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Abstract In this research, a magnetic sorbent was prepared
by immobilizing zirconia and magnetite (Fe;0,4) nanoparticles
in chitosan, which is characterized and used as an effective
nanosorbent in magnetic dispersive micro-solid-phase extrac-
tion (MDMSPE) of organophosphorous pesticides (OPPs)
from juice and water samples prior to gas chromatography-
mass detection (GC-MS). The properties and morphology of
synthesized sorbent were characterized by scanning electron
microscopy (SEM), Fourier transform-infrared spectroscopy
(FT-IR), vibrating sample magnetometry (VSM), and differ-
ential scanning calorimetric (DSC) analysis. The main exper-
imental parameters including pH level, extraction time, sor-
bent mass, salt concentration, and desorption conditions were
investigated and optimized to maximize extraction efficiency.
Under optimized conditions, the calibration curves were ob-
tained in the concentration range of 0.1-500 ng mL ™" with
correlation coefficients between 0.9993 and 0.9999. The
limits of detection (signal-to-noise ratio (S/N) = 3) and limits
of quantification (S/N = 10) of the method ranged from 0.031
t0 0.034 ngmL " and 0.105-0.112 ng mL "', respectively. The
intra-day and inter-day RSDs were 2.2-5.7 and 2.5-7.5%,
respectively. The method was successfully applied to the anal-
ysis of OPPs in fruit juices (apple, peach, and cherry) and
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water (mineral, tap, and river) real samples, with recoveries
in the range of 86.0-106.0% for the spiked juice and water
samples. The results showed that with combination of high
selectivity of zirconia and magnetic property of magnetite as
well as immobilizing ability of chitosan, the fabricated sorbent
exhibited exceptional extraction ability toward the OPPs.

Keywords Zirconia nanoparticles - Magnetite nanoparticles -
Organophosphorous pesticides - Magnetic dispersive
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Introduction

Organophosphorous pesticides (OPPs) as relatively low toxic
compounds are used worldwide to increase the yield of agricul-
tural products. However, extensive and incorrect use of them
has raised public concern of the potential threat to food and
environmental safety. Many international organizations such
as the European Union have established maximum residue
limits (MRLs) for OPPs in water and food samples in the range
of 0.02-0.1 mg L™ and 0.01-0.5 mg kg ', respectively (Li
et al. 2016; Farajzadeh et al. 2016). Therefore, it is of great
importance to develop accurate and sensitive methods for
OPP residue analysis in water and food samples.

Generally, sample cleanup and preconcentration of trace
analytes from complex matrices like environmental and food
samples are required to remove potential interferences prior to
instrumental analysis. Solid-phase extraction (SPE) with obvi-
ous advantages such as ease of operation, low consumption of
toxic solvents, high enrichment factor, flexibility to choose the
solid phase, and low cost and time is becoming the most com-
monly used method for sample preparation in comparison to
traditional liquid-liquid extraction (LLE) (Parham et al. 2009;
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Wu et al. 2016; Yilmaz and Soylak 2016). However, new min-
iaturized SPE methodologies (Plotka-Wasylka et al. 2015) such
as dispersive micro-solid-phase extraction (DMSPE)
(Asgharinezhad et al. 2014; Wang et al. 2016), micro-solid-
phase extraction (MSPE) (Khayoon et al. 2014), solid-phase
microextraction (SPME) (Volante et al. 2001; Korba et al.
2013), and stir bar sorptive extraction (SBSE) (Guart et al.
2014) have advantages of suitability for analysis of small
amounts of analyte, small sorbent usage, and lower consump-
tion of organic solvents. Based on these miniaturized, sorbent-
based extraction methods, a lot of methods have been devel-
oped for the analysis of OPPs in real samples such as water,
vegetables, and fruit (Galan-Cano et al. 2013; Sang et al. 2013;
Wang et al. 2013; Jiang et al. 2016).

