Journal of Chromatography A, 1218 (2011) 5757-5764

Contents lists available at ScienceDirect

Journal of Chromatography A

journal homepage: www.elsevier.com/locate/chroma

A novel solid-phase microextraction using coated fiber based sol-gel technique
using poly(ethylene glycol) grafted multi-walled carbon nanotubes for
determination of benzene, toluene, ethylbenzene and o-xylene in water samples
with gas chromatography-flam ionization detector

Ali Sarafraz-Yazdi*, Amirhassan Amiri, Gholamhossein Rounaghi, Hossein Eshtiagh Hosseini

Department of Chemistry, Faculty of Sciences, Ferdowsi University of Mashhad, Iran

ARTICLE INFO ABSTRACT

Article history:

Received 19 April 2011

Received in revised form 23 June 2011
Accepted 26 June 2011

Available online 3 July 2011

In this study, poly(ethylene glycol) (PEG) grafted onto multi-walled carbon nanotubes (PEG-g-MWCNTSs)
were synthesized by the covalent functionalization of MWCNTSs with hydroxyl-terminated PEG chains. For
the first time, functionalized product of PEG-g-MWCNTSs was used as selective stationary phase to prepare
the sol-gel solid-phase microextraction (SPME) fiber in combination with gas chromatography-flame ion-
ization detector (GC-FID) for the determination of ultra-trace levels of benzene, toluene, ethylbenzene
and o-xylene (BTEX) in real water samples. The PEG-g-MWCNTs were characterized by Fourier transform
infrared spectra and also thermo-gravimetric analysis, which verified that PEG chains were grafted onto
Multi-walled carbon nanotubes the surface of the MWCNTs. The scanning electron micrographs of the fiber surface revealed a highly
Sol-gel technology porous structure which greatly increases the surface area for PEG-g-MWCNTs sol-gel coating. This fiber
BTEX demonstrated many inherent advantages, the main being the strong anchoring of the coating to the fused
Water samples silica resulting from chemical bonding with the silanol groups on the fused-silica fiber surface. The new
PEG-g-MWCNTSs sol-gel fiber is simple to prepare, robust, with high thermal stability and long lifetime,
up to 200 extractions. Important parameters influencing the extraction efficiency such as desorption
temperature and time, extraction temperature, extraction time, stirring speed and salt effect were inves-
tigated and optimized. Under the optimal conditions, the method detection limits (S/N =3) were in the
range of 0.6-3 pgmL-! and the limits of quantification (S/N=10) between 2 and 10 pgmL-'. The rela-
tive standard deviations (RSDs) for one fiber (repeatability) (n=5) were obtained from 4.40 up to 5.75%
and between fibers or batch to batch (n=3) (reproducibility) in the range of 4.31-6.55%. The developed
method was successfully applied to real water samples while the relative recovery percentages obtained
for the spiked water samples at 20 pgmL-! were from 90.21 to 101.90%.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

BTEX is the collective name of benzene, toluene, ethylbenzene,
and the xylene isomers (p, m, and o-xylenes), all being harmful
volatile organic compounds (VOCs). Human exposure to these com-
pounds can have serious damaging effects on the kidneys, heart,
lungs, and the nervous system [1].

BTEX are emitted to the environment from an extensive vari-
ety of sources including combustion products of wood and fuels,
industrial paints, adhesives, degreasing agents and aerosols [2]. On
the other hand, BTEX have been widely used in the manufactur-
ing of paints, synthetic rubber, agricultural chemicals and chemical
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intermediates. BTEX compounds are also abundant in petroleum
products, such as fuel oil and gasoline.

Exposure to BTEX can occur by ingestion (consuming contami-
nated water or food), inhalation (exposure to BTEX present in the
air) or absorption through the skin.

Maximum contamination levels (MCLs) according to the U.S.
Environment Protection Agency (EPA) for benzene, toluene, ethyl-
benzene, and xylenes are 0.005, 1, 0.7, and 10 mgL~1, respectively,
and concentrations above MCL in air and water seriously affect
human health [3]. There is, therefore, a vital need to develop sim-
ple and cheap analytical methods with low detection limits for the
quantification of BTEX.

In recent years, the development of fast, precise, accurate and
sensitive methodologies has become an important issue. However,
despite the advances in the development of highly efficient analyti-
cal instrumentation for the end-point determination of analytes in
biological and environmental samples and pharmaceutical prod-
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ucts, sample pre-treatment is usually necessary in order to extract,
to isolate and to concentrate the analytes of interest from com-
plex matrices, because most of the analytical instruments cannot
directly handle the matrix. Therefore a sample preparation step is
commonly required [4].

