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Nanostructure Titania-Silica (TiO,/SiO,) binary mixed oxide
was synthesized using titanium tetra chloride and tetraethylorthosi-
licate as starting materials. The resulting powder was characterized
by thermogravimetry-differential scanning calorimetry (TG-DSC),
X-ray powder diffraction (XRD), X-ray fluorescence spectroscopy
(XRF), infrared spectroscopy (IR), transmission electron micro-
scope (TEM), and nitrogen gas adsorption studies. The XRD and
BET surface area showed that the Titania-Silica binary oxide was
crystallized in the anatase and brookite phases and had a BET sur-
face area of 405.3 m*/g. Distribution coefficient of Pb*" ions in solid
and liquid phases were investigated by means of batch experiments.
Several parameters such as the contact time and the pH of the
solution, which could affect the magnitude of adsorption, were
examined. Sorption data have been interpreted in terms of the
Freundlich and Langmuir equations. The results of free energy
(AG"®), enthalpy (AH®), and entropy (AS°) showed that the sorption
of Pb*>" on TiO,-SiO; is an endothermic and a spontaneous process.

Keywords adsorption; binary mixed oxide; heavy metal ions;
lead; Ti0,-Si0,

INTRODUCTION

The presence of heavy metals in the environment is a
serious global, social, and environmental problem. Many
industrial facilities, such as metal plating, mining opera-
tions, fertilizer industry, tanneries, and textile industries,
discharge heavy metals via their waste effluents. The toxic
metal ions are a serious health hazard and every possible
care should be taken to keep them isolated from getting
mixed into air, water, and soil.

High levels of lead damages brain and kidney, mercury
vapors leads to permanent brain damage at high concen-
tration levels, higher concentration of copper in water
can cause eye irritation, headache, dizziness, and diarrhea
and inhaling too much chromium cause fragile bones and
probably a human carcinogen.
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As an effort to reduce the heavy metal levels in waste
water, drinking water and water used for agriculture to
the maximum permissible concentration, therefore, several
methods such as ion exchange/adsorption, precipitation,
and membrane separation have been adopted (1-7).
Among various techniques, the ion exchange process is
used exclusively in water treatment and many studies have
been carried out to find inexpensive and chemico-physically
feasible adsorbers. Therefore, for an ion exchanger to be
practical in the removal of heavy metals from industrial
wastewater containing other competing ions such as
calcium and magnesium, it is essential that the chosen
sorbent be sufficiently selective toward heavy metals
against calcium and magnesium.

Extensive studies on the adsorption and ion-exchange
properties of hydrous oxides have been carried out from
the point of view of analytical separation, adsorbents for
the recovery of trace metals present in natural waters and
matrices for radioactive nuclear wastes (8). Ion-exchange
and adsorption properties of hydrous oxides arise from the
pH dependent protonation and deprotonation reactions of
surface hydroxyl groups, when in contact with solution (9).

Titania-Silica mixed oxide is an interesting material for
the adsorption of certain metal ions since the cation
exchange property of silica and both cation and anion
exchange properties of titania are well known. The co-
precipitation of titanium oxide and silica oxide, seriously
affect the surface properties (specific surface area, porosity,
acidic sites, etc.) of each component, which provides a
supplementary influence on the adsorption (10,11).

In the present study, the preparation of nanostructure
Ti0,.Si0;, mixed oxide and the application of this highly
efficient adsorbent in the removal of Pb>* ions is discussed.

EXPERIMENTAL
Reagents

Titanium (IV) chloride (98% Fluka), tetraethylorthosili-
cate (98% Merck), and ammonium hydroxide (25% Fluka)
were used as the starting materials without further
purification. Merck analytical grade nitrate salt of Pb>"
was used to prepare the stock solution.
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Adsorbent Preparation

For TiO, preparation, TiCl; was added dropwise to
deionized water under vigorous stirring in an ice water
bath. The hydrolysis reaction was highly exothermic and
HCI was released. The produced dispersion was treated
with NH4OH and pH was adjusted to 7. The resulting solid
was collected by filtration and washed with deionized water
in order to remove the chlorine ions.

For TiO,-SiO, preparation, the precipitate was
dispersed in 200mL of 0.3mol/L HNO;. The mixture
was refluxed under vigorous stirring at 70°C for 16h as
Titania sol was prepared. 25 mL of tetraethylorthosilicate
was added dropwise to the above sol and stirred at 70°C.
The resulting powder was filtered and washed with
deionized water and then dried at room temperature.
The prepared mixed oxide was calcined in air, at 400°C
for 1h, with a heating rate of 10°C/min.

