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ABSTRACT

Landfill leachate is the fluid percolating through the landfill and is one of the most important
environmental challenges that lead to the contamination of water and soil resources. In this
study, magnetic graphene oxide nanoparticles with WO, (GO-Fe,0,/WO,) were synthesized
through the hydrothermal method to eliminate chemical oxygen demand (COD) from leachate.
The obtained products were characterized using X-ray diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), Thermogravimetric analysis
(TGA), and Vibrating sample magnetometer (VSM) analysis. The influence of various operating
parameters, such as initial solution pH, adsorbent dosage, contact time, and temperature, on
COD removal was studied. Additionally, kinetic, isotherm and thermodynamic studies were
conducted to evaluate the adsorption capacity of the adsorbent. The results revealed that
the maximum adsorption capacity of GO-Fe,0,/WO, was 2500 mg/g adsorbent at pH 4, a
contact time of 90 minutes, an adsorbent dosage of 25 mg g?, and a temperature below 298
K, respectively. According to the adsorption kinetic fitting results, the experimental adsorption
data were well described by the pseudo-second-order kinetic with an R? value of 0.97, and the
Freundlich isotherm equation with an R? value of 0.99. The thermodynamic results indicated
that the adsorption was spontaneous and exothermic for COD adsorption. In general, the
adsorption process of the synthesized GO-Fe,0,/WO, nanocomposite revealed that it is highly
effective for landfill leachate treatment and has great practical value in leachate treatment.
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INTRODUCTION

Production of landfill leachate is one of
the most important environmental challenges
that lead to surface water groundwater and soil
contamination [1]. Landfill leachate is a very
strong odor and dark brown liquid, which is caused
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by the decomposition of the organic part of the
waste as a result of physicochemical and biological
processes in combination with rainwater [2]. Its
characteristics vary according to the amount and
type of waste produced, microbial population, the
degree of stabilization of the hydrological structure
of the landfill, climatic conditions and exploitation,
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as well as the age and stages of decomposition [3].
In case of not collecting and treating the leachate
from the municipal solid waste landfill is a serious
contamination threat to public health and the
environment [4]. Leachate is a type of liquid that
is released from a landfill site and can contain both
dissolved and suspended matter, including organic
materials [5]. The measure of chemical oxygen
demand (COD) is used to determine the amount
of oxygen needed to chemically oxidize any organic
compounds present in water or other liquid samples
[6]. When there is an increase in COD levels within
leachate, this indicates a high concentration of
organic pollutants that could potentially cause
harm to both the environment and human health if
not managed and treated appropriately [7].

In recent years, techniques including biological
methods and chemical and physical processes have
been used to treat and reduce the pollution load of
leachate [8]. The adsorption process is currently
considered the most frequently used technology
for removing environmental pollution due to its
simple operation, low cost, friendly approach,
and perfect remediation effect. Adsorbents such
as metal oxides, clay minerals, carbon nanotubes,
and biological adsorbents have been utilized for the
removal of pollutants from aqueous solutions [9].
Therefore, these materials don’t have wide-spread
used high adsorption performance, which is due to
the limited number and type of containing oxygen
functional groups [10]. However, the synthesis of
novel adsorbents with chemical stability and high
adsorption capacity attracts more attention [11].

