
R

I
a

Z
T

a

A
R
R
A
A

K
N
M
A
I
A

1

m
i
N
n
s
s
w
a
e
s
c
m
e
L
l
c
a

t
r
m

0
d

Journal of Hazardous Materials 166 (2009) 52–60

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

esearch Article

mproving the ammonium ion uptake onto natural zeolite by using
n integrated modification process

hu Liang ∗, Jinren Ni
he Key Laboratory of Water and Sediment Sciences, Ministry of Education, Department of Environmental Engineering, Peking University, Beijing 100871, PR China

r t i c l e i n f o

rticle history:
eceived 26 February 2008
eceived in revised form 2 November 2008
ccepted 3 November 2008

a b s t r a c t

Detailed investigation on the development of physical and chemical properties of a natural calcium-rich
zeolite modified by an integrated process, as well as the relation between the development and ammonium
ion uptake (AIU), was conducted. This process consisted of pretreatment (grinding and sieving), sodium
salt modification and calcination. Both pretreatment and salt modification largely increased BET surface
vailable online 7 November 2008

eywords:
atural zeolite
odification

mmonium ion uptake

area, total pore volume and average pore diameter of the raw zeolite. Individual calcination at temperature
above 150 ◦C caused framework collapse, losses of partial clinoptilolite and production of X-ray amorphous
material, resulting in pore blockage and the decreases in pore volume and BET surface area. However, the
introduction of sodium ion enhanced the heat resistance of the raw material from 150 to 400 ◦C, and Na+

ion treatment followed by calcination could effectively improved pore and surface properties of zeolite,
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thus leading to the signifi

. Introduction

Ammonium ion (NH4
+), one of the important pollutants in

unicipal sewage and many industrial wastewaters, can cause
ncrease of oxygen demand and eutrophication in rivers and lakes.
H4

+ can be removed by biological and physicochemical methods:
itrification–denitrification, precipitation, oxidation, adsorption,
tripping, etc. [1–5]. Due to more strain energy sources and more
tringent discharge regulations, new materials and technologies
ith high-purification efficiency and cost efficiency are more

ttractive. Natural zeolites have played important roles in many
nvironmental applications, mainly due to their unique properties
uch as ion exchange and adsorption capabilities, selectivity and
ompatibility with the natural environment [6–8]. Among zeolite
ineral family, clinoptilolite is the most abundant one and can

ffectively treat NH4
+ by its high-ion-exchange selectivity [9–12].

arge deposits of natural zeolites in many countries can provide
ocal industries cost efficiency. Therefore, high efficiency and low
ost will lead to an increasing use of zeolite for the purpose of
mmonium removal from wastewater.
Ammonium ion uptake (AIU) on zeolite is mainly attributed
o ion-exchange process, and adsorption also plays an important
ole. However, mobile cations (calcium, magnesium, etc.), water
olecules and organics in the pore channels of natural zeolite,
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ake negative influence on its purification capability. In addition,
here are impurities like quartz and feldspars in most natural zeo-
ites to reduce the content of clinoptilolite, resulting in the decrease
n AIU. Therefore, the structure and physicochemical properties of
atural zeolite should be activated and/or modified to improve ion
xchange and sorption properties and clinoptilolite purity, before
t is used to remove NH4

+ effectively.
Natural zeolites can be modified by sole or combined treat-

ent such as heating and chemical attacks (alkali, acids and salts
f alkaline metals). Different methods are used to prepare zeolites
ith specific properties for different applications. Calcination and

alt treatment may be more suitable to zeolite modification for
mmonium ion removal. Calcination at high temperature, depend-
ng on the solid sample and temperature used can enhance pore
olume by removing water molecules and organics in the pore
hannels [13]. The sodium salt treatment could improve the ion-
xchange efficiencies of zeolite for lead and cadmium by nearly
% and 30%, respectively [6], and distribution coefficient of cesium
n Na+-enriched clinoptilolite is about two times that on Ca2+-
nriched clinoptilolite [14]. Seawater has been used to synthesize
eolitic products with large cavities and channels: large cations
uch as Na+ and K+ act as templates around which the aluminosili-
ate polymerizes, producing large pores in the structure [15]. These

nvestigations have showed that there are significant increases
n pollutants uptake when natural zeolites are pretreated with
queous solutions containing sodium cation by improving pore
roperty and enhancing cation-exchange capacity. Based on the
ifferent density and rigidity between impurities and clinoptilolite,
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Table 1
Mineralogical characteristics of the raw natural zeolite.

