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Abstract. This study aimed to prepare ceramic membranes from low-cost materials for oil/water 
separation. TiO2 was incorporated into fly ash/kaolin-based ceramic membrane matrix via the 
impregnation method to enhance membrane performance. The scanning electron microscope 
(SEM) results exhibited random distribution of pores along the membrane surface with an 
estimated pore size of 0.001- 0.13 µm. The porosity of the TiO2-incorporated fly ash/kaolin ceramic 
membrane ranged from 42.82%-50.22%, where the sintering temperature played an important role 
in the water absorption and porosity properties. The X-ray diffraction (XRD) pattern showed an 
orthorhombic kyanite phase with the presence of three characteristic peaks at 2θ of 26.30°: 27.87° 
and 35.90°. The XRD pattern of all formulated membranes showed almost no change, however, the 
crystal intensity varied due to the different ceramic compositions. P hysicochemical properties 
evaluation showed that the membrane with fly ash, kaolin, and alumina of 20 : 30 : 40 wt% has 
reached the best characteristic. The casted membrane with a compaction pressure of 30 bar with 
sintering temperature of 1200oC for 7 h had the highest compressive strength. The performance 
showed that the TiO2 incorporated membrane achieved over 95% oil rejection efficiency and 
significant decrease of several parameters such as Pb, Fe, Mn, nitrate, nitrite, total dissolved solid 
(TDS), Cl and total organic matter without sacrificing the permeate water flux up to 116 L/m2/h. 
These experimental results suggest that the TiO2-incorporated Fly ash/kaolin ceramic membrane 
has great potential for reclaiming oily wastewater into clean water. 
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1. Introduction 

A growing worldwide population followed by the rapid growth of industrial sectors 
such as oil and gas, petrochemical, pharmaceutical, agricultural, metallurgical, and food 
industries have led to high consumption of clean water (Van-Vliet et al., 2021). The decrease 
of water resources due to inevitable wastewater discharge of human activity caused the 
present surface water resources to be no longer adequate to meet the needs of future 
generations.  As the world’s fourth most populous country, Indonesia has been facing 
increasingly severe water scarcity due to insufficient water resources resulting from over-
withdrawal of both surface water and groundwater in many regions (Istirokhatun et al.,  

*Corresponding author’s email: enyapriyanti@students.undip.ac.id, Tel.: +62247460058; Fax: +62247460057 
doi: 10.14716/ijtech.v15i6.6294 

 



1960  Preparation and Performance Evaluation of TiO2 incorporated Fly Ash-Kaolin Ceramic 
Membrane for Oil/Water Separation 

2021; Masduqi, Nugroho, and Wilujeng, 2020). This condition is aggravated by the release 
of inconvenient oily wastewater from many industries that significantly harms the 
environment, especially surface water. The utilization of local natural resources such as raw 
kaolin for wastewater remediation has been reported to have great potential as well as an 
economical solution (Asbollah et al., 2022). However, the presence of oil in water will form 
an emulsion that is difficult to separate, thus reducing the efficiency of processing. To 
overcome these problems, it is necessary to have an alternative technology that can work 
better and be economically competitive. 

Several advanced techniques, including conventional physical and chemical methods, 
have been developed to manage the wastewater with oil droplet contamination. These 
techniques include adsorption using activated carbon (Wang et al., 2022), diatomite clay 
(Kusworo et al., 2018), resin (Kang et al., 2021), graphene oxide-polyurethane composite 
sponge (Addina et al., 2022; Kusrini et al., 2022) etc., modified sand filter (Liu et al., 2018), 
cyclone (He et al., 2018), settling gravitational API separators (Jaworski and Meng, 2009), 
and evaporation (Tudu et al., 2020) are the physical treatments that are relatively low cost; 
however, they have poor separation efficiency. The chemical treatments such as advanced 
oxidation processes (AOPs) (Mirza et al., 2020), electrochemical, photocatalytic treatments, 
ozone treatment, ionic de-emulsifiers have shown high separation efficiencies with several 
drawbacks such as high cost, potential using toxic compounds, and generation of complex 
secondary pollutants (Padaki et al., 2015). Among advanced technologies, the membrane is 
a promising technology due to continuous research and development. Additionally, 
membrane technology is recognized as an efficient technique to separate oil/water 
emulsion with high separation performance (Ye et al., 2022). Its possibility to produce 
reclaimed water from wastewater, and membrane-based separation becomes a potential 
method for addressing the water scarcity issues. One of the membrane classifications that 
possesses practical feasibility for wastewater treatment is a ceramic membrane (Diana, 
Zaharani, and Fona, 2018). 

