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Abstract This study deals with the synthesis and characterization of low-silica zeolite X, from calcined Kalabsha 
kaolin, for adsorption of Zn(II) ions from aqueous solution. The synthesis processes is performed under hydrother-
mal treatment in alkaline solutions. The obtained zeolite samples are characterized using X-ray diffraction, grain size 
distribution, surface area, and SEM. The critical molar ratios of both SiO2/Al2O3 and K2O/Na2O are about 2.9 and 
0.16, respectively. Those ratios are needed to give individual low silica zeolite X in a minimum reaction time. The 
adsorption capacity of the synthesized products is determined by adsorption of Zn(II) ions from solution. The results 
suggest that the zeolite obtained could be converted to a beneficial product, which will be used in future as an ion 
exchanger in removing heavy metals from wastewaters. 
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1 Introduction 

Zeolites are three-dimensional, crystalline com-
pounds which are built from AlO4 and SiO4 tetrahedra 
(Rollman and Valyocisk, 1981). Low-silica zeolites 
with Al/Si ratio of 1:1, such as zeolite A, zeolite P and 
zeolite X, exhibit the highest ion exchange capacity. 
Zeolite has been widely applied to practical processes 
in various industrial fields as a desiccant, an adsorbent, 
a molecular sieve, an ion exchanger, a catalyst and as 
the traditional water-softening agent in detergents 
(Ichiura et al., 2001; Nah et al., 2006; Wang et al., 
2006) Otherwise, low-silica zeolites may be used as 
precursors for the synthesis of aluminosilicate ceram-
ics (Falamaki et al., 2006; Roque et al., 2006). 

Zeolite is usually synthesized under hydrother-
mal conditions, from solutions of sodium aluminate, 
sodium silicate or sodium hydroxide (Dwyer, 1984; 
Chandrasekhar and Pramada, 2008; Jiménez et al., 
2008). Such conditions are typical of those found in 
the Earth's crust where some zeolite is found naturally. 
Kaolin is an ideal raw material for synthesis of 
low-silica zeolite because the contents of SiO2 and 
Al2O3 are relatively similar with each other. The most 
common products prepared from thermally activated 
kaolin (calcined kaolin) or metakaolin are zeolite A 
and zeolite P (Gualtieri et al., 1997; Hassan et al., 
2002; Mirfendereski et al., 2006). Zeolite X is another 

important product, which can be prepared from kaolin 
usually with additional silica sources (Elena et al., 
1995; Akolekar et al., 1997; Chandrasekhar and 
Pramada, 1999). Low-silica zeolite X (LSX) is much 
more difficult to prepare, requiring careful control 
over the synthesis conditions (Coe et al., 1988; Basal-
della and Tara 1995; Akolekar et al., 1997).  

The hydrothermal reactions of thermally acti-
vated kaolin (calcinated kaolin) and metakaolin with 
aqueous sodium hydroxide have been studied by Has-
san et al. (2002). Under their conditions, the major 
products of reaction of thermal activated kaolin (cal-
cined kaolin) or metakaolin were zeolite A, and co-
crystalization zeolite A+P. The authors proposed a 
mechanism in which the thermal activated kaolin (cal-
cined kaoline) and metakaolin was dissolved in alkali 
to form a gel that was the direct precursor of zeolite A, 
and/or zeolite A+P. At synthesizing zeolite X, an in-
crease of the aluminum content in its network (mean-
ing use of a very low silica concentration) occurs, this 
led to cocrystallization of zeolite A, to avoid this co-
crystallization, a low crystallization temperature to-
gether with seeding solution (Tatic and Drzaj, 1985) 
or the partial replacement of sodium ion by potassium 
ion in the formulation of the initial reaction mixture 
takes place (Coe et al., 1988). The aim of the study is 
to synthesize and characterize zeolite X from the 
Kalabsha kaolin for Zn(II) adsorption.  
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2 Materials and experimental techniques 

2.1 Materials 

The Wadi Kalabsha kaolin-type clay from the 
southwest of Aswan (Egypt) was chosen as the raw 
materials. This kaolin occurs at about 150 km south-
west of Aswan. It is interbedded within the so-called 
Nubia sandstone of Upper Cretaceous age (El Badry 
et al., 1981; Shata, 1991). The Wadi Kalabsha kaolin 
occurs as both continuous and lenticular beds. The 
thickness ranges from a few centimeters to five meters. 
According to Said and Mansour (1971), the Nubia 
sandstone in Wadi Kalabsha falls into three members; 
Lower and Upper Sandstone Member, which enclose a 
Middle Kaolin Member. Although the main deposit 
lies within the Wadi Kalabsha Kaolin Member, some 
bands are found in the Upper Sandstone Member. The 
Wadi Kalabsha kaolin could be classified as a clastic 
deposit which was formed by the transportation of 
intensely weathered parent aluminous rocks and its 
deposition in a closed aqueous body.    

