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Abstract

Activated carbon is widely used in environmental and industrial applications due to its high adsorption capacity.
This research aimed to utilize agricultural waste materials—rubber wood twigs, rubber seed pods, Leucaena leucocephala
wood, and coconut shells—as precursors for the production of activated carbon, addressing the increasing need for low-
cost and sustainable adsorbents. Both dry and wet chemical activation methods were employed using sodium hydroxide
(NaOH) in conjunction with a biomass incinerator. Among all the samples, activated carbon derived from rubber wood
twigs (AC/rwt) via dry activation demonstrated the most favorable properties. Comprehensive characterization was
conducted using X-ray diffraction (XRD), Brunauer—Emmett-Teller (BET) surface area analysis, transmission electron
microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), scanning electron microscopy (SEM), and Fourier-
transform infrared spectroscopy (FT-IR). Adsorption efficiency was evaluated through iodine number measurement and
methylene blue adsorption tests. The AC/rwt sample exhibited a specific surface area of 726.60 m%g, an iodine number
of 616.73 mg/g, and a methylene blue adsorption efficiency of 99.65 %, which complies with Thailand’s industrial
standard TIS 900 - 2004. Elemental analysis confirmed that carbon was the predominant element in all samples.
Additionally, the pore size distribution indicated mesoporous structures ranging from 2 - 50 nm. Although commercial
activated carbon outperformed in some metrics (950.02 m?*/g surface area, 743.77 mg/g iodine number, and 100 %
methylene blue adsorption), this study demonstrates that agricultural waste can be successfully converted into high-
quality activated carbon suitable for diverse adsorbent applications.

Keywords: Activated carbon, Rubberwood twigs, Adsorbent, lodine adsorption value, Innovative simple biomass
incinerator
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Introduction

Activated carbon is a form of carbonaceous
material that has been processed to develop a highly
porous structure, significantly increasing its surface area
and adsorption capacity. Unlike normal charcoal, which
is primarily used as a fuel and has limited porosity,
activated carbon undergoes either physical or chemical
activation processes that result in an extensive network
of micro-, meso-, and macropores. These structural
differences give activated carbon superior adsorption
properties, making it highly effective in capturing a
wide range of contaminants. Activated carbon is valued
for its high surface area, typically ranging from 600 to
2400 m*/g, and pore volume between 0.20 and 1.00
cm?®/g, which are critical factors influencing its
performance [1-5]. One of the most important indicators
of activated carbon quality is its iodine number, which
reflects its capacity to adsorb small molecular weight
compounds. According to Thailand Industrial Standard
(TIS 900 - 2004), the iodine number must not be less
than 600 mg/g for the material to be classified as
activated carbon [1,4]. Other relevant properties include
pore size distribution, adsorption of inert gases (e.g.,
nitrogen in BET analysis), and mechanical strength,
which together determine its effectiveness and
durability in practical applications. Activated carbon is
widely used across various industries due to its excellent
adsorption efficiency. Common applications include
water and air purification, food and beverage
processing, pharmaceuticals, petrochemicals, chemical
manufacturing, sugar refining, and dye removal. In
powdered form, it is often incorporated into water filters
and decolorizing agents [6-13]. A diverse range of raw
materials can be used for its production, including wood,
coconut shells, coal, and various types of agricultural
biomass waste. The selection of raw material, along with
the activation method, greatly influences the
physicochemical characteristics and final performance
of the activated carbon.

The production of activated carbon involves 2
primary methods: Physical and chemical activation.
Chemical activation is preferred due to its simpler
process, shorter preparation time, and lower activation

temperatures. It results in activated carbon with higher

surface area, larger pore volume, and better adsorption
efficiency. Common chemicals used as activating agents
include KOH, NaOH, K,COs;, Na,COs, HCI, KCIl,
AgCls, and ZnCl,, with KOH and NaOH being the most
cost-effective and accessible [4,9,10,13-16]. In a work
by Mistar et al. [10], a 2-step KOH activation procedure
was used to create activated carbon from Bambusa
vulgaris Schrad. A 1:3 char to KOH ratio, an activation
duration of 1 h, and an activation temperature of 800 °C
were determined to be the optimal parameters. This
produced a BET surface area of 980 m*/g and a pore
volume of 0.559 cm?/g. SEM and FT-IR analyses
confirmed high porosity and the presence of various
functional groups. Cazetta et al. [17] prepared activated
carbon from coconut shells using NaOH activation at
different impregnation ratios (1:1, 2:1, 3:1). The
resulting activated carbons were predominantly
microporous, with BET surface areas of of 783, 1842,
and 2825 m?%/g for AC-1, AC-2, and AC-3, respectively.
Sarawanan et al. [18] used activated carbon from oil
palm empty fruit bunches that had been prewashed in
NaOH to optimize a 2-stage adsorber for the removal of
methylene blue. The adsorbent mass was lowered by
6.67 % using this approach, and the equilibrium time
was notably shortened from 22 to 0.52 h. Because stage
1’s larger adsorbent mass reduced the effort required to
reach equilibrium, industrial dye removal became
economically viable.

Using NaOH activation, Yahya et al [19]
examined the impact of temperature and impregnation
ratio on the characteristics of activated carbon derived
from desiccated coconut residue (DCR). DCR was
carbonized for 1 h at 400, 500, and 600 °C. After that,
the chars were impregnated with NaOH in ratios of 1:1,
2:2, and 1:3, and they were activated for 1 h at the
appropriate carbonization temperatures under nitrogen.
According to the research, the specific surface area rose
at higher impregnation ratios and temperatures up to 500
°C but fell at 600 °C. By using a 1:3 ratio and activation
temperature of 500 °C, the maximum BET surface area
of around 1394.79 m?/g was attained. Using batch and
fixed-bed methods, Khan et al. [20] investigated the
adsorption of methyl orange and malachite green onto
waste tire activated carbon. Using KOH as the activating
agent at 700 °C for 2 h and a pH of 7, the resulting

activated carbon had a surface area of 490 m?/g. Lv et
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al. [21] synthesized activated carbon for phenol
adsorption by pyrolyzing rice husk, followed by KOH
activation and EDTA-4Na modification. Carbonized at
500 °C and activated at 750 °C with a carbon to KOH
ratio of 1:3, the activated carbon exhibited rich
microporosity, a high specific surface area of 2087 m%/g,
and a maximum phenol adsorption capacity of 194.24
mg/g.

