& Desalination and Water Treatment 57 (2016) 2846028473

¢ www.deswater.com December
(
Taylor & Francis
doi: 10.1080,/19443994.2016.1178605 Tayior & Frandis Group

The survey of Malathion removal using magnetic graphene oxide
nanocomposite as a novel adsorbent: thermodynamics, isotherms, and kinetic
study

Roshanak Rezaei Kalantarya’b, Ali Azari®, Ali Esrafili®, Kamyar Yaghmaeian®,
Masoud Moradi®*, Kiomars Sharafi®c

“Research Center for Environmental Health Technology (RCEHT), Iran University of Medical Sciences, Tehran, Iran,

Tel. +98 9123234586; email: rezaei.r@iums.ac.ir (R.R. Kalantary)

"Department of Environmental Health Engineering, School of Public Health, Iran University of Medical Sciences, Tehran, Iran,
Tel. +989124976672; email: A_esrafily@yahoo.com (A. Esrafili), Tel. +98 9183859910; email: moradi.m@tak.iums.ac.ir (M. Moradi)
“Environmental Health Engineering, School of Public Health, Tehran University of Medical Sciences, Tehran, Iran,

Tel. +98 9124528677; email: aliali2890@yahoo.com (A. Azari), Tel. +98 9123311992; email: k_yaghmaeian@yahoo.com

(K. Yaghmaeian), Tel. +98 9183786151; email: Kio.sharafi@gmail.com (K. Sharafi)

Research Center for Environmental Determinants of Health, Kermanshah University of Medical Sciences, Kermanshah, Iran

Received 4 February 2016; Accepted 9 April 2016

ABSTRACT

Malathion is a persistent organophosphorous insecticide, which is widely used in industry,
agriculture, and public health. The characterization of Magnetic Graphene Oxide (MGO)
was determined by scanning electron microscopy, transmission electron microscopy, X-ray
diffraction, Fourier transform infrared spectroscopy, energy dispersive X-ray, vibrating sam-
ple magnetometer, and zeta potential. The performance of the adsorbent in removing of
malathion was evaluated in different operational conditions including pH, contact time,
adsorbent dosage, initial adsorbate concentration, and temperature. The Langmuir and Fre-
undlich isotherms and pseudo-first-order and pseudo-second-order models were applied to
describe the adsorption process. The results showed that the maximum adsorption capacity
was obtained 43.29 mg ¢~ and equilibrium data fitted well with the Langmuir isotherm
and kinetics of reactions obeyed the pseudo-second-order model. It was also found that the
adsorption process was dependent on pH and it was spontaneous and exothermic in terms
of thermodynamic studies. Desorption experiments implied that MGO has high stability
(very low component leaching) and is probable that can be applied as a novel material for
malathion removal from aqueous environments.
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1. Introduction organophosphorous insecticide, which is widely used
in industry, agriculture, and public health to control
sucking and chewing insects on fruits and vegetables
through inhibiting cholinesterase enzyme [1,2].
Entrance of this insecticide into the environment and
*Corresponding author. after being confronted with air, water, and food can

Malathion (Diethyl dimethoxythiophosphorylthio
succinate) is a non-systemic wide-spectrum, persistent
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make serious concerns like vomiting, chest tightness,
diarrhea, blurred vision, excessive salivation, watery
eyes, dizziness, sweating, headaches, giddiness, loss of
consciousness, nervous system, immune system, adre-
nal glands, liver, carcinogenic, and even death [3-5].
Also, it has toxic effects on environmental ecosystems
including birds, fishes, other aquatic invertebrates,
and honey bees [6]. Thus, severe pesticide regulations
have been compulsory by regulatory organizations in
order to prevent the presence of pesticides in runoff
and finally in receiving water resources [7].

