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Abstract

Magnetic graphene oxide/lanthanum phosphate nanocomposite (MGO@LaP) was
synthesized and used as an efficient adsorbent for magnetic dispersive microsolid-
phase extraction (MD-u-SPE) of pesticides before gas chromatography—electron
capture detector (GC-ECD) analysis. The adsorbent was thoroughly character-
ized with scanning electron microscopy, vibrating sample magnetometer, energy-
dispersive X-ray spectroscopy, and Fourier transform infrared spectroscopy. Opti-
mized extraction conditions were investigated concerning extraction time, adsorbent
amount, sample pH, and salt amount as well as desorption conditions (type and
volume of desorption solvent and desorption time). Under the optimal conditions,
the method demonstrated good linearity (3—1500 pg L~!) with satisfactory deter-
mination coefficients of >0.997 and low detection limits for both chlorpyrifos
(0.67 ug L1 and hexaconazole (0.89 ug L™!). Finally, the method showed high ana-
lyte relative recoveries in the range of 78-120% for the determination of the selected
pesticides in water and fruit juice samples.
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Introduction

Pesticides are organic substances that are released deliberately into the environ-
ment for pest control; and thus can enhance the quantity and quality of fruits,
vegetables, and crops all over the world. Despite their popularity and extensive
use, pesticides are highly toxic, environmentally mobile, and stable compounds.
Regarding the misuse of these compounds in agricultural products such as fruits,
humans are exposed to unacceptable levels of pesticides. Some pesticides are
known to cause different diseases such as cancer, asthma, hormone disruption,
and allergies [1, 2]. Due to the adverse effects of pesticides on human health, the
levels of their residues in food commodities are issues of global concern and are
regulated by many legislations [3]. Hence, the European Union (EU) has estab-
lished maximum residue limits (MRLs) for pesticide residues in fruits in the
range of 10-50 ug L' [4].

Several analytical techniques have been applied to determine pesticide resi-
dues in real samples. The typical techniques for analysis pesticides include gas
chromatography (GC) [5], high-performance liquid chromatography (HPLC) [6].
GC, coupled with selective detectors, is commonly used for analyzing non-polar
and volatile pesticide residues [7]. Before instrumental analysis of the pesticides,
sample preparation is an essential step for efficient extraction, preconcentration,
and purification of analytes, mainly when the analytes existed in trace levels [8].
In this regard, solid-phase extraction (SPE) has been considered as an effective
method due to its compatibility with various matrices, flexibility, high enrichment
factor, and low cost. Although SPE shows comprehensive advantages, it needs
cartridge conditioning, washing, and elution with an organic solvent. Cartridge
clogging, the high volume of sample loading, and low breakthrough volume are
also SPE drawbacks. In order to overcome these problems, magnetic SPE (MSPE)
is employed using magnetic adsorbents in batch mode for quick extraction of the
analytes [9, 10]. Some potential benefits of MSPE are simplicity, time and labor
saving, low solvent consumption, high precision, and satisfactory extraction effi-
ciency. It should be considered that the type of MSPE adsorbents directly influ-
ences the adsorption selectivity and extraction efficiency of target analytes [11,
12].

Among the adsorbents used in MSPE, graphene oxide (GO) with large sur-
face area and quantities of epoxy, hydroxyl, and carboxyl groups provide rich
functional groups for the formation of hydrogen bonding, hydrophobicity, 7—=
stacking interactions with aromatic organic compounds containing oxygen and
nitrogen functional groups [13]. However, the surface functionalization of GO
with various molecules such as nanomaterials leads to improve the selectivity of
the extraction system and achieve better adsorption properties [14]. The intro-
duction of lanthanum phosphate nanoparticles (LaP NPs) with high chemical
stability, low toxicity, and low water solubility to GO can combine the benefits
of both materials [15]. Since LaP NPs form hydrogen bonding and electrostatic
interactions toward organic compounds, it can be selected to provide targeted and
enhanced adsorbent. In the present study, GO was doped with LaP on to enhance
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the adsorption of pesticide residues from complex matrices. It was used as an effi-
cient adsorbent for magnetic dispersive microsolid-phase extraction (MD-u-SPE)
of chlorpyrifos (CPS) and hexaconazole (HEX) as model compounds in fruit
juices and tap water sample before gas chromatography—electron capture detector
(GC-ECD) analysis. CPS and HEX were chosen due to the popularity of usage
in developing countries for the protection of plants, especially in fruits and veg-
etables. Various interactions between the adsorbent and the selected pesticides,
including hydrophobic, hydrogen bonding, electrostatic, and z—=z interactions,
indicated that the adsorbent was capable of extracting the analytes from sample
solution efficiently. The experimental parameters affecting MD-u-SPE conditions
were investigated and optimized. Under the optimum conditions, the validation of
MD-pu-SPE method was successfully carried out.