Minerals in raw samples Content (wt%)

Clinoptilolite 55
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eldspars 19
uartz 18
ontmorillonite 8
uscovite 1

rinding and sieving by machine can remove part of feldspars and
uartz from raw zeolites. As useful pretreatment, grinding and siev-
ng can offer zeolites with improved structure and composition for
ubsequent modification processes. Activation/modification nor-
ally causes some degradation of properties and evolution of

tructure, and furthermore, physicochemical properties of natural
eolites vary significantly from sample to sample. Therefore it is
ecessary to know the degradation degree for given zeolite before
odification method is put to practical use.
Even though considerable work has been carried out on the

odification of natural zeolites, little detailed information is avail-
ble on the development of physicochemical properties of modified
eolites, as well as the relation between the development and AIU.
n the present work, for the purpose of AIU enhancement, an inte-
rated modification process including pretreatment (grinding and
ieving), calcination and salt (sodium chloride) treatment, was pro-
osed to modify natural zeolite. The focuses of this publication
ere (1) to investigate the influences of each treatment stage in the
rocess on surface and pore structure properties, phase transforma-
ion and element change of the natural zeolite, (2) to evaluate the
mprovement of AIU onto modified zeolite by each stage and entire
rocess, and (3) to propose the optimum modification process and
ondition for the subjected zeolite.

. Materials and methods

.1. Raw material

The raw zeolite in this study, with particle size in the range of
0–20 mm, was obtained from a large deposit in Henan Province
f China. Clinoptilolite was the major component with 55%
ontent. As accessory minerals, feldspars and quartz were in rel-
tively large quantities with contents of 19% and 18%, respectively
Table 1). According to the chemical composition of the raw zeo-
ite (Tables 2 and 3), the molar ratio of (Mg + Ca)/(Na + K) was 1.37,

nd mol percentages of calcium and sodium to the four cations were
4.9 and 15.2, respectively, indicating that calcium ion was the main
xchangeable cation and that the raw material could be classified as
a-rich zeolite. The raw zeolite was prepared as a starting material

or the present experiment after washing and air-drying.

able 2
verage chemical composition of the raw zeolite (wt%).

iO2 65.72
l2O3 13.50
e2O3 1.30
aO 3.10
gO 0.63

2O 3.14
a2O 1.16
nO 0.050

iO2 0.212
2O5 0.040
oIa 11.12
otal 99.96
i/Al 4.13

a LoI represents loss of ignition.
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.2. Reagent

All chemicals used in this study were analytical grade reagents
f the highest quality available, including reagents and high-purity
on-free water. We prepared stock solution of 1000 mg NH4

+-N/L
sing ammonium chloride (NH4Cl).

.3. Experiment setup

.3.1. Pretreatment
The raw zeolite was firstly ground in a mill with three agate-

eads (XPM-�120, China) and sieved to obtain samples with
ifferent sizes, and then AIUs of different samples were investigated
o select appropriate size. Finally, enough zeolite with optimum size
as prepared and stored in a vacuum desiccator for future modi-
cation. The pretreated zeolite with appropriate size was named
-P.

.3.2. Individual calcination
Z-P was calcined in a muffle furnace at different temperatures

or 2 h, and then the optimal temperature was selected on the basis
f AIU performance.

.3.3. Individual salt modification
The modification consisted of the following three steps:

Step 1: 10.000 g of Z-P was treated with 150 mL of 1.5 M NaCl
solution for 24 h at given temperature in a stirrer with thermo-
stat. After the mixture was allowed to settle and the supernatant
was decanted, another 150 mL of 1.5 M NaCl solution was added
into the mixture for another 24-h modification under the same
condition.
Step 2: The solid was repeatedly washed with deionized water
and centrifugally filtered at 4000 rpm for 20 min.
Step 3: The solid was dried firstly at 45 ◦C for 12 h and then 105 ◦C
for 1 h in an oven, and the dried sample was ground in an agate
mortar and sieved with 140-mesh sieve.

The produced material with 24-h modification was signed as
nce salt modified zeolite (Z-M(1)), and that with 48-h modi-
cation was twice salt modified zeolite (Z-M(2)). The effects of
emperature and modification times on AIU were investigated,
espectively.

.3.4. Combined treatment with calcination and salt modification
Effects of two different procedures on AIU, calcination followed

ith salt modification and salt modification followed with calcina-
ion, were explored, respectively, and the resulting zeolites were
amed (Z-C-M) and (Z-M-C), respectively. Finally, the optimum
odification condition and procedure were proposed.

