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a  b  s  t  r  a  c  t

Water-insoluble  �-cyclodextrin  polymer  was  synthesized  by chemical  cross-linking  using  epichlorohy-
drin  (EPI)  as  a cross-linker  agent.  The  produced  water-insoluble  polymer  was  used  as a  sorbent  for  the
micro-solid  phase  extraction  (�-SPE)  of  benzene,  toluene,  ethylbenzene  and  xylenes  (BTEX)  from  water
samples.  The  �-SPE  device  consisted  of  a sealed  tea  bag  envelope  containing  15  mg  of  sorbent.  For  the
evaluation  of  the  extraction  efficiency,  parameters  such  as  extraction  and  desorption  time,  desorption
solvent  and salt  concentration  were  investigated.  At  an  extraction  time  of  30  min  in the course  of  the
extraction  process,  analytes  were  extracted  from  a 10 mL  aqueous  sample  solution.  The  analytes  were
desorbed  by  ultrasonication  in 200  �L of acetonitrile  for 20 min.  Analysis  of  the  analytes  was  done  by  a
gas  chromatography-flame  ionization  detector  (GC–FID)  system.  The  enrichment  factor  (EF)  was  found
to  be  in  the range  23.0–45.4  (EFmax = 50.0).  The  method  provided  linearity  ranges  of  between  0.5  and
500.0  ng/mL  (depending  on the  analytes),  with  good  coefficients  of determination  (r2) ranging  between

0.997  and  0.999  under  optimized  conditions.  Detection  limits  for  BTEX  were  in  the  range  of  between
0.15  and  0.60  ng/mL,  while  corresponding  recoveries  were  in  the  range  of  46.0–90.0%.  The  relative  stan-
dard  deviation  of the  method  for the  analytes  at 100.0  ng/mL  concentration  level  ranged  from  5.5  to
11.2%  (n  = 5). The  proposed  method  was  concluded  to be  a cost  effective  and  environmentally-friendly
extraction  technique  with  ease  of  operation  and  minimal  usage  of  organic  solvent.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Despite substantial technological advances in the field of ana-
ytical chemistry, most instruments are still not capable of directly
andling relatively complex samples. Therefore, sample prepara-
ion step is critical to obtain reliable and accurate final results.
ew trends in sample preparation are exemplified by miniaturiza-

ion of the extraction apparatus, reduction of pretreatment steps
nd time, and improvement of selectivity to reduce matrix effects.
n the past 20 years, many efforts have been devoted to develop
hese ideas. The latter approach includes solid-phase microex-
raction (SPME) and liquid-phase microextraction (LPME) [1,2].
PME is a fast, simple, and green sample preparation technique

hat combines preconcentration and cleanup steps into a single
tep; however, it has some disadvantages as well. The main draw-
acks of SPME include (i) high analysis cost per sample because of

∗ Corresponding author.
E-mail address: s nojavan@sbu.ac.ir (S. Nojavan).

ttps://doi.org/10.1016/j.chroma.2017.10.027
021-9673/© 2017 Elsevier B.V. All rights reserved.
using dedicated and expensive apparatus, (ii) degradation of fibers
through increased usage, and (iii) carryover between extractions
[3]. Basheer et al. reported a novel extraction and preconcentration
technique, termed micro-solid-phase extraction (�-SPE), based on
the packing of sorbent material in a sealed porous polypropylene
membrane envelope to overcome, at least partially, these disadvan-
tages [4]. It was demonstrated to be a fast, accurate, and effective
pretreatment technique. This method was  subsequently applied
for the determination of various target compounds in a variety of
matrices [4–6].

Basheer et al. reported a �-SPE method in which multi-walled
carbon nanotubes (MWCNTs) were used to extract organophos-
phorus pesticides (OPPs) from environmental samples [7]. Later
in 2007, they used a �-SPE device, where C18 was used as sor-
bent, for analyzing acidic drugs in wastewater [8]. Many other
researchers evaluated various materials as sorbent in this pro-

cess. In an advanced study, molecularly imprinted polymer with
2,4,6-trichlorophenol (2,4,6-TCP), as the template molecule, was
prepared and used in molecularly imprinted micro-solid phase
extraction (MIMSPE) procedure to selectively preconcentrate phe-

https://doi.org/10.1016/j.chroma.2017.10.027
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2017.10.027&domain=pdf
mailto:s_nojavan@sbu.ac.ir
https://doi.org/10.1016/j.chroma.2017.10.027
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olic compounds from environmental water samples [9]. In a recent
nvestigation in this field, Naing et al. used cross-linked chitosan

icrospheres as a sorbent for �-SPE of benzene, toluene, ethyl-
enzene, xylenes and styrene (BTEX-S) from water [10].

