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a b s t r a c t

The Chinese natural zeolite, in which clinoptilolite coexists with quartz was treated hydrothermally with
NaOH solutions, either with or without fusion with NaOH powder as pretreatment. Zeolite Na–P, Na–Y
and analcime were identified as the reacted products, depending on the reaction conditions such as
NaOH concentration, reaction time and hydrothermal temperature. The products were identified by X-
ray diffraction, and characterized by Fourier transform IR and ICP. With hydrothermal treatment after
vailable online 6 December 2008
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ydrothermal synthesis
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fusion of natural zeolite with NaOH, high purity of zeolite Na–Y and Na–P can be selectively formed, their
cation exchange capacity (CEC) are 275 and 355 meq/100 g respectively, which are greatly higher than that
of the natural zeolite (97 meq/100 g). Furthermore, the ammonium removal by the synthetic zeolite Na–P
in aqueous solution was also studied. The equilibrium isotherms have been got and the influence of other
cations present in water upon the ammonia uptake suggested an order of preference Ca2+ > K+ > Mg2+.
eolite Na–P
mmonium uptake

. Introduction

Nature zeolites mined are abundant in China, but they are
ommercially low in price due to the exploitation mostly as
aw materials. Generally, natural zeolite deposits have high Si/Al
atio and contain quite a few impurities. These factors greatly
educe their CEC, and limit their application to some high-value
reas, especially as ion exchangers in the treatment of waste
aters.

Synthetic zeolites are predominantly prepared from commercial
eagents [1–3]. Less frequently, natural and waste materials such as
y ash [4,5], kaolin [6,7], diatomite [8] and smectite [9] have been
sed for the formation of zeolites under alkali hydrothermal con-
itions. However, after the direct hydrothermal treatment, some

mpurities in the starting materials, such as quartz and feldspar
ould still be detected in the solid phase [10,11].

Fusion with sodium hydroxide prior to hydrothermal reaction
s the method to dissolve the impurities. Several research groups

ave adopted this method to making zeolites from fly ash [12–14];
igh purity of zeolite Na–P or Na–X has been formed. However,
nly a few studies have been done for the zeolitic materials [15]
nd some factors affecting the hydrothermal process, such as the
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hydrothermal temperature, aging time and stirring have not been
investigated.

This study focuses on the transformation of a low-grade Chinese
natural zeolite to high capacity cation exchangers by hydrothermal
reaction with or without fusion with sodium hydroxide. Teflon-
lined stainless-steel autoclaves were used in the hydrothermal
process in order to get the high pressure condition. Different kinds
of products were formed, depending on the reaction conditions
such as NaOH concentration, reaction time and hydrothermal tem-
perature. The CEC of the products was compared.

In addition, we previously reported the ammonium exchange
in aqueous solution using the natural clinoptilolite and the zeolite
Na–Y synthesized from natural zeolite [16]. Here, we studied the
equilibrium uptake of ammonium onto the other product, zeolite
Na–P. In addition the effect of the individual presence of potassium,
calcium and magnesium ion upon ammonium uptake onto Na–P
was also investigated.

2. Materials and methods

2.1. Materials
Hard zeolite rock sample (light grayish white) was collected at
Jinyun, Zhejiang, P.R. China. The sample was prepared as a starting
material for the present experiments after crushing, air-drying and
passing through a 74 �m sieve. It is mostly composed of clinop-
tilolite and quartz by X-ray diffraction as shown in Fig. 1. Based on

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yifeiwang0206@yahoo.com.cn
dx.doi.org/10.1016/j.jhazmat.2008.12.001
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Fig. 1. XRD patterns of the Chinese natural zeolite. C: clinoptilolite, Q: quartz.

he intensity of the respective peaks, the content of quartz is high.
able 1 shows the chemical composition of the mineral [17].

.2. Synthesis and products

In the method without fusion, 7.5 g of the natural zeolite powder
as heated with 75 ml 2 or 4 mol l−1 NaOH solutions at 100 or 150 ◦C

or 8–200 h. The products were repeatedly washed with deionized
ater, and dried at 150 ◦C.

In the method with fusion, 7.5 g of the natural zeolite powder
as placed in a Ni crucible and fused with 3–12 g of NaOH powder

t 550 ◦C for 2 h. The melt was ground and 75 ml water was added.
he mixture was aged in a Teflon beaker for 0–36 h and then heated
t 100 or 150 ◦C for 4–24 h. The product was repeatedly washed with
eionized water, dried at 150 ◦C.

