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a b s t r a c t

Zeolites, microporous aluminosilicate minerals, have high affinity to ammonium in water. This study
explored the mechanisms of ammonium adsorption onto natural zeolite and NaCl-modified counterpart
under different ammonium levels (10–4000 mg-N/L) and initial pH 3.4–11.1. Ion exchange dominated
the ammonium adsorption process near neutral pH, with the order of exchange selectivity following
Na+ > Ca2+ > K+ > Mg2+. At high ammonium levels, Ca2+ exceeded Na+ as the dominant ions for ammonium
adsorption. Conversely, in strong alkaline solutions, molecular adsorption suppressed ion exchange in
ammonium adsorption. NaCl modification effectively increased ammonium adsorption capacity by
increasing the Na contents in zeolite and by modifying the surface morphology to enhance film mass
transfer rate. The modified zeolite presents a potential adsorbent to reduce ammonium concentration
in landfill leachates, livestock wastewaters or effluents from anaerobic digestion tanks of livestock
manure.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Zeolites are microporous aluminosilicate minerals which could
be used as ion exchanger in domestic and commercial water puri-
fication, softening and other applications [1]. Substitution of silicon
by aluminum atoms in the crystal framework leads to extra nega-
tive charge to be balanced by surrounding counterions (such as
Na+, K+, Ca2+, and Mg2+), and these counterions are easily ex-
changed by other surrounding cations in a contact solution [2].
Additionally, the high ion exchange capacity (IEC) [3], large re-
serves of zeolite-rich rock, shortage of competing minerals and
the relatively low market price prefer the use of zeolites in large
scales.

There are more than 50 species of zeolites, such as clinoptilolite,
heulandite, mordenite, erionite, and others [2]. Use of clinoptilolite
in industry and academia mainly focuses on its ion exchange prop-
erties, especially on its high adsorption capacity and selectivity for
ammonium (NHþ4 ) [4]. Ames [5] noted that the ion exchanging
selectivity of clinoptilolite followed Cs+ > Rb+ > K+ > NHþ4 > Ba2+ >
Sr2+ > Na+ > Ca2+ > Fe3+ > Al3+ > Mg2+ > Li+. Zeolite dosage, particle
size, initial ammonium concentration, pH, and temperature could
have significant effects on ammonium adsorption capacity [6,7].
ll rights reserved.
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Several modification methods have been tried to enhance the
ammonium adsorption capacity of zeolite, including microwave
pretreatment [8], NaOH, HCl or NaCl solution treatment [9], inte-
grated calcination [10], and others. Equilibrium isotherm and
kinetics models of ammonium adsorption onto zeolites were also
reported [11,12]. Presence of competing cations, like Na+, K+, Ca2+

and Mg2+, adversely affects ammonium adsorption capacity of zeo-
lites [6].

Zeolites can provide adsorption sites with exchangeable cations
for ammonium ion and porosity for free ammonia [13], with ion
exchange and molecular adsorption being the main mechanisms,
respectively. Although the latter is in significant importance espe-
cially in practice due to various pH feeds needed to deal with, few
reports could be found on the contribution of molecular adsorption
to the whole process. In addition, landfill leachates, livestock
wastewater, and effluents from anaerobic digestion tanks of live-
stock manure could contain ammonium greater than 1000 mg-N/
L [14–16]. However, current studies on ammonium adsorption
onto zeolite are usually conducted at low ammonium levels
(<1000 mg-N/L) [6–8,17].

The objective of this study was to investigate the mechanisms
for ammonium adsorption onto zeolite at ammonium concentra-
tion of 10–4000 mg-N/L. Contributions of ion exchange and molec-
ular adsorption mechanisms during ammonium adsorption onto
zeolite were clarified. Effects of ammonium concentration and
solution pH (3.4–11.1) on adsorption behavior were discussed.
Accordingly, we identified the rate-limiting steps for adsorption
kinetics on natural and modified zeolites. To be specific, the term
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ammonium is the sum of free ammonia (NH3) and ionized ammo-
nium (NHþ4 ).

