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Low toxicity gelcasting water-based method was conducted using a non-acrylamide
system, with cassava starch and natural clay as poregenic agent and raw material,
respectively, and the resulting porous ceramic was used as Fe2Os catalyst support. The
concentrations of cassava starch used were 1%, 3%, 5%, 7%, and 9%, the sintering
process was performed based on the results of TGA/DTA thermal analysis. In addition,
the sol-gel coating method was used to impregnate the Fe2Os catalyst into the porous
ceramic. BET results show that the pores formed in the ceramic body are micro pores
with a size range of 21.41-23.27 A, hence the concentration of cassava starch does not
affect the pore characteristics. The morphology of SEM results also indicated the
presence of pore formation in the ceramic body. According to the quantitative XRD
analysis, the cassava concentration affects the percentage of catalyst impregnated. The
highest percentage of Fe2O3 catalyst on 7% cassava starch was 41.15% and the phase of
the catalyst successfully impregnated was a-Fe2O3 with a rhombohedral structure. In
addition, the highest percentage of phenol degradation was 59.15% with good
performance after 8 times of recycling. In this study, we provide for the first time,
utilization of Fe2Os-porous ceramics with a wonderful performance of recycling ability

in the process of phenol photodegradation.

1. INTRODUCTION

Water pollution of organic compounds has harmful effects
on aquatic life and human life, so reducing organic compound
pollutants is very important. One of the organic compounds
found in water is phenol, a harmful compound found in
wastewater that requires specific attention [1] as indicated by
the United States Environmental Protection Agency (EPA) [2]
due to its severe risk to human health at very low
concentrations. Therefore, several international regulatory
authorities, such as the EPA [3], have imposed restrictions on
phenol concentration in wastewater, which should not exceed
1 part per billion (ppb). The exposure of wastewater to phenol
contents of 9-15 mg/L causes major health concerns.

Generally, techniques such as biodegradation, physical
separation, and oxidation are used utilized in wastewater
treatment to remove pollutants [4-7]. The degradation of
phenol using Fenton catalyst was performed using CuNiSn
LDHs which successfully degraded 97.8% of phenol [8].
However, the photocatalytic degradation method using
MgAISn hydrotalcite degraded phenol by 80% [9]. This study
used the photodegradation method to reduce the phenol levels
in the solution.

The catalyst used in this study is Fe,Os, which has been used
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previously with a peroxymonosulfate activator to achieve a
phenol degradation percentage of 97.6% [10]. Also, the
photocatalyst is supported in porous materials, such as kaolin
[11], clay [12-15], and zeolites [16], to increase the catalytic
activity. This study used a porous ceramic as catalyst support
because powdered catalyst has low reproducibility. Studies of
[17] on the use of porous ceramics as catalyst support are
conducted due to their great repeatability and catalytic efficacy
of the impregnated catalysts.

Several techniques have been used for porous ceramics
fabrication, including dip coating [18], extrusion [19],
injection molding [20], tape casting [21], and the slip casting
[22] process. This approach has some drawbacks, including
being difficult to make, needing high pressure, and
necessitating the use of a porous template [23]. The gelcasting
method is a well-known and straightforward method than the
others and involves in situ polymerization in the slurry [23-25].
Also, the distributed polymer serves as a binder and pore
template when released during the sintering process, and
polyacrylamide is the commonly used polymer [20-22]. There
have been studies on the fabrication of gelcasting porous
ceramics using natural clay as raw material and acrylamide
(AM) as a monomer with methylene bisacrylamide (MBAM)
crosslinker [26]. However, these polymers are toxic [27],
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hence, alternatives are required to produce eco-friendly porous
gelcasting ceramics. Some natural ingredients that are
proposed as binders include starch [27-29], rice flour [30], egg
white protein [31], and glutaraldehyde [32].