Despite the extensive research on activated carbon
derived from various biomass sources—such as
Bambusa vulgaris Schrad., coconut shells, oil palm
empty fruit bunches, desiccated coconut residue, rice
husks, and even waste tires—there remains a critical gap
in the utilization of locally abundant and underutilized
agricultural residues. Many existing methods require
high temperatures, multi-step procedures, or costly
chemical modifications, which may limit their practical
application, especially in rural areas. Furthermore, few
studies have systematically compared different types of
agricultural waste using a consistent activation method
that is accessible, energy-efficient, and suitable for
community-level implementation. Therefore, this
research aims to address this gap by synthesizing
activated carbon from agricultural residues specific to
Sakon Nakhon Province, Thailand, including rubber
wood twigs, rubber seed pods, Leucaena leucocephala
wood, and coconut shells. These materials are locally
available yet often discarded as waste, representing an
untapped resource for value-added applications. An
inventive biomass incinerator developed by the
Appropriate Technology Center of Sakon Nakhon
Rajabhat University was employed for the carbonization
process. This prototype incinerator was specifically

designed for efficient carbonization of agricultural

biomass and featured a controlled air-flow system, high
thermal insulation, and uniform heat distribution. Its
design allowed for consistent temperatures necessary for
producing high-quality charcoal while minimizing
incomplete combustion and emissions, as shown in the
details of its components and working principle in
Figure 1 [13,14]. The choice of this incinerator is based
on its suitability for small-scale, community-based
applications and its ability to convert various types of
agricultural waste—such as rubber wood twigs, rubber
seed pods, Leucaena leucocephala wood, and coconut
shells—into carbonized material with enhanced yield
and quality. These features make it particularly well-
aligned with the goals of this study, which seeks to
transform local biomass waste into value-added
activated carbon.

The study focused on comparing dry and wet
chemical activation methods using NaOH, with an
emphasis on dry activation due to its simplicity and
energy efficiency, as illustrated in Figure 1. The
resulting activated carbon was characterized using
XRD, FT-IR, SEM, TEM, EDS, and BET surface area
analysis. Adsorption performance was assessed through
iodine number measurement and methylene blue
adsorption tests. The central hypothesis was that these
agricultural residues could be converted into activated
carbon with physicochemical properties that meet or
exceed the industrial standard TIS 900 - 2004 set by the

Ministry of Industry of Thailand. Ultimately, the study
aimed to generate practical data and recommendations
to empower local communities with the capability to
produce cost-effective, high-quality activated carbon for

environmental and industrial applications.
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A model illustrating the components and working principle
of an innovative simple biomass incinerator
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Figure 1 A model illustrating the components and working principle of an innovative simple biomass incinerator, along

with the flow diagram for synthesizing activated carbon from agricultural residues.

Materials and methods

Materials

This research collected samples of agricultural
waste materials in Sakon Nakhon province, Thailand,
consisting of 4 types namely coconut shells, rubber
wood twigs, rubber seed pods, and Leucaena wood. All
samples of raw material were crushed into small pieces
of about 3 to 5 cm. The chemicals used for this
experimental study included NaOH, HCl, Na,S,03, I,
pellets, KIOs, and Na,COs, all of which were AR grade
and purchased from Qréc (Newzealand). Meanwhile, KI
of LAB grade was purchased from Ajax Finechem
(Australia), and methylene blue of LAB grade was from
the KemAus™ brand (Australia).

Preparation of carbonized carbon from
agricultural waste materials

Agricultural waste materials prepared into small
pieces were packed into containers and weighed before
incineration. Afterward, they were burned in a
carbonization process at temperatures between 600 -
800 °C for 2 h using an innovative simple biomass
incinerator. The resultant carbonized carbon was left to

cool before being weighed. Subsequently, a portion of

the produced charcoal was finely ground and sifted
through a 60-mesh sieve (approximately 0.25 mm) to
prepare samples for analysis. As depicted in Figure 2,
the process diagram shows the preparation of
carbonized carbon and activated carbon from
agricultural waste materials. Each type of carbonized
carbon was labeled with an abbreviation representing
the agricultural waste material it originated from:
CP/rwt for rubber wood twigs, CP/rsp for rubber seed
pods, CP/Lw for Leucaena wood, and CP/cs for coconut
shells.

Activated carbon preparation

This research investigated the synthesis of
activated carbon using 2 activation methods namely dry
activation and wet activation as illustrated in Figure 2.
The following abbreviation symbols will be used
throughout the study: C/AC for commercial activated
carbon which used as a comparison with synthetic
activated carbon; AC/rwt for activated carbon obtained
from rubber wood twigs; AC/rsp for activated carbon
obtained from rubber seed pods; AC/Lw for activated

carbon obtained from Leucaena wood; and AC/cs for
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activated carbon obtained from coconut shells,

respectively.

Study of dry activation methods

The activation of raw charcoal was carried out
using a dry chemical method with NaOH as the
activating agent. Ground charcoal powder (100 g),
obtained from the carbonization of agricultural residues,
was mixed with 300 g of solid NaOH, maintaining a
weight ratio of 1:3 (char:NaOH). The mixture was then
incinerated at a temperature range of 600 - 800 °C for 2
h using an innovative biomass incinerator developed by
the Appropriate Technology Center at Sakon Nakhon

rubber rubber Leucaena

wood twigs seed pods

 Agricultural waste
materials prepared
into small pieces

Carbonization process at

Rajabhat University. After incineration, the product was
allowed to cool to room temperature. Subsequently, the
resulting activated carbon was washed with distilled
water by boiling at approximately 80 °C for 30 min to
remove residual chemicals. The mixture was filtered
using a vacuum filtration system and rinsed repeatedly
with distilled water until the filtrate reached a neutral pH
(pH="7). The washed activated carbon was then dried in
a hot air oven at 110 °C overnight. Finally, the dried
samples were ground thoroughly and stored in sealed,
zippered sample bags in preparation for further
characterization and analysis. This procedure

constituted a 2-step dry activation process.

coconut
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‘ Activation methods with
1 steps process
< mix with the NaOH
solution (ratio 1:3)

temperatures between
600-800 °C for 2 h

<+ Incinerate the mixture at
600-800 °C for 2 h

‘ Bulk wet activation methods

(activated with 2 steps process)
«+ mix with the NaOH solution (ratio 1:3)

The produced charcoal was finely ground
and sifted through a 60 mesh sieve

Dry powder activation methods '

(activated with 2 steps process)
<+ mix with the solid NaOH (ratio 1:3)
< Incinerate the mixture at 600-800 °C

for2h

<+ Incinerate the mixture at 600-800 °C
for2 h

Wet powder activation methods
(activated with 2 steps process)
«* mix with the NaOH solution (ratio 1:3)
¢ Incinerate the mixture at 600-800 °C
for2h

Figure 2 The process diagram depicts the preparation of carbonized carbon and activated carbon from agricultural waste

materials.

Study of wet activation methods

This study investigated the wet activation method
for producing activated carbon, which was divided into
3 distinct experimental approaches based on the form
and pre-treatment of the raw materials. These included:
(1) activation of powdered charcoal derived from
carbonized biomass, (2) activation of non-powdered
(bulk) charcoal derived from carbonized biomass, and
(3) direct activation of raw wood that had not undergone

carbonization.

