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ABSTRACT 

The purpose of this study was to investigate the re-
moval of ammonium from aqueous solutions using a novel 
zeolite obtained from coal fly-ash. The zeolite was charac-
terized by X-ray diffraction (XRD) and scanning electron 
microscopy (SEM). Batch experiments were carried out to 
investigate adsorbent dosage, shaking time, initial pH, in-
itial ammonium concentration, and competitive cations. 
Freundlich and Langmuir models were used to describe 
the equilibrium isotherm data. The SEM and XRD images 
indicated that most of the synthetic zeolite obtained from 
coal fly-ash was crystalline, and zeolite Na-P1 was the major 
component. Adsorbent dosage, shaking time, initial pH, 
initial ammonium concentration, and competitive cations all 
affected NH4

+-ion removal from aqueous solutions. Equi-
librium modeling data were fitted to linear Langmuir and 
Freundlich models. The results demonstrated that the novel 
zeolite obtained from coal fly-ash displayed a faster ad-
sorption rate and higher adsorption capacity than did other 
zeolites reported in the literature. This implies that the 
zeolite has potential applications in removing ammonium 
pollutants from wastewater. 
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1. INTRODUCTION 

Nitrogen in wastewater is one of the causes for growth 
of photosynthetic algae and other biological organisms in 
water bodies. Ammonium is the primary form of nitrogen 
pollution in various types of wastewater, including mu-
nicipal sewage and industrial wastewater, and can be 
formed by decomposition of organic nitrogen compounds  
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in wastewater. Accumulation of ammonium in water may 
be toxic to aquatic organisms, and increase oxygen demand 
and eutrophication in rivers and lakes [1]. As awareness 
of the deleterious effects of ammonium increases, the laws 
restricting ammonium discharge from wastewater are be-
coming more stringent. Low-cost, effective methods are 
therefore needed for the treatment of waters polluted with 
ammonium. 

 
In wastewater treatment, a variety of physicochemical 

and biological methods have been used for ammonium 
removal [2–5]. The biological nitrification/denitrification 
method is the traditional method for ammonium removal 
from municipal and industrial wastewater. However, this 
method has limitations. For example, it does not respond 
well to shock loads of ammonium. In cold weather, the 
low temperature of the wastewater precludes the use of 
this method for ammonium removal. Ion-exchange meth-
ods, for example using zeolites, are effective techniques 
for ammonium removal, and considered to be an attrac-
tive alternative to biological methods [6–9]. Removal of 
ammonium ions by selected natural and synthetic zeolites 
has been studied by many researchers [10–13]. 

 
Electricity-generating plants produce 500 million tons 

of fly-ash, a by-product of coal combustion, globally every 
year. However, only 16% is recycled, and most fly-ash is 
stored at the power plants or placed in landfills, causing 
severe environmental problems [14]. However, fly-ash can 
be useful and environmentally friendly. Recently, much 
attention has been paid to coal fly-ash as a potential mate-
rial for ammonium removal, and there have been many 
reports [14–17] on the use of synthetic zeolites from fly-
ash for ammonium removal. 

 
The ability of a novel zeolite synthesized from coal 

fly-ash to remove ammonium from aqueous solutions is 
investigated in this study. The zeolite was characterized 
by X-ray diffraction (XRD) and scanning electron micros-
copy (SEM), and the effects of adsorbent dosage, shaking 
time, initial pH, initial ammonium concentration, and com-
petitive cations on ammonium removal were investigated. 
Finally, the adsorption equilibrium isotherms of ammo-
nium uptake by the zeolite were studied. 
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2. MATERIALS AND METHODS 

2.1 Raw materials 

The zeolite synthesized from coal fly-ash used in this 
study was provided by the Beijing Daoshun International 
Technology Development Co., Ltd., Beijing, China. All of 
the other inorganic chemicals used in this study, i.e., am-
monium chloride (NH4Cl), sodium chloride (NaCl), so-
dium hydroxide (NaOH), and hydrochloric acid (HCl), 
were analytical grade reagents from the China National 
Pharmaceutical Group Chemical Reagent Co., Ltd. A stock 
solution (1000 mg⋅L−1) was prepared by dissolving NH4Cl 
in distilled water; the desired concentrations were ob-
tained when needed by diluting the stock solution with 
distilled water. Diluted HCl and NaOH solutions were 
used for pH adjustment. 

