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ABSTRACT: In recent years, hybrid membranes have been developed to address the need  

for membranes with excellent chemical and thermal resistance. In this study, we present  

the preparation of a hybrid flat membrane using a dip-coating process with clay and  

titanium dioxide (TiO2). We investigated two parameters: TiO2 concentration and calcination 

temperature. We also evaluated the performance of the resulting membranes in treating colored 

wastewater. Our results show that increasing TiO2 concentration from 1 to 21 g/L enhances the 

hydrophilicity of the membrane, as evidenced by a decrease in contact angle. The mass of TiO2 

fixed on the membrane surface also increases, leading to a similar contact angle for 11 and 21 g/L. 

Notably, TiO2 nanoparticles were adsorbed onto the membrane pores resulting in reduced 

membrane porosity. The average permeate fluxes decreased with increasing TiO2 concentration. 

We also observed a decline in methylene blue degradation rate with the increase of TiO2 

concentration from 11 to 21 g/L. The maximum methylene blue degradation rate was achieved with 

a membrane coated with 11 g/L of TiO2. Moreover, we studied the effect of calcination temperature 

on membrane properties. Interestingly, increasing the calcination temperature from 300°C to 

600°C did not significantly alter the contact angle. The highest methylene blue degradation rate 

(86.04%) was achieved with 11 g/L TiO2 at a calcination temperature of 300 °C. The prepared flat 

membranes demonstrated promising performance in treating colored wastewater, highlighting 

their potential for efficient wastewater treatment applications. 
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INTRODUCTION 

Water pollution caused by wastewater containing 

various contaminants, such as toxic species, organic and 

inorganic chemicals, minerals, sediments and dyes, is a 

major environmental concern. Dyes like methyl orange 

and methylene blue, commonly used in the textile, 
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printing, pharmaceuticals and research industries, generate 

large volumes of wastewater [1,2], which are non-

biodegradable and not effectively treated using traditional 

methods such as adsorption on activated carbon, 

coagulation, sedimentation, chemical oxidation and 
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biological digestion [3,4]. In the studies conducted by 

Zhang et al. [5] and Lin et al. [6], it has been observed that 

the adsorption capacity of TiO2 is limited due to its small 

specific surface area. Moreover, the separation of TiO2 

particles from water after the adsorption process poses 

significant challenges. To overcome these limitations, 

photocatalyse-utilizing TiO2 has emerged as a promising 

technique, benefiting from its high stability, amphoteric 

character, and large band gap energy [7]. However, a 

major obstacle for the widespread application of the 

photocatalytic process arises when TiO2 is immersed in 

wastewater for treatment: the efficient removal of the 

photocatalyse (TiO2) from the treated water [8,9]. Hence, 

it is imperative to pursue the creation of an intelligent 

system capable of efficiently removing low concentration 

contaminants from wastewater. The preference lies in 

membranes that exhibit superior selectivity and 

permeability when separating solvent mixtures. 

Considering the industrial perspective, the presence of 

high solvent flux membranes holds great significance. 

Such membranes can play a pivotal role in the design of 

new processes by substantially diminishing capital 

expenditure requirements [10]. The combination of 

membrane technology and photocatalysis has emerged as 

a promising approach for efficient and sustainable water 

treatment. In one study, a polysulfone membrane was 

incorporated with TiO2 to investigate the degradation of 

eosin yellow dye under the visible light irradiation [11]. In 

another study, TiO2 was immobilized on laccase, a plant 

material, to evaluate its ability to break down reactive dyes 

in textiles [12]. Polymeric membranes lack the thermal and 

chemical stability exhibited by inorganic membranes. 

Consequently, inorganic membranes are more widely used 

due to their long lifetime. Porous ceramic membranes, 

which offer benefits such as thermal, chemical and 

mechanical resistance, and controllable microstructure, 

have been of interest to the scientific community. 

