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Abstract
Ceramic membranes are more advantageous alternatives especially for harsh working conditions when compared with the
polymeric membranes. The porous multilayer structure of the ceramic membranes (composed of support, intermediate, and
top layers) can be prepared via different oxides. Titania and zirconia, having superior properties, are mainly preferred for the top
layer formation. The separation properties of the membrane are both dependent on pore morphology and surface charge of the
oxide(s) forming the top layer. The effect of surface charge in separation may be very significant in case of filtration of charged
species with relatively lower mass as in the ultrafiltration (UF) and nanofiltration (NF). In this study, unsupported membrane top
layers were prepared with varying titania/zirconia ratios by sol-gel technique. Their surface charges at different pH conditions
after calcination at varying temperatures (400°, 500°, and 600 °C) were determined. The surface charge of the pure titania (full Ti)
top layer was decreasing with the increasing calcination temperature. The highest magnitudes of zeta potential for both acidic and
basic conditions were measured via Zr rich top layer (TiZr2575) at calcination temperatures ≥ 500 °C, which was composed of
anatase, rutile (titania), and tetragonal (zirconia) phases after calcination. The tailor-made top layer can be prepared with
modifications during membrane preparation.
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Introduction

Ceramic membranes possess some superior properties when
compared with their polymeric antecedents. Thermal, chemi-
cal, physical, andmicrobiological durability are some of these,
which enable the utilization of ceramic membranes for various
applications especially in harsh conditions [1–3]. The porous
ceramic membranes can be utilized for filtration with possible
purposes of separation, clarification, concentration, etc.
Especially for concentration/separation processes to handle

heat-sensitive compounds (like proteins, amino acids, etc.)
in the liquid media, the pressure-driven filtration applications
are more advantageous when compared with concentration
processes with heat application (e.g., evaporation). The
pressure-driven liquid filtration processes are grouped with
respect to the size of the material to be separated in the liquid
media. The microfiltration (MF) can be utilized for separation
of microorganisms (mainly bacteria), while ultrafiltration
would be necessary for separation/concentration of smaller
organic materials like proteins. The separation/concentration
of even smaller organic materials like pesticides or amino
acids may be performed via nanofiltration (NF). The removal
of salts can be done through reverse osmosis (RO). The nec-
essary pore size of the porous membrane in pressure-driven
liquid filtration applications is expected to decrease with de-
creasing size of the material to be kept/filtered by the porous
membrane. The porous membranes with varying pore sizes
necessary for different applications (e.g., MF, UF, NF) should
be prepared separately with well-controlled pore sizes and/or
separation characteristics.
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In the preparation of porous ceramic membranes alumina,
silica, zirconia, and titania are widely used [1]. Commercial
porous ceramic membranes are generally multilayered in
structure, mainly composed of an alumina support, an inter-
mediate layer, and a top layer [4]. Considering the multilay-
ered structure of the porous ceramic membranes shown in
Fig. 1, the support is mainly responsible for mechanical dura-
bility of the membrane. It is composed of relatively bigger
particulates partially sintered to have a porous structure. The
intermediate layer (interlayer) is composed of relatively small-
er particles than the ones in the support layer, resulting in a
porous layer with smaller pores than of the support layer.
Above all, there is the top layer (membrane layer) composed
of the tiniest particles and having the finest pores among the
three layers mentioned [4].

Titania or zirconia is especially preferred for the top layer.
Silica is also widely used for top layer formation due to its
remarkable separation/permeation capabilities, but its low du-
rability at harsh conditions (i.e., low thermal, chemical stabil-
ity) force researchers to develop new materials for top layer
formation [5]. There are also some commercial ceramic mem-
branes composed of sole titania (e.g., TAMI Industries—
Filtanium series).