Conventional sample-preparation techniques [i.e. liquid-liquid
extraction (LLE) and solid-phase extraction (SPE)] have involved
drawbacks (e.g., complicated, time-consuming procedures, large
amounts of sample and organic solvents and difficulty in automa-
tion). Using harmful chemicals and large amounts of solvents
causes environmental pollution, health hazards to laboratory per-
sonnel and extra operational costs for waste treatment. Ideally,
sample-preparation techniques should be fast, easy to use, inex-
pensive and compatible with a range of analytical instruments, so
the current trend is towards the simplification and miniaturization
of the sample-preparation steps and decrease in the quantities of
the organic solvents used [4].

Solid phase microextraction (SPME), a solvent-free technique
developed by Pawliszyn et al. [5,6], is based on the establish-
ment of the analyte equilibrium between the liquid or gaseous
sample and a polymeric coating on a fused silica fiber, which is
part of the syringe needle. Commercially available SPME fibers
consist of polymer-coated fused silica rods, with coatings rang-
ing from polydimethylsiloxane (PDMS) for nonpolar compounds to
polyacrylate (PA) for polar compounds. Compared to conventional
sample preparation methods, SPME provides many advantages
including its speed, simplicity and ease of operation. In addition,
SPME combines sampling and sample preparation into one step and
can be readily automated and coupled with separation techniques
such as gas chromatography (GC). In spite of the advantages of this
technique, the lack of proper chemical bonding of the stationary-
phase coating and the relatively high thickness of the conventional
fibers seem to be responsible for some drawbacks of the commer-
cial fiber such as low thermal and chemical stability, the stripping
of coating and short lifetime [7].

Sol-gel coating technology, established by Malik and co-
workers [8], has solved most of these problems. The distinguished
character of sol-gel technique is that it can provide efficient
incorporation of organic components into inorganic polymeric
structures in the solution under extraordinarily mild thermal con-
ditions.

The porous structure of the sol-gel coating offers a high surface
area; allowing high extraction efficiency and the coating composi-
tion can be altered with a relative ease to give different selectivity
characteristics. Strong adhesion of the coating onto the support
due to chemical bonding is a very important characteristic which
increases the coating stability toward organic solvents and high
desorption temperatures [7].

Carbon nanotubes (CNTs), essentially an allotropic form
of graphitic carbon, were first described in 1991 by lIijima
[9].

CNTs, which include single wall carbon nanotubes (SWCNTs)
and multi-walled carbon nanotubes (MWCNTSs), have captured the
attention of researchers worldwide due to their unique properties.
CNTs have high surface area, the ability to establish - interac-
tions, excellent chemical, mechanical and thermal stability, etc.,
which make them very attractive as adsorbents in SPE and SPME
devices for either non-polar (in the case of non-functionalized
CNTs) and polar compounds for which functionalization of the
tubes plays a key role in selectivity [10,11]. Only a few investiga-
tions have been published on the application of CNTs in the fiber
coating for SPME [12-26].

However, despite excellent properties, owing to their rigidity,
chemical inertness and self-aggregation of CNTs with strong van
der Waals forces, CNTs are difficult to dissolve or disperse in com-
mon organic solvents or polymeric matrices. Great efforts have

been focused on applying the methods of covalent or non-covalent
functionalization to improve the solubilization of CNTs.

The intersection of CNTs science with sol-gel chemistry essen-
tially allows the prepared coatings to efficiently integrate the
advantages both from the CNTs and sol-gel technology.

In the present work, for the first time, we prepared a
novel SPME fiber coating containing new stationary phase,
hydroxyl-terminated poly(ethylene glycol) grafted via covalent
functionalization of multi-walled carbon nanotubes (PEG-g-
MWCNTs) by sol-gel technology. During the course of sol-gel
reactions, the created organic-inorganic hybrid sol-gel PEG-g-
MW(CNTs polymer became chemically bonded to the fused-silica
fiber producing a surface-bonded stationary-phase coating, with
inherently effective chemical immobilization, thermal stability and
higher extraction efficiency.

The developed sol-gel coating was then used for the determina-
tion of BTEX in real water samples with gas chromatography-flame
ionization detector (GC-FID).

