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Abstract: In this article, a general review on porous
ceramic membrane supports was done with reference to
fabrication methods. Each method was detailed, along
with the raw materials used for the fabrication of mem-
brane supports. Characteristics such as pore size and
porosity of the porous membrane support were summa-
rized for each fabrication method from the viewpoint of
sintering temperature, starting raw materials, sintering
aids, and additives. Membrane supports fabricated by
various fabrication methods such as powder pressing,
colloidal processing, and paste processing were reviewed.
This will be helpful for beginners in selecting a suitable
fabrication method to shape their membrane and utilize
the membrane support for further processing such as
selective layer formation, which plays an important role
in separation performance.
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1 Introduction

Fabrication of ceramic membranes for new processes and
new applications has undergone rapid growth during
the last three decades. The rapidly changing environ-
mental legislation in the use of chemicals and reagents
also makes them very attractive. Performance in terms
of permeability of ceramic membranes mainly depends
on the porous membrane support. Fabrication of suit-
able ceramic support for membrane application has been
a challenging task for the researchers. Few researchers

used the support (without skin/selective layer and the
average pore size are in the micrometer range) itself as a
microfiltration membrane. Usually, supports with average
pore diameters >1 mm are not considered as membrane
supports, and they must be considered as macroparticle
filters. Many steps have been involved in the fabrication of
ceramic support. The major factors that must be consid-
ered during the fabrication of ceramic supports are prop-
erties of the starting raw materials/precursors, method of
preparation of the powder/paste, method of fabrication,
and sintering/heat treatment method.

Normally, the starting raw materials used for the
support fabrication decides the sintering temperature,
pore characteristics (porosity, pore size, and tortuosity),
and cost (economy) of the membrane (Burggraaf and Cot
1996). Raw materials are prepared in a powder, paste, or
colloid form that suits the fabrication methodology. The
method of fabrication decides the geometry of the final
product. Flat-, circular-, or tubular-shaped membrane
supports are fabricated in laboratories and experimented
for their performance. Furthermore, complicated fabrica-
tion methods have been used for the preparation of mono-
liths (honeycomb) and hollow-fiber modules for industrial
application to process large volumes of feed (Burggraaf
and Cot 1996). A proper ceramic support should possess
good permeability, mechanical strength, narrow pore-size
distribution, and specific surface area. Huge volumes of
reports were found for membrane supports fabricated
using high-purity a-alumina. In recent years, many efforts
have been made to prepare mullite ceramics to reduce
fabrication cost. Mullite ceramics have been synthesized
from various inexpensive natural materials such as kaolin,
bauxite, cordierite, diatomite, andalusite, and sapphire
(Palacio et al. 1998, Bouzerara et al. 2006, Dong et al.
2008, Akhtar et al. 2010, Bejjaoui et al. 2010, Dong et al.
2010, Esharghawi et al. 2010). Although many reviews on
selective layers have been reported in the open literature,
there are not many reviews on the fabrication methods of
supports for membrane applications. In view of this, the
present review focused on the classification of porous
membrane supports based on the fabrication methods.
This will be very helpful for new researchers in fabricating
membrane supports for membrane applications.
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2 Ceramic support fabrication

Researchers use various ceramic support fabrication
methods. Most membrane supports (commercial and
homemade) are fabricated by powder pressing, paste
processing, and colloidal processing methods. A detailed
classification is shown in Figure 1.

2.1 Powder pressing method

The powder pressing method has been used for the prepa-
ration of ceramic tiles and high-density products in the
earlier stages. Later on, because of the characteristics
of the ceramic materials, there were attempts to use this
method for the fabrication of membrane supports.
Typically, two types of pressing methods, axial press-
ing and isostatic pressing, have been used for the fabrica-
tion of membrane supports. The axial pressing (uniaxial
and biaxial) method is inexpensive and suitable for high-
volume production of simple geometrical shapes such as
flat and circular supports. Axial pressing is classified into
two types, namely, dry pressing and wet pressing. Wet
pressing involves the addition of fluid, especially water,
to the ceramic raw materials for shaping, and dry pressing
involves only the dry powders without addition of water.
In isostatic pressing, pressure is applied from multi-
ple directions to achieve greater uniformity of compaction
and increase shape capability compared with uniaxial
pressing. Isostatic pressing methods are classified into
cold and hot isostatic pressing. In cold isostatic pressing
(CIP), the isostatic pressure is created by applying exter-
nal pressure onto the fluid, normally water or oil. This
pressure is uniformly applied to ceramic powder to form

| Method of fabrication of membrane supports |
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Figure1 Classification of the membrane supports production
methods based on the precursor aggregate state.
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the required shape of the membrane support. In the case
of hot isostatic pressing, the isostatic pressure is created
by heating the encapsulated fluid (mostly argon gas) to
the working temperature. This isostatic pressure forms the
ceramic support of desired shape.

