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Abstract

Activated carbon (AC) derived from agricultural by-
products, such as Terminalia catappa (TC) fruit waste has
been demonstrated as a potential AC material in reducing
the production cost in the industry. It also retains the
benefits of agricultural by-products, such as being abundant
and renewable, environmentally safe, and structurally
porous. Several studies have been conducted on the
materials’ properties of the prepared ACs from TC fruits at
various particle sizes. The top-down approach of high
energy ball milling (HEBM) is a simple technique used in
reducing the particle size of TC to the nanoscale. Moreover,
the ACs have been successfully synthesized by pre-
carbonization methods, as well as chemical and physical
activations. The pre-carbonization process was performed
at 400 oC for 4 hours. The chemical activation was
conducted using the KOH impregnation ratio as an
activating agent, and a further physical process to activate
the carbon was performed in a horizontal tube furnace at
750 oC for two hours with N2 gas flow. The properties and
characteristics of Terminalia catappa fruits as ACs were
obtained by calculating the percentage yield of ACs and
analysis of the surface morphology and elemental
composition, particle size, phase analysis, structural
analysis, and surface area by using FESEM-EDX, TEM, XRD,
Raman spectroscopy, and BET respectively. The percentage
yield of ACs was increased with reduced particle size from
TC powder, which was in the range of 30–71%. The surface
morphology of the prepared ACs reflected the porous
structure and the most abundant elements found in the ACs
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were C, O, and K. The average particle size of all crushed
samples obtained was less than 100 nm. The XRD result
confirmed the formation of crystalline structures of the
graphitic carbon. The results of surface area analysis
indicate that the pore size of the activated carbon is mostly
in the range of mesopore, whereas the structural analysis
depicts that the ratio of ID/IG of AC is nearly the same in
between 0.8 to 0.92 and is slightly lower than TC. Thus, the
development of agricultural waste-derived mesoporous
activated carbon materials is potentially useful for various
applications.

Introduction
Global issues, particularly environmental pollution and energy constraints have increased the need for
eco-sustainable materials. Activated carbon (AC), as one of the carbonaceous materials family, is seen as
a potential candidate due to its high absorption of organic molecules and metal ions from the
environment, making it cost-effective and environmentally benign [1, 2]. The AC possesses rapid
adsorption capacity [3], low acid-base reactivity, and good thermal stability [4]. The rate and amount of
the adsorption depend on the carbon characteristics and the experimental design [5]. The potential
application of ACs in a wide range of fields, such as air and gas purification and wastewater treatment
[9], is linked to its exceptional properties controllable pore structure, high micropore volume and tunable
surface-containing functional groups [6–8]. According to Roozbeh et al. (2013), the carbonaceous
material is carbonized at a high temperature in a furnace under an inert condition and subsequently
activated by using oxidizing gases, such as carbon dioxide (CO2), steam, air, or a combination of them to
produce char with the desired porosity corresponding to the physical activation method [5]. The factors
for activation correspond to the properties of the precursor, chemical substances, particle size, retention
time, impregnation ratio, procedure configuration, and activation period [10]. New pores and the widening
of narrow pores developed on the surface of char during the physical activation enhanced the
carbonaceous structure porosity and surface area [11].

AC can be prepared basically by two methods: one-step method and two-step method both involving
physical and chemical activations. However, the quality of AC and percentage yield of carbon is relatively
lower for physical activation compared to chemical activation. This is consistent with the high quality of
AC attributed to higher activation temperature and the prolonged activation process [10]. In a one-step
method, the agricultural by-product precursor is impregnated with a chemical activator, followed by
activation to produce an agricultural-derived AC. Meanwhile, the two-step method involves pre-
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carbonizations and an activation process. During the pre-carbonization process, the agricultural by-
products are thermally converted into char. AC obtained from the one-step method has poor texture
characteristics, such as lower specific surface area and smaller porosity due to the lack of a
carbonization process to optimize the microstructure of the carbon matrix. However, this step shortens
the preparation process and reduces energy consumption [12]. Generally, the activation process involved
in the AC preparations functions as a key in synthesizing AC with the adsorption capabilities, formation
of pore structure, and distribution [13]. According to Fu et al. (2019), the results obtained from the two-
step method can produce a superior yield of AC with a higher specific surface area and larger pore
volume than the one-step method [14]. Moreover, chemical activation results in higher percentage yield,
better-developed pore structure, and larger surface areas since it requires lower operating and energy
costs as lower temperatures are used compared to physical activation [15–17].