Titania and zirconia are distinguishing among other ceram-
ic materials with their durability at high acidic and basic con-
ditions (pH 1–14) [6]. They are used as additives to increase
the stability properties of other oxides [2]. Therefore, titania
and zirconia are two major oxides especially for applications
in media with harsh conditions. They may be used solely [7]
or in mixed form. When used in mixed form, the crystalliza-
tion temperature was reported to increase [2, 6]. This increase
in the crystallization temperature was reported to be important
to preserve nanoporosity at higher calcination temperatures
[6]. The preservation of the microporous structure for the nec-
essary calcination temperature range [7] may be beneficial for
both membrane applications and other applications like cata-
lytic support preparation. The SEMmicrographs of the unsup-
ported zirconia membranes calcined at different temperatures
show the presence of a network of nanoparticles with sizes

around 15–40 nm for all calcination (Fig. 2). Similar preser-
vation of the zirconia microstructure after calcinations in the
300–600 °C range for 2 h were also reported [8]. The micro-
structure may even be preserved at relatively higher calcina-
tion temperatures when mixed oxides are being calcined (e.g.,
zirconia–titania).

The main factor affecting the total specific surface area was
reported to be the calcination temperature for zirconia, in con-
trast with silica, which was reported as the pH of silica sol
during sol-gel procedure [9].

The porosity of the top layer mainly determines the rejec-
tion capability of the multilayer ceramic membrane (i.e., size
exclusion). The surface characteristics (e.g., zeta potential) of
the membrane top layer become more effective on the rejec-
tion capability of the ceramic membrane with decreasing pore
sizes (i.e., Donnan exclusion). Ceramic membranes gain pos-
itive or negative surface charge with respect to their own char-
acteristics (i.e., amphoteric behavior) and the pH and ion con-
centration of the liquid medium to be filtered. The interaction
of the amphoteric membrane surface and the ionic groups in
the liquid medium affects the permeability flux values as well
as retention values [10, 11]. Shang et al. [11] reported the
phosphate rejection of the titania ceramic membranes with
3 kDa MWCO (molecular weight cutoff) (i.e., with larger
pores) was greater than the 1 kDa MWCO membrane since
the former has a greater negative surface charge. (MWCO
refers to the smallest size of the material to be separated with
a capability of 90%).

Ceramic membranes with fine microporous top layers used
for ultrafiltration (UF) and nanofiltration (NF) applications are
currently commercially available. The ceramic NF membranes
are relatively new in the market. The optimization of the sur-
face characteristics of such ceramic membranes with fine mi-
croporous top layers considering both size exclusion and
Donnan exclusion mechanisms is important for preparation/
selection of the membrane for particular applications.

The ceramic membranes with a tailor-made top layer (a top
layer with which possesses the desired characteristics for a
particular filtration application) will increase the efficiency
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Fig. 1 The possible layers of a
porous ceramic membrane with
asymmetrical structure, a
schematic and b SEM (scanning
electron microscope) micrograph
of the cross-section showing these
layers [4]
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of the filtration in both retention and permeate flux concerns.
In this study, unsupported membranes (top layers) with vary-
ing titania/zirconia content were prepared and investigated for
their physicochemical characteristics (i.e., crystallographic
morphology, surface charge) changing with varying calcina-
tion temperatures.

Experimental

Polymeric titania/zirconia sols were prepared by starting with
alkoxide(s) (titanium propoxide (98%) and/or zirconium
propoxide (70% in propanol)), propanol, and nitric acid, with
molar ratios of 1/15−20/1, respectively. The molar ratios of Ti
and Zr were arranged to be 0–100% and coded TiZr (mol
percentage of Ti) (mol percentage of Zr) (e.g., TiZr 7525).
The sols composed of pure Ti or Zr were coded with "full
Ti" and "full Zr", respectively. The sols were prepared by

addition of nitric acid and a fraction of necessary propanol
on the propanol-alkoxide mixture dropwise as explained in
former works [7, 12].

The particle size distributions of the sols were determined
by using a laser light–scattering instrument (Zetasizer
3000HSA, Malvern, Co., UK). Unsupported uncalcined
membrane layers (which refers to the solely prepared top lay-
er, i.e., without any intermediate layer or support) were
formed by pouring the sol into petri dishes and drying at the
room temperature. Thermo gravimetric analysis (TGA, Perkin
Elmer Diamond) was performed with dried powder for ther-
mal characterization via a heating rate of 10 °C / minute. The
dried powders were calcined at different temperatures, specif-
ically at 400°, 500°, and 600 °C. The heating rate was
3 °C/minute and the samples were kept at target temperature
for 150 min. X-ray diffraction (XRD, Philips Expert Pro) was
used to determine the crystal structure of the unsupported
membranes. A small amount of calcined powders was

