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Abstract

The integration of photocatalysis and membrane filtration has emerged as a promising technology
for water treatment, offering the dual advantages of physical separation and degradation of organic
pollutants. However, the high cost and complexity of current membrane materials limit large-scale
application. This review aims to provide a comprehensive overview of clay-based photocatalytic
membranes as a low-cost, sustainable alternative for water purification. It highlights the natural
abundance, structural versatility, and surface functionality of clay minerals that make them ideal

candidates for membrane fabrication. The review discusses various fabrication techniques and key

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

factors affecting membrane structure and performance. Furthermore, it includes current

applications of these membranes in pollutant degradation, alongside an evaluation of challenges

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

and future perspectives for practical deployment in water treatment systems.
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1.0 Introduction

Population growth and urbanization have increased the number of users and the uses of water,
making water resources scarcer and more polluted. Globally, water scarcity and water pollution
are threatening human, economic, and environmental health !. The sixth goal of the seventeen
United Nation’s sustainable development goals is to “ensure availability and sustainable
management of water and sanitation for all”. The achievement of this goal would benefit mankind
immensely given the significance of clean water for overall socioeconomic development and
quality of life, including human and environmental health. Although conventional water
purification techniques such as ozonation, adsorption, UV-radiation, chlorination, bio-oxidation,
coagulation etc., have been successful in addressing water pollution issues, they generally fail in
the efficient removal of recalcitrant chemical compounds from water. In addition, most of these
techniques generate toxic intermediates and in some other cases, they are less efficient for the
treatment of large volumes of water with trace concentrations of pollutants 2. However, membrane

filtration has recently emerged as a successful alternative to overcome these limitations.

In recent years, membrane filtration has increasingly been utilized in wastewater treatment and has
provided an affordable alternative for sustainable water reclamation. Unfortunately, this goes

along with membrane fouling, which leads to a decline in performance as a result of a sharp rise

4
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of the trans-membrane pressure, flux decline, and even system failure 4. Additionally, the removal
of contaminants with molecular sizes smaller than the membrane pores and the existence of
emerging low molecular weight contaminants occurring at trace concentrations are even more

challenging for the traditional membrane filtration 3.

Membrane anti-fouling techniques such as physical, hydraulic, or chemical cleaning of the
membrane have been applied to manage the problem , yet, these anti-fouling techniques do impair
the efficiency of the membrane. This obviously increases the overall running costs of the process.
In addition, the need to purchase, transport and store chemicals used for chemical cleaning of the
membrane and their eventual safe disposal is not only laborious but also results in increased cost
for the entire water treatment process. Overall, all these aspects make membrane filtration an
unfeasible option for rural communities in developing countries, as they lack the required

resources to effectively use the membrane technology for water treatment.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Photocatalysis on the other hand is generally eco-friendly. It uses in situ generated radicals for

non-selective degradation of (organic and biological) contaminants until total mineralization to

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

carbon dioxide, water and inorganic ions or until non-toxic biodegradable small molecules are

(cc)

formed 7. As a result, the combination of photocatalysis and membrane processes has attracted
increasing attention for water and wastewater treatment, since it incorporates the advantages of
membrane separation and photocatalytic degradation of pollutants 3. Therefore, immobilizing
semiconductor photocatalysts on membrane surfaces improves the filtration performance of
membranes through photodegradation of pollutants to non-harmful products and serves as an in-
situ method of fouling management via photocatalysis of fouling agents directly on the membrane
surface °. This gives the technology a double-edged positive effect and the challenge of disposing

secondary waste from maintenance and cleaning operations of the membrane is significantly
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reduced. Moreso, the photocatalytic membrane technique utilized for water purification minimizes
environmental hazards from the process through mineralization of organic contaminants to CO,
and H,0, and optimizes the economic aspects of the process via an active and inherent anti-fouling
and self-cleaning ability of the membranes. This makes it highly attractive for industrial and

continuous flow applications '°.

There are basically two types of membranes: polymeric and ceramic. Polymeric membranes have
been widely ustilised and studied for water treatment. Polyvinylidene fluoride (PVDF),
polyacrylonitrile (PAN), and polytetrafluoroethylene (PTFE) and other polymer membraneshave
gained widespread application due to their flexibility, cost-effectiveness, and ease of fabrication
I Recent studies highlight their enhanced resistance to UV radiation, particularly in hydrophobic
configurations, enabling prolonged service life in specific environments °. However, their
performance under extreme chemical or photochemical conditions, such as high concentrations of
hydroxyl radicals and prolonged ultraviolet (UV) exposure, remains a challenge for broader

application in photocatalytic water treatment systems 2,

On the other hand, ceramic membranes offer better thermal, chemical and mechanical stabilities;
they are also more resistant to the physical damage during use and under photocatalytic conditions
13, Additionally, the existence of abundant hydrophilic hydroxyl groups on the surface of ceramic
membranes somewhat mitigates membrane fouling. All these properties currently endear ceramic
materials to materials scientists as desirable substrate for the fabrication of photocatalytic

membranes for water treatment 417,

Nevertheless, the high cost of the raw materials and the high amount of energy required for the
production of ceramic membranes are crucial disadvantages '8. However, the use of clay minerals,

which have outstanding properties such as high stability, natural abundance, environmental

6
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friendliness, low-cost, and regularly arranged silica-alumina framework does serve to mitigate
these challenges in the fabrication of photocatalytic membranes °. Firstly, most clay minerals are
highly hydrophilic, which makes them desirable for membrane development and particularly
advantageous for water filtration '3 1°. Secondly, clay minerals have abundant adsorption and
reactive sites leading to high adsorption capacities and catalytic performance, strong cation
exchangeability for accelerating catalytic reactions, and a suitable surface electonegativity for
improving charge carrier separation 22!, Finally, clay minerals have also been shown to enhance
the photocatalytic performance of bare semiconductor photocatalysts > 23. For example, ZnO,
Ti0, and graphitic carbon nitride (g-C;N,4) have been assembled into layered silicate clay mineral
to construct 0D/2D or 2D/2D hybrid structures, which effectively mitigate the problem of poor
light absorption 22 23. Thus, clay minerals can find further application as support in the

development of catalytic membranes.

Several review articles have been published on ceramic membranes 2426 and clay composite

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

photocatalysts for the degradation of pollutants in water. For example, a recent article reviewed

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

and discussed the photocatalytic advantages of doping three different types of clay minerals
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namely, kaolinite, montmorillonite and rectorite with semiconductors 6. In another article, the
utilization of clay composite photocatalysts for the removal of emerging micropollutants and for
microbial inactivation inwater was discussed 27. Furthermore, a critcal review on the recent

progress of ceramic membranes for water treatment has been published as well 2°.

However, to the best of our knowledge the utilization of clay for the development of photocalytic
membranes has not been critically reviewed as only a few reports are available with respect to the
use of clay-based photocatalytic membranes. This is intriguing because the use of clay (a rather

abundant resource) for the fabrication of photocatalytic membranes would provide a quite effective
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solution to the challenges encountered with large scale application of inorganic membranes,
including the high production cost of conventional ceramic materials that utilize alumina, zirconia

or silica 3 25,

This review, therefore, focuses on semiconductor-doped clay-based membranes, providing an
overview of their fabrication and application in water treatment for the removal of dyes,
pharmaceutical residues and heavy metals. This article serves as a resource for researchers

interested in developing or improving clay-based photocatalytic membranes for water treatement

2.0 Fabrication of Clay-based Membranes

Clay-based membranes can be prepared via different methods such as tape casting, slip casting,
extrusion, and others. Furthermore, clay-based membranes can be obtained in different
configurations including flat sheet, tubular, and multichannel models, depending on the shaping
method used. Irrespective of the fabrication technique of clay-based membranes, the nature of the
precursor material(s) and additives, the pore size, porosity, grain growth and formation of micro-
cracks are important factors that directly affect the properties of the final membranes. As a result,
there is a large variability in membrane fabrication processes; these processes will be discussed

next. Table 1 contains the comparative overview of these fabrication methods

2.1. Tape Casting
Tape casting is a thermal forming process that involves three main steps: (i) the preparation of the

clay slurry with the desired viscosity, (ii) the casting step, which is done using a disc or doctor

Page 8 of 64
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blade, and (iii) sintering. In the preparation of clay slurry, it is important to note that the viscosity
of the slurry should be in the range of 100 — 130 Poise (10! Ns/m?) 28, The doctor blade, set to the
proper thickness (Fig. 1), is used to spread the clay slurry evenly, ensuring a uniform thickness.

The slurry is then cut into the necessary forms (circular, rectangular, or square).

