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ABSTRACT: Activated charcoals were synthesized from sugar palm bunches (SPB) of the native tree of Arenga
longipes in Indonesia. The synthesized activated charcoal (AC) was characterized, and utilized as an absorbent for
heavy metals (lead/Pb and copper/Cu) through thermal activation. The synthesis of AC was accomplished through
furnace activation at temperatures of 500°C, 600°C, 700°C, and 800°C. Acid chlorides were blended with the SPB-AC
samples at 5% impregnation level and subsequently subjected to washing for activation, resulting in the elimination of
volatile substances and ash content, which facilitates the development of a porous structure in the activated charcoal.
The proximate analysis results indicated a reduction in weight and moisture content with an increase in activation
temperature. The C-O, C=C, O-H stretching chains were not visible in the SPB-AC, indicating that the chains were
broken after activation. The treatments at 600°C and 700°C exhibited superior thermal stability relative to the others.
Moreover, there was a notable reduction in the signal strength of low-crystallinity amorphous carbon, indicating
that the high-temperature treatment substantially altered the structural characteristics of the crystal. The SPB-AC
produced at 700°C exhibited a primarily microporous architecture, characterized by a maximal surface area, reduced
total pore volume, and small particle size. In conclusion, elevating the activation temperature to 700°C leads to notable
improvement in the adsorption of Pb (91.61%) and Cu (95.19%) metals.
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1 Introduction

Clean air and water are fundamental necessities for human health in the modern world. Nonetheless,
water quality frequently deteriorates in city regions because of contamination from dust and heavy metal
contaminants, including lead (Pb), copper (Cu), zinc (Zn), iron (Fe), and magnesium (Mg) [1]. This is
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attributable mainly to the heightened levels of industrial activities, transportation, and energy production in
these regions [2,3]. Numerous studies indicate that the industrial and transportation sectors are the primary
sources of urban air, water, and particulate pollution, as emissions result from the combustion of fossil fuels
containinglead and iron [4,5]. This signifies the necessity of designing alternate methods to address this issue.

Water contamination resulting from heavy metals, such as lead (Pb) and copper (Cu), has incurred
significant detrimental effects on ecosystems and human health. The presence oflead (Pb) can induce toxicity,
respiratory disorders, and cancer [6]. Recent reports indicate that more than 3000 cities globally are impacted
by water contamination, primarily owing to pollutants detrimental to human health. Lead (Pb) and copper
(Cu) are extremely carcinogenic and can induce dysfunction in various organs, including the lungs, kidneys,
brain, liver, reproductive system, and nervous system. Consequently, the elimination of heavy metals is
imperative because of their negative effects on the environment and human health. Lead adversely affects
terrestrial biological systems, particularly impacting insects and fauna residing in forested areas [7].

Various treatment procedures, including coagulation, flocculation, biodegradation, adsorption, and
oxidation, have been devised to mitigate water pollution by decreasing pollutant levels [8]. Nonetheless,
none of these techniques achieve 100% efliciency, with adsorption regarded as the most effective among
them [9,10]. Adsorption offers notable advantages, including low initial expenses and straightforward
recovery of both adsorbent and adsorbate components [11,12]. Various adsorbents are frequently employed
in this process, with activated charcoal (AC) being favored for its extensive surface area and economical
raw ingredients. Plant waste materials provide an economical source for the production of activated carbon,
which effectively eliminates various organic and inorganic contaminants, including lead and copper [13].

Previous research has indicated that activated carbon (AC) can be generated via numerous activation
techniques, including both physical and chemical processes. The most straightforward physical activation
involves high temperatures, which increase the surface area and porosity of the material, resulting in an
improved adsorption rate [14]. Numerous studies frequently employ CO, and other gases in the process;
however, there is scant information on the utilization of activation at elevated temperatures without the
incorporation of gases.

Consistent with these findings, the Indonesian sugar palm (Arenga longipes) is a species commonly
located throughout the Southeast Asia, notably in Indonesia, Malaysia, Thailand, Vietnam, and other global
locations [15]. The plant offers numerous advantages, including the use of sap as a raw source for sugar and
traditional beverages, wood for buildings (flooring), and fruit as a carbohydrate-rich food element [16,17].
The fundamental woody components of the plant are sugar palm bunches (SPB), measuring 50-120 cm in
length and 1-4 cm in diameter, with a composition of 71.8% holocellulose and 23.5% lignin [18]. Currently,
there is a dearth of research on the use of sugar palm bunches as activated carbon, especially concerning
the analysis of the surface properties of activated carbon obtained from sugar palm bunches. This work
addresses the deficiency in understanding the surface characteristics of activated carbon and their influence
on heavy metal adsorption capacity. This work aims to synthesize, characterize and utilize activated charcoal
from Indonesian sugar palm bark as an adsorbent for lead and copper removal through a high-temperature
activation process.

