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A B S T R A C T

The study describes the preparation of graphene oxide based silica coated magnetic nanoparticles (Fe3O4@
SiO2@GO) functionalized with 2-phenylethylamine (PEA) as an adsorbent for selected organophosphorus pes-
ticides (OPPs) namely chlorpyrifos, parathion, and malathion from aqueous solution. The synthesised (Fe3O4@
SiO2@GO-PEA) adsorbent was characterised using Fourier transform-infrared (FT-IR) spectroscopy, transmission
electron microscopy (TEM), X-ray diffraction (XRD), Zeta potential, Nitrogen adsorption/desorption at 77 K, and
a Vibrating Sample Magnetometer (VSM). The maximum adsorption was found at 15min, with 15mg adsorbent
dosage using 1 μg/mL concentration. There was no significant difference in the pH condition used highlighting
the potential to use the material on a variety of samples. Using non-linear methods, the sorption isotherm data
were fitted to Langmuir, Freundlich, Temkin, Dubinin–Radushkevich, Sips, and Redlich and Peterson models. All
three pesticides were best fit with the Sips model. Pseudo-first and pseudo-second order kinetics models were
fitted to the experimental data using non-linear methods, and pseudo-second-order kinetics gave the best fit to
the data for all three pesticides. The absorbent was tested for its reusability, and there was little loss in the
recovery of OPPs after 10 cycles. Finally, the adsorbent was tested using real world samples from the Vaal River
and Dam (South Africa), and showed greater than 86.9% recovery. The results obtained showed that the syn-
thesised Fe3O4@SiO2@GO-PEA is an efficient adsorbent for recovery and analysis of pesticides.

1. Introduction

Organophosphorus pesticides (OPP) are among the most extensively
used pesticides in the world today, and this is mainly due to the
widespread ban, since the 1970s, on organochloride pesticides [1,2].
OPPs are relatively low cost, have a broad spectrum of activity, and
have a high efficiency on a wide variety of pests [3]. However, despite
their numerous advantages, the extensive and/or inappropriate use of
OPPs has become a major risk to human health and the environment
due to contamination of water, soil and agriculture produce [2,4].

Recent studies have confirmed that some OPPs are carcinogenic and
mutagenic. In addition, some have a structure similar to organopho-
sphorus nerve gases such soman and sarin, and thus are highly neuro-
toxic. The neurotoxicity can be ascribed to the irreversible inhibition of
the enzyme acetylcholinesterase, an enzyme that regulates acetylcho-
line, a neurotransmitter needed for proper nervous system function
[5–8]. Thus, repeated exposure to even low levels of OPPs for a long

period of time can lead to accumulation of OPPs in the body and can
result in long-term neurotoxic effects, related to the inhibition of neu-
ropathy target esterase. This causes dysfunction of many autonomic and
behavioural systems, eventually leading to respiratory, weakness or
paralysis of the muscles and eventually death [1,9,10]. The United
States Environmental Protection Agency (US-EPA) lists OPPs as either
highly or moderately toxic. This is because, under optimum environ-
mental conditions, they tend to degrade to products which are more
toxic than the primary pesticide [11]. Due to the toxicity of OPPs,
European Union Directive on drinking water quality (98/83/EC) has
established a maximum allowed concentration of 0.1 ng/mL for each
individual pesticide and 0.5 ng/mL for total pesticides [4,12].

Different adsorbent materials such as activated carbon, polymers,
multi-walled carbon nanotubes and graphene have been used in the
removal of pesticides from water. Among these adsorbents, graphene
oxide (GO) has been reported as an excellent adsorbent and extraction
material due to its exceptional physical and chemical properties which
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include high adsorption capacity, strong mechanical, thermal proper-
ties and large specific surface area (theoretical value of 2630m2/g)
[13,14]. In addition, GO has been applied in various analytical tech-
niques due to its high density of oxygen functional groups (carboxyl,
hydroxyl, carbonyl, and epoxy) on the carbon lattice [13,15]. These
oxygen functionalities makes GO a hydrophilic material and provide
the affinity toward a large number of compounds through different
interactions like electrostatic interaction, hydrogen bonding, and π–π
stacking dispersion forces [11]. However, when GO is dispersed into
aqueous based sample solutions, removal either through high-speed
centrifugation or strong filtration tends to be tedious and time-con-
suming [16,17].

Magnetic nanomaterials, especially magnetite (Fe3O4) nanoparticles
(NPs), have attracted tremendous interest in research work concerned
with the removal of pollutants from aqueous solutions [18]. This is
because, Fe3O4 NPs have a high surface area, excellent ferromagnetic
properties, are relatively less toxic than other NPs, and are easy to
synthesize and functionalize [19]. However unprotected Fe3O4 nano-
particles tend to have a high chemical activity which is enhanced by the
large surface area to volume ratio and strong dipole–dipole attractive
forces on the surface of the particles [20]. In addition, Fe3O4 nano-
particles are highly susceptible to oxidisation in air which can result in
significant loss of the various beneficial properties [21]. To prevent
such limitations, magnetic nanoparticles can be protected by a layer of
different materials such as silica, polymer, or noble metals, which can
aid in maintaining individual particle stability and durability [22].
Coating Fe3O4 nanoparticles with silica (SiO2) has several advantages
which include protecting the Fe3O4 from oxidation, preventing ag-
gregation, improving chemical stability, reducing the toxicity of the
NPs, and the SiO2 can serve as a platform to integrate other moieties or
nanostructures through covalent bonds [11,21].

Thus, in this study, graphene oxide based silica coated with mag-
netic nanoparticles (Fe3O4@SiO2@GO) functionalized with 2-pheny-
lethylamine (PEA) was synthesized and characterized using various
analytical techniques. The PEA was used to provide the hydrophobic
and π-stacking interaction that enhances the adsorption of the OPPs on
the adsorbent [2]. The prepared Fe3O4@SiO2@GO-PEA was used in the
removal of chlorpyrifos malathion and parathion (Fig. 1) from aqueous
solution. The effect of solution pH, adsorbent dosage, contact time
temperature and concentration in the adsorption of chlorpyrifos ma-
lathion and parathion were investigated.

The investigation of OPPs adsorption processes on nanocomposite
materials and the generation of isotherm models, and kinetic data is
important for several reasons. These include, predicting the behavior of
OPPs on complex surfaces for extraction or absorption processes, un-
derstanding the capacities of the nanocomposites, generating quanti-
tative data that can be used for comparative studies, and designing
suitable processes that maybe adapted in wastewater treatment or
analytical techniques. There is limited information in the literature on
isotherm, and kinetic data for OPPs on such heterogeneous surfaces like
the Fe3O4@SiO2@GO-PEA nanocomposite. Thus, the adsorption iso-
therm and adsorption kinetics were investigated in detail. Finally, the
reusability and applicability of the nanocomposite on real world sam-
ples was tested.

2. Materials and methods

2.1. Chemicals and reagents

All chemicals used in this work were of analytical grade. Potassium
permanganate (≥99.0%), hydrogen peroxide (30 wt.%), Iron (II)
chloride (FeCl2·4H2O, 98%), hydrazine hydrate (50–60%),
Tetraethylorthosilicate (TEOS, 99%), (3-Aminopropyl) triethoxysilane
(APTES,> 98%), 2-phenylethyl amine (PEA, 99%), N-(3-dimethyla-
minopropyl)-N- ethyl carbodiimide hydrochloride (EDC, 98%), and N-
hydroxysuccinimide (NHS, 98%), were obtained from Sigma–Aldrich
Ltd (South Africa). Sulfuric acid, phosphoric acid, Iron (III) chloride
(FeCl3·6H2O, 99%), hexane (HPLC grade), methanol (HPLC grade),
acetone (HPLC grade), ethanol (99%), were purchased from Merck
Chemicals (South Africa).

