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Abstract The utilization of a bifunctional amine and
H;PW,,0,, (PW12) as a direct solid-phase microextraction
(D-SPME) coating was investigated for the first time. The
fiber was synthesized using positively charged 3-aminopro-
pyltriethoxysilane as the crosslinking agent, and provided
sites for the immobilization of PW12. Fourier transform
infrared spectroscopy and field emission scanning electron
microscopy were used to characterize the synthetic com-
pound. This new fiber was developed to determine some
chlorophenols [4-chlorophenol (4-CPh), 2,3-dichlorophe-
nol (2,3-DCPh), and 2,4,6-trichlorophenol (2,4,6-TCPh)]
via SPME-HPLC. Using the experimental design method,
the adsorption and desorption factors of the fiber—includ-
ing ionic strength and adsorption and desorption times—
for the three chlorophenols were systematically investi-
gated by SPME-HPLC-UV. In the concentration range
50-5000 pg L~!, the calibration curves were linear for
the analytes and the limits of detection varied from 0.3 to
2.5 ug L1, The single-fiber repeatability and fiber-to-fiber
reproducibility were in the ranges 4.8-6.4 and 10.2-12.1%,
respectively. The application of the fiber to environmental
water samples spiked at 70 ug L™ with the chlorophenols
yielded recoveries in the range 88.80-92.88%. Advantages
of this novel bifunctional-coated SPME fiber include its
increased extraction efficiency for chlorophenols and its
long lifetime (it was used for >70 cycles of D-SPME-HPLC
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operation without showing any appreciable reduction in
extraction performance).
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Introduction

Chlorophenols (CPs) have been applied as antiseptics, insec-
ticides, herbicides, fungicides, wood preservatives, and
intermediates in the synthesis of dyes and pharmaceuticals.
They are also by-products of the chlorination of drinking
water and the chlorine bleaching of wood pulp [1]. As a con-
sequence, these semivolatile organic chlorine compounds
are now found throughout the world in surface and ground
waters, waste waters, bottom sediments, atmospheric air,
and soils. However, the toxicity and persistence of CPs in
environmental matrices make them environmentally hazard-
ous compounds: they are classified as US Environmental
Protection Agency Priority Pollutants and European Union
Priority Substances [1, 2]. Indeed, several phenols have been
classified as priority contaminants by the European Union
(EU), and the maximum concentration of total phenols in
drinking water is defined as 0.5 mg L~! in the European
Council directive 80/778/EC [1]. Gas chromatography (GC)
and high-performance liquid chromatography (HPLC) are
commonly employed for the analysis of phenol compounds.
GC and HPLC analyses are usually performed following
the extraction and concentration of the compounds using
liquid-liquid extraction (LLE), solid-phase extraction (SPE),
or solid-phase microextraction (SPME). Developed in the
early 1990s [3], solid-phase microextraction (SPME) is a
simple sample preparation method that integrates sampling,
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extraction, and sample introduction into one step while con-
suming less solvent [4, 5].

However, commercial SPME fibers do have drawbacks;
among the most important are their low thermal and chemi-
cal stabilities due to the direct physical deposition of the
coating materials onto the fused silica fibers [6]. In general,
the pores and surface area of a coating are important factors
to consider in the characterization of the coating, as they
affect the trapping of analytes. A number of experimental
SPME coatings have been prepared and investigated for their
potential application to the extraction and preconcentration
of compounds [7, 8].

Soluble metal oxide clusters (polyoxometallates) such as
phosphotungstic acid (H;PW120,,, PW12) have recently
received increasing interest in the field of chemically modi-
fied electrodes [9] and high-activity catalysts for various
reactions [10] due to their excellent thermal and redox sta-
bilities, special electrocatalytic properties, commercial avail-
ability, ease of handling, remarkably low toxicity, environ-
mentally friendly nature, cost-effectiveness, high Brgnsted
acidity, mobile ionic structure, and easy absorption of polar
molecules in the bulk, leading to a pseudo-liquid phase [9].
However, the high solubility of PW12 in water and polar
organic solvents and its low surface area limit its practical
applications. A feasible method of overcoming these con-
straints is to heterogenize the heteropoly acid [10]. In addi-
tion, the specific surface area of PW12 increases markedly
when it is supported on a solid surface such as that provided
by a fused silica fiber [11]. Moreover, the fused silica fiber
surface is easily modified with different functional groups.
The grafting of (3-aminopropyl)triethoxysilane (APTES)
onto a silica surface has recently been reported as a method
for introducing functional amino groups onto a silica surface
[10, 12]. Acidic species, for example iso- and heteropoly
acids such as PW12, can be firmly anchored on an aminosi-
lylated silica surface through acid-base interactions using
surface-bonded amino groups as a base [13, 14]. Immobi-
lized heteropoly acid/fused silica composite materials are