Synthesis of novel materials with high selectivity to analytes
in order to eliminate the matrix interference and increase sensi-
tivity and accuracy of the extraction method is still an attractive
and active research area. It has been reported that zirconia
(ZrO,) nanoparticles (ZNPs) with its high surface area-to-
volume ratio, thermal stability, chemical inertness, and lack of
toxicity have a strong affinity to phosphoric moieties. They
were employed for selective detection of OPPs in electrochem-
ical techniques (Gong et al. 2012; Wang and Li 2008;
Mazloum-Ardakani et al. 2010; Parham and Rahbar 2010)
and adsorption of phosphate ions (Jiang et al. 2013; Liu et al.
2008; Zong et al. 2013) and phospholipids in removal methods
(Lin et al. 2012). Recently, the zirconia-based sorbents have
been used in dispersive micro-solid-phase extraction proce-
dures for selective determination of OPPs in water and juice
samples (Zare et al. 2016; Jiang et al. 2016). Lewis acid sites on
the surface of ZNPs interact strongly with phosphate group as a
Lewis base creating coordination bonds (Lozano et al. 2014).
However, the small size and possible release into the treated
solution restrict their practical applications. Immobilization and
encapsulation of nanoparticles with supports such resin, chito-
san, and alginate have been effectively used to prevent their
leakage into the environment (Kwon et al. 2016).

Chitosan (CS), the deacetylated product of chitin, is a linear
polysaccharide (Fig. S1) and has many useful features such as
non-toxicity, hydrophilicity, biocompatibility, biodegradabili-
ty, and antibacterial properties; therefore, it is widely used in
food and pharmaceutical processes (Zhou et al. 2010). The
applications of CS as a supporting material for the
immobilizing of cells and nanoparticles have been previously
reported (Namdeo and Bajpai 2008; Jiang et al. 2013; Kwon
et al. 2016; Peng et al. 2010).

A major advantage of using magnetite (Fe;0,4) nanoparti-
cles (MNPs) as the known biocompatible materials is the pos-
sibility of particle collection by application of an external
magnetic field. Thus, the inclusion of magnetic nanoparticles
in one sorbent makes it as an excellent candidate for combin-
ing adsorption with ease of phase separation (Parham and
Rahbar 2009).
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In this work, a new and facile one-step co-precipitation ap-
proach was used to fabricate a selective and effective sorbent
by immobilization of ZNPs and MNPs with CS in order to
prevent their leakage into the environment. Up to our knowl-
edge, this is the first report in application of ZNPs immobilized
chitosan for extraction and determination of OPPs with easy
separation via MNPs. The synthesized zirconia/magnetite
nanocomposite immobilized chitosan (ZMNIC) as a green sor-
bent was utilized to magnetic dispersive micro-solid-phase ex-
traction (MDMSPE) of methyl parathion (MP), fenitrothion
(FT), and malathion (MT) (three most toxic and widely used
OPPs) as model analytes from juice and water real samples,
coupled with gas chromatography equipped by mass spectrom-
eter detector (GC-MS). Chemical structures of these OPPs are
illustrated in Fig. S2.

Experimental
Reagents and Standards

Analytical standards of MP (99.8%), FT (95.8%), and MT
(97.3%) were supplied by Fluka. Stock solutions of these
compounds were prepared in methanol at a concentration of
500 mg L™" and were stored at —20 °C. ZNPs were purchased
from Inframat Advanced Materials (Farmington, CT, USA).
CS (600-1200 cp and 96% degree of deacetylation) was sup-
plied from Primex (Iceland). FeCl,-4H,O, FeCl;-6H,0, am-
monia solution (25%), methanol (MeOH), toluene, n-
propanol, dichloromethane (DCM), acetone, acetic acid
(HOAC), hydrochloric acid (HCI), ammonium hydroxide
(25%), sodium hydroxide (NaOH), and sodium chloride
(NaCl) were purchased from Merck (Darmstadt, Germany).

