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 Abstract: This study explores the use of porous carbon derived from palm kernel shells 
to adsorb lead ions (Pb2+) from water. Porous carbon was produced by carbonizing palm 
kernel shells at different temperatures (400, 600, and 800 °C) and was evaluated for its 
effectiveness in a lead chloride (PbCl2) solution. The best adsorption rate, reducing Pb2+ 
concentration by 27.5%, was observed by carbonized material at 800 °C with a 3 h contact 
time. Kinetic analysis suggested that the process followed a pseudo-second-order model, 
indicating that chemical adsorption was the dominant mechanism. The adsorption data 
were best described by the Freundlich isotherm, implying multilayer adsorption on an 
uneven surface. These findings highlight the efficient and low-cost potential of palm kernel 
shell-based porous carbon for removing heavy metals from wastewater. Palm kernel shell-
derived porous carbon has proven to be a sustainable, cost-effective, and practical solution 
for mitigating Pb2+ contamination, positioning it as a promising candidate for 
environmentally friendly water treatment applications. 
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■ INTRODUCTION 

Each year, the demand for palm oil increases 
globally, resulting in a significant increase in oil palm 
plantations. Indonesia and Malaysia are the two largest 
palm oil producers in the world, with Indonesia being the 
top exporter. Indonesia's economy is largely dependent 
on the palm oil industry, which contributes to economic 
growth by generating substantial foreign exchange, 
creating jobs, and contributing to economic growth [1]. 
By 2015, Indonesia had allocated 10 million hectares of 
land to oil palm plantations [2]. Each ton of fresh fruit 
bunches processed, the palm oil industry yields about 20–
23% primary palm oil and 5–7% kernel oil product, 
leaving significant quantities of solid waste. This includes 
20–23% empty fruit bunches composed of 70% water and 
30% dry matter, along with 10–12% palm fruit fibers and 
7–9% palm kernel shells [3]. 

The composition of palm shells in lignocellulosic 
biomass is made up of a mix of carbohydrate polymers, 
with around 40% cellulose, 24% hemicellulose, 21% 
lignin, and 15% ash. In the palm oil industry, palm shells 
are typically around 6–7% of the total fresh fruit bunch 
processed [4]. Palm kernel shells are particularly notable 
for their high carbon content, about 49.79%. The 
composition of air-dried palm kernel shells includes 
hydrogen (H) at 5.58%, oxygen (O) at 34.66%, nitrogen 
(N) at 0.72%, sulfur (S) at 0.08%, and chlorine (Cl) at 
89 ppm [5]. 

Palm kernel shells offer several benefits, including 
their potential conversion into porous carbon for 
industrial applications. The high carbon content makes 
palm kernel shells a valuable resource, especially for 
conversion into porous carbon. Processing this porous 
carbon into briquettes can be done in industrial boilers 
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or as an alternative energy source, which can contribute 
to waste reduction and renewable energy production. 
Additionally, palm kernel shells have shown potential in 
replacing coarse aggregates in asphalt, Resdiansyah et al. 
[6] suggesting they can substitute up to 10% of aggregates 
for high-traffic roads and up to 50% for lighter traffic. 
When combined with sawdust, they also enhance the 
fuel’s energy content [7]. Palm kernel shells have been 
evaluated as a substitute for friction linings in brake 
systems, with performance comparable to asbestos-based 
materials under static and dynamic conditions [8]. 

The use of porous carbon in environmental cleanup, 
air filtration, and various industrial applications is greatly 
influenced by its high adsorption capacity. The effectiveness 
of these applications depends on the optimization of the 
porous carbon's adsorption capacity, which is still a 
challenge. Although traditional approaches, such as 
adjusting heating rates or particle sizes, have been 
explored, they often produce inconsistent results, leaving 
room for further performance improvements [9]. 