Many circular-shaped membrane supports were fab-
ricated using high-purity o-alumina of various particle
sizes in a mechanical press at high pressures without
additives (Jayaraman et al. 1995, Kim and Lin 1999). Over
the years, the dry pressing method has been replaced with
the wet pressing method by the addition of binders, espe-
cially organic binders such as polyvinyl alcohol (PVA),
polyacrylic acid (PAA), polyethylene glycol (PEG), and
methylcellulose. This increases the green strength (han-
dling strength) and pore network properties of the support
(Palacio et al. 1998, Vercauteren et al. 1998, Falamaki et al.
2004a,b, Chang et al. 2005, Wang et al. 2006, Dong et al.
2008). The binder is chosen in such a way that it must be
completely burned off during sintering without leaving
any ashes on the membrane support. The pore growth in
the membrane support is a function of the initial powder
particle size and compaction pressure (Falamaki et al.
2004a). The investigation focused on the evolution of
typical membrane characteristics, such as permeability
and tortuosity, of o-alumina and zircon (ZrSiO,) mem-
brane supports, and it revealed that the porosity, shrink-
age, and mean pore size mainly depend on the sintering
temperature (Falamaki et al. 2004a). Enhancing the par-
ticle size of the raw materials increases the pore size of
the membrane along with the compaction pressure (Kim
and Lin 1999, Falamaki et al. 2004a,b). Only a significant
change has been observed in the porosity of the mem-
brane supports with an increase in the sintering tem-
perature. However, it is greatly decreased with increased
compaction pressure and decreased raw material particle
size (DeVos and Verweij 1998, Kim and Lin 1999, Chang
et al. 2005, Wang et al. 2006, Dong et al. 2008). However,
there is a limitation for compaction pressure and particle
size of the raw materials. Increased sintering temperature
results in the densification of the support, which always
decreases the permeability and increases the mechanical
strength of the support. Most research concluded that the
optimum sintering temperature of a membrane support is
the temperature when the membrane support possesses
maximum permeability along with a reasonable mechani-
cal strength (DeVos and Verweij 1998, Falamaki et al.
2004a, Bouzerara et al. 2006, Wang et al. 2006).

Few works have been reported on the fabrication of
membrane supports by isostatic pressing method (Luyten
et al. 1997, DeVos and Verweij 1998, Vercauteren et al.
1998, Gu et al. 2003, Fukushima et al. 2009). Sometimes,
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support is fabricated by uniaxial pressing followed by
isostatic pressing (Luyten et al. 1997, DeVos and Verweij
1998). These investigations revealed that the isostatic
pressing results in dense membrane supports with higher
mechanical strength than uniaxial pressing. Tubular-
shaped membrane supports could also be fabricated by
isostatic pressing methods (Luyten et al. 1997, DeVos and
Verweij 1998).

Typically, most of the membrane supports are fabri-
cated with high-purity o-alumina powder as starting mate-
rial and sintered at a high temperature, which increases
the cost of the membranes (Luyten et al. 1997, DeVos and
Verweij 1998, Dong and Lin 1998, Vercauteren et al. 1998,
Kim and Lin 1999, Falamaki et al. 2004a,b, Wang et al.
2006). The typical sintering temperature of alumina,
titania, and zirconia membrane supports inevitably
increases the production cost. Many research works have
been focused to reduce the sintering temperature (Zeng
and Gao 1999, Chakradhar et al. 2006, Wang et al. 2006,
Dong et al. 2008). Zeng and Gao (1999) pointed out that
the reduced particle size of 0-ALO, (<20 nm) resulted in a
low sintering temperature (<1000°C). Several low-temper-
ature sintering strategies (such as liquid phase-assisted
sintering) have been followed, which involves doping of
transition metal oxide and high reactivity nanometric-size
powders with support raw materials (Luyten et al. 1997,
Zeng et al. 1998, Sathiyakumar and Gnanam 2002, Wang
et al. 2006, Dong et al. 2008, Fukushima et al. 2009).
Organic binders are replaced with inorganic sintering aids,
which have been used to decrease the sintering tempera-
ture and enhance the pore property, porosity, and strength
of the membrane support. Among the inorganic sintering
aids, calcium carbonate is widely used to increase the
porosity of the membrane support. Other carbonates such
as magnesium carbonate, sodium carbonate, and calcium
magnesium carbonate have also been used as porosifiers
(Palacio et al. 1998, Bouzerara et al. 2006, Fukushima et al.
2009). The decomposition of CaCO, produces the largest
pores at lower temperature (<1000°C). However, a higher
temperature (>1300°C) leads to reduced pore size due to
the liquid phase sintering mechanism, which produces
low-melting calcium-aluminate and calcium-aluminate-
silicate species (Falamaki et al. 2004b). In addition, it also
reduces the tortuosity and roughness of the membrane
support, which results in more rounded pores. Their work
confirmed that with proper process parameters (such as
sintering temperature and amount of porosifier), it is pos-
sible to fabricate rounded pore membrane supports with
higher permeability. Wang et al. (2006) fabricated ceramic
supports using o-alumina with titania (rutile) as sintering
aid, and their observations revealed that the addition of
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rutile powder to alumina drastically reduces the porosity,
pore size, and the corrosion resistance of the membrane
support.