Graphene oxide (GO), a unique material, as a
newly developing carbon nanomaterial and the
interesting properties of graphene, has a separate
sheet structure with a variety of oxygen-containing
functional groups on its edges and surfaces
[12]. Graphene oxide has attracted considerable
attention from researchers due to its fascinating
properties such as high flexibility, high surface area,
good chemical stability, chemical inertness, high
electrical conductivity, light transmission, excellent
hydrophobicity, and adsorption of some metal ions
at the nanoscale [13]. The presence of oxide groups
on the surface of graphene helps to make it usable
for a wide range of applications by performing
chemical modifications [14]. Among the capabilities
of graphene oxide is its high adsorption capacity
for metal ions and organic pollutants from aqueous
solutions [15]. At the same time, magnetizing
this material helps in high adsorption and easy
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separation from solution environments by magnets
[16]. For this purpose, one suitable nanoparticle
is magnetite (Fe,O,) nanoparticles which have
been widely applied due to their biocompatibility,
superparamagnetic properties, chemical stability,
high saturation magnetization, and innocuousness
[17, 18]. In recent years, Tungsten trioxide (WO,)
has been widely utilized for the elimination of
organic contaminants from aqueous systems due
to their environmentally benign and excellent
adsorption [19, 20]. Tungsten trioxide (WO,) is a
chemical substance that is utilized as an adsorbent
and nanocatalyst to eliminate pollutants from water
systems. This material possesses unique properties
that render it suitable for pollutant removal
processes [21]. As an adsorbent, tungsten trioxide
exhibits a high capacity to absorb organic pollutants
from water. By forming chemical compounds with
the pollutants, the pollutant molecules become
attached to the surface of tungsten trioxide and
separate from the solution. This absorption
process can occur through physical or chemical
means, establishing a connection between
tungsten trioxide and the pollutant [22]. Further,
tungsten trioxide functions as a nanocatalyst.
Consequently, it can accelerate chemical processes
and enhance the efficiency of pollutant removal.
Upon contact with the tungsten trioxide surface,
chemical reactions such as oxidation, hydrolysis, or
corrosion may take place. These chemical activities
facilitate the decomposition and destruction
of pollutants, thereby increasing the efficacy of
their removal [23]. Utilizing tungsten trioxide
(WO,) for the elimination of organic pollutants
from water systems offers significant advantages.
This material is both safe and environmentally
friendly, capable of effectively removing a wide
array of pollutants including water-soluble
organic pollutants, dyes, odors, and heavy organic
matter. Moreover, tungsten trioxide possesses
recyclability and recoverability, enabling its reuse
as an adsorbent in continuous processes [24]. In
a recent study, Bankole et al. (2017) examined the
potential of purified and polymer-functionalized
carbon nanotubes (CNTs) as nanosorbents for the
removal of chemically required oxygen (COD)
from wastewater generated by the electroplating
industry. They conducted batch adsorption
experiments to evaluate the effectiveness of CNTs
in this process [25]. In another study by Gholami
et al. (2019) conducted a study where they utilized
a nanocomposite known as magnetic graphene
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oxide-polydopamine oxide (M-GO-PDA) to
eliminate chemical oxygen demand (COD) from
aqueous solutions[26] . Lam et al. (2020) employed
a Z-plan structure consisting of an anodic WO,
nanocatalyst loaded onto hexagonal rods of ZnO/
Zn (WO,/ZnO/Zn) for the purpose of removing
COD from aqueous solutions [27].

In the present work, magnetic graphene oxide
nanoparticles synthesized with WO, (GO-Fe,O,/
WO,) were prepared using the hydrothermal
method. The synthesized nanocomposite was
utilized for the removal of chemical oxygen demand
(COD) from leachate. The physicochemical
properties of the prepared nanocomposite were
investigated using techniques such as XRD, FT-IR,
FE-SEM, TGA, and VSM. The effects of various
factors, including the pH of the solution, contact
time, adsorbent dosage, and temperature on the
adsorption process, were studied. Furthermore,
kinetic, isotherm, and thermodynamic models
were employed to analyze the removal mechanisms
and describe the physicochemical properties of the
material.

EXPERIMENTAL
Materials
Graphite powder, sulphuric acid (96%),

sodium nitrate (99%), hydrogen peroxide (30%),
hydrochloric acid (37%), potassium permanganate

(KMnO,), ammonium nitrate (KMnO,),
FeCl,.4H,0, FeCl..6H,0, tungsten hexachloride
(WCI6), polyethylene glycol (PEG), sodium

oxidative (NaOH), ammonia (25%), ethanol (99%,)
were purchased from Merck Co, Germany.

