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AbstractThe high-energy milling (HEM) synthesis method has produced activated carbon powder from rubber ore shell waste. The activatedcarbon was prepared using a chemical method with activation temperatures varying between 400, 500, and 600°C. Temperatureoptimization resulted in activated carbon with a maximum carbon content at 600°C. The activated carbon was then milled forvarious times: 0, 30, 60, and 90minutes. The crystallinity and surface morphology of the samples were then confirmed using anX-ray diffractometer (XRD) and scanning electron microscope (SEM) characterization. Based on the XRD graph, the percentage ofstructural regularity, or degree of crystallinity, of the activated carbon tended to decrease from 18.17% without milling treatment to17.52% at 30 minutes of milling, 17.45% at 60minutes of milling, and 17.35% at 90minutes of milling. SEM images also show adecrease in the average pore diameter from approximately 0.45 µm to 0.20 µmwith amore homogeneous intraparticle morphologystructure when the milling time is increased from 30minutes to 90 minutes. This study demonstrates the potential of rubber seedshell waste for processing into activated carbon. The HEMmethod can significantly reduce the grain size of activated carbon andincrease its surface area and reactivity, making it more effective in applications as an adsorbent and filter.
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1. INTRODUCTION

Indonesia is one of the biggest rubber-producing countries in
the world. Rubber producers in Indonesia are widespread in
various provinces, including South Sumatra, with a total rubber
land area of around 872,503 hectares (Center for Agricultural
Data and Information Systems, 2020) . Most natural rubber is
used as a raw material for making tires (Phiri et al., 2021) seals
and various forms of padding for several motor vehicle parts
(Prasad et al., 2020) to make floors as an adhesive or protective
layer for many surfaces (Li et al., 2020) .

Rubber seeds are considered to have lower economic value,
thus becoming unused waste. In fact, with proper processing,
rubber seed waste can be used as raw material for biodiesel
(Tarigan et al., 2022; Sambasivam et al., 2023), as a biocata-
lyst (Oladipo and Betiku, 2020) , as a food source (Udo et al.,
2018) , and as activated carbon (Nguyen et al., 2023; Fatima
et al., 2023). Organic rubber shells contain several chemical
components, such as cellulose, hemicellulose, and lignin, which

are suitable for carbon production (Zeng et al., 2024) .
Activated carbon is a material made from amorphous car-

bon compounds obtained from natural materials containing
carbon (Sasmita et al., 2022) and charcoal from combustion
or other treatments, resulting in a larger and more uniform
surface area, according to Fatima et al. (2023) . To evaluate
the quality of activated carbon produced from biomass, a com-
monly used analysis is proximate analysis. This analysis is used
by determining the content of water, ash, volatile matter, and
fixed carbon, which are critical indicators for the adsorption
performance and purity of the material (Hamid et al., 2024;
Divya et al., 2025). Figure 1 shows the hexagonal carbon atom
arrangement of activated carbon, which is covalently bonded
at each corner (McEnaney, 1999) .

In general, activated carbon is often used as an adsorbent
to purify water (Devi et al., 2023) and as Norit (diarrhoea
medicine) in the medical world (Heimesaat et al., 2024; Tor-
vorapanit et al., 2023). It is used as a water filter in the water
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filtration industry (Roy et al., 2023; Zuo et al., 2019), air filter
(Mohan et al., 2019) , and beauty industry (?) .

Activated carbon is made through three stages. The first is
a dehydration process where the raw material is heated at a spe-
cific temperature until there is no more water in the carbon raw
material, then carbonized (charcoal), and the last is activated
chemically or physically (Patel et al., 2024; Tonu et al., 2024).
Yossaa et al. (2020) made activated carbon from Biobab seed
coats using a chemical activation method and successfully com-
pared the rate of diuron absorption kinetics in mesopore and
micropore-activated carbon. Gao et al. (2024) also wrote an
extensive literature review on the insight of chemicals as carbon
activation process agents. According to Zhu et al. (2022) , the
chemical activation method has various advantages over physi-
cal activation methods, among others: chemical activation is
available in the preparation process, so that the carbonization
steps and the carbonization process are summarized in one
step, which is generally called one-step activation. The product
produced by the chemical activation process is much more
than the physical activation process (Nurfarhana et al., 2023) .
Therefore, in this study, activated carbon was synthesized using
chemical activation.