Fig. 2 The SEM micrographs of
the zirconia nanoparticles
calcined at a 400°, b 450°, and c
500 °C at two different
magnifications. Through the lens
detector (TLD) was used, applied
voltage was 3 kV for the SEM
analysis. The magnification for
micrographs on the left is ×
100,000, while it is × 50,000 for
the micrographs on the right. The
bar for the micrographs on the left
is showing 200 nm in length, and
500 nm length for the micro-
graphs on the right [7]
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dispersed in potassium chloride solution (10−3 M KCl) with
varying initial pH and zeta potential measurements were per-
formed by using a laser light–scattering electrophoresis mea-
surement instrument (Zetasizer 3000HSA, Malvern, Co.,
UK).

Results and discussion

Sol preparation and characterization

Stable polymeric titania/zirconia sols either in sole or mixed
form were prepared. Their particle size distributions were de-
termined when fresh and after a year-long storage at refriger-
ator (4 °C). The average particle sizes (APS) were a few nano-
meters (< 6 nm), and sols were stable after a year-long storage
as can be seen in Fig. 3. The error bars are indicating the
deviation for consecutive measurements (at least five mea-
surements) for the similar sol was very small. Consolidation,
drying, and appropriate heat treatment of sols with such fine
average particle size and size distribution values form a top
layer with fine microporous structure [1, 2, 6, 13].

Thermal characterization of mixed Ti/Zr unsupported
membranes

The calcination temperature determines the final morpholog-
ical and physicochemical properties of the top layer of the
ceramic composite membrane. Therefore, the thermal charac-
terization of unsupported membranes is an important issue for
preparation of ceramic membranes. The sols were dried,
grounded, and thermally characterized via TGA (thermo
gravimetric analysis) for monitoring the changes during the
heat application. The TGA results for different recipes are
shown in Fig. 4. There is a weight loss region due to the loss
of free solvents (water and/or alcohol) at lower temperatures
(T < 200 °C), followed by removal of bound solvents and
organic residues (NOx groups) at elevated temperatures. For

Zr rich recipes, there is a distinct weight-loss region above
400 °C which may be related to crystallization.

Titania reached the gravimetric stability at around 350 °C
losing ~ 30% of its weight while zirconia reached stability at
around 480 °C losing 45% of its weight, as seen in Fig. 4. The
thermogravimetric stability was achieved at higher tempera-
tures for mixed oxides: 550 °C, 640 °C, and 580 °C for TiZr
7525, TiZr 5050, and TiZr 2575, respectively. The weight
losses were 43%, 53%, and 43% for TiZr 7525, TiZr 5050,
and TiZr 2575, respectively.

The profile for full Zr had three steps of weight loss: room
temperature–250 °C, 250°–400 °C, 400°–480 °C. For Zr rich
mixed oxides, the profile was somehow similar with the
delaying of the weight loss for elevated temperatures. The
boundary values for the weight loss steps in the TGA profiles
changed from 400° to 480 °C and from 400° to 580 °C for
TiZr7525 and TiZr5050, respectively, compared with full Zr.

The TGA profiles of Ti-rich recipes were relatively
smoother. The first step can be considered from room temper-
ature to ~ 200 °C and second from 200° to 340 °C. The bound-
ary values for these steps were slightly different for varying Zr
content. An additional distinct weight loss step was observed
for TiZr2575 at elevated temperatures (from 520° to 640 °C)
with the increasing Zr content.

