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ABSTRACT

A sol–gel coated hollow fiber-based liquid-phase microextraction (LPME) method was devel-
oped for the extraction of triazine herbicides. The polypropylene hollow fiber was coated with
polydimethylsiloxane–divinylbenzene using sol–gel method and characterized. The devel-
oped method was compared with uncoated hollow fiber LPME method for the extraction of
simazine, atrazine, and propazine prior to gas chromatography–mass spectrometry analysis.
Optimized conditions for both coated and uncoated hollow fibers LPME methods were tolu-
ene as an acceptor phase, length of hollow fiber (1.5 cm), volume of acceptor phase (3.0 μL),
stirring rate (1200 rpm), and no addition of salt (sodium chloride). The optimized volumes of
donor phase for uncoated fiber and coated fiber were 4.0 and 4.5mL, respectively, while the
optimized extraction times were 30min for uncoated hollow fiber and 10min for coated hol-
low fiber. The developed sol–gel coated hollow fiber LPME method provided good enrich-
ment factors (EFs) ranging from 100 to 139, good recoveries (75.27–104.47%), and good
reproducibility (relative standard deviations [RSDs] < 0.83%). Meanwhile, uncoated hollow
fiber LPME method showed lower EFs ranging from 80 to 90 and relatively low recoveries of
60.72–68.17%, whereas it has good reproducibility with RSDs < 0.94%. The proposed method
was successfully applied to the analysis of real water samples and the analyte recoveries for
spiked water samples was in the range of 42.54–78.75%.

Keywords: Sol–gel coated polypropylene hollow fiber; Triazine herbicides; Liquid-phase
microextraction; Gas chromatography–mass spectrometry; Water samples

1. Introduction

Triazines are most widely used selective, pre- and
post-emergent herbicides for controlling weeds in crop

harvesting [1]. In spite of their crucial role, herbicides
have some adverse effect to the environment, human
beings, and ecosystem. Among various triazine herbi-
cides: atrazine, propazine, and simazine were selected
for the analysis because of their toxicity to the
environment, high persistency in water, soil, and*Corresponding authors.
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organisms [2]. Moreover, the United State Environ-
ment Protection Agency reported that the constant use
of these herbicides resulted in life threatening prob-
lems such as breast cancer and endocrine system dis-
ruption [3,4]. Therefore, the pre-concentration or
extraction of these herbicides from environmental
samples is necessary and the development of extrac-
tion and sample preparation methods is utmost
important to determine the lowest concentration in the
environmental samples.

Many conventional sample preparation methods
such as liquid–liquid extraction [5–7], solid-phase
extraction [8–11], supercritical-fluid extraction [12,13],
and microwave-assisted extraction [14,15] for the
extraction of above-mentioned herbicides have been
developed but currently these modalities are not in
trend as they are time consuming, consume high vol-
ume of organic solvents, and multistep. To overcome
these limitations, various novel miniaturized microex-
traction methods such as solid-phase microextraction
(SPME) and liquid-phase microextraction (LPME)
methods have been developed [16–29]. However, some
drawbacks such as less stability of fibers, limited life-
time, reduced performance with time, and sample
carry over require new dimension of research to
improve these modalities. Different modes of LPME
have been developed for the microextraction of tri-
azine herbicides. These include single-drop microex-
traction [30], hollow fiber liquid-phase microextraction
(HF-LPME) [25,31], and dispersive liquid–liquid mic-
roextraction (DLLME) [32,33]. Recently, Sanagi et al.
[34] carried out the microextraction of these herbicides
in water and sugarcane samples with DLLME based
on solidification of floating organic droplet. However,
the key issue of instability of hollow fiber at high-stir-
ring speed and temperature in HF-LPME reduces the
sensitivity, extraction efficiency, and reproducibility of
the technique.

Newly developed sol–gel coating process on the
commercially available fibers has been widely used to
prepare SPME fiber and getting good reputation for
the microextraction of various organophosphorous
pesticides [35–37]. However, to the best of our knowl-
edge, the use of sol–gel coated polypropylene (PP)
hollow fibers for the analysis of triazine herbicides in
aqueous samples has not been reported. In this study,
sol–gel coated PP hollow fibers were developed for
the HF-LPME of the target triazine herbicides from
water samples prior to gas chromatography–mass
spectrometry (GC–MS) analysis. The coating of
sol–gel phase of polydimethylsiloxane/divinylbenzene
(PDMS/DVB) on PP hollow fiber was characterized
and the extraction efficiencies of the coated hollow
fibers were compared with uncoated hollow fibers.

