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Abstract 

This work shows the preparation, characterisation and testing of TiO2 membranes dip-coated on 

commercial α-Al2O3 tubes for desalination. TiO2 thin films (~400 nm) were synthesised from 

titanium propoxide and exposed to a gentle thermal treatment to control particle and pore sizes (dp ~ 

4 nm). The TiO2 membranes were tested for brackish (0.3 wt%), sea water (3.5 wt%) and brine 

concentrations (7.5 and 10 wt%) up to 75 °C in a pervaporation setup. Water fluxes as high as 10.5 

kg m
-2

 h
-1

 were achieved for brackish concentrations, whilst values of up to 4.0 and 6.0 kg m
-2

 h
-1

 

were measured for the highest brine concentration (10 wt%). Concentration and temperature 

polarisation both affected the water fluxes, particularly for brine solutions, though the latter was 

more dominant. Salt rejection remained very high at ~99% for all tested conditions, thus 

demonstrating the feasibility of mesoporous inorganic TiO2 structures for desalination and brine 

processing. The TiO2 membranes proved to be stable for long term (>350 h) testing even under 

thermal cycling conditions. 

Keywords: desalination; brine processing; titania; mesopores. 
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1.0 Introduction 

 

Inorganic membranes have been considered for desalination in a pervaporative operating mode at 

ambient conditions, thus overcoming high pressure requirements (7 MPa) seen in reverse osmosis.  

[1, 2]. An important characteristic of inorganic membranes is that they are conventionally 

engineered as asymmetric membranes. This allows for the use of ceramic substrates with large pore 

sizes (~0.5 µm) which provides the mechanical integrity for the membrane systems, followed by 

interlayers to reduce pore size to mesoporous dimensions (2 to 5 nm), and finally an ultra-

microporous (<1nm) top thin layer. This type of membrane construction allows for the resistance 

for the transport of water to be lowest at the membrane substrate and interlayers. The control of 

pore size for the top thin layer is very important to allow for the diffusion of water, which has a 

small kinetic diameter (dk=2.6 Å), and to reject the passage of hydrated ions with large ionic radius 

(e.g. Na
+
: dk = 7.2 Å and Cl

−
: dk = 6.6 Å) [3]. The advantage of this approach is that the membrane 

does not necessarily need to be hydrophobic, since water vapour diffusion takes place at pore sizes 

slightly larger than that of the water molecule.  

 

This type of approach has been used for the development of microporous inorganic membranes for 

desalination primarily for zeolites and silica based materials as listed in Table 1. Duke’s group [4] 

developed MFI zeolite membranes based on secondary ZMS-5 seed growth which improved water 

fluxes to 0.7 kg m
-2

 h
-1 

when increasing pervaporation
 
temperature up to 80 °C, though these values 

are considered low. However, Julbe and co-workers [5] showed that zeolite membranes were 

unstable in long term desalination tests. This was attributed to an ion exchange mechanism between 

the saline water and the ions in the zeolite crystal [6]. Pure silica membranes are also known to be 

hydrothermally unstable, and several strategies have been pursued to improve their stability by 



  

3 
 

embedding carbonised surfactant or triblock copolymers or metal oxides in the silica matrix and by 

synthesizing hybrid organosilicas [7]. As shown in Table 1, all these microporous inorganic 

membranes generally deliver high salt rejection at improved water fluxes of values up 11.5 kg m
-2

 

h
-1

 depending upon the testing conditions. 

 

Table 1. Performance comparison of inorganic based membranes for desalination. 

 

Membrane Type 

Feed salt 

conc. 

(wt%)  

Feed temp.  

