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ABSTRACT

The scope of this study is to research the removal of NH4-N from landfill leachate using nat-
ural Turkish zeolite by adsorption process. The effects of pH (2–8), contact time
(5–1,440 min), adsorbent dosage (30–150 g L−1), agitation speed (100–300 rpm), initial concen-
tration (263.2–1,363.6 mg L−1), and particle size (10–65 mesh) were examined on the adsorp-
tion process. The optimum conditions in the adsorption process were established as follows:
pH (its pH value of leachate), 60 min of contact time, 100 g L−1 of adsorbent dosage, 200 rpm
of agitation speed, 263.2 mg L−1 of initial concentration, and −20 + 35 mesh of particle size.
The adsorption kinetics and isotherms were tested to understand the adsorption mechanism
using three kinetic models, i.e. Elovich, intraparticle diffusion, the pseudo-second-order reac-
tion kinetic models, and four isotherm models, i.e. Dubinin–Radushkevich, Langmuir, Temp-
kin, and Freundlich isotherm models. Correlation coefficients, kinetic, and isotherm
parameters were calculated. It was shown that the best conformity kinetic model was the
pseudo-second-order reaction kinetic model (R2 > 0.99) for the present study. According to
the results obtained from isotherms experiments, the adsorption equilibrium was defined
well by the Langmuir and Tempkin isotherm model for NH4-N adsorption onto zeolite. The
thermodynamic parameters were also detected. The values of Gibbs free energy (ΔG˚),
enthalpy (ΔH˚), and entropy of activation (ΔS˚) were 5.7113–6.5018 kJ mol−1, −8.5415, and
8.8209 J mol−1 K−1, respectively. They were showed that the NH4-N adsorption process onto
zeolite was an exothermic physical adsorption process, randomness, and non spontaneous in
the temperature range studied (25–60˚C). Results indicate that zeolite is the most efficient
cation exchanger for NH4-N removal from landfill leachate.
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1. Introduction

Sanitary landfilling is the most widely method
used for management of municipal solid waste (MSW)

among the different alternatives due to its economic
advantages [1]. Solid waste composition shows variety
based on location, season/climate, and socioeconomic
developments of region, waste collection, and disposal
methods of the municipal corporation. Solid wastes
substantially consist of organic substances. Most of the*Corresponding author.
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organic substances have biologically degradable
property. They can degrade simpler compounds by
micro-organisms by changing according to the envi-
ronmental conditions. Thus, the leachate and gas
occur in the sanitary landfilling region [2]. The compo-
sition of landfill leachate changes depending upon the
solid waste composition, the conditions of the landfill
such as temperature, pH, moisture content, age, and
geometry of landfill, the properties of the water enter-
ing in the landfill, and the type of soil adjacent to the
landfill [3].

Leachate containing various hazardous pollutants
is produced in large quantities by landfills. These pol-
lutants can be divided into four main groups: (i) inor-
ganic compounds, such as NH4-N, Ca, Mg, Na, K, Fe,
SO4, and Cl, (ii) dissolved organic matter, (iii) heavy
metals, such as Ni, Cu, Cd, Pb, Cr, and Zn, and (iv)
xenobiotik organic materials [4]. Among these pollu-
tants, ammonium is found high concentrations. There
are several conventional removal technologies by the
way of ex-situ treatment. Biological nitrification–deni-
trification, chemical precipitation, air-stripping,
adsorption, ion exchange, breakpoint chlorination, and
reserve osmosis are mainly among the NH4-N
removal technologies [5,6].

One of the most frequently used technologies in
wastewater treatment is adsorption with activated car-
bon. However, the researchers have investigated the
applicability of adsorption using cheaper raw materi-
als due to the high cost of activated carbon. Recently,
various materials have been used as an influential and
alternative adsorbent to activated carbon for pollutants
removal from contaminated water such as natural zeo-
lite [7–9], pumice [10], illite [11], hazelnut shells [12],
vermiculite [13,14], montmorillonite [15,16], volcanic
tuff [17], clarified sludge [18], banana pith [19], sludge
ash [20], sawdust [21–23], waste of tea [24], chitosan
[25,26], clay [27], and others.

One of the distinctive properties of zeolites among
porous materials is variety of pore shapes and sizes.
Other properties of zeolites such as ion exchange and
intercrystalline pores that are made different strong
acidic sites, different molecules dimension, and active
reservoirs for metal-catalyzed reactions have provided
themselves widespread industrial uses. Zeolites that
have large empty spaces or cages within their struc-
tures are among the most important inorganic cation
exchangers. The structure of zeolites can accommodate
large cations such as Na+, K+, Br+, Mg2+, and Ca2+,
and cationic groups such as H2O, NHþ

4 , CO2�
3 , and

NO�
3 . Zeolites have properties such as good resistance

to temperature, ionizing radiations, high cation
exchange selectivity, and perfect compatibility with
the environment. Therefore, zeolites as an alternative

and influential adsorbent are located in modern
technology [28].

The objective of present study is to research the
adsorption capacity of Gördes zeolite for the NH4-N
removal from landfill leachate. Not evaluated of
Gördes zeolite which exists excess quantity is an eco-
nomic loss. Therefore, Gördes zeolite was investigated
whether it was an alternative adsorbent or not. The
influence of experimental conditions (pH, adsorbent
dosage, contact time, particle size, agitation speed,
and initial concentration) was examined and optimum
conditions were evaluated for these experimental
parameters. Kinetic (Elovich, intraparticle diffusion
and pseudo-second-order reaction kinetic model) and
equilibrium (Langmuir, Freundlich, Tempkin, and
Dubinin–Radushkevich) models were used to further
understand mechanism of adsorption process on zeo-
lite. Thermodynamic parameters such as the standard
free energy (ΔG˚), entropy change (ΔS˚), and enthalpy
change (ΔH˚) were also carried out to decide the suit-
ability of NH4-N adsorption on zeolite. And regena-
tion of Gördes zeolite was investigated to check
reusability of adsorbent.

