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Abstract- Lead (Pb) is considered a highly toxic element to both human and environment. In this study, titanosilicate (TSi) 
compounds were synthesized and tested for removal of lead (Pb). The TSi sorbent was synthesized using sol-gel synthesis of 
titanium (IV)-isopropoxide (TiPO) and tetraethylorthosilicate (TEOS) mixed together with sodium hydroxide at various 
onditions. The adsorbents were characterized for their morphology and phases using scanning electron microscope and X-ray 
diffraction (XRD). The maximum Pb(II) adsorption capacities of the sorbents obtained are very high and in the range of 300-
400 mg Pb /g sorbent. By analyzing the ratio of the released sodium ion from the sorbent to the ratio of the adsorbed Pb(II), 
the Pb(II) removal mechanisms are inferred to be mainly the ion-exchange. X-ray diffraction patterns show that the 
synthesized sorbents are mostly in the amorphous to the semi-crystalline phases. The sorbent in the semi-crystalline state 
was prepared by the sol-gel synthesis followed by hydrothermal treatment at 200°C for 6h and has the highest adsorption 
capacity. Further increase in hydrothermal time resulted in sorbent with crystalline structure, however, the sorption 
performance was reduced.  
 
Keywords- Titanosilicate, Lead, Adsorption 
 
I. INTRODUCTION 
 
Currently, lead is used in many industries such as 
electronics, batteries, plastic container coating, and 
mine processing. Lead is a highly toxic element than 
can adversely affect many parts of the body, 
particularly central nervous system. It can also retard 
mental development in children[1]. As a result, a 
number of federal agencies have issued advisory 
standards or enforceable regulations that set 
maximum permissible lead levels in different media. 
For instance, in Thailand, the Industrial Effluent 
Standards set by Pollution Control Department (PCD) 
dictates that the concentration of lead cannot be more 
than 0.2 mg/L[2] and the maximum concentration of 
lead in drinking water according to the 
Environmental Protection Agency [2] cannot be more 
than 15 µg/L[3]. The basic treatment for lead removal 
in industries is usually by chemical precipitation by 
adjustment to alkaline pH (pH 9–11)[3] where lead 
ion will be precipitated into lead hydroxide.  
 
However, this process requires large amount of 
chemicals and often the final colloidal lead hydroxide 
is difficult to be separated from the treated water. 
Adsorption is one of the attractive treatment 
techniques for lead removal due to its simplicity, 
reusability, easy separation, and also with potential 
for metal recovery[3]. Many adsorbents have been 
tested and used for removal of lead from 
contaminated water such as those from agricultural 
and biological wastes, natural zeolite, and 
biopolymers including also their various 
functionalization. The reviews of lead removal are 

shown in M.A. Barakat (2011)[3]. The range of 
maximum capacity between 1.6-235 mg/g. 
 
Previously, zeolite, a crystalline aluminosilicates 
which has structure based on tetrahedral SiO4 and 
AlO4 units[4], is used as adsorbents because it has 
high selectivity for certain heavy metal ions and 
coated with others material for improving their 
ability. Synthesized zeolite tends to have more 
uniform properties and possess high ion exchange 
capacity than their natural counterparts. One variation 
of zeolite known as titanosilicate, which is 
constructed from network of TiO6 and SiO4 building 
unit, has been shown to have many interesting novel 
properties such as catalysis, molecular sieve, and ion 
exchange properties. L. Lv et al. (2005)[5] have 
reported the use of one type of crystalline 
titanosilicate materials (ETS10) which can adsorb 
about 300 mg Pb/g sorbent. However, the synthesis of 
these ETS10 crystalline titanosilicates took many 
steps and long synthesis time of about 60h.The 
synthesis of crystalline titanosilicate usually carried 
over via the sol-gel process followed by hydrothermal 
treatment which involves long synthesis time from 
several hours up to several days [6]. For instance, G.-
W. Peng. and H.-S. Liuwas (1995)[7] reported the 
natisite synthesized by using SiO2 and Ti4[6] in ratio 
1:1 mixed with NaOH. The mixture was heated in 
hydrothermal at 200°C for 30h. 
 