In this study, the cassava starch was used as polymer, while
the natural clay was used as raw material. Furthermore, the
starch forms a cross-linked gel and immobilizes the clay
powders into the desired shape [33], hence, the use of starch
as a pore-forming agent does not require a gelling agent. The
pores are formed in the ceramic body through the degradation
of cassava starch in the sintering stage [34]. It indicates that
the use of cassava starch minimizes the use of chemicals in the
gelcasting process of fabricating porous ceramics, though
there are no report on this method of low toxicity.

2. MATERIALS AND METHODS
2.1 Materials

The raw material used to prepare low toxicity gelcasting
porous ceramic samples was similar to previous work [24, 31,
32, 35, 36]. Carboxymethyl cellulose (CMC) (ex Perancis
Ashland France Blanose) was used as dispersant. Cassava
starch extracted according to the procedure described by
Pepper et al. [37]. Cassava starch acted as gelifying agents and
porogenic agents.

2.2 Pre-treatment of natural clay

The raw natural clay was ground and sieved using a 60 mesh
siever and produced approximately 60 mesh or 250 microns
sieved clay. Then the sieved clay was extracted using 3M
H,>SO4 at 80°C to dissolve impurities in the form of iron with
high content in clay [38]. Furthermore, the element
compositions of natural clay before and after extraction, as the
metal oxides formation, are represented from the XRF
measurement and shown in Table 1.

The XRF measurement of the raw and treated natural clay
using Thermo Fisher Scientific’s XRF with x-ray path: air,
with Eff. Stationary and Area of 13.0 mm and 132.7 mm?,

Table 1. The composition of metal oxide on natural clay
using XRF

Composition (Yoweight)

Element —p -t re extraction  After extraction
Si0; 66.12 73.15
Al0; 14.30 14.14
Fe20s 9.98 5.32
TiO2 1.89 0.78
K20 1.44 131
MnO 1.35 1.02
Cao 1.24 115
Zr0; 0.94 0.75
Cr203 0.49 0.34
NiO 0.43 0.39
Ccuo 0.72 0.74
Sro 0.81 0.79
Zno 0.29 0.12

2.3 Synthesis low toxicity gelcasting porous ceramic

5 g of natural clay and 0.1 g of CMC were added to distilled
water in a ratio of 50:1 (50% vol) [23]. Then, the aqueous

suspension was added cassava starch with various
concentrations of 1, 3, 5, 7, and 9 wt% [28]. The gelation time
was measured by flipping 15 mm diameter and 120 mm long
glass tube with 5 mL solution until gelation occurred. The
gelation was completed when the product inside the tube did
not move at all when the tube position was reversed [39]. The
results shows that the higher concentration of cassava starch,
the lower gelation time. This condition was correlated with the
slurry viscosity that influenced the particles collision.
Ultimately, the gel formation will be achieved faster.

It indicates that the possibly of the affect of cassava starch
concentration to the characteristics of porous ceramics It
indicates that the possibly of the affect of cassava starch
concentration to the characteristics of porous ceramics.

Furthermore, the ball-milled suspension was poured into a
PVC mold of 25x25x120 mm?, allowed to gel at room
temperature for 12 hours, and dried. The gelcasted green body
ceramic was sintered with a heating rate based on thermal
analysis results.

2.4 Determination of sintering temperature

Determination of sintering temperature from thermal
analysis of Thermogravimetric (TG) and differential thermal
(DTA) analysis Hitachi STA7300 was carried out
simultaneously. About 6.864 mg of gelcasted green body
ceramic was weighed on an alumina crucible and isothermally
heated at 30°C for 10 minutes under airflow (8 L/min) and then
heated to 1100°C in a static air atmosphere. The heating rate
was 30°C/min, and the alumina was used as the reference
material. This was performed at 1100°C at a rate of 50°C per
30 minutes, with temperature holding at 100°C, 300°C, 500°C,
600°C, and 1100°C for 1 hour.

