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Abstract- Synthetic dyes are the primary water contaminants. Most synthetic dyes are thermally and chemically unreactive,
highly poisonous, and non-biodegradable. Fenton is a clean technology that can oxidize hazardous, non-biodegradable organic
pollutants into non-toxic inorganic species. This paper aims to characterize the Fe-C as a Fenton methods catalyst using SEM-
EDX analysis. Fe-C catalyst synthesized through wet impregnation of Fe extracted from iron sand and bio-char product of
sugarcane bagasse (SB), palm shell (PS), and empty fruit bunch (EFB) pyrolysis. Fe is obtained through the ultra-sonication
process of a mixture of iron sand and concentrated HCL, while biochar is obtained from the pyrolysis process of PS, SB, and
EFB at a temperature of 450 °C for 2 h. The catalyst was analyzed using SEM-EDX and then processed using Image J to
determine its outer surface characteristics. The EDX analysis shows that Fe-CPS catalyst has the highest Fe content of 0.29 g
of Fe per 5 g of catalyst, followed by Fe-CEFB and Fe-CSB with Fe content of 0.074 g and 0.077 g of Fe per 5 g of catalyst,
respectively. The SEM analysis confirms that the Fe-CPS catalyst has the highest surface roughness, the widest pore
distribution, and the highest mean pore size. These characteristics will increase the surface area of the catalyst thereby
improving the adsorption ability of Fe,O3; and pollutants. The Fe-C system combines the adsorption capabilities of biochar
with the oxidation performance of OH* through the activation of H,O, by Fe,Os attached to the biochar in the same process.
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Biomass can be transformed into biofuels via
thermochemical procedures like combustion, pyrolysis, and
gasification. Pyrolysis is a thermal decomposition without

1. Introduction

The high population accompanied by increasing

industrial and commercial activities causes a decrease in
fossil fuel reserves, increases environmental problems, global
warming, and worsens the quality of health [1, 2]. This
energy crisis in the form of reduced fossil fuel, demands the
invention of alternative energy resources to ensure the
fulfillment of world energy needs [3, 4]. Biomass has been
identified as a renewable, ecologically friendly, and
sustainable energy source. [5, 6].

oxygen or air [7-9]. Because of its versatility in making raw
material choices, extended temperature operating range (300-
600 °C), capability of operating under atmospheric pressure,
and capacity to simultaneously produce three valuable
products (solid, liquid, and gas), it is regarded as being
superior to other thermo-chemical conversions [10-12].
Jamilatun et al. [13] carried out bagasse pyrolysis in a fixed
bed reactor at 300-600°C using a sample grain size of 10-40
mesh and a heating rate of 10-12 °C/min. This process
produces 42% liquid product which is dominated by


https://orcid.org/0000-0003-2972-6334
https://orcid.org/0000-0003-2972-6334
https://orcid.org/0000-0001-6738-1440
https://orcid.org/0000-0001-6738-1440

INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

J. Pitoyo and S. Jamilatun Vol.14, No.4, December, 2024

levoglucosan, 34% gas product which is dominated by CHy,
and 24% biochar with a surface area of 180.30 m?/g.

Biochar is a pyrolysis-derived solid. Biochar is a carbon-
rich, porous substance that is frequently created by slowly
pyrolyzing waste biomass [14, 15]. The pyrolysis procedure
releases moisture and volatiles from the biomass while
keeping the aromatic compounds and chemical functional
groups, leaving behind a porous structure. Due to its
advantageous properties, biochar can be used for a variety of
purposes, including soil improvement, energy production,
and pollution reduction. Biochar can increase the fertility of
soil by improving nutrients and water retention. [16, 17]. In
environmental remediation, it has also been used as a
successful pollutant adsorbent [18]. Kong et al. [19]
conducted microwave-assisted pyrolysis of oil palm shell
using the frequency of 2.45 GHz, heating power 900 W
resulting in biochar with a surface area of 410 m?/g and
adsorption capacity of methylene blue of 20 mg/g.

