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 Abstract: This study was conducted to determine the role of thermal treatment on the 
crystallinity and pore characteristics of porous ceramic, which was prepared from natural 
clay (NC) and chitosan (CS) biopolymer using the gel casting method. CS was used as an 
environmentally friendly pore-forming agent. The applied temperature treatment was 
based on thermal analysis (TGA/DTA) results and followed a sintering temperature of 
900 to 1100 °C. The results showed that at sintering temperatures from 900 to 1000 °C, 
the crystallinities of the ceramic decrease (from 76.06 to 74.06%) and the crystallite size 
decreases (from 35.71 to 34.47 nm) while the lattice strain increases (calculated from the 
Full Width at Half Maximum (β) of the diffraction peak). The highest porosity of ceramic 
occurred at a sintering temperature of 1000 °C of 37.82 ± 0.19, but the formation of 
heterogeneous microstructure was observed. The resulting pore size for all temperature 
treatments was almost mesoporous (19.1 Å). Based on the results obtained, it is 
emphasized that the sintering temperature can be used to adjust the porosity and 
microstructure of porous ceramics. 

Keywords: porous ceramic; gel casting; sintering; clay 

 
■ INTRODUCTION 

Porous ceramics have undergone substantial research 
for a variety of crucial applications, such as gas/liquid 

filtration, thermal insulation, catalyst support, and drug 
delivery [1-3]. This is due to several properties possessed 
by porous ceramics, such as their high melting point, low 



Indones. J. Chem., 2023, 23 (3), 727 - 741    

 

Suriati Eka Putri et al. 
 

728 

thermal conductivity, good chemical inertness, and high 
specific surface area [4]. Several methods are used to 
prepare porous ceramic, such as pore-forming agent [5], 
freeze casting [6-7], gel casting [8-10], foam gel casting 
[11], sacrificial templating [12], and particle stacking [13]. 
The gel casting method is the most often utilized of the 
aforementioned techniques due to its benefits of a simple 
operating process. However, the industry is reluctant to 
use the gel casting technique because the most commonly 
used gel is acrylamide (AM), which is a neurotoxin. Thus, 
several previous researchers have utilized natural 
polymers in the fabrication of porous ceramics such as egg 
white [14-15], rice flour [16-17], cassava starch [18-19], 
sodium alginate [20], and chitosan (CS) [20-21]. 

In addition, gel casting of porous ceramics also uses 
raw materials, which are generally used including 
synthetic oxides such as alumina, zirconia, nitride, and 
titania, along with polymers that act as gelling agents and 
also pore templates [22-24]. These raw materials can be 
quite expensive, making them unsuitable for large-scale 
manufacture. At the moment, porous ceramics made 
from natural minerals, particularly clays, have attracted a 
lot of attention due to their abundance, good chemical 
resistance, good mechanical properties, and thermal 
stability [25-26]. Porous ceramic-based clay can also be 
used in some of the previously described porous ceramic 
applications [27]. In this study, we tried to develop the use 
of natural clay (NC) as a raw material and CS as a gelling 
agent and pore template. 

The selection of CS as a pore template is due to it 
being renewable that is quite abundant in nature and is 
environmentally friendly [28]. Several previous studies 
have reported the use of CS as a pore template in the 
production of porous ceramics by gel casting. Salomão 
and Brandi [29] succeeded in producing a new porous 
filamentous using alumina-CS, and the resulting ceramic 
can be applied to the process of catalysis, filtration, support 
for biological tissue growth, and thermal insulation. Further 
research developing a cylindrical porous ceramic using a 
different raw material, namely aluminum hydroxide, the 
obtained results show a fairly high porosity (up to 84%) 
and a specific surface area (up to 7 m2/g) [30]. The 
optimum conditions for the use of CS as a gelling agent 

have been reported by Bengisu and Yilmaz [31] using 
alumina and zirconia as the raw materials, obtaining the 
optimum pH for gelification of CS in the slurry at pH 4, 
reaction temperature 55 °C, the acetic acid concentration 
of 1 wt.%, and CS concentration of 10 wt.%. 