Our previous research successfully processed rubber seed
shell waste into activated carbon using a carbonization process
at 600◦C (Aulia et al., 2019) . Based on a literature review, no
research has been found that explicitly combines high-energy
milling (HEM) with rubber seed shells after activation. There-
fore, in this study, to investigate the HEM aspect, the activated
carbon produced was subsequently ground using HEM. The
aim was to enhance its structural, morphological, and particle
size properties. In this study, rubber seed shell activated carbon
was ground for less than 1 hour, specifically 30, 60, and 90
minutes. The next step was material characterization analysis
to study the effect of grinding time on structural properties and
surface morphology using XRD and SEM.

2. EXPERIMENTAL SECTION

2.1 Reagents
Rubber seed shell waste was used as the carbon precursor in
this study. The raw material was collected locally, washed
with tap water to remove surface impurities, and dried before
carbonization. Phosphoric acid (H3PO4) aqueous solution
with a concentration of 7% (v/v), analytical reagent (AR) grade,
purchased from Chemical Express, was used as a chemical ac-
tivating agent during the activation process. Distilled water
(aquades) was used for washing and neutralizing the activated
carbon samples until a neutral pH was achieved after chemical
activation. Deionized water was used as a medium for den-
sity and porosity measurements. All chemicals were used as
received without further purification.

2.2 Initial Processing of Rubber Seed Shells into Charcoal
The process of making activated carbon goes through 3 stages.
The first stage is the dehydration process, where the rubber
seed shells are dried in the sun for 12 hours to remove the

water content in the shells. Next, the carbonization or char-
ring process is carried out, namely, the rubber seed skin is
burned for 30 minutes at different temperatures, 400, 500,
and 600 ◦C, until it becomes charcoal. The charcoal formed
is then pulverized and sieved with a size of 100 mesh (Aulia
et al., 2019) .

2.3 Carbon Activation Process
After the carbonization process, rubber seed coat charcoal is
chemically activated into activated carbon by soaking in an
H3PO4 solution for 24 hours. The goal is to open, enlarge, or
expand the pore dimensions. The resulting activated carbon
is then filtered and rinsed using distilled water until the pH
is neutral. Furthermore, it is dried in the oven at 105 ◦C.
The quality of activated carbon was analyzed by calculating
ash content, moisture content, volatile substance content, fixed
carbon content, and finally, its functional groups using Fourier
Transform Infra-Red (FTIR) analysis (Aulia et al., 2019) .

Figure 1. The Hexagonal Lattice Structure of Activated
Charcoal Graphite (McEnaney, 1999)

2.4 Activated Carbon Milling Process
To reduce the particle grain size, the activated carbon that has
been made is then milled using high-energy milling (HEM).
Before milling, the activated carbon that has been made is then
weighed using an analytical balance and milled using HEM
with a sample weight ratio and ball milling of 1:5. The milling
process was carried out with the on-off method for 10 minutes
for 30 minutes, 60 minutes, and 90 minutes, respectively. To
determine the nature of the structure and surface morphology,
the milled activated carbon was then characterized using XRD
and SEM (Milyutin et al., 2023) .

2.5 Material Characterization
Infrared (IR) spectroscopy was used to analyze the functional
group in the 4000 to 400 cm−1 frequency range using an IR
Prestige21 Shimadzu. The morphology images of particles
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Table 1. Results of the Carbon Bath on the Effect of Carboniza-
tion Temperature

Data on Charcoal Temperature of Carbonization
Produced 400 ◦C 500 ◦C 600 ◦C

Mass of rubber seed
shell (g)

55 55 55

Charcoal mass (g) 20.936 17.758 15.233
The mass lost (g) 34.064 37.242 39.767
% Charcoal yield 38.065 32.287 27.696
% The mass lost 61.934 67.712 72.303

were obtained by scanning electron microscopy (SEM) model
TESCAN VEGA II. Particle size distribution of carbon parti-
cles was calculated by ImageJ software with a Java preinstalled
to measure distances determined by the area and pixel statistics.
The X-ray diffraction was carried out on the Rigaku Miniflex
600 model.