In the first method, 100 g of charcoal powder
obtained from the carbonization process were soaked in
300 g of NaOH solution, prepared by dissolving the
NaOH in I L of distilled water. The mixture was left to
soak for 24 h. Afterward, the slurry was filtered using a
vacuum filtration system. The solid residue was then
subjected to thermal activation by incineration at 600 -
800 °C for 2 h using an innovative simple biomass
incinerator. The activated carbon was left to cool, then
rinsed repeatedly with distilled water until a neutral pH
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(pH = 7) was achieved. It was subsequently dried at
110 °C for 12 h, finely ground, and stored in a sealed
zipper bag for further analysis. This method is referred
to as the wet powder 2-step activation process.

The second method followed a similar procedure
but used non-powdered, bulk charcoal obtained from
carbonized biomass. In this case, 100 g of the bulk
charcoal were soaked in 300 g of NaOH solution (in 1 L
of distilled water) for 24 h. The charcoal was then
filtered, incinerated at 600 - 800 °C for 2 h, and allowed
to cool. It was then roughly ground and washed with
distilled water until neutral pH was achieved. The
product was dried at 110 °C for 12 h, finely ground,
sieved through a 60-mesh (approximately 0.25 mm)
sieve, and stored in a zipper bag for subsequent property
evaluation. This is defined as a wet bulk 2-step
activation process.

In the third method, raw wood that had not
undergone carbonization was directly activated. Here,
100 g of raw wood were soaked in 300 g of NaOH
solution (dissolved in 1 L of distilled water), followed
by filtration. The impregnated wood was then
incinerated at 600 - 800 °C for 2 h, cooled, and roughly
ground. The resulting material was washed with distilled
water until reaching neutral pH, dried at 110 °C for 12
h, finely ground, sieved through a 60-mesh screen, and
stored in a zipper bag for further analysis. This is
categorized as a l-step activation process since
carbonization and chemical activation occur
simultaneously during the high-temperature treatment.

By comparing these 3 methods, the study aimed to
determine how the physical state and preparation of the
raw materials influence the properties of the resulting
activated carbon, ultimately guiding the selection of an
efficient and practical production method for

community or industrial applications.

Analysis of the physicochemical properties and
adsorption efficiency of the obtained activated carbon
samples

The activated carbon samples derived from
agricultural waste and prepared by various methods
were thoroughly characterized using multiple analytical
techniques. X-ray diffraction (XRD) analysis was
conducted wusing an X’Pert Pro MPD model
manufactured by PANalytical (Malvern Panalytical),

Netherlands; however, the analysis itself was performed

locally in Thailand. The XRD was operated under the
following conditions: Cu Ka radiation (A = 1.5406 A),
operating voltage of 40 kV, current of 30 mA, and a
scanning range of 20 to 80 ° (20) at a step size of 0.02 °.
Surface area and porosity analyses were carried out
using the BET-sorp mini II, manufactured by BEL,
Japan, with nitrogen adsorption-desorption at 77 K. The
specific surface area was calculated using the BET
method, and pore volume and size distribution were
determined using the Barrett-Joyner-Halenda (BJH)
method. Transmission Electron Microscopy with
Energy Dispersive X-ray Spectroscopy (TEM-EDS)
was performed using a TECNAI G2 20 model by FEI,
Netherlands, operated at an accelerating voltage of 200
kV, to examine the internal morphology and elemental
composition of the activated carbon.

Scanning Electron Microscopy (SEM) was
conducted using a QUANTA 450 model by FEI, France,
at an accelerating voltage of 10 kV under high vacuum
conditions to observe surface morphology at a
magnification of 500-fold. The analysis was performed
in Back Scattered Electron (BSE) mode to enhance
contrast and provide detailed information on the
composition and structure of the samples. Fourier
Transform Infrared (FT-IR) spectroscopy analysis was
performed using a SHIMADZU FT-IR-8900, made in
Japan, with a spectral range of 500 - 4000 cm™! with a
resolution of 4 cm™ and 32 scans per sample. To
evaluate adsorption efficiency, iodine number
determination was carried out according to TIS 900 -
2004, as established by the Ministry of Industry of
Thailand [1,4,13], and methylene blue adsorption
capacity was measured using methods adapted from
Pathania et al. [22]. The efficiency of dye adsorption
was reported in terms of the percentage removal of
methylene blue, calculated by the difference between
the initial concentration of methylene blue and the
residual concentration of methylene blue. The
calculated difference was then divided by the initial
concentration of methylene blue and expressed as the
percentage of methylene blue removal. The final
methylene blue concentration was determined by
spectrophotometry at 665 nm wavelength using the
calibration curve. All adsorption experiments were
performed in triplicate, and results were reported as

mean values with deviations within £+ 3 %.
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Results and discussion

The physicochemical adsorption efficiency
analysis

The analysis of iodine adsorption values

This research investigated the physicochemical
adsorption efficiency of activated carbon samples in
comparison to raw charcoal and commercial activated
carbon. The study analyzed the iodine adsorption value
according to the TIS 900-2004 standard of Thailand,
which is reported as the amount of iodine adsorbed (in
milligrams) per gram of the sample used for adsorption.
The analysis results of iodine adsorption values included
a total of 21 samples. These samples comprised 4
carbonization process samples, 4 samples activated
using a 1-step process, 4 samples activated with wet
powder using a 2-step process, 4 samples activated with
bulk wet using a 2-step process, 4 samples activated
with dry powder using a 2-step process, and 1 sample of
commercial activated carbon. The experimental results
indicated that the samples produced using the
carbonization process (CP/rwt, CP/rsp, CP/Lw, and
CP/cs) had the lowest iodine adsorption values, ranging
approximately from 122 to 193 mg I./g of sample, as
shown in Figure 3(a). Activated carbon obtained using
a l-step activation process (AC/rwt, AC/rsp, AC/Lw,
and AC/cs), where raw wood is soaked in a NaOH
solution before being incinerated, tends to have higher
iodine adsorption values, ranging from 209 to 347 mg
12/g of sample, as shown in Figure 3(b). The enhanced
iodine adsorption capacity of these samples is due to the
chemical activation, which promotes the development
of a more porous structure, increasing the surface area
and thereby enhancing the material’s adsorption
potential.