2. Materials and methods

2.1. Adsorbent

The zeolite materials used in present study were
provided from Rota Mining located in the city of Man-
isa in Turkey. Rota Mining has the world’s highest
quality zeolite reserves with 95% purity. Rota Mining
is Turkey’s largest manufacturer and marketer of nat-
ural zeolite minerals and one of the world’s five lar-
gest natural zeolite mineral producers. Gördes zeolite
was researched whether an alternative adsorbent or
not in this study due to produce large quantities.
Gördes zeolite has the following characteristics: purity
of 92%, density of 2.15 g mL−1, pore diameter of 4 Å,
apparent density of 1.30 g mL−1, bed porosity of 40%,
a cation-exchange capacity of 1.9–2.2 meq g−1, and sus-
pension pH of 7.5–7.8. The chemical analysis of
Gördes zeolite ground to –63 microns was conducted
by inductively coupled plasma (ICP) (Perkin Elmer
Model 3800). The surface area of this particular zeolite
is 11.80 m2 g−1 [29]. Thermal resistance is lower than
700˚C [30,31]. SEM micrograph of Manisa–Gördes zeo-
lite is given Fig. 1. The zeolitized tuffs have drusy tex-
ture with very high microporosity. XRD spectrum of
natural zeolite is shown in Fig. 2. The chemical
characteristics of zeolite are given in Table 1. When
considered mineralogical content of zeolite, it is com-
posed of mainly clinoptilolite (85%), feldspar (10%),
and clay (5%) [32,33].
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The zeolite samples were milled, sifted and classi-
fied into four different size groups: –10 + 20 mesh size,
–20 + 35 mesh size, –35 + 45 mesh size, and –45 + 65
mesh size. Then, they were washed with distilled
water to clean fine particles and were dried at 35–60˚C
to remove moisture. The preconditioning was made to

understand its effect on the removal efficiencies. The
preconditioning studies were performed with 1-N
NaCl and 2-N NaCl solutions at the temperature of
70˚C and 200 rpm for 24 h to increase the remove effi-
ciency of NH4-N from landfill leachate using classified
natural zeolite.

2.2. Adsorbate

The wastewater used in this study was procured
from Yılanlı Dere Landfill located in the city of Sam-
sun in Turkey. Yılanlı Dere Landfill was operated by
Samsun Municipality between 1983 and 2008. About
400 ton/day solid waste were stored in this landfill.
Leachate samples were provided from landfill basin
and were stored at 4˚C for experiments. The samples
were analyzed according to the standard methods
[34]. Table 2 summarizes the main characteristics of
leachates used in this study.

2.3. Kinetic and equilibrium experiments

Kinetic experiments were conducted to detect
influence of contact time on the NH4-N adsorption
capacity of the zeolite. In the experiments, four differ-
ent particle sizes of zeolite and their preconditioning
forms were tested. Zeolite sample of 5.0 g was mixed
with leachate of 50 mL desired concentration with
adsorbent/adsorbat ratio of 0.1 g mL−1 for 5–1,440 min
in an orbital stirrer at room temperature and 200 rpm.
Two phases of mixture obtained from different erlen-
mayer flasks were separated by filtration at interval
time. The supernatant was analyzed as per method
laid down in standard methods [34].

Fig. 1. SEM micrograph of natural Manisa–Gördes zeolite.

Fig. 2. XRD spectrum of natural Manisa–Gördes zeolite.

Table 1
EDXRF results of Gordes (Manisa) zeolite

Oxide % Conc. Elements % Conc.

Na2O 0.817 Al 6.769
MgO 0.232 K 2.719
Al2O3 12.789 O 50.432
SiO2 80.736 Si 37.739
K2O 3.275 Na 0.606
CaO 0.927 Mg 0.140
Fe2O3 0.699 Ca 0.663
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Adsorption isotherm models for NH4-N removal
were also investigated. Equilibrium experiments were
conducted to detect influences of four different parti-
cle sizes, three different agitation speeds, and temper-
atures on NH4-N adsorption using eight different
initial concentrations with an adsorbent dosage of
0.1 g L−1, contact time of 1 h, its pH value of leachate.
The selected zeolite form according to the results
obtained from the kinetic experiments was used in all
equilibrium experiments. The initial and final NH4-N
concentrations in the supernatant were analyzed.
Quantities of NH4-N adsorbed by samples were
detected from the reduction of NH4-N in the leachate.
All kinetic and equilibrium experiments were per-
formed in conical flasks of 250 mL with 50 mL
wastewater.

The amount of NH4-N adsorbed per gram
adsorbent is detected as:

qt ¼ ðCo � CtÞV
M

(1)

and the following relationship is used to calculate the
removal efficiency of adsorbate by the adsorbent:

Adsorption ð%Þ ¼ ðCo � CtÞ
Co

� 100 (2)

where qt is quantity of the adsorbate exchanged per
unit weight of the adsorbent at t time (mg g−1), V is
volume of the solution (L), M is mass of the adsorbent
added to the solution (g), Co and Ct are the adsorbate
concentrations of initial and t time in the solution
(mg L−1), respectively.

3. Results and discussions

3.1. Effect of pH

The pH value of solution influences the surface
charge of adsorbents like the degree of ionization of
different pollutants. The adsorption process through
dissociation of functional groups on the adsorbent sur-
face active sites is affected by change of pH in the liq-
uid because the hydrogen and hydroxyl ions are
adsorbed quite strongly [35]. The optimum pH value
of each pollutant in the adsorption process changes
depending on changing pH value.

In this study, the influence of pH on NH4-N
adsorption by Turkish zeolite was investigated to
detect the optimum value of pH. The experiments
were performed using various pH values of leachate
in range of 2–8 with an adsorbent dosage of 100 g L−1

using treated with 2-N NaCl of −20 + 35 mesh at tem-
perature of 25˚C and agitation speed of 200 rpm for
60 min. The pH values of landfill leachate were
adjusted with H2SO4 or NaOH solutions.

Fig. 3 shows the influence of pH on removal of dif-
ferent initial NH4-N concentrations. As is seen from
Fig. 3, the adsorption capacity of NH4-N at equilib-
rium was not significantly changed with the increas-
ing pH in all cases. The pH has little influence on
NH4-N removal in range of 6–8 and the highest value
was determined as 67.66% at pH 7. These results are
agreement with the data of previous studies [32,36,37].
When the pH value is above 8 and below 6, NH4-N
removal was decreased slightly. At higher pH values,
NH4-N is neutralized by hydroxyl. At lower pH
values than 6, NH4-N removal is decreased due to
competition of H+ and NHþ

4 ions for the exchange

Table 2
Leachate characterization of Yılanlıdere landfill site

Parameters Min. value (mg L−1) Max. value (mg L−1) Average value (mg L−1)

pH 6.5 8.62 7.95
COD 5,000 16,000 11,000
NH4-N 1,078 1,596 1,247
BOD5 3,000 10,000 6,400
Phosphates 9.8 42 23.37
Sulfates 872 2,013 2,279
Nitrates 9.5 32 21.1
Zn 0.11 0.28 0.21
Ni 0.16 0.21 0.19
Mn 0.11 0.43 0.27
Cr 0.08 0.16 0.12
Pb 0.07 0.2 0.14
Cu 0.03 0.09 0.06
Fe 0.6 2.45 1.44
Conductivity (ms cm−1) 16.5 19.47 18.56
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sites in the zeolite surfaces [38]. According to the
results obtained from the experiments for all initial
concentrations, the influence of pH on the removal
efficiency of NH4-N was not observed to be signifi-
cant. Hence, all further experiments were performed
without pH adjustment.