Glass substrate Dootor bisde

E—
Step 1: Preparing membrane \‘ f <
forming slurry \ Moving direction

( ’
Step 2: Tape casting of pre-membranes ™
Clay powder
PVA-PVP Drying
Glycerin
Water

Step 3: Transfer-coating to the support
Step 4: Drying and sintering .

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Cutting
Attaching
Ceramic membrane Wetted support j Pre~Mem§‘ane
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Fig. 1. Schematic diagram of the tape casting process. Figure reprinted from 2°, with permission
from Elsevier, Copyright (2025).

For instance, tape casting was used for the fabrication of a kaolinite circular microfiltration
membrane 3°. The kaolinite slurry was prepared without any additives or binders. The membrane
had an average pore size, porosity, and water permeability of 5.88 um, 24.30 % and 0.9865 L/ m?
h''k Pa’! respectively 3.

To improve the porosity and overall properties of clay-based membranes, the addition of inorganic

additives into the slurry before casting has been explored. For instance, a microfiltration membrane
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consisting of 47.4 % of clay, 22.9 % of kaolinite, 21 % of water, 3.9 % of sodium carbonate, 2.4
% of sodium meta silicate and boric acid was fabricated via tape casting 3'. The paste was then
cast over gypsum in the shape of circular compact disks using a stainless-steel ring and was
subsequently sintered. The porosity and the average pore diameter of the resulting membrane were
43.6 % and 0.58 pum respectively. These values are better than results obtained by Ahmed et al.
30,

Microfiltration membranes were also prepared using different compositions of kaolin (37.03 wt%),
quartz (11.11 wt%), feldspar (7.40 wt%), activated carbon (7.4 wt%), boric acid (3.7 wt%), sodium
metasilicate (3.7 wt%), titanium dioxide (3.7 wt%) and water (25.92 wt%) via paste casting. The
final membrane had an average pore diameter and porosity of 2.56 um and 18.88 %, respectively
32 However, mixing a slurry of kaolin and other additives with activated carbon enhanced the
porosity of the membrane during the sintering process 2.

Despite the advantages of tape or paste casting to prepare clay-based membranes of different pore
sizes and porosities, it is not without some drawbacks. For instance, this technique results in poor
precision with respect to the shape of the membrane arising from corrosion or shrinking of the
plaster mold. Furthermore, paste casting is time consuming when applied to a slurry made from
fine powder. An attempt to overcome this problem by the pressing method invariably increased

the overall process/production cost 8.

2.2. Slip Casting

The slip casting method is used in the preparation of clay-based membranes due to its ease of
operation and lower cost when compared with other techniques 8. The primary distinction between

slip casting and tape casting is that the former is utilized to create thin sheet membranes, whereas

10
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the latter is employed to create membranes with more intricate shapes. During slip casting, a micro-
porous Plaster of Paris mold is filled with a slurry or slip that contains the materials needed to
fabricate the membrane. A capillary suction pressure can draw fluid from the slurry into the mold
owing to its porous nature, leaving an inner layer of solid behind. The cast is allowed to dry after
the appropriate cast thickness is reached. The final result is created by heating and sintering the

cast once it has dried 33.

Clay-based membranes were first fabricated via slip casting combined with electrophoresis by
Mohammadi and Pak 3*. The work was focused on enhancing zeolite membranes with a kaolin
support containing 58.62 wt. % of SiO, and 28.8 wt. % of Al,Os. The viscosity of the slurry was
maintained by the addition of ca. 1.3 g of sodium triphosphate which produced the desired slurry
density of 1.5 g/em?. This is crucial for preventing the slurry from sticking to the mold.
Electrophoresis was carried out at 10 V and 0.25 A since the kaolin surface was negatively charged.

Hence, slurry was deposited on the anode to form a tubular membrane which was sintered between

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

800 to 1200 °C for 180 min. The membrane porosity increased with sintering temperature, yielding

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

a membrane with large pores.

(cc)

However, slip casting has the disadvantage of long casting time because it involves a slow drying
process. This has limited its use in recent years for the fabrication of clay-based membranes. In
addition, it is difficult to control the membrane wall thickness during the drying stage, because it

is dependent on the slurry condition and casting time 33.

2.3. Extrusion

11
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Extrusion is mostly used in the fabrication of tubular ceramic membranes. In this process, a
clay/additive mixture is compacted and formed by pushing it through a nozzle in a screw (Auger)
extruder or piston (ram) extruder 3. In this process, it is important that the moisture content of the
slurry is higher than 15 % because this can affect the viscosity of the fluid mass, the functional

properties of the extrudates and their storage conditions 25

In short, there are five basic steps involved in the extrusion: (i) blending — this ensures that the
ceramic compositions are uniformly mixed and distributed in a liquid medium, (ii) pugging — the
mix is placed in a pug mill to remove air and form a uniform liquid layer around all particles, (iii)
extrusion — the de-aired mix is ejected through a die by the application of pressure or screw
movement, (iv) cutting and drying — after the desired length of the material mix is extruded, it is
cut and dried, and (v) sintering — the dried material is sintered at desired temperature to obtain the

final ceramic (membrane) 3°.

For example, a monolayered ultrafiltration clay-based membrane, consisting of a single uniform
layer, was fabricated using extrusion 6. To start, a homogenous paste was prepared using 400 g of
a mixture of clay, organic additives (amijel, i.e., pre-gelated starch as plasticizer; methocel, i.c.,
methylcellulose as a binder; starch as a porogen) and distilled water. This paste was aged for a day
and then extruded into tubes of 6 mm internal diameter which were sintered at different
temperatures for 3 h to obtain the ceramic membranes. Scanning electron microscopy (SEM)
shows that there is a significant change in the density of the sintered material at 950 °C, 1000 °C,
and 1050 °C. The membrane sintered at 1000 °C shows a homogenous structure. It has a membrane
permeability of 21.2 L h'! m bar! making it suitable for ultrafiltration. At 1050 °C, the glassy

phase was reached.

12
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Extrusion favors the production of tubular ceramic membrane from clays. The resulting
membranes have a higher surface area per volume ratio when compared to flat, disc or planar
membranes. This is evident in a number of studies that have employed extrusion for the preparation
of tubular clay membranes ?8. The data indicate that simple mixing of clay with distilled water is
sufficient for slurry preparation, while amijel and methocel may be added to the slurry to improve
the rheological properties of the slurries. Moreover, the sintering temperature of the clay slurry is
always in the range of 800 to 1250 °C except when alumina is added into the slurry. In that case,
the sintering temperature could be as high as 1600 °C 28. However, despite the wide adoption of
extrusion technique in the development of clay-based membranes, it requires a complex

preparation process, high pressure to move the mixture, and is overall quite time consuming 37.

2.4. Pressing

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Pressing is the simplest fabrication process for ceramic membranes as no slurry preparation is
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required. Selected precursors are loaded into steel or tungsten carbide forms and compacted at

pressures necessary for compaction. Uniaxial die pressing and isostatic pressing are widely used
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for dry powder compaction (powders with <2 wt % water) and for semidry powder compaction
(powders with ca. 5 — 20 wt % water) 33. Pressing produces clay-based membranes with high

mechanical strength that are viable fort high-pressure applications.

Vasanth et al. reported the fabrication of macroporous clay-based membranes via uniaxial dry
pressing. The membrane was prepared by combining 4 mL of 2 wt. % aqueous polyvinyl alcohol
with kaolin (40%), quartz (15%), calcium carbonate (25%), sodium carbonate (10%), boric acid

(5%) and sodium metasilicate (5%). The mixture was compacted at 50 MPa, dried and sintered at

13
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different temperatures between 900 to 1000 °C for 6 h. The optimum membrane with 30 %
porosity, 28 MPa mechanical strength and average pore size of 3.45 um was obtained at a sintering
temperature of 950 °C 38, Similarly, a clay-based ceramic membrane support was fabricated from
a slurry consisting of 14.45 g kaolin, 14.73 g pyrophyllite, 5.60 g feldspar, 17.58 g ball clay, 26.59
g quartz, 17.14 g calcium carbonate and 4mL of 2 wt. % polyvinyl alcohol solution 3°. The mixture

was also pressed at 50 MPa and was sintered at 950 °C for 6 h.

Pressing method typically produces symmetrical membranes, meaning they have a uniform
structure and pore distribution throughout, rather than an asymmetrical design with a graded pore
structure. Additionally, this method often requires high-pressure equipment and precise control,

leading to increased operational costs 7.