(°C) 

Lower/higher 

Water flux 

(kg m
-2

 h
-1

) 

Lower/higher 

Rejection 

(wt%) 

Lower/higher 

 

Ref 

Microporous 

Zeolite MFI-ZSM-5 

Zeolite MFI-S1 

Zeolite NaA 

SiO2 carbonized C16  

Hybrid SiO2 

SiO2 metal doped 

 

3.8 

3.5 

3.7 

3.5 

3.5 

3.5 

 

20 – 80  

20 – 75  

40 – 117  

25 

25 

20 – 75  

 

0.2 – 0.7 

1 – 5.1  

0.4 – 4.2  

2.1 

1.7 

0.4 – 1.2  

 

97 – 99  

99 

99.9 – 99.9 

97 

95 

99.9 – 99.2 

 

[4] 

[5] 

[8] 

[9] 

[10] 

[11] 

Mesoporous 

Ordered hybrid SiO2 

Pure SiO2 

SiO2 carbonized P123  

 

3.5 

3.5 

3.5 

 

20 – 60 

22 

22 – 60 

 

6.9 – 11 

6.8 

2.3 – 7.8 

 

99.9 

98 

99 

 

[12] 

[13] 

[14] 

Cobalt oxide SiO2 3.5 22 – 60 4.6 – 11.3 99.7 – 99.9 [15] 

 

Recently, Chua and co-workers reported the preparation of ordered mesoporous silica membranes 

delivering reasonable water fluxes and high salt rejection [12]. A more recent work from Diniz da 

Costa’s group [14]  has shown that interlayer free carbonised template silica membranes formed 

mesoporous carbon moieties within the silica matrix, thus conferring improved water fluxes of up to 

8.5 kg m
-2

 h
-1

 at 60 ºC whilst maintaining salt rejections as high as 99.5%. In a similar approach, 

also very recently, interlayer free cobalt oxide silica membranes also delivered high water fluxes of 

8.5 kg m
-2

 h
-1

 at 60 ºC in addition to very high salt rejections of 99.9% [15]. Hence these recent 

works clearly demonstrate that mesoporous inorganic membranes can also be deployed in 

desalination. Following this line, we would like to propose a new approach where a mesoporous 

interlayer can be used as a top layer for desalination application. This may be attractive as 

conventionally inorganic membranes are coated on supports containing interlayers. The use of 

interlayers as the separating medium reduces the membrane’s preparation costs by no longer 
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requiring additional top layers, whilst also reducing the resistance to water diffusion through the 

membrane. 

 

Reliable materials are required to be deployed in desalination plants, under harsh industrial 

conditions while exhibiting long reliable working life [16]. Among alternative membrane materials, 

titania (TiO2) is very attractive due to its excellent chemical and thermal stability over a large pH 

ranges. Whilst TiO2 has been mainly the focus of photocatalytic membranes for wastewater 

treatment, its use in desalination has been limited. Commercially available TiO2 membranes have 

been applied in the pre-treatment and partial demineralization of seawater in pressure driven 

nanofiltration [17, 18] and ultrafiltration [19] processes only.  

 

Here we report for the first time the preparation and desalination performance of alternative ceramic 

TiO2 membrane exhibiting a mesoporous nanostructure. We investigated the sol-gel process 

associated with the formation of TiO2 mesostructures. The membrane materials were characterised 

via X-ray diffraction (XRD), high resolution transmission electron microscopy (HR-TEM) and N2 

adsorption analysis. The membranes were tested for a range of feed salt (NaCl) concentration from 

brackish (0.3 wt%), sea water (=3.5 wt%), and brine (≥ 7.5 wt%) at varying temperatures up to 75 

°C. The membranes performance was determined in terms of water flux and salt rejection, whilst a 

long term testing (>350 h) was carried out to evaluate the stability of the resultant membranes.  

 

2.0 Experimental  

2.1 Materials and membranes synthesis  

All chemical reagents were obtained from commercial sources as guaranteed-graded reagents and 

were used without further purification. The synthesis of the starting TiO2  sol was adapted from 

previous work dealing with the preparation of sol-gel derived mesoporous TiO2 thin films [20, 21]. 
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For this work, we slightly changed the synthesis conditions to produce the desirable thin films. 

Hydrolysis and condensation of titanium propoxide (TTP, Ti(OC3H7)4, 97%) was carried out in 

acidic condition using hydrochloric acid. TTP, H2O, and HCl were mixed to give a molar ratio of 

1:10:0.5. The sol was then aged under stirring at room temperature during 2.5 hours. 

