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bstract

mesoporous photocatalytic titania (TiO2) membrane on alumina support is successfully fabricated via the sol–gel processing method. Several
echniques such as dynamic light scattering, X-ray diffraction (XRD), TGA, N2-sorption, and SEM are utilized to investigate the optimized
rocessing parameters and their influence on the final properties of the developed membrane. The prepared titania sol containing organic additives
HPC and PVA) has an average particle size of 55.6 nm with a narrow distribution. The resulting TiO2 membrane with thickness of 1 �m exhibits
omogeneity with no cracks or pinholes. It also maintains small pore size (4.7 nm), large specific surface area (75 m2/g), and small crystallite size
8.3 nm).

The permeability and photocatalytic properties of the titania membrane were measured. The permeability coefficient of the fabricated membrane

s 30.09 cm3 min−1 bar−1 cm−2. These measurements indicate an optimum processing condition for the preparation of the membrane. The prepared
itania membrane has a great potential in developing high efficient water treatment and reuse systems because of its multifunctional capability such
s decomposition of organic pollutants and physical separation of contaminants.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Membranes play an important role in the separation technol-
gy, because membrane based separations are energy efficient
nd cost effective when optimized.1 They represent promising
lternatives to conventional water and waste water treatment
rocesses. Among various types of membranes, ceramic mem-
ranes are widely used due to their numerous advantages, such as
igh temperature stability, high pressure resistance, good chem-
cal stability, high mechanical resistance, long life and good
nti-fouling properties.2,3

Researchers have explored various membrane preparation

echniques such as state-particle-sintering,4,5 sol–gel,6,7 anodic
xidation,8,9 chemical vapor deposition10,11 and the reversed
icelle method.12,13 Among the various techniques, the sol–gel
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hotocatalytic activity

echnique is considered to be one of the most practical meth-
ds for producing ceramic membranes, since it appears to be
ery precise, cost efficient and thus industrially a very effective
echnique.14,15

Alumina, titania and zirconia are considered as the most
ommon porous ceramic membrane materials. Among ceramic
embranes, TiO2 photocatalysts have gained tremendous pop-

larity, since a membrane skin layer composed of TiO2 material
as high water flux and chemical resistance, allows very small
olecules and water to penetrate the membrane pores and its

hotocatalytic activity provides decomposition of toxic com-
onents in water.16,17 The potential applications of titania
embranes are numerous in the ultrafiltration process and

n the catalytic/photocatalytic membrane reactor systems for
iquid and gas separations.18–20 During the photocatalytic pro-
ess illuminated semiconductor absorbs light and generates

ctive species, which leads to complete oxidation of organic
omponents.21

The purpose of this investigation is to prepare a crack-free
esoporous titania membrane with desirable permeability and
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hotocatalytic properties using a sol–gel method. In this research
everal techniques are utilized to investigate the optimum pro-
essing conditions for the preparation of TiO2 colloidal sol, layer
eposition, and drying and calcination of the layer. Furthermore,
his investigation examines the permeability and the photocat-
lytic properties of the prepared titania membrane. The precisely
ontrolled fabrication procedure makes it possible to develop
nanostructured membrane with tailor-designed structure and
ultifunctional properties.

. Experimental methods

.1. Membrane preparation

In this section, the experimental procedures for the prepara-
ion of the alumina support and the titania layer are described
horoughly.

To prepare the support, Al2O3 granulate powder (KMS-92,
artinswerk) was shaped into a disk of 15 mm in diameter and
mm in thickness using a uniaxial press. The disks were pressed
nder the pressure of 31 Mpa. The sintering process was then
erformed at 1350 ◦C for 1 h.

The method used to prepare the titania colloidal sol and
onsequently to prepare the membrane layer, was the sol–gel
echnique. TiO2 sol was obtained by hydrolysis of tetra isopropyl
rthotitanate (Ti(OC3H7)4) (Merck, 821895) via the addition of
n excess H2O ([H2O]/[Ti] > 4). A solution of tetra isopropyl
rthotitanate in isopropanol (Merck, 109634) was added drop-
ise to a solution of water in isopropanol while stirring at high

peed. The hydrolysis product was filtered and then washed
ith water to remove the alcohol. The washed filtrate was re-
ispersed in water to have Ti concentration of 5 × 10−4 mol/cm3.
he mixture was then electrostatically stabilized by HNO3 and

hen was peptized at 50 ◦C for 1.5 h to create a stable titania sol.
he sol was treated ultrasonically for 2 h to break the weakly
gglomerated particles. Finally a stable semi-opaque titania sol
as obtained through this processing method.
A solution of hydroxypropyl cellulose (HPC, Aldrich,