2. Experimental

2.1. Chemicals, reagents, and materials

Triazine herbicides atrazine (98.0%), cyanazine
(96.3%) (internal standard), propazine (98%), and sima-
zine (99.0%) were purchased from Dr Ehrenstorfer
(Augsburg, Germany). HPLC grade methanol, hexane,
and toluene were obtained from J.T Baker (Texas, USA).
Nonane and sodium chloride (99.98%) were purchased
from Fluka (St. Gallen, Switzerland). AR-grade acetone
was obtained from Merck (Darmstadt, Germany). The
Accurel Q3/2 PP hollow fiber membrane (600 μm i.d.,
200 μm wall thicknesses, and 200 μm pore size) was pur-
chased from Membrane (Wuppertal, Germany). Micro-
syringe (10 μL) of Hamilton (Bonaduz, Switzerland) was
used for microextractions. Double-distilled deionized
water of at least 18MΩ was prepared by nano ultra-
pure water system (Barnstead, USA). The materials for
sol–gel synthesis, methyltrimethoxysilane (MTMOS)
95%, hydroxyl-terminated polydimethylsiloxane
(OH-TPDMS), trimethylmethoxysilane (TMMS) 99%,
poly (methylhydroxysilane) (PMHS), and trifluoroacetic
acid (TFA) 98% were purchased from Sigma–Aldrich
(Seelze, Germany) and DVB was obtained from Fluka
(St. Gallen, Switzerland).

2.2. Instrumentation

Fourier transform infrared (FTIR) spectra of
PDMS/DVB sol–gel coated hollow fiber were recorded
with a Perkin Elmer Nicolet Avatar 370DTGS spec-
trometer (Ueberlingen, Germany) in the range of
4,000–400 cm−1. Detection of –Si–functional group by
Nuclear magnetic resonance (NMR) spectra was
carried out using solid state NMR at a frequency of
9.39MHz/Tesla. The surface morphology was deter-
mined by field-emission scanning electron microscopy
(FE-SEM) model Number (JEOL JSM-6701F) equipped
with energy dispersive X-ray (EDX) analyzer (JED-
2300 series) Tokyo, Japan, The functional groups pres-
ent on the surface were detected by EDX. A Zentrifu-
gen Mikro 120 centrifuge machine (Hettich, Germany)
and Heidolph type Reax 2000 vortex machine
(Schwabach, Germany) were used. Ultraviolet radiator
(365 nm) was purchased from ETS Vilber-Lourmat
(France). The ultrasonic machine used was a Branson
model No. 3510 (USA) and the stirring hot plate was a
Favorit HS 0707V2 (Malaysia).

Triazine herbicides were analyzed using Agilent
Technology GC–MS system (Palo Alto, CA, USA) con-
sisting of MS detector (model 5973). The GC column
of polysilphenylene-siloxane (HP-5) (30m × 0.25 mm
i.d., 0.25 μm film thickness) and helium was used as
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carrier gas. The instrument was operated with 5973i
software.

2.3. Gas chromatographic conditions

The standard sample (3.0 μL) of triazine herbicides
was injected using split less injection. The flow rate of
a carrier gas (helium) was 1.5 mLmin−1 with vacuum
compensation. A temperature program was used in
selected ion monitoring mode: start at 100˚C (held for
2min) ramp at 25˚Cmin−1 to 170˚C (held for 2min),
ramp at 1˚Cmin−1 to 180˚C (held for 2min) followed
by ramp at 30˚Cmin−1 to 280˚C (held for 1min). The
solvent delay was held for 4min to prevent the dam-
age of the MS filament. The mass spectrometer was
equipped with quadruple ion filter system and using
electron impact ionization mode at 70 eV. Peak areas
of the analyte peaks were used to demonstrate the
effect of parameters on the extraction efficiency.

2.4. Preparation of sol–gel coated hollow fiber for LPME

For the preparation of sol–gel coated hollow fiber,
the PP fiber was cut manually into 3.0 cm lengths and
each piece was sealed at one end by a sealer machine.
The fibers were washed with acetone to remove any
contaminants and allowed to dryness then stored in a
small vial before use. To activate the surface of the
fiber, Fenton’s reagents (FeSO4 and H2O2) were mixed
into the vial step by step to complete the Fenton’s
reaction. After completing this reaction, treated fiber
containing vial was exposed to UV-ray for 1 h at
365 nm and then the fiber was dried at ambient
temperature and ready for coating.