.3.5. Measurement of AIU and methods of isotherm and kinetic
tudies of ammonium ion exchange and adsorption

Measurement of AIU was performed as the following procedure:
.000 g material was weighed into 150-mL conical flask, and then
liquot deionized water and ammonium stock solution were added
o as to obtain mixture with total volume of 100 mL and initial
H4

+-N concentration of 25 mg/L. After reacting for 2 h in a shaker
t 220 rpm at 30 ± 1 ◦C, the suspension was centrifuged and then
ltered with 0.45 �m membrane to remove the zeolite particles for

nalysis. AIU (mg NH4

+-N/g zeolite) was calculated according to Eq.
1):

IU = (C0 − Ct)V
1000m

(1)
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Table 3
Mol percentages of Na and Ca of four cations (Na, K, Ca and Mg) and Si/Al ratio for the different zeolite by unit cell composition EDX analyses.

Samplea Z-R Z-M(1) Z-M(2) Z-M(2)-C(400)

Na (mol%) 15.2 56.1 63.8 62.3
Ca (mol%) 44.9 14.0 0 0
(Mg + Ca)/(Na + K) molar ratio 1.37 0.16 0.09 0.10
Si/Al (mol ratio) 4.13 4.17 4.06 3.61
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surface morphology analysis by SEM showed the raw zeolite had a
rough surface and porous structure with definite channels/cavities
(Fig. 3a). As compared with Z-R, zeolite calcined at 150 ◦C changed
little with obvious pore (Fig. 3b) and however, heat treatment at
higher temperature above 150 ◦C caused significant changes (Fig. 3c

Table 4
Effect of particle size of zeolite on AIU.

Particle size (�m) AIU (mg NH4
+-N/g zeolite) Removal efficiency (%)

2000–1000 1.5 68.11
a Z-R, Z-M(1), Z-M(2) and Z-M(2)-C(400) represent the raw, once salt modified at
alcination at 400 ◦C zeolites, respectively.

here C0 and Ct are the concentrations of initial and final
H4

+-N in the solution at time t (mg/L), respectively, V is the
olution volume (mL) and m is the weight of raw or modified
eolite (g).

The ammonium ion-exchange isotherms and kinetics of differ-
nt zeolites were evaluated by using Langmuir isotherm model (Eq.
2)) and Bangham adsorption rate equation (Eq. (3)), respectively:

e = qmbCe

1 + bCe
(2)

t = kt1/m (3)

here qe is the equilibrium adsorption capacity (mg NH4
+-

/g zeolite), qm is the maximum adsorption capacity (mg NH4
+-

/g zeolite), b (L/mg) is the equilibrium adsorption constant, and
e is equilibrium liquid phase concentration (mg NH4

+-N/L), qt is
he amount of NH4

+-N adsorbed at time t (mg NH4
+-N/g zeolite),

nd k (mg/(g min)) and m are the adsorption rate constants.
In all runs, the pH value of mixed solution was less than 7.1

nd it was thus assumed that all ammonia existed in the ionic
orm [16] and was available for ion exchange and adsorption,
nd ionic strength was assumed to be equal to molar con-
entration of ammonium ion due to the usage of high-purity
eionized water and without addition of other chemicals than
H4Cl.

.4. Mineralogical and chemical analyses

The mineralogical transformations of the raw and treated zeo-
ites were monitored by X-ray diffraction (XRD), using an X’Pert Pro

PD diffractometer (Panalytjcal, Netherland) operating at 40 kV
nd 40 mA. A 0.017◦ (2�) scanning step and 20 s scanning time
er step was used. The diffraction patterns were identified using
igh-score Plus files.

The chemical composition of the raw zeolite was determined by
-ray fluorescence spectrophotometer (ARL ADVANT’XP+, Thermo
lectron Corporation, USA). Si/Al molar ratio was calculated from
he chemical composition.

The microstructure of the samples was observed by scanning
lectron microscope (SEM) using a Quanta 200FEG microscope
USA), and the unit cell average element composition of clinoptilo-
ite crystals was analyzed by energy dispersive X-ray spectrometer.

BET surface area, pore volume and pore size were determined by
itrogen adsorption/desorption, using a Micromeritics ASAP 2010
pparatus.
According to the standard method issued by the Environmen-
al Protection Agency (EPA) of China, the concentration of NH4

+-N
as determined by using the Nessler’s reagent spectrophotometric
ethod with a Unico spectrophotometer (model UV-2102PCS) at

he corresponding wavelength (� = 540 nm). All experiments were
erformed in duplicate and the average values were used for datum
nalyses.

