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Abstract

Ceramic membranes have garnered significant attention recently due to their outstanding thermal and chemical
stability, biological resistance, and long-term durability. These attributes make them highly suitable for a wide
range of applications, including wastewater treatment, food and beverage processing, gas separation, and
biomedical and pharmaceutical uses. With growing demand for sustainable and economical solutions, recent
research has increasingly focused on reducing production costs by utilizing low-cost raw materials, such as
naturally occurring minerals and industrial waste. This review provides a comprehensive overview of recent
advancements in ceramic membrane technology, emphasizing the development of cost-effective alternatives and
innovative fabrication techniques, including extrusion, tape casting, slip casting, phase inversion, and powder
pressing. Additionally, it explores various surface modification strategies, such as dip coating, spin coating, sol-
gel processing, and hydrothermal treatment, aimed at enhancing membrane performance for specific industrial
applications. The review concludes with insights into future research directions, particularly those centered on
improving cost-efficiency and functional optimization of ceramic membranes for broader commercial
deployment.

Keywords: Membrane Technology, Ceramic membranes, Surface modification, Innovative fabrication,
Wastewater treatment.

1. Introduction

Environmental contamination and the depletion of traditional water supplies are well known to represent serious
problems for our civilization, impeding the attainment of a sustainable global position. Due to polar icecaps and
persistent mountain snow cover, humans may consume less than 1% of the freshwater on Earth (Geise et al.,
2010). Additionally, garbage from residential and commercial properties contaminates surface water, rendering
most freshwater unavailable. Applying pretreatment to wastewater before it enters aquatic bodies is likely to alter
these circumstances. Rising water demand, a lack of centralized infrastructure, affordable distribution, and
limited resources have led to water scarcity in many regions, including Bangladesh, causing social, economic,
and health issues (Chakrabarty & Mohiuddin, 2024). In regions such as rural Bangladesh, simple, ceramic-based
filtration systems have demonstrated strong potential for low-cost water purification. Amin et al. (2023) reported
that a simple ceramic filter combined with a roughing filter achieved over 98% removal of turbidity, color, iron,
and bacteria from pond water. Ceramic membrane technology has become a key advancement across industries,
offering a cost-effective, user-friendly, and eco-friendly alternative to traditional separation methods. This
technology uses thin, semi-permeable membranes to selectively separate components from fluid mixtures based
on size, charge, or affinity. Membranes are categorized by geometry (flat, tubular, capillary, or hollow fiber) and
material type (organic or inorganic). Ceramic membranes are receiving more attention in research than their
polymeric equivalents, primarily for their remarkable resilience in industrial operations. Because they are
stronger and more stable in the heat and chemicals, they have become a strong substitute for polymeric
membranes, particularly when it comes to treating wastewater from homes and industries (Goh & Ismail, 2018).
The petrochemical, biotechnology, food processing, and pharmaceutical wastewater treatment sectors make
substantial use of ceramic membranes. However, their high fabrication cost, due to the use of materials such as
titania, alumina, and silicon carbide, and their high sintering requirements, remains a major limitation. To
address this, recent studies have investigated low-cost ceramic raw materials, including bentonite, kaolin,
magnesite, phosphate, dolomite, perlite, rice husk ash (RHA), and sugarcane bagasse ash (SCBA) (Hedfi et al.,
2014). Membrane fouling from accumulated organics and colloids lowers purification efficiency and necessitates
frequent cleaning in treatment facilities with high organic loads (Lin et al., 2025). Ceramic membranes perform
better than polymeric ones because they can withstand harsh chemicals and high backwash pressures, allowing
for more thorough cleaning to successfully restore performance.

Ceramic membranes typically consist of three layers: a porous support layer for mechanical strength, an optional
intermediate layer to improve permeability and surface smoothness, and an active top layer that determines
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performance (Figure 1). The intermediate layer also helps reduce pore size, which is especially useful when
using low-cost raw materials, and the support layer is fabricated using techniques like extrusion, slip casting,
tape casting, phase inversion, freeze casting, and powder pressing, each offering advantages in pore control,
scalability, and material compatibility (Kanth et al., 2025). The choice depends on desired properties, materials,
and applications. Ongoing research focuses on optimizing the active layer for specific applications. The active
layer is usually made by changing the surface of the support layer with chemicals or physical methods to make it
work better (Azaman et al., 2021). This review highlights cost-effective ceramic materials and fabrication
methods for membrane development, with a focus on surface modification techniques to enhance performance. It
also discusses current trends, research, and future directions for improving efficiency, sustainability, and
affordability.