With this perspective, this study has successfully 
employed NC and CS to prepare an environmentally 
porous ceramic membrane that has not been previously 
reported. The porosity of the ceramic body comes from 
the thermal degradation of CS, which can be easily 
decomposed in the temperature range of 219–505 °C 
[30]. A previous study has shown that the sintering 
temperature significantly affects the characteristics of 
porous ceramics. Salomão and Brandi [29] reported that 
thermal treatment affects mechanical strength, porosity, 
specific surface area and microstructure of gel casting 
porous ceramics with alumina and CS as raw materials. 
For instance, low-temperature sintering can make 
ceramic materials more porous and increase the pore 
size [32]. However, with a high sintering temperature, 
the mechanical properties can be improved [33]. The 
effect of thermal treatment on the microstructure and 
porosity of porous ceramics based on NC and CS is 
described in this work due to the major impact of the 
sintering temperature treatment. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study consist of NC 
obtained from South Sulawesi (was slightly ground and 
sieved to pass 60 Mesh, then characterized using XRF, 
SAA with BET method, and PSA, the characterization 
results shown in Table 1), CS powder from our previous 
study [34] (the characteristic shown in Table 1), alumina 
(Merck, Germany CAS number 1344-28-1), 
carboxymethyl cellulose (CMC) food grade as a 
dispersant, and CH3COOH (99% purity Merck, 
Germany). 

Instrumentation 

The instruments used in this study involved furnace 
(Nabertherm LT 5/14/B410), X-ray fluorescence (XRF, 
Thermo Fischer Scientific),  X-ray diffractometer (XRD, 
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Table 1. Raw materials used in this study 
Natural clay  
Chemical analysis (using XRF; wt.%) SiO2: 59.33; Al2O3: 2.77; Fe2O3: 0.77; CaO: 0.30; TiO2: 3.84; 

ZrO2, NiO, CuO, ZnO, and etc < 0.70 
Specific surface area (BET method; m2 g−1) 17.02 
Particle size (using PSA; μm) 4.34 
Chitosan  
Molecular weight (kDa) 302.40 
Particle size (using PSA; μm) 1.22 
Polydispersity Index 
Deacetylation degree (%) 
Loss of ignition (%) 
Moisture regains (%) 
Viscosity (mPa.s) 

0.51 
93.81 
0.71 
8.75 
155.31 

 
Shimadzu 7000), particle size analyzer (PSA, Malvern 
Panalytical), TGA/DTA (Hitachi STA7300), surface area 
analyzer (SAA, type Quantachrome Nova 4200e), and 
scanning electron microscope (SEM, JEOL-6000PL). 

Procedure 

Specimen preparation 
Porous ceramic-based NC and CS were fabricated 

by the gel casting method. The CS gel (10 wt.% in 0.1 M 
acetic acid solution, pH 4) was stirred at 40 °C for 2 h until 
the polymer was completely dissolved [30]. Furthermore, 
the formation of organoclay through clay modification 
with CMC (hereinafter referred to as modified clay (MC)) 
facilitates the interaction between clay and CS [35]. The 
raw material (clay and alumina with a ratio of 1:1 wt.%, 
the addition of alumina aims to restrain the rate of 
thermal expansion of silica, which is the main content in 
NC [36]) and 0.1 wt.% of CMC dispersant were added to 
1.5 mL of distilled water, stirred for 1 h. The CS solution 
and MC solution were mixed and stirred for 15 min to 

produce a slurry, and then a 25 × 25 × 120 mm3 PVC 
mold was used to pour into and permitted to dry in an 
air atmosphere for 12 h. The gelled ceramics were 
molded; the resulting ceramic body is called gel casted 
green body ceramic. Then sintered with the heating rate 
based on the results from the analysis of thermal using 
TGA/DTA with sintering temperature variations of 900, 
1000, and 1100 °C for 3 h. An illustration of specimen 
preparation is shown in Fig. 1. 