2 Materials and Methods

2.1 Raw Material Preparation and Carbonization

This study utilized sugar palm bunches (SPB) obtained from community plantations maintained under
agroforestry in North Sumatera, Indonesia. SPBs were collected from sugar palm tree approximately 8-10
years old and manually harvested at a height of 5 cm from the main stem. The bunches were severed to
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a length of approximately 4-5 cm and thereafter air-dried under sunlight for two weeks until a moisture
content of 7%-9% was achieved. The pyrolysis procedure was used to carbonize the bunches without oxygen
at an increasing rate of 15°C per minute until it reached a maximum temperature of 350°C and maintained
for 3 h. Furthermore, room temperature conditioning was carried out for 8 h until the charcoal reached
room temperature. Additionally, the powdered charcoals were generated and sieved through a 100 mesh
before being activated at elevated temperatures. Elevated treatment activation was performed by heating
to temperatures of 500°C, 600°C, 700°C, and 800°C, which were maintained at each temperature for 1 h.
The activated charcoal (AC) was washed with 5% HCI and filtered to effectively remove residual ash and
contaminants from the sample surface.

2.2 Weight Loss and Proximate Analysis

The determination of sample weight alterations postactivation involves contrasting the quantity of
sample diminished after activation (W;) with the initial weight of the sample (W;). Weight loss calculation
was performed via Eq. (1).

Wi - W,

Weight | = —— x 100% 1
eight loss m x b 1)

The moisture content was assessed in accordance with the ASTM D3173-03 standard [19]. The porcelain
crucible contained 1 g of activated charcoal (a), which was subsequently heated in an oven at 103 + 2°C
for 60 min. The conditioning process took place in a desiccator for 15 min, with the sample being weighed
multiple times until a stable weight was reached (b). The moisture content of SPB-AC was determined
through the application of Eq. (2).

a
Moisture content = x 100% (2)

a
The ash content was assessed following the ASTM D3174-03 standard [20]. One gram of activated
charcoal was placed in a porcelain crucible and heated at 900°C for four hours in a furnace. The measurement
of boiler ash (b) facilitates the analysis of its ash composition. The ash content of SPB-AC was determined
through the application of Eq. (3):

b
Ash content = — x 100% (3)
a
The determination of volatile matter was conducted in accordance with the ASTM D3175-07 stan-
dard [21]. One gram of activated charcoal (W;) was heated at 950°C for 7 min, followed by a conditioning
period of ten minutes in a desiccator, after which it was weighed (W>). The weight reduction of SPB-AC was
determined through the application of Eq. (4). Additionally, the determination of volatile matter in SPB-AC
was conducted via Eq. (5):
Wi-W,

Weight loss (W5) = W x 100% (4)
1

Volatile matter = W5 — W, (5)

In this context, W, represents the initial weight, W, represents the weight loss after the furnace
treatment, W3 represents the weight loss, and W, represents the moisture content of the sample.
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The determination of the fixed carbon content was conducted in accordance with ASTM 3172-03 [22].
The determination of the fixed carbon content is based on a complete reduction in the sum of the moisture
content, ash content, and volatile matter. The determination of fixed carbon in SPB-AC is conducted
via Eq. (6).

Fixed carbon = 100% — (moisture content + ash content + volatile matter) (6)

2.3 Fourier Transform Infrared Analysis

The SPB charcoal and AC samples underwent a sequence of treatments comprising washing with
5% HCI, conditioning in room temperature water for 1 h, drying at 35 + 5°C for 12 h, and grinding into
a powder with a 100-mesh size. FTIR spectroscopy was conducted at around 25°C, utilizing an FTIR-
4200 spectrophotometer (8201PC-Shimadzu, Tokyo, Japan) and employing the KBr disc method. The
spectroscopy resolution established in this study was 12 cm™'. The aim of the experiment was to determine
the particular functional groups linked to the observed absorbance bands.

2.4 Thermogravimetric Analysis (TGA)

The thermal stability and mass change rate of the modified SPB charcoal and AC were examined
through thermogravimetric analysis via an Ekstar SIII-Type 7300 instrument (Hitachi, Tokyo, Japan). For
this investigation, materials weighing 10 mg were incrementally heated in an alumina crucible, beginning at
ambient temperature and reaching 600°C at a rate of 10°C per minute. Nitrogen was constantly led into the
apparatus at a flow rate of 30 mL per minute throughout the experiment.

2.5 X-Ray Diffraction Analysis (XRD)

The crystallinity index (Cr-I) of SPB-AC was assessed by analyzing the areas of crystalline and
amorphous cellulose. The crystalline cellulose was identified at a 26 peak in the reflection plane position
(Io02), with a maximum intensity between 22.5° and 23°. In contrast, amorphous cellulose (I,,,), which
lies between 18° and 19°, was observed at the minimum-intensity position. Additionally, the diffraction
pattern was collected at ambient temperature (ranging from 20°C to 22°C) via radiation produced by a
Maximax X-ray Diffractometer-7000 (Shimadzu, Kyoto, Japan). The measurements were performed at 40 kV
and 20 mA, utilizing a detector set within a 26 range from 5° to 70° at a scanning speed of 2°/min. The
percentage crystallinity index (% CI) of the cellulose was subsequently determined via the formula shown in
Eq. (7) [23].

