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Fabrication of Macroporous Ceramics with Trimodal Pore Structure
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Abstract. This research reported the successful fabrication of highly porous ceramic materials with
hierarchical structure by using a foaming and agar gelation method. Formations of macropores caused by
foaming, window pores that pores are connected each other, and micropores caused by agar were confirmed
through the present study. The sizes of macropores and window pores decreased with the increase in agar
contents. The results are likely due to the fact that the sizes of pores remained more or less constant due to
the stabilized bubbles generated through a fast gelation at low temperature. Based on the results from this
study, it is suggested that the control of pore structure could be possible by adjusting the level of agar
contents.
Keywords: porous ceramic materials, hierarchical structure, agar gelation

1. Introduction
Porous materials have been widely used in applications, such as molten metal filtration, thermal
insulators, hot gas filtration, bioceramic, and catalyst support, where fluid transport is required [1,2].
Especially, ceramic foams have gained interest in recent years due to their potential applications as carriers
since they possess superior properties such as high gas permeability, high specific surface area enhancing
mass transfer, as well as the radial mixing in the network structure. With this attractive property, it is applied
to the industries like filters, waste and exhaust gas/water purification [2-4].
There are largely two distinguished production of porous ceramics. One method is the polymeric sponge
replica, in which a polymeric sponge impregnated with a slurry is sintered [5,6]. The second technique is
direct foaming, in which a ceramic slurry containing organic monomers is foamed and solidified by
polymerization of the organic gelling agents [5,7]. Highly porous ceramic foams have been improved by the
foaming and gelcasting process. As there is fast solidification by in situ polymerization of water soluble
monomers with the gelling agent included in the foamed slurry, it gains the high gel strength of porous
structure. As a result, it forms the high interconnected porous network in sphere shape [4,7]. The biggest
disadvantage in this gelcasting process is the generally toxic acrylamide of gelling agent that is in frequent
use. Therefore, recently there are many studies applying non-toxic biopolymer to replace gelcasting reagent.
[8]. Among all, agar solution has high gel strength at low temperature as well as fast gelation, so that it is
possibly used as a gelcasting reagent [9].
Ceramic foams vary the property by pore structure. The pore structure is commonly divided into pore
morphology, porosity and pore size. The pore morphology is then divided into open and closed pores. In case
of open pore, it is distinguished into penetrating pore which fluid can penetrate and the non-penetrating pore
that is also called as ink-bottle pore. Open pore is the very important factor of the filter with the property of
separation-filtration and the closed pore contributes to the properties of light-weight material and heat
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insulating material [10]. The pore size of macropores has the property required as a filter with easy fluid flow
[4,9], and the micropores increases the specific surface area that is useful for water/air purification [11] and
catalytic support [12]. Therefore, if the monolithic matrix which has the combined structure of different pore
sizes as well as excellent open pore morphology is possible, it will get the expanded property on top of
ceramic foams and it will be applicable as a spot-lighted material in the environmental industry [13,14].
Recently, there are many studies on hierarchical monolith production with bi-modal or tri-modal pore
structure [13,14]. Here, we present the preparation and characterization of highly porous ceramic composites
in the form of monoliths having tri-modal pore systems (small-sized macro-, pore window and large-sized
macroporous). The monoliths have been fabricated by using direct foaming from alumina slurry and agar
gelation. We measured the microstructure of the produced sample according to the agar additive
concentration and evaluated each pore size by the range.

2. Materials and Methods
2.1. Preparation processing
The ceramic powder investigated was a commercially available alumina powder (A34, NLM Co., Japan)
with a specific surface area of 3.8 m2/g and a mean particle size of 3 μm. The stable agar (MSA Co., Korea)
was used as gelling agent. The concentration of alumina slurry was 50 vol.%, and polyacrylic acid (PAA), a
dispersing agent, was added to slurry with a concentration of 0.8wt.% slurry. Homogenization of alumina
slurry was carried out by mechanical mixing, followed by attrition milling for 1 h at 500 rpm using alumina
ball and jar. Sodium lauryl sulfate (SLS) supplied by Sigma-Aldrich was added to the slurry in order to make
a ceramic foam. First, in a typical preparation, an aqueous gelcasting-suspension containing 2, 3, 4 and 6 g of
agar powder in 100 mL of distilled water (2, 3, 4 and 6 in weight) was heated for 3 min at 70 oC. And then,
in order to make foamed slurry, 2.8×10-3 M of SLS was added to a 200 cm3 of alumina slurry which had a 50
vol.% concentration and were kept at 60 oC. The foamed suspensions were whisked vigorously in order to
swell to 800 cm3. The temperature was maintained as 60 oC. The final mixture suspension was placed into
the mold, left in the 10 oC refrigerator for 24 h. The gelled sample was separated from mold, followed by
drying in air at room temperature for 24 h. Sintering of the sample in zirconia crucible was performed with
an electric furnace at 1550 oC for 2 h using heating rate of 100 oC/h up to 600 oC and then 150 oC/h up to the
final temperature in air.

2.2. Characterization
The average particle size and the particle size distribution of used agar were measured by using particle
size analyzer (SALD-2001, Shimadzu, Japan). The viscosity of alumina suspension with agar was measured
at various temperatures with a digital rotation viscometer (LVDV-11+P, Brookfield, USA). The bulk density
to measure the total porosity of the produced sample was acquired by regular sized production. The true
density of alumina powder (3.98 g/cm3) and the apparent density of the produced sample (n≥50) were
measured by using Helium picnometer (Accupyc 1340, Micromeritics, USA) and then used to calculate open
porosity and closed porosity [10]. FE-SEM (JSM-6300, JEOL, Japan) was used to understand the surface
morphology and microstructure of the porous sample.