2.5 Impregnation Fe2O3 catalyst

Figure 1 depicts the illustration of impregnation Fe,Os3
catalyst into gelcasting porous ceramic by coating sol-gel
method. Fristly, the NH4OH solution was added (NH4)>SO4 in
aratio of 1:1 (v/v) to make a mixture solution, then FeCl; was
added into the mixture solution in ratio 1:5 (w/v), and the
solution was stirred for 6 hours at a temperature of 85°C.
Furthermore, all of porous ceramic body was dipped into the
mixture solution in ratio 1:10 (w/v) while stirring for 5 hours,
and then the prepared ceramic was moved out from the
solution furthermore, the wet ceramic was dried at a
temperature of 60°C overnight, and followed by the
calcination with a temperature of 600°C for 3 hours.

Figure 1. The illustration of impregnation Fe,Os catalyst into
gelcasting porous ceramic by coating sol-gel method



2.6 Sample characterization

The structural phase parameters of Fe,Os/porous ceramic
were analyzed using a quantitative analysis of XRD
spectroscopy (Shimadzu 7000) with CuKo radiation (A =
1.5405 A) ranging from15° < 20 < 80°, and operation at 30 kV
and 10 mA. The morphology of prepared Fe.Os/Porous
ceramic was determined by the SEM analysis.

The pore volume and pore radius of the gelcasting porous
ceramic was determined by adsorption N, using surface area
analyzer type Quantachrome Nova 4200e with outgas time of
3 hours at a temperature of 250°C and bath temperature of 273
K. The specific textural properties as the surface area and the
pore volume were calculated by T-Plot method with the total
pore volume was represented by the total adsorbed gas at
relative pressure P/Py = 0.99, then for the pore distribution
based on BJH analysis.

2.7 Phenol photodegradation

Phenol photodegradation was evaluated under UV
irradiation with a 100 W halogen lamp in a cylindrical reactor
with constant mechanical stirring at 23°C. The gelcasting
porous ceramic coating Fe,O; was placed in the column
containing 25 mL of 10 mg/L phenol solution with a pH 8 and
irradiated time of 3 hours, this condition based on the optimum
results of Mohamed et al. [40]. A Shimadzu UV-Vis
spectrophotometer was used to test the results of the phenol
photodegradation at a wavelength 316 nm. The recycle test
measured by the stability of photocatalytic properties Fe;O;-
porous ceramic was tested by repetition of phenol
photodegradation with the use of the same sample (which have
the highest degradation percentage) under the same
experimental conditions.

3. RESULTS AND DISCUSSION

The high content of alumina and silica in natural clay
indicated that it can be used as raw material for ceramic
fabrication [41]. Meanwhile, the low toxicity water-based
gelcasting was used in the fabrication of porous ceramics,
using cassava starch and natural clay as a porogenic agents and
raw material, respectively. Therefore, a thermal study to
determine the degradation temperature of starch polymers is
necessary to form pores in the ceramic body. The pattern of
thermal analysis is based on the changes of the mass sample
during the increasing rate of temperature, which the increasing
heat interval is 30°C/min.

The thermal analysis results of the gelcasted green body
ceramic were used to determine the sintering temperature. The
results showed there are three stage of weight loss during
heating were observed (Figure 2). The first stage occurs
between 25°C and 180°C with weight loss of 5.49% likely due
to the release of associated H,O and removal of free and
physically adsorbed water on the surface of the piece and in
the starch consolidation, as also reported by Calado et al. [42].
The second stage correspond to 8.15% of weight loss and
occurs at a temperature between 260°C and 310°C possibly
due to the thermal decomposition of starch begins and
continues in the third step with oxidative decomposition. The
third stage occurs between 400°C and 550°C with weight loss
of 12.8% possibly due to carbon dioxide released by the
degradation of the starch polymer and the release of the
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hydroxide group from aluminum hydroxide to alumina,
respectively [43]. According to Talou and Camerucci [44] the
total degradation of starch occurs in the temperature range of
250°C to 550°C.