Ipoa — 1
% crystallinity index = w x 100% (7)

002

The maximal peak intensity was observed at a 26 angle of approximately 22° to 23°, designated Iyo,,
whereas the minimum peak intensity, corresponding to the amorphous region, was noted at a 20 angle of
approximately 18° to 19°, referred to as I,.

2.6 BET Surface Analysis

The specific surface area, pore volume, and pore size distribution of the AC were assessed from
the adsorption isotherms via the BET surface area quanta chrome nova 4200e instrument through BET
methods [24]. Next, the cross-sectional area of a nitrogen molecule was 0.162 nm. This study utilized the
Dubinin-Radushkevich (DR) equation to determine the micropore volume. The total pore volume was
determined by measuring the liquid volume of the adsorbate (N2) at a relative pressure of 0.985. Moreover,
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the pore size distribution was assessed via the BJH model [25]. The average pore diameter was determined
by multiplying the total pore volume by four and dividing that by the BET surface area.

2.7 Surface Morphology Analysis and Scanning Electron Microscopy-Energy Dispersive X-Ray Spec-
troscopy (SEM-EDX)

The samples were subjected to morphological studies by scanning electron microscopy (SEM, Leica
Cambridge S-360, Wetzlar, Germany). The samples were affixed to an SEM holder via double-sided carbon
adhesive tabs, which were electrically conductive to protect the surface of the samples during exposure to
the electron beam. The samples were subsequently coated with a 20 nm thick layer of gold via a Polaron
Equipment Limited model E500 (Hertfordshire, UK). The equipment was configured at a voltage of 1.2 kV
(10 mA), and a vacuum of 20 Pa was maintained for 10 min.

2.8 Atomic Absorption Spectrophotometry (AAS) Analysis

Absorption analysis was conducted utilizing atomic absorption spectroscopy (AAS) (Shimadzu AAS-
9000, Tokyo, Japan). The capacity absorption analysis was performed using Langmuir equations. The
experiment adheres to the methodology established by Piccirillo et al. [26]. The placement of 0.010 g of each
SPB-activated charcoal powder into 5 mL of a solution containing lead (Pb(II)) or Cuprum (Cu), within
a 100 mL Erlenmeyer flask. The mixture was stirred at 70 rpm and maintained at 30°C. Upon completion
of the experiment, the solution underwent centrifugation at 15,000 rpm to effectively separate the solids
from the supernatant. The supernatants underwent sequential analysis to ascertain the final concentration
of the pollutants. The maximum adsorption capacity of each material was determined by dissolving various
concentrations of pollutants over a consistent duration of 5 h. The influence of pH on adsorption was
examined through multiple experiments by setting the pH to 8, utilizing a Tris-HCI buffer at a concentration
of 10 mM. Further experiments were carried out to investigate the desorption of pollutants from activated
charcoal powder, along with the sorption kinetics. At the conclusion of the sorption test lasting 5 h, the
activated charcoal powder was extracted from the solution and allowed to dry at room temperature. The
powder was subsequently resuspended in 5 mL of water and permitted to stir at 30°C for a duration of
5 h. Subsequently, the solution was isolated from the solid and characterized as outlined in the previous
experiments. In the kinetic studies, solutions with predetermined concentrations of pollutants (2.1 g/L Pb
(IT) and Cu) were utilized, and various contact durations were examined ranging from 20 min to 5 h.

According to the adsorption isotherm, temperature and adsorbate concentration determine how
much adsorbate the adsorbent can absorb. Solubility, molecular weight, molecular structure, polarity, and
hydrocarbon saturation are among the adsorbate’s properties. The adsorption properties of SPB-activated
carbon employed in the treatment of water and wastewater are typically demonstrated by the Langmuir
isoterm formulas (Eq. (8)).

C. 1 C.

+
g4 XnK X,

(8)

where C, denotes the concentration of the pollutant in solution at equilibrium (mg/L), while g, signifies the
quantity of pollutant adsorbed per unit mass of material at equilibrium (mg/g). In the Langmuir model,
X, represents the maximum adsorption capacity of the material for a certain pollutant (mg/g), whereas
K is a parameter associated with the affinity between the pollutant and the adsorbent material. X,, can be
determined by the linear regression of C,/g, against C,.
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3 Result and Discussion
3.1 Weight Loss and Proximate Analysis