Determination of heat treatment parameters in gel 
casted green body ceramic 

TG-DTA studies on the Hitachi STA7300 were 
used to simultaneously determine the heat treatment 
parameters of gel casted green body ceramic. Gel casted 
green body ceramic were ground into powder and weighed 
about 3.9 mg on an alumina crucible for comprehensive 
thermal analysis and then heated to 1000 °C in a static 
air environment after being isothermally heated at 30 °C 
for  10 min  under  airflow  (8 L/min).  The  alumina was 

 
Fig 1. The illustration of specimen preparation 
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employed as the reference material, and the heating rate 
was 50 °C /min. 

Characterizations of specimen 
The phase of the specimen was characterized by 

XRD with Cu Kα radiation (λ = 1.5405 Å). The average 
crystallite size was determined by the Debye-Scherrer 
equation. Mass shrinkage is determined by calculating the 
ratio of the difference between the mass of the specimen 
before and after sintering to the mass before sintering. 
The bulk density and apparent porosity were measured by 
the Archimedes principle according to the ASTM C373-
88. 

The pore characteristic of the specimen, including 
surface area, pore volume, and pore distribution, was 
determined by nitrogen adsorption using SAA at a 
temperature of 250 °C with outgas time of 3 h and bath 
temperature of 273 K. Brunauer-Emmet-Teller (BET) was 
used to calculate the specific textural properties such as 
surface area and pore volume. Using the t-plot approach, 
the total adsorbed gas at relative pressure P/P0 = 0.99 was 
used to represent the total pore volume, and the pore 

distribution was based on Barret-Joyner-Halenda (BJH) 
analysis. 

SEM was used to examine the specimen's 
microstructures, which qualitatively indicated a grain 
size of 60 mesh; the quantitative analysis was also 
examined with energy dispersive analysis (EDX), and 
phase quantification was obtained from SEM-EDX maps 
by processing EDX area maps using Image JED-2300 
software. 

■ RESULTS AND DISCUSSION 

TGA-DTA of Gel Casted Green Body Ceramic 

TGA-DTA was used in the determination of heat 
treatment parameters, including the sintering 
temperature of gel casted green body ceramic, to explain 
the process that occurs in the sintering process so that a 
thermal analysis of clay and CS, along with CMC, is also 
carried out. The results are shown in Fig. 2. To simplify 
the analysis, the thermal properties of green body 
ceramic based on the TGA-DTA curve are divided into 
three stages. 
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Fig 2. TGA-DTA curves of (a) gel casted green body ceramic, (b) CS, (c) clay, and (d) CMC 
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The first stage is the temperature increased from 
room temperature to 100 °C, and the mass of the green 
body decreased by about 25.7 wt.%, showing the removal 
of free and physically adsorbed water from the specimen's 
surface as well as the release of related water. In addition, 
it also indicates the evaporation of residual water in the 
CS polymer, which is in curve Fig. 2(b). There is also a 
reduction in mass at a temperature of 100 °C [37]. 

The second stage starts from 200 to 500 °C, the mass 
of the green body reduced to 52.5 wt.%. It is estimated that 
the hydration process of raw NC material occurs, which is 
in curve Fig. 2(c). There is also a reduction in mass at 
room temperature to 300 °C; this phenomenon is 
followed by a broad exothermic peak at 201 °C 
corresponding to the dehydroxylation of kaolinite into 
meta kaolinite [38]. Furthermore, curve Fig. 2(b). there 
was a decrease in mass at the temperature range of 200 to 
400 °C, indicating the loss of the acetyl group that was still 
contained in the chitosan; the acetyl group had π bonding 
which is a weaker and more reactive bond so it was easier 
to break first. This phenomenon is followed by the 
exothermic peak at 357 °C, on the DTA curve [39]. It is 
estimated that at this stage, the formation of pores on the 
green body ceramic has started to occur. 

The last stage is when the mass of the green body 
reduced to 20.5 wt.% from 500 to 1000 °C. This is due to 
the occurrence of degradation and decomposition of the 
CS chain, this is evidenced by the reduction in mass on 
the TGA curve of the CS thermogram (Fig. 2(b)), and 
there are also several small peaks which indicate the 
process of degradation and decomposition of various 
polymer units [39]. Thus, in this temperature range, it is 
suspected that the polymer network of CS will be burning 
out so that the formation of pores occurs optimally. In  
 

addition, at temperatures between 800 and 1000 °C, a 
massive DTA peak is visible; this is a result of the phase 
change from meta kaolin to Al-Si spinel [40]. 