2.5. Phase inversion

Phase inversion was invented by Loeb and Sourirajan in the early 1960s for the fabrication of
polymeric membranes 4°. It has subsequently been adapted for the production of ceramic
membranes by using mixtures of suitable ceramic powders as the main component with polymeric
binders, which are burnt away during sintering *!. Generally, in the phase inversion process,
ceramic powders with a suitable solvent are milled for a day, then mixed for one more day after
the addition of suitable polymeric binder. Thereafter, the suspension is extruded through a double
cylinder nozzle placed close to a non-solvent bath and then submerged in a non-solvent bath 2.
This immersion induces phase separation, where the solvent diffuses out while the non-solvent
penetrates, forming a porous structure. The resulting membrane is dried and sintered to achieve

the desired mechanical strength and filtration properties. More recently, spinnerets with double

14
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and triple orifices have been used to fabricate single and double layer ceramic hollow fibre

membranes, respectively 443,

In phase inversion processes, typically two types of pores (finger-like and sponge-like voids) form
in the final membranes. The finger-like shape of the pores is caused by agglomeration of the
inorganic ceramic particles and lack of de-airing during the phase inversion. Although these pores
may be preferable over the sponge-like pores due to less resistance to fluid movement the finger-
like pores significantly reduce the mechanical strength of the membrane and do hence pose

challenges for the overall stability of the membrane 2641,

Phase inversion coupled with extrusion and sintering has been employed for making mullite-type
hollow fiber clay membrane from ball clay 4. The clay suspensions were prepared by mixing
different compositions of ball clay, polyethylene glycol (PEG 30), poly(ethersulfone), and N-

methyl-2-pyrrolidone; these mixtures were then milled for 48 h. The suspensions were degassed

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

for 1 h, extruded through a tube-in-orifice spinneret while the resultant hollow fibre was immersed

in tap water overnight to ensure complete solvent/non-solvent exchange. Thereafter, the extruded
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tube was sintered at different temperatures between 1150 — 1300 °C. The optimum sintering
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temperature (1250 °C) produced a membrane with 55.8 MPa mechanical strength, 50.5 % porosity,

0.61 pm pore size and 1286 L/h.m? bar flux.

In another study, the effect of the coagulation bath (demineralized water or aqueous salt solutions)
on the performance of polyvinyl chloride (PVC)/bentonite flat sheet ultrafiltration membranes
using phase inversion was investigated from N,N-dimethylacetamide 4°. The phase separation of
PVC casting solution reduces in the presence of salts (NH4CI, NaCl, KCI, MgCl, and CaCl,) owing
to reduction in thermodynamic stability (this refers to how easily the system can separate into two

phases) of the system. However, KCl exhibited the minimum flocculation value (0.59), while
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NH,4Cl had the maximum flocculation value (1.59) and the least effect on the flocculation of PVC.

Hence, among the salts used, KCI coagulation bath provided the best performing clay-based

membrane with 5% bentonite loading. The enhanced membrane performance from using KCI over

demineralized water coagulation bath is primarily attributed to improved surface pore density with

finger-like structures, higher surface and bulk porosity, and antifouling behavior.

Despite the efficiency of clay-based ceramic membranes prepared from phase inversion they suffer

from their poor mechanical strength. This is due to the highly porous structure and large surface

area obtained through the fabrication process 2¢. Hence, more recent research has focused on the

fabrication of low-cost clay-based membrane in hollow fibre configuration 2.

Table 1: Comparative overview of fabrication methods of clay-based membrane

Fabrication Principle Porosity and | Advantages Limitations
method Thickness
Tape casting A clay slurry is | Produces flat of | Enables uniform | Limited to flat

spread into a uniform thickness; good | geometries and
thin tape using a | thickness, and control over drying cracks
disc or doctor moderate layer can occur
blade, dried, and | porosity composition without careful
then sintered control

Slip casting A clay slurry is | Produces thick Simple and Long drying
poured into a and dense inexpensive; time; difficulty
mold; water membranes; suitable for thick | achieving thin
absorption leads | porosity depends | supports layer or high
to solid layer on particle size porosity
formation and drying rate

Extrusion Clay is forced Can produce Good for Requires
through a shaped | dense or porous | continuous specialized
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die under

pressure to form

tubular

membranes

production;

suitable for

equipment;

porosity tuning

clay powder
(often mixed
with binders) is

loaded into a die

large-area or
tubular
membranes with

porosity 20-50

production; ideal
for hollow fibers
and tubes; high

surface-volume

hollow or depending on tubular is more difficult
tubular clay and geometries
structures additives

Pressing Dry or semi-dry | Can yield Continuous Limited to

simple shapes
(discs, plates);
low inherent

porosity unless

hollow or
tubular

structures

depending on
clay and

additives

tubular

geometries

and compacted | % and uniform | ratio. pore-formers
under high wall thickness used.
uniaxial or (0.5-2 mm)

isostatic

pressure, then

sintered to form

a dense

membrane

support.

Phase inversion | Clay is forced Can produce Good for Could lead to
through a shaped | dense or porous | continuous poor mechanical
die under tubular production; strength and
pressure to form | membranes suitable for uneven

distribution of

clay particles

3.0 Fabrication of Clay-based Photocatalytic Membranes

17
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Clay minerals are not only viable as low-cost membrane substrates, but also play an active role in
enhancing photocatalytic performance. Their abundant surface functional groups and strong cation
exchange capacity facilitate adsorption and catalytic reactions. Additionally, clays possess stable
frameworks that support catalyst recycling, surface electronegativity that promotes effective
electron—hole separation, and unique layered or tubular structures that enable the assembly of
multidimensional heterojunctions with photocatalysts such as TiO,, ZnO and WO; 46 47, These
features make clays both structurally and functionally beneficial for the development of
photocatalytic membranes. For example, Bi,O3 incorporated into montmorillonite (MMT) clay
via intercalation exhibits an increased efficiency for the photocatalytic degradation of Congo red
under visible-light irradiation when compared with unsupported Bi,Os; 4. This improved
performance is attributed to increased catalytic active sites provided by the clay. Similarly,
Halloysite clay, due to its tubular morphology and surface charge, has also improved the
photocatalytic degradation of methyl orange when used to support W;gO49 nanocrystals
(halloysite@W15049) 4°. These examples confirm that clays enhance light-driven photocatalysis
by increasing surface area, stabilizing the photocatalysts, and facilitating better pollutant-
photocatalyst interactions under both UV and visible-light irradiation.

The integration of photocatalytic particles on the surface of prepared membranes or in the
interlayer of membranes can be done via two major techniques; (i) in-situ incorporation, where
photocatalysts are into the membrane during fabrication®® (ii) photocatalysts immobilised on the
surface of a membrane >!. The latter approach is much more common for the fabrication of clay-
based photocatalytic membranes. For the surface immobilization technique, there exist several
approaches including vacuum filtration, sol dip-coating, electrospraying, chemical grafting, spin

coating, atomic layer deposition, which have all been used in the preparation of polymeric and
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alumina membranes > . However, so far, only sol dip coating and spin coating have been utilized

for the development of clay-based photocatalytic membranes as discussed in the sections below.

3.1 Sol Dip-coating

The sol-dip coating approach is one of the most promising and widely used immobilization
methods for the production of clay-based photocatalytic membrane °-3% 33, The preparation of the
sol used in sol dip-coating is similar to the sol-gel method; it includes the hydrolysis of suitable
precursors, polymerization of the monomers, drying of the resulting photocatalyst, and thermal
treatment 4. Thus, different starting materials can be used to produce the photocatalyst sol.

Thereafter, dip-coating is used to deposit the photocatalysts on the membrane surface.

For instance, Neethu et al. prepared a grafted titania-pillared montmorillonite clay membrane by
first preparing a flat disk membrane support and a TiO, sol prepared from titanium isopropoxide

35, Thereafter, the membrane support was immersed in the TiO, photocatalyst sol to allow the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

deposition of the TiO, photocatalyst particles on the membrane. This approach has been

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

successfully applied to form a continuous and uniform layer of photocatalysts on clay membranes

(cc)

as shown in the SEM images (Fig. 2) of titania pillared monmorillonite clay membranes prepared
at pH 2 and 3. Also, an ultrafiltration layer made of TiO, nanoparticles can be obtained through
sol-dip coating of clay membrane 6. Environmental scanning electron microscopy (Fig. 3) shows

that the deposited layer is homogeneous on the bentonite clay membrane.

19


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00313j

Materials Advances Page 20 of 64

View Article Online

DOI: 10.1039/D5MA00313J

E b Bénd

& ¢ (ii)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

Fig. 2. Scanning electron microscope images a(i) and (ii) Anatase phase of pure TiO, b (1) and (ii)
cross section of Titania Pillared Clay (TiPILC) membrane at pH 2.0 ¢ (i) and (ii) cross section of
TiPILC membrane at pH 3.5. Published under the CC BY-NC 4.0 license *.