Pesticide analytical standards (chlorpyrifos, parathion, and ma-
lathion) were purchased from Sigma–Aldrich Ltd (South Africa). All
pesticide standards were of 98–99% purity. Stock solutions of each
compound with a concentration of 200mg/L were prepared in HPLC-
grade acetone. Working standards solutions were prepared by diluting
the stock solutions to appropriate concentrations in acetone. The stock
and working standards were all stored at 0 °C.

2.2. Synthesis of graphene oxide

Graphene oxide (GO) was synthesised from graphite powder by
adapting the improved hummer method (Tour method) [23]. A 9:1 mixture
of concentrated H2SO4/H3PO4 (360:40mL) was added to a mixture of 3.0 g
graphite powder and 18.0 g KMnO4 in a 1 Litre round bottom flask. The
flask was then placed in a 50 °C preheated oil bath and stirred for 12 h in a
fumehood. The reaction mixture was then left to cool to room temperature
and then poured into 400mL of ice. Thereafter, 3mL of 30% H2O2 was
added dropwise. The mixture was centrifuged at 4000 rpm for 30min, and
the supernatant was decanted. The remaining solid material was washed in
succession with 1 Litre of water, 200mL of 30% HCl, and 200mL of ethanol
(2 times); for each wash, the mixture was placed in an ultrasonic bath for
5min and then centrifuged at 4000 rpm for 30min and the supernatant
decanted. The material remaining after this extended multiple-wash process
was coagulated with 200mL of ether, and the resulting suspension was
filtered through a PTFE (polytetrafluoroethylene) membrane with a
0.45 μm pore size. The solid obtained on the filter was vacuum-dried
overnight at 40 °C.

2.3. Synthesis of iron oxide nanocomposite

Separate steps were used to synthesize the nanocomposite. These
consisted of synthesizing the iron oxide nanoparticles, coating the iron
oxide nanoparticles with silica, attaching a suitable linker to the silica
surface, and finally covalently attaching the graphene oxide to the
surface of the nanoparticles.

2.3.1. Synthesis of the iron oxide nanoparticles
The iron oxide (Fe3O4) was prepared using a modified co-pre-

cipitation method by using FeCl2·4H2O and FeCl3·6H2O as precursors

Fig. 1. Chemical structures of selected OPPs used in the study.
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[24]. Briefly, the synthesis procedure involved preparation of a mixture
of 5mL of ammonia and 2mL of hydrazine in 50mL of deionized water
in a 100mL two neck round bottom flask. Then 20mL of freshly pre-
pared mixture of 1 g of FeCl2·4H2O and 2.7 g of FeCl3·6H2O, in an
aqueous solution, was added dropwise to the solution and stirred at
90 °C for 60min in a preheated oil bath. The products were collected
using an external magnet after cooling to room temperature and were
washed alternately with water and acetone three times. Fe3O4 nano-
particles were then dried at 70 °C for 12 h in a vacuum oven.

2.3.2. Coating of silica on the iron oxide nanoparticles
Fe3O4@SiO2-NH2 was synthesised using Stober’s method [14]

where 0.5 g of prepared Fe3O4 nanoparticles were added to a solution
containing a mixture 100mL of ethanol and water in a ratio of 1:1 in a
glass bottle with a PTFE (polytetrafluoroethylene) cap. Then 5mL of
25% NH4OH solution added and sonicated for 30min to disperse the
NPs. 2 mL of TEOS were then added and the contents allowed to stir at
room temperature for 20 h. Thereafter, 2 mL APTES was added to the
mixture and stirred for 6 h. The produced Fe3O4@SiO2-NH2 were
magnetically separated using an external magnet, washed with water
and ethanol several times and then dried in the oven at 70 °C for 24 h. A
schematic illustrating the steps used to synthesize the Fe3O4@SiO2-NH2

nanoparticles is shown in Fig. 2.

2.3.3. Covalent coupling of graphene oxide to Fe3O4@SiO2-NH2

nanoparticles
The covalent coupling of graphene oxide to Fe3O4@SiO2-NH2 was

carried out by inducing the amide bond formation [14], where 0.2 g
graphene oxide was added to 400mL deionized water and ultra-
sonicated for 2 h in a glass bottle with PTFE cap. Activation of eCOOH
groups on the graphene oxide was carried out by the addition of 0.2 g of
N-(3-dimethylaminopropyl)-N-ethyl carbodiimide hydrochloride (EDC)
and 0.160 g N-hydroxysuccinimide (NHS) into the graphene oxide/
water suspension. The mixture was vigorously stirred using a magnetic
stirrer at 400 rpm for 2 h. Then 0.4 g of Fe3O4@SiO2-NH2 dispersed in
water was added slowly to the mixture and ultra-sonicated for another
30min. Finally, the reaction was carried out at 80 °C for 1 h under
strong stirring in a preheated oil bath. The Fe3O4@SiO2-GO particles
were separated by an external magnetic field and washed with water
several times and dried in an oven for 12 h at 70 °C.

In modification of the graphene oxide nanocomposite with PEA, a
combination of 1.0 g Fe3O4@SiO2-GO particles, 30mg of EDC and 20mg of
NHS were added in 100mL water then ultrasonicated for 30min. 5mL
methanol containing 0.5 g 2-phenylethyl amine was added to the mixture
and stirred for 30min. Finally, the mixture was refluxed for 1 h at 80 °C in a
pre-heated oil bath to obtain Fe3O4@SiO2@GO-PEA. The obtained nano-
composites were washed with ethanol and water several times and then
dried in the oven at 60 °C for 12 h [2].

2.4. Characterization

The structural composition, morphological features and physio-
chemical properties of graphite, graphene oxide, Fe3O4 NPs, and the

various nanocomposites (Fe3O4@SiO2eNH2, Fe3O4@SiO2-GO and
Fe3O4@SiO2@GO-PEA) were studied using different characterization
techniques. Fourier transform infrared (FTIR) spectra of the samples
were obtained using Perkin Elmer Spectrum 100 from 400 to
4000 cm−1. The samples were prepared by grinding 1mg of the sample
with 100mg of KBr, and the mixture compressed with a hydraulic press
to form 1mm thick pellet discs. The spectra were obtained at room
temperature with KBr disk serving as the background. Transmission
Electron Microscopy (TEM) was done using a JEOL JEM-2100F Field
Emission Electron microscope instrument equipped with a Lab6 source
at an accelerating voltage of 200 kV. The images were captured using
Gatan Orius CCD camera controller. Samples used for TEM analysis
were prepared by dispersing the nanoparticle powder in ethanol fol-
lowed by ultrasonication for 10min. A drop of the dispersion was
placed onto coated copper grid (200mesh size Cu-grid). X-ray diffrac-
tion (XRD) was determined with a PANalytical X'Pert PRO X-ray dif-
fractometer using Cu Kα radiation with a wavelength of 1.5406 Å at
40 kV and 40mA in a range of 4–90° of 2θ at room temperature.
Nitrogen adsorption/desorption isotherm analysis was used to de-
termine the BET surface area, pore volume and the average pore dia-
meter were assessed according to the Barret–Joyner–Halenda (BJH)
using a Micrometrics ASAP 2020 (Atlanta, Georgia, USA). The surface
charge and point of zero charge of the nanocomposites were de-
termined using Zeta sizer ZEN 3600, Malvern. The samples were pre-
pared by dispersing 3mg nanocomposites in 10mL water at varying pH
(2, 4, 6, 8, 10, 12,). The pH was adjusted with 0.1 M of HCl and 0.1M
NaOH solution using Ohous ST20 pH meter. Point of zero charge was
obtained by plotting the zeta potential verses the pH and the surface
charge was reported as an average value.