In the sintering process, the mass reduction of 
CMC is only 20.9% at temperatures of 100 to 300 °C, 
which indicates water decomposition; at temperatures of 
300 to 400 °C indicates CMC decomposition with a mass 
reduction of about 41.8%. Furthermore, mass reduction 
is not so significant at temperatures above 400 °C, which 
indicates the decomposition of cross-link bonds in CMC 
and confirms the occurrence of curing behavior in 
porous ceramic bodies [41]. In this study, CMC acts as a 
dispersant in the ceramic body so that its presence is 
bound to each other with the matrix and binder of the 
specimen [11]. Thus, based on the thermal properties of 
the green body ceramic, the thermal treatment applied 
to the porous ceramic specimen is shown in Fig. 3. 

X-ray Diffraction Investigations 

The gel casted green body ceramics was sintered 
with various sintering temperatures (900, 1000, and 
1100 °C) and the mineral phases were identified by XRD 
(Fig. 4). The SiO2 crystalline phase that appears for all 
specimens is quartz (JCPDS 46-1212) and cristobalite 
(JCPDS 39-1425), while the mullite phase is only found 
in specimens at a temperature treatment of 900 °C at 
25.97° which corresponding to the plane of primary 
mullite phase [42]. In addition, there is also a corundum 
phase for all specimens. Corundum increases steadily in 
its amount, while quartz increases and the amount of 
corundum nearly disappears at 1000 °C; it is in contrast 
to the results of the previous study because the sintering 
temperature carried out in this study is lower than that 
which been done previously [40]. The appearance of 
 

 
Fig 3. Thermal treatment applied in porous ceramic production 
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Fig 4. XRD patterns of the specimen with different sintering temperature 

 
corundum peaks in all specimens indicates that not all 
alumina reacts with kaolinite in the clay to form mullite. 
The reason for failure to complete mullitization might be 
due to alumina size with large granular (18.64 μm) as raw 
material [25]. The results prove that the final phase 
compositions depend greatly on the treating 
temperatures. 

The crystallinity of the specimen was determined by 
the Segal method. The weight fraction of the amorphous 
(xA) component over different temperatures, was 
determined from Eq. (1) [43], 

 A cx (%) 100 1 x    (1) 
where xc is the crystallinity of the specimen given by Eq. 
(2) [43-44], 

crystal
c

crystal amorphous

I
x (%) 100

I I



 (2) 

where Icrystal and Iamorphous correspond to the intensity of the 
integrated for all crystalline peaks and the amorphous 
scattering, respectively. The crystallinity of the specimen 
with different sintering temperatures is plotted in Fig. 
5(b). Due to the microcline phase melting at a higher 
sintering temperature of 1000 °C, the crystallinity 
reduces, and the microstructure is typical of the sintering 
liquid phase. It was associated with the disappearance of 
the mullite phase (Fig. 4) due to the complete dissolution 
in the glass melt. This is agreed with the results of previous 

studies [45-46]. However, the crystallinity increased at 
1100 °C, by reforming the diffraction peak; it was also 
known that the crystal diffraction peak and full width at 
half maxima (FWHM) did not change with increasing 
sintering temperature. Sintering temperature up to 
1100 °C does not change the crystal phase but only causes 
an increase in the intensity of the diffraction peak [47]. 