[{ec
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Fig.3. Environmental scanning electron microscope micrographs of the nano-TiO, Ultrafiltration
membrane: (a) top-view (b) cross-section view. Figure reprinted from 3¢, with permission from
Elsevier, Copyright (2025).

One of the very unique advantages of the sol-dip method is its ease of operation that allows for the
introduction of modifiers into the sol, thereby improving the membrane’s efficiency against target
contaminant °. For instance, in order to develop a highly efficient clay-based photocatalytic
membrane with multiple functions of separation, Neethu et al. grafted 3-aminopropyl-
triethoxysilane (APTES) to the surface of a montmorillonite membrane 3. The grafting process
gave rise to a hydrophobic membrane surface with an increased surface area (from 31 m?/g before
grafting to 183 m?/g after grafting) and a firmly bonded mono-molecular layer of organosilane,
which prevents the release of organic molecules into aqueous medium 7. Thereafter, the grafted
membrane support was dipped into a dispersion containing the photocatalyst (TiO;), organic

modifier (cetyltriammonium bromide, CTAB), and a binder (carboxylmethylcellulose) for a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

certain dip time. Then the membrane was removed, dried and and sintered at 300 °C.

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

Typically, photocatalysts composed of only one semiconductor suffer from rapid recombination

(cc)

of h* and e and the limitation of a single excitation centre *®. However, when a large band gap
semiconductor such as TiO, is coupled with a small band gap semiconductor such as tungsten (VI)
oxide (WOs3), conduction band electrons can move from the small band gap semiconductor to the
large band gap semiconductor. This electron transfer process effectively reduces charge

recombination and improving the overall photocatlytic efficiency >°.

In another example, Shaban et al. prepared a carbon-copper co-doped TiO, (C-Cu-TiO,)/natural
clay membrane via sol dip-coating . In this case, two effects could be observed: (1) a reduction

of the optical band gap from 2.99 eV in the TiO,/clay membrane to 1.77 eV in the C-Cu-TiO,/clay
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membrane and (2) the Cu dopant acted as an electron trap to reduce electron-hole recombination
thereby increasing its photocatalytic efficiency because more electrons and holes become available

for the generation of different recative oxygen species (ROS).

Sol dip-coating generally produces membranes with moderate porosity and a relatively thicker
photocatalytic layer, depending on dip time and sol concentration. The technique allows uniform
deposition of photocatalysts and offers excellent control over the surface properties by introducing
modifiers or dopants. These modifications can enhance photocatalytic activity by increasing
surface area or improving light absorption. However, improper control of the withdrawal speed or
sol properties may lead to cracking, uneven coatings, or reduced mechanical stability, which can

compromise long-term performance under filtration pressure.

On the other hand, sol dip-coating has some limitations, which include precise control of synthesis
parameters, such as immersion time and especially withdrawal speed from the liquid dipping
phase, to ensure uniform coating. In some cases, the deposited layer may lack sufficient

mechanical strength, especially under high pressures or temperatures.

3.2 Spin Coating

Spin coating is similar to sol dip-coating in that both technique involve depositing a liquid-phase
photocatalyst dispersion onto a membrane support. Spin coating has also been utilized for the
immobilization of photocatalysts on membrane supports. In short, the photocatalyst sol is added
onto the membrane surface while the membrane support is spinning at a constant rate. The
centrifugal force drives the photocatalyst sol to spread by constant rotation and the solvent rapidly

evaporates to produce a uniform coating layer on the membrane. Typically, there are four processes
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involved in spin coating: (1) rotation of the solid membrane support at high speed, (2) deposition
of the photocatalyst sol on the rotating membrane, which leads to the outward flow of the
photocatalyst sol (spin-up), (3) spin-off, which leads to ejection and formation of accumulations
at the perimeter , and (4) evaporation of the solution forming a thin solid membrane state *° (Fig.
4). It is important to note that the thickness of the membrane can be controlled by the solvent
evaporation rate, velocity of the spinning substrate (spin rate) and the viscosity of the coating
solution ¢!, For instance, Burmann et al. observed that solvent evaporation rate is a significant
parameter when spin coating photocatalyst membranes since fast solvent evaporation generates

defective and unstable membranes ©2.

i. Deposition i ii. Spin up i
iii. Spin off i iv. Evaporatoni

Fig. 4. Schematic diagram of spin coating method. Published under the CC BY-
NC 4.0 license °,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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For example, a bentonite-phosphate/TiO, photocatalytic membrane was fabricated by spin coating

63 by first preparing a flat disk membrane support from bentonite and an unspecified micronized
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phosphate. Onto this support, an aqueous dispersion of TiO, particles and polyvinyl alcohol (PVA,
used as a binder) was spin coated. According to the authors, the optimal composition (wt %) of
the coating dispersion was 67 % water, 30 % PV A and 3 % TiO,. Indeed, SEM (Fig. 5) shows that
TiO, layer coated on the membrane support is homogeneous and there was good adhesion onto
the membrane support. Spin coating has also been used for the fabrication of clay-based
membranes %  but has never been used for the fabrication of clay-based photocatalytic

membranes.

|18.2pm
|

-

Fig. 5. Scanning electron microscope images of bentonite-phosphate/TiO, membrane (a) top view
(b) cross-section view. Figure reprinted from 3, with permission from Elsevier, Copyright (2025).

Very much like some of the approaches discussed above, spin coating also has some limitations.
For instance, fast solvent evaporation can result in defective and unstable membranes, while
achieving uniform coatings on complex geometries or large surfaces remains challenging.
Additionally, spin coating often requires precise control over multiple parameters, limiting its

scalability for industrial applications 6°.
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Generally, spin coating results in ultrathin photocatalyst layers with highly uniform thickness and
minimal surface defects when properly controlled. The porosity of the coated layer is typically
lower than that of membranes made by dip-coating, but the thinness facilitates higher light
penetration and effective charge transport, enhancing photocatalytic efficiency. However, the
method is sensitive to solvent evaporation rate, spin speed, and solution viscosity. Rapid
evaporation can lead to structural defects, while inconsistent control over spin parameters may

affect photocatalyst adhesion and membrane durability.

3.3 Other Approaches Towards Photocatalyst/Clay Membranes

Spray coating is an emerging alternative that addresses some of the limitations experienced with
sol-dip and spin coating. Spray coating involves spraying a photocatalyst dispersion onto a

substrate using a pressurized system, allowing for more uniform coverage over irregular or larger

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

surfaces. Spray coating offers greater flexibility in controlling the thickness of the coating and can

more easily be scaled to industrial dimensions. Often, spray-coated photocatalytic membranes

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

maintain high performance and adhesion under actual operating conditions, making spray-coat

(cc)

membranes a viable alternative for future applications ¢’.

Another promising alternative is plasma spraying, a technique that utilizes a high-temperature
plasma jet to deposit coatings on substrates. Plasma spraying can achieve high bond strength,
thicker coatings, and better resistance to mechanical and thermal stresses compared to sol dip- and
spin coating % 69, Moreover, the technique enables the deposition of mixed-phase or composite
photocatalysts, which can further enhance the performance of the photocatalytic membrane 7°.
However, its application for clay-based photocatalytic membraneshas not been reported to the best

of our knowledge.
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4.0 Factors Influencing the Performance of Clay-based Membranes

Clearly, there is a need for low cost and sustainable membranes, but the performance and stability
of a membrane is a decisive factor. The primary factors impacting membrane performance and
durability include the types of precursor material, binders, water content, pore-forming agents,
sintering temperatures, and additives ’!. The influence of these factors on membrane performance

1s further discussed below.

4.1 Sintering Temperature

Sintering plays an important role in determining the chemical transitions (e.g. dehydration,
densification, crystallization) in the ceramics and characteristics of the specific properties such as
porosity, pore size distribution, pore shape and mechanical strength of clay-based membrane’ 73,
The sintering process induces a series of physical and chemical changes through accumulation,
bonding, and particle-particle interaction 7'.

In general, the sintering process can be divided into (1) pre-sintering, (2) thermolysis, and (3)
densification steps. In the first step, the powders form point contact through accumulation, and
there are a large number of pores, while with an increasing sintering temperature, the powders
gradually change from point contact to neck connection, and the pores gradually shrink until a
continuous dense material is formed at the last stage 7! 74. The densification of the granular
compact is performed via thermal treatment at a temperature below the melting point of the main
constituent of the membrane, increasing its strength by bonding the particles together 33. Typically,

an increasing sintering temperature promotes a densification, which causes the grains between
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particles to grow as seen in Fig. 6, and this could contribute to the creation of more bonds between

the particles resulting in membrane strengthening 7! 75,

11,

(i) (ii) (iii)

Fig.6. (a) Schematic diagram of the grain growth mechanism: (i) particles of slightly different size
in contact; (ii) neck growth by surface diffusion of the particles; (iii) grain growth occurrence.
Figure reprinted from 7¢, with permission from Elsevier, Copyright (2025).