In the hydrothermal process of 100 ◦C, a 250 ml flask with
eflux were used with or without magnetic stirring. While in the
ydrothermal process of 150 ◦C, Teflon-lined stainless-steel auto-
laves without stirring were used in order to get the high pressure
ondition.

.3. Characterization

Identification of mineral species in the natural zeolite and
he products was carried out by X-ray diffraction (XRD) of the

andom-oriented powder samples using Siemens X-ray diffrac-
ometer D5005 (Cu K� radiation, � = 0.15418 nm). The peak height
as estimated at given diffraction faces: zeolite Na–Y (1 1 1) and

eolite Na–P (0 1 1).

able 1
hemical composition of the natural zeolite (wt%).

iO2 65.52
iO2 0.21
l2O3 9.89
e2O3 1.04
nO 0.06
gO 0.61

aO 3.17
a2O 2.31
2O 0.88
2O 7.25
OI 10.02
aterials 166 (2009) 1014–1019 1015

An IRIS Intrepid IIXSP Inductively Coupled Plasma Atomic Emis-
sion Spectroscopy determined the content of Si and Al in the
samples

IR spectrum was recorded on Nicolet Impact 410 FTIR Spec-
trophotometer using a KBr pellet. CEC of the samples was
determined by extracting NH4

+ with 1 mol l−1 KCl (pH 7) from
NH4

+-saturated sample prepared by equilibrating with 1 mol l−1

ammonium acetate (pH 7) at room temperature. The exact con-
centrations of ammonium ions in the solutions were determined
by Nesslerization [18]. CEC was expressed as meq/100 g.

2.4. Equilibrium batch experiments

All sorption studies were carried out in beakers of 250 ml
by subjecting a given dose of the synthetic zeolite Na–P to a
period of stirring with ammonium solution on a magnetic stir-
rer (800 turns/min). Ammoniacal nitrogen is present in two forms
when in water: ammonia (NH3) or ammonium (NH4

+), according
to the following equation:

NH3 + H2O ⇔ NH4
+ + OH− (1)

At higher pH, the NH4
+ are transformed to aqueous ammonia;

however, when the pH is lower, NH4
+ have to compete with hydro-

gen ions among the exchange sites. So during all experimental work
the pH was initially adjusted at a value of 6–7, the ammonia in
this range should be expected to be nearly 100% in its ionic form.
After adsorption, the Na–P was separated by centrifugal machine
(2000 turns/min).

The exact concentrations of ammonium ions in the solutions
were determined by Nesslerization. The solid-phase concentrations
determined by mass balance, according to the following equation:

Qe = V

M
(C0 − Ce) (2)

where C0 and Ce are the initial and equilibrium concentration of
ammonium in the liquid phase (mg/l), respectively, Qe is the solid-
phase concentration of ammonium (mg/g), V is the volume of
solution (l), and M is the mass of dry zeolite (g).

2.4.1. Equilibrium isotherms
0.5 g samples of Na–P were continuously stirred with 100 ml of

ammonium chloride solution, having concentrations in the range
50–250 mg NH4

+/l. The ammonia levels were measured every 1 h
over a period of 8 h. Preliminary experiments showed that up to 5 h
contact were required for equilibrium to be reached.

2.4.2. Influence of individual presence of K+, Ca2+ and Mg2+ ions
In order to establish the extent to which the presence of potas-

sium, calcium and magnesium ions influenced ammonium ion
uptake, further equilibration experiments were conducted. These
were confined to determination of the effect of each individual
ion alone upon ammonium ion uptake. The starting solutions were
dosed with the appropriate metal cation at a equivalent concentra-
tion of 5 meq/l and equilibration in the presence of ammonium ion
50–250 mg/l.

3. Results and discussion

3.1. Synthesis of zeolites from the low-grade natural zeolite by
hydrothermal alkaline treatment
3.1.1. Hydrothermal process without stirring
The treatment conditions of the natural zeolite and the corre-

sponding products were summarized in Table 2. We can find that
three parameters influence the zeolitization. They are the concen-
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Table 2
Summary of the conditions employed in the treatments of the natural zeolite with sodium hydroxide solutions and the corresponding products.

[NaOH(aq)] (mol dm−3) Temperature (◦C) Reaction Time (h) Product CEC (meq/100 g)

2 100 8 Clinoptilolite + quartz 124
16 Clinoptilolite + quartz 155
24 Na–P + quartz 175
32 Na–P + quartz 177
40 Na–P + analcime + quartz 160
80 Na–P + analcime + quartz 140

200 Na–P + analcime + quartz 91
150 8 Analcime + quartz 16

16 Analcime 13
24 Analcime 8

4 100 8 Clinoptilolite + quartz 121
16 Na–P + quartz 161
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ration of sodium hydroxide solution, reaction temperature and
ime.

