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Abstract

The effect of silica addition on the photocatalytic and separation properties of mesoporous titania–silica membranes was investigated.
Macroporous α-alumina support was used as substrate, and intermediate layer was obtained by deposition and calcination of the colloidal titania
sol on the substrate. Then, titania and titania-5% silica polymeric sols were prepared for deposition on the interlayer as membrane top layer. The
samples were characterized by DLS, TG-DTA, XRD, FTIR, BET, FESEM, TEM and AFM. The photocatalytic capability of the membranes was
evaluated using methyl orange photo-degradation. The mesoporous composite membrane was prepared with the average pore size of 3.94 nm.
The dye removal efficiency of the titania–silica membrane has been determined to be 63% after 60 min UV-irradiation. By coupling separation
process with photocatalytic technique, the removal efficiency was improved up to 94%. The synthesized titania–silica membrane showed a great
potential due to its multifunctional capability for water treatment.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nowadays water pollution, caused by hazardous organic
materials, is a very serious problem [1]. Ceramic membranes
can play a very important role in separation technology for
water purification [2]. Membrane separation techniques have
already shown to be competitive with other separation
techniques for what concerns material recovery and achieve-
ment of processes with selective removal of some components
[3]. However, this method only transfers pollutants from a
phase to another and displays a simple separation role [4]. On
the other hand, photocatalytic process is introduced as a
promising technology for the water purification [5,6]. Photo-
catalysts have also been widely used for the decomposition of
harmful compounds in environment and photocatalytic
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reactions allow in many cases a complete degradation of
organic pollutants, without using chemical materials [7,8]. The
coupling of photocatalytic process with membrane separation
technique can take advantage of the synergy of both technol-
ogies resulting in a powerful system, with the membrane
having the simultaneous task of supporting the photocatalyst as
well as acting as a selective barrier for the species to be
degraded [4,9–11]. Among different materials utilized for
membrane and photocatalytic applications, titania is the most
attractive materials due to its unique properties like high
photocatalytic activity, high chemical stability, high liquid
flux [12], and inexpensive price [1]. Thus, titania membranes
are being used for different applications such as water
treatment [2,9,11,13]. Although titania has been known as
the most effective material in photocatalytic processes, the
relatively low surface area and the instability of the titania
anatase phase at high temperatures are disadvantages [14]. As
photocatalytic activity of titania is greatly influenced by its
crystal structure, surface area, crystallite size, surface hydroxyl
content, porosity [15,16], and incident light intensity but the
ghts reserved.
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crystal structure and surface area can be considered as the most
important factors for determining the photoactivity. Many
researchers reported that anatase is the most photoactive
polymorph of titania [17,18], although it is thermodynamically
metastable [19]. To obtain highly active titania photocatalyst, it
is necessary to develop temperature stability of anatase phase
along with increasing the surface area. Therefore, many efforts
have been devoted to inhibit crystal growth and retarding
phase transformation by incorporating another inorganic
oxide into the titania frameworks [1,18,20,21]. It has been
reported that silica addition has a significant influence on the
surface properties [16] and enhancement of titania photoactiv-
ity [22–24]. Anderson and Bard [23,25] demonstrated that a
mixed oxide of titania and silica is a more efficient photo-
catalyst for the photo-degradation of some compounds than
pure titania [26,27]. The mixed oxides of titania and silica
seem to be a good alternative to retard anatase-rutile phase
transformation as well as to stabilize porosity structure at high
temperatures.

On the basis of our knowledge, there are limited researches
on the sol–gel synthesis of the nanostructured titania–silica
mesoporous membranes with photocatalytic and physical
separation capabilities for water purification. In the present
work, the nanostructured titania and titania–silica mesoporous
membranes were prepared via the polymeric sol–gel route on
the colloidal titania-coated alumina substrate, and were char-
acterized by DTA-TG, XRD, FTIR, BET, FESEM, TEM and
AFM. Then, the effect of silica addition was investigated on
the properties of the titania-silica composite membrane.
Finally, the photocatalytic and separation capabilities of the
prepared membranes were evaluated by calculation of the
methyl orange removal efficiency in aqueous solution.
2. Experimental procedures

2.1. Materials

Alumina disk supports were used as the membrane substrate
with the properties shown in Table 1.