 Ceramic membranes are artificial membranes synthesized from inorganic materials 
such as alumina, zirconia, titania, silica, etc., in the form of metal oxides, carbides, or nitrides. 
The development of porous ceramic materials is increasing because of their application that 
covers all fields, especially those that prioritize high temperatures. Ceramic membranes 
provide many advantages over polymer membranes because ceramic membranes are stable 
at high temperatures and have good mechanical strength, and have properties that do not 
expand quickly in water but quickly form suspensions to coat the membrane as support 
(Dong et al., 2010). Compared to polymeric membranes, ceramic membranes have the 
advantages of being able to be operated at higher temperatures, more extreme chemical 
conditions, and higher mechanical conditions to conditions. However, they also have 
limitations, including limited availability of raw materials, more complicated manufacturing, 
and more expensive. In general, the constituent materials of ceramic membranes are 
alumina, titania, and silica. The availability of these materials is relatively limited, causing 
the ceramic membranes more expensive. The price of commercial Al2O3 and ZrO2-based 
ceramic membranes are in the range of $500 - $3000/m2, which is much higher than 
commercial polymeric membranes (~$20 – $200/m2) (Mestre et al., 2019). The price of 
waste-based or natural mineral-based ceramic membranes is tremendously decreased, 
ranging from $2 to $130/m2 (Dong et al., 2022). Therefore, it is necessary to utilize low-cost 
alternative materials as raw materials for ceramic membrane manufacturing. Kaolin, fly ash 
and clay seem to be interesting as alternative natural-based materials. Moreover, the 
combination of Kaolin-titania has been reported to exhibit photocatalytic degradation 
activity under UV irradiation towards pollutants in wastewater, thereby increasing the 
overall removal efficiency of wastewater treatment (Kamaluddin et al., 2021). Hence, the 
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combination of Kaolin, fly ash, and titania is expected to provide synergetic effect in 
enhancing the removal efficiencies as well as reducing the production cost. 

Fly ash is a coal combustion residue from thermal power plants that has attracted 
considerable interest because of its unique properties, i.e., low density and cost and smooth 
spherical surfaces. The main components of fly ash are oxides of silica, aluminum, iron, and 
calcium (Janani and Santhi, 2018). Recent studies have reported that fly ash has the potential 
to be used as a raw material for ceramic membrane preparation (Goswami, Pakshirajan, and 
Pugazhenthi, 2022; Agmalini, Lingga, and Nasir, 2013). Therefore, in this study, fly ash was 
developed as an alternative material for the preparation of ceramic membranes.   

The development of ceramic membranes using natural materials such as clay, coal, 
zeolite, and other inorganic materials is widely carried out because of the lower cost that 
can be applied as filters (Jedidi et al., 2009). Fu et al. (2021) developed a superhydrophobic 
fly-ash based ceramic membrane by immersing the membrane in a silane compound for the 
grafting process. This membrane is suitable for separating the water in oil emulsion rather 
than oil in water. Chathurappan and Jayapal (2022) utilized coal fly ash for preparing 
ultrafiltration ceramic membranes. They reported that the membrane has a porosity of 
39.8% with an average pore size of 41 nm, 11.31 m3/m2 of pure water flux, and 95% 
rejection of rhodamine B. In another study by Zou et al. (2019), fly ash ceramic membrane 
was successfully composited with alumina via spray-coating, resulting in high oil/water 
separation efficiency of 99% and high permeability of up to 445 L/m2/h/bar. These results 
suggested the possibility of improving the fly-ash based ceramic membrane through a 
composite approach. Later, Zou et al. (2021) developed a fly ash/kaolin-based ceramic 
membrane to afford lower-cost membrane with remarkable water permeability up to 3650 
L/m2/h/bar however the oil/water separation slightly decreased to 98.5%. According to 
Liang et al. (2021), the performance of ceramic membranes was influenced by composition 
specifications; additionally, it is also influenced by operating conditions, including pressure, 
concentration gradient, pH of the inlet solution, and operating temperature. In addition, fly 
ash also contains other minor minerals such as magnesium, sulfur, sodium, potassium, and 
carbon (Susanto et al., 2020). However, the application of membranes for wastewater 
treatment is majorly restricted by fouling formation that extensively deteriorates the 
membrane performance. Therefore, it is necessary to develop composite ceramic 
membranes from low-cost natural sources with anti-fouling and self-cleaning properties.   

