Int. J. Environ. Sci. Technol. (2013) 10:1309-1318
DOI 10.1007/s13762-012-0168-x

ORIGINAL PAPER

Sorption characteristics and mechanisms of ammonium by coal
by-products: slag, honeycomb-cinder and coal gangue

L. Y. Zhang - H. Y. Zhang -
W. Guo * Y. L. Tian

Received: 5 December 2011/Revised: 16 October 2012/ Accepted: 23 December 2012 /Published online: 13 February 2013

© Islamic Azad University (IAU) 2013

Abstract The adsorption behaviors of ammonium from
aqueous solutions were investigated for three solid coal
wastes, slag, honeycomb-cinder and coal gangue. The
ammonium sorption processes were well modeled by the
pseudo second-order model (R* > 0.99). The experimental
data were fitted to both the Langmuir model and the Fre-
undlich model, with the Langmuir model better repre-
senting the data. The maximum ammonium sorption
capacities calculated from the Langmuir model were 3.1,
5.0 and 6.0 mg/g for the slag, honeycomb-cinder and coal
gangue samples, respectively. The pH value of the solution
affected the ammonium removal, and the higher uptakes
found in either neutral or alkaline conditions for the three
materials. The thermodynamic parameters, AH, were cal-
culated to be 29.75, 25.21 and 17.91 kJ/mol for the SL, HC
and CG samples, respectively, with the positive values
indicating that the ammonium sorption processes were
endothermic. Based on the results, it can be concluded that
coal gangue may have more potential for being used as a
sorbent for the ammonium removal from wastewater
among the three coal by-products.
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Introduction

As a structural component of amino acids, proteins and
genetic materials, nitrogen compounds are essential ele-
ments for living organisms (McVeigh 1999; Dachs et al.
2000). With the rapid societal and economic development
throughout the world, increased levels of nitrogen being
released into water supplies can lead the eutrophication in
lakes and rivers, resulting in the depletion of dissolved
oxygen and the toxicity for fish, even the destruction of
aquatic ecologies (Du et al. 2005; Mararién et al. 2006;
Sondergaard and Jeppesen 2007). Ammonia and ammo-
nium ions are the more commonly encountered nitrogenous
compounds in wastewater, and only 0.2 mg/L. may be toxic
to fish and other forms of aquatic life (Haralambous et al.
1992). Biological methods relative to the denitrification/
nitrification are commonly used to remove ammonium
from wastewater (de-Bashan et al. 2004; Joo et al. 2007).
However, these processes have their own limitations, such
as a lack of an ability to respond to shock loading of
ammonium with the requirements of a constant C/N ratio to
ensure the survival of the microorganisms used in these
processes (Karadag et al. 2006; Yang et al. 2007) and an
unstable effectiveness under seasonal conditions (Kurama
et al. 2010). Other physical/chemistry methods have also
been used to treat wastewater containing ammonium (Ben
Ali et al. 2004; Kurama et al. 2010; Coetzee et al. 2011;
Ugurlu and Karaoglu 2011). Among these methods,
adsorption or ion exchange has become an important
treatment method due to the ease of operation and the
economic feasibility of this approach (Karadag et al. 2006;
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Saltal1 et al. 2007). The key issue of adsorption method is
to find both effective and low-cost adsorbents, such as
zeolite (Wu et al. 2006; Lei et al. 2008).

