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Comparative sorption kinetic studies of ammonium onto zeolite

Donghui Wen, Yuh-Shan Ho, Xiaoyan Tang ∗
Department of Environmental Sciences, College of Environmental Sciences, Peking University, Beijing 100871, People’s Republic of China

Received 19 July 2005; received in revised form 6 October 2005; accepted 11 October 2005
Available online 28 November 2005

Abstract

The sorption kinetics of ammonium onto three types of zeolite, natural zeolite, natural zeolite covered by biofilm and ammonium-bearing zeolite
covered by biofilm, at two particle sizes were studied. The pseudo-first order and pseudo-second order models were fitted to the results by a
non-linear method. The batch sorption model, based on a pseudo-second order mechanism, was applied to predict the rate constant of sorption,
the equilibrium capacity and the initial sorption rate. Ion exchange between NH4

+ and cations in the zeolite increased with decreasing particle size
of the zeolite. Biofilm covered on the zeolite did not affect the ion exchange for the smaller particle size but decreased the ion exchange capacity
by 22% for the larger particle size. In addition, bioregeneration should be considered for the recovery of ion exchange capacity of the bio-zeolite
made from ammonium-bearing zeolite by the microorganisms in the biofilm, 78.0 and 63.9% regeneration for the smaller and larger particle size
o
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. Introduction

Nitrogen pollution in hydrosphere is attracting increasing
ttention for eutrophication of lakes and rivers all over the
orld. Ammonium is the inorganic ion form of nitrogen pol-

ution contained in municipal sewage, industrial wastewater and
gricultural wastes or decomposed from organic nitrogen com-
ounds in those wastewater and wastes. Higher concentration
f ammonium will cause a sharp decrease of dissolved oxygen
nd obvious toxicity on aquatic organisms [1]. Hence, removing
mmonium from wastewater is of great importance to control
itrogen pollution. Considering from the technical efficiency
nd economic competition, zeolite, used as an ion exchanger,
eems to be much more capable to remove ammonium from
astewater. Zeolite is natural porous mineral described as crys-

alline hydrated aluminosilicates. Inside the framework structure
f zeolite, alkali or alkaline-earth cations are reversibly fixed in
he cavities and can easily be exchanged by surrounding positive
ons [2]. Early in 1970s, natural zeolite were tested for removing
mmonium from wastewater [3]. In recent years, typical studies
eported its use for removing ammonium from secondary efflu-

ent or sewage [4,5] as well as from industrial wastewaters, such
as tannery wastewater [6], aquaculture wastewater [7] and pig-
gery wastewater [8,9]. According to their composition, natural
zeolite have different forms, of which clinoptilolite has the best
performance for ammonium removal [10,11].

Sorption kinetics was available for describing the ammo-
nium removing process by zeolite. The process was largely
governed by intraparticle pore diffusion [12,13], and fitting first
order kinetic model [14,15]. Other kinetic models including
parabolic diffusion, Elovich and heterogeneous diffusion were
also evaluated and all adequately described the ammonium sorp-
tion process [15].

Biological decomposition has been considered in the treat-
ment system using zeolite, since microorganisms would prob-
ably grow on the surface of the zeolite immerged in aqueous
solution or wastewater. Zeolite covered by biofilm was called
bio-zeolite, acting as the ion-exchanger and growth media for
microorganisms [16,17]. Compared to the virgin zeolite, the ion-
exchange rate in the bio-zeolite was reduced about 25–30%, and
the rate-controlling step for ion exchange shifted from pore dif-
fusion in the virgin zeolite to film diffusion in the bio-zeolite
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[18].
In this study, the ammonium sorption by three zeolite, i.e. nat-

ural zeolite, natural zeolite covered by biofilm and ammonium-
bearing zeolite covered by biofilm, at two zeolite particle sizes
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Table 1
Major chemical ingredients of the clinoptilolite produced in Jinyun, Zhejiang Province