Porous carbon is well-known for its large surface 
area, which can be as much as 300 to 2000 m2/g, and its 
highly porous structure. These features make it 
particularly effective at adsorbing gases, vapors, and 
liquids [10]. The material’s pores are categorized into 
micropores (ranging from 10 to 1000 Å) and macropores 
(larger than 1000 Å). This structural versatility allows 
porous carbon to be used across a wide range of 
applications, including gas purification, catalytic 
processes, and odor and color removal in the food and 
medical sectors. Its use as a water filtration medium and 
for the removal of heavy metal pollutants further 
underscores its broad utility [11]. 

In many industries, environmental pollution is 
frequently caused by the release of liquid waste containing 
pollutants that exceed regulatory limits. Heavy metals 
such as lead (Pb), mercury (Hg), and cadmium (Cd) can 
lead to significant health risks if they are present in 
industrial waste. These metals can cause various diseases 
in living organisms, especially in humans, where exposure 
to contaminated food and water can lead to digestive 
disorders, kidney damage, cancer, and other toxic effects 
[12]. Heavy metals are persistent pollutants that do not 

easily degrade and can accumulate in human tissues, 
potentially resulting in long-term health issues [13]. 
Recent studies have explored ways to improve 
adsorption, but the effects of heating rate and particle 
size on efficiency remain unclear. In order to optimize 
conditions for better performance, this study examines 
how these factors affect porous carbon's adsorption 
power. The findings will offer insights into improving 
porous carbon treatment, with the potential for greater 
efficiency and cost-effectiveness in industrial applications, 
advancing the field of adsorption technology. 

■ EXPERIMENTAL SECTION 

Materials 

The primary raw material used to produce porous 
carbon in this study was palm shell samples. These 
shells, which are known for their abundance and high 
carbon content, were chosen because they have the 
potential to be a low-cost and sustainable precursor for 
producing porous carbon. An inert atmosphere was 
created by purging the system with argon gas to ensure 
the carbonization process proceeded efficiently without 
oxidation. This inert environment was crucial for 
preventing combustion and ensuring the formation of 
high-quality porous carbon with well-developed porosity. 
In addition to the porous carbon, a synthetic wastewater 
solution containing 1% lead(II) chloride (PbCl2) was 
prepared for the adsorption experiments. The PbCl2 
used in this study was PbCl2 anhydrous, sourced from 
Sigma-Aldrich, with a reported purity of ≥ 98%. The use 
of this high-purity PbCl2 enabled the adsorption process 
to be reliable and consistent by minimizing impurities. 
PbCl2 salt was dissolved in demineralized water (DW) to 
avoid interference from ions or impurities present in tap 
water, leading to the formation of synthetic wastewater. 
This controlled environment allowed for a precise 
assessment of the porous carbon’s adsorption efficiency, 
specifically for lead ions, thus providing accurate and 
reproducible data for the study. 

Instrumentation 

The carbonization process of the palm shell 
samples was carried out in a controlled environment 
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using an electric furnace under an inert argon atmosphere 
to prevent oxidation. A Linberg Blue M 1200 °C furnace 
from Thermo Fisher Scientific was used for this purpose, 
ensuring precise temperature control throughout the 
process. The samples were heated to 400, 600, and 800 °C 
to examine how carbonization temperature affects the 
characteristics of porous carbon. These temperatures 
were selected to optimize the carbonization process and 
identify the conditions that would result in the highest 
adsorption efficiency. 

After carbonization, the resulting charcoal was 
ground into a uniform, fine powder using a disk mill, a 
crucial step to increase surface area and uniformity, which 
are key for maximizing adsorption. This powder was then 
analyzed using advanced techniques to examine its 
structural and chemical properties. 

The PANalytical X'Pert Pro X-ray diffractometer 
(XRD) was used to analyze porous carbon samples and 
evaluate their crystallinity and phase composition. This 
method revealed how different carbonization 
temperatures affected the structural transformation, 
providing data on the degree of graphitization and the 
presence of crystalline regions. Additionally, Fourier 
transform infrared spectroscopy (FTIR) with the Agilent 
5500 Series was performed to identify functional groups 
present on the surface of the porous carbon. FTIR analysis 
revealed specific chemical bonds and surface features that 
play a role in the adsorption process, particularly 
regarding lead ions. 