The World Health Organization (WHO) recom-
mended that the level of a single pesticide in drinking
water is 0.1 ug/L [8]. The results of some studies in
Iran showed that organophosphorous insecticides,
especially malathion, levels exceed the recommended
amount by WHO; for example, the concentrations of
malathion in water sources of Qazvin, Gorganrood
river estuary, and Organophosphorous pesticides in
surface water of Iran were 18.83, 88.11, and 503.58 pg/L,
respectively [9-11]. Malathion hydrolysis, especially in
alkali conditions, can produce some more toxic inter-
mediate compounds in water such as Malaoxon,
Malathion alpha and beta monoacid, diethyl fumarate,
diethyl thiomalate, O,O-dimethyl phosphorodithioic
acid, diethyl thiomalate, and O,O-dimethyl phospho-
rothionic acid [4]. For example, malaoxon is 61 times
more toxic than Malathion [12]. This pesticide is high
dissolved in water and hardly removed by solid/lig-
uid separation processes such as coagulation and sand
filtration [13]. Several methods are available for
removal of pesticides, such as photocatalytic degrada-
tion, combined photo-Fenton and biological oxidation,
advanced oxidation processes, aerobic degradation,
nanofiltration, ozonation, adsorption [14]. It has been
demonstrated that all these methods are efficient, but
adsorption techniques have been considered as an
excellent method for effective removal of different
types of pollutants by simple and easy operation, easy
application, low costs, high efficiency, and eco-friendly
nature [15-17]. Graphene oxide (GO), one of the novel
adsorbents, with sheets including one-atom-thick two-
dimensional layers of sz-bonded carbon, has some
advantages: higher specific surface area (theoretical
value 2,630 m?/g) and proper ability in pollutants
removal [18]. In comparison with other carbon nanos-
tructure such as carbon nanotubes, this sorbent has
condensed matter physics and through the chemical
oxidation modification, abundant oxygen-containing
functional groups [19] Nonetheless, its separation in
aqueous environment is very difficult, due to its small
size. Therefore, magnetization of GO can be a good
way to facilitate the separation by magnetic field [20].
Also, magnetite (Fe;O,) NPs have been taken into
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account by researchers because of their high applica-
bility, particularly in remediation of environmental
pollutants [21]. Thus, the GO in conjunction with
Fe;04 can result in production of a magnetic compos-
ite with new functional groups which lead to synergis-
tic or complementary activities between each
component. As a result, it has many advantages in
environmental pollutant removal [19]. Therefore, the
aim of this study was to investigate the removal of
malathion using magnetic graphene oxide (MGO)
from aqueous solution.

2. Material and methods
2.1. Materials

Graphite powder (150-200 mesh), sodium nitrate
(NaNOs3), iron(ll) chloride hexahydrate (FeCl-6H,0O),
iron(I) chloride tetrahydrate (FeCl,-4H,0O), sulfuric
acid (H,SO,), hydrochloric acid (HCI), potassium per-
manganate (KMnO,), and hydrogen peroxide (H,O,)
were purchased from Merck, Germany and used with-
out any purification. Technical grade malathion (95%
purity) was obtained from Sigma-Aldrich and used as
without further purification. Distilled water was used
for making the synthetic samples and pH adjustment
was conducted using 0.1 M NaOH and 0.1 M HCI
solutions.

2.2. Synthesis of graphene oxide (GO)

The synthesis of GO was carried out using natural
graphite powder the modification of Hummers’
method [22]. Graphite (1.5g), NaNO; (1.5g), and
H,S0,4 (70 mL) were mixed and stirred in an ice bath.
Subsequently, 9 g of KMnO,was added slowly. The
reaction mixture was warmed to 40°C and stirred for
1 h. Water (100 mL) was then added and the tempera-
ture was raised to 90°C for 30 min. Finally, 300 mL of
water was added slowly, followed by the slow addition
of 10 mL of 30% H,0O,. The mixture was filtered and
washed with 0.1 M HCI and water. The GO precipitate
was dispersed in a water/methanol (1:5) mixture and
purified with three repeated centrifugation steps at
10,000 rpm for 30 min. The purified sample was dis-
persed in deionized water and centrifuged at 2,500 rpm
to obtain the highly exfoliated GO sheets [23].

2.3. Synthesis of magnetic graphene oxide (MGO)
nanocomposites

Initially, 0.9 g of GO dispersion was conducted by
ultrasound in 250 mL of DI-water by sonication for
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1 h. Then, 0.04 mol of FeCl;-6H,O and 0.02 mol of
FeCl,-4H,O (molar ratio of Fe**: Fe*" as 2:1) were dis-
solved in 25 mL of DI-water solution; the obtained
mixture was added gradually to the GO solution at
room temperature under a nitrogen flow (40 mL/min)
with strong stirring. Next, for preparation of mag-
netite FesO4; NP, 28% ammonia solution was added
dropwise to make a solution with pH 10, the tempera-
ture of the solution rose to 80°C. After stirred for 5 h,
the solution was cooled down to room temperature.
The obtained magnetic GO was thoroughly washed
with deionized water and collected by magnetic sepa-
ration, dried at 70°C under vacuum for 12 h [23].

