
International Journal of Advances in Science Engineering and Technology, ISSN: 2321-9009,                                   Spl. Issue-3 Oct.-2015 

Effect Of Synthesis Time And Crystallinity On The NI(II) Sorption Performance Of Zeolite-Like Titanosilicate Compounds 
 

74 

EFFECT OF SYNTHESIS TIME AND CRYSTALLINITY ON THE 
NI(II) SORPTION PERFORMANCE OF ZEOLITE-LIKE 

TITANOSILICATE COMPOUNDS 
 

1P. DEESAEN, 2P. OPAPRAKASIT, 3J. MANYAM, 4R. EGASHIRA, 5P. SREEARUNOTHAI 
 

1Thailand Advanced Institute of Science and Technology (TAIST-Tokyo tech), Sirindhorn International Institute of 
Technology (SIIT), Thammasat University, Pathum Thani, 12121, Thailand 

2,5School of Bio-Chemical Engineering and Technology, Sirindhorn International Institute of Technology (SIIT),  
Thammasat University, Pathum Thani, 12121, Thailand 

3The National Nanotechnology Center (NANOTEC), Pathum Thani, 12120, Thailand 
4Department of International Development Engineering, Tokyo Institute of Technology, Japan 

E-mail: 1d.pornnappan@gmail.com, 2pakorn@siit.tu.ac.th, 3jedsada@nanotec.or.th,  
4regashir@ide.titech.ac.jp, 5Paiboon_sree@siit.tu.ac.th 

 
 

Abstract- Nickel (Ni) is a heavy metal that is commonly employed in the metal plating industries and is of environmental 
concern due to its toxicity to living organisms. Here, an ion-exchange zeolite-like titanosilicate compounds were developed 
and synthesized using hydrothermal technique. The hydrothermal time was varied between 6hours, 1day and 5days, resulting 
in samples with different crystallinities and sorption performance. Hydrothermal treatment helps to promote rearrangement 
of the sorbent structure from amorphous to crystalline structure. It was found that the sample with 1day hydrothermal 
treatment with semi-crystallinity has the highest Ni sorption capacity of about 110 mg Ni/g sorbent. The sample with the 
longest synthesis time of 5days, although possesses the highest crystallinity, has the lowest sorption performance due to 
possibly to the rigid crystalline framework that restricts diffusion of Ni2+ ions into the structure, and the exchange of the Na 
with the Ni2+ ions. For samples with the lowest crystallinity, the performance is also low due to very little amount of Na+ 
ions present in the sorbent structure for the exchange to take place. Energy-dispersive spectroscopy reveals that in the high 
crystallinity samples, most of the Na+ remains on the sorbent and could not be exchanged with Ni2+ ions. These results 
indicate importance of optimal hydrothermal treatment that results in the structure with good ion-exchange properties. 
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I. INTRODUCTION 
 
Heavy metals are part of the environmental problems 
in many countries because heavy metals wastewater 
from many industries such as metal plating facilities, 
fertilizer industries, batteries, pesticides and paper 
industries, which are directly or indirectly discharged 
into the environment. Commonly encountered heavy 
metals are chromium, cobalt, nickel, copper, zinc, 
arsenic, selenium, silver, cadmium, antimony, 
mercury, thallium and lead [1],[2]. Nickel (Ni) is one 
of heavy metals that are widely used in electroplating 
industries. One of the most significant common 
toxicity of nickel to human is skin allergies, 
cardiovascular and kidney diseases, and carcinogenic 
activity [3]. Several studies have reported various 
methods for removal of nickel from industrial 
wastewater, including chemical precipitation and 
physical treatment such as ion exchange, solvent 
extraction, membrane filtration and adsorption[4]. 
Among them, adsorption is a frequent method for 
removal of nickel from wastewater and this method 
has the advantages of high efficiency, proper to use in 
batch process and high possibility of regeneration and 
reuse adsorbents. Thus, the removal nickel using 
adsorption methods is used various  adsorbents: 
organic adsorbent [2] and inorganic materials [5, 6]. 
Inorganic material such as zeolites, natural kaolinite 
and clay are frequently used for removal of heavy 
metal because of their layered structure, specific 