A Jeol JSM-6510LA scanning electron microscope 
(SEM) was utilized to observe the porous carbon's surface 
morphology and pore structure. High-resolution SEM 
images provided insight into the size and distribution of 
pores in the material, which are crucial for understanding 
how well lead ions are absorbed. The SEM analysis 
highlighted the well-developed pore network necessary to 
effectively absorb contaminants from aqueous solutions. 

Thermal properties of the palm kernel shell (PKS) 
were also analyzed to understand its thermal stability and 
behavior during carbonization. Differential scanning 
calorimetry (DSC) was used to examine the heat flow 
associated with thermal transitions, while thermal 
gravimetric analysis (TGA) tracked the weight loss of the 

samples as the temperature rose, providing important 
insights into the decomposition stages and thermal 
degradation of the material. 

After adsorption, residual Pb2+ concentrations in 
solutions were measured by Thermo Scientific's iCAP 
6000 series ICP-OES. This highly precise technique 
allowed for an accurate assessment of the porous carbon’s 
performance under different carbonization conditions. 

Procedure 

Dehydration and carbonization process 
The palm shell samples were first subjected to a 

dehydration step to ensure the removal of moisture and 
improve the efficiency of the carbonization process. This 
involved placing the raw palm shell samples in an oven 
set at 120 °C, where they were heated until they reached 
a constant weight, indicating the complete evaporation 
of moisture content. This step was critical in preparing 
the samples for carbonization, as any residual moisture 
could interfere with the formation of porous carbon and 
potentially disrupt the development of the material’s 
porous structure. 

After dehydration, the dried palm shell samples 
were transferred to an electric furnace for carbonization. 
The process was conducted under a continuous flow of 
argon gas to create an inert atmosphere. Argon, an inert 
gas, was essential for preventing oxidation of the samples 
at high temperatures. Oxygen exposure during 
carbonization could result in combustion or partial 
oxidation, which would have a negative impact on the 
quality and adsorption properties of the resulting porous 
carbon. By maintaining an oxygen-free environment, 
the carbonization process could proceed efficiently, 
ensuring that the samples underwent the necessary 
chemical transformations to become high-quality 
porous carbon, as illustrated in Fig. 1. 

The carbonization temperature of 400, 600, and 
800 °C was chosen to study how temperature affects the 
material's structural and adsorption properties. Each 
temperature was maintained for 1 h, ensuring sufficient 
time for the thermal degradation of non-carbon 
components, such as volatile organic compounds, while 
promoting the development of the carbon matrix. These  
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Fig 1. Carbonization process with (a) flowing argon gas; 
(b) PKS charcoal after carbonization process 

specific temperatures were chosen to explore a range of 
carbonization conditions, from lower temperatures that 
favor the preservation of functional groups to higher 
temperatures that enhance porosity and surface area by 
driving off more volatiles and restructuring the carbon. 
The 1 h duration at each temperature was optimized to 
balance the thermal decomposition of the material while 
preventing excessive loss of carbon content. All 
adsorption experiments were then performed at constant 
temperature to evaluate the Pb2+ adsorption capacity of 
the resulting materials. 

Post-carbonization processing and adsorption testing 
After carbonization, the produced charcoal was 

finely ground into a consistent powder using a disk mill. 
This process achieved a consistent particle size, essential 
for maximizing surface area and improving adsorption 
efficiency in subsequent tests. The powdered porous 
carbon was mixed with 100 mL of a synthetic wastewater 
solution containing 1% PbCl2 to simulate lead 
contamination. The effectiveness of Pb2+ removal using 
porous carbon is influenced by both the adsorbent weight 
and the volume of the aqueous PbCl2 solution, which play 
critical roles in achieving optimal adsorption. By using a 
controlled solution, the focus remained on evaluating the 
removal efficiency of Pb2+ ions without interference from 
other impurities. 