In this work, a highly efficient Pb sorbent has been 
developed based on titanosilicate compounds using 
facile sol-gel synthesis coupled with partial 
hydrothermal treatment in order to reduce synthesis 
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time. The sorbent were then tested for their Pb 
sorption performance using batch mode and found to 
have high Pb sorption capacity with the maximum 
one of 430 mg Pb/g sorbent. The morphology, phase 
and surface area of these sorbents were also 
investigated using x-ray diffraction, and scanning 
electron microscope. It was found that partial 
hydrothermal treatment was beneficial in Pb sorption 
due probably to increased porosity while further 
increase in hydrothermal time decreased the sorption 
performance, due probably to the rigid crystalline 
structure. A simple and easy synthesis of 
titanosilicate has been employed in this work. 
 
II. DETAILS EXPERIMENTAL 
 
2.1. Chemicals 
All chemical reagents used in this study were of 
analytical reagent grade (AR grade). For synthesis 
adsorbents, titanium (IV) –isopropoxide (TiPO) 97% 
was purchased from Aldrich, tetraethylorthosilicate 
(TEOS) 98% was obtained from ACROS Organics 
and sodium hydroxide 98.1% was purchased from 
Fisher chemical. For stock solution, lead (II) nitrate 
(Pb(NO3)2 was obtained from CARLO ERBA. 
 
2.2 Instruments 
The SEM images of all samples were taken by using 
JEOL Scanning Electron Microscope JSM-5410LV 
and chemical composition was obtained by using 
Oxford Energy Dispersive X-ray Spectrometer 
(EDS/EDX) LINK ISIS300. The structural phase 
identification was determined using XRD 
PANalytical X’ Pert PRO with Cu Kα radiation 
operating at 45kV and 45mA with a two-theta degree. 
Scanning was performed from 10° to 70° with a 
counting time of 0.5s/step and a step size 0.020⁰. The 
structure was identified by comparison to the spectra 
in the JADE program. The concentrations of metal 
solution were measured by using PerkinElmer optima 
8000 inductively coupled plasma-atomic emission 
spectroscopy (ICP-OES). 
 
2.3 Synthesis of the adsorbents 
The adsorbents were synthesized in different 
conditions which show in Table1. Titanium (IV)–
isopropoxide (TiPO) was used as a precursor. The 
liquid TiPO is the original form of TiPO. Solid TiPO 
is the liquid TiPO that has reacted with moisture in 
the air and become solid. The TiPO (6.84 g) was 
mixed with TEOS (5 g) in a plastic beaker. Then 
23.68 g of NaOH in 123.1 ml of DI water was added 
in to the mixture and stirred for 1h at room 
temperature. In condition of 200°C, the mixture was 
transferred to the Teflon autoclave and heated up to 
200°C for 6h. The products were washed several 
times with deionized water and separated using 
centrifuge. Finally, the adsorbents were dried at 60°C 
overnight and stored in desiccator before use. 

 
 

Table1: Synthesis conditions of adsorbents 

 
  
2.4 Batch adsorption experiment 
The adsorption experiments have been performed in 
order to obtain the adsorption isotherm. The 
adsorbent 10 mg was mixed with 5 ml of Pb(II) 
solution at various initial concentrations (100-6000) 
mg/L and placed on a rotary shaker at 200 rpm at 
room temperature for 24 hours. After that the 
adsorbent was separated from the solution by 
centrifuge. Finally, the concentration of Pb(II) 
remained after adsorption was measured by ICP-
OES. For kinetic studies, the composite was 
contacted with lead ions solution for different period 
of time from 0.5-8 hours. 
 