Furthermore, the crystallite size (D) and the strain 
(ε) were obtained from three samples based on different 
thermal treatments. From the maximum peak FWHM 
amount, the crystallite size of specimens is calculated 
using the Debye-Scherrer equation as Eq. (3) [48], which 
takes from six data by taking the six dominant peaks as 
shown in Fig. 4 and the result is plotted in Fig. 5(a); 

0.9D
cos



 

 (3) 

where β is the full width at half-maximum (FWHM) of 
the diffraction peak, λ (1.5406 Å) is the X-ray wavelength 
radiation of Cu Kα, and θ is the Bragg angle. Based on 
the Debye-Scherrer equation, shown in Table 2, the 
crystallite size of specimens decreased by the increasing 
sintering temperature from 900 to 1000 °C but increased 
homogenously at 1100 °C. This finding is different from 
the results of several previous studies, which revealed 
that the crystallite size increased with increasing sintering 
temperature with the same sintering temperature from 
800 to 1000 °C [47,49-50]. This anomalous behavior can  
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Fig 5. The evaluation of (a) the crystallite size of the specimens and (b) crystallinity with (A) amorphous and (C) 
crystalline phases 

Table 2. The relationship between crystallite size and microstrains of the specimens 
900 °C 1000 °C 1100 °C 

Crystallite size 
(nm) 

Strain 
(×10−3) 

Crystallite size 
(nm) 

Strain 
(×10−3) 

Crystallite size 
(nm) 

Strain 
(×10−3) 

31.45 6.63 16.34 12.16 33.87 6.18 
35.61 4.60 15.93 9.89 32.96 4.98 
36.38 3.40 12.45 9.98 35.07 3.44 
36.78 2.42 11.56 7.60 39.84 2.24 
35.71 2.12 12.35 5.89 34.47 2.19 
29.87 2.26 11.07 6.16 31.67 2.13 

 
be explained by assuming that a high defect concentration 
is produced during densification at 1000 °C; it can be 
attributed to the low crystallinity of the specimen at a 
sintering temperature of 1000 °C (Fig. 5) and associated 
rapid particle deformation [51]. In order to confirm the 
structural parameters of the specimens, the Williamson-
Hall was also used to determine the strain using Eq. (4) 
[52]. The microstrains can be caused by dislocations, anti-
phase domain borders, deformation faulting, or 
homogeneous crystal lattice distortion [53]. 

 hkl cos k D 4 sin        (4) 
When using the Williamson-Hall calculation method, 

it is presumed that the strain is constant throughout the 
crystallographic space and that the material’s 

characteristics are independent of space [44]. Based on 
Table 2, the strain has a positive value, indicating the 
strain tensile present during the sintering process of gel 
casted green body ceramics. Thus, the crystallite 
coalescence occurs as a consequence of the destroying-
rebuilt oxygen-metallic cation of quartz and corundum, 
regardless of the phase transition of quartz to cristobalite 
[54]. As previously mentioned, the crystal size increases 
with a sintering temperature of 1100 °C. It can be seen 
from the decrease in FWHM of the diffraction peak with 
the sintering temperature, indicating an increase in the 
crystallization process by eliminating defects such as 
crystal growth and coalescence. The findings are in 
agreement with the previous studies [47,55]. 
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Pore Parameters of Sintered Specimens 

Mass shrinkage, bulk density and apparent porosity 
The effect of thermal treatment on the mass 

shrinkage, bulk density and apparent porosity of the 
sintered specimens are shown in Table 3. As the sintering 
temperature increased from 900 to 1000 °C, the mass 
shrinkage of specimens increased and decreased at 
1100 °C. The mass shrinkage increased as a result of the 
interconnectedness of the kaolin grains in the specimen 
body becoming weirder with an increase in sintering 
temperature [56]. However, at the sintering temperature 
of 1100 °C, mass shrinkage decreased due to forming a 
large amount of glassy phase, supported by XRD data 
(Fig. 4); grain merging was not completed due to the very 
high intensity of quartz peaks. 

Similar results were observed for apparent porosity 
and bulk density; as the sintering temperature increased 
from 900 to 1000 °C, porosity increased while density 
decreased. As the sintering temperature was 1100 °C, the 
porosity decreased, and density decreased. It means the 
mixture of kaolinite and corundum sinter maximally 
when fired at 1000 °C; it can also be learned from the 
highest mass shrinkage occurred at these conditions and 

the porosity of the porous ceramic is dependent on the 
temperature treatment. The density and porosity with 
various sintering temperatures were not so much 
different, and it was connected to the minor mass 
decrease. The results obtained are different from 
previous studies, which produce a regular trendline of 
the effect of the sintering temperature on density and 
porosity [56]. This is presumably because this study did 
not control the amount of alumina mixture as the raw 
material. Moreover, the resulting porosity is almost the 
same as the porous ceramic synthesized by conventional 
methods [33]. The findings suggest that by varying the 
sintering temperature, the bulk density and apparent 
porosity should be controllable. 