The results of the 2-step activation experiment,
which involved mixing carbonized carbon samples with
NaOH solution, showed that the samples activated with
bulk wet using a 2-step process exhibited a slight

increase in iodine adsorption compared to those

activated with a 1-step process, as depicted in Figure
3(c). This indicates that while the bulk wet 2-step
process slightly improves the adsorption capacity, it is
not as effective as the chemical activation method. The
chemical activation method utilizing wet powder in a 2-
step process, where carbonized carbon samples are
finely ground and then mixed with NaOH solution
before incineration, demonstrated a higher adsorption
tendency. This resulted in increased iodine adsorption
across all 4 types of starting materials (rubber wood
twigs, rubber seed pods, Leucaena wood, and coconut
shells) compared to activation with a 1-step process and
bulk wet 2-step process, as shown in Figure 3(d). The
increased iodine absorption can be attributed to the finer
particle size and greater surface area that allows for
more efficient interaction with the NaOH solution
during activation. However, the iodine adsorption
values mentioned above have not yet met the industrial
product standard for activated carbon outlined in the TIS
900 - 2004 standard by the Ministry of Industry of
Thailand, which specifies that the iodine number should
not be less than 600 mg I./g of the sample [1,4,13,14].
The results also revealed that activated carbon obtained
from the 2-step process, activated with dry powder using
powdered carbonized carbon samples obtained from
rubber wood twigs (AC/rwt), exhibited a high iodine
adsorption value. The highest value reached was 616.73
mg L/g of the sample, surpassing the criteria of the
activated carbon industry product standard, TIS 900 -
2004. In comparison with commercial activated carbon
(C/AC), it was observed that the iodine adsorption value
of the commercial activated carbon was 743.77 mg L/g
of the sample, as depicted in Figure 3(e). This highlights
that while the 2-step activation method produces
activated carbon with promising iodine adsorption
values, it is still lower than commercial-grade activated
carbon, which is expected due to differences in

production scale and optimization.
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Figure 3 Iodine adsorption values (mg I./g sample) of (a) carbonization process samples (CP/rwt for rubber wood twigs,
CP/rsp for rubber seed pods, CP/Lw for Leucaena wood, and CP/cs for coconut shells) and (b) samples activated using a
1-step process; (c) activated with bulk wet using a 2-step process, (d) activated with wet powder using a 2-step process,
and (e) activated with dry powder using a 2-step process, when AC/rwt for rubber wood twigs, AC/rsp for rubber seed
pods, AC/Lw for Leucaena wood, and AC/cs for coconut shells).

Based on the primary reactions that take place
during activation with KOH, the studies by Mistar ef al.
[10] and Xu et al. [23] explain the mechanism of pore
creation in activated carbon during the gasification
process. However, in this research, NaOH was used as
the activator in the pore formation process to produce
activated carbon. This helps explain the mechanism of
pore formation based on the findings reported, as shown
in Figure 4. The infographic in Figure 4, illustrates the
mechanism of pore formation on carbonized carbon
using NaOH as the activating reagent. This process

involves 4 main steps as detailed in previous reports

[10,23,24]. In the first step, the decomposition of NaOH
to produce Na,O and H,O typically occurs at a
temperature of around 320 °C. Then, the Na,O precursor
reacts with the surface of the carbonized carbon (C) to
form metallic Na and release CO gas at a temperature of
around 800 °C, which provides porosity dispersion. In
the second pathway, the H,O molecules from the
decomposition of NaOH react with the surface of the C
to generate CO and H, gas. This reaction typically
occurs at temperatures above 700 °C and is known as
the water-gas shift reaction.
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(1)
2NaOH =»Na,O Na+2CO

\ 2C
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f C
H,0—CO, 2CO
+ 3)
H,

2Na + 3CO

Na,CO;¢=> CO, + Na,0

C = carbonized carbon

activated carbon
product

Figure 4 Infographic illustrating the proposed reaction mechanism for pore formation in carbonized carbon when

activated with NaOH as the activating reagent.

Additionally, some molecules of CO gas in
pathway of the reaction 1 or 2 can be reacted with H,O
to produce CO; molecules typically occurs at
temperatures between 200 - 400 °C and is known as the
water-gas shift reaction. Then this CO, molecule will
react against the surface of the C to generate CO gas
generally occurs at temperatures between 700 and 1000
°C, and is known as the Boudouard reaction. The CO
gas comes off the surface of the carbonized carbon,
causing another form of formation which is considered
a third mechanism. The fourth possible reaction
mechanism to generate porosity on the surface of
carbonized carbon involves some molecules of Na,O
(from pathway 1) reacting with CO, molecules (from
pathway 3) to generate Na>COs. This reaction typically
occurs at temperatures around 500 to 600 °C. Then, the
Na,COs precursor will react with the C to produce CO
gas, which is released from the surface of the carbonized
carbon, leading to the generation of pores on its surface
area. This reaction typically occurs at temperatures
above 800 °C and is known as the decomposition or
thermal decomposition of sodium carbonate. These 4
pathway reaction mechanisms contribute to the
formation of pores on the surface of carbonized carbon,
resulting in increased surface area and porosity, which

is consistent with the results of the iodine adsorption

value analysis of the samples shown in Figure 3
[10,23,24]. This increased surface area and porosity are
highly desirable in various applications such as
adsorption, catalysis, and energy storage, as they
enhance the material’s ability to interact with gases,
liquids, and other substances.

In this research, an innovative simple biomass
incinerator was used to maintain temperatures between
600 - 800 °C for 2 h which is crucial for reactions at the
carbon surface. The analysis of iodine adsorption values
showed that raw wood material, incinerated without an
activating reagent, had the lowest porosity and iodine
adsorption values. Activated carbon produced using a 1-
step activation process (soaking raw wood in NaOH
before incineration) had higher iodine adsorption values
than those from the carbonization process alone.
However, the strong bonds in the chemical structure of
raw wood materials (cellulose, hemicellulose, and
lignin) made pore creation challenging, resulting in low
porosity and iodine adsorption values that did not meet
the standard [10,14,25-27]. In the preparation of
activated carbon using a 2-step process, it was found that
mixing carbonized carbon samples that had not been
powdered with a NaOH solution showed a slight
increase in iodine adsorption compared to the 1-step
process. This is because the large size of the carbonized



Trends Sci. 2025; 22(8): 10189

10 of 23

carbon samples causes poor mixing with the NaOH
solution. Conversely, the method utilizing wet powder
in a 2-step process, where powdered carbonized carbon
samples are mixed with a NaOH solution, exhibited
significantly increased iodine adsorption across all 4
types of starting materials. This improved result can be
attributed to the smaller particle size of the powdered
carbonized carbon, which enhances the homogeneity of
the mixture with the NaOH solution. The smaller size
allows for a more uniform distribution of NaOH on the
surface of the carbon particles, promoting more
effective chemical reactions during the activation
process. Specifically, the smaller particles increase the
surface area available for reaction, facilitating the
formation of more pores and enhancing the overall
surface reactivity. This aligns with the 4 reaction
mechanisms proposed for pore formation during the
activation process, where the interaction between NaOH
and the carbonized carbon leads to the breakdown of
carbon structures, generation of new surface area, and
creation of micropores. These mechanisms are
particularly enhanced when using finer powders, as the
increased surface area of smaller particles allows for
better interaction with NaOH, resulting in higher
porosity and iodine adsorption values. This outcome is
in contrast to larger, less reactive particles, where the
surface interactions are less effective, leading to lower
iodine adsorption.

