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This study was conducted to investigate the efficiency of the adsorption of iron oxide
nanoparticles (IONPs) for the removal of dissolved chemical oxygen demand (dCOD) in landfill
leachate. The IONPs were directly prepared via the sodium borohydride (KBH ) reduction
method. Adsorption kinetics, isotherm, and thermodynamic studies are developed to design the
model for dCOD removal. Pseudo-first-order (PFO) and pseudo-second-order (PSO) models
have been studied to fit the experimental data. The regression results showed that a PSO model
represented the adsorption Kinetics more accurately. The Weber—Morris intraparticle diffusion
model was used to analyse the adsorption kinetics data. The plot of q: versus tY? represents
multilinearity, which showed that the adsorption processes occurred in more than one step.
Adsorption isotherms were analysed using the Langmuir, Freundlich, Temkin, and Dubinin—
Radushkevich (D-R), and isotherms model. Equilibrium data were well fitted to the D-R
isotherm model. The Langmuir model was used to calculate the maximum monolayer adsorption,
which demonstrated a value of 69.44 mg/g. Thermodynamic parameters, such as free energy
changes (AG®), enthalpy (AH®), and entropy (AS°), were evaluated between the temperatures of
25°C and 40°C. The AG®° was noticed to have progressively decreased from —10.68, —10.87,
—11.07, and —11.27 kJ/mol with increasing temperature. The AH® and AS° values were found to
be 1.23 kJ/mol and 39.96 J/mol.K, respectively. The results showed that the overall adsorption
process was endothermic and spontaneous. This suggested that the IONPs could be a viable

adsorbent in managing higher dCOD problems associated with landfill leachate.
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Landfill leachate is a liquid that becomes polluted by
percolating through the waste within the landfill site
[1]. The extraction of nutrients and contaminants by
liquid medium from the solid waste will result in
leachate. The presence and continuous release of high
levels of various contaminants have contributed to
severe environmental and aquatic life problems. They
may harm humans with kidneys, lungs, and skin
problems [2]. Thus, it is highly recommended to
remove the leachate pollutants before their final
discharge into the environment.

Landfill leachate compositions are mainly
composed of organic matter, as well as inorganic and
xenobiotic organic compounds [1, 3]. There are
significant differences in the types of chemicals
present, some of which are the higher levels of COD,
NHs-N, colour, and type of heavy metals. These are
the main chemicals that pose environmental threats
[4]. The biological breakdown of trash in landfills will

slow down considerably as it becomes more stable.
This is because bio-refractory compounds called
recalcitrant organic matter will form [5]. Hence, the
leachate generated is more complicated and impossible
to treat via biological processes [6, 7]. The presence of
recalcitrant organic matter in landfill leachate hinders
the effectiveness of biological processes, both aerobic
and anaerobic. To meet regulatory standards for landfill
leachate discharge into water bodies, physicochemical
techniques can be employed as an alternative for pre-
or post-treatment of landfill leachate. The chemical
oxygen demand (COD) parameter is often used to
indicate the refractory portion of organic substances in
leachate from landfills.

Today, different techniques have been used
to clean up leachate from landfills. These include
advanced oxidation processes, such as Fenton [8, 9],
ozonation [10, 11], and electrochemical treatment [12,
13]. Chemical precipitation [14], membrane filtration
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[15], ion exchange [16, 17], and adsorption [3, 6] are
some other ways to clean up leachate from landfills.
From the aforementioned techniques, adsorption
using activated carbon (AC) is also a well-recognised
means of leachate treatment. The adsorption process
has emerged as an economical, efficient, and
environmentally friendly approach for recalcitrant
organic matter removal from landfill leachate.
Recently, the increased interest in nanotechnology has
resulted in the development of many types of metallic
and carbon-based nanomaterials for use as nanosorbents
(NS). NS are nanoscale particles from organic or
inorganic materials that have a high affinity to adsorb
substances [18]. Among the available NS, nanosized
metal oxides, such as iron oxide, are classified as the
most promising ones for the removal of pollutants
from aqueous systems. Iron oxide is cheap and readily
available, and it also has a higher affinity than any
other metal oxides [19].