The porous carbon was stirred with the solution in a 
glass beaker using a magnetic stirrer (Fig. 2(a)) with varying 
contact times set at 1, 2, and 3 h based on the carbonization 
temperature used. This thorough mixing promoted better 
interaction between the porous carbon and Pb2+, allowing 
the  adsorption  process  to  proceed  efficiently.  After  the  

 
Fig 2. Activation process on sample: (a) process of 
stirring charcoal with activator solution, (b) activated 
charcoal 

stirring phase, the mixture was filtered to isolate the 
carbon particles, and the filtered porous carbon (Fig. 
2(b)) underwent further analysis to assess its adsorption 
performance. These analyses involved measuring the 
remaining concentration of Pb2+ in the solution to 
evaluate the effectiveness of the porous carbon in 
reducing Pb2+ levels and to determine its capacity for 
Pb2+ uptake. This study specifically examines the effect 
of carbonization temperature on the adsorption 
efficiency of porous carbon derived from PKS. While 
factors such as the adsorbent's weight and  solution 
volume can influence Pb2+ removal [14], they are kept 
constant and fall outside the scope of this research. The 
primary goal is to isolate the effects of carbonization 
conditions. 

■ RESULTS AND DISCUSSION 

Thermal Decomposition and Pore Formation in 
PKS Biomass 

Figs. 3 and 4 present DSC-TGA graphs illustrating 
the heat flow and mass change of palm shell samples as 
a function of temperature. The data reveals a multi-step 
degradation process that begins with the breakdown of 
moisture, followed by hemicellulose, cellulose, and lignin, 
and ultimately results in the formation of a carbon-rich 
material. The loss of mass between 50 and 150 °C is the 
result of the physical water evaporation from the PKS 
matrix. This phase is primarily an endothermic process 
with no chemical decomposition, as indicated by the 
DSC curve (Fig. 3), resulting in a minor reduction in 
mass due to the release of moisture (Fig. 4). As the 
temperature  rises above 150 °C,  hemicellulose,  the least  
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Fig 3. Graph of heat flow during heating of PKS 

 
Fig 4. Graph of mass degradation during heating of PKS 

 
thermally stable component, begins to decompose. The 
process continues until it reaches around 300 °C, which 
causes the release of volatile organic compounds like CO2, 
CO, and light gases. The decomposition of hemicellulose 
is accompanied by significant mass loss. This is an 
exothermic reaction, suggesting that some energy stored 
in the organic components of the PKS is released during 
this phase [15]. 

After the hemicellulose degrades, cellulose 
decomposition follows, releasing energy and 
transforming the biomass into a porous structure [9]. 
Lignin, the most thermally stable component, starts 
breaking down between 300 and 800 °C. Unlike 
hemicellulose and cellulose, lignin decomposes slowly, 
resulting in gradual, sustained mass loss. Lignin’s 
degradation produces char, volatile organic molecules, 
and gases, enhancing porosity through mesopore 
formation. The slow decomposition of lignin supports 
carbonization, which begins around 400 °C [16]. Once 
temperatures exceed 400 °C, carbonization becomes the 
primary reaction, driving off remaining volatile organic 
materials and converting the biomass into solid carbon. 
By 800 °C, approximately 70% of the initial biomass has 
been converted into gases and volatiles, leaving behind a 
carbon-rich char with a well-developed porous structure. 
Though mass loss continues, the rate slows as fewer 
volatile components remain. The carbonization process 
creates micropores and mesopores, significantly boosting 
the material's adsorption capacity [17]. 

The development of the pore structure is crucial for 
the effectiveness of the porous carbon produced [18]. The 
diffusion of larger molecules into the material is further 

enhanced by the presence of mesopores that emerge 
later during lignin decomposition and carbonization. As 
temperatures rise, the porous material becomes more 
porous and the pore size decreases, particularly after 
500 °C, making it suitable for applications such as heavy 
metal absorption from wastewater [19]. A complex and 
multi-stage process is involved in the thermal 
decomposition of PKS, which transforms biomass into 
carbon-rich material with a highly porous structure. Both 
micropores and mesopores are developed during the 
carbonization process, which is driven by increasing 
temperature, to enhance the material's adsorption 
properties. This continuous evolution of the structure 
makes the final product ideal for environmental 
remediation applications, particularly for the adsorption 
of contaminants like heavy metals. The DSC-TGA data 
proves that the production of a material with exceptional 
adsorption potential is a result of the sequential 
breakdown of organic components, followed by 
carbonization [20]. 