Value Zeolite concentration (%) Chemical ingredient (%) Ignition
loss

SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O H2O

Minimum 65 66.21 0.13 10.99 0.08 – 0.04 0.13 2.59 2.22 0.92 – –
Maximum 71 69.58 0.14 12.20 0.96 0.11 0.08 0.53 2.98 2.95 1.13 11.9 13.83
Average 69 68.43 0.14 11.41 0.63 0.07 0.06 0.26 2.72 2.59 1.06 6.11 8.28

Besides, the zeolite also contains microelements, such as Cu, Pb, As, Be, Zr, Ni, P, Mo, Sn, Ga, Cr, V, Yb, Y, Nb, La, etc.

were studied. A non-linear method of pseudo-second order
kinetic model was examined the sorption of ammonium by zeo-
lite. A trial-and-error procedure was used for the non-linear
method using the solver add-in with Microsoft’s spreadsheet,
Microsoft Excel.

2. Materials and methods

2.1. Zeolite materials

Zeolite produced in Jinyun, Zhejiang Province, China, was
used as experiment material. The ore is mainly clinoptilolite
accompanied with mordenite and heulandite. Its main chemical
constitution was listed in Table 1. Internal structure of the natural
zeolite was observed by electronic microscope as showed in
Fig. 1. For the particle size of 1.0–3.2 mm, the zeolite has an
specific surface area of 6.64 m2/g and an average diameter of
pores of 112.72 Å.

Two different sizes of the zeolite were selected, 1.0–3.2 and
8.0–15 mm each. Two types of bio-zeolite were made from nat-
ural zeolite and ammonium-bearing zeolite. For obtaining the
ammonium-bearing zeolite, the nature zeolite was immerged
into high concentrated NH4Cl solution prepared by de-ionized
water and stirring for sufficient time so as to become ammonium-
saturated zeolite, and then dried off in the air. Bio-zeolite were
m

of 2 dm3, add 1000 g of natural fresh zeolite or ammonium-
saturated zeolite with different particle sizes into every beaker,
then add 1.2 dm3 cultivation solution prepared by de-ionized
water and 0.2 dm3 activated sludge (MLSS = 1.45 g/dm3) into
the beaker. The cultivation solution were the mixture of glu-
cose, NH4Cl and K2HPO4 for the natural zeolite to provide COD
200 mg/dm3, NH4

+-N 100 mg/dm3 and TP 2 mg/dm3, and the
mixture of glucose and K2HPO4 for the ammonium-saturated
zeolite to provide COD 200 mg/dm3 and TP 2 mg/dm3; (2) aer-
ate the zeolite-liquor systems from the bottom of the beakers,
keeping DO in the range of 4.5–6.0 mg/dm3. For compensating
the loss from evaporation and sorption, dose the same cultiva-
tion solution into every beaker to maintain the liquor volume and
nutrition everyday; (3) observe the occurrence of biofilm grow-
ing on the surface of the zeolite. In this study, the cultivation
was stopped after 73 days while the zeolite became bio-zeolite
wrapped by white biofilm and (4) dry off the four types of bio-
zeolite in the air.

So, experiment materials included natural fresh zeolite (NZ),
bio-zeolite made from natural fresh zeolite (BZ) and bio-zeolite
made from ammonium-bearing zeolite (BAZ). Surface of the BZ
was also scanned by electronic microscope and showed in Fig. 1.
Biomass of the biofilm attached on the zeolite were measured
as 62.5 and 55.9 g/kg for BZ with particle sizes of 1–3.2 and
8–15 mm, respectively, and 54.8 and 50.1 g/kg for BAZ with
p

F re of
b e amp
aded as the following cultivation: (1) prepare four beakers

ig. 1. Natural zeolite and bio-zeolite observed by SEM. (a) Internal structu
io-zeolite made from natural zeolite. Note: in each picture, the upper part is th
article sizes of 1–3.2 and 8–15 mm, respectively.

the natural zeolite produced in Zhejiang Province, China. (b) Surface of the
lified zone framed in the lower part.
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2.2. Experimental methods

The contact time experiments were conducted under static
conditions as the following procedure: prepare NH4Cl solution
by de-ionized water, its concentration is Ci (meq/dm3); add
zeolite or bio-zeolite with accurate weight m (g) and NH4Cl
solution of V (dm3) into one 250 ml flask; seal the flask and put
it on a orbital shaker; set the rotation rate and temperature of the
shaker and let the zeolite-solution system interact sufficiently;
exam the concentration of NH4

+-N, Ce (meq/dm3) in the
solution against time.

