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ABSTRACT

Palm shell has great potential as an adsorbent material due to its porosity and thermal
stability, but its high moisture content can affect its surface area and absorption
capacity. This study aims to optimize the drying process of palm shells to enhance their
adsorption performance by applying an exponential model. The drying process was
carried out at a temperature of 80°C with time variations ranging from 1 to 6 hours.
Parameters measured included wet and dry moisture content, Moisture Ratio (MR), and
drying rate. The results showed that drying the palm shell for 4 hours yielded the best
results, with a reduction in wet moisture content by 19-21% and dry moisture content by
23-28%. The exponential model analysis provided drying rate constants for the three
samples of 0.0443, 0.0238, and 0.0159, respectively. The measured MR graph
compared with the model predictions showed a very good fit, with an R2 value close to
1, meaning the exponential model is effective in predicting the drying rate. Adsorption
performance was tested using a Dylon dye solution with a concentration of 25 ppm,
where the palm shell was able to adsorb up to 85% of the dye within 180 minutes.

Keywords: Palm Shell, Drying, Adsorption, Moisture Ratio, Exponential Model

INTRODUCTION

Palm oil is one of Indonesia's primary
commodities, producing a variety of
derivative products, including crude palm
oil (CPO) (Setigjiati et al., 2024).
However, palm oil processing also
generates a significant amount of biomass
waste, such as empty fruit bunches,
fibers, and palm shells (Dolah et al.,
2021). Among these waste types, palm
shells are often used solely as boiler fuel
in the palm oil industry, despite their
considerable  potential as  natural
adsorbents. Palm shells possess high
porosity, thermal stability, and significant
carbon composition, making them an
ideal candidate for adsorption
applications in wastewater treatment or
air purification (Uchegbulam et al.,
2022).

One of the main challenges in
utilizing palm shells as adsorbents is that
adsorption performance heavily depends
on the quality of material preparation.
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Drying is a crucial step in preparing palm
shells because high moisture content can
affect the pore structure, surface area, and
absorption capacity of the adsorbent (Yek
et al.,, 2019). In the drying process,
temperature control, time, and
environmental conditions are critical
factors that must be optimized to produce
effective adsorbent materials (Gayathiri
et al., 2022). A lack of understanding of
drying Kkinetics and the appropriate
mathematical models often results in
trial-and-error drying processes, reducing
the efficiency and effectiveness of palm
shells as adsorbents.

Many studies have been conducted on
biomass drying, both for various types of
lignocellulosic  materials and  other
biomass. For example, research by Zhang
et al, showed that drying at higher
temperatures accelerates water
evaporation but can damage the
material’s pore structure, ultimately
reducing adsorption capacity(Zhang et
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al., 2022). Another study by Wu et al.
(2024) also discussed the use of an
exponential model to predict drying rates
in biomass materials, but the focus was
limited to other types of biomass, such as
straw or wood (Wu et al., 2024). To date,
studies on palm shell drying using an
exponential model and its impact on
adsorption performance are still limited.

Although there is extensive research
on biomass drying, a specific
understanding of palm shell drying
Kinetics and optimizing the process to
enhance adsorption capacity is still
lacking. Most previous studies focused
more on the physical and chemical
characterization of palm shells without
directly linking them to drying kinetics
and their impact on adsorption
performance. Furthermore, the
exponential models used in various
studies often do not account for the
specific conditions of lignocellulosic
materials like palm shells.

The novelty of this research lies in
combining the study of palm shell drying
kinetics with the application of an
exponential model to predict the Moisture
Ratio (MR) and drying rate. By taking
this approach, this study aims to provide
precise guidelines for optimizing the
drying process to produce high-
performance adsorbents. This research
not only seeks to enhance the value of
palm shells on an industrial scale but also
aims to contribute to the biomass drying
literature, particularly concerning
lignocellulosic materials like palm shells.