3. RESULT AND DISCUSSIONS

3.1 Analysis of the Effect of Carbonization Temperature on
the Quality of Charcoal

The carbonisation process consists of four stages: evaporation
of water, evaporation of cellulose, evaporation of lignin, and
purification of carbon. It is known that the lignin evaporation
process requires temperatures above 300 ◦C, while the carbon
purification process requires temperatures around 500 ◦C to
600 ◦C. This is done to obtain a good-quality charcoal yield
(Swiątkowski et al., 2024; Togibasa et al., 2021). After the
carbonization process is complete, the charcoal yield calculation
process is carried out using Equation (1) (Hamid et al., 2024;
Divya et al., 2025),

Yield =
ma
mb

× 100% (1)

where ma is the mass of the rubber seed shell after burning
(g) and mb is the mass of the rubber seed shell (g). The aim
is to determine the difference between the mass of the rubber
seed shell and the charcoal produced, and to see the effect
of increasing carbonization temperature on the quality of the
charcoal. The use of higher temperatures in the carbonization
process results in a decrease in the obtained yield. This is
because increasing the carbonization temperature increases the
reaction between carbon and water. More carbon reacts to
become CO2 and H2, resulting in a smaller amount of carbon
(McEnaney, 1999) . Table 1 shows the yield data of charcoal
produced by those changes due to an increase in carbonization
temperature. An increase in the rubber skin carbonization
process’s temperature from 400 ◦C to 600 ◦C will decrease
the percentage of soaking produced from 38.065% to 27.696%.
The increasing carbonization temperature causes the reaction
between C and H2O to increase, decreasing the charcoal bath.
C binds more to CO2 and H2.

3.2 The Quality Test Analysis of the Activated Carbon
After the yield data were obtained, rubber seed shell charcoal
was activated using H3PO4 with a ratio of 1:4. After the carbon
activation process, quality test analysis was carried out by cal-
culating the moisture content, ash content, volatile substances,
and fixed carbon. Several international studies have used proxi-
mate analysis to assess the quality of activated carbon, including
parameters such as moisture content, ash content, volatile mat-
ter, and fixed carbon. Divya et al. (2025) produced activated
carbon from bamboo using H3PO4 activation and reported
moisture, ash, volatile, and fixed carbon values as indicators
of activated carbon product quality in accordance with ASTM
standards. This proximate analysis uses Equations (2)-(4), as
conducted by Hamid et al. (2024) and Divya et al. (2025) :

Moisture Content (MC) =
ma − mb
msample

× 100% (2)

ma is the mass of the sample + cup before the oven (g), mb
is the mass of the sample + cup after the oven (g), and msample
is the mass of the activated carbon sample before the water
content test (g).

Ash Content (AC) =
mash
msample

× 100% (3)

mash is the mass of the sample after becoming ash (g), and
msample is the initial mass of the activated carbon sample before
ash (g).

Volatile Matter (VM) =
ma − mb
msample

× 100% (4)

ma is the mass of the sample before being tested for volatile
matter content (g), and mb is the mass of the sample after being
tested for volatile matter content (g).

Fixed Carbon (FC) = 100% − (MC + AC +VM) (5)

MC (Moisture Content) is the moisture content (%), AC
(Ash Content) is the ash content (%), and VM (Volatile Matter)
is the volatile matter content (%). From Table 2, in addition
to affecting the percentage yield of carbon charcoal, the car-
bonization temperature also affects the quality value of the
activated carbon that has been produced. Activated carbon at
a temperature variation of 600 ◦C during the carbonization
process produced quality values that tended to be closer to
the quality standard values or predetermined standards than
activated carbon produced by carbonization with temperature
variations of 400 ◦C and 500 ◦C.