III. RESULTS AND DISCUSSION 
 
3.1. Characterization of the adsorbents 
Fig.1. shows the SEM image of the sorbents SP-TSi-
1h (a), SP-TSi-6hΔ (b) and LP-TSi-6hΔ together with 
their corresponding XRD patterns. It can be seen that 
for SP-TSi-1h sample which has not been subjected 
to any hydrothermal treatment, the sorbents have 
irregular shape with particle size ranges from a few to 
several tens of microns. Its XRD pattern is typical of 
amorphous materials with some broad peaks around 
30  and 50 . Upon hydrothermal treatment for 6h at 
200°C, the sorbent size starts to become smaller, this 
is probably due to the dissolution-recrystallization of 
the large-size sorbent in (a) forming smaller size 
particles with a more round shape and uniform 
distribution. The corresponding XRD pattern also 
shows several clear peaks at 17.55 , 32.75 , and 
53.89  and other positions. These peaks can be 
matched with the reference XRD pattern of one of the 
titanosilicate compounds known as natisite 
(Na2TiOSiO4)[7] Some amorphous phase still 
remains in the SP-TSi-6hΔ, indicating that the 
transformation and the growth of the natisite have not 
yet completed. When liquid precursor is employed in 
the hydrothermal synthesis as in LP-TSi-6hΔ (Fig.1. 
(c)), the sorbent obtained consists of small round-
shape particles with quite a uniform size distribution 
of about 4 µm. The diffractogram is also sharper than 
that in sample (b), but the similar peak positions 
indicating that this is also natisite but with better 
crystallinity than those in (a) and (b). 
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Fig.1. SEM images and XRD patterns of (a) SP-TSi-1h, (b) SP-

TSi-6hΔ, and (c) LP-TSi-6hΔ 
 
3.2 Sorption performance  
The effect of initial Pb(II) concentration which ranges 
from 100-6000 mg/L on the adsorption capacity was 
investigated by shaking 10 mg of the adsorbent in 5 
mL of Pb(II) solution for 24h at room temperature. 
The trend of changing Pb initial concentration on the 
adsorption capacity is illustrated in Fig.2. At 
relatively low concentration (100 mg/L), the 
adsorption capacity is lower than 100 mg/g. The 
adsorption capacity increased as the Pb concentration 
was increased. The final capacity at concentration of 
6,000 mg/L of the SP-TSi-1h, SP-TSi-6hΔ and LP-
TSi-6hΔ are 441, 457, and 305.5mg/L, respectively. 
 

 
Fig.2. Effect of initial concentration (mg/L) on Pb(II) 

adsorption capacity, qe (mg/g) (initial concentration range: 100-
6000 mg/L, Pb (II) solution volume 5 ml, adsorbent 10 mg, 200 

rpm, room temperature, and 24h) 
The adsorption isotherms were constructed by 
varying the initial concentration of Pb(II) from 100- 
6000 mg/L with constant adsorbent dose of 2 g/L and 
shaking at 200 rpm. To investigate the relationship 
between the amount of ions adsorbed by the 
adsorbent and the concentration of the remaining ions 
in solution at equilibrium, Langmuir isotherm model 

was used. This model assumes the homogeneous on 
the adsorbent and monolayer adsorption processes. 
The equation of Langmuir model is given by: [8] 
 

 
 
where qe is the equilibrium sorption capacity (mg/g), 
qm is the maximum adsorption capacity (mg/g), K is 
the Langmuir constant for the affinity of Pb(II) ions 
onto the adsorbents and C is the equilibrium 
concentration of adsorbate in solution (mg/L). The 
plot of qe (mg/g) versus Ce is displayed in Fig.3. 
 

 
Fig.3. Adsorption isotherm of Pb(II) adsorption onto the three 

adsorbents together with the fit to the Langmuir isotherm 
model 

 
Table2., list the parameters obtained from fitting the 
Langmuir model to each adsorbent isotherm. The 
Pb(II) adsorption increased sharply at the low 
equilibrium concentration and starts to level off. SP-
TSi-6hΔ shows the highest maximum adsorption 
capacity of about 430 mg Pb/g, followed by SP-TSi- 
1h (426 mg/g), and LP-TSi-6hΔ (323 mg/g), 
respectively. SP-TSi-6hΔ also shows the highest 
value of affinity (K) for Pb(II) compared to other 
sorbents as well. 
 

 
 
3.3 Effect of contact time  
The effect of the contact time on the Pb removal is 
shown in Fig.4. It can be seen that, in all samples, the 
concentration of Pb in the solution decreases rapidly 
within the first hour of contact time, and reaches 
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fairly constant level after about 4 hours of contact 
with the adsorbents. 
 