On the other hand, in recent decades there has been a
significant increase in water pollution, making it necessary to
remove contaminants from industrial wastewater before
releasing them into the environment [20]. The two main
pollutants are synthetic dyes and heavy metals in water. Dyes
are required in various industries, including wool, printing,
leather textiles, paper, and cosmetics. Most synthetic dyes
are thermally and chemically unreactive, highly poisonous,
and non-biodegradable [21, 22]. Nearly 700,000 tons of dye
are produced worldwide each year, which results in the
commercial availability of nearly 100,000 dyes [23]. Various
physiochemical methods have been studied for textile
wastewater treatment, including coagulation [24], reverse
osmosis [25], catalysis [26], adsorption [27], advanced
oxidation process (AOPs) [28], and synchronized oxidation-
adsorption (SOA) [29]. Fenton oxidation is one of the most
efficient AOPs and has been used extensively to remove
resistant organic contaminants. Fenton oxidation is a clean
technology that can oxidize hazardous, non-biodegradable
organic pollutants into non-toxic inorganic species.

Many studies have been conducted on the use of biochar
for wastewater treatment [30, 31]. However, the use of a
combination of biochar and the Fenton method for
wastewater treatment through simultaneous adsorption and
oxidation processes is still rarely studied, especially
involving heterogeneous reactions between Fe?* and H;O,.
This study will provide new discourse related to AOPs,
especially for processing synthetic dye waste. This paper
studies the SEM-EDX analysis of the Fe-C catalyst from
different sources of biomass waste, as a heterogeneous
catalyst for the Fenton method which involves simultaneous
adsorption and oxidation processes. This study can be a
preliminary study to determine the performance of the
catalyst in the Fenton method. Thus the conversion of
biomass into biochar provides double advantages as a source
of alternative green fuel for fossil fuel substitution through
the pyrolysis process and as a heterogeneous catalyst in the
Fenton method for wastewater treatment.

2. Materials and Methods
2.1. Materials

Iron sand was collected from Glagah Indah Beach Kulon
Progo Yogyakarta. Iron sand is used as a source of Fe
because it is abundant on Glagah Indah Beach, the southern
coast of Java Island, Indonesia [32]. This iron sand has a
high Fe content as can be seen in Table 1.

Table 1. Elemental composition of iron sand from Glagah
Indah Beach.

Element Mass,%
@] 43.18
Na 0.92
Mg 1.43
Si 6.43
Ca 0.70
Ti 3.78
Fe 43.55

Palm shell (PS) and empty fruit bunch (EFB) were
acquired from PT Perkebunan Nusantara (PTPN) V Riau.
Sugarcane bagasse (SB) was provided by PT Madukismo
Yogyakarta. These three biomass wastes were chosen
because they are plantation crops which are quite abundant
as can be seen in Figure 1. Before the next process, 1 kg
sample is cleaned and chopped into small pieces, then soaked
in NaOH 6%(w/v) for 24 h. The solid product was washed
with water to get a neutral pH of (6-7) and then dried using
an oven at 105 °C for 24 h. The dried sample is grounded
and sieved to obtain a grain size of 10-40 mesh. The purpose
of soaking in NaOH is believed to cleavage of lignin-
carbohydrate connections, which increases porosity and
internal and surface area of biochar [33].
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Fig. 1. Production capacity of main plantation crops in 2021
and 2022 [34].
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2.2. Pyrolysis Experiment

A fixed bed reactor with an inner diameter of 400.00
mm, an outer diameter of 44.00 mm, and a height of 600.00
mm was used to conduct the pyrolysis process. The reactor
had an electric heater made of nickel wire that was spirally
coiled around the reactor's exterior. A thermocouple was
used to measure the heating temperature, and a 0.5 kva
TGDC regulator was used to control the heating rate. The
pyrolysis process was conducted by inserting 1 kg of sample
into the reactor. The sample was then heated at a heating rate
of 10 °C /min to the temperature of 450 °C. After reaching
the expected temperature, the heating was continued
isothermally for 2h to obtain the biochar.