Table 2 shows the change in the quality of activated carbon
due to an increase in carbonization temperature. From the
results of the calculation of the moisture content of the rubber
seed shell activated carbon (Equation 2), the water content at
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Table 2. The Quality of Activated Carbon is Due to the Carbonization Temperature

Type of Test Standards 400◦C (%) 500◦C (%) 600◦C (%)

Moisture Content Max. 15% 3.21 2.67 2.03
Ash Content Max. 10% 0.99 2.09 2.57

Volatile Matter Max. 25% 32.89 26.70 19.64
Fixed Carbon Min. 65% 62.51 69.14 76.15

400 ◦C decreased from 3.21% to 2.03% due to the increase
in temperature to 600 ◦C. The decrease in the percentage of
water content due to the high-temperature ashing process has
also been previously confirmed in Swiątkowski et al. (2024)
and Neme et al. (2022) research. This is because the higher
the temperature, the more the dehydration process in carbon
increases, so the water content decreases. Low water content
can increase activated carbon absorption.

Table 3. The Effect of Carbonization Temperature on the Value
of the Density and Porosity of Activated Carbon

Temperature
Variations (◦C)

Density
(g/cm3)

Porosity (%)

400 0.01198 7.689
500 0.01193 13.202
600 0.01182 14.809

Another quality standard is ash content. The standard ash
content for powdered activated carbon is 10%. The ash content
dramatically affects the quality of the charcoal produced. Exces-
sive ash content can clog the pores of the charcoal, so that the
surface area is reduced (Swiątkowski et al., 2024; Neme et al.,
2022). Based on the calculation of ash content using Equation
(3), it is obtained that the increase in temperature in the car-
bonization process from 400 ◦C to 600 ◦C affects the higher
ash content, which is 0.99% to 2.57%. The increase in ash
content is due to mineral salts forming during the carboniza-
tion process. These mineral salts are derived from the starting
material for carbon-producing biomass. When carbonization
is continued, these mineral salts will form fine particles. These
mineral materials will form new compounds, namely ash, when
treated through an oxidation process.

Next is the volatile matter test. This volatile matter test is
a standard test of activated carbon quality to determine and
analyze the levels of volatile substances in activated carbon
produced at a temperature of 950 ◦C. The volatile matter test
for powdered activated carbon is 25%. The volatility level is
influenced by charcoal’s chemical components, such as the
presence of extractive substances from rubber seed shell char-
coal (Swiątkowski et al., 2024; Neme et al., 2022). From the
calculation results using Equation (4), obtained the increasing
carbonization temperature from 400 ◦C to 600 ◦C decreased
the volatile matter content, initially from 32.89% to 19.64%.
The amount of volatile matter is determined by two factors,
namely the effect of the length of time and the temperature of

carbonization. Increasing the carbonization temperature will
affect the amount of substance wasted due to high evaporation,
resulting in a lower substance content.

Figure 2. FTIR Spectrum of Carbon Without the Activation
Process and With the Activation of the Rubber Seed Shell
Raw Material

The substance that evaporates is the substance that will
cover the surface of the cavities formed in the carbon. The
more that evaporates, the more carbon pores are opened, and
the greater the activated carbon absorption. Finally, the fixed
carbon test is calculated using Equation (5). This test aims to
determine the content of the bound carbon in the sample. The
fixed carbon test for powdered activated carbon is at least 65%.
Table 2 shows the effect of increasing the carbonization tem-
perature from the initial temperature of 400 ◦C to 600 ◦C on
the quality of the volatile matter content, which also increases
from 62.51%–76.15%. One factor that affects the value of the
bound carbon content of activated carbon is the initial carbon
content contained in the initial raw materials used. The activa-
tion method and temperature are other factors that affect pure
activated carbon and charcoal. In addition, the natural content
of raw materials such as cellulose and lignin also affects the
carbon yield. The results of this study show that lower water
and ash content, accompanied by higher fixed carbon content
indicates successful chemical activation, in line with the trend
reported in activated carbon studies published in Science and
Technology Indonesia (Wardani et al., 2021) . A density and
porosity test is performed to determine the density of the sub-
stance or particle and the pore size of the activated carbon that
has been made. The density (Equation 6) and porosity (Equa-
tion 7) of activated carbon were calculated using the Equations
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Figure 3. Diffraction Pattern of Activated Carbon Based on the
Variation of Rubber Seed Shell Milling Time

as follows Divya et al. (2025) :

𝜌 =
m3 − m1

(m2 − m1) − (m4 − m3)
(6)

where,m1 = mass of pycnometer (g),m2 = mass of pycnome-
ter containing water (g), m3 = mass of pycnometer containing
powder (g), and m4 = mass of pycnometer containing powder
and water (g),

Porosity (%) =
Vsolution +Vmaterial −Vcombined

Vmaterial
× 100% (7)

where, Vsolution = volume of water (cm3), Vmaterial = vol-
ume of powder or sample (cm3), and Vcombined = volume of
water+powder (cm3).