Addition of organic additives such as PVA, PEG, PAA,
etc. only has a significant effect (no significant changes
in pore size after the binder removal) on pore size.
Furthermore, the addition of inorganic additives/sinter-
ing aids such as CaCO,, titania, silica, and cordierite leads
to unimodal or multimodal pore size distribution based
on the chosen particle sizes. When the difference between
the particle size of the starting raw material and inorganic
additives are high, a wider pore size distribution occurs,
which decreases the selectivity of the membrane support.
Moreover, nonuniform pore size distribution affects the
selective layer coating on the support and has high ten-
dency to form cracks.

Several research works have been focused on other
ways of reducing the cost of the ceramic support by using
locally available low cost raw materials (Palacio et al.
1998, Bouzerara et al. 2006, Dong et al. 2008). To reduce
the fabrication cost, mullite-based ceramic supports
have been synthesized from various inexpensive natural
materials/clays such as kaolin, bentonite, and smectite.
Kaolin-based mullite ceramic supports have been found
to be one of the best alternate for a-alumina, due to its
outstanding properties, such as low thermal conductivity
and expansion, excellent creep resistance, and excellent
thermal, chemical, and mechanical stability. In addition,
it retains porosity at elevated temperatures. To increase
the concentration of the mullite phase, similar types of
raw materials/clays are added with the starting raw mate-
rial (Palacio et al. 1998, Bouzerara et al. 2006, Chakradhar
et al. 2006, Dong et al. 2008, Bi et al. 2011, Monash and
Pugazhenthi 2011a,b). The addition of wollastonite to the
ceramic mixtures reduces the sintering time and tempera-
ture and increases the strength of the membrane supports
(Chakradhar et al. 2006, Bi et al. 2011). Increased pres-
sure leads to an increase in the green support strength as
well as reduction in pore size (Falamaki et al. 2004a,b).
However, there will always be an optimum pressure,
beyond which the pressing pressure has no significant
effect. In addition, the pressing pressure is based on the
particle size of the raw materials. Sometimes, high pres-
sure leads to difficulty in removing the green supports
from the molds or die, and high pressure also leads to
imperfections (mild cracks) in the ceramic membrane
support. An increase in sintering temperature leads to
an increase in pore size and, to certain a extent, poros-
ity. If the sintering temperature is increased beyond the
optimum temperature (must be experimented for each
material based on the other set parameters), both pore
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size and porosity tend to decrease due to the densification
of the support. More dead ends of the pores resulted in
low permeability and not suitable for membrane support.
Normally, mechanical strength increases with increasing
pressing pressure and sintering temperature. A starting
material with smaller particle size has higher mechani-
cal strength than a raw material with a large particle size.
The tensile/mechanical strength of the membrane sup-
ports are usually determined by diametral compression
test, three- and four-point bending tests. The mechanical
strength of the supports fabricated by powder pressing
method is presented in Table 1. However, the mechani-
cal strength of the membrane supports is varied based
on the testing methods and testing conditions such as
specimen size, span width, and cross-head speed of the
testing machine. Thus, the testing method and details of
the testing specimen and conditions are also provided
in Table 1 for homogeneity and comparison. Typically,
o-alumina or silica particles of smaller size (with narrow
particle size distribution) and high sintering temperature
give high strength to the ceramic membrane support com-
pared with that of other supports discussed in literature.
The probability of bending of the green support during
sintering is lower compared with that of other processing
methods, especially colloidal and paste processing, due
to the minimal amount of water used in the fabrication of
the membrane support. However, the support must be sin-
tered at a controlled heating rate (preferably low heating
rate, depending on the support raw materials) to avoid
thermal shock waves that lead to bending of the support
during sintering. Thus, the support size and thickness
(it indirectly fixes the pressing pressure) are fixed; the
variables that affects the characteristics of the supports
are particle size distribution and average particle size of
the raw materials (also covers sintering aids) and sinter-
ing temperature. Normally, the average pore size of the
membrane supports prepared by pressing method ranges
between 0.1 and 1 um (Vercauteren et al. 1998, Kim and Lin
1999, Falamaki et al. 2004a, Wang et al. 2006, Fukushima
et al. 2009). Membrane supports fabricated by powder
pressing method are presented in Table 1.