Structural Analysis of Porous Carbon: Crystallinity 
and Porosity 

The crystallinity of porous carbon derived from 
PKS was evaluated using both XRD and FTIR. The 
degree of crystallinity increased with higher 
carbonization temperatures, as reflected in the sharper 
peaks observed in the XRD patterns at 2θ angles of 
22.37°, 22.78°, and 22.84° (Fig. 5). The presence of 
crystalline regions within the carbon matrix is indicated 
by these peaks, which became more evident at higher 
temperatures. The relative crystallinity of the samples rose  



Indones. J. Chem., 2025, 25 (3), 787 - 799    

 

Mas Ayu Elita Hafizah et al. 
 

792 

10 20 30 40 50 60 70 80 90

(101) 800 °C

600 °C

In
te

ns
ity

 (a
.u

.)

2θ (°)

400 °C

(002)

 
Fig 5. Graph of XRD results of PKS after carbonization 

from 28.4% at 400 °C to 34.1% at 800 °C, which can be 
seen in Table 1. This rise in crystallinity is accompanied 
by a reduction in the distance between layers (from 3.97 Å 
at 400 °C to 3.89 Å at 800 °C), and a decrease in crystallite 
size from 12.4 to 11.9 Å, further confirming the structural 
reorganization that occurs at elevated temperatures. 

Despite the rise in crystallinity, the porous carbon 
retains its amorphous nature, which contributes to its 
high porosity. This is an important feature for adsorption 
applications, as the amorphous regions provide extensive 
micropore and mesopore networks that enhance the 
material's adsorption properties. The findings are 
consistent with prior studies [21] that demonstrate the 
importance of maintaining an amorphous-carbon 
balance for optimal adsorption capacity. 

A quantitative XRD analysis in Table 1 confirms that 
crystallinity increases with higher carbonization 
temperatures. For instance, the relative crystallinity at 
400 °C was 28.4%, increasing to 31.5% at 600 °C, and 
further rising to 34.1% at 800 °C. This rise in crystallinity 
is attributed to the reorganization of the carbon structure, 
accompanied by an expansion in interplanar spacing and 
the development of additional pores. The peak at 22.84° 

(2θ) suggests that the structure becomes more ordered 
but remains predominantly amorphous due to 
incomplete crystallization. Despite the increase in 
crystallinity, the amorphous nature of the material is 
essential to maintain a high surface area for adsorption 
applications [22]. The trend in Table 1 illustrates that the 
distance between layers decreases slightly as the 
carbonization temperature increases, reflecting the 
ordering of the carbon structure. Although the 
crystalline regions do not significantly grow in size, the 
material retains a significant amorphous framework, 
which is crucial for adsorption processes. The 
amorphous regions help maintain a high surface area 
necessary for effective adsorption [21]. 

In addition to XRD analysis, FTIR was used to 
examine changes in functional groups caused by 
carbonization and activation processes (Fig. 6). Fig. 6 
presents the absorption spectrum, revealing several key 
features. At a wavenumber of 3,708 cm−1, the absorption 
band observed matches the O–H functional group [22]. 
This band shifts to 3,691 and 3,620 cm−1 due to 
vibrational changes in the functional group as the 
temperature increases. The methyl (CH3) and methylene 
(CH2) groups exhibit C–H stretching vibrations, detected 
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Fig 6. Graph of FTIR results of PKS after carbonization 

Table 1. Table of XRD results of PKS after carbonization 
Temperature 

(°C) 
Crystallinity  
relative (%) 

Peak (002)  
position (°) 

Distance between 
layer (Å) 

Crystallite 
size (Å) 

Number 
of layer 

400 28.4 22.37 3.97 12.4 3 
600 31.5 22.78 3.90 11.8 3 
800 34.1 22.84 3.89 11.9 3 
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in the range of 2,842–2,920 cm−1 [23]. At 400 °C, these 
peaks are prominent, indicating the presence of aliphatic 
groups. However, at 600 °C, their intensity decreases, 
suggesting the degradation of aliphatic chains. By 800 °C, 
these peaks disappear entirely, indicating the complete 
transformation into aromatic carbon structures [22]. 