Two possible reasons can be suggested for the shift in the
TGA curves of ZrTi-mixed oxides. First one is the presence of
interstitial carbon atoms in TiO2 or ZrO2 lattice which origi-
nate from the use of organic Ti or Zr precursors and organic
solvents. Yurtsever and Çiftçioğlu [12] claimed that rare earth
element doping caused a significant decrease in the pore size
of TiO2. In this work, pore sizes in ZrTi mixed oxides may be
lower than that of full Ti or full Zr. The possible presence of
relatively narrower pores in ZrTi mixed oxides may delay the
removal of residual carbonaceous species to higher tempera-
tures than that of full Ti or full Zr. The TGA data in the
considered temperature range (400° to 600 °C) (Fig. 4) is
supporting the idea since the gravitational loss is postponed
to elevated temperatures for mixed oxides. The second reason
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Fig. 3 The average particle sizes
(APS) of fresh sols and after a
year-long storage (error bars indi-
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tive measurements of APS)
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may be the interstitial Zr atoms in the TiO2 lattice or intersti-
tial Ti atoms in ZrO2 lattice. The mixing of Ti and Zr atoms in
the atomic level may cause the formation of mixed oxide
species ZrTiO4 (or ZrxTiyOz) as interactants through the
sintering/phase transformation processes and formation of
these compounds may be delayed by the presence of this
interstitial accommodation. Differential calorimetric measure-
ments in the study of Perez-Hernandez et al. [14] showed that
exothermic peaks shifted towards higher temperatures in ZrTi
oxides compared with that of single oxides indicating phase
transformation retardation. It was also reported that they did
not observe any segregation of ZrxTiyOz phases indicating
high solubility of Ti and Zr in the host oxide. No other phases
than TiO2 or ZrO2 were also detected in the XRD patterns of
ZrTi mixed oxides in the reported work.

Crystallographic characterization of unsupported
Ti/Zr membranes

The dried, ground Ti/Zr powders were heat treated at varying
temperatures: 400°, 500°, and 600 °C for 150 min to prepare
unsupported membranes. The crystal morphologies of these
pure or mixed oxides were determined via XRD (X-ray dif-
fraction, Philips X’PERT PRO) analysis. The samples were all
amorphous before heat treatments.

Full Ti was composed only of anatase phase at 400 °C
while the rutile phase occurred at 500 °C and increased at
600 °C as seen in Fig. 5, which is in agreement with the data
reported by Zhang et al. [3]. TiZr 7525 was amorphous after
heat treatment at 400 °C. The anatase phase formation initia-
tion was observed at 500 °C, and it was well determined at
600 °C (Fig. 6). The first formation of the anatase phase for Ti-
rich–mixed oxides was similarly reported before [6].

For TiZr5050, the first crystal peaks were determined at
600 °C for anatase and rutile titania and tetragonal and mono-
clinic zirconia as seen in Fig. 7, indicating the retardation of
crystal formation to elevated temperatures.

TiZr 2575 was also amorphous after heat treatment at
400 °C (Fig. 8) like other mixed oxides. Anatase and rutile
titania and tetragonal zirconia were determined at 500 °C, and
their peak intensities increased at 600 °C.

Full Zr heat treated at 400 °Cwas in the tetragonal phase, as
seen in Fig. 9. Van Gestel et al. [1] also reported the formation
of tetragonal phase after calcination at 400 °C for 2 h. Aust
et al. [6], in contrast, reported the crystallization of zirconia as
the tetragonal phase at only after 500 °C, which may be due to
shorter calcination time (1 h). Monoclinic phase occurred at
500 °C and increased at 600 °C, while its intensity was still
low compared with the tetragonal phase. The formation of
monoclinic phase in pure zirconia was also reported by Van
Gestel et al. [1] at 450 °C but not mentioned by Aust et al. [6]
or Benfer et al. [15].

The crystallite sizes of the calcined mixed and pure oxides
were determined via the software of the XRD instrument (ex-
pert plus Scherrer calculator). The crystallites of pure titania
(full Ti) was found more prone to the calcination temperature
than the pure zirconia (full Zr) as shown in Fig. 10. The crys-
tallite size values for full Ti increased from 12 to 42 nm, while
the change was from 23 to 34 nm for full Zr, with the increas-
ing calcination temperature. The crystallization of the mixed
oxides started at higher temperatures. At 400 °C, all mixed
oxides were in the amorphous phase. The greater susceptibil-
ity of titania to crystal growth with increasing calcination tem-
perature was also observed for Ti-rich TiZr 7525, for which
the crystallite sizes were the greatest in all samples.
Interestingly, an increase in crystallite sizes was not observed
for mixed oxides with increasing calcination temperature. The
calcination duration (150 min) maybe was not sufficient for
such observations. The crystallite sizes of mixed oxides cal-
cined at 600 °C were comparable or smaller than the mixed
oxides calcined at 500 °C. In the considered temperature range
the Zr-rich oxides (Pure Zr, TiZr 2575, and even TiZr 5050)
resulted in relatively smaller crystallite sizes at elevated calci-
nation temperatures.