It is apparent that at low NaOH solution concentrations
2 mol l−1), zeolite Na–P was formed at 100 ◦C. In the first 32 h,
linoptilolite was gradually dissolved and transformed to Na–P, and
he CEC of the products increased. When the hydrothermal time was
xtended, analcime appeared which reduced the exchange capac-
ty. The alteration of CEC was consistent with the change in the
eak heights of Na–P (Fig. 2). However, at 150 ◦C, analcime was the
nly new phase in the products. In addition, if the heating time was
ore than 16 h, quartz can completely dissolved and high purity of

nalcime can be synthesized.
The products at 4 mol l−1 NaOH solutions were similar to

mol l−1, while the reaction time was obviously shortened. Fur-
hermore, from the CEC of the products, we can conclude that the
egree of crystallinity of Na–P was slightly decreased at 4 mol l−1

aOH.

.1.2. Hydrothermal process with stirring
A stirrer was also used in our experiments for comparison pur-

ose. With stirring, Na–P and analcime were also selectively formed

Table 3). However, compared with the data in Table 2, CEC of the
roducts were obviously higher.

With stirring, ions including Si4+ and Al3+ in the solution can be
upplied ceaselessly to maintain growth of crystal and reaction. The

ig. 2. Change in XRD peak heights of zeolite Na–P against hydrothermal time (con-
itions: concentration of NaOH, 2 mol dm−3; hydrothermal temperature, 100 ◦C).
Na–P + analcime + quartz 140
Analcime 21
Analcime 25
Analcime 20

roles of using a stirrer are to keep a steady state vortex, decrease
the solution viscosity, and to promise a good mixing of NaOH solu-
tion with the grains of natural zeolite to well dissolve the various
components necessary for zeolite crystal growth [19].

3.2. Hydrothermal treatment after fusion of natural zeolite with
NaOH

Alkali fusion is a conventional method for chemical analysis
to decompose materials containing silicon and/or aluminum. The
sodium hydroxide present in the reaction mixture acts as an acti-
vator during fusion to form soluble silicate and aluminate salts,
which further takes part in zeolite formation during hydrothermal
process.

3.2.1. Alkali requirement for fusion
The natural zeolite was fused with NaOH as the NaOH/natural

zeolite weight ratio was varied from 0.4 to 1.6. We found that
the quartz was not completely dissolved after fusion, if the
NaOH/natural zeolite ratio is less than 1.2. The major product of
fusion was a new Na aluminosilicate at ratio of 1.2–1.6.

If the Na aluminosilicate was stirred in water immediately after
fusion, it turned into X-ray amorphous aluminosilicate gel. After
the hydrothermal process at 100 ◦C for 8 h, Na–Y was formed from
the gel. It can be seen from Fig. 3 that XRD peak height and CEC
of Na–Y attained a maximum at NaOH/natural zeolite ratio = 1.2. So
we regard 1.2 as the optimal ratio for fusion.
3.2.2. Effect of aging time
The influence of aging at room temperature on the character-

istics of the synthesized zeolite was investigated in the present
work. The aging is related to the development of crystal nuclei. It
is observed from previous studies that the aging can considerably

Table 3
Effect of the hydrothermal time on the characteristics of the products, with stir-
ring (conditions: concentration of NaOH, 2 mol dm−3; hydrothermal temperature,
100 ◦C).

Reaction Time (h) Product CEC (meq/100 g)

8 Na–P + quartz 190
16 Na–P + quartz 215
24 Na–P + quartz 221
32 Na–P + quartz 222
40 Na–P + quartz 226
48 Na–P + quartz 231
72 Na–P + analcime + quartz 215
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Fig. 4. XRD patterns of the products synthesized by hydrothermal process at (a)
100 ◦C and (b) 150 ◦C (conditions: NaOH/natural zeolite ratio, 1.2; aging time, 6 h;
hydrothermal time, 8 h).

Table 5
Effect of hydrothermal time on characteristics of the zeolites (conditions:
NaOH/natural zeolite ratio, 1.2; hydrothermal temperature, 100 ◦C; without aging).

Hydrothermal time (h) Species of the
products

Peak height (mm) CEC
(meq/100g)

4 Na–Y 39 183
8 Na–Y 170 257

12 Na–P 34 352

capacity cation exchangers are as follow: 7.5 g of the natural zeolite
were fused with 9 g NaOH at 550 ◦C for 2 h. The melt was mixed
with 75 ml water. If the mixture was aged for 12 h, and heated at
100 ◦C for 8 h without stirring, high purity of Na–Y were formed.
ig. 3. Effect of NaOH/natural zeolite ratio on XRD peak height of Na–Y and CEC
f the products (conditions: hydrothermal temperature, 100 ◦C; hydrothermal time,
h; without aging).

educe the reaction time for crystallization at elevated tempera-
ures [14].