Coal is the main energy source in multiple countries,
especially in developing countries. In coal mining and
utilization, the solid waste produced, such as coal gangue
(CQG), slag (SL) and honeycomb-cinder (HC), can not only
occupy significant quantities of land, but also pollute the
environment (Bell and Stacey 2000; McKinnon 2002).
Coal gangue, a complex of sandy shale and clay, is pro-
duced during coal mining and washing. Slag and honey-
comb-cinder are two types of solid wastes produced from
both cooking and heating in most towns in China.
According to statistics, the annual emission of coal gangue
in China is approximately 1.5-2.0 x 10® tons (Wang et al.
2009), and the production of the other wastes is approxi-
mately 400 million tons every year (Lee et al. 2010). The
reuse of these coal by-products has been investigated for
use in producing cement and in power generation, while
the utilization rate is still lower than 15 % (Shi et al. 2005;
Li et al. 2006). In recent years, new disposal or utilization
methods of these solid wastes have been investigated for
use, such as being an absorbent, because these materials
have a relatively high surface area as well as hydrous metal
oxides (Gong et al. 2007; Wang et al. 2010). Several
studies have focused on the removal of phosphate, heavy
metals and dyes using coal gangue and slag (Oguz 2004;
Qin et al. 2007; Nehrenheim and Gustafsson 2008; Xue
et al. 2009; Wang et al. 2010) and the sorption of phos-
phate, aniline and nitrobenzene naphthalene from waste-
water using honeycomb-cinder (Hao 2003; Lee et al.
2010). However, a complete characterization of the
ammonium removal by these coal by-products has not yet
been reported.

The aim of this study was to determine the sorption
capacity of slag, honeycomb-cinder and coal gangue for the
ammonium removal from wastewater. The sorption iso-
therm kinetics were studied to analyze the ammonium
sorption process by these materials. The effects of pH,
initial concentration and temperature were also investi-
gated to find the favorable processing conditions.

Materials and methods

Materials and characterization

The slag and honeycomb-cinder used in the experiments
were obtained from the boiler room of the North China
Electric Power University. The coal gangue was obtained

from Chifeng City (Inner Mongolia, China). All samples
were dried overnight in an air-drying oven at 100 °C to
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obtain a constant weight and ground through a size of 100
mesh.

The pH values and the electric conductivity (EC) of the
samples were determined in a slurry of adsorbent/distilled
water (1:2.5 ratio). The compositions of the materials were
determined using a Philips PW2404 X-ray fluorescence
spectrometer (XRF), according to the method China GB/
T14506.28-93. The specific surface area was determined by
fitting the amount of N, adsorbed at —196 °C to the
Brumauer-Emmett-Teller (BET) equation after a pre-
liminary heating to 200 °C (Quadrasorb SI, Quanta-
chrome). The mineralogical phases were determined using
X-ray diffraction (XRD) equipment (Rikaku D/max-RB,
Rikaku). FT-IR spectra using the KBr pressed disk tech-
nique on a NICOLET 750 FT-IR spectrophotometer were
measured for the spectra range of 4,000—400 cm ™.

Sorption studies

All glass bottles were soaked in 10 % diluted HCI solution
for 12 h and washed three times with distilled water. An
original stock solution containing 1000 mg/L. ammonium
was prepared by dissolving 3.8214 g of NHuCl in
1,000 mL of distilled water. The working solutions were
prepared by diluting the original stock solution with dis-
tilled water. The pH values of the solutions were adjusted
by 1.0 mol/L HCI or 1.0 mol/L. NaOH solution and mon-
itored using a pH meter (LIDA DDS-11A). Each experi-
ment was performed in triplicate to ensure reproducibility.
The average values were used in the analysis.

Kinetic experiments

Before the start of each kinetic experiment, 0.5 g of each
sample with 50 ml ammonium solution (10, 60 and
100 mg/L) was placed into a series of 250-mL stoppered
conical flasks. The flasks were shaken at 180 rpm in a
thermostatic shaker bath at 25 °C. At the different time
intervals (5, 10, 20, 30, 45, 60, 90, 120, 180, 300 min),
these suspensions were centrifuged at 4,000 rpm for 5 min
and filtered through a 0.45-pum membrane.

