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a b s t r a c t
The management of landfill leachates, complex refractory wastewater which contains a host of 
organic pollutants, ammonia and degradation by-products, is a unique environmental challenge 
to the natural ecosystems. In this study, the preparation of a low-cost adsorbent from natural clay 
was implemented as a pre-treatment option for the adsorptive removal of chemical oxygen demand 
(COD) and ammonical-nitrogen from the semi-aerobic sanitary landfill leachate. The microstructure 
and surface chemistry were examined by porosity measurement, scanning electron microscopy and 
Fourier-transform infrared spectroscopy. Results manifested that the adsorptive removal of COD 
and ammonical-nitrogen was denoted at 71.93% and 68.94%, respectively, with a maximum mono-
layer adsorption capacity for COD and ammonical-nitrogen of 89.18 and 151.61 mg/g, respectively. 
The findings provided concrete evidence to support the potential of natural clay derived adsorbent 
as a prerequisite step on a large scale, for the innovative purification of highly contaminated landfill 
leachate.
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1. Introduction

During the past several decades, the exponential pop-
ulation growth, changes in productivity, consumption hab-
its and resource use, have been accompanied by the rapid 
generation of municipal and industrial solid waste. In 
1994, the global municipal solid waste production rate was 
reported at 1.3 billion tonnes per day, equivalent to an aver-
age of two-thirds of a kilogram per capita per day. In 2008, 
the figure has risen by 31.1%, designated a generation rate 
of 1.7 billion tonnes per day [1]. The disposal of municipal 
solid waste in sanitary landfills is recognized as the most 
common and desirable integral indispensable solid waste 
management practice, due to its simplicity of design, lower 
operating cost, and landscape-restoration of holes from min-
eral workings [2].

An important aspect related to the planning, opera-
tion and long-term management of municipal solid waste 

landfills is the generation of landfill leachate, and its subse-
quent contamination of the surrounding land and aquifers 
systems. This municipal solid waste would undergo physi-
cochemical and biological changes; as a consequence of the 
decomposition of the organic fractions, along with the perco-
lation of rainwater and moisture content, leading to the pro-
duction of highly contaminated landfill leachate [3]. Under 
normal conditions, it would migrate down through the pores 
within the waste mass, and in modern containment landfills, 
it would drain away in the engineered drainage layer, to be 
collected at the lowest point in a sump or storage reservoir. 
Typically, the characteristic of the landfill leachate, can be 
best represented by chemical oxygen demand (COD), total 
organic carbon (TOC), biochemical oxygen demand (BOD5), 
BOD5/COD ratio, pH, suspended solids or ammonical-nitro-
gen (NH3–N), that contains a broad variety of heavy met-
als, aromatic hydrocarbons, phenols, chlorinated aliphatic, 
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inorganic salts, recalcitrant compounds, anthropogenic 
chemicals, and other endocrine-disrupting constituents [4]. 
If poorly managed, the landfill leachate could become a 
major source of hydro-geological pollution for the receiving 
streams, creeks, water wells and the natural environment, to 
induce synergistic, toxicity, and genotoxicity [5].

Relatively, a couple of 100 hazardous compounds have 
been identified in the heterogeneous landfill leachate, by 
imposing a significant influence on the mobilization and 
attenuation towards the complexation of organic ligands 
and colloidal matters [6]. The adverse impacts of overload-
ing in the sensitive ecosystems are becoming increasingly 
noticeable with several substances with confirmed carcino-
genic or co-carcinogenic potential that were indicated in the 
landfill leachate, while others were expected to be persistent 
and highly bio-accumulative [7]. In recent decades, a wide 
range of new tertiary treatment processes for contaminant 
removal has abounded. Of major interest, adsorption is con-
sidered as the best treatment method, mainly hinges of its 
ease of operation, insensitivity to toxic substances and high 
removal capability, even from the dilute concentrations [8].