1

twice salt modified at 30 ◦C and modified by twice salt modification followed with

. Results and discussion

.1. Pretreatment

As shown in Table 4, along with the reduction of particle size,
IU gradually increased, and changed slightly when size was less

han 105 �m with AIU of 1.76 mg/g, which increased by 18% in
omparison with 1.50 mg/g of the raw zeolite (Z-R). After grind-
ng and sieving, the surface and pore properties of zeolite were
eveloped largely, for example, BET surface area, pore volume and
ore diameter of pretreated zeolite with size of 98–105 �m (Z-P),

ncreased by 36.5%, 52.3%, and 11.6%, respectively, compared with
hose of Z-R (Table 5). It could be seen from Fig. 1 and Table 6 that,
retreatment brought significant increases in relative intensities
I/Imax) at 9.84◦, 11.18◦, 26.01◦ and 28.01◦ 2� for clinoptilolite, and
lear reduction at 36.51◦, 42.46◦, 50.1◦, 54.91◦ and 59.94◦ 2� for
uartz, indicating that, with decreasing particle size, the content
f quartz in zeolite decreased, resulting in the increase in clinop-
ilolite purity. Grinding and sieving did not only remove part of
uartz, but also improved pore structure and surface properties,
esulting in the enhancement of AIU to a certain extent. Consider-
ng pretreatment cost, a desirable particle size was in the range of
8–105 �m.

.2. Individual calcination treatment

As illustrated in Fig. 2, AIU of calcined zeolite (Z-C) increased
little before temperature was above 150 ◦C and attained a max-

mum value of 1.80 mg/g at 150 ◦C, and then decreased a lot with
ncreasing temperature, especially at 800 ◦C, AIU was only 8% of
hat of the raw material. So it was very obvious that thermal treat-

ent at high temperature made against the improvement of AIU.
ccording to Table 5, when Z-P was heated at 150 ◦C, pore vol-
me and pore diameter increased by 16.4% and 19.6%, respectively.
ith increasing temperature, pore diameter maintained elevation,

owever, surface area and pore volume gradually decreased. The
000–450 1.62 73.64
450–280 1.67 75.92
280–180 1.7 77.22
180–154 1.74 79.17
154–105 1.75 79.50
105–98 1.76 80.15
98–74 1.78 81.13

<74 1.79 81.45
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Table 5
BET surface, total pore volume and average pore size of the raw and activated/modified zeolites under different conditions.

Samplea BET surface area (m2/g) Total pore volume (cm3/g) Average pore diameter (nm)

Z-R 10.53 0.0383 14.54
Z-P 14.37 0.0583 16.23
Z-C(150) 13.79 0.0679 19.41
Z-C(400) 11.49 0.0558 19.42
Z-C(600) 10.96 0.0556 20.23
Z-M(2) 30.47 0.1551 20.36
Z-M(2)-C(400) 30.10 0.1846 25.00

a Z-P means pretreated material, and Z-C(150), Z-C(400), Z-C(600) mean calcined materials at 150, 400 and 600 ◦C, respectively. Other abbreviations are shown in Table 3.

Fig. 1. XRD patterns of pretreated zeolites with 140-mesh sieve (Z-P140) and 100-mesh sieve (Z-P100). C, Fd, Q, M and Ms represent clinoptilolite, feldspars, quartz, montmo-
rillonite and muscovite, respectively. The arrows for sample Z-P100 indicate the same minerals as those in Z-P140 at the same 2� degrees, where the relative intensities were
changed significantly.

Table 6
XRD data of different zeolites.

2� (◦) d-Spacing (Å) Relative intensities (I/Imax) of different treated zeolitesa Mineral

Z-P140 Z-P100 Z-C(400) Z-M(2) Z-M(2)-C(400)