Graphene oxide (GO)

Graphene oxide (GO) was successfully
synthesized from graphite powder using the
modified Hummer’s method [28]. In brief, 3 g of
graphite powder and 2 g of NH,NO, were added
to 60 ml of 98% H,SO, with stirring in an ice bath
for 50 min. After that, 15 g of KMnO, was slowly
added to the mixture and continued stirring for
one hour until the mixtures dark green color
appeared, and then placed in a water bath at 45
°C. The mixture was stirred for one hour to form
a thick paste. Next, 150 mL of double-deionized
H,O was added to this formed paste with stirred
at 90 °C for one hour until a brown color formed.
The mixture was diluted with 100 mL of deionized
water, and then 30 mL of 30% hydrogen peroxide
(H,0,) was slowly added, while the color of the
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mixture turned yellow after the addition of H,O,.
Finally, the product was filtered and washed with
5% HCI aqueous solution to remove metal ions
followed with deionized water several times until
the pH of 7. The obtained graphene oxide was dried
in a vacuum oven at 60 C for 24 h.

Synthesis of GO-Fe,O, nanoparticles

The synthesis of magnetic nanoparticles
(GO-Fe,0,) was produced using the ex-situ co-
precipitation method [29]. At first, 50 mg of GO
was dispersed in 100 mL of deionized water via
sonication for one hour to obtain a homogeneous
solution and then added to the mixed solution
of FeCl,.4H,0 (0.064 M) and FeCl,.6H,O (0.129
M) with stirring for one hour. The solution was
maintained at pH 10 by adding 1 M NaOH after
1 h of stirring. Next, the resultant mixture was
stirred for one hour at 150°C. Finally, the GO-
Fe,O, magnetic nanoparticles were separated by
an external magnet and washed several times with
distilled water and ethanol, and then dried in a
vacuum oven at 60 °C for 24 hours.

Synthesis of GO-Fe,O /WS, nanocomposite

Synthesis of WO, nanoparticles was done
by hydrothermal method [30]. In the first step,
1.5 mmol of WCI6 and 0.3 g of PEG were added
to 70 ml of ethanol solution and dispersed by
ultrasonication for 30 min. After that, the prepared
mixture was placed in an autoclave at 110 °C for 4
hours. The obtained nanoparticles were separated
by an external magnet washed several times with
deionized water and then dried in a vacuum oven
at 60°C for 12 hours.

To prepare the graphene oxide magnetic
nanocomposite reinforced with tungsten oxide:
First, the graphene oxide magnetic nanocomposite
was dispersed in 10 ml of deionized water and
placed in an ice bath under vigorous stirring for
10 min. Afterward, the WO, was mixed with the
solution and stirred for one hour within an ice
bath, then the product was kept at 0-4 °C for 120
min. Finally, the obtained product was separated
by an external magnet washed several times with
distilled water and ethanol, and dried in a vacuum
oven at 60°C for 8 hours. The preparation process
of synthesizing the GO-Fe,O,/WO, nanocomposite
is shown in Fig. 1.

Characterization techniques
The characteristics of the surface structure and
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Fig. 1. The preparation process of synthesizing the GO-Fe,O,/WO, nanocomposite.

Table 1. Physicochemical characteristics of raw leachate

Parameters Values
pH 7.12
BOD:s (mg/L) 7520

COD (mg/L) 12580

Cl (mg/L) 4128.5
NOs (mg/L) 8.34
POs? (mg/L) 14.7
TP (mg/L) 13.1
TSS (mg/L) 430

morphology of the samples were observed using
a field emission scanning electron microscope
(FESEM, ZEISS-SUPRAS55, Germany). The X-ray
diffraction (XRD) patterns were determined
by Shimadzu 6000 diffractometer using Cu-
Ka radiation (A\%1.54056A). Fourier transform
infrared (FT-IR) was recorded by Nicoletis 10,
Thermo Scientific (Waltham, MA, USA) with the
KBr pellets over the range of 400-4000 cm™. The
samples prepared by thermogravimetric analysis
(TGA) were performed STA449C Jupiter (Netzsch)
instrument in a nitrogen atmosphere at a rate of
20 °C/min. Magnetic hysteresis of the synthesized
nanoparticles was measured by using a vibrating
sample magnetometer (VSM) Qunantumpesign,
MPMS3, USA.