2. Experimental
2.1. Chemicals and materials

The MWCNTs (outer diameter 10-20nm, length range
5-15 wm, purity > 95%, special surface area>40-300m?2 g~!) were
purchased from Shenzhen Nanotech Port (Shenzhen, China).
Methyltrimethoxysilane (MTMOS), trifluoroacetic acid (TFA, 99%),
poly(ethylene glycol) (PEG, MW 6000), tetrahydrofuran (THF),
thionyl chloride (SOCI2) and sodium chloride were purchased from
Merck (Darmestadt, Germany).

Analytical reagents grade methanol, benzene, toluene, ethyl-
benzene and o-xylene were also purchased from Merck (Darmstadt,
Germany). Toluene and tetrahydrofuran (THF) were dried, deoxy-
genated, and distilled from Na/benzophenone ketyl before use.

2.2. Instrumentation

Gas chromatographic analysis was carried out using a
Chrompack CP9001 (Middelburg, the Netherlands) fitted with a
split/splitless injector and flame ionization detector (FID). Helium
(99.999%, Sabalan Co., Tehran, Iran) was used as the carrier gas and
was set at 1 mLmin~!. The separation was performed with a CP-Sil
5CB,aWCOT Fused silica capillary column, 30 m x 0.25 mmi.d. with
0.25 pm stationary film thickness of 100% polydimethylsiloxane
(Chrompack, Middelburg, the Netherlands).

The column temperature was programmed as follows: ini-
tial oven temperature 40°C for 5min, increasing to 100°C at
10°Cmin~! and directly to 200°C at 20°Cmin~"! then holding for
1 min.

The injector temperature was set at 250°C and fiber desorp-
tion was carried out in the splitless mode for 20, plus 5 additional
minutes with the split valve on, to assure complete cleaning. The
detector temperature was held at 300°C.

A VELP Scientifica heating magnetic stirrer, model ARE (Milano,
Italy) was employed for stirring and heating samples during the
extraction. To mix various solution ingredients, an ultrasonic
bath (Branson 1510, Branson Ultrasonics Co., Danbury, CT), was
employed at a frequency of 42 kHz.

The chemical structures of the PEG, pristine and functional-
ized MWCNTs were identified by a Fourier transform infrared
spectroscopy (FT-IR, Thermo-Nicolet AVATAR 350 spectrometer).
Thermal gravimetric analyses (TGA) were made with a TGA-50
(Shimadzu, Japan) instrument under nitrogen at a heating rate of
10°Cmin~1,
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Fig. 1. Reaction scheme for the synthesis and preparation of PEG-g-MWCNTs.

Also the surface characteristics of the created sol-gel PEG-g-
MWCNTs coating were studied by scanning electron microscopy
(SEM) (LEO, model 1450VP, Germany).

2.3. Preparation of PEG-g-MWCNTs

A typical procedure for preparing MWNT-COCI is described as
follows. The first step was to attach carboxyl groups onto the sur-
face of nanotubes. In this carboxylation procedure, a 100 mL flask
charged with 0.3 g of crude MWNTSs and 50 mL of 60% HNO3 aque-
ous solution was sonicated in a bath for 30 min and stirred for 24 h
at reflux. After having been cooled to the room temperature, the
mixture was vacuum-filtered through a 0.22 pum membrane and
washed with excess distilled water until the pH of the filtrate was
7.0. The filtered solid was then dried under vacuum for 12 h at 60 °C
to give carboxylic acid-functionalized MWCNT (MWCNTs-COOH)
[27]. Afterwards, 200 mg of MWCNT-COOH was stirred in 20 mL
of SOCI2 at 70°C for 24 h to convert the surface-bound carboxyl
groups into acyl chloride groups. After centrifugation, the solid was
rinsed repeatedly with anhydrous THF and then dried at the room
temperature under vacuum [28].

After MWCNTs-COCI had been prepared, the dried solid was
reacted with PEG as follows [29]. MWCNTs-COCI was mixed with
5¢g of PEG (MW 6000) in 20 mL of toluene/THF solvent mixture
(v/v 3/1) and 2 mL of triethylamine. The mixture was stirred for
52 h at 80°C under a nitrogen atmosphere. The resultant solid was
filtered, repeatedly washed with water to remove the unreacted
PEG, and dried under vacuum. A typical procedure for synthesizing
MWCNTs-g-PEG is illustrated in Fig. 1.