OH OH

Cl

Cl

4-CP 21 31 -DCP
Fig. 1 Structures of the chlorophenols and PW12 used in this work
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expected to show satisfactory phenol adsorption capacities
and antileaching properties due to the strong interactions
between amino groups and polyacid species.

Chlorophenols have high polarities due to the presence
of chlorine and are thus strongly adsorbed by synthetic fib-
ers via dipole—dipole interactions resulting from the high
polarity of the phosphotungstic acid adsorbed on the fiber.
Figure 1 shows the structures of the chlorophenols used in
this work.

In the work reported in the present paper, PW12 was
immobilized on an aminosilylated fused silica fiber, thus
creating a novel bifunctional acid-base solid. We coated
the fused silica fiber with amine base and heteropolyacid
functions in order to create a candidate fiber for use in the
solid-phase microextraction (SPME) of chlorophenols. Vari-
ous techniques, including transmission electron microscopy
(TEM) and infrared (IR) spectroscopy, were used to charac-
terize the coated fiber. In addition, we attempted to develop
a fast, dependable, and sensitive SPME-HPLC method for
the analysis of three chlorophenols in environmental water
samples.

Experimental
Reagents and Solutions

4-Chlorophenol (4-CPh), 2,3-dichlorophenol (2,3-DCPh),
and 2,4,6-trichlorophenol (2,4,6-TCPh) were purchased
from Sigma (St. Louis, MO, USA); phosphotungstic acid
hydrate (H5[P(W;0,)4]-xH,0) and 3-aminopropyltrieth-
oxysilane (APTES) were from Merck (Darmstadt, Ger-
many). Stock solutions of the selected compounds were
prepared by diluting each chlorophenol with methanol to a
concentration of 1000 mg L~!. The solutions were stored in
a refrigerator at 4 °C. They were then diluted with deion-
ized water to the desired concentration to optimize the
extraction parameters of the subsequently coated SPME
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fiber. Commercial PDMS (coating thickness = 100 um)
and PDMS/DVB-coated (coating thickness = 65 um)
SPME fibers were purchased from Sigma—Aldrich and
Polymicro Technologies, Inc. (Phoenix, AZ, USA), respec-
tively. Fused silica fibers (0.d. = 140 mm X 0.25 mm) were
obtained from the Xinnuo Photoconductive Fiber Corpora-
tion (Handan, China).

Apparatus

An Agilent (Palo Alto, CA, USA) 1260 Infinity HPLC
instrument equipped with an Agilent G1312B pump (1100
series), a G4218AUYV detector (1100 series), and a Rheo-
dyne 7725 injector valve (Cotati, CA, USA) was used to
carry out separations. The method was optimized at a flow
rate of 0.8 mL min~! and a UV detection wavelength of
230 nm. A C18 column with a diameter of 4.6 mm and a
length of 250 mm was used to perform isocratic separa-
tions using a mixture of acidic water (hydrochloric acid)
and methanol (pH 5.5, 30:70) as the mobile phase. A TES-
CAN (Brno, Czech Republic) MIRA3 instrument operat-
ing at 15 kV was used to obtain field emission scanning
electron microscopy (FE-SEM) micrographs. A Varian
(Palo Alto, CA, USA) model 640 spectrophotometer was
used to record Fourier transform infrared (FT-IR) spectra
using pressed KBr pellets.