 
Fig.4. Effect of contact time on Pb(II) removal (initial 

concentration 1000 mg/L, solution, volume 5 ml, adsorbent 10 
mg, 200 rpm) 

 
3.4 Kinetic study  
The adsorption kinetics have been tested with two 
commonly employed kinetics models, namely the 
pseudo-first-order[9] and the pseudo-second-order 
model.[9] The adsorption capacity at time t (qt) of all 
sorbents are plotted against time (min) and then fitted 
by the equation of each model given as follows:  
The pseudo-first-order model 
 

 
 
where k1 is the first-order adsorption rate constants 
(min-1), qe is the equilibrium adsorption capacity 
(mg/g) and qt is the adsorption capacity at time t 
(mg/g).  
The pseudo-second-order model 
 

 
 
where k2 is the pseudo-second order adsorption rate 
constant (g mg-1 min-1), qe is the equilibrium 
adsorption capacity (mg/g) and qt is the adsorption 
capacity at time t (mg/g).  
The fittings of the pseudo-first-order and the pseudo-
second-order models to the experimental kinetics data 
are displayed in Fig.5. (a) and (b) respectively. The 
values of kinetics parameters obtained from the 
fitting are shown in Table3. It can be observed that 
the R2 values of the pseudo-first order model are 
much lower than those of the pseudo-second order 
model. The slowest adsorption occurred in the LP-
TSi-6hΔ, which has the highest crystallinity. The 
crystalline structure in the LP-TSi-6hΔ may be too 
rigid resulting in slow adsorption, or diffusion of the 
metal ions into the structure. 
3.5 Sorption mechanism  
The mechanism of Pb(II) sorption onto our zeolitic-
like sodium titanosilicate may be due to several 
mechanisms such as adsorption of Pb(II) onto the 
pore structure as well as the ion-exchange of the 

Pb(II) with the Na+ in the sorbent. For the ion-
exchange mechanism, it is expected that two sodium 
should be released for the adsorption of one Pb(II). 
The concentration of sodium released and lead 
adsorbed were measured and listed in Table 4. 
Normally, one bivalent cation can exchange two 
monovalent ions[10]. In this process, the mole ratio 
between Pb(II) and Na+ ions is very close to 2 
indicating that ion-exchange between the Pb2+ and the 
Na+ is the dominant mechanism for lead sorption 
here. 
 

 
Fig.5. Pseudo-first-order (a) and Pseudo-second-order (b) 

kinetic model for the adsorption of Pb(II) onto the synthesized 
sorbents. 

 
Table3: Kinetic parameters for the adsorption of Pb(II) 
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Table4: Ion-exchange measurement of the Pb removed and the Na released together with their mole ratio displayed in the last 
column. (Pb(II) initial concentration of 750 mg/L, adsorbent dose of 2 g/L, room temperature, 200 rpm for 24h) 

 
 
IV. COMPARISON WITH OTHER 
ADSORBENTS  
 
The comparison between other materials used as 
adsorbents for Pb(II) removal are shown in Fig.6. The 
maximum adsorption capacities of the samples which 
were synthesized in this study are quite high 
especially when compared with the naturally occurred 
inorganic materials in the same class such as 
montmorillonite, celtek clay, goethite and zeolite 
clinoptilolite,[3] indicating a high performance and 
potential of these synthesized sorbents. 
 

 
Fig.6. The maximum adsorption capacities of the synthesized 

sorbents compared with those of the adsorbents that have been 
reported in the literature. [3] 

 
CONCLUSION 
 
Sorbents based on sodium titanosilicates were 
synthesized using different precursors and under 
different hydrothermal conditions from no 
hydrothermal to 6h, resulting in sorbents with three 
different phases from amorphous to semi-crystalline 
and crystalline structure. The adsorption isotherm and 
kinetic were also determine and described by 

Langmuir and pseudo-second-order model, 
respectively. Sorbent with the highest crystallinity 
(LP-TSi-6hΔ) displayed the smallest Pb adsorption 
capacity and also slow kinetics of adsorption, which 
is probably the result of rigid crystallinity that hinders 
the ion-exchange between the Na in the crystalline 
structure and the Pb ions in the solution. Sorbent with 
semi-crystallinity (SP-TSi-6hΔ) shows both the 
highest capacity and affinity for Pb due probably to 
optimal pore size and structure obtained through 
hydrothermal synthesis time. Ion-exchange between 
Pb and Na is demonstrated to be the dominant 
adsorption mechanism, as the Pb adsorption capacity 
shows a high correlation with the sodium released. 
Our synthesized titanosilicate can effectively be used 
for removal of Pb from aqueous solution with the 
maximum adsorption capacity of about 430 mg/g. 
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