The objective of this study is to
optimize the drying process of palm
shells by studying drying kinetics and
applying an exponential model to
enhance adsorption performance.
Through this study, it is expected to
obtain optimal parameters that can be
applied on an industrial scale to increase
the added value of palm shells as
adsorbents.
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MATERIALS AND METHODS
Research Materials

The primary material used in this
study is palm shells obtained from a palm
oil mill at the port dock in Tanjung Api-
Api, Banyuasin Regency, South Sumatra.
The tools used in this study include a
drying oven, an analytical balance, and
other supporting equipment.

Material Preparation

The collected palm shells had an
average diameter of 5 mm (equivalent to
4 mesh). They were first washed with
distilled water (aquadest) to remove any
attached foreign particles, then air-dried
at room temperature to reduce initial
moisture content. Afterward, the samples
were dried in an oven at a temperature of
80°C with varying drying times of 1, 2,
and up to 6 hours to study the drying
Kinetics of the palm shells.

Moisture Content Measurement

After drying, the palm shell samples
were weighed at each specified time
using an analytical balance to determine
the weight loss due to water evaporation.
Moisture content was measured using the
gravimetric method, which compares the
wet weight to the dry weight of the palm
shells. The Moisture Ratio (MR) was
calculated using the following equation
(Aksoy et al., 2019)

Wt - We
MR = (1)
Wo - We
Where:

Wt = Sample weight at time t (g)
We= Equilibrium weight (dry weight) (g)
W, = Initial sample weight (g)

Assuming the equilibrium moisture

content We is zero, the equation
simplifies to:
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MR = — @)
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Drying Kinetics Study

The drying kinetics study was
conducted by analyzing the changes in
Moisture Ratio (MR) over time at each
drying temperature. The MR data
obtained was used to model the drying
kinetics of the palm shells. The modeling
applied an exponential model (Alsulami
et al., 2023), expressed by the following
equation:

MR=exp (—kt) 3)

Where:
k = Drying rate constant (hr")
t = Drying time (hours)

The drying data at 80°C was then
analyzed to determine the drying rate
constant (k) at this temperature. A
logarithmic plot of the Moisture Ratio (In
MR) versus time was made to assess the
suitability of the exponential model in
describing the drying behavior of the
palm shells.

Adsorption Analysis

After the drying process, the palm
shells underwent carbonization,
activation, and pillaring, and were tested
for their adsorption capability to evaluate
the effect of the drying process on
adsorption performance. Adsorption was
carried out using a test solution, Dylon
dye solution (Hb09) at a concentration of
25 ppm, mixed with 1 gram of pillared
palm shell activated carbon. The
adsorption process was conducted with
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contact times of 30, 60, 90, 120, 150, and
180 minutes. The color of the solution
before and after the adsorption process
was measured using the Hach Method
No. 8025 in PtCo units.

Data Analysis

The MR data obtained from the
measurements were analyzed using linear
regression to examine the fit of the
exponential model to the experimental
data. Additionally, statistical analysis was
conducted to determine the significant
effects of drying time on the drying rate
and adsorption capacity.

RESULTS AND DISCUSSION

1. Wet Moisture Content and Dry

Moisture Content

Wet Moisture Content and Dry
Moisture Content are two important
parameters used to measure the amount
of water in a material during the drying
process (Macedo et al., 2024). These
parameters provide different perspectives
on how much water remains in the
material and how effective the drying
process is.

Table 1 shows data on the reduction
of moisture content in palm shells during
the drying process. By examining the wet
and dry moisture content at different time
intervals, the optimal point can be
determined  where drying reaches
maximum efficiency—when the moisture
content in the sample decreases
significantly and stabilizes.
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Table 1. Wet and Dry Moisture Content in Palm Shells During the Drying Process