2.4. Fiber preparation

Before the coating process, in order to remove the polyimide
layer from a 1 cm segment of the fiber at one of a 3-cm-long fused
silica fiber ends, this layer was burnt off using a naked flame. Then
the fiber was dipped into 1 M NaOH solution for 1 h, to expose the
maximum number of silanol groups on the surface of the fiber, and
cleaned with water. Then it was placed into 0.1 M HCl solution for
30 min to neutralize the excess NaOH. Then it was cleaned again
and dried.

The sol solution was prepared as follows: 20 mg MWCNT-g-PEG
and 100 mg PEG were added to 100 .L MTMOS in an eppendorftube
and dissolved thoroughly by ultrasonic agitation for 5min. Then
approximately 70 L of TFA containing 5% water was sequentially
added to the solution and the mixture was sonicated for another
next 5 min. At this stage, treated fused silica was dipped vertically
into the sol solution for an optimized time of 30 min and gel coating
was formed on the activated outer surface of the fused silica. For
each fiber, this coating process was repeated several times using
a freshly prepared sol solution until the desired thickness of the
coating was obtained. The fiber was placed in a desiccator at room
temperature for 24 h. This was followed by the condition process.
Conditioning of the fiber was as follows: the fiber was conditioned
in a GC injection port under helium flow rate of 1mLmin~!, at
100°C for 30 min, then 200°C for 1 h, and finally 300°C for 1h.

2.5. Preparation of aqueous standard solutions for extraction by
SPME

Stock solutions (100mgmL-!) of BTEX were prepared in
methanol and stored in the dark at 4°C. Working solutions were
prepared by the dilution of the stocks in the appropriate solvent.
Tap water, mineral water, well water and wastewater samples were
collected from Mashhad, Razavi Khorasan Province, Iran. Water
samples were stored in amber-glass bottles without headspace and
maintained in the dark at 4 °C until their analysis.

2.6. Headspace SPME procedure

For each HS-SPME analysis, 15 mL of water sample was placed
into a 20 mL glass vial with 6 g of NaCl and a magnetic stir bar. The
vial was sealed with rubber septa to prevent sample evaporation.
Afterward, the stainless steel needle, where the fiber is housed, was
pushed through the vial septum, and then the fiber was pushed out
of the housing and exposed to the headspace above the sample at
the optimal conditions. Extractions were performed in a water bath
provided with a temperature control system in order to control the
extraction temperature. Once the extraction period was over, the
fiber was withdrawn into the needle, removed from the vial and
then immediately inserted into the hot injection port of the GC at
250°C for desorption. Each sampling was performed in triplicate.
The fiber was cleaned everyday prior to the first extraction by leav-
ing it in the injection port for 30 min at 300°C to eliminate any
carry-over of analytes from the previous extraction. Prior to start-
ing a set of experiments, a blank analysis was performed to verify
that no extraneous compounds were desorbed from the fiber.

3. Results and discussions
3.1. Characterization of PEG-g-MWCNTs

FT-IR was used to analyze the changes in the surface chemical
bonding and structure, in the frequency range of 4000-400 cm™'.
FT-IR spectra can display that the PEG chains were chemically
attached to the functionalized MWNT-COOH. To obtain these sam-
ples, CNTs were mechanically mixed to the KBr powder and pressed
into disc shape. Fig. 2 shows the FT-IR spectra of the pristine MWC-
NTs, MWCNTs-COOH, PEG and PEG-g-MWCNTs.

Pristine MWNTs displays the weak signal at 1580 cm~!, which is
assigned to the stretching mode of the benzenoid (vc=c) in the nan-
otube backbone [30]. Also the appearing of the band at 3400 cm™!
is attributed to the presence of the hydroxyl groups (-OH) on the
surface of the MWCNTSs, which could appear either from ambient
moisture bound to the MWCNTSs or during the purification of the
raw material (Fig. 2a) [31]. Moreover, pristine MWCNTSs have some
weak peaks between 3000 and 2800 cm~! which correspond to
—CH stretching absorption band, indicating that pristine MWCNTSs
contain defects, which may be formed during their manufacture
[32]. The presence of carboxylic groups after the oxidation step
was confirmed with a C=0 band stretching that appeared at around
1700cm™! (Fig. 2b). The relative increase in the intensities of the
bands about 3400 cm~! suggests that there could be possibly more
—-OH groups on the surface of the MWCNTs after oxidation. These
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Fig. 2. FT-IR spectra of (a) pristine MWCNT, (b) MWCNT-COOH, (c) PEG-g-MWCNTs
and (d) pure PEG.

observations clearly indicate the oxidation of the nanotube sur-
face and the existence of -COOH groups attached to the surface of
MWCNTs.

