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Abstract A magnetic molecularly imprinted polymer
(MMIP) was successfully synthesized and applied as the sor-
bent in the magnetic dispersive solid-phase microextraction
(MDSPME) to separate and preconcentrate diazinon from real
samples prior to its determination by high-performance liquid
chromatography with ultraviolet detector (HPLC-UV). The
MMIP was prepared by one-step surface imprinting technique
using precipitation polymerization method without any use of
surfactants or stabilizers. The functionalized Fe3O4 nanopar-
ticles were used as the magnetic supporter, diazinon as the
template, methacrylic acid (MAA) as the functional monomer,
and ethylene glycol dimethacrylate (EGDMA) as the cross-
linker. The synthesized MMIP was characterized by Fourier
transform infrared (FT-IR) spectroscopy, scanning electron
microscopy (SEM), X-ray diffraction (XRD) spectroscopy,
and Brunauer–Emmett–Teller (BET) analysis. The selectivity
study demonstrated that the MMIP had high affinity toward
diazinon compared to other organophosphates (fenitrothion
and chlorpyrifos). Various parameters affecting the efficiency
of extraction such as sorption and desorption time, amount of
sorbent, type and volume of eluting solvent, and pH were
investigated and optimized. Under the optimum conditions,
the calibration graph was linear over the range of 0.07–
30.0 μg L−1 with the limit of detection of 0.02 μg L−1. The
relative standard deviations (RSDs) at the 0.1 and 10.0 μg L−1

levels of diazinon (n=5) were 3.8 and 2.0 %, respectively.
The proposed method was successfully applied to the deter-
mination of trace amount of diazinon in tomato, cucumber,
apple, and well water samples.
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Introduction

Organophosphorous pesticides (OPPs) are a group of pesti-
cides which are extensively used to control or eliminate the
pest from agricultural products in order to improve the quan-
tity and quality of foodstuffs (Kosikowska and Biziuk 2010).
On the other hand, these compounds are hazardous for
humans, environment, and animals due to their accumulation
and potentially toxic effects on living organisms (Vasilić et al.
1999). During the past decade, the mutagenic, carcinogenic
(Sanghi and Tewari 2001), cytotoxic (Wagner et al. 2005), and
teratogenic (Kang et al. 2004) effects of OPPs have been
proven. OPPs enter the human body through the water cycles
and food chain. O,O-Diethyl O-[4-methyl-6-(propan-2-
yl)pyrimidin-2-yl] phosphorothioate (diazinon) is one of the
most important organophosphorous insecticides frequently
used to control insects in agriculture (Drufovka et al. 2008).
Diazinon acts as the inhibitor of the enzyme acetyl cholines-
terase (AChE) when absorbed by human organism, and expo-
sure to high level of this compound leads to reduction of
neurotransmitter activity and causes unalterable effects on
the nervous system (Maddy et al. 1986; Maroni et al. 1990).
The maximum residue limit (MRL) of diazinon in food set by
the Codex Alimentarious Commission and European Council
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(EC) regulation No 396/2005 is 0.01–5 mg kg−1 (Codex
pesticides residues in food online database and Session
1997). Thus, continued monitoring and determination of diaz-
inon by a sensitive, fast, and selective analytical procedure in
food, environmental, and biological matrices are a challenging
task.