Besides that the DTA results showed at a temperature of
500°C as demonstrated by the appearance of a down peak,
indicating the rearrangement of metal oxides to become
denser, hence an exothermic peak appears after a temperature
of 500°C. Furthermore, a gentle DTA curve is observed at
temperatures between 600°C to 1000°C, which is associated
with the phase transformation from meta kaolinite to Al-Si
spinel [45].

The pore characteristic in the gelcasting ceramics body was
illustrated by BET analysis. The nitrogen adsorption-
desorption isotherms and their corresponding pore
distributions of gelcasting porous ceramics with varying
concentrations of cassava starch before and after impregnation,
shown in Figure 3. and the corresponding of pore structure
properties (the specific surface area, total pore volume, and
average pore diameter) are shown in Table 2. It was
determined using the nitrogen adsorption-desorption
isotherms, and the pore character of the ceramic body is not
affected by the cassava starch concentration. According to the
Brunauer-Deming-Deming-Teller classification, the
adsorption isotherms for gelcasting porous ceramic of the
cassava starch concentration are close to type V, indicating
that weak interaction between gas and solid can occur in
microporous or mesoporous solids. In addition, type V
adsorption isotherm occurs in polar and non-polar molecules
[46].

—DTA
. — DTG

DTA (uV/mg)
/°C)

‘\
DTG (%

0.
T T T T
400 600 800 1000 1200

Temperature (°C)

Figure 2. Thermal analysis of gelcasted green body ceramic
using TGA/DTA

/ 7
/

clative Pressure (PPo)

(b)

Figure 3. The Brunauer—-Emmett-Teller (BET), nitrogen
sorption isotherms of quantity adsorbed against the relative
pressure of Ny, for porous ceramic and pore size distributions
(inserted), (a) before impregnated and (b) after impregnated



Table 2. Pore structure properties of gelcasting porous ceramic with variation of cassava starch concentration before and after
catalyst impregnated

SeeT (M?/g) Vt (cm®/g) Average Pore Diameter (A)
Sample (Cassav_a starch Before After Before After Before After
concentration) . . . . . .
impregnated impregnated impregnated impregnated impregnated impregnated
1% 13.17 19.18 0.0042 0.0035 21.41 21.26
3% 18.16 21.41 0.0078 0.0076 21.63 21.41
5% 20.12 23.74 0.0081 0.0079 22.13 21.76
% 34.57 31.92 0.0114 0.0107 23.27 23.19
9% 39.41 41.09 0.0119 0.0109 23.19 22.86

Table 3. Crystalinity, average crystallite size, and percentage of Fe;O; determined from the quantitative analysis of XRD spectra
(Figure 5) of a-Fe,O3 impregnated on porous ceramic

Cassava starch concentration of porous ceramic

Crystallinity (%)

Average crystallite size (nm)  Percentage of a-Fe2O3 (%)

1% 41.56
3% 42.02
5% 43.72
7% 38.97
9% 39.18

21.42 38.52
22.78 37.98
23.81 37.83
19.97 41.15
20.14 37.62

Pore formation

Figure 4. The morphology of gelcasting porous ceramic, (a)
before catalyst impregnated and (b) after catalyst
impregnated

The resulting pore size was microporous, the research
before [47] reported that the catalyst distribution improves
porous surfaces with microporous sizes, allowing the
gelcasting porous ceramic to be used as Fe,Os catalyst support.
Table 2. shows the successful impregnation of catalysts into
the porous ceramic bodies, where the increased surface area
and decreased pore volume indicate the presence of catalysts
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that have occupied the pores, and this is in line with the results
of Alamdari, and Karimzadeh [48].

The pore formation in the ceramic body as observed in the
results of the morphological analysis of the ceramic body
using SEM, shown in Figure 4. The surface of the ceramic
body after impregnation depicts the morphology of the
ceramic with the smaller pore shape indicating that they are
covered by Fe,Os3 catalyst. This is related with pore structure
properties, the value of V. and the average pore diameter
decrease after impregnation, which is shown in Table 2. The
table informs that the impregnation process influences this
decrease phenomenon mainly due to solid metal species at the
pores [49].