Despite its prolific use in water purification, the wide-
scale implementation is deteriorated by the poor economic 
feasibility associated with the adsorbents manufacture and 
regeneration costs. In this sense, the call for an eco-friendly, 
cost-effective, industrially viable and renewable adsorbent 
would be an interesting strategy to lower the treatment 
cost, and enables the on-site remediation of landfill leach-
ate [9]. Clay minerals, a member of the class of layered alu-
mino-silicates, that make up the colloid fraction (<2 μm) of 
soils, sediments, rocks and water; or composed of a mix-
ture of fine-grained minerals, crystals, quartz, carbonate 
and metal oxides, are ubiquitous present in nature [10]. It is 
characterized by a low hydraulic conductivity, high spe-
cific surface charges, and play an important role as a nat-
ural scavenger of water pollutants through ion exchange 
or adsorption processes [11]. Within this framework, the 
present work was undertaken towards the upgrading of 
the available natural clay into a low-cost, active functional-
ized adsorbent by chemical modifications for the innovative 
treatment of sanitary landfill leachate. The batch adsorption 
behavior was investigated as a prerequisite step on a large 
scale, for the on-site remediation of contaminated leachate 
samples. The structural, functional and surface chemistry of 
the prepared adsorbent was evaluated. The effects of adsor-
bent dosage loadings, contact time, and solution pH on the 
adsorption performance were evaluated. Moreover, the 
adsorption isotherms and kinetics are elucidated.

2. Materials and methods

2.1. Sanitary landfill leachate

The leachate samples were collected from a munici-
pal waste sanitary landfill Pulau Burung landfill site 
(PBLS), located within the Byram Forest Reserve at 5°24’N, 
100°24’E, in Penang, Malaysia. PBLS has been developed 
semi-aerobically into a Level II sanitary landfill employed 
a controlled tipping technique, and it was upgraded into a 
Level III sanitary landfill by controlled tipping with leachate 
recirculation system. The site has a natural marine clay liner 

with a total area of 33 ha, and is one of the only three sites 
of its kind in Malaysia.

The leachate samples were collected from the active 
detention pond with a leachate age of less than 5  years, 
and instantaneously transported to the laboratory, and 
stored in darkness at 4°C with minimum exposure to sur-
rounding air as to minimize the chemical and biological 
changes. The mean characteristics of the leachate samples 
are presented in Table 1. The COD of the leachate varied 
between 1,810 and 2,850  mg/L, while the BOD5 was less 
than 200 mg/L. Ammonia’s strength, a major pollutant in the 
landfill leachate was identified to be 1,949 mg/L. Chemical 
analysis was performed according to the Standard Method 
of Water and Wastewater [12]. All experiments were under-
taken in triplicates.

2.2. Natural clay derived functionalized adsorbent

Natural clay (NC) applied as a raw material in this 
work was procured locally. The raw precursor was washed 
exhaustively with deionized water to remove adhering dirt 
particles and water-soluble impurities from the surface. The 
clay was ground, sieved and screened to the desired mesh 
size of 1–2 mm. The clay micro-powder was mixed with 6 M 
of sulphuric acid solution at 75°C with occasional stirring at 
the stirring speed of 200 rpm for 4 h. The modified sample 
acid-modified natural clay (ANC) was rinsed repeatedly 
with hot and cold distilled water until the pH of the washing 
solution reached 6–7.

2.3. Physical and chemical characterizations

Scanning electron microscopy (SEM) was uniquely 
applied to identify a magnified, three-dimensional view 
of the modified clay surface with great depth of focus. The 
textural morphology was imaged using the Zeiss Supra 35 
VP SEM (Carl Zeiss SMT, Oberköchen, Germany) equipped 
with W-Tungsten filament (Lanthanum-Hexaboride Field 
Emission), operated at 10–15 kV of speed voltage, 15 eV of 
resolution, and orientation of 35° with Mn Kα as the energy 
source.

The elemental compositions of natural clay and ANC 
were ascertained by energy-dispersive X-ray spectroscopy 
(EDX) analysis, which involves the generation of X-ray 
spectrum from the entire scan area of the SEM.