Experimental
Chemicals and reagents

The chemicals including acetonitrile (ACN), acetone, methanol (MeOH), n-hex-
ane, toluene, hydrogen peroxide (H,0,, 30%), phosphoric acid, nitric acid
(HNOy), sulfuric acid (H,SO,, 98%), hydrochloric acid (HCl, 37%), ammonia,
sodium hydroxide (NaOH), sodium chloride (NaCl), ammonium, ferrous sulfate
[(NH,),Fe(S0O,),-6H,0] and iron (III) chloride hexahydrate (FeCl;-6H,0) were pur-
chased from Merck Chemicals (Darmstadt, Germany). Lanthanum chloride (LaCl,
6H,0), CPS, and Hex were bought from Sigma-Aldrich (St. Louis, MO, USA). The
standard working solution of CPS and HEX (1 mg L™!) was prepared in MeOH and
kept at 4 °C until use.

Instrumentation

The infrared spectra were recorded as KBr pellets on a PerkinElmer FT-IR RX1
(Waltham, MA, USA) in the range of 500-4000 cm™'. The morphological charac-
teristics and elemental compositions of the adsorbent were studied using field emis-
sion scanning microscopy—energy-dispersive X-ray spectroscopy (FE-SEM-EDX)
(Tescan, MIRA-3, Czech Republic). The magnetic properties of the synthesized
materials were investigated using a vibrating sample magnetometer (VSM/AGFM
Meghnatis Daghigh Kavir Co., Kashan, Iran). X-ray diffraction (XRD) analysis of
the adsorbent was studied by a Philips Analytical Diffractometer (X’Pert Pro sys-
tem, MPD model, Almelo, Netherlands) with Cu K, radiation. The extracted pes-
ticides were analyzed with an Agilent GC (7890A) equipped with an ECD detec-
tor and an HP-5ms capillary column (30 mx0.25 mmx0.25 pm). The injector and
detector temperatures were set at 280 and 300 °C, respectively. The injections were
carried out in splitless mode (splitless time: 3 min). Helium (99.999%) was used
as carrier gas at the flow rate of 1 mL min~!, and nitrogen (99.999%) was used as
detector make-up gas at a flow rate of 30 mL min~!. The column temperature was
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programmed as follows: the initial temperature 100 °C (held for 3 min), heated up at
35 °C min~"' to 200 °C (fixed for 1 min), and finally raised at 25 °C min~! to 265 °C
and held for 4 min.

Synthesis of graphene oxide (GO)

The preparation of GO was synthesized based on Hummer’s method [16]. Briefly,
2 g of purified graphite powder was added into 120 mL of concentrated H,SO,/
HNO; (3:2 v/v) and was stirred for one hour. Next, KMnO, (6 g) was slowly added
into the mixture and then was stirred for 24 h. Finally, yellow-colored GO was pre-
pared by the existing 3 mL H,0, and 500 g ice.

Synthesis of magnetic graphene oxide (MGO)

Firstly, 1 g of GO, 0.4 g of FeCl; 6H20, and 0.2 g of (NH,),Fe(SO,),-6H,O were
added into 20 mL deionized water and sonicated at 40 °C. Next, 5 mL of NH; (32%)
was added to the mixture, and the suspension was stirred for 2 h. The black product
was gathered by a magnet, washed three times with distilled water and ethanol, and
dried at 80 °C for 24 h.