However, their use in wastewater treatment is limited by 

their high cost. Thus, current research on the development 

of low-cost membranes that combine adsorption and 

photocatalysis, providing a novel and sustainable approach 

to water treatment technology [13]. Clays have been 

widely used as support materials due to their low cost, 

abundant availability, high cation exchange capacity, 

porosity, high surface area, swelling, and good binding 

properties [14]. Titanium dioxide has been immobilized on 

these ceramic substrates through various methods, such as 

in situ hydrothermal processes [15], electrospinning [16] , 

sol-gel process [17], self-assembly [18], photoassisted 

deposition, solvent casting and grafting [19]. TiO2-coated 

ceramic membranes have been shown to be effective in the 

degradation of dyes. This is due to the photocatalytic 

properties of --TiO2, which is a well-known semiconductor 

material. When exposed to ultraviolet (UV) light, TiO2 can 

generate electron-hole pairs. These electron-hole pairs can 

then react with dyes to form reactive oxygen species 

(ROS), such as hydroxyl radicals. ROS are highly reactive 

and can oxidize dyes, breaking them down into smaller, 

less harmful compounds. The degradation process 

continues until the dyes are completely degraded [20]. 

The objective of this study was to investigate the 

potential impact of calcination temperature and TiO2 

concentration on membrane characteristics, permeate flux, 

and methylene blue degradation. To the best of our 

knowledge, no prior research has examined the influence 

of these two parameters, namely calcination temperature 

and TiO2 concentration, on both membrane characteristics 

and the efficiency of methylene blue degradation. 

 

EXPERIMENTAL SECTION 

Material 

Clay was obtained from the southern Tunisian region of 

Matmata-Gabes-Tunisia. Palm stone, an organic waste 

product derived from date palm trees, was used as pore-

forming. Distilled water was employed as a solvent  

for the ceramic paste preparation. Furthermore, TiO2  

was purchased from LoBA Chemie. 

 

Clay characterization 

Particle Size Analysis 

The particle size distribution of clay was determined by 

a laser diffraction apparatus (Malvern Panalytical, 

Mastersizer 3000, UK) equipped with a dry powder 

disperser (Aero S). Measurements were performed in 

triplicate, at 25 °C.  

 

Fourier Transform Infrared spectroscopy analysis of clay 

powder and sintered clay  

Fourier transform infrared (FT-IR) analysis of clay 

powder and sintered clay was performed using a Spectrum 

Two (PerkinElmer, USA) FT-IR spectrometer. The 

spectrometer was mounted with a diamond Attenuated Total  
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Fig. 1: Flow chart of TiO2 immobilization on clay membranes. 

 

Reflectance (ATR) accessory. Spectra were recorded  

in the wave numbers range of 450-4000 cm-1 by an average 

of 4 scans at a spectral resolution of 2 cm-1. 

 

Ceramic membrane preparation 

The clay was grinded using a grinder to achieve a high 

degree of fineness in the resulting powder. The sieving 

process was then carried out, and the particles obtained had 

diameters ranging from 63 to 80 µm [21,22]. A plastic 

paste was synthesized using ceramic powder, organic 

additions, and water. The paste was composed of 67 wt% 

mineral powder, 4 wt% starch, 4 wt% palm stone powder, 

and 25 wt% water. A flat configuration membrane with a 

porous structure was fabricated using the compression 

method. Sintering experiments were conducted in a muffle 

furnace using a two-step process, with the first step at 

250°C, followed by the second step at 1000°C. The 

temperature-time profile played a crucial role in 

determining the porous volume, pore diameters, 

morphology, and mechanical strength of the membrane. 

 

TiO2/clay ceramic membrane preparation 

A dip-coating process was employed to coat clay 

membranes with TiO2 solution at different concentrations 

(1, 11, and 21 g/L). The coated membranes were dried  

 
Fig. 2: Porosity measuring set-up. 

 

in an oven at 80°C for 24 hours to remove residual 

moisture. Subsequently, the membranes were calcinated  

in a muffle furnace for three hours at various temperatures 

(300, 450, and 600°C). Fig. 1 illustrates the process of 

TiO2/clay membrane preparation. 

 

Ceramic membrane characterization 

Porosity and pore size  

The membrane's porosity was evaluated using the 

Archimedes method [23,24] with water as the wetting 

liquid, as illustrated in Fig. 2. To account for variations  

in membrane dimensions, we measured different masses 

and used these values to calculate the membrane porosity. 

The porosity ɛ was determined using the following Eq. (1): 

ɛ(%) =
VPO

VS

x100 (1) 

Where, VPO is the open pores volume of the ceramic 

membrane; and VS is the real volume of the ceramic 

membrane. 