Titanium tetraisopropoxide (Ti(Opri)4, Merck 821895),
tetraethyl orthosilicate (Si(OEt)4, Merck 800658), isopropanol
(IPA, Merck 109634), ethanol (EtOH, Merck 100983), hydro-
chloric acid (37% solution, Merck, 100317) and deionized
water were used as raw materials for the preparation of titania
and silica sols. Methyl orange (MO, Merck 101322) with
chemical formula of C14H14N3NaO3S was used as the model
pollutant for the investigation of photocatalytic and separation
capabilities of the titania and titania–silica membranes.
Table 1
Properties of the membrane substrate.

Composition Disk size (mm) Strength (MP

α-Alumina (KMS-92, Martinswerk) Dia.¼17, Thick.¼2 38
2.2. Membrane preparation

The membrane intermediate layer was prepared by deposition
and calcination of colloidal titania sol on the alumina support. In
our previous research, the preparation method of the colloidal
titania-coated alumina substrates have been thoroughly explained
[9]. Membrane top layer was prepared by deposition and
calcination of pure titania and titania-5% silica polymeric sols
on the intermediate layer. For this purpose, titania polymeric sol
was obtained by hydrolysis of Ti(Opri)4 via the addition of a less
than equivalent amount of H2O ([H2O]/[Ti]o4) in order to
obtain a precipitate free polymeric sol. A solution of water and
hydrochloric acid as a catalyst in IPA was added dropwise to a
solution of Ti(Opri)4 in IPA during high speed stirring. The molar
ratio for Ti(Opri)4: IPA: H2O: HCl of the final sol was 1: 31: 0.8:
0.23, respectively. Stirring was continued for 4 h to get a
stabilized sol. The obtained product was a transparent titania
polymeric sol. Also, a precipitate free silica polymeric sol was
obtained similar to titania polymeric sol by hydrolysis of Si(OEt)4
with molar ratio of Si(OEt)4: EtOH: H2O: HCl¼1: 20.1: 1: 0.2.
Then, a stable titania–silica composite sol was prepared by
physical mixing of the synthesized titania and silica polymeric
sols in a mole ratio of 5% silica. After stirring for 3 h, the titania
and titania–silica polymeric sols were deposited on the colloidal
titania-coated alumina substrate by dip-coating process with a
constant rate of 6 mm/min and immersion time of 30 s. Also, the
unsupported gel layers were prepared by pouring the polymeric
sols in a petri-dish. The supported and unsupported gel layers
were dried at room temperature for 24 h. Then, heat-treatment
was done at different temperatures for 1 h with a heating rate of
1 1C/min. Finally, the supported and unsupported membranes
were obtained. Fig. 1 presents the preparation steps of the titania–
silica composite membrane.
In this paper, the pure titania and titania-5% silica are

denoted as PT and TS, respectively. This research focuses on
the characterization of the PT and TS membranes synthesized
by polymeric sol–gel route and investigates the effect of silica
addition on the properties of the supported and unsupported
composite membranes.

2.3. Characterization

The properties of the synthesized samples are investigated
using individual parts containing unsupported and supported
membranes.

2.3.1. Unsupported membranes
Particle size distribution of the prepared PT and TS polymeric

sols was determined by dynamic light scattering technique (DLS,
a) Pore size (mm) Water absorption (%) Open porosity (%)

1–3 14–17 39–42



Fig. 1. Preparation steps of the titania–silica composite membrane.

Fig. 2. Schematic image of a photocatalytic membrane setup with a dead-end
filtration cell used for filtration experiments.
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ZS3600, Malvern). Thermal properties of the dried gels were
characterized by thermogravimetry and differential thermal analysis
(TG-DTA, PERKINELMER) in a nitrogen flow with a heating
rate of 7.5 1C/min up to 900 1C. The phase composition and the
average crystallite size were identified using X-ray diffraction
technique with Cu Kα wavelength at 30 mA and 40 kV (XRD,
Philips PW1800). Fourier transform infrared spectroscopy (FTIR,
8400 S, Shimadzu) was performed to investigate structural and
specific molecule-groups information on wafers consisting of
100 mg dry KBr and about 1 mg sample. N2 adsorption and
desorption measurements were performed (Belsorp mini II, BEL
Japan, Inc.) to determine the Brunauer–Emmett–Teller (BET)
surface area and the pore size of samples.