2.2 Colloidal processing method

The term “colloid” is used to describe particles that possess
atleast one dimension in the size range 10° to 1 um. A distin-
guishing feature of all colloidal systems is that the contact
area between particles and the dispersing medium is large.
As a result, interparticle (or surface) forces strongly influ-
ence suspension behavior. In general, colloidal processing
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involves a sequence of steps such as powder synthesis and
purification (if commercial powder is used, then the syn-
thesis step is not required, and only purification may be
required), colloidal/suspension preparation, consolidation
into the desired component shape, removal of the solvent
phase, and heat treatment (sintering temperature) to
produce the membrane support for optimal performance.
Based on the consolidation mechanism, the colloidal
processing methods are classified in to three major clas-
sifications, namely slip, centrifugal, and gel casting. In
slip casting, ceramic membranes have been fabricated by
pouring a stable slip (suspension of clay or ceramic mate-
rial in water) in a porous mold, especially gypsum mold, or
in nonporous surfaces, such as Petri dishes or glass plates.
Based on the fabrication method and solvent-removal
mechanism, slip casting is termed as sedimentation (Dar-
covich et al. 2001, Wang et al. 2001, Weir et al. 2001), pres-
sure or vacuum filtration (Garrido and Aglietti 2001, Shqau
et al. 2006, Maleksaeedi et al. 2008, Mottern et al. 2008),
and simply slip casting, which refers to casting the slip in
porous molds (Hyun and Kang 1994, Huang and Chen 1995,
Erdem et al. 2006). The membrane supports fabricated
using colloidal processing methods are listed in Table 2.

The most important and challenging task involved
in the fabrication of membrane support by slip casting
process is the preparation of stable colloidal suspension.
This can be achieved by controlling various interaction
forces such as van der Waals, steric, electrostatic, and
interparticle forces. The particle size and its concentration
in the slip determine the pore characteristics of the mem-
brane supports. It is well known that the pore size distri-
bution of the membrane supports depends on the state
of aggregation of the particles, which could be controlled
with the addition of surfactants or dispersing agents and
acids or bases. Widely stable slips are obtained by con-
trolling the pH at a particular value (Hyun and Kang 1994,
Huang and Chen 1995, Darcovich et al. 2001, Erdem et al.
2006). Usually, the colloidal suspensions are in dispersed
and flocculated (weakly or strongly flocculated) states.

In practice, ammonium polymethylacrylic acid elec-
trolyte (NH,"PMA;, commercially known as Darvan C) is
used as a dispersing agent (Hyun and Kang 1994, Darco-
vich et al. 2001, Steenkamp et al. 2002, Erdem et al. 2006)
and starch as a pore-forming agent (Erdem et al. 2006),
and pH was adjusted with either acids or bases (Darcovich
et al. 2001, Chowdhury et al. 2005, Shqau et al. 2006). In
addition, PVA is used as a binder as well as a colloid sta-
bilizer (Huang and Chen 1995), and sometimes inorganic
ceramic materials such as kaolin, CaCO,, SiO,, alumina,
and yttria are used as sintering aids (Moreno et al. 1999,
Xiang et al. 2002).
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Various operations such as stirring, grinding (in ball
mills), sonicating, and degassing are used by research-
ers to obtain a homogeneous slip solution (Huang and
Chen 1995, Steenkamp et al. 2002, Shqau et al. 2006). The
particle size and surface charge of the starting raw mate-
rial decide the stability of the slip solution. Many inves-
tigations reported different particle sizes of high-purity
o-alumina, which were achieved by varying the concen-
trations of the slips (Huang and Chen 1995, Steenkamp
et al. 2002, Shgau et al. 2006). This technique is widely
used for the fabrication of ultrafiltration (UF) and nanofil-
tration (NF) membranes. However, few macroporous sup-
ports have also been fabricated using the flocculated slips
(Huang and Chen 1995, Darcovich et al. 2001, Erdem et al.
2006). Naturally, the narrow particle size results in narrow
pore size distribution, which results in higher selectivity.
However, the permeation and separation results reported
by Darcovich et al. (2001) revealed that a superior perfor-
mance was obtained from the functionally gradient pore
size membrane supports than the narrow pore size dense
membrane supports.

