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ABSTRACT

The objective of this paper is to present an overview of the development of gel casting methods on synthesis techniques
and the characteristics of gel casting porous ceramics and its applications. The gel casting method is a colloidal ceramic
synthesis method that requires a short period for the ceramic body to develop. This review provides the latest
developments in the gel casting process of synthesizing porous ceramics. At the beginning of the gel casting method
development, the acrylamide (AM) system was the most commonly utilized system. Over time, the use of the AM
system began to be minimized because of its toxicity. Researchers began to develop natural polymers as pore templates
and natural minerals as raw materials in the gel casting method. In addition to polymers and raw materials, the gel
casting process also requires additives such as gelling agents and dispersants. At the end of this review, a mapping of
how to select the additives in the gel casting process, for AM systems and non-AM systems for the fabrication of
porous ceramics is presented. The characteristic of porous ceramics produced by AM and non-AM systems are almost
similar. Porous ceramic applications have been used as bone tissue supports, energy storage, filters, and catalyst
support. This review will be a reference for future research related to the process of fabrication of advanced porous
ceramics using the environmentally friendly gel casting method.
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INTRODUCTION
The synthesis of advanced materials in the form of porous ceramics is currently experiencing very rapid
development. Material processing procedures can increase the reliability of ceramic materials, one of which
is the colloidal method. Several colloidal synthesis methods are being developed tape casting!'™, sol-gel®%,
dip coating®'?, slip casting'"'2, injection moulding!*-15, extrusion'®!8, and gel casting.!*** The process of
colloidal synthesis has numerous advantages and disadvantages. However, gel casting is one of the colloidal
methods with several advantages, such as complex ceramic bodies can be formed if the procedure of
shaping and removing the ceramic body is performed correctly.?* The creation of a ceramic green body
does not necessitate using a porous mold.>*® Besides versatility, the gel casting technology was initially
created to produce dense ceramic bodies, but it was later expanded to generate porous ceramics.?’ The
ceramic green body developed has high strength, reaching more than 3 MPa.?® It is easy to release the
organic compound during combustion, devoid of a particular burnout step, and material qualities are
extremely homogenous.?” During the 1990s, the US Oak Ridge National Laboratory's Metals and Ceramics
Division-Ceramic Processing Group pioneered the gel casting method.”>?° It has been the subject of
research in the field of ceramic reliability until today. The gel casting method is based on in situ
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polymerization, which involves dispersing the polymer into ceramic raw material such as alumina powder>*
32 alumina silica®, silicon carbide?!*3-*° silicon nitride*®, and zirconium.*” At the beginning of gel casting
method development, the polymer that is generally used as polyacrylamide, by dispersing AM monomer
with methylene bis-acrylamide (MBAM), crosslinked into a ceramic raw material using ammonium
persulphate (APS) initiator, and tetramethyl ethylenediamine (TEMED) catalyst.?*3° This method requires
a high cost in the synthesis process, and the materials used are toxic. In the 2000s, a low-gel casting ceramic
synthesis method began to be developed, including using natural material binders with pure chemical
compounds as the raw material.***° From 2010 to 2015, the researchers started to study the synthesis of
low-toxicity gel casting ceramics.*'*** However, the raw materials used were still chemical compounds.
Thus, from 2016 to 2019 researchers initiated using natural minerals as raw material for porous ceramics
fabrication. Natural minerals have been successfully used as raw material for porous ceramics, including
kaolin,***" fly ash,*’*® zeolite, and clay.*! In addition to using raw materials from natural minerals,
binders with low toxicity have also been developed recently.****>° Entering the 215 century, gel casting
ceramic synthesis methods are increasingly being developed by producing transparent ceramic
membranes,?? ceramic membranes with high thermal expansion and permeability properties.’>>* The raw
materials and binders come from natural materials, hence environmentally friendly at a low cost. In
addition, a copolymer binder consisting of isobutylene and maleic anhydride, known as ISOBAM is
recently being developed. 21> The formation of pores in a ceramic body determines the characteristics of
ceramic.” Porous ceramic characteristics produced by the gel casting method resulted in strong green
ceramic bodies,**-*® muscular sintered ceramic bodies,*'3*-¢37 high porosity of sintered ceramic bodies,>”*
an excellent flexural strength of ceramic bodies,>»> and high water permeability.® Based on these
characteristics, gel-casting porous ceramics are applied as thermal insulators, drug delivery, catalyst
support, and microfiltration agents. In this review, the development of gel casting methods in the fabrication
of porous ceramics, the mapping of selection of the additives for AM and non-AM systems, the
characteristics, and the utilization of porous ceramics are presented.