2.4. Magnetic graphene oxide (MGO) characteristics

The X-ray diffraction (XRD) pattern of MGO chi-
tosan was analyzed (D8 Advance, Bruker, Germany)
using graphite monochromatic copper radiation (Cu
Ka, 1=1.54 A) at 40 kV, 40 mA, and 25°C. The mor-
phology was observed with a scanning electron micro-
scopy (SEM) (MIRA3, Tescan, Czech Republic) at
5keV. To characterize the shape and size of the syn-
thesized MNPs, transmission electron microscopy
(TEM) (PHILIPS, EM) was used at 100 keV. Magneti-
zation measurements were carried out using a vibrat-
ing sample magnetometer (VSM, 7400, Lakeshore,
USA) under applied magnetic field at room tempera-
ture. Fourier transform infrared spectrophotometer
(FTIR) spectra of the MGO composite were obtained
using Tensor 27, Bruker, (Germany) model to confirm
the functional groups present in the composite.

2.5. Adsorption study

The adsorption of malathion on the MGO was car-
ried out in a 250-mL Erlenmeyer flasks containing
100 mL of the solution in a batch experiment. The
effect of pH, contact time, temperature, adsorbent
dose, and adsorbate concentration was studied. Ini-
tially, the effect of pH on the adsorption capacity and
pH optimum was investigated in the range of 3-11.
Then, the adsorption equilibrium was determined at
the optimum pH (pH 7) for a time period of 2h;
therefore, the adsorption kinetic parameters were cal-
culated as follow: The certain dosage (2.4 g) of the
MGO adsorbent was transferred to 100 mL of the
malathion solution, with concentration of 75 mg/L, in
a 250-mL flask. After the desired contact time (2-
120 min) with 30 min time intervals, the adsorbent
was magnetically separated from the solution using a
magnet. Then, malathion concentration was analyzed
by spectrophotometrically (7400CE ~CECIL) at
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Amax = 230 nm of the adsorbate [24]. Finally, in order
to determine the thermodynamic parameters, the
effect of temperature on the adsorption capacity was
evaluated.

The amount of malathion adsorbed (3. mg/g) was
determined as follows:

(CO — Ce) 14
.= 1
g v M
where Cy and C. are the initial and final concentra-
tions of malathion (mg/L), respectively; V is the vol-
ume of the solution (L) and M is the weight of the
MGO (g).

3. Results and discussion
3.1. Characterization of the adsorbent

Fig. 1 shows the XRD pattern of the crystalline
structures of the GO and MGO. The pattern of GO
appearing the unique peak at 20 =9.98° belongs to
(001) crystal of the GO. Also, two weakened peaks at
260 =22.06" and 42.38° are observed. Compared to the
(0 01) diffraction peak of the GO, the peaks of the GO
were significantly disappeared in XRD pattern of the
MGO at 26 = 9.98"; this may be due to three following
reasons: (1) the exfoliation of GO layers, (2) graphene
sheets less agglomerated in the composite, (3) over-
coming of strong Fe;O, signals on weak signals of car-
bon [23,25,26]. The pattern of the MGO shows that the
peaks at 260 =30.2°, 35.6°, 43.3°, 53.7°, 57.1°, and 62.8°
correspond to (220),(331),(400), (422),(511), and
(4 40) are consistent with the standard XRD data for
the cubic crystalline structures of Fe;O, [27]. The
peaks at 20 = 30.2°, 35.6°, 43.3°, and 57.1° are related to
maghemite and magnetite and peaks at 20 = 53.7° and
62.8° correspond to hematite [28]. The XRD pattern
confirmed the presence of Fe;O4 particles within the
structure of chitosan; thus, the prepared composite
could be removed from aqueous solutions by mag-
netic separation [17].