Fig. 4 TGA results for Ti/Zr un-
supported membranes
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Crack/defect formation upon the heat treatment of ceramic
bodies are known to be strongly related to their shrinkage
behavior. Low percentage shrinkage values may contribute
to the preparation of crack-free ultrafiltration/nanofiltration
(UF/NF) membranes. The temperature range investigated in
this work coincides with the heat treatment temperatures of the
UF/NF membranes where the formation of cracks and pin-
holes may become possible. The XRD characterization results
presented above indicated that the amorphous/crystalline
phase transformations and most likely the nature of the
packing/pore structure and surface properties of the nanostruc-
ture of these unsupported membranes can be controlled
through the variation of the levels of zirconia doping of the
titania-based membranes. The ionic sizes of Zr4+ and Ti4+ (68
and 72 pm ionic radii respectively) are very similar which can
make substitutional doping relatively easy in composite Ti/Zr
oxide structures [14]. The retarded phase transformations

(nucleation and growth of anatase and rutile TiO2, tetragonal,
andmonoclinic ZrO2 phases) due to lower solid state diffusion
in the substitutional solution creates a more defective structure
along with controlled pore sizes in the 400–600 °C range used
in this work. This may also increase the concentration of ox-
ygen vacancies in the nanostructure which may generate en-
hanced catalytic properties and surface charges.

The first event of the nanostructure evolution occurs at
around 100 °C and is most likely related to the densification
due to packing/reorganization of polymeric species during the
ethanol/water removal from the unsupported membrane pel-
let. This packing is likely to lead a small amount of volumetric
shrinkage in the body. The second series of events observed
between 200 and 400 °C may also be about the ongoing
amorphous to crystalline transformation. Zirconium doping
prevented the anatase to the rutile phase transformation. The
main phase evolution event was observed in the 375–600 °C

Fig. 6 XRD analysis spectrum
for TiZr 7525 calcined at varying
temperatures (A, anatase)

Fig. 5 XRD analysis spectrum
for full Ti calcined at varying
temperatures (A, anatase; R,
rutile)
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range for all powders which may be associated with anatase/
rutile/tetragonal–monoclinic phase nucleation/crystallite
growth/sintering/densification. The composition fundamen-
tally determined the heat treatment temperatures of all of these
phase evolution events. The TGA analysis indicated the pres-
ence of certain weight losses during these events as discussed
earlier caused by the rearrangement of the well-packed pre-
cursor polymeric species.

Zeta potential (surface charge) of unsupported Ti/Zr
membranes

The surface charges of the mixed or pure oxides heat-treated at
different temperatures were determined via electrophoretic
mobility measurements (Zetasizer 3000HSA, Malvern Co.).

These measurements were performed by dispersing the oxides
in potassium chloride solutions (10−3 M KCl) with initial pH
values of 3.5, 7.2, and 9.8 to monitor the zeta potential values
of the oxides in acidic, neutral, and basic media, respectively.

Acidic pH

Calcination at 400 °C At acidic pH, pure zirconia and titania,
after calcination at 400 °C, possessed considerable positive
surface charge while slightly positive zeta potential values
were observed for mixed oxides (Fig. 11). The pure oxides
(full Ti and full Zr), having a considerable positive surface
charge at acidic pH, were in crystalline form while mixed
oxides with low surface charge values were amorphous after
calcination at 400 °C.

Fig. 8 XRD analysis spectrum
for TiZr 2575 calcined at varying
temperatures (A, anatase; R,
rutile; T, tetragonal)

Fig. 7 XRD analysis spectrum
for TiZr 5050 calcined at varying
temperatures (A, anatase; M,
monoclinic; R, rutile; T,
tetragonal)
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Calcination at 500 °C The zeta potential values for Zr-rich
mixed oxides (TiZr 7525 and also TiZr 5050) increased by
increasing calcination temperature (Fig. 11.). After calcination
at 500 °C, zirconia-rich TiZr 2575 possessed the highest zeta
potential value in which rutile, anatase, and the tetragonal
phases were determined (Fig. 8.). For TiZr 5050, the initiation
of formation of the tetragonal phase was determined after
calcination at 500 °C. The zeta potential for full Zr decreased
somehow with increasing calcination temperature, but still, it
has a considerable positive value (22.9 mV).