 
2.2 Methods characterization 

The synthetic zeolite obtained from fly-ash was char-
acterized by XRD and SEM. Crystalline materials in the 
zeolite were identified by XRD using a PANnalytical Xτ 
Pert PRO MPD diffractometer (PANalytical, Eindhoven, 
The Netherlands) with Cu Kα (λ = 0.154 nm) radiation, 
operating at 40 kV and 40 mA and a step width of 0.026°. 
The morphological structures of the synthetic zeolite were 
identified by SEM, using a FEI-QUANTA200 (FEI Com-
pany, Brno, Czech Republic), operating in backscatter 
mode at an accelerating voltage of 15.0 kV. The specific 
surface area of the synthetic zeolite obtained from fly-ash 
was determined by the nitrogen adsorption method. Nitro-
gen sorption experiments were carried out at 77 K using a 
NOVA4200e apparatus (Cantata Instruments Co., USA). 
The Brunauer–Emmett–Teller equation was used to de-
termine the specific surface area. 

 
2.3 Ammonium-adsorption experiments 

Batch experiments were performed in 250-mL stop-
pered conical flasks using 200 mL of solutions with dif-
ferent initial concentrations of ammonium and adsorbent 
doses. The initial ammonium concentrations ranged from 
5 to 100 mg⋅L−1, and the zeolite dosage was varied from 
0.5 g⋅L−1 to 15.0 g⋅L−1. The samples were agitated on a 
temperature-controlled shaker with continuous stirring at 
200 rpm. After equilibrium had been reached, the super-
natant was filtered using 0.45-µm membranes. The initial 
and final ammonium concentrations in solution were de-
termined, using a UV spectrophotometer (UV-2100), by 
monitoring the absorbance changes at the maximum ab-
sorbance wavelength (420 nm). 
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where qt and qe are the amounts of exchanged ammo-
nium (mg⋅g−1); C0, Ct and Ce (mg⋅L−1) are the initial, time 
t, and equilibrium concentrations, respectively, of the 
ammonium solution; V (L) is the solution volume; and W 
(g) is the weight of synthetic zeolite. All treatments were 
conducted in triplicate, and we report the average values. 
The limit of error of the triplicate samples was lower than 
5%. 

 
 
3. RESULTS AND DISCUSSION 

3.1 Characterization of synthetic zeolite obtained from coal 
fly-ash 

Fig. 1 shows the XRD pattern of the synthetic zeolite 
obtained from coal fly-ash. All the XRD peaks agree well 
with the characteristic peaks of zeolite Na-P1, mullite, 
quartz, and phillipsite. The zeolite Na-P1 peak is sharp and 
the intensity is comparatively strong. This indicates that 
zeolite Na-P1 is the major component of the synthetic zeo-
lite and would play the major role in NH4

+-ion adsorption. 
 
Analysis of the XRD pattern suggests the following 

composition for the synthetic zeolite: Na-P1 71.9%, mul-
lite 17.8%, quartz 9.9%, and phillipsite 0.4%. 
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FIGURE 1 - XRD diffraction pattern of synthetic zeolite obtained 
from coal fly-ash 

 
Fig. 2 shows the SEM images of the synthetic zeolite 

obtained from coal fly-ash; a large number of round crys-
tals with strip-shaped surfaces can be easily observed at 
different magnifications. The particle size is estimated to 
be about 2 µm; some impurities can be observed.  

 
The potential adsorption capacity is reflected to some 

extent by the specific surface area. The obtained value of 
the specific surface area of the synthetic zeolite obtained 
from coal fly-ash was 22.60 m2⋅g−1. The pore channels in 
the zeolite, which can allow ions to penetrate into or ad-
sorb on the surface, provide a large surface of active sites. 
This kind of zeolite therefore has significant potential ap-
plications in the adsorption of harmful ions such as ammo-
nium. 
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FIGURE 2 - SEM images of synthetic zeolite obtained from coal fly-
ash. 