The PDMS/DVB sol phase was prepared by mix-
ing of MTMOS (400 μL), OH-TPDMS (25 μL), DVB
(50 μL), PMHS (25 μL), and 95% TFA (400 μL) in a test
tube. The mixture was vortexed for 2min and centri-
fuged at 12,000 rpm for 5min to produce two layers
and the sol solution (upper layer) was used for fiber
coating. The fibers were dipped vertically into the sol
solution for 2 min. After the coating process, the coat-
ing fibers were end-capped in 20% (v/v) methanol
solution of TMMS for 1min and then dried at room
temperature for 1 day. The resulting coated fiber was
characterized by FE-SEM and EDX analyses while the
sol–gel solution was characterized by FTIR and NMR.

2.5. Sample preparation before HF-LPME

Stock solutions of simazine, atrazine, and propazine
(1,000 μgmL−1) were prepared with methanol in 10mL
volumetric flask, separately. A stock solution of NaCl

(1,000 μgmL−1) was also prepared with distilled water
in 25mL volumetric flask. The stock solutions were pre-
served at 4˚C and used by dilution accordingly. Tap
and lake water samples were collected from the analyti-
cal chemistry laboratory and the lake of Universiti
Teknologi Malaysia, Johor Bahru, Malaysia, while the
river water sample was from the Gelang Patah river,
Johor Bahru, Malaysia. The collected water samples
were filtered with nylon membrane filter (0.45 μm) to
eliminate the impurities, followed by preservation at
4˚C in dark brown glass bottles, pre-cleaned with ace-
tone and covered with aluminum foil. The water sam-
ples were spiked with different concentrations of
simazine (50 and 100 μg L−1), atrazine (10 and 50 μg
L−1), and propazine (5 and 10 μg L−1) for the extraction
with sol–gel coated and uncoated hollow fiber under
optimum conditions. The spiked samples were homog-
enized completely and allowed to stand overnight
before the extraction. An aliquot of 2.0 mL of each sam-
ple was used for the HF-LPME and further analysis.

2.6. Sample preparation by HF-LPME

A 10 μL microsyringe was used to introduce the
organic solvent (acceptor phase) into uncoated PP hol-
low fiber membrane. The length of hollow fiber was
cut manually to desired length (1.0, 1.5, or 2.0 cm)
prior to use. Uncoated hollow fiber was cleaned with
acetone for 5min with ultra-sonication to remove con-
taminants and then sealed at one edge by sealer
machine. The PP hollow fiber was dipped in organic
solvent (toluene) for 10 s to impregnate the pores of
the fiber with organic solvent. The needle of a micro-
syringe containing organic solvent as acceptor phase
(3.0 μL of toluene) was inserted through the septum of
the sample vial and then the needle tip was inserted
into the hollow fiber segment; this assembly was
immersed in 4.0 mL of sample solution and put on a
magnetic stirrer. The plunger was pushed slowly to
dispense acceptor phase from microsyringe into the
hollow fiber and the magnetic stirrer was switched on
to start extraction. After extraction for prescribed time,
the plunger of the microsyringe was withdrawn and
the acceptor phase was transferred into a small vial
for drying at room temperature. After the acceptor
phase was completely evaporated, 2.5 μL (300 μgmL−1)
of internal standard (cyanazine) was mixed into the
vial and diluted with 47.5 μL of methanol. An aliquot
of the solution (0.1 μL) was injected into the GC/MS
for separation and analysis. In order to prevent carry-
over effect, a new fresh hollow fiber was used for each
extraction. Similar the sample preparation was per-
formed with sol–gel coated PP hollow fiber except the
cleaning step of coated hollow fiber was performed
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using acetone to prevent any side effects to the sol
coating.