The sintering process strongly influences the mechanical strength of the membrane because of the

need for sufficient fusion and bonding between the constituent particles. Thus, the sintering

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

temperature should usually be at around three-fourth of the melting point (unfortunately the

authors did not specify which melting point) of the material during membrane fabrication 73. The

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.
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higher the sintering temperature, the lower the porosity and the higher the mechanical strength 7!-
77-80 At higher sintering temperatures, more liquid phase is produced on the surface of the support.
The liquid phase blocks the original pores and increases the compactness in the material.
Consequently, the volume of the material shrinks, which in turn results in a decrease of porosity
and an increase of the bending strength 77-80. The reason for the pore reduction is the adhesion of

the liquid phase in the pore and the growth of crystalline domains upon cooling.

Mohtor et al. studied the effect of sintering temperatures ranging from 1200 — 1500 °© C in the

preparation of kaolin hollow fiber membranes 73. A reduction in the membrane porosity was
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observed with increasing sintering temperature. Likewise, the mechanical strength was enhanced,
which was attributed to the grain growth of the ceramic particles during the sintering process. In
this study, higher sintering temperatures facilitated sufficient fusion and bonding between the
ceramic particles, further strengthening the membrane. According to the authors, a sintering
temperature of 1400 © C is the optimum sintering temperature because it resulted in a membrane
with good mechanical strength, appreciable water permeation, and improved efficiency for dye
filtration. Based on the result, the kaolin hollow fiber membrane sintered at temperature >1300 °C

exhibits a higher mechanical strength than membranes that were sintered at <1300 °C.

Mouiya and co-workers prepared a clay-based membrane from a mixture of clay and 20 wt %
banana peels (BP) 8. The effect of sintering temperature (900, 1000, 1100 ° C) on the porosity was
examined as shown in Fig. 7. The membrane shows a decrease in porosity and an increase in
mechanical strength as the sintering temperature increased from 900 -1100 ° C. The SEM image
reveals a heterogenous microstructure with high porosity in the sample sintered at 900 °C, whereas
the number of small pores significantly decreases after sintering at 1100 °C. A decrease in apparent
porosity from 47.4 + 0.3 to 40.23 + 0.2% as the sintering temperature rises from 900 to 1100 °C
was observed. This is attributed to densification that promotes partial removal of porosity at high
temperatures. Furthermore Fig. 8 shows that excessive sintering, such as at 1200 °C leads to the

shrinking of the ceramic structure, thus resulting in a single slab of molten material.
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Fig. 7. Effect of sintering temperature on the microstructures of sintered samples containing 20
wt% BP: samples sintered at (a) 900 °C, (b) 1000 °C, and (c) 1100 °C. Figure reprinted from 8!,
with permission from Elsevier, Copyright (2025).

Fig.8. Photograph of the porous ceramic sintered at different temperatures. Reprinted from 8!,
with permission from Elsevier, Copyright (2025).

Vasanth et al. reported a low-cost ceramic microfiltration membrane from kaolin, quartz, and
CaCOs; using a uniaxial dry compaction method, and observed that within the sintering temperature
applied (between 900 — 1000 ° C), a sintering temperature of 900 °C gave the best membrane 72
The maximum shrinkage of the membrane was estimated to be 11 %, while the particle size was
in the range of 5-30 um and the porosity of the membrane decreased with increasing sintering

temperature. The flexural strength of the membrane, its chemical stability, and its water

29


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00313j

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Page 30 of 64

View Article Online
DOI: 10.1039/D5MA00313J

permeability increased with increasing sintering temperature. The membrane showed a maximum

rejection of 85% for oil (250 mg/L) and 99% for bacteria (6 x103 cfu/mL).

The sintering process also influences phase transitions and crystallographic properties of clay-
based membranes as well as their performance. Aside from the microstructure of the membrane
being affected, the sintering temperature influences the physical appearance of the membrane. In
one study, Adam and co-workers observe that increasing sintering temperature, decreases the
thickness of hollow fibre ceramic membranes (HFCMs) derived from clinoptilolite zeolitic
membrane from 189 um (T = 900 °C) to 148 um (T = 1150 °C)’6. This reduction in thickness is
linked to the densification of the ceramic particles within the membrane, as seen in the SEM
micrographs (Fig. 9). Additionally, other physicochemical properties of the HFCM, such as
mechanical strength and water permeability, are directly affected by the increase in sintering
temperature in this study’®. Typically, increasing the sintering temperature is expected to enhance
the mechanical strength of HFCM. However, in this case, the membrane sintered at 1150°C
exhibited the opposite trend due to structural defects, such as dead-end pores and channels. These
defects compromise the overall quality of the membrane by weakening its structure. Beyond
reducing mechanical strength, these imperfections also affect the membrane's performance. They
allow water to pass through more quickly, shortening the contact time between the adsorbate and
the adsorbent (HFCM). As a result, the membrane becomes less effective at capturing and retaining

the adsorbate.
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Fig. 9. SEM micrographs of the HFCMs sintered at different temperatures of (a) 900 °C; (b) 950
°C; (c) 1000 °C; (d) 1050 °C; (e) 1100 °C and (f) 1150 °C; at different magnifications of (1) 80x;
(2) 500x and (3) 3000 x. Figure reprinted from 76, with permission from Elsevier, Copyright
(2025).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

It i1s important to state that the sintering temperature has a tremendous influence on membrane

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

properties and, thus, the careful selection of a suitable sintering temperature is crucial for the

fabrication of a membrane with good properties (porosity, pore size, and mechanical strength etc.).

(cc)

In addition, a good compromise should be found between the sintering temperature and the former
pore percentage, which refers to the initial porosity of the ceramic membrane before sintering, to
achieve high-water flow, high mechanical strength, and optimal ceramic membrane porosity 2.
Table 2 shows the different clay-based membranes sintered at various temperatures and their

respective properties.
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Table 2: Performance comparison of ceramic membranes sintered at various temperatures and their properties

Membrane Binder Sintering | Porosity Pore size | Water Mechanical REF
type temperatur | (%) (um) permeability Strength

e (°C) (MPa)
Hollow fibre | Calcium 1050 55 N/A 228.25 54.20 76
ceramic carbonate L/h.m?.bar
membrane
Fly ash, kaolin | Sodium 900 46.3 0.62 450 L/h.m?>.bar | 49.4 7
and dolomite | metasilicate
ceramic (pentahydrate)
membrane
Ceramic N/A 900 42.7 0.885 1010 L/h.m?.bar | 43.6 83
membranes
from fly ash
and kaolin
Kaolin N/A 1250 27 0.73 20 L/h.m?.bar 28 84
microfiltration
membrane
Kaolin and | N/A 1150 50.50 4 N/A 28 85
Calcite
membrane
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Porous mullite
ceramic

membrane

PVA

1450

31.60

0.62

N/A

99

86

High-
aluminium fly
ash  ceramic

membrane

PVA

1300

>30

1.2

N/A

>30

78

Mullite hollow
fibre

membrane

poly-ethersulfone
(PES)

1250

50.50

0.61

1286 L/h.m?.bar

55.80

44

Porous kaolin
membrane

support

Polyethersulfone

(PESf)

1200-1500

5.20-57.80

0.35-
4.25

N/A

15.78-63.10

87

Micro-
structured
alumina
hollow  fibre

membrane

Polyethersulfone
(PESY)

1455

N/A

<0.20

664-1088
L/h.m?.bar

88.20-116.50

88

Bentonite
based Nano-

TiO,

PVA

950

N/A

0.009-
0.012

16.08 L/h.m?.bar

N/A

56
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Ultrafiltration

membrane

Disc

membrane

900

41

1.78

2.88x 1072
L/h.m?.bar

89

Ball clay-
based hollow
fibre

membrane

N/A

1000

41

0.31

7.69 x 107
L/h.m2.bar

50

90

Metakaolin-
based ceramic
hollow  fibre
membrane

(CHFM)

Polyethersulfone
(PES)

1500

12

0.007

N/A

225.80

87

Natural/Assam
Kaolin based
ceramic

microfiltartion

membrane

Sodium
metasiliacete
Boric acid

Sodium carbonate

34.50

2.28

6.12 x10° m/sPa

7.1

91

China clay
based

membrane

Polyvinyl alcohol

900

42

0.18 nm

3.24x 10*
L/h.m2.bar

50.65

92
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Bentonite, talc,
soium borate,
and carbon

black

Polyethylene
glycol

1000

34

0.65
1.25

1.75x 107
L/h.m2.bar

58

93
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4.2 Pore-forming Agents

The inclusion of pore formers into a membrane composition enhances both the porosity and
permeability. The choice and quantity of pore-forming agents is a key factor in the preparation of
high-quality membranes. These agents disappear completely or partially during the sintering
process through mechanisms such as decomposition, evaporation, liquid phase formation or
combustion %49 . This results in the formation of an additional porous network, modifying the
pore size distribution and increasing permeability of the membrane % .