Cyclodextrins (CDs) are extensively used in separation pro-
esses, due to their unique property in terms of forming inclusion
ompounds with other smaller hydrophobic molecules [11]. These
re torus-shaped cyclic oligosaccharides with hydrophobic cavities
hose size depends on the number of glycosidic units [12]. Besides

hose, which are known as native or natural CDs, many of their
erivatives are also of interest for various reasons such as separa-
ion and purification purposes using chromatographic techniques
13]. Chemical cross-linking the hydroxyl groups of �-CDs using
pichlorohydrin (EPI) as a cross-linker agent is the most straightfor-
ard method among all the reactions proposed to produce a stable

ross-linked network of �-CD molecules, a new type of adsorbent
hich is useful for the removal of organic pollutants and heavy
etals from water. Because of its cross-linked network structure,

he �-CDP is stable and insoluble in water [14,15]. The inclusion
nteraction within CD cavity is one of the driving forces to be consid-
red in the extraction of analytes by �-CDP. Albeit the solutes can
lso interact with the cross-linking network [16,17], the increas-
ng number of publications on pollutant removal using CD-based

aterials shows that there is a growing interest in the development
f new materials used in wastewater treatment. Although their
igher cost compared to that of activated carbon is a drawback,
he usefulness of �-CDP in water and wastewater treatment appli-
ations arises from several advantages including easy synthesis,
asy regeneration, possibility of being tailored for special applica-
ions, and high sorption capacity for and selectivity toward targeted
ollutants. For sorption-oriented processes, �-CDP materials could
epresent an interesting alternative [15].

Moon et al. were the first to propose SPE technique based on
he formation of an inclusion complex with �-CDP polymer [18].
fter that, �-CDP had been applied as a SPE material to sepa-
ate/preconcentrate trace metal elements [19]. However, to the
est of our knowledge, a report on the use of this polymer as �-SPE
orbent for the separation of analytes from environmental samples
s yet to be released.

As mentioned before, other researchers worked based on the
acking of sorbent material in a sealed porous polypropylene
embrane envelope [2,4,5,8,9]. But the polypropylene membrane

uffers from too long extraction time due to the small pore size of
he membrane and low extraction rate because of low wettabil-
ty of the hydrophobic polypropylene membrane [20]. Pelden et al.
xamined the possibility of replacing the polypropylene membrane
ith a cellulosic tea bag filter paper [20]. Their study showed that,

he tea bag filter paper provides a highly durable and protective
ayer for any solid adsorbent with a high porosity and high tensile
trength.

Aromatic hydrocarbons, such as benzene, toluene, and ethyl-
enzene (commonly referred to as BTEX) are usually considered
s carcinogens that are harmful to the human body. Handling and
isposal of the water containing such contaminations is one of
he greatest environmental challenges encountered by natural gas
nd oil exploration and production activities [21,22]. Therefore,
he research on adsorbing aromatic hydrocarbons with adsorbents
e.g., �-CD) is of extreme significance for environment protection
nd human health [23].

In this study, �-CDP was synthetized and used as a sorbent of
-SPE to directly preconcentrate BTEX from water samples. Then,

he analytes were determined by GC-FID system. Several important

arameters affecting the extraction efficiency (e.g., sorbent mate-
ial as well as extraction and desorption conditions) were carefully
tudied and optimized. Possible interactions between �-CDP and
nalytes were discussed. Finally, the proposed method was  applied
matogr. A 1525 (2017) 51–59

to analyze BTEX in real water samples. This is the first study on �-
SPE where �-CDP is used as a sorbent and GC-FID is utilized for
determining BTEX in aqueous samples.