2. Materials and methods

2.1. Materials

Two kinds of zeolites were used in this study. One is natural
zeolite which was obtained from Shenshi Mine located in Jinyun,
Zhejiang Province, China, and was prepared through crushing, siev-
ing (1.43–0.80 mm), washing with deionized water and air-drying
at 105 ± 1 �C for 6 h. Another is modified zeolite which was ob-
tained by immersing 5 g of natural zeolite in the flask containing
100 mL of 2 mol/L sodium chloride (NaCl) solution under
35 ± 1 �C and 100 rpm in a thermostatic shaker (HZQ-X3000, Chi-
na) for 24 h, and then washed with deionized water for three times
and dried at 105 ± 1 �C for 6 h.

The feed solutions were prepared by diluting 4000 mg-N/L of
ammonium chloride (NH4Cl) stock solution with deionized water.
All chemicals were of analytical grade, and deionized water was
used throughout the experiments.

2.2. Experimental methods

For each batch adsorption experiment, 2 g of zeolite was firstly
added into the flask containing 100 mL of a prescribed initial con-
centration of NHþ4 solution at desired pH level (adjusted using
0.1 mol/L HCl or NaOH solution). Then the flask was shaken at
specified agitation speed and temperature controlled in the ther-
mostatic shaker (HZQ-X3000, China). The suspension was finally
filtered via 0.45 lm filter and the filtrate was analyzed for the tar-
get compound(s).

The agitation speed, temperature, initial ammonium concentra-
tion, pH, and contact time were the operational parameters inves-
tigated in this test. Table 1 lists the detailed conditions for each
experiment.

The adsorption performance was evaluated by the amount of
ammonium absorbed on per unit mass of zeolite (q in mg-N/g),
which could be calculated according to Eq. (1).

q ¼ ðC0 � CeÞV=m ð1Þ

where C0 and Ce are the initial and equilibrium ammonium concen-
trations (mg-N/L), respectively. V is the ammonium solution volume
(L) and m is the mass of zeolite used (g).

2.3. Analytical methods

Identification of mineral species of the zeolites was carried out
by X-ray diffraction (XRD, Bruker-D8 Advance, USA) of the ran-
dom-oriented powder samples. Energy disperses X-ray spectros-
copy (EDS, EDAX-TEAM™ EDS, USA) was used to determine the
Table 1
Experimental conditions for zeolite adsorption.

No. Main factor concerned Experimental conditions

Zeolite type Initial ammonium (mg-N

1 Temperature Natural 1000
2 Agitation speed Natural 1000
3 Initial ammonium concentration Natural 10–4000
4 pH Natural 100

1000
5 Contact time Natural 1000

Modified

* The original pH of 100 and 1000 mg-N/L of ammonium chloride solution were 6.68 an
chemical composition of samples. The surface morphology of the
zeolites was observed by scanning electron microscope (SEM, Phi-
lips-XL30 Electron Microscope, Netherland). The BET specific sur-
face area, pore volume and diameter of zeolite samples were
determined at P/P0 P 0.995 by nitrogen gas adsorption analyzer
(Micromeretics-Tristar 3000, USA).

The concentrations of Na+, K+, Ca2+ and Mg2+ in solution were
measured by atomic absorption spectroscopy (AAS, Hitachi-Z
5000, Japan). The concentration of ammonium in solution was
determined with the Neslerization method [18]. The solution pH
was determined by a pH Meter (Hach-HQ11d, USA). All tests were
done in duplicate with average data reported.
3. Results and discussion

3.1. Adsorbent characterization

The XRD patterns of the natural and modified zeolites revealed
that the main mineral species in the natural zeolite were clinoptil-
olite–Na (formula: (NaKCa)5Al6Si30O72�18H2O), heulandite (for-
mula: Ca3.6K0.8Al8.8Si27.4O72�26.1H2O) and quartz (formula: SiO2)
(Fig. 1), accounting for 48%, 40% and 10%, respectively. The inten-
sity changes of XRD peaks for the natural and modified zeolites
indicated that the crystal frame structure of zeolite was intact after
NaCl modification. However, the contents of quartz and heulandite
seemed decreasing while clinoptilolite–Na increasing after NaCl
modification. This observation may be a consequence of cation ex-
change (K+, Ca2+, and Mg2+) with Na+, correlating with the EDS re-
sults (Table 2). In particular, the Na content increased by 192%,
while Ca, Mg and K contents decreased by 78%, 60%, and 26%
respectively after NaCl modification.