The reduction in mass following the heating of charcoal is illustrated in Table 1. The initiation of elevated
temperatures resulted in a reduction in the mass of the charcoal. The results of this study demonstrated a
relationship between elevated heating temperatures and weight reduction. Increasing the temperature during
carbon activation treatment can lead to a decrease in weight by reducing the oxygen content and improving
the porosity of the material [27]. Simultaneously, under conditions of elevated carbonization temperature, the
surface may experience accelerated deterioration, leading to an increase in the outer surface. The reduction
in weight observed during the high-temperature heating process correspondingly resulted in a decrease
in moisture content. Furthermore, the moisture content decreased during the heating process at 500°C;
however, at 600°C, 700°C, and 800°C, there was no significant change in the loss of moisture content. The
reduction in moisture content at 500°C indicates that residual water remained following the carbonization
process. Nonetheless, at temperatures ranging from 600°C to 800°C, no moisture content was observed.
Zhang et al. [28] reported that water molecules may completely disappear when subjected to a temperature
of 500°C. Any additional increase in temperature may trigger the disintegration phase of the material.

Table 1: Weight loss and proximate analysis of SPB-AC under different activation temperatures

Activation Weight loss (g) Moisture Ash (%) Volatile Carbon
content (%) matter (%) fixed (%)
Without activation - 030+0.03 0.08+0.02 2.21+0.09 9741+ 0.14
500°C 115 + 0.06 020+ 0.06 0.06+0.01 129+0.08 98.45+0.15
600°C 139 + 0.07 0.13+0.04 0.07+0.00 124+008 98.56+0.12
700°C 1.74 + 0.02 0.12+0.04 0.06+0.00 0.76+0.05 99.06 + 0.09
800°C 2.04 +0.07 013+0.05 0.07+0.01 094+0.10 98.86+0.16

No notable variations were observed in the changes in ash content throughout the heat
treatments. Table 1 also shows that the inorganic components in both materials exhibited a high degree of
consistency, even when exposed to different temperatures. During the activation process, the ash content
exhibited a slight beneficial effect. The entire ash present in the raw material was incorporated into the
activated carbon (AC), leading to a reduction in the fixed carbon content. The presence of inorganic
compounds, including K, Na, Ca, Mg, Fe, Al, P, and S, resulted in a reduction in the adsorption capacity
of the activated carbon. Furthermore, the presence of ash in activated carbon blocked specific openings,
and removing the ash could create additional pores, especially micropores. The application of heat at
temperatures of 500°C and 700°C led to a decrease in ash content in comparison to the ash content of the
samples subjected to the treatments conducted at 600°C and 800°C. This phenomenon was linked to the
occurrence of additional combustion at temperatures of 600°C and 800°C, exceeding those that occurred at
500°C and 700°C. As a result, a considerable quantity of ash content was generated.

Furthermore, Table 1 clearly shows that increasing the carbonization temperature from no activation
treatment to 700°C resulted in a reduction in the volatile matter content from 2.21% to 0.76%. Ge et al. [29]
reported that the amount of volatile organic compounds was affected by the carbonization temperature.
Raising this temperature may result in a greater quantity of wasted materials and a reduction in the volatile
matter content. The presence of volatile compounds adhered to carbon can influence carbon absorption.
As these compounds increase, more chemicals covering the carbon evaporate, leading to the opening of
previously sealed carbon pore surfaces and enhancing the absorption capacity. Moreover, at 600°C, the
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concentration of volatile compounds increased as a result of the onset of decomposition. An increase in
temperature from 700°C to 800°C resulted in a higher activation energy, which led to a slight increase in
volatile matter and an increase in the carbonization process. Additionally, Table 1 shows that increasing the
carbonization temperature from no activation treatment to 700°C resulted in an increase in the fixed carbon
content from 97.41% to 99.06%. The fixed carbon content of activated carbon is significantly affected by the
carbon content of the raw materials utilized, alongside the influences of moisture content, ash content, and
volatile matter [30]. Nonetheless, various additional factors affect the level of AC, including the activation
method, activation temperature, cellulose content, and lignin present in the raw material.

3.2 Functional Groups in SPB-AC

The FTIR spectra for evaluating activated carbon from both untreated sugar palm bunches (SPBs) and
those subjected to high-temperature treatments (500°C, 600°C, 700°C, and 800°C) are presented in Fig. 1.
A broad band was observed between 3615 and 3861 cm™! in the sample of nonactivated SPB charcoal. This
suggests the presence of O-H stretching, which is associated with water molecules, alcohols, and carboxylic
acids on the surface of SPB charcoal without activation. The disappearance of this peak following the activa-
tion process at elevated temperatures suggests that O-H bonds were disrupted, resulting in the elimination
of water, alcohol, and carboxylic acid molecules from the surface of activated carbon [31]. All samples,
regardless of whether they underwent activation or high-temperature treatment, exhibited stretching of the
-CH aldehyde group, which was identified as a reducing group derived from the carbohydrate structure in
the activated charcoal at a wavelength of 2661 cm™. The observation of O=C=0 stretching at a wavelength of
2325 cm™! was particularly noteworthy, as it suggested the occurrence of oxygen removal, which intensified
with increasing activation temperature. The peak observed at 2117 cm™! is noteworthy, as it correlates with
the stretching of the aromatic C=C bond within the phenyl group [32].