In this study, the inorganic composite ceramic membranes were manufactured by 
exploring the potential of natural resources combination, i.e., fly ash, kaolin, alumina, and 
TiO2. Fly ash was used as the main material for producing ceramic membranes, and kaolin 
was considered as a reinforcement material.  TiO2 was used as an additive to improve the 
membrane performance. The performance of the membrane was evaluated for separating 
the synthetic oil/water emulsion and real wastewater containing oil & grease contaminants. 
This study aims to obtain the best composition of fly ash, kaolin, and TiO2 for producing high-
performance ceramic membranes in terms of mechanical properties, separation efficiency, 
and water permeability. Therefore, the fly ash-based ceramic membranes could be 
practically feasible wastewater treatment applications. 

 
2. Methods 

2.1.  Materials 
 The materials used in this research included fly ash obtained from the local power plant 
Paiton Energy Ltd., Probolinggo, East Java, Indonesia. Natural kaolin powder was purchased 
from Brataco Chemical, Semarang, Indonesia. Carboxymethyl cellulose (CMC) and 
Magnesium sulfate (MgSO4) ±95% were purchased from Merck, Singapore Science Park, 
Singapore. Sodium citrate, TiO2, Alumina (Al2O3), and Polyethylene glycol (PEG) 99% were 
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purchased from Sigma Aldrich, Pasir Panjang, Singapore. Deionized water was produced 
from a laboratory-made RO-Ion exchange deionized water unit in Chemical Process 
Laboratory, Chemical Engineering Department, Universitas Dionegoro, Semarang, 
Indonesia. 

2.2. Methods  
2.2.1 Manufacturing of Fly Ash Ceramic 
 First of all, the ceramic support membrane was prepared using fly ash (200 mesh/ ~75 
µm), kaolin, and alumina. In addition, carboxymethyl cellulose (CMC), sodium citrate, 
polyethylene glycol, and MgSO4 were added as a binder and reinforcing materials. Table 1 
shows the composition of materials used during ceramic support membrane preparation. 
Those materials were mixed until homogenous paste dough was achieved. The paste dough 
was then left at room temperature for 30 min and kept away from direct sunlight for the 
aging process (Otitoju et al., 2020). Thereafter, the paste dough was molded in tubular form 
with an external diameter of 8.5 cm and an inside diameter of 4.5 cm. The resulting ceramic 
support membrane was then dried at 250°C for one hour to remove the organic content, 
followed by calcination at 1000°C, 1100°C and 1200°C for 7 hours. A schematic illustration 
of membrane preparation is presented in Figure 1. 

Table 1 Composition of materials used during ceramic support membrane preparation (% 
wt) 

Membrane Fly ash Kaolin Alumina CMC 
Sodium 
citrate 

PEG MgSO4 
Deionized 

water 

M1 55 32 5 1 1 2 1 3 
M2 45 42 5 1 1 2 1 3 
M3 35 52 5 1 1 2 1 3 

2.2.2 TiO2 Ceramic Membrane Manufacturing 
 The process of producing TiO2 ceramic membrane in the first stage involves material 
preparation, mixing of constituent materials and additives, pugging, aging, and printing. 
The second stage of making TiO2 - Fly ash impregnation by dissolving 1 gr of TiO2 into a 0.1 
M 100 ml NaOH solution and then stirring using a magnetic stirrer for 2 hours, and the 
ceramic membrane is immersed in a solution of TiO2. Then the membrane is sintered at a 
temperature of 1000oC, 1100oC, and 1200oC for 7 hours after sintering the membrane was 
cooled to room temperature. The resulting membrane was then characterized using XRD 
(X-Ray Diffraction) to determine the crystallinity phase of the membrane before and after 
modification with TiO2 and to determine the morphology of the membrane characterized 
using SEM. 

