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Abstract A modified Quick, Easy, Cheap, Effective, Rugged
and Safe (QuUEChERS) method based on the dispersive solid-
phase extraction (dSPE) combined with high-performance lig-
uid chromatography (HPLC) was developed for the determi-
nation of thiabendazole (TBZ) in environmental and food
samples. Hydroxyl functionalized multiwalled carbon nano-
tube (MWCNT-OH) was used as dSPE material for the
preconcentration of analyte. Several experimental parameters,
including the amount of sorbent, extraction time, the pH and
ionic strength of sample solution, and desorption conditions,
were evaluated. Under optimal experimental conditions, good
linearity was observed in the range of 10-1000 ng mL ™" with
the correlation coefficient of 0.9962. The limit of detection
and quantification were 2.6 and 8.7 ng mL ™', respectively.
The present method was applied to the analysis of different
environmental and food samples, and the recoveries of TBZ
obtained were in the range of 92.9-103.9 % with the relative
standard deviations lower than 6.5 %. The results showed that
the proposed method was a rapid, convenient, and feasible
method for the determination of TBZ in environmental and
food samples.
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Introduction

Thiabendazole [2-(4-thiazolyl) benzimidazole (TBZ)] is used
as an antihelminthic in humans and animals. As an anthelmin-
tic and antifungal agent, it is employed to treat roundworm
infections such as threadworm, hookworm/creeping eruption,
and visceral larva migrans (toxocariasis) (Ames et al. 1963;
Cuckler 1961; Satou et al. 2001). Additionally, TBZ is one of
the most commonly used fungicides to control postharvest
diseases such as mold, rot, blight, and stain caused by fungi
in various fruits and vegetables (Llorent-Martinez et al. 2012).
So, TBZ is used as an agricultural antifungal and food preser-
vative. The use of TBZ pesticides provides benefits in provid-
ing a supply of high-quality crops, but their incorrect applica-
tion can leave harmful residues, which involve a potential risk
for human health. The use of TBZ is approved with relatively
high tolerance levels, which vary from 5 to 10 mg kg ' de-
pending on the country (Japan, USA, Europe) (Garcia-Reyes
etal. 2006; Lemairea et al. 2004; Muela et al. 2010; Blazkova
etal. 2010). Moreover, several studies have been performed to
demonstrate residues in edible parts of raw fruits (Garcia-
Reyes et al. 2006; Ito et al. 2003; Veneziano et al. 2004;
Zamora et al. 2004) and in fruit juices. TBZ is associated with
a host of adverse effects including nephrotoxicity, hepatotox-
icity, carcinogenicity, and teratogenicity (Jamieson et al.
2011). TBZ can accumulate in the human body, and its poten-
tially toxic residues in edible animal-origin products may pose
a great threat to human health through the food chain. The
persistence of TBZ residues in agricultural products destined
to human consumption is important problem. Besides, the
residues in surface water, groundwater, and soils may also
cause potentially environmental problems. To protect con-
sumers from risks related to TBZ in food and environment
water, the development of a simple, rapid, and reliable method
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for the enrichment and recovery of TBZ is of great
importance.

The vegetables and fruits determination of pesticide residues
and environmental water samples is a difficult task, not only
because of the low concentration levels typically found but also
because of the complexity of the matrix. The need for efficient
methods for pesticide residues concentration and cleanup in
environmental analysis is constantly growing. Solid-phase ex-
traction (SPE) has achieved widespread application because of
its simple procedure, high preconcentration factor, rapid phase
separation, and combination with different detection tech-
niques. Carbon nanotubes (CNTs) have been used as a sorbent
material in SPE for the determination of sulfonamides (Fang
et al. 2006), atrazine (Zhou et al. 20064, b), chlorophenols (Cai
et al. 2005), and dichlorodiphenyltrichloroethane (Zhou et al.
2006a, b) in different sample matrices. CNTs, ever since their
discovery, have attracted extensive attention due to their unique
physicochemical and electrical properties. CNTs, which are
considered to be extremely superior adsorbents due to their high
specific surface area and large micropore volume, have been
utilized for the sorption of a number of organic and inorganic
pollutants (Wu 2007; Lu et al. 2005; Chin et al. 2007; Duran
et al. 2009; Tuzen et al. 2008a, b; Tuzen and Soylak 2007).