3. Results and discussion

3.1. Characterization of sol–gel coated PP hollow fiber

3.1.1. FTIR spectral analysis

FTIR spectral analysis of PDMS–DVB was per-
formed to determine the stretching vibrations of func-
tional groups by NaCl pallet method over the range of
4,000–400 cm−1as shown in Fig. 1. A broad medium
intensity band at 3,413 cm−1 observed in the case of
PDMS–DVB is ascribed to the stretching frequency of
O–H functionality. This inference is attributed to
residual hydroxyl groups that had not been removed
completely in PDMS–DVB sol–gel even after the end-
capping treatment. The O–H group allowed reaction
with activated PP hollow fiber. The strong absorption
band at 2,961 cm−1 is a characteristic of stretching
vibrations of C–H modules of methyl substitution.
Further, it is worth mentioning that the core observa-
tions for Si–O stretching vibrations were observed in
the range of 1,019–1,094 cm−1. It was also noted that
the sharp bands at 2,164 and 909 cm−1 for Si–H, 1,459,
1,413, and 1,377 cm−1 for C=C conjugated systems and
1,795 cm−1 for C=O functional group are observed in
the spectrum of PDMS–DVB sol–gel, whereas these
bands are absent in the case of OH-TPDMS. The pres-
ence of Si–H group in the PDMS–DVB sol–gel origi-
nated from poly(methylhydroxysiloxane) (PMHS)
which was used as surface deactivating agent, while
the C=C groups was derived from conjugated

benzenyl substitution in DVB structure. Meanwhile,
the presence of C=O group is attributed to the acyl
halide from TFA residual.

3.1.2. Field-emission scanning electron microscopy

The morphology of sol–gel coated fibers was inves-
tigated using FE-SEM as shown in Fig. 2. The morpho-
logical comparison of original PP hollow fiber,
Fenton’s activated hollow fiber and PDMS–DVB sol–
gel coated fibers were also studied. It was observed
that the thickness of original hollow fiber decreased
by 0.6 μm (from178.0 to 172 μm) during the activation
of hollow fiber through Fenton’s reaction due to the
removal of corroded materials in presence of H2O2

and FeSO4 (catalyst). However, the thickness increased
by 2.0 μm (from 172.0 to 174.0 μm) after PDMS–DVB
sol–gel coating. This is expected as the sol–gel reaction
on the Fenton’s activated hollow fiber was involved
with coating process that increased the thickness of
sol–gel coated hollow fiber.

Optimization of dipping time for coating on to the
hollow fiber was also carried out in order to obtain
the best surface morphologies and surface
performance. It was confirmed that long dipping time
(>10min) resulted in the complete blockage of pores
on the surface of hollow fiber. Meanwhile, dipping
time of 2 min resulted in good morphologies of coated
fiber and it was taken as the optimum dipping time
and used for further experiments. The estimated pore
size of the Fenton’s activated hollow fiber was 0.25 μm
which is higher than that of the original hollow fiber
pore size (0.15 μm). The enlargement of the pores

Fig. 1. FTIR spectrum of PDMS–DVB sol–gel sample.
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during the pretreatment process may be due to the
hydroxylation and corrosion [38]. The estimated pore
size of coated hollow fiber was found to be essentially
uniform for triplicate FE-SEM analyses with a mean
value of 1.75 μm. The coated fibers have enlarged
pores due to the reaction that occurs between the sol–
gel compound and hydroxyl groups on the surface of
hollow fiber. Nevertheless, the size could not be taken
as the exact size of the coated hollow fiber as there
were more small pores within the large pores.

3.1.3. EDX analysis

The elemental analysis of normal, activated, and
sol–gel coated PP hollow fiber was carried out by EDX
analyzer to observe the percentage of carbon (C),

oxygen (O), iron (Fe), silicon (Si), and platinum (Pt) ele-
ments. The results are given in Table 1. It was observed
that activated PP hollow fiber comprised 28.50% oxygen
atom and 6.89% iron atom due to the activation in pres-
ence of Fenton’s reagent while PDMS/DVB sol–gel
coated hollow fiber comprised 9.60% silicon atoms.
Moreover, carbon was present in good percentage in
every form of PP hollow fiber as main constituent. The
presence of platinum was also detected at very low per-
centage in each spectrogram because of the platinum
coating on each sample before EDX analysis.