The raw materials and preparation methods used in synthesizing AC considerably affect the properties,
quality, and cost. Commercial AC is derived from fossil fuel-based materials such as coal, peat, and
lignite [18]. Due to environmental and health awareness, those materials are said to be toxic and
corrosive, which may affect the performance of the AC with the presence of impurities [19]. AC can be
produced, theoretically, from any carbonaceous material rich in carbon elements. Researchers have
recently focused on the production of activated carbon from agricultural by-products and residual wastes
due to the high cost of traditional coal-based AC. Numerous studies have demonstrated the wide
application of AC from agricultural waste in reducing production costs and as an effective approach in
resolving disposal management based on its high specific surface area due attributed to high volatile
matter, lignocellulosic content, and renewable resource function [20–22]. Shuang Wanga et al., (2020)
reported that this waste is a renewable resource that can be better managed and utilized in various fields
[23, 24].

In the process of preparing the source materials, high energy ball milling (HEBM) is the most useful
technology that can be employed as a tool for reducing the particle size of a material [25, 26]. The
technique was found applicable for surface modification of agricultural waste materials, which enhanced
the exposed surface areas and functionality without altering their intrinsic properties [27]. HEBM process
consists of powders that are exposed to the repeated action of hitting balls, and the energy is transferred
from the balls to the trapped powder during their hits, thereby promoting different phenomena. Generally,
the milling process is a crushing process usually applied in the materials science research field in
reducing the particle dimensions by crushing the original grains into smaller ones. The synthesized
products have unique characteristics that are often not achievable by using other techniques. HEBM was
used to synthesize metal powders mechanically, which led to both amorphous and nanocrystalline
intermetallic compounds. Benjamin et al. (1970) reported the first application of HEBM with higher
revolutions per minute (r.p.m) to synthesize new oxide dispersion-strengthened alloys [28], which is
universally applicable for quick drying or wet grinding of organic and inorganic samples [29, 30].

This study aims to explore the feasibility of preparing high-quality AC from Terminalia catappa (TC) fruit
shell waste at various particle sizes undergoing different milling times using the HEBM technique. The
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conversion of raw materials into high-quality AC was carried out by using a combination of heating
carriers in a tube furnace and chemical activation with potassium hydroxide (KOH) as an activating
agent. The agricultural waste is converted into ash since the furnace accommodates only a small
quantity of material [9]. Hence, the tube furnace is fabricated in such a way that the materials are
introduced into the horizontal furnace and burned in a nitrogen flow as an inert atmosphere and
converted into activated carbon [31–34]. The feasibility of using carbon adsorbents based on TC has
also been studied. The characterization of activated carbons was performed using X-ray diffraction, field
emission scanning electron microscope, Raman spectroscopy, transmission electron microscope and N2

adsorption-desorption isotherms.

