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a b s t r a c t

TiO2/ZrO2 ceramic nanofiltration membranes are successfully fabricated through the polymeric solegel
route followed by the dip-coating technique. Disk type a-alumina supported mesoporous g-alumina
(pore size: 5e6 nm) is employed as the support in dip-coating. The unsupported and supported com-
posite ceramic membranes are systematically characterized and evaluated in terms of phase composi-
tion, chemical stability, gas adsorption, molecular weight cut-off (MWCO), membrane pore size, water
flux and salt rejection. It is found that the TiO2/ZrO2 ceramic membranes have amorphous phase at 400
and 500 �C, suggesting the high thermal stability. The fabricated membranes have the MWCO of 620
e860 Da, corresponding to the membrane pore size of 1.2e1.5 nm. Relatively low water permeability can
be attributed to the low microporosity of the membrane. Donnan exclusion is the dominant transport
mechanism of the NF membrane in the single-component system, and salt rejection is closely related to
the hydration properties of the ions (e.g., the hydration radius).

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Nanofiltration (NF), as a pressure driven membrane process
with separation properties between ultrafiltration and reverse
osmosis, has attracted growing interest in many applications, such
as desalination, wastewater treatment and drinking water purifi-
cation [1e4]. NF membranes are generally divided into two cate-
gories according to the material difference, including organic
(polymeric) and inorganic ones. Commercial organic (i.e., poly-
meric) NF membranes have found various industrial applications.
However, these organic membranes suffer from some disadvan-
tages, such as low thermal and chemical stabilities and poor me-
chanical strength. These drawbacks can be overcome by developing
more efficient ceramic NF membranes [5,6]. Polymeric nano-
filtration membranes are generally used to treat liquids with tem-
peratures below 70 �C, while inorganic nanofiltration membranes
eering, Macquarie University,

(S. Zhao), hqi@njtech.edu.cn
have larger working temperature range, typically can be up to
120 �C (liquids will be vaporized if the temperature is over 120 �C).

Currently, different types of oxide materials have been
employed in the development of ceramic NF membranes. These
oxide materials include g-Al2O3 [6e9], TiO2 [10e14], ZrO2 [15e17],
HfO2 [18,19]. Among them, g-Al2O3 NF membranes have insuffi-
cient chemical stability under harsh conditions, which limits their
industrial applications [17]. TiO2 and ZrO2 materials have relatively
high chemical stabilities, making them gain much popularity in the
development of ceramic NF membranes [10e17]. However, pure
TiO2 and ZrO2 ceramic NF membranes may encounter some issues
like low thermal stability due to low phase transition temperature,
film cracking, large membrane pore size and low selectivity
[20e22].

To achieve better performance, composite ceramic NF mem-
branes have been proposed and investigated. Tsuru et al. prepared
SiO2/ZrO2 composite NFmembranes to improve the stability of SiO2

membrane in aqueous solutions [23,24]. Recently, Cai et al. fabri-
cated Pb-TiO2 membranes via the colloidal solegel process and
achieved much higher salt rejections compared with the undoped
TiO2 membranes [25]. TiO2/ZrO2 ceramic membranes were also
fabricated, and the prepared composite membranes exhibited
improved thermal stabilities due to the increase in crystallisation
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Fig. 1. Particle size distributions of the TiO2/ZrO2 composite sols.
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Fig. 3. Nitrogen adsorptionedesorption isotherms of the TiO2/ZrO2 powders calcined
at 400 and 500 �C.
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temperature and smaller pore sizes because of the mutual imped-
iment of TiO2 and ZrO2 during crystallisation and growing pro-
cesses [22]. Zeidler et al. successfully developed TiO2/ZrO2
membranes with integrated carbon and improved hydrophobicity
for organic solvent nanofiltration (OSN) applications [26]. Due to
the enhanced performance, TiO2/ZrO2 composite membranes have
been commercially available for NF applications [27]. However,
open literature on the development of TiO2/ZrO2 composite NF
membranes is still scarce.