Besides, the surface of modified zeolite became rougher and
more irregular compared with the original zeolite (Fig. 2a and b).
And the BET surface area, total pore volume, and average pore
diameter of zeolite were significantly increased after NaCl modifi-
cation (Table 3). The results indicate that NaCl immersion is an
effective means to modify the surface of present zeolite samples.

3.2. Effects of agitation speed and temperature

Agitation speed had no noticeable effects on ammonium
adsorption capacity after 24 h testing, but it had great impact on
adsorption kinetics, especially during the initial 120 min of testing
(Fig. 3a). Specifically, the ammonium adsorption rate increased
from 0.049 mg-N/(g min) to 0.066 mg-N/(g min) when agitation
speed was increased from 0 to 100 rpm with the increasing trend
leveled off at higher agitation speeds. Restated, the external mass
transfer resistance from bulk solution to zeolite surface was dimin-
ished at >100 rpm agitation speed [7]. This observation indicated
that the adsorption was not equilibrated with ion transfer rates
at external boundary layers, and the role of surface reaction dom-
/L) Temperature (�C) Agitation speed (rpm) Time (min) pH*

25, 35, 45 100 15–1440 Original
35 0, 50, 100, 200 15–1440 Original
35 100 1440 Original
35 100 1440 3.4–11.1

35 100 15–1440 Original

d 5.38, respectively.



Fig. 1. XRD patterns of the natural and modified zeolites.

Table 2
Chemical compositions of the natural and modified zeolites before and after
ammonium adsorption under 1000 mg-N/L of initial ammonium concentration by
EDS (wt.%).

Chemical elements Before adsorption After adsorption

Natural Modified Natural Modified

O 42.73 40.78 48.69 45.98
Na 1.61 4.70 0.49 0.59
Mg 0.87 0.35 0.35 0.38
Al 11.00 9.63 9.63 6.87
Si 37.22 41.33 38.18 43.81
K 1.52 1.48 0.84 1.40
Ca 2.09 0.45 0.77 0.20
Others 2.96 1.28 1.05 0.77

Table 3
Information of surface area and pore size for the natural and modified zeolites by BET
(at P/P0 P 0.995).

Unit Zeolite type

Natural Modified

BET surface area m2/g 14.33 60.83
Total pore volume cm3/g 0.044 0.065
Average pore diameter nm 16.19 29.24
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inated the process. The results were in accordance with the find-
ings of Erdogan and Ulku [7] and Alkan et al. [19].

Fig. 3b showed the effect of temperature on ammonium adsorp-
tion by natural zeolite. It seemed that the equilibrium adsorption
capacity was not distinctively improved by increasing temperature
Fig. 2. SEM images of the natural
from 25 to 45 �C. Probably during this process the effective adsorp-
tion sites on the zeolite remained unchanged, although ammonium
diffusion process may be promoted under higher temperature con-
ditions in which ammonium moves more quickly in solution [19],
water viscosity decreases [20], and adsorption sites on the zeolite
become more energetic.

Based on the above results, the following experiments were car-
ried out under the condition of 100 rpm and 35 �C.
3.3. Mechanisms of ammonium adsorption onto zeolite

3.3.1. Adsorption isotherm
Adsorption isotherms can be used to reveal how ammonium

ions interact with zeolite surfaces [21]. Langmuir isotherm is ap-
plied in this study to describe the monolayer adsorption onto the
surface of adsorbent, assuming that the number of energetic
adsorption sites are homogeneous and can be saturated [11]:

q ¼ qmaxKLCe=ð1þ KLCeÞ ð2Þ

where qmax (mg-N/L) and KL (L/mg) are the maximum ammonium
adsorption capacity and the equilibrium constant, respectively. Ce

(mg-N/L) and q (mg-N/g) represent the ammonium concentration
in the solution and ammonium adsorption capacity at equilibrium,
respectively. The linearisation of Eq. (2) is given by Eq. (3)