2.3.2. Supported membrane
The morphology of the membranes was characterized by

field emission scanning electron microscopy (FESEM, WEGA\
\TESCAN) and transmission electron microscopy (TEM, EM
208, Philips) with an accelerating voltage of 30–100 kV,
respectively. Surface morphology and topography of the
prepared membranes was evaluated by atomic force micro-
scopy (AFM, DualScope C-26, DME). Also, the photocatalytic
activity of the membranes was measured by the photo-
degradation of MO aqueous solution. Initial pollutant concen-
tration was set at 20 mg/l and membranes in this solution were
irradiated by a UV source (Sunny, 360–415 nm, 125 W). The
MO removal efficiency was estimated by applying the follow-
ing Eq. (1):

Removal efficiencyð%Þ ¼ ½ðC0�CÞ=C0� � 100; ð1Þ
where C0 is the original MO concentration and C is the
residual MO concentration in the feed solution [27].

The dye separation performance of aqueous solution was
investigated using a photocatalytic membrane setup with a dead-
end filtration cell under 5 bar pressure according to Fig. 2.

Also, water permeability was determined using the as-
prepared membrane setup. The feed side of the membrane
was kept at a constant pressure of 5 bar and the permeate
side was set at atmospheric pressure. The permeation flux
was measured at room temperature using the following
Eq. (2) [28]:

Permeation f lux¼ V=AΔt; ð2Þ
where V is the quantity of permeate (L), A is the effective
membrane area (m

2) and Δt is the sampling time (h). Effective
area of the membrane in the module was 1.76 cm2. Permeation
experiment is recommended as one of the most important
methods to find the structure and morphology of prepared
membranes [29].

3. Results and discussion

3.1. Unsupported membranes

3.1.1. Particle size distribution
Particle size distribution of the prepared PT and TS

polymeric sols is shown in Fig. 3.
The particle size distribution of the TS sol is determined to be

in the range of 0.3–1.1 nm with the average particle size of
0.55 nm. As seen, the particle size distribution of the TS
composite sol is narrower than that of the PT sol which can be
attributed to the decrease in titanium percentage. This may be
interpreted on the basis of the fact that titanium is a transition
metal with electropositive charge. Values of δ(M) calculated from
the partial charge model δ(M) of Ti(OEt)4 and Si(OEt)4 are +0.63



Fig. 4. (a) TG and (b) DTA curves of the dried PT and TS polymeric gels.

Fig. 3. Particle size distribution of the PT and TS polymeric sols.
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and +0.32, respectively. Thus, titanium has duplex silicon of
electropositive charge which explains why the hydrolysis and
condensation kinetics of Ti(Opri)4 are much faster than those of
Si(OEt)4. In this regard, hydrolysis rate of Ti(Opri)4 is more 10–
100 times than Si(OEt)4 [27]. Thus, the rapid hydrolysis of Ti
(Opri)4 causes smaller particles with a wider distribution. It seems
that Si(OEt)4 addition to titania sol decreases the particle size
distribution due to control hydrolysis rate.

3.1.2. Thermal analysis properties
TG and DTA curves of the dried PT and TS polymeric gels

are presented in Fig. 4. The thermograms of both samples
show a rather similar behavior.

According to Fig. 4a, TG curves follow a three-step weight
loss consisting of alcohol and adsorbed water evaporation,
alkoxide groups removal and Ti(OH)4 dehydroxylation,
respectively. The weight loss due to dehydroxylation is
detected between 370 and 420 1C for the dried PT gel which
is seen at higher temperatures in the case of the TS composite.
It seems that silica addition influences on the gel structure and
changes decomposition behavior.

DTA curves of the PT and TS gels are presented in Fig. 4b.
Desorption of physically bonded water and organic solvents
from the gel takes place at around 80 1C for both samples. For
the PT sample, exothermic peaks are seen at 300, 360 and
410 1C which are related to dehydroxylation of Ti(OH)4,
removal of alkoxide groups and titania crystallization, respec-
tively. These peaks are shifted to higher temperatures in the
case of TS composite due to silica addition [30]. The weight
loss ends at about 500 1C so it can be chosen as the lowest
calcination temperature in which the removal of organic
materials is completed.