t Wet Weight _Weight at il Ly
Sample (hours) (Wh) Time Interval Moisture Moisture
(Wd) Content Content
1.00 537.04 493.70 8.07% 8.78%
Palm 2.00 537.04 459.57 14.43% 16.86%
Shells1 ™340 537.04 444.38 17.25% 20.85%
4.00 537.04 435.65 18.88% 23.27%
5.00 537.04 432.68 19.43% 24.12%
6.00 537.04 428.52 20.21% 25.32%
1.00 537.05 470.07 12.47% 14.25%
Palm 2.00 537.05 447.75 16.63% 19.94%
Shells2 309 537.05 437.31 18.57% 22.81%
4.00 537.05 432.47 19.47% 24.18%
5.00 537.05 432.29 19.51% 24.23%
6.00 537.05 430.40 19.86% 24.78%
1.00 523.39 436.03 16.69% 20.04%
Palm 2.00 523.39 419.71 19.81% 24.70%
Shells3 ™39 523.39 409.99 21.67% 27.66%
4.00 523.39 406.25 22.38% 28.83%
5.00 523.39 405.91 22.45% 28.94%
6.00 523.39 405.75 22.48% 28.99%

Table 1 shows the measurement
results of wet and dry moisture content
from three samples of palm shells during
the drying process. The drying was
conducted at time intervals ranging from
1 to 6 hours. The initial wet weight and
the sample weight at each time interval
were recorded. From this data, wet and
dry moisture content were calculated to
understand the drying rate and process
efficiency.

Drying is a critical step in preparing
palm shell raw materials for the
adsorption process. The purpose of

p-1SSN 1829 586X
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drying is to reduce the moisture content
in the material, thereby increasing the
availability of pores and the active
surface area needed for the effectiveness
of subsequent processes.

Figures 1 and 2 present data on the
changes in wet and dry moisture content
(% Moisture Content) from three palm
shell samples during different drying
times, measured hourly until a stable
point is reached. This analysis aims to
determine the optimal drying time to
achieve energy efficiency and maximize
results.
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Figure 2. Graph of dry moisture content percentage

Figures 1 and 2 show the changes in wet
and dry moisture content of palm shells
during the drying process at various
times.

Optimal Drying Time for Palm Shells
Figures 1 and 2 illustrate the graphs
of changes in wet and dry moisture
content in palm shells during the drying
process over time. The efficiency of the
drying process can be analyzed from the
pattern of moisture reduction in both

p-1SSN 1829 586X
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graphs. In Figure 1, the graph displays
the wet moisture content (moisture
content wet basis). It can be observed that
the moisture content of palm shells
decreases significantly at the beginning
of the drying process. This reduction
occurs rapidly during the first 4 hours.
After that, the rate of moisture reduction
begins to slow down, and the graph
shows a leveling trend, indicating that the
drying process is reaching its efficiency
limit. Figure 2, which shows the dry
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moisture content (moisture content dry
basis), follows a similar pattern. In the
early stages of drying, the dry moisture
content decreases significantly, especially
during the first 4 hours. However, after 4
hours, the moisture reduction slows
down, and the graph again shows a
leveling trend. This suggests that by this
point, most of the water has been
evaporated, and additional drying time
will only result in a minimal reduction in
moisture content. Based on both graphs,
it can be concluded that the optimal time
to stop drying is 4 hours. At this point,
most of the moisture has already been
reduced, and extending the drying time
will only yield a very small decrease in
moisture content with  diminishing
efficiency.

From an energy efficiency
perspective, drying for four hours at the
optimal temperature significantly reduces
the moisture content without damaging
the pore structure of the activated carbon.
Excessive drying time or high
temperatures can cause pore damage,
potentially reducing the material's
adsorption capacity. According to the
theory of drying porous materials, the
optimal drying duration is achieved when
the moisture content is sufficiently low to
enhance the adsorption capacity, yet
without altering the material's pore
structure (Yek et al., 2019). Drying for
four hours at a controlled temperature
results in an optimal moisture content,
allowing the activated carbon to maintain
its pore structure, which is crucial for the
adsorption process.