Table 3 shows that the Density of the activated carbon did
not change significantly, from 0.01198 g/cm3 to 0.01182 g/cm3.
Although the carbonization temperature increased from 400 ◦C
to 600 ◦C, its porosity rose from 7.689% on carbon. This is
because, in the combustion process, the particle arrangement
of material will be more regular, so that the charcoal pores open
more with increasing carbonization temperature (Swiątkowski
et al., 2024; Marcilla et al., 2000).

3.3 Analysis of Functional Groups of Rubber Seed Shell-
Activated Carbon using FTIR Characterization

FTIR characterization is used to identify a compound’s func-
tional groups through the compound’s infrared absorbance

band. The transmittance and absorption patterns of different
absorbed compounds have their characteristics, making it pos-
sible to analyze the differences and quantify these compounds.
FTIR test is only carried out on activated carbon carbonized
at 600 ◦C because it has better quality than activated carbon
carbonized at 400 ◦C and 500 ◦C.

Figure 4. SEM Image of Activated Carbon Before Milling with
SEM Image Magnification of 1.14 kx (a) and 30 kx (b)

Figure 2 shows the percentage spectrum of the transmit-
tance of the formation of functional groups from carbon (a)
without an activation process (b) activated carbon from FTIR
characterization. Figure 2 above shows the formation of func-
tional groups by adjusting some compounds from Carbon
material without an activation process, and with activation
has the same functional groups are formed at wave numbers
1573 cm−1; 1173 cm−1; 872 cm−1; 808 cm−1; and 748 cm−1,
which a functional groups C=C; CO; CH, and OH. However,
there is a decrease in the transmittance value of activated car-
bon at a wave number of 2359.8 cm−1. The H3PO4 activator
causes the OH vibration in the P-OH group (Sarif et al., 2023;
Yang et al., 2020). In addition, the activated carbon from the
synthesis of this work also confirmed the presence of P-OH,
O-H, and C-H aliphatic functional groups.

3.4 Analysis of the Effect of Milling on Structural Properties
and Morphology of Activated Carbon

The milling process is a refining process that is carried out
to produce nano-sized particles of activated carbon. One of
the tools that can be used to make nano-sized particles is High
Energy Milling (HEM). In this work, the activated carbon of the
rubber seed shell was milled with time variations for 30, 60, and
90 minutes. Then the structural properties were characterized
using XRD.

The aim is to see the diffraction pattern of the activated
carbon crystals and the degree of crystallinity. The diffraction
pattern of rubber kernel shell-activated carbon can be com-
pared with the diffraction pattern of graphite carbon. X-ray
investigations show that activated carbon is a tiny crystal simi-
lar to the structure of graphite (Keppetipola et al., 2021) . The
results of the activated carbon synthesis have a close-packed
hexagonal (HCP) crystal structure, which is valid for graphite.
However, activated carbon has a higher degree of regularity
in the crystal structure. Activated carbon has an amorphous
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Figure 5. Photograph of SEM of Activated Carbon of Rubber Seed Shell (a) Before Milling, (b) Milling for 30 Minutes, and (c)
Milling For 90 Minutes, with SEM Image Magnification of 30 k×

structure that is expected to have a diffraction pattern close to
the graphite diffraction pattern, so that graphite can become a
standard reference for activated carbon.