Some researchers use the term sedimentation method
for slip casting in a porous mold because the phenomenon
is sedimentation. Darcovich et al. (2001) fabricated mem-
brane supports (asymmetric microstructures) with the
help of polydispersed slurry using sedimentation method.
Two different types of o-alumina powders (Ceralox
APA-0.2 and Sumitomo AKP-30) were used for the fabrica-
tion of supports with functionally gradient structure and
more uniform structure. A steric effect was provided by
the addition of NH,"PMA, and pH was adjusted with HCI
solutions. Their investigation revealed that the mean pore
diameter of APA-0.2 varies between 53 and 160 nm, with its
sintering temperature attributed to the wide range of par-
ticle size distribution; however, the narrow particle size
distribution of AKP-30 does not have a significant change
in the mean pore size (~100 nm). The porosity of both the
membrane supports follows the same trend with sinter-
ing temperature, and APA-0.2 is found to have a higher
porosity (~60%) than AKP-30 (~40%). Although AKP-30
has the narrow pore size distribution, the permeation and
the separation tests showed superior performance for the
functionally gradient samples (APA-0.2) compared with
the uniform samples.

Wang and colleagues (Wang et al. 2001, Weir et al.
2001) investigated the procedures for the preparation
of pure sepiolite membranes without any additives.
The sepiolite membranes were prepared by dispersing
the purified sepiolite powder in distilled water, and the
membrane is fabricated by pouring the suspension in
90-mm Petri dishes. The stabilization of the suspension
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was achieved by stirring (magnetic stirrer) and ultrasonic
agitation. Their results revealed that stirring and sonica-
tion did not significantly affect the pore sizes (stirring=25
nm, sonication=23 nm). However, the higher pore density
(number of pores per unit area of membrane) obtained for
sonication (67 pores/um?) than that obtained by magnetic
stirring (27 pores/um?) confirmed that the dispersion of
sepiolite clay is better performed by sonification than by
magnetic stirring.

Few researchers used filtration (pressure or vacuum)
of the slips to form the green support. The green membrane
support is formed on a porous filter that is impermeable
for the colloidal particles but permeable for the liquid. In
general, the filtration method results in dense membrane
supports, and the extent of the applied force, resulting in
the accumulation of particles, determines the thickness
and pore size of the membrane supports (Moreno et al.
1999, Maleksaeedi et al. 2008). The primary slip of low
viscosity and good stable dispersion is necessary to avoid
bridging among particles, which led to compressible sup-
ports (Maleksaeedi et al. 2008). Many research works
have been focused on the processing parameters such as
the type and concentration of deflocculant, pH adjuster,
milling procedure, homogenization time, presence of sin-
tering aids (such as kaolin, bentonite, alumina, yittria),
and sintering temperature.

Moreno et al. (1999) fabricated silicon nitride sup-
ports using the slip and pressure casting methods and
investigated the stability of the membranes as a function
of processing parameters. Alumina and yittria were used
as sintering aids. The membrane supports were casted
in porous stainless steel mold with an internal diameter
of 45 mm covered with filter paper by applying differ-
ent pressures of 1.7, 3.4, 6.8, and 10.2 MPa. The obtained
results revealed that the sintering aids lowers the rate of
casting, and the green density of the supports by pressure
casting are always lower than the slip casting due to the
disturbance in the arrangement of particles by the higher
formation rate.

Shqau et al. (2006) fabricated disk-shaped 0-AL0O,
membrane supports by vacuum filtration over the poly-
sulfone membrane (pore diameter=220 nm). The effect
of the dispersant for the stabilization mechanism was
investigated using aluminon solution. Two different
o-alumina powders (particle size=300 and 600 nm)
were used for the preparation of the membrane supports.
Their results revealed that addition of aluminon shifted
the isoelectric point by two pH units in the acidic direc-
tion compared with the suspension of o-Al,O, without
dispersant. Based on this, they found that pH 9.5 is the
optimum pH for stable dispersion. The particle size of
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the starting alumina powder does not change the poros-
ity (~33%). However, the pore size of the membrane fab-
ricated with 600-nm particles is two times larger than
the 300-nm particles, and the permeation resistance
offered by the 600-nm particle membranes is lower than
the 300-nm particle membranes. In 600-nm membrane
supports, the percentage shrinkage (~13%) and the
intermediate sintering stage temperature (100°C higher
than the 300-nm particle) are found to be higher than
the other membrane support. Many ceramic membrane
supports and membranes were prepared by the filtration
method, and most of the membrane supports reported
in literatures are made up of high-purity a-alumina and
zirconia (Somasundaran et al. 1999, Garrido and Aglietti
2001, Shqgau et al. 2006, Maleksaeedi et al. 2008, Mottern
et al. 2008).