3.2. Effect of adsorbent dosage

In order to research the effect of adsorbent dosage
on removal efficiency of NH4-N, the experiments were
conducted with a wide dosage range of −20 + 35 mesh
from 30 to 150 g L−1, and the constant initial NH4-N
concentration at the agitation speed of 200 rpm and the
temperature of 25˚C without pH adjustment for
60 min. The preconditioning process with 1-N and 2-N
NaCl solutions was applied the zeolite samples sieved
the particle size of −20 + 35 mesh to saturate the
exchange sites with sodium ions. Then zeolite samples
(natural, treated with 1-N NaCl solution, and treated
with 2-N NaCl solution) were used to detect the opti-
mum conditions for NH4-N removal in these experi-
ments. The comparison of the effects of the adsorbent
dosage on NH4-N removal is given in Fig. 4.

As it is seen from Fig. 4, the removal of NH4-N
increased with increasing both modify of zeolites and
adsorbent dosage. NH4-N removal efficiencies of trea-
ted zeolite with 2-N NaCl were changed from 25 to
78% at increasing adsorbent dosages of 30–150 g L−1.
The adsorption of NH4-N was not varied significantly
between 100 and 150 g L−1 adsorbent dosage. Hence,
the optimum adsorbent dosage of modified zeolite
with 2-N NaCl solution was selected as 100 g L−1 for
subsequent experiments.

3.3. Effect of contact time

These experiments are important to detect the
required time for the adsorption equilibrium time. The

influence of contact time ranging between 5 and
1,440 min on the adsorption of NH4-N were per-
formed at the temperature of 25˚C, agitation speed of
200 rpm, initial concentration of 1,386 mg L−1, and
optimum adsorbent dosage of −20 + 35 mesh with nat-
ural zeolite, zeolite samples treated with 1-N NaCl
and 2-N NaCl solutions without pH adjustment and
corresponding graph is given in Fig. 5.

The adsorption of NH4-N by Turkish zeolite
increased rapidly with increasing contact time in the
first 30 min for all cases and thereafter increased
slowly till equilibrium time. According to the results,
equilibrium times were reached in 12 h for natural
zeolite, 4 h to treat with 1-N NaCl solution, and 1 h
for treated with 2-N NaCl solution. After those times,
no more NH4-N was adsorbed. The removal efficien-
cies of NH4-N at the equilibrium times were observed
as 48% for natural zeolite, 60% for zeolite treated with
1-N NaCl solution, and 64% for zeolite treated with
2-N NaCl solution. It means that the removal of
NH4-N by zeolite treated with 2-N NaCl solution was
observed better than the others. In all further

Fig. 3. Influence of pH on the NH4-N removal by zeolite.
Fig. 4. The comparation of the effects of adsorbent dosage
on the adsorption of NH4-N.

Fig. 5. The influence of contact time on the adsorption of
NH4-N.
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experiments, the equilibrium time of 1 h was taken as
the optimal contact time.

3.4. Effect of particle size with contact time

The other significant parameter in the adsorption
process is particle size of the adsorbent. The adsorp-
tion capacity is based on the specific or external sur-
face of the adsorbent [39]. The experiments were
conducted in the four different particle sizes ranging
between 10 and 65 mesh (−10 + 20, −20 + 35, −35 + 45,
and −45 + 65 mesh) as a function of contact time at
the temperature of 25˚C, agitation speed of 200 rpm,
and optimum adsorbent dosage of 100 g L−1 without
pH adjustment. The influent of particle size on the
removal of NH4-N from landfill leachate onto Turkish
zeolite is shown in Fig. 6. As it is seen from Fig. 6, the
adsorption capacity of zeolite decreased slightly with
the increasing of particle size. It is clearly seen that
the particle size of the adsorbent was very significant
factor for adsorption capacity. The amount of NH4-N
adsorbed were determined as 7.84 mg g−1 for −10 + 20
mesh, 8.68 mg g−1 for −20 + 35 mesh, 7.784 mg g−1 for
−35 + 45 mesh, and 7.868 mg g−1 for −45 + 65 mesh at
the equilibrium contact time of 60 min. After that time,
the variations of adsorption capacities were not
significant. According to the results obtained from the
experiments, the optimal adsorption capacity was pro-
vided with the particle size of −20 + 35 mesh. For this
reason, −20 + 35 mesh was used in the subsequent
experiments.

3.5. Effect of agitation speed with contact time

The adsorption capacity is controlled by film
or/and intraparticle diffusion. Film diffusion is usu-
ally significant at the initial stages of the adsorption

process. The ion mobilitiy increases in the solution
when the favorable agitation speed is applied the
adsorbent–adsorbate mixture and as a consequence of
that the mass transfer resistance reduces [40–42]. In
most cases, the increasing agitation speed results in an
increase in the adsorption capacity, particularly during
the initial periods of the process [40].

The effect of agitation speed ranging from 100 to
300 rpm by varying the contact time was investigated
on the adsorption capacities of NH4-N. The experi-
ments were conducted at temperature of 25˚C, without
pH adjustment, with an optimal adsorbent dosage of
100 g L−1 using zeolite treated with 2-N NaCl solution
of −20 + 35 mesh during 1,440 min of contact time.

Fig. 7 gives the experimental results obtained from
the effect of agitation speed with contact time. As it is
shown in Fig. 7, the adsorption capacity of NH4-N
was not changed significantly with the increasement
in agitation speed. The removal efficiencies and
amount of NH4-N adsorbed were determined as
61.60% and 8.176 mg g−1, 64.06% and 8.68 mg g−1,
63.75% and 8.568 mg g−1 at 100, 200, and 300 rpm,
respectively. The agitation speed of 200 rpm seemed
to be more appropriate in this study when the experi-
mental results were evaluated.

3.6. Effect of initial concentration with contact time

The amount of NH4-N adsorbed is a function of
the initial adsorbate concentration. The adsorption
capacities of NH4-N were studied to evaluate at four
different initial concentrations ranging from 263 to
1,363 mg L−1 by changing contact time in this section.
The experiments were performed at agitation speed of
200 rpm, temperature of 25˚C, without pH adjustment,
with the optimum adsorbent dosage of 100 g L−1 using

Fig. 6. The influence of particle size on the removal of
NH4-N.