3861, 3615 2661 23125 2117

\%’xi
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- e - -
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Figure 1: FTIR spectra of SPB activated carbon under different activation temperatures

The untreated samples showed significant stretching of C-O in phenol at a wavelength of 1013 cm™,

which was absent in the high-temperature activation treatment. The interruption of the CO stretching
process above 500°C was unforeseen. Intense C=C bending was observed at a wavelength of 872 cm™ under
both nonactivated and activated conditions at 500°C. The application of temperatures exceeding 600°C
ceased to yield peaks, suggesting that the elevated temperature may have disrupted the C=C bonds. Similarly,
the peak at 745 cm™' was observed in the nonactivated treatment but was absent in the high-temperature
activated treatment. The peak at 745 cm ™! was associated with strong CH bending in the sample, both without
activation and at 500°C, and was entirely disrupted at activation temperatures exceeding 600°C.
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In the analysis of the spectra of the SPB AC collected prior to and following thermal treatment at

I was noted. The existence of a band at this location

700°C, a significant band at approximately 872 cm™
can be attributed solely to methylene groups. Moreover, the detection of a band in the 3000-3100 cm™
range offered further validation for the hypothesis that this compound is classified as an alkene [33]. In
general, for wavelengths ranging from 1500-4000 cm™!, minimal variations were observed among the peaks.
However, for wavelengths below 1500 cm™!, the differences among the samples were clearly evident. The
observed phenomenon leads to a progressive reduction in the number of oxygen-containing chemical
groups as the activation temperature increases, thereby increasing the effectiveness and efficiency of activated

carbon absorption.

3.3 Thermal Degradation of SPB-AC

The thermogravimetry graph presented in Fig. 2A illustrates the weight reduction of sugar palm
bunch-activated carbon (SPB-AC). The thermal degradation process can be categorized into four distinct
phases: water evaporation occurring below 150°C, molecular pyrolysis occurring between 150°C and 260°C,
degradation of the majority of physically adsorbed substances from 260°C to 600°C, and degradation of
chemically adsorbed pollutants at temperatures exceeding 600°C (Fig. 2B). A report from another study team
indicated that temperatures between 40°C and 200°C were linked to the desorption of weakly bound water
molecules that had been adsorbed on the adsorbent [34]. At temperatures ranging from 250°C to 350°C,
the oxidation and/or decomposition of chemically adsorbed compounds within small pores took place.
Consequently, the desorption temperature exhibited minor variations depending on the specific adsorbates
involved. Table 2 illustrates the final degradation process of SPB-AC. The data indicate that, compared
with the temperature activation treatment, the nonactivation treatment resulted in more rapid degradation
between 450°C and 600°C. This phenomenon demonstrated that temperature treatment has the potential
to increase the thermal stability of SPB-AC. At treatment temperatures of 500°C and 600°C, the weight
reduction observed was not significantly different, indicating that the thermal stability between the two
treatments was comparable. de Fatima Salgado et al. [35] reported that heating above 700°C could lead to a
significant increase in ash content, which in turn impacts the absorption process. These findings indicated
that at 800°C, the degradation of SPB-AC was more significant than that in the other treatments.

The results presented in Fig. 2C revealed a notable variation in the DTG curve, illustrating the three
stages of degradation in SPB-AC. The initial phase occurred within the temperature range of 30°C-150°C,
indicating the occurrence of water evaporation along with the release of certain low-molecular-weight
materials. The second stage took place at a temperature range of 150°C-400°C, during which minimal
degradation was observed, as the material under examination had transformed into charcoal. At this stage,
when the material is lignocellulosic, degradation can occur in the cellulose, hemicellulose, lignin, and wax
components. In relation to the DTG curve at 600°C, a peak was observed at 260°C. Nonetheless, in the DTG
curve corresponding to a thermal treatment at 700°C, a distinct peak was absent. The emission of water vapor
or the breakdown of other volatile compounds in the SPB led to this phenomenon. A separate study indicated
that the wide peak observed at temperatures exceeding 650°C may result from the decomposition of surface
functions [36]. Fig. 2D shows the differential thermal analysis (DTA) of SPB-AC at various temperature
activation levels. The endothermic reaction observed without activation treatment took place between
30°C and 150°C, suggesting a greater presence of water molecules than with temperature activation [37].
Additionally, the exothermic reaction took place within the temperature range of 150°C to 450°C.
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Figure 2: Thermograph of SPB activated carbon under different activation temperatures. (A) Weight loss graph; (B)
differential thermal graph; (C) differential thermogravimetry; (D) differential thermal analysis graph

Table 2: Weight reduction of SPB-activated carbon under different activation temperatures