The Mean pore radius rmean was determined by the filtration 

velocity method. According to Guerout–Elford Ferry equation, 

rmean could be determinate by the Eq. (2) [25,26]: 

𝑟𝑚𝑒𝑎𝑛 = √
(2,9 − 1,75 ɛ)x 8 ƞ l Q

ɛ. A. ΔP
    (2) 

Where ƞ is water viscosity (8,9 x 10-4 Pa s); l is the 

membrane thickness (m); ΔP is the operation pressure, ɛ is 

the porosity, and Q is the permeate flow (m3/s). 

 

Contact angle  

To assess the wettability of the ceramic membrane, 

contact angle tests were performed using a KRÜSS Drop 

Shape Analyzer – DSA25 as a measuring device. The 

sessile drop method was used to determine the wettability 

of the membrane by dropping model liquid, such as water,  
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Fig. 3: Components of the flat membrane module. 

 

onto the surface. Contact angles were measured using 

water, which allowed us to deduce the hydrophobic 

character (angle higher than 90°, low surface energy) or 

hydrophilic character (angle lower than 90°, high surface 

energy) of the surface [27]. 

 

Conception of pilot unit of membrane photocatalysis and 

experimental protocol of methylene blue degradation  

The surface area of the photocatalytic ceramic 

membrane measures 102 cm². To assess the membrane's 

performance, it was incorporated into a flat membrane 

module, as depicted in Fig. 3. The solution was exposed to 

irradiation using a SYLVANIA UV lamp. In order to 

prevent the entry of visible light into the reactor and the 

escape of ultraviolet light, the reactor was fully covered 

with cardboard. To initiate the photocatalytic reaction,  

a solution of methylene blue, with a pH of 5.7 and  

a concentration of 2x10-5 mol/L, was prepared and then 

poured into the feed tank of the installation. The pump 

operated in a closed circuit, circulating the solution 

between the reactor and the tank, as illustrated in Fig. 4. 

The solution samples are collected at 30-minute intervals 

throughout a three-hour treatment period. Subsequently, 

the samples are stored in a lightless environment and 

analyzed using UV-vis spectrophotometry at a wavelength 

of λmax = 660 nm. The spectrophotometer used for this 

purpose is a Perkin Elmer brand. All experiments were 

done at a constant room temperature of 25°C. The 

permeation flux (J, m3/m2⋅h) was calculated by Eq. (3): 

J =
V

At
 (3) 

Where V, A and t represent the permeate volume,  

the membrane surface and the time respectively. The 

efficiency of the photodegradation treatment of methylene 

blue can be calculated by Eq. (4): 

R (%)  =
C0 − Ct

C0

 × 100 (4) 

 
Fig. 4: Pilot unit of photocatalytic ceramic membrane. 

 

 
Fig. 5: Particle size distribution of clay particles. 

 

Where, Ct is the concentration of methylene blue  

at the selected time and C0 is the initial concentration  

of methylene blue of feed. 

 

RESULTS AND DISCUSSION 

Particle size analysis 

After the clay grinding process, a sieving procedure 

was carried out, and a granulometric analysis was 

conducted on the resulting fraction. The particle size 

distribution of the clay is presented in Fig. 5, revealing  

a pronounced peak around 64 μm. This peak confirms  

the successful sieving process and indicates that the 

majority of particles fall within the desired size range  

(63 µm < particle diameter < 80 µm). 

 

Fourier Transform Infrared spectroscopy analysis of 

clay powder  

To determine the composition of the functional groups 

present in the raw materials, Fourier Transform InfraRed  
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Fig. 6: FT-IR spectrum of the clay powder. 

 

(FT-IR) spectroscopy analysis was conducted. The 

resulting spectrum of the clay powder is displayed in Fig. 6, 

exhibiting two prominent characteristic bands. The band at 

1029 cm-1 is assigned as the valence band associated with 

Si-O vibration. Additionally, the vibrational band 

observed at 914 cm−1 is attributed to the deformation of the 

Al-OH bond, while the band at 695 cm−1 corresponds to 

different modes of the Si-O-Al bond. Furthermore, the 

peak at 497 cm−1 is identified as Si-O-Al bending 

vibrations. Lastly, the band located at 470 cm-1 represents 

the deformation vibration of the Si-O-Mg bond [27,28]. 