Recently, there has been much interest in using
iron oxide nanoparticles (IONPs) as an adsorbent
because they have unique properties, such as their very
small size, high surface-area-to-volume ratio, ability
to change their shape, great magnetic strength, and
biocompatibility. Based on the above scenario,
numerous researchers have used iron oxide as an
adsorbent to treat heavy metals [20] and organic
compounds in wastewater [21]. However, treating
wastewater, such as landfill leachate, requires a deeper
understanding. Extensive investigations should be done
on their possible applications at existing landfill sites.
Therefore, the objectives of the present work are to
introduce new adsorbent IONPs and to examine their
effectiveness in removing dissolved chemical oxygen
demand (dCOD) from landfill leachate via batch
adsorption experiments. Adsorption isotherm data were
fitted into several isotherm models, such as Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich (D-
R). Kinetics and thermodynamic studies were also
conducted to obtain further information.

EXPERIMENTAL
Chemicals and Materials

All the chemicals used in this study were of analytical
reagent grade unless otherwise stated. Fe(NO3)3.9H,0
and NaBH4 were purchased from Merck. Landfill
leachate samples used in this study were taken from
the Matang landfill site (MLS) in Taiping, Perak,
Malaysia. The samples were collected from the active
detention pond and immediately transported to the
laboratory and stored in darkness at 4°C prior to their
use for minimising the chemical and biological
changes. The leachate samples were centrifuged with
a rotating speed of 10,000 r/min for 15 min and

4Fe®

(aq)
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filtrated through glass fibre and membrane (0.45 pm)
to remove suspended materials that may react with the
dissolved substances, as recommended by Jegadeesan,
et al. [13]. The organic matter in the filtrate was
identified as dCOD. The dCOD was determined by the
closed reflux method [22]. The sample was heated
with sulfuric acid and a strong oxidising agent,
potassium dichromate, for two hours. Oxidisable organic
compounds reacted, thus reducing the dichromate
ion (Cr.07*) to green chromic ion (Cr®*) and analysed
via the Hach spectrophotometer, DR 3900, at 620 nm.

For the preparation of IONPs, 10 g of
Fe(NO3)3.9H,0 was dissolved in a 500 mL mixture of
30% ethanol and 70% water. Then, 500 mL of 0.5 M
NaBH, was used as a reducing agent and added into
the Fe(NO3)3.9H20 solution dropwise while stirring
using a magnetic stirrer, as described by Mossa
Hosseini, et al. [23]. After the addition of NaBHa, the
solution was stirred for another 30 min. The black
precipitates were filtered by vacuum filtration through
Whatman (No. 1) filter papers and then washed with
ethanol and DI water three times. After drying, the
sample was heat-treated at 250°C for 4 h to convert
iron into iron oxide. The occurrence of synthetic
reaction is as follows (Equation 1).

Adsorbent Characterisation

The surface morphologies of IONPs were examined
using Extreme High Resolution Field Emission
Scanning Electron Microscope (XHR-FESEM), Model
FEI Verios 460L, equipped with Energy-dispersive
X-ray spectroscopy (EDS) analysis. Transmission
electron microscope (TEM) Philips CM12 with Docu
Version 3.2 image analysis were used to further
examine the IONPs samples. The surface area of
AC produced was characterised by nitrogen gas (N2)
adsorption at —196°C using ASAP 2010, Micromeritics.
Transform Infrared (FTIR) spectroscopy with potassium
bromide (KBr) pellet technique was applied for the
functional group identification. The IR spectra were
recorded on Frontier from Perkin Elmer in the range
4000-400 cm™! at resolution 2 cm™!,

Adsorption Study

The batch adsorption studies were carried out by
adding 100 mL of MLS leachate with a fixed initial
concentration of dCOD (360 mg/L), pH of 8.5 (no
adjustments were made in the pH) to different adsorbent
dosage (0.5 to 1.75 g). The samples were shaken in
a shaker and kept in isothermal at room temperature
(25°C £ 2°C) with the shaking speed at 125 rpm
within 24 h to reach the equilibrium condition.
Then, the samples were taken out and filtered using
a0.45-um nylon membrane before analysis to minimise

+3BH,+9H,0 — 4Fej, +3H,BO,+ 12H,, + 6H, Equation (1)

(aq)
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the interference of the adsorbent. Next, the samples
were taken from the filtered solution for dCOD uptake
analysis at different parameters. The adsorption capacity
of dCOD in the aqueous solution was calculated by
using Equation (2) as follows:

q.= [(CO -C, )V]/ wW Equation (2)

where, Ce (mg/L) and Co (mg/L) represent the
equilibrium and initial concentration of adsorbate,
respectively; W (g) denotes the adsorbent mass; and V
(L) refers to the solution volume. For the kinetics and
thermodynamic studies, the experiments were carried
out at three different adsorbent dosages (0.75, 1.25, and
1.75 g) and at four different temperatures (25°C, 30°C,
35°C, and 40°C), respectively. Table 1 shows that all
kinetics, isotherm models, and thermodynamic studies
were fitted to the experimental data using their linear
equations.
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RESULTS AND DISCUSSION
Adsorbent Characterisation