Table 1
Mean characteristics of the leachate samples

Parameter Units Measurement Discharge 
limitValue Average

pH – 8.30–9.17 8.58 6.0–9.0
COD mg/L 1,810–2,850 2,321 400
NH3–N mg/L 1,630–2,200 1,949 5
Colour Pt–Co 4,250–5,760 5,094 100
Turbidity FAU 128–330 211 –
Suspended solid mg/L 114–360 181 50
Conductivity μS/cm 21,850–26,230 24,340 –
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The pore structural characterization was determined by 
the nitrogen adsorption-desorption curve using an automatic 
Micromeritics ASAP-2020 volumetric adsorption analyzer 
(Micromeritics Inc., USA). A  21-point analysis was carried 
out at 77 K to obtain the nitrogen adsorption isotherm. The 
specific surface area (SBET) was calculated by the Brunauer–
Emmett–Teller (BET) equation; the total pore volume (VT) was 
evaluated by converting the adsorption volume of nitrogen 
at relative pressure of 0.95 to equivalent liquid volume of the 
adsorbate, while the micropore volume, micropore surface 
area, and external surface area were deduced using the t-plot 
method. Chemical characterization of surface functional 
groups was detected using the pressed potassium bromide 
pellets containing 5% of carbon sample by Fourier-transform 
infrared spectrometer (FTIR-2000, PerkinElmer, Llantrisant, 
UK). The FTIR spectra were recorded from 4,000 to 400 cm–1.

2.4. Batch adsorption studies

The batch adsorption experiments were carried out in 
a series of Erlenmeyer flasks containing 200 mL of leachate 
solution. The flasks were kept in an isothermal water bath 
shaker at 30°C with an agitation speed of 120 rpm. The sam-
ples were collected at prescribed time intervals. All samples 
were filtered using a syringe filter prior to analysis to min-
imize the interference of clay fines with the analysis. The 
adsorptive uptake of COD and ammonical-nitrogen (mg/g) 
at equilibrium qe and time qt were calculated by:

q
C C V
Wt

t=
−( )0 	 (1)

q C V
We

eC
=

−( )0 	 (2)

where C0, Ct and Ce (mg/L) are the liquid-phase concentra-
tions of COD and ammonical-nitrogen at initial, time t (min), 
and equilibrium, respectively. V is the volume of the solution 
(L), and W is the mass of adsorbent used (g). The pollutant 
removal (R %) was determined by:

R
C C
C

e=
−( )

×0

0

100 % 	 (3)

The analytical determination of COD and ammonical-
nitrogen was conducted using the closed reflux colorimetric 
and nesslerization methods, with a visible spectrophotome-
ter (HACH DR2500, HACH Company, Loveland, CO, USA).

3. Results and discussions

3.1. Effect of adsorbent dosage on the adsorptive uptake 
of COD and ammonical-nitrogen

Adsorbent dosage is the predominant variable affecting 
the adsorption process, due to the reason that it predicts the 
cost-effectiveness of the treatment system [13]. The retention 
of COD and ammonical-nitrogen to the variation of adsor-
bent dosage is depicted in Fig. 1. The adsorptive removal 
of COD and ammonical-nitrogen increased proportionally 

to the increase in adsorbent dosage from 0.5  g/200  mL to 
4.5 g/200 mL. It is possible to suggest that by increasing the 
adsorbent dosage, there would be a greater availability of 
surface area and exchangeable binding sites for the entrap-
ment of water pollutants. The optimum adsorptive uptake 
and adsorptive removal of COD and ammonical-nitrogen 
are denoted at 65.60 mg/g and 71.93%, and 48.62 mg/g and 
68.94%, respectively.

Beyond the optimum dosage of 4.5 g/200 mL, there was 
no appreciable increase in the removal of COD and ammon-
ical-nitrogen. Further increment in adsorbent dosage illus-
trated a slight decline of adsorptive uptake, consequence 
of the unsaturation of adsorption sites during the adsorp-
tion process. Additionally, higher adsorbent dosage could 
impose particle interaction, resulting from the aggregation 
and overcrowding of adsorbent particles. Such aggregation 
would lead to a decrease in the accessible surface area of 
ANC, lowering the pollutant removal per unit of adsorbent. 
The reduction in the adsorption capacity could be ascribed 
to the overlapping of the adsorption site as a result of over-
crowding of adsorbent particles beyond 4.5 g/200 mL [14]. 
The statement was supported by the screening effect at 
a higher adsorbent dosage on the dense outer layer of the 
acid-activated natural clay, which shielding the binding sites 
from the COD and ammonium ions, lowering the COD and 
ammonical-nitrogen removal per unit of adsorbent.

3.2. Effect of contact time on the adsorptive uptake of COD 
and ammonical-nitrogen

The adsorptive uptake of COD and ammonical-nitrogen 
as a function of time, t was performed at the adsorbent dos-
age of 4.5 g/200 mL, and operating temperature of 30°C, as 
displayed in Fig. 2. Generally, the plots could be divided 
into three distinct regions: rapid adsorption during early 
stage, gradual adsorption till the equilibrium, and a plateau 
[15]. It is apparent from Fig. 2 that the adsorption process 
increased sharply at the initial stage, indicating the avail-
ability of readily accessible sites. The process was gradually 
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slower, and the remaining vacant surface sites were difficult 
to be occupied due to the repulsive force between the solute 
molecules on the solid and bulk phases, as the equilibrium 
approached [16].