 
3.2 Performance of synthetic zeolite obtained from coal fly-ash 
3.2.1 Effects of shaking time 

In order to determine the shaking time required for the 
ammonium–zeolite system to reach equilibrium, a 50 mg⋅L−1 
ammonium solution (500 mL) was shaken with 2.5 g of 
zeolite. The equilibrium studies were performed at time 
intervals in the range 0.5–150 min. Fig. 3 shows the am-

monium uptake by the synthetic zeolite as a function of 
shaking time at 298 K. As seen from Fig. 3, the ammo-
nium-adsorption rate by the zeolite was rapid and the final 
ammonium uptake was almost complete within 10 min of 
starting the reaction. The uptake reached near equilibrium 
10 min after the initial reaction, and the uptake of ammo-
nium became almost stable. The change in the rate of NH4

+-
ion removal may be explained as follows. Initially, all the 
adsorbent sites are vacant and the solute concentration 
gradient is high [15]. The NH4

+-ion uptake rate by the 
zeolite then decreases significantly as a result of the de-
crease in adsorption sites. Zhang et al. [14] also found that 
ammonium uptake by zeolites was a fast process, and up-
take equilibrium is achieved within 10–15min. As can be 
seen from the data, there is no significant difference be-
tween the removal efficiency after 30 min and that after 
150 min. On the basis of these results, a 30-min shaking 
period was selected for the subsequent experiments. 
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FIGURE 3 - Effects of contact time at 298 K for ammonium adsorp-
tion on synthetic zeolite obtained from coal fly-ash 
 
3.2.2 Effects of pH 

The pH is an important factor in the exchange of am-
monium by zeolites. The pH can affect the characteristics 
of the ammonium and of the zeolite. The effects of initial 
pH values in the range 2–10 were investigated. The pH 
values were adjusted using 0.2 mol⋅L−1 HCl and 0.2 mol⋅L−1 
NaOH solutions. 200mL of 50 mg⋅L−1 ammonium solu-
tion were agitated with 1.0 g of zeolite at 298 K. The ex-
perimental results are shown in Fig. 4. As seen from Fig. 4, 
the pH has an obvious impact on ammonium removal by 
the zeolite. The removal efficiency increased slowly as the 
pH was increased from 2 to 6, reached a maximum value 
at pH 6, and then decreased at pH 7. At pH values below 
6, the decrease in the ammonium-removal efficiency may 
be the result of two factors [12, 15]: 

(1) At lower pH values, the ammonium ions have to 
compete with hydrogen ions for the adsorption sites, so 
the efficiency is lower.  

(2) The zeolite crystals begin to collapse or dissolve 
with decreasing pH in aqueous solutions. However, when 
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the pH is higher than 7, the ionized ammonium is gradu-
ally transformed to non-ionized forms of NH3; this is un-
favorable for adsorption on the zeolite surface [18]. Par-
tial dissolution of the zeolite in alkaline solutions may be 
another reason [19]. As the optimum pH of the ammonium 
solution was near 6, the solution pH was not adjusted in the 
following experiments. 
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FIGURE 4 - Effects of pH at 298 K on ammonium adsorption on 
synthetic zeolite obtained from coal fly-ash 

 
3.2.3 Effects of adsorbent dosage 

To determine the balance between the ammonium-ad-
sorption capacity and removal efficiency needed to achieve 
the optimum adsorbent dosage, the effects of varying 
the synthetic zeolite dosage on the NH4

+-ion removal 
efficiency were studied. In the experiments, 200mL of 
50 mg⋅L−1 ammonium solution of were agitated with dif-
ferent amounts of adsorbent at 298 K. The zeolite dosage 
was varied from 0.5 g⋅L−1 to 15.0 g⋅L−1; the results are 
shown in Fig. 5. As seen from Fig. 5(a), the NH4

+-ion re-
moval efficiency increased from 21.52% to 94.24% as the 
zeolite dosage increased from 0.5 g⋅L−1 to 15.0 g⋅L−1. A 
plateau occurred at 10.0 g⋅L−1 of adsorbent. This can be 
explained as follows. First the surface area and number of 
exchange sites increased as the adsorbent dosage increased, 
so the NH4

+-ion removal efficiency increased rapidly. With 
further increases in adsorbent dosage, higher solid/liquid 
ratios resulted in the formation of aggregates or precipita-
tion of particles, resulting in a plateau at a concentration 
of 10.0 g⋅L−1 of adsorbent. From Fig. 5(b), it can also be 
seen that the ammonium-adsorption capacity decreased 
with increasing synthetic zeolite dosage. The decrease in 
the ammonium-adsorption capacity with increasing zeolite 
dosage may the result of two factors [14]:  

(1) A decrease in the ammonium concentration gradi-
ent per unit mass of adsorbent with increasing synthetic 
zeolite dosage;  

(2) A decrease in the total surface area of the syn-
thetic zeolite as a result of particle interactions such as 
aggregation. 
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FIGURE 5 - Effects of adsorbent dosage on ammonium adsorption 
on synthetic zeolite at 298K: (a) shows the effects of adsorbent 
dosage on ammonium adsorption on the zeolite, and (b) shows 
adsorption capacities at different adsorbent dosages 