Ce=q ¼ 1=ðKLqmaxÞ þ Ce=qmax ð3Þ

The Freundlich isotherm assumes that the adsorbent has a het-
erogeneous surface with non-uniform distribution of adsorption
sites. Freundlich parameters can be determined by the following
equation [11]:

q ¼ KFC1=n
e ð4Þ

where KF and 1/n represent the Freundlich capacity coefficient and
the Freundlich intensity parameter, respectively. The linearisation
of Eq. (4) is Eq. (5):

log q ¼ log KF þ 1=n log Ce ð5Þ

The parameters for the Langmuir and Freundlich isotherms
were evaluated based on the data from present experimental
ammonium–zeolite systems (Table 4), with the Langmuir fitting
the data better than the Freundlich. This implies that ammonium
adsorption onto the natural zeolite is more like a monolayer
adsorption process with uniform distribution of energetic adsorp-
tion sites on its surface. The maximum adsorption capacity of the
natural zeolite was estimated 14.3 mg-N/g, slightly higher than
those of Yusof et al. [22] (11.3 mg-N/g for granulated natural Indo-
nesian mordenite), of Karadag et al. [17] (6.32 mg-N/g for Turkish
clinoptilolite), and of Widiastuti et al. [12] (3.89 mg-N/g for Austra-
lian natural zeolite).
(a) and modified zeolites (b).



Fig. 3. Effects of agitation speed and temperature on ammonium adsorption by natural zeolite under 1000 mg-N/L of initial ammonium concentration condition. (a) Effect of
agitation speed under 35 �C, (b) effect of temperature under 100 rpm.

Table 4
Isotherms constants for ammonium adsorption onto the natural zeolite.

Langmuir parameters Freundlich parameters

qmax(mg-N/g) KL R2 KF 1/n R2

14.265 0.009 0.993 0.985 0.355 0.973

Fig. 4. The ions release and ammonium adsorption capacity of natural zeolite under
different initial ammonium concentration conditions.
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3.3.2. Ion exchange
According to the fundamental of ion exchange between solid

and liquid phases [23], the ion exchange process between zeolite
frame and aqueous ammonium solution can be expressed by the
following equation.

Ze�Mnþ þ nNHþ4 $ Ze� nNHþ4 þMnþ ð6Þ

where Ze and M represent zeolite and the loosely held cations in
zeolite, respectively, and n is the number of electric charge.

Assuming that the exchangeable cations in zeolites are Ca2+,
Na+, K+ and Mg2+ [24], the ion exchange capacity (IEC) is defined
as the sum of exchanged cations as follows:

IEC ¼ ½Naþ� þ ½Kþ� þ 2½Ca2þ� þ 2½Mg2þ� ¼ ½NHþ4 � ð7Þ
Fig. 4 shows the variation of equivalent concentrations of Ca2+,
Na+, K+, and Mg2+ released into solution under different initial
ammonium concentrations. The sum of these four cations (IEC)
was almost equal to the ammonium adsorption capacity at equilib-
rium (q), demonstrating the predominant role of ion exchange in
ammonium adsorption to zeolite. The maximum IEC was
0.92 meq/g, lower than the theoretical ion exchange capacity
(TIEC) [24], 2.86 meq/g from chemical composition of natural zeo-
lite if all alkaline and alkaline-earth cations in zeolite were re-
placed. Restated, about 32% of the exchangeable sites were
available for ammonium adsorption, probably owing to limited ac-
cess of ammonium ions to interior sites of zeolites.

From Fig. 4, the order of ammonium ion exchange selectivity for
cations on the natural zeolite was determined as Na+ > Ca2+ > K+ > -
Mg2+, slightly different from results of Watanabe et al. [25] (Na+ -

� K+ > Ca2+ > Mg2+). This inconsistency is attributed to the
difference in chemical compositions of tested zeolites: rather low
Ca content in their chosen zeolite. Na+ was the dominant cation ex-
changed with ammonium under lower initial ammonium concen-
tration conditions (less than 500 mg-N/L) (Fig. 4). With the
increase of initial ammonium concentration Ca2+ started to domi-
nate the ion exchange process after most Na being released, espe-
cially at higher initial ammonium concentrations (>1000 mg-N/L).
Conversely, K+ is preferred than NHþ4 in ion exchange sequence for
clinoptilolite [5]. In the present tests the K+ was low in concentra-
tion and was slightly increased with initial ammonium concentra-
tion. Owing to the strong affinity of K+ with zeolite, K+ released by
ammonium adsorption might be re-adsorbed back to zeolite via
exchange with Na+, Ca2+ or Mg2+. After most available sites were
covered by ammonium ions, the released K+ could not be easily
re-adsorbed back so its concentration was increased in solution.
The low content in zeolite and high hydrated radius in solution
hindered the exchange of Mg2+ with ammonium ions [26].