Materials And Methodology

Materials
Terminalia catappa (TC) fruit waste was collected from the Malaysian East Coast region as the natural
resource for this research. The TC fruits were gathered, cleaned, and exposed to the scorching sun for two
days before being oven-dried overnight at 110 oC. The external coatings of the TC fruits were peeled,
cleaned, and ground into a coarse size using a high-energy crusher (sample assigned as TC crush), and
the husk was removed. The grinding process was carried out for 15 minutes until the powder form was
obtained. The grain size was later sieved using a sieve plate of size 25 µm. The milling process of the TC
powder was subsequently performed in a SPEX SamplePrep 8000D Mixer/Mill® mill together with
tungsten carbide balls (WC) in a 1:10 ratio using a high-energy ball milling (HEBM) technique. The
process was carried out at speeds of 1200 revolutions per minute (r.p.m) for 10, 12, and 14 hours to
obtain a homogeneous TC powder with three different average particle sizes predicted in nanometers.
The samples of TC powder were labeled as TC0, TC10, TC12, and TC14 in accordance with the milling
time.

Preparation of Activated Carbon
All the TC powder was pre-carbonized in a horizontal tube furnace at 400°C for four hours. The pre-
carbonized TC powder was chemically activated for 24 hours and conducted at room temperature using
KOH as the activating agent. The pre-carbonized TC powder was impregnated with a 1:5 impregnation
ratio in a 50% potassium hydroxide (KOH) solution. The slurry was allowed to dry after being stirred with
a magnetic stirrer. After being ground into a powder with a pestle and mortar, the samples were physically
activated for the carbonization process. The samples were physically activated in a tube furnace with a
nitrogen flow rate of 5 sccm and a temperature of 750°C, which was maintained for two hours.
Consequently, the activated carbon (AC) was washed with distilled water repeatedly to remove residual
organics and neutralize the washing solution until the pH reaches 7. The samples were filtered and
dehydrated in an oven at 110°C for 12 hours. Activated carbon with a milling time of 10, 12, and 14 hours
was labeled as AC10, AC12, and AC14, respectively. The percentage yield of activated carbon was
estimated according to Eq. (1) [35–37]:
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1

where mf and m0 are the mass of activated carbon and the mass of the sample before activation,
respectively.

Characterization of the physical properties of activated
carbon
The characterization of the sample involved the physical and chemical properties of activated carbon,
including the yield, surface morphology, element, microstructure, surface area, and chemical bonding. The
morphological surface and element composition were examined through field emission scanning electron
microscope (FESEM) images and energy dispersive X-ray (EDX) with liquid nitrogen. The samples were
covered in a conductive platinum coating before the surface analysis. X-ray diffraction (XRD) was utilized
to examine the structural alterations in the AC crystals by using an X-ray diffractometer (Rigaku Miniflex
600). Raman spectroscopy was used to determine the structure of the carbon framework of the prepared
activated carbon materials. The Raman spectra of activated carbon materials have been investigated by
a peak-deconvolution technique to obtain the structural characteristics. Studies of the surface area of the
prepared ACs utilized the Brunauer-Emmett-Teller (BET) method. We also reported an attempt to extract
the pore structure of activated carbon from transmission electron microscopy (TEM) images.

Results And Discussion

Particle Size Analysis (TEM)
Figure 1 displays the TEM micrograph and particle size distribution of samples TC A0 and TC C12. The
average particle sizes of TC A0 and TC C12 are ̴ 61.5 nm and ̴ 51.8 nm, respectively. The particle size
distribution for sample TC A0 depicts a broad range of distribution between 30 to 150 nm. As for sample
TC C12, the particle size distribution ranges from 20 to 100 nm, indicating that the particle size
distribution approaches lower diameter size as the starting particle size decreases due to the milling
process. As for sample TC D14, the average particle size did not reflect a significant improvement since
the difference in the starting particle size milling time was only two hours. Moreover, exceeding the
milling time beyond a critical value may result in some drawbacks [38].

The ball milling technique led to a maximum rupture of particles during the initial hours, and it remained
a minimum for a long time. This result corroborates the findings of several researchers [39–41]. Due to
both the uniform movement of balls and attrition during ball milling, particle sizes after 12 hours (51 nm)
are likely to be reduced compared to the TC crush without milling. The results are consistent with those of
Abdullah and Wu (2009) and Akos et al. (2005) [42–43].

