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1. INTRODUCTION

Ceramic membranes have been used in many 
different industries such as seawater desalination 
[1-4], biotechnology [5], pharmaceutical [6], feed 
and beverage [7,8], dairy [9], power generation 
[10,11] due to stability at high temperatures [12], 
high pressure and mechanical resistance, good 
chemical stability, long life and good defouling 
properties [12,13]. Among them, titania mem-
branes have gained much attention because of 
their unique characteristics such as chemical sta-
bility [14], catalysis [15,16] and their photo-cata-
lytic applications [17-19]. Photo-catalytic activity 
of titania membranes can be improved by increas-
ing the surface area [20].

Titania particles are not thermally stable and 
also undergo phase transformation and crystallite 
growth at high temperatures [21-23]. This phe-
nomenon leads to a reduction in the effective sur-
face area. Deposition of titania particles on a suit-
able support such as silica in the form of core-shell 
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particles can be an appropriate method to achieve 
high surface area. Hence, the core and shell can be 
formed from the monodisperse silica sphere and 
titania particles, respectively [24-26]. It seems 
that deposition and calcination of the titania-sil-
ica core-shell particles on ceramic substrates can 
provide many applications in the field of ceramic 
membranes with photo-catalytic activity.

According to the author’s knowledge, no work 
has been carried out to produce photo-catalytic 
membranes via deposition of nanostructured tita-
nia-coated silica microsphere particles on α-alumi-
na substrates. In the present work, a sol consisting 
of titania-silica core-shell particles was prepared by 
the Stöber method [27]. Then, the obtained sol was 
deposited on α–alumina substrates by dip-coating 
process to prepare the nanostructured titania-coat-
ed silica microsphere (NTCSM) membranes. The 
characterization was carried out by dynamic light 
scattering (DLS), thermogravimetry and differen-
tial thermal analysis (TG-DTA), X-ray diffraction 
(XRD), Fourier transform infrared spectroscopy 
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(FTIR), scanning electron microscopy (SEM) and 
UV-Vis spectrophotometer to determine the syn-
thesized membrane properties. Finally, the pho-
to-catalytic and physical separation capabilities of 
the NTCSM membranes were evaluated via cal-
culation of the methyl orange removal efficiency 
from aqueous solution by using a dead-end filtra-
tion cell equipped with UV-lamp.

2. Experimental procedures

2.1. Materials

The characteristics of the Alumina supports 
used as the membrane substrate are provided in 
Table 1.

Table 1. Properties of the used alumina substrate

Composition α-Alumina
Disk size (mm) Dia. = 17, Thick. = 2
Pore size (µm) 1-3
Average water  
absorption (%)

15

Mean open porosity (%) 40

Tetraethyl orthosilicate (TEOS, Merck 
800658), ethanol (EtOH, Merck 100983), ammo-
nia (25%, Merck 105432) and deionized water 
were used as the starting materials for the syn-
thesis of silica microspheres. Titanium tetra-iso-
propoxide (TTIP, Merck 821895), isopropanol 
(IPA, Merck 109634), hydrochloric acid 37% 
solution (HCl, Merck 100317) and deionized wa-
ter were used for the preparation of titania poly-
meric sol. Methyl orange (MO, Merck 101322) 
with chemical formula of C14H14N3NaO3S was 
used as the model pollutant for the investigation 
of photo-degradation and physical separation ca-
pabilities of the NTCSM membranes.

2.2. Preparation of Membrane

2.2.1. Synthesis of Titania-Coated Silica Mi-
crosphere (TCSM)

To prepare titania polymeric sol, a solution of 
water and HCl in IPA was added dropwise to a 
solution of TTIP and IPA while stirring vigorous-

ly. The molar ratio of TTIP:IPA:H2O:HCl in the 
final sol was 1:31:0.8:0.23, respectively. Finally, 
a transparent stable titania sol was obtained after 
stirring for 4h at pH= 0.5. The preparation method 
of the polymeric titania sol has been described in 
our previous research [28].

To synthesize silica microspheres using the 
Stöber method, ammonia was dissolved in a solu-
tion of EtOH and water. Then, TEOS was added 
dropwise to the obtained solution at room tempera-
ture. After stirring for 3h, the obtained white precip-
itate was filtrated and was repeatedly washed with 
water. Finally, the product was dried at 80 °C for 4h.

To prepare titania–silica core–shell particles, 
the silica microspheres were dispersed in EtOH. 
Then, titania polymeric sol was added to this solu-
tion. Finally, a sol containing (TCSM) particles 
was obtained after stirring for 3h at pH= 2.