 
3.2.4 Effects of initial ammonium concentration 

The effects of the initial ammonium concentration 
were studied using initial concentrations in the range 5–
100 mg⋅L−1. The zeolite dosage was kept at 1.0 g and the 
temperature was kept at 298 K. The results, in Fig. 6, 
show that the initial ammonium concentration had an ob-
vious effect on both the ammonium uptake and the am-
monium-removal efficiency. The ammonium-adsorption 
capacity increased with increasing initial ammonium con-
centration, reaching a maximum value of 14.63 mg⋅g−1 
when the initial ammonium concentration was 100 mg⋅L−1. 
This is because higher concentrations can result in higher 
solute gradients, providing the necessary driving force for 
ammonium to replace cations in the medium framework. 
Fig. 6 also shows that there was an obvious decrease in 
the ammonium-removal efficiency when the ammonium 
concentration in solution increased; this was the result of 
saturation of the limited number of exchange sites of the 
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adsorbent. With an increase in initial ammonium concen-
tration from 5 to 100 mg⋅L−1, the ammonium-removal 
efficiency decreased from 98.63% to 73.14%. 
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FIGURE 6 - Effects of ammonium initial concentration on adsorption 
on synthetic zeolite at 298 K 
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FIGURE 7 - Effects of competitive cations on adsorption on syn-
thetic zeolite at 298 K 

 
3.2.5 Effects of competitive cations 

Actual wastewater such as municipal and industrial 
wastewaters is always contaminated with various addi-
tives such as inorganic salts, so it is necessary to investi-
gate the influence of other cations on ammonium removal 
by the synthetic zeolite. The adsorption of ammonium at 
298 K in the presence of various salts was therefore car-
ried out at the same initial molar cation concentrations of 
sodium (Na+), potassium (K+), calcium (Ca2+), and mag-
nesium (Mg2+), respectively. The amount of adsorbent is 
1.0 g, and the constant initial ammonium concentration is 
50 mg⋅L−1. From the results shown in Fig. 7, it can be 
seen that the individual presence of other metal ions sig-
nificantly reduced the ammonium-removal efficiency. 
The adsorption of ammonium on a zeolite is the result of 
ion-exchange between ammonium from the aqueous solu-

tion and cations from the zeolite. When Na+, K+, Ca2+, or 
Mg2+ were present in the solution, the ammonium-adsorp-
tion capacity decreased as a result of competition with 
other cations for adsorption sites on the zeolite. Given 
identical concentrations of metal cations, the reduction in 
ammonium-adsorption capacity followed the order K+ > 
Ca2+ > Na+ > Mg2+, indicating that the order of selectivity 
over ammonium of other cations on the synthetic zeolite 
was K+ > Ca2+ > Na+ > Mg2+. Similar results have previ-
ously been reported by Zhang et al. [14]. However, differ-
ent results for the selectivity of natural and synthetic zeo-
lites toward Na+, K+, Ca2+, and Mg2+ have been found in 
other studies [6,20,21]. This is because different zeolites 
have different chemical compositions and structures, and 
thus different cation selectivities [14]. 

 
3.3 Ammonium adsorption isotherms study 

Adsorption isotherms are important for describing 
how ammonium interacts with the synthetic zeolite, and are 
useful in investigating the use of the zeolite as an adsorb-
ent. The Freundlich and Langmuir models are usually used 
to describe the equilibrium data [22,23]. In this study, both 
the Freundlich and Langmuir models are used to describe 
the equilibrium isotherm data.  

The linear form of the Langmuir model is expressed 
as: 

e
e

e C
qkqq

C
maxmax

11
+=  

where qe (mg⋅g−1) is the equilibrium amount of am-
monium adsorbed (mg) per unit mass of adsorbent (g), Ce 

(mg⋅L−1) is the concentration of ammonium in the equilib-
rium solution, and qmax (mg⋅g−1) and k (L⋅mg−1) are the 
maximum adsorption capacity of the adsorbent and the 
adsorption energy coefficient, respectively. 

The essential features of the Langmuir isotherm can 
be expressed in terms of the dimensionless constant sepa-
ration factor RL: 

01
1
kC

RL +
=  

where C0 (mg⋅L−1) is the initial concentration of am-
monium and k is the Langmuir constant (L⋅mg−1). There 
are four possibilities for the RL value: for favorable ad-
sorption conditions, 0 < RL< 1; for unfavorable adsorption 
conditions, RL > 1; for linear adsorption, RL = 1; and for 
irreversible adsorption, RL = 0 [24]. 