2. Material and methods

2.1. Chemicals

�-CD and epichlorohydrin, the cross-linking agent, were sup-
plied from Sigma Aldrich (Bornem, Belgium). Acetone, chloroben-
zene, benzene, ethylbenzene and xylenes were purchased from
Merck (Darmstadt, Germany). Obtained through Milli-Q

®
system

(Millipore, Milford, MA,  USA), HPLC grade water was used to pre-
pare all solutions. HPLC grade acetonitrile and methanol were
purchased from Dae-Jung (South Korea). Isopropanol and toluene
were supplied by Fluka (Buchs, Switzerland) and dichloromethane
was obtained from Ghatran Shimi (Tehran, Iran). The cellulose
acetate sheet (tea bag filter paper) with 1 mm thickness and 0.1 �m
pore size were supplied by Ghazal Tea Company (Tehran, Iran).

2.2. Preparing the solutions

Standard stock solutions (1000 �g/mL) were prepared individu-
ally in methanol. All standard solutions were kept in the refrigerator
at 4 ◦C prior to analyses. Working solutions containing all of the
BTEXs at different concentrations were prepared by being spiked
into ultrapure water. Concentration of each analyte in the work-
ing solutions was  0.25 �g/mL; these solutions were used for the
optimization experiments.

Environmental water samples for the experiments were col-
lected from a canal passing through an agricultural area in Karaj,
Iran (agricultural water) and a well that was located in a residen-
tial region (well water). Rain water sample was  collected in urban
zone over a rainy night and drinking water sample was sampled
from water supply system of Tehran, Iran. These samples were col-
lected into glass bottles which were pre-rinsed with acetone. Each
bottle was filled with water without leaving a headspace at the bot-
tle neck and was  wrapped in an aluminum foil and transported to
the laboratory. The water samples were kept at 4 ◦C prior to the
analyses.

2.3. Instrumentation

The separation and quantification of BTEX was  performed on
a Varian CP-3800 gas chromatographic-flame ionization detector
(GC–FID) system equipped with a HP-5 (Agilent, USA) fused-silica
capillary column (30 m × 0.32 mm;  film thickness: 0.25 �m)  and
the following temperature program was  used: initially, the tem-
perature was  set to 50 ◦C for 7 min, then it was increased to 110 ◦C
at 5 ◦C/min and further increased to 300 ◦C at 20 ◦C/min, and held
for 10 min. Nitrogen was used as the carrier gas at a pressure of 4.0
psi. The injector temperature was  held at 270 ◦C with split ratio of 7
and the FID temperature was set to 300 ◦C. Quantitative calculations
were made based on GC peak areas.

Fourier transform infrared (FT-IR) spectra of �-CD and �-CDP
in solid phase were obtained by a Bruker IFS 66/S, FT-IR spec-
trometer (USA). 1 mg  of each material was blended with IR grade
KBr (100 mg)  and pressed into tablet for analysis. FT-IR spectra
were recorded at a resolution of 4 cm−1 within a scan range of
400–4000 cm−1.

Differential scanning calorimetry (DSC) analysis was performed
with a Mettler TA-4000 Stare apparatus equipped with a DSC 25

cell (Mettler Toledo, Switzerland). Accurately weighted samples
(2–5 mg,  as weighted on a Mettler M3 microbalance) were placed
in sealed aluminum pans with pierced lid and scanned at a heating
rate of 0.1 ◦C/min over the temperature range of 30–400 ◦C.
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Fig 1. Scheme of preparing �-SPE device and procedure.

Table 1
Experimental Conditions for producing �-CDP polymers.

Polymer type Ep/�CDa T(◦C) Time (h) NaOH(aq)b solubility

A 15 60 5 50 Water insoluble
B  17 60 7 20 Water insoluble
C  30 60 2 40 Water insoluble
D  10 60 Over night 40 Water soluble
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a Molar ratio.
b %w/v.

Thermogravimetric analysis (TGA) was carried out on a
AHR STA 503 thermogravimetric analyzer (BÄHR-Thermoanalyse
mbH). The sample weight was 10–15 mg.  The analysis was per-

ormed from room temperature up to 500 ◦C at a heating rate of
0 ◦C/min in argon atmosphere.

.4. Preparation of water-insoluble ˇ-CDP

A series of polymers were prepared with different molar ratios
f EP/CD, temperatures, times, and aqueous sodium hydroxide
olution [24,25]. The experimental conditions are summarized in
able 1. At and below the molar ratio of EP/BCD = 10, water-soluble
olymer was produced.