Table 4. Structural Properties of Activated Carbon of Rubber
Seed Shell Based on Milling Time Variation

Milling time
(minutes)

𝜃B (◦)
Intensity

(cps)

Degree of
crystalliza-
tion (%)

0 12.58 2158.6 18.17
30 12.56 2068.4 17.52
60 12.57 1839.8 17.45
90 12.56 1800.2 17.35

Figure 3 is the result of X-ray diffraction patterns for ac-
tivated carbon in rubber seed shells with milling treatment
of 0 minutes (A), milling 30 minutes (B), milling 60 minutes
(C), and milling 90 minutes (D). From this figure, there is a
decrease in the intensity of the diffraction peak when the ac-
tivated carbon powder is milled with variations in the milling
time. The peak intensity of non-milled activated carbon was
approximately 2158.6 cps (A), decreased to 2068.4 cps after 30
minutes of milling (B), decreased to 1839.8 cps after 60 min-
utes of milling (C), and reached 1800.2 cps after 90 minutes
of milling.

Referring to the research Keppetipola et al. (2021) and
Rusma et al. (2024) , which discusses the diffraction pattern
of raw materials in coconut and Kluwak shells, the diffraction
patterns of raw materials in rubber seed shells are the same as
the diffraction patterns of raw materials in coconut and Kluwak
shells. Figure 3 shows that the rubber shell-activated carbon
has an amorphous structure. The peak on the graph is the peak
of Carbon (C), which has formed a crystal with a hexagonal
structure at 2-theta of about 22 degrees. From Figure 3, the
diffraction peaks tend to decrease with increasing milling time.
This shows the effect of the milling time on the crystallinity
of the resulting activated carbon. The degree of crystallinity

expresses the percentage of the crystal content in a material.
The percentage of crystallinity of a sample can be determined
by processing the XRD output data using the Method of Seg-
mented Area (Peak Deconvolution) (Jasim and Ali, 2023; Nisa
et al., 2023). The area of the crystalline diffraction peak com-
pared to the total area (crystalline area + amorphous area). The
formula for the degree of crystallization is as in Equation (8)
below:

Degree of Crystallinity (%) =
Acrystalline
Atotal

× 100% (8)

where: Acrystalline = area above baseline in the peak range
(22◦–28◦)
Atotal = the total area under the curve from 2𝜃 ∼ 10◦–80◦

(Acrystalline + Aamorphous)
The XRD analysis results show that the degree of crys-

tallinity of activated carbon from rubber seed shells decreased
slightly from 18.17% to 17.35% as the milling time increased
from 0 to 90 minutes, as shown in Table 4. This decrease
is relatively small, indicating that the material structure was
initially dominated by the amorphous phase. This is consistent
with the general characteristics of biomass-based activated car-
bon, which is typically formed from microcrystalline carbon
domains (turbo-stratified graphite) dispersed in an amorphous
matrix due to high-temperature carbonisation without further
graphitisation.

The milling process plays a role in enlarging lattice defects
and destabilising crystalline domains, as indicated by the de-
crease in diffraction peak intensity and the lack of significant
change in the Bragg angle position. However, the milling en-
ergy used in this study appears to be insufficient to cause a
drastic transformation of the crystalline structure into an amor-
phous one. In addition, the very small size of the crystalline
domains (<5 nm) from the outset may also contribute to the
low sensitivity of the degree of crystallinity to this mechanical
treatment.
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Figure 6. Bar Chart Showing Interval of Pore Size for (a) 30 Min of Milling and (b) 90 Min of Milling

Table 5. Comparison of Activation Methods, Post-Treatments, and Key Performance Parameters of Biomass-Derived Activated
Carbon Reported in This Work and Selected Previous Studies

Study (year) Raw material
Activation method

& temperature
Milling /

post-treatment
Advantages/notes

(Yang et al., 2020)
Oil palm

shells
ZnCl2 activation No milling

Emphasizes micropores; this study
emphasizes mesopore
modification by HEM.

(Kengchuwong et al.,
2023)

Rubber wood
sawdust

KOH activation,
700◦C

No milling
Strong chemical activation results
in a high surface area; alternative

to HEM.

(Jawad, 2018) Rubber seed
One-step H2SO4

activation
Milling not reported

Practical, focused on application;
focuses on pore modification via

HEM.

(Aulia et al., 2019)
Rubber-seed

shell
Carbonization

600◦C
No HEM

Baseline study; this study added
HEM for morphological control.

(Fatima et al., 2023)
Rubber-seed

shell
Chemical activation No Milling

Robust in modeling; this study
shows physical effects of HEM.