Equilibrium experiments

A series of suspensions, each containing 0.5 g adsorbent
and 50 mL of the ammonium solutions, were prepared. The
initial ammonium concentrations ranged from 10 to
300 mg/L (10, 20, 40, 60, 100, 150, 200, 300 mg/L). To
reach equilibrium conditions, the mixtures were shaken for
2.5 h in a thermostatic shaker at 25 °C. After shaking, the
suspensions were centrifuged and the supernatants were
analyzed for the concentrations of ammonium residue.
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The effects of pH and temperature

The influence of the initial ammonium solution pH values
was observed at pH values ranging between 2.0 and 12.0. The
initial ammonium concentration and the dosage of the
adsorbents were 60 mg/L and 0.5 g, respectively. The effect
of temperature was studied at 25, 35 and 45 °C. The initial pH
values were adjusted to 9.0 for SL. and HC, and 10.0 for CG.

Analytical methods

The concentration of ammonium was measured using the
Nesslerization method with a Shimadzu UV-2550 UV-Vis
spectrophotometer at 420 nm. The adsorption capacity and
the ammonium removal efficiency were calculated by Egs. 1
and 2.
Gy —Ce
oom
Co— C.
Co

qe xV (1)

%:

x 100 %, (2)

where ¢. is the ammonium adsorbed on the sorbents
(mg/g), Cy and C, are the initial and the equilibrium
ammonium concentrations in the test solution (mg/L),
respectively, V is the test solution volume (L) and m is the
amount of sorbent that was used (g).

Results and discussion
Characterization of the materials

The chemical compositions of the slag, the honeycomb-
cinder and the coal gangue were determined by XRF, as
shown in Table 1. SiO, was the main composition in the
three materials, consisting of 60.82, 51.48 and 43.39 % for
the SL, HC and CG samples, respectively. The Al,O3
content in the samples was determined to be 18.30, 25.96
and 13.72 % for the SL, HC and CG samples, respectively.
The value of the loss on ignition was 29.1 % for the CG
sample. This value was not only larger than our measured
values for SL and HC, but also larger than the values
reported for other materials, such as 0.24 % of natural
zeolite (Sprynskyy et al. 2005) and 3.9 % for blast furnace
slag (Oguz 2004). The surface area of the CG (12.63 m2/g)
was significantly higher than the values of the SL (4.02 m?/
g) and the HC (2.13 m%/g). The pH values of the three
materials indicated that the SL and the HC were alkaline
materials, while the CG was a neutral material (Table 1).

The crystalline phases of the sorbents determined by
XRD analysis are shown in Fig. la. The principal crys-
talline phases were similar in both SL and HC, including
quartz, albite and mullite. The over 30 % clay minerals

Table 1 Properties and compositions of the adsorbents

Item SL HC CG
SiO, (%) 60.82 51.48 43.39
Al,O3 (%) 18.30 25.96 13.72
Fe,05 (%) 5.95 4.73 6.09
CaO (%) 6.35 8.84 1.70
MgO (%) 0.99 1.29 1.60
Na,O (%) 1.10 1.49 0.56
K,0 (%) 2.16 1.67 2.05
MnO (%) 0.085 0.080 0.047
TiO, (%) 0.83 1.01 0.89
P,05 (%) 0.15 0.54 0.12
Loss on ignition (%) 3.02 2.66 29.81
SBET (mZ/g) 4.02 2.13 12.63
pH 10.8 12.3 6.6
EC (mS/cm) 0.93 291 1.13

SL slag, HC honeycomb-cinder, CG coal gangue, Sggr specific sur-
face area, EC electric conductivity

present in the CG, such as kaolinite, chlorite and illite,
might improve the sorption ability of the CG, as these clay
minerals have been reported to have high cation exchange
and swelling capacities (Xi et al. 2010).