3.1.4. NMR analysis

In this study, 29Si NMR technique was used to
determine the chemical environment of silicon

Fig. 2. FE-SEM micrographs of hollow fiber surface and cross cut section at 1,000 magnification and 85 magnifications,
respectively, for (A) uncoated hollow fiber, (B) Fenton’s reacted hollow fiber, and (C) PDMS–DVB sol–gel coated hollow
fiber.
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bonding with carbon and hydrogen in PDMS/DVB
sol–gel. The results were compared with the 29Si NMR
spectrum of PDMS as shown in Fig. 3. It was observed
that the chemical shift obtained corresponded to the

possible silicon species considering trimethylsilane
(TMS) as standard reference in 29Si NMR. In the spec-
trum of PDMS–DVB, three silicon resonances were
observed for D2D2Vi siloxane, D2 units of siloxane,

Table 1
Elements present in different forms of hollow fibers

Elements (%) Uncoated hollow fiber Fenton’s reacted hollow fiber PDMS–DVB sol–gel coated hollow fiber

Carbon (C) 95.94 64.61 63.9
Oxygen (O) 0 28.5 26.16
Iron (Fe) 0 6.89 0.34
Silicon (Si) 0 0 9.6
Platinum (Pt) Low percentage Low percentage Low percentage

Fig. 3. NMR spectra of (A) PDMS–DVB sol–gel and (B) PDMS.
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and D units with D4 at −19.003, −21.443, and
−21.872 ppm, respectively, whereas in the case of
PDMS compound siloxane D2 environment is
observed at −21.966 ppm. However, the broad peaks
found in both the spectra between −100 and −120 ppm
were due to the glass effect from the sample or tube.
Furthermore, some general siloxane groups such as –
O–Si–(Me)3, –(O)2–Si–(Me)2, –(O)3–Si–Me, and Si–(O)4–
were found around ~6, ~−21, ~−67, and ~−106 ppm,
respectively. This phenomenon is attributed to the
decrease in intensity of the siloxane resonances in the
range ~−100 to −120 ppm with the progressive disap-
pearances of Q structures from Q1 to Q4 silicon envi-

ronment. This describes the cross-linking phenomenon
of silicon polymerization at this chemical shifts range.

3.2. Gas chromatography–mass spectrometry

Triazine herbicides (simazine, atrazine, and prop-
azine) were resolved on GC–MS system with opti-
mized chromatographic conditions. The order of
elution of these herbicides was simazine, atrazine, and
propazine with retention times of 10.65, 11.03, and
11.23min, respectively (Fig. 4(A)). The calibration
curves were linear for all herbicides in the concentra-
tion range from 0.10 to 5.0 μgmL−1 for simazine, from

Fig. 4. GC/MS chromatograms under optimized chromatographic conditions as described in the text. (A) Standards of
triazines herbicides, (B) real sample (C) spiked samples. Peaks identification: 1 – simazine, 2 – atrazine, 3 – propazine,
and 4 – Internal standard (IS).
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0.05 to 1.0 μgmL−1 for atrazine, and from 0.01 to
0.50 μgmL−1 for propazine with coefficients of determi-
nation (r2) of 0.9950, 0.9908, and 0.9984, respectively.
The limits of detection (LODs) for simazine, atrazine,
and propazine were 0.030, 0.010 and 0.005 μgmL−1,
respectively.

3.3. Optimization of HF-LPME

In order to obtain high-extraction efficiency and
extraction recoveries of target analytes, several control-
ling parameters were optimized namely organic sol-
vent as acceptor phase, length of hollow fiber, volume
of donor and acceptor phase, stirring rate, extraction
time, and salting-out effect. The values in terms of
response factors for all optimized conditions are dis-
cussed as follows.

3.3.1. Selection of organic solvent

For the selection of organic solvent as acceptor
phase, the organic solvent should be easily immobilized

in the pores of the PP hollow fiber and the polarity of
the solvent should be matched with the analytes [39]. A
few organic solvents: n-nonane, n-hexane, and toluene
were studied and the results are given in Table 2. It was
observed that n-nonane gave the lowest extraction effi-
ciency for the analytes because it has relatively high log
Ko/w, high-boiling point and lower volatility; therefore,
it can easily diffuse out from the PP hollow fiber into
the donor phase. Meanwhile, n-hexane has low-boiling
point and lower log Ko/w as compared to n-nonane;
thus resulted in better extraction. It was found that tolu-
ene could extract the triazines better than both n-non-
ane and n-hexane due to its relatively lower log Ko/w

and acceptable boiling point that resisted evaporation
for longer time. Therefore, toluene was selected as the
optimum organic solvent as acceptor phase for the tar-
get analytes.