Apparatus

Fourier transform-infrared spectroscopy (FT-IR) spectra were
recorded by a vertex 70 FTIR spectrometer, in the scanning
range of 4004000 cm! (Bruker, Germany). Differential scan-
ning calorimetric (DSC) analysis was performed using a DSC1
STAR system (Mettler Toledo, Switzerland). Ten milligrams of
sample was put in an aluminum pan and heated from 0 to
400 °C at a constant heating rate of 10 °C/min under constant
purging of nitrogen at 20 mL min_'. Scanning electron micros-
copy (SEM) and energy-dispersive X-ray diffraction (EDX)
were used to show the morphology, dimension, and composi-
tion of the ZMNIC (TESCAN, VEGE (II) LMH,
Czech Republic). A MDK-VSM system (Meghnatis Daghigh
Daneshpajouh Co., Iran) was used to record magnetic proper-
ties of the synthesized MNPs and ZMNIC. GC analysis was
carried out on an Agilent 7890A instrument (Palo Alto, CA,
USA) with split/splitless injection port, and an Agilent 5975C
mass detector system was used. The MS detector was operated
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in electron impact (EI) mode with ionization energy of 70 eV.
Helium (99.999%) was used as the carrier gas at a flow rate of
1 mL min"'. OPPs were separated on a 30 m x 0.320 um HP-5
MS column with 0.25-um film thickness. The GC column
temperature was first 70 °C (without holding at this tempera-
ture), then increased to 150 °C by 25 °C min ', next raised to
180 °C by increments of 3 °C min ', and finally increased to
200 °C by increments of 1.5 °C min™'. The split/splitless injec-
tion port was set at 250 °C and in splitless mode. The GC-MS
interface, ion source, and quadruple temperatures were set at
280, 230, and 150 °C, respectively. The solvent delay and total
run time for analysis were 7 and 22 min, respectively. For
quantitative determination, the MS detector was operated in
the time-scheduled selected ion monitoring (SIM) mode. The
m/z values of the selected quantitative ions were 263, 277, and
125 for MP, FT, and MT, respectively. Data acquisition was
conducted using ChemStation software. All sample solutions
were stirred using a Heidolph magnetic stirrer (Germany).
Solvent desorption of OPPs was performed by an ultrasonic
bath (Elma, Germany). Solution pH values were measured by
a pH meter ES20 (Metrohm Herisau, Switzerland). A super
magnet (1.2 T, 10 x 5 x 2 cm) was also used.

Synthesis of ZMNIC

A schematic illustration of the synthesis steps for ZMNIC and
its proposed structure is demonstrated in Fig. 1a. The sorbent
was synthesized by simple a one-step procedure. Briefly, first,
0.1 g of ZNPs in 4 mL of FeCl; solution (1/2 mol L' HCI
solution) was vigorously stirred for 10 min to obtain a homo-
geneous suspension. Then, 1 mL of FeCl, solution
(2/2 mol L™! HCI solution) was added into the prepared sus-
pension, and 50 mL of 1 mol L™" ammonium hydroxide so-
lution was added dropwise while stirring vigorously.
Meanwhile, the 10 mL of CS solution (1% w/v in 5%
HAOC aqueous solution) was slowly dripped into the mix-
ture. The obtained suspension was again stirred for 10 min,
and the prepared ZMNIC was collected using an external
magnetic field and thoroughly washed with deionized water
to remove excess ammonium hydroxide. The synthesized sor-
bent was dried under nitrogen atmosphere and stored in a
desiccator before use. The photographs of the sorbent fabrica-
tion are presented in the supplementary data (Fig. S3)

Extraction and Analysis

The extraction process was performed in a batch mode. A
5 mL solution containing 0.1-500 ng mL™" of OPPs and
0.25 mL acetate buffer (pH 5.0) was stirred with 5 mg of dried
ZMNIC for 5 min in a glass tube at room temperature.
Afterwards, the sorbent was easily separated from the solution
using an external magnetic field and washed with deionized
water to remove any possible interference. The OPPs were

desorbed from ZMNIC with 2 mL DCM in 7 min using an
ultrasonic bath. The solvent of desorption solution was sepa-
rated from the sorbent with the aid of a magnet and evaporated
to dryness under nitrogen gas, and the residue was re-
dissolved in 100 pL toluene. Finally, a 1 puL aliquot of obtain-
ed solution was injected into the GC-MS (Fig. 1b).
Photographs of the system setup are presented in the supple-
mentary data (Fig. S4).

Analysis of Real Samples

A river water sample was collected from the Karun River in
Ahvaz (Khuzestan province, Iran). A tap water sample was
collected from Ahvaz. Mineral water and juice samples were
purchased from local supermarkets in Ahvaz. All samples
were filtered through a 0.45-mm membrane filter and stored
at 4 °C. Each 5 mL of solution including 2.5 mL of real
sample, spiked standard analytes, and 0.25 mL of acetate buft-
er (pH 5.0) was subjected to the optimized extraction and
analytical method without any pretreatments. Extractions
from non-spiked samples were also carried out in parallel.
All experiments were performed in triplicate. Recovery
(R%) was calculated using the following equation:

R% = (CF/CA) x 100

Cr is the founded concentration in the real samples spiked
with a known amount of OPP standard solution, and C, is the
added concentration of OPPs in real samples, respectively.