Using the slip casting procedure, Hyun and Kang (1994)
prepared an o-alumina support using a slurry (66.4%) in
deionized water and Darvan C (NH PMA, which provides
steric effects) as dispersing agent. They also prepared the
titania supports (Hyun and Kang 1994) for membrane appli-
cations. The pore size of the o-alumina and titania mem-
brane support was found to be 0.1 and 0.3 um, respectively.
Highly concentrated a-alumina slips (100 g o-alumina in
100 ml deionized water) were prepared using PVA (binder)
and diammonium hydrogen citrate (additive and dispers-
ing agent) by Huang and Chen (1995). The slurry (slipping
solution) was milled in a ball mill, and the air bubbles were
removed by vacuum suction and poured in to PMMA rings
placed in a gypsum mold to obtain a membrane support.
The detailed investigation reveals that the viscosities of the
stable slips were strongly affected by the amounts of PVA
added during the preparation of alumina slips. The rheo-
logical properties of the alumina slip vary with the amount
of PVA content in the slip. The slip behaved as a Newto-
nian fluid at lower viscosity (<2%) and as a plastic fluid
(non-Newtonian) at higher viscosities (>5%), and the well-
dispersed slip was obtained at a pH value of 9.2 independ-
ent of the amount of PVA. Their results also revealed that
varying the amount of PVA did not lead to any significant
change in the mean pore diameter or shape of pore size dis-
tribution of the supports; however, the pore volume and
porosity of the supports consistently increased with an
increase in PVA amounts.

The centrifugal casting method is used to prepare
tubular membrane supports from the slip solution sub-
jected to a high centrifugal force. The largest particles
present in the suspension move first to the mold wall fol-
lowed by the smaller particles. The quality of the outer
surface of the tubular support depends on the surface
quality of the mold, whereas the inner surface of the
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support depends on the suspension quality, especially the
quantity of the smallest particles present in the suspen-
sion (Burggraaf and Cot 1996, Steenkamp et al. 2002). The
speed of the centrifuge and the particle size distribution
of the slip solution are the main parameters that affect
the mean pore size of the membrane supports. Steenkamp
et al. (2002) fabricated o-alumina membrane supports by
centrifugal casting method using high-purity o-alumina
powders (AKP-15 and AKP-30). The alumina powders were
dispersed using Darvan C, and the suspension was sta-
bilized by the addition of ammonia (pH=9.5). The above
suspension was sonicated for 15 min before being poured
to a stainless steel mold, which was then centrifuged for
20 min at 20 rpm to obtain a green support. Their detailed
investigation on the membrane supports revealed that
the o-alumina with higher mean particle diameter
results in greater pore size (AKP-15: particle size=0.62
um, pore size=0.1 pm; AKP-30: particle size=0.40 um,
pore size=0.051 um), which is attributed to the fact that
bigger particles create more void space during packing.
Due to the close particle packing (lower void space) of the
o-alumina supports, the strength of the AKP-30 membrane
supports are higher than AKP-15; the porosity of AKP-30 is
lower than AKP-15 for the same reason. Mixing these two
alumina using different ratios results in membrane sup-
ports with unpredictable relationships among pore size,
porosity, and flexural strength, but with improved flex-
ural strength and water permeability than pure AKP-15
membrane supports.

Gel casting is based on the theory of in situ poly-
merization of monomers on ceramic slurry, which forms
a strong and cross-linked polymer-solvent gel after being
poured into a mold (Prabhakaran et al. 1999, 2002, Liu
et al. 2001). According to this process, ceramic powder
is first dispersed into a water-based monomer solution
to form a uniform slurry. Then, the catalyst and initiator
are added to the slurry and poured in the mold of desired
shape. Before filling the mold, the slurry must be deaer-
ated, and it must be poured carefully to the mold to avoid
the introduction of defects, which may affect the charac-
teristics of the membrane support (Kong et al. 2007, Dong
et al. 2013, Tulliani et al. 2013). The chemical cross-linking
reactions form a strong hydrogel that permanently immo-
bilizes the ceramic particle. The support is demolded,
dried, and sintered to get the required membrane support.
Porous ceramic supports are prepared by combining gel
casting with foaming techniques or replica methods or
the addition of a sacrificial phase (Liu et al. 2001, Ortega
et al. 2003, Zhang et al. 2005). Pore size can be enhanced
by increasing the organic material content. Porosity is
usually <50%.
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Xiang et al. (2002) fabricated an o-alumina membrane
using a wide particle distribution of the o-alumina with
a 55 vol% concentration in the slurry using gel casting
method and investigated the pore size distribution of the
membrane supports for the process parameters, such as
the additives and pH value of the slurry, in terms of fluid-
ity and stability of the slurry. They used kaolin powder,
CaCO,, and SiO, as sintering aids, acrylamide as organic
monomer, and methylene bisacrylamide as cross-linker.
Ammonium persulfate was used as an initiator for poly-
merization reaction, and tetramethyl ethylenediamine
was used as a catalyst. Dispersants and plasticizer were
also used for the fabrication of the membrane support.
Their studies revealed that an increased solid loading (55
vol%) was obtained for the slurry with dispersant com-
pared with the slurry (solid loading=45 vol%) without
dispersant. Viscosity increased with an increase in the
amount of dispersant, and the optimum amount of dis-
persant needed to achieve the minimum viscosity of the
slurry was found to be 1 wt%. It is obvious that low viscos-
ity is beneficial for ease of fabrication and also enhances
solid loading in the slurry. The appropriate pH value for
the stable colloidal o-alumina slurry was found to be
around 7-9.