Gel Casting Method for Porous Ceramic Fabrication

Gel casting was created to solve some of the constraints on more complicated ceramic shaping techniques,
as discussed in the introduction section. The gel casting techniques can be summarized by several main
stages, which are slurry preparation, gelling addition, degassing, casting, unmolding, drying under
controlled conditions, and rebinding,?’ as illustrated in Fig.-1.
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Fig.-1: Illustration of Gel casting Method for Porous Ceramics Fabrication

All manufacturing processes (e.g., powder suspension, shaping procedure, pore formation, and sintering
process), notably certain important parameters, must be carefully regulated to create porous ceramic objects
that are highly dense and defect-free ceramic pieces. The crucial steps in gel casting are the development
of an adequate powder suspension in terms of rheological properties, solid loading, uniformity, and
stability. It is highly correlated with the physical and mechanical properties of the resulting green body
ceramic.®! In addition, it is also related to the particle rearrangement process, which leads to the non-uniform
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density of the ceramic green body, and the separation of the constituents due to differences in density and
particle size.®? For example, the rheological properties of 50% by weight SiC slurries with varying starch
content were described, with shear thinning behaviors for slurry structure breakdown under shear stress.
The organic additives in the slurry bind to the particle surface, causing micellar bridging and the formation
of an association network. The viscosity rises fast as the starch content rises.** Generally, the higher gelling
agent content, the higher the slurry viscosity. As reported before, which used ISOBAM as a gelling agent,
microgel formation started shortly after mixing the gelling agent into the slurry.®?> Additionally, ISOBAM
also acts as a dispersant and affects the viscosity. However, pH adjustment or dispersants may not work
with increasing solid loading. Gelation time is also an important factor in the colloidal suspension
technique, which will affect the characteristics of the green body ceramic. If the gelation level is high, it
will experience difficulties in the casting process. Still, if the gelation level is too low, it will affect the
sedimentation of ceramic powder in the slurry.*® In conclusion, green body ceramic should be considered
one factor that influences a good gel casting process. To achieve this, the casting process must be
considered, which depends on the viscosity of the suspension, and is directly proportional to the amount of
gelling agent and solid loading. Besides that, pore formation and pore arrangement features are also
important properties of porous ceramics fabrication.’® Pore formation in ceramics can be accomplished in
several ways. The first one is to add a sufficient amount of polymer to the slurry to produce high porosity,
which can then be targeted following dispersion in water. Starch is one of the polymers utilized as a pore
template; during the sintering process, this polymer will be removed, leaving pores with a similar shape as
starch in situ. The results obtained indicate that the gel casting method can be used to produce homogeneous
pores; with increasing starch content, the number of pores on the ceramic surface increases.>»”* The
mechanism of pore formation in gel casting ceramic bodies is different from traditional pore formation. In
the gel casting method, there is a weak interconnection of grains, and the degree of incorporation of grains
is low. The gap generated in the gel casting green body is bigger than those formed in the traditional
synthesis, suppressing raw material grains interconnection with increasing sintering temperature. The
grains are then getting closer to each other. They will form grain groups while also forming a pore template,
an increase in sintering temperature, and complete grain group fusion to generate massive raw materials
grains. However, due to the enormous distance, the big grains created cannot combine with one another.
This suggests that translucent pore development in gel cast ceramics differs from traditional ones.*® The
pore formation is largely determined by the sintering process. At this stage, the polymer manufacturing
process occurs in the ceramic body. Thus, it greatly determines the performance of the porous ceramic
body. The sintering temperature has an impact on the ceramic body's crystal nucleation, and the holding
duration has an impact on the crystal growth.”® The crystallinity of the ceramic base material increases as
the sintering temperature rises, the porosity reduces, and the compressive strength increases.