Additional peaks at 2,382, 2,358, 2,355, 2,052, and 
2,050 cm−1 are associated with carbon structures, 
including triplet patterns, while a peak at 1,453 cm−1 
signifies C=C aromatic vibrations [24]. The intensity of 
the aromatic C=C peaks increases with temperature, 
confirming the formation of a more graphitic and stable 
carbon structure at higher carbonization temperatures. 
The range of 1,035–1,052 cm−1 reflects C–O bond 
vibrations [23]. The peak at 1,035 cm−1 is initially 
prominent at 400 °C but diminishes significantly at 
800 °C, indicating a reduction in oxygen-containing 
functional groups. These changes illustrate the decreasing 
polarity and volatility of the material as it transitions into 
a more stable carbon framework. 

The Morphological Structure of Activated PKS 

The morphological features of the activated PKS 
were analyzed using SEM after subjecting the samples to 
different activation temperatures. As shown in Fig. 7, the 
SEM images revealed that increasing the activation 
temperature led to more defined and extensive pore 
formation on the surface. At 400 °C, the surface exhibited 
fewer and less pronounced pores. However, at 800 °C, the 
surface was significantly more porous, displaying an 
extensive network of micropores and mesopores. This 
progression indicates that higher activation temperatures 
facilitate the development of a more porous structure, 

which is crucial for adsorption applications. The 
reduction in particle size with increasing temperature 
was also evident, with particle sizes decreasing from 
173 μm at 400 °C to 34 μm at 800 °C. This reduction 
enhances the material's surface area, further 
contributing to its adsorption capabilities by by 
providing shorter diffusion pathways for Pb2+ to reach 
the interior pores of the carbon matrix [25]. The 
decomposition of volatile components during the 
carbonization process was responsible for creating these 
channels and cavities within the carbon matrix, which 
form the basis for the micropores and mesopores. 

Following the carbonization process, the produced 
charcoal underwent further treatment to optimize its 
adsorption performance. The charcoal was finely ground 
into a consistent powder using a disk mill, reducing 
particle size and increasing surface area. This post-
carbonization grinding step ensured better exposure of 
the pores formed during the carbonization process. The 
porous carbon was then used in adsorption testing with 
synthetic wastewater to assess its effectiveness in 
reducing Pb2+ levels. During the adsorption process, the 
interaction between the porous carbon and the Pb2+ was 
facilitated by thorough mixing, which promoted the 
utilization of the existing pores [26]. While the intrinsic 
porous structure was primarily established during the 
carbonization and activation processes, the post-
carbonization treatments played a crucial role in 
optimizing the accessibility and utilization of these 
pores, thereby enhancing the adsorption efficiency of the 
material. 

The formation of pores at higher temperatures is 
caused  by the  decomposition  of volatile  compounds in  

 
Fig 7. Microstructural SEM images of the activated PKS at (a) 400, (b) 600, (c) 800 ℃ activated temperature 
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the raw material, which results in the formation of 
channels and cavities in the carbon structure [27]. The 
formation of these smaller pores is particularly beneficial 
as they provide the porous carbon with a larger surface 
area, enhancing its capacity to adsorb contaminants. The 
breakdown of lignocellulosic components in the palm 
kernel shells, facilitated by high temperatures, results in a 
carbon-rich framework, increasing the material's 
effectiveness for adsorption purposes [28]. 

The Adsorption Capacity of Porous Carbon 

The adsorption capacity of porous carbon was 
significantly influenced by both the carbonization 
temperature and the duration of contact with the 
contaminant. The efficacy of porous carbon extracted 
from palm kernel shells in removing Pb2+ from an 
aqueous PbCl2 solution was evaluated. As shown in Fig. 8, 
the maximum adsorption efficiency was achieved at a 
carbonization temperature of 800 °C with a contact 
duration of 3 h, significantly reducing PbCl2 
concentration from 10,000 to 7,250 ppm. This 
corresponds to an adsorption capacity of around 27.5%. 
Conversely, the lowest efficiency was observed at 400 °C 
with a contact time of 1 h. This condition led to a minimal 
decrease in PbCl2 concentration, reducing it from 10,000 
to 9,880 ppm. The adsorption efficiency under these 
conditions was just 1.2% [29]. 