3.3.2. Length of hollow fiber

The length of hollow fiber is an important key
parameter for attaining good performance and

Table 2
Optimized parameters and conditions for coated hollow fiber LPME

Optimizing parameters and conditions
Response factor (p[A]/p[I.S])

Analytes
Parameters Conditions Simazine Atrazine Propazine

Acceptor phase (organic solvents) n-Nonane 0.079 0.816 0.102
n-Hexane 0.362 6.185 3.759
Toluene 0.451 8.941 4.583

Length of hollow fiber (cm) 1.0 0.337 4.227 2.322
1.5 1.408 8.044 5.249
2.0 1.283 4.613 2.149

Volume of acceptor phase (μL) 1.0 1.323 8.366 5.463
2.0 1.784 8.900 5.873
3.0 1.819 8.925 5.900

Volume of donor phase (mL) 3.0 0.797 7.912 4.701
3.5 1.130 7.983 4.730
4.0 1.386 8.177 4.777
4.5 1.781 8.389 5.872

Stirring rate (rpm) 840 1.836 9.003 5.982
960 1.849 9.190 6.000
1,080 1.895 9.229 6.191
1,200 1.921 9.336 6.231

Extraction time (min) 10 2.210 9.853 6.723
20 1.928 9.340 6.401
30 1.884 8.907 5.921
40 1.870 8.789 5.507

Salting-out effect (addition of salt) (% w/v) 0.0 2.200 9.874 6.720
5.0 2.161 9.603 6.200
10 1.893 8.036 5.088
15 1.653 7.147 4.332
20 1.176 6.487 4.007
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efficiency of PP hollow fibers. In order to study the
effect of length of hollow fiber, different lengths (1.0,
1.5, and 2.0 cm) were applied. According to the results
(Table 2), the highest peak response was obtained for
1.5 cm fiber. This may be due to completely fill up of
the hollow fiber’s pores with acceptor phase (3 μL).
Meanwhile, the 1.0 cm length of hollow fiber was too
short to be filled up by 3 μL of acceptor phase. On the
other hand, 2.0 cm length of hollow fiber was too long
and the pores could not be filled completely. There-
fore, 1.5 cm was selected as the optimum length for
complete extraction.

3.3.3. Volume of acceptor phase and volume of donor
phase

The sensitivity for the extraction efficiency of this
method was also studied with different volumes of
acceptor phase ranging from 1.0 to 3.0 μL. The results
clearly indicated that the response factor increased
with the increase in acceptor phase volume up to
3.0 μL. It may be due to the complete filling of the
pores with 3.0 μL of acceptor phase for optimum
extraction. Meanwhile, acceptor phase volumes of
more than 3.0 μL caused acceptor phase outflow from
the hollow fiber and resulting in the rapid diffusion of
excess organic solvent to donor phase during extrac-
tion. Therefore, 3.0 μL of acceptor phase was selected
as the optimized volume and used in further experi-
ments.

The effect of volume of the donor phase on the
enrichment factor (EF) and extraction efficiency was
also examined. Different volumes of donor phase
ranging from 3.0 to 4.5 mL were studied. The results
(Table 2) showed that the response increased with the
increasing volume of the donor phase up to 4.5 mL
that was the maximum volume of the bottle used.
Thus, 4.5 mL was chosen as the optimum donor phase
volume and used in subsequent experiments.

3.3.4. Stirring speed

Stirring speed is one of the most important param-
eters for the optimization of LPME method because
stirring helps to enhance the diffusion of analytes
through the interfacial layer of the hollow fiber. More-
over, stirring of the donor solution can also reduce the
time to reach thermodynamic equilibrium by acceler-
ating the extraction kinetics and resulting in increase
of the extraction efficiency [40]. To evaluate the effect
of stirring speed, sample solution was continuously
agitated at different stirring speeds (840, 960, 1,080,
and 1,200 rpm) and the results are given in Table 2. It

can be seen that response factors increased with the
increase of stirring speed. Agitation rates of >1,200
rpm were not studied because of the instability of
sample bottle that tends to rattle and splash its con-
tent. Therefore, 1,200 rpm was chosen as the optimum
stirring speed and used in subsequently experiments.

3.3.5. Extraction time

In LPME, the extraction time is an important
parameter because the mass transfer of an analyte
between donor and acceptor phase is a time-depen-
dent process and the equilibrium is attained in a spe-
cific time period. Different extraction times in the
range of 10–40min were investigated. The results
clearly showed that the response factor decreased with
extraction time (Table 2). It may be due to the fast
transfer of the analytes from donor phase to acceptor
phase using the sol–gel coated hollow fibers. The
results concluded that 10min extraction time was
enough to achieve the equilibrium for higher extrac-
tion efficiency and recovery of the analytes.