Adsorption experiments

The batch adsorption experiments were carried
out in a set of Erlenmeyer flasks (250 mL) using
different weights of produced adsorbent mixed with
100 ml leachate solution at room temperature (25 +
1°C). After completion of the adsorption process,
the solid sorbent was separated from the sample
solution by a magnetic field, and the concentration
of COD was determined using a spectroscopy
method based on the oxidation of the organic
matter by potassium dichromate (K,Cr,O.), where
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the effect of solution pH, contact time, adsorbent
dose, and temperature was investigated. The
physical and chemical characteristics of the tested
leachate are presented in Table 1.

The adsorption removal and uptake capacity
were determined by using the following presented
Egs. (1) and (2): [31]

c,-C,

R (%) = 100 (1)

i

V(C,-C
qe=—( =€) )
m

Where C, and C, are the initial concentration
of COD at time (0 and t) resolution (mg L),
respectively, qe is the adsorption capacity in (mg
g '), the total removal efficiency (R%) is the value of
COD adsorbed by the adsorbent, Ce (mg L") is the
equilibrium concentration of the COD in solution,
V is the volume of used solution (L) and m is the
mass of the adsorbent in (g).

Characteristics of studied leachate
Equilibrium Adsorption Kinetics

In this study, pseudo-first-order (PFO), pseudo-
second-order (PSO), and intraparticle kinetic
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models were used to evaluate the adsorption
process. The three models fitting formulas are as
follows: [32, 33]

log(q, —¢,) =logq, —k (3)
L 12+L (4)
q, kg. q.

0, =k, t" +c, (5)

Where q, is at time t (mg g') and q, is
the amounts of COD adsorbed in mg g' at
equilibrium, k, is the rate constant for the PFO
adsorption process (min™') and K, is the kinetic
rate constant for the PSO adsorption process (g/
mg/min), respectively. d /d, represents the rate of
change of the concentration (C) of a species within
the particle to time (t). f(C) is a function that
describes the dependence of the reaction rate on
the concentration.

Equilibrium Adsorption Isotherm

The surface adsorption isotherm is based on
the hypothesis that the adsorption process takes
place all over the adsorbent and is independent of
the occupied surfaces. Isotherm models reveal the
relationship between metal ion concentrations in
solutionand theamount ofion adsorbed onaspecific
adsorbent at a constant temperature. To determine
the adsorption capacity of magnetic nano absorbent
to remove COD leachate, the nonlinear form of
Langmuir (Equation 5), Freundlich (Equation 6),
and Dubinin-Radushkevich (Equation 6) models
were studied, which can be described as follows
[34, 35]:

K.C

qe — qm L e (6)
1+K,C,

q.=K,C." (7)

ge =q, expF=) ()

The separation factor (RL) helps to prove
whether the adsorption process is favorable or
unfavorable and it was expressed as equation 8:

R, =1/1+K,Co 9)

Whereq, (mg/g)and C (L/mg)aretheadsorption
capacity at equilibrium and the equilibrium
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concentration of adsorbate, respectively. C (L/
mg) is the initial mercury concentration, q_ (mg/g)
is the maximum adsorption capacity to form a
complete monolayer, and K, (L mg"), K, ((mg/g)
(L/mg)"™), K, is isotherm constant indicates
the capacity parameter (mg/g) (L/mg)l/n, n is
the dimensionless exponent of the Freundlich
equation. q_is the maximum adsorption capacity,
K, is the free energy of adsorption per mole of
adsorbate (mol*/J*), and & Polanyi potential is
calculated using this equation: ¢ = RT. In (1 + (1/
C,)); where R is the universal gas constant (8.314 J/
mol. K), T is the temperature in Kelvin (K) and E
the mean adsorption energy that is calculated using

this equation: E = l/\/2Ka .