9.8482 8.974 44.2 33 20 67 35 C
11.1885 7.901 23.5 21 13 31 21 C
13.0555 6.775 14.9 14 14 16 13 C
13.329 6.637 13.2 10 11 14 10 C + Fd
16.8685 5.251 11.5 14 13 14 12 C
17.3224 5.115 16.6 17 19 20 17 C
19.0231 4.661 11.3 12 Undetected 16 9 C
22.4455 3.957 46.1 47 Undetected 57 38 C + Fd
22.7391 3.907 24.4 30 33 33 25 C
23.5092 3.781 13.2 17 31 20 22 Fd
25.0098 3.557 12.2 14 13 16 12 C + Fd
25.7251 3.460 25.4 18 21 18 17 Fd
26.0051 3.423 66.3 32 9 38 23 C
26.6399 3.343 100.0 100 100 100 100 Q
27.0991 3.287 27.6 18 24 28 22 Fd
27.6307 3.225 20.2 20 31 27 26 Fd
28.0128 3.182 99.7 33 64 25 21 C
29.975 2.978 27.0 29 19 35 21 C + Fd
30.5758 2.921 15.0 17 19 11 19 Fd
31.9945 2.795 17.8 22 14 22 13 C
32.6947 2.736 14.6 11 Undetected 13 8 C
36.5176 2.458 7.2 12 12 14 11 Q
39.4231 2.283 11.6 9 9 9 8 Q
42.4619 2.127 4.3 22 10 11 8 Q
50.103 1.819 11.3 14 11 10 10 Q
54.9054 1.670 3.8 7 3 4 4 Q
59.9454 1.541 5.0 10 5 6 5 Q

a Z-P140 and Z-P100 represent the pretreated zeolites with 140-mesh and 100-mesh sieves, respectively, and other abbreviations are shown in Tables 3 and 5.
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ig. 2. Effects of individual calcination and combined calcination with salt modifi-
ation on AIU. See Tables 3 and 5 for abbreviations.

nd d): (1) something was formed and aggregated on the sur-
ace and in the channels of zeolite, leading to the pore blockage;

2) more aggregate was produced and the channels were blocked
p more seriously at 600 ◦C than 400 ◦C. Despite the enhanced
ore diameter, treatment at high temperature resulted in block-
ge of pore channels, which was responsible for the decreases

i
[
a
o

ig. 3. SEM patterns of the raw and calcined zeolites at different temperatures (a: Z-R; b: Z
ig. 4. XRD spectra of Z-C(400), Z-M(2) and Z-M(2)-C(400). See Tables 3 and 5 for
bbreviations.

n pore volume and BET surface area. As reported by Xu et al., a
emarkable aggregation of something in the channels of zeolite
atalyst caused by high-calcination temperatures, brought on the
ore blockage and the loss of reactivity, and moreover, a decrease

n surface area and an increase in average pore size were found

17]. It was obvious that, therefore, high-temperature calcination
lways exerted negative influences on the surface and pore volume
f zeolites.

-C at 150 ◦C; c: Z-C at 400 ◦C; d: Z-C at 600 ◦C). See Tables 3 and 5 for abbreviations.
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It was observed from Fig. 4 that, when Z-P was heated at
00 ◦C, new X-ray crystal peaks did not arise, accompanied with
reat weakening of many peaks. Compared with Z-P (Fig. 1 and
able 6), Z-C(400) changed a lot in I/Imax, including significant
ecreases at 9.84◦, 11.18◦, 26.01◦, 28.01◦, 29.97◦ and 31.99◦ 2�
or clinoptilolite, and complete disappearances at 19.02◦, 22.44◦

nd 32.69◦ 2� for clinoptilolite. As a result, it was certain that
igh-temperature calcination brought on the losses of part of
linoptilolite in the raw material, finally leading to the fall of
linoptilolite content. On one hand, based on the facts that new
aterial with distinct crystalline structure was not formed and

-ray amorphous and small peaks appeared, lost clinoptilolite
as certainly transformed into amorphous matter; on the other
and, calcination at 400 ◦C made little influence on quartz and

eldspars, and thereby, produced X-ray amorphous material was
ominantly from lost clinoptilolite. Higher temperature and heat-

ng rate may cause larger expansion of pellets due to a rapid
erivation of thermally unstable gas releasing phases and water
apor derived from dehydration [18]. By using this feature, zeolitic
uffs with high-water content could be used in the production
f lightweight aggregates [18,19], and the phase composition of
ightweight aggregates is mainly glass, whose amount generally
epends on the starting zeolite [18]. In this work, the thermal gravi-
etric analysis (TGA) results of the Z-P showed 4.1% weight loss

t 150 ◦C and 8.6% at 600 ◦C (data not shown here). The weight
oss of heated zeolites can be ascribed to the loss of water [20].
t could be concluded that, thereby, those amorphous materials
rom clinoptilolite mainly formed the lightweight aggregates dur-
ng the course of high-temperature treatment, as illustrated in
ig. 3c and d. Calcination at high temperature exerted adverse
ffects on crystalline phase of zeolites: losses of quite a part of
linoptilolite and production of amorphous materials. Furthermore,
t was conceivable that it was produced amorphous material to
loke pore channels, and that more amorphous material, heavier
lockage.