Percentage Yield of Activated Carbon Analysis

yield (%) = × 100%
mf

m0
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Figure 2 displays the percentage yield of activated carbon for different milling times TC to synthesize AC.
The yield of activated carbons (ACs) increased from 28.85–71.62% as the milling time increased from 10
hours to 14 hours, respectively. These results indicate that different milling times as starting particle size
influenced the yield of activated carbon. This finding aligns with the report by García et al. (2019) in
which the milling process improved all properties by 40 to 70% [44]. The percentage yield of activated
carbon for AC A0 crush, AC B10, AC C12, and AC D14 was 50.52%, 31.73%, 39.43%, and 71.62%
respectively.

Phase Analysis (XRD)
The crystalline structures of milled and activated carbon prepared from Terminalia catappa were
determined by using an X-ray diffractometer. The samples are scanned with 2θ angles from 100 to 900.
Figure 3 presents the XRD pattern of TC at different milling times (TC B10, TC C12, TC D14) and the
crystalline phase of AC (AC A0, AC B10, AC C12, AC D14) was identified. TC powder depicts the presence
of the amorphous structure based on broad peaks detected at diffraction peaks 2θ around 210 and 43.60

exhibiting characteristics of carbon peaks of (002) and (100) planes, respectively [45]. The broad peak
with a hump confirms the presence of porous and amorphous structures with a low degree of
graphitization [46–49]. A slight shift was observed in the broad peaks of TC B10, TC C12, and TC D14
from 21.0690, 20.9330, and 20.6980 respectively due to milled samples in HEBM. The diffraction patterns
of AC were matched with the standard ICDD file (00-001-0646) confirming the formation of crystalline
structures of the graphitic carbon. The obtained diffraction peaks are indexed to the corresponding peaks
for the graphitic carbon (002), (100), and (101) crystal planes, which reflect the turbostratic carbon
structure. Table 1 presents the angle 2θ (0), d spacing (Å), intensity (cts), FWHM (2θ), and crystallite size
(nm) of different samples. The crystallite size was measured by using the Scherrer equation (Eq. 1)
calculated from the FWHM value of the high-intensity peak corresponding to (101) crystal plane of AC.
The particle size is calculated by using Debye Scherrer’s equation [50, 51],

D = 0.89λ / (β cosθ) (1)

Where D is the crystallite size, λ is the wavelength of the X-ray used, θ is Bragg’s angle and β is the full
width half maximum.
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Sample 2θ /degree d spacing/ Angstrom Intensity/cts FWHM (2θ) Crystallite size (nm)

Table 1
Angle 2θ (0), d spacing (Å), intensity (cts), FWHM (2θ), and crystallite size (nm) of different samples

from XRD spectra.

TC C12 35.5308 2.52457 129.27 0.5760 14.7

TC D14 44.4717 2.03557 97.25 0.7680 11.3

AC B10 44.5393 2.03263 304.90 0.1440 63.1

AC C12 44.5713 2.03125 261.80 0.2880 30.7

AC D14 44.6020 2.02992 1023.41 0.1920 46.7

The average crystallite size of AC for AC B10, AC C12, and AC D14 is less than 70 nm. The lowest
crystallite size was obtained for AC C12 with an average size of 30.7 nm with a broad FWHM of 0.2880. It
shows that the smaller the crystallite size, the greater the value of FWHM, with ‘displacement’ and
‘disordering’ as the main defects contributing to the broadening of diffraction peaks by increasing the
milling time [52]. However, the FWHM displays a decrease to 0.1920 as the crystallite size slightly
increased to 46.7 nm. Moreover, the intensity counts reflect the highest values for AC D14 with 1023.41
counts with the additional splitting of the highest peak. The peak splitting observed is due to the
transition of carbon from a highly symmetric phase to a lower one. It also depicts the presence of a
microporous wall structure of AC [53]. The XRD results confirmed that the synthesized AC has a better
crystallographic structure and an organized aromatic carbon that is more stable than the amorphous
carbon alone. Thus, these results were further discussed by Raman spectroscopic analysis.