RESULTS AND DISCUSSION
The X-ray diffraction (XRD)

Fig. 2a shows the XRD spectrum of the
crystalline structure of GO, GO-Fe,O, and GO-
Fe,O,/WO, nanoparticles. As can be seen, the
XRD spectrum of GO exhibits two strong peaks
at 2h = 10.6 corresponding to the (002) plane [36].
The characteristic peaks of Fe,O, appeared at the
angles of 20 = 27.46° 35.63°, 43.14° 57.40° and
62.97°, these are the corresponding crystalline
planes (220), (311), (400), (422), (511) and (440)
which verifies the crystal structure of Fe,O, cubic
spinel (JCPDS file no: 019-0629) [28]. The major
diffraction peaks at 20 values of 16.3°, 19.2°
(011), 23.5° (120), 25.7° (111), 35.2° and 78.4°
corresponding to (020), (011), (120), (111), (131)
and (313) crystal planes, respectively, which are
similar to the pattern referring to the presence of
crystalline WO, (JCPDS file number: 84-886) [37].
The XRD pattern of the GO-Fe,O,/WO, composite
indicates no characteristic diffraction peaks
corresponding to the graphene oxide because of
the disorders that occur in graphene oxide stacking
during the composite formation, concurring with
the earlier reports [38].

Fourier transform infrared (FT-IR)

The FT-IR spectra of typical vibration peaks of
GO, GO-Fe 0O, , and GO-Fe,0,/WO, nanoparticles
are shown in Fig. 2b. In the FT-IR spectrum of GO,
the bands at 1624 cm’, 1450 cm, and 1078 cm™
were assigned to the bending and of aromatic C=C
double bond, C-OH stretching bond, and stretching
vibration of C-O bond, respectively [28, 39]. The
existence of these peaks indicates that graphene
oxide nanosheets with abundant oxygen functional
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Fig. 2. (a) The XRD pattern, (b) Spectrum of FTIR, (c) TGA weight loss curves, (d) Magnetization curves of magnetic

of GO-Fe,0,/WO, nanocomposite.

groups have been successfully synthesized. The
broad band is observed at about 3400 cm™ - 3500
cm’, which is related to the stretching vibration
of O-H [40]. In the FT-IR spectra of magnetite-
graphene oxide nanocomposite, the intense peak
at 572 cm™ is assigned to Fe-O stretching which
displays high magnetite loaded in the prepared
magnetite-graphene oxide nanocomposite [31,
41]. In the case of WO,, broad absorption bands
in the range 500-900 cm-1 are characteristic of
the different O-W-O stretching vibrations of the
monoclinic WO, crystal lattice [42].

Thermogravimetric analysis (TGA)

In Fig. 2¢, the thermal behavior curves of
GO-Fe,O, and GO-Fe,0,/WO, nanoparticles
were investigated. The mass loss for GO-Fe,O, is
approximately 6.45% at temperatures ranging from
26 to 110 degrees Celsius, which is attributed to
the desorption of physically absorbed H,O and the
decomposition of oxygen-containing functional
groups on the surface of GO-Fe,0, [43]. The second
weight loss occurs in the temperature range of 150-
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500 degrees Celsius and is about 2.15%, which
could be related to the decomposition of remaining
organic residues on the nanoparticles [44]. As
observed in the TGA thermogram of the GO-
Fe,0,/WO, nanocomposite, three weight reduction
stages occur between 27 and 800 degrees Celsius.
In the first stage, a weight loss of approximately
11.06% takes place at temperatures from 26 to 120
degrees Celsius, which is attributed to the removal
of adsorbed water molecules and physically
absorbed species. The weight reduction in the
second and third stages, at temperatures of 150-
550 degrees Celsius (3.7%) and 550-900 degrees
Celsius (45.20%), respectively, can be attributed to
the decomposition of organic and mineral residues
in GO-Fe,O,/WO.,.