At this point, the COD and ammonium ions desorbing 
from the adsorbent is in a state of dynamic equilibrium with 
the amount of COD and ammonical-nitrogen being adsorbed 
onto the adsorbent. The time required to attain this state of 
equilibrium is termed as equilibrium time [17]. The amount 
of COD and ammonium ions adsorbed at equilibrium 
reflected the maximum adsorption capacity of the adsorbent 
under those operating conditions. Possibly, at the beginning, 
the solutes molecules were adsorbed onto the exterior sur-
face of ANC. When the adsorption of the exterior surface 
reached to the saturation, the molecules need to diffuse into 
the interior surface. The time profile of COD and ammoni-
cal-nitrogen uptake is a single, smooth and continuous curve 
leading saturation, suggesting possible monolayer coverage 
of COD and ammonium ions onto the surface of ANC [18]. 
The adsorption equilibrium of COD and ammonical-nitrogen 
onto ANC was completed within 2.33 and 1.75 h, respectively. 
The contact time required for the leachate treatment process 
was relatively short, indicating its economical availability for 
the real practical applications.

3.3. Effect of solution pH on the adsorptive uptake of COD 
and ammonical-nitrogen

Solution pH is an important operational parameter 
affecting the degree of ionization and solubility of adsor-
bate, the concentration of the counterions, and surface 
charge of a solid adsorbent [19]. The adsorption behavior 
of COD and ammonical-nitrogen over a broad pH range 
of 2–10 is shown in Fig. 3. Generally, a stabilized leachate 
may contain a high amount of polar and nonpolar aggre-
gated organic constituents, in the form of proteins, carbo-
hydrates, detergents, lignin, tannins, fulvic acid, melanic 
acid, and humic acid, usually expressed in term of COD 
[20]. The extent of adsorption of these colored impurities 
depends primarily on their molecular weight, ionic charge, 

pH level, and hydrophobicity. The removal of these aggre-
gation organic compounds may involve Van der Waals 
interactions between the non-ionic head and the hydropho-
bic matrix, and counterion displacement and electrostatic 
force between the positively charged quaternary ammo-
nium functional group and negatively charged carboxylic 
or sulfonic groups [21].

Increasing the pH from 2 to 7 showed an enhancement 
of the adsorptive uptake for COD from 26.96 to 72.45 mg/g, 
and then it steadily decreased. The lower adsorption at 
a strong acidic pH of 2 to 4, can be attributed to the high 
mobility of H3O– ions competing with the organics cations 
for the adsorption sites. Similarly, it is likely that a strong 
electrostatic repulsion force presents between H3O– cations 
with the positively charged quaternary ammonium func-
tional groups of adsorbent, leading to a sharp reduction of 
adsorption. In the basic medium of 8 to 10, the abundance 
of OH– ion would induce a strong hindrance to the diffusion 
of organics anions. This interaction would mutually inhibit 
the adsorptive uptake of COD onto ANC [22]. Conversely, 
ammonical-nitrogen could present as NH4

+ in the acidic con-
dition (Eq. (4)), and present as NH3 in the basic medium 
(Eq. (5)). It was clearly revealed that the adsorptive uptake of 
ammonical-nitrogen from the aqueous media increased by 
decreasing the solution pH from 12–7 with the presence of 
protons.

NH H O NH OH3 2 4+ ↔ ++ − 	 (4)

NH H O NH H O3 3 4 2+ ↔ ++ + 	 (5)

NH OH NH H O4 3 2
+ −+ ↔ + 	 (6)

The presence of protons, arising from the displacement 
of equilibrium to the right (Eq. (6)) favors the Lewis acid–
base interaction. However, at a strong acidic pH of 2 to 5, 
the presence excess of H3O– cations would introduce a strong 
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competitive effect to NH4
+ cations for the surface actives sites 

to retard the adsorptive uptake of ammonical-nitrogen [23].