 

TiO2 membranes films were dip-coated on macroporous α-Al2O3 tubular substrates (Ceramic Oxide 

Fabricates, Australia; OD = 10 mm; ID 5 mm), with a dipping time and withdrawal rate of 1 min 

and of 5 cm min
–1

, respectively. The coating was applied to the outside of the tubular substrate.  

Subsequently, the membranes were thermally treated at 150 °C (heating rate of 1 °C min
−1

, dwell 

time of 4 h) to ensure the consolidation of the TiO2 matrix. In addition, the membranes were 

calcined at 350 °C (heating rate of 1 °C min
−1

, dwell time of 2 h) to confer a gentle thermal effect 

on the mesostructure of the TiO2 matrix. This cycle of dip-coating, drying and calcination was 

repeated four times to ensure the full coverage of the substrate. Equivalent powders were also 

prepared by pouring sols on large petri dishes and then thermally treated following identical 

procedure as above. 

 

Structural and textural properties of the membrane material were evaluated via XRD, (Bruker D8 

Advance) and N2 sorption analysis (Tristar II 3020, Micromeritics). XRD patterns were collected at 

40 kV and 20 mA using filtered Cu Kα radiation (λ= 1.5409 Å). N2 adsorption–desorption samples 

were outgassed at 200 °C for 6 h. Specific surface areas and pore volume were calculated via the 

multi-point Brunauer–Emmett–Teller (BET) method model at relative pressures of P/P0 = 0.06–0.3. 

The pore size distribution for each sample was calculated using Barrett–Joyner–Halenda (BJH) 

theory, from the desorption branch of the isotherms. HR-TEM measurement was also performed 

using a transmission electron microscope (JEOL-JEM 2100) operating at 200 keV. Micrographic 

grids were prepared by placing a drop of diluted sample dispersion in ethanol onto a carbon-coated 
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copper grid and dried at room temperature. Finally microstructural investigation of the membranes 

layers was carried out via scanning electron microscopy analysis (FESEM JOEL 7001).  

 

Desalination experiments were carried out using a thermally based pervaporation set up described 

elsewhere and schematically shown in Fig. 1 [14]. Briefly, the membrane was immersed into the 

open tank containing the desired feed salt solution. The pressure on the feed side was maintained at 

atmospheric pressure, whereas the permeate side was evacuated to < 10 kPa using a vacuum pump. 

The water vapour in the permeate stream was collected in liquid nitrogen cold trap during a 

predetermined time interval. To minimize the effect of concentration polarization on the membrane 

surface, the feed solution was vigorously stirred at 5000 rpm and recycled back to a larger feed tank 

via a peristaltic pump at a flow rate of 40 mL min
-1

. The testing was conducted using a broad range 

of water salinity (NaCl) from brackish (0.3 wt%), to seawater (3.5 wt%) and brine (7.5 and 10 wt%) 

solutions from 20 to 75 °C.  

 

Fig. 1. A customised pervaporation set-up for membrane desalination [14]. 

 

The water flux (F) was determined based on the equation F = m/(A·∆t), where m is the mass of the 

permeate (kg) retained in the cold trap, A is the surface-active area (m
2
) and ∆t is the time interval 

normalised per hour (h). The salt rejection R (%) was calculated as R = (Cf − Cp)/Cf × 100%, where 

Cf and Cp are the feed and permeate concentrations of salt (wt %). Salt concentration of the retentate 
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and permeate solutions were determined by using a conductivity meter (labCHEM CP). Each test 

(for each salt concentration) lasted for at least 2 h to ensure a steady water flux and rejection, and 

then the permeate sample was collected at the predetermined time intervals. Each experimental data 

point reported in this work represents the average value of at least 3 permeate sample solutions.  

 

4.0 Results and discussion 

 

The wide-angle XRD patterns of the as-synthesized powders in Fig. 2 show broad peaks, indicating 

the presence of an amorphous phase or small crystalline domains formed during the sol-gel process. 

Upon calcination, the XRD patterns exhibit four sharp distinct peaks which are assigned to TiO2-

anatase (JCPDF 89-4121). According to Scherrer’s equation, the average TiO2-anatase crystallite 

sizes were approximately 8.5 (± 1.0) nm calculated from the peak width of the (1 0 1) reflection. 

This value is consistent with previously reported studies [22, 23].  