After the grafting of PEG, as shown in Fig. 2c, there appeared
some new peaks in the region of 800-1600cm~! that are all char-
acteristic of PEG and are not seen in the spectrum of pristine
MWCNTs and MWCNTs-COOH. The C=0 peak at 1731cm™! sig-
nificantly appears after functionalization, which can be assigned to
the carbonyl vibration of the ester bonding. The presence of ester
bond can also be verified by the appearance of the C-O stretch-
ing at 1100 cm~!. The peaks at 3000-2800 cm~! also become more
prominent when compared to those of pristine MWCNTs and
MWCNTs-COOH, and are ascribed to the C-H stretching of CH,
hydrocarbon chains of grafted-PEG. These results show that the
PEG chains were chemically attached to the functional groups of
MW(CNTs.

The relative amount of the grafted-PEG and the thermal
stability of the PEG-g-MWCNTSs can be determined by the thermo-
gravimetric analysis (TGA). The samples were scanned within the
temperature ranging from 25 to 700 °C ata ramp rate of 10 °C min~!
under continuous N, flow. The weight loss curves of pure PEG, pris-
tine MWCNT, and PEG-g-MWCNTs are presented in Fig. 3. Clearly,
pristine MWCNTs have good thermal stability. When the temper-
ature increases up to 700°C, there is no obvious decomposition
in pristine MWCNTSs. The pure PEG completely decomposes in the
temperature range between 380 and 560 °C with a weight loss over
99%. TGA traces of PEG-g-MWCNTs give considerable weight loss
between 380 and 560 °C, corresponding to the decomposition of
PEG covalently attached to MWCNTSs. Neat MWCNTSs hardly decom-
posed at the temperature below 600 °C. Therefore, the TGA results
can be applied to estimate the relative amounts of the grafted PEG
onto the MWCNTSs. TGA of the PEG-g-MWCNTs showed a weight
loss around 17 wt%, which demonstrates a moderate degree of the
functionalization of PEG on MWCNTs.
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Fig. 3. TGA curves of (a) pristine MWCNTs, (b) PEG-g-MWCNTs and (c) pure PEG.

3.2. Sol-gel chemistry of the PEG-g-MWCNTs coating in SPME

In the sol-gel approach, four major sets of reaction occurred
during the sol-gel processing: (1) hydrolysis of the precursor by
TFA; (2) condensation of the hydrolyzed products with PEG-g-
MWCNTs; (3) polycondensation of the condensation products into
a three-dimensional sol-gel network and (4) chemical anchor-
ing of the evolving sol-gel polymer to the surface of the fiber to
create a surface-bonded polymeric coating. The sol solution was
prepared by mixing appropriate amounts of methyltrimethoxysi-
lane (a sol-gel precursor), PEG (a sol-gel active organic polymer),
PEG-g-MWCNTs (stationary phase) and trifluoroacetic acid con-
taining 5% water (a sol-gel catalyst). PEG was used to lengthen the
sol-gel network and to help uniformly spread the stationary phase
on the fiber. Fig. 4 represents the probable chemical structure of
the PEG-g-MW(CNTs fiber coating.

3.3. Surface structure of the coating

The morphology of the fiber was investigated by scanning elec-
tron microscopy (SEM) under different magnifications (Fig. 5). SEM
analysis also revealed homogenously distributed coatings on the
entire surface of the fiber. A lot of MWCNTs were observed on the
surface of the PEG-g-MWCNTSs sol-gel coating at high magnifica-
tion.

The morphology of the fiber surface showed a rough and highly
porous structure which greatly increases the surface area for PEG-g-
MWCNTs sol-gel coating and further provide enhanced stationary
phase loading and the extraction capacity and fast mass transfer. It
increases the surface area on the fiber, therefore, even a thin coating
will be able to provide enhanced stationary phase loading and high
sample capacity. The porous structure also increases the speed of
extraction and desorption.