Activation Weight reduction (%)
100°C 150°C 300°C 450°C 600°C
Without activation 7.96 8.99 10.83 14.74 25.75

500°C 6.49 710 7.94 8.93 11.29
600°C 6.91 7.49 8.32 9.16 10.80
700°C 8.87 9.61 10.42 11.13 12.12
800°C 12.38 17.69 19.71 21.71 23.49

3.4 Crystallinity Index of SPB-AC

XRD analysis was performed to examine the crystal structure of both nonactivated and activated
charcoal, with the findings documented in Fig. 3. The XRD peak of nonactivated charcoal was compared
with that of activated charcoal. In all the samples, the XRD diffraction peak at an intensity of 1002 at 26.5°
confirmed a graphite structure for the carbon material, whereas the peak at 23.1° suggested the presence of
amorphous carbon derivatives influenced by silica [38]. The unactivated charcoal exhibited a broad signal
with a relatively high intensity at 26.5° but a lower intensity at 39.5°, which corresponds to the overlapping
graphite plane. Following high-temperature treatment, there was a notable reduction in the overlap of the
graphite layers, suggesting that the carbon graphite structure may have been somewhat compromised by
these treatments. Moreover, the findings indicated that the signal intensity from low-crystallinity amorphous
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carbon diminished, implying that the high-temperature treatment process modified the structural properties
of the resulting carbon crystal to a lesser extent.
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Figure 3: Diffractogram of SPB-AC under different activation temperatures. (A) No activation; (B) 500°C activation;
(C) 600°C activation; (D) 700°C activation; and (E) 800°C activation

The crystallinity index of the material had an impact on the absorption properties of AC. Table 3
presents the crystallinity index (Cr-I) of SPB-AC. The Cr-I of SPB-AC increased from the 500°C treatment
to the 800°C treatment, with the exception of the 700°C activation. Notably, the no-activation treatment
resulted in a higher value of Cr-I than did all the other activation treatments. The analysis of the crystallinity
index of SPB-AC indicates that a lower crystallinity index is correlated with enhanced predicted absorption
properties. This happened as a result of the breakdown of crystalline components, such as cellulose, hemicel-
lulose, and lignin, through high-temperature treatment. The degradation of the crystalline component may
extend into the amorphous region, which is attributed to its enhanced absorption capacity [39]. The degree
of graphitization in SPB-AC exceeded that in non-AC exposed to elevated temperatures. The decrease in
microcrystalline strength led to increased AC activity. The data indicated a distinct trend in the activation
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of the SPB-AC from without activation treatment to activation occurs at 700°C, followed by a decrease at
800°C.

Table 3: Crystallinity indices of SPB-AC under different activation temperatures

Temperature (°C) Crystallinity index (%)

No activation 31.23
500 26.20
600 26.83
700 23.14
800 27.34

3.5 Surface Morphology of SPB-AC

SEM images reveal various alterations in surface morphology among different types of unactivated
charcoal compared with activated charcoal. The untreated SPB charcoal image exhibited thick cell walls
(Fig. 4A), whereas the high-temperature treatment resulted in signs of surface disintegration, leading to
thinner cell walls (Fig. 4B-E). This phenomenon emerged as a result of the breakdown of the SPB cell walls
induced by this treatment. The emergence of fissures in specific cell walls and valleys may be linked to
the significant cavitation phenomenon induced by this treatment. Additionally, Fig. 4B,C shows increasing
amounts of impurities, it was assumed that residual ash and other impurities resulted from the byproducts
of material combustion due to high-temperature processing (500°C-600°C treatment) [40]. However, in the
700°C treatment there was a reduction in ash and impurities due to perfect combustion occurring on the
impurities on the surface (Fig. 4D), then the impurities reappeared at a temperature of 800°C as a result
of the high temperature which again degraded the surface leaving impurities (Fig. 4E). The variations in
pore size and shape seen on the surface of SPB-AC resulted from depolymerization and emission of volatile
compounds from organic molecules during the high-temperature activation process. The breakdown of cell
walls, which leads to the expansion of micropores and a decrease in ash and impurity contents, may increase
the absorption rate [41].

i
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Figure 4: (Continued)



2366 ] Renew Mater. 2025;13(12)

I BRIN GK 3.00kV 5.0 mm x 5.00.0k SE ﬁ 10.0 um J BRIN GK 3.00kV 5.0 mm x 5.00.0k SE 10.0 pm

BRIN GK 3.00kV 5.0 mm x F.IIiI-.Dll SE 10.0 pm

Figure 4: SEM image of the surface morphology of SPB-AC at 300x magnification. (A) No activation; (B) 500°C
activation; (C) 600°C activation; (D) 700°C activation; and (E) 800°C activation