2. Ceramic Membrane Surface Chemistry

Active layer
Ceramic membranes feature a three-dimensional asymmetric porous I'gt%rrmediate
structure, comprising a thin separation layer over intermediate and : 4
support layers. Common materials include Al,O3z or SiC for supports, R — SuPrort layer

ZrO; or Al,O; for intermediate layers, and ZrO,, TiO,, or SiO; for

separation layers (Shang et al., 2017). These membranes offer excellent

physical and chemical stability. Oxide ceramics such as alumina, silica, Figure 1. Composition of Ceramic
zirconia, and titania are widely used due to their tunable pore sizes and Membrane.

surface properties, facilitating controlled separation (Kanth et al., 2025).

Hydroxyl groups form via water molecule adsorption and dissociation. Al,O; is valued for strength and
versatility, while ZrO, offers superior toughness (Randhawa et al., 2023). Non-oxide ceramics like SiC, SizNa,
B4C, WC, and ZrB; possess high mechanical strength, thermal stability, and chemical resistance, making them
suitable for harsh environments (Kanth et al., 2025). However, their processing is more complex than oxide
ceramic, requiring high sintering temperatures (>1700°C) and inert, pressure-assisted firing.

2.1 Ceramic materials for membrane applications

The selection of ceramic materials for membrane fabrication is influenced by factors such as material properties,
sintering conditions, and cost. Although oxide and non-oxide ceramics offer versatile separation capabilities,
their high raw material and processing costs limit widespread adoption. In contrast, polymeric membranes are
significantly cheaper. Moreover, ceramic membrane production demands high sintering temperatures (often
>1200°C), with alumina requiring above 1450°C, resulting in high energy and equipment costs (Tai et al., 2020).
To address these limitations, cost-effective alternatives have been explored. Naturally occurring clays, earth
minerals, industrial by-products like fly ash and rice husk ash, and inorganic sludges have been successfully used
to fabricate low-cost ceramic membranes (Issaoui & Limousy, 2019). These alternative materials, often chosen
for their local abundance, promote their increasing utilization at the industry level.

3. Innovative materials for membrane fabrication

Fabrication ¥
The development of ceramic membranes using naturally Methods %% @ g:::“l’:w
occurring substances has garnered increasing attention in recent Acvaivoud tachniqiiss gLt
. . . . . ng surface
years (Issaoui & Limousy, 2019). Research on using industrial 0f preciss A e ety fof opeimel

and agricultural waste materials to fabricate membranes is also st 8
growing. In ceramic membranes, a variety of clays, including
kaolin, sand, ball clay, quartz, bentonite, and bauxite, are
valued for their varied qualities (Miranda et al., 2018). The
weathering and geological conditions affect their chemical
composition. Agricultural residues and industrial byproducts,
such as rice husk ash (RHA), sugarcane bagasse ash (SCBA),
corn cob ash (CCA), palm oil fuel ash (POFA), and fly ash,
which offer cost-effective and eco-friendly alternatives.

Ceramic membranes using various waste materials and Review Crafting of Ceramic Membranes
methods, demonstrating their flexibility and effectiveness in Technology

membrane fabrication.

3.1 Kaolin

Kaolin, a soft clay that occurs naturally and forms when silicate minerals decompose chemically, has gained
more recognition because of its beneficial qualities for making membranes. It is an ideal choice for water
filtration and other separation processes due to its low plasticity, high refractory properties, and hydrophilicity
(Mittal et al., 2011). Membranes made from kaolin have been used to separate gases, remove oily waste, and
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support catalytic substrates. The mineral's usefulness as a raw material for producing porous ceramic membranes
is affected by its crystal structure, composition, and thermal stability (Hedfi et al., 2014).

3.2 Ball clay

Ball clay, a fine-grained sedimentary clay rich in kaolinite, mica, and quartz, is valued for its high plasticity,
green strength, and light-fired color. Its main constituents, SiO, and Al,O3; with low levels of impurities like
Fe,O3 and TiO,, contribute to desirable membrane properties and its performance (Kanth et al., 2025). In
membrane fabrication, ball clay enhances plasticity and acts as a binder and provides stability in green
membranes. Its glassy phase supports densification at lower sintering temperatures, making it a cost-effective
substitute for high-purity oxides. However, its use may lead to excessive shrinkage during processing.