Surface area, pore volume, and pore distribution 
The surface area, pore volume, and pore 

distribution of the specimens were analyzed using the 
BET and BJH methods, shown in Fig. 6. As it is shown 
in the N2 adsorption-desorption isotherms curves of 
specimens (Fig. 6(a)), no obvious hysteresis loops exist. 
After analyzing the BET data, the adsorption isotherm of 
the specimens is included in one of the types of 
adsorption  isotherms  discussed by  Brunauer et al. [57],  

Table 3. Mass shrinkage, bulk density, and apparent porosity with different sintering temperatures 
Sintering temperature 

(°C) 
Apparent porosity 

(%) 
Bulk density 

(g/cm3) 
Mass shrinkage 

(%) 
900 30.14 ± 0.14 10.61 ± 0.01 4.18 ± 0.03 

1000 37.82 ± 0.19 8.64 ± 0.03 5.74 ± 0.05 
1100 29.96 ± 0.15 12.27 ± 0.01 4.01 ± 0.05 
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Fig 6. (a) Isotherm of adsorption-desorption curves and (b) pore size distribution of specimens 



Indones. J. Chem., 2023, 23 (3), 727 - 741    

 

Suriati Eka Putri et al. 
 

735 

which is included in type III. This particular isotherm is 
convex to the axis of the relative pressure and does not 
show adsorption limiting P/P0 = 1. When the adsorbate 
interacts more with the adsorbed layer than the adsorbent 
surface, type III isotherms are created. 

The value of the surface area of the specimens 
increased from a temperature of 900 °C to a temperature 
of 1000 °C and decreased at a temperature of 1100 °C, 
while the volume and pore distribution of the specimens 
were not much different. The largest surface area occurs 
at a sintering temperature of 1000 °C, which is 17.27 m2/g. 
The same results were observed by Akhtar et al. [58], 
which uses diatomite as a raw material; at temperatures 
above 1000 °C the surface area of the specimen decreases, 
which is associated with the formation of a melting phase 
at temperatures above 1000 °C which promotes liquid 
phase sintering. However, the surface area of the resulting 
porous ceramics is larger than that of the porous alumina 

ceramics synthesized by the freeze-drying [59] and wet-
spun fibers method that also uses CS as a pore template 
[30]. During the sintering process, the grains 
agglomerate, resulting in a decrease in the pore volume, 
and the surface area of the ceramic powder decreases 
drastically [60-61]. The resulting pore distribution 
ranges from 19.1 Å, with the result that the porous 
ceramic is close to the mesoporous character. The pore 
characteristics of the specimens are summarized in 
Table 4. 

Surface morphology of specimens 
The SEM photographs for the fracture surface of 

specimens with various sintering temperatures are 
shown in Fig. 7. It was obvious that the specimens made 
through the gel casting method had complex 
microstructures, with large spherical pores containing 
microscopic  cellular  pores  on  their  inside  walls.  The  

Table 4. Pore characteristics of porous ceramic-based NC and CS correspond to Fig. 6 
Sintering 

temperature (°C) 
Surface area (m2/g) Volume @STP (cc/g) gPore distribution (Å) 

aBET bMicro cMeso dTotal eMicro fMeso Micro Meso 
900 15.2204 14.1493 1.0711 0.1116 0.0004 0.1111 19.0929 45.0112 

1000 17.2752 9.0612 8.2140 0.0736 0.0041 0.0695 19.1011 37.2112 
1100 12.5215 2.6483 9.8732 0.1061 0.0020 0.1041 19.1012 27.0001 

aBET surface area; bMicropore surface area evaluated by t-plot method; cMesopore surface area calculated using SBET-Smicro; dTotal pore 
volume at P/P0 ~0.99; eMicropore volume calculated by t-plot method; fMesopore volume calculated using Vtotal-Vmicro; gPore 
distribution based on BJH analysis 
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Fig 7. SEM images of the specimens with various sintering temperatures: 900 °C (a, b and c), 1000 °C (d, e and f), and 
1100 °C (g, h and i) 