(Nguyen et al.,
2023)

Rubber-seed
shell

Chemical + loading
𝛼-FeOOH

NO HEM
Specific composite; this study is a

physical alternative to HEM
without filler.

(Gao et al., 2024) – –
Discussion on

milling parameters
This study applies the milling
principle to specific biomass.

This study
Rubber-seed

shell
Chemical; opt.
400–600◦C

HEM 0–90 minutes
Combination of chemical

activation + HEM; short milling
reduces pore size

This finding is in line with the report by Suryanarayana
(2001) , in his book Mechanical Alloying and Milling, which
states that a fully amorphous phase will form at high milling
energies. Similarly, Gao et al. (2024) state that significant
changes in crystallinity only occur if the initial structure has
large graphitic domains or if milling is accompanied by thermal
or catalytic activation. Therefore, in the context of activated
carbon materials from rubber seed shells, the milling process
functions more as an agent for increasing porosity and intro-
ducing microstructural defects than as a significant modifier of
crystallinity.

To observe its surface morphology, rubber seed activated
carbon was then examined using SEM. Figure 4 is an SEM
image of activated carbon before milling with SEM image
magnification of 1.14 kx (a) and 30 kx (b).

The morphology of activated carbon derived from rubber
seed shells carbonised at 600 ◦C was examined using SEM at
magnifications of 1.14 kx and 32 kx. From image (a) at low
magnification (1.14 kx), the surface shows an irregular mor-
phology with agglomerates, cracks, and voids formed during
devolatilisation. These features indicate the initial development
of pores in the early stages of carbonisation, although their dis-
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tribution is not homogeneous. The presence of dense surface
areas indicates that some pores are still clogged by tar residues
or incomplete decomposition products, which is characteristic
of biomass-based carbon carbonised at medium temperatures
(Hassan et al., 2021) .

The pores are more clearly visible and vary in size, ranging
from micropores to mesopores, when the SEM magnification
is increased to approximately 30 kx. The layered and irreg-
ular morphology is characteristic of the amorphous carbon
structure obtained from lignocellulosic precursors after carbon-
isation (Vinod et al., 2023) . However, some dense areas still
exist, confirming that the pore network has not fully developed.
This is consistent with previous reports that carbonisation at
600 ◦C generally produces initial porosity that requires fur-
ther activation to increase surface area and pore accessibility
(Hassan et al., 2021) .

Therefore, although the SEM image confirms the forma-
tion of an initial porous structure consisting of micropores and
mesopores at 600 ◦C, the material still requires further activa-
tion to optimise its adsorption performance. This trend has
been widely reported in activated carbon derived from biomass,
where the activation process transforms the initial porosity into
a well-developed network suitable for the adsorption of heavy
metals, organic contaminants, or CO2 capture (Hassan et al.,
2021; Vinod et al., 2023).

Figure 5 shows SEM images of rubber seed shell activated
carbon, (a) before grinding, (b) grinding for 30 minutes, and (c)
grinding for 90 minutes, each at 30× magnification. From Fig-
ure 5, the grinding time affects the particle size of the activated
carbon. Before grinding, activated carbon from rubber seed
shells had a single porous structure, surrounded by an uneven
imprinted structure with a crater diameter of approximately
1.3 𝜇m. The prominent pores in the centre may be a canal
structure attached to the rubber seed shell (Shoba and Jeyan-
thi, 2022) . The surface of the activated carbon shows large
agglomerates with uneven porosity. These pores are partially
clogged by tar residues from carbonisation, limiting surface
accessibility. These observations are consistent with previous
studies reporting that biomass-derived carbon carbonised at
moderate temperatures (∼500–700 ◦C) typically exhibits irreg-
ular morphology with underdeveloped pore networks (Hassan
et al., 2021; Vinod et al., 2023).

After 30 minutes of grinding, the agglomerated structure
began to break down into smaller particles, forming intraparti-
cle pores with an average pore diameter of around 0.45 𝜇m,
thereby increasing the accessible surface area. However, some
secondary agglomeration was still observed, possibly due to van
der Waals interactions between fine particles. A similar trend
of particle size reduction and pore opening during short-term
mechanical grinding has been reported for materials derived
from carbon and biomass (Gao et al., 2024) .