2  (°)

20 30 40 50 60
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)
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Fig. 2.  XRD patterns of the as prepared (a) and calcined (b) TiO2. 

Fig. 3 displays the nitrogen isotherm of the TiO2 membrane material. Adsorption increases in 

excess of p/p0=0.2, with a minor hysteresis loop at 0.4<p/p0<0.6 related to the adsorption and 
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desorption branches. This is a classical type IV isotherm according to IUPAC classification, typical 

for well-developed mesoporous structures [24]. The BET surface area was calculated at 104 m
2
 g

–1
. 

The inset of Fig. 3 shows the pore size distribution of the TiO2 materials determined by the BJH 

method from the desorption branch of the isotherm; with a mean pore diameter estimated 3.1 nm.  

 

Fig. 3.  N2 sorption isotherm of TiO2 and the associated pore size distribution (inset). 

Fig. 4a displays a SEM micrograph of TiO2 layer directly dip-coated on an α-Al2O3 substrate. The 

micrograph clearly shows a defect free TiO2 layer, which is imperative for the fabrication of high 

quality TiO2 membranes. It should be pointed out that because of the roughness of the substrate, at 

least four layers were necessary to fabricate a TiO2 layer with good integrity and without cracks and 

pinholes. The repetition of the dip-coating procedure, necessary to achieve the desired homogeneity 

of the layer, led to formation of a thick symmetric TiO2 coating layer of ~400 nm. It is also 

interesting to observe the partial interpenetration of the TiO2 gel into the pores of the α-Al2O3 

substrate up to depths of 2 µm. As the alumina particles are large (up to 0.5 µm in diameter), the 

inter particle large pores were partially filled by the TiO2 gel during dip-coating. This possibly 

allowed for a better integration of the TiO2 thin film on the α-Al2O3 substrate, thus reducing stresses 
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during coating and thermal calcination, and leading to the production of defect free membranes. The 

TEM micrograph in Fig. 4b shows several TiO2 particles (~8nm) with clear lattice fringes. These 

particles are stacked on top of each other, thus making a top layer film as observed in Fig. 4a. 

 

 

Fig. 4.  (a) SEM micrograph of TiO2 films on α-Al2O3 substrate cross section, and (b) TEM 

micrograph of TiO2 top layer of the membrane. 

The water fluxes as a function of both salt concentration and feed temperature are shown in Fig. 5a. 

Increasing the feed water temperature resulted in an increase in water fluxes, independently of the 

feed salt concentration. It is well known that the water vapour pressure increases with increasing 

temperature which can be predicted over typical pervaporation temperatures with the Antonie 

equation. As the pressure in the permeate stream is kept under vacuum (<10 kPa), the increase in 

the vapour pressure as a consequence of the temperature translates into a higher driving force. As 

the water fluxes increase as a function of the driving force, any rise in temperature leads to higher 

fluxes. For instance, water fluxes increased by ~220% (from 3.3 to 10.5 kg m
-2

 h
-1

) by raising the 

temperature from 20 to 75 °C at 0.3 wt% salt solution. However, the driving force has increased by 

1780%, from 2.04 to 38 kPa under these testing conditions. This difference could be attributed to 

temperature polarisation effect, as discussed in more detail below. The salt rejection remained very 

high with average values ~99% (Fig. 5b) irrespectively of temperature and feed salt concentration 

testing condition. This is interesting considering the mesoporous nature of the TiO2 membrane. 
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Although the average pore sizes of 3.1 nm (±4) (Fig. 3a) are larger than 0.3-0.5 nm in molecular 

sieve membranes, these are still well below the pore size of 10 nm-1µm for polymeric membranes 

used in membrane distillation systems [25]. Hence, these results strongly suggest that mesoporous 

inorganic membranes can be used for desalination applications, including brine processing. 

 

Fig. 5. TiO2 membrane (a) water fluxes (±5%) as a function of the feed water salt concentration and 

(b) salt rejection (±1%). Lines are provided as a guide only. 