Ceramics coating are currently being developed by several
researchers for several applications [50]. The coating sol-gel
method was used to impregnate the Fe,Oj3 catalyst analysis into
the gelcasting porous ceramic body as shown in Figure 5,
which the Fe,Os phase impregnated is a-Fe;Os. The XRD
patterns of the a-Fe;Oj3 structure showed major peaks at 26 =
33.1, 35.6, 50.1, and 55.1° which correspond to the 104, 110,
024, and 116, respectively, of a-Fe>Os;. The diffraction peaks
of the samples were found to correspond to the rhombohedral
a-Fe;O3 (PDF Number 84-0307), with a=b =5.035 A and ¢
=13.742 A.

Intensity

10
2 Theta

Figure 5. The XRD spectra of gelcasting porous ceramic
impregnated Fe;O3



The impregnation of the quantitative analysis of a-Fe,O3
catalyst into gelcasting porous ceramic body using coating sol-
gel method with variations cassava starch concentration,
shown in Table 3. The crystallinity of the material and the
average crystallite size were similar for each variation in the
cassava starch concentration, while the largest percentage of
a-Fe,O3 was 41.15%, occurring at a concentration of 7% due
to the type of pore formed. According to the SEM results in
Figure 4, the type of pore formed in the 7% ceramic body is an
open pore, hence the catalyst impregnation process can take
place optimally [45]. In addition, the a-Fe,O3 phase was used
as a catalyst in previous studies, including azo dyes
degradation [4], NOx gas reduction [51], and CO oxidation
[52].

The effectiveness of the photodegradation process is seen
from the concentration of the degraded phenol expressed in
percent (%) in Eq. (1):

a_Cs

%E = X 100%

(1

a

where, C, is the initial concentration of phenol and C; is the
final concentration of phenol after photodegradation using a-
Fe,Os-porous ceramic. Figure 6 illustrates the results of phenol
degradation using Fe>Os-porous ceramic.

The highest phenol photodegradation was 59.15%,
occurring in the 7% cassava starch concentration (Figure 6).
This high percentage is related to the percentage of catalysts
that have been impregnated, where porous ceramics with 7%
cassava starch had the highest amount of Fe,Os catalyst (Table
3). Figure 6(b) demonstrated the effectiveness of a- Fe;Os-
porous ceramic, which the control sample was not degraded
due to the absence of photon energy from UV lights and
photocatalysts that generate hydroxyl radicals. However, the
process had a percentage degradation of 18.37% using only
UV due to the occurrence of water photolysis reactions,
particularly the decomposition of H,O molecules after
absorbing photons (hv) from UV lights to produce *OH, H*
and electrons. The *OH produced is relatively low, hence, the
reaction proceeds slowly [53]. Meanwhile, the percentage of
phenol degradation that only uses porous ceramics was
11.76% because only the adsorption process occurs, though
there is an increase of 21.79% with the addition of UV light.
The use of UV may cause the Fenton photo process to occur
because the Fe element contained in natural clay forms
hydroxyl radicals, which attack phenolic compounds [54].
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Figure 6. Phenol photodegradation (a) various cassava starch
concentration (b) effectiveness of a-Fe,Os-porous ceramic

The mechanism shown in Eq. (2) and (3):

507

Fe3*+H,O+hv—Fe? ++OH+H" ()

*OH+phenol—oxidation product 3)

The degradation using only a-Fe,O3 catalyst was 26.39%
and it increased by 37.52% on the addition of UV light,
indicating a photodegradation reaction. The Fe,Os irradiated
by UV light causes the excitation of electrons from the valence
to the conduction band, and the displaced electrons leave a
positively charged hole. The presence of water vapor in the
hole causes the formation of *OH, while the electrons in the
conduction band interact with O, to produce O,. These
radicals and ions are very reactive, hence, they degrade
phenolic compounds into CO, and H»O. Figure 7 shows the
mechanism of phenol photodegradation by a-Fe;Os catalyst
impregnated on gelcasting porous ceramic and Figure 8.
illustrates the schematic of catalyst activity in degrading
phenol.