Figs. 2 and 3 show the infrared spectrum of MGO,
GO, malathion (A) and that adsorbed malathion on
MGO nanoparticles” surface (B). The wave numbers in
the range of 2,960 and 1,450 cm™' represent asymmet-
rical C-H stretches, while those at 2940 and
1,375 cm™" attributed to asymmetrical C-H stretches.
Two spectra peaks at 1,000-1,200 cm™! and bands at
2,250 cm™' indicate C-O groups and S-H bonds,
respectively. The C=0, Methyl and C=C groups
stretching vibrations manifested themselves through
the peaks at 1,730, 1,380, and 1,640 cm Y, respectively.
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Fig. 1. XRD patterns of GO and MGO.
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Fig. 2. Infrared spectrum (FT-IR) of MGO and GO.

Other characteristic bonds, appeared at 1,010-
1,100 cm ™! and also both 655-1,515 cm ! are resulted
from P-O bonding, C-C stretch bonds, and P-S bond,
respectively [29,30]. After the adsorption process, the
peak at about 1,380 cm™' was disappeared, while the

two new peaks at 1,548-1,730 were produced, which
may be due to P=S and C=O groups of malathion. It
was also observed from our energy dispersive X-ray
(EDX) results that S and P elements were introduced
after the adsorption of the insecticide (Table 1).
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Fig. 3. Infrared spectrum (FT-IR) of malathion (A) and malathion adsorbed on MGO nanoparticles” surface (B).

Additionally, peak at 1,010 cm ™' corresponds to the P-
O stretching vibration; it is found that the sharp peak
becomes a wide peak and the position shifts to 1,234—
1,355 cm™" after the adsorption by the MGO. This
change can be attributed to the interaction of the
MGO with the phosphoric group in the malathion
molecules [23,31,32]. The EDX measurement was car-
ried out to further characterize the composition and
structure of the MGO composite. As shown in Fig. 4,
the EDX analysis of the MGO sample reveals the
presence of C, O, and Fe as major elements. On the
basis of the aforementioned data, the grafting of Fe;O,
onto GO can be concluded.

Fig. 5 shows the SEM image of the GO, Fe;O, and
MGO composite at 5 keV. SEM analysis showed that
the external adsorbent surface had irregular clumps
cavities; this rough and course surface affords proper
reactive sites and high adsorption capacity for the
adsorbent. This suggests that the GO sheets can act as
a worthy support for the embedment of the Fe;O,
nanoparticles. Moreover, magnetic Fe;O, particles are
closely involved in the surface of graphene, which

Table 1
Elemental composition of MGO after adsorption process

Elements Atomic weight after adsorption (%)
Carbon 74.14

Oxygen 9.58

Iron 13.11

Sulfur 2.01

Phosphorus 1.16

C Elements Atomic Weight %%
Carbon 76.94
Oxygen 239
Fe Iron 13.67

10

Energy (KeV)

Fig. 4. EDX image of MGO composite.

actually acts as a magnetically inactive layer at the
surface of magnetic surface in the composite system,
thereby affecting the uniformity or magnitude of
magnetization [33].

The morphology of the GO and MGO were charac-
terized by TEM (Fig. 6). Besides, as can be clearly seen
from the TEM image, Fe;0, particles with cubic struc-
ture have been coated on the GO surface and they
have been aggregated because of their exceedingly
small size and dipole-dipole coupling. This confirms
that the nanosized Fe;O, particles have been success-
fully synthesized. Herein, the color of the cubic’ center
is darker, verifying the existence of Fe;O,. The many
wrinkles on the GO sheets were observed demonstrat-
ing an irregular and ribbon-like shape, which
conserved a large surface area [18,34].
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Fig. 5. SEM image of GO (A), Fe;0, (B), and MGO (O).

Fig. 7 shows the magnetization hysteresis loops
of the MGO and Fe;O, at room temperature. The
results revealed that the magnetization saturation
value of MGO and Fe;O, were 38.5-47.2 emug |,
respectively. As the S curve is indicative of a
superparamagnetic characteristic behavior without
remanence and coercivity. The magnetization value
for the MGO composite was less than that of the
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naked Fe;O,, which can be due to the presence of
the non-magnetic GO on the surface of the
magnetic particles and nanoscale size of Fe;O, NPs
[19,34]. These results ensure that the composite can
potentially be applied as a magnetic adsorbent to
remove contaminants from aqueous environments,
thereby avoiding the generation of secondary
pollution [17].
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Fig. 6. TEM image of GO (A) and MGO (B).
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Fig. 7. VSM image of Fe;O0, and MGO.