The �-CDP polymer with high extraction efficiency (polymer A)
as prepared as follows. Appropriate mass of �-CD was  dissolved

n a stirred aqueous solution of 50% w/v NaOH at 60 ◦C. Once the
-CD was dissolved, EPI was added to the solution in a dropwise

ashion. The molar ratio of �-CD to the cross-linking agent was
djusted to 1:15. Throughout the reaction time, the stirring speed of

he reacting bulk (300 rpm) and the temperature (60 ◦C) were kept
onstant. Meanwhile, the mixture viscosity increased gradually, so
hat the mixture turned, finally, into a highly viscous mass of white
o pale yellow in color. The reaction time was set to 5 h. The polymer
was washed with Mili-Q water and acetone successively. Then the
resulting masses were cut to pieces of appropriate size (1–3 mm in
diameter) and dried in oven at 90 ◦C for 12 h. Different synthetic
polymers were used as �-SPE sorbent to discover their capabilities
in terms of BTEX extraction from aqueous media.

2.5. Preparation of �-SPE device

The �-SPE device was  prepared as reported by Pelden et al. [20].
Briefly, 15 mg of sorbent was enclosed inside a tea bag envelope
whose final dimension was  1 cm × 0.8 cm.  The edges of the device
were sealed with closing clips to secure the enclosed sorbent.
Before the �-SPE process, the tea bags were cleaned by ultrasoni-
cation in methanol and acetone for 10 min, respectively.

After the process, the �-SPE device needed to be cleaned to get
rid of overlaid residual analytes for later extractions. The washing
process included ultrasonication for 15 min with 2 mL  of acetoni-
trile and then with acetone. The carryover effect was  tested with
an additional extraction using 200 �L of acetonitrile followed by

GC–FID analysis of the washing product, indicating no analyte peak.
Conducting a series of tests, it was shown that the extraction device
was reusable for up to 15 times. Thereafter no significant changes
were observed in its appearance but in most cases the used bag
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Fig. 2. IR spectrum of �-CD and �-CDP.

as torn during the extraction and the sorbent washed out. Hence
ne of the limitations of the continuous usage of bags was that they
ere torn down when we  used them a lot. More importantly, after

5 times, extraction efficiency and repeatability were decreased
ore and more.

.6. �-SPE procedure

For each extraction, the �-SPE device was placed into 10 mL
f prepared sample, being stirred at 1000 rpm. The device tum-
led freely within the sample during the extraction (Fig. 1). After
0 min  of extraction, the device was removed with a pair of tweez-
rs followed by drying with lint-free tissue paper. After that, the
evice was placed in a vial, and the analytes were desorbed by
ltrasonication in 200 �L of acetonitrile for 20 min. After desorp-
ion, internal standard (Chlorobenzene, 5 �g/mL) was added to the
ollected extract and then 1.0 �L of that was injected into GC-FID
ystem for analysis.

. Results and discussion

.1. Characterization of ˇ-CDP

The cross-linked polymer of �-CDP is a well-known material.
o confirm that the material was successfully prepared, IR spec-
rum (KBr pellet) of the polymer was measured and compared to
he spectra of �-CD and EPI, as reported in literature. The IR spec-
rum obtained herein (Fig. 2) did not resemble that of �-CD nor
PI. However, it matched the literature-reported spectrum of �-
DP exactly (3400 cm−1, OH stretch; 3000 cm−1, CH stretch; and
040 cm−1, COC stretch). Therefore, the synthesis was concluded
o successfully yield �-CDP [14,25].

The corresponding TGA curves to �-CD and �-CDP are presented
n Fig. 3A. Typical TGA curve with a large mass loss peak at 310 ◦C,

orresponding to the decomposition of �-CD, was seen along the
pectra of pure �-CD. Meanwhile, the characteristic thermal pro-
les of cross-linked �-CD were distinguishable and the mass loss
eaks were shifted to 350 ◦C for insoluble polymers. Such results
Fig. 3. A) TGA and B) DSC curves of �-CD and �-CDP.

indicated significant improvement in the stability of the insoluble
polymers after polymerization. From the TG analysis, the decom-
position of the �-CDP was seen at 410 ◦C, which was  indeed higher
than that of �-CD (350 ◦C) [26]. The enhanced thermal stability of
� CDP is attributed to its cross-linked nature.