This study aims to develop TiO2/ZrO2 composite ceramic
membranes with different pore sizes for NF. The membrane pore
size is determined by the sol size that can be well controlled by
adjusting the hydrolysis ratio during sol preparation. The sol
properties such as particle size distribution, specific surface area
and gas adsorption are systematically investigated. The fabricated
composite ceramic membranes are characterized and evaluated in
terms of molecular weight cut-off (MWCO), membrane pore size,
water flux and salt rejection.
2. Experimental

2.1. Synthesis of composite sols and fabrication of TiO2/ZrO2

membranes

TiO2/ZrO2 composite sols were synthesized through the poly-
meric solegel route. Zirconium n-propoxide (70% in propanol,
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Fig. 2. XRD patterns of the TiO2/ZrO2 powders calcined at 400 and 500 �C.
ABCR GmbH & Co.) and titanium isopropoxide (99% in propanol,
ABCR GmbH & Co.) were used as the precursors and diethanol-
amine (DEA, Shanghai Lingfeng Chemical Reagent Co.) was used as
the chelating agent to prevent the complete hydrolysis of the
alkoxide in the solegel process. The starting alkoxide solution
contains Ti[OCH (CH3)2]4, Zr(OC3H7)4 and DEAwith a molar ratio of
1:1:2.4. To obtain sols with different sizes (i.e., 5, 8 and 10 nm), the
hydrolysis ratios (i.e. water to alkoxide in molar ratio) were
adjusted to 1.3, 2.3 and 3.0. The hydrolysis time and temperature
were 90 min and 40 �C, respectively. Detailed procedure for sol
preparation can be found in our previous studies [17,28]. For sol
characterization, part of the synthesized sols were dried at 45 �C for
about 8 h in an oven to get dry powders, and then were calcined at
400 �C and 500 �C with a heating rate of 0.5 �C/min. The resultant
TiO2/ZrO2 powders from the sols with different sizes (i.e. 5, 8 and
10 nm) were marked as TZ-5-400, TZ-8-400, TZ-10-400, TZ-5-500,
TZ-8-500 and TZ-10-500. The prepared composite membranes
were marked in similar ways (e.g., TZ-5 membrane).

TiO2/ZrO2 composite membranes were fabricated via the dip-
coating technique, which was performed with an automatic dip-
coating device (Velterop DA 3960/02) in a clean room. TiO2/ZrO2
sols were coated onto home-made a-alumina supported meso-
porous g-alumina disks (pore size: 5e6 nm) under clean room
(class 1000) conditions. Then the prepared TiO2/ZrO2 composite
membrane with one coating layer were calcined at 400 �C for 3 h
with a heating and cooling rate of 0.5 �C/min in air.

2.2. Sol and powder characterization

Effective particle sizes in the TiO2/ZrO2 composite sols were
measured by Dynamic Light Scattering using a Zetasizer analyzer
(Nano-ZS90, Malvern). Phase compositions of the composite pow-
ders were evaluated by X-ray diffraction (XRD, Bruker D8, Advance
diffractometer) with Cu Ka radiation operated at 40 kV and 40 mA.
The nitrogen adsorptionedesorption method was employed to
determine the specific surface area and pore structure of the TiO2/
ZrO2 powders. The specific surface area of the powder was
measured with a surface area and porosity analysis instrument
(BELSORP-max, Japan) based on the Brunauer, Emmett and Teller
(BET) method.

Zeta potential of the powders in NaCl, MgCl2, CaCl2 and Na2SO4
solutions were measured with a zeta potential analyzer (Zetasizer
Nano ZS90, Malvern). 0.02 g TiO2/ZrO2 powders were dissolved into



Table 1
Properties of TiO2/ZrO2 composite powders calcined at different temperatures.

Powders N2 adsorptionedesorption isotherms Vmicro

/cm3$g�1
Vtotal

/cm3$g�1
Vmicro/Vtotal

/%
BET surface area/m2 $g�1

TZ-5-400 Type І 0.0552 0.0734 75.20 144.5
TZ-8-400 Type І 0.0394 0.0556 70.86 102.9
TZ-10-400 Type І 0.0349 0.0500 69.80 90.75
TZ-5-500 Type P 0.0373 0.0857 43.52 112.7
TZ-8-500 Type P 0.0300 0.0715 41.96 92.61
TZ-10-500 Type P 0.0245 0.0614 39.90 74.44

Fig. 4. SEM images of the membrane cross-sections.
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Fig. 5. Water flux of the three TiO2/ZrO2 membranes as a function of transmembrane
pressure.
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100 mL salt solution (0.005 mol/L). 0.1 mol/L HCl or NH3∙H2O
solution was used to adjust pH of the solution to various values.
Zeta potential measurements were performed after 5-min
stabilization.
2.3. Membrane characterization

The cross-sections of the TiO2/ZrO2 composite membranes were
characterized with field-emission scanning electron microscope
(FESEM, Hitachi S4800), operating at an accelerating voltage of
3 kV. Pure water fluxes of the membranes were evaluated with a
dead-end filtration apparatus [17] under transmembrane pressures
up to 0.8 MPa. Molecular weight cut-off (MWCO) properties of the
composite membranes were investigated with the same filtration
apparatus. Polyethylene glycol (PEG) with different molecular
weights, i.e., 200, 600 and 1500 (Alfa Aesar) was used to prepare a
3 g/L feed solution. The PEG retention experiment was performed
under a feed solution stirring rate of 200 r/min and a trans-
membrane pressure of 0.76 MPa at a temperature of 25 ± 2 �C. The
membrane retention was determined by the measurement of the
feed and permeate concentrations with gel permeation chroma-
tography (GPC, Waters). The molecular weight of PEG corre-
sponding to a 90% retention level was taken as the MWCO of the
composite membranes.