In addition, EDX analyses demonstrated that the content of car-
on in the Z-P decreased with calcination temperature and fell to
ero at 300 ◦C. Therefore, blockage of pore and channels/cavities,
ecreases in pore volume and BET surface area and the reduction
f clinoptilolite content should be the main reasons for the fall of
IUs of calcined zeolites at high temperatures, and the elevation of
IU at 150 ◦C was mainly attributed to the removal of part of water
olecules and organics from the raw zeolite and increases in pore

iameter and pore volume.
Calcination can decompose organics and remove water on sur-

ace or in pores of zeolites, and enlarge pore diameter [21]. However,
ue to thermal stabilities of zeolites, high-temperature treatment
an also induce dealumination and dehydroxylation of zeolites,
nd change the surface function groups and cause framework
ollapse, resulting in lower surface area and pore volume and lead-
ng to lower adsorption capacity [13,19,22–24]. Furthermore, with
ncreasing time and temperature of thermal treatment, the degree
f crystallinity of original zeolite may decrease, and amorphous
hase may be yielded [25,26]. The calcination-test results in this
tudy were in agreement with these studies. However, the sub-
ected zeolite seemed to have lower thermal stability based on
he sharp decline of AIU at temperature above 150 ◦C. Thermal
tability of zeolite depends on the physicochemical composition
nd water content, such as Si/Al ratio, cation form and correla-
ion between cation and framework [18,24,27]. Natural zeolite with

lmost the same SiO2/Al2O3 ratio as that of the subjected zeo-
ite can resist calcinations at 550 ◦C [13]. It might be the cation
orm rather than Si/Al ratio to be the main reason for the lower
eat resistance of the subjected zeolite, as discussed in Section
.4.

a
m
t
o
b

ig. 5. Effects of temperature and modification times on AIU of salt-modified zeo-
ites.

.3. Individual salt modification with sodium chloride

Fig. 5 showed that salt modification effectively improved AIU of
-P. AIU increased from 1.94 to 2.14 mg/g with modification times
t 30 ◦C (modification temperature), and from 2.09 to 2.18 mg/g at
0 ◦C. According to Table 3, AIU was closely related to the con-
ents of Na+ and Ca2+, that is, zeolite with more Na+ and less
a2+ acquired higher AIU. Additionally, with increasing modifica-
ion times, mol percentage of Ca and (Mg + Ca)/(Na + K) molar ratio
ecreased from 44.9 to 14, and then to zero, from 1.37 to 0.16, and
hen to 0.09, respectively, and correspondingly, mol percentage of
a+ was raised greatly from 15.2 to 56.1, and then to 63.8, indi-
ating that Ca-zeolite was completely transformed into Na-zeolite
y twice salt treatment. In addition, the increase of modification
imes resulted in an evident decline of Si/Al from 4.17 to 4.06. In
omparison with Z-P (Fig. 2), there were not obvious changes in
rystalline phase of Z-M(2) (Fig. 4), but relative intensities at 9.84◦,
1.18◦, 13.1◦, 16.86◦, 17.32◦, 19.02◦, 22.44◦, 22.74◦ and 31.99◦, were
levated, accompanied by evident decreases at 26.00◦ and 28.01◦

� for clinoptilolite. Both Table 5 and Fig. 6a clearly demonstrated
hat salt-modified zeolite had very significant changes in the sur-
ace and pore properties, compared with Z-P: (1) BET surface area,
ore volume and pore diameter of Z-M(2) increased by 112%, 166%
nd 25.4%, respectively; and (2) Z-M(2) showed a relatively homo-
eneous pore system.

Therefore, salt modification could not transform Ca-zeolite into
a-zeolite by exchanging Ca2+ ion in the raw zeolite for Na+ ion,
ut raise pore volume, pore diameter and surface area by dredg-

ng pore channels and voids of the raw zeolite, and these changes
ould improve material reactivity to acquire higher AIU. It could
e inferred that Na-zeolite had higher ammonium ion exchange
apability and better surface and pore properties than the raw
eolite, Ca-zeolite. The original and the Na+-exchanged zeolites
howed that the crystallinities of the samples were basically main-
ained, suggesting that salt modification exerted influence on the
rystallinity of neither clinoptilolite nor impurities (quartz and
eldspars), which was consistent with report from Abusafa and
ucel [14]. AIU of the twice-modification zeolite at 70 ◦C was almost
he same as that at 30 ◦C, and moreover, twice modification at 30 ◦C

2+ +
chieved the complete Ca exchange with Na . Therefore, twice
odification at 30 ◦C was the feasible condition to salt modifica-

ion. Partial exchange levels for many cation forms are generally
bserved [6], and full replacement of Ca2+ by Na+ in this work might
e associated with Ca2+ in the clinoptilolite instead of impurities.
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ig. 6. SEM patterns of zeolites treated by individual salt modification and combine
or abbreviations.