The “Quick, Easy, Cheap, Effective, Rugged and Safe”
(QuEChERS) sample preparation method for determining
pesticides in foods was first introduced in 2003 (Anastassiades
et al. 2003). The method involved miniaturized extraction
with acetonitrile, liquid-liquid partitioning, and a cleanup step
which was carried out by mixing the acetonitrile extract with
loose sorbents. Because the sorbent is added to the bulk solu-
tion or matrix containing the analytes, the possible matrix
interferences/components are retained onto it. Using the clean-
up step, various elution solvents could be selected. Finally, the
sorbent was discarded and the elution solvent was analyzed.
Therefore, dSPE can be used with the aim of trapping the
target analytes which are later eluted or desorbed with an
appropriate solvent (Su et al. 2011; Zhao et al. 2012;
Herrera-Herrera et al. 2012).

In this paper, hydroxyl functionalized multiwalled carbon
nanotube (MWCNT-OH) was used as the sorbents in dSPE for
extracting and preconcentration trace amount of TBZ from
samples. After extraction by dSPE, the TBZ was desorbed
using “green solvent” ionic liquid as elution. The conditions
for separating TBZ were studied and optimized. To the best of
our knowledge, this is the first demonstration for MWCNT-
OH as dSPE sorbents to extract TBZ and ionic liquid as elu-
tion solvent. Moreover, the adsorptive properties and mecha-
nism of MWCNT for TBZ were discussed in detail. The ob-
jective of the experiment was not only to know the interaction
between TBZ and MWCNT-OH but also to find simple short-
cut method for separating TBZ from real samples. Finally, the
method was successfully applied to wastewater samples and
fruit juices.

Experimental
Reagents and Materials

The analytical standard TBZ (Chemical reference substance,
98.0 % purity) was purchased from HEOWNS Biochemical
Technology Co., Ltd (Tianjin, China). The molecular structure
of TBZ is as follows:

)=

A 1000-mg L™ stock standard solution of TBZ was prepared
by dissolving 255.1 mg TBZ in 250 mL ethanol in a brown
volumetric flask to 250 mL. The standard stock solutions of
TBZ were diluted successively to the required concentration
with deionized water in the experiment and kept in dark below
4 °C. Chromatographic grade methanol was purchased from
Fisher Corporation (Pittsburgh, PA, USA). Analytical grade hy-
drochloric acid (HCI), sodium hydroxide, sodium chloride, eth-
anol, acetonitrile, and acetone were purchased from Beijing
Chemical Factory (Beijing, China). Pure water was obtained
with a Milli-Q water system (Millipore, Billerica, MA, USA).
All the solvents and solutions were passed through a 0.45-um
nylon filter before used. 1-Hexyl-3-methylimidazolium
hexafluorophosphate ([CsMIM][PF¢]) was purchased from
Chengjie Chemical Co., Ltd. (Shanghai, China).

Two MWCNTs (95 % purity) (pristine [MWCNT], hy-
droxyl functionalized [MWCNT-OH]) were purchased from
Chengdu Organic Chemicals Co., Ltd, China. Each of the two
MWCNTs has a specific surface area above 500 m”> g ' and an
outer diameter below 8 nm. Pore distributions (pore volume
with pore diameter in parentheses) of MWCNT used as adsor-
bent throughout the experiment are as follows: 0.085 m®> g~
(0-20 nm), 1.839 m®> g' (20-50 nm). All these physical pa-
rameters of MWCNTs were provided by the manufacturer.