Gas chromatography (GC) and high-performance liquid
chromatography (HPLC) are the most commonly used instru-
ments for determination of OPPs. However, because of the
low concentration of analytes and complexity of the matrix,
a sample preparation step is often required prior to their deter-
mination. Several pretreatment techniques, such as hollow-
fiber-protected liquid-phase microextraction (Berhanu et al.
2008), cloud point extraction (Jia et al. 2008), dispersive liq-
uid–liquid microextraction (Farajzadeh et al. 2011), stir bar
sorptive extraction (Camino-Sánchez et al. 2013), supercriti-
cal fluid extraction (Norman and Panton 2001), matrix solid-
phase dispersion (Kristenson et al. 2004), microwave-assisted
extraction (Coscollà et al. 2011), solid-phase microextraction
(SPME) (Volante et al. 2001), and solid-phase extraction
(SPE( (Zhang et al. 2013), have been used for the extraction,
cleanup, and preconcentration of diazinon from real samples
before its quantification. Among these methods, SPE and
SPME are the preferred sample pretreatment techniques be-
cause of their simplicity, low consumption of organic solvent,
high recovery, and possibilities of preconcentration andmatrix
removal of trace analyte in a short time (Araújo et al. 2010;
Ghaedi et al. 2014; Roosta et al. 2014; Shakerian et al. 2008).
However, the selection of a proper sorbent is the key feature in
the design of a SPE or SPME system, as the selectivity, sim-
plicity of the operation, and the flexibility of the working
conditions of these techniques are dependent on the sorbent
material. Among different sorbents used in SPE and SPME,
molecular imprinted polymers (MIPs) have attracted much
attention due to their high thermal, chemical, and mechanical
stability, predictable specific recognition, reusability, ease of
preparation, convenience, and high selectivity in the extrac-
tion of analyte from the real samples with complex matrices
(Behbahani et al. 2014; Kazemi et al. 2015; Pebdani et al.
2015; Xu et al. 2014; Yuan et al. 2012). MIPs are synthetic
polymers that are prepared by the cross-linking of functional
monomers in the presence of target analyte as the template
molecule. After removal of the template molecule by proper
eluent, the imprinted cavities are formed that are complemen-
tary in size, shape, and functionality to the analyte (Chen et al.
2011; Xu et al. 2013). However, one of the limitations ofMIPs
in their applications as the sorbent in SPE or SPME is their
small particle sizes, which makes their separation from aque-
ous samples difficult. Magnetic nanoparticles (MNPs) are
suitable sorbents for solid-phase extraction, because they can
be quickly separated by application of an external magnetic
field after they are dispersed in the solution (He et al. 2012).
The selectivity of magnetic nanoparticles (MNPs) has been

improved through their modification with various compounds
including MIPs (Sadeghi and Aboobakri 2012). Compared
with conventional MIPs, magnetic molecularly imprinted
polymers (MMIPs) have the advantages of selective recogni-
tion in sorption of target molecule as well as ease of separation
by use of an external magnetic field. Furthermore, the surface
polymerization is improved and the number of imprinting
sites of polymer is increased due to high surface-to-volume
ratio of MNPs (Chang et al. 2012; Li et al. 2009; Lu et al.
2007; Ojeda and Rojas 2009). MMIPs show high selectivity,
more accessible sites, fast mass transfer, and powerful anti-
interference ability. MMIPs have been synthesized and used in
the separation and determination of some compounds includ-
ing pesticides (Chen et al. 2009; Hu et al. 2011; Ji et al. 2009;
Lu et al. 2012; Pan et al. 2011; Zhang et al. 2009).

According to our literature survey, some molecular
imprinted polymers for diazinon have been synthesized
and applied as the sorbent in SPE and SPME of this
pestiside (Bayat et al. 2015; Wang et al. 2013). The MIPs
are usually prepared by two protocols, namely, free-radical
polymerization and sol-gel process. The sol-gel method is
a two-stage, time-consuming, and difficult process which
requires surfactant or stabilizer that can remain adsorbed to
the surface of the polymer, interfering with the selective
binding of the target to the imprinted materials. The free
radical polymerization includes bulk polymerization, sus-
pension polymerization, emulsion polymerization, seed
polymerization, and precipitation polymerization (Chen
et al. 2011). Among these methods, the precipitation poly-
merization has the advantages of one-step synthesis with-
out the need of surfactant or stabilizer and produces high-
quality, uniform, and spherical imprinted particles and re-
quires no crushing and sieving step (Tse Sum Bui and
Haupt 2010). However, it has the drawback of the use of
higher amounts of porogen solvents (Garcia et al. 2011).
Recently, Zare et al. (2015) synthesized a MMIP based on
Fe3O4@PEG for diazinon, using sol-gel method. In this
work, a new MMIP for diazinon based on Fe3O4@SiO2

nanoparticles is synthesized by precipitation method. The
sorbent was then used in the development of a simple,
selective, and relatively fast magnetic dispersive solid-
phase microextraction (MDSPME) method for the separa-
tion, cleanup, and preconcentration of trace amounts of
diazinon from various matrices. The preconcentrated ana-
lyte was determined by high-performance liquid chroma-
tography with ultraviolet detector (HPLC-UV). The syn-
thesized MMIP was characterized by Fourier transform
infrared spectroscopy (FTIR) and scanning electron mi-
croscopy (SEM), and the conditions of extraction and
preconcentration were optimized by the univariable meth-
od. Finally, the applicability of the method in the determi-
nation of diazinon in tomato, cucumber, apple, and well
water samples was studied.
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Material and Methods