 

Factors affecting methylene blue photodegradation 

Inspired by various studies on the photodegradation of 

organic pollutants in water [29,30], this experimental 

study explores the impact of two operating parameters, 

namely the TiO2 concentration and the calcination 

temperature on TiO2 fixed mass, contact angle, porosity, 

average permeate flux, and methylene blue degradation. 

The obtained results are reported in the following sections. 

 

Effect of calcination temperature and TiO2 concentration 

on TiO2 fixed mass 

Fig. 8 depicts the influence of calcination temperature and 

TiO2 concentration on TiO2 fixed mass. The synthesis 

parameters were set to 300-600°C and 1-21 g/L, 

respectively. As the calcination temperature increases, the 

TiO2 fixed mass initially rises and then falls. Specifically, 

for 1 g/L of TiO2, the fixed mass increases by 77.46% as 

the temperature ascends from 300 to 600°C before 

dropping by 58.22%. For 11 g/L, the TiO2 fixed mass rises 

by 85.60% and declines by 58.22%. In the case of the 

highest concentration of 21 g/L, the fixed mass of TiO2  

 
Fig. 7: FT-IR spectrum of sintered clay. 

 

 
Fig. 8: Effect of calcination on the mass of fixed TiO2. 

 

exhibits an increase from 8.41 mg/cm3 to 21.55 mg/cm3  

as the calcination temperature rises from 300 to 450°C. 

However, at a temperature of 600°C, the fixed mass 

decreases to 16.09 mg/cm3. This is due to the increased 

firmness of the TiO2 nanoparticles caused by changes in 

the surface fabric property of clay and growth in the TiO2 

crystal structure, which raises the TiO2 content. However, 

excessively high calcination temperatures lead to the 

sintering of the TiO2 particles, causing the film to shrink, 

crack, or debond from the substrate, resulting in a decrease 

in TiO2 fixed mass. These findings align with those 

reported in [31]. Fig. 8 demonstrates that increasing the 

TiO2 concentration increased the fixed mass of TiO2. This 

observation is consistent with photos of clay membranes 

coated with varying concentrations of TiO2 as shown  

in Fig. 9. When TiO2 nanoparticles were immobilized  

onto the clay membrane, a chemical interaction between 

the TiO2 nanoparticles and SiO2 in the clay membrane 

occurred through Si-O-Ti bonding. This interaction 

facilitated a uniform distribution of TiO2 nanoparticles 
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Fig. 9: Clay membranes coated with different TiO2 

concentration at 300 °C. 

 

 

Fig. 10: Effect of calcination temperature on membrane 

contact angle. 

 

in the clay membrane, as was the case for the membrane 

coated with 11 g/L of TiO2 [32]. However, as shown  

in Fig. 9, the membrane coated with 21 g/L of TiO2 was 

not covered with TiO2 nanoparticles. This phenomenon 

can be attributed to the occurrence of debonding or crack 

formation, which becomes more prominent with 

increasing TiO2 concentration [33,34]. 

 

Effect of calcination temperature and TiO2 concentration 

on membrane contact angle 

The calcination temperature was varied from 300 to 

600°C while the TiO2 concentrations were varied from 1 to 

21 g/L. The results indicate that an increase in TiO2 

concentration led to a decrease in contact angle, indicating 

improved hydrophilicity of the membrane. As seen in Fig. 

10, a higher TiO2 concentration of 21 g/L resulted in the 

lowest contact angle. Additionally, an increase in 

calcination temperature from 300 to 600 °C led to an 

increase in TiO2 fixed mass, resulting in similar contact 

angle values for 11 and 21 g/L concentrations. The presence 

of TiO2 nanoparticles on the membrane surface, as 

confirmed by Fig. 9, significantly reduced the contact angle  

 
Fig. 11: Effect of calcination on the porosity. 

 

to approximately 7° [35] indicating high hydrophilicity. 

However, at a TiO2 concentration of 1 g/L, the contact angle 

increased, indicating a lower hydrophilic behavior of the 

membrane. Furthermore, the hydrophilic nature of the 

membrane surface enhances its affinity for contaminants, 

such as methylene blue, leading to improved adsorption and 

facilitating better contact with the photocatalytic material. 