2.2.3 Membrane performance evaluation 
 The performance evaluation of prepared ceramic membranes was performed for 
synthetic oily wastewater and real wastewater treatment. The synthetic oily wastewater 
was prepared by dispersing 200 mg of cooking oil into 1 L of deionized water to make oily 
wastewater with a concentration of 200 mg/L. The oil was emulsified into the water using 
ultrasonic induction for 1 h. The concentration of permeate water was determined using a 
UV-Vis spectrophotometer (Shimadzu, Japan). The real wastewater was obtained from 
municipal sewage in Tembalang, Semarang, Central Java, Indonesia. The evaluated 
performance parameters were permeate flux, oil rejection, and other pollution rejections 
such as heavy metal, TDS, and organic matter. Figure 1(B) shows schematic filtration 
apparatus for membrane performance evaluation. The pollutant rejection efficiency and 
permeate water flux were calculated using equations (1) and (2), respectively. 
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Where R is the rejection efficiency (%), Cp is the concentration of unwanted pollutants in 
permeate stream, and Cf is the concentration of unwanted pollutants in feed. J is the 
permeate flux (L/m2/h), V is the permeate volume (L), A is the effective membrane area 
(m2), and Δt is the filtration time (h). 

 

Figure 1 (A) Schematic illustration of ceramic membrane preparation (B) Membrane 
filtration scheme 
 
3. Results and Discussion 

3.1. Characteristics of Fly ash Ceramic Membrane Support 
 Fly ash used in this work was a natural compound that was a waste from the steam 
power plant industry and was classified as hazardous and toxic waste. This solid waste can 
be solidified and can be used as a basic material in the manufacture of ceramic. membranes 
(Chasri, 2015). The chemical composition of fly ash was identified using Energy Dispersive 
X-ray (EDX), and the quantitative analysis of metal content was analyzed using Atomic 
Absorption Spectrophotometer (AAS). Based on the results of the EDX and AAS analysis, 
the chemical composition of fly ash was mainly SiO2 up to 39.85% and Al2O3 up to 12.74%. 
The complete analysis results of fly ash using AAS can be seen in Table 2. 

Table 2 Mineral Content of Fly Ash 

No Component Composition (%) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

SiO2 
Al2O3 
FeO 
CaO 
MgO 

S 
Na2O 
MnO 
ZnO 
P2O5 
V2O5 
Cr2O7 

39.85 
12.74 
18.31 
21.58 
5.68 
0.67 
0.59 
0.34 
0.12 
0.11 
0.04 

<0.01 
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3.2. Porosity test 
 The porosity test is carried out to determine the amount of substance or components 
that are absorbed by the membrane. The porosity test is usually carried out on water to see 
how much water can be absorbed by the membrane. The method used to carry out the 
porosity test is by immersing the membrane in water for 24 hours at room temperature, 
then weighing the membrane. After that, the membrane is dried in an oven at 60°C for 48 
hours, then, burned, and then burned, it is weighed. This test is carried out by immersing 
the ceramic membrane in boiling water, then analyzing it, while the value of the membrane 
porosity can be calculated using equation (3) (Kusworo et al., 2024). 

( )
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−
=

− +  (3) 

 The Ww and WD are the wet and dry membrane mass, respectively (g), ρw and ρm are 
the density of the pure water and membrane, respectively (g/cm3). Figure 2(a) displays the 
results of the porosity analysis, indicating that the TiO2-fly ash membrane produced 
exhibited porosity properties ranging from 42.82% to 50.22%. The higher the heating, the 
higher the porosity properties. 

 

Figure 2 (a) Porosity value of TiO2-Fly Ash ceramic membranes, (b) Compression test of 
the fabricated membranes expressed as maximum stress and force 

3.3. Compression Test 
 The compressive test was carried out in this study with the aim of knowing the 
mechanical strength of the membrane support layer when subjected to compressive forces. 
The prepared M3 membrane compression tests at pressures of 10, 20, and 30 bar with fly 
ash compositions of 20%, 40%, and 30% were shown in Figure 2(b). It shows that ceramic 
membranes at 40% fly ash composition have the greatest membrane compressive strength 
of 65.45 kg/cm2. The membrane compression test was influenced by the sintering. 
Temperature in the study used a combustion temperature of 1200oC for 7 hours. The higher 
the combustion temperature, the higher the compressive strength obtained. 

3.4. Membrane Characterization Test 
 The membrane characterization test was carried out to determine the morphology of 
the membrane pore size using SEM (JEOL JSM-651OLA). The SEM photo shows the surface 
structure of the TiO2-fly ash membrane, which is formed unevenly due to uneven 
immersion. Judging from the pores formed are small enough so that they can be used in the 
microfiltration process with a size of 0.001-0.13µm. Based on Figure 4. It can be seen that 
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the surface of the TiO2 membrane is uneven in thickness, but the pore size formed is already 
small (less than 0.1 m). 