Reagents and Chemicals

Organophosphorus pesticides (OPPs), diazinon, fenitrothion,
and chlorpyrifos were purchased from Sigma-Aldrich
Company (St. Louis, MO, USA, www.sigmaaldrich.com).
Stock standard solution of each OPP (1000 mg L−1) was
prepared in methanol and was stored at −4 °C. Working
solutions were prepared daily from the stock solutions by
serial dilutions with methanol. Methacrylic acid (MAA),
ethylene glycol dimethacrylate (EGDMA), ferric chloride
hexahydrate (FeCl3·6H2O), ferrous chloride tetrahydrate
(FeCl2·4H2O), tetraethyl orthosilicate (TEOS), chloroform,
phosphoric acid, acetic acid, boric acid, 2-propanol,
ammonia solution (25 %, w/w), analytical-grade anhydrous
magnesium sulfate (MgSO4), sodium chloride (NaCl),
HPLC-grade acetonitrile (ACN), and methanol were obtained
from Merck Company (Darmstadt, Germany, www.merck-
chemicals.com). 2,2-Azobisisobutyronitrile (AIBN) was pur-
chased from the ACROSCompany (Acros, USA, www.acros.
com). High-purity water (18.2 MΩ cm, Millipore Milli-Q wa-
ter purification system, Bedford, MA, USA) was used for the
preparation of all aqueous solutions. Filtering of all solutions
was carried out using a Millipore 0.45-μm-pore-size mem-
brane (Bedford, MA, USA).

To prepare the Britton–Robinson buffer solution, 100 mL
of a solution of phosphoric, acetic, and boric acids, each
0.2 mol L−1, was prepared and the pH was adjusted to 9.0
with sodium hydroxide.

Apparatus

HPLC analyses were performed using a Sykam high-
performance liquid chromatograph (Eresing, Germany),
equipped with a vacuum degasser, a S2100 quaternary pump,
ODS C18 column (250 mm×4.6 mm i.d., 5 μm), and a UV/
Vis detector (Sykam, S3210, Germany) set to 245 nm. A per-
sonal computer equipped with a Clarity program for LC was
used to process chromatographic data. The sample loop vol-
ume was 20.0 μL and the mobile-phase composition was a
mixture of (70:15:15, v/v/v) ACN–methanol–water with a
flow rate of 1 mL min−1. The column temperature was
25 °C, and a 25-μL LC microsyringe (ILS, Stutzerbach,
Germany) was used for sample injection. The synthesized
sorbent was characterized by scaning electron microscope
(SEM, JEOL, JSM-7001 F, Japan) and Fourier transform in-
frared (FT-IR; Thermo Scientific, Nicolet iS10, USA).
Ultraviolet analyses were carried out using a Cary 100 UV-
visible spectrophotometer (Varian, Australia). Nitrogen sorp-
tion isotherms were obtained at 77 K with a Monosorb
Autosorb (Monosorb Autosorb, Quantachrome, USA). X-
ray diffraction (XRD) pattern was recorded using a Rigaku

D-max XRD equipped with Cu Kα radiation (Canada,
USA). The pH measurements were carried out using a pH
meter (AZ 86502 pH meter, Mainland China) equipped with
a combined glass-calomel electrode. Besides, an ultrasonic
bath (Elmasonic, Singen/Htw, Germany) and a mechanical
stirrer (Shengtang, Jintan, China) were also used throughout
this study.