3.4. Adsorption isotherm

Adsorption equilibrium is established when an adsor-
bate containing phase has been contacted with the adsor-
bent for sufficient time, with its adsorbate concentration in 
the bulk solution is in a dynamic balance with the interface 
concentration. Adsorption isotherm is an invaluable data 
interpretation and predication that is essential for modeling 
analysis, operational design, and applicable practice of the 
adsorption systems [24]. Due to the inherent bias result-
ing from linearization, alternative isotherm parameter sets 
were determined by non-linear regression. This provides a 
mathematically rigorous method for determining the iso-
therm parameters using the original form of the isotherm 
equations. In the present work, the nonlinear Freundlich, 
Langmuir and Temkin isotherm models have been adopted.

Freundlich isotherm [25] is the earliest known relation-
ship describing the non-ideal and reversible adsorption. 
This empirical model provides knowledge with regard to 
the surface heterogeneity and the exponential distribution 
of active sites, and their energies represented by:

q K Ce F e
n= 1/ 	 (7)

where KF (mg/g)  (L/mg)1/n and 1/n are the Freundlich 
adsorption constant, and a measure of adsorption intensity. 
Langmuir isotherm model, originally developed to describe 
gas–solid-phase adsorption systems, has been traditionally 
applied to quantify and contrast the performance of differ-
ent bio-sorbents [26]. The model was formulated according 
to the fundamental assumptions that monolayer adsorption 
takes place at a finite number of localized sites, with each 
site holds homogeneity with the adsorbate molecules, and 
is energetically equivalent; with no interaction between the 
neighboring surfaces. The nonlinear form of the Langmuir 
isotherm model is written as:

q
Q K C
K Ce
L e

L e

=
+
0

1
	 (8)

where Q0 (mg/g) and KL (L/g) are the Langmuir isotherm 
constants related to adsorption capacity, and energy of 

adsorption. Temkin isotherm assumes that the adsorption 
heat of all the molecules in the layer would decrease linearly 
with surface coverage due to the adsorbate–adsorbent inter-
actions [27]. The derivation is described by a uniform distri-
bution of binding energies given by:

q B ACe e= ( )ln 	 (9)

where B = RT/b, and b (J/mol), A (L/g), R (8.314 J/mol K) and 
T (K) are the Temkin isotherm constant related to the heat 
of sorption, equilibrium binding constant, gas constant, and 
absolute temperature, respectively. The applicability of the 
isotherm models was carried out by judging the correlation 
coefficient, R2 values, defined as:

R
q q

q q q q
e e

e e e e

2

2

2 2=
−( )

−( ) + −( )
,meas ,calc

,meas ,calc ,meas ,calc∑∑
	 (10)

where qe,meas and qe,calc are the measured and calculated con-
centration (mg/g), respectively, and q̄e,calc is the average qe,calc 
(mg/g). The validity of the models to fit the data was fur-
ther justified by the root-mean-squared errors (RMSE), the 
commonly used statistical tool measuring the predictive 
power of a model derived as:

RMSE cal exp
=

−( )











=

∑1
2

1N

q q

q
i i

ii

p
, ,

,exp

	 (11)

where qi,calc (mg/g) is the calculated amount of COD or 
ammonical-nitrogen that was adsorbed using the kinetics or 
isotherm adsorption models, qi,exp (mg/g) is the experimen-
tally measured amount of adsorbed COD or ammonical-
nitrogen, and N is the number of experimental data points.

The detailed parameters of these different forms of iso-
therm equations are listed in Table 2. The highest R2 and 
lowest RMSE values reported in Table 2 showed a strong 
positive evidence that the adsorption of COD and ammoni-
cal-nitrogen onto ANC was best described by the Langmuir 
isotherm model, with a monolayer adsorption capacity for 
COD and ammonical-nitrogen of 89.18 and 151.61  mg/g, 
respectively. The best correlation with the Langmuir 
isotherm model indicated homogenous distribution of 
adsorbates molecules onto the active site of the ANC surface. 