2.2.2. Deposition of TCSMs on Alumina Substrate

The obtained sol was deposited on the α-alumi-
na substrate by dip-coating method. Also, an un-
supported membrane was prepared by pouring the 
sol in a petri-dish. The supported and unsupported 
membranes were dried at room temperature for 
24h. Then, the samples were heat-treated at 650 °C 
for 1h at a heating rate of 1 °C/min.

2.3. Characterization

Particle size distribution of the prepared sam-
ples was determined by dynamic light scattering 
technique (DLS Malvern, UK, ZS3600). Thermal 
behavior of the samples was investigated by thermo-
gravimetry and differential thermal analysis (TG-
DTA, PERKINELMER) in a nitrogen atmosphere 
at a heating rate of 7.5 °C/min. The phase composi-
tion was determined by X-ray diffraction technique 
(XRD, Jeol JDX-8030) with Cu Kα wavelength at 
30 mA and 40 kV. Fourier transform infrared spec-
trometer (FTIR, Bruker, Tensor 27) was used to 
obtain the infrared spectra of the TCSMs at room 
temperature on wafers consisting of 100 mg dry 
KBr and about 1 mg sample. The morphology of 
the synthesized samples was characterized by scan-
ning electron microscopy (SEM MIRA\\TESCAN) 
with an accelerating voltage of 20 kV. Also, the pho-
to-catalytic activity of the TCSM membranes was 
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measured by the photo-degradation of 20 ppm of 
MO aqueous solution under UV-irradiation source 
(24 W/cm2, 254 nm) by UV-Vis spectrophotometer 
(Cecil Aquarius, CE 7200). The physical separation 
experiment was carried out by change in the con-
centration of MO solution (20 mg/lit) after passing 
through the TCSM membrane by using a dead-end 
filtration cell, under a pressure of 5 bar, according to 
Fig. 1. As shown in this image, to investigate simul-
taneous separation and photo-catalytic applications 
of the membranes, filtration cell was equipped with 
UV-lamp.

Fig. 1. Schematic image of a membrane chamber with a 
dead-end filtration cell equipped with UV-lamp used for 
simultaneous separation and photo-catalytic experiments.

3. RESULTS AND DISCUSSION

3.1. DLS

Particle size distribution of the titania poly-
meric sol, silica spheres and titania-coated silica 
spheres are given in Fig. 2.

Fig. 2. The particle size distribution of the prepared 
samples: a) titania polymeric sol, b) silica spheres and  

c) titania-coated silica spheres.

As shown, the particle size distribution of tita-
nia polymeric sol is in the range of 0.5-2 nm with 
the mean particle size of about 1 nm. Also, the 
mean particle size of silica spheres is about 650 
nm that increases up to 800 nm by the deposition 
of titania nano-particles. Based on these results, 
it seems that a layer of titania nano-particles was 
deposited on silica spheres by physical bonding 
force (weak Van der Waals force). Thus, the maxi-
mum titania shell thickness was found to be about 
150 nm.

3.2. DTA/TG

DTA-TG curves of the dried titania gel, silica 
spheres and titania-coated silica spheres are shown 
in Fig. 3.

Fig. 3. Thermal analysis of the dried titania gel, silica 
spheres and titania-coated silica microspheres (TCSM):  

a) DTA and b) TG curves.

The DTA curves of the samples show an endo-
thermic peak below 150 °C that can be related  to 
the evaporation of the physically absorbed water 
and solvents. Also, DTA curve of pure titania sam-
ple shows a broad exothermic peak in the 200-400 
°C range that comes from the decomposition of 
organic groups, the decomposition of the hydrox-
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yl groups as well as titania phase transformation 
from amorphous to anatase. The DTA curve of 
the TCSM sample shows two exothermic peaks 
at 250 and 490 °C. The former may be assigned to 
the thermal decomposition of organic groups and 
the latter is related to the phase transformation 
from amorphous to anatase, although positions 
and intensities of peaks are strongly dependent 
on the gel preparation process and its composi-
tion [29]. By comparing the DTA curves of silica 
spheres and TCSM based gels, a relatively small 
exothermic peak (for TCSM) is observed at about 
870 °C, which can be attributed to the phase tran-
sition of anatase to rutile [30,31].

According to TG thermographs, the weight 
loss of the dried titania gel is considerably more 
than other samples. This behavior is in agreement 
with the report given in the literature [32]. It can 
be due to the removal of the remaining organic 
groups as a result of a partially hydrolyzed alkox-
ide. The weight loss originates mainly from the 
removal of physically absorbed water or solvents 
and organic ligands.