The FT-IR spectra of the SL, HC and CG samples are
shown in Fig. 1b. For all sample spectra, several distinct
and sharp absorption bands as well as relatively low
intensity peaks were observed. The bands between 3,200
and 3,600 cm™! correspond to the O-H and the N-H
stretching vibrations of the hydroxyl and the amino groups
that are attached to the octahedral Al ions located in the
interior blocks of the samples. The stretching vibrations of
either Si—O-Si or Si-O~ appeared in the range of
900-1,200 cm ™. The bands in the range of 400-500 cm ™!
indicated either O-Si—O or O-Si—O~ bending vibrations.
The transmittance peaks at 680, 720 and 800 cm ™! are due
to the bands of the TO, (T: AI’", Fe*™, Si*") groups in the
three materials. The band at 1,623 cm~! was observed in
the coal gangue corresponding to the OH deformation of
water. The transmittance peaks related to the Al-O-Si and
the Al-OH groups also appeared in the FT-IR patterns of
the coal gangue in bands at 535 and 910 cm ™!, respectively.

Kinetics studies

Kinetic studies are vital for any sorption process to predict
the solute uptake rate of the sorbents and to provide
essential information on the reaction pathways. To analyze
the kinetic processes of the ammonium sorption onto the
materials, three kinetic models, pseudo first-order model
(Dizadji and Abootalebi Anaraki 2011), pseudo second-
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Fig. 1 The characteristics of the materials: a mineralogical phases;
b the FT-IR spectra

order model (Ho and Mckay 1999) and intra-particle dif-
fusion model (Weber and Morris 1963), were used to test
the experiment data.

The pseudo first-order model is presented by Eq. 3.

In(ge — q;) =Inge — kit, (3)

where ¢g. and g, are the amount of the ammonium adsorbed
on the sorbent (mg/g) at equilibrium and at time f,
respectively, and k; is the constant of the pseudo first-order
sorption (L/min).

The pseudo second-order model based on the sorption
equilibrium capacity may be expressed as Eq. 4.

t 1 t

7 = @ + P 4)
The initial sorption rate, h, (mg/g-min) is expressed as

h = kg, (5)

where ¢, and g, are the same meaning with the pseudo first-

order model and k, is the sorption rate constant of this
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model (g/mg-min). The constants /& and ¢, are calculated
from the intercept and the slope of the line obtained by
plotting /g, versus t. These values are listed in Table 2.

The intra-particle diffusion rate parameter expressed in
terms of the square root of time and the sorption capacity
can be determined from Eq. 6.

g = kat™> + C, (6)

where kq is the intraparticle diffusion rate constant
(mg/g-min'?) and C is a constant that relates to the thickness
of the boundary layer (mg/g).

Figure 2 showed the kinetic curves of the ammonium
sorption by the three materials at different initial con-
centrations in aqueous solutions (10, 60 and 100 mg/L).
In the first 30 min, over 80 % of the ammonium ions
were removed by the materials. After this fast initial
sorption step, the ammonium uptake rate increased
slowly with time, and no significant changes observed
after 120 min. When the contact times were greater than
2 h, no significant changes were observed, indicating that
the sorption was in a state of dynamic equilibrium
between the ammonium desorption and the sorption on
the sorbents. The first rapid sorption process may be a
result of the vacant of all sorbent sites and the high
concentration gradient between the solution and the
sorbent (Onundi et al. 2010). With increasing contact
time, the available adsorbed sites on the sorbent surface
was diminished and the the solute concentration was
decreased, leading the rate of sorption to become slower
as the process approached equilibrium. The CG removed
higher quantities of ammonium than the other materials,
as shown in Fig. 2. This could be attributed to the large
surface area and the high content of organic matter in
the CG (Liu and Lee 2007). In addition, the OH™ on the
surface of the SL and the HC reacted quickly with the
NH,* in the solution, obstructing the further exchange
between the cation on the sorbent surface and the NH, ™,
which did not occur on the CG due to the acidity of the
material (Rozi¢ et al. 2000).