3.1.3. Phase analysis
Fig. 5 presents XRD patterns of the PT and TS samples

calcined at different temperatures.
Significant peak of anatase phase for both samples is

observed at 400 1C and its intensity increases at higher
temperatures. For the PT sample, rutile peaks are clearly seen
at 800 1C while no peaks of rutile and brookite are detected for
the TS composite at this temperature. It is confirmed that the
TS composite has higher thermal stability and suppresses the
phase transformation from anatase to rutile. It seems that silica
prevents the nucleation of rutile by impeding the mutual
contact of titania crystals. This is proposed as the reason for
the observed retarding effect on the anatase-rutile transforma-
tion. It has been reported that solid solution formation of
anatase and silica may be responsible for the observed
inhibiting effect on the phase transformation [22]. For inves-
tigation of the inhibiting effect of silica on anatase-rutile phase
transformation, the lattice parameters of anatase were mea-
sured by X'Pert HighScore Plus software. Table 2 compares
the lattice parameters, theoretical density and unit cell volume
of anatase structure for the PT and TS samples calcined at
500 1C.
On the basis of results, the TS composite shows about

0.27% reduction in volume of unit cell compared to the PT
sample. It clearly suggests the formation of an anatase solid
solution containing silica since the ionic radium of Si4+

(0.042 nm) is smaller than that of Ti4+ (0.068 nm) [31].
For PT and TS samples, the anatase crystallite size was

determined by Scherrer's equation [32] as recorded in Table 3.
On the basis of these results, the crystallite size increases

with increasing calcination temperature while the growth rate
is slower for the TS composite. The results confirm that the
embedding of silica into titania inhibits the growth of anatase
titania crystal as claimed by Zhang et al. [33]. Periyat et al.



Table 2
Unit cell properties of anatase structure for the PT and TS samples calcined at 500 1C.a

Lattice parameters (nm) Theoretical density (g/cm3) Volume of cell (nm3) Structure

a b c

PT 3.7852 3.7852 9.5139 3.89 136.31 Tetragonal
TS 3.7822 3.7822 9.5023 3.90 135.93 Tetragonal

acalculated by new x’pert software.

Fig. 5. XRD patterns of the (a) PT and (b) TS samples calcined at different temperatures.

Table 3
Anatase crystallite size for the PT and TS samples.

Temperature (1C) Anatase crystallite size (nm)

PT TS

400 9.4 8.6
500 23.8 9.6
600 29.5 16.9
800 51.9 23
900 – 32
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reported that the movement of Si4+ ions into the titania matrix
leads to the reduction in anatase/anatase contact points which
may reduce the growth of anatase crystals [31]. Also, Sibu
et al. stated that silica addition results in the reduction of
crystallite size due to the distribution of doped cations on the
surface of titania. Therefore, such smaller crystals inhibit grain
growth by providing a barrier between titania grains [34].
It is reported that the highest photocatalytic activity of

titania is seen in the anatase form with optimal crystallite size
in the range of 8–10 nm [35]. However, XRD results show that
the PT and TS samples calcined at 500 1C are in the fully
anatase crystalline form with a crystallite size less than 10 nm.
Thus, based on TG-DTA and XRD results, 500 1C temperature
was selected as an optimum temperature for calcination of the
membrane top layer. It should be noted that the low calcination
temperature makes it possible to prepare membranes with the
reduced pore and crystallite sizes [36].



Fig. 6. FTIR spectra of the PT and TS samples.

Fig. 7. The results obtained by BET analysis for the PT and TS samples:
(a) N2 adsorption and desorption isotherms and (b) BJH pore size distribution.
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3.1.4. FTIR analysis
Chemical structure of the PT and TS samples was studied by

FTIR analysis. Fig. 6 presents the FTIR spectra of both
samples in the wave number range from 4700 to 400 cm�1.

In both spectra, the FTIR peaks around 3400 and 1622 cm�1

are attributed to stretching mode of water and hydroxyl [37–39].
TiO2 retains adsorbed water due to the strong Lewis acidity of
the unsaturated Ti4+ surface sites. Ti–O–Ti vibration appears in
the range of 400–600 cm�1 as the result of condensation
reaction. Also, the peaks at 1087 or 1110 cm�1 correspond to
the asymmetric stretching vibration of Si–O–Si. Theoretically,
two types of interaction between TiO2 and SiO2 are possible:
physically mixed due to weak Van der Waals forces and
chemically bonded due to formation of Ti–O–Si linkages [32].
The IR band observed at 910–960 cm�1 might be due to the
stretching vibration band of Ti–O–Si bonds [18,24,39,40]. As a
result, the IR band observed at 930 cm�1 in the spectra of the
TS composite indicates the possibility of formation of Ti–O–Si
bonds. According to the FTIR results, the formation of Si–O–Ti
cross-linking bonds and –OH radicals around the Ti–O network
can restrict the growth of grains during heat treatment.
3.1.5. N2 adsorption and desorption studies
N2 adsorption and desorption isotherms as well as BJH pore

size distribution of the PT and TS samples are shown in Fig. 7.
According to Fig. 7a, both samples show nearly similar

adsorption patterns. The nature of adsorption isotherms dis-
plays a type IV adsorption isotherm with a hysteresis loop
classified as type H2 according to IUPAC [41]. Isotherms
indicate that a major fraction of the pores is in the mesopore
range. There is an increase in the adsorption in all the relative
pressure regions for the TS composite compared to the PT
sample. Thus, it seems that the addition of 5% silica has
increased total pore volume in the composite sample.