The d-spacing values decreased as the milling time increased from TC C12 to TC D14. However, it slightly
decreased in the range of ~ 2.03 for AC B10, AC C12, and AC D14. The value of d spacing is between 2.0
and 2.5 Å attributed to the distance between parallel planes of atoms that build the molecular
nanostructures, thereby leading to intraparticle microporous nanostructures connected with various
shapes and sizes [54].

Milling time affects the peak intensity which the peak intensity decreases as the milling time increases,
and the peaks broaden disclosing size reduction that corresponds to the creation and accumulation of
lattice defects. This event has been attributed to the deformation of powder particles from repeated
fracturing, cold-welding, agglomeration, and deagglomeration [55]. Moreover, as the particle is reduced
due to collision between balls, vial, and powder, the surface area to volume ratio is high, and tends to
have a main peak at 2θ as can be observed for TC D14. Prolonged milling time can result in the ordering
and crystallization of an amorphous matrix [38]. Besides, the peak indicating (002) becomes slightly
sharper while the peak representing (100) becomes more intense. This shows that despite having a non-
graphitized structure, carbon tends to crystallize.

Microstructural Analysis (FESEM)-EDX
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EDX is an analytical method for determining the chemical and elemental composition of samples. Figure
4 presents the EDX findings for the elements in the AC. EDX revealed that carbon (C), oxygen (O), and
potassium (K) were the most prevalent elements on the surface of all samples. The carbon element (C) is
the most abundant element contained in each sample. Similar results were also found in previous studies
of Terminalia catappa with carbon elements that varied from 69–75% 56. Thus, the milled TC sample
utilized for the preparation of activated carbon has the highest percentage of carbon elements between
93.22–93.77% compared to raw TC crush. Additionally, the sample contains oxygen (O) and potassium
(K) amongst other elements. The O element is a result of the imperfect carbonization process and can
also be caused by bonding during the activation process [57]. The K element may stem from a lack of
thorough cleaning during the preparation process.

A morphology study of the activated carbon was performed by a field emission scanning electron
microscopy (FESEM) analysis. Figure 5 (a) displays a raw TC sample image. Some studies have shown
that the surface of TC is dense and rough [58]. The TC exhibited a very dense-like structure with the
absence of pores (non-porous) and had no cavities as compared to other prepared ACs with average
pores diameters of 62 nm. This was confirmed in a previous study where the surface porosity of the char
products increased after the carbonization process, resulting in a large surface area with small voids on
the surface [59]. The decreased density of AC formation results in a large surface area and the presence
of rich mesoporous that results in potential lightweight electromagnetic wave-absorbing materials.

The ability of an adsorbent to perform adsorption depends greatly on its porosity and rougher surface
morphology [60–63]. Thus, the surface morphology and porosity of the prepared ACs were tested by
FESEM and the results are presented in Fig. 5(b-d). The findings suggest major fissures and channels of
micro and mesoporous nature. The micrographs of the prepared ACs disclosed the porous structure
progressively developing into a sponge-like structure as the particle size decreased. Irregular channels
were also present in the sample at a high-milling time, which corresponds to a smaller particle size. The
pores formation contributes to a better match between dielectric loss and magnetic loss, as well as the
multiple reflections by the mesoporous structure [64–65]. Moreover, activating the sample with KOH
resulted in samples b, c, and d containing open holes. According to some researchers, after the chemical
activation process, KOH as the activating agent goes into the surface texture of the main material during
the impregnation step and assists in developing a more porous structure [48, 66, 67]. Activated carbon
with porous structure (irregular pores and broken edges) and the formation of cavities due to evaporation
and gasification of activating agents were also observed by them [68, 69]. Consequently, it is anticipated
that the activated carbon created using the KOH activation process will have a higher BET and micropore
surface area [70–72].