According to the equation of the pseudo first-order
model, the plots of In(g. — ¢,) versus ¢ should give linear
relationship with a slope of k; and an intercept of In(g.).
Although the correlation coefficients of the pseudo first-
order model for the three sorbents were high (>0.96), the
values of g. obtained from this equation were not in
agreement with the experimental data (Table 2), which
indicated that this pseudo first-order kinetic did not fit the
process of the ammonium sorption on the sorbents. In fact,
the pseudo first-order kinetic equation differed from a true
first-order equation for two reasons: the parameter g. — ¢,
did not include all the available sites and the parameter
In(g.) did not equal the intercept of the plots of In(g. — ¢;)
versus . In a true first-order model, this parameter should
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Table 2 The kinetic model constants for the ammonium adsorption on the adsorbents
Ammonium concentration (mg/L) SL HC CG
10 60 100 10 60 100 10 60 100
Pseudo first-order model
ky (L/min) 0.041 0.046 0.042 0.45 0.047 0.049 0.048 0.044 0.049
qe (mg/g) 0.089 0.204 0.520 0.133 0.600 1.126 0.141 0.592 1.677
R? 0.983 0.989 0.985 0.993 0.986 0.961 0.999 0.986 0.970
Pseudo second-order model
k» (g/mg-min) 0.675 0.349 0.136 0.360 0.121 0.029 0.554 0.203 0.039
qe (mg/g) 0.112 0.405 0.730 0.162 0.686 1.351 0.267 1.513 2.556
h (mg/g-min) 0.009 0.057 0.073 0.010 0.057 0.052 0.040 0.465 0.255
R 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999
Intra-particle diffusion model
kq; (mg/g-min'’?) 0.017 0.070 0.058 0.024 0.104 0.174 0.031 0.174 0.232
kg (mg/g-min'’?) 0.013 0.023 0.072 0.017 0.077 0.151 0.016 0.075 0.228
R? 0.999 0.998 0.999 0.988 0.992 0.986 0.991 0.999 0.986
Fig. 2 The effect of the contact 3.0 3.0
time on the ammonium removal SL HC e 10 mel
—a— 10 mg/L mg
by the adsorbents 25| 60 ':i o 25| —e—60mg/L
—A— 100 mg/L —4A— 100 mg/L
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= -
W15 >
E E
ot =
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be equal to the intercept (Gupta and Babu 2009). Hence,
the pseudo first-order kinetic model was only used for

estimating k; alone.

The plots of the pseudo second-order model for a
moderate ammonium concentration (60 mg/L) yielded

Time (min)

1 1 1 1 1
0 50 100 150 200 250 300

good straight lines for the different sorbents, as shown in
Fig. 3a. The correlation coefficients of the pseudo second-
order model exceeded 0.999 higher than for the values of
the pseudo first-order model. In addition, the values of g,
were in good agreement with the experimental values

% @ Springer
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(Table 2). The results suggested that the ammonium
sorption processes on the three materials fit well with the
pseudo second-order model.

As the above models did not explicitly identify the
diffusion mechanism during the sorption process, the intra-
particle diffusion model was selected to assess this rate-
limiting step. It is stated that the intra-particle diffusion
could be involved in the sorption process if the plot of /-
against ¢, results in a linear relationship, and it would be
expected to be the controlling step when this line pass
through the origin (Kavitha and Namasivayam 2007).
Generally, if the sorption steps are independent of one
another, the plot of g, versus ° usually demonstrates two
or more intercepting lines, depending upon the exact
mechanism. According to the previous studies, the sorption
mechanism mainly involves: (1) transport in the solution;
(2) film diffusion; (3) intra-particle or pore diffusion; and
(4) sorption onto the interior sites (Gong et al. 2007). From
the plots of the intra-particle diffusion model shown in

(a)

800w sL
700
600
500

400

t/q,

300

200

100

0 1 1 1 1
0 50 100 150 200 250 300

t (min)

mSL
® HC
16 ACG

0.8

q, (mg/g)

04

0.0 1 1 1 1 1
t0.5 (mino.s)