 

Fig. 5a also shows that the water flux greatly reduced as a function of the feed salt concentration in 

the saline water. However, the change in vapour pressure driving force for an ideal salt solution is 

not significant, around 0.88% as the salt concentration increases for 0.3 wt% (2.3 kPa) to 3.5 wt% 

(2.28 kPa) [26]. Hence, this small change in the vapour pressure driving force does not justify the 

large reduction in water fluxes of 9% (20 °C), 27% (50 °C) and 33% (75 °C) for the same increase 

in salt concentration from 0.3 to 3.5 wt%. Salt concentration polarisation could be attributed to this 

decline as salt concentration increases in the surface of the membrane due to the fast permeation of 

water through the membrane. However, temperature polarisation seems to have a higher effect as 

the water flux reduction increases with temperature. Indeed, the Nusselt (Nu ≈ 650-900) and 

Sherwood (Sh ≈ 400-500) numbers calculated for the experimental setup (Re = 2.6 x 10
5
) strongly 
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imply that temperature polarization is a more significant factor than concentration polarization [27]. 

However, this issue is confounded by the notion of internal concentration polarization. Recent 

theoretical studies have shown that the feed water can penetrate a finite distance into the pores of 

inorganic materials (such as mesoporous silica) operating in a manner similar to this study [28]. It is 

important to note the differences in membrane materials at this juncture and that pore intrusion may 

not occur for the TiO2 membranes used in this study. It was certainly not observed experimentally. 

Regardless, if it were possible, it is easy to imagine a build-up of salt within the pores even to the 

point of super-saturation; however, the same theoretical analysis showed that the changes in internal 

concentration polarization are on the order of picomolar and therefore not significant. This is further 

emphasised when the minimal impact salt concentration has on the vapour pressure driving force 

[26]. In this work the temperature of the saline water was based on bulk temperature measurement, 

and not membrane surface measurement. The evaporation of water vapour in the permeate side 

results in cooling the membrane surface, thus causing a heat transfer where the feed membrane 

surface is lower than the bulk temperature of the saline water. Hence, these results strongly suggest 

that temperature polarisation was dominant in the reducing water fluxes. 

 

The membranes were further tested for over 350 hours using a brackish (0.3 wt%) and brine (7.5 

wt%)  feed solutions as shown in Fig. 6. For the brackish processing, the water fluxes changed from 

3.8 to 6.0 and 11 kg m
-2

 h
-1

 as the temperature was raised from 20 to 50 and 75 °C, respectively. 

These values are consistent with those measured for other membrane tested from the same batch as 

displayed in Fig. 5. It is noteworthy that the water flux returned to values around 4.0 kg m
-2

 h
-1

 after 

thermal cycling to higher temperatures up to 75 °C and back to 20 °C, thus demonstrating the 

thermal stability of the TiO2 membrane. For the brine processing, the water flux drastically declined 

during the first testing hour from 1.8 kg m
-2

 h
-1

 to reach a minimum of 0.3 kg m
-2

 h
-1

. This trend 

was not observed as the temperature increased to 50 and 75 °C, as the flux was stabilized around 4 

and 6 kg m
-2

 h
-1

, respectively. However, it is interesting to observe that the water flux continued to 
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vary to maximum (after cleaning) and minimum (before cleaning) values upon return to 20 °C. It 

was observed that salt built up on the membrane surface, especially for the higher salt 

concentrations at the permeate side, leading to water flux reduction. Upon salt removal by 

washing/cleaning the membranes with water, the fluxes recovered as shown in Fig. 6. Hence, TiO2 

mesoporous membranes can be used for processing brines, though requiring washing more 

frequently at every 3-4 days. 
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Fig. 6. 350 hours long term testing of TiO2 membranes. Relative error of ± 5% for the water flux 

measurements. 

 

Finally, the TiO2 membranes in this work performed well, and even better, as compared to the 

inorganic membranes based on microporous silica or zeolites listed in Table 1. For instance, best 

water fluxes for the microporous carbonised silica membranes reached 3.7 kg m
-2

 h
-1

 whilst NaA 
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zeolite membranes reached 4.39 kg m
-2

 h
-1

 (though at very high temperatures > 100 ºC). The TiO2 

membranes also performed relatively well against the limited number of mesoporous inorganic 

membranes recently reported in the literature, as listed in Table 1. The water fluxes of the interlayer 

free P123 carbonised silica membranes [14] for brackish water were slightly lower at 8.5 kg m
-2

 h
-1

, 

and in the same region for brine (7.5 wt%) as in this work. The mesoporous silica membranes 

results were all lower as compared with this work. It is important to note that comparing results 

provides a yard stick for the performance. However, testing conditions (pressures, flows and 

temperatures), membrane geometry (flat and tubular membranes) and substrate porosity may differ 

for all these membranes, so variations in results are expected.  