According to Fig. 7b, the pore distribution of the PT sample
is in the range of 1–9 nm with an average radius at around
3.55 nm as calculated by the BJH method from both adsorp-
tion and desorption curves. For the TS composite, the pore
distribution is very narrow in the range of 1–4 nm with an
average radius at around 1.88 nm. In other words, the pore
size of the titania sample sharply decreases with silica addition.
The structural characteristics of the PT and TS samples are
summarized in Table 4.
Based on these results, with addition of 5% silica, the

surface area increases from 32.8 m2/g up to 99.14 m2/g. Also,
the total pore volume increases up to 0.097 cm3/g as derived
from the amount of N2 adsorbed at p/p0 of 0.99.

3.2. Supported membranes

3.2.1. Microstructural studies
3.2.1.1. FESEM. FESEM images of the surface and the
cross-section of the PT and TS membranes are shown in Fig. 8.
According to Fig. 8a and c, both membranes show an

approximately uniform surface with a granular morphology.
Comparing Fig. 8b and d, shows the thickness of the TS
membrane is a little more than that of the PT membrane in the
same preparation conditions.

3.2.1.2. TEM. TEM micrographs of the PT and TS mem-
branes are shown in Fig. 9.
As revealed by TEM micrographs, both membranes consist

of large particles that are agglomerations of smaller particles in
nanometer scale. It can be seen that the grain size of the TS
membrane is clearly smaller than that of the PT membrane.
The grain size of the TS composite membrane is estimated at



Table 4
Structural characteristics of the PT and TS samples.

SBET (m2/g)a Vp (cm3/g)b DBJH (nm)c rp,peak (nm)d

PT 32.80 0.067 8.17 3.55
TS 99.14 0.097 3.94 1.88

aSpecific surface area.
bTotal pore volume.
cPore diameter determined from the adsorption branch using the Barret–Joyner–Halende (BJH) model.
dPore radius in peak of BJH curve.

Fig. 8. FESEM micrographs of the surface and the cross–section of the (a and b) PT and (c and d) TS membranes.
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about 10 nm that is in agreement with XRD results. Based on
TEM image, the amorphous silica dopant in TiO2 matrix could
not be distinguished at this magnification. On the basis of our
knowledge, the distinction of amorphous silica dopant in
crystalline TiO2 matrix (low silica content) is not reported.

3.2.1.3. AFM. Fig. 10 shows AFM micrographs of the
surface morphology of the PT and TS membranes.

As revealed by AFM micrographs, the top layers of both
membranes show pores in the range of 20–200 nm that are
categorized in UF membranes group according to IUPAC. Also,
from the AFM images it is seen that the TS membrane consists of
smaller particles compared to the PT membrane. Also, the surface
plot reveals that roughness of the TS membrane is clearly more
than that of the PT membrane. The higher surface roughness
allows a good ability to absorb photons for photocatalytic activity
[9]. In fact, such a surface not only enables the adsorption of a
greater number of pollutant molecules but also creates a rough
environment where multiple light reflection occurs, thus con-
siderably increasing the amount of absorbed photons [7].



Fig. 9. TEM micrographs of the unsupported (a) PT and (b) TS membranes.
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3.2.2. Photocatalytic properties
Photocatalytic activity of the PT and TS mesoporous

membranes was determined by the absorbance change of
MO feed solution under UV radiation after 60 min as shown
in Fig. 11.

\By using Eq. (1), the MO removal efficiency of the PT and TS
membranes was determined to be 21% and 63%, respectively.