Apparatus and Chromatographic Conditions

UV-Vis-NIR Cary 5000 (Varian Co., USA) was used to record
the absorption spectra of TBZ. A S-3C Model pH meter
(Shanghai Precision Scientific Instrument Co., China) was
used for measuring the pH of solutions. A model TDL80-2B
centrifugal machine (Shanghai Anting Scientific Instrument
Co., China) was used for sample treatment. The functional
groups of MWCNT surface were detected by AVATAR 330
Fourier transform infrared spectroscopy (FTIR) (Nicolet Co.,
USA). Malvern Zetasizer Nano-ZS particle analyzer
(Malvern, UK) was used to determine the zeta potential of
adsorbent.
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An Agilent 1100 HPLC (Palo Alto, CA, USA) equipped with
an automatic sampler and diode array detector was used for the
chromatographic analysis. Chromatographic separation of target
analytes was performed on a Zorbax SB-C18 column (150 mmx
4.6 mm 1.D., 5 um) (Agilent, Palo Alto, CA, USA). The mobile
phase was a mixture of methanol-water (50:50, v/v). The flow
rate and column temperature were set at 1.0 mL min ' and 30 °C,
respectively. The detection wavelength for TBZ was set at
298 nm. The injection volume of sample solution was 20 pL.

Real Sample Pretreatment

Wastewater Samples Wastewater samples include industrial
wastewater and synthetic samples. Industrial wastewater was
taken from a municipal wastewater treatment plant (Shen-
yang, China). The synthetic water samples were prepared by
adding 1x102 mol L' Na*, K*, Ca**, Mg*>*, NO;~, CO5*",
HCO; , SO427, SO327, PO437 ions, because these inorganic
minerals usually contained in fruits and vegetables. The
spiked wastewater samples were prepared by spiking the
working solutions into 10 mL of sample. Then, the resulting
solution was referred to as sample solution, filtered through
0.45-um filters and then stored at 4 °C.

Fruit Juice Samples Fruit juices were commercial samples
obtained from local supermarkets. For recovery studies, sam-
ples were used without any pretreatment. The spiked juice
samples were prepared by spiking a known amount of TBZ
working solutions into 10 mL of sample. Then, the resulting
solution was referred to as sample solution, filtered through
0.45-um filters and then stored at 4 °C. The natural pH of juice
samples was close to 6.0, and the sample solution was used
directly without any pH adjustment.

dSPE Procedure

Ten milliliters of spiked sample was transferred to a flask con-
taining 7 mg MWCNT-OH. The mixture was extracted for 4 min
under stirring at 1000-rpm rate at 25 °C. Subsequently, it was
centrifuged for 5 min at 5000 rpm. The upper water phase was
discarded. Then, the mixture was ultrasonically desorbed for
10 min by 1.0 mL of methanol with 200 uL of [C{MIM][PF¢]
and centrifuged for 5 min at 5000 rpm. Finally, the resulting
solution was referred to as analytical solution, filtered through a
0.45-um filter membrane and was analyzed by HPLC.

Results and Discussion
Optimization of Dispersive Solid-Phase Extraction

The parameters that affect the extraction efficiency, including
the type of sorbent, the amount of sorbent, extraction time, the

@ Springer

pH and ionic strength of solution, and desorption conditions,
were investigated. All the experiments were performed in trip-
licate, and the concentration of TBZ in the spiked samples was
100 ng mL™".