Synthesis of magnetic graphene oxide/lanthanum phosphate (MGO@LaP)

The LaP was synthesized by the sol-gel method [17]. LaCl; 6H,O (2 g) and H,PO,
(2 mL) were mixed in a beaker and stirred for 2 h. Then, distilled water (50 mL)
was gradually added to it, and the pH was adjusted within 6.8-7.8 with NH; (35%).
The sediment was washed with distilled water (70 °C) to eliminate residual chlo-
ride ions. The sediment was dispersed into deionized water (50 mL), and the pH
was adjusted at 1.8-2.2 with HNO; (20%). After stirring (5 h) and ultra-sonication
(15 min), the beaker was put under the NH; atmosphere for 24 h to rearrange the sol
to gel. The gel was dried (70 °C) and calcined at 600 °C for 1 h. Finally, LaP (0.5 g)
and MGO (1 g) were added to a mixture of MeOH and water (100 mL, 50:50 v/v)
and was sonicated for 1 h to obtain MGO @LaP.

The procedure

The pH of a sample solution containing CPS and HEX (100 mL, 50 pg L) was
adjusted at 6+0.2 by HCI (0.1 M) and NaOH (0.1 M) solutions. MGO@LaP
(10 mg) was sonicated in acetone (1 mL) and distilled water (1 mL) subsequently
and then injected into the sample solution. After shaking at 400 rpm for 5 min,
MGO@LaP was separated by a handheld magnet and dried under N, gas stream.
The adsorbed analytes were eluted from MGO@LaP by toluene (1 mL) and vortex-
ing of the solution for 3 min. A magnet removed MGO@LaP from the mixture and
the supernatant containing the desorbed pesticides was dried under N, gas stream.
Finally, the residue was redissolved in 100 uL MeOH, and then 1 pL of it was
injected into GC-ECD.
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Results and discussion
Characterization

The FTIR spectra of the prepared MGO, LaP, and MGO@LaP nanoparticles are
shown in Fig. la. The band at 580 cm™' in the spectrum of MGO is ascribed
to Fe—O stretching vibrations that indicate the formation of Fe;0, nanoparticles
on GO sheets. The peaks at 1003, 1353, and 1564 cm~! are assigned to C-O-C,
C-OH, and C=C stretching vibrations on GO, respectively. Also, the bands at
3394 cm™! belong to O-H stretching vibrations [18]. In the IR spectrum of LaP,
the strong peak at 1360 cm™! can be related to phosphate P-O stretching vibra-
tions, and the peaks at 612 and 532 cm~! are attributed to O=P-O and O-P-O
bending vibrations, respectively [19, 20]. The band at 1004 cm™! is assigned to
the La—O stretching vibrations [21]. The spectrum of MGO @LaP shows the char-
acteristic peaks of MGO and LaP together.

The magnetic properties of MGO and MGO®@LaP were investigated by the
VSM technique at ambient temperature. The magnetization hysteresis loops of
both substances shown in Fig. 1b are s-shaped and passed through zero-point
magnetization, which exhibits superparamagnetic properties. The value of satu-
ration magnetization of MGO and MGO@LaP was equal to~ 15 and 8 emu/g,
respectively. The saturation magnetization of MGO@LaP is lower than MGO,
which can be due to the presence of magnetically inactive LaP. However, the
results indicate that MGO @LaP exhibits good magnetic property and can be sep-
arable from sample solutions using a handheld magnet.

In order to assess the morphology details of the MGO @LaP nanocomposite, it
was analyzed by the FE-SEM technique. Figure 1c shows the SEM micrograph of
the relatively uniform nanostructure of LaP nanoparticles with an average diam-
eter of ~20 nm (Image] software, version 1.51, LOCI, University of Wisconsin,
USA). The SEM image of MGO shows that the iron oxide nanoparticles are uni-
formly dispersed on the surface of GO sheets (Fig. 1d). The image of MGO@
LaP indicates that the LaP particles are doped on the surface of MGO (Fig. le).
It shows that the LaP particles, Fe;O,, and GO sheets are integrated into the unit.