The superior performance at higher temperatures is 
attributed to the increase in pore volume and the 
reduction in  pore size, enhancing the  material’s ability to  

 
Fig 8. Decrease in PbCl2 concentration over time during 
the adsorption capacity test of activated PKS at different 
temperatures 

trap and adsorb lead ions [17]. This observation aligns 
with the formation of micropores and mesopores during 
carbonization, significantly boosting the surface area 
available for adsorption. Additionally, as the 
carbonization temperature rises, more well-defined 
pores develop, improving the diffusion and uptake of 
larger molecules [15] like lead ions. 

Longer contact times also contributed to higher 
adsorption efficiency, allowing more time for the 
interaction between the Pb2+ and the porous carbon 
surface [29]. This finding aligns with previous studies 
showing that extended exposure times enhance the 
binding of adsorbates to the adsorbent, further boosting 
adsorption capacity. Determining the optimal contact 
time is crucial, as it maximizes the efficiency of the 
adsorption process [30]. 

Although the adsorption capacity of the porous 
carbon in this study was lower than that reported in 
some previous studies, which achieved over 90% Pb2+ 
removal efficiency under varying conditions [5]. The 
findings offer valuable insights into how carbonization 
temperature, pore structure, and adsorption efficiency 
are interrelated. As highlighted by this study, the 
adsorption capabilities of porous carbon for 
environmental remediation purposes [6] can be 
enhanced by optimizing carbonization temperature and 
contact time. 

Adsorption Kinetics and Mechanistic Modeling for 
Lead Ion Removal 

Fig. 9 illustrates the relationship between 
equilibrium concentration (Ce) in solution and 
adsorption capacity (qe) of porous carbon derived from 
PKS for the Pb2+ adsorption. The adsorption equilibrium 
was modeled using the Freundlich isotherm equation 
(Eq. (1)) [31] 

e F e
1lnq lnK lnC
n

= +  (1) 

The experimental data were fitted using the 
Freundlich isotherm model, a commonly applied 
framework for describing adsorption processes on 
heterogeneous surfaces. The slope (1/n) of 1 suggests 
that n < 1, suggesting that the adsorption mechanism is 
predominantly chemisorption [32]. 
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Fig 9. Freundlich equilibrium isotherms for the system 
Pb2+-porous carbon 

A modeling plot of ln Ce versus ln qe produced a 
Freundlich constant (n) of 0.8327 and KF of 0.003916, 
reflecting the material's adsorption capacity. Notably, the 
coefficient of determination (R2 = 0.9981) indicates an 
excellent fit of the Freundlich isotherm model to the 
experimental data. This strong correlation underscores 
the model's suitability for describing the adsorption 
behavior of Pb2+ ions on the porous carbon material, 
affirming its heterogeneous adsorption characteristics [33]. 

The graph reveals that the qe increases with higher 
Ce, indicating that the porous carbon retains significant 
adsorption sites even at elevated Pb2+ concentrations. This 
behavior demonstrates the material's potential for 

practical applications in treating solutions with high lead 
ion concentrations.  However, the low KF value 
highlights the need for further optimization to enhance 
the material's adsorption capacity. 

The adsorption kinetics in 1 h contact time of Pb2+ 
onto porous carbon derived from PKS were 
systematically analyzed across three different 
carbonization temperatures: 400, 600, and 800 °C. These 
temperatures were selected to investigate the influence 
of thermal activation on the structural and chemical 
properties of the carbon material and their subsequent 
effects on adsorption performance. The adsorption 
kinetic was modeled using pseudo-first-order (PFO) and 
pseudo-second-order (PSO) equations as illustrated in 
Fig. 10 to evaluate the mechanism of adsorption and the 
nature of interactions between Pb2+ and the adsorbent 
surface. The results clearly indicate that both adsorption 
capacity and kinetics are influenced by carbonization 
temperature, with optimal performance observed at 
800 °C. However, the experimental data show that the 
PFO model does not accurately represent the adsorption 
kinetics at any of the three temperatures. This is evident 
from the relatively low R2 value compared with that of 
PSO and notable differences between the predicted and 
experimental qe, as detailed in Table 2. 