The effects of aging time on characteristics of the zeolites were
hown in Table 4. It is clear that aging time affected not only the
rystallinity but also the species of the products. The crystallinity of
a–Y increased first and then decreased after attaining a maximum
t the aging time of 12 h. High purity of Na–P was synthesized at
8 h with the highest CEC.

.2.3. Effect of hydrothermal temperature
Previous studies reported that zeolites could be synthesized at

ny temperature in the range 333–573 K. The recommended crys-
allization temperature, which gives a reasonable rate and well
eveloped crystals, is 373 K [20]. For the above-mentioned rea-
ons, we chose 373 and 423 K as the heating temperature. In the
rocess of 423 K, Teflon-lined stainless-steel autoclaves were used

n order to get the high pressure condition. High purity of Na–Y
nd analcime were respectively formed at the two temperatures,
s shown in Fig. 4. The observation is in good conformity with the
reck’s description that the faujasite nucleate and crystallize more
eadily at lower temperature than those having more complicated
tructure [20].

.2.4. Effect of hydrothermal treatment time
When the heating temperature was 100 ◦C, the effect of

ydrothermal time on the characteristics of the synthesized zeolite
as similar to that of the aging time. Na–Y and Na–P were formed

n the products alternately (Table 5). However, at 150 ◦C, the crys-
allization of analcime was completed within 8 h of treatment, no

urther transformations were observed.

.2.5. Effect of magnetic stirring in hydrothermal process
The product of fusion of the natural zeolite with NaOH trans-

ormed into zeolite Y when hydrothermal treated at 100 ◦C after

able 4
ffect of aging time on characteristics of the products (conditions: NaOH/natural
eolite ratio, 1.2; hydrothermal temperature, 100 ◦C; hydrothermal time, 8 h).

ging time (h) Species of the products Peak height (mm) CEC (meq/100 g)

0 Na–Y 162 253
6 Na–Y 170 257
2 Na–Y 185 275

18 Na–P 37 353
4 Na–Y 183 274
0 Na–Y, Na–P Na–Y, 55; Na–P, 22 289
6 Na–Y, Na–P Na–Y, 49; Na–P, 31 317
16 Na–Y, Na–P Na–Y, 47; Na–P, 25 327
20 Na–P 46 355
24 Na–Y, Na–P Na–Y, 91; Na–P, 32 272

aging the gel at room temperature for 6 h without stirring. With-
out aging and when stirring was applied during the treatment,
zeolite P formed instead (Fig. 5). The crystallization of Na–P was
completed within 12 h of treatment, and no further transforma-
tions were observed. These results were similar with the findings
of Shigemoto, who synthesized Na–X from fly ash [12].

In summary, the optimal conditions to synthesize the high
Fig. 5. XRD patterns of the product prepared from hydrothermal process with stir-
ring (conditions: NaOH/natural zeolite ratio, 1.2; aging time, 0 h; hydrothermal
temperature, 100 ◦C; hydrothermal time, 12 h).
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Table 6
CEC and Si/Al molar ratio of the natural and synthesized zeolites.

Zeolite CEC (meq/100g) Si/Al molar ratio

Natural zeolite 97 5.4
Na–P (mixed with quartz) 231 2.7

3.5.2. The effect of the individual presence of other metals
The experimental uptake equilibrium data for Na–P are shown

in Fig. 8. The relationships between exchanger-phase concentration
and solution-phase concentration are shown for the case of ammo-
Fig. 6. IR spectra of the natural and synthesized zeolites.

nd if the mixture was heated at 100 ◦C for 12 h with stirring, high
urity of Na–P were formed.

.3. IR spectrum of the zeolites

The presence of aluminosilicate framework in the zeolited solids
as confirmed using IR spectroscopic technique. Every zeolite

hows similar IR spectrum in Fig. 6. The vibrational bands at
10–760 cm−1 corresponding to the vibration of Al-O fragment and
t about 1000 cm−1, characteristic bands for SiO4 and AlO4. The
ands observed at about 1640 cm−1 correspond to the deformation
ode of vibration of HOH [21].