The experiments were carried out with a constant initial
ammonium concentration (Ci) of 5.5 meq/dm3, and zeolite dose
400 g/dm3 for ammonium sorption onto various types of zeolite
under the temperature of 25 ◦C and the rotation rate of 110 rpm.
The monitoring method of NH4

+ is spectrophotometry with Shi-
madzu 2401 UV–vis spectrophotometer.

3. Results and discussion

In order to investigate the reaction order of sorption, the
constants of sorption of ammonium were determined using equa-
tions of Lagergren [19] and a pseudo-second order mechanism
[20,21] (Ho and McKay), respectively, which is as follows:

Pseudo-first order model: the sorption kinetics may be des-

second order sorption (g/(meq h)). If the initial sorption rate
is defined as h = qt/t, when t approaches 0, h (meq/(g h)) is

h = k2q
2
e (4)

Linear regression was frequently used to determine the best
fitted model throughout the years and the method of least squares
has been frequently used for finding the parameters of the mod-
els. However, transformations of non-linear isotherm equations
to linear forms implicitly alter their error structure and may
also violate the error variance and normality assumptions of
standard least squares [24,25]. Thus, it is not appropriate to
use the correlation coefficient of linear regression analysis for
comparing the best fitting of models. Non-linear analysis could
be a better method. The pseudo-first and pseudo-second order
rate constants, correlation coefficients and equilibrium sorption
capacities of ammonium under different conditions were calcu-
lated by a trial-and-error procedure for the non-linear method
using the solver add-in with Microsoft’s spreadsheet, Microsoft
Excel. Table 2 lists the results.

3.1. Effect of particle size

The results calculated by the pseudo-second order model
show that the sorption capacity of ammonium increases from
6
4
s
l
i
c
i

t
s
p
o
e
t

3

n
r

T
P

Z

h (m

N 54.3
13.3

B 65.0
4.9

B 40.6
4.5
cribed by a pseudo-first order model as the following [19,22]:

ln(qe − qt) = ln(qe) − k1t (1)

qt = qe − exp(ln(qe) − k1t) (2)

where qe is the amount of ammonium sorbed at equilibrium
(meq/g); qt the amount of ammonium sorbed at time t (meq/g)
and k1 is the equilibrium rate constant of pseudo-first order
sorption (1/h).
Pseudo-second order model: the pseudo-second order rate
expression has been applied to the sorption of metal ions, dyes
and organic substances from aqueous solution [22,23]. The
sorption kinetics may be described by a pseudo-second order
model. The equation is as the following:

qt = t
1

k2q
2
e

+ t
qe

(3)

where qe is the amount of ammonium sorbed at equilibrium
(meq/g) and k2 is the equilibrium rate constant of pseudo-

able 2
arameters for effect of particle size

eolite dp (mm) Second order

qe (meq/100 g) k2 (100 g/(meq h)

Z 1.0–3.2 72.0 0.0105
8–15 68.2 0.00285

Z 1.0–3.2 73.2 0.0121
8–15 53.2 0.00173

AZ 1.0–3.2 56.2 0.0129
8–15 43.6 0.00241
8.2 to 72.0 meq/100 g, from 53.2 to 73.2 meq/100 g and from
3.6 to 56.2 meq/100 g with the decrease of the zeolite particle
ize ranging from 8–15 to 1.0–3.2 mm for three types of zeo-
ite, NZ, BZ and BAZ, respectively. It is clear that ion exchange
ncreased with decreasing particle size of the zeolite. Due to the
ations in the smaller zeolite are much easier to be exchanged
nto the aqueous solution.

Concerning the values of r2, the kinetics of ammonium sorp-
ion onto zeolite follows the pseudo-second order rate expres-
ion. Furthermore, Fig. 2 shows the plots of qt against t for the
seudo-first and pseudo-second order models for the sorption
f ammonium onto zeolite, and confirms the agreement that the
xperimental data for the pseudo-second order model is better
han that for the pseudo-first order model.