chemical and large surface area [1],[7]. In previous 
study about nickel removal of zeolite that is inorganic 
materials [5], the maximum adsorption capacity of 
nickel was compared between natural zeolite 
(clinoptilolite) and synthetic zeolite (NaP1). It was 
shown that synthetic zeolite had higher maximum 
nickel adsorption capacity (20 mg g-1) than that of 
the natural zeolite.  
Moreover, sodium titanosilicate is one of inorganic 
materials that is composed of interconnected 
octahedral (Ti) and tetrahedral (Si) oxide [8], its 
framework is analogue of zeolite materials [9], [10]. 
They have tunnel of the ideal size for selective 
adsorption[11]. It has many applications, mainly 
based on their structural characteristics (pore size 
distribution), their sorbent properties and their high 
specific surface area. Sodium titanosilicate were 
reported to be suitable sorbents for many heavy 
metals especially those of radionuclides [12]. There 
are many methods to synthesize sodium titanosilicate 
by hydrothermal reaction with slightly different 
parameters. According to previous study [8], the 
sodium titanosilicate was synthesized by using 
hydrothermal treated at same temperature in various 
molecular ratios between the Na2O and TiO2, 
resulting in the sodium titanosilicate in various forms 
in the system of Na2O-SiO2-TiO2-H2O. In a 
previous work by Moller [13], the sodium 
titanosilicate was synthesized in two procedure at 
various synthesis time and they were used for 
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removing strontium, cesium and cobalt. It was found 
that crystallinity in the structure was an important 
factor in efficient performance for removal of cesium 
and strontium. This paper attempts to show that the 
sodium titanosilicate was synthesized at the same 
temperature but under various synthesis time has 
different crystallinity, which in turn affects nickel 
removal performance. The synthesized adsorbents 
were characterized to show the different structure and 
the sorption was conducted in batch experiment to 
analyze the nickel removal efficiency. The various 
synthesis time plays an important role in determining 
the crystallinity and the Ni sorption performance. 
 
II. DETAILS EXPERIMENTAL 
 
2.1. Materials  
Tetraethyl orthosilicate (TEOS, 98%) was purchased 
from Acros Organics. Sodium hydroxide was 
purchased from Merck. Titanium (IV) isopropoxide 
(TIPO, 97%) was purchased from Aldrich. Nickel 
sulphate (NiSO4 •6H2O) was purchased from Ajax 
Finechem. All reagents and solvents were analytical 
grade. In this study, TIPO was used in liquid phase as 
liquid precursor for synthesized adsorbents. 
 
2.2. Synthesis  
The sodium titanosilicate was synthesized using 
hydrothermal treated at 170°C in various synthesis 
times: 5 days, 1 day and 6 hours, these are called 
using different abbreviations as given in Table 1. The 
sodium titanosilicate (TSi) was prepared by 
hydrothermal reaction. A total of 6.87 g of titanium 
(IV) isopropoxide (TIPO, 97%) was mixed with 5 g 
of tetraethyl orthosilicate (TEOS, 98%) in a plastic 
beaker. NaOH (4M) was then added to the mixture 
with continuous stirring. The mixture was then 
transferred to Teflon-lined pressure vessels and put 
under hydrothermal reaction at 170°C for the 
following times: 5days, 1day and 6hours. After the 
set time, the white powder products were centrifuged, 
washed with deionized water until pH 7 and dried at 
100°C overnight. 

 
Table1: Synthesis condition of sodium titanosilicate 

 
 

2.3. Sample Characterization  
The crystal structure of sample was characterized by 
X-ray diffraction (XRD) patterns using Cu-Kα X-
radiation with the 2θ angle between 10° and 70° on a 
Bruker D8 Discover. The accelerating voltage and 
current used were 40 kV and 20 mA, respectively. 
Diffrac. Suite software was used to match the XRD 

patterns and to estimate the percentage of 
crystallinity. Surface analysis and elemental 
composition were analyzed by scanning electronic 
microscopy [14] that was obtain on a JEOL JSM-
5410LV. The functional group of sample was 
characterized by Fourier-transform infrared (FTIR) 
spectra using a Nicolet iS5 ATR spectrometer in the 
absorbance mode. The nickel concentrations after 
adsorption were analyzed using Inductively Couple 
Plasma-Optical Emission Spectrometer (ICP-OES) 
that was obtained on PerkinElmer Optima 8000. 
 