.4. CEC of the zeolites

The CEC and Si/Al molar ratio of the synthesized zeolites are
hown in Table 6. It’s well known that CEC is determined by the
ramework and Si/Al molar ratio of the materials. With high content
f quartz, CEC of the natural zeolite is low. In the hydrothermal

rocess without fusion, clinoptilolite was dissolved completely to
e altered to zeolite Na–P, which has low Si/Al molar ratio and high
EC. However, the impurity quartz hardly changed, that restricted
he increase in the CEC of the products. Fusion with NaOH powder
rior to hydrothermal reaction, we got high purity of Na–Y and Na–P
Na–P 355 1.8
Na–Y 275 2.3
Analcime 36 2.2

without quartz. With comparatively low Si/Al molar ratio, the CEC
was greatly increased. The aperture in the framework of analcime
is too small (pore diameter: 2.6 Å) to let the cation in. So although
the high purity of analcime has the lower Si/Al molar ratio, the CEC
of it is the quite low.

3.5. Ammonium exchange in aqueous solution using the synthetic
zeolite Na–P

3.5.1. Equilibrium isotherms
The Langmuir model assumes only one solute molecule per site,

and also assumes a fixed number of sites. The Langmuir isotherm
relates Qe (mg of ammonia absorbed per gram of zeolite) and Ce

(the equilibrium ammonium concentration in solution) as shown
in Eq. (3)

Qe = KbCe

1 + KCe
(3)

Qe was calculated from the volume of ammonia solution, the mass
of the material exposed to the solution and the equilibrium ammo-
nium concentration in the solution (Ce).

The Freundlich isotherm relates the uptake of solute onto the
exchanger to the solution concentration, as shown in Eq. (4)

Qe = kC1/n
e (4)

Fig. 7 shows the equilibrium isotherm data for ammonium
uptake onto the synthetic zeolite Na–P, fitted to the Langmuir and
Freundlich uptake models. Values for the coefficients are given in
Table 7. It seems that the Freundlich model provides a more con-
sistent fit to the data compared with the Langmuir.
Fig. 7. Equilibrium isotherm data for ammonium uptake onto the zeolite Na–P fitted
to the Langmuir and the Freundlich uptake models.
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Table 7
Values for the Langmuir and Freundlich coefficients for the zeolite Na–P.

Langmuir parameter
b (mg/g) 39.057
K (l/mg) 0.073
r2 0.910
Freundlich parameter
k 6.536
1/n 0.391
r2 0.993
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[20] D.W. Breck, Zeolite Molecular Sieves, John Wiley and Sons, New York, 1974.
ig. 8. Ammonium ion uptake onto the zeolite Na–P, in the presence of potassium,
alcium and magnesium ions. (For interpretation of the references to color in this
rtwork, the reader is referred to the web version of the article.)

ium ion only, and for ammonium ion in the individual presence of
otassium, calcium and magnesium ions.

From the results we can notice that in each case there is a sig-
ificant reduction in the equilibrium uptake of ammonium ion in
he presence of the other ion. The effect of the metal ions suggests
n order of preference Ca2+ > K+ > Mg2+. This order was determined
y electrostatic free energy and cation-hydration free energy. Com-
ared with the natural clinoptilolite and Na–Y, Na–P has low Si/Al
atio, which resulted in high anionic field that gave rise to good
electivity toward cations of higher charge. However, Mg2+ is a small
nd more hydrated ion, so it tended to remain in solution [22].

. Conclusions

The sodium zeolites were successfully synthesized from Chinese
atural zeolite by hydrothermal reaction with or without fusion
ith sodium hydroxide. Zeolite Na–P or analcime was selectively

ormed by directly hydrothermal treatment. The products depend
n NaOH concentration of solution, reaction temperature and time.

y fusion with NaOH powder, high purity of zeolite Na–Y, Na–P and
nalcime can also be selectively synthesized.

CEC of the materials was restricted by the existence of quartz. So
t is crucial to transform quartz to an active phase for zeolitization.

ithout fusion, quartz can only be dissolved at high temperature

[

[

aterials 166 (2009) 1014–1019 1019

and pressure. While at those conditions only the low capacity cation
exchanger, analcime could be synthesized. Fusion by NaOH powder
with NaOH/zeolite = 1.2 (weight ratio) at 550 ◦C for 2 h, quartz can be
completely changed into a Na aluminosilicate. And after hydrother-
mal process at 100 ◦C, the high cation exchanger, Na–Y, Na–P could
be formed.

The ammonium uptake behavior of zeolite Na–P was also stud-
ied. Compared with the Langmuir model, the Freundlich model
provides a more consistent fit to the equilibrium isotherm data.
The influence of other cations (K+, Ca2+ and Mg2+) present in water
upon the ammonia uptake was remarkable. The effects suggest the
orders of preference: K+ > Ca2+ > Mg2+.
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