Wet and Dry Moisture Content Values

The wet and dry moisture content
values play an important role in the
adsorption process of materials such as
palm shells. Figures 1 and 2 provide an
overview of the wet and dry moisture
content values of palm shells. The
adsorption process is influenced by the
remaining moisture in the material after
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drying. The wet and dry moisture content
values give an indication of how much
water is still bound to the surface and
within the pores of the material.

Wet  Moisture  Content (Moisture
Content Wet Basis):

Wet moisture content is calculated
based on the percentage of water mass
relative to the total wet mass of the
material. According to the displayed
graph, the wet moisture content of palm
shells shows a significant reduction
during the first 4 hours of the drying
process, decreasing from around 19-21%
across various samples. After this point,
the reduction in wet moisture content
begins to slow, indicating that most of the
easily evaporated free water has been
removed in the early stages of drying.

Dry Moisture Content (Moisture
Content Dry Basis

Dry moisture content is calculated
based on the percentage of water mass
relative to the dry mass of the material.
The graph for dry moisture content also
shows a significant reduction in the first 4
hours, around 23-28%. Similar to wet
moisture content, after 4 hours, the rate of
reduction slows, indicating that the
remaining water is more tightly bound
within the material's structure.

Based on the moisture content
graphs, it can be concluded that the
reduction in moisture during the drying
process has a direct impact on the
performance of palm shells as an
adsorbent material. During the early
hours of drying, moisture decreases
rapidly, opening up the pores and
increasing the effective surface area of
the palm shells. This will result in greater
adsorption capacity as more space
becomes available to absorb
contaminants. However, once the drying
time reaches around 4 to 6 hours, the rate
of moisture reduction begins to slow.
This suggests that most of the free water
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has evaporated, and the remaining water with a slower rate of decrease thereafter.
is more difficult to remove. Stopping the This aligns with the drying theory
drying process at this point is optimal to explained by Macedo et al, which states
ensure that the palm shells have a that the initial stage of drying occurs
sufficiently low moisture content for quickly because free water on the surface
adsorption without damaging the pore of the material evaporates more easily,
structure. Prolonged drying could risk while the final stage requires more time
structural damage that would reduce the due to the water remaining more
material's adsorption capacity. Therefore, capillary-bound within the pores of the
lower moisture content, especially after material (Macedo et al., 2024)
optimal drying, will result in palm shells
being more efficient as an adsorbent due 2. Exponential Drying Model
to open pores and increased absorption This study uses a mathematical
capacity. Proper drying will maximize model to describe the drying process,
adsorption potential without wasting specifically the exponential model (Thao
energy or compromising the material's et al., 2023). In general, this model states
integrity (Broda et al., 2021). that the drying rate follows an
The drying process of palm kernel exponential function over time, where the
shell as a precursor for activated carbon rate of water loss is proportional to the
significantly affects its pore structure and remaining moisture content in the
adsorption capacity. Analysis of the wet material. The Newton model, one of the
and dry moisture content during drying simplest exponential models, is used in
shows that the moisture content decreases this study to describe the material drying
significantly during the first four hours, process (Andrade et al., 2022).

Table 2. Table of Moisture Content, Drying Rate, and Moisture Ratio
for Palm Shell Drying at 80°C