3. Results and Discussion
The 800 cm3 of 50 vol.% alumina foam slurry was mixed with agar solution(2, 3, 4 and 6 wt.%) of
100cm3 and the temperature was maintained at 60 oC. The final alumina content was always fixed at 34
vol.% (67 wt.%) in order to determine the effect of agar concentration on viscosity of the ceramic slurry. The
total concentration of agar as gelling matter in final slurries was 0.50, 0.75, 1.00 and 1.50 wt.% with regard
to dry alumina. The continuous viscosity measurement was performed by heating the agar added slurry
temperature from 25 oC to 70oC then cooled back to 15 oC. The reason why 70 oC was the temperature
turning point was because it was reported that the viscosity of agar solution by temperature had its maximum
between 65 oC and 90 oC, and 80 oC was reported to be the maximum melting point [15]. Therefore, the
temperature turning point was set as 70 oC when measuring the slurry viscosity change by temperature.
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Fig. 1 describes the measurement of viscosity for each temperature of alumina slurry by agar
concentration. As there was more agar additive amount, there was higher viscosity and the viscosity
increased from the temperature of around 55 oC when heated. Moreover, it is seen that the viscosity of agar
added slurry increased up to 70 oC. Later, as there was cooling down of slurry, the viscosity largely increased
and the increase occurred as there was higher agar additive. Particularly, the slurry with 1.50 wt.% additive
rapidly increased its viscosity at around the temperature of 25 oC. Therefore, the slurry viscosity became high
as higher amount of agar was added. In addition, greater viscosity change was observed when it cooled.

Fig. 1 Continuous variation of viscosity of alumina suspensions with the fixed solids loading of 34 vol.% and
varied agar contents.
The microstructure picture using SEM for the agar added samples is described in Fig. 2. As shown in Fig.
2(a), the sample has large-sized pores and medium-sized windows connecting pore to pore. In general, it was
possible to form macropores and windows during the foaming process [2,4]. As such, formation of
macropores and windows are considered to have taken place in the present study. The smallest micropores of
the sample were set as pores formed in the sample structure and shown in Fig. 2(b). The sample
manufactured through the foaming process and added with agar confirmed that there are large sized pore and
window as well as micropore inside the structure. Particularly, the size of the most pores formed inside the
structure was 2 μm or less and they were numerously distributed as shown in Fig. 2(b). Fig. 2(c) and Fig.
2(d) are microstructure picture of samples with a 0.50 wt.% and a 1.50 wt.% of agar concentration,
respectively. It was seen that the two pictures with different agar concentrations have different pore sizes and
it is thought that relatively larger pores were formed when lower agar concentration was used.

Fig. 2 SEM micrographs of sintered sample consist of: (a) large-sized pores and windows and (b) small-sized
pores. (c) and (d) show the microstructure of the samples prepared with 0.50 wt.% and a 1.50 wt.% of agar
concentration.
Table 1 describes the structural property of different agar additive samples. As there is more agar
additive, the total porosity was reduced a little but the open porosity increased. The micropore size formed
inside the structure of the sample produced in this research was impossible to measure separately, so that it
44

was calculated by using total porosity. The total porosity according to the size of the sample was set to be
composed of macropore porosity (εmacro, dp ≥ 10 μm) and micropore porosity (εmicro, dp ≤ 2μm). Strut porosity
(εstrut) of the sample which does not proceed foaming in the manufacturing process was measured to calculate
the following formula [16].
εmacro=(εt-εstrut)/(1-εstrut)
εmicro=εt-εmacro
Here, εt represents total porosity of ceramic foams. The structural property of sample by agar additive is
described in Table 1. As macroporosity decreased in accordance with the increasing agar contents,
microporosity increased. In addition, Table 1 shows average size of large pores. The large-sized pores of the
samples were measured from the images (n≥50) taken from a scanning electron microscopy (FE-SEM, JSM6300, JEOL Co., Japan) using an image analysis system (KH-7700, HIROX Co., Japan). The average large
pore size was 590, 528, 486 and 344 μm when agar additive was 0.50, 0.75, 1.00 and 1.50 wt.%, respectively.
The average large pore size was small in the sample with higher agar additive.
Table 1 Textural properties of sintered sample

Above results may be connected with the outcomes of Fig. 2. The porosity deviation was confirmed to
be larger in case of low-level agar contents compared with that of high-level agar contents. It is considered
that there is maintenance of relatively consistent small sized, stable size distribution of pore formation inside
the slurry due to the rapid viscosity increase at the low temperature when there is high agar additive amount.
Therefore, it is considered that the pore structure control is possible with agar additive when producing
porous ceramic materials that are developed in this research.

4. Conclusions
This research produced highly porous ceramics with tri-modal pore structure by using foaming and agar
gelation and acquired following results. First, there was rapid slurry viscosity change as there is more agar
additive and the viscosity largely increased at around the temperature of 25 oC in the process of cooling from
the temperature at 70 oC. Second, tt encouraged the large pore and window pore formation by foaming and
eased the formation of micropore with agar additive. However, the large pore size decreased as more agars
were added. It is thought that there is pore stabilization by rapid gelation with greater agar additive. Third, it
was measured that the microporosity of 12.5±0.1% and average large pore size of 344 μm from the sample
with the agar additive of 1.50 wt.%. With these results, it was possible to perform monolith production with
hierarchical structure (small macro-, window pore, and large-sized pore) using foaming and gelation, and it
is also considered that the pore structure adjustment is possible by the agar additive concentration.
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