2.3. Purification of lIron Sand

A magnetic separator is used to separate magnetite from
iron sand. The magnetite is sieved to obtain the mesh screen
size of 100 mesh. 10 g of extracted magnetite were
suspended in 54 mL of concentrated HCI (37%) and left for
ultra-sonication at various irradiation times using a sonicator
bath at ambient temperature. This process uses a frequency
of 30 kHz. To produce the FeCl, and FeCls solutions, 0.8 um
filter paper was used to filter the suspension solution. The
filtrate was gradually added +50 mL of 6.5 M NH,OH
solution until a black precipitate (Fe304), as a starting
precursor for synthesizing Fe-C catalyst [35], was developed.
The precipitate was repeatedly rinsed with ethanol and
distilled water until a pH of neutral was obtained. The
solution was centrifuged to separate the precipitate and then
dried in an oven at 60°C for + 12 h, and then collected using
a magnet.

2.4. Preparation of Fe-C Catalyst

The iron nanoparticles obtained were dissolved in 10 ml
of isopropyl alcohol. The solution is then mixed with 5 g of
sample-activated carbon, stirred for 1 h with an
ultrasonicator, and dried for 24 h until the isopropyl alcohol
evaporates. The mixture was calcined at 300°C for 3 h.
Isopropyl alcohol is a nonaqueous medium to synthesize Fe-
C catalyst. During the ultra-sonication process several active
species are formed from the ultrasonolysis of isopropyl
alcohol, among these species, solvated electrons are strong
reduction radicals that can reduce FezO4 to Fe atoms [36],
[37]. The Fe atoms formed will quickly oxidized resulting in
the formation of Fe,O3 nanoparticles on the biochar surface
as activators of H,O, [38]. Meanwhile, the calcination
process aims to obtain a catalyst with a large pore size, large
surface area, and high mechanical and thermal resistance
[39]. The reason for using low temperatures, 300°C is more
isolated Fe,O are preserved at low calcination temperatures
[40].

2.5. Characterization of Fe-C Catalyst

A scanning electron microscope-energy disperse X-ray
(SEM-EDX) using a JSM-6510 instrument was performed
for catalyst characterization to determine the surface
morphology (porosity, roughness, and shape) of the catalyst

and the composition of the element. For acquiring images
and sample composition data with an SEM tool, the sample
was placed and attached to the top of the SEM specimen
holder using carbon double type with a cross-section
pointing vertically upwards or towards the objective lens. So
that the matrix layers of the material are visible. This double
tip is made of conductive carbon material on both sides
which function to deliver all the electrons that enter the
sample out through grounding. The sample chamber was
vacuumed to 10-6 torr to guarantee that the SEM column
was free of air molecules. SEM analysis was operated at an
accelerating voltage of 15kV, a working distance (WD) of 6
mm, a spot size (SS) of 40, and magnificent of 500, 1000,
and 2500.

2.6. SEM-EDX Data Analysis

SEM-EDX analysis provides high-resolution images of
the sample surface along with details on the chemical
composition and elemental distribution [41, 42]. The
resulting image can be further processed using specific
software to determine the distribution of pores, porosity, and
surface roughness. There are several open-source software
programs for image analysis, including Image J, Qupath,
llastik, Orbit, Cytomine, and Icy. Among this software,
Image J is the most widely used because of its simple-to-use
architecture, recordable macro language, and extendable
plug-in system [43]. In this analysis, Image J software was
utilized to calculate the pore distribution on the catalyst
surface, porosity, and surface roughness. The steps of the
image processing and analysis can be seen in Figure 2.