To characterise the prepared IONPs, several tests
were conducted to gain insights into the prepared
absorbent. Figure 1(a) shows the FESEM image that
clearly demonstrates the sphericality of the IONPs
particles. Each particle is composed of several smaller
nanoparticles. The EDS analysis of the adsorbent
verified that iron (Fe) and oxygen (O) were the primary
elemental components, as illustrated in Figure 1(b),
suggesting a high level of purity of the IONPs produced.
The results presented here are consistent with previously
reported data by Khosravi and Azizian [24]. Figure 1(c)
showed the TEM images of the prepared IONPs. The
images obtained were noticed similar as reported by
Phu, et al. [25] during a characterisation study of
amorphous iron-chromium oxide nanoparticles prepared
by sonochemistry. Well-shaped spherical or ellipsoidal

Table 1. Equations of kinetics, isotherm models and thermodynamic study.

Parameters Equation

Nomenclature

Pseudo-first

order (PFO) In(q.-a,) =Ing.-Kt

@)

g, = amount adsorbate quilibrium (mg/g)
g,= amount adsorbate retained at time (mg/g)
q,,= monolayer capacity of the adsorbent (mg/g)

Pseudo-second

Order (PSO) t/qt = (1/k2qe2) + (1/qe ) t

t = time (min)

(4) | k,=PFO rate constant (1/min)

k,= PSO rate constant (g/mg.min)

Intraparticle

— 0.5
diffusion (IPD) G=kpt™+C

k,,= IPD rate constant (mg/g/min°®)

(5) C, = thickness of the boundary layer (mg/g)

b = Langmuir adsorption equilibrium constant (L/mg)

C./q.=1/bg, + C./q,,;

C, = equilibrium concentration (mg/L)
C,= initial concentration (mg/L)
R, = separation factor

n = adsorption intensity
K= constant relating the adsoprtion capacity (L/g)

(7) K, = Temkin equilibrium binding constant (L/g)

b, = Temkin isotherm constant (mg/L)

R = gas constant (8.314 J/mol.K)

(8) T = absolute temperature (K)

q,= theorytical saturation capacity (mg/g)

k,,= adsorption equilibrium constant

¢ = Polanyi potential

(9) | B =constant related to adsorption energy (mol’k/J2
p qy

E = free energy (kJ/mol)

Langmuir R, = ]7/(1+ bC,) (6)
Freundlich Ing.=InKg+ (1/n)InC,
Temki g.=BInK; +BInC, ;
emKin B = RT/b,
Ing, =Ing,— k, £ ;
D-R e=RTIn [1+1/C, |;
E=1/J2B
InK,=—AG®/RT ;

Thermodynamic  InK,= (AS°/R)—(AH°/RT);

AG® = AH°-TAS°®

k= adsorption equilibrium constant (I/mg)
AG?® = free energy (kJ/mol)

(10) | AS° = change in enthalpy (kJ/mol)