Preparation of Magnetic Imprinted Polymer

Preparation of Magnetic Nanoparticles

The Fe3O4 nanoparticles were prepared using chemical co-
precipitation method (Wang et al. 2009). Briefly, 3.15 g
FeCl3·6H2O and 1.15 g FeCl2·4H2O were dissolved in
50.0 mL of deoxygenated water with vigorous stirring at
80 °C. Then, 7.0 mL of ammonia solution (25 %, w/w) was
added drop-wise to the clear yellow solution which was stirred
at 300 rpm under nitrogen gas. In this stage, the solution
turned black and the nanoparticles (NPs) were formed.
Then, the black mixture was stirred vigorously for 30 min at
80 °C until the crystallization of NPs was completed. The
precipitate was then collected by a magnet, washed repeatedly
with deionized water, and finally dried under vacuum for the
further use.

Synthesis of Fe3O4@SiO2

The Fe3O4 NPs (0.5 g) were dispersed in 80.0 mL of 2-
propanol and 10.0 mL of water in an ultrasound bath for
15 min. Then, 6.0 mL of ammonia solution (25 % w/w) and
2.0 mL of TEOS were added, respectively. The mixture was
stirred for 12 h at the room temperature, and the Fe3O4@SiO2

NPs formed were separated by an external magnetic field.
They were then thoroughly washed with ethanol and water
and dried under vacuum.

Preparation of Magnetic Molecular Imprinted
Nanoparticles of Diazinon

Diazinon (0.2 mmol) as the template molecule and MAA
(2.0 mmol) as the functional monomer were dissolved in
20.0 mL of chloroform in a 250-mL round bottom flask and
was kept at −4 °C for 2 h. The mixture was then placed in a
shaker and was mixed at 300 rpm for 1 h at room temperature
until a preassembly solution was formed. Five hundred milli-
grams of Fe3O4@SiO2 and 20.0 mmol of EGDMAwere dis-
solved in 30.0 mL of chloroform by sonication, and the mix-
ture was added to the preassembly solution purged with nitro-
gen in an ice bath. After being subjected to ultrasonic waves
for 15 min, 20.0 mg of the AIBN as the initiator was added to
the mixture. The reaction was then carried out at 60 °C for
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24 h under stirring. After the polymerization was completed,
the synthesized magnetic polymer was separated from the
mixture by a magnet. The diazinon molecules were then
leached by washing the sorbent consecutively in soxhlet ap-
paratus with methanol/acetic acid (9:1, v/v), and the removal
of template molecule was monitored by measuring its absorp-
tion by UV spectrophotometry (at 245 nm) until the eluent
was free of diazinon. Finally, the MMIP was washed with
methanol and dried overnight under vacuum at 60 °C. For
comparison, magnetic nonmolecularly imprinted polymer
(MNMIP) was prepared under the same experimental condi-
tions but without the target molecule.

Extraction Procedure

The pH of 5.0 mL of the standard or sample solution contain-
ing proper amount of diazinon was adjusted to 9.0 upon addi-
tion of 2.0 mL of Britton–Robinson (BR) buffer solution.
Subsequently, 10.0 mg of the prepared MMIP was added to
the solution, and the mixture was stirred by a mechanical
stirrer for 15 min. Then, the sorbent was separated with a
magnet and the decantation of the supernatant solution. The
preconcentrated diazinon was eluted from the MMIP with
0.2 mL of (9:1, v/v) methanol/acetic acid by sonical agitation
for 15 min. The sorbent was then separated by an external
magnetic field, and the supernatant extract was introduced to
HPLC for the analysis.

Preparation of Real Samples

Fruit Samples

The modified QUECHERS procedure (Baldim et al. 2012;
Hassanzadeh et al. 2010) was used for digestion of samples.
Thus, a 15.0-g portion of the thoroughly homogenized fruit
samples (tomato, cucumber, or apple) was accurately weighed
and transferred into a 50-mL polypropylene centrifuge tube.
Then, 15.0 mL acetonitrile was added, the screw cap was
closed, and the tube was vortexed vigorously for 10 min.
After that, 1.0 g of NaCl and 4.0 g of anhydrous MgSO4 were
added and the shaking process was repeated for 2 min. The
tube was then centrifuged at 4000 rpm for 3 min, and the
supernatant was collected by filtering the mixture through a
membrane filter (0.45 μm). The acetonitrile was evaporated
and the solution was concentrated to 1 mL with a gentle
stream of ultra-pure nitrogen gas. The resulting solution was
diluted to 25 mL with a Britton–Robinson (BR) buffer solu-
tion (pH=9.0), and 5.0 mL of it was subjected to the devel-
oped MDSPME.