3.4. Thermal stability

In order to obtain a complete desorption of the analytes from the
fiber without carry-over effects and the spread of the SPME applica-
tion, the thermal resistance is a very important parameter for SPME
applications. The thermal stability of the PEG-g-MWCNTs fiber was
studied by HS-SPME of BTEX in aqueous solution in NaCl saturated
solution. The fibers were conditioned 1 h at different temperatures
(ranging from 250°C to 320°C), and then were used to extract
the analytes. The results indicated that PEG-g-MWCNTs fiber could
withstand higher temperatures to 320 °C without loss of extraction
efficiency. The results proved that the PEG-g-MWCNTSs coating is
thermally stable. Such a high operating temperature is due to strong
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Fig. 4. Chemical structure of sol-gel PEG-g-MW(CNTs fiber coating.

adhesion of the coating to the silica fiber surface through chemical
bonding.

3.5. Lifetime of the coating

The lifetime of the coating layer of SPME is very important
for practical applications. The coating is damaged mainly by its
exposure to high temperatures, organic solvents, strong acidic and
basic solutions [33]. The change of extraction efficiencies of PEG-g-
MW(CNTs fiber in extracting BTEX from the aqueous solution after
being used for 30, 60, 90, 120, 150, 170 and 200 times is studied at
250°C. No obvious decline was observed, which indicated that the
fiber was still stable and usable at least for 200 times. However, the
commercial fiber generally can be used for 50-100 times. Thus, the
lifetime of the coating is prolonged. This long life span is because
of the thinness of the coating and the heat-resistant properties
due to strong chemical bonding between the sol-gel generated
organic-inorganic composite coating and silica fiber surface.
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3.6. Optimization of extraction and desorption conditions

Before performing the robustness test of an analytical proce-
dure, it is necessary to carry out an optimization of the parameters
that influence the process. The most important factors related to
this extraction technique such as the desorption time and temper-
ature, the extraction time and temperature, the agitation sample
and the salting effect were investigated and optimized.

3.6.1. Desorption temperature and time

The desorption process is affected by the desorption time and
temperature. Increasing the desorption temperature led to decreas-
ing the partition coefficient of the analyte between the fiber coating
and the gaseous phase. Using the highest possible temperature
without damaging the fiber coating is a way of minimizing the
desorption time of the analyte from the fiber surface. Regarding
the high volatility of the compounds under study, only temper-
atures between 150 and 300°C were tested. On the other hand,
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Fig. 5. Scanning electron micrograph images of the surface of PEG-g-MWCNTs SPME fiber at a magnification of (a) 2000-fold, (b) 10,000-fold, (c) 20,000-fold and (d)

30,000-fold.
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to avoid carry-over effect, desorption time should be sufficient for
the quantitative desorption of the extracted analytes from the sur-
face of the coating SPME fiber. For this reason, experiments were
performed with various desorption times to test the effect of des-
orption time (0 up to 120s) on the chromatographic peak areas
of the analytes. All of the components are completely desorbed at
250°C, so it was selected as the optimum desorption temperature
and 20 s was selected as the optimal desorption time to eliminate
any carry-over of analytes from the previous extraction. In addition,
fibers were held for 5 min in the GC injection system to eliminate
probable carry-over effects.

3.6.2. Extraction temperature

During the extraction, it was necessary for the solute to vaporize
from the sample solution to the gas phase by heating the sam-
ple. On the other hand, increasing extraction temperature could
increase the headspace/sample partition coefficient of the analyte.
Also increase in the temperature leads to decrease of fiber coat-
ing/headspace partition coefficient. The first phenomenon leads to
a higher concentration of the analyte in the headspace, and the
second one results in the lowering of the equilibrium amount of
the analyte that the fiber coating is able to extract. The optimal
extraction temperature was investigated by exposing the fiber to
the sample headspace for 30 min at temperatures ranging from 20
to 60°C, which was illustrated in Fig. 6. As shown in Fig. 7, the
extracted quantity of BTEX compounds increased up to 30°C and
decreased at higher temperature. Therefore, 30 °C was preferred as
the optimum extraction temperature.

3.6.3. Extraction time

The extraction time is a critical parameter in the SPME pro-
cedure because it influences the partition of the target analytes
between sample, headspace and SPME fiber coating. Extraction
time also determines the sensitivity and reproducibility of the pro-
posed method. The extraction time varied from 10 to 60 min for
determination of the optimum extraction time (Fig. 7). It can be
seen from Fig. 8 that extraction efficiencies for all BTEX compounds
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Fig. 7. Effect of extraction time on the extraction efficiency of BTEX.
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Fig. 8. Typical chromatogram of BTEX in wastewater sample using PEG-g-MWCNTs
coating fiber. Peak numbers correspond to (1) benzene, (2) toluene, (3) ethylbenzene
and (4) o-xylene.

under investigation increased up to 30 min. After this time, the
extraction efficiency did not change significantly for most of the
analytes. Under these conditions, the analyte concentration equi-
librium between headspace and fiber is reached.

