method was obtained with ﬁve replicate determinations using
a single ﬁber, which its standard deviation of the BTEX peak areas
was earned in the range of 3.30–5.01%. In addition, the ﬁber to
ﬁber reproducibility of three different ﬁbers coated under the same
conditions was also evaluated, which ranged from 3.63 to 6.21%.
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Analyte

6. Comparison of PEG-PEG-g-CuO NPs with other related
SPME methods

A

5. Real sample analysis

Results show that LOQ and a relatively wide linear range is more
satisfying than other ones (see Table 3).
PEG-g-MWCNTs sol–gel coated SPME ﬁber was applied in
the extraction of BTEX in water samples for subsequent GCFID analysis [28]. LODs and LOQs were obtained in the range

R
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In order to study the capability of the extraction method in analyzing real samples, the method of standard addition was applied
for the analysis of human hairs, tap water and distilled water. Tap
water and distilled water samples were obtained from Mashhad,
Ferdowsi University, Iran. The human hairs samples were collected

Fig. 6. Chromatogram of BTEX compounds in: (a) human hair sample and (b) human hair spiked with 20 pg mL−1 of each analyte for PEG-PEG-g-CuO NPs SPME ﬁber.
Identiﬁcation codes correspond to (B) benzene, (T) toluene, (E) ethyl benzene and (O) o-xylene.
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27

Table 3
Comparison of analytical characteristics for proposed ﬁber with other ﬁbers in determination of BTEX compounds.
Fiber

LOD (pg mL−1 )

LOQ (pg mL−1 )

PDMS-IL-HT
PEG
PEG/CNTs
PEG-g-MWCNTs
Poly-G
Hollow ﬁber protected CNTs sol–gel
PDMS-TX100 ﬁber
PEG-PEG-g-CuO NPs

0.3–2
2–800
1–800
0.6–3.0
1.0–6.0
0.5–0.7
1–3
0.00025–50.00000

0.3–1800.0
0.005–1.000
0.002–1.000
2–10
0.01–0.05
0.3–20000.0
4–1000
0.00200–200.00000

3.2–5.3
3.44–4.57
5.9–8.4
4.4–5.8
5.1–8.3
4.7–5.2
3.1–6.2
3.30–5.73

Relative recovery (%)
91.2–103.3
106–113
106–113
90.21–101.90
83.2–109.7
74–87
94.41–104.05
85.02–103.31

Matrix

Reference

Water
Water
Water
Water
Water
Hair–water
Water
Hair–water

[29]
[34]
[34]
[28]
[35]
[32]
[14]
This research

Appendix A. Supplementary data
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of 0.6–3.0 pg mL−1 and 2.0–10.0 pg mL−1 , respectively. The results
showed (Table 3) that PEG-PEG-g-CuO NPs coating ﬁber has lower
LODs and LOQs than this method. Also, the linear range of the proposed method in wider.
This can be explained that the surface of this novel ﬁber has a lot
of PEG-g-CuO NPs and cracks which greatly cause enhance in the
porosity and surface area of sol–gel coating and faster mass transfer.
In addition, the smaller coating thickness results much faster mass
transfer and it decreases in the memory effect during extraction as
well as analyte desorption process during.

RSD (%)

7. Conclusion
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The main goal of this study was to introduce a novel ﬁber
by combining HS-SPME and GC-FID for the preconcentration and
determination of ultra-trace amounts of BTEX compounds in
human hair, tap water and distilled water samples.
In order to do so, PEG-PEG-g-CuO NPs were synthesized and
characterized by SEM, BSE and EDS.
The morphology of the surface showed the new ﬁber has a
porous structure, a lot of PEG-g-CuO NPs and also several cracks
which greatly enhance the surface area for the PEG-PEG-g-CuO
NPs sol–gel coating and further more provide increased stationary
phase loading and the extraction capacity and fast mass transfer;
therefore, even a thin coating will be able to provide increased
stationary phase loading and high capacity of the sample.
Herein, the hydrophilic groups in the polymeric chain of PEG
which have been adsorbed at the surface of CuO NPs play the roles
of binder and sorbent.
In addition, the ﬁlm thickness of coating is smaller than the conventional coating thickness of PDMS, so it results to higher mass
transfer and decrease the memory effects that produce better precision.
Combining the properties of PEG-g-CuO NPs and the sol–gel
technique, the resulting sorbent enhanced the surface area for
BTEX.
The method was compared with the other previous works
(Table 3). An excellent LOQ and RSD and a relatively wide linear
rang were obtained for the ﬁber coating that they showed porous
surface structure, good precision, high selectivity and sensitivity.
It could be expected to be novel coating for preconcentration
and extraction of polar and non-polar analytes from headspace and
direct immersion SPME for the matrix sample.
This composite polymer, sol–gel sorbents may be used the creation of surface-bonded sorbent coatings on unbreakable ﬁber
materials (e.g., Ni-Ti, stainless steel, titanium, and copper) and also
on substrates of different geometrical formats (e.g., planar SPME).

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chroma.2015.09.
044.
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