3.2. Effect of initial pH

The main factor in adsorption process is pH solu-
tion influencing the surface charge of adsorbents,
degree of pollutant ionization, detachment of func-
tional groups on the active sites of adsorbents, as well
as physicochemical properties of adsorbate molecule
[12,30]. Fig. 8 shows the effect of initial solution pH
on removal efficiency of malathion. As can be seen,
the efficiency removal of the insecticide is more than
alkali condition in acidic condition, so that efficiency

removal had an increasing trend at pH 3 (47%) to pH
7 (93%), and, correspondingly, a decreasing trend by
increasing pH at alkali conditions. It is a positive
point, because the pH of malathion-contaminated
aqueous environment normally ranges between 6 and
8. Decreasing malathion adsorption capacity at lower
pH values than natural pH values can be due to the
protons competition with the malathion molecules for
the available adsorption sites [19]. In addition, in
acidic conditions, the amount of malathion removal
can be due to the presence of plenty of oxygen atoms
on the GO in the forms of epoxy, hydroxyl, and car-
boxyl groups, which are highly agreeable strong elec-
trostatic interactions to positively charged molecules
[35]; therefore, at acidic conditions, oxygen atoms may
have electrostatic interactions with its di (ethoxycar-
bonyl) ethyl and dimethyl branches. However, alkali
conditions are helpful for the ionization of the oxygen-
containing functional groups on the surface of the GO.
Moreover, the surface functional groups may become
more deprotonated and this makes the frail interaction
between the MGO and malathion molecules [12].
Additional reasons for favorable removal of malathion
by the MGO can be an attractive interaction of both
graphene and pesticide with water molecules and
make Graphene-Water-Pesticide (G-W-P) complexes
through electrostatic interaction. Therefore, the
adsorption of malathion on graphene was possible in
the presence of water molecule. Moreover, interaction

between GO/Fe;0; surface and #m—r Electron
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Fig. 8. Effect of solution pH on the adsorption of malathion onto MGO (initial concentration: 75 mg L', adsorbent dose:

2.4 g/L, contact time: 45 min, temperature: 30 + 1).

donor-acceptor of the pollutant is other way for
removal of pollutants by GO/Fe;O4, which greater
polarity of adsorbates leads to higher adsorption
capacity [36]. These results were proven by other stud-
ies, for instance, the study by Gupta et al. showed
optimum pH for the removal of malathion is 6.0 [37].
The study by Senthilkumaar et al. and Sitko et al. indi-
cated that the adsorption was favored in acidic condi-
tions [1,38]. The PHpc of the MGO was obtained at
three. At pH > pHzpc, the adsorbent surfaces are net
negatively charged, which could develop the carboxy-
late groups in the ranges of pH 3-7; resulting these
groups provide further removal of malathion [38,39].

3.3. Adsorption kinetics

The effect of contact time on sorption of malathion
onto the MGO adsorbent was studied. The sorption
capacity increased severely with increasing contact
time; so that just the efficiency removal was reached
70.88-91.92%, respectively, at contact times of 5-
20 min. Meanwhile, time necessary to reach the equi-
librium was 120 min. It is revealed that enormous
vacant active sites may be existence in the adsorbent
surface [40], which over time these active sites are
occupied by the adsorbate that finally leads to a satu-
rated adsorbent surface [17]. Yang et al. indicated that
GO can remove the pollutant more rapidly than other
adsorbents by carbon structure [35]. Thus, the adsorp-
tion process occurs rapidly as Yao et al. reported that
just 30 min was required to reach equilibrium for
methylene blue and Congo red adsorbed onto the
magnetic Fe;Os@graphene nanocomposite, but Jusoh

et al. showed that equilibrium time was 150 min for
malathion adsorbed onto activated carbon [23,24]. The
pseudo-first-order and pseudo-second-order, as two
suitable kinetic models, were used in this study for
kinetics study of malathion adsorption onto the MGO.
The equations of kinetic models are expressed as
follows:

2
3)

Pseudo-first-order: In (g — g;) = In ge — kit

Pseudo-second-order: t/q; = t/q. + 1/Kxg?