In Fig. 3B, the DSC curve of �-CD exhibited a wide and
strong endothermic effect in the temperature range of 80–130 ◦C
(peak Tmax = 111.5 ◦C), which may  be attributed to dehydration.
Moreover, the melting peak of the CD was  seen at Tmax = 319.66 ◦C
[27,28]. The DSC curve of �-CDP is shown in Fig. 3B, where no tran-
sition is observed in temperatures up to 320 ◦C. The absence of glass
transition is thought to be due to the highly cross-linked nature of
the polymer. The exothermic peaks at 360 ◦C are attributed to the
�-CDP decomposition process. These results reveal that the poly-
mer  is thermally stable at temperatures above 180 ◦C (melting point
of neat CD) in a nitrogen atmosphere; hence it can be used under
some high temperature environments [28].

3.2. Extraction optimization

In this section, parameters influencing the extraction efficiency
of BTEX by �-CD epichlorohydrin polymer (e.g., adsorbent type,
extraction time, desorption time, salt concentration and desorption
solvent) are investigated.
3.2.1. Sorbent type
Choosing a suitable sorbent represents a significant step in �-

SPE, since it determines the selectivity towards analytes. Varying
the synthesis conditions (EPI/CD molar ratio, NaOH concentration,
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Fig. 4. Effect of different synthesized sorbents on the extraction of BTEX. Other
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ing 10 mL  of 100 ng/mL aqueous solution of each analyte with an
xtraction conditions: sample volume: 10 mL,  extraction time: 10 min, desorption
olvent: methanol, desorption time: 5 min.

eaction temperature and reaction time), different cross-linked
olymers can be obtained, making it possible to induce structural
odifications into polymer networks. It has been documented that,

n increase in the concentration of CD monomers and a decrease
n its ratio with respect to the “cross-linking agent” often results in
nsoluble CDPs [29].

The primary product of the reaction of �-CD with epichlorohy-
rin in an alkaline medium is a heterogeneous mixture of various
D glyceryl ethers: this is not a true polymer but a copolymer. [13]
herefore, the resulting �-CDP materials are a mixture containing
-CD units joined by repeating glyceryl linkers. A number of �-
D rings are interconnected and a three-dimensional (co) polymer
etwork is formed [15]. In such a network structure, chain length

s meaningless and no specific molecular weight can be measured
or these polymers.

In this work, different �-CDP polymers were synthesized by
arying the molar ratio of EPI/�-CD from 10 to 30, so as to produce
ifferent insoluble polymers, and then examining their capabilities

n terms of BTEX extraction from aqueous medium.
The present research was done by extracting 10 mL  of 100 ng/mL

queous solution of each analyte at 1000 rpm stirring rate for
0 min. The analytes were eluted by ultrasonication in methanol,
s a desorption solvent, for 5 min. As the results in Fig. 4 shows,
olymer A was found to be the most effective extraction sor-
ent, followed by polymers B and C. This behavior is related to
he final polymer structure. At lower EPI-to-�-CD molar ratios (in
his case = 10), the water-soluble polymer was synthesized which,
ndeed, was not suitable for aqueous media. However, when the

olar ratio of the reactant (EPI) was increased, water-insoluble
olymer was the final product. According to the literature, polymer-
nalytes interaction may  follow either of three main mechanisms:
1) interactions in the �-CD cavities (i.e., the formation of inclu-
ion compounds), (2) interactions in the internal pores of polymeric
earls, and (3) interactions on the surface (physical sorption). In
eneral, physical sorption plays a minor role in the interaction
etween �-CDP and pollutants. This is because CD-based materials
ave a very small surface area and the results are mainly explained
y the formation of inclusion complexes. Therefore in the case of
ighly cross-linked polymers (in this study, polymer B and C), only
he surface molecules of the particles can take part in the formation

f the complex. In other words, guest molecules cannot penetrate
nto the network and the extraction efficiency would be low for
hese polymers [15].
Fig. 5. Effect of A) extraction time, and B) desorption time on the extraction of BTEX.
Other extraction conditions: sample volume: 10 mL, desorption solvent: methanol,
desorption time: 5 min (for A), extraction time: 30 min  (for B).

3.2.2. Extraction time
For �-SPE, mass transfer of analyte from the sample to the sor-

bent materials is time-dependent and equilibrium-based rather
than an exhaustive extraction process. Extraction time is a key
factor affecting extraction efficiency [20]. In our experiments, the
extraction time was  set to range within 10–40 min  at a constant
stirring rate (1000 rpm). Our determination was done by extracting
10 mL  of 100 ng/mL aqueous solution of each analyte. The analytes
were eluted by ultrasonication with methanol, as a desorption sol-
vent, for 5 min.