3.6.4. Stirring speed

Agitation of samples increases the extraction efficiency and
reduces the time required to reach thermodynamic equilibrium.
The effect of the stirring speed on the responses of the target com-
pounds was investigated in detail at the stirring speeds ranging
from 200 to 1000 rpm. Our results showed that the peak area of
the analytes increases with the increasing stirring rate. Hence, the
stirring speed of 1000 rpm was used as the optimal value in further
extractions.

3.6.5. Salt concentration

Addition of salt to the aqueous sample is usually made to
improve the extraction of several analytes because the increase in
ionic strength brings a reduction on the solubility of the hydropho-
bic analytes in the water solution and forces more of these analytes
into the headspace and the extracting phase. The increase in the
extraction extent can be explained by the engagement of water
molecules in the hydration spheres around the ionic salt and hence
in the reduction of the water concentration available to dissolve
analytes. The salting-out effect was examined by monitoring the
variation of peak areas in the presence of different concentra-
tions of NaCl (from saltless up to saturation). Results show that
the extraction efficiency of BTEX increased with the salt content
in the range tested, and in the saturated salt concentration (6.0 g
NaCl in 15.0 mL sample volume), maximum extraction efficiency
was observed. Thus, in all extractions, 6 g NaCl was added to 15 mL
sample solution to provide maximum salt effect.

4. Validation of the method

The analytical characteristics of the optimized HS-SPME method
in terms of its linear range, repeatability, reproducibility, limits of
detection (LODs) and limits of quantitation (LOQs) were investi-
gated to estimate the efficiency and the feasibility for application
to the analysis of environmental samples. In the optimum condi-
tions, the calibration graphs were constructed for eight working
aqueous standards containing all the analytes at different concen-
trations. For each point three replicate extractions were performed.
The results are summarized in Table 1. Good linear relationship
between the corresponding peak areas and the concentrations were
obtained for all the analytes (r2>0.9961). The limits of detection
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Figures of merit of the proposed method.
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Analyte Linear range LOD (pgmL-1) LOQ (pgmL-1) Correlation RSD (%) one fiber RSD (%) batch to batch
(pgmL-1) coefficient (%) (repeatability) (n=5) (reproducibility) (n=3)
Benzene (10-5) x 104 3 10 0.9979 440 431
Toluene (7-5)x 104 2 7 0.9975 5.75 6.55
Ethylbenzene (3-8)x 103 0.7 3 0.9961 4.90 5.07
0-Xylene (2-8)x 103 0.6 2 0.9984 475 6.24
Table 2
Content of BTEX in real water samples and the accuracy of the established proposed method using the sol-gel PEG-g-MWCNTSs coating fiber.
Tap water Mineral water Wastewater Well water
Mean RSD (%) Recovery Mean RSD (%) Recovery Mean RSD (%) Recovery Mean RSD (%) Recovery
(pgmL™") (%) (pgmL™") (%) (ngmL~1) (%) (ngmL™") (%)
Benzene 76.50 5.50 100.90 6 x 102 4.56 97.20 3.15 10.72 92.05 2.07 6.63 95.21
Toluene 97.30 7.69 97.98 1.61x102 6.74 96.30 1.72 9.52 95.36 1.77 7.29 96.75
Eyhylbenzene NQ 5.40 101.90 NQ 532 96.11 242 9.19 94.37 2.10 7.11 95.50
o-Xylene NQ 5.29 95.60 65.00 4.93 95.21 1.82 9.57 90.21 1.61 6.94 94.15

NQ, not quantified.