3.3 Bentonite

Bentonite, a volcanic clay, is an economical ceramic material known for its solvent-induced swelling and ion
exchange capabilities. Its low sintering temperature, lubricity, and high plasticity make it a cost-effective and
versatile choice for ceramic membrane fabrication, particularly in mineral and metal array forms. Studies have
demonstrated successful fabrication of tubular microfiltration supports with 24 MPa strength and 1.7 um pore
size at 1000 °C and ultrafiltration membranes achieving up to 97% dye removal efficiency, confirming their
effectiveness and potential in membrane technology (Saja et al., 2020).

3.4 Dolomite

Dolomite, a naturally abundant double carbonate of calcium and magnesium (CaMg(COs),), is commonly found
in sedimentary rocks containing calcite. In addition to trace metals including Mn, Zn, Pb, Sr, Co, and Ni, its
usual composition includes 30.41% CaO, 21.86% MgO, and 47.73% CO; (Olszak-Humienik & Jablonski, 2015).
Dolomite has also been applied in membrane fabrication to enhance porosity through CO: release during
sintering. Researchers were able to achieve overall porosity levels of 40-45%, with pore size growing in tandem
with dolomite concentration (Kadiri et al., 2020).

3.5 Bauxite

Bauxite, plentiful in tropical and subtropical areas, is a key source of alumina (Al,O3) with low SiO; content and
minor impurities like Fe,Oz and TiO,. Bauxite is a cost-effective material for constructing ceramic membranes
due to its high Al,O3 concentration and SiO, content, which lowers sintering temperatures and encourages the
formation of mullite during heat treatment (Kanth et al., 2025). Its ceramic potential is further improved by
constituents like TiO,, which are useful in advanced membrane applications. For example, a bauxite-based
ceramic membrane demonstrated 75% degradation of RB5 dye under visible and UV light, showcasing its
photocatalytic efficiency in wastewater treatment (Ismail et al., 2019).

3.6 Other waste materials

The use of waste materials in membrane fabrication is a growing research area with strong sustainability
potential. Abundant in silica, alumina, and other oxides, these widely available wastes can serve as functional
components in ceramic membrane production, addressing both environmental and economic challenges. Rice
husk (RH) was converted into amorphous and crystalline silica for membrane fabrication via phase inversion,
with the amorphous phase yielding dense membranes free of finger-like voids. It's also shown dual functionality
in heavy metal removal through adsorption and separation. By reducing the melting temperatures of ceramics,
corn cob ash (CCA), which is abundant in potassium compounds such as KCI and K;SO,, serves as a fluxing
agent (Kanth et al., 2025). The large pore diameter that the crop cob component supplied allowed for a high pure
water flow. Sugarcane bagasse ash (SCBA), composed of valuable oxides, was used to fabricate hollow fiber
membranes modified for super-hydrophobic surfaces, enabling efficient oil-water separation. Palm oil fuel ash
(POFA), comprising 44-65% silica, was employed in phase inversion/sintering to produce membranes with 96%
oil rejection efficiency at 1050°C (Tai et al., 2018). Fly ash, a byproduct of coal combustion rich in silica and
alumina, has also been used with bauxite as an Al,O3 source to fabricate low-cost ceramic membranes. Materials
like RHA, CCA, and SCBA, producing membranes with high porosity & suitable pore sizes for water treatment.

4. Ceramic membrane fabrication methods

Ceramic membranes come in flat sheets, tubular, and hollow fibers, each having a unique morphology, and may
be made in a variety of ways. Four steps are usually included in the fabrication process: shaping, sintering, final
finishing, and material preparation. Extrusion, slip casting, tape casting, phase inversion, powder pressing, freeze
casting, and paste casting are examples of common shaping methods (Kanth et al., 2025).

1908



R. Chakrabarty & Q. H. Bari
ICCEI 2025

4.1 Extrusion

Extrusion is a popular technique for creating ceramic membranes. It involves forcing a ceramic slurry through a
die to create membranes with specified cross-sections and continuous length. The technique promotes high
production efficiency, and the die establishes the membrane's dimensions. Extrusion is made easier by lubricants
like petroleum oil, but because ceramics have a high flow stress and limited ductility, regulated speed is crucial
(Liang et al., 2021). To guarantee proper membrane production and reduce flaws, temperature, lubrication, and
moisture management are essential.