Natural gels or binders used in the manufacturing of gels are also thermos-reversible gravimeters (TRG).
In gel casting systems, polysaccharides and other natural binders, gums, and other ingredients are
commonly employed. Starch, ovalbumin, chitosan, alginates, gelatin, carrageenan gum, and other materials
can be used in a natural gel casting procedure. These solutions do not pose the same environmental problems
as alcohol solvents because they are water-soluble.”” When hydrated polysaccharides are chilled, they form
ordered double helices, which are later reheated to create irregular circular chains. Monosaccharides are
combined to make polysaccharides, which are complex carbohydrates. Between the gel temperature and
the melting temperature of polysaccharides, there is a significant hysteresis. The melting temperature of
carrageenan gel, for example, is 20-25°C greater than the gelation temperature.’ In addition to the polymer
chain in the ceramic body releasing, in the sintering process, the ceramic powder oxidation process also
occurs.** Researchers use SiC as the basic material for making ceramics. During the sintering process
treatment, the exterior of the SiC porous ceramic is exposed to the air and then oxidized, with the reaction
on Eq. (1).

SiCe) + %Oz @ = Si02(5 T CO ()
SiCs) + 202 — SiO2 () + CO2 ) (1)
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The resulting SiO, layer is denser than the SiC matrix, according to SEM micrographs. The oxidation
process is carried out by the following processes: (1) oxygen migrates into the sample, (2) oxidation process
at the SiC/SiO; interface, and (3) gas product diffused away from the sample.

Development of Low Toxic Gel Casting Method
Generally, forming porous ceramics by the gel casting method applies an AM system as a polymer or pore
template. In addition to polymers, as previously described, dispersants or gelling agents are also used.
However, currently, a new method has been developed using only deionized water as a hydrating agent and
gelling agent, then mechanical and ultrasonic stirring, followed by a degassing process.*' The raw materials
used are the Al,O3; amorphous phase and the MgO Pericles phase. The gel is formed after the addition of
deionized water, and the composition and phase of the green body ceramic changes. That is, the hydration
reaction has occurred in the gel casting process. The reactions that occur are shown in Eq. 2.

p-ALOs + 2H,0 > Al O(OH) + Al (OH)3

Mg O + H,O - Mg (OH), 2)

The synthesis of submicron porous ceramics using a “water-based” gel casting method, illustrated in Fig.-
2.52 The first step is raw materials’ suspension is inserted into a metal mold, and a cross-linked network is
created by polymerizing the monomer, then wetted. Green bodies are dried at a temperature of 70-110 °C,
and pores have begun to form. The polymer in dried green bodies burns out at 600 °C for 2 hours, and this
process is called degreasing. The samples are then sintered at temperatures of 1300 °C, 1350 °C, and 1400
°C for 2 hours to produce porous ceramics.
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Fig.-2: Illustration of the Formation of Porous Ceramics by “Water Based” Gel casting Method

They developed a low-toxic gel casting system of comparable or better quality to the previously used AM
system. Yiizbasi and Graule suggested that in the 2010s, a methyl acrylamide-N,N'-methylene acrylamide
(MAM-MBAM) monomer system was developed, which was acceptable for aqueous gel casting and had
lower toxicity than the original AM system. The results obtained also produce a strong and complex ceramic
body.”! The MAM-MBAM system has been applied to create alumina porous ceramics, using a polystyrene
sphere (PS) as a sacrificial template. The ceramic character obtained is in the form of macro pores with
high strength.”? In addition, N-N-dimethyl acrylamide (DMAA) has also been used as a pore-forming agent
with low toxicity in the gel casting synthesis process. Both Al,Os and Y»>O3; were used as raw materials,
while as pore-forming agents, DMMA and PS were employed.*® The findings revealed that PS size and
content notably affect the microstructure and characteristics of slurry, green, and sintered materials. The
addition of fine PS led to a higher porosity in the green body than the course one, producing a remarkable
decrease in flexural strength, ranging from 28.50 MPa to 11.50 MPa; however, overall, it exhibited a fairly
high strength for mechanical processing. DMMA was also investigated as a polymer in the creation of SizN4
porous ceramics by aqueous gelling.” The increases in calcination temperature enhanced the growth of the
o—p—Si3N4 and B—Si3Ny transformation phases in Si3N4 ceramics with varying solid loadings. Nonetheless,
increases in solid loading have an inhibitory effect, because mass movement in the gas phase is inhibited
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due to pore connectivity disruption. The findings suggested that the DMAA system could be useful in
developing high-performance porous SizN4 ceramics using gel casting processes.