The chemical composition of MGO @LaP was characterized by EDX mapping
analysis, and the results in Fig. 1f confirm the formation of the target nanocom-
posite. The crystalline structure of prepared nanocomposite was investigated with
XRD technique. The proposed pattern (Fig. 2) shows that the adsorbent has a
good crystalline nature due to various diffraction signals at 26 in the range of 15°
to 70°. The signals at 18.93°, 21°, 26.87°, 28.63°, 30.92°, 34.01°, 41.41°, 52.32°,
and 70.66° are corresponding to LaP nanoaprticles. This pattern is similar with
the previously published diffraction for LaP nanoparticles [17]. XRD diffractions
for graphene oxide are observed at~ 15° and 40°, and for magnetic nanoparticles
are observed at 26 of 25.11°, 30.01°, 35.98°, 44.17°, 51.16°, 56.09°, and 60.81°.
Hence, the sharp diffractions demonstrated crystalline structure of synthesized
MGO@LaP nanocomposite.
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Fig. 1 a The FTIR spectra of magnetic graphene oxide (MGO) nanocomposite, lanthanum phosphate
(LaP) nanoparticles, and MGO@LaP nanocomposite; b The VSM magnetization curve of (1) MGO and

(2) MGO@LaP; The SEM micrograph of ¢ LaP; d MGO; and e MGO@LaP; f The EDX spectrum of
MGO@LaP
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Fig.2 The X-ray diffraction (XRD) pattern of the adsorbent (MGO @LaP)

Optimization of the extraction procedure
Effect of desorption conditions

Effective desorption of the adsorbed analytes from the surface of MGO@LaP is
obtained by a suitable organic solvent. The organic solvent should be capable of
simultaneous elution of the target analytes quantitatively using minimum volume
without damaging the adsorbent material [22]. For this purpose, six organic solvents
of different polarities namely MeOH, ACN, acetone, toluene, MeOH/toluene (50:50
v/v), and n-hexane were tested according to the procedure, and the results are shown
in Fig. 3a. Although toluene and MeOH are the most efficient for desorption of HEX
and CPS, respectively, but comparing the efficiencies of these two solvents, tolu-
ene is capable of simultaneous desorption of both analytes more efficiently. There-
fore, toluene was used as a desorption solvent. Moreover, the volume of toluene is
another desorption parameter to attain reliable and reproducible analytical results
[23]. The influence of volume toluene on the extraction efficiency was investigated
in the range of 0.5-5.0 mL. As shown in Fig. 3b, the peak areas increased from 0.5
to 1 mL and then remained almost constant. Therefore, 1 mL of toluene was consid-
ered as the optimum desorption volume. Finally, the effect of desorption time was
examined in the range of 1-10 min. In order to accelerate the desorption process,
the sample solution was vortexed. Figure 3c shows that after 3 min of desorption,
a decrease in peak areas was observed. Since adsorption/desorption is an equilib-
rium process, this decrease is probably due to the re-adsorption of analytes onto the
adsorbent [24]. Based on this, 3 min was enough to accomplish the desorption of
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Fig. 3 Effect of a desorption solvent type; b desorption solvent volume; ¢ desorption time, and d extrac-
tion time on the extraction efficiency. (Concentration of CPS and HEX: 50 pug L")

analytes from the adsorbent. Finally, the analytes were desorbed with 1 mL toluene
for 3 min for the following experiments.

Effect of extraction time

MSPE is not a tedious extraction method but partition equilibrium process of the
analytes between adsorbent and sample solution, which requires sufficient contact
time to achieve the adsorption equilibrium. In order to accelerate the partition equi-
librium and improve the mass transfer of analytes from the aqueous phase to the
adsorbent, extraction procedure is performed by shaking of sample solution [23,
25]. Thus, the influence of extraction time on the efficiency was investigated in
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the 3—60 min range. Figure 3d shows that the maximum efficiency was obtained at
5 min. The relatively fast equilibrium time could be attributed to the large available
specific area of the adsorbent and the rapid mass transfer of the target analytes in the
solution. Therefore, 5 min was chosen as the optimum extraction time.

Effect of adsorbent amount

The amount of adsorbent influences the extraction efficiency by providing more sur-
face area and accessible active sites for adsorption. The effect of the parameter on
the efficiency was studied in the range of 5-30 mg of MGO@LaP. The results show
that by increasing the amount of MGO@LaP up to 10 mg, the efficiency increased
and then remained almost constant (Fig. 4a). Hence, 10 mg was selected as the opti-
mum adsorbent amount in the subsequent experiments.