2.5. Analytical methods

The extracted OPPs were analysed using 7890 Agilent GC coupled to
a PEGASUS 4D Time of Flight mass spectrometer (GC-TOF/MS) with an
Agilent autosampler (Agilent Technologies, Santa Clara, CA).
Separation was carried out using an RXi-5Sil- MS capillary column
(30m×0.25mm, 0.25 μm, contained 5% phenylmethyl polysiloxane).
For the chromatographic determination, helium (99.999%) was used as
the carrier gas at a constant flow rate of 1mL/min. The injector tem-
perature was kept at 250 °C in splitless mode (5min), and the oven
temperature was programmed as follows: initial temperature 100 °C
(hold 2min), 20 °C/min to 180 °C, and 10 °C/min to 250 °C (hold 2min)
The MS ionization was carried out in the electron ionization mode. The
spectra were obtained at 70 eV. The GC–MS interface and the ion source
temperature were set at 250 °C and 200 °C, respectively. The spectra
obtained was processed using Restex pesticide and Korea pesticide li-
brary. The minimum similarity match was set at 750.

2.6. Adsorption isotherms and kinetic studies

The adsorption experiments using aqueous solutions of parathion,
malathion and chlorpyrifos were performed using thermostatic water
bath shaker with a shaking speed of 120 rpm. Experiments were done in

Fig. 2. Synthesis of Fe3O4@SiO2 and Fe3O4@SiO2-NH2.
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triplicates. Different adsorption parameters such as the solution contact
time, pH and amount of adsorbent dose were optimised at 25 °C in
100mL conical flask containing 10mL of water spiked with 1 μg/mL of
parathion, malathion and chlorpyrifos mix. Adsorbent dosage effect in
the adsorption of parathion, malathion and chlorpyrifos pesticides were
studied in the range of 2–40mg while the effect of solution pH was
studied at a pH range of 3.0–11.0. The pH of different solutions was
adjusted with 0.1 M NaOH and 0.1M HCl solutions. After magnetic
separation, 10mL of aqueous solution was extracted three times with
2mL n-hexane (vortex assisted for 1min). This was concentrated to
dryness under nitrogen gas and the solvent exchanged to acetone which
was further dried to 500 μL (Fig. 3). Finally, 1.0 μL of the extract was
injected to GC-TOF/MS. The percentage recovery of parathion, ma-
lathion and chlorpyrifos was calculated using Eq. (1).

= − ×% Removal C C
C

100o e

o (1)

where Co (mol L−1) is the initial concentration of solution before ad-
sorption and Ce (mol L−1) is the final concentration after the adsorption
of the selected pesticides.

After the optimisation of the pH, contact time and adsorbent dosage,
the adsorption capacity was studied with a concentration ranging from
0.3–5 μg/mL using the optimum conditions obtained. The equilibrium
adsorption was calculated using Eq. (2) [25,26].

= −q C CV
m

( )e o e (2)

where qe is the adsorption capacity, V is the initial volume of the sample
before pretreatment, m is the mass of the applied adsorbent for ad-
sorption, C0 is the initial concentration and Ce is the residual con-
centration of an analyte in the solution produced after adsorption.

Kinetics study were conducted with a time range of 1–60min. All
experiments were done in triplicates. At regular intervals, the sample
was removed, thereafter the adsorbent removed using an NdFeB ex-
ternal magnet and the unadsorbed OPPs extracted using hexane as
described in Section 2.6 and Fig. 3. The amount of OPPs at different
time intervals were calculated using Eq. (3) [27].

= −q C CV
m

( )t o t (3)

where, qt, is the amount of the analyte adsorbed per unit mass at time t,
Co denotes the initial concentration of the solution and Ct is the con-
centration at time t that remained in the solution.

3. Results and discussion

3.1. Characterization of the adsorbent

The synthesized Fe3O4@SiO2-GO-PEA was intensively characterized
using different analytical techniques such as FT-IR, TEM, XRD, Zeta
potential, Nitrogen adsorption/desorption and magnetization using the
vibrating sample magnetometer (VSM) to confirm the physical, che-
mical and morphological properties of the synthesized Fe3O4@SiO2-GO
nanoparticles further functionalized with 2-phenylethylamine.

3.1.1. FTIR spectral analysis
The FTIR spectra of graphene oxide, Fe3O4, Fe3O4@SiO2-NH2, and

Fe3O4@SiO2-GO-PEA are presented in Fig. 4. The spectrum for gra-
phene oxide (Fig. 4a) showed a broad peak at 3418 cm−1, which is due
to OeH stretching vibrations. The peaks at 1738 cm−1 and 1624 cm−1

are due to the carboxyl stretching of C]O and aromatic functional
group C]C respectively. Absorption peak at 1418 cm −1 can be as-
cribed to CeC stretching/vibrations. The peaks at 1228 cm−1 and
1055 cm−1 are due to CeO epoxy stretching and alkoxy stretching re-
spectively. These functional groups on the graphene oxide nano-sheets
confirms the introduction of oxygen groups onto the graphene

Fig. 3. Schematic representation of the
magnetic solid phase extraction procedure
for adsorption studies on selected OPPs.

Fig. 4. FTIR spectra of GO (a), Fe3O4 (b) Fe3O4@SiO2-NH2 (c) and Fe3O4@SiO2-GO-PEA
(d).
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backbone and is indicative of separation of the graphene sheets from
the parent graphite materials during the oxidation process [11,28–30].
The Fe3O4 spectrum (Fig. 4b) showed characteristic vibrational
stretching band at about 580 cm−1 due to FeeO bonds. No higher
frequency band at 632 cm−1 was observed, which is the characteristic
peak of ɣ- Fe2O3. This is a good indication that pure magnetite Fe3O4

was formed. The peak at 3432 cm−1 and 1630 cm−1 are assigned to the
eOH stretching vibration due to the existence of surface hydroxyl and
H2O on the Fe3O4 nanoparticles [31].

After coating Fe3O4 with silica and modifying with an amine group
(Fig. 4c), Fe3O4@SiO2-NH2 showed peaks at 1097 cm−1, 803 cm−1 and
467 cm−1 which were a result of asymmetric stretching vibrations of
the SieOeSi bond, the symmetric stretching of SieOeSi, and the
bending vibration of the SieOH bond, respectively [32,33]. The peaks
at 2836 cm−1 and 2928 cm−1 were due to the CeH stretching vibration
of the hydrocarbon chains from amino propyltriethoxysilane [34]. It
was also observed that the characteristic peak corresponding to the
stretching vibration of FeeO bond shifted indicating that the Fe3O4 was
influenced by silica coating due to the formation of Fe-O-Si bond
[33,35]. The absorption peak at 3432 cm−1 in Fig. 4 curves (b) and (c)
is due to adsorbed water on the silica shell [32,36].