Development of Nontoxic Gel casting Method

Numerous nontoxic gel casting systems have been established. There are two categories of solidification
methods in a gel casting system: chemical dispersed medium effect mechanism and physical dispersed
medium effect mechanism. Polymer crosslinking with 2-hydroxyethyl methacrylate (HEMA),**8! metal ion
complexation, temperature-activated crosslinking of polymers (gelatin and carrageenan), gelation of
reversible biopolymers, and freeze casting are examples of these systems. In addition, several types of
polymers and gelling agents that have been used in the gel casting method with nontoxic properties are corn
starch,*? glycols,> agar,” gelatin,®*®* and citric acid.”® Moreover, besides the use of natural polymers, the
application of natural minerals as raw material for gel casting porous ceramics has also been developed.
The synthesis of porous ceramics based on kaolin, fly ash, and a mixture of kaolin and fly ash, then studied
the formation of it’s pores using dolomite.*” Compare to fly ash membranes, kaolin ceramic membranes
feature smaller pore diameters, stronger mechanical strength, and better chemical stability. Kaolin and fly
ash are combined with increasing porosity, strength, and stability while reducing pore size and permeability.
Dolomite has better permeation qualities (increased porosity and smaller pore size) than calcium and
sodium carbonate when used as a pore-former. Porosity reduces as the sintering temperature increases, and
elevates as the kaolin content rises. However, as the sintering temperature escalated, the mean pore diameter
and permeability increased, while the kaolin content was reduced. Increased sintering temperature and
kaolin content improve strength and stability. Not only using natural materials, but the utilization of waste
containing silicon has also been used as the base material for gel casting porous ceramics. For example, the
use of silicon kerf waste as a raw material, along with SiC and corundum powder, and the AM system as a
polymer. The gel casting method was used to create porous silica/porous mullite ceramics. At 1350°C, SiC
and C in silicon kerf waste can be oxidized during the sintering process. Mullite porous ceramics were
manufactured entirely from silicon kerf waste.” A novelty of the gel casting method was also developed
using an aqueous gel casting process in the fabrication of MgAl>O4 porous ceramics, using Al,O3 and MgO
powder as raw material, and deionized water as hydration agent.’! The influence of deionized water on the
materials' hydration characteristics, actual porosity, bulk density, microstructure, pore size distribution, and
compressive strength were evaluated. The amount of deionized water injected, controlled the porosity, and
microstructure of the porous MgAl,O4 ceramic, according to the findings. The release of absorbed water
and the disintegration of hydration products such as boehmite, brucite, and bayerite generate the porous
structure. The produced porous MgAl,O4 ceramic has an elevated apparent porosity (52.5-65.8%), a tiny
average pore size structure (approximately 1-3 pm), and a comparatively good compressive strength (12-
28 MPa) after determining the amount of deionized water applied. The novel aqueous gel casting
technology, which is simple to use, is considered to be a potential contender for producing Al,O; porous
ceramics. In addition to using low-toxic or non-toxic materials, another development on gel casting methods
is that they can be used in the synthesis of fine-pored ceramics.® Gel casting is a reasonably straight forward
approach for producing porous materials with high specific surface area and exposed porosity researchers.
The powder is disseminated in a silica sol, with NH4Cl serving as the gelling initiator. Experimental design
theory is also shown to be effective in the production of excellent porous materials with high porosity and
specific surface area. Recently, a patented air-soluble alternating copolymer comprising ISOBAM has
received attention. In fact, it can produce solid green bodies. The microstructure of solid load (up to vol
80%) and low organic content (<Iwt%), indicates no cracking.”’ It has been proved that transparent
ceramics can be effectively produced using gel casting with ISOBAM.?%°1:% SiC porous ceramics were also
successfully synthesized using ISOBAM as a gelling agent.?! To overcome the problem of ISOBAM being
difficult to crosslinked and gel with non-oxide ceramics, a novel method of changing the surface of forming
SiC was implemented. SiC powder was first pre-oxidized, then the surface was modified with a silane
coupling agent for the -NH, functional group, allowing it to cross-link with ISOBAM to produce a green
body with a consistent structure. Because there was a small amount of organic content in the mix, no
additional rebinding was necessary before sintering. The shadow corresponds to the oxide thickness, which
has a linear connection with the SiC particle size. In addition, the slurry's solid content was regulated

52
THE DEVELOPMENT OF THE GEL CASTING METHOD Suriati Eka Putri et al.



RASAYAN J. Chem.
Vol. 16 | No. 1 |48-60| January - March | 2023

between 40-52%, and the porosity of the finished product fluctuated between 50-60% after sintering. Some
examples of porous ceramics produced by the gel casting method using a low toxicity and nontoxic system
with their characteristics, for the last 5 years are shown in Table-1.