Generally, the analytes-to-internal standard peak area ratio
increased with an extraction time up to 30 min, with no significant
improvement thereafter.

As can be seen in Fig. 5A, peak area ratios of the analytes to
internal standard decreased over prolonged extraction; it was due
to the desorption of analytes beyond the optimum time: which is
also, a common observation in microextraction studies [4]. Based
on these results, an optimum extraction time of 30 min  was selected
for further experiments.

3.2.3. Desorption time
The effect of desorption time was explored in the range of

5–25 min. As mentioned before, experiments were done by extract-
elution time of 5 min  with ultrasonication by methanol as a desorp-
tion solvent. Fig. 5B shows that the analytes-to-internal standard
peak area ratios increased with increasing desorption time; indeed,



56 S. Nojavan, M. Yazdanpanah / J. Chromatogr. A 1525 (2017) 51–59

Table 2
Figures of merit of proposed method for determination of BTEX compounds in aqueous samples.

Parameter Benzene Tuluene Ethylbenzene p/m-xylene o-xylene

Equation y = 0.1396x + 0.0374 y = 0.2425x–0.0978 y = 0.2344x–0.0081 y = 0.2960x–0.0966 y = 0.3154x–0.1190
Linearity(ng/mL) 2.0–500.0 1.0–500.0 1.0–500.0 0.5–500.0 0.5–500.0
LOQ  (ng/mL) 2.0 1.0 1.0 0.5 0.5
LOD  (ng/mL) 0.60 0.30 0.30 0.15 0.15
r2 0.999 0.999 0.997 0.998 0.999
RSD(%)a 7.5 6.5 11.2 5.5 7.0
EFa 23.0 43.6 39.1 41.4 45.4
Recovery (%) 46.0 87.2 78.2 82.8 90.0

a RSDs (n = 5) and EFs were calculated at concentration level of 100 ng/mL for each ana
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ig. 6. Effect of A) salt concentration and B) desorption solvent on the extraction of
TEX. Other extraction conditions: sample volume: 10 mL,  extraction time: 30 min,
esorption solvent: methanol (for A), desorption time: 20 min.

eak areas showed an increase with desorption time from 5 to
0 min, but a decrease thereafter. Prolonged desorption time could
onceivably lead to re-adsorption of the analytes. This is in agree-
ent with other microextraction studies (e.g., Basheer et al. work

n microextraction and determination of persistent organic pollu-
ants in tissue samples [30]). Also evaporation of the analytes due
o increased temperature during sonication may  explain this issue.
ased on this, 20 min  was selected as the optimum desorption time.
.2.4. Salt concentration
The salting out effect on the extraction efficiency of the proposed

-SPE procedure was determined by adding NaCl salt to the aque-
us solution at different percentages ranging from 10% to 30% (w/v).
lyte.

Accordingly, the extraction yields of the analytes were observed to
be enhanced with the salt concentration since aqueous solubility
decreased with increasing the ionic strength by introducing fur-
ther NaCl into the �-SPE process. The results (Fig. 6A) showed that
the extraction efficiency was  maximized when NaCl concentration
reached 20%. However, further increase in NaCl concentration was
associated with an opposite effect, leading to reduced extraction
yield. This may  be due to the increase in viscosity of the aqueous
sample following the addition of large amounts of sodium chlo-
ride, thereby impeding the mass-transfer process. The rate of mass
transfer of analyte from aqueous phase to solid sorbent decreased,
and the amount of time required to attain equilibrium increased.
This is not an unusual observation for microextraction procedures
[8].

3.2.5. Desorption solvent
Selection of a suitable desorption solvent was investigated based

on the solubility of tea bag membrane and analytes and the polar-
ity of the solvent. BTEX is relatively hydrophobic and has strong
interactions with the sorbent, so that it may  not be easily des-
orbed if the wrong solvent is used. Both tea bag and �-CDP are
stable in many organic solvents such as methanol, isopropanol,
dichloromethane, and acetonitrile. Therefore, these solvents were
tested as desorption solvents. Based on the results (Fig. 6B), ace-
tonitrile, most probably by virtue of its nonpolar characteristic,
exhibited greater affinity toward the BTEX, giving better peak areas
compared to other solvents. Other solvents (e.g., dichloromethane)
were also investigated, but in the case of dichloromethane, it was
impossible to collect the solvent desirably after ultrasonic treat-
ment (as a result of solvent evaporation). Hence, based on the
results, acetonitrile was selected as the optimal desorption solvent
for further experiments.