On the other hand, using a 2-step process with dry
powder for the production of activated carbon indicated
a higher iodine adsorption value compared to the results
of previous experiments. Especially, the sample of
AC/rwt derived from rubber wood twigs displayed the
highest iodine adsorption value and met the criteria of
the activated carbon industry product standard. The
reason for this result may be that mixing NaOH in the
solid state with the powdered carbonized carbon sample
using a grinding method caused the NaOH to adhere to
the carbonized carbon surface. Then, when heated to a
high temperature, a reaction occurs that creates pores on
the carbonized surface, increasing the surface pore
density. This is consistent with the reaction mechanism
shown in Figure 4. The 4 starting materials namely
rubber wood twigs, rubber seed pods, Leucaena wood,
and coconut shells possess distinct chemical
compositions and structures. Consequently, when they

are transformed into carbonized carbon samples, they

exhibit varied properties including the hardness of the
contact surface. This disparity may lead to differences
in the pore formation reaction on the surface of the 4
starting carbonized carbon samples resulting in distinct
pore quantities. These differences directly influence the

iodine adsorption efficiency mentioned [14,22,23,26].

The BET surface area analysis

Identifying the pore structure of activated carbon
is crucial prior to designing its applications. The
Brunauer-Emmett Teller (BET) method serves as a
fundamental approach to calculate the specific surface
area of activated carbon based on its isotherms. Inert gas
adsorption, commonly utilizing nitrogen (N>), is favored
due to its ability to reveal scientific insights into the
textural characteristics of activated carbon. Figure S,
displays the N, adsorption isotherms obtained at 77 K
for all synthesized carbonized carbon and activated
carbon which prepared using various methods and
activation temperatures. Additionally, Table 1
presented the results of the analysis of BET surface area,
pore volume, and average pore diameter. The
experimental results indicated that the N, gas adsorption
isotherm of carbonized carbon samples typically
exhibited the lowest nitrogen gas adsorption values, as
illustrated in Figure 5(a). However, samples subjected
to activation, including those activated via a 1-step
process (Figure 5(b)), a 2-step process with bulk wet
activation (Figure 5(c)), a 2-step process with wet
powder activation (Figure 5(d)), and a 2-step process
with dry powder activation (Figure 5(e)), generally
showed an increased N, gas adsorption isotherm.
Moreover, activated carbon produced through the 2-step
process with dry powder activation tends to display the
highest nitrogen gas adsorption isotherm among the
tested materials.

After pore volume, average pore diameter, and
BET surface area analysis, it was shown that the AC/rwt
sample that was produced using a 2-step procedure with
dry powder activation had the greatest BET surface area
value, at 726.60 m?/g. Following this, the AC/cs sample
showed a value of 711.24 m?/g, the AC/Lw sample had
a value of 586.37 m?/g, and the AC/rsp sample had a
value of 520.99 m%/g, respectively. Compared to all the
activated carbon samples generated in this study, the
commercially available sample (C/AC) showed a very
high BET surface area value of 995.02 m?/g. These
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results indicate a clear relationship between the surface
area and the iodine adsorption values reported in Figure
3. However, by definition, activated carbon needs to
have a surface area per mass ratio (usually between 600
and 2,400 m?%g) that is much larger than that of regular
charcoal, meaning that it must have a porous structure
[1,3,5,10,14]. From the results of the N, gas adsorption
analysis, it was found that the AC/rwt sample obtained
through both a 2-step process with dry powder

activation and a 2-step process with wet powder

activation, as well as the AC/cs sample derived from a
2-step process with dry powder activation, have a
surface area per mass value that meets the activated
carbon standard criteria. In contrast, the other samples,
including AC/Lw and AC/rsp, exhibited surface area
values below 600 m?/g, thus failing to meet the
minimum surface area requirement for activated carbon.
This highlights the insufficient pore development in
these samples, which affects their adsorption

performance and overall effectiveness.

Table 1 Comparison of the BET surface area, pore volume and average pore diameter of the sample derived from (1)

carbonized carbon, (2) activated with 1-step process, (3) activated with bulk wet using a 2-step process, (4) activated with

wet powder using a 2-step process, (5) activated with dry powder 2-step process, and (6) C/AC.

BET surface area
Sample

Total pore volume Average pore diameter

(m¥/g) (cm¥/g) (nm)
(1) carbonization process

1.1 CP/rwt 25.7512 0.0220 3.4105
1.2 CP/rsp 50.9923 0.0409 3.2114
1.3 CP/cs 1.0442 0.0071 2.7336

1.4 CP/Lw 4.5221 0.0092 2.6631

(2) activated with 1-step process
2.1 AC/rwt 96.4211 0.1380 5.7241
2.2 AC/rsp 256.7743 0.2562 3.9915
2.3 AC/cs 174.0100 0.1721 3.9559
2.4 AC/Lw 197.7500 0.1323 2.6767
(3) activated with bulk wet using a 2-step process
3.1 AC/rwt 442.2633 0.2212 2.0006
3.2 AC/rsp 392.2338 0.2435 5.5429
3.3 AC/cs 218.0126 0.3151 5.7816
3.4 AC/Lw 379.4918 0.2033 2.1425
(4) activated with wet powder using a 2-step process
4.1 AC/rwt 678.7707 0.2875 3.5168
4.2 AC/rsp 402.1703 0.2057 2.0457
4.3 AC/cs 449.7025 0.2305 2.0498
4.4 AC/Lw 393.5546 0.2033 2.0659
(5) activated with dry powder 2-step process

5.1 AC/rwt 726.6028 0.3748 2.0635
5.2 AC/rsp 520.9905 0.3316 2.5462
5.3 AC/cs 711.2402 0.3592 2.0203
5.4 AC/Lw 586.3700 0.3197 2.1812
(6) C/AC 995.0223 0.8367 3.3637

Note: 1) The BET surface area, pore volume, and average pore diameter of activated carbon should fall within the ranges of 600
to 2400 m*g for surface area and 0.20 to 1.00 cm?/g for pore volume, as reported in previous research studies

[1,3,5,10,14].