As a result, this promotes the adsorption of organic 

pollutants onto the membrane surface, thereby facilitating 

subsequent photocatalytic degradation. 

 

Effect of calcination temperature and TiO2 concentration 

on membrane porosity 

Fig. 11 shows the impact of calcination temperature and 

TiO2 concentration on the membrane porosity. It can be 

observed that the porosity of the membrane varies with the 

increasing TiO2 content. The findings suggest that an 

increase in TiO2 concentration results in a gradual decrease 

in the open porosity of the membrane due to the adsorption 

of TiO2 nanoparticles on the surface of the membrane pores. 

This, in turn, reduces the surface area of the pores and leads 

to a decline in membrane porosity. The results are consistent 

with those presented in Fig. 8, where an increase in TiO2 

concentration leads to an increase in TiO2 fixed mass at all 

calcination temperatures. As shown in Fig. 9, the TiO2 

nanoparticles cover almost every part of the membrane 

surface, leading to a decrease in porosity. Similarly, as the 

calcination temperature increases from 300 to 600°C, the 

porosity of the membranes declines significantly for all 

calcination temperatures due to the entry of TiO2 

nanoparticles into the membrane pores, partially blocking 

some of them. The high concentration of TiO2 (Fig. 11) 

causes a decline in porosity due to the agglomeration of  
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Fig. 12: Effect of calcination temperature on the permeate flux. 

 

TiO2 nanoparticles on the membrane surface, which can be 

detached from the membrane during calcination, resulting 

in a higher porosity and poor compactness. 

 

Effect of calcination temperature and TiO2 concentration 

on average permeate flux: 

This study aimed to evaluate the performance of flat 

ceramic membranes for the filtration process. Specifically, 

the average permeate flux and TiO2 concentration were 

examined as a function of calcination temperatures, and 

the results are presented in Fig. 12. The findings showed 

that the permeation flux of all prepared membranes 

decreased as the TiO2 concentration increased from 1 g/L 

to 21 g/L. This decrease suggested that the permeation flux 

tended to become restricted with increasing TiO2 

concentration, consistent with previous research [36]. The 

cake layer formed on the membrane surface initially 

caused low resistance to permeation. However, as the layer 

cake thickened, it behaved with high resistance to 

permeation, resulting in a reduction in the permeation flux. 

This phenomenon may be partly attributed to the 

interactions between the membranes and the methylene 

blue solution, particularly with the decrease of the cross-

section during the cross-flow filtration [37]. In addition, 

we found that increase in the calcination temperature led 

to a decrease in the permeation fluxes. This reduction may 

be attributed to the increase in TiO2 crystallite size, 

resulting in densification and phase transformation from 

anatase to rutile. Notably, the maximum permeation fluxes 

were observed at 450 °C, and some researchers suggested 

that at this temperature, there is a maximum percentage 

of anatase titania present, which generates minimum 

densification in the membrane [38]. An alternative 

explanation can be derived from Fig. 13, which depicts  

the progression of average permeate flux as a function of 
𝑟𝑚𝑒𝑎𝑛 𝑋 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
 at various calcination temperatures. This 

graph exhibits a similar trend as shown in Fig. 12. So,  

the maximum ratio of 
𝑟𝑚𝑒𝑎𝑛 𝑋 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
 is proved at 450°C.  

 

Effect of calcination temperature on degradation of 

methylene blue in retentate: 

This part investigates the photoactivity of methylene 

blue on TiO2 by examining the photocatalytic activity  

of samples calcined at 300-600°C under UV irradiation. 

The results are displayed in Fig. 14. Based on Fig. 8, we 

found that as the calcination temperature increased from 

300°C to 450°C, the TiO2 fixed mass was improved, 

especially for membranes coated with 21 g/L of TiO2, 

which showed the highest evolution of TiO2 fixed mass. 