3.6 Surface Area

Table 4 shows a notable increase in the BET surface area and micropore volume, alongside a decrease
in the particle size of SPB-AC after high-temperature treatment to 700°C. Additionally, the surface area at
700°C reached 323.34 + 23.39 m*/g, which was the highest value across all the treatments, surpassing even the
treatment at 800°C. The surface area in the 800°C treatment decreased, indicating that some smaller particles
underwent complete combustion, resulting in larger particles remaining. The evidence lies in the observation
that the average particle size in the 800°C treatment exceeds that of the 700°C treatment. Moreover, the
micropore volume was consistent between the 700°C and 800°C treatments (0.14 cm?/g), with the 700°C
treatment demonstrating greater energy utilization efficiency. This finding showed that applying a treatment
at 700°C produced the most favorable outcomes regarding the increase in surface area. Furthermore, this
finding was supported by empirical evidence showing that the particle size at 700°C was relatively small
(18.56 nm) in comparison with the particle size noted in other treatments. The decrease in particle size
resulted in an increase in the material’s surface area. This finding showed that applying high-temperature
treatment to carbon could increase its surface area, increase the number of micropores, and reduce the
particle size. With a reduction in particle size, there was a corresponding increase in surface area, leading to
a greater volume of micropores. This resulted in a better absorption rate [42].

The adsorption-desorption isotherms of N2 for the SPB-ACs synthesized at 500°C, 600°C, 700°C,
and 800°C are shown in Fig. 5. The carbon generated at 500°C displayed a broad and level area within
the moderate to high relative pressure range, indicating its microporous characteristics. With increasing
carbonization temperature, the isotherms displayed a wider knee and a more confined plateau, suggesting an
enlargement of the pores. Consequently, the material heated to 700°C displayed a hysteresis loop, indicating



] Renew Mater. 2025;13(12) 2367

the existence of a well-defined nano porosity. Nonetheless, at 800°C, a decline in the isotherms was observed.
The adsorption curves for N2 on high-temperature-treated AC show a swift increase in the relative pressure
environment (P/Py) within the range of 0-0.2, suggesting the adsorption of a single molecular layer in the
micropores. Upon exceeding a P/P, value of 0.3, varying retention rates were noted, indicating the emergence
of greater quantities of microporous structured materials at elevated temperatures. A small amount of
mesopores was also observed. Posttreatment, the adsorption isotherms at 500°C, 600°C, and 700°C exhibit
an upward shift, which is followed by a decline at 800°C. Following high-temperature heat treatment, the
adsorption capacity of AC increases. The observed phenomenon can be attributed to an increase in the
quantity of micropores and mesopores, subsequently resulting in an increase in the specific surface area and
pore capacity of the activated carbon [43,44].

Table 4: Surface area, micropore volume, and particle size

Temperature (°C) BET surface area (m’/g) Micropore volume (cm’/g) Particle size (nm)

No activation 189.88 + 23.21 0.09 17.21
500 272.83 +18.96 0.12 21.99
600 302.87 + 20.86 0.13 19.81
700 323.34 + 23.39 0.14 18.56
800 311.50 + 19.80 0.14 19.26
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Figure 5: Adsorption-desorption isotherms of nitrogen in SPB-AC after each temperature treatment and the pore size
distribution of SPB-AC at each temperature. T1: 500°C; T2: 600°C; T3: 700°C; and T4: 800°C

Fig. 5 also shows the distribution of pore sizes in the SPB-AC samples subjected to high-temperature
treatment. This study demonstrated that with increasing temperature, the aperture distribution of SPB-AC
significantly changed, with the pore diameter ranging from 1.5-2.3 nm initially increasing before subse-
quently decreasing. Additionally, the activated carbon generated at 500°C presented the greatest pore volume
within the range of 1.5-2.3 nm. Compared with that of the sample heated at 500°C, the pore diameter of the
high-temperature samples heated at 700°C and 800°C notably increased, falling within the range of 1.7-2 nm.
This finding indicates that SPB-AC undergoes different levels of pore expansion when subjected to higher
temperatures [45].
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3.7 Scanning Electron Microcopy-Energy Dispersive X-Ray Spectroscopy (SEM-EDX) Analysis

The EDX analysis presented in Fig. 6 indicates the presence of carbon (C) and oxygen (O) in both
nonactivated charcoal and charcoal that has undergone high-temperature activation. The data corresponded
with the fixed carbon content illustrated in Fig. 6E, demonstrating that the treatment at 700°C resulted
in the highest carbon content. The carbon content in untreated charcoal was measured at 72.6%, which
increased to 91.5% following treatment at 700°C. At 800°C, there was a significant reduction in the carbon
content, which decreased by 87.2%. The observed carbon content notably increased, reaching a remarkably
high level, indicating the effective activation of the process through the application of elevated temperatures.
Compared with that of the untreated charcoal, the oxygen content of the treated charcoal was 16.4% lower.
A modest increase of 6.9% was subsequently observed at the high-temperature treatment of 700°C, which
further increased to 9.2% with activation at 800°C. The findings indicated that the ideal oxygen concentration
in activated charcoal at elevated temperatures was attained at 700°C. The inorganic content, comprising
Mg, K, and Ca, was remarkably low, remaining below 1% across all the treatments. SEM-EDX analysis
revealed that additional elements, such as Si, P, S, and Cl, were present in quantities less than 1%. A highly
efficient absorbent material features a surface characterized by a uniform hexagonal crystal structure [46].
This investigation revealed that applying high temperatures to a material can result in the development of
uniformly distributed hexagonal crystals composed of carbon. The dimensions of these crystals steadily
expanded with increasing temperature, ultimately peaking at 700°C.
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Figure 6: SEM micrographs and EDX analysis of (A) SPB charcoal without activation; (B) SPB-AC at 500°C; (C) SPB-
AC at 600°C; (D) SPB activated carbon at 700°C; and (E) SPB-AC at 800°C