Silanization of the Fiber Surface and Immobilization
of a Phosphotungstic Acid (PW12) Layer on the Fiber

The silanization procedure for the fiber surface was simi-
lar to that used for a fused silica capillary in a previous
work [15]. The primary steps were as follows. One end of
the fused silica fiber (2 cm) was immersed in acetone to
remove the protective polyimide layer. It was then dipped
in a 1.0 M NaOH solution and heated in a hot water bath
(70 °C) for 30 min. Next, the fiber was placed in a dry
tube and kept at 120 °C for another 30 min in an oven,
after which it was rinsed with ultrapure water to achieve
a pH of 7 and dried at ambient temperature. The hydroxy-
lated part of the fiber was dipped in an APTES solution
for 5 min, removed, and immediately immersed in PW12
powder. Afterwards, the fiber was taken out and placed
in an oven at 70 °C for 1 h to encourage the silanization
reaction of APTES with the silanol on the silica fiber sur-
face (forming Si—O-Si bonds) as well as the acid—base
interaction of the APTES amino groups with PW12 acidic
groups. This coating procedure was repeated several times
to achieve the desired coating thickness [5]. Ultimately,
the fiber was rinsed with toluene and ethanol and dried at
ambient temperature.

Extraction Using the PW12-Coated SPME Fiber

The PW12-coated SPME fiber was used to directly extract
4-CPh, 2,3-DCPh, and 2,4,6-TCPh from a mixed solution
at pH 6.5. The parameters optimized by the experimental
design method included extraction time, desorption time,
and ionic strength. The Statgraphics Plus 5.1 software
package was applied in the design of 21 experiments via
the Box—Behnken method in order to obtain maximum effi-
ciency in the extraction process.

Analytes were extracted from 10-mL solutions contain-
ing 50 mg L™ of chlorophenols and NaCl (13-27% w/v)
in 15-mL sample vials at pH 6.5. The sample vials were
tightly sealed with aluminum caps. The solution was mag-
netically stirred at 500 rpm. The PW12-coated SPME fiber
was immersed in the sample solution for 20—40 min at
ambient temperature. Following the extraction, the PW12-
coated SPME fiber was kept in methanol (the desorption
solvent; 20 ul) for 15-35 min on a shaker working at a rate
of 250 rpm. Finally, methanol (20 pl) was injected into the
HPLC loop for final analysis.

Environmental Water Analysis

Agricultural ground water was obtained from Kordestan
Province, Iran. All samples were filtered prior to analysis
and analyzed according to the procedure described in the
section “Extraction Using the PW12-Coated SPME Fiber.”

Results and Discussion
Preparation of the PW12-Coated SPME Fiber

Silica fibers were first hydroxylated using a NaOH solution
to break the Si—O-Si bonds and form Si—~OH groups, which
were then transformed to -NH, groups by reacting them with
APTES, as shown in Fig. 2. Strong interactions between the
amino groups and the polyacid species lead to the formation
of the PW12-coated SPME fiber [10]. The linker APTES is
a strong base that undergoes a strong acid—base interaction
with PW12, although some of the amino groups of APTES
molecules do not interact with PW12. Therefore, bifunc-
tional amine base and heteropolyacid functions form on the
fused silica fiber surface.

FTIR spectra of the uncoated fused silica fiber, APTES,
PW12, and the PW12-APTES @fiber (i.e., the removed
fiber coating) in the 4000-400 cm~! range are shown
in Fig. 3. The band observed for all samples in the range
1624-1641 cm™! is associated with the —OH vibration of
physisorbed H,O. Bands due to the Si—O-Si moiety in
silica were observed at around 1000-1250, 805-820, and
461-475 cm™.
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Fig. 2 Schematic illustration of the preparation process for the PW12-APTES @fiber
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Fig. 3 FT-IR spectra of a the uncoated silica fiber, b APTES, c
PW12, and d the PW12-APTES @fiber
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The presence of characteristic stretching peaks from
~NH, and Si-O in the 2000-700 cm™' range confirmed the
successful hybridization of APTES onto the fused silica
fiber. Absorption peaks at 3275, 1574, and 774 cm™! are
associated with the -NH, functional group [16], while peaks
due to Si—O-C and Si—O-Si occur at 1045 and 1119 cm™!,
respectively; these two peaks overlap to form a broad peak.

Four IR bands that appear at 1080 cm~! (P—O band),
990 cm™!' (W=0 band), and 890 and 810 cm™! (W-O-W
bands) are characteristic of the primary structure of unsup-
ported PW12 [17]. Peaks for the PW12-APTES @fiber were
redshifted compared with those for pure PW12. This may
be attributed to the strong interactions between the amino
groups on the fiber and PW12 due to strong adsorption
through acid—base interactions.