Various materials, both inorganic and organic, are used as pore generators. Inorganic pore-forming
agents include calcium carbonate, sodium carbonate, carbon black, or activated carbon graphite *7-
9% Organic pore-forming agents include natural fibers and polymers, such as sawdust, , starch,
polystyrene, polymethyl methacrylate (PMMA) 9%- 100

At elevated temperature, inorganic pore formers decompose into oxides that form a solid solution
with the raw materials, promoting sintering but potentially becoming impurities that affect the
purity of the crystal phase of the membrane. In contrast, organic pore formers ideally decompose
completely into gas and water, which should not pollute the membrane 7! 1°1-192° Among the most
widely used pore formers are starches and carbonates. Starch, a natural biopolymer, is usually
more preferred for its low cost, ecological benefits and easy oxidation (at relatively low
temperatures around 500 °C) 103, Besides starch, waste biomass like rice husks, poppy seeds, corn
or wheat also hold potential for facilitating waste-to-value-added product development and for

reducing the cost of clay-based membranes 194 99100,

Some authors have successfully produced finer pores (with an average size of around 4 pm) in

ceramic membranes that are not interconnected due to discontinuous pore space channeling during
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the sintering process. By varying the particle size and concentration, a wide range of membrane
porosities (20%-70%) and average pore sizes (ranging from 0.26 to 10.21 um) can be achieved

using organic pore formers®® %899,

Ahmed and Mir assessed the potential and performance of almond shells as a pore-forming agent
in the preparation of a kaolin-based microfiltration membrane. The porosity and the pore diameter
of the membrane was 46.45% and 0.290 um, respectively. Additionally, the membrane displayed
favorable chemical stability when exposed to both acidic and basic environments. The pure water
permeability was 5.25 x10> L/m?h.bar. The study concluded that almond shells can be

economically and effectively used as a pore-forming material for the synthesis ceramic membranes

105

In another study, Lu et al. fabricated porous mullite as supports for filtration membranes by

recycling coal gangue and bauxite at sintering temperatures from 1100 to 1500 °C, using corn

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

starch as a pore-forming agent. Without corn starch, the mullite ceramic membrane support had

low open porosity of less than 30% (Fig. 10a), which was inadequate for filtration purposes. The

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

addition of commercial corn starch significantly increased the open porosity of the ceramic

(cc)

membrane to ca. 48%). This increase was accompanied by a gradual decrease in the bulk density
and an increased shrinkage (Fig. 10b). Furthermore, the pore size distribution of the membrane
varied with different amounts of corn starch added. This adjustment led to an improved porous
structure, characterized by larger pores and increased open porosity. The enhancement occurred
as the larger-sized corn starch particles burned away during sintering, creating more voids
compared to membranes without corn starch. The microstructure of the mullite ceramic membrane,

influenced by the pore-forming agent, is illustrated in the SEM images in Fig. 11 1%,
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Fig.10. Open porosity of the mullite ceramic membrane supports: (a) without corn starch addition
after sintering at 1100-1500 °C, and (b) with addition of various contents of corn starch after
sintering at 1350 C (inset shows the effect of corn starch content on bulk density and shrinkage
of the membrane). Figure reprinted from %, with permission from Elsevier, Copyright (2025).

Fig.11. Scanning electron microscope images of fracture surfaces of the mullite ceramic membrane
supports sintered at 1350 -C with (a) 16 wt.% and (b) 32 wt.% corn starch addition. Figure
reprinted from %, with permission from Elsevier, Copyright (2025).
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Chakrabortz et al. studied the impact of varying compositions of sawdust particles (a natural pore-
former) on low-cost ceramic membranes *°. Reducing the amount of sawdust from 8 to 1 wt. %
led to a decrease in membrane porosity from 28.47% to 21.69%. The membranes had an average
pores size from 0.45 to 1 um, which fall within the typical range for microfiltration (membranes
(0.1 - 10 um). These membranes can be used for heavy metal removal, oil-water separation, or

removing microbes to produce potable water.

In 2017, Obada and co-workers. developed a low-cost macroporous ceramic membrane from
natural kaolin. The authors incorporated high-density polyethylene (PHDPE) powder as a pore-
forming agent, varying its content from 5 to 20% to create macroporous membranes 7. SEM
images, Fig. 12, show that the addition of the pore former PHDPE led to an increase in porosity,
pore size, and pore connectivity. This effect was attributed to the increase in the number of
interconnected pores created by the burnout of the pore former, resulting in higher permeability.

The impact of increasing the pore former content on the apparent porosity and water absorption of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the sintered clay-based membranes is clearly illustrated in Fig. 13 showing an increasing porosity

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

and water absorption with higher pore former content '%7.

(cc)
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Fig. 12. Scanning electron microscope images of sintered membranes with HDPE as pore former
at 20 wt%: a) 201x, b) 500%, ¢) 2000%, d) 5000x. Figure reprinted from %7, with permission from
Elsevier, Copyright (2025).
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Fig. 13. (a) Porosity and apparent density of sintered membranes and Porosity and (b) water
absorption of sintered membranes with varying pore former content. Figure reprinted from 07,
with permission from Elsevier, Copyright (2025).
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As demonstrated above, the properties of clay-based membranes, such as pore size, porosity, and
mechanical strength, are significantly affected by the type, composition and amount of pore-
forming agents used during fabrication. By optimizing these parameters, researchers can achieve
the desired combinations of pore size and porosity in (clay-based) membranes, leading to a better
understanding and control of the membrane characteristics. This knowledge is crucial for
optimizing the performance and applicability of low-cost clay membranes in various filtration and

separation processes.

4.3 Binders

In the production of clay-based ceramic membranes binders are utilized to strengthen the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

membrane by creating bridges between particles. Additionally, the binder contributes to plasticity

and assists in green body formation, but is usually removed as much as possible during the

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

sintering process 33 108,

(cc)

Several raw materials used in membrane fabrication, such as clay, alumina, titanium dioxide,
exhibit poor fluidity and formability 7!. Using these materials alone can result in issues like uneven
density distribution, cracks, and delamination after sintering. Therefore, adding a suitable binder
is essential to adjust the forces of attraction between the powder particles, thus enhancing their
rheological properties and plasticity, making molding easier while maintaining the desired shape
33,71,109 - Cellulose derivatives, including MC ', carboxymethyl cellulose (CMC) !, PVA 112 or
hydroxypropyl methylcellulose (HPMC) 7' are commonly used as binders in membrane
fabrication. Other low-cost binders like starch from corn, wheat, and potato have also been
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employed '8 71 113, The addition of these binders to the raw materials alters the performance of

membrane support.

Singh et al. used kaolin, quartz, and calcium carbonate as raw materials, and carboxymethyl

cellulose (CMC) as a binder to prepare tubular porous clay-based membranes via extrusion and

sintering at 950 C ', Increasing the CMC content from 0 to 3 wt. % led to a decrease in the

porosity of the membrane from 48 to 36%, while the bending strength increased from 21 to 38

MPa. The study demonstrates that a higher CMC content resulted in reduced porosity but increased

the bending strength and water flux of the membrane. The increase in water flux could be attributed

to the larger pore size of the membrane as the binder content increased, Fig. 14a and b.
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Fig. 14. (a) Effect of binder on porosity and bending strength (b) water flux of ceramic membrane.
Figure reprinted from ''4, with permission from Elsevier, Copyright (2025).

Boussemghoune et al. investigated the influence of other organic binders including gelatin,

methocel, ethylene glycol (EG), and polyethylene glycol (PEG) on the morphology of ceramic

membranes made from materials such as kaolin '3, Kaolin was chosen due to its specific properties
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and cost-effectiveness. SEM reveals that using gelatin as a binder results in large holes in the
membrane after sintering, while the membrane produced with methocel shows uniform and
homogenous pore structure due to its strong deflocculating properties ''°. The authors attributed
the differences observed with these organic binders to variations in their chemical structure and
properties, such as polarity, molecular weight, and polymer chain length, which significantly

influence the overall microstructure of the membrane support.