Water Samples

Water samples were filtered through 0.45-μmMillipore filter;
the pH was adjusted to 9.0 by BR buffer solution and was
subjected to the developed MDSPME procedure for quantifi-
cation of analyte.

Results and Discussion

Characterization of the MMIP

The synthesized sorbent was characterized by FT-IR spectros-
copy. For this purpose, the spectra of Fe3O4, Fe3O4@SiO2,
diazinon MMIP (before and after leaching), and diazinon
magnetic nonimprinted polymer (MNIP) were recorded
(Fig. 1). The absorption band of about 591 cm−1 in Fig. 1a
is related to the Fe–O bond of Fe3O4; the appearance of peaks
around 800, 950, and 1093 cm−1 in Fig. 1b is attributed to the
stretching of Si–O, Si–O–H, and Si–O–Si, respectively, indi-
cating the silanization of Fe3O4 nanoparticles. The peak at
1158 cm−1 in Fig. 1c–e indicates that SiO2 is embedded in
MMIPs and MNIPs. The strong absorption bands around
1732 and 1259 cm−1 in Fig. 1c–e are assigned to C=O
stretching vibration and C–O symmetric stretching vibration
of ester (EGDMA), respectively, which display the successful
polymerization process. The band around 3400–3600 cm−1

(Fig. 1c–e) corresponds to O–H stretching and is alike in
MMIP after leaching and MNIP, whereas its intensity is
lowered in unleachedMMIP. This phenomenon can be related
to the formation of hydrogen bond between template molecule
(diazinon) and hydroxyl functional group of the sorbent in
unleached MMIP which after removal of the template mole-
cule, the hydroxyl group becomes free and so its intensity is
increased.

The surface characterization of leached and unleached
MMIP sorbent was investigated by scanning electron micros-
copy (SEM). As SEM image demonstrated (Fig. 2a), the sor-
bent is made of spherical nanoparticles with the average par-
ticle size of ∼70 nm in radius. Thus, the prepared sorbent can
be classified as a nano-size selective sorbent for the extraction
of trace amounts of diazinon. The pore size of diazinon
imprinted polymer is in the nano-range (Fig. 2b), and compar-
ison of the leached and unleachedMMIP images indicates that
the removal of the template molecule from the polymer results
in an increase in its porosity.

The additional information about the surface area, pore
volume, and mean pore diameter of the imprinted polymer
was obtained by Brunauer–Emmett–Teller (BET) analysis.
The BET surface area, total pore volume, and average pore
diameter forMMIPwere calculated to be 90.6m2/g, 0.27 cm3/
g, and 11.9 nm, respectively. These data confirm the formation
of polymer with nano-pore size and the existence of
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imprinting effect in polymer. High total pore volume ofMMIP
results in higher extraction capacity of sorbent. Furthermore,
the XRD patterns of MMIP (Fig. 3) show the eight character-
istic reflection peaks of Fe3O4 with the miller indices of (220),
(311), (400), (422), (333), (440), and (622) (JCPDS Card 79-
0417) indicating the right synthesis of MMIP.

Optimization of the Extraction Procedure

Effect of pH

The pH of loading solution can affect the interaction of diaz-
inon and sorbent through protonation/deprotonation of func-
tional groups of the specific binding sites of the sorbent as
well as the target molecules. Thus, the influence of pH on
the extraction efficiency was investigated by varying the pH
of sample solution in the range of 5.0–10.0 using suitable
buffer. As it is demonstrated (Fig. 4), the peak area increased
as the pH was increased from 5.0 to 9.0 and then decreased by
further increase in pH. Thus, the pH of 9.0 was selected for all
subsequent experiments. This observation can be related to the
fact that diazinon is hydrolyzed under acidic or highly alkali
conditions (pH >10) (Zare et al. 2015). Thus, as the cavities of
the polymer were imprinted with the neutral form of diazinon,
its hydrolyzed form cannot completely fit to the cavities. A

similar behavior has been reported before (Baldim et al. 2012;
Bayat et al. 2015)

