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Abstract

Nanostructured TiO,/ZrO, composite membranes with varying compositions were obtained by sol-gel technique. The influ-
ence of 0-30 mol% zirconia doping on microstructure, water permeability, photocatalytic and physical separation properties,
removal of methyl violet of textile industries wastewater and thermal and mechanical stability of titania/zirconia composite
membranes was described. Firstly, alumina supports were coated with TiO, intermediate layers using the colloidal sol—gel
route. The TiO,/ZrO, composite sols were prepared via a polymeric sol-gel method and dip-coated on TiO, intermediate
layer. The samples were characterized by DLS, TG-DTA, XRD, FTIR, BET-BJH, UV-visible, SEM, TEM and AFM. It was
shown that zirconia retards the phase transformation of anatase to rutile until at least 700 °C. The minimum pore size and
maximum surface area obtained were 1.2 nm and 153 m%/g, respectively, attributed to the sample with 20 mol% zirconia.
The mechanical strength of titania membranes was significantly improved by addition of zirconia. The most methyl violet
removal efficiency obtained, with and without UV-irradiation, is 80.8 and 72.6%, respectively, attributed to the sample with
20 mol% zirconia.

Keywords Titania/zirconia membrane - Sol-gel method - Photocatalytic - Physical separation

Introduction petrochemical, pharmaceutical and food industries, where

high pressure, high temperature and chemically harsh opera-

Recently the development of efficient and environmentalist
methods to wastewater treatment from water has become
of fundamental importance, since pollution is increasing
drastically. Recent advances in nanotechnology suggest that
many of the issues involving water quality could be resolved
or mostly improved using nanoparticles, nanofiltration or
other products resulting from the development of nano-
technology [1, 2]. Ceramic membranes are currently being
considered due to their potential applications in chemical,
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tion conditions are often faced. Recently, nanostructure tita-
nia membranes have received considerable attention because
of their unique characteristics including semiconductance,
high water flux, photocatalysis and chemical resistance com-
pared to other membranes such as y-alumina, silica and zir-
conia [3-5]. The potential applications of titania membranes
include ultrafiltration processes and catalytic/photocatalytic
membrane reactor systems for liquid and gas separations [6,
7]. The current limitation to practical application of titania-
based membranes is due to the limited success that was met
in producing crack-free layers, and the reduction of poros-
ity and surface area by the sol-gel procedure which is the
result of a partial kinetic anatase-to-rutile phase transfor-
mation occurringin titania upon calcination of the layer at
temperatures of ~350 °C or higher. The phase transforma-
tion occurs by coalescence of small anatase particles into
larger rutile grains, and is accompanied by notable grain and
pore growth. However, a minimum calcination temperature
of 450 °C is required to obtain well-defined, mechanically
stable layers [8, 9]. Because of desirable application of the
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membrane at high temperature in many separation and/or
reaction processes, thermal stability is also important. Being
considered thermally stable at a specific temperature for a
membrane means that its characteristics including mechani-
cal strength, phase structure, especially the pore structure
remain unchanged or have a negligible change at that tem-
perature for a period of time analogous to practical applica-
tions [10]. However, the anatase-to-rutile phase transforma-
tion of pure titania occurs at about 350 °C [11]. On the other
hand, the phase transformation from anatase (A) to rutile
(R) will introduce a volume change of approximately 8%,
which should be strictly avoided because it would induce
film cracking in the formed membranes [12, 13]. There are
two main approaches to avoid phase transformation [8]:
(a) direct synthesis of rutile-phase titania, or (b) retarding
phase transformation (and accompanying grain growth) to
a temperature above the normal calcination temperature.
Although the first approach can be a fast and effective way
towards crack-free layer formation, the minimum grain size
of the rutile phase is ~50 nm, which leads to the forma-
tion of a mesoporous membrane with ~20 nm pore size
[14]. In other words, the anatase grain size, and therefore,
pore size can be much smaller, which is desired for many
applications. According to the second approach mentioned
above, many dopants have been recognized that can inhibit
the anatase—rutile phase transformation of titania [15-22].
The most widely used and efficient dopants are alumina and
silica. Nevertheless, only a few authors mentioned one of the
important disadvantages of these composite systems, which
is the considerable decrease of chemical stability in harsh
acidic or alkaline media [22]. Van Gestel et al. [19] illus-
trated that the alumina phase of a titania/alumina composite
dissolved in harsh environments (pH <3 or pH > 11), which
led to a collapse of the pore structure. In this regard, zirco-
nia has been found to be more appropriate due to its useful
influence on both thermal and chemical stability [19-21]. To
determine the required primary range of zirconia loading we
used of zirconia—titania dual-phase diagram (considering the
amount of solid solution).