For the reaction between Fe3O4@SiO2-NH2 and the graphene oxide
nanosheets, the amino functional group was covalently bonded to the
nanosheets through the formation of an amide bond [14]. The product
Fe3O4 @SiO2-GO was further modified using 2-phenylethyl amine to
provide more active sites (Fig. 4d). The disappearance of the peak at
1738 cm−1 (eC]O group) was observed and new characteristic peaks
of amide carbonyl group were observed at 1632 cm−1 and 1425 cm−1

which correspond to eCONH amide band and CeN stretch of amide
respectively [2,14,37]. This result confirms that the graphene oxide was
successfully attached to Fe3O4@SiO2-NH2 magnetic nanoparticle. Fi-
nally, each nanomaterial has a broad peak in the 3400 cm−1 region,
which are due to OeH stretching vibrations from surface sorbed water,
which indicates the adsorbents have favorable surfaces for hydrogen
bonding interactions.

3.1.2. Transmission electron microscopy (TEM) observations
The morphology of Fe3O4@SiO2-GO-PEA nanocomposite was ana-

lysed using TEM, and the images are presented in Fig. 5. The prepared
Fe3O4 nanoparticles were found to be spherical in shape and agglom-
erated (Fig. 5a) due to the high surface charge on the Fe3O4

nanoparticles and magneto dipole interactions [31]. The nanoparticle
diameter before and after silica coating was measured using Image J
(Java-based). The Fe3O4 nanoparticles had an average particle diameter
of 12.3 ± 3 nm and on coating with silica, the silica thickness was
found to be 9.9 ± 2 nm. This confirmed the formation of a silica layer
around the Fe3O4 nanoparticle. The graphene oxide material seen in
Fig. 5c showed characteristic irregular and wrinkled nanosheets,
usually ascribed to the tendency of the separate sheets to self-assemble
and form multilayer aggregation [38]. This is mainly due to the elec-
tronegativity of oxygen atom of eOH and eCOOH groups on the gra-
phene oxide layer which results in aggregation of the individual sheets
[39]. Graphene oxide was also observed to be transparent under the
electron beam, which confirmed the existence of two-dimensional na-
nosheets of graphene oxide [40]. Fe3O4@SiO2@GO-PEA nanocompo-
site (Fig. 5d) shows the successful attachment of Fe3O4@SiO2-NH2

nanoparticle to the graphene oxide nanosheet like structure. This con-
firms the FTIR results which demonstrated that the Fe3O4@SiO2-NH2

nanoparticle were covalently bonded to graphene oxide through an
amide bond [34,41].

3.1.3. X-ray diffraction (XRD) results
The crystalline structure of Fe3O4, nanoparticles before and after

silica coating were analyzed using powder XRD technique and the re-
sults are illustrated in Fig. 6. Graphene oxide presented a broad and
weak diffraction peak at 2θ=10° with a d-spacing of 0.95 nm, corre-
sponding to the (002) plane [23,42]. The increase in d-spacing from
0.34 nm may be due to the introduction of oxygen functional groups on
the surfaces of the graphite parent material and subsequent separation
of the graphene sheets into graphene oxide nanosheets [11,43]. Fe3O4

showed diffraction peaks with 2θ at 30°, 35.5°, 43°, 53.5°, 57° and 62°
which corresponds to the crystal planes of (220), (311), (400), (422),
(511), and (440) respectively. This is indicative of cubic spinel structure
of the magnetite [44] which conforms with the reported values of ICDD
pdf # 04-006-6497. The diffraction peak 35° (311) with a d-spacing of
0.252 nm at 2θ was used to calculate the crystallite size of the Fe3O4

nanoparticle using the Debye-Scherrer formula (Eq. (4));

=D Kλ
β cosθ (4)

where D is the average crystallite size, λ is the X-ray wavelength
(0.154 nm), β is the corrected width of the XRD peak at full width at

Fig. 5. TEM images of Fe3O4 (a), Fe3O4@SiO2-NH2

(b), GO (c) and Fe3O4@SiO2-GO-PEA (d).
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half maximum (FWHM) and K is a shape factor which is approximated
as 0.9 for magnetite [45,46]. The calculated crystallite size of Fe3O4

was estimated to be 10.4 nm.
After silica coating process and modification with the amine group,

Fe3O4@SiO2-NH2 nanoparticles were analysed and indexed using the
International Centre for Diffraction Data powder diffraction file (ICDD
pdf) # 04-013-9807 (Fig. 6). Fe3O4@SiO2-NH2 nanoparticles showed a
similar diffraction pattern to that of the Fe3O4 core with no significant
change in the d-spacing at 2θ except for a broad peak observed between
21°−27°, and decrease in the intensity of Fe3O4 nanoparticles. This is
mainly due to the formation amorphous structure of silica layer on the
Fe3O4 core [29,30]. Fe3O4@SiO2-GO were determined using ICDD pdf
# 01-076-5949 and also showed similar peaks and d-spacing at 2θ to
Fe3O4 nanoparticles indicative of the stability of crystalline phase of
Fe3O4 nanoparticles during covalently bonding of graphene oxide on
Fe3O4@SiO2-NH2 [34]. However, the graphene oxide peak in Fe3O4@
SiO2-GO-PEA changed to a broad amorphous peak. This indicates that
the structure of the graphene oxide was partially damaged during
covalent bonding with Fe3O4@SiO2-NH2 [47]. Alternatively, the lack of
a graphene oxide peak, despite the TEM evidence of it, may indicate the
individual nanosheets are far apart thus no diffraction signal or a lim-
ited amount of graphene oxide relative to the nanocomposite.

3.1.4. Zeta potential results
Zeta potential measurements were done to determine the surface

charge of the prepared graphene oxide, Fe3O4@SiO2-NH2, Fe3O4@SiO2-
GO and Fe3O4@SiO2@GO-PEA at pH range between 2 and 12 (Fig. 7).
The results show that the graphene oxide nanosheets were negatively
charged with an average zeta potential value of −22.3 mV due to the
oxygen functional groups on the surface of the nanomaterials [48].
Fe3O4@SiO2-NH2 was positively charged with a value of 2.4 mV due to
the presence of the of amine group on the shell [34]. Upon covalently
bonding of Fe3O4@SiO2-NH2 with graphene oxide, the average zeta

potential was found to be −20.9 mV which was much lower compared
to Fe3O4@SiO2-NH2. This demonstrates successful coating of graphene
oxide on Fe3O4@SiO2-NH2 [34]. However, modification of Fe3O4@
SiO2-GO with 2-phenylethyl amine showed an increase in the average
zeta potential to −6.9mV. The isoelectric point increased when com-
paring Fe3O4@SiO2-GO to Fe3O4@SiO2-GO-PEA, and this was attrib-
uted to the presences of amine groups on the surface of Fe3O4@SiO2-GO
[49,50].

3.1.5. Textural properties of the nanomaterials
The N2 adsorption −desorption isotherm, pore volume and the

corresponding pore size distribution curve of Fe3O4, Fe3O4@SiO2-NH2

Fe3O4@SiO2-GO and Fe3O4@SiO2@GO-PEA are shown in Fig. 8 and the
values summarised in Table 1. The isotherms were classified according
to the IUPAC system as type IV [51]. For Fe3O4, and Fe3O4@SiO2-NH2

with a hysteresis loop of H1, which is often associated with materials
that agglomerates or compacts of approximately spherical particles
arranged in a uniform way. While Fe3O4@SiO2-GO and Fe3O4@
SiO2@GO-PEA had a hysteresis loop of H3 which is associated with
materials that aggregate of plate like particles forming slit like pores
[51,52].