Effect of Type and Volume of Eluent

The nature and volume of elution solvent have an important
effect on the desorption of analyte from the MMIP and the
efficiency of the preconcentration procedure. In this study, the
capability of several solvents including methanol, acetic acid,
mixture of methanol/acetonitrile (9:1, v/v), and mixture of
methanol/acetic acid (9:1, v/v) in desorbing the analyte from
the sorbent was examined. The peak area related to these
eluents was as follows: methanol (5622 mv), acetic acid
(5136 mv), methanol containing 10.0 % v/v acetonitrile
(6135 mv), and methanol containing 10.0 % v/v acetic acid
(7727 mv). According to the results, the mixture of methanol/
acetic acid (9:1, v/v) was chosen as the eluent. The most likely
explanation can be that acetic acid competes with analyte for
the binding site which weakens the hydrogen bond between
analyte and MMIP whereas methanol has high affinity for
analyte through the formation of strong hydrogen bond which
makes it the most effective eluent (Cacho et al. 2009; He et al.
2007; Peng-Ju et al. 2007).

The effect of the percentage of acetic acid in methanol was
then studied by varying its amount from 0.0 to 20.0 %. It was

Fig. 1 FT-IR spectra of Fe3O4

(a); Fe3O4@SiO2 (b); magnetic
molecularly imprinted polymer
before (c) and after leaching (d);
magnetic nonimprinted polymer
(e)

Fig. 2 SEM image of the
magnetic molecularly imprinted
polymer a unleached and b
leached
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found that an increase in the percentage of acetic acid of eluent
up to 10.0 % causes an increase in the analyte signal which
leveled off by further increase in the amount of acetic acid.
Thus, the mixture of methanol/acetic acid (9:1, v/v) was capa-
ble of effective desorption of diazinon from the sorbent and
was employed as the eluent in further studies.

The volume of eluent has an important role in the
p reconcen t r a t i on fac to r o f the p rocedure . The
preconcentration factor will increase by decrease in the eluent
volume, but it may decrease the recovery of the analyte from
the sorbent. In order to optimize the eluent volume, different
volumes of eluent in the range of 0.1–0.5 mL were evaluated,
and it was found that 0.2 mL of eluent is adequate for com-
plete desorption of diazinon which was selected as the opti-
mum volume of eluent.

Effect of Sorption and Desorption Time

The sorption process must be long enough to guarantee the
establishment of equilibrium between the samples and sorbent
to obtain favorable extraction yield, but it must be short
enough to have reasonable speed of analysis. Thus, in order

to obtain the optimum extraction time, defined as the required
time for mixing the sorbent and solution, different shaking
times from 2.0 to 25 minutes were tested. The results
(Fig. 5) showed that the peak area increases with an increase
in extraction time up to 15 min and then becomes constant at
higher shaking time. So, 15 min was selected as the optimum
sorption time for the following experiments.

The effect of desorption times of analyte from the MMIP
was also investigated in the range of 2.0–20 min. The results
indicated that desorption time of 15 min is adequate for the
complete removal of analyte from the sorbent.

Effect of Ionic Strength

The effect of the ionic strength on the extraction of diazinon
was evaluated by performing the procedure in samples con-
taining various amounts of NaCl (0.0–2.0 mol L−1). The re-
sults showed that the presence of salt has no significant effect
on the recovery of analyte. Thus, the method is suitable for
extraction of diazinon from saline samples such as seawater.

The Amount of MMIP

The mass of the sorbent must be sufficient for the complete
and quantitative extraction of the target molecules. The effect
of the amount of MMIP (4.0 to 20.0 mg) on the extraction of

Fig. 3 XRD pattern of magnetic
molecularly imprinted polymer

Fig. 4 Effect of pH on the extraction of diazinon. Conditions: initial
diazinon concentration, 50 μg L−1; eluent, 0.5 mL of methanol/acetic
acid (9:1, v/v); sorption time, 5 min; desorption time, 2 min; amount of
sorbent, 8.0 mg; sample volume, 5.0 mL; n = 3

Fig. 5 Effect of sorption time on the extraction of diazinon. Conditions:
initial diazinon concentration, 50 μg L−1; pH, 9.0; eluent, 0.2 mL of
methanol/acetic acid (9:1, v/v); desorption time 2 min; amount of
sorbent, 8 mg; sample volume, 5.0 mL; n= 3
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diazinon from 5.0 mL of sample was investigated. The results
demonstrated that 8.0 mg of the sorbent is adequate for the
quantitative extraction of the analyte. The use of a higher
amount of sorbent had no significant effect on the recovery
of diazinon. Therefore, 10.0 mg of sorbent was applied for
subsequent studies.