. Wet Weight at Moisture Drying .
Sample (0-2) JénJreSF) Weight Time Interval Content | Rate/DR RI\;IS:)SEK;; IGE
(Wh) (Wd) IMC (%) (%)
1 537.04 493.7 8.07% 0.00% 1.000 | 0.000
2 537.04 459.57 14.43% 6.36% 1.787 | 0.581
Palm 80 3 537.04 444.38 17.25% 2.83% 1.196 | 0.179
Shells 1 4 537.04 435.65 18.88% 1.63% 1.094 | 0.090
5 537.04 432.68 19.43% 0.55% 1.029 | 0.029
6 537.04 428.52 20.21% 0.77% 1.040 | 0.039
1 537.05 470.07 12.47% 0.00% 1.000 | 0.000
2 537.05 447.75 16.63% | 4.16% 1.333 | 0.288
Palm 80 3 537.05 437.31 18.57% 1.94% 1.117 | o0.111
Shells 2 4 537.05 432.47 19.47% 0.90% 1.049 | 0.047
5 537.05 432.29 19.51% 0.03% 1.002 | 0.002
6 537.05 430.4 19.86% 0.35% 1.018 | 0.018
1 523.39 436.03 16.69% 0.00% 1.000 | 0.000
2 523.39 419.71 19.81% 3.12% 1.187 [ 0.171
Palm 80 3 523.39 409.99 21.67% 1.86% 1.094 | 0.090
Shells 3 4 523.39 406.25 22.38% 0.71% 1.033 | 0.032
5 523.39 405.91 22.45% 0.06% 1.003 | 0.003
6 523.39 405.75 22.48% 0.03% 1.001 [ 0.001
Table 2 presents experimental data on the wet and dry material, moisture content,
drying of palm shells at a temperature of drying rate, moisture ratio, and the
80°C. The data includes the weight of the logarithmic value of the moisture ratio
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(Ln MR) at various drying time intervals.
To Model the moisture ratio (MR) using
an exponential equation (Eq. 2), the
exponential MR values are calculated

0,6

based on the constant k. This k-value is
obtained from the slope of the regression
line on the plot of In MR versus time

(Figure 3).
® PalmShells1
® Palm Shells 2
Palm Shells 3

Linear (Palm Shells 1)
Linear (Palm Shells 2)
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Figure 3. Linear Graph of Ln MR and Time
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Figure 3 shows three linear
equations illustrating the relationship

between drying time (in hours) and the
natural logarithm of the Moisture Ratio
(Ln MR). These equations are used to
determine the drying rate constant (k) and
the exponential model of the Moisture
Ratio (MR) for each sample. The k-value
in the exponential model is obtained from
the gradient (slope) of the linear line on
the Ln MR versus time graph. The
calculation follows Newton's exponential
model equation, which is

Ln(MR)
cvee e (4)
A negative value of the drying rate
constant k. Thus, the k-values for each
sample are as follows:
Palm Shell 1, equation:
y=—-0.0443x+0.3079y,
k=0.0443
Palm Shell 2, equation:

—kt + C

yields
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e y=-0.0238x+0.1607y, yields
k=0.0238

o Palm Shell 3, equation:

e y=-0.0159x+0.1051y, yields

k=0.0159

The k-values are substituted into the
exponential equation to obtain the
exponential Moisture Ratio (MR) model
for each sample. The exponential model
for each sample is as follows (Equation
3):
o Palm Shells 1: MR=¢ 0%
Palm Shells 2: MR=¢ 02%

Palm Shells 3: MR=g %0%°%

By wusing the Kk-values and the
corresponding exponential models, the
predicted Moisture Ratio (MR) values
were obtained from the exponential
model (Table 3). This allows us to predict
how the moisture content in the samples
will decrease over time.
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Table 3. Table of Moisture Ratio and Exponential Model Predictions for Palm Shell

Sisnayati,

Dewi P.Y,

Drying
. Moisture E>_<ponentia|_
Sample T (°C) | Time(Hours) Ratio (MR) K Moisture Ratio
(MR) Model

1 1.000 0.044 0.957

2 1.787 0.044 0.915

Palm Shell 80 3 1.196 0.044 0.876
1 4 1.094 0.044 0.838

5 1.029 0.044 0.801

6 1.040 0.044 0.767

1 1.000 0.024 0.976

2 1.333 0.024 0.954

Palm Shell 80 3 1.117 0.024 0.931
2 4 1.049 0.024 0.909

5 1.002 0.024 0.888

6 1.018 0.024 0.867

1 1.000 0.016 0.984

2 1.187 0.016 0.969

Palm Shell 80 3 1.094 0.016 0.953
3 4 1.033 0.016 0.938

5 1.003 0.016 0.924

6 1.001 0.016 0.909

Table 3 presents the measured Moisture
Ratio (MR) of palm shells during the
drying process at a temperature of 80°C
across different drying times. The data
also includes the predicted MR values