The aim of this work is the preparation of TiO,/ZrO,
composite membranes for removal of methyl violet (MV)
of textile industries wastewater. Methyl violet is a family of
organic compounds that are mainly used as dyes. Depending
on the number of attached methyl groups, the color of the
dye can be altered. Its main use is as a purple dye for textiles
and to give deep violet colors in paint and ink. Methyl violet
10B is also known as crystal violet (and many other names)
and has medical uses. In the present study zirconia doping is
utilized to stabilize the anatase phase of titania membranes.
The influence of doping on microstructure, thermal stabil-
ity, photocatalytic, physical separation, as well as mechani-
cal strength and water permeability in a wide interval of
temperature is reported. We expect to obtain smaller pore
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sizes in case of the composite membrane due to the mutual
impediment of ZrO, and TiO, during phase transition and
coarsening processes.

Experimental

Preparation of the polymeric sols and the composite
membranes

Tetraethyl orthotitanate (98%, Aldrich) and zirconium(IV)
n-propoxide (70%, Fluka), which are known as suitable pre-
cursors for the synthesis of TiO, and ZrO, nanostructure
membranes, were applied as precursors. Moreover, nitric
acid (65% solution, Merck) was applied as acid catalyst to
promote the formation of polymeric sols. A given amount
of a water (0.14 cc)/nitric acid (1 cc) solution was dissolved
in a large volume of ethanol to keep the local concentra-
tion of water low. The resulting solution was added under
vigorous stirring to a titanium tetraethoxide/ethanol solu-
tion after stirring for 15 min. Then it was stirred for 30 min
and refluxed for 1 h producing a clear sol. Composite sols
were obtained in one step by co-hydrolysis of zirconium(IV)
n-propoxide and titanium tetra-ethoxide followed by peptiza-
tion with HNO;. In order to prevent infiltration, alumina sup-
ports were coated with TiO, intermediate layers by applying
the colloidal sol-gel method. Amounts of water, nitric acid,
tetraethyl orthotitanate and zirconium(I'V) n-propoxide used
for preparing of colloidal sol were 0.75, 0.6, 1.75 and 10 cc,
respectively. All samples were immersed in colloidal sol five
times and each time for 30 s and obtained intermediated
layer was dried at 80 °C for 3 h. The TiO,/ZrO, composite
membranes were obtained by the polymeric sol-gel route.
The composition of the top layer is already predefined dur-
ing the preparation of the composite sol via using the cor-
responding quantities of the starting alkoxides (0-30 mol%
Zr-alkoxide/70-100 mol% Ti-alkoxide). Titania/zirconia top
layers were deposited by dip-coating technique (all sam-
ples were immersed in sol 5 times and each time for 30 s)
on rutile titania-coated a-alumina substrates [23, 24]. All
experiments were performed in a dry nitrogen atmosphere
to avoid possible reactions of the alkoxides with water vapor
from ambient air. The layers were dried at 80 °C for 24 h
and sintered with a heating rate of 10 °C/min in air to form
the ceramic phase. The dried membranes were calcined in
different temperatures for 3 h. Unsupported material was
prepared through drying the sol in the air and subsequent
calcinations under similar conditions as supported layers. No
binders were used in order to avoid larger pores during the
sintering process. Regarding the unsupported membranes,
thermal treatment was performed in the temperature interval
from gel to 800 °C. The coated samples were sintered at
500 °C for 3 h. In this paper, the pure titania and titania-(0,
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5, 10, 20 and 30) mol% zirconia are denoted as TZ0 and
TZ5, TZ10, TZ20 and TZ30, respectively (amount of tetra-
ethyl orthotitanate used for all samples was 2.36 cc and
amounts of zirconium(IV) n-propoxide were 0, 0.25, 0.5,
0.75 and 1 cc, respectively).