Effect of Sample Volume

The sample volume is one of the most important parameters
affecting the preconcentration factor of the method. The effect
of volume of sample on the enhancement factor was studied.
For this purpose, the extraction of 0.25 μg of diazinon from
different aqueous volumes (2.5–30.0 mL) was investigated.
The results (Fig. 6) showed that with up to 5 mL of aqueous
phase, the peak area was constant and then decreased with the
further increase in the sample volume. So, a sample volume of
5.0 mL was selected as the optimum for further studies. The
preconcentration factor defined as the ratio of the optimum
sample volume to the eluent volume was found to be 25.

Evaluation of Sorbent Capacity and Selectivity

For determination of the sorption capacity, 10.0 mg of MMIP
was dispersed in 5.0 mL of diazinon solution (60 mg L−1)
under optimum conditions of pH. After the sample was shak-
en for 25 min, the sorbent was separated by a magnet and the
concentration of diazinon in the supernatant solution was de-
termined by spectrophotometery. The capacity of MMIP for
the diazinon was determined from the differences in the
amount of analyte in the initial and final solution. The capacity
of the MMIP for diazinon was found to be 24.6 mg g−1.

The sorption selectivity of synthesized MMIP and its cor-
responding MNIP for diazinon was studied by extraction of
analyte from a binarymixture of diazinon and the organophos-
phate pesticides with similar molecular structure, namely, fe-
nitrothion and chlorpyrifos. The results (Fig. 7) show that the

MMIP has higher sorption affinity for the template molecule
than MNIP, and the sorption affinity of MMIP for diazinon is
remarkably greater than for the other examined organophos-
phate pesticides even with similar structures to diazinon. The
high selectivity of MMIP toward diazinon can be attributed to
the effective imprinting process of the synthetic sorbent.

Analytical Characteristic of the Proposed Method

The calibration graph was constructed by plotting the peak
area against the concentrations of diazinon in initial

Fig. 6 Effect of sample volume on the extraction of diazinon.
Conditions: initial diazinon concentration, 50 μg L−1; pH, 9.0; eluent,
0.2 mL of methanol/acetic acid (9:1, v/v); sorption time, 15 min;
desorption time, 15 min; amount of the sorbent, 10 mg; n = 3

Fig. 7 Adsorption selectivity of the MMIP and MNIP for diazinon,
fenitrothion, and chlorpyrifos. Conditions: pesticides concentration,
50 μg L−1; pH, 9; eluent, 0.2 mL of methanol/acetic acid (9:1, v/v);
sorption time, 15 min; desorption time, 15 min; amount of the sorbent,
10 mg; sample volume, 5.0 mL; n = 3

Table 1 Determination of diazinon in different samples

Sample Diazinon Recovery (%)

Added (μg L−1) Founda (μg L−1)