 
Figure 3 SEM images of the membrane with different calcination temperatures (a) 1000oC, 
(b) 1100oC, (c) 1300oC, and XRD pattern of prepared ceramic membranes 

 Figure 3 reveals that the titanium peaks are not visible in any of the TiO2-fly ash 
samples, even though there is titanium present on the surface of the fly ash membrane. This 
is due to the diffractogram produced from the fly ash membrane prior to modification, and 
the lack of significant changes observed in the fly ash membrane after modification with 
TiO2. As shown in the image, a peak corresponding to the fly ash mineral can be observed, 
specifically andalusite (Al2(SiO4)O) and kyanite (Al2SiO5), which are both orthorhombic in 
structure (Liu et al., 2022). That is at 2θ = 19.62o; 20.9o; 24.97o; 26.10o; 26.30o; 27.87o; 35.9o 
of the XRD diffractogram for orthorhombic kyanite was found at the three highest peaks at 
2θ = 26.30o; 27.87o and 35.90o. The weak diffraction peaks at 2θ angles of 24.8o; 26.7°; 
55.2°; and 63.0° correspond with the kaolinite structure as mentioned in the previous work 
(Kamaluddin et al., 2021). The diffractogram produced from fly ash and modified fly ash 
almost shows no change, but at the peak, there is a change in crystal intensity. Intensity is 
a parameter that indicates the number or number of crystal planes that are measured. The 
intensity change that occurs is due to the addition of titanium dioxide (TiO2) metal which 
affects the crystallinity, from the TiO2-Fly Ash diffractogram data located at the main 2θ 
angle, namely 26.43o and 27.97o. The suitability of the diffractogram pattern indicated that 
the addition of TiO2 to fly ash did not change the crystal structure of Andalusite Al2(SiO4) 
and kyanite orthorhombic Al2SiO5 from the TiO2 – Fly ash sample, the intensity decreased 
with an increasing amount of TiO2. The decrease in peak intensity in the TiO2 - fly ash 
sample has proven that titanium is on the fly ash surface. The peak shown in the modified 
XRD diffractogram shows a slight shift due to the phase change after the titanium is 
attached to the fly ash. This is because the type of tool and the accuracy of the tool used has 
the same accuracy and working method. 

3.5. Membrane Performance Evaluation 
 The excellent property of the developed membrane for wastewater treatment is 
indicated by the high permeability of permeate water and oil rejection. The flux profile and 
oil rejection of membranes for synthetic wastewater treatment are presented in Figure 4. 
The average permeate flux of the M1, M2, and M3 membranes were 94.93, 95.83, and 
116.16 L/m2/h, respectively. Within 120 min of filtration time, the highest initial permeate 
can reach ~ 127 L/m2/h. The similar flux profile of M1 and M2 could be due to the similar 
pore properties of the membrane, where the pore structure of the membrane strongly 
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influenced the water permeability. Chen et al. (2022) reported that the flux of oily 
wastewater using ceramic membrane was about 300 – 700 L/m2/h. The permeate water 
fluxes of this study were lower than that of previous studies, which could be attributed to 
the higher oil concentration of feed water. However, the oil rejection, according to Figure 
4B, was around 93 – 96% which was higher than the previous report (Chen et al. 2022). 
The higher oil rejection could be due to the presence of hydrophilic channels provided by 
TiO2, kaolin, and fly ash matrix. The Si/Al ratio also plays an important role in enhancing 
the oil-water separation in the membrane process. Si/Al ratio influenced the crystallinity 
of the membrane where a higher Si/Al ratio resulted in a high crystallinity membrane. 
Moreover, by increasing Si/Al ratio, the hydrophilicity of the membrane is increased then 
the hydrophobic oil is effectively rejected. This result is in accordance with a previous study 
by Jiang et al. (2019) where they reported that ceramic membranes with Si/Al ratio > 2.9 
had shown the highest separation factor. In this work, the Si/Al ratio was 3.13 indicating 
the membrane was favourable for oil-water separation. The hydrophilic surface tends to 
reject hydrophobic substances such as cooking oil dispersed in wastewater. This result 
suggests the effectiveness of the developed ceramic membrane for separating oily 
wastewater. To evaluate the potential application of the membrane in wastewater 
treatment, the filtration experiment using real oily wastewater was performed. The 
characteristics of feed wastewater and permeate water are shown in Table 3. 