Selection and Characterization of Sorbents

Two MWCNTs (pristine [MWCNT], hydroxyl functionalized
[MWCNT-OH]) were chosen to test their adsorbability of
TBZ. In order to make their adsorption efficiency for TBZ
as high as possible, the adsorption conditions (solution pH,
sorbent amount) of each sorbent were optimized. The adsorp-
tion of TBZ on different types of MWCNTs was studied and
the UV—vis absorption spectrogram of TBZ solutions is
shown in Fig. la. MWCNT-OH showed higher adsorption
efficiency for TBZ than MWCNT. Functional groups can
change the wettability of CNT surfaces and, consequently,
make CNT more hydrophilic (Fig. 1b) and helpful for the
adsorption of relatively low-molecular-weight and polar com-
pounds (Cho et al. 2008; Liao et al. 2008; Onyestyak et al.
2004). The main limitation, when MWCNTs are used as sor-
bent materials, is their aggregation tendency which reduces
the active surface, thus affecting their effectiveness. There-
fore, MWCNT-OH was used as adsorbent for TBZ in the
experiment.

The values of zeta potential of MWCNT and MWCNT-OH
suspensions were also determined under various pH
(Fig. 1c), and the point of zero charge (PCZ) for MWCNT
and MWCNT-OH were found to be about 3.0 and 3.5. As
compared with the MWCNT, the surface charge of
MWCNT-OH is more positive for pH <3.5 but is more
negative for pH >3.5. This could be the presence of more
oxygen-containing functional groups on the surface of
MWCNT-OH (Fig. 1d), which enhances the deposition
of H' for pH <3.5 and improves the deposition of OH™
for pH >3.5.

Effect of the Amount of Sorbent

The amount of the sorbent has a direct effect on the ex-
traction of TBZ. Different amounts of the sorbent ranging
from 3 to 20 mg were applied to extract TBZ from sample
solution. The results indicated that 7 mg sorbent was
enough for the extraction with the recoveries ranging
from 75.59 to 99.58 %. Further increasing the amount of
the adsorbents gave no significant improvement for the
recoveries of TBZ. Therefore, 7 mg was selected as the
amount of the adsorbents.

Effect of Extraction Time

The extraction recovery is highly dependent on the mass trans-
fer of analyte from sample solution to the sorbent. As a result,
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the effect of the extraction time from 1 to 15 min on
the recoveries of TBZ was investigated. The results in-
dicated that the recoveries of TBZ increased by extend-
ing the extraction time from 1 to 4 min, until equilib-
rium was rapidly attained around 4.0 min. The high
surface area of MWCNT-OH along with homogeneous
distribution of the nanosorbent throughout the sample
could be the possible reasons for achieving such a fast
extraction process. This is a superior advantage over the
conventional SPE and other microextraction techniques,
which usually need more than 30—60 min to reach the
equilibrium. Therefore, 4 min was chosen as the extrac-
tion time in this study.

Effect of pH

The effect of pH was examined and the results are shown in
Fig. 2. The adsorption maxima generally occurred between
pH 4.0 and 12.0 (TBZ: pK,;=4.73; pK.»=12.0), but when
pH<4.73 or pH>12.0, the adsorption percentages were de-
creased. As can be seen from Fig. 2, there was no observable
effect on the adsorption of TBZ on MWCNT with an increase
of pH from 4.0 to 12.0. With the increase of pH (pH >12.0),
the adsorption ratio decreased. In general, the natural pH of
TBZ solution was close to 5.73. In this work, the TBZ solution

was used directly without any pH adjustment with HCI or
NaOH.

Effect of Ionic Strength

Generally, NaCl has a “salting-out” effect on the adsorption of
hydrophobic compounds (Xie et al. 1997). On the other hand,
the increase of ionic strength might also alter the aggregation
state of MWCNT, the aggregates of MWCNT would be more

100
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60

40
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20 +

pH
Fig. 2 Effect of pH on the extraction of TBZ
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compact (squeezing-out) (Zhang et al. 2010). A highly
compacted aggregation structure of MWCNT is unfavorable
for TBZ adsorption. Therefore, the TBZ solution without
adjusting ionic strength was adopted in this experiment.