Results and Discussion
Characterization of ZMNIC

Surface area of a sorbent directly affects its extraction efficien-
cy due to enhanced available sites for the adsorption. The
morphology and size of the prepared MNPs and ZMNIC were
characterized by SEM (Fig. 2). As shown in Fig. 2a, the syn-
thesized MNPs are nano-sized and spherical with a high sur-
face area. Furthermore, ZMNIC particles have small sizes in
the range of about 30-45 nm (Fig. 2b), and their morphology
is closely similar to that of MNPs, might be due to thin coating
of nanoparticles with CS. The results obtained from EDX
spectrum confirmed the existence of Fe, Zr, O, and C elements
that could be attributed to the presence of MNPs, ZNPs, and
CS in ZMNIC (Fig. 2¢).

The FT-IR spectra of MNPs, ZNPs, CS, and ZMNIC are
illustrated in Fig. 3. As seen in Fig. 3a, the main band at about
508 cm ' is ascribed to the Zr—O vibration absorption of ZrO».
The other bands around 1631 and 3430 cm ™ are attributed to
the bending and stretching vibration of -OH from adsorbed
water molecules. The absorption bands at 570-640 cm ' are

@ Springer
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Fig. 1 A schematic illustration of a adsorbent synthesis steps: dropwise
addition of ammonium hydroxide and CS solutions into homogeneous
suspension of ZNPs and Fe(Ill) and Fe(Il) solutions (A) and magnetic
separation of the synthesized adsorbent (B8); b the MDMSPE procedure:
addition of the adsorbent into sample solution and stirring (A), magnetic

usually attributed to the Fe—O stretches (Parham et al. 2012;
Bagheri et al. 2016a,b). In MNP spectrum, the main band at
about 591 cm ' and the broad band at around 3439 cm ' are
related to the stretching vibrations of Fe-O and —OH from
adsorbed water molecules, respectively (Fig. 3b). As shown
in Fig. 3c, FT-IR spectrum of CS shows that the presence of
intense peaks at 1633 and 1450 cm™' corresponds to —~NH
bending vibration and deformation vibration in —-NH, in CS
molecules, respectively (Jiang et al. 2013). The other bands at
3426 and 2925 cm ! are related to —OH and —-NH, and -CH
stretching vibrations, respectively. The absorption peak at
1114 cm™' may be ascribed to the stretching vibration of the
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separation of the adsorbent from solution (B), desorption under sonication
after addition of eluting solvent (C), magnetic separation of eluting
solvent (D), transferring of eluting solvent into another tube,
evaporation under nitrogen, and adding second solvent (£), and
injection to GC-MS (F)

C-O (Jiang et al. 2013; Naing et al. 2016; Jana et al. 2015).
The FT-IR spectrum of ZMNIC (Fig. 3d) presents almost all
characteristic peaks of the constituents of synthesized sorbent
indicating that the sorbent is successfully prepared. Moreover,
the characteristic peaks in the CS spectrum (1633, 1450, and
1114 cm™ ') are shifted to the lower wave numbers (1624,
1437, and 1064 cm ') in the case of ZMNIC, indicating the
existence of possible chemical interactions between ZNPs and
MNPs with CS. The interaction between Zr(IV) (Lewis acid)
and nitrogen of amine group (Lewis base) (appearing bands
between 1450 and 1350 cm ') has been reported in previous
studies (Chaufer et al. 2000). As shown in Fig. 3d, the

Fig. 2 The morphology and composition: a and b FESEM images of MNPS and ZMNIC. ¢ The EDX spectra of the adsorbent
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Fig. 3 FT-IR spectra of ZNPs
(a), MNPs (b), CS (c) and
ZMNIC (d)
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presence of the bands at 1437 and 1385 cm™ ! can be attributed
to such interactions. Similarly, such chemical binding can be
suggested between Fe(Ill) as a Lewis acid and amine and
hydroxyl groups in CS. On the other hand, the decreasing
intensity at 1437 and 1385 cm™ ' in the spectrum of ZMNIC
(Fig. 3d) compared to 1450 cm !in CS (Fig. 3c) (related to
amide II stretching vibration) indicates that sorbent has lesser
active amine groups than CS, probably because of binding
with ZNPs and MNPs. Furthermore, the broad and intensive
band at 582 cm™ ' in ZMNIC spectrum is the result of Zr-O
and Fe—O overlapping bands.