Table 2
Adsorption isotherm parameters for the adsorption of COD and ammonical-nitrogen onto ANC

Isotherms Constants

COD Ammonical-nitrogen

Freundlich n KF (mg/g) (L/mg)1/n R2 RMSD n KF (mg/g) (L/mg)1/n R2 RMSD
2.938 7.569 0.991 0.181 1.389 0.563 0.992 0.150

Langmuir Q0 (mg/g) KL (L/mg) R2 RMSD Q0 (mg/g) KL (L/mg) R2 RMSD
89.178 4.79 × 10–3 0.995 0.151 151.608 9.60 × 10–4 0.994 0.139

Temkin A (L/g) B R2 RMSD A (L/g) B R2 RMSD
0.046 19.981 0.987 0.231 0.011 30.522 0.989 0.162
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A relatively well correlation coefficient, R2 and RMSE values 
of the Freundlich isotherm model depicted the assertion 
that the adsorption of COD and ammonical-nitrogen onto 
ANC was not governed only by monolayer arrangement, 
but also by ion-exchange and complexation interactions via 
surface exchange mechanism. The value of 1/n measures the 
interactive relationship between the adsorbate molecules. 
The slope ranging between 0 and 1 is a measure of surface 
heterogeneity, a value below unity implies chemisorption, 
and above one is indicative of the cooperative adsorption. It 
was revealed that the adsorption intensity of the Freundlich 
isotherm model illustrated the value of 1/n is below the 
unity, indicating great feasibility of the chemisorption 
interactions. A comparison of the adsorption capacity of 
COD and ammonical-nitrogen onto different adsorbents is 
provided in Table 3. The adsorbent prepared in this work 
showed relatively high adsorption capacities for COD and 
ammonical-nitrogen of 89.18 and 151.61 mg/g, respectively, 
as compared to some previous works as reported in the lit-
erature. The current findings verified the capability of the 
ANC assisted adsorption process for the successful treat-
ment of heavily polluted landfill leachate.

3.5. Adsorption kinetics

Generally, adsorption processes take place in a multistep 
mechanism (i) diffusion across the liquid film surrounding 
the solid particles (external mass transfer), (ii) diffusion 
within the particle (pore diffusion), and (iii) adsorption 
onto the surface binding sites. Adsorption kinetics provide 
an in-depth insight into the potential rate-controlling-steps, 
which in turn govern the mass transfer mechanism, residence 
time, efficiency of the adsorption process and feasibility of 
the scale-up operations [38]. The pseudo-first-order kinetic 
model [39], popularly known as the Lagergren rate expres-
sion, is described by:

ln
.

q
q q

k
te

e t−









 =

1

2 303
	 (12)

where k1 (1/h) is the pseudo-first-order kinetic rate constant. 
Contrary to the pseudo-first-order kinetic equation, pseudo-
second-order kinetic equation [40] predicts the behavior 
over the whole range of adsorption. For the boundary con-
ditions of qt = 0 at t = 0 and qt = qt at t = t, Ho’s kinetic model 
is derived as:

1 1
2q q q
k t

e t e−( ) = + 	 (13)

where k2 (g/mg  h) is the pseudo-second-order kinetic 
rate constant. Elovich kinetic equation [41] is one of the 
most useful models describing the chemisorption process 
expressed by:

q
b

ab
b
tt = ( ) +1 1ln ln 	 (14)

where a (mg/g  h) is the initial sorption rate, and b (g/mg) 
is related to the extent of surface coverage and activation 
energy for the chemisorption.

For interpretation of adsorption kinetics, the experimen-
tal data for the adsorption of COD and ammonical-nitrogen 
onto ANC at different time intervals were simulated by 
the pseudo-first-order, pseudo-second-order, and Elovich 
kinetic models, using the plots ln (qe – qt) against t, t/qt vs. t, 
and qt against ln t, respectively. The corresponding results 
are tabulated in Table 4. The suitability of the kinetic model 
to describe the adsorption process was ascertained by the 
value of correlation coefficient, R2 and the normalized stan-
dard deviation, Δq (%) given by:

Table 3
Comparison of the adsorption capacities of COD and ammonical-nitrogen onto different adsorbents

Adsorbent Adsorbate Dosage Monolayer adsorption 
capacity (mg/g)