Characterization

In order to determine the structure of the adsorber,
X-ray powder diffractometry was carried out using an
1800 PW Philips diffractometer with CuKo beam. The
finely powdered sample of the adsorber was packed in a flat
aluminium sample holder, where the X-ray source was a
rotating anode operating at 40 kV and 30 mA with a copper
target. Data were collected between 20 and 80 degrees in
20; the average crystallite sizes of synthesized sample
was determined by employing the Scherrer equation,

D =KA/(p cos®) (1)

where D is the average crystallite size (nm), 4 is the applied
X-ray wavelength (1 =1.5406 A), O is the diffraction angle,
and f is a full width at half the maximum of diffraction line
observed in radians; the infrared spectra were recorded
using a Brucker-Vector22 spectrometer; the amount of
each component of the prepared sample was determined
by X-ray fluorescence spectroscopy (XRF) using an Oxford
ED 2000; the transmission electron micrograph was taken
using a TEM, Philips EM208S; Brunauer-Emmett-Teller
(BET) specific surface area and Barret-Joyner-Halenda
(BJH) pore size distribution of the sample was determined
through nitrogen adsorption isotherms using Quanta-
chrome NOVA 2200e system and thermogravimetry-
differential scanning calorimetry (TG-DSC) was carried
out using STA 150 Rhenometric Scientific unit, measure-
ments were taken with a heating rate of 10°C/min from
25 to 800°C in argon atmosphere.

Zeta Potential Measurements

The Zeta potential measurements of nanostructure
Ti0,-Si0, were carried out by using aqueous suspensions
which were prepared by adding 0.05 g of the nano-sample
to 1L of 0.01mol/L NaCl. The pH was adjusted to the

desired value by adding HNO; or NaOH. These suspen-
sions were shaken for 60min. The zeta potentials was
measured using Zetameter (Zetameter Inc., USA) and also
the final pH of the suspensions was recorded with a Schott
CG841 pH-meter.

Batch Experiments

The amount of metal ion adsorbed was expressed in
terms of the distribution coefficient (Kg4). The distribution
coefficient is defined as the concentration sorbed per gram
of the sorbent divided by its concentration per mL at
equilibrium. The higher K4 implies a higher selectivity or
adsorption. Pb*" ions remaining in the solution were
measured by inductively coupled plasma atomic emission
(ICP-AES) spectrometer model 5500 Perkin-Elmer.

The Effect of Contact Time on K,

The adsorption of Pb>" on the mixed oxide was studied
as a function of contact time at pH 7 and 25°C. 25mL of
10~*mol/L solution of cation was shaken with 0.10g of
the synthesized sample for different time intervals, ranging
from 10 to 120 min. The supernatant solutions were filtered

and concentration of Pb*" cation was determined by
ICP-AES.

The Effect of pH

In order to investigate the effect of pH of solution on the
distribution coefficient of Pb** ions, 10~*mol/L solutions
of cation at different pH values were prepared. 25 mL of
these solutions were added to 0.10g of adsorbent at
25°C. After the equilibrium was reached, the supernatant
solutions were filtered and the concentration of Pb*" was
determined.

Effect of Thermal Treatment Temperature of Mixed Oxide

The mixed oxide were calcined in air, at 400, 600, 800,
950, and 1100°C, for 1h. Twenty-five mL of 10*4mol/L
lead nitrate solution was treated with 0.10 g of the mixed
oxide for each treatment temperature, at pH 6.0, in a
thermostatically controlled shaker, at 25°C, for a specific
period of contact time. The final concentration of Pb*"
was determined by ICP-AES and its distribution coefficient
was calculated.

Isotherm Studies

The investigation of adsorption isotherm was conducted
by batch process. Pb>" solutions at different concentra-
tions were prepared and the pH values of these solutions
were adjusted to 6.0. 0.10 g of the mixed oxide was added
to each sample. The samples were treated in a thermostati-
cally controlled shaker at 25, 35, and 52°C (298, 308, and
325 K), for 60 min. The supernatants solutions were filtered
and the concentration of Pb>" ions was determined. The
quantity of the adsorbed cation on the TiO,-SiO, mixed
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oxide was calculated using the formula given below:

(Co— C)V

e = M (2)

where Cy and C, are the initial and equilibrium concentra-
tions of metal ion in the solution, V is the volume of
solution (mL), and M is the weight of the ion exchanger
in contact with solution (g).