 
Fig 8. EDS elemental mapping of the specimens for sintering temperatures (a, b) 900 °C, (c, d) 1000 °C, and (e, f) 1100 °C 
 
process of gelification produced large spherical pores, 
while the removal of CS and aggregation of quartz 
particles produced small cellular pores in internal walls 
[56]. It may be explained by mass shrinkage and porosity, 
which increase with increasing sintering temperature, 
that the number of small pores reduces as the sintering 
temperature increases from 900 to 1000 °C, as shown in 
Table 3. But when the sintering temperature is as high as 
1100 °C, the porosity decreases drastically (Fig. 7(g, h, and  
 

i)), presumably due to the glass phases being less viscous 
and easy to flow, so they could fill most of the pores 
formed by burning the gel CS polymer and thereby 
dramatically reduce porosity. A similar result was 
observed by Liu et al. [40] reporting when the sintering 
temperature was increased, the large particles did not 
seem to fully fuse with each other, thus causing the 
porosity to decrease. Besides, Yang et al. [56] also 
observed at a certain high temperature, the growth and  
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Table 5. Elemental analysis of the specimens corresponds to Fig. 8 (a, c, and e) 

Element Compound 
Mass (%) of element Mol (%) of compounds 

900 °C 1000 °C 1100 °C 900 °C 1000 °C 1100 °C 
O K - 52.06 52.02 52.25 - - - 
Al K Al2O3 4.50 4.17 3.79 8.50 7.88 7.17 
Si K SiO2 41.24 41.31 42.09 88.22 88.38 90.04 
Ti K TiO2 1.17 1.38 1.02 1.95 2.30 1.71 
Fe K Fe2O3 1.04 1.12 0.85 1.34 1.44 1.09 

 
interconnection of kaolinite grains on the raw material 
were not uniform, causing the porosity to decrease. 
Surface morphology showing homogeneous pore 
distribution observed at a sintering temperature of 
1000 °C which is shown in Fig. 7(d, e, and f). 

To observe the distribution of Si and Al elements 
(which are the main constituents of NC) in sintered 
ceramics, an EDS mapping analysis was also carried out 
on the specimens, which is shown in Fig. 8. The results 
obtained showed an incomplete solid-state reaction, 
where the distribution of Si and Al elements was unevenly 
distributed equally. If it is associated with the pore size of 
the specimens in Table 4, where the smallest pore size 
occurs at a sintering temperature of 1000 °C, as shown in 
Fig. 8(d), the distribution of Al and Si elements is the most 
uneven among other treatments. It indicates that grain 
merging was not completed so grain growth was not 
completed during the sintering process, which only for 
3 h, thus, the pores formed were smaller than other 
specimens [60]. The mass (%) of Si and mole (%) of 
compounds SiO2 increases with increasing sintering 
temperature. Different results were observed for the 
element Al and its compounds showing the mass (%), and 
mole (%) decreased with increasing sintering temperature, 
as shown in Table 5. 

■ CONCLUSION 

Porous ceramics were formed by the gel casting 
method using NC and CS. Pore development was mostly 
brought about by CS's thermal degradation. The 
crystallinities of the ceramic decreased (76.06 to 74.06%) 
at sintering temperatures 900 to 1000 °C while the 
crystallite size decreased and the lattice strain increased. 
The apparent porosity increased (30.14 to 37.82%) at 
sintering temperature from 900 to 1000 °C. However, the 

apparent porosity decrease became 29.96% when the 
sintering temperature increased to 1100 °C, as indicated 
by the formation of heterogeneous microstructure was 
observed. The resulting pore size for all temperature 
treatments was almost mesoporous (19.1 Å). The 
findings imply that the sintering temperature can be 
used to continually regulate the microstructure behavior 
of porous ceramics based on NC and CS. 
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