Fig. 7. Influent of agitation speed on the adsorption
capacity of NH4-N.
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zeolite treated with 2-N NaCl solution of −20 + 35
mesh during 1,440 min of contact time.

The effects of initial NH4-N concentrations onto
Turkish zeolite are shown in Fig. 8. The adsorption
capacity of the adsorbent increased with the increasing
NH4-N concentration whereas the removal efficiencies
decreased with the increasing initial concentration as
92.55% for 263.2 mg L−1, 87.5% for 515.2 mg L−1,
78.57% for 940.5 mg L−1, and 63.65% 1,363.6 mg L−1,
respectively. At lower initial concentrations, NH4-N in
the landfill leachate could contact with the binding
sites on the adsorbent and thus the removal efficien-
cies of NH4-N were better than the other cases. In con-
trast to this, the removal efficiencies of NH4-N
decreased because of the limited adsorption sites at
higher initial concentrations. According to these
results, it is recommended that before the wastewater
is given in the adsorption units of wastewater treat-
ment plant, the initial concentration of NH4-N should
reduce to increase the removal efficiency of NH4-N
and the life of the adsorbent.

3.7. Statistical analysis

To detect normality assumption validation we used
Shapiro Wilks test statistic. According to the results of
the test statistic p = 0.000 < α = 0.05 we concluded that
normality assumption was not valid for each group of
agitation speeds, particle sizes, and initial concentra-
tions. Because, there were more than two groups to
compare (agitation speeds, particle sizes, and initial
concentrations), we used Kruskall Wallis as a test
statistic. According to the results of the test statistic
p = 0.029 < 0.05 for agitation speeds, p = 0.000 < 0.05
for particle size and initial concentration, we con-
cluded that at least one of the sources was different

from others. To compare each source with other
sources, we applied Mann Withney U test statistic.
The results are given in Table 3. From table we could
conclude that there was no difference between 200
and 300 rpm, there was no difference between
(−10 + 20 mesh) and (−35 + 45 mesh), there was differ-
ence between all pairwise comparisons.

To detect normality assumption validation we used
Shapiro Wilks test statistic. According to the results of
the test statistic p = 0.174 > α = 0.05 we concluded that
normality assumption was valid for each group of ini-
tial concentrations in the effect of pH value. Because,
there were more than two groups to compare, we
used One-way ANOVA as a test statistic. According
to the results of the test statistic p = 0.000 < 0.05, we
concluded that at least one of the concentration was
different from others. From the Levene’s homogenity
test of error variance we revealed that error variance
was not homogen (p = 0.024 < α = 0.05). In the case of
inhomogeneity, we used Tamhane test to compare
each concentration with other. The results are given in
Table 3. According to the table we could conclude that
there was difference between all pairwise
comparisons.

3.8 Adsorption kinetics

Different kinetic models were tested to get infor-
mation about the behavior of the adsorbent under dif-
ferent experimental conditions (initial concentration of
NH4-N, agitation speed, and particle size of adsor-
bent). The conformity between the values estimated
by model and experimental data are defined by coeffi-
cient of determination (R2). A relatively high R2 value
remarks that the model describes successfully the
kinetics of adsorption on adsorbent [33]. Different
kinetic models namely Elovich, intraparticle diffusion,
and pseudo-second-order reaction kinetic models were
tested to research the adsorption of NH4-N on zeolite.

3.8.1. Elovich model

The Elovich equation modified by Chien and
Clayton was applied to research the kinetic of NH4-N
adsorption and desorption [33]. The Elovich equation
is commonly used to detect the chemisorption on
heterogeneous adsorbents, and is quite limited, as it
only defines a limiting characteristic ultimately
reached by the kinetic graph [43]. The Elovich
equation is expressed as follows [44]:

dqt
dt

¼ a exp ð�bqtÞ (3)Fig. 8. Influent of initial concentration on the adsorption
capacity of NH4-N.
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along with the boundary conditions it was assumed
that α β > t, the Elovich model equation is rewritten in
its linear form as:

qt ¼ 1

b
lnðabÞ þ 1

b
ln t (4)

where qt (mg g−1) is the adsorption capacity of adsor-
bent at t time (min), α and β are the Elovich model
parameters, α indicates the rate of chemisorption at
zero coverage (mg g−1 min−1), β is a constant corre-
sponding to the surface coverage and activation
energy for chemisorption (g mg−1), and t is the contact
time (min). The equation constants are calculated from
the intercept and slope of straight line plot of qt
against ln t.

3.8.2. Intraparticle diffusion model

The intraparticle diffusion model recommended by
Weber and Morris is expressed as [45,46]:

qt ¼ Kid t
1=2 þ C (5)

where qt (mg g−1) is the adsorption capacity of adsor-
bent at t time (h), t is the contact time (h), Kid is the

rate constant of intra-particle diffusion model
(mg g−1 h−1/2), C is a constant which gives an informa-
tion to the boundary layer thickness (mg g−1). Kid and
C values are calculated from the slope and intercept of
linear plot of qt vs. t

1/2, respectively.
The adsorbate transfer to the adsorbent particles is

identified by three stages as follows: film diffusion,
intraparticle diffusion and adsorption. If the graph
presents multi-linearity, the adsorption process is
affected more than one step. The first stage is the dif-
fusion of adsorbate from the liguid to the external sur-
face of adsorbent namely film diffusion. The second
stage defines the gradual adsorption step where intra-
particle diffusion is rate limiting namely intraparticle
diffussion. The third stage is expressed to the recent
equilibrium step [47].

3.8.3. Pseudo-second-order reaction kinetic model

The pseudo-second-order kinetic model is tested to
the adsorption of dyes, organic substances, and metal
ions from wastewater [48]. The pseudo-second-order
reaction kinetic depends on the assumption that
chemisorption is dominant in the adsorption process
[18,40,49,50]. The pseudo-second-order reaction kinetic
model improved by Ho and McKay is defined as
[7,51]:

Table 3
Pairwise comparison results

Source p-value

pH (257.6 mg L–1)–(509.6 mg L–1) 0.002a

(257.6 mg L–1)–(1,271.2 mg L–1) 0.000a

(509.6 mg L–1)–(1,271.2 mg L–1) 0.000a

Agitation speed 100–200 rpm 0.034a

100–300 rpm 0.017a

200–300 rpm 0.650

Particle size (–45 + 65 mesh)–(–20 + 35 mesh) 0.000a

(–45 + 65 mesh)–(–10 + 20 mesh) 0.035a

(–45 + 65 mesh)–(–35 + 45 mesh) 0.000a

(–20 + 35 mesh)–(–10 + 20 mesh) 0.002a

(–20 + 35 mesh)–(–35 + 45 mesh) 0.000a

(–10 + 20 mesh)–(–35 + 45 mesh) 0.160

Initial concentration (263.2 mg L–1)–(515.2 mg L–1) 0.000a

(263.2 mg L–1)–(940.8 mg L–1) 0.000a

(263.2 mg L–1)–(1,363.6 mg L–1) 0.000a

(515.2 mg L–1)–(940.8 mg L–1) 0.000a

(515.2 mg L–1)–(1,363.6 mg L–1) 0.000a

(940.8 mg L–1)–(1,363.6 mg L–1) 0.000a

aStatistically significant at 5%.
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dqt
dt