Ria

different drying rate constants k for each
experimental sample. The graph
generated from this data will show a
comparison between the measured MR
values and the MR values predicted by

using the exponential model with
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Figure 4. Exponential Drying Model of Palm Shells 1
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Figure 6. Exponential Drying Model of Palm Shells 3

Figures 4, 5, and 6 show the exponential
drying model of palm shells with
Moisture Ratio (MR) as the primary
parameter measured against drying time
(hours). Each graph represents a drying
experiment with three different samples
(Palm Shell 1, 2, and 3), where the actual
MR is represented by blue dots and the
modeled exponential MR is represented
by orange dots.

Figure 4 illustrates the decline of
actual MR and modeled exponential MR
during 6 hours of drying for Palm Shell 1.

p-1SSN 1829 586X
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The exponential model is represented by
the equation y=e "™ with R®=1,
indicating a perfect fit between the
exponential MR data and the model. The
actual MR is slightly higher than the
exponential MR at the beginning of
drying but decreases consistently after 3
hours, approaching the model's MR.
Figure 5 shows the drying model for
Palm Shell 2, with the actual MR
decreasing in a similar pattern to Figure 5
but with a higher initial MR. The
exponential model is represented by
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y=e "% and R%=1, indicating a good
model fit. The actual MR tends to be
higher than the exponential model at the
start, suggesting a slower initial reduction
in moisture compared to the model.

Figure 6 presents the drying model
for Palm Shell 3, where the MR also
follows an exponential pattern with the
equation y=e "*'** and R?=1. Similar to
Figures 4 and 5, the actual MR is above
the exponential MR at the start but shows
a steady decline, approaching the model
after 6 hours.

Based on these figures, the graphs
demonstrate that the drying process of
palm shells generally follows an
exponential model, with R? values
reaching 1 indicating a very good fit
between the model and the MR data.
However, during the early stages of
drying, the actual MR tends to be higher
compared to the exponential model. This
discrepancy could be due to factors such
as non-ideal drying conditions, for
example, inconsistent temperature or
slow evaporation rates affecting the
moisture loss rate.

The slower moisture reduction in the
early drying stages might indicate the
need for optimization of drying
conditions to achieve lower moisture
content in a shorter time (Radoj¢in et al.,
2021). The exponential model suggests
that after a few hours, the drying rate
stabilizes and aligns closely with the
model's predictions.

Overall, the results from these graphs
suggest that palm shells, after undergoing
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exponential drying, have good potential
as adsorbents. However, optimization in
the early drying stages is necessary to
enhance the drying rate and maximize
adsorption capacity (Boateng & Yang,
2021).

The application of the exponential
model in this study shows a high level of
agreement between the predicted results
and the empirical data, indicating that the
exponential model is an effective
approach for describing the rate of
moisture  content  reduction  during
biomass drying. This finding is consistent
with the research by Thao et al, which
demonstrated that the exponential model
can accurately describe the reduction in
moisture content in lignocellulosic
materials (Thao et al.,, 2023). In this
exponential model, the drying rate
constant (k) indicates that moisture
content decreases rapidly in the initial
stage when free water is still available
and slows down in the final stage as
bound water begins to evaporate.

3. FTIR Analysis

FTIR (Fourier Transform Infrared
Spectroscopy) is a commonly used
method for identifying functional groups
on material surfaces, including activated
carbon. In this context, the activated
carbon used is derived from palm shell,
which ~ have  been  metal-pillared
specifically to enhance its adsorption
capacity for synthetic dye compounds.
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Figure 7. FTIR Spectrum of Metal-Pillared Palm Shell Activated Carbon

The FTIR spectrum of activated
carbon from palm shell that has been
metal-pillared shows various functional
groups on the carbon surface that support
its adsorption capacity. In this spectrum,
a peak around 3400 cm™ is observed,
which is generally associated with the
vibration of hydroxyl groups (-OH). This
hydroxyl group may come from bound
water molecules or hydroxyl groups
present on the activated carbon surface,
which can aid in interactions with polar
compounds. Additionally, the peak
around 2900 cm™ indicates the presence
of C-H vibrations from alkyl groups,
which could be a sign of residual organic
compounds from the activated carbon
preparation process.