3.3.6. Ionic strength or salting-out effect

The addition of salt (NaCl) increases the ionic
strength of the sample solution and this may enhance
the extraction efficiency although it depends on the
nature of the analyte. In order to evaluate the possibil-
ity of salting-out effect, extraction efficiency was stud-
ied by increasing sodium chloride concentration from
0 to 20% w/v. The effects of different concentrations
of NaCl are given in Table 2 and Fig. 5. The results
confirmed that the ionic strength had no effect on
extraction efficiency for these analytes. Therefore,

Fig. 5. Effect of salt (NaCl) addition in the extraction effi-
ciency (response factor). Extraction conditions: toluene as
extraction solvent, 1.5 cm hollow fiber, 4.5 mL of donor,
3 μL of acceptor phase, 840 rpm stirring rate, 10min extrac-
tion time.
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further experiments were carried out without the
addition of any salt.

Similar optimized conditions were obtained with
good extraction efficiency for uncoated PP hollow
fiber-based LPME except for donor phase volume and
extraction time of 4.0 mL and 30min, respectively.

3.4. Method validation

To validate the applicability of the proposed
coated HF-LPME method, the quantitative analytical
parameters namely linearity range, coefficient of deter-
mination (r2), LOD, relative standard deviation (RSD),
and EF of each triazine herbicide for both PP sol–gel
coated fiber and uncoated PP hollow fiber were deter-
mined using the optimized LPME conditions. The
coefficient of determinations (r2) was greater than
0.9950, with different linearity ranges for each analyte
for both coated and uncoated hollow fiber (Table 3).
The LOD was calculated at a signal-to-noise ratio
S/N = 3. Low LOD values were obtained for sol–
gel coated hollow fiber (0.41–6.49 μg L−1) and more
appreciable as compared to the LOD values for
uncoated hollow fiber (5.88–36.2 μg L−1). The RSDs for
five replicate experiments varied from 0.31 to 0.94%
for the uncoated hollow fiber and 0.22–0.83% for the
sol–gel coated hollow fiber-based LPME. Moreover,

the values of EF achieved for sol–gel coated HF-LPME
were higher (100–126) as compared with EF values for
uncoated HF-LPME (80–90). These results confirmed
that the proposed method has a high sensitivity and
repeatability.

Based on the results discussed above, comparison
between uncoated and coated hollow fiber LPME for
the recoveries of the analytes was made. The analyte
recovery for coated hollow fiber was considerably

Table 3
Method validations for sol–gel coated and uncoated hollow fibers-based LPME of triazine herbicides

Analytes
Concentration
range (μg L−1)

Coefficient of
determination (r2)

RSD
(%)

LOD
(μg L−1)

Recovery
(%)

Enrichment
factor (EF)

Uncoated hollow fiber
Simazine 100–1,250 0.9950 0.44 36.2 60.72 80
Atrazine 50–250 0.9998 0.94 14.6 66.42 88
Propazine 10–100 0.9984 0.31 5.88 68.17 90
Coated hollow fiber
Simazine 50–250 0.9991 0.83 6.49 75.27 100
Atrazine 10–100 0.9989 0.76 0.75 104.47 139
Propazine 05–75 0.9984 0.23 0.41 94.64 126

Fig. 6. Comparison of percentage recoveries of triazine
herbicides for uncoated and coated hollow fiber LPME.

Table 4
Analyte recoveries for spiked lake water, river water, and tap water samples using uncoated and coated hollow fibers

Analytes
Spiked level
(μg L−1)

Recoveries (%) with uncoated hollow fiber
LPME

Recoveries (%) with coated hollow fiber
LPME

Lake water
sample

River water
sample

Tap water
sample

Lake water
sample

River water
sample

Tap water
sample

Simazine 100 32.15 34.50 54.96 47.79 42.54 63.90
Atrazine 75 45.70 41.57 59.44 58.77 55.33 78.75
Propazine 25 50.85 44.59 60.86 57.11 47.01 67.93
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high (up to 104.47%) as compared to those of
uncoated hollow fiber (up to 68.17%) (Fig. 6). This
means that analytes were extracted more efficiently
by the coated hollow fiber as compared with the
uncoated hollow fiber. It was probably because the
coated fiber possessed better means for extracting
analytes. Besides the analytes extraction via diffu-
sion through pores of fiber, the analytes could also
be extracted via adsorption–desorption process
afforded by PDMS coating on the coated fiber. This
consequently increased the EF for sol–gel coated
fiber LPME as given in table.