Vibrating sample magnetometer (VSM)

The magnetization curves of GO-Fe,O, and
GO-Fe,0,/WO, nanocomposites are shown in Fig.
2d. It can be seen that the saturation magnetization
value of GO-Fe,O, is approximately 35.7 emug" at
15000 Oe, which could be due to the disruption
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Fig. 3. FESEM images of the as-prepared materials of GO-Fe,O,/WO, nanocomposite

of atomic magnetic moments on the surface of
nanoparticles. The saturation magnetization of
GO-Fe,0,@WO, is equal to 26.4 emu g™, which is
lower than that of the graphene oxide nanoparticles.
These results show that the magnetization of GO-
Fe,0,/WO, nanocomposite is lower than that of
GO-Fe,O,, which can be attributed to the GO-
Fe,0,/WO, surfaces being covered by tungsten
trioxide particles that are not magnetically active.
In these cases, applying an external magnetic field
can ensure easy separation of GO-Fe,O,/WO,
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magnetization from the reaction medium.

Field emission scanning electron microscope (FE-
SEM)

Morphological analysis and particle size of
the synthesized nanocomposite were studied by
scanning electron microscopy [40]. In Fig. 3, the
morphologies and characteristics of GO-Fe,O,/
WO, nanocomposite can be observed via FE-SEM
images with different magnifications. As can be
seen, the FE-SEM images show a rough surface
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in the GO-Fe,O,/WO, material with a good
distribution of Fe O, and WO, nanoparticles
on the GO sheets. Based on Fig. 2d, the average
size of coated nanoparticles on graphene oxide
nanosheets is 28.36 nm. These results indicate
that the nanocomposite structure has been
successfully formed.

Effects of initial pH

The initial pH of the solution is one of the
most important controlling parameters in the
adsorption process [45]. The effect of initial
pH values on the sorption of COD ions by the
adsorbent in the pH range of 2 to 8 is illustrated
in Fig. 4a. As can be seen, the highest amount of
removal is at a pH equal to 5, and the adsorption
percentage decreases with a further increase in
pH. While the highest removal efficiency was
observed at pH 5, little difference was observed
in COD removal at pH 6 and 7. This can be due
to the alkalinity of the leachate environment
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and the positive surface of the nanocomposite
synthesized with the graphene oxide substrate,
the surface absorption is low, and when the pH
of the leachate decreases. Electrostatic attraction
between the magnetic nanocomposite and the
pollutants in the leachate is created and higher
COD removal is observed [46]. Also, due to the
destruction of iron (III) oxide structure in highly
acidic environments, the removal efficiency
decreases at lower pH values [47].

The dependence of the chemical and electronic
properties of functional groups on the surface of
materials is related to the point of zero charge
(pszc)' Fig. 4b presents the results of pHpzc
determination. According to this figure, the GO-
Fe,O,/WO, nanocomposite has a pH value of
approximately 6.8. Consequently, at pH values
above this threshold, the adsorbent surface carries
a negative charge, whereas, at pH levels below this
value, the adsorbent surface becomes positively
charged.
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Table. 2. Nonlinear kinetic model parameters for COD ions adsorption onto GO-Fe,O,/WO, magnetic nanocomposite

model Parameter Value
Qe (mg/g) 3006.81
Pseudo-first-order Ki (min-1) 0.069
R? 0.95
qe (mg/g) 3336.82
Pseudo-second-order Ko (g/(mg.min)) 3.14
R? 0.97
Kia 141.96
Intraparticle model GCi 1645.66
R? 0.82

Effects of the contact time

The influence of the contact time of the analyte
and adsorbent is one of the basic parameters in
studying the adsorption process evaluating the
ability of adsorbents and comparing them with
each other. Certainly, achieving the optimal
adsorption capacity in the shortest period and
establishing balance are among the distinctive
features of a valuable adsorbent. Fig. 4c clearly
shows that the adsorption is fast in the first 60
min and becomes slower with time and finally,
the adsorbent is saturated. After that, with the
increase of the contact time, no significant change
was observed in the absorbent capacity, and in
fact, equilibrium conditions were established. This
could be because, in the early stages, many surface
sites are available for pollutant adsorption, but
with time, the remaining adsorption surface sites
are hardly occupied due to the repulsion between
the solute molecules and the solid phase [48]. In
this case, pollutant adsorption penetrates from the
surface sites to the internal sites of the absorber.
These results have been observed and confirmed
in the studies conducted by Ansari et al [49] and
Soubh et al [50], which confirm that an increase
in contact time has a positive effect on increasing
the removal efficiency by enhancing the interaction
between the pollutant and the absorbent.