 

Figure 4 Performance evaluation for filtrating synthetic oily wastewater (A) permeate flux, 
(B) oil rejection 

Table 3 Test result of real wastewater treatment using ceramic membrane fly ash/kaolin-
TiO2 

No. Parameter unit 
Real 
WW 

Pre-
treated 

Membrane Treated wastewater Standard 
M1 M2 M3  

1. pH mg/L 2.59 7. 32 6.59 6.8 7.3 6.5 – 8.5 
2. TSS mg/L 16 16.5 14 15 12 Max 10 
3. TDS mg/L 2313 2082 1876 1903 1562 Max 1500 
4. Turbidity NTU 47.94 19 2.5 3.1 3.8 Max 5 
5. Organic matter mg/L 278 254 191.2 187.3 179.4 - 
6. Oil & Grease mg/L 35 29 1.5 1.8 <1 - 
7. CaCO3 mg/L 29.36 20.23 9.91 7.24 6.84 Max 500 
8. Iron (Fe) mg/L 9.79 6.7 2.3 1.7 1.0 Max 0,3 
9. Manganese (Mn) mg/L 6.6 1.6 0.4 0.3 0.2 Max 0,1 

10. Nitrate (NO3) mg/L 0.86 0.259 0.765 0.665 0.754 Max 1 
11. Nitrite (NO2) mg/L 4.764 2.27 0.752 0.662 0.845 Max 1 
12. Sulfate (SO4) mg/L 39 35.8 30.12 29.85 33.17 Max 400 
13. Chloride (Cl) mg/L 3.3 8.8 0.052 0.065 0.036 Max 250 
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 Based on Table 3, there was a significant decrease in TSS, TDS, turbidity, organic 
substances, and hardness on ceramic membranes (M1, M2, M3) in the real wastewater 
treatment trial. This shows the effectiveness of the purification of the water treatment 
system, where the pre-treatment carried out on the ceramic membrane was indicated by a 
decrease in Fe content from 9.79 to 1,0 – 2.3 mg/L dan Mn content from 6.6 mg/L  to 0.2 – 
0.4 mg/L, the decrease in impurities was caused by solutes being retained by the ceramic 
membrane and forming a precipitate that served as a filter for TSS flow. Turbidity in real 
wastewater indicated the level of suspended organic matter in the solution. Parameters of 
successful filtration can be expressed by the amount of substance lost. The decrease in the 
levels of cations and anions after passing through the ceramic membrane indicated that the 
resulting ceramic membrane has fairly good permeability. The decrease of ionic dissolved 
solids could be due to Gibbs-Donnan’s exclusion mechanism, where the charged particles 
are excluded as the result of electrostatic charge repulsion between charged particles with 
a membrane surface containing TiO2. According to Rasouli et al. (2021), the accumulation 
of charged particles around the membrane surface significantly enhanced the charge 
density and created counter-ion concentration with higher ionic strength, which reduced 
electrostatic attraction toward organic molecules. Hence, higher oil and ionic pollutants 
rejections are achieved. These results suggested that tubular ceramic membranes made 
from fly ash, kaolin, and TiO2 can be used to treat oily wastewater into clean water that has 
fairly met the Indonesia Health Ministry regulation for clean water quality standard No. 
416/MENKES/XII/1990. 
 
4. Conclusions  

 The research demonstrates that the ceramic membrane exhibits a water porosity range 
of 42.82%-50.22%, with the M3 membrane achieving the highest compressive strength of 
65.45 kg/cm². The incorporation of fly ash influences membrane pore formation, while XRD 
analysis reveals the orthorhombic kyanite structure in both pristine and modified 
membranes. The M3 membrane, with a fly ash: kaolin: alumina: TiO₂ composition ratio of 
20%: 40%: 30% and a combustion temperature of 1200°C, performs excellently in river 
water treatment, achieving >95% oil rejection and a permeate flux of 116 L/m²/h. 
Modifications with TiO₂ significantly improve the membrane surface properties, enhancing 
hydrophilicity, permeate flux, pollutant rejection, and fouling resistance. However, the 
higher production cost of ceramic membranes compared to polymeric membranes remains 
a limitation. Despite this, the findings offer promising implications for clean water 
reclamation, as these durable ceramic membranes could provide a sustainable solution for 
wastewater treatment, contributing to global water scarcity solutions with further 
optimization in production processes. 
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