35007) with an average molecular weight of 80,000
0.35 g/100 ml H2O) and polyvinyl alcohol (PVA, Acros,
21038) with molecular weight of 88,000 (0.1 g/100 ml H2O)
ere added to the sol as binders before coating the alumina sup-
ort. The layer was formed by dip-coating the support in the
repared sol. The unsupported gel layer was also produced by
ouring the prepared sol in a petri-dish.

The obtained gel layers were dried at room temperature for
4 h for both supported and unsupported layers. The drying pro-
ess was continued in air for 1 h at 30 ◦C followed by 3 h at 40 ◦C.
he membrane was subsequently calcined for 1 h at 450 ◦C by
eating rate of 10 ◦C/h.

.2. Characterization
The support porosity was measured by Archimedes method
ccording to the ASTM 373-88 standard. The mechanical
trength of the support was measured by SANTAM, STM-400
ccording to three-point bend test.

s
i

3

eramic Society 29 (2009) 629–635

The particle size distribution of the sol was determined via the
ynamic light scattering technique (Malvern, UK, 3000HSA).
GA technique was used in order to determine the burn out tem-
erature of the organic additives and to examine the calcination
onditions. The crystal structure and the phase transformation
f the membrane layer during calcination process were identi-
ed using X-ray diffraction technique with Cu K� wavelength
XRD, Jeol8000diffractometer). N2-sorption measurement was
erformed (Micrometrics, Gemini 2375V4.02) to determine the
ET surface area and the pore size of the unsupported tita-
ia layer. The membrane thickness, the surface quality of the
ayer, and the presence of any possible defect or crack on the
ayer were examined using the scanning electron microscope
PhillipsXL30).

.3. Photocatalytic activity of the titania membrane

The photocatalytic activity of the prepared titania membrane
as evaluated from the photocatalytic degradation of methyl
range in an aqueous solution. For this measurement, tita-
ia membrane was placed on a petri-box containing 30 ml of
mg l−1 aqueous solution of methyl orange. The membrane
as then irradiated by a UV source (125 W, emission spec-

rum range of 360–415 nm) which has the maximum intensity
f 370 nm (i.e. close to the anatase band gap). To measure the
ethyl orange concentration, the UV–visible spectrophotome-

er was used at the wavelength of 464 nm, which corresponds to
he maximum adsorption of methyl orange. The change in the
oncentration of methyl orange was measured in presence of the
itania membrane as a function of time.

.4. Permeability of the membrane

The permeability of the prepared titania membrane was
xamined with a home-fabricated membrane chamber with

dead-end filtration type fitting the size and shape of the
upport.22 This system has been established based on the ASTM
316 standard. The permeability of the membrane was deter-
ined by direct measurement of nitrogen permeate flow at 25 ◦C

t trans-membrane pressure (TMP) from 0 to 3 bar.

. Results and discussion

.1. Support

Phase analysis of the alumina support after sintering shows
hat it only consists of �-Al2O3. We chose �-Al2O3 as a sup-
ort material because it has a high chemical stability in strong
cidic and basic environments.23 In addition, since �-Al2O3 is
repared by sintering of Al2O3 powder, the support pore size
ould be large enough to build a pore size gradient from the

upport through the membrane layer. The gradient in the pore

ize effectively prevents early clogging of the membrane during
ts performance.

The mechanical strength of the support was measured to be
3 MPa according to the three-point bend test, which shows the
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ig. 1. SEM surface image of �-Al2O3 support, sintered at 1350 ◦C for 1 h,
ndicating a high porosity level in the support.

embrane to be highly reinforced by the alumina support. The
easurements show the porosity of the support to be 38 per

ent which is in agreement with its porous microstructure in
ig. 1.