The effects of adsorbent dosage

The effect of adsorbent dosage used in the
COD removal process is an important factor
in determining the adsorption capacity of the
adsorbent in purification processes. As can be
seen in Fig. 4d, increasing the adsorbent dosage
has increased COD removal due to the increase in
surface area and the availability of adsorption sites.
However, with a further increase in the adsorbent
dosage, pollutant adsorption remains almost
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constant. Liu et al. [51] studied the activated carbon
adsorbent modified with Fe O, nanoparticles
and found that increasing the adsorbent amount
increased the removal efficiency due to the
increased contact surface and the presence of more
sites. Therefore, based on the obtained results, a
fixed amount of 0.40 g of the adsorbent dosage was
considered the optimal amount to maintain high
absorption capacity with a COD removal efficiency
of about 71% and provide a better comparison.

Adsorption kinetic

The results of the kinetic studies on the
adsorption process provide significant information
regarding the pathway, mechanism, and speed of
the absorption process [52]. The adsorption kinetic
process in this study was conducted using pseudo-
first-order, pseudo-second-order, and intraparticle
kinetic models. Fig. 5 indicates the kinetics of
COD adsorption from leachate by GO-Fe304/
WO3 nanocomposite. The fitting of kinetic data
and parameter values related to pseudo-first-order,
pseudo-second-order, and intraparticle kinetic
models is presented in Table 2. According to the
kinetic modeling data, it can be seen in Table 1 that
COD adsorption on the GO-Fe,O,/WO, surface is
in high agreement with the pseudo-second-order
model with a correlation coeflicient (R?=0.97)
comparedto the pseudo-first-order model (R*=0.95)
and intraparticle kinetic model (R?=82). Therefore,
these results indicate that chemisorption can be
the most dominant mechanism of the adsorption
process involving valence forces through electron
exchange between nanocomposite adsorption sites
and leachate compounds [53].

Adsorption isotherms
Isotherm studies were conducted using the
adsorbent nanocomposite GO-Fe304/WO3 for
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Fig. 6. Fitting of nonlinear Langmuir, Freundlich, and
Dubinin-Radushkevich isotherm models for COD ions
adsorption by GO-Fe,O,/WO, magnetic nanocomposite.

Table. 3. Nonlinear Langmuir, Freundlich, and Dubinin-Radushkevich
isotherm model parameters and correlation coefficients for the adsorption of
COD ions onto GO-Fe,O, /WO, magnetic nanocomposite.

model Parameter Value
qm (mg/g) 3561.83
Langmuir K. (L/mg) 0.011
R 0.975
Kr (mg/g (L/mg))(Vn) 0.396
Freundlich n 314
R 0.997
Dubinin- qs (mg/ %) , 6277.56
Radushkevich Kag (mol*/J?) 0.0079
R 0.987

COD adsorption at a temperature of 25°C. Fig. 6
illustrates the equilibrium adsorbed amount of
COD (q,) vs. the equilibrium COD concentration
(C,), along with the fitting results obtained from
the nonlinear Langmuir, Freundlich, and Dubinin-
Radushkevich models. The parameter values for
both models are presented in Table 3. Based on
the correlation coefficient, it can be concluded
that the GO-Fe,O,/WO, nanocomposite follows
the Freundlich isotherm model, suggesting a
heterogeneous and multilayered adsorption
process [54]. Additionally, the Langmuir model
calculated a maximum adsorption capacity of
3561.83 mg/g, indicating a dominant exothermic
process. The RL value determines the favorability
of the adsorption isotherm shape, with RL > 1
indicating unfavorable, RL = 1 indicating linear,
0<RL<I indicating favorable, and RL = 0 indicating
irreversible [55]. In the case of COD adsorption on
the nanocomposite, the RL value falls within the
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range of 0<RL<1, indicating a favorable adsorption
process [56].