The Langmuir plots for ammonium adsorption on the 
synthetic zeolite obtained from coal fly-ash are shown in 
Fig. 8. The parameters are given in Table 1. The experi-
mental data fit the Langmuir model well, with a correla-
tion coefficient of 0.9644. The maximum adsorption ca-
pacity and Langmuir constant (k) deduced from the Lang-
muir isotherm are 16.36 mg⋅g−1 and 0.2164 L⋅mg−1, respec-
tively. So the parameter RL lies between 0 and 1, which 
shows that the conditions for removal of ammonium are 
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favorable. In addition, the values of RL prove that the 
synthetic zeolite obtained from coal fly-ash is a potential 
adsorbent for ammonium removal from aqueous solu-
tions. Saltali et al. [25] and Sarioglu et al. [26] reported 
that the maximum amounts of ammonium exchanged 
using a natural Turkish zeolite were 9.64 mg g−1 at 21 °C 
and 12.83 mg⋅g−1 at 20 °C. Zheng et al. [4] found that the 
maximum adsorption capacity of zeolite 13X was 8.61 
mg g−1 at 298 K. Juan et al. [16] found that the maximum 
adsorption capacity of a zeolite synthesized from fly-ash 
using a hydrothermal method was 7.02 mg⋅g−1 at 298 K. 
This kind of synthetic zeolite obtained from coal fly-ash 
showed relatively high ammonium adsorption compared 
to other zeolites. 

The linear form of the Freundlich model is as fol-
lows: 

ee C
n

Kq log1loglog f +=  

where Kf is the Freundlich constant (mg⋅g−1), the 
measure of the adsorption capacity of the adsorbent, and 
1/n is the heterogeneity factor, a constant related to ad-
sorption intensity or surface heterogeneity. High values of 
Kf indicate high affinities for ammonium, and the value of 
the empirical parameter 1/n lies in the range 0.1 < 1/n < 1, 
indicating favorable conditions for adsorption [27]. 
Freundlich constants were calculated from the slopes and 
intercepts in Fig. 8b, and are given in Table 1. The corre-
lation coefficient of 0.9836 showed that the experimental 
data agree well with the Freundlich model. The value of 
1/n is less than 1 (0.4814 at 298 K) and therefore repre-
sents favorable removal conditions. The Kf in the Freun-
dlich model is 3.179, which indicates high affinities for 
ammonium. Sarioglu et al. [26] and Weatherley [28] 
determined Kf as 2.23 and 2.27 for the adsorption of am-
monium. 
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FIGURE 8 - Isotherm models at 298 K for ammonium adsorption 
on synthetic zeolite obtained from coal fly-ash: (a) Langmuir model 
and (b) Freundlich model 

 
 
 

TABLE 1 - Isotherm constants for ammonium adsorption on synthetic zeolite at 298 K 

Isotherm models equation Parameters  R2 

Langmuir Ce/qe=0.28234+0.061118 Ce k (L⋅mg-1): 0.2164 qmax (mg⋅g-1): 16.36 0.9644 

Freundlich logqe=0.50234+0.4814 logCe Kf (mg⋅g-1): 3.179 1/n: 0.4814 0.9863 
 
 
 
4. CONCLUSIONS 

The novel zeolite adsorbent was characterized and its 
adsorption behavior with respect to removal of ammo-
nium from aqueous solutions was investigated. SEM and 
XRD images showed that most of the synthetic zeolite 
obtained from coal fly-ash was crystalline, and zeolite Na-
P1 was the major component. Experimental parameters 
such as adsorbent dosage, pH, shaking time, initial ammo-
nium concentration, and competitive cations influenced on 
NH4

+-ion removal from aqueous systems by the synthetic 

zeolite. The zeolite exhibited a fast adsorption rate and 
high adsorption capacity for ammonium. A maximum ad-
sorption capacity of 16.36 mg⋅L−1 of ammonium was 
achieved. Langmuir and Freundlich models both fit well 
with the experimental data. This synthetic zeolite obtained 
from coal fly-ash has potential applications in the removal 
of ammonium pollutants from wastewaters. It can be used 
as a low-cost and relatively effective adsorbent for the 
removal of ammonium. 
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