2 Relative recovery (%) =the amount found in the spiked sample — the amount found in the sample/the amount added x 100.

Table 3
Comparison of analytical characteristics for proposed fiber with other fibers in determination of BTEX compounds.
Reference RSD (%) LOD (ngmL-1) Fiber
[34] 1.4-4.0 0.6-1.6 NiTi-ZrO,-PDMS
[35] 3-7 0.08-0.6 PDMS (100 pum)
[36] <8.2 5.6-12.4 Anodized aluminum coated with titania sol-gel
[37] 4.7-10.0 0.012-0.054 Lead dioxide
[38] 2.0-4.5 0.19-3.29 Graphite
[39] 3.5-10 100-800 Disposable ionic liquid (IL) coated fiber
[40] 6.6-9.8 1-13 HPTES-SBA-15
[41] 2.96-4.16 0.01-10 PDMS
[41] 3.44-457 0.002-0.8 PEG
[41] 5.87-8.42 0.001-0.8 PEG/CNTs
This study 4.40-5.75 0.0006-0.003 PEG-g-MWCNTs

(LODs) and quantification (LOQs), based on signal-to-noise ratio
(S/N) of 3:1 and 10:1, were determined. Excellent results were
obtained with LOD values in the low pg mL~! range (Table 1), thus
proving the potential of the method for the determination of BTEX
compounds at ultra-trace levels. LODs and LOQs were obtained
in the range of 0.6-3 pgmL-! and 2-10 pgmL-1, respectively. In
order to assess the repeatability of the method, five replicate deter-
minations (spiked at 20 pgmL-! with each target analyte) were
carried out using a single fiber and the relative standard devia-
tions (RSDs) were calculated. The observed repeatability ranged
4.40-5.75% depending of the compound considered. The fiber-to-
fiber reproducibility of three different fibers coated under the same
conditions was also investigated, which ranged from 4.31 to 6.55%.

5. Real sample analysis

The proposed method was applied to the determination of BTEX
in different water matrices such as tap water, mineral water, well
water and wastewater samples.

The quantitative results of this water samples are listed in
Table 2. BTEX compounds were detected in all the water samples
but some of their concentrations were under their LOQs. As shown
in this table, all BTEX compounds were found at ultra-trace lev-
els in these water samples, indicating the high sensitivity of the
sol-gel derived PEG-g-MWCNTs fiber. In order to investigate the
performance of the established method, PEG-g-MW(CNTs fiber was
applied to extract these water samples spiked at 20 pgmL-! for
each compound. The recoveries and determination precisions are
listed in Table 2. The results showed that the mean recoveries of

BTEX (n=3) ranged from 90.21% to 101.90% and the RSDs were
between 4.56% and 10.72%.

These results clearly demonstrated that the accuracy of the
developed method for the analysis of BTEX in real water sam-
ples was quite satisfactory. Fig. 8 shows a typical chromatogram
obtained for BTEX in real wastewater sample with the sol-gel PEG-

g-MWCNTs fiber.

6. Comparison with other related SPME methods

Some statistical data of the proposed method were compared
the some reported SPME methods in literature (Table 3). The results
showed that relative standard deviations values of the proposed
method using sol-gel PEG-g-MWCNTs coating fiber were compa-
rable with the other ones. It can be seen that this method has lower
LOD than those of the other reported works. These advanced perfor-
mances are mainly due to two reasons: (a) sol-gel coatings possess
porous structures which should significantly increase the surface
area availability on the fibers and (b) using MWCNTs with high
surface area as a sorbent modifier will also be able to provide the
enhanced adsorption efficiency for the analyte.

7. Conclusion

In this work, for the first time, chemically bonded sol-gel PEG-
g-MWCNTs coating was prepared and then successfully applied for
the analysis of BTEX at ultra-trace levels in four real water samples.
Due to the unique properties of CNTs and the inherent advanta-
geous features and also the performance of the sol-gel coating
technology, this innovative fiber exhibited porous surface struc-



5764 A. Sarafraz-Yazdi et al. / . Chromatogr. A 1218 (2011) 5757-5764

ture, good precision and accuracy, high selectivity and sensitivity,
longer life span (over 200 times) and high thermal stability.

The porous structure of sol-gel coating increases the surface
area on the fiber, the speed of extraction and desorption steps and
sample capacity. An excellent thermal stability of at least 320°C
was obtained for the fiber coating, suggesting chemical bonding
between the substrate and the polymeric coating, which will allow
these fibers to be applied to a wider range of volatile compounds,
especially less volatile compounds.

Based on these features, in this article, a rapid and facile method
for routine ultra-trace analysis of BTEX in real water samples was
introduced. Therefore, it could be expected to have a potential use
in the other complex matrix samples. On the other hand, there are
still some areas of research left to modify MWCNTSs with other func-
tional groups to increase coating fiber selectivity for highly complex
samples.
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