2) The results obtained from the analysis using the BET-sorp mini II, manufactured by BEL, Japan, have high accuracy,

with an uncertainty range of £ 1 - 2 %.
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Therefore, the results of this experiment indicate
that the synthesized activated carbon met the standard
criteria for surface area per mass in 3 out of the total 20
samples, as shown by the data in Table 1. This finding
supports previous research highlighting the importance
of surface area in determining the adsorption capacity of
activated carbon. Specifically, 3 samples—AC/rwt
activated with both dry and wet powder—exhibited
surface areas that met the minimum activated carbon
standard of 600 m*g [1,3,5,10,14]. The data also aligns
with studies that show higher iodine adsorption values
correlate with higher surface area and increased
porosity. The experiment reveals that activated carbon
samples prepared through a 2-step process with dry
powder activation generally exhibited higher total pore
volumes compared to those prepared by other methods.
This result is consistent with the pore formation
mechanism outlined in Figure 4, which suggests that the
NaOH solution and the powdered carbonized carbon
interact more efficiently, allowing for better pore
development. These findings also underscore the critical
role of particle size in the activation process, as smaller
particles provide a larger surface area for the NaOH
solution to react with, resulting in the formation of
smaller, more numerous pores. Interestingly, the AC/rwt
samples activated with wet powder, while meeting the
surface area standards, exhibited lower pore volumes
and larger average pore diameters (ranging from 2.0203
to 2.1812 nm) compared to their dry powder
counterparts. This discrepancy suggests that wet powder
activation may primarily enlarge existing pores, rather

than creating new ones. These findings are consistent

with the notion that wet activation tends to increase pore
size, while dry powder activation facilitates the creation
of a higher number of smaller pores. Moreover, all
samples exhibited average pore diameters that fell
within the mesopore range (2 - 5 nm), as categorized
under the [UPAC guidelines for pore classification. The
nitrogen gas adsorption isotherms confirmed Type II
behavior, which is typical for mesoporous materials.
This behavior reflects the characteristic monolayer
adsorption at low pressures, followed by multilayer
adsorption as pressure increases. This observation
further reinforces the idea that the activated carbon
samples possess a mesoporous structure suitable for
adsorption applications.

In addition to the surface area and pore volume
data, scanning electron microscopy (SEM) analysis
provided valuable insights into the morphology of the
activated carbon samples. SEM images helped confirm
the presence and distribution of mesopores, offering
visual evidence that supported the nitrogen adsorption
data. The SEM images also confirmed how various
activation methods influenced pore structure, leading to
a more thorough understanding of the material
characteristics. Overall, these results underscored the
significant influence of activation methods on pore
characteristics, which in turn affected the adsorption
performance of activated carbon. As demonstrated in
this study, activation methods that optimized surface
area and pore volume, such as dry powder activation,
were more effective in enhancing the adsorption
capacity, making them more suitable for applications

like water purification and air filtration [10,11,26-29].
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Figure 5 The N, adsorption isotherms at 77 K of the sample derived from (a) carbonization process, (b) activated with 1-

step process, (¢) activated with bulk wet using a 2-step process, (d) activated with wet powder using a 2-step process, and

(e) activated with dry powder 2-step process.

Analysis of methylene blue adsorption values

The experiment aimed to determine the adsorption
value of methylene blue in various samples. The study
selected raw material samples that had undergone the
carbonization process namely rubber wood twigs
(CP/rwt) and coconut shells (CP/cs). For this purpose,
CP/rwt et CP/cs were chosen. These were compared to
activated carbon synthesized using a 2-step activation
process with dry powder from rubber wood twigs
(AC/rwt) and coconut shells (AC/cs). Based on
experimental results from iodine adsorption
determination and BET surface area analysis, it was
found that the synthesized activated carbon of AC/rwt
and AC/cs samples exhibited the highest values.
Additionally, commercial activated carbon (C/AC) was
included for comparison. The methylene blue
adsorption analysis in this study follows the procedure
outlined by Pathania et al. [22], as shown in Figure 6.

The results of the study showed that commercial
activated carbon (C/AC) had the highest adsorption
efficiency for methylene blue with an adsorption
capacity of 100 = 0.11 %. The AC/rwt activated carbon
sample exhibited a methylene blue adsorption efficiency

similar to that of commercial activated carbon with a
value of 99.65 + 0.24 %. The AC/cs activated carbon
sample had a slightly lower methylene blue adsorption
efficiency of 98.29 + 0.52 %, compared to commercial
activated carbon and AC/rwt activated carbon. The
carbonization process samples both CP/rwt and CP/cs
had methylene blue adsorption efficiencies of
approximately 80 % as depicted in Figure 6. The trends
in the iodine adsorption efficiency of each sample and
the experimental results of the BET surface area mass
analysis are in agreement with the methylene blue
adsorption efficiency values. The results of this
experiment are consistent with those reported by
Roschat et al. [14], Ramalingam ef al. [26], and Santoso
et al. [29], who explained that the methylene blue
adsorption efficiency value aligns with the surface area
per unit mass of the sample. The higher the pore volume
of the activated carbon sample, the higher the adsorption
efficiency.

To ensure the accuracy and reliability of the
methylene blue adsorption data presented in Figure 6,
absorbance measurements were rigorously evaluated in

accordance with the Beer—Lambert Law, which posits
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that absorbance values exceeding 1.0 may compromise
accuracy due to limited light transmittance at elevated
analyte concentrations. Standard methylene blue
solutions were prepared at various concentrations, and a
preliminary assessment of the spectrophotometer’s
linear dynamic range was performed. The findings
indicated that concentrations up to approximately
5mg/L yielded absorbance values within a reliable

range of 0.1 - 1.0. Samples exhibiting absorbance values

(a) Standard curve of methylene blue (b)
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methylene blue concentration (ppm)

beyond this threshold were appropriately diluted with
deionized water to ensure consistency within the linear
range. As a result, the standard calibration curve was
refined to include only data points within the linear
response interval, yielding a high correlation coefficient
(R2=10.9999), thereby minimizing analytical deviation
and enhancing the reliability of the adsorption efficiency
results.

The percentage removal of methylene blue
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Figure 6 (a) standard curve of methylene blue and (b) the percentage removal of methylene blue.

Surface morphology analysis

Scanning electron microscope

The surface morphology of the samples derived
from the carbonization process and the activated carbon
samples obtained in this study was characterized using
a scanning electron microscope (SEM). The results in
Figure 7 reveal that the carbonization process samples
(CP/rwt, CP/rsp, CP/Lw, and CP/cs) exhibit distinct
characteristics. The raw material charcoal samples,
CP/rwt and CP/rsp, display rough surfaces with few
pores, while CP/Lw and CP/cs samples have smoother
with These

observations correspond with the BET analysis and

surfaces limited pore structures.
iodine adsorption tests, showing that the raw charcoal
samples exhibit low adsorption efficiency, which is
attributed to their limited exposed surface area. In
contrast, the results in Figure 8 indicate that commercial
activated carbon (C/AC) and the samples activated
through the dry powder 2-step process (AC/rwt, AC/cs,
AC/rsp, and AC/Lw) show pronounced porosity with a
significant number of pores. SEM imaging of C/AC
reveals relatively uniform and well-arranged pore sizes,
while the AC/rwt and AC/cs samples exhibit consistent
and orderly pore structures. On the other hand, AC/rsp

and AC/Lw samples demonstrate irregular pore sizes
and less organized pore structures.