¼ k2 ðqe � qtÞ2 (6)

If the relationship is integrated for the boundary con-
ditions qt = 0 at t = 0 and qt = qt at t = t, the linearized
form of the relationship is achieved as:

t

qt
¼ 1

k2 q2e
þ t

qe
(7)

The initial adsorption rate h (mg g−1 min−1) is written
by:

h ¼ k2 q
2
e (8)

where qe and qt (mg g−1) are the adsorption capacities
at equilibrium and desired time t (min), respectively. t
is the contact time (min), k2 is the velocity constant of
model (g mg−1 min−1). The model rate parameters k2,
qe and h is obtained from slope and intercept of the
plot of t/qt vs. t.

Adsorption kinetic studies were performed to
understand the behavior of zeolite for NH4-N adsorp-
tion. The constants of kinetic models and correlation
coefficients obtained from kinetic graphs for NH4-N
adsorption on zeolite were listed in Table 4. As is
shown Table 4, the pseudo-second-order kinetic model
for the all parameters showed the best fit. The model
graphs for different experimental conditions (agitation
speed, particle size, and initial concentration) are
given in the Figs. 9, 10, and 11, respectively.

Good correlation coefficients as compared with the
others were obtained for the pseudo-second-order
reaction kinetic model with the correlation coefficients
much higher than 0.99 (Table 4). However, its calcu-
lated equilibrium adsorption capacities (qe) are found
closer to the equilibrium adsorption capacities from
experiments. It is indicated that chemisorption is the
determining step of adsorption process rather than
mass transfer from wastewater. The adsorption
capacity (qe) increased with increasing temperature
which is typical chemisorption nature of adsorption.
These facts indicate that the pseudo-second-order
adsorption mechanism is predominant and explain the
chemisorption of NH4-N onto zeolite.

The graphs of Elovich model which is generally an
application to chemisorption kinetics are given in
Figs. S1–S3. The model regression coefficients were cal-
culated from these graphs (R2 = 0.37–0.87) and were
showed in Table 4. Lower correlation coefficients
detected from experimental results indicate that adsorp-
tion mechanism is not explained by the Elovich model.

Elovich and pseudo-second-order reaction kinetic
models cannot express the diffusion mechanism.
Therefore, the experimental data were applied the
intraparticle diffusion model to understand the diffu-
sion mechanism. The intraparticle diffusion model
plots are presented in Figs. S4–S6 of supplementary
part and experimental results obtained from the model
are shown in Table 4.

The graphs suggest that the adsorption is
composed of more than one step. The dual nature
of the plots was procured due to the changeable
extent of adsorption in the first and final stages of
the experiments in all cases. This can be attributed
to the fact that the adsorption in the final portion
was the intraparticle diffusion while the adsorption
in the first portion was the film diffusion. Table 4
also shows that the intercept (C) values increase
with increasing agitation speed and decreasing parti-
cle size at 25˚C, but the straight lines did not pass
through the origin (C ≠ 0). The larger intercept
means that it will be the contribution of the surface
adsorption in the rate controlling step [46]. These
deviations from origin in all cases indicate that the
diffusion of NH4-N in pores is not the only deter-
mining factor controlling the mechanism of the
adsorption process. Therefore, both film diffusion
and intraparticle diffusion processes in the adsorp-
tion of NH4-N onto zeolite are significant. The
adsorption mechanism is complex and external plus
intraparticle diffusion contributes to the actual
adsorption process.

In conclusion, the pseudo-second-order reaction
kinetic model was observed to present better correla-
tions of the experimental data. Thus, it suggests that
the rate-limiting step can be chemisorption rather than
diffusion.

3.9. Adsorption isotherm models

Adsorption isotherm models are important to
define the relationships between molecules or ions in
adsorbate and surface sites of adsorbent [52]. The one
of necessary stages is to constitute the most favorable
correlation for the equilibrium curves to optimize the
design of an adsorption system [35]. There are several
isotherm equations used for the equilibrium modeling
of adsorption process. The experimental data obtained
from NH4-N adsorption onto zeolite were applied dif-
ferent adsorption isotherm models, namely, Langmuir,
Freundlich, Tempkin, and Dubinin–Radushkevich
adsorption isotherm models under different experi-
mental conditions (agitation speed, particle size, and
temperature) in this study.
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3.9.1. Langmuir isotherm

Three assumptions constitute the basic of the
Langmuir isotherm model: the monolayer adsorption
occurs onto adsorbent surface, each site of adsorbent

hold homogeneity with adsorbate molecule and is
energetically equivalent; adsorption in one site is not
affected from the neighboring sites [46,52,53]. The
nonlinear form of Langmuir isotherm model is written
as [46,54]:

qe ¼ qm KL Ce

1 þ KL Ce
(9)

where Ce is concentration of NH4-N (mg L−1) at the
equilibrium, qe is the quantity of adsorbate adsorbed
per unit mass of adsorbent at equilibrium (mg g−1), qm
is the calculated maximum adsorption capacity
(mg g−1), and KL is the energy constant related to the
heat of adsorption or the adsorption intensity namely
Langmuir adsorption constant (L mg−1). The Lang-
muir constant KL is a measure of the affinity between
adsorbate and bindings sites of adsorbent.

Eq. (9) can be reformulated for the linear form of
Langmuir isotherm model as:

Ce

qe
¼ 1

KL qm
þ Ce

qm
(10)

Both model constants (KL and qm) is obtained from
intercept and slope from the plot of Ce/qe against Ce.

The essential characteristics of Langmuir isotherm
model is used to estimate relationships between adsor-
bate and adsorbent using a dimensionless equilibrium
parameter or constant separation factor, RL, defined
by the following relationship:

RL ¼ 1

1 þ KL C0ð Þ (11)

where C0 is the initial concentration of adsorbate (mg
L−1). The value of RL gives information associated
with the nature of adsorption. The value of RL indi-
cates the type of Langmuir isotherm to be irreversible
(RL = 0), favorable (0 < RL < 1), linear (RL = 1) or
unfavorable (RL > 1) [39,46,52].