Around 1600 cm™, a peak appears
that may indicate the presence of C=0 or
C=C bonds, suggesting aromatic or
carbonyl structures on the activated
carbon surface. Aromatic structures
typically indicate the stability of the
activated carbon, while carbonyl groups
may help enhance the adsorption capacity
for specific organic compounds. At lower
wavenumber

Regions, around 600-400 cm™, peaks are
observed that can be attributed to metal-
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oxygen (M-O) vibrations, indicating that
the metal-pillaring process on the
activated carbon was successfully carried
out. The metal incorporated helps to
increase the carbon's adsorption ability
toward certain compounds, such as
synthetic dyes.

Overall, this spectrum shows that the
metal-modified activated carbon from
palm shell has active groups on its
surface that are very useful in the
adsorption process. The presence of
groups such as -OH, C=0, and M-O
indicates that the modification has
successfully improved the adsorption
capacity of the activated carbon, making
it effective for removing specific
compounds from solutions.

Recent studies on activated carbon,
including those derived from agricultural
waste like rice husk, support similar
findings regarding the FTIR spectrum of
metal-modified activated carbon. For
example, research by Mortada et al.
highlights the presence of hydroxyl
groups (-OH) and aliphatic C-H
vibrations in the FTIR spectra, which
enhance the adsorption capacity of
activated carbon for contaminants such as
chemical oxygen demand (COD) in
wastewater (Mortada et al., 2023).
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Similar findings have been reported in
other studies, where metal pillaring of
activated carbon improved adsorption
efficiency by introducing metal-oxygen
(M-O) bonds that aid in specific
adsorption processes

4. XRD Analysis

Graph 8. shows the X-ray Diffraction
(XRD) analysis results of metal-pillared,
palm shell-based activated carbon. This

graph displays X-ray intensity against the
diffraction angle (26) with two curves
representing the original intensity and the
smoothed intensity. This analysis aims to
identify changes in the crystal structure
of activated carbon after metal pillaring
modification, which can affect material
properties such as surface area and
adsorption capacity.
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Figure 8. X-ray Diffraction (XRD) analysis results of metal-pillared, palm shell-
based activated carbon

The XRD graph of palm shell-based
activated carbon that has been metal-
pillared shows a characteristic diffraction
pattern typical of materials with a
mixture of crystalline and amorphous
structures. The diffraction pattern
displays high-intensity peaks in the 2-
theta range between 15° and 40°,
indicating the presence of crystalline
phases within the modified material. The
metal-pillaring process is known to alter
the microcrystalline structure of activated
carbon, as reported by Bulavchenko et al,
where modification with transition metals
increased crystallinity at certain angles,
thereby  enhancing the  material’s
performance in adsorption and catalytic
applications. In this graph, there is also a
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comparison between the original intensity
curve and the smoothed curve, showing
the base pattern of diffraction intensity
without noise, making the main peaks
more identifiable (Bulavchenko &
Vinokurov, 2023).

The stable intensity distribution at 2-
theta angles above 40° suggests a semi-
crystalline or even amorphous phase
within the activated carbon, as supported
by a recent study by Mehdipour et al.
They found that metal-pillared activated
carbon often has an increased amorphous
component, which provides mesoporous
characteristics suitable for pollutant
adsorption (Mehdipour-Ataei & Aram,
2023). The broad peak in the graph also
indicates an amorphous phase, consistent