3.5. Application of coated HF-LPME to real water
samples

The proposed extraction method was applied to
the analysis of three triazine herbicides in real
water samples namely lake water, river water, and
tap water under the optimized conditions of coated
and uncoated hollow fibers-LPME. The results
showed that none of the analytes was detected in
the real water samples (Fig. 4(B)). In order to vali-
date the accuracy of this established method, the
water samples were spiked with standards of the
target analytes at different concentrations (100, 75,
and 25 μg L−1) for simazine, atrazine, and prop-
azine, respectively. The results for uncoated and
coated fibers are given in Table 4 and a chromato-
gram for coated hollow fiber LPME is shown in
Fig. 4(C). The analyte recoveries obtained were in
the range of 32.15–60.86% for uncoated hollow fiber
LPME. It was also observed that the recovery of
spiked analytes for tap water sample was higher
than those of lake water and river water samples.
This suggested that there were significant sample
matrix effects in extractions of analytes from lake
and river water as compared with tap water. Mean-
while, the analyte recoveries obtained for coated
hollow fiber LPME (42.54–78.75%) were higher than
those of using for uncoated hollow fiber LPME.
This can be attributed to the extraction of analytes
by adsorption besides, the usual diffusion process.
These results show one of the advantages for coated
hollow fiber where higher analyte recovery is possi-
ble for real samples without any pre-treatment.

3.6. Comparisons of response factor of analytes for coated
and uncoated hollow fiber-based LPME

Statistical hypothesis tests namely t-test and Kol-
mogorov–Smirnov test [41] were used to determine
the possibility that the two methods used; uncoated
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and coated hollow fiber LPME were significantly dif-
ferent. In order to compare both coated and uncoated
hollow fiber LPME, methods with various concentra-
tions of simazine (100, 250 and 750 μg L−1), atrazine
(50, 100, and 250 μg L−1), and propazine (25, 50 and
100 μg L−1) were used. The peaks area, the response
factor (peak area for coated fiber LPME divided by
peak area for uncoated fiber LPME), and p-values
were recorded (Table 5). It was observed that the
response factor for coated hollow fiber LPME was
approximately two times higher than that for
uncoated hollow fiber LPME. A plausible reason for
the improved extraction performance of the coated
fiber is that besides allowing usual diffusion process
across pores, the coated hollow fiber also functions to
extract analytes by adsorption process across coated
sol–gel PDMS. The Kolmogorov–Smirnov test for each
data obtained was normal distribution, as shown by
p-values which were larger than α = 0.05, thus the null
hypothesis (HO) cannot be rejected. Thus, it can be
concluded that the data for uncoated hollow fiber and
coated hollow fiber followed normal distribution.
Since the normal distribution assumption was satis-
fied, the independent t-test for mean comparison can
be used. The independent t-test obtained for each data
gave results of p-values for mean values that were less
than α = 0.05, and thus it must reject the null hypothe-
sis. Moreover, ratio of coated over uncoated hollow
fiber in improvements in term of response factor for
both methods was >1.68, which showed that the
coated hollow fiber can extract significantly better than
the uncoated hollow fiber.

4. Conclusion

Newly developed PDMS/DVB sol–gel coated PP
hollow fiber has been successfully applied for the
LPME of three triazine herbicides in water samples. A
comparison of the extraction efficiency between
sol–gel coated hollow fiber and uncoated hollow fiber-
based LPME indicate the good reputation of coated
hollow fiber with appreciable recovery, reproducibil-
ity, high-EF, coefficient of determination, limit of
detection, and RSD. The improved performance of the
sol–gel coated PP hollow fiber can attributed to the
extraction of analytes by adsorption–desorption
besides the diffusion process. The statistical Kolmogo-
rov–Smirnov test and t-test also explained good com-
parison of the results and showed better results of the
extraction with coated hollow fiber in terms of ability
to extract the analytes using LPME method. Briefly,
the advantages of sol–gel coated hollow fiber for
LPME allow its potential application as a sample

preparation and cleanup technique for the analysis of
pesticides in real environmental water samples.
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