The magnetic properties of MNPs and ZMNIC were stud-
ied by a vibrating sample magnetometer (VSM). As seen in
Fig. 4, there are no magnetic hysteresis loops in both curves,
revealing super paramagnetic property of the as-prepared
magnetic materials (Peng et al. 2015). Moreover, the
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saturation magnetization of ZMNIC (44.9 emu g ') was ob-
viously lower than that of MNPs (68.7 emu g '), indicating
the existence of ZNPs as well as coating of MNPs/ZNP nano-
composite with CS. However, ZMNIC could be rapidly and
efficiently separated from sample solution by a magnet be-
cause of its relatively high saturation magnetization values.
To examine the thermal properties of MNPs, ZNPs, CS,
and ZMNIC materials, their DSC analysis has been carried
out as illustrated in Fig. 5. For pure ZrO,, the DSC curve
shows a broad endothermic peak below 180 °C due to water
elimination (Fig. 5a) (Sohn et al. 2001). As shown in Fig. 5b,
DSC curve of MNPs exhibits an endothermic peak at nearly
140 °C and a relatively large exothermic effect at about
360 °C, which accords with earlier reported studies
(Machala et al. 2007). These peaks might be related to the
water elimination and crystallization of MNPs, respectively.

Fig. 4 VSM magnetization
curves of MNPs (a) and ZMNIC
(b) 60 -
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Fig. 5 The DSC curves of ZNPs
(a), MNPs (b), CS (c), and

ZMNIC (d) mw
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DSC curve of CS presents an endothermic peak at about
150 °C and a broad exothermic peak at nearly 300 °C, which
can be correlated to the crystallization of the biopolymer in a
different form and decomposition of amine units of the pure
CS (Fig. 5¢) (Jana et al. 2015). The data presented in Fig. 5d
clearly show that the peak corresponding to the decomposition
of amine units of pure CS disappeared suggesting that amine
groups in ZMNIC have become more stable compared to CS.
Moreover, the endothermic peak at about 150 °C in the case of
CS and MNPs appeared in the thermogram of ZMNIC at
higher temperature. These observations might be attributed

to enhanced sorbent stiffness due to the bonded ZNPs and
MNPs to amine groups in ZMNIC and clearly indicates that
the nanoparticles could affect the physicochemical characters
of the sorbent.

Optimization of Experimental Conditions for MMSPE
Procedure

In order to obtain the best extraction efficiency in MMSPE
procedure using ZMNIC, influential parameters such as pH,
extraction time, sorbent mass, type of desorbing solvent, and
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Fig. 6 Effects of various parameters on extraction efficiency: a pH, b the amount of ZMNIC, ¢ extraction time, d salt concentration on the extraction
efficiency, e type of eluting solvent, and f sonication time in desorbing step
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Table 1 Analytical features for

determination of OPPs by the Pesticide LOD LOQ LDR 7 Regression equation

proposed MDMSPE/GC-MS

method Methyl parathion 0.034 0.112 0.1-500 0.9998 y=561.59x + 130.84
Fenitrothion 0.031 0.105 0.1-500 0.9993 y=12332x+110.62
Malathion 0.034 0.110 0.1-500 0.9999 y=51841x+ 1322

LOD limit of detection (ng mL "), LOQ limit of quantification (ng mL "), LDR linear dynamic range (ng mL ")

 Correlation coefficient

its volume along with the sonication time in the desorption
step were optimized.

Influence of pH

The pH of the sample solution is a key factor influencing
both the characteristics of the sorbent and analytes. To test
the effect of pH on the extraction efficiency, experiments
were performed within the 3-9 range, in the following
conditions: 5 mL of OPP solution, 50 ng mL ! extraction
time, 10 min; sorbent amount, 5 mg; eluting solvent,
0.5 mL of methanol; sonication time for desorption of
analytes, 10 min. The effect of pH on the adsorption
and extraction of OPPs with ZMNIC is presented in
Fig. 6a. As seen, the pH of the sample solution affects
extraction efficiency, and the best value is achieved at pH
5.0. Zirconia acts as a Lewis acid, and the adsorption of
OPPs on the ZMNIC surface can be described by the
interaction between vacant 3d orbital of Zr(IV) and free
electron pairs of phosphate moiety in the OPP neutral
molecules, when the surface of the sorbent has neutral
charge (Lozano et al. 2014). However, since zirconia is
an amphoteric metal oxide (with an isoelectric point of
5.7), its surface behaves like a bronsted acid or base