Effect of pH

The pH of the sample solution can affect the chemical form of target analytes and
the surface charge of the adsorbent [26]. The effect of pH on the extraction effi-
ciency was investigated in the range of 2-10, adjusting by HCI (0.1 M) or NaOH
(0.1 M) solutions. As shown in Fig. 4b, the highest peak areas for the extracted ana-
lytes were obtained when the pH value was 6. Since CPS and HEX may be hydro-
lyzed at strongly acidic and basic pHs, the peak areas of the extracted analytes were
dramatically decreased in both domains [27, 28].

Furthermore, considering zeta potential analysis at pH 6 (+20 mV), the surface
of MGO@LaP is positively charged while the analytes (CPS (no pKa) [29] and
HEX (pKa=2.7) [30]) are negatively charged. Consequently, the highest peak areas
at pH 6 may be attributed to electrostatic interactions between the positively charged
surface of the adsorbent and negatively charged analytes. Besides, La** provides
electrostatic affinity toward electronegative atoms of the analytes (O, Cl, N, and S).
Also, at pH 6, hydrogen bonding and z—x interactions between the adsorbent and the
analytes can improve extraction efficiency. The possible interactions are shown in
Fig S1 (supplementary data file).

Effect of salt amount

In general, the addition of salt into the sample solution can increase extraction effi-
ciency by reducing the solubility of the analytes in the aqueous sample and thus
improving their partitioning into the organic phase. However, in some cases, extrac-
tion efficiency is reduced due to the decrease in the diffusion rate of the analytes
from the sample solution to the adsorbent [31]. Different amounts of NaCl (0-10
w/v%) was added to the sample solution and tested according to the procedure.
Based on the results shown in Fig. 4c, adding salt led to a decrease in extraction effi-
ciency. Thus, further experiments were performed without adding salt to the sample
solutions.
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Fig.4 Effect of a adsorbent amount, b solution pH, and ¢ salt concentration on the extraction efficiency.
(Concentration of CPS and HEX: 50 pg L)

Method validation

The developed MD-u-SPE/GC-ECD method was validated by obtaining its ana-
Iytical figures of merit under the optimal conditions (desorption solvent (toluene),
1 mL; desorption time, 3 min; extraction time, 5 min; adsorbent amount, 10 mg; and
pH, 6). The related results were summarized in Table 1. The matrix-matched cali-
bration curve was constructed using the standard solutions of the selected pesticides
at nine concentration levels (1-1500 pg L™"). The linear dynamic range (LDR) for
both pesticides was obtained 3—1500 pg L~! with good determination coefficients of
(R?)>0.997. The limits of detection (LOD) based on the signal to noise ratio (S/N)
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Table 1 The analytical figures of merit of the MD-pu-SPE/GC-ECD method for the determination of the
selected pesticides

Analytes LOD? LOQ® LDR® R¥ RSD® %

Intra-day (n=3) Inter-day (n=9)

Chlorpyrifos 0.67 222 3-1500 0.997 4.0 5.6
Hexaconazole 0.89 2.94 3-1500 0.998 2.3 33

Limit of detection (ug L™")
®Limit of quantification (ug L™")
°Linear dynamic range (ug L")
dCoefficient of determination

®Relative standard deviation (C=10 pg L™ each pesticide)

of 3 were obtained equal to 0.67 and 0.89 ug L™! for CPS and HEX, respectively.
The limits of quantification (LOQ) (S/N = 10) were 2.22 for CPS and 2.94 ug L™ for
HEX. Therefore, the obtained LOQ is below the MRLs defined by EU regulations.
The intra-day (n=3) and inter-day (n=9) precisions based on the relative standard
deviation percentage (RSD%) were calculated using a standard solution at the con-
centration level of 10 ug L~! for each analyte. The intra-day and inter-day RSDs
were 2.3—4.0 and 3.3-5.6, respectively.

The reusability of MGO@LaP was investigated by several consecutive cycles
under optimum conditions. After any cycle, MGO@LaP was washed by acetone
(1 mL) and distilled water (1 mL) and then dried to reuse in the next extraction. The
results showed that MGO@LaP could be reused for nine times with no significant
reduction (<5%) in extraction efficiency.