Grayscale Image
Input
Image Import Plugin
segmentation (SurfCharJ)
Image Filtering Image Filtering
Noise Removing Scaling
Scaling Image Slize
Measuring
Pore Size Roughness
Measuring Calculation
Quantitative Data surface
Acquiring Roughness
Data Processing
(using Origin Lab)

Pore Size
Distribution

Fig. 2. Image processing and analyzing algorithms
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3. Result and Discussion
3.1. Catalyst Preparation

Preparation of Fe-C catalyst includes pyrolysis of
biomass, iron sand purification, and wet impregnation of
catalyst. In the pyrolysis process, palm shell, sugarcane
bagasse, and empty fruit bunchs are used because they are
agricultural waste with abundant quantities and low prices
which are the main requirements as raw materials. Pyrolysis
is carried out at a temperature of 450°C because at this
temperature the volatile materials, including cellulose and
hemicellulose, are completely decomposed and leave lignin
residue as the main constituent of biochar. The hemicellulose
decomposition occurs between the temperature of 250 and
350°C, and cellulose at 325 to 400°C, and the decomposition
of lignin occurs at 300-550°C [44, 45]. A higher pyrolysis
temperature will cause gasification to occur which will
reduce the amount of biochar produced. A slow pyrolysis
(heating rate of 10°C /min) is used because slow pyrolysis is
preferred for the formation of biochar.

Iron sand is used as a source of Fe because it has
abundant amounts and high magnetite (FesO4) content. In the
purification process, magnetite is reacted with concentrated
HCL to produce FeCl, and FeCls through the following
reaction:

Fe;0,4 (s)* 8HCI on— FeClz (aqyt 2FeC13 (aq)+ 4H,0 m (1)

Further reaction with NH4OH will produce a black
precipitate FesO4. The occurring reaction is:

FeClz (aq)+ 2FeCls (aq)+ 4Hz0 m + 8NH4OH(1)

—*FEBO‘}(S)‘FSNH,;CI(dq)‘l‘ SHZO(]) (3)

Fe,03 has recently received a lot of attention for wastewater
purification due to its benefits in terms of chemical
resistance, low processing costs, large specific surface area,
and satisfactory visible-light response [46]. The fabrication
of Fe,O3 from magnetite (Fes0,) can be carried out using
gamma-ray irradiation [37], hydrothermal method, chemical
precipitation method, sol-gel ~method, anodization,
electrochemical method [46], thermal decomposition
methods, and micro fluidized bed reaction [47]. In this
research, the ultrasonication method was used, which is part
of the thermal decomposition method. The suggested
reaction is as follows.

Ultrasonication (4)

CHg—(I:H_CHg e;ul(aq)

OH

(5)

FE304 (s) + €01 () —— Fe(s)

Fes) + 0

— Fey05¢y (6)

During the ultrasonication process several active species
are formed from the sonolysis of isopropyl alcohol, among
these species, solvated electrons are strong reduction that can
reduce Fe3O4 to Fe [36, 37]. The Fe adsorbed on the surface
of the catalyst will quickly be oxidized resulting in the
formation of Fe,O3 nanoparticle.

3.2. SEM-EDX Analysis

The basic principle of SEM is to bombard and scan the
sample’s surface with a focused electron beam fired from an
"electron gun" to stimulate different physical signals in the
sample, including backscattered electrons, secondary
electrons, absorbed electrons, and projected electrons. The
signal-collecting system detects, amplifies, and processes
these physical signals before delivering the scanned images
of various topographic aspects of the sample surface to the
image display system [41]. The ability to design adsorbents
for improved or selective removal of particular pollutants
depends on understanding the pore structure of adsorbents,
including pore size and shape, pore surface chemistry, and
pore volume [48]. Based on the International Union of Pure
and Applied Chemistry (IUPAC), pore size is classified into
micropore (<2 nm), mesopore (2-50 nm), and macropore
(>50 nm) [49]. These existing pores in the biochar are due to
the decomposition of volatile matter, cellulose,
hemicellulose, and lignin along the pyrolysis. Within the
material's particles, the pyrolysis process results in the
opening of channels, thus giving a rough surface texture [50].
The morphology of the catalyst shows a differential porosity
developed and the formation of the surface with different
sizes of pores separated by walls; this porosity increases the
specific surface, and consequently, improves the capacity of
the catalyst [51].