3.3. Method validation

To evaluate the applicability of the proposed procedure for
extracting BTEX, the repeatability, linearity, limits of quantifica-
tion (LOQs) and limits of detection (LODs) were investigated under
the optimal extraction conditions (polymer A as sorbent; extrac-
tion time of 30 min; acetonitrile as desorption solvent; desorption
time of 20 min; salt addition at 20% w/v). The results are shown
in Table 2. The linear ranges of between 2.0 and 500.0 ng/mL for
benzene, between 1.0 and 500.0 ng/mL for toluene and ethylben-
zene, and between 0.5 and 500.0 ng/mL for the other two  analytes
were obtained with good coefficients of determination (r2) ranging
between 0.997 and 0.999. The LODs (S/N = 3) were in the range of

0.15 and 0.60 ng/mL whereas the LOQs (S/N = 10) were in the range
of 0.5 and 2.0 ng/mL. The precision of the proposed method was
then evaluated; percentage relative standard deviations (RSDs) for
five-replicate experiments were found to be <11.2%.
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Table  3
Comparison of proposed method with other methods applied for the determination of BTEX in water samples.

Extraction Procedure Sorbent/fiber Linearity (ng/mL) LOD (ng/mL) RSD (%) Ref.

SPE-GC-FIDa C18 8000–35000 104–372 2.9–3.5 [31]
SDME-GC-FIDa 2-octanone 10–20000 0.8–7 1.81–2.47 [32]
DLLME-GC-FIDa CS2 0.2–100 0.1–0.2 0.9–6.4 [33]
HF-LPME-GC-FIDa 1-octanol 50–20000 5–30 2–4.6 [34]
SPME-GC-FIDa PDMS-ILa 0.3–200 0.1–2 3.8–8.5 [35]
SPME-GC-FID carbon–zirconium

oxide nanocomposite
0.2–200 0.05–0.56 4.9–6.7 [36]

SPME-GC-FID SBA−15 mesoporous
silicaa

1.5–950 0.15–0.42 6.8–10.9 [37]

HS-SPME-GC/MSa PDMS 1–5000 0.3–5 2.4–6.5 [38]
HS-SPME-GC-FID CNT/poly(o-toluidine)

compositea
0.5–300 0.03–0.06 3.2–7.5 [39]

HS-SPME-GC/MS PoA/GONSs 0.1–500 0.01–0.06 4.9–7.3 [40]
MSPE-GC/MS Chitosan 0.5–50 0.01–0.04 2–3 [11]
MSPE-GC/MS Zeolite/iron oxide

composite
1–100 0.3–3 8–11 [41]

MSPE-GC-FID 3D-HND-G 1.5–500 0.5–1 6.2 [42]
MSPE-GC-FID Poly-�-CD 0.5–500 0.15–0.6 5.5–11.2 Current method

a SPE: solid phase extraction, SDME: single drop microextraction, DLLME: dispersive liquid–liquid microextraction, HF-LPME: hollow fiber liquid phase microextraction,
SPME: solid phase microextraction, HS: headspace; PDMS: polydimethylsiloxane; IL: ionic liquid, SBA-15: Santa Barbara Amorphous, CNT: carbon nano tube, PoA/GONSs:
poly(o-anisidine)/graphene oxide nanosheets, 3D-HND-G: high nitrogen doped graphene.

Table 4
Analysis of real samples.

Sample Analyte Blank concentration
(ng/mL)

Spiked concentration
(ng/mL)

Found (ng/mL) RR% RSD (%) (n = 3)

Drinking water Benzene n.da 20.0 13.3 66.5 7.1
Toluene 20.1 20.0 38.6 92.5 6.6
Ethylbenzene 13.3 10.0 21.6 83.0 11.3
p/m-Xylene 17.9 20.0 35.2 86.5 5.7
o-Xylene 17.2 20.0 36.1 94.5 7.3

Rain  water Benzene 19.4 20.0 32.3 64.5 7.4
Toluene 35.3 40.0 71.5 90.5 6.5
Ethylbenzene 38.1 40.0 75.2 92.8 11.7
p/m-Xylene 52.8 50.0 100.2 94.8 5.7
o-Xylene 65.6 70.0 128.9 90.4 7.1

Agricultural water Benzene 21.6 20.0 36.8 76.0 7.5
Toluene 30.6 30.0 61.0 101.3 7.1
Ethylbenzene 34.1 30.0 62.3 94.0 11.8
p/m-Xylene 58.5 60.0 118.7 100.3 5.9
o-Xylene 71.9 70.0 138.3 94.9 7.5

Well  water Benzene 22.6 30.0 44.7 73.7 7.3
Toluene 34.3 40.0 73.2 97.3 6.9

50.0
70.0

b

R

E
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o
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o
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Ethylbenzene 45.4 

p/m-Xylene 71.8 

a n.d: non-detected.