FE-SEM images of an uncoated and a PW12-coated
fused silica fiber are shown in Fig. 4. Since the PW12 coat-
ing can be observed, it is clear that the synthetic strategy
was successful. The coated fiber surface is very rough and
porous. The fiber has its own special surface microstruc-
ture that leads to a high extraction capacity, as illustrated by
the images. Figure 4 shows bifunctional solids, amine base
functions (APTES), and heteropolyacid functions (PW12)

SiKa

AT IR
wip

Energy (keV)

Fig. 4 a, b FE-SEM images of the PW12-APTES @fiber. ¢ EDS spectrum of the PW12-APTES @fiber
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on the fused silica fiber, which together yeield an efficient
and robust bifunctional acid-base solid-coated fiber.

The elemental composition of the PW12-APTES @fiber
was also analyzed by examining its EDS spectrum (Fig. 4c).
This further confirmed the presence of the elements Si, W,
O, P, and C in the PW12-APTES @fiber.

Extraction Ability of the PW12-coated SPME Fiber

The extraction ability of PW12-APTES @fiber was com-
pared with those of silica fibers treated with NaOH and the
APTES @fiber under the same extraction conditions. One
might expect chlorophenol anions to be able to ion exchange
into the amine phase without the addition of PW12. How-
ever, given that the pK, of 4-chlorophenol is about 8.4 and
that of 2,4,6-trichlorophenol is 6.5 (and that of dichloro-
phenol is somewhere in between those two values), it seems
likely that the trichlorophenol is the only one of these com-
pounds that is likely to participate in anion exchange. Given
that adding chloride ions enhances the recovery (rather
than decreasing the capture), this supports the hypothesis
that the PW12 phase plays the most important role in the
bifunctional coating. More support for the important role
played by the PW12 is obtained by comparing the PW12-
APTES @fiber to a SPME fiber coated only with the amine
(no PW12). As observed in Fig. 5, the fused silica fiber and
the APTES @fiber exhibit lower chlorophenol extraction
efficiencies—possibly as a result of their only weakly polar
functional groups—than the PW12-APTES @fiber. This can
be attributed to the hydrophilic and electrostatic interactions
between PW12 and chlorophenols.

Comparison of the PW12-APTES @fiber
with Commercial Fibers

To further estimate the extraction ability of the PW12-coated
fiber, we compared its extraction efficiency to those of two

100 -
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80 4 T
g I
> 60 -
] M Fused silica fiber
>
°
g 40 1 APTES@fiber
[
20 J I I PW12-APTES@fiber
O -
2,3-DCP 2,4,6-TCP

Fig. 5 Comparison of the chlorophenol extraction efficiencies of a
fused silica SPME fiber, an APTES @fiber, and a PW12-APTES @
fiber. Sample volume, 5 mL; extraction time, 45 min; desorption
time: 40 min; salt percentage 30% (w/v). Concentration of each chlo-
rophenol: 200 ug L™

commercial SPME fibers. Since there are a wide variety of
commercially available SPME fibers, it was not possible to
compare the PW12-APTES @fiber with all of them, so we
chose two of the most widely used fibers: PDMS-coated and
PDMS/DVB-coated fibers. The chlorophenol extraction effi-
ciency of the PW12-APTES @fiber was found to be higher
than that of the fiber coated with 100 um of PDMS or that
of the fiber coated with 65 mm of PDMS/DVB; see Fig. 6
[4]. In addition, the LODs of the commercial PDMS/DVB-
coated SPME fiber in the extraction of chlorophenols were
studied. As observed in Table 1, the PDMS/DVB-coated
fiber had lower LODs than the PDMS-coated SPME fiber.
However, in spite of the relatively thin layer of PW12 on
the fiber compared to the PDMS and PDMS/DVB coatings,
the PW12-coated fiber presented the lowest LODs for the
extracted chlorophenols.

Optimization of SPME

A literature survey shows that one of the most important
parameters to optimize when extracting chlorophenols is pH
[18, 19]. Phenols and PW12 are both protonated at acidic
pH and charge repulsion prevents phenol molecules from
approaching the surface of a fiber coated with PW12. At
alkaline pH, phenols are deprotonated and form phenolate
anions. PW12 is also negatively charged. Thus, repulsion
between these two negatively charged species reduces
extraction efficiency.