Cucumber – 0.19 ± 0.01 –

0.5 0.71 ± 0.02 104.0

1.0 1.16 ± 0.03 97.0

Apple – 0.18 ± 0.01 –

0.5 0.67 ± 0.02 98.0

1.0 1.15 ± 0.03 97.0

Tomato – 0.17 ± 0.01

0.5 0.65 ± 0.02 96.0

1.0 1.14 ± 0.04 97.0

Well water – – –

0.5 0.51 ± 0.02 102.0

1.0 1.02 ± 0.02 102.0

1.0 1.04 ± 0.03 104.0

Tap water – – –

0.5 0.49 ± 0.04 98.0

aMean and standard deviation of three measurements
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solution using least squares regression analysis. Three rep-
licate injections of the same standard solution of diazinon
were done, and the results were averaged. The calibration
graph exhibited linearity over the range of 0.07–
30.0 μg L−1 of diazinon with the equation of A= 1530.3
C+ 164.5 (r2 = 0.9996) where C is the concentration of di-
azinon in μg L−1, and A is the peak area. The limit of
detection (LOD) and the limit of quantification (LOQ) de-
fined as 3Sb/m and 10Sb/m (where Sb is the standard devi-
ation of the blank and m is the slope of the calibration
curve) were found to be 0.02 and 0.07 μg L−1, respectively.
The relative standard deviations (RSDs) for five replicate
measurements at the 0.1 and 10.0 μg L−1 levels of diazinon
were 3.8 and 2.0 %, respectively. The enhancement factor
defined as the ratio of the slope of calibration curves with
and without preconcentration was found to be 19.4.

Analysis of Real Samples

The proposed method was applied to the determination of
diazinon in different samples including tomato, cucumber,
apple, and water samples. Three replicates of each sample
were prepared and analyzed according to the given procedure.
The accuracy of the method was examined through the recov-
ery experiments by spiking the samples with different concen-
tration levels of diazinon. The results of this study are sum-
marized in Table 1 and show that the recoveries of the spiked
samples are good (96.0–104.0 %). Thus, the method is suit-
able for determination of diazinon in the sample type
examined.

Comparison of Developed Method with Others

The analytical performance of the developed MDSPME was
compared with the other published methods for the

determination of diazinon (Table 2). The results illustrate that
the developedmethod has a wider linear dynamic range, lower
detection limit, and a precision comparable with other report-
ed methods. This is due to the surface imprinting conditions
for magnetic imprinting polymerization that caused the mo-
lecular recognition system to be built on the surface of sup-
ported substrate resulting in the formation of a sorbent with
faster mass transfer, higher binding capacity, and lower diffu-
sion barrier. Furthermore, in comparison to MMIP prepared
by Zare et al. (2015), the sorbent was synthesized by the
precipitation polymerization method which produced high-
quality, selective, uniform, and spherical imprinted particles
resulting in the improvement of its efficiency.

Conclusions

A MMIP was synthesized by one-step surface imprinting
technique using precipitation polymerization for the selec-
tive solid-phase extraction of diazinon prior to its determi-
nation by high-performance liquid chromatography with
ultraviolet detector. The synthesized MMIP was character-
ized by Fourier transform infrared (FT-IR) spectroscopy,
scanning electron microscopy (SEM), X-ray diffraction
(XRD) spectroscopy, and Brunauer–Emmett–Teller (BET)
analysis. Under the optimized conditions, the sorbent ex-
hibited good chemical and physical stability, high capacity,
and high selectivity toward template molecule; eliminated
the centrifugation or filtration step; and, at the same time,
accelerated the separation of sorbent from bulk solution by
the use of an external magnetic field. The developed meth-
od was demonstrated to be rapid, accurate, and efficient for
the determination of trace amounts of diazinon in tomato,
cucumber, apple, and water samples.

Table 2 Comparison of the proposed method with some previously methods for the extraction and determination of diazinon

Method Sorbent LOD
(μg L−1)

LDR
(μg L−1)

Sorbent capacity
(mg g−1)

RSD
(%)

Ref.

MWCNTs-SPE-GC-NPD MWCNTsa 31 103–1683 – 5.9 (Ravelo‐Pérez et al. 2008)

SPME-GC-FID CNTsb 0.2 0.5–200 – 4.6 (Bagheri et al. 2011)

MISPE-GC-FPD MIP 0.05 100–1000 1.11 5.1 (Baldim et al. 2012)

MIP-SPE-HPLC-UV MIPc 1.68 3–200 – 1.47 (Sanagi et al. 2013)

MIP-SPME-GC-NPD MIP 0.048 4–160 – 5.4 (Wang et al. 2013)

MIP-SPE-HPLC-UV MMIPd 5 20–5000 – 5.3 (Zare et al. 2015)

MDSPME-HPLC-UV MMIP 0.02 0.07–30 24.6 3.8 This work

aMultiwalled carbon nanotubes
b Carbon nanotubes
cMolecularly imprinted polymer
dMagnetic molecularly imprinted polymer
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