3.9.2. Freundlich isotherm

The Freundlich model supposes that the adsorp-
tion process is occurred on a heterogeneous surface.
The model provides knowledge with regard to the
surface heterogeneity, and the exponential distribution
of active sites and their energies [55]. The Freundlich
model is generally given as follows [55,56]:

qe ¼ KF C
1=n
e (12)

Fig. 9. Pseudo-second-order reaction kinetic models for
agitation speeds.

Fig. 10. Pseudo-second-order reaction kinetic models for
particle sizes.

Fig. 11. Pseudo-second-order kinetic models for initial
concentrations.
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The model equation is reformulated for the linear
form by taking the ln of both sides as:

ln qe ¼ ln KF þ 1

n
ln Ce (13)

where qe is the quantity of adsorbate adsorbed at equi-
librium (mg g−1), Ce is the equilibrium concentration
of NH4-N (mg L−1), and KF and n are Freundlich
adsorption isotherm constants. KF relates to the
adsorption capacity of the adsorbent. The value of n
relates to the adsorption intensity that varies with
degree of heterogeneity. When the value of 1/n is
0 < 1/n < 1, the adsorption is favorable; when 1/n = 1,
the adsorption is linear and irreversible; and when
1/n > 1, the adsorption is a chemical process and
unfavorable. The value of 1/n < 1 means that
adsorption capacity is only slightly suppressed at
lower equilibrium concentrations and the adsorption
process is a physical [46,52]. The values of KF and n
are detected by plotting ln qe vs. ln Ce. The values of
1/n and KF are equal to the slope and the intercept,
respectively.

3.9.3. Tempkin isotherm

The Tempkin isotherm which considers the interac-
tions between adsorbate and adsorbent supposes that:
(i) the adsorption heat of all the molecules in the layer
decreases linearly with coverage due to adsorbate-ad-
sorbent interactions and (ii) adsorption is described by
a uniform distribution of binding energies [35,57].
Tempkin isotherm model is explained as the following
relationship [58]:

qe ¼ RT

bðln ACeÞ (14)

qe ¼ RT

b
ðln AÞ þ RT

b
ðln CeÞ (15)

B ¼ RT

b
(16)

where qe is the quantity of adsorbate adsorbed at equi-
librium (mg g−1), Ce is the equilibrium concentration
of NH4-N (mg L−1), B and b are the Tempkin con-
stants associated with heat of adsorption (J mol−1). A
is the equilibrium binding constant in respect to the
maximum binding energy (L g−1), R is the gas
constant (8.3145 J mol−1 K−1), and T is the absolute
temperature (K). The isotherm constants, A and B are

calculated from intercept and slope from a plot of qe
vs. ln Ce, respectively.

3.9.4. Dubinin–Radushkevich (D–R) isotherm

The Dubinin–Radushkevich isotherm model is
tested to evaluate the characteristic porosity, the
apparent free of adsorption and the nature of the
adsorption as chemical or physical [59,60]. The D–R
adsorption isotherm is a more general model as its
derivation is not based on ideal assumptions such as a
constant adsorption potential or a homogeneous sur-
face [60–62]. The empirical equation suggested by D–R
has been widely applied to define the adsorption of
gases and vapors on microporous solids [59]. The
adsorption capacity per unit surface area of the adsor-
bent in the D–R isotherm model at equilibrium, qe, is
written as follows [63]:

qe ¼ qm e�be2 (17)

The linear presentation of D–R isotherm equation is
reformulated as:

ln qe ¼ ln qm � be2 (18)

where qe is the quantity of adsorbate adsorbed per
unit mass of adsorbent (mg g−1), qm is the maximum
adsorption capacity (mg g−1), β is the activity coeffi-
cient associated with mean adsorption free energy
(mol2 kJ−2). The constants β and qm are detected from
the slope and the intercept from the graph of ln qe vs.
ε2, respectively.

e ¼ RT ln 1 þ 1

Ce

� �
(19)

and ε is the Polanyi potential which is relation with
the equilibrium concentration, R is the universal gas
constant (8.3145 J mol−1 K−1), T is the absolute temper-
ature (K), and Ce is the concentration of adsorbate in
units of gram per gram at equilibrium. Using the β
value obtained from the graph, it is possible to evalu-
ate the mean adsorption energy of the adsorption per
mole of the adsorbate from the following equation:

E ¼ 1ffiffiffiffiffiffi
2b

p (20)

The adsorption mean free energy is used to give infor-
mation associated with the adsorption mechanism. If
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the value of E calculated is below 8 kJ mol−1, the
adsorption is a physical process in nature and this
value is between 8 and 16 kJ mol−1, the adsorption
type can be expressed by ion exchange, and over
16 kJ mol−1 it can be expressed by a stronger chemical
adsorption than ion exchange [39,64,65].

Ammonium removal capacities of zeolite were
tested with various adsorption isotherm models. For
the efficient usage of zeolite as an adsorbent, it is
essential to have chemicals models that help to define
accurately NH4-N equilibrium. Adsorption isotherm
plots were drawn and the isotherm constants were
detected using the linear equation of isotherm models
Eqs. (10), (13), (15), and (18). A comparison of the
adsorption isotherm constants and correlation coeffi-
cients obtained from different experimental conditions
is showed in Table 5.

As is shown in Table 5, the isotherm models of
Langmuir and Tempkin were accordant with the
experimental data better than the other models
(R2 > 0.95). These models showed for the linear profile
of the isotherm giving the highest value of R2. The
worst fits were found for the D–R isotherm model
(0.61–0.95). Figs. 12, 13 and 14 show the Langmuir
and Tempkin isotherm models plots for NH4-N
adsorption on natural zeolite.

When constants and correlation coefficients of D-R
model examined, the correlation coefficients were
observed to be lower 0.90 of R2 in many cases. The
graphs of the model in all experimental conditions are
presented in supplementary Figs. S7(a), S8(a) and S9
(a). The value of E calculated was found lower than
8 kJ mol−1 in the maximum correlation coefficient of
0.9551, it means that the adsorption process is physical
in nature. But, according to the data obtained from
this model may not be accurate to comment on the
adsorption mechanism.