GO nanoparticle showed a BET surface area of 176m2/g (Table 1)
which was much lower than the theoretical surface area (2630m2/g).
This may be attributed to the agglomerations and restacking of GO
layers during drying process and also due to unavoidable van der Waals
force between each single sheet of GO [53,54]. The agglomeration GO
can result in the partial overlapping and lowering the surface area of
the bulk materials but still leaves many exposed surfaces [55]. On the
other hand, it was observed that after coating Fe3O4 with SiO2 and
modifying with the amine group, there was an increase in specific
surface area and pores volume due to the low specific weight of silica
compared to that of magnetite [46]. On covalently bonding the GO with
Fe3O4@SiO2-NH2, the BET surface area was 131m2/g which was fur-
ther increased to 133m2/g on modification with PEA. This indicates the
availability of active site for adsorption of the analyte [2]. The surface
area of Fe3O4@SiO2-GO-PEA was lower than GO due to the presence of
Fe3O4@SiO2-NH2 on its surface. High pore sizes were observed in Fe3O4

and Fe3O4@SiO2-NH2 due to pores between nanoparticles [56]. How-
ever, both the Fe3O4@SiO2-GO and Fe3O4@SiO2-GO-PEA had a pore
size ranging between 2 and 50 nm indicating the formation of a me-
soporous material [51,57].

3.1.6. Analysis using a vibrating sample magnetometer (VSM)
The magnetic hysteresis loops of the prepared Fe3O4@SiO2-NH2,

Fe3O4@SiO2-GO and Fe3O4@SiO2@GO-PEA were studied using VSM at
300 K as presented in Fig. 9. A separate permanent magnet (NdFeB) was
used to investigate the response of the separation process of the na-
noparticles from solution. The magnetic saturation (Ms) for Fe3O4,
Fe3O4@SiO2-NH2, Fe3O4@SiO2-GO and Fe3O4@SiO2@GO-PEA were
found to be 77 emu/g, 48 emu/g, 40 emu/g and 33 emu/g respectively.
The decrease in magnetisation values was due to the presence of non-
magnetic silica shell in the chemical bond Fe-O-Si and GO nano-sheets
on the surface of Fe3O4 that disordered spin configuration, weakened
magnetic moment of inner magnetic core, and diminished the inductive
effect of the magnetic field [34,46,58].

The coercive field (Hc), and remnant magnetisation (Mr) were ob-
served after removing the magnetic field and the results summarised in
Table 2. The decrease in Hc in the nanocomposite as compared to that
of the bare Fe3O4 magnetite is due to decrease in specific absorption
rate (SAR) for silica coated samples which decreases the spin effects
[58]. Furthermore, the silica shell encapsulating the magnetite particles
effectively screens and thus decreases the magnetic dipole coupling
interactions between neighbouring magnetic nanoparticles [58]. In
addition, Fe3O4, Fe3O4@SiO2eNH2, Fe3O4@SiO2-GO and Fe3O4@
SiO2@GO-PEA nanoparticles exhibited ferromagnetic properties [34].
However, despite the decrease in the magnetic properties, the

Fig. 6. XRD diffraction patterns of graphene oxide (a), Fe3O4 (b), Fe3O4@SiO2-NH2 (c)
and Fe3O4@SiO2-GO-PEA (d).
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nanoparticles can still be separated by using an external magnetic as
can be seen in the inset of Fig. 9. The Fe3O4@SiO2@GO-PEA nano-
composite can rapidly concentrate on the side of the glass vial on ap-
plication of external magnet and dispersed in aqueous solution when
the magnet is removed.

3.2. Sorption studies

The quantitative removal of chlorpyrifos, malathion and parathion
mixture using the synthesized Fe3O4@SiO2@GO-PEA nanocomposite

was evaluated. Various factors which influence removal efficiency like
adsorbent dosage, solution pH, adsorption time and pesticide con-
centration were optimized.

3.2.1. Effect of contact time
Contact time is an important factor in the removal of chlorpyrifos,

malathion and parathion using Fe3O4@SiO2@GO-PEA as an adsorbent.
This was done at different adsorption time ranging from 1 to 60min
(n= 3) using a mechanical shaker at 25 °C. The other experimental
conditions were kept constant i.e. OPPs concentration, 1 μg/L; pH 7;

Fig. 7. Zeta potential and the isoelectric point (a) and average zeta potential (b) of graphene oxide (GO), Fe3O4@SiO2-NH2, Fe3O4@SiO2-GO and Fe3O4@SiO2-GO-PEA nanoparticles.

Fig. 8. Nitrogen adsorption–desorption of Fe3O4 (a) Fe3O4@SiO2-NH2 (b), Fe3O4@SiO2-GO (c) and Fe3O4@SiO2 @GO-PEA (d) nanoparticles.
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and adsorbent dosage, 10.0mg. The percent removal rapidly increased
with over 88%, 76% and 85% for chlorpyrifos, malathion and parathion
pesticides respectively during the first 15min as shown in Fig. 10a.
There was no significant increase in percentage removal of the OPPs
beyond the 15min of contact time. This could be due to the estab-
lishment of an equilibrium between the available adsorption sites on
the adsorbent and the sample solution, and due to the rapid mass
transfer of analytes from the aqueous phase to the adsorbent during the
first 15min. Therefore 15min was found to be the sufficient time to
achieve the maximum percentage removal of the selected OPPs.

3.2.2. Effect of pH on adsorption
The pH of a solution is an important parameter affecting both the

charge and stability in the removal of chlorpyrifos, malathion and
parathion pesticides during the adsorption process. Hence the effect of
the sample pH was investigated at different pH values ranging from 3 to
11 by adjusting the pH with 0.1M HCl or 0.1 M NaOH while the other
experimental conditions were kept constant (experiments were done in
triplicates). The other experimental conditions were kept constant i.e.
OPPs concentration, 1 μg/L; time; 15min and adsorbent dosage,
10.0 mg. Results obtained are illustrated in Fig. 10b, and shows that
there was no significant difference at different pH during the adsorption
of the OPPs in water. This shows that the interaction of OPPs on the
adsorbent through hydrogen bonding and π–π interaction were not
affected by protonation and deprotonation during the pH adjustment.
This is because the surface charge of Fe3O4@SiO2@GO-PEA adsorbent
is not significantly affected by changing of the pH solution due to the
modification of graphene oxide with 2-phenylethyl amine (PEA). This

was confirmed by zeta potential analysis done, (Fig. 7) which showed
that the isoelectric point for Fe3O4@SiO2@GO-PEA nanocomposites
were 6.6. This may indicate that the variety of surface groups provide a
range of favorable interactions across a wide range of pH values.

3.2.3. Effect adsorbent dosage
The adsorbent dosage is a key parameter to determine the quanti-

tative removal of the selected analyte. The mass of the prepared
Fe3O4@SiO2@GO-PEA adsorbent was optimised within the range of
2–40mg as illustrated in Fig. 10c. The other experimental conditions
were kept constant i.e. OPPs concentration, 1 μg/L; pH 7; and time of
15min (all experiments were done in triplicate). In the beginning, the
percentage adsorption increased with increasing mass of the Fe3O4@
SiO2@GO-PEA adsorbent, this is due to the increased number of ad-
sorption sites with increased adsorbent dosage. The quantitative re-
moval of the three OPPs was obtained using 15mg of the adsorbent
with no significant change observed when the adsorbent dosage was
increased above 15mg. The maximum percentage removal for chlor-
pyrifos, malathion and parathion were 87%, 74% and 86% respectively.
Therefore, 15.0mg of the adsorbent was used for subsequent experi-
ments.