2.2 Synthesis process 

Thermally activated sample (dehydrated kaolin) 
was prepared by calcination of kaolin for 3 hours in 
air at 600℃. NaOH (89% E. Merck, D-6100 Darm-
stadt, F.R. Germany), commercial water glass 
[SiO2/Na2O=3.18 (W.W), density=1.36 g/mL], and 
distilled water were used for alkaline treatment. The 
hydrothermal synthesis of zeolite was carried out at 
autogenous pressure at 50℃ in closed polypropylene 
containers with no stirring. During the development of 
the reaction, samples of the product were taken, to 
separate the liquid from solid. The solids obtained 
were washed with distilled water, dried in an oven at 
100℃, and characterized by XRD. Electron micro-
graphs were taken with Jeol JEM-7A electron micro-
scope. 

2.3 Adsorption process 

These assays were carried out by mixing differ-
ent dosages of synthesized products (zeolite A, zeolite 
A+X and zeolite X, respectively) in contact with 60 
mL of Zn(II) solution (500 mg/L), which was prepared 
from the basic salt, zinc sulfate ZnSO4·7H2O, at dif-
ferent pH. Zinc exchange was achieved in a thermo-
static bath at 25℃ under continuous agitation.  

2.4 Characterization and analysis 

The Kalabsha kaolin and zeolite obtained were 
characterized using Philips PW 1710 X-ray diffracto-
meter, with CuKα radiation and operating at 40 kV 

and 20 mA, and a Ni filter. The sample speed was two 
degrees per minute. The chemical composition of kao-
lin was determined using a Philips PW 1410 X-ray 
spectrometer. Differential thermal analysis of kaolin 
was performed using Netzsch simultaneous thermal 
analysis type STA 90 at the heating rate of 10℃/min. 
The zinc concentrations in the starting solution and 
filtered solution were measured using a Perkin-Elmer 
Analyst 100 atomic absorption spectrophotometer 
(AAS). 

3 Results and discussion 

The X-ray diffraction pattern (Fig. 1) of the 
original sample shows that the Kalabsha kaolin was 
composed mainly of kaolinite, quartz, and a minor 
amount of anatase. The Kalabsha kaolin exhibited two 
peaks in its DTA curve, an endothermic peak at about 
608℃, associated with the loss of water from the 
structure hydroxyls and exothermic one at 998℃ due 
to the formation of a new phase with spinel-like type 
structure. The chemical composition of the Kalabsha 
kaolin is listed in Table 1. 

 

 
 Fig. 1. X-ray diffraction of the Kalabsha kaolin.        

 
Table 1. The chemical composition of the Kalabsha kaolin 

Element oxide % 
SiO2 
Al2O3 
Fe2O3 
TiO2 
Na2O 
K2O 
CaO 
MgO 

Soluble salt 

46.35 
31.50 
9.51 
1.65 
0.02 
0.08 
1.21 
0.13 
0.22 

     
The reaction medium consists of solid phase 

(calcined kaolin) in contact with alkaline liquor. The 
hydrothermal treatment processes were performed at 
50℃ for one to five weeks, commercial water glass 
was used as an additional source when needed. The 
molar ratios, at the beginning of the reaction were: 

SiO2/Al2O3=1.5 to 2.9 
K2O/Na2O=0.05 to 0.15 
H2O/(K2O+Na2O)=20 
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Those ratios were chosen on the basis of previ-
ously cited data. It was reported that it is possible to 
obtain zeolite X (Basaldella and Tara, 1995; Elena et 
al., 1995), assuming that silica present as quartz re-
mains unchanged during treatments. 

(1) In the first course of reaction the K2O/Na2O 
ratio was fixed at 0.09 and the ratio of SiO2/Al2O3 
varied from 1.5 to 2.6 to 2.9. 

(2) In the second course of reaction SiO2/Al2O3 
was fixed at 2.6 and K2O/Na2O varied from 0.05 to 
0.09, then to 0.15. 