Characterization methods

Particle size distribution of the prepared TZ0 and TZ20
polymeric sols was determined by dynamic light scattering
technique (DLS, Malvern Instruments Ltd.).Crystallization
behavior and phase transition of support and unsupport
membranes were investigated by X-ray diffraction using a
powder diffractometer (XRD, Philips) with Cu Ka radia-
tion. Thermal properties of the dried gels were character-
ized by thermogravimetry and differential thermal analysis
(L60H1550 and STA 1460) in a nitrogen flow with a heating
rate of 5 °C/min up to 900 °C. Fourier transform infrared
spectroscopy (Bruker, ALPHA, Germany) was performed
to investigate structural and specific molecule-groups infor-
mation. The pore size distribution was determined from N,
adsorption—desorption measurements (BEL Japan) using
unsupported membranes. The specific surface area was cal-
culated from the BET equation. The morphology, thickness
and quality of the support and unsupported membranes were
characterized by scanning electron microscopy (Phillips
XL30) and transmission electron microscopy (TEM, EM
208, Philips) with an accelerating voltage of 30-100 kV,
respectively. Surface morphology and topography of the pre-
pared membranes was evaluated by atomic force microscopy
(AFM, Dual Scope C-26, DME). The diffusive reflectance
spectra (DRS) of the samples were recorded by a UV—vis-
ible spectrophotometer (Shimadzu, UV-2600) using BaSO,
as a reference in the region from 250 to 750 nm. The water
permeability, organic retention, MV removal efficiency and
physical separation of membranes were measured with a
dead-end home-fabricated membrane chamber according
to Fig. 1. Pure water was pressurized with a nitrogen gas at
transmembrane pressures (TMPs) from 0 to 8 kg/cm2 and
the permeate water flux were measured at room temperature
using Eq. (1):

J=AV/AAs, (D)
where V is the volume of permeate, A is the membrane
active area and ¢ is the filtration time. Instead of pure
water, 200 mg/L of PEG (Fluka) solutions with different
molecular weights were pressurized at a TMP of 2 kg/cm?
to determine the molecular weight cut-off (MWCO) of the
membranes and investigate their integrity. Organic carbon
concentrations in the raw PEG solution and permeate water
were measured using a total organic carbon (TOC) analyzer
(Shimadzu, TOC-V CSH). MWCO curves were constructed
by plotting the rejection of the individual oligomers in the
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Fig. 1 Schematic image of a photocatalytic membrane setup with a
dead-end filtration cell used for filtration experiments
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PEG mixtures against their molecular weight, with the mem-
brane’s MWCO determined as the MW that has a rejection
of 90%. Solute rejection (R) was calculated using Eq. (2):

Rejection, R(%) = (1 — C,/Cy) X 100, )

where C, and C; are the organic carbon concentration of
permeate and feed, respectively. Also, the photocatalytic
activity of the membranes was measured by the photo-deg-
radation of MV aqueous solution. Initial pollutant concentra-
tion was set at 14 ppm and membranes in this solution were
irradiated by a UV lamp. The MV removal efficiency was
estimated by applying Eq. (2). The MV separation perfor-
mance was investigated under 3 kg/cm? pressure [25].