3.2.4. Adsorption capacity
The adsorption capacity was determined using the optimum con-

ditions obtained, where 15mg of the Fe3O4@SiO2@GO-PEA adsorbent
was equilibrated with 10mL of chlorpyrifos, malathion and parathion
pesticides mix at a concentration range of 0.3 μg/mL–5 μg/mL (n=3).
Adsorption capacity was calculated using Eq. (2) and found to be
11.1 mg/g, 10.6mg/g and 10.9mg/g for chlorpyrifos, malathion and
parathion respectively. However, since chlorpyrifos, malathion and
parathion were analyzed as mix, the total adsorption capacity of the

Table 1
Characterization of Fe3O4, Fe3O4@SiO2-NH2, GO, Fe3O4@SiO2-GO and Fe3O4@SiO2-GO-
PEA by nitrogen adsorption-desorption measurement.

Sample BET Surface area
(m2/g)

BJH pore volume
(cm3/g)

Pore size
(nm)

Fe3O4 73.0 0.22 11.6
Fe3O4@SiO2-NH2 100 0.32 18.5
GO 176 0.065 5.12
Fe3O4@SiO2-GO 131 0.32 15.6
Fe3O4@SiO2-GO-

PEA
133 0.48 17.5

Fig. 9. Magnetic hysteresis loops and the insets showing the Fe3O4@
SiO2@GO-PEA in aqueous solution before and after magnetic separation
by an external magnet.

Table 2
Magnetic characteristics obtained from VSM analysis.

Sample Ms (emu/g) Mr (emu/g) Hc (G)

Fe3O4 77 37 254
Fe3O4@SiO2-NH2 48 22 232
Fe3O4@SiO2@GO 40 19 232
Fe3O4@SiO2-GO-PEA 33 14 227
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prepared Fe3O4@SiO2@GO-PEA adsorbent was 32.6mg/g. Fig. 10d il-
lustrates that the adsorption capacity of chlorpyrifos, malathion and
parathion on Fe3O4@SiO2@GO-PEA increased upon increasing the
concentration until the adsorbent sites were saturated. No significant
difference was observed in the adsorption of the adsorbate indicating
that the adsorbent had a fixed number of binding sites for the adsorp-
tion of chlorpyrifos, malathion and parathion pesticides [59]. High
adsorption capacity of chlorpyrifos, malathion and parathion pesticides
on Fe3O4@SiO2@GO-PEA adsorbent indicates that the molecules could
penetrate through the pores or be adsorbed on the surface of the ad-
sorbent via physical forces [60]. Previous studies have suggested that
the phenyl ring and charged groups on graphene oxide nanocomposites
participate in the sorption process [2]. From our FTIR results, amine
groups, carbonyl groups, and OH groups are present on the sorbent, and
will interact with the OPPs via hydrogen bonding. In addition, the
sorbent has phenyl rings throughout the structure, which will result in
π–π interaction with the OPPs, especially with chlorpyrifos and para-
thion. Thus, chlorpyrifos and parathion can interact via hydrogen
bonding and π–π interactions, whereas malathion is most likely domi-
nated by hydrogen bonding alone. This can tentatively explain the
order of the sorption capacities, which were chlorpyrifos, parathion,
and malathion.

3.2.5. Adsorption isotherms
Adsorption isotherms are important in ascertaining how solutes

interact with adsorbents and feasibility of different adsorption pro-
cesses on adsorbing a particular adsorbate. They are also useful for
investigating the distribution of adsorption molecules between liquid
and solid phase when the state of equilibrium is achieved [4,29]. To
understand how the functional groups on the Fe3O4@SiO2@GO-PEA

adsorbent affect the adsorption process, adsorption isotherm of chlor-
pyrifos, malathion and parathion pesticides were conducted. The
equations used to model the adsorption isotherms were Langmuir
[25,26,61], Freundlich [25–27,61], Temkin [25], Dubinin–Radushke-
vich (D-R) [4,61,62], Sips [63], and Redlich and Peterson [61,63]. The
non-linear forms for the applied models are as follows;
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The common parameters, qe (mg/g) and Ce (mg/L), are the equili-
brium adsorption capacity and equilibrium concentration of adsorbate
solution respectively. The constants KL (L/mg) and Q00

max (mg/g) are the
Langmuir’s constant and maximum monolayer adsorption capacity. KF

(mg/g)/(mg/L)n and n (dimensionless) are Freundlich constant

Fig. 10. Effect of contact time (a), pH (b), and adsorbent dosage (c) on% removal of selected OPPs. The adsorption capacity is shown in (d).
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indicative of the relative adsorption capacity of the adsorbent and in-
tensity of the adsorption and varies with surface heterogeneity re-
spectively. The constant AT (L/mg) is the Temkin constant and b (kJ/
moL) is the heat of adsorption. The constant KDR (moL2/kJ2) is the DKR
model constant related to mean free energy of adsorption per mole of
adsorbent, T (in Kelvin) is temperature, R (8.314 J/mol/K) is the uni-
versal gas constant and ε is the Polanyi potential. Finally, E is the mean
free energy of adsorption (kJ/moL). The parameters in the Sips equa-
tion include the Sips model isotherm constant (Ks (L/mg)), the Sips
model constant (as (L/mg)), and the Sips model exponent (bs). The
Redlich Peterson constants are defined by KR and aR, and bR is a di-
mensionless exponent that must lie between 1 and 0.

The values of the isotherms parameters were calculated using non
linear methods utlising the ‘solver add-in’ in Excel™ 2013. The methods
were adapted from the references [61,64], and the R2 (coefficient of
determination), and χ2 (chi-squared) values were determined using
Eqs. (13) and (14).
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An initial qualitive assement on how well the models fit the ex-
perimental data were done graphically, and the results are presented in
Fig. 11. From the figure, the Langmuir, Freundlich, Temkin, and the
Redlich and Peterson (labelled R-P in Fig. 11) models fit the experi-
mental data relatively poorly. In contrast the Dubinin–Radushkevich
(labelled D-R in Fig. 11) and Sips model seem to provide an excellent fit
to the data.

The key values extracted from the non-linear fitting of the data to
the various equations are presented in Table 3. The Langmuir and

Freundlich isotherms have R2 values above 0.9 for Parathion and
Chlorpyrifos, and a relatively low value for Malathion. The Temkin
model shows R2 values above 0.9 for all three OPPs; however, the re-
latively large b (kJ/moL) values (heats of adsorption) suggest the model

Fig. 11. Graphical fit, to the experimental data, of the various isotherm models for parathion (a), Malathion (b), and chlorpyrifos (c).

Table 3
Isotherm parameters for the adsorption of Parathion, Malathion and Chlorpyrifos on
Fe3O4@SiO2@GO-PEA.

Isotherm Model Isotherm
Parameter

Parathion Malathion Chlorpyrifos

Langmuir Q0
max (mg/g) 135 61.9 25.6

KL (L/mg) 0.0435 0.124 0.510
R2 0.924 0.889 0.971
χ2 0.224 0.347 0.0959

Freundlich KF (mg/g)/(mg/
L)n

5.23 6.64 8.18

n 1.23 0.951 0.749
R2 0.966 0.881 0.954
χ2 0.108 0.378 0.150

Temkin b(kJ/moL) 425 610 657
AT (L/mg) 3.10 5.93 10.4
R2 0.985 0.921 0.976
χ2 0.108 0.668 0.218

Dubinin–Radushkevich qDR (mg/g) 14.9 14.6 13.1
KDR (mol2/kJ2) 0.274 0.205 0.109
E (kJ/mol) 1.35 1.56 2.14
R2 0.999 0.963 0.969
χ2 0.00221 0.121 0.107

Sips Ks (L/mg) 13.8 47.7 24.2
as (L/mg) 1.07 4.24 1.63
bs 2.60 3.65 1.49
R2 0.999 0.995 0.993
χ2 0.00471 0.0400 0.0655

Redlich and Peterson aR (L/mg) 0.00 0.000105 0.0324
KR (L/g) 5.57 7.75 10.0
bR 13.3 13.3 5.22
R2 0.971 0.972 0.998
χ2 1.33 1.51 0.148
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most likely cannot be used to explain the data. The results obtained
further show that the Redlich and Peterson equation is not suitable for
describing the sorption process for all three OPPs. This is due to the bR
exponent having a value above 1 [61], and despite obtaining R2 values
above 0.9 (and relatively small χ2) for each OPP and further supporting
the relatively poor graphical fit to the experimental data (Fig. 12).