Zeta potential values of titania-rich oxides were lower after
calcination at 500 °Cwhen compared to the values determined
at 400 °C. The decrease was slight for the TiZr 7525 for which
crystallization just initiates at that temperature. But for the
pure titania (full Ti), the decrease was considerable. The
XRD results show the phase transformation from anatase to
rutile has occurred in full Ti at 500 °C up to some extent. That
phase transformation may be effective on the considerable

decrease of the positive surface charge. The analysis showed
that the isoelectric point decreases after the anatase to rutile
phase transformation (Fig. 12), showing the effectiveness of
the phases on the surface charge properties. The initiation of
the rutile phase formation was observed for full Ti at 500 °C
while the anatase phase was still dominant. The anatase phase
initiation was observed for TiZr7525 which was amorphous at
400 °C.

Calcination at 600 °C At 600 °C, the zeta potential values for
zirconia-rich oxides were positive and high, while titania-rich
oxides had slightly positive zeta potential, whichmay be again
due to the anatase to rutile phase transformation, which even
proceeded more for full Ti (Fig. 5). The zeta potential value
for TiZr 7525 did not change considerably with the increasing
temperature either, although the anatase phase formation was
observed for the mixed oxide after calcination at 600 °Cwhich
was only initiated after calcination at 500 °C (Fig. 6).

Fig. 9 XRD analysis spectrum
for full Zr calcined at varying
temperatures (M, monoclinic; T,
tetragonal)

Fig. 10 The crystallite sizes (in
angstroms) at different calcination
temperatures
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Neutral pH

At neutral pH, all oxide materials were almost neutral or neg-
atively charged. Full Zr calcined at 600 °C possessed the
highest negative zeta potential (Fig. 13). Its zeta potential
was found to increase in magnitude with increasing calcina-
tion temperature, while it is not the case for full Ti. The mag-
nitude of zeta potential of full Ti and TiZr 5050 decreased (to
almost neutrality) with increasing calcination temperature
(i.e., increasing crystallinity (Fig. 5 and Fig. 7)). Comparing
TiZr 2575 and TiZr 7525, the zirconia-rich oxide possessed
negative zeta potential higher in magnitude at varying calci-
nation temperatures. The Zr-rich oxides (TiZr 25 75 and full
Zr) gained higher negative surface charges with increasing

calcination temperature (i.e., increasing crystallinity (Figs. 8
and 9)) at neutral pH values.

Basic pH

At basic pH, all oxides were negatively charged, as seen in
Fig. 14. The magnitude of negative zeta potential values de-
creased considerably for titania-rich full Ti and TiZr 7525with
increasing calcination temperature. The decrease in the nega-
tive surface charge is considerable for full Ti calcined at
600 °C, where the anatase to rutile phase transformation was
considerable (Fig. 5). For TiZr 7525, a very slight increase in
negative surface charge was observed at 500 °C, where crys-
tallization initiated and with the progress in crystallization the
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magnitude of zeta potential decreased. The highest negative
zeta potential value was possessed by Zr-rich TiZr 2575 cal-
cined at 500 °C. For this sample, the negative surface charge
values were higher at 500 °C and 600 °C calcination where
there were considerable crystallization (Fig. 8). Similar trend
was observed for TiZr 5050 where negative surface charge
values were higher at 500 °C and 600 °C calcined samples
for which crystallization has already initiated or in progress
(Fig. 7). The zeta potential of full Zr slightly increased in
magnitude by increasing calcination temperature (i.e., pro-
gressive crystallization (Fig. 9)).

The polymorphic titania/zirconia unsupported membranes
possess different surface characteristics as discussed above.
TiZr 2575 after calcination at 500 °C or above was composed
of anatase and rutile titania and tetragonal zirconia. This struc-
ture gained the highest zeta potential values in magnitude at

acidic and basic pH values. Increasing calcination temperature
resulted in a decrease in the magnitudes of zeta potential for
pure titania (full Ti) with the anatase to rutile transformation.