RAMAN Structural Analysis
Figure 6 displays two significant peaks that were observed in all samples of TC powder and prepared
ACs. These two peaks present the D-peak and G-peak observed at wavenumbers of 1342 cm− 1 and 1582
cm− 1, respectively. The disordered and defective structures due to the vibration of sp3 hybridized atoms
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are represented by the D-band, whereas the graphitic structure of sp2 bonded carbon atoms bonded in the
hexagonal lattice is represented by the G-band [73, 74]. G-band also refers to the C-C bond stretching of
all pairs of sp2 atoms in both rings and chains attributed to E2g2 Raman active vibration mode [63, 75,

76]. The broad and strongly overlapping D (sp3) and G (sp2) bands at 1338 and 1583 cm–1 are similar to
graphite, confirming the graphite-like structure of Terminalia catappa fruits. The dotted line indicates the
shift of the D and G peaks to the lower wavenumber. The AC B10 exhibited sharper and higher D-band
and G-band as compared to other AC samples. These higher peaks indicate the successful fabrication of
the AC B10 as a carbon-based material with more crystalline structures as compared to others.

Table 2 shows the ratio of ID/IG for AC is nearly the same between 0.8 and 0.92 and is slightly lower than
TC, demonstrating the higher amount of graphitic ordered carbon present due to double heating
performed at high temperatures for carbonization and activation. The ID/IG ratio of ACs has been
reported to range from 0.86 to 1.20 [77–79]. Although more CNSs are observed in SEM and TEM images,
the ID/IG ratio displays a similar number of around 0.9, indicating similar graphitic structures are
obtained with the formation of graphitized carbon (CNSs) and a smaller number of structural defects
[80–82]. The ID/IG values suggested a defective structure or a lower graphitization degree in the resulting
CNTs. According to Hussein et al. (2012), the ID/IG obtained in their research was 0.86 and 0.88, which
was suggested as a defective structure or CNTs with lower graphitization [83]. Medhat et al. (2021)
reported that the ratio of ID/IG is almost the same since an activating agent does not influence the
structural shape of the activated carbon despite increasing the impregnation ratio of KOH [84]. The D-
band of the three AC samples has approximately the same range of wavenumber from 1331.25 to
1341.61 cm− 1.

The width of the G peak can be used to determine the disordered samples as the higher disorder results in
a higher width. The FWHM of the G-band shows the Raman shift to a lower number as the size of the
particles of the ACs are reduced or increased milling time. FWHM displays a decrease in numbers from
61.93 to 29.13 as the size of particles is reduced. It also denotes that the percentage of defects appearing
in the structure will be higher as the G-band is reduced since the broad peak of the G-band indicates a low
graphitization of nano coils. This defect structure is preferable in this study as it contributes to a larger
SBET, thus complementing the result of BET of AC B10 [73, 80, 81]. This correlates with the key factor for
high adsorption capacity. The adsorbents with high defect structures demonstrated high SBET and more
porous structures [85]. This characteristic is preferred as it assists to strengthen the binding interactions
with the gas adsorbates [73, 86].