It is well known that the photocatalytic activity of titania is
greatly influenced by its crystal structure, grain size, surface
area and surface hydroxyl content [15,16]. When silica is
introduced to titania membrane, the prepared composite
membrane may be different from titania membrane in both
physical and chemical characteristics. These changes influence
on the photocatalytic activity of the TS composite membrane
compared to PT membrane. The results show that the photo-
catalytic activity of the TS membrane is more than that of the
PT membrane. The increased photocatalytic activity can be
attributed to the following factors. Firstly, when silica is added
to the titania membrane, the grain size of titania drastically
decreases (from 23.8 to 9.6 nm) and specific surface area
obviously increases (from 32.8 to 99.14 m2/g). The decrease in
the crystallite size probably results in a larger driving force for
charge transfer existing in a quantum-sized titania in the
composite membrane. The increasing of surface area probably
causes a higher adsorption toward organic contaminants. Also,
the increase in surface hydroxyl content traps more holes in the
valence band and thus prevents electron–hole recombination
[42]. These factors enhance the photocatalytic activity of TS
composite membranes. Therefore, though the TS composite
membrane contains an amount of silica (which is a kind of
insulator and has no photocatalytic activity), the photocatalytic
activity of the composite membrane is still higher than that of
the PT membrane. It can be concluded that a small amount of
silica in the TS composite membrane plays a significant role in
increasing photocatalytic activity.

Also, it seems that the higher roughness of the TS
membrane (according to the AFM results in Fig. 10) allows
a better ability to capture the incident photon energy since a
larger surface extension facilitates the photo-degradation
process. In fact, this surface not only enables the adsorption
of a greater number of pollutant molecules but also creates a
rough environment that causes a multiple light reflection and
thus increases the amount of absorbed photons for photo-
degradation process [9].

3.2.3. Permeation experiments
Separation performance of the nanostructured PT and TS

membranes was evaluated via direct measurement of MO
concentration in the permeate solution under 5 bar pressure.
MO absorbance curves of the feed and the permeate solutions
are depicted in Fig. 12.
MO concentration in the solutions was determined using

calibration curve of MO (absorbance values of MO in 465 nm
wavelength) as presented in Fig. 13.
The MO removal efficiency was determined to be 51% for

the PT membrane and 60% for the TS membrane. The higher
removal efficiency can be attributed to the smaller pores of the
TS composite membrane according to BET analysis.
By coupling physical separation process with photocatalytic

technique, the MO removal efficiency was remarkably
improved up to 94%, while it was 63% and 60% with
individual photocatalysis and separation techniques, respec-
tively. Fig. 14 compares MO removal efficiency of the PT and
TS mesoporous membranes obtained by the different
techniques.
As observed, the TS mesoporous membrane synthesized in

this work showed a high potential due to its multifunctional
capability consisting of photo-degradiation and physical
separation in water purification processes.

3.2.4. Water permeability
Water permeability of the nanostructured TP and TS

membranes was compared by calculation of permeation flux
under 5 bar pressure using Eq. (2). Based on the results,
permeation flux was determined to be 9.35 L/m2h for the PT
membrane and 8.37 L/m2h for the TS composite membrane.



Fig. 10. AFM micrographs of the surface morphology of the (a) PT and (b) TS membranes.

Fig. 11. Absorbance curves of MO aqueous solution in the presence of the
PT and TS membrane before and after UV-radiation.

Fig. 12. MO absorbance curves of the feed and the permeate solutions.
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This reduction can be attributed to the smaller pore size and the
higher thickness of the TS membrane. Also, the permeate of
PT and TS membranes was determined to be 103.8 and
92.9 mol bar�1m�2h�1, respectively.

4. Conclusion

The nanostructured titania–silica membrane containing 5% silica
was prepared by sol–gel method with simultaneous photocatalytic
and physical separation capabilities for water purification. On the
basis of results, silica addition to the titania membrane delays the
phase transformation from anatase to rutile and inhibits grain
growth of anatase. The resulting composite membrane was
detected mesoporous, with the mean pore size of 3.94 nm, the
crystallite size of 9.6 nm and the maximum BET surface area of
99.14 m2/g. The removal efficiency of methyl orange using the
pure titania membrane was determined to be 21% that increased up
to 63% using the titania–silica membrane after 60 min UV-
irradiation. The methyl orange separation performance was deter-
mined to be 51% for the pure titania membrane and up to 60% for
the titania–silica composite membrane. By coupling membrane
separation process with photocatalytic technique, the methyl orange
removal efficiency of the titania–silica composite membrane was



Fig. 13. Calibration curve of MO in 465 nm wavelength.

Fig. 14. MO removal efficiency of the PT and TS mesoporous membranes by
the different techniques.
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improved up to 94%. In present research, the synthesized titania–
silica membrane showed a great potential in developing high
efficient water treatment due to its multifunctional capability such
as photo-degradation and physical separation.
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