Results and discussion
Unsupported membranes
Sol and particle size distribution

Particle size distribution of the prepared pure titania and
titania/zirconia polymeric sols measured by DLS analysis
is shown in Fig. 2. As seen, in low Zr dopant content (up
to 20 mol%) the average particle size of sol increased with
adding zirconia concentration. A further increase of zirconia
concentration up to 30 mol% shows a decreasing trend which
can be attributed to the much decrease in titanium percent-
age. This can be explained by the fact that the hydrolysis
rate of tetraethyl orthotitanate is faster than zirconium(IV)
n-propoxide and, therefore, fast tetraethyl orthotitanate
hydrolysis causes bigger sol particles in comparison with
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Fig.2 Changing particle size distribution of the polymeric sols with
Zr doping

zirconium(IV) n-propoxide. It seems that addition of greater
content of zirconium(IV) n-propoxide (>20 mol%) to titania
sol decreases the particle size because of control hydrolysis
rate [26].

SEM and TEM micrographs of the TZ0 and TZ20
unsupported membranes calcinated at 400 °C are shown in
Fig. 3a—d. As revealed by SEM and TEM images, most of
the particles are in the nanometer range and are spherical
in shape and TZ20 samples consist of large particles that

are agglomerations of smaller particles in nanometer scale.
Also, Fig. 3b, d shows that the particles tend to form more
agglomerate together with adding zirconia which is due to
the smaller particle size and increasing surface area. TEM
figures (c and d) show the smaller particle size than SEM
figures (a and b) which is due to the higher resolution of the
TEM microscope and its ability to separate agglomerates.

Surface area and pore structure characteristics

The effects of the amount of Zr doping on the pore structure
of the TiO, samples are shown in Fig. 4a—c, respectively, and
the surface area, pore size, pore volume and porosity data
are summarized in Table 1. When the ZrO,/TiO, materials
with a Zr content below 20 mol% were heated at 400 °C,
the surface area increased to some extent compared to that
of the undoped TiO, samples, and the pore size decreased.
This may be attributed to the presence of a Zr compound
and its suppression of grain growth. When the Zr content
was below 20 mol%, the insufficient doping concentration
of Zr induced slight changes in the microstructure. When the
Zr concentration increased to 20 mol%, the doped Zr*t and
Zr0O, particles also contributed to the increase in the nonpo-
rous composition in the composite microstructure, resulting
in the maximum specific surface area (153 m?/g) and the
minimum pore size (1.2 nm). As the concentration increased

Fig.3 SEM (a, b) and TEM (¢, d) diagrams of TZ0 and TZ20 samples calcined at 500 °C, respectively
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Table 1 Average particle size in

the sol, BET surface area, pore Sample name Particle size (nm) BET sugface Pore size (nm) Pore3 volume  Porosity (%)
size an’d porosity of samf;les at area (m7g) (em7e)
500°C TZ0 1.499 103 271 0.170 30/7

TZ5 1.736 86 1.64 0.083 42/5

TZ10 1.736 74 1.64 0.066 40.0

TZ20 2.010 153 1.21 0.100 60.2

TZ30 1.736 140 1.21 0.096 57.3

to 30 mol%, the specific surface area and pore size gradually
decreased. This may be induced by the presence of a large
quantity of Zr metal, based on the XRD data, which tended
to exist in nonporous media and become a whole, leading
to a decline in the specific surface area. The variation trend
for the pore volume was similar to that for the pore size.
Because a higher pore volume means a higher porosity, the
Zr metal may tend to be part of the TiO, sample and create
large pores [13].