(Lozano et al. 2014; Jiang et al. 2013; Lin et al. 2012;
Shi et al. 2004). Therefore, in pH values lower and higher
than the isoelectric point of zirconia, the Lewis acid—base
attraction between ZNPs and OPPs weakens, and extrac-
tion efficiency decreases because of the presence of H*
and OH ions on the surface of the immobilized ZNPs in
ZMNIC. In addition, the isoelectric point Cs is at pH 6.4,
which means that existing amine groups in its structure
are protonated in pH values lower than 6.4, and in pHs
higher than that, these groups are in neutral form (Jiang
et al. 2013). Taken together, in pH values lower than 5,
Lewis acid—base interaction between ZNPs and OPPs
weakens; meanwhile, the repulsion forces between amine
group and OPPs decrease, and the analytes adsorb on
ZMNIC to some extent via electrostatic attractions.
However, when pH values are higher than 5 (higher than
CS and ZNP isoelectric points), the extraction efficiencies
decrease due to the existence of repulsion forces between
basic amine groups on CS and OH groups covered ZNPs
and OPPs. In addition, the adsorption of OPPs on ZMNIC
can be decreased due to their hydrolysis in more acidic
and alkaline solutions (Maddah and Shamsi 2012; Liu
et al. 2013; Mahpishaniana et al. 2015). Thus, in the re-
maining experiments, the pH of the sample solutions was

Table 2 Relative recoveries and

RSDs of OPP QC samples on Pesticide Added® Found® Recovery® RSD
three concentration levels
Intra-day (n = 5) Inter-day (n = 3)
Methyl parathion 5.0 48+0.3 96.0 5.7 7.5
25.0 232409 92.8 39 5.5
100.0 982+2.7 98.2 2.8 3.7
Fenitrothion 5.0 47403 94.0 5.6 6.3
25.0 26.1+£1.0 104.4 4.0 4.5
100.0 93.7+2.1 93.7 22 2.5
Malathion 5.0 46+03 92.0 54 72
25.0 229+1.0 91.6 42 6.1
100.0 1062 +2.9 106.2 2.7 3.6

RSD relative standard deviations (%)

#Spiked concentrations of MP, FT, and MT (ng mL™! )
®Recovered concentrations of MP, FT, and MT (ng mL ) x+s(n=35)

¢ Relative recovery (%)
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adjusted to 5.0 using 0.25 mL of acetate buffer. The buff-
er volume effect on extraction efficiency is illustrated in
Fig. S5.

Effect of ZMNIC Mass

To achieve the acceptable extraction efficiency, the effect of
the ZMNIC amount was investigated in the range of 5-20 mg.
The experimental conditions were as follows: 5 mL of OPP
solution, 50 ng mLﬁl; pH, 5.0; extraction time, 10 min; eluting
solvent, 0.5 mL of methanol; sonication time for desorption of
analytes, 10 min. According to the results, the extraction effi-
ciency was enhanced from 5 to 10 mg of ZMNIC used and
remained almost constant in higher weights of sorbent.
Therefore, 5 mg of suspension was selected for further exper-
iments (Fig. 6b).

Effect of Extraction Time

To achieve the equilibrium state in MDMSPE procedure, suf-
ficient contact time between analytes and sorbent is required,
and therefore, the highest adsorption efficiency is obtained.
The extraction times in the range of 1-90 min on a magnetic
stirrer at 500 rpm were examined in order to obtain the opti-
mum value. The extraction conditions were as follows: 5 mL
of OPP solution, 50 ng mL pH, 5.0; sorbent amount, 5 mg;
eluting solvent, 0.5 mL of methanol; sonication time for de-
sorption of analytes, 10 min. As it is illustrated in Fig. 6c, the
peak areas increased slightly up to 5 min, and no improvement
on the extraction efficiency was observed at higher extraction
times; therefore, the extraction time of 5 min was chosen for
further experiments. These results indicated that the adsorp-
tion kinetics was very fast, and the adsorption process reached
equilibrium in a short time.

Influence of Salt Concentration

The existence of salt in the solution can increase the extraction
efficiency of the analytes due to the “salting out effect.”
However, in some cases, salt addition may reduce the amounts
of extracted analytes (Asgharinezhad et al. 2014; Bagheri
et al. 2016a,b; Mahpishaniana et al. 2015). Therefore, differ-
ent amounts of NaCl ranging 0-20% (w/v) were added into the
sample solutions to check the effect of salt concentration. The
extraction conditions were as follows: 5 mL of OPP solution,
50 ng mL ! pH, 5.0; sorbent amount, 5 mg; extraction time,
5 min; eluting solvent, 0.5 mL of methanol; sonication time
for desorption of analytes, 10 min. The results are shown in
Fig. 6d indicating that addition of salt reduced the amount of
extracted OPPs, might be because of increase in solution vis-
cosity and decrease in mass transfer of analytes from solution
to the sorbent (Asgharinezhad et al. 2014; Bagheri et al.
2016a,b). Considering these results and the simplicity of the
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extraction procedure, further experiments were performed
without adding salt.