The SEM-EDX of Fe-C has been presented in Figure 3.
The figure indicated that the pyrolysis process results catalyst
with porous carbon surfaces that are exhibited in macropore
structure. Thus, the outer surface of the catalyst is observed
to be in the form of a large slit pore. This occurs as a result of
SEM analysis's restriction to macropore size. As previously
stated, the pyrolysis process results in the opening of
channels, the presence of large slit pores on the outer surface
of the catalyst is expected to be an indication of the easy
opening of channels in the catalyst which causes more pores
to form inner the catalyst. The high porosity will increase the
specific surface area thereby increasing the possibility of
Fe3+ ions and synthetic dyes to be adsorbed on the catalyst
surface consequently improving the oxidation process and
adsorption capacity in heterogeneous Fenton oxidation.
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10 15 kev

Fig. 3. SEM-EDX of a) Fe-CSB, b) Fe-CPS, and c) Fe-
CEFB

The qualitative examination by energy disperse X-ray
(EDX) results indicates that carbon dominates the whole
sample, which confirms the catalyst's organic nature [27].
We further note the presence of considerable Fe on the
catalyst surface which confirms the impregnation process
success, especially for PS catalyst which supported the
Fenton method' use of them as a -catalyst [52] or
synchronized oxidation-adsorption (SOA) process. There are
many elements other than Fe in significant amounts detected
in EDX analysis, namely O, Mg, and Co. The O element
detected is an oxide. This element exists in large quantities.
This element comes from several metallic oxides such as
Na;0O, MgO, SiO,, Fe;03, P,0s, Ca0, and K,0. The element
magnesium (Mg) is the third largest element after carbon and
oxide, this element can inhibit the decomposition of H,O,
into OH* radicals in alkaline conditions (pH 9) [53]. Another
element with significant amounts detected was cobalt (Co).
This element is useful for the Fenton method. Cobalt can
activate H,O; to become superoxide which plays a role in the
degradation of dye waste [54].

Table 2. Elemental composition in mass% of Fe-C catalyst

Co 2.07 8.14 2.13

Ag 0.41 0 0

Mass%

Elements Fe-CSB Fe-CPS | Fe-CEFB
C 46.07 40.12 3271
0 4431 2931 22,01
F 0 0 0
Na 0 0 0

Mg 481 9.63 6.4
Si 0.08 0.48 0.09
P 0 0 0
s 0.11 0 0.19
Cl 0.14 0 0.36
K 0.23 0.89 31.67
Ca 0.28 5.6 2.9
Fe 1.48 5.83 1.55

3.3. Surface Characteristic

Figure 4 shows a 3D surface plot of the catalyst surface.
The height of the image interprets the luminance of the
image. The blue sea color shows the existence of pores on
the catalyst surface. The figure reveals that Fe-CSB and Fe-
CPS catalysts have more pores than Fe-CEFB.
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Fig. 4. 3D surface plot of a) Fe-CSB, b) Fe-CPS, and c) Fe-
CEFB

The catalyst's surface plot and computation of its
roughness are shown in Figure 5. The surface roughness
represents the degree of heterogeneity. The higher the
heterogeneity, the larger the roughness and irregularity. The
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pore surface's high roughness creates a greater specific
surface area for adsorption, increasing the adsorption
capacity. The roughness characteristic of the catalyst surface
was indicated by the root mean square of roughness (Rq) and
average of roughness (Ra). The higher the Rg and Ra value,
the rougher the catalyst surface. Figure 5 reveals that Fe-CPS
has the highest roughness with an Rq value of 126.468,
followed by Fe-CEFB, and then Fe-CSB with an Rq value of
123.040 and 114.934, respectively.