The physisorption isotherm of zirconia-doped titania
was of type IV, similar as for pure titania, but the hysteresis
loop changed from type H2 towards type H3 with increasing

zirconia concentration [27]. An H2 hysteresis loop is a prop-
erty for a mesoporous material including spherical parti-
cles, with a relatively broad pore size distribution and a pore
shape that is often explained as “ink bottle”-type. A change
of the hysteresis loop shape towards H3 type describes that
the mesopore size and shape changes, and an increased level
of microporosity can be observed (see Fig. 4a). The main
factors that can cause narrowing of the hysteresis loop are
increased pore connectivity and/or decreased tortuosity [27,
28]. In terms percolation theory [28] the more highly con-
nected the pore network is, the easier it becomes for vapor-
filled pores to form a spanning cluster, and consequently the
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hysteresis loop will become narrower. High tortuosity values
are normally related to wide hysteresis loops provided that
there is no substantial interference of capillary condensation
metastability effects [29]. Also the point curve (Fig. 4c) con-
firms that TZ20 sample is the turning point of the diagrams
and has a maximum surface area, pore volume and porosity
and minimum pore size.

Thermal stability and phase analysis

Figure 5a—c displays the XRD diagrams of the TiO,—ZrO,
materials with different amounts of Zr doping ranging from
0 to 30 mol% and calcination temperatures ranging from 400
to 800 °C. The main peaks of anatase (101) at 26=25.4°
were clearly shown at 400 °C in all samples (doped and
undoped samples). For the undoped TiO, samples, the
main peaks of anatase (101) at 26 =25.4° and rutile (110)

at 20=27.5° were obviously observed at 600 °C, while no
diffractive peaks of the rutile displayed for the TiO,~ZrO,
samples, which clearly exhibited the suppression effect of
Zr doping on the A — R phase transition. When the sam-
ples were further calcinated at 800 °C, a fingerprint peak
for rutile emerged for the all samples, displaying an inad-
equate Zr concentration for rutile suppression. With the Zr
doping amount increasing to 30 mol%, the anatase—rutile
phase transition temperature was increased to 800 °C. The
main peak of anatase for the TZ30 samples had a low inten-
sity and wide width, indicating a small crystallite size as a
result of Zr doping by limiting TiO, crystal structure forma-
tion [13]. Observing from the size of ions Zr* and Ti*, the
suppression of rutile phase is likely due to substitutional
introduction of Zr* into the TiO, crystal lattice. The sub-
stitutional introduction has caused crystal deformation and
also oxygen deficiency in order to achieve charge balance.
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Fig. 5 XRD patterns of the ZrO,~TiO, samples calcined at a 400 °C, b 600 °C and ¢ 800 °C
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The deformation in the lattice due to large amount of zirco-
nium ion requires higher amount of deformation energy to
be released, which causes the stabilization of anatase—rutile
transformation. Crystalline zirconia was not observed. This
may be explained by the observation of Yang et al. that the
maximum solubility of zirconia in titania at 900 °C is about
7.5 mol% [10, 11]. However, our experiments were per-
formed at temperatures of 400—800 °C, therefore the forma-
tion of a thermodynamically equilibrated solid solution is
not ensured.

Figure 6a, b shows a typical TGA/DTA pattern of
TiO,~ZrO, samples with different amounts of Zr doping
ranging from O to 30 mol% and calcination temperatures
ranging from 0 to 900 °C. The TGA patterns (Fig. 6a) reveal
weight losses occurring in two temperature intervals for all
samples. A sharp weight loss occurred in the temperature
interval 80—180 °C indicating the loss of water and solvent,
followed by slower weight losses of organic substances
in the interval 180—-415 °C. The TGA patterns show that
weight loss increased with doping of zirconia up to 20 mol%
and then strongly decreased when Zr content increases to
30 mol%. The DTA curves shown in Fig. 6b contain infor-
mation about water and solvent evaporation, structural
changes and organic oxidation [30]. The first endother-
mic peak at ~100 °C in the DTA pattern corresponds to
the removal of physisorbed water. A distinctive exothermic
peak at ~ 142 °C may be attributed to the evaporation of
ethoxy and propoxy groups in the form of ethanol and pro-
panol. The heat effect is due to the heats of the hydroly-
sis and condensation reactions (minus the heat of evapo-
ration of ethanol) that irreversibly occur when ethanol is
removed from the polymers. Decomposition of organics and
dehydroxylation happen between 200 and 400 °C. A sharp
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Fig.6 a TG and b DTA curves of the dried polymeric gels
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exothermic peak at 237 °C corresponds to the amorphous-to-
crystalline (anatase) phase transition. The exothermic peaks
at 375427 °C interval correspond to the anatase-to-rutile
transformation. These results show that doping of zirconia
retards anatase-to-rutile transformation that corresponds to
XRD patterns (Fig. 5). The crystallization and anatase-to-
rutile phase transition temperatures recorded by XRD are
higher than that obtained by DTA. This can be ascribed to
the fact that the temperature-programmed DTA experiment
was performed with a heating rate of 5 °C/min, while faster
heating in the XRD apparatus (10 °C/min) led to more sud-
den crystallization at a higher temperature.