.2. Effect of type of zeolite

Figs. 3 and 4 show the results of the process of ammo-
ium sorption onto three types of zeolite with two particle sizes,
espectively.

First order

eq/100 g h) r2 qe (meq/100 g) k1 (1/h) r2

0.914 69.9 0.410 0.875
0.921 63.1 0.132 0.896

0.886 70.5 0.499 0.851
0 0.929 46.5 0.0741 0.918

0.915 53.9 0.439 0.879
8 0.946 38.1 0.0861 0.931
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Fig. 2. Pseudo-first and pseudo-second order kinetics for sorption of ammonium
onto natural zeolite.

The capacity sequence is found to be NZ ≈ BZ � BAZ while
smaller particle size (1.0–3.2 mm) were used for ammonium
sorption (Fig. 3). Compared with NZ, BZ has the similar
equilibrium sorption, qe, but higher initial sorption rate, h
(Table 2). Therefore, the biofilm attached on the zeolite did not
affect the rate of ion exchange between zeolite and aqueous
solution, on the contrary, it made an additional contribution
of bio-sorption to the total-sorption at the initial stage. In the
case of BAZ, although it could not avoid to release NH4

+

from the ammonium-saturated zeolite to the solution during
the cultivation, large quantity of NH4

+ were still remained
in the zeolite. Bioregeneration of the ammonium-bearing
zeolite by microorganism in the biofilm should be consid-
ered because the ammonium equilibrium capacity of BAZ

F
t

Fig. 4. Pseudo-second order kinetic model for sorption of ammonium onto three
types of zeolite with particle size 8–15 mm.

(56.2 meq/100 g) reached as high as 78.0% of the capacity of NZ
(72.0 meq/100 g).

The capacity sequence is found to be NZ > BZ > BAZ while
larger particle size (8–15 mm) were used (Fig. 4). The sequence
is also true for comparing the equilibrium sorption, qe, and the
initial sorption rate, h (Table 2). For larger particle size, the resis-
tance to pore diffusion is much higher than that of smaller parti-
cle size, resulting in the lower values of qe and h. Compared NZ
with BZ, biofilm attached on the larger zeolite seemed to affect
the rate of ion exchange, regarding the ammonium equilibrium
capacities of NZ (68.2 meq/100 g) and BZ (53.2 meq/100 g), a
drop of 22% was obtained. A similar study hypothesized that
the biofilm adjacent to the zeolite (chabazite) was different from
the rest of the biofilm and was characterized by a much higher
density, which impedes the diffusion process [18]. However,
the hypothesis cannot be applied to the smaller particle size of
zeolite in this study. In the case of BAZ, with bioregeneration
by microorganism in the biofilm, the ammonium equilibrium
capacity of BAZ (43.6 meq/100 g) reached 63.9% of the capac-
ity of NZ (68.2 meq/100 g).

4. Conclusions

The kinetics of pseudo-first order and pseudo-second order
models of sorption of ammonium onto three types of zeolite, nat-
ural zeolite, bio-zeolite made from natural zeolite and bio-zeolite
f
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ig. 3. Pseudo-second order kinetic model for sorption of ammonium onto three
ypes of zeolite with particle size 1.0–3.2 mm.
rom ammonium-bearing zeolite, were compared in this study.
inetics data were obtained by non-linear method that suggests

he sorption system was found to follow pseudo-second order
ate model. The sorption of ammonium is a function of zeolite
article size. Ion exchange increased with decreasing particle
ize of the zeolite. Biofilm covered on the zeolite with smaller
article size 1.0–3.2 mm did not affect the ion exchange, but
mproved the initial sorption rate due to bio-sorption. However,
or the zeolite with particle size 8–15 mm, the attached biofilm
educed the ion exchange rate resulting in a drop of 22% of the
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equilibrium capacity. Bioregeneration process should contribute
for the recovery of ion exchange capacity of the bio-zeolite
made from ammonium-bearing zeolite. After 73 days cultiva-
tion, microorganisms in the biofilm recovered 78.0 and 63.9%
of the equilibrium capacities of the smaller and larger particle
size of zeolite, respectively.
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