[ Rqg | Ra_ [ Rsk | Rku [ HighestPeak | Lowest Valley | Total Height
a [114.934 [ 112.049 | 1.084 | 1.256 | 255 | 71 | 32

255.0 um

[ Rg_ | Ra [ Rsk | Rku | HighestPeak | Lowest Valley | Total Height |
b | 126.468 | 123.383 | 1.081 | 1.244 | 255 | 76 | 331 |

255.0 pm

0.0

%

[ Rg | Ra_ | Rsk | Rku [ Highest Peak | Lowest Valley [ Total Height |
C 123040 117.842 | 1143 | 1.434 | 255 | 60 | 315

Fig. 5. Surface plot and roughness calculation of a) Fe-CSB,
b) Fe-CPS, and c) Fe-CEFB

3.4. Pore Size Distribution

Adsorption is a surface reaction, hence having a large
surface area is frequently seen as a key factor in enhancing
adsorption capability. Pores of various sizes contribute to the
surface area of such porous catalysts. Their accessibility by
dye molecules may be influenced by the size and
configuration of the pores. Additionally, dye’s diffusion into
such pores may be impacted [55].
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Fig. 6. Pore size distribution of a) Fe-CSB, b) Fe-CPS, and c)
Fe-CEFB

Catalysts with a microporous structure have a large
surface area, but have limitations including being prone to
pore closure, and coking, and are not suitable for adsorbing
waste with relatively large particle sizes such as methylene
blue (1,447 nm) [49]. Catalysts with a mesoporous structure,
although they have a smaller surface area, have a small

809



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

J. Pitoyo and S. Jamilatun Vol.14, No.4, December, 2024

adsorption capacity, but the adsorption occurs at a greater
rate. Meanwhile, catalysts with a macropore structure have a
low adsorption capacity [41]. Catalysts with a wide pore
distribution provide a great possibility to adsorb pollutants
with large variations in size. Also, the wide distribution of
pore size indicates the high roughness surface catalyst,
consequently increasing the surface area. Meanwhile, the
high mean pore diameter on the outer surface of the catalyst
is expected to be an indication of the easy opening of
channels in the catalyst during pyrolysis which causes more
pores to form inner the catalyst.

The histogram of the pore size distribution (PSD) and
the normal distribution curve of the catalyst are shown in
Figure 6. The mean pore diameter and the standard deviation
of Fe-CSB, Fe-CPS, and Fe-CEFB are 94.99, 103.19, 81.65,
and 26.43, 42.66, and 17.43 um, respectively. Fe-CPS has a
higher mean pore diameter and wider distribution (standard
deviation) than others, this is possibly due to the self-
extrusion of volatile matters from the inside the palm shell,
leaving behind a high lignin complex which has a complex
structure that is not completely decomposed at a temperature
of 450°C. The high mean pore diameter and the wide pore
distribution on the outer surface of the Fe-CPS catalyst are
expected to have high porosity and high heterogeneity
(surface roughness and irregularity) thereby increasing the
surface area of the catalyst which results in high adsorption
capacity.

4. Conclusion

Fe-C catalyst was successfully obtained from SB, PS,
and EFB biochar. The EDX and SEM analysis shows that
Fe-CPS catalyst has the Fe content of 5.83 %, root mean
square of roughness (Rq) of 126.46, mean pore diameter of
103.19 pm, and standard deviation of 42.659 um, Fe-CEFB
with Fe content of 1.48 %, root mean square of roughness
(Rg) of 114.934, mean pore diameter of 94.99 um, and
standard deviation of 26.433 um, and Fe-CSB with Fe
content of 1.55 %, root mean square of roughness (Rq) of
123.040, mean pore diameter of 81.65 um, and standard
deviation of 17.437 pum respectively. The result confirms that
the Fe-CPS catalyst has the highest value of Fe content,
surface roughness, mean pore size and pore size distribution.
The high Fe content will increase the activation of H,O; in
the Fenton method. High values of Rg, mean pore diameter
and standard deviation are expected to increase catalyst
porosity thereby increasing the surface area. These properties
can improve the application of the Fenton method as an
advanced oxidation process (AOPs). The insights from this
study will help to design heterogeneous Fe-C catalysts with
an appropriate characteristics and use SEM-EDX analysis as
a preliminary study to determine the performance of the
different catalysts.
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