.4. Combined modification with sodium salt and calcinations

Investigation results about AIUs of Z-M-C and Z-C-M at different
emperatures were shown in Fig. 2, revealing the following infor-

ation: (1) compared with Z-C, AIU of Z-C-M was improved with
he maximum value of 1.99 mg/g at 150 ◦C; and (2) AIUs of both Z-

(1)-C and Z-M(2)-C were more than that of Z-C-M, and increased
ith temperature with the maximum values of 2.23 and 2.49 mg/g

t 300 and 400 ◦C, respectively, indicating salt modification prior to
alcination could enhance resistance of the raw zeolite to calcina-
ion shock at high temperature, and more salt modification times,
igher resistant temperature.

Figs. 4 and 6b, Tables 5 and 6 gave us a lot of information about Z-
(2)-C(400) as follows: (1) compared with Z-M(2), Z-M(2)-C(400)

ad the same decrease in peak intensity of at 28.01◦ 2� for clinop-
ilolite, where Z-C(400) had not the change; pore volume and pore
iameter were elevated by 19.1% and 22.8%, respectively, accom-
anied with a slight decrease of BET surface area of 1.2%; Si/Al
atio decreased by 11.1% from 4.06 to 3.61; mol percentage of Na+

lightly fell from 63.8 to 62.3; (2) compared with Z-C(400), Z-M(2)-
(400) had the same decreases in the peak intensities at 26.01◦ 2�

or clinoptilolite, and however, complete disappearances at 19.02◦

nd 32.99◦ 2� for clinoptilolite for Z-C(400) did not take place for
-M(2)-C(400), where these peak intensities were just reduced,
nd moreover, significant decreases at 9.84◦, 11.18◦, 22.44◦, and
1.99◦ 2� for clinoptilolite for Z-C(400), were replaced by small
ecreases for Z-M(2)-C(400). In the meanwhile, there was also
o new crystal matter generated in the Z-M(2)-C(400). Therefore,
he degree of crystallinity of Z-M(2)-C(400) was changed much
ess than that of Z-C(400). BET surface area, pore volume and
ore diameter increased largely and were 2.6, 3.3 and 1.3 times
s many as those of Z-C(400), respectively. Direct calcination at
00 ◦C resulted in the decrease of pore volume; however, calcina-
ion after salt treatment did not do the same way. SEM diagram
f Z-M(2)-C(400) also showed the pore blockage in the surface
f zeolite, however, that was mild when compared with Z-C(400)
Fig. 3c).

Based on above information, the followings could be inferred:

1) salt modification followed with calcination could further
mprove pore volume and pore diameter to increase activity of
mmonium ion exchange and adsorption; (2) salt treatment prior
o calcination could enhance resistance of the raw zeolite to higher
emperature, thereby avoiding the disappearance and weakening

r
m
m
i
1

ification with salt and calcination (a: Z-M(2); b: Z-M(2)-C(400)). See Tables 3 and 5

f part of X-ray peaks for clinoptilolite, that is, greater loss of
linoptilolite and more production of amorphous material, suggest-
ng that Na-zeolite had higher thermal stability than Ca-zeolite,

hich could be also proved by the enhancement in optimum
alcination-temperature from 300 to 400 ◦C with increasing Na+

ol percentage (Fig. 2). Consequently, it could be explained that
ow resistance to heat shock of the raw zeolite was mainly ascribed
o the high-calcium content, and that Na+ exchange modification
aised the calcination temperature effectively.

It should be pointed out that calcination after salt treatment
till aroused the loss of clinoptilolite in a small quantity. In addi-
ion, it was interesting that Si/Al ratio of Z-M(2) further decreased
fter calcination, which was not in agreement with general conclu-
ion on the increase in Si/Al after calcination due to dealumination.
nhancement of resistant temperature might be one of reasons.
t was necessary that further experimental and theoretical works
hould be done to explain it.

Finally, it could be confirmed that twice salt modification at
0 ◦C followed with calcination at 400 ◦C was the optimum modi-
cation condition.