 

Nevertheless, a major difference from this work as compared to all the inorganic membranes listed 

in Table 1 is the demonstration of mesoporous particulate TiO2 films for desalination and brine 

processing, instead of amorphous silica or crystalline zeolite structures. Due to the amorphous 

nature of silica structures, silica membranes generally have very narrow pore size distribution, 

evidenced by a trimodal pore size distribution 2-3, 7-8 and 12-14Å [29]. The smaller pores tend to 

act as constrictions that allow the passage of the smaller molecules (i.e. water) and hinder the 

diffusion of the large ones (i.e. hydrated ions). This type of pore structure is also expected to be 

present in mesoporous silica membranes containing carbonised surfactants, though the latter tends 

greatly improve pore volume and conferring a membrane film structure with lower density and 

higher porosity than pure silica structures [14]. As a result, the carbonised silica membranes have 

higher water fluxes than pure silica membranes. On a similar basis adding metal oxides to silica 

also tend to increase pore volume and mesoporosity and water fluxes [15]. Zeolite membranes have 

very narrow pore size distribution such as NaA (4 Å) [30] and MFI (5.5 Å) [31], ideal for separating 

water from hydrated salts. However, zeolite films have tightly packed crystalline structures [32, 33] 

and the thickness can be up to 3-4 µm [34, 35], one order of magnitude higher than the TiO2 film 

thickness of 0.3-0.5 µm observed in Fig. 4a. These structural features of zeolite membranes provide 
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a high resistance to water diffusion resulting in low water fluxes.  Indeed, the mesoporous 

particulate TiO2 films in this work differ from the structures obtained for silica and zeolites. The 

particles are evidenced by crystal lattice in Fig. 4b. However, this structure is also tightly packed as 

observed in the top TiO2 film in the SEM image (Fig. 4a). In addition, the total pore volume as 

determined by N2 adsorption of 0.066 cm
3
 L

-1
 is much lower than high water flux mesoporous 

membranes containing cobalt oxide silica (0.186 cm
3
 L

-1
) [15] and carbonised P123 silica (0.464 

cm
3
 L

-1
) [14]. Therefore, structural features play an important role in the performance of 

membranes, and there is a strong correlation between pore volume of the synthesised membrane 

films and water fluxes. 

 

4.0 Conclusions 

This work demonstrates that mesoporous TiO2 membranes can be used for desalination and brine 

processing. Irrespectively of the testing condition (temperature and salt concentration), salt rejection 

remained always high at ~99%. Water fluxes increased with temperature, reaching values of 10.5 

and 4.0 kg m
-2

 h
-1

 at 75 °C for feed waters with salt concentration of 0.3 and 10 wt%, respectively. 

Raising the temperature increased the partial pressure of the water vapour on the feed side, resulting 

in higher driving force and likewise higher water fluxes. Increasing the feed salt concentration led 

to a higher decrease of water fluxes than expected. This was attributed to salt concentration and 

temperature polarisation, the latter being the dominant factor. The TiO2 membranes proved to be 

stable over 350 h of operation under varied thermal conditions. In addition, this work shows for the 

first time that the concept of a particulate interlayer film can be used as a separation medium in 

desalination applications. Thus dispensing the need of top layer requirement and increased cost 

production. These are important industrial requirements for the deployment of new technologies in 

desalination applications. 
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Highlights 

 Thin TiO2 films without interlayers were tested for pervaporative desalination 

 Fluxes up to 10.5 kg m
-2

 h
-1

 were achieved across a range of saline feeds 

 Salt rejection was >99% for all testing conditions 

 The membranes were stable for >350 h of testing even with thermal cycling 

 