Solids obtained from each reaction were sepa-
rated from mother solution and washed with distilled 
water up to pH≈10, and dried at 100℃. Structures of 
the crystalline products obtained were determined by 
XRD. Lattice parameter (ao) was calculated using an 
internal standard according to the method described 
by Klug and Alexander (1959). The results obtained 
are listed in Tables 2 and 3. Morphology of the parti-
cles was detected by scanning electron microscope 
(SEM).  

     
Table 2. Results obtained when the K2O/Na2O ratio was 

fixed at 0.09 and by varying the initial SiO2/Al2O3 
Time 

(week) 
SiO2/ 
Al2O3 

Type of zeolite 
crystallization (ao)=Å 

1 
2 
3 
4 
5 

1.5 

Amorphous 
Amorphous 
Amorphous 

A+X 
A+X 

 

1 
2 
3 
4 
5 

2.6 

Amorphous 
Amorphous 

A+X 
A+X 
A+X 

 

1 
2 
3 
4 
5 

2.9 

Amorphous 
Amorphous 
Amorphous 

X 
X 

 
 
 

2.4991 
2.4852 

 
Table 3. Results obtained when the SiO2/Al2O3 ratio was 

fixed at 2.6 and by varying the initial K2O/Na2O 
Time 

(week) 
K2O/ 
Na2O 

Type of zeolite 
crystallization (ao)=Å 

1 
2 
3 
4 
5 

0.05 

Amorphous 
Amorphous 
Amorphous 

A+X 
A+X 

 

1 
2 
3 
4 
5 

0.09 

Amorphous 
Amorphous 

A+X 
A+X 
A+X 

 

1 
2 
3 
4 
5 

0.15 

Amorphous 
Amorphous 
Amorphous 

X 
X 

 
 
 

2.5019 
2.5032 

 
The effect of increasing SiO2/Al2O3 ratio in the 

synthesis of zeolite X leads to selectivity with regard 
to the type of zeolite obtained and to change of lattice 

parameter. At SiO2/Al2O3=1.5 the co-crystallization of 
zeolite A+X is obtained after 4 weeks. The zeolite-X 
proportion is very small. (Fig. 2). At SiO2/Al2O3=2.6 
the cocrystallization of zeolite A+X is also obtained 
after 3 weeks. However, the proportion of zeolite X is 
relatively high compared to the first series. At 
SiO2/Al2O3=2.9, the zeolite X is obtained after 4 
weeks (Fig. 2), its lattice parameter ao=2.4991Å. 
These results suggested that the critical molar ratio of 
SiO2/Al2O3 is needed to give individual zeolite X with 
a minimum reaction time. 

 

 
 
Fig. 2. X-ray diffraction patterns of (a) individual zeolite X; (b) co-
crystallization of zeolite A+X.  
 

The effect of replacing sodium ion by potassium 
ion in synthesis of zeolite X was studied by varying 
time (1–5 weeks) and keeping SiO2/Al2O3 ratio con-
stant (=2.6), the results obtained are listed in Table 3. 
It was observed that at low potassium concentrations, 
the co-crystallization of zeolite A+X was obtained. 
After four weeks, the proportions of zeolite X in-
creased with increasing potassium content. In the case 
of K2O/Na2O=0.16, the individual zeolite X was ob-
tained after 4 weeks of hydrothermal treatment. These 
results revealed that the critical molar ratio of 
K2O/Na2O is needed to give individual zeolite X with 
minimum reaction time. After 4 weeks, the zeolite-X 
was obtained with ao=2.5019Å; while after 5 weeks ao 
becomes  2.5032Å, revealing an increase in lattice 
parameter for zeolite X with increasing time of reac-
tion. 

The particle size analysis of the two courses of 
zeolite X with increasing particle size of the second 
course (at K2O/Na2O=0.15) reveals the role of potas-
sium ion in the formation of zeolite X. Figure 3 shows 
that SEM micrographs of final products of the two 
courses of reaction (Fig. 3a, b) show that the crystal 
morphology of the co-crystallization of zeolite A+X 
obtained depends on the concentrations of SiO2/Al2O3, 
while zeolite-X is shown in Fig. 3c, d.  

The surface area of zeolite-X was measured us-
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ing a BET Micromeritics surface area analyzer. The 
average surface area of zeolite X was about 668 
m2

·g-1, compared with the literature value of 718 
m2

·g-1 (Akolekar et al., 1997). This lower value was 
perhaps to blockage of zeolite pores by non-reacted 
material or to the fact that zeolite crystals are sur-
rounded by a matrix of unconverted kaolin. The sur-
face area obtained for zeolite A shows a relatively low 
value (329 m2·g-1) compared to zeolite X. These ob-
servations also provide further evidence for the dif-
ferences in pore structure of the synthesized zeolites. 