AH° = change in entropy (J/mol.K)
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iron oxide nanoparticles (IONPs) were observed
in the TEM images. Figure 1(d) illustrates the particle
size distributions via a histogram, which was obtained
by measuring 100 nanoparticles, as recommended by
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Baseri and Tizro [26] and Mossa Hosseini, et al. [23].
Investigation on the diameter of 100 nanoparticles
from TEM images demonstrates that the IONPs
relatively had the diameter size of 40 £ 5 nm.
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Figure 1. (a) FESEM image; (b) EDS analysis result; (c) TEM image; (d) histogram of particle size
distributions; (e) N2 adsorption-desorption analysis; and (f) FTIR analysis spectrum of IONPs.
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The BET surface area, total pore volume, and
average pore diameter of the prepared adsorbent
were 140.35 m?/g, 0.3673 cm?®/g, and 10.47 nm,
respectively. IONPs demonstrated a minimal nitrogen
uptake at low relative pressure and present type Il
according to the IUPAC classification. The IONPs
hysteresis loop was identified as H3, as the loop does
not have a plateau at high (P/P,) values. Figure 1(c)
shows that the FTIR spectrum obtained for the
prepared IONPs displayed the following bands: 3736
and 3617 cm™! are attributed to O—H vibrations in
hydroxyl groups [27], while the peak at 3431 ¢cm™!
is caused by the O—H stretching vibrations of the
hydroxyl group in the adsorbed water molecules [28].
Meanwhile, the absorption peak at 1635 cm™' can
be assigned to the C=0 stretching [24]. The spectra
also contained a strong band at 570 cm™!, which is
attributed to the stretching vibration of Fe3*—0? bond
in the tetrahedral position in the spinel structure.
Moreover, a less intense peak at 1430 cm™' can be
detected, thus corresponding to the Fe3*-0> bond in
the octahedral position. The variation in the absorption
band between the Fe**~0?" bond in the octahedral and
tetrahedral positions is attributed to the discrepancy in
the bond length of Fe¥*-0? in these two positions.
Several researchers, including Hung, et al. [28] and
Li, et al. [29], also asserted similar findings. After
adsorption, slight changes were observed, including
the appearance of new peaks at the region 2936 cm™!
and the widening of peaks at regions 3854 and 3443
cm™!, which relate to the single bond —OH and single
bond Si—-OH groups. Moreover, the aromatic ring is
assigned to the band at 1500 to 1600 cm™'. These
findings are consistent with the studies reported earlier
by Wang and Wang [30]. It was observed that there is
a notable difference between the FTIR spectra of
IONPs before and after the adsorption studies. These
differences in the FTIR spectra indicate that the
organic molecules have successfully attached themselves
to the surface of the IONPs. This has resulted in a
change in both peak position and intensity.

Kinetics Study

This present study used the pseudo-first-order (PFO)
and pseudo-second-order (PSO) methods to analyse
the experimental data, such as the controlling
mechanisms of the adsorption process, including
chemical reaction, diffusion control, and mass transfer
[31]. The parameter data of PFO and PSO can be
determined from the slope and intercept of the plot
In(ge—qr) against t and plot t/q; against t by the linear
Eqg. (3) and (4), respectively. Table 3 lists the
parameters obtained in the PFO and PSO equations,
together with their R? and Qeca. The plot In(ge—qr)
against t (figure is not shown) gave a less linear
relationship, resulting in a low R? value. Additionally,
there was a significant difference between the
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experimental and calculated values of ge, indicating
that the experimental data did not fit well with the PFO
kinetics model. However, the plot t/q: against t (Figure
2(a)) showed a linear relationship, and the R? value
(~0.9990) for the PSO kinetic model was relatively
higher than that of the PFO. Moreover, the geca Value
derived from the PSO model was close to the Qeexp
value. Thus, these results suggest that the PSO model
provided a good correlation for the adsorption of COD
onto IONPs. Most of the previous studies also report
PSO kinetic for adsorption, such as the adsorption of
methyl orange onto pumpkin seed powder [32] and
the adsorption of reactive orange by iron oxide
nanospheres [24]. The PSO kinetic model also verified
that the chemisorption was the rate-controlling step
over the whole adsorption process [33].

The study examined the intraparticle diffusion
(IPD) model as the PFO and PSO kinetic models failed
to identify any diffusion mechanism [34]. IPD focuses
on the diffusion of adsorbate molecules within the
interior of the adsorbent particles. IPD assumes that
the rate-limiting step in the adsorption process is the
diffusion of the adsorbate from the external surface of
the adsorbent particles into the internal pore structure.
The IPD parameters (kip and C) were calculated from
the plot g: vs. t*2 slope and intercept, and the data are
presented in Table 2. The plot g vs. t*2 (Figure 2(b))
showed multilinearity, indicating that more than one
step occurs during the adsorption of dCOD. Similar
adsorption patterns have been observed in previous
studies. According to the study, the first portion of the
plot is the instantaneous adsorption or external surface
adsorption stage (Stage 1). Here, the adsorbate
(dCOD-contributed molecules) migrated from the
solution to the exterior surface of the adsorbent
(IONPs) particles due to bulk diffusion. The second
portion is the gradual adsorption stage (Stage II),
where the COD molecules moved within the particles
due to intraparticle diffusion. In the final equilibrium
stage (Stage I11), the COD molecules were adsorbed at
the sites on the interior surface of the IONPs.
Moreover, the multilinearity observed in the plot
suggests that intraparticle diffusion is not the rate-
limiting step. The study observed that the value of kip:
and kipz decreased with increasing adsorbent dosage
from 7.5 to 17.5 g/L. Additionally, the values of kipz
were found to be larger than kip; at a constant
adsorbent dosage. This indicates that the adsorption
was rapid at the initial stage; however, the adsorption
became slower beyond this stage, and there was no
further adsorption when equilibrium was achieved.
The magnitude in the C; pattern with the changes in
adsorbent dosage was not very clearly observed.
However, in the second stage, it was noticed that
C. had decreased with increased adsorbent dosage due
to the higher adsorbent dosage that weakened the
boundary layer effect.
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Table 2. Kinetics and intraparticle parameters for the adsorption of dCOD onto IONPs.