Fig. 3 Kinetics of the ammonium removal on the adsorbents:
a pseudo second-order; b intra-particle diffusion model
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Fig. 3b, a multi-linear relationship was observed over the
entire time range, suggesting that either two or three dif-
ferent stages were included in the sorption processes (Alkan
et al. 2008; Abramian and El-Rassy 2009; Ugurlu and
Karaoglu 2011). The first sorption step was attributed to the
diffusion of the adsorbate through the solution to the external
surface of the sorbent or the boundary layer diffusion of the
solute molecules or ions. The second gradual sorption stage
was attributed to the intra-particle diffusion state. The final
stage was attributed to an equilibrium state, where intra-
particle diffusion started to decrease due to low adsorbate
concentrations in the solution and the occupation of the
sorbent pores and surfaces, increasing the repulsion for the
ammonium sorption (Ugurlu and Karaoglu 2011). Among
these steps, the last step was considered negligible because
the adsorption rate was rapid under the sufficient speed of
stirring. With these considerations, the intra-particle diffu-
sion state was assumed to be the rate-limiting step of the
sorption process as this step was slower than the first film
diffusion as indicated by the value of k4 (Ho and McKay
1998). As none of the second linear plots passed through the
origin, the intra-particle diffusion was not the only rate-
limiting step for the ammonium sorption by the sorbents
(Alkan et al. 2008; Abramian and El-Rassy 2009). The
sorption kinetic processes of the materials were consistent
with the results from the report relating the sorption of
ammonium on a microwave-treated natural Chinese zeolite
(Lei et al. 2008).

Sorption isotherms

Sorption isotherms are mathematical models that described
the relationship between the concentration of the adsorbate
and the amount of adsorbate at a constant temperature.
They are mainly related to the heterogeneity/homogeneity
of the sorbents, the type of coverage and the possibility of
interaction between the adsorbate species. In this study,
two isotherm models, the Langmuir and the Freundlich
isotherm models, were selected to assess the sorption
characteristics and to describe the magnitude of the
interactions.

The Langmuir isotherm is the simplest theoretical model
for a monolayer sorption onto a surface. This model
assumes that all the sorption sites have an equal adsorbate
affinity (Bulut and Aydin 2006). This isotherm is applicable
for a monomolecular layer sorption, and can be written as:

qmbCe
— dm¥e 7
qe 1+5C,’ (7)
where C, and g, are the equilibrium concentration (mg/L)
and the adsorbed amount (mg/g) at equilibrium, respec-
tively, g, is the Langmuir sorption maximum (mg/g) and
b is the empirical constant of the Langmuir equation.
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The Freundlich isotherm is used for the heteroge-
neous systems, which assumes that the heat of sorption
decreases in magnitude with increasing the extent of
sorption (Kavitha and Namasivayam 2007). The Fre-
undlich isotherm is used for heterogeneous systems and
can be written as:

e = KFCl/na (8)

where C. and g, are the same meaning with the Langmuir
model, K is the empirical constant of Freundlich equation
and 1/n is the heterogeneity factor.

The ammonium sorption capacities of the three materi-
als increased with increasing initial ammonia concentra-
tions (Fig. 4). When the initial ammonium concentration
increased to 300 mg/L, the ammonium sorption capacities
reached 1.37, 2.28 and 4.06 mg/g for the SL, HC and CG
samples, respectively. The high sorption capacity observed
at high initial concentrations may be a result of the increase
in the driving forces of the ammonium concentration gra-
dient and an enhancement of the contact probability
between the ammonium ions and the material (Jellali et al.
2011). In addition, for initial ammonium concentrations
less than 200 mg/L, a linear increase in the uptake capacity
by the materials was observed, suggesting that the
ammonium concentration had no effect on the sorption
mechanism below 200 mg/L. (Hameed and El-Khaiary
2008).