The presence of binders in clay-based membrane plays a key role !¢, It is important to carefully
add and optimize binder content to achieve efficient membrane performance and functionality for
specific applications 33 7! but at the same time the characteristics of a specific binder must be

matched to the overall system.

5.0. Design of Experiment

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The fabrication of clay-based membranes is influenced by variables such as particle size, additives,

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

processing etc. Optimization of these parameters and variables is expensive because they typically

(cc)

entail numerous trial-and-error approaches '!'7. Aside from being expensive, only one factor is
varied at a time while others are fixed and this neglect the interaction among all factors in the
overall process '8, This makes conventional trial-and-error approaches time-, materials-, cost-,
and labour-intensive. In an attempt to solve this enormous issue (which is prevalent in materials
research in general) a number of recent studies have design of experiments (DOE) software to
reduce the number of experiments, and to determine a response value for any selected variables
belonging to the investigated experimental domain !''% 120, In DOE, the Plackett-Burman Design

(PBD) is a very effective screening method to identify the most significant factors that influence a
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process using only a few experimental runs '!- 122, In addition, the response surface methodology
(RSM) from DOE has been widely used to assess the significance of several independent
parameters on the response variable and their interaction effects using the lowest number of
experiments possible 23, The RSM has advanced the field of membrane science due to the
development of statistical models which are helpful during the simulation and optimization process
to generate cost-effective and efficient process designs 24 125, Table 3 shows the operational
conditions employed in experimental studies for the preparation of clay-based photocatalytic

membrane.

Baih et al. employed PBD to evaluate and screen the effects of sintering temperature (ST), particle
size (PS), starch content (SC), and heating rate (HR) on the porosity and mechanical strength of a
clay-based ceramic membrane '?°. The regression model and analysis of variance (ANOVA) show
that the ST had the strongest influence on the mechanical strength, followed by SC, PS and HR.
In contrast, only ST and SC had major effects on the porosity of the membrane. Hence, an increase
in ST decreases the porosity and increases the mechanical strength of the membrane. This effect
could be attributed to the strong influence of temperature on the melt formation and invariably on
the sintering process. However, an increase in SC was accompanied by an increase in the
membrane porosity. The authors assigned this effect to pore formation during the burning out of
the starch at around 500 °C %0, Baih et al. further optimized the significant factors (ST and SC)
obtained from PBD with RSM using central composite design (CCD). RSM-CCD showed the
combined effect/interaction of ST and SC on the porosity and mechanical strength of the
membrane. Hence, the optimized predicted response (porosity: 38.8 % and mechanical strength:12

MPa) for the membrane was achieved with SC at 4 % and ST at 1014.4 °C 120,

44


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00313j

Page 45 of 64 Materials Advances

View Article Online
DOI: 10.1039/D5MA00313J

Bose et al. investigated the role of binder content (sodium metasilicate, SM, and boric acid, BA)
and preparation pressure on membrane porosity and flexural strength using the CCD of RSM 16,
High pressure and high BA content were the most significant individual parameters to produce a
membrane with high flexural strength. On the other hand, there were no significant interactions
between the independent parameters to each other to enhance the membrane porosity. However,
there were obvious individual impacts of each parameter as the maximum porosity was obtained
at a preparation pressure of 7.84 MPa and 5 % of binder content. Similar to what has been observed
for the effects on flexural strength, the amount of BA has a major effect on the membrane porosity;
much more so than the sodium metasilicate content. Therefore, the optimum membrane fabrication
conditions as generated by the RSM-CCD were obtained at 9.81 MPa and 7.5 % of SM and BA

each with a desirability function of 0.97 116,

Aside from the use of RSM for the optimization of process variables in membrane fabrication,

some studies have explored its use in the optimization of membrane applications. For instance,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Ahmed et al. employed Box-Behnken design (BBD) in RSM for the optimization of Fe removal

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

using a combined oxidation-microfiltration process !'7. The optimal input conditions for the

(cc)

responses (Fe rejection and permeate flux) were determined using a second-order polynomial
equation. The BBD responses showed that the maximum Fe rejection and maximum flux values
were 83.02 % and 4.75 L/h.m?.bar respectively. The result from the BBD optimization shows that

the membrane has good potential for the removal of iron from groundwater.

It is worth noting that, even though some studies have employed RSM for the optimization of
ceramic membrane fabrication and application, very few studies have used this important tool for
the preparation and application of clay-based photocatalytic membranes. Considering the

advantages of RSM in experimental design, we recommend that more studies should employ this
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vital technique for the identification of optimum parameters and their interaction effect for the

fabrication of efficient and effective clay-based membranes for water and wastewater treatment.

Table 3: Summary of operational conditions used in experimental studies on clay-based
photocatalytic membranes.

Membrane Sintering Heating | Mechanical | Porosity | Membrane | Density | REF
Type Temperature | Rate Strength (%) Thickness | (g/cm?)

(°C) (°C/min) | (MPa) (mm)
Clay ceramic | 900 -1200 | 1-10 11-19 15-42 |- - 120
membrane
Kaolin 850 3 150 46 5 - 17
microfiltration
membrane
Tubular 550 — 850 1 7-12 10-28 | 10 - 116
Ceramic
membrane
Anorthite- 900 —-1200 |5 - 48 —52 | - 2.5 126
based ceramic
membrane
Clay-based 1150 -1250 | 5 30 09 —|- 1.9 — |
ceramic 7.9 2.2
membrane

6.0. Applications of clay-based photocatalytic membranes

Despite the intriguing benefits of clay such as better thermal, chemical and mechanical stability in

comparison to polymeric substances, only few studies have utilized clay-based photocatalytic
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membranes for water treatment '!7. This section highlights some interesting recent applications of

clay-based photocatalytic membranes.

6.1 Removal of Organic and Inorganic Pollutants

The removal of organic pollutants is one of the fundamental missions in water treatment because
of their ability to bioaccumulate in fatty tissues, long-range transportation, persistent nature, and
toxicity even at low concentrations 28, Their toxicities are often well known, and their presence in
drinking water above a particular threshold can seriously endanger human health !*°. For the
removal of these contaminants, a variety of methods has been used, such as biological treatment,
advanced oxidation processes, electrochemical oxidation, membrane technologies, and adsorption
130, Unfortunately each of these approaches has its own limitations or drawbacks 3!, In an effort

to overcome these constraints, techniques combining two or more technologies have gained

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

increasing attention. Recently, this has resulted in the simultaneous application of photocatalysis

and membrane technology known as photocatalytic membranes 32 133, Photocatalytic membranes

Open Access Article. Published on 19 May 2025. Downloaded on 6/2/2025 5:24:27 PM.

reject contaminants via membrane filtration and degrade them by photocatalysis at the same time.

(cc)

For instance, in a typical dye degradation by clay-based photocatalytic membranes, the process
involves adsorption of dye molecules near photocatalyst sites, followed by photoinduced
generation of ROS under light irradiation. These ROS oxidize the dye molecules, leading to
cleavage of chromophoric groups and subsequent mineralization into CO, and H,O. The
membrane's structure and surface chemistry influence how effectively this sequence occurs,
depending on photocatalyst loading, light exposure, and membrane porosity. While rejection and

degradation take place in the same step, reactive oxygen species (ROS, such as hydroxl radicals,
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*OH, holes, h*, and superoxide radicals "O,") are generated on the photocatalyst surfaces when

irradiated. These ROS are key to the degradation of the organic pollutants 7.

For example, in the purification of seawater by C-Cu-TiO,/clay membranes ¢°. Clay membranes
without photocatalyst coating only have 4.2% removal efficiencies for total organic carbon (TOC).
However, when a photocatalyst is present on the membrane, 4 h of irradiation with UV and natural
sunlight yields 83.1% and 99.5% TOC removal efficiency, respectively. Moreover, the
mineralization, that is the complete degradation of the organic contaminants to water and carbon
dioxide reached 81.9% and 93.2% respectively, under the same condition (i.e. 4 h irradiation of
UV and sunlight). The result can be attributed to the presence of a highly active photocatalyst on
the surface of the membrane, which releases radicals capable of degrading and mineralizing

organic compounds in polluted seawater.

Membranes also play a fundamental role in the removal of contaminants. It is worth noting that
the retention efficiency of membranes is crucial for the effective removal of organic contaminants,
and they are directly related to volumetric flux 34, For instance, a TiO, ultrafiltration membrane
supported on natural bentonite was used for the removal of the dye Direct Red 80 (DR-80) 9. As
the feed concentration increased from 25 to 100 ppm, the retention of the dye increased from 80
to 98 %, while a flux decline was observed. In addition to feed concentration and flux, filtration
time can also influence contaminant rejection, particularly in cases where the membrane exhibits
adsorptive properties. For example, !¢ reported a 99% removal of ciprofloxacin within 60 min of
operation, which later decreased to 90% at 90 min of operation, suggesting that the membrane

acted as an adsorptive membrane.