RESULTS AND DISCUSSION
Characterization of TiO,-SiO,

IR spectra of Ti0O,-SiO, sample calcined at 400°C is
shown in Fig. 1. The band at around 1100 cm ' is the asym-
metrical vibration of the Si-O-Si bond in the tetrahedral
SiO4 unit of the SiO, matrix. The symmetrical Si-O-Si
stretching vibration appeared at 795 cm ™, along with a peak
at 954cm™'; this band has been ascribed to the vibration
involving a SiO, tetrahedron bonded to a titanium atom
through Si-O-Ti bonds. The presence of this band confirms
the presence of the Si-O-Ti linkages in the synthesized pro-
duct. The TiO,-SiO, sample exhibit a band at around
490 cm ! which is representative of the TiO, matrixes. The
broad band in the region of 3200-3650cm™" is due to the
stretching vibration of hydroxyl groups and interlayer water
molecules; the peak at 1620cm ™' can be assigned to the
deformation vibration of the free water molecules.

Figure 2 depicts the XRD pattern of the sample calcined
at 400°C. It reveals that as-synthesized TiO,-SiO, has crys-
talline anatase phase beside brookite in amorphous silica
matrix. The existence of brookite in XRD pattern is clearly
evidenced from the presence of the peak at 20 =30.81°.
For the interpretation of the diffractograms, it is necessary
to take into account that the main diffraction peak of ana-
tase at 2@ = 25.28° overlaps with the peaks of brookite at
20 =25.34° and 25.69°, respectively (12). The size of the
anatase crystallites in the prepared sample measured
according to the Scherrer equation is 5.09 nm.
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FIG. 1. IR spectra of Titania-Silica binary mixed oxide.
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FIG. 2. XRD pattern of TiO,-SiO,. (W) peaks due to anatase, (e) peak
due to brookite.

The XRF analysis shows that the Titania-Silica mixed
oxide calcined at 400°C consists of 50% TiO, and 46% SiO».

N, adsorption-desorption isotherm and pore size distri-
bution analysis of synthesized oxide calcined at 400°C are
illustrated in Fig. 3. The isotherm of TiO,-SiO; is type 1V,
indicating the presence of mesopore. The hysteresis loop
is a H, type with a triangular shape and a steep desorption
branch. Such behavior is observed for many porous inor-
ganic oxides and has been attributed to the pore connectiv-
ity effects (13). Indeed, the H, hysteresis loops have been
observed for materials with relatively uniform channel-like
pores, when the desorption branch happened to be in
the proximity of a lower pressure limit of adsorption-
desorption hysteresis (14). The shape of the hysteresis loop
for this binary oxide clearly indicates some pore blocking,
as the almost horizontal plateau of adsorption ends. There-
fore, it can be concluded that the porosity of the sample is
characterized by some cavities which are connected with
each other and with the external surface via narrow pores,
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FIG. 3. Nitrogen adsorption-desorption isotherm and the BJH pore
diameter curve of TiO,-SiO,.
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FIG. 4. Surface area of Ti0O,-SiO, mixed oxide calcined at different
temperatures.

the so-called ink-bottle type of porosity. The cavities are
being created by the partial decomposition of the organosi-
liceous component of the material. The results revealed that
the prepared material had a BET surface area of up to
405.3m?/g; and according to BJH plot the pore diameter
of mixed oxide was obtained around 4.65 nm.

The BET surface area of the TiO,-SiO, samples calcined
at different temperatures is given in Fig. 4. The surface area
decreases from 405.3 to 14.78 m? /g with increasing calcina-
tions temperature up to 1100°C. The decrease of the sur-
face area upon calcination is due to the crystallization of
the walls separating mesopores.

It can be seen from the TEM micrograph of the synthe-
sized material (calcined at 400°C) that the granular TiO,
nanocrystallites (deep dark spots) are dispersed in the
amorphous SiO, matrix (Fig. 5). The image also shows the
particle size of the adsorber was less than 10 nm on average.

FIG. 5. TEM micrograph of synthesized TiO,-SiO,.

Differential scanning calorimetry and thermogravi-
metric curves of as-synthesized TiO,-SiO, calcined at
400°C are shown in Fig. 6. The decrease in weight, up to
150°C is attributed to the desorption of the physisorbed
water and organic residue (confirmed by an endothermic
peak on the DSC curve at about 100°C). A diffuse
exotherm at around 400°C is the result of the small portion
of anatase crystallizing to brookite. Above 400°C, the
change in weight is very small.