2.4 Batch adsorption experiments  
Adsorption experiments were carried out in batch 
tests by using a shaker under agitation speed 200 rpm 
and contact time at 24 hours. Initial nickel solutions 
were prepared from solids of nickel sulphate 
hexahydrate. The batch experiments were performed 
using 10 mg of adsorbents in 5 ml of nickel solution. 
The concentrations of nickel solution were varied 
from 1 to 1000 mg l-1. After adsorption test, the 
adsorbent was separated by centrifuge machine and 
the solutions after centrifuge were determined by ICP 
spectrometer. The amounts of nickel ions adsorbed on 
adsorbents (qe in mg Ni/ g adsorbent) was calculated 
by the following expression [15]: 
 
qe = (Co-Ce) · V/m (Eq. 1) 
where Co is the initial metal ion concentration (mg 
l−1), Ce is the equilibrium metal ion concentration 
(mg l−1), V is the volume of the aqueous phase (l), 
and m is the amount of the adsorbent used (g). Then, 
experiment isotherm were analyzed with Langmuir 
model [16]. 
Adsorption isotherms are mathematical models for 
describing the distribution of the adsorbate species 
among liquid and solid phase [17]. Among them, 
Langmuir isotherm is one of the isotherms to 
calculate the amount of adsorbate onto a solid surface 
at constant temperature. This isotherm can be used to 
estimate the maximum adsorption capacity and it is 
based on describing the sorption as a monolayer 
adsorption [18]. The Langmuir adsorption isotherm 
can be expressed as in Eq. 2.  
 
III. RESULTS AND DISCUSSION  
 
3.1. Sample characterization  
Fig.1 shows morphology of the adsorbents from 
various synthesis time as analyzed by the SEM. 
The sample that has the longest synthesis time of 5 
days consist of several disc shape of size around 5 um 
packed together into a clam shape ball. For the 
sample with 1 day hydrothermal (TSi-1d), the sorbent 
seems to be consisting of several fine needles and 
semi-disc shapes that maybe starting to develop into a 
disc shape similar to that seen in the TSi-5d (Fig. 
1(A). For sample with 6h of hydrothermal time, the 
sorbent seems to be a large solid with irregular shape 
(Fig. 1(C)). 
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Fig.1. SEM images of synthesized adsorbents: (A) TSi-5d, (B) 

TSi-1d, and (C) TSi-6h 
 
The XRD patterns of sodium titanosilicate for 
different synthesis time of 5 days, 1 day and 6 hours 
are shown in Fig. 2. Both the 1day and 5days 
hydrothermally treated samples have the prominent 
peak at 32.75° with several smaller peaks. The 
patterns of the TSi-5d and TSi-1d are identified to 
have peaks at the same positions indicating that they 
are synthesized into the same crystal structure. Their 
patterns are well matched with the XRD pattern of 
natisite (Na2TiOSiO4) (PDF no. 01-086-1615). The 
XRD pattern of TSi-6h shows no prominent peaks 
except broad peaks around 28° and 49° indicating 
that this sorbent is still mostly in the amorphous 
phase. This is likely due to the short hydrothermal 
time that does not allow for the crystallization of the 
sorbent from the silicon and titanium precursors. TSi-
1d shows XRD pattern that are less sharp and less 
intense compared to that of the TSi-5d indicating that 
the crystalline phase has formed but the crystal has 
not fully developed. The crystallinity of these two 
samples may be estimated by fitting a baseline and 
integrating the area of the peaks with respect to the 
total area. This leads to the percent crystallinity of the 
TSi-5d of 89.2%, while only 74.5% for that of the 
TSi-1d. 

 
Fig. 2. XRD pattern of the adsorbents: (A) TSi-5d, (B) TSi-1d 
and (C) TSi-6h. Standard powder diffraction peaks of natisite 

(Na2(TiO)(SiO4)) are also shown at the bottom for comparison 
 
The synthesized sorbents were further characterized 
by the FT-IR. For sample with the longest synthesis 
time of 5 days, it exhibits a strong band at around 888 
cm-1 which may be assigned to the Ti-O-Si vibration 
[19] and two relative sharp bands at 725 and 624 cm-
1may be assigned to the internal vibration modes of 
the TiO5 and SiO4 structural units, respectively [11]. 
When the hydrothermal time was decreased from 5 
days to 1 day, the characteristic peaks of natisite at 
624 and 725 cm-1 appear to be lower and broader 
than those of the TSi-5d indicating that the TiO5 and 
the SiO4 structural units may not have fully 
crystallized into rigid framework. This FTIR result is 
also in the same trend as that in the XRD result, 
where crystallinity of the 1d sample is less than that 
of the 5d. For the sample with the shortest 
hydrothermal (TSi-6h), these peaks seem to have 
disappeared, except the small peak at 890, and also 
the very slight hump at 624 cm-1 which may be 
indicative of the natisite phase that is starting to 
develop. 
 