Salt retentions of the membranes to single-component salts
including MgCl2, CaCl2, Na2SO4 and NaCl were determined with the
same filtration apparatus under transmembrane pressures up to
0.8 MPa at ambient temperature (25 ± 2 �C). In each filtration, the
feed solution was stirred at a speed of 200 r/min and pressurized
for 1 h. The feed concentration and pHwere controlled in the range
of 0.005e0.1 mol/L and 6.0 (by adding HNO3 or NH3∙H2O),
respectively. After 1-h permeation, the feed and permeate
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Fig. 6. PEG retention of the three TiO2/ZrO2 membranes calcined at 400 �C.
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Fig. 7. Zeta potential of the TiO2/ZrO2 composite membrane in different salt solutions
under various pH values.
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concentrations were determined with a conductivity meter (DDS-
307, Shanghai Leici Instrument Factory). Salt rejection (i.e., reten-
tion) R of the membrane can be expressed by the following
equation:

Rð%Þ ¼
 
1� Cp

Cf

!
� 100 (1)

where Cp and Cf are the concentrations of permeate and feed so-
lutions, respectively.
3. Results and discussion

3.1. Particle size distributions of the sols

In this study, three freshly prepared TiO2/ZrO2 composite sols
derived from different hydrolysis ratios (1.3, 2.3 and 3.0) are clear
and transparent. Their particle size distributions are displayed in
Fig. 1. All the sols exhibit uni-modal distributions, with mode par-
ticle sizes of 4.9, 7.9 and 10.1 nm. In Fig. 1, it is obvious that the
particle size distribution becomes wider and the sol size becomes
larger with the rise in hydrolysis ratio. Wider particle size distri-
bution and larger sol size indicate the occurrence of faster hydro-
lysis and polycondensation reactions and the formation of highly
branched cluster in the sol. In membrane fabrication, the sol size
generally should be no less than the pore size of the intermediate
layer (5e6 nm in this study) to prevent sol penetration into the
intermediate layer. However, the sol size should also be small
enough so that the prepared membrane has reasonable salt
rejections.
Table 2
Estimated membrane properties based on the measured water flux (assuming pore size

Sample Water permeability ( � 10�12 m s�1 Pa�1) Resistance ( �
Support 5.56 2.01
MTZ-5 0.33 33.91
MTZ-8 0.53 21.11
MTZ-10 0.61 18.61
3.2. Properties of the composite powders (i.e., unsupported
membranes)

Powders calcined at different temperatures are generally
regarded as unsupported membranes, and their properties reflect
the properties of the membranes at the corresponding calcination
temperatures. XRD patterns of the TiO2/ZrO2 composite powders
are shown in Fig. 2. It can be seen that all composite powders
exhibit similar XRD patterns, namely, similar phase compositions
and amorphous structures at the calcination temperatures of 400
and 500 �C. For pure ZrO2 powders, phase transition temperature of
the amorphous structure is ~350 �C [28]; for pure TiO2 powders,
phase transition temperature of the amorphous structure is
~400 �C [22]. In the present study, the structure of the powder is
still in amorphous phase when the calcinations temperature is up
to 500 �C. Obviously, the crystallization temperature of the mixed
TiO2/ZrO2 powder has been significantly increased compared with
the pure oxide powder. The transition temperature from amor-
phous to crystalline phase of TiO2/ZrO2 was reported at ~650 �C
[29,30] or even higher [31], depending on sol preparation
conditions.

Fig. 3 shows nitrogen adsorptionedesorption isotherms (at
77 K) of the TiO2/ZrO2 powders calcined at 400 and 500 �C. The
powders calcined at 400 �C exhibit type І isotherms that corre-
spond to microporous structures, while the powders calcined at
500 �C exhibit type ІІ isotherms, suggesting non-microporous
structures. Obviously, 400 �C is preferable as the calcination tem-
perature in membrane fabrication. As expected, the gas absorption
capacity decreases with the increase of the sol size. These results
are in agreement with the data in Table 1.