.2. Titania sol

The optimum experimental conditions for the sol synthesis
re shown in Table 1. A suspension of nanometer-sized parti-
les was obtained by reacting the precursor with a large excess

f water. The concentration of water to Ti was kept at an opti-
um ratio (as shown in Table 1) to have a controlled hydrolysis

eaction and to get smaller nanometer-sized particles.

able 1
ptimum conditions for the preparation of stable titania colloidal sol

ype of the sol Colloidal
H2O]/[Ti] 20
H+]/[Ti] 0.5
H 1
emperature (◦C) 50

Fig. 2. The effect of pH on the sol particle size. (a) pH 1 and (b) pH < 1.
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As Table 1 shows the sol optimum pH is equal to 1. Fig. 2
hows the effect of pH on the sol particle size. Graph (b) in
his figure shows that at pH levels lower than 1, particle size
istribution is too wide and the mean particle size is 245.4 nm.
n the other hand, graph (a) in this figure shows that maintaining

n optimum pH of 1 results in the formation of a stable and
eflocculated sol with smaller nanometer-sized particles. At pH
evel of 1, sol consists of particles with a mean size of 55.6 nm
nd a minimum size of 19.7 nm. The figure also shows the sol
article size distribution to be narrow enough to result in a titania
embrane with optimum properties. Although smaller particle

ize is more desirable to obtain enhanced membrane properties,
t is not possible to stabilize particles for any small size required.
s an example, in the case of TiO2, the barrier for the particle size

s approximately 10 nm.24 In our experiment due to the presence
f relatively large particles, the sol is semi-transparent. It should
e noted that after the peptization process, the use of ultrasonic
nergy resulted in a narrow particle size distribution as well as
smaller particle size.

As discussed earlier in the experimental methods, hydrox-
propyl cellulose (HPC) in combination with polyvinyl alcohol
PVA) was added to the sol before layer deposition. We observed
hat using PVA as a single additive causes flocculation of the
itania sol, but in combination with HPC no flocculation occurs.
PC hinders the interaction between PVA and titania and there-

ore can prevent flocculation of the sol. Such additives have also
een shown to adjust the viscosity of the sol, lower the sol sur-
ace tension and increase the strength of the unfired membrane
ayer.25,26 Due to increased strength in the presence of HPC and
VA additives, the crack formation probability during the drying
nd calcination processes will be much lower.

Attempts to physically remove the titania layer from the alu-
ina support suggest that the bond between the membrane and

he support is adequate. This is because of the layer forming
echanism. In this research the layer forming mechanism is slip

asting, because this mechanism exploits the capillary pressure
xerted by the pores of the support which pulls the sol parti-
les tightly onto the surface. One of the important advantages
f the slip-casting process is that it leads to excellent adher-
nce between the layer and the support. This unique property
akes the membrane suitable for applications in which high

ack pressures are exerted on the layer. A homogenized structure
an already be achieved during layer formation by slip-casting
echanism.27

It was observed that heating rate during the calcination step
s also very important in producing a crack-free membrane. A
ontrolled heating rate during the calcination step reduces the
tresses originating from the burn out of the organic additives,
he unequal thermal expansion coefficient of the support and
he layer and also the layer shrinkage. In titania membranes,
ecause of the spherically shaped titania particles, relaxation of
he stresses that develop in the structure during drying and calci-
ation steps, cannot easily take place. Therefore the heating rate

hould be slow enough to prevent cracking of the membrane.27

s a result, one of the essential factors that prevents cracking of
he membrane is to control the heating rate during the calcination
rocess.
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Fig. 3. XRD patterns of titania powder, calcined for 1 h at 60, 450, 550, 600,
800 ◦C. A: anatase peak and R: rutile peak.

Fig. 4. N2-sorption hysteresis for the mesoporous layer, calcined at 450 ◦C for
1 h.

Table 2
BET surface area and pore size of the titania unsupported membrane, calcined
at 450 ◦C for 1 h

Type of material Titania layer
Specific surface area (m2/g) 75
P
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Fig. 5. SEM cross-section image of the titania
ore size (nm) 4.7

.3. Titania membrane

.3.1. Structural properties
According to the thermogravimetric results, the volatile mate-

ials in the layer such as nitric acid, the solvent and the organic
dditives are fully burned out below 400 ◦C.