The ion exchange mechanism of ammonium adsorption could
be confirmed by comparing chemical composition changes of nat-
ural zeolite before and after adsorption (Table 2). Clearly at
1000 mg-N/L of ammonium the contents of Na, Ca, K, and Mg of
the natural zeolite decreased after reaching the equilibrium of
ammonium adsorption.

3.3.3. Molecular adsorption
Ammonium in the bulk solution exists in both ionized and

molecular forms. pH and temperature affect the forms of ammo-
nium in solution [27]. The relationship between pH, temperature



Fig. 5. Effect of pH on ammonium and ammonia removal by natural zeolite under
initial ammonium concentration of 100 mg-N/L and 1000 mg-N/L, respectively
(35 �C).
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(T), ionized ammonium (NHþ4 –N), free ammonia (NH3–N) and total
ammonium (TAN) can be expressed by Eqs. (8)–(10) [27].

½NH3 � N�ðmg=LÞ=½TAN�ðmg=LÞ ¼ 10pH=ð10pH þ e6344ð273þTÞÞ ð8Þ
½NHþ4 � N�ðmg=LÞ=½TAN�ðmg=LÞ ¼ e6344ð273þTÞ=ð10pH þ e6344ð273þTÞÞ ð9Þ
½TAN� ¼ ½NH3 � N� þ ½NHþ4 � N� ð10Þ

The distributions of the free and ionized forms of ammonium
were calculated based on Eqs. (8)–(10) at 100 mg-N/L and
1000 mg-N/L of initial ammonium concentrations (35 �C). When
pH < 7, more than 95% of the ammonium existed in ionized form
(NHþ4 ); when pH approached 11, only about 1% of ammonium
was left in ionized form(data not shown).

Fig. 5 depicts that the ammonium adsorption onto natural zeo-
lite is a pH-dependent process. The maximum ammonium removal
occurred at pH 6.4 or 6.5, about 82.3 mg-N/L and 215.8 mg-N/L for
100 mg-N/L and 1000 mg-N/L of initial ammonium concentrations,
respectively. The ammonium removal decreased slightly with
decreasing pH, principally being attributed to the increase in
competing hydrogen ions. The increase in pH reduced ammonium
removal, especially at pH > 9, likely owing to the fewer ammonium
Fig. 6. Kinetic results of ammonium adsorption onto the natural and modified zeolites un
time, and (b) kinetic plots of intra-particle diffusion model.
ions presented in alkaline solutions. This observation correlates
with the findings by Huang et al. [6] and Erdogan and Ulku [7].

The increase in ammonia removal at increased pH and initial
ammonia concentration suggests the interplay of molecular
adsorption mechanism. The significance of molecular adsorption
was negligible at pH < 8. At pH 9.5, 45% and 8.5% of ammonium re-
moval were contributed by free ammonia adsorption under
100 mg-N/L and 1000 mg-N/L, respectively (Fig. 5). At pH 11.1,
molecular adsorption was the dominant mechanism owing to the
absence of ionized ammonium in solution (Fig. 5). Anyway, the
molecular adsorption was of secondary importance and contrib-
uted less to the total ammonium removal according to the exper-
imental results under neutral pH conditions.

3.4. Kinetic analysis

Fig. 6 illustrates the kinetic data for natural and modified zeo-
lites at 1000 mg-N/L of initial ammonium concentration. Ammo-
nium adsorption on zeolite proceeded fast, particularly during
the initial 100 min of testing, which might be a result of vacant
adsorption sites on the zeolites [28]. The equilibrium could be
reached in 12 h (Fig. 6a).