The Langmuir isotherm plots of the ammonium sorption
for the SL, HC and CG samples are shown in Fig. 4a. The
experimental data were found to fit well to the Langmuir
model with high values for the correlation coefficients
(Table 3). The maximum sorption capacities g, calculated
from the Langmuir equation were 3.1, 5.0 and 6.0 mg/g for
the SL, HC and CG samples, respectively (Table 3). The
Langmuir constants, b, were found to be 3.0 x 1073 (SL),
3.3 x 107 (HC) and 8.3 x 107> L/mg (CG). The low
values of b indicated a high affinity between the ammo-
nium and the sorbents.

An essential feature of the Langmuir equation is the
dimensionless separation factor, Ry, given by the following
equation:

1

:1+bC0. ®)

Ry

For 0 < Ry < 1, a favorable sorption is established. For
Ry > 1, an unfavorable sorption is established. For R, = 1,
the linear sorption is established. For Ry = 0, the sorption
operation is considered to be irreversible. For initial
ammonium  concentrations of  10-300 mg/L, the
calculated Ry values were found to be in the range of
0.97-0.51, 0.98-0.58 and 0.94-0.34 for the SL, HC and CG
samples, respectively, suggesting that all three sorbents
were favorable for the ammonium sorption.

1315
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Fig. 4 The plots for the isotherm models: a Langmuir isotherm;
b Freundlich isotherm

Table 3 Langmuir and Freundlich constants for the ammonium
adsorption on the adsorbents

Adsorbents Langmuir Freundlich
Gm b (L/mg)  R? I/n  Kg R’
(mg/g)
SL 3.1 3.0 x 1077 0.9807 0.743 0.022 0.9618
HC 5.0 33 x 1077 09869 0.725 0.042 0.9695
CG 6.0 83 x 107> 09916 0.577 0.176 0.9648

Although the correlation coefficients of the Freundlich
model were lower than the values calculated with the
Langmuir model (Table 3), the experimental data were
also used to fit to the Freundlich model, as shown in
Fig. 4b. It indicated that both the Langmuir model and the
Freundlich model fit the experiment data. The ammonium
sorption process onto the three sorbents appeared to
involve both a monolayer sorption and a multilayer sorp-
tion. The values of 1/n calculated from the Freundlich

e
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model were all smaller than 1, indicating a degree of
affinity between the ammonium ions and the sorbents.

The effect of pH

The value of the pH is one of the more critical control
parameters in the sorption process, influencing the surface
charge of the sorbent, the degree of the ionization and the
speciation of the adsorbate (Oguz 2004). Ranging from 2.0
to 12.0, the effect of pH on the ammonium removal by the
three materials was observed under similar conditions, with
the results given in Fig. 5. With increasing pH, the sorption
capacities of the ammonia ion among the sorbents had
similar trends, with an initial increase followed by a sub-
sequent decrease. When the pH values was over 7, the
sorption capacities were higher than the values at low pH,
indicating that either neutral or alkaline conditions were
favorable for the ammonium removal by the three sorbents.
A similar trend had been observed for the sorption of
ammonium by zeolites synthesized from fly ash (Wu et al.
2006) and composites of chitosan-g-poly (acrylic acid)/at-
tapulgite (Zheng et al. 2009).

In the solution, the ammonium species may be present in
the ionized (NH,") and the non-ionized (NH;) forms,
according to following equation:

NH; + OH~ < NH; + H,0. (10)

When pH values were below 7, ammonium exists
mainly as NH, " (Marafién et al. 2006). With a decrease in
the pH, an increased competition between the H" in the
aqueous solution and the NH, " ions for the exchange sites
in the sorbents surface was observed, leading to a low
ammonium sorption capacity by the materials. For high pH
values with an abundance of OH™ species, the NH4+

0.8

q,(mg/g)

0.6

04

0.2

0.0

Fig. 5 The effect of pH on the ammonium adsorption capacity by the
adsorbents
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species were converted into NHj;. Although the
volatilization of NH; might have helped remove the
ammonium at alkaline pH values, the low elimination
was because the experiment was done in the stopper
conical flasks. As observed in the experiments, the partial
dissolution of the sorbents occurred at pH values exceeding
9, which was another reason for the low removal at high pH
(Saltal1 et al. 2007).