Desorption Conditions

The adsorbed analytes should be eluted from the sorbent after
extraction by the proper solvent prior to GC/MS analysis. The
proper selection of eluting solvent can lead to a better desorp-
tion of analytes from the sorbent resulting in higher extraction
efficiency. Therefore, desorption of OPPs was performed
using different solvents, i.e., methanol, toluene, DCM, ace-
tone, and n-propanol, since they are GC/MS compatible sol-
vents. The extraction conditions were as follows: 5 mL of
OPP solution, 50 ng mL pH, 5.0; sorbent amount, 5 mg;
extraction time, 5 min; volume of eluting solvent, 0.5 mL;
sonication time for desorption of analytes, 10 min. As it can
be seen in Fig. 6e, the desorption ability of DCM was better
than that of other solvents. After that, the influence of selected
solvent volume on the extraction efficiency of the examined
OPPs was studied. It was found that the analytes could be
effectively desorbed by 2 mL of DCM (Fig. S6). In order to
achieve the best sonication time in desorbing, different times
in the range of 2—10 min were investigated. The best sonica-
tion time was found to be 7 min as shown in Fig. 6f.

Analytical Features of the Method

The analytical features of the method (dynamic range of the
calibration curve, limit of detection (LOD), limit of quantifi-
cation (LOQ), accuracy, and precision) are summarized in
Tables 1 and 2. To evaluate the developed method under op-
timal extraction conditions, a series of standard solutions con-
taining MP, FT, and MT in the range of 0.1-500 ng mL ™" at
ten selected concentration levels was prepared and analyzed.
In all calibration curves, peak areas versus concentrations of
analytes were plotted using least squares linear regression
method. The external calibration curves with wide linear
ranges and satisfactory correlation coefficients (r) greater than
0.9993 were observed for all OPPs. Also, the calibration
curves were obtained in juice and water samples. Slopes of
the calibration curves in water and juice samples were nearly
the same as the external calibration curve slopes, and there-
fore, no matrix-matched calibration plots were required. The
LODs and LOQs of the method for the analyzed OPPs were
defined as a signal-to-noise (S/N) ratio of 3 and 10, respec-
tively. To obtain the intra-day and inter-day precisions of the
proposed method which show the precision and accuracy
terms, five similar experiments were carried out for the quality
control (QC) samples at concentration levels of 5, 25, and
100 ng mL™" on the same day and on three consecutive days.
The obtained peak areas for the QC samples of OPPs were
interpolated from their calibration curves on the same day to
give concentrations of the analytes. The resulted RSDs were
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Table 3 Application of ZMNIC-
based MDMSPE method to real Sample MP FT MT
samples
Added®  Found® Recovery®  Found Recovery  Found Recovery
Apple juice - ND - ND - ND -
5.0 4.6 £0.33 92.0 45+0.27 90.0 4.6 £0.30 92.0
25.0 228 +1.10 912 229+095 916 235+081 94.0
Peach juice - ND - ND - ND -
5.0 45+035 90.0 4.6 £0.25 92.0 4.6 £0.29 92.0
25.0 233+095 932 233+1.08 932 232+093 928
Cherry juice  — ND - ND - ND -
5.0 4.4+ 031 88.0 47 +0.25 94.0 43+0.29 86.0
25.0 228 +1.30 912 223+095 892 228 +£0.89 91.2
Mineral - ND - ND - ND -
water 5.0 52+£024 104.0 49 +0.34 98.0 52+035 104.0
25.0 246 +097 984 257+1.05 102.8 246 +084 984
Tap water - ND - ND - ND -
5.0 48+03 96.0 5.0 £0.36 100.0 4.9 +0.28 98.0
25.0 243+086 972 247+093 988 240+099 96.0
River water - ND - ND - ND -
5.0 525+026 105.0 53+033 106.0 5.1+037 102.0
25.0 258+091 1032 257+121 1028 246 +1.17 984

All samples were diluted with deionized water at a ratio of 1:2

ND not detected

*Spiked concentrations of MP, FT, and MT (ng mL™")

®Recovered concentrations of MP,

¢ Relative recovery (%)

in the range of 2.2-5.7% for analysis of intra-day spiked sam-
ples, revealing the high reproducibility of the proposed meth-
od. Moreover, the inter-day precision results were in accept-
able range between 2.5 and 7.5%.