156



Optimization

of Palm,..Surya H, Dian S.D, Alfina,

Sisnayati, Dewi P.Y, Ria

K...Sainmatika, ... Volume 21,...No.2,...December 2024,...144-160

with findings by Xu et al, where metal-
pillared activated carbon showed broad
and diffuse diffraction peaks due to the
metal distribution within the carbon
pores, significantly increasing the surface
area of the material (Xu et al., 2018).
Additionally, the crystalline structure
achieved through pillaring can enhance
thermal stability and catalytic activity, as
discussed in research by Yim et al. They
found that metal-pillared activated carbon
exhibited greater thermal stability and
structural resilience, supporting catalytic
applications under extreme reaction
conditions. With further analysis, such as
crystallite size calculations using the
Scherrer equation, this study could reveal
the distribution of metal particles within
the activated carbon structure (Yim &
Kim, 2023). This observation aligns with
Wang et al, who demonstrated that
nanoscale metal distribution increases
adsorption and catalytic efficiency due to

the greater number of active sites (Wang
etal., 2023).

Overall, the XRD results align with
recent studies showing that metal
pillaring of activated carbon improves
crystallinity and mesoporous structure,
enhancing the material’s potential in
environmental and industrial
applications, particularly for adsorption
and catalysis.

5. Adsorption Process Analysis

The efficiency of the adsorbent in
absorbing contaminants from the solution
was evaluated through an experiment
using a synthetic dye solution, where 1
gram of adsorbent was mixed into the
synthetic  dye  solution with a
concentration of 25 ppm and a contact
time of 180 minutes. Table 4 presents the
results of the analysis.

Table 4. Analysis Results of pH and Color Before and After the Adsorption Process

Sample pH Color (Pt.co)
Before Adsorption 8.41 1843
After Adsorption 9.17 157

Table 4 shows that the initial pH was
8.41. After the adsorption process, the pH
increased to 9.17, indicating a shift to a
more alkaline environment, likely due to
interactions between the contaminants
and the adsorbent. The color, measured in
Pt.co units, showed a significant decrease
from 1843 Pt.co to 157 Pt.co. This drop
highlights the high effectiveness of the
adsorbent in removing particles or dye
that caused turbidity. This suggests that
palm shell activated carbon as an
adsorbent can reduce turbidity and
modify the pH of dye-laden wastewater.
It demonstrates that adsorption is an
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economical and efficient method for
industrial wastewater treatment,
especially for addressing color pollution
in wastewater (Velusamy et al., 2021).
The results of this study were
compared with previous studies that
utilized similar materials, such as rice
husk and sawdust. For example, the study
by Zhang et al. (2022) demonstrated that
rice husk-based adsorbents achieved an
adsorption capacity of up to 80% for
similar dye compounds but required a
longer contact time compared to the palm
shell adsorbents tested in this study.
Additionally, the study by Wu et al.
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(2024) on sawdust showed an adsorption
efficiency of up to 82% under different
drying conditions. This comparison
highlights that the modified palm shell
material has the advantage of a shorter
contact time while maintaining high
adsorption efficiency.

CONCLUSION

Drying palm shells at an optimal
temperature of 80°C for 4 hours is
effective in reducing moisture content
without damaging the pore structure of
the material, enhancing the adsorption
capacity of palm shells for industrial
applications. The exponential model
accurately predicted the drying rate.

FTIR results revealed the presence of
-OH, C=0, and M-O functional groups
on the activated carbon surface,
supporting increased adsorption capacity
for organic compounds. XRD analysis
indicated a higher amorphous component,
contributing to enhanced surface area and
adsorption capacity. This combination of
modifications makes palm shell-based
activated carbon a promising adsorbent
material for industrial  wastewater
treatment.

This study has several limitations,
particularly regarding the variation in
drying temperature and the non-
uniformity of palm kernel shell particle
sizes, which may affect the overall
adsorption results. Therefore, further
research can be conducted with different
drying temperature variations or by
developing more uniform adsorbent
particle sizes to enhance adsorption
efficiency. Additionally, further
characterization, such as BET analysis
and SEM, is needed on the dried palm
kernel shell to better understand the
changes in pore structure and their
relationship with adsorption capacity.
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