Table 2:  Corresponding peak frequencies (Raman shift) for all TC and AC in Raman spectra.
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A pair of relatively broad G and D peaks can be classified by sp2 clusters like α-Cs with bond angle
disorder structure of activated carbon materials. The structure of α-Cs exhibits both crystallinity and
amorphic since it is composed of a 3D network of nano graphite embedded in an amorphous background
created by disordered carbon in the form of aliphatic chains. It is characterized by some cross-linkage
structures present at the periphery of nano graphitic domains [87]. Moreover, the formation of G and D
plots are overlapped or is close to those of G and D plots of α-Cs [88]. The part of the sp2 cluster may link
the winding short basal planes with bond angle order. In α-Cs, a few studies reported that sp2-cluster size
simply enhances the ID/IG ratio [89–91], thereby indicating the relative sp2/sp3 bonding ratio and the sp2-
cluster size. The sp2-cluster size recorded the lowest TC crush, increasing to approximately 53 to 60 for
AC B10, AC C12, and AC D14 probably because a smaller starting particle size creates or enlarges sp2-
cluster size. Some researchers reported that the size of AC affects the characteristics, and it can be
optimized [92–93]. For example, the smallest AC particle in their research depicted higher specific surface
area, pore volume, macropores, and fractions of sp2-C and C = O, but lower ID/IG and fractions of sp3-C
and O-C = O compared to the largest AC particle.

The cluster size can also be associated with the band gap, thus, the larger the cluster size, the lower the
band gap. Resultantly, the excitation energy is dominated by the resonantly enhanced peaks of sp2 C
clusters. The broad peaks thus provide detailed information on the bonding configuration of carbon
atoms in grain boundaries as reported by [94].

Surface Area Analysis (BET)
The BET surface area (m2/g) analysis method is the most common and extensively used method to
calculate the surface area of different samples. Micromeritics ASAP 2020 instrument was used for the N2

gas adsorption-desorption process at 77 K to determine the specific surface area and pore size
distribution of different materials. Prior to analysis, the samples were degassed and heated at 110 oC for
12 hours. The nitrogen adsorption and desorption isotherms for all samples were measured. The BET
equation involved is expressed as follows [95]:

1WP0P-1 = 1WmC + C-1WmC (PP0)
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where: W = Weight of gas adsorbed, P/P0 = Relative pressure, Wm = weight of adsorbate constituting a
monolayer coverage, C = related to the energy of adsorption in the first adsorbed layer.

The SBET, average pore diameter, and pore volume of ACs were measured by the nitrogen adsorption-
desorption method, and the results are presented in Fig. 7. According to the IUPAC classification, the
isotherm of all AC samples is type IV with an H4 type hysteresis loop [96, 97], presenting the
predominance of mesopores between the carbon components or in the matrix, generating slit-shaped
pores with a non-uniform size. Mesoporous materials with pore sizes between 50 nm and 2 nm are used
to produce the type IV isotherm.

The hysteresis loop has also been presented in the isotherms at around P/P0 = 0.4–1.0 for all samples.
The process of adsorption-desorption has capillary condensation due to the bimodal micro-mesoporous
structure [84, 98]. The mesopores are filled at P/Pº <1 due to the secondary process of capillary
condensation, which is related to the hysteresis loop. Type H4 corresponds to limited amounts of
mesopores limited by micropores and are given by many activated carbons and some other nanoporous
adsorbents. These isotherms are composite. The initial phase of reversible micropore filling is followed
by multilayer physisorption and capillary condensation in the simplest condition. One can frequently
divide the isotherm into its component pieces by using an empirical method of analysis (such as the S-
plot) [99, 100]. It, therefore, becomes apparent that on the comparatively small non-microporous portion
of the adsorbent, the H4 loop is comparable to an H3 loop. The adsorptive ability, the most significant
characteristic of activated carbon, correlated with the pore surface area. Generally, the adsorptive ability
of activated carbon increases with increasing pore surface area. The BET surface area of the produced
carbons is significantly influenced by the reaction conditions. By varying the carbonization and activation
parameters, the pore structures of agricultural waste carbons can be modified to some extent. The result
demonstrated that different milling time of starting powder affects the pore size distribution of ACs.
Furthermore, the total pore volume and distribution of the volume of micropores, mesopores, and
macropores slightly shifted by different milling times or particle sizes.