A pH value of 6.5 was therefore selected for extraction.
Experimental design was used to investigate the factors that
affect analyte extraction and the significant interactions
between these factors prior to the analysis of chlorophenols.
The Box—Behnken method was employed to optimize these
parameters, which included the extraction time (A), ionic
strength (B), and desorption time (C). Table 2 shows these
factors and their levels. The normalized experimental design
results were evaluated at the 95% confidence level. A stand-
ardized Pareto chart was used to explore all of the parameters

100 -

:
80 -
S
= 60 1 H PDMS (100 mm)
]
3 PDMS/DVB (65 mm)
w 40 4
« PW12-APTES@fiber
20 A
O m

2,3-DCP 2,4,6-TCP

Fig. 6 Comparison of the chlorophenol extraction efficiencies of the
PWI12-APTES @fiber and the two commercial fibers tested. Experi-
mental conditions were as described for Fig. 5
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Table 1 Analytical data relating to the determination of chlorophenols using the PW12-APTES @fiber and the PDMS-coated and PDMS/DVB-coated SPME fibers under optimized conditions

water (pg

Ground
L™

Recovery (%)°

Agricultural water

Found

PDMS/DVB-

coated fiber

PDMS-

LOD (g L™y

PW12-

Interday

Fiber-to-fiber

Correlation coef- RSD% (n =5)
PW12/SPME ficient (R?)
One fiber

LDR (pg L™

Analyte

coated fiber

coated fiber

n.

92.88

n. d.c
n. d.
n. d.

29

4.7

2.5

10.1

11.2

6.4
5.6

50-5000 0.993
4.8

50-5000
50-5000

4-CPh

n. d.
n.

88.80
89.00

11

04
0.3

0.987 10.2 9.5

2,3-DCPh
2,4,6-TCPh

0.4

2.1

10.2

12.1

0.983

(3 sb/m)

“LOD =

PRecoveries were determined by spiking samples with each standard CP solution to a level of 70 g L™

°No detection

Table 2 Factors and their levels in the quarter-fractional factorial
design

Factor Factor notation  Levels

-1 +1

Extraction time (min) A 20 40

Salt content (% W/V) B 13 27

Desorption time (min) C 15 35
660 |
560 |
©
O 460
< |
360 |
260 |

20.0 40.0 13.0 27.0 15.0 35.0
Ext time NaCl Des time

Fig.7 Main effects plot, including extraction parameters and
selected ranges for achieving a high chlorophenol extraction effi-
ciency

that affect the extraction efficiency (data not shown). A main
effects plot was used to identify the parameter values that
yield high extraction efficiency (Fig. 7). Table 2 shows the
factors considered and their levels. Increasing the extrac-
tion time up to 38 min was found to increase the extrac-
tion efficiency for all the analytes, whereas the efficiency
plateaued for extraction times of greater than 38 min. Thus,
the optimal extraction time was 38 min. The addition of
NaCl salt allowed the ionic strength of the solution to be
controlled. On the whole, the addition of salt to the solution,
which is referred to as the “salting out” process, increased
the partition coefficients of the organic compounds to the
fiber coating. Addition of NaCl to the solution increased
the maximum amount of chlorophenol extracted, as shown
by the results in Fig. 7. Therefore, 27% (w/v) was chosen
as the optimal % NaCl. Desorption time, which was stud-
ied in the range 15-35 min. was the last parameter to be
studied. Increasing the desorption time increased the chlo-
rophenol desorption efficiency (Fig. 7). The redistribution
of chlorophenols from the PW12-APTES @fiber to methanol
increased up to 30 min, after which there was no further
increase. Therefore, 30 min was chosen as the optimal des-
orption time.

Compared with the one-at-a-time method for optimizing
the extraction parameters, one of the most important benefits
of experimental design is that the interactions between the
parameters are considered. The interaction between the salt
percentage (B) and the desorption time (C) in the parameter
ranges selected is shown in Fig. 8. We can see that these
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Fig. 8 Interaction plots for the extraction parameters. a Extraction
time. b Salt percentage. ¢ Desorption time

parameters are completely dependent on each other, so they
cannot be investigated separately.