Desorption Conditions

The desorption of TBZ from the adsorbents was studied with
different organic solvents, including ethanol, ethyl acetate,
methanol, and acetonitrile. The best recovery was only 41 %
when 1 mL of methanol was used. In order to increase the
recovery and decrease the volume of elution solvent, high
elution capability solvent ionic liquid (Talebpour et al. 2012)
was added in the experiment. Moreover, different volumes of
ionic liquid ranging from 0.1 to 0.5 mL were also investigated.
The results shown in Fig. 3 indicated that 0.2 mL of ionic
liquid with 1 mL of methanol was enough to desorb TBZ from
the sorbent perhaps because of the properties of IL, which
have good solubility and extractability for various organic
compounds. Therefore, 1 mL of methanol with 200 puL of
[CsMIM][PF¢] was used to desorb GEN from the sorbent.

The effect of desorption time from 1 to 10 min was inves-
tigated. A desorption time of 5 min appeared to be sufficient
for complete desorption. Finally, 5 min was selected as the
optimum desorption time.

Mechanistic Aspects

The variation in pH cannot only affect the protonation—depro-
tonation transition of functional groups on MWCNT, but also
results in a change in chemical speciation for ionizable organic
compounds. Furthermore, TBZ could have different charges
on different sites depending on solution pH. When solution
pH is below 4.73, TBZ exists as a cation (TBZH;>"), due to

100

Recovery(%)

0.0 0.1 0.2 0.3 0.4 0.5
The volume of IL (mL)

Fig. 3 Effect of the volume of IL on the extraction of TBZ
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the protonation of organic nitrogen atom. At pH between 4.73
and 12.0, TBZ will exist as a neutral molecule (TBZH"). At
solution pH greater than 12.0, TBZ exists as anion (TBZ")
from the loss of protons from the nitrogen atom of benzimid-
azole moiety. TBZ adsorption is significantly impeded when
pH<pKa, or pH>pKa,. The ionized form of TBZ is the pre-
dominant fraction at pH <4.73 or pH >12.0, and the hydrogen
bonding and hydrophobic interactions between MWCNT-OH
and ionized TBZ are much weaker than that between
MWCNT-OH and nonionized TBZ. Besides, both TBZ and
MWCNT-OH are positive charge or negatively charged and
the electrostatic repulsion between them can also weaken their
adsorption to some degree. While TBZ showed high adsorp-
tion under conditions with 4.0<pH<12.0, on this condition,
nearly all of TBZ molecules carry no net electrical charge,
which makes them hardly have electrostatic attraction or re-
pulsion with MWCNT-OH. The increase of pH from 4.0 to
12.0 had no significant effect on the adsorptive affinity of
TBZ in the experiment. Therefore, the adsorption mechanism
is probably the -7 stacking interactions between bulk 7 sys-
tems on MWCNT-OH surface and TBZ molecules. In addi-
tion, strength of hydrogen bonds was the primary cause of the
enhanced adsorption for reasons. Hydrogen bond interactions
were formed between the —N atom of TBZ and the —OH
groups of MWCNT-OH, and the benzene ring on MWCNT-
OH surface might also act as H-bond donor and form H-bonds
with —N atom on TBZ. Different mechanisms (hydrogen
bonding interaction between and 7-7 stacking interaction)
may act simultaneously and respond differently to the change
of pH value; thus, the prediction of TBZ adsorption on
MWNT-OH is not straightforward.

Regeneration of the MWCNT-OH

In order to evaluate the stability and possibility of reuse of
MWCNT-OH sorbent, repeating application of MWCNT-
OH experiments were performed. Removal efficiencies of re-
peating application of MWCNT-OH are shown in Fig. 4a. It
was stable for up to five adsorption recycles without obvious
decrease in the removal efficiency for TBZ. The adsorption
efficiency could be still above 85 % in the final recycle, which
indicated that there were no irreversible sites on the surface of
the adsorbent.