The average pore sizes of the activated carbon
samples were estimated using Scanning Electron
Microscopy (SEM). SEM revealed that AC/rwt and
AC/cs exhibited smaller, more uniform pores, while
AC/rsp and AC/Lw showed larger and more irregularly
shaped pores. The discrepancy between pore sizes
observed in SEM images (micrometer scale) and data
obtained from the BET analysis (nanometer scale) can
be attributed to the different types of porosity each
method measures. BET analysis provides detailed
insights into micropores and mesopores, which are
critical for gas adsorption, and focuses on porosity at the
nanometer scale. The higher surface areas observed for
AC/rwt and AC/cs in the BET analysis are likely due to
their more uniform, well-formed pores, which directly
correlate with enhanced iodine adsorption efficiency. In
contrast, SEM imaging operates at a larger scale,
revealing visible surface features such as macropores
and surface roughness. While these features may not
directly contribute to adsorption, they provide valuable
information about the material’s surface morphology.
SEM captures larger pores and structural irregularities
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that differ from the fine internal porosity measured by
BET analysis, which is crucial for adsorption processes.

The differences in pore size and distribution
observed between SEM and BET analyses suggest that
a uniform, well-developed pore structure, as indicated
by the BET results, plays a significant role in enhancing
adsorption performance. The complementary nature of
both techniques highlights the importance of both
nanometer-scale porosity and larger-scale surface
features in determining the material’s adsorption
efficiency. A well-structured pore network, particularly

{30 ad i
BIO-SNRUHORV 6. 2cm x500 BSE M

within the mesopore and micropore ranges, contributes
to improved iodine adsorption and likely enhances the
adsorption of other molecules as well. The formation of
these pores is driven by the gasification process during
the activation with NaOH, as depicted in Figure 4. This
reaction mechanism contributes significantly to the
efficiency of the activated carbon in absorbing various
substances. These findings support the previous studies
by Mistar et al. [10], Xu et al. [11], Roschat [14], and
Ahmed and Theydan [30], which report similar pore

formation mechanisms during the activation process.
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Figure 7 SEM images of the samples derived from the carbonization process with the following symbols: CP/rwt for

rubber wood twigs, CP/rsp for rubber seed pods, CP/Lw for Leucaena wood, and CP/cs for coconut shells.
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Figure 8 SEM images of the samples derived from the activated with dry powder 2-step process from rubber wood twigs

(AC/rwt), coconut shells (AC/cs), rubber seed pods (AC/rsp), and Leucaena wood (AC/Lw) compared with commercial

activated carbon (C/AC).

Transmission electron microscope

The morphological and structural studies of the
AC/rwt and AC/cs samples, compared with C/AC and
CP/rwt samples, were conducted using a transmission
electron microscope (TEM), as shown in Figure 9. The
TEM images revealed that the C/AC sample has a well-
defined distribution of pores and channels resulting in
high electron beam transmission. These findings are
consistent with the results from the BET technique
analysis, adsorption efficiency tests for iodine and
methylene blue, and SEM. The most heterogeneous
surface morphology appears in the activated carbons
post-activation. The single carbon layers shown in TEM
micrographs are twisted and disorganized, with
randomly interconnected graphite-like surfaces [31-33].
The AC/rwt sample prepared using a 2-step dry powder
activation process from rubber wood twigs, produced
experimental results similar to those of the C/AC
sample. However, it can be observed that the AC/rwt
sample has less porosity than the C/AC sample as
evidenced by the lower electron beam transmission

compared to the C/AC sample.

When considering the AC/cs sample, it was found
that the electron beam transmission effect was less than
that of both the C/AC and AC/rwt samples. This finding
was in line with the BET surface area and the iodine and
methylene blue adsorption efficiency tests of the AC/cs
samples, which were lower than those of the C/AC and
AC/rwt samples. In contrast, the carbonization process
derived from rubber wood twigs (CP/rwt) resulted in
minimal electron beam transmission leading to a rather
dull TEM image. The results of this study are consistent
with the BET surface area measurements and the
adsorption efficiency tests for iodine and methylene
blue, which indicated that the CP/rwt samples had fewer
pores compared to the activated carbon samples. The
results of the TEM analysis not only demonstrated the
nature of pore formation and distribution in the samples
but also supported the findings from BET surface area
measurements, adsorption efficiency tests for iodine and
methylene blue, and SEM. These analyses confirmed
the mechanism of pore formation through gasification as

previously discussed.
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Figure 9 TEM images of the commercial activated carbon (C/AC) compared with the samples derived from the activated

with dry powder 2-step process from rubber wood twigs (AC/rwt) and coconut shells (AC/cs), and the samples derived

from the carbonization process derived from the rubber wood twigs (CP/rwt).

Energy Dispersive X-Ray Spectroscopy (EDS)

Energy Dispersive X-Ray Spectroscopy (EDS)
analysis using the TEM image for elemental mapping
was displayed in Figure 10 and Table 2. The EDS
results showed that the elemental composition of C/AC,
AC/rwt, AC/cs, and CP/rwt samples primarily consisted
of carbon (C) and oxygen (O) atoms, with calcium (Ca),
magnesium (Mg), sodium (Na), and silicon (Si) present
in minor amounts. This result is consistent with
numerous studies that have reported carbon and oxygen
as the main elements in activated carbon samples. These

2 elements are predominant in various plant parts, such

as stems, branches, bark, and fruit peels, which are
commonly used as starting materials in the production
of activated carbon [34-36]. However, the experimental
results showed variations in the carbon and oxygen
contents across the samples. The C/AC sample
contained approximately 53 % carbon and 43 % oxygen
by weight. This may be due to the raw materials used to
produce the C/AC samples. The carbon content was not
very high because, during the activation process, some
carbon was converted to CO gas, creating large pores.
This resulted in the activated carbon product having a

lower carbon content compared to other samples.

Table 2 The EDS data for elemental analysis of the elemental analysis of C/AC, AC/rwt, AC/cs, and CP/rwt.

Element (Weight %)
Sample
C (0] Ca Mg Na Si
C/AC 53.21 42.86 1.55 0.30 1.66 0.42
AC/rwt 68.84 25.60 1.05 0.95 1.34 2.22
AC/cs 69.57 26.60 0.87 0.75 1.08 1.13
CP/rwt 73.35 21.60 1.31 0.92 0.77 2.05

Note: The results obtained from the elemental analysis using Energy Dispersive X-ray Spectroscopy (EDS) have high

accuracy, with an uncertainty range of + 1 -2 %.