Method Performance

The performance of the proposed PW12/SPME HPLC
method was studied under the optimized conditions. Stand-
ard solutions were used to calculate the linear dynamic
ranges (LDRs) of the method for 4-CPh, 2,3-DCPh, and
2,4,6-TCPh. The LDRs for all the analytes are shown in
Table 1. The correlation coefficients (R?) for the calibration
curves varied from 0.983 (2,4,6-TCPh) to 0.993 (4-CPh)
within a wide concentration range.

Five replicates of standard solutions containing 50 mg L~
of each analyte were used to determine the precision of the
PW12/SPME-HPLC method. The relative standard devia-
tion (RSD) values ranged from 4.8 for 2,5-DCPh to 6.4% for
4-CPh, whereas the fiber-to-fiber RSDs, as shown in Table 1,
varied from 10.2% for 2,3-DCPh to 12.1% for 4-CPh. Moreo-
ver, the calculated interday RSDs, calculated based on the
results obtained on three days, were in the range 9.5-10.2%.
The limits of detection (LODs) were 0.3, 0.4, and 2.5 pg L!
for 2,4,6-TCPh, 2,3-DCPh, and 4-CPh, respectively. Upon
comparing the figures of merit for the PW12-coated SPME
fiber to those of a commercial PDMS-SPME fiber, the LOD
of the PW12-coated SPME fiber was found to be 1.8-fold

mAu'

and 27-fold lower for 4-CPh and 2,3-DCPh, respectively, and
7-fold lower for 2,4,6-TCPh (Table 1). Similarly, the PW12-
coated fiber gave LODs that were 1.1-10 times lower than
those afforded by the PDMS/DVB fiber.

In addition, we found that the PW12-coated SPME fiber
could be used over 70 times with no appreciable reduction
in extraction performance.

Application of the Method to Real Samples

The PW12-coated SPME was used to extract chlorophenols
from agricultural ground waters in the Kordestan Province
of Iran. Chlorophenol concentrations were below the detec-
tion limit of the method generally employed for agricultural
ground water sample analysis, according to the data. A
recovery test was carried out by adding 70 pg L™! of each
analyte to the sample to evaluate the reliability of the devel-
oped method (Fig. 9). Recoveries in the 89-92% range were
observed; Table 1. Figure 9 shows that all three chlorophe-
nols were measurable in the agricultural ground water sample.
The 2,4,6-TCPh concentration was 6.2 mg L=, as shown in
Table 1. The applicability of the PW12/SPME-HPLC method
for the trace analysis of chlorophenol derivatives in environ-
mental water samples is therefore demonstrated by the results.

Comparison of the PW12-SPME-HPLC Method
with Other Methods

The developed method was compared with other previ-
ously reported approaches for determining CPs (Table 3).
The LODs of the method developed here were generally
found to be comparable to those of previously reported
methods, although the LODs of the DLLME-GC-ECD
method were at least 30 times lower than those for the
PW12-SPME-HPLC method. One of the reasons for the
low LODs of the DLLME-GC-ECD method is the high
sensitivity of the ECD detector. The low LODs of the
PW12-APTES @fiber relative to other methods are due
to its appropriately tailored fiber coating. However, the
advantages of using SPME are also very evident when

— o=
= o
=
25 % @) O
a 9
20 < A ;
§ <
15 & ¢
©® 0
10 i
] & 2
5 = a
-
E I ) W —
2 4 6 8
Time (min)

Fig. 9 Chromatogram of 4-CPh, 2,3-DCPh, and 2,4,6-CPh spiked to final concentrations of 70 ug L™! in an agricultural ground water sample

and extracted by the PW12-SPME-HPLC method
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Table 3 Characteristic