Supported membranes

Mechanical stability and morphology of the membrane
layer

Figures 7 and 8 present SEM and AFM micrographs of
surface and cross section of the TZ0 and TZ20 membrane
top layers. As shown in Figs. 7a and 8a, in the absence of
zirconia, mechanically poor layers were formed. Cracking
happened at TZ0 top layer upon deposition, drying and
calcination at 500 °C for 3 h. Most probably the cracks
were induced by capillary forces resulting from solvent
that had penetrated from the titania sol into the underlying
mesoporous layer and anatase-to-rutile transition. The figure
clearly demonstrates that the crack propagates along large
rutile grains that are embedded in the small-grained anatase
microstructure. The mechanical strength at the same calcina-
tion temperature was discovered to be greatly improved by
the addition of zirconia. A uniform, crack-free titania/zirco-
nia layer on a colloidal titaniac—alumina support is shown
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High Tech Lab

High Tech Lab

Fig.7 SEM micrographs of the surface of a TZ0, b TZ20 and ¢ cross section of the TZ20 samples calcined at 500 °C

in Figs. 7b and 8b. The average thickness of TZ20 layer (see
Fig. 7c) is ~4.5 pm.

Liquid permeability

Figure 9a, b shows water permeability and PEG retention of
a-alumina support, a-alumina/rutile titania, c-alumina/rutile
titania/TZ0 and a-alumina/rutile titania/TZ20 membranes at
steady state. A relatively linear relationship between flux and
pressure applied over the membrane exists, which indicates
that the pressure difference is the only driving force for per-
meation (see Fig. 9a). Fluxes of 141 and 1-31 L m?/h were
achieved in the pressure range of 0-6 kg/cm? for a-alumina/
rutile titania/TZ0 and o-alumina/rutile titania/TZ20 mem-
branes, respectively. The molecular weight cut-off (MWCO)
calculated of retention curves (Fig. 9b) TZ0 and TZ20 mem-
branes were 11,000 and 9000 Da, respectively. The MWCO
of the TZ0 and TZ20 membranes, which are equal to a
molecule diameter of approximately 3—4 nm and 2-3 nm,
respectively, are relatively consistent with the pore size dis-
tribution of unsupport membranes (Fig. 4b) [31]. Appar-
ently, the microstructural differences between materials with

@ Springer

different levels of zirconia doping do not have a considerable
influence on liquid permeability PEG retention.

Photocatalytic properties and separation performance

Separation performance of the nanostructured TZ0 and
TZ membranes was determined by direct measurement of
MYV concentration in the permeate solution under 3 kg/
cm? pressure. Concentration of feed MV solution was
13.60 ppm. MV absorbance curves of the feed and the per-
meate solutions are depicted in Fig. 10a. The concentration
of permeate solutions/the MV removal efficiency [by using
Eq. (2)] with TZ0, TZS, TZ10, TZ20 and TZ30 membranes
were determined to be 9.00 ppm/33.8%, 5.51 ppm/59.2%,
4.72 ppm/65.2%, 3.74 ppm/72.6% and 4.23 ppm/68.9%,
respectively. The higher removal efficiency can be attributed
to the smaller pores of the TZ composite membrane accord-
ing to BET analysis according to the BET-BJH results in
Fig. 4.