The micropore volume and the total volume are corresponding
to the adsorption volumes at relative pressures of 0.1 and 0.95,
respectively. From Table 1, we can see that the volume of the mi-
cropores and the ratio of micropore volume to the total volume
and porosity of the support layer are 5 nm and 35%, respectively).

1014 m�1) Rsupport/Rm Pore size (nm) Porosity (%)

e 5 35
0.059 1.2 1.9
0.095 1.4 2.3
0.108 1.5 2.4



Fig. 8. Rejection performance of the TiO2/ZrO2 composite membranes to different salts as a function of the feed concentration: (A) NaCl, (B) Na2SO4, (C) CaCl2 and (D) MgCl2. Test
conditions: temperature 25 ± 2 �C, feed solution pH ¼ 6, transmembrane pressure 8 bar, and stirring rate 200 r/min.
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decrease significantly from TZ-5-400 to TZ-10-500. The BET data
also confirms that the powders calcined at 500 �C have much lower
specific surface area compared with the powders calcined at
400 �C. The specific surface area of TZ-10-500 is only half of that of
TZ-5-400. Due to the lower specific surface area of the powder
calcined at 500 �C, 400 �C was selected as the calcination temper-
ature in membrane preparation.

3.3. Membrane morphology

Fig. 4 displays the cross-sections of the three membranes. The
relatively porous a-alumina substrate, the mesoporous g-alumina
intermediate layer and top selective layer are clear visible. It is also
obvious that the three membranes have very similar and thin top
selective layers. The thickness of the top selective layer is around
90 nm, which is much thinner than BTESE membranes (e.g.,
440e550 nm [32]) and Zr-BTESE membranes (e.g., 150e300 nm
[33]). The thin top layer is supposed to benefit the mass transfer
across the membrane.

3.4. Nanofiltration performance

Fig. 5 describes water flux performance of the three TiO2/ZrO2

composite membranes. The ceramic membrane derived from the
sol with larger size (e.g., the TZ-10 membrane) exhibits higher
water flux than the membrane derived from the sol with smaller
size. The TZ-5 membrane shows relatively low water permeability
(0.33 � 10�12 m s�1 Pa�1). This is supposed to be caused by the
small sol size. The corresponding sol size is only 5 nm, while the
pore size of the intermediate layer is 5e6 nm. As a result, the sol
may block the pore of the intermediate layer, leading to the low
water flux of the TZ-5 membrane. Water fluxes of the TZ-8 and TZ-
10 membranes are also relatively low, suggesting small membrane
pore size and/or low porosity. The assumption is confirmed by the
following results.

PEG rejections of the TiO2/ZrO2 membranes are illustrated in
Fig. 6. Themolecular weight is regarded asMWCOof themembrane
when the PEG rejection is 90%. From Fig. 6, we can determine that
the three composite membranes have MWCOs of 620, 788 and
860 Da. This indicates that the membrane pore size increases from
TZ-5 to TZ-8 to TZ-10, which is in agreement with the water flux
behaviours. In the future study, the membrane microstructure (e.g.,
pore size and microporosity) is required to be further optimized so
that high water permeability and high salt rejection can be
achieved.

Based on the relation between the molecular weight of PEG and
pore size, the average pore size of the composite membrane can be
evaluated via the following equation [10].

r ¼ 0:262 � ðMWÞ0:5 � 0:3 (2)

Where r is the pore radius of membrane (Ǻ) and MW is the mo-
lecular weight of PEG (g mol�1).

The calculated pore sizes of the TZ-5, TZ-8 and TZ-10 mem-
branes are 1.2, 1.4 and 1.5 nm, respectively. Ceramic membranes
with pore sizes in the range of 1e2 nm and MWCO in the range of
200e1000 Da are generally regarded to be suitable for NF appli-
cations [23]. Therefore, the prepared composite ceramic mem-
branes can be employed for NF.

In pressure driven membrane processes, mass transfer resis-
tance of the selective layer and support layer can be expressed by
the resistance-in-series model, similar to the layered resistance in
membrane fouling [34]:



Fig. 9. Rejection performance of the TiO2/ZrO2 composite membranes to different salts as a function of the transmembrane pressure: (A) NaCl, (B) Na2SO4, (C) CaCl2 and (D) MgCl2.
Test conditions: temperature 25 ± 2 �C, feed solution pH ¼ 6, feed concentration 0.005 mol/L, and stirring rate 200 r/min.

Table 3
Crystal and hydrated radii of Naþ, Ca2þ, Mg2þ, Cl� and SO4

2�.