The recovery (R) and enrichment factor (EF) were calculated
ased on the following equations:

 =
(

norganic

naqueous

)
× 100% =

(
Vorganic

Vaqueous

)
×

(
Corganic

Caqueous

)
× 100 (1)

F =
(

Corganic

Caqueous

)
(2)

here norganic is the amount of analyte enriched in the organic des-
rption solvent while naqueous is the total amount originally present
n the sample. The Corganic is the final analyte concentration in the
rganic desorption solvent and Caqueous is the initial analyte con-
entration within the sample solution. The Vorganic is the volume
f organic desorption solvent and Vaqueous is the aqueous sample
olume.

EFs of 23.0–45.4 (EFmax = 50.0) that corresponded to the recov-
ries ranging from 78.0–90.0% except for benzene (46.0%) were

chieved.

The proposed method was compared with those of previous
eports (Table 3) for BTEX analysis including solid phase extrac-
ion (SPE) [31], single drop microextraction (SDME) [32], dispersive
 92.9 95.0 12.0
 140.4 97.9 6.1

liquid–liquid microextraction (DLLME) [33], hollow fiber liquid
phase microextraction (HF-LPME) [34], solid phase microextrac-
tion (SPME) [35–40], and micro-solid phase extraction (MSPE)
[10,41,42] procedures. It is seen that the LODs and RSDs found in the
present work are comparable with the other ones, despite the fact
that some of them have used MS  detection [10,38,40,41]. Also the
linearity of proposed method is wider than other MSPE [10,41,42]
and some SPME [35,36,39,40] procedures.

3.4. Analysis of environmental water samples

The developed method using �-CDP as �-SPE sorbent was
employed for BTEX extraction from 10 mL  real samples of drink-
ing, rain, agricultural and well water. The results are shown in
Table 4. The water samples were subjected to �-SPE without fil-
tration. As expected, since BTEX is ubiquitous, real samples were
contaminated with them. As shown by the results listed in Table 4,

individual concentration of BTEX in the samples ranged between
non-detectable and 71.9 ng/mL, as detected with RSDs (n = 3) in the
range of 5.7–12.0%. Their presence was confirmed by spiking BTEX
standards into real samples at the same concentration as that in
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ig. 7. Typical chromatograms obtained after �-SPE from spiked real water sampl
5)  p/m-xylene and (6) o-xylene.

eal samples followed by reanalyzing the samples (Fig. 7). Indicat-
ng the effect of the sample matrix on extraction, relative recoveries
re defined as follows:

R% =
(

Cfound − Cblank

Cadded

)
× 100 (3)

here Cfound, Cblank, and Cadded are the concentration of the analyte
fter addition of known amount of standard into the real sample,
he concentration of analyte in real sample, and the concentration
f known amount of standard, which was spiked into the real sam-
le, respectively. The relative recoveries were found to range within
4.5–101.3%. These results demonstrated that �-CDP is a suitable
orbent for the �-SPE of BTEX in environmental aqueous samples.

. Conclusion
�-SPE using �-CDP as a sorbent combined with GC-FID was
uccessfully applied to determine trace amounts of BTEX in envi-
onmental water samples. Using a tea bag with its hydrophilic
ak identification: (1) benzene, (2) toluene, (3) chlorobenzen (IS), (4) ethylbenzene

nature and fast water absorption capability, one could overcome
the poor wettability of the polypropylene membrane. Also tea bag
filter shielded the �-CDP particles from harmful matrix effects.
Therefore, the proposed procedure combined sample cleanup and
preconcentration into a single step. Other advantages of the pro-
posed �-SPE included lower solvent consumption and hence lower
waste generation. So, the proposed method has a significant poten-
tial for extraction and determination of BTEX. Further studies on
�-SPE using �-CD as a sorbent for the determination of other water
contaminants are being explored.
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