After 90 minutes of grinding, the particles became more
homogeneous and finer. The size of the intraparticle pores de-
creased significantly, with an average diameter of approximately
0.2 𝜇m. SEM images showed more open and interconnected

pores, indicating an increase in surface area and adsorption per-
formance potential. However, prolonged grinding also caused
partial re-agglomeration (cold welding) due to excessive impact
energy, a phenomenon often observed in prolonged mechani-
cal grinding of carbon powders (Gao et al., 2024) . Overall, the
SEM results indicate that grinding not only reduces particle
size but also increases pore exposure, thereby enhancing the
accessibility of adsorption sites.

Utilizing a thresholding-based image segmentation method
by ImageJ to measure particle size, Figure 6 shows the distri-
bution of activated carbon’s intraparticle pore sizes after being
milled for 30 and 90 minutes. The dispersion of pore sizes
is centered below 0.6 𝜇m in the 30-minute milling process;
however, the pore sizes are more evenly dispersed in the 90-
minute milling process. Large-sized chunk particles are still
present, above 2 𝜇m in size, as shown in Figure 5a, possibly
due to uneven energy transfer from the milling balls to the
material (Joy et al., 2022) . In contrast, Figure 5b showed a
homogeneous morphological structure of intraparticle pores;
thus, it is decided that 90 minutes of milling is the optimal
time for activated carbon material from rubber seed shell waste
(Gohr et al., 2022) .

This study makes an important contribution to processing
rubber seed shell waste into activated carbon that can be used
in various applications, such as adsorbents and filters. Varia-
tions in activation temperature show that activated carbon with
maximum carbon content can be obtained at a temperature
of 600 ◦C. This provides important information for optimis-
ing the production of activated carbon from rubber seed shell
waste.

The main advantage of this research is the use of the high-
energy milling (HEM) method, which has been proven ef-
fective in breaking down agglomerated structures into smaller
particles and forming intraparticle pores. Increasing the milling
time from 30 minutes to 90 minutes reduced the average
pore diameter from approximately 0.45 𝜇m to 0.2 𝜇m with a
more homogeneous intraparticle pore morphology. The HEM
method shows great potential for industrial-scale production of
cheaper and more environmentally friendly activated carbon
by utilising abundant organic waste.

Table 5 presents a comparison between the present study
and several previous works employing similar or different bio-
mass precursors. Most earlier studies mainly focused on con-
ventional chemical activation with various activating agents
(e.g., KOH, H2SO4, ZnCl2) or composite-based approaches
(e.g., 𝛼-FeOOH), which successfully enhanced surface area or
adsorption performance toward specific pollutants. However,
none of these studies reported the application of mechanical
post-treatment such as High-Energy Milling (HEM). In con-
trast, this work combines chemical activation of rubber seed
shell at an optimum temperature of 600 ◦C with short-duration
HEM treatment (30-90 minutes). The results demonstrate a
reduction in average pore diameter from 0.45 𝜇m to 0.20 𝜇m,
accompanied by a slight decrease in crystallinity (from 18.17%
to 17.35%). This modification effectively refines the morphol-
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ogy and is expected to enhance the accessible surface area with-
out the need for additional chemical agents. Such an approach
highlights the novelty and advantage of this study: offering a
simple, energy-efficient, and effective physical route to improve
the performance of biomass-derived activated carbon, which
differs fundamentally from the chemical or composite-based
strategies reported in earlier works.

4. CONCLUSIONS

The milling process using the HEM method causes cavitation
in the activated carbon powder from rubber shells. From the
XRD pattern, it can be seen that the diffraction peaks tend to
decrease with increasing milling time. The diffraction intensity
decreases when activated carbon is milled for 30 to 90 minutes.
The diffraction intensity decreases because the crystal area
of the activated carbon also decreases, which means that the
crystal size decreases. From the crystallinity degree calculation
results, the crystallinity of the rubber seed shell activated carbon
decreases from 18.17% before milling to 17.35% after milling
for 90 minutes. The SEM image also shows a decrease in the
average pore diameter from approximately 0.45 𝜇m to 0.20
𝜇m with a more homogeneous intraparticle pore morphology
structure when the milling time was increased from 30 minutes
to 90 minutes.
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