In the FTIR spectra of MWCNT-OH (Fig. 4b), MWCNT-
OH showed some apparent characteristic bands of TBZ after
adsorption, which were aromatic —-C=C- bonds (1600-
1400 cm "), benzene ring —C—H bonds (900—650 cm '), phe-
nolic=C—N— band (1463 cm "), C-S band (600700 cm ),
and N-H bonds (3460 cm '), while MWCNT-OH displayed
no significant bands before adsorption. It can also be seen
from Fig. 4b (d) that the main functional groups of TBZ dis-
appeared after regeneration. FTIR of MWCNT-OH after the
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five recycle did not show evident change as compared to that
of the first recycle.

Analysis of Samples

Under the optimal conditions, the proposed method was evalu-
ated. Pure water samples spiked at different concentrations of
TBZ (10-1000 ng mL ") were used. For each concentration
level, three replicate analyses were performed. The relationship
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exhibited good linearity with correlation coefficient (r) of 0.9962.
The limit of detection (LOD) was determined based on the signal
to noise (S/N) ratio of 3 and found to be 2.6 ng mL™".

To evaluate the applicability of the proposed method, some
real samples, including industrial wastewater, synthetic sam-
ples, and juice (orange, apple and pear) samples, were ana-
lyzed. The sample solutions were used without any pretreat-
ment. The spiked samples were prepared by spiking the TBZ
working solutions into 10 mL of the sample. Then, the

Fig. 5 The typical Norm. 4
chromatograms of the blank (a) 20 1
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(b). The concentration of analyte 15 ]
was 100 ng mL ™"
10 4 a
0
7 1 3 3 I 3 ; T
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Table 1 The intra- and inter-day

precisions and recoveries of the Sample Spiked concentration  Intra-day Inter-day
assay (n=5) (ngmL™"
Recovery (%) RSD (%) Recovery (%) RSD (%)
Industrial wastewater 20 93.4 3.7 95.7 4.7
100 95.2 3.0 100.1 3.9
200 103.9 2.1 96.5 2.8
Synthetic samples 20 94.4 42 94.8 5.0
100 96.9 1.9 92.9 3.5
200 85.7 3.5 98.5 44
Orange juice 20 96.8 34 95.5 4.1
100 933 4.6 96.3 53
200 97.0 1.8 97.0 6.5
Apple juice 20 96.4 4.0 96.8 4.8
100 92.9 3.1 95.0 3.7
200 97.3 2.5 96.1 6.0
Pear juice 20 95.5 49 97.2 5.1
100 98.0 23 97.1 44
200 95.7 32 96.4 5.0

resulting solution was referred to as sample solution, filtered
through 0.45-pum filters and then stored at 4 °C. The typical
chromatograms of the blank and spiked orange juice sample
are shown in Fig. 5. As can be seen, no significant interference
peaks are found at the retention time of TBZ.

To evaluate precision and accuracy of the proposed meth-
od, the spiked samples (20, 100, and 200 ng mL™") were
analyzed. Precision was evaluated by measuring intra-day
and inter-day relative standard deviations (RSDs). The intra-
day and inter-day precision of the method were evaluated by
analyzing the spiked samples at three concentration levels on
the same day and the five consecutive days, respectively. The
results obtained are shown in Table 1, and the results indicate
that the present method has good repeatability. The RSDs and
recoveries are in the range of 1.8-6.5 and 92.9-103.9.0 %,
respectively. It can be considered that the present method pro-
vides acceptable recoveries for the determination of TBZ in
real samples.

Conclusions

In this work, a simple and rapid method for analysis of TBZ in
environmental and food samples has been developed based on
dSPE coupled with HPLC determination. MWCNT-OH was
successfully used as adsorbent in dSPE for the extraction and
preconcentration of TBZ. The results demonstrated that the
proposed method gives good recoveries and reproducibilities.

@ Springer

The proposed method promises simplicity, less organic sol-
vent consumption and high sensitivity. Additional work is in
progress on evaluating the performance of proposed method
for the determination of other pesticide residue in various
matrices.
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