Consequently, the removal efficiency of methylene blue 

corresponding to the membrane coated with 21 g/L was the 

lowest when the calcination temperature increased from 

300 to 600°C. In addition, the removal efficiency of 

methylene blue increased as the calcination temperature 

increased from 450°C to 600°C. This increase was 

attributed to the energy band gap variation, which 

decreased as the calcination temperature increased from 

450°C to 600°C. This finding was consistent with previous 

research [39]. As seen, operating at 300°C led to higher 

degradation of methylene blue, which is 77.12, 86.04 and 

70.15% for TiO2 concentrations of 1, 11 and 21 g/L, 

respectively. The impact of calcination temperature on the 

degradation of methylene blue can be attributed to the 

influence of temperature on catalyst particle size, as 

reported by Potti et al. [40] and Li et al. [41]. These studies 

indicate that lower calcination temperatures result in the 

formation of catalysts with smaller particle sizes. Typically, 

smaller particle sizes of TiO2 demonstrate higher activity 

compared to larger particles [42–44]. This enhancement in 

activity can be attributed to several factors. Firstly, smaller 

particles offer a larger surface area per unit mass, 

facilitating improved interaction between TiO2 and the 

reactants. Consequently, this increased surface area 

provides a greater number of active sites for reactions, 

thereby enhancing activity. Moreover, smaller particles 

possess a higher proportion of surface atoms, resulting 

in an increased availability of reactive sites for chemical  
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Fig. 13: Effect of (r mean*porosity)/thickness on calcination temperature and average permeate flux for a TiO2 concentration of (a) 

1 g/L, (b) 11 g/L and (c) 21 g/L. 

 

 
Fig. 14: Methylene blue degradation VS calcination 

temperature. 

 

reactions, ultimately contributing to enhanced dye  

removal [45]. Additionally, smaller particle sizes reduce 

the diffusion path length for both reactants and products, 

leading to accelerated mass transfer and promoting more 

efficient reaction kinetics [46]. Based on these 

observations, an increase in calcination temperature is 

associated with an increase in TiO2 particle sizes and a 

decrease in methylene blue degradation. 

A comparative analysis was performed, comparing our 

findings with previous studies, as outlined in the below 

table. The comparison reveals a strong agreement between 

our results and the findings reported in existing literature. 

 

CONCLUSIONS 

In this study, we employed the dip-coating technique 

was employed to modify the clay membranes with 

titanium dioxide. This investigation examined the impact 

of TiO2 concentration and calcination temperature on 

various parameters, including TiO2 fixed mass, membrane 

contact angle, porosity, average permeate flux, and 

methylene blue degradation. As calcination temperature 

increased from 300°C to 600°C, we observed changes  

in TiO2 fixed mass due to sintering, affecting membrane 

integrity. The addition of titanium dioxide enhanced 

membrane hydrophilicity, as evidenced by a significantly 

reduced contact angle of 7°. However, increasing TiO2 

concentration led to reduced membrane porosity due to 

TiO2 nanoparticles adsorption on the surface of the 

membrane pores. Permeate flux exhibited variations with 

changing TiO2 concentration, with maximum fluxes 

observed at 450°C. The most efficient methylene blue  

(a) (b) 

(c) 
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Table 1: A Comparative Analysis of Our Results with Literature Data 

Membrane Material Calcination Temperature (°C) Type of light Dye Degradation (%) References 

Polyacrylonitrile Polyamide 6 - Without light Methylene blue 73 [47] 

aluminum nitrate nonahydrate 

calcium nitrate tetrahydrate 

cerium(III) nitrate hexahydrate 

zirconyl chloride octahydrate 

650 UV Methylene blue 90.7 

[48] 
750 Sunlight Methylene blue 88.5 

𝛼–Alumina supports 

𝛾–alumina 
500 UV Methylene blue 

72 
[49] 

82 

Metakaolin 500 UV Methylene blue 93 [50] 

TiO2 300 UV Methylene blue 80 [51] 

Clay 300 UV Methylene blue 86 This study 

 

degradation, at rate of 86.04%, was achieved with TiO2 

concentrations of 11 g/L at 300°C.  

In light of our findings, it is essential to acknowledge the 

limitations of our study, including the specific conditions 

and materials used. Future research directions may explore 

the practical application of this technique in water 

treatment, particularly in the context of treating water 

contaminated with antibiotics. Additionally, considering 

the potential cost-effectiveness of utilizing solar radiation 

instead of UV lamps for abatement is a promising avenue 

for further investigation. 
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