The Dubinin–Radushkevich isotherm models showed a good fit to
the experimental data, with R2 values above 0.9 for all 3 OPPs. The
adsorption energy (E) for Parathion, Malathion and Chlorpyrifos were
1.352, 1.562, and 2.139 kJ/mol respectively, indicating a physical ad-
sorption process on Fe3O4@SiO2@GO-PEA nano-composite. This im-
plies that the adsorption process occurred onto both homogeneous and
heterogeneous surfaces [61]. This concurs with the observations from
the FTIR analysis, which showed that various functional groups are
responsible for π–π and hydrogen bonding interactions.

Overall, the Sips equation provided the best fit to the data, and can
be used to describe the sorption process for all three OPPs, as per the
graphical analysis, and the values presnted in Table 3. The Sips model
exponent (bs), is associated with the heterogeneity of the sorption
[63,65–68] process, and values above 1 demonstrate a heterogeneous
system. All three pesticides had values above 1, clearly indicating the
heterogeneity of the process. The Sips isotherm can be used to describe
sorption onto heterogeneous surfaces [63,65–68], and from the char-
acterization of the materials, the nanocomposite consists of various
functional groups that can account for the heterogeneous process as-
sociated with the sorption of the pesticides. These include functional
groups responsible for van der Waals forces, hydrogen bonding, and
π–π interactions. These various functional groups may explain why the
Sips model provides the best fit to the data.

The Sips model isotherm constant (Ks (L/mg)) is indicative of the
adsorption affinity of the adsorbates to the absorbents [63,65–68].

From the data, malathion (47.7) > chlorpyrifos (24.2) > parathion
(13.8) in terms of affinity for the sorbent. It is not clear why the pes-
ticides follow such an order, but the malathion molecule has more
electronegative atoms and the structure maybe relatively more flexible
and allow for more favorable reconfigurations and interactions with the
surface of the adsorbent. The difference between chlorpyrifos and
parathion could be due to the greater number of electronegative atoms
on chlorpyrifos. However, further investigations using computational
work is needed to gain greater insights in terms of the sorption me-
chanisms.

3.2.6. Adsorption kinetics
To ascertain the kinetic mechanism and potential rate of adsorption

of chlorpyrifos, malathion and parathion on Fe3O4@SiO2@GO-PEA
adsorbent, data from the effect of time experiment were fitted into
pseudo-first-order and pseudo-second-order kinetic models [61] as
shown in Eqs. (17) and (18).

− − = − −q q ePseudo first order: (1 )t e
k t1 (17)
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q k t

k q t1
e

e

2 2
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Where K1 is the pseudo first-order rate constant, K2 is the pseudo-
second-order rate constant qe (mg/g), qt (mg/g) are equilibrium ad-
sorption capacity and adsorption capacity mol/g at a given time (t)
respectively. Nonlinear fitting of the experimental data was done using
the ‘solver add-in’ in Excel™ 2013, and adapting methods outlined in
the references [61,64], and are presented in Fig. 12.

The rate constants, coefficients of determination (R2), and chi-
squared values (χ2) are summarized in Table 4. The data shows that the
kinetic processes for the sorption of the three OPPs onto Fe3O4@
SiO2@GO-PEA favored pseudo second-order kinetics. Similar observa-
tions were made by Kamboh and coworker where they used Calix-
EPPTMS-MS in the removal of chlorpyrifos and diazinon [4]. Gupta and
coworkers also had the same observation when they used carbon slurry
in the removal of endosulfan and methoxychlor from aqueous solution
[69].

3.3. Recycling and reuse of the adsorbent

To examine the reusability of the Fe3O4@SiO2@GO-PEA adsorbent,
the used adsorbent was washed twice with 2mL of acetone, and then
with 2mL of distilled water with a vortex mixer for approximately
2min. The adsorbent was collected using a magnetic and reused for the
next analysis run. In each analysis run, 1 μg/mL of OPPs sample solu-
tion was tested according to the procedure described in Section 2.6
under optimal conditions. The percentage recovery of the chlorpyrifos,
parathion and malathion pesticides after ten cycles of ad-
sorption–desorption process were in the range of 89%-100% (Fig. 13),
with RSD between 4 and 8%. Thus, this indicates that the synthesized
Fe3O4@SiO2@GO-PEA nanocomposite could be reused up to 10 times
without a significant loss of adsorption. Therefore, the proposed ma-
terial possesses acceptable reusability.

Iron oxide nanoparticles have been investigated for decades as

Fig. 12. Pseudo-first-order kinetics (a) and Pseudo-second-order kinetics (b) for adsorp-
tion of chlorpyrifos, malathion, and parathion.

Table 4
Comparison of Pseudo first-order and second-order kinetics constants for the adsorption
of chlorpyrifos, malathion and parathion using Fe3O4@SiO2@GO-PEA.

OPPs Pseudo first order kinetics Pseudo second order kinetics

K1 R2 χ2 K2 R2 χ2

Parathion 0.856 0.824 0.00950 0.506 0.955 0.00251
Malathion 1.09 0.0512 0.0131 1.19 0.729 0.00387
Chlorpyrifos 1.32 −0.0546 0.00457 3.03 0.718 0.00125
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environmental remediation systems; including, usage for degradation
and/or removal of organic compounds from aqueous systems [70]. The
addition of a silica coating on the iron oxide nanoparticles prevents
direct interaction between the active iron oxide core and the selected
pesticides used in the current study. The covalently bonded graphene
oxide and the 2-phenylethyl amine molecule provides a large surface
area and wide range of functional groups (various carbonyl and amine
based) that are effective in the adsorption and extraction of the selected
pesticides. In addition, the pH studies (Fig. 10(b)) highlighted the ef-
fectiveness of the material across a wide range of pH ranges. Thus the
silica coated iron oxide core allows for easy separation of the material,
and the synergy between the graphene oxide, and 2-phenylethyl amine
molecule allows for an effective sorbent that can be effectively used for
10 cycles.

3.4. Comparison of pesticide extraction with reported literature

A comparison of the Sips isotherm parameters for the pesticides
sorbed on Fe3O4@SiO2@GO-PEA adsorbent with other adsorbents re-
ported in the literature are summarised in Table 5.

The Fe3O4@SiO2@GO-PEA nanomaterial has a higher Sips isotherm
constant Ks (L/mg), than most other materials. Ordered mesoporous
materials have a higher affinity for the target analyte, and can be at-
tributed to the large surface area (888 vs 133m2/g in this study) and
surface properties. Carbon nanotubes have values a bit larger than the
Fe3O4@SiO2@GO-PEA nanomaterial affinity for parathion, but much
smaller when compared to the other two pesticides on the graphene
oxide nanocomposite. In general the sorption process depends on sev-
eral factors; such as, pH, concentration, dosage, surface area, surface
properties of the sorbent, time, and temperature. Thus comparing the
nanocomposite in this study, with various materials and adsorbates
from the literature is most likely more qualitative than quantitative.