The next treatment used a porous ceramic impregnated with
Fe,Os catalyst without UV light and gave a degradation
percentage of 41.62%, which increased with the addition of
UV light. This shows that a-Fe,Os-porous ceramic with UV
irradiation is the most effective in phenol degradation. In
addition, the impregnation of a-Fe,Os into porous ceramics
demonstrated that porous ceramics prevents the accumulation
of a-Fe,0s particles, thereby increasing the surface area and
photodegradation activity of phenol. The results of phenol
photodegradation using the o-Fe;Os-porous ceramic
adsorption method were more efficient than using a TiO-
Fe,»0; photocatalyst conducted by Moradi et al. [55], which
reported a 57% phenol degradation from the same initial
concentration of 10 mg/L.

i
Gelcasting Porous Ceramic

.
-OH,
C‘+ Q,/_\Mo',\nfj
]
= o

T
Gelcasting Porous Ceramic

“OH ‘
/ 9
\ OH ? -OH
Carbonyl Intermediates W\ |: :|
o

H

Wi
Gelcasting Porous Ceramic
W g
Gelcasting Porous Ceramic

Gelcasting Porous Ceramic

Small Species

Figure 7. The mechanism of phenol photodegradation by a-
Fe,Os catalyst impregnated on gelcasting porous ceramic

However, the use of nanocomposite photocatalysts, such as
AgBr/BiOBr/graphene, BiOCI-TiO,, ZnO/Nd-doped BiOBr,
and Ag-ZnO, for phenol photodegradation under visible light
for 180 min, has reported a degradation of 90% - 97% with an
initial concentration of 5 mg/L [56-59]. In addition, phenol
degradation has also been carried out using Cu nanoparticles
with degradation of 98% [60] and using bioactive carbon
(BAC) with 80.5% degradation percent (with an initial
concentration of phenol 500 mg/L) [61].

In order to demonstrate the possible practical application of
utilizing recycled a-Fe,Os-porous ceramic 7% samples (as the
best results in photodegradation), a recycling experiment was
carried out on the phenol photodegradation process, which is
shown in Figure 9. After eight recycling times, the phenol
degradation efficiency still maintains >90% performance. This
recyclability is higher than the research results before [62]



which uses TiO, nanotubes in the degradation of methyl
orange dye, with the ability to recycle only 2-3 times. It shows
that the new material a-Fe;Os-porous ceramic has a wonderful
performance of recycling ability in the process of phenol
degradation in the environment.

UV Light

Reduction
G4
l o

Phenol 4 goo

‘ |
OH

Other by products + CO» + H:0

Other by products + CO: + H:0

Figure 8. Scheme of catalyst activity in degrade phenol
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Figure 9. Recycle test for the sample a-Fe,O3-porous
ceramic 7%

4. CONCLUSIONS

The low toxicity gelcasting water-based method with
cassava starch concentrations of 1%, 3%, 5%, 7%, and 9% as
a pore template has been used in the fabrication of porous
ceramics, which is implemented as support for Fe,Os catalyst
in phenol photodegradation. According to the BET analysis
results, the cassava starch concentration did not affect the pore
character, and a microporous pore was formed. Also, the
formation of pores in the ceramic body was observed from the
morphology of the SEM analysis, where there was a pore
closure after the Fe,O; catalyst impregnation process. The
cassava starch concentration affected the percentage of
impregnated Fe,Os; catalyst based on XRD quantitative
analysis, with the highest percentage of 41.15% occurring in
the ceramic body with 7% starch concentration. In addition,
the impregnated Fe,O; catalyst phase was a-Fe,Os with a
rhombohedral structure. The highest percentage of phenol
degradation was 59.15%, which occurred with the 7% starch
concentration. The results obtained are higher than the results
of previous studies with the same initial concentration. Based
on the recycle test, a new advanced material in this study can
be recycled up to 8 times with degradation efficiency still
maintains >90% performance.
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