3.8 Adsorption Capacity of SPB-AC

Experiments were conducted to investigate the adsorption capacities of various materials over a
specified duration of 5 h, utilizing different quantities of pollutants. The findings from these experiments
are illustrated in Fig. 7. Some graphs illustrate the adsorption isotherms, showing the amount of compound
adsorbed per unit of material in relation to the equilibrium concentration, while others demonstrate the
efficiency of pollutant adsorption concerning the initial concentration.

The analysis indicated that the adsorption capacity was affected by the temperature of activation.
The data illustrated the adsorption capacity (X,,) achieved for each activation for Pb and Cu. Table 5
presents a comprehensive analysis of how varying the activation temperature, specifically between 500°C
and 800°C, influenced the adsorption ability. At an activation temperature of 700°C, a notable increase in
absorption was observed (X,,), specifically 759.40 mg/g for Pb and 789.09 mg/g for Cu, respectively. The
data suggest that materials prepared at a temperature of 700°C may exhibit enhanced characteristics for the
removal of heavy metals. Moreover, a significant variation was observed in the change in absorbance across
different temperatures. The observed variations in pore diameter sizes at 500°C, 600°C, 700°C, and 800°C
are detailed in Table 4. Furthermore, the performance in terms of heavy metals absorption demonstrates
both effectiveness and efficiency, as evidenced by the reduction in the amount of oxygen with increasing
temperature, as illustrated in Fig. 6.

Table 5 further demonstrated that elevating the activation temperature from 700°C led to a significant
enhancement in the absorption of the Pb and Cu metals. The feasibility of this was attributed to the increase
in activation, which resulted in the formation of notably larger pores, as outlined in Table 4. Another study
yielded comparable findings, suggesting that increasing the activation temperature to 700°C improved the
adsorption capacity of activated charcoal [37]. At 800°C, there was a noticeable decrease in adsorption
capacity, likely due to changes in the micropore composition, leading to their transformation into larger
openings that reduced the overall ability to adsorb. The investigation revealed that the decrease in surface
activity affected the adsorption capacity of sugar palm bunch-activated charcoal for more exothermic metals,
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including Pb and Cu. Consequently, it can be deduced that the temperature at which the activation took place
influenced the structural characteristics of the pore surfaces and their capacity to adsorb substances from a
liquid solution.
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Figure 7: Adsorption isoterm and removal efficiency. Pb(II) (A, B), and Cu (C, D), respectively. TO: no activation;
T1: 500°C; T2: 600°C; T3: 700°C; and T4: 800°C

Table 5: Determining the fitting parameters X,, for the isotherm adsorption experiments, utilizing the Langmuir
equation. The R? value indicates the strength of the correlation in the linear fit

Temperature treatment Pb(II) Cu
X, (mg/g) R X, (mg/g) R’
No activation 526.49 0.939 566.06 0.933
500°C 458.74 0.904 493.51 0.900
600°C 642.03 0.940 667.54 0.947
700°C 759.40 0.957 789.09 0.956
800°C 712.40 0.946 750.97 0.949

4 Conclusion

In summary, the detailed investigation demonstrated that as the activation temperature increased,
both the weight and water content of activated carbon (AC) decreased. The decomposition of carbohydrate
components occurred at 650°C. The XRD analysis revealed a reduction in the signal intensity of low-
crystallinity amorphous carbon, indicating that the high-temperature treatment method produced notable
changes in the structural properties of the resulting carbon crystals. The EDX analysis revealed that the
initial carbon content in the untreated charcoal was 72.6%, which significantly increased to 91.5% following
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treatment at 700°C. An analysis of the absorption capacity of activated carbon derived from sugar palm
bunches (SPB-AC) through AAS indicated that raising the activation temperature to 700°C markedly
enhanced the absorption of lead (Pb) and copper (Cu) metals. The temperature at which effects were activated
had an impact on the adsorption capacity of the Pb and Cu metals, along with the surface structure of the
SPB-AC. The results of this study demonstrated that the AC derived from SPB has significant potential as an
effective adsorbent for the removal of Pb and Cu from contaminated water.
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