According to TG thermographs, the weight 
loss of the samples is completed by 650 ºC. Thus, 

this temperature was considered for calcination of 
the TCSM membranes.

3.3. XRD

The phase composition of the samples was 
studied by X-ray diffractometer.  Figure 4 shows 
the XRD patterns of pure titania, silica spheres 
and TCSMs after calcination at 650 °C.

According to Fig. 4a, the pure silica spheres 
exhibit amorphous structure at 650 °C. The XRD 
patterns of the pure titania and TCSMs show a dif-
fraction peak at 2θ = 25.3° that is attributed to ana-
tase crystalline phase [33]. For the pure titania and 
TCSMs, the anatase crystallite size (calculated by 
Scherrer’s equation [34]) was 21 and 16 nm, re-
spectively. By deposition of titania nano-particles 
on silica spheres, the peak intensity and crystallite 
size of anatase phase was decreased. It seems that 
the deposition of titania on silica spheres delays 
the phase transformation from amorphous titania 
to crystalline anatase. This can be attributed to the 
stabilization of the amorphous phase by the sur-
rounding SiO2 through the Ti-O-Si interface. The 
SiO2 phase locks the Ti–O species at the interface 
of the TiO2 domains and prevents the nucleation 
that is necessary for the phase transformation 
from amorphous to anatase. Hence, greater heat is 
required to drive the crystallization [35].

3.4. FTIR

FTIR absorption spectrum of the NTCSMs 
calcined at 650 °C is presented in Fig. 5.

Fig. 5. FTIR absorption spectrum  
of the NTCSMs calcined at 650 °C.

The broad peak at 3400 cm-1 is assigned to O–H 
groups of absorbed water molecules [36]. Zhijie 

Fig. 4. XRD patterns of the a) silica spheres, 
b) TCSMs and c) pure titania calcined at 650 °C.
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Li et al. claimed that Ti–O–Ti vibration appears 
in the range of 400–600 cm-1 as a result of con-
densation reaction [34]. Also, the 800 cm-1 peak 
is assigned to νs (Si–O–Si) symmetric stretch�-
ing vibration, and the 1087 cm-1 peak can be at-
tributed to νas (Si–O–Si) asymmetric stretching  
vibration, which reveals that a dense silica net-
work is formed. For TiO2-SiO2 core-shell par-
ticles, it is possible to distinguish two types of 
interaction between TiO2 and SiO2: physically 
mixed (weak Van der Waals forces) and chemi-
cally bonded (formation of Ti–O–Si linkages). 
The IR band at 910–960 cm-1 may be due to the 
stretching vibration of Ti–O–Si bonds [34,37,38]. 
As a result, the peak at 930 cm-1 is attributed to the 
formation of Ti–O–Si bonds.

3. 5. SEM

SEM images of the silica microspheres as well 
as the NTCSMs before and after calcination are 
shown in Fig. 6.

Fig. 6a shows that the synthesized silica par-
ticles are spherical in shape with the smooth sur-
faces. According to this image, the size of sili-
ca spheres is in the range of 600-650 nm that is 
compatible with DLS results. The surface rough-
ness and the increase in the diameter of the silica 
microspheres in Figs. 6b and 6c confirm that the 
synthesized spheres have been coated with titania 
nano-particles. The parameters which affect the 
formation of NTCSMs are the pH of the solu-
tion and so the isoelectric point of TiO2 and SiO2 
which causes the charge difference between TiO2 
nano-particles and SiO2 microspheres. Isoelectric 
point of TiO2 and SiO2 is reported to happen in 
the pH range of 3.9-8.2 and 1.7-3.5, respectively 
[39-43]. However, a pH equal to 2.0 for the mixed 
solution is higher than that of the isoelectric point 
of TiO2 and lower than that of the isoelectric point 
of SiO2. Therefore, under these conditions TiO2 
nano-particles and silica microspheres would have 
appositive and negative surface charge density, 
respectively. Thus, titania nano-particles could 
deposit on the surface of silica microspheres due 
to the electrostatic attraction between them. As a 
result, NTCSM particles were produced by the 
deposition of TiO2 nano-particles on the surfaces 
of the silica spheres at pH = 2.

Fig. 6. SEM images of a) silica microspheres,  
b) dried NTCSMs and c) calcined NTCSMs.
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Fig. 7 shows the SEM micrographs of the sur-
face and cross-section of the NTCSM membranes. 
As mentioned, these membranes were prepared 
by deposition and calcination of the NTCSM sol 
on the alumina substrate.

Fig. 7. SEM micrographs of the a) surface and  
b) cross-section of the NTCSM membranes.