Babaluo et al. (2004) fabricated ceramic supports
using a-alumina (mean particle diameter=10 um) by the
gel casting method to obtain a membrane support with
a mean pore diameter of 0.7 um (pore size distribution
range=0.3-1.16 pum). Their research work revealed that
the mean particle diameter of a-alumina and its distri-
bution decide its application as membrane supports or
membranes.

The acrylate monomer in organic solvent was used
in gel casting and was replaced with the acrylamide
monomer in water in anticipation of environmental prob-
lems and additional costs concerned with the removal of
the organic solvents. Two monomers are widely used: the
main monomer (acrylamide), which has a single double
bond and forms a linear polymer upon polymerization, and
the second monomer, which is the cross-linking monomer
[N,N-methylenebisacrylamide (MBAM)] and has at least
two double bonds. When both are polymerized together,
a cross-linked polymer-solvent gel is formed (Meng et al.
2000, Liu et al. 2001, Prabhakaran et al. 2002, Xiang et al.
2002). The highest health hazard rating (1, low; 2, moder-
ate; 3, high; 4, extreme) of the monomers (acrylamide-4,
MBAM-2) limits its commercialization. In addition, the
difficulty in acquiring small pores with high porosity pre-
vents the gel casting technique from becoming a universal
production process. However, the recent research focused
on natural polymers such as agar, agarose, gelatin,
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sodium alginate, chitosan gels, egg white, proteins, and
alginate from polysaccharides improved the possibility
of the gel casting method for fabrication of membrane
supports. Sintering additives such as Y,0, and Yb,0, have
been separately used to fabricate porous Si)N, ceramics.
The challenge in gel casting lies in achieving a homogene-
ous suspension with high solid loading (>50 vol%) and
viscosity (<1 Pa s). Many membrane supports have been
fabricated by gel casting using different starting materi-
als (Liu et al. 2001, Jia et al. 2002, Kong et al. 2007, Dong
et al. 2013, Tulliani et al. 2013) and are reported in Table 2.
Some special fabrication methods, such as electrodeposi-
tion (Mohammadi and Pak 2003), have also been used for
the fabrication of the membrane supports by the colloidal
processing method.

2.3 Paste processing method

Paste processing is one of the widely used traditional tech-
niques for the fabrication of ceramic membranes. Mem-
brane supports are fabricated by extrusion and manual
pasting method, and extruded supports are most widely
used for industrial applications. Unlike other fabrication
methods discussed earlier, the majority of the membrane
supports fabricated by the extrusion method are made of
clays (Khider et al. 2004, Saffaj et al. 2004, Mohammadi
et al. 2005, Bouzerara et al. 2006, Dong et al. 2006, Kazem-
imoghadam and Mohammadi 2007, Khemakhem et al.
2007, Jedidi et al. 2009). This is attributed to the plastic
properties (rheology) of the clays. Clay readily forms paste
and can be easily extruded to the desired shape with lower
extrusion pressure. The processing of inorganic ceram-
ics by mixing with binders, plasticizers, lubricants, etc.,
as additives, gives the required plastic properties that
provide excellent shape-forming capabilities without
losing its cohesion. Usually, cellulose derivatives (methyl-
cellulose, carboxymethylcellulose, hydroxyethyl cellu-
lose, etc.) are used as binders, organic polymers (PVA,
PAA, PEG, etc.) are used as plasticizers or lubricants, and
a starch derivative, especially corn starch, is used as the
pore-forming agent (Benito et al. 2005, Bouzerara et al.
2006, Wang et al. 2007, Qi et al. 2010).