As is seen from Table 5, the heterogeneity factor
values of Freundlich isotherm model were 0 < 1/n < 1
means that the adsorption process is favorable. How-
ever, these values of Freundlich isotherm were
observed to be lower than the others in some cases
(R2 < 0.95) when the correlation coefficients were eval-
uated. The graphs of Freundlich isotherm model in all
experimental conditions are presented in supplemen-
tary Figs. S7(b), S8(b) and S9(b). Although the
Freundlich graph shows a linear curve, the curve
seems to bend at higher values of Ce, as the adsorp-
tion gets close a maximum value, approving complete
monolayer coverage of the adsorbent. From Table 5,
Langmuir and Tempkin were more suitable according
to the results obtained from the experimental data
than the Freundlich isotherm due to the higher value
of the correlations coefficient. Among the three

parameter equations tested, the experimental results
obtained from Langmuir and Tempkin isotherm mod-
els show the better and perfect fit.

The Langmuir model has several assumptions,
such as constant adsorption energy and monolayer
coverage. The graphs of Langmuir isotherm model in
all cases are presented in Figs. 12(a), 13(a), and 14(a).
The Langmuir monolayer capacity, qm, values were
found as 8.7719, 9.0744, and 9.1659 mg g−1 for 40˚C,
200 rpm, −10 + 20 mesh to 0.9598, 0.9563, and 0.9956
of the maximum R2 values, respectively. The separa-
tion factor RL values were found between 0 and 1
indicate that the NH4-N prefers to be in the bound
state with surfaces and the nature of adsorption pro-
cess is favorable. The adsorption of NH4-N on natural
zeolite follows the Langmuir isotherm model means
that monolayer coverage occurs on the surface of the
adsorbent. According to the results the monolayer for-
mation during adsorption of NH4-N is affirmed.

The graphs of Tempkin isotherm model in all cases
are given in Figs. 12(b), 13(b), and 14(b). As shown in
Table 5, in many cases the correlation coefficients of
Tempkin isotherm model were observed to be higher
than 0.95. The maximum R2 values (>0.97) were found
in the temperature of 25˚C, the agitation speed of
200 rpm and the particle size of −20 + 35 mesh.

These parameters are similar the optimum experi-
mental conditions found in the kinetic experiments.
According to the results obtained from Tempkin iso-
therm model, it was observed to present better corre-
lations than Freundlich and D–R model indicates that
adsorption is detected by a uniform distribution of
binding energies.

The maximum adsorption capacities of other
adsorbent materials that were used for the ammonium
adsorption from wastewaters are listed in Table 6. The
Gördes zeolite in present study showed the highest
performance among the other adsorbent materials.
However, Gördes zeolite is more acceptable material
as an adsorbent for adsorption of pollutants due to
produce large quantities.

3.10. Regeneration and reuse of Gördes zeolite

Regeneration was applied to zeolite samples that
were used for NH4-N removal from landfill leachate.
For this purpose, −10 + 20 mesh particle size of Gördes
zeolite that had reached saturation with 1,384.4 mg
L−1 NH4-N containing landfill leachate was used in
regeneration studies. Regeneration studies were con-
ducted with 1/10 and 1/20 solid/liquid rate using 1-N
NaCl and 2-N NaCl solutions at the temperature of
70˚C and agitation speed of 200 rpm for contact time of
24 h. Then, they were washed with distilled water to
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clean Cl− ions and dried at 35–60˚C for the moisture.
Reuse of zeolite samples regenerated was examined at
the temperature of 25 ± 3˚C with contact time of 1 h,
agitation speed of 200 rpm, its pH value of leachate,
and initial concentration of 1,204 mg L−1.

The results obtained from reuse of zeolite regener-
ated are given in Fig. 15. As it is seen from Fig. 15, it
was observed that the removal efficiencies were
decreased a rate of 25% in conducted studies for reuse
of zeolite sample regenerated to remove NH4-N from
landfill leachate.

While removal efficiency of natural zeolite was
around 49%, NH4-N removal performances of precon-
ditioning zeolite with 1-N and 2-N NaCl were 78 and
81%, respectively. Waste zeolite samples regenerated

with 1/10 solid/liquid rate using 1-N NaCl and 2-N
NaCl solutions after these experiments were reused
and NH4-N removal performances of these zeolite
samples were found 50 and 62%, respectively. The dif-
ferences of removal efficiencies were clearly seen from
figure. Therefore, the implementation of the regenera-
tion process means extra cost and lower efficiency.
However, application of regeneration process is trans-
formed into a disadvantage when considering treat-
ment of concentrated wastewater.

3.11. Thermodynamic analysis

The thermodynamic activation parameters such as
the Gibbs free energy change of adsorption (ΔG˚), the

Fig. 12. Langmuir (a) and Tempkin (b) isotherm graphs at different temperature.

Fig. 13. Langmuir (a) and Tempkin (b) isotherm graphs for different agitation speed.

Fig. 14. Langmuir (a) and Tempkin (b) isotherm graphs for different particle size.
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entropy change (ΔH˚), and the enthalpy change (ΔS˚)
are determined using following equations. These
parameters are obtained from the variation of Lang-
muir constant (Kc) changing with temperature as fol-
lows [8,61,81,83]:

Kc ¼ qe
Ce

(21)

DG� ¼ �RT ln Kc (22)

DG� ¼ DH� � TDS� (23)

ln Kc ¼ �DH�

RT
þ DS�

R
(24)

where Kc is the equilibrium constant, which can be
obtain from Langmuir isotherms at different tempera-
ture (mL g−1), Kc is calculated by multiplying the con-
stants calculated from the Langmuir isotherm model.
Ce is the equilibrium concentration in solution (mg
L−1) and qe is the amount of adsorbate adsorbed at
equilibrium (mg g−1), R is the universal gas constant
(8.314 J K−1 mol−1), T is absolute temperature (K), ΔH˚
is the standard enthalpy change (kJ mol−1), ΔS˚ is the
standard entropy change (J mol−1 K−1), and ΔG˚ is the
Gibbs free energy (kJ mol−1).

When ln Kc is plotted vs. 1/T, a linear plot namely
Van’t Hoff plot yields ΔH˚/R as the slope and ΔS˚/R as
the intercept from which values of ΔH˚ and ΔS˚ are
obtained (Fig. 16).

The influence of temperature on NH4-N removal
was performed at 25, 40, and 60˚C. Thermodynamic
parameters obtained from the graph are listed in
Table 7. The Gibbs free energy change of adsorption
gives information about the degree of spontaneity of
the adsorption process [84]. The ΔG˚ values obtained
from the thermodynamic calculations change from
5.7113 to 6.5018 kJ mol−1 for NH4-N. According to the
positive ΔG˚ values, the adsorption process was not
spontaneous thermodynamically.

The standard entropy is used to describe whether
the reaction is identified with associative or dissocia-
tive mechanism [65,83]. The standard entropy changes,
ΔS˚, for the adsorption process was calculated as

Table 6
Comparison of the adsorption capacities of Gördes zeolite
with those of other adsorbent materials

Adsorbents
Maximum adsorption
capacity (mg g−1) Refs.