As seen in Fig. 7a, the pore size of the NTCSM 
membrane is less than 400 nm. Also, the thick-
ness of the composite membrane is in the range of 
3-4 µm according to Fig. 7b. These images show 
that the surface of membrane is quite rough at the 
micrometer scale with a spherical structure. The 
surface roughness of NTCSM membrane increas-
es its surface area. It can improve photo-catalyt-

ic behavior by increasing the absorption of more 
photons.

3.6. Photo-Catalytic Experiment

Photo-catalytic activity was determined by 
the change in concentration of MO aqueous 
solution under UV-radiation in the presence of 
the NTCSM membrane. The variation of con-
centration of MO as a function of the irradia-
tion time was calculated from the absorbance 
versus concentration calibrated curve. Fig. 8 
shows the concentration of MO solution at 
different times of radiation in the presence of 
membrane.

Fig. 8. Concentration of MO aqueous solution 
 at the different times of radiation in the presence 

 of the NTCSM membrane.

The removal efficiency of MO was estimated 
by applying the Eq. (1):

Removal efficiency (%) = [(C0-C)/C] × 100� (1)

where,  C0 is the original MO concentration 
and C is the residual MO concentration in solu-
tion [44].

Fig. 8 indicates that the MO removal effi-
ciency in the presence of the NTCSM mem-
brane is about 80 and 98% after 60 and 120 
min of radiation, respectively. In this process, 
titania nano-particles deposited on silica mi-
crospheres absorb the UV-irradiation to gener-
ate negatively and positively charged ions, the 
latter of which interacted with water to produce 
-OH radicals that degrade the MO. Under this 
condition, the mechanism of photo-degradation 
is controlled by the SiO2 spheres in a manner 
that, the electrons generated from the TiO2 
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shell are immediately pulled towards the inter-
nal core. Consequently, the different charges 
of ions are separated and the productions of 
the radicals are facilitated. High surface area 
of particles (as seen in SEM images) increases 
photo-catalytic activity of the NTCSM mem-
branes.

3.7. Physical Separation Experiment

The dye separation capability by the NTCSM 
membranes was determined via direct measure-
ment of the change in concentration of MO aque-
ous solution after passing through membrane at 
5 bar pressure during 60 min (see Fig. 1). Fig. 9 
compares MO solution concentration before and 
after passing through the alumina substrate with 
and without NTCSM layer.

Fig. 9. Concentration of MO solution before and after 
passing through the membrane substrate with and without 

NTCSM layer.

Based on the results of physical separation, the 
MO removal efficiency by the alumina substrate 
was determined to be 4% which was improved up 
to 24% in the presence of the NTCSM layer.

3.8. Simultaneous Photo-catalytic and Separation 
Experiment

By coupling physical separation with pho-
to-catalytic technique (see Fig. 1), the MO re-
moval efficiency was remarkably improved up 
to 97%, while it was 80% and 24% with any of 
the photo-catalytic and separation techniques, 
respectively. Fig. 10 compares MO removal effi-
ciency by the NTCSM membrane via the differ-
ent techniques.

Fig. 10. MO removal efficiency by the NTCSM membrane 
via the different techniques.

Thus, the NTCSM membrane showed a high 
potential due to its multifunctional capability con-
sisting of photo-degradation and physical separa-
tion for MO removal from aqueous solution.

4. CONCLUSION

The nanostructured titania-coated silica mi-
crosphere (NTCSM) membrane consisting of ti-
tania-silica core-shell particles on the α–alumina 
substrate was prepared by dip-coating process. 
The silica microspheres were synthesized by the 
Stöber method, and the nanostructured titania 
was obtained from a polymeric sol prepared by 
a hydrolysis–condensation reaction of titanium 
tetra-isopropoxide precursor. The polymeric ti-
tania sol was deposited on silica microspheres 
based on electrostatic attraction strategy and 
then, alumina substrates were coated by the pre-
pared NTCSM sol. The mean particle size of sil-
ica of microspheres was determined to be about 
650 nm that by deposition of titania nano-parti-
cles increased up to about 800 nm. The pore size 
of the NTCSM membrane was determined to 
be in the range of 100-400 nm with the aver-
age thickness of 3.5 µm. The removal efficien-
cy of methyl orange by the NTCSM membrane 
via photo-catalytic process was determined to be 
80% after 60 min UV-irradiation. By coupling 
separation process with photo-catalytic tech-
nique, the removal efficiency was improved up 
to 97%. Thus, the NTCSM membranes showed 
simultaneous photo-degradation and separation 
capabilities for methyl orange removal from 
aqueous solution.
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