In the extrusion method, the homogeneous paste is
forced through the opening of a die with the help of an
endless screw, especially auger or extruder (in industry)
or a piston (in the laboratory). Ceramic membranes are
fabricated with various specifications (e.g., the number
of channels, diameter of channels, external diameter of
the tubes) by changing the geometry of the die. Tubular
and multichannel membrane supports have been widely
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prepared by this method (Burggraaf and Cot 1996, Tsuru
2001). The high surface-to-volume ratio of the modules
provides good opportunity to process large feed rates. Due
to this reason, the membranes have enhanced implemen-
tation in industries. The most important parameters that
determine the membrane properties (mean pore size and
porosity) are particle size of the ceramic or clay powder,
nature and proportion of organic additives, pugging
and ageing of the paste, extrusion pressure, and veloc-
ity. Larbot and colleague (Khider et al. 2004, Saffaj et al.
2004) fabricated a tubular support by extrusion method
using Algerian clay (attapulgite) and cordierite powder as
starting raw material. They used methylcellulose (Metho-
cel) as binder and plasticizer, Amigel as deforming agent,
and corn starch as pore-forming agent. Benito et al. (2005)
fabricated a membrane support using an o-alumina or
cordierite reactive mix with PEG as plasticizer. Typically,
most of the fabrication methods use organic binders or
plasticizers for paste preparation; however, a few works
reported on support fabrication with inorganic precursors
for paste preparation. Mohammadi et al. (2005) fabricated
a kaolin membrane support using alumina as sinter-
ing aid and sodium carbonate as pore former and paste
conditioner. They also followed Taguchi’s procedure to
reduce the number of experiments, which reduces the
cost and time. Their main intention is to develop a mullite
support because it has outstanding properties, such as
low thermal conductivity and expansion, excellent creep
resistance, and excellent thermal, chemical, and mechan-
ical stability. In addition, it retains porosity at elevated
temperatures. Their investigation revealed that addition of
alumina enhances the mullite formation and the increase
in the amount of sodium carbonate increases the poros-
ity due to CO, formation during sintering. In addition, the
formation of a glassy phase during sintering would block
the pores, resulting in decreased porosity and perme-
ability. Bouzerara et al. (2006) prepared the membrane
support using kaolin and doloma mixtures to reduce the
cost of the membranes. The supports were prepared by
four different methods, namely, roll pressing, dry press-
ing, pasting to tubular, and plane configuration. Their
investigation revealed that the pore structures (modal
distributions of pore size, total porosity, and average pore
size) are mainly dependent on sintering temperature,
additives, and processing routes and could be controlled
by controlling these parameters. Recent research by Jedidi
et al. (2009) revealed that membrane support with good
porosity (51%) and a median pore size of 4.5 um could be
successfully fabricated with low-cost fly ash as a starting
raw material using the extrusion method. Many works
reported on the use of kaolin in the fabrication of low-cost
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membrane supports, which is due to its unique character-
istics toward membrane applications (Saffaj et al. 2004,
Mohammadi et al. 2005, Bouzerara et al. 2006, Dong et al.
2006, Kazemimoghadam and Mohammadi 2007, Khe-
makhem et al. 2007).

Numerous research works have focused on the devel-
opment of kaolin-based supports by mixing with other
sintering aids, such as alumina, quartz, ball clay, feld-
spar, calcium carbonate, magnesium carbonate, sodium
carbonate, talc, titania (rutile), and fly ash, to enhance
the porosity and mechanical strength of the membrane
support (Zeng et al. 1998, Almandoz et al. 2004, Benito
et al. 2005, Mohammadi et al. 2005, Bouzerara et al. 2006,
Dong et al. 2006). Membrane supports fabricated by paste
processing is presented in Table 3.

In the manual pasting method, the membrane sup-
ports are fabricated manually on a flat porous (gypsum)
or nonporous surface. The pressure is applied manually to
form the required shape. It is the simplest and the oldest
technique compared with other fabrication methods and
does not require any instrument for fabrication. However,
controlling the microstructure (to produce optimum repro-
ducible results) is a hard challenge and requires skills to
achieve membrane supports without defects. Kumar and
colleagues (Potdar et al. 2002, Neelakandan et al. 2003,
Sachdeva and Kumar 2008) fabricated kaolin supports
using low-cost ceramic clay mixtures, and these kaolin
supports have various liquid separation applications. A
similar type of ceramic clay mixtures were also used by
other researchers for the fabrication of ceramic membrane
supports (Almandoz et al. 2004, Belouatek et al. 2005,
Nandi et al. 2008).

The advantages and disadvantages of the various
support fabrication techniques are summarized in
Table 4. A list of the commercial membrane supports
used for membrane applications are also listed in Table 5.
Although various commercial ceramic membranes are
available today, there are very few detailed reports on the
fabrication of ceramic membrane supports because the
techniques were considered commercial/trade secrets. In
general, the transport properties of the membrane sup-
ports depend on pore structure parameters such as open
porosity, pore shape, pore size, and its distribution. These
are mainly influenced by the fabrication method, start-
ing raw material, and sintering conditions. In summary,
most of the ceramic supports are routinely prepared using
high-purity expensive powders as starting materials with
the combustion of organic pore-forming agents. Recent
research on kaolin and mullite ceramic support showed
good mechanical stability and surface properties. In the
near future, one can expect that kaolin- and mullite-based
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membranes would be commercialized for various indus-
trial applications.

3 Conclusion

Porous ceramic membrane supports are reviewed from
the viewpoint of membrane fabrication methods. Fabri-
cation of porous ceramic membrane support has been
classified into three major categories: powder processing,
paste processing, and colloidal processing. The character-
istics of the porous supports hold considerable promise in
applications such as separation of species from aqueous
or nonaqueous systems and for systems operating at high
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