4.2 Tape casting

The process of tape casting involves employing a doctor blade to spread a slurry made up of ceramic powder,
binders, plasticizers, and additives into a homogeneous film in order to create thin ceramic sheets. It is separated
into aqueous and non-aqueous systems. While aqueous methods are safer for the environment, they have
drawbacks like delayed drying, cracking, and lesser strength. Non-aqueous techniques allow for faster drying and
stronger green tapes but need hazardous solvents such as benzene and toluene (Kanth et al., 2025). Recently, this
technique was used to fabricate membranes from kaolin, kaolinitic-illitic clay, and halloysite-rich clay, sintered
at 1200°C, achieving porosity between 36% and 47% (Barry et al., 2022).

4.3 Slip casting

Slip casting is a cost-effective technique primarily suited for hollow fiber membranes but also applicable to flat
geometries. The slurry typically contains submicron ceramic powder, demineralized water for suspension
control, an organic binder for green strength, and a deflocculant for colloidal stability (Studart et al., 2007). Key
factors include sintering temperature, casting time, pH, and particle size, influencing the process. However, its
use with metals and non-oxide ceramics is limited due to their high reactivity with the medium.

4.4 Phase inversion

A ceramic solution is transformed into a porous membrane via the phase inversion technique, which uses thermal
induction, solvent evaporation, or nonsolvent immersion to achieve controlled phase separation. This versatile
method, applicable to flat-sheet, tubular, and hollow-fiber geometries, requires precise control of polymer
concentration, solvent/nonsolvent ratio, and processing conditions to tailor pore structure and performance (Zhu
et al., 2015). For instance, hollow fiber membranes prepared from mullite—kaolinite powder via dry/wet phase
inversion and sintering (60% mullite, 5 cm air gap, 1450 °C) achieved 86 MPa mechanical strength, 182 L/m2-h
water permeation, and 97.1% oil rejection (Twibi et al., 2021).

4.5 Freeze casting

The ice-templating technique is an advanced method for fabricating porous ceramic membranes, particularly for
energy-related applications, which is known as freeze casting. In this process, a fluid suspension is directionally
frozen, followed by thermal treatment to enhance mechanical strength and wall compactness. By adjusting
parameters such as freezing conditions and liquid medium ratios, membranes with porosities ranging from 30%
to 99% can be obtained. For instance, porous membranes produced via freeze-tape casting from various clays
showed that a membrane with 98% kaolinite achieved the maximum biaxial bending strength (70 MPa), whereas
a clay with 29% kaolinite yielded the maximum porosity (80%) (Barry et al., 2022).

4.6 Paste casting

Manual paste casting is a simple, low-cost method for ceramic membrane fabrication that requires no specialized
equipment. It involves mixing raw materials with deionized water to form a uniform paste, aging it, and casting it
into porous or non-porous molds (Kanth et al. 2025). While effective, the method poses challenges in controlling
microstructure and avoiding cracks, necessitating skilled handling. For instance, membranes produced from 75%
kaolin, fly ash, and dolomite, sintered at 900°C, achieved 98.8% oil-water separation efficiency and compliance
with discharge standards (Malik et al., 2020).

5. Modification of the Ceramic Membrane

Improving ceramic membranes for specific applications requires targeted modifications to overcome their
inherent limitations. These modifications may include tuning surface hydrophilicity or oleophilicity, adjusting
pore size, optimizing surface roughness for antifouling performance, and incorporating materials such as
nanoparticles to enhance chemical and thermal stability. Such physical and chemical modification techniques
enable the development of application-specific membranes, for example, hydrophobic membranes for membrane
distillation.

5.1 Surface coating

Applying a thin layer of material on ceramic membranes in order to improve their rejection, hydrophilicity, flux,
antifouling behavior, or chemical resistance is known as surface coating. Depending on the needs of the
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application, coating materials such as polymers, nanoparticles, or specialty compounds are used. Bonding
typically occurs through weak interactions (e.g., van der Waals forces, electrostatic interactions, hydrogen
bonds), which may limit coating stability during long-term operation (Kanth et al., 2025).