Boston ivy leaf
powder (BPTL)

6.59 [66]

Sepiolite 1.47 [67]
Sawdust 1.70 [68]
Chabazite 2.94 [69]
Activated sludge 0.40 [70]
P. oceanica fibers 1.73 [71]
Natural zeolite 1.00 [72]
Zeolite 8.91 [73]
Zeolite 7.50 [74]
Zeolite 4.49 [37]
Zeolite 8.71 [75]
Zeolite 13X 8.61 [76]
Natural Chinese

clinoptilolite
2.02 [77]

Clinoptilolite 6.32 [78]
Clinoptilolite 5.74 [79]
Silicate-carbon

modified zeolite
0.12 [80]

NaOH-activated
zeolite

4.55 [81]

NaCl-activated zeolite 5.92 [81]
Zeolite synthesized

from fly ash
0.90 [82]

Activated zeolite with
NaCl

9.07 Present
study

Fig. 15. Reuse of zeolite after preconditioning (P) and
regeneration (R).

Fig. 16. Van’t Hoff plot for the adsorption of NH4-N in
landfill leachate by zeolite.
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8.8209 J mol−1 K−1. The positive value of ΔS˚ reflects
the affinity of zeolite for NH4-N. The positive value of
ΔS˚ shows that there is an increase in the randomness
in the adsorbent/adsorbate interface during the
adsorption process.

The standard enthalpy change, ΔH˚, also provides
information us about the type of adsorption whether
the adsorption is physical or chemical process [85].
The enthalpy change of the adsorption process was
calculated as a negative value of −8.5415 kJ mol−1

from the Van’t Hoff plot. This value showed to be the
exothermic nature of the adsorption process. Also, the
adsorption process was controlled by physical mecha-
nism rather than chemical mechanism. Therefore,
NH4-N adsorption was an exothermic process and
physical mechanism.

4. Conclusions

In present study, the removal of NH4-N from land-
fill leachate by batch adsorption technique was
researched. The results obtained from this study are
presented below as articles:

(1) Adsorption process is a powerful alternative
among the other NH4-N removal technologies
due to ease of operation.

(2) Gördes zeolite is an influential and a low-cost
alternative adsorbent for the removal of NH4-
N from landfill leachate.

(3) The Gördes zeolite showed the highest perfor-
mance with the maximum adsorption capacity
of 9.07 mg g−1 compared to the other adsorbent
materials.

(4) The pseudo-second-order reaction kinetic model
was determined to be the best correlation
according to the results obtained from the
kinetic experiments for NH4-N removal from
landfill leachate using zeolite. Thus, it shows
that the rate limiting step can be chemisorption
rather than diffusion.

(5) The results obtained from the equilibrium stud-
ies show that the best fitted adsorption isotherm
models were detected as follows: Langmuir–
Tempkin > Freundlich > Dubinin–Raduhkevich.

(6) Thermodynamic parameters are showed that
the adsorption of NH4-N on zeolite was not
spontaneous, was an exothermic process and
physical mechanism, and showed the increasing
randomness. The thermodynamic parameters
suggest that the adsorption process can be
applied for the NH4-N removal by zeolite.

According to the all results, it is finalized that
Gördes zeolite has a good adsorption performance
and can be successfully used for NH4-N removal from
landfill leachate.
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The supplementary material for this paper is avail-
able online at http://dx.doi.10.1080/19443994.2015.
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[15] N.G. Turan, O. Özgonenel, Study of montmorillonite
clay for the removal of copper (II) by adsorption: Full
factorial design approach and Cascade Forward
Neural Network, Sci. World J. 2013 (2013) 1–12,
doi: 10.1155/2013/342628.

[16] T. Boonfueng, L. Axe, Y. Xu, T.A. Tyson, Nickel and
lead sequestration in manganese oxide-coated mont-
morillonite, J. Colloid Interface Sci. 303 (2006) 87–98.

[17] M. Karatas, Removal of Pb(II) from water by natural
zeolitic tuff: Kinetics and thermodynamics, J. Hazard.
Mater. 199–200 (2012) 383–389.

[18] T.K. Naiya, A.K. Bhattacharya, S.K. Das, Clarified
sludge (basic oxygen furnace sludge)—An adsorbent
for removal of Pb(II) from aqueous solutions—Kinet-
ics, thermodynamics and desorption studies, J.
Hazard. Mater. 170 (2009) 252–262.

[19] K.S. Low, C.K. Lee, A.C. Leo, Removal of metals from
electroplating wastes using banana pith, Bioresour.
Technol. 51 (1995) 227–231.

[20] S.C. Pan, C.C. Lin, D.H. Tseng, Reusing sewage
sludge ash as adsorbent for copper removal from
wastewater, Resour. Conserv. Recycl. 39 (2003) 79–90.

[21] A.R. Wilson, L.W. Lion, Y.M. Nelson, Pb scavenging
from a freshwater lake by Mn oxides in heterogeneous
surface coating materials, Environ. Sci. Technol. 35
(2001) 3182–3189.

[22] M. Ajmal, A.H. Khan, S. Ahmad, A. Ahmad, Role of
sawdust in the removal of copper(II) from industrial
wastes, Water Res. 32 (1998) 3085–3091.

[23] M.E. Argun, S. Dursun, C. Ozdemir, M. Karatas,
Heavy metal adsorption by modified oak sawdust:

Thermodynamics and kinetics, J. Hazard. Mater. 141
(2007) 77–85.

[24] B.M.W.P.K. Amarasinghe, R.A. Williams, Tea waste as
a low cost adsorbent for the removal of Cu and Pb
from wastewater, Chem. Eng. J. 132 (2007) 299–309.

[25] A. Shafaei, F.Z. Ashtiani, T. Kaghazchi, Equilibrium
studies of the sorption of Hg(II) ions onto chitosan,
Chem. Eng. J. 133 (2007) 311–316.

[26] N. Li, R. Bai, Copper adsorption on chitosan–cellulose
hydrogel beads: Behaviors and mechanisms, Sep.
Purif. Technol. 42 (2005) 237–247.

[27] G.E. Márquez, M.J.P. Ribeiro, J.M. Ventura, J.A.
Labrincha, Removal of nickel from aqueous solutions
by clay-based beds, Ceram. Int. 30 (2004) 111–119.

[28] S.M. Auerbach, K.A. Carrado, P.K. Dutta, Handbook
of Zeolite Science and Technology, Basel, New York,
NY, 2003.

[29] O. Ozdemir, B. Armagan, M. Turan, M.S. Çelik,
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