Adsorption thermodynamics

Temperature is usually considered a crucial
parameter in sorption reactions. The effect of
temperature in determining thermodynamic
parameters such as the Entropy change: AS°,
Enthalpy change: AH® and Gibbs free energy
change: AG°® was studied in the temperature
range of 298 K to 358 K according to the Van Hoft
equation. Thermodynamic parameters for COD ion
adsorption using GO-Fe,O,/WO, were evaluated to
demarcate the nature of the pollutant by Equations
(10) and (11):

AG'=-RT InK, (10)
0 0
]nKRzAg _ARZ" (11)
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Fig. 8. Reusability assessment of GO-Fe,O,/WO,
magnetic nanocomposite after the removal of COD ions.

Table. 4. Dynamic model parameters used in the adsorption process COD by GO-Fe,O,/WO,

magnetic nanocomposite adsorbent.

T (°K) LnKd AG° (KJmol™) AH° (KJmol™) AS° (KJmol ")
298 2.122 5.168
303 1.725 -4.345 38.6792 114.093
313 1.053 -2.741
323 0.707 -1.898

Where K, is the equilibrium constant; R is
the gas constant, (8.314 ] K'mol*), and T is the
temperature on the Kelvin scale (298 K). The
corresponding values of AS°, AH®, and AG® were
calculated according to the fitting data, and the
results are presented in Table 3.

The influence of the adsorption temperature
on the adsorption capacity of COD ions onto the
adsorbent has been displayed by a linear plot of
InKd versus 1/T in Fig. 7, and the values of the
thermodynamic parameters are listed in Table 4.
As the results show, the value of AG® is negative
at all set temperature conditions, the reaction is
therefore spontaneous (AG® < 0). Moreover, a
negative value of the enthalpy change of AH°< 0
illustrates the exothermic nature of the adsorption
process. The value of AH® is less than 100 k] mol-1,
thus indicating that the temperature has little effect
on the reaction of the adsorption process and the
interaction between GO-Fe,O,/WO, and COD
is not strong. Consequently, the negative values
of AS° demonstrate that no significant change in
entropy occurred during adsorption because the
increase in entropy of the system causes the release
of ions from the solid surface to the solution [57].
On the other hand, the release of water molecules
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produced by the interaction of COD ions with the
functional groups and surface sites of the adsorbent
resulted in a positive AS° value [58].

Regeneration Capability

That adsorbent can be regenerated or
consumed several times is an important factor in
determining whether the adsorbent can be widely
used. Therefore, the HCI solution (0.1 M) was
used as a regenerator to regenerate the adsorbent
after reaching the adsorption equilibrium. As can
be seen from the results of Fig. 8, the adsorption
capacity of GO-Fe,O,/WO, was about 57% after
five cycles. The regeneration results revealed that
the adsorbent has good stability and high COD
absorption capacity after five stages. These results
revealed that the adsorbent has a high potential
for application in the removal of COD ions from
landfill leachates.

CONCLUSION

In this study, a new magnetic graphene
oxide adsorbent WO, was successfully prepared
by a safe and simple hydrothermal method for
COD removal from landfill leachate. The results
of this adsorption study showed that GO-Fe,O,/
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WO, is an effective adsorbent for COD removal
from landfill leachates. The adsorption process of
COD reached equilibrium at optimum pH 4, 90
min, the adsorbent dosage of 25 mg/g, and below
293 K. The experimental adsorption data were
found to follow the adsorption kinetics from the
pseudo-second-order model and the Freundlich
isotherm equation, indicating that chemisorption
is the rate-determining step. The maximum
multilayered adsorption capacity of COD from
the leachate by the adsorbent is found to be
3561.83 mg/g. The thermodynamic model shows
that the adsorption of COD by the adsorbent is
exothermic and spontaneous. In conclusion, the
results showed that GO-Fe,O,/WO, sorbent can be
used as a potential adsorbent for the adsorption of
contamination from landfill leachates.
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