 
Fig.3. FT-IR spectra of synthesized sorbents: (A)TSi-5d, (B) 

TSi-1d, and (C) TSi-6h 
 

3.2. Sorption performance and isotherms  
To investigate the nickel adsorption performance of 
each adsorbent, the adsorption isotherm, which is the 
plot between the equilibrium Ni concentrations in the 
solution (Ce) and the equilibrium amount of Ni 
adsorbed on the sorbent 
(Qe) at various Ni concentrations, are obtained. 
Adsorption isotherms are mathematical models for 
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describing the distribution of the adsorbate species 
among liquid and solid phase [17]. Langmuir 
isotherm model is one of the isotherms that can be 
used to estimate the maximum adsorption capacity of 
the adsorbent. It is based on describing the sorption as 
a monolayer adsorption [18] and can be expressed as: 

 
where Ce (mg l-1) is the concentration in the solution 
at equilibrium, Qe (mg g-1) is the solute mass 
adsorbed per unit adsorbent mass at equilibrium, 
Qmax  
(mg g-1) is the maximum adsorption capacity of the 
sorbent, and k (l mg-1) is the Langmuir constant 
indicating affinity of sorbate to the sorbent. 
The adsorption isotherms of the three sorbents along 
with the fit to the Langmuir model are shown in Fig. 
4. The parameters obtained from fitting the Langmuir 
isotherm to the experimental data are listed in Table 
2. For the TSi-5d, the Langmuir model seems to be 
able to fit the adsorption isotherm quite well. As seen 
in Table 2, the nickel maximum adsorption capacity 
of TSi-5d is 86 mg Ni/g sorbent followed by TSi-6h 
and TSi-1d at 109 and 113 mg Ni/g sorbent, 
respectively. It seems that the samples TSi-1d with 
moderate crystallinity has the highest adsorption 
capacity, while the TSi-5d with the longest 
hydrothermal time and the highest crystallinity in fact 
has the lowest adsorption capacity. The amorphous 
sample TSi-6h, with the shortest hydrothermal time, 
has adsorption capacity that is comparable to the TSi-
1d but its affinity constant k for Ni(II) seems to be 
much higher than the other two samples and can 
reach high sorption capacity even at low 
concentration of lead. 
 

 
Fig. 4. Adsorption Isotherm of each adsorbent together with 

the fit using Langmuir isotherm model 
 

The synthesized sodium titanosilicate compounds are 
expected to remove Ni through the ion-exchange 
mechanism with sodium in the zeolite-like sodium 
titanosilicate structure. In this ion-exchange 
mechanism, two Na+ are expected to be released 
from the sorbent for one Ni2+ ion for charge balance 
to occur. However, other mechanisms of adsorption 
such as physical and chemical sorption may also be 

present. To investigate this, the amount of Ni2+ ions 
in the solution together with the amount of the Na+ 
released at equilibrium were also measured and are 
shown in Table 3. The mole ratio between the Na+ 
and Ni2+ is calculated and displayed in the last 
column of Table 3 and are very close to the ideal ratio 
of 2 for all sorbents indicating that the predominant 
Ni removal mechanism in all these sorbents are by 
mainly through ion-exchange mechanism. 
 

Table 2: Langmuir parameters for adsorption of nickel onto 
the synthesis sorbents 

 
 

Table 3: Experimental data of ion exchange between Na+ and 
Ni2+ (initial concentration: [Ni]0 = 750 mg/L, [Na]0=0 mg/L, 5 

mL, 10 mg sorbents, contact time 24 h, 200 rpm) 

 
 

CONCLUSIONS  
 
Sodium titanosilicate was synthesized at the same 
temperature but under various synthesis time from 
6hours, 1day, and 5days resulting in adsorbents with 
different crystallinity that in turn affects nickel 
adsorption performance. Adsorbent TSi-5d with the 
longest hydrothermal synthesis time, and highest 
crystallinity has the smallest adsorption capacity of 
86 mg/g, which is probably due to the rigid 
crystalline structure that makes it difficult for sodium 
to be released in exchange with Ni. Adsorbent TSi-1d 
has the maximum adsorption capacity of 113mg/g 
slightly higher than that of TSi-6h of 109 mg/g. 
However, TSi-6h shows the highest Ni(II) affinity 
and can already adsorb high amount of Ni even at low 
Ni concentration. The amorphous structure of TSi-6h 
may make it easier for Ni to diffuse into the structure 
and also for the Na to be released.  
In this experiment, the major mechanism of Ni 
sorption by all sorbent is through the ion-exchange 
mechanism. 
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