In general, the preparation LSX zeolite from kao-
lin is based on conversion of kaolin to more reactive 
thermal activated kaolin (calcined kaolin), which is 
amorphous and much more reactive than the starting 
material, the exposure of a high surface area of the 

calcnied kaoline for alkali attack, converted thermal 
activated kaolin to zeolite-X. This conversion occurs 
in two distinct stages. At the first stage, there is rapid 
(complete within two weeks) conversion of thermal 
activated kaolin (calcined kaolin) to an aluminosili-
cate phase, which may be described as a gel. During 
the second stage, crystal growth of zeolite occurs, 
with increasing reaction time the number of crystals 
increases. Initially, the process of zeolite-A formation 
is faster, but then ceases. Individual zeolite-X growth 
occurs (after 4 weeks). The preferred formation of 
individual zeolite X may be attributed to the slower 
nucleation and growth rates by partial replacement of 
sodium by potassium in the formulation of the initial 
reaction mixture (Coe et al., 1988). 

 
 

 
Fig. 3a. Scanning electron micrographs, showing co-crystallization of zeolite A+X, of the first course (a) with low contents of zeolite X; (b) 
with high contents of zeolite X.  Fig. 3b. Scanning electron micrographs, showing individual zeolite X crystals under different magnifica-
tions (c and d). 

 

4 Evaluation of the adsorption capacity of 
the produced zeolite  

Zeolites are widely known for their ion exchange 
properties (Gianneto et al., 2000). The Si/Al frame-
work ratio of the zeolite determines its maximum ion 
exchange capacity; however, the real capacity may be 
lower if a proportion of the charge compensation 
cations are inaccessible for the exchanging ion (Chee-
tan and Day, 1992). Zinc(II) is relatively large in hy-
drated ionic radius, and its exchange in zeolitic mate-
rials requires a favorable pore opening. The study of 
the Zn(II) adsorption on zeolite is interesting from an 

environmental point of view, and the use of zeolitic 
materials in the control of pollution has received in-
creasing attention (Petrus and Warchol, 2003).  

4.1 Effect of contact time 

Figure 4 shows the variation of removal of 
zinc(II) with contact time for zeolite A, zeolite A+X 
and zeolite X, respectively. It was observed that the 
maximum concentration of zinc adsorbed by zeolite X 
was attained within 30 minutes and about 40 minutes 
for zeolite A and there after it almost remained static 
for both. So 40 minutes were fixed as the period of 
contact time for further studies. 
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Fig. 4. The relationship between contact time (minute) and Zn(II) 
adsorption (%) of the obtained zeolites. 

4.2 Effect of dosage 

In order to fix the minimum dosage for maxi-
mum zinc(II) removal, experiments as a function of 
dosage were carried out. The percent removal of zeo-
lite A, zeolite A+X and zeolite X, respectively at dif-
ferent dosages (0.5–5 g) was measured. It was ob-
served as shown in Fig. 5 that the percent removal 
increases with increasing sorbent dosage from 0.5 to 
2.5 g for zeolite X, and stayed almost constant after 
2.5 g. While fore zeolite A the percent of removal in-
creases with increasing sorbent dosage from 0.5 to 4 g 
and stayed almost constant after 4 g. Hence for further 
experiments the sorbent dosage was optimized as 4 g.  

 

 
Fig. 5. The relationship between sorbent dosage (gm) and Zn(II) ad-
sorption (%) for the obtained zeolites. 

4.3 Effect of pH 

The removal of zinc ions from aqueous solution 
was highly dependent on the solution pH in many 

cases as it altered the surface charge on the sorbents 
(Meenakshi et al., 1991; Lund et al., 2008). In zeolite 
aqueous systems the potential of surface is determined 
by the activity of ions (H+ or OH-) which react with 
the mineral surface. As such pH plays an important 
role in controling the adsorption of zinc at the zeo-
lite-solution interface. Such interface on acid-base 
dissociation develops positive and negative charges of 
the surface (Worrl, 1968; Meenakshi and Viswanathan, 
2007). Studies of zinc(II) removal were carried out 
with zeolite A, zeolite A+X and zeolite X, respectively 
at various pH values ranging from 4 to 11. The plot of 
removal of zinc(II) at various pH ranges as given in 
Fig. 6 clearly indicates that the removal of zinc for 
zeolite A, zeolite A+X and  zeolite X, respectively 
was influenced by pH of the medium. The removal of 
zinc of the sorbents was found to be more at lower pH 
than at higher pH levels. It was found that the higher 
zinc removal (about 89.1%) was noticed at pH 4 and 
the efficiency decreased with increasing pH. At neu-
tral pH the capacity being 73.2% and at pH 11 it was 
only about 65.1% for zeolite X, whereas in zeolite A 
maximum zinc removal noted at pH 4 was about 
86.6%. 