where g, is the amount of Malathion adsorbed per
unit mass of the adsorbent at equilibrium (mg/g), g; is
the amount of malathion adsorbed at time ¢ (mg/g),
and k; (L min™") and k, (mg g ' min~") are the coeffi-
cients of reaction rate for the pseudo-first-order and
the pseudo-second-order models, respectively. Table 2
shows the values of kinetic parameters by linear
regression for the two models for malathion
adsorption onto the MGO. Considering the correlation
coefficients (R?>) and lower deviation between
experimental and calculated g, values, the adsorption
of malathion was fitted by the pseudo-second-order
model [19]. Essentially, in many cases, the pseudo-
first-order model does not fit properly to the whole
range of contact time and is usually appropriate over
the initial stage of the adsorption processes [19]. Also,
the rate-limiting step of the adsorption process was
chemical sorption because of the pseudo-second-order
kinetic model that accords to the assumption; it could
be concluded chemical interaction might be involved
in the adsorption process [30].
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Adsorption kinetic parameters for malathion adsorption onto MGO

Pseudo-first-order

Pseudo-second-order

CO qe,exp K] (min_l) qe,cal R2 KZ (g mg_l min_l) EIe,cal RZ

25 10.41 0.406 4.36 0.8624 0.1717 10.48 0.9999
50 20.83 0.582 1.47 0.9668 0.04 21.09 0.9999
75 30.85 0.66 1.36 0.9052 0.015 31.14 0.9998
100 35.18 0.046 2.49 0.9661 0.0087 36.1 0.9997
125 42.31 0.661 2.23 0.9192 0.0056 43.85 0.9995
150 47.48 0.66 241 0.7987 0.00358 49.05 0.9996

The pseudo-second-order rate constant (k) of the
pseudo-second-order model was adopted to calculate
the activation energy (E,) of adsorption using the fol-
lowing Arrhenius equation:

K=Aexp (— %) 4)

where k; is the rate constant for pseudo-second-order
adsorption kinetics (g/mg min), A is the temperature-
independent Arrhenius factor (g/mg min), E, is the
activation energy (kJ/mol), R is the gas constant
(8.314 J/mol K), and T is the temperature (K).

The E, could be obtained from the slope of the line
plotting In k; vs. 1/T and was 109.57 k] /mol (R* > 0.99)
at room temperature. The amount of the E, yields
information on the physical or chemical nature of
adsorption. Physisorption and chemisorption are usu-
ally in the range of 5<E,<40kJ/mol and
40 < E, <800 kJ/mol, respectively. The value of the
activation energy confirms the nature of the chemisorp-
tion of malathion onto the MGO adsorbent [41].

3.4. Effect of adsorbent dose

Fig. 9 shows the variations of the removal effi-
ciency of malathion by the MGO; as figure illustrates,
the removal efficiency increased significantly by an
increase in the adsorbent dose, from nearly 31.7% at
the adsorbent dose of 0.4 g L™ to about 98.66% at the
dose of 4.8 g L™". This can be justified by the fact that
the increased adsorbent dose increases the accessibility
of active sites on the specific surface area of the MGO,
which leads to a boosted removal efficiency of
malathion [42]. However, increased adsorbent dose
most likely increases particle interactions, such as
aggregation and overlapping of active sites, this leads
to a significant decrease in the active surface area of
the adsorbent and, consequently, decreases its adsorp-
tion capacity [17,24].

3.5. Adsorption isotherms

Equilibrium adsorption isotherms describe how an
adsorbate interacts with an adsorbent in solution at a
certain temperature, affording the most important
parameter to assess the adsorption capacity of adsor-
bents and designing a desired adsorption system
[19,30]. The adsorption isotherms of malathion on the
MGO was conducted at different initial concentrations.
The Langmuir and Freundlich isotherm models were
used to analyze the equilibrium adsorption data,
which can be expressed as [37]:

1
Langmuir isotherm = L_ 1 + e %)

e bQw  QOm
1
Freundlich isotherm = log g. = log K¢ + p log Cc  (6)

where g, is the amount of malathion adsorbed at equi-
librium (mg g™"), C. is the equilibrium malathion ion
concentration (mgL™"), b is empirical constant that
indicate affinity of the binding sites related to the
energy of adsorption (L mg '), g is the Langmuir
monolayer adsorption capacity (mgg '), K is
roughly the adsorption capacity, and 1/n is
adsorption intensity related to the energy of adsorp-
tion effectiveness of MGO. The detailed of the Lang-
muir and Freundlich constants and the calculated
coefficients are shown in Table 3. It was found that
the correlation coefficients (R?) obtained for the Lang-
muir and Freundlich equations were 0.999 and 0.88,
respectively, indicating that the Langmuir isotherm
had the best fit with the experimental data. This
implies that the process of malathion adsorption onto
the MGO follows a monolayer and regular and porous
structure. Because the adsorption capacity of
malathion was 43.29 mg g™, this could illustrate the
large surface area of the MGO. Moreover, the impor-
tant feature of the Langmuir isotherm can be
expressed in terms of a dimensionless constant separa-
tion factor (R) given by the following equation:
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1

R =——
LT 106G

()
where C, is the initial concentration in the liquid
phase (mg L™"). The value of Ry shows the form of the
isotherm to be either unfavorable (Ry > 1), linear
(Rp = 1), favorable (0 < Ry, < 1), or irreversible (R, = 0)
[33], and the R; values between 0 and 1 indicate
favorable adsorption. The R; value was obtained
equal at 0.088 for malathion adsorption onto the
MGO. Thus, it approves that the adsorption is a favor-
able process. As Table 4 shows, the maximum adsorp-
tion capacity of the MGO is more than those of other
adsorbents.

3.6. Adsorption thermodynamics

The adsorption experiments at different tempera-
tures were conducted to evaluate the influence of tem-
perature on malathion onto MGO in order to provide

Table 3
The adsorption isotherm parameters for Malathion adsorp-
tion onto MGO

Isotherm model parameters

Langmuir Im (mg g ™" 43.29
b (L mg") 0.413
Ry, 0.088
R 0.999

Freundlich K¢ (m: g_l) 29.04
n (mglfl/n gfl L]/n) 3.1
R 0.88

deeper information on inherent energetic changes,
which are associated with adsorption. For this aim,
the removal efficiency was calculated at four different
temperatures, ie. 20, 30, 40, and 50°C. Then, the
related thermodynamic parameters were calculated by
the following equations [17]:

AS AH
In Kd = ? — ﬁ (8)
where AS and AH are the values of the entropy
change (Kfmol™") and the enthalpy change
(Jmol ' K™, respectively, during the process, R
(8.314 ] mol ' K™') is the universal gas constant, T (K)
is the absolute temperature and Ky is the distribution
coefficient, which is be represented as:

mm:% )
where C. is the equilibrium concentration of the

adsorbate in solution (mgL™), g. (mgL™") is the
amount of malathion adsorbed at the equilibrium con-
dition. Meanwhile, the value of the free energy change
AG can be calculated by:
AG = —RT In K4 (10)
where AG is standard free energy (k] mol '). Table 5
shows the calculated thermodynamic parameters for
the conducted experiments.

The value of AG is negative showing the sponta-

neous nature of the process. Moreover, the absolute
values of —AG decreased with increasing temperature;
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Table 4
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Comparison of maximum adsorption capacities for the malathion adsorption onto between various adsorbents found in

the literatures

Optimum  Optimum Jmax
Adsorbent pH Temp. (°C) Isotherm Kinetic (mgg™) Refs.
Waste” jute fiber carbon 3 30 Langmuir Pseudo-first- 37.11 [1]
order
Rice husk (RH) 6 30 Langmuir Pseudo- 4.29 [12]
second-order
Activated rice husk (ARH) 6 30 Langmuir Pseudo- 16.13
second-order
Powdered activated carbon 6 30 Langmuir Pseudo- 21.74
(PAC) second-order
Granular activated carbon 8.47 60 Langmuir and Not done 909.1 [24]
(coconut shell) Freundlich
Granular activated carbon 5.9 60 Langmuir and Not done 555.6
(palm shells) Freundlich
Bagasse fly ash 6 30 Langmuir and Pseudo-first- 2.08 [37]
Freundlich order
Rhizopus oryzae biomass 6 30 Langmuir and Not done 0.445 [39]
Freundlich
De-acidite FF-IP resin 6 25 Freundlich Pseudo- 3.5 [42]
second-order
Herbal leaves powder 6 30 Langmuir Not done 3.401 [43]
(achyranthes aspera)
Herbal leaves powder 6 30 Langmuir Not done 2.644
(phyllanthus niruri)
Untreated egg shell 6 25 Langmuir Pseudo-first- 1.354 [47]
order
Thermally treated egg shell at 6 25 Langmuir Pseudo-first- 1.399
200°C order
Thermally treated at 400°C 6 25 Langmuir Pseudo-first- 1.506
order
MGO 7 30 Langmuir Pseudo- 43.29 This
second-order study