Kinetic model
Dosage/ Ce.exp Pseudo first order Pseudo second order
volume (g/L)  (mg/g) Cle.cal K R Oe,cal Kz R?
(mg/g) (1/min) (mg/g) (9/mg min)
7.5 57.32 48.45 0.0444 0.9851 58.48 0.0028 0.9993
12.5 53.15 44.07 0.0642 0.9909 54.35 0.0043 0.9990
175 47.32 35.21 0.9801 0.9801 48.78 0.0043 0.9989
Intra-particle diffusion model
Dosage/ volume
(/L) lel_ C1 R? lez_ C> R2
(mg/g min®®)  (mg/g) (mg/g min®%)  (mg/g)
7.5 14.071 1.7675 0.9803 4.222 36.816 0.9573
12.5 13.392 0.5701 0.9761 4.203 30.338 0.9206
17.5 11.854 -0.6029 0.9967 3.167 27.937 0.9690
100
6.0 4 (a) (b)
50 J 80 A
4.0 - 60 -
= D
530 1 E
& 40 -
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Figure 2. (a) Pseudo-second-order kinetic; and (b) Intraparticle diffusion for the adsorption of dCOD onto the
IONPs.

Isotherm Study

The data obtained from the equilibrium adsorption
study were analysed using four isotherm models,
namely, Langmuir, Freundlich, Temkin, and D-R.
These models were used to examine the adsorption
behaviour in detail. The linear plot of adsorption
isotherm model and the adsorption parameters based
on each isotherm equation, along with a determination
coefficient (R?), are shown in Figure 3 and listed in
Table 3. According to the linear regression (R?)
analysis method, it was observed that the values of the
correlation coefficients were slightly high (>0.9300).
This finding shows that the results fitted these four
models very well. Upon a more detailed examination
of the isotherm data using root-mean-square error
(RMSE) and chi-square (¥?) analysis, it was
determined that the D-R isotherm model is the most
suitable for describing the adsorption of dCOD on the
IONPs. This conclusion is based on the model’s ability
to achieve low values for both analyses. Moreover,
adsorption was observed to have complied with the D-
R isotherm model better than the Langmuir did due to
several factors: (a) Surface heterogeneity: The D-R
model is often used when the adsorbent surface is
heterogeneous; (b) The D-R model can account for

multilayer adsorption and is often used for adsorption
on porous materials with complex pore structures; and
(c) The comparison of the experimental adsorption
data with the predictions of both the Langmuir and D-
R models.

For the Langmuir isotherm, isotherm parameters
b and gm can be determined from the slope of the plot
of Ce/qe vs. Ce from the linear Eq. (6). In the conditions
studied, the Langmuir model predicted a maximum
adsorption capacity (gm) of 69.44 mg/g. The calculated
Rc value was 0.1460, which is greater than zero and
less than unity, indicating favourable adsorption of
dCOD onto IONPs. A previous study by Ezechi, et al.
[35], claimed that for favourable adsorption, 0 < R <
1; unfavourable adsorption, R, > 1; linear adsorption,
R = 1; and the adsorption process is irreversible if R
= 0. For the Freundlich isotherm model, the values of
n and K can be calculated from the plot of In ge vs. In
Ce using Eq. (7). Based on Table 3, n and K¢ were
found to be 4.1754 and 10.6632, respectively, with
R? =0.9341. According to Abbas and Trari [36], the
Temkin isotherm represents the quantity of heat
needed for the adsorption by one layer of adsorbate
on the surface of the adsorbent. Temkin isotherm
constants were determined from the slope and
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intercept of the plot of ge vs. In C. from the linear Eq. the D-R linear equation from Eqg. (9). The value of g,
(8). From Table 3, the calculated value of B was 12.61 Kag, and E was found to be 60.38 mg/g, 1.26 x 1073
J/mol, while that of bt and K; were 196.46 mg/L and mol?/kJ?, and 6.30 KJ/mol, respectively. In the case
6.32 x 1072 L/g, respectively. The adsorption energy of E < 8 kJ/mol, physical forces may affect the