The experimental results were consistent with the
characteristics and number of pores observed in the
C/AC samples. Meanwhile, the AC/rwt and AC/cs

samples had similar carbon and oxygen contents,
approximately 69 and 26 % by weight, respectively. In
the CP/rwt sample, the carbon and oxygen contents were
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found to be approximately 73 and 22 % by weight,
respectively. Such experimental data can be used to
explain that the amount of carbon and oxygen, which are
key chemical elements, depends on the nature of the
starting materials used in the production of activated
carbon. Many studies have reported that the carbon and
oxygen contents in activated carbon typically vary
within the ranges of approximately 60 - 80 and 20 - 40
% by weight, respectively [10,37,38]. In addition, it is

worth noting that the CP/rwt samples contained higher
amounts of carbon and oxygen compared to the
activated carbon samples. This could be because the
CP/rwt samples undergo only 1 heating step in the
carbonization process resulting in less carbon loss. In
contrast, the activated carbon samples undergo the KOH
activation process which produces CO gas during the

pore formation reaction.

AC/cs

Figure 10 The EDS data for elemental analysis of the commercial activated carbon (C/AC) compared with the samples

derived from the activated with dry powder 2-step process from rubber wood twigs (AC/rwt) and coconut shells (AC/cs),

and the samples derived from the carbonization process derived from the rubber wood twigs (CP/rwt).

FT-IR analysis

Figure 11(a) displays the findings of the
identification study that combined chemical analysis
and the Fourier transform infrared (FT-IR) functional
group analysis technique. The FT-IR spectra of samples
CP/rwt, CP/cs, AC/rwt, AC/cs, and C/AC showed
similar vibrational characteristics of functional groups.
All of the samples’ spectra revealed bond vibrations that
might correspond to C=C functional groups (aromatic
compounds) at wavenumbers around 1580 - 1560 cm™,
while the vibrations of other types of functional groups
were not evident. This is because the raw carbon
samples CP/rwt and CP/cs, as well as the activated
carbon samples AC/rwt, AC/cs, and C/AC, primarily
consist of carbon, which forms strong bonds between

carbon atoms. As a result, the functional groups of
various types of organic compounds are not clearly
visible. However, the C=C functional groups may arise
from organic substances present in the starting materials
such as cellulose and lignin compounds which may
leave some residues during the combustion process and
are found in only small amounts. The study’s findings
concurred with those published by Foo and Hameed
[39], Pouretedal and Sadegh [40], Mistar et al. [10], Dao
et al. [25], and Roschat et al. [14]. These studies
analyzed the chemical structure of the functional groups
in activated carbon samples using FT-IR. They found
that the functional groups present varied depending on
the raw materials and preparation methods used for the

activated carbon samples. Most of the functional groups
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identified in organic compounds from plants include
O-H stretching vibrations of hydroxyl groups, C-H
stretching vibrations in methylene and methyl groups,
C=C stretching vibrations of alkene, and C=0O stretching
vibrations of carboxyl, lactone, aldehyde, and ketone
groups. These functional groups were found to
correspond to the main chemical components of plants

including cellulose, hemicellulose, and lignin.

XRD analysis

Figure 11(b) shows the XRD patterns of CP/rwt,
CP/cs, AC/rwt, AC/cs, and C/AC samples. The results
indicated that all samples primarily exhibited an
amorphous solid structure. However, slight peaks
indicating the presence of crystalline solids were also
observed in all samples. These crystalline structures
might have developed during the carbonization and
chemical activation procedures, which required heating
for 2 h at temperatures between 600 and 800 °C using
an innovative simple biomass incinerator. This heating
process may cause the amorphous carbon structure to

change, leading to the formation of graphite carbon
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crystals, with a peak observed at approximately 20 =
26.37 ° (XRD patterns of JCPDS 41-1487) [14,25,41-
43]. Additionally, peaks corresponding to alkaline
metals, which could be impurities or components of the
starting materials, were found at 20 positions of
approximately 43.98, 49.05, 64.40, and 77.40 ° (XRD
patterns of JCPDS 04-013-4058, JCPDS 04-0829,
JCPDS 04-0835, and JCPDS 01-070-0392). The
presence of these peaks in small amounts is consistent
with the EDS data from the elemental analysis of the
samples. Calcium, magnesium, sodium, and silicon are
found in all parts of plants as a result of mineral
accumulation. The amount of nutrients that plants
absorb may vary depending on the mineral content of
the soil in each area [44-46]. Consequently, the activated
carbon obtained is primarily composed of disorganized
amorphous carbon with widespread pores. These
chemical structures and various properties are the
hallmarks of the activated carbon obtained from this
research in its application as an adsorbent,
demonstrating high adsorption efficiency comparable to

commercial activated carbon.

CP/cs

—— CP/rwt

Intensity (a.u.)

20 30 40 50 60 70 80
2 theta (degree)

Figure 11 (a) The FT-IR analysis and (b) XRD analysis of the commercial activated carbon (C/AC) compared with the

samples derived from the activated with dry powder 2-step process from rubber wood twigs (AC/rwt) and coconut shells

(AC/cs), and the samples derived from the carbonization process derived from the rubber wood twigs (CP/rwt) and

coconut shells (CP/cs).
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Conclusions

This study successfully demonstrated the
synthesis of activated carbons from agricultural waste
materials, including rubber wood twigs, rubber seed
pods, Leucaena leucocephala wood, and coconut shells.
Both dry and wet chemical activation methods using
NaOH, applied through an innovative biomass
incinerator, were explored. The results revealed that
activated carbon derived from rubber wood twigs
(AC/rwt) via dry activation exhibited the best chemical
and physical adsorption properties. The BET surface
area analysis indicated a high porosity of 726.60 m?/g,
while the iodine number of 616.73 mg/g surpassed the
industrial standard for activated carbon (TIS 900 -
2547). Elemental analysis confirmed carbon as the
dominant element in the AC/rwt sample, and its
methylene blue adsorption efficiency reached 99.65 %.
The pore size distribution was characterized by
mesoporous structures, with pore sizes ranging from 2
to 50 nm, as indicated by a Type II isotherm. Although
the commercial activated carbon outperformed in
certain metrics, such as surface area (950.02 m?/g),
iodine number (743.77 mg/g), and methylene blue
adsorption (100 %), the results confirmed that
agricultural waste can be effectively utilized to produce
high-quality activated carbon. The synthesized activated
carbon from rubber wood twigs met the required
standards for iodine adsorption and demonstrated high
methylene blue adsorption efficiency. These findings
highlight the potential of agricultural waste materials as
valuable resources for sustainable activated carbon
production, offering a viable alternative for various

adsorbent applications.
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