The removal of organic/ionic species from solutions by
using membrane based UF/NF processes would have a great
potential impact on energy efficient separation problems and
environmental problems of today and the future. These ceram-
ic nanostructures are preferred due to their superior chemical/
thermal/mechanical properties compared with their polymeric
counterparts which makes their utilization at relatively harsher
conditions. The abilities developed on the nanodesign of these
ceramic nanostructures may have a critical role on human
living standards. The effect of zirconium mixing/other ele-
mental doping on nanostructural evolution of the selective
titania UF/NF membrane layers for the rejection of subnano-
sized organic compounds/charged species should be further
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investigated which may have significant implications in vari-
ous applications.

The average particle size of the polymeric NF sol species/
particles synthesized by sol-gel-based methods were deter-
mined to be in the 2–6 nm size range. The sol-species/parti-
cle-size distribution control through sol-gel chemistry and ag-
ing may constitute a fundamental issue in nanostructure de-
velopment and subnano UF/NFmembrane design. The oxide-
doped UF/NF layers may experience lower levels of volumet-
ric shrinkage of the body, retardations in phase structure evo-
lution and decrease in crystallite size while they gain thermal
stability which may contribute to obtaining crack-free selec-
tive membrane layers. Amorphous structures observed in
titania-rich TiO2-ZrO2 mixed-oxide membranes may signifi-
cantly contribute to the control/design of the micropore struc-
ture during the preparation of UF/NF membrane selective
layers. The surface properties may also be controlled through
processing and tuned towards specific separation problems.

The effect of Donnan exclusion mechanism is more impor-
tant for the filtration/separation of charged materials with rel-
atively smaller molecular weight. Therefore, the surface
charge of the membrane top layer is a critical parameter for
the separation efficiency during filtration applications in liquid
media. The formation of tailor-made top layers with controlled
surface characteristics was reported to be possible with the
data presented. The sol-gel method used in the preparation
of oxide layers enables preparation of mixed oxides starting
from nano-sized clusters which are homogeneous in molecu-
lar level. The co-utilization of Zr and Ti with different electro-
negativities for preparation-mixed oxides via sol-gel method
presented different opportunities. That difference in electro-
negativities of Zr and Ti and versatile probability of forming
ZrxTiyOz with changing heat-treatment parameters during par-
tial sintering resulted in versatile structures with necessary
micro-porosity but also with varying types and quantities of
defects in the microstructure (e.g., oxygen-deficient sites).
These differences in the distribution of defects for (pure or
mixed) oxides heat treated at different temperatures lead them
to have varying surface characteristics (i.e., surface charge).
This versatility of surface characteristics may also be impor-
tant for different applications (e.g., catalysis), since oxides are
being used as catalysts and/or catalyst supports [16].

Conclusion

The top layer of the ceramic composite membranes facing the
fluid to be filtered is mainly responsible for the separation
efficiency of the membranes. Its microstructure and physico-
chemical properties are important for both size exclusion and
Donnan exclusion mechanisms. The formation of such a layer
is possible by coating, drying, and calcination of nanoparticles
prepared by using sol-gel method [12]. Stable Ti/Zr sols with a

few nanometer average particle size were prepared with nar-
row particle-size distributions, which may be used for forma-
tion of top layers with fine microstructures.

The surface characteristics of the top layer can be altered by
changing the titania/zirconia ratio and calcination temperature.
The experiments performed by using unsupported Ti/Zr mem-
branes showed the crystallization temperature increases when
Ti and Zr are in mixed form. The magnitudes of zeta potential
of the pure titania (full Ti) decreased with increasing calcination
temperature. The Zr-rich unsupported membrane (TiZr 2575)
possessed the highest zeta potential values at acidic and basic
pH values after calcination at ≥ 500 °C. This polymorphic
mixed oxide (TiZr 2575) was composed of anatase, rutile (tita-
nia), and tetragonal (zirconia) phases after calcination.

The results indicate the tailor-made top layers for ceramic
composite membranes can be prepared by choosing appropri-
ate Ti/Zr ratio and calcination conditions to have different
surface characteristics to optimize the exclusion efficiency
and decrease the fouling tendency. The results also may be
helpful for ceramic membrane selection and/or predicting the
possible separation efficiencies of current ceramic membranes
for particular applications.
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