5.1.1 Dip-coating

The simplicity and adaptability of the dip-coating technique, which involves submerging a ceramic support in a
coating solution and then allowing the solvent to evaporate. Important variables include coating time, withdrawal
speed, and suspension viscosity, which display their performance. For example, hydroxyapatite nanoparticle-
coated UF membranes on clay-alumina substrates achieved a uniform, crack-free layer with 2.8 nm pores and
99.6% Ph(I) rejection at pH 7.4 (Choudhury et al., 2019 & Ali et al., 2018).

5.1.2 Spin-coating

In spin-coating, a small quantity of coating solution is dispensed onto a ceramic support, and as the solvent
evaporates, the support is spun to create a thin, consistent layer. This technique works well for creating
membranes without flaws and allows for exact control over coating thickness. For instance, TiO, UF layers spin-
coated on bentonite-phosphate MF supports achieved 72 nm pores, 33 L/m2-h-bar permeability, and 98% dye
rejection, while Moroccan clay-coated membranes exhibited pore sizes of 75-90 nm, permeabilities of 14.7-16.4
L/m2-h-bar, and dye rejection rates up to 99% (Bouazizi et al., 2017 & Ouaddari et al., 2019).

5.1.3 Spray-coating

Spray coating applies a coating solution onto ceramic supports using a spray gun and compressed air, enabling
uniform coverage and thickness control. However, multiple spray cycles are often required to eliminate surface
cracks. Alternatively, thermal spray coating deposits molten or semi-molten material in a single step, producing
membranes with smaller pores and improved crack resistance. For example, a fly ash/alumina composite
membrane fabricated via thermal spraying and co-sintering at 1050°C achieved 99.9% rejection of stannic acid
from wastewater (Zou et al., 2019).

5.2 Chemical grafting

Chemical grafting modifies ceramic membranes by covalently attaching functional groups to their surface,
improving performance, stability, and selectivity. This process commonly employs hydrophobic agents, such as
fluoroalkyl silanes (FAS), which react with surface hydroxyl groups. Immersion and sol-gel methods are widely
used for implementing this technique. Silane grafting is one of the most effective and straightforward methods
for hydrophobizing ceramic membranes. In this process, silane agents are first activated in solvents such as
water, alcohol, or hexane to form silanol species, which then chemisorb onto the membrane surface, creating
strong covalent bonds (Kanth et al., 2025). For instance, a kaolin hollow fiber membrane grafted with fluoroalkyl
silanes (FAS) achieved a contact angle of 145° C and complete arsenic rejection in direct contact membrane
distillation (Hubadillah et al., 2019). The hydrothermal method synthesizes materials in agueous solutions under
high temperature and pressure, typically within an autoclave. It is widely used for preparing inorganic materials
and zeolite membranes. In membrane modification, the support is immersed in a precursor solution and placed in
the autoclave, where temperatures between 80 and 230°C promote structural modification over several hours or
days (Kanth et al., 2025). Afterward, membranes are washed, dried, and, if needed, calcined to improve stability.

6. Conclusion

Ceramic membrane fabrication faces challenges due to the high cost and energy demands of conventional
materials. To overcome this, natural minerals and waste materials offer affordable, sustainable alternatives
without compromising performance. This review highlights materials like kaolin, bentonite, dolomite, and
bauxite, valued for their low sintering temperatures and wide availability. Kaolin has gained notable research
attention, while bentonite is ideal for tubular membranes due to its plasticity and cost-effectiveness. Agricultural
and industrial wastes, such as rice husk ash (RHA), fly ash, sugarcane bagasse ash (SCBA), and palm oil fuel ash
(POFA), are increasingly used for their high silica and alumina content. Among these, fly ash and RHA are the
most studied. Fabrication techniques include extrusion, slip casting, tape casting, and others, with extrusion
standing out for producing continuous tubular and hollow fiber membranes efficiently. Surface modification is
crucial for enhancing membrane properties. Methods like dip-coating, sol-gel, and immersion are commonly
used to improve stability, fouling resistance, and hydrophobicity. Future research should focus on optimizing
low-cost materials, scaling up production methods, and developing eco-friendly surface treatments. Addressing
fouling through better cleaning strategies and conducting techno-economic assessments will be essential for
industrial adoption. With continued innovation, cost-effective ceramic membranes can offer scalable, sustainable
solutions for a range of applications.
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