The effect of temperature

Figure 6a shows the relationship between the temperature
and the ammonium sorption capacity by the SL, HC and
CG samples. The removal of the ammonium onto the three
materials increased with increasing temperature, suggest-
ing that the uptake of the ammonium on the materials was
controlled by an endothermic process.

(a) 24
V/A25°C
20l 35T
’ R 45°C §
16
% 12+ 7
E
=
08 F
04 F
0.0
SL HC CG
(b) 05
= SL
e HC
A CG
-1.0 +
-15F
]
=
20 F
25+

3.15 3.20 3.25 3.30 3.35
11 10°

Fig. 6 The effect of temperature on the ammonium adsorption: a the
adsorption capacities at different temperatures; b The plots of In K
versus 1/T x 10°
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In practice, the entropy and the Gibbs free energy fac-
tors should be taken into consideration to determine the
spontaneity of the process. The thermodynamic parame-
ters, such as the enthalpy change AH, the entropy change
AS and the Gibbs free energy change AG, can be calculated
using the amount of the ammonium sorption at equilibrium
for the different temperatures. According to thermody-
namics, the distribution coefficient is related to the
enthalpy change (AH) and the entropy change (AS) at
constant temperature by the following equation:

InK=—-— (11)

(12)

where K is the distribution coefficient, R is the gas constant
(kJ/mol-K), Cx. and C, are the amount adsorbed on solid at
equilibrium and the equilibrium concentration (mg/L),

respectively. The free energy change values were
calculated from:
AG = AH — TAS. (13)

The values of AH and AS were calculated from the slope
and intercept of the van’t Hoff plots of In K versus 1/T. The
values of AH were calculated to be 29.75, 25.21 and
17.91 kJ/mol for the SL, HC and CG samples, respectively,
as shown in Table 4 and Fig. 6b. The positive values of
AH indicated that the ammonium sorption was
endothermic process, which was in agreement with the
experiment data (Abramian and El-Rassy 2009). The
values of AG suggested that these sorption processes
were mainly physisorption, as the AG values ranged from 0
to 20 kJ/mol (Alkan et al. 2008). The positive values of
AS corresponded with a decrease in the randomness at the
solid/liquid interface during the adsorption of the
ammonium on the three adsorbents.

Conclusion
The equilibrium time was 2.5 h for the ammonium sorption

by the SL, HC and CG samples, and it was not affected by the
initial ammonium concentration. The pseudo second-order

Table 4 Thermodynamic parameters for the ammonium adsorption
on the adsorbents

Adsorbents  AG (kJ/mol) AH (kJ/mol) AS (J/mol-K)
25°C 35°C 45°C

SL 654 577 498  29.75 77.87

HC 5.48 4.82 4.16 25.21 66.19

CG 2.91 2.14 1.62 17.91 51.21

kinetics model provided a better description of the experi-
mental data. The sorption processes fit to both the Langmuir
and the Freundlich isotherms model, while the Langmuir
model was the better fit. The maximum ¢, values were cal-
culated to be 3.1, 5.0 and 6.0 mg/g for the SL, HC and CG
samples, respectively. The ammonium removal was favorable
at either neutral or alkaline conditions for all three materials.
The thermodynamic parameter AH indicated that all pro-
cesses were endothermic. In conclusion, these results suggest
that coal gangue could be used as a sorbent for the removal of
ammonium from wastewater. The low-cost and abundant
availability of this material may also contribute to the
favorability of coal gangue. It is also concluded that the
sorption efficiency might be enhanced by changing the pro-
cessing conditions, such as the pH values.
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