Zeta Potential and Isoelectric Point of TiO,-SiO,

The pH value strongly influences the surface charge
properties of metal-oxide particles in the aqueous
dispersion. The surface sites in terms of the neutral and
unoccupied surface sites of TiO, can be represented as
Ti-(OH)(OH,), having both a surface hydroxyl and a che-
misorbed water (15). Therefore, the acid—base properties of
the TiO,-SiO,/water interface can be described by

Ti-O-Si-(OH,)} — Ti-O-Si-(OH)(OH,) + H*
Ti-0-Si-(OH)(OH,) — Ti-O-Si-(OH); + H~

where Ti-O-Si-(OH,);, Ti-O-Si-(OH)(OH,), and Ti-O-Si-
(OH); are protonated, neutral, and deprotonated titanium
dioxide surface sites, respectively. The above-mentioned
species, which function in the pH, play an important role
in the sorption on the surface of the mixed oxide. There-
fore, the effect of pH on the surface species and conse-
quently on the surface charge can be represented by
measuring zeta potential of TiO,-SiO,. Figure 7 indicates
that the PZC of TiO,-Si0,, 2.8, is closer to the values of
silica’s PZC reported in the literature which ranges from
1.8 to about 3.5 than that of titania which is 6.5 (16). With
the increase of pH, the zeta potential changes from posi-
tively charged at pH below 2.8 to negatively charged above
2.8 as shown in Fig. 7, which indicates the presence of the
protonated species below pH 2.8, and deprotonated above
pH 2.8.

Adsorption Properties

The distribution coefficient of Pb>" as a function of time
(Fig. 8) were used to determine an optimum contact time for
the adsorption of lead ions onto TiO,-SiO,. As it can be
seen, there is a rapid uptake within 45 min and the adsorp-
tion equilibrium is attained within 60 min.

pH is an important parameter influencing heavy metal
adsorption from aqueous solutions. It affects both the sur-
face charge of the adsorbent and the degree of ionization of
the heavy metal in solution. Figure 9 represents the effect
of initial pH of the solution on K4 of Pb*>" ions. The distri-
bution coefficient values were found to be higher with
increased pH values. The optimum pH value at which the
maximum adsorption could be achieved was 6.0. For all
subsequent experiments, this optimum pH value was used.
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At pH values higher than 8.0 insoluble lead hydroxide
starts precipitating from the solution making true sorption
studies impossible.

In order to understand the adsorption mechanism, the
variation of the solution pH during the lead adsorption
was measured as in Fig. 10. A decrease in pH was observed
during the sorption processes, which suggests there was a
simultaneous release of H into the solution. It is proposed
that the hydroxyl groups of silica, which need alkaline
media to be formed, are involved in the formation of sur-
face complexes with metal ions:

Ti-O-Si-OH(OH,) + Pb? — Ti-O-Si-(OH,)0-Pb* + H*

The binding of Pb>" ions by surface functional groups
begins at pH 2 and rises within the next pH units.
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400

FIG. 9. Effect of pH of solution on K4 value of Pb>" ions.
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FIG. 10. Variation of pH of aqueous solutions with lead adsorption.

This suggests that a reaction of Pb*" ions with the TiO,-
Si0, surface involves bond formation via surface oxygen
atoms and proton release.

The relation of the distribution coefficient of Pb>" on
the adsorbent with thermal treatment of oxide spheres is
given in Fig. 11. As it can clearly be seen, the K4 values
decrease with the increasing calcination temperatures.
These results are in good conformity to the BET surface
area of the Ti0,-Si0, samples.

Adsorption Isotherms

The adsorption isotherms are mathematical models that
describe the distribution of the adsorbate species among
the liquid and the adsorbent, based on a set of assumptions
that are mainly related to the heterogeneity/homogeneity
of adsorbents, the type of coverage, and the possibility of
interaction between the adsorbate species. The Langmuir
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FIG. 11. Effect of thermal treatment of TiO,-SiO, on Ky values.
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FIG. 12. Adsorption isotherm of Pb** on Ti0,-SiO;.

model assumes that there is no interaction between the
adsorbate molecules, and the adsorption is localized in a
monolayer. The Freundlich isotherm model is an empirical
relationship describing the adsorption of solutes from a
liquid to a solid surface, and assumes that different sites
with several adsorption energies are involved.