this implies that the malathion adsorption on the
MGO is not more favorable at higher temperatures
[43,44]. Also, the negative value obtained for AH
shows that Malathion adsorption is an exothermic
reaction [37]. Similarly, the value of AS was negative,
reflecting a decrease in randomness at the solid/solu-
tion interface during the adsorption process and there
is a strong reaction between the adsorbate and
adsorbent [12,45].

3.7. Reusability and stability of MGO

The stability, reuse, and regeneration ability of the
adsorbents could be a fundamental key for its applied
application and their potential for commercial applica-
tions. Components leaching from the adsorbent to
aqueous environment may cause secondary contami-
nation. The stability of the MGO composite was

evaluated by monitoring the leached Fe content. In
this case, the washing of the adsorbent was conducted
under acidic, neutral, and basic conditions [46]. As
can be seen, the tendency of iron leaching is higher
for acidic conditions in comparison with neutral or
basic media (Fig. 10). Overall, it can be noticed that
the leaching of Fe is practically negligible and was less
than the amount of recommended iron for drinking
water by WHO (0.3 mg L") in the range of pH values
between 4 and 10; however, at pH 2-3, the amount of
released Fe from the MGO reached over than recom-
mended standards [8].

Because of the Fe stability on MGO surfaces, the
composite had high magnetic sensitivity under an
external magnetic field. Ai et al. demonstrated that
coating by a certain shielding layer was an efficient
way to inhibit the Fe leaching from Fe;Oy; therefore,
this subject provides high magnetic sensitivity of
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Table 5
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Adsorption thermodynamic parameters for malathion adsorption on the MGO

Temp. (K) AG (k] mol™) AH (k] mol ™) AS J mol K™Y
293 —4.36 —18.74 —-0.05
303 —4.78
313 —3.68
323 —-3.08
1.0
0.9
0.5
0.7
0.6 ~—— Fe leaching (mg/L)
E -1 vz Recommended standard by WHO
E‘ 0.5
2
0.4
03 e ey PP —— T y—
0.2
i ______d__‘.,,_,..,—l_/l
0.0

Fig. 10. Tendency of iron leaching under acidic, neutral, and basic conditions.
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Fig. 11. The malathion adsorption using MGO in five suc-
cessive cycles of desorption-adsorption.

MGO [19]. The results of several repeated adsorption—
desorption cycles have been shown in Fig. 11
illustrating that, after desorption with five cycles, the
adsorption capacity of the MGO decreased for each
new cycle (92.4 to 85.8%). These findings illustrated
that the MGO can potentially be used as a magnetic
adsorbent to remove pesticide contaminants from
water.

4. Conclusion

Malathion is a persistent organophosphorous insec-
ticide, which is widely used in industry, agriculture,
and public health. The combination of GO with Fe;O,4
in order to produce a magnetic composite would
afford an innovative, functional hybrid with synergis-
tic or complementary activities between each compo-
nent. XRD, SEM, TEM, FTIR, and VSM analyses
characterizing the adsorbent revealed a proper adsor-
bent synthesized. The results indicated that adsorption
process was dependent on pH value and the presence
of abundant oxygen-containing functional groups
(epoxy, hydroxyl, and carboxyl groups) at acidic con-
ditions, can have electrostatic interactions with di
(ethoxycarbonyl) ethyl and dimethyl branches of
malathion, which provide its further removal in aque-
ous solution. The maximum adsorption capacity was
obtained at 4329 mg g~ ' and the Langmuir isotherm
had the best fit with the experimental data. Thermo-
dynamic studies indicated that the adsorption process
was spontaneous, exothermic and adsorption effi-
ciency increased by a decreased in the temperature.
Desorption experiments implied that the MGO had
high stability (very low component leaching) and
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efficiency removal at least five successive cycles. It is
probable that the MGO composite can be applied as a
novel material for malathion removal from aqueous
environments.
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