References

Acid activated natural clay COD 4.5 g/200 mL 89.18 Present study
Chinese loess COD 0.1 g/50 mL 72.30 [28]
Ion exchange resin COD 2 g/50 mL 39.84 [29]
Walnut shell activated carbon COD 30 g/L 124.30 [30]
Composite COD 50 g/100 mL 22.99 [31]
Zeolite COD 50 g/100 mL 2.35
Cow-dung ash COD 20 g /L 53.19 [32]
Periwinkle shell activated carbon COD 50 g/L 0.03 [33]
Commercial activated carbon COD 50 g/L 0.08
Acid activated natural clay Ammonical-nitrogen 4.5g/200 mL 151.61 Present study
Sugarcane bagasse activated carbon Ammonical-nitrogen 5 g/200 mL 138.46 [34]
Granular commercial clays Ammonical-nitrogen 50 g/L 7.83 [35]
Modified clinoptilolite Ammonical-nitrogen 1.5 g/L 2.03 [36]
Parthenocissus tricuspidata Ammonical-nitrogen 0.2 g/25 mL 6.59 [37]
Coconut shell activated carbon Ammonical-nitrogen 33.3 g/L 17.19 [23]
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where qe,exp (mg/g) and qe,calc (mg/g) are the experimen-
tal and calculated adsorption capacities, respectively. The 
correlation coefficient obtained for the pseudo-first-or-
der and Elovich kinetic models were relatively small, and 
the experimental qe values did not agree satisfactory with 
the calculated values. Good agreement was shown between 
the experimental data with the pseudo-second-order kinetic 
model, with the R2 > 0.99, and the lowest normalized stan-
dard deviation, Δq (%) values of 1.32% and 2.99%. This 
observation suggested that the adsorption system followed 
the pseudo-second-order kinetic model, based on the 
assumption that the rate-limiting step may be chemisorp-
tion rather than diffusion-controlled, which involves 
valency forces through electrons sharing between ANC and 
the adsorbate molecules.

3.6. Physical and chemical characterizations

The surface morphology of the natural clay and ANC 
was visualized via SEM, with the magnification of 2,000 X as 
shown in Fig. 4. The morphology of the natural clay was very 
fine, irregular, with the presence of curved flakes and mats of 
coalesced flakes. Generally, these flakes seem to be anhedral, 
but it was difficult to determine their exact texture due to the 
particle coalescence. Examination of the SEM micrographs 
demonstrated that these particles were smaller and thinner 
after acid modification, with a well developed porous struc-
ture, indicating the good possibility for the pollutants to be 
trapped.

The result of the EDX provided a clear verification of 
the changes in the clay compositions following acid modi-
fication. The natural clay sample contained predominantly 
a mixture of carbon (C), oxygen (O), iron (Fe), copper (Cu), 
sodium (Na), magnesium (Mg), aluminium (Al), silica (Si), 
and potassium (K), with the weight fraction of 7.06%, 41.36%, 
3.19%, 0.36%, 0.18%, 0.22%, 16.60%, 28.82%, and 2.21% 
respectively. Nevertheless, acid modification dictated a dras-
tically increase of carbon (12.75%) and silica (35.95%) content, 
while the compositions of oxygen (30.66%), iron (2.21%), 
copper (0.2%), sodium (0.13%), magnesium (0.19%), alumin-
ium (16.01), and potassium (1.9%) were slightly decreased.

Nitrogen adsorption–desorption analysis is a standard 
protocol for the determination of the porosity of the solid 
adsorbents [42]. The surface physical parameters obtained 
from the N2 adsorption isotherms are listed in Table 5. 

Table 4
Adsorption kinetic parameters for the adsorption of COD and ammonical-nitrogen onto ANC

Adsorbate qe,exp 
(mg/g)

Pseudo-first-order Pseudo-second-order Elovich

k1 (1/h) qe,calc  
(mg/g)

R2 Δq (%) k2  
(g/mg)

qe,calc 
(mg/g)

R2 Δq  
(%)

a  
(mg/g h)

B  
(g/mg)

qe,calc 
(mg/g)

R2 Δq 
(%)

COD 65.60 3.545 43.13 0.971 34.25 0.071 67.57 0.998 2.99 692.20 0.068 69.16 0.993 5.42
Ammonical-
nitrogen

48.62 3.901 36.83 0.974 24.24 0.086 49.26 0.997 1.32 427.91 0.088 47.47 0.994 2.36

 

(a)

(b)

Fig. 4. Surface morphology of the natural clay and ANC.
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The BET surface area, Langmuir surface area and total pore 
volume of ANC were identified to be 102.31 m2/g, 152.73 m2/g, 
and 0.058 m3/g, respectively. Conversely, the raw natural clay 
demonstrated the low BET surface area, Langmuir surface 
area, and total pore volume of 10.37  m2/g, 13.59  m2/g, and 
0.004  cm3/g, respectively, implying pore development and 
widening of the existing pores during the acid modification 
stage. The mesopores of ANC account for approximately 
71% of the total pore volume, indicating its great feasibility 
for the water purification applications.