Table-1: The Examples of Porous Ceramics Produced by Gel casting Method, by Using a Low Toxic and Nontoxic
System for the Last 5 Years

Raw Sintering
material Gelling temperat | Pore size Porosity Mechanica
(solid Polymer agent Dispersant ure (um) (%) | strength | Ref.
loading, °C) H (MPa)
vol %) (
SiC (50%) | Starchas | ISOBAM | Tetra methyl 1500 - 34.2-42.7 | 86.7-139.3 33
pore ammonium
forming hydroxide
agent (TMAH) and
polyvinyl
alcohol (PVA)
Clay AM - CMC 1100 0.05-0.106 | - 104 19,2
system 0
Y203 ISOBAM | ISOBAM and 1780 for | 10.0 - - 64
(68%) tetraethyl ortho | 6 hours
silicate (TEOS)
as sintered
additives
Kaolin AM - CMC 1350 for | >20 58.5 22.44- 45
system 3 hours 24.27
Al,Osz and | Deionize | - - 1600 for | 1-3 52.5-65.8 | 12-28 31
Mg O d water 4 hour
as
hydrating
agent
AIN ovalbumi | - Tetra ethoxy 1600 for | - 17-40 3 MPa 28
(55%) n silane 6 hours
SiC PVA Ammonium 1900 for | - 59.6-97.6 | 45 34
(47.5- PAA 6 hours
57.5%)
SiC-ALO; | AM - PEG 1100 for | 0.0015- 60.2-65.1 | 8.3-10.5 90
system 2 hours 0.002
AlLOsand | DMAA - - 1780 - 36.34- 258.42 60
Y203 as 52.91
monomer
and
MBAM
as cross
linker
SisNs (28— | DMAA 1780 0.33-0.38 54.21- 110.36— 30
44%) 41.05 367.88
Si3Na4 triethanol | ISOBAM | CMC 1373K - 68.9 20.8 £ 0.5 91
(36 or amine
38%) lauryl
sulfate
ALO3 PS as - Ethyl alcohol 1400- 20-796 60-70 3.7-24.4 72
(30-50%) sacrificia 1650
1
template
and AM
system
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B-Si3N4 DMAA - - 1300 0.43-1.04 | 41.77 378.5 73
Si3N4 HEMA PEG PEI 1700 23.4 - 10.91- 75
(60%) 22.08

AlbOsand | DMMA - Ammonium 1300 - 83.9-89.2 | 0.9-4.7 92
Si02 (15%) polyacrylate

Silicon AM - - 1350 - 25.4-84.1 | 3.6-20.54 79
kerf waste | system

(50-65%)

CaCOs- - Pectin - 1550 for | - 66.4-75.1 | 0.71-2.06 93
Al O3 3 hours

Based on the result analysis of the research on porous ceramic fabrication using the gel casting method for
the last 5 years, it can be concluded that gelling agents are not required in the AM system, as well as
dispersants are only used if the raw material is in the form of natural minerals such as kaolin and clay. The
selection of additives in the gel casting method for the fabrication of porous ceramics is made in a mapping
shown in Fig.-3.

Gelcasting Methad for Porous Ceramic
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' |
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such as MBAM needed need dispersant such as need I?:i"‘“iﬂ agent :"Edé TMAH, PVA, CMC,
l TMAH, TBA, CMC as golatin, isabam, ammenium citrate, PEI,

ammonium PAA, ethyl
Sintering at high alcohal
temperature need stiming or heat

Fig.-3: Mapping of the Additive’s Selection in the Gel casting Method for the Manufacture of Porous Ceramics