Method Sample LOD (ug L™ Recovery (%) RSD (%) Reference
performance data for
PW12-SPME-HPLC and SPME-GC* Water 1.3-12.8 88-103 22-53 (19]
?ﬁg‘;;if)‘;‘?g;‘;;‘:;idagg SPME-HPLC" Water 0.9-3.8 87.5-1020  0.7-32 [22]
determination of CPs in SPME-GC* Water 0.69-3.7 79.6-111.8 4.8-17 [23]
environmental samples SPME-HPLC® Water 0.83-12.25 - 1.52-6.39 [24]
SDME-HPLC* Water 0.1-0.3 79-106 43-5.6 [25]
SBSE-TD-GC-MS*® Soil 0.2-1.7 72-89 11-19 [26]
DLLME-GC-ECD* Water 0.01-2 28.7-90.6 1.7-7.1 [27]
HL-LPME-HPLC’ Water 0.14-0.29 79-101.3 - [28]
MSPE-HPLC# Water 0.2-0.34 92.7-108.0 <15 [29]
PW12-SPME-HPLC Water 0.3-2.5 88.8-91.8 4.8-6.4 This work
PDMS/DVB-SPME-HPLC Water 0.44 91.2-101 7.5-11.3 This work

4Solid-phase microextraction—gas chromatography

bSolid-phase microextraction—high-performance chromatography

“Solid-drop microextraction—high-performance chromatography

dStir-bar sorptive extraction thermal decomposition—gas chromatography—mass spectroscopy

Dispersive liquid-liquid microextraction—gas chromatography—electron capture detection

fHollow-fiber liquid-phase microextraction—high-performance liquid chromatography

£Magnetic solid-phase extraction—high-performance liquid chromatography

compared with conventional extraction techniques such
as LLE, especially when a large number of samples need
to be prepared [20]. The SPME procedure is simple and
organic solvent consumption is far lower than for LLE.
The evaporation and reconstitution steps required in LLE
prior to injection into the chromatographic system are
not needed in SPME, making it particularly desirable for
the quantification of highly volatile analytes that could
evaporate during the pre-injection steps in LLE. Therefore,
it is important to develop a consistent SPME/HPLC-UV
method for the quantification of phenolic compounds in
complex sample matrices and the isolation of phenolic
fractions from different matrices [20]. In addition, there is
great potential for the sample preparation time to be sig-
nificantly reduced using SPME, as well as disposal costs,
and SPME can be applied to very small sample volumes.

On the other hand, the disadvantages of SPME should not
be overlooked. There are only a few commercially available
SPME fibers. In comparison with LLE, SPME is a relatively
nonselective extraction method, and great effort is needed
to increase its relative extraction recovery and efficiency.
In addition, extra clean-up procedures are necessary before
repeating analyses using the same fiber. Quantitation is more
prone to errors due to changes in the matrix in SPME than
in other conventional extraction methods, and matrix effects
need to be thoroughly investigated during method validation
[21].

Extraction of the desired components was also carried out
using the PDMS/DVB-coated fiber under optimal conditions
according to the experimental design. The LODs for the
extraction of CPs using the PW12-coated fiber were found
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to be lower than those obtained with the PDMS/DVB-coated
SPME fiber due to the larger number of oxygen atoms (from
PW12) on the PW12-coated SPME fiber surface compared
with the PDMS/DVB-coated SPME fiber surface. Thus,
PW12-SPME-HPLC was shown to be an effective technique
for the preconcentration and determination of CPs in differ-
ent environmental water samples.

Conclusion

In the present study, a SPME sorbent based on PW12 was
prepared to optimize a procedure for the preconcentration
and determination of trace amounts of some chlorophenols
in environmental water samples.

Experimental design was applied to study the effects
of three different factors on the SPME performance of the
PW12-APTES @fiber developed here. According to the
results, adding NaCl to the water samples, increasing the
extraction time, and increasing the desorption time consid-
erably increase the extraction efficiency. Applying experi-
mental design meant that fewer experiments were required to
determine the optimal SPME conditions, and it allowed the
interactions among factors and curvature effects to be con-
sidered. Thus, the optimal conditions found by experimental
design are more reliable than those obtained by investigating
the influence of each factor one at a time.

The need for hazardous organic solvents in the synthetic
method was avoided, and over 100 fused silica substrates
could be covered simultaneously with the new coating. As
a result, this method can be considered an efficient synthetic
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method that is suitable for commercial use. The benefits of
the prepared PW12-APTES @fiber for the preconcentra-
tion of phenol compounds in water samples included the
enhanced extraction capacity due to strong interactions
between the analytes and the sorbent, its simplicity, its low
cost, and its ease of handling in comparison with other tra-
ditional SPME fibers. Satisfactory accuracy, linearity, preci-
sion, and detection limits for the extraction of chlorophenols
from water were also shown by the method.
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