3.5. Real sample analysis

To assess the field applicability of the developed Fe3O4@SiO2@GO-
PEA as an adsorbent, chlorpyrifos, malathion, and parathion were ex-
tracted from environmental water samples collected from Vaal River
and Vaal Dam in Gauteng province in South Africa. Water samples were
analyzed before spiking to ascertain the presence or absence of chlor-
pyrifos, malathion, and parathion. The results showed that chlorpyrifos,
malathion and parathion pesticides in Vaal river and Vaal Dam were
below the detection limit. Hence to verify the accuracy of the method,
river water and dam water were spiked with 0.5 μg/mL of OPPs mix and
then analysed at optimum conditions obtained. The recoveries obtained
were greater than 86.9% with intraday%RSD of less than 9.6% for Vaal
river water samples while in Vaal dam water samples, the recovery was
greater than 90.1% with intraday%RSD less than 8.2% for the OPPs.
These% recovery values obtained are within the range stipulated by the
U.S. Environmental Protection Agency (EPA) which is from 70% to

Fig. 13. Recycling and reuse of the Fe3O4@SiO2@GO-PEA adsorbent in the removal of
chlorpyrifos, malathion and parathion mix from aqueous solution.

Table 5
Comparison of Sips isotherm parameters with reported literature.

Adsorbent Adsorbate Dosage (mg/mL) pH Temp (°C) as (L/mg) Ks (L/mg) bs Ref

Ordered Mesoporous Carbon Hexachlorobenzene 0.2 N/A 25 N/A 870 1.05 [67]
Glycerol-based carbon materials Tetracycline 2.4 6.3 30 N/A 0.06 1 [71]
Glycerol-based carbon materials Flumequine 2.4 6.3 30 N/A 0.37 0 [71]
Carbon Aerogel Caffeine 2.4 N/A 30 N/A 2.96× 10−6 4.6 [65]
Carbon Aerogel Diclofenac 2.4 N/A 30 N/A 1.30× 10−6 2.8 [65]
granular activated carbon (2,4-dichlorophenoxy) acetic acid 0.2 N/A 25 N/A 0.191 1.617 [72]
granular activated carbon (RS)-2-(2,4-dichlorophenoxy) propionic acid 0.2 N/A 25 N/A 0.111 1.554 [72]
granular activated carbon 4-(2,4-dichlorophenoxy) butyric acid 0.2 N/A 25 N/A 0.112 1.515 [72]
granular activated carbon (2,4,5-trichlorophenoxy) acetic acid 0.2 N/A 25 N/A 0.154 1.451 [72]
granular activated carbon (4-chloro-2-methylphenoxy) acetic acid 0.2 N/A 25 N/A 0.275 1.982 [72]
Powdered activated carbon (2,4-dichlorophenoxy) acetic acid 0.2 N/A 25 N/A 0.075 1.463 [72]
Powdered activated carbon (RS)-2-(2,4-dichlorophenoxy) propionic acid 0.2 N/A 25 N/A 0.261 1.357 [72]
Powdered activated carbon 4-(2,4-dichlorophenoxy) butyric acid 0.2 N/A 25 N/A 0.18 1.367 [72]
Powdered activated carbon (2,4,5-trichlorophenoxy) acetic acid 0.2 N/A 25 N/A 0.259 1.698 [72]
Powdered activated carbon (4-chloro-2-methylphenoxy) acetic acid 0.2 N/A 25 N/A 0.578 1.41 [72]
switchgrass biochar metribuzin 1 2 25 0.002 1.795 (L/g) 0.76 [73]
Magnetic switchgrass biochar metribuzin 1 2 25 0.005 0.765 (L/g) 1.026 [73]
Multiwalled Carbon Nanotubes chloroform 0.25 5 25 3.213 18.957 2.35 [66]
Multiwalled Carbon Nanotubes dichlorobromomethane 0.25 5 25 3.431 18.553 1.68 [66]
Multiwalled Carbon Nanotubes dibromochloromethane 0.25 5 25 3.068 15.722 1.7 [66]
Multiwalled Carbon Nanotubes bromoform 0.25 5 25 2.075 9.964 1.42 [66]
Charred Palm Kernal shells Atenolol 1 7 25 N/A 4.34 0.88 [68]
Charred Palm Kernal shells Acebutolol 1 7 25 N/A 1.73 0.37 [68]
Charred Palm Kernal shells Carbamazepine 1 7 25 N/A 0.45 0.81 [68]
Fe3O4@SiO2@GO-PEA Parathion 1.5 7 25 1.07 13.8 2.6 Current study
Fe3O4@SiO2@GO-PEA Malathion 1.5 7 25 4.24 47.7 3.65 Current study
Fe3O4@SiO2@GO-PEA Chlorpyrifos 1.5 7 25 1.63 24.2 1.49 Current study
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130%, with a maximum relative standard deviation of 30% [74].
Therefore, the prepared Fe3O4@SiO2@GO-PEA nanoparticle having
high adsorption capacity can be applied in MSPE techniques for the
analysis of pesticides within real world samples.

4. Conclusions

The FTIR analysis showed shifts in the characteristic FeeO bond
vibrations after coating with silica, which indicated that the silica
coating had intimately bonded with the iron oxide nanoparticles.
Furthermore, each nanocomposite showed a broad FTIR peak due to
sorption of water which is indicative of a surface favorable to hydrogen
bonding. From the TEM analysis, the iron oxide particles were observed
to be spherical, and on coating with silica a separate coating was ob-
served, with an average thickness of 9.9 nm. The TEM observations
confirmed that the silica had coated the iron oxide nanoparticles, as
was inferred from the FTIR results. The TEM analysis also showed the
characteristic sheet-like structure of the graphene oxide before and
after attachment to the silica coated iron oxide nanoparticles. XRD
analysis confirmed the formation of the graphene oxide, iron oxide
nanoparticles, silica iron oxide nanoparticles, and indicative identifi-
cation of the nanocomposites. From the FTIR, XRD, and TEM analysis,
the successful synthesis of the nanomaterials and nanocomposites was
confirmed.

The Fe3O4@SiO2@GO-PEA adsorbent showed fast magnetic se-
paration from the sample solution by using an external magnet, low
adsorption time (15min) and required no adjustments to the pH during
adsorption. The maximum adsorption capacity (qe) of Fe3O4@
SiO2@GO-PEA at optimum conditions for chlorpyrifos, malathion and
parathion mix were 32.6 mg/g. The sips isotherm model best described
the experimental data, and this was attributed the adsorbent’s high
surface area and the interaction between Fe3O4@SiO2@GO-PEA and
the pesticides. The heterogeneity of the process was attributed to the
various surface groups on the nanocomposite, and the resulting hy-
drogen bonding and π–π interaction interactions between the nano-
composite and the electronegative atoms (P, N and S) on the pesticides.
The adsorption kinetic investigations of chlorpyrifos, malathion and
parathion were best described by pseudo-second-order kinetic models.
The reusability data, magnetic properties, sorption and kinetic data
may provide some insights in designing and implementing suitable
processes for water treatment, extraction of target analytes for analysis,
or improving the efficiency of existing systems.

Testing of the nanocomposite on real world studies demonstrated
that the Fe3O4@SiO2@GO-PEA can be used as a potential MSPE for the
analysis of pesticides from environmental matrices.
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