Various values have been reported for the phase trans-
ormation temperature of titania in the literature.28–30 The
nconsistencies reported for the phase transformation temper-
ture of titania clearly demand further investigations in order to
chieve a better understanding of the effect of temperature along
ith other affecting parameters on the phase transformation of

itania systems.
Fig. 3 shows the XRD patterns of the titania powder as a

unction of calcination temperature. According to this graph,
t 450 ◦C titania is fully crystalline and is only in the anatase
orm. This figure also shows that the anatase to rutile phase
ransformation occurs at 550 ◦C. A few factors should be consid-
red to select an optimum calcination temperature for the titania
ayer. First, the organic additives should be completely removed,
nd titania should remain crystalline with a minimal crystallite
ize. Moreover, titania should remain only in the anatase form
fter calcination. Considering the above factors, XRD in com-
ination with TGA results show the optimum calcination time
nd temperature for the titania membrane to be 1 h and 450 ◦C,
espectively. The low calcination temperature of titania makes it
ossible to prepare membranes with reduced pore and crystallite
izes.

According to the Scherer’s equation31 at peak (1 0 1), the
rystallite size of titania, calcined for 1 h at 450 ◦C was deter-
ined to be 8.3 nm. The optimum crystallite size for anatase in

rder to get the highest possible photoactivity is in the range

–10 nm.32 This range provides the best photoactivity for the
embrane which will be discussed later in Section 3.3.3 of this

aper (the photocatalytic properties of the membrane).

membrane, calcined at 450 ◦C for 1 h.
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Table 3
Photocatalytic properties of the prepared titania membrane, calcined at 450 ◦C
for 1 h

Type of the titania membrane Membrane with one
colloidal layer

Decomposition after 3 h UV
radiation (per cent)

15.8

Decomposition after 6 h UV
radiation (per cent)

20
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ig. 6. SEM cross-section image of the rough titania layer, calcined at 450 ◦C
or 1 h.

Table 2 shows the results of N2-sorption measurements. This
echnique was performed to determine specific surface area
nd pore size of the unsupported membrane. The specific sur-
ace area and the pore size were measured 75 m2/g and 4.7 nm,
espectively. Fig. 4 shows the N2-sorption hysteresis of the mem-
rane which is in agreement with the measured pore size. It
hows that the prepared membrane is mesoporous.33 The spe-
ific surface area measurement was based on the BET model
nd the pore size was characterized based on the assumption of
ylindrical pores.34–36

.3.2. Microstructure
Fig. 5 shows the SEM cross-section images of the prepared

itania membrane. As the figure shows the thickness of the titania
ayer is about 1 �m. This figure also shows formation of a smooth
nd crack-free titania layer on top of the alumina support.

Figs. 6 and 7 show the effect of thickness on the surface
uality and roughness of the layer. The layer tends to become
ough and defective, when the layer thickness is smaller than the
ptimum thickness (Fig. 6). In contrast, when the layer thick-
ess is larger than its optimum size, the layer is more likely to

rack during the drying and calcination processes (Fig. 7). Our
tudies show that the optimum thickness is 1 �m that provides a
niform and crack-free layer (Fig. 5). Furthermore, an optimum
ayer thickness can increase the photocatalytic properties of the

a
i

d

Fig. 7. SEM cross-section image of the cracked
ecomposition after 9 h UV
radiation (per cent)

27.1

embrane, which will be discussed later in the photocatalytic
roperties of the membrane (Section 3.3.3).

Our observations show that the layer thickness increases with
ncreasing the sol concentration and the dipping time. It was
lso observed that the dipping time of 30 s is necessary to form
defect-free titania layer.

The stresses generated during the anatase to rutile phase
ransformation can cause severe cracking of the membrane.
ccording to Fig. 3, in this study the anatase to rutile phase

ransformation was inhibited by selecting an optimum calcina-
ion temperature of 450 ◦C. Therefore, the cracks in Fig. 7 are
aused due to the high levels of stress generated only by the
arge layer thickness (2 �m).

.3.3. Photocatalytic properties
Table 3 shows the photocatalytic properties of the prepared

itania membrane. This table shows that the degradation of
ethyl orange is highly affected by UV radiation time. As

iscussed earlier in the experimental chapter, a small-sized
embrane with a diameter of 15 mm has been chosen for this

nvestigation. As a result the contact surface between the mem-
rane and the solution is small. In spite of the fact that the
embrane maintains a relatively small surface contact with the

olution, the photocatalytic test indicates that the degradation
f methyl orange is desirable. Therefore the TiO2 photocatalyst
mmobilized onto a thin membrane has a high photocatalytic
ctivity per unit mass of the catalyst. This high photocatalytic

ctivity also points to the precise processing conditions in this
nvestigation.