Application of Porous Ceramic

Porous ceramics are convenient filtration components in various applications. The porous ceramics are
formulated to detach contaminants range from micrometer to nanometer on a wide variety of liquids.?>%
Recently being developed porous ceramics are light but heavy in energy and environmental technology.®*
This method makes use of the intrinsic material's properties as well as the binder's porous configuration.
It's important to note that there are four main fabrication methods for porous ceramic applications: partial
sintering, template replication, sacrificial template, and direct foaming, as well as additive manufacturing
techniques, which have emerged as a promising method for making porous ceramic components directly.
Several methods have its own set of characteristics, such as porosity, pore size, pore connectivity, and pore
dispersion. The results of research conducted before, exhibited the porosity ranged from 2.3% to 99%, and
the pore size distribution within 3 nm until 3 mm showed large specific surface area, low density, strong
thermal shock resistance, remarkable toughness, exceptional thermal insulation ability, excellent height,
temperature stability, and low dielectric constant, which metals, polymers, and even their solid partners
rarely offer.’* Porous ceramics playing a part in the development of sustainable energy and future
environmental applications due to its unique feature set. The most significant stages in successfully
implementing this technology in this application are the selection of the proper type of ceramic, and the
manufacturing of intricate structural features of the pores, both of them necessitate extensive research and
understanding. The synthesis process is necessary for certain ceramics to acquire the correct pore structure
and geometry, which determines the final product qualities, such as ordinary mechanical properties and
additional advanced functionality. Ultra-high temperature ceramics are also important in the application of

54
THE DEVELOPMENT OF THE GEL CASTING METHOD Suriati Eka Putri et al.



RASAYAN J. Chem.

Vol. 16 | No. 1 |48-60| January - March | 2023

porous ceramics, these properties can already be produced by using the foam gel casting-freeze drying
method.® Great potential of attractive porous ceramics for environmental and energy applications,* filter,>
support catalyst,**¢37 energy conversion components,®® harvesting devices for energy and insulators® are
highlighted, related to the criteria and demand for manufacturing. Some applications of gel casting porous
ceramics and other colloidal methods in the last 5 years are shown in Table-2.

Table-2: The Application of Porous Ceramics

Major raw | Pore Sintering Pore Porosity | Mechanical | Synthesis Application Reference
material(s) | former temperature | size (%) strength Method
4] (um) (MPa)
Hydroxyap | AM 1200 15,43- | 58.48- - Gel casting | Drug 94
atite system 34.76 82.63 delivery
Diatomite | triethano | 1100-1250 | 109- 82.9-84.5 | 1.1 £ 0.07 | Gel casting | thermal 95
minerals lamine 130.5 MPa insulation
lauryl materials
sulphate
SiC DMAA 1750 - 1.25- 115.66— Gel casting | EMW 23
system 21.85 220.50 MPa absorption
Y2Si,07 Ammoni | 1550 - 92.95 1.35 Gel casting | thermal 89
um citrat insulation
materials
Kaolin, fly | Natrium | 1000 0.62 46.3 49.4 Gel casting | Membrane 47
ash, and | metasilic for
dolomite ate microfiltrati
on
ALO3 Sulphate | 1600 65.80- | 87.65- 62.4-384.31 | Direct Bone 96
salt 368.38 | 95.71 foaming scaffold
ALO3 PVA 1200 28.96- Dip Combustion 97
35.34 coating analyzer
Al,O3; and | Methyl 1200 7.7 46 28 extrusion membrane 55
natural cellulose application,
diatomite for instance,
water
filtration.
Quartz and | CaCO; 1375-1400 | 3-12 42-55 8-18 Extrusion Membrane 58
calcite technology
SiC PMMA | 700 80 60 - Dry Catalyst 98
pressing support  on
hydrogen
production
Ni powder | - 800 1-3 40-60 15 Thermal Membrane 99
containing explosion | catalytic
aluminum converters
and cobalt
oxide
Natural Natural | 900 - 31.09- - Traditional | Membrane 50
zeolite and | starch 53.29 method for
clay microfiltrati
on
AlLOs styrene 1300-1450 | 1-3 50 30-90 Traditional | Ethylbenzen 100
method e
dehydrogena
tion catalytic
converter
55
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Natural Cassava | 1100 0.21- - - Gel casting | Catalyst 101
clay starch 0.23 support on
phenol
photodegrad
ation
CONCLUSION

Based on the data obtained from reviewing several research in recent years, it is concluded that the gel
casting method can be utilized for the synthesis of porous ceramics. At the beginning of the development
gel casting method, the AM system was the common utilized system, however, over the time, the use of
AM system began to be minimized because of its toxic nature. Researchers began to develop the use of
natural polymers as pore templates in the gel casting method, and natural mineral as raw materials. There
are several new gel casting methods, such as water-based gel casting without the use of additives and the
use of deionized water as a gelling agent. The use of additives in the AM system and the non-AM system
is different but produces almost the same characteristics. Porous ceramic applications have been used as
bone tissue supports, energy storage, filters, and catalyst support.
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