Photocatalytic activity of the pure titania and tita-
nia—zirconia membranes was determined by the absorb-
ance change of MV feed solution under UV radiation after
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Fig.8 AFM micrographs of
the surface morphology of the
a TZ0 and b TZ20 membranes
calcined at 500 °C
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Fig. 9 a Water permeability and b PEG retention of membranes

50 min as shown in Fig. 10b. The concentration of perme-
ate solutions/the MV removal efficiency with TZ0, TZ5,
TZ10, TZ20 and TZ30 membranes were determined to
be 7.51 ppm/44.5%, 4.25 ppm/68.6%, 3.73 ppm/72.6%,
2.59 ppm/80.8% and 3.04 ppm/77.6%, respectively. It is
well known that the photocatalytic activity of titania is
essentially influenced by its crystal structure, grain size,
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surface area and surface hydroxyl concentration [32, 33].
When zirconia is incorporated into titania membrane, both
chemical and physical characteristics of the composite
membrane maybe different from titania membrane. These
changes have influence on the photocatalytic activity of
the TZ composite membrane in comparison to TZ0 mem-
brane. The results indicate that the photocatalytic activity
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Fig. 10 Absorbance curves of MV solutions a before and b after UV-irradiation and ¢ calibration curve of MV solutions in 584 nm wavelength

of the TZ membranes is more than that of the pure titania
membrane. The increased photocatalytic activity can be
related to the following issues. Firstly, the grain size of
titania strongly decreases and specific surface area clearly
increases, when zirconia is doped to the titania membrane.
The decrease in the crystallite size probably results in a
larger driving force for charge transfer existing in a quan-
tum-sized titania in the mixed membrane. The increas-
ing of surface area probably causes a higher adsorption
toward organic contaminants. Also, the increase in sur-
face hydroxyl content traps more holes in the valence band
and thus prevents electron—hole recombination [34, 35]
which is schematically represented in Fig. 11. These fac-
tors enhance the photocatalytic activity of titania—zirconia
composite membranes. Therefore, though the TZ compos-
ite membrane contains a content of zirconia, the photo-
catalytic activity of the composite membrane is still higher
than that of the TZ0 membrane. It can be concluded that a
small concentration of zirconia in the TZ composite mem-
brane plays an important role in increasing photocatalytic
activity. Also, it seems that the higher roughness of the TZ
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Fig. 11 Schematic of the photocatalytic degradation of methyl violet
dye using TiO,—ZrO, membrane

membrane (according to the AFM results in Fig. 8) 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 adsorp-
tion of a greater number of pollutant molecules, but also
creates a rough environment that causes a multiple light
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reflection and thus increases the amount of absorbed pho-
tons for photo-degradation process [36].

MYV concentration in the solutions was evaluated using
calibration curve of MV (absorbance values of MV in
584 nm wavelength) as shown in Fig. 10c.

Conclusions

Nanostructured Zr-doped titania membranes have been
synthesized via the polymeric sol-gel method. XRD dia-
grams and TEM images indicated that Zr doping inhibited
TiO, grain coarsening and retarded the phase transforma-
tion of anatase to rutile until at least 700 °C. The minimum
pore size and maximum surface area obtained are 1.2 nm
and 153 m%/g, respectively, attributed to the sample with
20 mol% zirconia. The mechanical strength of titania mem-
branes was significantly improved by addition of zirconia.
The most methyl violet removal efficiency obtained, with
and without UV-irradiation, is 80.8 and 72.6%, respectively,
attributed to the sample with 20 mol% zirconia. Water per-
meability was decreased by zirconia doping.
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