Application of the Method to Real Samples

The performance of the optimized analytical procedure was
assessed by analyzing different real samples including four

FT,and MT (ng mL ™" ); x 5 (n = 3)

types of fruit juice (apple, peach, and cherry) and three types
of water (mineral, tap, and river). The results are shown in
Table 3. The extraction recoveries from juice and water real
sample solutions containing low, middle, and high concentra-
tions of MP, FT, and MT (5 and 25 ng mLﬁl) were in the range
0f 86.0-106.0%. All investigated real samples met the criteria
for matrix effect (70-120%) according to the guidance docu-
ment on analytical quality control and validation procedures
for pesticide residue analysis in food and feed (Mahpishanian

Fig. 7 MDMSPE-GC-MS 3000 14.76
chromatograms for apple juice S360
sample before (a) and after (b) & Fl—_
being spiked with OPP standard n—
solutions at 25 and ¢ 100 ng mL ™! - 13.03
concentrations 1200 . o
MNP
1000 — M
00
c
0 f= — =
L b P, A Z
L @ . A =
10 1 12 (R 14 18 16 17 18 19 20
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Table 4  Comparison of the current method with other magnetic-based SPE methods for the determination of OPPs

Method Matrices LDR LODs Extraction time Recovery  Adsorbet References
(ngmL™") (ng mL™") (min) (%) (mg)
MSPE-GC-MS Fruit juice 0.003-50 0.001-0.005 2 86.6-107.5 10 Mahpishanian and Sereshti
(2016)
MSPE-GC-MS Water 100-20,000 0.1-10.30 30 86.9-112.6 1 Jiang et al. (2016)
Magnetic Water 0.05-400 0.0043-0.0474 10 79.6-103.5 20 Heidari and Razmi (2012)
SPE-HPLC-UV
Magnetic Water 100-15,000 26.1-302 20 88.5-96.7 100 Lietal. (2013)
SPE-HPLC-UV
MSPE-GC-MS Water 10-3000 1.8-5.0 10 - 10 Xie et al. (2013)
MDMSPE-GC-MS Fruit 0. 1-500 0.031-0.034 5 86.0-106.0 5 Present work

juice-water

and Sereshti 2016). No significant matrix effect for MDMSPE
of'the selected OPPs by ZMNIC was observed in real samples,
indicating that a good selectivity was obtained using this ad-
sorbent. The typical chromatograms of a juice sample after
being spiked with OPPs at 100 ng mL™" are shown in Fig. 7.

Conclusion

In the present work, a new, simple, and one-step method was
proposed to prepare a selective and non-toxic sorbent based
on immobilization of ZNPs and MNPs in CS as a green and
environmental-friendly biopolymer. The fabricated nano-
sized sorbent (ZMNIC) presented selective adsorption and
extraction of OPPs because of the existence of the ZNPs.
Furthermore, ZMNIC was resistant to ZNP leakage in the
solution stirring and sonication steps due to suitable immobi-
lization in CS. With the aid of ZMNIC as a super paramag-
netic adsorbent, the extraction procedure (isolation of the ad-
sorbent from sample solution and desorption solvent) carried
out without limitation because of its relatively high saturation
magnetization values. Selective extraction, ease of separation
from solution without leakage in the environment, and having
high specific area due to its ZNP/MNP content with super
paramagnetic property and nano-sized dimensions are three
essential features of the synthesized sorbent. Therefore, satis-
factory relative recoveries from real samples were obtained,
indicating the potential of the synthesized sorbent for selec-
tive, accurate, and sensitive detection of OPPs in complicated
matrices. Some analytical features of the current method and
other recent methods for the extraction and determination of
OPPs are compared in Table 4. As shown, the proposed meth-
od possesses a wide dynamic range, low LODs, short extrac-
tion time, and satisfactory recoveries compared with most of
the other reported methods, which could be related to the great
adsorptive ability of ZMNIC toward OPPs. The results re-
vealed that the synthesized sorbent can be applied in a simple,
fast, and effective MDMSPE procedure for OPP extraction

@ Springer

from various matrices. In addition, the proposed procedure
which is reported for the first time can be applied to the syn-
thesis of other magnetic sorbents like ZMNIC with various
modifying compounds providing an excellent prospective in
the fabrication of selective solid phases without the need for
separation methods (filtration and centrifugation).
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