Photocatalytic membranes can be regarded as charged membranes (because they generate charges

when exposed to light due to their surface properties and the presence of photocatalytic materials).
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As aresult, the removal of organic contaminants using photocatalytic membranes may also involve
electrostatic interactions. It has indeed been reported that a membrane surface where an
electrostatic repulsion between the membrane and the contaminant is present favorable for
filtration '3. For example, 3® methylene blue (MB), a cationic dye, was effectively rejected by a
bentonite clay membrane in acidic medium while DR-80 and Acridine Orange (AO), both of which
are anionic dyes, were rejected by the same membrane in alkaline medium. As the point of zero
charge of the membrane is pH 5.7, the membrane was positively charged at pH values below 5.7,
which leads to the electrostatic rejection of MB (which is also positively charge). At pH above 5.7
an analogous electrostatic repulsion between the negatively charged membrane surface and the
negatively charged dyes DR-80 and AO leads to rejection at higher pH. This study shows that pH
had great effect on the removal efficiency of the dyes, as the surface of the clay photocatalytic
membrane changed with pH values, thus presenting a significant influence on the adsorption

capacity of the organic contaminants.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Furthermore, the use of clay membranes with or without a photocatalyst present enables the
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targeting of positively charged species such as methylene blue and heavy metal ions; this is due to

(cc)

the high abundance of negatively charged active sites in the clay !3¢. Although some of the hydroxy
groups on the surface of the clay membrane might be removed during calcination, the bulk and the
surface of calcined clay membranes still retain negatively charged sites due to the presence of Si-

O and AI-O bonds making them highly attractive candidates for targeting (heavy) metals

Titanium pillared clay membranes fabricated between 300-600 °C were utilized for the removal of
MB with ~100% rejection 37, Among different clay-based membranes, halloysite, a naturally
occurring nanotubular clay mineral, was investigated for its unique structural advantages. The high

photocatalytic degradation efficiency of a halloysite-TiO, membrane was attributed to its high
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surface area, large pore volume offered by the halloysite nanotube structure and the good chemical
and mechanical stability of the clay which contributed to enhancing the degradation reaction '33.
However, halloysite possesses natural, inherent TiO, which would make further addition of TiO,

unnecessary and time-consuming.

6.2 Antifouling Performance

The fundamental disadvantage that prevents the adoption of membrane filtration in long-term
practical applications is membrane fouling 3°. When particles or macromolecules deposit or
adsorb onto membrane pores, the holes of the membrane become smaller or clogged. This is
followed by extensive fouling. There are many types of foulants, including biological (bacteria,
fungus), colloidal (clays, flocs), scaling (mineral precipitates), and organic (oils, polyelectrolytes,
and humic) substances that can block membrane pores and, in some cases, induce permanent
fouling. As a result, there are frequent filtration shutdowns and the water produced is of lower
quality 40, Efforts to reverse the trend of fouling have involved the use of chemicals for cleaning
the membranes or outright replacement of the membranes altogether. These methods increase the
cost of the entire filtration operation and ultimately reduce membrane lifespan !40. A sustainable
method to avoid membrane fouling and increase the life cycle is — again — the use of the

photocatalytic membranes °.

With photocatalysts on a membrane, the membranes can both be anti-fouling and self-cleaning.
Clay-based photocatalytic membranes mitigate fouling through a synergistic combination of
surface chemistry and photocatalytic activity !>2!. The hydrophilic and negatively charged nature

of natural clays reduces the adhesion of organic contaminants, while the embedded photocatalysts
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generate reactive oxygen species (ROS) under UV or visible light irradiation REF. These ROS
oxidize and degrade adsorbed foulants directly on the membrane surface, thereby reducing
irreversible fouling '#!. Additionally, clay incorporation can suppress electron-hole recombination
in the photocatalyst, enhancing ROS generation and sustaining antifouling performance over

repeated cycles .

This integrated approach also minimizes secondary pollution by preventing the leaching of
nanoscale particles. Upon light activation, the photocatalysts produce highly reactive radicals that
in situ mineralize organic pollutants on the membrane surface into CO,, H,O, and inorganic ions
(Fig. 15). Thus, photocatalytic membranes enable simultaneous chemical oxidation and physical
separation of trace contaminants within a single unit. The direct contact between the photocatalytic
surface and foulants enhances self-cleaning behavior, and visible-light-driven photocatalysts are

especially attractive due to their ability to harness abundant solar energy for sustainable water

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Fig. 15: Schematic illustration of the dual purpose of clay-based photocatalytic membranes.
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Functionalization of photocatalytic membranes can enhance the antifouling potentials of clay-
based photocatalytic membranes '42. For example, montmorillonite-TiO, composite membranes
were used to remove organic compounds from water. The addition of the clay resulted in the
enhancement of photocatalysis when compared with the neat TiO, membrane without the clay '43.
Similarly, Domenzain-Gonzalez ef al. used a Mexican natural zeolite (MNZ) to form a mesoporous
cylindrical membrane '44. The addition of MNZ to the photocatalytic membrane enhanced the
reactive black dye 5 (RB5) dye removal and improved the discoloration. In addition, the membrane
was suitable for reuse up to 12 cycles maintaining 88.3% dye removal. However, the proportion
of zeolite in photocatalytic membranes should be optimized, because excessive incorporation of
zeolite into the photocatalytic membranes could also decrease the oxidation efficiency of the

photocatalytic membrane as a result of pores 142,

7.0. Conclusion and Future Perspectives

It has been well established over the years that membrane technology for large scale water
treatment has significant advantages over other water treatment technologies such as adsorption,
filtration, coagulation and flocculation. However, membrane fouling is still a major challenge in
membrane applications for water treatment. The incorporation of semiconductors into membranes
during membrane production enhanced their performance and contributed to fouling mitigation

via photocatalysis.

Even though there are two major membrane types: polymeric and ceramic, the latter are known to
have several advantages in comparison with the former as discussed in this review. Unfortunately,

one of the drawbacks in the application of ceramics is the high cost of raw materials, which
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increases the overall production cost. To circumvent this, natural clays have been extensively used
for the preparation of low-cost ceramic membranes but their use in the development of
photocatalytic ceramic membranes is still limited. Despite the outstanding properties of natural
clays including that they are a renewable resource, low cost, environmentally benign, hydrophilic
in nature, relatively abundant in nature, and have good mechanical strength, only a few studies
have reported their use in the fabrication of photocatalytic membranes via sol-dip coating. Yet,
there are no deep-dive studies to optimize the appropriate immersion time for highly efficient clay-
based photocatalytic membranes. On the other hand, several routes such as chemical vapor
deposition, vacuum filtration, liquid phase deposition, in-situ condensation, phase inversion etc.
have been employed for the preparation of other ceramic (alumina, zirconia and titania) and
polymeric photocatalytic membranes. More research should focus on the use of these synthesis

routes for producing clay-based photocatalytic membranes.

Furthermore, the number of more selective clay-based membranes for ultra- and nano- filtration

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(UF and NF) applications is still limited because of the existence of unwanted compounds such as
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calcite, dolomite, quartz, amorphous silicate and organic matter in natural clay. The presence of

(cc)

these compounds in excessive amounts generates large pore sizes and cracks especially during the
preparation of thinner membrane layers necessary for UF and NF. Hence, the purification of the
clay material prior to its use in membrane preparation should be considered a key factor in order
to develop clay-based membranes with thinner layers, enhanced properties, and high filtration

performance.

Additionally, large scale fabrication of clay-based photocatalytic membranes could still be a
challenge for its practical application for water treatment. This is because it is very tedious to

manually optimize the various variables required for the succesful preparation of clay-bsed
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photocatalytic membranes. Therefore, future studies on the preparation and application of clay-
based photocatalytic membranes for water purification could explore the use of design of
experiment (DOE) to optimize the significant factors during membrane preparation and
photocatalytic activity of different photocatalysts. This could help reduce the cost of labour, and
further enhance the simulation and optimization process to generate cost-effective and efficient

process designs suitable for large scale application.

Overall, it is undoubtedly clear that the future of clay-based photocatalytic membranes in water
purification is promising as they offer significant advantages over polymeric and other ceramic
membranes. From our literature search, there are scarcity of data on the application of clay-based
photocatalytic membranes for water treatment. In addition, an in-depth understanding on the
fabrication and removal mechanism of contaminants using clay-based photocatalytic membranes

is still required in order to successfully deploy them for real-life water treatments.
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