(E) can be calculated from the plot of €2 vs. In ge using adsorption [36].
25 41
(a) (b)
20 411 *
. 4.0 -
L5 =
(@) y =0.0144x + 3.5199 £ 40 | y =0.2395x + 2.3668
Rz =0.9960 ' R2=0.9341
101 39 -
4
5 T T T 3.9 T T T T
500 700 900 1100 1300 6.2 6.4 6.6 6.8 7.0 7.2
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(c) (d)
58 1 4.1
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55 1 4.0 1 y = -0.0126x + 4.1007
o Rz=0.9799
53 S4.0
y=12.611x-31.35 —=
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Figure 3. Plots of: (a) Langmuir; (b) Freundlich; (c) Temkin; and D-R isotherm for dCOD adsorption onto the
IONPs.

Table 3. Langmuir, Freundlich, Temkin, and D-R constants for dCOD adsorption onto the IONPs.

Langmuir Freundlich Temkin Dubinin-Radushkevic

gm (Mg/g) 69.44 n 41754 B (J/mol) 12.61 gs (mg/g) 60.38
b (L/m 4.09x10°73 br (mg/L 196.46 Kad (Mol?/kJ? 1.26x1072

(RL ) 0.1460 Ke(Lfg) 106632 Kt((L%g)) 6.32x1072 E ((KJ/moI)) 6.30
R? 0.9960 R? 0.9341 R? 0.9427 R? 0.9799
RMSE 0.6151 RMSE 0.7754 RMSE 0.7191 RMSE 0.4207
b 0.0434 27 0.0681 e 0.0587 e 0.0196

Table 4. Thermodynamic study for adsorption of dCOD onto IONPS.

Temperature Kad AG® AH° AS°
°C (mL/g) (kJ/mol) (kJ/mol) (J/mol.K)
25 74.54 -10.68
30 75.13 -10.87
35 75.36 -11.07 1.23 39.96

40 76.47 -11.27
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Thermodynamic Study

The van 't Hoff plot (figure not shown) uses the slope
and intercept of the plots of In Kp versus 1/T to
determine the values of AH® and AS°. Based on Table
4, the Gibbs free energy (AG®) for dCOD was found
to be between —10.68 and —11.27 kJ/mol when the
temperature increased from 25°C to 40°C. Meanwhile,
the negative AG® values indicate the occurrence of a
spontaneous physisorption. Moreover, the negative
values of AG® increased with increasing temperature,
suggesting more spontaneous adsorption at higher
temperatures [34]. The calculated AH® value was 1.23
kJ/mol, which indicates that the adsorption process
was endothermic. This result suggests that the
adsorption was physical in nature, involving weak
forces of attraction between the adsorbate and the
IONPs. The low value of AH® (less than 40 kJ/mol)
implies that there was loose bonding between the
adsorbate molecules and the adsorbent surface. In
the case of entropy (AS®), it was found to be 39.96
J/mol.K. The positive value of AS®° resulted from the
increased randomness due to the adsorption of dCOD,
which suggested good affinity of the solute molecule
towards the IONPs and increased randomness at the
solid-solution interface during the fixation of organic
solute on the active site of the adsorbent [34]. A
similar finding was also reported by Adane, et al. [37].

CONCLUSION

The current investigation indicates that IONPs is a
promising adsorbent for reducing dCOD from landfill
leachate. The equilibrium data were fitted to various
isotherms, such as Langmuir, Freundlich, Temkin, and
D-R. However, the D-R isotherm model was found to
be the best fit. Using Langmuir model, the maximum
monolayer adsorption was calculated to be 21.74 mg/g.
Thermodynamic parameters, such as free energy
changes (AG°®), enthalpy (AH®), and entropy (AS°),
were evaluated between 25°C and 40°C. The AG®
decreased progressively from —10.68 kJ/mol to —11.27
kJ/mol as the temperature increased. The AH® and AS°
values were found to be 1.23 kJ/mol and 39.96
Jimol.K, respectively. The results indicate that the
overall adsorption process was endothermic and
spontaneous. The findings suggest that IONPs could
be a viable adsorbent in managing higher dCOD
problems associated with landfill leachate.
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