Table 3 summarizes the BET surface area (SBET) and pore structure properties of the activated carbons

with different parameters. The SBET of AC B10, C12, and D14 are 1721.0050 m2/g, 1617.4491 m2/g, and

1241.5574 m2/g, respectively, thereby reflecting that the milling time of the starting materials increase as
the BET surface of the samples decreases. These findings can be explained by the destruction part of the
internal porous structure of the material in the milling. The average pore diameter of the ACs depicts an
increase in sizes, which are 3.5310 nm, 3.7418 nm, and 4.4876 nm, and the pore volume is 0.1401 cm3/g,
0.1255 cm3/g, and 0.1587 cm3/g respectively. According to Ding et al. (2021), the adsorbent diameter
was defined by IUPAC as mesopore if its within 2 and 50 nm, micropore if its < 2 nm, and macropore if its 
> 50 nm [101]. Based on these results, the samples are considered mainly mesoporous.  
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Table 3
BET surface area (SBET) and pore structure properties of the activated

carbons with different parameters
Sample BET surface area, SBET

(m2/g)

Average pore size

(nm)

Pore volume

(cm³/g)

AC B10 1721.0050 3.5310 0.1401

AC C12 1617.4491 3.7418 0.1255

AC D14 1241.5574 4.4876 0.1587

Hevira et al. (2021) reported that the specific surface area of the TC shell was 69.88 m2/g before
biosorption and 51.52 m2/g after biosorption of MB [102]. On the other hand, the specific surface area of
activated carbon with a pre-carbonization time of 2 h and 3 h are 279 and 303 m2/g, respectively [103].
Thus, the specific surface area increased ∼6 times (from 279 to 1721.0050 m2/g) as the particle size
was reduced, indicating the higher sensitivity of the surface area to size reduction as reported by Rahman
et al. (2009) [104]. Hence, smaller particle size makes the smaller nanoparticles suitable for the
applications, such as fillers in advanced nanocomposites and as a catalyst [105].

Conclusion
This study successfully synthesized activated carbon-based Terminalia catappa fruit waste at different
starting particle sizes. Nanometer starting particle size in synthesizing activated carbon produced a
higher percentage yield of AC and the carbon percentages were maintained until ̴93% of carbon content.
Increasing the milling time of smaller crystallite size results in a greater value of FWHM, ‘displacement’,
and ‘disordering’ defects, which contribute to the broadening of diffraction peaks. The peaks broadening
depicting size reduction also corresponds to the creation and accumulation of lattice defects. The
micrographs of the prepared ACs also demonstrate the porous structure progressively developing into a
sponge-like structure as the particle size decreased. Irregular channels were also present in the sample at
high milling time, which corresponds to a smaller particle size. As the milling time of the starting
materials increase, the BET surface of the samples decreases. These findings can be explained by the
destruction part of the internal porous structure of the material in the milling. Moreover, the specific
surface area increased ∼6 times (from 279 to 1721.0050 m2/g) as the particle size was reduced,
indicating that the surface area is more sensitive to size reduction. Thus, this study revealed that the
milling time for starting particle size of Terminalia catappa fruit waste to synthesize activated carbon
does affect the properties of AC, carbon content, morphology, pore diameter, and surface area BET.
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Figure 1

TEM micrograph and particle size distribution of TC A0 (a,b) and TC C12 (c,d).
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Figure 2

Percentage yield of activated carbon with different samples.
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Figure 3

X-ray diffraction of milled Terminalia catappa (TC) and activated carbon (AC) from Terminalia
catappapowder.
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Figure 4

Percentages of elements in raw TC crush, AC B10, AC C12, and AC D14.

- - - The dotted lines refer to the guidelines.
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Figure 5

FESEM images of (a) TC crush, (b) AC 10, (c) AC 12, and (d) AC D14 at different milling times of 10 hours,
12 hours, and 14 hours, respectively.
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Figure 6

Raman spectrum of agricultural waste-derived activated carbon.
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Figure 7

Adsorption isotherms of N2 at 77K for AC B10, AC B12, and AC D14.
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