The representative transmission spectra of natural clay 
and ANC are displayed in Table 6. The FTIR spectra illus-
trated the presence of smectite as a dominant mineral phase. 
The IR band at 3,699/3,698 cm–1 is attributed to the stretching 
vibrations of OH group associated with cations. The region 
between 3,628/3,821 and 1,637/1,627 cm–1 showed the stretch-
ing and deformation vibrations, related to the –OH groups of 
the interlayer water molecules. The signal at 1,010/1,008 cm–1 
is assigned to the Si–O peak group, while the dissolution of 
the octahedral sheets showed a sharp peak corresponding to 
the –OH bending, linked to (AlAlOH) at 912/910 cm–1. The 
almost full disappearance of the wideband at 780/799 cm–1 is 
identical to AlMgOH, pointing out to the significant leach-
ing of the Mg yield by acid modification, and the intensities 
at 538/535 and 469/467 cm–1 are ascribed to the deformation 
of Si–O–Al and Si–O–Si, respectively. The reduction of the 
corresponding bands at 3,699; 1,010; 538; and 469 cm–1 and 
a significant decrease, almost disappearance of the signal at 
3,628  cm–1 depicted the continuous release, and significant 

leaching of the octahedral cations during the acid treatment 
process.

The results implied that acid modification has induced 
a corrosive implication on the octahedral sheet of the natu-
ral clay, accompanied by the release of Al3+ and other cation 
species from both tetrahedral and octahedral sites, while 
the SiO4 and SiO3OH groups of the tetrahedral sheet stayed 
largely intact. Meanwhile, the crystalline structure of the 
natural clay has transformed the amorphous structure, lead-
ing to the formation of additional Al–OH and Si–OH bonds 
[43,44]. Besides, the central atoms from the octahedral and 
tetrahedral Al were removed from the clay mineral to be sub-
stituted, subsequent by the partial dissolution of tetrahedral 
and octahedral sheets, with the formation of new acid sites. 
These alterations of the surface chemistry, together with the 
morphological development, and tremendous improvement 
of the porosity structure have justified the higher stability 
and flexibility of the tetrahedral sheets to enhance its adsorp-
tive capability.

4. Conclusion

In this work, laboratory experiments were undertaken 
to investigate a natural clay derived adsorbent for the suc-
cessful treatment of sanitary landfill leachate. The prepared 
adsorbent attained the BET surface area of 102.31 m2/g, and a 
high contribution of mesopores of 75%. Langmuir isotherm 
model provided the best fit to the experimental data, with 
a maximum monolayer adsorption capacity for COD and 

Table 5
Surface physical parameters of ANC

Properties Natural clay ANC

BET surface area (m2/g) 10.37 102.31
Micropore surface area (m2/g) 4.90 26.05
External surface area (m2/g) 5.47 76.26
Langmuir surface area (m2/g) 13.59 152.73
Total pore volume (cm3/g) 0.004 0.058
Micropore volume (cm3/g) 0.001 0.017
Mesopore volume (cm3/g) 0.003 0.041
Average pore size (nm) 3.286 2.250

Table 6
Characteristics of the FTIR bands for natural clay and ANC

IR peak Wavenumber (cm–1) Band assignment

Natural clay ANC

1 3,699 3,698 (–OH) group stretching
2 3,628 3,621 Hydration, (–OH) group stretching
3 1,637 1,627 Hydration, HOH deformation
4 1,010 1,008 (Si–O) group stretching
5 912 910 OH deformation, linked to 2Al2+

6 780 779 OH deformation, linked to Al3+ and Mg2+ 

7 538 535 (Si–O–Al), SiO deformation and AlO stretching
8 469 467 (Si–O–Si), SiO deformation and SiO stretching
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ammonical-nitrogen of 89.18 and 151.61 mg/g, respectively. 
The findings revealed a new entry for the pretreatment of 
landfill leachate featured by operational simplicity, low-
cost, high efficiency, and eco-friendly due to the renewable-
utilization of waste to treat hazardous waste. The spent 
natural clay-based green adsorbent may be integrated as fer-
tilizers or soil conditioners in different agricultural systems, 
with better soil-deliverability, controlled nutrient release, 
higher biocompatibility, and nutrient reuse efficiency.
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