 
Fig 10. (a) Pseudo first order and (b) pseudo second order reaction kinetics for system Pb2+ - porous carbon 

Table 2. Table of result parameters of pseudo-first-order and pseudo-second-order models 

T (°C) 
Pseudo-first-order Pseudo-second-order 

qe (mg/g) k1 (1/min) R2 qe (mg/g) k2 (1/min) R2 
400 122.3395 0.0645 0.9821 153.8462 0.00041 0.9965 
600 261.1774 0.0739 0.9921 312.5000 0.00025 0.9984 
800 591.0496 0.0812 0.9905 625.0000 0.00011 0.9965 
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The PFO model, which assumes a physical 
adsorption mechanism and attributes the process to a 
rate-limiting diffusion step [34], fails to capture the 
complexity of the adsorption behavior observed in this 
study. Notably, at 800 °C, the qe values predicted by the 
PFO model are significantly lower than the experimental 
results, underscoring the model's inability to account for 
the influence of chemical interactions and enhanced 
porosity on the adsorption process. Although the PFO 
rate constant (k1) slightly increases with rising 
temperatures, this trend does not adequately explain the 
substantial improvements in adsorption capacity and 
kinetics observed experimentally. 

In contrast, the PSO model demonstrates an 
excellent fit to the experimental data, with R2 values 
exceeding 0.996 at all temperatures. This strong 
correlation indicates that the adsorption process is 
primarily governed by chemisorption, involving valence 
forces through the sharing or exchange of electrons 
between Pb2+ ions and functional groups on the carbon 
surface [35]. The equilibrium adsorption capacities 
predicted by the PSO model align closely with the 
experimental values, confirming its suitability for 
describing the kinetic behavior. Moreover, the PSO rate 
constant (k2) increases substantially with rising 
carbonization temperatures, highlighting the enhanced 
reactivity of the adsorbent surface. This improvement can 
be attributed to increased porosity, larger surface area, and 
the activation of oxygen-containing functional groups 
such as carboxyl, hydroxyl, and lactone [36]. 

The temperature-dependent trends observed in this 
study underscore the critical role of thermal activation in 
determining the physicochemical properties of the carbon 
material. Higher carbonization temperatures lead to 
increased surface area, enhanced and the formation of 
active functional groups, all of which contribute to 
improved adsorption performance. The presence of 
oxygen-containing functional groups on the carbon 
surface enhances the affinity of the adsorbent for Pb2+ 
ions, enabling the formation of stable complexes that 
result in high adsorption capacities [37]. 

■ CONCLUSION 

This  study  demonstrates  the  high  effectiveness  of  

porous carbon derived from PKS in adsorbing Pb2+ from 
aqueous solutions. The porous carbon produced at a 
carbonization temperature of 800 °C showed the highest 
efficiency, reducing Pb2+ concentrations by 27.5%. These 
results emphasize the importance of optimizing 
carbonization conditions to enhance the performance of 
porous carbon for adsorption applications. The 
Freundlich isotherm model best describes the 
adsorption behavior, indicating multilayer adsorption 
on a heterogeneous surface. This suggests that the 
porous carbon effectively adsorbs Pb2+ at various sites. 
Kinetic analysis supports this, showing alignment with 
the PSO model, highlighting physical mechanisms as the 
main drivers. The rapid adsorption, enabled by the 
material's large surface area and well-developed 
porosity, confirms its suitability for water purification 
and environmental remediation. Overall, this study 
demonstrates that palm kernel shell-derived porous 
carbon is a viable, sustainable, and economical solution 
for reducing Pb2+ contamination, making it a promising 
option for eco-friendly water treatment applications. 
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