 

 
Fig. 6. The relationship between pH and Zn(II) adsorption capacity 
of the obtained zeolites. 

4.4 Effect of the zeolite types 

The focus of the present study is also put on 
evaluating effectiveness of the synthetic zeolite A, 
zeolite A+X and zeolite X, respectively for removal of 
zinc(II) from water at pH=4, sorbent dosage 4 g and 
contact time of 40 min. An aqueous solution (60 mL) 
containing dissolved zinc(II) (100 to 1000 mg/L zinc) 
was mixed with the zeolite sample in a bottle and kept 
on a shaker at room temperature. The zinc removal 
range from 99.1% for solution containing 100 mg/L 
zinc(II) to 71.7% for solution containing 1000 mg/L 
zinc(II), for zeolite X. For zeolite A+X, zinc removal 
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range from 96.1% for solution containing 100 mg/L 
zinc(II) to 68.4% for solution containing 1000 mg/L 
zinc(II). While zeolite A, zinc removal range from 
93.3% for solution containing 100 mg/L zinc(II) to 
60.4% for solution containing 1000 mg/L zinc(II) (Fig. 
7). It is known that the maximum ion exchange capac-
ity of the zeolite depends on the number of cation ex-
change sites, which is determined by the framework 
Si/Al ratio. However, it was found that, the zeolite 
pore opening plays an important role in determining 
the actual cations exchange of the zeolite (Covarrubias 
et al., 2007).  

 

 
Fig. 7. The relationship between Zn(II) concentrations (g/L) and 
Zn(II) adsorption capacity of the obtained zeolites. 

 
Zeolite-A possesses a relatively high cation 

population due to its low Si/Al ratio (~1.0) (Covar-
rubias et al., 2007). On the other hand, zeolite-X has a 
lower Si/Al ratio and thereby this zeolite exhibits a 
higher cation exchange capacity compared with zeo-
lite A. However, the presence of zeolite P in synthesis 
products decreases the Zn(II) exchange values (Co-
varrubias et al., 2007). Zeolite-P possesses a higher 
Si/Al (1.5–2.5) framework ratio than both zeolite-A 
and zeolite X, and thereby exhibits a lower cation ex-
change value. Therefore, the cation exchange of the 
synthetic products is affected by the presence of an-
other zeolite phase as well as the amorphous phase 
fraction that may be formed during synthesis proc-
esses (Covarrubias et al., 2007).   

5 Conclusions 

It has been found that by using initial SiO2/Al2O3 
ratio at 2.9 and fixed K2O/Na2O ratio at 0.09, it is 
possible to avoid co-crystallization of zeolite A+X, 
where the individual zeolite X was obtained, with lat-
tice parameter (ao)=2.4991Å. On the other hand, indi-
vidual zeolite X was also obtained by using 
K2O/Na2O ratio at 0.05 and fixed SiO2/Al2O3 ratio at 

2.6, with (ao)=2.502Å. In both courses the individual 
zeolite X was obtained after 4 weeks. These suggested 
the critical molar ratios of both SiO2/Al2O3 and 
K2O/Na2O are needed to give individual zeolite X 
with minimum reaction time. The particle size of zeo-
lite X increases with increasing potassium content, 
surface areas of zeolite X obtained are 648 m2·g-1 for 
the first course, and 688 m2

·g-1 for the second course, 
with an average of about 668 m2

·g-1, while it is about 
(329 m2

·g-1) of zeolite A. 
The Zn(II) adsorption capacity of synthetic 

products was determined by the types of zeolite. It 
was found that the highest zinc exchange was ob-
tained for synthetic zeolite X. The zinc adsorption on 
zeolite X is favored by the larger pore opening, which 
facilitates the diffusion of large hydrated zinc ions into 
the internal cation exchange sites. The presence of 
other zeolit phases (A or P), as well as the amorphous 
phase fraction that may be formed during synthesis 
processes, will affect the zinc exchange capacity. 
These results show that the synthesized materials are 
promising for Zn(II) removal from industrial waste-
waters. 
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