Ions Crystal radii (nm) [36] Hydrated radii (nm) [37]

Naþ 0.102 0.358
Ca2þ 0.123 0.412
Mg2þ 0.072 0.428
Cl- 0.181 0.332
SO4

2- 0.215 0.300
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J ¼ DP
mRm

¼ DP
m
�
Rselective þ Rsupport

� (3)

where J is the water flux (m s�1), DP is the transmembrane pressure
(Pa), m is the water viscosity (Pa s), and Rm, Rselective and Rsupport are
the resistance (m�1) from the whole membrane, the selective layer
and the support (intermediate layer þ substrate), respectively.

According to the HagenePoiseuille equation [35], the water flux
can be described by

J ¼ DPd2ε
32m L t

(4)

where d is the pore diameter (m), ε is porosity (dimensionless), t is
tortuosity (dimensionless) and L is thickness (m).

Based on equations (3)e(4) and the measured water flux, the
membrane water permeability, resistance, pore size and porosity
are summarized in Table 2. It can be seen that resistance of the
support layer (including the substrate) accounts for a small portion
(6e11%) of the total membrane resistance. Namely, mass transfer
resistance of the membrane is mainly caused by the dense selective
layer. The calculated porosity of the selective layer is very low
(1.9e2.4%), resulting in low water flux. In the future, the porosity
should be optimised to achieve high water flux and salt rejection.

NF membranes are generally negatively or positively charged.
Their salt rejection behaviours are closely related to the surface
charge of the membrane due to separation mechanisms of the
Donnan effect and double electrical layer exclusion [7,17]. Fig. 7
illustrates zeta potential of the composite membrane in different
salt solutions under various pH values. It is found that the mem-
brane is positively charged in CaCl2 and MgCl2 solutions, and
negatively charged in Na2SO4 solutionwithin the pH range of 3e10.
For NaCl solution, the membrane shows amphoteric properties;
namely, it is positively charged when pH < 7 and negatively
charged when pH > 7.

Fig. 8 and Fig. 9 show salt rejections of the TiO2/ZrO2 composite
membranes to NaCl, Na2SO4, CaCl2 and MgCl2 under different feed
concentrations and transmembrane pressures, respectively. It can
be seen that the membranes exhibit lower rejections to NaCl and
Na2SO4, but higher rejections to CaCl2 and MgCl2. Rejections of the
membranes to four types of salts at the pH of 6 are in the order:
Na2SO4 < NaCl < CaCl2 < MgCl2, which is the same to the order
of the ZrO2 membranes developed in our group [17]. The salt
rejection performance can be explained by the Donnan exclusion
mechanism. At pH ¼ 6, the TiO2/ZrO2 membranes are positively
charged in NaCl, CaCl2 and MgCl2 solutions and the charge density
is in the order: NaCl < CaCl2 < MgCl2 (Fig. 7). As a result, the
membrane exhibits higher retentions for cations (e.g., Ca2þ and
Mg2þ) due to the Donnan exclusion effect.

The salt rejection order of the membranes also agrees well with
the hydrated radii of the ions: SO4

2� < Cl� < Naþ < Ca2þ < Mg2þ

(Table 3) [36,37]. It is reported that the hydrated radii of ions play
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an important role in ion transport and thus retention in NF [38].
Therefore, the hydration related size effect may also have an in-
fluence on the transfer mechanism of the fabricated TiO2/ZrO2
ceramic NF membranes in the single-component solution system.

Figs. 8 and 9 also describe that salt rejection of the membrane
decreases with the increase in feed concentration and increases
with the rise in transmembrane pressure. These results have been
confirmed in numerous NF studies [7,10,17,23e25,38,39]. Diffusion
(due to concentration gradient), convection (due to pressure
gradient) and electromigration (due to electrical potential gradient)
have been employed to explain the results [7,10,17,39].

4. Conclusions

We have successfully fabricated TiO2/ZrO2 ceramic NF mem-
branes via the polymeric solegel and dip-coating techniques. The
unsupported and supported composite ceramic membranes are
systematically characterized and evaluated in terms of phase
composition, chemical stability, gas adsorption, molecular weight
cut-off (MWCO), membrane pore size, water flux and salt rejection.
The prepared TiO2/ZrO2 ceramic membranes have amorphous
phase at 400 and 500 �C, suggesting the high thermal stability. The
fabricated membranes have the MWCO of 620e860 Da, corre-
sponding to the membrane pore size of 1.2e1.5 nm. Relatively low
water permeability can be attributed to the low microporosity of
the membrane. Further optimization of the membrane micro-
structure is required to improve the membrane permeability in the
future. It is proved that Donnan exclusion is the dominant transport
mechanism of the NF membrane in the single-component system,
and that salt rejection is also related to the hydration properties of
the ions (e.g., the hydration radius).
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