For comparison, the methyl orange solution was also irra-
iated in the absence of photocatalyst to examine its stability.

titania layer, calcined at 450 ◦C for 1 h.
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for microfiltration and as a support for ultrafiltration and gas separation
Fig. 8. Permeability of the membrane, (a) support (b) support and layer.

n this case, the results verify that the organic compound is not
ecomposed even after long UV irradiation time.

In our study, we observed that the calcination time and tem-
erature strongly affect the photocatalytic properties of the
embrane. Increasing the calcination time and temperature

auses an increase in the particle size and a decrease in the spe-
ific surface area and the crystallite size. They can also increase
he amount of rutile phase present in the titania layer which
owers the photocatalytic activity.37,38

A high specific surface area can reduce volume electron–hole
ecombinations and can increase the number of active sites on
he surface of the photocatalyst. An increase in the number of
ctive sites on the surface of the photocatalyst clearly leads to
faster rate for electron–hole reactions with the surrounding

ubstrate. As a result, the photoactivity of the photocatalyst is
nhanced by increasing the specific surface area of the photocat-
lyst. It should be noted that the photocatalytic efficiency of the
embrane does not increase monotonically with increasing the

urface area. This is due to the fact that the surface recombination
f charge carriers becomes an important process in the photo-
atalytic reactions in the ultrafine particles.39,40 Therefore, the
esults of this investigation show that the photocatalytic activity
f titania is strongly dependent on its phase structure, crystallite
ize, and specific surface area.

We also observed that the membrane thickness affects its pho-
ocatalytic properties. Increasing the film thickness can bring
etter results with respect to the adsorption capacity and the
hotocatalytic activity of the film. However, it also increases the
reparation time and the fabrication cost. Increasing the layer
hickness correlates with the amount of photocatalyst immo-
ilized on the support and thus the amount of methyl orange
bsorbed onto the photocatalyst.1 But considering Fig. 7 which
hows cracks because of the high layer thickness, it is obvious
hat the membrane must have its optimum thickness.

.3.4. Permeability
Permeability of the membrane was measured to evaluate
he integrity and the properties of the membrane, as shown in
ig. 8. Graph (a) of this figure clearly shows that the support
as a high permeability. On the other hand, the permeabil-
ty of the membrane with a thickness of 1 �m exhibited a
eramic Society 29 (2009) 629–635

onsiderable decrease, compared to the alumina support. This
xperiment shows a decrease in the permeability coefficient from
2.61 (cm3 min−1 bar−1 cm−2) for the alumina support to 30.09
cm3 min−1 bar−1 cm−2) for the titania membrane. The lower
ermeability of the membrane is explained by its small pore size.
he horizontal part in graph b of Fig. 8 reveals the significant
ontribution of the Knudsen diffusion. Knudsen diffusion plays
n important role in a mesoporous membrane with a small pore
ize. In this region the membrane permeability is independent of
he applied pressure.41 Therefore, this Knudsen diffusion clearly
onfirms the hysteresis in Fig. 4. These measurements exhibited
hat increasing the layer thickness via multi-coating procedure
an decrease the permeability and increase the possibility for
rack formation.1

. Conclusion

A crack-free nanostructured titania membrane was success-
ully fabricated via the sol–gel process. The controlled synthesis
oute resulted in a membrane with promising structural proper-
ies such as homogeneity, large surface area (75 m2/g), and small
ore size (4.7 nm). This synthesis process also led to desirable
hotocatalytic properties such as active anatase phase, small
rystallite size (8.3 nm), and high material crystallinity. This
tudy also indicated that the membrane thickness, and its calci-
ation time and temperature strongly affect the photocatalytic
ctivity of the membrane.

In the single-coating procedure via a sol with optimum con-
entration and properties, the preparation time and cost were
educed without sacrificing the membrane permeability and
hotocatalytic activity. The prepared photocatalytic membrane
ith optimum thickness of 1 �m has great implication for envi-

onmental applications due to its simultaneous photocatalytic,
isinfection, and separation functions.

We are currently investigating the methods to improve the
eparation function and photocatalytic activity of the titania
embrane without decreasing its permeability. This sol–gel
ethod is useful for the preparation of nanostructured titania
embranes with high photocatalytic activity and desirable per-
eability.
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