.5. Comparison of ammonium ion exchange isotherms and
inetics for different zeolites

Fig. 7 and Table 7 presented the ammonium ion-exchange
sotherms and kinetics of different zeolites. The data were fitted
o Langmuir isotherm model (Eq. (2)) and Bangham adsorption
ate equation (Eq. (3)) very well. Both the theoretical maximum
dsorption capacities (qm) and equilibrium adsorption constant (b)
f modified zeolites were higher than those of the natural one.
dsorption equilibrium was achieved at about 60, 180 and 280 min

or Z-M(2)-C(400), Z-P and Z-R, respectively, and the adsorption
ate constants (k and m) were also largely enhanced from 0.5 and
.3 to 5.3 and 303, respectively. These observations indicated that
he integrated modification process effectively improved the ion
xchange and adsorption capabilities of the raw zeolite, conse-
uently leading to the increase of AIU, as pointed in pertinent

eports [28,29]. Therefore, it could be proposed that the optimal
odification process as well as condition was as follows: pretreat-
ent using grinding and sieving to obtain zeolite with particle size

n the range of 98–105 �m, and then twice salt modification with
.5 M NaCl at 30 ◦C followed with calcination at 400 ◦C for 2 h.
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Fig. 7. Ammonium ion exchange isotherms and kinetics for the raw and modified zeolites: (a) m (zeolite) = 1.000 g, V (solution) = 100 mL, t(reaction time) = 2 h, T (temper-
ature) = 30 ± 1 ◦C. (b) m (zeolite) = 1.000 g, V (solution) = 100 mL, C (initial concentration of NH4

+-N in solution) = 55 mg/L, T (temperature) = 30 ± 1 ◦C. See Tables 3 and 5 for
abbreviations.

Table 7
Langmuir adsorption isotherm parameters and Bangham adsorption rate parameters of different zeolites.

Zeolitea Langmuir isotherm parameter Bangham adsorption rate parameter

qm (mg/g) b (L/mg) R2 k (mg/(g min)) m R2

Z-R 5.22 0.0096 0.9829 0.4771 3.34 0.9532
Z-P 9.72 0.0098 0.9955 2.4177 14.1 0.9227
Z-M(2)-C(400) 15.44 0.01 0.9867 5.3271 303.03 0.9515

a See Tables 3 and 5 for abbreviations.

Table 8
Cost comparisons between the raw and modified zeolites (Yuan RMB/g).

Samplea Raw material Energy consumption during grinding NaCl cost Energy consumption during calcination Total cost

Z
Z

3

t
u
i
m
i
c
r
b
f

4

a
t

(

(

(

(

(

(

A

P

-R 0.0003 0
-M(2)-C(400) 0.0003 0.0002

a See Table 3 for abbreviations.

.6. Cost comparison of different zeolites

Based on the energy consumption and used chemicals during
he course of modification, the cost comparison between the nat-
ral and modified zeolites under the optimal conditions was made

n the Table 8, from which we could see that the cost of modified
aterial was the 11 times of that of the raw one, and that the mod-

fication cost was mainly ascribed to the chemicals and the energy
onsumption during calcination. Of course, the cost estimate was
ough and moreover based on data from the small scale test, so we
elieved that the modification cost would be much more less in the
actual industrial application.

. Conclusions

With the aim to improve AIU, an integrated process was used to
ctivate a natural calcium-rich zeolite, and the test results revealed
he following information:

1) Grinding and sieving improved BET surface area, pore volume
and pore diameter, and removed part quartz from zeolite, lead-

ing to the increase in AIU from 1.50 to 1.76 mg/g.

2) Individual calcination could not benefit significant improve-
ment of AIU, on the contrary, calcination at high-temperature
above 150 ◦C brought on losses of part of clinoptilolite and pro-
duction of amorphous material, leading to pore blockage and

R

0 0 0.0003
0.0016 0.0012 0.0033

decreases in pore volume and BET surface area. High content of
calcium was the main reason for the low-thermal stability.

3) Individual salt treatment transformed Ca-zeolite into Na-
zeolite, and moreover caused significant increases in BET
surface area, pore volume and pore diameter with 112%, 166%
and 25.4%, respectively, which was responsible for the improve-
ment of AIU.

4) Calcination after salt treatment could not only enhance resis-
tant temperature from 150 to 400 ◦C, but also improve pore
volume and pore diameter.

5) By the optimum modification process, NH4
+ ion exchange

capacity was largely enhanced, and the maximum AIU
(17.24 mg/g) of the modified zeolite was 4.3 times that of the
raw zeolite (4.04 mg/g).

6) Neither salt treatment nor calcination caused the production
of new crystal materials. Only pretreatment could reduce the
content of quartz.
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