Compared with the natural zeolite, the modified zeolite exhib-
ited 58% higher in ammonium adsorption capacity and at faster
adsorption rate, especially during the first 15 min of adsorption.
This observation is attributable to the higher Na ions for modified
zeolite than the original zeolite, and the absorbed Na+ ions were
readily exchanged by ammonium ions on zeolite surfaces. This
statement was manifested by the result from AAS analysis showing
that about 95% of IEC was Na+ under 1000 mg-N/L of ammonium
for modified zeolite (data not shown). Additionally, NaCl modifica-
tion replaced Ca and Mg on zeolite resulting in producing large
pores and cavities in the zeolite (Table 3 and Fig. 2). So the modi-
fied zeolite could have superior adsorption performance than the
original zeolite.

Intra-particle diffusion model can be adopted to identify the dif-
fusion mechanism of ammonium adsorption process [29]:

qt ¼ kdt1=2 þ C ð11Þ

where kd is the coefficient of intra-particle diffusion (mg/(g min1/2)).
Fig. 6b depicts that the intra-particle diffusion model fitted well

the experimental data if the whole adsorption process was divided
into two linear regions. Hence, the ammonium adsorption process
might be described by film diffusion followed by intra-particle dif-
der 1000 mg-N/L of initial ammonium concentration condition. (a) Effect of contact



Table 5
Kinetic constants for ammonium adsorption onto the natural and modified zeolites.

Models Parameters Zeolite type

Natural Modified

Intra-particle
diffusion
model

First
stage

kd1 0.797 1.561
R2 0.984 0.916

Second
stage

kd2 0.095 0.173
R2 0.815 0.877

Film diffusion
model

Df (m2/s) 8.422 � 10�10 24.021 � 10�10

R2 0.966 0.855

Particle diffusion
model

Dp (m2/s) 5.700 � 10�11 5.832 � 10�11

R2 0.974 0.988
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fusion process [30]. The contribution of each rate controlling step
in the ammonium adsorption onto zeolite was further analyzed
by calculating the film diffusion (Df) and particle diffusion (Dp)
coefficients according to the corresponding models given below
[20,23]:

Film diffusion model:

lnð1� qt=qeÞ ¼ �kf t ð12Þ

Particle diffusion model:

ln½1� ðqt=qeÞ
2� ¼ �2kpt ð13Þ

where kf = DfCs/Czhr and kp = Dpp2/r2 are the rate constants. Cs and
Cz (mg/kg) are the concentrations of ammonium in solution and
zeolite, respectively; r is the average radius of zeolite particles
(averagely 5 � 10�4 m in this study), t is the contact time (min);
and h is the thickness of film around the zeolite particle (10�5 m
for poorly stirred solution [20]).

The best-fit Df and Dp values for ammonia adsorption onto the
natural and modified zeolites are listed in Table 5. The Dp values
for both zeolites were considerably lower than those of Df, indicat-
ing that particle diffusion was the rate-limiting step for ammo-
nium adsorption and the ammonium adsorption was mainly
occurred at the surface of zeolite with monolayer molecular
adsorption. Similar results were reported by mordenite tests [31]
and natural Iranian zeolite [20] at low initial ammonium concen-
trations. Compared with the natural zeolite, the Df and Dp values
of the modified zeolite increased by 185% and 2.3%, respectively,
indicating that NaCl modification could reduce the resistance for
mass transfer in film diffusion but have little effects on intra-par-
ticle diffusion. Namely, NaCl modification could effectively im-
prove the surface morphology of zeolite particles, but hardly
alter the intra-particle structures.
4. Conclusions

In conclusion, this study discloses the mechanisms of ammo-
nium adsorption onto zeolites at different initial ammonium
concentrations (10–4000 mg-N/L) and pH levels (3.4–11.1). The
ion exchange mechanism dominated the ammonium adsorption
process with the order of exchange selectivity for cations:
Na+ > Ca2+ > K+ > Mg2+. At initial ammonium concentration
>1000 mg-N/L, Ca2+ exceeded Na+ to dominate the ion exchange
process owing to depletion of Na in zeolite. Molecular adsorp-
tion occurred at alkaline conditions. NaCl modification enhanced
ammonium adsorption capacity from 11.0 to 17.3 mg-N/g
(Fig. 6a), mainly being contributed by the increased Na contents
in zeolite (192%), and by the increased specific surface (32%) and
pore diameter (80%) of zeolite, respectively (Table 3). Particle
diffusion was the rate-limiting step for the present ammonium
adsorption process. The NaCl modification can promote film dif-
fusion significantly through improving the surface characteristics
of zeolite.
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