Analysis of real samples

In order to evaluate the applicability of the proposed method, three kinds of real
samples (tap water sample, pineapple, and orange juices) were selected and ana-
lyzed for the determination of the pesticides. The water sample was taken from the
university campus, and the natural fruit juices were purchased from a local super-
market in Tehran (Iran). All fruit juices were filtered through a 0.45 um membrane
filter to remove suspended solid particulates before the extraction procedure. For all
real samples (tap water sample, pineapple, and orange juices), 100 mL of the sample
was analyzed according to the extraction procedure. The results showed that no tar-
get analytes were detectable in the real samples. Also, the samples were spiked at 10
and 30 pg L~! of each pesticide and analyzed by the procedure. The relative recover-
ies (RR) were obtained for the evaluation of the method accuracy using Eq. (1):

Cspiked - Creal

RRY% = x 100 (1)

S
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where Ci,ieq is the concentration of the analyte in the real sample spiked with a
standard solution, C,, is the concentration of the analyte in the unspiked real sam-
ple, and C; is the concentration of the standard solution. The results given in Table 2
showed that the recoveries were in the range of 78-120% with low RSDs (below
4.5%). Therefore, regarding these data, it can be deduced that the proposed method
can be used for the detection of pesticide residues in the samples with various matri-
ces, including water and complex fruit juice matrices. Figure 5 shows the represent-
ative chromatograms of the unspiked and spiked fruit juices.

Comparison with other methods

The performance of the proposed MD-u-SPE/GC-ECD method based on MGO @
LaP as adsorbent was compared with other SPE-based methods in the literature for
the determination of pesticides [28, 32-35]. As shown in Table 3, the introduced
method provided satisfactory precision and linearity, low detection limits, and good
recovery compared with most of the mentioned methods. Although detection lim-
its in HS-SPME/GC-MS are low, it can be explained by the highly sensitive and

Table 2 Evaluation of MD--

SPE/GC—ECD accuracy at two Sample Chlorpyrifos Hexaconazole
((:on(;iaflltrations of 10 and 30 Orange juice + SD* (g L™ nd nd
nel) Added (ug L™ 10 10
Found +SD (ug L1 8.2+0.33 10.8+£0.29
Rel. recovery® % 82 108
Added (ug L™ 30 30
Found +SD (ug L™") 36+1.44 34.8+0.87
Recovery % 120 116
Pineapple juice +SD (ug L) n.d n.d
Added (ug L1 10 10
Found +SD (ug L) 9.9+0.41 7.8+0.17
Recovery % 99 78
Added (ug L7 30 30
Found +SD (ug L1 24+0.98 27.2+0.71
Recovery % 80 90
Water +SD (ug LY n.d n.d
Added (ug L7 10 10
Found +SD (ug L) 9.7+0.40 10.42+0.24
Recovery % 97 104
Added (ug L™ 30 30
Found +SD (ug L™ 31.2+1.21 32.43+0.76
Recovery % 104 108

Each analysis repeated for three times (n=3)
Standard deviation

PRelative recovery percent
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Fig.5 The GC-ECD representative chromatograms of a unspiked sample, b spiked pineapple juice, and
¢ spiked orange juice. (1) CPS, and (2) HEX (each at the concentration level of 30 ug L™")

selective detection systems. Besides, the developed method used a lower amount of
adsorbent than other methods, which can be related to the high adsorption capac-
ity of MGO@LaP. Moreover, the method showed a very short extraction time due
to hydrogen bonding, hydrophobicity, z—z stacking, and electrostatic interactions
between the adsorbent and target analytes. These results show that MD-u-SPE/
GC-ECD method is fast, simple, and effective for the determination of pesticides
from various matrices.

Conclusions

In this present work, magnetic graphene oxide (MGO)-based adsorbent decorated by
LaP was synthesized and used as an efficient adsorbent for the extraction of pesti-
cides. Due to high surface area, high adsorption capacity, low consumption of adsor-
bent, highly efficient interactions with the target analytes, good recovery, easy syn-
thesis method, low cost, and environment friendly, MGO@LaP was considered as
an interesting MD-u-SPE adsorbent for extraction of pesticides from water and fruit
juice matrices. Furthermore, the introduced method indicated satisfactory precision
and linearity and low detection limits. According to the results, good performance of
adsorbent in simple and complex matrices can be related to the combination of both
MGO and LaP structural features, which lead to the formation of hydrogen bonding,
hydrophobicity, electrostatic, and n-n stacking interactions. Considering the results,
the nanocomposite as a useful adsorbent can exhibit high adsorption capacity for the
extraction of pesticides in various matrices.
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