The adsorption isotherm of Pb** ions on TiO,-SiO; is
represented in Fig. 12. The experimental data of lead
adsorption were analyzed with the Freundlich and Langmuir
models. The equations of the Freundlich and Langmuir
adsorption models are expressed, respectively (17,18).

log ¢, = log Kp + %log C, (3)
C. 1 C.
—_ = + — 4
qe  Q°b Q¢ @

where C. is the equilibrium solution phase concentration
(umol/L), q. is the equilibrium solid phase concentration
(umol/g), Q° is the maximum adsorption (umol/g), and b
is the constant related to the free energy of adsorption.
Finally, K¢ is the constant indicative of the relative ion
exchange capacity of the adsorbent (mol'™/"L!/"/g) and
1/n is the constant indicative of the intensity of the ion
exchange/adsorption.

The parameters calculated from the Freundlich and
Langmuir models are summarized in Table 1. The higher
correlation coefficients indicate that the Langmuir model
fits the adsorption data better than the Freundlich model.
Moreover, TiO,-SiO, had a limited adsorption capacity,
thus the adsorption could be better described by the
Langmuir model rather than by the Freundlich model,
as an exponentially increasing adsorption was assumed in
the Freundlich model.
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TABLE 1
Parameters of the Langmuir and Freundlich models at various temperatures

Langmuir constants

Freundlich constants

T(K)  Q° (umol/g) b (L/umol) R? Kg (mol '"1/" L7 /g) 1/n R>
298 97.46 0.05 0.99 1.18 087 098
308 169.77 0.10 0.99 2.46 090 098
325 203.25 0.78 0.96 0.13 0.59  0.96

Adsorption Thermodynamic

The thermodynamic parameters, the values of standard
free energy (AG®), standard enthalpy (AH®), and standard
entropy (AS°) of the sorption are useful in defining whether
the sorption reaction is endothermic or exothermic, and the
spontaneity of the adsorption process. The parameters can
be calculated using the following equations (19):

AG® = —RTIn K, (5)

K AH° (1 1

I S .
"%~ T RT T (Tl T2> (6)
Ao M - AG )

where R (8.3145J/molK) is the ideal gas constant, and
T(K) is the temperature. K is the apparent equilibrium con-
stant corresponding to the temperature which may be cal-
culated from the product of the Langmuir equation
parameters Q° and b. So, the values of the constants Kj,
K>, and Kj corresponding to the temperatures of 298,
308, and 325K, respectively, are given in Table 2. Also,
relevant data calculated from the above equations are
tabulated in Table 2.

The adsorption of Pb*" increases with the increase of
temperature and the value of AH® is positive. The positive
enthalpy value confirms that the adsorption process is
endothermic for Pb>*, which is an indication of the exist-
ence of a strong interaction between the adsorbent and lead
cation. For Pb*>" ions to travel through the solution and
reach the sorption sites, it is necessary for them first to

TABLE 2
Thermodynamic parameters for Pb>" adsorption onto
Ti0,-S10,
K AG® AH° AS°

T(K) (L/g) (KJ/mol) (KJ/mol) (KJ/molK)
298 K,=9.37 —5.54
308 K,=17.56 —7.46 63.05 0.23
325 K;=75.64 —11.62

be stripped out (at least partially) of their hydration shell,
this process requires energy input.

The Gibbs free energy change (AG°) was negative as
expected for a spontaneous process under the conditions
applied. The decrease in AG®° with the increase of tem-
perature indicated more efficient adsorption at higher
temperature. At high temperature, the ions are readily
dehydrated, and therefore their adsorption becomes more
favorable.

The positive values of the entropy change (AS°) reflected
the affinity of TiO,-SiO, toward Pb>' ions in aqueous
solutions and may suggest some structure changes in the
adsorbents.

CONCLUSION

The overall results indicate the possibility of using the
synthesized Ti0,-SiO, mixed oxide for efficient removal
of Pb*" from aqueous solutions. As a result of the experi-
mental conditions; it was shown that Pb>" adsorption onto
the prepared material is an endothermic and a spontaneous
process. The fact that the Langmuir isotherm fits the
experimental data better than the Freundlich model
indicates the almost complete monolayer coverage of the
adsorbent particles. The extent of sorption mainly depends
on the surface charge as well as the species present in the
solution.
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